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ARTICLE 3 

Protein-only, antimicrobial peptide-containing recombinant 
nanoparticles with inherent built-in antibacterial activity. 

 
Naroa Serna, Laura Sánchez-García, Alejandro Sánchez-Chardi, Ugutz Unzueta, Mónica 

Roldán, Ramón Mangues, Esther Vázquez and Antonio Villaverde.  
 

Acta Biomaterialia. 2017. 60: 256–263. 
Impact factor: 6.319. Quartile: Q1. Decile: D1. 

 
 
Developing cationic antimicrobial peptides (AMPs) as an antibacterial therapy, 

alternative to the use of antibiotics, is of a special interest because of the increased 

prevalence of resistance to conventional antibiotics. AMPs have been successfully 

incorporated into topical drug formulations, but their applicability in systemic 

therapies remains a challenge due to their low molecular mass and limited stability.  

 

The engineering of low molecular weight AMPs as protein building blocks that self-

assemble into NPs would allow their applicability in systemic therapies enhancing 

solubility, stability and avoiding their metabolic excretion. Moreover, it would 

represent a new biological platform for the design of antimicrobial nanomaterials, that 

exhibit higher biocompatibility and wider structural and functional versatility than 

those based on metals which are currently under intense exploration.  

 

In this work, we have explored the potency of a synthetic cationic AMP to prompt the 

formation of protein only nanoparticles while keeping its high antimicrobial activity for 

the systemic treatment of bacterial infections (objective 4).  
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REVIEW 1 
Protein-Based Therapeutic Killing for Cancer 

Therapies. 
 

Naroa Serna, Laura Sánchez-García, Ugutz Unzueta, Raquel Díaz, Esther Vázquez, 
Ramón Mangues and Antonio Villaverde.  

 

Trends in Biotechnology. 2018. Vol 36. No 3, p318-335.   
Impact factor: 11.126. Quartile: Q1. Decile: D1. 

 

Proteins with potent cytotoxic activities are natural drugs of high pharmacological 

interest that can be fine-tuned as therapeutic agents. For instance, proapoptotic 

proteins, antimicrobial peptides, toxins and venoms components have been 

engineered as potent therapeutic drugs that maintain (and in some cases enhance) 

product safety and efficacy. 

 

In this review, we have summarized the different class of cytotoxic proteins that along 

with nanobiotechnological principles may result in a highly efficient antitumor drugs.  

We highlighted the approaches and emerging trends in protein drug development for 

the generation of new antitumor drugs that might be competitive in the biopharma 

market for safer, highly efficient, and more precise cancer therapies. 

 

This is the result of thorough bibliographic research which has allowed us to choose 

the optimum therapeutic domains, such as proapoptotic proteins, to be incorporated 

as building blocks into nanoparticles.   
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The following papers have been placed in the annex of this PhD thesis as they are not 

part of the main body but will be referred to the discussion section:  

o CXCR4-targeted toxin-based protein only-nanoparticles for oncology:    

 Annex 1, Article 4: 

Self-assembling toxin-based nanoparticles as self-delivered antitumoral 

drugs.  

 Annex 2, Draft 1: 

Toxin-based nanoparticles are effective tools against human colon 

cancer stem cells. 

 

o Endosomolytic peptides for enhanced transfection efficiency of protein-only 

nanoparticles :  

 Annex 3, Article 5: The fusogenic peptide HA2 impairs selectivity of 

CXCR4-targeted protein nanoparticles.  

 Annex 4, Manuscript 1: Tuning tumor cell targeting and penetrability of 

self-assembling polypeptides through functional recruitment.  

 

o Annex 5, Manuscript 2: Switching cell penetrating and CXCR4-binding activities 

of nanoscale-organized arginine-rich peptides.
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Conventional cytotoxic drugs have a narrow therapeutic window, with high peaks and 

troughs of plasma concentration. Nanoparticle formulations of cytotoxic drugs can 

enhance pharmacokinetic characteristics and facilitate passive targeting of drugs to 

target tissues via the enhanced permeability and retention effect, thus mitigating 

toxicity58;64;114. By enlarging the size of the whole drug conjugate over ∼ 5–8 nm up to 

100 nm, renal clearance and accumulation in organs are avoided while cell 

penetrability is preserved and often enhanced.  Currently, the new nanoparticle drug 

formulations in development and undergoing clinical trials utilize active targeting or 

trigger drug release based on environmental stimuli that ensure more efficient 

outcomes61;67;70;93;124.  

Nanomaterials under investigation for the generation of the carriers include mostly 

liposomes, polymeric micelles, protein nanoparticles, and dendrimers. Among them, 

protein-based nanomaterials such as synthetic protein NPs, antibodies and protein 

assemblies are the most appealing carriers for drug delivery due to their high 

biocompatibility and biodegradability107;111. However, these protein nanomaterials 

show some weaknesses that must be discussed. Regarding to synthetic protein NPs, 

currently available methods for synthesizing nanoparticles can easily promote 

agglomeration and lead to nanoparticle heterogeneity and instability244-247. With 

respect to antibodies, these targeted carriers show poor penetrability into the tumor 

tissue and require highly potent payload drugs leading to frequent life-threatening 

toxicities171;172;178. On the other hand, protein assemblies formed endogenously in 

living organisms such as ferritins, small-heat shock proteins, eukaryotic vaults and 

bacterial organelles offer poor functional flexibility, tunability and limited controlled-

geometry181;182.  Viruses, other well-studied examples in nature of protein self-

assembled cages, have been exploited as nucleic acid-containing delivery agents but 

transient transgene expression and strong side effect have limited their use191. In the 

line of safest approaches, virus like particles mimic a supramolecular self-assembling 

behavior of viruses but are non-infectious, non replicative and are therefore safer than 

viral vectors. However, their lack of flexibility, limited DNA-carrying capacity and poor 

functionality has strongly limited their general applicability192-194.  
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In this context, fully de novo designed self-assembling proteins, generated through 

genetic engineering to incorporate desired functions, appear as very attractive 

alternative to conventional protein carriers. The construction of these assemblies 

relies on the controlled oligomerization of individual protein motifs or polypeptides, 

which act as building blocks of complex supramolecular arrangements183;248. Self-

assembling of polypeptides occurs by non-covalent, weak cross-molecular local 

contacts between monomers including the formation of disulphide bridges, water-

mediated hydrogen bonds, electrostatic interactions and van der Waals interactions. 

