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Abstract: SARS-CoV-2 infection of host cells is driven by binding of the SARS-CoV-2 spike-(S)-pro-
tein to lung type II pneumocytes, followed by virus replication. Surfactant protein SP-D, member
of the front-line immune defense of the lungs, binds glycosylated structures on invading pathogens
such as viruses to induce their clearance from the lungs. The objective of this study is to measure
the pulmonary SP-D levels in COVID-19 patients and demonstrate the activity of SP-D against
SARS-CoV-2, opening the possibility of using SP-D as potential therapy for COVID-19 patients.
Pulmonary SP-D concentrations were measured in bronchoalveolar lavage samples from patients
with corona virus disease 2019 (COVID-19) by anti-SP-D ELISA. Binding assays were performed by
ELISAs. Protein bridge and aggregation assays were performed by gel electrophoresis followed by
silver staining and band densitometry. Viral replication was evaluated in vitro using epithelial
Caco-2 cells. Results indicate that COVID-19 patients (n = 12) show decreased pulmonary levels of
SP-D (median = 68.9 ng/mL) when compared to levels reported for healthy controls in literature.
Binding assays demonstrate that SP-D binds the SARS-CoV-2 glycosylated spike-(S)-protein of dif-
ferent emerging clinical variants. Binding induces the formation of protein bridges, the critical step
of viral aggregation to facilitate its clearance. SP-D inhibits SARS-CoV-2 replication in Caco-2 cells
(ECo =3.7 pg/mL). Therefore, SP-D recognizes and binds to the spike-(S)-protein of SARS-CoV-2 in
vitro, initiates the aggregation, and inhibits viral replication in cells. Combined with the low levels
of SP-D observed in COVID-19 patients, these results suggest that SP-D is important in the immune
response to SARS-CoV-2 and that rhSP-D supplementation has the potential to be a novel class of
anti-viral that will target SARS-CoV-2 infection.
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1. Introduction

Coronavirus Disease 2019 (COVID-19) is a complex pneumonia caused by SARS-
CoV-2, an enveloped RNA virus, whose surface is decorated with a glycosylated spike-
(S)-protein [1,2]. The subunit-S: of the spike-protein interacts with the human angiotensin-
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converting-enzyme-2 (ACE2) receptor in type II pneumocytes [2-4]. The virus is internal-
ized by the host cells, resulting in viral replication [4]. New copies of SARS-CoV-2 are
externalized to infect more cells, increasing the viral load in lungs, exacerbating the pro-
inflammatory response, and extending the cellular and epithelial lung damage [5]. In se-
vere cases of COVID-19, pneumonia progresses to complex ALI/ARDS, respiratory fail-
ure, septic shock, and even death [5-7]. To date, remdesivir has shown effect by shorten-
ing the recovery time of patients 4 days [8], and dexamethasone has reduced the mortality
of critical patients by 33% [9]. However, treatments that specifically target the virus and
the exacerbated inflammatory response with higher efficacy are still needed.

Some new variants of SARS-CoV-2 have emerged due to the mutation of certain
amino acids in the viral sequence, some of them located in the spike protein. The B.1.1.7.
(so-called U.K. variant), B.1.351 (South Africa) and P.1 (Brazil) are some of the most con-
cerning ones currently due to their spread around the world and/or resulting clinical dis-
ease severity [10-12]. These variants enclose different mutations, but, the three of them
share two common mutations in the Si-protein: N501Y and D614G [13,14].

Surfactant protein SP-D is a collectin protein with an important role in the front-line
innate immune defense of the lungs [15,16]. SP-D binds to glycosylated ligands on patho-
gens and triggers opsonization, aggregation, and direct killing of microbes, which facili-
tates their clearance from the lungs by phagocytic cells such as macrophages [15,16]. SP-
D dodecamers and higher order oligomers have shown an increased activity and potency
in this anti-microbial function [17]. In addition to critical roles in pathogen clearance, SP-
D has also shown an anti-inflammatory effect in respiratory infections as well as in lung
injury induced by mechanical ventilation. SP-D decreases the levels of pro-inflammatory
cytokines, the neutrophilic response, NETosis, and the resulting lung tissue damage
[16,18-23]. Animal models have consistently demonstrated an association between higher
levels of pulmonary SP-D and improved outcomes following viral, bacterial, or mechani-
cal lung injury. Likewise, human studies have demonstrated lower mortality rates in
ARDS patients with high levels of pulmonary SP-D [24]. Full length recombinant hSP-D
has been successfully produced in mammalian cells, showing comparable structure and
activity to human native SP-D [25-27]. Therefore, we investigated the binding and inhib-
itory activity of SP-D against SARS-CoV-2 and the potential of rhSP-D as a novel class of
antiviral therapeutic for COVID-19.

