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SUMMARY

My PhD project focused on the biological function analysis of human RNases,
emphasizing the immune-regulation action within human macrophages to fight
pathogen infection and the potential molecular mechanisms involved. Our laboratory
has extensively studied human RNases and found that RNases have a direct
antimicrobial activity against diverse bacterial species in vitro, suggesting a
physiological host-defense function. In this doctoral thesis, the main goal is to
understand how human RNases function in human innate cells against pathogen
infection.

The majority of the research presented in this thesis is taken from 4 published papers, 1
manuscript submitted and 1 in preparation. Below is a description of each chapter
within this thesis:

CHAPTERTI:

A version of Chapter 1 has been published as:

Arranz-Trullén J, Lu L, Pulido D, Bhakta S, Boix E. Host Antimicrobial Peptides: The
Promise of New Treatment Strategies against Tuberculosis. 2017, 8, 1499, Frontiers in
Immunology. This chapter mainly summarized the antipathogenic mechanism of human
antimicrobial peptides and proteins in mycobacterial infections and their applied
therapies against tuberculosis.

CHAPTERII:

A version of Chapter 2 has been published as:

Lu L, Li J, Moussaoui M, Boix E. Immune Modulation by Human Secreted RNases at
the Extracellular Space. 2018, 9, 1012, Frontiers in Immunology. This chapter reviewed
the immune-regulation functions of human RNase superfamily. 8 human RNase A
family members were summarized based on their contribution to innate immunity at the
extracellular space.

CHAPTER III:

A version of Chapter 3 has been published as:

Lu L, Arranz-Trullén J, Prats-Ejarque G, Pulido D, Bhakta S, Boix E. Human
Antimicrobial RNases inhibit intracellular bacterial growth and induce Autophagy in
Mycobacteria-Infected Macrophages. 2019, 10, 1500, Frontiers in Immunology. This
chapter focused on screening the antimicrobial profiles of human RNases against M.
aurum and identifying their ability to induce autophagy in infected macrophages.
Moreover, we found that the antimicrobial and autophagy activities were not dependent
on the RNase enzymatic activity.

CHAPTERV:

A version of Chapter 4 is currently being prepared for submission as: Lu L, Wei RL,
Goetz M, Prats-Ejarque G, Wang G, Torrent M, Boix E. Inmunomodulatory action of
RNase3/ECP in a macrophage infection model related and unrelated to catalytic activity.
In this chapter, the transcriptome of macrophages treated with RNase3 and RNase3-
HI5SA (a catalytic defective mutant) were compared to identify the molecular
mechanism of the immune-regulation action of RNase3. Moreover, we overexpressed
the endogenous RNase3 in THP1 derived-macrophage cells and analyzed its effect on
the infectivity by Mycobacterium aurum and the Respiratory Syncytial Virus. We
identified RNase3 immune-regulation activities on macrophages, either in a

\Y



ribonucleolytic-dependent or independent manner. We propose that RNase3 directly
targets the EGFR receptor. On the other hand, the RNA products cleaved by RNase3
may be responsible for the ribonucleolytic-dependent macrophage immune response.

CHAPTER V:

A version of Chapter 5 is currently being prepared for publication as:

Lu L, Wei RL, Goetz M, Boix E. RNase2 antiviral activity against human respiratory
syncytial virus through macrophage immunomodulation and targeting of tRNA.

In this chapter, CRISPR/Cas9 gene editing tool was applied to knock out RNase2 in
macrophage THP1 cells. Then, RSV infectivity, transcriptome change, and tRNA
population were compared in cells with and without endogenous RNase2. Our results
indicated that RNase2 is crucial in controlling the macrophage intracellular RSV
infection. Transcriptome analysis suggests a direct interaction of RNase2 with the
EGFR receptor. In addition, by screening a library of tRNA fragments we identified the
tRNA fragments produced by RNase2 that might participate in the virus infection
inhibition.

CHAPTER VI

A version of Chapter 6 has been published as:

Prats-Ejarque G, Lu L, Salazar VA, Moussaoui M, Boix E. Evolutionary Trends in
RNA Base Selectivity Within the RNase A Superfamily. 2019, 10, 1170, Frontiers in
Pharmacology.

In this chapter, we analyzed the enzyme substrate specificity at the secondary nucleotide
base binding site and performed a kinetic characterization of the canonical RNase types
together with a molecular dynamic simulation of the selected representative family
members. The results highlight an evolutionary trend from lower to higher order
vertebrates towards an enhanced discrimination for adenine respect to guanine
preference, The RNase binding involves specific bidentate polar and electrostatic
interactions: Asn to N1/N6 and N6/N7 adenine groups in mammals versus Glu/Asp and
Arg to N1/N2, N1/06 and O6/N7 guanine groups in non-mammals. The study aims to
identify the structural basis for the specific recognition of cellular RNA substrates.

In conclusion, the results presented in this thesis contribute to understand the role of
RNases in innate immune cells and how they facilitate the host clearance of pathogens,
which is crucial for designing and developing new therapeutic agents.

VI



1 INTRODUCTION

Drug-resistant bacteria are becoming a major world health issue(1). Host defense
peptides (HDPs), also named as antimicrobial peptides (AMPs), represent a promising
alternative to conventional antibiotics(2). HDPs are gene coded and produced by a wide
variety of animals, plants, fungi, protists, archaea, bacteria and viruses(3,4). Instead of
AMP, HDP is a better term to define these peptides, as recent studies have demonstrated
that most AMPs are endowed with a wide range of activities. Apart from their mere
antimicrobial properties, AMPs display a variety of immune-modulating activities and
participate in the natural host defense system(3). In fact, HDPs are key components of
the innate immunity and they play a critical role in cleaning invading pathogens.
Moreover, HDPs can possess other complementary biological functions, such as
apoptosis induction, wound healing, and tissue remodeling(3,5).

1.1 Diversity of HDPs
1.1.1 Identification of HDPs

Since cecropin was identified in Hyalophora cecropia moth, more than 3000
antimicrobial peptides with diverse sequences and structures are now compiled in the
antimicrobial Peptide Database (APD3, http://aps.unmc.edu/AP/main.php). Two major
methods were utilized for AMP identification, chromatographic and bioinformatic
approaches. Initially, chromatographic approaches were used to isolate and characterize
new peptides, for example, identification and purification of HDP from frog skin
secretions. Briefly, the peptide components in the secretions can be separated using
reverse-phase high performance liquid chromatography (HPLC), of which the peptides
with antimicrobial activity are then identified. Individual peptides with antimicrobial
activity are further characterized structurally by an automated Edman assay and mass
spectrometry(6,7).

With the recognition of conserved peptide sequence motifs, bioinformatic approaches
were later developed to identify HDPs at the genomic level(8). The genomic and
transcriptome databases are valuable sources to identify gene sequences involved in the
biosynthesis of HDPs. A number of HDP prediction tools have been designed and made
freely available online, and an empirical comparison of those tools have been well
conducted(9). The in silico analysis of protein sequences or gene databases are
strategies used to predict peptides of therapeutic interest(10). The search for peptides
using this strategy is performed by using sophisticated computational programs that
scan the databases, correlating the antimicrobial peptide features previously described in
the literature with the amino acid sequences. Since the main characteristics of
antimicrobial peptides are already known, the pursuit of these similarities in silico in the
available databases is a tool to facilitate the identification and selection of new HDPs.
To certify the in silico identified peptides, the selected sequences must be synthesized
and evaluated in vitro against selected microorganisms to explore their antimicrobial
potential. Besides, once the sequences are identified, it is also possible to make
chemical variations in their amino acid residues, in order to improve their antimicrobial
activity. Recently, a new deep neutral network classifier was developed which can
better recognize HDP compared to the existing methods(11).

1.1.2 Classification of HDPs

Natural HDPs can be arbitrarily classified based on peptide size: ultra-short (2-10 aa),
short (10-24 aa), medium (25-50 aa), and long (50-100 aa). HDPs greater than 100 aa
are classified as antimicrobial proteins, as for example, lysozyme or RNase7. HDPs can
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also be classified in numerous ways based on their biological sources biological
functions (antibacterial, antiviral, antifungal, antiparasitic, insecticidal, chemotactic, etc),
physicochemical properties (charge, hydrophobicity, amino acid composition, length),
primary structure (covalent bonding pattern, linear or circular main chains), secondary
and three dimensional structure (alpha helical, beta strand and random coil content) as
well as their molecular targets (cell surface and intracellular targeting).

1.1.3 Structural determinants of HDPs

Sequence composition and structural propensity, cationicity, hydrophobicity and
amphipathicity are the most important structural determinants for HDPs microbicidal
and cytotoxic activities.

1.1.3.1 Sequence and structure

Although HDPs show a high variability in their amino acid composition, some common
traits have been found. For example, lysine and arginine are the most frequent residues
and have an important role in HDPs interaction with negative membrane
components(12). However, it is considered that it is the overall amino acid composition
and physicochemical features that determines the antimicrobial activity of HDPs, rather
than their specific amino acid sequences or peptide structures(13—16). Notwithstanding,
the peptides’ overall features are intrinsically dependent to specific amino acids. Subtle
changes of specific amino acids and their relative positioning may lead to major
functional differences in their antimicrobial activity and cytotoxicity toward host cells.

Besides, the structures and conformations have been recognized as one of the key
factors determining the antimicrobial activity of HDPs. During the process of
interacting with biological membranes, the main secondary structures adopted by HDPs
are o-helical and B-sheet(17). Most cationic amphipathic peptides do not present
specific structures in a polar hydrophilic medium, while the amphipathic sequence tends
to reorganize after the initial contact with the membrane through electrostatic
interactions. In particular, the stable helical secondary structure is optimal for HDPs
interactions with the membrane core, resulting in destabilizing and/or penetrating into
the cell(18). B-sheet structures are the second most common structure for HDPs. The
disulfide bond makes these molecules more resistance to degradation by peptidases(19).

Nevertheless, the modification of amino acids of HDPs should not be ignored.
Especially, in the design of synthetic peptides, chemical modifications such as
halogenation, oxidation, reduction, or introduction of unnatural amino acids, can
broaden the functional scope of naturally occurring peptides(17). For example,
modifying amino acids can increase the stability of peptides through increasing the
resistance to proteolytic degradation. Moreover, it can fulfill specific requirements
during peptide design, such as ensuring a proper balance of cationic and hydrophobic
regions.

1.1.3.2 Cationicity

High cationicity is mostly required for interaction with bacterial surface. Gram-positive
bacteria cell wall is rich in peptidoglycans and other polymers such as teichoic acids,
teichuronic acids, lipoteichoic acids, and glycolipids. On their side, Gram-negative
bacteria are more complex, consisting of an outer membrane (composed of
lipopolysaccharides and phospholipids), a layer between the outer and inner membranes
(composed of peptidoglycans) and the inner membrane (composed of phospholipids and
proteins)(20). Those components of bacterial membranes have large quantities of



negatively charged molecules that influence their interactions with HDPs. HDPs vary in
cationicity, but most active peptides fall into an range from +2 to +11 net charge(21).
Some studies have shown that there is a correlation between charge and potency, but no
optimal structure-function profiles have been determined because additional parameters
(secondary interactions, solvation and composition) have to be considered(17,22).

1.1.3.3 Hydrophobicity

Hydrophobicity is another important feature determining the antimicrobial activity of
HDPs, because it facilitates its interaction with the membrane lipids. The percentage of
hydrophobic residues in natural HDPs varies between 40% and 60%, this is consistent
with the requirement for energetically stable amphipathic structures for antimicrobial
function.

Hydrophobicity governs the partition degree of a peptide from water to the lipid bilayer,
thus it is crucial for the specificity toward a class of microorganism or enhanced
antimicrobial activity of HDPs. For example, a reduction of hydrophobicity will impair
the antimicrobial profile while an increase causes a loss in selectivity towards microbial
membranes, inducing the hemolytic activity of eukaryotic cells(23,24). It is important
to note that a fine balance of charge and hydrophobicity should be considered in
designing synthetic peptides.

1.1.3.4 Amphipathicity

Amphipathicity of HDPs is quantified by calculating the vectorial sum of individual
amino acid hydrophobicity vectors and normalizing to an ideal helix(25). Thus, HDP
amphipathicity is commonly described as peptide helicity. However, amphipathic
structures are not limited to helical molecules because B-turn or B-sheets can also
present amphipathicity(26). Cationic moieties and hydrophobic moieties, the common
features of these amphipathic molecules, are responsible for initial peptide-membrane
electrostatic interaction and subsequent interaction with hydrocarbon chains of lipids.
Most peptides are unstructured and will fold into a defined structure until hydrophobic
interactions happen and become prevalent. Amphipathicity is considered the feature
most relevant to the antimicrobial activity of HDPs, affecting the mechanism of
action(27,28). Likewise, amphipathicity is also crucial for antifungal(29),
antiparasitic(29), and anticancer activities(30).

1.2 Antimicrobial action of HDP against microorganisms

The evolutionarily widespread distribution and the extreme diversity of HDPs highlight
their prominent role in immune defense. The main mode of the antimicrobial action for
most HDPs is through non-specific physical disruption of bacterial wall or cytoplasmic
membranes(31).

1.2.1 Membrane target

Most HDPs act on cytoplasmic membrane of microorganisms. Important mechanisms of
action of HDPs are carpet-like, barrel stave, or toroidal pore formation(32,33).
Electrostatic interactions between HDPs and bacterial membrane components initiated
the physical disruption of membranes. Firstly, negatively charged microbial membranes
components such as lipopolysaccharide (LPS) of Gram-negative bacteria, lipoteichoic
acids of Gram-positive bacteria, and peptidoglycan of both Gram-negative bacteria and
Gram-negative bacteria drive the electrostatic interaction with cationic HDPs. The
electrostatic interactions between anionic phospholipid head groups of the outer layer of



the lipid membrane and HDPs will happen once HDPs reached the cytoplasmic
membrane. The HDPs are then induced to adopt amphipathic structures with the
charged side facing outward towards the phospholipid head groups and the hydrophobic
part embedded into the acyl tail core, which further leads to cell depolarization, leakage
of cellular contents and ultimate cell death. Other specific mechanisms targeting
membrane have also been reported, such as membrane thinning(34) and non-lytic
membrane depolarization(35).

1.2.2 Intracellular target

In addition to acting at the bacterial membrane level at high concentrations above the
minimal inhibitory concentration (MIC), many HDPs have the ability to cross the
membrane and interact with intracellular components without excessively disrupting the
cell membrane(33,36). Those HDPs enter the pathogen cells and targets cellular
processes and metabolic pathways, such as DNA replication, RNA transcription or
protein synthesis and folding. We find HDPs that specifically inactivate chaperone
proteins(36) or inhibit the bacterial cell wall synthesis(37). An illustration of the AMPs
targeting intracellular sites is detailed in Figurel.
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Figurel. Illustration showing the major pathways targeted by HDPs in bacterial cells. A
few HDPs can inhibit multiple intracellular targets to achieve high antibacterial
efficiency. Taken from(36).

1.3 Host immune-modulation action of HDPs

Most HDPs were found to have direct antimicrobial activity against microorganisms in
vitro and this was long time considered their primary biological role in vivo. However,
many natural HDPs play immune-modulation roles towards the host cells and many of
them exhibit regulatory activities at concentrations that are much lower than those
necessary for direct antimicrobial activity(38). Generally, HDPs interact with or act on
target cells including monocytes, macrophages, dendritic cells, epithelial cells,
neutrophils, and keratinocytes(39). Those HDPs can cross the plasma membrane of cells
and/or interact with membrane receptors such as TLRs, CXCR2(40,41); while some



HDPs can bind to intracellular receptors such as GAPDH and SQSTM1(42—44). The
interaction with those receptors will stimulate a variety of signal transduction pathways
important in the innate immune response including the p38, Erk1/2, and JNK, MAP-
kinases, NFkB, PI3-kinase, Src family kinase, TRIF-IRF, TREM pathways, as well as
autophagy. Those signaling will activate downstream transcription factors such as
NFkB, Creb, IRF4, AP-1, AP-2, Are, E2F1, SP1, Gre, Elk, PPARYy, STATS3, resulting in
the alteration of host transcriptome(3,42). The immune-regulation activities include:
expression of cytokines; expression of chemokines; stimulation of angiogenesis;
leukocyte differentiation and activation of autophagy, as illustrated in Figure2.
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Figure 2. Illustration of the distinct reported mechanism of action of HDPs/AMPs
expressed by the vertebrate innate immune cells. The main peptide antimicrobial and
immune-regulation activities are showed(45).

1.3.1 Modulation of inflammation

Inflammation is a natural response system to injury, which allows the host organism to
kill infective microbes, remove damaged cells or heal damaged tissues(46). Infection or
local tissue damage wusually trigger inflammation, resulting in immune cells
chemoattraction and activation and the loosening of blood vessel walls to ease blood
immune cells passage. Dendritic cells, recruited neutrophils, monocytes, lymphocytes,
and resident tissue macrophages are the main immune cells involved in inflammatory
responses, and activation of these cells leads to the transcription of numerous proteins
including cytokines, chemokines, acute-phase proteins, cell adhesion molecules,
costimulatory molecules and HDPs(42,47).

HDPs can enhance inflammation by enhancing production of chemokines, polarizing
macrophage and dendritic cell (DC) differentiation, promoting phagocytosis, and
attracting neutrophils or other immune cells(39). On the other hand, HDPs can also
exhibit anti-inflammatory activities by dampening pro-inflammatory cytokine responses



via various mechanisms, such as inducing anti-inflammatory cytokines, and blocking
LPS binding to receptor proteins or LPS-binding protein(48). HDPs are neither pro-
inflammatory nor anti-inflammatory, they are indeed selectively modulating
inflammatory mechanisms.

1.3.2 Direct chemoattractant activity

Although many of the inflammatory modulation of HDPs are related to their indirect
recruitment of immune cells, some HDPs such as, LL-37, cathelicidins and defensins
show direct chemoattractant action to immune cells(49-53). The structural similarities
between HDPs and chemokines may help to elucidate the structure-function
relationships that allow HDPs to have chemoattractant properties(54). For example,
defensins share various characteristics with chemokines, including size, structure,
disulfide bonds, and cationic charge(50,55,56).

1.3.3 Promotion of wound healing

Wound healing, involving multiple steps from inflammation to regeneration, is another
process that can be enhanced by HDPs. Vascular permeability increases and platelet and
fibrin aggregation occur when skin injury happens. Then, several growth factors are
released from platelets and attract neutrophils to the wound and induce inflammation.
Presence of HDPs is frequent around oral and cutaneous wounds, and they have been
found to play various roles in promoting wound healing, such as reducing the bacterial
burden, increasing neutrophil and macrophage recruitment, interacting with growth
factors, inducing chemotaxis of epithelial cells, and promoting angiogenesis(39,48).
Expression of natural HDPs can be induced in wounded keratinocytes by growth factors.
The presence of LL-37 at wound sites has been shown to induce migration and
proliferation of fibroblasts, human microvascular endothelial cells, and human umbilical
vein endothelial cells(57). Human beta-defensin 2 promotes keratinocyte migration and
proliferation through the phosphorylation of the epidermal growth factor receptor and
activation of STATI and STAT3(56,58).

1.3.4 Modulation of Autophagy and apoptosis

Autophagy is a natural process of cells to recycle dysfunctional cellular components and
preserve cellular energy and is considered a part of the innate defense mechanism(59).
The autophagy process involves the sequestration of cellular components into
autophagosome vesicles that fuse with lysosomes to hydrolyze and recycle cytosolic
materials. The process depends on signaling pathways and highly conserved autophagy-
related genes. Autophagy is often activated upon intracellular organisms infection, such
as Mycobacterium. tuberculosis(60). Alternatively, cells can undergo apoptosis which is
a programmed cell death process(59). Some HDPs are known to be able to promote
these two modes of cellular degradation pathways.

LL-37 can induce autophagy in neutrophils through nucleotide scavenging receptor
P2X7 and G-protein-coupled receptors(61). Moreover, vitamin D3 induction of
autophagy by activating Beclin-1 and Atg5 is mediated by LL-37(62). In addition, LL-
37 can induce cellular apoptosis through activation of caspase3 and caspase9 upon P.
aeruginosa infection in the airway epithelium, promoting thereby pathogen
clearance(61,63). Conversely, LL-37 has been found to suppress caspase3 activity
through upregulating cyclooxygenase-2 in keratinocytes(64). Although the role of
HDPs on apoptosis and autophagy is complex, their ability to promote either cell death



or cellular recycling could potentially be used to treat intracellular resident infections or
directly the clearance of infected cells.

1.4 Human antimicrobial RNases

The bovine pancreatic RNase (RNaseA) is the first ribonuclease discovered and
characterized, thanks to its abundance at bovine pancreas and high stability(65,66).
Thus, RNaseA was taken as the reference member of a vertebrate specific superfamily.
Although varying from 20 to nearly 100% in sequence, the RNase A family proteins
share specific elements of sequence identity (containing a CKXXNTF signature motif),
a common 3D kidney shaped structure (Figure3) and the catalytic active center
(conformed by 2 histidine and 1 lysine key residues). In humans, 13 homologous gene
members were identified, but only 8 enzymatically functional members have been
isolated, known as “canonical RNases”. In addition to their ribonuclease activity, those
RNases were reported to have antibacterial, antiviral, antifungal, and antitumor
activities even though each protein attributes to different biological effects(67).
Moreover, the immune-regulation properties of human RNases in host defense cannot
be disregarded(68).
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Figure 3. Alignment of human homologous RNases with bovine RNaseA. The
alignment was performed using Clustal W (https://www.ebi.ac.uk/Tools/msa/clustalo/),
and the picture was drawn  with  the  ESPript  online  tool
(http://espript.ibep.fi/ESPript/cgi-bin/ESPript.cgi) using as a reference bovine RNaseA
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3D structure. Disulfide pairs are labelled in green. The substrate-binding sites of
RNaseA are illustrated at the bottom right corner, taken and modified from Parés(69).

1.4.1 Expression

Human RNasel is expressed in almost all tissues and is particularly abundant in
endothelial cells(70-72). Human RNase2 (also known as the eosinophil-derived
neurotoxin, EDN), together RNase3, is one of the main secretory proteins stored in
eosinophil secondary granules(73,74). In addition, the high expression of RNase2 can
also be detected in other blood cells such as monocytes and other tissues such as lung
and liver. RNase2 has a high antiviral activity mediated by its catalytic activity(75) and
induced by viral infection(68,73,74). Moreover, the release of the eosinophil RNases
can be induced by cytokines such as CCL11 and CCL24 through the PI3K/MAPK
pathway in human and mice(76). RNase3, also called the eosinophil cationic protein
(ECP), is the other eosinophil RNase abundant in the secondary secretory granule.
RNase3 can be induced by infection as well as by inflammation. The concentration of
RNase3 circulating in biological fluids is correlated with eosinophil degranulation,
which is used as a clinical marker for the diagnosis and monitoring of inflammatory
disorders(77,78). RNase4 was detected in most human tissues and was found
particularly abundant in liver and lung. Interestingly, cytoplasmic granules of
monocytes also contain RNase4(79). RNase5 is the most ancient RNase A family
member(80). The expression of RNase5 can be found in embryonic somatic cells and
epithelial cells, and it can be induced during inflammation(81,82). Transcriptional
expression of RNase6 showed a nearly ubiquitous distribution in all tissues, including
monocytes and neutrophils(83). Bacterial infection caused the upregulation of RNase6
in genitourinary tract(84), while HIV infection caused the downregulation in Thl7
polarized cells(85). RNase7 is one of the most abundant AMPs purified from
skin(86,87). The protein is secreted by various epithelial cells, and can be induced by
various factors such as infection, inflammation signaling molecules, and insulin(88—90).
RNase8 is the last identified canonical member of the RNase A superfamily. RNase8
was first uniquely identified in the placenta, and later on it was also reported in lung,
liver, and testes(91,92).

1.4.2 Ribonuclease catalytic activity

All eight human RNase A superfamily member harbor detectable ribonucleolytic
activities. The conserved catalytic triad, consisted by 1 lysine and 2 histidine residues, is
the structural base of the endoribonuclease enzyme activity of RNaseA via acid-base
catalysis(93). RNase A catalyzes the cleavage of the P-O5’ bond of RNA specifically on
the 3’ side of pyrimidine nucleotides, and this pyrimidine specificity is mediated by
Thr45 and Phel20 of the B1 subsite. The cleavage process of RNA substrate catalyzed
by RNaseA takes place in two steps: first the transphosphorylation step and formation
of a 2°,3’-cyclic nucleotide at 3’-terminus of one product and a 5’-hydroxyl group at 5’-
terminus of the other product; and secondly, the hydrolysis step from the 2°,3” -cyclic
phosphate nucleotide into a 3’-phosphate mononucleotide end(93). This mechanism is
conserved in all canonical RNaseA superfamily members, with the participation of
equivalent His and Lys active site counterparts to residues His12, Lys41, and His119 in
RNaseA. Although the eight human canonical RNaseA family members strictly
conserve their catalytic triad they vary a lot in the catalytic efficiency against diverse
RNA substrates(94).

1.4.2.1 Substrate binding pattern



RNaseA binds nucleic acids through multiple electrostatic interactions between the
phosphates of the polynucleotide and the positive groups of the protein subsites(69,95).
In addition, hydrogen bond and van der Waals interactions contribute to shape the
nucleotide recognition pattern. The RNase subsites that interact with nitrogenous base,
ribose, phosphate are defined as Bn, Rn, and Pn, respectively (Figure3). In addition to
the main phosphate active site P1 (consisted by His12, Lys41, and His119), there are
two more main noncatalytic phosphate-binding subsites, the PO (consisted by Lys66)
and P2 site (consisted by Lys7 and Argl0), that bind the phosphate group of the
nucleotide adjacent upstream to the active site and the phosphate group of the
corresponding adjacent nucleotide at the 3’ side, respectively(96). The main base site
(B1, consisted by Thr45, Phel20, and Ser123) prefers pyrimidines and the secondary
site (B2, consisted by GIn69, Asn71, and Glulll) favors purines binding(93,97).
Altogether, the subsites facilitate RNA binding to form the enzyme-substrate complex
and facilitate the endonuclease cleavage. The comprehensive structural evolutionary
analysis and preliminary kinetic characterization indicate a conservation binding pattern
at the main B1 and P1 sites but a higher variability at the secondary base and phosphate
subsites(98,99).

