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Summary 

[CATALÀ] 

En els darrers anys, els pèptids de defensa derivats de l’hoste estan destacant com 
a candidats prometedors per esdevenir nous agents antimicrobians. En el nostre laboratori, 
hem estat treballant amb les RNases derivades dels grànuls de l’eosinòfil; la neurotoxina 
derivada de l’eosinòfil (EDN/RNasa 2) i la proteïna catiònica de l’eosinòfil (ECP/RNasa 
3), unes proteïnes del sistema immune innat que han demostrat tenir una activitat 
antimicrobiana d’ampli espectre.  

Després de diverses etapes d’optimització de fragment N-terminal de l’RNasa 3, 
que reté la major part de l’activitat antimicrobiana de la proteïna, els pèptids ECPep-D 
and ECP-2D-Orn han demostrat ser els més efectius contra bacteris in vitro. En base a 
aquests pèptids, vam establir un model d’infecció sistèmica en ratolins induït per A. 

baumannii per tal d’explorar-ne l’eficàcia in vivo. Primer vam demostrar que la toxicitat 
d’ambdós pèptids estava dins del rang normal en comparació amb altres pèptids 
antimicrobians. Els resultats també demostren que els ratolins tractats amb ECPep-D 
arriben a un 70% de ràtio de supervivència i l’alliberament de TNF-α es redueix en el 
grup tractat.  

Recentment hem dissenyat al nostre laboratori una proteïna quimèrica que hem 
anomenat RNasa 3/1 amb l’objectiu de mantenir l’alta activitat catalítica de la RNasa 1 i 
l’elevada activitat antibacteriana de la RNasa 3. Quan es combina amb colistina, la RNasa 
3/1 pot inhibir significativament l’adquisició de resistència d’A. baumannii a la colistina. 
Com a fet destacable, veiem que els mutants no catalítics de la RNasa 3/1 no tenen 
capacitat d’inhibir l’adquisició de resistència en combinació amb la colistina. Aquests 
resultats demostren que el mecanisme d’inhibició de la resistència dependria de l’activitat 
ribonucleasa de la RNasa 3/1 combinada amb la capacitat de disrupció de la membrana 
de la colistina, la qual cosa esdevé una nova estratègia per lluitar contra la resistència 
bacteriana als antibiòtics.  

Referent a l’ RNasa 2, s’ha reportat que la seva activitat catalítica és clau per la 
seva activitat antivírica. En aquesta tesi hem exposat macròfags THP-1 al virus respiratori 
sincitial  (VRS) per tal d’explorar com la RNasa 2 afecta les cèl·lules exposades al virus. 
Hem trobat que el VRS pot activar l’expressió de la RNasa 2 en macròfags i que la seva 
presència redueix la càrrega viral. També hem trobat diferències significatives en diversos 
tRNAs en comparar les poblacions de ncRNA en cèl·lules de tipus salvatge i amb un 
knock-out de l’EDN. Finalment, hem confirmat en aquest model ex vivo que la RNasa 2 
prefereix pirimidines a al seti d'unió de bases B1 i adenina a B2. 

A tall de conclusió, en aquesta tesi hem determinat l’activitat antibacteriana in 

vivo del pèptid ECPep-D, comparable a la d’altres pèptids antimicrobians. També hem 
elucidat la capacitat de la RNasa 3/1 de reduir l’adquisició de resistència d’A. baumannii 
a la colistina, la qual seria dependent de la seva activitat catalítica. Finalment, hem 
contribuït a definir el patró de tall de la RNasa 2 en tRNA. Tots aquests resultats ajudaran 
a avançar en la caracterització de les RNases antimicrobianes.  



 

II 
 

[CASTELLANO] 

En los últimos años, los péptidos de defensa derivades del huésped están 
destacando como candidatos prometedores para convertirse en nuevos agentes 
antimicrobianos. En nuestro laboratorio, hemos estado trabajando con las RNasas 
derivadas de los gránulos del eosinófilo; la neurotoxina derivada del eosinófilo (EDN/ 
RNasa 2) y la proteína catiónica del eosinófilo (ECP/RNasa 3), unas proteínas del sistema 
inmune innato que han demostrado tener una actividad antimicrobiana de amplio espectro.  

Después de varias etapas de optimización del fragmento N-terminal de la RNasa 
3, que retiene la mayor parte de la actividad antimicrobiana de la proteína, los péptidos 
ECPep-D y ECP-2D-Orn han demostrado ser los más efectivos contra bacterias in vitro. 
En base a estos péptidos, establecimos un modelo de infección sistémica en ratones 
inducido por A. baumannii para explorar su eficacia in vivo. Primero demostramos que la 
toxicidad de ambos péptidos estaba dentro del rango normal en comparación con otros 
péptidos antimicrobianos. Los resultados también demostraron que los ratones tratados 
con ECPep-D llegaron a un 70% de ratio de supervivencia y que la liberación de TNF-α 
se reduce en el grupo tratado.  

Recientemente hemos diseñado en nuestro laboratorio una proteína quimérica a la 
que hemos nombrado RNasa 3/1 con el objetivo de mantener la elevada actividad 
catalítica de la RNasa 1 i la alta actividad antibacteriana de la RNasa 3. Cuando se 
combina con colistina, la RNasa 3/1 puede inhibir significativamente la adquisición de 
resistencia de A. baumannii a la colistina. Como hecho destacable, vemos que los 
mutantes no catalíticos de la RNasa 3/1 no tienen la capacidad de inhibir la adquisición 
de resistencia en combinación con la colistina. Estos resultados demuestran que el 
mecanismo de inhibición de la resistencia dependería de la actividad ribonucleasa de la 
RNasa 3/1 combinada con la capacidad de disrupción de la membrana de la colistina, lo 
cual se convierte en una nueva estrategia para luchar contra la resistencia bacteriana a los 
antibióticos.  

Referente a la RNasa 2, se ha reportado que la actividad catalítica es clave para su 
actividad antivírica. En esta tesis hemos expuesto a macrófagos THP-1 al virus 
respiratorio sincitial (VRS) para explorar como la RNasa 2 afecta las células expuestas al 
virus. Hemos descubierto que el VRS puede activar la expresión de la RNasa 2 en 
macrófagos y que su presencia reduce la carga viral. También hemos descubierto 
diferencias significativas en diversos tRNAs en comparar las poblaciones de ncRNA en 
células de tipo salvaje y con un knock-out de la EDN. Finalmente, hemos confirmado en 
un modelo ex vivo que la RNasa 2 prefiere pirimidinas en el sitio de unión de bases B1 y 
adenina en B2. 

Como conclusión, en esta tesis hemos determinado la actividad antibacteriana in 
vivo del péptido ECPep-D, comparable con la de otros péptidos antimicrobianos. 
También hemos elucidado la capacidad de la RNasa 3/1 de reducir la adquisición de 
resistencia de A. baumannii a la colistina, la cual sería dependiente de su actividad 
catalítica. Finalmente, hemos contribuido a definir el patrón de corte de la RNasa 2 en 
tRNA. Todos estos resultados ayudarán a avanzar en la caracterización de las RNasas 
antimicrobianas.   
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[ENGLISH] 

In the last years, host-derived defense peptides (HDPs) are emerging as promising 
candidates for new antimicrobial agents. In our laboratory, we have been working with 
eosinophil granules derived RNases, eosinophil-derived neurotoxin (EDN/RNase 2) and 
eosinophil cationic protein (ECP/RNase 3), proteins from the innate immune system that 
have been proven to show broad antimicrobial activities. 

After several optimization steps of the N-terminal fragment of RNase 3, which 
retains most of the antimicrobial activity of the protein, ECPep-D and ECP-2D-Orn 
peptides have been proven to be the most effective against bacteria in vitro. Afterwards, 
a murine systemic infection model induced by A. baumannii was used here to further 
explore the efficacy of these peptides in vivo. We have first demonstrated that the toxicity 
of both peptides is within the normal range in comparison to that of other AMPs. Results 
also highlight that mice treated with ECPep-D have reached a 70% of survival rate and 
the release of TNF-α is reduced in the treatment group. 

Recently, we have designed in our lab a protein chimera named RNase 3/1 with 
the goal to keep the enzymatic ability of RNase 1 and the high antibacterial activity of 
RNase 3. When combined with colistin, RNase 3/1 can significantly hinder the resistance 
acquisition of A. baumannii to colistin. Interestingly, when a non-catalytic mutant of 
RNase 3/1 was combined with colistin, there was no delay of the bacterial resistance 
acquisition. Overall, the results highlight that this mechanism relies on the ribonuclease 
activity of RNase 3/1 and the membrane disrupting ability of colistin, which provides a 
new strategy to fight against bacterial resistance. 

In case of RNase 2, its catalytic activity has also been reported to be crucial for its 
antiviral activity. Here we have exposed respiratory syncytial virus (RSV) to THP1-
induced macrophages to explore how RNase 2 affects the virus-exposed cells. We have 
found that RSV can activate the expression of RNase 2 in macrophages and that its 
presence can reduce the viral load. We also compared the ncRNA populations in wild-
type and EDN-knock-out cells, finding significant differences in several tRNAs. In 
addition, we have confirmed in an ex vivo model that RNase 2 prefers pyrimidines at the 
base site B1 and adenine at B2.  

 To sum up, in this work we have determined the ECPep-D in vivo antibacterial 
activity, which appears to be comparable to other reported AMPs. We also have 
elucidated the RNase 3/1 ability to reduce the resistance acquisition of A. baumannii to 
colistin, which would be dependent on its catalytic activity. Finally, we have shed light 
on the tRNA cleavage pattern by RNase 2. All these results will help advancing on the 
characterization of antimicrobial RNases.  
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Introduction                            

 
 

1.1.   AMPs   

The emergence of untreatable diseases caused by bacteria, viruses and other 
pathogens has forced the researchers to seek new strategies for the treatment of these 
infectious diseases. The discovery of antimicrobial peptides (AMPs) has switched our 
view from traditional antibiotics to novel antimicrobial compounds. AMPs are good 
alternative candidates because of their versatility and efficacy both in vitro and in vivo. 
AMPs can be found in many organisms as host-defense peptides (HDPs), which act as an 
important first-defense line against the invasion of pathogens. 

1.1.1. Structures of AMPs 

Most AMPs are overall positively charged and sometimes adopt an amphiphilic 
secondary structure when exposed to a lipid bilayer. The ability of AMPs to form 
amphiphilic structures is attributed to the fact that they are usually composed of both 
cationic and hydrophobic amino acids, and the specific membrane-bound conformation 
is mainly determined by the primary sequence. The diverse structures of AMPs are 
pointed to serve its specific activity. A good understanding of the structure assists to 
explore the specific mechanisms of action of AMPs and offers a reliable reference for 
finding active part of HDPs as well as designing artificial AMPs.  

Proteins or HDPs are able to release the active fragments from their N/C- 
terminals and the antimicrobial region of AMPs also is frequently located on a specific 
part of the total structure 1,2. Meanwhile, the length, net charge and hydrophobicity related 
to the possible secondary structures are often used as basic parameters for in silico design 
of structure-based AMPs 3. Based on different structural elements and amino acid content, 
AMPs are divided into several categories 4,5.  

 1）α-helical AMPs: Cecropin A, one of the first discovered AMPs and LL-37, a very 
well-studied AMP belong to this group (Figure 1a), among which linear amphiphilic 
α-helical structures are observed when interacting with cell membranes. The 
cationicity with a stable amphiphilic helix structure contribute to their enhanced 
activity 6. According to the antimicrobial peptide database (APD3), helical AMPs 
occupy one of the highest proportion in AMPs with structure already known 7. 

2) β-sheet AMPs: The representative ones are defensins, which are cationic, 
amphiphilic and cysteine-rich to form disulfide bonds for their stability. Over 15% 
of AMPs included in APD3 have a least one disulfide bond 7, which is demonstrated 
to be necessary for its activity. For example, human defensins such as human 
neutrophil peptide-1 (HNP-1) and human defensin 5 (HD5) (Figure 1b), have six 
cysteines and thereby three disulfide bonds. 

3) AMPs with both α-helix and β-sheet: Members of the human RNase A superfamily 
(Figure 1c), which are small antimicrobial proteins acting in similar ways as AMPs, 
fall into this kind of structures 8,9. Many defensins from plants or invertebrates also 
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present both α-helices and β-sheets in the total structure to form the cysteine-
stabilized αβ-motif (Figure 1d), which targets fungi or bacteria 10.  

4) Anionic AMPs: They are a group of AMPs with negative net charge from -1 to -7 
(Figure 1e). Some of them can exert the antimicrobial activity by using metal ions 
like Zn2+ to form cationic salt bridges with negatively charged membranes. There are 
many examples of anionic peptides found in humans 11.  

5) AMPs rich in specific amino acids: This group includes here the AMPs that are 
histidine-rich, proline-rich and/or tryptophan-rich, which can be either anionic or 
cationic and mostly have intracellular targets 12. For example, histatin peptides with 
antimicrobial activity are histidine-rich and are mainly secreted by salivary glands 13. 
Indolicidin (Figure 1f) is a tryptophan-rich AMP with a linear extended structure 14. 
These hydrophobic residues contribute to provide a conformation that helps the 
AMPs to interact with cell membranes 12.  

 
Figure 1. Structures of representative AMPs. a) NMR structure of LL-37 (PDB: 2K6O); b) NMR 
structure of HD5 (PDB: 2LXZ); c) X-ray crystal structure of ECP (PDB: 1DYT); d) NMR structure 
of Eurocin (PDB: 2LT8); e) NMR structure of Dermcidin-1L (PDB: 2KSG); f) NMR structure of 
Indolicidin (PDB: 1G89). α-helix in the structure is indicated in pink, β-sheet in blue, cysteine to 
shape disulfide bridge in yellow and tryptophan in Indolicidin in red. 

1.1.2. Antimicrobial Activity of AMPs 

AMPs have multiple biological activities, among which over 80% show 
antibacterial activity, followed by anti-fungal, anti-tumor, anti-methicillin-resistant 
staphylococcus aureus (MRSA) and anti-viral activity (Figure 2). Clearly, the 
antimicrobial activity accounts for most of the application of AMPs and many 
antimicrobial mechanisms have been well studied even if not fully understood. In general, 
AMPs usually exert membrane permeability on Gram-negative bacteria, which can 
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reduce the possibility of bacterial resistance in comparison with traditional antibiotics that 
specifically target cell wall, DNA or RNA and protein synthesis. AMPs also have anti-
biofilm and immune-regulation activities. 

 

Figure 2. Statistics figure of different biological activities of AMPs. Antimicrobial activity is the 
main properties of the AMPs reported. However, AMPs can also act for example as anti-tumor or anti-
diabetic drug candidates. The figure was drawn based on data (total 3411 AMPs) referred from APD3. 
(https://aps.unmc.edu/statistic/function, accessed on 2022.05.17). 

1.1.2.1. Antibacterial mechanism 

AMPs can target either on cell membranes or also on intracellular key compounds, 
but the former one is the main mechanism for their unique structural properties as 
commented above 15. There are several models for the membrane-disruption mechanism 
of AMPs indicated, including “carpet-like”, “barrel-stave” and “toroidal-pore” models 4. 
No matter which kind of membrane targeting model is adopted, the central idea is that 
positively charged AMPs can initially interact with negatively charged cell membranes, 
exert their amphipathic properties and destroy the stability of cell membranes, thereby 
inducing its internal components leakage and leading to the bacteria death.  

Cell wall 16 and intracellular components 17 like DNA, RNA and ribosomes are 
other sites of action of AMPs. For Gram-positive bacteria, cationic AMPs can firstly bind 
to lipoteichoic acids in the cell wall and then interact with negatively charged lipids in 
the cytoplasmic membranes after uptake 18. In addition, once AMPs cross membranes 
without destroying seriously the bacterial cell membranes and enter into cells, they can 
block the key processes of bacterial reproduction.  

There are still a few AMPs with catalytic activity related to the antibacterial 
mechanism. For example, the human proteinase, cathepsin D, is found to kill bacteria 
through proteolytic activity 19. Some AMPs, derived from the host, also present 
immunomodulatory abilities and participate in host immunity by stimulating the 
inflammatory factors or inducing autophagy as well as apoptosis of cells 20. 
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1.1.2.2. Anti-biofilm mechanism 

Biofilms are composed of one or more microorganisms that survive in a self-made 
polymer matrix and then adhere to many surfaces, such as medical devices. There are 
compounds like exopolysaccharides (EPS), nucleic acids, and proteins inside the biofilms 
that provide a protective barrier for internal bacteria and are not easy to destroy. The first 
mechanism of AMPs on biofilms still relies on their membrane disruption ability. They 
can degrade the negative polysaccharides as well as bacterial membranes and act on every 
phase of its formation by working alone or in combination with antibiotics 18. One of the 
advantages of AMPs against biofilms and resistant bacteria is their rapid effect, which 
makes it difficult for bacteria to adapt. AMPs can also inhibit signal transmission in the 
biofilms such as quorum sensing, which is a communication system to regulate bacterial 
virulence and gene expression at high cell densities 21.  

Additionally, Gram-negative bacteria are able to form outer membrane vesicles 
(OMVs). OMVs are spherically small vesicles secreted by bacterial outer membranes 
enriched with toxins and virulence factors  22. They are released by bacteria grown in 
media or in biofilm and act as carriers to convey information between cells. OMVs are 
also a target of AMPs as they are derived from the outer membranes of bacteria. 

1.1.2.3. Antiviral mechanism 

Many AMPs are reported to have antiviral activity and are thereby named as 
antiviral peptides (AVPs) 23. Like the primary antibacterial mechanism, the antiviral 
mechanism of AMPs depends on their ability to destroy the viral envelope derived from 
the host cell membranes. Other mechanisms can also be involved, such as blocking the 
receptors necessary for the viruses to bind to the host cell and targeting on important 
enzymes related to viral reproduction 24.  

As related to this thesis, it is noteworthy that RNase-derived AMPs could take 
advantages of their catalytic activity to degrade the viral RNA directly 25. 

1.1.2.4. Synergistic mechanism 

AMPs show synergy with antibiotics or AMPs against Gram-positive and Gram-
negative bacteria. The main synergistic mechanism is due to the membrane destruction 
ability of AMPs, which effectively promotes the uptake of antibiotics into cells, so 
antibiotics can exert their antibacterial effects when they are at a concentration lower than 
their minimum inhibitory concentration (MIC). In fact, applying the combination of 
antibiotic with AMPs highly decreases the possibility of drug resistance compared with 
using non-supplemented antibiotics.  

Most recently, enzymatic activity seems to appear as another synergistic 
mechanism. Two human HDPs, LL-37 and RNase 1, show synergy against bacteria. The 
underlying mechanism of this synergy would be thanks to the pore formation by LL-37, 
which could facilitate the RNase 1 entrance into the bacteria’s cytosol and trigger the 
cleavage of bacterial RNA 26. 
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1.1.3. Current Progress in AMPs 

AMPs have been gradually discovered to play an important role in fighting drug-
resistant bacteria and viruses, as well as in preclinical research for antibacterial treatment. 
However, the main dilemmas that scientists face in the clinical application of AMPs may 
be attributed to their low biostability and biosafety. Some AMPs can be degraded by 
proteolytic enzymes and show toxicity, immunogenicity or hemolytic activity in vivo. To 
maximize their biological activities and minimize their cytotoxicities, many strategies are 
used to optimize natural AMPs based on the knowledge of their structures and properties. 

1.1.3.1. AMPs as promising antimicrobial agents 

To date, the advantages of AMPs are summarized as follows: 

1) Wide range of targets from bacteria to viruses or even biofilms because their 
disruption effect on lipid membranes and broad-spectrum antibacterial activity 
against either Gram+/Gram- bacteria or resistant bacteria.  

2) Low toxicity as they are prone to proteolysis and many of them are host derived.  
3) Synergy with different kinds of antibiotics to reduce the applied dose of antibiotics 

as well as the possibility of resistance. 
4) Immunomodulatory ability superior to traditional antibiotics. 
5) Catalytic activity of some AMPs, which helps to degrade key compounds in the cells 

and block intracellular communication.  

1.1.3.2. Bacterial resistance to AMPs 

Several resistance strategies of bacteria to AMPs are already reported 27,28: 

1) Modification of the surfaces to reduce the attachment of AMPs. One of the 
resistance mechanisms of A. baumannii against colistin (a short AMP used as a last-
resort antibiotic) is the total loss of lipopolysaccharide (LPS) from its cell wall 29.  

2) Proteases or molecules produced by bacteria to degrade or sequester AMPs. The P. 

aeruginosa elastase can hydrolyze LL-37 30 and dermatan sulphates released from 
proteoglycans degraded by extracellular proteinases of bacteria can bind to HNP-1, 
the bactericidal activity of which is thereby neutralized 31. 

3) Efflux pumps. Deletions of the genes encoding the proteins related to the resistance-
nodulation-division  (RND) efflux system in Vibrio cholerae increase the bacterial 
susceptibility to polymyxin B 32 and the Klebsiella pneumoniae AcrAB efflux system 
can mediate bacterial susceptible to AMPs including HNP-1 and β-defensins 33. 

4) Biofilm formation. One of the matrix components, EPS, is involved in the biofilm 
resistance thanks to its interaction with AMPs, although  the underlying mechanisms 
are not totally known 18,34. It is reported that the presence of the positively charged 
polysaccharide intercellular adhesin (PIA), among the predominant negatively-
charged EPS components, protects bacteria from cationic AMPs thanks to  
electrostatic repulsions. In addition, PIA can also protect bacteria from an anionic 
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AMP, dermcidin, by a different mechanism 35.  

1.1.3.3. Methods to optimize AMPs 

With the functional and structural knowledge we have, there are several strategies 
to optimize AMPs or improve their effects 36,37. 

1) Reducing the peptide size to its active domains is the primary way to get shorter and 
cheaper AMPs 38. Active fragments can be located at the C-/N-terminus of AMPs or 
regions enriched in some specific amino acids 2.  

2) The biological properties of AMPs can be optimized by replacing certain amino 

acids. The positively charged amino acids such as lysine or arginine are important 
for the antimicrobial activity of AMPs 39. Arginine substitution shows more 
effectivity because of the stronger H-bond binding ability of the guanidine moiety 40. 
Although the improved hydrophobicity and cationicity can enhance the antibacterial 
activity of AMPs, it usually correlates with an increase of cytotoxicity. Therefore, 
structural parameters such as net charge, hydrophobicity, amphipathicity and helicity 
must be considered comprehensively when optimizing AMPs. Meanwhile, it is 
important to consider the final peptide structure, the relative position of key residues 
within the chain and the length of adopted secondary structures, to improve the 
designed AMP efficiency 41. Besides, unnatural amino acids, among which D-amino 
acid substitution is the most common one, can help to increase biostability and even 
the antimicrobial activity of AMPs 42. For example, non-coded amino acid 
substitution like α-aminoisobutyric acid 43 or ornithine, has specific structures that 
could enhance the biostability and activity of the peptides 44.   

3) In silico studies have successfully assisted in the design and development of AMPs. 
Many studies demonstrated that not only the properties, such as net charge or 
hydrophobicity of AMPs, can be optimized, but also good performance of AMPs can 
be generated by genetic or machine learning algorithms 45,46.  

4) Novel carriers such as nanoparticles intending to alleviate the pharmacokinetic 
/pharmacodynamic drawbacks of AMPs, optimize their biostabilities and reduce their 
cytotoxicities have been widely developed and tested in vivo 47.  

1.2. The Ribonuclease A Superfamily 

We must now trace back to the 70s and 80s of the 20th century, when several 
scientists won Nobel prizes owing to the research of the bovine pancreatic ribonuclease 
A (RNase A). RNase A (Figure 3), as the reference member of the family, is the first 
sequenced protein and the third enzyme which 3D structure was solved 48. In humans, 
there are already 13 members homologue to RNase A, where the first 8 are characterized 
as functional proteins with enzymatic activity, known as canonical RNases (Figure 3A) 
and the last 5 are defined as non-canonical RNases with limited actions reported. The 
distribution and diverse basic characteristics of RNases 1-8 are summarized in Table 1.  
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Figure 3. A) Sequence alignment of the 8 canonical human RNases with bovine RNase A. The 
three residues required for catalytic activity are drawn in blue boxes; the cysteine residues to form 
disulfide bonds in yellow boxes; other complete conserved amino acids in red boxes. The alignment 
was done by Clustal Omega 49 (https://www.ebi.ac.uk/Tools/msa/clustalo/) and the figure was 
obtained from ESPript 3.0 50 (https://espript.ibcp.fr/ESPript/ESPript/index.php). B) 3D structure of 

bovine RNase A (PDB: 1FS3). Basic skeleton of this structure is colored in grey and other colors are 
indicated using Figure 3A code, with additional color in pink for partially conserved residues which 
are in blue boxes and red letters in the sequence alignment. C) Phylogenetic tree of RNases 1-8. The 
figure was drawn by Simple Phylogeny with the Neighbour-joining method 49 
(https://www.ebi.ac.uk/Tools/phylogeny/simple_phylogeny/). 

Table 1. General Characteristics of Human RNases 1-8 

 
Net 

Charge a 

Hydrophobic 

Residue (%) a 
Tissue Specificity b 

RNase 1 11 28 Pancreas, Body fluids 
RNase 2 7 34 Liver, Lung, Spleen, Leukocytes, Body fluids 
RNase 3 13 36 Blood, Bone marrow 
RNase 4 7 32 Liver 
RNase 5 11 28 Liver, Endothelial cells, Spinal cord neurons 
RNase 6 8 37 Lung, Spleen, Leukocytes 

RNase 7 16 32 Epithelial tissues, Liver, Kidney, Heart, 
Skeletal muscle 

RNase 8 4 31 Placenta 
a Summary from APD3 (https://aps.unmc.edu) 
b Summary from UniProt database (https://www.uniprot.org/) 
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1) RNase 1, also called pancreatic ribonuclease, is the enzyme with the highest 
endonuclease activity in the family 51.  

2) There are 2 RNases isolated from human eosinophil granules. One is RNase 2 
(eosinophil-derived neurotoxin, EDN) and the other one is RNase 3 (eosinophil 
cationic protein, ECP), which shares 67% sequence identity with RNase 2. Both are 
reported to have various biological functions. RNase 2 has an antiviral activity as 
well as RNase 3 has a good inhibitory effect on bacteria 52. 

3) RNase 4, considered the most ancestral among the human RNases with a strong 
preference for uridine thanks to its unique active-site pocket has been suggested to 
be involved in some specialized biological functions currently unknown 53,54. It has 
high sequence identity to RNase 5, a RNase that has weaker ribonucleolytic activity 
but many other properties, like angiogenesis and transfer RNA (tRNA) cleavage 
related cell-stress response 55. 

4) RNase 6 is expressed in neutrophils and monocytes and in a wide variety of tissues 
56. It has similar antimicrobial activity as RNase 3 and has been proposed to have a 
secondary catalytic triad (His 36, His 39 and Lys87) 57.  

5) The last two are RNase 7 and RNase 8 which show 78% similar primary structure, 
but their functions seem to be different 58. RNase 7 is predominant in epithelial cells 
and has high antibacterial activity, but the function of RNase 8 is still controversial. 

1.2.1. Catalytic Activity 

RNase A cleaves RNA by following a two-step process shared by all the RNase 
A superfamily members. The first step is transphosphorylation, which forms a cyclic 
phosphate (cP) and breaks the single-stranded RNA (ssRNA). Then, the cP is hydrolyzed. 
The mechanism and catalytic triad residues are illustrated in Figure 4A. 

 
Figure 4. Mechanism of RNA cleavage by RNase A. A) Diagram of the catalytic mechanism of 

RNase A. Reaction starts with a transphosphorylation step followed by hydrolysis. The catalytic triad 
is marked in blue, the phosphate group where the reaction occurs in red and the participating H2O in 
green. Modified from Fisher et al 1998 59.  B) Diagram of the identified binding sites in RNase A. 
Residues belonging to P1, where catalysis takes place are highlighted in blue and the cleaved 
phosphodiester is in red. Taken and modified from Parés et al. 1991 60.  
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Detailly, in the first step, a nitrogen on His12 imidazole group accepts a proton 
from the 2’-OH on the ribose and induces a nucleophilic attack on the neighboring 
phosphorus, while a nitrogen on His119 provides a proton to the 5'-O of 3'-RNA, thereby 
forming a 2’3’-cP intermediate and breaking the phosphodiester bond, releasing a free 5’-
OH on the 3’ RNA fragment. During these processes, the positive-charged amino group 
on Lys41 helps to maintain the stability of the transition state intermediary 48. In the 
second step, the roles of His12 and His119 are reversed. The His119 accepts one proton 
from a H2O molecule to activate the free -OH nucleophilic attack on the phosphorus, and 
then His12 provides a proton to the 2'-O, causing the cyclic bond breakage and leaving a 
3’ phosphate group on the 5’ RNA fragment.  

There are also several binding sites within the RNase A structure named as R0-
Rn , which bind to riboses, B0-Bn to bases and P0-Pn to phosphate groups from 5’ to 3’ 
end of RNAs (Figure 4B). The P1, conserved in all the members of human RNases, is the 
main catalytic site as shown before. Others are non-catalytic binding sites important for 
the substrate recognition. It is known that the B1 is pyrimidine-specific and the B2 prefers 
purines 61. Site-directed mutations at the binding sites can alter the enzyme capacity of 
interaction 62 and it is found that RNases have different efficiency on RNA cleavage and 
present distinct substrate preferences due to their sequence diversity. It is known that 
RNase 1 prefers poly(C) to poly(U) while RNases 2-4 do the opposite 9. Although human 
RNase 1 conserves all the amino acids in the RNase A substrate-binding subsites, it 
presents higher endonucleolytic preference 51. It is also found that RNase 3 shows lower 
catalytic activity possibly related to the weaker or absent interaction with B2 and p2 
subsites 63. In addition, RNase 1 and RNase 5 target the anti-loop of various tRNAs to 
produce tRNA halves 64,65.   

1.2.2. Antimicrobial Activity 

The antimicrobial activity of RNases is one of the key points to discuss in this 
work, as is the main topic of the results of the thesis. Figure 5 summarized the main anti-
infective activities of each RNase according to the type of pathogens. 

 

 

Figure 5. Antimicrobial activity of 

RNases. The antimicrobial functions 
of different RNases are indicated 
with arrows pointing to the 
corresponding pathogens. Among 
the 8 well-studied human RNases, 
RNase 3 has a high activity on all 
tested microorganisms, whereas 
RNase 2 has a high antiviral activity. 
Other RNases (such as RNase 1, 5 
and 8) have more limited activities. 
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RNase 3, the most studied protein, has a broad-spectrum antimicrobial activity. 
Already in 1990s, ECP has been found to have anti-parasite ability 66 and then the antiviral, 
antibacterial, antifungal activities as well as the proposed mechanism were reported 67. It 
is pointed out that the membrane disruption ability is the main mechanism contributing 
to RNase 3 antimicrobial action. 

On the other hand, it is reported that RNase 7, a major component in skin defense, 
has a broad-spectrum activity on microbes 68. Similar to RNase 3, RNase 7 is highly 
cationic but rich in lysine and it destroys the bacterial membranes with a model different 
from RNase 3 69,70. In particular, RNase 7 is overexpressed in cells infected with 
Mycobacterium tuberculosis and attaches to the cell wall 71. This suggested that it might 
play a role to fight tuberculosis. Interestingly, it seems that the antibacterial activity of 
either RNase 3 or RNase 7 is independent to its ribonuclease activity even if the catalytic 
activity of RNase 7 is over 50-fold higher than that of RNase 3 72. On the contrary, the 
antiviral activity of RNase 3 and RNase 2 relies on its ribonuclease activity and RNase 

2 is far more effective on respiratory syncytial virus, group B (RSV-B) than RNase 3 73,74. 
RNase 2 has also anti-parasite activity as RNase 3 66. 

For other members, RNase 1 is recently reported to inhibit E. coli strains, C. 

albicans and C. glabrata. Interestingly, the mechanism on fungi is proposed to be related 
to the damage of the mitochondria instead of the cell membranes 75.  

Although RNase 5 is effective on fungi and Gram-positive bacteria, the results 
are still controversial 76,77. Recent research demonstrated that RNase 5 is also able to 
target Mycobacterium tuberculosis 78. Although the anti-viral activity of RNase 5 is not 
reported so frequently as RNase 2, it is involved in the formation of stress granules (SGs) 
when cells are under viral stress 79.  

Next, RNase 6 is observed to display antibacterial activity and the mechanism 
against Gram-negative bacteria contributes to its membrane disruption ability 80,81.  

RNase 8 has been proposed to have antibacterial activity, but its activity needs to 
be further explored 58,82.   

1.2.3. Immunomodulatory Activity 

RNases are expressed in various cell-types, tissues and organs (Table 1). They can 
activate the immune system at a concentration lower than the one needed for direct killing 
of pathogens.  

As shown in Figure 6, following pathogen invasion or some other cell stress 
situation, such as injury or inflammation, the expression of RNases upregulates to 
modulate the immune system. The immunomodulatory activity of RNases is achieved by 
multiple mechanisms such as recruiting the immune cells to the focus of infection, 
inhibiting the expression of pro-inflammatory factors or cytokines and removing of 
extracellular RNAs 83. RNases may also function as alarmins and chemoattractants.  
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Figure 6. Illustration of the immune-modulatory properties reported for human RNase A family 

members. Induction stimuli, expression cell type, and regulation pathways are indicated. Dotted line 
indicates regulation paths and solid line indicates expression and secretion processes. Taken and 
modified from Lu et al 2018 84. 

To begin with, RNase 1 and RNase 2 induce the maturation and activation of 
dendritic cells to produce mediators such as interleukins and macrophage inflammatory 
proteins, even though RNase 2 is more effective 85. RNase 2 can also serve as a 
chemoattractant or an alarmin for its ability to promote antigen recognition, thereby 
strengthening the immune response 86,87. Besides, RNase 2 as well as RNase 3, is found 
to have a potential to be a biomarker because its level varies in the biological fluids 
depending on whether there is inflammation in the body 88,89. In addition, RNase 3 can 
take part in tissue remodeling and chemotaxis of fibroblasts 90.  

Next, RNase 4 plays a role in angiogenesis and neuroprotection 91. Recently, the 
antibacterial activity of RNase 4 against uropathogenic E. coli has been reported 92. 
However, reports related to this RNase are still very limited. RNase 5, sharing a high 
sequence identity with RNase 4, also has angiogenic and neuroprotective properties. 
Moreover, it is demonstrated that RNase 5 may suppress the inflammatory response 
induced by tumor necrosis factor-alpha (TNF-α), contribute to the formation of SGs and 
inhibit the degranulation of polymorphonuclear leukocytes 93–96.  

Regarding RNase 6, it is upregulated in inflammation-related diseases and a 
downregulation is observed when the inflammation enters in the middle stages 84. 
However, there are still not enough evidences on a physiological immunomodulatory role 
for RNase 6. Discovered first in human skin, RNase 7 plays a key role in innate immune 
defense of epidermis and epithelium 72,97,98 and can also serve as an alarmin 99.  
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Interestingly, there are growing evidences that these RNases can alter cellular 
RNA metabolism by targeting non-coding RNAs (ncRNAs). RNA fragments represent 
an emerging ncRNA family that participates in many biological processes. RNase 5 was 
found to be related to the production of tRNA-derived fragments (tRFs) associated to 
various biological functions 95,100 and RNase 5-related tRFs were generated selectively 
by targeting the anticodons of tRNAs in human cell lines 64. Another member in this 
family, RNase 2, in synergy with RNase T2, was reported to cleave preferentially at 
uridine position to produce RNA ligands for Toll-like receptor 8 (TLR8) 101.  

To summarize, RNases existing on the skin and epithelial tissues can act as the 
first line of cutaneous defense 97 and can be overexpressed for acute inflammation monitor 
102. They also participate in the clearance of damaged cells and in tissue repair. In addition, 
it is worth emphasizing that the roles of human RNases on ncRNA are being gradually 
unveiled, which may present a key characteristic among this family, and thereby studies 
are continuously needed. 

1.2.4. Eosinophil Granules Derived RNases 

It is widely known that the eosinophils, as part of the innate immune system, play 
an important role in human health and diseases 52. Eosinophils not only act in many 
diseases such as asthma and chronic obstructive pulmonary disease (COPD) 103 but also 
possess host defense capabilities on infectious diseases including coronavirus disease 
2019 (COVID-19) 104,105. There are four main proteins discovered in eosinophil granules: 
EDN, ECP, the major basic protein (MBP) and the eosinophil peroxidase (EPO). As 
outlined before, the two eosinophil RNases, EDN and ECP are widely studied. EDN 
presents high activity against viruses while ECP has widespread bactericidal activity with 
a high affinity for LPS and cellular membranes due to the presence of 19 arginine residues 
which, in turn, can result in high cytotoxicity.  

Previous studies in our lab have identified by a rational structure minimization 
that the active part of ECP to kill pathogens is located on its N-terminus 106 and the regions 
important for its diverse activities were also identified (Figure 7).  

 

 

Figure 7. Representation of three-

dimensional structure of ECP with 

the key regions.  The first two helixes 
contribute to the antimicrobial activity. 
The 8-16 residues in the first helix are 
involved in the protein-protein 
aggregation while the 33-36 residues 
are important for heterosaccharide 
binding, such as glycosaminoglycans 
(GAGs) and LPS binding. Taken from 
Boix et al. 2012 107.
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Next, the size of an active ECP-derived peptide was reduced by retaining the first 
two α-helixes, that include the bacterial agglutination and LPS-binding regions, while 
removing the unnecessary residues at both helixes ends. The final optimized peptide was 
named ECP(5-17P24-36) (Figure 8) 108. 

 
Figure 8. ECP(5–17P24–36) peptide design. A) Structure representation of ECP, its N-terminal 

peptide and the ECP(5-17P24-36) peptide 108. B) ECP N-terminal and ECP(5-17P24-36) 

sequences. The secondary structure elements of the peptide are shown. Taken from Villalba 2015 109, 
modified from Torrent et al. 2011 106. 

1.3. Pathogens and Host-pathogen Interplay 

Pathogens are, by definition, microorganisms, viruses, parasites or other infective 
agents that cause diseases. They invade human bodies as well as other life forms in nature 
inducing, directly or indirectly, mild to severe damage to the host. To face this situation, 
the host develop many strategies to fight them, such as activation of immune cells and 
secretion of anti-pathogenic components.  

1.3.1. Pathogens 

Viruses, bacteria, fungi, and parasites are the four most common infectious-
disease pathogens, posing a huge threat to human health. It is indicated that bacterial and 
viral infections are among the top reasons that lead to sudden death related to infections, 
mainly because of the uncontrollable mass inflammation in the circulatory system 110. 
When repeatedly exposed to drugs, pathogens gradually tolerate the drug  and eventually 
could acquire resistance to them. Insufficient drug dosage, long-term use and 
environmental drug spreading are some of the main causes of the emergence of drug 
resistance. Once one pathogen has been able to resist a drug, it can start to spread these 
resistance genes. Drug-resistant strains are hereditary. Therefore, while working on the 
development of new antimicrobial drugs, an in-depth understanding of microorganisms 
and their drug-resistance mechanisms is necessary to fight against the resistance 
development.  

There are two pathogens that will be introduced here in detail, as they are the two 
mostly studied in this thesis. One is Acinetobacter baumannii (A. baumannii), a Gram-
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negative bacteria with great ability to escape the effect of antibiotics. The other one is the 
respiratory syncytial virus (RSV), which is a common enveloped negative single-stranded 
RNA [(-)ssRNA] virus belonging to the Paramyxoviridae family.  

1.3.1.1. Acinetobacter baumannii 

A. baumannii is a common specie of Acinetobacter bacteria and has become a 
cause of hospital infection, especially in intensive care units if the medical instruments 
are not properly cleaned. It causes bacteremia, pneumonia, meningitis or skin infections. 
According to World Health Organization (WHO), multidrug-resistant (MDR) A. 

baumannii strains will be in the future one of the major concerns on public health 111. 

A. baumannii are Gram-negative bacteria which have lipooligosaccharides (LOS)  
on their outer membranes and can release OMVs (Figure 9). They exist widely in nature. 
A. baumannii can form biofilms on various surfaces including inanimate and air-liquid 
interface called “pellicles” 112,113. Basic components from A. baumannii as well as their 
derivatives contribute to its virulence factors, outer membrane protein A (OmpA), LOS 
or phospholipase, and its metal acquisition function 111. The release of OMVs can also 
mediate the intracellular transfer of signaling molecules and virulence factors 114. OMVs 
not only help to maintain the cohesion of the bacterial community, but also induce the 
expression of cytokines in host cells 115 and delivery virulence factors to the host cells 116.  

 
Figure 9. A) The form and release of OMVs. Many signal components including genes or misfolded 
proteins are stored in bacterial OMVs, which help the spread of signals between bacterial cells. B) 

Structures of various LPS. LPS, produced by most Gram-negative bacteria, consists of lipids and 
polysaccharides contain repeating O-antigens at the terminal. LOS is the one that lacks O-antigen. 
Other truncating types (LPSRc and LPSRd) are also indicated. Modified from Pulido et al 2016 117. 

At the beginning of an A. baumannii infection, the main immune cells will be 
activated. Although the real roles of neutrophils and macrophages in clearance of A. 

baumannii are still controversial, cationic HDPs including LL-37 and defensins have been 
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identified to kill A. baumannii directly. However, A. baumannii is also able to escape the 
host immune response through some key compounds in its cell machinery 118. For 
example, capsular polysaccharides with negative charge may prevent negatively charged 
immune cells from contacting them 118 while hepta-acylation of lipid A in LOS can 
protect A. baumannii from cationic AMPs 119. The plasticity of its genome allows it to 
quickly respond to the adversity and stress through genetic mutations.  

In general, A. baumannii tolerates antibiotics by many strategies 120–122, as detailed 
below:  

1) Specific enzymes. For example, β-lactamases produced by A. baumannii degrade the 
β-lactam antibiotics while several aminoglycoside-modifying enzymes will modify 
the structure of aminoglycoside antibiotics 121.  

2) Efflux pumps. There are many efflux pumps, such as AdeABC and CmlA, identified 
in A. baumannii to fight against aminoglycoside and chloramphenicol 123.   

3) Porins. The deletion of porins like OmpA decreases the permeability of cephalothin 
and cephaloridine in A. baumannii 124 and many porins related to carbapenem 
resistance were also reported 125.  

4) Changes of the target sites. Mutations of key compounds in A. baumannii like LOS, 
RNA polymerase, DNA gyrase or topoisomerase IV may decrease the sensitivity of 
antibiotics to their target sites 121.  

Overall, the continuous emergence of MDR A. baumannii makes greater pressure 
for the antibacterial treatment. A good understanding of its resistance mechanism is 
necessary to discover the vulnerabilities of bacteria and thereby develop better 
antibacterial drugs. 

In addition to bacteriology research at the molecular level, animal models are also 
widely used in preclinical researches to study this pathogen further and develop more 
efficient antimicrobial drugs 111. Animal models are an effective way to simulate human 
diseases. Although there are many models based on different animals or systems available, 
the mouse infection models are undisputedly the most used. In particular, some 
representative mouse infection models induced by A. baumannii have been developed 111.  

For skin and soft tissue infection models, it is first necessary to damage the 
superficial surface by mechanical induction or burns and then smear or inject bacteria 
into the wound. The advantages of this model are that it is non-lethal and convenient to 
monitor the wound parts as well as treatment effects. But it is hard to demonstrate the 
related host response to skin and soft tissue infection models 111. Another common model 
induced by A. baumannii is the lung infection/pneumonia model, in which bacteria are 
applied through intranasal or intratracheal inoculation 126,127. It is proposed that intranasal 
administration may closely mimic human respiratory infections but there are no reports 
supporting this hypothesis. The host immune response of cytokines in this model can be 
monitored in bronchoalveolar lavage fluid.  
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Compared to the lung infection model, the systemic infection/sepsis model is less 
hard to achieve, which can be set up by directly administering the bacterial suspension 
supplied with/without 5% mucin intraperitoneally to the mice. Also, the levels of pro-
inflammatory cytokines responding to the sepsis are easily detectable in serum. However, 
the symptoms of mice in this model are always severe. If no treatment is carried out, the 
mice would die within a few hours. So, it is necessary to control the concentration of the 
initial bacterial inoculum and check the status of mice frequently during the studies 111.  

1.3.1.2. Respiratory syncytial virus 

The respiratory syncytial virus (RSV), whose early symptoms are similar to those 
of a cold, is one of the leading causes of the acute lower respiratory tract infections 
(mainly bronchiolitis and pneumonia) in children under 5 years old. It is also the primary 
factor of hospitalization of infants and children due to pneumonia, which seriously 
threatens the children’s health 128,129. Not just children are at risk of mortality, RSV 
infection in adults is significantly higher than that of common influenza 130. When RSV 
invades, it enters the host cells through fusion or endocytosis, replicates the positive-sense 
strand and transcribes itself using the RNA dependent RNA polymerase. The positive-
sense RNAs are then translated into proteins for capsids, followed by assembling with 
viral genomes to multiply within the host 25.  

Of course, the host will response to the RSV invasion and in turn RSV will also 
adopt strategies to escape these responses 131,132. Several pattern-recognition receptors 
(PRRs) are reported to be involved in the immune response to RSV with the production 
of chemokines and cytokines 133. It is also demonstrated that RSV can also induce SGs 
formation, autophagy and apoptosis in host cells, but the reasons are still controversial, 
which may on one hand facilitate virus replication but on the other hand promote the host 
clearance 134,135.  

1.3.2. Host-Pathogen Interplay  

Pathogenic microorganisms can infect the host and thereby induce diseases by 
altering homeostasis or secreting toxins. Also, viruses can enter normal cells by 
introducing their DNA or RNA genome and alter their metabolisms. The pathogen-
associated molecular patterns (PAMPs) involved in PRRs have been widely studied. The 
host’s immune response serves as the body’s first defense line following pathogen 
invasion. Many cytokines and other regulatory molecules have been identified in 
infectious diseases. Adaptive immunity together with SGs, autophagy and apoptosis are 
also activated. All these can aid to assess the degree of infection and understand the 
mechanism of infection, thereby contributing to the development of anti-infective drugs 
25. Two key compounds are introduced here based on the content of this thesis. 

1.3.2.1. TNF-α secretion induced by lipopolysaccharides 

When the presence of LPS from the Gram-negative bacteria is detected, the body's 
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macrophages/monocytes secrete pro-inflammatory cytokines such as TNF-α 136, which is 
considered a key marker of sepsis 137. In detail, LPS initially targets on the Toll-like 
receptor 4 (TLR-4) and thereby activates intracellular signaling pathways to promote the 
expression of pro-inflammatory genes 138.  

Although TNF-α acts as an alarm to coordinate host immune response to  
pathogens,  the disadvantages of excessive secretion of TNF-α outweigh the benefits, as 
TNF-α is one of the main mediators of septic shock. High levels of TNF-α will cause 
serious organ problems and even death 139. So, the level of TNF-α is an important index 
for evaluating the efficacy of anti-endotoxin agents in pre-clinical study 140,141. ECP also 
neutralizes LPS and inhibits the production of TNF-α in THP-1 cells 117. The schematic 
diagram of sepsis induced by LPS is shown in Figure 10. 

 

 

Figure 10. Physiological mechanism of 

LPS-induced sepsis.  LPS is recognized by 
TLR-4 on immune cells and activates the 
intracellular signal transduction mechanism 
through firstly the myeloid differentiation 
primary-response protein 88 (MyD88) and 
then the nuclear factor-κB (NF-κB), which 
in turn promotes the expression of target 
genes. The overexpressed TNF-α may result 
in sepsis. 

1.3.2.2. tRNA-derived fragments in infectious diseases 

Non-coding RNA (ncRNA) is a kind of RNA that is not transcribed and translated 
into protein. It mainly includes tRNAs, which are the second most common type of RNA 
in the cell, ribosomal RNAs (rRNAs), small RNAs (sRNAs) such as microRNA (miRNA), 
small-interfering RNAs (siRNAs) and long ncRNA with relatively long lengths. The 
existence of thousands of ncRNA indicates that, in addition to the well-studied regulatory 
proteins, ncRNAs are key factors in cellular self-regulation and defense against foreign 
enemies, although there is no unified conclusion about whether they are mostly active 
factors or transcriptional noise 142. The role of ncRNAs in disease is constantly being 
explored in either bacterial or viral infections 143–145.  

