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Abstract 

Objective: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the pathogen 

accountable for the coronavirus disease 2019 (COVID-19) pandemic. Viral entry via binding of the 

receptor binding domain (RBD) located within the S1 subunit of the SARS-CoV-2 Spike (S) protein to its 

target receptor angiotensin converting enzyme (ACE) 2 is a key step in cell infection. The efficient 

transition of the virus is linked to a unique protein called open reading frame (ORF) 8. As SARS-CoV-2 

infections can develop into life-threatening lower respiratory syndromes, effective therapy options are 

urgently needed. Several publications propose vitamin D treatment, although its mode of action 

against COVID-19 is not fully elucidated. It is speculated that vitamin D’s beneficial effects are 

mediated by up-regulating LL-37, a well-known antimicrobial peptide with antiviral effects. 

Methods: Recombinantly expressed SARS-CoV-2 S protein, the extended S1 subunit (S1e), the 

S2 subunit (S2), the receptor binding domain (RBD), and ORF8 were used for surface plasmon 

resonance (SPR) studies to investigate LL-37’s ability to bind to SARS-CoV-2 proteins and to localize its 

binding site within the S protein. Binding competition studies were conducted to confirm an inhibitory 

action of LL-37 on the attachment of SARS-CoV-2 S protein to its entry receptor ACE2.  

Results: We could show that LL-37 binds to SARS-CoV-2 S protein (LL-37/SStrep KD = 407 nM, 

LL-37/SHis KD = 414 nM) with the same affinity, as SARS-CoV-2 binds to hACE2 (hACE2/SStrep 

KD = 374 nM, hACE2/SHis KD = 368 nM). The binding is not restricted to the RBD of the S protein, but 

rather distributed along the entire length of the protein. Interaction between LL-37 and ORF8 was 

detected with a KD of 294 nM. Further, inhibition of the binding of SStrep (IC50 = 735 nM), S1e (IC50 = 

168 nM), and RBD (IC50 = 126 nM) to hACE2 by LL-37 was demonstrated. 

Conclusions: We have revealed a biochemical link between vitamin D, LL-37, and COVID-19 

severity. SPR analysis demonstrated that LL-37 binds to SARS-CoV-2 S protein and inhibits binding to 

its receptor hACE2, and most likely viral entry into the cell. This study supports the prophylactic use of 

vitamin D to induce LL-37 that protects from SARS-CoV-2 infection, and the therapeutic administration 

of vitamin D for the treatment of COVID-19 patients. Further, our results provide evidence that the 

direct use of LL-37 by inhalation and systemic application may reduce the severity of COVID-19. 
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Introduction 

Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) is one of seven known 

human coronavirus pathogens 1. Most human coronavirus infections result in the common cold and 

account for up to 15% of such cases. In contrast, SARS-CoV, MERS-CoV, and SARS-CoV-2 infections can 

develop into life-threatening lower respiratory syndromes 2-4. As of November 28, 2020, a total of 

61,508,373 infected cases and more than 1,441,265 deaths (mortality ~2%) were reported 

(WorldOmeter https://www.worldometers.info/coronavirus/). Coronavirus disease 2019 (COVID-19) 

has resulted in a global pandemic. An end of the pandemic will be reached if a majority of the 

population becomes immune after surviving the infection or through an effective vaccine. In addition 

to vaccine development, research focuses on therapy options. Attractive therapeutic approaches are 

the inhibition of SARS-CoV-2 fusion and entry, the disruption of virus replication, the suppression of 

excessive inflammatory response, and the treatment with convalescent plasma 5.  

The COVID-19 mortality rate is currently higher at northern latitudes, a possible role for 

vitamin D (1,25(OH)2D) in determining outcomes has been postulated 6. Vitamin D deficiency is 

considered a global problem and might be associated with increased susceptibility to COVID-19. A 

recent study demonstrated that administration of a high dose of 25-hydroxyvitamin D (25(OH)D), the 

main metabolite of vitamin D, significantly reduces the need for intensive care unit (ICU) treatment of 

patients requiring hospitalization due to proven COVID-19 7. One of 50 patients treated with 25(OH)D 

required admission to the ICU (2%), in comparison to 13 of 26 untreated patients required admission 

to the ICU (50%). Vitamin D might therefore be a promising therapeutic agent for fighting SARS-CoV-2. 

