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Abstract 35 

Pattern recognition receptors are crucial for innate anti-viral immunity, including C-type 36 
lectin receptors.  Two such examples are Lung surfactant protein D (SP-D) and Dendritic 37 
cell-specific intercellular adhesion molecules-3 grabbing non-integrin (DC-SIGN) which are 38 
soluble and membrane-bound C-type lectin receptors, respectively. SP-D has a crucial 39 
immune function in detecting and clearing pulmonary pathogens; DC-SIGN is involved in 40 
facilitating dendritic cell interaction as an antigen-presenting cell with naïve T cells to mount 41 
an anti-viral immune response.  Both SP-D and DC-SIGN have been shown to interact with 42 
various viruses, including HIV-1, Influenza A virus and SARS-CoV-2. SARS-CoV-2 is an 43 
enveloped RNA virus that causes COVID-19. A recombinant fragment of human SP-D 44 
(rfhSP-D) comprising of α-helical neck region, carbohydrate recognition domain, and eight 45 
N-terminal Gly-X-Y repeats has been shown to bind SARS-CoV-2 Spike protein and inhibit 46 
SARS-CoV-2 replication by preventing viral entry in Vero cells and HEK293T cells 47 
expressing ACE2. DC-SIGN has also been shown to act as a cell surface receptor for SARS-48 
CoV-2 independent of ACE2. Since rfhSP-D is known to interact with SARS-CoV-2 Spike 49 
protein and DC-SIGN, this study was aimed at investigating the potential of rfhSP-D in 50 
modulating SARS-CoV-2 infection. Coincubation of rfhSP-D with Spike protein improved 51 
the Spike Protein: DC-SIGN interaction. Molecular dynamic studies revealed that rfhSP-D 52 
stabilised the interaction between DC-SIGN and Spike protein. Cell binding analysis with 53 
DC-SIGN expressing HEK 293T and THP- 1 cells and rfhSP-D treated SARS-CoV-2 Spike 54 
pseudotypes confirmed the increased binding. Furthermore, infection assays using the 55 
pseudotypes revealed their increased uptake by DC-SIGN expressing cells. The 56 
immunomodulatory effect of rfhSP-D on the DC-SIGN: Spike protein interaction on DC-57 
SIGN expressing epithelial and macrophage-like cell lines was also assessed by measuring 58 
the mRNA expression of cytokines and chemokines. The RT-qPCR analysis showed that 59 
rfhSP-D treatment downregulated the mRNA expression levels of pro-inflammatory 60 
cytokines and chemokines such as TNF-α, IFN-α, IL-1β, IL- 6, IL-8, and RANTES (as well 61 
as NF-κB) in DC-SIGN expressing cells challenged by Spike protein.  Furthermore, rfhSP-D 62 
treatment was found to downregulate the mRNA levels of MHC class II in DC expressing 63 
THP-1 when compared to the untreated controls. We conclude that rfhSP-D helps stabilise 64 
the interaction of SARS- CoV-2 Spike protein and DC-SIGN and increases viral uptake by 65 
macrophages via DC-SIGN, suggesting an additional role for rfhSP-D in SARS-CoV-2 66 
infection.  67 

 68 
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 77 

Introduction 78 

Pathogen recognition receptors (PRRs) are germline-encoded host sensors that detect 79 
pathogen-associated -molecular patterns (PAMPs) (1).  PRRs play a vital part in the regular 80 
functioning of the innate immune system (2).  They are innate immune system proteins 81 
expressed by immune cells, including dendritic cells (DCs), macrophages, neutrophils and 82 
monocytes (3).  Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) are key of 83 
PRRs in host immunity against pathogens (4).  Although CLRs are primarily expressed on 84 
myeloid cells such as DCs and macrophages, they vary between cell types, allowing specific 85 
immune response modifications upon target recognition (5).  Receptors such as Dectin-2, 86 
Mincle, MGL (Macrophage galactose lectin), Langerin and DC-SIGN (Dendritic Cell-87 
Specific Intercellular adhesion molecules-3-Grabbing Non-integrin) are CLRs that play a 88 
major role in the recognition of pathogenic fungi, bacteria, parasites, and viruses (6).  The 89 
interaction of these CLRs with their ligands allows DCs to moderate the immune response 90 
towards either activation or tolerance, which is done through antigen presentation in 91 
lymphoid organs and the release of cytokines (7).  DCs are responsible mainly for initiating 92 
antigen-specific immune responses. Therefore, they are localised at and patrol the sites of 93 
first contact with a pathogen, such as mucosal surfaces, including the pulmonary and 94 
nasopharyngeal mucosa.  Likewise, alveolar macrophages are present in the lung alveoli (8). 95 

DC-SIGN is a CLR that is a surface molecule on DCs that binds to the cell adhesion 96 
molecule ICAM-3 on T cells, enhancing DC-T cell contact (9).  DC-SIGN is a 44 KDa type 97 
II integral membrane protein with a single C-terminal CRD supported by an α-helical neck 98 
region with 7 and a half tandem repeats of a 23 amino-acid residue sequence (10, 11).  A 99 
single transmembrane region anchors the protein, a cytoplasmic domain with recycling, 100 
internalisation, and intracellular signalling characteristics(11, 12).  DC-SIGN forms 101 
oligomers on the cell surface, which improves the avidity of ligand binding and the 102 
specificity of binding to multiple repeated units that are likely to be related to the microbial 103 
surface features (13).  Recently, DC-SIGN has been associated with promoting cis/trans 104 
infection of several viruses such as HIV, Cytomegalovirus, Dengue, Ebola and Zika (14-18). 105 
The ability of DCs to transmit HIV-1 to CD4+ lymphocytes via DC-SIGN coupled with 106 
normal DC trafficking suggests that binding of the virus to DC-SIGN could be important in 107 
mucosal transmission of HIV-1 because DC-SIGN+ DCs are present in the lamina propria at 108 
the mucosal surfaces (19).  Recently, DC-SIGN has been reported to bind and enhance 109 
Severe acute respiratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2 infection 110 
independent of ACE2 expression (20). 111 

Another CLRs molecule is human surfactant protein D (SP-D). SP-D belongs to the collectin 112 
family with a crucial role in pulmonary surfactant homeostasis and mucosal immunity.  SP-D 113 
is primarily synthesised and secreted into the air space of the lungs by alveolar type II and 114 
Clara cells.  Its primary structure is organised into four regions: a cysteine-rich N-terminus, a 115 
triple-helical collagen region, and a C-terminal C-type lectin or carbohydrate recognition 116 
domain (CRD).  SP-D binds to glycosylated ligands on pathogens and initiates opsonisation, 117 
aggregation, and direct killing of microbes, facilitating their clearance by phagocytic cells 118 
such as macrophages. SP-D was also recently found to bind to the Spike protein of SARS-119 
CoV-2, and inhibit viral replication in Caco-2 cells by promoting viral aggregation, in vitro 120 
(21).  A recombinant fragment of human SP-D (rfhSP-D), composed of homotrimer neck, 121 
CRD, and eight N-terminal Gly-X-Y regions, has been shown to have comparable 122 
immunological activities to native SP-D (22).  It was shown to bind the HA protein of IAV 123 
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and act as an entry inhibitor of IAV infection on A549 lung epithelial cells (32).  124 
Furthermore, rfhSP-D binds to gp120 and inhibits HIV-1 infectivity and replication in U937 125 
monocytic cells, Jurkat T cells and PBMCs, inhibiting HIV-1 triggered cytokines storm (33).  126 
Importantly, rfhSP-D can directly bind to DC-SIGN. This interaction modulates HIV-1 127 
capture and transfer to CD4+ T cells (23). Recently, it has been shown rfhSP-D acts as an 128 
entry inhibitor of SARS-CoV-2 infection in Vero cells and HEK293T cells expressing ACE2 129 
and TMPRSS2 (24, 25). 130 

