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Abstract

RGD-a-amanitin and isoDGR-a-amanitin conjugates were synthesized by joining integrin ligands to a-amanitin via various linkers
and spacers. The conjugates were evaluated for their ability to inhibit biotinylated vitronectin binding to the purified a3 receptor,
retaining good binding affinity, in the same nanomolar range as the free ligands. The antiproliferative activity of the conjugates was
evaluated in three cell lines possessing different levels of oy/f3 integrin expression: human glioblastoma U87 (oy/f3+), human lung
carcinoma A549 (ayf3—) and breast adenocarcinoma MDA-MB-468 (ayf3—). In the U87, in the MDA-MB-468, and partly in the
AS549 cancer cell lines, the cyclo[DKP-isoDGR]-a-amanitin conjugates bearing the lysosomally cleavable Val-Ala linker were
found to be slightly more potent than a-amanitin. Apparently, for all these a-amanitin conjugates there is no correlation between the
cytotoxicity and the expression of ayf3 integrin. To determine whether the increased cytotoxicity of the cyclo[DKP-isoDGR]-a-
amanitin conjugates is governed by an integrin-mediated binding and internalization process, competition experiments were carried
out in which the conjugates were tested with U87 (ayB3+, ayBst, ayPe—, asp;+) and MDA-MB-468 (ayp3—, ayPst, ayPet, aspi—)
cells in the presence of excess cilengitide, with the aim of blocking integrins on the cell surface. Using the MDA-MB-468 cell line,
a fivefold increase of the IC5( was observed for the conjugates in the presence of excess cilengitide, which is known to strongly
bind not only ayf3, but also ayfs, ayPe, and aspi. These data indicate that in this case the cyclo[DKP-isoDGR]-a-amanitin conju-
gates are possibly internalized by a process mediated by integrins different from oyfB3 (e.g., ayps).
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Introduction

o-Amanitin is a bicyclic octapeptide toxin belonging to the
amatoxin family, found in Amanita Phalloides (death cap mush-
room), see Figure 1 [1]. Its mechanism of action consists in the
inhibition of cellular transcription by an effective blocking of
RNA polymerase II, which is present in the nuclei of eukary-
otic cells and is responsible for the transcription of DNA to
mRNA [1,2]. Despite this strong inhibitory activity, a-amanitin
exhibits only a micromolar cytotoxicity and low cellular uptake
in most mammalian cells, due to its strong polarity and poor
membrane permeability [2]. One notable exception are human
hepatocytes, where the transporting protein OATP1B3 internal-
izes amatoxins resulting in high liver toxicity [2,3].

Figure 1: a-Amanitin.

This strong toxicity in the presence of endocytosis mediators
allowing cell permeation, aroused interest towards the use of
o-amanitin as a payload for targeted cancer therapy. In 1981,
Davis and Preston reported the synthesis of the antibody—drug
conjugate (ADC) a-amanitin-anti-Thy 1.2 IgG, which was
47-fold more toxic than the unconjugated a-amanitin in the
murine T lymphoma S49.1 cell line [4]. In 2012, a new ADC
containing a-amanitin and a chimerized anti-EpCAM (epithe-
lial cell-adhesion molecule) monoclonal antibody was prepared
by Moldenhauer and co-workers [5]. The cytotoxicity of this
conjugate was tested in EpCAM-overexpressing cancer cell
lines obtaining ICsq values from 2.5 x 10710 t0 2.0 x 10712 M.
Promising results were also observed in mice bearing BxPc-3
pancreatic xenograft tumors, with complete tumor regression in
90% of the cases after two injections of the o-amanitin-anti-
EpCAM ADC at a dose of 100 pg/kg with respect to a-amani-
tin. In these two examples, the internalization of the mono-
clonal antibody and subsequent release of the toxin leads to the
enhancement of a-amanitin activity on the targeted cells.

An alternative approach to the antibody targeted therapy is
represented by small molecule—drug conjugates (SMDCs),
where the small molecule — usually a peptide or peptidomimetic
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receptor ligand — avoids the drawbacks of ADCs such as high
manufacturing costs, unfavorable pharmacokinetics (low tissue
diffusion and low accumulation rate) and possible elicitation of
immune response [6]. By conjugation to a specific cell-mem-
brane-receptor ligand, the toxin can be delivered at the tumor
site and internalized through receptor-mediated endocytosis. In
2013, Reshetnyak and co-workers conjugated a-amanitin to
pHLIP (pH low insertion peptide) via linkers of different
hydrophobicities [7]. The results indicated that pHLIP could
deliver a-amanitin into cells and induce cell death in 48 h by a
pH-mediated direct translocation across the membrane and
cleavage of the disulfide linker in the cytoplasm. In another ex-
ample, Perrin and co-workers conjugated the N-propargylas-
paragine of an amanitin analog to a cycloRGD integrin ligand
(cyclo[RGDfK]) using a copper-catalyzed azide—alkyne cyclo-
addition [8]. The conjugates were tested in the U87 glioblas-
toma cell line, but only a slight enhancement in toxicity over
a-amanitin was observed.

The transmembrane receptor ayf3 integrin is widely expressed
on the blood vessels of several human cancers (for example,
breast cancer, glioblastoma, pancreatic tumor, prostate carci-
noma) but not on the vasculature of healthy tissues [9-11], and
therefore constitutes a suitable therapeutic target in the field of
SMDCs. Integrin ayf3 recognizes endogenous ligands by the
tripeptide arginine-glycine-aspartate [12] (RGD) and also by the
related sequence isoaspartate-glycine-arginine (isoDGR) [13-
20]. Many synthetic peptides or peptidomimetics containing
these sequences have been prepared and show low nanomolar
I1Cs¢ values for integrin ayf3 binding [21-27]. A number of
cyclic RGD and isoDGR ligands containing a bifunctional dike-
topiperazine (DKP) scaffold have been developed by the
Gennari and Piarulli groups in the last decade [24-27]. Among
them, the cyclo[DKP-RGD] 1 [25] and cyclo[DKP-isoDGR] 3
[26] (Figure 2) showed a binding affinity for the purified recep-
tor ayP3 in the low nanomolar range and a good selectivity for
this integrin in comparison with integrin oy s (33—34 times, see
Table 1).

Furthermore, these ligands were shown to inhibit the FAK
(focal adhesion kinase) and Akt (protein kinase B) signaling
cascade and the tumor cell infiltration process, performing as

true integrin antagonists [27].

Ligands 1 and 3 were also functionalized with an aminomethyl
group (-CH,NH>) as a handle for conjugation to cytotoxic drugs
(Figure 2, ligands 2 and 4) [28-30]. Conjugates of the function-
alized ligands 2 and 4 with paclitaxel (PTX) via a 2’-carbamate
with a self-immolative spacer and the lysosomally cleavable
Val-Ala linker [31] were synthesized (Figure 2, cyclo[DKP-
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Figure 2: Structure of the ligands cyclo[DKP-RGD] (1), NH,CH,-cyclo[DKP-RGD] (2), cyclo[DKP-isoDGR] (3), NHoCH,-cyclo[DKP-isoDGR] (4) and

the related SMDCs cyclo[DKP-RGD]-Val-Ala-PTX (5) and cyclo[DKP-isoDGR]-Val-Ala-PTX (6).

Table 1: Inhibition of biotinylated vitronectin binding to a,f3 and a5 receptors.

ligand structure (name)
1 cyclo[DKP-RGD]
3 cyclo[DKP-isoDGR]

ICs0 (NM)? ayB3 ICs0 (NM)? ayBs

45+1.1
92+1.1

149 + 25
312+ 21

8|Csp values were calculated as the concentration of compound required for 50% inhibition of biotinylated vitronectin binding as estimated by
GraphPad Prism software. All values are the arithmetic mean + the standard deviation (SD) of triplicate determinations.

RGD]-Val-Ala-PTX 5 and cyclo[DKP-isoDGR]-Val-Ala-PTX
6). Their tumor targeting ability was assessed in vitro in anti-
proliferative assays comparing an oy 3 positive with an o33
negative cell line [29,30]. The cyclo[DKP-isoDGR]-Val-Ala-
PTX conjugate 6 displayed a remarkable targeting index
(TI = 9.9), especially when compared to the strictly related
cyclo[DKP-RGD]-Val-Ala-PTX conjugate S (TI = 2.4) [30].

Results and Discussion

In the present paper, we report the synthesis and biological
evaluation of two cyclo[DKP-RGD]-a-amanitin and three
cyclo[DKP-isoDGR]-a-amanitin conjugates. In these conju-
gates, the integrin ligands are bound to a-amanitin via a 6’-ether
with two different linkers: an “uncleavable” six carbon aliphat-

ic chain (Figure 3, compounds 7 and 8) and a lysosomally
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Figure 3: Structure of the a-amanitin conjugates: cyclo[DKP-RGD]-uncleavable-a-amanitin (7), cyclo[DKP-isoDGR]-uncleavable-a-amanitin (8),
cyclo[DKP-RGD]-Val-Ala-a-amanitin (9), cyclo[DKP-isoDGR]-Val-Ala-a-amanitin (10) and cyclo[DKP-isoDGR]-PEG-4-Val-Ala-a-amanitin (11).

cleavable Val-Ala linker bound to a self-immolative spacer
(Figure 3, compounds 9, 10 and 11). Integrin receptor competi-
tive binding assays and cell proliferation assays with an ayfs
positive (U87) and two ayp3 negative cell lines (A549 and
MDA-MB-468) were performed for all the conjugates.

Synthesis

Cyclo[DKP-RGD]-a-amanitin and cyclo[DKP-isoDGR]-a-ama-
nitin conjugates 7-11 were synthesized as described in
Scheme 1 and Scheme 2, by joining the functionalized ligands
HoNCH;-cyclo[DKP-RGD] (2) [18,29] and H,NCH,-
cyclo[DKP-isoDGR] (4) [30] to a-amanitin via a 6’-ether with
various linkers and spacers. Details are reported in Supporting

Information File 1.

Integrin receptor competitive binding assays

Conjugates 7-11 were evaluated for their ability to inhibit
biotinylated vitronectin binding to the purified oy /3 receptor.
The calculated half-maximal inhibitory concentrations (ICsg)
are listed in Table 2. Screening assays were performed by incu-
bating the immobilized integrin receptor with solutions of the
cyclo[DKP-RGD]-a-amanitin and cyclo[DKP-isoDGR]-a-ama-
nitin conjugates 7-11 at different concentrations (107!2 to
1073 M) in the presence of biotinylated vitronectin (1 pg mL™")

and measuring bound vitronectin.
It was found that the cyclo[DKP-RGD]-a-amanitin conjugates 7

and 9 and cyclo[DKP-isoDGR]-a-amanitin conjugates 8, 10 and
11 retain good binding affinity for ayf3 integrin, in the same
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linker

M

13a, linker = -NH-(CH5)6 (77%)
13b, linker = Val-Ala-PAB (98%)

N
o o)
i 0
, N NH
8, linker = -NH-(CHy)g (45%)
10, linker = Val-Ala-PAB (62%)
HN HN NH2
H,oN NH
(0] (0]
SNH BN O
7, linker = -NH-(CH,)g (46%)
9, linker = Val-Ala-PAB (74%) o
OH
(6]

Scheme 1: Synthesis of a-amanitin-cyclo[DKP-RGD] and a-amanitin-cyclo[DKP-isoDGR] conjugates 7-10. Reagents and conditions: a) 1. glutaric
anhydride, DMAP, iProNEt, DMF, overnight, 2. DIC, N-hydroxysuccinimide, DMF, overnight; b) di-N-succinimidyl glutarate, iProNEt, rt, DMF, 6 h;
¢) HoNCHo-cyclo[DKP-RGD] (2), PBS/MeCN or PBS/DMF (pH 7.5), overnight; d) HoNCHay-cyclo[DKP-isoDGR] (4), PBS/DMF (pH 7.5), overnight.
DMAP: 4-dimethylaminopyridine; DIC: diisopropylcarbodiimide; PBS: phosphate-buffered saline; PAB: p-aminobenzyl.

range as the free ligands (cf. Table 2 with Table 1). These
results encouraged us to proceed with cell viability assays in
oyP3 positive and ay B3 negative cell lines, to study the ability
of the conjugates to selectively target ayp3 expressing tumor
cells.

Cell viability assays
The antiproliferative activity of the conjugates was evaluated in

three cell lines expressing different levels of ayf3 integrin.

U87 cells (human glioblastoma) were selected as oy/B3 positive,

while A549 cells (human lung carcinoma) and MDA-MB-468
(breast adenocarcinoma) [32] were used as ayf3 negative.
The expression of ayf3 integrin on the cell membrane was
assessed by flow cytometry (see Supporting Information File 1,
Figure S1), and the results were in good agreement with the lit-
erature for U887 and A549 [33-35]. In the case of MDA-MB-
468, while the presence of the B3 integrin subunit is still quite
controversial in the literature [36-38], our FACS analysis could
not detect any ayf3 expression (see Supporting Information
File 1).
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Scheme 2: Synthesis of cyclo[DKP-isoDGR]-PEG-4-Val-Ala-a-amanitin conjugate 11. Reagents and conditions: a) 4-pentynoic acid N-hydroxysuccin-
imidyl ester, iProNEt, DMF, overnight; b) N3-PEG-4-cyclo[DKP-isoDGR], sodium ascorbate, CuSO4-5H,0, DMF/water, rt, overnight.

Table 2: Inhibition of biotinylated vitronectin binding to a,3 receptor.

compound structure (name) IC50 (NM)2 ayB3
7 cyclo[DKP-RGD]-uncleavable-a-amanitin 116+24
8 cyclo[DKP-isoDGR]-uncleavable-a-amanitin 6.8+4.3
9 cyclo[DKP-RGD]-Val-Ala-a-amanitin 14.7 £ 6.6
10 cyclo[DKP-isoDGR]-Val-Ala-a-amanitin 6.4+1.9
11 cyclo[DKP-isoDGR]-PEG-4-Val-Ala-a-amanitin 3.8+0.3

8|Csp values were calculated as the concentration of compound required for 50% inhibition of biotinylated vitronectin binding as estimated by
GraphPad Prism software. All values are the arithmetic mean + the standard deviation (SD) of triplicate determinations.

The cell lines were treated with different concentrations of the
free drug o-amanitin and conjugates 7—11 for 96 hours. The cell
viability was evaluated with the CellTiterGlo 2.0 assay and the
calculated IC5( are shown in Table 3.

The cyclo[DKP-isoDGR]-a-amanitin conjugate bearing the
lysosomally cleavable Val-Ala linker 10 proved slightly
more potent than a-amanitin in the U87 (ayP3+) cell line, as
well as in the A549 and MDA-MB-468 (ayf3—) cell lines
(2.4-3.1 times, cf. entry 1 with entry 5 in Table 3). The
cyclo[DKP-isoDGR]-a-amanitin conjugate bearing the lysoso-
mally cleavable Val-Ala linker and a PEG-4 spacer 11 proved
slightly more potent than a-amanitin in both the U87 (ayp3+)

and MDA-MB-468 (ayf3—) cell lines (2.1-2.8 times, cf. entry 1
with entry 6 in Table 3), while in A549 cell line (ayfp3—) it
turned out to be less potent (1.4 times) than the free drug.
Cyclo[DKP-RGD]-uncleavable-a-amanitin (7), cyclo[DKP-
isoDGR]-uncleavable-a-amanitin (8) and cyclo[DKP-RGD]-
Val-Ala-a-amanitin (9) proved less potent than a-amanitin in all
cell lines (see Table 3, cf. entry 1 with entries 2—4). In general,
one can conclude that the “uncleavable” compounds 7 and 8 are
much less cytotoxic than free a-amanitin, while the lysoso-
mally cleavable compounds 9-11 show variable results, with
RGD compound 9 behaving worse than the free drug but better
than the corresponding uncleavable conjugate 7. The isoDGR

motif gives generally better results, with 10 and 11 behaving
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Table 3: Evaluation of anti-proliferative activity of a-amanitin and a-amanitin conjugates 7-11 in U-87, MDA-MB-468 and A549.

entry structure (name)

a-amanitin
cyclo[DKP-RGD]-uncleavable-a-amanitin (7)
cyclo[DKP-isoDGR]-uncleavable-a-amanitin (8)
cyclo[DKP-RGD]-Val-Ala-a-amanitin (9)
cyclo[DKP-isoDGR]-Val-Ala-a-amanitin (10)
6 cyclo[DKP-isoDGR]-PEG-4-Val-Ala-a-amanitin (11)

a b~ WN =

|C50 (nM)a

US7 (ayBa+) MDA-MB-468 (ayB3-)  A549 (ayB3-)

347 + 132.5P 185 + 49.6° 518 + 305P
2552 + 37.6 1111 £ 228.4 n.d.c
3355 + 19.1 2200 + 96.2 n.d.c
1446 + 83.9 202 +10.3 2160 +23.3
143 + 33.8 59 + 23.4 217 £98.3
165 + 4.0 66 + 24.1 720 + 98.1

8|Csp values were calculated as the concentration of compound required for 50% inhibition of cell viability. All cell lines were treated with different
concentrations of a-amanitin and compounds 711 for 96 hours. The samples were measured in triplicate. PAverage values from three independent

experiments. °n.d.: these data could not be determined.

much better than the corresponding uncleavable conjugate 8 and
slightly better than the free drug. Apparently, for all the a-ama-
nitin conjugates there is no direct correlation between the cyto-
toxicity and the expression of ayf3 integrin [39].

To determine whether the increased cytotoxicity of cyclo[DKP-
isoDGR]-a-amanitin conjugates 10 and 11 is governed by an
integrin-mediated binding and internalization process, competi-
tion experiments [40] were carried out in which conjugates 10
and 11 were tested on U87 (ayP3+, ayPst, ayPe—, asPit)
[34-36] and on MDA-MB-468 (ayB3—, ayBs+, ayPet, ospi-)
[34-36] cells in the presence of 50-fold excess of cilengitide
[23], with the aim of blocking integrins on the cell surface
(Table 4, see also Supporting Information File 1, Biological
assays). Using the U87 cell line, a modest ICsg increase of
conjugate 11 from 91 nM (without cilengitide) to 143 nM (with
excess cilengitide) was observed (Table 4, entry 2). Using the
MDA-MB-468 cell line, a more pronounced ICs( increase was
observed for both conjugates 10 (from 47 nM without cilengi-
tide to 259 nM with excess cilengitide; Table 4, entry 1) and 11
(from 65 nM without cilengitide to 340 nM with excess cilengi-

tide; Table 4, entry 2). From these results, no correlation

emerges between the expression of integrin ayf3 and cytotoxic-
ity. However, it should be noted that these cell lines overex-
press other integrins (asp in U87, ayPe in MDA-MB-468, and
ayPs in both) [34-36]. Thus, the increase of the IC5q of conju-
gates 10 and 11 (up to 5.5 times) may be possibly due to the
block of other integrins with excess cilengitide, which is known
to efficiently bind not only ayf3 (IC5y = 0.6 nM) [23], but also
0.\/[35 (IC50 =84 l‘lM) [23], QVB6 (IC50 =82.8 l‘lM) [41], and
asB; (ICso = 14.9 nM) [23].

Conclusion

In this paper, two cyclo[DKP-RGD]-a-amanitin and three
cyclo[DKP-isoDGR]-0-amanitin conjugates were prepared in
good yields following a straightforward synthetic route. Conju-
gates 7—11 retain good binding affinities for the purified oyf3
receptor, in the same range as the respective free ligands. Cell
proliferation assays were performed with three cell lines
possessing different levels of integrin expression: human
glioblastoma U87 (ayP3+), human lung carcinoma
A549 (oyP3—) and breast adenocarcinoma MDA-MB-468
(ayP3—). With all these cell lines the cyclo[DKP-isoDGR]-a-

amanitin conjugate 10 proved slightly more potent than

Table 4: Competition experiments of conjugates 10 and 11 in the presence of a 50-fold excess of cilengitide in U-87 and MDA-MB-468.

entry compound IC50 (NM)@
U87 (ayBs+, ayBs+, ayBe—, asPi+)  MDA-MB-468 (ayB3—, ayBs+, avBet, asB1-)
1 10 107 + 26.8 47 +21.1
10 + 50-fold excess of cilengitide 106 + 11.6 259 +55.2
9 11 91 + 30.6 65+ 17.6
11 + 50-fold excess of cilengitide 143 £ 59.3 340 +210.3

8|Csp values were calculated as the concentration of compound required for 50% inhibition of cell viability. Both cell lines were treated with different
concentrations of compounds 10 and 11 in the presence of a 50-fold excess of cilengitide during 96 hours. The samples were measured in triplicate.
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o-amanitin, whereas conjugate 11 showed enhanced potency
compared to the free drug only on U887 and MDA-MB-468
cells.

Apparently, for all these a-amanitin conjugates there is no
correlation between the cytotoxicity and the expression of ayf3
integrin. To determine whether the slightly increased cytotoxici-
ty of cyclo[DKP-isoDGR]-a-amanitin conjugates 10 and 11 is
governed by an integrin-mediated binding and internalization
process, competition experiments were carried out in which
conjugates 10 and 11 were tested with U87 (ay B3+, ayPst,
ayPe—, asfi+) and MDA-MB-468 (ayfs—, avBs+, ayBet,
as5PB1—) cells in the presence of 50-fold excess of cilengitide,
with the aim of blocking integrins on the cell surface. Using the
U87 cell line, a modest increase of the conjugate 11 I1Cs was
observed in the presence of cilengitide. Employing the MDA-
MB-468 cell line, a more pronounced increase of ICsy was ob-
served for both conjugates 10 and 11 in the presence of cilengi-
tide. Therefore, it appears that blocking integrins with excess
cilengitide, which is known to strongly bind not only ayf3, but
also ayPs, ayPe, and asPq, results in an increase (up to
5.5 times) of the ICs of conjugates 10 and 11 with the MDA-
MB-468 cell line. These data suggest that cyclo[DKP-isoDGR]-
a-amanitin conjugates 10 and 11 are possibly internalized by a
process mediated by integrins different from oyfp3 (e.g., ayvps),
though the exact nature of this involvement is not clearly
defined [42].

Finally, the ICsq values of the integrin ligand-a-amanitin conju-
gates are much worse (cytotoxicity increased three times com-
pared to a-amanitin) than those exhibited by antibody a-amani-
tin conjugates for which the increase of cytotoxicity is
100-100000 times [5]. Therefore, despite the remarkable
progresses that have been realized in recent years, integrin
targeting SMDCs are still far from the clinic.

Experimental

Functionalized ligands HNCH;-cyclo[DKP-RGD] (2) and
H);NCH;-cyclo[DKP-isoDGR] (4) were prepared according to
the literature [28,29]. 6’-Functionalized a-amanitin derivatives
12a and 12b were prepared according to references [43,44].

Supporting Information

Supporting Information File 1

Experimental details, characterization data and copies of
spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-29-S1.pdf]
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Abstract

Gonadotropin releasing hormone-III (GnRH-III), a native isoform of the human GnRH isolated from sea lamprey, specifically
binds to GnRH receptors on cancer cells enabling its application as targeting moieties for anticancer drugs. Recently, we reported
on the identification of a novel daunorubicin-GnRH-III conjugate (GnRH-IHf[4Lys(Bu), 8Lys(Dau=A0a)] with efficient in vitro
and in vivo antitumor activity. To get a deeper insight into the mechanism of action of our lead compound, the cellular uptake was
followed by confocal laser scanning microscopy. Hereby, the drug daunorubicin could be visualized in different subcellular com-
partments by following the localization of the drug in a time-dependent manner. Colocalization studies were carried out to prove the
presence of the drug in lysosomes (early stage) and on its site of action (nuclei after 10 min). Additional flow cytometry studies
demonstrated that the cellular uptake of the bioconjugate was inhibited in the presence of the competitive ligand triptorelin indicat-
ing a receptor-mediated pathway. For comparative purpose, six novel daunorubicin~GnRH-III bioconjugates have been synthe-
sized and biochemically characterized in which ®Asp was replaced by D-Asp, D-Glu and D-Trp. In addition to the analysis of the in
vitro cytostatic effect and cellular uptake, receptor binding studies with '23I-triptorelin as radiotracer and degradation of the GnRH-
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III conjugates in the presence of rat liver lysosomal homogenate have been performed. All derivatives showed high binding affini-

ties to GnRH receptors and displayed in vitro cytostatic effects on HT-29 and MCF-7 cancer cells with ICs( values in a low micro-

molar range. Moreover, we found that the release of the active drug metabolite and the cellular uptake of the bioconjugates were

strongly affected by the amino acid exchange which in turn had an impact on the antitumor activity of the bioconjugates.

