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ABSTRACT

Even as clinical trials are underway for vaccines and therapeutics for Covid-19,
establishment of modalities with a strong and complete foundation is still awaited and until
then, the uncertainty remains associated. Thus, there is a requirement to research as many new
and different types of approaches as possible to tackle the pandemic. In this report, in silico
scientific findings are presented, which are indicative of the putative potential for the use of
the LL-37 human anti-microbial peptide as a therapeutic or possibly even as a prophylactic
against SARS-CoV-2. This indication is mainly based on the high structural similarity of LL-
37 to the N-terminal helix of the receptor-binding domain of SARS-CoV-2, and the positive
prediction of binding of LL-37 to the receptor-binding domain of SARS-CoV-2. Also, as
Vitamin D is known to upregulate the expression of LL-37, the vitamin is a candidate
preventive molecule. This report also provides the possible basis for why there is an inverse
correlation between Vitamin D levels in the body and the severity of or susceptibility to Covid-
19, as described in a large body of published literature. The path for development of LL-37 as
a therapeutic could be of lesser duration, as LL-37 is native to the human body. With the
scientific link put forth in this work, Vitamin D could be used at an effective, medically
prescribed dose as a preventive measure. As Vitamin D is insoluble in water, it should be taken
only in consultation with a medical practitioner to prevent adverse effects of its accumulation
in the body. The information in this report would be valuable in bolstering the worldwide

efforts to control the pandemic as early as possible.
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INTRODUCTION

The world is plagued with the peculiar and daunting problem that a vast population of
humans does not mount an effective innate immune response against SARS-CoV-2 (Vabret et
al, 2020). World-wide efforts are ongoing for the development of vaccines and therapeutics.
These efforts need to surmount different challenges in producing effective and safe vaccines,
additionally confounded by the nature and behaviour of SARS-CoV-2 (Calina et al, 2020).
Likewise, there are various problems associated with drugs and drug development for Covid-
19 (El-Aziz & Stockand, 2020). Considering the difficulties well-reviewed in these articles,
there should be research in the direction of as many different types of approaches that can be
thought of, including non-typical approaches. In this work, a different possibility is presented,
in the form of the human anti-microbial peptide LL-37 as a therapeutic, the reasoning for
which is described below, after a brief introduction to (i) the binding of SARS-CoV-2 to its
receptor Angiotensin-Converting Enzyme-2 (ACE2) on cells, (ii) the cathelicidin-derived LL-
37 peptide, and (iii) the upregulation of LL-37 by Vitamin D.

SARS-CoV-2 attaches to the cell surface receptor ACE2 by the binding of the Receptor
Binding Domain (RBD) of its Spike protein to ACE2. The N-terminal helix (NTH) of the
peptidase domain of ACE2 is mainly responsible for the interaction with the RBD (Lan et al,
2020). The Receptor Binding Motif (RBM) within the RBD, forms a concavity into which the
NTH fits in. Most of the residues of ACE2 that form interactions with the RBD are present in
the N-terminal helix. A stretch of ACE2 from Ser19 to Asn53 comprises the NTH (Chowdhury
& Maranas, 2020).

LL-37, a 37 amino acid peptide, produced from the cleavage of an 18 kDa polypeptide,
hCAP18, is the only anti-microbial peptide (AMP) present in humans which belongs to the
cathelicidin family (Agier et al, 2015). It is produced not only by multiple immune cells like
NK cells, B cells, mast cells etc, but also by epithelial cells present in the skin and the
respiratory tract (Mansour et al, 2014). LL-37, the peptide which has the anti-microbial
activity, is produced by extracellular cleavage of hCap18 (Sorenson et al, 2001) and is majorly
present extracellularly. Within cells, it is present in its proform in granules. LL-37 acts as a
polycationic agent and binds to the anionic regions of the membranes of pathogens (Burton &
Steel, 2009). There are many examples of internalization of active LL-37. To name a few, it
can get internalized into human macrophages where it can act in clearance of intracellular

pathogens (Tang et al, 2015). LL-37 is internalized by human mast cells which it induces to



release nucleic acids (Dahl et al, 2018). LL-37 also forms complexes with extracellular DNA
and transports it into monocytes and also plasmacytoid dendritic cells (Chamilos et al 2012).

Zhang et al (2010) have reported about LL-37 being a cell-penetrating peptide (CPP).

The physiological concentration of LL-37 is known to be in the range of 2-5 pg/ml.
However, in case of infection its concentration could rise up to 20 pg/ml (Tripathi et al, 2015).
LL-37 is reported to be cleaved even further in the epithelial cells into more potent anti-
microbial peptides which can act as a chemoattractant for various immune cells like
neutrophils, dendritic cells, T cells, etc (Bandurska et al, 2015). In broncho-alveolar fluid, nasal
epithelium, nasal secretions, LL-37 concentrations are very high especially during infections
(Tripathi et al, 2015). LL-37 also exhibits antiviral activity against several viruses by
interacting with the viral envelopes (Ahmed, 2019). LL-37 has also been found to interfere
with the replication of several single-stranded enveloped RNA viruses similar to SARS-CoV-
2, such as Respiratory Syncytial Virus, Influenza A hepatitis C virus, Dengue virus, HIV-1 and

Vaccinia Virus (Crane-Godreau et al, 2020).

