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We demonstrate here that the genetic incorporation of the fusogenic
peptide HA2 into a CXCR4-targeted protein nanoparticle dramati-
cally reduces the specificity of the interaction between nanoparticles
and cell receptors, a factor to be considered when designing tumor-
homing drug vehicles displaying endosomal-escape agents. The loss
of specificity is concomitant with enhanced cell penetrability.

Cell-targeted intracellular delivery is a major challenge in
innovative medicines, which continuously explore new and
more efficient vehicles for conventional and emerging drugs."
Targeting can be achieved by the incorporation of ligands for
cell receptors into the drug vehicle, which direct specific
binding and further endosomal-mediated cell uptake. This is
particularly convenient when the vehicle itself is produced in a
recombinant form, which allows genetic fusion and biological
production of the whole polypeptide.> Unfortunately, endosomal
uptake drives the engulfed material to a lysosomal pathway,
resulting in acidification and proteolysis. Background endosomal
leakage and endosomolytic activities naturally present in the
recombinant protein allow a fraction of the complex to reach
the cytoplasm. Several natural or modified peptides have been
identified as strongly endosomolytic, increasing the fraction of
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internalized material that escapes from lysosomal degradation.
Among them, the N-terminal peptide HA2 from the influenza
virus hemagglutinin has been widely explored in a diversity of
protein constructs intended as nanoscale intracellular vehicles.
In acidic environments, such as the endosome, the anionic amino
acids of HA2 get protonated, an alpha helix is formed and the
peptide acts as an amphiphilic anionic stretch that destabilizes
the cell membrane.® HA2 alone,” or in combination with the TAT
peptide from the human immunodeficiency virus-1,>° promotes
endosomal release of fusion proteins or nanoscale constructs,
which is observed as a promising activity in vehicles for gene
therapy and drug delivery.

So far, the potential use of HA2 in combination with specific
cell ligands for receptor-mediated cell-targeted delivery has
been neglected. However, efficiently combining the selectivity
with endosomal escape would represent a step ahead towards
the construction of powerful vehicles for targeted drug delivery.
Here we have explored this possibility by the incorporation of
peptide HA2 into a CXCR4-targeted protein nanoparticle based
on a modular, single chain polypeptide (T22-GFP-H6). T22-GFP-H6
self-assembles as toroid nanoparticles of 12 nm, which penetrate
CXCR4" cells with high selectivity, in cell culture and in vivo.””®
The cationic peptide T22 acts as both a promoter of protein self-
assembly’ and as a specific ligand of CXCR4,'® a chemokine
receptor whose overexpression is associated with aggressiveness
in several types of human cancers.'" In this context, an efficient
HA2 version*? was inserted at two alternative inner positions of
T22-GFP-H6 (namely at the amino terminus of the core GFP,
or at its carboxy terminus) (Fig. 1A). Both engineered proteins
were produced well in E. coli, although the lower yield of soluble
T22-GFP-HA2-H6 compared to T22-HA2-GFP-H6 resulted in a
higher background in mass spectrometry analysis (Fig. 1B). The
purity of both products and the predicted molecular mass were
however fully assessed by Western blot (Fig. 1B, inset) and using
the purification chromatograms (ESL, T Fig. S1). T22-HA2-GFP-H6
and T22-GFP-HA2-H6 proteins spontaneously self-assembled as
stable, supramolecular structures with a toroidal shape, with a
diameter of 30 nm and 45 nm, respectively, and similar surface
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Fig. 1 Production and characterization of HA2-empowered protein nanoparticles. (A) Schematic characterization of protein constructs including a HA2

stretch.’® The N-terminal methionine, absent in the original sequence of T22,

is shown in bold. L is a ligand that offers molecular flexibility. Figures in GFP

