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ARTICLE INFO ABSTRACT

Background: Nucleolar targeting peptides (NrTPs), resulting from structural minimization of the rattlesnake
toxin crotamine, are a novel family of cell-penetrating peptides (CPPs) shown to internalize and deliver cargos
into different cell types.

Methods: In this study, we address NrTP kinetics of translocation into primary cells. We used flow cytometry to
measure the intracellular uptake of rhodamine B-labeled NrTPs in peripheral blood mononucleated cells (PBMCs).
Results: The kinetic profiles for each peptide are concentration-independent but significantly different among
NrTPs, pointing out for the amino acid sequence importance. Arginine-containing peptides (NrTP7 and Tatyg_go,
used for comparison) were found to be more toxic than lysine-containing ones, as expected. On the other hand,
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Lymphocyte one same peptide behaves differently in each of the lymphocyte and monocyte cell populations, suggesting differ-
Monocyte ences in entry mechanism that in turn reflect diversity in cell functionality. Uptake results obtained at 4 °C or using
Uptake chemical endocytosis inhibitors support the importance of non-endocytic mechanisms in the cellular internali-
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zation of NrTP1 and NrTP5, while confirming endocytosis as the main mechanism of NrTPs entry.

Conclusion: Overall, both direct translocation and endocytosis mechanisms play a role in NrTP entry. Yet, there is
predominance of endocytosis-mediated mechanisms. NiTPs (especially NrTP6) are an excellent intracellular
delivery tool, with efficient internalization and no toxicity.

General significance: This work validates NrTPs as potential therapeutic tools for, e.g., cancer or inhibition of viral

replication and establishes a new comparative and quantitative method to test CPP efficiency.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cell-penetrating peptides (CPPs) are receiving increasing attention as
an innovative concept in therapeutics, for their role as delivery shuttles.
They are able to deliver different molecular cargos (e.g., imaging agents,
drugs, proteins, plasmid DNA, siRNA, nanoparticles or bacteriophages)
both in vitro and in vivo [1,2]. The use of CPPs as drug carriers may over-
come limitations such as poor drug bioavailability, low clinical efficacy
[3], or undesirable side-effects. There is significant interest on these pep-
tides in areas of application such as skin diseases (CPPs for topical appli-
cation), myocardial infarction, ischemia, pain, splicing correction, HIV

Abbreviations: Ahx, 6-aminohexanoic acid; AMP, antimicrobial peptide; CPPs, cell pen-
etrating peptides; HPLC, high-performance liquid chromatography; NrTPs, nucleolar-
targeting peptides; PBMCs, peripheral blood mononucleated cells; RhB, rhodamine B; CPZ,
chlorpromazine; FITC, fluorescein isothiocyanate; FSC, forward scatter; SSC, side scatter
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vaccines and several different cancers [4-6]. The first CPP-based drug
reached phase II clinical trials in 2003 and, from then on, the number of
peptides under trial has not stopped increasing [7,8].

Despite the widespread interest in CPPs, the mechanisms underlying
their cellular translocation are poorly understood and subject to discus-
sion. It is generally believed that there is not a universal translocation
mechanism for all CPPs; instead, some use endocytosis-mediated mecha-
nisms, others direct translocation by energy-independent mechanisms,
while others may use both [9]. HIV-derived CPP Tat,g_go is proposed to
enter via direct translocation [10], while penetratin (pAntpss_sg), another
well-studied CPP, was shown to use both endocytosis and direct translo-
cation [9]. Other factors influencing CPP entry mechanisms are the nature
and size of the cargo, as well as the type of target cell or tissue [11].
For example, when conjugated to large molecules Tat internalizes by
endocytosis-mediated mechanisms [12].

The CPPs in this work belong to the family of nucleolar targeting
peptides (NrTPs), designed by structural minimization of crotamine, a
main component of the venom from the South-American rattlesnake
Crotalus durissus terrificus. Nr'TPs were first reported in 2008 as capable
of entering HeLa cells and localizing in their nucleolus [13]. The potential
of NrTPs to interact with membranes was assessed in studies with lipid
model systems [14], and their ability to deliver large cargos in native
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form was demonstrated with p-galactosidase, a 465 kDa tetrameric
protein that retained enzymatic activity after both NrTP conjugation
and cell internalization [15]. More recently, further insights into the up-
take mechanism have been obtained from both confocal microscopy
and flow cytometry studies [16].

In the present work, in order to further explore the potential of
NrTPs as in vivo delivery agents, we have used human primary immune
cells, specifically fresh peripheral blood mononuclear cells (PBMCs), as
a model. PBMCs can be divided into two main populations: lympho-
cytes and monocytes, both involved in fighting infection and adapting
to intruders, yet with completely different functions in the organism.
Different subsets of lymphocytes perform a variety of functions within
the immune system: helper T cells regulate other immune cells; cytotoxic
T and NK cells lyse virus-infected cells, tumor cells and allografts; B cells
secrete antibodies. Monocytes, for their part, are involved in phagocytosis,
antigen presentation and cytokine production, and are the precursors of
macrophages and dendritic cells [17]. PBMCs can either be directly in-
volved in pathologies such as leukemia and HIV-1 infection, or play an
important role in virtually any pathology, as part of the immune system.
Studying PBMCs in terms of CPP uptake efficiency may help find appli-
cations for CPPs in immunology. To this end, we have developed an
efficient method to detect and quantitatively compare differences in
PBMC uptake among NrTPs that may reveal details of their translocation
mechanism. Furthermore, we have studied the effect of amino acid res-
idue substitutions in NrTP uptake efficiency and toxicity.