2. Material and Methods
2.1. Materials

Full length recombinant human rhSP-D was produced in a human cell line GlycoEx-
press® (GEX) developed in Glycotope-GmbH. The rhSP-D variant is Met!!, Thr¢®, Ser2,
The purification process followed has been described elsewhere [19,26].

Recombinant SARS-CoV-2 spike protein variants (Si-subunit) and recombinant hu-
man ACE2 protein were expressed in HEK293 cells and purchased from SinoBiologicals
(#40591-VOSH, #40591-VO5H1, #10108-HO5H, #40591-VO8H3, #40591-V08H10), AcroBio-
systems (#SIN-C52H3, #S1IN-C52Hk, #SIN-C52Hg, #S1N-C52Hn, #SIN-C52Hp, #S1N-
C52Hm), The NativeAntigen Company (#¥REC31806-100-HRP) and from Biomart Creative
(#ACE2-736H).

2.2. Determination of hSP-D Levels in Bronchoalveolar Lavage of COVID-19 Patients

Bronchoscopy and bronchoalveolar lavage fluid (BALF) processing were conducted
following the protocol described elsewhere [28]. Bronchoscopies were performed in se-
dated, paralyzed, and mechanically ventilated adult (>18 years old) patients (n = 12) with
confirmed COVID-19 by PCR test admitted to hospital between March and April of 2020;
more details about when the bronchoscopy was performed for each patient in relation to
hospitalization and intubation date are provided in Table 1.
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Table 1. Characteristics of patients, hospitalization and intubation time (days) at BAL sample collection.

Age Sex BMI BALF SP-D

Collection of BAL Sample at
Hospitalization Day Intubation Day

Comorbidities and/or Smoking

28 F 266 55 9 3 N

40 M 442 83 11 10 N

46 F 294 7 14 14 N

50 M 34.6 107 3 3 Y (HIV)
53 M 262 32 11 9 Y (smoker)
55 M 2438 479 24 13 Y (smoker, CV, cancer)
60 M - 752 4 3 Y (CV)
61 M 21.6 8 6 5 Y (cancer)
64 M 328 1145 6 6 Y (CV)
68 F 234 217 9 9 N

68 M 252 45 50 50 N

73 M 294 7 4 3 N

Sex: M (male), F (female). BMI (body mass index) above 30 considered obesity. The comorbidities that were screened:
cardiovascular disease (CV), respiratory disease, immunosuppression, human immunodeficiency virus (HIV), diabetes
mellitus type I and type II, and cancer; smoking was also reported; absence of any of these comorbidities and/or smoking
is indicated as “N”, presence of them is indicated with “Y” indicating the comorbidity in brackets.

BALF aliquots were collected after 5-6 bolus of 20 mL sterile saline, the initial 20 mL
were discarded. The suspensions were centrifuged at 400x g for 10 min to remove cells
and supernatants were saved and inactivated with 0.2% SDS, 0.1% Tween20 followed by
15 min at 65 °C. The resulting BALF were stored at —20 °C until analysis. SP-D levels were
quantified by human anti-SP-D ELISA (Biovendor). BALF were collected after authoriza-
tion by the Ethic Committee of Ospedale Luigi Sacco (experimentation number
2020/ST/145).

2.3. SARS-CoV-2 Spike-Protein and rhSP-D ELISA Binding Assay

Microtiter plates were coated with the desired variant of recombinant Si-spike-pro-
tein (0.4 pg in 200 uL/well). Washes and dilutions were performed with 0.05% TBS-tween,
5 mM CaCl.. Wells were blocked with 2%-BSA and serial diluted rhSP-D (10 ug/mL to 9.8
ng/mL) was added to the wells. Bound rhSP-D was detected with a mouse anti-SP-D an-
tibody (Seven Hills Bioreagents), followed by an anti-mouse IgG horseradish peroxidase
(HRP)-conjugated antibody (Cell Signaling). The plates were developed with TMB (Sur-
modics) for 10 min and the reaction was stopped with 2N H2SOs. Plates were read for
absorption at 450 nm. Non-binding negative controls were included, using 50 mM EDTA
to prevent calcium-dependent binding or 200 mM maltose, also with 5 mM calcium, to
create binding competition between maltose and Si-protein. To address nonspecific bind-
ing to the plate, wells were coated with 1% BSA instead of Si-protein.