1.4.2.2 Role in RNA metabolism

RNA metabolism refers to any modification of RNA molecules, including splicing,
maturation, and degradation. RNA alteration is related to the pathogenesis of many
diseases, such as cancers and neurodegeneration(100,101). Messenger RNAs (mRNAs)
convey genetic information to direct the assembly of protein of the ribosomes in protein
synthesis of cellular organisms. This process is regulated by abundant and functional
non-coding RNAs (ncRNAs), including tRNAs, ribosomal RNAs, microRNAs, tRNA-
derived stress-induced small RNAs (tiRNAs), small interfering RNAs (siRNAs), small
nuclear RNAs (snRNAs), Piwi-interacting RNAs (piRNAs), small nucleolar RNAs
(snoRNAs), and long ncRNAs (IncRNAs)(102,103). In addition to the intracellular
functions, some types of RNAs such as mRNAs and most of ncRNAs are also found
outside the cells either in a free form or within vesicles, and are termed extracellular
RNAs (exRNAs). ExXRNAs can serve as intercellular communicators and are used as
biomarkers for certain diseases(104,105).

Human RNaseA superfamily may mainly exert its ribonucleolytic activity toward free
forms of exRNAs for body fluid cleaning(106). The proteins are synthesized with an N-
terminal signal peptide that guides their secretory route towards the extracellular space.
Besides, the cell cytoplasm is protected against their potentially toxic ribonucleolytic
action by the presence of the abundant and ubiquitous RNase inhibitor (RI)(107).
Although the relative catalytic activity of the human RNase A members is dependent on
the substrate, RNasel, the human homologue of bovine RNaseA, is the most active one.
RNase2 and RNase7 also have a quite high activity compared to RNase3 and RNase6,
RNase5 has very low activity and RNase8 shows the lowest ribonucleolytic
activity(91,108-110). More and more evidences indicate that the ribonucleolytic
activity of RNases is required for some but not all their biological functions (Tablel).

Human RNasel is conventionally ascribed as the direct orthologue of bovine RNaseA
based on their sequence identity, although a distinct biological role is being attributed.
RNaseA was previously reported to be essential for the digestion of dietary RNAs in
ruminants(66,71). On its side, human RNasel is secreted abundantly in the blood
circulatory system, where it can modulate the content of exRNAs. Those processes
strictly require the ribonucleolytic activity of RNasel(106). Human RNasel possess the



ability to degrade single and double strand RNAs, and RNA: DNA hybrid(111,112).
Human RNase2 and RNase3 are derived by gene duplication from a common ancestor
that took place during primate evolution. Although they share 67% in protein sequence
and 88% in gene sequence identities(113,114), RNase2 harbors about 10 times higher
ribonucleolytic activities than RNase3(115). One of the best characterized biological
roles of RNase2, its activity against RNA viruses, is dependent on its ribonucleolytic
activity(73,116). RNase3 is tightly associated with innate host defense involving
antibacterial, antihelminthic, and cytotoxic roles(68,117). It is worth to note that the
antiviral and antihelminthic activities of RNase3 require the ribonucleolytic activity
whereas the bactericidal and cytotoxic effects do not(75,118).

Tablel. Ribonucleolytic activity and biological properties of human RNases reported to
work in a dependent or independent manne.

Ribonuclease | Dependent Independent Not defined
RNasel Extracellular RNA Dendritic cell
degradation(106) maturation(119);
Antiviral(120)
RNase2 Antiviral activity(73) Dendritic cell chemotaxis
and activation(73,119)
RNase3 Antiviral activity & | Antibacterial Tissue remodeling(121);
Antihelminthic activity(106); Chemotaxis of
activity(75,118) Cytotoxic fibroblasts(122)
activity(106);
Promote bacterial
cell
agglutination(98)
RNase4 Angiogenesis(123);
Antiviral(124);
Antimicrobial(125);
neuroprotective(123)
RNase5 Angiogenic EGFR Inhibits neutrophil
activity(126); binding(129) degranulation(130);
Cell proliferation by Modulated inflammatory
stimulation of rRNA response(131);
metabolism 1%, Tissue remodeling(132),
Cell stress response Neuroprotective(133)
by tRNA cleavage'**
RNase6 Antiviral activity(85) | Antibacterial
activity(84);
Promote bacterial
cell
agglutination(98)
RNase7 Antibacterial Promote
acitivity(134,135) | inflammation(132);
Chemotaxis of immune
cells(136);
Tissue remodeling(137)
RNase8 Antimicrobial activity(138)

On its side, RNase4 shows a very high sequence conservation within the family lineage,
suggesting an essential physiological role. Besides, RNase4 has a particularly
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pronounced specificity for uridine at the B1 site(139), suggesting a strong RNA
selectivity. Cleaning of cellular RNA was first proposed for the protein functional role,
but still little information is available. Although RNase5 harbors significantly lower
ribonucleolytic activities, the limited ribonucleolytic activity of RNase5 is essential for
its role in angiogenesis and ncRNA cleavage(140,141), illustrated in Figure 4. For
example, the tRNA fragments (tRFs), are produced from pre-tRNAs as well as mature
tRNAs. Beside RNase5, other RNases are involved in cleaving tRNA and producing
functional tRFs (Figure 4). For example, 5-tRFs are generated from cleavage in the D-
loop of tRNAs by Dicer; 3-tRFs are generated from cleavage in the T-loop by Dicer,
RNase5/ANG; TF-1s are generated from cleavage of the 3’-trailer fragment of pre-
tRNAs by RNase Z or its cytoplasmic homologue ELAC2; tiRNAs (also referred as
tRNA halves) are generated by the cleavage in or near the anticodon loop of a tRNA,
RNase5/ ANG, and Rnylp, a member of the ribonuclease T2 family, are responsible fo
the production of tiRNAs in mammal and yeast cells, respectively(142—145). tiRNAs
can be induced under stress conditions such as amino acid deficiency, phosphate
starvation, UV radiation, heat shock, hypoxia, oxidative damage, and viral infection.
tiRNAs are mainly located in the cytoplasm, with a small amount in the nucleus and
mitochondria, and can also be detected in the circulation system(127,141,145-148).
RNase6, on its side, has a second catalytic triad that favor its endonuclease cleavage
specificity with polynucleotide substrate(149). However, whether this catalytically
specificity is associated to a physiological target in vivo is still unknown.

tiRNA-5 tiRNA-3
Dicer
ELAC2
RNase P RNase Z
tRF-5 tRF-3
. Dicer
Dicer RNase5
RNase5 itRF TF-1
Pre- and mature tRNA

Figure 4. RNases involved in specific tRNAs cleavage. The types of tRNAs are
classified by size and sequence location in the tRNA structure. Biogenesis of
tRFs/tiRNAs. tRF-1 is generated from the 3’-trailer of primary tRNA. tRF-5, i-tRF and
tRF-3 are produced from the 5’-, internal- and 3’-portions of the mature tRNA,
respectively. When the cleavage site is within the anticodon loop, two fragments are
generated as tiRNAs for the 5°- and 3°- tRNA halves. Unpublished work.

1.4.3 Antimicrobial activity

In addition to the ribonucleolytic activities, RNaseA superfamily proteins display a
wide spectrum of antimicrobial activities against various microorganisms. RNasel is
not recognized as a high antimicrobial protein, but it was reported that recombinant
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RNasel and the native protein from urinary samples showed activity against the human
immunodeficiency virus (HIV-1)(120,150). RNase2 is mainly recognized to display a
broad antiviral activity, in particular against sSRNA viruses, by inhibiting the replication
of respiratory syncytial virus (RSV), HIV-1, and hepatitis B DNA virus(120,150,151).
Together with RNase2, RNase3 is the other RNase in the eosinophil secondary
secretory granule. In addition to share neurotoxic and antiviral activities with RNase2,
RNase3 has unique bacterial properties(152). The protein has an aggregation-prone
region that promotes the protein self-aggregation and the agglutination of bacterial cells.
Moreover, bacterial cell agglutination is further enhanced by high biding affinity of the
protein to anionic LPS present at the Gram-negative bacterial wall(153). The
antimicrobial activity of RNase4 is not well defined yet. Notwithstanding, few studies
suggested RNase4, along with RNase5, are the soluble factors secreted by T cells
showing anti-HIV activity(124). RNase5 apart from its role in promoting
neovascularization and angiogenesis, displays toxicity toward the yeast Candida
albicans and  Streptococcus  Pneumonia,  Enterococcus  faecalis, Listeria
Moncocytogenes bacteria(132,154). It has also been implicated in inhibiting HIV-1
replication(124). Recently, RNase6 is reported to have bactericidal activity against
Gram-positive and Gram-negative bacteria(84,155). The antimicrobial mechanisms of
RNase6 is similar to RNase3 in the sense that it induces bacterial agglutination and
membrane depolarization in Gram-negative bacteria(155). Moreover, RNase6 inhibits
HIV replication and is downregulated in Th17 cells upon HIV infection(85).

RNase7 is one of the most abundant antimicrobial proteins purified from skin, which
has high antimicrobial activity against a wide variety of infective
microorganisms(86,89,156,157). RNase8 is the last canonical RNaseA superfamily
member, and the recombinant protein exhibits sub-micromolar toxicity to
microorganisms such as Gram-positive and Gram-negative bacteria, and yeast(138).

1.4.4 Immune modulation activity

HDPs also participate in host defense response by playing an immune modulation role.
HDPs can target a variety of cell types, including epithelial cells, keratinocytes, and
immune cells of myeloid or lymphoid origin.

Although no direct antibacterial action is detected for RNasel, the protein may mediate
the host anti-pathogen response by activating human dendritic cells, resulting in the
production of inflammatory cytokines, chemokines, growth factors, and soluble
receptors(119). RNase2 can promote leukocyte activation, maturation, and
chemotaxis(73). Moreover, RNase2 contribute to host immunity as an alarmin through
activating DCs mediated by TLR2-MyD88(116,119,158). Together with direct
hRNase3 action on pathogens, a series of immune-modulating activities are observed.
For example, RNase3 has remodeling activity that is partly mediated by inducing the
expression of epithelial insulin-like growth factorl (IGF-1) expression(122). In addition,
RNase3 can enhance fibroblast chemotaxis to the site of injury to facilitate tissue
repair(159). More recently, RNase3 was proven to be able to exert antimicrobial activity
against M. aurum intracellular infection in macrophages, which is related to its ability to
induce autophagy. The role of RNase5 in immunomodulation has been broadly
investigated. It has been postulated that RNase5 regulates inflammatory states by
inhibiting TKB1-mediated NF-kB nuclear translocation, thus decreasing levels of TNFa
and IL-1b(132,160,161). RNase5 is also implicated in modulating inflammatory
responses owing to its ability to stimulate leukocytes to produce the pro-inflammatory
cytokines IL-6 and TNF-a. In addition, RNase5 can promote cell survival in stress

12



conditions by inducing tiRNA, which inhibits global protein translation(162). Very
recently, RNase5 was found to serve as a ligand for epidermal growth factor receptor
(EGFR, a member of the tyrosine kinase receptor family) in pancreatic ductal
adenocarcinoma(129). The RNase5-EGFR pair complex is a novel example of a ligand-
receptor relationship between families of RNase A and tyrosine kinase receptors(163)
(Figure 5).

@ @ hRNase5/ANG @ other EGFR
@ / ligands

Extracellular

Intracellular
1l (erlotinib )

@ Migration/Invasion p d
Tumor Initiation ancreatic

Tumor Development cancer cells
Figure 5. A diagram of RNase5/ANG as an EGFR ligand and a serum biomarker for
prediction of erlotinib sensitivity in pancreatic cancer(163).

RNase7 can selectively suppress TH2 cytokine production by reducing GATA3
activation(164,165). It has further been indicated that RNase7 promoted inflammation
and chemotaxis in acne and cutaneous wound healing(166). Moreover, recent data
indicates that RNase7 acts as an alarmin by converting self-DNA released from dying
host cells into a danger signal that rapidly activates interferon genes and antimicrobial
immune responses(117). Nevertheless, RNase7 facilitates microbial clearance or drive
autoimmunity in chronic inflammatory skin conditions by permitting recognition of
self-DNA by plasma dendritic cells(136).
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2 AIMS OF THE THESIS

The main objective of the present work is to investigate the antimicrobial mechanism of
human ribonucleases, emphasizing on the immune-regulation role and the related
molecular mechanism in host defense. Particularly, the specific aims of the thesis are:

Chapter 1:
e To review the antimicrobial action of host antimicrobial peptides against
tuberculosis.

Chapter 2:
e To review the immune-regulation role of human secretory RNases and their role
at the extracellular space.

Chapter 3:
e To screen the anti-mycobacterial activity of human RNase A family members
and further investigate the mechanism involved in removal of macrophage
intracellular infection, mediated by autophagy induction.

Chapter 4:
e To explore the immune modulation action of RNase3 in THPI-derived
macrophages and the catalytic dependent and independent mechanisms.

Chapter 5:
e To investigate the antiviral action of RNase2 and its mechanism by RNase2
knock-out THP1-derivedmacrophages and analyze the cellular ncRNA products.
To compare the tRFs population in native and RNase2 knock-out cells in the
presence and absence of RSV challenge.

Chapter 6:

e To identify the evolutionary trend in substrate specificity at the secondary base
binding site of RNase A superfamily by a kinetic and structural comparative
analysis of representative family members. The characterization of the RNases
substrate specificities should help us to identify the protein physiological cell
RNA substrates related to their biological role.
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3 GENERAL DISCUSSION AND FUTURE PERSPECTIVES

Antimicrobial RNases are small cationic proteins belonging to the vertebrate secreted
RNase A superfamily. Eight members, known as “canonical RNases” have been
identified in humans. Despite of the shared RNase catalytic activity, RNases were also
reported to possess other biological activities, such as antimicrobial, antiparasitic,
antiviral, antitumoral, angiogenic and immune-regulation properties(167,168). It has
been reported that RNase3, RNase6 and RNase7 are the most effective antimicrobial
members within the superfamily and RNase3 and RNase7 were proven to have an
effective mycobactericidal action at low micromolar concentration in vitro(157). These
characteristics are the basis to consider human RNases as potential drug molecules
against pathogens.

In this thesis work, we first screened the antimycobacterial activity of seven human
canonical RNases. Applying the semi-solid agar-based spot-culture growth inhibition
assay-high-through screening (SPOTi-HTS), the protein activities were evaluated both
in vitro and ex vivo. Our data demonstrated that RNase3, RNase6 and RNase7 were
active against extracellular bacteria, moreover the protein can be phagocyted into
macrophage and then eradicate intracellular macrophages-dwelling mycobacteria. The
data corroborated that RNase3 is the most active among the family members. Moreover,
the protein cell agglutination activity was determined in vifro against three distinct
Mycobacterium species: M. smegmatis mc’155, M. aurum and M. bovis BCG. RNase3
and RNase6, but not RNase7, were able to induce the aggregation of all the tested
mycobacteria. The results are in accordance with the previous reported data using M.
vaccae(157). Compared to RNase3 and RNase6, RNase7 lacks an aggregation-prone
hydrophobic patch within the primary sequence(167,169,170). It has been reported that
the antimycobacterial action of many AMPs is mediated by immune-regulation
activities, such as triggering the autophagy pathway to control the proliferation of
intracellular resident bacteria in macrophage(45,171,172). Thus, we screened the ability
of the seven canonical RNases in inducing autophagy and found that only RNase3 and
RNase6 significantly increased BECNI and ATG5 gene expression and LC3 processing.
Comparing the effect of wild-type RNase3 and the catalytic defective mutant RNase3-
H15A, we found that the catalytic activity of RNase3 is not needed for its
antimycobacterial activity and autophagy induction. This is consistent with previous
studies on Gram-negative and Gram-positive bacterial species that also observed that
the protein enzymatic activity was not require for its antimicrobial
activity(155,167,173—175). In addition, we also observed that M. aurum infection can
modulate the expression of RNase3, suggestion a potential physiological role.

Encouraged by the previous results showing that RNase3 can enter the macrophage and
eradicate the intracellular mycobacteria via modulation of autophagy of host
macrophage cells(176), we then aimed to broad our understanding of the immune-
regulation role of RNase3. In this study, THP1 induced macrophages were treated with
the wild-type RNase3 and RNase3-H15A (the catalytic defective mutant) for 4h and 12h
and then were characterized by the next generation mRNA sequencing methodology.
We identified the regulation pathways related and unrelated to the ribonucleolytic
activity of RNase3, by comparing the transcriptomes of macrophage treated with
RNase3 and RNase3-HI5A. Overall, RNase3 and RNase3-H15A triggered a similar
response of macrophages, characterized by a pro-inflammation state, cell growth arrest,
and cell duplication inhibition. Moreover, epidermal growth factor receptor (EGFR)
was identified as the main hub gene by network analysis of the common response
differential expressed genes (DEGs). Interestingly, EGFR is not only a key membrane
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receptor involved in cell survival and tissue remodeling(177), EGFR was also reported
to be able to mediate the macrophage activation during bacterial(178) and viral
infection(179). Specifically, the EGFR signaling induces pro-inflammatory cytokine
and chemokine production(178,180,181). Moreover, the homologous protein RNase5
was recently reported to be able to bind to and activate EGFR(129). Those results
strongly suggest that EGFR is the key molecule that mediates the macrophage
modulation by RNase3. By molecular modeling, taking EGFR-EGF complex as a model,
we also predicted a strong binding of RNase3 with EGFR and it is worthy to mention
that there is a high sequence identity within the receptor interaction region of EGF with
both human RNase A family members. In addition to the common response triggered by
RNase3 and RNase3-HI15A, we also found a list of DEGs specifically related to the
ribonuclease activity. Those DEGs were enriched to viral infection related pathways, of
which the top-rated is RIG-I-like receptors (RLRs), consisting of RIG-I, MDAS, and
LGP2, play an important role in sensing RNA virus infection to initiate and modulate
antiviral immunity. Its necessary to point out that RLRs can also detect self RNA in the
cytoplasm to triggers innate immunity and inflammation to control infection in addition
to viral RNA molecules(182,183). Thus, we may speculate that RNase3 antiviral
activity in macrophage may be mediated by specific RNA cleavage by RNase3. In
addition, we found that overexpression of endogenous RNase3 in macrophage
significantly reduced both M. aurum and RSV infection. To conclude, the results
presented in this work highlight that RNase3 plays a crucial role in immunomodulation
of human macrophage via interacting with EGFR. Moreover, the ribonucleolytic
activity of RNases is required for some but not all of their biological functions. It would
be worthwhile to co-crystalize the complex of RNases with the EGFR extracellular
domain to further identify the direct interactions and compare with EGF to determine if
the activation of EGFR takes place in the same way.

Next, we focused on human RNase2 (EDN), another RNaseA family member that
together with RNase3, is one of the main eosinophil derived proteins. In comparison to
RNase3 known as a potent antibacterial protein, RNase2 has antiviral activity against
RSV, HIV-1, and hepatitis B DNA virus. Nevertheless, RNase2 was also reported to
have immune-regulation activity on various host cell types, for example promoting
leukocyte activation, maturation, and chemotaxis. In the present study, to further
explore the biological role of RNase2 in human macrophages, we first edited a THP1
cell line to knock out RNase2 expression by CRISPR/Cas9. After induction of THPI
into macrophage, we applied next generation sequencing to study the transcriptomic
change of macrophages when RNase2 is missing. After DEG analysis, we found that
more than 2000 genes were significantly altered when RNase?2 is knocked out. We can
suggest that RNase2 is crucial in mediating and maintaining the host innate immune
response and cell survival, based on the identified DEGs enriched related pathways,
such as viral protein interaction, cell cycle, cytokine-cytokine receptor interaction and
chemokine signaling. This was further confirmed as we found that knocking out
RNase2 resulted in heavier RSV infection burden and severe macrophage cell death.
Moreover, EGFR was also identified as the main hub gene by applying those DEGs to
network analysis. Based on our recent results on the EGFR activation by the closely
related RNase3, we can suggest that the ribonuclease activity of RNase?2 is probably not
involved in the protein EGFR mediated catalytic immune-regulation activity of
macrophages. Small non-coding RNAs (sncRNAs), such as siRNA, miRNA and piRNA,
have emerged as key regulatory molecules of the antiviral innate immune response(184).
sncRNAs derived from tRNAs, called tRNA-derived RNA fragments (tRFs), have been
recently found induced by specific viral infection, such as RSV and hepatitis virus but
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not metapneumovirus(185,186). Thus, we next compare the tRNA fragments population
in wild-type and RNase2 knocked out macrophages using qPCR based commercial tRFs
library screening kit. In total, we detected 5 tRNA fragments that were significantly
reduced in RNase2-knocked out macrophages compared to wild-type macrophages. The
results indicated that RNase2 is another RNase that may be responsible to cleave tRNA
and produce specific tRNA fragments as described for RNase5(187). We then compare
tRNA fragments population with or without RSV challenge and we concluded that RSV
infection can regulate the production of tRFs in macrophages and the composition of the
cell tRFs population is regulated by the presence of RNase2. Overall, our results
indicate that RNase2 has a multifaced role in modulating macrophages, either dependent
or independent of its catalytic activity. This is consistent with previously reported data
that indicated that other features of RNase2 apart from the ribonuclease activity are
crucial to its antiviral activity(75).

In order to interpret the potential contribution of tRNA cleavage by RNases in the
protein immune-regulatory properties, we decided to further analyze their sequence
specificities. Therefore, we decided to compare the catalytic activity of the 7 human
canonical RNases. In particular, we focused at the B2 site because a strong specificity
was observed at this site in previous studies(98). The kinetic activity on UpA, UpG and
Upl was measured by a spectrophotometric assay and the relative preference for the
secondary base was estimated for each protein. The results indicated a shift of the
secondary base specificity, from a poor A/G discrimination to a pronounced preference
for A. By the complementary analysis of the kinetic characterization of other family
members available in the literature, we inferred that there has been a shift at the
substrate secondary base predilection, from lower to higher order vertebrates, from
guanine to adenine (98). Moreover, we carried out a molecular dynamics analysis of
RNase-dinucleotide complexes to unravel the structural determinants underlying the
observed differentiated kinetic behaviors. Overall, molecular dynamics corroborated the
observed shift from guanine to adenine preference by kinetic analysis. Although the
main contributors (Asn71 and Glulll in RNase A and equivalent counterparts)
involved in the enzyme B2 sites are present in all the family members, significant
differences in L4 loop extension and contribution of complementary residues can
facilitate a distinct binding mode that confers discrimination between both purine bases.
Asn, Glu/Asp and Arg bidentate side chains provide selective binding to adenine N1/N6
and N6/N7 versus guanine N1/06, O6/N7 and N1/N2 groups. Moreover, we analyzed
the modified base inosine apart from the two natural purine bases in RNA, as inosine is
one of the main posttranscriptional modifications in cellular transcripts. We found an
overall similar enzymatic activity of RNases on UpG and Upl. Moreover, we identified
Glu/Asp residues are important for non-mammalian RNases to recognize N1/N2 group
in guanine. RNA modifications can not only regulate the translation pathway, they have
also been reported to be involved in the generation of regulatory tRNA
fragments(145,188). This specific tRNA cleavage process is associated to the host
response to specific stress conditions(147) and the target specificity of endonucleases
might be modulated by posttranscriptional modification, such as methyl modifications.
For example, m5C modification inhibits RNase5 mediated cleavage of tRNA(145).
Noteworthy, RNA posttranslational modification is an important immune-escape
mechanism achieved by differential posttranscriptional modification profiles of
eukaryotic and prokaryotic RNA(189,190). For example, murine innate immune cells
were reported to be able to discriminate between self and nonself RNA (bacterial RNA
with ribose 2’-O-methylation)(147). Overall, we speculate here that RNA
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posttranscriptional modifications might be important for RNases in discriminating self
and non-self RNA.

To summarize, this thesis concluded that human RNases play an important immune-
regulation role in regulating macrophages to fight against pathogen infection, through
both ribonucleolytic activity dependent and independent ways. Specifically, we
identified an activation pathway non-dependent on the RNase catalytic activity
mediated through interaction with the EGFR receptor. More studies are needed to
completely confirm the interaction of RNases with EGFR, especially to identify the
structural interactions. Moreover, it is of special interest to determine the RNase
dependent manner activity which may be mediated through the release of selective RNA
products, such as regulatory tRNA fragments. To prove that, we need to look closer at
the recognition, binding, and cleavage of RNA by human RNase A family members and
this can be achieved by applying newly developed methodologies. The next-generation
sequencing technologies have been proven a powerful tool in unveiling the cellular
transcriptome and the molecular functions of coding and non-coding RNAs. Moreover,
some special method, such as “cP-RNA-seq” can achieve to selectively amplify and
sequence the cyclic phosphate-containing RNAs. The technique can unambiguously
identify the RNA molecules released by a specific enzymatic endonuclease cleavage.
Besides, the clustered regularly interspaced short palindromic repeats (CRISPR) based
gene editing tool can not only help to conduct RNase-knock in or -knock out
comparison experiment but also allows to investigate the effect of RNA modification on
RNA cleavage by RNases through specific modification of RNAs. A better knowledge
of the mechanism of action of host-defense RNases should set the basis for the design of
novel antimicrobial drugs.
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4 CONCLUSIONS

4.1

4.2

4.3

4.4

RNase3, RNase6 and RNase7 achieve the eradication of extracellular and
macrophage intracellular infection by M. aurum at a low micromolar range.
RNase3 and RNase6 can agglutinate mycobacteria (M. aurum, M. smegmatis
mc? 155, and M. bovis BCG)

RNase3 and RNase6 can induce autophagy and thereby inhibit intracellular M.
aurum growth.

RNase? is the most abundant RNases expressed in THP1 macrophages followed
by RNase3 and RNase6; the expression of RNase3 and RNase6 are regulated by
M. aurum infection.

The antimicrobial activity, bacterial agglutination, and autophagy induction
ability are not dependent on the RNase enzymatic activity.

RNase3 can activate the host immune response of human macrophage through
EGFR binding which is not dependent of the ribonuclease activity.

RNase3 can trigger the antiviral pathway of macrophage, which is dependent of
the ribonucleolytic activity.

M. aurum infection can regulate the expression of RNase3 in THP1 induced
macrophages while RSV infection cannot.

Overexpression of RNase3 in human macrophage can inhibit the infection of M.
aurum and RSV.

Overexpression of RNase2 in THP1 leads to cell death.

