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A peptide for the delivery of anionic materials

FIELD OF THE INVENTION

The present invention is directed to a peptide for the delivery of anionic materials, such as anionic

therapeutic agents, across a biological barrier, and methods of use thereof.

BACKGROUND

The complex design and difficulty in predicting functionality of alpha helical amphipathic peptides for

the delivery of anionic cargo has resulted in exploration of more simplistic peptide designs.

The success of arginine-rich peptides such as oligoarginines (e.g. Rg- SEQ ID NO:7) indicates that
an amphipathic nature is not essential for cell penetration. For example, in the case of Penetratin, it
is the cationic nature rather than the helical structure that is responsible for cell penetration [1].
Therefore, increasingly, attention has been paid to developing simple linear peptides rich in cationic
amino acids, particularly arginine, that can act as cell penetrating peptides (CPP), or cell delivery

agents.

The superiority of arginine over other basic residues, such as lysine and histidine, has led to the
conclusion that the guanidine moiety of arginine is crucial for cell entry [2]. Cellular entry is initiated
when the positively charged guanidinium groups attach to negatively charged groups (e.g. lipid head
groups or proteoglycans such as heparan sulphate) on the cell membrane surface through
electrostatic forces, resulting in consequent formation of bidentate hydrogen bonding [3]. Following
the initial electrostatic interaction, the CPP-cargo molecule is thought to enter the lipid bilayer as a
CPP-cargo-phospholipid complex with the positively charged guanidinium group bound to the
phosphate groups of the phosphatidylcholine (PC) and/or sphingomyelin (SM) of the outer leaflet of
the cell membrane. A ‘capacitor’ is then formed between the cationic arginine residues and the
anionic phosphatidylserine creating an electric field strong enough to form a reversible pore, which
allows the CPP-cargo to pass through the membrane. It is proposed that, as the peptide-cargo
complex moves through the membrane, the gradient of the electric field changes which closes this
reversible pore within milliseconds [4].

Arginine-rich peptides are excellent for DNA binding and cell penetration. However, if entering cells
via an endosomal route, ability to escape the endosome will be a major limiting step of transfection
and must be considered because the harsh endosomal environment may lead to degradation of the
peptide and cargo. Arginine-rich peptides, such as TAT (SEQ ID NO:8) and R9 (SED ID NO:9),
have been shown to lack the ability to escape the endosome unaided, rendering poor transfection

efficiencies [5].
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Histidine-rich peptides are usually endosomolytic in nature and can facilitate endosomal escape
through either the proton sponge or ‘flip-flop’ effects, according to the number of histidine residues or
the arrangement of the residues in a peptide [6]. In a study conducted by Wang et al, the addition of
10 histidine residues to TAT (SEQ ID NO:11) increased transgene expression up to 7000-fold in the
human glioma cell line U251 [7]. The addition of bafilomycin A1, a known inhibitor of the proton
sponge effect for endosomal escape, then reduced the transfection efficiency significantly,
supporting the idea that the activity of histidine as an endosomal escape motif could improve the
transfection efficiency of TAT (SEQ ID NO:8). In a study by Mann et al, histidine-modified arginine
peptides exhibited more than 2- to 3-fold higher transfection efficiency than histidine-lysine variants
[8]. This study highlighted the importance of histidine for endosomal escape and reinforced the

superiority of arginine for transfection over other cationic amino acids such as lysine.

The strong electrostatic forces which bind DNA and a cationic peptide may hinder the release of the
cargo upon arrival at the desired site of action. To circumvent this, cysteine residues are included for
a more controlled intracellular release of cargo through reduction of disulphide bonds in the
intracellular environment [9]. It has been reported that the intracellular concentration of glutathione
(GSH) influences the reduction of disulphide bonds formed by cysteine residues [10]. Sharma et a/
observed a reduction in transfection efficiency with cysteine containing peptides Mgpe-9 and Mgpe-
10 delivering pDNA (plasmid DNA) when cells were treated with BSO (Buthionine sulfoximine), a
glutamyl-S-transferase inhibitor, indicating the polyplexes were stabilised by disulphide bonds and
intra-cellular GSH triggered release of the genetic cargo for successful transfection [11]. Similarly,
BSO inhibited cleavage of the disulphide cross linkages in STR-CH,R4H,C/pLuc complexes resulting
in significantly reduced transfection [12]. The addition of cysteine residues has been credited for
improved transfection efficiency. Lo et al produced the peptide CH;TATHsC (SEQ ID NO:10) that
showed up to 1000-fold higher levels of transgene expression when compared to TAT-10H (SED ID
NO:11) peptide that contained no cysteine residues. CHsTATHsC (SEQ ID NO:10) also showed no
significant difference in transfection efficiency when compared to PEI 25kDa (transfection reagent),
whilst also exhibiting significantly less toxicity [7]. Similar effects where shown by Mann et al, as
transfection efficiency was increased by several orders of magnitude when cysteine residues were
added to arginine- and histidine-containing peptides [8].

Cysteine residues may also have an effect on the stability of complexes. Enhanced stability of
peptide/pDNA may be achieved by incorporation of terminal cysteine residues, enabling covalent but
reversible peptide polymerisation through introduction of twin disulphide bonds [13]. This effect was
observed with peptide motifs C-X-C where X is any amino acid, but the effect was most pronounced
for peptides containing arginine residues i.e. C-R-C [14]. Another concept, introduced by Bode et al,
uses cysteine residues to conjugate truncated peptides which may lead to control over the moment
of uptake of CPPs [15]. Truncated arginine peptides conjugated by disulphide bridges using
cysteine residues showed varied uptake mechanisms depending on the position of the disulphide
bridge, the amount of arginine present in the peptide and the hydrophobicity.



10

15

20

25

30

35

40

WO 2020/182728 PCT/EP2020/056216

3
An increase in the hydrophobic character of arginine-rich peptides has been shown to improve

uptake efficiency. For example, the counter-ion pyrenebutyrate enhanced the ability of
oligoarginines to cross lipid bilayers and enter cells by increasing the hydrophobicity of the
hydrophilic arginine-rich peptides [16].

In this invention, peptides have been designed in an attempt to create cell penetrating peptides
which can bind and package nucleic acids into nanoparticles for delivery into cells, resulting in
impressive transfection, while limiting the cost of production.

STATEMENTS OF THE INVENTION

According to a first general aspect of the invention, there is provided a peptide comprising, or

consisting of:

X-(Xaaq)a-(Xaag)p-Y-(Xaas)c-(Xaas)+-Z,

in which each of X and Z is independently selected from Asn, Cys, Gin, Gly, Ser, Thr and Tyr;

in which one of Xaa, and Xaa; is His and the other of Xaa, and Xaa; is Arg;

in which one of Xaa; and Xaa, is His and the other of Xaa; and Xaa, is Arg;

in which the amino functional group of X is, optionally, acylated;

in which the carboxylate functional group of Z is, optionally, amidated;

in which Y is selected from Ala and Trp;

in which each of a and d is independently 2 to 4; and each of b and ¢ is independently 2 to 4, ora

salt or amide thereof.

Optionally, Xaa, and Xaas are each Arg.

Optionally, Xaa, and Xaa, are each His.

By (His), is meant, for example, a series of 2 to 4 His amino acid residues without any intervening

non-His amino acid residues.
Optionally, each of a and d is identical and is 2 to 4. Optionally, each of aand dis 3.

Optionally, each of b and c is identical and is 2 to 4. Optionally, each of b and ciis 3.
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Optionally, each of a, b, cand d is 3.

Optionally, each of X and Z is identical and selected from Asn, Cys, GIn, Gly, Ser, Thr and Tyr.

Optionally, each of X and Z is Cys.

Optionally, Y is Trp.

Optionally, the sum of b plus ¢ is at least six, so that the peptide comprises a minimum of six arginine
(Arg) residues.

Optionally, the sum of a plus d is at least six, so that the peptide comprises a minimum of six

histidine (His) residues.

Optionally, the peptide comprises a net positive charge of 6 to 8. Further optionally, the peptide

comprises a net positive charge of 6.

Further optionally, the peptide is Cys-(His)s-(Arg)s-Trp-(Arg)s-(His)s-Cys (CHHHRRRWRRRHHHC).

Optionally, the peptide comprises 8 to 20 amino acids. This limits peptide sequence length, while

maintaining cell penetrating function and cationic nature.

Optionally, the peptide comprises

e 4 1to 8 arginine residues (optionally 6 arginine residues);

e 1 tryptophan or alanine residue (optionally a tryptophan residue) at the core to improve
hydrophobic interaction with cell membranes;

e 1 amino acid, at each end, selected from Asn, Cys, GIn, Gly, Ser, Thr and Tyr to enhance
stability and cargo release once inside cell;

e 0 to 8 Histidine residues at the core (optionally 4 to 8 histidine residues; further optionally 6
histidine residues) for pH dependent ‘flip-flop’ effect for endosomal escape; and

e optionally, one amino acid selected from Asp and Glu adjacent the amino acid, at each end,
that is selected from Asn, Cys, Gin, Gly, Ser, Thrand Tyr.

Suitably, the present invention provides a peptide comprising or consisting of:
X-(Xaaq)a-(Xaag)p-Y-(Xaas)c-(Xaas)+-Z,

where X and Z are Cys,

Xaa, and Xaa, are His; a and d are each independently 2 to 4;

Xaa, and Xaa; are Arg; b and ¢ are each independently 2 to 4; and

Y is Trp, or a salt, or amide thereof.
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For example, the peptide may comprise or consist of:

X-(Xaa1)a-(Xaaz)y-Y-(Xaas)e-(Xaas)a2Z,

where X and Z are Cys,

Xaa, and Xaa, are His; a and d are each independently 2 to 4;
Xaa, and Xaa; are Arg; b and c are each independently 3 or 4; and

Y is Trp, or a salt, or amide thereof.

Suitably, the peptide comprises or consists of:
X-(Xaas)a-(Xaaz)-Y-(Xaas)-(Xaasq-Z,

where X and Z are Cys,

Xaa, and Xaa, are His; a and d are each independently 3 or 4;
Xaa, and Xaas are Arg; b and ¢ are each independently 3 or 4; and

Y is Trp, or a salt, or amide thereof.

In some aspects the peptide of the present invention may comprise an amide derived from a fatty
acid, for example, a stearoyl group may be tethered to the peptide of the invention.
Suitably, when Y is Trp, the indole ring may be N-alkylated. For example, the tryptophan indole ring

may comprise a C1-C6 alkyl group tethered to the nitrogen of the indole ring.

According to a second aspect of the invention, there is provided a peptide of the first aspect of the
invention, for use as a cell delivery agent i.e. for delivering agents, such as therapeutics into cells.
Suitably, the therapeutic may be a nucleic acid, for example, DNA, RNAi, mRNA, miRNA, saRNA.

