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List of Figures

Figure 1.1: Genomic and molecular characteristics of the SARS CoV-2 virus. A. The genome of
SAR-CoV-2 is a large, positive-sense, single-stranded RNA consisting of 29,903 nucleotides. It
is non-segmented and contains two open-reading frames (ORFs), ORFla and ORF1b, which
encode non-structural proteins (nsps). The structural proteins, including the viral spike protein
(S), envelope protein (E), membrane protein (M), and nucleocapsid protein (N), are encoded
by subgenomic RNA (sgRNA). The genome also encodes several putative accessory proteins
(3a, 6, 7a, 7b, 8, and 10). The leader 3' sequence (L) is at the beginning, with a 5' untranslated
region (UTR). B. The structure of the SARS-CoV-2 virion reveals an enveloped virus with major
surface antigens, such as hemagglutinin-esterase (HE) and the spike (S) protein trimer. The
genomic RNA is packaged inside the nucleocapsid (N), surrounded by the envelope. The
protein structure of the spike (S) protein monomer exhibits key molecular domains involved
in the pathogenesis of the virus. C. The primary cellular host receptor and co-receptor for SAR-
CoV-2 are angiotensin-converting enzyme 2 (ACE2) and transmembrane serine protease 2
(TMPRSS2), respectively. The attachment and entry of SAR-CoV-2 into host cells require
priming by TMPRSS2, which cleaves the S protein into S1 and S2 portions. This cleavage
facilitates the targeting and binding of the S1 portion to the ACE2 receptor. D. Following ACE2
receptor binding, the virion is internalised into the host cell through receptor-mediated
endocytosis, enabling viral entry and infection (Figure 1.1 was taken from (10)). ................ 31
Figure 1.2: SARS CoV-2 Life cycle. (1a) SARS-CoV-2 utilises the ACE2 receptor on the cell
surface to bind and initiate infection. The S1 subunit of the spike protein facilitates this
binding. Once bound, the S2 subunit promotes fusion between the viral and cellular
membranes through the formation of a six-helix bundle (6-HB) fusion core comprising heptad
repeats 1 (HR1) and heptad repeats 2 (HR2). That brings the viral and cellular membranes into
proximity for fusion and subsequent infection. (1b) In cells lacking TMPRSS2, cathepsin B/L
may facilitate endosomal entry of the virus. (After fusion, the virus releases its positive-sense
single-stranded RNA (ssRNA), which spans approximately 30 kilobases (kb), into the host
cytoplasm. (4a) Using the host ribosomal machinery, the 5' end of the ssRNA is translated into
a viral polyprotein. (4b) This polyprotein is then auto-proteolytically cleaved by virus-encoded
proteinases, forming 16 non-structural proteins that assemble into the replicase-transcriptase

complex. This complex includes essential enzymes like the viral RNA-dependent RNA
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polymerase and endo- and exonucleases involved in nucleic acid metabolism. (5a)
Simultaneously, the 3' end of the viral genome expresses 13 open-reading frames (ORFs) that
encode the four major structural proteins: Spike (S), Envelope (E), Membrane (M), and
Nucleocapsid (N). These structural proteins are also synthesised using the host ribosomal
machinery. (5b) Concomitantly, the ssRNA undergoes replication with viral RNA-dependent
RNA polymerase assistance. The S, E, and M viral structural proteins are inserted into the
endoplasmic reticulum (ER). (7a) They move to the ER-Golgi intermediate compartment
through the secretory pathway. (7b) The viral RNA, encapsulated by the N protein, buds into
membranes of the ER-Golgi intermediate compartment. Finally, the N protein encapsulates
viral RNA, and the S, E, and M structural proteins assemble to form mature virions. After
assembly, the virions are transported in vesicles to the cell surface, fusing with the plasma
membrane for exocytosis and releasing many virions (Figure 1.2 was taken from (10). ..... 34
Figure 1.3: Various soluble and membrane-bound pattern-recognition receptors (PRRs). The
term "extracellular pattern-recognition receptors” (PRRs) refers to soluble lectins, which
include lung surfactants and mannose-binding lectins, ficolins, and pentraxins (such as C-
reactive proteins and serum amyloid-P). Extracellular C-type lectin PRRs include dendritic cell-
specific intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN), dectin 1, and the
mannose receptor on macrophages. Scavenger receptors, complement receptors, and natural
killer (NK) cell receptors are other extracellular receptors. Nuclear factor-kB (NF-kB) is the
mechanism by which leucine-rich repeat-rich extracellular Toll-like receptors and intracellular
nucleotide-binding oligomerization domain (NOD) receptors activate immune genes.
Membrane-associated and soluble lectins mediate interactions with pathogens that result in
immunological recognition, attachment, opsonization, host invasion, and immune response.
CARD: Caspase recruitment domain, CRP: C-reactive protein, ITAM: Immunoreceptor tyrosine-
based activation motif, ITIM: Immunoreceptor tyrosine-based inhibition motif, KIR2DL3: Killer
cell immunoglobulin-like receptor 2DL3, LBP: Lipopolysaccharide-binding protein, MBL:
Mannan-binding lectin, NBS: Nucleotide-binding site, NKGA: Natural killer glycoprotein C-type
lectin receptor, NITR: Novel immune-type receptor, SAP: Serum amyloid protein, TICAM1: TIR
domain-containing adapter molecule 1, TIRAP: Toll/interleukin-1 receptor domain-containing
adapter protein. (Figure 1.3 was taken from (31) ). ...uueeerreeiieeiieirieireeeieeereeeereereereeeereeere————. 39
Figure 1.4: lllustrates the structure of human Surfactant Protein D (SP-D). The monomeric

form of SP-D consists of distinct regions, including a cysteine-rich N-terminal region
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responsible for forming disulfide bonds for oligomers, a collagen region containing repeated
Gly-X-Y triplets, an a-helical coiled-coil neck region, and a C-type lectin domain known as the
carbohydrate recognition domain (CRD). Human SP-D comprises three identical polypeptide
chains, each weighing 43 kDa, which form a trimer subunit of 130 kDa. Four trimer subunits
further assemble to create a tetrameric structure of SP-D, weighing 520 kDa. The CRDs of SP-
D are responsible for binding to various ligands. At the same time, the collagen region plays a
role in recruiting immune cells to facilitate the clearance of pathogens, allergens, and
apoptotic/necrotic cells (Figure 1.4 adapted from (38)).....ccccvvieeieiieeeieeiieee e 40
Figure 1.5: Three pathways of the Complement system. The classical pathway of complement
activation occurs when the C1 complex binds to immune complexes, forming the C4bC2b
enzyme complex (C3 convertase). It can also be initiated by the binding of C1 to apoptotic
cells. The lectin pathway is activated by binding mannose-binding lectin (MBL) or MBL-
associated serine proteases (MASPs) to mannose groups on bacterial cell surfaces, generating
C3 convertase. The alternative pathway is activated by hydrolysed C3 and factor B, forming C3
convertase. All three pathways converge at the C3 convertase stage. C3 convertase generates
the C5 convertase enzyme, including the membrane attack complex (MAC). Various factors,
including CR1, DAF, C4BP, and MCP, can inhibit the activity of C3 and C5 convertases. Proteins
like CD59, clusterin, and vitronectin can block the assembly of the MAC complex. Complement
activation leads to bacterial lysis through the MAC complex, recruitment of immune cells,
platelet activation, and activation of endothelial and epithelial cells. Furthermore,
complement proteins opsonise pathogens, enhancing their phagocytosis. (Figure 1.5 adapted
FEOM (57) ) ereiieiee ettt e e e e e e e et aa e e e e e e e e e e e aabbaeaeaaeeeeeaanraaeaaaaaeeaaaannnes 44
Figure 1.6: Structural Organization of C1q Molecule. The C1qg molecule (460 kDa) comprises
18 polypeptide chains (6A, 6B, and 6C). (a) Each A, B, and C chain has a short N-terminal region
with a half-cystine residue involved in forming interchain disulfide bonds. That is followed by
a collagen region (CLR) consisting of approximately 81 residues and a C-terminal globular
region (gClq domain) comprising about 135 residues. (b) The interchain disulfide bonding
results in the formation of 6A-B dimer subunits and 3C-C dimer subunits. The A and B chains
of an A-B subunit and one of the C chains from a C-C subunit form a structural unit (ABC-CBA)
held together by both covalent and non-covalent bonds. (c) Three of these structural units
associate through non-covalent solid bonds in the central portion, resembling a fibril-like

structure, to form the hexameric C1q molecule with a tulip-like shape, like mannose-binding
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protein, surfactant protein A, and ficolins. (d) The crystal structure of the gClg domain of
human Clq (Protein Data Bank code 1PK6) reveals a compact, spherical, heterotrimeric
assembly with a diameter of approximately 50 A. Non-polar interactions primarily hold it
together and exhibit non-crystallographic pseudo-threefold symmetry. (e) The three gClq
modules show different electrostatic surface potentials, partly explaining the modularity in
ligand recognition (Figure 1.6 adapted from (61) )...ccccoevviiiiiiiiiiee i 46
Figure 1.7: Schematic Structure of C4BP. C4BP comprises seven identical a-subunits, each
containing a binding site for C4b. Each a-chain consists of eight complement control protein
modules, SCR modules, along with a C-terminal linking domain. The b-chain, which includes
the protein S binding site, comprises three SCR modules and a linking domain (Figure 1.7
Lo Y o=t I o]t (-7 ) ) PP UPTTRRRRRPPR 47
Figure 1.8: The Schematic Structure of Factor H. Factor H comprises 20 short consensus repeat
(SCR) domains. The molecule has two central functional regions at the N- and C-termini. SCRs

1-4 mediate the complement regulatory activities of factor H (Figure 1.8 adapted from (67)).

Figure 1.9: Schematic Structure of Properdin. The structure of properdin consists of seven
thrombospondin repeat (TSR) domains labelled TSRO-6. Under normal physiological
conditions, properdin monomers assemble into cyclic dimers, trimers, and tetramers, with a
ratio of approximately 1:2:1. Molecular modelling suggests that the vertices of properdin
oligomers are formed by a combination of four domains derived from two different
monomers, arranged in a head-to-tail organisation. While the organisation of domains at the
vertices is still not fully understood, theoretical models propose that the TSRO-1 domains from
one monomer are involved in vertex formation along with TSR5-6 domains from the other
monomer (Figure 1.9 adapted from (70)). ..ccccccuiiiiieeee e 50
Figure 3.1: ELISA shows SARS-CoV-2 S protein binds DC-SIGN(A) and rfhSP-D (B), where rfhSP-
D increases S protein and DC-SIGN binding (C). SARS-CoV-2 Spike protein (2 pg /well) was
incubated with microtiter wells coated with DC-SIGN or rfhSP-D proteins at varying doses (2,
1, 0.5, or 0 pg/ well). The binding of DC-SIGN and rfhSP-D to Spike protein was shown to be
dose-dependent. A competitive ELISA (C) was performed to investigate the impact of rfhSP-D
on DC-SIGN and Spike protein interaction. The addition of rfhSP-D enhanced the binding of
Spike protein to DC-SIGN. The increased detectable amount of Spike protein with increasing

concentrations of rfhSP-D suggests the presence of distinct binding sites for Spike protein on
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both C-type lectins. MBP was used as a negative control. The data were expressed as the mean
of triplicates * SD. Statistical significance was determined using the unpaired t-test (compared

mean of rfhSP-D or DC-SIGN binding with S-protein to MBP) (**p < 0.01, and ***p < 0.001)

Figure 3.2: SARS-CoV-2 Spike Pseudotypes bind to DC-SIGN expressing using fluorescence
microscopy. DC-HEK cells were incubated with SARS-CoV-2 Spike Pseudotypes at 37°C for 30
minutes. After incubation, the cells were fixed using 4% paraformaldehyde, washed, and
blocked with 5% FCS. The cells were probed with rabbit anti-SARS-CoV-2 Spike antibody and
mouse anti-DC-SIGN antibody to detect Spike-Pseudotypes and DC-SIGN expression in the
cells. Alexa Fluor 647 conjugated goat anti-mouse antibody (Abcam) and Alexa Fluor 488
conjugated goat anti-rabbit antibody (Abcam) were used to detect the primary antibodies.
The nucleus was stained using Hoechst dye (Invitrogen, Life Technologies). ....ccccceeeeevennnnn. 81
Figure 3.3: rfhSP-D promotes the binding of SARS-CoV-2 Spike pseudotypes in DC-HEK (A) and
DC-THP-1 cells (B). rfhSP-D enhances the interaction between SARS-CoV-2 Spike Pseudotypes
and DC-SIGN expressing cells. DC-HEK cells (Panel A) and DC-THP-1 cells (Panel B) were treated
with rfhSP-D and SARS-CoV-2 Spike Pseudotypes. The binding of cells to the pseudotypes was
assessed using fluorescent probes, Alexa Fluor 488 (FTIC) and Alexa Fluor 647 (APC), and the
fluorescence intensity was measured using a GloMax 96 Microplate Luminometer (Promega).
Increased fluorescence intensity was observed in DC-HEK and DC-THP-1 cells treated with 20
ug/ml of rfhSP-D compared to cells challenged with Spike pseudotypes alone. The
experiments were conducted in triplicates, and the error bars represent + SEM. Statistical
significance was calculated using an unpaired t-test (compared mean of treated to untreated
cells) ( ***p < 0.001) (n = 3). The x-axis represents the treatment conditions (0 for untreated
aNd 20 fOr treated SAMPIES). ...uuuueieirriiieeiireerrertrrrererrrrrrrrrrrerrrrerr—r———————.———————————.—.——————.—.—————————. 82
Figure 3.4: rfhSP-D enhances the transduction of SARS-CoV-2 Spike pseudotypes in DC-HEK
(A) and DC-THP-1 cells (B). Purified Spike pseudotypes were used to transduce DC-HEK cells
(Panel A) and DC-THP-1 cells (Panel B), and the luciferase reporter activity was measured.
Significantly higher levels of luciferase reporter activity were observed in DC-HEK and DC-THP-
1 cells treated with 20 pg/ml of rfhSP-D compared to cells challenged with Spike pseudotypes
alone. The experiments were conducted in triplicates, and the error bars represent + SEM.
Statistical significance was calculated using an unpaired t-test(compared mean of treated to

untreated cells) ( ***P < 0.001) (N = 3). cieeiiiiiiiiiiieee e e eeerrr e e e e e e e rrar e e aaeeeean 83
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Figure 3.5: rfhSP-D reduces the expression of pro-inflammatory cytokines and chemokines in
DC-HEK cells. DC-HEK cells were challenged with SARS-CoV-2 Spike protein incubated with 20
ug/ml of rfhSP-D. After 6 hours, the cells were harvested for analysis of cytokine expression.
RNA was purified and converted into cDNA, and the gene expression levels of NF-kB (Panel A),
IFN-a (Panel B), TNF-a (Panel C), and RANTES (Panel D) were assessed using RT-gPCR. The
expression levels were normalised to the endogenous control 18S rRNA, and the relative
expression (RQ) was calculated using cells challenged with Spike protein without rfhSP-D as
the calibrator. The assays were performed in triplicates, and the error bars represent + SEM.

Statistical significance was determined using the two-way ANOVA test (***p < 0.0001) (n = 3).

Figure 3.6: rfhSP-D modulates the immune response in DC-THP-1 cells. DC-THP-1 cells were
challenged with SARS-CoV-2 Spike protein incubated with 20 pg/ml of rfhSP-D. The cells were
harvested at 6 hours, 12 hours, 24 hours, and 48 hours to analyse the expression of cytokines
and MHC class Il. RNA was purified from the lysed cells and converted into cDNA. The
expression levels of NF-kB (Panel A), TNF-a (Panel B), IL-1B (Panel C), IL-6 (Panel D), IL-8 (Panel
E), and MHC class Il (Panel F) were measured using RT-gPCR, and the data were normalised
against the expression of 185 rRNA as a control. The experiments were conducted in
triplicates, and the error bars represent + SEM. The relative expression (RQ) was calculated
using cells challenged with Spike protein without rfhSP-D as the calibrator. The RQ value was
calculated using the formula RQ = 2-AACt. Statistical significance was determined using the
two-way ANOVA test (***p < 0.0001, and ns = no significance) (N =3). cooeoeeeeveeiiieiiieiieeiinnnn. 86
Figure 3.7: DC-SIGN interacts with both SP-D and SARS-CoV-2 Spike. The docked poses of
complex A (A) and complex B (B) were selected for docking and molecular dynamics (MD)
simulations, respectively. The spike protein interacts with DC-SIGN (CRD) in complex B through
the N-terminal domain (NTD, ShOWN iN OFaNEE). ..ccceccuuiiiiiiieee ettt e e 88
Figure 3.8: DC-SIGN, SP-D and SARS-CoV-2 spike interaction. A tripartite complex of SP-D, DC-
SIGN, and SARS-CoV-2 Spike was formed, and the docked poses of the tripartite complexes
were selected for analysis using molecular dynamics (MD) simulations. In complex C1, DC-
SIGN (CRD) interacts with the N-terminal domain (NTD) of Spike (A). In complex C2, DC-SIGN
(CRD) interacts with the NTD of Spike, while SP-D interacts with the receptor binding domain
(RBD) OF SPIKE (B). cvrveveveeeeeeeeeeeeeseeeeeeseeseseseesaesseeseseeseseeessesaesseesessssesesssseseeesseseesssesassessseeeeseees 88
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Figure 3.9: SP-D stabilises SARS-CoV-2 Spike interaction with DC-SIGN. SP-D plays a stabilising
role in the interaction between SARS-CoV-2 Spike and DC-SIGN. Comparative analysis of MD
simulations was conducted for complexes B, C1, and C2, considering (A) root mean square
deviation (RMSD) and (B) potential energy (PE). The RMSD and PE profiles of complexes C1
and C2 were lower than those of complex B, indicating greater tripartite complex C1 and C2
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Figure 3.10: SP-D stabilises the interaction between SARS-CoV-2 Spike and DC-SIGN.
Comparative analysis of MD simulations was performed for complexes B, C1, and C2,
considering the average distance (A-C) and H-bonds (D—F) between DC-SIGN and Spike. In
contrast to complex B, the intermolecular distance between DC-SIGN and Spike remained
relatively constant throughout the simulation period in tripartite complexes C1 and C2.
Additionally, the number of intermolecular H-bonds between DC-SIGN and Spike was higher
in complexes C1 and C2 compared to complex B. These findings suggest that SP-D stabilises
Spike and DC-SIGN (CRD) iNteraCtion. ........ueeeeeeeiiiiiiiiiiieee e e e e et e e e e e aaaa e e 90
Figure 4.1: ELISA shows that the SARS-CoV-2 S protein binds C1q (A, B) and C4BP (C, D). SARS-
CoV-2 virus exhibits direct interactions with both C1lq and C4BP proteins. To investigate this
interaction, a 96-well plate was coated with varying concentrations of immobilised C1q (1, 0.5,
0.125, and 0 ug per well) (A, C) or constant concentrations of viral proteins (spike or RBD 1 ug
per well) (B, D) using a carbonate—bicarbonate (CBC) buffer at pH 9.6, and then incubated at
4 °C overnight. Subsequently, a constant concentration of viral proteins (1 ug per well) (A) or
decreasing amounts of C1g/C4BP (1, 0.5, 0.125, and 0 1 ug per well) (B) was added to the
corresponding wells and incubated at 37 °C for 2 hours. After the incubation, the wells were
washed, and primary antibodies (rabbit anti-SARS-CoV-2 spike or rabbit anti-human
C1q/C4BP) were added (1:5000 dilution, 100 pL/well). MBP was used as a negative control.
The data were expressed as the mean of triplicates + SD. Statistical significance was

determined using the two-way ANOVA (* p < 0.05, ** p < 0.01, and *** p < 0.001) (n = 3).

Figure 4.2: C1g (A) and C4BP (B) inhibit the transduction of SARS-CoV-2 Spike pseudotypes in
A549-hACE2+TMPRSS2 cells. C1q (A) and C4BP (B) were found to inhibit the entry of SARS-
CoV-2 pseudoparticles into A549-hACE2+TMPRSS2 cells. To assess the impact of complement
protein treatment on the ability of lentiviral pseudoparticles to enter the cells, luciferase

reporter activity was measured in A549-hACE2+TMPRSS2 cells transduced with either treated
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or untreated SARS-CoV-2 lentiviral pseudoparticles that were pre-treated with Clq or C4BP
(20ug/ml). Background values were subtracted from all data points, and the obtained data
were normalised with 0% luciferase activity representing the mean relative luminescence
units recorded from the control sample (A549-hACE2+TMPRSS2 cells + SARS-CoV-2 lentiviral
pseudoparticles). The pseudoparticles pre-treated with Clg and C4BP demonstrated a
substantial reduction in viral transduction. The data are presented as the normalised mean of
three independent experiments, each carried out in triplicates, with the error bars
representing the standard error of the mean (SEM). Statistical significance was determined
using the two-way ANOVA test (*** p < 0.001) (N =3).cccccciiiiiieeeee e 103
Figure 4.3: Clg globular head modules inhibit the transduction of SARS-CoV-2 Spike
pseudotypes in A549-hACE2+TMPRSS2 cells. Recombinant ghA, ghB, and ghC modules of
human Clqg were found to inhibit SARS-CoV-2 pseudoparticle entry into A549-
hACE2+TMPRSS2 cells. To assess the interference of these recombinant C1g modules with
pseudoparticle entry, SARS-CoV-2 pseudoparticles were pre-treated with ghA (A), ghB (B), or
ghC (C) at a concentration of 20ug/ml. Luciferase reporter activity was measured in A549-
hACE2+TMPRSS2 cells transduced with pseudoparticles pre-treated with ghA, ghB, or ghC. The
background was subtracted from all data points. The obtained data were normalised, with 0%
luciferase activity defined as the mean of the relative luminescence units recorded from the
control sample (A549-hACE2+TMPRSS2 cells + MBP + SARS-CoV-2 pseudoparticles). The
results are presented as the normalised mean of three independent experiments conducted
in triplicates, with error bars expressed as * SEM. Statistical significance was determined using
the two-way ANOVA test (¥** p <0.001) (N=3).ceiiiiiiiiiiieeeee e 104
Figure 4.4: C1q (A) and C4BP (B) reduce the binding of SARS-CoV-2 Spike pseudotypes in A549-
hACE2+TMPRSS2 cells. The binding of C1q (A) or C4BP (B) treated SARS-CoV-2 pseudoparticles
to A549-hACE2+TMPRSS2 cells was examined. SARS-CoV-2 lentiviral pseudoparticles were
used to transduce A549-hACE2+TMPRSS2 cells pre-incubated with Clqg or C4BP (20ug/ml).
After washing and fixation with 1% v/v paraformaldehyde for 1 minute, the wells were probed
with rabbit anti-SARS-CoV-2 spike (1:200) polyclonal antibodies. The obtained data were
normalised with 0% fluorescence representing the mean of the relative fluorescence units
recorded from the control sample (A549-hACE2+TMPRSS2 cells + SARS-CoV-2 lentiviral

pseudoparticles). Three independent experiments were conducted in triplicates, and the error
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bars are presented as * SEM. Statistical significance was determined using the two-way
ANOVA test (¥** P < 0.000) (112 3).rvueeereeeeeeeeseeeeeeseeeeesseeesesseseeseeeseessseseseesesesesseseesesesesesens 105
Figure 4.5: Cl1qg globular head modules block the binding of SARS-CoV-2 Spike pseudotypes in
A549-hACE2+TMPRSS2 cells. The ability of recombinant ghA (A), ghB (B), or ghC (C) to
interfere with the binding of SARS-CoV-2 lentiviral pseudoparticles to A549-hACE2+TMPRSS2
cells was investigated. A549-hACE2+TMPRSS2 cells were transduced with SARS-CoV-2
pseudoparticles following pre-incubation with or without ghA, ghB, or ghC at a 20ug/ml
concentration. After removing unbound protein and viral particles, the wells were fixed with
1% v/v paraformaldehyde for 1 min and probed with rabbit anti-SARS-CoV-2 spike (1:200)
polyclonal antibodies. The obtained data were normalised, with 0% fluorescence as the mean
of the relative fluorescence units recorded from the control sample (cells + MBP +
pseudoparticles). Three independent experiments were carried out in triplicates, and error
bars represent + SEM. Statistical significance was determined using the two-way ANOVA test
(FH% 0 < 0.001) (M= 3): cveeeeeeeeeeeeeee e eeeeeeeee e e eeeee e eeeee e e e et eeeeete e eseteseeeateaeeseeeeseteeeeereseeeneas 106
Figure 4.6: C1g and C4BP inhibit NF-kB. C1g and C4BP exhibit inhibitory effects on NF-kB
activation in A549-hACE2-TMPRSS2 cells challenged with SARS-CoV-2 spike protein. A549-
hACE2+TMPRSS2 cells were transfected with pNF-kB-LUC and subsequently exposed to SARS-
CoV-2 spike protein (500ng/mL) that was pre-treated with Clq (A) or C4BP (B) at a
concentration of 20 ug/mL. After 24 hours of incubation, luciferase reporter activity was
measured. The background was subtracted from all data points, and the obtained data were
normalised, with 0% luciferase activity defined as the mean of the relative luminescence units
recorded from the control sample (A549-hACE2+TMPRSS2 cells + SARS-CoV-2 spike protein).
The data are presented as the normalised mean of three independent experiments carried
out in triplicates + SEM. Statistical significance was determined using the two-way ANOVA test
(FH% 0 < 0.001) (M= 3): cveeeeeeeeeeeeeeeeeeeeeee et e eeeee s eeet e st eeeeese e eset s eeateaeeseeeeseseeeeeseseeeneas 108
Figure 4.7: Clg reduces the expression of proinflammatory cytokines and chemokines in
A549-hACE2+TMPRSS2 cells. Clg reduces the inflammatory response in A549-
hACE2+TMPRSS2 cells challenged with SARS-CoV-2 alphaviral pseudoparticles. The
pseudoparticles were pre-incubated with a 20ug/ml of C1lq before being used to challenge
the cells. At 6 hours and 12 hours post-challenge, the cells were harvested to measure the
MRNA levels of proinflammatory cytokines and chemokines. The cells were lysed, and purified

