Cell-penetrating peptide penetratin enables brain delivery of the PrPSc-specific single-chain antibody fragment 
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Abstract

Delivery of therapeutic proteins into tissues and across the blood-brain barrier (BBB) is limited by the size and biochemical properties of the proteins. Efficient delivery across BBB is generally restricted to small, highly lipophilic molecules. However, in the last decades, several peptides that can translocate cell membranes have been identified. Besides, these peptides are capable of internalizing large hidrophilic cargoes into cells and are therefore a powerful biological tool for transporting drugs across cell membranes and even into the brain. The present work describes design and preparation of single-chain antibody fragment (scFvs, specific for the pathological form of the prion protein (PrPSc), where the cell penetrating peptide (CPP) was used as a linker between the two variable domains of the scFv. The intravenously administered recombinant scFv-CPP was successfully delivered to the mouse brain cells. Our single-chain antibody fragments are of special interest in view of possible therapeutic reagents not only for prion diseases but also for other neurodegenerative diseases. 

Keywords: antibody fragment, cell penetrating peptides, brain delivery, prion
Abbreviations: ABTS, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid); BSA, bovine serum albumin; CNS, central nervous system; CPP, Cell-penetrating peptides; ELISA, enzyme-linked immunosorbent assay; Fv, antibody variable domains (Vl + Vh); HRP, horseradish peroxidase; IMAC, immobilized metal ion affinity chromatography; IPTG, isopropyl β-D-1-thiogalactopyranoside; LLH, scFv in Vl-linker-Vh chain arrangement; mAb, monoclonal antibody; PBS, Phosphate buffered saline; PCR, polymerase chain reaction; PrP, prion protein; PrPC, cellular form of the PrP; PrPSc, pathogenic form of the PrP; scFv, antibody single-chain fragment; TBS, Tris-buffered saline; TMB, 3,3’,5,5’-tetramethylbenzidine; Vh, variable domain of the heavy chain of an antibody; Vl, variable domain of the light chain of an antibody.
Introduction

Antibody single-chain fragment (scFv) is the smallest antibody fragment containing a complete antigen binding site and therefore it maintains the binding specificity and affinity of the whole antibody. It consists of both light and heavy chain variable domains, covalently joined by a polypeptide linker (Bird et al., 1988; Huston et al., 1988). The small size and the ability to produce them in functional form in bacteria made them an interesting tool for protein engineering with potential therapeutic or immunodiagnostic use. Besides, antibody-based immunotherapy might represent an effective treatment for several diseases including neurodegenerative diseases.

However, the main challenge in the neurotherapeutics development is the successful delivery of the drug into the brain. Passing of therapeutic proteins through the blood-brain barrier is limited by their size and biochemical properties; only small lipophilic peptides of less than 400 Da or receptor-specific ligands can enter the brain (Pardridge, 2007). Even if the scFvs are much smaller than the whole antibody molecules, they cannot enter the brain after intravenous administration. They can be however delivered into the cerebral ventricle by invasive intracerebral injection or by intranasal delivery 
 ADDIN EN.CITE 
(Begley, 2004; Hanson and Frey, 2008)
, but because of possibility of the brain tissue damage or infections, novel strategies that enhance BBB permeability have been developed. One of the approaches is protein fusion with peptides called protein transduction domains (PTDs) or cell penetrating peptides (CPPs) 
 ADDIN EN.CITE 
(Begley, 2004; Lindgren et al., 2000)
. 
More than 20 years ago two groups discovered that the HIV-1 transactivating protein Tat is taken up by mammalian cells 
 ADDIN EN.CITE 
(Frankel and Pabo, 1988; Green and Loewenstein, 1988)
 and a few years later similar behaviour was observed with the Antennapedia homeodomain of Drosophila melanogaster 
 ADDIN EN.CITE 
(Joliot et al., 1991)
. But what is more, also peptides derived from Tat and Antennapedia as well as from other proteins were shown to be capable of transporting macromolecular cargo molecules into cells (Schwarze and Dowdy, 2000). Up to now numerous additional peptides sequences with the ability to cross cell membranes have been identified and many of them have been used to successfully deliver a variety of macromolecular cargos into cells  and even into the brain (Dietz and Bahr, 2004).