Analysis of the binding isotherms was performed with GraphPad-Prism 8, consider-
ing total binding and one site, to determine the apparent dissociation constant (kd). In the
new variants, the binding was represented as % relative absorbance, to allow averaging
of the absorbance signal of experimental replicates performed on different days. The O.D.
signal of thSP-D at maximum concentration tested (10 pg/mL), bound to the Wuhan var-
iant, was considered as 100%. All experiments were performed at least twice on different
days.

2.4. Protein-Bridge (Aggregation) Assay
2.4.1. rhSP-D First Approach

RhSP-D (2 or 4 ug) was incubated 30 min at room temperature with maltose-coated
agarose beads in 50 pL TBS (150 mM NaCl, 20 mM Tris (pH 7.4))-10 mM CaClz buffer. The
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supernatant (Sa) with the excess unbound rhSP-D was separated by centrifugation and
saved. The beads were washed with TBS-CaClz. Then, 2 ug of Si-protein or buffer (nega-
tive control) were added to the beads and the final volume was adjusted to 50 pL with
TBS-CaCly, or with TBS-EDTA 20 mM in the non-binding control. After incubation (2 h at
room temperature), the beads were centrifuged and the supernatant (Ss) was saved. The
beads (pellet) were washed with the appropriate buffer followed by elution of the bound
rhSP-D with TBS-EDTA 20 mM, the eluted fraction from the pellet (P) was saved for anal-
ysis.

2.4.2. Pre-Mix Approach

RhSP-D (2 or 4 pg) and Si-protein (2 pg) were pre-mixed and incubated for 2 h to
favor binding and aggregation of Si-protein by rhSP-D. Then, the mix was added to the
beads. After incubation (30 min, room temperature), beads were centrifuged and the su-
pernatant (Sa) was saved. The beads were washed and eluted as previously described,
saving the eluted fraction (P) for analysis.

In both methods, the presence of rhSP-D and Si-protein in fractions (Sa, Ss and P)
were determined by SDS-PAGE under reducing conditions and developed by silver stain-
ing. Intensity of rhSP-D bands from the samples that contained 4 pg of rhSP-D was quan-
tified by densitometry, in duplicate, with Image] software. The relative intensity of the
rhSP-D band in the pellet fraction (P) was calculated considering 100% to be the intensity
of the “Sa” band in the buffer control at 5 mM calcium.

2.5. Competition of SARS-CoV-2 Spike-Protein Binding to ACE2 Protein by rhSP-D
2.5.1. Binding of ACE2 to Si-Protein in the Presence of rhSP-D.

Plates were coated with purified Si-spike-protein (Wuhan variant). RhSP-D (0.1 to 1
ug/mL) in TBS-Ca 5 mM or buffer (negative control) were added to the wells and incu-
bated for 2 h. Without washing, human ACE2 protein (0.186 to 1.5 ug/mL) was added to
the wells at each of the thSP-D concentrations, a control with TBS buffer instead of ACE2
was also included. After incubation (30 min), bound ACE2-mFc was detected with an anti-
mouse IgG HRP-conjugated antibody (Cell Signaling); plates were developed as previ-
ously described.

2.5.2. Binding of Si-Protein to rhSP-D in the Presence of ACE2.

Plates were coated with rhSP-D (5 uL/mL, 200 uL/well). Si-protein-HRP-tagged at
different concentrations or buffer (negative control), were added to the wells and incu-
bated for 2 h. Without washing, human ACE2 protein His-tagged was added to the wells
to reach 3, 0.375, or 0.045 ug/mL at each of the Si-protein concentrations. After incubation
(30 min), bound Si-protein-HRP was detected directly with TMB and the reaction was
stopped with 2N HzSO..

2.6. Inhibition of Viral Replication: Reduction of Virus Yield (VYR) Assay

Monolayers utilizing the human Caco-2 cell line were prepared 24 h prior to virus
infection in 96-well microplates at 37 °C with 5% CO.. Growth media was removed from
the cells and the thSP-D was applied and tested in triplicate at eight serial half-loguo dilu-
tion concentrations, starting at 100 ug/mL. SARS-CoV-2 (strain USA/WAi.00) at 200
CCIDso (50% cell culture infectious dose) was added to wells designated for virus infec-
tion; MOI = 0.02. Controls were performed with uninfected and untreated cells (cell con-
trols) and also with infected and not thSP-D-treated cells, using an identical control buffer
lacking rhSP-D (virus controls). Plates were incubated at 37 °C for 72 h. A sample of the
supernatant was taken for n = 3 replicates from each infected well for testing and virus
titer determination. Titration of the viral samples previous collected is performed by end-
point dilution as described elsewhere [29]. Serial dilutions of virus were made and plated
into wells containing fresh cell monolayers of Vero 76 cells. Plates were incubated, and
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cells were scored for presence or absence of virus after a distinct cytopathogenic effect was
observed, and the CCIDso calculated using the Reed—Muench method [29]. The 90% (one
loguo) effective concentration (ECs) was calculated.