Knock-out of RNase2 increases the RSV infection burden of macrophages.

RSV infection activates the expression of RNase2 in THP1 induced
macrophages.

RNase? is involved in the activation of EGFR in THP1 induced macrophages.
RNase2 is another RNase that is involved in specific tRNA fragments release.

Among RNase A superfamily, there is an evolutionary trend towards adenine
respect to guanine at B2 site from lower to higher order vertebrates.

The bidentate side chains of Asn, Glu/Asp and Arg, provide selective binding to
adenine N1/N6 and N6/N7 versus guanine N1/06, O6/N7 and N1/N2 groups.
The principal contribution to the distinct binding mode lies in the protein 36 and
L4 loop regions, that show significant differences in the orientation and
extension.
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Tuberculosis (TB) continues to be a devastating infectious disease and remerges as a
global health emergency due 1o an alarming rise of antimicrobial resistance to its treat-
ment. Despite of the serious effort that has been applied to develop effective antitubercular
chemotherapies, the potential of antimicrobial peptides (AMPs) remains underexploited.
A large amount of literature is now accessible on the AMP mechanisms of action against
a diversity of pathogens; nevertheless, research on their activity on mycobacteria is still
scarce. In particular, there is an urgent need to integrate all available interdisciplinary
strategies to eradicate extensively drug-resistant Mycobacterium tuberculosis strains. In
this context, we should not underestimate our endogenous antimicrobial proteins and
peptides as ancient players of the human host defense systemn. We are confident that
novel antibiotics based on human AMPs displaying a rapid and multifaceted mechanism,
with reduced toxicity, should significantly contribute to reverse the tide of antimycobac-
terial drug resistance. In this review, we have provided an up to date perspective of the
current research on AMPs to be applied in the fight against TB. A better understanding
on the mechanisms of action of human endogenous peptides should ensure the basis
for the best guided design of novel antitubercular chemotherapeutics.

Keywords: antimicrebial peptides, innate immunity, tuberculosis, infe cticus diseases, mycobacteria, antimicrobial
resistance, host defense

INTRODUCTION

Tuberculosis (TB) is currently one of the most devastating infectious diseases having caused
around 1.8 million human deaths, with 10.4 million new cases reported in 2016 and approximately
a third of the world’s population harboring its persistent form of the disease-causing pathogen,
Mycobacterium tuberculosis (Mtb) (1). Statistical analysis of epidemiological data have been shown
a steady increase of the disease incidences over the past decade and new drug-resistant forms of TB
cases are currently more than 5% of the total. TB has represented a major challenge worldwide and
is the first/top leading cause of death {rom a single infectious microorganism (1).

Although the TB causing pathogen was first identified at the end of the nineteenth century,
effective drugs against Mtb were only introduced during the second half of the twentieth century
XXs: streptomycin first, followed by isoniazid (INH), pyrazinamide (PZA), ethambutol (EMB), and
rifampicin (RIF). Unfortunately, the misuse and overuse of antibiotics for human welfare and farm-
ing industry have facilitated the emergence of resistant strains (2-4). Multidrug-resistant TB strains
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(MDR-TB) do not respond to INH and RIF and extensively
drug-resistant strains (XDR-TB) display an added resistance to
any fluoroquinolone and at-least one of the three second-line
injectable drugs, i.e., amikacin, kanamycin, or capreomycin.
Although the development of the first combined anti-TB drug-
therapy dramatically improved the disease prognosis outcome,
the current alarming rise in multidrug resistance is jeopardizing
our early attempt to control the disease (5, 6). Moreover, the
current WHO approved treatments impair the patient life qual-
ity and have an enormous economic cost (2, 7). Mtb being an
extremely successful intracellular pathogen, can remain within
the host system by keeping the immune responses under control
via a wide repertoire of escape pathways (8). To complicate
matters further, latent tubercle bacilli infections have become a
serious global threat because of the challenge in diagnosing them
clinically and their regular conversion from dormancy to active
infections in immunocompromised circumstances, due to HIV
coinfection, immunosuppressive therapies (9, 10) or diabetes
mellitus type 2 conditions (11). Although novel drug suscepti-
bility testing methodologies, such as the GeneXpert® MTB/RIF
(12, 13) and HT-SPOTi (14), are enabling the eatly detection
of antibiotic-resistant strains, a complete comprehension of the
host immune capability and the mode by which Mtb handles/
endures/evades the host defenses will be needed to eradicate this
infectious disease (15).

Despite the initial underestimation of the properties of
antimicrobial peptides (AMPs) and the difficulties encountered
in their attempt to reach the market, nowadays, it is widely
accepted that AMPs are multifunctional molecules with key
contributions in the mammalian host innate defense (2, 3, 16,
17). In addition, due to the evolution of drug resistance among
Mitb strains and their rapid spread across the globe, the use of
both natural and synthetic AMPs and their combination with
conventional drugs (18, 19) are enabling the creation of a new
generation of truly promising antibiotics (20-23). As Mtb can
survive and replicate within macrophages, novel anti-TB agents
should be able to target the intracellularly dwelling mycobacte-
ria without causing any damage to the host. In this review, we
will focus on AMDPs, either exploited naturally by our immune
system or artificially synthesized, as potential therapeutics to
overcome and eradicate the pathogen infection. Special atten-
tion will be paid to the diverse mechanisms that can mediate
the AMPs" action against TB infection. Finally, we will discuss
the advantages, limitations, and challenges of AMPs for its
merchandising and clinical use.

A UNIQUE AND PATHOGENIC BACTERIA

Although most mycobacteria (more than 150 species reported
to date) are environmental, only a few species can infect both
humans and livestock alike. Mtb is an obligate human pathogen
with a low mutation rate (24) and no horizontal gene transfer
(25). The TB-causing bacilli have coevolved with our civilization
over millennia and its indefinite latency periods probably evolved
as an adaptation to the sparse geographic distribution of early
human settlements. However, our modern one-world globaliza-
tion might be triggering a worryingly shorter latency in TB (4).

Tuberculosis is mainly an airborne respiratory disease that is
conveyed through aerosolized particles. Once in contact with the
lung tissues, Mtb can enter and dwell within the host macrophages
and other phagocytic immune cells. Immediately after, the infec-
tion triggers a complex immune response, and as a result, the
pathogens may manage to establish a long-term residence within
the host (4, 12, 26). During the primary infection phase, the host
defense response sequesters the bacilli in confined cages at the
lung alveoli, known as granuloma (Figure 1). During this early
period the infected alveolar macrophages, the favorite mycobac-
terial lodge, are actively releasing pro-inflammatory effectors
and other signaling molecules to remove the resident pathogens
(8, 27). Following, the tubercle bacilli manage to downregulate
the host cell expression profile and enter into a dormant state
(26, 28). Ultimately, granuloma will mature and endure a necrosis
process. Dormancy responses will facilitate the pathogens long-
term intra-host survival, and enable it to withstand the necrotic
granuloma environment. Upon reactivation of dormant cells,
the bacilli will start growing extracellularly and cover the lung
cavities with a biofilm layer enriched with the most drug-resistant
cells (29). The spread of reinfection is then mediated by coughing
induced granuloma mechanical shear (12, 28).

THE POTENTIAL OF ANTIMICROBIAL
PEPTIDES IN THE ANTI-TB
CHEMOTHERAPY: UNRAVELING THEIR
MECHANISMS OF ACTION

Emergence of extensively antimicrobial resistance toward current
anti-TB drugs has drawn back our attention toward alternative
once neglected therapeutic strategies, including a resurge in
AMBPs research (2, 30). Expression of endogenous AMPs rep-
resents one of the most ancient host defense strategy of living
organisms. Their multifunctional mode of action, natural origin,
and effectiveness at low concentration have positioned them
as prospective candidates in future antitubercular therapeutics
market (3, 7, 31, 32). Notwithstanding, to ensure a successful
therapy prior to drug design, we must deepen in the knowledge of
the underlying mechanism ofaction of our own innate immunity
plavers.

Despite a low level of amino acid sequence identity, AMPs
adopt similar structural folds, indicating the existence of parallel
mechanisms of antimicrobial action among distant living organ-
isms (33). Among a significant variety of AMPs traits, we can
outline the main common properties. We will review here the
main known human AMPs secreted by innate immunity cells to
counterbalance mycobacterial infections along with their mode
of action.

Mycobacterial Cell-Wall: A Complex

Barrier Particularly Difficult to Overcome

The unusual high antimicrobial resistance in mycobacteria is pri-
marily due to the unique complexity of its cell wall. The complex
network of macromolecules such as peptidoglycan, arabinoga-
lactan, and mycolic acids (MAgP complex), which are conglom-
erated by other proteins and polysaccharides, confirm the main
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Macrophage .

mycobacterial cell-wall scaffold and constitute a highly difficult
crossing-barrier for antimicrobial agents (34-37) (Figure 1).
The unique covalently-linked MAgP complex of Mtb is a result
of mycobacterial adaptation to secure the intracellular survival
against continuous selective pressures exerted by the host immune
system and other hostile environments. Furthermore, it has been
found that the characteristics and composition of the cell wall
can be modified during infection (38). The length and structure
of the mycolic acids have been related to bacterial intracellular
survival and are one of the favorite targets of successful antibiotics
(12, 37). Unfortunately, the emergence of Mtb strains with acquired
resistance to INH and EMB drugs that target the mycolic acids
synthesis, demands novel strategies. Resistant strains have also
emerged to PZA, a drug that targets the cell-envelope integrity
(2). In this context, dermcidin, a human peptide secreted by sweat
glands (39) has been predicted to inhibit the mycolyl transferase
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FIGURE 1 | Schematic illustration of AMP mode of action against mycobacteria. Following induction of the immune response by mycobacteria, AMPs are directed
toward the area of infection where they can be recruited into the granuloma. At the cellular level, the destruction of the pathogens takes place inside the
macrophage phagolysosomes. Composition of the mycobacteria cell wall and the main described mechanisms of action of AMPs against mycobacteria are shown:
(1) cell wall and plasmatic membrane disruption, (2) membrane pore formation, (3) inhibition of ATPase, (4) AMP intracellular targets: (a) nucleic acids binding,
inhibition of replication, and transcription; (b) inhibition of translation, and (5) protein degradation. Selected AMPs for each activity are highlighted. See Tables 1 and
2 for a detailed description of each AMP mechanism of action. Abbreviation: LL-37, cathelicidin C-terminus; HBD, human p-defensin; GNLY, granulysin; Hepc,
hepcidin; LF, lactoferrin; NE, neutrophil elastase; HNPs, human neutrophil proteins; CAMP, cationic antimicrobial peptides; SAMPs, synthetic antimicrobial peptides;
MIAP, magainin-| derived antimicrobial peptide; LLAP, LL-37 derived antimicrobial peptide; o-LAK, o-enantiomeric antimicrobial peptides; CTS, cathepsins.

enzyme efliciently (10). Other re-emerged research lines target
the cell-wall peptidoglycan metabolism (12). On the other hand,
one of the main mechanisms by which the AMPs exert their effect
is based on the ability to disrupt or permeate the cell membrane
(Figure 1), either fully disrupting the lipid bilayer or by creating
transient pores (41). Numerous AMPs have acquired amphipathic
and cationic structures as short f-sheets and a-helices that allow
them to establish interactions with bacterial membranes (42).
The first step of AMPs interaction with the pathogen is generally
mediated by their positive net charge and hydrophobicity. Unlike
eukaryotic cells, in which the anionic lipids are predominantly
in the inner leaflet of the lipid membrane providing a neutral
cell surface, prokaryotic cells expose a negatively charged sur-
face. Many AMPs can exert a direct killing mechanism against
mycobacteria through cell membrane disruption. The binding
between the mycobacterial anionic surface compounds and

Frontiers in Immunology | www.frontiersin.org

41

November 2017 | Volume 8 | Article 1499



Arranz-Trullén et al.

Host Antimicrobial Peptides against TB

the cationic residues of the peptides promotes the membrane
permeabilization (43). Contribution of the peptide cationicity
has been corroborated in distinct AMPs by amino acid substitu-
tion. As an example, the replacement of lysines by arginines in
lactoferrin (LF) variants enhanced their mycobactericidal effect
(44). In addition, although the highly hydrophobic scaffold of
the mycobacterial envelope offers resistance to AMPs action,
the increase in the proportion of a-helical structure and peptide
hydrophobicity has being engineered as an alternative strategy
to enhance their mycobactericidal features (18). Moreover, some
AMPs are directly targeting surface cell-wall proteins to interfere
in the cell ion exchange and inhibit the mycobacterial growth.
AMPs can interact with the mycobacterial membrane proteins
such as ATPases and inhibit the cell pH homeostasis {45, 46).
Interestingly, AMPs inducing the membrane permeation can be
applied as adjuvants to conventional antibiotics (47).

Intracellular Targets

Although most of the known AMPs exert their action at the
bacterial membrane level, there is a growing number of identi-
fied peptides endowed with other previously overlooked targets.
Many AMPs have the ability to translocate across the membrane
and novel methodologies are bringing the opportunity to iden-
tify the peptide interactions with intracellular components (48).
Asg an example, human neutrophil peptides can effectively cross
the lipid bilayer without causing significant membrane damage
and bind to nucleic acids (49, 50). Selective mycobactericidal
action has been achieved by synthetic antimicrobial peptides
(SAMPs) that can be internalized by mycobacterial cells and
bind to DNA, inhibiting replication, and transcription processes
(51). Interestingly, the intracellular action can be achieved at
very low peptide concentrations, reducing the potential toxicity
to host cells.

Phagosome-Lysosomal Pathway
and Autophagy Modulation

Mycobacterium tuberculosis has evolved to dwell within one of
the most inhospitable cell types, the macrophage. The tubercle
bacillus is able to interfere with the phagosomal maturation
pathway, blocking the transfer of the phagocytosed compounds
to lysosomes (52). At this stage, several mechanisms take place
toward the elimination of the pathogen, among them: produc-
tion of reactive oxygen and nitrogen species, vacuole acidifica-
tion, lytic enzymes activation, and changes in ion fluxes (53).
Mycobacterium is able to interfere not only in the recruitment of
vesicular ATPase proton pump but also in the acquisition of mark-
ers for the endocytic pathway. The TB causing bacilli promote
the fusion with early endosomal vesicles but arrest the fusion to
the lysosomal compartment, thereby protecting its phagosomal
niche from acidification and avoiding the action of Iytic enzymes.
Moreover, the pathogen inhibits the phosphatidylinositol kinase,
reducing the phosphatidyl inositol triphosphate (PIP3) levels and
impairing the phagosome maturation {54). The modulation of the
phagocytic maturation seems to be carried out by components of
the mycobacterial cell wall, such as the mannosylated lipoarabi-
nomannan (7, 54). Altogether, mycobacteria ensure their survival

within the host cell by intercepting the autophagic machinery
at distinct levels (Figure 2) (8, 55). On their side, many AMPs
promoting the phagolysosome formation also contribute to
remove the pathogen intruder {(56). Thereby, one of the strategy
undertaken by the mycobacteria is the downregulation of AMP
expression within the macrophage (57). Autophagy has other
beneficial effects for the host, such as the restriction of inflam-
mation (58). Indeed, one of main currently used anti-TB drug
is rapamycin, an autophagy activator, and the search of novel
autophagy inducers is a priority (3, 23, 59).

Immunomodulatory Activities

Undoubtedly, immunotherapy is at the frontline of TB eradication
programs. Following the bacteria engulfment by alveolar mac-
rophages, the mycobacterial components are identified by several
pattern recognition receptors resulting in the activation of signal-
ing pathways and the subsequent leukocyte activation (27, 58).
In this scenario, participation of endogenous AMPs during the
host immune response (Figure 2) is key for a successful eradica-
tion of infection (28, 60). We can differentiate two main phases
that would mediate the infection process, in the early acute step
the AMPs can directly kill the Mtb bacilli, whereas in the second-
ary late step, the AMPs immunomodulatory action takes the lead-
ership (26). Pro and anti-inflammatory effects can be induced by
AMPs mediated by the release of a variety of cytokines (16, 23, 57).
Interestingly, the same AMP can have a pro-inflammatory action
at an early infection stage, while shifting to anti-inflammatory
activity during late infection (3). Indeed, many immune factors
play an essential role in the mediation of the infective process (8).
For instance, the production of cytokines, which are important
for the immune response, such as interferon gamma (IFNY), are
undermined by the mycobacterial infection {61).

HUMAN ENDOGENOUS AMPs INVOLVED
IN THE FIGHT AGAINST TB INFECTION

Following mycobacterial infection, a large assortment of anti-
microbial peptides is released by our innate immune cells into
the affected tissue (62). AMPs as key players of the non-specific
immune response (2, 17) have attracted renewed attention as
novel therapeutics and several comprehensive databases are
now available open to the scientific community (2, 63-65). We
describe, here, the main natural human AMPs involved in the
fight against TB infection (Table 1).

Cathelicidins

Cathelicidins constitute a mammalian family of antimicrobial
peptides mostly expressed in leukocytes and epithelial cells in
response to different pathogens, contributing to their eradication
(7, 37,72). The human cationic antimicrobial peptide-18 (hCAP-
18) is the unique known human member and the leading AMP
in TB therapeutics (7, 131). hCAP-18 is essentially conformed
by two regions, a highly conserved N-terminal sequence, called
cathelin and the bactericidal C-terminal region known as LL-37,
released by proteolysis (132, 133). LL-37 contributes to the
recruitment of T-cells to the site of infection (66) and displays
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diverse immunomodulatory and antimicrobial activities (57, 73),
undertaking a prominent role during mycobacterial infection
(57, 69). In particular, a significant overexpression of LL-37 on
neutrophils, epithelial cells, and alveolar macrophages has been
observed during Mtb infection (67). The infection of mononu-
clear cells promotes the upregulation synthesis of LL-37 via the
vitamin D induction pathway (134). Interestingly, vitamin D defi-
ciency correlates with susceptibility to tuberculosis, while sup-
plementation with vitamin D derivatives improves the efficiency
to overcome TB (75). Phagosomal pathway is known to be a key
defensive procedure to eradicate Mtb and recent studies point
to vitamin D3 as an inducer of autophagy in human monocytes
as well as an inhibitor of intracellular mycobacterial growth, via
upregulation of autophagy-related gene expression (3, 76, 134).
The LL-37 peptide thereby decreases, directly or indirectly, the
rate of intracellular bacteria proliferation. Recently, transcrip-
tome profiling confirmed the direct contribution of LL-37 at the

lysosomal compartment (135). Jointly, all these experimental
evidences highlight cathelicidin LL-37 not only as a forthright
antimicrobial peptide but also as a prominent modulator of
autophagy during mycobacterial infection (3, 77).

Defensins

Defensins were the first AMPs related to 'TB by pioneer researchers
(49,50, 81, 136). Defensins are a set of cationic and cysteine-rich
peptides with immunomodulatory and microbicidal properties
that constitute one of the major and most diverse group of AMPs
in the mammalian pulmonary host defense system (3, 16, 137).
They are classified according to their structure into alpha, beta,
and theta. They show substantial variation in terms of amino
acid sequences, and show a diversity of mechanism of action at
membrane and intracellular levels. In addition, defensins can be
induced and activated by proteolysis pathways to acquire their
antibacterial activity (138). Interestingly, high-throughput gene
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TABLE 1 | Human AMPs involved in immune host defense against mycobacteria.

AMP Cell type source®

Reported activities®

Cathslicidin (hCAP18/LL-37) Neutrophils (66, 67°)
Manocytes (66, 57b)
Epithelial cells (56, 87°)
Mast cells (58)
Macrophages (670, 69)
Dendritic gells [70)
MNatural killer cells (1)

Mycobacterial cell wall lysis (72, 73)
Imrmunarmodulation (57, 69)

Pro-inflammatary action (747

Autophagy activation (58, 75-78)

Cheamotaxis (58)

MNeutrophil extracsliular fraps (NETs) promotion (73)

Defsnsins Easinophils (HAD) (72 Mycobacterial call membrans lysis (HBD) (23p (2, 62)
Macrophagss (HBD1) (80) Mambrane pore formation (HMPs) (7)
Epithelial cells (HBD1, HBD2, HED3, HBD4) (7, 818, 22) Whycobactaral growth inhibition (HBD2 3,41 (79, 81, 832, 84)
Dendritic cells (HBD 1, HBDZ) (20) Dendritic and macrophage cells chemotaxis (HBD/HNPs) (82, 85%) (22P
MNeutrophils (HNPs) (7, 30) Inflammation regulation (HBD) (62, 82)
[HNP1I (7, 82)
Intracellular DNA target (HNPs) (49, 50)
Hepaoidin Hepatagytes (36) Mycobacteral cell wall lysis (27, 62)
Macrophages (G7)° Inhibition of mycobacterial infection (1)
Dendritic cells (28, 89) Iron homeostasis regulation (92, 93)
Lung epithelial cslls (39) Pro-inflammatory activity (94)
Lymphooytes (90)
Lactoferrin Epithelial calls (95) Bacterial cell permesation (95)
MNeutrophils (96) Iron kidnapping (99
Palymorphonuslear [PMN) laukooytes (S7) Anti-inflammatory activity (100R(101R#102)>
Azurocidin PN leukooytes (103) Mycobacterial cell wall lysis (104)
MNeutrophils (104) Promation of phagaolysosomal fusion (104)
Elastases MNeutrophil azurophilic granules, bone marrow cells (105) Bacterial cell membrane lysis (107)

Macrophages (108)

Serine protease activity (108)

Cell chermotaxis induction (108)

Imrmunomadulation (1091

NETs formation (110)

Maorophage extracellular traps (METs) formation (106, 111)

Antimicrobial RNases Eosinaphils (RMNase3/ECP) (798, 112, 113)

MNeutrophils and monooytes (RNases) (114)

Epithelial cells and leukooytes (RMase7) (115, 115)

Mycobactera cell wall and membrane lysis (117)
Wycobacterial cell agglutination (117)

Eosinophil peroxidase Eosinaphils (118

Bacterial cell wall lysis (119)

Cathepsins MNeutrophils Mediation of apoptasis pathway (120, 121)
Manocytes (120 Irmrmuncmaodulation (122)2 (109
Granulysin Lymphooytes (37) Mycobacterial cell lysis (37, 123)

Calgranulin/calprotectin MNeutrophils (124, 125)
Monooytes (124, 126
Keratinooytes (124, 127)

Leukooytes (128)

Phagolysosomal fusion (20, 126)
Pro-inflammatary action (125)

Ubiquitinated peptidas Macrophages (27, 126b)

Mycobacterial cell lysis (37)

Lipocalin? Neutrophils (130

Mycobactsrial growth inhibition (27, 130)
Immunaregulation (37, 130)

*Raportad activitias tastad in vivo using murine infaction modals.
PReported regulation of AMP expression upon mycobactarial infaction.

expression of peripheral blood mononuclear cells profile analysis
from patients with tuberculosis and Mtb-infected healthy donors
revealed the existence of an overexpression of defensins levels in
TB patients (139). The peptides were observed to bind to Mtb
cells within the macrophage phagosome (140). The essential
participation of defensins in the host fight against TB infection
has also been corroborated in a murine model (23, 85).

Within the defensin family, we find a variety of cellular source
types (Table 1) (82). Noteworthy, the p-defensin2 (HBD2) and

the w-defensin (HAD) expression are inducible by mycobacteria
wall components in epithelial cells and eosinophils, respectively
(79, 81), and could have a preservative role in vivo against TB
infection. Upregulation of HDB3 and 4 were also reported effec-
tive in Mtb MDR-infected mice (83).

Human Neutrophil Peptides (HNPs)

Human neutrophil peptides are a-defensin type AMPs mainly
secreted by neutrophils (50), although low levels of expression
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have also been detected in monocytes, eosinophils, and epithe-
lial cells (79). HNP-1-4 expression is induced by TB infection
(7, 37, 82). On the other hand, although macrophages express
only small amounts of HNPs, high intracellular levels can be
reached via neutrophil-phagocytosis. Interestingly, HNPs have
been observed to colocalize with tuberculosis bacilli in early
endosomes (84). Moreover, the administration of HNPs maxi-
mizes the antimicrobial capacity of macrophages against Mtb
(50) and HNP1 was proven effective in a Mtb-infected mouse
model (50). HNP-1 can permeabilize the Mtb cell membrane
by forming transmembrane pore and then bind to intracellular
DNA (7, 50). Interaction with nucleic acids could subsequently
inhibit the main cell functions, as transcription and translation
(48). On the other hand, combination studies using HNPs and
p-defensins with conventional antitubercular drugs have shown
a synergistic effect. Therefore, the AMP adjuvant role can reduce
the required drug dose and also significantly diminish the bacte-
rial load in vital organs (141). Overall, these findings together
with recent experimental work with tuberculosis animal models
entrench the therapeutic application in favor of the whole defen-
sin family (7, 37, 83).

Hepcidin

Hepeidin (Hepe) is a short and highly cationic antimicrobial
peptide that was originally detected in serum and urine (142). Tt
adopts a hairpin loop that encompasses two short beta-strands.
Hepeidin is predominantly synthesized in hepatocytes and is
released from a precursor by proteolysis. Its expression is induced
by infectious or inflammatory processes and plays a prominent role
in the iron homeostasis, regulating uptake, and mobilization
(92, 143). Specifically, hepcidin can downregulate the transmem-
brane transport of iron through its union with ferroportin, a
transmembrane protein that exports iron to the extracellular space
(93). The reduction in extracellular iron concentrations makes
pathogen invasion conditions more hostile (91). Interestingly,
during infection, hepcidin is released into the bloodstream and is
considered to be responsible of the anemia associated with inflam-
mation (94). Indeed, anemia is a common difficulty encountered
in TB (144). Moreover, Lafuse and coworkers demonstrated that
mycobacterial infection induced the emergence of high levels
of hepcidin in macrophages phagosomes and confirmed the
peptide inhibition of Mtb growth in vitro (87). Further research
also reported the presence of hepcidin in other innate cell types
such as dendritic cells. The peptide expression in non-phagocyte
cells suggests an extracellular mycobactericidal activity mediated
by iron reduction in both alveolar and interstitial spaces (88).
Particularly, due to the hepcidin effect on iron levels, differences
in the expression of the peptide could be related to different
phenotypes of iron homeostasis in TB patients. A significant
correlation was observed between serum hepcidin levels and the
promoter polymorphism in T'B patients and was suggested to be
considered in the diagnosis and prognosis of tuberculosis (145).