Such self-organizing processes can be controlled by extrinsic parameters such as 

temperature, ionic strength, pH and the nature of the solvent249.  

Many natural (collagen-mimetic peptides, β-sheet peptides and straight α-helices) or 

in-silico designed peptides (amyloidogenic or amphiphilic) have been recognized as 

building blocks for the predictable bottom-up design of protein nanostructures 

including fibrils, tubes, spheres, ribbons, vesicles, micelles, monolayers, bilayers and 

hydrogels200;201.  Unfortunately, no regular cages have been so far constructed with 

these self-assembling peptides as a fully systematic approach due to their moderate 

functional versatility. Furthermore, when fused as tags to larger proteins and produced 

in biological systems, these peptides promote the aggregation of the fusion protein 

into inclusion bodies proving that these agents are not valuable as fine architectonic 

tags in larger modular protein constructs202. Therefore, the development of new 

engineering oligomerization approaches is needed. Unluckily, only isolated cases of 

successful de novo protein-only nanoparticles construction and controlled structural 

modulation have been reported, being mostly derived from unanticipated 

observations250;251.   

On this background, our research group has developed a new engineering 

oligomerization approach based on the combined use of non-amyloidogenic 

architectonic tags which enables to obtain NPs that present functional versatility, high 

stability and simple and cost effective biological production by recombinant 

systems235;237.  

Nanocarriers, being in general biologically inert, once nanostructured, must be 

functionalized to gain cytotoxic activity among other properties necessary for a proper 
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biodistribution such as targeting ability, cell surface receptor binding, membrane 

crossing and nuclear penetration. The general approach to provide cytotoxicity involve 

the loading of chemical drugs in nanosized carriers249;252. In protein nanoparticles, 

drugs are usually conjugated by lysine-amine and cysteine-thiol coupling by amine-

activated ester/carboxylic acid and thiol-maleimide chemistries, respectively253;254. In 

some cases, chemical linkers can be used to enhance drug conjugation efficacy.  

However, limited drug loading, instability of the chemical linker during the extracellular 

phases of the delivery process and drug leakage that leads to possible side effects may 

limit the use of protein DDS238. Furthermore, NP drug loading may affect the 

therapeutic efficacy and pharmacokinetics of the DDS as demonstrated in different 

studies255.  

In this context, protein fusion technologies allow the employment of many cytotoxic 

proteins as building blocks of supramolecular entities being an alternative approach to 

conventional drug protein nanoconjugates avoiding sequential, biologically unfriendly 

and chemically complex functionalization processes216;241. For instance, toxins and 

venom components, proapoptotic factors, and antimicrobial peptides have been 

already engineered as highly potent drugs. Immunotoxins are the best representative 

example of these protein complexes but they usually show lack of sufficient 

therapeutic window because of dose-limiting toxicity, possible immunogenicity, poor 

tissue penetrability and only a mono- or divalent presentation of the targeting 

agent243. From a different approach, protein drugs have been also fused to peptides 

that facilitate selective binding and/or cellular penetration of protein drugs such as 

cell-penetrating peptides (CPPs)256. However, this fusion strategy still shows 

inappropriate nanoscale size and inefficient therapeutic index.  

Thus, we think that the fusion of cytotoxic proteins in a de novo designed self-

assembling protein platform that contain all the modules required for a proper 

biodistribution is a very attractive approach that could allow the generation of  “all-in-

one” multifuntional protein-only NPs produced in one step by recombinant procedures 

with an applicability in a variety of diseases.  

In this study, we have provided new insights regarding the engineering of peptides that 

together with polyhistidine tag can act as oligomerization peptides being valuable as 
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fine architectonic tags in larger modular protein constructs. This engineering principle 

permits the generation of still functional protein-based carriers with predictable size. 

Generally, formulating therapeutic proteins as functional nanoparticles allows proteins 

to correctly biodistribute and to efficiently internalize into target cells upon systemic 

administration enabling their broad applicability in nanomedicines such as cancer and 

infectious diseases. However, our results prompt to carefully evaluate the convenience 

of using protein nanoparticulate materials for BBB-crossing therapies for the treatment 

of CNS diseases and highlight the need to develop new alternative therapies that may 

not be focused in nanotechnology approach.  

On the other hand, we have generated here for the first time self-assembling and self-

delivered protein-only nanoparticles with intrinsic therapeutic activity produced in a 

single step by recombinant procedures that show proper biodistribution and 

therapeutic effect being potentially attractive for human pathologies such as cancer 

and infectious disesases. These protein asemblies are presented as alternatives to 

conventional carriers in terms of high biocompatibility, biodegradability and functional 

versatility as well as preventing side effects related to drug leakage and avoiding 

further biologically unfriendly functionalization steps.   
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1) Evaluation of a new engineering principle to produce self-assembling protein-only 

nanoparticles of suitable and predictable size for their broad applicability in 

biomedicine. 

 

Protein materials are rapidly gaining interest in nanomedicine because of their intrinsic 

biocompatibility and full biodegradability111;145. Additionally, biological and 

environmental-friendly fabrication of proteins in recombinant organisms and the 

possibility to modulate their structure and function through genetic engineering allow 

the generation of multifunctional materials, with a plasticity unreachable by metals, 

polymers or ceramics. In this context, structurally unrelated functional protein 

domains can be incorporated in individual polypeptides by simple genetic engineering 

to generate multifunctional proteins that mimic viral properties such as self-

assembling, cell surface receptor binding, internalization and proper intracelular 

trafficking216;218. 

 

Recently, we have proposed an oligomerization approach in which a cationic peptide 

and a polyhistidine tail added at the amino terminus and carboxy terminus of 

multifunctional proteins respectively promote their self-assembling by electrostatic 

interactions, forming nanoparticles ranging in size between 10 and 100 nm235. We 

have already proved that the architectonic ability of the self-assembling inducing 

peptide at the amino terminus is determined by its cationic nature and not by its 

structure or origin and also, we determined that the size of the generated NP is 

significantly influenced by the charge of this peptide. In this context, empirical data 

obtained from a set of different modular proteins have allowed to set a relationship 

between the number of cationic residues at the amino terminus and the size of the 

engineered particles. However, this numerical model had been never tested as a 

rational tool for the engineering of protein self-assembling so far.  