High‐dose vitamin D supplementation should achieve and maintain optimal (range 40‐60 ng/ml) serum 

25(OH)D levels both for COVID-19 prevention and treatment 8.  

Vitamin D is not only known for its role in bone mineralization and calcium homeostasis, but is 

also involved in various pathophysiological mechanisms that occur during SARS-CoV-2 infection. It was 

suggested, that vitamin D increases the ratio of angiotensin converting enzyme (ACE)2 to ACE, thus 

increasing angiotensin II hydrolysis and reducing subsequent inflammatory cytokine response to 

pathogens and lung injury 6. Also, many studies show that vitamin D has a decisive influence on the 

immune system and regulates antimicrobial innate immune responses 9-11. The effects of vitamin D are 

mediated by its binding to the vitamin D receptor (VDR) and subsequent binding to vitamin D response 

elements (VREs) 9. Such a consensus VRE is located in the promotor of the human cathelicidin 

antimicrobial peptide gene. Therefore, cathelicidin, the precursor of the well investigated human 

antimicrobial peptide LL-37, is strongly up-regulated by vitamin D 12,13.  

LL-37 consists of 37 amino acids with an overall positive net charge (+6) and can thus eliminate 

microbes directly by electrostatic binding to negatively charged molecules on microbial membranes. 

In addition, it has antiviral effects including inhibition of herpes simplex virus type one (HSV-1) 
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replication, vaccinia virus replication, retroviral replication, and replication of some adenovirus 

serotypes 14. The epidemiological evidence for a positive vitamin D-related immune effect includes 

many studies that feature enveloped viruses. This supports the notion that LL-37’s antiviral effects may 

be partially mediated by envelope disruption 15. SARS-CoV-2 is an enveloped single-stranded RNA virus 

harboring a genome of approximately 30 kb that encodes, among others, for the structural spike (S) 

glycoprotein that forms trimers at the viral surface. The S protein is important for viral attachment to 

the host cell via ACE2 and comprises two subunits, the S1 subunit containing the receptor binding 

domain (RBD) and the S2 subunit 16. Furthermore, the genome codes for a total of six accessory 

proteins including open reading frame (ORF)8, which might function as a potential immune modulator 

to delay or attenuate the host immune response against the virus 17. Interestingly, the S protein and 

the accessory protein ORF8 have a negative net charge of -8 and -4 (https://pepcalc.com/), 

respectively. Therefore, we speculated that LL-37 interacts with SARS-CoV-2 S protein and ORF8 and 

block viral entry. 

In this study, we investigated the interaction between LL-37 and the SARS-CoV-2 S protein and 

ORF8 protein by surface plasmon resonance (SPR). Furthermore, we examined whether LL-37 inhibits 

the binding of the S protein to its cellular receptor hACE2.  
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Material and Methods 

Cloning and Purification of SARS-CoV-2 proteins 

 The genes encoding ectodomain from the spike glycoprotein (MN908947; AA:1-1207; furin site 

mutated; K986P and V987P) and the S2 subunit (MN908947; AA:686-1207; K986P and V987P) including 

a C-terminal T4 foldon, the extended S1 subunit (MN908947; AA:14-722; furin site mutated) and the  

receptor binding domain (MN908947; AA:331-524) regions of the SARS-CoV-2 spike DNA as well as the 

ORF8 (MN908947; AA:16-121) and the human ACE2 (NM_001371415.1: AA:20-611) were amplified 

from synthetic gene plasmids using specific PCR-primers. After digestion with appropriate restriction 

enzymes the PCR products were cloned into modified sleeping beauty transposon expression vectors 

18 that contain a double Strep II or a poly-histidine tag (Figure 1 A) and a thrombin cleavage site at the 

C-terminus. In the case of RBD, S1e, ORF8, and ACE2 the tag was added at the 5’ end including a BM40 

signal peptide sequence. The sleeping beauty transposon system was stably transfected into HEK293 

EBNA cells using FuGENE® HD (Promega GmbH, USA) in DMEM/F12 (Merck, Germany) supplemented 

with 6% FBS (Biochrom AG, Germany). Cells were quickly selected with puromycin dihydrochloride 

(3 µg/ml; Sigma, USA) for four days and seeded into triple flasks. After four days of induction with 

doxycycline hyclate (0.5 µg/ml; Sigma, USA) supernatants were harvested every third day and filtered. 