Lactoferrin

Lactoferrin is another AMP related to iron homeostasis regula-
tion. It is a multifunctional iron binding glycoprotein present in
several tissues and most human body fluids. It has a molecular

weight of 80 kDa and belongs to the transferrin family ($9). LF and
its natural N-terminal fragment released by proteolytic cleavage
(Lactoferricin, LFcin) participate in host defense and have wide
spectra antimicrobial effects (37, 44, 98). Noteworthy, LF is the
only AMP given by systemic administration that is currently in
clinical trials (146). Diverse studies have demonstrated the pres-
ence of LF in macrophages and blood cells and its activity against
Mycobacterium. Moreover, LF immunomodulatory capacity can
also contribute to the eradication of TB. Particularly, it has been
observed that mice treated with LF manifest an increase in the
proportion of 1L-12/1L-10, which results in increased Thl cells,
with a protective role against Mtb (100, 101). The anti-inflamma-
tory properties of human and mouse LF were also corroborated
in another Mtb mouse infected model (102). In addition, other
studies clearly demonstrated the immunomodulatory role of
LE improving BCG-vaccine efficacy when used as adjuvant
(147, 148). Recently, it has been reported that LF expressed in
azurophilic granules of neutrophils is capable of killing M. smeg-
matis (104).

Lipocalins

Lipocalins are a family of peptides involved in cellular traffic and
inflammation which are also related to the iron homeostasis (149).
Lipocalin2, also called neutrophil gelatinase associated lipocalin,
is expressed in neutrophils and displays anti-TB activity {(130).

Azurocidin

Azurocidin, a leukocyte polymorphonuclear (PMN) granule
protein, is a cationic antimicrobial protein of 37 kDa, also called
CAP37 or heparin-binding protein, due to its high affinity
for heparin (103). Shortly after its discovery it was found that
azurocidin, like other antimicrobial proteins, not only displayed
an antimicrobial activity but was also capable of exerting a
mediating role in the modulation of the host defense system
(150). Azurocidin is stored in secretory granules and is released
into the endothelial area by PMN cells, rapidly reaching the
infected or inflammation area (151). Azurocidin, at the front line
of infection, activates monocytes, macrophages, and epithelial
cells (152). Moreover, azurocidin has a wide range antimicrobial
activity, working efficiently at acidic pH, a condition promoted
in mature phagolysosomes {153). Interestingly, it has recently
been reported that azurophilic granule proteins are implicated
in mycobacterial killing, facilitating the fusion of mycobacteria-
containing phagosomes with lysosomes (104).

Elastases

Flastases are serine proteases secreted by neutrophils and
macrophages involved in the fight against pulmonary infections
(107). One of the best studied elastase is the neutrophil elastase
(NE), also known as elastase2, a 29-kDa protein expressed during
myeloid development and secreted by neutrophils during epi-
sodes of infection and inflammation (107, 108). NE was reported
to confer a protective effect against M. bovis in mice pulmonary
tract (109). Many studies emphasize NE multi-functionality; the
protein can break the tight junctions to facilitate the migration
of PMN cells to the inflammation/infection area and induce
cell chemotaxis (108). The neutrophil granule protein can work
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within the macrophage phagosomes (154). Complementarily, NE
is also reported to kill mycobacteria extracellularly in a rather
peculiar way. Neutrophil granules can release their protein cargo
together with chromatin, resulting in the formation of extracel-
lular fibrillar structures that facilitate bacteria arrest. NE colocal -
izes with the neutrophil extracellular traps and can facilitate the
degradation of virulence factors (110, 155). Interestingly, heavily
infected macrophages can also explode and form extracellular
traps, a process which is also regulated by elastases (106, 111).

Cathepsin (CTS)

Cathepsin is another serine protease involved in the host defense
against TB infection that is mainly expressed in neutrophils and
macrophages (130, 156). Procathepsins are converted to the
mature enzyme in acidic conditions and are active within the
lysosomal compartment {30). The Mtb bacilli can downregulate
CTSs expression in macrophages to ensure its intracellular sur-
vival (120, 156). The antimicrobial protease is proposed to protect
the host mostly by an immunoregulatory role rather than a direct
bacteria killing activity, as observed in an infection mouse model
(122). Recent work using the zebrafish/M. marinum model indi-
cates the involvement of macrophage lysosomal CTSs to control
the TB infection at the granuloma level (121, 157).

Granulysin (GNLY)

Granulysin is a small cationic human antimicrobial protein
expressed by lymphocytes that is upregulated by HIV/TB coinfec-
tion (37, 158). GNLY can enter the macrophages and is able to
disrupt the bacillus envelope (7).

Calgranulin

Calgranulin, also called calprotectin, is another AMP that is
used as a TB infection marker in blood samples (30, 124, 127).
Calgranulin is a calcium-binding protein that also interacts
avidly with Zn** cations. Binding to Zn** activates the peptide
antimicrobial activity. Recently, calgranulin overexpression has
been associated to anti-TB activity at the macrophage intracel-
lular level by promotion of the phagolysosomal fusion (30, 126).

Ubiquitin-Derived Peptides

Ubiquitin-derived peptides are ubiquitinated proteolytic peptides
which can also be dlassified as AMPs (7, 37, 159). In particular,
ubiquitin-conjugated peptides as products of the proteosome
degradation activity accumulate in the lysosome and can inhibit
Mtb growth within the autophagoelysosome (129). Ubiquitin by
itself is innocuous while ubiquitinated peptides, such as Ub2, can
permeate the mycobacteria membrane (160).

Human Antimicrobial RNases
Human antimicrobial RNases are small secretory proteins
{(~15kDa) belonging to the RNaseA superfamily. They are highly
cationic and possess a wide range of biological properties, repre-
senting an excellent example of multitasking proteins (112, 151).
The family comprises eight human members, expressed in diverse
epithelial and blood cell types.

RNase3, also known as the eosinophil cationic protein (ECP),
is mainly expressed during infection and inflammation in the

secondary granules of eosinophils (162) and secondarily in neu-
trophils (163). Complementarily, the signal peptide of the ECP
(ECPsp) was found to promote the migration of macrophages
via pro-inflammatory molecules to sites of infection and inflam-
mation (164). Interestingly, ECP is secreted, together with
a-defensin, in response to M. bovis BCG infection (79). Although
the recruitment of eosinophils in the respiratory tract during Mtb
infection was first regarded as a mere response to inflammation
(165), further work has shown that this cell type together with
neutrophils can directly participate in the removal of the infec-
tion focus (166). Eosinophils are activated via TLR2 induction
by the specific mycobacterial wall component, the lipomannan
(79). Eosinophils, together with neutrophils, would then release
the content of their granules into the granuloma macrophages
(84, 159). To note, the eosinephil peroxidase, another eosinophil
protein stored in the secondary granules, is also endowed with
antimycobacterial activity (119). Onthe other hand, macrophages
express upon bacterial infection two additional RNases, RNase6
and RNase7 {114). In addition, human RNase7, also called the
skin derived RNase, is also secreted by keratinocytes and exerts
a protective role against a variety of pathogens at the skin bar-
rier (39, 115). Interestingly, RNase7, together with RNase3, can
eradicate mycobacteria in vitro (117). Moreover, very recent
results indicate that human RNases 3, 6, and 7 can also inhibit
the growth of mycobacteria in a macrophage infection model
(167). Considering that RNase6 and RNase 7 expression is
induced in macrophages upon bacterial infection (114), one
might hypothesize that these antimicrobial proteins can also play
a physioclogical role against intracellular dwelling mycobacteria.
Eventually, we cannot disregard a complementary contribution of
the RNases reported immunomodulatory properties, such as the
induction of pro-inflammmatory cytokines and the dendritic cell
chemoattraction (168, 169).

SYNTHETIC ANTIMICROBIAL PEPTIDES

In the race against TB, novel synthetic AMPs with potent
mycobactericidal activities have been developed (2, 19, 22, 37,
170). AMP synthetic analogs are often considered to be the next
generation of antibiotics and have attracted the attention of many
companies aiming to develop new anti-TB therapies against
drug-resistant strains (35). Following, we summarize the main
SAMPs successfully designed (Table 2).

One of the favorite applied strategies for the design of potent
AMPs is the engineering of stabilized amphipathic a-helix that
are enriched with selected antimicrobial prone amino acids.
Complementarily, peptide modifications are devised to endow
them with enhanced resistance to proteolysis; thereby improving
their in vivo stability and efficacy. The p-LAK peptides are a fam-
ily of serial peptides consisting of 25 D-enantiomer amino acid
residues in a primary sequence designed to adopt a left-handed
a-helix conformation and containing eight lysine residues (175).
The peptides were designed to enhance their antimicrobial
activity and decrease their hemolytic effect {188), providing
efficient antimycobacterial activity at non-toxic concentrations.
Furthermore, D-LAK peptides can be administered as inhal-
able dry powder (176). Another synthetic a-helical peptide, the
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TABLE 2 | Synthetic peptides effective against mycobacteria.

Peptide Modifications Source Mechanism/antimicrobial activity Reference
1-CA Barrer Tetrameric farm; oligo- Design de nove Pore formation (171
N-substituted glycines MIC (Mtb H37Rv): 6.6 pM
(peptoid) and alkylation
A18G5, c-enantiomer, alkylation, Derived from the insect Bacterial membrane permeation/inhibition of protein synthesis Haoffrmann B,
A24Cag, tetramethylguanidinilation,  praline-rich peptide Czihal P Patent
AZACEFA and  and polysthylene glycol Apidascin WO2008013262
A38A1guan conjugation A1.2008 (172)
CAMP/FL-D - Short cationic peptides (10 Pare formation (173)
AL rich inW and R selected  MIC (Mtb H37R): 11141 pM
from peptide libraries
CP26 - Derived from cecropin A Bacterial cell wall disruption (174)
mellitin MIC (Mtb H37Rv): 2 pgfmlL
o-LAK 120 c-enantiomer Synthetic e-helical peptides  Pors-formation/Inhibition of protein synthesis (175, 176)
MIC (Mtb H37Rv): 35.2-200 pgimlL
o-LL37 o-enantiomear Derived from LL-37 Parg-formation/Immuncm odulatory activity (170)
MIC (H37Rv): 100 pg/mbL
E2 and E& - Derived from bactenecin Bacterial cell wall disruption (174, 177)
{bovine cathelicidin) BacBo MIC (Mtb H37Rv): 2-3 pg/mL
(8 A&
HHC-10 - Derived from bactenedin Bacteria membrang lysis (172* 179)
MIC (M. bovis BCG). 100 pg/mL
hLFsin1-11/ c-enantiomer Derived from lactoferricin Bacterial cell wall and membrans lysis [44)
hLFoin17-30 (AI-R and All-K substitutions)  1CO0 (M. avium): 15-30 uM

Innate defense
regulators

[[nnate defense
regulator (IDR)-

Derived from macrophage
chemotactic protein-1
MCP-1)

Imrmunemadulatory activity/anti-infammatory

MIC (Mt H37Rw): 1530 pgdml; in viva [Mtb H37Rv and multidrug
resistant TB strain (MDR-TE) infected mice]: 10-71% killing at 32 pg/
mouss (3 x week intra-trachsal administration, 30 days)

[180P(181p(182)

1002, -HHZ,
IDR-1018]
LLAP Derived from LL-37 Inhibition of ATPase (183)
WIC (M smsgmatis mc?155) 600 pgimbL
LLKKK18 Hyaluronic acid nanagel Derived from LL-37 Pore formation/Immunomadulatory activity (184)
conjugation I vivo (Mt H37Ry-Infected mice) 1.2-leg reduction at 100 uk (10
intra-tfrachaal administrations)
U140 Derived from Streptococcus  Inhibition of cell wall synthesis/On predlinical stage. Oragenics
mutans lantibictics Effective on active and dormant Mtb MDR Inc Patent
WOR0131303404
(185
MIAP - Derived from Magainin-| Inhibition of ATPase [46)
MIC (H37Ra): 300 pg/mL
Fin2 wvariants Derived from pandinin2 Membrane disruption (186)
(short halical peptides) Mt H37Rv and Mtb MDR: 6-14 pg/mL
RMN3(1-45) - Derived from human RNases  Bacterial cell wall disruption/zell agglutination and intracellular (117, 167)
RMNB(1-45) MN-terminus macrophage killing
RMN7(1-45) WMIC (M vacae, M. aurum, M smegmatis md185; M bavis BCG)
in vitro: 1020 M and exvivo (M awrum): 510 uM
Synthetic AMPs  Dimethylamination and Design de nove Cell penetration and ONA binding/ [51)
[SAMPs-Dma)  imidazolation synthetic antimicrobial peptide-Dmal10; MIC (M smegmatis mc?155);
<20 uM
FLLKK) 23 Peptide p-enantiomer, Short stabilized «-halix Pore formation (22, 187)
II-D, [I-Crn, ornithination, amphipatic peptides MILLEK)ZM: MIC (Mt H37Rv): 125 pg/ml; (LLKK)2I: effective
1Dab, and IDap 2 4-diaminobutyric against MOR-TB
acidation, and
2 3-diaminopropionic
acidation
“Reported activities tested in vivo using muiine infection models.
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M(LLKK)2M, was proven successful against MDR strains when
combined with RIF (187). On the other hand, a short synthetic
cathelicidin variant (the HHC-10) is able to inhibit the growth of
M. bovis BCG both in vitro and in a mouse model {178).

Interestingly, the N-terminus derived peptides of human
antimicrobial RNases can reproduce the parental protein activ-
ity against several tested Mycobacterium species (117, 167).
The RN(1-45) peptides encompass a highly cationic and
amphipathic region that adopts an extended o-helix in a
membrane-like environment (189). In addition, the RN3{1-45)
and RN6(1-45) peptides include an aggregation prone sequence
which promotes bacterial cell agglutination (117, 167, 190), a
property that can facilitate the microbial clearance at the infec-
tious focus (190).

Recently, particular interest has been drawn by a collection
of short synthetic peptides with immunomodulatory activities,
the innate defense regulators (IDRs). The peptides are effective
at very low concentration and thereby can elude any toxicity
to the host (181). They do not display a direct bactericidal
activity but can promote the proper endogenous expression
of antimicrobial agents by the host cells. Among others, the
peptides enhance the release of chemokines and downregulate
the inflammation pathway (181, 182). The IDR peptides, such
as the IDR-1018 (Table 2), have been tested successfully in a
MDR-TB infected mouse model by intra-tracheal administra-
tion (180). Likely, immunoregulatory peptides will take a lead-
ing role in the treatment of immunocompromised patients in
a near future (16).

AMPs TO COMBAT ANTIMICROBIAL
RESISTANCE IN TB: A TIME FOR HOPE

In recent years, thousands of antimicrobial peptides have been
identified from natural sources, mostly classified as key players
of the non-specific host defense response (30, 33, 191). On the
other hand, despite the existence of a wide range of successful
antibiotics since their entry into the worldwide trade, nowadays

there is an increasing demand of novel drugs to tackle multidrug-
resistance mycobacteria strains (2, 20, 192). The antimicrobial
proteins and peptides (AMPPs), given their direct bacilli kill-
ing mechanism and immunomodulatory properties provide
an attractive pharmacological potential against mycobacterial
infections (see Table 3 fora summary of main AMP-based thera-
pies). However, despite their appealing properties, AMPs are
still facing major challenges to join the pharmaceutical industry
(30-32). The main advantages and disadvantages associated with
AMPs are listed in Table 4. Although the high cost of synthesis
is one of the main drawbacks that the manufacturing of peptides
faces, some companies are already managing commercial -scale
peptide production platforms. For example, recombinant AMPs
can be prepared in fungi and plants at high yield and low cost
(2). Another drawback of AMPs therapy is their susceptibility
to proteolytic cleavage, in particular when delivered by systemic
administration (2, 31). In addition, the antimicrobial activ-
ity of some peptides appears to be decimated in physiological
saline and serum conditions (32, 193). Novel design strategies
are focusing on the production of cheaper and reduced-size
analogs (2, 194) with improved selectivity toward prokaryotic
targets and broaden therapeutic indexes (195). To improve the
peptide bicavailability and stability in vivo several strategies have
been developed such as incorporation of non-natural amino
acids, backbone mimetics, conjugation with fatty acids, N and
C- terminus modifications (196). The peptide performance
can also be improved by intra-tracheal administration (184).
In addition, encapsulation within biodegradable particles or
liposomes improves the distribution of the drug toward the site
of action (31, 196). Fortunately, macrophage nature by itself
should promote the engulfment of such nanovehicles (19) and
extensive research has been applied to define the parameters
that determine the nanoparticles uptake by the phagocytic cells
and intracellular traffic (2, 197). Very recently, a novel delivery
system has been achieved by a LL-37 analog embedded within
a hyaluronic nanogel. The self-assembled polymer stabilizes
the peptide inside its hydrophobic core, allows a higher dose
cargo and promotes the macrophage uptake, with increased

TABLE 3 | AMPs based strategies to develop navel anti-TB drugs.

Pro-autophagy AMPs*

Cathelicidins (55, 58, 78); azurodidin (104), calgranulin (126)

Anti-irflammatory AMPs

Defensing (23, 82); AMP bindars to antigenic moleculss (23), LL-37 inhibition of TNF-a and other pro-inflammatory eytakines (&7);

synthetic innate defense regulator (IDR) peptides (181); synthetic LLKKKI8 (LL-37 analog) (184); lactoferrin (100)

Pro-inflammatory AMPs LL-37 (57, 74); defensins (82); hepcidin (94)

Chemataxis induction by AMPs

Defensins (23); IDR synthetic peptides (23); LL-37 (2, 58, 181); elastases (108)

AMP synergy

with current antibiotics: HNP1 + isoniazid/rifaricin (141);, HBD1 + isconiazid (217); synthetic a-helix AMP + rifampicin (12)

with immunomodulators: HNP1 and HBDZ + L-iscleusing (206)

with nanoparticles (19)

Industion of host AMP expression
aroylated phenylenediamine inducers (205)

Search for novel LL-37 inducers (218); vit D3 and phenylbutirate (PBA) for LL-37 (16, 28, 77, 204); L-isoleucine for p-defensins (83);

AMP-based gene therapy Adenovirus encoding LL-37 or HED3 (219)

AMP nanadelivery

MNanovehiculation systems: nanoparticle size, surface chemistry, and meachanical properties to enhance macrophage uptake (2);

lposomes (2, 196); nanogels (184, 196); asrosolization (176, 196)

“Representalive examples are providged for each indicated strategy.
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TABLE 4 | Human anti-TB AMP therapy: advantages and disadvantages.

Application strategy  Advantages

Disadvantages

Exogenous AMP
administration

Broad-spectrum activity

Multi-functionality

Low immunaogenicity

Rapid direct kiling mechanism

High affinity toward mycobacterial surface
Enhanced uptake by macrophages

Very low/nones toxicity of natural human AMP
Rapid clearance in host tissues

Rapid degradation following oral/systemic
administration

Law stability in human biclogical fluids

Potential undssirable side-effects at high concentration
({tumorigenssis, angiogenesis, sto)

Potential toxicity wia oral/systemic administration

High cost of chemical synthesis

Beneficial effects to the host (anti-inflammatory, pro-autephagy, anti-tumaral, ete.)

Low rate of bacterial resistance emergence
High stability and efficacy of modified peptide derivatives

Reducad manufacturing cast by new recombinant methodalogies
Gene therapy can restore endogenous AMPs levels In immunccompromised patients

Synergy with current antibictios
Potential use as antibictic adjuvants

Endogenous AMP
induction

Efficient at very low concentrations

Prevention of latent myocbactsarial reactivation

Reinforcemeant of the immune respanse in immunocompromised patients

Mo current information on the long-term sffects of
endagenous AMP induction.
Potential induction of AMP resistancs

antimicrobial efficiency and reduced toxicity to host cells.
Besides, AMPs are also prone to aggregate and show occasionally
poor solubility (198, 199). Luckily, there are currently different
strategies and predictive software available to prevent aggrega-
tion and improve physicochemical properties (42, 200, 201).
Complementarily, cleavage protection can be enhanced through
secondary structure stabilization (37, 202). Alternatively, AMPs,
as effector players of the host immune system (203) can also be
upregulated by immunostimulation therapies (23, 204-206),
overcoming the drawbacks inherent to the peptide administra-
tion via. Furthermore, recent studies on mycobacterial infection
reveal how some species such as Mtb are capable of inhibiting the
expression and release of endogenous AMPs (30, 77). Thus, the
administration of supplementary AMPs, the use of gene therapy
(136) or an immunomodulatory hormonal induction would be
necessary to achieve an effective dose (207). This approach would
be mostly recommended for immunocompromised patients
(60, 204, 205). However, researchers should not disregard the
unpredictable long-term consequences of exposing the bacteria
to an overdose of AMPs. Mycobacteria pathogens exposed to
either externally administered or endogenous overexpressed
AMPs might develop novel resistance strategies to face back
this new affront (2, 146, 208). In fact, the co-evelution of the
pathogens with natural AMPs has already induced some bacte-
rial resistance mechanisms (209-212). First, bacteria can alter
their cell envelope composition to reduce their affinity toward
cationic peptides (82, 209, 212, 213). Pathogenic mycobacteria
can also ensure their intracellular survival by the control of the
macrophage efthux pump (210, 211). Other observed strategies
are the release of extracellular proteases (212, 214, 215) or the
downregulation of host AMPs (74). Therefore, resistance to
AMPs should be anticipated and might be overcome by innova-
tive peptide variants (216), host-directed therapies or the use of
combined synergies (47, 215). Eventually, recent collaborative
initiatives have been launched to join efforts in the fight against
mycobacterial resistance (TBNET, FightTB, TB-Platform, and
TB-PACTS) (2), opening a window of hope.

CONCLUDING REMARKS

Peptide-based therapy to treat infectious diseases is recently
experiencing resurgence. AMPs, as mere components of the
immune system, promote the direct killing of mycobacteria
and often have immunomodulatory effects. Their non-specific
pleiotropic mechanisms of action and unique immunomodula-
tory properties over conventional antibiotics have awakened the
pharmaceutical market interest. Moreover, the efficacy of BCG
vaccine is highly variable and the alarming increase of extensively
drug-resistant strains of Mtb is a major global health emergency
to address. In this context and considering the limitations in the
current antituberculosis drug treatment, AMPs represent an
immediate alternative approach in tackling antimicrobial resist-
ance. Scientific evidences provide a solid basis to ensure that the
future development of peptide-based therapy will continue to
address the unsolved drawbacks that the pharmaceutical industry
is currently facing. Novel research methodologies and integrated
interdisciplinary strategies should provide the opportunity to
boast current antimicrobial peptide research efforts in the fight
against tuberculosis.

AUTHOR CONTRIBUTIONS

JA-T, LL, DP, SB, and EB contributed to the original draft and
edited versions. JA-T and LL prepared the graphical material and
JA-T, DB, LL, and EB prepared the tables. SB and EB wrote, edited,
and revised the final manuscript version. All authors approved the
final manuscript version.

FUNDING

Research work was supported by the Ministerio de Economia
y Competitividad (SAF2015-66007P) co-financed by FEDER
funds. LLis a recipient of a CSC predoctoral fellowship. JA-T was
a recipient of a predoctoral fellowship (PIF, UAB). SB is a Cipla
distinguished Fellow in Pharmaceutical Sciences.

Frontiers in Immunclogy | wwewe frontiersin.org

49

11

Movember 2017 | Valume 8 | Article 1499



Arranz-Trullén et al.

Host Antimicrobial Peptides against TB

REFERENCES

10.

11.

12.

13.

14

15.

1eé.

17.

18.

19

20.

21

WHO. Global tuberculosis report 2016. World Heal Organ Glob Tuberc Rep.
Geneva (2016).

Sitva TP, Appelberg R, Gama FM. Antimicrobial peptides as novel anti-
tuberculosis therapeutics. Biotechnol Adv (2016) 34:924-40. doi:10.1016/
j.biotechadv.2016.05.007

Rodriguez Plaza JG. Prospective tuberculosis treatment: peptides, immunity
and autophagy. [ Mol Genet Med (2014) 8:128. doi:10.4172/1747-0862.1000128
Eldholm V, Balloux E Antimicrobial resistance in Mycobacterium tuber-
culosis: the odd one out Trends Microbiol (2016) 24:637-48. doi:10.1016/j.
tim.2016.03.007

Zager EM, McNerney R. Multidrug-resistant tuberculosis. BMC Infect Dis
(2008) 8:10. doi:10.1186/1471-2334-8-10

Dye C. Doomsday postponed? Preventing and reversing epidemics of
drug-resistant tuberculosis. Nat Rev Microbiol (2009) 7:81-7. doi:10.1038/
nrmicro2048

Khusro A, Aarti C, Agastian B Anti-tubercular peptides: a quest of future
therapeutic weapon to combat tuberculosis. Asian Pac [ Trop Med (2016)
9:1023-34. doi:10.1016/j.apjtm.2016.09.005

Gupta A, Kaul A, Tsolaki AG, Kishore U, Bhakta S. Mycobacterizm tubercu-
losis: immune evasion, latency and reactivation. Immunobiology (2012) 217:
363-74. doi:10.1016/j.imbio.2011.07.008

Keane ], Gershon §, 'Wise RB Mirabile-Levens E, Kasznica J,
Schwieterman WD, et al. Tuberculosis associated with infliximab, a tumor
necrosis factor alpha-neutralizing agent. N Engl J Med (2001) 345:1098-104.
doi:10.1056/NEJMoa011110

Yasui K. Immunity against Mycobacteritm tuberculosis and the risk of
biologic anti-TNF-t. reagents. Pediatr Rheumatol Online ] (2014) 12:45.
doi:10.1186/1546-0096-12-45

Montoya-Rosales A, Castro-Garcia P, Torres-Juarez E Enciso-Moreno JA,
Rivas-Santiago B. Glucose levels affect LL-37 expression in monocyte-derived
macrophages altering the Mycobacterinm tuberculosis intracellular growth
control. Microb Pathiog (2016) 97:148-53. doi:10.1016/j.micpath.2016.06.002

Maitra A, Kamil TK, Shaik M, Danquah CA, Chrzastek A, Bhakta S. Early
diagnosis and effective treatment regimens are the keys to tackle antimicrobial
resistance in tuberculosis (TB): a report from Euroscicont international TB
Summit 2016. Virulence (2016) 8(6):1005-24. doi:10.1080/21505594.2016.12
56536

Catanzaro A, Rodwell TC, Catanzarc DG, Garfein RS, Jackson RL, Seifert M,
et al. Performance comparison of three rapid tests for the diagnosis of
drug-resistant tuberculosis. PLoS Ome (2015) 10:1-14. doi:10.1371/journal.
pone. 0136861

Danquah CA, Maitra A, Gibbons S, Faull ], Bhakta S. HT-SPOTi: a rapid drug
susceptibility test (DST) to evaluate antibiotic resistance profiles and novel
chemicals for anti-infective drug discovery. Curr Protoc Microbiol (2016)
40:1-12. doi:10.1002/9780471729259.m¢1708540

Dheda K, Barry CE, Maartens G. Tuberculosis. Lancet (2016) 387(10024):
1211-26. doi:10.1016/50140-6736(15)00151-8

Hancock REW, Haney EE Gill EE. The immunclogy of host defence pep-
tides: beyond antimicrobial activity. Nat Rev Immunol (2016) 16:321-34.
doi:10.1038/nri.2016.29

Bastos P, Trindade E da Costa J, Ferreira R, Vitorino R. Human antimicrobial
peptides in bodily fluids: current knowledge and therapeutic perspectives in
the postantibiotic era. Med Res Rev (2017). doi:10.1002/med.21435

KharaTs, Lim FK, Wang Y, Ke X-Y, Voo ZX, Yang YY, et al Designing o-helical
peptides with enhanced synergism and selectivity against Mycobacterium
smegmatis: discerning the role of hydrophobicity and helicity. Acta Biomater
(2015) 28:99-108. doi:10.1016/j.actbio.2015.09.015

Mohanty S, Jena B Mehta R, Pati R, Banerjee B, Patil &, et al. Cationic antimi-
crobial peptides and biogenic silver nanoparticles kill mycobacteria without
eliciting DNA damage and cytotoxicity in mouse macrophages. Antinricrob
Agents Chemotier (2013) 57:3688-98. doi:10.1128/AACT.02475-12

Zumla A, George A, Sharma V, Herbert RHN, Oxley A, Oliver M. The WHO
2014 global tuberculosis report - further to go. Lancet Glob Heal (2015)
3:010-2. doi:10.1016/52214-109X(14)70361-4

Olmo ED, Molina-Salinas GM, Bini EI, Gonzilez-Hernandez S, Bustos LA,
Escarcena R, et al. Efficacious in vitro and in vivo eftects of dihydrosphin-
gosine-ethambutol analogues against susceptible and multi-drug-resistant

23.

