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ABBREVIATIONS 
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1. ANTIMICROBIAL RESISTANCES 

 

Historically, infectious diseases have been one of the major causes of mortality. At the beginning 

of the 20th century, infectious diseases were responsible of one-third of all deaths 1. However, 

the discovery of penicillin in 1928 by Alexander Fleming and the implementation of improved 

sanitation measures relegated infectious diseases to the background. During the “golden era” 

of antibiotic discovery, where many new antibiotics were developed and introduced, it was 

typically thought that infectious diseases were completely defeated. However, with the 

emergence of multidrug-resistant bacteria, humanity is faced with the challenge of a post-

antibiotic era. Thus, although in the current century, other non-communicable diseases such as 

cancers and cardiovascular illness are the leading cause of mortality 2, it is estimated that in 2050 

untreatable bacterial infections will lead this list 3.  

 

Antimicrobial resistance (AMR) has existed for millions of years, and is an inevitable evolutionary 

consequence of microbial competition in the environment 4. Bacteria, just like any other living 

being, are able to evolve and adapt to unfavorable conditions. Therefore, as an answer to 

antibiotic usage, these prokaryotic organisms have developed mechanisms to resist the action 

of the currently-prescribed and newly-developed antibiotics. AMR occurs when microbes stop 

responding to the antagonistic effects of antibiotics, being able to survive even when they have 

been exposed to standard doses of clinically relevant antimicrobial drugs 5. When an antibiotic 

drug is used in humans or animals, whether appropriately or not, there is a little chance for the 

exposed microorganism to develop resistance. This possibility increases with the continuous 

exposure and the use of suboptimal concentrations 6, therefore, antimicrobial usage is the main 

driving force for the stabilization and persistence of AMR. 

 

Bacteria can develop resistance against antibiotics by two different mechanisms: i) vertical gene 

transfer, which consist on the accumulation of multiple mutations on existing genes which, after 

generations, may result in the creation of new resistance genes 7,8; or ii) horizontal gene transfer, 

where bacteria is able to acquire new resistance genes from environment, other species, or 

strains 9,10. Both molecular mechanisms endow bacteria with resistance genes that overpass the 

deleterious effect of antibiotics through different strategies including antibiotic modification or 

its inactivation, modifying the metabolic pathways to overcome the antimicrobial effect, 

alteration of the target site of the antibiotic, or reduction of antibiotic entry and/ or increase of 

the efflux of the antibiotic 11.  
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This AMR issue has been known for a long time. Already in 1945, Alexander Fleming, during his 

Nobel Prize speech, stated that microbes could develop resistance against antibiotics 5,12. In fact, 

there are reports describing the emergence of resistance for every new antibiotic that has been 

discovered to date 5. Additionally, as the world becomes more interconnected and global 

networks becomes smaller, the risks associated with transmission and spread of antibiotic 

resistant bacteria increases and so does the global concern about antimicrobial usage. 

Nowadays, approximately 700,000 people die every year due to complications associated to 

antibiotic resistant bacteria, and if urgent actions are not taken, it is estimated that, by 2050, 

more than 10 million people will die each year from diseases involving antibiotic resistant 

bacteria with an associated economic loss of US$ 100 trillion 13. In this context, AMR has become 

an urgent public health concern which could trigger a global catastrophe if no action is taken 

decisively to remedy the current situation.  

 

1.1.  Causes of the antibiotic resistance crisis 

 

There are different factors which play a role to the rise in the prevalence of antibiotic resistance. 

Among them we can find clinical misuse, ease of availability, significant lack of research on new 

antibiotics, and the overuse and misuse of antibiotics in animal production. 

 

Sometimes, when treating infections, the lack of a proper diagnosis method leads to an 

inadequate prescription of antibiotics. Especially on developing countries, many clinicians only 

rely on clinical signs and symptoms instead of using the recommended microbiological bacterial 

cultures and drug sensitivity tests. It has previously been reported that between 30 % to 50 % of 

cases where antibiotics have been prescribed, the choice of drug or treatment time were 

incorrect 14. Furthermore, in many countries, antibiotics are unregulated and can be easily 

accessible without a medical prescription. This contributes to self-medication, where drugs are 

frequently used to treat common colds that are mainly caused by viruses 15, or when the patient 

experiences a cough or sore throat. Even in countries where antibiotics are tightly regulated and 

are only accessible under prescription, the use of “left-over” antibiotics from previous 

prescriptions is also a contributing factor to the overconsumption of antibiotics. In this context, 

the lack of information and diagnosis criteria leads to self-medication and inappropriate 

prescription, respectively. In those cases, there is an increased and unnecessary use of 

antibiotics that may select resistant microorganisms, favoring the spread of resistance genes. 
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Besides, during the last 50 years, research intended to discover new antibiotic drugs has slowed 

down 16. Between 1980 and 1984, 19 new antibiotics were approved, however, during the same 

period of time, between 2010 and 2014, only 6 new products reached the market 1. This 

observation is more evident when looking at companies that have left the antibiotic field. Of the 

18 largest pharmaceutical companies, only 3 of them are still investing on the development of 

new antibiotics 14. This lack of interest on the development of new antimicrobial drugs has two 

primary reasons, economic and regulatory. From the economic point of view, antibiotic research 

and development is no longer considered to be an economically favorable investment for these 

pharmaceutical companies 17. In contrast to medications for chronic diseases, antibiotics are 

used for relatively short periods of time, and in most cases are curative, and this makes them 

less profitable, being the economic returns for the pharmaceutical companies relatively low 1,14. 

Often, when a new antibiotic is marketed, physicians tend to reserve it as a last resort in case 

older agents do not work, therefore, these new antibiotics are considered as “last-line” drugs to 

combat serious illnesses due to the threat of promoting drug resistance. This practice results in 

a diminished return on investment because of the reduced use 14,18. As a further complication, 

new antibiotics have to compete in the market with other existing antibiotics that are currently 

off-patent and can be supplied by manufacturers as generic drugs, being a cheaper option for 

the public 1,14. Finally, it is a matter of time before bacteria develop resistance to new antibiotics, 

a process that may occur during the clinical trials themselves, prematurely curtailing the 

profits 14. With regard to regulatory aspects, bureaucracy, differences in clinical trial 

requirements among countries, and changes in regulatory and licensing rules are some of the 

reasons that keep pharmaceutical companies away from this area of research 14.  

 

Another area that has contributed to the appearance and spread of antibiotic-resistant bacteria 

is the excessive use of antibiotics in food-producing animals. In these animals, antibiotics are not 

only used to treat bacterial infections, but also as a prophylactic measure to avoid the 

appearance of infections and in some countries as a non-therapeutical strategy to increase 

animal growth 19. Just in the United States it is estimated that around 70 % of antibiotics are sold 

to prevent infections or as growth promoters in food animals 20. During 2018, China employed 

29,774.09 tons of antibiotics for its animal husbandry, being half of this amount (53.2 %) used 

to promote animal growth 21. On the other hand, some European countries show a clear 

commitment to promote a responsible use of antibiotics in animals. During the period from 2011 

to 2017, the overall sales of veterinary antibiotics across Europe has dropped by more than 

32% 22. However, although these are the first steps, there is still much to be done.  
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In food-producing-animals, the ingestion of large amounts of antibiotics in a sustained manner, 

creates a selective pressure where only those bacteria, pathogenic or not, carrying resistance 

genes will thrive, while susceptible bacteria will perish. This worsens when low (sub-therapeutic) 

doses are used, creating the perfect environment for emergence of AMR 20. The transfer of 

resistant bacteria originated in animals can be transmitted to humans through a complex web 

on interactions including direct contact, the environment or food products (Figure 1) 23. 

 

 

 

 

There are many studies done globally that confirm this association between antibiotic use in 

animal production, the emergence of antibiotic-resistant bacterial species and their presence 

on human infections. For example, a study performed in two large swine production farms 

demonstrated that 45 % of the workers were colonized with a methicillin-resistant 

Staphylococcus aureus (MRSA) strain which was different from strains normally found in 

humans, but similar to that found in swine 24. In a different study, it was demonstrated that a 

Figure 1. Diagrammatic representation of the possible routes of transmission of AMR. Drug-resistant 
strains of animal origin can spread to humans either through direct animal contact, food supply chain, 
or environmental routes. Adapted from 5. 
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proportion of human extraintestinal expanded-spectrum cephalosporin-resistant E. coli 

infections originate from food-producing animals 25. One of the most compelling studies to date 

is Hummel's 1986 report, that tracked the spread of nourseothricin resistance. After 2 years 

using the antibiotic nourseothricin for growth promotion in pigs, a resistant E. coli plasmid was 

found not only in treated pigs, but also in the employees, their family members and in the 

infected urinary tract of an individual that lived in the same territory where nourseothricin was 

applied to pigs, but who had no direct contact to pig farms 26. These facts emphasize the leading 

role of antibiotic use in food-producing animals as a major force behind the increasing 

prevalence of antibiotic resistance. 

 

1.2.  Critically important antimicrobials for human medicine 

 

Different public organizations have classified antimicrobial drugs according to their importance 

in human medicine. The World Health Organization (WHO), classify antimicrobial drugs into 

three categories, “critically important”, “highly important” and “important” 27,28. Antimicrobials 

drugs included in this list are essential for human medicine and its use as therapeutics in food 

animals should be properly justified by the corresponding bacteriological culture and 

susceptibility tests. A fourth group, “highest-priority critically antimicrobials”, which include 

quinolones, third and fourth-generation cephalosporins, macrolides, ketolides, and 

glycopeptides should be avoided in food animal, due to its highest prioritization for human 

health 27. These lists are frequently revised and updated and depending on the different criteria, 

classification of certain antimicrobial drugs may change. For example, lincosamides, a group of 

antimicrobial drugs that has gained relevance for treating S. aureus (including MRSA from 

animals), has been moved to “highly important” from “important” 27. In summary, reducing and 

even severely limiting antimicrobial usage in food-producing animals is closely related to lower 

resistance rates, as described in many examples from the agriculture sector 29–31.  

 

1.3.  Antimicrobial usage in food-producing animals: the bovine mastitis case 

 

As we already pointed out above, antibiotics are used extensively in food-producing animals to 

prevent or combat disease and to improve animal productivity. On dairy farms, antibiotics are 

used for treatment and prevention of diseases affecting dairy cows, particularly mastitis, and 

are often administered routinely to entire herds to prevent mastitis during the non-lactating 

period. A typical lactation cycle, that commonly lasts 12 months, comprises four different stages; 
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early, mid and late lactation, and a non-lactating state, known as the dry period or dry off. This 

last period is extremely important, as it allows the involution and complete regeneration of the 

mammary gland tissue and guarantee an optimal production in the subsequent lactation 

cycle 32. Immediately after the cessation of milking, during the early stage of the dry period, the 

mammary gland continues synthesizing and accumulating milk, which causes a high internal 

pressure and results in milk leakage. While milk leakage provides an entry for bacteria inside the 

udder through the teat channel, the stagnant milk provides an environment in which bacteria 

can grow, increasing the risk for the acquisition of new environmental intramammary infections 

(IMIs). It is estimated that over 60 % of new IMIs occur at this time 33.  

 

Mastitis is defined as the persistent inflammation of the mammary gland, which in most cases 

is caused by an IMI. This is one of the costliest diseases for the dairy industry worldwide 34, and 

depending on the symptoms, mastitis can be classified as clinical or subclinical 35. Clinical mastitis 

(CM) is characterized by visible signs of an udder inflammation. On the other hand, subclinical 

mastitis (SCM) is defined as an apparently unaffected mammary gland without visible and 

palpable signs of inflammation and an unaltered milk secretion, with normal appearance, but 

reduced yield.  

 

Bacteria are the major cause of mastitis, however, its distribution vary depending on the 

country, region, and farm, and no specific bacteria can be identified as the primary cause of 

mastitis (Figure 2)  34,36.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Bacterial distribution in milk samples collected from cows with CM. The cases where no 
growth was detected may indicate the presence of SCM, where the number of microorganisms is low, 
and therefore, bellow the detection limit. The provided data are an average result from different 
studies conducted in many countries. Adapted from 36.  
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Additionally, the causative pathogen determines the severity and symptomatology of mastitis, 

being some bacteria more prone to develop a CM than SCM and vice versa. For example, 

coliform bacteria, and especially Escherichia coli, are often associated with the most severe 

progression of CM in dairy cows, while gram-positive bacteria such as S. aureus, Streptococcus 

agalactiae and the coagulase-negative Staphylococci are frequently the major agents causing 

mild CM or SCM with no obvious clinical symptoms 37.  

 

Traditionally, the main option for treatment when mastitis cases are detected is the use of 

antibiotics. The use of these antimicrobial agents in dairy cows occurs at two specific times of 

the lactation cycle. During the lactation period, when a mastitis case occurs, the intramammary 

infusion of antibiotics (local treatment) is the selected method for its treatment 38,39. As 

previously mentioned, the other time point when the use of antimicrobials is recommended is 

at the beginning of the dry off, namely on the day of drying off, which is a routine practice to 

prevent bacterial IMI during this non-lactating period. This strategy is typically referred as 

blanket antibiotic dry cow therapy (BDCT). The problem with the use of this non-selective 

strategy as a prophylactic measure to control the occurrence of mastitis is that exposes large 

numbers of healthy cows to antimicrobials, creating a selective pressure on both mastitis-

causing pathogens as well as commensal bacteria in animals’ body and farms environment. 

Previous studies have demonstrated that nearly 80 % of all antimicrobial drugs used in dairy 

animals were administered for control and prevention of mastitis worldwide 40–42.  

 

There has been a growing concern with the extensive use of antimicrobials in production 

animals, especially non-therapeutic usage such as dry cow therapy in the case of dairy 

production. For that reason, different organizations and countries have begun to implant 

restrictions to the use of antimicrobial drugs. The majority of these actions are based on the 

rational use of a specific antibiotic in the adequate situation. For example, in contrast to BDCT, 

the selective dry cow therapy (SDCT) makes a more judicious use of antimicrobial drugs, where 

administration is only recommended in those cases that will benefit from treatment. For that 

purpose, IMI at drying off need to be identified in order to correctly select cows for antimicrobial 

treatment. Switching from BDCT to SCDT highly reduce antimicrobial usage and represent an 

appropriate alternative to address the emergence of AMR. For example, some countries such as 

the Netherlands have completely adopted this alternative, while BDCT has become obsolete 43. 
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2. ALTERNATIVE THERAPEUTIC APPROACHES IN ANIMAL HEALTH 

 

The increasing concern about the emergence of resistant bacteria, mainly due to antimicrobial 

drug misuse, has increased interest in the development of new alternative solutions which could 

reduce dependence on antibiotics in both humans and animals. Although the measures 

intended to promote a “rational use” adopted so far have significantly reduced antimicrobial 

usage, and consequently slowed down the spread and appearance of antimicrobial resistant 

pathogens, in the specific case of bovine mammary gland infections, the incidence of mastitis 

has remained the same or even increased in recent years 43. For that reason, the development 

of novel strategies to tackle with antibiotic resistant pathogens including those causing mastitis 

are needed. Some of these alternatives are described below. 

 

2.1.  Vaccines 

 

Vaccination is a prophylactic measure that prevents the escalation of new infections thanks to 

acquired immunity. In this sense, vaccines work by training the immune system to recognize and 

respond to pathogenic agents by the rapid establishment of an effective immune defense. This 

strategy is indicated as a preventive treatment, and one of the main advantages of vaccines is 

that targets multiple immunogenic epitopes, hence the development of bacterial resistance is 

more complex 44. Furthermore, the use of vaccines prevents the proliferation of bacteria, which 

do not reach the necessary numbers for the appearance of resistant mutations 45. In this context, 

disease prevention by vaccination lowers antibiotic use and consequently reduces AMR 46. 

Depending on the immunizing agent, vaccines can be divided into three categories; inactivated 

vaccines, attenuated vaccines, and recombinant vaccines. This last group includes, DNA or RNA 

vaccines, subunit antigens, and vectored vaccines 5.  

 

In the specific case of the prevention of mammary gland infections, most of the bacterial 

vaccines used are designed to target S. aureus, S. agalactiae, and E. coli. For example, the 

efficacy of an experimental inactivated polyvalent vaccine containing the three strains was 

generated and evaluated in 20 pregnant cows two months prior to calving. The results showed 

that immune response was significantly higher in the vaccinated group than that of controls 47. 

Most of the commercially available vaccines against coliform bacteria consist on the E. coli J5 

strain, which has a relatively exposed J5 core antigen, present in many kinds of gram-negative 

bacteria. J5 bacterin immunization proved to be able to reduce the number of coliform mastitis 
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by 70-80 % 48. Startvac (Hipra S.A., Girona, Spain) is another available commercial vaccine that 

specifically targets S. aureus, however, different studies have reported contradictory results 

regarding its efficacy 49,50. The multi-etiological nature of bovine mastitis may be responsible of 

the inefficacy observed in some cases during vaccine treatments, for that reason, the limited 

range of protection is a problem that needs to be addressed in future developments. Nowadays, 

vaccination alone is not effective preventing mastitis in dairy herds with high mastitis rates, and 

should be combined with other infection control measures (excellent milking hygiene, 

treatment of clinical cases, segregation, and the slaughter of infected cows diagnosed with the 

disease) 51. 

 

2.2.  Probiotics 

 

Probiotics are live microorganisms that are intended to have health benefits when consumed or 

applied to the body in adequate amounts. Candidate probiotics typically used in humans and 

livestock include; Lactobacillus sp., Bacillus sp., Enterococcus sp., Bifidobacterium sp., 

Lactococcus sp., Pediococcus sp., Streptococcus sp., Propionibacterium sp., Saccharomyces sp., 

and Aspergillus sp. 5. The basis of its efficacy relies on the establishment of a microbial 

population that hinders the invasion or overproduction of pathogens that lead to a diseased 

condition of the host organism 52. Probiotic microorganisms mainly inhibit the growth of other 

pathogenic bacteria by competing for nutrients or adhesion space (competitive exclusion), 

releasing antimicrobial compounds (short chain fatty acids, hydrogen peroxide, nitric oxide, and 

bacteriocins) and stimulating the host immune system 53. All these properties enhance the ability 

of probiotics to avoid or eradicate the establishment of pathogenic microorganism at the 

mucosal site. For example, an engineered probiotic strain of E. coli able to release a specific 

bacteriocin that selectively target P. aeruginosa showed a remarkable prophylactic and 

therapeutic activity against this pathogenic bacterium in two gut-infected animal models 54. 

  

The infusion of probiotics into the mammary gland has raised as a potential alternative in the 

prevention and treatment of bovine mastitis, especially during the dry off period 55. Pellegrino 

et al. evaluated the immunoglobulin isotype levels in blood and milk of animals inoculated at 

drying off with two lactic acid bacteria (LAB) Lactobacillus lactis subsp. lactis CRL1655 and 

Lactobacillus perolens CRL1724. The amount of IgG increased in blood and milk, and these 

antibodies were able to recognize S. aureus epitopes 56. In a later study, the in vitro bactericidal 

activity of bovine blood and milk of cows inoculated intramammarily with two LAB was 



INTRODUCTION 

20 
 

evaluated against different mastitis pathogens (E. coli, S. uberis, S. aureus, and S. haemolyticus). 

The results indicated that milk serum inhibited the growth of all tested pathogens, while blood 

serum only affected E. coli and S. uberis 57. The establishment of biofilms during IMIs is a trait 

that has been related to chronic and recurring cases of mastitis. In a recent study, the ability of 

different LAB to remove and to replace pathogenic biofilms in vitro was evaluated. Among all of 

them, only Lactobacillus (L.) rhamnosus ATCC 7469 and L. plantarum 2/37 formed biofilms of 

their own to replace the pathogenic ones 58.  

 

In contrast to antibiotic therapy, probiotic treatment does not develop drug resistance and do 

not destroy the normal microbiota, diminishing the chances or reinfection 53. However, microbes 

used as probiotics are not exempted from the natural processes governing antibiotic resistance, 

and in some cases, the presence of mobile genetic element carrying antibiotic resistance genes 

have been reported 59,60. These studies highlight the threat of probiotics for the spread of 

antibiotic resistance genes. Thus, this strategy seems more suitable for preventive or 

complementary use than for the exclusive treatment of infectious animal diseases. 

 

2.3.  Phytocompounds 

 

Plant-derived substances include a wide variety of structurally different compounds (alkaloids, 

terpenoids, essential oils, lectins, tannins, steroids, coumarins and flavonoids) that have the 

potential to be used as an alternative or complement to antibiotics. The mechanisms by which 

these metabolites interfere with bacteria are diverse and include: alterations in bacterial cell 

wall and cell membrane, increase in cell permeability and leakage of cell constituents, inhibition 

of protein and DNA synthesis, intracytoplasmic damage, DNA damage and inhibition of quorum 

sensing 61. These natural compounds have been considered as an alternative to antibiotics in 

controlling mastitis causing pathogens due to their low toxicity and the advantage of not 

inducing resistance after prolonged exposure 55,62. There are several studies in the literature 

describing the in vitro effect of this plant derivatives. Santana et al. evaluated the efficacy of 

ethanolic extracts of propolis against S. aureus cultivated in complex media or milk. Propolis 

extracts showed bactericidal effects against S. aureus in complex media, however, milk 

constituents decreased the inhibitory activity 63. In a similar study, the antibacterial activity of 

ethyl acetate extract of plant Terminalia chebula was evaluated against four different isolates 

from milk samples of cows with subclinical mastitis. Ethyl acetate extract showed antimicrobial 

activity with varying magnitudes against all identified isolates, being the 500 μg/mL 
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concentration as effective as amoxicillin treatment (100 μg/mL) 64. Similar results are obtained 

when it comes to essential oils, for example, citrus-derived oil completely eliminated S. aureus 

in a dose- and time-dependent manner and significantly inhibited its invasion in bovine 

mammary cells in vitro 65. Cinnamon cassia oil also showed inhibitory activity against different 

pathogens isolated from bovine mastitis in vitro 66. In the light of the above, there is growing 

interest in adopting plant-based compounds as therapeutics. However, most of the results are 

based on in vitro studies and further investigation involving in vivo experiments is required for 

further validation of these results. One example of application of plant derivatives in vivo was 

presented by Abboud et al. where the intramammary application of 10 % solution of Thymus 

vulgaris and Lavandula angustifolia essential oils caused a drastic decrease in the bacterial 

colony counts in the different milk samples after four consecutive days of treatment 67. 

 

2.4.  Bacteriophages 

 

Bacteriophages are viruses that specifically infect and kill bacteria through cell lysis and are 

harmless to humans, animals, and plants. For that reason, bacteriophage therapy has been 

considered as a valuable antimicrobial alternative with the potential to reduce antibiotic usage. 

The phage life-cycle can be lytic or lysogenic. In the lytic cycle, after infection, the phage 

replicates and lyses the host cell, while in the lysogenic cycle, phage DNA is incorporated into 

the host genome (quiescent mode). Due to the mode of action, lytic phages are preferred for 

therapeutic application, because temperate phages doing a lysogenic cycle increase the 

possibility of transfer of virulence or antibiotic resistance traits to the host bacterium 5.  

 

These bactericidal entities have been employed for 90 years in the treatment of bacterial 

infections in humans and livestock 68. Bacteriophages were used as a means of treating bacterial 

infections in livestock before antibiotics were employed for the same purpose 69. In fact, some 

Eastern European countries, such us Poland, have continued to investigate and use phage 

therapy to treat infectious diseases, generating valuable practical experience 70. Nowadays, 

phage therapy has received again research attention due to the debilitated state of the antibiotic 

arsenal. In this context, different studies have reported promising results in the field of control 

and treatment of bovine mastitis. Hamza et al. demonstrated the lytic activity against S. aureus 

isolates of the SA phage, isolated from sewage water 71. Iwano et al. using a mouse mastitis 

model, demonstrated that phage ΦSA012 reduced proliferation of S. aureus and inflammation 

in the mammary gland 72. In a similar study, da Silva Duarte et al. evaluated the activity of the 



INTRODUCTION 

22 
 

T4virus vB_EcoM-UFV13 in an experimental E. coli-induced mastitis mouse model. The 

intramammary administration (multiplicity of infection; MOI 10) resulted in a 10-fold reduction 

in bacterial loads 73. Despite all these studies, the success of phage therapy presents several 

limitations. Bacteria may acquire resistance to phages 74 and also induce an immune response 68. 

Furthermore, some phages are unable to replicate in raw milk or even degraded/inactivated by 

the immune system 75. For example, phage K, an anti-Staphylococcus phage, is inhibited by 

natural milk and udder secretions 76. On the other hand, raw milk does not appear to hinder 

replication of E. coli phages, being this disadvantage limited to staphylococcal phages 77. Another 

limitation is the strict host strain specificity, lytic phages are target specific and targets a narrow 

group of bacteria, often being strain specific. This situation is often proposed as a solution to 

prevent dysbiosis, normally associated with antibiotics. However, the complex multi-etiological 

nature of mastitis would require broad spectra solutions, which in this case would imply the use 

of multiple phages (bacteriophage cocktails) 78. 