Cell toxicity of thSP-D was evaluated in additional plate wells by using a neutral red
dye that penetrates into living cells and allows quantification of viable cells (the more
intense the red color, the larger the number of viable cells present in the wells). The dye
content in each well was quantified using a spectrophotometer at 540 nm wavelength.

2.7. Statistics Analysis

Statistical analyses were performed on GraphPad-Prism 8. ANOVA, Wilcoxon,
Friedman, or Kruskal-Wallis with Dunn’s post-hoc test were performed where indicated.
Significant differences were considered with a p-value of <0.05 (*).

3. Results
3.1. COVID-19 Patients Show Low Concentrations of Pulmonary SP-D

SP-D levels have been screened in the BALF of several respiratory diseases that ex-
hibit acute lung injury [30]. BALF samples were collected from COVID-19 patients with
different age, characteristics, and comorbidities (if present), which are indicated in Table
1. The pulmonary levels of SP-D in COVID-19 patients showed a median concentration of
68.9 ng/mL (mean = 244.8 ng/mL, n =12).

3.2. Recombinant hSP-D Binds to the S-Protein of SARS-CoV-2

Binding experiments indicated that rhSP-D recognized and bound to the subunit S
of the spike protein from the first identified variant of SARS-CoV-2 (Wuhan variant) (Fig-
ure 1A) with a similar apparent dissociation constant when rhSP-D (Kd = 1.65) (Figure
1A) or Si-protein (Kd = 2.02) (Figure S1) was the ligand.

Binding of rhSP-D to Si-protein was inhibited by EDTA confirming that it is calcium-
dependent. Binding competition with maltose, which also binds to the CRD of rhSP-D in
a calcium-dependent manner, abrogated the binding of rhSP-D to S-protein. The binding
of rhSP-D to Si-protein in the presence of calcium was significantly different (p < 0.05) to
the binding with EDTA or maltose. Strongly suggesting that the CRD of rhSP-D mediates
the binding to the carbohydrates described on the Si-protein of SARS-CoV-2 [2,31]. Bind-
ing of rhSP-D to the Si-protein bearing the mutations identified in the U.K. B.1.1.7. variant
(HV69-70, N501Y, D614G), in the South African B.1.351 lineage (L18F, D80A, D215G,
R246I, K417N, E484K, N501Y, D614G), or in the Brazil P.1 lineage (L18F, T20N, P26S,
D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y) was tested. rhSP-D binding to the
Si-protein from the U.K. (Figure 1F), Brazil and South Africa (Figure 1G) physiologically
relevant variants was similar to the Wuhan variant; it showed a slightly higher affinity for
the Brazilian one (p = 0.002). The significance for rhSP-D binding of specific amino acid
mutations found in the new variants was tested. N501Y and D614G were addressed indi-
vidually since they are common to all physiologically relevant variants. The mutation
N501Y decreased rhSP-D binding when compared to the Wuhan original variant (Figure
1B), on the other hand the D614G (Figure C) and E484K + D614G (Figure 1D) had almost
no effect in rhSP-D binding to the spike protein when compared to the Wuhan variant.
However, the binding was significantly decreased (p = 0.0005) with the combination
K417N, E484K, N504Y, D614G (Figure 1E).