Among ncRNAs, there is a growing evidence that tRNAs and their derived tRFs 
(Figure 11) can work as important regulators in various diseases including infectious 
diseases 146. tRFs are involved in many biological processes such as the activation of 
PRRs, the regulation of protein expression, the formation of SGs and the induction of 
apoptosis. Besides, tRFs are found in extracellular OMVs, which may have a certain 
meaning for cell-to-cell communication 147. The potential clinical values of tRFs such as 
biomarkers and novel therapeutic targets are also under investigation 148. RSV is one of 
the viruses to take advantages of tRFs to promote self-replication and the tRF5-GlyCCC, 
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tRF5-LysCTT and tRF5-GluCTC are already demonstrated to promote RSV replication 
149,150. There are also increasing evidences that tRFs containing 2’ 3’ cP produced by 
endonucleases can act as regulators in oxidative stress and many diseases 151 and the cP-
RNA sequencing (cP-RNA-Seq) is developed to further study this special hidden profiles 
in transcriptome (Annex Ⅰ) 152. 

 
Figure 11.  tRNA-derived fragments. The different tRFs derived from original tRNA are indicated 
with different color  according to the original tRNA.  
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2. Aims of This Thesis 

 

This thesis focuses on the study of both antimicrobial and catalytic activities of 
eosinophil granules derived RNases, ECP and EDN, with the aim to discover their further 
potential clinical applications in infectious diseases.  

 

Section Ⅰ  

• To evaluate the efficacy of ECP-derived peptides in a murine A. baumannii 
infection model (Chapter 1). 

Section Ⅱ 

• To review the synergism between host defense peptides and antibiotics 

(Chapter 2) 

• To explore RNase 3/1 ability to inhibit A. baumannii resistance to colistin 

(Chapter 3) 

• To unravel the mechanism of RNase 3/1 to delay colistin resistance (Chapter 4) 

Section Ⅲ 

• To review the antiviral activity of RNases on enveloped ssRNA viruses 

(Chapter 5) 

• To study the cleavage site of RNase 2 on ncRNA in a macrophage model 

(Chapter 6) 

• To elucidate the selective cleavage pattern of RNase 2 on tRNA in vitro 

(Chapter 7) 
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Abstract: Antimicrobial peptides (AMPs) are alternative therapeutics to traditional antibiotics against
bacterial resistance. Our previous work identified an antimicrobial region at the N-terminus of the
eosinophil cationic protein (ECP). Following structure-based analysis, a 30mer peptide (ECPep-L) was
designed that combines antimicrobial action against Gram-negative species with lipopolysaccharides
(LPS) binding and endotoxin-neutralization activities. Next, analogues that contain non-natural
amino acids were designed to increase serum stability. Here, two analogues were selected for
in vivo assays: the all-D version (ECPep-D) and the Arg to Orn version that incorporates a D-
amino acid at position 2 (ECPep-2D-Orn). The peptide analogues retained high LPS-binding and
anti-endotoxin activities. The peptides efficacy was tested in a murine acute infection model of
Acinetobacter baumannii. Results highlighted a survival rate above 70% following a 3-day supervision
with a single administration of ECPep-D. Moreover, in both ECPep-D and ECPep-2D-Orn peptide-
treated groups, clinical symptoms improved significantly and the tissue infection was reduced to
equivalent levels to mice treated with colistin, used as a last resort in the clinics. Moreover, treatment
drastically reduced serum levels of TNF-α inflammation marker within the first 8 h. The present
results support ECP-derived peptides as alternative candidates for the treatment of acute infections
caused by Gram-negative bacteria.

Keywords: ECP; AMPs; infection; murine model; Gram-negative bacteria; LPS

1. Introduction

It is now nearly one century since the landmark discovery of penicillin. Unfortunately,
the emergence of antimicrobial resistance (AMR) is demanding the development of novel
antibiotics [1]. Among hundreds of active molecules, we cannot disregard the potential
of biomacromolecules such as antimicrobial peptides (AMPs), which are endowed with
some unique properties distinct from small molecules, widely used in the drug develop-
ment field [2–4].

AMPs are peptides that can be derived from organisms of all kingdoms and display
a variety of functions. Bacteria produce AMPs to fight against other bacteria while animals
can take advantage of AMPs to protect themselves. AMPs, and in particular cationic AMPs,
the most populated group, have common properties and mechanisms because of their
physicochemical nature. In particular, AMPs will exert their roles either by disrupting the
negatively charged bacterial membrane or by targeting intracellular components within
bacteria cells. Some native proteins or peptides are also able to regulate innate immunity,
a feature that provides them a selective superiority over traditional antibiotics [5]. In
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addition, AMPs can contribute to the fight against multidrug-resistant (MDR) bacteria
as well as biofilm communities [6–8]. Additionally, synergism between antibiotics and
AMPs has been slowly identified [9,10]. Therefore, AMPs have a great potential for drug
development. Recently, thanks to novel methodologies, many natural or synthetic AMPs
have been proposed as antimicrobial drug candidates [11].

However, some drawbacks remain to be solved, such as their unpredictable toxicity
or bio-stability, which can hinder their unconditional applicability. In particular, many
discovered AMPs are only effective in vitro due to their lower stability in vivo. To overcome
this issue, unnatural amino acid or non-coded amino acids have been introduced along
the whole AMP sequence or at the sites sensitive to proteases [12–15]. Interestingly, AMP
with L-amino acids replaced by D-amino acids can sometimes not only be highly resistant
to proteolysis but also have better antibacterial activity than the L-version [16]. On the
other hand, natural AMPs may have a too-long sequence, which will increase the cost of
production. Thus, it is a good option to find active fragments from original AMPs and
design shorter peptides that retain the antibacterial activity [17,18].

Despite some putative drawbacks that might remain to be addressed, many AMPs are
already in clinical or preclinical trials. However, to date, most AMPs under clinical trial are
only for topical application and the number of AMPs for systemic administration against
drug-resistant bacteria are still a minority [18–20]. One representative AMP category is
polymyxins, once discarded because of nephrotoxicity, but now reconsidered as the last
resort for the treatment of infection caused by multi-resistant strains [21]. It is worth noting
that polymyxins as non-ribosomal peptides contain non-standard amino acids and are,
therefore, protected against proteolysis. In particular, polymyxin E (colistin), the most
frequently used in the clinics, has a D-Leu in its sequence at position 6 [22]. It is important to
highlight that colistin is produced in vivo by non-ribosomal peptide synthetase (NRPS) in
which D-amino acids are incorporated through the action of the epimerization domain [23].

Our laboratory has been long-standing working on the structure-function of secretory
ribonucleases (RNases) that belong to the RNase A superfamily, a vertebrate-specific
family with 13 members identified in humans with diverse biological functions, including
antimicrobial activity, immune modulation and host defense [9,24,25]. Among them,
RNase3, also known as the eosinophil cationic protein (ECP), stands out as the family
member with the highest antimicrobial activity, where an essential domain was identified
at its N-terminal, with LPS-binding, cell-agglutinating and anti-biofilm properties [26].

Considering the outstanding performance of ECP native protein and derived peptides
in vitro, we designed new ECP peptide analogues based on the 30mer lead template [27],
that incorporate non-natural amino acids to limit proteolysis in human serum [28]. Next,
two peptides were selected for further characterization and in vivo studies. The first is
the all-D version of the ECPep-L lead peptide (ECPep-D) [27], where all L-amino acids in
the sequence have been replaced by D-amino acids. The second peptide incorporates Orn
substitutions for Arg residues and includes a D-amino acid at position 2 (ECPep-2D-Orn),
based on the previous identification of ECP peptide main proteolysis target sites [28]. In
addition, recent work confirmed that Arg to Orn replacement ensured the peptide stability
in serum in vitro up to more than 8 h and retained its antimicrobial properties [28].

In the present work, we explored the efficacy of the two peptides analogues (ECPep-D and
ECPep-2D-Orn) in a murine infection model. Based on our previous work, in vitro characteriza-
tion against representative Gram-negative bacteria species, we selected Acinetobacter baumannii
(A. baumannii) [29,30], which belongs to the ESKAPE top priority WHO pathogen list, as our
working reference for the present in vivo murine infection model. To note, AMPs are currently
regarded as one of the most promising candidates to treat A. baumannii infections.

2. Materials and Methods
2.1. Bacteria Strain, Cells, Mice and Other Materials

A. baumannii strain (CECT 452, Valencia, Spain, ATCC 15308, Manassas, VA, USA)
and Pseudomonas aeruginosa (P. aeruginosa) strain (CECT 4122, Valencia, Spain, ATCC 15692,
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Manassas, VA, USA) were from the Colección Española de Cultivos Tipo (CECT, Valencia, Spain).
The Escherichia coli (E. coli) BL21 (DE3) strain was from Novagen (Darmstadt, Germany). MRC-5
cells were from the American Type Culture Collection (ATCC, Manassas, VA, USA) and HEK293T
cell line was kindly provided by Dr. Raquel Pequerul (UAB, Barcelona, Spain).

Balb/c mice (9–12 weeks old, 20–30 g, male and female, were supplied by Charles
Rivers Laboratories and the study procedures have been approved by the Animal and
Human Experimentation Ethics Committee at Universitat Autònoma de Barcelona (UAB,
Barcelona, Spain). The animals were acclimated at least 5 days from arrival until the start
of the experiment with free diet and water provided.

Lipopolysaccharides (LPS) from E. coli O111:B4 (O-LPS), EH100 (Ra mutant), and J5
(Rc mutant), porcine mucin, Mueller Hinton broth (MHB) and Thiazolyl Blue Tetrazolium
Blue (MTT) were purchased at Sigma-Aldrich (Saint Louis, MO, USA). Colistin sulphate
and Dimethyl sulfoxide (DMSO) were from Apollo Scientific (Stockport, UK). BODIPY® TR
cadaverine (BC) were from Molecular Probes (Eugene, OR, USA). Mouse TNF-α ELISA Kit
(MBS175787, MyBioSource, San Diego, CA, USA) and Mouse LPS ELISA Kit (MBS7700668,
MyBioSource, San Diego, CA, USA) were from bioNova científica s.l. (Madrid, Spain)
Human TNF-α ELISA set was from BD Biosciences (555212, BD OptEIATM, San Jose,
CA, USA). Aspidasept® (pep19-2.5) is an antibacterial/anti-inflammatory peptide drug
(GCKKYRRFRWKFKGKFWFWG, with C-terminal amide) [31].

2.2. Peptides Synthesis

Peptides were synthesized at the Universitat Pompeu Fabra (UPF, Barcelona, Spain)
Peptide Synthesis Service as previously described [27]. Briefly, peptides were assembled
in C-terminal carboxamide form on an H-Rink Amide-Chem Matrix resin using Fmoc
solid-phase peptide synthesis (SPPS) protocols. After chain assembly, peptides were
fully deprotected and cleaved from the resin with TFA/H2O/Triisopropylsilane. Peptides
were precipitated from the TFA solution by addition of chilled diethyl ether followed by
three centrifugations at 4800 rpm, 5 min, 4 ◦C, taken up in water and lyophilized. Crude
peptides were checked by analytical RP-HPLC and LC-MS and purified by preparative RP-
HPLC as previously detailed [27]. Fractions of >95% HPLC purity and with the expected
mass by LC-MS were pooled and lyophilized. Peptide purity was assessed by the area of
the purified peptide peak relative to the total peak areas in the chromatogram. Peptide
stock solutions were prepared in sterile deionized water and stored at −20 ◦C.

2.3. Circular Dichroism Assay

Far-UV CD spectra were obtained from a Jasco-715 (Jasco), as previously described [32].
The spectra were registered from 190 to 240 nm at room temperature. Data from four con-
secutive scans were averaged. Before reading, the sample was centrifuged at 10,000× g for
5 min. Peptide spectra were obtained at 16 µM in 5 mM Tris, pH 7.4 and 1 mM SDS, with
a 0.2 cm path-length quartz cuvette.

2.4. Minimum Inhibitory Concentration (MIC) Determination

The MIC is defined as the lowest concentration of one reagent to prevent visible growth
of bacteria. The MIC determination was followed by the protocol described previously [33].
Briefly, bacteria in exponential growth were used to prepare a suspension in MHB with the
approximate number of 5 × 105 CFU/mL. Next, an aliquot of 90 µL of bacteria suspension
was added into each well of the 96-well polypropylene plate. Immediately, 10 µL of
peptide diluted by 0.01% acetic acid was added to the corresponding well to have a final
concentration ranging from 20 to 0.16 µM. The plate was incubated for 24 h at 37 ◦C, 100 rpm.
The presence or absence of bacterial growth was visually inspected and confirmed by
reading OD600 with Tecan Microplate Reader Spark®. Each test was performed in triplicate.
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2.5. LPS Affinity Assay

The LPS affinity was assessed using the fluorescent probe BC by an adaptation of the
displacement assay reported [27,34]. Peptides and colistin were serially diluted in a 96-well
fluorescence plate from 20 to 0.16 µM in Tris/HCl 50 mM PH 7.4. Next, LPS and BC diluted
in the same buffer were added to have the final concentration of 50 µg/mL and 5 µM,
respectively. Fluorescence measurements were performed on Tecan Microplate Reader
Spark® at 580 nm of excitation wavelength and 620 nm of the emission wavelength at 5 nm
for optimal gain. Each test was performed in triplicate.

2.6. Cytotoxicity Assay

Cytotoxicity was measured for the MRC-5 and HEK293T cell lines by MTT assay [35].
Cells were grown in 5% CO2 at 37 ◦C with MRC-5 cell line maintained in MEMα and
HEK293T in DMEM/F-12 media, both of which were supplemented with 10% FBS. The cells
were passaged in 25 cm2 or 75 cm2 flasks to prepare 96-well plates with 3 × 104 cells/well,
which were incubated overnight. Next, serial dilutions of ECPep-D and ECPep-2D-Orn
were added to have a final concentration ranging from 100 to 0.78 µM (375 µg/mL to
3 µg/mL) and colistin was added at final concentrations ranging from 300 to 2.34 µM
(380 µg/mL to 3 µg/mL) in corresponding wells. After incubation to the specified time, the
medium of the plate was replaced by fresh medium containing 0.5 mg/mL MTT solution
and the mixture was incubated for 2.5 h in 5% CO2 at 37 ◦C. The medium was then removed,
and formazan was dissolved by adding DMSO. The optical density (OD) was recorded by
using a Victor3 plate reader (PerkinElmer, Waltham, MA, USA) set at 540 nm and 620 nm
as a reference. Each test was performed in triplicate.

2.7. Tolerance Study of Peptides in Mouse

Initially, the “Up and Down” protocol was followed to determine the maximum lethal
dose with some modifications. Briefly, one mouse was taken per peptide and increasing
doses of the peptide were injected through the intraperitoneal (i.p.) route every 48 h,
and the concentration at which the mouse had severe clinical symptoms or died was
determined (Figure 1a).
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Figure 1. Toxicity study plans. (a) “Up and Down” protocol: 1 mouse was injected, starting at a very
low peptide dose and observed at 48 h intervals. If the mouse showed no affected signs, with the
same mouse, the dose was slowly increased every 48 h until it reached the lethal dose for this mouse.
(b) Main study: mice were divided into groups randomly; 1 as well as 2 peptide doses below the
lethal dose from the “Up and Down” assay was given two times per day for 3 days (the protocol was
readjusted in case of emergency owing to ethical principles, as detailed in the results section and
Table S1). An extra group is for the vehicle. (c) Last study: Peptide was tested in smaller groups at
lower doses depending on the results obtained from the main study.
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Once the lethal concentration had been determined, we continued with the “main
study” (Figure 1b). Two groups of 6 female mice were used at two different concentrations
of both peptides, one and two concentrations below the maximum considered either by
lethality or by clinical signs. The toxicity was further verified by mimicking the doses and
frequency foreseen in the previous study, i.e., two doses per day for 3 days as the initial
plan. In all cases, the trials were stopped or readjusted owing to ethical principles when
obvious suffering and sudden death of mice were observed in any of these groups.

There was also an extra group to confirm the non-toxicity of the vehicle. For extra
caution, some additional doses were applied to confirm the safety dose in case of repeated
injections (Figure 1c).

2.8. Mouse Systemic Infection Model

An aliquot from an A. baumannii stock stored in 15% glycerol at −80 ◦C was taken
to culture in 3 mL LB overnight at 250 rpm, 37 ◦C. Next, OD600 reading of A. baumannii
overnight culture was performed to adjust to the number of bacteria required (CFU/mL)
and then diluted by half with the same volume of 10% porcine mucin, to obtain a solution
of selected CFU/mL in 5% mucin for mice inoculation. Mucin was added to enhance the
infectivity of A. baumannii, as previously established [36]. The inoculating volume was
decided based on the body weight of each animal (10 mL/kg).

Following this, the evolution of the animals was supervised for 48 h by evaluating
clinical signs and body weight as detailed in Section 2.10 (Table S2). When the sum of
the scores reached a maximum value of 7, the mice were euthanized following ethical
principles. The infection was first tested at a concentration of 109 CFU/kg and then set at
107 CFU/kg and 108 CFU/kg. Criteria for initial infection conditions were established as
later detailed. We also performed an extra assay where mice infected by 108 CFU/kg of
A. baumannii were treated with colistin, used as a positive control.

2.9. Efficacy Assay of Peptides in Infection Mice Model

In the first assay, 24 mice (12 females and 12 males) were randomly distributed in
4 groups (3 males and 3 females in each group) with different treatments: vehicle (HBS
buffer, negative control), ECPep-D (10 mg/kg), ECPep-2D-Orn (10 mg/kg) and colistin
(15 mg/kg), the latter as a positive control. To avoid bias, the reagents for these four groups
were given to technicians in advance and renumbered randomly, designated as A, B, C,
D, respectively. The treatments corresponding to these codes were not to be told to the
operators until the end of the experiment. The murine acute infection model followed the
same protocol as introduced before with a lethal concentration (108 CFU/kg) to generate
sepsis. The treatment was applied 2 h later after the bacteria inoculum and once every 24 h
for 3 days through i.p. injection. All the animals were checked for 3 days following the
clinical signs described in Section 2.10 (Table S2). On study day 3, surviving animals were
euthanized by using an overdose of 200 mg/kg pentobarbital given intraperitoneally.

Following the first assay, we also performed a second assay, with the introduction of
some modifications. Using the same infection model and injection route, another 46 mice
were divided into 4 groups randomly, in which 14 for ECPep-D (20 mg/kg), 14 for ECPep-
2D-Orn (20 mg/kg), 12 for colistin (15 mg/kg) and 6 for vehicle, with gender equally
divided. The treatment was also applied 2 h later after the bacteria inoculum but only once
during the total study. All the animals were also checked for 3 days as in the first assay.

2.10. Evaluation of Body Weight and Clinical Symptoms

Body weight (BW, g) of mice was measured before every injection and % BW gain
was calculated.

% BW gain = (new BW − initial BW)/initial BW × 100% (1)

In the tolerance study, for the “Up and Down” assay, the BW was recorded twice on
the administration day and, for the “main study”, it was measured every day at the first

33



Biomedicines 2022, 10, 386 6 of 20

3 days and then at some selected days until the 16th day, when the monitoring was finished.
In both efficacy assays, BW was recorded once a day but on the first day (Day 0), a second
measure was conducted at 8 h.

The clinical symptoms were assessed through a scoring system, which contains 9 items,
including changes of body weight, behavior, breathing, skin, hair, eyes and gastrointestinal
status (see full list at Table S2). The score for each item increases from 0 to 3 according to
the severe levels, up to a total of 27. During the study, when an animal obtained a score of
3 in any of the parameters assessed with a maximum score of 3, euthanasia was carried out
to apply the endpoint criteria. Euthanasia would also be practiced if the sum of several
parameters that are less than 3 separately was ≥ 7.

In the tolerance study, the clinical score was recorded at about 10 min, 30 min, 1 h, 2 h,
4 h, 7 h, 24 h and 48 h after injecting the peptides for the “Up and Down” assay and in the
main study, the clinical score were only monitored when the BW was measured. During
the efficacy assay, the clinical score was recorded every 2–3 h on Day 0 and then twice
every day.

2.11. Assay of CFU in Mice Tissues

The evaluation of CFUs in extracted tissues, spleen and lung, was performed at the
end of the treatment. In both efficacy studies, one lung and half spleen were collected at
the time when each animal was executed due to a high clinical score or euthanized at the
end of the study. The organs were homogenized in HBS with 6 successive 1:10 dilution
after being weighed on a precision scale. Each dilution was seeded in Petri dishes with
LB-agar and the colonies were counted after 16 h of incubation at 37 ◦C. The final CFUs for
each organ were calculated with respect to the weight of organs (CFU/g).

2.12. Quantification of TNF-α and LPS in Mice Serum by ELISA

In the second efficacy study, the blood of animals that either died for severe clinical
symptoms or were euthanized at the end of the assay, were collected for testing TNF-α
and LPS levels by ELISA. In order to check the levels of TNF-α and free LPS, only serum
was analyzed, after discarding blood cells by centrifugation. The blood from mice was
centrifuged at 3200 rpm for 30 min and the supernatants were collected carefully to ensure
that there were no sediments left. Mouse ELISA kits for TNF-α and LPS were used.

According to the description of the manufacturer, LPS level determination is based on
the principle of double antibody sandwich technology, where the microplates pre-coated
with specific antibodies were used. Following addition of serum samples to the wells,
the HRP-Conjugate reagent was added to form an immune complex. After incubation
and washing, the unbound enzyme was removed. Then, chromogen substrates were
added successively and optical density was recorded using microplate reader set at 450 nm.
Sample readings were corrected using the baseline corresponding to serum of mice neither
infected nor treated. A calibration standard curve was prepared and final calculated
values were positively correlated with the concentration of LPS. Two replicates were
performed according to the protocols for the representation of the standard curve and the
sample testing.

2.13. Stimulation of Human MNC by LPS and Endotoxin Neutralization Assay

The stimulation assay of LPS R60 HL185 on the Mononuclear cells (MNC) for the
TNF-α response was based on the previously used method [31]. Mononuclear cells were
isolated from heparinized blood samples obtained from healthy donors as described [37].
The cells were resuspended in 1640 RPMI medium and their number was equilibrated at
5 × 106 cells/mL. For stimulation, a total of 200 µL (1 × 106) of MNC was plated in each
well of a 96-well plate and the cells were then stimulated by LPS Ra (from S. Minnesota
strain R60) alone or at selected peptide/LPS ratio, which were pre-mixed during 30 min at
37 ◦C. After 4 h of incubation at 37 ◦C with 5% CO2, samples were centrifuged to collect the
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supernatants to determine the level of TNF-α by ELISA kit (BD OptEIATM). Two replicates
were performed in each test.

2.14. Statistical Analysis

A Mann—Whitney test or unpaired t-test was used for statistical comparison depend-
ing on whether the sample size between groups was equal. EC50 or IC50 was calculated
by nonlinear fit with normalized response. The ELISA standard curve was fitted by linear
regression (Figure S1).

3. Results
3.1. Design and Structural Characterization of ECP Peptide Analogues

Two peptide analogues, named ECPep-D and ECPep-2D-Orn (Figure 2), were selected
based on the ECP reference 30mer peptide (ECPep-L). ECPep-D was designed and optimized
based on the identification of the main structural determinants for antimicrobial activity
against Gram-negative planktonic and biofilm cultures, as previously detailed [26,27]. The
30mer sequence includes an aggregation-prone region (A6-I14) that promotes bacterial
agglutination and membrane lysis and a region involved in the LPS binding (Y27-R30) [27].
In addition, the reference peptide is highly cationic and includes 6 Arg (Figure 2). Based
on a target proteolysis study in serum, peptide analogues were synthesized with either all
D-AA, Arg to Orn substitutions or blockage of peptide bond cleavage by D-AA introduction.
Additionally, based on the previous analysis of the proteolysis digestion products [28],
ECPep-2D-Orn was selected. ECPep-2D-Orn is the Orn-peptide analogue, which showed
the highest half-life in serum and incorporates a D-AA at position 2 (Figure 2). The RP-HPLC
and MS chromatograms of these peptides are shown in Figure S2.
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Figure 2. Sequence of the peptides. The amino acid sequence is indicated. L residues are indicated
with an uppercase letter and D residues with lower case letters. Arginine or ornithine are colored in
blue or red, respectively.

Structural analysis in aqueous solution and in the presence of lipid dodecyl phospho-
choline (DPC) micelles was previously assessed by NMR [28]. NMR indicated that the
30mer L-reference peptide adopts in aqueous solution a defined helix from residues 5 to
13 and tends to helical structuration within the 16–27 stretch. In the presence of DPC the
peptide gets more structured. A similar pattern was observed for ECPep-2D-Orn by NMR
analysis [28]. In addition, a comparison of all-L and all-D peptides by CD confirmed that
equivalent secondary structures are adopted by both enantiomers (Figure 3).

3.2. In Vitro Activities of ECP Peptides

First, the antibacterial activity was tested in vitro. Overall, there were no major differ-
ences among the calculated MIC for the three Gram-negative species tested, with values of
10 µM, except for ECPep-2D-Orn that displays a significant enhanced effectivity against
A. baumannii (Table 1). All data were compared to colistin peptide, used as a positive control.
In addition, the survival percentages of each species exposed to the peptides at sublethal
doses were compared (Figure 4). Comparison of the bacteria survival percentage upon
exposure to a range of peptide concentrations at ≤MIC100 showed considerable reduc-
tion in the bacterial viability and highlighted significant differences between the peptides’
relative activities. Overall, the results indicated that when the bacteria were exposed to
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the peptides at different concentrations below the MIC value, the growth was altered in
a dose-dependent mode. In particular, the results highlighted the best performance for
ECPep-D, which can significantly inhibit the growth of E. coli and A. baumannii between
0.625 and 1.25 µM, in comparison with the original L-version (ECPep-L) and Orn analogue
(ECPep-2D-Orn) that required concentrations above 2–5 µM.
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Table 1. MIC of N-terminus derivatives of ECP and colistin.

Peptides

MIC 1

E. coli P. aeruginosa A. baumannii

µM µg/mL µM µg/mL µM µg/mL

ECPep-L 10 37.57 10 37.57 10 37.57
ECPep-D 10 37.57 10 37.57 10 37.57

ECPep-2D-Orn >20 >70.10 >20 >70.10 5 17.53
Colistin 5 6.34 0.31 0.40 0.31 0.40

1 MIC was the concentration with an OD600 value equivalent to the OD600 value of the bacteria-free control after
24 h incubation. Each MIC was tested in triplicate.

Following this, the relative LPS affinity of ECP peptides and colistin were compared.
Comparison of relative binding affinities of the peptides with three different types of LPS
extracted from E. coli, indicated that the ECP peptides have a lower or similar EC50 in
comparison to colistin. Overall, ECP peptides showed better performance than colistin
at the micromolar concentration range, with a higher affinity for the full O-LPS structure,
followed by the LPSRa type, which lacks the O-antigen. On the other hand, both L- and
D- peptide versions showed lower binding ability on LPSRc, the type with the shortest
structure among the three tested LPS; where only the Orn-version was slightly better
than colistin for the truncated LPS type (Table 2, Figure S3). Interestingly, no significant
differences were appreciated between the calculated EC50 values for all-L and -D peptide
versions, indicating that the all-D peptide could adopt an equivalent overall conformation
essential for LPS binding.
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Table 2. LPS affinity assay of ECP-derived peptides and colistin.

LPS Type ECPep-L ECPep-D ECPep-2D-Orn Colistin

EC50
2

O-LPS
µM 2.71 ± 0.17 2.46 ± 0.19 1.80 ± 0.08 7.87 ± 0.33

µg/mL 10.17 ± 0.62 9.24 ± 0.71 6.30 ± 0.28 9.97 ± 0.42

LPSRa
µM 8.87 ± 0.46 7.24 ± 0.70 9.27 ± 0.79 13.12 ± 0.40

µg/mL 33.32 ± 1.72 27.21 ± 2.62 32.50 ± 2.77 16.63 ± 0.50

LPSRc
µM >20 >20 16.56 ± 1.76 19.18 ± 0.34

µg/mL >75.15 >75.15 58.05 ± 6.16 24.31 ± 0.42
2 EC50 is the 50% peptide effective concentration, where 50% of the BC probe bound to LPS is displaced. Each
group was tested in triplicate and values are presented by Mean ± SE.

Next, we tested the cytotoxicity of the peptides. For the fibroblast MRC-5 cell line, all
peptides hardly showed any toxicity after 4 h of incubation. Moreover, no toxicity was
observed for ECPep-2D-Orn at the highest tested concentration during all the assayed time
range (up to 48 h). However, for the ECPep-D, we estimated an LD50 below 50 µM at
24 or 48 h exposure time (Table 3, Figure S4). In contrast, the LD50 of ECPep-D for kidney
HEK293T cell line at 48 h was significantly higher (LD50 ≈ 63.60µM) than that for MRC-5
(LD50 ≈ 23.52 µM) (Table S3, Figure S4). Overall, the values for ECP peptides are similar or
slightly lower than colistin, at short and long exposure time, respectively.

Table 3. Cytotoxic activity of N-terminus derivatives of ECP and colistin.

ECPep-L ECPep-D ECPep-2D-Orn Colistin

LD50
3

(MRC-5)

4 h
µM 276.23 ± 25.23 N.D. N.D. N.D.
µg/mL >1000 N.D. N.D. N.D.

24 h
µM N.D. 43.51 ± 8.84 >100 >300
µg/mL N.D. 163.50 ± 33.22 >350.52 >380.26

48 h
µM N.D. 23.52 ± 4.73 >100 >300
µg/mL N.D. 88.37 ± 17.77 >350.52 >380.26

3 LD50 is the cytotoxic concentration of the agents to cause death to 50% of viable cells. Each assay was performed
in triplicate by the MTT assay and normalized by non-treated control. Values are presented by Mean ± SE. N.D.
indicates that no reduction in cell viability was detected at the highest concentration.

To sum up, we can conclude from the in vitro studies that the activities of the two ana-
logues (ECPep-D and ECPep-2D-Orn) are similar or even better than the original version
peptide (ECPep-L), indicating that these two analogues are valuable candidates for in vivo
assays. In addition, previous studies demonstrated that the half-life time of ECPep-L in
human serum is significantly shorter in comparison to that of ECPep-2D-Orn (12 min vs. >
480 min) [28]. Therefore, we decided to use ECPep-D and ECPep-2D-Orn to conduct the
follow-up in vivo research.
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3.3. Tolerance of Peptides in Mice

Next, we proceeded to evaluate the peptides potential toxicity in vivo using a mice
model. Firstly, an “Up and Down” protocol was carried out to obtain an initial estimate
of the maximum tolerated dose for both peptide analogues following i.p. injection. We
started the tolerance assay for each peptide at a low dose and increased it slightly every
48 h provided that the animal did not show any obvious suffering. Both mice had a clinical
score over 6 within 30 min when the dose of peptides reached 30 mg/kg, estimating the
maximum tolerated dose for ECPep-D at 20 mg/kg and for ECPep-2D-Orn at 25 mg/kg
with one single dose from the “Up and Down” assay (Figure S5). These results were later
confirmed by the “main study” in which a single dose of 20 mg/kg for ECPep-D and
25 mg/kg for ECPep-2D-Orn did not cause any obvious clinical signs in all mice.

However, severe clinical suffering was observed when the dose was applied repeatedly
in mice at concentrations from 15 mg/kg to 25 mg/kg (Figure S6). Therefore, the initial
dosing plans were modified or suspended accordingly (Table S1). On the other hand, no
extra death occurred and the clinical symptoms were recovered for the survival mice after
the treatment suspension. The mice’s healthy condition lasted till the end of the observation
period (16 days).

In addition, within the extra group with low dose (7.5 or 10 mg/kg) administration,
no obvious clinical symptoms were observed (Figure S6).

3.4. Murine Acute Infection Model by A. baumannii

Once the toxicity assay was finalized, we proceeded to evaluate the efficacy of the
peptides in an A. baumannii infection model. All the mice showed very severe suffering after
inoculation with 109 CFU/kg of A. baumannii, corresponding to 108 CFU/mL of the initial
concentration of bacteria supplemented with 5% porcine mucin. Therefore, euthanasia had
to be applied according to the protocol endpoint criteria after 7 h. Following this, a lower
level of infection was applied at 107 CFU/kg in a small test group (1 male and 1 female). In
this assay, both mice only experienced slight suffering during the first few hours and totally
recovered on the next day. Therefore, an in-between concentration of 108 CFU/kg was
selected for further analysis, where clinical suffering was lower than the one observed at
109 CFU/kg (Figure S7a). Moreover, the group of infected mice at 108 CFU/kg was treated
with the positive control (colistin at 15 mg/kg). A slight increase in clinical signs appeared
after the first 8 h and it was nearly undetectable after 24 h in the surviving mice (Figure S7b).

Thus, we decided to use 108 CFU/kg as the mice inoculation concentration of A. baumannii
in the following assays and established these conditions for the infection model to test the
efficacy of the peptide.

3.5. Treatment with Peptides Improves the Survival Rate and Relieves Clinical Suffering of
Infected Mice

To assess the therapeutic effect of our peptides on infected mice, we performed two as-
says with different survival rates in peptide treatment.

In the First Efficacy Assay, we applied a peptide/mouse of 10 mg/kg once per day,
a previously established safe dose, and the treatment lasted for 3 days. In the vehicle-
treated group (negative control), as already observed in the set-up experiment (Figure S7),
all animals presented severe clinical signs within the first 8 h post-inoculum (Figure S8)
and were, therefore, euthanized after the first day. On the other hand, all the animals
treated with colistin (positive control) had a 100% survival rate (Figure 5a). In this group,
although a decrease in weight was observed during the first day following infection, the
mice recovered weight during the assay time course, which was considered a sign of health
improvement. Moreover, we also observed only a slight increase in the clinical signs score,
indicative of health problems during the first 24 h, being subsequently minor or non-
significant during the following observation period (up to 3 days) (Figure S8). Surviving
animals treated with the ECP peptides exhibited the same behavior pattern as the colistin-
treated animals (Figure S8). Although survival rates for mice treated with 10 mg/kg of
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the ECP peptides ranged 70–80% at the first 8 h of observation, the values drastically
dropped when checked at 24 h. Overall, the survival rate after the three-day treatment was
equivalent for both all D and 2D-Orn peptides, but much lower than the colistin positive
control (Figure 5a). However, the weight gain of both mice was equal to the curve obtained
with the colistin group. The score of the clinical signs of the surviving animals treated
with ECP peptides also had similar values to the positive control group (colistin), signs of
clinical recovery together with weight gain (Figure S8). In any case, no direct side-by-side
comparison could be performed here between colistin and ECP peptides efficacy, as the
assay concentration was not equal: 10 mg/kg for the ECP peptides versus 15 mg/kg for
colistin, the latter selected to ensure a 100 % survival positive control.
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Figure 5. Survival curve of first and second efficacy assays. (a) Survival curve of infected mice treated
with 10 mg/kg peptides. (b) Survival curve of infected mice treated with 20 mg/kg peptides. In
both groups, each animal had been inoculated with 108 CFU/kg A. baumannii with 5% mucin before
treatment and the administration of colistin set at 15 mg/kg. The peptides were administered 2 h
after the bacteria inoculation. The survival mice had been monitored for 72 h and euthanized.

Subsequently, in a second efficacy assay, we decided to test a higher peptide concentra-
tion (20 mg/kg), a value where no toxicity was observed for a single dose in the previous
toxicity assay (Figures S5 and S6). Additionally, the positive control (colistin) was kept
at the same dose as before but with only a single injection to follow the same one-time
injection protocol selected for the ECP peptides’ treatment. Following an equivalent pattern
as previously observed for the vehicle group, all animals without any treatment presented
severe clinical signs at the first 8 h / post inoculum and were, therefore, euthanized. On
the other hand, the 12 animals treated with colistin had a 100% survival rate (Figure 5b),
as previously registered. When comparing the evolution of the clinical sign scores we
observed first an increase during the first 8 h due to the process of infection (Figure 6).
The decrease in body weight was also observed on the first night and then mice started
regaining weight during the rest of the experiment time course. Interestingly, we observed
a significant improvement of clinical scores and recovery of body weight in the mice groups
treated with both peptides in comparison with the negative control, treated only with
Vehicle (HBS) (Figure 6). Meanwhile, the score of the clinical signs of the surviving animals
treated with the peptides had similar values to colistin: both signs of clinical recovery and
body weight gain.
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Figure 6. Changes of clinical symptoms during the 2nd efficacy assay with 20 mg/kg peptides
treatment. (a) The average clinical scores in 3 days; (b) Histogram of clinical scores at 5 h and 8 h;
(c) The time course body weight gain (%) up to 3 days; (d) Histogram of body weight gain (%) at 8 h.
Each animal had been inoculated 108 CFU/kg A. baumannii with 5% mucin before treatment. In all
cases, a single dose of the peptide was given 2 h later than the bacteria inoculation. Mann–Whitney
test has been used for statistical comparison between different treatments and vehicle (** p < 0.01,
* p < 0.05, # p < 0.1).

However, the survival curve of each ECP peptide treatments revealed a differentiated
efficacy profile (Figure 5b). A significant improvement for the treatment with ECPep-D at
20 mg/kg was achieved with a survival rate of 71% at 8 h and this survival rate lasted till
the end of the study (72 h). On its side, the survival rate after 3 days for ECPep-2D-Orn was
only 14%, which correspond to a similar value to previous results obtained at 10 mg/kg for
both peptides.

3.6. ECP Peptides Reduce Bacterial Counts in Mice Organs and TNF-α Levels after 8 h
of Treatment

In both efficacy assays in A. baumannii-infected mice, all the animals from the vehicle-
treated group (negative control) were killed after 8 h due to the bad clinical symptoms, as
evaluated by the calculated clinical score (Table S2). Following this, the lung and spleen
were collected and the infection level was analyzed by CFU counting. The number of
calculated CFUs showed maximum values of 109–1010 CFU/g. On the contrary, in positive
controls where the mice survived 3 days, colonies counted after euthanasia at the end of
the study presented a minimum value in all groups, around 103 CFU/g (Figure S9 and
Figure 7a). Complementarily, blood samples of each sacrificed animal in the second efficacy
assay were also collected and levels of TNF-α and LPS in serum were evaluated. For
comparative purposes, blood samples corresponding to the same timing were analyzed
together: either Day 0 (8 h) or Day 3 (72 h). Due to the differences in the number of animals
that could be tested in each treatment group, the Mann—Whitney test was applied.
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Figure 7. Evaluation of CFUs, TNF- α and LPS in the 2nd efficacy assay using 20 mg/kg of peptide
treatment. (a) The average CFUs in mice organs (spleen and lung). (b) The average concentration of
TNF-α in mice serum. (c) The average concentration of LPS in mice serum was quantified by ELISA
as described in the methodology. All the animals from the colistin group survived until Day 3, so no
data for organs and serum analysis can be shown at Day 0. Regarding the vehicle group, no animals
survived after Day 0, so no data can be shown at Day 3. Each animal had been inoculated 108 CFU/Kg
A. baumannii with 5% mucin before treatment. A single treatment was administrated 2 h after the
bacteria inoculation. Figure 7b,c were obtained after the correction of OD450 with baseline mice,
which are neither infected nor peptide treated (only injected at Day 0 with HBS). Mann—Whitney test
was used for the comparison between treatments and vehicle except for the additional comparison
between ECPep-D and colistin in Figure 7c at day 3 (** p < 0.01, * p < 0.05, # p < 0.1).

Results indicated that even if the efficacy to increase the survival rate between the
two peptides differed greatly (about 70% for ECPep-D versus 20% for ECPep-2D-Orn
at the first 8 h), the ability to reduce CFU counts in the studied tissues and the TNF-α
inflammation marker levels in serum were similar for both peptides at the end of the assay
(3 days). Therefore, we can conclude that both peptides were able to drastically reduce the
CFU counts and TNF-α serum levels equivalently to colistin, the positive control. To note,
only a slight significant reduction in organ CFUs was observed at Day 0 (p < 0.05) but CFUs
counts at Day 3 were equivalent for both peptides and colistin (Figure 7a). Interestingly,
both ECP peptides were able to lower serum TNF-α values at day 0 (8 h) more than twice
with respect to the negative control (Figure 7b). Overall, when the mice survived at the
end of the assay (Day 3) in both peptide-treatment groups, the number of colonies and the
concentration of TNF-α were equivalent to the positive control.

On the other hand, regarding the LPS quantification, a different profile was observed
(Figure 7c). On Day 0, the concentration of LPS in serum of sacrificed mice in all groups
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was undetectable. However, on Day 3, we observed an increase in the amount of LPS in
both peptide-treatment groups. Moreover, the concentration of LPS was slightly increased
in the colistin-treatment group respect to ECPep-D (p < 0.1), even though the mice seemed
totally recovered with no clinical symptoms.

3.7. ECP Peptides Reduce TNF-α Levels in LPS-Stimulated Cells

Finally, we decided to evaluate the anti-endotoxin activity of the assayed peptides to
complement and better interpret our in vivo results. To this end, we decided to compare
the activity of ECPep-D (the peptide that showed better efficacy in vivo) with the original
L-version (ECPep-L) and the colistin reference control. To evaluate the anti-endotoxin activity,
we estimated the TNF-α levels in LPS-stimulated mononuclear cells. The results showed that
both L- and D-peptide versions can significantly reduce the TNF-α levels when cells are ex-
posed to LPS stimulation (Figure 8). The assay was performed at two peptide/LPS ratios and
cell stimulation by three LPS concentrations. Overall, the ECP peptides’ efficacy was lower
than the positive control, colistin, although this difference was mostly observed when MNC
cells were stimulated with a higher LPS concentration (10 ng/mL). Complementarily, we
performed an additional comparative assay using an anti-endotoxin peptide (Aspidasept®),
a promising peptide candidate to prevent septic shock [38]. Interestingly, at high concentra-
tions of LPS (10 ng/mL), ECP-derived peptides present slightly better anti-inflammatory
activity than Aspidasept®, which in turn shows a better performance at the lower LPS con-
centration (1 ng/mL) (Figure S10). Overall, all peptides (ECPep, Aspidasept® and colistin)
have similar activity at the lowest LPS concentration used (Figure 8 and Figure S10a). These
results back up the observed ability of ECP-derived peptides to reduce TNF-α levels in the
studied mice infection model. Finally, an additional assay was performed at even higher con-
centrations of LPS (100 ng/mL), which induced the triple of TNF-α release (≈2300 pg/mL)
in cells without peptide treatment (Figure S10b). Results highlighted that both ECPep-L
and ECPep-D at 10:1 ratio with respect to LPS significantly reduced the release of TNF-α, at
a similar percentage to Aspidasept®, although the latter was more effective at a 100:1 ratio.
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Figure 8. Inhibitory effect on LPS-induced TNF-α cytokine release. Different concentrations of
LPS R60-induced secretion of TNF-α by human mononuclear cells and the inhibitory effect in the
presence of the peptides ECPep-L, ECPep-D and colistin (positive control) was calculated. Significant
differences were estimated in comparison to LPS alone sample (** p < 0.01, * p < 0.05, # p < 0.1).

4. Discussion

To achieve a proper assessment of the potentiality of novel antimicrobials as drug
candidates, in vivo studies are mandatory. Following promising results in vitro, animal
models are essential for monitoring both the bacterial infection process and the host re-
sponse. Mice infection models can provide valuable information about how diseases or
treatments may behave in humans, thanks to the similarities in the mammalian tissue
structures and the functioning of their immune system. In particular, in vivo assays are
essential for the evaluation of AMP agents. Firstly, many AMPs that achieve good MIC val-
ues in vitro may show bad or no effect in vivo due to their rapid degradation by proteases
in the body. Secondly, the observed toxicity in vitro in cell line assays may become weak in
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animals thanks to the body’s self-regulation. In addition, the immune response in the body
can potentiate the mechanism of action of AMPs and overcome bacterial resistance systems.
Moreover, by testing the AMP efficacy in animal models, we will gain an understanding
of their functional role as key players of the innate host defense response [39]. Among
animal studies, murine bacterial infection models are probably the best characterized for
evaluation of AMP activity [40–42].

Our laboratory has long been committed to the research and development of novel an-
timicrobial peptides based on the structure-functional knowledge on RNase A superfamily.
Extensive studies of previous work have confirmed that RNase3 (ECP) displays the highest
antibacterial activity among human family members [43,44]. Based on structural analysis,
proteolysis mapping and peptide synthesis we identified at the N-terminus a region that
retained most of the parental protein antimicrobial activity. Following a minimization
effort and the identification of the sequence determinants for bacteria cell wall binding,
membrane lysis, protein aggregation and cell agglutination, a 30mer was selected as the
best pharmacophore with high antibacterial activity in vitro against both planktonic and
biofilm cultures of Gram-negative bacteria [26,27]. Next, ECP peptide analogues were
designed to ensure protection against potential in vivo proteolysis [28]. The incorporation
of non-natural amino acids has been previously reported as a successful strategy to enhance
AMPs biostability while retaining their antimicrobial properties [45,46]. In the current
study, aiming to develop a potential AMP drug candidate, we selected two N-terminal
derivatives of ECP (5–17P24–36), intended to enhance its biological stability in vivo. Based
on the original L-version of peptide ECP (5–17P24–36)], named ECPep-L, we synthesized
an all D-version peptide (named ECPep-D) together with the best analogue from recent
biostability assays [28], where all Arginines were substituted by Ornithine and peptide
bond at position 2 was protected from proteolysis by D-amino acid substitution, named
ECPep-2D-Orn (Figure 2). Our previous work indicated that shielding the peptide bond
between Pro2 and Phe3 by D-replacement significantly enhanced the peptide half-life
in vitro, while retaining the antimicrobial properties of the parental ECPep-L and all Orn
L-version (ECPep-Orn) [28]. Here, we incorporated the characterization of the peptide
all-D version, showing equivalent MIC values in comparison to the all-L version for the
three tested Gram-negative species (Table 1) but potential cytotoxicity in vitro at long expo-
sure times (Table 3). It is worth emphasizing that while the D-version has an antibacterial
activity equivalent to the L-version against the three selected Gram-negative species, the
2D-Orn-version was mostly effective against A. baumanii but less successful against the
other two bacterial species. In any case, bacterial survival curves at 24 h using sublethal
doses indicated that both peptide analogues (ECPep-D and ECPep-2D-Orn) had a better per-
formance in A. baumannii culture, with the highest activity for the all-D version (Figure 4).
Unfortunately, as commented above, ECPep-D shows significant cytotoxicity in contrast to
ECPep-2D-Orn in the tested human cell lines at 24 h and 48 h (Table 3). Therefore, we de-
cided to compare both peptide analogues (showing either high antimicrobial activity or no
toxicity at the highest tested concentration 100 µM) in an A. baumannii mice infection model.

Interestingly, the efficacy of the peptides in a murine acute infection model by A. baumannii
was encouraging. More than 70% survival after 3 days of infection was achieved by
a single dose of the D-peptide analogue. In addition, in vivo toxicity test indicated that
only significant clinical symptoms appeared when the peptide was administered at very
high concentrations, such as 25–30 mg/kg, after repeated dosing. The maximum toler-
ated dose and the symptomatology after repeated doses observed in our work are simi-
lar to other reported cases for AMPs administered by the intraperitoneal route. Taking
colistin sulfate as a reference approved AMP, we found a reported LD50 by intraperi-
toneal administration around 20–30 mg/kg in Swiss albino mice following a single injec-
tion [47]. Additionally, at the U.S. National Library of Medicine—Toxicity information
(https://chem.nlm.nih.gov/chemidplus/rn/1264-72-8, accessed on 1 December 2021), the
LD50 of colistin sulfate for the intraperitoneal route is 21.8 mg/kg in mice. It has been
reported that mice receiving 32 mg/(kg × day) became sluggish after three doses of colistin,
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where three of twelve mice died from neurotoxicity [48]. Thus, we can conclude that in
our studies with one single dose below the maximum tolerated dose, both ECP peptide
analogues are safe for mice. Nevertheless, it is worth considering further work on novel
Orn-analogues to enhance their in vivo biostability while minimizing their potential toxicity.

Next, we tested ECP peptides in an acute infection model. According to the literature to
achieve an acute infection of A. baumannii in a murine model, the recommended dose of the
inoculum ranges between 106 CFU/mL and 108 CFU/mL [49–52]. Following optimization
by testing an inoculum by intraperitoneal administration from 106 to 108 CFU/mL, we
selected a 107 CFU/mL condition, where untreated mice developed severe clinical signs as
well as heavy infection and had to be euthanized within a period of up to 8 to 9 h. On the
other hand, a positive control was set by the administration of colistin at 15 mg/kg, where
a drastic reduction in infection and recovery of clinical signs was achieved, reaching 100%
mice survival. In addition, a supplement of 5% mucin was administered to boost infection
and promote a proinflammatory response [36].