 

On this background, we wanted to explore the possibility to effectively modulate the 

architectonic properties of non-cationic homing peptides in order to produce 



DISCUSSION 

 112 

nanoparticles of suitable and predictable size for their biomedical application.  

 

Angiopep-2-GFP-H6 and Seq-1-GFP-H6 are modular proteins displaying low density 

lipoprotein receptor (LDLR) ligands which are able to cross the BBB157;158;167. Angiopep-

2 and Seq-1 are unable to promote the self-assembling in higher ordered 

nanoparticles, probably due to their low cationic amino acid content257. Indeed, it has 

been shown that these modular proteins are able to reach the brain upon systemic 

administration but with important renal uptake due to their small molecular weight258. 

In an attempt to promote the self-assembling of Angiopep-2-GFP-H6 and Seq-1-GFP-

H6 for nanoparticle construction, cationic stretches containing arginine and lysine 

amino acids were introduced in both proteins, between the ligand and the scaffold 

protein GFP (Article 1, Table 1). Two different versions of each protein were designed 

to provide a total of 7 and 8 positively charged residues in the amino terminal region. 

According to previous numerical modeling, these numbers of cationic residues should 

enable the proteins to self-assemble as nanoparticles of around 30 nm, which is the 

optimal nanoparticle size for ligand/receptor-mediated nanoparticle internalization in 

brain25.  

 

The new versions of Angiopep-2-GFP-H6 and Seq-1-GFP-H6 were successfully 

produced in Escherichia coli expression system and further characterized. All of them 

showed expected molecular masses and retained the GFP fluorescence emissions 

(Article 1, Table 1). However, in the case of Seq-1-derivatives, the fluorescence 

intensity notably decreased, probably because there were taking place some 

conformational changes in the protein that might affect the conformation of the 

chromophore. Indeed, among the four different constructs, only Seq-1-8-GFP-H6 was 

able to self-assemble and generate nanoparticles of about 30 nm as expected (Article 

1, Figure 1A). Note that the size obtained is in full agreement with the numerical 

model described before235.  

 

The stability of nanoparticles was demonstrated under different salt contents and ionic 

strengths (Article 1, Figure 1B) and by measuring fluorescence emission after 

incubation in human plasma for 24 h (Article 1, Figure 2A). Moreover, regular 
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nanoparticle size and morphology was confirmed by TEM and FESEM analysis (Article 

1, Figure 1C-E).  

 

These results indicated that in this platform, protein’s self-assembling process is 

determined on one hand, by a minimum number of positive charges in the amino 

terminus peptide, since just one additional cationic residue in Seq-1-8-GFP-H6 

comparing with Seq-1-7-GFP-H6 allowed promoting self-assembly process. On the 

other hand, we found that Angiopep-2-8-GFP-H6, having the same amount of positive 

charges than Seq-1-8-GFP-H6, failed triggering self–assembly, suggesting that the 

oligomerization process is also influenced by the distribution of the charges in the 

cationic peptide. In fact, it appears that the charges have to be distributed together in 

the sequence of the cationic peptide, as in Seq-1-8-GFP-H6, to result in a higher polar 

splitting of electrostatic charges that supports spontaneous self-organization as 

nanoparticulate materials through electrostatic interactions.  

 

This engineering principle permits the generation of still functional protein-based 

nanoparticles with predictable size by the precise sequence manipulation of 

multifunctional proteins, based on controlled cationic load of the homing peptide at 

amino terminal region. Note that nanoparticle size and multivalent presentation of 

the homing peptide allow proteins to correctly biodistribute and to efficiently 

internalize into target cells upon systemic administration, as it has been demonstrated 

in some diseases such as cancer and infections16;114. Therefore, formulating 

therapeutic proteins as functional nanoparticles allows, by this engineering principle, 

their broad applicability in nanomedicine.  
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2. Analysis of the applicability of protein-only nanoparticles in neurotropic therapy.  

 

Drug nanoconjugates, as well as exhibiting powerful targeting properties, should 

overcome the biological barriers faced before reaching the right cell compartment in 

the target organ. This is a requisite when targeting the central nervous system (CNS) 

that is protected by the blood–brain barrier (BBB), which controls the access of 

molecules and drugs to the brain149;150. The invasivennes that supposes local 

administration of therapeutics into brain, imposses the necessity of empowering drugs 

with BBB crossing abilities after systemic administration259.  

 

It has been previously discussed that the nanoparticulated organization of materials 

used for systemic drug delivery and their functionalization with the appropiate ligand 

allow their correct biodistribution and accumulation in target organs. However, the 

ideal architecture to promote the delivery of drugs into the brain remains to be 

elucidated. Being paracellular penetration of drugs especially difficult to cross the BBB, 

their functionalization to ligands with transcytosis capacity seems to be the best 

approach259. However, whether the ligand would be more effective crossing the BBB 

when is presented in a nanocarrier than when applied in plain ligand–drug complexes 

needs further investigation. In fact, recent data suggest that presentation of proteins 

as nanoparticles could not favor their accumation in the brain257.  

 

To asses BBB-crossing properties of monomeric and nanoparticle protein versions we 

have compared the unassembled modular version of Seq-1 BBB crossing peptide 

(Seq1-7-GFP-H6) and its nanoparticle version (Seq1-8-GFP-H6) obtained by the 

engineering principle explained before.  

 

Nanoparticles showed higher internalization into LDLR HeLa cells (Article 1, Figure 2B 

and Figure 3A-B) and better transcytic properties in a CaCo-2 based test (Article 1, 

Table 2) when compared with unassembled version. This higher penetrability of 

nanoparticles is probably related with a favoured endosomal uptake of the fusion 

protein due to the amplification of the material size and multivalent presentation of 

the Seq1 ligand in the nanoparticle, rather than an enhanced inespecific internalization 
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of the fusion protein promoted by the addition of positive charged amino acids.  

Indeed, it has been already demonstrated that the addition of cationic peptides to pre-

existing protein nanoparticles did not alter cell penetrability260;261. Moreover, the 

specificity in cell binding and internalization of Seq1 has been already tested in LDLR- 

HUVEC that was shown to be negligible when comparing with LDLR+ HeLa cells, 

suggesting a receptor mediated internalization pathway of the fusion protein. We 

confirmed the endosomal localization of Seq1-8-GFP-H6 by the strong merging signals 

of the membraneous system and GFP upon exposure to LDLR+ HeLa cells, observed by 

confocal reconstructions (Article 1, Figure 3C). Although the penetrability in vitro is 

improved by the nanoparticle form, the BBB crossing ability of the nanoparticle and 

unassembled form in vivo was really similar (Article 1, Figure 4).  