SARS-CoV-2, the causative pathogen of Coronavirus Disease 2019 (COVID-19), has 131 
resulted in around three million mortality worldwide (26, 27).  The most common symptoms 132 
are fever, fatigue, and dry cough. The virus has been classified into Alpha, Beta, Gamma, 133 
Delta and Omicron variants based on mutations (28, 29).  Some individuals can develop 134 
severe respiratory distress (30). SARS-CoV-2 is an enveloped RNA virus that uses a 135 
homotrimeric glycosylated spike (S) protein to interact with host cell receptors and promote 136 
fusion upon proteolytic activation (31).  The transmembrane protease TMPRSS2 is known to 137 
mediate proteolytic cleavage at the S1/S2 and S2 domains.  The receptor binding domain 138 
(RBD) is released by S1/S2 cleavage for high-affinity interaction with ACE2, whereas the S2 139 
domain is released by S2 cleavage for effective virus fusion with the plasma membrane (32, 140 
33).  As a result, the virus is internalised by the host cells, resulting in viral replication.  New 141 
copies of SARS-CoV 2 are internalised to infect more cells, increasing the viral load in the 142 
lungs, exacerbating the pro-inflammatory response, and extending the cellular and epithelial 143 
lung damage (34).   144 

The sequence of events around the Spike protein/ACE2 interaction is well established; 145 
however, much remains to be unravelled about additional factors facilitating the infection, 146 
such as SARS-CoV-2 delivery to the ACE2 receptor (35).  Indeed, Spike protein from both 147 
SARS-CoV and SARS-CoV-2 have similar affinity for ACE2 but show very different 148 
transmission rates (36, 37).  The enhanced transmission rate of SARS-CoV-2 relative to 149 
SARS-CoV might result from an efficient viral adhesion through host-cell attachment factor, 150 
which may promote efficient infection of ACE2+ cells (38, 39).  In this framework, DC-SIGN 151 
and APCs (DCs and alveolar macrophages) can play a role both in viral attachment and 152 
immune activation in the lungs (40-42).  153 

Since rfhSP-D has been shown to inhibit SARS-CoV-2 infection and it binds to DC-SIGN   154 
(21, 24, 25), and SARS-CoV-2 spike protein binds to DC-SIGN (20),  this study was aimed 155 
at investigating whether the interaction of rfhSP-D with SARS-CoV-2 and DC-SIGN exerts 156 
antiviral and anti-inflammatory activities.   157 

Materials and Methods 158 

Cell Culture and Treatments 159 
HEK 293T cells were maintained in growth media (Dulbecco's Modified Eagle's Medium 160 
(DMEM) with Glutamax (Gibco) supplemented with 10% v/v foetal bovine serum (FBS), 161 
100U/ml penicillin (Gibco), and 100µg/ml streptomycin (Gibco). The cells were cultured at 162 
37°C in the presence of 5% v/v CO2 until 70% confluent.  HEK 293T cells were transiently 163 
transfected with a plasmid expressing human DC-SIGN (HG10200-UT; Sino Biological), 164 
using Promega FuGENE™ HD Transfection Reagent (Fisher Scientific). Next day, the cells 165 
were washed and cultured in the presence of hygromycin to select DC-SIGN expressing 166 
HEK-293T cells (DC HEK) (Thermo Fisher Scientific). Similarly, THP-1 cells were cultured 167 
in growth media. THP-1 cells were induced to express DC-SIGN surface molecules by the 168 
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treatment with PMA (10�ng/mL) in combination with IL-4 (1000�units/mL) and incubated 169 
for 72 h (43). 170 

 171 

Expression and purification of a recombinant fragment of human SP-D (rfhSP-D) 172 
containing neck and CRD regions 173 

A recombinant fragment of human SP-D (rfhSP-D) was expressed under bacteriophage T7 174 
promoter in Escherichia coli BL21 (λDE3) pLysS (Invitrogen), transformed with for plasmid 175 
containing cDNA sequences for neck, CRD regions and 8 Gly-X-Y repeats of human SP-D 176 
(24). Briefly, a primary inoculum of 25 ml bacterial culture was inoculated into 500 mL of 177 
Luria-Bertani (LB) broth containing 100 µg/ml ampicillin and 34 µg/ml chloramphenicol 178 
(Sigma-Aldrich), grown to OD600 of 0.6.  The bacterial culture was then induced with 0.5 179 
mM isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma -Aldrich) for 3 hours.  The 180 
bacterial cell pellet was harvested and resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 181 
200 mM NaCl, 5 mM EDTA pH 8, 0.1% Triton X–100, 0.1 mM phenyl-methyl-sulfonyl 182 
fluoride (PMSF), 50µg/ml lysozyme) and sonicated (ten cycles, 30 seconds each). The 183 
sonicate was harvested at 12000 x g for 30 minutes, followed by solubilisation of inclusion 184 
bodies in refolding buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM 2-185 
Mecraptoethanol) containing 8M urea.  The solubilised fraction was dialysed stepwise against 186 
refolding buffer containing 4 M, 2M, 1 M and 0M urea.  The clear dialysate was loaded onto 187 
a maltose-agarose column (5ml; Sigma-Aldrich). The bound rfhSP-D was eluted using 50 188 
mM Tris-HCl pH 7.5, 100 mM NaCl and 10 mM EDTA.  The eluted fractions were then 189 
passed through a polymyxin B column and sodium deoxycholate buffer (Pierce™ High-190 
Capacity Endotoxin Removal Spin Columns, Thermo Fisher) to remove endotoxin.  191 
The endotoxin levels were measured using ToxinSensor™ Chromogenic LAL 192 
Endotoxin Assay Kit (Genescript).  The amount of endotoxin present in the rfhSP-D 193 
batches was ~ 4 pg/µg of rfhSP-D.  194 

Expression and purification of soluble tetrameric DC-SIGN 195 
 196 
The pT5T construct expressing tetrameric form of human DC-SIGN was transformed into 197 
Escherichia coli BL21 ((λDE3) pLysS. Protein expression was performed using bacterial 198 
culture in LB medium containing 50 µg/ml ampicillin at 37°C until OD600 reached 0.7.  The 199 
bacteria culture was induced with 10 mM IPTG (Sigma -Aldrich) and incubated for 3 h at 200 
37°C.  Bacterial cells (1 L) were centrifuged at 4,500 x g for 15 min at 4°C.  Next, the cell 201 
pellet was treated with 22 ml of lysis buffer containing 100 mM Tris-HCl pH 7.5, 0.5 mM 202 
NaCl, 2.5 mM EDTA pH 8, 0.5 mM PMSF, and 50µg/ml lysozyme, and left to stir for 1 h at 203 
4°C.  Cells were then sonicated for 10 cycles for 30 s with 2 min intervals. The sonicated 204 
suspension was spun at 10,000 g for 15 minutes at 4°C. The inclusion bodies present in the 205 
pellet were solubilised in 20 ml buffer containing 10 mM Tris-HCl, pH 7.0, 0.01% β-206 
mercaptoethanol and 6 M urea by rotating on a shaker for 1 h at 4°C.  The mixture was then 207 
centrifuged at 13,000 x g for 30 min at 4°C. The supernatant was drop-wise diluted fivefold 208 
with loading buffer containing 25 mM Tris-HCl pH 7.8, 1 M NaCl and 2.5mM CaCl2 with 209 
gentle stirring.  This was then dialysed against 2 L of loading buffer with three buffer 210 
changes every 3 h. Following further centrifugation at 13,000 x g for 15 min at 4°C, the 211 
supernatant was loaded onto a mannan-agarose column (5 ml; Sigma) pre-equilibrated with 212 
loading buffer.  The column was washed with five-bed volumes of the loading buffer, and the 213 
bound protein was eluted in 1 ml fractions using the elution buffer containing 25 mM Tris-214 
HCl pH 7.8, 1 M NaCl, and 2.5 mM EDTA.  The absorbance was read at 280 nm, and the 215 
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peak fractions were frozen at -20°C.  The purity of the protein was analysed by 15% w/v 216 
SDS-PAGE. 217 
 218 
 219 
 220 
 221 
ELISA 222 
 223 