Recombinant proteins with a double Strep II tag were purified using Strep-Tactin®XT (IBA Lifescience, 

Germany), eluted with biotin elution buffer (IBA Lifescience, Germany). In the case of 

poly-histidine-tagged proteins, cell supernatants were purified via an Indigo-Ni column (Cube Biotech, 

Germany), washed step-wise with imidazole, and eluted with 200 mM imidazole. Proteins were 

dialyzed against Tris-buffered saline (TBS) or phosphate-buffered saline (PBS) and aliquots stored at 

4°C.  

 

LL-37 

 Synthetic LL-37 (Sequence: LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) was purchased 

from Invivogen (USA). Lyophilized peptide was reconstituted with endotoxin-free water to reach a final 

concentration of 1 mg/ml, which was verified by BCA assay (Thermo Fischer Scientific, USA). Purity was 

≥ 95%. 

 

SDS-PAGE and Coomassie staining 

 Protein samples were reduced with dithiothreitol, mixed with LDS Sample Buffer (Thermo 

Fischer Scientific, USA), and heated to 90°C for 10 min. SDS-PAGE was performed in a 4-12% Bis-Tris 

polyacrylamide gel (Thermo Fischer Scientific, USA). Proteins were visualized using Coomassie Brilliant 
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Blue R 250 (Merck, Germany) or using the SilverQuest silver staining kit (Invitrogen Thermo Fisher 

Scientific, USA). For immunoblotting, the proteins were transferred to a polyvinylidene fluoride 

(0.45 µm) membrane (Thermo Fischer Scientific, USA). After blocking the membrane for 1h in PBS 

containing 0.05% Tween and 3% BSA the membrane was incubated with Strep-Tactin®-HRP conjugate 

(IBA Lifescience, Germany) diluted 1:100,000 in blocking solution. The membrane was then treated 

with AmershamTM ECLTM Prime Western Blotting Detection Reagent (Thermo Fisher Scientific, USA) and 

signals were visualized using the ChemiDoc XRS+ System (BioRad, Germany). 

 

Interaction studies using surface plasmon resonance (SPR) 

 SPR experiments were performed as described previously 19,20 using a BIAcore 2000 system 

(BIAcore AB, Uppsala, Sweden). SARS-CoV-2 proteins were coupled to CM5 sensor chips using the 

amine coupling kit following the manufacturer’s instructions (Cytiva Life Sciences). SARS-CoV-2 

proteins used for interaction studies were immobilized at the indicated reference units (RUs): 

SARS-CoV-2 ORF8 (1500 RUs), SARS-CoV-2 SStrep (8000 RUs), SARS-CoV-2 SHis (12000 RUs), SARS-CoV-2 

RBD (1500 RUs), SARS-CoV-2-S1e (6000 RUs), SARS-CoV-2 S2 (5500 RUs). Interaction studies were 

performed by injecting 0-1280 nM analyte in HBS-EP buffer (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM 

EDTA, 0.005% (v/v) surfactant P20) (Cytiva Life Sciences). To verify the functionality of the ORF8 

protein coupled sensor chip a Strep-Tactin-HRP conjugate (IBA Lifescience, Germany) was used as a 

control. Kinetic constants were calculated by nonlinear fitting (1:1 interaction model with mass 

transfer) to the association and dissociation curves according to the manufacturer's instructions 

(BIAevaluation version 3.0 software). Apparent equilibrium dissociation constants (KD values) were 

then calculated as the ratio of the dissociation rate constant (kd) and the association rate constant (ka). 

Experiments were performed in quadruplicate. 