 

2.5.  Endolysins 

 

Endolysins, also known as enzybiotics, are specialized phage enzymes generated at the end of 

the lytic cycle with the aim of facilitating the release of new virions. These mureolytic enzymes 

target peptidoglycan and lyse cells from within, however they can also lyse bacteria upon 

exogenous application 79. Depending on the mechanism of action, endolysins can be classified 

in different groups: amidases, endopeptidases, glucosidases, and transglycosylases 80. In 

contrast to phages, no bacterial resistance against these enzymes has so far been reported, 

which is one of their main advantages 81. Unlike chemical antibiotics, and as phages, phage lysins 

are selective and have a limited spectrum of action being only active against certain bacterial 

species or genus. This can be an advantage, since commensal flora is not affected, but also limits 

the applicability in cases where more than one bacterial specie is involved 82. Furthermore, upon 

external application, lysins only affect gram-positive bacteria since these bacterial cells have no 

external membrane. In gram-negative bacteria, the outer membrane impedes endolysins to 

reach the inner peptidoglycan layer in the periplasmic space 83. In this context, different 

approaches have intended to increase the membrane permeability to lysins 84, by combination 

with membrane destabilizing agents or by their direct modification 85. 

 

Recently published studies have demonstrated the potential of these phage lytic proteins as a 

new strategy to prevent mastitis. Vander Elst et al. evaluated the antimicrobial activity of two 
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endolysins (i.e., PlySs2 and PlySs9), derived from Streptococcus suis serotype-2 and -9 prophages 

respectively, against to a panel of subclinical and clinical S. uberis milk isolates. The results 

showed that both endolysins were able to lyse all tested strains 86. Other studies have involved 

the use of animal models. For example, in 2020, Gutiérrez et al. reported the characterization of 

endolysin LysRODI (encoded by staphylophage phiIPLA-RODI) and its application in a mastitis 

mice model. The endolysin LysRODI demonstrated great efficacy to prevent mammary infections 

induced by S. aureus and S. epidermidis 87. In summary, these mureolytic enzymes show great 

potential for the treatment of infectious diseases. In contrasts to antibiotics, these antibacterial 

enzymes do not generate bacterial resistance, which is one of their main comparative 

advantages. However, their applicability is restricted due to their narrow range of action, limiting 

their use to some specific scenarios, and therefore curtailing their therapeutic use.  

 

2.6.  Antimicrobial peptides 

 

Antimicrobial peptides (AMPs) are generally small cationic peptides (10 to 70 amino acids in 

length) with an amphipathic nature that have direct and indirect antimicrobial activity against 

gram-positive and gram-negative bacteria, fungi, and viruses 88. Their anphipaticity is defined by 

the presence of positively charged and hydrophobic amino acid residues, which is indispensable 

to promote their intercalation into the phospholipid bilayer, creating pores, and leading to non-

enzymatic cell disruption and osmotic lysis (Figure 3) 89,90. Although bacterial membrane 

disruption is the main mechanism by which AMPs display their antibacterial activity, other 

intracellular targets have been described as those which inhibit gene expression and protein 

synthesis 91. Moreover, other diverse functions have been attributed to AMPs such as 

immunostimulation, wound-healing, anti-inflammatory and anti-cancer properties, among 

others 81. One of the main advantages of AMPs is that do not interact with specific targets, so 

the rate of resistance development of pathogens is relatively low 53.  

 

Depending on the secondary structure, AMPs are typically classified into four groups: i) peptides 

with a ɑ-helical structure; ii) peptides with a β-sheet structure; iii) extended linear peptides, with 

a random-coil structure in hydrophilic solutions and ɑ-helix structure when they are in contact 

with hydrophobic environments such as the lipid bilayer membrane; and iv) peptides with a loop 

structure, besides, outside of this classification, we can also find peptides with cyclic and mixed 

structures 53. Also, AMPs can be divided between those that are produced by eukaryotic 

organisms or by prokaryotic microorganisms. AMPs produced by eukaryotic organisms are a 
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principal component of innate immunity and are referred to as host defense peptides (HDPs) 92. 

On the other hand, AMPs produced by bacteria (prokaryotic) are referred to bacteriocins and 

are aimed to defend their environmental niche against the competition by other related 

bacteria 93. The major differences between these two types are the inhibition spectra and the 

immunomodulatory activities. HDPs usually exhibit broad-spectrum antimicrobial activity and 

immunomodulatory effects, while the bacterial spectrum range for bacteriocins tend to be 

narrow, often limited to bacterial strains or closely related bacteria 5.  

 

 

 

 

 

 

 

 

 

Bacteriocins are generally produced by gram-positive bacteria, especially LAB. These 

bacteriocins that are produced by LAB are considered to be generally recognized as safe (GRAS). 

However, some studies have reported the production of bacteriocins by gram-negative bacteria 

such as E. coli 94,95. Bacteriocins are classified into two classes, class I, also called lantibiotics 

because they contain the modified amino acid lanthionine as part of their peptide chains, and 

Figure 3. Proposed mechanism models of action for AMPs in bacterial membranes. a. Barrel-stave 
model, the AMPs are inserted perpendicularly into the lipid bilayer, then the lateral peptide-peptide 
interactions promote the formation of a barrel-shaped cluster that creates a transmembrane pore. b. 
Toroidal pore model, just as before, the peptides are inserted perpendicularly into the lipid bilayer, 
but without peptide-peptide interactions. The hydrophobic and hydrophilic arrangement of the lipid 
bilayer is disrupted, creating a positive curvature (invagination) that leads to the formation of a small 
hole. c. Carpet model, in this case AMPs are aligned parallel to the lipid bilayer, and after reaching a 
certain local concentration, an emulsion is formed which eventually disintegrates the membrane by 
forming micelles. The mechanism by which the lipid bilayer breaks into small pieces (micelles) is also 
known as the detergent-like model (d). Adapted from 90.  
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class II, where no post-translational modifications have been added (non-lantibiotics). Among 

bacteriocins, nisin is the most commonly studied. Nisin is a lantibiotic produced from 

Lactococcus lactis and is currently licensed as a food biopreservative on over 50 countries 96. 

Furthermore, its application as an alternative for control and treatment of mastitis has been 

evaluated in different commercial products. For example, Amibicin N® (Applied Microbiology 

Inc., NY, USA) and Wipe Out® (ImmuCell Corporation, Portland, ME) are nisin-containing 

sanitizers used to clean, sanitize and dry the teat area and milker’s hands before and during 

milking 97. The intramammary administration of nisin in the treatment of subclinical mastitis in 

lactating cows has also been evaluated. In a study that involved 90 cows with subclinical mastitis, 

46 received an intramammary infusion of nisin while the rest (44) received no treatment. The 

results indicated that nisin therapy had a bacteriological cure rate of 65.2 %, meanwhile, only 

15.9 % of untreated cows spontaneously recovered 98.  

 

One of the main advantages of AMPs is that selectively target bacteria without affecting 

eukaryotic cells. This is due to the different membrane composition of both cell types. The 

presence of a neutral net charge on eukaryotic cells prevents AMP interaction. On the other 

hand, the negative net charge on bacterial membrane drives the electrostatic interaction 

between this structure and the positively charged AMPs. However, in some cases, AMPs can be 

cytotoxic for various host cells, especially when administered at high concentrations. In this 

context, the direct peptide modification by amino acid substitutions has been proposed as a 

strategy to increase the antimicrobial properties of AMPs, decreasing the concentrations 

needed to achieve a therapeutic antimicrobial effect and therefore reducing the risk of 

cytotoxicity 99,100. Another characteristic is that AMPs, mostly HDPs, exhibit a wide spectrum of 

action, however, this broad activity spectra do not discriminate between pathogenic and 

beneficial microorganisms, which can cause disruptions to the normal microbiota. Fusion 

designs including AMPs and pheromones (species-specific signaling molecules) have been 

proposed as a strategy to increase bacterial selectivity 101. A recent example of peptide 

engineering applied to the treatment of mastitis is presented by Li et al., in which the generation 

of a dual-function antimicrobial peptide, consisting of a chimeric fusion of a S. agalactiae 

pheromone and a cell penetrating peptide, selectively killed S. agalactiae by disrupting the 

membrane structure and, more importantly, upon intramammary infusion, significantly reduced 

bacterial load in a mouse model of mastitis infection 102. On the downside, AMPs are susceptible 

to the action of proteases, which potentially diminish their therapeutic application. In this 

regard, the rational design of AMPs offers an alternative to increase the stability and resistance 

against proteolysis. Different strategies have been proposed including cyclization 103, utilization 
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of non-natural amino acids 104, and replacement of L-amino acids for D-amino acids 105. In this 

last case, the incorporation D-amino acids in the predicted cutting sites of the peptide structure 

conferred to these engineered AMPs resistance against specific proteases 106.  

 

One example of de novo designed AMPs is GWH1, a cationic α-helical peptide of 20 amino acids 

which possess several characteristics that validate its future application for therapeutic 

purposes. In comparison with two other natural AMPs (magainin 2a and pleurocidin), GWH1 

demonstrated enhanced antimicrobial activity, decreased hemolytic activity and improved 

selectivity, while maintaining broad-spectrum activity for gram-negative and gram-positive 

bacteria 107. Apart from this, GWH1 peptide also present anti-tumoral activity through apoptotic 

pathways, demonstrating its potential use as an anticancer agent 108,109. Furthermore, recent 

studies have showed that GWH1 nanostructuration into oligomeric complexes may be an 

appealing alternative for advanced treatments of bacterial infections 110,111. 

 

The above notwithstanding, further investigation including the application of protein 

engineered technology and the incorporation of chemical modifications are required to develop 

custom designed peptide drugs with higher efficacy in therapeutic treatments. Furthermore, the 

high cost of production and difficult industrial scalability are other issues to be overcome before 

these peptides reach the market. 

 

2.7.  Cytokines 

 

Cytokines are small intercellular regulatory proteins that play a central role in initiating, 

maintaining, and regulating the innate immune response 5. Additionally, some cytokines act as 

immunostimulants, enhancing host’s immunity and resistance toward infections through 

activation of any of the innate immune system components (phagocytes, neutrophils, 

complement system, and lysozyme activity). Under a normal state, cytokines are usually not 

produced, however, when the host immune system is compromised, as for example, during the 

invasion by pathogenic microorganisms, some of the most important produced cytokines are 

interleukin (IL)-1α, IL-1β, tumor necrosis factor alpha (TNFα), interferon gamma (IFN-γ), IL-12 

and IL-18. In the specific case of IFN-γ, CD4+ T cells, NK cells and CD8+ T cells are responsible of 

its production 112. The pivotal role of this cytokine in promoting protective immunity against 

infections has been fairly demonstrated in knock-out mice models with targeted disruptions of 

either IFN-γ gene or the IFN-γ receptor gene. In those cases, infected mice are unable to control 
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infections showing a rapid and fulminant bacterial growth 113–116. These data have prompted 

many investigators to evaluate the beneficial effect of IFN-γ administration in a variety of 

experimental models of infection. For example, systemic administration of IFN-γ in animal 

infection models enhanced resistance against Candida albicans infection 117 and increased 

survival and decreased pathogenic bacterial loads in lungs of mice infected with Cryptococcus 

neoformans 118. Furthermore, recombinant IFN-γ administration is an FDA approved treatment 

for disorders such as chronic granulomatous disease, which is characterized by a series of life-

threatening recurrent infections by pyogenic bacteria. Patients treated with IFN-γ reduce the 

relative risk of infections by more than 70 %, without severe side effects 119. And also, is a 

recommended treatment for other type of immunodeficiency syndromes, for example, the 

hyperimmunoglobulinemia E (hyper-IgE) syndrome 120. 

 

Typically, an increase in the overall level of cytokines has been considered as an indicator of 

inflammation and a useful parameter in the diagnosis of mastitis 121. However, other studies 

have focused their attention on the direct use of recombinant cytokines in the treatment of 

bovine mastitis. The majority of these studies are intended to investigate the capacity of 

cytokines to enhance bovine immune responses and to reduce or prevent intramammary 

infection. To date, recombinant IL-1, IL-2, IL-8, granulocyte colony stimulating factor (G-CSF), 

and IFN-γ have been investigated in in vivo models of mastitis 122. In one of these studies, the 

intramammary administration of recombinant IL-1 and IL-2 increased the number of 

polymorphonuclear cells in milk, enhanced the inducible oxygen radical formation, and in the 

case of IL-2, enhanced the phagocytosis. Furthermore, the 52 % and 75 % of all S. aureus 

chronically infected mammary glands responded to the treatment with IL-2 and IL-1, 

respectively, completely clearing the infection 123. In a different study, the efficacy of IFN-γ in 

cows experimentally induced with mastitis using E. coli as infective agent was evaluated. At the 

end of the experiment, all treated cows survived, while 42 % of non-treated cows died. These 

results suggest that intramammary infusion of IFN-γ can prevent the unrestricted growth of 

E. coli within the mammary gland reducing the severity of coliform mastitis 124.  

 

As also mentioned for AMPs, one of the main disadvantages of cytokines is its limited half-life, 

strategies intended to regulate their action over time are highly desired. One example of this 

was presented by Canning et al., where the G-CSF was covalently bound to polyethylene glycol 

(PEG), the binding to this water-soluble polymer would increase the duration of cytokine activity 

by increasing the hemodynamic volume, reducing renal clearance and proteolytic 

degradation 125. Animals treated with PEGylated G-CSF (pegbovigrastim) exhibited 4- to 5-fold 
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increase in circulating neutrophil numbers within 24 h of treatment initiation, and this increase 

persisted during a week. Additionally, the incidence of clinical mastitis in those treated animals 

was reduced by 35 % 126. Currently, there is a commercial pegbovigrastim (Imrestor, Elanco, 

Greenfield, IN, USA) that is used to reduce the risk of clinical mastitis in periparturient cows. 

 

2.8.   Other alternatives 

 

The above-mentioned alternatives can be included or categorized into different groups, based 

on the mechanism of action, properties, nature or because they have the same origin. Other 

type of compounds, cannot be categorized into a specific group or have not been especially 

designed for mastitis treatment. However, they have shown promising results in in vitro and in 

vivo approaches against some of the major mastitis-causing pathogens, therefore, further 

research in this area may result in novel therapies. One example is the use of single-chain 

variable region fragments (scFvs). Wang et al. developed a series of eight scFvs that specifically 

bound to S. aureus antigens and inhibited its growth in culture medium. Furthermore, the 

effectivity of this compound was evaluated in two S. aureus-induced mastitis models, murine 

and bovine, demonstrating a higher cure rate 127,128. Other studies involve the use of mineral 

supplements. For example, Machado et al. demonstrated that the subcutaneous administration 

of different concentrations of selenium, copper, zinc, and manganese had a positive impact on 

udder health and reduced the cases of subclinical mastitis compared to the control group 129. In 

this regard, the effect of different metal ions, as for example, silver and copper have also 

demonstrated an inhibitory action against various pathogens, including E. coli and 

S. aureus 130,131. Photo dynamic therapy is another strategy with demonstrated effectivity when 

applied in vivo for subclinical bovine mastitis 132. Finally, chitosan is a natural polysaccharide 

derived from chitin that displays broad spectrum antimicrobial activity against bacteria. Recent 

studies have demonstrated its potential as an antibiofilm agent against staphylococcal 

infections, being able to inhibit biofilm formation, and disrupt established biofilm 133. 

Furthermore, the intramammary administration of chitosan at drying off, hastened the 

mammary gland involution and activated the immune response, demonstrating its 

immunostimulant properties 134.  
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3. RECOMBINANT PROTEIN PRODUCTION 

 

Since the advent of recombinant DNA technology, advancement and development in the field 

of recombinant protein production has only progressed. Long gone are the days where kilograms 

of plant and animal tissues or large amounts of biological fluids were needed for the purification 

of a small amount of a given protein. Protein-based drugs involve the use of host cells where, 

after the introduction of an engineered or recombined DNA, the expression machinery is 

employed to produce the desired protein, which due to the DNA nature and origin, is termed 

“recombinant protein”. The ability to produce large amounts of proteins in expression systems 

other than the source organisms opened the door for the development of industrial processes, 

as well as for the commercial production of such recombinant products. In the early 1980s, the 

first two approved biopharmaceuticals (recombinant human growth hormone and recombinant 

human insulin) entered the market, since then, hundreds of therapeutic protein products are 

currently on the market and many more are currently under development 135,136. 

 

Moreover, some of the above-mentioned alternatives can be easily biosynthesized by using this 

technology. In the particular case of AMPs, chemical synthesis is the preferred method, 

however, this technology, although very efficient, is a complex and costly process 137 that may 

invalidate economically the manufacturing of the peptides 138,139. Therefore, it is not an ideal 

platform for large-scale peptide production. High manufacturing cost is one of the major 

obstacles to the wide application of AMPs. In this context, recombinant DNA technology 

provides a more cost-effective means for large-scale manufacture of AMPs 140. Indeed, many 

AMPs have been successfully obtained through recombinant production in various heterologous 

hosts 141,142. And the same can be applied in the case of cytokines, where many examples of 

recombinant production can be found in the literature 143–146. 

 

3.1.Microbial cell factories 

 

Different expression systems can be used in order to produce proteins recombinantly (bacteria, 

yeast, filamentous fungi, unicellular algae, mammalian cell lines, and insect cell lines, among 

others). The choice will depend on several factors, but the most important one is the 

physicochemical properties of the desired recombinant protein. In cases where extensively post-

translational modifications are needed for correct protein function, as for example protein 

glycosylation, the use of prokaryotic expression systems is not appropriate, due to its inability 
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to incorporate such modifications, in those cases, mammalian expression systems are the best 

option. However, when no complex post-translational modifications are needed, as it occurs 

with AMPs, or when the activity is not affected by its absence, bacteria are an excellent 

expression system 147. Despite the inability to incorporate some post-translational modifications, 

the prokaryotic system is still the most widely used for protein overproduction in both 

laboratory and industrial scale. The reason for this is found in the different advantages provided 

by this system, such as the capacity to obtain large amounts of recombinant proteins in a short 

time, the simple bacterial cell culture conditions (media, additives), which are inexpensive and 

easily scalable, and the thorough understanding of the system. 

 
3.2.Escherichia coli 

 
Among bacteria, E. coli is the most commonly used for recombinant protein production, with 

around 30 % of all approved therapeutic proteins being produced in this host 135,148. The 

advantages of this expression host can be summarized in five different points: 

 

- Fast growth kinetics: in rich media and with the optimal environmental conditions, E. 

coli strains can be duplicated in 20 minutes 149,150. However, we have to considerer that 

protein expression implies a metabolic burden on the microorganism, therefore, growth 

kinetics may decrease accordingly.  

- Cost-effectiveness: unlike mammalian cell lines, where complex nutritional 

requirements increase productions costs, bacterial production processes tend to be 

cheaper due to the inexpensive costs associated to rich complex media components.  

- Genetic simplicity: E. coli is well characterized physiologically and metabolically, being 

one of the first organism to have its entire genome sequenced 151. Therefore, the 

number of molecular tools available to genetically modify this microorganism are fairly 

abundant. 

- High product yield associated with high cell densities in culture, which in best cases, may 

reach around 1 x 1010 and 1 x 1013 viable bacteria/mL 152,153.  

- Easily scalable bioprocess development 154. 

 
3.2.1. Strains 

 
The deep knowledge about E. coli genome has provided the basis for different genetic 

modifications intended to enhance some of the drawbacks typically associated with this 

prokaryotic expression system. As a host for expression, E. coli includes numerous strains. The 
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BL21 (DE3) and its derivates are by far the most used strains for recombinant protein production. 

The preferred use of this strain lays on some genetic characteristics, for example, mutations in 

the genes of Lon protease (cytoplasm) and OmpT protease (outer membrane), whose deficiency 

decrease proteolysis during purification, especially after cell lysis 150. A mutation in the hsdSB 

gen which increase plasmid stability and prevents its loss. The insertion in the bacterial genome 

of the λDE3 prophage, which contains the phage T7 RNA polymerase (T7 RNAP) gene under 

control of the lacUV5 promoter. For that reason, genes of interest are cloned under the control 

of a T7 promoter and induction can be initiated after the addition of isopropyl ß-D-1-

thiogalactopyranoside (IPTG) 149. 

 

Despite all this modifications, BL21 (DE3) cells still have some limitations such as the inability to 

produce correct disulfide bonds, codon usage bias and the presence of endotoxins, especially 

lipopolysaccharide (LPS) 155. In order to address these limitations, different BL21 (DE3) 

derivatives have been developed, some of which are specially used in specific situations. BL21 

(DE3) pLysS contains an additional plasmid to obtain more accurate control of protein basal 

expression and reduce possible deleterious effects of protein expression before induction 156. 

BL21 (DE3) CodonPlus and Rosetta are carriers for plasmids containing extra copies of rare tRNAs 

genes for codon bias correction 149. BL21 (DE3) Origami or SHuffle provide an oxidative 

environment that promotes disulfide bond formation thanks to inactivation of the thioredoxin 

reductase (trxB) and glutathione reductase (gor) genes 156. 

 

Among bacteria selected for AMP expression, E. coli, particularly E. coli BL21 (DE3) strain has 

been the most popularly used 157–160. On the other hand, a great variety of cytokines, including, 

G-CSF 161, IFN-γ 162, and IL-6 146 have employed this expression host for their recombinant 

production. 

 
3.2.2. Endotoxin-free Escherichia coli 

 
One of the major limitations when working with E. coli strains is the presence of LPS. LPS is a 

major constituent of the outer membrane of almost all gram-negative bacteria. The presence of 

this endotoxin in therapeutic protein products may impair its effectivity and cause an innate 

immune response, limiting their biopharmaceutical applications. For that reason, removal 

techniques are required. However, these techniques tend to reduce protein yields and also 

increases the cost of the overall production process. For that reason, other alternative such as 

the generation of genetically modified LPS-free strains seems a more suitable strategy to 
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overcome this problem. Following this approach, Lucigen has generated a genetically modified 

E. coli strain which express an altered LPS version with unaltered viability and protein expression 

capabilities but reduced growth rate. This was accomplished by the incorporation of seven 

genetic deletions (ΔgutQ, ΔkdsD, ΔlpxL, ΔlpxM, ΔpagP, ΔlpxP and ΔeptA) and one additional 

compensating mutation (msbA148). This new line of E. coli cells, called ClearColi™ cells 163, does 

not trigger the endotoxic response in human cell lines, eliminates the risk of LPS contamination 

and the need for endotoxin removal, thus becoming a potential protein production platform for 

therapeutic proteins.  

 

3.3.Gram-positive bacteria 

 

Despite being the main choice, E. coli is not the only host used for recombinant protein 

production. In recent years, other bacterial species have increasingly attracted attention due to 

specifics characteristics that may surpass some of the disadvantages observed in other similar 

expression systems. In this context, gram-positive bacteria in contrast to gram-negative bacteria 

such as E. coli, does not contain endotoxins in their membrane, making these expression systems 

a much safer microbial alternative for recombinant protein production (Figure 4) 164,165. 

Furthermore, recombinant proteins produced in gram-positive bacterial hosts, if needed, can be 

easily secreted to the growth medium due to the existence of secretion systems, facilitating their 

purification during downstream processing 166,167.  

 

 

 

 

 

Figure 4. Differential membrane composition between gram-positive and gram-negative bacterial 
cells. In gram-negative bacteria, the outer membrane is coated with LPS. The basic structure of LPS 
consist on three differentiated regions, lipid A, core sugars and the highly variable O-antigen. Adapted 
from 165. 
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Several gram-positive bacteria possess the GRAS status. Some of them are Bacillus subtilis, which 

is widely used for expression of recombinant proteins in biotechnology 168–170; Corynebacterium 

glutamicum which has been widely used for the industrial production of biochemicals including 

L-glutamate and L-lysine, and is now considered as a promising emerging host for protein 

production 171,172; and LAB, whose most representative example is Lactococcus lactis, which has 

been used for centuries during fermentation processes and has been recently added to the GRAS 

list of microorganisms 173.  

 

3.3.1. Lactococcus lactis 

 

Several advantages including its well-known metabolism, genetics and the availability of 

molecular tools for genetic manipulation to favor protein expression make this expression 

system a competitive alternative to other gram-positive bacteria, or even depending on the 

application, a better option than their gram-negative counterpart, E. coli 167. In contrast to other 

gram-positive bacteria such as B. subtilis, laboratory strains of L. lactis only possess two 

chromosomally encoded proteases, the extracellular HtrA and the intracellular ClpP, thereby 

reducing the possibility of degrading heterologous proteins 174. Furthermore, genetically 

engineered strains without these proteases increase the stability and yields of recombinant 

proteins 167,175.  

 

In terms of expression systems, inducible promoters have been fairly investigated and different 

options are available to provide a better controlled expression. The P170 promoter is turned on 

when the pH decreases below 6 during transition of culture from exponential to stationary 

phase, this expression system has the advantage of not requiring inducer, making it 

autoinducible 166,173. However, the most widely used and studied expression system in L. lactis 

is the nisin-inducible controlled gene expression (NICE) system 176. As has been mentioned in a 

previous section, nisin is a 34-amino acid bacteriocin produced by L. lactis to defend their 

environmental niche against the competition by other related bacteria. Expression of nisin is 

regulated by two genes, nisR and nisK. NisK act as a receptor for the mature nisin molecule, 

which upon binding activates NisR trough phosphorylation. After activation, NisR induces 

transcription of two promoters in the nisin gene cluster: PnisA and PnisF 177.  

