Homing Peptides

Angewandte

DOI: 10.1002/ange.201101804

Screening of a Combinatorial Homing Peptide Library for Selective

Cellular Delivery**

Nina Svensen, Juan José Diaz-Mochoén, Kevin Dhaliwal, Songsak Planonth, Michael Dewar,

J. Douglas Armstrong, and Mark Bradley*

Selective delivery of cargos into specific cell types has the
capacity to ensure optimal distribution of therapeutic entities
into diseased cells while limiting possible adverse, off-target
effects.l!! One possible route whereby this might be achieved
is through receptor-mediated endocytosis, which provides
opportunities for targeted delivery where specific receptors
are (over)expressed.l'! Such a strategy has identified the first-
generation tumor homing peptides RGD (Arg-Gly-Asp) and
NGR (Asn-Gly-Arg), which recognize the a, integrins and
aminopeptidase N, respectively, which are upregulated during
tumor progression. These peptides have entered clinical
trials.”

Cell-penetrating peptides typically have a high abundance
of arginine or lysine residues, or alternating charged and
hydrophobic amino acid residues,”®! with perhaps the most
highlighted being the peptide to the transacting activator of
transcription (TAT; GRKKKRQRRR). TAT has been shown
to promote cellular delivery or uptake of conjugated proteins,
phage, liposomes, small molecules, and nanoparticles,* and
the peptide is able to traverse almost all tissues, including the
brain.'** Cell-penetrating peptides are readily synthesized,
typically have low immunogenicity,”® and offer numerous
opportunities for the delivery of a variety of cargos.”®*]

A chimeric peptide comprising a tumor-homing-peptide
section and a cell-penetrating-peptide section has been
reported to deliver cargos efficiently inside cells.) A
method that would allow the identification of peptides to
optimize both the delivery and tumor penetration of existing
cancer drugs in a cell-selective manner would be highly
desirable. Such an approach would tie in with the desire to
generate ligands with affinity for tissue-specific markers, in
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essence a “zip code” system for all cell types.”™! Herein, we
report a strategy for the high-throughput screening of a
peptide nucleic acid (PNA)-encoded peptide library to allow
the identification of versatile cell-penetrating homing pep-
tides (Figure 1).
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Figure 1. a) The strategy to identify cell-selective penetrating peptides.
An encoded 1296-member peptide library was incubated with cells,
and any cell-surface-bound peptides were released with trypsin. Cells
were lysed, and intracellular PNA was extracted and hybridized onto a
44K DNA microarray. b) General structure of the PNA-encoded 1296-
member peptide library (Library 1). Each PNA quartet was designed to
have a maximum of 50% similarity to each other quartet and a
maximum purine content of 50%; all had uniform melting temper-
atures and did not include palindrome sequences or polythymine
moieties.

A 1296-member carboxyfluorescein (FAM)-labeled,
PNA-encoded,'*” tetrapeptide library (Library1) was
designed and synthesized using split and mix methods (see
Figure 1 and Scheme S1).[¥! Six amino acids were used, each
encoded by a PNA quartet: Pro (turn, AAAC), Glu (acidic,
ATCT), Leu (hydrophobic, TACA), Lys (basic, TCAT), and
Tyr (aromatic, ACAA) to represent the overall classes of the
natural amino acids as well as an N-alkyl glycine lysine-like
peptoid monomer® (N-aminohexylaminoacetic acid (Llp),
basic, TTAC; see Scheme S1 in the Supporting Information).
This monomer was included because its tetramer is a known
highly efficient cellular delivery vehicle that resists enzymatic
degradation.!"”!

For library screening and hybridization, cervix epitheloid
carcinoma (HeLa), erythroleukemic (K562), embryonic
kidney cancer (HEK293T), neuroblastoma (SH-SY5Y), and
amelanotic melanoma (ARNS) cells and embryonic stem cells
(E14) as well as human primary lymphocytes, monocytes, and
neutrophils were incubated with Library 1 (100 um; corre-
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sponding to 77 nM of each library member). After incubation,
washing, and treatment with trypsin, the cells were lysed, and
the library members were extracted and purified by filter
centrifugation (between 3000 and 10000 Da) and hybridized
onto custom-designed microarrays (44K x 4 Agilent). Micro-
array scanning and data analysis (BlueFuse, BlueGenome)
was used to extract the intensity of the FAM label, thereby
giving the relative amount of PNA hybridized to each spot
and the identity of the peptide. A generic consensus sequence
(Glu-Llp-Glu-Glu) for all cell types was identified by analysis
of scatter plots of microarray intensities versus the variable
monomers for positions AA; to AA,, a surprise in view of the
typically basic residues traditionally observed (see Figure 2
and Figure S1 in the Supporting Information).
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Figure 2. DNA microarray analysis of the extracted members of the
peptide-PNA Library 1, which identifies a generic consensus sequence
of highly cell-penetrating peptides. Each microarray consisted of four
subarrays of 44000 features each, with 33 replicates of each oligonu-
cleotide complementary to each member of the library as well as 1232
noncoding negative controls. The heat map shows the cell-penetrating
peptide preferences extracted from the scatter plots.