Introduction

Cancer is one of the most serious diseases worldwide and
malignant tumors and metastases often lead to high mortality.
Chemotherapy is a widely used method to treat cancerous
diseases, but the lack of selectivity, drug-specific side-effects
and toxicity to healthy tissues result in various complications,
which restrict the application of chemotherapeutics. A promis-
ing treatment option to overcome these drawbacks can be
targeted tumor therapy. This approach is based on the fact that
receptors for many regulatory ligands such as peptide hormones
are overexpressed on the surface of various cancer cells includ-
ing gonadotropin-releasing hormone receptors (GnRH-R) [1].
Therefore, these peptides are suitable for specific drug targeting
to tumor cells. The native ligand of this receptor is GnRH-I
(<EHWSYGLRPG-NHj,, where <E is pyroglutamic acid) which
is synthesized and released within the hypothalamus. GnRH
stimulates the synthesis and release of the regulatory pituitary
glycoprotein luteinizing hormone (LH) and follicle stimulating
hormone (FSH) which act on the gonads and regulate the pro-
duction of the sex steroids androgen and estrogen [2].

In the last decades a large number of synthetic GnRH-I-ana-
logues has been designed with the purpose to interact with the
receptor and influence the release of pituitary gonadotropins LH
and FSH [1,3-6]. The replacement of °Gly by D-amino acids in
human GnRH-I provides superagonists like the GnRH-I deriva-
tives buserelin [®D-Ser(s-Bu), °Pro-EA], goserelin
[°D-Ser(z-Bu), 9Azagly-NH,], leuprolide [°D-Leu, Pro-EA]
and triporelin [®D-Trp], which are used as pharmaceutical
peptides to treat inter alia hormone dependent prostate and/or

breast cancer [7].

Since the mid-1980s cytotoxic GnRH-I derivatives were de-
veloped and investigated to treat tumor cells [4,5,8,9]. Anthra-
cyclines such as doxorubicin (Dox), daunorubicin (Dau) or
epirubicin are frequently used anticancer drugs. Their mode of
action is based on a planar ring system which is important for
intercalation into DNA [10]. In this way, anthracyclines can
affect a broad range of DNA processes leading to an inhibited
synthesis of macromolecules such as mRNA and DNA [10,11].
More precisely, anthracyclines act as topoisomerase II toxins
inhibiting DNA transcription and replication. They stabilize a
DNA topoisomerase-II intermediate in which the DNA strands
are separated and a specific tyrosine residue of the topoisomer-

ase II is covalently linked to the DNA by formation of a
tyrosine phosphodiester [10-12]. Moreover, anthracyclines
provide a beneficial auto-fluorescence allowing the perfor-
mance of fluorescence based studies like confocal laser scan-
ning microscopy (CLSM) and fluorescence-activated cell
sorting (FACS) to investigate the cellular uptake and the subcel-
lular localization of the drug or the drug bioconjugates [13,14].
It is well known from the literature that anthracyclines accumu-
late in the nucleus, in that manner they also act as DNA stains
[14,15].

The first cytotoxic GnRH-I derivative, which was investigated
in preclinical and clinical studies, was zoptarelin-doxorubicin
also known as AEZS-108 (previously AN-152) [16]. The
anthracycline doxorubicin was conjugated to the g-amino group
of GnRH-I-[°D-Lys] by insertion of a glutaric acid linker. The
resulting ester bond can be cleaved by carboxylesterases,
leading to the release of the cytotoxic agent within the tumor
cell. During clinical trials, only mild side effects were observed
which are caused by premature drug release [17]. The receptor
mediated uptake of zoptarelin has been investigated by
blockage of GnRH receptors using an excess of the GnRH-I
superagonist triptorelin [14]. In addition, the internalization and
the intracellular localization of AN-152 were visualized by
CLSM [14]. Despite all these promising findings, zoptarelin-
doxorubicin did not achieve its primary endpoint in phase 3
clinical studies on endometrial cancer [18].

A natural isoform of the human GnRH-I, the sea lamprey ana-
logue GnRH-III (<KEHWSHDWKPG-NH,), was identified and
characterized by Sower et al. [19]. Due to the significantly
lower endocrine effect compared to GnRH-I and the specific
binding to GnRH-Rs on cancer cells, GnRH-III might have
advantage as a carrier for cytotoxic drugs, especially in case of
hormone-independent tumors [20]. Based on these findings,
GnRH-III has been used as an efficient homing device for
targeted tumor therapy [21,22]. Moreover, it was demonstrated
that a modification of the side chain of 8Lys did not hinder the
receptor binding or the antiproliferative activity. Furthermore,
the absence of the free e-amino group additionally reduced the
endocrine effect [23,24]. Thus, the 8Lys can be utilized as
conjugation site for cytotoxic agents like anthracyclines. In the

past decade, a variety of different linkage systems has been
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carried out including ester or hydrazine bonds, cathepsin-B
labile spacers and oxime bonds [21,22,25].

Due to its structural properties, Dau cannot be attached to the
homing device by an ester bond like Dox, because of the
absence of the primary hydroxy group in position C-14. Howev-
er, the C-13 carbonyl group of Dox/Dau provides a suitable
conjugation site and can be used for the formation of oximes.
We have recently reported that Dau was efficiently linked to the
8Lys side-chain by incorporation of an aminooxyacetic acid
(Aoa) moiety [21,25]. The formed oxime linkage is more stable
under physiological conditions than the ester bond resulting in a
longer half-life of the conjugate during circulation. Neverthe-
less, the drug is released within the cancer cell by lysosomal en-
zymes, especially by cathepsin B, which leads to various
Dau containing metabolites [26]. In case of GnRH-
II-[3Lys(Dau=Aoa)] conjugates the smallest Dau metabolite
obtained by lysosomal degradation is H-Lys(Dau=Aoa)-OH,
which is able to bind to DNA resulting in a cytotoxic effect. A
variety of oxime bond containing GnRH-III drug conjugates
have been designed in our research group and their in vitro
cytotoxic effects on hormone dependent human breast adeno-
carcinoma cancer cells (MCF-7) and on hormone independent
human colon carcinoma cells (HT-29) were analyzed
[22,25,27,28]. Thereby, it has been exposed, that an exchange
of 4Ser by “Lys followed by acylation of the e-amino group
with short chain fatty acids (SCFA) improved the cellular
uptake and the antitumor activity [29]. Moreover, these GnRH-
III bioconjugates displayed an enhanced stability in the pres-
ence of gastrointestinal enzymes. The most potent and efficient
bioconjugate which has been evaluated in in vitro cytostatic
effect measurements on human breast cancer cells (MCF7) and
human colon cancer cells (HT-29), is GnRH-ITI-[*Lys(Bu),
8Lys(Dau=Aoa)] (K2). Recent studies demonstrated that the
butyrilation of the lysine in position 4 not only leads to an in-
creased in vitro but also to an enhanced in vivo antitumor activ-
ity [29,30].

In order to achieve a better understanding of the mechanism of
action, the internalization and the intracellular localization, our
lead compound K2 was studied and monitored by CLSM.
Furthermore, the cellular uptake of K2 was evaluated in compe-
tition with the GnRH-I superagonist triptorelin by flow cytom-

etry indicating a receptor mediated pathway.

To gain further information about sequence—activity relation-
ship of GnRH-III, we studied the impact of ®Asp on the effi-
ciency of tumor targeting. Since it is known from the literature
that an incorporation of D-amino acids (D-Aaa) in position 6 of
GnRH-I and II peptides can lead to an improved receptor
binding affinity and an enhanced antiproliferative activity with-
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out substantial effect on the endocrine activity [31-33], we de-
veloped six novel GnRH-ITI-Dau conjugates in which the ®Asp
was replaced by D-Aaa. Here we report on the synthesis of
GnRH-III bioconjugates containing D-Asp, D-Glu or D-Trp in
position 6 and Ser or Lys(Bu) in position 4. Moreover, the
novel GnRH-III-Dau conjugates were compared systematically
with our lead compound K2 in terms of in vitro cytostatic
effect, receptor binding affinity, cellular uptake and lysosomal

digestion in the presence of rat liver lysosomal homogenate.

Results and Discussion

Synthesis of oxime bond-linked
GnRH-III-[*Ser/Lys(Bu), ®Aaa,
8Lys(Dau=Aoa)] bioconjugates

The GnRH-III bioconjugates were prepared as shown in
Scheme 1. All peptides were synthesized by standard Fmoc-
SPPS using orthogonal lysine protecting groups. Fmoc-
Lys(Dde)-OH was incorporated in position 4 and Fmoc-
Lys(Mtt)-OH in position 8. After peptide chain elongation the
Dde group was removed and “Lys was butyrylated by using
butyric anhydride. Afterwards, the Mtt group was cleaved under
mild acidic conditions, followed by Boc-Aoa-OH coupling.
After cleavage from the resin with an appropriate TFA—scav-
enger mixture and purification of the crude compounds by
preparative HPLC, the attachment of daunorubicin via oxime

Glp-His(Trt)-Trp-Aaa(PG)-His(Trt)-Xxx(PG)-Trp-Lys(Mtt)-Pro-Gly-NH —’
|

| Aaa(PG) = Lys(Dde) |
a)

Glp-His(Trt)-Trp-Aaa-His(Trt)-Xxx(PG)-Trp-Lys(Mtt)-Pro-Gly-NH —‘

D)
Glp-His-Trp-Aaa-His-Xxx-Trp-Lys(Aoa)-Pro-Gly-NH,

lC)

Glp-His-Trp-Aaa-His-Xxx-Trp-Lys(Dau=Aoa)-Pro-Gly-NH,

| Aaa(PG) = Ser(tBu) |

Aaa(PG) = Ser(tBu) or Lys(Dde)

Aaa = Ser or Lys(Bu)

Xxx(PG) = D-Asp(OtBu), D-Glu(OtBu) or D-Trp
Xxx = D-Asp, D-Glu or D-Trp

Scheme 1: Syntheses of GnRH-III-[(*Lys(Bu)/*Ser, 6Aaa,

8 ys(Dau=Aoa)] bioconjugates. a) (1) 2% hydrazine in DMF

12 x 5 min; (2) 3 equiv butyric anhydride, 3 equiv DIPEA in DMF, 2 h.
b) (1) 2% TFA in DCM, 6 x 5 min; (2) 10% DIPEA in DCM, 3 x 5 min;
(3) 3 equiv Boc-Aoa-OH, 3 equiv HOBt, 3 equiv DIC in DMF, 1 h;

(4) 95% TFA, 2.5% TIS, 2.5% H20, 10 equiv H-Aoa-OH, 2h.

c) 1.3 equiv Dau in 0.1 M NH4OAc buffer (pH 5), overnight. Fmoc:
9-fluorenylmethoxycarbonyl, SPPS: solid-phase peptide synthesis,
Dde: 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl, Mtt: 4-methyl-
trityl, Bu: butyryl, Aoa: aminooxyacetyl, Dau: daunorubicin, blue circle:
Rink amide MBHA-resin.
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linkage was carried out in solution as previously reported [21].
The resulting GnRH-I1I-Dau conjugates were purified by
preparative HPLC, the final products K1, K2 and 1-6 were
characterized by analytical HPLC and mass spectrometry
(Table 1, Supporting Information File 1, Figures S1-S8). The
bioconjugates could be obtained in yields up to 27% over all
synthesis and purification steps. The lower yields of the
D-amino acid containing derivatives, especially in case of
D-Trp are related mainly to their decreased solubility compared
to the parent compounds. Moreover, the free aminooxy group is
highly reactive towards aldehydes and ketones leading to the
formation of unwanted side-products [34]. Aminooxy acety-
lated peptides prone to react with traces of acetone or formalde-
hyde (e.g., from the softeners of the plastic tubes) not only
during the reaction steps (cleavage, ligation) but also under the
HPLC purification conditions which has a high impact on the
yield [35].

Secondary structure determination by

electronic circular dichroism spectroscopy

ECD spectra of GnRH-III-[*Ser/*Lys(Bu), °D/L-Asp,
8Lys(Dau=Aoa)] (K1, K2, 1 and 4) were measured in aqueous
solution to study the influence of the exchange of L-Asp to
D-Asp in position 6 on the peptide conformation. The D-Trp
containing analogs were not soluble under this condition, while
we did not expect significant influence of ECD spectra from the
exchange of D-Asp to D-Glu. The ECD spectra of all four
GnRH-III peptide conjugates reveal two distinct bands: one
negative at 200 nm and one positive at 235 nm (Figure 1, Sup-
porting Information File 1, Figures S15 and S16). The negative
band is also present in the GnRH-III peptide without the
daunorubicin (Dau) part. This indicates that the main conforma-
tional preferences are not changed by the conjugation. The
shapes of the ECD curves show a highly dynamic peptide struc-
ture in water. This is in agreement with the NMR study made
by Pappa et al. that presented an extended and more flexible

Table 1: Chemical characteristics of Dau—GnRH-III bioconjugates.

Code  [BLys(Dau=Aoa)]-GnRH-Ill compound Purity [%]

RP-HPLC tg [min]?

Beilstein J. Org. Chem. 2018, 14, 756-771.

structure of GnRH-III than GnRH-I which has rather more
defined U-shape structure [36]. In case of the positive band
(235 nm) we can conclude that this is a contribution of the Dau
part of the molecules because it has a positive band near 230 nm
and in the conjugates this band is shifted to 235 nm. The Dau
has also a negative band at 200 nm.
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Figure 1: Far-UV ECD spectra of GnRH-IIl and its drug conjugates in

water (GnRH-III solid, K1 dash, K2 dot, 1 dash dot, 4 dash dot dot).
Insert: far-UV ECD spectra of daunorubicin.

The only difference between the D-Asp derivatives and the
original peptides is located near 215 nm. This sign indicates the
presence of increased contribution of -sheet like secondary
structure in case of D-Asp derivatives. Because no aggregation
could be observed in HPLC or MS measurements, we assume
that the presence of the B-hairpin structure is a feasible concep-
tion in these cases.

Stability/degradation of the GnRH-IlI

bioconjugates
Drug delivery systems (DDS) are promising therapeutics for
tumor therapy providing a selective application to tumor cells

ESIMS MW qa/MWey, [g/mol]?  Yield [%]°

K1 [BL-Asp] >97
1 [6D-Asp] >96
2 [6D-Glu] >98
3 [6D-Trp] >95
K2 [“Lys(Bu),5L-Asp] >97
4 [“Lys(Bu),®D-Asp] >98
5 [“Lys(Bu),°D-Glu] >96
6 [“Lys(Bu),8D-Trp] >97

27.8 1841.89/1841.66 22
28.0 1841.89/1841.60 8
29.2 1855.91/1855.70 14
32.5 1913.01/1912.80 7
29.3 1953.071952.79 27
29.5 1953.07/1952.90 9
29.7 1966.93/1966.70 7
32.6 2024.03/2023.70 6

aColumn: Phenomenex Luna C18 column (250 mm x 4.6 mm) with 5 pm silica (100 A pore size); gradient: 0 min 0% B, 5 min 0% B, 50 min 90% B;
eluents: 0.1% TFA in water (A) and 0.1% TFA in acetonitrile/water (80:20, v/v) (B); flow rate: 1 mL/min; detection at 220 nm. PBruker Daltonics
Esquire 3000+ ion trap mass spectrometer. °Yield over all synthetic and purification steps.
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and a reduction of toxic side effects. To ensure these benefits,
stability and degradation studies are of great importance during
DDS development. In vitro degradation studies in the presence
of gastrointestinal enzymes and lysosomal homogenate as well
as stability analyses in human serum provide valuable informa-
tion [37]. On the one hand toxic side effects caused by prema-
ture drug release should be avoided, on the other hand an intra-
cellular drug release from the bioconjugates in the targeted cell
is mandatory to assure the antitumor activity. Previously, we re-
ported on the stability of the bioconjugates GnRH-
[I-[8Lys(Dau=Aoa)] (K1) and GnRH-III-[*Lys(Ac),
8Lys(Dau=Aoa)] in 90% human serum and in the presence of
digestive enzymes trypsin and a-chymotrypsin [26,38]. It was
found that both Dau—GnRH-III compounds were stable in
human serum and trypsin at 37 °C for at least 24 h. Further-
more, the incorporation of an acetylated lysine instead of the
native serine in position 4 decelerated the degradation by
a-chymotrypsin which catalyzed the hydrolysis of the peptide
bond exclusively between 3Trp and *Aaa. A similar effect was
observed for GnRH-III conjugates in which the g-amino group
of *Lys was acylated by different SCFAs. It is worth to mention
that the main cleavage sites of GnRH peptides by different en-
zymes are at both sides of serine in position 4 [39,40], that can
be prohibited by replacement of Ser with an acylated lysine.
Moreover, it has been shown that the stability is increased with
the length of the side chain modification [29]. In this manner,
the bioconjugate GnRH-III-[*Lys(Bu), 3Lys(Dau=Aoa)] (K2)
displayed a two-fold higher stability in the presence of
a-chymotrypsin than GnRH-III-[*Lys(Ac), $Lys(Dau=Aoa)]
[29,38].

The novel GnRH-III bioconjugates 1-6 have been analyzed for
their stability/degradation in cell culture medium and in the
presence of rat liver lysosomal homogenate. Reaction mixtures
were incubated for 24 h at 37 °C, samples were taken at differ-
ent time points and analyzed by analytical RP-HPLC and
LC-MS. The approved bioconjugates K1 and K2 were
analyzed in the same manner and the achieved results were used
for a comparative evaluation of the novel GnRH-III-Dau conju-
gates.

The stability studies in cell culture medium revealed that all
compounds were stable at 37 °C for 24 h which is in accor-
dance with our previous results [29]. During this time, no de-
composition of the conjugates was observed, demonstrating that
no free drug or small drug containing metabolite was produced
in medium during the treatment that might have influence on
the in vitro biological assays.

Besides stability under physiological conditions, the release of

the drug within cancer cells is of high relevance. In this study
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the anthracycline daunorubicin was used as anticancer agent.
This drug interacts with DNA by intercalation and affects a
broad range of DNA processing [11,41]. Orban et al. recently
reported that next to the free drug, also small Dau-containing
metabolites revealed an antitumor activity [26,42].

In order to gain insight into the cellular release of the drug, the
degradation of the Dau—GnRH-III derivatives 1-6, K1 and K2
was determined in the presence of rat liver lysosomal
homogenate at 37 °C. As shown in Figure 2, all GnRH-11I-Dau
peptides were digested by lysosomal enzymes resulting in
various peptide fragments (Supporting Information File 1, Table
S1). However, the degradation level and the cleavage sites
within the GnRH-III sequence differ considerably depending on
the incorporated amino acids, whereby the hydrolyses of the
C-terminus (H-Gly-NH, and H-Pro-Gly-NH,) occurred first in
all eight GnRH-III derivatives. Due to the high chemical and
enzymatic stability of the oxime bond, no free Dau was detected
by LC-MS. In accordance with our previous results, the diges-
tion of the two peptides containing L-Asp in position 6 (K1,
K2) provided the smallest Dau-containing metabolite
(H-Lys(Dau=Aoa)-OH, m/z 729.36 [M + H]*"). This metabolite
could already be detected after 1 hour of incubation in case of
K2 and after 2 hours in case of K1. The °D-Asp containing
counterparts 1 and 4 exhibited higher lysosomal stabilities
preventing the release of H-Lys(Dau=Aoa)-OH. On the con-
trary, the fragment H-Lys(Dau=Aoa)-OH could be identified in
small amount after 24 h digestion of the bioconjugates 2 and 5
(°D-Glu). Surprisingly, in case of the °D-Trp containing ana-
logues 3, 6, the effective metabolite was delivered much
faster (after 2 h 6 or 4 h 3) and in a higher amount (highlighted
peaks Figure 2C). Moreover, the detected fragment
H-wWK(Dau=Aoa)-OH demonstrated that the D-Trp of conju-
gate 3 was accepted at the cleavage site of at least one lyso-
somal protease leading to improved release of the active
metabolite. It might be assumed that D-Trp of GnRH-
Illf[4Lys(Bu), 6D-Tpr, 8Lys(Dau=A0a)] (6) is also accepted at
the cleavage site, but due to the prior hydrolysis of the "Trp-
8Lys(Dau=Aoa)-bond an evidential fragment has not been
detected. A reason for these diversities might be the subsite
specificities of the lysosomal proteases. For instance, lyso-
somal cysteine proteases also known as cathepsins show a
broad substrate specificity [43]. Nearly all human cysteine
proteases belong to the group of endopeptidases, whereby
cathepsin B is also a carboxydipeptidase and cathepsin X
displays carboxymono- and dipeptidase activity [44-46]. On the
contrary, cathepsin C functions as an aminodipeptidase and
cathepsin H reveals next to its endopeptidase activity also
aminomonopeptidase activity [44,46]. Due to the variety of the
detected fragments, we suggest that the rat liver homogenate

contained a similar mixture of homolog cathepsins. For
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Figure 2: Degradation of the GnRH-IIl bioconjugates by rat liver lysosomal homogenate. A) Cleavage sites produced by the proteolysis of bioconju-
gates in the presence of rat liver lysosomal homogenate (full-line arrows). B) Structure of the smallest Dau-containing metabolite and its correspond-
ing mass spectra (analysis of K1 after 24 h incubation at the retention time 16.2—16.6 min of the LC—-MS chromatogram). C) LC—MS chromatogram of
the GnRH-IIl bioconjugates after 24 h of incubation with rat liver lysosomal homogenate at 37 °C (asterisk labeling peak of the smallest Dau-contain-

ing metabolite H-K(Dau=Aoa)-OH).

instance, the analyzed fragments of the °L-Asp derivatives gave
clear hints for the presence of endopeptidases, while the diges-
tion of the ®D-Aaa compounds 1-3 gave only fragments which
evidence the activity of exomono- and/or dipeptidases. More-
over, the obtained results for the bioconjugates that contain
4Lys(Bu) (K2, 4-6) instead of serine indicate a proteolytic
cleavage by lysosomal endopeptidases, which might be of great
importance for the release of the smallest Dau-containing

metabolite.

Cytostatic effect of the bioconjugates

Cell lines often function as the first model system of choice to
study biological processes or to test the efficiency of drugs or
drug conjugates and their cytotoxic effects. Immortal cell lines
offer various benefits, for instance they are easy to handle, cost-
effective and provide consistent sample and reproducible results
[47]. Nevertheless, cell lines also present the disadvantage that
after a period of continuous growth, cell characteristics can
change and dedifferentiate in culture [47,48]. The serial
passaging can cause genotypic and phenotypic variations and

the state of confluency can also affect gene expression pattern

in some cell lines [47,49]. Due to this, the usage of internal
standards during the evaluation of new potential candidates
might be necessary to ensure comparability with previous
results. The cytostatic effect of the novel GnRH-III bioconju-
gates was determined on HT-29 human colon cancer and MCF-
7 human breast cancer cell lines by alamarBlue® assay. For a
better comparison, the well-studied bioconjugates GnRH-
[1-[8Lys(Dau=Aoa)] (K1) and GnRH-III-[*Lys(Bu),
8Lys(Dau=Aoa)] (K2) were used as positive controls and
internal standards. The corresponding ICs( values were calcu-
lated by using nonlinear regression (sigmoidal dose response)
(Figure 3, Table 2). Unfortunately, the D-Trp containing com-
pounds 3 and 6 started to precipitate in both cell culture media
at higher concentrations limiting the concentration down to a
maximum of 10 uM. This effect could not be prevented by
using DMSO instead of ddH,O for the preparation of the stock
solutions. Unfortunately, the lower concentration range with a
maximum of 10 uM was not sufficient to achieve the dose-
response. Nevertheless, both D-Trp-containing compounds pro-
vided a decreased cell viability at the highest concentration
(10 uM) on HT-29 (58% (3) and 55% (6)) and MCF-7 cells
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Figure 3: Cytostatic effect of the GnRH-III bioconjugates at different concentrations on A) HT-29 and B) MCF-7 cells after 24 h determined by alamar-
Blue® cell viability assay. Experiments were carried out by using four replicates with n = 2, error bars represent standard deviation. Curves obtained
by nonlinear regression (sigmoidal dose response). For ICsq values see Table 2.

Table 2: In vitro cytostatic effects of GnRH-III bioconjugates on HT-29 human colon cancer and MCF-7 human breast cancer cell line.

code [BLys(Dau=Aoa)}-GnRH-IIl compound
K1 [BL-Asp]

1 [6D-Asp]

2 [6D-Glu]

3 [6D-Trp]

K2 [“Lys(Bu),5L-Asp]

4 [“Lys(Bu),°D-Asp]

5 [“Lys(Bu),®D-Glu]

6 [“Lys(Bu),8D-Trp]

MCF-7 ICsq [uM] HT-29 IC50 [UM]

3.2+0.1 1.5+0.5
13.0+0.5 8.9+1.3
6.8+1.0 10.1£1.4
n.d.2 n.d.2
27+0.1 1.9+0.7
6.2+0.2 9.3+1.1
70+£1.2 13.7+2.6
n.d.2 n.d.2

@n.d. - no data (compound 3 and 6 precipitated in medium at concentrations higher than 20 uM — no dose response). All values represent mean + SE.