 

One reason that explains the obtained results might be that multivalent presentation 

of the homing peptide in the nanoparticle has not favoured the BBB permeability and 

accumulation in brain of the fusion protein and that the enhanced penetrability in vitro 

could be due to the different transcytosis activities between the non-cerebral cell lines 

such as epithelial CaCo-2 cell line and brain endothelial cells262. This is in agreement 

with the poor BBB crossing abilities showed before by protein nanoparticles 

empowering ApoB ligand257.  

 

Another reason for this fact could be that Seq1-8-GFP-H6 nanoparticles are more 

inestable than we expected and disassemble once in the blood stream, as described 

for other protein nanoparticles such as nab-paclitaxel. Indeed, both Seq1-8-GFP-H6 

and Seq1-7-GFP-H6 were found in kidney (but not in other organs) as in the case of 

GFP-H6 monomer. Moreover, Seq1-8-GFP-H6 nanoparticles progressively 

disassembled under incubation in human serum and monomers appeared after 5 h of 

incubation, suggesting nanoparticle inestability in presence of heterologous proteins, 

which might be related with the nanomaterial destabilization by protein corona 

formation upon systemic administration24.  

 

Interestingly, we found that Seq1-8-GFP-H6 protein remained for a longer time in 

kidney (Article 1, Figure 5). One explanation is that nanoparticulated Seq1 could be 
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interacting with LDLR family cell surface receptors, found highly expressed in renal 

cells263;264, showing enhanced Seq1-8-GFP-H6 protein penetration due to the 

multivalent presentation of Seq 1 into protein nanoparticles. In this context, the 

abundance of LDLR in kidney might limit the use of LDLR ligands in BBB-targeted drug 

delivery systems.   

 

Another explanation might be related with the disassembling process of Seq1 

nanoparticles, which implies that the renal clearance of Seq1-8-GFP-H6 occurs more 

slowly when compared with unassembled versions that are filtered faster. This 

difference in clearance rate might correspond with the fact that the nanoparticles are 

progressively disassembled, and as they have to go through this process, the renal 

clearance is slower.   

 

This study reveals that 1) the stability of nanoparticles obtained by the engineering 

tool described before should be carefully and further studied in other models due to a 

probable inestability and dissasembling of nanoentities in the blood stream. 2) high 

cellular penetrability of protein nanoparticles in cultured cells in vitro does not 

guarantee efficient BBB crossing and brain targeting by transcytosis-associated 

receptors. This might be indicative of different principles governing the biodistribution 

of protein nanoparticles displaying BBB-homing peptides when comparing with those 

that display tumor homing peptides. This result prompts to carefully evaluate the 

convenience of using protein nanoparticulated materials for BBB-crossing therapies 

for the treatment of CNS diseases.  
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3. Generation of CXCR4+ targeted protein-only nanoparticles with intrinsic cytotoxic 

activities for the treatment of solid tumors.   

 

PROOF OF CONCEPT. 

Many proteins such as proapoptotic proteins, antimicrobial peptides, toxins or venoms 

among others are efficient drugs that can be enginereed as potent therapeutic agents 

usable in oncology (Review 1). As we have already explained in the introduction part 

of this thesis, converting cytotoxic proteins in building blocks of self-assembling 

protein-only nanoparticles is an innovative approach that would allow avoiding the risk 

of drug leakage during circulation and excluding the need of further activation and 

drug conjugation. These proteins, if empowered with cell-targeting peptides, would act 

simultaneously as carriers, drugs and targeting agents that could be biologically 

produced in a single step.  

 

Venoms are complex mixtures, composed mainly by proteins and peptides265. The 

most known and studied poisonous terrestrial animals are snakes, scorpions and 

spiders. Among marine animals, these are jellyfishes, anemones and cone snails. These 

peptides act on exposed cells by diverse mechanisms leading to cell death. Individual 

toxins are also produced by bacteria and plants that are usually involved in enzymatic 

protein synthesis inhibition266. These toxins include the plant toxins such as ricin and 

saporin and the bacterial toxins such as Diphtheria toxin (DT) and Pseudomonas 

aeruginosa exotoxin A (PE). Venom components and toxins are extremely potent 

molecules and reveal a modular architecture that offers additional versatility in the 

engineering of these peptides as therapeutic agents. However, drugs based on non-

human proteins contain antigenic peptides that lead to immune responses during 

treatment upon re-exposure267.  

 

Antimicrobial peptides (AMPs) belong to the innate immune system and host defence 

mechanism of a wide range of living organisms268. AMPs are small pore-forming 

proteins that show avidity for negatively charged cell membranes inducing apoptosis 

or necrosis and some of them also inhibiting tumor angiogenesis and showing 
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immunomodulatory activities. Most AMPs are of human or animal origin, but others 

have been isolated from peptide libraries or have been generated by de novo design. 

 

Proapoptotic proteins have also been engineered as drugs to induce apoptosis in 

tumour cells269. The clinical value of proapoptotic proteins and some AMPs as protein 

drugs in oncology is enriched because of their human origin which administration 

would decrease or avoid immunogenicity that is usually associated with heterologous 

protein drugs270. Therefore, we firstly aimed to engineer proapoptotic proteins as 

building blocks of self-assembling protein-only nanoparticles.  

 

The Bcl-2 family is the best characterized protein family involved in the regulation of 

apoptotic cell death, consisting of anti-apoptotic and pro-apoptotic members269;271. 

The anti-apoptotic proteins include Bcl-2, Bcl-xL and Bcl-w which share sequence 

homology within four regions, BH (Bcl-2 homology) 1 to BH4. Proapoptotic proteins 

can be categorized into BH3-only proteins (BIM, BID, PUMA, NOXA, BAD, BIK, and HRK) 

that contain only one BH region (BH3) and multidomain proteins (BAX and BAK), that 

share a similar globular structure with four BCL-2 homology regions (BH1, BH2, BH3 

and BH4). 