A metabolite of Vitamin D3, 1a,25- dihydroxy vitamin D3 (1,25D3), is known for its
role in transcriptional regulation of many genes of the immune system (Gurlek et al, 2002).
Genes regulated by 1,25D3 not only code for pro-inflammatory mediators, cytokines,
chemokines but also for anti-microbial peptides. Human antimicrobial peptide hCAP-18/LL-

37 gene is one such gene which is upregulated by Vitamin D (Svensson et al, 2016).

Moving on to the crux of the matter, i.e., the logic of this study, a large collection of
evidence has mounted that there is a correlation between Covid-19 and Vitamin D. In PubMed,
there are numerous articles reporting or discussing such correlation. To give an example, in an
Israeli population-based analysis involving 7807 people, 10% individuals who were Covid-19
positive had lower 25(OH) Vitamin D levels in the plasma than the individuals who were tested
negative and the finding was statistically significant (Merzon et al, 2020). In another work,
which is most relevant to our study, the binding of LL-37 to enveloped viruses and their
consequent disablement has been described and it has been postulated that Vitamin D
deficiency manifests as aggravated Covid-19 through consequent low expression of
cathelicidin (Crane-Godreau et al, 2020). In our study, the question was asked - Could this
association be something that could be tapped for developing a potential therapy? LL-37 is
known to have a helical structure (Zhao et al, 2018) as depicted in Figure 1. The actual part of
ACE?2 that the RBD binds to is the N-terminal helix (NTH) (Figure 1) of ACE2. Both being



helical, the PDB structure of NTH was obtained by submitting its sequence to the structure
prediction server Phyre2 (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index;
Kelley et al, 2015) (Figure 1). This PDB structure was submitted as a query in the Protein
structure comparison service, PDBeFold at European Bioinformatics Institute
(http://www.ebi.ac.uk/msd-srv/ssm) (Krissinel & Henrick, 2005; Krissinel & Henrick, 2004).

The second molecule that emerged in the results of this search was LL-37 (Figure 1).

Thus, a hypothesis was made that LL-37, could be binding to RBD and if true, this
could be one of the most effective way in which LL-37 could interfere with SARS-CoV-2 by
binding to the receptor-binding domain (RBD) of the virus. This, in fact, is the scientific basis
for the development of vaccines that give rise to neutralizing antibodies (Tian et al, 2020), and
also therapeutics which act by binding to the RBD, and hence preventing attachment of the
virus to its receptor ACE2 (Huang et al, 2020). Therefore, in this work, in silico studies were
undertaken, mainly to test the hypothesis put forth and to unearth the possibility, if any, of
binding of LL-37 to RBD, just as RBD binds to NTH. A great value of this approach to develop
a treatment would be that a molecule from the body itself could be used as a therapeutic.

The Spike protein RBD is amply glycosylated (Shajahan et al, 2020) and the glycan
moieties are considered to be steric hindrances for neutralizing antibodies to bind — a
mechanism of immune evasion by the virus. The N-glycans on the Spike protein affect its
folding and consequently, the immune surveillance system is evaded and an antibody response
averted (Sternberg & Naujokat, 2020) . The glycans have been reported to control the
conformation of the RBD (Henderson et al, 2020). The RBD does get exposed when the virus
is about to bind to ACE2; this is referred to the “UP” state of the RBD, as against the
unavailable “DOWN?” state, these states being alternated by the glycans which is also discussed
by Cai et al (2020). Indeed neutralizing antibodies to this UP state of the RBD have been found
in the plasma of convalescent Covid-19 patients (Barnes et al, 2020). Also, the development
of neutralizing antibodies as a therapeutic depends on the “Open” or available state of the RBD
as against its “closed” state (Mercurio et al, 2020). So, in the UP or Open state of the RBD,
LL-37 could also bind to it.

METHODS

Retrieval of 3-D Structures and their Preparation
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The NMR structure of human LL-37 and two X-ray crystal structures of SARS-CoV-
2 Receptor-Binding Domain (RBD) in complex with its receptor i.e. human ACE2 (hACE2)
were retrieved from the PDB database (https://www.rcsb.org/) with PDB ID: 2K60O (Wang,
2008), 6LZG (Wang et al, 2020) and 6M0J (Lan et al, 2020) respectively. In this report, we
have used another two peptides as negative controls that are structurally almost similar to LL-
37 (Figure 1). The 3-dimensional solution structures determined by solution spectroscopy of
these two peptides viz. transmembrane domain of syndecan-2 (TDS-2) (PDB ID: 61TH) (Li et
al, 2019) and glucagon-like peptide-2 (GLP-2) (PDB ID: 2L63) (Venneti & Hewage, 2011)

were retrieved from the PDB database.

The Schrddinger’s Protein Preparation Wizard tool (Sastry et al, 2013; Schrddinger
Release 2020-2: Protein Preparation Wizard, Schrédinger, LLC, New York, NY, 2020) was
used to prepare the downloaded PDB structures for structural correctness with respect to
optimization of H-bonds and energy minimization of heavy atoms by using OPLS-2005 force

field, resulting into high-confidence structures for further molecular docking studies.
Quantitative Assessment of NTH Structure Similarity with LL-37, TDS-2, and GLP-2

To assess the structural similarity between N-terminal Helix (NTH) of hACE2 with
human anti-microbial peptide LL-37, and two other unrelated helical peptides viz. TDS-2 and
GLP-2, the quantitative assessment of protein structure similarity was carried out using TM-
align online server (Zhang & Skolnick, 2005; https://zhanglab.ccmb.med.umich.edu/TM-
align/). The TM-align program produces the optimized residual alignment between two
structures depending on their structural similarity followed by structural superimposition and
gives the TM-score which is a measure of the structural similarity. TM-score gives the values
in between 0 to 1, where O indicates the given structures are structurally different while 1
indicates perfect alignment and implies that both the structures are identical to each other. If
the TM-score higher than 0.5, then it signifies that the similar structural folds are present in
both the structures as described in SCOP/CATH database. Further, a greater value for TM-
score signifies stronger structural similarity (Xu & Zhang, 2010).