The following experiments were performed with the Si-protein from the Wuhan var-
iant.
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Figure 1. rhSP-D binds to the spike-(S)-protein of SARS-CoV-2. ELISA binding assays were per-
formed, coating the plate wells with Si-protein. (A) The binding of rhSP-D to the Wuhan variant Si-
protein was determined by anti-SP-D ELISA under different conditions: 5 mM calcium, 200 mM
maltose, and 50 mM EDTA; additionally, wells were coated with bovine serum albumin (BSA) in-
stead of S-protein to determine nonspecific binding of rhSP-D and show that the binding to the S-
protein was specific. The binding of thSP-D to Si-protein in the presence of calcium was significantly
different to the binding of thSP-D in the presence of maltose (p = 0.004) or EDTA (p =0.02) (Kruskal-
Wallis with Dunn’s post hoc test). Applying a one-binding site model the apparent Kd was 1.65 and
the apparent Bmax was 1.35. Binding of rhSP-D to the Si-protein variant from Wuhan, compared to a
Si-protein enclosing different mutations, was tested: N501Y (B), D614G (C), E484K + D614G (D) or
K417N + E484K + N501Y + D614G (E); binding was significantly different in the last mutant com-
pared to the Wuhan variant (E) p = 0.0005 (Wilcoxon test). (F,G) rhSP-D binding to relevant clinical
variants of Si-protein (Wuhan, Brazil (G), South Africa (G) and U.K. (F)) was determined and rhSP-
D bound to all the variants tested; binding was significantly different in the Brazil variant compared
to the Wuhan variant (G) p =0.002 (Friedman with Dunn’s test). n =4, error bars represent standard
deviation.
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3.3. rhSP-D Forms Protein Bridges with the S-Protein of SARS-CoV-2

To determine if rhSP-D could aggregate SARS-CoV-2, the ability of rhSP-D to link S-
protein to a second molecule (maltose-coated beads) was examined. Results demonstrate
that thSP-D formed a protein bridge with Si-protein (Wuhan variant) (“P” in Figure 2A:

lane 4, 8; Figure 2: lane 9) and maltose-coated beads.
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Figure 2. rhSP-D forms protein bridges with the spike (S)-protein of SARS-CoV-2. (A,B) The fractions obtained from su-
pernatant (Sa and Ss) and eluted fraction from pellet () were analyzed by SDS-PAGE and developed by silver-staining to
detect Si-protein (migrates as 100-140 kDa) and rhSP-D (43 kDa). (A) Pre-mix approach: rhSP-D and Si-protein (Wuhan
variant) were incubated before adding maltose-coated beads. The process is described in the schematic diagram. “Sa”
supernatant contained rhSP-D bound to Si-protein, which did not interact with the maltose-beads. The eluted fraction
(“P”) comprised the rhSP-D that was bound to both Si-protein and maltose-beads, forming a protein bridge. Two concen-
trations of rhSP-D were tested 4 ug (lanes 1-4) and 2 pg (lanes 5-10) with 2 ug Si-protein (lanes 3, 4, 7, 8, 9, 10) or only
buffer as control (lanes 1, 2, 5, 6). The experiment was performed in the presence of 5 mM calcium (lanes 1-8), except
elution of the pellet (P), which was carried out with 20 mM EDTA; non-binding control was performed in the presence of
20 mM EDTA (lanes 9-10). (B) The 1st-rthSP-D approach: rhSP-D was first incubated with maltose beads. Then, the excess
of rhSP-D was removed (supernatant “Sa”) and Si-protein (Wuhan variant) was added. “Ss” supernatant contained rhSP-
D only bound to Si-protein, and the eluted fraction (P) contained rhSP-D that remained bound to the maltose beads and
also to Si-protein, forming the protein bridges. Samples contained 2 pg of thSP-D and 2 ug Si-protein (lanes 7-12) or buffer
(lanes 1-6). Binding of rhSP-D to maltose beads was always performed in the presence of calcium (Sa, lanes: 1, 4, 7, 10).
Binding to Si-protein was performed at 5 mM calcium (Ss, lanes: 2, 8) or 20 mM EDTA as non-binding control (Ss, lanes:
5, 11); elution (P) was carried out with 20 mM EDTA (E, lanes: 3, 6, 9, 12). The bar graph shows the densitometry of the
eluted (P) bands in the pre-mix VS 1st-rhSP-D approaches at 4 pg of rhSP-D in the presence of Si-protein or buffer; ANOVA
with Sidak post-test was performed, error bars represent standard deviation, densitometry (n = 2).