 

The most commonly used host strain for protein production purposes is NZ9000, which has been 

obtained with the insertion of both nisK and nisR genes into the chromosome of the nisin-
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negative L. lactis subsp. cremoris MG1363 strain 178,179. In expression plasmids based on NICE 

system, the DNA sequence encoding the protein of interest is cloned under the control of the 

inducible promoter PnisA and expression can be induced by the addition of sub-inhibitory 

amounts of nisin (0.1-5 ng/mL) to the culture medium 177. To date, many recombinant proteins 

have been successfully produced using this expression systems, including lysostaphin 178, 

adjuvants and growth factors 180–182, prokaryotic and eucaryotic membrane proteins 183,  matrix 

metalloproteinases 184, and cytokines 185–188. Moreover, different studies have reported the 

suitability of L. lactis as an ideal vehicle for producing and secrete AMPs 189–191. 

 

4. LIMITATIONS IN THE PRODUCTION OF RECOMBINANT PROTEINS 

 

Even after carefully selecting the expression host and an appropriate expression system, the 

ideal situation would be obtaining the desired protein in high amounts and in a soluble and 

active state. However, during recombinant protein production several obstacles may impede 

reaching that goal. In most cases, protein expression may be compromised and no or low 

amounts of protein are produced. In this case, various situations may be responsible of this 

effect.  

 

4.1.Protein toxicity 

 

When the expressed protein has a detrimental function in the host cell, slow growth, low cell 

density and death are typically the normal outcome. In this case, the expressed protein can be 

considered as toxic and yields are reduced accordingly. However, when faced with this situation, 

different strategies can be employed to reduce as much as possible these effects. Lower the 

plasmid copy number, control the basal expression, regulate the level of induction, or direct the 

expressed protein to the periplasm or extracellularly are some of the strategies that have been 

proposed to deal with protein toxicity in host cells 149.  

 

Due to its relevant importance in the protein recombinant production sector, most of these 

advances have been developed in the well-known E. coli. For example, as has been mentioned 

in the previous section, BL21 (DE3) pLysS contains an additional plasmid (pLysS) which express 

the T7 lysozyme. Before induction, T7 RNAP is degraded by this lysozyme, thereby leaky 

expression is completely avoided. After induction, T7 RNAP is produced in massive quantities 

surpassing the effect of the T7 lysozyme. This strategy ensures bacterial growth until induction. 
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However, after induction, other alternatives have been proposed, in the case of E. coli, a tunable 

expression can be achieved in certain strains. For example, in the Lemo21 (DE3) and the TunerTM 

(DE3) strains, protein expression can be regulated by modifying the concentrations of the sugar 

L-rhamnose and the inducer IPTG, respectively. Another solution could be to secrete the protein 

to the periplasm or to the medium. This can be simply achieved by fusing a proper leader peptide 

to the recombinant protein. In E. coli there is a large variety of signal peptides 192. However, the 

secretion machinery of E. coli has a limited capacity and can become overloaded 193, for that 

reason, the yields of secreted recombinant proteins in this expression system are often low 194. 

However, gram-positive bacteria are a more suitable host for protein secretion due to the 

presence of a less complex cell wall that allow the direct secretion into the extracellular 

environment. In L. lactis, Usp45 is the only major protein secreted and its signal peptide is the 

most successful used for secretion 173.  

 

4.2.Codon usage bias 

 

Another factor that may influence the recombinant protein production yields is the codon usage 

bias. This phenomenon refers to the fact that different organisms have differences in the 

frequency of occurrence of synonymous codons. Therefore, a depletion of low-abundance 

tRNAs may occur in bacterial hosts expressing a foreign DNA, leading to amino acid 

misincorporation or truncation of the polypeptide chain and ultimately reducing the level of 

protein expression 195. 

 

Two different strategies can be applied to solve this problem, first, modify the inserted foreign 

DNA by optimizing its sequence with the preferred codons of the expression host and second, 

supplement the bacterial expression host with those rare tRNAs. In the first case, the easiest 

way to address this approach is by replacing every amino acid by its most represented codon in 

the expression host, this strategy is known as “one amino acid-one codon” and has the 

advantage that can be applied to every expression host via de novo gene synthesis 196. Codon 

optimization speed up the rate of translation elongation resulting in increased protein 

expression yields. However, folding of most proteins in bacteria occurs co-translationally, while 

the nascent peptide chains are synthesized 197. For that reason, several studies have emphasized 

the role of translation kinetics in protein folding, considering codon usage as a new code within 

the genetic code that defines protein structures and expression levels (Figure 5 a) 198. Based on 

this, when codon usage is not properly adapted, as for example in the case of codon 
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optimization, changes in elongation rate may lead to protein misfolding and loss of functionality 

(Figure 5 b) 199,200. On the other hand, the increase in the availability of underrepresented tRNAs 

lays on studies based on specific expression systems, as has been mentioned in a previous 

section, two E. coli BL32 (DE3) derivatives, CodonPlus and Rosetta are strains specifically 

designed to provide extra genes for supplementation with tRNAs rarely used in E. coli. 

 

 

 

 

 

 

4.3.Protein folding and aggregation 

 

Even when the recombinant protein has no detrimental effects on bacterial metabolism and 

protein expression is effectively achieved, there is no guarantee that the protein will adopt its 

proper folded structure. Protein folding is a complex process where non-covalent interactions, 

especially hydrophobic effects, drives the conversion of a single amino acid chain into an 

intricated structure where the hydrophilic amino acids are exposed and hydrophobic ones are 

buried into the inner structure, far from the aqueous environment. For some proteins, these 

hydrophobic forces are enough to lead the proper folding of a specific protein into its native and 

functional version 201. However, other proteins, with more complex structures, are not able to 

reach a proper folding by itself and require the assistance of specialized proteins, called 

Figure 5. Role of codon usage on co-translational events. a. Codon usage adapted to co-translational 
folding process, the presence of non-optimal codon regions regulates the speed of translation 
elongation, promoting correct protein folding. b. Codon usage non-adapted to co-translational folding 
process, the speed of translation elongation proceeds uniformly, leading to protein misfolding. 
Adapted from 198. 
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chaperones. In these cases, before reaching the native structure, proteins adopt a series of 

folding intermediates which are not kinetically favored, is at this point when non-native 

interaction may occur, leading to the formation of misfolded protein species (Figure 6) 202. 

Therefore, a protein may adopt many different conformational states, and within this 

conformational diversity some protein conformers may expose interactive surfaces including 

aggregation-prone hydrophobic regions. Protein conformers bearing these exposed regions, 

tend to interact and associate in the crowned intracellular environment, leading to aggregation, 

and ultimately, the formation of inclusion bodies (IBs) in bacteria (see Section 7) 203,204. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

During recombinant protein production in bacterial hosts, due the high levels of expression, 

polypeptides are synthetized in a rate faster than the rate of chaperone-mediated folding, this 

results in a saturation of the quality control mechanisms and the expressed protein aggregates 

consequently 205. To increase the yields of soluble protein and avoid aggregation, different 

strategies have been proposed. Due to the overloading of the chaperone-mediated pathway, 

one strategy would be to enhance the availability of chaperones by increasing its quantities 

inside the cell. Therefore, co-expression of molecular chaperones along with the desired 

recombinant protein may be a solution to improve the conformational quality and yields of the 

produced protein 206,207. However, given the broad variety of protein species, with completely 

different conformational structures, chaperone co-expression may lead to unpredictable and 

undesired results 208. For that reason, this strategy cannot be applied as a general solution and 

needs to be optimized for each recombinant protein by a trial and error approach 135.  

Figure 6. Funnel-like energy landscape 
of protein folding and aggregation. To 
achieve a thermodynamically favorable 
conformation, unfolded proteins need 
to cross substantial kinetic energy 
barriers. Chaperones assist protein 
folding by reducing intermolecular 
interactions and lowering the energy 
barriers. Adapted from 202. 
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One of the simplest strategies to regulate protein aggregation consist on modifying culture 

conditions, especially growth temperature. At low temperatures protein biosynthesis is slowed 

down, thus protein quality control systems are not overwhelm and protein folding occurs at an 

adequate rate 209. Additionally, hydrophobic interactions are not favored at low temperatures, 

which also contributes positively with protein folding 210.  

 

Other strategies imply the direct manipulation of the recombinant protein. One that is 

traditionally used to increase protein solubility is the addition of solubility tags, at either N or C 

terminus, of the recombinant gene that is going to be synthetized. The most popular 

solubilization tags include N-utilization substance protein A (NusA), thioredoxin (Trx), small 

ubiquitin-like modifier (SUMO), maltose-binding protein (MBP) and glutathione S-transferase 

(GST) 149. Additionally, these two latest elements can be used as affinity tags as well. Many of 

these fusion tags are large proteins, and may potentially interfere with the proper structure and 

function of the accompanying proteins. For that reason, in some cases, a tag removal process is 

required. However, tag removal has some associated drawbacks. The use of site-specific 

proteases for enzymatic cleavage is usually very expensive, accounting for a large portion of the 

manufacturing cost 211. Furthermore, to obtain the cleaved protein, two affinity purification 

steps are needed, one to obtain the fusion protein and other to separate the cleaved protein 

from the solubilization tag as well as proteases 212. This is a tedious and time-consuming process, 

that associated to inefficient enzymatic cleavage, may results in lower protein productivity due 

to protein loss during purification.  

 

In that cases where protein aggregation is inevitable, some strategies are intended to favor 

protein aggregation to subsequently purify the resultant IBs and try to obtain the soluble protein 

from them (see Section 7.5).  
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5. PROTEIN-BASED NANOFORMULATIONS FOR BIOTECHNOLOGICAL APPLICATIONS 

 

Therapeutic proteins and peptides are very attractive from the pharmaceutical point of view 

due to their high potency and selectivity. Nonetheless, their efficacy is sometimes curtailed by 

their low stability and restricted bioavailability, limiting in most cases their therapeutic 

exploitation. In this sense, different technologies and strategies have been applied in order to 

overpass these limitations and improve the efficiency of these drugs after administration. Most 

of these strategies consist on the vehicularization of these proteins or peptides into superior 

complexes, providing a protective environment and allowing the possibility of deliver them to 

the right site. Different types of materials have been employed as nanocarriers including 

inorganic (gold, silver, silica, carbon nanotubes) and organic materials (lipids, polysaccharides, 

and proteins) 213. Depending on the nature of the material, some properties of the nanoparticles 

such us size, drug release profile, solubility, stability, biodegradability and toxicity may differ 214. 

In the specific case of protein-based nanoplatforms, certain properties such as biodegradability, 

biocompatibility, low toxicity and ease of modification makes them an attractive option for the 

nanoformulation of compounds with therapeutic potential 215. 

 

Besides, the ability of proteins to interact with one another opens the possibility for the isolated 

monomeric forms to organize into supramolecular structures. In some cases, such interactions 

lead to the formation of protein aggregates, however, in other cases, protein may self-assemble 

into defined protein oligomers such as virus capsids, helicases or some chaperones. Although 

seemingly different, these small-scale complexes all originate from fundamental protein 

interactions and are driven by similar thermodynamic and kinetic factors 216. Therefore, apart 

from the different conformational forms that a monomeric protein can adopt, there is also a 

diverse set of protein structural arrangements that can be achieved under certain conditions. 

For example, some proteins such as those that form the viral capsid, spontaneously self-

assemble by design 217. In other cases, environmental changes such as the decline of 

temperature 218, punctual mutations 219 or conformational changes 220 may be the initiators of 

this process, influencing the oligomeric state and functionality of the protein. In this context, a 

protein format can be defined as a superior structural arrangement that involves through 

directed or not directed interactions, the convergence of isolated protein forms. The different 

protein formats employed in this work (Figure 7) will be further discussed in the following 

sections. 
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Figure 7. Schematic representation of the different protein formats employed in this work. In the case 
of large aggregates such as inclusion bodies (IBs), the accumulation of vast amounts of proteins leads 
the formation of a high-density protein format that can be isolated from the whole cell lysate by 
centrifugation. On the other hand, small oligomeric forms such as self-assembled nanoparticles would 
remain in the soluble fraction or may be extracted from the isolated IBs. 
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6. SOLUBLE FORMAT: PROTEIN NANOPARTICLES 

 

The generation of sophisticated protein architectures based on non-covalent interactions 

between proteins is highly common in nature. One well-studied example are viruses, whereby 

the self-assembling capabilities of viral capsid proteins lead to the formation of their complex 

protective structures. These same structural proteins can be recombinantly expressed forming 

virus-like particles (VLPs), which lack the viral genetic material, and therefore, can be used for 

biomedical purposes, as for example, vaccine development 221 or as nanocarriers for drug 

delivery 222. 

 

Self-assembling can be associated with modularity. In modular proteins, different amino acid 

sequences (proteins, protein domains or peptides) are gathered together in a single polypeptide 

chain that combines the properties of all the different individual elements. In our research 

group, it was described that the combination of two architectonic tags at both N and C-terminus 

(cationic and poly-histidine peptides, respectively) leads to the self-assembly of specific proteins 

into protein nanoparticles (Figure 8) 223. In addition to promoting protein self-assembly, these 

peptides fulfil a dual role. Poly-histidine tags can also be used for purification purposes, and 

different functionalities have been described for cationic peptides. The number of positive 

charges in these cationic peptides seems to influence the final nanoparticle size, being those 

peptides that include more cationic residues responsible of the formation of larger 

nanoparticles 224.  

 

 

 

 

 

 

 

Figure 8. Protein-based nanoarchitectonic principle developed in our group. When the amino terminus 
of a his-tagged scaffold protein is fused to a cationic peptide, the resultant construct is able to self-
assemble as protein only nanoparticles, where each individual monomer acts as a building block. 
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As an example of application, T22 which is an antagonist cationic peptide of the CXCR4 receptor 

(overexpressed in metastatic colorectal cancer stem cells) forms self-assembling protein 

nanoparticles when fused to a hexahistidine-tagged green fluorescent protein (GFP). The 

resultant nanoparticles are highly stable in human serum, show an estimated size of 12-13 nm 

by dynamic light scattering (DLS) 225, are observed under transmission electron microscopy 

(TEM) and field emission scanning electron microscopy (FESEM) as relatively monodispersed 

entities with a cyclic toroidal organization of the oligomer (Figure 9) 226,227, and most importantly, 

are able to target CXCR4-positive cancer stem cells 225.  

 

 

 

 

 

This resulted in the development of different modular designs where the GFP was substituted 

by different protein scaffolds 228. The addition of AMPs, and specifically GWH1 (with a 

remarkable content in cationic amino acids) 107, to this modular design has also confirmed the 

ability of this architectonic principle to lead to protein self-assembly while maintaining the 

capacity of GWH1 to selectively damage bacterial cells 111. The self-assembling properties are 

maintained due to the cationic nature of most antimicrobial peptides. In this particular case, its 

role is three-fold, being responsible of protein oligomerization, bacterial specificity and 

antimicrobial activity.  

 

All things considered, this modular design provide wide possibilities, as it is not restricted to any 

specific polypeptide. Therefore, different combinations may lead to the design of complex 

supramolecular arrangements with functional versatility.  

 

 

 

Figure 9. Characterization of T22-GFP-H6 protein nanoparticles. a) Dynamic light scattering (DLS) size 
analysis of T22-GFP-H6 nanoparticles. b) Field emission scanning electron microscopy (FESEM) images 
of T22-GFP-H6 nanoparticles showing the cyclic organization of the oligomer. Bars indicate 20 nm. c) 
Transmission electron microscopy (TEM) of T22-GFP-H6 nanoparticles. Bar indicates 100 nm. Adapted 
from 225, 226, 227. 
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7. INSOLUBLE FORMAT: INCLUSION BODIES 

 

As previously mentioned, when a bacterial expression system, such as the one based on E. coli, 

is forced to overexpress a certain recombinant protein, the overwhelm of the protein quality 

control machinery leads to the formation of soluble and insoluble aggregates 229,230. While IBs 

are usually recognized as completely formed insoluble aggregates, soluble aggregates can be 

considered as the initial forms of these large protein deposits. In most cases, these insoluble 

aggregates are observed inside the cell as large and refractile dense particles of approximately 

0.2 - 1 μm. IBs are mainly composed of the expressed heterologous protein, although we can 

also find other host cell proteins, such as those related to the heat shock response (IbpA and 

IbpB), chaperones (DnaK) as well as other macromolecular contaminants, such as phospholipids 

from membranes and nucleic acids 231. In E. coli, IBs are preferentially located at the poles, which 

is a non-occupied area of the cytoplasm, where they adopt their typical spherical or ovoid 

shape 232. However depending on bacterial morphology, other distribution patterns can be 

observed 203. During cell division, this particular distribution pattern results in a characteristic 

inheritance of aggregates between the two emerging cells. For example, in E. coli, after cell 

division, due to the specific location of the IBs within the cell, each daughter cell will receive one 

aggregate 233. Within several generations, this process leads to an asymmetric inheritance, 

where most of the cells are free from aggregates, whereas only a few inherits all. This situation 

makes that under high-intensity stress, the asymmetric distribution increases the rate of cell 

division in those cells devoid of IBs, which results in a beneficial effect on the aging of the 

bacterial cell population 234,235.  

 

7.1.Structural characteristics of IBs 

 

Regarding the structure characteristics of IBs, they have been classically considered for years as 

amorphous elements devoid of any type of structural organization. However, studies done in 

the last decade have demonstrated that in these aggregates an amyloid structure coexist with 

properly or partially folded protein versions 236–238. Using the fusion protein VP1GFP, which is 

composed of GFP as a scaffold and VP1 capsid protein of foot-and-mouth disease virus as an 

aggregation-promoting domain, Cano-Garrido et al. demonstrated that after a digestion process 

using proteinase K, the morphology as well as the size of these IBs was not affected, however, 

both the fluorescence emission and density decreased 239. These results suggested that IBs have 

a “sponge-like structure” formed by an amyloidal fibrillar matrix, which acts as a scaffold, 
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providing mechanical stability and, in turn, allowing the entrapment of native or native-like 

protein structures responsible of the functional properties observed in most IBs 240. Thus, these 

studies prove the existence of a structural heterogeneity in IBs, where a wide spectrum of 

possible conformational states of the recombinant protein (native, partially folded and unfolded 

state) coexists (Figure 10) 241.  

 

 

 

 

 

7.2.Specificity in the aggregation process 

 

The first insights of protein specificity during aggregation arise with the observation that mixed 

solutions of completely different proteins did not form hybrid co-aggregates after a renaturation 

process 242,243. Subsequently, different studies have demonstrated that aggregation is a process 

that shows high specificity, favoring the interaction between those domains that show greater 

similarity. The initial studies that supported this idea were mainly based on in vitro observations 

under controlled aggregation conditions 244. However, in vivo evidence of these intermolecular 

specific interactions between similarly protein domains was still lacking. In 2001 Kopito et al., 

using the eukaryotic cell line HEK293 as an expression system for the co-expression of two 

fluorescent proteins biosynthetically tagged to different aggregation-prone proteins 

demonstrated through fluorescence resonance energy transfer (FRET) experiments that the 

aggregation process in vivo was also highly specific 245. Years later, a similar study was carried 

out using E. coli as a model expression system. In this case, two aggregation-prone polypeptides, 

the β-amyloid peptide (Aβ42) and the VP1 capsid protein of foot-and-mouth disease virus were 

fused to different fluorescent proteins [Blue Fluorescent Protein (BFP) and Green Fluorescent 

Protein (GFP)]. After analyzing the aggregation process by FRET, it was possible to observe a 

Figure 10. Supramolecular structure of IBs. Different protein conformational configurations, including 
properly folded, partially folded (dark green) and misfolded (orange), coexist into an amyloid fibrillar 
skeleton (light green). Adapted from 298. 
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greater specificity in the interaction of those fusion proteins that presented the same 

aggregation domain (Aβ42GFP-Aβ42BFP) compared to the interaction of those that presented 

different domains (VP1GFP-Aβ42BFP) (Figure 11) 237. 

 

 

 

 

 

7.3.Tailoring IBs 

 

The generation of IBs is a process that is highly dependent of the physicochemical characteristics 

of each particular protein. However, different factors can be manipulated in order to favor 

protein aggregation. These factors can be divided into those that affect transcriptional and 

translational regulation and environmental factors. In the first case, gene dosage, promoter 

strength, and nature of the inducer are included. On the other hand, environmental factors that 

promote IBs formation include, high temperatures (≥ 37 °C), rapid bacterial growth rates, shorter 

culture times and low pH (< 5.5) 246. 

 

In some cases, aggregation processes cannot be only promoted by indirect manipulations, as 

the ones mentioned before, and require direct modifications over the recombinant protein to 

induce IBs formation. Just as there exist solubility tags, so also there exist aggregation tags. This 

strategy consists on the generation of a fusion protein that contains two different parts, the 

heterologous protein and a protein domain or peptide which promotes aggregation. In 

particular, several protein domains have been shown to possess this capacity, including the foot-

and-mouth disease virus capsid protein (VP1) 240, a variant of the human β-amyloid peptide 

(Aβ42 (F19D)) 237, a mutated version of the maltose-binding protein (MalE31) 247, and the 

cellulose-binding domain of Clostridium cellulovorans (CBDclos) 248. Besides, during last years, 

several publications have demonstrated the ability of certain self-assembling peptides to 

Figure 11. Simplified vision of protein specificity during aggregation process. Those proteins that share 
similar amino acid sequences, as for example by the addition of common aggregation tags, will tend 
to form closer intermolecular interactions in IBs. Adapted from 237. 
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promote the in vivo aggregation of those proteins to which they are associated through a protein 

linker 249–252. The process is generally driven by specific, non-covalent interactions that occur 

spontaneously between the different peptide molecules. Such interactions strongly depend on 

the three-dimensional conformation adopted by the peptides, as has been proven by studies 

carried out with the peptide 18A (EWLKAFYEKVLEKLKELF) and peptide ELK16 

(LELELKLKLELELKLK) which, once expressed, spontaneously adopt an α-helix and β-sheet 

structure, respectively 251. Other similar studies have involved the use of surfactant-like peptides 

(L6KD; LLLLLLKD) showing in the same way a great capacity to induce the formation of IBs in 

E. coli 252, or peptides mainly composed of hydrophobic amino acids (GFIL8; GFILGFIL), being in 

this case the hydrophobic interactions the main promoting force of aggregation 250. 

 

The use of these self-assembling peptides presents a series of advantages compared to those 

aggregation tags traditionally used. The most evident is its short length, being constituted, at 

the very least, by eight amino acids 250. This characteristic allows them to adopt simpler three-

dimensional structures, and at the same time, makes them a much affordable option. On the 

other hand, in view of a possible therapeutic application, the use of these peptides is more 

advantageous, since they do not have a viral or bacterial origin, nor are they related to any 

conformational disease.  

 

7.4.Functionality and applicability of IBs 

 

Initially, IBs were defined as undesirable by-products resulting from protein overexpression. 

However, the concept of IB has evolved to the extent that it is today considered as a functional 

product to which multiple biotechnological applications are attributed (Figure 12) 253,254. 

 

One of the main factors that has contributed to the development of biotechnological 

applications based on the use of IBs derives from the observation of biological activity in such 

aggregates. This is in contrast to the general perception of IBs as a source of non-active protein. 

However, this traditional belief began to change with the demonstration that IBs are partially 

composed by functional protein 240,255. Furthermore, several studies proposed that functional 

protein content inside IBs can be modulated by temperature changes during protein production, 

being low temperatures those which favor a better conformational quality and thus, enhanced 

bioactivity 209,256,257 as it occurs with the soluble protein fraction. This functionality has allowed 

the use of this format for the immobilization of industrially important enzymes 258, which offers 
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an effective alternative with respect to the traditionally method, based on the immobilization 

of the enzyme (in a soluble state) to an inert surface. The immobilization of the soluble enzyme 

is a complex process during which certain enzymes can be inactivated with the consequent 

decrease in the overall catalytic activity. Furthermore, catalytically active IBs can be easily 

purified, and given its mechanical stability, recovered and reused in successive catalysis 

processes (Figure 12 a) 258. 