According to a third aspect of the invention, there is provided the use of the peptide of the first aspect

of the invention for the delivery of an anionic cargo to a cell or subject in need thereof.

According to a fourth aspect of the invention, there is provided a peptide of the first aspect of the
invention for use in inducing an immune response in a subject in need thereof or a method for
inducing an immune response in a subject comprising the administration of the peptide of the first
aspect of the invention to a subject in need thereof.

According to a fifth aspect of the invention, there is provided a peptide of the first aspect of the

invention for use in gene therapy in a subject in need thereof.

According to a sixth aspect of the invention, there is provided a peptide of the first aspect of the
invention for use in the treatment and/or prophylaxis of an infection, cancer, wounds in a subject in
need thereof or a method for the treatment and/or prophylaxis of an infection, cancer, wounds
comprising the administration of the peptide of the first aspect of the invention to a subject in need
thereof. Suitably, the cancer is selected from: breast cancer, prostate cancer, brain cancer, lung
cancer, pancreatic cancer, ovarian cancer or skin cancer. For example, the cancer may be breast
cancer or prostate cancer.
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Peptide design was carried out in an attempt to create a cell penetrating peptide which can bind and

package anionic cargo, such as nucleic acids, into nanoparticles suitable for gene delivery. Peptides

were designed in pairs to allow direct comparison and analysis of functionality based on specific

amino acid sequence differences. The sequences of the novel linear peptides are shown in Table 1.

Table 1: Sequences of novel linear peptides

Peptide name Sequence

Peptide 7 CRRRWHHHHHWRRRC (SEQ ID NO:1)
Peptide 8 CWRRRHHHHHRRRWC (SEQ ID NO:2)
Peptide 9 CHRHRHRWHRHRHRC (SEQ ID NO:3)
Peptide 10 CHHHRRRWRRRHHHC (SEQ ID NO:4)
Peptide 11 CRRRRWRRRRC (SEQ ID NO:5)
Peptide 12 CEHHRRRWRRRHHEC (SEQ ID NO:6)

These six linear peptides have been designed to have similar sequences with slight differences and

grouped into pairs to allow direct comparisons. See Table 2 for a summary of peptide similarities

and differences. Peptides 7to0 9, 11 and 12 are outside the scope of the present invention.

Table 2: Summary of novel peptide pairing to allow comparison of sequences and design

rationale.
Peptide pair | Sequence comparison Rationale
7 and 8 7 - Histidine residues at the core of the peptide
(15-mer) CRRRWHHHHHWRRRC sequence flanked by arginine.
(SEQ ID NO:1) - Two tryptophan residues included for enhanced
8: interaction with cell membranes.
CWRRRHHHHHRRRWC - Tryptophan residues at different positions to assess
(SEQ ID NO:2) optimal sequence and positioning.
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9and 10 9: CHRHRHRWHRHRHRC | - Arginine and histidine residues arranged in either
(15-mer) (SEQ ID NO:3) alternating or block sequence to assess impact on
10: functionality.
CHHHRRRWRRRHHHC - Arginine block positioned at the core of the
(SEQ ID NO:4) sequence, flanked by histidine at each end — in
contrast to positioning in Peptide 7 and 8.
-Tryptophan positioned in the middle to assess
positioning — in contract to positioning in Peptide7
and 8
Figure 5¢ shows that Peptide 9 has poor transfection,
compared to Figure 5d which shows the same amino
acids, but in a block sequence, having higher
transfection.
11 (11-mer) 11: CRRRRWRRRRC - Assessment of endosomal escape functionality of
and 12 (SEQ ID NO:5) histidine
(15-mer) - Histidine removed from Peptide 11 to assess if
12: endosomal escape is possible without Histidine
CEHHRRRWRRRHHEC residues
(SEQ ID NO:6) - Peptide 12 designed to include two glutamic acid

residues reported to be involved in endosomal

escape mechanisms in amphipathic peptides

The ProtParam tool was used to compute the possible physical and chemical properties of each

peptide and the results for Peptides 7 and 8 are shown in Table 3, Peptides 9 and 10 in Table 4 and

Peptide 11 and 12 in Table 5. Parameters such as molecular weight and number of positively

charged residues were then used when calculating N:P ratios for each peptide.

Table 3: Computed properties of Peptide 7 and 8

Properties Peptide 7 Peptide 8
Number of amino acids 15 15
Molecular weight (Daltons) 2219.5 Da 2219.5 Da
Theoretical isoelectric point (pl) 12.0 12.0

Amino acid composition

Arg (R) — 6 = 40%
Cys (C) - 2 = 13.3%
His (H) - 5 = 33.3% His (H) - 5 = 33.3%
Trp W) —2 = 13.3% Trp W) —2 = 13.3%

Arg (R) — 6 = 40%
Cys (C) -2 = 13.3%

Total number of negatively charged
residues (Asp + Glu):

0 0
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Total number of positively charged

residues (Arg + Lys):

Instability index

214.13 (unstable)

228.89 (unstable)

Grand average of hydropathicity

-2.653 (hydrophilic)

-2.653 (hydrophilic)

Table 4: Computed properties of Peptide 9 and 10

Properties Peptide 9 Peptide 10
Number of amino acids 15 15
Molecular weight (Daltons) 2170.48 Da 2170.48 Da
Theoretical Isoelectric point (pl) 12.0 12.0
Amino acid composition Arg (R) - 6 = 40% Arg (R) — 6 =40%
Cys (C)-2=13.3% Cys(C)-2=
His (H) — 6 = 40.% 13.3%

Trp (W) —1=6.7%

His (H) - 6 = 40.%
Trp (W) —1=6.7%

Total number of negatively charged 0 0
residues (Asp + Glu):
Total number of positively charged 6 6

residues (Arg + Lys):

Instability index

136.40 (unstable)

234.84 (unstable)

Grand average of hydropathicity

-2.807 (hydrophilic)

-2.807 (hydrophilic)

Table 5: Computed properties of Peptide 11 and 12

Properties Peptide 11 Peptide 12
Number of amino acids 11 15
Molecular weight (Daltons) 1660.01 Da 2154 43 Da
Theoretical Isoelectric point (pl) 12.22 11.31

Amino acid composition

Arg (R) - 8 = 40%
Cys (C) - 2 = 18.2%
Trp W) —1=9.1%

Arg (R) - 6 = 40%
Cys (C) -2 =13.3%
Glu (E) -2 =13.3%
His (H) — 4 = 26.7%
Trp (W) —1=6.7%

Total number of negatively charged 0 2
residues (Asp + Glu):
Total number of positively charged 8 6

residues (Arg + Lys):
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Instability index 373.60 (unstable) 237.37 (unstable)
Grand average of hydropathicity -2.900 (hydrophilic) -2.847 (hydrophilic)

Peptides 7 to 9, 11 and 12 are outside the scope of the present invention.

ANIONIC CARGO

In a general context, the anionic cargo may be selected from a nucleic acid or small molecule agent
such as a phosphonate drug or phosphate drug, such as a bisphosphonate, a diphosphate,

triphosphate drug.

For example, the anionic cargo may be an organophosphate, optionally with a molecular weight
between 0.15 and 2.5 kDa.

According to one embodiment, the anionic cargo may be an alkali metal, or alkaline earth metal,
bisphosphate, diphosphate, or triphosphate, preferably an alkaline earth metal bisphosphate,
diphosphate, or triphosphate.

In one aspect, the bisphosphonate may be etidronate, clodronate, tiludronate, pamidronate,
neridronate, olpadronate, alendronate, ibandronate, risedronate, zoledronate, or any derivative of

these compounds.

In another aspect, the diphosphate may be based on a nucleotide or a nucleoside such as
didanosine, vidarabine, emtricitabine, lamivudine, zalcitabine, abacavir, acyclovir, entecauvir,
stavudine, telbivudine, zidovudine, idoxuridine, trifluridine, ganciclovir, valganciclovir, ciclovir,
aciclovir, azacitidine, decitabine, zebularine, cytarabine, gemcitabine, troxacitibine, CNDAC (2'-C-
cyano-2'-deoxy-1-B-D-arabino-pentofuranosylcytosine), fludarabine, cladribine, clofarabine,

pentostatin, forodesine, azidothymidine, edoxudine, and/or any derivative of these compounds.

For example, the diphosphate may be selected from one or more of the following isopentenyl
pyrophosphate (IPP), (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), (E)-5-hydroxy-4-
methylpent-3-enyl pyrophosphate (HDMAPP), Dimethylallyl pyrophosphate (DMAPP), ethyl
pyrophosphate (EPP), and associated metabolites such as IPP’s triphosphoric acid 1-adenosin-5'-yl

ester 3-(3-methylbut-3-enyl) ester (Apppl).

In another aspect the triphosphate may be based on a nucleotide or nucleoside such as didanosine,
vidarabine, emtricitabine, lamivudine, zalcitabine, abacavir, acyclovir, entecavir, stavudine,

telbivudine, zidovudine, idoxuridine, trifluridine, ganciclovir, valganciclovir, ciclovir, aciclovir,
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azacitidine, decitabine, zebularine, cytarabine, gemcitabine, troxacitibine, CNDAC (2'-C- cyano-2'-
deoxy-1-B-D-arabino-pentofuranosylcytosine), fludarabine, cladribine, clofarabine, pentostatin,

forodesine, azidothymidine, edoxudine, or any derivative of these compounds.

For example, the triphosphate may be based on a diphosphate or pyrophosphate such as
isopentenyl pyrophosphate (IPP), (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), (E)-
5-hydroxy-4-methylpent-3-enyl pyrophosphate (HDMAPP), Dimethylallyl pyrophosphate (DMAPP),
ethyl pyrophosphate (EPP), and associated metabolites such as IPP’s triphosphoric acid 1-adenosin-

5'-yl ester 3-(3-methylbut-3-enyl) ester (Apppl).

In another aspect, the anionic cargo is a nucleic acid selected from DNA, pDNA, RNA, mRNA,

SiRNA, shRNA, saRNA, miRNA, a plasmid vector, or a nucleic acid aptamer.

USES

It will be understood that the peptide of the first aspect of the invention may be used as a cell
delivery agent.

Additionally, the peptide of the first aspect of the invention may be for use in inducing an immune
response in a subject in need thereof.

Still additionally, the peptide of the first aspect of the invention may be for use in gene therapy in a
subject in need thereof.

Still further additionally, the peptide of the first aspect of the invention may be for use in the treatment
and/or prophylaxis of an infection, cancer, wounds in a subject in need thereof.

Finally, the peptide of the first aspect of the invention could be used to deliver therapies for the

treatment and/or prophylaxis of an infection, cancer, wounds from polymeric medical devices.