+ S,-protein
VA




Biomolecules 2021, 11, 1114

8 of 14

The formation of protein bridges by rhSP-D was inhibited by EDTA and therefore
calcium-dependent (Figure 2A: lane 10; Figure 2B: lane 12). Binding between S-protein
and rhSP-D was also confirmed in this second assay because fraction “Ss” only contained
rhSP-D in the presence of Si-protein (Figure 2B, lane 2 VS lane 8). The addition of Si-pro-
tein to rhSP-D that was previously bound to maltose-coated beads showed that part of
that rhSP-D shifted and preferentially bound to the S-protein (observed in “Ss” fractions).
To determine if rhSP-D could form an aggregate of multiple S-protein and rhSP-D mole-
cules, the pre-mix and 1st-rhSP-D approaches were compared. The pre-mix approach
(Figure 2A) should allow the formation of larger order S-protein and rhSP-D aggregates
of multiple S-protein and rhSP-D molecules. In contrast, binding of rhSP-D to maltose
beads first, followed by removal of unbound rhSP-D and then binding to S-protein, should
be limited to single units of rhSP-D bound to S-protein and maltose (Figure 2B). The in-
tensity of thSP-D bands in the eluted (“P”) fraction, in the pre-mix approach, is stronger
than their respective ones in the 1st-SP-D approach (Bar-graph of Figure 2B), which is
consistent with the formation of larger-order aggregates. Collectively, these data demon-
strate the existence of protein bridges facilitated by rhSP-D and suggest the aggregation
of SARS-CoV-2 driven by rhSP-D.

3.4. ACE2 Receptor Does Not Interfere in the Interaction between S-Protein and rhSP-D

A marginal, although significant, decrease in the binding of ACE2 to Si-protein (Wu-
han variant) in the presence of 0.5 ug/mL rhSP-D compared to the control without rhSP-
D (Figure 3A,B) was observed.
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Figure 3. ACE2 does not interfere in the binding of thSP-D to the spike-(S)-protein of SARS-CoV-2.
(A,B) An ELISA assay was performed to determine if thSP-D could decrease the binding of ACE2
to Si-protein (Wuhan variant). Binding of ACE2 to Si-protein immobilized on the wells was deter-
mined in the presence of different concentrations of thSP-D 1 pg/mL (blue, circles), 0.5 pg/mL (red,
squares) or 0.1ug/mL (green, upward triangles) and 0 pug/mL (pink, downward triangles) (positive
control for the binding of ACE2 to Si-protein). thSP-D promoted a slight decrease in the interaction
between Si-protein and ACE2. The reduction induced by rhSP-D at 0.5 pg/mL was significant com-
pared to the positive control (no rhSP-D: 0 ug/mL). (C,D) Binding of Si-protein to thSP-D (immobi-
lized on the wells) in the presence of different concentrations of ACE2: 3 ug/mL (purple, circles),
0.37 pg/mL (blue, squares) or 0.045 pg/mL (green, upward triangles) and 0 pg/mL (orange, down-
ward triangles) (positive control for binding of Si-protein to rhSP-D) was determined by ELISA.
There was only a discrete reduction in the binding of Si-protein to thSP-D at the highest concentra-
tion of ACE2 tested (3 ug/mL). A-D, ANOVA with Tukey post-test, p-values in bar graphs when
significant. n = 2, error bars represent standard deviation for duplicates.
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The results also demonstrated that the addition of ACE2 did not inhibit the binding
of thSP-D to Si-protein (Figure 3C,D) until a small decrease in binding was observed at
the maximum concentration of ACE2 (3 ug/mL). Therefore, thSP-D and ACE2 may bind
to different regions of Si-protein, allowing the co-interaction of the three molecules.

3.5. thSP-D Inhibits SARS-CoV-2 Replication in Host Cells

The effect of rhSP-D on SARS-CoV-2 replication in host cells was tested in vitro with
a viral replication assay in human epithelial Caco-2 cells. thSP-D inhibited viral replica-
tion in a dose-dependent manner, with higher concentrations of thSP-D leading to greater
inhibition of viral replication, which was observed by measuring the virus titer in the cell
supernatant at the different rhSP-D concentrations tested and reported as CCID50 (50%
cell culture infectious dose) (Figure 4).

-_—

CCID50 Log,o/mL
(=] N -lh (=2} (o2] o

0 20 40 60 80 100
rhSP-D (pg/mL)

Figure 4. rhSP-D inhibits SARS-CoV-2 cell replication. Viral titers in cells after infection with SARS-
CoV-2 and treatment with rhSP-D at different concentrations. The viral titer in the cell supernatant
is reported as CCID50 (50% cell culture infectious dose). Individual data points represent the aver-
age of three replicates. The concentration of thSP-D to inhibit viral replication by 90% (ECo0) was 3.7
pg/mL.

The concentration of rhSP-D to inhibit viral replication by 90% (ECs) was 3.7 ug/mL.
Moreover, rhSP-D did not show any cell toxicity even at the highest rhSP-D tested (100
pg/mL) when compared to control (non-treated and non-infected) cells.