To verify and quantitatively compare the cellular delivery
abilities, the consensus sequence (FAM-Ahx-Glu-Llp-Glu-
Glu-NH,; the Ahx monomer is 6-aminohexanoic acid) and
the positive control (FAM-Ahx-tetrallp-NH,) were synthe-
sized®1%] and incubated with the cells and analyzed by flow
cytometry. The identified consensus sequence FAM-Ahx-
Glu-Llp-Glu-Glu-NH, had uptake levels similar to or greater
than FAM-Ahx-tetraLlp-NH, in K562, SH-SYSY, HEK293T,
HeLa, and ARNS cells, thus indicating that this novel highly
anionic delivery agent could in some cases result in better
delivery than the known delivery agent (Figure 3).

The identification of a generic delivery sequence was
useful, but a far more powerful outcome would be the
identification of cell-specific peptides. To identify cell-selec-
tive peptides, the data for the nine cell types were clustered
using Enthought Python and a Euclidean distance method
(see the Supporting Information, including Figure S2). This
procedure resulted in a dendrogram and heat diagram for
each cell type (Supporting Information, Figures S2 and S3),
from which cell-selective delivery peptides were derived
(Table 1).

To verify and quantitatively compare the cellular delivery
abilities of the sequences identified by clustering analysis, the
peptides were synthesized with a fluorescent tag: FAM-Ahx-
AAAA;-AA,-AA -NH,.B*1%] Al the cell types were incu-
bated with the nine delivery agents and analyzed by flow
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Figure 3. Flow cytometry analysis of the peptides FAM-Ahx-Glu-Llp-
Glu-Glu-NH, and FAM-Ahx-tetraLlp-NH, using fluorescein isothiocya-
nate (FITC) and phycoerythrin (PE)/ propidium iodide (PI) filters
(10000 populations, n=3). Any extracellular peptide was released by
treatment with trypsin (which also served to detach the cells), while
trypan blue was used to quench any extracellular fluorescence,"® thus
ensuring that any observed increase in fluorescence was from just the
intracellular peptide. a) Flow cytometry histograms gated for live,
single cells after incubation with delivery agent as well as propidium
iodide (selectively stains the nuclei of necrotic and apoptotic cells!'")
to exclude dead cells. —: untreated cells, ———: FAM-Ahx-tetraLlp-
NH,, ----- : FAM-Ahx-Glu-LIp-Glu-Glu-NH,. b) Mean FITC-filtered fluo-
rescence of histograms of the delivery agents versus cell type. Black
FAM-Ahx-tetralLlp-NH,; gray FAM-Ahx-Glu-LIp-Glu-Glu-NH,. Error bars
indicate plus and minus the standard deviation (+s.d.)

Table 1: Cell-selective delivery peptides derived from clustering analysis.

AA, AA, AA, AA,
neutrophils Llp Llp Pro Tyr
monocytes Glu Leu Llp Llp
lymphocytes Pro Lys Pro Glu
E14 Glu Pro Lys Llp
K562 Leu Lys Lys Pro
SH-SY5Y Tyr Pro Lys Leu
Hela Pro Llp Pro Glu
HEK293 Leu Lys Llp Lys
ARNS Pro Tyr Glu Glu

cytometry. In the case of primary cells, the delivery agents
were incubated with anti-coagulated whole blood (Figure 4
and Figure S4 in the Supporting Information). Each of the
“hit” tetramers resulted in 100 % uptake in the targeted cell
type (i.e., the entire population was shifted in the histogram,
thus illustrating that all cells had internalized the identified
peptide), with clear demonstration of selectivity (Figure 4 and
Figure S5 in the Supporting Information). Highlighting this
result, FAM-Ahx-Leu-Lys-Lys-Pro-NH, showed a factor of
five higher uptake in K562 cells, FAM-Ahx-Pro-Tyr-Glu-Glu-
NH, showed a factor of four higher uptake in ARNS cells,
while FAM-Ahx-Glu-Pro-Lys-Llp-NH, showed a factor of
three higher uptake in E14 cells than in other cell types.
Selective uptake between circulating malignant and primary
immune cells, which would be of great interest in targeting
hematological cancers, was observed with a factor of six
higher uptake of FAM-Ahx-Leu-Lys-Lys-Pro-NH, in the
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Figure 4. Flow cytometry analysis of the FAM-labeled cell-selective
delivery agents (FAM-Ahx-AA,-AA;-AA,-AA;-NH,) using FITC and PE-
Texas-Red filters (10000 cells, n=3,). Conditions as given in Figure 3.
Mean FITCfiltered fluorescence of histograms versus a) the cell-
selective delivery agents; b) the generic delivery agent compared to the
cell-selective delivery agents and positive control (FAM-Ahx-tetralLlp-
NHy,). Error bars indicate +s.d.

myeloid leukemia cell line, K562, than in primary monocytes,
which share similar phenotypic characteristics (Figure 4).1?