FIGURE LEGENDS

Figure 1: Densitometry of gel electrophoresis assay using 1% Agarose Gel stained with
ethidium bromide for fluorescence for A) Peptide 7, B) Peptide 8, C) Peptide 9, D) Peptide 10,
E) Peptide 11 and F) Peptide 12 analysed using Image J software. Densitometry was used to
determine relative fluorescence detected in the agarose gel with respect to characteristic pPDNA
conformation bands (i.e. supercoiled (unshaded), open circular/nicked (lightly shaded) or linear
conformation (darkly shaded)). Image J software was used to analyse fluorescence and calculated

as a percentage of the naked pDNA control (N:P 0). Results are displayed as mean £ SEM, n=3.

Figure 2: DNA complexation efficiency assay using Quant-iT™ PicoGreen® reagent indicating
the efficiency of A) Peptide 7, B) Peptide 8, C) Peptide 9, D) Peptide 10, E) Peptide 11 and F)
Peptide 12 to complex 0.5 ug pEGFP-N1 (Accession Number: U55762.1) (a pDNA) at a range of
N:P ratios. Peptide/pEGFP-N1 complexes were prepared at a range of N:P ratios from 1 to 20. 50
pl samples of each N:P ratio was pipetted into a 96-well plate with Quant-iT™ PicoGreen® reagent.



10

15

20

25

30

35

40

WO 2020/182728 PCT/EP2020/056216
11
Sample fluorescence was then analysed by excitation at 480 nm and the fluorescence emission
intensity measured at 520 nm using a Synergy 2 Multi-Mode Microplate Reader. Fluorescence was
then calculated as a percentage of the control and converted to the percentage DNA complexed.

Results are displayed as mean + SEM, n=3.

Figure 3: Mean hydrodynamic size and zeta potential of nanoparticles prepared with pEGFP-
N1 and A) Peptide 7, B) Peptide 8, C) Peptide 9, D) Peptide 10, E) Peptide 11 or F) Peptide 12
at a range of N:P ratios. For example, at an N:P ratio of 10 with Peptide 7, nanoparticles comprise
0.5 ug of pEGFP-N1 and 5.7 ug Peptide 7. Nanoparticles were made up to 50 ul with molecular
grade water and incubated for 30 min at room temperature before hydrodynamic size and zeta
potential were measured using a Malvern Zetasizer Nano ZS instrument. Results are displayed as

mean £ SEM, n=3.

Figure 4: Polydispersity index (PDI) and particle count (kilocounts per second) of
nanoparticles prepared with pEGFP-N1 and A) Peptide 7, B) Peptide 8, C) Peptide 8, D)
Peptide 10, E) Peptide 11 or F) Peptide 12 at a range of N:P ratios corresponding to size and
zeta potential analysis in Figure 3. Nanoparticles were made up to 50 pl with molecular grade
water and incubated for 30 min at room temperature before PDI and particle count were measured

using a Malvern Zetasizer Nano ZS instrument. Results are displayed as mean + SEM, n=3.

Figure 5: Transfection efficiency of nanoparticles comprising pEGFP-N1 and A) Peptide 7, B)
Peptide 8, C) Peptide 9, D) Peptide 10, E) Peptide 11 and F) Peptide 12 assessed in MCF-7 and
MDA-MB-231 breast cancer cells. Cells were transfected for 4 h with peptide/pEGFP-N1
nanoparticles at a range of N:P ratios. Following transfection, medium was replaced with DMEM
supplemented with 10% FCS and incubated for 48 h before quantification of transfection efficiency
by flow cytometry at 4% gating. Results are displayed as mean * SEM, n=3 and statistical analysis
was carried out by One-Way ANOVA and Dunnett post-test comparing transfection efficiency of each
peptide to DNA only (* =P < 0.05, ** =P < 0.01, ** = P < 0.001).

Figure 6: Transfection efficiency of nanoparticles comprising pEGFP-N1 and Peptides 7 to 12
assessed in A) MCF-7 and B) MDA-MB-231 breast cancer cells with and without chloroquine,
a reagent known to facilitate endosomal escape. Cells were transfected for 4 h with
peptide/pEGFP-N1 nanoparticles at N:P 10. 10 uM chloroquine was added to cells in appropriate
wells along with the nanoparticles. Following transfection, medium was replaced with DMEM
supplemented with 10% FCS and incubated for 48 h before quantification of transfection efficiency
by flow cytometry at 4% gating. Results are displayed as mean + SEM, n=3. Statistical analysis was
carried out using an unpaired t test (* =P < 0.05, **= P <0.01, ** =P < 0.001)

Figure 7: Mean hydrodynamic size of Peptide 10/pEGFP-N1 nanoparticles was determined to
assess stability across A) a 12 h time period and B) a 28-day time period. Nanoparticles were

prepared at N:P 12. In the 12 h study, the mean hydrodynamic size was measured at 1 h intervals
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starting immediately after formulation using a Malvern Zetasizer Nano ZS. For the 28-day study,
nanoparticles were prepared on Day 0 and the mean hydrodynamic size and zeta potential were

measured every 7 days for 28 days. Results are displayed as mean = SEM, n=3.

Figure 8: Mean hydrodynamic size of Peptide 10/pEGFP-N1 nanoparticles over a range of
temperatures. Nanoparticles were prepared at N:P 12 and incubated for 30 min before measuring
A) hydrodynamic size and B) PDI and particle count using a temperature trend function on the

Malvern Zetasizer Nano ZS. Results are displayed as mean + SEM, n=3.

Figure 9: Confocal microscopy images following transfection of MDA-MB-231 breast cancer
cells with Peptide 10 at N:P 12 delivering Cy3 labelled pDNA at 4 h post-transfection. Cells
were stained with Fluorescein (FITC)-phalloidin (Life technologies, UK) and treated with ProLong
Gold Antifade Mountant with DAPI (Life technologies, UK). Cells were imaged using a TSC SP5-
Leica Microsystems confocal microscope (Leica, UK) and analysed using LAS AF Lite Software
(Leica, UK). Orthogonal sectioning was used to visualise intra-nuclear presence of Cy3-pDNA. The

image is representative of three independent repeats. Nanoparticles are depicted in white.

Figure 10: Transfection efficiency of nanoparticles comprising pPEGFP-N1 and Peptide 10
assessed in A) DU145 and B) PC-3 prostate cancer cells, C) NCTC-929 fibroblast, D) HMEC-1
endothelial, and E) HaCaT keratinocyte cells to determine transfection in additional cell lines.
Cells were transfected for 4 h with Peptide 10/pEGFP-N1 nanoparticles at a range of N:P ratios.
Following transfection, medium was replaced with culture medium supplemented with 10% serum
and incubated for 48 h before imaging using i) light and ii) fluorescence microscopy. Scale bar =400
pm. iii) Quantification of transfection efficiency was subsequently analysed by flow cytometry at 4%

gating. Results are displayed as mean + SEM, n=3.

Figure 11: Cell viability of A) MCF-7 and MDA-MB-231 breast cancer cells, B) DU145 and PC-3
prostate cancer cells, and C) NCTC-929 fibroblast, HMEC-1 endothelial, and HaCaT
keratinocyte cells following transfection with Peptide 10. Cells were transfected with Peptide 10
at a range of N:P ratios for 4 h before replacement with complete medium. After 24 h, cells were
treated with MTS reagent for 2 h in dark conditions. A Bio-Tek Powerwave XS plate reader was then
used to read absorbance at 490 nm with Gen5 software and any background absorbance was
subtracted from readings. Untreated cells were considered to be 100% viable and viability under all

conditions was calculated relative to this. Results are displayed as mean + SEM, n=3.

Figure 12: Transfection efficiency and cell viability of nanoparticles comprising pEGFP-N1
and Peptide 10 assessed in ARPE human retinal cells. (A) Cells were transfected for 4 h with
Peptide 10/pEGFP-N1 nanoparticles at a range of N:P ratios. Following transfection, medium was
replaced with culture medium supplemented with 10% serum and incubated for 48 h before imaging
using i) light and ii) fluorescence microscopy. Scale bar =400 um. iii) Quantification of transfection
efficiency was subsequently analysed by flow cytometry at 4% gating. (B) After 24 h, cells were
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treated with MTS reagent for 2 h in dark conditions. A Bio-Tek Powerwave XS plate reader was then
used to read absorbance at 490 nm with Gen5 software and any background absorbance was
subtracted from readings. Untreated cells were considered to be 100% viable and viability under all

conditions was calculated relative to this. Results are displayed as mean + SEM, n=3.

Figure 13: Ex vivo luciferase tissue distribution 48 h following systemic administration of
Peptide 10/pLuc complexes to BALB/c SCID mice bearing MDA-MB-231 xenografts. Peptide
10/pLuc complexes were prepared at N:P 8 (from Table 6, N:P 1 is 1.11; so N:P 8 is 8.88 ug) with 50
Mg pLuc (SEQ ID NO:12). Complexes were subsequently administered to BALB/c SCID mice via tail
vein injection in a total volume of 200 ul. Mice were sacrificed at 48 h post injection and organs
harvested. Quantification of luciferase gene expression in the brain, lungs, liver, kidney, spleen, and
tumour was analysed using gRT-PCR. Total mMRNA was extracted from organs, reverse transcribed
and luciferase expression relative to housekeeper (B-actin) analysed using qRT-PCR. Gene
expression is expressed as fold difference relative to untreated control and points represent mean +
SEM, n=3.

Figure 14: Comparison of miR-31-fold change in expression in (A) NCTC-929 Fibroblast, (B)
HMEC-1 Endothelial and (C) HaCaT Keratinocyte cells to assess the effect of Peptide 10 /
pmiR-31. ) NCTC-929 Fibroblast, HMEC-1 Endothelial, and HaCaT Keratinocyte cells were
transfected with 5 g of pmiR-31 (Accession Number: MIO000089) at N:P ratios 10, 6, and 8
respectively in Opti-MEM in a 6-well plate and incubated at 37°C in 5% CO,. RNA was extracted
from cell lines using mirVana (Invitrogen, UK). miR-31 and housekeeper, U6, were reverse
transcribed and miR-31 expression relative to U6 quantified using gRT-PCR. Results are presented
as fold change and reported as mean * SEM, n=3 (* p<0.05, ** p<0.01, ** p<0.001).