(69% (3) and 53% (6)), demonstrating that all measured com-
pounds displayed an in vitro cytotoxic activity. Nevertheless,
the replacement of ®Asp by D-Asp, D-Glu or D-Trp led to a de-
creased cytostatic effect on the estimated cancer cell lines.

Considering the determined ICsq values, no relevant differ-
ences of the antiproliferative activity between the 4Ser and the

corresponding “Lys(Bu) derivatives could be observed which is

not in line with our previous data [29]. This might be a result of
the prolonged incubation time which was modified from
6 hours up to 24 hours because of the decreased antitumor ac-
tivity of the novel compounds and the application of alamar-
Blue® instead of MTT assay. It can be assumed that the *Ser
bioconjugates require a longer period of treatment to be fully
effective. The D-Glu containing GnRH-III derivatives 2 and 4
had slightly higher ICsq values on HT-29 cells than the D-Asp
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compounds whereby the degradation profile of 2 and 4
displayed an enhanced release of the smallest Dau-containing
metabolite indicating that the GnRH-III bioconjugates vary in
their affinity for the GnRH-RI and/or their cellular uptake.

Radioligand binding studies

To investigate the binding affinity of the novel compounds to
the GnRH-receptor, an in vitro ligand competition assay has
been performed on human pituitary and GnRH-R positive
human prostate cancer tissues. Hereby, the displacement of
radiolabeled triptorelin by the unlabeled bioconjugates 1, 2, 4
and 5 was determined. For a better comparison, the bioconju-
gates K1 and K2 were also analyzed and used as reference. The
obtained results summarized in Table 3 point out that all
bioconjugates replaced [!2%I]-triptorelin with ICsq values in low
nanomolar range. With exception of conjugate 5 (7.9 nM and
11.6 nM), all evaluated compounds displayed slightly higher
binding affinity on human prostate cancer (3.0-10.4 nM) than
on human pituitary tissue (3.9-23.5 nM) being in accordance
with our previous observations [29]. The lowest ligand concen-
tration causing 50% inhibition of radioligand binding was ob-
tained for K2 with 3.9 nM on pituitary and 3.0 nM on prostate
cancer tissues which is only slightly higher than the reported
values for GnRH-I-[D-Lys®(Dau=Aoa)] (1.6 nM and 0.9 nM)
and GnRH-Hf[D-Lysé(Dau=Aoa)] (4.2 nM and 2.1 nM)
[29,50].

Nevertheless, it has to be considered that the determined
ICs( values are within a narrow, low nanomolar range and do
not differ widely. Especially, the binding affinity on prostate
cancer tissue deviate only slightly (3.0—11.6 nm) indicating that
the incorporation of D-Asp or D-Glu in position 6 did not sub-
stantially affect the receptor binding properties of the GnRH-III
derivatives. In addition, the selectivity of conjugates 1, 2, 4 is a
bit higher toward the prostate cancer than the control conju-

Beilstein J. Org. Chem. 2018, 14, 756-771.

gates K1 and K2. According to our data, the incorporation of
Lys(Bu) in position 4 instead of Ser increased the binding
affinity but lowered the selectivity of the conjugates.

All investigated GnRH-III derivatives inhibited the binding of
radiolabeled triptorelin efficiently by using increasing concen-
trations (1 pM to 1 uM). It has been reported that the GnRH-I

derivatives cetrorelix and buserelin displaced [1257)

-triptorelin
completely by using the same concentration range, whereas
GnRH-unrelated peptides (e.g., somatostatin-14, bombesin)
could not inhibit the receptor binding at concentrations up to
1 uM [51,52]. Comparing our results with these findings from
literature we can assume that the analyzed GnRH-III-Dau
conjugates bind to the GnRH-receptor in a specific manner.
However, the binding affinity data of the conjugates
cannot explain alone the results of their in vitro antitumor activ-

ity.

Cellular uptake of the bioconjugates on
MCF-7 human breast and HT-29 human

colon cancer cells by flow cytometry

The cellular uptake of the GnRH-III-drug conjugates was
studied by flow cytometry on HT-29 and MCF-7 cancer cells
(Figure 4). Due to their poor solubility in cell culture medium,
the cellular uptake of the D-Trp containing compounds 3 and 6
was not investigated. The other conjugates were utilized in con-
centrations between 0.15-160 uM. For determination of the cel-
lular uptake exclusively living cells were exploited. Because of
the relatively low fluorescence intensity of Dau conjugates, on
both cell lines a concentration of at least 2.5 M was necessary
to observe an increased uptake of the bioconjugates. In case of
HT-29 cells, the two bioconjugates K1 and K2 which were used
as internal standards displayed a higher cellular uptake than the
new candidates. This became particularly obvious at lower con-
centrations (2.5 pM and 10 pM). In accordance with our

Table 3: Competitive inhibition of [1251][6D-Trp]-GnRH-I binding to membranes of human pituitary and human prostate cancer specimens by GnRH-

lll-Dau-conjugates.

code [BLys(Dau=Aoa)}-GnRH-IIl compound
K1 [BL-Asp]

1 [6D-Asp]

2 [6D-Glu]

3 [6D-Trp]

K2 [“Lys(Bu),8L-Asp]

4 [“Lys(Bu),®D-Asp]

5 [“Lys(Bu),®D-Glu]

6 [“Lys(Bu),®D-Trp]

an.d. - no data. All values represent mean + SE.

I1C50 [NM]

pituitary prostate cancer
6.3+0.7 52+0.6
194+238 89+1.6
235+21 104 +1.3

n.d.2 n.d.2
3.9+0.7 3.0+1.1
6.1+0.1 40+13
79+1.1 11.6+2.0

n.d.2 n.d.2
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Figure 4: Cellular uptake of the GnRH-III bioconjugates at different concentrations on A) HT-29 and B) MCF-7 cells after 6 h determined by flow
cytometry. Experiments were carried out in duplicates; error bars represent standard deviation.

previous data, the cellular uptake of K2 by HT-29 cells is en-
hanced in comparison to K1 [29,38]. Furthermore, the cellular
uptake by HT-29 cells at 160 uM concentration was higher than
90% for all bioconjugates except compound 5 (83%). The same
effect could be observed on MCF-7 cells, whereby the uptake of
bioconjugate S was 76%. At 40 pM, K2 was taken up by MCF-
7 cells more effectively (61.2%) than the other compounds.
Apart from that, bioconjugate 1 displayed a slightly higher
uptake than K1 at 10 uM and 40 pM concentration. In general,
the bioconjugates with °D-Asp had an improved cellular uptake
in comparison with the corresponding °D-Glu derivatives.
Furthermore, in contrast to the control bioconjugates K1 and
K2 the two compounds with Lys(Bu) in position 4 (4 and 5)
revealed a declined cellular uptake over the Ser counterparts (1
and 2) on both cell lines. The differences in the behavior of the
new compounds might be a result of the changed conformation
of the D-amino acid containing derivatives. Due to the results of
the receptor binding studies, we can assume that the binding site

of the receptor is not essentially disturbed by the converted con-

formation, but it might be possible that the receptor internaliza-
tion is influenced by the structure of the bound ligand.

Considering all these data, we can conclude that the cytostatic
effect is not only influenced by the cellular uptake, but also the
release of the effective metabolite plays an important role. For
instance, the novel bioconjugate 1 provides the highest cellular
uptake over the other D-amino acid containing derivatives, but
the IC5( values are in the same range or even higher than the
ICsq value of the other compounds 2, 4 and 5. It can be assumed
that this effect occurred due to the reduced release of the

smallest Dau-containing metabolite.

Confocal laser scanning microscopy (CLSM)
studies

Next to the quantitative analysis of the cellular uptake by flow
cytometry, the cellular uptake and localization of K1, K2, 1, 2,
4 and 5 were studied on MCF-7 cells by CLSM. After 6 h incu-
bation with the GnRH-III-Dau conjugates (¢ = 10 uM, 40 uM
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and 160 pM), MCF-7 cells were fixed and prepared for
confocal laser scanning imaging. In order to gain insight into a
possible co-localization with nuclei, DAPI-staining was per-
formed. Images are displayed in BestFit mode to improve visu-
alization of low signals and to optimize the image quality. The
CLSM observations cannot be considered as quantitative analy-

DAPI

Daunorubicin

A..

Beilstein J. Org. Chem. 2018, 14, 756-771.

sis but provide qualitative information about subcellular locali-
zation. In case of all investigated compounds and concentra-
tions, the Dau signal could be detected mainly in the nuclei and
in small, cytosolic compartments (Figure SA, Supporting Infor-
mation File 1, Figures S9—S14) evidencing that the conjugated
daunorubicin reaches its site of action.

Merge

|

Daunorubicin

Lysosomes

Merge, DAPI

Figure 5: Cellular uptake of bioconjugate K2 (40 uM) visualized by confocal laser scanning microscopy (CLSM) A) after 6 h incubation, daunorubicin
(Dau) accumulates in the nucleus. B) Time dependent localization of bioconjugate K2 after 1 min, 5 min, 10 min, 30 min, 1 h, 2 h, 3 h and 6 h incuba-
tion. C) Co-localization of K2 (40 uM) with lysosomes (CytoPainter Lysosomal Staining Kit) after 5 min incubation. In the early stages of the cellular
uptake the Dau signal is co-localized with the lysosomal staining (scale bars represent 10 pm).
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To obtain more detailed information of the cellular mechanism
after internalization, we analyzed the subcellular localization of
one Dau conjugate at different timepoints by using shorter incu-
bation times (Figure 5B). Due to the results achieved by flow
cytometry and cell viability assay K2 was selected for further
investigations. The results indicate that Dau-containing metabo-
lites can be found in high amount in the nuclei after already 10
to 30 minutes, whereas the CLSM images after 1 and 5 minutes
display the Dau signal predominantly in small cytosolic vesi-
cles.

We supposed that the smaller cytosolic compartments seen at
early timepoints might be lysosomes. To prove this assumption,
a lysosomal co-localization study was performed with K2 on
MCEF-7 cells. After 5 min incubation, the detected Dau signals
corresponded largely with the signal of the lysosomal stain
revealing a co-localization with lysosomes (Figure 5C). The
remaining vesicles which display only the Dau signal are
assumed to be endosomes. Based on these findings it can be
concluded that our lead compound K2 is uptaken through an
endocytic pathway.

Receptor blockage by triptorelin

In order to investigate if the bioconjugate K2 is uptaken in a re-
ceptor-mediated manner, a competition assay was performed on
MCF-7 human breast cancer cells using an excess of the super-
agonist triptorelin. This GnRH-R binder was also used to prove
the mechanism of action of the Dox—GnRH-I bioconjugate
zoptarelin on Hec-1a and Ishikawa endometrial cancer cells
[14]. To analyze the effect of triptorelin on the cellular uptake
of the GnRH-III bioconjugates, MCF-7 cells were treated
collectively with K2 (fixed concentration of 40 pM) and trip-
torelin (concentration range of 125-1000 uM). Recently,
Griindker et al. reported that triptorelin treatment leads to an in-
creased density of GnRH-I receptors on MCF-7 cells [53].
Hence, our intention was to avoid long term incubation with
triptorelin. The results of the CLSM studies indicate that
1-2 hours are sufficient to obtain substantial Dau uptake, there-
fore cells were treated for 100 min. Afterwards, the cells were
analyzed by flow cytometry displaying a reduction of the cellu-
lar uptake of K2 by an increasing triptorelin concentration
(Figure 6). These results strongly indicate that the internaliza-
tion of the Dau—GnRH-III bioconjugates can be blocked by trip-
torelin suggesting that the cellular uptake occurs in a GnRH-R-

mediated manner.

Conclusion

Our studies demonstrate that the cytostatic effect of drug
bioconjugates, in our case Dau—GnRH-III derivative conjugates,
depend on various cellular events. Thus, the efficiency of DDSs

is not only defined by their stability under physiological condi-
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Figure 6: Competitive inhibition of the GnRH-R on MCF-7 cells. Cellu-
lar uptake of the GnRH-IlIl bioconjugate K2 (40 uM) was studied in the
presence of superagonist triptorelin (125-1000 pM) by flow cytometry.
Cells were treated simultaneously with K2 and triptorelin for 100 min.

tions and the selectivity to cancer cells, but also the cellular
uptake of the drug—carrier molecule and the release of the active
agent play an important role.

All investigated compounds exhibit cytostatic effects on HT-29
human colon cancer and MCF-7 human breast cancer cells,
whereby the well-defined lead compound K2 remains our most
promising drug candidate. The six novel GnRH-III-[°D-
Aaa]-Dau conjugates reveal 3—5 times lower antitumor activity
than the parent conjugates. Their antitumor effects are influ-
enced by many factors which counteract each other. Therefore,
no significant difference in ICs( values could be observed. It
turned out that the “Lys(Bu)-containing conjugates 4 and 5 have
a higher binding affinity to the GnRH receptors in comparison
to the *Ser-containing ones. Furthermore, the D-Asp deriva-
tives 1 and 4 show slightly improved receptor binding proper-
ties than the D-Glu derivatives 2 and 5 which might be the
reason for the enhanced cellular uptake of the D-Asp conju-
gates. However, our lysosomal degradation studies pointed out
that the digestion of conjugates 1 and 4 is less effective and
results in larger metabolites. These metabolites might have a
reduced DNA intercalating potency than the smallest Dau-
metabolite (H-Lys(Dau=Aoa)-OH) which could be identified in
case of the control peptides K1 and K2. It is worth mentioning
that in case of D-Trp containing conjugates a significant amount
of H-Lys(Dau=Aoa)-OH metabolite was released, however,
other biological study could not be made with them because of
their poor solubility in cell culture medium. Due to this obser-
vation, the conjugates 3 and 6 might be interesting for further

development. Nevertheless, our results provide significant
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information about the influence of the cellular uptake and
the release of the effective metabolite on the efficiency of the
DDS.

Next to these findings, we could systematically specify the re-
ceptor-mediated endocytosis pathway for GnRH-III-[*Lys(Bu),
8Lys(Dau=A0a)] which is also representative for other
Dau-GnRH-III bioconjugates. Based on our results, we can
assume that the GnRH-III bioconjugates specifically bind the
GnRH-Rs on cancer cells and induce in that way their internal-
ization. Moreover, the outcome of the time dependent localiza-
tion of Dau peptide conjugates or the Dau-containing metabo-
lites can give clear indication for an endocytotic pathway.
Furthermore, we could evident the localization of Dau—GnRH-
IIT conjugates in lysosomes by lysosomal staining. All CLSM
data attest the intranuclear accumulation of Dau proving the
presence of Dau-containing metabolites on its site of action.

In summary, our findings support the development of new ther-
apeutic approaches based on new cytotoxic peptide conjugates

targeting GnRH receptors in human cancers.

Experimental

Material

All amino acid derivatives and Rink-Amide MBHA resin were
purchased from Iris Biotech GmBH (Marktredwitz, Germany).
Boc-aminooxyacetic acid (Boc-Aoa-OH), aminooxyacetic acid,
scavengers, coupling agents and cleavage reagents (1-hydroxy-
benzotriazole hydrate (HOBt), N,N -diisopropylcarbodiimide
(DIC), triisopropylsilane (TIS), piperidine, 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU), trifluoroacetic acid (TFA),
diisopropylethylamine (DIPEA), acetic anhydride (Ac,0),
methanol (MeOH), n-butyric anhydride and solvent for HPLC
(acetonitrile (ACN)) were obtained from Sigma-Aldrich Kft
(Budapest, Hungary). Daunorubicin hydrochloride was a gift
from IVAX (Budapest, Hungary). N,N-Dimethylformamide
(DMF), dichloromethane (DCM) and diethyl ether (Et,O) were
purchased from Molar Chemicals Kft (Budapest, Hungary). All
reagents and solvents were of analytical grade or highest avail-
able purity.

Synthesis of oxime bond-linked
GnRH-III-[*Ser/*Lys(Bu), 6Aaa,
8Lys(Dau=Aoa)] bioconjugates

The Dau—GnRH-III derivatives were synthesized by solid phase
peptide synthesis according to Fmoc/¢-Bu chemistry on a Rink-
Amide MBHA resin (0.73 mmol/g coupling capacity) followed
by ligation of Dau (oxime bond) in solution. All peptides were
synthesized manually by usage of the following Fmoc-pro-
tected amino acid derivatives: Fmoc-Gly-OH, Fmoc-Pro-OH,
Fmoc-Lys(Mtt)-OH, Fmoc-Lys(Dde)-OH, Fmoc-Trp-OH,
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Fmoc-D-Trp-OH, Fmoc-Asp(O¢-Bu)-OH, Fmoc-D-Asp(Ot-
Bu)-OH, Fmoc-D-Glu(O#-Bu)-OH, Fmoc-His(Trt)-OH and
Fmoc-Ser(z-Bu)-OH. Pyroglutamic acid (Glp or <E) was at-
tached to the peptide chain without any protection. The general
protocol for the synthesis started with DMF-washing
(4 x 1 min), followed by Fmoc deprotection with 2% piperidine,
2% DBU in DMF (4 times; 2 + 2 + 5 + 10 min). The coupling
reaction was performed by using 3 equiv of a-Fmoc-protected
amino acid derivative, 3 equiv DIC and 3 equiv HOBt in DMF
(60 min). After washing with DMF (3 x 1 min) and DCM
(2 x 1 min) the success of the coupling was controlled by ninhy-
drine test. After assembly of the protected decapeptide the Dde
group of “Lys was removed with 2% hydrazine in DMF
(12 x 5 min) and the peptidyl-resin was washed with DMF
(5 x 1 min). Afterwards, the e-NH, amino group was butyry-
lated with 3 equiv butyric anhydride and 3 equiv DIPEA in
DMEF (2 h). In the next step, SLys(Mtt) was deprotected with
2% TFA in DCM (6 x 5§ min). Then the resin-bound peptide
was neutralized with 10% DIPEA in DCM (3 x 5 min) and Boc-
Aoa-OH was coupled for 2 h using DIC, HOBt coupling
reagents (3 equiv each to the amino group). The treatment with
95% TFA, 2.5% TIS and 2.5% water (v/v/v) in the presence of
10 equiv free aminooxyacetic acid as “carbonyl capture”
reagent (2 h, at room temperature (rt)) resulted in the simulta-
neous removal of the side chain protecting groups and the
cleavage of the peptide from the resin [54]. Peptides were iso-
lated by precipitation with ice-cold Et;O, centrifuged, washed
3 times, dissolved in water/ACN (0.1% TFA) 4:1 (v/v) and
lyophilized. Subsequent to the purification of the crude peptides
by RP-HPLC, the solvent was evaporated and Dau was conju-
gated to the aminooxyacetylated 8Lys. The oxime bond forma-
tion was carried out in 0.2 M ammonium acetate buffer
(pH 5.0), at a peptide concentration of 10 mg/mL and 1.3 equiv
Dau [21]. The reaction mixtures were stirred overnight at rt and
then purified by RP-HPLC. The resulting GnRH-III bioconju-
gates were characterized by analytical RP-HPLC and MS.

RP-HPLC

The crude peptides and the bioconjugates were purified on a
KNAUER 2501 HPLC system (H. Knauer, Bad Homburg,
Germany) using a preparative Phenomenex Luna C18(2)
column (100 A, 10 pm, 250 mm x 21.2 mm) (Torrance, CA,
USA). Linear gradient elution (0 min 20% B; 5 min 20% B;
50 min 80% B) with eluent A (0.1% TFA in water) and eluent B
(0.1% TFA in ACN/H,0 (80:20, v/v)) was used at a flow rate
of 9.5 mL/min. Peaks were detected at 280 nm.

Analytical RP-HPLC was performed on a KNAUER 2501
HPLC system using a Phenomenex Luna C18 column (100 A,
5 pm, 250 mm x 4.6 mm) as a stationary phase. Linear gradient
elution (0 min 0% B; 5 min 0% B; 50 min 90% B) at a flow rate
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of 1 mL/min with eluents described above. Peaks were detected
at 220 nm.

Mass spectrometry

Electrospray ionization (ESI) mass spectrometric analyses were
carried out on an Esquire 3000+ ion trap mass spectrometer
(Bruker Daltonics, Bremen, Germany). Spectra were acquired
in the 50-2500 m/z range. Samples were dissolved in a mixture
of ACN/water (1:1, v/v) and 0.1% formic acid.

Liquid chromatography—mass spectrometry (LC-MS) was
carried out on the same spectrometer equipped with an Agilent
1100 HPLC system and a diode array detector (Agilent, Wald-
bronn, Germany). Peptides were separated on a Supelco C18
column (150 mm x 2.1 mm, 3 pm) (Hesperia, CA) using a
linear gradient from 2-70% B in 25 min (eluent A: ddH,O,
0.1% HCOOH; eluent B: 80% ACN, 0.1% HCOOH at a flow
rate of 0.2 mL/min). Spectra were recorded in positive ion mode
in the 100-2500 m/z range.

Electronic circular dichroism spectroscopy

Electronic circular dichroism (ECD) spectra were recorded on a
Jasco J-810 (Jasco International Co., Ltd., Tokyo, Japan) spec-
tropolarimeter at 25 °C in quartz cells of 0.02 cm path length,
under constant nitrogen flush. The instrument was calibrated
with 0.06% (w/v) ammonium-D-camphor-10-sulfonate
(Katayama Chemical, Japan) in water. The bioconjugates were
dissolved in water (¢ = 340 uM). The spectra show averages of
six scans in a wavelength range of 185-260 nm. The results
were expressed in terms of mean molar ellipticity
(deg cm? dmol™') after subtracting the solvent baseline.

Degradation of GnRH-III bioconjugates in rat

liver lysosomal homogenate

The rat liver lysosomal homogenate was prepared as previously
described [26]. The protein concentration was determined by
Qubit Protein Assay Kit according to the manufacturer’s
protocol (ThermoFisher Scientific, Waltham, MA, USA). The
bioconjugates were dissolved in ddH,O to a concentration of
5 pg/uL. The reaction was carried out in 0.2 M NaOAc buffer
(pH 5), with an identical concentration of bioconjugate and rat
liver lysosomal homogenate (0.25 pg/uL). The reaction mix-
tures were incubated at 37 °C and aliquots of 15 uL were taken
at Smin, 1 h,2 h, 4 h, 8 h and 24 h and quenched with 2 pL of
acetic acid. The analysis of the samples was performed by
LC-MS.

Cell culture

MCF-7 human breast adenocarcinoma cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Lonza, Basel,
Switzerland), supplemented with 10% (v/v) fetal bovine serum
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(FBS, Lonza), L-glutamine (2 mM, Lonza), non-essential amino
acids (NEAA, Sigma-Aldrich Kft), sodium pyruvate (1 mM,
Lonza) and penicillin-streptomycine (Lonza). HT-29 human
colon adenocarcinoma cells were cultured in RPMI-1640
(Lonza), supplemented with FBS, L-glutamine and penicillin-
streptomycine. Cells were maintained in plastic culture dishes at
37 °C with a humidified atmosphere containing 5% CO,/
95% air.

Stability of GnRH-III bioconjugates in cell

culture medium

The GnRH-III bioconjugates were dissolved in water to a con-
centration of 2.5 mg/mL followed by the dilution with serum-
free cell culture medium (final bioconjugate concentration:
0.5 mg/mL). The mixtures were incubated at 37 °C for 24 h and
samples of 50 uL were directly monitored by RP-HPLC at time
points O h, 1 h, 2 h, 6 h and 24 h.

In vitro cytostatic effect studies

Cells were seeded to 96-well plates (Sarstedt, Niimbrecht,
Germany, 5 x 103 cells/well) one day prior to the treatment in
complete cell medium. Cells were treated with bioconjugates in
serum-free medium (concentration range 0.07—150 pM, control
wells were treated with serum-free medium). After 24 h, cells
were washed two times with serum-free medium and were incu-
bated in complete medium for 48 h. Cytostasis detection was
performed using alamarBlue reagent® (ThermoFisher Scien-
tific) according to the manufacturer’s instructions. Fluores-
cence was detected using Synergy H4 multi-mode microplate
reader (BioTek, Winooski, VT, USA), excitation and emission
wavelengths were set to 570 and 620 nm, respectively.
Cytostasis was measured using 4 parallels, each experiment was
repeated twice. Cytostatic effect (and ICs values) were calcu-
lated by using nonlinear regression (sigmoidal dose response)
with Origin Pro8 (OriginLab Corp., Northampton, MA, USA.).

