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ABSTRACT: Most therapeutic agents used for treating brain
malignancies face hindered transport through the blood—brain
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barrier (BBB) and poor tissue penetration. To overcome these WSynBs BBB permeability
problems, we developed peptide conjugates of conventional and monolayers and - .

: g . . co-culture BBB model @-o o tuftsin . .
experimental anticancer agents. SynB3 cell-penetrating peptide ~ =y increased spheroid
derivatives were applied that can cross the BBB. Tuftsin derivatives /\ @7 N tandem penetration
were used to target the neuropilin-1 transport system for selectivity
and better tumor penetration. Moreover, SynB3-tuftsin tandem . iy

R . i i drug antitumor activity
compounds were synthesized to combine the beneficial properties j ® »
of these peptides. Most of the conjugates showed high and WYY Y limited spheroid
selective efficacy against glioblastoma cells. SynB3 and tandem 3D spheroid penetration

derivatives demonstrated superior cellular internalization. The

penetration profile of the conjugates was determined on a lipid monolayer and Transwell co-culture system with noncontact
HUVEC-U87 monolayers as simple ex vivo and in vitro BBB models. Importantly, in 3D spheroids, daunomycin-peptide conjugates
possessed a better tumor penetration ability than daunomycin. These conjugates are promising tools for the delivery systems with

tunable features.

B INTRODUCTION

Gliomas are the most common type of primary brain tumors,
accounting for 30% of all brain tumors. Gliomas are thought to
originate from the neuroglial stem or progenitor cells." Among
the many subtypes, glioblastoma (GBM) is the most aggressive
form characterized by poor prognosis and high recurrence rate.
Despite the combined treatment of surgery, chemotherapy
(mainly with temozolomide), and radiotherapy, the median
overall survival is less than 2 years.” ™ A glioma stem cell (GSC)
subpopulation has been identified in glioblastoma, and
presumably, these cells are responsible for the resistance to
conventional treatments as well as for the high recurrence rate.
GSCs are capable of self-renewal and differentiation, and they
have high tumorigenicity.6 Thus, more effective approaches for
the treatment of gliomas and GBM are urgently needed.

The blood—brain barrier (BBB), a complex neurovascular
unit, represents another difficulty in the chemotherapy of
gliomas because it prevents therapeutic agents from passing
through the endothelium of its capillaries and, therefore, inhibits
the delivery of drugs to tumors of the central nervous system
(CNS).”® However, the functioning and organization of the
BBB can be altered under pathological conditions. Glioblasto-
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mas are characterized by various degrees of blood—brain tumor
barrier (BBTB) integrity depending on the different tissue
regions. In bulky tumor areas, the BBTB integrity is
compromised. It can be slightly leaky in more invasive peripheral
regions, while in sparsely invaded sectors distant from the tumor
bulk it can be intact. Where the BBTB is compromised, the
tumor could be more available for drugs; however, the intact
BBTB protects regions with isolated tumor cells that can give
rise to tumor recurrence.”” Current noninvasive strategies to
overcome the BBB exploit receptor- and adsorptive-mediated
transport systems using carrier molecules and nanotechnology-
based drug delivery.*'*~"?

Cell-penetrating peptides (CPPs) are promising tools to
achieve enhanced drug delivery for antitumor treatment. These
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are short (usually less than 30 amino acids), positively charged
peptides with amphipathic characteristics, and they are capable
of rapidly entering cells without cytolytic effects.”'* The
cationic SynB peptides (e.g,, SynB1 and SynB3) belong to the
CPP family and are able to cross the cellular membranes of the
BBB with high efficiency.'>'® They are derived from a natural
antimicrobial peptide called protegrin-1 (PG1, RGGRLCYC-
RRRFCVCVGR-NH,)."” PG1 forms an antiparallel S-sheet,
constrained by two disulfide bridges. Eight PG1 peptides
aggre%ate to form a membrane-spanning pore causing cell
lysis.'™'? Replacement of the four cysteines with serines leads to
linear peptides (SynBl, RGGRLSYSRRRESTSTGR-NH,;
SynB3, RRLSYSRRRF-NH,, a truncated derivative of SynB1)
which are able to cross cell membranes efficiently without any
cytolytic effect.>'® The transport mechanism of these peptides
has been identified as temperature- and energy-dependent
adsorptive-mediated transcytosis,'®***" which provides the
possibility of uptake of cationic molecules at the luminal surface
of endothelial cells and then the possibility of exocytosis at the
abluminal side.”” However, it is suggested by in vitro studies that
SynB peptides are sequestered within endocytotic vesicles and
might be degraded within lysosomal compartments.”'

Different drugs with poor brain-penetrating ability (such as
doxorubicin," "% paclitaxel,24 benzylpenicillin,25 dalargin,26
and morphine-6-glucuronide®”) were conjugated to peptides
from the SynB family. The conjugates, in particular, SynB3
conjugates in an in situ brain perfusion method, have shown an
increased uptake without compromising the tight junction
integrity of the BBB.”® Antitumor drug-SynB conjugates
(doxorubicin-SynB1,”* 2-pyrrolinodoxorubicin-SynB3,”” and
paclitaxel-SynB3”*) were able to overcome multidrug resistance
in vitro; this finding might be explained by the fact that the
conjugated drug is not recognized by the P-glycoprotein efflux
pump. Increased in vivo BBB penetration and increased analgesic
activity of SynB3-conjugated endomorphin-1 were achieved.*
Studies on fluorescently labeled gelatin-siloxane nanoparticles
conjugated to SynB1 also showed increased in vitro transport
through the BBB and in vivo delivery to the brain.’’ The BBB
transport characteristics (influx and efflux) of five structurally
different CPPs (pVEC, SynB3, Tat 47—57, transportan 10
(TP10), TP10-2) were investigated in wvivo (intravenous
injection into mice) using radiolabeled peptides.”> Cationic
CPPs like SynB3 showed high brain influx rates, and except for
pVEC, all investigated peptides demonstrated a significant efflux
from the brain; however, among them, SynB3 had the lowest
extent of efflux. According to this study, the estimated cell-
penetrating ability of SynB3 is lower than that of pVEC;*
therefore, despite the higher efflux rate of SynB3, a higher degree
of selectivity could be achieved by its application.

CPPs provide an effective way of intracellular drug delivery;
however, lack of cell-type specificity remains a major
disadvantage for their clinical development. A promising
strategy to increase the specificity of CPP-based drug delivery
toward tumor cells is the conjugation of CPPs to targeting
ligands such as homing peptides or tumor-penetrating
peptides.”> A potential target for achieving the specificity is
the neuropilin-1 (NRP-1) transport system. NRP-1 is expressed
in most tissues; however, it is upregulated in angiogenic tumor
blood vessels (including brain endothelial cells) and usually in
tumor cells.*>** Furthermore, it was reported that NRP-1 is
overexpressed in gliomas and NRP-1 expression is increased
with the elevation of glioma grade.”® NRP-1 is a transmembrane
glycoprotein with multiple domains. It functions as a coreceptor

for several extracellular ligands including various forms of
vascular endothelial growth factor (VEGF) and class 3
semaphorins.”> Among others, NRP-1 plays a crucial role in
angiogenesis, axonal guidance, and cell migration.36 The ligands
of NRP-1 often possess a CendR motif (R/KXXR/K, C-end
rule), which was identified as a key aspect for tumor and tissue
penetration through the activation of an endocytotic/exocytotic
transport named the CendR pathway.”’~*’ The C-terminal
lysine or arginine is crucial for the activity of the ligands.
Blocking the free carboxyl group of this lysine or arginine residue
by amidation or elongating the sequence with other amino acids
can eliminate the binding and the cellular uptake of the peptide.
However, the internal (cryptic) R/KXXR/K motif in the ligand
can also be adequate, since it can be exposed and switched on by
proteolytic cleavage at the site of action.”” The binding of the
cargo carrying CendR peptide to NRP-1 initiates an endocytic
process that is distinct from the known endocytosis pathways.*'
This process is presumably followed by the releasing of
exosomes containing CendR peptide-conjugated cargo to
accomplish cell-to-cell transport and consequently effective
tissue penetration (or reaching the tumor side of the
endothelium).***® Successful in vitro and in vivo tumor
penetration of drugs or drug-loaded nanoparticles was achieved
with the aid of various CendR peptides.””*”*’

Tuftsin is a naturally occurring tetrapeptide (human, TKPR;
canine, TKPK) produced by enzymatic cleavage of the Fc
domain of the heavy chain of immunoglobulin G (IgG). Tuftsin
has a wide range of biological activities such as the
immunostimulatory effect and antitumor activity through the
activation of immunologic effector cells.** Furthermore, tuftsin
binds to NRP-1, it has a highly similar sequence to the C-
terminus of VEGF-A16S5 (DKPRR), and tuftsin competes with it
for binding to NRP-1.**" An antagonist analogue of tuftsin,
TKPPR, that has a higher affinity for tuftsin receptors on
phagocytic cells* and possesses a CendR motif, binds to NRP-1
approximately 20-fold more avidly than tuftsin.”> Moreover,
sequential oligopeptides based on tuftsin have been develoéped
and used as effective carriers in monocyte related targeting, **~>°

Finding new drugs is also a promising tool in the combat
against gliomas. Salicylanilides (2-hydroxy-N-phenylbenza-
mides) have shown a wide variety of interesting biological
activities including antimicrobial and antitumor effects.”’>”
Niclosamide is an oral antihelminthic salicylanilide drug, and
recent studies identified it as a potential anticancer agent.
However, its poor bioavailability because of its limited water
solubility is an obstacle. Niclosamide targets mitochondria by
uncoupling oxidative phosphorylation and inducing cell cycle
arrest, growth inhibition, and apoptosis. In addition, it also
inhibits several signaling pathways (e.g, Wnt/f-catenin,
mTORCI1, STAT3, NF-xB, Notch).sz’53 Since the dysfunction
of most of these pathways is involved in cancer stem cells,
niclosamide is promising at destroying them.’* Furthermore, the
inhibitory effects of niclosamide on primary human glioblastoma
cells were also demonstrated by suppressing signaling pathways.
Pre-exposure to niclosamide significantly diminished the
malignant potential of glioblastoma cells in vivo.”> Another
study found that niclosamide induced cytotoxicity in human
glioblastoma cells (U87) with increased protein ubiquitination,
endoplasmic reticulum (ER) stress, and autophagy.56 Overall,
these findings suggest that salicylanilide derivatives with an
effective drug delivery system could be useful therapeutic
candidates against GBM.
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Scheme 1. Structures of (A) Salicylanilide Derivatives, (B) Daunomycin, and (C) Synthesis of Temozolomide-Carboxylic Acid,
(D) Conjugation of Salicylanilide and Daunomycin to (Aminooxy)acetylated Peptide Derivatives to Obtain Drug-Peptide
Conjugates with an Oxime Bond, (E) Synthesis of Temozolomide Conjugates to Obtain a Drug-Peptide Conjugate with an
Amide Bond, and (F) the Summarized Schematic Structure of the Carrier Peptide Derivatives
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In this study, we designed drug-peptide conjugates of SynB3
and tuftsin derivatives. Conjugates of tandem peptides
composed of both SynB3 and tuftsin derivatives were also
used to combine the advantages of these peptides and to develop
selective delivery systems. In the case of tandem peptides, we
hypothesized that SynB3 derivatives used as cell-penetrating
peptides with the ability to cross the BBB are more effective in
transferring drugs through the endothelial barrier, whereas
tuftsin derivatives as CendR peptides also assist in vascular

translocation and they provide target specificity and tumor
penetration.”” " As drug candidates against glioblastoma, we
used new salicylanilide derivatives (Sal). A conventional
antitumor agent daunomycin (Dau, which has a poor
penetration into the brain due to the multidrug resistance
mechanism'®) and the first-line anti-glioblastoma agent
temozolomide (TMZ, which is able to cross the BBB, but
improved selectivity is needed®) were also applied. Here we
report the design, de novo synthesis, chemical characterization,
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and in vitro evaluation of new salicylanilide derivatives,
salicylanilide-, daunomycin-, and temozolomide-peptide con-
jugates. Secondary structure analysis, lysosomal degradation,
cytostatic and cytotoxic activity, cellular uptake, intracellular
localization in cell culture monolayers, and penetration ability of
conjugates on ex vivo and in vitro BBB models and into three-
dimensional (3D) tumor spheroids are presented.