RNA was converted into cDNA. RT-gPCR was then used to measure the mRNA levels of NF-kB
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(A), IL-6 (B), IFN-a (C), IL-1B (D), TNF-a (E), RANTES (F), and IL-8 (G). The data were normalised
against 18S rRNA expression as a control, and the relative expression (RQ) was calculated using
A549-hACE2+TMPRSS2 cells challenged with SARS-CoV-2 alphaviral pseudoparticles alone as
the calibrator. The RQ value was determined using the RQ = 2" The experiments were
carried out in triplicates, and error bars represent + SEM. Statistical significance was
determined using the two-way ANOVA test (* p < 0.05, *** p < 0.001, ns p > 0.05) (n = 3).109
Figure 4.8: C4BP attenuate the expression of proinflammatory cytokines and chemokines in
A549-hACE2+TMPRSS2 cells. C4BP attenuates the inflammatory response in A549-
hACE2+TMPRSS2 cells challenged with SARS-CoV-2 alphaviral pseudoparticles. The gene
expression profile of cytokines and chemokines in these cells was examined after being
challenged with SARS-CoV-2 alphaviral pseudoparticles pre-treated with and without C4BP
20pg/milL). The expression levels of NF-kB (A), IL-6 (B), IFN-a (C), IL-1B (D), TNF-a (E), RANTES
(F), and IL-8 (G) were measured using RT-gPCR at 6 hours and 12 hours post-challenge. A549-
hACE2+TMPRSS2 cells challenged with SARS-CoV-2 alphaviral pseudoparticles alone were
used as a calibrator to calculate the relative quantitation (RQ), which was determined using
the formula RQ = 27(-AACt). The experiments were conducted in triplicates, and error bars
represent + SEM. Additionally, 185 rRNA was used as an endogenous control. Statistical
significance was established using the two-way ANOVA test (** p <0.01, *** p<0.001, ns p >
(0 (T ) TR PP PRPOPPPP 110
Figure 5.1: SARS-CoV-2 Spike protein directly interacts with FH and FP via its RBD. In a dose-
dependent manner, FH was found to bind both SARS-CoV-2 Spike and RBD proteins.
Decreasing concentrations of FH or FP (1, 0.5, 1.25, and 0 pg/well) were immobilised on a 96-
well plate using Carbonate-Bicarbonate (CBC) buffer, pH 9.6, and left overnight at 4°C. After
washing off the excess CBC buffer with PBS, a constant concentration of viral proteins (1
ug/well) was added to the corresponding wells and incubated at 37°C for 2 hours. Unbound
proteins were then washed off, and the wells were probed with corresponding primary
antibodies (1:5000; 100 pl/well), namely rabbit anti-SARS-CoV-2 Spike or rabbit anti-human
FH or FP polyclonal antibodies. MBP was used as a negative control. The data were expressed
as the mean of triplicates + SD. Statistical significance was determined using the two-way
ANOVA (* p<0.05, ** p<0.01, and *** p < 0.001) (N =3)..cuuuurrmrrmmmrrmrrrnnrrrerrnnrennnnnnnnnnn. 121
Figure 5.2: Modulation of SARS-CoV-2 pseudotype viral entry in A549-hACE2+TMPRSS2 cells
by FH, FP or TSR4+5 treatment. FH, FP, or TSR4+5 at a concentration of 20ug/ml were utilised
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to pre-treat SARS-CoV-2 lentiviral pseudoparticles in three separate experiments (A), (B), and
(C), respectively. The objective was to assess if the treatment influenced the virus's ability to
enter the cells. Both treated and untreated lentiviral pseudoparticles were then transduced
into A549-hACE2+TMPRSS2 cells, and luciferase reporter activity was examined to measure
viral transduction. The background signal was subtracted from all data points, and the
obtained data were normalised using the mean of the relative luminescence units recorded
from the control sample (Cells + lentiviral pseudoparticles), defined as 0% luciferase activity.
The results were presented as the normalised mean of three independent experiments
conducted in triplicates, with error bars expressing £SEM. Significance was determined using
the two-way ANOVA test (***p < 0.001) (N=3).uuuuuuurrururnririiriiiniiniiiieiirnreeneineernnrenn..——. 123
Figure 5.3: Modulation of SARS-CoV-2 pseudoparticle binding to A549-hACE2+TMPRSS2 cells
by FH, FP or TSR4+5. Cell binding assay demonstrated distinct effects of FH, FP, and TSR4+5 on
SARS-CoV-2 binding to cell-surface receptors, as illustrated in Figures (A), (B), and (C),
respectively. For this assay, A549-hACE2+TMPRSS2 cells at a concentration of 2 x 10 cells/ml
were exposed to SARS-CoV-2 lentiviral pseudoparticles that were pre-incubated with or
without FH, FP, or TSR4+5 at a concentration of 20 pug/ml. The cells and viral particles were
incubated at 37°C for 2 h. Following the incubation, unbound protein and viral particles were
removed, and the wells were fixed using 1% v/v paraformaldehyde for 1 minute. Subsequently,
the wells were probed with a polyclonal rabbit anti-SARS-CoV-2 spike antibody at a dilution of
1:200. The obtained data were normalised using 0% fluorescence as the mean of the relative
fluorescence units recorded from the control sample (Cells + lentiviral pseudoparticles). The
experiments were independently conducted three times in triplicates, and the error bars are
expressed as = SEM. Significance was determined using the two-way ANOVA test (***p <
0.001) (N7 3) . eeieeieieeiie ettt s e e s nn e e e neees 124
Figure 5.4: Reversal of FP mediated-SARS-CoV-2 viral entry in and binding to A549-
hACE2+TMPRSS2 cells by anti-FP antibody. Lentiviral pseudoparticles, treated with FP (with or
without anti-FP antibodies) or untreated, were added to A549-hACE2+TMPRSS2 cells, and
luciferase reporter activity or cell binding was evaluated. All data points had the background
subtracted. The data were normalised, with 0% luciferase activity defined as the mean of the
relative luminescence units recorded from the control sample (Cells + lentiviral
pseudoparticles). The data are presented as the normalised mean of three independent

experiments performed in triplicates +SEM. The significance of FP-treated cells (with and
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without anti-FP antibodies) compared to the control (cells+ viral pseudoparticles) was
determined using the two-way ANOVA test (***p < 0.001). Additionally, the significance of FP-
treated cells (with anti-FP antibodies) to cells treated only with FP (cells+ viral pseudoparticles
+ FP) was also determined (p < 0.001) (N=3). cooiiiiiiiiiiiiee e e 125
Figure 5.5: FP increases while FH reduces NF-kB activation in SARS-CoV-2-Spike protein-
challenged A549-hACE2-TMPRSS2 cells. SARS-CoV-2 Spike protein pre-treatment with FP
(Panel A) or FH (Panel B) led to significant alterations in NF-kB activation. To investigate the
immunological impact of FP and FH on NF-kB activation, A549-hACE2+TMPRSS2 cells were
transfected with pNF-kB-LUC and then exposed to SARS-CoV-2 Spike protein (500 ng/ml)
following pre-treatment with FP or FH (20 pg/ml). After 24 h of incubation, luciferase reporter
activity was examined, and the background was subtracted from all data points. The obtained
data were normalised, with 0% luciferase activity defined as the mean of the relative
luminescence units recorded from the control sample (A549-hACE2+TMPRSS2 cells + SARS-
CoV-2 Spike protein). The results are the normalised mean of three independent experiments
conducted in triplicates £ SEM. Statistical significance was determined using the two-way
ANOVA test (¥**P < 0.001) (N2 3).cvveeeeeeeeeeeeseeeeeeeeeeeeeseeeeesseeseseseseesesessseseeesessessssesesesssens 128
Figure 5.6: SARS-CoV-2 FH attenuates associated inflammation in A549-hACE2+TMPRSS2 cells.
A549-hACE2+TMPRSS2 cells were challenged with SARS-CoV-2 alphaviral pseudoparticles,
with and without pre-treatment of FH (20 pug/ml). The mRNA levels of various cytokines and
chemokines, including NF-kB (Panel A), IL-6 (Panel B), IFN-a (Panel C), IL-1B (Panel D), TNF-a
(Panel E), RANTES (Panel F), and IL-8 (Panel G), were assessed using RT-qPCR. Each target
gene's relative expression (RQ) was calculated using untreated cells (A549-hACE2+TMPRSS2
cells + SARS-CoV-2 alphaviral pseudoparticles) as the calibrator. The RQ value was determined
using RQ = 2"22%, The experiments were performed in triplicates, and the error bars represent
+ SEM (n = 3). Statistical significance was assessed using the two-way ANOVA test (****p <
0.0001, and NS= N0 SINIfICANCE). ..vvvurrrrrrrierrerriieriierrrrirarrrrr e ——ra—————————————————————————————————————.. 129
Figure 5.7: FP promotes SARS-CoV-2-associated inflammation in A549-hACE2+TMPRSS2 cells.
FP (20 pg/ml). pre-treated SARS-CoV-2 alphaviral pseudoparticles were assessed on the
proinflammatory response in A549-hACE2+TMPRSS2 cells at 6h and 12h post-infection. We
measured the mRNA expression levels of targeted cytokines and chemokines, including NF-kB
(Panel A), IL-6 (Panel B), IFN-a (Panel C), IL-1B (Panel D), TNF-a, RANTES (Panel F), and IL-8

(Panel G), using RT-qPCR. We used 18S rRNA expression as an endogenous control to ensure
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accurate normalisation. The relative expression (RQ) was calculated by comparing the data
with untreated cells (A549-hACE2+TMPRSS2 cells + SARS-CoV-2 alphaviral pseudoparticles) as
the calibrator, and the RQ value was determined using RQ = 2 22, All assays were performed
in triplicates, and the error bars represent + SEM. Statistical significance was assessed using
the two-way ANOVA test (*p < 0.05, ****p < 0.0001, and ns= no significance) (n = 3)....... 130
Figure 5.8: SARS-CoV-2 infection of A549-hACE2+TMPRSS2 cells induced a greater
proinflammatory response in the presence of TSR4+5. In A549-hACE2+TMPRSS2 cells
challenged with SARS-CoV-2 alphaviral pseudoparticles pre-treated with TSR4+5 (20 pg/ml)
or MBP (20 pg/ml). proinflammatory responses were observed at 6 h and 12 h post-infection.
The levels of gene expression for cytokines and chemokines were measured using qRT-PCR,
specifically for NF-kB (A), IL-6 (B), IFN-a (C), IL-1B (D), TNF-a (E), RANTES (F), and IL-8 (G). The
data were normalised against 18S rRNA expression as a control. Experiments were conducted
in triplicates, and error bars represent +SEM. The relative expression (RQ) was calculated using
A549-hACE2+TMPRSS2 cells exposed to SARS-CoV-2 alphaviral pseudoparticles without
TSR4+5 as the calibrator. RQ = 2"22¢ was used to calculate the RQ value. The significance of
the results was determined using the two-way ANOVA test (*p < 0.05, ****p < 0.0001, and
NS= N0 SIZNITICANCE) (N = 3).teiiiiiiiii e e e e e e e e s s e eeaaaeees 131
Figure 5.9: Cartoon representation of FP interaction with spike and ACE2. (A) Interaction of FP
with spike RBD and NTD through TSR4 and TSR5 domains. (B) & (C) A tripartite complex
representation of FP, spike and ACE2. .......ccooviiiiiiiiiiiiiieiieee e e e e 133
Figure 5.10: Immune modulator function of FP and FH in SARS-CoV-2 Infection Independent
of Complement Activation. The SARS-CoV-2 virus enters host cells by binding to the ACE2
receptor via its spike protein. Upon fusion with the cell membrane, viral RNA is released into
the host cytoplasm, initiating viral replication, protein synthesis, and subsequent release of
new virions into the extracellular environment, contributing to the spread of SARS-CoV-2
infection. This study investigated the effects of FP and FH separately to understand their roles
in SARS-CoV-2 infection without activating the complement cascade. FP enhanced the binding
affinity between the SARS-CoV-2 spike protein and ACE2, increasing viral entry into host cells
and subsequent infection. This higher viral load triggered the upregulation of proinflammatory
cytokines, contributing to the inflammatory response. On the other hand, FH was observed to
reduce the binding and entry of SARS-CoV-2 into host cells. Consequently, the decreased viral

entry mediated by FH reduced the production of proinflammatory cytokines, potentially
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mitigating the immune response. These findings provide valuable insights into FH's
immunomodulatory role and FP's immunopathological role in COVID-19. Furthermore, they
offer important clues regarding the potential association between elevated levels of properdin

and insufficient levels of FH, as observed in severe COVID-19 patients. .........cccccevvvvvvnnnnnns 134
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Abstract

Severe SARS-CoV-2 infection is characterised by an unbalanced immune response, excessive
inflammation, and respiratory distress syndrome, often leading to multiorgan failure and
death. This study examines the roles number of innate immune membrane-bound and
soluble proteins in SARS-CoV-2 infection, including lung surfactant protein D (SP-D), dendritic
cell-specific intercellular adhesion molecule-3 grabbing non-integrin (DC-SIGN), complement
component 1 q (Clq), C4b-binding protein (C4BP), factor H (FH), and properdin (Factor P/FP).
We hypothesised that SP-D, C1q, C4BP, FH, and FP can play protective roles in the immune
surveillance against SARS-CoV-2 infection, where hyperinflammation contributes to the
disease severity. SP-D and DC-SIGN are C-type lectin receptors involved in pathogen
recognition. SP-D clears pulmonary pathogens, while DC-SIGN involves plays role in many viral
infections. Both interact with SARS-CoV-2. The study investigates the possible role of
recombinant fragment human SP-D (rfhSP-D) in the interaction between DS-SIGN and SARS-
CoV-2. We found that rfhSP-D binds to the SARS-CoV-2 Spike protein, enhancing viral binding
and uptake in DC-SIGN -expressing cells. Additionally, rfhSP-D reduces pro-inflammatory
cytokines in macrophage-like cells. The roles of C1q and C4BP in SARS-CoV-2 infection were
also explored. Both proteins directly bind to the SARS-CoV-2 Spike protein, reducing viral
attachment and entry into A549 cells expressing human ACE2 and TMPRSS2. Treatment with
Clq and C4BP led to the downregulation of pro-inflammatory cytokines, suggesting their
potential in mitigating the inflammatory response. Furthermore, the study assessed the
impact of FH and FP on SARS-CoV-2 infection. FH inhibited viral binding and cell entry,
attenuating the infection-associated inflammatory response. Conversely, FP promoted viral
cell entry, binding, and immune response, potentially influencing infection severity. In
conclusion, the study highlights the intricate interplay of innate immune proteins in SARS-CoV-
2 infection. The findings suggest differential modulatory effects of rfhSP-D, C1q, C4BP, FH, and
FP in SARS-CoV-2 infections and offer promising therapeutic interventions targeting these
factors. Further in vivo research is required to understand the underlying mechanisms and

explore their potential clinical applications.

Keywords: SARS-CoV-2, C-type Lectin, Complement System, Soluble PRRs, Innate Immunity,

Virus-Host pathogenesis.
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Chapter 1

Introduction
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The COVID-19 pandemic, caused by severe acute respiratory syndrome corona virus 2 (SARS-
CoV-2), posed unprecedented global health challenges (1). Healthcare professionals
worldwide have grappled with understanding the transmission dynamics of SARS-CoV-2, its
immunopathogenesis, and the urgent need for effective therapeutic interventions. A critical
aspect in determining the disease severity and clinical outcomes of COVID-19 patients is the
interplay between SARS-CoV-2 and the host's immune responses (1). In-depth knowledge of
the pathology of SARS-CoV-2 and the innate humoral and cellularimmune responses mounted
by the host can provide valuable insights into the disease mechanisms and guide the
development of novel preventive and therapeutic strategies (2). Therefore, comprehensive
research on the functions of host immune responses to SARS-CoV-2 is essential for enhancing

our understanding of the disease and improving patient outcomes.

1.1 COVID-19 Pandemic

The COVID-19 pandemic has profoundly impacted the world, making it one of human history's
largest and most significant pandemics (2). This unprecedented crisis originated in Wuhan,
China, in December 2019 and was caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). The global mortality rate from COVID-19 has surpassed 20 million,
highlighting the seriousness of the disease (3). Patients infected with SARS-CoV-2 experience
a range of respiratory symptoms, including fever, fatigue, dry cough, and sore throat. In severe
cases, acute respiratory distress syndrome (ARDS) may occur in Certain populations, such as
older individuals (2). Also, those with comorbidities like obesity, diabetes, and cardiovascular
disease are at a higher risk of infection and developing severe symptoms (2). Pregnant women
and immune-compromised individuals face an increased likelihood of experiencing severe

disease due to physiological changes in immunity and potential complications (2).

While pandemics like COVID-19 are not entirely new phenomena, as we have witnessed
outbreaks of other coronaviruses in the twenty-first century, including the Severe Acute
Respiratory Syndrome Coronavirus (SARS-CoV) in 2002 and the Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) in 2012, these previous coronavirus outbreaks resulted in
widespread severe respiratory infectious diseases, causing thousands of deaths and numerous
complications even after recovery (4). However, SARS-CoV-2 has a significantly higher
transmission rate than its predecessors (4). The emergence of COVID-19 in late 2019 is the
latest example of an unexpected, novel, and devastating pandemic disease (4). This
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experience has ushered us into a new era of pandemics, requiring in-depth investigations into

the multifaceted and complex causes behind this dangerous situation (4).

1.2 The origin and evolution of SARS-CoV-2

Bioinformatic analyses have revealed that SARS-CoV-2 exhibits typical characteristics of the
coronavirus family and is classified within the beta-coronavirus 2B lineage (2). During the early
stages of the pneumonia outbreak in Wuhan, the complete genome sequences of SARS-CoV-
2 were obtained from infected patients (2). These genome sequences share 79.5% sequence
identity with SARS-CoV, indicating that SARS-CoV-2 is distinct from its predecessor (2). It is

recognised as a novel beta-coronavirus capable of infecting humans (2).

To gain further insights, scientists conducted a comprehensive alignment of the full-length
genome sequence of SARS-CoV-2 with other available beta-coronavirus genomes (5). The
results revealed the closest genetic relationship between SARS-CoV-2 and a bat SARS-like
coronavirus strain called BatCov RaTG13, sharing a high sequence identity of 96% (5). That
finding suggests that SARS-CoV-2 may have originated from bats, with the possibility of natural
evolution from the bat coronavirus RaTG13 (5). That provides compelling evidence supporting
the bat origin hypothesis for SARS-CoV-2, highlighting the close genetic relatedness between
SARS-CoV-2 and bat coronaviruses (5). The identification of RaTG13 as the closest known
relative emphasises the importance of studying bat coronaviruses to understand the origins

and evolution of SARS-CoV-2 (5).

1.3 Structure and genomic of SARS-CoV-2

Enveloped coronaviruses (CoVs) are a diverse group of positive-sense RNA viruses (6). Those
are found in various animal species (6). These viruses possess a genome size of approximately
30 kilobases and display pleomorphic forms ranging in diameter from 40 nm to 200 nm (6).
They are classified into four major categories (a, B, v, and §) based on their genomic structure,
with a and B CoVs primarily infecting mammals. SARS-CoV, MERS-CoV , and SARS-CoV-2
belong to the B coronaviruses (6). Genomic analyses suggest that SARS-CoV-2 may have
evolved from a bat-originated strain (6). Coronaviruses that infect birds and mammals,
including humans, can cause severe infections and even mortality. These viruses possess four
structural proteins: E (envelope), M (membrane), N (nucleocapsid), and S (spike) glycoprotein

(Figure 1.1) (6).
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The spike protein, located on the outer surface of the virion, serves as a recognition factor by
binding to membrane receptors on host cells, facilitating fusion with the cellular membrane
(7). To understand the invasion of SARS-CoV-2, researchers have modelled and validated the
spike protein using available structures from the Protein Data Bank (7). Molecular docking
studies have been conducted to investigate its affinity for different receptors and understand
its binding to the host cell membrane (7). The trimeric spike protein is a class | transmembrane
glycoprotein responsible for viral entry (7). It mediates receptor recognition, cell attachment,
and fusion during viral infection (7). Upon interaction with the host cell, extensive structural
rearrangement of the spike protein occurs, enabling fusion with the host cell membrane (8).
The spike protein is heavily glycosylated to evade the host immune system during entry (8). It
consists of two subunits, S1 and S2 (8). The S1 subunit, comprising the N-terminal domain
(NTD) and the receptor-binding domain (RBD), is involved in interacting with external proteins
(8). The RBD and the host cell receptor ACE2 interaction is crucial for viral entry (8). The S2

subunit in the central region of the spike protein contributes to virus-cell membrane fusion

(8).