Subsequently, we started to test the potential efficacy of our designed peptides for
acute systemic infection. Single doses from 10 mg/kg to 20 mg/kg, previously determined
as safe, with no associated toxicity, were administered intraperitoneally to infected mice.
A pattern of significant improvement of clinical parameters and recovery of body weight
following ECP peptide administration was similar to the positive colistin-treated group.
In contrast, in the negative non-treated control, none of the animals survived. The first
efficacy assay at 10 mg/kg was followed by a second study at 20 mg/kg, where, in addition,
a higher number of treated animals was inspected. A therapeutic effect of ECPep-D was
observed with a 71.43% survival rate of mice after 3 days. In addition, a drastic reduction
in CFUs was observed in the studied organs in all animals treated with both peptides,
indicating that ECP peptides could be considered as potentially effective candidates for
A. baumannii acute infection. However, although CFU levels at analyzed organs and clinical
parameters recovery were similar to our positive control, a significantly lower survival ratio
was reached for ECPep-2D-Orn peptide. This might be attributed to a poorer biostability
in in vivo conditions of this analogue in comparison to the all-D peptide. Further work
is envisaged to identify the best pharmacophore that ensures non-toxicity in vivo while
retaining antimicrobial action. Complementary conjugation of ECP peptides to nanocarrier
systems would be considered to reduce the effective dose and facilitate the targeted delivery,
as demonstrated effective for a modified version of the parental protein [9].

Another interesting feature characteristic of ECP and its N-terminus derived peptides
relies on its high binding affinity to lipopolysaccharides (LPS) present at the Gram-negative
outer membrane [26]. Previous structural and functional studies characterized the protein
and peptide interaction with LPS in vitro by the use of complementary approaches. The
main protein residues that participate in the binding to LPS were characterized by side-
directed mutagenesis, peptide-array library and NMR structural analysis [27]. The ECP
targeted sequence for endotoxin binding is located at the C-terminus of the 30mer ECPep
(i.e., YRWR) (see Figure 2). The present data highlights that the all-D peptide retains
the same LPS binding affinity as its L counterpart (Table 2), suggesting that the overall
structural determinants of the parental peptide are retained. More importantly, both ECP
peptide analogues (ECPep-D and ECPep-2D-Orn) can drastically reduce TNF-α levels
in mice serum and demonstrates for the first time the ability of an ECP peptide to block
in vivo the release of the pro-inflammatory TNF cytokine. Nonetheless, our preliminary
results on LPS determination in mice serum are less straightforward to interpret and would
probably need future complementary assays. Despite the intrinsic limitations of the assay,
where only a reduced number of samples could be assayed and unspecific interactions of
the serum components with the ELISA kit reagents cannot be discarded, some results could
be drawn when comparing the distinct analyzed groups. At Day 0 (8 h), nearly no LPS was
detected within the serum of infected mice including the non-treatment group. This may be
attributed to the fact that the unreleased LPS might remain on the surface of bacterial cells
and would precipitate when the collected blood was centrifuged. Interesting results come
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out on Day 3. The amount of free LPS in the serum of mice cured with colistin is slightly
higher on Day 3, which means that the LPS released from the bacteria remained in the
serum and could not be neutralized after 3 days of infection. It has been reported that a large
amount of LPS released from P. aeruginosa dead cells following treatment with colistin were
still detectable, which in turn might reduce the effectiveness of this drug at the infection
focus [53]. Indeed, LPS aggregates were reported as the main entities biologically active in
previous studies [54]. In contrast to colistin, our designed peptides seem to be able to lower
the blood circulating LPS after 3 days of treatment (Figure 7), although this issue needs
further exploring. Among others, we might consider exploring the peptide anti-endotoxin
activity in another animal model, such as rabbit, considered more appropriate for the study
of sepsis-related symptoms [38]. In addition, a full understanding of the LPS-neutralizing
process needs to take into consideration which is the biologically active conformation of
blood circulating LPS [54] and how the AMP presence can alter the pro-inflammatory
cell response.

Massive production of pro-inflammatory cytokines, such as TNF-α, are associated with
the septic shock, a major lethal factor in Gram-negative infections in the clinics. Currently,
colistin is frequently used as a last resort to treat high-risk patients that can undergo septic
shock following acute infection. However, colistin is a non-ribosomal cyclic-AMP only used
as a last resort due to its associated toxicity following chronic treatment [22,48]. Therefore,
a new generation of antibacterial drugs that not only kill the bacteria but also neutralize
LPS with no toxicity in vivo is essential. The present results corroborate the efficacy of
ECP-derived peptides in vivo, showing their ability to effectively lower the number of
CFUs in tested organs (lung and spleen) and the amount of TNF-α in the serum of infected
mice (Figure 7). Moreover, both peptides administration can revert the severe clinical
parameters during the first 8 h of infection and alleviate the mice suffering on the first day
(Figure 6). In addition, the observed endotoxin neutralization activity of ECP peptides
in vivo was corroborated in a human mononuclear cell assay, showing comparable values
to Aspidasept® (pep19-2.5), an anti-septic AMP drug candidate (Figure 8 and Figure S10).

5. Conclusions

The current results highlight the efficacy of two N-terminal derived peptides of ECP in
a murine systemic A. baumannii acute infection model. This is the first report of an efficacy
test of an ECP peptide in an animal model. Our data indicates that the 30mer all-D peptide
version (ECPep-D) successfully enhances the mice survival rate up to 71% after 3 days. In
addition, both peptides can recover the body weight and supervised clinical parameters
to almost normal values, following an equivalent pattern as shown for animals treated
with colistin, our assay positive control. Moreover, both ECP peptides reduce the release
of the pro-inflammatory cytokine TNF-α. The present in vivo results make us confident
to further explore the unique advantages of ECP-derived peptides as a new generation of
antimicrobial candidates.
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Table S1. Sample sizes and administration times in each group for the main toxicity study. 

Group 
Dose 

(mg/kg) 

Sample size 

(number of mice) 

Day 0 Day 1 Day 2 

A.M. P.M. A.M. P.M. A.M. P.M. 

Vehicle (HBS)  3 ✓ ✓ ✓ ✓ ✓ ✓ 

ECPep-D 

20 6 ✓  ✓    

15 6 ✓ ✓  ✓  ✓ 

7.5 1 ✓  ✓  ✓  

ECPep-2D-Orn 

25 6 ✓ ✓ ✓  ✓  

20 6 ✓ ✓ ✓  ✓  

10 2 ✓  ✓  ✓  

7.5 2 ✓ ✓ ✓ ✓ ✓ ✓ 

✓means administration at the corresponding time. A.M. means administration in the morning (around 9:00) and P.M. means ad-

ministration in the afternoon (around 20:00). Owing to uncertainty of clinical reaction of the mice, the time planned to perform the 

following administration was decided based on the clinical symptoms observed after the previous administration dose.   
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Table S2. Assessment of general health status. 

Clinical assessment Score definition* 

Body weight 

0: body weight gain 

1: no body weight gain/body weight loss <10% of the initial body weight 

2: body weight loss between 10-20% 

3: body weight loss >20% 

Motor activity 

0: normal 

1: decreased motor activity, lameness, ataxia  

2: need to be forced to stand up, partial paralysis 

3: prostration, complete paralysis, dose no stand up when forced 

General appearance 

0: normal 

1: less grooming than normal, mild piloerection  

2: moderate piloerection and lesions in the coat, hunched posture 

3: severe piloerection and lesions in the coat (ulcerative dermatitis) 

Behaviour 

0: normal/social behaviour 

1: excitation/depressed  

2: exacerbated reactions to external stimuli/no reaction to external stimuli 

3: aggressiveness/stupor 

Secretions 

0: no secretion 

1: mild secretion  

2: severe secretion 

3: haemorrhage/purulent secretion 

Hydronation status 

0: normal 

1: long skin-tent duration  

3: long skin-tent duration + enophthalmos 

Breathing 

0: normal 

1: mild dyspnoea or tachypnoea  

3: moderate dyspnoea or tachypnoea + prostration 

Hypovolemia signs 

0: mucous rose-coloured 

1: mucous paleness  

2: moderate mucous paleness and dry 

3: moderate mucous paleness and dry + tachypnoea 

Urination and defecation 

1: feces and/or urine in very small quantities or slightly dark/orange or another 

colour appearance 

2: feces and/or dark/pink urine excretion indication blood. appreciation of dilated 

bladder and/or hardened abdomen 

3: dark feces and dark pink urine excretion indication blood. appreciation of dilated 

bladder and hardened abdomen, stained perineal area. completely liquid feces 
* Sum of the score: 0-2: No alterations. Procedure will be continued; 3-6: Monitoring will be intensified. ≥ 7: Euthanasia will be con-

sidered.
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Table S3. Cytotoxicity of ECP-derived peptides and colistin. 

IC50# (HEK293T) 

48h 

μM μg/mL 

ECPep-D 63.60 ± 5.88 239.00 ± 22.10 

ECPep-2D-Orn >100 >350.52

Colistin >300 >380.26
#IC50 is the cytotoxic concentration of the agents to cause death to 50% of viable cells. Each assay was done in triplicate by the MTT 

assay and normalized by no-treated control. Values are presented by Mean ± SE. N.D. indicates that no reduction of cell viability was 

detected at the highest concentration. 
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Figure S1. Standard curve of TNF-α and LPS tested by ELISA. The curve and the equation of the TNF-α and LPS concentration 

relative to OD450 obtained from the curve fit by linear regression. 
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b) ECPep-D 
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c) ECPep-2D-Orn 

 

 

 

Figure S2. RP-HPLC and MS chromatograms of a) ECPep-L, b) ECPep-D and c) ECPep-2D-Orn. The Luna C18 (4.6 × 50 mm, 3 µm; 

Phenomenex) column was used to purify the peptides using the following gradient: buffer B (0.036% TFA in Acetonitrile) into buffer 

A (0.045% TFA in H2O) over 15 min at 1 mL/min. Signal was registered at 220nm. The XBridge column C18 (4.6 × 150 mm, 3.5 μm, 

Waters) was then applied to check the MS of peptides with gradient buffer A (0.1% formic acid in water) and buffer B (0.08% formic 

acid in acetonitrile), 15 min at 1 mL/min, 220nm. 
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Figure S3. BODIPY-Cadaverine displacement curves for peptides and colistin. The curve was fitted by with nonlinear fit with nor-

malized response. 

 

Figure S4. Cytotoxicity curves for peptides and colistin. The curve was fitted by with nonlinear fit with normalized response. The 

concentration of peptide was indicated in x-axis with black (0-100 μM) and that of colistin with red (0-300 μM). 

 

Figure S5. “Up and Down” assay. a) Clinical scores of ECPep-D at different concentration within 2 days. b) Clinical scores of ECPep-

2D-Orn at different concentration within 2 days. Only 1 mouse in either group had been injected intraperitoneally from low dose to 

high dose and observed until 48h. The animal was euthanized when it had obvious clinical suffering.  
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Figure S7. Clinical scores for the setting of murine acute infection model induced by A. baumannii. a) Time course change of mice 

clinical scores after incubation with different concentrations of A. baumannii. The treated groups were respectively 6 mice for 109 

CFU/kg and 108 CFU/kg and 2 mice for 107 CFU/kg. b) Average clinical scores comparison of mice at different time points after 

incubation with 108 CFU/kg of A. baumannii in the absence or presence of colistin treatment. The treatment had been given at 2 h after 

bacteria administration. Four mice (2 male and 2 female) were used to compare between groups.  

 

 

 
Figure S8. Changes clinical symptoms in 1st efficacy assays with 10 mg/kg peptides treatment. a) The average clinical score in 3 days; 

b) Histogram of clinical scores at 5 hours and 8 hours; c) The average body weight gain (%) at different hours in 3 days; d) Histogram 

of body weight gain (%) at 8 hours. Each animal had been inoculated 108 CFU/kg A. baumannii with 5% mucin before the first treat-

ment. The different treatments were given 2 hours later after the bacteria inoculation respectively and last 3 days. Values are pre-

sented by mean ± SEM. Mann-Whitney test has been used for statistical comparison between different treatments and vehicle (**P < 

0.01, *P < 0.05, #P < 0.1).  
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Figure S9. The average CFUs in organs (spleen and lung) of infected mice in the 1st efficacy assay with 10 mg/kg peptides treatment. 

Each animal had been inoculated 108 CFU/Kg A. baumannii with 5% mucin before treatment. Treatments were given 2 hours later 

after the bacteria inoculation respectively and last 3 days for the survival ones. Values are presented by mean ± SEM. 

 

Figure S10. Inhibitory effect on LPS-induced TNF-α cytokine release. a) and b) Different concentration of LPS R60-induced secretion 

of TNF-a by human mononuclear cells and the inhibitory effect in the presence of the peptides ECPep-L, ECPep-D and Aspidasept 

®  was calculated. Unpaired t-test has been used for statistical comparison between peptides and Aspidasept ®  within the same 

amount of LPS. Significant differences were compared with LPS alone sample when no group is indicated (**P < 0.01, *P < 0.05, #P < 

0.1). 
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The emergence of bacterial resistance to the most commonly used antibiotics

encourages the design of novel antimicrobial drugs. Antimicrobial proteins and peptides

(AMPs) are the key players in host innate immunity. They exert a rapid and multifaceted

action that reduces the development of bacterial adaptation mechanisms. Human

antimicrobial RNases belonging to the vertebrate specific RNase A superfamily

participate in the maintenance of tissue and body fluid sterility. Among the eight human

canonical RNases, RNase 3 stands out as the most cationic and effective bactericidal

protein against Gram-negative species. Its enhanced ability to disrupt the bacterial

cell wall has evolved in detriment of its catalytic activity. Based on structure-functional

studies we have designed an RNase 3/1 hybrid construct that combines the high

catalytic activity of RNase 1 with RNase 3 bactericidal properties. Next, we have

explored the ability of this hybrid RNase to target the development of bacterial

resistance on an Acinetobacter baumannii cell culture. Synergy assays were performed

in combination with colistin, a standard antimicrobial peptide used as an antibiotic

to treat severe infections. Positive synergism was observed between colistin and the

RNase 3/1 hybrid protein. Subsequently, using an in vitro experimental evolution assay,

by exposure of a bacterial culture to colistin at incremental doses, we demonstrated the

ability of the RNase 3/1 construct to reduce the emergence of bacterial antimicrobial

resistance. The results advance the potential applicability of RNase-based drugs as

antibiotic adjuvants.

Keywords: RNase, antimicrobial resistance, antibiotic adjuvant, gram-negative bacteria, antimicrobial peptides

INTRODUCTION

The emergence of bacterial resistance to conventional antibiotics is becoming a serious sanitary
and economical threat. There is an urgent need to develop alternative drugs that address
this global health issue and overcome the spread of infectious diseases (Lohrasbi et al., 2018;
Mustazzolu et al., 2018). In particular, novel therapeutic approaches will be required to fight
the dissemination of multi-drug resistant bacterial strains that threaten our public health system
to return to the “pre-antibiotic era” (Wright, 2016). Currently, the majority of antimicrobial
agents that are available in the pharmaceutical market rely on the direct elimination of the
microorganisms. Notwithstanding, recent literature highlights the potentiality of drug combination
and simultaneous targeting of diverse cellular processes (Brochado et al., 2018; Lázár et al., 2018) to
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overcome the bacterial development of resistance mechanisms.
Being aware that full eradication of antibiotic resistance might
be unattainable, we should gather all our available means to
minimize its dissemination and impact. One of the favorite
strategies to overcome the so called “antibiotic resistance
era” relies on the discovery of unconventional drugs and
combinatorial approaches (Brown and Wright, 2016).

In the search of novel antibiotic candidates, our own
innate immunity system represents one of the best reservoirs.
Upon infection, our innate immune cells secrete a variety of
antimicrobial proteins and peptides (AMPs) that protect the host
biological fluids against pathogen invasion. AMPs are usually
small polypeptides that present a non-specific wide-spectrum
targeting of microorganisms (Hancock and Diamond, 2000).
A growing clinical interest for AMPs is derived from their
low toxicity to mammalian cells, together with the fact that
bacterial resistance to these molecules seems inherently more
difficult to acquire in comparison to conventional antibiotics
(Lai and Gallo, 2009; Nakatsuji and Gallo, 2012; Casciaro et al.,
2018). Within the AMPs, the largest group corresponds to
cationic peptides (Hancock and Diamond, 2000). The mode of
action of cationic antimicrobial peptides is different from that
of conventional antibiotics and is often related to interaction
with bacterial walls through electrostatic forces and subsequent
cell lysis (Yeaman, 2003; Bahar and Ren, 2013). AMPs are
mostly amphiphilic in nature and they are comprised of
hydrophobic and hydrophilic residues aligned on opposite sides
of the peptides, facilitating their easy penetration through cell
membranes (Torrent et al., 2011a,b; Brandenburg et al., 2012).
Fortunately, although several cases of bacterial resistance to
AMPs have been observed (Perron et al., 2006; Moffatt et al.,
2010), the complex structure of bacterial envelopes hinder the
development of total resistance. Besides, AMPs are frequently
multifaceted molecules that combine a direct mechanical action
to the bacterial envelope with a specific enzymatic activity
that targets essential intracellular macromolecule components.
A variety of multifunctional antimicrobial proteins, endowed
with protease, DNase or RNase activity, can participate in the host
defense system (Brogden, 2005; Hancock and Sahl, 2006; Boix
and Nogués, 2007; Arranz-Trullén et al., 2017).

In our laboratory, we are working on the structure-functional
relationship of human antimicrobial RNases that belong to
the vertebrate-specific RNase A superfamily and are secreted
by epithelial and blood cells during infection (Gupta et al.,
2012; Koczera et al., 2016; Lu et al., 2018). Characterization
of the mechanism of action of human antimicrobial RNases
suggests that a combination of activities are taking place (Salazar
et al., 2016; Lu et al., 2018). In particular, the human RNase 3,
mostly secreted by eosinophils upon infection, combines a high
cationicity (pI ∼11), lipopolysaccharide (LPS) binding affinity,
membrane destabilization and bacterial agglutination activities
(Boix et al., 2012; Torrent et al., 2012).

Interestingly, a striking structural homology between the
RNase A superfamily and bacterial RNases belonging to the
contact-dependent growth inhibition (CDI) toxins was recently
reported (Batot et al., 2017; Cuthbert et al., 2018). CDI bacterial
toxins work as inter-strain competition weapons and use the

RNase enzymatic activity as a self-defense mechanism. Indeed,
most of our current antibiotics are derived from natural
compounds produced by microorganisms against competing
species (Blair et al., 2015). Among them, bacteriocins, expressed
by commensal species and endowed with enzymatic activities,
are being considered as appealing alternative antibiotics to fight
pathogenic strains (Mathur et al., 2018).

Another alternative approach proposed to fight resistance
mechanisms against antimicrobial agents is the targeting of
the bacterial community integrity. Recent studies reveal the
previously underestimated complexity of bacterial communities
and identify collective resistance mechanisms (Vega and Gore,
2014). Novel strategies can be engineered to target the
bacterial community cohesion and thereby weaken collective
resistance. Collective resistance ensures the survival of the
microbial community upon exposure to antibiotic conditions
that otherwise would be lethal to individual bacterial cells (Vega
and Gore, 2014). One of the main mechanisms that ensures
bacterial survival relies on the intercellular horizontal transfer
of information that facilitates a rapid response to any external
injury and ensures the community’s adaptation to a hostile
environment (Papenfort and Bassler, 2016). Recent discoveries
have identified signaling molecules that contribute to community
quorum sensing, such as regulatory small RNAs (Papenfort
and Vogel, 2010). Therefore, an antimicrobial agent endowed
with RNase activity that can target bacterial quorum-sensing
signaling might work as an antibiotic adjuvant. Indeed, the use of
antibiotic adjuvants is one of the selected strategies to minimize
the emergence and impact of resistance phenomena (Wright,
2016). Addition of adjuvants can lower the needed antibiotic
dose to reach a therapeutic effect (Brown and Wright, 2016).
Moreover, weakening the bacterial community cohesion would
reduce the emergence and dissemination of resistant pathogenic
strains (Starkey et al., 2014).

In this study, we have committed ourselves to evaluating the
potential contribution of RNase catalytic activity in reducing the
emergence of bacterial resistance. Toward this end, we have used
an experimental evolution assay by exposing an Acinetobacter
baumannii bacterial culture to increasing concentrations of
colistin. Colistin (also called polymyxin E) is a non-ribosomal
bacterial cyclic AMP only used in the clinics as a last resort
to treat live-threatening infections, due to its reported toxicity.
Here, we have tested the reduction of the antimicrobial resistance
against colistin upon treatment with an engineered RNase
construct that combines a high catalytic activity with specific
antimicrobial properties.

MATERIALS AND METHODS

Materials
The A. baumannii strain (CECT 452; ATCC 19606) and
Pseudomonas aeruginosa strains (CECT 4122; ATCC 15692)
are from the Spanish Type Culture Collection (CECT). The
Escherichia coli BL21(DE3) strain and the pET11c plasmid are
from Novagen. MRC-5 and HepG2 cells are from the American
Type Cell Culture Collection (ATCCC). Mueller–Hinton broth,
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LPS and RNase A (Type XII) are from Sigma-Aldrich.
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT), Isopropyl β-D-1-thiogalactopyranoside (IPTG) and
colistin are from Apollo Scientific. 1-aminonaphthalene-3,6,8-
trisulfonate (ANTS), α,α′-dipyridinium p-xylene dibromide
(DPX) and the fluorescent probe BODIPY TR cadaverine
are from Molecular Probes. Toludine blue is from Merck.
RNase 3/1 gene was purchased from NZYTech. 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-
3-phosphoglycerol (DOPG) were fromAvanti Polar Lipids. E. coli
lipid extract was obtained as described (Folch et al., 1957).
Human RNase 1 gene was a gift from Dr. Maria Vilanova,
Universitat de Girona, Spain, and human RNase 3 sequence was
taken from a previously synthesized gene (Boix et al., 1999).

Protein Expression and Purification
The RNase 1, 3, and 3/1 genes were subcloned into the plasmid
pET11c for prokaryote high yield expression in the E. coli
BL21(DE3) strain. The recombinant protein was expressed
and purified as previously described (Boix, 2001), with some
modifications (Palmer and Wingfield, 2004). Briefly, bacteria
were grown in terrific broth (TB), containing 400 μg/mL
ampicillin. Recombinant protein was expressed after cell
induction with 1 mM IPTG added when the culture showed
an OD600 of 0.6. The cell pellet was collected after 4 h of
culture at 37◦C. Cells were resuspended in 10 mM Tris/HCl
and 2 mM EDTA, pH 8 and 40 μg/mL of lysozyme, and
sonicated after 30 min. The pellet was suspended in 25 mL
of the same buffer with 1% triton X-100 and 1 M urea and
was left stirring at room temperature for 30 min, before being
centrifuged for 30min at 22.000× g. This procedure was repeated
until the supernatant was completely transparent. In order to
remove the triton X-100, 200 mL of 10 mM Tris-HCl pH 8.5,
2 mM EDTA was added to the pellet and centrifuged again
for 30 min at 22.000 × g. The resulting pellet was suspended
in 25 mL of Tris-acetate 100 mM, pH 8.5, 2 mM EDTA, 6
M guanidine hydrochloride, and 80 mM of DTT. The protein
was then refolded for 72 h at 4◦C by a rapid 100-fold dilution
into 100 mM Tris/HCl, pH 8.5, 0.5 M of guanidinium chloride,
and 0.5 M L-arginine, and oxidized glutathione (GSSG) was
added to obtain a DTT/GSSG ratio of 4. The folded protein
was then concentrated, buffer-exchanged against 150mM sodium
acetate, pH 5 and purified by cation-exchange chromatography
on a Resource S (GE Healthcare) column equilibrated with the
same buffer. The protein was eluted with a linear NaCl gradient
from 0 to 2 M in 150 mM sodium acetate, pH 5. The protein
purity was checked by SDS-PAGE and reverse-phase HPLC.
Absence of unpaired Cys was confirmed by the Ellman’s reaction
(Ellman, 1959).

Circular Dichroism (CD)
Far-UV CD spectra were obtained from a Jasco-715 (Jasco), as
previously described (Torrent et al., 2009a). The spectra were
registered from 195 to 240 nm at room temperature. Data from
four consecutive scans were averaged. Before reading, the sample
was centrifuged at 10.000 × g for 5 min. Protein spectra were
obtained at 6 μM in 5 mM sodium phosphate, pH 7.5, with a

0.2 cm path-length quartz cuvette. The percentage of secondary
structure was estimated with Spectra Manager II, as described
(Yang et al., 1986).

Activity Staining Gel
Zymograms were performed following the method previously
described (Bravo et al., 1994). 15% polyacrylamide-SDS gels were
cast with 0.3 mg/mL of poly(C) (Sigma Aldrich). Then, 20 ng
of RNase 1, 3, and 3/1 were loaded, and the gel was run at a
constant current of 100 V for 1.5 h. Following, the SDS was
removed from the gel with 10 mM Tris/HCl, pH 8, and 10%
(v/v) isopropanol. The gel was then incubated during 1 h in
the activity buffer (100 mM Tris/HCl, pH 8) to allow enzymatic
digestion of the embedded substrate and then stained with 0.2%
(w/v) toluidine blue in 10 mM Tris/HCl, pH 8, for 10 min.
Positive bands appeared white against the blue background. The
loading buffer had no 2-mercaptoethanol to facilitate recovery
of active enzymes.

Minimum Bactericidal Concentration

(MBC) Determination
MBC100 was defined as the lowest protein/peptide concentration
that completely eradicated bacterial cells. RNase 3/1 was serially
diluted in HBS (HEPES 20 mm pH 7.4, NaCl 100 mM) in 96-well
plate in a volume of 100 μL to achieve final concentrations from
20 to 0.02 μM. Then, 2 μL of an exponential phase subculture
of E. coli, A. baumannii or P. aeruginosa was added, previously
adjusted to give a final concentration of approximately 5 × 105
colony-forming units (CFU)/mL in each well and the plate was
incubated for 4 h at 37◦C and 100 rpm. Finally, samples were
plated onto LB (Condalab) Petri dishes and incubated at 37◦C
overnight. All the assays were performed in triplicate.

Cytotoxicity Assay
Cytotoxicity was measured for the MRC-5 and HepG2 human
cell lines using the MTT assay, as described previously (Pulido
et al., 2018). Cells were grown in 5% CO2 at 37 ◦C with minimal
essential medium supplemented with 10% fetal bovine serum
(FBS). Cells were plated at 5× 104 cells/well in a 96-well plate and
incubated overnight. Next, the medium was removed and serial
dilutions of RNase 1, 3, and 3/1 were added at concentrations
ranging from 200 to 0.2 μM in 100 μL of medium without
serum. After 4 h of incubation, the medium was replaced with
fresh medium containing 0.5 mg/mL MTT solution and the
mixture was incubated for 2 h in 5% CO2 at 37 ◦C. The medium
was then removed and formazan was dissolved by adding acidic
isopropanol. The optical density (OD) was recorded by using a
Victor3 plate reader (PerkinElmer, Waltham, MA) set at 550 and
630 nm as references. Reference absorbance at 630 nm was used
to correct for nonspecific background values. Each experiment
was repeated at least three times.

LPS Binding Assay
The LPS-binding affinity was assessed using the fluorescent probe
BODIPY TR cadaverine (BC) as described (Torrent et al., 2008).
RNase 1, 3, and 3/1were serially diluted in a 96-well fluorescence
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plate from 20 to 0.02 μM in HEPES 10 mm pH 7.4. Then,
LPS (10 μg/mL) and BC (10 μM) were added in the same
buffer. Fluorescence measurements were performed on a Victor3
plate reader. The BC excitation wavelength was 580 nm, and
the emission wavelength was 620 nm. Occupancy factor was
calculated as described previously (Torrent et al., 2008).

Liposome Preparation
Large unilamellar vesicles (LUVs) containing DOPC/DOPG (3:2
molar ratio, 1 mM stock concentration) or E. coli membrane
lipids (5 mg/mL stock concentration) of a defined size were
obtained from a vacuum drying lipid chloroform solution. After
the chloroform evaporation, liposomes were suspended with
10 mM Tris/HCl, 20 mM NaCl, pH 7.4. The distribution and the
mean hydrodynamic range of the liposomes in suspension was
determined by dynamic light scattering (DLS) with a Zetasizer
Nano ZS Malvern, and the data was analyzed by its built-in
software (Zetasizer 7.02).

Liposome Leakage
The ANTS/DPX liposome leakage fluorescence assay was
performed as previously described (Pulido et al., 2016a). Briefly,
a unique population of LUVs DOPC/DOPG (3:2) or E. coli
liposomes was prepared to encapsulate a solution containing
12.5 mM ANTS, 45 mM DPX, 20 mM NaCl, and 10 mM
Tris/HCl, pH 7.5 by applying three freeze-thaw cycles. The
ANTS/DPX liposome stock suspension was diluted to 30 μM
and incubated at 37◦C for 1 h with RNase 1, 3, and 3/1, serially
diluted from 20 to 0.015 μM in a microtiter fluorescence plate.
Fluorescence measurements were performed on a Victor3 plate
reader with an excitation wavelength of 386 nm and an emission
wavelength of 535 nm. ED50 values were calculated by fitting the
data to a dose–response curve with Origin 8.0.

Synergy Determination Assay
The synergy test was carried out by determining the bacterial
minimum inhibitory concentration (MIC) in Müller Hinton
medium, as follows. 8 × 8 well plates were used to check
the protein/colistin combinations. First, RNase 3/1 was serially
diluted from 12 to 0.1 μM, in eppendorf tubes at a 10-fold
the final concentration in 0.01% acetic acid (Wiegand et al.,
2008). Then, colistin was serially diluted from 8 to 0.02 μM
in Mueller–Hinton medium to a final volume of 90 μL, and
10 μL of the serially diluted protein aliquots were added in each
corresponding well (except in the negative control, where only
buffer was added). After that, 2 μL of a 1:3 diluted 24-h culture of
A. baumannii were added to each well to achieve a final 1:150
bacterial dilution (approximately 2 × 105 CFU/mL), and the
plate was incubated overnight at 37◦C and 100 rpm. Positive or
negative bacterial growth was checked by optical density. All the
assays were performed in triplicate.

Antimicrobial Resistance Evolution

Assay by Colistin Exposure
A fresh and isolated colony of A. baumannii was picked up
and left to grow overnight in Mueller–Hinton broth. The

next day, the 24-h culture (stationary phase) was diluted
1:150 times (approximately 2 × 107 CFU/mL) and placed
in a 96-well polypropylene plate. Before the inoculation of
the bacteria, 90 μL of colistin in Mueller–Hinton medium
were added to 80 wells in order to achieve the desired
concentration in the final volume (100 μL). To 40 of these
wells, 10 μL of 1 μM RNase 3/1 (to have a final concentration
of 100 nM) in a cationic protein/peptide stabilizer solution
(acetic acid at 0.01%) was added (Wiegand et al., 2008).
To the other 40 wells, the same solution without protein
was added. Finally, Mueller–Hinton medium with 10% of the
stabilizer solution was added to the other 16 wells, as a
negative control.

In the first experiment (Assay 1), the plate was placed
overnight in an Infinite F Nano + (Tecan) plate reader
at 37◦C with orbital shaking, and the OD600 was recorded
every 5 min. The day after, the cultures at the stationary
phase were diluted three times and 2 μL of the diluted
bacteria were inoculated to a new plate prepared as explained
above, in order to have a 1:150 final dilution and incubated
overnight to determine the bacterial growth profiles by DO600nm
monitoring. The first plate was stored at −80◦C with 15%
of glycerol for later determination of colistin MIC value. The
dose of each day of colistin exposure was adjusted according
to the observed bacterial growth; when no reduction of
the bacterial growth was observed, the dose was increased;
and, when bacteria growth reduction was observed, the
dose was maintained.

In order to test if RNase 3/1 could also hinder the resistance
acquisition of the bacteria in a colistin-pre-exposed strain, a
second assay was performed, following a modification of a
previously described assay (Lázár et al., 2018) (named as Assay
2). The plate preparation was performed as previously explained
with the following modifications. Before starting the treatment
protocol, a fresh isolated colony of A. baumannii was preexposed
for three 24-h cycles to a 0.3 μM initial dose of colistin at the
same conditions than the first exposure assay. Then, to each of
40 wells of the pre-exposed culture, the protein was added to
a concentration of 1 μM, while the colistin dose was increased
at 1.2 × serial incremental doses, keeping constant the protein
concentration. The plates were incubated in an incubator at
37◦C and 100 rpm. The OD600 was recorded after 24 h in a
Victor3 plate reader.

Minimum Inhibition Concentration (MIC)

Determination
The MIC of each of the bacterial lineages generated during the
resistance evolution assay was determined. MIC was defined
as the lowest protein/peptide concentration that completely
inhibited bacterial growth. Colistin was serially diluted from 64
to 0.5 μM in Mueller–Hinton. Next, 2 μL of a 1:3 diluted 24-h
culture of each A. baumannii lineage were added to each well to
achieve a final 1:150 bacterial dilution (approximately 2 × 107
CFU/mL), and the plate was incubated overnight at 37◦C and
100 rpm. Presence or absence of bacterial growth were checked
by visual inspection.
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Statistical Analysis
Barlett’s test and Shapiro–Wilk’s method were used to study
the variance homogeneity and normal distribution of the
data, respectively. Due to unequal sample size among groups
(unbalanced design), the Kruskall-Wallis non-parametric test
followed by post hoc comparisons using Wilcoxon method were
used for statistical comparison of continuous variable (time to
reach exponential phase) for A. baumannii between and within
the three different groups (culture bacteria treated with colistin,
colistin + RNase 3/1 or non-treated control). Sample size (n) was
40 for the two treatments and 16 for the control group. Statistical
significance was set at p < 0.05, and all statistical tests were
2-sided. Data are presented as means ± standard error. Statistical
analysis and data visualization was performed using R Software
3.4.4 (R Core Team, 2018).

RESULTS

RNase 3/1 Rational Design
RNase 3/1 has been designed in an effort to combine both
the high bactericidal activity of human RNase 3 and the high
catalytic activity of human RNase 1, according to previous
structural-functional studies (Prats-Ejarque et al., unpublished
results). Using the RNase 1 structure as a scaffold, antibacterial
regions of RNase 3 were added. Specifically, we incorporated the
N-terminal region of RNase 3, previously found to be related to
antimicrobial activity (Torrent et al., 2009a, 2010, 2013; Sánchez
et al., 2011), but preserved the Asp17-Ser26 flexible loop of
RNase 1, considered essential for RNase 1 high catalytic activity

(Doucet et al., 2009; Gagné et al., 2015). In addition, the cationic
regions fromArg77 to Arg81 and Arg103 to Arg107, associated to
RNase 3 bactericidal activity, were incorporated (Carreras et al.,
2003). On the other hand, the residues that participate in the
binding of the main and secondary bases of the RNA substrate,
located at the 5′ and 3′ sides of the cleaved phosphodiester bond
(B1 and B2, respectively), were kept according to the RNase 1
sequence. The resulting final sequence and the structure model
are shown in Figure 1.

RNase 3/1 was successfully expressed in E. coliBL21(DE3) cells
and purified from inclusion bodies at a final yield of 30 mg/L
of bacterial culture. The proper 3D protein folding was checked
by circular dichroism (Supplementary Figure S1), giving the
characteristic secondary structure percentage distribution of the
RNase A family (Fowler et al., 2011). Moreover, we confirmed
by Ellman’s assay that all disulphide bonds were formed in
the refolded protein and no free Cys residue was present
(A412 nm = 0.0003 and 0.001 for 4 and 8 μM of protein sample
respect to control buffer).

Next, we assessed the protein catalytic activity using an activity
staining gel. Results indicated that the RNase 3/1 hybrid displays
a high catalytic efficiency toward a polynucleotide substrate.
As shown in Figure 2, the catalytic activity of RNase 3/1 for
polyuridine (poly(U)) is more than 30 times higher than that of
RNase 3, almost reaching half of the catalytic activity of RNase 1.

In view of these results, we wanted to check whether the
engineered structural changes that achieved an increase in
catalytic activity in relation to RNase 3 had any detrimental
effect on the hybrid proteins antimicrobial activity. Therefore,
we determined the MBC for the hybrid and parental RNases.

FIGURE 1 | Design of RNase3/1 chimera. (A) Model of RNase 3/1 obtained by Modeler 9.12 (Webb and Sali, 2016). In green, B1 site. In pink, B2 site. In red, the

active site. In beige, the RNase 1 skeleton. In light blue, the RNase 3 antimicrobial regions. (B) Alignment of RNase 1, 3 and 3/1 primary structures. The fully

conserved amino acids are highlighted in red. The residues that are not conserved but have similar properties are marked with red letters. The secondary structure is

indicated above the alignment. The green numbers indicate the disulphide bridge pairs. The alignment was done using Clustal Omega (Sievers and Higgins, 2018),

and the image was obtained with ESPript7 (http://espript.ibcp.fr/ESPript/) (Robert and Gouet, 2014).
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FIGURE 2 | Catalytic characterization of RNase3/1 by zymogram. (A) Activity staining gel showing the degradation of poly(U) with 20 ng of each protein. RNase 3

(lane 1), RNase 3/1 (lane 2), and RNase 1 (lane 3). (B) Densitometric analysis of the bands of the activity staining gel. Quantification was done from a scan image

using Quantity One software (Bio-Rad R©).

The results confirmed the acquisition of bactericidal activity of
RNase 3/1 respect to the non-antimicrobial RNase 1; although
a significant decrease of the hybrid bactericidal activity in
comparison to RNase 3 is appreciated (Table 1).

Next, we evaluated whether our protein construct retained
the high LPS-binding affinity observed for RNase 3 (Torrent
et al., 2008; Pulido et al., 2012, 2016b). LPS-binding affinity
was estimated by a displacement assay using the fluorescent
BODIPY-cadaverine (BC) probe as previously described (Torrent
et al., 2008). Results confirmed that RNase 3/1 retained
a similar LPS-binding affinity to RNase 3 (Table 2 and
Supplementary Figure S2).

In addition, the liposome leakage ability of the RNases was
evaluated. As shown in Table 2, RNase 3/1 retains similar
liposome leakage activity to RNase 3, while RNase 1 does not
present any membrane disruption ability.

Finally, the potential cytotoxicity against host tissues was
evaluated in vitro using two human cell lines: immortalized lung
fibroblasts (MRC-5) and tumor hepatic cells (HepG2). The results
indicated that RNase 3/1 shows no toxicity at the maximum
concentration tested (200μM) as observed for RNase 1 (Table 3).

RNase 3/1 Shows Synergy Activity With

Colistin Against A. baumannii
Next, we decided to test the potential synergistic activity of
RNase 3/1 in combination with a common antimicrobial peptide

TABLE 1 | Bactericidal activity characterization of RNase3/1.

MBC100 (μM)

E. coli A. baumannii P. aeruginosa

RNase 1 >20 >20 18.33 ± 2.89

RNase 3 1.88 ± 0.88 0.6 ± 0.07 0.6 ± 0.07

RNase 3/1 6.25 ± 2.17 6.25 ± 2.17 3.13 ± 1.08

MBC100 was determined as the lowest concentration of peptide where no cells

were detected by Colony Forming Units counting in HBS solution.

TABLE 2 | LPS-binding affinity and liposome leakage activity of RNases 1, 3

and 3/1.

LPS binding

(LBC50) (μM)

Liposome leakage

(LC20) (μM)

DOPC:DOPG E. coli

RNase 1 1.50 ± 0.28 N.D. N.D.

RNase 3 0.38 ± 0.03 1.19 ± 0.19 1.87 ± 0.42

RNase 3/1 0.59 ± 0.02 1.18 ± 0.36 0.86 ± 0.18

The LPS binding concentration at the 50% displacement (LBC50) values have

been determined from a dose-response curve adjusted by OriginPro 8 statistical

software. Liposome leakage was measured as the protein concentration that

induces 20% of liposome leakage (LC20). Experimental data plots are shown in

Supplementary Figures S2, S3, respectively. N.D. indicates that no leakage was

detected at the highest tested concentration (20 μM).

TABLE 3 | Cytotoxic activity characterization of RNase3/1.

IC50 (μM)

RNase 1 RNase 3 RNase 3/1

Lung fibroblasts (MRC-5) N.D. >100 N.D.

Hepatocarcinoma epithelial

cells (HepG2)

N.D. 134.66 ± 0.95 N.D.

IC50 was determined as the concentration of protein where 50% of cells were still

alive. Cytotoxicity was determined by the MTT assay. Each assay was performed

in triplicate. N.D. means that, at the highest tested concentration (200 μM), no

reduction of cell viability was detected.

used in the clinics, colistin. The analysis of the combinatorial
effect of RNase 3/1 with colistin showed that the combination
of colistin with RNase 3/1 improves significantly the MIC100 of
colistin against A. baumannii (Figure 3). The MIC100 value for
colistin alone in the assayed conditions was 0.9 ± 0.05 μM.
The calculated RNase 3/1 concentration where the MIC for
colistin is reduced by half was 1.35 ± 0.15 μM. Interestingly,
we observe a biphasic dose-response profile, where the MIC for
colistin reaches a first plateau in the presence of 0.3 to 5 μM of
RNase 3/1 (∼1.5 × reduction of the original MIC value) and a
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FIGURE 3 | Biphasic dose-response fit of the variation of the MIC100 of

colistin against A. baumannii as a function of the RNase 3/1 concentration.

The non-linear fitting was done using OriginLab 8.

second plateau at concentrations higher than 10 μM of RNase
3/1 (∼5 × reduction of the MIC value).

Exposure of Bacterial Culture to RNase

3/1 Reduces the Acquisition of Bacterial

Resistance to Colistin
Positive synergy results encouraged us to test our hybrid RNase in
an antimicrobial resistance evolution assay. Toward this end, we
performed two different exposure protocols, as described in the
methodology section, which we will refer to as Assays 1 and 2 (see
Figure 4). In Assay 1, we exposed non-treated A. baumannii cells
to either colistin alone or colistin supplemented with RNase 3/1
at 0.1 μM. RNase 3/1 final concentration was selected well below
the minimum value required to display any potential synergy
effect in combination with colistin (see Figure 3). The MIC
value for RNase 3/1 in the assay conditions is ≥10 μM. During
the experiment, in order to increase the selection pressure,
we gradually increased the dose of colistin in accordance to
the bacterial growth, while keeping the same initial RNase 3/1
concentration at 0.1 μM. The cultures of 40 parallel lineages
were serially diluted and transferred for eleven consecutive cycles
of 24-h each, corresponding to a total of about 330 generations
as described (Moffatt et al., 2010). Colistin dose was adjusted
according to the observed bacterial growth curves: the dose was
increased when no effect on the bacterial growth was observed,
and kept constant when a significant reduction of bacterial
growth was registered. The growth of the bacteria following 1/150
dilution was monitored every 5 min and results were compared
to parallel non-exposed control cultures.

Evaluation of the growth curves confirmed that the
experimental evolution assay has been successful. The
monitoring of culture optical density indicated that the exposure
to increasing concentrations of colistin delayed bacterial growth
(see Figure 5). Interestingly, the growth curve displacement is
more pronounced by the addition of RNase 3/1.

Moreover, addition of RNase 3/1 not only displaced the
bacterial growth curve, producing a delay in the overall growth
of the surviving bacterial lineages, but also resulted in increased
mortality rate (see Table 4 and Figure 6A). Noteworthy, the
cycles corresponding to the highest mortality rates (Day 9
and Day 11 in case of colistin alone; Day 4 and Day 11 in
case of colistin combined with RNase 3/1) correlate with an
increase in the time needed to reach the exponential phase.
To note, at the 4th day of exposure, when the colistin dose
was increased from 0.1 to 0.25 μM, we observed a marked
decrease in growth in both colistin and colistin + RNase 3/1
conditions. In particular, the response to the increase of the
colistin dose was most prominent in the RNase 3/1 supplemented
condition, achieving, at 0.25 μM (Day 4), a 20% of mortality
versus only a 2.5% in the cultures exposed only to colistin
(Figure 6A). Likewise, we observed a pronounced shift of the
growth curves (Figures 5, 6B).

A second peak of mortality was visualized between days
8 and 9 (corresponding to 0.35 μM to 0.7 μM of colistin
dose increase). At this point, only 35% of the original
strains exposed to colistin + RNase 3/1 survived, versus a
65% of survival for colistin alone. Interestingly, although the
condition exposed to colistin alone experimented a significant
delay of growth (Figure 6B), this was not the case for
the RNase 3/1 supplemented condition, suggesting that the
surviving strains had already acquired resistance to that
dose of colistin.

Eventually, a shock dose of colistin (10 × the dose of the
previous day) was applied at day 11, triggering a high mortality
and a strong delay of the growth of the surviving strains.
Following this shock dose, the surviving rate of the lineages
exposed to colistin and RNase 3/1 was less than half the observed
in the cultures exposed to colistin alone (35–15% of survival,
respectively), as shown in Figure 6A and Table 4.

On the other hand, results highlighted an overall reduction by
half in the calculated average MIC mean value for colistin in the
bacterial cultures supplemented with RNase 3/1 (Figure 7).

Next, we wanted to explore whether RNase 3/1 addition to
colistin could also hinder the bacterial resistance acquisition
to a strain that had previously acquired resistance to colistin.
With this goal in mind, we incubated an A. baumannii
culture for 3 days in the presence of 0.3 μM of colistin, and
then, we performed a second experimental evolution assay
using this strain, with acquired resistance to colistin, as a
starting seed (see Assay 2 in Figure 4). Then, the cultures
were exposed to either colistin alone or colistin supplemented
with RNase 3/1 at 1 μM final protein concentration. In this
experiment, RNase 3/1 concentration was added at 1 μM
to ensure a positive response when tested in combination
with colistin (see Figure 3). The 40 parallel lineages were
exposed to gradually increasing concentrations of colistin
(1.2-fold following each transfer cycle of 24 h, starting from
an initial concentration of 0.3 μM, see corresponding daily
concentrations in Supplementary Figure S6). The tested colistin
range (from 0.3 to 3.21 μM) ensured the induction of
bacterial resistance and avoided massive cell mortality. Results
indicated that the average increase of the MIC for colistin

Frontiers in Microbiology | www.frontiersin.org 7 June 2019 | Volume 10 | Article 1357

99



Prats-Ejarque et al. An Antimicrobial RNase Targeting Bacterial Resistance

FIGURE 4 | Graphical depiction of the experimental evolution of resistance assay protocol by culture exposure to colistin. 40 parallel lineages of A. baumannii were

exposed to colistin or colistin + RNase 3/1. Assay 1 was started from a single colony without colistin preexposure incubated in the presence of 0.1 μM of RNase

3/1. Assay 2 was started from a culture pre-exposed to 0.3 μM of colistin during 3 days and addition of RNase 3/1 at 1 μM.

FIGURE 5 | A. baumannii growth curves at representative days of exposure. Bacterial culture growth was monitored following 1/150 dilution by OD600 reading.

Points represent the mean of all the lineages for each day and condition. In red is shown the negative control, in blue the colistin-exposed cultures and in green, the

colistin + RNase 3/1 conditions. Error bars represent the standard error of the mean. A statistical analysis was applied to further evaluate the significance of the

observed differences between the behavior of the cultures exposed only to colistin and the cultures exposed to both colistin and RNase 3/1. Taking as a reference

the time needed for the bacteria to reach the exponential phase (OD600 = 0.4), we performed a comparison between cultures belonging to the same cycle

(Figure 6B) and cultures of consecutive cycles within each condition (Supplementary Figures S4, S5).

following 14 cycles of 24 h (about 420 generations) was
significantly decreased for the condition supplemented with
RNase 3/1 in comparison to the non-supplemented sample
(Figure 8 and Supplementary Figure S6).

DISCUSSION

The design of novel strategies for the eradication of bacterial
resistance forms is one of the main concerns of the global health
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TABLE 4 | Evolution of the resistance acquisition of A. baumannii to colistin, considering the number of replicates alive after each day of exposure.