B RESULTS AND DISCUSSION

Synthesis and Chemical Characterization of Peptide
Conjugates. The summarized schematic structures of the
compounds used in this study are presented in Scheme 1.
Salicylanilide derivatives Sall, Sal2, and Sal3 were prepared as
described before.””*?

The carrier peptides were synthesized by solid phase peptide
synthesis using the standard Fmoc/tBu strategy. The synthesis
of tuftsin derivatives is presented in our previous work.”’ SynB3
and tuftsin derivatives were modified with decanoic acid chains
to enhance the lipophilicity, membrane affinity, cell penetration,
and endosomal escape properties as well as the encapsulation
efficacy of peptides.””**~%® Peptides with an acetylated or free
N-terminus were prepared as controls. Fluorescently labeled
peptides with S(6)-carboxyfluorescein at the N-termini (Cf-
peptide derivatives) were prepared for the cellular uptake
studies. For the conjugation, the N-termini of the peptides were
(aminooxy)acetylated (Aoa-derivatives). The C-terminus of the
peptides was obtained in amide form; only in the case of TKPPR
and SynB3-TKPPR, the C-terminus was obtained in carboxyl
form after cleavage from resin.

Conjugable salicylanilide Sal3 (IN-(4-acetylphenyl)-S-bromo-
2-hydroxybenzamide) and daunomycin (Dau) were conjugated
to the peptides via an oxime bond, directly or by the insertion of
an enzyme cleavable linker (Scheme 1). The oxime bond is
stable between pH 3 and 8;°’ the incorporation of a GFLG
tetrapeptide between the drug and the carrier moiety might be
necessary for sufficient drug release and efficacy. The GFLG
linker can be cleaved by the lysosomal cathepsin B that is present
at elevated levels in cancer cells.”**” The salicylanilide- and
daunomycin-peptide conjugates were prepared by oxime bond
formation from the appropriate (aminooxy)acetylated peptide
and the oxo-group-containing drug molecules as described
earlier.”® The conjugation was followed by analytical RP-HPLC
(Figure S1). Although doxorubicin-SynB3 conjugate (an
analogue to Dau-SynB3 conjugate) was prepared and evaluated
by Rousselle et al,,'® the Dau-Aoa-SynB3 conjugate presented
here represents a new molecule that is basically different from
the doxorubicin-SynB3 not only in the drug molecule (Dau vs
doxorubicin) but also in the bond between the drug and peptide
(oxime vs amide).

The detected metabolites containing the N-terminal amino
acid and drug molecule as the smallest lysosomal degradation
products were also synthesized using amino acids functionalized
with an (aminooxy)acetyl group, and these Aoa-amino acid
derivatives were conjugated to Sal3 or Dau as described earlier.”

Temozolomide was modified by diazotation and hydrolysis to
obtain temozolomide-carboxylic acid (TMZA) (Figures S2 and
S3—characterization of TMZA). TMZA was coupled to SynB3
peptide derivatives via an amide bond on the solid phase, and the
conjugates were cleaved from the resin’””" (Scheme 1).

The peptide derivatives and conjugates were purified using
semipreparative. RP-HPLC and chemically characterized by
mass spectrometry (a mass coinciding with the calculated value)

and analytical RP-HPLC (a purity of at least 95%) (Table S1,
Figure S4).

The compounds were characterized by their estimated
lipophilicity profile by means of their retention time obtained
by RP-HPLC and calculated logP values obtained by the
Chemicalize online platform (https://chemicalize.com/app/
calculation, ChemAxonPASS), as detailed in the Supporting
Information, Figure S5. The carrier peptides are less lipophilic
than the corresponding conjugates, there is no significant
difference between the lipophilicity of the corresponding Dau-
and Cf-peptides, while the corresponding Sal3-conjugates
possess the most lipophilic character.

The stability of the conjugates was investigated under the
conditions applied in in vitro studies using analytical RP-HPLC
and mass spectrometry. The conjugates were stable in DMSO at
4 °C at least for 4 weeks. Dau-conjugates and Sal3-conjugates
were stable in DMEM supplemented with 2.5% FBS (37 °C, 5%
CO,) at least for 24 h (Figure S6). The TMZ-conjugates, TMZ-
SynB3 and TMZ-GFLG-SynB3, decomposed in DMEM
supplemented with 2.5% FBS with a half-life of 20 min (Figure
S7). TMZ is a prodrug; it is stable at acidic pH (e.g, in the
stomach) but hydrolyzes at physiological pH (pH 7.4, e.g,
blood, cell culture medium) to the active and unstable S-(3-
methyl-triazen-1-yl)imidazole-4-carboxamide (MTIC) which
rapidly decomposes to form the highly reactive methylating
agent methyldiazonium cation and to the inactive S-amino-1H-
imidazole-4-carboxamide (AIC).”” Conjugated TMZ possesses
the same feature in the cell culture medium, resulting in some
inactive AIC-peptide derivatives.

Circular Dichroism Spectroscopic Evaluation of the
Secondary Structure of SynB3 and Tuftsin Derivatives.
The solution conformation of the acetylated tuftsin-antagonist
peptide TKPPR, SynB3, and its tandem TKPPR derivative was
studied under different solvent conditions employing CD
spectroscopy in the far ultraviolet region. This highly sensitive
method is widely used for determining and monitoring the
secondary structure of proteins and peptides.”” The CD curve of
all acetylated peptides measured in water displayed a sole
negative band with a minimum between 196 and 204 nm,
suggesting the ensemble of various conformers (Figure 1A).
This picture is in line with the cationic nature of SynB peptides
where electrostatic repulsions between abundant, positively
charged side chains hinder helix formation. The 6 nm red shift in
the CD extremum of Ac-TKPPR with respect to the SynB3
spectrum is due to the different excitation energies of imino- and
amino acid-containing peptide bonds. Distinct from other
residues, proline is an imino acid and makes not a secondary but
a tertiary amide bond, the 7—z* transition of which is at longer
wavelengths.”” Due to this reason, the proline residues also affect
the A, position of the tandem peptide, shifting it to 199 nm
(Figure 1A). However, in a helix-promoting solvent like
trifluoroethanol (TFE), this coil-like CD feature changed
considerably to an intense, 7—z* type CD couplet and an
unresolved broad n—7z* component centered around 220 nm
(Figure 1B,C). This spectral pattern is indicative of the TFE-
induced formation of an organized, right-handed a-helical
secondary structure.”* Since haloalcohols provide a membrane-
mimicking environment,”® these spectroscopic results predict
that upon contact with lipid membranes Ac-SynB3 readily
adopts amphipathic helices. Compared to the parent peptide,
qualitatively similar spectral alterations were obtained for the
Ac-SynB3-TKPPR derivative (Figure 1B,C). Noticeably,
however, the magnitude of the positive branch of the CD

https://dx.doi.org/10.1021/acs.jmedchem.0c01399
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Figure 1. Far-UV CD spectra of SynB3 peptides and TKPPR measured

in (A) deionized water, (B) water:TFE 1:1 mixture, and (C) 100%
TEE.

couplet at 193 nm lags behind that of Ac-SynB3 in both TFE and
TFE—H,O mixture which refers to the less prone helical folding
of the tandem peptide. This conclusion is supported by the CD
curves of Ac-TKPPR that exhibited minor variations only upon
the addition of TFE (Figure 1B,C). The amplitude of the main
band at 203 nm reduced modestly, and a very weak positive peak
developed below 190 nm together with a slight intensification of
the n—z* signals above 215 nm. According to these
observations, the pentapeptide is highly resistant to the helix-
promoting effect of TFE that is related to the high abundance of
the helix breaker proline residues.”””” Thus, its coupling to
SynB3 does not improve but rather impairs the overall helical
propensity of the hybrid sequence. It is to be noted that the
experimental CD spectra of the tandem compound can be
approximated as the arithmetic sums of scaled CD curves of
native SynB3 and TKPPR measured in the same solvent (data
not shown). Therefore, it seems that the original structural
properties of the covalently linked components in the hybrid
peptide are not much altered and thus display additive CD
contributions.

The outcomes of the above qualitative evaluation were in
general agreement with the results of the deconvolution of the
CD spectra into major structural components (Table 1). The
unordered fraction represents a prominent contribution (~70—
80%) for each peptide dissolved in water. Upon rising TFE
concentrations, it progressively declines for Ac-SynB3 and the
tandem derivative but hardly reduces in Ac-TKPPR. Con-
comitantly, at the expense of that content, the a-helical

Table 1. Estimation of the Secondary Structure Content (%)
of Acetylated SynB3 and TKPPR Peptides”

peptide H,O H,0:TFE TFE

Ac-SynB3

a-helix 0 14 64

[-sheet 19 16

disordered 65 44

turns 16 26 22

R? 0.9909 0.9340 0.9660
Ac-TKPPR

a-helix 8 14 18

P-sheet 0 0 0

disordered 78 73 64

turns 14 13 18

R? 0.9906 0.9946 0.9960

Ac-SynB3-TKPPR

a-helix 0 10 48

P-sheet 18 28 16

disordered 72 55 26

turns 10 7 10

R? 0.9940 0.9683 0.9780

“Far-UV CD spectroscopic data were analyzed by using the MS Excel
version of the PEPFIT program.

component greatly increased in both SynB3 peptides albeit to
a lesser extent for the hybrid sequence which exhibits a
significant (26%) unordered fraction even in 100% TFE.

Lysosomal Digestion Profile of the Conjugates in Rat
Liver Lysosomal Homogenate. If the conjugates get into the
lysosomes, they can undergo hydrolysis at the lysosomal acidic
pH (pH 4.5—5.0) and in the presence of hydrolytic enzymes.”®
To identify the smallest drug-containing metabolite, we
investigated the digestion profile of the conjugates in rat liver
lysosomal homogenate by LC-MS. Analyses (LC-MS chromato-
gram, mass spectra) of the degradation process are presented in
Figures S8—S14.

The detected main cleavage sites of the conjugates are
summarized in Figure 2A. As was observed in previous
studies,’””’ the smallest, drug-containing metabolite is the
oxime bonded drug molecule with the N-terminal amino acid of
the conjugates that are listed in Figure 2B. No significant
cleavage of the oxime bond and no free salicylanilide or Dau was
observed. The degradation of Sal3-Aoa-SynB3 was very fast, and
after 4 h, the main metabolite was the smallest one, Sal3-Aoa-
Arg-OH. The degradation of Dau-Aoa-SynB3 was also quick
with a similar pattern to Sal3-Aoa-SynB3. After 5 min, in both
cases, the main metabolite was released by the cleavage of the
*Arg-’Leu- bond (Sal3-Aoa-RR-OH and Dau-Aoa-RR-OH),
but interestingly in the case of Dau-Aoa-SynB3, the degradation
of Dau-Aoa-RR-OH into Dau-Aoa-Arg-OH was not complete
even after 24 h, as we could find both metabolites. However, it
was observed that the -Arg-Leu- bond is a favorable cleavage site
in all SynB3-containing conjugates. For the enzyme-labile-
linker-containing conjugate, Sal3-Aoa-GFLG-SynB3, the pres-
ence of the GFLG linker led to an increased degradation rate as
we observed in previous studies.””’” The smallest drug-
containing metabolite already appeared after S min in a small
amount, and after 1 h, only this metabolite could be detected.
However, in the case of Dau-Aoa-GFLG-SynB3, Dau-Aoa-Gly-
OH appeared later, after 1 h, in a small amount. The Dau-Aoa-
GF-OH was the main metabolite for 8 h, and it was still present
after 24 h in a small amount. In the case of Sal3-Aoa-TKPPR*’
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Figure 2. (A) Main cleavage sites during the degradation process of new conjugates in rat liver lysosomal homogenate and (B) the smallest, drug-
containing metabolites produced from the conjugates (*: results are taken from ref 5S0).

and Dau-Aoa-TKPPR, the first cleavage site after S min was the
cleavage of the -*Pro-"Arg- bond. The detected drug-Aoa-TKPP-
OH metabolites turned out to be highly stabile in rat liver
lysosomal homogenate; these were the main metabolites after 24
hin both cases. Sal3-Aoa-Thr-OH appeared after 1 h, while Dau-
Aoa-Thr-OH only appeared after 24 h in a very small amount,
and this might affect the cytostatic activity of both TKPPR
conjugates. The Dau-Aoa-SynB3-TKPPR tandem conjugate had
the same degradation pattern as Dau-Aoa-SynB3; after 24 h, the
released metabolites were Dau-Aoa-RR-OH and Dau-Aoa-Arg-
OH. Overall, the type of the conjugated drug also played a role in
the release of the smallest, drug-containing metabolites. The
resulting two amino acid-containing Dau-metabolites had a
slower degradation rate than the corresponding Sal3-metabo-
lites.