4. Discussion

This study shows evidence of the importance of SP-D in COVID-19 and suggests the
potential of rhSP-D as a COVID-19 anti-viral therapy. Our data demonstrates that full-
length rhSP-D binds to SARS-CoV-2 spike-protein, inhibits viral replication in host cells,
and initiates viral aggregation which could result in a more effective clearance of the virus
by phagocytic cells.

Several studies have demonstrated the clinical significance of SP-D activity. A posi-
tive correlation has been shown between survival rates to ARDS and higher levels of pul-
monary SP-D at the beginning of the syndrome [24]. Herein, we have shown that COVID-
19 patients exhibit a decreased concentration of pulmonary SP-D (median = 68.9 ng/mL)
compared with the levels reported in the literature for healthy subjects, which range from
900-1300 ng/mL [32-34]. Specifically, in Winkler et al. the BALF was collected with a very
similar method and SP-D levels quantified with the same commercial ELISA kit [34]. We
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did not find any correlations between BALF SP-D concentrations and the clinical param-
eters provided (BMI, age, days of intubation, and days of hospitalization). Unfortunately,
we recognize a significant downfall in our study is that BALF samples from a control co-
hort could not be obtained due to the overwhelmed status of hospitals and the risk of
exposure in non-COVID-19 intubated control patients during the COVID-19 pandemic.
Besides, the number of samples collected was also limited due to the epidemic situation
of hospitals in March—April of 2020. In addition, the difficulty to identify a good control
subject/sample for this heterogenous intubated population with different associated
comorbidities make obtaining appropriate control samples a challenging pitfall to over-
come. Still, the findings in this study suggest low pulmonary levels of SP-D in COVID-19
patients, and, therefore, supplementation of these critical patients with exogenous SP-D
to increase levels of SP-D in lungs could improve outcomes in these patients.

Pathogen recognition and binding to glycosylated determinants is the first and hall-
mark action of SP-D to opsonize infectious agents [15,16] and facilitate their fast clearance
by phagocytic cells in the lungs [18,19,35,36]. SP-D has shown calcium-dependent binding
to the S-protein of the previous SARS-CoV strain [37], and high glycosylation of the cur-
rent SARS-CoV-2 S-protein has been confirmed and mapped, suggesting SARS-CoV-2 S-
protein may be a target of SP-D [31]. Herein, we have demonstrated that rhSP-D binds to
the antigen of different variants of the current SARS-CoV-2 (Figure 1) via a calcium-de-
pendent process that mimics opsonization and the critical first step of clearance of SARS-
CoV-2 by SP-D in vivo. A recent study has shown binding of a small fragment of SP-D
(rthSP-D) to the S-protein of SARS-CoV-2, although the interaction was reported to be
calcium-independent [38]. Differences with our data might be attributed to the use of the
rfhSP-D variant rather the full-length protein. Our results indicate that thSP-D binding to
S-protein is calcium-dependent, which is the normal binding mechanism for SP-D that has
been demonstrated for SP-D binding to SARS-CoV [37] and to other viruses such as res-
piratory syncytial virus and influenza A virus [18,25]. Binding affinity of SP-D for the
spike protein of the original variant from Wuhan was very similar to the variant emerged
in UK. (B.1.1.7.), South Africa (B.1.351), and Brazil (P.1) (Figure 1F,G), which remarks the
potential of thSP-D as an anti-viral for all the current circulating variants of the virus.
Many factors determine the infectivity and severity of the disease produced by the virus;
recognizing that limitation, it is tempting to speculate that the binding affinity of SP-D to
the spike protein could be one of the factors that could influence the virulence of emerging
new variants [10,14,39], which could be translated in the virus, bypassing the innate im-
mune defense more easily with the right combination of mutated amino acids. In line with
this, it has been published that the N501Y spike mutation enhances virus transmission
[13] and we found decreased binding affinity of SP-D to the spike protein with this single
mutation.

Binding of pathogens by SP-D leads to their aggregation, forming clusters where
multiple viral molecules that are removed at once by phagocytic cells. The critical first
step of aggregation is driven by the ability of SP-D to bind more than one virus and form
a protein bridge linking multiple pathogens. We have shown that rhSP-D is able to form
protein bridges between S-proteins (Figure 2). Although our experiments do not demon-
strate aggregation of the native virus, they do demonstrate the critical first step of viral
aggregation (i.e., binding) and the subsequent formation of the rhSP-D protein bridge.
Moreover, it is likely that the presence of multiple spike-proteins on the surface of the
intact virus will further facilitate viral aggregation and clearance.