Alive replicates after n days of exposure (%)

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11

Colistin 100 100 100 97.5 97.5 97.5 97.5 97.5 65 65 35

Colistin

+ RNase 3/1 100 100 100 80 80 80 75 75 35 35 15

Negative control 100 100 100 100 100 100 100 100 100 100 100

Colistin dose 0.1 μM 0.25 μM 0.3 μM 0.35 μM 0.7 μM 2 μM 20 μM

The initial number of replicate lineages was 40. Colistin dose was gradually increased according to bacterial growth, as detailed in the methodology. The colistin dose

used in each exposure is indicated in the bottom row. RNase 3/1, when used, was kept constant at 0.1 μM.

FIGURE 6 | Evolution of the resistance acquisition of A. baumannii to colistin in the presence and absence of RNase 3/1. (A) Graphical representation of the

surviving replicates after each day of exposure. (B) Graphical representation of the time needed for the surviving bacteria upon treatment to reach exponential phase

(OD600 = 0.4). The remaining alive replicates are indicated following each day of exposure. Significance is calculated between the different conditions of the same

day; n.s. means no significance between the compared samples, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001 are indicated. The bottom red line

indicates the calculated MIC of the colistin alone.

organization and is among the top priority lines of action of
the current research policy. The extensive use and abuse of
conventional antibiotics during the last decades have generated
a population of resistant bacteria. This phenomenon has been
aggravated by the fact that most commonly used antibiotics
nowadays are based on bacterial secreted natural products.
Indeed, the pharmaceutical industry has deeply exploited the
naturally produced self-defense toxins that bacteria secrete to
fight against competitor strains. Following billions of years of
co-evolution, a reservoir of resistance genes has been created that
can confer bacterial protection to most conventional antibiotics.
In addition, we cannot underestimate the inherent ability of
bacterial cells to generate diversity. This process can constantly
enrich the bacterial resistome pool, which is easily mobilized in
case of emergency (Blair et al., 2015; Knoppel et al., 2017). Last
but not least, cooperative mechanisms are taking place between
the individual cells of the bacterial community and can provide a
collective antimicrobial resistance profile (Vega and Gore, 2014).
The intercellular network organization can play a prominent
role under stressful conditions and can facilitate an appropriate
response to external injuries. Therefore, the blockage of bacterial
signaling systems should significantly reduce the emergence of
resistance mechanisms. Noteworthy, the horizontal exchange of
material between the integrands of the community is mainly

delivered by bacterial extracellular vesicles. Bacterial extracellular
vesicles ensure the exchange of proteins and nucleic acids (Kulp
and Kuehn, 2010; Rumbo et al., 2011; Schwechheimer and
Kuehn, 2015; Jan, 2017) and mediate the rapid adaption of the
community to hostile environments. Interestingly, the transfer
of RNA molecules has been identified (Guerrero-Mandujano
et al., 2017) to participate in transcription regulationmechanisms
(Sjostrom et al., 2015; Koeppen et al., 2016). Overall, the search
of novel drugs that target the bacterial community signaling
mechanisms, also referred as quorum sensing inhibitors, is
gaining prominence in the pharmaceutical research field.

Within this context, a compound endowed with RNase
activity would be able to interfere in the horizontal exchange
of RNA and thereby attack the community cohesion. To note,
the use of the enzymatic activities of bacteriocin toxins was
proposed as a strategy to weaken the biofilm community
viability (Mathur et al., 2018). Bacteriocins are antimicrobial
proteins secreted by bacteria that specifically target quorum
sensing systems. Among these proteins we can find enzymes
with protease, DNase and RNase activities that facilitate biofilm
removal. Interestingly, recent literature reveals the structure fold
homology between vertebrate secretory RNases and bacterial
RNases that work as inter-strain competition toxins (Batot
et al., 2017; Cuthbert et al., 2018). A parallelism can be
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FIGURE 7 | Comparison of the calculated average mean MIC value following

Assay 1 treatment for RNase 3/1-supplemented versus non-supplemented

bacterial strains exposed to colistin. Error bars show the standard error of the

mean. ∗ indicates that the p-value is < 0.05.

established between bacterial RNases secreted as virulence toxins
and secretory RNases expressed by innate cells in vertebrates
(Lu et al., 2018). An interesting hypothesis puts forward the
scenario where the proteins secreted by granulocytes could
provide a link between a simple local response and a systemic
organized signaling process associated to the increase in size
and complexity of multicellular organisms. In this context,
the host innate cells would have retained similar self-defense
mechanisms as displayed by unicellular organisms. The ancestral
role of bacterial virulence toxins would have derived to a
more specialized role toward body fluid protection against
infection (Lee and Lee, 2005). Understanding the similarities
between unicellular self-defense and mammalian innate cell
mechanisms can provide novel strategies to take profit of our
immune response system. Undoubtedly, our own host defense
system constitutes one of the most attractive sources of novel
antimicrobial agents.

In this work, we have explored the potentiality of an
engineered RNase construct derived from a human antimicrobial
member of the vertebrate-specific RNase A superfamily. Based on
our previous structural-functional studies we have engineered a
hybrid RNase that combines a high catalytic activity together with
specific antimicrobial properties. The RNase 3/1 form conserves
the RNase 1 scaffold that provides the essential requirements
for an elevated catalytic activity (Nogués et al., 1998; Raines,
1998; Doucet et al., 2009; Gagné et al., 2015) and encompasses
the key features of RNase 3 antimicrobial activity (Figure 1)
(Carreras et al., 2003; Boix et al., 2008, 2012; Torrent et al.,
2009a, 2013; Pulido et al., 2013). Experimental results confirmed
that our new construct successfully combines a high catalytic
activity (Figure 2) together with a high bactericidal activity
for all tested Gram-negative species (Table 1). In addition, the
RNase 3/1 variant retained the characteristic high affinity for LPS

of RNase 3 (Torrent et al., 2008) together with its membrane
leakage activity (Torrent et al., 2007, 2009b) (Table 2). On the
other hand, RNase 3/1 shares with RNase 1 its non-toxicity to
the tested human cell lines (Table 3). Indeed, human secretory
RNases’ harmlessness is ensured thanks to the presence in the
cytosol of all human tissue cells of the RNase inhibitor (RI),
a horseshoe-shaped protein that binds to the human secretory
RNase members (Lomax et al., 2014) in a 1:1 stoichiometry
with an unusually high affinity (at the fM-nM range). The RI
is ubiquitous and protects the host cells from the potential
toxicity of secretory RNases (Dickson et al., 2005). Therefore,
our RNase chimera combines a high affinity for bacterial
membranes together with an elevated catalytic efficiency and no
toxicity to the host.

Here, we have investigated the potency of our lead construct
to work as an adjuvant molecule and reduce the emergence
of bacterial resistance to colistin, an antimicrobial peptide,
commonly used in the clinics. Colistin targets bacterial cells
by a direct action at the cell membrane and bacterial wall,
and is mostly used to treat difficult infections, such as the
ones caused by Gram-negative multidrug resistant strains (Stein
and Raoult, 2002; Michalopoulos et al., 2005; Sabuda et al.,
2008; Mendelson et al., 2018). However, colistin can accumulate
in many body tissues, such as kidney and liver, and shows
considerable collateral toxicity to the host in the long term, so
it is only prescribed as a last resort in critically ill patients (Stein
and Raoult, 2002; Michalopoulos et al., 2005; Sabuda et al., 2008;
Mendelson et al., 2018).

The use of drug combinations is currently attracting attention
in the fight against antimicrobial resistance (Tabbene et al., 2015;
Brochado et al., 2018; Lázár et al., 2018). The co-administration
of an adjuvant molecule can significantly lower the required
effective dose to treat an infection. In the same vein, our present
data using A. baumannii cultures indicate that by combining
the engineered RNase construct with colistin we can reduce
its effective dose (Figure 3). Interestingly, this effect shows a
biphasic dose-response profile, with the colistin MIC reaching a
first plateau when it is supplemented with 0.3–5 μM of RNase
3/1 (∼1.5 × decrease of the MIC value) and a second plateau at
concentrations of RNase 3/1 higher than 10 μM (∼5 × decrease
of the MIC). We can hypothesize that this two-step reduction
of the MIC for colistin is due to a dual mechanism of action of
our construct, where a first event is dependent on the protein
enzymatic activity and a second process is triggered by a direct
action against the bacterial cell wall.

Encouraged by the results of the synergy assay we decided
to analyze whether the RNase addition could target the
emergence of bacterial resistance. Toward this end, we set up
an in vitro evolution assay where resistance against colistin
was generated following the culture exposure to increasing
concentrations of the antimicrobial peptide. Forty parallel
lineages of A. baumannii cultures were exposed to increasing
concentrations of colistin from 0.1 to 20 μM. After 330
generations of exposure, we observed a 1.8-fold reduction of
the calculated MIC value for colistin by addition of RNase
3/1. Moreover, when the experimental evolution assay was
started using a colistin-resistant strain, the acquisition of
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FIGURE 8 | Evolution of the mean MIC value for colistin of each assayed condition in Assay 2. Overall reduction of calculated MIC for colistin is observed for samples

supplemented with RNase 3/1. Red corresponds to the negative control, blue to the colistin alone condition and green to the colistin + RNase 3/1 condition. Data

from selected days is shown. The raw data used to produce the figure is shown in Supplementary Figure S6. Error bars show the standard error of the mean.

further resistance to colistin was also significantly delayed by
supplementation of the RNase 3/1 protein.

Results highlight that the RNase 3/1 chimera can significantly
reduce the emergence of bacterial resistance. The construct’s
efficacy to inhibit the emergence of A. baumannii resistance
to colistin at a concentration below its effective bactericidal
activity indicates that the mechanism of action of RNase 3/1
is probably due to a combination of the protein specific
properties and not to a direct bactericidal action. The
present experimental results suggest that the RNase may
act as a double-edged sword, with both enzymatic activity
and membrane disruption/LPS binding being responsible
for the observed phenomenon. Further work is currently
ongoing to determine the specific mechanism underlying
RNase 3/1 reduction of the emergence of bacterial resistance
and ideate additional strategies to enhance its potential
adjuvant properties.

Although further studies will be necessary to confirm
this hypothesis, we speculate that the RNase activity might
interfere with the bacterial community quorum sensing. Since
bacterial resistance to cell-wall targeting antibiotics is often
associated to alterations of the outer membrane composition
(Moffatt et al., 2010; Lázár et al., 2018), an antimicrobial
agent able to block bacterial intercellular communication
should reduce the cell survival adaptation stratagems. In
particular, our RNase 3/1 chimera, with a high binding affinity
to LPS, a positive liposome leakage and high enzymatic
activity, might block the inter-bacterial communication.

However, further testing with other RNase constructs are
mandatory to understand the whole process. Likewise, we
are planning to analyze the potential combinatorial effect
of our RNase construct in the presence of other families of
conventional antibiotics, to discard any specific synergistic
effect unique to the antimicrobial mechanism of colistin.
In addition, to fully interpret our results, it is important to
analyze whether the antibiotic resistome profile differs between
the control exposed to colistin and the RNase 3/1 treated
bacterial cultures.

Our results emphasize once more the applicability of
host defense proteins to design novel anti-infective therapies.
One of the main sources of effective adjuvants is the
host defense arsenal of proteins and peptides. We find
several examples of host defense peptides that are not
antimicrobial by themselves but can boost the host’s innate
immunity. Some of them are currently on clinical trials
for the development of novel adjuvants (Hancock et al.,
2012). Bearing in mind that antibiotic resistance mechanisms
might be palliated but are probably impossible to fully
eradicate (Wright, 2016), alternative strategies to conventional
therapies are urgently needed. Drug combination is nowadays
one of the best choices to combat multidrug resistance
(Brochado et al., 2018). Antibiotic adjuvants can explore
synergy events and significantly reduce the effective antibiotic
dose (Wright, 2016). Although it would be necessary to
fully characterize the mechanism through which RNase 3/1
hinders the bacterial resistance acquisition, RNases and their
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derivatives appear as new lead compounds in the fight against
antimicrobial resistance.

CONCLUSION

Targeting RNA to fight bacterial resistance is a promising
approach toward the development of alternative antibiotic and/or
adjuvant drugs. Our results highlight the ability of an RNase
hybrid protein (RNase 3/1) that combines a high catalytic
activity with specific antimicrobial properties, to display synergic
activity when combined with colistin. Colistin is an antimicrobial
cyclic peptide that is frequently used as a last resort antibiotic
to treat multidrug resistant bacteria in severe infections but
has some toxic side effects. The addition of our RNase lead
compound can significantly reduce the effective antimicrobial
dose of colistin. Moreover, we have demonstrated that the RNase
3/1 construct can efficiently target the bacterial antimicrobial
resistance evolved upon colistin exposure. After 330 generations
of exposure to colistin, we observed about a twofold reduction
of the calculated MIC value when supplementing the culture
with the RNase 3/1 construct. The present data anticipate
the potential development of RNase-based lead molecules as
antibiotic adjuvant candidates.
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Abstract 

The continuous emergence of drug-resistant bacteria still poses a constant threat to anti-
infection treatment in the 21st century. The development of antimicrobial peptides 
(AMPs) provides new opportunities for antimicrobial therapy. Our previous research 
has proposed RNase 3/1 chimera as a new type of antimicrobial protein that combines 
the high catalytic activity of RNase 1 with the bactericidal properties of RNase 3. This 
chimera can effectively inhibit in vitro the resistance of A. baumannii to colistin and 
synergy activity was also observed between the RNase 3/1 and colistin. In this study, 
we used the original RNase 3/1 chimera together with two catalytically inactive variants 
(RNase 3/1-H15A and RNase 3/1-H15A/H122A) in combination with other group of 
antibiotics to further explore the protein mechanism of action in an experimental 
evolution assay. The results primarily highlight that depletion of the catalytic activity 
of RNase 3/1 results into the loss of its ability to hinder the A. baumannii resistance 
acquisition against colistin. However, when A. baumannii were exposed to other groups 
of antibiotics, bacterial growth was not slowed down by the addition of RNase 3/1 
except for one trial with tobramycin, where the medium was supplied with EDTA, 
working as a bacterial wall permeabilizer. The present results allow us to understand 
that the synergistic mechanism between colistin and RNase 3/1 has a dual mode of 
action, which relies not only on the catalytic activity of RNase 3/1 but also on the cell 
wall-disruption ability of colistin. 

 

Keywords: Antimicrobial peptides, RNase, Protein chimera, Colistin, Catalytic 
Activity, Membrane disruption 
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1. Introduction 

The alarming increase in drug-resistant bacteria urges the development of new 
antimicrobial agents. Apart from the most traditional approaches to evade the bacterial 
resistance mechanisms, such as the search of new bacterial molecular targets (which is 
becoming harder every day) or the modifications of current antibiotics, other strategies 
are being proposed. One of these strategies, with the aim to extend the useful life of 
current antibiotics, is to find out synergistic or adjuvant mechanisms between 
antibiotics and other molecules. Synergy between drugs is one of the approaches 
exploited by the pharmaceutical industry. The combination of antimicrobial agents to 
fight bacterial infection has been widely applied and shows unquestionable advantages 
1,2. Moreover, the combined antimicrobial treatments can not only improve their 
bactericidal effect with lower doses but also inhibit or delay the development of 
bacterial resistance 3,4. Despite of the increasing emergence of multidrug-resistant 
(MRD) bacteria caused by the abuse or misuse of antibiotics, the discovery of novel 
effective combinations is still one of the future priority tasks for antibacterial therapy 5. 

Antimicrobial peptides (AMPs) are a group of antimicrobial agents that differ 
from conventional antibiotics, such as penicillin or cephalosporins, that are based on 
microbial products. AMPs are natural antibiotics produced by a wide variety of 
organisms, such as mammals, plants or bacteria, and can fight bacteria through various 
mechanisms, including the targeting of bacterial-wall or essential compounds of the 
bacterial metabolism, membrane disruption, enzyme-related activity and immune 
regulation. To date, the synergy between AMPs and antibiotics against drug-resistant 
bacteria have been studied with a positive feedback 6,7. AMPs can primarily target the 
cell membrane in a fast and devastating way, which not only facilitates the uptake of 
antibiotics but also undermines the structural integrity and function of bacterial 
envelope 6,8. It has been pointed out that the distinct pharmacodynamic properties of 
AMPs present less pressure for the evolution of resistance 9. Meanwhile, in contrast to 
what happens with most of the antibiotics, AMPs usually have a general and unspecific 
target, making it easier to resist with single/specific mutations. As an example, in the 
case of polymyxins, which target the lipopolysaccharides (LPS) from the Gram-
negative bacteria outer membrane, only global changes like modification of the 
composition of cell wall could ensure bacterial resistance. This type of holistic 
modifications involves transcriptional changes at several metabolic pathways. The 
complexity of the adaptive response on these situations makes it very difficult, although 
not impossible 10–12, to acquire resistance to AMPs. Therefore, AMPs are expected to 
be good candidates for a new generation of antibacterial drugs. 

In previous work, we have successfully constructed a RNase hybrid based on 
the skeleton of RNase 1 and the antimicrobial regions of RNase 3 12. This hybrid 
combines the catalytic activity of RNase 1 and the antibacterial ability of RNase 3. The 
goal for the construction of this hybrid was that RNase 3/1 may both disrupt bacterial 
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cell membranes and target bacterial RNA. Besides, our aim was to disrupt bacterial 
quorum-sensing signaling, which plays a key role in regulating bacterial resistance 13.  
Results showed that the hybrid could significantly hinder the resistance acquisition of 
A. baumannii to colistin 12. This result also motivated us to test RNase 3/1 with other 
antibiotics and confirm whether its bacterial resistance hindering is due to the blockage 
of the quorum sensing mechanism.  

Thus, in this study, we firstly constructed two non-catalytic mutant versions of 
RNase 3/1 and compared their antibacterial properties in order to find out the proper 
synergistic mechanism between colistin and RNase 3/1. In addition, we also performed 
exposure assays using other group of antibiotics to better understand the mechanism of 
our protein chimera.  

2. Materials and Methods 

2.1. Materials 

The Acinetobacter baumannii (A. baumannii) strain (CECT 452; ATCC 15308) 
and Pseudomonas aeruginosa (P. aeruginosa) strains (CECT 4122; ATCC 15692) 
were from the Spanish Type Culture Collection (CECT). The Escherichia coli (E. coli) 
BL21 (DE3) was from Novagen. Mutagenesis kit and DNA extraction kit were from 
NZYTech. Toluidine blue, Mueller-Hinton broth (MHB), poly(U), lipopolysaccharides 
(LPS) from E. coli O111:B4 (O-LPS) and EH100 (Ra mutant) were from Sigma-
Aldrich. 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS), α,α’-dipyridinium p-
xylene dibromide (DPX) and BODIPYTM TR cadaverine (BC) were from Molecular 
Probes. Isopropyl β-D-1-thiogalactopyranoside (IPTG) and colistin were from Apollo 
Scientific. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-
glycero-3-phosphoglycerol (DOPG) were from Avanti Polar Lipids.  

2.2. Construct and Expression of Recombinant Proteins 

The plasmid of RNase 3/1 was taken from our previous work 12.  RNase 3/1-
H15A and RNase 3/1-H15A/H122A were obtained by site-directed mutagenesis using 
5’- GGTTTGCGATTCAAGCTATCGATAGCGATTCC -3’ primer and its 
complementary for H15A and 5’- CGTATGTGCCGGTGGCTTTTGATGCGAGCG -
3’ primer and its complementary for H122A mutation. The successful mutated plasmids 
were subcloned into the E. coli BL21 (DE3) strain for high yield expression.   

The recombinant protein was expressed and purified as previously described 12. 
Briefly, bacteria were grown in terrific broth (TB) until reaching the exponential phase 
and the expression was induced for 4 hours with 1 mM of IPTG. Then, bacteria were 
lysed by sonication, inclusion bodies were purified and the protein was refolded. 
Following, the protein was purified through a cationic exchange chromatography 
(Resource S, 6 mL) and lyophilized, stored at -20 º C. The purity of protein was checked 
by SDS-PAGE.  
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2.3. Activity Staining Gel 

The catalytic activity of RNase 3/1 and its mutant variants was evaluated 
through zymograms as described before 12. Poly(U) was dissolved in the 16 % 
polyacrylamide-SDS gels to reach a final concentration of 0.6 mg/mL. 100 ng of each 
protein in a non-denaturing loading buffer were applied and the gel was run at a constant 
current of 100 V for 1.5 h. The gel was washed firstly with 10 mM Tris/HCl, pH 8 and 
10% isopropanol (v/v) and then with 10 mM Tris/HCl, pH 8 to remove the isopropanol. 
Finally, the reaction was incubated for one hour with 100 mM Tris/HCl, pH 8, to allow 
poly(U) digestion and the gel was stained with 0.2% (w/v) toluidine blue in 10 mM 
Tris/HCl, pH 8.  

2.4. Minimum Bactericidal Concentration (MBC)  

MBC100 was defined as the lowest protein concentration that completely 
eradicated bacterial cells. RNase 3/1 and its mutants were serially diluted in HBS 
(HEPES 20 mM pH 7.4, NaCl 100 mM) in a 96-well plate with a volume of 50 μL to 
achieve final concentrations from 20 to 0.16 μM. Then 50 μL of pre-adjusted bacteria 
from an exponential phase subculture were added to give a final concentration of 
approximately 5×105 CFU/mL in each well. Bacteria with the protein were incubated 
for 4h at 37 ℃ and 100 rpm. Then, the samples were plated onto LB Petri dishes and 
incubated at 37 ℃ overnight.  

2.5. LPS Binding Assay 

The LPS-binding affinity was assessed using the fluorescent probe BODIPY 
TR cadaverine (BC) following the method previously described 14. Proteins were 
serially diluted in a 96-well titration plate from 20 to 0.16 μM in Tris/HCl 50 mM, pH 
7.4. Then, LPS and BC were added to have final concentrations of 50 μg/mL and 5 μM 
respectively. Tecan Microplate Reader Spark® was used for the fluorescence 
measurements at 580 nm of excitation wavelength and 620 nm of the emission 
wavelength. Each test was performed in triplicates. EC50 was calculated by nonlinear 
fit with normalized response. 

2.6. Liposome Leakage Assay 

The preparation of liposomes and the leakage assay was done as previously 
described 15. Mixed large unilamellar vesicles (LUVs) of DOPC/DOPG (3:2 molar ratio) 
of a defined size were obtained after rotatory evaporation for a lipid chloroform solution. 
Then, the LUVs were mixed with the same volume of fluorophores to have a solution 
containing 1mM LUVs, 12.5 mM ANTS and 45 mM DPX in 20 mM NaCl, 10 mM 
Tris/HCl, pH 7.5. After 3 cycles of freeze and thaw through liquid nitrogen and 60 ℃ 
bath, liposomes were extruded through a 100 nm membrane and the vesicles with the 
encapsulated fluorophores were purified by a PD-10 gel filtration chromatography.  

Following, the ANTS/DPX liposome stock suspension was incubated with same 
volume of each protein at room temperature for 1 h to have a concentration of liposome 
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in fixed 30 µM and protein range from 75 to 0.15 µM in a microtiter plate. Fluorescence 
measurements were performed on Tecan Microplate Reader Spark® with an excitation 
wavelength of 405 nm and an emission wavelength of 535 nm. Each test was performed 
in duplicates. LC50 was calculated by nonlinear fit with normalized response. 

2.7. Synergy Assay 

Synergies were carried out as previously described with some modifications 12. 
96-well polypropylene plates were used to check the protein/antibiotic combinations. 
Colistin was serially diluted in MHB to a final volume of 90 μL. Then, the proteins 
were serially diluted from 64 to 0.5 μM in Eppendorf tubes in 0.01% acetic acid 16 and 
added 10 μL in each corresponding well (except in the negative control, where only 
buffer was added) to have the final concentration of colistin from 2.4 to 0.1 μM and 
RNase 3/1 from 6.4 to 0.05 μM. After that, 2 μL of a 1:3 diluted 24-hours culture of A. 

baumannii were added to each well to achieve a final 1:150 bacterial dilution 
(approximately 2 × 105 CFU/mL). The plate was then incubated overnight at 37 ºC and 
100 rpm. Bacterial growth was checked after 15, 18, 21 and 24 hours by optical density 
on Tecan Microplate Reader Spark® at 600 nm. Each assay was performed by triplicate.  

Additionally, for synergistic tests using tobramycin, RNase 3/1 and EDTA, we 
followed the same methodology described above but bacterial growth was monitored 
through visual inspection at 24 hours. The concentration of tobramycin ranged from 16 
to 0.125 μg/mL, EDTA from 12.8 to 0.1 mM and RNase 3/1 from 12.8 to 0.1 μM. 

2.8. Experimental Evolution Assay for Antimicrobial Resistance 

Exposure assay was performed following the same method previously described 
(Figure S1) 12. A fresh single colony of A. baumannii was pre-exposed to 0.3 µM 
colistin for three 24-hour cycles. On the first day of the experiment (Day 1), the pre-
exposed bacteria were initially diluted 1:150 times and added into 96-well 
polypropylene plates, including colistin alone (40 wells), colistin + RNase 3/1-
H15A/H122A (40 wells) and negative control (16 wells). The colistin dose was 
increased at 1.2 × consecutive incremental doses per day whereas the protein dissolved 
in 0.01% acetic acid was fixed to a final concentration of 1 µM. The plates were 
incubated at 37℃, 100 rpm for 24 hours and the assay lasted a total of 14 days. 

Next, we performed an equivalent assay by substituting colistin with other 
antibiotics, each of which is a member of the main antibiotic’s groups (tobramycin, as 
aminoglycoside representative; tigecycline as tetracycline representative; imipenem as 
β-lactam representative; and moxifloxacin as fluoroquinolone representative. Except in 
the case of tobramycin, the antibiotics selected are last generation in their family). Here 
we monitored the OD600 of bacteria culture using the Infinite F Nano+ (Tecan) plate 
reader by following previous protocol with some modifications to adapt the antibiotic 
doses 12.  

In detail, the A. baumannii inoculum was taken from fresh colony culture 
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without any antibiotic’s exposure. For the exposure assay in MHB, we tested the 
following samples: antibiotic alone (15 wells), antibiotic + RNase 3/1 (15 wells), 
antibiotic + RNase 3/1-H15A/H122A (15 wells) and negative control (6 wells) 
incubated in 96-well polypropylene plates. The initial exposure dose of each antibiotic 
was lower than the calculated MIC (Table S1) and then increased according to the 
observed bacterial growth, while the concentration of RNase 3/1 was fixed at 100 nM 
according to previous study 12.   

For the exposure assay with MHB + EDTA, the concentration of tobramycin 
alone (30 wells) was also adjusted according to the observed bacterial growth and the 
concentration of RNase 3/1 was fixed at 1 µM (30 wells) or 3 µM (30 wells) according 
to the results from the preliminary synergy test performed in current study (Figure S2). 
Six wells were kept for the negative control.  

2.9. Minimum Inhibition Concentration (MIC) Assay 

As previously described, the MICs of each of the bacterial lineages generated 
at days 1, 4, 7, 10, 14 were determined 12. Colistin was serially diluted from 64 to 0.5 
µM in MHB. Next, 2 µL of a 1:3 diluted 24h culture of each A. baumannii lineage were 
added to each well to achieve a final 1:150 bacterial dilution, and the plate was 
incubated 24h at 37℃ and 100 rpm. Then the absorbance at OD595nm was tested by 
Victor3 plate reader to monitor the survival of bacteria. Mann-Whitney test was used to 
do the statistical comparison between groups. 

3. Results 

3.1. RNase 3/1 Double Mutant has no Enzymatic Activity but Similar 

Antibacterial Activity as RNase 3/1 

To confirm whether the catalytic activity contributed to the synergistic 
mechanism of RNase when combined with colistin, we constructed two RNase 3/1 non-
catalytic mutants. Based on the previous knowledge of the catalytic triad in RNase A 
superfamily members 17, the replacement of the proton acceptor histidine of the active 
site with an alanine is enough to almost fully remove the catalytic activity of RNases 
18,19. However, when the catalytic activity of the RNase is especially high, it is necessary 
to replace both donor and acceptor histidines to achieve total depletion of the catalytic 
activity 20.  

Due to the high catalytic activity of RNase 3/1, it is not surprising to see that 
single mutation could not totally remove ribonuclease activity. So, we produced both 
single and double mutants of RNase 3/1, named RNase 3/1-H15A and RNase 3/1-
H15A/H122A respectively. When testing both mutants in comparison with RNase 3/1, 
we can see that their catalytic activities on poly(U) are almost negligible (Figure 1).  
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Figure 1. A) Alignment of RNase 3/1, RNase 3 and RNase 1. Catalytic His residues substituted 
to Ala are highlighted by blue triangle. The secondary structure of RNase 3/1 (PDB ID: 6YMT) is 
shown above the alignment. B) Activity staining gel. A total of 100 ng of each protein was loaded 
onto the poly (U) SDS-PAGE. RNase 3/1 (lane 1), RNase 3/1-H15A (lane 2) and RNase 3/1-
H15A/H122A (lane 3).  

Next, we compared the antimicrobial properties of the parental protein and the 
two variants. Results indicated that both RNase 3/1 mutants showed similar or even 
better antibacterial activities than RNase 3/1 against A. baumannii, P. aeruginosa and 

E. coli. Surprisingly, the RNase 3/1-H15A had an overall better bactericidal ability (<5
μM in comparison to 10-20 μM for the parental RNase 3/1 (Table 1). 

Table 1. Antibacterial activity of RNase 3/1 and its mutants 

MBC100 (μM) 

E. coli A. baumannii P. aeruginosa

RNase 3/1 20 10 20 
RNase 3/1-H15A 2.5 2.5 5 
RNase 3/1-H15A/H122A 5 10 20 

MBC100 was defined as the minimum bactericidal concentration where there are no bacteria growing on the agar 
after 4h protein exposure in HBS buffer.  

We also assayed the LPS binding and liposome leakage activities. Results 
confirmed that no loss of either LPS binding or liposome leakage was observed for the 
two active site mutants. Again, both mutants, and in particular the RNase 3/1-H15A, 
had a slightly higher LPS binding ability (Table 2). In any case, considering the 
equivalent antimicrobial properties of the double mutant and the successful removal of 
the protein catalytic activity, we felt confident to select that variant (RNase 3/1-
H15A/H122A) as an appropriate drug for the comparative resistance exposure assay. 

Table 2. LPS-binding and liposome leakage activity of RNase 3/1 and its mutants 

EC50 (μM) 
LC50 (μM) 

O-LPS LPS Ra 

RNase 3/1 5.48 ± 0.52 47.38 ± 6.25 121.30 ± 16.03 
RNase 3/1-H15A 1.99 ± 0.30 11.41 ± 0.93 86.39 ± 12.39 
RNase 3/1-H15A/H122A 2.43 ± 0.29 15.02 ± 1.04 151.50 ± 29.58 

EC50 is the 50% protein effective concentration where 50% of the BC probe bound to LPS is displaced. 
LC50 is the 50% protein effective concentration where 50% liposomes leakage.  
The fit curves were shown in Figure S3. Values are presented by Mean ± SE. 
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3.2. RNase 3/1 Non-Enzymatic Variants Cannot Hinder the Resistance Acquisition 

of A. baumannii against Colistin 

Firstly, we performed a synergy assay between the three proteins (RNase 3/1 
and its two mutants) and colistin against A. baumannii. The curves of bacterial survival 
percentage by OD600 monitoring as a function of time were obtained at a fixed 
concentration of colistin (0.4 µM ) and against a range of protein concentration (up to 
6.4 μM). By increasing the protein concentration, we achieved a condition where the 
bacteria growth was mostly inhibited but not fully eradicated, reaching about 20-30% 
of bacterial survival at final tested protein concentration (Figure 2 and Figure S4).  

 
Figure 2. Bacterial survival percentage of A. baumannii treated with colistin as a function of 

protein concentration. The bacterial survival percentage of A. baumannii obtained at a fixed 
concentration of colistin (0.4 µM) at 15h was normalized by negative controls and positive controls. 
The curves were fitted by the Double-Boltzmann function. 

Analysis of the fitted curve indicated that the bacterial survival percentage 
started to decrease when the concentration of RNase 3/1 and RNase 3/1-H15A reached 
0.1 µM . However, for RNase 3/1-H15A/H122A, we required a concentration higher 
than 1 µM to induce a significant decrease of the bacterial survival percentage (Figure 
2). Besides, inspection of bacterial growth curve as a function of different concentration 
of proteins indicated that when the protein concentration ranges from 0.8 µM to 1.6 µM 
(Figure S4), the order of the growth speed of bacteria was RNase 3/1-H15A/H122A > 
RNase 3/1-H15A > RNase 3/1, confirming again the synergistic activity between 
RNase 3/1 and colistin. Interestingly, the results highlighted that the RNase 3/1-
H15A/H122A, which had similar antibacterial activity as RNase 3/1 but was devoid of 
catalytic activity, did not slow down the growing speed of bacteria as RNase 3/1 when 
applied with colistin, which motivated us to compare its behavior in the same exposure 
resistance assay previously applied for the parental RNase 3/1.  
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Therefore, we tested the RNase 3/1-H15A/H122A performance in comparison 
to RNase 3/1 in a 14-day exposure resistance assay with pre-exposed A. baumannii in 
MHB. The protocol was performed as previously described (Figure S1) 12 and the MIC 
of each of the bacterial lineages at Days 1, 4, 7, 10 and 14 was determined. Results 
indicated no reduction of the MIC against colistin with the non-activity mutant of 
RNase 3/1, in contrast to that previously observed with the parental RNase 3/1 
treatment (Figure 3).  In our previous study using the enzymatically active RNase 3/1, 
the results showed slight differences (p < 0.1) on Day 7 as well as Day 14 and significant 
differences (p < 0.05) on Day 10 on the bacterial growth between colistin and colistin 
+ RNase 3/1 12. On the contrary, results here indicated that as the number of cycles 
increase, the MIC for colistin of samples supplemented with RNase 3/1-H15A/H122A 
increased with a similar tendency to the bacteria samples exposed to colistin alone. 
Moreover, no significant differences in the MICs of the selected days between these 
two groups were identified (see Figure S5 for a detailed data statistical analysis).  

 
Figure 3. Evolution of the mean MIC value against colistin. Red corresponds to the negative 
control, blue to the colistin alone and green to the colistin + protein conditions, respectively. A) 

RNase 3/1 data. The values were taken from our previous study 12. B) RNase 3/1-H15A/H122A 

data. Error bars showed the standard error of the mean. See Figure S5 for statistical analysis of the 
MIC evolution values.  

3.3. RNase 3/1 Slows Down the Growth Speed of A. baumannii Exposed to 

Tobramycin but Only in the Presence of EDTA 

After validating the essential role of the catalytic activity of RNase 3/1 for 
hindering the resistance acquisition of A. baumannii, we wanted to further explore 
whether the same effect takes place when combined with other commercial antibiotics. 
We selected representative antibiotics that do not target bacterial cell membranes, in 
contrast to colistin. The reported mechanism of action of the selected antibiotics is 
indicated in Table S1. We firstly determined the MICs of each antibiotic (Table S1) and 
then the OD600 of bacteria in exposure assay was monitored by using an Infinite F Nano+ 
(Tecan) plate reader. Unfortunately, the tested antibiotics could not slow down the 
growth speed of bacteria (Figure S6). The results suggest that the membrane disruption 
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ability of colistin may be a prerequisite for the inhibition of bacterial resistance 
mechanism between RNase 3/1 and colistin.  

Following, we have added EDTA to the culture medium to promote bacterial 
wall destabilization and confirm whether cell disruption was a prerequisite for the 
effective RNase 3/1 bactericidal action dependant on its enzymatic activity. A 
preliminary synergy test was performed between tobramycin or RNase 3/1 in the 
presence of EDTA (Figure S2). It was shown that with the increasing concentration of 
EDTA, the MIC of either tobramycin or RNase 3/1 was decreased (Figure S2A). Then, 
we measured the synergy between tobramycin and RNase 3/1 in a MHB medium 
containing 0.2 mM or 0.4 mM EDTA. These two EDTA concentrations were selected 
based on the biphasic curve obtained in the previous assay (Figure S2A). Results 
indicated that if the MHB media contained EDTA, the MIC of tobramycin decreased 
when combined with RNase 3/1 at concentrations above 3.2 µM (Figure S2B).   

Encouraged by these positive results, we decided to perform the exposure assay 
in MHB supplemented with 0.2 mM EDTA. Based on the previous results of the 
synergy assay, the concentration of RNase 3/1 was fixed at either 1 µM or 3 µM. The 
results showed that when we added the EDTA to the media, the growth speed of A. 

baumannii at sublethal concentration of tobramycin was significantly reduced in the 
first 4 days at 1 µM of protein and even more significantly at 3 µM (Figure 4).  

 
Figure 4. A. baumannii growth curves in exposure assay. Bacterial culture growth in MHB 
supplied with 0.2 mM EDTA was monitored by OD600 reading for 20 hours for 5 days following 
1/150 dilution of bacteria every day. Error bars represent the standard error of the mean. 

In addition, we also evaluated the number of bacteria culture replicates that 
survived for each condition assayed in the previous exposure assay (Figure 4). No 
reduction in the number of replicates was observed for tobramycin alone or 
supplemented with 1 µM  of RNase 3/1. However, we observed a reduction to about 

124



 

 

50% after day 1 when we increased the RNase 3/1 concentration to 3 µM  (Figure 5). 
The results agree with the synergistic profile obtained between tobramycin and RNase 
3/1 in the presence of EDTA, where no change of the MIC for tobramycin was observed 
up to 1.6 µM  of RNase 3/1 and was reduced to half when adding 3.2 µM  of protein 
(Figure S2B).  

 
Figure 5. Survival replicates of A. baumannii culture samples in the exposure assay. A total of 
30 replicates were used for tobramycin alone as well as tobramycin + RNase 3/1 groups and 6 
replicates were used for the negative control, corresponding to no treatment. MHB was supplied 
with 0.2mM EDTA and the concentration of tobramycin used every day is indicated in Figure 4. 

4. Discussion 

Facing the alarming increase in MDR bacteria, the development of new 
antibacterial drugs and mechanisms to avoid resistance have become a priority for the 
pharmaceutical industry. AMPs are promising novel antibacterial drug candidates 
thanks to their biological versatility, which provides a high and broad-spectrum efficacy 
against bacteria, even MDR ones. Besides, the synergistic effect between antibiotics 
and AMPs has been reported widely 21, indicating that AMPs can be clinically used as 
antibiotic adjuvants 22. It is well known that the main synergistic mechanism between 
antibiotics and AMPs depends on the strong bacteria wall disruption ability of AMPs, 
thereby facilitating the antibiotics access to their intracellular target. Current studies of 
AMPs mostly focus on their effect against MDR or clinical isolated bacterial strains 23. 
However, more attention should be paid on how to directly inhibit the development of 
bacterial resistance. 

Recently, the role of bacterial signaling system involving regulatory RNAs is 
starting to gain the leadership in the understanding of bacterial resistance mechanisms 
24–26. For example, the overexpression of two small RNAs (sRNA) named Sr0161 and 
ErsA will cause the resistance of P. aeruginosa to meropenem through the 
downregulation of porins expression 27. It is also demonstrated that non-coding RNA 
such as sensory RNAs may act as attenuators that regulate the downstream gene 
expression 25. There are no general conclusions on how sRNAs modify the expression 
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of resistance genes in which cases positive or negative regulation is occurring 28. 
Several RNases in bacteria were identified to be involved in the regulation of bacterial 
virulence factors, gene expression and transmission, suggesting that the ribonucleolytic 
activity can awake the so-called “RNA decay machinery”, which thereby provides a 
new target for designing a new generation of antimicrobial agents 29,30. These inspired 
us that targeting RNA can be a new strategy against bacterial resistance acquisition 
through their signaling system. Impairment of the bacterial regulatory RNA network 
would reduce overall its survival expectancy and in particular its ability to face stress 
conditions, such as exposure to an antibiotic. Therefore, by targeting the bacterial 
sRNAs, we might avoid or significantly reduce the probability of the development of a 
resistance response that could be transmitted to the bacteria next generation. Bacteria 
presents tolerance when exposed to antibiotics even above their MIC threshold for a 
short period of time, but can be fully eradicated or develops resistance after prolonged 
exposure 31. Therefore, it is also possible that targeting RNA networks can reduce the 
bacterial tolerance and thereby prevent the protective mechanism of bacteria under 
stress, which may on its turn block the expression of acquired resistance genes. 

In our previous work, we have designed a protein chimera (RNase 3/1) that 
successfully combines the catalytic and antimicrobial activities. The chimera could not 
only reduce the effective dose of colistin but also delay the resistance acquisition of A. 

baumannii to this drug. Additionally, the MIC of colistin against A. baumannii was 
significantly lower in the colistin-RNase 3/1 combination group than that in the colistin 
alone group after a 14-day resistance exposure assay 12. Although previous work 
suggested that the catalytic activity of the protein could participate as one of the main 
effectors, the data did not provide information on the exact mechanism by which RNase 
3/1 could delay the emergence of bacterial resistance.  

Therefore, in this work, we have engineered two non-catalytic mutants (RNase 
3/1-H15A and RNase 3/1-H15A/H122A) to test whether the ribonucleolytic activity of 
RNase 3/1 is essential for this bacterial resistance reduction. A preliminary synergy 
assay in the presence of colistin indicated that the double mutant showed a distinct 
response profile as a function of the protein concentration, with a significant reduction 
of efficacy to reduce bacterial survival rates (Figure 2). On its turn RNase 3/1-H15A 
behavior in the presence of colistin was not straightforward to interpret, as the protein 
alone showed a reduction of its MBC against A. baumannii and enhancement of LPS 
binding (Tables 1 and 2). On contrast, RNase 3/1-H15A/H122A could not enhance the 
colistin activity at its sub-MIC concentration (0.4 µM). Besides, the comparative 
analysis of LPS binding and liposome leakage activities confirmed that the double 
mutant of RNase 3/1 had similar antibacterial properties as RNase 3/1 and thereby 
offered us a better model for the comparison purposes. Therefore, we decided to use 
the RNase 3/1-H15A/H122A mutant for subsequent assays.  

Interestingly, results corroborated that RNase 3/1-H15A/H122A cannot prevent 
A. baumannii from developing resistance after repeatedly exposure to colistin at sub-
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MIC concentration. This result suggests that the catalytic activity of RNase 3/1 would 
be one of the key mechanisms through which the resistance acquisition of A. baumannii 
to colistin was delayed. Interestingly, Eller and Raines reported that RNase 1 can work 
synergistically with the antimicrobial peptide LL-37. The authors suggested that LL-37 
could induce pore formation at the bacterial cell wall and thus facilitate RNase 1 high 
enzymatic activity on bacterial intracellular RNA 32. This scenario could be similar to 
the processes that are taking place in our model.  

In addition, as our designed hybrid (RNase 3/1) combines its enzymatic activity 
with a bacteria wall destabilization action, we decided to check whether it can show the 
same effect on A. baumannii when combined with traditional antibiotics that cannot 
disrupt the cell membrane. However, none of the antibiotics tested with RNase 3/1 
induced a significant delay on bacterial growth (Figure S6), suggesting its membrane 
disrupting ability is relatively weak in comparison to other AMPs, such as LL37 or 
colistin. Therefore, we decided to find out whether the addition of a bacterial envelope 
destabilizing agent could improve RNase 3/1 performance.  

To achieve this goal, we combined RNase 3/1 with tobramycin, an 
aminoglycoside antibiotic that avoids the formation of the 70S ribosomal subunit and 
EDTA, which chelates cations such as Mg2+ and Ca2+ and acts as a valuable Gram-
negative bacteria wall permeabilizer by removing the cations that stabilize the LPS at 
the outer membrane 33. We have performed the antibiotic exposure assay to monitor the 
potential emergence of bacterial resistance to tobramycin by supplying the media with 
EDTA. When EDTA was added at 0.2 mM in the media, we observed that the growth 
of A. baumannii was significantly reduced in tobramycin + RNase 3/1 treated samples 
in a dose-dependent mode. It should be noted that, although tobramycin + EDTA can 
inhibit the growing speed of bacteria compared with EDTA alone, the triple 
combination of tobramycin + RNase 3/1 + EDTA achieved to reduce most of the 
bacterial growth rate (Figure 4), highlighting the contribution of RNase 3/1. However, 
the effect was lost over time when the concentration of tobramycin increased against A. 

baumannii, demonstrating that the model tested in vitro is not sufficient to inhibit 
bacteria resistance to small molecule antibiotics. Antibiotics such as tobramycin aim to 
an intracellular target, but A. baumannii can overexpress efflux pumps to avoid their 
uptake 34. As we used EDTA to permeabilize the membrane, we speculate that it would 
in turn inhibit the performance of efflux pumps and thereby hinder the resistance 
development. Despite this undeniable shortcoming, the present data can also help us to 
further explain the observed mechanism of synergy between RNase 3/1 and colistin.  

The results emphasize once more the importance of the high membrane 
disruption ability of colistin in its synergistic mechanism. Besides, we also find other 
reports on EDTA synergy with an AMP. Saulnier and co-workers found that the MIC 
of a synthetic AMP, AA230, decreased 2-4 folds in the presence of EDTA. The authors 
suggested that the disruption of the LPS layer by EDTA would increase the membrane 
permeability 35.  
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5. Conclusions and Future Perspectives   

This study confirmed that the mechanism of synergistic activity between 
colistin and RNase 3/1 is a dual effect, which mostly relies on the catalytic activity of 
the protein and the membrane disruption ability of colistin. We also confirmed that, in 
the presence of a cell wall disruptor, RNase 3/1 enzymatic activity is involved in its 
ability to delay the emergence of bacterial resistance. Therefore, to expand the 
potentiality of RNase 3/1 therapeutic application, we should consider testing an 
optimized RNase 3/1 variant with enhanced bacterial membrane disruption. Work is in 
progress to explore the potentially of a novel engineered RNase 3/1 variant with 
improved LPS binding and liposome leakage activities 36. Besides, we plan to explore 
how the RNase activity is altering the bacterial RNA population and whether there is a 
correlation with an impaired ability of the bacterial community to develop drug 
resistance. 
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Figure S1. Graphical depiction of the experimental design of the antimicrobial resistance 

evolution assay. Single colony was used to start a resistance assay by culture exposure to colistin 
and RNase 3/1-H15A/H122A. On Day 1, colistin was added at a concentration of 0.3 µM and then 
increased at 1.2 × serial incremental doses every 24 hours until 14 days at 3.21 µM (Y axis on the 
left). The RNase 3/1-H15A/H122A was kept at the concentration of 1 µM from beginning to end 
(Y axis on the right). 
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Figure S2. Synergy assays between tobramycin, RNase 3/1 and EDTA in A. baumannii 

cultures. A) Monitoring of MIC values as a function of EDTA concentration. The left y-axis 
indicates MIC for tobramycin and the right y-axis for RNase 3/1, both of which were done in MHB. 
B) Evaluation of MIC values of tobramycin for bacteria cultures treated with RNase 3/1 when MHB 
was supplemented with two selected concentrations of EDTA. 