2. Material and methods
2.1. Materials

Ficoll-Paque Plus was from GE Healthcare. TO-PRO3, Hoechst
33342 and trypan blue were from Invitrogen. Annexin V-FITC conjugate
was from BD Pharmingen, while dynasore and chlorpromazine were
from Sigma.

2.2. Peptides

The solid phase synthesis of N-terminal rhodamine B (RhB)-labeled
peptides Nr'TP1 (YKQCHKKGGKKGSG), NrTP2 (with a 6-aminohexanoic
acid spacer between GG and KK), NrTP5 (enantiomer of NrTP1), NrTP6
(Cys residue replaced by Ser), NrTP7 (all 5 Lys residues changed to Arg)
and NrTP8 (Tyr replaced by Trp) have been described earlier [13,18].
Tatsg_s0 (GRKKRRQRRRPPQ-amide) was similarly synthesized by solid
phase methods. All peptides were purified to >95% homogeneity by
analytical HPLC and had the expected molecular masses. Sequences
are shown in Table 1.

2.3. Isolation of PBMCs
Human blood samples were collected from healthy blood donors,

with their previous written informed consent, following a protocol
established with the Portuguese Blood Institute (Lisbon), approved

Table 1
NrTPs and reference CPP used in this study.

Peptide Sequence?® Comments

NrTP1  YKQCHKKGGKKGSG Derived from crotamine by N- to C-terminal
NrTP2  YKQCHKKGG-Ahx-KKGSG endpiece splice, with or without Ahx spacer [13]
NrTP5  ykqchkkGGKkGsG Enantiomer of NrTP1

NrTP6  YKQSHKKGGKKGSG Cys in NrTP1 replaced by Ser

NrTP7  YRQSHRRGGRRGSG All Lys in NrTP6 replaced by Arg

NrTP8  WKQSHKKGGKKGSG Tyr in NrTP6 replaced by Trp

Tatss.go GRKKRRQRRRPPQ broadly used CPP [10]

¢ Lower case letters denote D-amino acid residues. All sequences were labeled with
rhodamine B (RhB) at the N-terminus.

by the Ethics Committee of the Faculty of Medicine of the University
of Lisbon. Human PBMCs were isolated by density gradient using
Ficoll-Paque Plus (GE Healthcare, Little Chalfont, UK). Briefly, the col-
lected blood sample is diluted 1:1 (v/v) with PBS, pH 7.4, and carefully
added to Ficoll-Paque, 1:0.6 (v/v), in order to avoid mixing. After centri-
fugation at 400 g for 40 min at 18-20 °C, the cloudy interphase be-
tween plasma and Ficoll-erythrocytes corresponds to the PBMCs layer.
These cells are gently aspirated, washed with PBS and centrifuged at
100 g for 10 min. This step is repeated three times. In the last repeat,
cells are resuspended in PBS supplemented with 2% fetal bovine
serum (FBS). All reagents were used at room temperature. Experiments
started immediately after PBMC isolation.

2.4. Flow cytometry

Experiments were done in a BD FACSAria III, using a yellow-green
(561 nm) laser to excite rhodamine B, which was detected using a
582/15 filter. 10,000 events were recorded on each measurement.
Briefly, PBMCs suspensions were prepared at 2 x 10° cells/mL. Each
peptide was added to the corresponding tube immediately after the
t = 0 min reading. Peptide concentrations used in the kinetic assays
were 2, 5 and 15 pM and measurements were made every 10 min.
The cells were kept at 37 °C in a thermostatized bath during the entire
experiment (2 h) as well as on the detection chamber of the cytometer.
Tubes were gently flickered before and after the reading to ensure proper
cell homogeneity. At least one control tube of unstained cells was tested
per day of experiment. Each concentration of each peptide was tested at
least three times. Peptide uptake at 4 °C was also followed for 2 h, with
readings every 10 min, as described above.

Dose-response experiments were performed as end point measure-
ments, with readings after 2 h incubation with peptide concentrations
ranging from 1 to 20 uM at 37 °C. Measurements with endocytosis
inhibitors were also done after 2 h incubation with 5 uM peptide.
Chlorpromazine (CPZ) (5 or 50 uM) or dynasore (80 pM) were
added to cells 30 min prior to peptide [16,19,20]. Dynasore assays
were carried out in the absence of serum [19]. Specific controls
were carried out for each independent experiment: cells only, and
cells with CPZ (5 or 50 uM), dynasore (80 uM) or DMSO 2% (v/v;
dynasore vehicle).