Figure 15: Wound scratch assay in (A) NCTC-929 Fibroblast, (B) HMEC-1 Endothelial and (C)
HaCaT Keratinocyte cells was performed to assess the effect of Peptide 10/pmiR-31 on cell
migration. NCTC-929 Fibroblast, HMEC-1 Endothelial, and HaCaT Keratinocyte cells were
transfected with Peptide 10 / pmiR-31 or Peptide 10 / pEGFP-N1 containing 5 pg of pDNA at N:P
ratios 10, 6, and 8 respectively in Opti-MEM in a 6-well plate and incubated at 37°C in 5% CQ,. 24,
48 and 72 h post-transfected cells were transferred to wound scratch assay inserts (Ibidi, UK) and
wounded the following day for migration monitoring. Images were analysed using ImagedJ software
and the rate of migration relative to untreated control determined by comparing the area of each
wound at the specified time points. Data is reported as mean £ SEM, n=3 (¥, p-value<0.05; **, p-

value<0.01).

Figure 16: Effect of Peptide 10/pmiR-31 on angiogenesis in HMEC-1 Endothelial cells at 24 h,
48 h and 72 h. Cells were transfected with Peptide 10 / pmiR-31 or Peptide 10 / pEGFP-N1
containing 5 ug of pDNA at N:P ratio 6. At each time point, cells were re-seeded onto Matrigel in

triplicate in 96 well plates at a density of 20,000 per well in serum-free conditions. Total tubule
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length and branching density were measured using the WimTube software package. Data is
reported as mean £ SEM, n=3. (* p<0.05).

Figure 17: (A) Schematic representation of the process of electrospinning. PVA polymer was
weighed before being dissolved in ddH,O and then loaded into a syringe. The syringe was then
loaded into the elctrospinning apparatus (SprayBase, Ireland) and nanofibres produced. Post-
electrospinning, the PVA fibres were crosslinked with glutaraldehyde to confer stability and allow the
loading of Peptide 10/pDNA nanoparticles through soak loading. (B) Gel retardation assay of
Peptide 10/pDNA nanoparticles from electrospun PVA nanofibers incorporated post-
electrospinning. The gel was prepared using agarose gel (1% w/v and 0.25 ug/mL etBr) with
electrophoresis showing the mobility of pPEGFP-N1 when dissociated from Peptide 10 / pEGFP-N1

NPs (“released NPs +SDS”). Result images representative of three independent runs.

Figure 18: Release and transfection profiles of Peptide 10/pEGFP-N1 nanoparticles released
from crosslinked PVA nanofibres. (A) nanoparticle release with time up to 48 h, from a
crosslinked PVA electro-spun patch, loaded with 10 ug of pEGFP-N1 complexed with Peptide 10.
The patch was placed in 5 mL of Ultra Pure Water (Gibco,UK) and 200 uL samples taken at different
time points. Samples were then treated with a proteinase-k enzyme to release the pDNA for
quantification using the PicoGreen® assay. (B) shows the transfection of NCTC-929 Fibroblast cells
with Peptide 10/pEGFP-N1 nanoparticles released between the different time points, confirming

functionality post-release. Results displayed as mean £ SEM, n=3.

Figure 19: The effects of treatments on the thickness of the epidermis in mice skin. After the
C57BL/6N mice were euthanised at day 7, wound beds were harvested and fixed in 10% formalin for
24 h before pathologic examination. The tissue sections were embedded in paraffin and then cut
into sections of thickness 3 um and placed on glass microscope slides by the NIBioBank. The
samples were processed for Hematoxylin and Eosin (H&E) staining. ImageJ analysis software (NIH)
was then utilised for quantification of the epidermal thickness for each of the treatment groups: A)
untreated, B) Unloaded Nanofibres, C) pmiR-31 Nanofibres, D) Peptide 10/pEGFP-N1 Nanofibres,
and E) Peptide 10/pmiR-31 Nanofibres. The quantification of epidermal thickness in F). Data is
reported as mean £ SEM, n=5. (* p<0.05).

Figure 20: The effects of treatments on the thickness of the stratum corneum (outer most
layer) in mice skin. Afterthe C57BL/6N mice were euthanised at day 7, wound beds were
harvested and fixed in 10% formalin for 24 h before pathologic examination. The tissue sections
were embedded in paraffin and then cut into sections of thickness 3 um and placed on glass
microscope slides by the NIBioBank. The samples were processed for Hematoxylin and Eosin
(H&E) staining. Imaged analysis software (NIH) was then utilised for quantification of the stratum
corneum thickness for each of the treatment groups: A) untreated, B) Unloaded Nanofibres, C)
pmiR-31 Nanofibres, D) Peptide 10/pEGFP-N1 Nanofibres, and E) Peptide 10/pmiR-31 Nanofibres.
The thicknesses are represented in (F). Data is reported as mean + SEM, n=5. (*** p<0.001).
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Figure 21: Lyophilisation of Peptide 10/pDNA NPs. A) Size distribution of lyophilised Peptide
10/pDNA at N:P10. Peptide 10/pDNA complexes were prepared at N:P ratio of 10 and transferred
into a glass lyophilisation vial in presence of the cryoprotectant Trehalose (5% final concentration)
and frozen at —40 °C for 1 h. Subsequently the samples were subjected to primary drying at —40 °C
and 60 mTorr for 24 h and a secondary drying program of =30 °C and 120 mTorr for 3 h, —=30 °C and
190 mTorr for 3 h, =25 °C and 190 mTorr for 3 h and 20 °C and 190 mTorr for 6 h. Lyophilised
Peptide 10/pDNA complexes were subsequently resuspended and hydrodynamic size and zeta
potential were measured using a Malvern Zetasizer Nano ZS instrument. B) Comparison of
hydrodynamic size of freshly prepared and lyophilised Peptide 10/pDNA at N:P 8, 10 and 10. Results
are displayed as mean + SEM, n=3.

Figure 22: In Vivo luciferase tissue distribution 24 h following intra-tumoural administration of
Peptide 10/pLuc complexes to mice bearing 4T1 breast cancer tumours. Peptide 10/pLuc
complexes were prepared at N:P 8 with 20 ug pLuc, lyophilised and reconstituted in 100 pl.
Representative bioluminescent images captured using a Bruker InVivo Xtreme instrument.

MATERIALS AND METHODS

Generation of Peptides

All peptides were produced by solid state synthesis (FMOC chemistry) (Biomatik, Canada) and
supplied as a lyophilised powder which required reconstitution before use. Peptides were supplied in

the acetate salt form and were of >95% purity.

Plasmid DNA (pDNA)

PEGFP-N1 was purchased from Clontech (USA) (Accession Number: U55762.1), pmiR-31 was
purchased from Origene (USA) (Accession Number: MI0000089), and pCMV-Red Fire-fly Luc (pLuc)
was purchased from Oxford Genetics (UK) (SEQ ID NO:12). Plasmids were propagated in MAX
Efficiency® DH5a™ Competent Cells (Life Technologies, UK), purified using PureLink®HiPure
Plasmid Filter Maxiprep Kit (Life Technologies, UK) and quantified by UV absorption at 260 nm.

Cell Lines

MCF-7 and MDA-MB-231 breast cancer cells and HaCaT keratinocyte cells (ATCC, Manassas, VA)
were maintained as monolayers in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen, UK)
supplemented with 10% foetal calf serum (FCS). MCF-10A non-tumourigenic mammary epithelial
cells were maintained in phenol red free DMEM/F12 (Invitrogen, UK) supplemented with 5% horse
serum (Invitrogen, UK), 20 ng/ml EGF (Thermofisher Scientific, UK), 0.5 mg/ml hydrocortisone
(Sigma, UK), 100 ng/ml cholera toxin (Sigma, UK), 10 pug/ml insulin (Sigma, UK) and Pen/Strep
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(Invitrogen, UK). DU145 and PC-3 prostate cancer cells, and PNT2C2 non-tumourigenic prostate
epithelial cells were maintained as monolayers in Roswell Park Memorial Institute medium (RPMI)
supplemented with 10% FCS. NCTC-929 fibroblast cells (ATCC, Manassas, VA) were maintained as
monolayers in Minimum Essential Medium (MEM) (Gibco, UK) supplemented with 10% foetal horse
serum (FHS). HMEC-1 endothelial cells were maintained in MCDB-131 medium (ThermoFisher, UK)
and supplemented with 5 pL Epidermal Growth Factor (EGF) (ThermoFisher, UK), 5 uL of 0.5 mg/ml
hydrocortisone (Sigma, UK), 5 mL glutamine (ThermoFisher, UK), 5 MI Pen/Strep (Invitrogen, UK)
and 10% Fetal Bovine Serum (FBS).

When cells reached approximately 80% confluency, they were passaged and were not used for
experimental protocols beyond a passage number of 20. Cells were maintained in an incubator at
37°C with 5% CO, atmosphere and subjected to mycoplasma testing routinely. All in vitro cell
experiments were carried out at 37°C in a 5% CO, incubator. All cell lines were authenticated by
short tandem repeat (STR) profiling carried out by the suppliers.

Animals

BALB/c SCID and C57BL/6N mice were purchased from Charles River Laboratories. The animals
were housed in an open facility at 21°C and 50% humidity with food and water ad libitum. The
experimental protocols were compliant with the UK Scientific Act of 1986 and covered by the
Department of Health, Social Services and Public Safety project license number 2794 and personal

license number 1635.

Reconstitution of Peptides

Lyophilised peptides (Biomatik, Canada) were reconstituted in molecular grade water (Invitrogen,
UK) and stored in aliquots at -20°C.

N:P Ratio Calculation for peptide/DNA nanoparticles

N:P ratio is widely used to describe the contents of peptide-/protein-based nucleic acid
nanoparticles. It is defined as the molar ratio of positively charged nitrogen atoms in the amino acids
of the peptide/protein to the negatively charged phosphates within the nucleic acid backbone or,
more simply, the mass of peptide required to neutralise 1 ug of pDNA. N:P ratio can be calculated as
follows:

MeroTem

N:P rat|a=m

where MproTeN iS the mass of the peptide/protein in the nanoparticle, Mpna is the mass of the DNA in

the nanoparticle and Cyp is the N:P constant. The N:P constant is the ratio of the positive charge
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density of the amino acid chain to the negative charge density of the DNA, where charge density can

be calculated as the charge divided by the molecular mass.

Based on the presence of the positively charged amino acids (mainly arginine and lysine) and the
knowledge that the mass and charge of the bases in the DNA backbone are constant, the N:P
constant can be calculated with only the mass and the charge of the peptide/protein as variables.

Cnp is calculated as follows:

. _ Merotem _ Qoya MWons _ Qows MWesomain _ 2 MWeromeim
N ThgoneNP  Qeroren MW proren Qrroren MWona 650 Qeroren

which can be simplified to:

_ 2 MWeromen
NF™ 850 Qeromen

For example, this can be calculated for Peptide 10 as follows:
e Mo. of strands in dsDMNA x MW Peptide 10 2% 2170 111
NFT T Av MW 1ug DNA x Charge Peptide 10 650 x 6~

The Cyp for each peptide is listed in Table 6 which was calculated from the molecular mass and

charge of each.

Table 6: N:P ratio calculated for each of Peptides 7 to 12.