 

Binding competition studies using surface plasmon resonance 

 For competition experiments SARS-CoV-2 SStrep was immobilized at 9000 RUs and 0-2560 nM 

LL-37 was injected followed by a subsequent 10 nM injection of hACE2 (“coinject” mode). Competition 

experiments with SARS-CoV-2 RBD, SARS-CoV-2 S1e, and SARS-CoV-2 S2 were performed by injecting 

0-2560 nM LL-37 followed by an immediate injection of 640 nM hACE2 (“coinject” mode). Competition 

effects were detected as the percentage loss of signal compared to prior buffer injection. 
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Results 

Recombinant expression of SARS-CoV-2 proteins 

To study the interaction of LL-37 with SARS-CoV-2 we used recombinantly expressed 

SARS-CoV-2 SStrep (139 kDa), SHis (136 kDa), S1e (83 kDa), RBD (26 kDa), S2 (65 kDa), and the accessory 

protein ORF8 (16 kDa) (Figure 1 A). Recombinant hACE2 was used as a positive control. Integrity and 

purity of the proteins was checked by SDS-PAGE following Coomassie staining (Figure 1 B). SStrep stained 

with Coomassie dye showed one band with an apparent molecular mass of approximately 30 kDa and 

one faint band with an apparent molecular mass of 140 kDa. To verify the presence of full-length SStrep, 

we performed silver staining after SDS-PAGE, and immunoblot (Figure 1 C, D). Both showed the 

presence of full-length SStrep. 

  

Figure 1: Recombinant SARS-CoV-2 proteins. (A) Schematic drawing representing recombinantly 

expressed SARS-CoV-2 spike glycoprotein (SStrep, SHis), extended S1 subunit (S1e), receptor binding 

domain (RBD), and S2 subunit. (B) 4-12% Bis-Tris gel loaded with 5 µg of SARS-CoV-2 open reading 

frame (ORF) 8, SStrep, SHis, S1e, RBD, S2, and human angiotensin converting enzyme 2 (hACE2) stained 

with Coomassie Brilliant Blue R 250. (C) Silver staining of 2 µg of SARS-CoV-2 SStrep. (D) Immunoblot of 

2 µg of SARS-CoV-2 SStrep. 

 

Interaction studies using surface plasmon resonance (SPR) 

 To investigate the binding kinetics and interaction affinity of LL-37 with SARS-CoV-2 S protein 

by SPR, SStrep and SHis were immobilized on a CM5 sensor chip (Figure 2). LL-37 showed consistent and 
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specific binding to both spike ectodomain preparations SStrep (KD = 410 nM) and SHis (KD = 420 nM) which 

excluded tag-specific effects. Binding of S proteins to hACE2As was measured as a positive control 

(Figure 2 B, D).. The binding affinities of SStrep to hACE2 (KD = 370 nM) and SHis to hACE2 (KD = 370 nM) 

were comparable to the binding affinities seen for LL-37. 

 

Figure 2: SPR sensorgrams of binding kinetics of SARS-CoV-2 S protein to LL-37 and hACE2. (A) Binding 

of LL-37 at various concentrations (0-1280 nM) to SARS-CoV-2 SHis (12000 RUs immobilized on a CM5 

sensor chip) and calculated equilibrium dissociation constant (KD). (B) Binding of hACE2 at various 

concentrations (0-1280 nM) to SARS-CoV-2 SHis (12000 RUs immobilized on a CM5 sensor chip) and 

calculated equilibrium dissociation constant (KD). (C) Binding of LL-37 at various concentrations 

(0-1280 nM) to SARS-CoV-2 SStrep (8000 RUs immobilized on a CM5 sensor chip) and calculated 

equilibrium dissociation constant (KD). (D) Binding of hACE2 at various concentrations (0-1280 nM) to 

SARS-CoV-2 SHis (12000 RUs immobilized on a CM5 sensor chip) and calculated equilibrium dissociation 

constant (KD). 