The N protein of SARS-CoV-2 binds to and packages the viral RNA genome into a
ribonucleoprotein complex (RNP) (6). The modular structure and dynamic nature of the
nucleocapsid protein contribute to efficient transcription and replication of the viral genome
(9). The M and E proteins also play significant roles in SARS-CoV-2 infection (9). The M protein,
with its transmembrane structural domains and conserved structural domain, stabilises the
nucleocapsid protein during virion assembly (9). Despite its small size, E protein contributes
to budding, assembly, and envelope formation (9). These proteins and other viral components
work in a coordinated manner, turning SARS-CoV-2 into a complex and sophisticated infectious

agent (9).
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Figure 1.1: Genomic and molecular characteristics of the SARS CoV-2 virus. A. The genome of SAR-CoV-2 is a large, positive-
sense, single-stranded RNA consisting of 29,903 nucleotides. It is non-segmented and contains two open-reading frames
(ORFs), ORFla and ORF1b, which encode non-structural proteins (nsps). The structural proteins, including the viral spike
protein (S), envelope protein (E), membrane protein (M), and nucleocapsid protein (N), are encoded by subgenomic RNA
(sgRNA). The genome also encodes several putative accessory proteins (3a, 6, 7a, 7b, 8, and 10). The leader 3' sequence (L) is
at the beginning, with a 5' untranslated region (UTR). B. The structure of the SARS-CoV-2 virion reveals an enveloped virus
with major surface antigens, such as hemagglutinin-esterase (HE) and the spike (S) protein trimer. The genomic RNA is
packaged inside the nucleocapsid (N), surrounded by the envelope. The protein structure of the spike (S) protein monomer
exhibits key molecular domains involved in the pathogenesis of the virus. C. The primary cellular host receptor and co-receptor
for SAR-CoV-2 are angiotensin-converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2), respectively.
The attachment and entry of SAR-CoV-2 into host cells require priming by TMPRSS2, which cleaves the S protein into S1 and
S2 portions. This cleavage facilitates the targeting and binding of the S1 portion to the ACE2 receptor. D. Following ACE2
receptor binding, the virion is internalised into the host cell through receptor-mediated endocytosis, enabling viral entry and
infection (Figure 1.1 was taken from (10)).

1.4 The life cycle of SARS-CoV-2

1.4.1 Priming viral S protein, binding, and entry into the target host cell:

Understanding the life cycle of SARS-CoV-2 is still evolving (11). The viral ligand-host cell
receptor binding and viral entry of SARS-CoV-2 follows a series of steps, although the exact
sequence of events is not yet fully elucidated (Figure 1.2) (11). The N-terminal S1 portion of
the viral S protein is crucial in targeting the host-cell receptor ACE2. Receptor binding is
facilitated by the C-terminal RBD domain on the S1 portion (10). After receptor binding, the
S2 portion of the S protein facilitates fusion between the viral and host cell membranes. The
S2 portion comprises fusion peptides and heptad repeats (HRs), essential for steering and

fusing the virus with the cell membrane (10). The fusion peptides play a crucial role in
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attaching to and disrupting the host cell membrane, while the HRs form a trimeric coiled
structure that brings the viral envelope and host cell membrane together for fusion. The
priming cleavage of the S protein is thought to occur in two steps involving host proteases
(12). TMPRSS2, a protease highly expressed in the respiratory tract, plays a significant role in
priming the S protein and facilitating viral entry. Other proteases, such as cathepsin B/L,
TMPRSS11a, and human airway trypsin-like protease (HAT), may also be involved (11). The S
protein of SARS-CoV-2 contains an activation cleavage site located at the S2' position, near the
S1-S2 border, which is critical for final priming (11). The exact order of events in S protein
priming, the insertion of fusion peptides, and the assembly of HR regions for viral-host cell

membrane fusion are still not fully understood (11).

1.4.2 Replication, assembly, and release:

Once the SARS-CoV-2 genome is released into the host cell's cytoplasm, the viral replicase is
translated from the genomic RNA (gRNA) (10). The resulting polypeptide is processed and
cleaved by viral proteases, leading to the formation of the replicase-transcriptase complex
(RTC) within double-membrane vesicles (DMV) (10). This complex is crucial for RNA synthesis,
transcription, and replication of the subgenomic RNAs (sgRNAs) (10). The sgRNAs are positive-
sense RNA molecules that serve as mRNA for synthesising structural and accessory genes
located downstream of the replicase polypeptides (10). The sgRNAs share common leader
sequences with the full-length SARS-CoV-2 genome, enabling the creation of nested RNAs, a
characteristic of Nidovirales viruses (11). The gRNAs and sgRNAs are synthesised through
negative-sense intermediates, with the sgRNAs being present in smaller quantities than the
positive-sense RNA species (11). The structural and accessory proteins of SARS-CoV-2, such as
HE, 3a/b protein, and 4a/b protein, are translated from the sgRNAs (11). Coronaviruses can
utilise homologous and non-homologous recombination to generate genetic diversity,
facilitated by the RNA-dependent RNA polymerase, to assemble the viral genome efficiently
and contribute to viral evolution (11). After replication and sgRNA synthesis, the S, E, and M
genes are translated into viral structural proteins and transported to the endoplasmic
reticulum (ER) (11). These proteins are processed through the secretory pathway and
transported to the ER-Golgi intermediate compartment, where the full-length viral genomes
are packaged with the nucleocapsid N protein. The N protein, along with the assistance of

nsp3 protein, binds to the RNA genome and facilitates its packaging into the virion (10). The
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M protein, with its transmembrane domains, plays a crucial role in viral assembly, including
membrane curvature and nucleocapsid binding (10). The E protein is involved in shaping the
viral membrane envelope and inhibiting M protein aggregation (10). Finally, mature virions

are transported in vesicles and released from the infected cell via exocytosis (10).

These descriptions outline the current understanding of the SARS-CoV-2 life cycle; however, it
is essential to note that research in this area is ongoing, and new insights may emerge as

further studies are conducted.
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Figure 1.2: SARS CoV-2 Life cycle. (1a) SARS-CoV-2 utilises the ACE2 receptor on the cell surface to bind and initiate infection.
The S1 subunit of the spike protein facilitates this binding. Once bound, the S2 subunit promotes fusion between
the viral and cellular membranes through the formation of a six-helix bundle (6-HB) fusion core comprising
heptad repeats 1 (HR1) and heptad repeats 2 (HR2). That brings the viral and cellular membranes into proximity
for fusion and subsequent infection. (1b) In cells lacking TMPRSS2, cathepsin B/L may facilitate endosomal entry
of the virus. (After fusion, the virus releases its positive-sense single-stranded RNA (ssRNA), which spans
approximately 30 kilobases (kb), into the host cytoplasm. (4a) Using the host ribosomal machinery, the 5' end
of the ssRNA is translated into a viral polyprotein. (4b) This polyprotein is then auto-proteolytically cleaved by
virus-encoded proteinases, forming 16 non-structural proteins that assemble into the replicase-transcriptase
complex. This complex includes essential enzymes like the viral RNA-dependent RNA polymerase and endo- and
exonucleases involved in nucleic acid metabolism. (5a) Simultaneously, the 3' end of the viral genome expresses
13 open-reading frames (ORFs) that encode the four major structural proteins: Spike (S), Envelope (E), Membrane
(M), and Nucleocapsid (N). These structural proteins are also synthesised using the host ribosomal machinery.
(5b) Concomitantly, the ssRNA undergoes replication with viral RNA-dependent RNA polymerase assistance. The
S, E, and M viral structural proteins are inserted into the endoplasmic reticulum (ER). (7a) They move to the ER-
Golgi intermediate compartment through the secretory pathway. (7b) The viral RNA, encapsulated by the N
protein, buds into membranes of the ER-Golgi intermediate compartment. Finally, the N protein encapsulates
viral RNA, and the S, E, and M structural proteins assemble to form mature virions. After assembly, the virions
are transported in vesicles to the cell surface, fusing with the plasma membrane for exocytosis and releasing
many virions (Figure 1.2 was taken from (10).

1.5 Major cellular receptor recognition by SARS-CoV-2

The SARS-CoV-2 virus adopts some key molecules on host cells, such as receptors or proteases,
to establish its infection mainly in the respiratory mucosa in humans (12). That includes (i)

ACE2, (ii) TMPRSS2 and Furin, and (iii) DC-SIGN (12-14).

1.5.1 ACE2

In the early stages of SARS-CoV-2 infection, the virus attaches to nasal cavity epithelial cells
and rapidly replicates upon inhalation. Angiotensin-converting enzyme 2 (ACE2) has been
identified as a primary receptor for SARS-CoV-2 and SARS-CoV (15). The binding between the
spike protein of the virus and ACE2 enables the virus to penetrate host cells (12-14). ACE2
receptors are expressed in various organs, including the lungs, brain, heart, intestines,
kidneys, and testicles, making them potential targets for SARS-CoV-2 (12-14). Dysregulation of
homeostasis in multiple organs, particularly the respiratory, cardiac, renal, and circulatory
systems, contributes to the severity and fatality of COVID-19 (12-14). Studies have shown that
SARS-CoV-2 has a higher affinity for ACE2 binding than SARS-CoV, which enhances its ability
to invade host cells (12-14). Animal models have indicated that SARS-CoV can enter the brain
through the olfactory bulb, resulting in rapid spread and neuronal infection (12-14, 16).
Dysfunction or death of infected neurons, especially those in the cardiorespiratory centres of

the medulla, may contribute to fatality (12-14, 16). Using angiotensin receptor blockers, a
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class of antihypertensive drugs, increases ACE2 expression, which may have adverse effects in

the context of SARS-CoV-2 infection (12-14, 16).

1.5.2 TMPRSS2 & TMPRSS4 and Furin

TMPRSS2 and TMPRSS4 are cell surface proteases involved in activating the spike protein of
SARS-CoV-2, enhancing viral infection (12-14, 16). TMPRSS4 is highly expressed in brain
regions associated with the sense of smell and taste (12-14, 16). ACE2 and TMPRSS2 are
abundantly expressed in respiratory epithelium and enterocytes of the lower gastrointestinal
tract, where they may play a role in viral infection. Furin, a protease enzyme, activates spike
proteins in various viruses, including SARS-CoV-2 (12-14, 16). Furin cleavage of the spike
protein promotes structural rearrangement and enhances receptor binding affinity. Protein-
protein docking studies have shown a strong interaction between furin and the spike protein
of SARS-CoV-2, suggesting that the protease may play a role in viral maturation and infection
efficiency (12-14, 16). The widespread distribution of furin in various organs increases the
likelihood of SARS-CoV-2 infection in multiple organs (12-14, 16). Cleavage of the spike protein
by cathepsins B and L can activate SARS-CoV spikes, leading to increased fusion efficiency and

binding affinity to the ACE2 receptor (12-14, 16).

1.5.3 DC-SIGN/L-SIGN

Dendritic cell-specific intracellular adhesion molecules (ICAM)-3 grabbing non-integrin (DC-
SIGN, CD209) and liver/lymph node-specific ICAM-3 grabbing non-integrin (L-SIGN, DC209L)
are members of the C-type lectin superfamily and play a role in viral pathogenesis (17-19). L-
SIGN is highly expressed in human type Il alveolar cells and the endothelial cells of the lung,
liver, and lymph nodes (19, 20). On the other hand, DC-SIGN is primarily found in dendritic
cells and tissue-resident macrophages, including alveolar macrophages, dermal macrophages,
and peripheral blood mononuclear cells (17, 19). Despite their different expression profiles,
CD209L (L-SIGN) and CD209 (DC-SIGN) share a significant amino acid sequence homology of
79.5% (18-20). The distinguishing feature of L-SIGN and DC-SIGN lies in their C-type lectin
domain (CRD), which is responsible for recognising glycans in a calcium-dependent manner
(18-20). The CRD contains a conserved EPN motif (Glu-Pro-Asn), recognising mannose, fucose,
or galactose-containing structures (18-20). Although the CRD of L-SIGN and DC-SIGN share
homology, they exhibit differential recognition of oligosaccharide structures (18-20). L-SIGN

prefers high mannose oligosaccharides and does not bind well to complex glycans, especially
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those with antennary fucose epitopes like LewisX (LeX) (18-20). DC-SIGN binds to fucose and
LeX (18-20). Recent studies have demonstrated that RBD of the SARS-CoV-2 spike protein can
bind to both DC-SIGN and L-SIGN, facilitating viral entry into the host cells (14, 21). The
interaction between SARS-CoV-2 and DC-SIGN may play a role in the pathogenesis of the virus
(14, 21).

1.6 Pathogenesis of COVID-19

Coronaviruses encompass a group of viruses that can cause disease in humans and animals
(22). While some coronaviruses only lead to mild respiratory symptoms, there are three
notable coronaviruses, including SARS-CoV, MERS-CoV, and SARS-CoV-2, that can infect the

lower respiratory tract and cause severe pneumonia, which can be fatal (22).

SARS-CoV-2, like other respiratory coronaviruses, primarily spreads through respiratory
droplets (22, 23). After infection, the median incubation period is around 5.1 days before
symptoms appear, with most symptomatic patients developing symptoms within 11.5 days
(22, 23). Common symptoms include fever, dry cough, and, less frequently, difficulty
breathing, muscle or joint pain, headache, dizziness, diarrhoea, nausea, and haemoptysis (22,
23). The viral load of SARS-CoV-2 reaches its peak within 5-6 days of symptom onset, which is
earlier than the related SARS-CoV (22, 23).

The pathophysiology of SARS-CoV-2 infection mainly resembles aggressive inflammatory
responses contributing to airway damage. Disease severity is determined by both the viral
infection and the host immune response (22, 24). Like SARS-CoV and MERS-CoV, the severity
of COVID-19 tends to increase with age (22, 24). Severe COVID-19 cases often progress to
acute respiratory distress syndrome (ARDS), characterised by breathing difficulties and low
blood oxygen levels (22, 24). That can lead to secondary bacterial and fungal infections (22,
24). Respiratory failure resulting from ARDS is the leading cause of mortality in 70% of fatal
COVID-19 cases(24). Additionally, an excessive release of cytokines in response to viral and
secondary infections can trigger a cytokine storm and sepsis, accounting for 28% of fatal
COVID-19 cases (22, 24). Uncontrolled inflammation can cause multi-organ damage,
particularly affecting the cardiac, hepatic, and renal systems. In SARS-CoV infections, patients
with renal failure often succumb to the disease (22, 24). Overall, the pathophysiology of SARS-

CoV-2infection, including the progression to severe disease and potential organ failure, shares
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similarities with SARS-CoV and MERS-CoV infections (22, 24). Understanding these

mechanisms is crucial for developing effective treatments and interventions(22, 24).

1.7 Immune Response to SARS-CoV-2

Upon encountering the novel pathogen SARS-CoV-2, humans can develop an effective
adaptive immune response to neutralise the virus's antigens (25). This response typically takes
about 2-3 weeks to develop fully(25). However, in the early stages of infection, in most cases,
the control of the infection is likely mediated by the innate immune response (25). Unlike the
adaptive immune response, which relies on recognising specific antigens by antibodies and T
cells, the innate immune response is activated rapidly (25). It does not require prior exposure

to the pathogen (25).

Severe forms of COVID-19 may arise from the failure of innate response mechanisms (26).
When this response is dysregulated or amplified, it can potentially become pathogenic to the
host (26). That is especially relevant in individuals with underlying comorbidities, as their
immune systems may already be compromised (26). The complex interplay between the virus,
the immune response, and comorbidities contribute to the severity and clinical outcomes of
the disease (26). It is important to note that our understanding of the immune response to
SARS-CoV-2 and the pathogenesis of COVID-19 is still evolving (25). Ongoing research is
essential to gain further insights into the immune response dynamics and to inform strategies

for preventing and treating severe COVID-19 cases (25).

1.8 Innate immune response to SARS-CoV-2

The innate immune system is the initial barrier against pathogens, including viruses (27). It
detects viral presence through pattern recognition receptors, which recognise specific
patterns associated with viral components (27). Upon recognition, the innate immune system
triggers a series of responses involving cellular and inflammatory elements to eliminate the
virus from the body. These responses work together to promote viral clearance and prevent

infection (27).

1.8.1.1 Innate immune PRRs recognising SARS-CoV-2
Immediate cellular responses to pathogen invasion are crucial for maintaining cell

homeostasis and survival in all living organisms (28). These responses are triggered by pattern
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recognition receptors (PRRs), which are germline-encoded cellular receptors that recognise
specific patterns of non-self and danger molecules known as pathogen-associated molecular
patterns (PAMPs) and danger-associated molecular patterns (DAMPs) (Figure 1.3) (28). In
mammals, activating PRRs by PAMPs or DAMPs leads to the initiation of innate immune
responses and the production of interferons (IFNs) and proinflammatory cytokines (28). Over
the past few decades, several PRRs have been discovered, including Toll-like receptors (TLRs),
nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs), C-type lectin
receptors (CLRs), AIM2-like receptors (ALRs), cyclic GMP-AMP synthase (cGAS), and retinoic
acid-inducible gene | (RIG-1) (28).

TLRs and RLRs are the major receptors responsible for sensing RNA virus infections and
triggering antiviral IFN programs (29). TLRs, first identified in Drosophila as antifungal genes,
play a fundamental role in innate immune sensing in mammals (29). Multiple TLRs have been
discovered in humans (TLR1-TLR10) and mice (TLR1-TLR9 and TLR11-TLR13), each recognising
common or distinct PAMPs derived from microbial components (29). TLR3, TLR7, and TLRS8
recognise RNA viruses that enter through endocytosis by sensing single- or double-stranded
RNA in endosomal compartments (29). In contrast, RLRs are cytoplasmic viral sensors that
detect intracellular non-self RNAs with distinct patterns of secondary structures or
biochemical modifications. RLRs, including RIG-I, MDAS5, and LGP2, possess RNA helicase
domains and can recognise non-self RNAs through different mechanisms (29). Activation of
RLRs and TLRs initiates immediate antiviral defense programs (29). TLRs recruit adapter
proteins, such as MyD88 and TRIF, to initiate downstream signal cascades (29). At the same
time, RLRs undergo conformational changes mediated by ATPase/helicase activity and liberate

CARDs to bind to the signalling adapter molecule MAVS (29).

The downstream signalling pathways coordinated by MyD88, TRIF, MAVS, and ubiquitin ligases
lead to activating antiviral kinases and transcription factors, such as IRF3, IRF7, and NF-kB (30).
This activation produces type | IFNs and proinflammatory cytokines, which play crucial roles

in the host's antiviral IFN programs (30).
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Figure 1.3: Various soluble and membrane-bound pattern-recognition receptors (PRRs). The term "extracellular pattern-
recognition receptors" (PRRs) refers to soluble lectins, which include lung surfactants and mannose-binding lectins, ficolins,
and pentraxins (such as C-reactive proteins and serum amyloid-P). Extracellular C-type lectin PRRs include dendritic cell-
specific intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN), dectin 1, and the mannose receptor on
macrophages. Scavenger receptors, complement receptors, and natural killer (NK) cell receptors are other extracellular
receptors. Nuclear factor-kB (NF-kB) is the mechanism by which leucine-rich repeat-rich extracellular Toll-like receptors and
intracellular nucleotide-binding oligomerization domain (NOD) receptors activate immune genes. Membrane-associated and
soluble lectins mediate interactions with pathogens that result in immunological recognition, attachment, opsonization, host
invasion, and immune response. CARD: Caspase recruitment domain, CRP: C-reactive protein, ITAM: Immunoreceptor
tyrosine-based activation motif, ITIM: Immunoreceptor tyrosine-based inhibition motif, KIR2DL3: Killer cell immunoglobulin-
like receptor 2DL3, LBP: Lipopolysaccharide-binding protein, MBL: Mannan-binding lectin, NBS: Nucleotide-binding site,
NKGA: Natural killer glycoprotein C-type lectin receptor, NITR: Novel immune-type receptor, SAP: Serum amyloid protein,
TICAM1: TIR domain-containing adapter molecule 1, TIRAP: Toll/interleukin-1 receptor domain-containing adapter protein.
(Figure 1.3 was taken from (31) ).

1.8.1.2 Collectins as soluble PRRs in SARS-CoV-2 infection

Collectins are type of lectins that recognise pathogen glycan which are considered as key
soluble pattern-recognition receptors (PRRs) of the innate immune response (32). Collectins
such as SP-A, SP-D, and MBL can recognise and bind to various viruses to enhance viral
neutralisation and phagocytosis (32, 33). SP-D has been shown to bind to SARS-CoV-2 and
inhibits viral cell entry (34). It has been suggested that MBL has an immune function as soluble

PRRs against SARS-CoV-2 (35).

1.8.1.2.1 Human Surfactant Protein D
Human surfactant protein-D (SP-D) plays a critical role in innate immunity, protecting against

viral infections (33, 34). It acts as a potent opsonin, facilitating the clearance of viruses,
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bacteria, and fungi through various mechanisms such as aggregation, enhanced phagocytosis,
production of superoxide radicals, and macrophage activation (33, 34). The carbohydrate
recognition domain (CRD) of SP-D binds to carbohydrates on the surface of pathogens (36). In
contrast, the collagen region binds to its putative receptor, including the calreticulin/CD91

complex, on macrophages and other phagocytic cells, initiating effector functions (36).

SP-D is a hydrophilic protein with a single polypeptide chain (43 kDa) (37). It comprises a
cysteine-containing N-terminal region, a collagen sequence region with repeated Gly-X-Y
triplets, an a-helical coiled-coil neck region, and a C-type lectin domain or CRD (Figure 1.4)
(37). SP-D can form an oligomer of 130 kDa, and four homotrimeric subunits linked through
their N-terminal regions form a tetrameric structure of 520 kDa (37). SP-D is secreted by type
Il pneumocytes and Clara cells in the lungs (37). However, recent studies have reported its
presence in extrapulmonary tissues such as the trachea, brain, testis, heart, prostate, kidneys,

and pancreas (37).
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Figure 1.4: lllustrates the structure of human Surfactant Protein D (SP-D). The monomeric form of SP-D consists of distinct
regions, including a cysteine-rich N-terminal region responsible for forming disulfide bonds for oligomers, a collagen region
containing repeated Gly-X-Y triplets, an a-helical coiled-coil neck region, and a C-type lectin domain known as the
carbohydrate recognition domain (CRD). Human SP-D comprises three identical polypeptide chains, each weighing 43 kDa,
which form a trimer subunit of 130 kDa. Four trimer subunits further assemble to create a tetrameric structure of SP-D,
weighing 520 kDa. The CRDs of SP-D are responsible for binding to various ligands. At the same time, the collagen region

40




plays a role in recruiting immune cells to facilitate the clearance of pathogens, allergens, and apoptotic/necrotic cells (Figure
1.4 adapted from (38)).

1.8.1.2.2 Immune Surveillance of SP-D in viral infections

The interaction between SP-D and various viruses has been extensively studied, revealing its
role in viral neutralisation and phagocytosis (39). For instance, SP-D has been found to bind to
gp120, inhibiting the infectivity and replication of HIV-1 in a calcium-dependent manner (39).
Moreover, a recombinant fragment of human SP-D (rfhSP-D), consisting of a homotrimeric
which includes three neck and CRD regions, has demonstrated the ability to bind to gp120,
effectively inhibiting HIV-1 infection in different cell types such as U937 monocytic cells, Jurkat
T cells, and PBMCs (40). Additionally, rfhSP-D has been shown to suppress the cytokine storm
triggered by HIV-1 (40).

Another significant finding is the direct interaction between DC-SIGN and rfhSP-D, which
modulates the transfer of HIV-1 to CD4+ T cells in vitro (41). Furthermore, rfhSP-D has been
observed to prevent and restrict the transfer of HIV-1 across the vaginal epithelial barrier by
modulating the gene expression signature of the vaginal epithelium (41). That occurred
through the downregulation of genes related to cellular tight junctions and cytoskeleton

stability (41).

In the context of severe acute respiratory syndrome (SARS), increased levels of serum SP-D
have been detected in patients infected with SARS-CoV (42, 43). SP-D recognises the spike
glycoprotein of the SARS-CoV and inhibits viral infection in human bronchial epithelial cells
(16HBE) (42, 43). Similarly, SP-D has been found to bind to the glycoprotein of bovine strains
of non-enveloped rotavirus and neutralise their infectivity (44). However, it should be noted
that the binding of human and porcine SP-D to the glycoprotein of the Ebola virus can enhance

viral infection and dissemination (45).

Moreover, SP-D has been shown to bind to the A27 protein of the vaccinia virus, and mice
lacking the SP-D gene have exhibited an increased mortality rate when challenged with the
vaccinia virus (46). Additionally, rfhSP-D has demonstrated dose-dependent binding to the S1
and RBD of SARS-CoV-2 spike protein, inhibiting their interaction with cells overexpressing
ACE2 (34).