Peptide | Peptide sequence MW (Da) Net Cunp
Positive
Charge
7 CRRRWHHHHHWRRRC | 2219.5 6 1.14
8 CWRRRHHHHHRRRWC | 2219.5 6 1.14
9 CHRHRHRWHRHRHRC | 2170.4 6 1.11
10 CHHHRRRWRRRHHHC | 2170.4 6 1.11
11 CRRRRWRRRRC 1660 8 0.64
12 CEHHRRRWRRRHHEC | 2154 6 1.10

Preparation of Cultured pDNA

A PureLink HiPure Plasmid Maxiprep kit (Invitrogen, UK) was used to purify pEGFP-N1, pLuc and
pmiR-31 for determination of peptide/pDNA interaction. 200 ml of LB broth containing 50 pg/mi
kanamycin for pEGFP-N1, 100 pg/ml ampicillin for pLuc or 50 pg/ml kanamycin for pmiR-31 was
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inoculated with 1 ml glycerol stock of Max Efficiency DH5a competent cells (Life Technologies)
transformed with pPEGFP-N1 or pLuc and incubated overnight at 37°C in an orbital incubator.
Bacterial cells were then harvested by centrifugation at 4000 g for 15 min at 4°C. Buffers supplied in
the kit were used to lyse the bacterial pellet and precipitate out any proteins. The pDNA was purified
using anion exchange resins provided in the Kit, precipitated with isopropanol (Sigma-Aldrich, UK),
air dried and resuspended in molecular grade water (Invitrogen, UK). The concentration of purified
PDNA was determined by UV spectrophotometry using a Nanodrop 2000 spectrophotometer
(ThermosScientific, USA) at a wavelength of 260 nm, and purity was determined by A260/280
determination.

Formulation of peptide/pEGFP-N1, pLuc or pmiR31 Nanoparticles

Plasmid DNA was complexed by each peptide according to a range of N:P ratios via electrostatic
interactions. According to the N:P ratio, a quantity of peptide was added to 1 pg of pDNA in aqueous
solution and the final volume was adjusted to 50 ul with molecular grade water. The samples were
then incubated at room temperature for 30 min. Formulation of nanoparticles prepared for linear

peptides in Table 7.

Table 7: Components of nanoparticles formed at N:P ratio 10 for each of Peptides 7 to 12.

Peptide | Mass DNA | Mass of peptide | Mass of Volume

(Hg) for N:P 1 (ug) peptide for N:P | H,O (pl)

10 (ug)

7 1 1.14 11.4 to 50 pl
8 1 1.14 11.4 to 50 pl
9 1 1.1 111 to 50 pl
10 1 1.1 111 to 50 pl
11 1 0.64 6.4 to 50 pl
12 1 1.10 11.0 to 50 pl

For example, at an N:P ratio of 10, 11.4 ug of Peptide 7 is added to 1 ug of pEGFP-N1 in aqueous
solution, the final volume adjusted to 50 pl with water and left to incubate for 30 min at room
temperature.

Densitometry of gel electrophoresis assay fluorescence — Figure 1

DNA that remains at original (“well”, herein) is uncharged. For Peptides 7 and 12, this is achieved at
an N:P ratio of 6 to 20. For Peptides 8, 9, 10, and 11, this is achieved at an N:P ratio of 4 to 20.
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Complexation of pDNA — Fiqure 2

Peptide complexes and composite complexes were prepared at a range of N:P ratios from 1 to 20 to
complex 0.5 ug pEGFP-N1. Quant-iT ™PicoGreen® Reagent (Life Technologies, UK) was diluted
1:200 in TAE buffer and 50 pl was added to each 50 yl sample. Sample fluorescence was analysed
by excitation at 480 nm and the fluorescence emission intensity measured at 520 nm using a
Synergy 2 Multi-Mode Plate Reader. Fluorescence intensity of a naked pDNA control (an N:P ratio
of 0) was taken as 100% fluorescence and 0% complexed, and any fluorescence detected from
samples was taken to be un-complexed. The percentage of un-complexed pDNA in each sample

was then used to calculate the percentage of complexed pDNA.

Figures 1 and 2 illustrate overall charge (Figure 1) and % encapsulation (Figure 2) of the various
composite complexes. Both an overall neutral charge and >70% encapsulation are observed at an
N:P ratio of 6 to 20 for each of Peptides 7, 8, and 11. An overall neutral charge and >70%
encapsulation is observed at an N:P ratio of 4 to 20 for Peptide 10 of the present invention.

Nanoparticle Size Measurement using Malvern Zetasizer — Fiqure 3

Peptide complexes (an N:P ratio of 0) and composite complexes were prepared at a range of N:P
ratios from 1 to 20 to complex 0.5 pyg pEGFP-N1. For example, at an N:P ratio of 10 with Peptide 7,
nanoparticles comprise 0.5 ug of pPEGFP-N1 and 5.7 ug Peptide 7. Nanoparticles were made up to
50 pl with molecular grade water and incubated for 30 min at room temperature before a Malvern
Zetasizer Nano ZS instrument with DTS software (Malvern Instruments, UK) was used to measure
the mean hydrodynamic particle size of nanoparticles. A 40 pl disposable microcuvette was used to
measure the mean size by number of nanoparticles formed by Dynamic Light Scattering (DLS) at
20°C. Results were reported as mean + SEM, and all measurements were performed in triplicate.

A hydrodynamic size of < 200 nm is preferred. All of peptides 7 to 12 have a hydrodynamic size of <
200 nm at an N:P ratio of 6 to 20. Peptide 10 of the present invention is associated with a

hydrodynamic size of < 150 nm at an N:P ratio of 6 to 20.

Determination of Nanoparticle Zeta Potential using Malvern Zetasizer — Figure 3

Following size measurement, 50 pl of the nanoparticles sample was subsequently diluted to 1000 ul
with molecular grade water and added to a folded capillary zeta cell (Malvern Instruments, UK). Zeta
potential was measured by Laser Doppler Velocimetry using a Malvern Zetasizer Nano ZS
instrument with DTS software at 20°C. Results were reported as mean £ SEM, and measured in

triplicate.

A Zeta Potential in the range of 10 to 35 mV is preferred. Peptides 7 to 12 exhibit a Zeta Potential in
the range of 10 to 35 mV at an N:P ratio of 8 to 20.
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Determination of Polydispersity index (PDI) and particle count (kilocounts per second) using
Malvern Zetasizer — Figure 4

Polydispersity index (PDI) and particle count (kilocounts per second) of nanoparticles prepared with
PEGFP-N1 and A) Peptide 7, B) Peptide 8, C) Peptide 8, D) Peptide 10, E) Peptide 11 or F) Peptide
12 at a range of N:P ratios corresponding to size and zeta potential analysis in Figure 3.
Nanoparticles were made up to 50 ul with molecular grade water and incubated for 30 min at room
temperature before PDI and particle count were measured using a Malvern Zetasizer Nano ZS

instrument. Results are displayed as mean £ SEM, n=3.

A polydiversity index of 0.15 to 0.4 is preferred. Peptides 7 to 10 exhibit a polydiversity index in the
range of 0.15to 0.40 at an N:P ratio of 4 to 20. Peptide 10 of the present invention exhibits a
polydiversity index in the range of 0.25 to 0.35 at an N:P ratio of 4 to 20.

A patrticle count of 100 to 200 is preferred. Peptides 7 to 10 exhibit a particle count of 100 to 200 at
an N:P ratio of 4 to 20. Peptide 10 of the present invention exhibits a particle count in the range of
100 to 150 at an N:P ratio of 4 to 20.

Transfection with Peptide Delivering pEGFP-N1 - Figures 5, 10, 12

In order to assess the ability of peptide and composite nanopatrticles to transfect cells, transfections

were carried out in 96-well tissue culture plates.

MCF-7 and MDA-MB-231 breast cancer cells were seeded at a density of 2.25 x1 0" and 2.5 x10*
cells per well respectively, and allowed to adhere overnight at 37°C with 5% CO, (Figure 5).

PC-3 and DU145 prostate cancer cells were seeded at a density of 2.5 x1 0* and 2 x10* cells per well

respectively, and allowed to adhere overnight at 37°C with 5% CO, (Figure 10).

NCTC-929, HMEC-1, and HaCaT cells were seeded at a density of 1.75 x1 0*and 2 x10* and 1.7

x10* cells per well respectively, and allowed to adhere overnight at 37°C with 5% CO, (Figure 10).

ARPE cells were seeded at a density of 20x1 0° cells per well, and allowed to adhere overnight at
37°C with 5% CO, (Figure 12).

Medium was replaced with OptiMEM (Invitrogen, UK) 2 h prior to transfection and the cells returned
to the incubator at 37°C with 5% CO,. Nanoparticles containing 0.5 uyg pEGFP-N1 were prepared at
a range of N:P ratios in a total volume of 50 pl before being added to the appropriate wells.
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Cells were incubated with the nanopatrticles for 4 h, before being replaced with complete media.

Untreated cells and cells treated with naked pDNA served as negative controls.

In Figure 10, DU145 and PC-3 prostate cancer cells were transfected for 4 h with Peptide
10/pEGFP-N1 nanoparticles at N:P ratios in the range of 6 to 20.

In Figure 10, NCTC-929 Fibroblast, HMEC-1 Endothelial and HaCaT Keratinocyte cells were
transfected with Peptide 10/pEGFP-N1 for 4 h with nanoparticles at a range of N:P ratios in the
range of 6 to 20.

Figure 5 compares the % transfection, in MCF-7 cells and MDA-MB-231 cells, for each of Peptides 7
to12.

A % transfection is >10% is preferred. Peptide 10 is associated with > 15% transfection, in both cell
lines, at N:P ratios of 6 to 20 (see Figure 5). Peptide 12 is associated with > 10% transfection, in
both cell lines, at N:P ratios of 6 to 10 (see Figure 5).

Figure 10 compares the transfection efficiency of nanoparticles comprising pEGFP-N1 and Peptide
10 assessed in DU145 and PC-3 prostate cancer cells, NCTC-929 fibroblast, D) HMEC-1
endothelial, and E) HaCaT keratinocyte cells. Peptide 10 is associated with > 10% transfection, in
all 5 cell lines, at N:P ratios of 6 to 20 (see Figure 10).

Figure 12 illustrates the transfection efficiency and cell viability of nanoparticles comprising pEGFP-
N1 and Peptide 10 in ARPE human retinal cells. Peptide 10 is associated with > 10% transfection, in
all 5 cell lines, at N:P ratios of 8 to 12 (see Figure 12).