 

To define the binding site of LL-37 within the S protein the recombinant proteins RBD, S1e, and 

S2, representing different subregions of the S protein (Figure 3), were immobilized on a CM5 sensor 

chip and binding of LL-37 was analyzed. LL-37 bound to RBD (KD = 220 nM), S1e (KD = 200 nM), and S2 

(KD = 230 nM) with the same binding affinities. As a control, we analyzed the binding of hACE2 to RBD 

(KD = 940 nM), S1e (KD = 610 nM) and S2. As expected, only S2, which possesses no RBD, did not show 

an interaction with hACE2, demonstrating the specificity of the binding of RBD and S1e to hACE2, and 

of RBD, S1e, and S2 to LL-37. 
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Figure 3: SPR sensorgrams of binding kinetics of SARS-CoV-2 RBD, S1e, and S2 to LL-37 and hACE2. (A) 

Binding of LL-37 at various concentrations (0-1280 nM) to SARS-CoV-2 RBD (1500 RUs immobilized on 

a CM5 sensor chip) and calculated equilibrium dissociation constant (KD). (B) Binding of hACE2 at 

various concentrations (0-1280 nM) to SARS-CoV-2 RBD (1500 RUs immobilized on a CM5 sensor chip) 

and calculated equilibrium dissociation constant (KD). (C) Binding of LL-37 at various concentrations 

(0-1280 nM) to SARS-CoV-2 S1e (6000 RUs immobilized on a CM5 sensor chip) and calculated 

equilibrium dissociation constant (KD). (D) Binding of hACE2 at various concentrations (0-1280 nM) to 

SARS-CoV-2 S1e (6000 RUs immobilized on a CM5 sensor chip) and calculated equilibrium dissociation 

constant (KD). (E) Binding of LL-37 at various concentrations (0-1280 nM) to SARS-CoV-2 S2 (5500 RUs 

immobilized on a CM5 sensor chip) and calculated equilibrium dissociation constant (KD). (F) Binding 

of hACE2 at various concentrations (0-1280 nM) to SARS-CoV-2 S2 (5500 RUs immobilized on a CM5 

sensor chip) and calculated equilibrium dissociation constant (KD). 

 

The accessory protein ORF8 is regarded as a virulence factor. Therefore, we also analyzed the 

interaction of ORF8 and LL-37 (Figure 4). Binding between LL-37 and ORF8 was detected with a KD of 

290 nM. A Strep-Tactin-HRP conjugate was used to verify the functionality of the ORF8 coupled sensor 

chip, as ORF8 carries a double Strep II tag. 
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Figure 4: SPR sensorgrams of binding kinetics of SARS-CoV-2 ORF8 to LL-37 and Strep-Tactin-HRP 

conjugate. (A) Binding of LL-37 at various concentrations (0-1280 nM) to SARS-CoV-2 ORF8 (1500 RUs 

immobilized on a CM5 sensor chip) and calculated equilibrium dissociation constant (KD). (B) Binding 

of Strep-Tactin-HRP conjugate at various concentrations (0-1280 nM) to SARS-CoV-2 RBD (1500 RUs 

immobilized on a CM5 sensor chip) and calculated equilibrium dissociation constant (KD). 

  

All sensorgrams of LL-37 showed a drop in the signal (RU) after approximately 100 s. This 

phenomenon may be caused by oligomerization which prevents further association of the monomeric 

analyte. It is known that LL-37 shows a concentration dependent oligomerization and forms tetrameric 

channels, these may in the case of bacterial infection lead to the breakdown of the transmembrane 

potential essential for bacterial killing 21. 

 

Binding competition studies using surface plasmon resonance 

Competition studies were performed to investigate the bindingof S protein, S1e, and RBD to 

hACE2 by LL-37. Therefore, sensor chips were immobilized with SStrep, RBD, and S1e, respectively, and 

hACE2 was injected with a constant concentration directly after various concentrations of LL-37 

(Figure 5). Calculated half maximal inhibitory concentrations (IC50) for the binding of S protein, S1e, 

and RBD to hACE2 by LL-37 were determined. LL-37 was able to reduce the binding of SStrep 

(IC50 = 740 nM), S1e (IC50 = 170 nM), and RBD (IC50 = 130 nM) to hACE2. In contrast to RBD and S1e, the 

full-length S protein possesses additional binding sites for LL-37, which are not involved in hACE2 

binding. Therefore, higher concentrations of LL-37 are needed to block the binding site of hACE2.  
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Figure 5: Analysis of the inhibition y LL-37 of the interactions between SARS-CoV-2 S protein, RBD, and 