In Vitro Cytostatic and Cytotoxic Activity. Determi-
nation of the in vitro cytostatic (inhibition of cell growth and
multiplication) or cytotoxic (direct killing effect, direct decrease
in cell viability) effect of the compounds was carried out on
different cell cultures using MTT or SYBR-Green assay. The
U87 human glioblastoma cell line is a model cell for gliomas. To
compare the activity of the compounds, we also used a different
brain tumor model, the MDA-MB 435Br brain metastasis cell
line.* MDA-MB 435 was originally classified as a breast cancer
cell line,”" but recent findings point to a rather melanocytic
origin of this cell line.*” In this study, we used a subcell line of
MDA-MB 435 that was established from a brain metastasis in
nude mice. Human umbilical vein endothelial cells (HUVECs)
were used to model tumor related vascular endothelial cells and
also healthy, nontumor cells to get insight into the selectivity of
the compounds. Furthermore, the MonoMac6 human mono-
cytic cell line was used for modeling phagocytes that eliminate
foreign substances such as conjugates from the blood. The
HepG2 human hepatocellular carcinoma cell line represents a
model to test hepatotoxicity. The cytostasis results on U87 and
MDA-MB 435Br and cytotoxicity results on HUVECs of
selected compounds after 24 h of treatment are presented in
Figure 3 (for statistical analysis, see Figures S15 and S16). The
ICs, values corresponding to all studied compounds on the
aforementioned cell cultures, completed with the 3 h cytostatic
effect on U87 cells, the 3 and 24 h cytostatic effect on
MonoMac6, the 24 h cytostatic effect on HepG2 cells, and the
24 h cytotoxic effect on U87 cells, are summarized in Table S2.

In the case of the U87 cells during a short, 3 h treatment, we
observed that free salicylanilides had high cytostatic activity with
the exception of the conjugable Sal3 (Table S2). Salicylanilides

A

ICs5 (HM)
us7

ICso (HM)
MDA-MB 435Br

N B (2] [o2] S

o o o o

o

>100 >100 >100 95.9 >100 >100 >100

IC5, (UM)
HUVEC

Figure 3. In vitro cytostatic activity of the representative compounds on
(A) U87 and (B) MDA-MB 435Br cell cultures and (C) cytotoxicity on
HUVEC after 24 h treatment. Experiments were carried out in
duplicates; error bars represent standard deviation.

(Sall, Sal2, niclosamide) that both in the salicylic acid ring and
in the aniline ring contain halogen substituents are more potent
than Sal3 where halogen on the aniline ring was replaced by an
acetyl group.”” During the longer, 24 h treatment, the IC,
values of the salicylanilides decreased and even Sal3 had a high
cytostatic activity (Figure 3). As expected, Dau had the lowest
ICs, value in the case of all of the examined cell lines. However,
under these experimental circumstances, TMZ was ineffective
probably due to its rapid decomposition under physiological
conditions.”” Most of the control peptides had no cytostatic
activity on U87 cells, except for the SynB3 derivatives with the
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Figure 4. Comparison of the cellular uptake of the 5(6)-carboxyfluorescein-labeled peptide derivatives on U87 cells at different concentrations using
flow cytometry (3 h incubation time). (A) The ratio of living, fluorescence positive cells, (B) mean intracellular fluorescence intensity of living,
fluorescence positive cells, and (C) quantified value of the uptake rate (UCs,) of the peptides. Experiments were carried out in duplicates; error bars

represent standard deviation.

decanoic acid side chain modification showing moderate
cytostatic activity. These molecules containing a hydrophobic
decanoyl side chain and a hydrophilic cationic peptide have an
amphipathic characteristic; thus, probably they are more capable
of damaging the cell membrane and causing cell death.
Importantly, salicylanilide-SynB3 conjugates (Sal3-Aoa-SynB3
and Sal3-Aoa-GFLG-SynB3) had cytostatic activity after 3 h in
contrast with the free Sal3. After 24 h treatment, the conjugate
with the enzyme labile linker (Sal3-Aoa-GFLG-SynB3) had a
similar IC;, value to the free Sal3 (21.1 + 1.4 uM vs 17.3 + 5.4
UM, respectively, Figure 3A). The Sal3-tuftsin conjugates were
ineffective at the highest measured concentration with the
exception of the decanoyl-containing conjugate, Sal3-Aoa-T5(4-
dec), which is in correlation with the lysosomal degradation and
cellular uptake of these conjugates.’’ The Dau-SynB3
conjugates showed outstanding cytostatic activity against U87
cells; however, the ICs, values did not decrease significantly with
the longer treatment time (ICs, between 5.5 and 17.0 uM after
24 h). The Dau-tuftsin conjugates were also ineffective after 3 h
with the exception of the decanoyl-containing conjugate, while,
after 24 h, they all showed cytostatic activity mostly with similar

or slightly higher ICy, values (6.2—74.7 uM) than the Dau-
SynB3 conjugates. The Dau-Aoa-TKPPR conjugate was the
least effective among them with a moderate ICy, value. The
tandem conjugates (Dau-Aoa-SynB3-TS, Dau-Aoa-SynB3-
TKPPR) had cytostatic activity after 24 h and also after 3 h
with ICy, values between the ICs, values of Dau-Aoa-SynB3 and
the corresponding tuftsin conjugates (Dau-Aoa-TS, Dau-Aoa-
TKPPR). The TMZ-conjugates acted similarly as the free TMZ;
their rapid decomposition resulted in no cytostatic effect. The
smallest metabolites of the salicylanilide conjugates produced
during lysosomal degradation (Figure 2) had no activity on any
of the studied cell cultures. In contrast, the metabolites of the
Dau-conjugates showed cytostatic activity against U87 cells with
the exception of Dau-Aoa-Thr-OH metabolite (Table S2).
The salicylanilides had outstanding activity on the MDA-MB
435Br breast tumor brain metastasis cell line, and the conjugable
Sal3 also had a high cytostatic activity after 24 h treatment (ICs,
between 0.6 and 19.5 uM, Figure 3B). The activity of the
conjugates showed a similar tendency as in the case of U87 cells
but with higher IC, values. The most active ones were the Dau-
Aoa-GFLG-SynB3 conjugate with the enzyme labile linker and
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Figure 5. Time dependence of the cellular internalization of cell-penetrating peptide Cf-SynB3, tuftsin derivative Cf-TKPPR, and their tandem
conjugate Cf-SynB3-TKPPR. (A) Comparison of the ratio of the living fluorescence positive U87 cells and (B) mean fluorescence intensity of living,

fluorescence positive cells at different incubation times at 25 yM.

the Dau-Aoa-T5(4-dec) conjugate with the decanoyl side chain;
both conjugates have amphipathic characteristics.

In the case of HUVECs, Dau and most of the salicylanilides
had similar cytotoxic activity with low ICs, value (6.1—8.6 uM,
Figure 3C). In contrast, Sal3, the control peptides, and the Sal3-
and Dau-conjugates were not cytotoxic on HUVECs at the
highest measured concentration; only Dau-Aoa-GFLG-SynB3
showed a slight cytotoxic effect (Figure 3C, Table S2).

Altogether, in the case of the Sal3-SynB3 conjugates and all
Dau-peptide conjugates, the in vitro cytostatic and cytotoxic
activity against U87 and MDA-MB 435Br is preserved upon
conjugation to the peptides through an oxime bond, although
the IC, values of the conjugates in most cases are higher than
the ICy, values of the free drugs. However, this decrease in
activity could be compensated by the possible selectivity and
reduction in toxic side effects provided by the conjugation.”~*
If we compare the lack of cytotoxicity of the conjugates on
HUVECs with the good cytostatic and cytotoxic activity on U87
and MDA-MB 435Br tumor cell lines, we can conclude that the
conjugates have in vitro selectivity toward the tumor cells.

Cellular Internalization of Fluorescently Labeled
Carrier Peptides. The pH dependence of the fluorescence
intensity of 5(6)-carboxyfluorescein-labeled peptides and
daunomycin-conjugates was studied in a pH range between
4.0 and 7.6, representing the pH values of different cellular
compartments.””*® The results are presented in Figures $17 and
S18. The fluorescence intensity of Cf-peptides showed pH
dependence, while Dau-conjugates showed no significant
emission changes. In both cases, the SynB3 derivatives had a
slightly lower fluorescence intensity than the tuftsin derivatives
and the intensities of the tandem derivatives were between the
value of SynB3 and the value of tuftsin derivatives.

The in vitro cellular uptake of Cf-peptides was studied on the
U87 cell culture using flow cytometry. The cells were treated
with the compounds, and after washing and trypsinization, the
rate of fluorescence positive, living cells (rate of living Cf+ cells)
and the intracellular fluorescence intensity of this population
(mean fluorescence intensity of living Cf+ cells) were measured
and are related to the cellular uptake rate. A quantified value of
the uptake rate, UCy, (concentration of compounds where the
rate of fluorescence positive cells reaches 50%’*) can be drawn
from the ratio of fluorescence positive cells at different
concentrations. Furthermore, from the rate of all living cells at

different compound concentrations, the cytotoxicity of the
compounds (ICg, value) can be determined.

The surface-bound peptides were removed by treating the
cells with trypsin for different incubation times.”” This
proteolytic step is used to detach adherent cells from the cell
culture plate as well as to digest the cell surface proteins and
surface-bound peptides. To detach U87 cells from the wells, in
general, 3 min of trypsinization was used. Increasing the
treatment time of trypsinization did not result in a significant
decrease in fluorescence intensity (Figure SI9A). In order to
distinguish membrane-bound peptides from internalized ones,
trypan blue was also used to quench the external fluorescence.
Trypan blue is impermeable for living cells and quenches the
extracellular green fluorescence; therefore, only the internal
fluorescence can be detected.*® No significant difference was
observed after eliminating the cell-surface associated fluorescent
signal (Figure S19B,C). These results obtained from longer
trypsin treatments and trypan blue quenching indicate that the
majority of the peptides were internalized rather than associated
with the cell membrane.

The uptake of all carrier peptides on U87 cells was compared,
and cells were treated with up to 50 M concentrations of the
peptides for 3 h. Their uptake was concentration dependent, as
we can see in Figure 4 and with more details in Figure S20. At
concentrations where nearly 100% of the cells are fluorescence
positive (all cells contain fluorescent peptide, Figure 4A), we can
see the differences in the corresponding mean fluorescence
intensity (Figure 4B) and also in the determined UCj, values
(Figure 4C). The SynB3 derivatives had a significantly higher
uptake rate than the uptake rate in the case of the tuftsin
derivatives. This finding is in line with the secondary structure of
the peptides, suggesting that upon contact with lipid membranes
SynB3 derivatives adopt amphipathic helices while tuftsin
derivatives remain disordered. The decanoyl-containing SynB3
derivative (Cf-SynB3K(dec)) had an extremely high internal-
ization rate, but it showed a cytotoxic effect with an IC;, value of
41.9 uM (Figure S20). All of the other carrier peptides showed
no cytotoxicity at the highest concentration (50 yM). Among
the tuftsin derivatives, the presence of the decanoyl side chain
(in C£-T5(4-dec)) also enhanced the uptake rate but without
causing cytotoxicity. Using the tuftsin derivative Cf-TKPPG-
OT10 with the same net charge as the cell-penetrating peptide
Cf-SynB3 (the net charge at neutral pH is +5 for both) did not
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Figure 6. Comparison of the cellular uptake of Dau-peptide conjugates at 25 uM on U87 cells using flow cytometry (3 h incubation time). (A) The
ratio of living, fluorescence positive cells, (B) mean intracellular fluorescence intensity of living, fluorescence positive cells, and (C) quantified value of
the uptake rate (UCs,) of the conjugates. Experiments were carried out in duplicates; error bars represent standard deviation.

result in a similar internalization rate, since Cf~-TKPPG-OT10
had as low of an uptake rate as most of the other tuftsin
derivatives. The internalization profile of the tandem peptides
(Cf-SynB3-TS, Cf-SynB3-TKPPR) was similar to Cf-SynB3.
The intracellular fluorescence intensity of the cells treated with
these three peptides was the highest in the case of the tandem
Cf-SynB3-TS at 25 and 50 uM. According to the performed
statistical analysis (Kruskal—Wallis test with multiple compar-
isons), the fluorescence intensity profile of Cf-SynB3K(dec) is
significantly different from the profile of peptides Cf-TS, Cf-
GFLG-TS, Cf-T5(4-dec), and C£-TKPPR (for details, see Table
S3).