Endosomal Escape and Cellular Uptake Pathway Studies — Figure 6

In some instances, cells were treated with chloroquine (a reagent known to facilitate endosomal
escape) (Figure 6). For endosomal escape studies, 1 mM chloroquine (Sigma-Aldrich, UK) was
added to the cells immediately before transfection, giving a final concentration of 10 yM chloroquine

in the nanoparticle transfection mix.

Figure 6 compares the transfection efficiency of nanoparticles comprising pEGFP-N1 and Peptides 7
to 12 assessed in MCF-7 and MDA-MB-231 breast cancer cells with and without chloroquine. In
MCEF-7 cells, Peptides 10 to 12 are associated with a smaller increase in % transfection, in the
presence of chloroquine. In MDA-MB-231 cells, all of Peptides 7 to 12 are associated with an

increase in % transfection, in the presence of chloroquine.
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Fluorescence Microscopy

To facilitate qualitative analysis of pEGFP-N1 expression correlating to transfection efficiency, cells
were visualised and imaged 48 h following transfection under fluorescent light using an EVOS FL

Cell Imaging System (Life Technologies).

Flow Cytometry Analysis of Transfection Efficiency — Fiqures 5,10, 12

Transfected cells were washed with phosphate buffered saline (PBS) and 2x trypsin used to detach
cells at 37°C in 5% CO, atmosphere. Complete media was then added and the cells were
centrifuged at 2300 g for 10 min. The cell pellet was subsequently resuspended in 2% formaldehyde
in PBS and kept refrigerated at 4°C until analysis. A FACScalibur system (BD Bioscience, UK) or
Accuri C6 Plus (BD Bioscience, UK) were used for the detection of green fluorescent protein (GFP)
expressing cells at 4% gating (to reduce interference of auto-fluorescence) and results are reported

as mean £ SEM, n=3.

Microscopic Analysis of Intracellular Delivery of pDNA — Figure 9

PDNA was fluorescently labelled with the Cy3 fluorophore (Mirus, USA) according to manufacturer's
instructions. MDA-MB-231 and PC-3 cells were seeded at 4 x10* per well onto the surface of a
coverslip in a 24-well plate and allowed to adhere overnight. Cells were then transfected with
nanoparticles as described in section 0. 30 min, 2 h and 4 h post transfection cells were fixed and
permeabilised with 4% formaldehyde and 0.1% Triton-X (Sigma, UK) for 20 min. Cells were then
stained with Fluorescein (FITC)-phalloidin (Life technologies, UK) at room temperature for 15 min
and mounted onto a microscope slide with Fluoroshield mounting medium containing DAPI nuclear
stain (Life Technologies, UK). Cells were then imaged using a CytoViva Hyperspectral microscope
(CytoViva, USA) and a TSC SP5-Leica Microsystems confocal microscope (Leica, UK) and analysed
using LAS AF Lite Software (Leica, UK).

The confocal microscopy images illustrate nuclear delivery of Peptide 10 of the present invention at
N:P 12 delivering Cy3 labelled pDNA into MDA-MB-231 breast cancer cells.

Cell Viability = Fiqures 11 and 12B

Cell viability was evaluated by MTS assay with CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega, UK). MDA-MB-231 and PC-3 cells were seeded at a density of 1.5 x 10* cells per
well and MCF-7, and DU145cells seeded at 1.2 x 10* cells per well, ARPE, NCTC-929, HMEC-1,
and HaCaT cells seeded at 1.0 x 10* , and allowed to adhere in a 96 well plate. Cells were
transfected CellTiter reagent was added to each well 24 h post transfection to give a final volume of
10% and returned to the incubator for 2 h. Absorbance was read at 490 nm using a Bio-Tek

Powerwave XS plate reader with Gen5 software and any background absorbance was subtracted
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from readings. Cell viability was expressed as a percentage of the untreated control where the

untreated control is considered to be 100% viable.

Figure 12B illustrates that cell viability decreases as the N:P ratio is increased.

> 60% cell viability is desired. > 60% cell viability is achieved for Peptide 10 of the present invention
at an N:P ratio of 6 to 15, such as an N:P ratio of 6 to 12.

Temperature Stability — Fiqure 8

Peptide and composite complexes were prepared. Particle size was measured at various

temperatures using a Nano ZS Zetasizer with DTS software (Malvern Instruments, UK).

The mean hydrodynamic size of Peptide 10/pEGFP-N1 nanoparticles was determined to assess
stability across a temperature range of 4 to 40°C. Peptide 10/pEGFP-N1 nanoparticles are stable
over the temperatures assessed. The hydrodynamic size varies between 75 and 200 nm over the

temperatures tested.

The polydispersity index varied between 0.3 and 0.55 over the temperatures tested. The KCPS
varies between 150 and 400 over the temperatures tested.

Stability Over Time — Fiqure 7

Peptide and composite complexes were prepared. Complexes were stored at room temperature for
up to one month in Eppendorf tubes. At the indicated time points, particle size and zeta potential

were measured.

The mean hydrodynamic size of Peptide 10/pEGFP-N1 nanoparticles was determined to assess
stability across a 12 h time period and a 28-day time period. Peptide 10/pEGFP-N1 nanoparticles
are stable over both time periods. The hydrodynamic size varies between 75 and 200 nm over a 12
hour time period; and over a 28 day period. The Zeta Potential varies between 10 and 40 mV over a
28 day period.

Ex vivo luciferase tissue distribution 48 h following systemic administration of Peptide
10/pLuc complexes to mice bearing MDA-MB-231 xenogqgrafts — Fiqure 13.

Peptide 10/pLuc complexes were prepared at N:P 8 with 50 pg pLuc. Complexes were
subsequently administered to BALB/c SCID mice via tail vein injection in a total volume of 200 pl.
Mice were sacrificed at 48 h post injection and organs harvested. Quantification of luciferase gene
expression in the brain, lungs, liver, kidney, spleen, and tumour was analysed using gRT-PCR. Total

mMRNA was extracted from organs, reverse transcribed and luciferase expression relative to
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housekeeper (B-actin) analysed using qRT-PCR. Gene expression is expressed as fold difference

relative to untreated control and points represent mean + SEM, n=3.

Figure 13 illustrates increased luciferase expression in brain, lung, liver, kidney, spleen and tumour
(the MDA-MB-231 xenograft).

Real-Time PCR of pmiR-31 — Figure 14

RNA was extracted by phase separation using a mirVana kit (Thermofisher Scientific, UK) according
to the manufacturer's protocols. Purified RNA was eluted in 100 yL of DNase/RNase-free H,O
(Gibco, UK) and stored at -20°C until required. Reverse transcription reactions were conducted in
polypropylene tubes according to manufacturer's protocol (TagMan Small RNA assay, Invitrogen,
UK). Reverse transcription master mix was prepared using 0.15 pyL 100mM dNTPs, 1 uL Multiscribe
Reverse Transcriptase, 1.5 yL 10X Reverse transcription buffer, 0.19 yL RNase Inhibitor, 4.16 pL
Nuclease-free H,O to give a final total volume of 7 yL/reaction. 5 pL of RNA sample (containing 10
ng of RNA) and 3 pL of 5XRT primer (miR-31 or U6) is then added to the relevant polypropylene
tube to give a final reaction volume of 15 yL. Tubes were centrifuged for 5 seconds. Reverse
transcription was conducted using a TC-312 thermocycler (Techne, UK). The incubation cycles were
16°C for 30 min, 42°C for 30 min, 85°C for 5 min, hold at 4°C. qRT-PCR was conducted using
transparent 96-well plates (Roche, UK). Reactions were prepared for each set of probes (miR-31
and UB) according to manufacturer’s protocols (TagMan Small RNA assay, Invitrogen, UK). Briefly,
0.5 uL of TagMan Small RNA assay (20X); 5 uL of TagMan Universal PCR Mastermix Mix Il (2X), no
UNG; 3.84 pL Nuclease-free H,O; 0.67 uL cDNA (from RT reaction) were prepared to give a total
reaction volume of 10 yL/well. qRT-PCR was conducted using a Lightcycler 480 Il (Roche, UK)
using the following cycling parameters: 95°C for 10 min then 40 X cycles of 95°C for 15 s and 60°C
for 60 s. The Ct values generated were used to quantify miR-31 expression relative to U6 using the
AACt method. Results are reported as fold change relative to control.Figure 14 compares miR-31-
fold change in expression in NCTC-929 Fibroblast, HMEC-1 Endothelial and HaCaT Keratinocyte
cells to assess the effect of Peptide 10/pmiR-31. In each cell line, Peptide 10/pmiR-31 increases

expression of pmiR-31 at least at 48 hours post-transfection.

Wound Scratch Assay — Figure 15

Wound scratch culture inserts (Ibidi, UK) were directly pipetted with either 70x1 0* NCTC-929,
HMEC-1, or HaCaT cells in a 24-well plate. Culture-inserts were gently removed with sterile
tweezers 12 h after seeding, and the cell layer was washed with PBS. Then 1 mL of cell culture
medium (2% FCS) placed into each well of the 24-well plate. Cells were imaged using an EVOS FL
Cell Imaging System (Life Technologies) at different time points up until the untreated control had
closed by 50%. Remaining wound area is presented as fold change normalised to untreated control.
This assay has been used by many groups in order to assay cell functionality upon treatment. Below
is a list of sample references which show this:
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Grada, A., Otero-Vinas, M., Prieto-Castrillo, F., Obagi, Z., & Falanga, V. (2017). Research
Techniques Made Simple: Analysis of Collective Cell Migration Using the Wound Healing Assay.
Journal of Investigative Dermatology, 137(2), e11—e16. https://doi.org/10.1016/J.JID.2016.11.020
Heikal, L., Ghezzi, P., Mengozzi, M., & Ferns, G. (2018). Assessment of HIF-1$a$ expression and
release following endothelial injury in-vitro and in-vivo. Molecular Medicine, 24(1), 22.
https://doi.org/10.1186/s10020-018-0026-5
Liang, C.-C., Park, A. Y., & Guan, J.-L. (2007). In vitro scratch assay: a convenient and inexpensive
method for analysis of cell migration in vitro. Nature Protocols, 2(2), 329-333.
https://doi.org/10.1038/nprot.2007.30

Figure 15 assesses the effect of Peptide 10/pmiR-31 on cell migration. In each cell line, Peptide
10/pmiR-31 reduces remaining wound area, when compared to Peptide 10/pEGFP-N1, at least at 48

hours post-transfection.