Decreasing concentrations of recombinant DC-SIGN or rfhSP-D (2, 1, 0.5 or 0 µg 224 
100µl/well) were coated on polystyrene microtiter plates (Sigma-Aldrich) at 4°C overnight 225 
using carbonate/bicarbonate (CBC) buffer, pH 9.6 (Sigma-Aldrich).  The microtiter wells 226 
were washed three times the next day with PBST Buffer (PBS + 0.05% Tween 20) (Fisher 227 
Scientific). The wells were then blocked using 2% w/v BSA in PBS (Fisher Scientific) for 2 h 228 
at 37°C and washed three times using PBST.  Constant concentration (2 µg 100µl/well) of 229 
recombinant SARS-CoV-2 spike protein (RP-87680, Invitrogen) was added to the wells.  230 
After a 2-hour incubation at 37°C, the wells were washed with PBST to eliminate any 231 
unbound protein.  Polyclonal rabbit anti-SARS-CoV-2 spike (NR-52947, Bei-Resources) was 232 
used to probe the wells (1:5,000) in PBS and incubated for an additional 1 hour at 37°C.  233 
Goat anti-rabbit IgG conjugated to HRP (1:5,000) (Promega) was used to detect the bound 234 
protein. The colour was developed using 3,3',5,5’-tetramethylbenzidine (TMB) (Biolegend), 235 
and the reaction was stopped using 1M H2SO4 (50 µl/well; Sigma-Aldrich) and read at 450 236 
nm spectrophotometrically.  237 

For competitive ELISA, microtiter wells were coated overnight at 4°C with DC-SIGN protein 238 
(2 µg; 100 µL /well) and blocked.  A fixed concentration of SARS-CoV-2 Spike protein 239 
(2µg; 100µl/well) and decreasing concentration (4.0, 2.0, 1.0, 0.5, 0 µg; 100µl/well) of rfhSP-240 
D in calcium buffer, was added to the well as competing proteins.  The plate was incubated at 241 
37°C for 1.5 h and then at 4°C for another 1.5 h.  To remove any unbound protein, the wells 242 
were rinsed three times with PBST.  Next, the wells were probed with polyclonal rabbit anti-243 
SARS CoV-2 spike (1:5,000) in PBS and incubated for an additional 1 h at 37°C.  The bound 244 
protein was detected using goat anti-rabbit IgG conjugated to HRP (1:5000), and the colour 245 
was developed using TMB (100 µl/well). The reaction was stopped using 1M H2SO4 (50 246 
µl/well; Sigma-Aldrich). The plate was read at 450 nm using a microplate reader (BioRad). 247 

Cell binding assay 248 

SARS-CoV-2 spike pseudotypes used were produced as previously described (44). Briefly, 249 
HEK 293Tcells were cultured in growth media to 70-80% confluence at 37°C under 5% v/v 250 
CO2. Cells were co-transfected using FuGENE® HD Transfection Reagent (Promega) with 251 
Opti-MEM® diluted plasmids (450 ng of pCAGGS-SARS-CoV-2 spike, 500ng of p8.91-252 
lentiviral vector and 750 ng of pCSFLW). The transfected cells were incubated for 48h at 253 
37°C under 5% v/v CO2. Post incubation, the media containing the pseudotypes was 254 
harvested without disturbing the cell monolayer. The media was then passed through a 255 
syringe driven 0.45 μm filter to remove any cell debris and the pseudotypes were harvested. 256 
The pseudotypes stored at -80°C until further use.  257 

DC-HEK and DC-THP-1 cells were seeded in microtiter wells separately in growth medium 258 
(1 x 105 cells/well) and incubated overnight at 37°C.  The wells were washed three times with 259 
PBS, then rfhSP-D (20 µg/ml), pre-incubated with SARS-CoV-2 spike pseudotypes, were 260 
added to the corresponding wells and incubated at room temperature (RT) for 2 h. The 261 
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microtiter wells were rinsed three times with PBS and fixed with 1% v/v paraformaldehyde 262 
(PFA) for 1 min at RT.  The wells were washed again with PBS and incubated with 263 
polyclonal rabbit anti-SARS-CoV-2 spike (1:200 diluted in PBS) and incubated for 1 h at 264 
37°C.  After washing three times with PBST, the corresponding wells were probed with 265 
Alexa Fluor 488 conjugated goat anti-rabbit antibody (Abcam) diluted in PBS (1:200) for 1 h 266 
at RT.  Readings were measured using a Clariostar Plus Microplate Reader (BMG Labtech). 267 

Fluorescent microscopy 268 

DC-HEK cells were cultured on 13 mm glass coverslips to form a monolayer, followed by 269 
incubation with SARS-CoV-2 spike pseudotypes (50µl) at 37°C.  For 30 min, cells were 270 
rinsed with PBS and fixed using 1% w/v PFA for 1 min.  The cells were washed three times 271 
with PBS, then blocked with 5% w/v BSA in PBS (Fisher Scientific) for 30 minutes.  The 272 
cells were incubated for 30-min with mouse anti-human DC-SIGN antibodies to detect DC-273 
SIGN and rabbit anti-SARS-CoV-2 Spike antibodies. Next, cells were washed and incubated 274 
with a staining buffer containing Alexa Fluor 647 conjugated goat anti-mouse antibody 275 
(Abcam), Alexa fluor 488 conjugated goat anti-rabbit antibody (Abcam), and Hoechst 276 
(Invitrogen, Life Technologies).  This incubation was done in the dark for 45 min.  After 277 
rinsing with PBS, the mounted coverslips were visualised on a Leica DM4000 microscope. 278 

Luciferase reporter activity assay 279 

SARS-CoV-2 spike pseudotypes, pre-incubated with rfhSP-D (20µg/ml), were added to DC-280 
HEK and DC-THP-1 cells separately in a 96-well plate and incubated at 37°C for 24 h.  The 281 
medium was removed, and cells were washed twice with PBS to remove any unbound SARS-282 
CoV2 spike pseudotypes and rfhSP-D. Fresh growth medium was added and incubated at 283 
37°C for 48h.  The cells were washed, and luciferase activity (RLU) was measured using 284 
ONE-Glo™ Luciferase Assay System (Promega) and read on Clariostar Plus Microplate 285 
Reader (BMG Labtech). 286 

Quantitative qRT-PCR Analysis 287 

DC-HEK and DC-THP-1 cells (0.5 X 106) were seeded overnight in growth medium. Next 288 
day, SARS-CoV-2 Spike protein (500 ng/ml) was pre-incubated with rfhSP-D (20 µg/ml) for 289 
2 h at RT and added to DC-THP-1 cells in serum-free medium.  Post incubation at 6h, 12h, 290 
24h and 48h, the cells were washed with PBS gently and pelleted.  GenElute Mammalian 291 
Total RNA Purification Kit (Sigma-Aldrich) was used to extract the total RNA. After RNA 292 
extraction, DNase I (Sigma-Aldrich) treatment was performed to remove any DNA 293 
contaminants, then the amount of RNA was quantified at A260 nm using a NanoDrop 294 
2000/2000c (ThermoFisher).  The purity of RNA was assessed using the ratio A260/A280.  295 
Two micrograms of total RNA were used to synthesise cDNA, using High-Capacity RNA to 296 
cDNA Kit (Applied Biosystems).  The primer BLAST software (Basic Local Alignment 297 
Search Tool) was used to design primer sequences as listed in Table 1.  The qRT-PCR assay 298 
was performed using the Step One Plus system (Applied Biosciences).  Each qPCR reaction 299 
was conducted in triplicates, containing 75 nM of forward and reverse primers, 5 µl Power 300 
SYBR Green Master Mix (Applied Biosystems), and 500 ng of cDNA.  qPCR samples were 301 
run for 50 °C, and 95°C for 2 and 10 min, followed by running the amplification template for 302 
40 cycles, each cycle involving 15 s at 95 °C and 1 min at 60°C. 18S rRNA was used as an 303 
endogenous control to normalise the gene expression. 304 