24.

25.

26.

27.

28.

29.

30.

31.

32,

33.

34

35.

36.

37.

38.

39.

40.

41.

Mycobacterium tuberculosis. Arch Med Res (2016) 47:262-70. doi:10.1016/j.
arcmed.2016.07.004

. Khara JS, Priestman M, Uhfa I, Hamilton MS, Krishnan N, Wang Y, et al

Unnatural amino acid analogues of membrane-active helical peptides with
anti-mycobacterial activity and improved stability. J Antimicrob Chemother
(2016) 71:2181-91. doi:10.1093/jac/d kw107

Rivas-Santiago CE, Hernandez-Pando R, Rivas-Santiago B. Immunotherapy
for pulmonary TB: antimicrobial peptides and their inducers. Immunotherapy
(2013) 5:1117-26. doi:10.2217/imt.13.111

Mcgrath M, Gey van Pittius NC, Van Helden PD), Warren RM, Warner DE
Mutation rate and the emergence of drug resistance in Mycobacterium tuber-
culosis. ] Antimicrob Chemother (2014) 69:292-302. doi:10.1093/jac/dkt364
Groschel M1, Sayes E Simeone R, Majlessi L, Brosch R. ESX secretion systems:
mycobacterial evolution to counter host immunity. Nat Rev Microbiol (2016)
14:677-91. doi:10.1038/nrmicro.2016.131

Volpe E, Cappelli G, Grassi M, Martino A, Serafino A, Colizzi V, et al. Gene
expression profiling of human macrophages at late time of infection with
Mycobacterium tuberculosis. Immunclogy (2006) 118:449-60. doi:10.1111/
j.1365-2567.2006.02378.x

Portugal B, Motta FN, Correa AF, Nolasco DO, de Almeida H, Magalhies KG,
et al. Mycobacterim tuberculosis prolyl oligopeptidase induces in vitro
secretion of proinflammatory cytokines by peritoneal macrophages. Front
Microbiel (2017) 08:155. doi:10.3389/fmicb.2017.00155

Wallis RS, Hafner R. Advancing host-directed therapy for tuberculosis.
Nat Rev Immunoel (2015) 15:255-63. doi:10.1038/nri3s13

Ojha AK, Baughn AD, Sambandan I, Hsu T, Trivelli X, Guerardel Y, et al.
Growth of Mycobacterium tuberculosis biofilms containing free mycolic acids
and harbouring drug-tolerant bacteria Mol Microbio! (2008) 69:164-74.
doi:10.1111/j.1365-2958.2008.06274.x

Padhi A, Sengupta M, Sengupta S, Roehm KH, Sonawane A. Antimicrobial
peptides and proteins in mycobacterial therapy: current status and future
prospects. Tuberculosis (Edind) (2014) 94:363-73. doi:10.1016/j.tube 2014
03.011

Mahlapuu M, Hikansson ], Ringstad L, Bjorn C. Antimicrobial peptides:
an emerging category of therapeutic agents. Front Cell Infect Microbiol (2016)
6:194. doi:10.3389/fcimb.2016.00194

Kosikowska B, Lesner A. Antimicrobial peptides (AMPs) as drug candidates:
a patent review (2003-2015). Expert Opin Ther Pat (2016) 26:689-702.
doi:10.1080/13543776.2016.1176149

Driamond G, Beckloft N, Weinberg A, Kisich KO. The roles of antimicro-
bial peptides in innate host defense. Curr Pharm Des (2009) 15:2377-92.
doi:10.2174/138161209788682325

Mishra AK, Driessen NN, Appelmelk BJ, Besta GS. Lipoarabinomannan
and related glycoconjugates: structure, biogenesis and role in Mycobacterinm
tuberculosis physiology and host-pathogen interaction. FEMS Microbiol Rev
(2011) 35:1126-57. d0i:10.1111/}.1574-6976.2011.00276.x

Abedinzadeh M, Gaeini M, Sardari S. Natural antimicrobial peptides against
Mycobacterium  tuberculosis. [ Antimicrob Chemotier (2015) 70:1285-9.
doi:10.1093/jac/dku570

Bansal-Mutalik R, Nikaido H. Mycobacterial outer membrane is a lipid bilayer
and the inner membrane is unusually rich in diacyl phosphatidylinositol
dimannosides. Proc Natl Acad Sci U'S A (2014) 111:4958-63. doi:10.1073/
pnas. 1403078111

Gutsmann T. Interaction between antimicrobial peptides and mycobac-
teria. Biochim Biophys Acta (2016) 1858:1034-43. doi:10.1016/j.bbamem.
2016.01.031

Bhamidi S, Shi L, Chatterjee D, Belisle JT, Crick DC, McNeil MR. A bioan-
alytical method to determine the cell wall composition of Mycobacterium
tuberculosis grown in vivo. Anal Biochem (2012) 421:240-9. doi:10.1016/
j.ab.2011.10.046

Niyonsaba F, Kiatsurayanon C, Chieosilapatham P, Ogawa H. Friends or foes?
Host defense (antimicrobial) peptides and proteins in human skin diseases.
Exp Dermatol (2017) 26(11):989-98. doi:10.1111/exd. 13314

Banerjee DI, Gohil TP Interaction of antimicrobial peptide with mycolyl
transferase in Mycobacterinm tuberculosis. Int | Mycobacteviol (2016) 5:83-8.
doi:10.1016/j.iimyc0.2015.07.002

‘Wimley WC. Describing the mechanism of antimicrobial peptide action with
the interfacial activity model. ACS Chem Biel (2010) 5:905-17. doi:10.1021/
¢b1001558

Frontiers in Immunclogy | wwewe frontiersin.org

12

50

Movember 2017 | Valume 8 | Article 1499



Arranz-Trullén et al.

Host Antimicrobial Peptides against TB

42,

43,

44,

45,

46.

47.

48

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61

62,

Torrent M, Andreu D', Nogués VM, Boix E. Connecting peptide physico-
chemical and antimicrobial properties by a rational prediction model. PLo§
One (2011) 6:216968. doi:10.1371/journal. pone.0016968

Méndez-Samperio P The human cathelicidin hCAP18/LL-37: a multifunc-
tional peptide involved in mycobacterial infections. Peptides (2010} 31:1791-8.
doi:10.1016/j. peptides. 2010.06.016

Sitva T, Magalhdes B, Maia S, Gomes B, Nazmi K, Bolscher JGM, et al. Killing
of Mycobacteriwm avim by lactoferricin peptides: improved activity of
arginine- and d-amino-acid-containing molecules. Antimicrob Agents Chem-
otfer (2014) 58:3461-7. doi:10.1128/AAC.02728-13

Rao M, Streur TL, Aldwell FE, Cook GM. Intracellular pH regulation by
Mycobacterium smegmatis and Mycobacterinm bovis BCG. Microbiology
(2001) 147:1017-24. doi:10.1099/00221287-147-4-1017

Santos B, Gordillo A, Osses L, Salazar LM, Soto CY. Effect of antimicrobial
peptides on ATPase activity and proton pumping in plasma membrane
vesicles obtained from mycobacteria. Pepfides (2012) 36:121-8. doi:10.1016/
j.peptides.2012.04.018

Wright GD. Antibiotic adjuvants: rescuing antibiotics from resistance. Trends
Microbiol (2016) 24:862-71. doi:10.1016/j.tim.2016.06.009

Le C-F Fang C-M, Sekaran SD. Beyond membrane-lytic: intracellular tar-
geting mechanisms by antimicrobial peptides. Antimicrob Agents Chemother
(2017) 61:202340-16. doi:10.1128/A AC.02340-16

Sharma §, Verma I, Khuller GK. Antibacterial activity of human neutrophil
peptide-1 against Mycobacterium tuberculosis H37Ryv: in vitro and ex vivo
study. Ezur Respir J(2000) 16:112-7. doi:10.1034/j.1399-3003.2000.16a20.x
Sharma §, Verma I, Khuller GK. Therapeutic potential of human neutrophil
peptide 1 against experimental tuberculosis. Antimicrob Agents Chemother
(2001) 45:639-40. doi:10.1128/AAC.45.2.639-640.2001

Sharma A, Pohane AA, Bansal 5, Bajaj A, Tain V, Srivastava A. Cell penetrating
synthetic antimicrobial peptides (SAMPs} exhibiting potent and selective
killing of Mycobacterium by targeting its DNA. Chemistry (2015) 21:3540-5.
doi:10.1002/chem. 201404650

Goldberg ME Saini NK, Porcelli SA. Evasion of innate and adaptive immunity
by Mycobacterizun tuberculosis. Microbiol Spectr (2014) 2:1-24. doi:10.1128/
microbiolspec MGM2-0005-2013

Soldati T, Neyrolles O. Mycobacteria and the intraphagosomal environment:
take it with a pinch of salt(s)! Traffic (2012) 13:1042-52. doi:10.1111/j.1600-
0854.2012.01358.x

Vergne I, Fratti RA, Hill P, Chua ], Belisle ], Deretic V. Mycobacterium tuber-
culosis phagosome maturation arrest: mycobacterial phosphatidylinositol
analog phosphatidylinositol mannoside stimulates early endosomal fusion.
Mol Biol Cell {2004) 15:751-60. d0i:10.1091/mbc E03-05-0307

Cemma M, Brumell TH. Interactions of pathogenic bacteria with autophagy
systems. Curr Biol (2012) 22:R540-5. doi:10.1016/].cub.2012.06.001

Mucifio G, Castro-Obregén S, Hernandez-Pando R, Del Rio G. Autophagy
as a target for therapeutic uses of multifunctional peptides. IUBME Life
(2016} 68:259-67. doi:10.1002/iub.1483

Torres-Tuarez E Cardenas-Vargas A, Montoya-Rosales A, Gonzéalez-Curiel I,
Garcia-Hernandez MH, Enciso-Moreno JA, et al. LL-37 immunomodulatory
activity during Mycobacterium tuberculosis infection in macrophages. Infect
Bumun (2015) 83:4495-503. doi:10.1128/IAL.00936-15

Yu X, Li C, Hong W, Pan W, Xie |. Autophagy during Mycobacterium tubercu-
fosis infection and implications for future tuberculosis medications. Cell Signal
(2013) 25:1272-8. doi:10.1016/].cellsig.2013.02.011

Stanley SA, Barczak AK, Silvis MR, Luo 38, Sogi K, Vokes M, et al. Identifica-
tion of host-targeted small molecules that restrict intracellular Mycebacter-
iwm tubercuiosis growth. PLoS Pathog (2014) 10:e1003946. doi:10.1371/
journal. ppat. 1003946

Castafieda-Delgado JE, FPrausto-Lujan I, Gonzilez-Curiel I, Montoya-
Rosales A, Serrano CJ, Torres-Tuarez E et al. Differences in cytokine
production during aging and its relationship with antimicrobial peptides
production. Immuno! Investi (2017) 46:48-58. doi:10.1080/08820139.2016.
1212873

Kim B-H, Shenoy AR, Kumar B, Das R, Tiwari S, MacMicking JD. A family
of IFN-y-inducible 65-kD} GTPases protects against bacterial infection. Science
(2011) 332:717-21. doi:10.1126/science. 1201711

Shin D-M, Jo E-K. Antimicrobial peptides in innate immunity against myco-
bacteria. Immune Netw (2011) 11:245. doi:10.4110/in.2011.11.5.245

63.

64,

65.

66.

67.

68.

69.

70.

71.

72,

73.

74

75.

76.

77.

78.

79.

80.

81.

82

‘Wang G, Li X, Wang Z. APD3: the antimicrobial peptide database as a tool for
research and education. Nucleic Acids Res (2016) 44:D1087-93. doi:10.1093/
nar/gkv1278

Zhao X, Wu H, Lu H, Li G, Huang Q LAMP: a database linking antimicrobial
peptides. PLoS One (2013) 8:6-11. doi:10.1371/journal pone.0066557
Aguilera-Mendoza L, Marrero-Ponce Y, Tellez-Tbarra R, Llorente-
Quesada MT, Salgado ], Barigye SJ, et al Overlap and diversity in antimi-
crobial peptide databases: compiling a non-redundant set of sequences.
Bioinformatics (2015) 31:2553-9. doi:10.1093/bioinformatics/btv180

De Y, Chen Q, Schmidt AP, Anderson GM, Wang M, Wooters ], et al. LL-37,
the neutrophil granule- and epithelial cell-derived cathelicidin, utilizes formyl
peptide receptor-like 1 (FPRL1) as a receptor to chemoattract human periph-
eral blood neutrophils, monocytes, and T cells. J Exp Med (2000) 192:1069-74.
doi:10.1084/jem.192.7.1069

Rivas-Santiago B, Hernandez-Pando R, Carranza C, Juarez E, Contreras JL,
Aguilar-Leon I, et al. Expression of cathelicidin LL-37 during Mycebacterizm
tuberculosis infection in human alveolar macrophages, monocytes, neu-
trophils, and epithelial cells. Infect Immun (2008) 76:935-41. doi:10.1128/
IAL01218-07

Di Nardo A, Vitiello A, Gallo RL. Cutting edge: mast cell antimicrobial activity
is mediated by expression of cathelicidin antimicrobial peptide. J Immunol
(2003) 170:2274-8. doi:10.4049/jimmunol. 170.5.2274

Sonawane A, Santos JC, Mishra BB, Jena B, Progida C, Sorensen OE, et al.
Cathelicidin is involved in the intracellular killing of mycobacteria in
macrophages. Cell Microbiol (2011) 13:1601-17. doi:10.1111/j.1462-5822.
2011.01644.x

Sigurdardottic SI, Thorleifsdottir RH, Guzman AM, Gudmundsson GH,
Valdimarsson H, Johnston A. The anti-microbial peptide LL-37 modulates
immune responses in the palatine tonsils where it is exclusively expressed by
neutrophils and a subset of dendritic cells. Clin Immunol (2012) 142:139-49.
doi:10.1016/j.clim.2011.09.013

Biichau AS, Morizane S, Trowbridge J, Schauber J, Kotol B, Bui JD, et al. The host
defense peptide cathelicidin is required for NK cell-mediated suppression of
tumnor growth. J Immunol (2009) 184:369-78. doi:10.4049/jimmunol. 0902110
Zanetti M. The role of cathelicidins in the innate host defenses of mammals.
Curr Issues Mol Biol (2005) 7:179-96.

Kai-Larsen Y, Agerberth B. The role of the multifunctional peptide LL-37
in host defense. Front Biosci (2008) 13:3760-7. doi:10.2741/2964

Gupta 5, Winglee K, Gallo R, Bishai WR. Bacterial subversion of cAMP signal-
ling inhibits cathelicidin expression, which is required for innate resistance to
Mycobacterium tuberculosis. [ Pathiol (2017) 242:52-61. doi:10.1002/path.4878
Campbell GR, Spector SA. Autophagy induction by vitamin D inhibits both
Mycobacterium tuberculosis and human immunodefidency virus type 1.
Autopizagy (2012) 8:1523-5. doi:10.4161/auto.21154

Yuk J-M, Shin D-M, Lee H-M, Yang C-§, Jin HS, Kim K-K, et al. Vitamin D3
induces autophagy in human monocytes/macrophages via cathelicidin. Cell
Host Microbe (2009) 6:231-43. d0i:10.1016/j.chom.2009.08.004

Rekha RS, Rao Muvva SSV], Wan M, Ragib R, Bergman P, Brighenti S, et al.
Phenylbutyrate induces LL-37-dependent autophagy and intracellular killing
of Mycobacterium tuberculosis in human macrophages. Aufopiiagy (2015)
11:1688-99. doi:10.1080/15548627.2015.1075110

Bradfute $B, Castillo EE, Arko-Mensah J, Chauhan §, Jiang S, Mandell M, et al.
Autophagy as an immune effector against tuberculosis. Curr Opin Microbiol
(2013) 16:355-65. doi:10.1016/j.mib.2013.05.003

Driss V, Legrand E Hermann E, Loiseau S, Guerardel Y, Kremer L, et al. TLR2-
dependent eosinophil interactions with mycobacteria: role of w-defensins.
Blood (2009) 113:3235-44. doi:10.1182/blood-2008-07-166595

Duits LA, Ravensbergen B, Rademaker M, Hiemstra PS, Nibbering PH.
Expression of beta-defensin 1 and 2 mRNA by human monocytes, macrophages
and dendritic cells. Immunology (2002) 106:517-25. doi:10.1046/j.1365-
2567.2002.01430.x

Rivas-Santiago B, Schwander SK, Sarabia C, Diamond G, Klein-Patel ME,
Hernandez-Pando R, et al. Human {beta}-defensin 2 is expressed and associated
with Mycobacteritsm tuberculosis during infection of human alveolar epithelial
cells. Infect Tmmun (2005) 73:4505-11. doi:10.1128/TA1 73.8.4505-4511.2005
Dong H, Iv Y, Zhao I, Barrow B, Zhou X. Defensins: the case for their use
against mycobacterial infections. JImmunol Res (2016) 2016:7515687.
doi:10.1155/2016/7515687

Frontiers in Immunclogy | wwewe frontiersin.org

13

51

Movember 2017 | Valume 8 | Article 1499



Arranz-Trullen et al

Host Antimicrabial Peptides against TB

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94

95.

96.

97.

98.

99.

100.

101.

102

103.

104.

Rivas-Santiago CE, Rivas-Santiago B, Ledn DA, Castafieda-Delgado T,
Hernandez Pando R. Induction of p-defensins by l-isoleucine as novel
immunotherapy in experimental murine tuberculosis. Clin Exp Inmunol
(2011) 164:80-9. doi:10.1111/j.1365-2249.2010.04313.x

Tan BH, Meinken C, Bastian M, Bruns H, Legaspi A, Ochoa MT, et al
Macrophages acquire neutrophil granules for antimicrobial activity against
intracellular pathogens. JImmunol (2006) 177:1864-71. doi:10.4049/
jimmunol.177.3.1864

Biragyn A, Ruffini PA, Leifer CA, KlyushnenkovaE, Shakhov A, Chertov O,
et al. Toll-like receptor 4-dependent activation of dendritic cells by beta-
defensin 2. Science (2002) 298:1025-9. doi:10.1126/science. 1075565
Kanamori Y, Murakami M, Matsui T, Funaba M. Hepcidin expression in
liver cells: evaluation of mRNA levels and transcriptional regulation. Geste
(2014) 546:50-5. doi:10.1016/j.gene.2014.05.040

Sow FB, Florence WC, Satoskar AR, Schlesinger LS, Zwilling BS, Lafuse WE
Expression and localization of hepcidin in macrophages: a role in host
defense against tuberculosis. J Leznkec Biol (2007) 82:934-45. doi:10.1189/
jlb.0407216

Sow FB, Nandakumar S, Velu V, Kellar KL, Schlesinger LS, Amara RR,
et al. Mycobacterium tuberculosis components stimulate production of the
antimicrobial peptide hepcidin. Tuberculosis (Edinb) (2011) 91:314-21.
d0i:10.1016/j.tube.2011.03.003

Sow FB, Sable SB, Plikaytis BB, Lafuse WP, Shinnick TM. Role of hepcidin
in the innate immune response to Mycobacteritim tuberculosis. FASEB
J(2008) 22:556. doi:10.1096/1].1530-6860

Pinto JP, Dias V, Zoller H, Porto G, Carmo H, Carvalho F et al. Hepcidin
messenger RNA expression in human lymphocytes. Immunology (2010)
130:217-30. doi:10.1111/}.1365-2567.2009.03226.x

Sow FB, Alvarez GR, Gross R, Satoskar AR, Schlesinger LS, Zwilling BS,
etal. Role of STAT1, NF- B, and G/EBP in the macrophage transcriptional
regulation of hepcidin by mycobacterial infection and IFN. J Letskoc Biol
(2009) 86:1247-58. doi:10.1189/j1b.1208719

Yamaji S. Inhibition of iron transport across human intestinal epithelial cells
by hepcidin. Bloed (2004) 104:2178-80. doi:10.1182/blood-2004-03-0829
Nemeth E, Ganz T. The role of hepcidin in iron metabolism. Acta Haematol
(2009) 122:78-86. doi:10.1159/000243791

Ganz T. Hep<idin, a key regulator of iron metabolism and mediator of anemia
of inflammation. Blecd (2003) 102:783-8. doi:10.1182/blood-2003-03-0672
Close MJ, Howlett AR, Roskelley CD, Desprez PY, Bailey N, Rowning B,
et al. Lactoferrin expression in mammary epithelial cells is mediated by
changes in cell shape and actin cytoskeleton. 7 Cell Sci (1997) 110:2861-71.
Teng CT. Lactoferrin gene expression and regulation: an overview. Biochem
Cell Biol (2002) 80:7-16. doi:10.1139/001-215

Oseas R, Yang HH, Baehner RL, Boxer LA. Lactoferrin: a promoter of poly-
morphonuclear leukocyte adhesiveness. Blood (1981) 57:939-45.

Gifford JL, Hunter HN, Vogel HJ Lactoferricin: a lactoferrin-derived
peptide with antimicrobial, antiviral, antitumor and immunological prop-
erties. Cell Mol Life Sci (2005) 62:2588-98. doi:10.1007/500018-005-5373-z
Arnold RR, Russell JE, Champion WJ, Brewer M, Gauthier JT. Bactericidal
activity of human lactoferrin: differentiation from the stasis of iron depriva-
tion. Infect Inmun (1982) 35:792-9.

‘Welsh KJ, Hwang 5-A, Boyd 8, Kruzel ML, Hunter RL, Actor TK. Influence of
oral lactoferrin on Mycobacterium tuberculesis induced immunopathology.
Tuberculosis (2011) 91:5105-13. doi:10.1016/j.tube.2011.10.019

Hwang S-A, Wilk KM, Bangale YA, Kruzel ML, Actor JK. Lactoferrin
modulation of IL-12 and IL-10 response from activated murine leukocytes.
Med Microbiol Immunel (2007) 196:171-80. doi:10.1007/$00430-007-0041-6
Hwang S-A, Kruzel ML, Actor JK. Oral recombinant human or mouse
lactoferrin reduces Mycobacterium tuberculosis TDM induced granuloma-
tous lung pathology. Biochem Cell Biol (2017} 95:148-54. doi:10.1139/b<b-
2016-0061

Pereira HA, Spitznagel JK, Winton EE Shafer WM, Martin LE,
Guzman GS, et al. The ontogeny of a 57-Kd cationic antimicrobial protein
of human polymorphonuclear leukocytes: localization to a novel granule
population. Bleod (1990) 76:825-34.

Jera B, Mohanty 5, Mohanty T, Kallert S, Morgelin M, Lindstrgm T, et al
Azurophil granule proteins constitute the major mycobactericidal proteins
in human neutrophils and enhance the killing of mycobacteria in macro-
phages. PLoS One (2012) 7:e50345. doi:10.1371/journal. pone.0050345

105.

106.

107.

108.

109.

110.

111.

112

113.

114,

115.

116.

117.

118.

119.

120.

121.

122.

123.

124,

125.

126.