Macromolecular or Protein-Protein Docking

For the macromolecular docking of given structures, we used the HDOCK online
server (http://hdock.phys.hust.edu.cn/) to predict their binding complexes with binding affinity.

HDOCK predicts the intermolecular interactions at the interface of two proteins in binding
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complexes through a hybrid algorithm (Yan et al, 2020). The HDOCK algorithm executes rigid

docking by considering both the receptor and ligand as rigid molecules.

In this study, we performed macromolecular docking of LL-37 (PDB ID: 2K60O) with
RBD of SARS-CoV-2 (from PDB ID: 6LZG). For this, we separated the RBD-ACE2 complex
structures using Maestro software (Schrodinger Release 2020-2: Maestro, Schrodinger, LLC,
New York, NY, 2020) and used only RBD structural coordinates for docking. Then, these
docking results were compared with site-specific positive and negative control docking.
Positive control docking i.e. docking of SARS-CoV-2 RBD with its receptor hACE2 was done
by taking the 6LZG PDB complex, separating the two protein structures and then docking
them. For negative control docking, we used two unrelated helical peptides (PDB IDs: 61TH
and 2L63) and docked them with SARS-CoV-2 RBD to evaluate binding affinities and
interacting residues. Also, as a different type of negative control, LL-37 was docked with the
Spike protein region from residue 96 to residue 318, which is adjacent (upstream) to RBD by
extracting the structure of this region from the full spike protein structure of SARS-CoV-2
(PDB ID: 6297). All docked complexes were downloaded from the HDOCK server and their

intermolecular interaction pattern was analyzed using Maestro.

RESULTS
Structural Alignment of LL-37 and the other peptides TDS-2 and GLP-2, with NTH

Initially, the validation of the TM-align server was done by giving the same hACE2
NTH structure as structure 1 and structure 2 inputs to the server, to find out whether the same
structure produces a TM-score of 1 or not. The resulting TM-score of this alignment was found
to be 1 with RMSD 0 A and this confirmed the accuracy of the TM-align server. Next, the
structural alignment of hnACE2 NTH was carried out with LL-37, TDS-2 (35 amino acids long),
and GLP-2 (33 amino acids long), resulting in TM-scores and RMSD values from the TM-
align program as summarized in Table 1. The results of TM-alignment give insights into the
structural similarities and reveals that the hACE2 NTH is structurally very similar to LL-37

than the other two peptides and is in similar structural folds as NTH.

The structural alignments generated from the TM-align server are shown in Figure 2.

It can be seen that LL-37 even shares a similar bend in the helix as NTH, and this could help



in fitting of LL-37 into the concavity of RBD. Also, although the peptide TDS-2 has aligned
with NTH with a score a little greater than 0.5, it can be seen from Figure 2, that there is a clear
bifurcation of the two structures towards the N-terminus. This study suggests that the reported
human anti-microbial peptide LL-37 is structurally very close to hACE2 NTH and this feature
could facilitate its binding to RBD.

Intermolecular Interactions between hACE2 and RBD (Positive Control)

The already determined crystal structure of SARS-CoV-2 RBD complexed with
hACE2 (PDB ID: 6LZG) was used for docking analysis to predict the in silico derived complex
by HDOCK server. The complexed structure was split into separate SARS-CoV-2 RBD and
separate hACE2 structure and subjected to macromolecular docking calculations. The docking
results gave a structurally very similar complex as compared to the crystal structure (PDB ID:
6LZG) with -353.05 Kcal/mol docking energy. Intermolecular interactions between this
docked complex are summarized in Table 2. Figure 3 shows the binding mode of RBD with
hACE2 with a detailed interaction pattern. The N-Terminal Helix of hACE2 is exposed towards
the Receptor Binging Motif (RBM) of SARS-CoV-2 RBD and this interface makes very stable
complex by forming twelve different interactions comprising of four hydrogen bond

interactions, six aromatic hydrogen bonds, and two salt bridges.

Thr27hace2 and Asp30nace2 are involved in aromatic hydrogen bonding with Phe456rep
at bond distances of 3.01 A and 3.47 A respectively. Amino acid residue Asp30nace2 also forms
a hydrogen bond and a salt bridge with Lys417grep at 1.94 A and 2.87 A bond distances
respectively. Lys31hace2, GLU35hace2 and Asp38nhacez interacted with Glu484rep, GIN493rep
and Tyr449gep with salt bridge, hydrogen bond, and aromatic hydrogen bond interactions
respectively. Tyr83nhace2 forms one aromatic hydrogen bond and one hydrogen bond interaction
with Asn487rep at a bond distance of 2.76 A and 1.78 A respectively. Other residues from
hACE2 viz. Phe28nace2 and Met82nace2 form aromatic hydrogen bond interactions with
Tyrd89%ep and Phe486rep. Also, GInd2nacez interacted with Gly446rep by forming one
hydrogen bond with 2.74 A bond distance. It was analyzed that the residues of the RBD found
to interact with ACE2 in the docking, viz., residue numbers 417, 446, 449, 456, 486, 487, 489
and 493, were common with the RBD residues interacting with ACEZ2 in the crystal structure
determined by Lan et al (2020). This showed the accuracy of the docking method used in this

work.