boxes represent the specific GFP fluorescence compared to the parental T22-GFP-H6. (B) Mass spectroscopy of HA2 proteins upon IMAC purification.
Western blot analyses are shown in the inset. (C) DLS size analysis of the protein materials. The unassembled GFP-H6 is shown as reference. In the inset
data, the peak size and the polydispersion index (Pdl) are shown. (D) FESEM observations of purified material (size bars are 100 nm, 30 nm in insets).
Figures indicate surface charge. Experimental procedures are shown in full in the ESIL¥

charge (Fig. 1C and D). The untagged parental GFP-H6 protein
version remained unassembled (Fig. 1C). Despite their good
stability, T22-GFP-HA2-H6 nanoparticles showed a tendency
to form aggregates, as observed from a secondary DLS peak at
around 200 nm (Fig. 1C). The insertion of the HA2 peptide
rendered constructs with significantly lower fluorescence than
T22-GFP-H6, especially in the case of T22-GFP-HA2-H6 (Fig. 1A),
indicating a conformational impact of the viral peptide on the
building block. However, specific fluorescence was in both cases
high enough to monitor protein internalization in cultured
CXCR4" HelLa cells.

Cell penetration of both nanoparticles was monitored in the
absence and in the presence of a chemical ligand of CXCR4,
namely AMD3100, which inhibits binding of T22. As observed
(Fig. 2A), the presence of HA2 in the particles enhanced protein
penetration in comparison to T22-GFP-H6 nanoparticles, thus
confirming the activity of the fusogenic peptide displayed
at both accommodation sites. In T22-GFP-HA2-H6, the viral
peptide was clearly superior in promoting cell penetration.
Even at very low protein concentrations in which the uptake of
T22-HA2-GFP-H6 was indistinguishable from that of T22-GFP-H6,
its enhancing effect was perceived. Enhanced uptake was not
accompanied by cell toxicity (Fig. 24, inset), an issue that was a
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matter of concern because of the hemolytic activities of HA2.
These effects were mainly observed in HA2 peptide versions with a
free amino terminus,"”*'* which in the current construct is
blocked by T22. On the other hand, the display of HA2 dramati-
cally reduced the specificity of CXCR4-dependent penetration.
While AMD3100 inhibited the uptake of T22-GFP-H6 by around
70% it only reduced the penetration of T22-GFP-HA2-H6 by 30%
and no inhibition was observed in the case of T22-HA2-GFP-H6
(Fig. 2B). This last protein appears to be internalized in a
completely unspecific way (Fig. 2B).

The higher penetrability of HA2-containing nanoparticles
respective to the parental T22-GFP-H6 oligomers (Fig. 2A) was
supposed to be linked to the enhanced endosomal escape
mediated by HA2. To assess this issue, we analyzed the uptake
of the HA2-empowered constructs in the presence of chloro-
quine that inhibits acidification and subsequent lysosomal
degradation of the internalized material. This drug equally
enhanced the intracellular fluorescence of cells exposed to
T22-GFP-H6 and to T22-HA2-GFP-H6 by about 30 fold (Fig. 2C).
This indicates that HA2 in T22-HA2-GFP-H6 does not stimulate
full endosomal escape of the particles in comparison to the
parental T22-GFP-H6. In contrast, chloroquine had much milder
enhancing effects on T22-GFP-HA2-H6 (only five-fold increase,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Functional characterization of HA2-containing nanoparticles. (A) Internalization of T22-GFP-H6 and their HA2-containing derivatives in cultured
CXCR4* Hela cells, after 24 h exposure. Crude fluorescence values were normalized by the specific fluorescence emission of each protein (units) to
allow mass-based comparison. In the inset, Hela cell viability after exposure to 2 pM of modular proteins for 48 h. (B) Analysis of specific CXCR4-
mediated internalization in the absence (—) and in the presence (+) of the CXCR4 ligand AMD3100. Data refer to 1 h after exposure. % of inhibition is
indicated in each case. ND means not determinable, as the % was 0. (C) Accumulation of HA2-containing nanoparticles in cultured Hela cells exposed
to 1 uM of protein during 24 h in the absence (—) or presence (+) of chloroquine. (D) Intracellular accumulation of proteins, added to two alternative
concentrations, in exposed CXCR4* Hela cells. Data are presented as arithmetic mean + standard deviation from two independent experiments.
(E) Isosurface representation of Hela cells within a 3D volumetric z axes stack after incubation for 24 h with nanoparticles (at 0.5 pM). The cell membrane

was labeled with CellMask (red signal), cell DNA was labeled with Hoescht 33342 (blue signal) and proteins naturally produced a green signal.