 

The more advanced drugs focused on Bcl-2 family members of proteins are BH3 

mimetics. BH3-mimetics are chemical molecules capable of mimicking BH3-only 

proteins272;273. Great effort has been made to develop suitable BH3 mimetics but 

unfortunately, their application is currently limited by its major dose-limiting toxicity; 

Indeed, the most clinically advanced BCL-2 family inhibitors ABT-263 (inhibits BCL-2, 

BCL-XL and BCL-W) cause thrombocytopenia274, and Obatoclax which inhibits MCL-1 as 

well as BCL-2, BCL-XL and BCL-W leads to a unexpected central nervous system 

toxicity275. 

Nowadays, the engineering of recombinant human pro-apoptotic proteins offers a new 

therapeutic approach. Human pro-apoptotic proteins fused to peptides that increase 

their cellular uptake in vitro such the transactivator of transcription (TAT) of human 

immunodeficiency virus (TAT-Bid)276 or Antennapedia homeoprotein (Ant-BAKBH3)277 
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show direct activation of apoptosis. More interestingly, pro-apoptotic peptides fused 

to receptor specific peptides or antibody derivatives that recognize tumor markers are 

specifically delivered into cancer cells promoting apoptosis. Examples of these are pro-

apoptotic proteins fused to gonadotropin releasing hormone (GnRH-Bik, GnRH-BAK 

and GnRH-Bax)278, to human granulocyte-macrophage colony-stimulating factor (hGM-

CSF-Bad)279 or to specific single-chain anti-HER2 antibody fragment (e23sFv-TD-

tBID)280. However, these therapeutics achieved by simple fusion technologies do not 

show appropriate size and multivalency for an optimal therapeutic treatment of 

systemically administered drugs. 

 

In this context, we aimed to engineer the functional BH3 domain of the proapoptotic 

Bcl-2 homologous antagonist killer (BAK) protein as building blocks of self-assembling 

protein-only nanoparticles. As the full length BAK has highly hydrophobic nature due 

to the transmembrane region281, we decided to recombinantly produce the functional 

BH3 domain (BAK BH3) that it has been already demonstrated to show proapoptotic 

activites277;282. We fused the cationic T22 peptide, as oligomerization tag and as 

targeting agent of CXCR4+ tumors, the BAK BH3 domain as therapeutic domain, the 

green fluorescent protein (GFP) as scaffold protein that allows to monitor the 

localization of the fusion protein and finally, the histidine tag as oligomerization and 

purification tag (Article 2, Figure 1A). This fusion platform shows potency for 

theragnosis as contains both, diagnostic and therapeutic functions in one integrated 

system.  

 

T22-BAK-GFP-H6 nanoparticles were succesfully produced in Escherichia coli and 

purified in a single step by conventional procedures (Article 2, Figure 1B). Generated 

nanoparticles, being 13.5nm in diameter (Article 2, Figure 1C-D), showed appropiate 

fluorescence emission for quantitative imaging and were stable in complex 

physiological media such as Optipro medium (results not shown).  

 

In relation to their capacity to bind and internalize into CXCR4-positive cells, we firstly 

demonstrated in vitro efficient internalization and CXCR4 dependent uptake of 
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nanoparticles into CXCR4+ HeLa and SW1417 cells (Article 2, Figure 2). Indeed, the 

kinetics of accumulation was compatible with a receptor mediated endocytosis, 

nanoparticle internalization was significantly reduced in both cell lines using AMD3100 

(an inhibitor of T22-CXCR4 interaction), and the fusion proteins lacking the T22 peptide 

failed to enter the cells.  

 

Due to its high CXCR4 linked penetrability in vitro, we moved to explore nanoparticle 

biodistribution in a CXCR4+ colorectal cancer mouse model. NPs specifically 

accumulated in tumor cells upon systemic administration with absence of renal 

accumulation, aggregation in lungs or toxicity (Article 2, Figure 3), which indicates 

their high stability in plasma. Surprisingly, the non-targeted and monomeric protein 

BAK-GFP-H6 did not filtered in kidneys as expected for unassembled versions such as 

GFP, and reached the tumor in the first two hours. This is probably because the 6.45 

nm BAK-GFP-H6 shows a higher size than the 5.1 nm GFP-H6 (Article 2, Figure 1C) and 

thus, this protein may be in the limit or even above the renal filtration threshold 

(generally determined at 6 nm)11;30 and  it is able to avoid the renal filtration and reach 

the tumor by the EPR effect. This is also indicative of the high stability of this plain 

fusion protein in plasma. However, note that targeted nanoparticles remained longer 

in the tumor compared with the non targeted BAK-GFP-H6 (Article 2, Figure 3A-C).  

 

Regarding the cytotoxic activity, BAK is a multidomain pro-apoptotic protein belonging 

to the Bcl2 protein family that controls the intrinsic apoptotic pathway283. BAK shares a 

similar globular structure with four BCL-2 homology regions (BH1, BH2, BH3 and BH4) 

and in contrast to BAX, BAK is constitutively inserted into the mitochondrial outer 

membrane in healthy cells through its transmembrane domain. Upon activation, 1) it 

interacts through its BH3 domain with antiapoptotic proteins and inactivates them and 

2) it assembles into oligomeric complexes in the mitochondrial outer membrane 

(MOM), triggering caspase-dependent apoptotic pathway through the mitochondrial 

membrane permeabilization and cytochrome C release (Figure 14). Contrary to the full 

lenght BAK, BAK BH3 lacking the transmembrane region is not able to insert in MOM 

and create pores277. Therefore, the apoptotic effect is related with caspase activation 
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without loss of mitochondrial membrane potential or detectable translocation of 

cytochrome c from mitocondria to cytosol. This caspase activation is triggered by its 

interaction with antiapoptotic proteins in the cytosol and their inhibition. In detail, it 

has been described a predominant interaction between BAK BH3 and the antiapoptotic 

protein Bcl-xL. Reportedly, Bcl-xL interacts with the apoptotic protease activating factor 

1 (Apaf-1) and inhibits the ability of Apaf-1 to promote the activation of caspase-9. 

Thus, the BAK BH3 peptide may antagonize Bcl-xL and promote apoptosis by 

preventing Bcl-xL/Apaf-1 heterodimerization, leaving Apaf-1 free to participate in the 

fast activation of caspases277 (Figure 14).  