Cellular uptake determination by flow
cytometry

For determining cellular uptake of the bioconjugates, cells were
seeded to 24-well plates (Sarstedt) one day prior to the experi-
ment (10° cells/well) in complete cell medium. Treatment with
Dau-conjugated peptides was performed in serum-free culture
medium for 6 h, concentrations ranging from 0.15-160 uM. In
case of the competitive inhibition of the GnRH-Rs, MCF-7 cells
were simultaneously treated with triptorelin and K2 for
100 min, whereby triptorelin was used in a concentration range
of 125-1000 uM and K2 was applied in a fixed concentration
of 40 uM. After treatment, cells were washed two times with
serum-free medium and one time with HPMI medium (contain-
ing 100 mM NaCl, 5.4 mM KCI, 0.4 mM MgCl,, 0.04 mM
CaCl,, 10 mM Hepes, 20 mM glucose, 24 mM NaHCOj3 and
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5 mM Nap,HPOy4 at pH 7.4) and trypsinized for 10 min at 37 °C.
Trypsinization was stopped by HPMI medium supplemented
with 10% FBS. Detached cells were centrifuged at 216g for
5 min at 4 °C and the supernatant was removed. Cells were
resuspended in HPMI medium, intracellular fluorescence inten-
sity (that is proportional to the cellular uptake) was monitored
by flow cytometer BD LSR II (BD Bioscience, Franklin Lakes,
NJ, USA). Data were analyzed by FACSDiVa (BD Bioscience)
5.0 software.

Confocal microscopy imaging

Cells were seeded to cover glass containing (thickness 1, Assis-
tant, Karl Hecht GmbH & Co KG, Sondheim/Rhén Germany)
24-well plates one day prior to the experiment in complete cell
medium. Treatment was performed in serum-free medium for
the indicated incubation time. Cells were washed two times
with phosphate buffered saline (PBS) and fixed by 4% para-
formaldehyde for 20 min at 37 °C. After three times washing
with PBS, nuclei were stained by 4',6-diamidine-2-phenylin-
dole dihydrochloride (DAPI, 0.2 pg/mL, dissolved in PBS,
Sigma-Aldrich Kft.) for 15 min. After washing, cover glasses
were mounted to microscopy slides (VWR International,
Debrecen, Hungary) by Mowiol® 4-88 mounting medium
(Sigma-Aldrich Kft.). In case of the lysosomal co-localisation
study, lysosomes were stained in living cells before treatment
with peptide K2 by CytoPainter Lysosomal Staining Kit - Deep
Red Fluorescence (abcam, Cambridge, UK), according to the
manufacturer’s instructions. Confocal microscopy was carried
out using a Zeiss LSM 710 system (Carl Zeiss Microscopy
GmbH, Jena, Germany) with a 40x oil objective. Images were
processed by software ZEN Lite (Carl Zeiss Microscopy
GmbH).

Radioligand binding studies

Radiolabeled triptorelin was used for displacement studies to
evaluate the binding affinity of the conjugates K1, K2, 1, 2, 4
and 5 to GnRH-RI on human pituitary and human prostate
cancer cells. Tissue samples derived by autopsy from normal
human pituitary (anterior lobe) and human prostate cancer cells
were obtained from a patient at the time of initial surgical treat-
ment. The collection and the use of these specimens for our
studies are approved by the local Institutional Ethics
Committee. Membranes for receptor binding studies have been
prepared as previously described [29,51,52,55]. Radioiodinated
GnRH-I agonist triptorelin was prepared by chloramines-T
method and purified by RP-HPLC [29,51,52,56]. This radioli-
gand has been well-characterized and shows high-affinity
binding to human and rat pituitaries as well as human breast,
prostate, and other cancers [51,52]. The binding affinities of the
nonradio-labeled GnRH-III bioconjugates to GnRH-RI were de-
termined by displacement of [!231]-GnRH-I-[°D-Trp] per-
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forming an in vitro ligand competition assay as recently re-
ported [29,51,52]. Hereby, membrane homogenates which
contain 50—160 mg protein were incubated in duplicate or tripli-
cate with 60-80,000 cpm [!231]-GnRH-I-[°D-Trp] and increas-
ing concentration (1 pM—1 pM) of nonradioactive bioconju-
gates as competitors in a total volume of 150 mL of binding
buffer. After incubation, 125 mL aliquots of suspension were
transferred onto the top of 1 mL of ice-cold binding buffer
which contained 1.5% bovine serum albumin in siliconized
polypropylene microcentrifuge tubes (Sigma-Aldrich Kft.). The
tubes were centrifuged at 12,000g for 3 min at 4 °C (Beckman
J2-21M, Beckman Coulter, Inc., Brea, CA). Supernatants were
aspirated and the bottoms of the tubes containing the pellet were
cut off and counted in a gamma counter. Protein concentration
was determined by the method of Bradford using a Bio-Rad
protein assay kit (Bio-Rad Laboratories, USA). The LIGAND-
PC computerized curve-fitting program of Munson and
Rodbard was used to determine the receptor binding character-
istics and 1Csq values [29,51,52].

Supporting Information

Supporting Information File 1

Characterization data for compounds 1-6: RP-HPLC
chromatograms and ESI-MS spectra; fragments of 1-6
produced by lysosomal rat liver homogenate; cellular
uptake of K1, K2, 1, 2, 4, 5 by CLSM.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-64-S1.pdf]
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Abstract

Cyclic NGR peptides as homing devices are good candidates for the development of drug conjugates for targeted tumor therapy. In
our previous study we reported that the Dau=Aoa-GFLGK(c[KNGRE]-GG-)-NH; conjugate has a significant antitumor activity
against both CD13+ HT-1080 human fibrosarcoma and CD13— but integrin positive HT-29 human colon adenocarcinoma cells.
However, it seems that the free g-amino group of Lys in the cycle is not necessary for the biological activity. Therefore, we de-
veloped novel cyclic NGR peptide—daunomycin conjugates in which Lys was replaced by different amino acids (Ala, Leu, Nle, Pro,
Ser). The exchange of the Lys residue in the cycle simplified the cyclization step and resulted in a higher yield. The new conju-
gates showed lower chemostability against deamidation of Asn than the control compound, thus they had lower selectivity to
CD13+ cells. However, the cellular uptake and cytotoxic effect of Dau=Aoa-GFLGK(c[NIeNGRE]-GG-)-NH, was higher in com-

parison to the control especially on HT-29 cells. Therefore, this conjugate is more suitable for drug targeting with dual targeting

property.

Introduction
Targeted chemotherapy is one of the most promising ap- proach is based on the fact that tumor specific receptors are
proaches for selective cancer treatment that may decrease the  highly expressed on cancer cells/tissues. NGR (Asn-Gly-Arg)

toxic side effects of anticancer drugs. This therapeutic ap- motif-containing peptides identified by phage display are suit-
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able candidates for selective drug delivery. NGR peptides bind
to CD13-receptors on tumor cells and tumor related angiogenic
blood vessels [1,2]. CD13 is a transmembrane zinc-dependent
metalloprotease that functions in cell proliferation, cell migra-
tion and angiogenesis [1,3,4]. However, it is known that the
Asn-Gly moiety is subject to Asn deamidation through succin-
imide formation leading to isoaspartic acid (isoAsp, isoD) and
aspartic acid derivatives usually in a ratio of 3:1 after hydroly-
sis [5-11]. IsoDGR peptides are bound to RGD-integrin recep-
tors with high affinity [12-14]. Due to their function in tumor
proliferation, metastasis and angiogenesis, integrin receptors are
also promising targets for cancer therapy. Thus, NGR-peptide
homing devices may provide dual targeted delivery of anti-

cancer drugs.

According to literature data, one of the most stable and tumor-
selective cyclic NGR-peptides is [ KNGRE]-NHj,, in which the
a-amino group of the N-terminal Lys is coupled to the
y-carboxyl group of the glutamic acid residue (head-to-side
chain cycle). In vitro fluorescence microscopy studies of an
Oregon Green (OG) labeled c[KNGRE]-NH, (OG attached to
the side chain of Lys) revealed selective binding to CD13-re-
ceptor positive (CD13+) HT-1080 human fibrosarcoma cells
and minimal binding to receptor negative (CD13—) MCF-7
human breast adenocarcinoma cells [15]. Moreover, a °8Ga-
radiotracer labeled derivative of the cyclic [KNGRE]-NH; has
been successfully used for tumor diagnostic studies by PET, in-
dicating its specific binding to CD13 receptor expressing tumor
tissues [16].

Recently, we reported the synthesis and biochemical characteri-
zation of novel cyclic NGR peptides and their corresponding
NGR-drug conjugates. Special attention was paid on the
chemostability and in vitro biological activity of the com-
pounds [17,18]. Daunomycin (Dau) was used as cytotoxic
agent, attached to the NGR-derivatives via oxime linkage. The
prepared conjugates revealed substantial in vitro cytostatic/cyto-
toxic effects. Our results indicated that the conjugates had an
antitumor effect against both CD13+ HT-1080 cells and CD13—
(but integrin receptor positive) HT-29 human colon cancer
cells. Moreover, we showed that the toxicity and the selectivity
of the conjugates highly depended on their structure, cellular
uptake and propensity to deamidation.

The most active conjugate with dual acting properties was
Dau=Ao0a-GFLGK(c[KNGRE]-GG-)-NH; (K, control conju-
gate in this study). In this conjugate the cyclic NGR peptide was
attached through a Gly-Gly dipeptide spacer to the lysine side
chain connected to the chatepsin B labile GFLG spacer that
allows lysosomal drug release. Dau was conjugated to the

GFLG spacer via oxime linkage through an incorporated

Beilstein J. Org. Chem. 2018, 14, 911-918.

aminooxyacetyl (Aoa) moiety. The preparation of the conju-
gate required a sophisticated synthetic route and the use of or-
thogonal protecting groups (Figure 1A). Previous studies indi-
cated that the free e-amino group of Lys does not have an
impact on the biological activity [15,17]. To prove our assump-
tion, a set of novel cyclic NGR peptide—Dau conjugates were
developed in which the Lys was replaced by different amino
acids (Ala, Leu, Nle, Pro and Ser). The main goal of the present
study was to investigate whether the exchange of the lysine in
the cycle has any influence on the chemostability, selectivity
and antitumor activity of the conjugates.

Here we report on the synthesis and characterization of the
cyclic NGR peptide-Dau bioconjugates including chemosta-
bility, lysosomal degradation, cellular uptake studies and in
vitro cytostatic/cytotoxic effect.

Results and Discussion

Synthesis of cyclic NGR-Dau conjugates

The NGR cyclic peptides were prepared as shown in Figure 1.
All derivatives were synthesized by SPPS on a Rink-Amide
MBHA Resin, using Fmoc/¢-Bu strategy. The anticancer drug
daunomycin was conjugated to the Aoa-GFLGK spacer via
oxime linkage [17]. This spacer is degraded by lysosomal en-
zymes ensuring the release of the Dau=Aoa-Gly-OH as the
smallest bioactive metabolite in lysosomes [19]. It is well
known from our previous studies that not only the free Dau but
also Dau containing metabolites like Dau=Aoa-Gly-OH bind to
DNA efficiently resulting in antitumor activity. The exchange
of the Lys in the cycle simplified the cyclization step and due to
the avoidance of the Fmoc cleavage in solution (Figure 1B vs
1A) the compounds could be obtained in higher yields com-
pared to the control (K). Isopropylidene protected aminooxy-
acetyl moiety was used to avoid unwanted reactions with alde-
hydes or ketones. This protecting group was removed with 1 M
methoxylamine in 0.2 M NH4OAc solution (pH 5.0) prior to the
Dau conjugation. The final cyclic NGR peptide—Dau conju-
gates were characterized by analytical HPLC and mass spec-
trometry (Table 1, Supporting Information File 1), whereby the
purity was over 95% in all cases. In comparison with the control
conjugate (K) significantly higher overall yield was observed in
the case of conjugates 2, 3 and 4 obtained with a lower yield.
The improvement was observed especially in the cyclization
step that might be explained by the lack of bulky protecting
groups on amino acids used instead of Lys.

Chemostability of cyclic NGR peptide—dauno-
mycin conjugates

The chemostability of cyclic NGR peptide—drug conjugates was
studied under the treatment conditions used for the in vitro cyto-

toxicity experiments. Samples were taken at 0 min, 6 h and
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A)
>=A0a{GFLG K(Mtt)-o

a-e

>=A0a{GFLGIK-NH,
H,N-K(Fmoc)-NGRE-GG

fi
>=Ao0a-{GFLG i(—NHZ
NGRE-GG
g-h

Dau=Aoa{GFLG i(-NHZ
NGRE-GG
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B)
>=A0a{GFLG K(Mtt)o

a-e

>=A0a1GFLGK-NH,
H,N-XNGRE-GG

f-h

Dau=AoatGFLG}K-NH,
NGRE-GG

X= Ala, Leu,

Nle, Pro, Ser

Figure 1: Schematic synthesis of cyclic KNGRE (A) and XNGRE (B) drug conjugates. a) Mtt-cleavage: 2% TFA/DCM; b) Fmoc-Aaa(X)-OH coupling;
¢) Fmoc-cleavage 2% piperidine/2% DBU/DMF, 0.1 M HOBY; d) cleavage from resin 2.5% T1S/2.5% H20/95% TFA (rt, 3 h); e) salt exchange Pyr-HCI
10 equiv/IMeOH (1 h); f) cyclization: BOP 3 equiv/HOBt 3 equiv/DIPEA 6 equiv/DMF (c = 0.5 mg/mL, rt, 24 h); g) deprotection of aminooxyacetic acid
0.2 M NH40ACc solution (pH 5.0)/1 M methoxylamine (rt, 1 h); h) daunomycin conjugation (rt, 24 h) in 0.2 M NH4OAc solution (pH 5.0); i) Fmoc-

cleavage 4% hydrazine/DMF (rt, 2 h).

Table 1: List of the peptide drug-conjugates synthesized.

Code Compounds

Dau=Aoa-GFLGK(c[CONH-ANGRE]-GG)-NH,
Dau=Aoa-GFLGK(c[CONH-LNGRE]-GG)-NH,
Dau=Aoa-GFLGK(c[CONH-NIeNGRE]-GG)-NH,
Dau=Aoa-GFLGK(c[CONH-PNGRE]-GG)-NH,
Dau=Aoa-GFLGK(c[CONH-SNGRE]-GG)-NH,
K Dau=Aoa-GFLGK(c[CONH-KNGRE]-GG)-NH,

a b WON -

Yield@ RP HPLC tr ESIMS®

(%) (min)P M(calc)/M(exp)
2.2 22.2 1725.8/1725.8
7.0 22.4 1767.8/1767.4
10.6 22.6 1767.8/1767.2
6.2 17.3 1751.1/1751.4
1.8 201 1741.9/1741.7
2.0 23.0 1783.6/1783.0

aThe overall yield was calculated for the starting amount and capacity of the resin. PHPLC: KNAUER 2501; column: Phenomenex Luna C18
(250 mm x 4.6 mm, 5 ym silica, 100 A pore size; gradient: 0 min 0% B; 5 min 0% B; 50 min 90% B; eluents: A) 0.1% TFA/water, B) 0.1% TFA/MeCN-
H20 (80:20, v/v); flow rate: 1 mL/min; detection: A = 220 nm. °ESIMS: Bruker Daltonics Esquire 3000+ ion trap mass spectrometer; spectra were

acquired in the 50-2500 m/z range.

72 h. The deamidation rate was evaluated by HPLC-MS. In
contrast to the control conjugate (K) that showed high stability
in our previous study, the new conjugates rearranged in time.
The results showed very similar isoAsp/Asp (=3:1) rates after
deamidation of conjugates 1, 2, 3, and 5 calculated from the

area under the curve (Table 2, Supporting Information File 1,
Figures S1-S5). After 6 h, moderate rearrangement was ob-
served which increased in time. However, 54-58% of the parent
cyclic NGR conjugates were still intact after 72 h. Lower

stability was observed in the case of the Pro-containing conju-
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Table 2: Chemostability of cyclic NGR peptide-Daunomycin conjugates.

Beilstein J. Org. Chem. 2018, 14, 911-918.

Ratio of Asn-/Asp-/isoAsp-derivatives
(DMEM CM, 37 °C)

Code AAA in position X of the conjugates
NGR

1 Ala 96

2 Leu 93

3 Nle 93

4 Pro 73

5 Ser 93

K Lys 100

gate (4) with faster deamidation and higher ratio of DGR.
Except deamidation no other decomposition could be observed
during this study.

Cytostatic/cytotoxic studies of NGR
peptide—Dau conjugates

Similarly to our previous study the antitumor effects of conju-
gates were examined in vitro on CD13+ HT-1080 human
fibrosarcoma and on CD13— HT-29 human colon adenocarci-
noma cells. Both cell types are integrin receptor positive [17].
The effect of the new drug conjugates was compared with the
toxicity of free Dau and our lead compound Dau=Aoa-
GFLGK(c[KNGRE]-GG)-NH, (K). The bioconjugates enter
cancer cells most likely by receptor-mediated endocytosis (at
least at lower micromolar concentration) followed by the
release of the active metabolite Dau=Aoa-Gly-OH by lyso-
somal degradation. In contrast, free Dau enters the cells in an
unspecific manner which might explain the lower antitumor
effect of conjugates in comparison with the free drug. In this ex-
periment we measured the cytostatic effect (6 h treatment and
further 66 h incubation after washing out the compounds) and
the cytotoxic effect (72 h treatment). The results are summa-

6h 72h

DGR isoDGR NGR DGR isoDGR
0 4 58 1" 31

0 7 54 1" 35

1 6 58 9 33

14 13 19 46 35

0 7 56 12 31

0 0 100 0 0

rized in (Table 3). In contrast to K that is taken up by HT-1080
cells slightly more efficiently than by HT-29 and therefore
shows higher antitumor effect against CD13+ cells, the new
conjugates showed higher cytostatic/cytotoxic effects on the
CD13— HT-29 colon cancer cells. It seems that the replacement
of Lys by the hydrophilic amino acid Ser is not favorite. How-
ever, the incorporation of hydrophobic amino acids was well
accepted. The conjugate with bulky side chain in this position
(Leu) had higher ICsg values that might be explained by ster-
ical hindrance. The conjugates with Ala or Nle showed the best
antitumor activity on both cell lines. The Nle containing conju-
gate presented similar activity on HT-1080 and higher activity
on HT-29 cells compared to the control conjugate. It is worth
mentioning that Nle has a linear hydrocarbon side chain with
the same length as Lys, the amino functional group missing. To
further characterize the biological activity of the conjugates,

their lysosomal degradation and cellular uptake were studied.

In this study our goal was to compare the in vitro antitumor ac-
tivity of the conjugates. We believe that the measurement of
binding affinity on isolated receptors, that was not task of this
experiment, could not explain properly the efficacies and selec-

Table 3: In vitro cytostatic/cytotoxic effects of compounds on HT-29 and HT-1080 cells.

Compounds HT-1080 (6h)  HT-29 (6 h) HT-1080 (72h)  HT-29 (72 h)
ICs0 (HM) ICs50 (UM) ICs50 (M) ICs50 (UM)
Daunomycin 1.4+0.6 0.3+0.2 0.5+0.2 0.1+0.1
Dau=Aoa-GFLGK(c[KNGRE]-GG)-NH, (K) 57105 8.7+1.2 14107 3.0+£0.6
Dau=Aoa-GFLGK(c[ANGRE]-GG)-NH (1) 89+0.8 43+0.5 36107 3.2+0.8
Dau=Aoa-GFLGK(c[LNGRE]-GG)-NH; (2) 57563 47054 20.6 0.4 14.1£0.7
Dau=Aoa-GFLGK(c[NIeNGRE]-GG)-NH, (3) 55+0.3 224+02 23+06 13102
Dau=Aoa-GFLGK(c[PNGRE]-GG)-NH, (4) 9.4+4.0 146 +4.7 3.511.0 37408
Dau=Aoa-GFLGK(c[SNGRE]-GG)-NH, (5) >100 64.7+49 63.7+9.5 394+29

914



tivity. The receptor profile of both cell types are very complex.
HT-1080 contain different integrins (RGD, collagen, etc) next
to CD13 receptor [20]. HT-29 expresses all the known ; RGD
dependent receptors furthermore af3, ayBs, oyBes, oyPBg [21].
Most of the mentioned integrins bind isoDGR peptides with dif-
ferent affinity from nM up to uM concentration that depends on
the structure of the peptide [2]. In addition the binding affinity
of the different integrins is not consequent to the peptides.
Furthermore, there are only a few binding affinity studies for
CD13 suggesting several hundred nM ICsq values for NGR
peptide derivatives [22]. The biological activity of NGR and
isoDGR peptides might be influenced also by the density of the
different receptors on the tumor cells, which is not so easy to
identify in case of such complex receptor profile. Therefore, the
resulted amount of isoDGR derivatives might provide similar
activity both on CD13+ and CD13— cells.

Lysosomal degradation

Lysosomal degradation studies were carried out as previously
described [17]. The results showed that all conjugates decom-
posed within 6 h (Supporting Information File 1, Figures
S6-S10). The main cleavage site of the conjugates could be
detected between Gly-Phe within the enzyme labile spacer re-
sulting in the smallest active Dau containing metabolite
Dau=Aoa-Gly-OH. No significant difference in degradation
speed of the conjugates was observed. Therefore, the replace-
ment of Lys has no influence on the biological activity through
the lysosomal degradation.

Cellular uptake

Daunomycin is fluorescent therefore the cellular uptake of Dau
containing conjugates can be followed by flow cytometry
(Figure 2). The new conjugates were taken up by HT-29 cells in

Count

104 10° 108

Direct uptake of daunomycin conjugates
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a higher amount than by HT-1080 cells. Conjugates 2, 3 and 4
showed significantly higher accumulation in HT-29 than in
HT-1080 cells compared to the other conjugates. The highest
uptake by both cell types was observed in the case of conju-
gates 3 and 4. The low cytostatic/cytotoxic effects of conjugate
5 can be explained by the results of cellular uptake study. The
Ser-containing conjugate did not enter HT-1080 cells, while a
slightly higher cellular uptake was detected in HT-29 cells, al-
though this uptake was still much lower than in the case of the
other conjugates.

Conclusion

From this study we can conclude that replacement of Lys in the
Dau=Ao0a-GFLGK(c[KNGRE]-GG)-NH; conjugate by differ-
ent amino acids provides a more convenient and cost-effective
synthetic route resulting in a higher yield, which might be rele-
vant for larger scale synthesis needed for further in vivo studies.
We show that the changes decrease the chemostability of the
cyclic NGR moiety, resulting in the formation of isoAsp deriva-
tives in higher amount. Among the new cyclic NGR
peptide—daunomycin conjugates the most effective compound
was Dau=Ao0a-GFLGK(c[NIeNGRE]-GG)-NH,, which showed
similar activity against HT-1080 CD13+ cells to Dau=Aoa-
GFLGK(c[KNGRE]-GG)-NH,, and a significantly higher anti-
tumor effect against HT-29 CD13— but integrin receptor posi-
tive cells. This might be explained by the binding affinity of
isoDGR peptides to integrin receptors. However, to confirm this
findings further binding studies of cyclic NGR peptide—drug
conjugates to different integrin receptors are needed. Taken
together, the synthetic and biological results suggest that the
Dau=Aoa-GFLGK(c[NIeNGRE]-GG)-NH, conjugate is more
suitable for drug targeting with dual acting propensity than our

control lead compound.
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Direct uptake of daunomycin conjugates

Figure 2: (A) HT1080 and (B) HT-29 cells. Uptake of conjugate 1 (light green); 2 (red); 3 (light blue); 4 (pink); 5 (green); K (yellow). Empty control with

purple color.
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Experimental
Synthesis of the novel peptide—drug conju-

gates

Linear precursor peptides were prepared on Rink-Amide
MBHA resin by SPPS. Standard Fmoc protected amino acids
(Iris Biotech GmbH, Marktredwitz, Germany) were used for the
synthesis except Fmoc-Lys(Mtt)-OH that was applied for the
development of branching in the peptide. The protocol of the
SPPS was similarly as described in [17] as follows: (i) DMF
washing (4 x 0.5 min), (ii) Fmoc deprotection with 2% DBU,
2% piperidine, 0.1 M HOBt in DMF (4 times; 2 + 2 + 5 +
10 min), (iii) DMF washing (10 x 0.5 min), (iv) coupling of
Fmoc-protected amino acid derivative: DIC:HOBt in DMF
(4 equiv each) (1 x 60 min), (v) DMF washing (3 % 0.5 min),
(vi) DCM washing (2 x 0.5 min), (vii) ninhydrin or isatin test.
The cleavage of Mtt protecting group was achieved by using
2% TFA in DCM for 6 x 4 min. The coupling of the isopropyli-
dene protected aminooxyacetic acid [17] to the N-terminus
of the linker sequence was carried out by using standard
protocol DIC/HOBt coupling. The cleavage from the solid
support was performed at rt in a solution of 95% TFA, 2.5%
triisopropylsilane, and 2.5% water for 3 h. The resin
was then filtered and the crude product was precipitated with
cold diethyl ether and pellet centrifugated for 5 min at
4000 rpm. After washing (3 times with ether) the remaining
pellet was dissolved in water and lyophilized. The lyophilized
compound was then purified by RP-HPLC prior to the cycliza-

tion.