 

 

 

 

 

 

 

 

A second application which has been gaining relevance in recent years, is the possible use of IBs 

for therapeutic purposes. Different individual observations have allowed the development of 

this idea: i) the capacity to produce these insoluble aggregates in endotoxin-free bacterial 

expression systems 259,260, which would reduce undesired immune responses, due to the absence 

of this contaminants; and ii) the existence of functional and structural similarities between 

bacterial IBs and secretory granules in the endocrine system. Secretory granules are functional 

amyloids which under physiological conditions act as hormone storage units, upon specific 

Figure 12. Principal applications attributed to bacterial IBs. IBs can be used as natural immobilized 
biocatalysts, converting substrates (S) to products (P) (a). IBs can be used as topographical agents, 
decorating flat surfaces and promoting cell adhesion and proliferation (b). IBs made of therapeutic 
proteins can be used as delivery systems in cell culture either by surface immobilization (c) or direct 
administration (d). IBs have also demonstrated the ability to act as efficient delivery system during in 
vivo applications, providing an excellent source of soluble bioactive protein (e). Adapted from 254. 
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stimuli, the retained protein is released with the assistance of cell chaperones 261. In this context, 

IBs would act as mimetics of secretory granules, whereby the functional protein is sustainably 

released, as shown by previous studies carried out both in vitro (Figure 12 b, c and d) 257 and in 

vivo (Figure 12 e) 262. Regarding in vivo application, different proteins including cytokines 263, 

antitumoral proteins 264, and matrix metalloproteinases 265 are some of the examples reported 

so far. The released protein can act extracellularly or intracellularly after incorporation into the 

cell 246. Furthermore, IBs have demonstrated the ability to interact with cell membranes as well 

as to be internalized by them 266,267. This last property, linked to the fact that IBs act as protein 

releasing materials and the ability to generate these products in endotoxin-free strains have 

served to define the nanopill concept, which considers those nanoparticles capable of releasing 

a certain protein with therapeutic effects in a controlled manner 262.  

 

7.5.Recovery of bioactive protein from IBs 

 

In those cases where the traditional soluble format is preferred over the direct utilization of IBs, 

and no soluble form is obtained during the recombinant production, the insoluble format may 

also act a source from which this soluble protein can be extracted. There are different types of 

strategies, one of them consist on classical denaturation and refolding procedures. This is based 

on the classical view of IBs, in which unfolded and/or misfolded polypeptide chains are not 

damaged, thus the information for a proper folding is still coded into its amino acid sequence. 

To obtain the recombinant protein, IBs need to be fully denatured with high concentrations of 

denaturants (e.g. urea or guanidinium chloride) and subsequently, after denaturant removal, 

refolded in vitro into its native folded version (Figure 13). However, refolding is a protein 

dependent process that require different steps and the use of complex media composition. 

Therefore, protein refolding has to be carefully evaluated in every case, and even then, some 

proteins are not recovered after extensive trial-and-error approaches 135.  

 

Another approach is based on the fact that IBs are composed, at least in part, by functional and 

therefore properly folded protein. For that reason, these types of procedures are simpler and 

do not require the disruption of the protein structure. In this sense, those strategies intended 

to release the entrapped functional protein from IBs are preferred over strategies that involve 

unfolding/refolding processes. The use of non-denaturing conditions for soluble protein 

extraction from IBs have been demonstrated in several studies for different proteins 255,257,268. 

The use of mild solubilization agents, as for example, mild detergents or low concentrations of 
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chaotropes, allow an effective release of soluble protein from IBs without modifying the native-

like protein structure (Figure 13). In a recent work, the mild detergent N-lauroylsarcosine was 

used as solubilization agent to extract two functional proteins from L. lactis aggregates, the 

mammary serum amyloid A3 (M-SAA3) and metalloproteinase 9 (MMP-9), a difficult-to-purify 

and a prone-to-aggregate protein, respectively 184. However other non-denaturing mild 

solubilization agents have been described (30 % trifluoroethanol, 5 % n-propanol, 5 % 

DMSO) 268,269.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Schematic representation of the different IBs solubilization methods for protein recovery 
and their main characteristics. Adapted from 268. 
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The use of certain proteins or peptides such us cytokines or AMPs, respectively, have been 

proposed as a potential alternative for the treatment of certain medical conditions, specifically 

those ones related with infectious diseases. In this thesis, the nanoformulation of these 

molecules into different protein formats including IBs and soluble self-assembling nanoparticles 

have been characterized and evaluated. In addition, some light has been shed on the forces that 

govern the aggregation process and how it can be modulated to promote the formation of IBs. 

For this purpose, different specific objectives have been addressed: 

 

- To validate the importance of selecting the appropriate aggregation tag based on the 

protein properties to enhance the formation of IBs (Study 1). 

- To evaluate the underlying effect of specificity during the aggregation process and how 

this influences coaggregation (Study 1). 

- To test the influence of the addition of these aggregation tags with regard to protein 

expression levels, aggregation, releasing efficiencies, and functionality of the 

therapeutic IFN-γ protein (Study 2). 

- To explore the relationship between protein conformational diversity and 

conformational quality of protein subpopulations released from IBs (Annex 1). 

- To demonstrate the importance of the multivalent display of GWH1-GFP nanoparticles 

in terms of antimicrobial activity and its potential use in conjugation with other drugs 

such as 2ʹ-deoxy-5-fluorouridine pentamer (5-FdU) (Study 3 and Annex 3).  

- To evaluate and compare in a mastitis mouse model the antimicrobial performance of 

the different protein formats containing the immunostimulant IFN-y and the GWH1 

AMP and also to explore the synergy between them (Study 3 and Annex 2).  

- To review the most recent biotechnological innovations applied to AMPs in order to 

surpass some of the major disadvantages associated with this amino acid-based 

compounds (Study 4).  
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STUDY 1 

Insoluble proteins catch heterologous soluble proteins into inclusion bodies by 
intermolecular interaction of aggregating peptides 

 
Jose Vicente Carratalá, Andrés Cisneros, Elijah Hellman, Antonio Villaverde and Neus 

Ferrer Miralles 
 

Microbial Cell Factories 20:30, 2021 
 

Protein aggregation is a biological event observed in expression systems in which the 

recombinant protein is produced under stress conditions surpassing the homeostasis of the 

protein quality control system. This results in the formation of IBs in bacteria, a characteristic 

protein-based nanostructure to which different properties are attributed, and whose formation 

mechanism is of particular interest. However, the aggregation process is highly dependent of 

the physicochemical characteristics of each particular protein, being some proteins less prone 

to aggregation. In those cases, the promotion of protein aggregation can be achieved by the 

addition of aggregation prone stretches to the heterologous polypeptide chain, generating a 

fusion protein. 

 

There is a wide variety of aggregation-prone peptides or polypeptides that can be employed as 

igniters of aggregation. These differ in origin and length, but in all cases, the intermolecular 

interactions that are stablished among them are the major driving force for these aggregation 

processes. However, contrary to general belief, the aggregation tag and the heterologous 

protein to which is fused, are not separate entities, and both elements contribute to the overall 

aggregation propensity. While the aggregation tag used may promote aggregation to a variable 

degree, the heterologous protein may have a positive, neutral or negative contribution to this 

process, suggesting that there is a net balance between the two components that needs to be 

studied for each combination.  

 

In the present work, the aggregation efficiency of different aggregation tags over distinct 

heterologous proteins produced in E. coli was explored. Furthermore, a detailed analysis of the 

effect in aggregation propensity by the fusion of a series of L6K2-derived peptides to a specific 

protein (GFP) was also addressed. Finally, the importance of the stereospecific intermolecular 

interactions to promote coaggregation between proteins sharing a common aggregation tag was 

analyzed.
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STUDY 2 

Aggregation-prone peptides modulate activity of bovine interferon gamma released from 
naturally occurring protein nanoparticles 

 
Jose Vicente Carratalá, Olivia Cano-Garrido, Julieta Sánchez, Cristina Membrado, Eudald Pérez, 
Oscar Conchillo-Solé, Xavier Daura, Alejandro Sánchez-Chardi, Antonio Villaverde, Anna Arís, 

Elena Garcia-Fruitós, Neus Ferrer-Miralles 
 

New BIOTECHNOLOGY 57, 11–19, 2020 

 

Cytokines are small intercellular regulatory proteins that play a central role in initiating, 

maintaining, and regulating the innate immune response. Specifically, IFN-γ has a pivotal role in 

promoting protective immunity against infections, for that reason, the development of 

strategies involving this protein may be a complementary alternative to reduce antibiotic usage 

and tackle with the emerge of resistant bacteria. However, one of the main disadvantages 

associated with cytokines is their low stability, therefore, strategies intended to improve their 

limited half-life and to regulate their action over time are highly desired. 

 

In this context, the IB format may overcome these limitations by providing a stable environment 

where functionally active cytokines can be protected from degradation and sustainedly released 

over time, increasing the duration of cytokine activity. The use of aggregation-prone peptides 

seems an appealing alternative to promote the formation of these naturally occurring 

aggregates. However, as presented in the previous study, the heterologous protein must be 

considered in the overall aggregation process. For that reason, the screening of different 

aggregation-prone peptides seems a logical alternative in order to select the one that best 

matches the aggregation capabilities of the heterologous protein of interest. 

 

In the present study, peptides of different amino acid length (L6K2, CYOB and HALRU) were 

biosynthetically fused to IFN-γ and their effect on promoting protein aggregation and 

functionality was evaluated and compared. In all cases the formation of IBs was promoted, 

however, the aggregation tag had a major influence on the overall functionality. Specifically, the 

L6K2 aggregation-prone peptide not only promoted aggregation, but increased the 

heterologous protein functionality to which was fused to. These results suggest that depending 

on the aggregation tag, the aggregation process can be modulated in order to obtain IBs with 

the desired properties for their application.  
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STUDY 3 

In vivo bactericidal efficacy of GWH1 antimicrobial peptide displayed on protein 
nanoparticles, a potential alternative to antibiotics 

 
Jose Vicente Carratalá, Eric Brouillette, Naroa Serna, Alejandro Sánchez-Chardi, Julieta M. 

Sánchez, Antonio Villaverde, Anna Arís, Elena Garcia-Fruitós, Neus Ferrer-Miralles, François 
Malouin 

 
Pharmaceutics 12(12):1217, 2020 

 
 
To tackle with the development of bacterial resistance against traditional antibiotics, novel 

alternative therapies are urgently needed. The use of cytokines such as IFN-γ described in Study 

2 could be a potential strategy to reduce antibiotic usage. On the other hand, antimicrobial 

peptides (AMPs) such as GWH1 have been already proposed as another potential solution. 

However, more studies are needed in order to fully develop innovative nanotherapeutics in the 

treatment of microbial infections, considering the need to also increase the stability of these 

amino acid-based compounds. 

 

The self-arrangement of individual protein forms into superior structural complexes leads to the 

formation of different protein formats which could potentially contribute to increase protein 

stability. While the IB format, analyzed in detail in Study 1 and Study 2, act as an insoluble natural 

depot of proteins, providing a complex environment by which functional protein is sustainably 

released, other self-assembled oligomeric forms such as soluble protein nanoparticles (NPs) 

tend to present a defined multimeric structure that also have a huge potential for the production 

of cytokines and AMPs in a stable form. 

 

The ability of IFN-γ to retain activity upon release of naturally occurring IBs observed in Study 2, 

and its relevant role on promoting and efficient immune response against infectious agents, 

such as bacteria, leads us to further test its performance in an in vivo murine model of mastitis. 

Furthermore, in order to increase the antimicrobial capabilities of this cytokine, a fusion design 

containing GWH1 was also evaluated. On the other hand, the self-arrangement of AMP-

containing proteins into nanoparticles, such as GWH1-GFP, has been proposed as a novel 

strategy to fight against bacterial infections. However, an in vivo approach was still lacking to 

demonstrate its potential therapeutic effect.  

 

In this context, different protein designs including IFN-γ, GWH1-IFN-γ, GFP and GWH1-GFP in 

different protein nanoformats were tested and compared in an in vivo mouse model of mastitis.
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STUDY 4 

Nanostructured antimicrobial peptides: The last push towards clinics 
 

Jose Vicente Carratalá, Naroa Serna, Antonio Villaverde, Esther Vázquez, Neus Ferrer-Miralles 
 

Biotechnology Advances 44, 2020 

 

AMPs represent excellent drug candidates for clinical exploitation. These cationic peptides have 

their own advantages over conventional antibiotics, with a broad-spectrum antibacterial, 

antifungal and antivirus activities, the ability to favorably modulate the host immune response 

and the reduced possibility of inducing bacterial drug resistance. 

 

To date, several AMPs have been approved by the FDA and are already on the market. However, 

their clinical translation is in most cases hampered due to the presence of certain structural and 

functional limitations including cytotoxicity, hemolytic activity, low stability, susceptibility to 

proteolytic degradation, high production costs, and difficult industrial scalability. These are 

some of the issues that must be circumvented before more AMP-based products reach the 

market.  

 

This review is intended to explore some of the most novel mechanisms developed to surpass 

some of the drawbacks associated to AMPs. Through the application of protein engineering 

technology, the incorporation of chemical modifications, and the use of different protein-based 

formats among others, different studies aim to shed light on the future clinical application of 

AMP-based compounds taking into account the most available advanced tools. 
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Hereafter the following papers have been placed in the annex section as they are involved in 
the PhD thesis and are mentioned during the discussion: 
 

Annex 1: 
Selecting subpopulations of high-quality protein conformers among conformational 
mixtures of recombinant bovine MMP-9 solubilized from inclusion bodies 
 
Annex 2: 
Potential of MMP-9 based nanoparticles at optimizing the cow dry period: pulling 
apart the effects of MMP-9 and nanoparticles 
 
Annex 3: 
Developing protein−antitumoral drug nanoconjugates as bifunctional antimicrobial 
agents  
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The emergence of bacterial drug resistance to conventional antibiotics is an alarming situation 

that threatens us all. This worrying scenario has forced the implementation of measures such us 

preventive actions (improved hygiene practices, safe food preparation and education, among 

others) or antibiotic stewardship (choose the right antibiotic and administer it only when 

necessary) to reduce antimicrobial usage in all areas in which these therapeutics are commonly 

used, including human and animal medicine and food-producing animal industry 1. All these 

measures are intended to diminish the appearance and spread of drug resistance among 

bacteria, but when it comes to combat against drug or multidrug resistant bacteria, alternatives 

to traditional antibiotics are urgently needed. In this context, different strategies have been 

proposed as promising alternatives to antibiotics, including the use of cytokines and AMPs 89,112, 

two elements that have been the subject of the present research. 

 

As with many drugs in development, cytokines and AMPs are subjected to several disadvantages 

that must be addressed prior to their possible biomedical application. In particular, low stability 

is a common drawback associated to these type of amino acid compounds. In this context, the 

vehicularization of these proteins or peptides into superior complexes have been proposed as 

an alternative to overcome this limitation 125. Using recombinant technologies, these specific 

antibacterial alternatives can easily be produced, like other proteins, using different expression 

systems. It is precisely during recombinant expression when the newly synthetized proteins may 

be assembled into different oligomeric arrangements, leading to the formation of different 

proteins formats. The formation of this superior structures may be modulated by a direct 

rational design over the recombinant protein gene, such as the incorporation of certain peptides 

into the protein structure to generate building blocks for spontaneous self-assembling (soluble 

nanoparticles), or to obtain prone-to-aggregate proteins in form of insoluble aggregates (IBs). 

Therefore, different protein formats with a diverse set of properties can be generated, which 

can be exploited to deal with this public health threat.   

 

Since the discovery of protein functionality in bacterial IBs, a great variety of studies have 

treated to take profit of the different advantages offered by this protein format 258,262. In the 

recombinant protein production field, it was strongly stablished that proteins with high solubility 

corresponded with those with the best conformational quality and consequently the only 

suitable cell fraction for bioactivity purposes. However, the existence of insoluble protein 

byproducts displaying comparable functionality to the soluble version, supposed a radical 

change in the rules of the game and the creation of a new paradigm in the protein production 

field 270,271. In this context, the presence of biological functionality in IBs indicated the existence 
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of active protein conformers inside these protein clusters 240, and therefore, a readily available 

alternative source of functional protein other than the soluble one 255. Thus, the direct use of IBs 
272 or its use as source for the isolation of soluble protein using solubilization methods 257 has 

opened a wide range of biotechnological and biomedical applications. 

 

In this thesis, several strategies have been analyzed to compare the efficacy of higher-order 

structures of recombinant proteins, including soluble protein nanoparticles and IBs, with the 

performance of their soluble counterparts with the aim to develop therapeutic alternatives to 

antibiotics. 
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Enhancing protein aggregation by interspecific interaction of aggregation-prone peptides 

 

The goal of recombinant protein production is to yield high amounts of a specific protein. As a 

result, the expression host is often forced to produce proteins above the physiological capacity 

of the cells. Proteins that do not require extensive folding assistance may adopt proper 

conformational structures, rendering abundant amounts of highly soluble protein species 273. In 

these cases, aggregated protein represents only a low percentage of the total protein 

production. This behavior can be observed with highly soluble proteins such as the recombinant 

bovine interferon gamma (rBoIFN-γ) (study 2, figure 1 b (bottom)) and GFP (study 1, figure 2 c), 

where the percentage of aggregation is below 20 % in both cases. In other instances, the 

expressed protein may require further folding assistance, however, the overload of the protein 

expression machinery may impede an optimal folding capacity, leading to protein aggregation. 

In these cases, protein aggregation is driven by the intermolecular interactions between the 

exposed hydrophobic patches found in the different unfolded/misfolded protein conformers 274. 

These proteins are considered as prone-to-aggregate proteins and the percentage of 

aggregation tend to be high (figure 14 a). Matrix metalloproteinase-9 (MMP-9) is an example of 

this behavior which accumulates mainly as IBs during recombinant expression in prokaryotic 

hosts (annex 1). In other instances, proteins tend to be distributed in both soluble and insoluble 

fractions. Therefore, these proteins cannot be classified in the previous categories, but may 

show preference for a certain fraction, as can be observed in the case of the near-infrared 

fluorescent protein (iRFP) which can be considered as partially soluble (study 1, figure 1 c). In 

any case, for most of the recombinant proteins, experimental conditions may lead to a partition 

of the produced protein between the soluble and insoluble cell fractions. 

 

For some specific applications, IBs could be preferred over its soluble counterpart. For that 

reason different strategies have been developed in order to increase the protein yield present 

in the insoluble fraction 246. One of the strategies used for the promotion of protein aggregation 

is the addition of prone-to-aggregate polypeptide tags to the protein of interest 250,252,275. The 

fusion of these elements to the main polypeptide chain promotes protein aggregation by 

increasing the intermolecular interactions among protein units. However, contrary to prone-to-

aggregate proteins, where the same polypeptide chain is responsible of either, aggregation and 

functionality, the intermolecular interactions are mainly promoted by the aggregation tag, while 

it is thought that the influence of the scaffold protein on this process is limited. In this sense, 

aggregation capacity and functionality are physically separated, forming a dual component 276.  
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In this work, several tags have been employed to promote the aggregation of proteins with high 

solubility. In study 2, three aggregation-prone peptides (APPs), L6K2, CYOB and HALRU, were 

fused to the same immunomodulatory protein (rBoIFN-γ) and their aggregation capabilities 

were compared. In all cases, as expected, protein solubility was reduced and significant 

differences were observed in terms of aggregation propensity among the different constructs 

(study 2, figure 1 b (bottom)). This is not surprising, as aggregation tags have a variable 

efficiency to promote protein aggregation. Depending on certain characteristics, such as the 

amino acid composition or peptide length of the APPs, the intermolecular forces that can be 

stablished among the different proteins may differ, resulting in distinct aggregation levels (figure 

14 b). Moreover, when diverse scaffold proteins are fused to the same APP, the aggregation 

propensity may also differ. The fusion of the short self-assembling peptide L6K2 to rBoIFN-γ 

Figure 14. Visual representation of aggregation tag addition in different proteins and its influence on 
aggregation and coaggregation. a. Depending on the scaffold protein properties, aggregation tags can 
be considered as “strong” or “weak”. b. Aggregation tag 1 is strong enough to promote aggregation 
of protein B. However, aggregation tendency of protein C is not promoted by the addition of the same 
tag. In this case, aggregation propensity is defined by the scaffold protein. Aggregation tag 2 is strong 
enough to promote aggregation of both, proteins B and C, surpassing the influence of the scaffold 
protein. c. Specificity during aggregation promotes protein coaggregation. When two different 
proteins bearing the same aggregation tag are coexpressed, the one with the major aggregation 
propensity is able to lead the most soluble one to the insoluble fraction. On the other hand, the 
presence of different aggregation tags does not promote coaggregation to the same extent.  
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reduced protein solubility by almost 70 % (study 2, figure 1 b (bottom)). On the other hand, the 

same APP fused to two different fluorescent proteins, GFP and iRFP, led to 10 and 30 % reduction 

of the protein solubility, respectively (study 1, figures 1 c and 2 c). These data suggest that the 

aggregation propensity of APPs on these type of fusion protein designs do not work 

independently of the scaffold protein, and therefore, the overall aggregation propensity should 

consider both components (figure 14 a and b). 

 

In this sense, certain physicochemical characteristics of the scaffold protein, such as solubility, 

may counteract protein aggregation. In this case, proteins would require the addition of strong 

aggregation tags, i.e., tags with the ability to surpass the counteracting effects on aggregation 

propensity of the accompanying protein. On the other hand, the aggregation of proteins that 

normally tend to be equally distributed in both cellular fractions would be easily enhanced with 

the use of less strong aggregation tags. For example, the L6K2 APP is not strong enough to 

enhance the aggregation performance of the highly soluble GFP, nevertheless, the addition of 

the VP1 protein domain dramatically enhance its aggregation propensity (study 1, figure 2 c). In 

different circumstances, L6K2 improves the aggregation profile of iRFP, a protein with low 

solubility (study 1, figures 1 c). However, the increase was not as pronounced as the one 

observed in the case of VP1GFP.  

 

On this basis, one of the factors that could be employed in order to measure the “aggregation 

potency” of aggregation tags would be the length of the amino acid sequence, as extracted from 

the data obtained in study 1. The use of L6K2 variants where the number of amino acids were 

rationally increased, showed a gradual improvement on aggregation propensity of GFP (study 

1, figure 2 c and 2 d). However, this assumption cannot be regarded as an absolute truth, since 

the effect of small APPs on distinct scaffolds give rise to significantly different results in terms of 

aggregation. This can be observed with the comparison of the aggregation propensity of 

rBoIFN-γ L6K2 (study 2, figure 1 b (bottom)), GFPL6K2 (study 1, figure 2 c) and iRFPL6K2 (study 

1, figures 1 c). For that reason, other parameters such as the self-assembling ability, the type of 

intermolecular interactions and the influence of the scaffold protein should be taken into 

consideration when designing this type of fusion proteins. 

 

Regardless of the aggregation capabilities, the mechanism by which these aggregation tags act 

appears to be highly specific 237. As previously mentioned, the addition of the L6K2 on GFP had 

no significant impact on aggregation, remaining in its soluble format (study 1, figure 2 d). 

However, the simultaneous expression of GFPL6K2 and iRFPL6K2 enhance the aggregation 
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tendency of GFPL6K2 (study 1, figures 4 a). These results indicate that the protein with the 

highest aggregation propensity, in this case iRFPL6K2, lead the accompanying soluble protein 

(GFPL6K2) to the insoluble cell fraction. Nevertheless, it is not clear the influence of the APP in 

this process, and make us wonder whether its presence is necessary or not to promote 

coaggregation. Indeed, scaffold contribution on the coaggregation process cannot be ruled out, 

because as mentioned before, both elements, aggregation tag and scaffold protein influence the 

overall aggregation tendency. But when the influence of the scaffold is kept out of the equation, 

the importance of the aggregation tag is revealed. When two very similar proteins (GFP and BFP) 

are fused to completely different aggregation tags (L6K2 and VP1, respectively), the fusion 

protein with the major aggregation tendency (VP1BFP) is not able to promote the coaggregation 

of GFPL6K2 (study 1, figures 5a). These data suggest that the mechanism by which aggregation 

tags interact to promote aggregation is highly specific (figure 14 c) and supports previous 

findings where similar results were observed 237.  

 

In this sense, when using aggregation tags, the influence of the scaffold protein should be 

considered, because as it has been demonstrated, their different properties play a role on the 

overall aggregation tendency. Furthermore, some characteristics of the scaffold protein such as 

solubility defines the aggregation potency of these tags, although in some cases peptide length 

can be associated with higher aggregation tendency. Last but not least, aggregation propensity 

appears to be dictated by specific interaction among highly similar proteins sequences, 

highlighting the importance of these aggregation tags during aggregation processes.  
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Influence of pull-down aggregation tags on recombinant protein expression levels and 

functionality 

 

The incorporation of APPs into the main polypeptide chain of certain proteins may have 

unexpected effects apart from the promotion of aggregation propensity. Compared to the 

unmodified protein, in study 1 and 2 we have observed that both expression levels and 

functionality were affected. In the first case, the reduction in total protein yields might be a 

consequence of different factors including the length of the peptide. Shorter APPs, as for 

example L6K2, had almost no negative impact in protein yields, independently of the partner 

protein with which was fused to. On the other hand, longer peptides significantly affected 

protein yields (study 1, figure 2 b and study 2, table S1). 

 

In study 2, it was described the use of different APPs to promote the aggregation of the bovine 

version of IFN-γ (rBoIFN-γ) (study 2, figure 1 a). In all cases, protein aggregation was promoted 

at the expense of final protein yields, and this decrease was especially pronounced in the case 

of larger peptides. HALRU and CYOB, approximately two and five times longer than L6K2, 

respectively, reduced protein yields by almost 50 % when compared to L6K2 (study 2, table S1). 