Following 2 h incubation with NrTPs and the corresponding reading,
TO-PRO3 (viability dye) was added to the cell suspension to a final con-
centration of 0.25 uM [18]. After 10 min incubation with the probe, a
new measurement was taken using the red (640 nm) laser to excite
and the emission filter 670/14 to detect TO-PRO3 fluorescence. The in-
fluence of NrTPs on the viability of PBMCs was further studied using
annexin V. Samples resulting from the 2 h incubation of 15 pM NrTPs
with PBMCs were centrifuged at 150 g for 5 min in an Eppendorf
miniSpin centrifuge. Supernatant was discarded and cells were
resuspended in 100 pL of buffer with 0.1% annexin V and left to stain
in the dark, for 15 min, at room temperature. Prior to analysis, samples
were further diluted with 100 pL of annexin V buffer. Samples were
measured in the same flow cytometer, using a blue (488 nm) laser to
excite and a 530/30 filter to detect FITC fluorescence. All flow cytometer
results were analyzed using Flow]o Software version 9. Events were
gated to the population of lymphocytes and monocytes according to
their forward scatter (FSC) and side scatter (SSC). Curve fitting and
statistical analysis were done using GraphPad Prism.

2.5. Live cell microscopy

Microscopy experiments were carried out in a Zeiss LSM 510
META confocal point-scanning microscope (Jena, Germany). Diode
405-30 (405 nm; 50 mW), diode-pumped solid-state (DPSS; 561 nm;
15 mW) and HeNe633 (633 nm; 5 mW) lasers were used with a 63 x
oil-objective of 1.4 numerical aperture. Cells were incubated with
NrTPs for 2 h prior to imaging. They were labeled with Hoechst (nuclear
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stain) 2.5 pg/mL for 20 to 30 min and with TO-PRO3 (viability) 0.25 pM
for 10 to 15 min, before imaging. The cell suspension (200 pL) was
deposited in 8-well Ibidi-treated plates (p-slide 8 well; Ibidi, Munich,
Germany). Images were processed using Zeiss software and Image]
(rsbweb.nih.gov/ij/).

3. Results
3.1. Internalization of NrTPs into PBMCs

Table 1 shows the sequences of the six NrTPs used in this study.
NrTP1 and NrTP2 are directly derived from crotamine by N- to
C-terminal end piece splicing, with or without the 6-aminohexanoic
acid spacer, respectively. Although the risk of dimerization of the
Cys residue in NrTP1 was found to be non-significant [13], in Nr'TP6
and subsequent analogs Cys was replaced by Ser for extra precaution.
The other replacements on NrTP7 and NrTP8 are typical in peptide
structure-activity studies. Thus, in NrTP7 all Lys residues were replaced
by Arg, a more basic amino acid, known to enhance CPP activity [21]. For
NrTP8, Tyr was replaced by Trp, a better fluorophore. All these varia-
tions may influence uptake and provide insights on the internalization
mechanism.

Fig. 1 shows a representative confocal image of NrTP6 localization in
PBMCs, after 2 h incubation at 37 °C. All other peptides in the study
were also able to translocate into primary PBMCs. While no significant
variations in localization were observed, some changes in fluorescence
intensity and distribution reflected differences in internalization, as
discussed below. Although NrTPs exhibit strong nucleolar labeling in
some cell types [13], in PBMCs the peptide stays mostly in the cytosol.

3.2. Kinetic profile of NrTPs uptake

To compare the kinetics and extent of uptake in PBMCs, the increase
in fluorescence for all NrTPs and Tat4s_go Was monitored by flow cytom-
etry over 2 h at 10 min intervals. PBMCs were gated according to the FSC
and SSC values, for lymphocyte and monocyte populations (Fig. 2A).
Fig. 2B shows representative histograms of RhB fluorescence time
courses. In the absence of peptide, fluorescence was negligible; hence
RhB intensity was adopted as a measure of PBMC-internalized peptide.
This assumption relies on two important observations: (1) by confocal
microscopy the peptide is found to accumulate in the cytoplasm rather
than on the cell membrane; (2) cytometry fluorescence readings were
unaffected by the presence of trypan blue (a membrane-impermeable
RhB quencher) [22,23].

A
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Fig. 3 shows uptake kinetic profiles for all Nr'TPs and the Tatsg_go
control at 2, 5 or 15 pM concentration, for both lymphocytes and
monocytes. The fluorescence intensity scale (yy axis) was set to be
proportional to the respective peptide concentration. This choice
was done in order to facilitate comparisons between the different
concentrations used for all peptides tested. The plots show that fluo-
rescence intensity depends on initial peptide concentration. In lym-
phocytes, an approximately linear dependency can be observed,
with uptake following the general trend Tatyg_go < NITP1 <
NrTP5 < NrTP8 < NrTP2 < NrTP7 < NrTP6. For monocytes, a ranking
was harder to establish because, for some peptides, uptake varied
significantly with concentration (e.g., Nr'TP2 and NrTP7 had rather dif-
ferent uptakes at low concentration, but at 15 pM gave similar fluores-
cence values). Other observed differences of monocytes relative to
lymphocytes were: the linear behavior of NrTP5 at all concentrations
tested; the drop in fluorescence for NrTP7 at 5 and 15 uM, after
reaching a maximum intensity (probably reflecting a mild toxicity ef-
fect); and also the highest uptake of NrTP2 in monocytes, in contrast
to lymphocytes, where it behaves very similarly to NrTP1.