Molecular docking 305 
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 306 
Tripartite complex models of DC-SIGN tetramer, Spike trimer and rfhSP-D trimer were 307 
predicted through blind molecular docking using ZDOCK module of Discovery Studio 2021. 308 
The structural coordinates for DC-SIGN (CRD), spike and rfhSP-D were retrieved from PDB 309 
with IDs as 1K9I, 6XM3, and 1PW9, respectively. Docking was performed in two stages. In 310 
the first stage, DC-SIGN (CRD) tetramer was blind docked individually with rfhSP-D trimer 311 
(complex A) and spike trimer (complex B). The top ranked poses were analysed for 312 
intermolecular interactions and corroborated based on previous studies (23).  313 

In the second stage, the selected docked pose of complex A was further blind docked with 314 
spike trimer to build a tripartite complex of DC-SIGN (CRD), Spike and rfhSP-D (complex 315 
C). The tripartite complex was selected based on the docking score and intermolecular 316 
interactions that were in agreement with literature reports (24).  317 

Molecular dynamics (MD) simulation 318 
 319 
MD simulations for the complexes B, C1 and C2 were performed using GROMACS v2020.6 320 
(44). The force field AMBER99SB was applied with improved protein side-chain torsion 321 
potentials (45). All the three complexes were solvated in triclinic periodic box condition 322 
using TIP3P water molecules with a distance of 1.5 nm from the center of the complex. 323 
Complexes were neutralized by adding Na+ counter ions and subsequently minimized for 324 
5000 energy steps using steepest descent algorithm with a tolerance of 1000 kJ/mol/nm. 325 
Equilibration was performed using NVT and NPT ensembles for 50,000 steps. Finally, MD 326 
was run at constant temperature (300 K) and pressure (1 atm) for 20ns. The analyses of 327 
obtained MD trajectories were carried out using GROMACS utility tools. 328 

Statistical analysis 329 
 330 
Graphs were generated using GraphPad Prism 8.0 software.  The statistical significance was 331 
considered as indicated in the figure legends between treated and untreated conditions.  Error 332 
bars show SD or SEM as stated in the figure legends. 333 
 334 
Results 335 

Both DC-SIGN and rfhSP-D Bind to SARS-CoV 2 Spike protein 336 

DC-SIGN and rfhSP-D were expressed in E. coli and purified on mannose and maltose 337 
agarose affinity columns, respectively.  An indirect ELISA was performed by coating 338 
microtiter plates with decreasing concentration with either rfhSP-D or DC-SIGN and probing 339 
with anti-SARS- CoV-2 spike antibody to confirm the protein-protein interactions between 340 
the two proteins.  Both DC-SIGN (Figure 1A) and rfhSP-D (Figure 1B) independently 341 
exhibited a dose-dependent increase in binding at all tested concentrations.  Since both rfhSP-342 
D and DC-SIGN bound SARS-CoV-2 Spike protein independently, a completive ELISA was 343 
performed to evaluate if rfhSP-D would interfere with the binding between Spike protein and 344 
DC-SIGN.  As a matter of fact, addition of rfhSP-D enhanced the binding of DC-SIGN to the 345 
Spike protein in a dose-dependent manner (Figure 1C).   346 

rfhSP-D treatment enhances DC-SIGN mediated binding and uptake of SAR-CoV-2 347 
Pseudotyped Viral Particles 348 
 349 
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Since rfhSP-D was found to interact with DC-SIGN and Spike protein, we evaluated the 350 
ability of rfhSP-D to mediate the binding of SARS-CoV-2 to DC-SIGN expressing cells.  351 
HEK 293T cells were transfected with a construct containing a DNA sequence of full-length 352 
human DC-SIGN to induce DC-SIGN cell surface expression. As previous studies have 353 
established the ability of SARS-CoV-2 spike protein to bind DC-SIGN, the binding of the 354 
SARS-CoV-2 spike protein-expressing pseudotypes to DC-HEK cells was also confirmed 355 
microscopically (Figure 2).  To assess the effect of rfhSP-D on pseudotypes binding to DC 356 
HEK cells, the cells were challenged with rfhSP-D (20µg/ml) treated SARS-CoV-2 Spike 357 
protein-expressing pseudotypes.  Increased binding (~50%) in the treated samples (DC-HEK 358 
+ SARS-CoV-2 spike Pseudotypes + rfhSP-D) compared to their untreated counterparts (DC-359 
HEK + SARS-CoV 2 spike Pseudotypes) was observed (Figure 3A). The quantitative 360 
evaluation of the binding of the pseudotypes was also performed using THP-1 cells treated 361 
with PMA and IL-4 to induce the expression of native DC-SIGN.  A similar result was 362 
obtained using DC-SIGN expressing THP-1 macrophage-like cells.  rfhSP-D treatment was 363 
found to increase the binding efficiency of the pseudotypes to the THP-1 cells expressing 364 
DC-SIGN by ~ 25%, compared to the untreated controls (Figure 3B).  365 

To evaluate the impact of rfhSP-D on the transduction of pseudotypes to DC-HEK cells, the 366 
cells were treated with rfhSP-D (20µg/ml), challenged with SARS-CoV 2 S protein-367 
expressing pseudotypes for 24h. Higher luciferase activity (~190 %) in the treated samples 368 
(DC-HEK + SARS-CoV-2 spike pseudotypes + rfhSP-D) as compared with their untreated 369 
counterparts (DC-HEK + SARS-CoV-2 spike pseudotypes) was noticed (Figure 4A). A 370 
similar observation was made using DC-SIGN expressing DC-THP-1 cells compared to 371 
untreated controls. rfhSP-D treatment increased the transduction effectiveness of the 372 
pseudotypes in DC-THP-1 cells by ~ 90% (Figure 4B). 373 

rfhSP-D Modulates Pro-Inflammatory Cytokines and Chemokines Response in SARS-374 
CoV-2 Spike protein Challenged DC-HEK cells 375 

Pro-inflammatory cytokines and chemokines such as TNF-α, IFN-α, RANTES, and NF-κB 376 
transcription factors characterise SARS-CoV-2 infection in the lower respiratory epithelium 377 
that express DC-SIGN.  DC HEK cells were challenged with SARS-CoV-2 Spike protein 378 
pre-incubated with rfhSP-D to understand better the effect of rfhSP-D on the pro-379 
inflammatory cytokines/chemokines released during SARS-CoV-2 infection.  The total RNA 380 
extracted from the cells was then used in qRT-PCR, with cells challenged with SARS-CoV-2 381 
Spike protein that had not been treated with rfhSP-D serving as the control. rfhSP-D 382 
treatment decreased mRNA levels of TNF-α, IFN-α, RANTES, and NF-κB in DC-HEK cells 383 
were challenged with Spike protein.  TNF-α mRNA levels were reduced by (~ -3.3 log10) 384 
(Figure 5C), while IFN-α, the levels were downregulated (~ -2.1 log10) (Figure 5B). As 385 
RANTES response is induced by detection of viral components within infected cells, rfhSP-D 386 
treatment reduced the mRNA levels of RANTES in DC-HEK cells challenged with Spike by 387 
(~ -1.3 log10).  Antiviral cytokines/chemokines are regulated by the transcription factor NF-388 
κB; NF-κB mRNA levels were reduced (~ -1.2 log10) (Figure 5A). 389 