We also studied the time dependence of the internalization
rate of the cell-penetrating peptide Cf-SynB3, tuftsin derivative
Cf-TKPPR, and their tandem conjugate Cf-SynB3-TKPPR at 25
UM between S min and 3 h (Figure S). In the case of Cf-SynB3,
the ratio of fluorescence positive cells reached 100% very rapidly
and after S min there was no significant increase in the mean
intracellular fluorescence intensity of the cells. Rapid cellular
uptake was observed also in the case of the tandem peptide in the
aspect of the percentage of fluorescence positive cells; however,
the intracellular fluorescence intensity further increased with
time. Even after 3 h, the internalization rate of the tandem
peptide remained slightly below the rate of the parent Cf-SynB3.
Peptide Cf-TKPPR demonstrated slower cellular uptake it took
3 h to reach 100% of fluorescence positive cells and the
corresponding fluorescence intensity is much lower than the
intensity of the other two peptides.

Cellular Internalization of Dau-Peptide Conjugates.
The in vitro cellular uptake of the Dau-peptide conjugates was
also compared on the U87 cell culture using flow cytometry. The
cells were treated with the compounds for 3 h, and after washing
and trypsinization, the intracellular fluorescence intensity of the
cells was measured. The uptake of the compounds was
concentration dependent on U87 cells, as we can see in Figure
S21. Results obtained at 25 uM conjugate concentration are
shown in Figure 6. The internalization of the free Dau was the

highest, as expected. Interestingly, the ratio of the fluorescence
positive cells after the treatment with Dau-conjugates was lower
than in the case of the treatment with the corresponding Cf-
peptides. The ratio of fluorescence positive cells reached nearly
100% in the case of all Cf-peptides at S0 yM concentration.
However, the ratio for most of the Dau-conjugates with tuftsin
derivatives is below 100% at S0 uM (Figure S21). This shows the
obvious fact that labeling molecules also have a role in the
internalization processes and it can cause a significant difference
in the uptake of the same peptide derivative (Dau can also be
considered as a labeling molecule).*” However, mostly similar
conclusions can be drawn if we compare the different conjugates
to each other: the uptake rates of Dau-SynB3-conjugates were
significantly higher than the uptake rates of most Dau-tuftsin-
conjugates; the rate of the tandem conjugates resembled or was
slightly lower than the rate of Dau-Aoa-SynB3. The SynB3-
conjugates with high amphipathic characteristics showed a
cytotoxic effect: hydrophobic-linker-containing Dau-Aoa-
GFLG-SynB3 and hydrophobic-decanoyl-containing Dau-Aoa-
SynB3K(dec) had an ICs, value of 282 and 32.0 uM,
respectively (Figure S21). The uptake of Dau-Aoa-SynB3K-
(dec) was not outstanding compared to the uptake of its Cf-
analogue (Cf-SynB3K(dec)). Interestingly, the uptake of the
decanoyl-containing tuftsin conjugate, Dau-Aoa-TS(4-dec), had
a similarly high internalization as the Dau-SynB3-conjugates.
This salient uptake of Dau-Aoa-T5(4-dec) is reflected in its high
cytostatic activity on U87 cells. We also studied the uptake of the
smallest, Dau-containing metabolites produced during lysoso-
mal degradation to get a hint about their membrane crossing
ability that can be significant in their transport across
intracellular membranes (e.g, membranes of lysosomes and
cell nuclei). Dau-Aoa-Gly-OH showed the highest internal-
ization rate among these metabolites. This finding is in
correlation with its superior cytostatic activity after 3 h in U87
cells among the Dau-metabolites. The uptake of Dau-Aoa-Thr-
OH was the lowest among the metabolites; this explains why it
showed no cytotoxic activity in U87 cells. Probably this
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metabolite cannot get sufficiently near its site of action when
released from its parent conjugate (Dau-Aoa-TKPPR). More-
over, the very slow release of this metabolite from its parent
conjugate observed in rat liver lysosomal homogenate could also
be in correlation with the low antitumor efficacy of Dau-Aoa-
TKPPR.

Statistical analysis (Kruskal-Wallis test with multiple
comparisons) shows that both the fluorescence intensity profile
and percentage of Dau+ cells of Dau-treated cells are
significantly different from the profiles of the following
conjugates: Dau-Aoa-TS, Dau-Aoa-GFLG-TS, Dau-Aoa-
TKPPG-OT10, Dau-Aoa-TKPPR, and Dau-Aoa-Arg-OH (for
details, see Table S4).

We also compared the cellular uptake of Dau-Aoa-SynB3,
Dau-Aoa-TKPPR, and their tandem conjugate Dau-Aoa-SynB3-
TKPPR on the MDA-MB 435Br brain metastasis cell line
(Figure 7 and Figure S22). These cells internalize the SynB3-
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Figure 7. Comparison of the cellular uptake of Dau-peptide conjugates
at 25 yuM on MDA-MB 435Br cells using flow cytometry (3 h
incubation time). (A) The ratio of living, fluorescence positive cells, (B)
mean intracellular fluorescence intensity of living, fluorescence positive
cells, and (C) quantified value of the uptake rate (UCs,) of the
conjugates. Experiments were carried out in duplicates; error bars
represent standard deviation.

conjugate and the tandem conjugate to a similar extent. The
cellular uptake of the tuftsin conjugate Dau-Aoa-TKPPR is very
low (for statistical analysis, see Table SS).

Selected Dau-conjugates were studied in HUVECs that can be
used for modeling tumor related vascular endothelial cells. As
can be seen in Figure 523, Dau could enter these cells similarly as
in the case of U87 cells with a very high uptake rate. Dau-SynB3
conjugates and tandem conjugates showed a superior uptake
rate among the conjugates, and interestingly, the internalization
rate of the tandem conjugate Dau-Aoa-SynB3-TKPPR was
higher than the rate of the Dau-Aoa-SynB3 conjugate (for
statistical analysis, see Table S6).

Intracellular Localization of Peptides and Conjugates.
Besides the quantitative analysis of the cellular uptake by flow
cytometry, the localization of peptides and conjugates was also
studied in U87 cells by confocal laser scanning microscopy
(CLSM). Different laser intensities were used in the case of
compounds with low or high internalization to improve
visualization and optimize the image quality; therefore, the
CLSM observations cannot be considered as quantitative

analysis but provide qualitative information about subcellular
localization. Nuclear staining with Hoechst 33342 and lysosome
staining with LysoTracker Deep Red (or LysoTracker Red
DND-99) was performed in order to get insight into a possible
colocalization with nuclei and lysosomes. All of the experiments
were carried out with 30 and 90 min of incubation time, and no
significant differences were observed between the different
treatment periods. Here, only representative images after a 30
min treatment time are shown; images obtained after 90 min
incubation time can be found in the Supporting Information
(Figures S24—526).

First, to rule out fixation artifacts in the cellular distribution of
CPPs,”° we compared confocal images of live (unfixed, Figure
S$24) and fixed cells treated with Cf-peptides (Figure 8). After 30
min of incubation with Cf-peptides at 25 yuM concentration, the
U87 cells were directly visualized by CLSM, or the cells were
fixed prior to visualization. We did not observe fixation artifacts;
distribution of the peptides showed mostly identical patterns in
both cases. Cf-SynB3 was located in the cytosol, in the nucleus,
and in small, cytosolic compartments (vesicles that could be
endosomes). A low lysosomal localization was also detected.
This suggests that the uptake of this CPP is complex; not only
does direct cell penetration play a role but also vesicular
transport can occur.”’ In the case of CfTKPPR, the peptide
showed predominant colocalization with lysosomes and no
localization in the nucleus. This indicates that this tuftsin
derivative mainly internalizes through a form of endocytosis, as
expected. The Cf-SynB3-TKPPR tandem peptide could be
detected both in the nucleus and in lysosomes; however, it could
also be observed in the cytosol and in the proximity of the cell
membrane. Presumably, Cf-SynB3-TKPPR follows the internal-
ization mechanisms of both its CPP part and its tuftsin part, and
the endolysosomal pathway is more pronounced than in the case
of Cf-SynB3.

Modification of peptides with fluorophores could differently
influence the biological properties of the peptides such as uptake
and intracellular distribution.*?"> Hence, Dau can be
considered as a fluorophore; therefore, we also investigated
the intracellular distribution of Dau-conjugates comparing them
with the corresponding Cf-peptides and Dau itself. U87 cells
were treated with Dau and Dau-conjugates at 25 yM for 30 min
and the cells were fixed prior to visualization (Figure 9). As
expected, Dau was mainly localized in the nucleus. In the case of
the Dau-Aoa-SynB3 conjugate, the Dau signal was mainly in the
nucleus and vesicular localization could also be observed; there
was no significant lysosomal localization. The Dau signal was
mainly in the lysosomes in the case of Dau-Aoa-TKPPR. In the
case of the tandem conjugate Dau-Aoa-SynB3-TKPPR, the Dau
signal was in the nucleus and in lysosomes. These results showed
that the localization patterns of corresponding Cf-peptides and
Dau-conjugates are mostly identical. We can conclude that the
compounds that contain the SynB3 motif can enter the cell
nucleus, proving that the conjugated Dau can reach its site of
action; however, conjugation with the peptides decreased the
nuclear localization of Dau, and this could explain the reduction
of the cytotoxic activity of the conjugates. The main difference
between the Cf- and Dau-peptides was that the fluorescence
signal in nuclei was more prevalent in the case of Dau-Aoa-
SynB3 and Dau-Aoa-SynB3-TKPPR than in the case of the
corresponding Cf-peptides (namely, Cf-SynB3 and Cf-SynB3-
TKPPR). This phenomenon can be explained by the fact that
Dau tends to accumulate in cell nuclei; therefore, these Dau-
conjugates or their Dau-containing metabolites can enter cell
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Figure 8. Localization of Cf-peptides in U87 cells (fixed) by confocal microscopy. Cells were incubated with Cf-labeled peptides (green, 25 uM, 30
min), lysosomes were stained with LysoTracker Deep Red (red), and nuclei were stained with Hoechst 33342 (blue). White arrows indicate examples
of nuclear or lysosomal colocalization; yellow arrows indicate vesicular localization. The scale bar represents 10 ym.

nuclei and it is preferable, since Dau is a DNA-damage-inducing
agent. Taken together with the rapid production of Dau-
containing lysosomal metabolites (Dau-Aoa-Arg-OH) from
these conjugates, presumably these observations contribute to
their high cytostatic activity. In the case of Dau-Aoa-TKPPR, no
significant accumulation of the Dau signal in the cell nucleus was
observed, neither after a longer, 90 min treatment (Figure S26).
After the treatment, the Dau-Aoa-TKPPR conjugate was still
located in the lysosomes. The lysosomal degradation of this
conjugate was slower, and it required more time to release the
smallest Dau-containing metabolite. This and the finding of its
low uptake rate could also be the reason for the high IC;, value
of this conjugate.