Cyclization

Prior to the head-to-side chain cyclization a salt exchange needs
to be performed using 10 equiv of pyridinium hydrochloride in
5 mL MeOH. After 20 min volatiles were removed under
reduced pressure, the remaining oily compound was dissolved
in dry DMF at a concentration of 0.5 mg/mL. The pH of the
solution was adjusted to pH 8 with DIPEA, then BOP and
HOBt (3 equiv each) are added to the mixture. The reaction was
followed by analytical HPLC till the complete conversion. At
the end DMF was removed and the oily compound was dis-
solved in acetonitrile-water and purified by RP-HPLC and the
collected fractions lyophilized.

Purification

Analogous to the description in [17] RP-HPLC purification was
used for the isolation of pure peptides and conjugates. A
KNAUER 2501 HPLC system (KNAUER, Bad Homburg,
Germany) was applied with a semi-preparative Phenomenex
Luna C18 column (250 mm x 21.2 mm) with 10 pum silica
(100 A pore size) (Torrance, CA). Linear gradient elution
(0 min 15% B; 5 min 15% B; 55 min 70% B) with eluent A
(0.1% TFA in water) and eluent B (0.1% TFA in MeCN-H,0

Beilstein J. Org. Chem. 2018, 14, 911-918.

(80:20, v/v)) was used at a flow rate 9.5 mL/min. Peaks were
detected at 220 nm.

Chemostability studies

As described in [17] to check the chemical stability each of the
drug conjugates were dissolved in DMSO (2% of the final
volume), following the addition of 10% FBS (fetal bovine
serum) containing complete cell culture medium (DMEM CM)
up to the 1 mg/mL final concentration. Each conjugate was
allowed to incubate at 37 °C. Samples were analyzed at experi-
ment time of 0 h, 6 h and 72 h, respectively, and components
were purified with Amicon Ultra Centrifugal Filters (cut off
10K Millipore). The membranes were washed with eluent A
(HPLC), followed by 3 % 15 min centrifugation at 13000 rpm.
The last step is the washing with eluent B (HPLC) 1 x 15 min,
followed by lyophilization and concentration of the samples.

In vitro cytostatic effect and cytotoxicity

HT-1080 was maintained in DMEM while HT-29 cells in RPMI
(Sigma-Aldrich), respectively, supplemented with 10% FBS,
5 mmol/L glutamine, and 50 units/mL penicillin and strepto-
mycin (Life Technologies). As described in [17] cells were
seeded in 5000 cells/well density in 100 pL. medium followed
by an overnight incubation. The next day 100 pL of serially
diluted drugs were added to the cells. For the measurements of
cytostatic effect, drug containing medium was gently removed
from the plates after 6 h incubation, fresh medium was added to
each wells, and the plates were further incubated for additional
66 h (72 h in total). In the case of cytotoxicity measurements,
the drug containing medium was on the cells for the full period
of the 72 h assay. At 72 h, supernatant was removed from the
cells, and viability was assessed by the PrestoBlue® reagent
(Life Technologies), which was diluted in PBS to reach the con-

centration given in the manufacturer’s instruction.

Lysosomal degradation

Rat liver lysosomal homogenate was prepared for this experi-
ment. The protein concentration was detected with bicin-
choninic acid (Pierce BCA protein assay) following the manu-
facturer’s protocol (ThermoFischer Scientific, Rockford, IL,
USA), and it was 17.4 pg/uL. The peptide—drug conjugates
were dissolved in deionized water (4 ng/mL concentration). The
solutions were further diluted to a concentration of 0.2 pg/pL
using 0.2 M of NH4OAc (pH 5.0). The lysosomal homogenate
was diluted with 0.2 M NH4OAc (pH 5.0) to a concentration of
3.48 pg/uL. The homogenate was then added to the conjugates
in a ratio of 1:1 w/w. All the degradation mixtures were kept at
37 °C, samples of 13 pL were taken at O h, 6 h and 72 h. Reac-
tion mixtures were quenched by the addition of 2 puL of formic
acid. LC-MS analysis was performed at the end on each sam-

ple.
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Cell uptake

Analogous to the description in [17], prior to the treatment,
HT-1080 and HT-29 cells were incubated overnight in cell
culture medium (see above) followed by seeding at a
250.000 cells/well density. Peptide—drug conjugates were dis-
solved in FBS containing cell culture medium and added to the
cells at 10 uM final concentration. After 6 h incubation at 37 °C
the supernatant was removed, cells were washed with PBS and
trypsinised with 0.1% trypsin (Gibco® by Life Technologies)
for 10 minutes. Trypsinization was terminated with FBS con-
taining medium, then cells were washed and suspended in
serum free medium. For live/dead detection we used Zombie
Violet reagent (Biolegend, San Diego CA). Samples were
detected and analyzed by using an Attitude® Acoustic Focusing
Cytometer (ThermoFischer Scientific).

Supporting Information

Supporting Information File 1

Chemo stability and lysosomal degradation measurements.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-78-S1.pdf]
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Abstract

Cancer is the second leading cause of death affecting nearly one in two people, and the appearance of new cases is projected to rise
by >70% by 2030. To effectively combat the menace of cancer, a variety of strategies have been exploited. Among them, the devel-
opment of peptide—drug conjugates (PDCs) is considered as an inextricable part of this armamentarium and is continuously
explored as a viable approach to target malignant tumors. The general architecture of PDCs consists of three building blocks: the
tumor-homing peptide, the cytotoxic agent and the biodegradable connecting linker. The aim of the current review is to provide a
spherical perspective on the basic principles governing PDCs, as also the methodology to construct them. We aim to offer basic and
integral knowledge on the rational design towards the construction of PDCs through analyzing each building block, as also to high-
light the overall progress of this rapidly growing field. Therefore, we focus on several intriguing examples from the recent litera-
ture, including important PDCs that have progressed to phase III clinical trials. Last, we address possible difficulties that may
emerge during the synthesis of PDCs, as also report ways to overcome them.

Introduction

Current cancer chemotherapy

Cancer is one of the leading causes of death globally behind the  cancer, the most fatal for males are lung and prostate cancer,
heart and circulatory disorders based on statistics of World  while for females are breast cancer, colon & rectum cancer [1].
Health Organization (WHO) [1]. Among all different types of Notably, more than 12 million cancer cases and 7 million
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cancer deaths are estimated to have occurred both in males and
females in 2008 worldwide [2]. These numbers have mounted
up to 15 million cases and 8.8 million deaths in 2015. These
statistics clearly indicate that cancer is not retreating but is
creeping up, tending to become the leading cause of mortality.
Thus, it can be concluded that the current therapeutic formula-
tions utilized in oncology are not adequately effective against
the complexity of cancer, mostly due to the associated collat-
eral toxicity present in healthy tissues. It is estimated that about
30% of the clinical trials on ClinicalTrials.gov are related to
cancer, while only 10% of them eventually gain market
approval [3], rendering the drug development, especially in this
therapeutic direction, costly and inefficient. Specifically, 12
cancer drugs were approved by the FDA in 2017 [4], com-
prising 26% of the total amount of approvals with respect to
other therapeutic areas. These figures suggest that it is of great
importance to turn the focus of the global market on targeted
therapies. In 2009, the total earnings in the United States,
derived from targeted cancer drugs, have reached $10.4 billion,
showing an almost 2.2-fold increase since 2005 [5]. However,
despite the significant attention that field has gained the past
decades, it still remains unfulfilled.

Current treatment processes involve a combination of surgical
intervention, radiation and chemotherapy. Drugs used for this
purpose are inevitably cytotoxic in order to eliminate cancer
cells, but they lack selectivity that could be developed through
targeting malignant cells (Figure 1). Due to the uncontrolled
peripheral toxicity, anticancer drugs usually kill healthy tissues,
resulting in severe effects on the patient’s health. One represen-
tative example is gemcitabine, which demonstrates higher toxic-

ity for healthy cells, after long-term administration, with respect

D

Patient requiring Conventional
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to cancer cells. This happens since cancer cells evolve more
rapidly and develop drug resistance by diminishing expressed
nucleoside receptors responsible for the cell uptake of gemcita-
bine [6].

Additionally, chemotherapy with anticancer agents is often
hampered by their poor aqueous solubility, low oral bioavail-
ability and metabolic instability. These drawbacks are linked to
the unfavorable ADME (absorption distribution metabolism
excretion) that are basically described in the following four
consecutive axes: 1) Absorption is directly connected with the
transportation process of the drug from the site of administra-
tion to the systemic circulation [7]. 2) Distribution refers to the
delivery of the drug to the tissues which usually occurs via the
bloodstream. Conventional chemotherapeutic drugs (gemcitabi-
ne, paclitaxel, doxorubicin, etc.) are not capable to be selec-
tively delivered to the tumor sites and they end up scattered in
the whole body. 3) Metabolism is a standard biological strategy
for detoxification, breaking down of the administrated drugs,
once inserted into the human body. The drugs get decomposed
and converted to their metabolites. These metabolites can be
pharmacologically inactive, e.g., gemcitabine converted to 2',2'-
difluorodeoxyuridine (dFdU) [8] or possess enhanced activity
with respect to the parent drug, e.g., temozolomide converted to
5-(3-methyltriazen-1-yl)imidazole-4-carboxamide (MTIC) [9].
4) Excretion is the final step and is responsible for the removal
of the parent drug and/or its metabolites from the human body.
Renal excretion is the predominant route of elimination, occur-

ring via urine.

Therefore, most conventional cytotoxic agents applied in

chemotherapy lack optimum pharmacokinetic properties

® Malignant tumor
a»Untargeted drug
@Targeted drug

Targeted
chemotherapy chemotherapy chemotherapy

Figure 1: Conventional chemotherapy versus targeted chemotherapy. Black color = Solid malignant tumor; red = conventional untargeted cytotoxic

agent; blue = targeted cytotoxic agent.
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(ADME) and thus are not very effective to treat malignancies.
Moreover, despite the intensive research to construct new cyto-
toxic drugs, survival rates in most cancers remain low [10] and
clinical attrition rates in oncology have been devastating [11].
These data render obvious that the currently developed
drugs, as also the continuous attempt to discover new
ones, have not provided the expected therapeutic impact in

oncology.

It is clear that we do have access to an enormous pool of unspe-
cific cytotoxic agents that can efficiently kill cancer cells. What
is currently needed is not to invest so intensively in generating
more cytotoxic agents but to re-use and re-cycle available ones
and tailor them to be transformed into targeted chemotherapeu-
tics. Along these lines, drug delivery vehicles that can be
tailored for different types of cancer and shape personalized
therapeutics are continuously gathering attention. Such drug
delivery systems are of ultimate importance to effectively
surpass these hurdles and eventually improve drug potency.

Charting the malignant tumor

microenvironment

In order to selectively deliver cytotoxic drugs to malignant
tumor sites, scientists can take advantage and map first the
differential microenvironment between cancer and normal cells.
The first one to report a fundamental difference between malig-
nant and normal cells was Otto Heinrich Warburg in the early
1900s, who was awarded the Nobel Prize in 1931. He proposed
that malignant tumor growth relies on aerobic glycolysis, in
contrast to normal cells that generate energy by mitochondrial
oxidative phosphorylation. The fact that cells converted pyru-
vate to lactate, even in the presence of oxygen, rendered his ob-
servation puzzling for scientists, who still struggle to elucidate
the complete mechanism of action of diseased cells. Following
the Warburg effect, !8F-deoxyglucose positron emission tomog-
raphy (FDG-PET) imaging was developed in order to visualize
the phenomenon of increased glucose uptake by cancer cells
[12].

Nowadays, it has been demonstrated that malignant cells differ
markedly in many metabolic aspects compared to normal cells
[13], thus offering the opportunity to target them in various
ways. Most cancer tissues exhibit the following characteristics

that can be exploited for developing targeted cytotoxic agents:

1. Dysregulation of translation initiation factors and regula-
tors [14].

2. Mutations in epigenetic regulatory genes [15].

3. Overexpression of surface receptors like HER2R [16],
folate receptor [17], GnRH receptor [18,19] and amino
acid transporters [20].
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4. Overwhelming production of stimulus agents and en-
zymes [21]. For instance, many types of cancer show en-
hanced levels of reactive oxygen species (ROS) which
are reactive molecules and play a crucial role in cell
proliferation [22].

5. The slightly acidic pH of the tumor microenvironment
[23] (Warburg effect).

These are some noteworthy differences that underlie the dis-
crimination between cancerous and normal cells and are often
exploited in order to control the site of the drug release during
targeted cancer chemotherapy.

Review
Strategies for targeted delivery of toxic

warheads to malignant tumor sites

The main challenge of the drug delivery concept is to transport
sufficient amount of the cytotoxic agent to a specific location
with minimum adverse side effects. To conquer this, various ap-
proaches are being exploited at the moment. These include, but
are not limited to: a) utilization of drug delivery vehicles and
formulates like nanoparticles [24] and calixarenes or cyclo-
dextrins [25,26], where the cytotoxic drug is loaded and can be
released at the malignant tumor site; b) installation of labile
chemical groups to the tumor microenvironment (i.e., low pH)
able to mask the cytotoxic drug and form a prodrug with en-
hanced plasma stability and/or cell permeability [27] and in the
same time diminished toxicity for normal cells; c) covalent
attachment of a drug on a tumor-targeting element (small mole-
cule, peptide or antibody) able to selectively target and
permeate cancer cells. The conjugation is being conducted via a
rationally designed linker able to release the drug inside the

cancer microenvironment [19].

The ideal targeting molecular device would consist of the
following modules: a) the cytotoxic agent (drug), b) the trans-
porting - drug delivery vehicle (i.e., lipid, mannan [28-30]),
c) the linker tethering the transporting vehicle to the cytotoxic
warhead, d) the “programmable” navigating/targeting moiety
(i.e., receptor-specific ligand) and e) the “stealth” carrier (i.e.,
PEG) transfusing enhanced bioavailability. These modules are
encoded in Figure 2A with different colors: the transporting
vehicle in green color, the drug in blue color, the linker in red
color, the navigating/targeting agent in black color and the
“stealth” carrier in grey color [31]. The specific color coding
will be followed, for simplicity purposes, in all examples of
targeting devices that will be presented throughout this review.

Among the most intriguing navigating delivery systems that can

combine the transporting vehicle and the navigating/targeting

moiety in a single module are the tumor-homing peptides [32].
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Figure 2: A. General structural architecture of the ideal navigated drug delivery system [31]. B. General structure of a peptide—drug conjugate (PDC).

These peptides are exploited to assemble the peptide—drug
conjugates (PDCs) which are considered as prodrugs, due to the
covalent coupling of a peptide to a drug via specific linkers. The
main building blocks of a simple PDC include a cytotoxic agent
(drug), a tumor-homing peptide (navigating/targeting moiety)
and a linker between them (Figure 2B).

This class of prodrugs is continuously gaining attention since
peptides can be easily produced in large quantities and their
purification is simple. Moreover, an array of different tumor-
targeting peptides has been discovered [32] for multifarious
types of cancer. This bountiful palette can permit the construc-
tion of personalized cancer therapeutics upon selecting a tumor-
homing peptide that will be most appropriate for the type of
cancer needed. In addition, peptide sequences can be selected
according to the required physicochemical properties such as
solubility, stability and overall charge or the characteristic
groups necessary for the conjugation with the therapeutic
payload. The overall experimental procedure to synthesize a
PDC is usually rapid and facile. Notably, the overall cost to
produce a PDC, where an already approved drug can be
selected and re-used from a pool of available cytotoxic agents,
is much lower compared to the cost of synthesizing a new cyto-
toxic agent, as it is based on an already applied drug with the
addition of a small peptide. Nevertheless, the last years more
complex bioconjugates have been synthesized to allow the si-
multaneous diagnosis and therapy (theranostics) of diseases.

The therapeutic efficacy of a PDC is predominantly associated
with the potency of the drug and the targeting efficiency of the
assembled conjugate. Thus, PDCs should possess certain fea-
tures to render them appealing candidates for treatment:

1. The peptide contained in the PDC must bind selectively
and with the optimal affinity to a certain receptor,

present on the cell surface of the targeted tissues and not
within their cytosol or nucleus (i.e., steroid receptors

[33D.

. The selected receptor should be uniquely expressed or

overexpressed on cancer cells (usually 3-fold or higher in
comparison with normal cells). Additionally, it should be
expressed in sufficient levels to pump inside the cell effi-
cacious doses of the drug.

. The peptide-carrier should be constructed in such way

that the conjugation with a drug or/and a fluorophore is
feasible. Conjugation usually occurs on lysine, cysteine
and glutamic acid [34] via orthogonal coupling or on the
free N-terminus of the peptide during solid phase peptide
synthesis. Though, the conjugation site should be care-
fully selected, since perturbations induced in the peptide
structural microenvironment may result in the abolish-
ment of its binding affinity/selectivity to the targeted re-
ceptor.

. The linker should be carefully selected to succeed the

optimal performance of the PDC. An injudicious selec-
tion may cause diminished binding affinity of the peptide
to the receptor or/and reduction of the therapeutic
window of the drug. Additionally, it should be enzymati-
cally stable during the blood circulation in order to effi-
ciently reach the malignant tumor site and release the
payload in its microenvironment, reducing the off-target
toxicity.

. The cytotoxic agent should contain proper functional

group that can be linked to the tumor homing peptide
(i.e., gemcitabine [19]) or if it is not present it should be
rationally installed taking into consideration the final de-
rivative of the cytotoxic agent to retain the original cyto-
toxic activity. The sections below summarize the basic
design principles of peptide—drug conjugates to selec-
tively target the malignant cells.
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Selecting the proper tumor-targeting peptide
to generate the PDCs

There is an immense variety of peptides (linear or cyclic) that
have been exploited as carriers/targeting elements to successful-
ly deliver the cytotoxic warhead to cancer cells [32]. These
peptides are cell-specific and bind to certain receptors
promoting their internalization. They are usually inserted into
the cell via endocytosis and then they are transported to intra-
cellular compartments with higher concentration of enzymes
and lower values of pH, where they disassociate from the recep-
tor and afterward from the anticancer agent. The most represen-
tative examples of peptides utilized for PDCs are highlighted
below.

Linear peptides are included among the rich reservoir of
options, finding applications in tumor targeting. They exist in
different lengths, structures and with various physicochemical
properties.

Attempting to ameliorate certain disadvantages of linear
peptides like fast renal clearance or low binding selectivity/
affinity due to the unstable structure of the linear peptides,
cyclic peptides have been introduced. An immense number of
cyclic peptides have been synthesized [35-37] and many of
them have displayed superior affinity and selectivity for the re-
ceptor than their parent linear counterparts [38]. Cyclic peptides
are usually synthesized by reacting the N-terminus with the
C-terminus or by exploiting specific functional groups of
certain amino acids present in the sequence. A representative
example is the sulfhydryl group of cysteine-containing peptides
which may cyclize through the formation of intramolecular
disulfide bonds [39].

The most commonly used linear peptides and cyclic peptides
that can be delivered inside cancer cells via endocytosis and one
that smuggles into glioma tissues via transcytosis (angiopep-2)
are presented below:

Arginine-glycine-aspartic acid (RGD): A widely applied
peptide carrier is the tripeptide arginine-glycine-aspartic acid
(RGD) motif, which was first identified by Ruoslahti and
Pierschbacher in the early 1980s [40] within fibronectin that
mediates cell attachment and was known to target integrin a531
[41]. In general, the ‘integrin’ nomenclature was first used in
1987 to describe a family of receptors, appearing as
heterodimers of noncovalently associated o and B subunits, able
to link the extracellular matrix (ECM) with the intracellular
cytoskeleton to mediate cell adhesion, migration and prolifera-
tion [42]. The RGD motif is contained in various proteins like
fibrinogen, fibronectin, prothrombin, tenascin and other glyco-

proteins [43] and is known to be recognized by over 10 inte-
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grins, among the over 24 known integrins [44,45], including all
av integrins, a5p1, a8f1 and allbp3 [46].

The fact that carcinogenesis is highly dependent on migration,
invasion and angiogenesis renders integrins important anti-
cancer targets. Integrin avp3 is an important factor in tumor
angiogenesis and metastasis [45], tWwo common characteristics
of cancer that discriminates it from other diseases. Notably,
integrin avp3 (also known as the vitronectin receptor) appears
to be the most important among all integrins regarding cell
proliferation, invasion and angiogenesis [47]. This integrin is
overexpressed on activated endothelial cells, new-born vessels
and other tumor cells [48,49], but it is found to be expressed at
undetectable levels in most adult epithelial cells, making it a
suitable target for anti-angiogenic therapy [50]. Due to its high
levels of expression in cancer cells, several peptides containing
the RGD motif have been exploited for the formulation of
PDCs, with the most representative example to be the peptide
CDCRGDCFC [46,51,52].

Gonadotropin-releasing hormone (GnRH): Gonadotropin-
releasing hormone (GnRH), also known as luteinizing hormone-
releasing hormone (LHRH), is a hormone responsible for the
secretion of two gonadotropins: follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) from the anterior pituitary
gland. GnRH is synthesized and released from GnRH neurons
within the hypothalamus and selectively binds to its receptor
(GnRH-R), a seven-transmembrane G-protein-coupled receptor.
The structure of the GnRH hormone (pGlu-His-Trp-Ser-Tyr-
Gly-Leu-Arg-Pro-Gly-NH;) was first discovered in 1971 by
Baba et al. [53]. Besides this form, there is GnRH-II (pGlu-His-
Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly-NH;) discovered in most
vertebrates as well as in humans [54]. This peptide acts through
a similar receptor (type I GnRH-R), which is expressed in dif-
ferent tissues, including tumor cells. Another natural isoform of
GnRH is GnRH-III (pGlu-His-Trp-Ser-His-Asp-Trp-Lys-Pro-
Gly-NH,), which has been isolated from sea lamprey. GnRH-III
binds to GnRH-R overexpressed on the cancer cell surface, re-
sulting in an antiproliferative effect but seems to be less potent
than the rest GnRH analogs regarding stimulating gonadotropin
release at the pituitary level [55].

GnRH peptide analogs constitute an emerging class of tumor
homing peptides for malignant tissues expressing the GnRH-R.
Their development is based on the fact that specific human
cancer cells (mostly ovarian, prostate, lung and breast) uniquely
express or overexpress GnRH-R with respect to normal tissues
[55-57]. Therefore, covalent attachment of a cytotoxic agent to
these peptides provides the possibility to produce potent tumor-
targeting PDCs. Various amino acid alterations have been per-

formed with respect to the native hormone [58], while the most
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frequently used GnRH analog is D-Lys®-GnRH-I, which is
known to bind selectively to GnRH-R. The substitution of Gly®
of the native hormone with D-Lys® provided an analog with
higher binding affinity, stabilized B-bend and resistance to
proteolytic cleavage. Moreover, the side chain of lysine
contains a free amine group (eNH;) allowing orthogonal cou-
pling with a cytotoxic warhead [19]. A considerable number of
PDCs based on GnRH [59-63] exist and our group has exploited
this peptide to construct two PDCs [18,19].

Somatostatin (SST): Somatostatin is a neuropeptide produced
by neuroendocrine, inflammatory and immune cells and has an
important role in various physiological functions acting as a
classical endocrine hormone, a paracrine regulator or a neuro-
transmitter [64]. Somatostatin appears in two distinct active
forms: somatostatin-14 (SST-14) and somatostatin-28 (SST-28).
Both SST-14 and SST-28 exhibit biological activity through
high-affinity membrane receptors (somatostatin receptor 1-5;
SSTR1-5), that are widely distributed throughout the human
body in various tissues like the nervous, pituitary, kidney, lung

and immune cells [65,66].

SSTRs are overexpressed in various neuroendocrine malignant
tumors (NETs) including pancreatic, pituitary, prostate, lung
carcinoids, osteosarcoma etc. and other non-NETs including
breast, colorectal, ovarian, cervical etc. [67]. Therefore, these
receptors can be targeted for selective delivery of efficient con-
centrations of cytotoxic warheads to the tumor sites. However,
native somatostatin gets rapidly hydrolyzed due to enzymatic
degradation and therefore, more stable and potent analogs have
been developed. These analogs were synthesized by replacing
L-amino acids with their D-isomers and reducing the length by
keeping only the peptide epitope responsible for the biological
activity. The most widely known analogs of somatostatin are
cyclic peptides named octreotide (d-Phe-c[Cys-Phe-d-Trp-Lys-
Thr-Cys]-Thr-ol), lanreotide (d-2Nal-c[Cys-Tyr-d-Trp-Lys-Val-
Cys]-Thr-NHj) and vapreotide (d-Phe-c[Cys-Tyr-d-Trp-Lys-
Val-Cys]-Trp-NH3), which bind mainly to the subtype 2 recep-
tor (SSTR2) that is known to be the most frequently overex-
pressed SSTR [68]. There are several examples of PDCs
consisting of the aforementioned somatostatin targeting
peptides [67,69,70], as also other somatostatin peptide analogs,
e.g., pentetreotide (DTPA-d-Phe-c[Cys-Phe-d-Trp-Lys-Thr-
Cys]-Thr-ol) [71].