Intermolecular Interactions between LL-37 and RBD (Test)

The docked complexes of LL-37-RBDsLzc and LL-37-RBDemos gave docking energies
of -253.75 Kcal/mol and -238.18 Kcal/mol respectively (a more negative value indicates
stronger binding and stable complex). The intermolecular interactions between LL-37 and
SARS-CoV-2 RBD from 6LZG and 6M0J PDB are illustrated in Figure 4(A) and Figure 4(B)

respectively.

LL-37-RBD (PDB ID: 6LZG) Complex: Eight interactions including three hydrogen bonds,
three aromatic hydrogen bonds, and two salt bridges were detected at the interface of the LL-
37-RBD complex, and the detailed interaction analysis is summarized in Table 3. The amino
acid residue Glul6..-37 forms a hydrogen bond and a salt bridge with the amino acid residue
Lys417rep at a bond distance of 2.53 A and 3.18 A respectively. Glu16,.-37 is also involved in
the formation of an aromatic hydrogen bond with Tyr421rgp. Arg23..-37 forms one hydrogen
bond and one salt bridge with Tyr505rep and Glu406rep respectively. The amino acid residues
viz. Asp26..-37 and Phe27,..-37 form an aromatic hydrogen bond with residues Tyr505rep and
Gly496rsp respectively with bond distances of 2.73 A and 2.75 A. In addition to this, Asn30.-
37 also forms a strong hydrogen bond with Asn501rep at 1.67 A bond distance.

LL-37-RBD (PDB ID: 6M0J) Complex: In this complex also, eight interactions were observed
at the interface including two hydrogen bonds, four aromatic hydrogen bond interactions and
two salt bridges (Table 3). Here also Glu16, 37 interacted with SARS-CoV-2 RBD by forming
a salt bridge with Lys417rsp, hydrogen bond, and aromatic hydrogen bond with Tyr421rep at
a bond distance of 3.09 A, 1.94 A and 2.2 A respectively. Glu16. .37 also forms one aromatic
hydrogen bond with Phe456rep at 3.38 A bond distance. Another amino acid residue Arg23.-
37 forms a hydrogen bond and one salt bridge with Tyr505gep and Glu406rsp at 2.74 A and
3.25 A bond distances respectively. Asp26.-37 and Phe27.(-s; form two aromatic hydrogen
bond interactions with Tyr505grep and Gly496rep with 2.96 and 2.82 bond distances

respectively.

From this docking study, it is clear that the residues from LL-37, viz., Glul6, Arg23,
Asp26 and Phe27, also residues from SARS-CoV-2 RBD, viz., Glu406, Lys417, Tyr421, Gly
496 and Tyr505 are very important residues for binding as these interactions were observed in
both the Test complexes. The regions of RBD spanned by LL-37 in each case are shown

diagrammatically in Figure 5. Thus, five residues of RBD contacted by LL-37 are common



between the two test dockings. This finding also demonstrates that LL-37 binding to RBD

appears to be specific.

Comparing the docking of LL-37 with RBD and hACE2 with RBD, hACE2 forms a
very stable complex with RBD (-353.05 Kcal/mol binding energy), as not only N-terminal
helix but other secondary structure elements of hACE2 are exposed to the surface binding site
of SARS-CoV-2 RBD. In the case of LL-37, which consists of only a helix for docking with
RBD, therefore the binding energy for this complex was -253.75 Kcal/mol. Despite the weaker
binding energy of the LL-37-RBD complex, the stability of this complex is very similar to the
stability of the hACE2-RBD complex because the scoring function of any docking program
not only considers the number of interactions but also takes into consideration the short-ranged
Van der Waals’ and electrostatic interactions, the loss of entropy which occurs upon ligand
binding, the hydrogen bonds and solvation factor. As seen in Table 2, not only the NTH of
hACE2 contributed in the binding but other residues, viz., Met82hace2 and Tyr83nace2 are also
involved in the binding with SARS-CoV-2 RBD resulting in a lower binding energy as
compared to LL-37-RBD complex. The presence of salt bridges in both the Test complexes
predicts thermostability of the binding of LL-37 to RBD.

Intermolecular Interactions between other peptides and RBD (Negative Control)

The HDOCK server gave the following docking energies for TDS-2-RBD and GLP-2-
RBD complexes: -241.83 Kcal/mol and -202.59 Kcal/mol respectively. The detailed
interaction analysis is summarized in Table 4. The interface between TDS-2 and SARS-CoV-
2 RBD complex has six interactions including two hydrogen bonds, three aromatic hydrogen
bonds, and one Pi-Pi stacking as shown in Figure 6(A). The amino acid residue Val7tps-2
interacted with Tyr473rep by forming hydrogen bonding at a distance of 2.47 A. AlalOtps-
and Valllrps-2 interacted with the Phe456rsp by forming three aromatic hydrogen bonds at
3.14 A, 3.26 A and 3.35 A bond distances respectively. Other residues, viz., Phe24tps-2 and
Arg327ps-2 from TDS-2 form one Pi-Pi stacking with Tyr505rep and one hydrogen bonding
with Thr500rep respectively. TDS-2 was found to interact with only four residues of RBD as
compared to six residues contacted by LL-37, and the number of interactions was also lesser
for TDS-2 than LL-37. No salt bridges are formed.