Fig. 4A-B, displaying NrTP1 uptake curves for both cell populations
at three concentrations and normalized to the maximum intensity,
shows that the kinetic profile is not concentration-dependent. The
same is observed for the other NrTPs (see Supplementary information
Fig. S1). Fig. 4C-D shows normalized uptake profiles, for both cell pop-
ulations, of all six NrTPs at 15 uM (for 2 and 5 uM profiles see Supple-
mentary Information Fig. S2). As profiles are plotted for the same
concentration, differences in the time taken for each peptide to reach
its equilibrium plateau (resulting from the entry rate) are significant.
A first observation in this regard is the significant variation observed be-
tween populations, entry rates being higher for lymphocytes than for
monocytes. Also, differences among individual peptides appear more
significant in lymphocytes than in monocytes (except for NrTP5). In
lymphocytes, NrTP1, NrTP2, NrTP5 and NrTP8 have faster kinetics,
while NrT6, NrTP7 and Tatys_go have slower ones. To facilitate compar-
ison, quantitative analysis using a saturation empirical model was found
to fit well most of the data, yielding the useful parameters defined in
Eq. (1):

h
lilmaxxt

— 1
th,+t" M

where I is the maximum value for the fluorescence intensity
(proportional to the amount of internalized peptide), t,, is the
half-time needed to reach I.x, and h is the Hill slope, used to

B

Fig. 1. PBMCs incubated with NrTP6. Confocal microscopy images for PBMCs in the absence (A) and after 2 h incubation with RhB-labeled NrTP6 15 M (B), at 37 °C. RhB (red) and
Hoechst (blue) are detected upon excitation with 561 nm and 405 nm lasers, respectively. Scale bars = 10 pum.
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Fig. 2. Flow cytometry settings for the study of NrTP uptake by PBMCs. Gates for lymphocytes and monocytes were set according to cell distribution in FSC vs. SSC dotplot (A). Representative
fluorescence intensity histograms for lymphocytes (B) and monocytes (C); depicted are the changes with time in the fluorescence of cells unstained at 0 (filled in gray) and 2 h (line), and after

2 hincubation with NrTP6 (filled in black).

characterize the initial curve behavior that gives the profile a sigmoid
shape. When this sigmoid behavior is absent, h equals 1 and Eq. (2),
used earlier in CPP kinetic analysis [24], is obtained:

I Xt
I: max . 2
tptt @)

Whereas lymphocyte results could be properly fitted to the sim-
pler Eq. (2), monocyte data required an h # 1 for the fitting. Results
from data fitting at 15 pM are shown in Table 2 (for other concentra-
tions see Supplementary Information). For each PBMC population,
values were normalized to the highest value of I,,x Or ti,. As previ-
ously mentioned, Nr'TP6 exhibited the highest level of internalization
in lymphocytes, followed by NrTP7. Tatys_go, despite its t,; closer to
NrTP6 and NrTP7, was the least internalized peptide. Nr'TP1, NrTP2,
NrTP5 and NrTP8 had intermediate kinetics, faster than Tatsg_go,
with t, around 10 min. In monocytes, Nr'TP6 and NrTP7 again displayed
the highest uptake rates, although I,,,,x differences among peptides
were less pronounced than for lymphocytes. NrTP5 results could not
be fitted to the model, due to its linear tendency during the 2 h of
experiment.

Further on, longer incubation times, up to 24 h, were also explored
(see Supplementary Information Fig. S6). The only significant changes
occurred for Nr'TP5 and NiTP7. NrTP5 fluorescence increased from 2 to
24 h for all concentrations tested. As this peptide had an approximately
linear kinetic profile for the first 2 h, a further increase in fluorescence
was expectable, suggesting a slower uptake for NrTP5 than for the rest

of peptides. In contrast, for NI'TP7 fluorescence decreased, especially
in lymphocytes, from 2 to 24 h incubation, a finding also anticipated
by the decrease tendency of its kinetic profiles.

3.3. Cell viability tests

The potential of CPPs as delivery agents largely depends on their
lack of toxicity. To evaluate cell viability in NrTPs, variation in cell
number was monitored for each cell population over 2 h NrTP exposure.
Fig. 5A-B shows that NrTP-caused cell death was negligible in PBMCs. In
lymphocytes, only NrTP7 and Tatyg o, caused substantial levels of cell
loss (50% and 30%, respectively) at 15 pM. In monocytes, cell numbers
varied significantly only for Tatyg go at 15 pM.

While cell number variation is a good readout of NrTPs toxicity, we
also found it important to assess the viability of the remaining cells
after 2 h. For that purpose, TO-PRO3 and annexin V were used as via-
bility probes. TO-PRO3 is a membrane-impermeable dye that binds
strongly to dsDNA only when membrane integrity is compromised.
Its far-red fluorescence (642-661 nm) and almost no spectral overlap
with green and red fluorophores make TO-PRO3 an excellent alterna-
tive to propidium iodide [18], especially in three-color flow cytometry
studies [25] like the present one, where NrTPs are RhB-labeled and
annexin V is conjugated to FITC. Nevertheless, as TO-PRO3 may eventu-
ally penetrate live cells via P2x1-9 receptors or apoptotic cells, careful
data interpretation is necessary. The percentage of cells internalizing
TO-PRO3 was determined using the fluorescence intensity of ~90-95%
of cells not exposed to any CPP as basal level. Results in Fig. 5B-C are
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in agreement with those obtained from variations in cell number. Thus,
in lymphocytes, the percentage of cells that incorporate TO-PRO3 at 2 or
5 UM of peptide is not statistically different from control, except again
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Table 2

Results obtained by the fitting of the kinetic profiles for the peptides at 15 uM (using
Eq. (1) for monocytes and Eq. (2) for lymphocytes): I ;. (maximum intensity of rhodamine
B fluorescence), t;, (time to reach half of the maximum intensity), and Imax (normalized)
(values normalized for the highest Iax).