However, when HALRU and CYOB are compared, no significant differences are observed, 

indicating that other factors rather than peptide length are affecting protein expression. Many 

studies have identified sequence features that influence protein synthesis efficiency, as for 

example, the presence of mRNA structural elements that may hinder translation initiation by 

blocking ribosome binding sites 277 or the effect of certain amino acid sequences in the first five 

codons 278. However, these studies have focused on the region close to the N-terminal, and in 

our case, in most of the recombinant protein designs generated, peptide addition have been 

made at the C-terminal position (study 1, figure 2 a and study 2, figure 1 a). Considering this, 

recent studies have highlighted the importance of this region in protein synthesis efficiency, 

demonstrating that the identity of the last amino acids has a strong influence on the protein 

expression levels 279. 

 

In study 1, the highly soluble GFP was biosynthetically fused to different versions of the APP 

L6K2 (study 1, figure 2 a). These variants differed in length, being two and three times longer 

than the original L6K2, and consisted on the reiterated repetition of the leucine and lysine amino 

acids at different positions (study 1, table 1). These longer versions had a significant impact on 

protein aggregation, but at the same time reduced protein yields accordingly (study 1, figure 2 

b). In such circumstances, and in addition to the already presented, other factor may be 
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influencing this differential expression levels. The presence of repetitive sequences of the same 

amino acid (leucine) may lead to tRNALEU depletion, which severely impairs synthesis by slowing 

down translation efficiency 280. This effect can be especially observed if we compare the 

expression levels of two L6K2 derivatives, (L6K2)x2 and L12K4 (study 1, figure 2 b). In the first 

case, several lysines interrupt the consecutive arrangement of leucines, while in the second 

case, lysines are located at the N-terminus, leaving a complete sequence of 12 leucines without 

interruption (study 1, table 1). In (L6K2)x2, the “lysine bridge” between both leucine sequences 

may reduce the tRNALEU overuse and give an extra time to recharge tRNAs with new amino acids, 

improving the translation efficiency, and finally increasing the protein expression levels 281. 

 

Moreover, another reason for the observed reduction in total protein yields may be due to the 

similarity between L6K2 and its derivatives with AMPs. The presence of an α-helix structure, a 

net positive charge and a defined anphipaticity are properties commonly associated to AMPs 282, 

which are also present to some extent in these specific APPs. This pernicious effect was 

confirmed when the antibacterial activity of the GFPL6K2 and GFP-(L6K2)x2 was evaluated, 

showing a dose-dependent effect on different bacterial strains, including E. coli, which was the 

host for the recombinant production of both proteins (study 1, figure 3). In this framework, 

AMPs are typically generated by chemical synthesis, and its recombinant production inside 

bacterial hosts tend to be avoided due to their inherent toxicity and sensitivity to proteases. To 

surpass those problems, AMPs tend to be fused to other partner proteins and subsequently 

released by chemical or enzymatic cleavage 283,284. However, when tested, fusion proteins 

containing those AMPs still retained certain antibacterial activity 285,286, demonstrating that 

fusion to carrier proteins only partially masked AMPs toxicity. On this basis, reduced protein 

yields may be a consequence of the toxic effects performed by these APPs and their inherent 

similitudes to AMPs. Protein toxicity interfere with the survival of E. coli cells and cause 

significant defects in bacteria growth that dramatically decrease expression capabilities 287. 

 

Apart from the expression levels, the addition of APPs into the protein structure has an 

important impact on protein functionality. Compared to rBoIFN-γ IBs, the presence of L6K2, 

CYOB and HALRU had a completely different outcome in terms of functionality. Whereas L6K2 

potentiated the effect of this insoluble format, CYOB and HALRU showed the opposite behavior, 

significantly reducing the bioactivity of rBoIFN-γ (study 2, figure 3 b). Considering that IFN-γ 

functionality is defined by its ability to interact with its specific receptor, a proper conformation 

is of outmost importance. CYOB and HALRU may in some way impede the adoption of a proper 

conformation or directly block such interaction. However, the L6K2 case is more complex, 
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because its addition not only did not affect functionality, but significantly increased it (study 2, 

figure 3 b and 3 d). In this sense, the L6K2 incorporation into the rBoIFN-γ protein may preserve 

a better conformational quality of the soluble protein entrapped inside IBs or may positively 

influence the interaction with its receptor.  

 

Additionally, conformational quality and functionality of proteins forming IBs are not the only 

factors that may be influencing the effectivity of these protein aggregates. The ability of these 

IBs to release these conformational variants under physiological conditions could be another 

limiting factor. The presence of different aggregation tags on rBoIFN-γ lead to the formation of 

IBs with dissimilar releasing efficiencies (study 2, table S1). However, a wider release is not 

always linked to a higher activity. Despite the releasing efficiency of rBoIFN-γ L6K2 IBs was much 

lower than that of rBoIFN-γ IBs, its bioactivity was higher (study 2, figure 3 b). Thus, it is possible 

to conclude that in our case the functional and conformational quality of the released content 

has a major impact on IBs bioactivity. 

 

In summary, the addition of APPs either in N- or C- terminus may result in unpredictable 

outcomes in terms of protein production yields and functionality. Protein expression levels will 

depend on different factors, such as tRNA abundance, mRNA secondary structure, amino acid 

composition and protein toxicity. These effects can arise independently or in combination. On 

the other hand, the ability to maintain a proper conformational quality inside these insoluble 

protein formats appears to have a global impact on protein functionality. In this sense, the 

capacity to modulate the IBs formation by increasing the content and quality of the protein 

entrapped inside its inner structure seems to be of great importance for the direct use of this 

format as a source of soluble protein. This approach has been studied in great depth in annex 1, 

where the physicochemical characteristics and biological activity of different conformational 

protein species solubilized and purified from MMP9 IBs were analyzed in order to select the 

best-fitted protein populations. 
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Analyzing the conformational diversity and conformational quality of recombinant protein 

obtained in prokaryotic expression systems 

 

Solubility is generally taken as the prime criterion for determining the quality of recombinant 

proteins. However, in contrast to what was formerly believed, the soluble fraction involves a 

spectrum of protein conformational variants (inactive, misfolded, soluble aggregates) with 

dissimilar functionalities 288. Therefore, solubility is not a useful indicator of recombinant protein 

quality and cannot guarantee an adequate biological function 289.  

 

Under physiological conditions, proteins expressed in its original host would have available all 

the adaptative and evolutionary mechanism to reach a specific conformational state compatible 

with an optimal functionality. However, the production of proteins of interest in heterologous 

expression hosts sometimes results in unpredictable outcomes, as for example, no or low 

expression levels, loss of functionality, proteolysis, aggregation or even toxicity. 

 

Despite the above-mentioned limitations, one of the main advantages in the field of 

recombinant protein production is the availability of different expression systems including 

bacteria, yeast, filamentous fungi, unicellular algae, mammalian cell lines, and insect cell lines, 

among others. Depending on protein characteristics, certain production platforms may fit better 

than others. Furthermore, even similar expression systems may show different impact on the 

conformational quality and functionality of the expressed protein. In this work, two different 

prokaryotic expression systems have been employed. In study 2, the L. lactis codon-optimized 

bovine IFN-γ gene was expressed in both, ClearColi and L. lactis. In terms of soluble protein 

production yields, similar outcomes were obtained in both expression systems, being the total 

yield obtained in L. lactis slightly superior (study 2, table S1). On the other hand, when it comes 

to functionality, the rBoIFN-γ obtained from ClearColi displayed greater activity than that 

produced in L. lactis (study 2, figure 3 a). In the first case, the higher production yields observed 

in L. lactis may be a consequence of the codon optimization, which ultimately impacts the 

translational efficiency and gene expression levels 290. Moreover, differences in bioactivity may 

be in part due to differences in the folding efficiency during the production process, leading to 

the formation of proteins with better conformational quality in E. coli 291.  

 

In annex 1, a similar approach was followed. In this case ClearColi and L. lactis were used as 

microbial cell factories for the recombinant expression of the L. lactis codon-optimized bovine 

MMP-9. However, unlike the previous case, the expressed protein was mainly forming IBs, and 
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a mild solubilization process was required in order to obtain the soluble form from these protein 

aggregates. Differences in terms of protein activity derived from the different conformers 

obtained after IB solubilization and purification procedures will be discussed further below. 

However, previous to purification, during the recombinant protein production, a marked 

difference concerning cell growth was observed during culturing. In ClearColi, cell growth was 

compromised after the induction and until the end of the production as can be seen by the 

OD600/550, indicating certain toxic effect displayed by MMP-9 (annex 1, Table S1). On the other 

hand, cell growth on L. lactis proceeded normally during expression (annex 1, Table S1). In this 

sense, different studies have reported that inefficient translation may result in the generation 

of cryptic protein products with unanticipated functional effects or toxicity associated to altered 

protein variants 281,292, which could explain the results observed in ClearColi. 

 

In this context, at best, proteins that are recombinantly expressed in prokaryotic expression 

systems may adopt native three-dimensional structures. However, in most cases, the existence 

of non-native conformational states is a common phenomenon 293. At this point it is important 

to underline that several studies have demonstrated that proteins under conformational states 

distinct from fully folded structures are able to maintain biological functions 294–296. One example 

is the existence of natively unfolded or intrinsically disordered proteins, which lack stable 

tertiary structure under physiological conditions. The presence of non-structured regions on 

these proteins leads to the existence of different conformational patters that can be associated 

with distinct functionality levels 297,298.  

 

Thus, the recombinant expression of a specific protein may involve a heterogenous diversity of 

protein conformers 288. Those that are stable enough would remain in the soluble fraction, while 

the most unstable would aggregate with other prone-to-aggregate conformational versions. 

However, considering that IBs also contain a wide range of soluble conformations, the insoluble 

protein fraction would represent the vast majority of this conformational diversity 299. This is in 

accordance with results observed in study 2, where the polydispersity index (PI) of proteins 

released form IBs was higher than that of the soluble versions (study 2, figure 4). Furthermore, 

purification techniques, such as affinity chromatography may restrict even more protein 

diversity in the soluble fraction by selecting specific subpopulations of protein conformers. In 

the case of His-tagged proteins, this selection would be based on the different ability of 

conformers to efficiently bind to the Ni2+ in the resin. Those conformers with a not properly 

exposed polyhistidine tag will not coordinate with the metal or will be weakly bound, eluting 

with the first fractions. In annex 1, MMP-9 protein was firstly solubilized from IBs and 
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subsequently purified by immobilized metal affinity chromatography (IMAC). The eluting 

pattern resulted in four different peaks, independently of the used bacterial expression system 

(annex 1, figure 1 b). This specific pattern suggests the existence of a spectrum of protein 

conformers with variable ability to interact and coordinate to the Ni2+ of the resin. However, it 

is important to bear in mind that although the conformational diversity may be higher in IBs, 

this observation is not limited to the protein released from these aggregates, since similar 

patters can also be observed with certain proteins coming from the soluble fraction 

(unpublished results).  

 

 

 

 

In terms of functionality, protein conformational diversity is associated with dissimilar 

bioactivities 288. After analyzing the protein conformers contained in the four MMP-9 protein 

peaks separately, it was concluded that peak 2 contained the most structured and functional 

protein conformers, and this is the case in both ClearColi and L. lactis (annex 1, figure 2 b). 

Initially, MMP-9 IBs contained a representative fraction of protein conformers generated during 

recombinant expression, after solubilization, some of these structural diverse proteins were 

released from IBs, and subsequently, specific populations were selected based on the ability of 

the released conformers to interact and coordinate to the Ni2+ during affinity chromatography 

procedures. However, the binding ability cannot be correlated with better conformational 

quality or functionality. Another example of such conformational diversity can be inferred from 

Figure 15. Schematic overview of functional and conformational diversity in both, soluble and 
insoluble fraction. Unlike the soluble fraction, the insoluble fraction harbors most of the structural and 
functional diversity. In some cases, immobilized metal affinity chromatography (IMAC) techniques 
select specific subpopulations of protein conformers based on their different ability to interact and 
coordinate to the Ni2+ of the resin. 
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study 2. In this case, rBoIFN-γ was produced in L. lactis in two different formats, IBs and soluble 

state (purified by his-tag affinity chromatography). When the specific activities were compared, 

the IBs showed greater functionality than the purified protein from the soluble fraction (study 

2, figure 3 a and b). This effect was attributed to the partial and sustained release of the rBoIFN-

γ from IBs. When equimolar concentrations of rBoIFN-γ produced in L. lactis and released from 

IBs or purified from the soluble fraction are compared, a significant difference in terms of 

bioactivity is observed (study 2, figure 3 d). In this case, the eluted protein conformers that have 

been selected from the soluble fraction by affinity chromatography techniques did not show an 

optimal functionality. On the other hand, proteins released from IBs present greater variety of 

protein conformers and may include protein species compatible with a better conformational 

quality and functionality (figure 15). This situation may explain the differences observed with 

regard to protein bioactivity. In this context, solubility and conformational quality are not 

necessarily coincident parameters 300. 
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Evaluating the immunoprotective effect of IFN-γ designs in different protein formats in a 

murine model of mammary gland infections 

 

The immunoprophylactic use of IFN-γ to enhance bovine immune responses and to reduce or 

prevent intramammary infections in bovine mammary glands has been fairly investigated 301,302. 

Its main functions are based on increasing neutrophil migration to the mammary gland and 

enhancing their bactericidal activity through phagocytosis and intracellular killing 303,304. 

Alternatively, IFN-γ may also enhance the proliferation and differentiation of T cells and B cells 

during adaptive immune responses 122. In vitro assays do not always correlate with in vivo 

efficacies inside the mammary gland 305, since aspects such as the complex milk environment 

influenced their activity. Therefore, an in vivo approach is necessary to evaluate the real 

performance of the different protein formats developed in this thesis. In study 3, the bactericidal 

effect associated to IFN-γ via immunostimulation has been evaluated in a murine model of 

mastitis 306. Two different formats were assessed in parallel, soluble and IBs. Based on previous 

results, the addition of an aggregation tag to promote the formation of IFN-γ IBs was not 

justified. In spite of the good results obtained with the L6K2 APP and the highly soluble nature 

of rBoIFN-γ, the overproduction of this protein without any aggregation tag leads to the 

formation of properly formed IBs with excellent releasing efficiencies and an acceptable 

bioactivity (study 2, figure 1 b, figure 2 a, figure 3 b and table S1). These results were 

reproduced in the case of the murine version of IFN-γ (study 3, figure 1 c and figure 5). 

Furthermore, in vitro activity assays showed a lesser effect of the purified soluble version in 

comparison with the commercial mouse IFN-γ (study 3, figure 3 b) just as observed in the case 

of the rBoIFN-γ (study 2, figure 3 d).  

 

With regard to in vivo administration, IBs made of IFN-γ reduced the bacterial burden in the 

mammary glands at the same level, or even higher, than the soluble counterpart (study 3, figure 

6 a and b). This is in accordance with other publications that have previously demonstrated the 

in vivo therapeutic effects of proteins forming part of IBs 264,272 and in some cases even 

surpassing the effects of the soluble version 307. However, the additive effects provided by the 

IB format should not be ruled out. In annex 2, it was demonstrated that the immunostimulatory 

effects provided by MMP-9 IBs in the bovine mammary gland were mainly due to the IB format 

instead of the inherent properties of the embedded protein. In this case, there was no difference 

between the performance of inactive or active MMP-9 IBs in the recruitment of immune cells 

(annex 2, figure 3). In this context, apart from the recombinantly produced protein, IBs also 

contain undetermined amounts of other bacterial components such as DNA, RNA, LPS, 
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peptidoglycan and lipids. The combination of all of them in an organized and well-defined stable 

structure may be responsible of the immunostimulant properties 308. However, other studies 

involving the use of a different murine model (air-pouch model) demonstrated that the 

inflammatory response triggered by MMP-9 IBs was mainly due to the degradative capability of 

the embedded protein and not because of the inflammatory response attributed to the IB 

format itself 265. In other cases, when IBs are made of immunostimulant proteins such as 

cytokines, a higher protection against bacterial infection in vivo is conferred in comparison to 

other non-immune relevant proteins 263. In the context of the mouse mammary gland, the IB 

format seems not to confer this immunostimulant protective effect, since there are no 

significant differences when the IB format for GFP and IFN-γ are compared with their 

corresponding soluble versions (study 3, figure 6 a and b). Therefore, the immunoprotective 

effect against bacterial infection is predominantly due to the presence of IFN-γ, independently 

of the protein format.  

 

One of the main drawbacks associated with cytokines is their low stability and short half-life, 

needing to be administered at high doses to achieve their therapeutic effects 309. In this context, 

IBs may provide an stable environment where functionally active cytokines can be protected 

from degradation and sustainably release over time 262. However, the differences observed with 

both formats, do not support the superiority of the IBs over the soluble format in this specific 

case (study 3, figure 6 a and b). This could be due to the high rates of protein release showed 

by IFN-γ IBs (study 3, figure 1 c), being the released protein rapidly exposed to the same 

environmental conditions than its soluble counterpart. 

 

Especially interesting is the case of GWH1-IFN-γ where the addition of the GWH1 AMP 107 at the 

N-terminus did not only affect the expression levels but truncated the in vitro functionality of 

IFN-γ (study 3, figure 3 b). As previously mentioned, peptide addition in either N or C terminus 

may influence protein expression. In the case of the N-terminus, some studies have pointed that 

the first codons are important for an efficient protein expression 310,311. However, since GWH1 

is an AMP, and as have been suggested in a previous section, the inherent antibacterial 

properties of these small peptides may be responsible of the reduced protein yields. Indeed, a 

dramatic reduction in protein productivity (> 90 %) was observed after the N-terminal 

incorporation of this small peptide into the IFN-γ and GFP sequences (study 3, Table S1). 

Regarding the functionality, as discussed in study 2, the N-terminus region of mouse IFN-γ plays 

an important role in receptor binding, therefore the addition of this AMP at this specific location 

may prevent such interaction 312. However, in vitro results are not reproduced during in vivo 
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assays, where the effect on bacterial loads of GWH1-IFN-γ in both formats was comparable to 

the one observed for IFN-γ (study 3, figure 6 a and b). In this regard, the in vivo performance is 

the result of many parameters that do not always correlate with the in vitro behavior of 

proteins 307. 

In summary, independently of the protein format, the recombinantly produced murine version 

of IFN-γ developed an immunoprotective effect on the mammary gland after administration. 

However, the IB format did not significantly improve the stability of this protein and a negative 

effect in terms of protein productivity and in vitro functionality was observed in those protein 

designs that included the GWH1 AMP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



DISCUSSION 

149 
 

Exploring AMP-containing protein nanoparticles as efficient anti-infective agents 

 

The use of fusion partners to produce AMPs was initially used as a method for the recombinant 

production in bacterial host of these small peptides 313,314. It is thought that the fusion protein 

protect the peptide from proteolytic degradation and block the peptide´s antimicrobial activity 

towards the bacterial host 315. However, in some cases, the antimicrobial activity is not 

completely masked and results in the generation of a fusion protein with inherent antimicrobial 

properties that may have deleterious effects on the producing cell 285,286.  

 

Furthermore, following a rational design based on the fusion of a cationic peptide (AMP) to a C-

terminal his-tagged scaffold protein 223, it is possible to self-assemble these type of fusion 

proteins into larger soluble nanoparticles 111. This last approach is of special importance to 

increase the stability and also to provide a format that may increase the antimicrobial 

performance of the isolated protein forms. 

 

This work is the first to present the importance of this architectonic arrangement to enable and 

efficient antibacterial response. When the antibacterial activity of the monomeric form of 

GWH1-GFP was evaluated, a pronounced difference was observed in comparison with the 

multimeric format (study 3, figure 2 d). As discussed in study 3, we hypothesize that the self-

assembling in multimeric complexes affords a high local concentration of monomeric units, 

reducing the critical concentration (threshold concentration) to achieve an antimicrobial effect. 

In this context, the monomeric form of these fusion proteins requires higher concentrations in 

order to display their activity. Another observation that further support the potential of the 

multimeric format is the antimicrobial performance showed by GWH1-IFN-γ. This fusion protein, 

despite following the previously described modular design 316, was unable to self-assemble into 

protein nanoparticles, showing a similar size to that observed for the unmodified IFN-γ (study 3, 

figure 1 d). The inability to reach a multimeric format had an impact on the antibacterial activity, 

displaying an identical performance to that observed for the unassembled version of GWH1-GFP 

(study 3, compare GWH1-IFN-γ in figure 2 a with GWH1-GFP PNPs + 0.2 % N-lauroylsarcosine in 

figure 2 d). On the other hand, GWH1-GFP IBs had a significantly lower effect on bacterial burden 

than the soluble multimeric format, which was the most effective (study 3, figure 6 a and b). 

This difference may be explained mainly by the fact that part of the released protein was found 

in a monomeric form (study 3, figure 1 e), and in addition it was released in small quantities 

(study 3, figure 1 c).  
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The ability to self-assemble into these multimeric complexes is not exclusively observed in the 

case of GWH1, as other cationic AMPs (PaDBS1R1) 317 have demonstrated the ability to promote 

self-assembling using as scaffold the his-tagged GFP, forming nanoparticles with a very 

coincident size when comparing both constructs (annex 3, figure 1 c and 1 d). Furthermore, the 

in silico modeling of GWH1-GFP shed some light on the architectonic structure of these 

multimeric complexes, indicating that dimers appear to be the primary building blocks in a 

model comprising twelve exposed copies of GWH1 on the nanoparticle surface (annex 3, figure 

1 e and 1 d). 

 

The multimeric arrangement necessarily carries a significantly higher density of charged residues 

which may contribute to a more effective electrostatic interactions with the negatively charged 

components on bacterial membranes. In some cases, it has been described a selective 

antimicrobial activity towards gram-negative bacteria through the interaction with specific 

structural elements such as LPS 318. Although this possibility cannot be ruled out in the case of 

GWH1-GFP, the dissimilar antimicrobial performance of this multimeric protein against two 

gram-negative bacteria, E. coli (study 3, figure 2 a) and P. aeruginosa (annex 3, figure 4 a) 

indicates that if it occurred, it would not have a decisive influence on antimicrobial activity. 

 

As have been described for other AMP-containing nanocomposites, after electrostatic 

interactions with bacterial membrane components, these multimeric assemblies are able to 

translocate across the cell envelope into the cytoplasm causing membrane perturbations 319 or 

disrupting the whole cell membrane and cell wall 320. In the case of GWH1-GFP, the cell wall 

disruption was a dose-dependent effect observed in S. aureus (annex 3, figure 7 a). However, 

this effect was less obvious in the case of E. coli 111. Based on this, we speculate that GWH1-GFP, 

at the tested concentrations, translocate bacterial membranes by causing membrane 

perturbation in gram-negative bacteria (E. coli and P. aeruginosa) and membrane disruption and 

pore formation in gram-positive bacteria (S. aureus) (figure 16). This is supported by 

experimental data presented in annex 3, in this study 2ʹ-deoxy-5-fluorouridine pentamer (5-

FdU) was chemically conjugated to GWH1-GFP protein oligomers and its antibacterial efficacy 

evaluated against P. aeruginosa and S. aureus. 5-FdU is a potent antimetabolite that displays its 

antibacterial effects by inhibiting thymidylate synthetase and impairing DNA synthesis 321, 

therefore, it needs to be internalized into the bacterial cell. In the case of S. aureus, this small 

molecule easily diffuses through the bacterial membrane reaching its internal target and 

displaying a deleterious effect (annex 3, figures 4 a and 5 a). In contrast, in P. aeruginosa the 

complex gram-negative membrane structure 322 may impede the free 5-FdU internalization 
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(annex 3, figures 4 b and 5 a). Membrane disruption and pore formation are mechanisms that 

facilitate the entry of other molecules 320, if it was the case in P. aeruginosa, the combination of 

GWH1-GFP oligomers and the free 5-FdU would result in low bacterial viabilities. However this 

behavior is not observed (annex 3, figures 4 b and 5 a), suggesting that translocation across the 

bacterial membrane occur without causing significant perturbation 319. 

 

 

 

 

 

Altogether, the self-assembling arrangement offers a significant advantage over the isolated 

monomeric forms. The presence of higher densities of charged residues and increased local 

concentration of monomeric units are factors that may contribute to the more effective killing 

of bacteria. However, the mechanism of action is not completely clear and appear to differ from 

one bacterium to another. In this sense, antimicrobial agents may have more than one mode of 

action 323. Apart from membrane destabilization/disruption, the presence of internal 

Figure 16. Hypothetical models of how GWH1-GFP nanoparticles display their antibacterial effects. a. 
GWH1-GFP initially binds via electrostatic interactions with negatively charged membrane 
components. b. The nanoparticles traverse the cell envelope causing membrane perturbations, but 
avoiding pore formation (1). In this case, cell lysis can be achieved by either, upregulated ion 
movement, induction of the apoptotic-like death pathway or targeting internal targets. The 
nanoparticles traverse the cell envelope causing membrane disruption and pore formation (2). c. 
When the nanoparticles are embedded in the bacterial cell membrane, the aqueous environment is 
replaced by the phospholipid bilayer environment, then the nanoparticles may disassemble and the 
building blocks continue disrupting the bacterial membrane by creating pores.  
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targets 324,325 or the existence of programmed cell death mechanisms under stressful conditions 

such as membrane disruption 326 have been also described. Additionally, presented evidence 

make us suggest the ability of these GWH1-GFP oligomers to translocate across the bacterial 

membrane with or without cell wall disruption. This feature is potentiated when this multimeric 

arrangement is associated through conjugation with drugs that act on intracellular targets, as 

for example, 5-FdU. 