Penetratin is a cell-permeable peptide consisting of 16-amino acid sequence derived from the third helix of the Drosophila Antennapedia homeodomain (Dupont et al., 2011). It has been shown to be capable of crossing cell membranes and delivering a cargo into cells in a variety of cell systems 
 ADDIN EN.CITE 
(e.g. Gratton et al., 2003; Jain et al., 2005; Schutze-Redelmeier et al., 1996; Theodore et al., 1995)
. A unique feature of penetratin is the presence of hydrophobic residues, in particular tryptophanes, which are critical to the translocation process (Dupont et al., 2011). A full understating of its mechanism of translocation is still in process, but it is not thought to occur by classical endocytosis as it is a temperature- and energy-independent phenomenon (Derossi et al., 1994).
A group of lethal neurodegenerative diseases is also known as transmissible spongiform encephalopathies (TSEs), also called prion diseases. TSEs are caused by a conformational change of the normal, host-encoded prion protein (PrPC). The pathological form of the prion protein (PrPSc) is the disease transmitting infectious particle (Prusiner, 1998), which accumulates mainly in brain in the form of insoluble aggregates described as amyloid deposits. Currently, there is neither effective treatment nor reliable preclinical diagnostics available. 

Numerous strategies and targets have been proposed for therapy of prion diseases, including passive or active immunization. Therefore several monoclonal antibodies (mAb) directed against different regions of the prion protein have been developed and some of them efficiently antagonized prion propagation both in vivo and in vitro (for review see Müller-Schiffmann and Korth, 2008). Unfortunately, none of these antibodies were effective against intracerebral prion challenge. Besides, bivalent mAb may act neurotoxic (Solforosi et al., 2004), therefore monovalent antibodies like Fab or single-chain antibody fragments (scFv) are preferred for drug development (Alexandrenne et al., 2009; Müller-Schiffmann and Korth, 2008). 
Several attempts have been undertaken to develop antibodies specifically recognizing the pathogenic form of the prion protein. We focused on the mAb V5B2 
 ADDIN EN.CITE 
(Čurin Šerbec et al., 2004; Vranac et al., 2006)
, prepared against peptide P1 from the C-terminus of human PrP, which can discriminate between Creutzfeldt-Jacob’s disease-affected and normal brain tissue and thus seems promising for development of a diagnostic tool and also as a potential passive vaccine.

In this study we produced a modified form of the recombinant single-chain Fv, derived from mAb V5B2, where the penetratin sequence was used as a linker between antibody variable domains. Binding properties of the purified recombinant antibody fragment were measured by ELISA and compared to a corresponding scFv of murine origin without the CPP sequence. What is more important, we demonstrated that the CPP sequence enhanced the antibody fragment crossing of the blood-brain barrier in mice. 
Materials and methods

Reagents and strains

DNA restriction and modification enzymes were from Fermentas. Oligonucleotides were from Invitrogen. For DNA purification from agarose gels, we used a reagent kit from Fermentas. Protein molecular weight standards were from Fermentas as well. For all cloning experiments we used E. coli strain DH5α. For expression, BL21[DE3] strain was used. Mouse anti-His6 antibodies were form Roche, HRP-labelled goat anti-mouse antibodies were form Jackson Immunoresearch, whereas rabbit anti-His and HRP-labelled goat anti-rabbit antibodies were purchased from antibodies-online GmbH. 
Monoclonal antibody V5B2
Hybridoma cells producing mAb V5B2 (Čurin Šerbec et al., 2004) were harvested. Total RNA was isolated as described by Koren et al. (2008) and kindly donated by the authors. Complete coding regions of both variable domains were obtained by the 5’ RACE (rapid amplification of cDNA ends) technique (Kosmač et al., 2009).
Animals
Dr. Drevensek!
Mice, male, B6 species, aged 10 weeks, 20 g, were provided by …

Animal studies were approved by the Veterinary Administration of the Republic of Slovenia, Ministry of Agriculture, Forestry and Food, Slovenia. Mice were housed x per cage at xx°C on a 12-h light-dark cycle with free access to standard laboratory food and water, and kept in a regulated environment. Experiments were carried out between 9:00 am and 4:00 pm in a laboratory, to which mice were habituated at least 30 min before an experiment. 