Modulation of Immune Response in SARS-CoV-2 Spike Protein-Challenged DC-THP-1 390 
cells by rfhSP-D 391 
 392 

Lung macrophages secrete pro-inflammatory mediators such as IL-1, IL-6, IL- 8, and TNF-α 393 
in response to SARS-CoV-2 infection.  To further understand the role of rfhSP-D in 394 
producing pro-inflammatory cytokines/chemokines from lung macrophage expressing DC-395 
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SIGN during SARS-CoV-2 infection, rfhSP-D treated/untreated SARS-CoV-2 Spike protein 396 
was used to challenge DC-THP-1 cells.  Following that, qRT-PCR was used to assess the 397 
mRNA levels of pro-inflammatory cytokines and chemokines in cells after treatment at 6h 398 
and 12h time points (Figure 6).  In DC THP-1 cells challenged with Spike protein, rfhSP-D 399 
treatment reduced mRNA levels of IL-1, IL-6, IL- 8, TNF-α, and NF-κB (Figure 6).  mRNA 400 
levels of NF- κB at 6h were slightly reduced (~ -1 log10). At 12 h, it was significantly 401 
downregulated (~ -4 log10) in rfhSP-D treated DC-THP-1 cells challenged with Spike protein 402 
(Figure 6A).  Cells challenged with Spike protein and treated with rfhSP-D at 6h and 12h 403 
exhibited a reduction in the gene expression levels of TNF-α (~ -3.1 log10 and ~ -6.8 log10, 404 
respectively) (Figure 6B).  In rfhSP-D treated DC THP-1 cells challenged with Spike protein, 405 
IL-1β mRNA levels were reduced (~ -2.5 log10) after 6 h and (~ -4 log10) 12 h after treatment 406 
(Figure 6C).  Furthermore, IL-6 levels were significantly downregulated at 12h (- 5 log10) in 407 
rfhSP-D treated DC-THP-1 cells challenged with Spike protein (Figure 6D).  Reduced levels 408 
of IL-8 at 6h (~ -2.3 log10) and 12h (~ -4.8 log10) were detected in DC-THP-1 cells 409 
challenged with Spike protein, treated with rfhSP-D (Figure 6E). MHC class II molecules 410 
play a key role in bridging innate immunity to adaptive immunity during anti-viral immune 411 
response. rfhSP-D reduced MHC class II expression levels at 6 (- 2 log10) and 12h (- 2.7 412 
log10) in DC-THP-1 cells challenged with Spike protein (Figure 6F). 413 

SP-D interacts with RBD and DC-SIGN interacts with NTD of SARS-CoV-2 Spike 414 
protein  415 
 416 
DC-SIGN and SP-D are known to interact through their CRDs (23). This interaction was 417 
observed in complex A (docked pose 2) of the current study (Figure 7A & table 2). The 418 
binding site of DC-SIGN (CRD) and Spike protein is not known; therefore, a blind docking 419 
approach was attempted to generate complex B. Analysis of the top ranked docked pose of 420 
complex B revealed that NTD (N-terminal domain) of spike protein interacted with the CRD 421 
domain of DC-SIGN (Figure 7B & Table 2). Since it was known that Spike protein interacted 422 
with SP-D through receptor binding domain (RBD) (24), we postulated that Spike protein 423 
could interact with both SP-D and DC-SIGN (CRD) through two distinct RBD and NTD 424 
domains, respectively. This inference is further supported by the in vitro observation that 425 
binding of DC-SIGN and Spike protein was enhanced by rfhSP-D (Figure 1C). Tripartite 426 
complex was generated by docking complex A (DC-SIGN and SP-D) with Spike protein. The 427 
top two docked poses (complexes C1 and C2) were analysed for intermolecular interactions 428 
(Figure 8; Table 2). In both C1 (Figure 8A) and C2 (Figure 8B) complexes, DC-SIGN (CRD) 429 
interacted with NTD domain of Spike protein. In C1, there were no molecular interactions 430 
between Spike protein and rfhSP-D (Figure 8A; Table 2). In C2, Spike protein interacted with 431 
rfhSP-D through RBD (Figure 8B; Table 2).  432 
 433 
SP-D Stabilises DC-SIGN and SARS-CoV-2 Spike protein Interaction 434 
 435 
MD simulations were performed to assess the effect of SP-D on DC-SIGN (CRD) and Spike 436 
protein interaction. The root mean square deviation (RMSD) of complexes C1 and C2 was 437 
lesser than complex B through the course of simulation, indicating that the binding of SP-D 438 
enhances the stability of DC-SIGN and spike interaction (Figure 9A). This observation was 439 
supported by potential energy (PE), distance, and H-bond profile. Trajectory analysis of PE, 440 
intermolecular distance and H-bonds between DC-SIGN and spike indicated higher stability 441 
of C1 and C2 complexes as compared to B (Figures 9B, 10A-C, 10D-F). Between the 442 
tripartite complexes, C1 exhibited slightly better stability than C2 (Figures 9 & 10). These 443 
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analyses suggest that the interaction of DC-SIGN and spike gets stabilized in the presence of 444 
SP-D. 445 
 446 
Discussion  447 

Specific molecular structures on the surfaces of pathogens (PAMP) are directly recognised by 448 
pattern recognition receptors (PRRs) (4). PRRs serve as a link between nonspecific and 449 
specific immunity. PRRs can exert nonspecific anti-infection, anti-tumour, and other 450 
immune-protective actions by recognising and binding ligands (46). CLRs belong to PRRs, 451 
which use calcium to recognise carbohydrate residues on harmful bacteria and viruses (47). 452 
DC-SIGN and SP-D are examples of CLRs that play an important role in anti-viral immunity, 453 
including SARS-CoV-2, the causative agent of coronavirus induced illness 2019 (COVID-454 
19) (48, 49). The availability of virus receptors and entry cofactors on the surface of host 455 
cells determines tissue tropism for many viruses (50, 51). We found rfhSP-D potentiated 456 
SARS-CoV-2 binding and entry to DC-SIGN expressing cells.  Furthermore, rfhSP-D 457 
treatment was also found to impair downstream signalling induced by the binding of Spike 458 
protein to DC-SIGN resulting in the downregulation of pro-inflammatory mediators' gene 459 
expression. However, further experiments using DC-SIGN expressing cells challenged with 460 
rfhSP-D treated SARS-CoV-2 clinical isolates need to be undertaken to confirm the rfhSP-D 461 
mediated cytokine modulation observed. Our findings elucidate a novel interaction between 462 
rfhSP-D, DC-SIGN and SARS-CoV-2, which may uncover therapeutic potential for 463 
controlling SARS-CoV- 2 infection and subsequent cytokine storm. 464 

DC-SIGN, widely expressed on DCs and alveolar macrophages in the lungs, interacts with 465 
SARS-CoV-2 through Spike protein (52). DC-SIGN has previously been shown to interact 466 
with SARS-CoV, HIV-1 and Ebola virus (41, 53, 54). SARS-CoV uses DC-SIGN for entry 467 
into DCs (52).  In addition to its role as a virus attachment receptor, DC-SIGN has been 468 
implicated in triggering DC maturation, myeloid cell cytokine response, and T cell priming. 469 
Another CLR, SP-D, has been shown to have antiviral properties against SARS-CoV-2, HIV-470 
1 and IAV infection (55, 56). We previously demonstrated that rfhSP-D reduced SARS-CoV-471 
2 S1 protein binding to HEK293T cells overexpressing ACE2 receptors and infection in 472 
A549 cells by restricting viral entry (25). However, the role of SP-D in SARS-CoV-2 and 473 
DC-SIGN interaction is not well understood.  474 