S1e and hACE2 using competition SPR. (A) Dose response curves for IC50 calculation for the LL-37 

inhibition of SARS-CoV-2 SStrep binding to hACE2. (B) Dose response curves for IC50 calculation for the 

LL-37 inhibition of SARS-CoV-2 RBD binding to hACE2 by LL-37. (C) Dose response curves for IC50 

calculation for the LL-37 inhibition of SARS-CoV-2 S1e binding to hACE2. 
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Discussion 

 Several studies describe the positive effect of vitamin D on the course of COVID-19 disease, 

although larger independent studies are still pending. Based on the fact that gene expression of 

cathelicidin, the precursor of LL-37, is regulated by vitamin D, there is speculation that vitamin D has a 

beneficial effect on the course of COVID-19 disease through increased formation of LL-37. However, 

there is jet no experimental evidence for the effect of LL-37 on SARS-CoV-2 proteins. In our study, we 

showed for the first time a biochemical link between LL-37 and the SARS-CoV-2 S protein and provide 

a rationale for the use of vitamin D in infection prophylaxis, and for therapeutic administration in the 

treatment of COVID-19 patients. Peptide based therapeutics, especially antimicrobial peptides, are 

excellent drug candidates as they have little adverse effects and show anti-coronavirus activity 22-24. 

For SARS-CoV-2, our results provide evidence, that the direct use of LL-37 by inhalation or systemic 

application, might reduce the severity of COVID-19. 

 We used surface plasmon resonance analysis to show that LL-37 binds to the SARS-CoV-2 

S protein and reduces the attachment of the S protein to its cellular receptor hACE2. SPR analysis 

demonstrated a strong interaction between LL-37 and the S protein, which most likely inhibits cellular 

infection. A recent study shows that at a concentration of 100 ng/ml LL-37 decreases the ability of 

SARS-CoV-2 to invade Vero cells by 41.5% 25. Our findings are in accordance with in silico predictions 

suggesting a binding of LL-37 to the RBD of SARS-CoV-2 based on a high structural similarity of LL-37 

to the N-terminal helix of hACE2 26. Surprisingly, LL-37 did not only bind to RBD and proteins containing 

the RBD, but also to S2, lacking the RBD. Therefore, we hypothesize that binding of LL-37 to the 

S protein does not occur through to interactions with a special protein domain, but are rather due to 

electrostatic or hydrophobic interactions or its amphipathicity. This assumption is further supported 

by the fact that the antiviral effectivity of LL-37 against influenza infection in vitro or in vivo was not 

altered by replacing L-amino acids with D-amino acids, indicating that its action is not dependent on 

specific receptor interactions 27. Interestingly, peptide binding to non-RBD regions can also reduce 

SARS-CoV-2 S protein attachment to hACE2 28. Therefore, the here demonstrated binding of LL-37 to 

S1e and S2 may also hinder viral binding to its host receptor. In summary, we could show that LL-37 

reduces attachment of the S protein to hACE2. The calculated IC50 values for the LL-37 inhibition of the 

binding of S protein and its subdomains to the hACE2 ranged from 126 nM (IC50 RBD) to 735 nM 

(IC50 SStrep). In contrast, the minimal inhibitory concentration (MIC) of LL-37 against different 

gram-positive and gram-negative bacteria is reported to range from 3.6 µM to 6.9 µM 29.  

In vitro experiments predicted cytotoxicity of LL-37. However, in plasma up to 90% of LL-37 is 

bound to apolipoprotein A-I, which attenuates its cytotoxic effects in vivo 30. Thus, higher LL-37 

concentrations can be reached at localized sites of infection without damaging the tissue. Within 
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different tissues the physiological concentration of LL-37 varies. In lung and nasal secretions, high 

concentrations can be reached, indicating a relevant role of LL-37 in lung immune defense mechanisms 

31,32. A study of infants hospitalized due to bronchiolitis associated low LL-37 levels with increased 

severity of disease 33. Furthermore, after cyclic stretch, typically caused by mechanical ventilation, 

down-regulation of the cathelicidin gene was detected in human bronchial epithelial cell lines. 