Construction, expression and purification of scFvs
The regions coding for light chain variable domain (Vl) and heavy chain variable domain (Vh) of V5B2 were amplified by PCR using specific primers. Each variable region was inserted into expression vector pMD204 
 ADDIN EN.CITE 
(Škrlj et al., 2009)
 between two appropriate restriction sites. The (Gly4Ser)3 linker and the penetratin linker were obtained from a pair of  synthesised, phosphorylated and hybridized oligonucleotides. These cassettes were ligated into EcoRI/XhoI cleaved pMD204. The final vectors pMD204-scFv and pMD204-scFv-CPP were checked by DNA sequencing and used for scFv production. 
Murine scFv and scFv-CPP were produced as described in Škrlj et al. 
 ADDIN EN.CITE 
(Škrlj et al., 2010a)
. Briefly, E. coli BL21[DE3] cells were transformed with pMD204-scFv or pMD204-scFv-CPP and grown overnight in M9 minimal medium supplemented with 2 % glucose, 0,5 % peptone and chloramphenicol (50 µg/ml) at 37 °C and 250 rpm.  Dilutions (1/20) of the overnight cultures were grown as 500 ml cultures in 2 l shake flasks at 37 °C and 250 rpm until OD550 reached 1.0. Then, IPTG was added to a final concentration of 0.1 mM and cell growth was continued for 12- 16 h at 16 °C and 200 rpm. Cells were harvested and resuspended in a small volume of 50 mM sodium phosphate, pH 8.0, 0.3 M NaCl, sonicated and pelleted by centrifugation at 15500 g for 30 min and 4°C. Supernatant was collected as soluble fraction. ScFvs were purified by immobilized metal ion affinity chromatography (IMAC). Before binding to immobilized nickel ions, soluble fraction was clarified by passing through a 0.2 µm filter (Sartorius). After washing with the 20 mM imidazole, antibody fragments were eluted with the 250 mM imidazole. Collected fractions were pooled and dialyzed against PBS and analysed by SDS-PAGE, Western blot and ELISA. Blood-brain permeability was tested on mice.  
scFv specificity
The antigen-binding activity of scFvs was determined by ELISA. Microtiter plates were coated overnight at 4 °C with 50 µl of 5 µg/ml peptide P1 or 10 % bovine serum in carbonate/bicarbonate buffer (pH 9.6). The wells were blocked for 30 min at 37 °C with 1% BSA in 10 mM phosphate buffer (pH 7.2) before adding the purified antibody fragments. After incubation at 37 °C for 1 h, scFvs were detected using primary mouse anti-His6 antibodies and secondary goat anti-mouse IgG antibodies conjugated with HRP. Incubation with each antibody was performed at 37 °C for 1 h. Peroxidase activity was detected using the peroxidase substrate 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS). After 20 min incubation at 37 °C absorbance at 405 nm was determined. The absorbance signal was plotted versus total concentration of scFv, added to the wells. 
Analysis of blood-brain barrier permeability
Mice were injected with 5 mg/kg of scFv or scFv-CPP through the caudal veins. PBS was used as s negative control. Two hours later, the mice were anesthetized with CO2. Brain and liver were harvested and frozen in liquid nitrogen. Tissue slices (xx µm) were cut on a cryostat. 
Dr. Hudoklin!! IHC...
Results