The binding of the SARS-CoV-2 Spike protein to the host cell via the ACE2 receptor is one 475 
of the critical steps in the SARS-CoV-2 infection (57).  The receptor binding motif (RBM) 476 
(455- 508) within the RBD of S1 protein interacts with the virus-binding residues consisting 477 
of Lys31, Glu35, and Lys353 of dimeric ACE2 (58).  Although the sequence of events 478 
around the Spike protein/ACE2 association is becoming more evident, additional factors that 479 
aid infection remains unknown, for example, SARS-CoV-2 transport to the ACE2 receptor 480 
(36).  Both SARS-CoV and SARS-CoV-2 Spike proteins have the same affinity for ACE2, 481 
but the transmission rate are drastically different (37).  It has been suggested that the higher 482 
transmission rate of SARS-CoV-2 compared to SARS-CoV is due to more efficient viral 483 
adherence via host-cell attachment factors, leading to more efficient infection of ACE2 484 
expressing cells (38, 39).  DC-SIGN has also been identified as a SARS-CoV Spike protein 485 
receptor capable of enhancing cell entry in ACE2+ pneumocytes via DC transfer (40).  486 
Recently, it has been shown that DC-SIGN binds to SARS-CoV-2 Spike protein and 487 
promotes trans-infection (20).  In this study, we investigated the potential of rfhSP-D in 488 
inhibiting SARS-CoV-2 binding and entry into DC-SIGN expressing cells. Targeting viral 489 
entry into a host cell is a new technique for creating and developing antiviral medicines that 490 
stop viral propagation early in the SARS-CoV-2 viral cycle (59). We have independently 491 
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confirmed the previously reported protein interactions between SARS-CoV-2 and rfhSP-D or 492 
DC-SIGN (20, 24, 25).   493 

Here, we show that rfhSP-D enhances the binding of the SARS-CoV-2 Spike to DC-SIGN. 494 
This is further confirmed by in-silico molecular dynamics studies which indicate that SP-D 495 
stabilises the binding interactions between DC-SIGN CRD and N-terminal domain of SARS-496 
CoV-2 Spike protein. The consequence of this tripartite complex involving DC-SIGN, 497 
SARS- CoV-2 Spike protein and rfhSP-D on viral infection was assessed using SARS-CoV-2 498 
Spike protein-expressing replication-incompetent lentiviral pseudotyped viral particles since 499 
they are a safe alternative to the live virus.  Using these pseudotypes, we demonstrate that 500 
rfhSP-D enhances spike protein binding and uptake in DC-SIGN expressing cells.  A 501 
significant increase in spike protein binding and transduction was observed compared to 502 
untreated samples (Cells + SARS-CoV-2) to rfhSP-D (20 µg/ml) treatment.  It has been 503 
shown previously that SP-D enhances the clearance of IAV from the lung in vivo (60).  504 
Similarly, the interaction of rfhSP-D with DC-SIGN may augment SARS-CoV-2 binding and 505 
uptake by macrophages, indicating that rfhSP-D may promote the clearance of SARS-CoV-2 506 
via DC-SIGN.  507 

The effect of rfhSP-D on gene expression levels of pro-inflammatory mediators in SARS-508 
CoV-2 Spike protein challenged DC-HEK and DC-THP-1 cells were investigated in the 509 
current study. To our knowledge, this is the first study looking at the impact of rfhSP-D on 510 
DC-SIGN cells challenged with SARS-CoV-2. rfhSP-D showed anti-inflammatory effects on 511 
DC-SIGN expressing cells, as evident from the reduction in the levels of 512 
cytokines/chemokines such as TNF-α and IL-8. 513 

DC-SIGN present on DC surface has been implicated in activating the STAT3 pathway 514 
during viral infection (61, 62). STAT3 plays a crucial role in activating transcription factor 515 
NF-κB in SARS-CoV-2 infection in myeloid cells, which may trigger subsequent cytokine 516 
production and stimulate pathological inflammation (63, 64). The activation of NF-κB in 517 
viral infection induces gene expression of a wide range of cytokines (e.g., IL-1, IL-2, IL-6, 518 
IL-12, TNF-α, LT-α, LT-β, and GM-CSF), and chemokines (e.g., IL-8, MIP-1, MCP1, 519 
RANTES, and eotaxin) (65). These inflammatory mediators are involved in antiviral 520 
immunity and essential for infection resistance (65).  Nevertheless, in moderate and severe 521 
SARS-CoV 2 infection, the activation of NF-κB in various cells, including macrophages in 522 
the lungs, liver, kidney, central nervous system, gastrointestinal system, and cardiovascular 523 
system, results in the production of IL-1β, IL-6, IL-8, and TNF- α (66).  This may result in 524 
cytokines storm and organ failure and, consequently, morbidity and mortality (66, 67).  525 
Immunomodulation at the level of NF-κB activation and inhibitors of NF-κB degradation 526 
may reduce the cytokine storm and lessen the severity of SARS-CoV-2 infection (66, 68). 527 
Pro-inflammatory mediators have been shown to be induced by SARS-CoV-2 Spike protein 528 
in THP-1 cells as in vitro model for lung macrophages (69). In this study, the inflammatory 529 
response was evaluated via measuring the gene expression levels of NF-κB in DC HEK and 530 
DC THP-1 challenged with SARS-CoV 2 spike protein.  Our findings show rfhSP-D 531 
downregulates the gene expression levels of NF-κB in DC-HEK and DC-THP-1 challenged 532 
with SARS-CoV-2 Spike protein compared with the control.  Thus, rfhSP-D suppresses pro-533 
inflammatory immune response in DC-SIGN expressing immune cells. 534 

Another critical element in the pathophysiology of SARS-CoV-2 infection is TNF-α, which is 535 
produced in the airway by macrophages, mast cells, T cells, epithelial cells, and smooth 536 
muscle cells (4, 70). TNF-α synthesis is predominantly stimulated by PAMPs through NF-κB 537 
activation (71).  Various studies have reported that patients with severe SARS-CoV-2 538 
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infection display elevated plasma levels of TNF-α (72-74).  This causes airway inflammation 539 
due to recruitment of mostly neutrophils (75). In addition, TNF-α stimulates the production of 540 
cytokines like IL-1β and IL-6 (76). DC-HEK and DC-THP-1, challenged with SARS-CoV-2 541 
Spike protein, pre-treated with rfhSP-D, caused downregulation in the gene expression levels 542 
of TNF-α as compared to rfhSP-D-untreated cells.  The results suggested an important 543 
immunomodulatory role of rfhSP-D in SARS-CoV-2-mediated inflammation. 544 

IL-1β is released after activating the inflammasome in response to a variety of infections, 545 
including viruses such as SARS-CoV-2 (77).  When compared to non-infected subjects, high 546 
levels of IL-1β were found in the plasma of severe as well as moderate CoVID-19 cases (73).  547 
Cell pyroptosis is a highly inflammatory form of programmed cell death typically seen with 548 
cytopathic viruses. An increase in IL-1β production is a downstream sign of pyroptosis (78).  549 
As a result, pyroptosis plays an essential role in the pathogenesis of SARS-CoV-2 and is a 550 
likely trigger for the uncontrolled inflammatory response (79).  In this study, DC-THP-1 cells 551 
challenged by Spike protein, pre-treated with rfhSP-D, exhibited low mRNA levels of IL-1β 552 
as compared to the control.  Thus, rfhSP-D may reduce the unnecessary inflammatory 553 
response to SARS-CoV-2 infection via reduction in IL-1β production.  554 

IL-6 is a glycoprotein that regulates the immune system, haematopoiesis, inflammation and is 555 
a major player in SARS-CoV-2 infection (80). Many cell types, including T and B 556 
lymphocytes, monocytes/macrophages, dendritic cells, fibroblasts, and endothelial, express 557 
IL-6 (80, 81). A higher level of IL-6 in the plasma has been linked with the severity of 558 
SARS-CoV-2 infection (82, 83). rfhSP-D-treated DC-THP-1 cells challenged by Spike 559 
protein showed downregulation of IL-6 transcripts as compared with untreated cells. This 560 
suggests a role for SP-D in preventing IL-6 immunopathogenesis due to SARS-CoV-2. 561 