Penetration Ability of the Conjugates on Lipid
Monolayer and Transwell Co-Culture with Noncontact
HUVEC-U87 Monolayers as ex Vivo and in Vitro BBB
Model. The monomolecular lipid membrane model was used to
characterize the interactions between the lipid monolayers and
the selected Dau-conjugates (Dau-Aoa-TKPPR, Dau-Aoa-
SynB3, and Dau-Aoa-SynB3-TKPPR). The membrane affinity
was investigated by using the Langmuir technique employing
brain extract polar lipid (BEPL) in chloroform to form a
monomolecular lipid layer to mimic the BBB lipid composition
(Figure 10A). Despite that DPPC and DOPC monolayers are
widely used as a simplified model of the mammalian cell
membrane, the BEPL mixture was applied in the present
membrane affinity measurements as an ex vivo model. This can
be considered as a more realistic model to mimic the
composition of central nervous system barriers and neuronal

93,04
membranes.

~

The change of surface pressure (AIT) detected after 30 min of
interaction is plotted for the Dau-conjugates (Figure 10B). All of
the conjugates showed a certain membrane affinity presented by
the significant increase of the surface pressure of the lipid
monolayer following the appearance of the Dau-conjugate in the
subphase. The degree of penetration was quite low for Dau-Aoa-
TKPPR while notably higher for conjugates containing the
SynB3 sequence. Although all of the three conjugates were
highly polar (see calculated LogP (Figure S5) and net charges
(Table S1)), the main difference which apparently influences
the interaction with the BEPL layer is their charge character. The
number of cationic amino acids in the conjugates is 2, 5, and 7
for Dau-Aoa-TKPPR, Dau-Aoa-SynB3, and Dau-Aoa-SynB3-
TKPPR, respectively. That order corresponds to the increased
interaction with the negatively charged lipid layer resulting in
enhanced membrane affinity. The highest degree of penetration
was observed for Dau-Aoa-SynB3-TKPPR due to its strong
electrostatic attraction with charged membrane components.
The membrane affinity was investigated with lipid layers
compressed to 25 and also for 30 mN/m. As is expected, the
degree of penetration was usually higher into a less compressed
(25 mN/m) lipid layer and somewhat smaller due to steric
reasons applying a more compressed layer (30 mN/m). A
reverse relation was observed in our case for two conjugates,
which might support the importance of electrostatic interaction.
In the case of more compressed film, the charge density was also
increased facilitating the electrostatic attraction of Dau-
conjugates. The higher membrane affinity of the SynB3-
containing Dau-conjugates observed in lipid monolayer experi-
ments is in harmony with their conformational change in
membrane mimetic solvent (i.e., increased a-helix content)
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Figure 9. Localization of Dau and Dau-conjugates in U87 cells (fixed) by confocal microscopy. Cells were incubated with Dau or Dau-conjugates (red,
25 M, 30 min), lysosomes were stained with LysoTracker Deep Red (green), and nuclei were stained with Hoechst 33342 (blue). White arrowheads
indicate examples of nuclear or lysosomal colocalization; yellow arrowheads indicate vesicular localization. The scale bar represents 10 ym.

determined by CD measurements (Table 1). A similar
correlation was found to be valid previously for structural and
membrane interaction features of cationic CPPs.”

We studied the penetration ability of the conjugates on
Transwell (TW) using co-cultured noncontact monolayers of
HUVEC and U87 cells as a simple in vitro BBB model (Figure
10C,D based on ref 96). Compounds (Dau and conjugates Dau-
Aoa-SynB3, Dau-Aoca-TKPPR, and Dau-Aoa-SynB3-TKPPR)
were added to the HUVEC-containing apical chamber at 50 M
concentration, and after 45 min or 3 h of incubation, U87 cells
from the basolateral chamber were stained and fixed prior to
CLSM analysis. As control experiments, treatments without the
TW were also carried out (Figure S27A,B). The same laser
intensities were used in all cases, and the Dau signal in U87 cells
was compared based on Image] analysis (Figure $27C). Dau and
all three conjugates were able to cross the HUVEC monolayer,
and they were internalized into U87 cells. According to the Dau
signal intensity, the internalization rates followed the same
pattern as obtained in the cellular uptake studies (Figure 10E—
G); namely, Dau, Dau-Aoa-SynB3 and the tandem conjugate
have a higher internalization rate (after crossing the membrane
and HUVEC barrier) than the tuftsin conjugate. Similar
tendencies were observed after 3 h of incubation (data not
shown).

3D Tumor Spheroids as Platforms to Study the
Penetration Profile of Peptide Carriers. Two-dimensional
(2D) monolayer cultures are leading, well-established and
reproducible models to assay on in vitro functional responses,
structure—activity relations. However, cells grown in 2D form
lack cell—cell and cell—extracellular matrix interactions. In
comparison with monolayers, three-dimensional (3D) cultures
are more analogous to in vivo environments. The 3D platforms
can eliminate the species differences in contrast with animal
models. Other differences manifest in cell morphology, cell—cell
and cell-matrix interactions, gene expression, and differ-
entiation.”” In vitro 3D cell cultures offer more accurate models
to mimic multicellular complexity, transport processes, and
biochemical factor gradients of solid tumors in vivo than cells in
2D monolayers.””

The poor penetration of drugs into tumor tissues could be
associated with low therapeutic efficacy and recurrence of
tumors. In our approach, we used a simple, anchorage-
independent 3D culture form,”® a spheroid model for assaying
the drug-conjugates. The workflow of the preparation, treat-
ment, imaging, and analysis of 3D tumor spheroids can be seen
in Figure 11.

Penetration Profile of Drug Conjugates in 3D Tumor
Spheroids. We compared the penetration ability of Dau and
three Dau-peptide conjugates, namely, Dau-Aoa-SynB3, Dau-
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Figure 10. The penetration ability of conjugates was assessed tensiometrically employing a Langmuir balance. (A) Schematic representation of the
drug penetration studies using a Langmuir monolayer. (B) The degree of penetration (AII) of the selected Dau-conjugates into the BEPL monolayer
after 30 min of interaction. Error bars represent the confidence intervals (95%) of the determined mean values calculated using Student’s ¢ test from
three parallel measurements (p < 0.05). (C) Schematic representation of the Transwell co-culture arrangement with noncontact monolayers as the
BBB model containing HUVEC and U87 cells. HUVECs were seeded on the apical side of the TW insert, and U87 cells were seeded on the basolateral
chamber employing coverslips. (D) Microscopic images of the HUVEC monolayer on the TW membrane; nuclei were stained with Hoechst 33342
(blue), the cytoplasm of the cells was stained with CMFDA (green), and the scale bar represents S0 ym. (E) CLSM images of U87 cells from the in vitro
TW model, where Dau and Dau-conjugates (red, S0 #M, 45 min incubation) were added to the apical chamber. Nuclei of U87 cells from the
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Figure 10. continued

basolateral chamber on coverslips were stained with Hoechst 33342 (blue); cells were fixed and analyzed by CLSM. The scale bar represents 50 ym.
(F) Violin plots of intensity values derived from CLSM images of U87 cells from the in vitro Transwell model, where Dau or Dau-conjugates were
added to the apical chamber. The overlaid box-and-whisker plots show the median (horizontal line), the interquartile range (box), and minimum and
maximum values (whiskers) of intensity according to the field of view (every inner pixel). (G) The results of the statistical analysis of the mean
normalized intensity values of cell clusters treated with Dau or Dau-conjugates. Box-and-whisker plots show the median (horizontal line), the
interquartile range (box), and minimum and maximum values (whiskers) of intensity values. Letters demonstrate the results of Tukey’s procedure for
all-pairwise comparisons based on the one-way ANOVA (F(3,33) = 134.6; p < 0.001); different letters mean significant differences at p < 0.0S.
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Figure 11. Workflow of preparation, treatment, imaging, and analysis of 3D tumor spheroids. (A) Micromold used for casting of a 3D Petri dish
(microtissues), (B) 3D Petri dish in a 35 mm Petri dish, (C) addition of complete cell medium, (D) view of tumor spheroids in a 3D Petri dish, (E)
treatment, nucleus staining, and cell fixation performed inside the 3D Petri dish, (F, G) side-view of a tumor spheroid with the position of the scanning
plane during CLSM imaging (section z5, corresponding to the z-section captured S0 ym from the surface), (H) position of lines during line scan and
position of zones for zonal scan of section z5 of spheroids (two parallel spheroids, 8 lines and 3 zones each), (I) penetration profile by line scan, mean
intensity (red line), and SEM (light-red error stripe) averaged from gray values (0—255) of 16 parallel line scans and depth of scanning (black line)
along the normalized spheroid diameter, (J) penetration profile by zonal scan; spheroids were separated into a peripheral (zone 1), intermediate (zone
2), and core zone (zone 3), and the relative normalized intensity was determined.

Ao0a-TKPPR, and Dau-Aoa-SynB3-TKPPR. Spheroids formed
from U87 glioma cells or MDA-MB 435Br were treated with the

z-section from the surface of a spheroid presented here is 50 ym
(2S). Deeper sections were also recorded; however, a z5 section

compounds for 3 h at 25 yM concentration. Nuclear staining
with Hoechst 33342 was also applied. Fixed spheroids were
visualized by CLSM. A lower laser intensity was used in the case
of Dau and higher but the same intensity in the case of the three
Dau-conjugates to improve visualization and to optimize the
image quality; therefore, the CLSM observations cannot be
considered as quantitative analysis but provide qualitative
information about the penetration ability. The U87 and MDA-
MB 435Br spheroids had an average diameter of 500 and 400
nm, respectively (Figure S28). To compare the penetration
profile of the compounds, we have preformed line scan analysis
and zonal scan analysis of the spheroids. Spheroids were scanned
in the z-direction with a step size of 10 ym (z1—27). The deepest

was chosen as a z-section where the conjugates are securely
visible by the objective used during microscopic imaging. For
the comparison of sections z1—z7 with line scan analysis, see
Figure S29. However, at this depth (between 10 ym (z1) and 50
um (z5)), we managed to observe the differences between the
penetration ability of Dau and its conjugates. Two z-sections (z3
with depth of 30 gm and z5 with depth of SO ym) of U87 and
MDA-MB 435Br spheroids are shown in Figure 12A and Figure
13A, respectively. The first five z-sections can be seen in Figure
S30 for U87 spheroids and in Figure S31 for MDA-MB 435Br
spheroids. In both cases, we observed that the Dau and even the
Hoechst 33342 nuclear stain could not successfully penetrate
into deeper layers; they were mostly localized at the spheroid
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Figure 12. (A) Representative confocal images of U87 spheroids after 3 h treatment with 25 4M Dau or Dau-peptide conjugates (red). Nuclei were
stained with Hoechst 33342 (blue). Z-stack images were obtained starting at the surface of the spheroid with 10 ym intervals for a total of SO ym into
the spheroid; the presented images are from the 30 ym (z3) and 50 um (zS) depths. The scale bar represents 200 ym. (B) Line scans of spheroids at S0
um (z5) depth; mean intensities are gray values (0—255) averaged from two parallel spheroids (1 = 16 line scans), and error stripes correspond to

SEM.

surface. Toward the center of the spheroids, the Dau and
Hoechst 33342 signal was gradually decreasing. On the contrary,
in the case of the Dau-conjugates, the Dau signal could be
observed closer to the center. Line scans of z5-section images
(Figure 12B and Figure 13B) also confirm these observations, as
we can see the differences between the steepness of the mean
gray value lines. The mean gray value of the conjugates only
slightly decreased toward the middle of the spheroids, while free
Dau started with a high mean gray value at the spheroid surface,

and this value showed a steeper decrease toward the spheroid
center. In the case of zonal scan analysis, the spheroids were
divided into different zones (periphery (zone 1), intermediate
(zone 2), core (zone 3)) using equal steps from the surface of
the spheroids. To have comparable fluorescent intensity values
among the treatments and zones, normalized gray value data
were standardized as the proportion of the mean normalized
intensity in the peripheries (0—100%). The zonal penetration
profile comparing the relative normalized intensities also
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Figure 13. (A) Representative confocal images of MDA-MB 435Br spheroids after 3 h treatment with 25 yM Dau or Dau-peptide conjugates (red).
Nuclei were stained with Hoechst 33342 (blue). Z-stack images were obtained starting at the surface of the spheroid with 10 ym intervals for a total of
50 um into the spheroid; the presented images are from the 30 ym (z3) and SO um (z5) depths. The scale bar represents 200 ym. (B) Line scans of
spheroids at 50 ym (z5) depth; mean intensities are gray values (0—255) averaged from two parallel spheroids (n = 16 line scans), and error stripes

correspond to SEM.

supports the difference between Dau and the Dau-conjugates
(Figure 14; for the statistical analysis combining the line and
zonal scan data sets, see Figure $32 and Table S7). Based on
these results, we can conclude that all three conjugates have an
improved penetration ability compared to the free Dau on both
types of spheroids. Conjugation of Dau to peptide carriers
significantly enhanced the in vitro penetration ability on the

spheroid model.