Epidermal growth factor (EGF): Epidermal growth factor re-
ceptor (EGFR) is a transmembrane protein belonging to the
ErbB family of receptor tyrosine kinases which consists of
4 structurally-related members: EGFR/HER1 (ErbB-1), HER2/
neu (ErbB-2), HER3 (ErbB-3) and HER4 (ErbB-4). Cohen and
Rita Levi-Montalcini shared the Nobel Prize in Medicine in
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1986 for discovering growth factors. EGFR is upregulated in a
wide pool of cancer tissues and is able to enter cells usually via
clathrin-mediated endocytosis [72]. Many peptides have been
discovered to bind the EGFR with high affinity and selectivity
through screening phage display libraries and have been used
like a viable approach for targeted drug delivery: YHWYGYT-
PQNVI [73], CMYIEALDKYAC [74], LTVSPWY [75],
YWPSVTL [76].

Angiopep-2: A peptide that has recently attracted attention is a
19-mer peptide named angiopep-2 (TFFYGGSRGKRNNFK-
TEEY), due to its ability to cross the blood-brain barrier (BBB).
The BBB is formed by the endothelial cells of the brain,
restricting and controlling the exchange of molecules between
the central nervous system and the rest body. Angiopep-2 is
able to cross the BBB via receptor-mediated transcytosis after
binding to the low-density lipoprotein receptor-related protein-1
(LRP-1), which is overexpressed in brain cells [77]. Moreover,
the two lysines available in its sequence render angiopep-2 an
appealing PDC candidate, with the aim to smuggle therapeutic
payloads to brain malignancies [78,79].

Cyclic peptide variants have been developed for the RGD
peptide motif, reported above. The most commonly used cyclic
peptide is iRGD (CRGDKGPDC), a 9-amino acid cyclic
peptide, with tumor tissue penetration activity [80]. iRGD
initially binds to aVB3 and aVB5 integrins that are overex-
pressed in tumor endothelial cells. Afterward, a proteolytical
cleavage takes place to reveal a cryptic RXXK/R motif located
at the C-terminus (CendR motif, C-End Rule), which then binds
to neuropilin-1 (NRP-1), activating an endocytic transport path-
way responsible for the enhanced transport of anti-cancer drugs
into tumors (Figure 3) [80].

In Table 1 are reported the most common peptides (linear and
cyclic) utilized in PDCs.

Selecting the proper cytotoxic agent to
generate the PDCs

According to the National Cancer Institute (cancer.gov), there
are more than 250 FDA-approved anticancer drugs utilized to
treat malignancies at the moment. Among this large pool of
cytotoxic drugs, an array of them has been utilized as toxic
warheads in PDCs and five representative examples are gemci-
tabine, doxorubicin, daunorubicin, paclitaxel and camptothecin
(Figure 4). The main drawback of these original anticancer
agents is their uncontrolled toxicity which results in severe side
effects. Without the addition of a targeting moiety, they bear
low capacity to discriminate cancerous from normal cells.
Moreover, the addition of a peptide as a targeting vehicle can

enhance the pharmacokinetic and therapeutic window of the
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Figure 3: Binding and penetration mechanism of iRGD. The iRGD
peptide is accumulated on the surface of av integrin-expressing endo-
thelial and other cells in malignancies. The RGD motif is responsible
for binding to integrins. Afterward, the peptide is cleaved by cell sur-
face-associated protease(s) to eventually expose the cryptic CendR el-
ement, RXXK/R, at the C-terminus (red dotted line). The CendR ele-
ment then interferes with the binding to neuropilin-1, resulting in tissue
and cell penetration. The tumor-penetrating peptide can be used to
decorate a cargo (a simple chemical moiety or a nanoparticle), but only
in the case that the cargo is attached to the N-terminus of the iRGD
peptide as the disulfide bond is cleaved before the peptide is internal-
ized (black line). The figure was adopted from reference [81] (© 2009
Elsevier Ltd.).

parent cytotoxic agent. Since different drugs may employ a dif-
ferent mechanistic approach to kill cells, the appropriate drug is
selected according to features characterizing the targeted
cancerous cells. For instance, daunorubicin and doxorubicin
possess similar mechanisms of action [82], whereas gemcitabi-
ne [83], camptothecin [84] and paclitaxel [85] function through

different mechanisms.

The selected drug must comply with certain design principles in
order to serve as an appealing candidate for PDCs. The selected

drug must be amenable to the linker chemistry. It must bear an
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intrinsic functional group for direct conjugation with the
peptide/linker (Figure 4) or a functional group able to be deriva-
tized for further conjugation (i.e., click chemistry [86]). In the
latter case, the site of derivatization has to be carefully selected
so that the biological activity of the drug and the release of the
active drug will not be perturbed. In case that the drug binds
through recognition of a specific receptor, in silico approaches
have to be recruited in order to rationally select the location of
the drug that will be chemically modified [18].

Furthermore, it must be sufficiently cytotoxic versus the
selected malignant tumor cells in order to eliminate them and
consequently promote tumor regression. The selected drug
should ideally possess low-nanomolar ICsq values for the
targeted malignant tumor. A legitimate strategy to overcome a
low drug potency problem is by increasing the drug loading of
the peptide-carrier. For example, in the PDC ANG1005, 3 drug
molecules (paclitaxel) were loaded on a single angiopep-2
peptide which has completed phase II clinical trials [87]. Never-
theless, the concept of higher drug loading is hard to be imple-
mented, in contrast with single drug loading that is usually
preferred, mostly due to poor physicochemical properties.

Below we analyze a set of drugs that have been tailored and in-
corporated in PDCs.

Gemcitabine (Gem): Gemcitabine (dFdC) is a nucleoside
analog of deoxycytidine in which the hydrogen atoms on the
2' carbon are replaced by fluorine. It is sold under the brand
name Gemzar by Eli Lilly and Company and has been FDA ap-
proved for the treatment of various cancers including breast,
ovarian, non-small cell lung and pancreatic cancer. The main
drawbacks for its use are the high and non-selective toxicity to
normal cells, the deactivation through deamination in its inac-
tive metabolite dFdU, the acquired multidrug resistance (MDR)
and its high hydrophilicity deterring its prolonged drug release
from various vehicles [88], which therefore reduces the effec-
tive concentration of gemcitabine. It enters cells through

nucleoside transporters hENTs (human equilibrative nucleoside

Table 1: The most common peptides (linear and cyclic) utilized for the formulation of PDCs used in cancer. Letters with bold color stand for D-amino

acids.

peptide name peptide sequence

targeted receptor reference

RGD R-G-D integrin av3 [37,46,51,52]
iRGD CRGDK/RGPD/EC integrin avB3/avB5 [81]
octreotide F-C-F-W-K-T-C-T SSTR2/5 [69]
D-Lys8-LHRH Glp-H-W-S-Y-K-L-R-P-G LHRH-R [18,19,61]
angiopep-2 T-F-F-Y-G-G-S-R-G-K-R-N-N-F-K-T-E-E-Y LRP-1 [78,79]
GE11 Y-H-W-Y-G-Y-T-P-Q-N-V-I ErbB1 (EGFR) [73]
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gemcitabine (Gem)

Figure 4: Representative examples of anticancer drugs utilized for the construction of PDCs. The most usual conjugation sites are marked with red

cycles.

transporters) and hCNTs (human concentrative nucleoside
transporters) and mostly through hENT1 (human equilibrative
nucleoside transporter 1) [89,90]. After internalization, gemcita-
bine is sequentially mono-, di- and tri-phosphorylated by phos-
phorylating kinases. Gemcitabine diphosphate (dFACDP) and
gemcitabine triphosphate (dFdCTP) are the active metabolites
which inhibit processes required for DNA synthesis [91]. The
incorporation of dFdCTP into DNA during polymerization,
which causes DNA polymerases unable to proceed, is the major
mechanism by which gemcitabine causes cell death (masked
termination) [83]. Regarding the possible functional sites in
gemcitabine that can be used for the construction of PDCs are
its primary and secondary alcohols as also the amine (Figure 4).

Paclitaxel (PTX): Paclitaxel (PTX) is a member of the taxane
family and one of the most common anticancer agents used
against a wide variety of tumors. It is sold under the brand name
Taxol by Bristol-Myers Squibb Company and is FDA approved
for the treatment of breast cancer, ovarian cancer, non-small cell
lung cancer and AIDS-related Kaposi's sarcoma. The main
disadvantages in the utilization of paclitaxel are its high hydro-
phobicity, requiring suitable vehicles to effectively deliver it to

tumor tissues, and the development of multidrug resistance due

to the P-glycoprotein-mediated efflux [85,92]. Paclitaxel stabi-
lizes microtubules by binding specifically to the beta-tubulin
subunit, promoting mitotic halt and consequently cell death
[93]. The difference with other known drugs that act on micro-
tubules (vinca alkaloids) is that paclitaxel does not induce the
disassembly of microtubules but boosts the polymerization of
tubulin [94]. Sites available in PTX for the formation of PDCs
are highlighted in Figure 4.

Anthracyclines: Anthracyclines are among the main anti-
cancer drugs that are applied in combinations with other
chemotherapeutic agents. They are utilized against a variety of
cancers including leukemias, lymphomas, breast, ovarian,
bladder and lung. Daunorubicin (Dau) was the first anthracy-
cline discovered that was extracted from Streptomyces
peucetius, a species of actinobacteria, at the beginning of the
1960s. Shortly after, the isolation of doxorubicin (Dox) from a
mutated Streptomyces strain was accomplished. Anthracyclines
are consisted of a tetracyclin aglycon part and a daunosamine
sugar moiety. The difference between Dau and Dox is a
hydroxy group substituted at the C-14 carbon atom on Dox pro-
viding an extra conjugation site for ester linkage (Figure 6). The

mechanism of action of anthracyclines is based on their interca-
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lation to DNA inhibiting the macromolecular biosynthesis.
Furthermore, they stabilize the topoisomerase Il DNA complex
preventing the transcription. They may also increase quinone
type free radical production, however, this plays a role rather in
their cytotoxic side effects. Daunorubicin is mainly used in the
treatment of leukemia [95] while doxorubicin in the cure of
other types of cancers (breast cancer, bladder cancer, Kaposi's

sarcoma) in combination with other anti-cancer agents.

Camptothecin (CPT): Camptothecin is a cytotoxic alkaloid
collected from extraction of the bark and stem of the Chinese
tree ‘Camptotheca acuminata’. It was first isolated and charac-
terized in 1966 by Wall et al. [96,97]. The main mechanism of
action involves binding to the reversible complex of topoisom-
erase I (topo I) and the 3'-phosphate group of the DNA back-
bone through hydrogen bonding, resulting in accumulation of a
persistent ternary complex (the cleavable complex). This stabi-
lized complex prevents the re-ligation step of DNA, catalyzed
by topo I, resulting in DNA damage and therefore cell death
(apoptosis). CPT is predominantly cytotoxic during the S phase
replication of DNA because of the collision of the replication
fork with the cleavable complex, converting the single-strand
breaks into double-strand breaks and eventually causing cell
death [98]. CPT can be conjugated to targeting elements to en-
hance its efficacy via its primary alcohol marked in Figure 4.
Although CPT showed remarkable results during its phase I
clinical trials against a variety of solid tumors, its low water-
solubility and stability led to the formulation of various new
analogs with the same mechanism of action. The two most
progressed analogs of CPT are topotecan and irinotecan.
Topotecan (hycamtin) has been approved by the FDA for the
treatment of ovarian and cervical cancer, as also small cell lung
carcinoma. Irinotecan (camptosar) has been approved by the
FDA for the treatment of metastatic carcinoma of the colon or
rectum, alone or in combination with fluorouracil (5-FU).
Camptothecin has been utilized as an anticancer agent in
various PDC formulations, such as conjugation with the
targeting peptides D-Lys®-LHRH [99], somatostatin [100] and
¢(RGDyK) [101].

Linker design for PDCs: Principles and

representative examples

Another crucial aspect that should be considered during the
design of a PDC is the linker tethering the peptide and the drug.
The linker has to be carefully shaped so as not to perturb the
binding affinity of the peptide to its receptor and the drug effi-
cacy. An inappropriate linker may impede the release of the
drug from the PDC and therefore diminish its overall thera-
peutic potency. Linkers utilized in PDCs exist in different cate-
gories and vary on their length, stability, release mechanism,

functional groups, hydrophilicity/hydrophobicity etc.
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This linker can be designed to bear an enzyme-hydrolyzable
unit (EHU) like a carboxylic ester or an amide bond, cleaved by
esterases and amidases, respectively. The most commonly
utilized linkers that bear a carboxylic ester bond, as the enzyme-
hydrolyzable unit, are succinyl (derived from succinic acid) and
glutaryl (derived from glutaric acid). Concerning the utilization
of amide bond in the linker as the unit tethering the drug and the
peptide, it can be tailored to be cleaved based on the targeted
tissue and/or type of cancer where a specific protease is statisti-
cally upregulated (i.e., cathepsin B upregulated in various
malignancies including lung, brain, prostate and breast [102]).
Also, during the design of the PDC specific attention has to be
given on the selection of the bonds that will be used in the
linker. Specifically, in several currently available PDCs, at least
two different bonds are used: one to connect the linker to the
peptide and the other to connect the drug to the linker. Such
cases have to consider, during the design process, the microen-
vironment that the assembled PDC is to be located, since differ-
ent enzymes and/or the tumor microenvironment might trigger
the improper release of the drug from the PDC, i.e., to end up
with the drug-carrying part of the linker.

Another class of linkers is the stimuli-responsive/degradable
linkers, designed to achieve an efficient release of the drug from
the bioconjugate in the tumor microenvironment. Such linkers
are rationally designed to be cleaved when they sense specific
stimuli in the environment of cancerous cells (slightly acidic
pH, enhanced levels of reducing agents and/or enzymes) or
external stimuli (ultrasound, temperature, irradiation). Specifi-
cally, there are certain bonds like imine, oxime, hydrazone,
orthoester, acetal, vinyl ether and polyketal [103] that are
known to undergo hydrolysis at acidic pH, while being
extremely stable during blood circulation. Therefore, acid-labile
bonds could be hydrolyzed in the slightly acidic microenviron-
ment and/or in the acidic cellular compartments of cancer cells
and consequently release the active drug. Additionally, disul-
fide linkers are often adopted in PDCs, since they are cleaved
by reducing agents like cysteine and glutathione, present in high

concentrations in malignant cells.

Linkers bearing enzyme-hydrolyzable units (EHU) responsive
to proteases are degradable peptide linkers that have attracted
significant interest due to the specificity of certain enzymes and
there has been a dramatic escalation over in the past years. The
most representative examples in this field are the MMP-2/9
(matrix metalloproteinases) and cathepsin B peptide substrates.
MMP-2/9 and cathepsin B are proteolytic enzymes present at
elevated levels in cancer cells known to participate in human
tumor invasion and metastasis. Cathepsin B is able to recognize
specific peptide sequences like Val-Cit (valine-citrulline) [104]
and GFLG [105]. On the other hand, GPLGIAGQ [106],
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PLGLAG [107] and GPVGLIGK [108] are some common
peptide substrates for MMP-2 and MMP-9.

Another rapidly emerging category in PDC linkers that has
gained much attention in the last years are the self-immolative
or self-destructive spacers/linkers [109,110]. This type of
linkers/spacers offers the capability to release the active drug
after simultaneous cascade reactions, as shown in Figure 5.
Para-amino benzyl alcohol (PABC; colored in red) is a repre-
sentative example that can be connected in the amino group via
an amide bond to an enzyme-hydrolyzable unit (EHU; colored
in green) and to a tumor-targeting element (i.e. tumor homing
peptide; colored in black). The alcohol group at the opposite
site can be connected via a carbonate ester/carbamate bond to
the cytotoxic agent (colored in blue). The EHU is designed so
as to be a substrate for proteases overexpressed in the targeted
tumor microenvironment (i.e cathepsin B). Once EHU will be
recognized by these enzymes it is cleaved off resulting in the
consequent release of the active drug through rapid cascade

reactions (Figure 5).

The most representative examples of various types of linkers

are summarized in Table 2.

Representative examples of PDCs targeting

cancer cells

Integrating the basic design principles in PDCs pinpointed
above, a list of representative developed examples is analyzed
below, so as to provide a spherical perspective regarding
peptide—drug conjugation chemistry.

EHU-HN
Ve
peptide

1 6-elimination i
enzyme /Gjﬁ :
m .druqg —— HN T _drug

peptide
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Currently, there are two PDCs that have been developed
utilizing peptides as tumor targeting elements that selectively
bind to specific receptors and small molecules as anticancer
agents that have reached phase III clinical trials (Table 3) for
the treatment of various types of cancer. ClinicalTrials.gov have
also announced the initiation of a clinical trial based on
various PDCs consisted of two novel peptides selected
after phage display that target murine A20 leukemic
cells (ClinicalTrials.gov Identifier: NCT02828774). These
clinical trials will focus on chronic lymphocytic leukemia
(CLL).

Except these two PDCs, there are other types of PDCs that do
not consist of peptides as targeting moieties and small mole-
cules as drugs and have reached even up to phase III clinical
trials. These PDCs are summarized in Table 4.

Notably, there is only one PDC in the market designated '1In-
DTPA-d-Phe!-octreotide, which is utilized for diagnostic radi-
ology in somatostatin receptor-positive tumors [118]. It consti-
tutes a complex of ''Indium bound to diethylenetriaminopen-
taacetic acid (DTPA), which is conjugated to the targeting
somatostatin peptide [D-Phe!]-octreotide. Recently, another
similar analog, designated !!!'In-DTPA-d-Phe™!-Asp?-d-Phe!-
octreotide, has been evaluated and presented enhanced tumor
accumulation in pancreatic tumor cells and simultaneously

lower renal radioactivity [119].

Herein, we will analyze in depth the two PDCs in clinical trials
consisted of peptides and small molecules (Table 3), as also

HO drug

—CO

e

Figure 5: lllustration of the drug release mechanism from the self-immolative spacer PABC conjugated to a tumor homing peptide via an enzyme-
hydrolyzable unit. Red color = the self-immolative spacer PABC; blue color = drug; green color = enzyme-hydrolyzable unit (EHU); black color the

tumor-homing peptide.

Table 2: Representative examples of biodegradable/responsive linkers utilized for the formulation of PDCs in cancer.

linker drug release mechanism
succinyl action of esterases/amidases
glutaryl action of esterases/amidases
PABC 1,6-elimination

oxime bond hydrolysis in acidic pH
peptide GFLG action of cathepsin B

peptide PLGLAG action of MMP-2/9

reference

[19]

[67]
[109,110]
[111]
[105]
[107]
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Table 3: Peptide—drug conjugates consisting of peptides and small molecules that have been used in clinical trials.

peptide cytotoxic agent linker drug release mechanism name target CCT® reference
D-LysS-LHRH  Dox (SM)P glutaryl  esterases/amidases AEZS-108 LHRH-R phase Il [112]
angiopep-2 PTX (SM) succinyl  esterases/amidases ANG1005 LRP-1 phase Il [79]
aCCT= current clinical trials; PSM= small molecule.
Table 4: Various other types of peptide—drug conjugates in clinical trials.
peptide cytotoxic agent linker drug release target name CCT? reference
mechanism
CNGRCG hTNFa (Protein) - amidases CD13 receptor NGRO0O15 phase lll [113]
polyglutamic acid PTX (SM)b - esterases - CT2103 phase lll [114]
LHRH CLIP71¢ (lytic peptide) — amidases LHRH-R EP-100 phase | [115]
DRDDS (spacer) DAVBLHY (SM)P 2-mercapto- glutathione  folate receptor EC145 phase Il [116]
ethanol
D-y-E-y-E-y-E-E 12ADTe®-Asp - PSMA PSMA G-202 phase Il [117]

(masking moiety)

aCCT = current clinical trials; PSM = small molecule; °CLIP71 = KFAKFAKKFAKFAKKFAK; 9DAVBLH = desacetyl vinblastine hydrazide;

€12ADT = 8-0-(12-aminododecanoyl)-8-O-debutanoyl thapsigargin.

various other similar PDC formulations existed in the current
literature that have been evaluated in preclinical models.

First, two widely-known peptide—drug conjugates named
AN-152 (AEZS-108) and AN-207 will be analyzed. These
conjugates contain the luteinizing hormone-releasing hormone
(LHRH) as the peptide-targeting module and doxorubicin
(DOX) or its daunosamine-modified derivative 2-pyrrolino-
DOX as the cytotoxic agent, respectively (Figure 6). Specifi-
cally, Andrew V. Schally and his group first synthesized the
corresponding analogs [120] where they covalently coupled the

two drugs to the epsilon-amino group of the D-Lys side chain of
the peptide D-Lys®-LHRH.

Notably, both conjugates fully preserved the cytotoxic activity
of the parent drugs, DOX or 2-pyrrolino-DOX, respectively, in
vitro and also retained the high binding affinity of their peptide
carrier to receptors for LHRH on rat pituitary [120]. The two
conjugates were subjected to stability tests and they showed
slow drug release in human serum in contrast with nude mice
that carboxylesterase enzymes are about 10 times higher [121].
Consequently, the two analogs were heavily evaluated in in

Glp-HisTrp-Ser-Tyr-D-Lys-Leu-Arg-Pro-Gly-NH,

Figure 6: Structures of the PDCs named AN-152 and AN-207.

AN-152: R = NH,

AN-207: R = < N/7
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vivo models in nude mice bearing various types of cancer. Mice
bearing OV-1063 (LHRH receptor positive) or UCI-107
(LHRH receptor negative) human epithelial ovarian cancers
were treated with AN-152 or DOX with systematic intraperi-
toneal administration. The growth of UCI-107 cells was not in-
hibited by AN-152 but systemic administration of AN-152 in
OV-1063 cells proved that AN-152 is less toxic but inhibits
tumor growth better than equimolar doses of DOX [122]. These
results were confirmed in nude mice bearing other ovarian
human cancers (ES-2), where AN-207 caused up to 59.5% inhi-
bition in tumor growth [123]. Also, AN-207 and AN-152 were
tested in female BDF mice bearing estrogen independent MXT
mouse mammary cancers, presenting stronger tumor inhibitory
effects than their respective cytotoxic radicals up to 93%, while
equimolar quantities of their respective radicals were more toxic
[124]. Moreover, PDC AN-207 was significantly more potent,
regarding the growth inhibition of hormone-dependent Dunning
R-3327-H prostate cancers in rats, reaching up to 50% of the
initial tumor volume in comparison with 2-pyrrolino-DOX.
Shortly afterward, they tested the two conjugates in membranes
of human breast cancer cells: MCF-7 hormone-dependent and
MDA-MB-231 hormone- independent [125]. They proved that
the specific analogs retained the high binding affinity of the
D-Lys®-LHRH carrier to the relevant receptors. Both
conjugates displayed 1Csy values in the low nanomolar
concentration range for MCF-7 (13.7 + 1.09 nM for AN-152
and 6.08 + 0.5 nM for AN-207) and MDA-MB-231
(5.60 = 1.24 nM for AN-152 and 1.89 + 0.4 nM for AN-207)
cells. AN-152 was tested regarding the inhibition of tumor
growth of subcutaneously (sc) implanted androgen-dependent
LNCaP and MDA-PCa-2b and androgen-independent C4-2
prostate cancers, xenografted into nude mice. The results
demonstrated the stronger inhibition of AN-152 on the tumor
with respect to the free DOX [126]. Similarly, in vivo experi-
ments were conducted regarding AN-207 in nude mice bearing
xenografts of MDA-PCa-2b prostate cancer cells, showing iden-
tical results like AN-152 [127]. Griindker et. al. evaluated the
antitumor effects of AN-152 in vivo in human LHRH-R-posi-
tive HEC-1B endometrial and NIH:OVCAR-3 ovarian cancers,
and in the LHRH-R-negative SK-OV-3 ovarian cancer cell line
via intravenous injections [128]. The tumor volumes of HEC-
1B and NIH:OVCAR-3 cancers were reduced significantly even
after 1 week of treatment with AN-152 while presenting no
toxic side effects. Treatment with DOX arrested tumor growth
but did not reduce tumor volume. The growth of SK-OV-3
cancers was not affected by AN-152. Based on the presented
results, it can be concluded that these two analogs possess
higher antitumor activity but less toxicity with respect to the
parent drugs DOX and 2-pyrrolino-DOX and can be used
versus a wide variety of ovarian, prostate, endometrial and

breast tumors.

Beilstein J. Org. Chem. 2018, 14, 930-954.

Notably, after the extensive evaluation of analog AN-152 in
preclinical models, starting from 2006 it has been tested in
phase I and phase II studies (AN-152 was renamed to AEZS-
108 for the clinical trials) of LHRH-R positive recurrent
endometrial and ovarian cancers. The phase I/II study in castra-
tion-resistant prostate cancer (CRPC) and chemotherapy refrac-
tory bladder cancer also showed promising results. Due to the
promising results from phase II trials in endometrial cancer, a

multinational phase III clinical study is underway [112].