IFN-α is a cytokine mainly secreted by virus-infected cells associated with stimulation of 562 
immune response and limiting viral infection (84).  Nonetheless, elevated expression levels of 563 
IFN-stimulated genes (ISGs) have been triggered by SARS-CoV 2, which exhibits 564 
immunopathogenic potential (58).  IFN-α expression levels are downregulated in rfhSP-D 565 
treated DC HEK cells challenged with SARS-CoV 2 spike protein compared to the control.  566 
The results suggest rfhSP-D may elevate immunopathology potential of SARS-CoV-2. 567 

Another element that may aid viral infectivity of DCs is MHC class II molecule. SARS-CoV-568 
2 has been shown to upregulate MHC class II gene expression (85).  High expression level of 569 
MHC class II molecules on the surface of antigen-presenting cells is crucial for regulating 570 
and inducing an adaptive immune response to respiratory viruses (86).  However, limited-571 
expression levels of MHC class II molecules on type II alveolar cells and macrophages 572 
improve respiratory viral disease outcomes (87). The binding of SARS-CoV-2 Spike protein 573 
to THP-1 cells polarises towards M1-like phenotype together with an increase in MHC class 574 
II molecules (69). DC-THP-1 cells challenged with SARS-CoV-2 Spike protein and treated 575 
with rfhSP-D showed downregulation of MHC class II mRNA expression levels.  Thus, SP-D 576 
may have a role in modulating antigen presentation in order to avoid an unwanted and 577 
exaggerated adaptive immune response. 578 

Chemokines, such as IL-8 and RANTES, are vital for recruiting inflammatory cells from the 579 
intravascular space across the endothelium and epithelium to the inflammation site (88).  IL-580 
8, commonly known as CXCL8, is a crucial mediator of inflammation with a direct 581 
chemotactic and priming action on neutrophils (89). In addition, IL-8 induces NETosis 582 
(Neutrophil extracellular traps/NETs). SARS-CoV-2 infected patients exhibit elevated levels 583 
of citrullinated histone H3 (Cit-H3) and myeloperoxidase (MPO)-DNA, which are specific 584 
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markers of NETs that may cause organ damage (90).  DC-THP-1 challenged with Spike 585 
protein and treated with rfhSP-D had low mRNA levels of IL-8 as compared to the control. 586 
There appears a role for SP-D in preventing IL-8-associated pathogenies due to SARS-CoV-587 
2.  588 

RANTES (CCL5) is a chemokine that has been linked with enhanced pathogenicity and 589 
mortality in SARS-CoV-2 infection (91).  Compared to healthy control, SARS-CoV-2 590 
infected patients contain higher serum RANTES and IL-6 levels which correlated with 591 
severity of CoVID-19 (92). In this study, the mRNA expression levels of RANTES were 592 
found to be considerably downregulated in DC-HEK cells challenged with Spike protein and 593 
treated with rfhSP-D.  Thus, SP-D may modulate leukocyte recruitment to infection areas.  594 

Our study reveals that rfhSP-D can effectively increase the binding and uptake of SARS-595 
CoV-2 by DC-SIGN expressing cells. We also show that rfhSP-D exhibit substantial 596 
effectiveness in downregulating virus-induced inflammatory response in DC-SIGN 597 
expressing cells. However, further study is required to assess the expression of DC-SIGN in 598 
individuals with mild/severe SARS-CoV-2 infection. SARS-CoV-2 is also known to affect 599 
organs other than the lungs. Thus, it is imperative to study the possibility of viral transfer to 600 
secondary sites via DC-SIGN and the effect of SP-D on this process. Additionally, the effects 601 
of rfhSP-D mediated DC-SIGN: SARS-CoV-2 interaction needs to be studied in the lung 602 
microenvironment using established animal models for CoVID-19 such as Hamsters, Mouse, 603 
Ferret, Mink, Tree Shrew, and Non-human Primates. In conclusion, our data suggests that 604 
rfhSP-D stabilises the interaction between SARS-CoV-2 Spike protein and DC-SIGN and 605 
helps in increasing viral uptake by macrophages, suggesting an additional role for rfhSP-D in 606 
SARS-CoV-2 infection. 607 
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 862 

Figure Legends 863 

Figure 1: rfhSP-D promotes interaction between SARS-CoV-2 Spike protein and DC-864 
SIGN. The binding of immobilised DC-SIGN (A) or immobilised rfhSP-D (B) to SARS-865 
CoV-2 spike protein was analysed by ELISA. Microtiter wells were coated with a decreasing 866 
concentration of DC-SIGN or rfhSP-D (2, 1, 0.5 or 0 µg per well) proteins and incubated 867 
with a constant amount of SARS-CoV-2 Spike protein (2 µg per well). Both proteins were 868 
found to bind Spike protein in a dose-dependent manner. Competitive ELISA (C) was 869 
performed to analyse the effect of rfhSP-D on DC-SIGN: Spike protein interaction. rfhSP-D 870 
brought about increased binding between Spike protein and DC-SIGN. Since increasing the 871 
concentration of rfhSP-D was found to increase the detectable amount of Spike protein, it 872 
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seems to suggest  the existence of distinct binding sites for the Spike protein on both C type 873 
lectins.  The data were expressed as a mean of three independent experiments done in 874 
triplicates ± SEM. 875 

Figure 2: Binding of SARS-CoV-2 Spike-Pseudotypes to DC-SIGN expressing cells. DC-876 
HEK cells were incubated with SARS-CoV-2 Spike Pseudotypes for 30 min at 37°C. Spike 877 
Pseudotypes challenged DC-HEK cells were fixed with 4% paraformaldehyde, washed, and 878 
blocked with 5% FCS.  The cells were probed with rabbit anti-SARS-CoV-2 Spike antibody 879 
and mouse anti-DC-SIGN to detect the presence of Spike-Pseudotypes and DC-SIGN 880 
expressed on the cells, respectively. Alexa Fluor 647 conjugated goat anti-mouse antibody 881 
(Abcam), Alexa fluor 488 conjugated goat anti-rabbit antibody (Abcam), and Hoechst 882 
(Invitrogen, Life Technologies) were used to detect the primary antibodies and nucleus. 883 

Figure 3: rfhSP-D promotes interaction between SARS-CoV-2 Spike Pseudotypes with 884 
DC-SIGN expressing cells. DC-HEK cells (A) and DC-THP-1 cells (B) were treated with 885 
rfhSP-D and SARS-CoV-2 Spike-Pseudotypes.  The cell binding was analysed using Alexa 886 
Fluor 488 (FTIC) and Alexa Fluor 647 (APC); the fluorescence intensity was measured using 887 
a GloMax 96 Microplate Luminometer (Promega).  An increased fluorescence intensity was 888 
observed in DC-HEK and DC-THP-1 cells treated with 20 µg/ml of rfhSP-D compared to 889 
cells challenged with Spike pseudotypes alone. Experiments were conducted in triplicates, 890 
and error bars represent ± SEM.  Unpaired t-test was used calculate the significance (*p < 891 
0.05, **p < 0.01, and ***p < 0.001) (n = 3). (0, untreated sample; 20, treated sample). 892 

Figure 4: rfhSP-D enhances SARS-CoV-2 Spike pseudotypes transduction by DC-HEK 893 
and DC-THP-1 cells. Purified Spike pseudotypes were used to transduce DC-HEK (A) and 894 
DC-THP-1 cells (B), and the luciferase reporter activity was measured.  Higher levels of 895 
luciferase reporter activities were observed in DC-HEK and DC-THP-1 cells when treated 896 
with 20 µg/ml of rfhSP-D compared to cells challenged with Spike pseudotypes only. 897 
Experiments were conducted in triplicates, and error bars represent ± SEM.  Unpaired t-test 898 
was used calculate the significance (*p < 0.05, **p < 0.01, and ***p < 0.001) (n = 3). 899 