Peptide  Lymphocytes Monocytes
Imax lmax t1/2 Imax lmax tl/Z h
(a.u.) (normalized) (mll’l) (a.u.) (normalized) (mln)
NrTP1 2.4 0.20 6 51.9 0.52 26 1.74
NrTP2 4.6 0.38 11 99.8 1.00 30 1.99
NrTP5 35 0.28 5 - - -
NITP6 12.2 1.00 33 52.8 0.53 17 2.08
NrTP7 7.7 0.63 37 92.1 0.92 17 3.80
NrTP8 42 0.35 5 50.0 0.50 21 1.49
Tatyg_e0 0.9 0.07 48 19.7 0.20 26 1.78

in toxicity among NrTPs. PBMCs treated with 0.1% (v/v) Triton X-100 re-
vealed approximately 16-fold higher fluorescence signal than the NrTP
with the highest intensity (see Supplementary information Fig. S3).
NrTP2, NrTP5 and NrTP8, though not causing cell death (Fig. 6A-B),
seem to interfere with the stability and integrity of the membrane.
Fig. 6E illustrates the contrast in toxicity between Tatsg g0 and NrTP6,
as well as the differences in localization of both peptides.

For annexin V, an overall pattern similar to that of TO-PRO3 was
found (see Supplementary Information Figs. S4 and S5): NrTP7 and
Tatyg_go had the highest percentages of annexin V-positive cells and
NrTP6 the lowest. Differences between peptides were not as marked
as in the cell number variation and TO-PRO3 tests. This might be
due to false positives arising from the entry mechanism. Direct CPP
translocation may involve deformations in the membrane and the
formation of multilamellar, particle-like structures at the site of
entry [26,27]. This would cause inversions in the exposure of the
membrane leaflets, and therefore exposure of phosphatidylserine
(PS, probed by annexin V), even though cell integrity would not be
compromised. Other exceptions for positive labeling with annexin V
include reversible exposure of PS, and PS exposure during T-cell acti-
vation, both occurring without cell death [28].

3.4. Influence of temperature and endocytosis inhibitors on NrTP uptake

In order to evaluate the importance of endocytosis in cell entry,
NrTP1, NrTP5, NiTP6 and NrTP7 uptake was monitored at 4 °C. Kinetic
profiles were conducted for 2 h, with readings every 10 min, as in the
experiments at 37 °C. The maximum intensity at 4 °C for each of these
peptides at 5 uM is shown in Fig. 6A-B (for results at 2 and 15 uM see
Supplementary Information Fig. S7 A-B). Results are plotted together
with those obtained at 37 °C and using chemical endocytosis inhibitors.
There are statistically significant differences (p < 0.0001; two-way
ANOVA) between internalization at 37 °C and 4 °C, underlying the im-
portance of endocytosis-mediated mechanisms for NrTP cellular inter-
nalization. In lymphocytes, these differences were more extensive for
NrTP6 and NrTP7, whereas in monocytes all peptides tested, with the
exception of NrTP5, underwent a strong decrease in internalization at
4 °C. These results were further supported by confocal microscopy ex-
periments (data not shown).

The comparison between the normalized kinetics at 37 °C and 4 °C
for Nr'TP1 (Fig. 6C-D) suggests differences on the entry mechanism of
NrTPs into the two cell populations. While for lymphocytes the kinetic
profiles for both temperatures are very similar, in monocytes there are
marked differences in their shape. For this last cell population, 4 °C up-
take takes place within the first 10 min, while at 37 °C it continues for
considerably longer, though with a progressively slower rate (for the
normalized kinetic profiles of other peptides see Supplementary infor-
mation Fig. S7).

In order to complement the studies regarding the entry mecha-
nism of NrTPs, peptide internalization assays were performed using

chemical inhibitors of endocytosis (Fig. 6A-B). Chlorpromazine
(CPZ) is a cationic amphiphilic drug that inhibits clathrin-coated pit for-
mation by a reversible translocation of clathrin and its adapter proteins
from the plasma membrane to intracellular vesicles [29,30]. Of two con-
centrations (5 and 50 pM) tested in other studies [16,19], only the former
was feasible, as in our system 50 uM CPZ dramatically compromised cell
viability (for cell number variation see Supplementary Information Fig.
S8A-B). Dynasore, on the other hand, is a cell-permeable, reversible
noncompetitive inhibitor of the GTPase activity of dynamin 1 and
dynamin 2 [20] that blocks dynamin-dependent endocytosis by
compromising scission of endocytic vesicles [19,31]. As several endocyto-
sis mechanisms depend on the action of dynamin, dynasore has a broader
impact than CPZ on endocytosis impairment [32]. In contrast with CPZ,
dynasore did not interfere with cell viability at the experimental condi-
tions of our study.