The uptake of some of the hit tetramers was directly
compared to the generic consensus peptide FAM-Ahx-Glu-
Llp-Glu-Glu-NH, and to the positive control FAM-Ahx-
tetrallp-NH, (Figure 4). The hit tetramers FAM-Ahx-Tyr-
Pro-Lys-Leu-NH,, FAM-Ahx-Pro-Llp-Pro-Glu-NH,, and
FAM-Ahx-Pro-Tyr-Glu-Glu-NH, had uptake levels similar
to or higher than the positive control and the consensus
sequence in the cell lines evaluated, thus illustrating that these
hit tetramers are not only selective but also very efficient cell-
penetrating peptides.

In order for the peptides to have biological applications, it
is vital that they do not exhibit cellular toxicity. Cell viability
upon treatment with the hit peptides was assessed with
MTT!"®! assays. None of the delivery agents exhibited
cytotoxicity in any of the tested cell types at 10 times the
concentration of agent used for cell delivery (100 um; Fig-
ure S7 in the Supporting Information). Additionally, mem-
brane toxicity was assessed using erythrocyte hemolysis
assays; no evidence of hemolysis was detected (Figure S7 in
the Supporting Information).

To study compartmentalization, the cell-specific delivery
peptides were incubated with their respective cell type, and
the cells were stained with LysoTracker red and analyzed by
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Figure 5. Selected Z-stacks of neutrophil incubated with FAM-Ahx-Glu-
Leu-LIp-LIp-NH, and LysoTracker red (specifically stains the lysosome)
at a) 37°C and b) 4°C. Confocal microscopy was performed with FITC
and tetramethylrhodamine isothiocyanate (TRITC) filters. Red = Lyso-
Tracker red fluorescence, green =FAM-labeled peptide. Yellow/orange
color is colocalization of red and green fluorescence. Scale

bars =5 pum.

confocal microscopy. As a negative control for endocytosis,
cells were also incubated with their respective hit tetramer
and LysoTracker at 4°C. Superimposed images of the red and
green channels revealed colocalization of the peptides (green)
and LysoTracker red (yellow), thus illustrating that all the hit
tetramers were compartmentalized into the lysosome. In
contrast, only the LysoTracker fluorescence in the red channel
and no fluorescence in the green channel were observed at
4°C, thus illustrating that internalization of delivery agent was
diminished by inhibition of active cellular uptake processes
(Figure 5 and Figure S6 in the Supporting Information).
Lysosome localization and active transport dependence
verifies that all of the delivery agents were taken up by
endocytosis.

Microarray analysis of cellular uptake of a 1296-member
PNA-encoded peptide library identified an efficient generic
delivery agent (Glu-Llp-Glu-Glu) for HeLa, K562,
HEK?293T, SH-SY5Y, and ARNS cells; human primary
lymphocytes, monocytes, and neutrophils; and embryonic
stem cells. This novel anionic delivery agent could in most
cases afford better cell penetration than tetraLlp."”! Further-
more, specific and efficient cell-penetrating homing peptides
were identified for these cell types. Highlighting these results,
selective uptake between circulating malignant and primary
immune cells, which would be of interest in targeting
hematological cancers, was observed with factor of six
higher uptake of FAM-Ahx-Leu-Lys-Lys-Pro-NH, in K562
cells compared to primary monocytes.

Confocal microscopy revealed that the peptide-PNA
conjugates were endosomally localized. In combination with
the observed selectivity, this finding suggests receptor-medi-
ated endocytosis as the uptake mechanism. Furthermore, the
identified peptides showed no toxicity in the tested cell lines
or primary cells.

This approach establishes a general strategy for the
identification of cell-penetrating peptides as tools or reagents
that allow homing to any cell type or tissue of interest, such as
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a targeted organ or a tumor. Furthermore, the incorporation
of peptoid moieties and PNA encoding makes this screening
technique applicable in vivo as well as in vitro, because
peptoids and PNAs have long lifetimes in biological environ-
ments. In addition, this approach allows identification of
ligands for the efficient and cellular targeted delivery of PNA,
although we also believe that this technology is not only
limited to PNA delivery. Combination of cell-penetrating
homing peptides and active pharmacophores might well
alleviate the constraints of the properties previously expected
of drug molecules, such as small size and cell permeability."!
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