 

Ultimately, this multimeric format tackle with several of the main disadvantages associated with 

the therapeutic application of AMPs. Hemolytic activity and cytotoxicity against eukaryotic cells 

are features typically associated to these small peptides. Nevertheless, the AMPs (GWH1 and 

PaD) included within these multimeric complexes in form of fusogenic building blocks do not 

produce hemolysis in exposed human erythrocytes (annex 3, figure 7 b) or cytotoxicity over 

mammalian cells (annex 3, figure 7 c). Other disadvantages are protease susceptibility and rapid 

renal filtration. In this context, peptide fusion to carrier proteins is proposed as a method to 

prevent the peptide proteolytic degradation 315. On the other hand, nanoparticle formation 

increases the molecular size to such an extent that renal excretion is minimized, enhancing the 

bioavailability 226. All these characteristics highlights the potential use and benefits of this 

nanoscale protein materials for the therapeutic treatment of bacterial-based infectious 

diseases.  
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Due to the public health threat that the emergence of AMR represents, the development of 

novel alternatives to tackle with this global problem are of outmost importance. In this context, 

protein-based compounds such as cytokines and AMPs have been proposed as some of these 

promising options. Therefore, strategies intended to improve their stability and effectivity such 

as the use of different protein formats are highly desired (i.e. IBs and protein nanoparticles). 

 

1. The aggregation propensity of a specific protein is determined by their inherent 

physicochemical properties. The incorporation of aggregation tags, such as L6K2 derivatives, 

influence this process in a variable degree. Therefore, in such fusion protein designs, the 

influence of both components (i.e. the protein and the fused APP) on the overall aggregation 

tendency must be considered. 

 

2. As it has been shown in previous studies, aggregation propensity appears to be dictated by 

specific interactions among highly similar protein sequences. In this context, a common 

aggregation tag in structurally distinct scaffold proteins promote protein coaggregation, 

highlighting the importance of these elements during aggregation processes. The results 

validated the ability of APPs to generate hybrid protein aggregates with potential synergic 

activities in microbial cell factories. 

 

3. The incorporation of APPs to the main polypeptide chain of proteins may have unexpected 

effects in terms of protein expression levels. In the case of L6K2 derivatives, reduced protein 

yields may be a consequence of the toxic effects performed by these APPs due to their 

inherent similitudes to AMPs. 

 

4. Apart from improving aggregation propensity, the addition of APPs into the protein 

structure of rBoIFN-γ had an important impact on protein functionality which correlated 

with compactability of protein conformations. Whereas L6K2 potentiated the biological 

activity of the recombinant protein accumulated in IBs, CYOB and HALRU showed the 

opposite behavior, significantly reducing the bioactivity of rBoIFN-γ. 

 

5. Certain purification techniques such as IMAC are able to select specific subpopulations of 

protein conformers based on their different ability to efficiently bind to the Ni2+ in the resin. 

This was demonstrated with the MMP-9 protein solubilized from IBs obtained from two 

prokaryotic expression systems, ClearColi and L. lactis. 
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6. The conformational diversity leads to the existence of different protein species with variable 

conformational quality and therefore dissimilar functionality (or biological activity). In the 

purification procedure of MMP-9 from IBs of two prokaryotic expression systems (ClearColi 

and L. lactis), four MMP-9 protein subpopulations were detected. Physicochemical 

characterization of the isolated subpopulations revealed the relationship between 

conformational quality and biological activity. 

 

7. The self-assembled arrangement of recombinant proteins offers a significant advantage 

over the isolated soluble monomeric protein forms. When comparing the monomeric form 

of GWH1-GFP with the multimeric format (protein nanoparticles), a pronounced difference 

in terms of in vitro antibacterial activity was observed, being the latter more effective. 

 

8. In the case of the murine version of IFN-γ, the addition of the GWH1 AMP at the N-terminus 

not only negatively affected the expression levels, but also truncated the in vitro 

functionality. Furthermore, GWH1-IFN-γ was unable to self-assemble into protein 

nanoparticles, showing a similar size to that observed for the unmodified IFN-γ. 

 

9. The recombinantly produced IFN-γ showed an immunoprotective effect on the mammary 

gland after administration in a murine model of mastitis. This effect was comparable to the 

one observed for GWH1-IFN-γ. In addition, the IB format did not significantly improve the 

biological performance of any of these proteins even though protein release from IBs was 

favored. 

 

10. In its soluble form, GWH1-GFP self-assembling nanoparticles were the most effective in 

reducing bacterial loads in E. coli infected mammary glands. On the other hand, protein 

release from this IB format was reduced and had a significantly lower effect on bacterial 

burden.  

 
11. The performance of GWH1-GFP protein nanoparticles in the mastitis mouse model was 

superior for E. coli challenged animals than for S. aureus challenged animals, as previously 

described in in vitro antibacterial assays. 

 

12. Depending on the bacteria, GWH1-GFP oligomers seem to translocate across the bacterial 

membrane with or without cell wall disruption. In this context, the conjugation with drugs 
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that act on intracellular targets such as 5-FdU potentiates the antimicrobial activity of this 

multimeric arrangement. 
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ANNEX 1 

Selecting subpopulations of high-quality protein conformers among conformational mixtures 
of recombinant bovine MMP-9 solubilized from inclusion bodies 
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ANNEX 2 

Potential of MMP-9 based nanoparticles at optimizing the cow dry period: pulling apart the 
effects of MMP-9 and nanoparticles 
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ANNEX 3 

Developing protein-antitumoral drug nanoconjugates as bifunctional antimicrobial agents 
 

Naroa Serna, Jose Vicente Carratalá, Eloi Parladé, Alejandro Sánchez-Chardi, Anna Aviñó, Ugutz 
Unzueta, Ramón Mangues, Ramón Eritja, Neus Ferrer-Miralles, Esther Vazquez, and Antonio 

Villaverde 
 

ACS Applied Materials and Interfaces, 12, 52, 57746–57756, 2020 

 

 

(Referenced manuscript) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   ANNEXES 

205 
 

 



ANNEXES  

206 
 

 



   ANNEXES 

207 
 

 



ANNEXES  

208 
 

 



   ANNEXES 

209 
 

 



ANNEXES  

210 
 

 



   ANNEXES 

211 
 

 



ANNEXES  

212 
 

 



   ANNEXES 

213 
 

 



ANNEXES  

214 
 

 



   ANNEXES 

215 
 



 

 
 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

 
 

 

 

 

 

 

 

 

 

REFERENCES 
 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



   REFERENCES 

219 
 

1. Chokshi, A., Sifri, Z., Cennimo, D. & Horng, H. Global Contributors to Antibiotic Resistance. 
J. Glob. Infect. Dis. 11, 36–42 (2019). 

2. D’Souza, M. J., Li, R. C., Gannon, M. L. & Wentzien, D. E. 1997-2017 Leading Causes of 
Death Information Due to Diabetes, Neoplasms, and  Diseases of the Circulatory System, 
Issues Cautionary Weight-Related Lesson to the US Population at Large. IEEE Netw. 2019, 
1–6 (2019). 

3. Jasovský, D., Littmann, J., Zorzet, A. & Cars, O. Antimicrobial resistance-a threat to the 
world’s sustainable development. Ups. J. Med. Sci. 121, 159–164 (2016). 

4. Swift, B. M. C. et al. Anthropogenic environmental drivers of antimicrobial resistance in 
wildlife. Sci. Total Environ. 649, 12–20 (2019). 

5. Sharma, C. et al. Antimicrobial resistance: Its surveillance, impact, and alternative 
management strategies in dairy animals. Front. Vet. Sci. 4, 1–27 (2018). 

6. Ganguly, N. K. et al. Rationalizing antibiotic use to limit antibiotic resistance in India. 
Indian J. Med. Res. 134, 281–294 (2011). 

7. Martinez, J. L. & Baquero, F. Mutation frequencies and antibiotic resistance. Antimicrob. 
Agents Chemother. 44, 1771–1777 (2000). 

8. Toprak, E. et al. Evolutionary paths to antibiotic resistance under dynamically sustained 
drug  selection. Nat. Genet. 44, 101–105 (2011). 

9. Palmer, K. L., Kos, V. N. & Gilmore, M. S. Horizontal gene transfer and the genomics of 
enterococcal antibiotic resistance. Curr. Opin. Microbiol. 13, 632–639 (2010). 

10. Komp Lindgren, P., Karlsson, A. & Hughes, D. Mutation rate and evolution of 
fluoroquinolone resistance in Escherichia coli  isolates from patients with urinary tract 
infections. Antimicrob. Agents Chemother. 47, 3222–3232 (2003). 

11. McManus, M. C. Mechanisms of bacterial resistance to antimicrobial agents. Am. J. Heal. 
Pharm.  AJHP  Off. J. Am.  Soc. Heal. Pharm. 54, 1420–1426 (1997). 

12. Garcia, S. N., Osburn, B. I. & Cullor, J. S. A one health perspective on dairy production and 
dairy food safety. One Heal. 7, 100086 (2019). 

13. Higgins, H. M., Golding, S. E., Mouncey, J., Nanjiani, I. & Cook, A. J. C. Understanding 
veterinarians’ prescribing decisions on antibiotic dry cow therapy. J. Dairy Sci. 100, 2909–
2916 (2017). 

14. Ventola, C. L. The antibiotic resistance crisis: part 1: causes and threats. P T 40, 277–283 
(2015). 

15. Mainous, A. G. 3rd, Everett, C. J., Post, R. E., Diaz, V. A. & Hueston, W. J. Availability of 
antibiotics for purchase without a prescription on the internet. Ann. Fam. Med. 7, 431–
435 (2009). 

16. Aminov, R. I. A brief history of the antibiotic era: lessons learned and challenges for the  
future. Front. Microbiol. 1, 134 (2010). 

17. Bartlett, J. G., Gilbert, D. N. & Spellberg, B. Seven ways to preserve the miracle of 
antibiotics. Clin. Infect. Dis.  an Off. Publ. Infect. Dis.  Soc. Am. 56, 1445–1450 (2013). 

18. Gould, I. M. & Bal, A. M. New antibiotic agents in the pipeline and how they can help 
overcome microbial  resistance. Virulence 4, 185–191 (2013). 



REFERENCES 

220 
 

19. Kimera, Z. I., Mshana, S. E., Rweyemamu, M. M., Mboera, L. E. G. & Matee, M. I. N. 
Antimicrobial use and resistance in food-producing animals and the environment: an  
African perspective. Antimicrob. Resist. Infect. Control 9, 37 (2020). 

20. Pokharel, S., Shrestha, P. & Adhikari, B. Antimicrobial use in food animals and human 
health: time to implement ‘One Health’  approach. Antimicrobial resistance and infection 
control vol. 9, 181 (2020). 

21. Ma, F., Xu, S., Tang, Z., Li, Z. & Zhang, L. Use of antimicrobials in food animals and impact 
of transmission of antimicrobial resistance on humans. Biosaf. Heal. 3, 32–38 (2020). 

22. European Medicines Agency. Sales of veterinary antimicrobial agents in 31 European 
countries in 2017: Trends from 2010-2017. Ninth ESVAC Rep. - EMA/294674/2019 106 
(2019). 

23. Laxminarayan, R. et al. Antibiotic resistance-the need for global solutions. Lancet. Infect. 
Dis. 13, 1057–1098 (2013). 

24. Smith, T. C. et al. Methicillin-resistant Staphylococcus aureus (MRSA) strain ST398 is 
present in  midwestern U.S. swine and swine workers. PLoS One 4, e4258 (2009). 

25. Lazarus, B., Paterson, D. L., Mollinger, J. L. & Rogers, B. A. Do human extraintestinal 
Escherichia coli infections resistant to expanded-spectrum  cephalosporins originate 
from food-producing animals? A systematic review. Clin. Infect. Dis.  an Off. Publ. Infect. 
Dis.  Soc. Am. 60, 439–452 (2015). 

26. Hummel, R., Tschäpe, H. & Witte, W. Spread of plasmid-mediated nourseothricin 
resistance due to antibiotic use in animal  husbandry. J. Basic Microbiol. 26, 461–466 
(1986). 

27. Collignon, P. C. et al. World Health Organization Ranking of Antimicrobials According to 
Their Importance in Human Medicine: A Critical Step for Developing Risk Management 
Strategies to Control Antimicrobial Resistance from Food Animal Production. Clin. Infect. 
Dis. 63, 1087–1093 (2016). 

28. Collignon, P., Powers, J. H., Chiller, T. M., Aidara-Kane, A. & Aarestrup, F. M. World Health 
Organization ranking of antimicrobials according to their importance in  human medicine: 
A critical step for developing risk management strategies for the use of antimicrobials in 
food production animals. Clin. Infect. Dis.  an Off. Publ. Infect. Dis.  Soc. Am. 49, 132–141 
(2009). 

29. Aarestrup, F. M., Wegener, H. C. & Collignon, P. Resistance in bacteria of the food chain: 
epidemiology and control strategies. Expert Rev. Anti. Infect. Ther. 6, 733–750 (2008). 

30. Cheng, A. C. et al. Control of fluoroquinolone resistance through successful regulation, 
Australia. Emerg. Infect. Dis. 18, 1453–1460 (2012). 

31. Dutil, L. et al. Ceftiofur resistance in Salmonella enterica serovar Heidelberg from chicken 
meat and  humans, Canada. Emerg. Infect. Dis. 16, 48–54 (2010). 

32. Hutjens, M. F. Dairy Farm Management Systems: Dry-Lot Dairy Cow Breeds. Reference 
Module in Food Science. 52–58 (2016). 

33. Bradley, A. J. & Green, M. J. The importance of the nonlactating period in the 
epidemiology of intramammary  infection and strategies for prevention. Vet. Clin. North 
Am. Food Anim. Pract. 20, 547–568 (2004). 

34. He, W. et al. Prevalence, etiology, and economic impact of clinical mastitis on large dairy 



   REFERENCES 

221 
 

farms  in China. Vet. Microbiol. 242, 108570 (2020). 

35. Adkins, P. R. F. & Middleton, J. R. Methods for Diagnosing Mastitis. Vet. Clin. North Am. - 
Food Anim. Pract. 34, 479–491 (2018). 

36. Ruegg, P. L. Making Antibiotic Treatment Decisions for Clinical Mastitis. Vet. Clin. North 
Am. - Food Anim. Pract. 34, 413–425 (2018). 

37. Schabauer, A. et al. The relationship between clinical signs and microbiological species, 
spa type, and  antimicrobial resistance in bovine mastitis cases in Austria. Vet. Microbiol. 
227, 52–60 (2018). 

38. Gomes, F. & Henriques, M. Control of Bovine Mastitis: Old and Recent Therapeutic 
Approaches. Curr. Microbiol. 72, 377–382 (2016). 

39. Krömker, V. & Leimbach, S. Mastitis treatment—Reduction in antibiotic usage in dairy 
cows. Reprod. Domest. Anim. 52, 21–29 (2017). 

40. Ganda, E. K. et al. Longitudinal metagenomic profiling of bovine milk to assess the impact 
of  intramammary treatment using a third-generation cephalosporin. Sci. Rep. 6, 37565 
(2016). 

41. Vasquez, A. K., Nydam, D. V., Capel, M. B., Eicker, S. & Virkler, P. D. Clinical outcome 
comparison of immediate blanket treatment versus a delayed pathogen-based 
treatment protocol for clinical mastitis in a New York dairy herd. J. Dairy Sci. 100, 2992–
3003 (2017). 

42. Ashraf, A. & Imran, M. Causes, types, etiological agents, prevalence, diagnosis, 
treatment, prevention, effects on human health and future aspects of bovine mastitis. 
Anim. Heal. Res. Rev. 21, 36–49 (2020). 

43. Scherpenzeel, C. G. M. et al. Effect of different scenarios for selective dry-cow therapy 
on udder health, antimicrobial usage, and economics. J. Dairy Sci. 99, 3753–3764 (2016). 

44. Mishra, R. P. N., Oviedo-Orta, E., Prachi, P., Rappuoli, R. & Bagnoli, F. Vaccines and 
antibiotic resistance. Curr. Opin. Microbiol. 15, 596–602 (2012). 

45. Rappuoli, R., Bloom, D. E. & Black, S. Deploy vaccines to fight superbugs. Nature 552, 
165–167 (2017). 

46. Jansen, K. U. & Anderson, A. S. The role of vaccines in fighting antimicrobial resistance 
(AMR). Hum. Vaccin. Immunother. 14, 2142–2149 (2018). 

47. L., S. et al. Efficacy of a locally prepared bovine mastitis vaccine. Benha Vet. Med. J. 30, 
302–311 (2016). 

48. Wilson, D. J. & González, R. N. Vaccination strategies for reducing clinical severity of 
coliform mastitis. Vet. Clin. North Am. - Food Anim. Pract. 19, 187–197 (2003). 

49. Landin, H., Mörk, M. J., Larsson, M. & Waller, K. P. Vaccination against Staphylococcus 
aureus mastitis in two Swedish dairy herds. Acta Vet. Scand. 57, 81 (2015). 

50. Freick, M. et al. Mastitis vaccination using a commercial polyvalent vaccine or a herd-
specific  Staphylococcus aureus vaccine. Results of a controlled field trial on a dairy farm. 
Tierarztl. Prax. Ausg. G. Grosstiere. Nutztiere. 44, 219–229 (2016). 

51. Ismail, Z. B. Mastitis vaccines in dairy cows: Recent developments and recommendations 
of application. Vet. World 10, 1057–1062 (2017). 



REFERENCES 

222 
 

52. Imperial, I. C. V. J. & Ibana, J. A. Addressing the antibiotic resistance problem with 
probiotics: Reducing the risk of its double-edged sword effect. Front. Microbiol. 7, 1–10 
(2016). 

53. Shang, Z., Chan, S. Y., Song, Q., Li, P. & Huang, W. The Strategies of Pathogen-Oriented 
Therapy on Circumventing Antimicrobial Resistance. Research 2020, 1–32 (2020). 

54. Saeidi, N. et al. Engineering microbes to sense and eradicate Pseudomonas aeruginosa, 
a human  pathogen. Mol. Syst. Biol. 7, 521 (2011). 

55. Cheng, W. N. & Han, S. G. Bovine mastitis: risk factors, therapeutic strategies, and 
alternative treatments — A review. Asian-Australasian J. Anim. Sci. 33, 1699–1713 
(2020). 

56. Pellegrino, M., Berardo, N., Giraudo, J., Nader-Macías, M. E. F. & Bogni, C. Bovine mastitis 
prevention: humoral and cellular response of dairy cows inoculated  with lactic acid 
bacteria at the dry-off period. Benef. Microbes 8, 589–596 (2017). 

57. Berardo, N. et al. Intramammary inoculation with lactic acid bacteria at dry-off triggers 
an  immunomodulatory response in dairy cows. Benef. Microbes 11, 561–572 (2020). 

58. Wallis, J. K., Krömker, V. & Paduch, J.-H. Biofilm Challenge: Lactic Acid Bacteria Isolated 
from Bovine Udders versus  Staphylococci. Foods 8, 79 (2019). 

59. Mater, D. D. G., Langella, P., Corthier, G. & Flores, M.-J. A probiotic Lactobacillus strain 
can acquire vancomycin resistance during digestive  transit in mice. J. Mol. Microbiol. 
Biotechnol. 14, 123–127 (2008). 

60. Liu, C., Zhang, Z-Y., Dong, K., Yuan, J-P. & Guo, X-K. Antibiotic Resistance of Probiotic 
Strains of Lactic Acid Bacteria Isolated from Marketed Foods and Drugs. Biomed. Environ. 
Sci. 22, 401–412 (2009). 

61. AlSheikh, H. M. Al et al. Plant-Based Phytochemicals as Possible Alternative to Antibiotics 
in Combating  Bacterial Drug Resistance. Antibiot. 9, 480 (2020). 

62. Montironi, I. D., Cariddi, L. N. & Reinoso, E. B. Evaluation of the antimicrobial efficacy of 
Minthostachys verticillata essential oil  and limonene against Streptococcus uberis 
strains isolated from bovine mastitis. Rev. Argent. Microbiol. 48, 210–216 (2016). 

63. Santana, H. F., Barbosa, A. A. T., Ferreira, S. O. & Mantovani, H. C. Bactericidal activity of 
ethanolic extracts of propolis against Staphylococcus  aureus isolated from mastitic cows. 
World J. Microbiol. Biotechnol. 28, 485–491 (2012). 

64. Kher, M. N., Sheth, N. R. & Bhatt, V. D. In Vitro Antibacterial Evaluation of Terminalia 
chebula as an Alternative of  Antibiotics against Bovine Subclinical Mastitis. Anim. 
Biotechnol. 30, 151–158 (2019). 

65. Federman, C., Joo, J., Almario, J. A., Salaheen, S. & Biswas, D. Citrus-derived oil inhibits 
Staphylococcus aureus growth and alters its interactions  with bovine mammary cells. J. 
Dairy Sci. 99, 3667–3674 (2016). 

66. Zhu, H., Du, M., Fox, L. & Zhu, M. J. Bactericidal effects of Cinnamon cassia oil against 
bovine mastitis bacterial pathogens. Food Control 66, 291–299 (2016). 

67. Abboud, M., R, E. R., Jammal, B. & Sleiman, M. In Vitro and In Vivo Antimicrobial Activity 
of two Essential Oils Thymus Vulgaris and Lavandula Angustifolia against Bovine 
Staphylococcus and Streptococcus Mastitis Pathogen. Middle East J. Agric. Res. 04, 975–
983 (2015). 



   REFERENCES 

223 
 

68. Abedon, S. T., Kuhl, S. J., Blasdel, B. G. & Kutter, E. M. Phage treatment of human 
infections. Bacteriophage 1, 66–85 (2011). 

69. Gravitz, L. Turning a new phage. Nat. Med. 18, 1318–1320 (2012). 

70. Wienhold, S.-M., Lienau, J. & Witzenrath, M. Towards Inhaled Phage Therapy in Western 
Europe. Viruses 11, 295 (2019). 

71. Hamza, A., Perveen, S., Abbas, Z. & Ur Rehman, S. The Lytic SA Phage Demonstrate 
Bactericidal Activity against Mastitis Causing Staphylococcus aureus. Open Life Sci. 11, 
39–45 (2016). 

72. Iwano, H. et al. Bacteriophage ΦSA012 Has a Broad Host Range against Staphylococcus 
aureus and  Effective Lytic Capacity in a Mouse Mastitis Model. Biology (Basel). 7, 8 
(2018). 

73. da Silva Duarte, V. et al. Genomic analysis and immune response in a murine mastitis 
model of vB_EcoM-UFV13, a  potential biocontrol agent for use in dairy cows. Sci. Rep. 8, 
6845 (2018). 

74. Labrie, S. J., Samson, J. E. & Moineau, S. Bacteriophage resistance mechanisms. Nat. Rev. 
Microbiol. 8, 317–327 (2010). 

75. Gomes, F. & Henriques, M. Control of Bovine Mastitis: Old and Recent Therapeutic 
Approaches. Curr. Microbiol. 72, 377–382 (2016). 

76. O’Flaherty, S., Coffey, A., Meaney, W. J., Fitzgerald, G. F. & Ross, R. P. Inhibition of 
bacteriophage K proliferation on Staphylococcus aureus in raw bovine  milk. Lett. Appl. 
Microbiol. 41, 274–279 (2005). 

77. McLean, S. K., Dunn, L. A. & Palombo, E. A. Phage inhibition of Escherichia coli in 
ultrahigh-temperature-treated and raw milk. Foodborne Pathog. Dis. 10, 956–962 
(2013). 

78. Porter, J., Anderson, J., Carter, L., Donjacour, E. & Paros, M. In vitro evaluation of a novel 
bacteriophage cocktail as a preventative for bovine  coliform mastitis. J. Dairy Sci. 99, 
2053–2062 (2016). 

79. Tiwari, R. et al. Wonder world of phages: potential biocontrol agents safeguarding 
biosphere and  health of animals and humans- current scenario and perspectives. 
Pakistan J. Biol. Sci.  PJBS 17, 316–328 (2014). 

80. Schmelcher, M., Donovan, D. M. & Loessner, M. J. Bacteriophage endolysins as novel 
antimicrobials. Future Microbiol. 7, 1147–1171 (2012). 

81. Rios, A. C. et al. Alternatives to overcoming bacterial resistances: State-of-the-art. 
Microbiol. Res. 191, 51–80 (2016). 

82. Wu, H., Lu, H., Huang, J., Li, G. & Huang, Q. EnzyBase: a novel database for enzybiotic 
studies. BMC Microbiol. 12, 54 (2012). 

83. Ghose, C. & Euler, C. W. Gram-negative bacterial lysins. Antibiotics 9, 1–13 (2020). 

84. Briers, Y., Walmagh, M. & Lavigne, R. Use of bacteriophage endolysin EL188 and outer 
membrane permeabilizers against  Pseudomonas aeruginosa. J. Appl. Microbiol. 110, 
778–785 (2011). 