B CONCLUSIONS

Current chemotherapeutics can be very effective on glioma cell
growth inhibition, but unfortunately, their cellular internal-
ization rate and BBB penetration ability are limited. Finding new
delivery vehicles and strategies to increase drug internalization
in the glioma tissue is an urgent need. In this study, we focused
on establishing delivery peptides. Therefore, we designed and
prepared new peptide conjugates employing different anti-
glioma agents such as salicylanilides, Dau, and TMZ. As carrier
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peptides, derivatives of SynB3 cell-penetrating peptide with the
ability to cross the BBB were employed. Tuftsin derivatives were
also used as carriers with the aim of targeting the NRP-1
transport system to achieve selectivity and better tumor
penetration. Moreover, we combined the two types of carriers
to create SynB3-tuftsin tandem peptides to exploit their
advantageous properties.

As our study demonstrated, the salicylanilide derivatives have
good cytostatic activity against U87 cells and the salicylanilide-
SynB3 conjugates are also active against this cell culture. Dau-
conjugates have superior antitumor activity to Sal3-conjugates.
Interestingly, the CendR-motif-containing Dau-Aoa-TKPPR is
the least effective among Dau-conjugates with moderate
cytostatic activity. The activity of the tandem Dau-conjugates
is good; it is between the activity of Dau-Aoa-SynB3 and the
corresponding tuftsin conjugates. Importantly, in contrast with
the free drugs, the Sal3- and Dau-conjugates proved to be
selective for tumor cells, as they show no cytotoxic effect on
HUVECs.

We revealed further aspects regarding the structure—activity
relationship of the conjugates. The secondary structure, cellular
uptake, intracellular localization, and release of the smallest,
drug-containing metabolite also play an important role in their
activity. Specifically, the internalization rate on 2D cell cultures
of SynB3 and tandem derivatives is outstanding and significantly
higher than the internalization rate of most tuftsin derivatives
that is in line with their ability of forming helices upon contact
with lipid membranes. The release of the smallest Dau-
metabolite from Dau-SynB3 conjugates or Dau-tandem
conjugate is fast; moreover, the conjugates or Dau-containing
metabolites can be found in the nuclei, at the site of their action.
On the other hand, Dau-Aoa-TKPPR shows a low and slow
uptake rate, nuclear localization is not observed, and the release
of the Dau-metabolite is very slow which contributes to its lower
cytostatic activity. This conjugate shows lysosomal localization
as a result of endocytosis. The Dau-Aoa-SynB3-TKPPR tandem
conjugate follows the internalization mechanisms of both its
CPP part and its tuftsin part, since it can be observed in cell
nuclei as well as in lysosomes.

To elucidate the penetration ability of the conjugates, ex vivo
monolayer using Langmuir balance and in vitro Transwell
measurements using co-cultured noncontact monolayers of
HUVEC and U87 cells as a simple BBB model were performed.
All of the Dau-conjugates show membrane affinity on the BEPL
mixture, and they are able to cross the HUVEC monolayer and
enter U87 cells. Furthermore, using 3D spheroid cultures for
modeling solid tumors in vitro, we have demonstrated that Dau-
conjugates have better in vitro tumor penetration ability than the
free Dau itself. These experimental setups provided a remarkable
difference of the internalization pattern between free Dau and
Dau-conjugates on cell monolayers and the spheroid model. To
compare the penetration and internalization capacity of the
conjugates, we have employed CLSM line and zonal scans as
enumeration for differences, but we need to emphasize that
these observations can be considered as qualitative information.
Taken together, using these peptides as carriers, significantly
improved penetration ability can be obtained. The applied cell
monolayers, co-culture system, and tumor spheroids were
suitable in vitro models in order to find the most promising
constructs for in vivo studies. In conclusion, drug-peptide
conjugates presented here, in particular Dau-Aoa-SynB3-
TKPPR, are promising constructs toward the rational design
of glioma targeting using tandem peptide based delivery vehicles
to achieve better antitumor efficiency, cellular uptake, and, most
importantly, a superior tumor penetration ability.

B EXPERIMENTAL SECTION

Materials. Amino acid derivatives and resins were purchased from
Iris Biotech GmBH (Marktredwitz, Germany). Boc-aminooxyacetic
acid (Boc-Aoa-OH), 1-hydroxybenzotriazole hydrate (HOBt), N,N'-
diisopropylcarbodiimide (DIC), triisopropylsilane (TIS), phenol,
thioanisole, 1,2-ethanedithiol (EDT), piperidine, 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU), N,N-diisopropyl-N-ethyl-
amine (DIEA), benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphate (PyBOP), acetic anhydride (Ac,0), acetic acid
(AcOH), 5(6)-carboxyfluorescein (Cf), temozolomide (TMZ),
trifluoroethanol (TFE), and acetonitrile were purchased from Sigma-
Aldrich (Budapest, Hungary). Trifluoroacetic acid (TFA), N,N-
dimethylformamide (DMF), dichloromethane (DCM), methanol,
chloroform, and diethyl ether were purchased from VWR (Budapest,
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Hungary). Daunomycin hydrochloride was a gift from IVAX (Buda-
pest, Hungary). All reagents and solvents were of analytical grade or
highest available purity and were used without further purification.
Dulbecco’s Modified Eagle Medium (DMEM) was from Lonza (Basel,
Switzerland), and RPMI-1640 medium, fetal bovine serum (FBS),
Mowiol 4-88, trypan blue, and trypsin were obtained from Sigma-
Aldrich. HPMI buffer (9 mM glucose, 10 mM NaHCO;, 119 mM
NaCl, 9 mM HEPES, 5 mM KC], 0.85 mM MgCl,, 0.053 mM CaCl,, 5
mM Na,HPO,-2H,0, pH 7.4) was prepared in-house using
components obtained from Sigma-Aldrich.

Synthetic Procedure. Synthesis and characterization of salicyla-
nilides (Sall, Sal2, Sal3) is presented in refs S0 and 63. Temozolomide-
carboxylic acid was prepared following a previously described
procedure.””!

Peptides were synthesized manually on the solid phase (Fmoc-Rink
Amide MBHA resin for peptides with C-terminal in amide form and
Wang resin for peptides with C-terminal in carboxyl form) using the
Fmoc/tBu strategy with DIC/HOBt coupling reagents, as described
previously.*® Acetylated derivatives were produced by acetylation of the
N-terminal using acetic anhydride/DIEA/DMF (1:1:2 v/v, 60 min).
Fluorescently labeled derivatives were prepared with the use of 5(6)-
carboxyfluorescein (Cf) with the DIC/HOBt coupling method. In the
case of decanoyl-containing peptides, in the required position, lysine
was built in as an Fmoc-Lys(Dde)-OH protected form. After the final
Fmoc-deprotection, Boc-Aoa-OH or Cf was coupled to the N-terminal
of the peptides (DIC/HOBt coupling method) or the N-terminal was
acetylated. After the derivatization of the N-terminal, the Dde
protecting group was selectively removed with 2% hydrazine hydrate
in DMF (v/v) (6 X 2 min); then, decanoic acid was reacted with the
free e-amino group of the Lys residue in the presence of DIC/HOBt
coupling reagents. In the case of the decanoyl-containing peptide that
has free amino group at the N-terminal (H-SynB3K(dec)), the Dde
protecting group was removed and decanoic acid was coupled before
the removal of the final N-terminal Fmoc-protecting group. Peptides
without Arg were cleaved from the resin with TFA/H,O/TIS
(95:2.5:2.5 v/v) mixture (2.5 h, RT). After filtration, compounds
were precipitated in cold diethyl ether, centrifuged (4000 rpm, S min),
and freeze-dried from water. Arg-containing peptides were cleaved from
the resin with TFA/thioanisole/H,O/EDT /phenol (82.5:5:5:2.5:5 v/
v/v/v/w) mixture (2.5 h, RT). In the case of SynB3 derivatives (five or
six Arg in the sequence) during cleavage, the cleavage product of the
Arg side chain protecting group (Pbf) was precipitated. Therefore,
diethyl ether was added to the reaction mixture to dissolve the
precipitated side chain cleavage product and to precipitate the peptide.
This mixture was centrifuged (4000 rpm, 5 min), and the peptide was
dissolved in 10% AcOH in water (v/v), filtered off from the resin, and
freeze-dried from 10% AcOH in water (v/v). The (aminooxy)acetyl-
amino acid derivatives (Aoa-Arg-OH, Aoa-Gly-OH, Aoa-Thr-OH)
were synthesized by solid-phase peptide synthesis on Wang resin
manually using the Fmoc/tBu strategy as described previously.”’

Sal3 and Dau were conjugated to the (aminooxy)acetylated peptides
or amino acids through an oxime bond.*® Crude Aoa-peptides and Aoa-
amino acid derivatives were used for conjugation without purification.
The oxime bond formation was carried out under acidic conditions (pH
4.5) in a mixture of 0.2 M sodium acetate buffer and 2-methoxyethanol
for Sal3 conjugation, at a peptide concentration of 5—10 mg/mL. Sal3
was used in 10% molar excess as compared to the Aoa-peptides. In the
case of Dau-conjugates, oxime bond formation was carried out in 0.2 M
ammonium acetate buffer (pH 5.0) with a 10% molar excess of Dau.
The reaction mixtures were stirred for 3—72 h at room temperature and
monitored by analytical RP-HPLC.

TMZ conjugates were synthesized on the solid phase. Temozolo-
mide-carboxylic acid (TMZA) was coupled to the free N-terminal of
the peptides (SynB3 and GFLG-SynB3) on the resin forming amide
bond. Four equivalents (calculated to the resin capacity) of TMZA,
PyBOP, and DIEA dissolved in DMF was used for coupling for 4 h at
RT. The coupling reaction was verified by ninhydrin test, and the
conjugates were cleaved from the resin as described above.

Reverse-Phase High-Performance Liquid Chromatography
(RP-HPLC). The crude peptides and conjugates were purified on a

KNAUER 2501 HPLC system (H. Knauer, Bad Homburg, Germany)
using a semipreparative Phenomenex Jupiter Proteo C12 column (10
mm, 90 A, 10 X 250 mm) (Torrance, CA, USA). The applied flow rate
was 4 mL/min at ambient temperature, and the peaks were detected at
220 nm. Gradient elution was used with the following eluents: 0.1%
TFA/water v/v (eluent A), 0.1% TFA/acetonitrile—water 80:20 v/v
(eluent B). Analytical RP-HPLC was performed on an Exformma
HPLC system (EX1600 Wufeng Scientific Instruments, Sanghai,
China) using a Waters Symmetry C18 column (S ym, 100 A, 4.6 mm
X 150 mm) with the following gradient: 0—5 min 0% B, S—15 min 0—
60% B, 15—25 min 60—100% B, 25—29 min 100%. The flow rate was 1
mL/min at ambient temperature, and the peaks were detected at 220
nm. All purified compounds demonstrated a single peak on analytical
RP-HPLC (purity is >95%).

Electrospray lonization Mass Spectrometry (ESI-MS). Meas-
ured monoisotopic or average molecular mass was acquired by a Bruker
Esquire 3000+ electrospray ionization (ESI) ion trap mass
spectrometer (Bremen, Germany) operating in continuous sample
injection mode at 10 yL/min flow rate. Samples were dissolved in
acetonitrile—water (50:50, v/v), containing 0.1% acetic acid. Dau-
conjugate-containing samples were dissolved in 50 mM NH,OAc
buffer (pH 6.7) —acetonitrile (50:50, v/v). Mass spectra were recorded
in positive ion mode in the 50—1500 m/z range.