In the case of the Influenza A Virus (IAV), SP-D binding to the virus has been extensively studied

using SP-D-deficient mice (47). The antiviral effects of SP-D on IAV seem to depend on the viral
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subtypes and the glycosylation levels of the virulence factors, such as the hemagglutinin (HA)
and neuraminidase (NA) glycoproteins (47). SP-D treatment in a murine model of IAV infection
has been shown to enhance lung viral clearance. SP-D neutralises IAV and inhibits the release
of viral particles from infected host cells by binding to mannose residues on HA or NA (33, 48).
It also inhibits the hemagglutination activity of 1AV, leading to viral particle aggregation (33,
48). The anti-lAV activity of SP-D is suggested to occur through its CRD region binding to the
carbohydrate pattern (mannosylated, N-linked) on HA and NA (33, 49). Furthermore, SP-D
limits the enzymatic activity of HA and NA, thereby neutralising the infectivity of the pH1N1
IAV subtype in human A549 airway epithelial cells (33, 50). However, it has been reported that
SP-D can enhance infection in some pandemic pHIN1 strains, which correlates with
differences in N-glycosylation in the globular head region of HA (33, 50). Notably, porcine SP-
D exhibits potent inhibition of seasonal IAV subtypes and several pandemics and avian strains

of IAV (33, 48).

1.8.1.3 The complement system in SARS-CoV-2

The complement system plays a vital role in the innate immune response to viruses, but it can
also lead to proinflammatory reactions (51). Mannose-binding lectin (MBL), a member of
pattern recognition receptors (PRRs) in innate immunity, recognises mannose residues on viral
surfaces (51). This recognition activates the complement system, promoting inflammation and
enhancing phagocytosis (51). Studies have shown that MBL can bind to SARS-CoV, leading to
C4 deposition on the virus and reducing its infectivity in animal models (51). The presence of
mannose-rich glycans on the S1 region of SARS-CoV-2 has raised the possibility that glycan

recognition and binding to MBL may inhibit the interaction between S1 and ACE (51).

On the other hand, dysregulation of complement system activation can contribute to severe
disease in COVID-19 (52). The complement system has been implicated in the endothelitis and
thrombosis observed in COVID-19 (52). Complement activation by coronaviruses was initially
observed in mice infected with SARS-CoV (53). Complement activation product depletion was
seen in infected mice's lungs as early as one day after infection (53). Mice deficient in C3
complement protein expression showed improved clinical outcomes following SARS-CoV
infection, with milder inflammatory responses and reduced levels of inflammatory cytokines
and chemokines compared to control mice (53). Similar immunopathogenic complement

activation was observed in mice infected with MERS-CoV, and blocking C5a receptor activation
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ameliorated clinical disease (53). Evidence of complement activation, including the deposition
of complement components and anaphylatoxins, has also been found in COVID-19 patients,
particularly those with respiratory failure (52). The involvement of the three complement
system pathways has been demonstrated to exacerbate COVID-19 diseases (53). The
anaphylatoxins C3a and C5a, produced during complement activation, activate neutrophils
and other immune cells, further amplifying the complement cascade (52, 53). In addition, the
complement system may also activate coagulation and prothrombotic pathways of SARS-CoV-
2 infection through the contact system, contributing to arterial and venous thrombosis and

coagulopathy observed in severe cases (53, 54).

1.8.1.3.1 Complement system

The complement system is a vital part of the innate immune system, comprising over 40
plasma proteins that serve various functions: host immunity, microbial defense, clearance of
apoptotic cells, regulation of coagulation, and other immunological processes necessary for
maintaining homeostasis (55). Activation of the complement system can occur through three
pathways, including the classical, lectin, and alternative pathways, depending on the specific

triggers (Figure 1.5) (55).

In the classical pathway, the binding of Clq to infectious agents or immune complexes.
Activated C1r then cleaves and activates C1s. The latter cleaves C4 and C2, resulting in the
generation of the C3 convertase (C4bC2b) (56). Then, The C3 convertase cleaves C3 into C3b
and C3a. C3b attaches to the target surface and joins the C3 convertase, forming the C5
convertase (C4bC2bC3b) (56). Cleavage of C5 by the C5 convertase results in the formation of
C5a and C5b, which involve the assembly the membrane attack complex (MAC), resulted in
cell lysis (56). The lectin pathway is activated when mannose-binding lectin (MBL) recognises
and binds to specific carbohydrate patterns on pathogens (56). MBL forms a complex with
MBL-associated serine proteases 1(MASP-2), and 2 (MASP-2), which cleaves C4 and C2,
generating the C3 convertase C4bC2b, similar to the classical pathway (56). The alternative
pathway is initiated by spontaneous hydrolysis of the internal thioester bond of C3, leading
to C3 (H;0) (55). That allows Factor B to bind and be cleaved by Factor D, producing Ba and
Bb and generating the alternative pathway C3 convertase (C3 (H,0)Bb) (55). C3 convertase
cleaves C3 into C3b and C3a. C3b can attach to complement-activating surfaces and continue

the cascade by binding to Factor B, forming C3 convertase (C3bBb) (55). This amplification
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loop is initiated as the C3 convertase cleaves more C3, generating additional C3b to create a
new C3 convertase and C5 convertase (55). These pathways induce the activation of
complement system, which plays a critical role in immune defense and the maintenance of

homeostasis (56).
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Figure 1.5: Three pathways of the Complement system. The classical pathway of complement activation occurs when the
C1 complex binds to immune complexes, forming the C4bC2b enzyme complex (C3 convertase). It can also be initiated by the
binding of C1 to apoptotic cells. The lectin pathway is activated by binding mannose-binding lectin (MBL) or MBL-associated
serine proteases (MASPs) to mannose groups on bacterial cell surfaces, generating C3 convertase. The alternative pathway is
activated by hydrolysed C3 and factor B, forming C3 convertase. All three pathways converge at the C3 convertase stage. C3
convertase generates the C5 convertase enzyme, including the membrane attack complex (MAC). Various factors, including
CR1, DAF, C4BP, and MCP, can inhibit the activity of C3 and C5 convertases. Proteins like CD59, clusterin, and vitronectin can
block the assembly of the MAC complex. Complement activation leads to bacterial lysis through the MAC complex, recruitment
of immune cells, platelet activation, and activation of endothelial and epithelial cells. Furthermore, complement proteins
opsonise pathogens, enhancing their phagocytosis. (Figure 1.5 adapted from (57) )

1.8.1.3.2 Major regulatory complement proteins

1.8.1.3.2.1 The complement component 1q (C1q)
Clqg is an integral component of the innate immune system, playing a vital role in the

recognition and activation of the classical pathway of complement (58). It serves as the initial
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subcomponent of the C1 complex and is responsible for identifying immune complexes
containing 1gG or IgM antibodies (58). Beyond its role in complement activation, Clq is
involved in diverse homeostatic processes, including the clearance of immune complexes,

pathogens, necrotic cells, and apoptotic cells (58).

The production of Clq is not limited to Kupffer cells in the liver; it is also synthesised by
macrophages, immature dendritic cells (DCs), and adherent monocytes (58). In humans, Clq
is a large molecule with a molecular weight of 460 kDa (59). It consists of 18 polypeptide
chains, divided into three types: 6A, 6B, and 6C. Each chain, A, B, and C, encompasses a short
N-terminal region (3-9 residues), followed by a collagen-like sequence of approximately 81
residues (Figure 1.6) (60). The C-terminal region of each chain forms a globular domain (gC1q)

consisting of about 135 residues (60).

The A and B chains are linked by inter-chain disulfide bridges, forming dimer subunits of 6A-
B, while the C chains form dimer subunits of 3C-C (59). The triple helical collagen regions from
one A-B subunit and one C-C subunit combine to create a structural unit known as ABC-CBA,
stabilised by both covalent and non-covalent bonds (59). These three subunits assemble to

form the complete Clq protein, held together by non-covalent solid interactions (59).
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Figure 1.6: Structural Organization of C1q Molecule. The C1q molecule (460 kDa) comprises 18 polypeptide chains (6A, 6B,
and 6C). (a) Each A, B, and C chain has a short N-terminal region with a half-cystine residue involved in forming interchain
disulfide bonds. That is followed by a collagen region (CLR) consisting of approximately 81 residues and a C-terminal globular
region (gClq domain) comprising about 135 residues. (b) The interchain disulfide bonding results in the formation of 6A-B
dimer subunits and 3C-C dimer subunits. The A and B chains of an A-B subunit and one of the C chains from a C-C subunit form
a structural unit (ABC-CBA) held together by both covalent and non-covalent bonds. (c) Three of these structural units
associate through non-covalent solid bonds in the central portion, resembling a fibril-like structure, to form the hexameric C1q
molecule with a tulip-like shape, like mannose-binding protein, surfactant protein A, and ficolins. (d) The crystal structure of
the gClqg domain of human C1q (Protein Data Bank code 1PK6) reveals a compact, spherical, heterotrimeric assembly with a
diameter of approximately 50 A. Non-polar interactions primarily hold it together and exhibit non-crystallographic pseudo-
threefold symmetry. (e) The three gClq modules show different electrostatic surface potentials, partly explaining the
modularity in ligand recognition (Figure 1.6 adapted from (61) ).

1.8.1.3.2.2 C4b-binding protein (C4BP)

C4BP is a large plasma glycoprotein with a molecular weight of 570 kDa that plays a crucial
role in down-regulating the classical and lectin complement pathways (62, 63). It is present in
the human plasma at an estimated concentration of 200 mg/L (62, 63). It comprises seven
identical a-chains and one unique B-chain (Figure 1.7). Each a-chain contains eight
complement control protein (CCP) domains comprising approximately 60 amino acids (62, 63).
The B-chain, on the other hand, shall consist of three CCP domains and is connected to the a-

chains through disulfide bridges in a central core structure (62, 63). The main functions of
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C4BP include accelerating the decay of the C3 convertase (C4bC2a) by serving as a cofactor
for the cleavage of C4b by factor | (62, 63). When recruited to a surface, C4BP inhibits
complement activation of the classical pathway and prevents opsonisation and subsequent
lysis (62, 63). That regulatory activity protects host cells from excessive complement-mediated
damage (62, 63). However, it is worth noting that this regulatory function is not limited to host
cells and can also occur on pathogens, exerting an inhibitory effect on their complement

activation (62, 63).

CABP subunits
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Figure 1.7: Schematic Structure of C4BP. C4BP comprises seven identical a-subunits, each containing a binding site for C4b.
Each a-chain consists of eight complement control protein modules, SCR modules, along with a C-terminal linking domain.
The b-chain, which includes the protein S binding site, comprises three SCR modules and a linking domain (Figure 1.7 adapted
from (64)).

1.8.1.3.2.3 Factor H (FH)

The factor H gene (CFH) is situated in the regulators of complement activation (RCA) gene
cluster on human chromosome 1 (65). It encodes two main protein products: the 150-kDa
factor H protein and a smaller 43-kDa factor H-like molecule known as FHL-1 (66, 67).
Additionally, several factor H-related (FHR) molecules share homology with factor H and FHL-
1, although they are not transcribed from the factor H gene (65). These molecules possess a
common structural motif called the complement control protein (CCP) unit or short consensus
repeat (SCR), which comprises approximately 60 amino acids with short spacers between the

domains (66, 67). Factor H consists of 20 homologous CCP domains, giving it a flexible
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appearance resembling "beads on a string" that can fold back on itself (Figure 1.8) (66, 67). The
conformation of factor H can be influenced by the ionic strength and pH of its local

microenvironment.

Functional analysis has revealed that the N-terminal four CCP domains of factor H contain a
C3b-binding site with decay-accelerating and cofactor activities (66, 67). Additional binding
sites for C3b have been identified within CCPs 7-15 and CCPs 19-20. The CCP 19-20 site
interacts with C3b, iC3b, and C3d (66, 67). Factor H also possesses multiple binding sites for
heparin and other polyanions in CCP 7, CCP 20, and the CCP 9-15 regions (66, 67). The C-
terminal site has been shown to bind sialic acids. These binding sites for C3b and polyanions
in CCP 19-20 are crucial for factor H's interactions with host surfaces, enabling the regulation
of complement activation (66, 67). Recombinant forms of the C-terminal CCPs (rH19-20) can
compete with full-length factor H for binding to C3b and host polyanions, increasing
complement activation on host surfaces (55). The ability of factor H to distinguish between

host and foreign cells is primarily attributed to the two C-terminal domains (55).

Studies utilising deletion mutants and transgenic mice have demonstrated the significance of
the C-terminal domains of factor H in recognising host cells and protecting against
complement attack (55). These findings suggest that the two C-terminal domains are vital in

factor H's ability to recognise and discriminate, particularly in its interactions with host cells

(55).
complement attachment
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Figure 1.8: The Schematic Structure of Factor H. Factor H comprises 20 short consensus repeat (SCR) domains. The molecule
has two central functional regions at the N- and C-termini. SCRs 1-4 mediate the complement regulatory activities of factor H
(Figure 1.8 adapted from (67)).

1.8.1.3.2.4 Properdin (FP)
Properdin is a protein composed of six complete thrombospondin type 1 repeat (TSR)
domains, labelled TSR 1-6, and a truncated N-terminal TSR domain called TSR 0 (Figure 1.9)

(68). Properdin has a molecular weight of 53 kDa; each monomer is approximately 26 nm long
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and 2.5 nm in diameter, consisting of 442 amino acid residues (69). Properdin monomers
undergo glycosylation at an N-glycosylation site in TSR-6 and C-mannosylation at 14 specific
tryptophan residues (69). In addition to binding to C3b, C3bB, and C3bBb, properdin interacts

with sulfatides and various polyanionic structures (69).

Under normal physiological conditions, properdin forms oligomers consisting of dimers (P2),
trimers (P3), and tetramers (P4) in a defined ratio of 26:54:20 (P2:P3:P4) (70). Oligomerisation
occurs through head-to-tail associations of the monomers (69, 70). Deletion mutants that lack
specific TSR domains have provided insights into the functional properties of individual
domains (70, 71). Domains 4, 5, and 6 are essential for properdin's ability to lyse rabbit
erythrocytes, as their deletion impairs binding to C3b and sulfatides (70, 71). Deletion of
domain three does not affect binding to C3b, sulfatides, or oligomer formation (70, 71).
Removal of domains 4 and 5 prevents the formation of trimers and tetramers while allowing
dimerisation (70, 71). Complete inhibition of oligomerisation occurs when TSR 6 is deleted

(70, 71).

Research indicates that multiple TSR domains work together to mediate properdin
oligomerisation and function, with domains 5 and 6 playing crucial roles (69, 71). Antibodies
targeting human TSR5-6 and mouse TSR5-6 effectively inhibit properdin function in vitro and
in vivo, respectively (70). Point mutations, such as Y387D in TSR6, disrupt properdin's binding
to C3b and its alternative pathway regulation (70). Mutations in TSR1 (R73W) and TSR5
(Q316R) are associated with type Il properdin deficiency, characterised by low levels of
circulating properdin and defects in oligomerisation (70). Structural studies propose models
for properdin oligomerisation, highlighting the involvement of TSRs 0-1 and 5-6 in forming
contacts at the vertices of oligomers (70). The composition of domains at the vertices may
vary, and the structural models support the roles of TSR5-6 in properdin function and the

impact of the Y387D mutation on C3b binding (70).
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Figure 1.9: Schematic Structure of Properdin. The structure of properdin consists of seven thrombospondin repeat (TSR)
domains labelled TSRO-6. Under normal physiological conditions, properdin monomers assemble into cyclic dimers, trimers,
and tetramers, with a ratio of approximately 1:2:1. Molecular modelling suggests that the vertices of properdin oligomers are
formed by a combination of four domains derived from two different monomers, arranged in a head-to-tail organisation.
While the organisation of domains at the vertices is still not fully understood, theoretical models propose that the TSRO-1
domains from one monomer are involved in vertex formation along with TSR5-6 domains from the other monomer (Figure
1.9 adapted from (70)).

1.8.1.4 Key Cellular innate immune responses in SARS-CoV-2
Various clinical studies have highlighted primary innate immune cells involved in SARS-CoV-2
infection and their role in inflammation, including monocytes, macrophages, DCs, NK, and

neutrophils (72, 73).

1.8.1.4.1 Monocytes and Macrophages

Myeloid cells play a significant role in the pathophysiology of coronavirus infections, both as
targets of the virus and as producers of proinflammatory cytokines (73). In the case of SARS-
CoV-2, macrophage activation syndrome characterised by hyperactivated macrophages has
been associated with acute respiratory distress syndrome (ARDS) (73). This hyperactivation is
attributed to the activation of alveolar, splenic, and renal macrophages by SARS-CoV-2 through
the ACE2 receptor, resulting in increased secretion of proinflammatory cytokines like IL-6,

TNF-a and IL-10, even in the absence of active virus replication (73).

In COVID-19 patients, postmortem tissue analysis has revealed the presence of
proinflammatory macrophages in various locations (74). SARS-CoV-2 can infect ACE2-
expressing resident CD169+ macrophages in secondary lymph nodes, leading to IL-6

production (74). In the peripheral blood, COVID-19 patients have shown a specific subset of
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monocytes and macrophages that exhibit mixed M1/M2 polarisation with elevated expression
of CD80, CD206, and high secretion of IL-6, IL-10, and TNF-a compared to healthy individuals
(74). The abundance of different monocyte subsets varies according to the severity of COVID-
19, with an increase in inflammatory monocytes in severe cases (74). Interestingly, critical
COVID-19 patients exhibit decreased expression of HLA-DR on CD16+ monocytes, suggesting
impaired antigen presentation capability (74). Some reports have also identified monocytes
from SARS-CoV-2-infected individuals with high expression of the immune suppressor marker
PD-L1 and low expression of the maturation marker CD80, indicating dysfunctional immune

responses (74).

In severe cases of COVID-19, bronchoalveolar lavage fluid (BALF) analysis has shown an
increased proportion of monocytes, macrophages, and neutrophils expressing specific
markers and immunoregulatory genes (75, 76). Severe cases exhibit a predominance of M1-
like macrophages producing highly inflammatory chemokines, while mild cases display a gene
signature associated with alternative M2-like macrophages with reparative and profibrotic
functions (75, 76). Single-cell analysis of BALFs from severe and mild COVID-19 patients has
provided insights into cytokine and chemokine production by monocyte-macrophages (75,
76). In severe cases, monocyte-macrophages secrete many cytokines and chemokines but
display limited secretion of interferons (75, 76). Additionally, anti-inflammatory molecules are
elevated, while IL-18 levels are reduced in severe cases compared to mild cases (75, 76).
Monocyte-macrophages from severe cases also produce chemokines that recruit more
monocytes and neutrophils, contributing to excessive proinflammatory cytokine production

in the infected lungs (75, 76).

1.8.1.4.2 Dendritic Cells

Dendritic cells (DCs) are essential antigen-presenting cells that activate innate and adaptive
immune responses (77). In the lung, three subpopulations of DCs are present: CD141+ cDC1,
responsible for Thl response activation; CD1c+ cDC2, involved in regulation and pro-
inflammatory chemokine production; and CD123high pDC, the leading producer of antiviral
cytokine type | interferon (IFN) (77, 78). In severe and critical COVID-19 patients, pDCs are
reduced in bronchoalveolar lavage fluid (BALF) and blood samples compared to moderate
infection or healthy controls (77, 78). Furthermore, the functionality of pDCs in terms of IFN-

a production is impaired in COVID-19 patients (77, 78). Studies have shown that pDCs can
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undergo phenotypical diversification in response to viral infection, giving rise to three effector
subpopulations: P1-pDCs specialised for type | IFN production, P2-pDCs exhibiting both innate
and adaptive functions, and P3-pDCs with adaptive functions (78, 79). Differences in pDC
phenotype have been observed between asymptomatic and hospitalised COVID-19 patients
(78, 79). Asymptomatic patients mainly express PD-L1, while severe patients are
predominantly represented by the PD-L1+CD80+ phenotype, indicating strong activation for

type | IFN production during asymptomatic infection (78, 79).

In vitro studies have demonstrated that SARS-CoV-2 can activate isolated pDCs, leading to
their diversification into different subpopulations and the release of high levels of type | and
type Il IFNs (77, 79). However, these pDCs do not produce proinflammatory cytokines like
TNF-a and IL-6 (77, 79). In addition to pDC alterations, severe COVID-19 patients also exhibit
a decrease in the frequency of peripheral myeloid DCs (mDCs) (78, 79). The pDC ratio is
significantly higher in severe patients compared to other subtypes, suggesting its potential as
a biomarker for severe COVID-19 (78, 79). Furthermore, the expression of costimulatory and
maturation markers CD86 and CD80 is significantly lower in COVID-19 patients, while the
suppressive molecule PD-L1 is enhanced (78, 79). A recent study has shown that DC-SIGN,

expressed large on DCs, binds SARS-CoV-2 and mediates viral entry (80).

1.8.1.4.3 Natural Killer Cells

NK cells control viral infections by recognising and killing virus-infected cells (81). They have
both cytotoxic activity and immunomodulatory functions to limit host damage and disease
progression (81). Human NK cells can be divided into two subsets: CD56brightCD16- NK cells,
specialised in cytokine production, and CD56dimCD16+ NK cells, which display potent
cytolytic activity (81). The expression of killer-immunoglobulin-like receptors (KIRs) and CD16

is essential for NK cytotoxic functions (81).

In patients infected with SARS-CoV and SARS-CoV-2, there is a significant reduction in the
percentage of CD56dimCD16+KIR+ NK cells in whole blood samples (81, 82). That suggests
impaired maturation or increased recruitment of NK cells from circulation into infected tissues
(81, 82). Moreover, SARS-CoV-2 infection influences NK-mediated cytotoxic activity by
upregulating the inhibitory receptor NKG2A (81, 82). Infected patients show increased
expression of NKG2A and decreased expression of activation markers CD107a, IFN-y, IL-2, and
TNF-ain NK cells (81, 82). The expression of inhibitory receptors lymphocyte activating-3 and
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Tim-3 is also increased, further contributing to the functional impairment of NK cells (81, 82).
However, these alterations in NK cell number and NKG2A expression can be restored in

convalescent patients (81, 82).

Severe SARS-CoV-2-infected individuals exhibit reduced peripheral NK cell counts and
impaired cytotoxic activity compared to mild cases (83, 84). That correlates with increased
levels of IL-6, suggesting that the functional impairment of NK cells leads to enhanced
activation of innate immune cells and excessive proinflammatory cytokine production (83, 84).
The phenotype of NK cells at the early stage of SARS-CoV-2 infection reflects their exhaustion
and correlates with disease progression (83, 84). In the alveolar compartment, NK cells in the
bronchoalveolar lavage fluid (BALF) of COVID-19 patients are still under investigation, with
conflicting results (83, 84). Some studies have shown a significant reduction in resting NK cells
in BALF (83, 84). In contrast, others have observed higher percentages of NK cells in severe
cases than in moderate infection or healthy donors (83, 84). These discrepancies may be due
to differences in sample collection timing or disease severity, necessitating further analysis

(83, 84).

1.8.1.4.4 Neutrophils

Neutrophils play a critical role in the immune response against SARS-CoV-2, but their
dysregulation can contribute to severe COVID-19 pathology (85). In severe cases, blood
samples show a high neutrophil-to-lymphocyte ratio (NLR), indicating inflammation and
infection (85). Deceased patients have increased neutrophil counts and decreased lymphocyte
numbers compared to survivors (85). Neutrophils in COVID-19 patients exhibit impaired
antigen presentation capacity due to reduced HLA-DR expression and increased PD-L1 surface
expression (85). They also drive hyperinflammation through enhanced cytokine production

and degranulation (85).