Treatment with vitamin D counteracted this effect on the mRNA level as well as on the protein level 

and protected against ventilator-induced injury 34. In human bronchial epithelial cells, a 10-fold 

induction of cathelicidin mRNA levels was achieved by vitamin D stimulation 11. Concerning a direct 

therapeutic application of antimicrobial peptides like LL-37, it is noteworthy that their pharmaceutical 

use has received approval for clinical trials 25,35. This could help to accelerate the use of LL-37 for the 

treatment of COVID-19.  

 We also tested LL-37s’ ability to bind to the negatively charged, secreted accessory protein 

ORF8, which is unique to SARS-CoV-2 and thus linked to efficient pathogen transmission 36,37. Multiple 

functions of ORF8 have been proposed including disruption of antigen presentation via 

down-regulation of MHC I expression and inhibition of interferon I signaling 38,39. Furthermore, a 

382-nucleotide deletion in the ORF8 region of the genome led to lower concentrations of 

proinflammatory cytokines, chemokines, and growth factors that are strongly associated with severe 

COVID-19 2,40. Therefore, binding of LL-37 to ORF8 may mitigate these effects leading to a less serious 

course of the disease. 

 LL-37 has not only antimicrobial and antiviral activities but also immunomodulatory properties. 

It helps to maintain homeostasis of the immune system by regulating chemokine, cytokine production. 

Immune responses are promoted through an enhanced antigen presentation by supporting the 

maturation of monocytes to dendritic cells, in this manner bridging innate and adaptive immunity 41,42. 

The peptide is also able to augment the release of pro-inflammatory cytokines by immunocompetent 

cells and human bronchial epithelial cells 43,44. On the other hand, it can diminish the secretion of 

proinflammatory factors induced by bacterial lipopolysaccharides 45. Moreover, influenza infected 

mice showed reductions of granulocyte-macrophage colony-stimulating factor (GM-CSF), RANTES, and 

interleukin 1ß in bronchoalveolar lavage fluid after LL-37 treatment compared to the infected control 

group 27. As severe COVID-19 patients show high levels of cytokines including IL-6, GM-CSF, RANTES, 

and IL-8, LL-37’s immunomodulatory properties may have protective effects and improve patient 

survival rates 2,46.  

 Meanwhile, vaccines against SARS-CoV-2 have been developed. With extensive vaccination 

the pandemic will end, but the threat of COVID-19 remains. It is for several reasons challenging to 

reach herd immunity. The vaccine will not be available to everyone, some individuals have 
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contraindications or are not willing to be vaccinated and others will not develop effective immunity 

after vaccination. For those patients, prophylactic and therapeutic agents directed against COVID-19 

are urgently needed. The combined antiviral, antimicrobial, and immunomodulatory properties are 

advantages of LL-37 compared to antibodies from reconvalescent donors and should be considered as 

COVID-19 patients are prone to develop bacterial superinfections. Furthermore, the number of plasma 

donors limits the quantity of reconvalescent plasma, and the transfer of human material carries the 

risk of infection. In contrast, LL-37 can be produced synthetically with high purity and in unlimited 

quantities. Also, the use of antibodies from reconvalescent donors did not result in clinical benefits or 

in reduction in all-cause mortality 47,48. Therefore, the use of vitamin D as an infection prophylaxis and 

the therapeutic administration of vitamin D for the treatment of COVID-19 patients, and the direct use 

of LL-37 by inhalation or systemic application could be good alternatives.  

In conclusion, we have revealed a biochemical link between vitamin D, LL-37, and COVID-19 

severity. SPR analysis demonstrated that LL-37 binds to SARS-CoV-2 S protein and inhibits binding to 

its receptor hACE2, and most likely viral entry into the cell. This study supports the prophylactic use of 

vitamin D to induce LL-37 to protect from SARS-CoV-2 infection, and the therapeutic administration of 

vitamin D for the treatment of COVID-19 patients. Further, our results provide evidence that the direct 

use of LL-37 by inhalation and systemic application might reduce the severity of COVID-19. 
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