Production of scFv
After RNA isolation from hybridoma cells and amplification of the coding sequences of variable regions, two Vl-linker-Vh (LLH) scFv constructs were prepared. The (Gly4Ser)3 linker and the penetratin linker were used for connecting variable domains in the first and in the second scFv, respectively (Fig.1). LLH chain orientation of murin as well as humanized V5B2 antibody fragment was previously shown to retain strong binding to the antigen.  Expression vector pMD204 is one of our simple vectors, developed on the basis of synthetic biology 
 ADDIN EN.CITE 
(Škrlj et al., 2009; Škrlj et al., 2010b)
. It was developed especially for fusion protein construction and expression and was thus used for V5B2-derived scFv production in E. coli BL21[DE3] periplasm. After induction, an additional band of approximately 30 kDa, which corresponded to the calculated size of the mature scFv, was observed in all analysed fractions. The yield of scFv recovered from the soluble fraction was similar for both forms (data not shown). Since His10 tag was added to the 3’ end of scFvs, nickel affinity chromatography was used to purify scFvs from soluble fractions. Most of contaminating periplasmic proteins were eliminated by washing with a buffer containing 20 mM imidazole. Both scFvs were eluted from the column after increasing imidazole concentration to 250 mM. The final yield of purified scFvs was estimated at 0.5 - 1 mg from 1 l of bacterial culture with a purity greater than 90 %, since no contamination was seen on Coomassie-stained SDS-PAGE gels. Purified antibody fragments were used for ELISA and then tested for the ability to cross blood-brain barrier.  
Antigen-binding properties of scFvs
The ability of the purified scFvs to recognise its target molecule was confirmed by ELISA. Both scFvs recognized the epitope on the P1 peptide, which was initially used as antigen for the preparation of the parent mAb. As shown in Figure 2, both antibody fragments, murine scFv as well as scFv-CPP, retained strong binding to the antigen. Similar binding has also been observed, when antigen binding properties of humanized and murine V5B2 scFvs have been compared (Škrlj et al., 2011). Although penetratin sequence was inserted into the antibody fragment, the specificity of the parent antibody V5B2 was maintained. 
Blood-brain barrier permeability test
To determine whether the purified scFv-CPP could pass the blood-brain barrier, mice were injected i.v. with the recombinant antibody fragment at the dose of 5 mg/kg via the caudal vein. The protein distribution in the brain and in liver was measured immunohistochemically 2 h after injection. Single-chain scFv-CPP clearly appeared in the brain cells (Fig. 3C) with mainly nuclear localization. No positive immunostaining was found when mice were injected with then PBS (Fig. 3A) and only negligible immunostaining was observed with murine scFv without penetratin (Fig. 3B). In contrast to the brain cells, manly cytoplasmic localization of the scFv-CPP was found in liver cells (Fig. 3G). 
Dr. Hudoklin!
Discussion

Single-chain antibodies (scFvs) are recombinant antibody fragments consisting of light-chain (Vl) and heavy-chain variable region (Vh), where carboxyl terminus of one domain is connected to the amino terminus of the other variable domain by a polypeptide linker. Since the whole antigen binding site is retained, they are expected to exhibit the same binding specificity and affinity as the parent antibody. The most widely used linkers consist of Gly and Ser residues which lack a well-ordered 3-dimensional structure (Raag and Whitlow, 1995). A flexible linker of 15 amino acid residues with sequence (Gly4Ser)3 was thus used in single-chain forms derived from V5B2 
 ADDIN EN.CITE 
(Škrlj et al., 2010a)
. However, although scFvs are much smaller than whole antibody molecules, they are not able to enter the brain. Therefore another form of the V5B scFv was design, where (Gly4Ser)3 linker was replaced with the penetratin, a specific CPP sequence from Drosophila. Although penetratin probably adopts an α-helical conformation (Dupont et al., 2011), it obviously did not restrict proper folding of the antibody variable domains and antigen binding. The usefulness for the penetratin for the efficient cell delivery was demonstrated previously. It has been shown to help delivered a wide variety of biomolecules into many cell types, both in vitro and in vivo, including oligonucleotides 
 ADDIN EN.CITE 
(Bertrand et al., 2009)
, peptides and protein domains 
 ADDIN EN.CITE 
(Mäe and Langel, 2006; Pouniotis et al., 2011)
. In our case it was successfully used as a carrier system to introduce an antibody fragment into the brain cells.

Usually, a CPP is fused to the N- or C-terminus of the antibody fragment 
 ADDIN EN.CITE 
(Avignolo et al., 2008; Epenetos Agamemnon and Kousparou, 2010)
, but in present study, we showed that it worked well even if it was inserted in the middle of the protein molecule. According to our knowledge this is the first antibody fragment with the CPP sequence used as a linker. 