The other peptide GLP-2 forms only three interactions with RBD of SARS-CoV-2 and

gives docking energy of -202.59 Kcal/mol. Two aromatic hydrogen bonds and one hydrogen
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bond was observed between GLP-2-RBD binding interface as shown in Figure 6(B). The amino
acid residue HislgLp-2 forms one hydrogen bond with Asn343rep and one aromatic hydrogen
bond with Glu340gep at a bond distance of 2.23 A and 3.28 A respectively. Also, Phe22gp-2
is involved in aromatic hydrogen bond interaction with Asn450 at 2.85 A bond distance. No
salt bridges are formed. Figure 5 shows the alignments of the regions of RBD spanned by the

negative control peptides.

We also explored the binding stability of LL-37 peptide towards the region which is
immediately adjacent and upstream to SARS-CoV-2 RBD by taking the secondary structure of
RBD which includes the amino acid sequence from 96 to 318 (PDB ID: (6Z97) (Huo et al,
2020). This secondary structure was extracted from the full spike protein structure by using
Maestro software and submitted to the HDOCK server for binding with LL-37. This docking
result gives docking energy of -209.74 Kcal/mol by forming two interactions at the interface
of this complex. Figure 6(C) shows the amino acid residue Arg7,.-37 forms one salt bridge with
Asp138 at a bond distance of 3.13 A. Phel7..s7 is also involved in the Pi-Pi stacking with
Phe238 A at 2.80 A bond distance. This also is indicative of the specificity of LL-37 binding
to RBD.

From these docking studies, which are to be further refined, we can conclude that in
silico, LL-37 shows a binding affinity and relative stability of binding towards the RBD of
SARS-CoV-2.

Sequence variation in geographical isolates of SAR-CoV2:- For analyzing the frequency of
variation in the sequence of SARS-CoV?2 isolated from different geographical regions we used
the ‘Latest Global Analysis’ tool of ‘nextstrain.org’ database wherein we downloaded the
analyzed sequences of 3868 genomes of different geographical isolates of SARS-CoV-2
reported between Dec. 2019-June 2020 (Hadfield et al, 2018). Subsequently we analyzed the
frequency of variation of amino acid residues which are observed to participate in the
interaction with LL-37. As shown in Figure 5, the frequency of variation for these residues is
less than 0.002 and hence seem to be well conserved.

Cell-penetrating peptide activity of LL-37:- Two prediction servers were used. The SkipCPP-
Pred tool (http://server.malab.cn/SkipCPP-Pred/Index.html) (Wei et al, 2017) predicted LL-37
to belong to the cell-penetrating class with a prediction confidence of 0.806. The MLCPP
algorithm (http://www.thegleelab.org/MLCPP/) (Manavalan et al, 2018) predicted LL-37 to be
a CPP with a probability score of 0.68. The uptake efficiency was predicted as Low with a
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probability score of 0.45. Additionally, LL-37 is found deposited as a CPP in the database
CPPsite 2.0 (Agrawal et al, 2015; Gautam et al, 2012).

Safety analyses of LL-37:- It is recognized that peptides, even including LL-37, could have
adverse effects when used as therapeutics (Chen & Lu, 2019). For possible delivery of LL-37
through the inhalatory route, LL-37 was assessed for allergenicity. Taking an example of a
human polypeptide which is used by inhalation in clinical practice, namely insulin, it has been
reported that allergic reactions can occur although insulin is an innate protein (Gatto et al, 2019;
Mastrandrea, 2010). The algorithm AllergenFP v.1.0 (Dimitrov et al, 2014) predicted LL-37
to be a “probable non-allergen”. Using the server AllerCatPro (Maurer-Stroh et al, 2019) LL-
37 as a query gave the result “No Evidence” for allergenicity. AllergenFP v.1.0 predicted
human Insulin (UniProt sequence ID P01308) to be a “probable allergen” and AllerCatPro gave

the result “Strong Evidence” for insulin as an allergen.

The software program ToxinPred (Gupta et al, 2013) predicted LL-37 to be a Non-
Toxin by all Support Vector Machine methods available on the server. For prediction of
hemolytic activity, the tool HAPPENN, which employs neural networks method was used
(Timmons & Hewage, 2020). LL-37 was predicted to have very low hemolytic scores of 0.073,
0.089, and 0.09 by the three methods available in the tool, degree of hemolytic activity

increasing from 0 to 1.