We have shown that rhSP-D inhibits SARS-CoV-2 life cycle by inhibiting virus repli-
cation in cells with an ECw of 3.7 ug/mL (Figure 4), which is physiologically relevant as
concentrations of exogenous rhSP-D at 3.7 pg/mL can be easily achieved when rhSP-D is
administered therapeutically [40]. A proposed mechanism to explain this inhibition could
be a steric blockage on the interaction between the receptor binding domain within S-
protein and ACE2 by the rhSP-D bound to the glycosylated S-protein, which could restrict
the accessibility of key domains in the presence of the bound SP-D molecule. However,
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this effect was not evident when we performed the experiments with isolated Si-protein,
ACE2 and rhSP-D (Figure 3), it is possible that steric blockage may still be observed when
the conformation and position of the S-protein and ACE2 receptor are restrained on a vi-
rus envelope or cell membrane, respectively. A second mechanism to explain rhSP-D in-
hibition of virus replication, which could cooperate with the first mechanism proposed,
would be the potential aggregation of SARS-CoV-2 induced by rhSP-D by reducing the
number of viral molecules available to interact with the host cell, however, further exper-
iments are needed to confirm this second hypothesis. Interestingly, it has been recently
published that the trimeric fragment rfhSP-D containing only the carbohydrate-binding
domain and neck regions of SP-D inhibited viral entry in cells using pseudotyped lentivi-
ral particles expressing SARS-CoV-2 S1 protein [41]. One could speculate that the same or
even stronger effect should be expected when using full length rhSP-D, testing this hy-
pothesis in lung epithelial cells is very interesting and will be done as part of future work
in this project. It would be also interesting to explore the endogenous binding of the spike
protein to SP-D in the cells, perhaps using co-immunoprecipitation assays.

COVID-19 patients have shown a complex ARDS characterized by a cytokine storm
of inflammation, thick mucus secretions in airways containing neutrophil extracellular
traps (NETs), and extensive lung damage [5-7,42]. Importantly, SP-D has demonstrated
antiinflammatory activities in lungs that occur independently of pathogen binding. SP-D
mediates the inhibition of inflammation signaling through TLR-4, TLR-2, and SIRP-a, fol-
lowed by a reduction of NF-«B activation [15,43—45]. Mice with deletion of the Sftpd gene
have shown elevated oxygen radical release, neutrophil NETs, and production of the pro-
inflammatory mediators when exposed to either viral or bacterial pathogens [20,22,23,46].
Therefore, these data indicate that the administration of rhSP-D may also decrease the
exacerbated inflammatory response observed in COVID-19 patients.

In conclusion, we have shown that COVID-19 patients have low pulmonary levels of
SP-D. Full length recombinant hSP-D binds the SARS-CoV-2 S-protein from different
physiologically relevant variants and, importantly, inhibits the life cycle of the virus by
inhibiting viral replication. SP-D can form protein bridges with S-protein, which repre-
sents the first step of viral aggregation that would enhance viral clearance from the lungs
by phagocytic cells. In addition, SP-D has previously demonstrated antiinflammatory and
lung-protective roles in several viral and bacterial infections. SP-D has strong potential to
be a novel class of antiviral therapy that will target multiple stages of the SARS-CoV-2
infection.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/biom11081114/s1, Supplemental Figure S1: the spike-(S)-protein of SARS-CoV-2 binds
to rthSP-D. ELISA binding assays were performed coating the plate wells with with rhSP-D. The
binding was determined under different conditions: 5 mM calcium (blue, circles), 200 mM maltose
(red, squares) and 50 mM EDTA (green, upside triangles); additionally, wells were coated with bo-
vine serum albumin (BSA) instead of rhSP-D to determine nonspecific binding and show that the
binding between rhSP-D and S-protein was specific (grey, downside triangles). Maltose and BSA
conditions were tested in presence of 5 mM calcium. n = 2, Error bars represent standard deviation
of duplicates. The binding of S1-protein to thSP-D was determined by anti-S1-protein-mFc ELISA.
The S1-protein bound to rhSP-D in the presence of calcium was significantly different to the rhSP-
D bound in the presence of EDTA (p = 0.002) or to BSA (p < 0.0001) (Kruskal-Wallis with Dunn’s
post-test). Applying a one-binding site model the apparent Kd was 2.02 and the apparent Bmax was
0.81.
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