In lymphocytes, 5 uM CPZ did not inhibit NrTPs uptake, as shown
by the similar fluorescence values found at 37 °C for all peptides, with
or without CPZ. In monocytes, some differences were observed,
namely for NrTP1 (p = 0.0331; Dunnett's post-test). Dynasore, for
its part, had a more pronounced effect. Thus, lymphocytes incubated
with dynasore at 37 °C behaved similar to those at 4 °C without
dynasore, except for NrTP6, for which inhibition was less pronounced,
though statistically significant (p < 0.0001; Dunnett's post-test). For
monocytes, with the exception of NrTP7, two distinct sub-populations
could be distinguished regarding peptide fluorescence signal (see Sup-
plementary Information Fig. S9): one (~40% cells) displayed fluores-
cence values consistent with uptake inhibition, while the other one
did not. In terms of internalization efficiency and viability, the experi-
ments showed variation trends similar to those of the kinetic assays.
Thus, NITP6 is the peptide preferentially internalized by PBMCs,
without interference in cell counts or viability, whereas NrTP7 be-
haves similar to NrTP1 and NrTP5, but with the drawback of being
slightly toxic (especially for lymphocytes); it is the only peptide
causing cell loss in the experiments with both CPZ and dynasore.

Together, the results of internalization at 4 °C and in the presence of
endocytosis inhibitors suggest that: i) clathrin-dependent internaliza-
tion does not play a major role, if any, in NrTP uptake, once to do so,
CPZ and dynasore should have parallel effects, and ii) endocytosis is
the predominant route for NrTP internalization, with a lower role in
NrTP1 and NrTP5 uptake, especially in lymphocytes. Also, the dynasore
results point towards a dynamin-dependent endocytosis mechanism.
Dynamin has been proven to be implicated in several endocytic mecha-
nisms, namely clathrin-dependent endocytosis, phagocytosis, IL2Rp
(interleukin-2 receptor subunit 3) pathway and circular dorsal ruffles
endocytosis, plus a few others (such as caveolae/caveolin 1-dependent
endocytosis and macropinocytosis) for which evidence is less persuasive
[32]. Even if the first two seem excluded in the present case, a wide range
of mechanisms for NrTP uptake remain possible, although at this time our
results do not allow a final conclusion on which one is involved.

3.5. Dose response curves for NrTPs uptake

Dose response curves for Nr'TP1, NrTP5, NrTP6 and NrTP7 uptake
are presented in Fig. 7. Together with the kinetic (Figs. 3 and 4) and
viability data (Fig. 5), the curves provide a reliable assessment of
the minimum and maximal peptide concentrations that can be used
(and detected) without compromising viability. Hence, it is possible to
identify the most efficient and safe peptide to be internalized by each
PBMC population. Fluorescence signal detection was possible for pep-
tide concentration as low as 1 uM, not only due to the high sensitivity
of the flow cytometer, but also to the effectiveness of NrTP internaliza-
tion. Experimental data was fitted to a semi-logarithmic empirical
model [33-35],

lmax _Imin (3)

= Iin + 1 + 10N(I0gECs[NITP])
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conducted using two-way ANOVA and Dunnett's post-test (all peptides against unstained cells for each peptide concentration). For lymphocytes (A and C), there were statistically
significant variations for specific peptide, their concentration and interaction (all with p < 0.0001). For monocytes, statistically significant variations were obtained for specific peptide
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p = 0.0124 for NrTP7 and p = 0.001 for NrTP8. Confocal microscopy images for Nr'TP6 or Tatsg g0 15 UM after 2 h incubation at 37 °C (E). Scale bars = 15 pm.

where Ii.x and Iy, are the maximum and minimum intensity of RhB
fluorescence, respectively, ECsq is the peptide concentration at half
way between I, and I,y [NITP] is the peptide concentration and h
is the Hill slope (already introduced in Eq. (1)) that here characterizes
the curve steepness. This model describes standard dose response
curves, for which h is a variable parameter (h # 1). I, was fixed for
each peptide as the average value obtained for 1 pM. Results from the
fitting of Fig. 7 curves using Eq. (3) (Table 3) show h > 1 for all peptides,
an indication of positive cooperativity in Nr'TP uptake. The cooperativity
level is peptide-dependent and reasonably independent of cell type.
NrTP7, both in lymphocytes and monocytes, shows higher cooperativity
than other NrTPs, which may account for the presence of Arg instead of

Lys residues and be related to its toxicity above 10 pM. As expected
from the kinetic profiles, NrTP6 is the peptide reaching higher fluores-
cence values in lymphocytes, well above other NrTPs. On the other
hand, in monocytes NrTP6 behaves very much like Nr'TP1, while NrTP7
is again the peptide with higher fluorescence, although cytotoxic.