The sharp local inflammatory response observed in COVID-19 patients is mediated by
chemokines, such as CXCL1, CXCL2, CXCL8, CXCL10, CCL2, and CCL7, which recruit neutrophils
to the site of infection (86). Bronchoalveolar lavage fluid (BALF) samples from severe COVID-
19 cases show an enrichment of neutrophils, while mild cases exhibit a neutrophil
subpopulation with an interferon-stimulated gene (ISG) signature (86). Neutrophils can
contribute to COVID-19 pathology by forming neutrophil extracellular traps (NETs) composed
of DNA fibres, histones, and microbicidal proteins (86). Excessive NET formation can lead to
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inflammation and thrombosis, causing organ damage (86). COVID-19 patients have elevated

levels of NET-associated markers, indicating dysregulated NET formation (86).

Experiments demonstrate that COVID-19 patient sera induce NET release from neutrophils of
healthy individuals, supporting the pathological role of NETs in severe COVID-19 (86-88).
Neutrophils share similarities with polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSCs), which have immunosuppressive functions (86-88). In COVID-19 patients
requiring intensive care, there is a significant expansion of PMN-MDSCs, suggesting their

association with disease severity and serving as a potential biomarker (86-88).

1.8.1.5 Cytokine production in SARS-CoV2 infection

A rapid and coordinated immune response is crucial for combating viral infections, which
involves the secretion of various cytokines as a defense mechanism (89). However, reports
have indicated dysregulated cytokine production in individuals affected by SARS-CoV or MERS-
CoV involving innate and adaptive immune cells (89). In SARS cases, infected hematopoietic
cells, monocyte-macrophages, and other immune cells exhibit enhanced secretion of pro-
inflammatory cytokines such as TNF-a, IL-6, IL-1B, IL-8, CCL5 and IFN-a/-y, along with reduced
anti-inflammatory cytokines (90-92). Similarly, MERS-CoV infection leads to delayed but
increased production of IFN-a and pro-inflammatory cytokines including IL-6, IL-8, and IL-1p.
Elevated cytokine levels have been associated with Multi-Organ Dysfunctional Syndrome
(MODS) and ARDS due to the accumulation of immune cells in the lungs, causing alveolar

damage and oedema (90-92).

In COVID-19 patients, cytokines and chemokines are increased, which attract immune cells to
the lungs, resulting in ARDS, particularly in critically ill individuals (90-92). The signature
cytokines observed in severe COVID-19 patients are consistent with those seen in SARS and
MERS, including elevated expression of IL-6, TNF-a, macrophage inflammatory protein 1-a
(MIP-1a), MCP3, GM-CSF, IL-2, and IP-10 (90-92). Elevated chemokines such as IP-10,
CCL2/MCP1, CXCL1, and CXCL5 have also been detected in SARS-CoV-2 infection (90-92). In
children, increased levels of inflammatory markers such as IL-6, IL-1, C-reactive protein, and
procalcitonin have been observed in serum (90-92). Therapeutic approaches to control
excessive cytokine production include neutralising antibodies or small molecule drugs that

can interrupt the signalling cascade responsible for cytokine production (90-92).
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1.8.2 Adaptive immune response in SARS-CoV2 infection

The adaptive immune system plays a critical role in clearing SARS-CoV-2 by utilising cytotoxic
T-cells to eliminate infected cells and B-cells to produce neutralising antibodies against virus-
specific antigens (93). COVID-19 is characterised by lymphopenia and a reduction in CD4+ T-
cells, CD8+ T-cells, and B-cells (94-96). The underlying mechanisms contributing to
lymphopenia in COVID-19 involve an abnormal innate immune response with low levels of
IFN-I, which is necessary for viral antigen presentation and subsequent induction of adaptive

immunity (94-96).

Several factors may contribute to COVID-19-associated lymphopenia, including direct
infection of T-cells by SARS-CoV-2, cytokine-induced apoptosis and pyroptosis of lymphocytes,
MAS-related haemophagocytosis, sequestration of lymphocytes in the lungs or other organs,
reduced bone marrow haematopoiesis, and virus-induced tissue damage to lymphatic organs
(94-96). The presence of SARS-CoV-2 in the spleen and lymph nodes, along with pathological
alterations such as splenic white pulp atrophy and disruption of lymph node structure,
suggests that direct cytotoxicity of SARS-CoV-2 in lymphatic organs may impair the adaptive
immune response in COVID-19 (94-96). The absence of germinal centre formation in the
spleen and lymph nodes could explain suboptimal humoral immunity, potentially leading to
the possibility of re-infection in specific individuals (94-96). However, most individuals with
mild-to-moderate COVID-19 experience a robust adaptive immune response characterised by
T-cells targeting antigens derived from the S-protein and nucleoprotein/membrane protein,
as well as the production of neutralising antibodies against S-protein-derived antigens (94,
95). This immune response persists for months after the primary infection. Coordinated SARS-
CoV-2-specific adaptive immune responses are associated with milder disease and are crucial

for effectively controlling viral infection (94, 95).
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1.9 Main aims of this study

Considering the direct interactions observed between various viruses and innate immune
molecules, including SP-D, C1q, C4BP, FH, and FP, the present project aimed to investigate the
effects of these innate immune molecules on SARS-CoV-2 infection. The following aims have

been outlined:

1. To assess the possible modulating role of rfhSP-D in the interaction between DC-SGN
and SARS-CoV-2.

2. To evaluate the regulatory capacity of human Clq, specifically its globular domain, in
modulating SARS-CoV-2 infection and associated inflammatory responses.

3. To examine the impact of FP on the modulation of SARS-CoV-2 infection.

4. Toinvestigate the innate immune effector function of C4BP in the context of SARS-CoV-
2 infection.

5. To study the complement-independent modulation of SARS-CoV-2 infection by factor
H.

By addressing these aims, this project aims to enhance our understanding of the interplay
between innate immune molecules and SARS-CoV-2, providing valuable insights into potential

therapeutic approaches and immune modulation strategies against COVID-19.
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Chapter 2

Methods and Materials
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2.1 Native Complement Protein Purification from Human Plasma

2.1.1 Purification of native human Clq

Clq was purified as previously described (97). The lipid from 100 ml of freshly thawed, non-
sterile mixed pool human plasma (TCS Biosciences) was isolated by subjecting the plasma to
centrifugated at 5000x g for 10 min, and then it was filtered through a Whatman filter paper
(GE Healthcare, Hatfield, UK). The lipid -depleted plasma was incubated with 1gG-Sepharose
(GE Healthcare, Hatfield, UK) for 2 h at room temperature (RT). Beads were loaded into an
affinity chromatography column and washed with 3x column volumes of C1q wash buffer (10
mM HEPES) to remove unbound proteins. The bound Clg was eluted using two column
volumes of Clq of Clq elution buffer (100 mM CAPS, 1 M NaCl, and 0.5 mM EDTA at pH 11).
The flow-through was collected and dialysed against a 0.1 M HEPES buffer at pH 7.5. The
protein concentration of the dialysed samples was quantified using the BSA kit (Thermo Fisher,
UK). The total yield found to be 3 mg/ml C1q in 100 ml of human plasma. The purified sample
was then subjected to SDS-PAGE and western blotting to confirm the identity of the isolated
protein as C1q (Appendix 1 F&E).

2.1.2 Purification of Factor H

Human FH was isolated according to the previously reported method (98). 50 mL of non-sterile
mixed-pool human plasma (obtained from TCS Biosciences) adjusted to 5mM EDTA, pH 8, then
dialysed against buffer | (25 mM Tris-HCL, 140 mM NacCl, and 0.5 mM EDTA at pH 7.5) while
being stirred continuously for an entire night at 4°C. The dialysed sample was incubated in an
affinity column comprising a monoclonal antibody against human FH (MRCOX23; MRC
Immunochemistry Unit, University of Oxford) coupled to CNBr-activated Sepharose (GE
Healthcare, UK) after it had been rinsed with five-bed volumes of buffer | and distilled water.
The elution buffer contains 3 M magnesium chloride (Merck), 25 mM Tris pH 8.0, 140 mM
NaCl, and 0.5 mM EDTA, which was used to elute FH. Using 1 M Tris pH 7.5, the obtained
fractions (1 ml each) of the eluted FH fractions were neutralized. The fractions were then
dialysed for a whole night against 10 mM potassium phosphate for 4 h. Using a BSA kit
(Thermo Fisher, UK), the protein concentration of the protein sample was measured. The total
yield found to be 1.5 mg/ml factor H in 50 ml of human plasma. Western blotting and SDS-

PAGE were used to verify that the isolated protein was FH (Appendix 1 L&K).
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2.1.3 Purification of native human C4BP

Dr Robert B. SIFH ((MRC Immunochemistry Unit, Department of Biochemistry, University of
Oxford, and Dr Anna Blom, Lund University, Malmo, Sweden, kindly provided C4BP. It was
purified from human plasma as described in (99). The provided samples were subjected to

confirming identity using SDS-PAGE and western blotting (Appendix 1 H&G).

2.1.4 Purification of properdin

The purification of FH is done according to the previous protocol (100). 100 ml of plasma was
adjusted to final concentration of 5 ml of EDTA at a pH of 8. Contaminants were removed by
filtering the plasma using Whatman filter paper after being centrifuged for 10 minutes at 5000
x g. Three-bed volumes of HEPES buffer (10 mM HEPES, 140 mM NaCl, 0.5 mM EDTA, pH 7.4)
were used to wash an IgG-Sepharose column. To deplete Clq, the plasma was passed through
an IgG-Sepharose column. Depleted Clg samples were passed through the anti-properdin
column and rinsed with three-bed volumes of HEPES buffer. The bound properdin was eluted
using 3M MgCl2. To get rid of any small minor impurities, they were removed by dialysing the
eluted samples against HEPES buffer and stirred overnight at 4°C, followed by passing through
an ion exchange column (HiTrap Q FF-Sepharose, GE Healthcare, UK). The total yield found to
be 1.2 mg/ml properdin in 100 ml of human plasma. The western blotting and SDS-PAGE

analysis were used to confirm the protein identity (Appendix 1 N&M).

2.2 Expression of recombinant proteins

2.2.1 Expression of rfhSP-D, DC-SIGN, ghA, ghB, ghC modules of human C1q, and properdin-
TSR4+5

2.2.1.1 Competent Cells

10 ml of Luria Broth (LB) medium (Fisher BioReagents) was inoculated with one colony of E.
Coli BL21 (ADE3) plysS (Invitrogen, UK) and incubated overnight at 37°C on a shaker. The
following day, 10 ml of fresh LB media were added to 500 pl of the overnight culture. The
bacteria culture growth reached 0.3-0.4 at OD600. Followed by centrifugation at 2000 x g for
5 min. The cells pellet was resuspended in 1 ml of 0.1 M CaCl2. The cell suspension was mixed

with a final volume of 12.5 ml of CaCl2 and left on ice for 1 h. Following incubation, the cells
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underwent another 5-minute, 2000-x-g centrifugation, and the supernatant was disposed of.

The cell pellet was again suspended in 2ml of 0.1 M CaCl2 for transformation.

2.2.1.2 Transformation of cells

1 pg of expression constructs for the properdin-TSR4+5, C1q — globular heads (ghA, ghB, and
ghC), DC-SIGN and rfhSP-D were mixed with 100 ul of competent cells (101-104), respectively.
For 1h, the mixture was incubated on ice. The bacterial cells were exposed to a 90-second
heat shock at 42°C and immediately incubated on ice for 5 min. After adding 800 ul of LB
medium to the transformed cells, they were incubated in a shaker for 45 min at 37°C. The cells
were spread out on an LB agar plate with 100 pg/ml of ampicillin and kept in an incubator

overnight at 37°C.

2.2.1.3 Pilot-Scale Expression

Single bacteria colony was added to 4 sets, each containing 1 ml of LB medium supplemented
with 100 pg/ml ampicillin. The cultures were then incubated overnight at 37°C in a shaking
incubator. The next day, 500 ul of the primary culture was added to 10 ml of LB medium
containing the antibiotics mentioned above, and it was shaken at 37°C for the OD600 to reach
0.6 to 0.8. Followed this, a colony was induced with 0.4 mM Isopropyl PB-D-1-
thiogalactopyranoside (IPTG) (Sigma Aldrich, UK), and a one ml un-induced sample was
obtained as a control. Induced and uninduced cultures were incubated on a shaker for 3 hours
at 37°C. After incubation, 1ml samples from both the induced and uninduced cultures were
centrifuged for 10 min at 13,800 x g. Then, the cell pellets were combined with 100 ul of 2x
treatment buffer, which included 10% glycerol, 2% SDS, 0.1% bromophenol blue, 50% mM Tris
pH 6.8, and 2% B-mercaptoethanol. The mixture was then heated for 10 min at 100°C. The
expression in the samples have been analysed by loading 20 pl of each sample into a 12% SDS-

PAGE gel.

2.2.1.4 Large-Scale Expression

A successful protein expression colony from the pilot scale expression was added into 25 ml
of LB medium supplemented with 100 ug/ml ampicillin and incubated overnight at 37°Con a
shaker. The next day, 12.5 ml was added to 500 ml of LB medium containing 100 pg/ml
ampicillin and incubated at 37°C until the OD600 of 0.6 was reached. Then, 0.4 mM IPTG
(isopropyl B-D-1-thiogalactopyranoside) (Sigma Aldrich, UK) was added to the 500 ml sample
and incubated for 3 h at 37°C (1 ml un-induced sample was used as a control). After
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incubation, the induced and uninduced cultures were centrifuged for 15 min at 12,000 x g.

The cell pellet was stored at -20 °C for subsequent purification processes.

2.2.1.5 Purification of rfhSP-D

rfhSP-D was produced and purified as previously described (101). To put it briefly, plasmid
pUK-D1, which comprises cDNA sequences for the a-helical neck and CRD region of
recombinant fragment human SP-D, was transformed into the Escherichia coli BL21 (ADE3)
plysS bacterial strain (Invitrogen). 500 ml of LB medium supplemented with 100 pg/ml
ampicillin and 34 pg/ml chloramphenicol (Sigma-Aldrich) was inoculated with a primary
inoculum of 25 ml bacterial culture, and the mixture was grown until an OD600 was 0.6. For
3 h, the bacterial cells were induced with 0.5 mM IPTG (Sigma-Aldrich). The bacteria culture
was centrifuged at 13,800 x g for 10 min at 4°C. The lysis solution (50 mM Tris—HCI pH 7.5, 200
mM NaCl, 5 mM EDTA pH 8, 0.1% v/v Triton X—100, 0.1 mM phenyl-methyl-sulfonyl fluoride,
50 pg/ml lysozyme) was added to the IPTG-induced bacterial cell pellet. Then, sonication was
performed (five cycles of 30 seconds each). After that, the sonicated mixture was centrifuged
for 15 min at 12,000 x g. A refolding buffer (8 M urea, 50 mM Tris—HCI pH 7.5, 100 mM NacCl,
and 10 mM 2-mercaptoethanol (BME)) was used to denature and renature the resultant
inclusion bodies of rfhSP-D. Then, the dialysate was passed via a 5-ml maltose—agarose affinity
column (Sigma—Aldrich). Bound protein was eluted using 10 mM EDTA buffer containing 50
mM Tris—HCI pH 7.5 and 100 mM NaCl (elusion buffer). The protein was verified by western
blotting and SDS-PAGE analysis Appendices 1 B&A). The total yield was 3 mg.

2.2.1.6 Purification of soluble DC-SIGN

The production and purification of DC-SIGN were done following the previous protocol (102).
BL21 (ADE3) were made to express a tetrameric version of DC-SIGN after being transformed
with a pT5T construct. The bacteria were cultured in 500 ml LB medium containing 100 pg/mL
ampicillin until the OD600 reached 0.7 at 37°C. 0.4 IPTG was added to the bacteria culture to
induce DC-SIGN expression, and it was incubated for 3 h at 37°C. For 15 min, the bacteria
culture was centrifuged at 4,500 x g at 4°C. The cell pellet was then treated with 22ml of lysis
buffer contains22 mL of lysis buffer containing 100 mM Tris, pH 7.5, 0.5 M NaCl, lysozyme
(50 ug/mL), 2.5 mM EDTA, pH 8.0, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and left
to stir for 1 h at 4°C. Next, the bacteria cells were sonicated (10 cycles of 30 s each, with

intervals of 2 min). The sonicated suspension was spun at 10,000 g for 15 min at 4°C. Next,
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the inclusion bodies were dissolved in 20 mL of 6 M urea, 10 mM Tris—HCI, pH 7.0, and 0.01%
BME. The mixture was centrifuged at 13,000 xg for 30 min at 4°C, the supernatant was stirred
and dropped-wise diluted 5x with loading buffer that contains 25 mM Tris—HCI pH 7.8, 1 mM
NaCl, and 2.5 mM CaCl2. Followed by dialysed it against 2 L of loading buffer, changes every 3
h. After a 15 min centrifugation at 12,000 xg at 4°C, the supernatant was passed through a 5
mL mannan-agarose column (Sigma) previously pre-equilibrated with loading buffer. Then, the
protein was eluted using elution buffer containing 2.5 mM EDTA, 1 mM NacCl, 25 mM, and
Tris—HCI pH 7.8. The total yield was 1.5 mg. The protein was verified using western blotting
and SDS-PAGE analysis Appendix 1 P&QO).

2.2.1.7 Purification of ghA, ghB, and ghC- the modules of human Clq

ghA, ghB, and ghC chains fused to maltose-binding protein (MBPO) were produced and
purified following the previously described (103). A 500 mL LB medium supplemented with
100 pg/mL ampicillin was inoculated with 12.5 mL of E. Coli BL21 primary culture expressing
the proteins. Next, the bacteria culture was incubated on a shaker at 37 °C for 3 h until the
0D600 reached 0.6. Then, the culture was induced for protein expression using 0.4 mM IPTG
and incubated for 3 h at 37 °C. The culture was then centrifuged at 13,800x g for 10 min at
4°C. The cells pellet was lysed in 25 ml of lysis buffer (20 mM Tris-HCI, pH 8.0, 0.5 M NacCl, 1
mM EGTA, pH 7.5, 1 mM EDTA, pH 7.5, 5% v/v glycerol, 0.2% v/v Tween 20, 0.1 mM PMSF, and
50 pg/mL lysozyme) for 30 min at 4°C. The lysate was sonicated for 12 cycles at 60 Hz for 30
seconds with an interval of 2 min. The sonicated lysate was centrifuged for 30 min at 4 °C at
15,000x% g. 125 mL of buffer | (20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, pH 7.5, 0.2%
v/v Tween 20, and 5% v/v glycerol) was added to the supernatant. The diluted supernatant
was passed through a 5 mL amylose resin column (New England Biolabs). 150 mL of buffer |
and 250 mL of buffer Il (buffer | without Tween 20) were used to wash the column. 100 mL of
buffer Il containing 100 mM maltose was used to elute the fusion protein. The proteins were
verified by western blotting and SDS-PAGE analysis (Appendices 1 J&lI). The total yield found

to be 2 mg of each globular fused chain.

2.2.1.8 Expression and purification of properdin-TSR4+5
The production and purification of TSR4+5 fused with MBP are done following the previous
protocol(100). A 500 mL LB medium supplemented with 100 pg/mL ampicillin was inoculated

with a 12.5 mL E. Coli BL21 primary culture containing the protein. The culture was incubated
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for 3 h at 37°C until the OD600 reached 0.6. The bacterial culture was centrifuged at 13,800 x
g for 10 min 25 mL of lysis buffer (20 mM Tris-HCI (pH 8.0), 0.5 M NaCl, 1 mM EGTA (pH 7.5),
1 mM EDTA (pH 7.5), 5% v/v glycerol, 0.2% v/v Tween 20, 0.1 mM PMSF, and 50 pg/mL
lysozyme) was added to the cells pellet. The lysate was sonicated for 12 cycles at 60 Hz for 30
seconds with an interval of 2 min. The sonicated lysate was centrifuged for 30 min at 4 °C at
15,000x g. The lysate was then suspended with 125 mL of buffer | (20 mM Tris-HCI, pH 8.0,
100 mM NaCl, 1 mM EDTA, pH 7.5, 0.2% v/v Tween 20, and 5% v/v glycerol). The diluted
supernatant was loaded onto a 5 mL amylose resin column (New England Biolabs). Next, 150
mL of buffer | and 250 mL of buffer Il (buffer | without Tween 20) were used to wash the
column. 100 mL of buffer Il containing 100 mM maltose was used to elute the fusion protein.
The total yield was 2 mg. The protein was verified using western blotting and SDS-PAGE

analysis (Appendix 1 D&C).

2.2.2 Endotoxin Removal of DC-SIGN, rfhSP-D, ghA, ghB, ghC modules of human Clq and
MBP, and properdin-TSR4+5 and Limulus Amoebocyte Lysate Assay
For the removal of endotoxin contamination of the eluted recombinant proteins, including
DC-SIGN, rfhSP-D, C1q globular head ghA, ghB, ghC, and properdin-TSR4+5, a PierceTM High-
Capacity Endotoxin Removal Resin (ThermoScientificTM) was utilised. The endotoxin removal
resin (10 ml volume column) was washed with 50 ml of sterile H20 and then with 50 ml of 1%
sodium deoxycholate (Sigma-Aldrich) more than once. The column was loaded with the pure
recombinant DC-SIGN, rfhSP-D, Clq globular head ghA, ghB, ghC, and properdin-TSR4+5.
Then, the protein concentration was measured using a Nanodrop spectrophotometer. The
endotoxin levels in the purified recombinant protein samples were less than 0.5 pg/ug,

measured using the QCL-1000 Limulus amoebocyte lysate technology (Lonza).

2.3 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

2.3.1 SDS PAGE preparation
The sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) separated
proteins according to their charge-to-mass ratio. Making the resolving 12% gel (10 ml) and

stacking gel (5 ml gel) requires mixing the reagents below in the provided Table 2.1.
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Table 2.1: Volumes of Resolving and Stacking Components for 12% SDS-PAGE Gel

Resolving gel (12%) Stacking Gel (5%)

Volume Volume
Reagents Reagents

(mL) (mL)
Distilled water 33 dist 34
30% Bis-Acrylamide mix 4.0 30% Bis-Acrylamide mix 0.83
1.5M Tris-HCl, pH8.8 2.5 1.0M Tris-HCl, pH6.8 0.63
10% SDS 0.1 10% SDS 0.05
10% Ammonium Persulfate 0.1 10% Ammonium Persulfate) | 0.05
Tetramethylethylenediamine | 0.015 Tetramethylethylenediamine | 0.015

2.3.2 Sample Preparation and Electrophoresis

Treatment buffer (50 mM Tris pH 6.8, 2% B-mercaptoethanol, 2% SDS, 0.1% bromophenol
blue, and 10% glycerol) was applied to protein samples that were going to be separated. The
samples underwent a 10-min heat treatment at 100°C. The ready-made samples were then
put into the SDS-PAGE gel wells with a 10-250 kDa pre-stained protein ladder (Thermo Fisher
Scientific). The electrophoresis gel was put together. The samples were separated by running
them at 90V in 1x running buffer (0.1% SDS, 192 mM glycine, and 25 mM Tris). The separation
process for the protein was run for 120 min. The separated proteins are subjected to western

blot analysis.

2.3.3 Staining of SDS-PAGE gel

A staining solution [ 0.1% Coomassie blue (Fisher Scientific), 10% acetic acid (Fisher Scientific),
40% methanol (Fisher Scientific), and 50% H20] was used to stain the gels for 2 h. Next, the
stained gel is subjected to a destaining solution (10% acetic acid, 40% methanol, and 50%

H20), making the gel's protein bands visible.