Fouret B, du Bois RM, Bernaudin JF, Takahashi H, Ferrans VT, Crystal RG.
Expression of the neutrophil elastase gene during human bone marrow cell
differentiation. J Exp Med (1989) 169:833-45. doi:10.1084/jem.169.3.833
Wong KW, Jacobs WR. Mycebacterizum tuberculosis exploits human inter-
teron y to stimulate macrophage extracellular trap formation and necrosis.
JInfect Dis (2013) 208:109-19. doi:10.1093/infdis/jit097

Bieth J. Elastases: catalytic and biological properties. In: Mecham R, editor.
Regul Matrix Accumulation. New York: Academic Press (1986). p. 217-320.
Pham CTN. Neutrophil serine proteases: specific regulators of inflamma-
tion. Nat Rev Immunel (2006) 6:541-50. doi:10.1038/nril841

Steinwede K, Maus R, Bohling J, Voedisch S, Braun A, Ochs M, et al
Cathepsin G and neutrophil elastase contribute to lung-protective immunity
against mycobacterial infections in mice. J Immunol (2012) 188:4476-87.
doi:10.4049/jimmunol. 1103346

Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil extracellular traps kill bacteria. Science (2004) 303:1532-5.
doi:10.1126/science. 1092385

Te S, Quan H, Yoon Y, Na Y, Kim BJ, Seck SH. Mycobacterium massiliense
induces macrophage extracellular traps with facilitating bacterial growth.
PLoS Orne (2016) 11:20155685. doi:10.1371/journal pone.0155685

Boix E, Nogués MV. Mammalian antimicrobial proteins and peptides: over-
view on the RNase A superfamily members involved in innate host defence.
Mol Fiosyst (2007) 3:317-35. doi:10.1039/b617527a

Boix E, Salazar VA, Torrent M, Pulido D, Nogués MV, Moussaoui M. Stru-
ctural determinants of the eosinophil cationic protein antimicrobial activity.
Biol Chem (2012) 393:801-15. doi:10.1515/hsz-2012-0160

Becknell B, Eichler TE, Beceiro S, Li B, Easterling RS, Carpenter AR, et al.
Ribonucleases 6 and 7 have antimicrobial function in the human and murine
urinary tract. Kidney Int (2015) 87:151-61. doi:10.1038/ki.2014.268

Harder J, Schroder J-M. RNase 7, a novel innate immune defense antimi-
crobial protein of healthy human skin. J Bio! Chem (2002) 277:46779-84.
doi:10.1074/jbc. M207587200

Zhang J, Dyer KD, Rosenberg HE Human RNase 7: a new cationic ribo-
nuclease of the RNase A superfamily. Nudleic Acids Res (2003) 31:602-7.
dot10.1093/nar/gkg157

Pulide D, Torrent M, Andreu D, Nogues MV, Boix E. Two human host
defense ribonucleases against mycobacteria, the eosinophil cationic protein
(RNase 3) and RNase 7. Antimicrob Agents Chemother (2013) 57:3797-805.
doi:10.1128/AAC.00428-13

Gruart V, Truong M-J, Plumas |, Zandecki M, Kusnierz J-F, Prin L, et al.
Decreased expression of eosinophil peroxidase and major basic protein
messenger RNAs during eosinophil maturation. Bleod (1992) 79(10):2592-7.
Borelli V, Vita E Shankar S, Soranzo MR, Banfi E, Scialino G, et al. Human
eosinophil peroxidase induces surface alteration, killing, and lysis of
Mycobacterivm tuberculosis. Infect Immun (2003) 71:605-13. doi:10.1128/
TAL71.2.605-613.2003

Rivera-Marrero CA, Stewart J, Shafer WM, Roman . The down-regulation
of cathepsin G in THP-1 monocytes after infection with Mycobacterium
tuberculosis 1s associated with increased intracellular survival of bacilli.
Infect Immun (2004) 72:5712-21. doi:10.1128/IA1.72.10.5712-5721.2004
Berg RD, Levitte §, O'Sullivan MP, O'Leary SM, Cambier CJ, Cameron J,
et al Lysosomal disorders drive susceptibility to tuberculosis by com-
promising macrophage migration. Cell (2016) 165:139-52. doi:10.1016/j.
cell.2016.02.034

Walter K, Steinwede K, Aly §, Reinheckel T, Bohling J, Maus UA, et al
Cathepsin G in experimental tuberculosis: relevance for antibacterial pro-
tection and potential for immunotherapy. J Immunel (2015) 195:3325-33.
doi:10.4049/jimmunol.1501012

Stenger 5, Hanson DA, Teitelbaum R, Dewan P, Niazi KR, Froelich CJ, et al.
An antimicrobial activity of cytolytic T cells mediated by granulysin. Science
(1998) 282:121-5. doi:10.1126/science.282.5386.121

Ross KF, Herzberg MC. Calprotectin expression by gingival epithelial cells.
Infect Immun (2001) 69:3248-54. doi:10.1128/IA1.69.5.3248-3254.2001
Bagheri V. S100A12: friend or foe in pulmonary tuberculosis? Cyfokine
(2017) 92:80-2. doi:10.1016/j.¢yt0.2017.01.009

Dhiman R, Venkatasubramanian S, Paidipally B, Barnes PE Tvinnereim A,
Vankayalapati R. Interleukin 22 inhibits intracellular growth of Myco-
bacterium tuberculosis by enhanding calgranulin a expression. [ Infect Dis
(2014) 209:578-87. doi:10.1093/infdis/it495

Frontiers in Immunology | v frontiersin.org

14

52

Navernber 2017 | Volume 8 | Article 1499



Arranz-Trullén et al.

Host Antimicrobial Peptides against TB

127.

128.

129.

130.

131.

132,

133,

134

135.

136.

137.

138.

139,

140.

141.

142

143.

144.

145.

146.

147.

Mork G, Schjerven H, Mangschau L, Soyland E, Brandtzaeg P. Proinflam-
matory cytokines upregulate expression of calprotectin (L1 protein, MRP-8/
MREP-14) in cultured human keratinocytes. Br | Dermatol (2003) 149:484-91.
d0i:10.1046/j.1365-2133.2003.05536.x

Lusitani D), Malawista SE, Montgomery RR. Calprotectin, an abundant
cytosolic protein from human polymorphonuclear leukocytes, inhibits the
growth of Borrelia burgdorferi. Infect Immun (2003) 71:4711-6. doi:10.1128/
TAL71.8.4711-4716.2003

Alonso §, Pethe K, Russell DG, Purdy GE. Lysosomal killing of Mycobacte-
riwm mediated by ubiquitin-derived peptides is enhanced by autophagy. Proc
Natl Acad Sci US A (2007) 104:6031-6. doi:10.1073/pnas.0700036104
Martineau AR, Newton SM, Wilkinson KA, Kampmann B, Hall BM,
Nawroly N, et al. Neutrophil-mediated innate immune resistance to myco-
bacteria. J Clin Iwest (2007) 117:1988-94. doi:10.1172/JCI31097

Bandurska K, Berdowska A, Barczynska-Felusiak R, Krupa P Unique features
of human cathelicidin LL-37. Biofactors (2015) 41:289-300. doi:10.1002/
biof1225

Zanetti M, Gennaro R, Romeo D. Cathelicidins: a novel protein family with
a common proregion and a variable C-terminal antimicrobial domain. FEBS
Lett (1995) 374:1-5. d0i:10.1016/0014-5793(95)01050-O

Serensen OF, Follin P, Johnsen AH, Calafat ], Tjabringa GS, Hiemstra PS,
et al. Human cathelicidin, hCAP-18, is processed to the antimicrobial peptide
L1-37 by extracellular cleavage with proteinase 3. Blood (2001) 97:3951-9.
doi:10.1182/blood V97.12.3951

Liu PT, Stenger S, Tang DH, Modlin RIL. Cutting edge: vitamin D-mediated
human antimicrobial activity against Mycobacterium tuberculosis is
dependent on the induction of cathelicidin. J Immunol (2007) 179:2060-3.
doi:10.4049/jimmunol.179.4.2060

Lin W, Florez de Sessions P, Teoh GHK, Mohamed ANN, Zhu YO,
Koh VHQ, et al. Transcriptional profiling of Mycobacterium tuberculesis
exposed to in vitro lysosomal stress. Infect Dmmum (2016) 84:2505-23.
doi:10.1128/TAL.00072-16

Kisich KO, Heifets L, Higgins M, Diamond G. Antimycobacterial agent based
on mRNA encoding human f(-defensin 2 enables primary macrophages
to restrict growth of Mycobacterium tuberculosis. Infect Immun (2001)
69:2692-9. doi:10.1128/TAL69.4.2692-2699.2001

Ganz T. Defensins: antimicrobial peptides of innate immunity. Naf Rev
Immunol (2003) 3:710-20. doi:10.1038/nril180

Faurschou M, Kamp S, Cowland JB, Udby L, Tohnsen AH, Calafat ], et al.
Prodefensins are matrix proteins of specific granules in human neutrophils.
J Lenkoc Biol (2005) 78:785-93. doi:10.1189/jIb.1104688

Jacobsen M, Repsilber D, Gutschmidt A, Neher A, Feldmann K, Mollenkopf HJ,
et al Candidate biomarkers for discrimination between infection and
disease caused by Mycobacterinm tubercitlosis. | Mol Med (2007) 85:613-21.
doi:10.1007/500109-007-0157-6

Kisich KO, Higgins M, DMamond G, Heifets L. Tumor necrosis factor alpha
stimulates killing of Mycobacterizm tuberculosis by human neutrophils. Infect
Immaun (2002) 70:4591-9. doi:10.1128/IAL70.8.4591

Kalita A, Verma I, Khuller GK. Role of human neutrophil peptide-1 as a
possible adjunct to antituberculosis chemotherapy. JInfect Dis (2004)
190:1476-80. doi:10.1086/ 424463

Park CH, Valore EV, Waring AJ, Ganz T. Hepcidin, a urinary antimicrobial
peptide synthesized in the liver. J Bio! Chem (2001) 276:7806-10. doi:10.1074/
jbchM008922200

Michels K, Nemeth E, Ganz T, Mehrad B. Hepcidin and host defense against
infectious diseases. PLeS Pathog (2015) 11:¢1004998. doi:10.1371/journal.
ppat.1004998

Morris CI, Bird AR, Nell H. The haematological and biochemical changes
in severe pulmonary tuberculosis. QQ J Med (1989) 73:1151-9.
Javaheri-Kermani M, Farazmandfar T, Ajami A, Yazdani Y. Impact of hep-
cidin antimicrobial peptide on iron overload in tuberculosis patients. Scand
[ Infect Dis (2014) 46:693-6. doi:10.3109/00365548.2014.929736

Andersson DI, Hughes D, Kubicek-Sutherland JZ. Mechanisms and conse-
quences of bacterial resistance to antimicrobial peptides. Drug Resist Updat
(2016) 26:43-57. doi:10.1016/j.drup.2016.04.002

Hwang $-A, Kruzel ML, Actor JK. CHO expressed recombinant human
lactoterrin as an adjuvant for BCG. Int [ bnmunopatiol Pharmacol (2015)
28:452-68. doi:10.1177/0394632015599832

148.

149,

150.

151.

152

153.

154

155.

156.

157.

158.

159.

160.

161.

162

163.

164

165.

166,

167.

Thom RE, Elmore MJ, Williams A, Andrews SC, Drobniewski E Marsh PD,
et al. The expression of ferritin, lactoferrin, transferrin receptor and solute
carrier family 11A1 in the host response to BCG-vaccination and Myco-
bacterium tuberculosis challenge. Vaccine (2012) 30:3159-68. doi:10.1016/
j-¥vaccine 2012.03.008

Jensen-Jarolim E, Pacios LE Bianchini R, Hofstetter G, Roth-Walter E
Structural similarities of human and mammalian lipocalins, and their func-
tion in innate immunity and allergy. Allergy (2016) 71:286-94. doi:10.1111/
all 12797

Soehnlein O, Zernecke A, Eriksson EE, Rothfuchs AG, Pham CT, Herwald H,
et al. Neutrophil secretion products pave the way for inflammatory mono-
cytes. Blood (2008) 112:1461-71. doi:10.1182/blood-2008-02-139634
Tapper H, Karlsson A, Morgelin M, Flodgaard H, Herwald H. Secretion
of heparin-binding protein from human neutrophils is determined by its
localization in azurophilic granules and secretory vesicles. Blood (2002)
99:1785-93. doi:10.1182/blood. V99.5.1785

Soehnlein O, Kai-Larsen Y, Frithiof R, Sorensen OE, Kenne E, Scharffetter-
Kochanek K, et al. Neutrophil primary granule proteins HBP and HNP1-3
boost bacterial phagocytosis by human and murine macrophages. JChn
Trvest (2008) 118:3491-502. doi:10.1172/JCI35740

Shafer WM, Martin LE, Spitznagel JK. Late intraphagosomal hydrogen ion
concentration favors the in vitro antimicrobial capacity of a 37-kilodalton
cationic granule protein of human neutrophil granulocytes. Infect Immun
(1986) 53:651-5.

Ribeiro-Gomes FL, Moniz-de-Souza MCA, Alexandre-Moreira MS, Dias WB,
Lopes ME Nunes MP, et al. Neutrophils activate macrophages for intra-
cellular killing of Leishmania major through recruitment of TLR4 by
neutrophil elastase. [ Immunol (2007) 179:3988-94. doi:10.4049/jimmunol.
179.6.3988

Belaaouaj A, McCarthy R, Baumann M, Gao Z, Ley T, Abraham SN, et al
Mice lacking neutrophil elastase reveal impaired host defense against gram
negative bacterial sepsis. Nat Med (1998) 4:615-8. d0i:10.1038/nm0598-615
Pires D, Marques J, Pombo JB, Carmo N, Bettencourt B, Neyrolles O, et al.
Role of cathepsins in Mycobacterium tuberculosis survival in human macro-
phages. Sei Rep (2016) 6:32247. doi:10.1038/srep32247

Meijer AH. Protection and pathology in TB: learning from the zebrafish model
Semin Immunopatiol (2016) 38:261-73. doi:10.1007/s00281-015-0522-4
Pitabut N, Sakurada S, Tanaka T, Ridruechai C, Tanuma J, Aoki T, et al
Potential function of granulysin, other related eftector molecules and lym-
phocyte subsets in patients with TB and HIV/TB coinfection. Int J Med Sci
(2013) 10:1003-14. doi:10.7150/ijms.6437

Saiga H, Shimada Y, Takeda K. Innate immune eftectors in mycobacterial
infection. Clin Dev Bmmumol (2011) 2011:347594. doi:10.1155/2011/
347594

Foss MH, Powers KM, Purdy GE. Structural and functional characterization
of mycobactericidal ubiquitin-derived peptides in model and bacterial
membranes. Biochemistry (2012) 51:9922-9. doi:10.1021/bi301426j

Koczera P, Martin L, Marx G, Schuerholz T. The ribonuclease a superfamily
in humans: canonical RNases as the buttress of innate immunity. It J Mo!
5¢i (2016) 17:E1278. doi:10.3390/ijms 17081278

Bystrom J, Amin K, Bishop-Bailey D. Analysing the eosinophil cationic
protein — a clue to the function of the eosinophil granulocyte. Respir Res
(2011) 12:10. doi:10.1186/1465-9921-12-10

Monteseirin ], Vega A, Chacén P, Camacho MJ, El Bekay R, Asturias JA, etal.
Neutrophils as a novel source of eosinophil cationic protein in IgE-mediated
processes. J Immunol (2007) 179:2634-41. doi:10.4049/jimmunocl.179.4.2634
Liu Y-8, Tsai P-W, Wang ¥, Fan T, Hsieh C-H, Chang M, et al Chemoattraction
of macrophages by secretory molecules derived from cells expressing the
signal peptide of eosinophil cationic protein. BMC Syst Biol (2012) 6:105.
doi:10.1186/1752-0509-6-105

Vijayan VK, Reetha AM, Jawahar MS, Sankaran K, Prabhakar R. Pulmonary
eosinophiliain pulmonary tuberculosis. Chest (1992) 101:1708-9. doi:10.1378/
chest. 101.6.1708

Kita H. Eosinophils: multifaceted biological properties and roles in health
and disease. Fmmunol Rev (2011) 242:161-77. doi:10.1111/].1600-065X.
2011.01026.x

Arranz-Trullén J, Lu L, Pulido D, Bhakta S, Boix E. Unveiling the mode of
action of human antimicrobial RNases against Mycobacterium tuberculosis

Frontiers in Immunclogy | wwewe frontiersin.org

15

53

Movember 2017 | Valume 8 | Article 1499



Arranz-Trullen et al

Host Antimicrabial Peptides against TB

168.

169,

170.

171.

172

173.

174,

175.

176.

177.

178.

179.

180.

181.

182,

183.

184.

185.

using a surrogate macrophage infected model TE Summit 2016, London
(2016).

Gupta SK, Haigh BJ, Griffin FJ, Wheeler TT. The mammalian secreted
RNases: mechanisms of action in host defence. Innate Fmmun (2012)
19:86-97. doi:10.1177/1753425912446955

Yang D, Chen @, Su SB, Zhang B Kurosaka K, Caspi RR, et al. Eosinophil-
derived neurotoxin acts as an alarmin to activate the TLR2-MyD 88 signal
pathway in dendritic cells and enhances Th2 immune responses. J Exp Med
(2008) 205:79-90. doi:10.1084/jem. 20062027

Jiang Z, Higgins MF, Whitehurst J, Kisich KO, Voskuil MI, Hodges RS, Anti-
tuberculosis activity of z-helical antimicrobial peptides: de novo designed
L- and D-enantiomers versus L- and D-LL-37. Protein Pept Lett (2011)
18:241-52. doi:10.2174/092986611794578288

Kapoor R, Eimerman PR, Hardy Tw, Cirillo JD, Gontag CH, Barron AE.
Efficacy of antimicrobial peptoids against Mycobacterium tuberculosis.
Antimicrob Agents Chemotizer (2011) 55:3058-62. doi: 10.1128/AAC.01667-10
Hoftmann and Czihal. Antibiotic peptides Patent WO2009013262 A1 (2009).
Ramén-Garda 3, Mikut R, Ng G, Ruden §, Volkmer R, Reischl M, et al
Targeting Mycobacterinm tuberculosis and other microbial pathogens using
improved synthetic antibacterial peptides. Antimicrob Agents Chemother
(2013) 57:2295-303. doi:10.1128/AAC.00175-13

Rivas-Santiago B, Rivas Santiago CE, Castafieda-Delgado JE, Leén-
Contreras JC, Hancock REW, Hernandez-Pando R. Activity of LL-37,
CRAMP and antimicrobial peptide-derived compounds E2, E6 and CP26
against Mycobacterivm tubercilosis. Int | Antimicrob Agents (2013) 41:143-8.
doi:10.1016/].ijantimicag. 2012.09.015

Lan Y, Lam JT, Siu GKH, Yam WC, Mason AJ, Lam JEKW. Cationic amphipa-
thic D-enantiomeric antimicrobial peptides with in vitro and ex vivo activity
against drug-resistant Mycobacterinm  tuberculosis. Tuberculosis (2014)
94:678-89. doi:10.1016/j.tube.2014.08.001

Kwok PCL, Grabarek A, Chow MYT, Lan Y, Li JCOW, Casettari L, et al
Inhalable spray-dried formulation of D-LAK antimicrobial peptides tar-
geting tuberculosis. Int J Pharm (2015) 491:367-74. doi:10.1016/j.jjpharm.
2015.07.001

Spindler EC, Hale JDE Giddings TH, Hancock REW, Gill RT. Deciphering
the mode of action of the synthetic antimicrobial peptide bac8c. Antimicrob
Agents Chemother (2011) 55:1706-16. doi:10.1128/AAC.01053-10
Llamas-Gonzalez YY, Pedroza-Rolddn C, Cortés-Serna MB, Marquez-
Aguirre AL, Galvez-Gastélum FJ, Flores-Valdez MA. The synthetic catheli-
cidin HHC-10 inhibits Mycobacterizm bovis BCG in vitro and in C57BL/6
mice. Microb Drug Resist (2013) 19:124-9. doi:10.1089/mdr.2012.0149
Cherkasov A, Hilpert K, Jenssen H, Fell CD, Waldbrook M, Mullaly SC,
etal Use of artificial intelligence in the design of small peptide antibiotics
effective against a broad spectrum of highly antibiotic-resistant superbugs.
ACS Chem Biol (2009) 4:65-74. doi:10.1021/cb800240j

Mansour SC, de la Fuente-Nunez C, Hancock REW. Peptide IDR-1018:
modulating the immune system and targeting bacterial biofilms to treat
antibiotic-resistant bacterial infections. J Pept Sci (2015) 21:323-9. doi:10.1002/
psc.2708

Rivas-Santiago B, Castaneda-Delgado JE, Rivas Santiago CE, Waldbrook M,
Gonzdlez-Curiel I, Ledn-Contreras JC, et al Ability of innate defence
regulator peptides IDR-1002, IDR-HH?2 and IDR-1018 to protect against
Mycobacterinm tuberculosis infections in animal models. PLoS One (2013)
8:259119. doi:10.1371/journal pone.0059119

Huante-Mendoza A, Silva-Garcia O, Oviedo-Boyso ], Hancock REW, Baizabal-
Aguirre VM. Peptide IDR-1002 inhibits NF-xB nuclear translocation by
inhibition of IxBo. degradation and activates p38/ERK1/2-MSK1-dependent
CREB phosphorylation in macrophages stimulated with lipopolysaccharide.
Front Immuno! (2016) 7:533. doi:10.3389/fimmu.2016.00533

Chingaté S, Delgado G, Salazar LM, Soto CY. The ATPase activity of the
mycobacterial plasma membrane is inhibited by the LL37-analogous peptide
LLAP. Peptides (2015) 71:222-8. doi:10.1016/j.peptides.2015.07.021

Silva JP, Gongalves C, Costa C, Sousa ], Silva-Gomes R, Castro AG, et al.
Delivery of LLKKK18 loaded into self-assembling hyaluronic acid nanogel
for tuberculosis treatment. [ Control Release (2016) 235:112-24. doi:10.10167
j.jeonrel.2016.05.064

Ghaobrial O, Derendorf H, Hillman T Pharmacokinetic and pharmacody-
namic evaluation of the lantibiotic MU1140. J Pharm Sci (2010) 99:2521-8.
doi:10.1002/jps.22015

186.

187.

188.

1389.

190.

191,

192,

193.

194.

195.

196.

197.

198.

199,

200.

201.

202.

203,

204.

205.

206.

Rodriguez A, Villegas E, Montoya-Rosales A, Rivas-Santiago B, Corzo G.
Characterization of antibacterial and hemolytic activity of synthetic pandinin
2 varfants and their inhibition against Mycobacterium tuberculosis. PLoS
One (2014) 9:101742. doi:10.1371/journal pone.0101742

Khara IS, Wang Y, Ke X-Y, Liu S, Newton SM, Langford PR, et al. Anti-
mycobacterial activities of synthetic cationic o-helical peptides and their
synergism with rifampicin. Biomaterials (2014) 35:2032-8. doi:10.1016/
j.biomaterials.2013.11.035

Vermeer LS, Lan Y, Abbate V, Ruh E, Bui TT, Wilkinson L], et al. Con-
formational flexibility determines selectivity and antibacterial, antiplas-
modial, and anticancer potency of cationic o-helical peptides. J Biol Chem
(2012) 287:34120-33. doi:10.1074/jbc.M112.359067

Torrent M, Pulido D, Valle J, Nogués MV, Andreu D, Boix E. Ribonucleases
as a host-defence family: evidence of evolutionarily conserved antimicrobial
activity at the N-terminus. Biodrem [ (2013) 456:99-108. doi:10.1042/
BJ20130123

Torrent M, Pulido D, Nogués MV, Beix E. Exploring new biological func-
tions of amyloids: bacteria cell agglutination mediated by host protein
aggregation. PLoS Pathog (2012) 8:e1003005. doi:10.1371/journal ppat
1003005

Hilchie AL, Wuerth K, Hancock REW. Immune modulation by multifac-
eted cationic host defense (antimicrobial) peptides. Nat Cirem Biol (2013)
9:761-8. doi:10.1038/nchembio. 1393

Fosgerau K, Hoffmann T. Peptide therapeutics: current status and future
directions. Drug Discov Today (2014} 20:122-8. doi:10.1016/j.drudis.2014.
10.003

Goldman MJ, Anderson GM, Stolzenberg ED, Kari UP, Zasloff M, Wilson
JM. Human beta-defensin-1 is a salt-sensitive antibiotic in lung that is
inactivated in cystic fibrosis. Cell (1997) 88:553-60. doi:10.1016/50092-
$674(00)81895-4

Hilpert K, Volkmer-Engert R, Walter T, Hancock REW. High-throughput
generation of small antibacterial peptides with improved activity Nat
Biotechnol (2005) 23:1008-12. doi:10.1038/nbt1113

Chen Y, Mant CT, Farmer SW, Hancock REW, Vasil ML, Hodges RS. Rational
design of alpha-helical antimicrobial peptides with enhanced activities and
specificity/therapeutic index. J Bie! Chem (2005) 280:12316-29. doi:10.1074/
jbcM413406200

Nordstrém R, Malmsten M. Delivery systems for antimicrobial peptides.
Adv Colloid Interface Sci (2017) 242:17-34. doi:10.1016/j.¢is.2017.01.005
Zhang T, Zhang X, Liu G, Chang D, Liang X, Zhu X, et al. Intracellular
trafficking network of protein nanocapsules: endocytosis, exocytosis and
autophagy. Theranostics (2016) 6:2099-113. doi:10.7150/thno. 16587
Hamley 1. Peptide fibrillization. Angw Chem Int Ed Eng (2007) 46:8128-47.
doi:10.1002/anie. 200700861

Torrent M, Valle ], Nogués MV, Boix E, Andreu D. The generation of antimi-
crobial peptide activity: a trade-off between charge and aggregation? Angw
Chem Int Ed Eng (2011) 50:10686-9. doi:10.1002/anie.201103589

Mikut R, Ruden S, Reischl M, Breitling E Volkmer R, Hilpert K. Improving
short antimicrobial peptides despite elusive rules for activity. Biochim Biopitys
Acta (2016) 1858:1024-33. doi:10.1016/j.bbamem.2015.12.013

Haney EF, Mansour 8C, Hilchie AL, de la Fuente-Nufiez C, Hancock RE.
High throughput screening methods for assessing antibiofilm and immu-
nomodulatory activities of synthetic peptides. Peptides (2015) 71:276-85.
dok10.1016/].peptides.2015.03.015

Sim §, Kim ¥, Kim T, Lim §, Lee M. Directional assembly of o-helical peptides
induced by cyclization. ] Am Chem Soc (2012) 134:20270-2. doi:10.1021/
ja3098756

Bowdish DME, Davidson DJ, Lau YE, Lee K, Scott MG, Hancock REW.
Impact of LL-37 on anti-infective immunity. ] Leukoe Biol (2005) 77:451-9.
doi:10.1189/jlb.0704380

Zumla A, Rao M, Wallis RS, Kaufmann SHE, Rustomjee R, Mwaba B, et al.
Host-directed therapies for infectious diseases: current status, recent prog-
ress, and future prospects. Lancet Infect Dis (2016) 16:e47-63. doi:10.1016/
$1473-3099{16)00078-5

Ottosson H, Nylén E Sarker B, Miraglia E, Bergman P, Gudmundsson GH,
et al. Highly potent inducers of endogenous antimicrobial peptides for host
directed therapy of infections. Sci Rep (2016) 6:36692. doi:10.1038/srep36692
Rivas-Santiago B, Rivas-Santiago <, Sada E, Hernandez-Pando R. Prophy-
lactic potential of defensins and L-isoleucine in tuberculosis household contacts:

Frontiers in Immunology | v frontiersin.org

16

54

Navernber 2017 | Volume 8 | Article 1499



Arranz-Trullen et al,

Host Antimicrobial Peplides against TB

207,

208.