 

 

 

Figure S3. BODIPY-Cadaverine displacement assay and liposome leakage curves for RNase 

3/1 and its active site mutants. A non-linear fitting was applied. 
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Figure S4. Growth curves of A. baumannii with different combinations between colistin and 

proteins. The concentration of colistin was fixed at 0.4 µM and the concentration of proteins is 
indicated at the top of each graph. Assays were done in MHB.
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Figure S6. A. baumannii growth curves in exposure assay. One member (A. Tobramycin; B. 
Tigecycline; C. Imipenem; D. Moxifloxacin) of the main antibiotic’s groups were tested. The 
concentration of each antibiotic applied daily was increased or kept according to bacterial growth 
levels. Bacterial growth in MHB was monitored by OD600 reading for 20h following 1/150 dilution 
of bacteria original culture every day. Error bars show the standard error of the mean. 
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Table S1. MIC (μg/mL) of antibiotics against A. baumannii 

Antibiotics Classification Mechanisms 
MIC 

(μg/mL) 

Erythromycin Macrolide Binding to the 23S rRNA molecule 
within the 50S subunit of ribosomes 8-16 

Imipenem β-lactam 
Inhibition of cell wall synthesis by 

binding to penicillin-binding proteins 
(PBPs) 

0.25-0.5 

Moxifloxacin Fluoroquinolone Blocking of bacterial DNA 
replication 

0.125-
0.25 

Tigecycline Tetracycline 

Binding to the 30S ribosomal subunit 
of bacteria and thereby blocking the 

interaction of aminoacyl-tRNA 
within the A-site of the ribosome 

0.25-0.5 

Tobramycin Aminoglycoside 
Binding to the A-site on the bacterial 

30S and 50S ribosome subunits, 
preventing 70S formation 

2-4 

Rifampicin Ansamycin Inhibition of bacterial DNA-
dependent RNA polymerase 2 

Daptomycin cyclic 
lipopeptide 

Loss of membrane potential leading 
to inhibition of protein, DNA, and 

RNA synthesis 
＞16 
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REVIEW ARTICLE

Host Defence RNases as Antiviral Agents against Enveloped Single Stranded 
RNA Viruses
Jiarui Li and Ester Boix
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ABSTRACT
Owing to the recent outbreak of Coronavirus Disease of 2019 (COVID-19), it is urgent to develop 
effective and safe drugs to treat the present pandemic and prevent other viral infections that 
might come in the future. Proteins from our own innate immune system can serve as ideal sources 
of novel drug candidates thanks to their safety and immune regulation versatility. Some host 
defense RNases equipped with antiviral activity have been reported over time. Here, we try to 
summarize the currently available information on human RNases that can target viral pathogens, 
with special focus on enveloped single-stranded RNA (ssRNA) viruses. Overall, host RNases can 
fight viruses by a combined multifaceted strategy, including the enzymatic target of the viral 
genome, recognition of virus unique patterns, immune modulation, control of stress granule 
formation, and induction of autophagy/apoptosis pathways. The review also includes a detailed 
description of representative enveloped ssRNA viruses and their strategies to interact with the 
host and evade immune recognition. For comparative purposes, we also provide an exhaustive 
revision of the currently approved or experimental antiviral drugs. Finally, we sum up the current 
perspectives of drug development to achieve successful eradication of viral infections.
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Introduction

It is almost one century since the initial isolation of 
individual viruses and their assignment to specific 
diseases[1]. During these 100 years, diseases caused by 
viruses have posed a huge threat to human health. 
Particular attention is drawn by viruses that contain 
RNA in their genome, which are estimated to represent 
about 75% of the virus-related human diseases[2]. 
While we are still struggling to find effective drugs or 
vaccines to fight against human immunodeficiency 
virus (HIV) or Hepatitis C virus (HCV), both of 
which will lead to chronic diseases, more enveloped 
ssRNA viruses that can cause fatal respiratory symp-
toms have gradually (or suddenly) emerged. According 
to World Health Organization (WHO), the spread of 
severe acute respiratory syndrome (SARS) in 2003 has 
led to over 700 deaths[3] and the mortality rate of the 
Middle East respiratory syndrome (MERS), first identi-
fied in Saudi Arabia in 2012, has already reached to 
35%[4]. Most recently, the dreaded COVID-19 has 
spread in most countries of the world and caused 
more than 600,000 people's death at the end of 
July 2020[5]. The coronavirus pandemic has become 
a global public health emergency[6]. Although there 
are more antiviral drugs currently available than 

40 years ago[7], most of them are still not effective 
for the treatment of viral infections caused by corona-
viruses (CoVs) or Respiratory Syncytial Virus (RSV). 
Therefore, novel strategies are urgently needed to solve 
this issue.

It has been proposed that host defense Ribonucleases 
(RNases) can act as drug candidates, which offer an 
alternative way of fighting against viral infections[8]. 
RNases, targeting a diversity of cellular RNAs, play an 
important role in many biological processes such as 
immune modulation, angiogenesis, neurogenesis, and 
host defense [8–16]. Already in 1968, researchers 
observed that patients with tick-born encephalitis had 
higher RNA-catalytic activity in their blood and cere-
brospinal fluids[17]. Since then, the number of RNases 
with reported antiviral properties has increased slowly 
but significantly. For example, eosinophil-derived neu-
rotoxin (EDN/hRNase 2), one member of RNase 
A superfamily, displays a high activity against ssRNA 
viruses like HIV and RSV [18,19]. Also, the antiviral 
mechanisms of RNase L are nowadays studied in deep: 
the protein is not only involved in degrading viral RNA 
but is also associated with the activation of interferon 
(IFN) production[20]. Although there are still limited 
references about RNases against human CoV 
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pathogens, it has already been demonstrated that RNase 
L can exert a significant effect on a murine coronavirus 
mouse hepatitis beta CoV strain (MHV-JHM)[21].

Taken together these positive results about the anti-
viral properties of human RNases, this review aims to 
summarize the main characteristics of enveloped 
ssRNA viruses that nowadays represent a threat to 
human health, together with the main mechanisms 
that RNases can exert against viral infections, with the 
aim to provide the basis for the development of novel 
and safe antiviral drugs.

Mechanism of enveloped single-stranded RNA 

viral infection

The entire infection viral particle, virion, consists of 
a nucleic acid molecule surrounded by a protein shell 
named capsid which, together with the genome, forms 
the nucleocapsid [22,23]. In particular, for enveloped 
viruses, there is also a lipid bilayer derived from the 
host cell membranes outside its nucleocapsid. Both 
nucleocapsid and envelope of virion contribute to the 
viral infection[24]. Viruses must enter into the host 
cells to deliver their genomic information. Fusion and 
endocytosis are two general ways for enveloped viruses 
entry (Figure 1) [25–27]. The viral membrane fusion 
protein can help the viruses to directly fuse its mem-
brane with the cytoplasmic membrane [28] and fusion 
may also occur at the endosome after endocytosis[29]. 
For most enveloped viruses, the entry is mediated by 
a series of envelope glycoproteins such as the spike in 
CoVs and gp120 in HIV-1[25]. After the viral genome 
penetrates the host cytoplasm, the viruses will exert 
their function by inhibiting the normal metabolism of 
the host cell, activating replication of its genome, tran-
scription and translation of its own RNA, and final 
assembly and release of virions[30]. Here, we will detail 
the structural characteristics and intracellular behaviors 
of some representative enveloped ssRNA viruses that 
recently pose a great threat to human health (Figure 1).

Coronaviruses (CoVs) and Hepatitis C virus (HCV)

CoVs and HCV are enveloped positive ssRNA [(+) 
ssRNA] viruses with a diameter of about 125 nm and 
40–100 nm, respectively [31,32]. The notorious viruses, 
SARS-CoV, MERS-CoV, and SARS-CoV-2 belong to 
beta-CoVs and we find eight genotypes for HCV 
[33,34].

The CoVs can enter into the cell either by fusion or 
by endocytosis[35]. The entrance into human cells 
relies on a receptor recognition mechanism. The spike 

protein (S), a glycoprotein trimer that belongs to class 
I fusion protein at the virion surface[36], binds to the 
angiotensin-converting enzyme 2 (ACE2) for SARS and 
SARS-CoV-2 and to the dipeptidyl peptidase 4 (DPP4) 
for MERS-CoV infection [37–40]. This recognition step 
is crucial to induce membrane fusion through the con-
formational transition of spike [41–43]. Also, there are 
many reports that describe HCV entrance into cells, 
mainly mediated by endocytosis and subsequent fusion 
into endosome by envelope glycoproteins, E1 and E2 
[44–46].

Following entrance, the (+) ssRNA of the viruses can 
serve as both genome and mRNA and is directly trans-
lated into protein by host ribosomes[47]. The replica-
tion of the positive strand will produce a double- 
stranded RNA (dsRNA), which is then transcribed 
into a positive single-stranded genome/mRNA. 
Notably, the replication and transcription of (+) 
ssRNA viruses can take place in membrane invagina-
tions in order to increase the efficiency of replication 
and evade host defense[48]. The taken membrane may 
be derived from various organelles, including endoplas-
mic reticulum (ER), late endosome/lysosome, or mito-
chondrial outer membrane[49]. For example, 
accumulation of dsRNA has been found to locate into 
the double-membrane vesicles (DMVs) induced by 
SARS-CoV infection, suggesting the probable site of 
viral RNA synthesis[50].

The CoV genome is the largest one among positive- 
strand RNA viruses. It expresses two co-terminal poly-
proteins, pp1a and pp1ab, which are processed into 
coronavirus non-structural proteins with specific biolo-
gical properties, named nsp1-16 [31,51]. The endonu-
clease nsp15, targeting viral polyuridine sequences, 
participates in the evasion of dsRNA sensors. 
Accordingly, the loss of nsp15 activity leads to strong 
attenuation of the disease in mice by stimulating the 
immune response through activation of interferon 
(IFN), protein kinase R(PKR), and the 2 -5 oligoade-
nylate synthetase (OAS)/RNase L system [52,53]. 
Likewise, the exoribonuclease, nsp14 is crucial for repli-
cation proofreading and also works as a (guanine-N7) 
methyltransferase (N7-MTase) for mRNA capping 
[54,55]. The nsp14 protein function is also key to the 
development of viral resistance[56]. In addition, nsp6 
in the avian CoV infectious bronchitis virus (IBV) is 
capable of inducing autophagy, a strategy that might 
aim to alter the adaptive immune response and pro-
mote degradation of host immunomodulatory proteins 
[57]. On the other hand, HCV only encodes a single 
polyprotein, which is processed by the host and viral 
proteases to create 10 viral proteins, including Core, E1, 
E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B. 
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Among these, the non-structural proteins, protease 
NS3/NS4A, phosphoprotein NS5A, and polymerase 
NS5B, are the major players in viral replication and 
also the main targets for the design of direct-acting 
antiviral agents [58,59].

Respiratory Syncytial Virus (RSV) and Parainfluenza 

Virus (PIV)

RSV and PIV (PIV 1–4) belong to the Paramyxoviridae 
family, which are enveloped, spherical but negative 
ssRNA [(-)ssRNA] viruses with a diameter of about 
150 nm for RSV and 150–300 nm for PIV [60,61]. 
They are both the leading cause of acute lower 

respiratory tract infections among children younger 
than 5 years [62,63].

Direct fusion with the cytoplasmic membrane by 
a pH-independent mode has generally been 
considered as the main method of viral entry, although 
endocytosis followed by acid-independent 
membrane fusion is also observed for RSV [61,64–66]. 
There are two main envelope glycoproteins on the viral 
surface, the attachment protein and the fusion protein, 
which facilitate the attachment and cell membrane 
fusion for viral entry, respectively. In the case of PIV, 
the attachment protein is a hemagglutinin- 
neuraminidase [61,67]. Interestingly, in comparison 
with other paramyxoviruses, the RSV fusion protein 

Figure 1. The Viral Life Cycle. The life cycle of positive single-strand RNA [(+)ssRNA], negative single-strand RNA viruses [(-)ssRNA] 
and also HIV are indicated. Normally, viruses firstly enter into the host cell by either fusion or endocytosis, then the viral genome is 
replicated and the viral polyproteins are translated within the cytoplasm. Many (+)ssRNA viruses can replicate and be transcribed in 
special DMV. Finally, virion assembly and release takes place. The life cycle for (+)ssRNA viruses are shown in red color and for (-) 
ssRNA in blue. For HIV, the genome will be reverse transcribed into dsDNA and then integrated into the host genome, as shown in 
light blue color.
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alone is enough to mediate membrane fusion as well as 
viral infection [68] and the glycoprotein is also an 
unusual attachment protein that can bind to the cell 
surface glycosaminoglycans containing iduronic acid, 
like heparan sulfate and chondroitin sulfate B[69].

The replication and transcription of this kind of 
virus take place in the cell cytoplasm. Unlike many 
positive-sense RNA viruses that are translated immedi-
ately by the host cell, the genome of a negative-sense 
RNA virus alone is not infectious, so the viral RNA- 
dependent RNA polymerase (RdRp) is needed to 
synthesize the positive-sense RNA [60,70]. Notably, 
replication and transcription are controlled by the 
same polymerase[71]. Two proteins, large polymerase 
subunit L and phosphoprotein (P), contribute to the 
core polymerase complex. The L protein exerts its 
enzyme activity to participate in RNA synthesis, cap-
ping, and cap methylation while the P protein is an 
essential cofactor[71]. Paramyxoviruses also can pro-
duce IFN-antagonists to evade the host IFN-mediated 
innate immune response[72].

Human Immunodeficiency Virus (HIV)

There are two types of HIV, HIV-1 and HIV-2, both of 
which are spherical, enveloped (+)ssRNA viruses. The 
diameter of the virion is about 120 nm for HIV-1 and 
110 nm for HIV-2 [73,74]. HIV-2, which is mainly 
present in West Africa, has lower mortality than HIV- 
1[75].

Normally, both fusions with the cell membrane and 
endocytic pathways have been indicated for HIV entry 
[76–79]. The envelope glycoproteins are gp120/gp41 for 
HIV-1 and gp125/gp36 for HIV-2, among which the 
former ones (gp120 and gp125) recognize host CD4, 
CCR5, CXCR4 receptors, and the latter ones (gp41 and 
gp36) act as fusion or transmembrane proteins [74,80]. 
Therefore, all CD4-positive cells such as dendritic cells, 
T helper cells, macrophages, and astrocytes are suscep-
tible to HIV[81].

The cytoplasm is the location where HIV transcrip-
tion is activated. However, in contrast with CoVs that 
replicate in the cytoplasm[82], the HIV genome repli-
cates in the nucleus. The RNA of HIV is reverse tran-
scribed and copied into a linear dsDNA molecule that 
then enters into the nucleus and is integrated into the 
cell genome, where the virus remains in latency unde-
tected by the immune recognition system[83]. The 
integration step is key for viral replication as well as 
for transcription and Tat (Trans-activator of transcrip-
tion) is the viral-encoded transcription factor needed 
for the expression of viral genes [84,85]. Unfortunately, 
HIV can destroy the immune system and there is no 

protective immunity against HIV [81,86]. Also, lots of 
strategies are developed by HIV to regulate the cell 
autophagy and establish a chronic infection[87].

Host-virus interplay

According to the characteristics of viruses introduced 
above, we find that interactions between the host and 
the virus can occur either to protect the host or to 
promote the viral infection. Generally, when the virion 
enters into the cell, it exerts multiple strategies to evade 
the host immune functions, including avoidance of 
identification by Pattern-Recognition Receptors 
(PRRs), inhibition of IFN signaling, and interference 
with host protein expression[88]. In its turn, the host 
responds to the virus by activation of the adaptive 
immunity, formation of Stress Granules (SGs), autop-
hagy, or even apoptosis[89].

Many reviews have exhaustively discussed the overall 
host-virus interplay [88,90,91]. Here, we will focus on 
the interaction between the host and the virus with 
enveloped ssRNA, with a special emphasis on the type 
of viruses mentioned above.

Pathogen-associated molecular patterns (PAMPs)

It is widely known that dsRNA and RNA with a 5 - 
triphosphate (5 -pppRNA) are commonly produced by 
RNA viruses during replication [92] and the host 
immunity will detect these “foreigners” by PRRs, such 
as Toll-like receptors (TLRs), RIG-I-like receptors 
(RLRs), and Nod-like receptors (NLRs) [93–95]. In 
TLRs, ssRNA can be identified by TLR7 and TLR8 
while dsRNA by TLR3 and TLR9. Also, TLR2 and 
TLR4 may contribute to the recognition of viral glyco-
proteins[89]. In addition, TLR2 heterodimers with 
either TLR1 or TLR6 can provide additional recogni-
tion specificity for some viral proteins[96]. In their 
turn, RLRs are conformed by Retinoic Acid-Inducible 
gene I (RIG-I), also named DExD/H-box helicase 58, 
and Melanoma Differentiation-Associated protein 5 
(MDA5)[97], among which RIG-I is responsible for 
the short RNA ligands with 5 -triphosphate caps and 
MDA5 for long dsRNA[92]. The recognition process of 
PAMPs (Figure 2a) activates IFNs signaling, as well as 
the expression of inflammatory chemokines and cyto-
kines [90,98,99]. It should be noted that many key 
molecules such as 2 ,5 -oligoadenylate synthetase 
(OAS), together with RNase L to form OAS/RNase 
L pathway (Figure 2b), and PKR (Figure 2c), are not 
only induced by IFN but also by dsRNA-specific PRRs 
that trigger the antiviral response [100,101].
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Specifically, long dsRNA produced during the repli-
cation of a (+)ssRNA virus, such as the murine CoV or 
MHV, can be recognized by MDA5 and then activate 
the type I IFN response[102]. TLR3 is also a dsRNA 
sensor, pre-stimulation of which can block MHV infec-
tion through induction of IFN-β in macrophages[103]. 
Besides the recognition of dsRNA, it is demonstrated 
that the membrane protein from SARS-CoV can 
directly promote the production of IFN-β through 
a TLR-related signaling pathway[104]. In addition, 
HCV RNA can also be recognized by TLR3, MDA5, 
and RIG-I in infected hepatocytes and TLR7 on plas-
macytoid dendritic cells (pDC), thereby inducing the 
secretion of type I IFN (INF-α and IFN-β) and type III 

IFN (IFN-λ). A recent review has detailed the interac-
tion between the host and HCV[105].

Likewise, (-)ssRNA viruses, such as RSV, also produce 
dsRNA intermediates during replication. Therefore, in 
the RSV-infected epithelial cells, TLR3 pathways can 
mediate the expression of chemokines CXCL8 and 
CCL5[106]. Interestingly, RIG-I but not MDA5 has 
been identified as key for immune defense against RSV 
[107]. Similarly, the fusion protein of RSV contributes to 
the induction of interleukin 6 (IL-6), which depends on 
the presence of CD14 and TLR4[108]. In addition, activa-
tion of interferon-regulatory factor 3 (IRF3) and produc-
tion of IFN-β was reported to be triggered by nucleotide- 
binding oligomerization domain 2 (Nod2), a protein that 

Figure 2. Host-virus interplay. (a). Pathogen-associated molecular patterns (PAMPs). The three most common PAMPs in case 
of viral intrusion are shown. From left to right, they are RLRs, TLRs and NLRs respectively. Different receptors can recognize various 
RNAs produced by viruses. Normally, after the recognition, IFNs and cytokines are induced through a series of signal cascades. 
(b). OAS/RNase L pathway. The related processes in response to dsRNA are shown. An IFN-induced 2–5A synthetase (OAS) is 
expressed to synthesize 2 5 oligoadenylates (2–5A), which activate RNase L, and then small RNAs cleaved by active RNase L can 
exert multiple functions to fight viruses. The related processes are shown. (c). PKR pathway. The important processes are indicated. 
PKR is also an IFN-induced, dsRNA-activated protein kinase. Once active, PKR can phosphorylate the eukaryotic translation initiation 
factor (eIF2α), which later suppresses viral translation and induces stress granules (SGs) formation.
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belongs to NLRs, in RSV-infected human embryonic 
kidney (HEK-293) cells[109].

On the other hand, the particular case of (+)ssRNA 
viruses, HIV, which produces dsDNA in a host cell, can 
also be detected by diverse PRRs. The ssRNA of HIV-1 
may firstly interact with pDC, thereby stimulating INF- 
α production by TLR7, which later suppresses the 
expression of CXCR4 and CCR5 [110–112]. 
Concurrently, TLR8 is related to the production of IL- 
1β and release of Tumor Necrosis Factor α (TNF-α) by 
recognizing the ssRNA [113,114], whereas microRNAs 
produced by HIV-1 also serve as ligands for TLR8 
signaling[115]. In addition, HIV-1 can be perceived 
by DNA sensors like Cyclic GMP–AMP synthase 
(cGAS) and interferon gamma inducible protein 16 
(IFI16)[116]. More details about the sensing of HIV 
PAMPs are discussed elsewhere[117].

Unfortunately, viruses have developed many strate-
gies to evade the host recognition. Firstly, viruses can 
escape from the host RNA sensors by specially modify-
ing their RNA[118]. 2 -O-methylation refers to the 
methylation of RNA ribose at the 2 -OH position, 
which is common to all life kingdoms. In mammals, 
2 -O-methylation of the 5 - guanosine cap by methyl-
transferases (MTases) is a molecular signature to dis-
tinguish “self” from “non-self” mRNA, a process where 
RIG-I and MDA5 can play a role [119–121]. Thus, 2 - 
O-methylation is one of the commonest modifications 
adopted by viruses to mimic eukaryotic RNA by utiliz-
ing 2 -O-MTases either from themselves or from the 
host. For example, the SARS-CoV can encode its own 
2 -O-MTases(nsp16) and viral defective mutants are 
more sensitive to IFN[122]. In its turn, HIV-1 can 
take advantage of a cellular 2 -O-MTase, FTSJ3, to 
achieve its 5 -cap methylation[123]. In addition, N6- 
methyladenosine (m6A) modification is another favor-
ite modification of viral RNA[124]. Indeed, m6A is the 
most abundant modification in mammals and regulates 
the mRNA stability, transport, metabolism, and effi-
cient translation. RNA viruses are observed to incorpo-
rate this modification early in their infection cycle, in 
order to be properly recognized by their host machin-
ery and facilitate translation. However, m6A mapping 
methodologies have only recently been implemented 
and epitranscriptomes are slowly been analyzed[125]. 
Therefore, the importance of this modification in viral 
infectivity and immune response need further explor-
ing. Among others, this modification has been charac-
terized during HIV-1 infection[126]. Likewise, m6A 
modification helps human metapneumovirus to evade 
from RIG-I [127] and may represent a key regulator of 
the immune system[128]. Another modification that is 
now recognized as a key regulator of both host and 

viral mRNA function is the acetylation of cytidine 
residues. Incorporation by HIV-1 of acetylation at N4 
position (ac4C) is associated with an increase of gene 
expression and enhance the mRNA stability[129].

Secondly, noncoding RNAs (ncRNAs), such as 
transfer RNA (tRNA), ribosomal RNA (rRNA), 
microRNA (miRNA), small nuclear RNA (snRNA), or 
long non-coding RNA (lncRNA), can be derived from 
both the virus and the host[130]. They play important 
roles in host-virus interplay [131,132] and can be 
manipulated by the invading viruses to establish 
a favorable host environment for its replication cycle. 
Virus-host RNA interactome has been explored and 
a database resource has been created (ViRBase) to 
integrate experimental and predicted ncRNA- 
associated host–virus interactions [131,133]. Viral 
ncRNAs have a variety of biological effects that regulate 
the distinct steps of the viral life cycle [132,134,135]. 
Many examples are related to host recognition evasion: 
the miRNA from RSV, miR-26b, has been found to 
suppress TLR4 and inhibition of miR-26 can increase 
the expression of CCL5 and IFN-β[136]. One lncRNA, 
the eosinophil granule ontogeny transcript (EGOT), 
induced by HCV is also involved in RIG-I and PKR 
pathway, and inhibition of EGOT can increase the 
expression of IFN-stimulated genes (ISGs)[137]. On 
the other hand, viral mRNAs frequently incorporate 
Internal Ribosome Entry Sites (IRESs) sequences, 
which can adopt specific folds to promote their efficient 
translation. In addition, RNA viruses can also take 
profit from some host miRNAs, such as the miR-122, 
to facilitate their structuration and stabilize their gen-
ome or enhance the RNA translation rate. Interestingly, 
viruses can incorporate specific mutations in their gen-
ome to increase their stability, avoid recognition and 
cleavage by host proteins, or facilitate their proper 
folding in the absence of miRNAs helpers[138]. 
Besides, viruses can adopt tRNA-like structures that 
can intervene in their replication or translation steps 
[139–141]. Together with tRNA mimicry, viruses can 
initiate infection by taking profit from the host tRNAs. 
The use of the host tRNA-Lys3 by HIV-1 for priming 
reverse transcription was identified a long time ago, 
although the particular details of the tRNA priming 
binding site (PBS) and viral genome interactions were 
not elucidated till recently[142].

Besides, the viruses have also adapted strategies to 
evade directly the host immunity. They can produce 
molecules to act as antagonists against IFN induction 
[72,143]. We observe that most of the antagonists are 
non-structural or accessory viral proteins. For example, 
the MHV lacking nsp15 is easily detected by dsDNA 
sensors (such as MDA5, PKR, and OAS/RNase L), 
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thereby stimulating more type I IFN induction. This 
result suggests that nsp15 may be an IFN antagonist of 
CoVs [52,144]. The non-structural proteins nsp1, nsp7, 
PLP, and the accessory proteins ORF3b, ORF6 of 
SARS-CoV also have been reported as potential IFN 
antagonists[145]. Another antagonist molecule is the 
RSV non-structural protein 1 (NS1), which can bind 
to mitochondrial antiviral signaling protein (MAVS) 
and suppress the association of MAVS to RIG-I and 
thereby undermine the IFN production[146]. 
Regarding HIV-1, either interaction with cellular mole-
cules or dependence of accessory proteins, such as Vpu 
and Nef, can impair key signaling of PRRs including 
RIG-I, cGAS, and IFI16[147]. It is interesting that the 
core protein of HCV also can show IFN-antagonistic 
properties[148].

Last but not the least, positive RNA viruses can 
hijack intracellular membranes to form unique DMVs 
in order to hide their RNA and avoid the innate anti-
viral responses[149]. The formation of DMV owes to 
the nsp3-4 polyproteins for MERS-CoV and another 
nsp6 for SARS-CoV [150,151]. For HCV, it is indicated 
that several non-structural proteins as well as host 
factors are involved in the formation of DMVs[152]. 
Interestingly, in the cells infected by the negative-sense 
RNA virus RSV, we can find large cytoplasmic inclu-
sion bodies that contain multifunctional proteins and 
even viral RNA. It is suggested that the cytoplasmic 
bodies may also have a protection mechanism for the 
replication and innate immunity evasion of negative- 
sense RNA viruses [153,154].

Formation of stress granules, autophagy and 

apoptosis

Stress granules (SGs) are cytoplasmic aggregates of 
protein and RNA, which appear when the cell is 
under stress, including viral infections such as MHV 
and RSV [155–157]. There are two types of formation 
mode for SGs according to whether it depends or not 
on the initiation factor eIF2α, classified as type I and II 
[158]. Here, we briefly introduce the best-studied pro-
cess, which requires the participation of eIF2α (Figure 
2C). Under cell stress by a viral infection, the PKR can 
trigger the phosphorylation of eIF2α subunit and sub-
sequent increase of the affinity of eIF2B for eIF2:GDP, 
thereby leading to the prevention of the triple complex 
(eIF2:GTP:tRNAMet) formation and shutdown of trans-
lation[159]. The SGs have either antiviral or proviral 
effects depending on the different studied viruses 
[160–162]. Antiviral SGs (avSGs) exert their specific 
effects by providing a platform for interaction between 

antiviral proteins and non-self RNA ligand, activating 
innate antiviral responses related to RLRs, PKR, or 
OAS/RNase L pathways, and IFN production. 
Alternatively, avSGs can inhibit the host cell translation 
machinery and prevent viral replication [163–166]. In 
their turn, some viruses manage to spread their infec-
tivity by preventing the formation of SGs, suggesting 
again immune protection of SGs [164,166]. 
Noteworthy, we find cases where the viruses can induce 
SGs to serve themselves and even some possess both 
functions: SGs induction at early time points and SGs 
blockage at later stages[167]. For example, MHV- 
induced SGs lead to the shutdown of host translation 
without affecting the production of viral proteins [156] 
while the accessory protein 4a produced by MERS-CoV 
prevents the SGs formation and thereby promotes the 
viral replication[168]. It is also reported that HIV-1 
Gag undermines both types of SGs assembly by inter-
acting with eEF2, eIF4E translation factors, and recruit-
ment of GTPase activating protein – SH3 domain 
binding protein 1 (G3BP1) [169,170]. On the other 
hand, the nucleocapsid of HIV-1 can induce SGs 
assembly, a process that can be inhibited by Staufen1, 
a host protein related to mRNA transport and transla-
tion [171,172]. Similarly, the role of SGs in RSV infec-
tion is still controversial[173]. The RSV-induced SGs 
can enhance RSV replication by mediating PKR [157] 
while RSV suppresses the SGs assembly by sequestering 
the phosphorylated p38 (p38-P) and O-linked N-acetyl 
glucosamine (OGN) transferase (OGT) into viral inclu-
sion bodies[174]. In addition, RSV can also induce the 
specific production of tRNA-derived stress-induced 
RNAs (tiRNAs) and it has been found that the pro-
duced 5 -tiRNAGlu inhibits the expression of antiviral 
protein APOER2 [175,176]. Interestingly, the authors 
observed that the tRNA cleavage products were 
mediated by the endonuclease activity of angiogenin 
(ANG; also named RNase 5). At the same time, it is 
noteworthy that ANG-induced tiRNAs are important 
components for host stress response and SGs assembly 
[177,178].

Autophagy is another cellular stress response path-
way that can participate in the host-virus interplay. It is 
a process of cell recycling, by which cells can eliminate 
damaged or diseased components and favor healthier 
cells. Host cells can identify and degrade virus intruders 
by a process called virophagy. Without surprise, autop-
hagy also promotes the clearance of SGs[179]. 
Interestingly, the autophagy mechanism has dual func-
tions as observed for SGs. On one hand, the autopha-
gosomes formed can transfer viral cargos to lysosomes 
for degradation and activate the host's innate immune. 
On the other hand, the viruses also take advantage of 
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autophagy to evade the immune system, support repli-
cation, and exit the cell[180]. Many ssRNA viruses can 
induce, suppress, or even take advantage of autophagy 
by multiple mechanisms. It is reported that Nsp6 of 
CoVs restricts autophagosome expansion, but there are 
no general rules, and CoVs can also manipulate the 
autophagy machinery for their benefit [181–183]. For 
instance, autophagy may be necessary for the formation 
of DMVs, which will promote the efficiency of MHV 
replication[184]. RSV-induced or HCV-induced autop-
hagy also contributes to the viral replication and 
thereby promotes infection [185,186]. Nevertheless, 
HIV requires autophagy for its early replication but 
has also developed many strategies to inhibit autophagy 
to avoid its clearance. Interestingly, pro- and anti-viral 
roles of autophagy are undergone associated with each 
of the cell types in the study[87].

Last, when the cell injury caused during stress 
exceeds the capacity of the repair mechanisms, apop-
tosis will occur to avoid excessive tissue damage. 
There are many reviews focused on viral infection 
and apoptosis[187]. For example, SARS-CoV induces 
apoptosis either by exposure of its membrane pro-
teins or by its unique 7a protein [188,189] and 
MERS-CoV can activate both the extrinsic and 
intrinsic apoptosis pathways in T cells[190]. 
Moreover, RSV not only triggers apoptosis but can 
also escape or delay apoptosis by interfering in the 
expression of several proteins[191]. In its turn, the 
gp120/gp41 of HIV-1 is a key component for induc-
tion of apoptosis in CD4 T-cell lymphocytes. In con-
trast to other types of viruses, no evidence have been 
found about any mechanism of HIV to prevent apop-
tosis[192]. Anyhow, apoptosis is a double-edged 
sword. Apoptosis caused by HCV infection may ser-
iously damage the liver while inhibition of apoptosis 
may lead to the persistence of HCV and subsequent 
development of hepatocellular carcinoma[193].

Overall, it is important to have a good understand-
ing of the interactions that take place between viruses 
and their host, in order to spot the most vulnerable 
points during viral infection and exploit adaptive 
methodologies to target each type of viruses 
appropriately.

Mechanism of action of host defense RNases 

against viral infection

Within RNases, we find endo- and exonucleases that 
catalyze the cleavage of either ssRNA or dsRNA and 
release selective cleavage products [194,195]. RNases 
are found in all life kingdoms; they can work either 
within the cell cytosol or be secreted[196]. Among the 

multiple biological functions of RNases, the antiviral 
activity has been reported [8,14,197]. Overall, the stra-
tegies exerted by RNases against viruses include: 1) 
inhibition of viral replication by its enzymatic activ-
ity; 2) regulation of host immune recognition and 
response; 3) regulation of SGs formation; 4) induction 
of autophagy and 5) triggering of apoptosis. Here we 
describe the human RNases that show significant anti-
viral activity together with other RNases of potential 
therapeutic interest. In particular, we focus on the 
RNases that are active against the enveloped ssRNA 
viruses.

RNase A superfamily

The vertebrate-specific RNase A superfamily includes 
in human 13 members, named RNases 1–13, which are 
secreted proteins and have diverse roles, such as anti-
microbial and immunomodulatory [15,18,198–201]. 
Expressed by innate immune cells and targeted to 
either the extracellular or endolysosomal space, RNase 
A family members are well fit to provide a safeguard 
action against intruding pathogens [14,202]. Within the 
family, we find several members with reported antiviral 
activity exerted by different mechanisms, depending on 
the type of viruses (see Table 1) [8,14,203].

The Eosinophil-Derived Neurotoxin (EDN/RNase 
2) is one of the best studied, which can fight RSV, 
PIV, and HIV [18,19]. Research about human recom-
binant EDN against RSV and PIV indicated that the 
ribonuclease activity of EDN is essential for the protein 
antiviral activity but is not unique. Indeed, bovine 
pancreatic RNase A, the family reference, shows 
a much higher catalytic activity but is devoid of anti-
viral activity[19]. Antiviral RNases from human chor-
ionic gonadotropin (hCG) preparations that contain 
EDN show anti-HIV activity, which may be related to 
its inhibition of HIV replication in chronically infected 
ACH-2 lymphocytes and U1 monocytes[204]. The pro-
tein contribution in anti-HIV activity was proven by 
selective blockage with anti-EDN antibodies[205]. 
Besides, the addition of recombinant EDN reduces 
infectivity in vitro in RSV-infected epithelial cells 
[19,206]. Interestingly, EDN levels in serum are 
increased following RSV bronchiolitis and are used as 
a predictive marker of recurrent wheezing[207]. 
Another eosinophilic ribonuclease, the Eosinophil 
Cationic Protein (ECP/RNase 3) has also anti-RSV 
activity, although to a much lower extent, and no 
synergistic action with EDN was evidenced[208]. Very 
recently, we have demonstrated the antiviral activity 
against RSV of RNase 3 expressed in macrophages. 
Besides, a comparative transcriptome analysis indicates 
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that the protein antiviral properties are associated with 
its catalytic activity[209]. On the other hand, increasing 
levels of ECP are found during HIV infection in both 
adults and children [210,211]. The higher antiviral 
activity of EDN/RNase2 with respect to ECP/RNase3 
has been attributed to the presence of a specific region 
in the former at the C-terminal loop. By site-directed 
mutagenesis, the authors have identified a region essen-
tial in EDN for the RSV capsid interaction and virion 
entry to the cell[212].

There is no evidence that EDN/ECP has a direct 
effect on CoVs, but EDN is upregulated during SARS- 
CoV infection [213] and most recently, it has been 
reported that eosinopenia is associated with SARS- 
CoV-2 infection [214,215]. In the same line, increasing 
levels of eosinophils are associated with a better prog-
nosis of recovery from COVID-19 and EDN has been 
proposed as a novel clinical biomarker of the disease 
[216–218]. Moreover, it is observed that the antiviral 
activity of eosinophils can be reversed by the addition 
of the proteinaceous RNase inhibitor (RI) [19,208].

Apart from the eosinophil-derived proteins, angiogenin 
(ANG/RNase 5) may play a role during viral infection 
[219]. ANG can suppress the replication of HIV-1 in 
a dose-dependent manner[220]. Furthermore, when 
infected by RSV, the cell production of tRNA halves 
induced by ANG is significantly enhanced. It is now 
known that during cell stress conditions tRNA halves 
promote the assembly of SGs; however, the potential con-
tribution of ANG in the control of infection is still unclear 
[175]. Very recent transcriptome analysis associates epige-
netic traits with the stress-induced tRNA fragment popula-
tion and cell potential biological activities[221]. 
Interestingly, a posttranscriptional modification m5C, con-
sidered a protection cleavage mark in higher eukaryotes, 
inhibits ANG action on tRNAs[222]. Another research has 
also tested the anti-HIV activity of EDN, ANG, and even 
RNase A, all of which inhibit the HIV-1 replication during 
primary HIV-1-infected PHA-stimulated PBMCs[223].

Another peculiar member of the RNase 
A superfamily is the bovine seminal RNase (BS- 
RNase). It is the unique natural dimeric protein of 
the family and shows a specific enhanced activity 
against dsRNA. Interestingly, BS-RNase is 
reported to have anti-HIV activity on H9 leukemia 
cells[224]. In addition, dsRNA cleavage by BS- 
RNase is induced by IFN-γ[225]. Moreover, direct 
binding of the C-terminus of IFN with RNA is 
involved in the activation of the RNase antiviral 
activity[226].

Last, within the lower-order vertebrates of the 
RNaseA superfamily, we find amphibian RNases 

with an elevated antiviral activity together with 
other appealing potential therapeutic applications 
[224]. The particular attraction has been drawn by 
an RNase from oocytes of the leopard frog Rana 
pipiens, discovered for its antitumor properties and 
named Onconase thereafter [227,228]. Onconase has 
also an unusual activity on dsRNA [229] and can 
significantly inhibit HIV-1 replication in H9 leuke-
mia cells at nontoxicity concentration[224]. Further 
work confirmed the selective degradation of the 
virion RNA by Onconase in treated H9 and U937 
leukemia cells with no alteration of ribosomal or 
assayed mRNA[230]. In addition, Onconase specific 
activity on tRNAs has been associated with its abil-
ity to inhibit HIV replication by removal of 
tRNALys, which is known to serve as a reverse tran-
scription primer by the viruses[231]. Recently, 
Vilanova and coworkers reported that Onconase 
antiviral action can also be mediated by the upre-
gulation of the activation transcription factor 3 
(ATF3) which promotes apoptosis and can inhibit 
the viral replication[232]. Besides, ATF3 is also 
reported to induce the latent state in herpes simplex 
virus (HSV)[233]. The authors also suggest that 
Onconase inhibition of HIV replication might be 
mediated by the induction of IL10[232]. The advan-
tages of the clinical development of Onconase are 
that the protein not only avoids the inhibition by RI 
but is also resistant to proteolysis due to its unusual 
conformational stability[228]. Work is currently in 
progress to exploit Onconase alone or as an adju-
vant to fight viral infections including MERS-CoV 
and RSV (http://tamirbio.com/) [232].

Overall, the induction of the apoptosis or autop-
hagy pathways by several family members could be 
regarded as a strategy to facilitate the removal of 
pathogen-infected cells [15,234–237]. A curious and 
original zymogen has been engineered by Raines 
and coworkers, where the use of the HIV protease 
serves as an activation system to release the RNaseA 
catalytic activity that will degrade the viral gen-
ome[238].

RNase L

RNase L is a ubiquitous intracellular endonuclease acti-
vated by a 2 5 -oligoadenylates (2–5A), which is speci-
fically synthesized by the OAS. The OAS/RNase 
L pathway is activated during viral infections and is 
regulated by IFN[239]. Briefly, when exposed to the 
dsRNA produced by viruses, the host cells will induce 
IFN and then secrete 2–5A to induce the activation of 
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RNase L. Activated RNase L cleaves viral ssRNA, 
thereby suppressing viral replication, protein synthesis, 
and spread. In addition, RNase L can further amplify 
IFN signaling and promote the formation of SGs, which 
include many antiviral proteins [240–242]. Thereby, 
RNase L provides a natural cell protection against 
viral infection (Figure 2b).

Many kinds of viruses such as enveloped ssRNA 
viruses, the object of this study, can be inhibited 
directly or indirectly by RNase L (Table 1) [239,243]. 
Activation of RNase L then generates both host and 
viral RNA cleavage products, which on their turn can 
activate RIG-I and stimulate expression of IFN-β dur-
ing HCV infection [20,244]. Interestingly, HIV-1 repli-
cation can be directly suppressed by overexpression of 
RNase L, even without IFN treatment[245]. IFN-γ has 
been found to inhibit RSV infection in human epithe-
lial cells, but cells that overexpress the RNase 
L inhibitor (RLI) attenuate this antiviral effect, suggest-
ing that activated RNase L is essential for IFN-γ- 
mediated anti-RSV activity[246]. RNase L can also pro-
tect the brain from sustained MHV infection and 
thereby prevent demyelination and neurodegeneration 
[21]. SGs and autophagy can also be induced by RNase 
L in both (+)ssRNA and (-)ssRNA viral infections 
[242,247]. Alternatively, RNase L activation in virus- 
infected cells can lead to cleavage of both host and viral 
RNA and facilitate the activation of apoptosis and sub-
sequent removal of infected cells[248].

Unfortunately, viruses have developed on their turn 
many mechanisms to evade the OAS/RNase L system. 
Specific 2 ,5 -phosphodiesterases that cleave 2–5A are 
released by CoVs to prevent RNase L activation: ns4b 
from MERS-CoV and ns2 from MHV[249]. Deletion of 
the ns4b gene can activate RNase L during infection of 
Calu-3 lung cells and also the ns2-deletion mutant virus 
cannot replicate in wild-type mice but is highly patho-
genic in RNase L deficient mice [250,251]. Likewise, the 
Tat protein of HIV-1 binds to the 2–5A synthetase, 
undermines the TAR-mediated activation of 2–5A 
synthesis, and thus blocks OAS signaling[252]. In addi-
tion, RLI can be induced during HIV-1 infection to 
inhibit the OAS/RNase L pathway[253]. A better 
understanding of the strategies of viruses to modulate 
the OAS/RNase L immune response pathways should 
provide guidance for the development of novel drugs 
[239,241]. In fact, avoiding the recognition of the OAS/ 
RNase L system is not only the privilege of the popular 
ssRNA viruses introduced above, some other ssRNA 
viruses have also been found to engineer similar stra-
tegies. For example, a unique RNA structure carried by 
poliovirus, a (+)ssRNA virus, helps to inhibit the endo-
nuclease activity of RNase L[254]. A specific protein 

(L*) produced by Theiler’s murine encephalomyelitis 
virus can bind to RNase L and prevent its activation 
by 2–5A by an antagonism stratagem similar to the one 
described for MHV[255]. A wealth of literature has 
emerged during the last months on host-virus interplay 
mechanisms due to COVID-19 pandemic. Latest popu-
lation studies on human genetic variants related to 
severe COVID-19 illness have identified the deficiency 
in the OAS/RNase L antiviral system among the top 
critical phenotype markers [256,257].

RNase T2

RNase T2 family is present not only in eukaryotes but 
also in bacteria and viruses, with a variety of func-
tions, such as degradation of RNAs, regulation of the 
immune response, or even control of tumor progres-
sion [258,259]. RNase T2 activity has also been linked 
to the host antiviral response. One study demonstrated 
that RNase T2-deficiency resembles congenital cyto-
megalovirus (CMV) infection. Strikingly, CMV infec-
tion can block as an evasion strategy the antiviral 
RNase L response, which results in increased ssRNA 
levels, associated with exacerbated innate immunity 
activation and eventually similar neuropathological 
consequences[260]. This suggests that RNase T2 
might play a similar role as RNase L in cellular 
immune response[261]. Recent research also shows 
that RNase T2, together with EDN, can release uridine 
nucleotides from pathogen RNAs, which in their turn 
are activators of TLR8 [202,262]. Interestingly, the 
enrichment in uridine products is achieved by the 
complementary cleavage preferences of the two endor-
ibonucleases: RNase T2 at XU and EDN/RNase2 at 
UX, where X is a purine. To note, both secretory 
RNases work at endolysosomal compartments, with 
an optimum activity at a pH between 4.5 and 5.5, 
and might provide an indirect mechanism to activate 
the immune system in the presence of pathogenic 
RNAs. In particular, the authors have analyzed the 
RNases cleavage pattern on the genome of selected 
RNA viruses, some of which show an abundance of 
uridine-rich sequences.

Regnase1 and RNase P

MCPIP1 (also designated as Regnase1), is a human 
protein with both antiviral and endoribonuclease activ-
ities. It is a zinc finger protein involved in the cell 
inflammatory response that regulates the half-life of 
mRNA and miRNA. The nuclease domain cleaves 
ssRNA and shows a high affinity for viral RNA [263] 
and a broad-spectrum antiviral action. Likewise, 
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another a human endonuclease, human RNase P, is 
found to cleave HCV RNA transcripts[264].

Other RNases

Microbial RNases have also been proposed as thera-
peutic agents against ssRNA viruses (Table 1). Ilinskaya 
and coworkers have extensively explored the potential 
of the RNase from Bacillus pumilus, also named Binase, 
on influenza A virus. The authors observed a direct 
action on the viral mRNA in both in vitro and in vivo 
models [265,266]. Binase was also effectively tested 
against CoVs (MERS-CoV and the human low patho-
genic CoV-229E strain)[267]. Other microbial RNases 
are extensively reviewed by Ilinskaya and Mahmud[8].

Last, a very promising emerging discipline in the 
field is based on the design of artificial RNases 
(aRNases) for targeted RNA cleavage. Chemical con-
jugates were first synthesized containing RNA binding 
and catalytic domains, although their main drawback 
was their poor catalytic efficiency[8]. Small molecule 
derived RNases can also be engineered by connecting 
short mono to tripeptides[279]. The aRNases active site 
includes imidazole groups and perform an equivalent 
acid-base catalysis to native enzymes. Although their 
efficiency is significantly lower than natural RNases, 
they are active in physiological conditions and were 
demonstrated effective against influenza A and H1N1 
viruses. Last but not least, we can engineer antiviral 
ribozymes, RNA based-drugs with specific RNA target-
ing and endowed with intrinsic endonucleolytic action, 
some of which are in clinical trials[280].

Notwithstanding, to design effective antiviral drugs 
we should also consider other contributing factors, 
such as the three-dimensional structuration of RNA 
molecules, the presence of specific posttranscriptional 
modifications, or the involvement of RNA binding 
proteins that might protect the viral genome from 
RNases cleavage. Fortunately, novel methodologies, 
such as eCLIP are now providing tools to easily identify 
protein-RNA binding regions[281]. Some viruses can 
stabilize and protect their genomic RNA by interaction 
with the host-specific miRNAs. For example, miR122 
can modify the viral RNA base pairing and increase its 
half-life, promoting translation and protection of HCV 
RNA [138,282]. The emergence of resistant virus 
strains to miR-122 inhibitors with enhanced genome 
stability and protection against host RNases has 
recently been reported[283]. Therefore, the ability of 
host RNases to target viral RNA might be hindered by 
the presence of a diversity of ncRNAs. To obtain 
a more realistic scenario of the host-virus interplay we 
should bring together all the intervening agents at once, 

RNA target molecules, RNA binding proteins, and 
RNA cleavage enzymes.

In summary, we can conclude that host-derived 
RNases can fight multiple viruses through direct or 
indirect actions, which not only remove viral RNAs 
but also regulate self-immunity. In addition, host cells 
have evolved inhibitors to specifically protect subcellu-
lar compartments and prevent the potential toxic action 
of their own RNases against cellular RNAs. Another 
advantage of RNases is that once expressed they can be 
secreted, thereby exerting their antiviral activity either 
at intracellular or extracellular level. This dual function 
is of great benefit to improve antiviral effects at the 
local site of infection and to reduce the potential side 
effects on the remaining healthy tissues. From 
a perspective focused on applied therapies, some nano-
delivery systems have been engineered to vehicle the 
RNases within host cells [284–286]. We are confident 
that the design of novel vehicle tools should greatly 
expand the applicability of RNases with high catalytic 
efficiency on RNA viral genomes but limited cleavage 
specificity on target sequences.

Current antiviral drugs design and 

development

It has been almost 60 years since the approval of the 
first antiviral drug, idoxuridine. During this period, 
thousands of antiviral compounds were proposed, but 
only about 100 antiviral drugs were approved for the 
treatment of major human infectious diseases[287]. The 
action of antiviral drugs may include inhibition of viral 
attachment, penetration, and uncoating, prevention of 
viral replication or protein synthesis, blockage of viral 
post-assembly and activation of innate immunity 
[288,289]. Among the many antiviral drugs, some can 
be used or even exclusively dedicated to ssRNA viral 
infection. Therefore, in this part, we will briefly intro-
duce the main mechanisms for drugs that target envel-
oped ssRNA viral infections (summarized in Table 2). 
We will also take the opportunity to prospect the stra-
tegies that can be applied to develop novel drugs 
against ssRNA viruses.

Available anti-viral agents

By referring to Virus Pathogen Database and Analysis 
Resource (ViPR) (https://www.viprbrc.org/brc/), it is 
shown that more than half of approved antiviral drugs 
are against HIV or HCV infection, suggesting that 
antiviral drugs developed for human chronic viral- 
related diseases have received more attention and posi-
tive results. Higher percentages of approval against 
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HIV among antiviral drugs can be confirmed in 
another database: http://www.virusface.com/Drug/ 
AntiviralDrug_Compound.html. No drugs can cure 
HIV and HCV infections completely, but they play 
a key role in extending the patient’s lifespan and 
improving the quality of life.