It is important to note that despite the fact that analog AN-207
presented a better biological profile, evident in all the preclin-
ical models, its further development fell short due to chemical

and plasma instability.

According to ClinicalTrials.gov, during phase I analog AEZS-
108 was tested in 17 women with epithelial cancer of the ovary,
endometrium or breast and for which standard treatment could
not be used or was no longer effective. The results showed
promising tolerance from the patients with fewer side effects
than the commonly applied drugs. Moreover, AEZS-108 was
evaluated in phase I clinical trial on patients with castration-
and taxane-resistant prostate cancer and the results proved that
AEZS-108 possesses a sufficient safety profile and efficacy. It
succeeded in lowering the PSA levels in some patients with
prostate cancer and it became evident that the internalization of
AEZS-108 in prostate cancer circulating tumor cells (CTCs)
may be a viable pharmacodynamic marker [129].

These promising results led to phase II clinical trials to patients
with castration- and taxane-resistant prostate cancer and their
disease showed progression after taxane-based chemotherapy.
AEZS-108 showed significant activity in these patients who
were pretreated with taxanes and maintained an acceptable
safety profile [130].

Last, phase II clinical trials were conducted in collaboration
with the German Gynecological Oncology Group (AGO) and
3 other centers from Bulgaria on 43 women. The patients had
platinum-resistant advanced ovarian cancer, FIGO (Fédération
Internationale de Gynécologie et d'Obstétrique) III or IV or
recurrent endometrial cancer (EC) and LHRH receptor-positive
tumor status. The treatment with AEZS-108 had significant ac-

tivity and low toxicity in these women [131,132].

Based on the fact that the previously described analog AN-207
showed superior in vitro and in vivo results compared to
AN-152 but lacked stability, Andrew V. Schally and his group
turned their focus on its building block 2-pyrrolino-DOX and
tried to construct new PDCs using other peptides. Therefore,

they synthesized a new analog, designated AN-238, consisting
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of the octapeptide RC-121 linked through the a-amino group of
its N-terminal D-Phe moiety and a glutaric acid spacer to the
14-OH group of 2-pyrrolino-DOX (Figure 7). The octapeptide
RC-121 was utilized due to its high binding affinity to the
somatostatin receptor (SST-R) [133].

The anti-cancer activity was first evaluated in various rat/human
cancer lines xenografted into nude mice with breast human
tumors (MDA-MB-238, MCF-7, MX-1) and prostate rat/human
tumors (Dunning AT-1, PC-3). All cell lines showed a great
response to the treatment with AN-238 with high inhibition of
the tumor, while 5 of 10 mice with MX-1 tumor were totally
cured [61]. The cytotoxic profile of this analog was similarly
evaluated in additional cancer cell lines xenografted into nude
mice including prostate, renal, mammary, ovarian, gastric,
colorectal and pancreatic [134]. Various types of renal,
colorectal, pancreatic and gastric cancers showed a major
response to the treatment with more than 70% inhibition while
all the other types showed a good response to the treatment with
an average of 60% inhibition. AN-238 was also evaluated in
U87-MG brain cancer cells with good response, inducing
82% growth inhibition of subcutaneous tumors [134]. There-
fore, AN-238 has been proved to be a promising candidate for a
large number of tumors, being able to suppress the growth of
these tumors and their metastases. Last, Engel et. al. showed
that AN-238 inhibits tumor growth in human experimental
endometrial carcinomas which express SST receptors, regard-
less of the expression levels of multidrug resistance protein
MDR-1 [135]. The analog AN-238 is still pending for clinical
trials.

An interesting example of a PDC able to cross the blood-brain
barrier (BBB), is ANG1005 [136], composed of three mole-
cules of paclitaxel linked by a cleavable succinyl ester linkage
to the angiopep-2 peptide (Figure 8).

BBB is formed by the brain capillary endothelium with very
low permeability as it excludes about 100% of the large mole-

cules and about 98% of the small molecules attempting to pass

Figure 7: Structure of the PDC named AN-238.

Beilstein J. Org. Chem. 2018, 14, 930-954.

to the brain [137]. Being mandatory to surpass the BBB in order
to deliver pharmaceuticals to the brain, scientists have strug-
gled to discover either novel small molecules able to cross it
through various mechanisms [138] or novel techniques able to
disrupt its dense structure like ultrasound-mediated drug
delivery [139,140]. The design principles on the synthesis of the
specific conjugate, ANG1005, were the following: the peptide
angiopep-2 is able to cross the BBB via receptor-mediated tran-
scytosis after binding to LRP-1 and consequently it is often
used as drug delivery vehicle, while paclitaxel bears cytotoxici-
ty against glioblastoma. It has been shown that the brain uptake
of ANG1005 was 4.5-fold higher compared to paclitaxel and
the cytotoxicity remained higher in all cancer cell lines tested
(glioblastoma U87 MG, U118, U251; lung carcinoma A549,
NCI-H460, Calu-3; ovarian carcinoma SK-OV-3). It has been
also proved that human tumor xenografts were inhibited more
with ANG1005 than paclitaxel. Finally, mice with intracerebral
implantation of U87 MG glioblastoma cells or NCI-H460 lung
carcinoma cells exhibited increased survival rates after
ANG1005 administration.

Because of these promising results, ANG1005 progressed to
phase I clinical trials in 2007 in 63 patients with recurrent or
progressive malignant glioma. It was found that ANG1005
delivers paclitaxel across the BBB and achieves therapeutic
concentrations in the tumor site. It became evident that this
PDC possessed similar toxicity to paclitaxel as also enhanced
activity in recurrent glioma [141]. Phase II clinical trials were
then initiated on patients with recurrent high-grade glioma and
on breast cancer patients with recurrent brain metastases. The
results have not been published yet but it has already been
stated that very promising results were collected and phase 111
clinical trials will start shortly. Based on the overall progress of
ANG1005, other similar molecules have been synthesized and
studied in preclinical models [142].

The group of Prof. G. Mez0 has achieved a great progression in
the field of PDCs the last years working mostly on GnRH-III
(Glp-His-Trp-Ser-His-Asp-Trp-Lys-Pro-Gly-NH>), which was

| 1
D-Phe-Cys-Tyr-D-Trp-Lys-Val-Cys-Thr-NH,
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Figure 8: Chemical structure and synthetic scheme for the PDC ANG1005. (A) ANG1005 is composed of three molecules of paclitaxel linked by a
cleavable succinyl ester linkage to the angiopep-2 peptide. (B) Schematic representation of ANG1005 synthesis steps. Paclitaxel was first reacted
with succinic anhydride and then activated with N-hydroxysuccinimide to form 2'-succinyl-NHS-paclitaxel in two steps. In the conjugation step (step 3),
amines of the angiopep-2 peptide react with 2'-succinyl-NHS-paclitaxel. The scheme was modified according to Br. J. Pharmacol. 2008, 155, 185-197

[136].

exploited as a tumor homing device for drug targeting 10 years
ago [111]. The aim of this was to apply a peptide hormone with
lower endocrine effect than GnRH-I that might be useful espe-
cially for hormone-independent tumors like colon cancer [143].
In addition, GnRH-III has Lys at position 8 of the sequence pro-
viding a conjugation site without inducing perturbation in the
receptor recognition. In the first conjugates, daunorubicin (Dau)
was attached to the lysine side chain via oxime linkage through
an aminooxyacetyl (Aoa) moiety (Glp-His-Trp-Ser-His-Asp-
Trp-Lys(Dau=Aoa)-Pro-Gly-NH,). The oxime bond, de-

veloped between the aminooxyacetyl function and the carbonyl
group of C-13 on Dau is stable under physiological conditions
and prevents the early drug release in contrast to the ester bond
(Figure 9).

Thus, no free drug release can be detected from such type of
conjugates before reaching their targets. However, oxime bond
is also stable in lysosomes where the conjugates decomposed
after receptor-mediated endocytosis. Among the fragments

arose during lysosomal degradation, H-Lys(Dau=Aoa)-OH was
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Figure 9: Structure of oxime linked Dau—GnRH-IIl conjugate with or without cathepsin B labile spacer and their metabolite released in lysosomal

homogenate [144].

observed as the smallest Dau containing metabolite [144].
Therefore, the DNA binding propensity of this metabolite was
also examined and it was found that although it is efficient it
presented lower binding capacity with respect to the parent
drug.

The in vitro antitumor activity of the above-mentioned conju-
gate was studied on MCF-7 human breast and HT-29 human
colon adenocarcinoma cells [144]. The ICs( values showed two
orders of magnitude lower effect compared to the free Dau.
Thus, a systematic comparative study of various anthracycline-
GnRH conjugates was conducted in order to conduct their com-
plete evaluation as potential targeted cancer chemotherapeutics.
The influence of different: (i) anthracycline drugs, (ii) linkers
among the tumor-homing peptide moiety and the drug, and (iii)
tumor-homing peptides (e.g., GnRH-III and D-Lys®-GnRH-I)
was examined regarding their in vitro cellular uptake, drug
release and cytostatic effect [145]. Doxorubicin (Dox) was
coupled to both GnRH-III and D-Lys®-GnRH-I through a
glutaric acid linker via ester bond. AN-152, the GnRH-I based
PDC (see above), served as a control. No significant differ-
ences in cellular uptake and cytostatic effect were observed be-
tween the two PDCs. Recently, it was also indicated that the
cellular uptake of carboxyfluorescein-labeled GnRH-I, GnRH-II
and GnRH-III conjugates might be influenced not only by the
targeting moiety, but also by the type of cancer cells [146].

However, no significant differences could be observed
regarding the cellular uptake of the three GnRH conjugates by
MCF-7 and HT-29 cells. It is worth mentioning that the highest
water solubility was detected for the GnRH-III conjugate. The
ester bond can be cleaved by esterases not only in cancer cells,
but also in human plasma during blood circulation. The early
drug release in the bloodstream may cause unwanted side
effects. Furthermore, O-N acyl shift was detected both during
the synthesis and the storage of ester-linked doxorubicin conju-
gate, resulting to an inactive compound where the tumor-
homing peptide acylated the amine of the daunosamine sugar
moiety. This was found through the mass spectrometric (MS)
fragmentation profile of the PDC [146].

In a different PDC, Dau was linked to GnRH-III through a
hydrazone bond or by incorporation of a self-immolative spac-
er [145]. The hydrazone linkage was formed similarly to the
oxime bond on C-13 atom of Dau but it allows the effective
drug release under slightly acidic conditions in lysosomes. The
p-aminobenzylalcohol-based self-immolative spacer, combined
with the dipeptide Lys-Phe (cathepsin-B lysosomal enzyme
cleavable spacer), was connected to the amino functional group
of daunosamine moiety. The last construct also provided the
free drug release. Both conjugates illustrated similar cytostatic
effects and cellular uptake as the conjugates with ester bonds.

All these conjugates showed ICs( values in the range of
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0.2-0.5 uM on MCF-7 cells while 1-3 uM on HT-29 cells. The
free Dau or Dox had higher in vitro cytostatic effect than the
conjugates, especially on HT-29 cells. Nevertheless, the synthe-
sis of these conjugates was not so efficient and their chemical,
biological and long-term shelf-stability of these PDCs were not
so sufficient for drug development.

In another construct, daunorubicin and doxorubicin were at-
tached to the e-amino group of Lys of GnRH-III through oxime
linkage [111,145]. The conjugation of the drug and the
aminooxyacetylated tumor homing peptide was almost quantita-
tive under slightly acidic conditions. Interestingly, the conju-
gate with Dox illustrated much lower antitumor effect than the
Dau conjugate. The oxime-linked Dau-GnRH-III conjugate
(non-cleavable linker) had one order of magnitude lower anti-
tumor activity than the conjugates with the cleavable linkers.
The cellular uptake of the oxime-linked conjugates was lower,
too, but this effect might come from the different fluorescent
properties of the free Dau and the peptide/metabolite-linked
Dau. Because of the high synthetic yield and stability of oxime-
linked conjugates, it can be suggested that such conjugates
might be good candidates for the development of targeted tumor
therapeutics. Therefore, efforts were made to develop further
conjugates with higher antitumor activity.

To achieve higher antitumor activity, the sequence of the
peptide GnRH-III was modified. Previous studies indicated that
only a few changes are acceptable without significant loss of the
anti-proliferative effect of the hormone peptide. Interestingly,
Ser at position 4 could be replaced by Lys or acetylated Lys
[147]. It is worth mentioning that the Ser in GnRH agonist and
antagonist analogs are rarely modified [148]. The incorporation
of Lys or Lys(Ac) in position 4 of GnRH-III increased the anti-
tumor activity of the conjugate GnRH-III(Dau=Aoa). However,
in the case of [*Lys]-GnRH-III(Dau=Aoa) enzyme stability of
the conjugate was decreased while [*Lys(Ac)]-GnRH-
[II(Dau=Aoa) showed higher stability [149]. When the acetyl
group was exchanged to other short-chain fatty acids (SCFAs)
the enzyme stability was enhanced by the length of hydro-
carbon chain of SCFAs [150]. According to the cellular uptake
and cytostatic in vitro studies, the optimal compound was the
butyric acid containing [*Lys(Bu)]-GnRH-III(Dau=Aoa) conju-
gate that almost reached the in vitro biological effects of the
conjugates with a cleavable linker. This conjugate showed sig-
nificant tumor growth inhibition in vivo, not only on subcuta-
neous implanted but also on orthotopically developed HT-29
colon cancer-bearing mice [151]. The PDC in the applied dose
(15 mg Dau content/kg body weight) showed similar or higher
antitumor activity than the free Dau at a maximal tolerated dose
(MTD) without significant toxic side effects on organs. In

contrast to the conjugate, Dau presented toxicity on the liver
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causing worse condition and higher mortality during the treat-
ment.

In addition, the incorporation of Lys at position 4 provided a
new conjugation site. Therefore, Dau or methotrexate (MTX)
were attached to the g-amino group of *Lys resulting in conju-
gates with two identical ([4Lys(Dau=Aoa), 8Lys(Dau=Aoa)]-
GnRH-III), or different drug molecules ([*Lys(MTX),
8Lys(Dau=Aoa)]-GnRH-III) [152,153]. Some improvement in
the cytostatic effect could be detected compared with the conju-
gates containing only one drug molecule, but they were not
better than the conjugate with butyric acid. This observation led
to retain the Lys(Bu) at position 4 and the two Dau molecules
were attached to the amino groups of an additional Lys
through the enzyme labile GFLG spacer coupled to 8Lys
(Figure 10).

The resulted PDC presented a reduced aqueous solubility, thus
an oligoethylene glycol linker was inserted between the spacer
and the tumor-homing peptide [154]. This PDC showed the best
in vitro cytostatic effects among the oxime-linked Dau-contain-
ing conjugates, but the improvement of the synthetic process to
lead to higher amounts of this PDC is required to proceed for in
vivo studies. Thus, it can be concluded that oxime linked
Dau-homing peptide conjugates could be good candidates for
targeted tumor therapy.

Furthermore, the tumor homing peptide D-Lys®-GnRH-I has
been exploited by our group to selectively deliver the anti-
cancer agent gemcitabine to the tumor site. We, therefore, de-
signed and synthesized four different bioconjugates consisting
of D-Lys®-GnRH-I and the anticancer agent gemcitabine
(named GSG, GSGy, 3G, 3G,) through different conjugation
sites (the primary and secondary alcohol groups of gemcitabine)
and using linkers of different lengths (succinyl and glutaryl) as
shown in Figure 11.

In order to evaluate whether the tethering of the cytotoxic agent
to the D-Lys®-GnRH-I peptide induces any perturbation on the
local microenvironment of the peptide that is responsible for re-
ceptor recognition, we utilized 'H "H 2D-TOCSY NMR [19].
Upon superimposing the relevant spectra of the different PDCs
on the relevant spectrum of the native hormone we found that
these PDCs didn’t alter the microenvironment of D-Lys®-
GnRH-I allowing to suggest that they will not influence the
binding affinity of the targeting peptide unit of these PDC to the
GnRH-R. This was further validated since the new conjugates
were found to possess higher binding affinity with respect to the
parent peptide, with IC50 ranging even up to 1.9 nM for the
conjugate 3G. The conjugates were evaluated regarding their

antiproliferative effect on prostate cancer cells (DU145 and
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pGIu-His(Trt)-Trp-Lys(Dde)-His(Trt)-Asp(OtBu)-Trp-Lys(Mtt)-Pro-GIy'

1. Dde cleavage: 4% hydrazine/DMF (12x5 min)
| 2. Butyric anhydride — DIEA (3 equiv each)/DMF (2 h)

pGIu-His(Trt)-Trp-Lys(Bu)-His(Trt)-Asp(OtBu)-Trp-Lys(Mtt)-Pro-GIyo

OO ON =

A

. Mtt cleavage: 2% TFA — 2% TIS/DCM (6x5 min)

. Fmoc-Lys(Fmoc)-OH — HBTU — DIEA (3:3:6 equiv)/DMF (60 min)

. Fmoc cleavage: 20% piperidine/DMF (2+2+5+10 min)

. Fmoc-NH-(CH,-CH,-0),-CH,-COOH - DIC — HOBt (6 equiv each)/DMF (60 min)
. Fmoc cleavage: 20% piperidine/DMF (2+2+5+10 min)

. Spacer synthesis: Fmoc-Aaa-OH — DIC — HOBt (6 equiv each)/DMF (60 min)

pGIu-His(Trt)-Trp-Lys(Bu)-His(Trt)-Asp(OtBu)-Trp-Lj/s-Pro-GIy.
Fmoc-Gly-Phe-Leu-Gly-NH-(CH,-CH,-0O),-CH,-CO-Lys
Fmoc-Gly-Phe-Leu-Gly-NH-(CH,-CH,-0),-CH,-CO

1. Fmoc cleavage: 20% piperidine/DMF (2+2+5+10 min)
2. bisBoc-NH-O-CH,-COOH - DIC — HOBt (6 equiv each)/DMF (60 min)
3. Final cleavage: 95% TFA —2.5% TIS — 2.5% water (90 min)

pGIu-His-Trp-Lys(Bu)-His-Asp-Trp-LTs-Pro-GIy-CON H,
NH,-O-CH,-CO-Gly-Phe-Leu-Gly-NH-(CH,-CH,-0),-CH,-CO-Lys
NH,-O-CH,-CO-Gly-Phe-Leu-Gly-NH-(CH,-CH,-0),-CH,-CO

1 Daunorubicin (2 equiv)/0.2M NaOAc buffer (pH 5)

pGIu-His-Trp-Lys(Bu)-His-Asp-Trp-LTs-Pro-GIy-CON H,
Dau=N-O-CH,-CO-Gly-Phe-Leu-Gly-NH-(CH,-CH,-0),-CH,-CO-Lys
Dau=N-O-CH,-CO-Gly-Phe-Leu-Gly-N H-(CHz-CHz-O)z-CHz-COJ

Figure 10: Synthesis of the most effective GnRH-Ill-Dau conjugate with two drug molecules [153].

PC-3) and the PDC GSG showed IC50 values similar to gemci-
tabine GSG that possessed the highest antiproliferative effect
was utilized for further pharmacokinetic studies in mice. These
pinpointed that GSG is able to release a high amount of gemci-
tabine (averaging 500 ng/mL) for a period of over =250 min,
while administered free gemcitabine was consumed in less than
100 min. At the same time, the levels of the inactive metabolite
of gemcitabine (dFdU) were maintained at very low levels for
the GSG conjugate in contrast to the direct administration of
free gemcitabine. Finally, when injected into mice with
xenografted tumors, GSG inhibited the tumor growth more
effectively than gemcitabine when using equimolar quantities.
Therefore, GSG could pave the way for the construction of
other similar bioconjugates in order to effectively enhance the
concentration of the cytotoxic drug in the tumor cells and
inhibit their uncontrolled growth.

OuWe have also designed and synthesized a PDC containing
the cytotoxic agent sunitinib and the D-Lys®-GnRH peptide-

targeting-unit tethered through a succinyl linker [7]. Sunitinib is
a small orally administrated drug that inhibits the phosphoryla-
tion of several receptor tyrosine kinases (RTKs). It was ap-
proved by the FDA in 2006 for the treatment of renal cell carci-
noma (RCC) and imatinib-resistant gastrointestinal stromal
tumor (GIST). Though, sunitinib has proved to cause severe
side effects like cardiac and coronary microvascular dysfunc-
tion [155]. Therefore, these data rendered sunitinib as an
appealing candidate for targeted therapy using a PDC.

Native sunitinib (Figure 12A) does lack functional groups that
could be exploited for conjugation to the peptide-targeting unit,
thus, a novel analog had to be constructed (SAN1, Figure 12B).
This was constructed based on in silico studies and modifying
properly the drug scaffold so as not to perturb the drug binding
to the targeted receptors. In silico, in vitro and pharmacokinetic
evaluation of the synthesized SAN1 were conducted and com-
pared with native sunitinib. The results indicated that SAN1
exhibited similar properties and thus could serve as an alterna-
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Figure 11: Structures of the four different PDCs of D-Lys®-GnRH-I and gemcitabine (GSG, GSGy, 3G, 3G>) [19].
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Figure 12: Structures of (A) native sunitinib; (B) SAN1 analog of sunitinib and (C) assembled PDC named SAN1GSC [18].

tive to the parent drug for the formulation of the final PDC. Ad-  were subjected to treatment based on SAN1 and sunitinib. Mice
ditionally, SAN1 was further explored in in vivo models: mice =~ were dosed daily via intraperitoneal injection and the results

xenografted with a castration-resistant CaP (CRPC) cell line unveiled the potency of SAN1, which showed to inhibit the
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tumor growth in a similar way like native sunitinib. In the
installed hydroxy group in the core of SANI1, a succinyl linker
was conjugated that was then connected to the free amine group
of Lys® of D-Lys®-GnRH to form the PDC named SAN1GSC
(Figure 12C).

SAN1GSC was evaluated in vitro and then in vivo, in mice
xenografted with the CRPC model, showing similar bioactivity
as SAN1. The most promising results arose from the measured
concentration of SANT1 in the blood circulation and in the tumor
site. The levels of free SAN1 released from SAN1GSC were 4
times higher inside the malignant cells with respect to SAN1
levels from the unconjugated SANI1. It is worth mentioning that
in the frame of our construct, cardiotoxic and hematotoxic
effects in treated mice were minimal and elevations of blood

pressure that contribute to cardiac dysfunction were absent [18].

Problems and solutions during synthesis of

PDCs

Although the synthesis of PDCs is usually a rapid and facile
procedure, various synthetic problems may arise. The most
common ones appear during peptide synthesis and might refer
to low aqueous solubility and/or difficulty to synthesize. Insolu-
bility issues can be overcome by altering the C-/N-terminus
and/or substituting specific residues. Difficulties in the synthe-
sis can be handled by decreasing the number of hydrophobic
residues and/or shortening the sequence. Similar synthetic prob-
lems have been encountered during peptide synthesis the last
decades and have been fully addressed.

During the conjugation of 5’-O-gemcitabine hemisuccinate to
the D-Lys®-GnRH peptide towards the synthesis of the PDC
GSG (presented in Figure 10) we recently unveiled the forma-
tion of a previously unnoticed side product in addition to the
desired product [156]. Specifically, we found that when guani-
dinium salts are utilized in peptide coupling conditions, a
uronium derivative can be installed on specific amino acid scaf-
folds, beside to the formation of the expected amide bonds. This
side product was persistent even after HPLC purification and
was also apparent in the recorded mass spectrum of GSG as a
second peak, besides the expected product, bearing the mass of
the expected PDC plus 100 amu, leading to the reduction of the
overall yield below 10%. Specifically, the guanidinium/uronium
coupling reagent (HATU) was utilized for the formation of the
amide bond between D-Lys® of the peptide carrier and the
carboxylic acid of the succinate linker connected to gemcitabi-
ne to synthesize the PDC GSG (Figure 13). We hypothesized
that the side product was originated from the coupling reagent
(HATU) and after conducting template reactions with every
amino acid present in the sequence of D-Lys®-GnRH with
Fmoc-Ser(z-Bu)-OH in the presence of HATU or HBTU and

Beilstein J. Org. Chem. 2018, 14, 930-954.

DIPEA, it became evident that the aminium moiety of HATU/
HBTU could be installed either on the amino (-NH,) group of
Lys or on the phenol (~OH) group of Tyr [156].