4. Discussion

The methodology employed in this work is very suitable for studying
peptide internalization, especially uptake by primary cells. PBMCs are
suspension cells that need no special treatment (e.g., trypsinization)
prior to cytometer measuring. Cytometric analysis is less time-
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consuming than microscopy techniques, as different conditions can be
tested in parallel, with better statistical significance due to the large
number of cells analyzed. If necessary, the assay may be performed
continuously, as long as physiologic conditions of temperature, homo-
geneity and oxygenation can be maintained, as it was the case here.
NrTP uptake by PBMCs was analyzed for two distinct cell popula-
tions, lymphocytes and monocytes, with major differences that reflect
their distinct morpho-physiologies and roles in the immune system
[17], but also the diversity of their membrane lipid, protein and
glycan contents. NrTP uptake by PBMCs is concentration and

10
—e— NrTP1
8 NrTP5
—— NP6 T

64 —= NTP7

Fluorescence Intensity (a.u.) >

[NrTP] (uM)

time-dependent, with kinetics depending on peptide and cell type,
but not on concentration.

Monocytes are much more auto-fluorescent than lymphocytes,
which can explain the initial differences in fluorescence intensity. At
any rate, time course profiles reveal that monocytes internalize 5,
10 or even 20 times more peptide than lymphocytes. Most likely,
their propensity to capture debris [17] and the increased membrane
permeability synergize with the main CPP entry mechanism (endocytosis
or direct translocation), increasing peptide internalization. Cell size
can also be a relevant factor: monocytes are larger and have lower

B

80

—o— NrTP1
NrTP5

[NrTP] (uM)

Fig. 7. Dose response curves for lymphocytes (A) and monocytes (B). NrTPs were tested from 1 to 20 puM. Error bars represent SEM of at least 3 independent experiments.
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Table 3

Results obtained by the fitting of the dose response curves (using Eq. (3)): ECso (peptide
concentration for which fluorescence intensity is half way between the lowest and the
highest value); h (Hill slope, steepness of the curve) and 95% CI (95% confidence interval
for ECsp).

Peptide ~ Lymphocytes Monocytes

ECso (MM)  95%Cl(uM) h  ECso (uM)  95%CI(uM) h
NrTP1 15.2 10.7t0214 18 108 8.2 to 14.1 1.8
NrTP5 20.2 8.2 t0 49.9 15 9.2 5.5to 15.3 1.7
NrTP6 10.8 8.2to 14.3 19 119 9.5 to 14.9 19
NrTP7 9.2 8.1to 104 29 172 13.0t0229 21

nucleus-to-cytoplasm ratios than lymphocytes [17]. Significantly
larger cytoplasm areas may also contribute to the higher fluorescence
observed in monocytes.

NrTP uptake efficiencies on both PBMCs populations can be
discussed on the basis of Figs. 3, 4 and 7, as well as Tables 2 and 3.
In lymphocytes, differences between NrTP1 and NrTP6 regarding
rate and total amount of internalized peptide are substantial, despite
the minimal change in structure (Ser — Cys replacement in NrTP6).
In monocytes, the opposite tendency (though to a smaller extent)
prevails, and differences tend to narrow down with increasing peptide
concentration. In terms of toxicity, Nr'TP6 performs consistently better
than the rest. Interpreting the reduced toxicity and higher uptake of
NrTP6 on the basis of the single Cys — Ser replacement might be sim-
plistic, given that NrTP8, with identical sequence except for a rather
conservative Trp — Tyr replacement, is internalized less efficiently
and shows some toxicity. If anything, these results underscore the role
of Ser and Tyr residues in NITP6, the best performing CPP in the series
(see below).

As previously mentioned, in lymphocytes the Tatyg_ g9 < NI'TP1 <
NrTP5 < NrTP8 < NrTP2 < NrTP7 < NrTP6 ranking in peptide uptake is
maintained for all three concentrations tested. However, in monocytes
the ranking is different and shows some variation between concentra-
tions (Fig. 3). For example, the low efficiency of Nr'TP7 at 2 pM improves
significantly at higher concentrations, albeit with an increase in toxicity.
Another contrast between both PBMCs populations is the effect of the
6-aminohexanoic acid spacer in NrTP2, which is irrelevant in lympho-
cytes while in monocytes it enhances uptake efficiency and slightly
decreases toxicity relative to lymphocytes.

NrTP1 and NrTP5, its enantiomer, do not significantly differ in up-
take kinetics in lymphocytes, although for Nr'TP5 a tendency to higher
internalization is observed, as confirmed by the dose response curves
(Fig. 7). In contrast, in monocytes, although both peptides (either at 2
or 5 uM) reach similar fluorescence values after 2 h incubation, the
slower NrTP5 entry rate is maintained over time, leading to a higher
NrTP5 intracellular concentration at equilibrium. For 15 MV, this differ-
ence is even more pronounced. The improved performance of the
D-enantiomers of CPPs over their L-counterparts has been correlated
with their higher resistance to proteolysis [21,24,36]. In the present
case, as both NrTP1 and NrTP5 were efficiently internalized into PBMCs,
internalization is not likely to be receptor-dependent, highlighting a
significant role for direct translocation, as also found in our recent
work with lipid model systems [14].