2.4 Western Blotting

Western Blotting technique was employed to analyse immunoreactivity and verify the
identity of the purified proteins. First, the proteins were separated through SDS-PAGE and
then electrophoretically transferred onto an activated PVDF membrane (Millipore). This

transfer process was conducted in 1x transfer buffer containing 25mM Tris—HCI pH 7.5,
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190mM glycine, and 20% v/v methanol, with an applied current of 320mA for 2 h. Following
the transfer, the PVDF membrane was subjected to a blocking step at 4°C for 2 h, using a
solution of 1x PBS containing 5% v/v skimmed milk powder. This blocking process aimed to
prevent the nonspecific binding of antibodies. Subsequently, the membrane was washed
three times with PBS, each wash lasting 5 min, to remove any residual unbound substances

and achieve optimal conditions for subsequent antibody probing.

The membrane was incubated with specific primary antibodies targeting the respective
proteins for protein detection and confirmation. The primary antibodies used were polyclonal
rabbit anti-human SP-D, rabbit anti-human Clq, rabbit anti-human C4BP, rabbit anti-human
properdin polyclonal antibodies, or monoclonal mouse anti-human factor H (MRCOX23), all
produced in the MRC immunochemistry unit, Oxford. All primary antibodies were diluted at
1:1000 and applied to the membrane for 1 h at room temperature (RT). The membrane was
washed three times with PBST Buffer (PBS + 0.05% Tween 20) for 10 min per wash to remove
any unbound primary antibodies. Following the washes, the membrane was probed with
either goat anti-mouse IgG-Horseradish peroxidase (HRP)-conjugate or goat anti-rabbit IgG

HRP-conjugate, diluted at 1:1000, and incubated at RT for 1h.

Subsequently, the membrane was rewashed with PBST to eliminate excess secondary
antibodies. A SIGMAFAST™ 3,3'-Diaminobenzidine (DAB) substrate kit (MERCK) was employed
to visualise the proteins on the membrane, and the membrane was developed according to

the kit's instructions. That allowed for the visualisation of the proteins of interest.

2.5 Direct-Binding ELISA

In the first set of experiments, polystyrene microtiter plates (PMP) were coated overnight at
4°C with decreasing concentrations (2, 1, 0.5, or O pg per 100 pl/well) of recombinant DC-SIGN
or rfhSP-D using carbonate/bicarbonate (CBC) buffer, pH 9.6. After washing the wells thrice
with PBST Buffer, they were blocked with 2% w/v BSA in PBS for 2 h at 37°C. Following three
additional washes with PBST, a constant recombinant SARS-CoV-2 spike protein (RP-87680,
Invitrogen, Waltham, MA, USA) (2 pug per 100 pl/well) was added to the wells and incubated

for 2 h at 37°C. Subsequently, the wells were washed with PBST to remove unbound protein.

Microtiter wells were coated overnight at 4°C with DC-SIGN protein (2 pg; 100 ul/well) for the
competitive ELISA and then blocked. Fixed concentrations of SARS-CoV-2 Spike protein (2 ug;
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100 pl/well) and decreasing concentrations (4.0, 2.0, 1.0, 0.5, 0 pg; 100 pl/well) of rfhSP-D in
calcium buffer were added to the wells as competing proteins. The plate was incubated at

37°C for 1.5 h, followed by an additional 1.5 h at 4°C. Then, the wells were washed with PBST.

In another set of experiments, PMP were coated with various concentrations of C1q , C4BP,
FH or FP (1, 0.5, 0.125, and 0 pg/well) using CBC buffer, pH 9.6, overnight at 4°C. Negative
control wells were coated with BSA (1 pg; 100 pl/well). After three washes with PBST buffer,
the wells were blocked with 2% w/v BSA in PBS for 2 h at 37°C, followed by three washes with
PBST to remove excess BSA. A constant dose of recombinant SARS-CoV-2 S protein (1 pg; 100
ul/well) or recombinant SARS-CoV-2 RBD protein (40592-VO8H, SinoBiological, Beijing, China)
(1 pg; 100 pl/well) was added to the respective wells coated with C1q, C4BP, FH or FP. In
parallel experiments, fixed concentrations of C1q, C4BP, FH or FP (1, 0.5, 1.25, and 0 pg/well)
were added to immobilised SARS-CoV-2 S (1 pg; 100 ul/well) or RBD (1 pg; 100 pl/well) coated
wells. The wells were then washed with PBST. The binding of viral proteins to immobilised

Clq, C4BP, FH or FP, were detected using polyclonal rabbit anti SARS-CoV-2 spike.

The binding of the immobilised virus to the proteins was detected using specific primary
antibodies, including rabbit anti-human Clq, rabbit anti-human C4BP, rabbit anti-human
properdin polyclonal antibodies, or monoclonal mouse anti-human factor H (MRCOX23)
produced in the MRC immunochemistry unit, Oxford. Primary antibodies were diluted at a
ratio of 1:5000 and incubated for 1 h at 37 °C. The wells were washed three times with PBST

to remove any unbound antibodies.

Appropriate secondary antibodies, such as goat anti-mouse IgG-Horseradish peroxidase
(HRP)-conjugate or goat anti-rabbit IgG HRP-conjugate, were used for secondary detection.
The secondary antibodies were used at a dilution of 1:5000 and incubated for 1 h at 37°C to
tag the primary antibodies. Binding was detected using the 3,3’,5,5'-Tetramethylbenzidine
(TMB) substrate set following the manufacturer's instructions, and the reaction was stopped
with 1M sulphuric acid. The absorbance was measured at 450 nm using an iMark™ microplate

absorbance reader.
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2.6 Cell Culture

HEK 293T and A549 cells, both epithelial cell lines, were cultured in growth media comprising
Dulbecco's Modified Eagle's Medium (DMEM) with Glutamax (Gibco), supplemented with
10% v/v foetal bovine serum (FBS), 100 U/mL penicillin (Gibco), and 100 pug/mL streptomycin
(Gibco). The cells were maintained at 37°C with 5% v/v CO; until they reached 70% confluency.
In the case of HEK 293T cells, transient transfection was performed using a plasmid encoding
human DC-SIGN (HG10200-UT; Sino Biological) and Promega FUGENE™ HD Transfection
Reagent (Fisher Scientific). After transfection, the cells were washed and cultured in
hygromycin to select HEK-293T cells expressing DC-SIGN (DC HEK) (Thermo Fisher Scientific).
Similarly, THP-1 cells were cultured in growth media and stimulated with PMA (10 ng/mL)
combined with IL-4 (1000 units/mL) for 72 h to induce the expression of DC-SIGN surface

molecules (105).

As for A549, lung epithelial cells were incubated at 37°C with 5% v/v CO; until they reached
70% confluency. Transient co-transfection was carried out by introducing a plasmid expressing
human ACE2 (pCDNA3.1+-ACE2) and another plasmid encoding TMPRSS2 (pCAGGS-TMPRSS2)
into the cells using Promega FUGENETM HD Transfection Reagent. The following day, the
transfected cells were cultured with hygromycin and puromycin (Thermo Fisher Scientific,
Waltham, MA, USA) to select A549 cells co-expressing human ACE2 and TMPRSS2, referred to
as A549-hACE2+TMPRSS2 cells. Evaluation of hACE2 and TMPRSS2 expression was performed
through western blotting, employing anti-hACE2 (Sino Biological Inc., Beijing, China, Cat:
80031-RP01) and anti-human TMPRSS2 (Sino Biological Inc., Cat: 204314-T08) antibodies,

respectively (Appendices 4 A&B).

2.7 Viral cell entry assay

2.7.1 Preparation of SARS-CoV-2 Spike Protein Pseudotyped lentiviral particles
Pseudotyped lentiviral particles were provided by Dr Nigel Temperton, Viral Pseudotype Unit,
Medway School of Pharmacy, University of Kent and Greenwich, Kent, which were generated

following established protocols (106).

2.7.2 Treatment of SARS-CoV-2 Pseudotyped lentiviral particles
A luciferase reporter-based cell entry assay was conducted using SARS-CoV-2 lentiviral

pseudotyped particles. The latter were pre-incubated with 20 pug/mL of rfhSP-D, C1q, C4BP,
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FH, FP, TRS4+5, or ghs modules (ghA, ghB, or ghC) for a duration of 2 h at RT to investigate the
effect of these proteins on cell entry. After the pre-incubation, the mixture was used to
challenge THP-1 or A549-hACE2 + TMPRSS2 cells. The combination of SARS-CoV-2 lentiviral
pseudoparticles and HTP-1 or A549-hACE2 + TMPRSS2 cells served as the untreated control
cells for rfhSP-D, C1q, C4BP, FH or FP. Additionally, SARS-CoV-2 lentiviral pseudoparticles +
MBP + A549-hACE2 + TMPRSS2 cells were considered the untreated control cells for the ghs
modules or TSR4+5.

2.7.3 Luciferase reporter assay

The potential impact of rfhSP-D, Cl1q, C4BP, FH, FP, TSR+5 or ghs (A, B, and C) on SARS-CoV-2
pseudotype particle cell entry was assessed using a luciferase reporter assay. THP-1 or A549-
hACE2 + TMPRSS2 cells were seeded at a density of 20,000 cells per well in a 96-well plate and

incubated overnight in complete growth media at 37 °C.

The cells were then challenged with SARS-CoV-2 lentiviral pseudoparticles that had been
pretreated with 20 pg/mL of rfhSP-D, C1q, C4BP, FH, FP, TSR+5 or ghs (A, B, and C). That was
carried out inincomplete growth medium - DMEM with Glutamax (Gibco), supplemented with
100 U/mL penicillin (Gibco) and 100 pg/mL streptomycin (Gibco). The cells were incubated at
37 °C for 24 hours. Followed by 2x washing steps with PBS, a fresh complete growth medium
(incomplete growth medium + 10% v/v FBS) was added. The cells were then incubated for an
additional 48 h at 37 °C. The ONE-GIoTM Luciferase Assay System (Promega) was used to
guantify luciferase activity as a measure of cell entry. The luciferase activity was measured
using the Clariostar Plus Microplate Reader (BMG Labtech, Cary, NC, USA), recording relative

luminescence units (RLU).

2.7.4 NF-kB activity assay

A luciferase-based reporter assay was performed to evaluate the impact of C1q, C4BP, FH, and
FP on NF-kB activity during SARS-CoV-2 infection. The assay utilised a plasmid containing
multiple copies of NF-kB consensus sequences fused to the TATA-like promoter region of the
herpes simplex virus thymidine kinase (HSV-TK) promoter. This engineered vector enables
direct measurement of NF-kB pathway activity by assessing the binding of the transcription
factor to the k-enhancer region. A549-hACE2+TMPRSS2 cells were transfected with the pNF-
kB-LUC plasmid (T 631904; Clontech, Fitchburg, WI, USA) using the Promega FUGENETM HD
Transfection Reagent. Following transfection, the cells were incubated at 37 °C in a complete
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growth medium for 48 h. Subsequently, the cells (20,000 cells per well) were seeded in a 96-
well plate and incubated overnight in a complete growth medium at 37 °C. The cells were then
challenged with SARS-CoV-2 S protein (500ng/ml) pre-treated with 20 ug/ml of C1q, C4BP, FH,
or FP for 2 h at RT. The cells were incubated for 24 h at 37 °Cin an incomplete growth medium.
A control group consisting of A549-hACE2+TMPRSS2 cells exposed to SARS-CoV-2 S protein
without Clqg, C4BP, FH or FP treatment was included. Luciferase activity was quantified as
previously described to measure NF-kB activation. The luciferase activity corresponded to the
level of NF-kB activation induced by the binding of endogenous NF-kB to the k-enhancer

region. The measurements were obtained using the methods mentioned above.

2.8 Cell binding assay

To investigate the impact of rfhSP-D, C1q, C4BP, FH, FP, TSR+5 or ghs (A, B, and C) C1q or C4BP
treatment on the binding of SARS-CoV-2 pseudotypes to A549, D-HEK or DC THP-1 cells, a cell-
binding assay was performed. A549-hACE2+TMPRSS2 , DC-HEK or DC THP-1 cells were seeded
at a density of 20,000 cells per well in a 96-well plate and incubated overnight at 37 °Cin a
growth medium. The following day, the cells were challenged with SARS-CoV-2 lentiviral
pseudoparticles that had been pretreated with 20 pug/mL of rfhSP-D, C1q, C4BP, FH, FP, TSR+5
or ghs (A, B, and C). The cells were incubated with the treated pseudoparticles in an
incomplete growth medium for 2 h at 37 °C. Subsequently, the plate was washed three times
with PBS to remove unbound particles. To fix the cells, they were treated with 1% v/v
paraformaldehyde (PFA) at RT for 1 min. After the fixation, the cells were washed three times
with PBS. Next, the cells were incubated with rabbit anti-SARS-CoV-2 spike polyclonal
antibodies (1:200) for 1 h at 37 °C. Following the incubation, the wells were rewashed. The
wells were probed with Alexa Fluor 488 conjugated goat anti-rabbit antibodies (1:200)
(Abcam, Cambridge, UK) to detect the binding of the primary antibodies. The probing step
lasted for 1 h at RT. Finally, the plate was read using a Clariostar Plus Microplate Reader (BMG
Labtech, Cary, NC, USA).

2.9 Fluorescence microscopy

DC-HEK cells were cultured on 13 mm glass coverslips to form a monolayer. The cells were
then incubated with SARS-CoV-2 spike pseudotypes (50 ul) at 37°C. After 30 min, the cells

were rinsed with PBS and fixed using 1% w/v PFA for 1 min. Subsequently, the cells were
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washed three times with PBS. The cells were treated with 5% w/v BSA in PBS for 30 min to
block nonspecific binding. Followed by the cells were incubated with mouse anti-human DC-
SIGN antibodies and rabbit anti-SARS-CoV-2 Spike antibodies for 30 min. Then, the cells were
washed to remove any unbound antibodies. The cells were incubated with a staining buffer
containing Alexa Fluor 647 conjugated goat anti-mouse antibody, Alexa Fluor 488 conjugated
goat anti-rabbit antibody, and Hoechst dye for nuclear staining. This incubation step was
carried out in the dark for 45 min. Following the incubation, the mounted coverslips were
rinsed with PBS to remove any excess staining solution. The coverslips were then visualised

using a Leica DM4000 microscope.

2.10 Modulation of SARS-CoV-2 Pseudoparticle-Induced Infection by
Clq, C4BP, FH, FP or TSR4+5

2.10.1 SARS-CoV-2 S protein treatment

DC-HEK and DC-THP-1 cells were seeded overnight in a growth medium at a density of 0.5 x
1076 cells. The following day, SARS-CoV-2 Spike protein (500 ng/mL) was pre-incubated with
rfhSP-D (20 pug/mL) for 2 h at RT. The pre-incubated mixture was then added to DC-THP-1 cells
in a serum-free medium. After incubation for 6h, 12h, 24h, and 48h, the cells were gently
washed with PBS to remove any unbound proteins. Subsequently, the cells were pelleted for

further analysis.

2.10.2 SARS-CoV-2 alphaviral pseudoparticles treatment

SARS-CoV-2 alphaviral pseudoparticles, which contain the structural proteins S, E, M, and N
(Ha-CoV-2 Luc; Virongy, Manassas, VA, USA), were used for the experiment. Before challenging
A549-hACE2+TMPRSS?2 cells, the pseudoparticles were pre-incubated with 20 pg/mL of Clq,
C4BP, FH, FP or TSR+5 for 2h at room RT. Cytokine/ chemokine gene expression was analysed
through RT-qPCR (see below). SARS-CoV-2 alphaviral pseudoparticles were used in

conjunction with A549-hACE2+TMPRSS2 cells alone as untreated.

2.10.3 Quantitative Real-time (qRT) Polymerase Chain Reaction (PCR) analysis

2.10.3.1 Total RNA Extraction
The RNA extraction process was performed on the SARS-CoV-2- treated and the untreated cell
pellets using the GenElute Mammalian Total RNA Purification Kit (MERCK), per the

manufacturer's instructions.
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First, the cell pellets were lysed using a lysis solution (250 pl per 0.5 x 107 cells) containing 2-
mercaptoethanol (2.5 ul). The lysate was vigorously vortexed until clumps disappeared. Then,
70% ethanol (250 ul) was added to the lysate, gently vortexed, and transferred to the RNA
binding columns. The columns containing the lysate mixed with ethanol were centrifuged at
13,000 xg for 15 seconds to bind the RNA to the columns. The columns were washed with
washing buffer | and two washes with buffer Il (provided in the RNA extraction kit). After the
washes, the columns were transferred to fresh 2 ml Eppendorf tubes. 50 ul of elution buffer
was added to the columns were centrifuged for 1 min at 13,000 x g to elute the RNA. That

resulted in the collection of the extracted RNA.

2.10.3.2 DNase Treatment and cDNA Synthesis

To remove contaminating DNA from the purified RNA of SARS-CoV-2 challenged DC HEK, DC
THP-1 or A549-hACE2 cells and their respective controls, DNase treatment with DNase |
(Sigma-Aldrich) was performed. For the treatment, 5 pl of DNase | enzyme and 5 pl of 10x
buffer provided in the kit were added to the previously purified total RNA extracts. The
mixture was gently inverted to ensure thorough mixing. The DNase I-treated samples were
then incubated at RT for 15 min. 5 pl of stop solution was added to stop the reaction. The
samples were heat-inactivated at 70°C to inactivate DNase | and RNases. The concentration of
total RNA was measured at A260 nm using NanoDrop 2000/2000c (Sigma-Aldrich), and the
purity of RNA was assessed by calculating the A260/A280 ratio, which was between 1.8 and

2.1, respectively.

The High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems™) was used per the manufacturer's
instructions for cDNA synthesis. A master mix was prepared, which included 10 pl of 2x RT
buffer, 1 pl of 20x enzyme mix, 2 ug of DNase I-treated total RNA extract, and nuclease-free
H,O to make a final volume of 20 pl. The samples were loaded into a thermal cycler and
incubated at 37°C for 60 min, followed by a 5-min incubation at 95°C. After incubation, the

samples were held at 4°C until further use and stored at -20 °C for qPCR analysis.

2.10.3.3 Primers generation
The specificity of both forward and reverse primer sequences was ensured by designing them
using the Primer-BLAST software (Basic Local Alignment Search Tool). The primer sequences
used in this study can be found in Table 2.2. The primers were obtained from the "Custom
DNA Oligos" (MERCK).
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Table 2.2: Target genes, forward primers, and reverse primers used for qPCR analysis

Gene Forward Primer Reverse Primer
18S 5'-ATGGCCGTTCTTAGTTGGTG-3' 5'-CGCTGAGCCAGTCAGTGTAG-3’
TNF-a 5'-AGCCCATGTTGTAGCAAACC-3' 5-TGAGGTACAGGCCCTCTGAT-3’
IL-6 5'-GAAAGCAGCAAGAGGCACT-3 5'-TTTCACCAGGCAAGTCTCCT-3'
IL-8 5'-GTGCAGTTTTTGCCAAGGAG-3' | 5'-CACCCAGTTTTCCTTGGGGT-3’
NF-kB 5'-
5'-AACCTTTGCTGGTCCCACAT-3'
GTATTTCAACCACAGATGGCACT-3’
RANTES 5'-GCGGGTACCATGAAGATCTCTG-
5'-GGGTCAGAATCAAGAAACCCTC-3’
3’
IFN-a 5'-TTTCTCCTGCCTGAAGGACAG-3' | 5'-GCTCATGATTTCTGCTCTGACA-3’
IL-1B 5'-GTGCAGTTTTGCCAAGGAG-3’ 5'-ACGTTTCGAAGATGACAGGCT-3'

2.10.3.4 Gene Expression Analysis by gPCR

The mRNA expression levels of various pro-inflammatory targeted genes, as listed in Table 2.2,
were measured using a gqPCR assay. Each gPCR reaction was performed in triplicates,
comprising 5 ul of Power SYBR Green MasterMix (Applied Biosciences), 75 nM of forward and
reverse primers obtained as described in section 2.10.3.3, 500 ng of the previously synthesised
cDNA from section 2.10.3.2, and Nuclease-free H,O to adjust the total volume to 10 pl per
well. The gPCR was carried out using a StepOnePlus System (Applied Biosystems™) with the
following cycling conditions: an initial denaturation at 95°C for 5 min, followed by 45 cycles of
95°C for 10 s, 60°C for 10 s, and 72°C for 10 s. The specificity of the qRT-PCR assay was
determined by analysing the melting curves. The expression levels of the targeted genes were
normalised using 18s RNA as an endogenous control. The relative expression (RQ) was

calculated by comparing it to the calibrator and the untreated cells (DC-SIGN HEK, THP-1 or

A549). The RQ value was calculated using RQ = 2{-24¢t),
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2.11 In-silico Docking Analysis

2.11.1 rfhSP-D interaction with Spike and DC-SIGN

A blind molecular docking approach using the ZDOCK module of Discovery Studio 2021 was
employed to predict tripartite complex models of DC-SIGN tetramer, Spike trimer, and rfhSP-
D trimer. The structural coordinates of DC-SIGN (CRD), Spike, and rfhSP-D were obtained from
the Protein Data Bank (PDB) with the following IDs: 1K9l, 6XM3, and 1PW9. The docking
process consisted of two stages. In the first stage, the DC-SIGN (CRD) tetramer was individually
blind-docked with the rfhSP-D trimer (complex A) and the spike trimer (complex B). The top-
ranked docking poses were analysed to assess intermolecular interactions and were compared
with previous studies to validate the results (41). In the second stage, the selected docked
pose from complex A was further blind docked with the spike trimer to generate a tripartite
complex of DC-SIGN (CRD), Spike, and rfhSP-D (complex C). The tripartite complex was
selected based on the docking score and the presence of intermolecular interactions that

were consistent with previous reports (107).

2.11.2 FP interaction with Spike and ACE2

A blind docking approach was utilised to generate a fusion peptide (FP) and spike protein
complex. The second-ranked docking pose was consistent with in vitro observations,
demonstrating that the TSR4 and TSR5 domains of FP interacted with the receptor-binding
domain (RBD) and N-terminal domain (NTD) of the spike protein, respectively, through
hydrogen bonding, electrostatic, and hydrophobic interactions. To further investigate the
interaction between FP, spike protein, and the angiotensin-converting enzyme 2 (ACE2)
receptor, a tripartite complex structure was created by docking the electron microscopy
structure of ACE2 onto the FP-bound spike protein. In the top-ranked pose, ACE2 was
observed to interact with the spike protein, which is consistent with the electron microscopy
structure (PDB ID: 7KNB). FP interacted with the spike protein and ACE2 in the tripartite

complex through various non-bonded contacts in each subunit.

Additionally, the TSR4 domain of FP was found to be in proximity to the ACE2 receptor and
exhibited interactions with both the spike protein and ACE2. The binding affinity of the ACE2
receptor for the unbound spike protein and the FP-bound spike protein was compared using

the ZDOCK score and binding free energy. These scores indicated that the ACE2 receptor
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exhibited a stronger affinity for the FP-bound spike protein than the unbound spike protein.
That suggests that FP may enhance the affinity of the spike protein for ACE2 by engaging in

interactions with both proteins within the tripartite complex.