Tubule Formation Assay — Figure 16

Matrigel (70 pL) (Corning, UK) was pipetted into a 96-well plate and left to incubate for 1 h at 37°C.
HMEC-1 cells were grown in a monolayer and trypsinized before being suspended in serum-free
media. Cells were counted and 2.5x10* cells were pipetted onto the Matrigel. Cells were left
overnight for a period of 14 h, allowing tubules to form. Tubules were imaged EVOS FL Cell Imaging
System (Life Technologies), then total tube length, and total branching points were calculated using
WimTube software (Wimasis Image Analysis, Munich, Germany). Results are presented as fold

change normalised to untreated control. Peptide 10/pmiR-31 or Peptide 10/pEGFP-N1
Figure 16 assesses the effect of Peptide 10/pmiR-31 on tubule formation. Peptide 10/pmiR-31
increases tubule formation, when compared to Peptide 10/pEGFP-N1, at least at 48 hours post-

transfection.

Production of PVA nanofibres - Figure 17

Nanofibres of poly (vinyl alcohol) (PVA) MW 146-180 Kda (Sigma, UK) were manufactured via the
electrospinning process (SprayBase, Ireland). Parameters for production included an applied
voltage of 8 kV, a working distance of 8 cm, a polymer flow rate of 4 yL/min, and a polymer
concentration of 9% w/v. Nanofibres were produced over a 2 h period then crosslinked with a 1%
glutaraldehyde (Sigma, UK)/methanol(Sigma, UK) solution for 4 h. After crosslinking, the nanofibres
were washed 3 times with methanol, followed by three washes with ultrapure water (Gibco, UK).
Nanofibres were then air dried for 24 h. Nanofibres were then sterilised for 1 h under ultra-violet
light.
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Loading of Peptide 10/miR31 NPs into nanofibres — Fiqure 17

Nanoparticles of Peptide 10/pmiR-31 containing 10 pg were synthesised at N:P ratio 8 as described
previously. Once synthesised, the nanoparticle solution was pipetted directly onto 1 cm by 1 cm
sections of the sterilised crosslinked PVA nanofibres, and allowed to soak in and dry over a 24 h

period.
The gel of Figure 17B shows the mobility of pEGFP-N1 when dissociated from Peptide 10/pEGFP-
N1 NPs (“released NPs +SDS”). The intact band similar to DNA shows that there was no damage to

the released DNA from the PVA nanofibres.

Release of Peptide 10 / miR31 NPs from nanofibres — Figure 18

Electrospun nanofibres incorporating 10 ug of DNA NPs at N:P ratio 8 were placed in 5 mL ultrapure
water (Gibco, UK) and samples taken at different time points up to 48 h. Samples were then
incubated with Proteinase-K (ThermoScientific, UK) for 90 min at 37°C to dissociated nanoparticles.

DNA release was determined using the Quanti-iT ™ Picogreen® assay (Life Technologies, UK).

Figure 18A illustrates nanoparticle release with time up to 48 h, from a crosslinked PVA electro-spun
patch, loaded with 10 ug of pEGFP-N1 complexed with Peptide 10. Figure 18B shows the
transfection of NCTC-929 Fibroblast cells with Peptide 10/pEGFP-N1 nanoparticles released
between the different time points, confirming functionality post-release. Transfection efficiency is
optimal 1 to 2 hours post administration of the electrospun nanofibres.

In vivo studies with Peptide 10 / miR31 nanofibres — Figures 19 and 20

C57BL/BN mice were anaesthetised using Isoflurane before hair was removed from the dorsum
initially by shaving with hair clippers then hair removal cream for complete removal. The surgical site
is prepared by disinfection with 70% alcohol. Dorsal skin is folded and raised using index finger and
thumb to create a skinfold. The mouse was placed in the lateral position, and a 5-mm diameter
sterile disposable biopsy punches (Stiefel, UK) was used to completely remove two skin layers. This
created symmetrical full thickness wounds. The day of surgery was considered day 0 of the
experiment. After surgery, the wounds were treated with PVA nanofibers, PVA nanofibres loaded
with nanoparticles containing 20 pg of pDNA at N:P ratio 8, and control dressing Durafiber®. A
secondary dressing was placed over the wounds, consisting of a commercial transparent film
Tegaderm™. After surgery animals were moved to a warm area and recovery from anaesthesia was
monitored. Once fully recovered the animal was moved to routine housing and caged individually.

At 7-days post-surgery the mice were euthanised and the wound beds were harvested.
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Immunohistochemistry

After the mice were euthanised, wound beds were harvested and fixed in 10% formalin for 24 h
before pathologic examination. The tissue sections were embedded in paraffin and then cut into
sections of thickness 3 um and placed on glass microscope slides by the NIBioBank. The samples
were processed for Hematoxylin and Eosin (H&E) staining. Samples were then analysed in terms of

epidermal thickness, blood vessel size and density, and the thickness of the stratum corneum.

Lyophilisation of Peptide 10/ pPDNA NPs — Figure 21

Peptide 10/pDNA complexes were prepared at N:P ratio of 10 and transferred into a glass
lyophilisation vial in presence of the cryoprotectant Trehalose (5% final concentration) and frozen at
—-40 °C for 1 h. Subsequently the samples were subjected to primary drying at 40 °C and 60 mTorr
for 24 h and a secondary drying program of —30 °C and 120 mTorr for 3 h, =30 °C and 190 mTorr for
3 h,-25°C and 190 mTorr for 3 h and 20 °C and 190 mTorr for 6 h. Lyophilised Peptide 10/pDNA
complexes were subsequently resuspended and hydrodynamic size and zeta potential were

measured using a Malvern Zetasizer Nano ZS instrument.
Figure 21a shows a typical trace of lyophilised Peptide 10/pDNA nanoparticles. Figure 21b compares
the hydrodynamic size of fresh and lyophilised Peptide 10/pDNA nanoparticles with no significant

difference across N:P ratios .

Local intratumoural delivery of Peptide 10/pDNA nanoparticles to subcutaneous 4T-1

tumours.

Peptide10/pDNA was delivered directly to the subcutaneous tumour of mice bearing 4T1 breast
cancer xenografts. Peptide 10/pLuc complexes were prepared at N:P 8 with 20 ug pLuc, lyophilised
and reconstituted in 100 pl of ddH,O. Representative bioluminescent images captured using a

Bruker InVivo Xtreme instrument.

Figure 22 shows that Peptide 10 could be used to deliver pDNA locally into accessible tumours.

CONCLUSION

Several variant linear peptides were designed keeping the sequence length and composition similar
but altering the position of histidine, arginine and tryptophan / alanine residues. The impact of
peptide sequence variation on complex formation, cellular uptake, endosomal escape and overall
transfection efficiency was analysed with the overall aim of a better understanding of peptide

sequence on functionality.
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Each of the linear peptides neutralised pDNA and, with increasing N:P ratio, the migration of pDNA
through the agarose gel was impeded. The theoretical net charge of comparative Peptides 7, 8, 9
and Peptide 10 of the present invention was similar and there was minimal variation in neutralisation
and complexation. Comparative Peptide 12 has a slightly different profile, with two anionic glutamic
acid residues reducing the net charge of the peptide. This is evident in the gel retardation and
complexation assay where neutralisation of pDNA occurs at a higher N:P ratio of 6, with a maximum
complexation efficiency of 70%. In all cases, it is likely that the presence of the cysteine residues (or

other uncharged polar hydrophilic amino acids) at each terminal end enhances pDNA condensation.

Each linear peptide produced nanoparticles <150 nm in size with a zeta potential around 30 mV. At
higher ratios, increasing amounts of peptide reduces the number of conformations until the pDNA is
fully condensed, consistent with the formation of kinetically and/or thermodynamically stable
complexes. This process is evident with comparative Peptide 11 where large particles form at lower
N:P ratios, but particle size decreases with increased N:P ratio and cationicity. However, the five
other peptides studied produced size-suitable nanoparticles immediately from N:P ratio of 1, which is
indicative of the strong cationic nature due to inclusion of several arginine and histidine residues.
The production of size-suitable cationic particles formed by each peptide with pDNA indicates the

potential for cellular delivery of nucleic acids.

Particle size distribution analysis of comparative Peptides 7, 8, 9 and Peptide 10 of the present
invention showed PDI between 0.2 and 0.4 indicating size distributions close to homogeneity. The
presence of cysteine residues in the peptide sequence may add to the stability of the particles
through the formation of disulphide bonds. These bonds have the potential to form between
neighbouring peptide chains or within the chain itself, and may serve to strengthen the bonds

forming the complexes.

Transfection studies showed lower efficiency in both MCF-7 and MDA-MB-231 cells for all of the
linear peptides, with the exception of Peptide 10 (of the present invention). Peptide sequence is a
major consideration here and the difference in transfection efficiency highlights the effect of
sequence on cell penetrating peptide (CPP) functionality. Comparative Peptides 7 and 8 were
designed to have arginine residues at the edges of the peptide chain, flanked by tryptophan residues
and histidine residues at the centre. Conversely, comparative Peptide 9 and Peptide 10 of the
present invention were designed to have one tryptophan / alanine residue at the centre. Peptide 9
had histidine and arginine residues interleaved along the sequence but Peptide 10 had a series of
arginine residues on each side of the central tryptophan / alanine with a series of histidine residues
at the edge of the sequence. From the transfection data, it is clear that Peptide 10, with a series of
histidine residues at each terminal, flanking a central tryptophan / alanine with, on each each, a

series of arginine residues, is best for transfection and this was an unexpected result.

The central tryptophan / alanine flanked by a series of arginine residues in Peptide 10 may enhance
transfection ability. It is likely that the central tryptophan / alanine anchors into the cell membrane,
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working in concert with the flanking series of arginine residues to facilitate the passage of the peptide
through the membrane bilayer. The inclusion of hydrophobic tryptophan residues in the peptides
may have a significant impact in the functionality when compared to other similar linear peptides
consisting exclusively of cysteine, histidine and arginine. The interaction of hydrophobic moieties is
reported to enhance compaction of pDNA resulting in self-assembling particle formation. In the case
of peptides of the invention, such as Peptide 10, the preferred central tryptophan residue, which is a
strongly hydrophobic amino acid due to the aromatic side chain, may provide the hydrophobicity

required for enhanced complex formation and interaction with cell membranes.

A series of Histidine residues were incorporated into each sequence to facilitate endosomal escape
and investigate if sequence position affected functionality. Significant increases in transfection were
observed following addition of chloroquine with all peptides in MDA-MB-231 cells. However, no
difference in transfection was observed with Peptide 10 in MCF-7 indicating this peptide sequence
must have at least partial endosomal escape ability. It seems from this result that histidine position
in the peptide sequence has an effect on endosomal escape functionality. Histidine positioned at the
centre and interleaved throughout the sequence, as with comparative Peptides 7, 8 and 9, renders
the escape capabilities of histidine useless. Very low transfection with comparative Peptides 11 and
12, regardless of chloroquine, indicates another rate limiting step is hindering transfection; most
likely cellular uptake is not occurring. Endosomal escape was not expected with comparative
Peptide 11 which contains no histidine residues. The replacement of two histidine residues with
glutamic acid did not enhance endosomal escape in comparative Peptide 12. Glutamic acid is
credited as responsible for fusogenic activity in various peptides but inclusion in comparative Peptide
12 resulted only in reducing the overall cationicity of the peptide and reducing the proton sponge
potential of histidine. In the case of Peptide 10 of the present invention, some endosomal escape

activity is observed indicating that histidine positioned at each terminus is functional.