85. Yan, G. et al. External lysis of Escherichia coli by a bacteriophage endolysin modified with 
hydrophobic amino acids. AMB Express 9, 106 (2019). 



REFERENCES 

224 
 

86. Vander Elst, N. et al. Characterization of the Bacteriophage-Derived Endolysins PlySs2 
and PlySs9 with In  Vitro Lytic Activity against Bovine Mastitis Streptococcus uberis. 
Antibiot. (Basel, Switzerland) 9, 621 (2020). 

87. Gutiérrez, D. et al. Phage Lytic Protein LysRODI Prevents Staphylococcal Mastitis in Mice. 
Front. Microbiol. 11, 7 (2020). 

88. Pachón-Ibáñez, M. E., Smani, Y., Pachón, J. & Sánchez-Céspedes, J. Perspectives for 
clinical use of engineered human host defense antimicrobial  peptides. FEMS Microbiol. 
Rev. 41, 323–342 (2017). 

89. Wang, S., Zeng, X., Yang, Q. & Qiao, S. Antimicrobial Peptides as Potential Alternatives to 
Antibiotics in Food Animal  Industry. Int. J. Mol. Sci. 17, 603 (2016). 

90. Kumar, P., Kizhakkedathu, J. N. & Straus, S. K. Antimicrobial peptides: Diversity, 
mechanism of action and strategies to improve the activity and biocompatibility in vivo. 
Biomolecules 8, 4 (2018). 

91. Le, C.-F., Fang, C.-M. & Sekaran, S. D. Intracellular Targeting Mechanisms by Antimicrobial 
Peptides. Antimicrob. Agents Chemother. 61, e02340-16 (2017). 

92. Zhang, L.-J. & Gallo, R. L. Antimicrobial peptides. Curr. Biol. 26, R14-9 (2016). 

93. Ibrahim, O. O. Classification of Antimicrobial Peptides Bacteriocins, and the Nature of 
Some Bacteriocins with Potential Applications in Food Safety and Bio-Pharmaceuticals. 
EC Microbiology 7, 591–608 (2019). 

94. Cascales, E. et al. Colicin biology. Microbiol. Mol. Biol. Rev. 71, 158–229 (2007). 

95. Duquesne, S., Petit, V., Peduzzi, J. & Rebuffat, S. Structural and functional diversity of 
microcins, gene-encoded antibacterial  peptides from enterobacteria. J. Mol. Microbiol. 
Biotechnol. 13, 200–209 (2007). 

96. Alvarez-Sieiro, P., Montalbán-López, M., Mu, D. & Kuipers, O. P. Bacteriocins of lactic acid 
bacteria: extending the family. Appl. Microbiol. Biotechnol. 100, 2939–2951 (2016). 

97. Angelopoulou, A., Warda, A. K., Hill, C. & Ross, R. P. Non-antibiotic microbial solutions for 
bovine mastitis–live biotherapeutics, bacteriophage, and phage lysins. Crit. Rev. 
Microbiol. 45, 564–580 (2019). 

98. Wu, J., Hu, S. & Cao, L. Therapeutic effect of nisin Z on subclinical mastitis in lactating 
cows. Antimicrob. Agents Chemother. 51, 3131–3135 (2007). 

99. Gong, Z. et al. Identification and Rational Design of a Novel Antibacterial Peptide 
Dermaseptin-AC from the Skin Secretion of the Red-Eyed Tree Frog Agalychnis callidryas. 
Antibiotics 9, 243 (2020). 

100. Liu, Y. et al. Structure–activity relationship of an antimicrobial peptide, phylloseptin-PHa: 
Balance of hydrophobicity and charge determines the selectivity of bioactivities. Drug 
Des. Devel. Ther. 13, 447–458 (2019). 

101. Xu, L. et al. Conversion of Broad-Spectrum Antimicrobial Peptides into Species-Specific 
Antimicrobials Capable of Precisely Targeting Pathogenic Bacteria. Sci. Rep. 10, 1–9 
(2020). 

102. Li, J. et al. Targeted and Intracellular Antibacterial Activity against S. agalactiae of the  
Chimeric Peptides Based on Pheromone and Cell-Penetrating Peptides. ACS Appl. Mater. 
Interfaces 12, 44459–44474 (2020). 



   REFERENCES 

225 
 

103. Rozek, A., Powers, J. P. S., Friedrich, C. L. & Hancock, R. E. W. Structure-Based Design of 
an Indolicidin Peptide Analogue with Increased Protease Stability. Biochemistry 42, 
14130–14138 (2003). 

104. Oliva, R. et al. Exploring the role of unnatural amino acids in antimicrobial peptides. Sci. 
Rep. 8, 1–16 (2018). 

105. Zhao, Y. et al. Antimicrobial activity and stability of the d-amino acid substituted 
derivatives of antimicrobial peptide polybia-MPI. AMB Express 6, 122 (2016). 

106. Di, Y. P. et al. Enhanced therapeutic index of an antimicrobial peptide in mice by 
increasing safety and activity against multidrug-resistant bacteria. Sci. Adv. 6, eaay6817 
(2020). 

107. Chou, H. et al. Design and synthesis of cationic antimicrobial peptides with improved 
activity and selectivity against Vibrio spp . 32, 130–138 (2008). 

108. Chen, Y.-L. S. et al. Novel cationic antimicrobial peptide GW-H1 induced caspase-
dependent apoptosis of  hepatocellular carcinoma cell lines. Peptides 36, 257–265 
(2012). 

109. Pan, W.-R., Chen, Y.-L. S., Hsu, H.-C. & Chen, W.-J. Antimicrobial peptide GW-H1-induced 
apoptosis of human gastric cancer AGS cell line  is enhanced by suppression of 
autophagy. Mol. Cell. Biochem. 400, 77–86 (2015). 

110. Serna, N. et al. Recruiting potent membrane penetrability in tumor cell-targeted protein-
only  nanoparticles. Nanotechnology 30, 115101 (2019). 

111. Serna, N. et al. Protein-only, antimicrobial peptide-containing recombinant nanoparticles 
with  inherent built-in antibacterial activity. Acta Biomater. 60, 256–263 (2017). 

112. Netea, M. G., Kullberg, B.-J. & Van der Meer, J. W. M. Proinflammatory cytokines in the 
treatment of bacterial and fungal infections. BioDrugs 18, 9–22 (2004). 

113. Dalton, D. K. et al. Multiple defects of immune cell function in mice with disrupted 
interferon-gamma  genes. Science 259, 1739–1742 (1993). 

114. Huang, S. et al. Immune response in mice that lack the interferon-gamma receptor. 
Science 259, 1742–1745 (1993). 

115. Buchmeier, N. A. & Schreiber, R. D. Requirement of endogenous interferon-gamma 
production for resolution of Listeria  monocytogenes infection. Proc. Natl. Acad. Sci. U. 
S. A. 82, 7404–7408 (1985). 

116. Kamijo, R. et al. Mice that lack the interferon-gamma receptor have profoundly altered 
responses to  infection with Bacillus Calmette-Guérin and subsequent challenge with 
lipopolysaccharide. J. Exp. Med. 178, 1435–1440 (1993). 

117. Kullberg, B. J., van ’t Wout, J. W., Hoogstraten, C. & van Furth, R. Recombinant interferon-
gamma enhances resistance to acute disseminated Candida  albicans infection in mice. J. 
Infect. Dis. 168, 436–443 (1993). 

118. Coelho, C. & Casadevall, A. Cryptococcal therapies and drug targets: the old, the new and 
the promising. Cell. Microbiol. 18, 792–799 (2016). 

119. Seger, R. A. Modern management of chronic granulomatous disease. Br. J. Haematol. 
140, 255–266 (2008). 

120. Hashemi, H. et al. Hyperimmunoglobulin E syndrome: Genetics, immunopathogenesis, 



REFERENCES 

226 
 

clinical findings, and  treatment modalities. J. Res. Med. Sci.  Off. J. Isfahan Univ.  Med. 
Sci. 22, 53 (2017). 

121. Brodzki, P., Kostro, K., Krakowski, L. & Marczuk, J. Inflammatory cytokine and acute phase 
protein concentrations in the peripheral blood  and uterine washings of cows with 
subclinical endometritis in the late postpartum period. Vet. Res. Commun. 39, 143–149 
(2015). 

122. Sordillo, L. M. Mammary Gland Immunobiology and Resistance to Mastitis. Vet. Clin. 
North Am. - Food Anim. Pract. 34, 507–523 (2018). 

123. Daley, M. et al. Prevention and treatment of Staphylococcus aureus infections with 
recombinant  cytokines. Cytokine 5, 276–284 (1993). 

124. Sordillo, L. M. & Babiuk, L. A. Controlling acute Escherichia coli mastitis during the 
periparturient period with  recombinant bovine interferon gamma. Vet. Microbiol. 28, 
189–198 (1991). 

125. Molineux, G. Pegylation: engineering improved biopharmaceuticals for oncology. 
Pharmacotherapy 23, 3S-8S (2003). 

126. Canning, P. et al. Efficacy and clinical safety of pegbovigrastim for preventing naturally 
occurring  clinical mastitis in periparturient primiparous and multiparous cows on US 
commercial dairies. J. Dairy Sci. 100, 6504–6515 (2017). 

127. Wang, M., Zhang, Y. & Zhu, J. Anti-Staphylococcus aureus single-chain variable region 
fragments provide protection  against mastitis in mice. Appl. Microbiol. Biotechnol. 100, 
2153–2162 (2016). 

128. Wang, M., Wang, T., Guan, Y., Wang, F. & Zhu, J. The preparation and therapeutic roles 
of scFv-Fc antibody against Staphylococcus  aureus infection to control bovine mastitis. 
Appl. Microbiol. Biotechnol. 103, 1703–1712 (2019). 

129. Machado, V. S. et al. Effect of an injectable trace mineral supplement containing 
selenium, copper, zinc,  and manganese on the health and production of lactating 
Holstein cows. Vet. J. 197, 451–456 (2013). 

130. Kang, S. J., Cho, Y. Il, Kim, K. H. & Cho, E. S. Proteomic Analysis to Elucidate the 
Antibacterial Action of Silver Ions Against  Bovine Mastitis Pathogens. Biol. Trace Elem. 
Res. 171, 101–106 (2016). 

131. Reyes-Jara, A., Cordero, N., Aguirre, J., Troncoso, M. & Figueroa, G. Antibacterial Effect 
of Copper on Microorganisms Isolated from Bovine Mastitis. Front. Microbiol. 7, 626 
(2016). 

132. Moreira, L. H. et al. Use of photodynamic therapy in the treatment of bovine subclinical 
mastitis. Photodiagnosis Photodyn. Ther. 21, 246–251 (2018). 

133. Felipe, V. et al. Chitosan disrupts biofilm formation and promotes biofilm eradication in  
Staphylococcus species isolated from bovine mastitis. Int. J. Biol. Macromol. 126, 60–67 
(2019). 

134. Lanctôt, S. et al. Effect of intramammary infusion of chitosan hydrogels at drying-off on 
bovine  mammary gland involution. J. Dairy Sci. 100, 2269–2281 (2017). 

135. Overton, T. W. Recombinant protein production in bacterial hosts. Drug Discov. Today 
19, 590–601 (2014). 



   REFERENCES 

227 
 

136. Chen, R. Bacterial expression systems for recombinant protein production: E. coli and 
beyond. Biotechnol. Adv. 30, 1102–1107 (2012). 

137. Andersson, L. et al. Large-scale synthesis of peptides. Biopolymers 55, 227–250 (2000). 

138. Nilsson, B. L., Soellner, M. B. & Raines, R. T. Chemical synthesis of proteins. Annu. Rev. 
Biophys. Biomol. Struct. 34, 91–118 (2005). 

139. Ongey, E. L. & Neubauer, P. Lanthipeptides: chemical synthesis versus in vivo 
biosynthesis as tools for  pharmaceutical production. Microb. Cell Fact. 15, 97 (2016). 

140. Li, Y. Recombinant production of antimicrobial peptides in Escherichia coli: A review. 
Protein Expr. Purif. 80, 260–267 (2011). 

141. Ingham, A. B. & Moore, R. J. Recombinant production of antimicrobial peptides in 
heterologous microbial systems. Biotechnol. Appl. Biochem. 47, 1–9 (2007). 

142. Cao, J. et al. Yeast-Based Synthetic Biology Platform for Antimicrobial Peptide 
Production. ACS Synth. Biol. 7, 896–902 (2018). 

143. Khalilzadeh, R. et al. Process development for production of recombinant human 
interferon-gamma expressed  in Escherichia coli. J. Ind. Microbiol. Biotechnol. 31, 63–69 
(2004). 

144. Khalilzadeh, R. et al. Process development for production of human granulocyte-colony 
stimulating factor by  high cell density cultivation of recombinant Escherichia coli. J. Ind. 
Microbiol. Biotechnol. 35, 1643–1650 (2008). 

145. Razaghi, A., Owens, L. & Heimann, K. Review of the recombinant human interferon 
gamma as an immunotherapeutic: Impacts of  production platforms and glycosylation. J. 
Biotechnol. 240, 48–60 (2016). 

146. Nausch, H. et al. Recombinant production of human interleukin 6 in Escherichia coli. PLoS 
One 8, e54933 (2013). 

147. Demain, A. L. & Vaishnav, P. Production of recombinant proteins by microbes and higher 
organisms. Biotechnol. Adv. 27, 297–306 (2009). 

148. Sanchez-Garcia, L. et al. Recombinant pharmaceuticals from microbial cells: A 2015 
update. Microb. Cell Fact. 15, 1–7 (2016). 

149. Rosano, G. L. & Ceccarelli, E. A. Recombinant protein expression in Escherichia coli: 
Advances and challenges. Front. Microbiol. 5, 1–17 (2014). 

150. Rosano, G. L., Morales, E. S. & Ceccarelli, E. A. New tools for recombinant protein 
production in Escherichia coli: A 5-year update. Protein Sci. 28, 1412–1422 (2019). 

151. Blattner, F. R. et al. The complete genome sequence of Escherichia coli K-12. Science 277, 
1453–1462 (1997). 

152. Sezonov, G., Joseleau-Petit, D. & D’Ari, R. Escherichia coli physiology in Luria-Bertani 
broth. J. Bacteriol. 189, 8746–8749 (2007). 

153. Shiloach, J. & Fass, R. Growing E. coli to high cell density--a historical perspective on 
method  development. Biotechnol. Adv. 23, 345–357 (2005). 

154. Li, J., Jaitzig, J., Lu, P., Süssmuth, R. D. & Neubauer, P. Scale-up bioprocess development 
for production of the antibiotic valinomycin in  Escherichia coli based on consistent fed-
batch cultivations. Microb. Cell Fact. 14, 83 (2015). 



REFERENCES 

228 
 

155. Kesik-Brodacka, M. Progress in biopharmaceutical development. Biotechnol. Appl. 
Biochem. 65, 306–322 (2018). 

156. Hayat, S. M. G., Farahani, N., Golichenari, B. & Sahebkar, A. H. Recombinant Protein 
Expression in Escherichia coli (E.coli): What We Need to Know. Curr. Pharm. Des. 24, 
(2018). 

157. Orrapin, S. & Intorasoot, S. Recombinant expression of novel protegrin-1 dimer and LL-
37-linker-histatin-5 hybrid  peptide mediated biotin carboxyl carrier protein fusion 
partner. Protein Expr. Purif. 93, 46–53 (2014). 

158. Aleinein, R. A., Hamoud, R., Schäfer, H. & Wink, M. Molecular cloning and expression of 
ranalexin, a bioactive antimicrobial peptide  from Rana catesbeiana in Escherichia coli 
and assessments of its biological activities. Appl. Microbiol. Biotechnol. 97, 3535–3543 
(2013). 

159. Xia, L., Zhang, F., Liu, Z., Ma, J. & Yang, J. Expression and characterization of cecropinXJ, 
a bioactive antimicrobial peptide  from Bombyx mori (Bombycidae, Lepidoptera) in 
Escherichia coli. Exp. Ther. Med. 5, 1745–1751 (2013). 

160. Luan, C. et al. Recombinant expression of antimicrobial peptides using a novel self-
cleaving  aggregation tag in Escherichia coli. Can. J. Microbiol. 60, 113–120 (2014). 

161. Babaeipour, V., Khanchezar, S., Mofid, M. R. & Pesaran Hagi Abbas, M. Efficient process 
development of recombinant human granulocyte colony-stimulating  factor (rh-GCSF) 
production in Escherichia coli. Iran. Biomed. J. 19, 102–110 (2015). 

162. Babaeipour, V., Shojaosadati, S. A. & Maghsoudi, N. Maximizing Production of Human 
Interferon-γ in HCDC of Recombinant E. coli. Iran. J. Pharm. Res.  IJPR 12, 563–572 (2013). 

163. Mamat, U. et al. Endotoxin-free protein production—ClearColiTM technology. Nat. 
Methods 10, 916–916 (2013). 

164. García-Fruitós, E. Lactic acid bacteria: A promising alternative for recombinant protein 
production. Microb. Cell Fact. 11, 22–24 (2012). 

165. Maeshima, N. & Fernandez, R. C. Recognition of lipid A variants by the TLR4-MD-2 
receptor complex. Front. Cell. Infect. Microbiol. 3, 3 (2013). 

166. Morello, E. et al. Lactococcus lactis, an efficient cell factory for recombinant protein 
production and secretion. J. Mol. Microbiol. Biotechnol. 14, 48–58 (2007). 

167. Jørgensen, C. M., Vrang, A. & Madsen, S. M. Recombinant protein expression in 
Lactococcus lactis using the P170 expression system. FEMS Microbiol. Lett. 351, 170–178 
(2014). 

168. Peng, C. et al. Factors influencing recombinant protein secretion efficiency in gram-
positive bacteria: Signal peptide and beyond. Front. Bioeng. Biotechnol. 7, 1–9 (2019). 

169. Freudl, R. Signal peptides for recombinant protein secretion in bacterial expression 
systems. Microb. Cell Fact. 17, 52 (2018). 

170. Anné, J., Economou, A. & Bernaerts, K. Protein Secretion in Gram-Positive Bacteria: From 
Multiple Pathways to  Biotechnology. Curr. Top. Microbiol. Immunol. 404, 267–308 
(2017). 

171. Lee, M. J. & Kim, P. Recombinant Protein Expression System in Corynebacterium 
glutamicum and Its  Application. Front. Microbiol. 9, 2523 (2018). 



   REFERENCES 

229 
 

172. Sun, M. et al. Enhanced production of recombinant proteins in Corynebacterium 
glutamicum by  constructing a bicistronic gene expression system. Microb. Cell Fact. 19, 
113 (2020). 

173. Song, A. A. L., In, L. L. A., Lim, S. H. E. & Rahim, R. A. A review on Lactococcus lactis: From 
food to factory. Microb. Cell Fact. 16, 1–15 (2017). 

174. Sriraman, K. & Jayaraman, G. HtrA is essential for efficient secretion of recombinant 
proteins by Lactococcus  lactis. Appl. Environ. Microbiol. 74, 7442–7446 (2008). 

175. Poquet, I. et al. HtrA is the unique surface housekeeping protease in Lactococcus lactis 
and is  required for natural protein processing. Mol. Microbiol. 35, 1042–1051 (2000). 

176. Kuipers, O. P., Beerthuyzen, M. M., de Ruyter, P. G., Luesink, E. J. & de Vos, W. M. 
Autoregulation of nisin biosynthesis in Lactococcus lactis by signal transduction. J. Biol. 
Chem. 270, 27299–27304 (1995). 

177. MoBiTec. NICE. Expression System for Lactococcus lactis. 34 (2015). 

178. Mierau, I. & Kleerebezem, M. 10 years of the nisin-controlled gene expression system 
(NICE) in Lactococcus  lactis. Appl. Microbiol. Biotechnol. 68, 705–717 (2005). 

179. Xu, C. et al. Biosynthesis of Polysaccharides-Capped Selenium Nanoparticles Using 
Lactococcus  lactis NZ9000 and Their Antioxidant and Anti-inflammatory Activities. Front. 
Microbiol. 10, 1632 (2019). 

180. Bermúdez-Humarán, L. G. et al. Intranasal immunization with recombinant Lactococcus 
lactis secreting murine  interleukin-12 enhances antigen-specific Th1 cytokine 
production. Infect. Immun. 71, 1887–1896 (2003). 

181. Bermúdez-Humarán, L. G. et al. Serine protease inhibitors protect better than IL-10 and 
TGF-β anti-inflammatory  cytokines against mouse colitis when delivered by recombinant 
lactococci. Microb. Cell Fact. 14, 26 (2015). 

182. Liu, S., Li, Y., Deng, B. & Xu, Z. Recombinant Lactococcus lactis expressing porcine insulin-
like growth factor I  ameliorates DSS-induced colitis in mice. BMC Biotechnol. 16, 25 
(2016). 

183. Mus-Veteau, I. Membrane proteins production for structural analysis. Membr. Proteins 
Prod. Struct. Anal. 1–425 (2014). 

184. Gifre-Renom, L. et al. A new approach to obtain pure and active proteins from 
Lactococcus lactis protein aggregates. Sci. Rep. 8, 13917 (2018). 

185. Villatoro-Hernandez, J. et al. Secretion of biologically active interferon-gamma inducible 
protein-10 (IP-10) by Lactococcus lactis. Microb. Cell Fact. 7, 22 (2008). 

186. Feizollahzadeh, S. et al. Expression of biologically active murine interleukin-18 in 
Lactococcus lactis. FEMS Microbiol. Lett. 363, fnw234 (2016). 

187. Cortes-Perez, N. G., da Costa Medina, L. F., Lefèvre, F., Langella, P. & Bermúdez-Humarán, 
L. G. Production of biologically active CXC chemokines by Lactococcus lactis: evaluation  
of its potential as a novel mucosal vaccine adjuvant. Vaccine 26, 5778–5783 (2008). 

188. Bermúdez-Humarán, L. G., Cortes-Perez, N. G., L’Haridon, R. & Langella, P. Production of 
biological active murine IFN-γ by recombinant Lactococcus lactis. FEMS Microbiol. Lett. 
280, 144–149 (2008). 

189. Volzing, K., Borrero, J., Sadowsky, M. J. & Kaznessis, Y. N. Antimicrobial peptides targeting 



REFERENCES 

230 
 

Gram-negative pathogens, produced and delivered by  lactic acid bacteria. ACS Synth. 
Biol. 2, 643–650 (2013). 

190. Tanhaeian, A., Mirzaii, M., Pirkhezranian, Z. & Sekhavati, M. H. Generation of an 
engineered food-grade Lactococcus lactis strain for production of an antimicrobial 
peptide: in vitro and in silico evaluation. BMC Biotechnol. 20, 19 (2020). 

191. Tanhaieian, A., Sekhavati, M. H., Ahmadi, F. S. & Mamarabadi, M. Heterologous 
expression of a broad-spectrum chimeric antimicrobial peptide in  Lactococcus lactis: Its 
safety and molecular modeling evaluation. Microb. Pathog. 125, 51–59 (2018). 

192. Choi, J. H. & Lee, S. Y. Secretory and extracellular production of recombinant proteins 
using Escherichia  coli. Appl. Microbiol. Biotechnol. 64, 625–635 (2004). 

193. Horga, L. G. et al. Tuning recombinant protein expression to match secretion capacity. 
Microb. Cell Fact. 17, 199 (2018). 

194. Derouazi, M. et al. High-yield production of secreted active proteins by the Pseudomonas 
aeruginosa type  III secretion system. Appl. Environ. Microbiol. 74, 3601–3604 (2008). 

195. Gustafsson, C., Govindarajan, S. & Minshull, J. Codon bias and heterologous protein 
expression. Trends Biotechnol. 22, 346–353 (2004). 

196. Burgess-Brown, N. A. et al. Codon optimization can improve expression of human genes 
in Escherichia coli: A multi-gene study. Protein Expr. Purif. 59, 94–102 (2008). 

197. Komar, A. A. Unraveling co-translational protein folding: Concepts and methods. 
Methods 137, 71–81 (2018). 

198. Liu, Y. A code within the genetic code: codon usage regulates co-translational protein  
folding. Cell Commun. Signal. 18, 145 (2020). 

199. Yu, C.-H. et al. Codon Usage Influences the Local Rate of Translation Elongation to 
Regulate  Co-translational Protein Folding. Mol. Cell 59, 744–754 (2015). 

200. Cortazzo, P. et al. Silent mutations affect in vivo protein folding in Escherichia coli. 
Biochem. Biophys. Res. Commun. 293, 537–541 (2002). 

201. Anfinsen, C. B. & Scheraga, H. A. Experimental and theoretical aspects of protein folding. 
Adv. Protein Chem. 29, 205–300 (1975). 

202. Adamcik, J. & Mezzenga, R. Amyloid Polymorphism in the Protein Folding and 
Aggregation Energy Landscape. Angew. Chem. Int. Ed. Engl. 57, 8370–8382 (2018). 