Even though the concepts for the design of antiviral 
drugs are constantly evolving, the central rules still 

focus on directly targeting viruses, such as inhibitors 
of viral polymerases and proteases, or regulating cellu-
lar processes essential for viral replication[290]. For 
example, most approved anti-HIV drugs are reverse 
transcriptase inhibitors (RTIs) which are divided into 
nucleoside and nucleotide RTIs (NRTIs) and non- 
nucleoside RTIs (NNRTIs) [291,292]. Subsequently, 
protease inhibitors also account for a large proportion 

Table 2. Main available drugs or candidates against enveloped ssRNA viruses.
Virus Antiviral Mechanisms Status Representative Drugsd

(+) ssRNA 
virus

SARS -CoV- 
2

• Entry inhibitor Investigational • Leronlimab
• RNA polymerase inhibitors Investigational /conditionally 

approved
• Favipiravir[323] 
• GS-441524

• Remdesivir

• Inosine-5-monophosphate dehydrogenase (IMPDH) 
Inhibitor

Investigational • Merimepodib[324]

HCV • NS3/4A protease inhibitors Approved • Asunaprevir 
• Boceprevir 
• Glecaprevir 
• Grazoprevir

• Paritaprevir 
• Simeprevir 
• Telaprevir 
• Voxilaprevir

Investigational • Faldaprevir • Vedroprevir
• NS5B polymerase inhibitors Approved • Dasabuvir • Sofosbuvir

Investigational • Beclabuvir • Uprifosbuvir
• NS5A inhibitors Approved • Elbasvir 

• Daclatasvir 
• Ledipasvir

• Ombitasvir 
• Pibrentasvir 
• Velpatasvir

Investigational • Odalasvir 
• Ravidasvir

Ruzasvir

• Interferon α/β receptor agonists Approved • Peginterferon α2a 
• Peginterferon α2b

• Broad-spectrum activity Approved • Ribavirin
HIV • Nucleoside and nucleotide reverse transcriptase 

inhibitors (NRTI)
Approved • Abacavir 

• Didanosine 
• Emtricitabine 
• Lamivudine

• Stavudine 
• Tenofovir 

disoproxil 
• Zalcitabine 
• Zidovudine

Investigational • Elvucitabine • Racivir
• Non-nucleoside reverse transcriptase inhibitors 

(NNRTI)
Approved • Delavirdine 

• Doravirine 
• Efavirenz

• Etravirine 
• Nevirapine 
• Rilpivirine

Investigational • Atevirdine 
• Calanolide A • UC-781

• Protease inhibitors Approved • Amprenavir 
• Atazanavir 
• Darunavir 
• Fosamprenavir 
• Indinavir

• Lopinavir 
• Nelfinavir 
• Ritonavir 
• Saquinavir 
• Tipranavir

Investigational • TMC-310911
• Integrase inhibitors Approved • Bictegravir 

• Dolutegravir
• Elvitegravir 
• Raltegravir

• Fusion inhibitor Approved • Enfuvirtide
• Entry inhibitors Approved • Maraviroc • Ibalizumab

Investigational • Cenicriviroc • Leronlimab
• Others Investigational • BMS-488043 

• Dexelvucitabine 
• Fiacitabine

• Lobucavir 
• Sorivudine

(-) ssRNA 
virus

RSV • Fusion inhibitor Approved • Palivizumab
• Broad-spectrum activity Approved • Ribavirin

Influenza 
virus

• CAP endonuclease inhibitor Approved • Baloxavir marboxil
• Neuraminidase inhibitors Approved • Oseltamivir 

• Peramivir
• Zanamivir

Investigational • Laninamivir
• RNA synthesis inhibitors Approved • Rimantadine

Experimental • Triazavirin
• Fusion inhibitor Investigational • Umifenovir

dSummary from DRUGBANK, category of Antiviral Agents (https://www.drugbank.ca/categories/DBCAT000066) when no other reference is provided.341 
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of antiviral agents[293]. In addition, we also find drugs 
acting as integrase inhibitors (Elvitegravir, Raltegravir, 
etc.) to block the integration of viral genetic material 
into human chromosomes[294], fusion inhibitor 
(Enfuvirtide) to prevent viral entry [295] and entry 
inhibitor (Maraviroc) to antagonize the interaction 
between HIV-1 gp120 and CCR5[296]. Similarly, most 
approved anti-HCV drugs target specific HCV non- 
structural proteins (NS), including inhibitors against 
NS3/4A protease, NS5B polymerase, and NS5A protein 
[59,297].

However, the available drugs to treat viruses that 
lead to severe respiratory symptoms are very limited. 
It is demonstrated that the broad-spectrum anti-HCV 
drug, Ribavirin, which blocks nucleic acid synthesis, 
can be used to treat RSV[298]. Besides, the approval 
of Palivizumab, a monoclonal antibody acting as 
a fusion inhibitor against RSV, opens another path for 
the development of alternative anti-RSV drugs based 
on the targeting of the F protein that mediates the 
virus-host fusion process. Meanwhile, other strategies 
are considered, such as targeting RNA polymerases or 
nucleocapsid mRNAs through nucleoside analogues or 
small-interfering RNAs (siRNAs) respectively to inhibit 
viral replication. However, although infants are the 
most vulnerable group of risk for RSV disease, most 
of the anti-RSV candidates that are under clinical trials 
have only been studied in adults [299,300].

Until now, there are no approved drugs specifi-
cally designed against CoVs, but scientists are cur-
rently committed to develop anti-CoV therapeutic 
agents. One representative drug under investigation 
is Remdesivir, a nucleoside analogue as well as 
a prodrug of GS-441,524 which has shown high 
activity against various CoVs such as SARS-CoV, 
MERS-CoV, MHV, and even SARS-CoV-2 either 
in vitro, in vivo, or in humans[301]. The mechanism 
of Remdesivir is ascribed to the inhibition of the viral 
RNA polymerase RdRp[302]. The nucleoside drug is 
also designed to block the error-proof exoribonu-
clease and reduce at most the capacity of viruses to 
acquire resistance, a property that put forward its 
superiority to other agents[303]. Following recent 
trials at the National Institutes of Health, 
Remdesivir, has recently obtained conditional 
approval for the treatment of severe COVID-19 hos-
pitalized patients in the EU and US[304]. On the 
other hand, traditional antimalarial drugs, chloro-
quine and hydroxychloroquine, have also been pro-
posed to treat COVID-19, with controversial results 
following clinical trials, uncontrolled cases, or public 

and media approval [305,306]. In spite of good activ-
ity against SARS-CoV in vitro[307], the reports of the 
high risk of chloroquine and hydroxychloroquine to 
the human cardiovascular system should not be 
ignored[308]. One review has summarized the treat-
ment strategies against SARS-CoV and MERS-CoV 
but most are drug combination[309]. Due to the 
current COVID-19 pandemic, research in the field 
advances very rapidly and many novel strategies are 
waiting for final approval.

Discovery of antiviral active compounds

According to the above discussed, we observe that 
most developed antiviral compounds are nucleoside 
or nucleotide analogues, which mimic the natural 
nucleosides[310]. One of the main reasons why 
these analogues are so effective is their ability to 
target viral replication. For some analogues, it is 
their cleavage products, released as mono-, di- or 
triphosphorylated nucleosides that act as the active 
compound[311]. For example, triphosphorylated 
forms of nucleoside or nucleotide analogues are com-
petitive RTIs and nearly all NRTIs are derivatives of 
sugar scaffold of natural nucleosides, which will 
cause polymerase chain termination due to the 3 - 
OH modification[312]. Nucleoside (or nucleotide) 
analogues, including Sofosbuvir and Remdesivir, 
also show activity against RdRp, indicating that 
these analogues may work as effective inhibitors 
against CoV polymerases and can be candidates 
against COVID-19 [313,314].

Also, computational structure-based approaches 
have been of great help to select active compounds 
against viral protein or key cell receptors, which are 
widely used to design a new generation of antiviral 
drugs [315,316]. The programs can calculate the 
degree of interaction between a list of compounds 
from large databases and its target in three- 
dimensional models and then the top-ranked com-
pounds are chosen for further testing in vitro or 
in vivo to confirm its predicted activity[317]. We 
find many successful examples of lead compounds 
in the development of anti-ssRNA viral drugs[318]. 
Most recently, after screening 61 molecules with anti-
viral activity by molecular docking studies, it was 
found that all tested HIV protease inhibitors, 
Lopinavir, Asunaprevir, Indinavir, and Ritonavir, 
showed significant binding interactions with 
COVID-19 enzymes[319]. Clinical trials also indicate 
that following administration of Lopinavir/Ritonavir, 
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or both, to COVID-19 patients, lower viral loads and 
better clinical symptoms are achieved[320]. However, 
the real role of Lopinavir/Ritonavir in anti-COVID 
-19 treatment is still controversial[321]. Table 2 pro-
vides an overall summary of the currently available 
drugs, either approved or in clinical trials, to treat 
viral infection by ssRNA enveloped viruses.

Current perspectives

Unfortunately, it is still difficult to find drugs that 
interfere with viral replication without damaging host 
cells. The use of nucleoside or nucleotide analogues is 
of a potential danger due to the risk of intake by human 
polymerases and incorporation into host RNA or DNA. 
A typical example is a mitochondrial toxicity in which 
nucleoside analogues interfere with mitochondrial 
DNA replication and thereby lead to reduced function 
of mitochondria[322]. It is also observed that liver, 
kidney, or other tissue injuries are associated with 
antiviral therapies by using different types of drugs 
[325–327]. Moreover, misfortune never comes alone; 
resistance to traditional antiviral drugs, either anti- 
HIV or anti-HCV, is continuously emerging 
[312,328,329]. WHO already warned in 2017 that 
more than 10% of the patients receiving antiretroviral 
therapy have a strain that is resistant to some widely 
used anti-HIV drugs. Similarly, HCV mutations resis-
tance to direct antiviral drug treatments has already 
been well demonstrated[330].

A combination of antiviral drugs has been recom-
mended to prevent the emergence of resistance. 
Complementarily, combination therapies can reduce 
the required amount of each drug to alleviate adverse 
effects. On the other hand, drugs with multiple 
mechanisms can target different stages of the viral life 
cycle. Thus, if the virus develops resistance to one drug, 
the others can still exert their antiviral effect. Also, 
fixed-dose anti-HIV combinations are available on the 
market that provide convenience for patients by taking 
one pill a day[331]. Distinct combinations have been 
already under investigation against viral infections to 
treat specific patients or to apply in case single drug 
treatments result is ineffective [329,332,333]. Particular 
interest is provided by the combination of IFN with 
antiviral drugs, such as Remdesivir, against CoVs[332]. 
The results are controversial and the treatment out-
come is mostly dependent on the in vivo model, admin-
istration route, disease stage, or IFN type.

Another approach that is gaining popularity is the 
targeting of host signaling pathway rather than the 

virus itself to avoid toxicity and the emergence of 
resistance to antiviral drugs. As discussed before, an 
exhaustive knowledge of the interaction between the 
virus and the PRR signaling pathway can assist in the 
design of multiple antiviral therapies. Among them, we 
find the use of PRR agonists as adjuvants, drugs that 
target crucial host signaling or viral immunosuppres-
sive proteins[334]. For example, administration of 
modified interferons, like Peginterferon (PEG-IFN) 
alfa-2a and 2b, have been developed to stimulate an 
innate immune response in combination with Ribavirin 
and tested in clinical trials with thousands of HCV 
patients[335]. Many Toll-like receptor agonists that 
activate the production of type I IFN are currently 
under development[336].

Likewise, host defense proteins/peptides endowed 
with either direct antiviral activity, immune regulation 
function, or both, are promising therapeutic drugs. 
Although the number of reported antiviral peptides 
is still very low, many natural and synthetic peptides 
have shown effectivity against diverse RNA viruses 
[337,338]. Among host defense proteins from nature, 
RNases are both involved in the host defense immu-
nity system and display anti-infective activity [15,200]. 
The multifaceted properties of antimicrobial RNases, 
which combine among others, activation of the 
immune system, direct killing action, and the ability 
to inhibit the development of drug resistance encou-
rage further research in this field[339]. Besides, novel 
methodologies such as the use of probiotics are devel-
oped to offer a cheaper affordable high-scale produc-
tion and overcome the present main drawback of 
antimicrobial proteins pointed out by pharmaceutical 
companies[340]. In this review, we have described 
some representative RNases with demonstrated anti-
viral activity. We find references of RNases that can 
directly block viral replication by their ribonuclease 
activity or play a role in host PRR signaling pathways 
or cell stress responses. We also pointed out the 
advantages of host defense RNases in contrast to 
other drug candidates as effective antiviral agents. 
Notwithstanding, protein-based drugs are encounter-
ing difficulties in entering into the pharmaceutical 
market due to their poor bioavailability and high 
associated manufacturing costs. Currently, therapeutic 
proteins are well introduced in the treatment of 
chronic diseases in most developed countries, in con-
trast to infectious diseases that still remain non- 
attractive to investors. Hopefully, the present sanitary 
emergency will soon decant the balance toward 
a globally focused healthcare policy.
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Conclusions

Among the diversity of existing viruses, ssRNA viruses play 
an important role in threatening human health. Enveloped 
ssRNA viruses include not only HIV and HCV, which 
cause chronic infections and do not have effective vaccines, 
but also CoVs and RSV that induce acute respiratory 
symptoms and mostly threaten aged and infant population 
groups, respectively. There are many antiviral drugs avail-
able, but it is still challenging to design safe and effective 
antiviral drugs. One of the main difficulties encountered 
lies in the fact that viruses use host cells to replicate them-
selves. Therefore, nowadays all research efforts of the phar-
maceutical industry are joint to seek new antiviral targets 
and new types of antiviral drugs. When infected by a virus, 
the host cells will activate many signaling pathways and 
secrete a variety of active factors to combat the foreign 
invader. Therefore, host-derived components such as 
RNases may be ideal candidates for the design of new 
antiviral drugs with unique properties. The host secretory 
proteins are nontoxic and can exert their action both 
within cells and in the extracellular space to prevent viral 
replication as well as regulate innate immunity. Although 
recent successes for HCV and HIV suggest that direct- 
acting antiviral small molecules remain the gold standard 
for antiviral drugs development, we cannot disregard the 
great potential of antimicrobial proteins and peptides with 
specific biological activities, such as RNases, as novel lead 
candidates to design antiviral drugs.
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Abstract
RNase2 is the member of the RNaseA family most abundant in macrophages. Here, we knocked out RNase2 in THP-1 cells 

and analysed the response to Respiratory Syncytial Virus (RSV). RSV induced RNase2 expression, which significantly 

enhanced cell survival. Next, by cP-RNAseq sequencing, which amplifies the cyclic-phosphate endonuclease products, we 

analysed the ncRNA population. Among the ncRNAs accumulated in WT vs KO cells, we found mostly tRNA-derived frag-

ments (tRFs) and second miRNAs. Differential sequence coverage identified tRFs from only few parental tRNAs, revealing 

a predominant cleavage at anticodon and D-loops at U/C (B1) and A (B2) sites. Selective tRNA cleavage was confirmed in 
vitro using the recombinant protein. Likewise, only few miRNAs were significantly more abundant in WT vs RNase2-KO 

cells. Complementarily, by screening of a tRF & tiRNA array, we identified an enriched population associated to RNase2 

expression and RSV exposure. The results confirm the protein antiviral action and provide the first evidence of its cleavage 

selectivity on ncRNAs.

Graphical abstract

Keywords RNase · Virus · RSV · miRNA · tRNA · tRF

Cellular and Molecular Life Sciences

Lu Lu and Jiarui Li both authors contributed equally to this work.

Extended author information available on the last page of the article

171



 L. Lu et al.

1 3

  209  Page 2 of 18

Introduction

Human RNase2 is a secretory protein expressed in leu-

kocytes with a reported antiviral activity against single 

stranded RNA viruses [1, 2]. RNase2 is one of the main 

components of the eosinophil secondary granule matrix. 

The protein, upon its discovery, was named the Eosinophil 

Derived Neurotoxin (EDN), due to its ability to induce 

the Gordon phenomenon when injected into Guinea pigs 

[3–8].Apart from eosinophils, RNase2 is also expressed 

in other leukocyte cell types, such as neutrophils and 

monocytes, together with epithelial cells, liver and spleen 

[8–10](https:// www. prote inatl as. org/). The protein belongs 

to the ribonuclease A superfamily, a family of secretory 

RNases that participate in the host response and combine 

a direct action against a wide range of pathogens with 

diverse immunomodulation properties [2, 11].

RNase2 stands out for its high catalytic activity against 

single stranded RNA and its efficiency against several viral 

types, such as rhinoviruses, adenoviruses and retroviruses, 

including HIV [12–14]. Recently, presence of eosinophils 

and their associated RNases has been correlated to the 

prognosis of COVID patients [15–17]. On the contrary, no 

action is reported against the tested bacterial species [12, 

18, 19]. In particular, among respiratory viruses, which 

activate eosinophil recruitment and degranulation, the 

human Respiratory Syncytial Virus (RSV), which is the 

principal cause of death in infants [20], is probably the 

most studied model for RNase2 antiviral action. Indeed, 

RNase2 levels have predictive value for the develop-

ment of recurrent wheezing post-RSV bronchiolitis [21]. 

RNase2 was proposed to have a role in the host response 

against the single stranded RNA virus [22] and early 

studies observed that RNase2 can directly target the RSV 

virion [12]. Interestingly, the protein ribonucleolytic activ-

ity is required to remove the RSV genome, but some struc-

tural specificity for RNase2 is mandatory, as other family 

homologues endowed with a higher catalytic activity are 

devoid of antiviral activity [23].

In our previous work we observed that RNase2 is the 

most abundantly expressed RNaseA superfamily member 

in the monocytic THP-1 cell line [24]. To broaden the 

knowledge of the immunomodulatory role and potential 

targeting of cellular RNA population by RNase2 in human 

macrophages, we built an RNase2-knockout THP-1 mono-

cyte cell line using CRIPSR/Cas9 (clustered regularly 

interspaced short palindromic repeats) gene editing tool. 

Transcriptome of the RNase2 knockout with the unedited 

THP1-derived macrophage cells revealed that the top dif-

ferently expressed pathways are associated to antiviral host 

defence (Lu et al., in preparation). Here, we explored the 

protein antiviral action by characterization of both THP-1 

native and RNase2-KO cell lines exposed to RSV. The 

comparative study indicated that the knockout of RNase2 

in THP1-derived macrophages resulted in a heavier RSV 

titre and reduced cell survival. Next, we analysed the total 

non-coding RNA (ncRNA) population by amplification of 

2Ζ3Ζ-cyclic phosphate ends using the cP-RNAseq method-

ology and by screening a library array of tRNA-derived 

fragments. Results proved that RNase2 expression in mac-

rophage correlates to a selective ncRNA cleavage pattern.

Results

RSV activated the expression of RNase2 

in macrophages

RSV virus stock was obtained at a titration of 2.8 ×  106 

 TCID50/mL, as previously described [25] and THP-1 mac-

rophages were exposed to the RSV at a selected MOI of 1:1 

up to 72 h post of inoculation (poi). Following, we exam-

ined whether RSV addition induced the RNase2 expres-

sion in THP1-derived macrophages. The GAPDH gene was 

used as a housekeeping gene control. Figure 1A shows that 

unstimulated macrophage cells had a constant and stable 

transcriptional expression of RNase2 and it was significantly 

upregulated in a time-dependent manner upon RSV expo-

sure. The significant RNase2 gene levels upregulation could 

be detected as early as at 4 h poi, with a sevenfold increase 

at 72 h poi. Furthermore, to determine whether the induc-

tion of RNase2 mRNA levels correlated with an increase in 

protein expression, ELISA and WB were conducted to detect 

intracellular and secreted RNase2 protein of THP1-derived 

macrophages. At indicated poi time, culture medium and 

whole-cell extracts of macrophages exposed to RSV were 

collected for ELISA and WB, respectively. As indicated in 

Fig. 1B, the secreted RNase2 protein was detected in human 

macrophages stimulated with RSV and was enhanced in 

response to RSV in a time-dependent manner, while no 

significant change of secreted RNase2 was detected in 

control macrophages. However, the maximum concentra-

tion of secreted RNase2 protein in macrophage culture was 

detected at 48 h poi, with a slight decrease at 72 h poi. Like-

wise, a similar profile was obtained by WB (Fig. 1C). Taken 

together, our results suggest that RSV induces both RNase2 

protein expression and secretion in human THP1-induced 

macrophages.

RNase2 protects macrophages against RSV

To further characterize the protein mechanism of action, we 

knocked out RNase2 gene by the CRISPR/Cas9 methodol-

ogy. RNase2 gene was successfully knocked out in 2 out of 

32 single cells THP-1 derived cell lines, named as KO18 and 
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KO28. Both of KO18 and KO28 express a 15 residue-pep-

tide in comparison to the wild type THP-1, which encodes 

the full-length protein of 134 residues (Fig. 2A).

After confirmation of successful gene deletion by Sanger 

sequencing, we ensured that the expression of functional 

RNase2 has effectively been abolished. According to west-

ern blot (WB) assay, we can barely detect RNase2 in the 

KO18 cell lysate sample compared to the control sample 

and a total absence of signal is achieved in KO28 sample 

(Fig. 2B). Moreover, the total absence of secreted RNase2 

by THP-1 cells was confirmed by ELISA assay in culture 

supernatant for KO28 line (Fig. 2C). Finally, we conducted 

the ribonuclease activity staining assay to evaluate the rib-

onucleolytic activity of the samples from cell lysates and 

culture supernatants. According to the activity staining elec-

trophoresis, two main activity bands can be visualized in 

wild-type macrophage lysate sample, with molecular weight 

sizes around 15 and 20 kDa, corresponding to previously 

reported native forms [2, 7]. Compared to the WT control, 

both activity bands were missing in the RNase2 knockout 

cell lines (Fig. 2D). In addition, as recent studies suggested 

that CRISPR/Cas9 frequently induces unwanted off-target 

mutations, we evaluated the off-target effects on these trans-

duced monocytes. Here, we examined the top four potential 

off-target sites for the sgRNA1 (Table S1) and did not detect 

off-target mutation in the T7EI assay (Fig. S1). Overall, we 

confirmed that the RNase2 gene has been both structurally 

and functionally knocked out. The KO28 THP-1 cell line, 

which achieved full RNase2-knockout, was selected for all 

the downstream experiments.

Next, we investigated whether RNase2 expression within 

macrophages contributes to the cell antiviral activity. First, 

THP-1 cells (WT and RNase2 KO) were induced into 

macrophages as described above. Macrophages were then 

exposed to RSV at MOI = 1 to investigate the kinetics of 

infection by monitoring both intracellular and extracellular 

RSV amplicon using probe RT-qPCR. Intracellularly, RSV 

levels increased during the first 24 h but decreased at longer 

periods (48–72 h), with a slow increase (0–4 h) followed by 

an exponential increase (4–24 h) and reaching a maximum 

at 24 h (Fig. S2A). At 24 h, RNase2 KO macrophages had 

significantly more intracellular RSV than WT macrophages. 

The extracellular RSV titre was also determined (Fig. S2B). 

We observed that RSV increased in KO macrophage cell cul-

tures until 48 h and then stabilized at 48–72 h. While in WT 

macrophages, RSV profile showed an increase that reached 

a peak at 48 h and was followed by a decrease, significantly 

higher RSV levels were detected in KO macrophage cul-

tures at 24–72 h. Moreover, we monitored cell death using 

MTT assay and our results confirmed that RSV exposure 

increased cell death in either WT or KO macrophages. 

However, significant differences were detected, where KO 

macrophage cell death upon RSV addition was higher than 

in WT macrophage cells (Fig. 3). Altogether, we concluded 

that RNase2 KO macrophages burdening and cell death fol-

lowing RSV exposure is significantly higher in comparison 

to WT macrophages. The present results confirm the direct 

involvement of the macrophage endogenous RNase2 in the 

cell antiviral activity.

Selective cleavage of RNase2 on ncRNA population

Following, we aimed to identify the potential changes in 

small RNA population associated to the expression of 

RNase2 by comparison of WT and KO cell lines. Toward 

Fig. 1  RSV activates the expression of RNase2 in THP1-induced 

macrophages.  106 THP-1 cells/well were seeded in 6-well tissue cul-

ture plate and induced by 50 nM of PMA treatment. After induction, 

macrophages were exposed to RSV under MOI = 1 for 2 h and then 

cells were washed and replaced with fresh RPMI + 10%FBS (0 h time 

point post of inoculation). At each time point post of inoculation, the 

supernatant and cells were collected to quantify the expression of 

RNase2. A qPCR detection of relative expression of RNase2 gene; 

B concentration of the cells was controlled as  106 cells/mL, secreted 

RNase2 in culture supernatant was measured by ELISA and normal-

ized with alive cell number detected by MTT assay; C intracellular 

RNase2 protein in macrophage was detected by WB; “ + ” and “ − ” 

indicate with or without RSV, respectively; * and ** indicate the sig-

nificance of p < 0.05 and p < 0.01, respectively
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this end, we applied the cP-RNA-seq methodology that is 

able to exclusively amplify and sequence RNAs containing 

a 2Ζ3Ζ-cyclic phosphate terminus, product of an enzymatic 

endonuclease activity [26]. Total small RNA from WT and 

KO-THP-1 cells was purified and the 20–100 nt fraction 

was extracted and processed as described in the method-

ology section. Sequence quality control indicated that for 

all samples more than 95% sequences achieved an average 

value > 30 M reads. Following RNAseq amplification, the 

sequence libraries were inspected by differential enrichment 

analysis. Principal Component Analysis (PCA) confirmed 

good clustering within WT and KO and appropriate discri-

minant power between the two groups (Fig. S3).

Results revealed that RNase2 expression in THP-1 cells 

is mostly associated to significant changes in small RNAs 

and in particular in tRNA fragments and miRNAs popu-

lation (see Figs. S4–S6 and additional files 1–3). Overall, 

we observed an overabundance of only few specific tRNA-

derived fragments (Fig. 4, Table S2 and Fig. S5) and miR-

NAs (Table S3 and Fig. S6).

Analysis of differential sequence coverage between WT 

and KO samples (Table S2) indicated that the preferen-

tial cleavage sites for RNase2 on tRNAs were CA and UA 

(Fig. 4).

Figure 5A illustrates the base preferences for B1 and B2 

deduced from the differential sequence coverage analysis of 

bam files. Results highlighted a selectivity for pyrimidines 

at B1 and preference for purines at B2, with a U/C ≥ 1 at the 

5Ζ side of the cleavage site, and a pronounced predilection 

for A at the 3Ζ side. We also explored whether the cleavage 

preference was dependent on the RNA adopted secondary. 

We can see how RNase2 preferentially cuts at tRNA loops, 

mostly at the anticodon loop and secondarily at the D-loop, 

as well as stem regions near the anticodon loop (Fig. 5B).

On the other hand, analysis of ncRNA products by cP-

RNAseq revealed abundance of miRNA products. Interest-

ingly, out of the more than 2000 miRNAs in human genome 

Fig. 2  CRISPR/Cas9 mediated knock out of RNase2 gene in THP1-

derived macrophages. A Scheme of the mutation of RNase2 caused 

by sgRNA1, the sequence was validated by Sanger sequencing; 

replacement is indicated: red labelled sequence in wild type was 

replaced by the green labelled sequence, resulting in the coding frame 

change and stop codon insertion; B western blot assay was applied to 

detect RNase2 protein; C secreted RNase2 in supernatant was meas-

ured by ELISA, the RPMI + 10%FBS complete culture medium was 

used as a negative control, the supernatant was concentrated 50 × ; D 

ribonuclease activity staining assay was used to confirm the removal 

of catalytic function. Cells were collected and resuspended in water 

and sonicated, cell lysates were loaded in each well at the indicated 

quantity

Fig. 3  Knocking out of RNase2 reduced the macrophages cell viabil-

ity upon RSV inoculation. Macrophage cell viability was monitored 

by registering the absorbance at 570 nm using the MTT assay from 0 

to 72 h post of RSV inoculation; “ + ” and “ − ” indicate in the pres-

ence or absence of RSV, respectively; the star refers to the signifi-

cance between KO + and WT + (*p < 0.05)
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Fig. 4  Predicted cleavage sites of the most significantly abundant 

tRNA-derived fragments identified by cP-RNAseq. Parental tRNAs 

with significant coverage differences between WT and RNase2-KO 

macrophage cells are depicted and the identified tRFs are marked in 

red. The possible cleavage sites are based on the 3Ζ-terminal positions 

of the five prime fragments (blue arrows) and the 5Ζ terminal posi-

tions of three prime fragments (green arrows) according to the dif-

ferent coverage. Only sequences with a  log2fold > 0.5 and adjusted p 

value < 0.05 are included
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there were only 14 miRNA products significantly altered, 

of which several derived from the same parental miRNA 

precursor (additional file 3). Inspection of miRNA overrep-

resented in WT vs RNase2-KO by comparison of sequence 

coverage indicated a marked cleavage preference at the end 

of stem regions with a less defined base preference (see 

Fig. 6 and Table S3). Overall, we can infer for RNase2 a 

slight preference for U and C at B1 site, followed by G, and 

no defined consensus for B2.

In parallel, we decided to explore the changes in tRNA-

derived fragments population associated with RNase2 

expression in THP-1 cells by screening a tRNA-derived frag-

ment library. The nrStar™ Human tRF&tiRNA PCR array 

includes a total of 185 regulatory tRNA-derived fragments, 

of which 110 are taken from the tRF and tiRNA databases 

and 84 have been recently reported in the bibliography.

Using the nrStar™ Human tRF&tiRNA library, we 

found that out of a total of 185 tRNA fragments, only 5 

were significantly decreased in RNase2 KO macrophage in 

comparison to the WT control group in non-treated samples 

and 22 under RSV exposure: 6 tiRNAs, 4 itRFs, 9 tRF-5, 4 

tRF-3, 1 tRF-1 (see Table 1). Overall, the most significant 

changes associated to RNase2 in both cell cultures (p < 0.01) 

are observed in release products from few parental tRNAs.

Upon inspection of sequence of the putative cleavage 

sites we observed most sites at or near any of the tRNA 

loops, with predominance of anticodon loop (~ 50%), fol-

lowed by D-loop (Table S4). Moreover, we observed that 

the preferred target sequences in WT samples were sig-

nificantly enriched with U at the 5Ζ position of cleavage 

site, although not enough data is available for a proper 

statistical analysis. On the other hand, when analysing 

all the conditions, in the presence or absence of RSV, we 

also observed overall a significant preference for U at B1 

at loop sequences. Moreover, the most significant tRNA 

fragments associated to RNase2 presence showed a U/C 

cleavage target for B1 at the anticodon loop (Table S4). On 

the contrary, the main base at B1 was G when the cleavage 

site was located at a stem region. As for the base located 

at the 3Ζ side of the cleavage target, we did not observe a 

clear distinct preference, with only a slight tendency for 

U, followed by A.

Overall, most of the parental tRNAs precursors identi-

fied by the array screening matched the identified by the 

cP-RNAseq assay (> 70%), although some differences 

were observed in the identity of the accumulated frag-

ments and their relative fold change. To note, few of the 

top listed precursors by the library screening  (LysCTT  and 

 MetCAT ) were also present in the amplified sequences by 

the cP-RNAseq, but with a lower abundance (Additional 

file 2). On the contrary, few of the top listed fragments 

spotted by the later methodology were absent from the 

commercial library array.

Notwithstanding, we must bear in mind that the results 

obtained from the tRNA array screening are determined 

by the intrinsic library composition. The tiRNA & tRFs 

list is based on the previously reported tRNA fragments, 

which have been identified mainly by the characteriza-

tion of other RNases [27]. On the contrary, by cP-RNAseq 

method only the RNA by-products of an endonuclease 

enzymatic cleavage are amplified.

In addition, we confirmed tRNA cleavage by RNase2 

in vitro by assaying the recombinant protein activity on 

synthetic tRNAs. The most representative sequences iden-

tified by tiRNA&tRFs list (p < 0.01) screening and two 

additional sequences found using the cP-RNAseq method, 

were incubated with RNase2 and tRNA cleavage prod-

ucts were visualized by urea-PAGE electrophoresis (see 

Fig. S9). The results highlighted a selective cleavage by 

RNase2. Comparative analysis using RNase5 as a refer-

ence showed a similar but differentiated cleavage pattern 

for both RNases. Besides, we obtained a distinct distribu-

tion of tRFs products as a function of the parental tRNAs 

substrates.

The present study is the first characterization of the cata-

lytic activity of RNase2 on cellular ncRNAs and represents 

the first evidence of a specific release of tRNA fragments 

associated to RNase2 expression.

Fig. 5  Overall cleavage prefer-

ence of RNase2 on tRNAs in 

THP-1 macrophage cells of WT 

vs RNase2-KO identified by 

cP-RNA-seq. A Estimated base 

preference at 5Ζ and 3Ζ of cleav-

age site (B1 and B2, respec-

tively) deduced from analysis of 

differential sequence coverage. 

B Percentage of predicted 

cleavage location is depicted 

from low (white) to high (blue) 

values
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Discussion

Expression of human RNase2 is widely distributed in 

diverse body tissues, such as liver and spleen, together with 

leukocyte cells [2]. Among the blood cell types, RNase2 

is particularly abundant in monocytes [11], which are key 

contributors to host defence against pathogens. A number 

of host defence-associated activities have been proposed for 

RNase2, mostly associated to the targeting of single stranded 

RNA viruses [1]. In particular, the protein has been reported 

Fig. 6  Representative miRNA overrepresented in WT vs RNase2-KO 

samples  (log2fold > 2 and p < 0.05) and predicted cleavage sites on 

precursor miRNA to release mature miRNAs. Cleavage sites in the 

precursor miRNA were predicted based on the 3Ζ-terminal positions 

of each miRNA in bam files
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to reduce the infectivity of the human respiratory syncytial 

virus (RSV) in cell cultures [2, 12, 23].

Here, we studied RNase2 expression in THP1-derived 

macrophages exposed to RSV. Previous work indicated 

that RNase2 is the most abundant RNaseA family member 

expressed in this human monocytic cell line [24, 28] (https:// 

www. prote inatl as. org/). Viruses can manipulate cell biology 

to utilize macrophages as vessels for dissemination, long 

term persistence within tissues and virus replication [29]. 

Although the epithelial airway is the principal RSV target, 

macrophages mostly contribute to the overall host immune 

response [30–32]. In our working model, we observed how 

RSV enters human THP1-induced macrophages within the 

first 2 h of inoculation. A fast proliferation of RSV takes 

place after 4 h post of inoculation and titre of intracellular 

RSV viruses reaches the highest peak at 24 h. Non-treated 

human THP1-derived macrophages stably expressed basal 

levels of RNase2 and upon 4 h of RSV addition the protein 

transcription is significantly activated, showing a time-line 

correlation between RSV population and RNase2 expres-

sion. Besides, a significant increase of the secreted protein is 

detected by ELISA after 24 h of inoculation, reaching a peak 

at 48 h (Fig. 1). It was previously reported that human mono-

cyte-derived macrophages challenged with a combination of 

LPS and TNF-α produced RNase2 in a time-dependent man-

ner [33]. However, we did not find any significant change 

of transcriptional expression of RNase2 upon Mycobacteria 
aurum infection [24]. Discrepancy of expression induction is 

also found for RNase2 secretion by eosinophils upon distinct 

bacterial infections. For example, Clostridium difficile and 

Staphylococcus aureus infection caused release of RNase2, 

while Bifidobacteria, Hemophilus, and Prevotella species 

infection did not [2]. In agreement, our previous work on 

THP1-derived macrophages infected by mycobacteria also 

Table 1  tRNA fragment 

population changes upon 

RNase2 knockout and/or RSV 

exposure

P value < 0.05 and absolute value of the fold change > 2 was set as the significant threshold

*185 tRNA fragments from four groups (WT, wild-type macrophage; KO, RNase2-knockout macrophage; 

WT + RSV, WT macrophage exposed to RSV; KO + RSV, KO macrophage exposed to RSV) were detected 

by using nrStar Human tRF&tiRNA PCR Array and compared between each other

Condition Transcript name* p value Fold change Type tRF&tiRNA precursor

WT vs KO 3'tiR_088_LysCTT (n) 0.0085 4.11 3-half LysCTT (n)

tiRNA-5033-LysTTT-1 0.0104 16.54 5-half LysTTT 

1039 0.0183 80.58 tRF-1 Pre-ArgCCT 

3002A 0.0108 8.03 tRF-3 ProAGG 

5028/29A 0.0352 2.41 tRF-5 GluTTC (n)

KO + RSV vs 

WT + RSV

3'tiR_060_MetCAT (n) 0.0091 3.62 3-half MetCAT (n)

TRF62 0.0360 2.39 itRF MetCAT 

TRF315 0.0186 3.29 itRF LysCTT 

TRF353 0.0243 3.90 itRF GlnTTG 

TRF419 0.0214 2.16 itRF LeuTAG 

tiRNA-5030-LysCTT-2 0.0322 2.94 5-half LysCTT 

tiRNA-5031-HisGTG-1 0.0345 2.79 5-half HisGTG 

tiRNA-5031-GluCTC-1 0.0155 3.05 5-half GluCTC 

1001 0.0475 2.92 tRF-1 SerTGA 

1013 0.0488 4.36 tRF-1 AlaCGC 

1039 0.0105 2.39 tRF-1 ArgCCT 

3004B 0.0017 5.38 tRF-3 GlnTTG 

3006B 0.0473 2.13 tRF-3 LysTTT 

3016/18/22B 0.0116 2.20 tRF-3 LysCTT/

MetCAT 

5024A 0.0118 3.84 tRF-5 LeuTAA 

5032A 0.0346 2.42 tRF-5 AspGTC 

TRF356/359 0.0398 3.63 tRF-5 ArgTCG (n)

TRF366 0.0285 2.85 tRF-5 ThrTGT 

TRF365 0.0253 7.96 tRF-5 ThrTGT 

TRF396 0.0462 2.39 tRF-5 AlaAGC 

TRF457 0.0420 4.43 tRF-5 SerAGA 

TRF550/551 0.0398 4.84 tRF-5 GluTTC/

GluCTC 

178



Selective cleavage of ncRNA and antiviral activity by RNase2/EDN in THP1-induced macrophages  

1 3

Page 9 of 18   209 

discarded any induction of RNase2 expression [24]. In con-

trast, using the same working model and experimental pro-

tocol, we observe here how RSV exposure significantly acti-

vate both the expression and protein secretion of RNase2 in 

THP1-derived macrophage cells (Fig. 1). The present study 

corroborates previous reports on RNase2 involvement in 

host response to viral infections [1, 2, 34]. In particular, 

our work highlights the protein role in macrophage cells 

challenged by RSV. More importantly, we observe how the 

knockout of RNase2 in macrophage derived cells results in 

enhanced cell death (Fig. 3).

Considering previous reports on the contribution of 

RNase2 enzymatic activity in the protein antiviral activity 

[12] and the evidence that RSV infection alters the cellular 

RNA population, including the specific release of regula-

tory tRFs [35–37], we decided here to analyse the contribu-

tion of macrophage endogenous RNase2 on cellular small 

RNAs. Increasing data demonstrates that small noncoding 

RNAs (ncRNAs) play important roles in regulating antivi-

ral innate immune responses [38–40]. In particular, ncR-

NAs derived from tRNAs, such as tRNA halves (tiRNAs) 

and tRNA-derived fragments (tRFs), have been identified 

and proven as functional regulatory molecules [41]. RSV 

infection together with other cellular stress processes can 

regulate the population of tiRNAs and tRFs. For example, 

it has been demonstrated that RSV infection and hepatitis 

viral infection can induce the production of tRFs and tRNA-

halves, and their release has been related to RNase5 activ-

ity [36, 42]. RNase5, also called Angiogenin (Ang) due to 

its angiogenic properties, is one of the most well-known 

ribonucleases that are responsible for endonucleolytic cleav-

age of tRNA [43–45]. Surprisingly, the release of a specific 

tRF, tRF5-GluCTC , which targets and suppresses the apoli-

poprotein E receptor 2 (APOER2), can also promote the 

RSV replication [36, 37]. In the present study, although the 

tRF5-GluCTC  was not significantly altered by RSV addition 

alone, we observed a significant reduction in the RNase2 

knockout cell line challenged with RSV (Table 1). Besides, 

tiRNA-5034-ValCAC -3, the 5Ζhalf originated from  ValCAC , is 

identified both in the present work (Table S4) and the previ-

ous mentioned study associated to RSV infection [36]. To 

note, we found that RSV induced the production of 4 tRFs 

in WT macrophages, in agreement to the previous study that 

indicated that RSV infection induced the release of tRFs 

in A549 epithelial cells [36], although most of the tRNA 

products differ, which may be attributed to the specific basal 

composition of each source cell line [46]. Moreover, tRFs 

production is also observed to be dependent on the specific 

viral infection type; for example, human metapneumovirus, 

in contrast to RSV, did not induce tRFs but significantly 

altered miRNA population[40, 47]. Interestingly, release of 

tRNA products is mostly associated to an antiviral defence 

mechanism [48]. For example, the tRF3 from  tRNALysTTT , 

which stands out among the identified tRFs by our library 

array screening (Table 1), is reported to block retroviruses 

replication, such as in HIV-1, by direct binding to the virus 

priming binding site [49–51]. Other regulatory tRNA frag-

ments underrepresented by RNase2-KO (such as 5Ζ  LysCTT  

and  GluCTC  halves) (Table 1) were previously reported to be 

released by RSV infection [36, 37].

The present experimental data constitute the first evidence 

on the specific cleavage by RNase2 of cellular ncRNA. 

Results obtained by both cP-RNAseq and tRFs array screen-

ing indicate that RNase2 expression in macrophages is asso-

ciated to the significant enrichment of selective miRNAs 

and tRNA-derived fragments (Figs. 4 and 6; Tables S2 and 

S3). In addition, a higher frequency of cleavage takes place 

at tRNA single stranded regions, with predilection for the 

anticodon loop, followed by the D arm (Fig. 5).

Exhaustive analysis of differential sequence coverage in 

WT and RNase2-KO THP-1 cells suggests that RNase2 pref-

erentially targets at UA and CA sequences at tRNA loops. 

Recently, Bartok and co-workers reported a RNase2 selec-

tivity for U at B1 site in synthetic RNAs [28]. Interestingly, 

according to Hornung and co-workers, the release of U > p 

ends by RNase2 would participate in the activation of TLR8 

at the endolysosomal compartment and will contribute to 

sense the presence of pathogen RNA [52]. To note, we find 

a good agreement between RNase2 substrate specificity 

identified in the present cell assay study on tRNAs and the 

previously reported for synthetic single stranded oligonucle-

otides [53, 54] (see Table 2). However, some differences are 

evidenced at the miRNAs cleavage and in particular at the 

B2 site specificity, which does not fully match the reported 

on synthetic substrates. This discrepancy is also evident for 

the other two RNaseA family members described to release 

specific tRFs [55–58], i.e., RNase5/Ang and Onconase, an 

Table 2  Comparison of RNase2 cleavage specificity on ncRNA in 

THP1-derived macrophages (this study) with synthetic RNA sub-

strates in vitro 

# ORNs (short single-stranded oligonucleotides: ssRNA40, 9.2  s 

RNA, and R2152)

*This study

Synthetic 

RNA

Base prefer-

ence

Ref Cellular 

RNA*

Base prefer-

ence

B1

polyU/polyC U/C ~ 2 [98] tRNA (loops) U/C ~ 1.2

polyU/polyC U/C ~ 1 [97] tRNA (stems)

ORNs# U/C ~ 1.3 [28] miRNA U–U (loops)

G–G (stems)

B2

UpA/UpG (A/G ~ 47) [97] tRNA (loops) A

UpA/UpG (A/G > 100) [59] miRNA

ORNs# G ≥ A ≥ U ≥ C [28]
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RNase purified from Rana pipiens with antitumoral proper-

ties (Table S5). Previous kinetic studies on RNaseA family 

cleavage preference using single stranded RNA substrates 

revealed a specificity for pyrimidines at the main B1 site 

and preference for purines at B2 [53, 54]. Among the fam-

ily members, we observe distinct preferences for U vs C 

and A vs G at B1 and B2 sites, respectively. Interestingly, 

RNase 2 shows a marked preference for U at B1 and A at B2 

on synthetic oligonucleotides [53, 59], which mostly corre-

sponds to the observed preference identified by cP-RNAseq 

for tRNA in this study (Fig. 5). Nevertheless, our analysis 

on tRNA cleavage sites would suggest a U/C ratio for B1 a 

bit lower than the estimated for some synthetic substrates 

(Table 2).

The present study on cellular ncRNA also highlights the 

key role of the RNA 3D structuration. Overall, our data 

reveal a cleavage preference by RNase2 at single stranded 

sequences and secondarily at stem adjacent to loop regions. 

Besides, we also observe that location of the targeted site 

also influences the cleavage base preference.

Interestingly, previous kinetic and structural studies on 

RNaseA highlighted the unusual enhancement of the protein 

affinity to a dinucleotide probe by addition of a phosphate 

linkage insert that can adopt a contorted conformation close 

to the cleavable 3Ζ5Ζ phosphodiester bond [60–62]. Likewise, 

previous work on Onconase nucleotide base selectivity also 

encountered significant differences in vitro among di and 

tetranucleotides [63] and tRNA [57].

In addition, the cleavage of tRNAs by RNases would 

probably be modulated by the presence of regulatory pro-

teins within the cell [64]. For example, tRNA can be pro-

tected by Schlafen 2 (SLFN2) protein from cleavage by 

RNase5 during oxidative-stress response [65]. Onconase 

selectivity for specific tRNAs was attributed to the presence 

in vivo of RNA binding proteins that might protect RNA 

regions from RNase activity [56, 66]. In this context, we 

should consider the formation of regulatory complexes, such 

as the RISC formation, the binding of Argonaute (AGO) 

subunits [67] or interactions with the RNHI. On its turn, the 

released tRNA products would regulate the formation of cel-

lular complexes. For example, tRF3 interaction with AGO2 

mediates the cleavage of complementary Priming Binding 

Sequences (PBS) in retroviruses and thereby can avoid the 

replication of endogenous virus elements [68]. Interestingly, 

a recent study demonstrates a direct interaction between 

AGO4 and the RSV-induced  GluCTC -tRF5 fragment [69].

Among the ncRNA population mostly altered upon 

RNase2 knockout, we find, together with tRFs, miRNAs. 

Interestingly, the identified miRNAs subproducts come 

frequently from the same group of parental pre-miRNAs. 

Inspection on information related to these miRNAs entities 

reveals a predominance of miRNAs associated to cancer and 

neurological disorders, although few are also related to virus 

replication. However, caution should be taken when extract-

ing conclusions, as miRNA databases are strongly biased 

from a predominance of previous clinical studies. We must 

also bear in mind that our working model (THP-1) is a leu-

kaemia cell line. Accumulation of miRNAs can be toxic to 

the cells, due to their potential interference with the transla-

tion of essential proteins. Raines and co-workers correlated 

miRNA release by Ang with potential toxicity to cells [45]. 

In any case, in our working model we do not observe any 

change on the viability of both WT and KO cell lines.

On the other hand, we should be aware not to over inter-

pret our results that could be also somehow biased by the 

applied methodologies. The RNAseq methodology might 

lead to underrepresentation of some fragments, due to their 

relative size, short half-life or presence of posttranscrip-

tional modifications. Therefore, caution must be taken when 

conclusions are drawn from the analysis of tRNA cleavage 

product population. Another important source of variability 

comes from the presence of posttranscriptional modifica-

tions, which can influence both the RNase selectivity and 

the product amplification step [26, 70]. Unfortunately, the 

current ncRNA databases are still incomplete and lack full 

information on the precise post-transcriptional modifications 

that take place in vivo and might intervene in the RNases 

recognition target.

More importantly, the array screening technique is 

prone to be biased by the selection criteria used to build the 

tiRNA&tRF array; a library composed on previously avail-

able experimental data, i.e., products by RNases, such as 

Dicer, Angiogenin, RNaseP or RNaseZ. This might explain 

some of the differences observed in the identified fragments 

when comparing the screening of the tRFs array and the 

amplified sequences by the cP-RNAseq methodology, which 

only amplifies the products of an endonuclease cleavage.