DISCUSSION

In summary, based on our in silico findings, we putatively propose that LL-37 could be
used as a therapeutic for Covid-19, and maybe as a prophylactic in the current state of
emergency. Besides the known action of LL-37 against enveloped viruses, we provide in silico
data for the binding of LL-37 to the RBD of SARS-CoV-2 itself. The good structural alignment
of LL-37 with the NTH suggests that LL-37 could stop RBD from binding ACE2 even by
simply occupying the space intended by the virus for NTH. The molecular docking studies
predict strong binding interactions between LL-37 and RBD, further demonstrating the RBD-
blocking potential of LL-37. Also, from analysis of the docking studies (Figure 5), it can be
seen that LL-37 spans a considerable stretch of RBD, from Glu407 to Tyr506 in both the Test
dockings which includes the entire Receptor Binding Motif. This again is indicative of the
potential for effective blocking of the RBD. It may be noted that the interactions of the peptide
TDS-2 with RBD span a much shorter region of RBD than LL-37. Also, although the
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interactions of GLP-2 span a long region of RBD, the RBM is almost completely missed out
by this peptide. This finding of LL-37 binding to RBD also provides a boost for the use of
Vitamin D at an effective, medically prescribed dose for protection against SARS-CoV-2,
especially as LL-37 is expressed in the respiratory epithelial cells also, and Vitamin D elevates
LL-37 levels. To help control SARS-CoV-2 infection effectively, Vitamin D should be
administered under consultation with medical practitioners. In the future, it would be helpful
to design a water-soluble derivative of Vitamin D to avoid the adverse effect of

hypervitaminosis.

Even when the RBD is in the UP state, it might be difficult for the immune surveillance
mechanism of neutralizing antibodies to reach the RBD, and hence the efficient immune
evasion by the virus. Also, it is reasonable to conjecture that a small peptide like LL-37 would
more easily access the RBD in its UP state, than large molecules like neutralizing antibodies.
Other studies using peptides based on the N-terminal helix itself, demonstrating in vitro binding
to the RBD of SARS-CoV-2 (Romano et al, 2020) or in vitro anti-SARS-CoV activity (Han et
al, 2006), provide support for our approach. In fact, using LL-37 as a mimic of NTH is closer
to home than these studies, LL-37 being a molecule already present in the human circulation.
Other peptides based on NTH would require to be evaluated for any effects of placing in
circulation a part of a molecule
(ACEZ2) which normally is a part of a cell-surface receptor and is not found in the blood. The
prediction that LL-37 is a cell-penetrating peptide raises the interesting possibility of LL-37
intracellularly binding to the Spike protein of SARS-CoV-2 as the protein is produced in the
infected cells and then, following viral particle assembly, release of virions from the cells
which already have the RBD blocked by LL-37 and hence cannot infect new cells.

Regarding the safety of using LL-37 as a therapeutic, it has been cautioned that there
could be adverse effects including cell membrane-destabilization above critical concentrations
of LL-37 (Chen & Lu, 2019). A clinical trial testing the safety of LL-37 in the treatment of
non-healing leg ulcers demonstrated that topical LL-37 application was safe (Gronberg et al,
2020). Now, LL-37 has been approved for Phase Il clinical trials (https://clinicaltrials.gov;
ClinicalTrials.gov Identifier: NCT04098562) for its anti-microbial action in the management
of diabetic foot ulcers (Chen & Lu, 2019). There is also approval for a clinical study of
intratumoral injection of LL-37 for the condition of melanoma (ClinicalTrials.gov Identifier:
NCT02225366). At high concentrations in vitro, LL-37 has been found cytotoxic to different

eukaryotic cells (Johansson et al, 1998), but in the presence of human serum, the cytotoxic
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activity of LL-37 is inhibited, and this could be the reason why LL-37 is not cytotoxic in the
body. Indeed, the cytotoxic effects of LL-37 secreted into the circulation are negated by the
binding of LL-37 to plasma proteins such as apolipoprotein A-1 (Ciornei et al, 2005). Data is
also indicative that eukaryotic cells are more resistant (than prokaryotic cells) to the
cytotoxicity of LL-37 due to the expression of heparan sulfate by eukaryotic cells and the
structure and composition of their membranes (Zhang et al, 2010). It is also well elucidated by
Xhindoli et al (2016) how the cytotoxic effects of LL-37 are counteracted by its binding to
apolipoprotein A-1. The Kp of the binding is such that apolipoprotein A-1 at its physiological
concentration in plasma, can render inactive (including cytotoxic activity) 90% of the LL-37
molecules present at concentrations which would be toxic to the body’s cells. This still leaves
sufficient free LL-37 molecules for antimicrobial action. Now, it has been reported that
excision of the N-terminal hydrophobic residues from LL-37 reduces its cytotoxicity (Ciornei
et al, 2005). From Figure 2(E), it can be seen that the first three N-terminal amino acids (LLG)
of LL-37 do not align with the NTH residues. Also, from the docking data, these 3 amino acids
do not form interactions with RBD. This means that, for the development of LL-37 as a
therapeutic, the option of removing 2-3 amino acids from the N-terminus is available.

The predicted non-allergenicity of LL-37 can mean that LL-37 could be administered
to patients through the respiratory tract route, which would have more immediate efficacy in
treating the disease. If administered intravenously, being a peptide, LL-37 could migrate from
the circulation to the infected regions in the lungs. Peptide therapeutics enter the tissues from
the vasculature by diffusion or convective extravasation, and transfer from the circulation to
the tissues also depends on the properties of specific peptides (Diao & Meibohm, 2013). In
relation to the lungs, as respiratory epithelial cells express hCap-18, LL-37 has been found to
be present in the bronchial alveolar lavage fluid (Tjabringa et al, 2005), and increased levels
have been detected in tracheal aspirates during infection. In the lungs, the normal role of LL-
37 is to provide innate immunity against bacterial infections. In the case of Covid-19, SARS-
CoV-2 infects the respiratory epithelial cells (Mason, 2020), the hCap-18 expression system of
which could hence be adversely affected, which anyway is upregulated in response to bacterial
infection. Thus, as we have shown that there could be a binding connection between LL-37 and
RBD, after confirmatory experimental work, it could be advocated that external administration
of LL-37 directly into the lungs would be beneficial in the treatment of Covid-19. Besides, the
epithelial cells yet unaffected by the virus, can be stimulated to produce LL-37 by the use of
Vitamin D. Caution would have to be exercised if LL-37 is to be used as a therapeutic, because