We demonstrated that T22-BAK-GFP-H6 compared to T22-GFP-H6 was able to induce 

cell death in target cells in vivo associated with caspase-3 activation, proteolysis of 

poly(ADP-ribose) polymerase (PARP) catalyzed by caspase-3, ocurrence of apoptotic 

bodies, increase of necrotic areas in tumor tissues and decrease of mitotic figures 

(Article 2, Figure 4). As expected, tumor cell apoptosis peaked at short times, 5 h 

(Article 2, Figure 4B-D) that may be related with a fast caspase activation and necrosis, 

which was significantly observed at longer times, 24 h and 48 h (Article 2, Figure 4E). 

Moreover, we confirmed the absence of cytochrome C activation (not shown) as it was 

expected, due to the inability of BAK BH3 to perform mitochondrial pores.  

 

Importangly, non-target organs remained intact (Article 2, Figure 3E). Likewise, 

untargeted BAK-GFP-H6 triggered only a tenuous induction of apoptosis that was not 

significant comparing with the apoptosis in buffer treated tumors (Article 2, Figure 4F), 

suggesting an early accumulation of this protein in tumor tissue due to EPR effect but 

unable to internalize into cancer cells if lacking the targeting peptide.  

 

Based on this data we have demonstrated the possibility to engineer a proapoptotic 

protein to self-assemble as nanoparticles that show intrinsic apoptotic activies and in 

which BAK BH3 domains are fully functional.  
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TRANSLATIONAL APPLICATION. 

We wanted to explore the generic applicability of this platform using any recombinant 

protein drug to generate intrinsically functional protein nanoparticles, which having a 

dual role as drug and carrier, are designed to be administered without the assistance 

of heterologous vehicles. In this context, we succesfully generated nanoparticles based 

on the human p53-upregulated modulator of apoptosis PUMA284;285 (Article 2, Figure 

5), the synthetic anticancer peptide GWH1286;287 (Article 2, Figure 5) and toxins288 

(Annex 1, Article 4). All nanostructured drugs were able to accumulate in tumor 

tissues upon systemic administration, which is again indicative of the stability of 

oligomers in plasma as materials over 6 nm in size.  

 

PUMA, similarly to BAK BH3, is a BH3-only proapoptotic protein that interacts with 

antiapoptotic Bcl-2 family members, inhibiting their interaction with the proapoptotic 

molecules and inducing fast caspase activation285. Moreover, this protein also directly 

activates BAX and BAK leading to mitochondrial disfunction and cell death (Figure 13). 

We saw that T22-PUMA-GFP-H6 in vivo induced fast cell death at 5h after its systemic 

administration (Article 2, Figure 5E). Note that the therapeutic value of proapoptotic 

peptides such as BAK BH3 and PUMA is that they are from human origin so they should 

not be immunogenic when administered in patients.  
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Figure 14: Proposed caspase activation pathways of T22-BAK-GFP-H6 and T22-PUMA-GFP-H6 proteins. 
BAK BH3 directly binds to anti-apoptotic proteins that interact with the apoptotic protease activating 
factor 1 (Apaf-1), thus leaving Apaf-1 free and trigeering a fast caspase activation. PUMA 
BH3 directly binds to the prosurvival Bcl-2-like proteins and also activates Bax and Bak. Once activated, 
Bax and Bak oligomerize to form pores in the mitochondrial outer membrane that release cytochrome c. 

It is known that in the absence of a good endosomolytic agent, the endosomal uptake 

of fusion protein drugs drives the engulfed material to a lysosomal pathway limiting 

their cytotoxicity83. Unfortunately, we demonstrated that the proton sponge effect 

expected by His-rich peptides in T22-GFP-H6 was innefficient promoting the release of 

fusion protein drugs into the cytosol, and around 90 % of the protein was proteolyzed 

(Annex 4, Manuscript 1, Figure 2B) being similar for T22-BAK-GFP-H6 and T22-PUMA-

GFP-H6 (results not shown). Therefore, the exploration of peptides that are identified 

as strongly endosomolytic, is a priority to improve the design of these prototypes that 

lack a proper endosomolytic domain. In this regard, we have already incorporated the 

fusogenic peptide HA2 from the influenza virus hemagglutinin (Annex 3, Article 5) and 

the pore forming cationic peptide GWH1 (Annex 4, Manuscript 1) to the T22-GFP-H6 

protein platform. The obtained results show a dramatic enhancement of cell 

penetrability and a high transfection efficiency of the material into the cytosol, but 

with a significant reduction in the specificity between the interaction of nanoparticles 
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and cell receptor. Indeed, T22-GWH1-GFP-H6 when administered in vivo shows less 

accumulation in tumor than T22-GFP-H6 with an occurrence in kidney (Article 2, Figure 

5C). Therefore, a further exploration is required to properly incorporate endosomal 

escape domains in our prototypes. In this context, our group is currently working in the 

exploration and suitable incorporation of human endosomolytic domains into building 

blocks. 

 

GWH1 is an antimicrobial cationic peptide (AMP) that exerts its cytolytic activity by 

folding into an amphipathic helix upon selective binding and insertion into negatively 

charged cell membranes, leading to cell death286. As we have already explained, this 

activity besides promoting cell death can also be exploted to promote endosomal 

escape of the fusion protein (Annex 4, Manuscript 1). Firstly we demonstrated that 

GWH1 was able to form α-helical structures when entered in contact with membranes 

(Annex 4, Manuscript 1, Figure 1B), remaining funcional in nanoparticulated form. 

Regarding to the cytotoxic activity, AMPs, as effective self-defence tools, exhibit a 

threshold concentration for their membrane activity below which no effect is 

observed289. This threshold concentration is lower on procaryotic cells than on 

eukaryotic cells, providing a security level that avoid harming own body cells. In 

cultured cancer cells, it has been previously reported a threshold concentration 

ranging from 20 μM to 250 μM for the free GWH1. We firstly determined in vitro the 

threshold concentration of T22-GWH1-GFP-H6 over CXCR4+ HeLa cells that was 

defined at 8uM (Annex 4, Manuscript 1, Figure 1C). This was significantly lower than 

the one predicted for the GWH1 peptide alone, probably because of an enhanced 

penetration of nanoparticles due to the multivalent presentation of T22 into protein 

nanoparticles (Annex 4, Manuscript 1, Figure 2A). When we analyzed this cell killing 

ability in vivo at 5h after administration, we saw a milder effect than proapoptotic 

proteins (Article 2, Figure 5F), probably because this peptide acts by two sequential 

events and requires longer time interval to induce noticeable cell death, such as 24-

48h, as we have seen in cultured cells (Annex 4, Manuscript 1, Figure 1C). Thus, it is 

recommendable to study the cell killing of this peptide in vivo at longer times and, if 

possible, with a repeated administration regimen.    
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The therapeutic value of AMPs relies on their low propensity to elicit development of 

resistance by tumor cells and because, as proapoptotic proteins, they can also be from 

human origin.  