203. Schramm, F. D., Schroeder, K. & Jonas, K. Protein aggregation in bacteria. FEMS Microbiol. 
Rev. 44, 54–72 (2019). 

204. Mogk, A., Bukau, B. & Kampinga, H. H. Cellular Handling of Protein Aggregates by 
Disaggregation Machines. Mol. Cell 69, 214–226 (2018). 

205. Carrió, M. M. & Villaverde, A. Protein aggregation as bacterial inclusion bodies is 
reversible. FEBS Lett. 489, 29–33 (2001). 

206. Kolaj, O., Spada, S., Robin, S. & Wall, J. G. Use of folding modulators to improve 
heterologous protein production in Escherichia  coli. Microb. Cell Fact. 8, 9 (2009). 

207. de Marco, A., Deuerling, E., Mogk, A., Tomoyasu, T. & Bukau, B. Chaperone-based 
procedure to increase yields of soluble recombinant proteins  produced in E. coli. BMC 
Biotechnol. 7, 32 (2007). 



   REFERENCES 

231 
 

208. Martínez-Alonso, M., García-Fruitós, E., Ferrer-Miralles, N., Rinas, U. & Villaverde, A. Side 
effects of chaperone gene co-expression in recombinant protein production. Microb. Cell 
Fact. 9, 64 (2010). 

209. Vera, A., González-Montalbán, N., Arís, A. & Villaverde, A. The conformational quality of 
insoluble recombinant proteins is enhanced at low  growth temperatures. Biotechnol. 
Bioeng. 96, 1101–1106 (2007). 

210. Schellman, J. A. Temperature, stability, and the hydrophobic interaction. Biophys. J. 73, 
2960–2964 (1997). 

211. Li, Y. Self-cleaving fusion tags for recombinant protein production. Biotechnol. Lett. 33, 
869–881 (2011). 

212. Kuo, W.-H. K. & Chase, H. A. Exploiting the interactions between poly-histidine fusion 
tags and immobilized metal  ions. Biotechnol. Lett. 33, 1075–1084 (2011). 

213. Santalices, I., Gonella, A., Torres, D. & Alonso, M. J. Advances on the formulation of 
proteins using nanotechnologies. J. Drug Deliv. Sci. Technol. 42, 155–180 (2017). 

214. Verma, D., Gulati, N., Kaul, S., Mukherjee, S. & Nagaich, U. Protein Based Nanostructures 
for Drug Delivery. J. Pharm. 2018, 1–18 (2018). 

215. Gou, Y. et al. Bio-Inspired Protein-Based Nanoformulations for Cancer Theranostics. 
Front. Pharmacol. 9, 421 (2018). 

216. McManus, J. J., Charbonneau, P., Zaccarelli, E. & Asherie, N. The physics of protein self-
assembly. Curr. Opin. Colloid Interface Sci. 22, 73–79 (2016). 

217. Hagan, M. F. Modeling Viral Capsid Assembly. Adv. Chem. Phys. 155, 1–68 (2014). 

218. Stella, S., Falconi, M., Lammi, M., Gualerzi, C. O. & Pon, C. L. Environmental Control of the 
In vivo Oligomerization of Nucleoid Protein H-NS. J. Mol. Biol. 355, 169–174 (2006). 

219. Eaton, W. A. & Hofrichter, J. Sickle Cell Hemoglobin Polymerization. Adv. Protein Chem. 
40, 63–279 (1990). 

220. Knowles, T. P. J., Vendruscolo, M. & Dobson, C. M. The amyloid state and its association 
with protein misfolding diseases. Nat. Rev. Mol. Cell Biol. 15, 384–396 (2014). 

221. Kushnir, N., Streatfield, S. J. & Yusibov, V. Virus-like particles as a highly efficient vaccine 
platform: diversity of targets  and production systems and advances in clinical 
development. Vaccine 31, 58–83 (2012). 

222. Rohovie, M. J., Nagasawa, M. & Swartz, J. R. Virus-like particles: Next-generation 
nanoparticles for targeted therapeutic  delivery. Bioeng. Transl. Med. 2, 43–57 (2017). 

223. Unzueta, U. et al. Sheltering DNA in self-organizing, protein-only nano-shells as artificial 
viruses  for gene delivery. Nanomedicine 10, 535–541 (2014). 

224. Unzueta, U. et al. Non-amyloidogenic peptide tags for the regulatable self-assembling of 
protein-only  nanoparticles. Biomaterials 33, 8714–8722 (2012). 

225. Unzueta, U. et al. Intracellular CXCR4+ cell targeting with T22-empowered protein-only 
nanoparticles. Int. J. Nanomedicine 7, 4533–4544 (2012). 

226. Céspedes, M. V. et al. In vivo architectonic stability of fully de novo designed protein-only  
nanoparticles. ACS Nano 8, 4166–4176 (2014). 



REFERENCES 

232 
 

227. López-Laguna, H. et al. Assembly of histidine-rich protein materials controlled through 
divalent cations. Acta Biomater. 83, 257–264 (2019). 

228. Sánchez-García, L. et al. Self-assembling toxin-based nanoparticles as self-delivered 
antitumoral drugs. J. Control. Release 274, 81–92 (2018). 

229. Williams, D. C., Van Frank, R. M., Muth, W. L. & Burnett, J. P. Cytoplasmic inclusion bodies 
in Escherichia coli producing biosynthetic human  insulin proteins. Science 215, 687–689 
(1982). 

230. Chrunyk, B. A., Evans, J., Lillquist, J., Young, P. & Wetzel, R. Inclusion body formation and 
protein stability in sequence variants of interleukin-1  beta. J. Biol. Chem. 268, 18053–
18061 (1993). 

231. Jürgen, B. et al. Quality control of inclusion bodies in Escherichia coli. Microb. Cell Fact. 
9, 41 (2010). 

232. Carrió, M. M., Cubarsi, R. & Villaverde, A. Fine architecture of bacterial inclusion bodies. 
FEBS Lett. 471, 7–11 (2000). 

233. Gupta, A., Lloyd-Price, J., Neeli-Venkata, R., Oliveira, S. M. D. & Ribeiro, A. S. In vivo 
kinetics of segregation and polar retention of MS2-GFP-RNA complexes in  Escherichia 
coli. Biophys. J. 106, 1928–1937 (2014). 

234. Winkler, J. et al. Quantitative and spatio-temporal features of protein aggregation in 
Escherichia coli  and consequences on protein quality control and cellular ageing. EMBO 
J. 29, 910–923 (2010). 

235. Proenca, A. M., Rang, C. U., Qiu, A., Shi, C. & Chao, L. Cell aging preserves cellular 
immortality in the presence of lethal levels of  damage. PLoS Biol. 17, e3000266 (2019). 

236. de Groot, N. S., Sabate, R. & Ventura, S. Amyloids in bacterial inclusion bodies. Trends 
Biochem. Sci. 34, 408–416 (2009). 

237. Morell, M. et al. Inclusion bodies: specificity in their aggregation process and amyloid-
like  structure. Biochim. Biophys. Acta 1783, 1815–1825 (2008). 

238. Wang, L., Maji, S. K., Sawaya, M. R., Eisenberg, D. & Riek, R. Bacterial inclusion bodies 
contain amyloid-like structure. PLoS Biol. 6, e195 (2008). 

239. Cano-Garrido, O. et al. Supramolecular organization of protein-releasing functional 
amyloids solved in  bacterial inclusion bodies. Acta Biomater. 9, 6134–6142 (2013). 

240. García-Fruitós, E. et al. Aggregation as bacterial inclusion bodies does not imply 
inactivation of enzymes and  fluorescent proteins. Microb. Cell Fact. 4, 27 (2005). 

241. Rinas, U., Hoffmann, F., Betiku, E., Estapé, D. & Marten, S. Inclusion body anatomy and 
functioning of chaperone-mediated in vivo inclusion body  disassembly during high-level 
recombinant protein production in Escherichia coli. J. Biotechnol. 127, 244–257 (2007). 

242. King, J., Haase-Pettingell, C., Robinson, A. S., Speed, M. & Mitraki, A. Thermolabile folding 
intermediates: inclusion body precursors and chaperonin  substrates. FASEB J.  Off. Publ. 
Fed. Am. Soc.  Exp. Biol. 10, 57–66 (1996). 

243. Fink, A. L. Protein aggregation: folding aggregates, inclusion bodies and amyloid. Fold. 
Des. 3, R9-23 (1998). 

244. Speed, M. A., Wang, D. I. & King, J. Specific aggregation of partially folded polypeptide 
chains: the molecular basis of  inclusion body composition. Nat. Biotechnol. 14, 1283–



   REFERENCES 

233 
 

1287 (1996). 

245. Rajan, R. S., Illing, M. E., Bence, N. F. & Kopito, R. R. Specificity in intracellular protein 
aggregation and inclusion body formation. Proc. Natl. Acad. Sci. U. S. A. 98, 13060–13065 
(2001). 

246. De Marco, A. et al. Bacterial inclusion bodies are industrially exploitable amyloids. FEMS 
Microbiol. Rev. 43, 53–72 (2019). 

247. Arié, J.-P., Miot, M., Sassoon, N. & Betton, J.-M. Formation of active inclusion bodies in 
the periplasm of Escherichia coli. Mol. Microbiol. 62, 427–437 (2006). 

248. Nahalka, J. & Nidetzky, B. Fusion to a pull-down domain: a novel approach of producing 
Trigonopsis  variabilisD-amino acid oxidase as insoluble enzyme aggregates. Biotechnol. 
Bioeng. 97, 454–461 (2007). 

249. Lin, Z., Zhou, B., Wu, W., Xing, L. & Zhao, Q. Self-assembling amphipathic alpha-helical 
peptides induce the formation of active  protein aggregates in vivo. Faraday Discuss. 166, 
243–256 (2013). 

250. Wang, X., Zhou, B., Hu, W., Zhao, Q. & Lin, Z. Formation of active inclusion bodies induced 
by hydrophobic self-assembling peptide  GFIL8. Microb. Cell Fact. 14, 88 (2015). 

251. Wu, W., Xing, L., Zhou, B. & Lin, Z. Active protein aggregates induced by terminally 
attached self-assembling peptide  ELK16 in Escherichia coli. Microb. Cell Fact. 10, 9 
(2011). 

252. Zhou, B., Xing, L., Wu, W., Zhang, X.-E. & Lin, Z. Small surfactant-like peptides can drive 
soluble proteins into active aggregates. Microb. Cell Fact. 11, 10 (2012). 

253. Ramón, A., Señorale-Pose, M. & Marín, M. Inclusion bodies: Not that bad... Front. 
Microbiol. 5, 2010–2015 (2014). 

254. Villaverde, A., Corchero, J. L., Seras-Franzoso, J. & Garcia-Fruitós, E. Functional protein 
aggregates: Just the tip of the iceberg. Nanomedicine 10, 2881–2891 (2015). 

255. Jevsevar, S. et al. Production of nonclassical inclusion bodies from which correctly folded 
protein can  be extracted. Biotechnol. Prog. 21, 632–639 (2005). 

256. de Groot, N. S. & Ventura, S. Effect of temperature on protein quality in bacterial 
inclusion bodies. FEBS Lett. 580, 6471–6476 (2006). 

257. Peternel, S., Grdadolnik, J., Gaberc-Porekar, V. & Komel, R. Engineering inclusion bodies 
for non denaturing extraction of functional proteins. Microb. Cell Fact. 7, 34 (2008). 

258. Hrabárová, E., Achbergerová, L. & Nahálka, J. Insoluble protein applications: the use of 
bacterial inclusion bodies as  biocatalysts. Methods Mol. Biol. 1258, 411–422 (2015). 

259. Rueda, F. et al. Production of functional inclusion bodies in endotoxin-free Escherichia 
coli. Appl. Microbiol. Biotechnol. 98, 9229–9238 (2014). 

260. Cano-Garrido, O. et al. Functional protein-based nanomaterial produced in 
microorganisms recognized as safe:  A new platform for biotechnology. Acta Biomater. 
43, 230–239 (2016). 

261. Maji, S. K. et al. Functional amyloids as natural storage of peptide hormones in pituitary 
secretory  granules. Science 325, 328–332 (2009). 

262. Vázquez, E. et al. Functional inclusion bodies produced in bacteria as naturally occurring 



REFERENCES 

234 
 

nanopills  for advanced cell therapies. Adv. Mater. 24, 1742–1747 (2012). 

263. Torrealba, D. et al. Nanostructured recombinant cytokines: A highly stable alternative to 
short-lived prophylactics. Biomaterials 107, 102–114 (2016). 

264. Pesarrodona, M. et al. Targeting Antitumoral Proteins to Breast Cancer by Local 
Administration of Functional Inclusion Bodies. Adv. Sci. 6, 1900849 (2019). 

265. Gifre-Renom, L. et al. Recombinant Protein-Based Nanoparticles: Elucidating their 
Inflammatory Effects In  Vivo and their Potential as a New Therapeutic Format. 
Pharmaceutics 12, 450 (2020). 

266. Seras-Franzoso, J. et al. A nanostructured bacterial bioscaffold for the sustained bottom-
up delivery of  protein drugs. Nanomedicine (Lond). 8, 1587–1599 (2013). 

267. Villaverde, A. et al. Packaging protein drugs as bacterial inclusion bodies for therapeutic 
applications. Microb. Cell Fact. 11, 76 (2012). 

268. Singh, A., Upadhyay, V., Upadhyay, A. K., Singh, S. M. & Panda, A. K. Protein recovery 
from inclusion bodies of Escherichia coli using mild solubilization process. Microb. Cell 
Fact. 14, 1–10 (2015). 

269. Upadhyay, V., Singh, A., Jha, D., Singh, A. & Panda, A. K. Recovery of bioactive protein 
from bacterial inclusion bodies using trifluoroethanol  as solubilization agent. Microb. 
Cell Fact. 15, 100 (2016). 

270. Rinas, U. et al. Bacterial Inclusion Bodies: Discovering Their Better Half. Trends Biochem. 
Sci. 42, 726–737 (2017). 

271. González-Montalbán, N., García-Fruitós, E. & Villaverde, A. Recombinant protein 
solubility - does more mean better? Nature biotechnology 25, 718–720 (2007). 

272. Unzueta, U. et al. Release of targeted protein nanoparticles from functional bacterial 
amyloids: A death star-like approach. J. Control. Release 279, 29–39 (2018). 

273. Peternel, Š. & Komel, R. Active protein aggregates produced in Escherichia coli. Int. J. Mol. 
Sci. 12, 8275–8287 (2011). 

274. Zbilut, J. P. et al. Protein aggregation/folding: the role of deterministic singularities of 
sequence  hydrophobicity as determined by nonlinear signal analysis of acylphosphatase 
and Abeta(1-40). Biophys. J. 85, 3544–3557 (2003). 

275. Jong, W. S. P. et al. Application of an E. coli signal sequence as a versatile inclusion body 
tag. Microb. Cell Fact. 16, 50 (2017). 

276. Yang, X., Pistolozzi, M. & Lin, Z. New trends in aggregating tags for therapeutic protein 
purification. Biotechnol. Lett. 40, 745–753 (2018). 

277. Martin-Farmer, J. & Janssen, G. R. A downstream CA repeat sequence increases 
translation from leadered and unleadered  mRNA in Escherichia coli. Mol. Microbiol. 31, 
1025–1038 (1999). 

278. Verma, M. et al. A short translational ramp determines the efficiency of protein synthesis. 
Nat. Commun. 10, 5774 (2019). 

279. Weber, M. et al. Impact of C-terminal amino acid composition on protein expression in 
bacteria. Mol. Syst. Biol. 16, e9208 (2020). 

280. Tuller, T. et al. An evolutionarily conserved mechanism for controlling the efficiency of 



   REFERENCES 

235 
 

protein  translation. Cell 141, 344–354 (2010). 

281. Boël, G. et al. Codon influence on protein expression in E. coli correlates with mRNA 
levels. Nature 529, 358–363 (2016). 

282. Lei, J. et al. The antimicrobial peptides and their potential clinical applications. Am. J. 
Transl. Res. 11, 3919–3931 (2019). 

283. Cheng, K. T. et al. High level expression and purification of the clinically active 
antimicrobial peptide P-113 in Escherichia coli. Molecules 23, 800 (2018). 

284. Li, Y. Production of human antimicrobial peptide LL-37 in Escherichia coli using a 
thioredoxin–SUMO dual fusion system. Protein Expr. Purif. 87, 72–78 (2013). 

285. Yu, H., Li, H., Gao, D., Gao, C. & Qi, Q. Secretory production of antimicrobial peptides in 
Escherichia coli using the catalytic domain of a cellulase as fusion partner. J. Biotechnol. 
214, 77–82 (2015). 

286. Sun, B., Wibowo, D., Sainsbury, F. & Zhao, C. X. Design and production of a novel 
antimicrobial fusion protein in Escherichia coli. Appl. Microbiol. Biotechnol. 102, 8763–
8772 (2018). 

287. Saïda, F., Uzan, M., Odaert, B. & Bontems, F. Expression of highly toxic genes in E. coli: 
special strategies and genetic tools. Curr. Protein Pept. Sci. 7, 47–56 (2006). 

288. Martínez-Alonso, M., González-Montalbán, N., García-Fruitós, E. & Villaverde, A. The 
Functional quality of soluble recombinant polypeptides produced in Escherichia  coli is 
defined by a wide conformational spectrum. Appl. Environ. Microbiol. 74, 7431–7433 
(2008). 

289. Kwon, S. Bin et al. Quality Screening of Incorrectly Folded Soluble Aggregates from 
Functional  Recombinant Proteins. Int. J. Mol. Sci. 20, 907 (2019). 

290. Mauro, V. P. Codon Optimization in the Production of Recombinant Biotherapeutics: 
Potential Risks  and Considerations. BioDrugs 32, 69–81 (2018). 

291. Marini, G. et al. Experimental design approach in recombinant protein expression: 
determining medium  composition and induction conditions for expression of 
pneumolysin from Streptococcus pneumoniae in Escherichia coli and preliminary 
purification process. BMC Biotechnol. 14, 1 (2014). 

292. Mauro, V. P. & Chappell, S. A. A critical analysis of codon optimization in human 
therapeutics. Trends Mol. Med. 20, 604–613 (2014). 

293. Stirling, P. C., Lundin, V. F. & Leroux, M. R. Getting a grip on non-native proteins. EMBO 
Rep. 4, 565–570 (2003). 

294. Bemporad, F. et al. Biological function in a non-native partially folded state of a protein. 
EMBO J. 27, 1525–1535 (2008). 

295. Fink, A. L. Natively unfolded proteins. Curr. Opin. Struct. Biol. 15, 35–41 (2005). 

296. Nishikawa, K. Natively unfolded proteins: An overview. Biophysics (Oxf). 5, 53–58 (2009). 

297. Palopoli, N. et al. Intrinsically Disordered Protein Ensembles Shape Evolutionary Rates 
Revealing Conformational Patterns. J. Mol. Biol. 433, 166751 (2021). 

298. Zea, D. J. et al. Disorder transitions and conformational diversity cooperatively modulate 
biological function in proteins. Protein Sci. 25, 1138–1146 (2016). 



REFERENCES 

236 
 

299. Cano-Garrido, O. et al. Supramolecular organization of protein-releasing functional 
amyloids solved in bacterial inclusion bodies. Acta Biomater. 9, 6134–6142 (2013). 

300. Martínez-Alonso, M., García-Fruitós, E. & Villaverde, A. Yield, solubility and 
conformational quality of soluble proteins are not  simultaneously favored in 
recombinant Escherichia coli. Biotechnol. Bioeng. 101, 1353–1358 (2008). 

301. Pighetti, G. M. & Sordillo, L. M. Specific immune responses of dairy cattle after primary 
inoculation with recombinant  bovine interferon-gamma as an adjuvant when 
vaccinating against mastitis. Am. J. Vet. Res. 57, 819–824 (1996). 

302. Sordillo, L. M. & Babiuk, L. A. Modulation of bovine mammary neutrophil function during 
the periparturient period  following in vitro exposure to recombinant bovine interferon 
gamma. Vet. Immunol. Immunopathol. 27, 393–402 (1991). 

303. Riollet, C., Rainard, P. & Poutrel, B. Cells and cytokines in inflammatory secretions of 
bovine mammary gland. Adv. Exp. Med. Biol. 480, 247–258 (2000). 

304. WEDLOCK, D. N. et al. Effects of yeast expressed recombinant interleukin-2 and 
interferon-γ on physiological changes in bovine mammary glands and on bactericidal 
activity of neutrophils. J. Dairy Res. 67, 189–197 (2000). 

305. Demon, D. et al. The intramammary efficacy of first generation cephalosporins against 
Staphylococcus  aureus mastitis in mice. Vet. Microbiol. 160, 141–150 (2012). 

306. Brouillette, E. & Malouin, F. The pathogenesis and control of Staphylococcus aureus-
induced mastitis: study models  in the mouse. Microbes Infect. 7, 560–568 (2005). 

307. Gifre-Renom, L. et al. The Biological Potential Hidden in Inclusion Bodies. Pharmaceutics 
12, 157 (2020). 

308. Torrealba, D. et al. Complex Particulate Biomaterials as Immunostimulant-Delivery 
Platforms. PLoS One 11, e0164073 (2016). 

309. Kontermann, R. E. Strategies for extended serum half-life of protein therapeutics. Curr. 
Opin. Biotechnol. 22, 868–876 (2011). 

310. Goodman, D. B., Church, G. M. & Kosuri, S. Causes and effects of N-terminal codon bias 
in bacterial genes. Science 342, 475–479 (2013). 

311. Voges, D., Watzele, M., Nemetz, C., Wizemann, S. & Buchberger, B. Analyzing and 
enhancing mRNA translational efficiency in an Escherichia coli in  vitro expression system. 
Biochem. Biophys. Res. Commun. 318, 601–614 (2004). 

312. Magazine, H. I. et al. Use of synthetic peptides to identify an N-terminal epitope on 
mouse γ interferon that may be involved in function. Proc. Natl. Acad. Sci. U. S. A. 85, 
1237–1241 (1988). 

313. Meiyalaghan, S. et al. Expression and purification of the antimicrobial peptide GSL1 in 
bacteria for raising antibodies. BMC Res. Notes 7, 15–17 (2014). 

314. Soundrarajan, N. et al. Green fluorescent protein as a scaffold for high efficiency 
production of functional bacteriotoxic proteins in Escherichia coli. Sci. Rep. 6, 1–10 
(2016). 

315. Li, Y. Carrier proteins for fusion expression of antimicrobial peptides in Escherichia  coli. 
Biotechnol. Appl. Biochem. 54, 1–9 (2009). 

316. Serna, N. et al. Rational engineering of single-chain polypeptides into protein-only, BBB-



   REFERENCES 

237 
 

targeted nanoparticles. Nanomedicine Nanotechnology, Biol. Med. 12, 1241–1251 
(2016). 

317. Irazazabal, L. N. et al. Fast and potent bactericidal membrane lytic activity of PaDBS1R1, 
a novel cationic  antimicrobial peptide. Biochim. Biophys. acta. Biomembr. 1861, 178–
190 (2019). 

318. Sun, Y. & Shang, D. Inhibitory Effects of Antimicrobial Peptides on Lipopolysaccharide-
Induced  Inflammation. Mediators Inflamm. 2015, 167572 (2015). 

319. Lam, S. J. et al. Combating multidrug-resistant Gram-negative bacteria with structurally  
nanoengineered antimicrobial peptide polymers. Nat. Microbiol. 1, 16162 (2016). 

320. Lei, R. et al. Self-Assembling Myristoylated Human α-Defensin 5 as a Next-Generation 
Nanobiotics Potentiates Therapeutic Efficacy in Bacterial Infection. ACS Nano 12, 5284–
5296 (2018). 

321. Attenello, F., Raza, S. M., Dimeco, F. & Olivi, A. Chemotherapy for brain tumors with 
polymer drug delivery. Handb Clin Neurol. 104, 339–353 (2012). 

322. Jones, S. Permeability rules for antibiotic design. Nat. Biotechnol. 35, 639 (2017). 

323. Morones-Ramirez, J. R., Winkler, J. A., Spina, C. S. & Collins, J. J. Silver enhances antibiotic 
activity against gram-negative bacteria. Sci. Transl. Med. 5, 190ra81 (2013). 

324. Hancock, R. E. W. & Sahl, H. G. Antimicrobial and host-defense peptides as new anti-
infective therapeutic strategies. Nat. Biotechnol. 24, 1551–1557 (2006). 

325. Henriques, S. T., Melo, M. N. & Castanho, M. A. R. B. Cell-penetrating peptides and 
antimicrobial peptides: how different are they? Biochem. J. 399, 1–7 (2006). 

326. Erental, A., Sharon, I. & Engelberg-Kulka, H. Two programmed cell death systems in 
Escherichia coli: an apoptotic-like death is  inhibited by the mazEF-mediated death 
pathway. PLoS Biol. 10, e1001281 (2012). 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

 
 

 

Departament de genètica i microbiologia 

Facultat de biociències 


	Títol de la tesi: Development and characterization of protein nanoformulations
as alternative therapeutics to reduce antibiotic usage
	Nom autor/a: Jose Vicente Carratalá Tomás