14



it is reported to contribute to inflammatory processes in the lungs. At the same time, LL-37 is
also involved in wound repair involving skin epithelial cells (Tjabringa et al, 2005). This role
of LL-37 may have (positive) implications for Covid-19. Grant et al (2020) have reviewed that
Vitamin D could have a protective effect against Covid-19 severity through its upregulation of
cathelicidin, which in turn results in decrease in concentrations of pro-inflammatory cytokines
and increase in anti-inflammatory cytokines. Consequently, the cytokine storm associated with
Covid-19 could be controlled. The development of LL-37 as a therapeutic for Covid-19 will
have to be in the context of the various roles and effects of the molecule. But the fact that LL-
37 as a therapeutic has received approval for clinical trials could help in paving the way for its

use in the case of Covid-19.

The analysis of mutation frequencies of the residues of RBD that are bound by LL-37
in the docking studies, shows that these residues are not highly mutating ones, on the contrary,
they are conserved. So, LL-37 could be effective against all present and future mutational
variants of SARS-CoV-2. Refinement of the molecular docking interactions and prediction of
other immune responses are part of upcoming studies. Further actual experimental studies
would be required to evaluate the binding of LL-37 with the RBD. If such studies confirm the
finding of our in silico studies, then LL-37 has a good potential to be developed as a therapeutic.
As it is a molecule native to the human body, its development up the regulatory pathway would
be of shorter duration than other vaccines and therapeutics being developed. A recent clinical
study has reported that there is a decline in the levels of neutralizing antibodies in patients who
recovered from Covid-19 within two to three months (Long et al, 2020). This finding, and the
fact that the information landscape about the nature of SARS-CoV-2 is rather dynamic, paints
a grim picture and also further highlights the need for developing different therapies and

prophylactics at a rapid pace.
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Figure 1. (A) The results of the search for structural similarity to the NTH of ACE2 in
PDBeFold search engine. LL-37 is seen as the 2" result. (B) The secondary structure of NTH
was obtained by submitting its sequence to the structure prediction server Phyre2
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index; Kelley et al, 2015) (C) The
structure of the LL-37 peptide (2K60O) from https://www.rcsh.org/. (D) The structure of the
TDS-2 peptide (61TH) from https://www.rcsb.org/ (E) The structure of the GLP-2 peptide
(2L63) from https://www.rcsb.org/.
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Table 1. Quantitative assessment of hACE2 NTH Structural Similarity with LL-37, TDS-2,
and GLP-2 using TM-align server. The reference protein was NTH of ACE2.

Structural hACE2
) LL-37 TDS-2 GLP-2
Proteins NTH
Sequence
35 37 35 33
Length
Aligned length 35 32 32 23
RMSD (A) 0.00 1.5 1.64 1.8
TM-Score 1.00000 0.68037 0.55154 0.44354
A N-Termina B C N-Terminal
N-Terminal
C-Terminal C-Terminal C-Terminal
E (":" denotes aligned residue pairs of d < 5.8 A, "." denotes other aligned residues)
S---TIEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTN--
- LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLY-P-RTES

Figure 2. Structural alignment of hACE2 NTH with (A) hACE2 NTH, (B) LL-37, (C) TDS-
2, and (D) GLP-2. The structure of hACE2 NTH represented in blue color and aligned
structures are shown in red color. (E) The amino acids participating in the structural alignment
of LL-37 with NTH. The top sequence is the NTH, and the bottom sequence is of LL-37.
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Table 2. Detailed intermolecular interaction analysis of the hACE2-SARS-CoV-2 RBD

complex.

Interacting Residues Bond Distance
hACE?2 SARS-CoV-2 RBD Bond Type (A)
Met82 Phe486 Ar-HB 3.23
Tyr83 Asn487 Ar-HB 2.76
Tyr83 Asn487 HB 1.78
Phe28 Tyr489 Ar-HB 3.16
Thr27 Phe456 Ar-HB 3.01
Asp30 Phe456 Ar-HB 3.47
Asp30 Lys417 HB 1.94
Asp30 Lys417 Salt Bridge 2.87
Lys31 Glu484 Salt Bridge 3.50
Glu3s GIn493 HB 231
Asp38 Tyr449 Ar-HB 2.45
GIn42 Gly446 HB 2.74
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Figure 3. Intermolecular interactions and binding mode of hACE2 (cyan color) with SARS-

CoV-2 RBD (green color). Hydrogen bonds, aromatic hydrogen bonds, and salt bridges are

represented by dashed black, blue and pink colored lines respectively.
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Table 3. Detailed intermolecular interaction analysis of the LL-37-SARS-CoV-2 RBD

complex.