2.12 Statistical analysis

The graphs were created, and statistical analysis was performed using GraphPad Prism 9.0
software. Statistical significance was determined as described in the figure legends. The mean
difference between treated and untreated cells was evaluated using the unpaired t-test. The
effects of distinct cytokine types and cell treatments (Clq, C4BP, and ghs or FH, FP, and
TSR4+5) were simultaneously analysed using a two-way ANOVA, considering any potential
interactions between these variables. The error bars represent either the standard deviation

(SD) or standard error of the mean (SEM), as specified in the figure legends.
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Chapter 3

Interaction between rfhSP-D and SARS-CoV-2 virus in DC-SIGN

expressing cells

75



3.1 Abstract

C-type lectin molecules implicated in pathogen recognition include lung surfactant protein D
(SP-D) and dendritic cell-specific intercellular adhesion molecules-3 grabbing non-integrin
(DC-SIGN). While DC-SIGN promotes the interaction between dendritic cells and naive T cells
to develop an antiviral immune response, SP-D plays a role in detecting and clearing lung
infections. It has been demonstrated that both proteins interact with SARS-CoV-2. Also, it has
been shown that rfhSP-D, a recombinant fraction of human SP-D, binds to the SARS-CoV-2
Spike protein and blocks viral entrance in ACE2 expressing cells. That inhibits viral replication.
Separate from ACE2, DC-SIGN has also been found to be a SARS-CoV-2 cell surface receptor.
This study aimed to investigate the immune-modulation role of rfhSP-D in SARS-CoV-2 and DC-
SIGN interaction. The study found that the interaction between Spike protein and DC-SIGN
was enhanced when rfhSP-D and Spike protein were co-incubated. Further research using
molecular dynamics showed that this interaction was stabilised by rfhSP-D. Increased binding
was observed in cell binding studies utilising DC-SIGN-expressing cells challenged with SARS-
CoV-2 Spike pseudotypes pre-treated rfhSP-D. Infection assay also revealed that the uptake
of SARS-CoV-2 Spike pseudotypes in cells expressing DC-SIGN was enhanced by rfhSP-D. The
study also measured the mRNA expression levels of pro-inflammatory cytokines and
chemokines to evaluate the immunomodulatory effect of rfhSP-D on the interaction between
DC-SIGN and Spike protein. In DC-SIGN-expressing cells challenged with Spike protein, it
showed that rfhSP-D treatment has downregulated the mRNA expression levels of TNF-a, IFN-
a, IL-1B, IL-6, IL-8, and RANTES, in addition to NF-kB. Also, MHC class || mRNA levels were
downregulated when cells expressing DC-SIGN were challenged with spike protein pre-treated
with rfhSP-D. In summary, rfhSP-D improved viral uptake by macrophages like cells via DC-
SIGN by stabilising the interaction between SARS-CoV-2 Spike protein and DC-SIGN. That
suggests rfhSP-D has an additional function in SARS-CoV-2 infection besides suppressing viral

entry.
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3.2 Introduction

The innate immune system recognises pathogen-associated molecular patterns (PAMPs)
through pathogen recognition receptors (PRRs) (108). Numerous innate immune cells, such as
monocytes, neutrophils, macrophages, and dendritic cells (DCs), express PRRS molecules
(109). Key PRRs implicated in host protection against infections are C-type lectin receptors
(CLRs) and toll-like receptors (TLRs) (110). CLRs are crucial for recognising pathogenic
bacteria, viruses, parasites, and fungi (111). Dectin-2, Mincle, MGL, Langerin, and DC-SIGN
are examples of CLRs. By interacting with their ligands, these receptors modulate the immune
response by presenting antigens and releasing cytokines (112). DCs are mainly found in
tissues that encounter pathogens, such as mucosal surfaces like the lungs and nasopharynx.

They are primarily in charge of triggering antigen-specific immune responses (113).

The binding of cell adhesion molecule ICAM-3 on T cells to DC-SIGN, a surface molecule on
DCs, improves DC-T cell interaction (114). DC-SIGN is a 44 KDa, type Il integral membrane
protein with a single C-terminal carbohydrate recognition domain (CRD) supported by an a-
helical neck region containing tandem repeats of a 23 amino-acid residue sequence(102). On
the cell surface, DC-SIGN organises into oligomers, which improves ligand binding avidity and
specificity to pathogens surfaces (115). DC-SIGN was found to facilitate Zika, Dengue, Ebola,
HIV, and Cytomegalovirus infections (116-120). Dendritic cells expressing DC-SIGN are found
mainly on mucosal surfaces, and it has been suggested that the interaction between DCs and
T cells could be critical for HIV-1 mucosal transmission (121). Additionally, recent research has
shown that DC-SIGN, apart from ACE2 expression, binds to and improves SARS-CoV and SARS-
CoV-2 infection (122).

Surfactant protein D (SP-D) is a lung surfactant protein vital for mucosal immunity and
homeostasis (123). It recognises glycosylated ligands on pathogens and involves its
opsonization, aggregation, and enhancing phagocytosis by phagocytic cells such as
macrophages (123). It has been demonstrated that SP-D binds to the SARS-CoV-2 Spike
protein, preventing viral replication in vitro (123). Recombinant human SP-D, or rfhSP-D, has
immunological properties like native SP-D (124). It has been demonstrated that rfhSP-D binds
to the influenza A virus's (IAV) HA protein, inhibiting its ability to infect lung epithelial cells
(124). The binding and transmission of HIV-1 to CD4+ T cells can be modulated by rfhSP-D
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through direct binding to DC-SIGN (41). It has also been demonstrated that rfhSP-D functions
as viral entry of SARS-CoV-2 in A549 cells expressing human ACE2 and TMPRSS2 (34, 107).

Even while the relationship between the ACE2 and Spike proteins is well-established, there is
still much to learn about other elements implicated in the infection process, such as how SARS-
CoV-2 is delivered to the ACE2 receptor (125). The high transmission rate of SARS-CoV-2
compared to SARS-CoV could be because of effective viral adhesion factors that improve
infection to ACE2+ cells (126, 127). Thus, effective SARS-CoV-2 viral attachment and immune-
hyperactivation in the lungs may be facilitated by DCs that express DC-SIGN and alveolar
macrophages (128-130).

Previous studies have emphasised the function of SP-D in immune surveillance in viral
recognition and the modulation of inflammatory responses (34, 41, 131). Understanding how
SP-D and DC-SIGN interact during HIV-1 infection can help understand how SP-D can prevent
DC-SIGN-mediated viral pathogenesis (41). It has been demonstrated that SP-D and rfhSP-D
bind to the Spike protein of SARS-CoV-2, preventing viral infection and replication (34).
Furthermore, it has been documented that DC-SIGN functions as an entrance receptor and
facilitator for SARS-CoV-2 infection without ACE2 involvement (80). Thus, this study aimed to
examine the role of rfhSP-D on SARS-CoV-2 infection mediated via DC-SIGN. The study also
investigated the function of rfhSP-D in SARS-CoV-2 viral uptake by macrophage-like cells, given

high expression levels of DC-SIGN on DCs and macrophages.
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3.3 Results

3.3.1 Both DC-SIGN and rfhSP-D bind to SARS-CoV-2 spike protein.

An indirect ELISA assessed protein-protein interaction between rfhSP-D, DC-SIGN, and SARS-

CoV-2 spike protein.

DC-SIGN or rfhSP-D were coated in decreasing concentrations on

microtiter plates, and an anti-SARS-CoV-2 spike antibody was then used to probe the plates.

All tested concentrations of DC-SIGN (Figure 3.1A) and rfhSP-D (Figure 3.1B) showed a dose-

dependent increase in binding. A competitive ELISA was carried out to determine if rfhSP-D

interferes with DC-SIGN and Spike protein binding. Adding rfhSP-D improved the binding

between DC-SIGN and the Spike protein in a dose-dependent pattern. (Figure 3.1C).
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Figure 3.1: £LISA shows SARS-CoV-2 S protein binds DC-SIGN(A) and rfhSP-D (B), where rfhSP-D increases S protein and DC-
SIGN binding (C). SARS-CoV-2 Spike protein (2 ug /well) was incubated with microtiter wells coated with DC-SIGN or rfhSP-D
proteins at varying doses (2, 1, 0.5, or 0 ug/ well). The binding of DC-SIGN and rfhSP-D to Spike protein was shown to be dose-
dependent. A competitive ELISA (C) was performed to investigate the impact of rfhSP-D on DC-SIGN and Spike protein
interaction. The addition of rfhSP-D enhanced the binding of Spike protein to DC-SIGN. The increased detectable amount of
Spike protein with increasing concentrations of rfhSP-D suggests the presence of distinct binding sites for Spike protein on
both C-type lectins. MBP was used as a negative control. The data were expressed as the mean of triplicates + SD. Statistical
significance was determined using the unpaired t-test (compared mean of rfhSP-D or DC-SIGN binding with S-protein to MBP)
(**p <0.01, and ***p < 0.001) (n = 3).

3.3.2 rfhSP-D treatment enhances DC-SIGN mediated binding and uptake of SARS-CoV-2

pseudotyped viral particles

We used HEK 293T cells transfected with a full-length human DC-SIGN construct to generate
a surface expression of DC-SIGN to investigate the effect of rfhSP-D on the binding of SARS-
CoV-2 to DC-SIGN expressing cells. The binding of SARS-CoV-2 spike protein-expressing
pseudotypes to DC-HEK cells was confirmed by microscopic examination, which agrees with a
previous study (122) (Figure 3.2). The impact of rfhSP-D on pseudotype binding was then
assessed by challenging DC-HEK cells with SARS-CoV-2 spike protein-expressing pseudotype
pre-treated with rfhSP-D (20ug/ml). When comparing the treated samples (DC-HEK + SARS-
CoV-2 spike pseudotypes + rfhSP-D) to the untreated samples (DC-HEK + SARS-CoV-2 spike
pseudotypes), we found that the binding was increased by almost 50% (Figure 3.3A).
Additionally, utilising THP-1 cells stimulated with PMA and IL-4 to promote the expression of
native DC-SIGN, the binding of SARS-CoV-2 spike protein-expressing pseudotypes was carried
out. When SARS-CoV-2 spike pseudotypes were pre-treated with rfhSP-D, their binding to DC-
SIGN-expressing THP-1 cells was around 25% higher than the control (Figure 3.3B). The cells
were challenged with SARS-CoV-2 Spike protein-expressing pseudotypes- pre-treated with
rfhSP-D (20ug/ml) for 24 hours to assess the impact of rfhSP-D on the transduction of
pseudotypes to DC-SIGN expressing cells. A notable increase in luciferase activity (~190%) was
observed in the treated samples (DC-HEK + SARS-CoV-2 spike pseudotypes + rfhSP-D)
compared to their untreated counterparts (DC-HEK + SARS-CoV-2 spike pseudotypes) (Figure
3.4A). Compared to the untreated controls, treatment with rfhSP-D increased the
transduction efficiency of the pseudotypes in DC-THP-1 cells by around 90% (Figure 3.4B).
Appendices 2 and 3 contain the data with the mean fluorescence units. The results with the

mean fluorescence and luciferase units are found in appendices 2 (cell binding) and 3 (viral

cell entry).
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Figure 3.2: SARS-CoV-2 Spike Pseudotypes bind to DC-SIGN expressing using fluorescence microscopy. DC-HEK cells were
incubated with SARS-CoV-2 Spike Pseudotypes at 37°C for 30 minutes. After incubation, the cells were fixed using 4%
paraformaldehyde, washed, and blocked with 5% FCS. The cells were probed with rabbit anti-SARS-CoV-2 Spike antibody and
mouse anti-DC-SIGN antibody to detect Spike-Pseudotypes and DC-SIGN expression in the cells. Alexa Fluor 647 conjugated
goat anti-mouse antibody (Abcam) and Alexa Fluor 488 conjugated goat anti-rabbit antibody (Abcam) were used to detect
the primary antibodies. The nucleus was stained using Hoechst dye (Invitrogen, Life Technologies).
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Figure 3.3: rfhSP-D promotes the binding of SARS-CoV-2 Spike pseudotypes in DC-HEK (A) and DC-THP-1 cells (B). rfhSP-D
enhances the interaction between SARS-CoV-2 Spike Pseudotypes and DC-SIGN expressing cells. DC-HEK cells (Panel A) and
DC-THP-1 cells (Panel B) were treated with rfhSP-D and SARS-CoV-2 Spike Pseudotypes. The binding of cells to the pseudotypes
was assessed using fluorescent probes, Alexa Fluor 488 (FTIC) and Alexa Fluor 647 (APC), and the fluorescence intensity was
measured using a GloMax 96 Microplate Luminometer (Promega). Increased fluorescence intensity was observed in DC-HEK
and DC-THP-1 cells treated with 20 ug/ml of rfhSP-D compared to cells challenged with Spike pseudotypes alone. The
experiments were conducted in triplicates, and the error bars represent + SEM. Statistical significance was calculated using
an unpaired t-test (compared mean of treated to untreated cells) (***p < 0.001) (n = 3). The x-axis represents the treatment
conditions (0 for untreated and 20 for treated samples). MBP used as a negative control; appendix 2.
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Figure 3.4: rfhSP-D enhances the transduction of SARS-CoV-2 Spike pseudotypes in DC-HEK (A) and DC-THP-1 cells (B).
Purified Spike pseudotypes were used to transduce DC-HEK cells (Panel A) and DC-THP-1 cells (Panel B), and the luciferase
reporter activity was measured. Significantly higher levels of luciferase reporter activity were observed in DC-HEK and DC-
THP-1 cells treated with 20 ug/ml of rfhSP-D (treated) compared to cells challenged with Spike pseudotypes alone (untreated)
or cells challenged with Spike pseudotypes + MBP (negative control, appendix 3). The experiments were conducted in
triplicates, and the error bars represent + SEM. Statistical significance was calculated using an unpaired t-test (compared
mean of treated to untreated cells) (***p < 0.001) (n = 3).

3.3.3 rfhSP-D modulates pro-inflammatory cytokines and chemokines response in SARS-
CoV-2 spike protein-challenged DC-HEK cells
High levels of pro-inflammatory chemokines and cytokines such as TNF-a, IFN-a, RANTES, and
transcription factors NF-kB characterize the expression of DC-SIGN in SARS-CoV-2 infection in
the lower respiratory epithelium. DC-HEK cells were challenged with SARS-CoV-2 Spike protein
pre-treated with rfhSP-D to assess its impact on producing these pro-inflammatory mediators
during SARS-CoV-2 infection. For gRT-PCR analysis, total RNA was extracted from treated and
untreated cells. Treatment with rfhSP-D at 6 h reduced mRNA levels of TNF-a, IFN-a, RANTES,
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and NF-kB in DC-HEK cells challenged with Spike protein. Notably, TNF-a mRNA levels were
decreased by ~ -3.3 log10 (Figure 3.5C), while IFN-a mRNA levels were downregulated by ~ -
2.11og10 (Figure 3.5B). The mRNA levels of RANTES, induced upon viral component detection
in infected cells, were decreased by ~ -1.3 log10 in rfhSP-D-treated DC-HEK cells challenged
with Spike protein (Figure 3.5D). Additionally, the mMRNA levels of the antiviral
cytokines/chemokines regulated by the transcription factor NF-kB reduced by ~ -1.2 log10
(Figure 3.5A).
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Figure 3.5: rfhSP-D reduces the expression of pro-inflammatory cytokines and chemokines in DC-HEK cells. DC-HEK cells
were challenged with SARS-CoV-2 Spike protein incubated with 20 ug/ml of rfhSP-D (treated). After 6 hours, the cells were
harvested for analysis of cytokine expression. RNA was purified and converted into cDNA, and the gene expression levels of
NF-kB (Panel A), IFN-a (Panel B), TNF-a (Panel C), and RANTES (Panel D) were assessed using RT-gPCR. The expression levels
were normalised to the endogenous control 18S rRNA, and the relative expression (RQ) was calculated using cells challenged
with Spike protein (untreated) as the calibrator. DC-HEK cells challenged with Spike pseudotypes + MBP used as negative
control. The assays were performed in triplicates, and the error bars represent + SEM. Statistical significance was determined
using the two-way ANOVA test (***p < 0.0001) (n = 3).
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3.3.4 Modulation of immune response in SARS-CoV-2 spike protein-challenged DC-THP-1
cells by rfhSP-D

Lung macrophages produced higher levels of pro-inflammatory cytokines and chemokines
such as TNF-q, IL-1, IL-6, and IL-8 in response to SARS-CoV-2. To investigate the effect of rfhSP-
D on the inflammatory response of lung macrophages expressing DC-SIGN. DC-THP-1 cells
were challenged with rfhSP-D-pre-treated or untreated SARS-CoV-2 Spike protein. The mRNA
levels of pro-inflammatory cytokines and chemokines were examined utilising gRT-PCR at 6 h
and 12 h time points (Figure 3.6), and in DC-THP-1 cells challenged with Spike protein,
treatment with rfhSP-D resulted in a decreasing in mRNA levels of IL-1, IL-6, IL-8, TNF-a, and
NF-kB (Figure 3.6). At 6 h, the mRNA levels of NF-kB were slightly decreased by ~ -1 logio,
while at 12 h, a significant downregulation of NF-kB mRNA levels was observed, reaching ~ -
4 logio in rfhSP-D-treated DC-THP-1 cells challenged with Spike protein (Figure 3.6A). In cells
challenged with Spike protein and treated with rfhSP-D, a decrease in gene expression levels
of TNF-a was observed, with ~ -3.1 logio at 6h and -6.8 logio at 12 h (Figure 3.6B). Treatment
with rfhSP-D reduced mRNA levels of IL-1B by ~-2.5 logig at 6 h and -4 logig at 12 h in DC-THP-
1 cells challenged with Spike protein (Figure 3.6C). Similarly, IL-6 levels were significantly
downregulated at 12 h by ~ -5 logio in rfhSP-D-treated DC-THP-1 cells challenged with Spike
protein (Figure 3.6D). A reduction in IL-8 levels was observed at both 6 h (~-2.3 logio) and 12
h (~-4.8 logio) in DC-THP-1 cells challenged with Spike protein and treated with rfhSP-D (Figure
3.6E). Additionally, rfhSP-D treatment resulted in a reduction of the expression levels of MHC
class Il molecules at 6 h (~ -2 logio) and 12 h (~-2.7 logio) in DC-THP-1 cells challenged with
Spike protein (Figure 3.6F). Importantly, no effect observed on DC-THP-1 cells treated only
with rfhSP-D (Appendix 4).
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Figure 3.6: rfhSP-D modulates the immune response in DC-THP-1 cells. DC-THP-1 cells were challenged with SARS-CoV-2
Spike protein incubated with 20 ug/ml of rfhSP-D. The cells were harvested at 6 hours, 12 hours, 24 hours, and 48 hours to
analyse the expression of cytokines and MHC class Il. RNA was purified from the lysed cells and converted into cDNA. The
expression levels of NF-kB (Panel A), TNF-a (Panel B), IL-18 (Panel C), IL-6 (Panel D), IL-8 (Panel E), and MHC class Il (Panel F)
were measured using RT-qPCR, and the data were normalised against the expression of 185 rRNA as a control. The
experiments were conducted in triplicates, and the error bars represent + SEM. The relative expression (RQ) was calculated
using cells challenged with Spike protein without rfhSP-D as the calibrator. The RQ value was calculated using the formula RQ
= 2-AACt. Statistical significance was determined using the two-way ANOVA test (***p < 0.0001, and ns = no significance) (n
=3).
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3.3.5 SP-D interacts with RBD, and DC-SIGN interacts with NTD of the SARS-CoV-2 spike
protein
DC-SIGN and SP-D interaction through their CRDs has been previously shown (132) . This study
observed this interaction in complex A, which represents the second docked pose (Figure
3.7A). The specific binding site of DC-SIGN (CRD) and Spike protein remains unknown. Thus, a
blind docking approach was used to generate complex B. Analysis of the top-ranked docked
pose of complex B showed an interaction between Spike protein's NTD (N-terminal domain)
and the CRD domain of DC-SIGN (Figure 3.7B). Based on previous knowledge that Spike
protein interacts with SP-D (34) , it was hypothesised that Spike protein could interact with
both SP-D and DC-SIGN (CRD) through two distinct domains, RBD and NTD, respectively. This
hypothesis is further supported by the in vitro observation that the binding of DC-SIGN to
Spike protein was improved by rfhSP-D (Figure 3.1C). A tripartite complex was generated by
docking complex A (DC-SIGN and SP-D) with Spike protein to explore this further. The top two
docked poses, complexes C1 and C2, were examined for their intermolecular interactions
(Figure 3.8). In both C1 (Figure 3.8A) and C2 Figure 3.8B) complexes, DC-SIGN (CRD) interacted
with the NTD domain of Spike protein. In C1, no molecular interactions were observed
between Spike protein and rfhSP-D (Figure 3.8A). However, in C2, Spike protein interacted with
rfhSP-D through its RBD (Figure 3.8B). Chandan Kumar and Susan Idicula, Biomedical
Informatics Centre, National Institute for Research in Reproductive and Child Health, ICMR,

Mumbai, Maharashtra, India, kindly have conducted this work.

87



=== SP-D

=== DC-SIGN

=== NTD (Spike)

=== RBD (Spike)

Other spike domains

DC-SIGN

Figure 3.7: DC-SIGN interacts with both SP-D and SARS-CoV-2 Spike. The docked poses of complex A (A) and complex B (B)
were selected for docking and molecular dynamics (MD) simulations, respectively. The spike protein interacts with DC-SIGN
(CRD) in complex B through the N-terminal domain (NTD, shown in orange).
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Figure 3.8: DC-SIGN, SP-D and SARS-CoV-2 spike interaction. A tripartite complex of SP-D, DC-SIGN, and SARS-CoV-2 Spike
was formed, and the docked poses of the tripartite complexes were selected for analysis using molecular dynamics (MD)
simulations. In complex C1 (A), DC-SIGN (CRD) interacts with the N-terminal domain (NTD) of Spike. In complex C2 (B), DC-
SIGN (CRD) interacts with the NTD of Spike, while SP-D interacts with the receptor binding domain (RBD) of Spike.
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3.3.6 SP-D stabilises DC-SIGN and SARS-CoV-2 spike protein interaction

MD simulations were carried out to assess the effect of SP-D on the interaction between DC-
SIGN (CRD) and Spike protein. The root means square deviation (RMSD) analysis revealed that
complexes C1 and C2 had lower RMSD values than complex B throughout the simulation,
showing that SP-D improves the stability of the DC-SIGN and Spike protein interaction (Figure
9A). This result was further supported by analysing the potential energy (PE), intermolecular
distance, and hydrogen bond profiles. The trajectory analysis of PE, intermolecular distance,
and hydrogen bonds between DC-SIGN and Spike protein showed that complexes C1 and C2
exhibited higher stability than complex B (Figure 3.9B, Figure 3.10A—C, Figure 3.10D—F). C1
displayed slightly better stability than C2 (s 3.9 and) among the tripartite complexes. These
analyses reveal that SP-D stabilises the interaction between DC-SIGN and Spike protein.
Chandan Kumar and Susan Idicula, Biomedical Informatics Centre, National Institute for
Research in Reproductive and Child Health, ICMR, Mumbai, Maharashtra, India, kindly have

done this work.
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Figure 3.9: SP-D stabilises SARS-CoV-2 Spike interaction with DC-SIGN. SP-D plays a stabilising role in the interaction
between SARS-CoV-2 Spike and DC-SIGN. Comparative analysis of MD simulations was conducted for complexes B, C1, and
C2, considering (A) root mean square deviation (RMSD) and (B) potential energy (PE). The RMSD and PE profiles of complexes
C1 and C2 were lower than those of complex B, indicating greater tripartite complex C1 and C2 stability.