 

Diphtheria toxin and Pseudomonas aeruginosa exotoxin are microbial toxins that 

perform ADP-ribosylation of the elongation factor 2 (EF-2) resulting in the inhibition of 

protein synthesis and cell death290. Interestingly, the evolutionary analysis has 

revealed a modular architecture of many toxins that offers additional versatility in the 

engineering of these agents as multifunctional drugs. We designed and produced T22- 

DITOX-H6 and T22-PE24-H6 nanoparticles (Annex 1, Article 4, Figure 1-2). DITOX 

contains the catalytic and translocation domains of the diphtheria toxin from 

Corynebacterium diphtheriae. PE24 is based in the de-immunized catalytic domain and 

furin clevage site of the translocation domain of Pseudomonas aeruginosa exotoxin A 

in which point mutations that disrupt B and T cell epitopes have been incorporated291. 

Moreover, it has been added a KDEL sequence in the C-terminus of T22-PE24-H6, 

which enables the binding to KDEL receptors more efficiently at the Golgi apparatus 

during subsequent intracellular trafficking292. The furin cleavage site inserted between 

the T22 ligand and the functional domain allows the release of the active proteins in 

the cell cytoplasm, resulting in a high cytotoxic potency293. Both, T22 empowered 

Diphteria toxin (T22-DITOX-H6) and Pseudomonas aeruginosa toxin (T22-PE24-H6) 

were able to promote cell killing in vitro mostly at 24h-48h (Annex 1, Article 4, Figure 

3) and in vivo after a single dose administration (Annex 1, Article 4, Figure 4). 

Importantly, toxin-based nanoparticles increased apoptosis in tumor tissue and 

induced a significant reduction of tumor volume after repeated dose administration 

with no alteration of mouse body weight (Annex 1, Article 4, Figure 7). In this regard, 

T22-PE24-H6 and T22-DITOX-H6 appear to have a therapeutic index high enough to 

consider their potential use for the treatment of human CXCR4+ tumors.  

The good results obtained with microbial toxins encouraged us to work also with 

potent plant toxins such as ricin (results not shown).  Major therapeutic values of 

toxins rely on their ability to kill exposed cells through molecular events that are 

devoid, in general, of cell type specificity and also, on their incredible killing potency294. 
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All the data obtained in these studies represent a totally new concept and validate 

the wide applicability of the transversal concept supporting the engineering of 

therapeutic proteins into self-assembling and self-delivered protein-only 

nanoparticles with intrinsic therapeutic activity (Figure 15).  

 

 

Figure 15: Expected pathway for the cytotoxicity of generated nanoparticles in CXCR4+ target cell.  

 

Interestingly, to exploit the clinical applicability of these nanoparticles, we also 

developed a new methodological approach to easily generate hybrid nanoparticles 

made of different therapeutic domains or displaying different cell-targeting agents in 

multiparatopic or multi-specific constructs (Annex 6)295. 

 

In this context, we recently analyzed different arginine-rich protein motifs (Rn) as 

specific ligands of the cell surface chemokine receptor CXCR4. Indeed, polyarginines 

have been observed as highly potent cell penetrating peptides useful as an 

internalization tag in cell therapy and drug delivery, but they also show residual 

specificity for CXCR4296;297. We demonstrated that this specificity can be enhanced by a 

proper presentation of the cationic stretch, specifically by extending the number of 

arginine residues and, with a milder impact, by its multimeric presentation on the 
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surface of targeting vehicles (Annex 5, Manuscript 2). These results encourage us to 

explore the use of R9 peptide in combination with the already mentioned CXCR4 ligand 

T22 peptide to generate bi-paratopic vehicles, that are extremely appealing for 

enhanced specificities and cell surface avidity in receptor-mediated drug delivery 

(Annex 6)295. In a related context, the combination of different building blocks might 

allow the administration of synergistically acting therapeutic protein drugs or 

fluorescent proteins, in a new approach to combined therapies or theragnosis 

respectively.  

 

 All the data obtained here prompted us to apply for an european patent based on the 

engineering of protein drugs as self-organizing building blocks, that exhibit intrinsic 

therapeutic activities upon self-assembling as nanoparticles (EP17169722) (Annex 7).  

 

CLINICAL CONSIDERATIONS. 

Immunogenicity: The therapeutic value of proapoptotic peptides and some 

antimicrobial peptides is that they are from human origin. However, being small 

peptides, GFP has been incorporated in our prototoypes as scaffold and reporter 

protein. Even GFP is widely used as reporter in fusion proteins, the immunological 

cytotoxicity elicited by it could limit their therapeutic use through preclinical safety 

testing and clinical trials298. In this context, GFP-free human proteins would be highly 

desirable as final drugs to avoid possible immunogenicity limitations in repeated 

administrations. This may be achieved by the use of other human scaffold protein such 

as albumin. In this regard, our group has started a collaboration with Nanoligent S.L. 

for the search of human scaffold proteins that could be easily incorporated in our 

prototypes. 

 

Likewise, toxin based nanoparticles do not use supporting irrelevant proteins such as 

GFP but special attention must be put on the possible immunogenicity of these non-

human domains294. Several approaches have been proposed to decrease the 

immunogenicity of foreign proteins267. One involves shielding the protein from the 

immune system by conjugating high molecular-weight polyethylene glycol (PEG) to the 

protein. However, the addition of PEG may diminish their cytotoxic activity.  Another 
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approach is to identify and remove epitopes of T or B cells by site directed 

mutagenesis. Precise protein engineering has been applied to reduce the 

immunogenicity of PE and DT catalytic fragments to be incorporated as drugs. For 

instance, many natural or modified forms of toxins are in clinical trials or are already 

FDA-approved for oncotherapy (Review 1, table 1), so the probability to undergo 

evaluation in clinical trials is promising for toxin based nanoparticles.   