Interacting Residues
LL-37 SARS-CoV-2 RBD Bond Type

Bond Distance

(PDB ID: 2K60) (PDB ID: 6LZG) @
Asn30 Asn501 HB 1.67
Phe27 Gly496 Ar-HB 2.75
Asp26 Tyr505 Ar-HB 2.73
Arg?3 Tyr505 HB 2.48
Arg23 Glu406 Salt Bridge 4.12
Glulé Lys417 Salt Bridge 3.18
Glulé Lys417 HB 2.53
Glulé6 Tyrd21 Ar-HB 1.75
LL-37 SARS-CoV-2 RBD

(PDB ID: 2K60) (PDB ID: 6M0J)

Asp26 Tyr505 Ar-HB 2.96
Phe27 Gly496 Ar-HB 2.82
Arg23 Tyr505 HB 2.74
Arg23 Glu406 Salt Bridge 3.25
Glulé Phe456 Ar-HB 3.38
Glulé Lys417 Salt Bridge 3.09
Glulé Tyr421 Ar-HB 2.25
Glulé6 Tyrd21 HB 1.94
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A C-Terminal

Figure 4. Intermolecular interactions and binding mode of LL-37 (green color) with (A)
SARS-CoV-2 RBD from 6LZG PDB (cyan color) (B) SARS-CoV-2 RBD from 6M0J PDB
(cyan color). Hydrogen bonds, aromatic hydrogen bonds and salt bridges are represented by

dashed black, blue and pink colored lines respectively.
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A

(319)RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKL

NDLCFTNVYADSFVIRGD EVRQIAPGQTG KIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLF
<0.002 <0.002 <0.002 <0.002

RKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYG FQPTNGVGYQPYRVVVLSFELLHAF’ATVCG
<0.002 <0.002

PKKSTNLVKNKCVNF(541)

(319)RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKL

NDLCFTNVYADSFVIRGDEVRQIAPGQTG KIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLF
<0.002 <0.002 <0.002

RKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFP LQSYG FQPTNGVGYQPYRVWLSFELLHAPATVC
<0.002 <0.002 <0.002

GPKKSTNLVKNKCVNF(541)

C

(319)RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPT

KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRL

FRKSN LKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAP

ATVCGPKKSTNLVKNKCVNF(541)

D
I —

(319)RVQPTESIVRFPNITNLCPFG EVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPT

KLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRL

FRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAP

ATVCGPKKSTNLVKNKCVNF(541)

Figure 5. Legends on next page.
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Figure 5. Diagrammatic representation of molecular docking of the three peptides to RBD.

(A) LL-37 bound to RBD OF 6MOJ (Testl); Sequence: RBD sequence (319 to 541 of UniProt
ID PODTC2 common to 6MOJ and 6LZG); Red sequence: RBM sequence; Large font bold
residues: Contacted by LL-37; Black/red residues: Common with LL-37_RBD of 6LZG
docking; Green residue : Not common with LL-37_RBD of 6LZG docking; Blue bar: Contact

region covered by LL-37; Decimals below residues: Mutation frequency.

(B) LL-37 bound to RBD OF 6LZG (Test2); Sequence: RBD sequence (319 to 541 of UniProt
ID PODTC2 common to 6MOJ and 6LZG); Red sequence: RBM sequence; Large font bold
residues: Contacted by LL-37; Black/red residues: Common with LL-37_RBD of 6MOJ
docking; Green residue : Not common with LL-37_RBD of 6MOJ docking; Blue bar: Contact

region covered by LL-37; Decimals below residues: Mutation frequency.

(C) TDS-2 bound to RBD OF 6LZG (Negativel); Sequence: RBD sequence (319 to 541 of
UniProt ID PODTC2 common to 6MOJ and 6LZG); Red sequence: RBM sequence; Large
font bold residues: Contacted by TDS-2; Blue bar: Contact region covered by TDS-2.

(D) GLP-2 bound to RBD OF 6LZG (Negative2); Sequence: RBD sequence (319 to 541 of
UniProt ID PODTC2 common to 6MOJ and 6LZG); Red sequence: RBM sequence; Large
font bold residues: Contacted by TDS-2; Blue bar: Contact region covered by GLP-2.
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Table 4. Detailed intermolecular interaction analysis of the TDS-2 and GLP-2 with SARS-
CoV-2 RBD, and LL-37-RBD (region adjacent to RBD) complex.

Interacting Residues Bond Distance
TDS-2 SARS-CoV-2 RBD Bond Type (A)

Val7 Tyrd73 HB 2.47

AlalO Phe456 2 Ar-HB 3.14,3.26
Valll Phe456 Ar-HB 3.35

Phe24 Tyr505 Pi-Pi 3.85

Arg32 Thr500 HB 2.61

GLP-2 SARS-CoV-2 RBD (PDB ID: 6LZG)

Phe22 Asn450 Ar-HB 2.85

Hisl Asn343 HB 2.23

Hisl Glu340 Ar-HB 3.28

LL-37 SARS-CoV-2 Region Adjacent to RBD (PDB ID: 6LZG)
Phel7 Phe238 Pi-Pi 4.80

Arg7 Aspl38 Salt Bridge 3.13
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Figure 6. Intermolecular interactions and binding mode of (A) TDS-2 with SARS-CoV-2
RBD, (B) GLP-2 with SARS-CoV-2 RBD, and (C) LL-37 with SARS-CoV-2 region (96-318)
which is adjacent to RBD. Hydrogen bonds, aromatic hydrogen bonds, Pi-Pi stacking and salt

bridges are represented by dashed black, blue, sky blue and pink colored lines respectively.
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