Circular Dichroism (CD) Spectroscopy and Secondary
Structure Analysis. Peptide samples were dissolved in deionized
water and in TFE at 17—170 uM concentrations. Far-UV CD curves
were taken on aJASCO J-715 spectropolarimeter at 25 +0.2 °Cina0.1
cm path-length rectangular quartz cuvette (Hellma, USA). Temper-
ature control was provided by a Peltier thermostat. The CD data were
monitored in continuous scanning mode between 185 and 260 nm at a
rate of S0 nm/min, with a step size of 0.1 nm, response time of 2 s, eight
accumulations, and a 2 nm bandwidth. The CD curves were corrected
by background contribution of the blank solvent. CD values were
plotted in mean residue molar CD units (A¢/residue) calculated by the
following equation: Ae = ©/(32.98cl), where © is the measured
ellipticity (deg) as a function of wavelength (nm), c is the mean residue
molar concentration, and ! is the optical path length (cm).

The contribution of the different conformational elements was
estimated from the CD spectra by using the MS Excel version of the
PEPFIT program developed originally by Reed and Reed.””'” The
algorithm calculates the percentage of secondary contents (a-helix, f-
sheet, disordered, and various turn types) by fitting experimental CD
data to the combination of reference spectra. The best fit is defined by
the R* value, where R* = 1 corresponds to a perfect match.

Lysosomal Digestion Profile of Conjugates in Rat Liver
Lysosomal Homogenate and LC-MS Analysis. The rat liver
lysosomal homogenate was prepared as described previously.”” The
degradation of the conjugates in the rat liver lysosomal homogenate was
determined as follows: 90 uL of S0 uM (50 pmoL/uL) conjugate
solutions was prepared with 0.2 M sodium acetate buffer, pH 5.0, and
the appropriate amount of lysosomal homogenate was added to them to
get the conjugates:lysosomal homogenate ratio = 1:1, w/w. The
reaction mixtures were incubated at 37 °C, and aliquots of 13 uL were
taken after S min, 1 h, 2 h, 4 h, 8 h, and 24 h. The reactions were
quenched by adding 2 uL of acetic acid and followed by LC-MS
analysis. Control experiments were performed with solutions of
conjugates in 0.2 M sodium acetate buffer, pH 5.0, with 50 uM
conjugate concentration. Lysosomal homogenate control in 0.2 M
sodium acetate buffer, pH 5.0, without conjugate was also prepared.
Both solutions were incubated at 37 °C for 24 h and also analyzed by
LC-MS. LC-MS analyses were performed on a Q Exactive Focus, high
resolution and high mass accuracy, hybrid quadrupole-orbitrap mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) using
online UHPLC coupling. Separation was performed on a Dionex 3000
UHPLC system using a Supelco $81302-U Ascentis C18 column (2.1
mm X 150 mm, 3 ym, 100 A). Linear gradient elution (0—2 min 2% B,
2—26 min 2—90% B, 26—27 min 90—100% B) with eluent A (0.1%
HCOOH in water, v/v) and eluent B (0.1% HCOOH in acetonitrile—
water, 80:20, v/v) was used at a flow rate of 0.2 mL/min at 40 °C. High
resolution mass spectra were acquired in the 200—1600 m/z range. LC-
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MS data were analyzed by Xcalibur software (Thermo Fisher Scientific)
and with OriginPro 2018 (OriginLab Corporation, Northampton, MA,
USA).

Cell Cultures. The following cell cultures were used for the
cytostasis and cytotoxicity studies: U87 (ATCC HTB-14), MDA-MB
435Br (obtained from Janet E. Price),** HUVEC (isolated at the 3rd
Department of Medicine Research Laboratory, Semmelweis University,
Budapest, Hungary), MonoMac6 (DSMZ no.: ACC 124), and HepG2
(ATCC HB-8065). U87 and MDA-MB 435Br were maintained in
DMEM medium (Lonza) supplemented with 10% FBS (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) and with 2 mM L-
glutamine (Lonza), 1% nonessential amino acids (Gibco), 1 mM
sodium pyruvate (Sigma-Aldrich), 1% penicillin-streptomycin (from
10,000 units of penicillin and 10 mg of streptomycin/mL, Gibco).
MonoMac6 and HepG2 were maintained in RPMI-1640 medium
(Lonza) containing 10% FBS supplemented with 2 mM L-glutamine
and 160 pg/mL gentamicin (for MonoMac6), or 1% penicillin-
streptomycin (for HepG2). HUVEC was maintained in MCDB
medium (90% MCDB-131 (Gibco), 5% FBS, 1% penicillin-
streptomycin solution (from 10,000 units of penicillin and 10 mg of
streptomycin/mL, Sigma-Aldrich), 1% Chemically Defined Lipid
Concentrate from Gibco, 1% HEPES, 1% L-glutamine solution (from
CTS GlutaMAX-I Supplement, Gibco), 1 ng/mL FGF-Basic (Sigma-
Aldrich), 0.3% ITS (insulin-transferrin-selenium, Gibco), 2 ng/mL
EGF-2 (Gibco), 7.5 U/mL heparin (Sigma-Aldrich), S pg/mL L-
ascorbic acid (Sigma-Aldrich), 250 nM hydrocortisone). No
mycoplasma contamination was detected in the cell cultures.

Determination of in Vitro Cytostatic and Cytotoxic Activity.
U87, MDA-MB 435Br, MonoMac6, and HepG2 were plated on 96-well
plates 1 day before the treatment (5000 cells/100 uL of medium /well
for cytostasis and 10,000 cells/100 L of medium/well for cytotoxicity
studies). After 24 h of incubation at 37 °C, cells were treated with the
compounds dissolved in serum free medium (cpyso = 1.0% v/v) at 1.3
X 107 to 100 #M concentration range and incubated for 3 or 24 h (37
°C, 5% CO,). Control cells were treated with serum free medium only
or with DMSO-containing serum free medium (cpyso = 1.0% v/v).
After the incubation, cells were washed twice with serum free medium
(centrifugation: 1000 rpm, S min). To determine the in vitro cytostatic
effects, cells were cultured for a further 72 h in serum-containing
medium and then the MTT assay was carried out. In the case of
cytotoxicity studies, the MTT assay was performed immediately after
the washing step. Cell viability was determined with (4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. A 45 uL
portion of MTT solution (2 mg/mL) was added to each well (final
concentration 367 yg/mL), and during 3.5 h of incubation (37 °C, 5%
CO,), purple formazan crystals were formed by mitochondrial
dehydrogenase enzyme present in the living cells. After incubation,
cells were centrifuged for 5 min at 2000 rpm and the supernatant was
removed. The obtained formazan crystals were dissolved in DMSO, and
the optical density (OD) of the samples was determined at 540 and 620
nm using an ELISA Reader (Labsystems iEMS reader, Helsinki,
Finland). The ODg,, values were subtracted from the ODs,, values.
The percentage of cytostasis or cytotoxicity was calculated using the
following equation: cytostatic or cytotoxic effect (%) = 100 X [1 —
(ODtreated/ODcontrol):]l Where ODtreated and ODcontrol correspond to the
optical densities of treated and control cells, respectively. In each case,
two independent experiments were carried out with four parallel
measurements. The 50% inhibitory concentration (ICs,) values were
determined from the dose—response curves. The curves were defined
using OriginPro 2018 software.

HUVEC was plated on 0.5% gelatin/PBS (v/v) pretreated 96-well
plates 1 day before the experiment in MBCD medium. After 24 h of
incubation at 37 °C, the confluent cells were treated with the
compounds for 24 h at 3.7—-100 M concentration range. After the
incubation, cells were washed with PBS to remove nonadherent cells
and then fixed with ice cold methanol/acetone (1:1, v/v) for S min and
the cell nuclei were stained with SYBR-Green I (Sigma) for 15 min
followed by washing with PBS. In each case, two independent
experiments were carried out with three parallel measurements. ICg,

was determined by morphological and fluorescent analysis of the cells
using CellProfiler software.

Cellular Uptake Studies. Cellular uptake of fluorescent com-
pounds was determined by flow cytometry on U87, MDA-MB 435Br,
and HUVEC cell cultures. U87 and MDA-MB 435Br cells were
harvested in the logarithmic phase of growth and plated on a 24-well
tissue culture plate (10° cells/1 mL of medium/well) 24 h prior to the
experiment. HUVEC was plated on 0.5% gelatin/PBS (v/v) pretreated
24-well plates 1 day before the experiment in MBCD medium to reach
confluence. After 24 h of incubation at 37 °C, U87, MDA-MB 435Br, or
HUVEC cells were treated with the compounds dissolved in 500 L of
serum free medium at the 0.1-50 yM concentration range and
incubated for 3h (37 °C, 5% CO,). In the case of the time dependence
study, U87 cells were incubated for § min, 15 min, 30 min, 1 h, 1.5 h,
and 3 h. Control cells were treated with serum free medium only. After
incubation, cells were centrifuged (1000 rpm, S min) and washed with
serum free medium, the supernatant was removed, and 100 4L 0f 0.25%
trypsin was added to the cells. After 3 min of incubation at 37 °C,
trypsin was inactivated by 800 L of HPMI medium containing 10%
FBS, and the cells were transferred from the plate to the tubes. Cells
were centrifuged (1000 rpm, S min), and the supernatant was removed.
After this procedure, cells were resuspended in 300 yL of HPMI, and
their intracellular fluorescence intensity was measured on a BD LSR II
flow cytometer (BD Biosciences, San Jose, CA, USA) using a 488 nm
laser (Coherent Sapphire, 22 mW) with an FITC channel for Cf-
peptides (emission at S0S nm) and PE channel for Dau-conjugates
(emission at 550 nm). Data were analyzed with FACSDiva 5.0 software
(BD Biosciences, San Jose, CA, USA). All experiments were performed
in duplicates. The 50% uptake concentration (UCs,) values were
determined from the curves of the dose rate of fluorescence positive
cells. The IC;, values were determined from the curves of the dose rate
of all living cells (including fluorescent positive and negative cells). The
curves were defined using OriginPro 2018 software.

Confocal Microscopy Imaging. Intracellular localization was
visualized by confocal microscopy. U87 cells were seeded (75,000 cells/
well) in complete DMEM cell culture medium 1 day prior to treatment
on cover glasses (Assistent, Karl Hecht GmbH & Co KG, Sondheim/
Rhon Germany) and inserted in 24-well plates (Sarstedt, Niimbrecht,
Germany). Lysosomes were stained with LysoTracker Deep Red
(Invitrogen, Carlsbad, CA, USA) for 30 min (300 nM) in incomplete
DMEM, followed by incubation with 25 yM Cf-labeled peptides or
Dau-conjugates for 30 or 90 min. Subsequently, cell nuclei were stained
with Hoechst 33342 solution (Thermo Fisher Scientific, Waltham, MA,
USA) for 10 min (0.2 uM). After each step, cells were washed three
times with PBS. Cells were fixed with 4% paraformaldehyde for 15 min
(37 °C) and mounted on microscopy slides with Mowiol 4-88. For live
cell imaging, U87 cells were seeded (45,000 cells/well) in complete
DMEM cell culture medium 1 day prior to treatment in p-Slide eight-
well ibiTreat chambers (Ibidi GmbH, Grifelfing, Germany).
Lysosomes were stained with LysoTracker Red DND-99 (Invitrogen,
Carlsbad, CA, USA) for 30 min (300 nM) in incomplete DMEM,
followed by incubation with 25 uM Cf-labeled peptides for 30 or 90
min. Subsequently, cell nuclei were stained with Hoechst 33342
solution (0.2 uM) for 10 min. After each step, cells were washed three
times with PBS. Imaging was performed on a Zeiss LSM 710 system
(Carl Zeiss Microscopy GmbH, Jena, Germany) with a 40X oil
immersion objective (40X/1.4 oil DIC M27). The following wave-
lengths were used for excitation and fluorescence emission detection:
for Cf-peptides excitation at 488 nm, detection between 501 and 550
nm; for Dau-conjugates excitation at 458 nm, detection between 541
and 590 nm; for LysoTracker Deep Red excitation at 633 nm, detection
between 643 and 797 nm; for LysoTracker Red DND-99 excitation at
543 nm, detection between 560 and 797 nm; for Hoechst 33342
excitation at 405 nm, detection between 410 and 587 nm. Different
laser intensities were used in the case of compounds with low or high
internalization to improve visualization and optimize the image quality;
therefore, the CLSM observations cannot be considered as quantitative
analysis but provide qualitative information about subcellular local-
ization. Images were processed with ZEN 3.0 blue lite software (Carl
Zeiss Microscopy GmbH).