209.

210.

211,

212

213.

214

an experimental model. Immunotherapy (2015) 7:207-13. doi:10.221%
imt14.119

Liu PT, Stenger 8, Li H, Wenzel L, Tan BH, Krutzik SR, et al. Toll-like receptor
triggering of a vitamin D-mediated human antimicrobial response. Science
(2006) 311:1770-3. doi:10.1126/science. 1123933

Lofton H, Pranting M, Thulin E, Andersson DI Mechanisms and fitness
costs of resistance to antimicrobial peptides LL-37, CNY100HL and wheat
germ histones. PLoS One (2013) 8:e68875. doi:10.1371/journal. pone.
0068875

Kraus D, Peschel A. Molecular mechanisms of bacterial resistance to anti-
microbial peptides. Curr Top Microbiol Inmunoel (2006) 306:231-50.

Adams KN, Takaki K, Connolly LE, Wiedenhoft H, Winglee K, Humbert O,
et al. Drug tolerance in replicating mycobacteria mediated by a macrophage-
induced efflux mechanism. Cell (2011) 145:39-53. doi:10.1016/j.cell.
2011.02.022

Szumowski JD, Adams KN, Edelstein PH, Ramakrishnan L. Antimicrobial
efflux pumps and Mycobacterivtm tuberculosis drug tolerance: evolutionary
considerations. Cur+ Top Microbiol Immunol (2013) 374:81-108. doi:10.100%/
82_2012_300

Rios AC, Moutinho CG, Pinto FC, Del Fiol FS, Jozala A, Chaud MYV, et al.
Alternatives to overcoming bacterial resistances: state-of-the-art. Microbiol
Res (2016) 191:51-80. doi:10.1016/j. micres.2016.04.008

Gao LY, Laval F, Lawson EH, Groger RK, Woodruff A, Morisaki JH, et al.
Requirement for kasB in Mycebacterim mycolic acid biosynthesis, cell wall
impermeability and intracellular survival: implications for therapy. Mol
Microbiol (2003) 49:1547-63. doi:10.1046/j.1365-2958.2003.03667.X

Gryllos I, Tran-Winkler HJ, Cheng M-F Chung H, Bolcome R, Lu W, et al.
Induction of group A Streptecoccus virulence by a human antimicrobial
peptide. Proc Natl Acad Sci U S A (2008) 105:16755-60. doi:10.1073/pnas.
0803815105

215.

2le.

217.

218.

219.

Brown ED), Wright GD. Antibacterial drug discovery in the resistance era.
Natuire (2016) 529:336-43. doi:10.1038/nature17042

Bauer ME, Shater WM. On the in vivoe significance of bacterial resistance
to antimicrobial peptides. Bicchim Biophys Acta (2015) 1848:3101-11.
doi:10.1016/j.bbamem.2015.02.012

Fattorini L, Gennaro R, Zanetti M, Tan D, Brunori L, Glannoni E et al. In vitro
activity of protegrin-1 and beta-defensin-1, alone and in combination with
isoniazid, against Mycobacterium tuberculosis. Peptides (2004) 25:1075-7.
doi:10.1016/j. peptides.2004.04.003

Nylen E Bergman P, Gudmundsson GH, Agerberth B. Assays for identify-
ing inducers of the antimicrobial peptide L1-37. Methods Mol Biol (2017)
1548:271-81. doi:10.1007/978-1-4939-6737-7_19

Ramos-Espinosa O, Herndndez-Bazdn 5, Francisco-Cruz A, Mata-Espinosa I,
Barrios-Payin ], Marquina-Castillo B, et al. Gene therapy based in anti-
microbial peptides and proinflammatory cytokine prevents reactivation of
experimental latent tuberculosis. Patfiog Dis {2016) 74ftw075. doi:10.1093/
femspd/ftw075

Conflict of Interest Statement: No potential conflicts of interest were disclosed.
The authors declare that the research was conducted in the absence of any com-
mercial or financial relationships that could be construed as a potential conflict
of interest.

Copyright © 2017 Arranz-Trullén, Lu, Pulido, Bhakta and Boix. This is an open-
access artide distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the oviginal author(s) or licensor are credited and that the eviginal
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Imrmunalogy | www.frontiersin.arg

17

55

Naovember 2017 | Volume 8 | Article 1499



56



57

CHAPTER 11



58



1' frontiers
in Immunology

REVIEW
published: 16 May 2018
dal 10.3388MAimmu.2018.01012

OPEN ACCESS

Edited by:

Tobias Schusrholz,
Univarsititsmedizin Rostock,
Garmany

Reviewed by:

{ tikas Martin,

Unildinikc BWTH Aachsen, Germany
Cardline Jeffsries,

Cadars-Sinal Medical Cantar,
United States

*Correspondence:

Mohammed Moussaoud
mohammed. moussacui@uab.es;
Ester Bolx

estarbolx@uab.es

Specialty section:

This article was submilted to
Inflamimation,

a section of the fournal
Frontiers in Immunology

Received: 01 February 2018
Aceepted: 25 Apiil 20718
Published: 16 \May 2078

Citation:

L L, L Moussaoul M and Bolx £
(2018) Immune Modulation by
Human Secreted RNases at the
Extraceliular Space.

Front. Immunol 1072,

dai: 10.3389fimmu. 2018.07072

Immune Modulation by Human
Secreted RNases at the
Extracellular Space

Lu Lu, Jiarui Li, Mohammed Moussaoui* and Ester Boix*

Dapartment of Biochemistry and Molecular Biology, Faculty of Biosciances, Universitat Autonoma de Barcslona,
Cardanyala dal Valles, Spain

The ribonuclease A superfamily is a vertebrate-specific family of proteins that encom-
passes eight functional members in humans. The proteins are secreted by diverse
innate immune cells, from blood cells to epithelial cells and their levels in our body fluids
correlate with infection and inflarnmation processes. Recent studies ascribe a prominent
role to secretory RNases in the extracellular space. Extracellular RNases endowed with
immuno-modulatory and antimicrobial properties can participate in a wide variety of host
defense tasks, from performing cellular housekeeping to maintaining body fluid sterility.
Their expression and secretion are induced in response to a variety of injury stimuli.
The secreted proteins can target damaged cells and facilitate their removal from the
focus of infection or inflammation. Following tissue damage, ENases can participate in
clearing RNA from cellular debris or work as signaling molecules to regulate the host
response and contribute to tissue remodeling and repair. We provide here an overall
perspective on the current knowledge of human RNases' biological properties and their
role in health and disease. The review also includes a brief description of other vertebrate
family members and unrelated extracellular RNases that share common mechanisms of
action. A better knowledge of RNase mechanism of actions and an understanding of
their physiological roles should facilitate the development of novel therapeutics.

Keywords: ribonucleases, innate immunity, RNA, extracellular, inflammation, infection

INTRODUCTION

Thirty vears ago Steven Benner conjectured the existence of extracellular RNA communicators (1,
2). At that time, he was investigating bovine RNaseA activity and expressed skepticism that pancre-
atic RNases merely removed the large amount of bacterial RNA present in the ruminant digestive
tract (3, 4). Based on the diverse biological properties displayed by some RNaseA family members,
i.e., anti-tumoural action, angiogenesis, and neurotoxicity, he suggested that the catalytic activity
of vertebrate secreted RNases intervened in the regulation of the development of higher organ-
isms. The hypothesis was launched well before the discovery of extracellular vesicles as horizontal
nanovehicle carriers and well before the discovery that angiogenin, a member of the vertebrate-
specific RNaseA superfamily, generates RNA regulatory fragments (5, 6). RNaseA, the vertebrate
secretory RNases’ reference family member, is a small and highly stable protein that served as a
working model for biochemists during the twentieth century; several Nobel prizes in chemistry
were awarded for work with RNaseA (7, 8). Many times, researchers have tried unsuccessfully to
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rescue the RNaseA superfamily from its purely academic role
(1,7). Despite extensive knowledge on the mechanism of catalysis
(8) and phylogeny (9-12), the biological properties of some fam-
iy members remained puzzling, and the ultimate physiological
roles of these proteins remained elusive. Exhaustive sequencing
of RNases within vertebrates and a comparative phylogenetic
analysis suggested that the family emerged with a host defense
role (11, 13-16). Another interesting hypothesis suggested that
granulocyte-secreted proteins could play a primary role in local
tissue repair and the removal of macromolecular debris following
cell damage during inflammation {17). Theauthors considered the
potential contribution to RNA clearance by eosinophil secreted
RNases. Later studies also indicated an RNA scavenging role for
pancreatic-type RNases (18, 19). In addition, the secreted proteins
displayed immuno-regulatory properties that suggest they could
participate in the transmission and amplification of local danger
signals (17, 20). Therefore, extracellular RNases are key players
that ensure tissue health and body homeostasis. Indeed, we find
examples of genetic deficiencies in extracellular RNases that lead
to immune-related diseases, such as amyotrophic lateral sclerosis
(ALS), associated with human RNase5 mutations (21, 22) and
cystic leukoencephalopathy, a neuronal disorder associated with
RNaseT2 deficiency (23, 24). Potential RNA-targeted therapeutic
applications for secretory RNases were envisaged as far back as
two decades ago (25-27).

Recent methodological advances in the cellular biology and
RNA fields have facilitated novel approaches to understanding
the in vive role of extracellular RNases. Hopefully, knowledge
on RNases action and trafficking in biological fluids will give
path to translational research from academia to pharmaceutical
industry. Indeed, recent experimental trials with animal models,
such as those on hematopoiesis regulation by human RNase5 (28)
or attenuation of extracellular RNA (exRNA) pro-inflammatory
activity by RNaseA (29), are already offering promising thera-
peutic results.

The review summarizes the current knowledge on the mecha-
nism of action of the RNase A superfamily members and their
contribution to innate immunity, as sentinel proteins at the extra-
cellular space. We also briefly compared RNaseA proteins with
other extracellular RNases, such as RNaseT2 family members,
which are ancient RNases that are highly conserved through taxa
from viruses to humans (30, 31), and bacterial RNases (19, 32)
that work as defense weapons in inter-strain warfare.

THE RNase A SUPERFAMILY

The RNaseA superfamily is a vertebrate-specific gene family that
has shown great divergence in a short period of time, a charac-
teristic trait of immune-related proteins (11, 16, 33). Despite the
low sequence identity between some family members (~30%),
they all share a common three-dimensional structural fold and
conserved motif signature (CKXXNTF). They are small secretory
proteins (13-15 kDa) expressed with a short 25-27 amino acid
signal peptide. The mature protein adopts an o+ pkidney-shaped
fold crosslinked by three to four disulfide bonds. A conserved
catalvtic triad formed by two His and a Lys participates in the
endoribonuclease acid-base catalytic mechanism of action (8).

A marked preference for cleavage of single-stranded RNA
(ssRNA) is observed, with specificity for pyrimidines at the main
base and a preference for purines at the secondary base site (7,
34, 35). In addition, other nucleotide-binding sites contribute to
RNase-substrate specificities (36-38) and might determine the
selectivity of RNases for cellular RNA. Recently, novel method-
ologies to identify the selective cleavage site for non-coding RNA
for some family members, i.e., tRNA, have indicated their direct
involvement in main cellular machinery tasks (39-41).

RNaseA superfamily members are mainly expressed in innate
cells and display a variety of antimicrobial and immune modula-
tion activities. They can participate in host immune responses,
working as alarmins and safeguard molecules against infection
and inflammation (16, 42-45). Table 1 summarizes most of their
reported activities and suggested physiological roles. Below, we
describe the eight canonical family members in humans. Table 2
indicates their reported source cell types and summarizes their
constitutive and induced expression patterns. Human RNase
expression and response processes activated by diverse stimuli
are illustrated in Figure 1.

hRNase1

hRNasel is the human homolog of the family reference protein,
bovine pancreatic RNaseA. A comparative evolutionary analysis
indicates a divergent role for non-ruminant RNasel family
members that are unrelated to digestion (18, 142). Expression
of human RNasel was detected in almost all tissues (143). In
particular, human RNasel is abundantly expressed by endothelial

TABLE 1| Proposed roles and reported activities for extracellular RNases,

RNases roles Reported activities Reference
Cellularimmune  —  Innate cells' activation and migration (46-53)
regulation —  Toll-like receptor pattern recognition and (46, 54, 55)
receptor activation
— Hesmatopoiesis (28)
— Selective processing of non-coding RNA (B, 40,
56-59)
— Releass of regulatory tRNA fragments (5 41, 58)
Tissue — Alarm signalling (17, 54, 80,
homeostasis, 61)
repair and — Activation and chemataxis of fibroblasts (51, 52, 62)
remadeling — Activation of epithelial cells (51, 52)
—  Cell praliferation activity (63, 64)
— Angegenesis and nec-vascularization (65, 66)
— Wound healing activity (&57=70)
— Autophagy induction (71, 72)
—  Apoptosis induction (73-75)
Clearance of —  Clearance of callular RNA debris following (29)
extracellular tizsue injury
RMNA (exRMNA) — RNA scavenger activity (78, 77)
—  Remaval of blood exRMNA released during (7€)
hypoxia
— Reduction of exBNA pro-inflammatory activity (28, 78)
Epithelial barder —  Antimicrobial activity at the skin and (43, 44, 70,
protection respiratory, uragenital and intestingl epithelial - 79-85)
tracts
Body fluid —  Antibacterial activity (83, 86-81)
sterility —  Antiparasitic activity (B2-59)
—  Antiviral activity (100-107)
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cells (144, 145), and its presence in blood can modulate the con-
tent of exRNA (18, 77). An interesting hypothesis attributes an
RINA scavenger role to hRNasel (77). Supporting this proposal,
Raines and co-workers (18) highlight the different optimal
conditions for catalysis between ruminant and non-ruminant
RNases. Whereas bovine pancreatic RNase shows a slightly acidic
optimum pH for catalysis, adapted for working in the digestive
tract (4), the observed optimum neutral pH for non-digestive
RNases allows their enhanced activity in biclogical fluids such
as blood (18). Likewise, the enhanced capacity to cleave double-
stranded RNA (dsRNA) by non-digestive RNases (10, 18) might
facilitate the removal of heterogencous RNAs circulating in blood
(18). Interestingly, clearance of exRNA would mitigate its pro-
inflammatory activity (76, 77). An excess of exRNA is released in

hypoxic conditions, and hRNasel administration was reported to
pravidecardiac protection in a mouse model (76). Administration
of the protein in vive reduces the release of pro-inflammatory
cytokines and provides a multiple-organ protection in mice (29).

hRNase2

hRNase2, together with hRNase3, is one of the main secre-
tory proteins stored within the eosinophil secondary granules
(107, 146). This eosinophil protein is partly responsible for
eosinophil-induced neurotoxicity, and it is referred to as the
eosinophil-derived neurotoxin (EDN), hereafter. In addition,
hRNase2/EDN is expressed in other blood cell types (Table 2)
such as monocytes and dendritic cells (DCs) (107). Expression
of the protein is induced by viral infection (100, 107, 147), and

Frontiers in Immunology | www.frontiersin.org

64

May 2018 | Volume 9 | Article 1012



Lu st al.

Extracellular EMases

it displays a broad antiviral activity, in particular against ssRNA
viruses (104, 107). The protein inhibits the replication of respira-
tory syncytial (RSV), human immunodeficiency virus (HIV)-1,
and hepatitis B DNA virus (100, 102, 103). RNase2 has high cata-
Iytic activity, which together with its unique protein structural
features (106), is essential for its antiviral action (104). Eosinophil
recruitment and degranulation is activated during RSV infection
(147), and hRNase? is a clinical marker for RSV bronchiolitis
(148). Interestingly, Weller and co-workers observed the induced
release of eosinophil RNases by cytokines such as eosinophil
chemotactic proteins (eotaxing CCL11 and CCL24) and through
the P13K/MAPK pathway in humans and mice {14%). Eosinophil
activation by virus infection can be mediated by the toll-like
receptor (TLR)7-MyD88 signaling pathway. Likewise, specific
expression of the eosinophil RNases following RSV infection in
mice is reported to be mediated by the TLR7-MyD88 pathway
(55). The TLR7 receptor can be activated by ssRNA, causing
the eosinophil RNase to act on viral RNA to enhance the host
response against the infection. In addition, viral infection of the
respiratory tract is frequently accompanied by lung inflammation
and hRNase2 expression. Secondarily, local eosinophil degranu-
lation correlates with tissue damage with eosinophil degranula-
tion activated by tissue injury (Figure 1) and the released RNases
contributing to the tissue remodeling process (149). Indeed,
hRNase2 immuno-regulatory properties can promote leukocyte
activation, maturation, and chemotaxis (107). In particular,
hRNase2 can contribute to host immunity through interactions
with DCs (46, 47). The activation of DCs can be mediated by the
TLR2-MyD88 pathway, and hRNase2 is classified as an alarmin
(60). Direct protein binding to TLR may occur (107) taking into
account the striking shape similarity between the TLR receptor
and the RNase inhibitor (RI), both of which have leucine-rich
repeat (LRR) domains {150). Human RNase2 and mouse RNases2
are also both expressed in macrophages (Table 2) (48, 107). Of
note, the mouse eosinophil-associated RNase Earll works as a
macrophage chemoattractant, although, in this case, the process
is not directly mediated by TLR2 activation (48, 107). Because
TLRs can interact with ssRNA, we can contemplate a scenario in
which RNA pieces bound to RNase2, or, alternatively, the direct
action of RNase cleavage products, trigger the TLR signaling
cascade. As TLRs can discriminate between self and non-self
molecules, cleavage of viral RNA could contribute to the host
defense response. Thereby, immune regulation and antimicrobial
functions would work cooperatively (151). Eosinophil degranula-
tion during infection and inflammation can contribute locally to
both eradicate the infection focus and palliate tissue injury.

hRNase3

hRNase3 is the other eosinophil RNase abundant in the secondary
secretory granule, where both RNase2 and 3 together account for
about one-third of the total protein content (152). The two human
eosinophil RNases share 70% amino acid identity. RNases 2 and
3 emerged from a gene duplication event about 50 million years
ago and underwent a divergence process at an extremely rapid
rate of evolution (12). During the drift of RNase3 from a common
RNase2/3 ancestor, the protein acquired much higher cationicity
(pl > 10); therefore, it is called eosinophil cationic protein (ECP).

Abundant surface-exposed Arg residues facilitate binding of the
protein to bacterial cell membranes and subsequent destabiliza-
tion through a carpet-like mechanism characteristic of many
host defense antimicrobial proteins and peptides (AMPs) (153).
RNase3 shares neurotoxic and antiviral activities with RNase2
(105) but it has unique bactericidal properties (86). In particular,
hRNase3, together with its high cationicity, has an aggregation-
prone region that promotes the protein self-aggregation and
mediates the agglutination of bacterial cells (154). Bacterial cell
agglutination is further enhanced by high binding affinity of the
protein to anionic lipopolysaccharides in the Gram-negative
bacterial wall (155). RNase3 release is induced both by infection
and inflammation, and several immuno-modulatory activities
have been described. Thelevels of protein circulating in biological
fluids (Table 2) correlate with eosinophil degranulation, and it
is currently used as a routine clinical marker for the diagnosis
and monitoring of inflammatory disorders, such as asthma (51,
52). Airway inflammation is closely associated with eosinophil
degranulation and local tissue damage follows the deposition of
eosinophil secondary granule protein (156, 157). The levels of this
protein are also associated with damaged airway epithelia (52).
Further, skin ulceration follows eosinophil infiltration, and local
protein deposits harm epithelial cells {121, 158, 159). Fortunately,
the detrimental side effects of the protein tissue deposits are fol-
lowed by remodeling processes. RNase3 remodeling activity is
partly mediated by the upregulation ofthe insulin growth factor-1
receptor on epithelial cells. In addition, hRNase3 activation and
chemotaxis of fibroblasts can contribute to tissue repair (49, 62,
160). Nevertheless, fibroblast activation can also lead to airway
fibrosis, as observed during chronic eosinophil inflammation in
asthma (49). Interestingly, a population study identified a natural
genotype variant of hRNase3 (ECP97Arg) with enhanced cyto-
toxicity that was linked to a higher frequency of fibrosis (161).
Despite the higher antimicrobial activity of the Arg97 variant,
genetic selection toward a less toxic protein must have taken place
in a chronic parasite infection in endemic areas of Asia to reduce
the incidence of liver fibrosis (162). The Arg to Thr substitution at
position 97 of hRNase3 results in a new potential N-glycosylation
site at a nearby Asn residue (163). Additional glycosylation at this
site blocks the cationic domain that participates in the protein
antimicrobial activity (164). Similarly, a correlation between
hRNase3 polymorphisms and cerebral malaria susceptibility was
observed (165, 166).

Together with direct hRNase3 action on pathogens and host
tissues, a series of immune-modulating activities are observed
(51, 52). Eotaxin attracts eosinophils to the area of inflammation,
i.e., lung in asthma, nasal mucosa in allergic rhinitis, skin in der-
matitis, or gut epithelia in intestinal bowel diseases. Eosinophil
degranulation is activated by [L-5, leukotriene B4 (LT B4), platelet
activating factor (PAF) (52), or the P13K/MAPK pathway (149).
Early experimental assays also showed mast cell activation by
hRNase3 and the induction of histamine release (50). In turn,
mast cells produce and secrete IL-5, PAE, and LTB4, which
enhance hRNase3 release from eosinophils. Moreover, hRNase3
induces the synthesis of prostaglandin D2 by mast cells, which
then acts as an eosinophil chemoattractant. This process suggests
cross talk between mast cells and eosinophils, with RNase able
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to promote positive feedback (52). Other leukocyte cells such as
neutrophils can also express hRNase3 (Table 2). Interestingly, free
granules released by both eosinophils and neutrophils maintain
their autonomy and functionality {167) and selectively secrete
RNases upon cytokine induction (168). Moreover, the extracel-
lular granules can also be engulfed by macrophages (Figure 1)
and contribute to the immune response.

hRNased

hRNased is one of the oldest representative RNase A family
members within mammals, showing a static evolution history
in comparison with the other family counterparts (33). RNase
4, together with RNase 5, shares some conserved structural
features with non-mammalian vertebrates RNases, such as the
first pyroglutamic N-terminal residue (169). Moreover, there
are no reported glycosylation forms and no recognition sites for
N-glycosylation (169). RNase4 retains the highest inter-species
homology, close to 90%, within the family members (33, 170).
Nearly ubiquitous distribution suggests a housekeeping role for
this protein. The presence of hRNase4 transcripts was detected in
most human tissues (143, 171) and was found particularly abun-
dant in the liver (143) and lungs (169). Interestingly, cytoplasmic
granules of monocytes also express this RNase (172). Divergence
and diversification events within the oldest mammals suggest a
strong evolutionary pressure that may respond to host adapta-
tion to an ever-changing pathogen environment. In this scenario,
duplication of the RNase4 gene in ancestral mammals may have
led to other RNaseA family lineages that acquired a host defense
function (33). There is a controversy about the physiological role
of the protein. On one side, its conservation among species sug-
gests strong evolutionary pressure to maintain an essential role.
Cleaning-up of cellular RNA was first proposed (173). However,
the enzyme showed enhanced preference for uridine at the main
base binding site (169, 173, 174), suggesting strong selectivity
for RNA recognition (169). A structural analysis highlighted
particular structural features at the main base binding pocket
that determine the protein enhanced preference for uridine over
cytidine in comparison to other family members (174, 175).
Although considerable work has been undertaken to interpret
RNase4 substrate specificity, there are few reports on the biologi-
cal properties of the protein. Interestingly, RNase4 was identified,
along with RNase5, among the soluble factors secreted by T cells
showing anti-HIV activity (176).

hRNase5

hRNase5 is considered the most ancient RNaseA family member,
and it shares many structural features with non-mammalian
vertebrate RNases. It is unique within the family in presenting
six paired cysteine residues instead of eight. In addition, it shows
rather atypical enzymatic properties, with very low catalytic
efficiency for ssRNA but selective cleavage for some non-coding
RNA (41, 177, 178). Its expression was detected in many adult
and embryonic somatic cells (179). It was also reported in a
variety of innate cells, ranging from diverse blood cell types to
intestinal and skin epithelial cells (Table 2) (28, 67, 129, 180).
Further expression of this protein is increased during inflamma-
tion (129, 181). RNase5 promotes angiogenesis and is, therefore,

termed angiogenin (65). The purified protein was reported to
display other activities, such as antimicrobial action (67, 88)
and some immuno-regulatory properties (88, 182), in addition
to the induction of vascularization. In particular, the protein
inhibits neutrophil degranulation, a process that might induce
an anti-inflammatory effect during immune response (183, 184).
Interestingly, this degranulation inhibitory action was mimicked
by a short tryptic peptide (183), indicating a protein activity
unrelated to its enzymatic function. On the other hand, angio-
genesis relies on hRNase5 catalytic activity and is inhibited by the
RI (185). Distinct immuno-regulatory activities were observed
to be dependant on the action of the protein on non-coding
RNA, i.e., cleavage of tRNA and upregulation of rRNA. Upon
nuclear translocation hRNase5 can stimulate the proliferation
of several cell types, such as endothelial cells (66), by regulating
tRNA transcription (63, 186). In addition, angiogenesis and cell
proliferation are mediated by the activation of cellular signaling
kinases such as the ERK1/2 (179, 187). In addition, hRNase5
expression is activated in response to cellular stress and promotes
the formation of stress granules. The protein generates stress-
induced tRNA fragments (tRFs) (tiRNA) (6, 56, 58). In turn, the
tiRNA fragments can impede the formation of the translation
initiation factor complex, thereby inhibiting translation (188).
Accumulation of tiRNA activates the cell response to oxidative
stress (59). The release of tRFs associated with hRNase5 activity
is also a characteristic feature linked to endoplasmic reticulum
(ER) stress, a condition that can be triggered by the accumulation
of unfolded/misfolded proteins in the ER lumen (57). Likewise,
hRNase5 induces the release of tiRNA by stem cells and activates
hematopoietic cell regeneration (28). Generation of tRFs is also
observed upon viral infection (189). Using deep sequencing
methodologies, the enzyme cleavage target sites are being identi-
fied (5, 6, 39). Two tRNA halves can be produced by a unique
enzymatic cut at the anticodon loop (5, 6, 58, 190). In addition,
Li and co-workers observed a unique cleavage by hRNase5 at
the tRNA TYC loop (39); the resulting 3'tRNA fragment was
complementary to an endogenous human genome sequence, and
the fragment was found to downregulate retroviral expression by
RNA interference (39). However, potential therapeutic applica-
tions for hRNase5, such as hematopoiesis regeneration or antivi-
ral activity (28), should be viewed with caution, considering its
protein pro-tumoural properties {(65). In particular, upregulation
of rRNA transcription has been related to cancer cell proliferation
(63, 64). A recent work correlated elevated hRNase5 expression
in some tumor cell lines with the promotion of cell proliferation
and development of malignant cancer (64). In addition, elevated
levels of tiRNA were also observed in some cancers {190) with
tRFs inducing tumorigenesis (188).