On the other hand, we should also take into account 

the protein traffic and accessibility to the distinct subcel-

lular compartments in the assayed experimental condi-

tions. For example, in contrast to RNase5, mostly located 

at the nucleus, RNase2 is associated to the endolysosomal 

compartment [28, 52, 67]. In addition, cleavage of cellular 

mature tRNAs might occur during stress conditions, when 

leakage of the RNases to the cytosol is favoured. We should 

bear in mind that the cell cytosolic RNA is in normal condi-

tions protected by the presence of the RNHI, which would 

lose its functional conformation under stress conditions due 

to oxidation of surface exposed Cys residues [71]. Accord-

ingly, in the case of RNase5/Ang, it has been described that 

the selective tRNA cleavage takes place in oxidative condi-

tions [55, 72, 73]. This might also explain the much higher 

number of tRNA fragments obtained in the present study 

in the RSV treated vs non-treated cells (Tables 1 and S4). 

Notwithstanding, recent bibliography indicates that other 

proteins may intervene in the regulation of the RNase–RNHI 
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complex [67] and further studies are needed to fully interpret 

our results.

Interestingly, under certain cell conditions, such as nutri-

tion deficiency or oxidative stress, RNase5/Ang is reported 

to stimulate the formation of cytoplasmic stress granules 

and produce tRNA-derived stress-induced RNAs (tiRNAs) 

[74–76]. The released tiRNAs functionally enhance damage 

repair and cellular survival through suppressing the forma-

tion of the translation initiation factor complex or associat-

ing with the translational silencer [44, 68]. Ivanov and co-

workers recently characterized the structural determinants 

that guide release of tiRNA population during stress condi-

tions [58, 77]. Accessibility of tRNAs will also depend on 

their potential entrapment in Tbox riboswitch or RNA gran-

ules, which are abundant in starvation situation and have an 

unequal propensity to protect tRNA from cleavage. Besides, 

proteomic analysis revealed the presence of RNHI within 

stress granules [78], an inhibitor protein that can complex 

to RNase5/Ang and other regulatory proteins to control cell 

translation [67].

Another important source of variability comes from the 

assayed cell type. Although it is widely accepted that the 

levels of parental tRNAs differ significantly upon cell con-

ditions and tissues [27] and a very unequal tissue distribu-

tion is observed for the more than 500 tRNAs listed in our 

genome, little is still known of their relative expression rates. 

Last but not least, the specific expression pattern of RNases 

associated to each cell type and experimental condition will 

definitely contribute to shape the ncRNA population. We 

must also take into consideration that our results are based 

on a single monocytic cell line, which undoubtedly can-

not fully reproduce the alveolar macrophages that infiltrate 

within the lung epithelial barrier during virus respiratory 

tract infections.

Despite the inherent limitations of this study, our results 

confirm that RNase2 can target ncRNA and release specific 

miRNAs and tRFs. Particular interest should be drawn to 

the new identified tRNA fragments associated to RNase2 

and absent from the commercial library array, which repre-

sent potential new regulatory elements for future studies. A 

growing evidence emphasizes the key role of tRNA halves 

and tRFs in regulating cellular functions [48, 79–81]. Deci-

phering the contribution of the distinct RNases to shape the 

cell ncRNA population should be key to analyse the cell 

response to adapt to distinct stress conditions, such as viral 

infection.

Conclusions

This is the first report of RNase2 selective targeting of 

ncRNA. We have engineered a THP-1 cell line defective in 

RNase2. Comparison of native and knockout THP1-derived 

macrophages exposed to RSV confirms the RNase involve-

ment in the cell host antiviral defence. By amplification 

of 2Ζ3ΖcP end RNA products, we have identified the tRNA 

fragments and miRNAs associated to RNase2 cleavage. The 

analysis of RNA recognition regions reveals the RNA base 

composition at the 5’ and 3’ of cleavage site. To note, tRNA 

cleavage is mostly favoured at anticodon and D-loops at UA 

and CA sites. Further work is mandatory for an unambigu-

ous pattern assignment towards the understanding of how 

RNase2 can shape the ncRNA population and its antiviral 

role.

Materials and methods

Plasmid construction

For long term consideration, we used the two-plasmid sys-

tem to run the CRISPR gene editing experiments instead 

of using all-in-one CRISPR system. Thus, we constructed 

a pLenti-239S coding Cas9, GFP and Puromycin resist-

ance gene for the knockout assay by replacing the sgRNA 

expression cassette of LentiCRISPRv2-GFP-puro (gifted 

by Manuel Kaulich) short annealed oligos; for activation 

assay, we cloned the eGFP into lenti-dCAS-VP64-Blast 

(Addgene61425, gifted by Manuel Kaulich), the new plas-

mid was named pLenti-239G. Finally, plenti-239R, a new 

lentiGuide plasmid coding sgRNA expression cassette and 

Cherry fluorescence gene was created by using the Cherry 

gene (gifted by Marcos Gil, UAB) to replace the Cas9 of 

LentiCRISPRv2-GFP-puro (gifted by Manuel Kaulich). The 

primers used for PCR are listed in Table S6.

sgRNA design and clone into pLentiGuide 

(pLenti239R) vector

N20NGG motifs in the RNase2 locus were scanned, and 

candidate sgRNAs that fit the rules for U6 Pol III transcrip-

tion and the PAM recognition domain of Streptococcus pyo-
genes Cas9 were identified. From CRISPOR (http:// crisp or. 

tefor. net/) and CRISPR-ERA, the top 2 sgRNA were selected 

for knockout RNase2. Using the same procedure, potential 

OT sites were also predicted. The sequences are listed in 

Table S1. Oligonucleotides were annealed and cloned into 

BbsI-digested pLenti-239R. The resulting plasmids contain-

ing sgRNAs were further confirmed by Sanger sequencing.

Cell culture

HEK293T cell line was kindly provided by Raquel Peq-

uerul (UAB). HEK293T cell line was maintained in 

DMEM (Corning Life Science) supplemented with 10% 

foetal bovine serum (FBS) (Gibco). The culture media was 
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replaced every 2–3 days, and the cells were passaged using 

Trypsin–EDTA Solution (Gibco, 25200056).

Human THP-1 cells (NCTC #88081201) were maintained 

or passaged in 25 or 75  cm2 tissue culture flasks (BD Bio-

sciences) using RPMI-1640 (Lonza, BE12-702F) medium 

with 10% heat-inactivated FBS at 37 °C in humidified 5% 

 CO2 conditions. The culture media was replaced every 

3 days.

Generation of lentiviral vectors

To make the cell reach 90% confluence for transfection, 

7.5 ×  106 of HEK293T cells were seeded in T75 culture 

flask with 15 ml DMEM + 10% FBS complete medium 1 

day before transfection. The lentiviral plasmids were trans-

fected into HEK293T cells using calcium phosphate protocol 

[82]. Briefly, 36 μg transfer plasmid, 18 μg psPAX2 packag-

ing plasmid (Addgene#35002, gifted by Marina Rodriguez) 

and 18 μg pMD2G envelope plasmid (Addgene#12259, 

gifted by Marina Rodriguez) were mixed. Next, 93.75 μL 

of 2 M  CaCl2 was added and the final volume was adjusted 

to 750 μL with  H2O. Then, 750 μL of 2 × HBS buffer was 

added dropwise and vortexed to mix. After 15 min at room 

temperature, 1.5 mL of the mixture was added dropwise to 

HEK293T cells and the cells were incubated at 37 °C at 5% 

 CO2 for 6 h; then the medium was replaced with pre-warmed 

fresh medium. After 24 h, 48 h, and 72 h, the supernatant 

was collected and cleared by centrifugation at 4000×g for 

5 min and passed through 0.45 μm filter. Then, the super-

natant fraction was concentrated by PEG6000 precipitate 

method [83] and the concentrated virus stock was aliquoted 

and stored at − 80 °C.

Cell transduction

5 ×  105 THP-1 monocytes were infected with 20 μL concen-

trated lentivirus in the presence of 8 μg/mL polybrene over-

night. Next day, the cells were replaced with fresh medium 

and cultured for 72 h. Fluorescence positive monocytes were 

checked by fluorescence microscopy and then sorted by Cell 

sorter. After the transduction, cells were resuspended and 

fixed by 2% paraformaldehyde in PBS for 10 min prior to 

flow cytometer. Single cells were sorted by Cell sorter BD 

FACSJazz.

Sanger sequencing

Briefly, the genomic DNA of THP-1 cells was extracted 

using GenJET Genomic DNA purification kit (Ther-

moFisher, K0721) and was further used to amplify RNase2 

using NZYTaq II 2 × Green master mix (NZYTech, MB358). 

Genomic DNA was subjected to PCR (BioRad) using prim-

ers listed in Table S1. The general reaction conditions were 

95 °C for 10 min followed by 30 cycles of 95 °C for 30 s, 

annealing at 60 °C for 30 s, and extension at 72 °C for 30 s. 

The pairs of primers were designed to amplify the region 

that covers the two possible double breaking sites. The PCR 

product is 410 bp. After each reaction, 200 ng of the PCR 

products were purified using a QIAquick PCR Purifica-

tion Kit (QIAGEN), subjected to T7E I assays, and then 

analysed by agarose gel electrophoresis. The indel mutation 

was confirmed by Sanger Sequencing.

Construction of RNase2-KO THP-1 cell line

A lentiviral system was selected to deliver CRISPR com-

ponents into the THP-1 monocytic cell line. Cas9 and sgR-

NAs lentiviral particles were produced in HEK293T cells 

by Calcium phosphate precipitation method as previously 

reported [82–84]. THP-1 cells were then transduced with 

the concentrated lentiviral particles with 10 μg/mL of poly-

brene, the overall transduction efficiency is about 7% (Fig. 

S7). We designed 2 single guide RNAs (sgRNAs) (Table S1) 

targeting the RNase2 locus to generate double strand breaks 

(DSBs) (Fig. S8A). T7EI assay was employed to select the 

more active guide RNA, achieving the knockout efficiencies 

of about 40% (Figs. S8B and S8C). The GFP and cherry red 

double fluorescence positive cells were then sorted by FACS 

into single cells and were further allowed to grow into a 

single cell derived clonal cell line. Following, the genomic 

DNA was extracted from the single cell derived cell lines 

and further used as a template to amplify RNase2 using the 

primers covering the potential mutation sites. After Sanger 

sequencing validation, cell lines, where RNase2 gene knock 

out was successful were identified.

T7 endonuclease I assay-gene editing detection

As illustrated above, 200 ng of the purified RNase2 PCR 

products were denatured and re-annealed in 1 × T7EI Reac-

tion Buffer and then were incubated with or without T7E I 

(Alt-R® Genome Editing Detection Kit, IDT). The reaction 

mixtures were then separated by 2% agarose gel electropho-

resis. The knockout efficiency (KO%) was determined using 

the following formula: KO% = 100 × (1 − [1 − b]/[a + b])1/2, 

where a is the integrated intensity of the undigested PCR 

product and b is the combined integrated intensity of the 

cleavage products [85].

Protein detection by western blot and ELISA

For the western blot assays, 5 ×  105 cells with or without 

transduction and their supernatants were harvested with 

RIPA buffer and the protein concentration was determined 

with the Pierce BCA Protein Assay Kit (Thermo Fisher Sci-

entific, 23225). Equal amounts of protein (50 μg) for each 
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sample were loaded and separated by 15% SDS–PAGE, 

transferred to polyvinylidene difluoride membranes. Then 

the membrane was blocked with 5% non-fat milk in TBST 

for 1 h at room temperature, and incubated with  rabbit 

source anti-RNase2 primary antibody (Abcam, ab103428) 

overnight at 4  °C. After washing, the membranes were 

treated with horseradish peroxidase (HRP)-conjugated goat 

anti-rabbit IgG (Sigma Aldrich, 12-348) for 1 h at room 

temperature (RT). Finally, the membranes were exposed to 

an enhanced chemiluminescent detection system (SuperSig-

nal West Pico Chemiluminescent Substrate, ThermoFisher 

Scientific, 32209). As a control, GAPDH was detected 

with chicken anti-GAPDH antibodies (Abcam, ab9483) and 

goat anti-chicken secondary antibody (Abcam, ab6877).

Secretory RNase2 in cell culture was detected by using 

human RNASE2 ELISA Kit (MyBioSource, MBS773233). 

Beforehand, the supernatant of the culture was concentrated 

50 times using 15 kDa cutoff centrifugal filter unit (Ami-

con, C7715). Following, the standard and the concentrated 

culture supernatants were loaded to wells pre-coated with 

anti-RNase2 antibody, then the HRP-conjugated reagent 

was added. After incubation and washing for the removal 

of unbound enzyme, the substrate was added to develop the 

colourful reaction. The colour depth or light was positively 

correlated with the concentration of RNase2. Triplicates 

were performed for all assays.

Zymogram/ Ribonuclease activity staining assay

Zymograms were performed as previously described [86]. 

15% polyacrylamide–SDS gels were casted with 0.3 mg/mL 

of poly(U) (Sigma Aldrich, P9528-25MG). Then, cells were 

collected by centrifugation and resuspended in  106 cells/ml 

with 1% SDS buffer. After sonication, cell lysate with indi-

cated number of cells was loaded using a loading buffer that 

does not contain 2-mercaptoethanol. Electrophoresis was run 

at a constant current of 100 V for 1.5 h. Following, the SDS 

was removed by washing with 10 mM Tris/HCl, pH 8, and 

10% (v/v) isopropanol for 30 min. The gel was then incu-

bated for 1 h in the activity buffer (100 mM Tris/HCl, pH 8) 

to allow ribonuclease digestion of the embedded substrate 

and then stained with 0.2% (w/v) toluidine blue in 10 mM 

Tris/HCl, pH 8, for 10 min. Positive bands appeared white 

against the blue background after distaining.

RSV production

Human respiratory syncytial virus (RSV, ATCC, VR-1540) 

stock was ordered from ATCC. Hela cells were used to pro-

duce RSV under biosafety level II conditions [87]. Briefly, 

Hela cells were plated in 75  cm2 culture flask and incu-

bated at 37 °C degree in DMEM + 10%FBS until they were 

approximately 50% confluent. The cells were then washed 

and infected with RSV stock under multiplicity of infection 

(MOI) of 0.1. After 3 h infection, the cells were washed and 

replaced with fresh medium (DMEM + 10%FBS) and incu-

bated for 4 days at 37ºC, 5%  CO2. The cells and the virus 

suspension were collected when the cytopathology appeared, 

with scraping and vortexing of the cells to release more viral 

particles. The virus suspension was centrifuged for 10 min 

at 1800×g to remove the cell debris. The virus suspension 

without cell debris were either frozen immediately and 

stored at − 80 °C as seeding stock and concentrated before 

use with Ultra15 Amicon 100 kDa cutoff filters. The pro-

duced viruses were titrated using the median tissue culture 

infectious dose  (TCID50) method in HEK293T cells [88].

RSV treatment of THP-1-induced macrophages

Before RSV inoculation, THP-1 cells were induced to 

macrophage by 50 nM of PMA treatment for 48 h as previ-

ously described [24]. Cells were washed three time with 

pre-warmed PBS and replaced with fresh RPMI + 10%FBS 

medium for 24 h incubation. After that, macrophages were 

washed and incubated with RSV, mixing at every 15 min for 

the first 2 h. All virus treatment tests were performed using 

RSV at a MOI of 1  TCID50/cell.

Real-time quantitative PCR

RSV quantification were detected by real-time quantitative 

PCR. After the indicated time post of inoculation, the extra-

cellular RSV virus were collected by PEG6000 precipitation 

method and intracellular RSV virus were collected by lys-

ing the macrophage cells with the lysis buffer from mirVa-

naTM miRNA Isolation Kit (Ambion, Life Technologies, 

AM1560). Total RNA from RSV treated macrophage cells as 

well as stock virus was extracted using mirVanaTM miRNA 

Isolation Kit according to the manufacturer’s instructions. 

cDNA was synthesized using iScriptTM cDNA Synthesis 

Kit (Bio-Rad, 170-8891). The synthesis was performed 

using random hexamers, starting with 1 μg of total cell RNA. 

The RT-qPCR was performed using ddPCR ™ Supermix for 

Probes (Bio-Rad, 1863024). Samples with a cycle threshold 

value of more than 40 were recorded as negative. A stand-

ard curve was prepared using serially diluted RNA extracts 

from a known quantity and used to quantify RSV as  TCID50/

mL. In parallel with the RSV probe assays, an endogenous 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) con-

trol was used for relative quantification of the intracellular 

virus. The relative expression of GAPDH and RNase2 gene 

in macrophages was quantified by real-time PCR using iTaq 

Universal SYBR Green Supermix (Bio-Rad, 1725120). The 

primers and probe [89] used are listed in Table S6.
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Cell viability assay

THP-1 monocytes (wild type or RNase2 knockout) were 

seeded at 5 ×  104 cells/well in 96 well plates and differen-

tiated into macrophages as described [24]. After treatment 

with RSV under MOI = 1 for different times, dynamic cell 

viability was measured using MTT assay.

Selective amplification and sequencing of cyclic 

phosphate-containing RNA (cP-RNA-seq)

Selective amplification and sequencing of cyclic 

phosphate-containing RNAs was performed as previ-

ously reported [26]. Brief ly, small RNAs (< 200nt) 

were extracted using mirVanaTM miRNA Isolation Kit 

(Ambion, Life Technologies, AM1560) as described 

by the manufacturer. Following RNA extraction, 20- to 

-100nt RNAs were purified from 8% TBE–PAGE gel. 

Then, the purified RNAs were treated by calf intestinal 

alkaline phosphatase. After phenol–chloroform purifica-

tion, the RNAs were oxidized by incubation in 10 mM 

 NaIO4 at 0 °C for 40 min in the dark, followed by ethanol 

precipitation. The RNAs were then treated with T4 PNK. 

After phenol–chloroform purification, directed ligation of 

adapters, cDNA generation, and PCR amplification were 

performed using the Truseq Small RNA Sample Prep Kit 

for Illumina (NewEngland Biolabs, E7335S) according to 

the manufacturer’s protocol. The amplified cDNAs were 

sequenced using Illumina hiSeq2500 system at the Centre 

for Genomic Regulation, CRG, Barcelona).

For small RNA-seq analysis, skewer (v0.22) was used 

to remove the 5’adaptor sequences and discard low-qual-

ity reads [90]. Reads have been size selected before being 

aligned to the reference genome (GRCh38) with short-

Stack based on bowtie1 aligner [91, 92]. The mapped 

reads were counted with HTSeq-count [93] using the 

annotation from miRBase version 22.1 ((http:// www. 

mirba se. org/) [94]. For differential analysis, DESeq2 [95] 

was used on count matrices of tRNA-derived fragments 

and miRNAs. Quantification of differential abundance of 

small RNAs was estimated by tRAX (http:// trna. ucsc. edu/ 

tRAX/). The selective cleavage was identified by com-

parison of the differential coverage in WT and KO sam-

ples. Complementarily, small RNAs were mapped based 

on NCBI (https:// www. ncbi. nlm. nih. gov/) and Gencode 

38 (https:// www. genco degen es. org/). The Integrative 

Genomics Viewer (IGV) was used for visualizing the 

aligned bam file reads and check the nucleotide compo-

sition at the putative cleavage site, which was estimated 

from the analysis of the differential sequence coverage of 

WT and RNase2-KO samples.

tRF&tiRNA PCR Array

Total RNA was extracted by using mirVana miRNA Isola-

tion Kit (Ambion, AM1556). Next, 2 μg of purified total 

RNA was used to create cDNA libraries from small RNAs 

for qPCR detection using rtStar First-Strand cDNA Synthe-

sis Kit (ArrayStar, AS-FS-003). This method sequentially 

ligates 3Ζ-adaptor with its 5Ζ-end to the 3Ζ-end of the RNAs, 

and 5Ζ-adaptor with its 3Ζ-end to the 5Ζ-end of the RNAs. 

After cDNA synthesis, 185 (tRNA-derived fragments) tRFs 

& (tRNA halves) tiRNAs were profiled and quantified by 

qPCR method using nrStar Human tRF&tiRNA PCR Array 

(ArrayStar, AS-NR-002).

Protein expression and purification

The recombinant RNase2 and RNase5 proteins were 

expressed and purified as previously described [59]. Briefly, 

the genes cloned into the pET11c expression vector (Nova-

gen) were expressed in E. coli BL21(DE3) cells (Novagen). 

Then the protein was extracted from solubilized inclu-

sion bodies, refolded and purified by FPLC chromatogra-

phy using a Resource S (GE Healthcare) cation exchange 

column. The lyophilized protein purity was checked by 

SDS–PAGE and MS spectrometry.

In vitro Transcription (IVT) and analysis of tRNA 

degradation products

The preparation of synthetic tRNAs was performed using 

in vitro transcription (IVT) assay based on the T7 RNA pol-

ymerase reaction [96]. According to the sequence of inter-

est, we first designed and amplified the dsDNA templates 

for IVT considering the preference of T7 RNA polymerase 

by replacing the first three bases by GGG in the targeted 

sequences. The corresponding synthetic primers (Sigma, 

Aldrich) are listed in Table S7. After PCR amplification, 

the product was washed and concentrated by Gelpure kit 

(NZYtech, MB01101).

A total of 1 μg of dsDNA templates was used for a 50 μl 

IVT reaction by following the manufacturer’s instructions 

(NZYtech, MB08001). In short, after 2 h of IVT reaction, 

DNase treatment was performed at 37 °C for 1.5 h. Next, 

we added the same volume of acid–phenol: chloroform 

(Ambion™, AM9722) to the mixture and centrifuged at 

maximum speed for 10 min to remove the protein. Next, the 

supernatant was taken and 1/10 volume of 3 M acetic acid 

(pH 5.5) as well as 3 volumes of 100% ethanol was added 

to precipitate the RNA at − 20 °C for 1.5 h. Then, the pre-

cipitated RNA was centrifuged at the maximum speed for 

30 min, stored at − 4 °C and washed twice with 75% ethanol. 

Finally, the RNA was dissolved in RNase-free water.
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The tRNA degradation reaction was done in 10 mM Tris-

HCl (pH 7.4) and 100 mM NaCl using a fixed concentration 

of tRNA (2 μg) and different concentrations of RNase2 (up 

to 60 nM) or RNase5 (up to 25 μM) at room temperature 

during 20 min or 30 min, respectively. Following, the same 

volume of 2 × stop buffer (2 × TAE, 8 M urea, 0.1 M DTT 

and 20% glycerol) was added and samples were incubated 

at 95  for 15 min before gel loading. The 12% denaturing 

urea polyacrylamide (NZYtech, MB15501) gel and Sybr 

gold (Life technologies, S11494) was used to run and stain 

the gel, respectively.

Supplementary Information The online version contains supplemen-

tary material available at https:// doi. org/ 10. 1007/ s00018- 022- 04229-x.
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 The sgRNA1 mediated 

off-target sites OT1-4 were predicted and analysed by T7EI assays. 

 

 

The intracellular  and extracellular  RSV was quantified by probe qPCR and calculated as 

the median tissue culture infectious dose (TCID50); the stars refer to the significance between 

KO+ and WT+, —+“ and —-“ indicate with or without RSV infection, respectively. Significance is 

indicated (* p < 0.05 and ** p < 0.01). 
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191



. For a full list of 

small RNAs identified by cP-RNAseq and statistics see Additional file 1. 
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The significantly down-regulated and up-regulated tRNA fragments identified by 

cP-RNAseq are shown (cut-off values of Log2FoldChange and padj are indicated). The 

top significant tRNA fragments are labelled with their name. See Additional file 2 for a 

complete list of sequences and statistics. 
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. 

 See Additional file 3 for a complete list of sequences and 

statistics.
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 1x106 

of THP1 cells were resuspended in 2mL of RPMI+10%FBS and incubated in 37  at 5% 

CO2 for 2h before the transduction. 20 µl of the concentrated virus and 8 g/mL polybrene 

were added into THP1 culture in 6-well plate. After overnight‘s culture, the medium was 

changed with fresh medium and the cells were continually grown. After 72h post of the 

infection, the cell samples were fixed by 4% paraformaldehyde and dyed with DAPI and 

the fluorescence images were captured using Olympus BX50 fluorescence microscopy. 

The GFP positive cells were calculated to evaluate the transduction efficiency of lentiviral 

with THP1 cells from 15 randomly chosen images.
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 Schematic of sgRNA1&3 designed to target the RNase2 locus; 

 and Detection of the knockout efficiency of sgRNA1 and sgRNA3 using a T7E I 

assay, respectively. Amplicons of sgRNA1&3 that were treated with T7E I (T7E I+) or 

without T7E I (T7E I+) were separated by 2% agarose gel electrophoresis. DSB sites were 

recognized and digested by T7E I. Undigested and digested bands were consistent with 

the predicted sizes from the RNase2 locus.  
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In vitro

The tRNA degradation products released by RNase2/RNase5 cleavage 

were separated by 12% urea-PAGE electrophoresis. The gel was visualized under 

ultraviolet light after staining with Sybr Gold. 
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SgRNA1 GTTAATGACCTGCATTGCATTGG  
sgRNA3 CGCAAAAATTGTCACCACAGTGG  

 Chromosome location 
OT-1 GTTAATGACCTGCATTGCATTGG chr10:116445782-116445804:+ 
OT-2 CTTAATGATATGCATTGCAT AGG chr4:95875569-95875591:- 
OT-3 GATAATGAGATACATTGCAT TGG chr2:211644633-211644655:+ 
OT-4 TTTTATGACCTGTATAGCAT AGG chr6:22605178-22605200:+ 

  
sgRNA-x-Fw TCTTCTGTTGGGGCTTCTGGCTG 482 
sgRNA-x-Rv GATGAGTGATGATGAGGAGTGCT  
sgRNA3-Fw TCTTCTGTTGGGGCTTCTGGCTG 482 
sgRNA3-Rv GATGAGTGATGATGAGGAGTGCT  

OT1-Fw TCAGGGGCTAAAATAGGGTGC 107 
OT1-Rv TATTGGATTGCCTGCTCCCC  
OT2-Fw ACAAACTCTGCAGCTTTGGC 123 
OT2-Rv TCTATGTAAACAGAGTCTTTGGCA  
OT3-Fw AGGGGCTTGACTCAGAGAGT 129 
OT3-Rv GGCATGCATCCATTGAGCTG  
OT4-Fw TCCATGTAATCTGCCAGCCA 115 
OT4-Rv AATTGGGTGGCTGAGGTGAC  

  

U6-seq GAGGGCCTATTCCCATGATT  
Fw-seq GCTTCTTCTGTTGGGGCTTC  
Rv-seq TCAACGACGAGACCCTCCAC  
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in vitro

. 

     

CpA/UpA C/U ~12 1,2 

Selected 
tRNA 

(anticodon 
loops) 

 3 

   

CA and 
CU 

(anticodon 
loops) 

 4 

     
CpA/CpG A/G 3 1,2    
CpG/CpC G/C 3 1    

   
tRNA 

(Anticodon 
loops) 

A>U 4 

Rana
pipiens

 

     

UpG/CpG U/C 10 5 tRNA 
Major: UG G 
(Variable loop 

and D arm) 
6, 7 

   tRNA 
Minor: 
G U 
C U 

6,7 

polyU/polyC U/C 100 8    
tetranucleotide U/C 60 8    

     
Tetranucleotide G/A 800 8    
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Short-Fw CCACCGGGTCTTCGAAGACTGTTTG 
Short-Rv CATGGGTGGCCCAGAACCTTCTGACAAACGATC 

Cherry-Kosak-AgeI TATAACCGGTGCCACCATGGTGAGCAAGGGCGAGGA 
Cherry-BamHI ATAAGGATCCCTTGTACAGCTCGTCCATGC 

GFP-BsrGI ATATTGTACAGAGGGCAGAGGAAGTCTGCT 
GFP-EcoRI TTAGAATTCTTACAGCTCGTCCATGCCGAGAG 
RSV-A-Fw CTCAATTTCCTCACTTCTCCAGTGT 
RSV-A-Rv CTTGATTCCTCGGTGTACCTCTGT 

RSV-A-Probe TCCCATTATGCCTAGGCCAGCAGCA 
The fluorogenic probe was labelled with 6-carboxyfluorescein (FAM) and 6-carboxytetramethylrhodamine 

(TAMRA). 

 

 

 

 

 

tRNA LysTTT 
AATATAATACGACTCACTATAGGGC
GGATAGCTCAGTCGGTAGAGCATCA
GACTTTTAATCTGAGGGTCCAGGGTT

CAAGTCCCTGTTCGCCCG 

AATATAATACG
ACTCACTATAG
GGCGGATAGC 

CGGGCGAACAG
GGACTTGAA 

tRNA LysCTT 
AATATAATACGACTCACTATAGGGC
GGCTAGCTCAGTCGGTAGAGCATGG
GACTCTTAATCTCAGGGTCGTGGGTT

CGAGCCCCACGTTGCCCGCCA

AATATAATACG
ACTCACTATAG

GGCGGC 

TGGCGGGCAAC
GTGGG

tRNA MetCAT 
AATATAATACGACTCACTATAGGGC
TCTTAGTGCAGCTGGCAGCGCGTCA
GTTTCATAATCTGAAGGTCGTGAGTT

CGATCCTCACACGGCCCACC

AATATAATACG
ACTCACTATAG
GGCTCTTAGTG

C

GGTGGGCCGTG
TGAGGATCG

tRNA AlaAGC 
AATATAATACGACTCACTATAGGGG
GTGTAGCTCAGTGGTAGAGCGCGTG
CTTAGCATGCACGAGGCCCCGGGTT

CAATCCCCGGCACCTCCACCC 

AATATAATACG
ACTCACTATAG

GGGGTGTAG 

GGGTGGAGGTG
CC 

tRNA AspGTC 
AATATAATACGACTCACTATAGGGT

CGTTAGTATAGTGGTGAGTATCCCCG
CCTGTCACGCGGGAGACCGGGGTTC

GATTCCCCGACGGCCC 

AATATAATACG
ACTCACTATAG
GGTCGTTAGTA

TAG

GGGCCGTCGGG
GAATC 
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In Vitro Validation of RNase 2/EDN 

Selective Cleavage on tRNA 

Jiarui Li, Irene Guidi, Lu Lu, Pablo Fernández-Millán, Guillem Prats-Ejarque 

and Ester Boix* 

Department of Biochemistry and Molecular Biology, Faculty of Biosciences, Universitat 
Autònoma de Barcelona (UAB), Cerdanyola del Vallès, 08193 Bellaterra, Spain 
*Correspondence: Ester.Boix@uab.cat 

Abstract 

tRNA-derived fragments (tRFs) have emerged as an important factor of immune 
regulation. Recently, some RNase A superfamily members have been proposed to 
participate in the shaping of tRNA fragment population. The selective cleavage ability 
of various RNases was found to be the key points in the production of these regulators. 
Latest studies highlight the contribution of tRFs to fight bacterial or viral infections. 
Our recent work revealed that human Eosinophil-Derived Neurotoxin (EDN/RNase 2) 
can selectively cleave tRNA both under normal conditions and upon viral invasion by 
comparison of wild-type and RNase 2 knock-out THP1-derived macrophages and 
prediction of cleavage site through 2',3'-cyclic phosphate (cP) RNA sequencing (cP-
RNA-Seq) and screening of tRF & tiRNA PCR array. Here, the preferential cleavage 
of RNase 2 for tRNAs was confirmed in vitro by digesting synthetic tRNAs with the 
recombinant protein and then visualizing the cleaved tRFs by urea-PAGE. Next, we 
designed single-mutation variants of two representative tRNAs (tRNALysTTT and 
tRNAAspGTC) and DNA/RNA hairpins based on the anticodon loops of tRNAAspGTC to 
further validate the RNase preferences. The RNase 2-produced tRFs were also 
sequenced through next-generation sequencing (NGS) to identify the cleavage sites. 
The results highlight not only the selective tRNA cleavage by RNase 2 in vitro, but also 
its base specificity at B1 (U/C) and B2 (A) sites, consistent with the conclusions of 
previous studies in the THP-1 cell line. Results also reveal the singularity of RNase 2 
substrate predilection in comparison to other human RNase A members.  

 

Key words: tRNA, tRFs, RNases, Cleavage site, Substrate selectivity
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1. Introduction 

Non-coding RNA (ncRNA) is a type of RNA molecules that are not translated 
into protein. For decades, increasing evidence has shown that ncRNAs play an 
important role in regulating cellular physiological activities and remodeling cellular 
functions when cells are threatened by pathogens 1–3. As one of the essential types of 
ncRNA, transfer RNA (tRNA) derived RNA fragments (tRFs) and their roles in various 
diseases have been identified 3–5. The traceability research of tRFs and the way through 
which they affect biological processes are key to understand their physiological role. 
Recent findings indicated that tRFs mediate immune regulation and their 
characterization should lead to novel drug discoveries 6.  

The RNase A superfamily encompasses secretory endoribonucleases that 
preferentially cleavage the 3’5’ phosphodiester bond of single-stranded RNA (ssRNA) 
in a two steps mechanism 7. Extensive structural and functional analysis reveal the 
presence of distinct subsite binding sites that account for the diversity in substrate 
preference among the family members 8–10.  Apart from their catalytic activity, some 
RNases display specific biological properties, such as human RNase 5 that promotes 
angiogenesis, named thereof angiogenin. Interestingly, preliminary studies indicated 
that RNase 5 had a preference to cleave tRNAs over rRNA in cell extracts 11. 
Unfortunately, the methodologies and knowledge of RNA metabolism at that time were 
not mature enough to interpret the results. Some years later, Fu and coworkers reported 
that RNase 5 could release tRNA fragments under stress conditions 12. The involvement 
of tRNAs in other cellular functions apart from protein translation has been gradually 
gaining importance 13–15. In particular, the contribution of tRNA fragments, including 
tRNA halves (tRNAi) and shorter tRNA degradation productions (tRFs), in immune 
regulation is currently widely recognized 16. For example, under stress conditions 
RNase 5 can target selected tRNAs and avoid the formation of protein aggregates 17. 
Likewise, the ability of some RNase A superfamily member to target tRNA and 
generate regulators has been reported 18. Together with RNase 5, RNase 1 was found 
recently to contribute to the extracellular production of tRFs in cells under stress 19,20, 
indicating the possibility of selective cleavage on tRNAs among other family members 
of the RNase A superfamily. In our laboratory we recently identified the selective 
cleavage of human RNase 2 in tRNA population in a macrophage cell line 21. 

RNase 2/Eosinophil-Derived Neurotoxin (EDN), together with other RNase A 
family members, participates in host-defense, and can fight ssRNA viruses 22. Indeed, 
RNase 2 is the family member most abundant in macrophages 23 and its expression is 
activated by the presence of ssRNA viruses 22. RNase 2 can target many viruses such 
as RSV 24 and the protein levels in sputum have been used to monitor RSV bronchiolitis 
25. The ribonuclease activity of RNase 2 is considered the key point for its antiviral 
properties, as the effect is removed by RNase inhibitor addition and cannot be 
reproduced by an enzymatically defective mutant. However, RNase A, which has a very 
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high catalytic activity, does not present any anti-RSV activity, indicating that there are 
some other essential unique properties in RNase 2 structure. This is partly attributed to 
the specific loop region in RNase 2, which can enhance its interaction with the viral 
capsid and thereby facilitate RNase 2 to reach its target RNAs 26. On the other hand, 
the presence of a variety of ncRNAs including tRFs in cells exposed to or infected with 
RSV is also intriguing 27. Therefore, we speculate that RNase 2 like RNase 5 may have 
the ability to selectively cleave ncRNA. 

Our previous work indicated that when THP1-induced macrophages were 
exposed to RSV, RNase 2 was overexpressed as a function of time. Moreover, the 
macrophages with RNase 2 knocked out (KO) suffered a higher RSV burden in 
comparison to the wild type (WT), confirming again the antiviral role of RNase 2. We 
then compared the small ncRNA population with a 2’ 3’-cyclic phosphate (cP) end, 
which is a general RNA terminal product of the transphosphorylation reaction of 
endonucleases. WT and KO THP1-derived macrophage cell lines were firstly compared 
by cP-RNA sequencing (cP-RNA-Seq)  and secondly by screening a tRF & tiRNA PCR 
array. Both methodologies highlighted predominance of few tRFs. The detailed 
analysis revealed a predominant cleavage by RNase 2 at anticodon and D-loops at U/C 
(B1) and A (B2) base binding sites 21. Here, to corroborate the selective cleavage of 
tRNAs by RNase 2 observed in a cellular environment, we have investigated the 
cleavage pattern of RNase 2 in vitro using synthetic tRNAs and the recombinant protein. 
Complementarily, other members of the RNase A family have been analyzed in order 
to distinguish similarities and specificities among members. 

2. Materials and methods 

2.1. General Materials 

DNA/RNA oligos were designed and purchased from Sigma-Aldrich. NZYTaq 
II DNA polymerase (MB354), T7 RNA polymerase (MB080), NZYGelpure (MB011) 
were purchased from NZYtech. RNasin® (Ribonuclease Inhibitors) and RQ1 RNase-
Free DNase were from Promega. SYBRTM Gold (S11494) and T4 Polynucleotide Kinase 
(T4 PNK, EK0031) were from Thermo Fisher. Quick CIP (M0525S) was from New 
England BioLabs. Acid-phenol:chloroform, pH 4.5 (AM9722) was from AmbionTM 
and 40% Acrylamide/Bis solution (19:1) was from NZYtech or BIO-RAD. 

2.2. Protein Expression and Purification 

The recombinant RNases were expressed and purified as previously described 
9. Briefly, the genes cloned into the pET11c expression vector (Novagen) were 
expressed in E. coli BL21(DE3) cells (Novagen). Then the protein was extracted from 
solubilized inclusion bodies, refolded and purified by FPLC chromatography using a 
Resource S (GE Healthcare) cation exchange column. The purity of lyophilized protein 
was checked by SDS-PAGE.  
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2.3. In Vitro Transcription (IVT) 

High yield of tRNA synthesis was achieved by in vitro transcription (IVT) based 
on the T7 RNA polymerase 28. According to the sequences of interest, we firstly 
designed the dsDNA templates for IVT considering the preference of T7 RNA 
polymerase 29 by replacing the first three bases by GGG. The sequences and primers 
designed are indicated in Table S1. After PCR amplification, the products were washed 
and concentrated by Gelpure kit and confirmed through Sanger sequencing (Servei de 

Genòmica i Bioinformàtica, IBB-UAB). 

A total of 1 µg of dsDNA templates was used for a 50 µL IVT reaction by 
following the manufacturer’s instructions. In short, after 2 hours of IVT reaction, 
DNase treatment was performed at 37°C for 90 minutes. Next, the same volume of acid-
phenol: chloroform was added to the mixture and centrifuged at maximum speed for 10 
minutes to remove the protein. The supernatant was taken and added to 1/10 volume of 
3M sodium acetate (pH 5.5) as well as 3 volumes of 100% ethanol to precipitate the 
RNA at -20°C for 1.5 hours. Then, after centrifugation at the maximum speed for 30 
min at 4°C, the precipitated RNA was washed twice with 75% ethanol. Finally, the 
RNA was dissolved in RNase-free water.  

2.4. tRNA and RNA/DNA Hairpin Degradation 

The tRNA degradation reaction was performed using 2 µg of tRNA and a 
concentration gradient of RNases. Samples were incubated at room temperature for 20 
minutes for RNases 2/3/4 and 30 minutes for RNase 5, in 10 mM Tris-HCl (pH 7.4) 
and 100 mM NaCl. Then, the same volume of 2× stop buffer (2× TAE, 8M urea, 0.1M 
DTT, 20% glycerol, bromophenol blue) was added immediately and put at 95℃ for 
15min before loading to 12% denaturing urea-polyacrylamide gel. SYBRTM Gold was 
used for staining.  

DNA hairpins of 17-nt length containing two ribonucleic acid residues were 
designed based on previously selected tRNAs (Table S2) and 2 µM were incubated with 
60 nM RNase 2 at room temperature for 20 minutes in the reaction buffer same as used 
in tRNA degradation protocol. The reaction was stopped by addition of RNasin® (20 
units). The samples were run in 16% native polyacrylamide gel and stained by SYBRTM 
Gold. 

2.5. Analysis of tRFs Terminal Ends 

Gel validation of the existence of 2’3’cP from RNase-digested tRFs was done 
by following the protocol described before 30. The mechanism depends on the migration 
speed of RNA fragments with different terminal ends in denaturing polyacrylamide gel 
electrophoresis (PAGE). Final RNase concentration in the enzymatic assay was 
adjusted according to their catalytic efficiency. In short, 10 µg tRNAs were incubated 
with 15 nM of RNase 2, 100 nM of RNase 3, 20 nM of RNase 4 for 20 minutes and 
3.125 µM of RNase 5 for 30 minutes at room temperature, which afterwards were 
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mixed immediately with equal volume of acid-phenol: chloroform and centrifuged at 
maximum speed for 10 minutes to remove the protein. Then, ethanol precipitation was 
applied to the aqueous phase and the pellets, after the washing step, were dissolved in 
diethylpyrocarbonate (DEPC)-treated water and divided into 5 parts. Two of them were 
kept as non-treated controls and the other three were treated with different enzymes 
(CIP, T4 PNK, HCl + CIP) according to the protocol and manufacturer’s instruction, 
followed by acid-phenol: chloroform extraction and ethanol precipitation to remove the 
enzymes. Later, the samples were mixed with 2× loading buffer (2× TBE, 20% glycerol, 
8M urea, bromophenol blue and xylene cyanol) and heated at 95℃, 15 minutes and 
loaded into a 15% denaturing urea-polyacrylamide gel (14 cm × 16 cm × 1.5 mm). Gels 
were run at 250 V until the xylene cyanol reached 85% of the gel total length and stained 
with SYBRTM Gold. 

2.6. Analysis of RNase 2- tRFs Products by Next-generation Sequencing (NGS)  

Synthetic tRNAs were incubated with RNase 2 at 15 nM for 20 minutes at 37ºC, 
following the protocol described in section 2.4. Subsequently, the digestion products 
from five selected tRNAs were purified separately by equal volume of acid-phenol: 
chloroform and pelleted by ethanol precipitation as described in section 2.5. The pellets 
were later dissolved in DEPC-treated water and mixed altogether to be treated as 
described below before reverse transcription and amplification.  

In details, the mixed samples were firstly treated with CIP to remove the 
phosphates on both terminals and then T4 PNK (supplemented with ATP) to ensure 
that all tRFs started with a 5’monophosphate and ended with 3’ hydroxyl. Following 
purification by acid-phenol: chloroform extraction and ethanol precipitation, 100 ng of 
the mixture were ligated with adaptors, reverse transcripted and amplified according to 
the manufacturer’s protocol of  NEBNext® Multiplex Small RNA Library Prep Set for 
Illumina®. Then, the amplified DNAs corresponding to three biological replicated were 
sequenced using MiSeq series sequencing platform (Illumina®) with paired end reads 
for 71×71 bp to get an overall quality score of 87.04% and a total of 126.75 Mbp (Servei 

de Genòmica i Bioinformàtica, IBB-UAB).  

For data analysis, cutadapt 1.9.1 31 was used to remove the 3’ adaptor of forward 
reads and 5’ adaptor of reverse reads. The trimmed reads were later merged by 
BBMerge 32 to obtain the entire fragments, which would be aligned with Mafft-add 33 
by using the original tRNA sequences as reference. The Jalview 2.11 34 was used to 
visualize the alignment and infer the cleavage site. 

3. Results and Discussion 

3.1. Specific Cleavage of RNase 2 on Selected tRNAs 

  Firstly, several representative tRNA sequences corresponding to top 
significant target ones from our previous assay 21 were synthesized through in vitro 
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transcription by using the T7 promotor. A total of five tRNAs were synthesized, among 
which three (tRNALysTTT, tRNALysCTT and tRNAMetCAT) were chosen from the tRF & 
tiRNA PCR array and two (tRNAAspGTC and tRNAGlnCTG) from the cP-RNA-Seq results 
21. The selected tRNAs in either assay corresponded to the most significant ones 
(p≈0.01 and log2 WT/KO≈1). Following incubation of the synthesized tRNAs with 
RNase 2 and analysis by urea-PAGE, we observed a specific cleavage pattern (Figure 
1). We also observed that by increasing RNase 2 concentration, tRNAs were gradually 
cleaved into smaller tRFs following a regular profile. Firstly, we could identify a 
predominant fragment of about 32-42 nt accumulated that might correspond to tRNA 
halves. Secondly, in some of the tRNAs we could visualize the accumulation of a 
shorter fragment of around 18-26 nt. 

 
Figure 1. In vitro degradation of representative tRNAs incubated with RNase 2. The 
degradation products with gradient concentration of RNase 2 were separated by 12% urea-PAGE. 
The gels were visualized under ultraviolet light after staining with SYBRTM Gold. The main 
fragments are highlighted in red boxes. 

Next, we compared the tRNA cleavage pattern of RNase 2 with the one 
produced by other human RNase homologues, including RNase 3, RNase 4 and RNase 
5. The results obtained from this five tRNAs degraded by all four RNases is shown in 
Figure 2. Specific product bands for each RNase degradation mixture were identified. 
Interestingly, the predominant bands differed significantly in sizes according to the 
RNase applied, whereas for RNase 2 only few distinctive bands could be distinguished. 
When the other three RNases were used as enzymes, a comparatively reduced 
specificity was observed in the degradation products for some tRNAs. For example, 
absence of small fragments or a smeared pattern was visualized for tRNALysTTT digested 
by RNase 3, tRNAGlnCTG by RNase 4 and tRNAMetCAT by RNase 5, indicating that each 
RNase presents a different substrate preference 10. In particular, tRNAGlnCTG cleaved by 
RNase 4 and tRNAMetCAT by RNase 5 lost the bands corresponding to tRNA halves, 
which in turn smeared considerably. Meanwhile, in other combinations, such as 
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tRNALysCTT by RNase 3 or tRNAGlnCTG by RNase 5, we observed accumulation of a 
single fragment shorter than 26 nt. Here we must take into consideration that the 5 
assayed tRNAs were chosen according to previous top-listed targets from RNase 2 
digestion pattern. 

 
Figure 2. In vitro degradation of representative tRNAs with RNases 2/3/4/5. tRNA degradation 
products released by a gradient concentration of RNases 2/3/4/5 are separated by 12% urea-PAGE. 
The gels were visualized under ultraviolet light after staining with SYBRTM Gold. 

The presence of a 2’3’C>p (cP) end is unambiguously associated to an 
endonuclease cleavage. Formation of a cP intermediate takes place during the two-step 
catalytic reactions of many endoribonucleases, such as the RNase A superfamily 
members. The RNases that generated cP-containing tRFs have been gradually 
characterized 35. In humans, RNase 5 is one of the most widely demonstrated RNase to 
produce specific stress-induced RNAs, such as cP-containing tRNA halves 36,37.  

Interestingly, when HEK293-RIG-I-IFN-β reporter cells were treated by RNase 
A-digested total HEK293 RNA, the IFN-β was induced 38. However, this 
immunostimulatory capacity was lost if the digested RNAs were previously treated 
with HCl, a reagent that could convert the 2’3’cP to 3’P in RNAs. These results indicate 
not only the important role of cP-containing RNAs in immune response but also suggest 
a general role of RNase A family to form cP-containing RNAs 38. Therefore, we want 

225



 

 

here to compare the terminal characteristics of the tRFs cleaved in vitro by several 
RNase A family members by following a method used to validate the presence of cP in 
the cleaved tRFs. Theoretically, T4 PNK (without ATP) can remove both 3’P and 3’cP 
to form a 3’ -OH 39 while CIP removes both 5’P and 3’P to form 5’ or 3’ -OH but not 
at 3’cP. However, if the sample were treated with HCl previously before the CIP 
treatment, the 3’cP will also be transformed into a 3’ -OH 30. When the target RNAs 
are small, such as the 20-40 nt fragments studied here, the loss of a phosphate group at 
the RNA end will shift up on a 15% denaturing PAGE.  

Here, we compared the RNases digestion products of tRNAAspGTC, where a 
fragment between 32 and 42 nt accumulated in all samples (see Figure 2). When we 
purified the fragment and treated it with PNK, we noticed a significant shift in RNase 
2, RNase 3 and RNase 5 samples, while there was no shift in all treatment degraded by 
RNase 4 (Figure 3). It should be noted that the tRNAs used here were synthesized in 

vitro and would therefore have a triphosphate at the 5’ terminal and differ from the 
tRNA extracted from cells, which only has a 5’monophosphate end. On the other hand, 
the purified tRFs might correspond to 3’ side products of the tRNA substrate and will 
then lack the cP end. Besides, the gel shift analysis will only reveal significant 
differences in the final RNA fragment net charge, depending on both ends’ nature. 