Most NrTPs in this study display, in both cell populations, approxi-
mately hyperbolic saturation curves within 2 h of experiment. However,
initial rates in monocytes are slower than in lymphocytes, giving rise to
sigmoidal-like profiles. Most probably, this difference is related to the
entry mechanism and reflects a need for a given local peptide concentra-
tion to be attained before uptake by monocytes can take place, ie., a
cooperativity effect. Monocytes are phagocytic cells (a special form of
endocytosis) that require signals to start internalizing external ma-
terial. In our system, the signal is likely to be peptide accumulation
on the cell membrane. A possible justification for differences in

kinetics between PBMCs is that in lymphocytes direct translocation
plays a more significant role than in monocytes. Direct translocation
generally is a faster process than endocytosis, and that can explain the
faster uptake kinetics (for most peptides) in lymphocytes, compared
with monocytes. The only exceptions seem to be NrTP6 and NrTP7,
where the higher uptake is probably due to a synergistic effect between
both mechanisms. This effect can be easily explained for Nr'TP7, an Arg
containing-peptide that, as previously shown, can use both direct trans-
location and endocytosis as internalization mechanisms [9,36,37].

Endocytosis was previously shown to be a predominant mechanism
of NITP entry into cancer cells [16]. The present results for peptide
uptake at 4 °C, especially for lymphocytes, hint at an important role
for direct translocation, as already observed in biomembrane model
systems [14]. In these systems, both NrTP1 and NrTP5 were seen to
translocate lipid vesicles in the absence of receptors or transmembrane
potentials, therefore excluding endocytosis as the sole entry mecha-
nism. However, it is worth to notice that, in monocytes, the substantial
differences in entry rates between 4 °C and 37 °C (Fig. 6B) suggest a
main role for endocytosis under physiologic conditions.

Viability assays on cells retaining the native scattering properties
(i.e., still within the original flow cytometry gates; Figs. 5, S3, S4, S5
and S10) show that most NrTPs are non-toxic for PBMCs within the
range of concentrations tested. The combined interpretation of three
different viability assays (cell number loss, TO-PRO3 and annexin
V) allows us to conclude that Tatsg_go and NrTP7 are the only ones
causing cell membrane disruption, in agreement with the observa-
tion that Arg-containing peptides are typically more toxic than
Lys-containing ones [38].

NrTP5 and NrTP8, though not inducing cell loss, caused the presence
of TO-PRO3 labeled cells (=15 uM), mostly in lymphocytes (Fig. 5A-B,
S3). For NrTP5, decreased susceptibility to proteolysis may explain
this result. Alternatively, it may simply be due to membrane alterations
as consequence of its entry mechanism(s), enabling TO-PRO3 entry
without effective cell death. Of all CPPs of this study, Nr'TP1 and NrTP6
are strictly non-toxic, with NrTP6 clearly as the best overall performer
of this new CPP family. In fact, NI'TP6 can even be associated to some
sort of “cell protection”, as variation in cell number was lower than for
control cells and TO-PRO3 fluorescence intensity in monocytes also
presented lower values.

It is worth noting that NrTPs display higher uptake efficiency and
lower toxicity than Tatyg_go, @ paradigm in CPP studies [39]. While
most literature on CPP internalization describes experiments in cancer
cell lines (easier to transfect than healthy primary cells), in the present
work we assessed the potential of Nr'TPs as delivery agents for patholo-
gies associated with human primary immune cells. For example, the
elevated regulatory T cell (Tyeg) levels found in cancer patients [40],
impairing anti-tumor and anti-viral immunity, could be decreased by
NrTP6-mediated delivery of molecules that specifically interfere with
Treg critical mechanisms [41]. siRNA technology has been used in
combination with CPPs with promising results [42]. In this regard,
NrTPs could also be used in HIV-1 infected patients for targeting
CD4* T-cells, the major subgroup of T cells [43] and the main target
for HIV infection. When CD4 ™" counts decrease below a critical level,
cell-mediated immunity is lost, and the body becomes progressively
more susceptible to opportunistic infections [44]. A possible thera-
peutic strategy is to impair the activity of Rev, a protein responsible
for inhibiting viral RNA splicing [45]. Thus, a conjugate of NrTP6
and siRNA coding for Rev might significantly decrease HIV-1 infection
by silencing Rev expression. This is a simpler approach than that
described by Roisin et al. [46], where several constructs of small pro-
teins containing Rev elements were produced and transfected onto
cells. These therapeutic applications combine the use of immune cells
(such as PBMCs) with the particular intracellular localization of NrTPs
(cytosol). The cytoplasm is a well-known venue for diverse biological
processes involved in disease. Thus, it is not surprising that cytosolic de-
livery is considered as a desirable sub-cellular target for therapeutic



M. Rodrigues et al. / Biochimica et Biophysica Acta 1830 (2013) 4554-4563 4563

molecules such as anticancer drugs and siRNAs [47]. Upon conjugation
with CPPs, these molecules may easily gain cellular access to accomplish
their specific tasks [47-49].

In conclusion, the present work stresses the potential of Nr'TPs as
translocation tools. Uptake kinetic data and viability tests point to
NrTP6 as a preferred NrTP, with high efficiency and no cell toxicity,
in PBMCs. Our study also reinforces flow cytometry as a particularly
appropriate methodology to monitor CPP entry into primary cells or
other cells in suspension.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.05.020.
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