https://dx.doi.org/10.1021/acs.jmedchem.0c01399
J. Med. Chem. XXXX, XXX, XXX—XXX


pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01399?ref=pdf

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Membrane Affinity Measurements on Lipid Monolayer as ex
vivo BBB Model. The membrane affinity experiments were performed
with a KSV MiniMicro (Finland) instrument at room temperature. The
trough was equipped with two polyoxymethylene (POM) barriers while
surface pressure was recorded tensiometrically with +0.5 mN/m
accuracy employing previously cleaned filter papers (Whatman Chrl)
as Wilhelmy plates. DCM and methanol were used for the cleaning of
the trough and barriers, respectively, before each measurement. Double
distilled water used as a subphase was checked by its conductivity (<S
mS) and surface tension (>72.0 mN/m at 23 + 0.5 °C) values. Brain
extract polar lipid (BEPL, Avanti Polar Lipids Inc., USA) was applied in
chloroform to form a monomolecular lipid layer on the double distilled
water subphase in the Langmuir through to mimic the BBB lipid
composition. The phospholipid composition (w/w%) of BEPL given
by the supplier is 12.6 phosphatidylcholine, 33.1 phosphatidylethanol-
amine, 4.1 phosphatidylinositol, 18.5 phosphatidylserine, and 0.8
phosphatidic acid, whereas the other 30.9% are unknown. That means
that the BEPL monolayer contains a significant amount (at least 23 wt
%) of negatively charged lipid components. BEPL was dissolved in
chloroform to a concentration of 0.2 mg/mL. After spreading of S0 uL
lipid solution, the system was left for 10 min to allow the evaporation of
the chloroform before the compression. Surface pressure—area
isotherms were recorded two times before each penetration measure-
ment. Compressing the lipid layer to the target pressure (25 or 30 mN/
m) following a S min relaxation time, the aqueous solution of the Dau-
peptide conjugate (concentration of S00 uM) was injected under the
lipid monolayer to reach a 5 uM final concentration in the subphase.
The changes of the surface pressure as a function of time were recorded
for 30 min to detect the interaction/penetration of the Dau-peptide
with/into the lipid layer. Three penetration measurements were
performed in every case.

Penetration Ability Determination on TW Co-Culture with
Noncontact HUVEC-U87 Monolayers as in Vitro BBB Model. TW
system was tested in a number of preliminary experiments in order to
optimize seeding procedure, pore size, and coating/non-coating for
HUVECs. Cells, HUVEC and U87, were cultured and maintained as
described in the Cell Cultures part of the Experimental Section. For
barrier seeding, 24-well TW plates of 0.4 ym pore size were used
(Corning, United Kingdom). Prior to use, TWs were soaked with PBS
(growth area 0.385 cm?). On day one, the apical side of the TW inserts
was coated with 0.5% gelatin/PBS (v/v) and incubated for 30 min (37
°C, 5% CO,). After incubation, gelatin solution was removed by careful
aspiration and 150 pL of HUVEC suspension in complete MBCD
medium ((3.0—6.0) X 10° cells) was pipetted onto the coated surface of
the TW chamber and 500 4L MBCD medium added to the basolateral
side. After the cells were cultured at 37 °C for 5—6 h, the apical medium
was removed and replaced with fresh MBCD medium in order to avoid
nonattached cells. Medium was changed also on day two, and HUVECs
were grown up to confluence (which was checked prior to and after the
experiments). At confluence, the endothelial cell monolayers were
labeled with CellTracker Green (CMFDA (S-chloromethylfluorescein
diacetate) dye, Invitrogen, C2925); for this purpose, CMFDA was used
as 10 uM solution in serum free MBCD medium. After 30 min of
incubation, the cells were washed with serum free MBCD. Cell nuclei of
HUVEC monolayers were stained with Hoechst 33342 solution as
described earlier. To capture the HUVEC layer, a ZEISS Axio Observer
Inverse Imaging Platform (ZEISS) was used (equipped with Led3 470
blue, Led4 S5S green; filter set: 2SHE). On day three, medium was
changed before the Dau-conjugate treatment, as starvation may affect
protein expression in the endothelial cell monolayer. U87 cells (10°
cells/well in complete DMEM) were seeded on day three prior to
treatment on cover glasses (Assistent) inserted in the basolateral
chambers of 24-well plates. Conjugates (Dau-Aoa-TKPPR, Dau-Aoa-
SynB3, and Dau-Aoa-SynB3-TKPPR) were added to the HUVEC-
containing apical side at 50 yM concentration, and the system was
incubated for 45 min or 3 h (37 °C, 5% CO,). After incubation, the TW
chamber was removed. Cell nuclei of U87 cells forming the basolateral
chamber were stained with Hoechst 33342; cells were fixed with 4%
paraformaldehyde and mounted on microscopy slides with Mowiol 4-
88 as described above. Fixed U87 cells were studied using confocal

microscopy (Zeiss LSM 710). As controls, U87 cells were treated
without the presence of the TW inserts. The same wavelengths were
used for excitation and fluorescence emission detection for Dau signal
and Hoechst 33342 as described above. Laser intensity values were
identical. Images were processed with ZEN 3.0 blue lite software. Cell
groups were selected on the Dau (red) channel (seven groups in the
case of Dau, 10—10 groups in the case of conjugates) with at least 3
cells/group. Selection was carried out manually in NIH Image] software
based on the occurrence of cell nuclei (blue channel). Histograms and
intensity values were obtained, and background corrected normalized
fluorescence intensities (CNF) were calculated as follows: CNF = (ID
— (A X MFB))/A, where ID is the integrated density, A is the area, and
MFB is the mean fluorescence of the background. The obtained
intensity in gray values corresponds to the intensity of a given pixel on a
scale of 0—255. For visualization of histograms and normalized
intensities, “violin plots” were used.'®"

In Vitro 3D Spheroid Formation and Confocal Microscopy of
Spheroids. Molten agarose (2%, w/v in PBS) was pipetted into a
silicon micromold 3D Petri dish (microtissues, Sigma-Aldrich, St.
Louis, MO, USA, size L, 5 X 7 array, microwell diameter: 800 ym).
After the agarose was gelled, the agarose microwell dish was transferred
into a cell culture dish (polystyrene Petri dish, 35 X 10 mm, Sarstedt)
and it was equilibrated with serum free DMEM cell culture medium (2
h, 37 °C). Cells were seeded into the agarose microwell dish, and 13 L
of cell suspension (10,000 cells/uL of complete DMEM) was used to
fill the microwells under a stereo microscope (YJ-T3C, Ningbo Tianyu
Optoelectronic Technology Co., Ltd., Beilun, Ningbo, China); this
way, approximately 3500 cells were transferred in one well. Seeded cells
were incubated in 2 mL of complete DMEM for 36 h (37 °C, 5% CO,),
while cell-to-cell adhesion drove the aggregation and formation of
spheroids. To monitor the spheroids, bright-field images were captured
using an Olympus CX41 microscope (Olympus Corporation,
Hamburg, Germany). After 36 h of incubation, spheroids were washed
two times with fresh serum free DMEM and they were treated in the
microwells with the compounds at 25 yM concentration in 2 mL of
serum free DMEM for 3 h (37 °C, % CO,). After this, spheroids were
washed two times with serum free DMEM and two times with PBS to
remove the compounds that were not internalized. Nuclei were stained
with Hoechst 33342 solution (0.2 #M) for 30 min. Spheroids were fixed
with 4% paraformaldehyde for 15 min (37 °C). After each step,
spheroids were washed three times with PBS and then harvested and
transferred from the agarose microwells into p-Slide eight-well
uncoated chambers (Ibidi). Imaging was performed on a Zeiss LSM
710 system with a 10X dry objective (10x/0.4S M27). The same
excitation and emission wavelengths were used as those for the 2D
confocal microscopy imaging. Different laser intensities were used in
the case of Dau and the Dau-conjugates to improve visualization and to
optimize the image quality; therefore, the CLSM observations cannot
be considered as quantitative analysis but provide qualitative
information about the penetration ability. Z-Stack images were
obtained by scanning the spheroids from the bottom of the spheroid
with a 10 ym distance between each scanning plane. Images were
processed with ZEN 3.0 blue lite software. Line scan and zonal scan
analysis of section z5 with a depth of 50 ym was performed by NIH
Image] software; for each sample, two parallel spheroids were analyzed
(8 line scans/spheroid, n = 16 in total, three zones (periphery - zone 1,
intermediate - zone 2, core - zone 3) per spheroid, n = 6 in total). Both
analyses were carried out using grayscale images; a gray value
corresponds to the intensity of a given pixel on a scale of 0 to 255.
To average the intensity values from line scans of spheroid sections of
slightly different size and shape, all line scan lengths were normalized to
1, yielding normalized diameter. Calculation of average and SEM of
multiple curves was carried out using OriginPro 2018 software. In the
case of zonal scans, spheroids were selected manually in Image].
Selection were scaled to obtain zones, and the scale factors are as
follows: 1 for zone 1, 0.67 for zone 2, and 0.33 for zone 3. Intensity
values were obtained by ImageJ, and background corrected normalized
fluorescence intensities (CNF) were calculated as follows: CNF = (ID
— (AX MFB))/A, where ID is the integrated density, A is the area, and
MEFB is the mean fluorescence of the background. The normalized
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intensities were standardized as the proportion of the mean intensity in
the peripheries (0—100%) and plotted using OriginPro 2018. For
statistical analysis, see Figure S32 and Table S7.

Statistical Analysis. Due to the variance heterogeneity of the
studied groups (i.e., conjugates) and non-normal distribution (based on
the performed Bartlett’s test and Shapiro—Wilk normality tests,
respectively), Kruskal-Wallis nonparametric tests were used to
compare the effects of the conjugates on cellular uptake.'®” In the
case of a significant treatment effect (a p-value <0.0S was considered as
significant), the differences between the conjugates were tested by
pairwise multiple comparisons following Dunn’s method. To control
the family-wise error rate, p-values of the post hoc tests were adjusted by
Holm’s method. For comparison of the cytostatic effect of Dau or Sal3-
conjugated peptide derivatives with the corresponding drug alone,
Dunnett’s post hoc test with Holm correction was used. ANOVA was
used to analyze the treatment effect on the BBB model TW system. All
statistical analyses were performed using R version 3.6.1.'" For
multiple comparisons package, “PMCMR” was used.'%*
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B ABBREVIATIONS USED

SynB3, RRLSYSRRRF; GFLG-SynB3, GFLG-RRLSYSRRREF;
SynB3K, RRLSYSRRRFK; SynB3K(dec), RRLSYSRRRFK-
(decanoyl); TS, TKPKG; GFLG-TS, GFLG-TKPKG; TS5(4-
dec), TKPK(decanoyl)G; TKPPG-OT10, TKPPG-TKPKG-
TKPKG; H-, free N-terminal; Ac-, acetylated N-terminal; Cf-,
5(6)-carboxyfluorescein on the N-terminal; Sal3-Aoa-, salicyla-
nilide conjugated by an oxime bond to the N-terminal of the
peptide; Dau-Aoa-, daunomycin conjugated by an oxime bond
to the N-terminal of the peptide; TMZ-, temozolomide
conjugated by an amide bond to the N-terminal of the peptide;
UC;, compound concentration where the rate of cells
displaying fluorescence reaches 50%; BEPL, brain extract polar
lipid; BBB, blood—brain barrier; TW, Transwell
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