Up till now, penetratin has been coupled to a variety of cargoes including oligonucleotides and large protein molecules. It delivers cargo to the cytoplasm, but nuclear localization has also been reported 
 ADDIN EN.CITE 
(Joliot et al., 1991)
.  Our immunohistochemical analysis showed that most of the intravenously injected scFv-CPP was localized in nucleus of the brain cells. Similar observations have been previously reported not only for penetratin 
 ADDIN EN.CITE 
(Avignolo et al., 2008)
, but also for some other CPPs 
 ADDIN EN.CITE 
(Huang et al., 2008; Nitin et al., 2009)
. Nuclear localization could be beneficial for regulating of DNA synthesis. In principle all mammalian cell types should be susceptible to protein transduction, and indeed, we showed that scFv-CPP entered brain cells as well as liver cells. However, mainly cytoplasmic localization was found in liver cells. (??)
Although there are many promising studies reporting on CPPs benefits for drug delivery, it has to be said, that CPP-based cellular delivery is not a universal approach that delivers any hydrophilic molecule into the cell, but it still remains rather empirical. However, successful delivery of active macromoleculs to the brain still remains the major challenge in treatment neurodegenerative diseases. Modified antibody fragments with high binding affinity to the specific target and ability to cross BBB are therefore interesting compounds that could be used as therapeutic or diagnostic reagents.

Cell uptake of the therapeutics is an excellent solution for small scFvs, which are otherwise rapidly removed from the blood stream with a half time of approximately 2 min (Holliger and Hudson, 2005). Having much simpler structure than complete antibodies, scFvs can be easily modified, moreover they can be successfully expressed in bacteria (Verma et al., 1998). In E. coli they can be produced in the cytoplasm as inclusion bodies or in the periplasmic space, where oxidizing environment enables disulfide formation and correct protein folding. Such protein production is fast, cheap and simple.
Antibody fragments, produced in this study, were derived from mAb V5B2, prepared against a peptide P1, chosen from the C-terminus of the human prion protein. The monoclonal antibody V5B2 has the ability to discriminate the pathological (PrPSc) from the celullar form (PrPC) of the prion protein (Čurin Šerbec et al., 2004). Only a few antibodies distinguishing PrPSc from PrPC have been reported to date, including mAbs 15B3 (Korth et al., 1997), 8G8 (Feraudet et al., 2005), 1A12 
 ADDIN EN.CITE 
(Paramithiotis et al., 2003)
, P1:1 
 ADDIN EN.CITE 
(Jones et al., 2009)
 and 6H10 
 ADDIN EN.CITE 
(Horiuchi et al., 2009)
. As we have shown by ELISA, both forms of V5B2 scFv retained the specificity of the parent mAb and efficiently recognized the epitope on the C-terminal part of PrP226* 
 ADDIN EN.CITE 
(Kosmač et al., 2011)
. 
Since there is no therapy or reliable premortem diagnostics for prion diseases available at the moment, numerous strategies and targets have been tested, including immunotherapy. The development of an effective anti-prion compound is challenging because the drug has to penetrate into the CNS. Many compounds are effective in a cell culture system but not in vivo, since they are not able to cross the blood-brain barrier (Ludewigs et al., 2007). Moreover, a reliable preclinical test for diagnosing the disease as early as possible is a great challenge, so treatment at an early stage of the disease could be initiated. 
Single-chain Fvs are much smaller than whole antibody molecules and could be easily produced and modified. As presented here, they can be successfully fused with the CPP sequence even in an untraditional way – as a linker between antibody variable domains. Moreover, they were also highly expressed in E. coli and, the most importantly, our new scFv-CPP has distinctive ability to enter the CNS in vivo after intravenous administration. PrPSc-specific V5B2 scFv-CPP described here may therefore not only be further modified into valuable diagnostic or therapeutic tools for prion disorders, but also represent a simple and efficient approach for drug delivery to the brain.
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Legends to Figures
Figure 1: Schematic presentation of the V5B2 scFv and scFv-CPP fusion proteins. Light chain (VL) and heavy chain (VH) variable domains were connected by a (Gly4Ser)3 linker in scFv and by a penetratin linker (CPP) in scFv-CPP. 
Figure 2: ELISA analysis of the antigen-binding efficiency of the V5B2 scFv and scFv-CPP. The absorbance at 405 nm is plotted against concentration of antibody fragment added to the wells coated with the P1 peptide. 
Figure 3: Immunohistochemistry analysis of the V5B2 scFv (B) and scFv-CPP (C) (5 mg/kg) in murine brain and liver 2 h after i.v. injection. PBS was injected as a negative control (A). 
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