So far, Peptide 10 of the present invention has shown the most promise in initial studies; condensing
and packaging pDNA into nanopatrticles suitable for intracellular delivery. The transfection
efficiencies produced with Peptide 10 of the present invention in two breast cancer cell lines were
impressive and investigation into endosomal escape capability was encouraging. With this evidence
combined, it was decided that Peptide 10 of the present invention would be taken forward for further

characterisation.

Confocal microscopy confirmed that Peptide 10 of the present invention delivered Cy3 labelled
pDNA intracellularly to MDA-MB-231 and intra-nuclear DNA was detected with orthoganol
sectioning. It must be noted that a large proportion of Cy3-pDNA can be visualised in the cytosol,
even 4 h post-transfection. Given the evidence of only partial endosomal escape in MDA-MB-231
cells in the chloroquine studyj, it is likely this Cy3-pDNA is trapped in endosomes; prevented from
progressing to the nucleus. Again, modification of Peptide 10 with increased histidine residues may
help to overcome this problem. This was not the case in MCF-7 cells and highlights the difference
between the cell lines tested. The dominant endocytic processes in MDA-MB-231 cells are therefore
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heavily involved in the cellular uptake patterns of Peptide 10 of the present invention. Additionally,
with regards to endosomal escape, it is probable that the robust endocytic routes in the metastatic
MDA-MB-231 cells produce better quality endosomes which are more difficult to escape than in
MCF-7 cells. Nevertheless, impressive transfection efficiency with Peptide 10 of the present
invention was observed in a further two cell lines, namely DU145 and PC-3 prostate cancer cells,
indicating that Peptide 10 of the present invention is versatile and has potential for delivery to a

range of cell lines.

Cell viability studies in both breast and prostate cancer cell lines revealed that Peptide 10 of the
present invention caused weak toxicity, if any, even at a high N:P ratio of 20. This highlights the
innocuous nature of Peptide 10 of the present invention. The lack of toxicity observed with Peptide
10 of the present invention is important because gene therapeutics have the potential to circumvent
the problematic side effects with conventional cancer treatments, however this would be fruitless if

the delivery vehicle then caused toxicity.

So far, favourable transfection efficiency and lack of cytotoxicity in vifro suggest that Peptide 10 of
the present invention has potential to be a successful gene delivery agent. However, promising in
vitro results do not always translate in the in vivo setting, and it was decided that a small study
investigating the activity of Peptide 10 of the present invention in vivo was warranted. Peptide
10/pLuc complexes were delivered via tail vein injection to BALB/c SCID mice bearing MDA-MB-231
xenografts to investigate if the complexes would be functional in vivo and where, in the body,
luminescence might be detected. It is well established that cationic delivery systems are rapidly
detected and cleared by RES/MPS, via opsonisation and phagocytosis. Cationic vectors are
particularly susceptible to interaction with anionic serum proteins; triggering the initial opsonisation
process. A 10-fold increase in luciferase expression in the lungs, liver and kidney is indicative that
Peptide 10/pLuc particles have been recognised and cleared to MPS organs for destruction. The
luciferase detected in such organs is a result of local cells being transfected, and in addition to the 5-
fold increase in gene expression detected in the tumour confirms the complexes are functional in
vivo. This is extremely encouraging because it indicates that Peptide 10 of the present invention has
the ability to package and protect genetic material in complex physiological conditions before

facilitating successful transfection.

With respect to wound healing studies, it was shown that successful transfection was observed for
Peptide 10/pEGFP-N1 complexes, ranging from N:P ratio of 6 to 20 in NCTC-929, HMEC-1 and,
HaCaT cell lines. The optimal N:P ratio for NCTC-929, HMEC-1, and HaCaT cells was found to be
N:P 10 (24.82%), 6 (19.19%) and 8 (41.73%) respectively. Cell viability studies revealed that
Peptide 10 of the present invention caused weak toxicity in the NCTC-929 and HaCaT cell lines at
N:P ratios of 15 and 20. However, no cytotoxic effects were observed for the HMEC-1 cells
irrespective of the N:P ratio. These results further emphasise the innocuous nature of Peptide 10 of

the present invention.
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Analysis of miR-31 upregulation via qQRT-PCR showed that there was a significant upregulation in its
expression NCTC-929, HMEC-1, and HaCaT cells. Up-regulation of miR-31 in NCTC-929 cells
helps to explain the increase in cell migration at the 48 h time points as analysed by the wound
scratch assay. It was shown that, compared to the untreated control, there was a significant (**,
p<0.01) fold change in remaining wound area in the Peptide 10/pmiR-31 group compared to the
untreated control. In HMEC-1 cells miR-31 upregulation translated to an increase in cell migration (¥,
p<0.05) at the 48 h time point. The tubule formation assay shows that, at the 48 h time point, there
is a significant increase in both total tubule number and branching points. This increase in total
tubule length and branching points in the Peptide 10/pmiR-31 group was sustained at the 72 h time
point, but not significantly. These results demonstrate that miR-31 upregulation has pro-angiogenic
properties. Upregulation of miR-31 in HaCaT cells showed a significant (**, p<0.01) increase in cell
migration at the 24 h, 48 h, and 72 h. A significant (**, p<0.01) increase in cell migration was also
observed in the Peptide 10/pEGFP-N1 group at the 24 h time point. These are exceedingly
promising results, as it further shows that Peptide 10 of the present invention can transfect a range

of cell times related to the skin, and also induce functional effects via the delivered cargo.

Furthermore, it was established that loading of Peptide 10/pEGFP-N1 nanoparticles was
successfully achieved post-electrospinning, and no damage to the integrity was evident from the gel
electrophoresis image. The release profile showed that 100% of all loaded cargo was released over
a 48 h period. Furthermore, the particles were found to retain functionality as exhibited via the
transfection study in NCTC-929 cells. After in vivo testing, it was evident that the nanoparticle (NP)
system enhanced keratinocyte proliferation and migration as shown through significant increases in
epidermal (*, p<0.05) and stratum corneum (***, p<0.001) thickness. This is extremely encouraging
because it indicates that Peptide 10/pmiR-31 loaded nanofibres can efficiently deliver the
nanoparticles in vivo and result in significant effects, forming the bases of a new wound healing

device.

The versatility of Peptide 10 of the present invention in transfecting a range of cell lines to produce
transfection efficiency coupled with the lack of toxicity observed, classes this linear peptide as a
promising gene delivery agent. Additionally, Peptide 10 of the present invention has shown
functionality delivering miR31 for wound healing applications in a PVA electrospun patch. The
process of designing a number of variant peptides, and characterisation of each to determine the
optimal peptide sequence for functionality has resulted in the discovery of a novel peptide for gene

delivery.
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CLAIMS:

1. A peptide comprising, or consisting of:

X-(Xaay)s-(Xaaz)p-Y-(Xaas)-(Xaaq)qs-Z,

in which each of X and Z is independently selected from Asn, Cys, Gin, Gly, Ser, Thr and Tyr;

in which one of Xaa, and Xaa; is His and the other of Xaa; and Xaa; is Arg;

in which one of Xaa; and Xaa, is His and the other of Xaa; and Xaa, is Arg;

in which the amino functional group of X is, optionally, acylated;

in which the carboxylate functional group of Z is, optionally, amidated;

in which Y is selected from Ala and Trp;

in which each of a and d is independently 2 to 4; and each of b and ¢ is independently 2 to 4, or a

salt or amide thereof.

2. The peptide according to Claim 1, in which Xaa, and Xaa; are each Arg.

3. The peptide according to Claim 1 or 2, in which Xaa, and Xaa, are each His.

4. The peptide according to any one of Claims 1 to 3, in which each of a and d is identical and
is2to 4.

5. The peptide according to Claim 4, in which each of a and d is 3.

6. The peptide according to any one of Claims 1 to 5, in which each of b and c is identical and
is 2to

7. The peptide according to Claim 6, each of b and ciis 3.

8. The peptide according to any one of Claims 1 to 7, in which each of a, b, cand d is 3.

9. The peptide according to any one of Claims 1 to 8, in which each of X and Z is identical and

selected from Asn, Cys, GIn, Gly, Ser, Thr and Tyr.
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10. The peptide according to any one of Claims 1 to 9, in which each of X and Z is Cys.

11. The peptide according to any one of Claims 1 to 10, in which Y is Trp.

12. The peptide according to any one of Claims 1 to 11, in which the sum of b plus c is at least
SiX.
13. The peptide according to any one of Claims 1 to 12, in which the sum of a plus d is at least
SiX.
14. The peptide according to any one of claims 1 to 13, where X and Z are Cys, Xaa, and Xaa,

are His; a and d are each independently 2 to 4; Xaa, and Xaa; are Arg; b and ¢ are each indepdently
2to4;and Yis Trp.

15. The peptide according to any one of Claims 1 to 14, in which the peptide comprises a net

positive charge of 6 to 8.

16. The peptide according to Claim 15, in which the peptide comprises a net positive charge of
6.

17.  The peptide according to any one of Claims 1 to 16, in which the peptide is Cys-(His)-
(Arg)s-Trp-(Arg)s-(His)s-Cys (CHHHRRRWRRRHHHC).

18. The peptide according to any one of Claims 1 to 17, in which the peptide comprises 8 to 20

amino acids.
19. A peptide according to any one of Claims 1 to 18 for use as a cell delivery agent.
20. Use of a peptide according to any one of Claims 1 to 18 for the delivery of an anionic cargo

to a cell or subject in need thereof.

21. A peptide according to any one of Claims 1 to 18 for use in inducing an immune response in
a subject in need thereof or a method for inducing an immune response in a subject comprising the

administration of the peptide to a subject in need thereof.

22. A peptide according to any one of Claims 1 to 18 for use in gene therapy in a subject in need
thereof.
23. A peptide according to any one of Claims 1 to 18 for use in the treatment and/or prophylaxis

of an infection, cancer, wounds in a subject in need thereof or a method for the treatment and/or
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prophylaxis of an infection, cancer, wounds comprising the administration of the peptide to a subject

in need thereof.

24. The peptide for use in the treatment and/or prophylaxis of cancer according to claim 23,
wherein the cancer is selected from breast cancer, prostate cancer, brain cancer, lung cancer,

pancreatic cancer, ovarian cancer and skin cancer.

25. The peptide for use in the treatment and/or prophylaxis of cancer according to claim 24,

wherein the cancer is breast cancer or prostate cancer.