 

Figure 3. Biochemical validation of the terminal characteristics of cleaved fragments. The 
purified tRNAAspGTC fragment (32-42 nt) after treatment with different RNases were treated with 
T4 PNK (without ATP), CIP and HCl + CIP respectively. The band presented here only correspond 
to sizes between 32-42 nt and the corresponding integral gels of RNase-degrading tRNAs with 
different treatments are shown in Figure S1. NT is the samples after RNase 2 degradation but 
without any further treatments.  

Next, CIP treatment revealed recovery of original band mobility for RNases 2, 
3 and 5. Here, we can only conclude that the 32-42 nt fragment identified in RNase 2 
has the same behavior than the one for RNases 3 and 5, and suggests it bears a cP end. 
The fact that for these three RNases after HCl + CIP treatment the band recovers its 
original mobility suggests it has now lost a phosphate group and will probably present 
the characteristic 5’p and 3’OH ends.  
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However, we cannot discard that HCl treatment of tRNA in vitro degradation 
products before CIP treatment might have partially degraded the fragments. Therefore, 
further studies are still needed to confirm the nature of RNA ends by complementary 
novel methodologies 40,41. 

3.2. Identification of RNase 2 Preferred Cleavage by Screening Single-point 

Mutations at the Anticodon Loop 

To further confirm selectivity of RNase 2, single-point mutations of two 
representative tRNAs at the anticodon loop were screened (tRNALysTTT and tRNAAspGTC). 
We substituted sequentially one nucleotide with any of the other three nucleotides, at 
both sides of the putative cleavage site identified in the previous study 21. We performed 
the same tRNA degradation assay as before in the presence of increasing concentration 
of RNase 2. Interestingly, results showed that RNase 2-cleaved tRNAs-produced tRFs 
with a very different pattern and lengths, even though only a single distinct nucleoside 
pair was substituted at the anticodon loop.  

Analysis of tRNALysTTT digestion (Figure 4A) revealed no obvious changes of 
the tRFs products when uracil was replaced by guanine, while replacement with an 
adenine correlated with accumulation of a single small fragment. On the other hand, 
when substitutions were introduced at tRNAAspGTC anticodon loop (Figure 4B), the size 
profiles were not grossly altered but a significant reduction of the RNase efficiency to 
liberate the smaller fragment was evident for all substitutions. We can infer from the 
results of single-point mutations at tRNALysTTT that an additional putative B2 site was 
created by U to A substitution. On its side, substitutions in tRNAAspGTC implied a 
change at either B1 or B2 site. In particular, C → A was associated with increasing 
specificity, whether C → G resulted in the potential loss of a cleavage site. Overall, 
results suggest an enhanced cleavage specificity associated to C/U-A sites as previous 
studies using recombinant RNase and dinucleotide substrates suggested 9. However, the 
present data also demonstrates that cleavage can also takes place when G is at B2, 
highlighting the influence of either other secondary binding sites or changes at the 
tRNA spatial 3D structure caused by single variants. Nonetheless, we are aware that 
other additional assays are required to determine unambiguously the selective cleavage 
of RNase 2. 
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Figure 4. In vitro degradation of single-point mutations of tRNA with RNase 2. Single-point 
mutation of sequences after PCR amplification were checked by Sanger sequencing. Degradation 
products of the single-point mutation of tRNALysTTT (A) and tRNAAspGTC (B) incubated with 
gradient concentration of RNase 2 or fixed concentration (15 nM) were separated by 12% urea 
PAGE. The gels were visualized under ultraviolet light after staining with SYBRTM Gold. Anticodon 
loop sequences within the sequenced amplified DNAs are shown at the top. The pink arrows indicate 
the inferred cleavage sites by RNase 2 from the results of previous study 21. 

Next, we decided to further explore the RNase 2 specificity on tRNAAspGTC, the 
substrate among the five top-listed tRNAs associated to a better defined single small 
size product. In the previous study 21, the potential cleavage sites of RNase 2 on 
tRNAAspGTC were at the anticodon loop on UC or CA (see Figure 5A). So, we designed 
several 17 mers DNA/RNA hybrids based on tRNAAspGTC anticodon loop sequence, 
where only one couple of ribonucleosides are present at the putative B1 and B2 sites 
while the rest 15 are deoxyribonucleosides. The screening of single-point mutations of 
DNA/RNA hybrids at the tRNA anticodon loop confirmed first the absence of any 
cleavage of DNA sequences and secondly corroborated the protein selectivity at U/C 
(B1) and A (B2) sites related to the original sequence, which was consistent with the 
previous findings (Figure 5B).   
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Figure 5. In vitro degradation of DNA/RNA hybrid hairpins based on tRNAAspGTC. Single-
stranded DNA 17 mers were designed to include only 2 ribonucleosides as potential RNase cleavage 
sites. Hairpins were incubated with 60 nM RNase 2 and products were analysed by 16% native 
PAGE. A) On the left we illustrate the parental tRNA indicating the two bonds susceptible of a 
ribonucleolytic cleavage. On the right we indicate the bases substituted by single point mutations in 
the DNA/RNA hairpins corresponding to the anticodon loop. B) Comparison of hairpins in the 
absence and presence of RNase 2. It is indicated the 3 bases around the two ribonucleolytic bonds 
below. Bases are labelled in distinctive colours: adenine in green, cytosine in blue, guanine in black 
and uracil in red; other deoxyribonucleosides in grey. The gels were visualized under ultraviolet 
light after staining with SYBRTM Gold. 

However, it should be noted that the sequential substitution of ribonucleosides 
within the hairpins could originate more than one potential cleavage site. Nonetheless, 
results indicated that base position was also determinant regarding the hairpin cleavage 
efficiency. To fully interpret our results, we decided to explore the potential 
contribution of the adopted 3D conformation of the designed hairpins. By simulating 
the spatial configuration 42 of the corresponding RNA hairpins, we estimated that the 
location of the bases may significantly contribute to determine the interaction between 
the enzyme and the substrate (Figure 6).  Predictions suggest that the 3D conformation 
would determine the degree of exposure of the bases at the cleavage site location. We 
can visualize in the three hairpins where we observed cleavage by RNase 2 (Figure 5); 
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i.e. UCA, UAA and CAA, the 4 bases around the 2 ribonucleolytic bonds are exposed 
at the loop protruding to the outside surface (Figures 6A, 6C and 6D).  On the contrary, 
the corresponding bases in UGA (Figure 6B) point to the inside of the loop, which 
would hinder the protein binding. On its side, although GAA hairpin (Figure 6E) 
exposes the bases to the outside, the all purines sequence will not be a good substrate 
for RNase binding 43. Finally, the AUA hairpin would represent a very particular case 
(Figure 6F) (AUA), where even if a new putative cleavage site (UA) is created, we 
observe the 2’OH of the U ribose, which is required for the initial nucleophilic attack 
by RNases on RNAs, is potentially hydrogen bonded to the 4’ oxygen atom at the ribose 
of the adjacent adenine, thereby preventing the interaction and deprotonation by RNase 
2 catalytic His and subsequent cleavage of the 3’5’ phosphodiester bond.  

 
Figure 6. 3D structure prediction of RNA hairpins based on tRNAAspGTC anticodon loop. The 
four nucleosides (the two ribonucleosides (underlined bases) in DNA/RNA designed hairpins 
together with two adjacent nucleosides to the mutated sites) at the anticodon loop are shown with 
sticks and the corresponding bases were marked in different colour (adenine in green, cytosine in 
blue, guanine in black and uracil in red). The 3D structures of the RNA hairpins were predicted by 
Xiao Lab software (http://biophy.hust.edu.cn/new/3dRNA/create) 42. 

3.3. Identification of Specific RNase 2-tRNA Cleavage by Next-generation 

Sequencing (NGS) 

Considering the shortcomings of gel validation, which only gave us the overall 
size distribution patterns of tRNA cleavage by RNases, we decided to obtain the full 
sequence of the tRFs digestion products by NGS. The methodology could provide us 
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the precise sequences at the cleavage site location. Results from three biological 
replicates were extracted from the R1 forward and R2 reverse Fastq.gz files. After 
trimming the adaptors, the pair-end reads were merged to discard the misreading and 
noncomplementary ones. Next, all left reads from replicates were mixed altogether and 
fragments with sequences more than 1 nucleotide different from the original template 
and less than 10 nt were discarded. Thus, only 5227 reads were left finally from more 
than 750,000 output reads mixed from a total of three replicates. Nevertheless, after 
coverage (occupancy) analysis (Additional file 1), we could easily outline the cleavage 
sites of RNase 2 on each parental tRNA. The identified fragments and their locations 
on tRNAs are shown in Figure 7 and the consensus amplified sequences that fully 
matched to the original tRNA sequences are available in Table S3.  

 
Figure 7. Identification of the cleavage sites of tRNA-derived fragments (tRFs) by NGS. 

Parental tRNAs are depicted and the main identified tRFs are marked in different colours together 
with their estimated length. The possible cleavage sites are based on the 3′-terminal positions of the 
five prime fragments (blue arrows) and the 5′ terminal positions of three prime fragments (green 
arrows) according to the different read sequences (Addition file 1). Several minor cleavage sites 
near to the main cleavage sites are also indicated with smaller arrows. 

Results analysis revealed that for each tRNAs we obtained several tRFs with 
different sizes. Results corroborated that the most frequent cleavage site is located on 
U/C at B1 and A at B2. However, we found some exceptions uniquely for tRNAGlnCTG, 
where some sites had a G at B2 site. The positions of cleavage site were also mainly 
located at the anticodon and D loops, although there were also some on the double 
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stranded arms. These results highly matched the previous findings using the THP1-
derived macrophages model, where we compared the tRFs population in RNase 2 WT 
and KO cells 21. Particular attention can be drawn by the good fidelity between previous 
data in THP-1 cells and the current results on synthetic tRNAs and recombinant protein. 
Equivalent results are obtained for both tRNAAspGTC and tRNAGlnCTG templates, which 
were the top significant ones from previous study by applying the cP-RNA-Seq 
methodology (Figure S2) 21. This data would suggest no contribution of bases 
modification and/or any potential regulatory binding protein in the RNase substrate 
selectivity. Therefore, the results we obtained in vitro further confirmed the preference 
cleavage site of RNase 2 in B1(U/C) and B2(A) site and also validated the tRFs related 
to RNase 2 in cellular studies.  

Interestingly, from the sequencing reads, we also found tRFs from specific 
tRNAs that were more abundant than others, although the initial-input amount of 
tRNAs was same. In particular, there were more than half reads of tRFs from 
tRNAGlnCTG (Additional file 1), which may owe to some fragment particularities, such 
as tRFs half-lifes or secondary structures, which can cause bias during library 
preparation or sequence amplification procedure 44,45. 

4. Conclusions and Future Perspectives 

We can conclude that RNase 2 can cleave tRNAs in a dose-dependent mode, 
and that the generated tRFs varied in size and specificity, showing a profile different 
from the other RNase family homologues. We have validated in vitro the selective 
tRNA cleavage by RNase 2, confirming the B1 and B2 base specificity identified in 
previous cellular studies. The cleavage selectivity of RNase 2 was also corroborated by 
several complementary methodologies through which we could identify exactly the 
cleavage target sequences in vitro, precisely matching the previous findings in THP-1 
cells. Meanwhile, it is important to identify the specific tRFs products that can mediate 
RNase 2 biological role and further unravel the structural determinants that guide 
RNase 2 cleavage selectivity in vivo.
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Figure S1. The integral gels of RNase-degrading tRNAs with different treatment. The degraded 
tRNAAspGTC by different RNases are treated with T4 PNK (without ATP), CIP and CIP + HCl 
respectively. The main product bands are indicated by red boxes. The gels were visualized under 
ultraviolet light after staining with SYBRTM Gold. 
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Figure S2. Identification of the cleavage sites of tRNA-derived fragments (tRFs) from different 

assays. A) and B) Identified tRFs from tRNAAspGTC and tRNAGlnCTG/TTG by cP-RNA-Seq in 
previous study using THP-1 cells 21. C) and D) Identified tRFs from tRNAAspGTC and tRNAGlnCTG 
by NGS in current study. The possible cleavage sites were based on the 3′-terminal positions of the 
five prime fragments (blue arrows) and the 5′ terminal positions of three prime fragments (green 
arrows).  
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Table S1. Primers and sequences used for PCR of IVT 

 Sequence (single strand 5’-3’) Primer (+) Primer (-) 

tRNALysTTT 
AATATAATACGACTCACTATAGGGCGGATAGCT
CAGTCGGTAGAGCATCAGACTTTTAATCTGAGG

GTCCAGGGTTCAAGTCCCTGTTCGCCCG 

 AATATAATACG
ACTCACTATAGG

GCGGATAGC 

CGGGCGAACA
GGGACTTGAA 

tRNALysCTT 
AATATAATACGACTCACTATAGGGCGGCTAGCT
CAGTCGGTAGAGCATGGGACTCTTAATCTCAGG

GTCGTGGGTTCGAGCCCCACGTTGCCCGCCA 

AATATAATACG
ACTCACTATAGG

GCGGC 

TGGCGGGCAA
CGTGGG 

tRNAMetCAT 
AATATAATACGACTCACTATAGGGCTCTTAGTGC
AGCTGGCAGCGCGTCAGTTTCATAATCTGAAGGT

CGTGAGTTCGATCCTCACACGGCCCACC 

AATATAATACG
ACTCACTATAGG
GCTCTTAGTGC 

GGTGGGCCGT
GTGAGGATCG 

tRNAAspGTC 
AATATAATACGACTCACTATAGGGTCATCAGTAT
AGTGGTGAGTATCCCCGCCTGTCACGCGGGAGA

CTGGGGTTCGATTCCCTGAGGACCCGCCA 

AATATAATACG
ACTCACTATAGG

GTCATCAG  

TGGCGGGTCC
TCAGGGA 

tRNAGlnCTG 
AATATAATACGACTCACTATAGGGTCCATGGTGT
AATGGTGAGCACTCTGGACTCTGAATCCAGCGA

TCCGAGTTCGAGTCTCGGTGGACCCTCCA 

AATATAATACG
ACTCACTATAGG

GTCCA 

TGGAGGGTCC
ACCGAGACT 

 

Table S2. DNA/RNA hairpins 

 Sequence (single strand 5’-3’) 
UC hybrid [dC] [dC] [dC] [dG] [dC] [dC] [dT] [dG] UC [dA] [dC] [dG] [dC] [dG] [dG] [dG] 
UG hybrid [dC] [dC] [dC] [dG] [dC] [dC] [dT] [dG] UG [dA] [dC] [dG] [dC] [dG] [dG] [dG] 
UA hybrid [dC] [dC] [dC] [dG] [dC] [dC] [dT] [dG] UA [dA] [dC] [dG] [dC] [dG] [dG] [dG] 
CA hybrid [dC] [dC] [dC] [dG] [dC] [dC] [dT] [dG] CA [dA] [dC] [dG] [dC] [dG] [dG] [dG] 
GA hybrid [dC] [dC] [dC] [dG] [dC] [dC] [dT] [dG] GA [dA] [dC] [dG] [dC] [dG] [dG] [dG] 
AU hybrid [dC] [dC] [dC] [dG] [dC] [dC] [dT] [dG] AU [dA] [dC] [dG] [dC] [dG] [dG] [dG] 

 

Table S3. Predominant identified sequences corresponding to amplified 

fragments of tRNAs after reverse transcription and NGS sequencing 

 Identified sequences (5’-3’) Size (bp) 

tRNALysTTT 
GGGCGGATAGCTCAGTCGGTAGAGCATCAGACTTTT 36 
AAGTCCCTGTTCGCCCG 17 

tRNALysCTT 
GGGCGGCTAGCTCAGTCGGTAGAGCATGGGACTCTT 36 
AGGGTCGTGGGTTCGAGCCCCACGTTGCCCGCCA 34 
AGCTCAGTCGGT 12 

tRNAMetCAT 

AGTGCAGCTGGCAGCGCGTCAGTTTCATAATCTGAAGGTCGTG
AGTTCGATCCTC 55 

AATCTGAAGGTCGTGAGTTCGATCCTC 27 
AGCTGGCAGCGCGTCAGTTTC 21 

tRNAAspGTC ACGCGGGAGACTGGGGTTCGATTCCCTGAGGACCCGCCA 39 

tRNAGlnCTG 

AATGGTGAGCACTCTGGACTCTGAATCCAGCGATCCGAGTTCG
AGTCTCGGTGGACCCTCC 61 

GGTGAGCACTCTGGACTCTGAATCCAGCGATCCGAGTTCGAGT
CTCGGTGGACCCTC 57 

GAGCACTCTGGACTCTGAATCCAGCGATCCGAGTTCGAGTCTC
GGTGGACCCTC 54 

ACTCTGGACTCTGAATCCAGCGATCCGAGTTCGAGTCTCGGTG
GACCCTC 50 

AATGGTGAGCACTCTGGACTCTGAATCCAGCGATCCGAGTTC 42 
GGTGAGCACTCTGGACTCTGAATCCAGCGATCCGAGTTC 39 
GAGCACTCTGGACTCTGAATCCAGCGATCCGAGTTC 36 
GAGCACTCTGGACTCTGAATCC 22 

 

239



 

 

 

240



 

Department of Biochemistry and Molecular Biology, Faculty of Biosciences, Universitat Autònoma de  
Barcelona (UAB), Cerdanyola del Vallès, 08193 Bellaterra, Spain 
*Correspondence: Ester.Boix@uab.cat

 

241



 

242



243



 

244



245



246



247



 

248



249



250



251



252



253



254



255



256



257



258



                           

 
 

 

 

 

 

4. Discussion and Future Perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

259



 

 
 

 

260



Discussion and Future Perspectives                            

 
 

The developments and applications of HDPs either on antimicrobial activities or 
immunomodulatory abilities have been widely reported in recent years. For example, LL-
37, a human antimicrobial peptide which belongs to the cathelicidin family, shows 
antimicrobial activity against broad-spectrum bacteria, even to resistant strains. 
Nowadays LL-37 is under clinical trials with well tolerated response 153.  

RNase A superfamily has eight representative members in humans (called 
canonical RNases) with various biological activities and broad tissue distribution, as 
described previously. These RNases have high sequence and structural identity, sharing 
several biological properties, although each member has its own particularities depending 
on the biological processes they are involved. Thus, the simultaneous research around 
single or multiple RNases is of great significance to discover the important breaking point 
for the biological characteristics and their potential applications in the field of biology. 
Our laboratory has been devoted to the biological research of RNases for many years and 
based on the attractive properties of RNases that are constantly being discovered, a further 
effort has been applied to explore their practical applications.  

The work presented here is mainly based on two eosinophil derived RNases within 
the human RNase A superfamily: ECP and EDN, one of which (ECP) has the highest 
antibacterial activity in this family and the other of which (EDN) displays selective 
antiviral activity 25 . Overall, this thesis is a continuation of our lab's extensive basic 
research, which mainly focuses on the up-to-date and potential application of RNases in 
the anti-infective and immunomodulatory field. As we have already included specific 
discussions in each research paper or manuscript in preparation within each chapter, this 
final discussion provides a more general overview to avoid repetitions. 

4.1. RNase 3/ECP-derived peptides: Promising candidates to 

fight bacterial infection and LPS-induced sepsis 

Both in vitro and in vivo studies are key steps in a new drug development. In vitro 

studies, usually first performed, refer to research done externally of the infected host 
living organism. These experiments can study multiple drugs at the same time and directly 
detect drug activity and toxicity. However, the lack of biodynamics (how drugs are 
absorbed, distributed, metabolized and excreted in the body) is one of the major 
drawbacks of in vitro studies. Therefore, in vivo experiments start to play its crucial role 
when a drug exhibits a good therapeutic index in vitro and thereby in-depth studies are 
necessary. Murine infection models are the commonest ones used to do the preclinical 
study of AMPs in vivo.  

To give some context related to our presented results, some bacteria-infected mice 
treated with AMPs through intraperitoneal route in the recent five years are summarized 
in Table 2, which represents a valuable information related to our presented results.  
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Firstly, most of the HDP-derived AMPs used in preclinical studies were optimized 
either through truncating the original sequences to obtain the hydrophobic and cationic 
rich domains 156,165 or by replacing some amino acids with the cationic lysine or arginine 
as well as the hydrophobic tryptophan 154,157,161. There are also sequences where some or 
all of the amino acids are replaced by non-coding amino acids, such as D-amino acids, to 
increase their serum stability 169,170.  Likewise, our designed  ECP-derived peptides, as 
already discussed in Chapter 1, followed the same criteria 175. The initial peptide (ECPep-
L), which inherited most of the antimicrobial activity of the parental protein, was 
optimized based on the N-terminus of ECP and contains six arginine residues. To further 
increase the biostability for in vivo studies, the amino acids in ECPep-L were either all 
replaced with the D enantiomers (ECPep-D) or partially replaced with D together with all 
arginine to ornithine substitutions (ECP-2D-Orn). 

 Secondly, systemic infection models (bacteremia or sepsis) are widely used to 
evaluate the therapy effect of newly developed antimicrobials in mouse due to its easy 
accessibility and low price 176. Also, E. coli, P. aeruginosa and A. baumannii are the top 
three Gram-negative bacteria injected intraperitoneally to induce this model for the AMP 
treatment (Table 2). From the promising results obtained after our in vitro experiments, 
two new selected ECP peptide analogues (ECPep-D and ECP-2D-Orn) had the same or 
higher antimicrobial activity and LPS binding abilities, although the all-D version showed 
higher cytotoxicity compared with the original L-version. Considering the high 
antibacterial activity of both against A. baumannii, we decided to use A. baumannii to 
induce the murine systemic infection model to check the performance of the ECP-derived 
peptides. BALB/c mice, wildly used for infectious disease research, were selected. The 
bacterial inoculum was fixed at 108 CFU/kg after dose adjustments. 

Thirdly, the maximum tolerance dose was 20mg/kg for ECPep-D and 25mg/kg 
for ECP-2D-Orn and the toxicity test indicated that repeated doses would cause severe 
side effects. In Table 2, the AMP’s dose ranges widely. For more than half of the listed 
AMPs, there is no data reporting their toxicities in vivo, which impedes them going to 
clinical trials. Our data also has shown that the toxicity dose of the ECP-derived peptides 
was within the normal range of that of AMPs injected intraperitoneally. On the other hand, 
except for some cases which were challenged against Gram-positive bacteria or very rare 
cases against E.coli, the survival rates of infected mice after AMP treatment were 
improved, although not reaching 100%. The average survival rate was around 70% and 
most doses ranged around 10 mg/kg, similar as obtained for the ECPep-D peptide. 

Finally, it is well-known that the LPS-binding ability is one of the main 
mechanisms of AMPs to fight Gram-negative bacteria. AMPs can block the bacterial 
ligands for PRRs such as Toll-like receptors (TLRs) 155,177. When the PRRs such as TLR4 
are activated by LPS, it will trigger an inflammatory response in vivo (Figure 10) 158. Thus, 
the levels of key pro-inflammatory factors are used as a criterion to evaluate the 
therapeutic efficacy of AMPs in vivo. As can be seen in Table 2, the AMPs that increase 
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the mice survival rate would lower the level of TNF-α and pro-inflammatory interleukins, 
thereby avoiding the sepsis. Like other AMPs, both ECP-derived peptides can decrease 
TNF-α levels in serum, and this property is associated to their high LPS-binding ability. 

Overall, it is clear that the in vivo studies of ECP-derived peptides showed results 
consistent with other reported AMPs, indicating that the ECPep-D is a promising 
candidate for fighting against bacterial infection. The work presented here is the first in 

vivo study of ECP-derived peptides. More work should be done to further improve the 
biostability and lower the toxicity while preserving their biological activities. In addition, 
apart from continuing to optimize the sequence through non-coding amino acid 
substitutions to improve the biological activity and reduce the potential cytotoxicity, 
novel delivery systems are worth being considered to enhance the bioavailability 178. 
Besides, combining the application of AMPs with antibiotics is another strategy to both 
improve the efficacy of traditional antibiotics and reduce the dose of antimicrobial 
peptides, which would also help to delay the development of antibiotic resistance. Chapter 
2 has reviewed the current HDPs which presented synergy with traditional antibiotics and 
some of the combinations had been used in murine models, resulting in better efficacy 
than the single HDP applied. 

4.2. RNase 3/1 shows synergy with colistin: A new concept to 

fight bacterial resistance and its challenges 

Having overcome the so-called golden period of antibiotics, we are now entering 
the post-antibiotic era. Bacterial antimicrobial resistance (AMR) has been identified 
throughout the world. Institutions estimate that AMR will threaten 10 million lives every 
year by 2050, which is not widely recognized but is fair enough to alarm humans 179. 
Therefore, it is urgent to find new anti-infection methods to fight against AMR 
mechanisms that have already been developed or might appear in the future. 

AMPs are appearing as promising candidates to fight AMR due to their general 
mechanism of action. As summarized in Chapter 2, it is demonstrated that the synergistic 
mechanisms between AMPs and antibiotics mainly depend on the membrane disruption 
ability of AMPs, which would in turn facilitate that the antibiotics reach their targets. 
However, the AMR to AMPs or even co-administration of AMPs and antibiotics is 
gradually emerging. For example, resistance to colistin has been developed. Colistin is a 
short peptide regarded as the last resort to fight against MDR bacteria and used as a 
positive control in our in vivo study. The mechanism of colistin on Gram-negative 
bacteria is based on the interaction between positive (colistin) and negative (LOS) 
charged groups and thereby weakening of the interactions between divalent cation (Mg2+ 
and Ca2+) and LPS, which eventually disrupts the integrity of bacterial outer membranes 
180. So, the resistance mechanism of A. baumannii to colistin is mainly due to the 
reduction of negative charges on bacterial envelope by modification of LOS (Annex Ⅱ).  
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As in Annex Ⅱ,  it is clear that the reported factors associated with A. baumannii 
resistance to colistin rely on the changes of cell membrane composition and structure 
controlled by the expression of related genes. Although these major genes and associated 
proteins are revealed at the molecular biological level, their specific signal transmission 
and regulatory factors are still in an early stage of research. Besides, it is being gradually 
discovered the key role of the regulatory sRNA in bacterial resistance 181.  

Considering this background, RNase A superfamily members appear as promising 
candidates. RNase 1 is the member with highest catalytic activity in the family, which 
can cleave a variety of RNA substrates, such as double-stranded RNA (dsRNA), poly(A) 
or DNA/RNA hybrids 9 and RNase 3 has a good antibacterial and LPS-binding activity 
but low catalytic activity. On the other hand, their common three-dimensional structures 
and key amino acids allow the combination of these two proteins in a unique construct, 
offering the opportunity to explore whether an increase in ribonuclease activity could 
reduce the horizontal exchange of bacterial RNAs.  

Therefore, a RNase 3/1 chimera that keeps most of RNase 1 and RNase 3 
properties was designed (Figure 12). Moreover, it was recently confirmed by X-ray 
crystallography that the hybrid protein adopted an equivalent 3D fold 182.  

 
Figure 12.  Design of RNase 3/1 and its biological activities. The structures of RNase 1 (PDB: 2K11), 
RNase 3 (PDB: 1QMT) and RNase 3/1 (PDB: 6YMT) are shown with RNase 1 skeleton in blue, 
RNase 3 antimicrobial regions in green, catalytic sites (His15, Lys44, His122) in red.  

Considering the weak antibacterial activity (MIC >20 μM) of the protein 
compared with other small antibiotics or even ECP derived peptides (MIC ≈10 μM), we 
decided to test whether this exogenous antibacterial agent which also has moderate 
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ribonuclease activity could assist to reduce bacterial virulence and improve susceptibility 
to antibiotics. Interestingly, RNase 3/1 showed good synergy with colistin. It not only 
enhanced colistin sensitivity but also slowed down the acquisition of A. baumannii 
resistance in a 14-day colistin exposure assay. We therefore speculated that the inhibition 
of bacterial resistance acquisition by RNase 3/1 may be attributed to its dual activities on 
membrane disruption and RNA degradation.  

Further research was performed to test this hypothesis. A RNase 3/1-
H15A/H122A double mutant was designed that has similar antibacterial activity as the 
original RNase 3/1 but almost no enzymatic activity. By applying the same colistin 
exposure assay, we can see that the non-catalytic mutant cannot prevent bacterial 
resistance to colistin, inducing instead a slight increase of the MIC against colistin after 
few days of exposure (see summarized data in Figure 13). Following several culture 
passages, we observed a significant increase of the MIC tested for colistin alone in 
comparison with colistin supplemented with RNase 3/1, thereby confirming that the 
ribonuclease activity of RNase 3/1 acts as a key factor in preventing resistance 
development of A. baumannii to colistin.  

 
Figure 13. Full combined data from both bacterial resistance assays. A) Overall trend of 

calculated MIC for different treatment groups. In comparison with colistin alone and colistin + 
RNase 3/1-H15A/H122A, the increase of MIC for bacteria exposed to colistin + RNase 3/1 
combination was slower. B) Detail of MIC for different treatment groups with statistical analysis. 
Mann-Whitney tests have been used to test the difference between treatment groups. * indicates that 
the p-value is < 0.05 and ** is < 0.01. Error bars show the standard error of the mean.  

Next, we wanted to explore whether RNase 3/1 would also have a good 
performance in combination with other group of antibiotics. Unfortunately, for the other 
tested antibiotics, RNase 3/1 could not delay the bacterial growth (Table 3) by the 
comparation of growth curves of A. baumannii exposed to antibiotic alone or to the 
antibiotic-RNase 3/1 combination. Thus, the synergistic mechanism of RNase 3/1 with 
colistin would also rely on the strong disruptive ability on membranes of colistin which 
would in turn facilitate the RNase 3/1 access to intracellular content. In contrast, the 
mechanism of any of the other antibiotics we tested is not based on the bacterial cell wall 
disruption.  
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Table 3. The current results of bacterial exposure assay 

Treatment 

Combination 

Mechanism of Antibiotic 

used 

Exposure 

Days 
Medium 

Slowdown of bacterial 

growth rate ? 

Colistin  
+ RNase 3/1 

Disrupting the integrity of 
bacterial outer membranes 11 MHB Yes 

Tobramycin 
+ RNase 3/1 Binding to the A site on 

the bacterial 30S and 50S 
ribosome 

9 MHB No 

Tobramycin 
+ RNase 3/1 5 MHB  

+ EDTA Yes 

Tigecycline 
+ RNase 3/1 

Binding to the 30S 
ribosomal subunit 9 MHB No 

Imipenem 
+ RNase 3/1 

Inhibition of cell wall 
synthesis  9 MHB No 

Moxifloxacin  
+ RNase 3/1 

Blocking of bacterial 
DNA replication 9 MHB No 

ECPep-D  
+ RNase 3/1* 

Disturbance of the 
membrane permeability 5 MHB Yes 

* See Annex Ⅲ 

To confirm if the effect of colistin and RNase 3/1 is due to the permeabilization 
of the membranes, we supplemented the bacterial media (Mueller Hinton Broth, MHB) 
with EDTA, a chelating agent that has been reported to permeabilize the membranes. 
Within the first four days, the growth of A. baumannii was significantly reduced when 
treated with tobramycin plus RNase 3/1 in a dose-dependent mode when the media was 
supplemented with EDTA (Table 3). Besides, a small trial of A. baumannii bacterial 
exposure assay between ECPep-D and RNase 3/1 showed that the combination of ECPep-
D and RNase 3/1 did not result in a MIC increase compared with ECPep-D alone treated 
cells within a five-day exposure time (Annex Ⅲ). As demonstrated in Chapter 1, ECPep-
D showed a stronger LPS-binding ability than colistin.  

Overall, we deduced that an antibacterial agent with high cell-wall disruption 
activity such as colistin, ECPep-D and even EDTA is necessary for the synergistic RNase 
3/1 activity, which would enable RNase 3/1 to reach its RNA substrate. Currently, we 
designed two new versions of RNase 3/1 to improve its bacterial membrane disruption 
and retain the high catalytic activity 183. Besides, nanocarriers would also be good 
candidates to facilitate intracellular targeting 184. It would also be worth comparing the 
expression of representative genes (Annex Ⅱ) related to colistin resistance in different 
bacteria groups exposed to either RNase 3/1 or the catalytically inactive mutant, which 
will help us to find out whether the catalytic activity of RNase 3/1 has some effect on the 
level of gene expression. We also plan to compare the small ncRNA population profile 
in both treated samples to identify potential changes that might alter the bacterial 
community cohesion system. 

4.3. Selective cleavage of RNase 2/EDN on tRNA: A potential 

mechanism related to its antiviral activity 

The core roles of ncRNAs in antiviral research have emerged recently together 
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with their role in the bacterial community regulation mentioned above. The ncRNAs can 
be derived from the virus or the host and may act as a double-edged sword, which either 
promotes virus survival or protects the host from viral infection.  

tRFs, a new type of small ncRNAs produced by the cleavage of tRNA or pre-
tRNA, have been related to the virus-host interplay when there is a viral infection such as 
RSV infection 185. It is demonstrated that tRFs induced by RSV play an important role in 
viral replication 79,149,150,186. It is reported that tRF5-GluCTC, tRF5-GlyGCC, and tRF5-
LysCTT derived from RSV infection are attributed to RNase 5 activity 149,186. The produced 
tRF5-GluCTC can facilitate the formation of the polymerase complex of RSV. Although 
RNase 5 is considered for many years as the unique stress-activated RNase that cleaved 
the anticodon loop of tRNA 187,188, during the last years there have been increasing 
evidences that RNase 5 is not the only RNase to generate tRFs 64. Although various tRFs 
were identified, the RNase responsible for the generated tRFs was not easily assigned. 
Except for various tRFs found in cancers, the other representative ones related to infection 
or to a general stress-response have been summarized in Table 4. We also indicate the 
identified RNase in each studied condition. 

Table 4. tRFs produced by various RNases in disease 

RNases Sources Produced tRF* Disease or regulation 

RNase 5 
149,186,189 Human 

 tRF5-GluCTC 
 tRF5-GlyCCC/GCC 
 tRF5-LysCTT 

RSV infection 

 5’-tiRNA-Ala SG formation 

RNase 1 65 Human  5’half-tRNA-GlyGCC 
 3’half-tRNA-AspGTC  

RNase 2 190 Human  3’-tRNA -MetCAT(n) RSV infection 

ELAC2 191 Human, long-form of 
RNase Z  tRF5-GlnCTG RSV infection 

RNase T2 192 Human  tRNAArg-derived fragments Protein arginylation 

Rny1p 193 Yeast, a member of 
the RNaseT2 family 

 5’- tRNA-HisGTG 
 3’- tRNA-MetCAT  

* See tRNA derived fragment nomenclature in Figure 11 

Some RNases from either human or other species are found to have antiviral 
activity, as reviewed in Chapter 5. From the revision work we can suggest that the 
antiviral mechanism of RNases mostly depends on their direct cleavage of RNA and the 
activation of immune response by RNase-produced small ncRNAs 25.  

RNase 2 is the main human RNase reported to target virus including RSV 194. 
Interestingly, while the ribonuclease activity of RNase 2 is considered the key factor for 
its antiviral activity against RSV, other RNases like the highly catalytically efficient one, 
RNase A, do not present anti-RSV activity, indicating that there are some other essential 
factors of RNase 2 antiviral properties 195. RNase 2 is also found to cooperate with RNase 
T2, another human RNase from other protein family with a distinct base specificity. Both 
RNases can be located at the endolysosomal compartment and cooperatively release short 
oligonucleotides rich in uridines from pathogen RNAs, promoting the sensing of PRRs 
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by TLR8 activation 101. Therefore, it is worth continuing exploring the role of RNase 2 in 
immune response when the pathogen invades the host. 

Focusing on this issue, after the THP1-induced macrophages exposition to RSV, 
we observed the overexpression of RNase 2. Moreover, we detected a heavier RSV 
burden at both extra- and intracellular levels in the RNase 2 knock-out macrophage in 
comparison with the wild type, confirming the key role of RNase 2 in the antiviral 
immune response. Afterwards, we sought to compare whether there were differences in 
the ncRNA population in both non-infected and RSV-exposed macrophages by cP-RNA-
Seq and tRFs array screening. The results emphasize that some tRFs were found to be 
related to the RNase 2 presence in macrophages. According to the terminal end of the 
identified tRFs, we determined the tRNA cleavage base preference in B1 and B2 sites of 
RNase 2. We have first demonstrated in macrophage cells that RNase 2 cleaved 
predominantly at the anticodon and D-loop of tRNAs at U/C (B1) and A (B2) 190. The 
result is consistent with the largely known specificity of RNase A superfamily that the 
B1 subsite is pyrimidine-specific while the B2 subsite prefers purines 60,61.  

Next, we synthesized in vitro five representative tRNA sequences (tRNA-AspGTC 
and tRNA-GlnCTG from cP-RNA-Seq, tRNA-LysTTT, tRNA-LysCTT and tRNA-MetCAT 

from array screening) to explore whether recombinant RNase 2 could cleave selectively 
these tRNAs. RNase 3/4/5 were analyzed for comparison purposes. Our results indicated 
that all tested RNases can cleave tRNAs in a dose-dependent mode, although the 
generated tRFs varied in size and specificity depending on the RNase used. We also tested 
single mutants of tRNA-AspGTC and tRNA-LysTTT as well as tRNA-AspGTC - based 
DNA/RNA hairpins, where some positions of the DNA scaffold were substituted by 
ribonucleosides, to confirm RNase 2 base preference. Subsequently, next-generation 
sequencing (NGS) was used to further confirm the cleavage site. Our results not only 
prove the selective cleavage of RNase 2 but also corroborate our previous findings in 
THP-1 cells, where RNase 2 cleaved tRNA at U/C (B1) and A (B2)  190. 

Overall, we discover that RNase 2, like RNase 1 and RNase 5, is able to 
selectively cleave tRNA. We also identify for the first time the base preferences of RNase 
2 on tRNAs both ex vivo and in vitro. However, the role of these generated tRFs in disease 
also deserves further study. 
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5.1. The efficacy of RNase 3/ECP-derived peptides in vivo 

1. Both ECP-derived peptides (ECPep-D and ECP-2D-Orn) showed similar 
antibacterial and LPS-binding activities as the original ECP N-Terminal peptide 
(ECPep-L). 

2. The in vivo toxicity dose of ECPep-D and ECP-2D-Orn in mice through 
intraperitoneal injection was in normal range compared with other AMPs. 

3. A single administration of ECPep-D (20 mg/kg) can achieve 70% survival rate of 
mice with a lethal infection of A. baumannii. 

4. The ECP-derived peptides tested can decrease the TNF-α level in mice serum. 
5. ECP-derived peptides reduced TNF-α level in LPS-stimulated macrophages and the 

results were comparable to Aspidasept®, a peptide candidate to prevent septic shock. 

5.2. The role of RNase 3/1 against bacterial resistance 

6. RNase 3/1 partially keeps the antimicrobial activity of RNase 3/ECP as well as half 
of the catalytic activity of RNase 1. 

7. RNase 3/1 showed synergy with colistin in A. baumannii cultures. 
8. RNase 3/1 can hinder the resistance acquisition of A. baumannii to colistin.  
9. RNase 3/1 double mutant (RNase 3/1-H15A/H122A) had equivalent antimicrobial 

activity as RNase 3/1 but no significant catalytic activity. 
10. RNase 3/1-H15A/H122A cannot delay the development of resistance to colistin in A. 

baumannii, indicating that one of the mechanisms of RNase 3/1 inhibition of 
resistance is owing to the catalytic activity of RNase 3/1. 

11. RNase 3/1 did not inhibit the acquisition of resistance of A. baumannii against other 
tested antibiotics, which have mechanisms of action different from membrane 
disruption. 

12. RNase 3/1 could slightly decrease the growth rate of A. baumannii treated with 
tobramycin when the media was supplemented with 0.2 mM EDTA, a cation chelator 
that induces bacterial cell wall permeabilization. Results support the hypothesis that 
the membrane-disruptive ability of colistin is involved in the synergistic and 
inhibition of resistance mechanism between RNase3/1 and colistin. 

13. RNase 3/1 is a promising lead protein that can contribute to delay the bacteria 
resistance acquisition. 

5.3. The selective cleavage of RNase 2/EDN on tRNA 

14. RNase 2 was overexpressed in THP1-induced macrophages after exposure to RSV. 
15. RSV burden was heavier both extra- and intracellularly in the RNase 2 knock-out 

macrophage in comparison to the wild-type macrophage. 
16. A selected subpopulation of ncRNAs was identified by cP-RNA-Seq associated to 

RNase2 expression. 
17. The preferential cleavage site identified by cP-RNA-Seq was mostly located at tRNA 

anticodon loop and secondarily at the D-loop. 
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18. Many tRFs were identified in both non-infected and RSV-exposed macrophages by 
cP-RNA-Seq and tRFs array screening. 

19. RNase 2 cleavage preference on tRNAs in THP-1 cells was determined as U/C at B1 
base site and A at B2. 

20. Selective cleavage of RNase 2 was confirmed by representative tRNAs synthesized 
in vitro and the use of the recombinant protein. 
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Annex Ⅰ. Mechanism of cP-RNA sequencing methodology 

Here we include a brief description of the main steps of the cP-RNA-Seq 
methodology that allows selective sequencing of all RNAs with a 2’3’ cP end product of 
an endonuclease cleavage (Figure 14). 

 

Figure 14. Schematic diagram of cP-RNA-Seq methodology. The extracted RNAs are firstly 
purified and then, after a series of enzyme treatments, only the RNA fragments containing cP at the 3' 
end can be ligated with the adaptors by ligases. Following, the RNA with specific adaptors at both 5’ 
and 3’ ends can be reverse transcribed into DNA and amplified by PCR to be ready for NGS. The 
protocol is based on the methodology described by Honda et al. 2016 196. 
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Annex Ⅱ. Studying the resistance mechanism of A. baumannii to colistin 

Here we summarize the current reported resistance mechanism of A. baumannii 
to colistin (Figure 15).  

1) Modification of lipid A. Many studies point out that the mutations of pmrCAB 
gene cluster, a transcriptional regulatory system, induce the modification of lipid A by 
adding phosphoethanolamine (PetN), thereby leading to reduction of negative charges at 
the bacterial wall and promoting resistance to colistin 197,198, as additional PetN will block 
the interactions between LPS and colistin. There are plasmids like mobilized colistin 
resistance (Mcr) genes (Mcr-1 and Mcr-4.3) that transfer resistance genes such as PetN-
lipid A transferases between cells 199–201. An insertion sequence (IS), ISAba1, is found to 
induce the expression of eptA, another PetN transferase-encoding gene 202.  

2) Loss of LOS. The biosynthesis of LOS in A. baumannii is controlled by lpx 
gene cluster, where UDP-N-acetylglucosamine acyltransferase (LpxA), UDP-3-O-acyl-
N-acetylglucosamine deacetylase (LpxC) and UDP-3-O-acyl-glucosamine N-
acyltransferase (LpxD) are found to be related to colistin resistance. Mutations of these 
genes can decrease the production of LOS, which weaken the ability of colistin to bind to 
bacteria 29,203. Another IS (ISAba11) has also been shown to be related to the disruption 
of genes in the lpx gene cluster 204.  

3) Mla system related to glycerophospholipid transport. The roles of maintenance 
of lipid asymmetry (Mla) system on the resistance of A. baumannii to colistin are still not 
determined. Mla system is proposed to retrograde mislocalized phospholipids from the 
outer membrane to the cytoplasmic membrane, which helps to keep the asymmetry of the 
outer membrane. However,  in A. baumannii, the MlaB/C/D will be upregulated and may 
help to maintain the membrane stability in the absence of LOS 205,206.  

 
Figure 15. Physiological process and genes related to A. baumannii resistance to colistin.  A. 

Modification of lipid A. When the bacteria are exposed to colistin, the pmrA/B/C is activated and 
expresses the PetN transferase, which is also induced by eptA when ISba1 inserts before it. The PetN 
transferase catalyzes the addition of PetN to lipid A, causing LOS to have a positive charge and avoid 
recognition by colistin. B. Loss of LOS. LpxA/C/D are involved in the first steps of LOS biosynthesis. 
Faced with the pressure of colistin exposure, bacteria will reduce the expression of lpxA/C/D genes, 
resulting in loss of LOS. The inserted sequence (ISAba11) also inhibits the expression of some lpx 
genes. C. Mla-transport system. In normal bacterial cells, Mla system is to retrograde mislocalized 
phospholipids. In LOS-deficient A. baumannii cells, some mla genes will be upregulated.
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Annex Ⅲ. Small scale exposure assay between ECPep-D and RNase 3/1 

Here we include a small-scale trial of the colistin resistance assay. The 
methodology slightly differs from the one described in Chapters 3 and 4, due to the 
limited  amount of ECPep-D we had available at that time.  

• Methods 

This assay was operated in small scale (in Eppendorfs), for a small number of 
cycles and only in triplicate. Briefly, different agents were added into 1.5 mL Eppendorfs, 
which contained A. baumannii cells adjusted to 5×105 CFU/mL. The eppendorfs were 
incubated at 37℃, 100 rpm overnight. The next day, the bacterial pellets were collected 
and then a 1:100 subculture was prepared with fresh media and incubated till the bacteria 
reached an exponential growth. Then a fixed number of bacteria was exposed to the new 
concentration of the selected agents and these steps were repeated for several days until 
the assay was stopped (Figure 16). The concentration of the different agents used every 
day was indicated in Figure 17, which was determined by the bacterial growth after the 
treatment of previous day.  Every day an aliquot of strain was saved to test the MIC value 
at the end of the assay. 

 
Figure 16. Schematic diagram of the methodology for the small-scale drug resistance assay. 

Fixed number (5×105 CFU/mL) of A. baumannii were incubated overnight with corresponding agents 
in specific concentrations. Next days, aliquots of the cultures were firstly stored for later MIC 
determination and the rest of the cultures were then pelleted and sub-cultured with fresh MHB until 
they reached exponential growth. The new cultures were incubated with the new treatment at 37℃, 
100 rpm overnight. 

 

Figure 17. The dose of each agent or the selected combination for each treatment assay is 

indicated. The dose was readjusted every day by a qualitatively estimation based on the turbidity of 
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the culture through direct visual assessment. That is, if the culture was nearly transparent, the dose 
was kept and if the culture was very cloudy, indicating a high bacterial growth rate, the agent dose 
was increased. 

• Results 

Although there were only 3 replicates in this small resistance-exposure assay, we 
observed significant differences (Table 5). Firstly, in “colistin alone” group, the bacteria 
in 2 of the 3 tested groups had acquired resistance to colistin, while in ECPep-D group, 
only one of the 3 groups of bacteria showed resistance to the peptide. This result indicated 
that A. baumannii was less likely to acquire resistance to our peptide than colistin. Next, 
it can be seen that when ECPep-D is supplemented with RNase 3/1, all the three replicates 
did not present resistance to ECPep-D, demonstrating the additional role of RNase 3/1, 
which can hinder the resistance acquisition of A. baumannii.  

Table 5. MIC100 (µM) of colistin or ECPep-D on A. baumannii after several 

exposure times  

Exposure agent Colistin Negative control ECPep-D ECPep-D + RNase 3/1 Negative control 

M
IC

1
0

0
 (

µ
M

) 
a

ft
er

 s
ev

er
a

l 
ex

p
o

su
re

 t
im

es
 

Day 0 
1 1.2 1.2 2.5 2.5 2.5 
2 1.2 1.2 2.5 2.5 2.5 
3 1.2 1.2 2.5 2.5 2.5 

Day 1 
1 >12.6 1.2 5.0 2.5 2.5 
2 1.2 1.2 2.5 2.5 2.5 
3 1.2 1.2 2.5 2.5 2.5 

Day 2 
1 >12.6 1.2 10.0 2.5 2.5 
2 1.6 1.2 2.5 2.5 2.5 
3 1.6 1.2 2.5 2.5 2.5 

Day 3 
1 >12.6 1.2 > 20.0 2.5 2.5 
2 1.8 1.2 2.5 2.5 2.5 
3 1.6 1.2 2.5 2.5 2.5 

Day 4 
1 >12.6 1.2 > 20.0 2.5 2.5 
2 2.4 1.2 2.5 2.5 2.5 
3 1.6 1.2 2.5 2.5 2.5 

Day 5 
1 >12.6 1.2 > 20.0 2.5 2.5 
2 9.5 1.2 2.5 1.3 2.5 
3 1.6 1.2 2.5 1.3 2.5 

Antimicrobial 

agent used to 

test the MIC 

Colistin ECPep-D 

Preliminary results of the MIC100 evolution after 5 days of exposition. The maximum concentration tested was 12.6 µM for 
colistin and 20.0 µM for ECPep-D. 
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