Fig. 2C), proving that the viral peptide shows endosomolytic
properties in this construct. In this regard, both HA2-displaying
nanoparticles are degraded in cells (Fig. 2D) when added to cell
cultures at a concentration of 0.1 pM, a dose that has been
described below the threshold supporting the endosomolytic
properties of HA2.'> However, at 2 pM, over such a transition
value, T22-GFP-HA2-H6 but not T22-HA2-GFP-H6 keeps accumu-
lating in cells during prolonged exposure (Fig. 2D). This is again
in the line that this protein, but not the related T22-HA2-GFP-H6
(or in a much more moderate way), is able to escape from
lysosomal degradation. The enhanced perinuclear accumulation
of T22-GFP-HA2-H6 (Fig. 2E) fully supports this hypothesis.
HA?2 destabilizes lipid cell membranes at pH 5-5.5."> However,
viral strains with HA2 variants show the ability to replicate
in target cells at higher pH values.'®™"® Slight variations in
charge distribution at the amino terminus of hemagglutinin
and in the isoelectric point of the whole protein allow the
fusogenic activities of HA2 at less acidic pH. In this regard, the
endosomal escape of modular constructs containing histidine-
rich peptides, R9, HA2 and cherry, are disrupted by a nuclear
localization signal at the carboxy terminus of HA2."” In the
constructs generated here both accommodation sites allow a

This journal is © The Royal Society of Chemistry 2017

dramatic enhancement of HA2-mediated cell penetration,
although at the expense of a loss of specificity in the interaction
with cells. This is particularly deleterious when HA2 is placed in
close vicinity to the cationic T22 segment, since T22 is critical for
protein-protein contacts.™ In this case, the construct completely
missed the ability to specifically interact with CXCR4" cells, and
cell penetration occurs irrespective of endosomal acidification.
HA2, in this position, might show enhanced membrane activities
influenced by the vicinity of T22. This should produce a differ-
ential conformation in the building blocks or the whole nano-
particles already anticipated by differences in the specific
fluorescence of the GFP module in both constructs (Fig. 1A).
A differential conformational impact of HA2 was confirmed by
temperature denaturation followed by Trp emission fluorescence
and supported by the molecular modelling of both protein
nanoparticles (ESL, Fig. S2A and B), which resulted in less flexible
materials in the case of T22-GFP-HA2-H6. Altogether, while HA2
generically appears as highly appealing for enhancing the integrity
of protein-based nanoscale vehicles upon internalization it seems
to be poorly appropriate when the efficiency of constructs is based
on specific interactions with cell-surface receptors, which might
be partially or totally abolished by the viral segment.
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The insertion of HA2 in two alternative positions of the
tumor-homing nanoparticle T22-GFP-H6 results in a dramatic
enhancement of cell penetrability. In the case of T22-GFP-HA2-H6,
this is executed through endosomolytic activities and linked to a
mild but significant affectation of particle—cell specific interaction.
However, regarding T22-HA2-GFP-H6, specificity is completely lost
and cell penetration is enhanced in the absence of endosomolytic
activity. Taken together, these data indicate that in T22-HA2-GFP-HS,
the viral peptide HA2 acts as a cell penetrating peptide rather
than as an endosomal escape agent, since it stimulates the
penetration of the nanoparticle in a receptor-independent way,
probably at the cell surface or at very early endosomal stages.
Among the diversity of functional nanoparticles for drug delivery
based on biocompatible materials,*® protein nanoparticles offer
an unusual structural versatility that allows the precise exploration
of functional modular combinations by conventional genetic
engineering.
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