 

Cancer stem cells and drug resistance: Conventional treatments for colon cancer, such 

as chemotherapy and radiation, can kill the bulk tumor cells, but fail to induce durable 

clinical results because they are not effective at eliminating colon cancer stem cells 

(CSCs)90;91. There is an urgent need to develop new drugs that can specifically target 

and kill colon-CSCs.  

The proper therapeutic index showed by the toxin nanoparticles encouraged us to 

explore their cytotoxic effect on human colon-CSCs. For that, I completed four-month 

internship in the oncology team of Experimental and Molecular Medicine department 

at Amsterdam Medical Center (Amsterdam, The Netherlands) led by Prof. J.P. 

Medema. This group has a great experience in the production of primary colon cancer 

3D spheroid cultures directly derived from patients, which represent an amaizing 

model to perform preclinical studies. We demonstrated that CXCR4-targeted toxin 

nanoparticles not only target and effectively kill tumor colon CSCs, but also, they are 

able to overcome the resistance presented by colon-CSCs to traditional therapy in vitro 

(Annex 2, Draft 1). Currently we are running in vivo experiments with colon CSC mice 

models in colaboration with Dr. Ramon Mangues at Institut de Recerca Biomedica Sant 

Pau. The preliminary data show that toxin based nanoparticles are valuable tools 

against colon CSCs and represents a pre-clinical proof of concept for the use of T22-

DITOX-H6 and T22-PE24- H6 as potential drug delivery system against CXCR4+ tumors.   

 

Sustained release of protein NPs: Immobilized drug delivery platforms capable of a 

sustained release are an interesting alternative to intravenously administered NPs 

since they maintain a constant and long lasting NP concentration in the 

bloodstream299;300. In fact, periodical administration of the protein NPs is usually 
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needed due to the short term stability within the body and fast NP clearance from 

bloodstream.  

Bacterial Inclusion Bodies (IBs) are amyloid like protein particles with sponge like 

conformation that belong to the insoluble fraction and occur during recombinant 

biofabrication under physiological conditions301-303. IBs are significantly bigger entities 

than protein NPs, with diameters from 100nm up to 1μm, that contain functional 

protein. These structures have been shown to act as other functional secretory 

granules found in the endocrine system and thus, they are able to release funcional 

protein along time under the appropriate conditions304. 

In this context, we have reported the use of IBs as reservoirs of targeted protein NPs 

which are able to release fully functional self-assembled protein NPs able to effectively 

target cells and tissues from the primary implantation point300. Therefore, the 

production of inclusion bodies that contain protein NPs with intrinsic cytotoxic 

activities would be a very interesting approach to provide a long lasting source of 

targeted cytotoxic protein only NPs.  
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4) Generation of protein-only nanoparticles with intrinsic microbicide activities for 

the treatment of bacterial infections. 

 

Antimicrobial peptides (AMPs) have a good potential as alternatives to conventional 

antibiotics due to their low propensity for resistance development115. They have been 

successfully incorporated into topical drug formulations but due to their poor stability, 

low solubility and a rapid metabolic excretion caused by their low molecular mass, 

their applicability in systemic therapies is limited114;116.  

 

GWH1 is a synthetic antimicrobial peptide that shows high antimicrobial activity and 

low haemolytic potential, being a suitable candidate for systemic administration286;287. 

We explote the cationic nature of this peptide to produce biocompatible self-

assembling protein only antimicrobial nanoparticles based on technologically simple 

and cost-effective biofabrication and thus, expanding its biological applicability.  

 

GWH1 acts as an antimicrobial agent and as architectonic tag, that fused to GFP has 

been successfully produced for the first time in Escherichia coli and forms fluorescent 

NPs of 50nm (Article 3, Figure 1). Interestingly, GWH1 keeps the lytic activity in form 

of NPs against Gram-positive and Gram-negative pathogenic bacteria (Article 3, Figure 

2-3) but it is not able to penetrate and kill cultured mammalian cells (Article 3, Figure 

4), discarding a priory potential side effects upon its systemic administration in 

patients. Similar to other AMPs that need their amino terminus free to perform their 

action, in the case of GWH1 it has been proved to be not critical but to highly enhance 

its activity (Article 3, Figure 2). The antimicrobial activity of GWH1-empowered NPs is 

based on cell lysis as we demonstrated by ultraestructural data in Escherichia coli and 

S. aureus samples, that show abudant cell debris and empty bacteria membranes upon 

NP treatment (Article 3, Figure 3).   

 

Although we were devoted to describe a protein platform that allows the generation 

of self-assembling protein nanoparticles with inherent built-in antibacterial activity, we 

decided to determine the minimum inhibitory concentration (MIC) of these NPs for 

further caracterization. MIC is a guide to comparative testing of new antimicrobial 
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agents, to establish the susceptibility of organism to the antimicrobial agent and to aid 

in treatment decisions305;306. The minimum inhibitory concentrations (MICs) of 

antimicrobial agents is defined as the lowest concentration of an antimicrobial agent 

that prevents the appearance of visible growth of a microorganism within a defined 

period of time. Of course, careful control and standardization is required for intra- and 

interlaboratory reproducibility, as results may be significantly influenced by the 

method and the medium used. Indeed, the antimicrobial activity of GWH1-GFP-H6 was 

clearly influenced by the culture media showing a higher activity in Luria Broth 

medium and Mueller-Hinton broth medium (Article 3, Figure 2).  

 

For MIC determination of GWH1-based NPs and its comparison with free GWH1, we 

were awared that the reference methods for antimicrobial susceptibility testing are 

dilution methods such as serial dilution method or broth micro-dilution306. For that 

reason, we decided to measure the antimicrobial activity by Broth micro-dilution 

method. Moreover, Mueller-Hinton broth is considered the reference medium; 

however, we were not able to precisely compare the MIC of the free GWH1 peptide 

since this was previously measured in different culture media including NB, TSB and LB. 

For a general point of view, the MIC that we determined for NPs in LB for Escherichia 

coli and S. aureus was in the same order of magnitude or even higher than those 

previously described for GWH1 free peptide in different media.  

 

In this context, this oligomerization platform shows promises for the generation of 

antimicrobial protein-only nanoparticles as antibacterial therapies that might be 

applied to a larger number of antimicrobial peptide candidates, with special 

attention to those from human origin.   

 

 

 

 

 



 

 

 

 