hRNase6

hRNase6, also named hRNaseks, was identified for the first time
by Helen Rosenberg and Kimberly Dyer as a human ortholog of
bovine kidney RNasek2 (191). The first tissue screening study to
define hRNase6 expression patterns revealed a nearly ubiquitous
distribution, including monocytes and neutrophils (191). The
expression of this protein is upregulated following genitourinary
tract bacterial infections (83) and high antimicrobial activity
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against Gram-positive and Gram-negative species was observed
(83, 90). Very recently, hRNase6 antiviral activity was reported.
Interestingly, the authors observed the protein downregulation in
Th17 polarized cells upon HIV infection (192).

hRNase7

hRNase7 is probably the best studied example of an RNase that
can work as a tissue safeguard sentinel (Table 1). It is also one of
the most abundant antimicrobial proteins purified from skin (44,
79). RNase7 is secreted by a variety of epithelial cells (Table 2)
and mostly contributes to urinary tract sterility and epidermis
protection (43, 80-82). Together with high antimicrobial activ-
ity against a variety of infective microorganisms (82, 87, 89,
193), some immuno-modulatory properties were reported.
RNase7 expression is upregulated during kidney infection (84).
Expression is also selectively induced by inflammation signal-
ing molecules, such as IL-1p and IFN-y (89) or the PI3K/AKT
pathway (194). The PI3K/AKT signaling pathway can modulate
the innate immune response during inflammation and prevent
sepsis (195, 196). Interestingly, expression of this protein in the
urinary tract can be upregulated by insulin through the PI3K/
AKT pathway (197). Spencer and co-workers correlated expres-
sion with increased susceptibility to infection of diabetic patients
(197). Indeed, insulin induces the secretion of granulocyte
content and impairment of the expression of other AMPs, which
are also associated with diabetes (198). Of note, the regulation of
protein expression by the P13K/AKT pathway is also observed
with eosinophil-associated RNases (EARs) (149). On the other
hand, RNase7 is abundantly secreted by keratinocytes (43, 44, 79)
and can contribute to wound healing and tissue repair (67, 68).
Protein overexpression in skin can be induced by inflammation
and infection diseases (69, 81). Interestingly, protease degrada-
tion of the RI at the stratum corneum can activate hRNase7 for
skin barrier protection (67). Finally, expression of the protein was
recently reported to be induced in basal cells of damaged airway
epithelia, reinforcing the idea of a protective role for this protein
following tissue injury (Table 1) (70). A very recent study showed
that this protein directly stimulated plasmocytoid DCs following
tissue damage and infection, and the authors of the report pro-
posed to classify hRNase7 as an alarmin (54). Interestingly, the
immuno-modulatory activity of the RNase correlates with bind-
ing to self-DNA and activation of TLR9 receptors. The authors
suggest that following tissue damage, hRNase7 detects the host
DNA released by dying cells and activates the host response (54).

hRNase8

hRNase8 is the last identified and least well-characterized canoni-
cal member of the RNaseA superfamily. It was first uniquely iden-
tified in the placenta (199). Wide spectrum antimicrobial activity
was observed for this protein (91), suggesting a role in amniotic
fluid protection against infection. Indeed, hRINase7, the closest
homolog to hRNase8 in the RNase A family, was found recently
among AMPs expressed in prenatal skin, suggesting it may con-
tribute to amniotic cavity sterility (200). However, despite sharing
a high sequence identity with hRNase7, hRNase8 shows highly
reduced catalytic activity (199). A particular cysteine location
within its primary sequence indicates a unique disulfide bonding

among the family members. An evolutionary analysis in primates
revealed a sequential cysteine gain-and-loss process, represent-
ing an unusual example of disulfide bond reshuffling (201). In
addition, the protein shows an elevated rate of incorporation of
non-silent mutations in its primary structure (202) suggesting
functional divergence toward a distinct physiological role {(141).
Moreover, a unique extension at the hRNase8 N-terminus may
indicate that the protein is not undergoing the secretion process
shared by all other canonical members of the family (141). Recent
evidence of hRNase8 gene expression in other additional tissues,
such as the lung, liver, and testes (141), together with controver-
sial reports on its recombinant protein antimicrobial activity (91,
199), urges a reconsideration of the function of this protein.

hRNases 9-13

The RNaseA superfamily was lately expanded with the discov-
ery of several novel mammalian members {11, 203-205). The
newcomers share just 15-30% identity with the eight “canonical
RNases,” and they are associated mainly with male reproductive
functions. Some of them, like hRNase9, are endowed with bacte-
ricidal activity and are expressed in the epididymis, with evidence
of an association with sperm maturation (33, 206). The primary
structure of these proteins resembles ancestral RNases, sharing
the three most conserved disulfide bonds and a secretion peptide,
but not the N-terminus region of mature proteins. In addition,
the non-canonical RNases do not include the family signature
(CKXXNTF) or the catalytic triad and their biological properties
do not seem to require enzymatic activity (207).

Other Vertebrate RNaseA Family Members
The RNaseA superfamily is one of the most extensively studied
gene family, since the pioneering studies on molecular evolution
(208). As a vertebrate-specific family, it is an excellent working
model and a deep analysis has been carried out to understand
the main driving force toward a defined function in mammals
(11,33, 209, 210). Further, we will briefly comment on the non-
human family members present in the extracellular compartment
and displaying immune modulation properties. In particular,
bovine proteins are the best characterized, being the RNase A
the bovine counterpart of human RNasel. RNaseA, the bovine
pancreatic RNasel, is expressed in large amounts in the pancreas
and participates in RNA degradation in the digestive tract (3).

Bovine Seminal RNase (BS-RNase)

Bovine seminal RNase is a close homolog to bovine pancreatic
RNase that is solely present in seminal fluid (211), where it plays
an immune-protective role (182). BS-RNase, despite sharing an
80% amino acid identity with the pancreatic RNaseA, is the only
family member present /1 vivo as a homodimer. Owing to its
natural dimeric form, BS-RNase can elude the blockage of the
cytosolic RI in case of cellular internalization following endocy-
tosis. The high cytotoxicity of the protein (21 2) is attributed to the
degradation of cellular RNA (213). In addition, the dimerization
of BS-RNase and RNaseA constructs correlates with an enhanced
catalytic activity and the ability to cleave dsRNA (214-216).
Degradation of dsRNA by BS-RNase is induced by IFN (217,
218) and the protein can inhibit HIV-1 replication in leukemia
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cells (219). Interestingly, engineered quaternary structures of
RNaseA can not only mimic BS-RNase enzymatic cleavage of
dsRNA, but also some of its biological properties (220, 221).
The seminal RNase also differs from its pancreatic homolog by
its ability to inhibit the proliferation of cancer cells mediated by
autophagy induction (72). BS-RNase also inhibits the prolifera-
tion of T-lymphocytes (222, 223) and can downregulate the T cell
IL-2 receptor expression (222). However, the immune-protective
mechanism of BS-RNase in the seminal fluid remains unknown
(182).

Bovine Milk RNases

Bovine milk RNases are another group of secretory RNases that
mediate an extracellular protective role. Two proteins with RNase
activity homologous to human RNases 4 and 5 were identified in
bovine milk (224, 225). Both RNases were quantified in bovine
milk at pM concentrations and reported to display some antimi-
crobial activity (225). Bovine milk RNases can participate in the
host response against infectionboth by direct antimicrobial action
and immune response activation {182). A pro-inflammatory
activity is observed in epithelial cells, which is mediated by nucleic
acids (53, 226). Both RNases can bind nucleic acids, and milk
RNase5 induces cytokine release in leukocytes (53). Recognition
of foreign pathogen nucleic acids may facilitate the activation of
pattern recognition receptors and promote a pro-inflammatory
response (226). Interestingly, the RNase immuno-stimulatory
activity is also dependent on the protein catalytic activity (226).

Rodent RNases

Rodent RNasesare another well characterized group that can help
us to outline the RNaseA family involvement in the host immune
response (11). Lineages of RNases 1, 2, 3, and 5 are identified in
rat and mouse genomes, presenting an unusual expansion rate
(11, 207,227-229). However, no orthologs of RNases 7 and 8 have
been found (11, 33). Particularly, a striking diversity of RNases 2
and 3 counterparts is observed in mice and rats. Two orthologs
of the eosinophil RNases lineage were first discovered in 1996
and named EARs (230). Subsequently, up to 13 new eosinophil
murine members were identified (231). The phylogenetic analysis
of the distinct EAR rodent gene clusters revealed a rapid gene
duplication and selection process that resulted in high diversi-
fication, a characteristic pattern of host defense protein lineages
(232). Many of these EAR proteins, despite their nomenclature,
are not solely secreted by eosinophil granules but can also be
expressed by other cell types. For example, mEAR11 is expressed
in somatic tissues, such as lungs, liver, or spleen, along with mac-
rophages. The protein expression is induced in response to Th2
cytokines and it acts as a potent leukocyte chemoattractant (48).
The immune regulation of eosinophil release of granule proteins
in mice has been thoroughly studied by Weller and colleagues
(149, 168). EARs similar to their human counterparts actively
contribute to the host defense and tissue repair and remodeling.
However, significant differences are observed in the regulation
mechanism of eosinophil degranulation, limiting the use oflabo-
ratory animal models in the study of human eosinophil -associated
diseases (233-235). Nonetheless, experimental studies in mice

corroborate the autonomy of eosinophil cell-free granules and
their activation by a common CCR3-mediated signaling pathway
(149, 168). EARs can also provide immune protection against
virus infection i vivo in a mice model, where the eosinophil
activation and virus clearance is mediated by a TLR7-signaling
pathway (55).

In addition, several homologs to human RNase5 endowed
with antimicrobial properties were identified in mouse intestinal
epithelium (88). In particular, the upregulation of the mouse
RNase Ang4 by commensal bacteria suggests a role for this
protein in the gut and systemic innate immunity, where it can
establish a host defense barrier against infection (88).

Rosenberg and colleagues went further down the evolution
scale and characterized avian and reptilian RINases to deepen the
understanding of the role of vertebrate RNaseA family in host
immunity (13, 16, 236). As mentioned previously, non-mam-
malian RNases are evolutionarily closely related to mammalian
RNase5 members (11). Two leukocyte-associated homologs were
identified in chicken, RNases Al and A2, the last one displaying
both angiogenic and bactericidal properties (13). On the other
hand, the fguana RNase is catalytically active but devoid of anti-
microbial activity (236).

Frog RNases

Frog RNases are secreted by oocytes and early embryos and
might protectthe eggsagainst infection (237-241). The observed
anti-proliferative properties of the RNases from eatly verte-
brates have attracted the interest of pharmaceutical companies
since their discovery (242, 243). Rana pipiens RNase, named
Onconase® (ONC) after its anti-tumoural activity, is currently
on phase III clinical trial. The anti-proliferative action of ONC
on cancer cells is mediated by induction of the autophagy
pathway (71), as reported for BS-RNase (72). Recently, its cyto-
toxicity was enhanced by promoting its dimerization (244). The
anti-tumoural activity of ONC has also been attributed to its
action on microRNA {(miRNA) precursors (40). On the other
hand, the frog RNase inhibits the replication of HTV-1 through
directly targeting the viral RNA and host cellular tRNA (245,
246). A specific excision on host Lys-tRNA inhibits the virion
replication (101). A common tRNA targeting mechanism might
be shared with the oldest mammalian RNases. Moreover, a
similarity between the structural fold of tRNA and miRNAs
that are targeted by the frog RNase suggests that the RNA rec-
ognition and cleavage requires specific primary and secondary
structures (40).

Finally, identification and characterization of fish RNases
completes the overall picture of the vertebrate RNaseA fam-
ily (15, 247, 248). RNases identified in zebrafish (ZF-RNases)
shared the bactericidal, angiogenic and reduced catalytic
properties of hRNase5 (247). Catalytic activity for ZF-RNase5
was required for angiogenesis but not for antimicrobial action
(247). Interestingly, ZF-RNases 1 to 3 can activate the ERK1/2
kinase pathway similar to hRNase5 (249). Recently, the expres-
sion of several RNase2 and RNase3 paralogs in the pond-
cultured blunt snout bream fish induced by bacterial infection
was reported (250).
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OTHER EXTRACELLULAR RNases

RNases T2: A Family of Ancient

Extracellular RNases

RNaseT?2 family, in contrast with the RNaseA family, comprises
a group of proteins conserved from virus to humans, suggest-
ing a shared preserved function {31). The biclogical properties
of human RNaseT?2 have been extensively studied. The RNase
that works as a signaling molecule and is secreted by damaged
tissues has being classified as an alarmin (61). RNaseT?2 is stored
in the lysosomal compartment and contributes to the clearance
of cellular macromolecular debris. Its secretion can be induced
by oxidative stress and it participates in the regulation of immune
response. RNaseT2 is proposed to work as an RNA scavenger
in the extracellular compartment (31). Moreover, the human
RNaseT2 shows macrophage chemotaxis (30) and tissue remod-
eling activities in vitro. Similarly, the RNaseT2 secreted by the
eggs of the parasite Schistosoma mansoni, also named Omega-1,
can induce the release of pro-inflammatory cytokines by mac-
rophages during infection (251). Omega-1 can be internalized
into DCs and regulates their programming pathway by the
RNase-mediated cleavage of tRNAs and mRNAs and subsequent
impairment of protein synthesis. Another RNase T2 family mem-
ber that has been well characterized is the yeast RNaseT'2, named
Rayl, which is stored in cell vacuoles, similar to the storage of
other RNaseT2 members in lysosomes, and shows a selective
tRNA cleavage under oxidative stress equivalent to the activity
reported for hRNase5 (56). In addition, yeast RNaseT2 combines
its enzymatic action with other non-catalytic properties such as
binding to regulatory proteins and the destabilization of lysoso-
mal membrane, a mechanism that can trigger the programmed
cell death (56, 252). Overall, we observed common properties
between the RNaseA and the RNaseT2 family members, e.g.,
release of stress-induced tiRNA, leukocyte activation, or exRNA
scavenging (30, 31, 56, 250).

Plant Self-Incompatibility RNases
(S-RNases)

Plant S-RNases prevent self-fertilization and avoid inbreeding.
S-RNases exert cytotoxicity against the growing pollen tube by
targeting TRNA (253, 254). Each plant is endowed with specific
recognition patterns that can block the RNase activity of all
the S-RNases except its own, ensuring the degradation of pol-
len grains corresponding to its haplotype (255). Interestingly,
S-RNases exhibit a specific catalytic activity on tRNA when the
plants are exposed to stress (256).

Bacterial RNases as Inter-Strain

Competition Toxins

Going further down the evolutionary scale, we can find a wide
variety of bacterial RNases that participate in the bacterial
defense against external threats, e.g., presence of a competing
bacterial species, viral infection, or the defense response of the
infected host cell. Bacterial RNases can work as powerful toxins
selectively targeting coding and non-coding RNAs (257-259).
Among the non-coding RNAs, the specific cleavage of tRNAs

is a conserved regulatory mechanism shared from bacterial to
mammalian cells (56). Stress-induced tRNA cleavage is reported
for the Escherichia coli endoribonuclease Prrc in response to bac-
teriophage infection (260). Colicins are another group of E. coli
cytotoxic tRNases that block the protein synthesis machinery as
a defense mechanism against other microbial competitors (261).
Interestingly, comparison among the bacterial RNases suggest
an evolutionary convergence to acquire structural features that
enable the targeting of the tRNA anticodon loop (261). In simple
eukaryotes, such as the protozoa Tetrahymena, and the budding
yeast Saccharomyces cerevisiae, the release of specific tRFs during
starvation is also reported (256, 262). We can establish a parallel-
ism between the release of stress-induced tiRNA by prokaryotes,
primitive eukaryotes, and human RNase5 (6), as a mechanism
to downregulate protein synthesis. An intriguing question arises:
have the host defense mechanisms of vertebrate RNases evolved
from the ancestral prokaryotic inter-strain competition pro-
cesses? Although the RNaseA superfamily is vertebrate-specific,
the recent report of the structure of a bacterial RNase involved
in inter-strain competition highlights a shared protein scaffold
shaped for RNA recognition (32). However, the lack of sequence
identity between bacterial and vertebrate RNases and the absence
of any putative invertebrate intermediate suggests a convergent
evolution (32, 263). Thus, the origin of the RNase A superfamily
remains unknown. In contrast, the RNaseT2 family conserves its
ancestral lineage from prokaryotes to humans (56).

Similarities between unicellular self-defense and mammalian
innate immune mechanisms can provide novel strategies to boost
our own immune response. For example, macrophage immune
regulation by Bacillus RNase (binase) can triggerthe host cell anti-
tumor response (19) and the RNase T2 ofthe Schistosoma parasite
can modulate the host response {(250) and prevent the outbreak of
autoimmune diseases or diabetes (264, 265). Understanding the
uniqueness of RNases and their specificity for cellular RINAs will
lead to the development of novel therapeutics.

RNase TRAFFIC IN THE EXTRACELLULAR
SPACE

Extracellular RNases are released as secretory proteins by diverse
pathways into the extracellular compartment. Recent advances in
histochemical and cell analytical methodologies have unveiled the
structural and functional complexity of the extracellular space. A
rich world of secretory storage granules, transport vesicles, and
intracellular vacuoles ensures that the organism is fit to respond
to external stimuli.

Compartmentalization

Compartmentalization of RNA and RNases is an important
regulatory mechanism (266). RNases packed within secretory
granules will be selectively released upon action by diverse stimuli
(see Figure 1). In particular, eosinophil degranulation has been
thoroughly investigated and several secretory mechanisms have
been described (267). Intracellular granules can undergo piece-
meal degranulation, whereby small packets of derived vesicles are
mobilized toward the cell surface forsecretion (231). Alternatively,
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the cell storage granules can be freed as independent entities.
Free extracellular eosinophil granules can actively release their
content upon cytokine activation (167). Weller and co-workers
have extensively characterized the signaling pathways that medi-
ate the release of RNases by the free extracellular eosinophil
granules in humans and mice (149, 168). Free eosinophil granules
can be internalized by other innate cells, such as macrophages
(Figure 1) and thereby participate in the regulatory pathways of
the recipient cell. Extracellular RNases can also find a way back
into cells through the endosomal pathway (240, 268). Fortunately,
the cytosolic compartment of cells is protected from the potential
toxicity of RNaseA superfamily members by the action of the
RI, which constitutes about 0.1% of the total protein content in
the cytosol of mammalian cells (269). The RI is expressed in all
studied human tissues (143) and binds with an extremely high
affinity to mammalian RNaseA family members (in the fM range)
(270, 271). Interestingly, Raines and co-workers (270) identified
the avian and reptilian counterparts of mammalian RI but no
equivalent protein was detected in amphibians and fish, suggest-
ing a specific role for RI in higher order vertebrates (270). Recent
RI-knockout experiments confirmed the protective action of RI
toward cytosolic RNA against endocytosed RNases (272). The
inhibitor structure adopts a horseshoe conformation composed
of LRRs and exposed free cysteine residues. The inhibitor is func-
tional in its fully reduced state and is extremely sensitive to cellular
oxidative stress. Rl inactivation by partial oxidation can work as
a mechanism to switch on the RNase-mediated degradation of
cellular RNA under stress conditions (56, 270). For example, RI
participates in the regulation of hRNase5 subcellular localization
during stress conditions. Under stress, the cytosolic hRNase5 is
liberated from the RI complex, whereas the nuclear protein is
bound to the inhibitor, thereby downregulating cell growth (272).
Interestingly, the hRNase5 evasion of the cytosolic RT and migra-
tion to the nucleolus is also mediated by phosphorylation (273).
RI can also participate in the regulation of RNases expressed at
the epidermis (67). The secreted RNases in the skin provide a
protective barrier against invading pathogens. Degradation of
RI by proteases at the stratum corneum can liberate the RNases’
antimicrobial action during infection (67, 274). Regulation of
RNase activity by RI in the urinary tract has also been proposed
by Spencer and co-workers (275).

Intercellular Communication

Nowadays, novel methodologies have led to better understand-
ing of the functions of the extracellular compartment and have
proposed previously undescribed roles for secretory proteins.
RNases secreted by diverse stimuli (Figure 1) can participate in
intercellular communication in an organism (56). Of note, some
RNaseA family members have been detected within extracellular
vesicles (117,276,277) (Table 2) and selective RNA packaging into
the vesicles has been observed (278). This brings us back to the
pioneering biochemical work on the pancreatic RNaseA family
(3). The identification of the angiogenic activity of hRNase5 and
the suspicion that angiogenic factors might contain RNA (279)
hinted that exRNA might work as an intercellular communica-
tor (1). Novel sequencing methodologies confirmed hRNase5
selective cleavage of non-coding RNAs and the involvement

of the released products in immune regulation pathways (57).
Other pancreatic RNase family members may also have evolved
to acquire a non-digestive role and may contribute to the regula-
tion of the circulating exRNA content in blood (18, 280). James
Lee proposed that during vertebrate evolution the mechanism
of action of granulocyte proteins might have evolved from mere
localized action to an organized systemic response mechanism.
The increase in size and complexity of multicellular organisms is
accompanied by long distance stress signaling processes. In this
context, secretory RNases originally recruited at the damaged tis-
sue site to remove cellular RNA debris from dying cells could have
acquired a selective anti-pathogen activity to provide the host
protection against infection. An amoeboid-type secretory blood
cell initially adapted to localized response and tissue repair duties
would have acquired novel properties, allowing isolated tissue
cells to communicate over an extended distance and participate
in the overall systemic response (17).

ROLE IN HEALTH AND DISEASE

Overall, extracellular RNases display a variety of immune-related
activities that ensure that the organism is fit for survival. The
RNases participate in diverse tasks, from cellular housekeeping
to ensuring the sterility of body fluids (Table 1). Following tissue
damage by an external injury the RNases are expressed as alarm
signaling molecules (54, 60, 61). Their secretion at the inflamma-
tion site contributes to tissue repair and remodeling (52, 62). To
participate in the tissue healing process, the RNases can target and
remove the host-damaged cells. Selective cytotoxicity can be medi-
ated by the activation of autophagy or apoptotic pathways (72, 75).
To facilitate subsequent tissue remodeling, the RNases also func-
tion as cytokines and chemokines, displaying anti-inflammatory
activities and inducing chemoattraction of innate cells, such as
macrophages or DCs (29, 16-48). Other complementary activities
have been reported such as binding to nucleic acids, activation of
TLR receptors and removal of exRNA (54, 55, 76).

RNases™ expression can also be induced during infections and
the secreted RNases can directly participate in the killing of invad-
ing microorganisms (42, 84, 89) (Table 1). Overall, we observed
an organized distribution of tasks among the distinct host innate
cells that can ensure the coverage of wide spectra of potential
pathogens. On the other hand, there is also a downregulation in
RNased expression after extended periods of infection (Table 2).
A close inspection of the RNases” expression patterns suggests
an adaptive process by the intracellular-dwelling pathogens to
inhibit the host response and extend their survival lifespan.

Fortunately, extensive research on secretory RNases iscurrently
setting the basis for applied therapies. Clinicians are already tak-
ing advantage of the selective secretion of RNases for monitoring
and diagnosing inflammation. RNase3 levels are routinely used to
monitor asthma processes (51). Levels of hRNasel, hRNase3, and
hRNase7 are increased during sepsis and are proposed as mark-
ers for the diagnosis of organ failure (112). Another interesting
proposal is the use of RI as a cancer biomarker (281).

Furthermore, successful results achieved using experimen-
tal animal models promise therapeutic applications in the
near future. Removal of circulating exRNA shows beneficial
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anti-inflammatory properties following tissue damage (17, 29,
76). In particular, removal of blood exRNA can protect cardiac
tissue in hypoxic conditions (29, 76). Treatment with hRNasel
has been observed to reduce deposits of exRNA and inflamma-
tion in a mouse model of atherosclerosis (78). RNases can also
determine the fate of RNA stress granules. Under stress condi-
tions, hRNase5 accumulates within stress granules (282). Local
accumulation of RNA and alteration of RNA self-assembly is
associated with neurodegenerative diseases (283). Selective cleav-
age of cellular RNAs mediates response to stress stimuli (56, 57).
Overall, deregulation of non-coding RNA processing is a major
cause of immune-malfunctioning and serious diseases (284).

Some RNase A members can participate in biological functions
such as hematopoiesis and angiogenesis, and show anti-tumoural
properties mediated by selective cellular RNA targeting (6, 40,
285). The design of RNase constructs to develop specific immu-
notoxins that selectively target cancer cells is currently one of the
most prioritize research topics. ImmunoRNases are engineered
to be internalized by tumor cells, evade RI, and degrade cellular
RNA (26, 269, 286-289). A recent nanocarrier delivery system
using encapsulated RNaseA effectively achieves inhibition of
cancer cell proliferation (290).

RNases can also maintain the sterility of biclogical fluids
(100, 285). Eosinophils are involved in antiviral immunity and
eosinophil RNases might mediate host response by TLR7 activa-
tion (55). Expression of hRNase?2 is induced by HIV-1 infection
and recombinant hRNase2 administration is proposed as an
anti-HIV-1 therapy (100).
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