Figure 5: rfhSP-D downregulates pro-inflammatory cytokines and chemokines in DC- 900 
HEK cells. SARS-CoV-2 Spike protein incubated with 20μg/ml of rfhSP-D was used to 901 
challenge DC-HEK cells. Cells were harvested at 6 h to analyse the expression of cytokines.  902 
RNA was purified and converted into cDNA.  The gene expression levels of cytokines NF-903 
κB (A), IFN-α (B), TNF-α (C), and RANTES (D) were assessed using RT-qPCR.  18S rRNA 904 
was used as an endogenous control. The relative expression (RQ) was calculated using cells 905 
challenged with Spike protein untreated with rfhSP-D as the calibrator. The RQ value was 906 
calculated using RQ = 2−∆∆Ct. Assays were conducted in triplicates, and error bars represent ± 907 
SEM.  Significance was determined using the two-way ANOVA test (**p < 0.01, and ****p 908 
< 0.0001) (n = 3). 909 

Figure 6: rfhSP-D modulates immune response in DC-THP-1 cells. SARS-CoV-2 Spike 910 
protein incubated with 20μg/ml of rfhSP-D was used to challenge DC-THP-1 cells.  Cells 911 
were harvested at 6h, 12h, 24h, and 48h to analyse the expression of cytokines and MHC 912 
class II.  Cells were lysed, and purified RNA was converted into cDNA.  The expression 913 
levels of cytokines NF-κB (A), TNF-α (B), IL-1β (C), IL-6 (D), IL-8 (E) and MHC class II 914 
(F) were measured using RT-qPCR, and the data were normalised against 18S rRNA 915 
expression as a control.  Experiments were conducted in triplicates, and error bars represent ± 916 
SEM.  The relative expression (RQ) was calculated using cells challenged with Spike protein 917 
untreated with rfhSP-D as the calibrator.  RQ = 2− ∆∆Ct was used to calculate the RQ value.  918 
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Significance was determined using the two-way ANOVA test (**p < 0.01, and ****p < 919 
0.0001) (n = 3). 920 

Figure 7: DC-SIGN interacts with both SP-D and SARS-CoV-2 spike. Docked poses of 921 
(A) complex A, and (B) complex B selected for docking and MD simulations respectively. In 922 
complex B, spike interacts with DC-SIGN(CRD) through the NTD domain (orange). 923 

Figure 8: Tripartite complex of SP-D, DC-SIGN and SARS-CoV-2 Spike. Docked poses 924 
of tripartite complexes selected for MD simulation analysis. In complex C1, DC-SIGN 925 
(CRD) interacts with NTD of spike (A); and in complex C2, DC-SIGN (CRD) interacts with 926 
NTD of spike and SP-D interacts with RBD of spike (B). 927 

Figure 9: SP-D stabilises SARS-CoV-2 Spike interaction with DC-SIGN. Comparative 928 
MD simulation profile for complexes B, C1 and C2 of (A) root mean square deviation 929 
(RMSD) and (B) potential energy (PE). RMSD and PE of C1 and C2 are lesser than B 930 
indicating stability of tripartite complexes.  931 

Figure 10: SP-D stabilises SARS-CoV-2 Spike interaction with DC-SIGN. Comparative 932 
MD simulation profile of complexes B, C1 and C2 for average distance (A, B & C) and H-933 
bonds (D, E & F) between DC-SIGN and spike. Its observed that the intermolecular distance 934 
is conserved across the simulation period for tripartite complexes C1 and C2 as compared to 935 
complex B.  The number of intermolecular H-bonds between DC-SIGN and spike are also 936 
higher for complexes C1 and C2 as compared to B. These observations indicate the 937 
stabilising effect of SP-D on spike and DC-SIGN(CRD) interaction. 938 
 939 

Tables 940 

Target Primer Forward Primer Reverse Primer 

18S 5′-ATGGCCGTTC 

TTAGTTGGTG-3′                       

5′-CGCTGAGCCA 

GTCAGTGTAG-3′ 

TNF-α 5′-AGCCCATGTT 

GTAGCAAACC-3′                      

5′-TGAGGTACAG 

GCCCTCTGAT-3′ 

IL-6                                               5′-GAAAGCAGCA 

AAGAGGCACT-3 

5′-TTTCACCAGG 

CAAGTCTCCT-3′ 

IL-8                                               5′-GGTGCAGTTTTT 

GCCAAGGAG-3′                        

5′-CACCCAGTTTT 

CCTTGGGGT-3′                         

NF-κB 5′-GTATTTCAACCA 

CAGATGGCACT-3′                   

5′-AACCTTTGCTG 

GTCCCACAT-3′       

RANTES    5′-GCGGGTACCAT 

GAAGATCTCTG-3′                    

5′-GGGTCAGAATC 

AAGAAACCCTC-3′ 

IFN-α                                            5′-TTTCTCCTG  

CCTGAAGGACAG-3′                

5′-GCTCATGATTTC 

 TGCTCTGAC A-3′ 

IFN-β    5′-GGCTTTTCAGCT 5′-TCTGTCAC TCTCCTC 
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CTGCATCG-3′ TTTCCA-3 

MHC II         5′-TAAGGCACATGGA 

GGTGATG-3′ 

5′-GTACGGAGC 

AATCGAAGAGG-3′ 

 941 

Table 1: Forward and reverse primers used for RT-qPCR 942 

 943 

 944 

 945 

 946 

 947 

 948 

 949 

Complex Docked 

Pose 

Receptor Ligand H-bonding residues 

Receptor Ligand 

A 2 DC-SIGN SP-D PHE262, GLN264, 

GLN274, ARG275, 

ASN362, SER383 

CYS384 

GLN263, GLN281, 

GLN282, ASN288, 

ASN316, TRP317, 

GLY320, ASP325 

B 1 DC-SIGN Spike CYS253, HIS254, 

LYS285, GLY288, 

LEU321, ASN322, 

GLN323, GLU324, 

GLU353, ASN370, 

LYS379, SER380, 

ALA382, SER383 

TYR28, ASN30, 

PHE58, PHE59, 

ASN61, VAL83, 

ASN87, ARG237, 

GLN239, PRO527, 

LYS529, SER530, 

THR531, ASN532, 

LEU533 

C1 (A + Spike) 1 DC-SIGN Spike LEU321, GLY325, 

THR326, ARG345, 

ASN349, ASN350 

 

ALA27, TYR28, 

HIS69, SER98, 

ASN211, ARG214  

C2 (A + Spike) 2 DC-SIGN Spike ASN276, ASN322, 

GLN328, VAL330, 

ASP111, GLU132, 

ASP138, PHE140, 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 16, 2022. ; https://doi.org/10.1101/2022.05.16.491949doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.16.491949


23 
 

GLY352, ASP355, 

ASN370 

TYR160, ALA163, 

TYR248, THR250, 

SER254 

Spike SP-D ARG408, GLN409, 

VAL445, GLY502 

ASN288, LYS299, 

SER328, GLY346 

 950 

Table 2: Interaction analysis of the docked complexes of DC-SIGN, spike and SP-D 951 

Figures 952 

 953 
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 967 
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 969 

 970 

Figure 1 971 

 972 

 973 

 974 

Figure 2 975 

 976 
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 977 

Figure 3 978 
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 979 

Figure 4 980 

 981 
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 982 
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Figure 5 987 
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 989 

Figure 6 990 
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 992 

Figure 7 993 

 994 

 995 
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 997 

Figure 8 998 
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Figure 9 1000 
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