89



A 0.183 T
0.182 —
H
£
»
H §
a
0.181
n.18 L
0 5000 10000 15000 20000
Time (ps)
D = 1
20— —
=
215 .
E
E
=
E
"5 10 L ‘
= 10 LRy { I
(LR T4 1) ! ‘II]
5 I‘
L |
] 5000 10000 15000 20000
Time (ps)

Distance (nm)

0.182

0.181

10000
Time (ps)

15000 20000

H-honds number

WW

L

!
10000
Time (ps)

0 5000

15000 20000

C 0183

0.182
=
£
3
a8
0,181
018 ! | | '
0 5000 10000 15000 20000
Time (ps)
F 25 T
20— -1

Hbonds number
by

i

) f i \‘ |

0 5000

10000
Time (ps)

15000 20000

Figure 3.10: sP-D stabilises the interaction between SARS-CoV-2 Spike and DC-SIGN. Comparative analysis of MD
simulations was performed for complexes B, C1, and C2, considering the average distance (A—C) and H-bonds (D—F) between
DC-SIGN and Spike. In contrast to complex B, the intermolecular distance between DC-SIGN and Spike remained relatively
constant throughout the simulation period in tripartite complexes C1 and C2. Additionally, the number of intermolecular H-
bonds between DC-SIGN and Spike was higher in complexes C1 and C2 compared to complex B. These findings suggest that
SP-D stabilises Spike and DC-SIGN (CRD) interaction.
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3.4 Discussion

Pathogen-associated molecular patterns (PAMPs) are distinctive molecular structures on
pathogens that are recognized by pattern recognition receptors (PRRs), which slso can serve
as a bridge between nonspecific and specific immunity (110). By recognising and attaching to
non-self-ligands, PRRs contribute to nonspecific immune responses against infection and
tumours (110). Calcium is used by C-type lectin receptors (CLRs) to bind carbohydrate residues
on pathogenic bacteria and viruses (133). DC-SIGN and SP-D are CLRs that crucial in antiviral
immunity, including SARS-CoV-2 (2, 134). For many viruses, tissue tropism is determined by
virus-host receptors and entry cofactors on host cells (135). Our findings indicated that rfhSP-

D improves SARS-CoV-2's binding and entry into cells that express DC-SIGN.

Additionally, rfhSP-D treatment hinders inflammatory signalling caused by the binding of Spike
protein to DC-SIGN, which in turn causes the production of pro-inflammatory mediator genes
to be downregulated. To validate the observed cytokine modulation mediated by rfhSP-D,
more studies are necessary to utilise DC-SIGN-expressing cells clinical isolates. Our results
reveal a unique interaction between SARS-CoV-2, DC-SIGN, and rfhSP-D that may be

therapeutically useful in reducing viral spread and its associated cytokine storm.

In the lungs, alveolar macrophages and dendritic cells (DCs) express high levels of DC-SIGN,
which interacts with SARS-CoV-2 via the Spike protein (80). It has previously been
demonstrated that DC-SIGN interacts with viral proteins of many viruses, such as SARS-CoV,
HIV-1, and Ebola (129, 136, 137). DC-SIGN has been linked to the induction of DC maturation,
myeloid cell cytokine response, and T-cell priming (138). Another CLR, SP-D, has shown
antiviral functions against SARS-CoV-2, HIV-1, and influenza A virus (IAV) infections (40, 124).
Our previous results revealed that rfhSP-D can inhibit SARS-CoV-2 S1 protein binding to cells
expressing ACE2 and restricting viral entry (34). nevertheless, the role of SP-D in the

interaction between DC-SIGN and SARS-CoV-2 is still unknown.

The binding of the SARS-CoV-2 Spike protein to the host cell receptor ACE2 is considered a
critical step in the viral replication cycle (139). Lys31, Glu35, and Lys353 are among the ACE2
residues with which the receptor binding motif (RBM) in the receptor-binding domain (RBD)
of the Spike protein binds (139). While the sequence of events about the Spike protein/ACE2

interaction is becoming increasingly evident, unknown factors still facilitate viral infection,
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such as how SARS-CoV-2 is transported to the ACE2 receptor (126). The affinity of the SARS-
CoV and SARS-CoV-2 Spike proteins for ACE2 is similar, but SARS-CoV-2 transmits at a
substantially higher rate (127). That suggests SARS-CoV-2 could more effectively infect ACE2-
expressing cells by improving viral adherence through host cell attachment proteins (127). DC-
SIGN is a receptor for the SARS-CoV Spike protein, improving cell entry in ACE2+ pneumocytes
(128). Recently, it has been demonstrated that DC-SIGN increases trans-infection by binding
to the SARS-CoV-2 Spike protein (122). Here, we examined the potential of rfhSP-D in
preventing SARS-CoV-2 interaction with DC-SIGN-expressing cells. The previous studies on the
interaction between SARS-CoV-2 and rfhSP-D or DC-SIGN has been independently verified by
us (34).

This study shows that rfhSP-D improves SARS-CoV-2 Spike protein binding to DC-SIGN. The
findings indicated that SP-D stabilises the binding between DC-SIGN CRD, and the N-terminal
domain of the SARS-CoV-2 Spike protein by in-silico molecular dynamics studies. We evaluated
the effect of rfhSP-D by utilising viral lentiviral pseudotype as a safe substitute for live virus on
the binding and uptake of SARS-CoV-2 in DC-SIGN-expressing cells. Our results demonstrated
that rfhSP-D enhances spike protein binding and transduction in DC-SIGN expressing cells
compared to the control cells (Cells + SARS-CoV-2). In vivo study has shown that SP-D
improves IAV viral clearance in the lung (140). ). Similarly, rfhSP-D's interaction with DC-SIGN
may improve SARS-CoV-2 binding and macrophage uptake, suggesting that rfhSP-D may
enhance SARS-CoV-2 clearance through DC-SIGN.

Additionally, we investigated the effect of rfhSP-D on mRNA expression levels of pro-
inflammatory mediator genes in DC-HEK and DC-THP-1 cells that had been challenged with
SARS-CoV-2 Spike protein. Overall, there was a reduction in mRNA levels of pro-inflammatory
chemokines and cytokines such as TNF-a and IL-8, suggesting an modulatory effect of rfhSP-

D in DC-SIGN-expressing cells.

DC-SIGN has been linked to the activation of the STAT3 pathway during viral infection (141).
In myeloid cells infected with SARS-CoV-2, STAT3 is crucial for activating the transcription
factor NF-kB, which may produce inflammatory cytokines, resulting in virus elimination and
sometimes tissue destruction (142). Many cytokines, including IL-1, IL-2, IL-6, IL-12, TNF-q, LT-
a, LT-B, and GM-CSF, as well as chemokines such as IL-8, MIP-1, MCP1, RANTES, and eotaxin,
are expressed when NF-kB is activated during viral infection (142). These inflammatory
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mediators are critical for infection resistance and play a role in antiviral immunity (142).
Nonetheless, in moderate to severe SARS-CoV-2 infection cases, lung macrophages and
epithelial cells produce elevated amounts of TNF-a, IL-1B, IL-6, and IL-8 mainly by activating
NF-kB (143). Increased morbidity and mortality organ failure could be caused by cytokine
storm (143). The severity of SARS-CoV-2 infection could be attenuated by immunomodulation
of NF-kB activation (143). SARS-CoV-2 Spike protein induces pro-inflammatory mediators in
THP-1 cells in vitro (144). Our finding indicates that rfhSP-D inhibited pro-inflammatory
immune response in DC-SIGN-expressing immune cells by downregulating the NF-kB gene

expression levels in DC-HEK and DC-THP-1 cells challenged with SARS-CoV-2 Spike protein.

Another key factor in the pathology of SARS-CoV-2 infection is TNF-a, which is produced in the
lungs by various cell types, including macrophages, mast cells, T cells, epithelial cells, and
smooth muscle cells (145, 146). Patients with severe SARS-CoV-2 infection have been shown
to have elevated plasma levels of TNF-a (146). TNF-a can cause neutrophil infiltration in the
lung (147). Furthermore, TNF-a promotes the synthesis of cytokines such as IL-18 and IL-6
(148). Our findings revealed that reduced mRNA levels of TNF-a in DC-HEK and DC-THP-1 cells
challenged with SARS-CoV-2 Spike-treated with rfhSP-D suggesting immunomodulation

function of rfhSP-D in SARS-CoV-2 inflammatory response.

IL-1B can induce inflammasome in response to various viral diseases, including SARS-CoV-2
(149). High serum levels of IL-1B were observed in patients with severe SARS-CoV-2 (149).
Pyroptosis, a highly inflammatory type of programmed cell death commonly seen in
cytopathic viruses, is associated with IL-1B (150). ). Pyroptosis may cause an uncontrollable
inflammatory response and play a role in the immune pathology of SARS-CoV-2 (151). Our
results showed that lower mRNA levels of IL-1B in DC-THP-1 cells challenged with SARS-CoV-
2 Spike pre-treated with rfhSP-D, indicating that rfhSP-D may lessen unnecessary

inflammation via IL-1 downregulation.

IL-6 is a glycoprotein that plays a crucial role in control viral infection (152). IL-6 is expressed
by T and B lymphocytes, DCs, fibroblasts, monocytes, macrophages, and endothelial cells
(153, 154). Severe SARS-CoV-2 infection has been linked to elevated levels of IL-6 in the serum
(152).). Our findings revealed that decreased mRNA levels of IL-6 in DC-THP-1 cells challenged
with SARS-CoV-2 Spike pre-treated with rfhSP-D. This finding suggests that SP-D may attenuate
IL-6-associated immunopathogenesis in SARS-CoV-2 infection.
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IFN-a is an important cytokine in the control of viral infection, mainly released by virus-
infected cells (155). Nonetheless, elevated interferon-stimulated gene (ISG) levels in SARS-
CoV-2 may lead to immunopathology (156). Our results demonstrated that downregulation of
IFN-a mRNA expression levels in DC-HEK cells challenged with SARS-CoV-2 Spike-treated with

rfhSP-D. These results imply that rfhSP-D may reduce infection pathology.

MHC class Il molecules are highly expressed on the surface of antigen-presenting cells and are
crucial for initiating an adaptive immune response to viral infection (157). On the other hand,
limited MHC class Il molecule expression on type Il alveolar cells and macrophages can
enhance the course of respiratory viral infections (157). THP-1 cells are polarized toward an
M1-like macrophage upon binding the SARS-CoV-2 Spike protein, accompanied by enhanced
production of MHC class Il molecules (158). Our findings revealed lower MHC class || mRNA
expression levels in DC-THP-1 cells challenged with SARS-CoV-2 Spike-treated with rfhSP-D.
This finding suggests that SP-D plays a role in regulating antigen presentation to prevent an

overactivation of adaptive immunity.

The recruitment of inflammatory cells to the site of viral infection is induced by chemokines
such as RANTES and IL-8 (159). IL-8 (CXCL8) is a key in neutrophil infiltration (159). IL-8 also
causes a release of high levels of neutrophil extracellular traps (NETs), which may be involved
in organ damage in severe SARS-CoV-2(160). Our results showed IL.-8 mRNA levels were
reduced in DC-THP-1 cells challenged with SARS-CoV-2 Spike-treated with rfhSP-D. This

indicates that SP-D may attenuate inflammatory neutrophil pathology in SARS-CoV-2 infection.

Elevated serum levels of RANTES were observed in severe SARS-CoV-2 infection (161, 162). It
is a chemokine important in viral immune protection; however, high levels can cause excessive
pulmonary inflammation (161, 162). Our findings showed reduced mRNA expression levels of

RANTES in DC-HEK cells challenged with SARS-CoV-2 Spike-treated with rfhSP-D.

In summary, our results revealed that rfhSP-D can enhance SARS-CoV-2 binding and uptake by
DC-SIGN-expressing cells. Furthermore, in DC-SIGN-expressing cells, rfhSP-D suppresses the
expression of chemokines like RANTES and IL-8 and pro-inflammatory cytokines, including IL-
1B, TNF-a, and IL-6. These results indicate a preventive immune function of rfhSP-D against
immunopathology in SARS-CoV-2 infection. Thus, rfhSP-D stabilizes SARS-CoV-2 Spike protein

and DC-SIGN interaction, facilitating the viral uptake by macrophages like cells and may even

94



support viral clearance. Further research is necessary to evaluate the expression of DC-SIGN
in patients’ samples with mild, moderate, and severe SARS-CoV-2 infection. To further explore
the potential of rfhSP-D as a universal treatment against SARS-CoV-2 infection, the interaction
of rfhSP-D and DC-SIGN with Spike proteins of various SARS-CoV-2 variants should be
examined in vivo, specifically in lung microenvironment using well-established COVID-19

animal models.
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Chapter 4

Complement Activation-Independent Attenuation of SARS-CoV-2
Infection by C1q and C4b-Binding Protein
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4.1 Abstract

The Complement system is a key component of the innate immunity. Severe COVID-19 is
characterised by complement dysregulation and cytokines storm. However, recent evidence
suggests that locally produced or activated complement protein may protect against SARS-
CoV-2 infection. This study investigated the potential immune role of Clq and C4b-binding
protein (C4BP) in SARS-CoV-2 infection, independent of complement activation. Here, we
found that C1q and C4BP directly bind to the SARS-CoV-2 spike protein and receptor binding
domain (RBD), which inhibits viral binding and transduction into A549 cells that express
human ACE2 and TMPRSS2 (A549-hACE2+TMPRSS2 cells). Furthermore, mRNA levels of
proinflammatory cytokines and chemokines, including IL-1pB, IL-8, IL-6, TNF-a, IFN-a, RANTES,
and NF-kB were downregulated in A549-hACE2+TMPRSS2 cells challenged with SARS-CoV-2
lentiviral pseudoparticles pre-treated with C1q or C4BP. Similar results were observed when
Clg- recombinant globular heads (ghA, ghB, and ghC) were used. These findings suggest that
Clq, ghs, and C4BP can bind, block viral entry and attenuate inflammatory responses in SARS-
CoV-2 infection. Interestingly, although hepatocytes are the primary sources of these proteins,
macrophages and alveolar type Il cells in the lungs can produce Clq and C4BP locally. In
summary, this study revealed protective functions of Clq and C4BP against SARS-CoV-2
infection, independent of complement activation. These results improve our knowledge of
the immune response to SARS-CoV-2 infection. Further studies are required to investigate

these protective roles' underlying processes and their potential clinical uses.
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4.2 Introduction

The severity of COVID-19 is mainly associated with the aberration of immune response (163).
The complement system is a key element of innate immunity linked to the induction of
hyperinflammation in animal models by coronaviruses such as MERS-CoV (164). Likewise, it
has been reported that SARS-CoV interacts with MBL, triggering the lectin pathway ((165).
Dysregulation of complement activation can lead to high serum levels of C5a, C5b-9, and
elevated CD11b expression in leukocytes (perhaps due to C5aR1 activation) in COVID-19,
resulting in severe disease (52). Recently, it has been reported that SARS-CoV-2 activates the
three pathways of complement (lectin, alternative, and classical) (166). Furthermore, it has
been demonstrated that deregulation of the classical pathway contributes to pulmonary
tissue injury in SARS-CoV-2 infection (167, 168). Lower serum levels of key classical pathway

proteins, such as C1q and C4BP, were observed in patients with severe COVID-19 (167, 168).

Clq is a crucial classical pathway protein that plays a vital role in the induction of humoral
immune response against viruses such as West Nile (WNV) (169). It modulates anti-viral
antibody-mediated effector mechanisms in influenza viral infection and binds to the antibody-
bound respiratory syncytial virus (RSV), activating the classical pathway (170, 171). C4b-
binding protein (C4BP), another complement key, is an essential fluid phase inhibitor of the
lectin and classical pathways (172). It also functions as a cofactor for factor |, preventing the
synthesis of C3 and C5 convertases (172). Variants in the gene that codes for the C4BP a chain

can be a risk factor for SARS-CoV-2 infection-related morbidity and mortality (173).

Although hepatocytes are the primary source of complement proteins, alveolar type Il cells
and macrophages can also produce Clq and C4BP locally in the pulmonary (55, 174-176) .
That implies they play a vital immune function in protecting lung tissue in the early phases of
viral infection (55, 174-176). Locally produced Clq and C4BP can act as PRR molecules by
interacting with IAV surface proteins, inhibiting viral entry and replicating subtypes

independently (55, 177).

Many recent studies have investigated the pathological role of classical pathways in SARS-CoV-
2 infection; however, the protective roles of C1q and C4BP are not yet explored. Here, we
examined the potential protective or pathogenic effect of purified human Clqg, its

recombinant globular heads (ghA, ghB, and ghC), and C4BP proteins against SARS-CoV-2
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infection in a complement activation-independent manner. Additionally, we assessed the
interaction between complement proteins, including C1q and C4BP, with SARS-CoV-2 S and
RBD proteins. Furthermore, the potential of C1g and C4BP in habiting viral entry of the SARS-
CoV-2 lentiviral pseudotype was investigated in A549-hACE2+TMPRSS2 cells. Our results
revealed that C1q and C4BP could block cell entry of the SARS-CoV-2 lentiviral pseudotype in
A549-hACE2+TMPRSS2 cells. Also, C1q and C4BP decreased the proinflammatory responses

induced by the SARS-CoV-2 alphaviral pseudotype independently of complement activation.
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4.3 Results

4.3.1 Human Clq and C4BP interact with SARS-CoV-2 Spike and RBD Proteins.

ELISA was employed to investigate the interaction between immobilised native C1g and SARS-
CoV-2 S and RBD proteins (Figure 4.1 A) and vice versa (Figure 4.1B). The results revealed a
dose-dependent interaction between immobilised C1q and SARS-CoV-2 S and RBD proteins
when probed with the anti-SARS-CoV-2 S protein polyclonal antibody. Similarly, when probed
with the rabbit anti-human Clq polyclonal antibody, immobilised SARS-CoV-2 spike protein or
RBD exhibited dose-dependent binding to Clq.

Likewise, the study investigated the ability of immobilised native C4BP to interact with SARS-
CoV-2 S and RBD proteins (Figure 4.1C) and vice versa (Figure 4.1D) using a direct ELISA. The
results demonstrated that immobilised C4BP bound SARS-CoV-2 S and RBD proteins in a dose-
dependent manner when probed with polyclonal anti-SARS-CoV-2 S protein. Moreover, when
probed with rabbit anti-human C4BP, the immobilised SARS-CoV-2 S or RBD also displayed
dose-dependent binding to C4BP; however, the binding was relatively weaker compared to

Clq. BSA protein was utilised as a negative control.
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Figure 4.1: ELISA shows that the SARS-CoV-2 S protein binds C1q (A, B) and C4BP (C, D). SARS-CoV-2 virus exhibits direct
interactions with both C1q and C4BP proteins. To investigate this interaction, a 96-well plate was coated with varying
concentrations of immobilised C1q (1, 0.5, 0.125, and 0 ug per well) (A, C) or constant concentrations of viral proteins (spike
or RBD 1 ug per well) (B, D) using a carbonate—bicarbonate (CBC) buffer at pH 9.6, and then incubated at 4 °C overnight.
Subsequently, a constant concentration of viral proteins (1 ug per well) (A) or decreasing amounts of C1q/C4BP (1, 0.5, 0.125,
and 0 1 ug per well) (B) was added to the corresponding wells and incubated at 37 °C for 2 hours. After the incubation, the
wells were washed, and primary antibodies (rabbit anti-SARS-CoV-2 spike or rabbit anti-human C1q/C4BP) were added
(1:5000 dilution, 100 uL/well). MBP was used as a negative control. The data were expressed as the mean of triplicates + SD.
Statistical significance was determined using the two-way ANOVA (* p < 0.05, ** p < 0.01, and *** p < 0.001) (n = 3).
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4.3.2 Human Clq, Recombinant Globular Head Modules, and C4BP Inhibit SARS-CoV-2
Pseudoparticle Transduction
A luciferase reporter assay assessed the impact of Cl1q, ghA, ghB, ghC, and C4BP on SARS-CoV-
2 infectivity. SARS-CoV-2 lentiviral pseudoparticles pre-treated with Clqg, ghA, ghB, ghC, or
C4BP exhibited reduced viral transduction in A549-hACE2+TMPRSS2 cells compared to their
controls. Specifically, A549-hACE2+TMPRSS2 cells, when challenged with SARS-CoV-2 lentiviral
pseudoparticles pre-treated with C1q, showed significant inhibition of viral infection by ~ 60%
(Figure 4.2A), while pre-treatment with C4BP resulted in a reduction of ~ 17% (Figure 4.2B),
compared to the control group (A549-hACE2+TMPRSS2 cells + SARS-CoV-2 pseudoparticles).
That suggests that C1qg treatment can significantly impede SARS-CoV-2 viral infection in a
complement-independent manner, although the inhibition observed with C4BP was not as
pronounced. Additionally, no statistically significant difference in transduction efficiency was
observed between A549 cells challenged with the SARS-CoV-2 pseudotype and the control

group of native A549 cells.

Next, the ability of recombinant globular heads of C1qg (ghA, ghB, and ghC) to modulate SARS-
CoV-2 pseudoparticle infectivity was investigated. SARS-CoV-2 lentiviral pseudoparticles pre-
treated with ghA, ghB, or ghC demonstrated a significant reduction in viral transduction, ~
20% (Figure 4.3A), ~ 30% (Figure 4.3B), and ~ 60% (Figure 4.3C), respectively, compared to the
control (A549-hACE2+TMPRSS2 cells + SARS-CoV-2 lentiviral pseudoparticles + MBP).
Importantly, no significant difference was observed between A549-hACE2+TMPRSS2 cells
treated with the SARS-CoV-2 pseudotype + MBP and A549-hACE2+TMPRSS2 cells treated with
the SARS-CoV-2 pseudotype alone. This finding suggests that the reduction in transduction
efficiency was attributed to the presence of the C1q globular head modules and not influenced
by the MBP fusion partner. The results with the mean luciferase units are found in Appendix

7.
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Figure 4.2: Ciq (A) and C4BP (B) inhibit the transduction of SARS-CoV-2 Spike pseudotypes in A549-hACE2+TMPRSS2 cells.
Clq (A) and C4BP (B) were found to inhibit the entry of SARS-CoV-2 pseudoparticles into A549-hACE2+TMPRSS2 cells. To assess
the impact of complement protein treatment on the ability of lentiviral pseudoparticles to enter the cells, luciferase reporter
activity was measured in A549-hACE2+TMPRSS2 cells transduced with either treated or untreated SARS-CoV-2 lentiviral
pseudoparticles that were pre-treated with C1q or C4BP (20ug/ml). Background values were subtracted from all data points,
and the obtained data were normalised with 0% luciferase activity representing the mean relative luminescence units
recorded from the control sample (A549-hACE2+TMPRSS2 cells + SARS-CoV-2 lentiviral pseudoparticles). The pseudoparticles
pre-treated with C1q and C4BP demonstrated a substantial reduction in viral transduction. The data are presented as the
normalised mean of three independent experiments, each carried out in triplicates, with the error bars representing the
standard error of the mean (SEM). Statistical significance was determined using the two-way ANOVA test (*** p < 0.001) (n
=3). MBP was used as a negative control; appendix7.
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Figure 4.3: Ciq globular head modules inhibit the transduction of SARS-CoV-2 Spike pseudotypes in A549-hACE2+TMPRSS2
cells. Recombinant ghA, ghB, and ghC modules of human Clq were found to inhibit SARS-CoV-2 pseudoparticle entry into
A549-hACE2+TMPRSS?2 cells. To assess the interference of these recombinant C1qg modules with pseudoparticle entry, SARS-
CoV-2 pseudoparticles were pre-treated with ghA (A), ghB (B), or ghC (C) at a concentration of 20ug/ml. Luciferase reporter
activity was measured in A549-hACE2+TMPRSS2 cells transduced with pseudoparticles pre-treated with ghA, ghB, or ghC. The
background was subtracted from all data points. The obtained data were normalised, with 0% luciferase activity defined as
the mean of the relative luminescence units recorded from the untreated sample (A549-hACE2+TMPRSS2 cells + MBP + SARS-
CoV-2 pseudoparticles). The results are presented as the normalised mean of three independent experiments conducted in
triplicates, with error bars expressed as + SEM. Statistical significance was determined using the two-way ANOVA test (*** p
<0.001) (n = 3). MBP was used as a negative control; appendix 7.

4.3.3 Human Clq, Recombinant Globular Head Modules, and C4BP Inhibit SARS-CoV-2
Pseudoparticle Binding to ACE2- and TMPRSS2-Expressing A549 Cells
A cell binding assay evaluated the potential interference of Clq, ghA, ghB, ghC, and C4BP with
SARS-CoV-2 binding to lung epithelial-like cells. A549-hACE2+TMPRSS2 cells were challenged
with SARS-CoV-2 lentiviral pseudoparticles pre-treated with Clq, ghA, ghB, ghC, or C4BP. The
results demonstrated reduced viral binding to