Our findings were further verified by reacting other tumor-
homing peptides like D-Lys®-GnRH and Fmoc-HER2-BP1
(LTVSPWY, a heptapeptide known for its activity against
erbB2) with HATU/DIPEA and characterizing the final prod-
ucts by ESIMS and '"H NMR spectroscopy where the same
aminium side product was also recorded. Interestingly, when
the dipeptide Fmoc-Cys-Tyr-NH, was reacted with HATU, we
found that the side product could be installed both on the phenol
group of Tyr as also on the sulfhydryl group of Cys. Therefore,
we tested these reaction conditions on the peptide C1B541_15;
subdomain peptide (RCVRSVPSLCG) of protein kinase C
(PKC) y isozymes, which possess 2 cysteines (but no tyrosine
or lysine or free N-terminus amine) and bears anticancer prop-
erties [157]. Again, a side product with two aminium moieties
on the two cysteines was formed and characterized with
ESIMS. This observation was also applied to a simple phenol
where again a side product was recorded pinpointing the broad
impact of our findings beyond traditional peptide chemistry. We
thus revealed the formation of a previously unnoticed side prod-
uct during the synthesis of PDCs, derived from guanidinium/
uronium peptide coupling reagents that occurs on phenols, pri-
mary amines and sulthydryl groups (Figure 14).

Along these lines, we suggested a mechanism that this side-
product formation is taking place, directly after the formation of
the amide bond that occurs from structure (II) to structure (III),
as shown in Figure 15.

We discovered that the side product, which is difficult to be
separated from the expected PDC and therefore results in
reduced synthetic yield, could be avoided by using 1 equiv of
HATU/HBTU, instead of the classical and established proto-
cols using 1.5 equiv [156]. Taking into account that uronium/
guanidinium coupling reagents are among the most expensive
ones, using the specified conditions (equimolar quantity) may
also reduce the total cost of the synthesis.

Conclusion

Currently used chemotherapeutics are in their majority highly
toxic, causing severe side effects. Thus, with the aim to en-
hance their narrow therapeutic index, a wide variety of strate-
gies have been explored. Selective drug delivery via special
carriers represents a viable approach to deal with tumors with
higher efficacy while using lower doses of the anticancer agent.
Specifically, peptide—drug conjugates (PDCs) operate as potent
drug delivery carriers and thus have attracted considerable

attention over the last decades. The simplicity, versatility and
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Figure 15: Putative mechanism for the formation of the uronium side product [156].
the relatively low cost for the construction of PDCs have ORCID® iDs

rendered them appealing candidates. In the present review,
basic and integral knowledge has been accumulated towards the
PDCs design through examining every module required to
assemble the fully decorated PDC: the peptide, the cytotoxic
agent and the linker. We highlighted the overall progress of this
field through selective analysis of noteworthy examples in the
literature, as also possible synthetic problems that may arise and
their solutions. Based on the fact that several PDCs have been
selected for clinical trials and presented tumor inhibition with
minimum side effects, this field needs to be further refined and
explored. Through this review, we made efforts to provide an
influential impetus for the construction of new peptide—drug
conjugates, which could eventually transform undesired toxic
drugs to highly potent formulations for the effective treatment
of cancer.
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Cryptophycins are naturally occurring cytotoxins with great potential for chemotherapy. Since targeted therapy provides new

perspectives for treatment of cancer, new potent analogues of cytotoxic agents containing functional groups for conjugation to

homing devices are required. We describe the design, synthesis and biological evaluation of three new unit B cryptophycin ana-

logues. The O-methyl group of the unit B D-tyrosine analogue was replaced by an O-(allyloxyethyl) moiety, an O-(hydroxyethyl)

group, or an O-(((azidoethoxy)ethoxy)ethoyxethyl) substituent. While the former two maintain cytotoxicity in the subnanomolar

range, the attachment of the triethylene glycol spacer with a terminal azide results in a complete loss of activity. Docking studies of

the novel cryptophycin analogues to B-tubulin provided a rationale for the observed cytotoxicities.

Introduction

Cryptophycins are natural occurring cyclic depsipeptides that
were first isolated from cyanobacteria Nostoc sp. ATCC 53789
in 1990 [1]. Cryptophycins target tubulin, in particular the
peptide site of the vinca domain. They block microtubule for-
mation, inhibiting their assembly and, hence, are antimitotic
agents [2,3]. Their high cytotoxicity prompted manifold studies
that were initially focussed on the total synthesis and
structure—activity relationships [4-20]. This work resulted in the
identification of cryptophycin-52, a highly biologically active
analogue of cryptophycin-1 (Figure 1).

Eli Lilly took cryptophycin-52 into clinical trials. Although
almost half of the patients obtained a benefit from the treatment,

neurotoxic side effects forced the termination of the clinical
trials [21-23]. In order to overcome the side effects of crypto-
phycin-52 and to better understand the fundamental structure
for biological activity, numerous structure—activity relationship
studies have been carried out [24-35]. However, like crypto-
phycin-52, the new analogues were not selective against cancer

cells making them not better than its parent.

In recent years the targeted delivery of cytotoxic agents has
emerged as a highly promising method to tackle selectivity
issues [36-40]. Cryptophycin-52 and many analogues lack an
addressable group to conjugate the toxin to a homing device.

For this reason, new analogues containing functional groups
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Figure 1: Cryptophycin-1 (1) and -52 (2).

that would allow the conjugation of a homing device were de-
veloped [41-46]. Some of these functionalized analogues have
been recently used for the preparation of antibody—drug conju-
gates (ADCs) and peptide—drug conjugates (PDCs) [46-51].
Nevertheless, there is still a strong need of novel cryptophycin
analogues with maintained activity containing a suitable func-
tional group that would allow the conjugation to the homing
device. Cryptophycin-1 contains a methoxy group in the aro-
matic ring of the unit B, which is a chlorinated derivative of
D-tyrosine. Different chains for unit B have been investigated,
albeit the elongation of the methoxy group is still unknown.
Therefore, in the current study, we embarked on the synthesis of
novel cryptophycin analogues containing different substituents
at the phenolic hydroxy group of the unit B. We intended to in-
vestigate whether the high biological activity of the parent com-
pound is retained and thus, construction of ADCs and PDCs
would be feasible. This preparation could be done using trace-

HO</\/ OSfAOH
2
3

Beilstein J. Org. Chem. 2018, 14, 1281-1286.

less cleavable linkers that are sensitive to the distinct physi-
ology of the tumour with enhanced level and activity of specif-
ic enzymes. The connection between the payload and the linker
is of crucial importance since its stability can dramatically
change the release and thus, the activity of the compound. For
this reason, the included functional groups were designed with
the consideration to provide appropriate stability and activity to

the future conjugate.

Results and Discussion

Design and synthesis

Previous docking studies have postulated that the methyl group
of unit B is not involved in the cryptophycin—tubulin interac-
tion [52]. Moreover, its absence did not produce a dramatic loss
of activity [24].

Based on this, we designed cryptophycin analogues modified in
the unit B. Instead of the O-methyl group that is present in the
natural cryptophycin, we attached a hydroxyethyl group or a
triethylene glycol chain terminated with an alcohol or azide, re-
spectively. These functional groups would allow the conjuga-
tion of the novel cryptophycin analogues across an appropriate
linker to an antibody or peptide. Either a virtually uncleavable
triazole (introduced by CuAAC) or scissile ester, carbonate, or
carbamate moieties were taken into account.

The synthesis of the modified unit B (Scheme 1) started with
the preparation of the two different spacers that were later
connected to the phenol. Starting from triethylene glycol (3) or

oo HO N5 Tagy, TSO P Ns Ty, | N
4 5 6

d) e
Ho/\/o\/\ W TSO/\/O\/\ H’ |/\/O\/\
7 9

(0]
BocHN
¢ OH f)
Cl
OH
10

o o)
BocHN
oc OR 9) BocHN OH
| O cl
Z>0R OR
o
11:R=Y€\/ 5g/\N?, (85%)

12:R= v O (81%)

13:R= xj(\/osgﬂm (76%)

14 R= v O (90%)

Scheme 1: Synthesis of modified unit B (13 and 14). Reagents and conditions: (a) 1) TsCl, DMAP, Et3sN, CHCly, rt, 4 h; 2) NaN3, DMF, 70 °C,
overnight; (b) TsCl, EtsN, CHyCly, rt, overnight; (c) Nal, acetone, reflux, overnight; (d) TsCl, EtsN, CH,Cl, rt, overnight; (e) Nal, acetone, reflux,
overnight; (f) 6 or 9, K,CO3, DMF, 50 °C, overnight; (g) LiOH, HoO/MeOH/THF 1:1:1, rt, 2 h.
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2-allyloxyethanol (7) tosylations and nucleophilic displace-
ments by azide or iodide substitution provided 6 and 9 in good
yields. O-Alkylation of Boc-protected 3-chlorinated D-tyrosine
10 with 6 or 9 gave 11 and 12, again in satisfactory yields
(81-85%). Saponification of the ester moiety in 11 and 12 that
was formed concomitantly with the O-alkylation in the previous
reaction provided Boc-protected modified units B 13 and 14 in
76 and 90% yield, respectively.

The synthesis of units C—D and A succeeded as previously de-

scribed in the literature; unit A (15) and C-D (16) were
connected by Yamaguchi esterification to give 17 (Scheme 2)

0
MOI‘-BU +
©/ O o 0

15

o) i
0.0 (0]
(0]
O)YNHFmoc
17
(80%)

OR

20:R = x/f\/osgﬁm (21%)

21:R = x/\/o\/\ (25%)

Beilstein J. Org. Chem. 2018, 14, 1281-1286.

[45]. Then, Fmoc was cleaved from the N-terminus of unit
C-D-A (17) using piperidine and the resulting crude amine was
coupled to the corresponding modified unit B (13 or 14),
affording the according linear cryptophycins 18 and 19 in
acceptable yields (51-59%). Compounds 18 and 19 were
treated with trifluoroacetic acid for simultaneous Boc and #-Bu
removal, which also cleaved the dioxolane ring. Subsequently,
macrolactamization was performed under pseudo-high-dilution
conditions to afford 20 and 21 as described previously [16].
Then the diol was transformed into the epoxide following a
three-step one-pot reaction as extensively used in the synthesis
of cryptophycin analogues [46]. Cryptophycin analogues 22 and

0. _OH
(0] a)
O)wz/\NHFmoc
16

Ot-Bu
o0 o 0 9
O) HJ\::/NHBOC
: : ~ cl
Z 0R

18:R = %{f\/osg/\Ns (51%)

19:R= v O (50%)

22:R= x/(\/osg/\m (36%)

23:R= v O (61%)

e)[
24:R =y >-OH (42%)

Scheme 2: Synthesis of cryptophycin analogues 22, 23 and 24. Reagents and conditions: (a) 4-DMAP, 2,4,6-trichlorobenzoy! chloride, EtzN, THF,
0 °C, 3 h; (b) 1) piperidine, DMF, rt, 2 h; 2) 13 or 14, HOAt, EDC-HCI, Et3N, CH2Cly, 0 °C — rt, overnight; (c) 1) TFA/CH,Clo/H20, 1t, 2 h; 2) HATU,
HOAt, DIPEA, DMF, rt, slow addition + 2 h; (d) 1) (CH30)3CH, PPTS, CHCly, rt, 2 h; 2) AcBr, CH,Cly, rt, 4 h; 3) K;CO3, DME/ethylene glycol

(2:1 viv), rt, 5 min; (e) Pd(PPh3)4, phenylsilane, CH,Cly, rt, 7 h.
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23 were obtained in good purity after column chromatography.
The allyl ether in 23 was cleaved using Pd(PPh3)4 as Pd(0)
source and phenylsilane as scavenger to obtain the crypto-
phycin analogue 24 in good purity.

Biological evaluation

The biological activity of the modified unit B analogues was de-
termined in a cell viability assay using the human cervix carci-
noma cell line KB-3-1 (Table 1). The cryptophycin analogue 22
showed a dramatic loss of activity compared to cryptophycin-52
(2), while analogues 23 and 24 showed a reduced cytotoxicity
although their ICsq values are still in the low nanomolar range.
The observed dramatic loss of activity of analogue 22 could be
due to its poor internalization or the modification could alter the
interaction with tubulin. In order to get an extensive knowledge
of the novel analogues, we embarked in docking and modelling
studies, herein reported, and internalization studies are ongoing
in our research group.

Table 1: Cytotoxicity of cryptophycin-52 and its unit B analogues.

compd unitB I1C50
KB-3-1
(nM)

2 CH2Ph(m-Cl,p-OMe) 0.015

22 CH2Ph(m-Cl,p-(OCH2CHa)3N3) 195000

23 CH,Ph(m-Cl,p-OCH>,CH,OCH2,CHCH2)  0.748

24 CHyPh(m-Cl,p-OCH,CH,0H) 0.184

Docking and modelling of cryptophycin

derivatives

There is no X-ray analysis of cryptophycin—tubulin complexes
available to provide information on the binding site. Based on
biochemical evidence, binding close to the vinca-alkaloid
binding site of B-tubulin, the so called “peptide-site”, has been
proposed [2,52,53]. We performed a docking study to explain
the different affinities of the newly synthesized derivatives. The
parent compound 2 scored highest with respect to -tubulin
binding (Table 2). Three hydrogen bonds were detected to key
residues in the peptide binding pocket of the vinca domain
(Lys176, Vall77 and Tyr210). Other than previously reported

Table 2: Binding energies for the different cryptophycin analogues.

compd binding max. binding  min. binding
energy energy energy
(kd/mol) (kd/mol) (kJ/mol)

2 36.17 36.17 17.21

22 22.61 22.61 5.44

23 32.20 32.20 10.38

24 32.70 32.70 11.72

Beilstein J. Org. Chem. 2018, 14, 1281-1286.

[52], the methoxy group of subunit B forms a hydrogen bond
with Lys176 (Figure 2). Another binding mode of 2 with
high binding affinity and hydrogen bond formation did not
involve any interaction of subunit B, yet it was oriented
towards the GDP binding site that might influence GTP hydro-
lysis.

Figure 2: Binding mode of 2, showing the interaction to the vinca
domain peptide binding pocket (blue). Hydrogen bonds are shown as
yellow dots with the interacting amino acid residues in magenta.

Compound 22 with the triethylene glycol-based substituent
prevents correct binding, the binding energy was decreased and
mainly nonspecific interactions outside the binding pocket were
observed (Figure 3). This was not the case for the other deriva-
tives 23 and 24 (Figure 4).

Figure 3: Docking of 22 to the vinca domain of B-tubulin. Surface and
backbone of B-tubulin are shown in blue, GDP in yellow. No hydrogen
bond formation was detected. The orientation of the azidoethoxy-
ethoxyethyl substituent prevents the inhibitor from the correct interac-
tion with the protein. The epoxide and benzyl group of subunit A are
pointing away from the binding pocket.

Besides hydrogen bond formation and binding affinity of inhibi-
tors 2, 23 and 24, m-interactions and hydrophobic contacts with
the binding pocket of the vinca domain were detected
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Within this study, we report about the design and biological characterization of novel cell-penetrating peptides (CPPs) with selec-

tive suborganelle-targeting properties. The nuclear localization sequence N50, as well as the nucleoli-targeting sequence NrTP, re-

spectively, were fused to a shortened version of the cell-penetrating peptide sC18. We examined cellular uptake, subcellular fate

and cytotoxicity of these novel peptides, N50-sC18* and NrTP-sC18*, and found that they are nontoxic up to a concentration of 50

or 100 uM depending on the cell lines used. Moreover, detailed cellular uptake studies revealed that both peptides enter cells via

energy-independent uptake, although endocytotic processes cannot completely excluded. However, initial drug delivery studies

demonstrated the high versatility of these new peptides as efficient transport vectors targeting specifically nuclei and nucleoli. In

future, they could be further explored as parts of newly created peptide—drug conjugates.

Introduction

Various drugs act on targets that are located within the nucleus,
the control center of the eukaryotic cell. A lipid bilayer mem-
brane, which is perforated with nuclear pore complex structures
through which the transfer of molecules is regulated, separates
the nucleus from the cytosol. Macromolecules, like proteins,
gain access to the nucleus by recognition of their nuclear locali-
zation sequences (NLS) by NLS-receptors, and following
energy-dependent uptake processes. Several such natural occur-

ring protein-derived NLS have been already identified and de-
scribed [1]. Moreover, peptides that specifically target to subnu-
clear sites, e.g., nucleoli, have been characterized [2,3]. The
nucleolus is formed at discrete chromosomal loci and its major
role is the generation of ribosomal key components and
assembly of the ribosomes [4]. Selective inhibition of the ribo-
somal machinery has been shown to be an effective anticancer
therapeutic strategy [5]. That is why selective drug transport to
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the nucleoli has emerged a potent new strategy in anticancer
drug development [6,7].

Based on these homing domains, a substantial number of se-
quences have been designed for addressing and delivering anti-
cancer drugs to the nuclei and its subnuclear regions. Although
several drugs might be delivered successfully inside a cell, they
often fail since they are not able to reach their subcellular target.
In order to circumvent adverse side effects, there is a need to
develop suitable delivery vectors for the safe transport of drugs
to the nucleus. Such nuclear-targeting sequences have already
proven to be successful delivery tools. According to their often
basic nature, they are also able to traverse the cellular mem-
brane [8]. Based on this, these peptides have been added to the
growing family of cell-penetrating peptides (CPPs). CPPs are
able to overcome the cellular membrane and to enhance the
intracellular uptake of CPP-modified molecules [9]. Usually,
these peptides are relatively short (<30 amino acids (aa)) and
display an amphipathic or basic character. During the last
25-30 years, many different CPPs have been described and
used for manifold applications like the delivery of nucleic acids,
proteins, peptides, nanoparticles, small organic drugs, and
others [10]. CPP conjugates can be generated by covalent
conjugation between cargo and CPP or by forming non-cova-
lent complexes. Notably, the mechanism of cell entry is still not
fully understood, and can only hardly, if in any case, be pre-
dicted [9]. In fact, whereas one of the main mechanisms is
endocytosis, there exist also CPPs that translocate through cel-
lular membranes by direct penetration. The latter is described
for those cases, where only small cargos are attached to the CPP
[11]. We have designed a cell-penetrating peptide sequence,
namely sC18, which we efficiently used in previous studies as
drug transporter [12-17]. sC18 is composed of the last 16 C-ter-
minal aa of the cationic antimicrobial peptide CAP18 [18].
When it comes in contact with lipid membranes, it forms a
helical structure, probably supporting membrane interaction
[19]. However, the main uptake mechanism that was observed
followed endocytotic processes, although we have seen that
sC18 is also able to enter cells directly to some extent, which is
among others depending on the cell lines used [20].

For a further exploration and development of peptide—drug
conjugates, peptide sequences that specifically accumulate at
intracellular target sites are needed. CPPs have been already de-
scribed as beneficial tools in the creation of anticancer drugs
[21]. Within this study, we aimed to design novel efficient cell-
penetrating peptides that preferentially locate within cell nuclei
and subnuclear regions. For this, we generated peptide chimera
consisting of a shortened version of the recently described sC18
peptide and a nuclear- or nucleolar-targeting sequence. These

novel peptides proved to be very efficiently taken up by cancer

Beilstein J. Org. Chem. 2018, 14, 1378-1388.

cells and to accumulate within their target destinations. Beside a
careful characterization concerning their uptake behavior, we
used these peptides in an initial study for the delivery of the

anticancer drug doxorubicin.

Results and Discussion
Peptide synthesis and analysis of the
secondary structure

We chose two different nuclear-targeting sequences, on the one
hand the N50 peptide, which was derived from the NF-kB/p50
subunit. N50 binds the adaptor protein importin-a at the nuclear
envelope and triggers the uptake of the transcription factor
NF-kB [22,23]. As second sequence we chose the NrTP se-
quence, which is a designed peptide coming from the
rattlesnake toxin, called crotamine [3]. For both peptides, pref-
erential accumulation within the nuclei has been already de-
scribed. Moreover, for NrTP a subnuclear localization within
the nucleoli has been reported. We designed peptide chimera by
attaching these nuclear targeting sequences at the N-terminus of
a shortened version of the sC18 peptide, namely sC18*, lacking
the four C-terminal amino acids of sC18. Recently, we could
show that sC18* was still able to enter cells, although with
lower efficiency than sC18 itself [19,20]. However, to keep the
final peptide sequence as short as possible, we used this mini-
malistic version. As control peptides, we additionally prepared
the nuclear targeting sequences, as well as sC18* alone. All
peptides were readily synthesized via Fmoc/z-Bu solid-phase
peptide synthesis, purified, and analyzed by LC—MS methods as
previously described [19,20]. Moreover, 5(6)-carboxyfluores-
cein (CF)-labeled versions were generated (Table 1).

As shown in Table 1 and Figures S1-S4 (Supporting Informa-
tion File 1), all peptides could be successfully synthesized in
high purities.

First, we performed a structural analysis by diluting all peptides
to a concentration of 20 uM in phosphate buffer (pH 7.0), with
or without the presence of the secondary structure inducing sol-
vent trifluoroethanol (TFE) [24].

As can be depicted from Figure 1, all peptides exhibited a
random coil structure in phosphate buffer without TFE. In the
presence of TFE, the peptides N50 and NrTP also exhibited a
random coil structure, whereas N50-sC18* and NrTP-sC18%*
formed a-helices. This was also confirmed by the calculated
R-values, which were 0.83 for N50-sC18* and 0.70 for NrTP-
sC18* [25]. In agreement with our recent studies sC18* exhib-
ited an a-helical character in TFE solution (data not shown)
[19]. Thus, the helical character of the novel fusion peptides
likely results from the sC18* part. Furthermore, N50-sC18* and
NrTP-sC18* formed a-helices that showed amphipathic
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Table 1: Names, sequences, molecular weights and net charges of the peptides that were investigated in this study. All peptides were obtained in

>99% purity.

Name Sequence?

sC18* GLRKRLRKFRNK

N50 VQRKRQKLMP

N50-sC18* VQRKRQKLMPGLRKRLRKFRNK

NrTP YKQCHKKGGKKGSG

NrTP-sC18* YKQCHKKGGKKGSGGLRKRLRKFRNK

MW_aicq [Da] MW ey [Da] Net charge
1570.96 1571.36 +8
1282.61 1282.76 +5

2836.51 2837.20 +12
1504.76 1505.03 +6
3058.67 3059.31 +13

aAll peptides are C-terminally amidated. For internalization studies, also 5(6)-carboxyfluorescein-labeled peptides were synthesized.

phosphate buffer

phosphate buffer + 50% TFE

30000
= = 20000
;E © 10000 ——N50
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Figure 1: Circular dichroism spectra of the novel peptides solved in 10 mM phosphate buffer (pH 7) (A), or phosphate buffer with the addition of TFE
(50%) (B). Peptide concentration was 20 uM. (C) Helical wheel projections of the peptides N50-sC18* and NrTP-sC18*, respectively [26].

character with a clear hydrophilic and hydrophobic face
(Figure 1C). This property might support the interaction with
the plasma membrane.

Cytotoxic profile of novel CPPs

In the next step, the cytotoxicity profiles of the novel peptide
chimera were investigated. Therefore, we chose two different
cancer cell lines, namely breast cancer MCF-7 and cervix carci-
noma HeLa cells, which were exposed for 24 h to various con-
centrations of the peptides sC18*, N50, N50-sC18*, NrTP and
NrTP-sC18* (Figure 2).

We observed no toxic effects of the peptides when incubated
with MCF-7 cells up to a concentration of 100 uM. Also after
treating HeLa cells with the peptides up to a concentration of
50 uM, no significant toxicity could be observed for sC18*,
N50, N50-sC18* and NrTP. Besides N50, all other peptide se-
quences did lower the amount of viable cells to an amount of
around 80% at higher concentrations. For sC18* the results are
in very good agreement to our former studies, in which we also
examined the toxicity in other cell lines, like human epithelial
kidney cells (HEK-293) and human colorectal adenocarcinoma
cells (HCT-15) [19,20]. Notably, NrTP-sC18* seemed to affect
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sC18*

N50

NrTP
—#—NrTP-sC18*
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10 uM 25 uM 50 uM

peptide concentration

100 uM

Figure 2: Cytotoxicity profiles of the peptides in MCF-7 and HelLa cells. Cells were incubated for 24 h with different concentrations of peptide solu-
tions. Untreated cells served as negative control, cells treated with 70% ethanol as positive control. Values from the positive control were subtracted
from all data, and the untreated cells were set to 100%; assays were performed with n = 3 in triplicate.

cell viability at a concentration of 50 uM, and at higher concen-
trations, all cells were dead. To get a more detailed picture, we
additionally determined the ICs value of this peptide, NrTP-
sC18*, when in presence of HeLa cells. An ICsq value of about
53.72 £ 4.79 uM was calculated after incubating the cells with
various concentrations from 1 to 100 uM (Figure S5, Support-
ing Information File 1), demonstrating its high toxic effects in
this cell line. Probably NrTP-sC18* interacts with distinct intra-
cellular targets, but this has to be elucidated in further studies.
However, all following uptake experiments were conducted at
peptide concentrations between 1 and 10 uM, where no signifi-
cant effect on cell viability was observed in both cell lines.

Hela

sC18*

N50-
sC18*

NrTP-
sC18*

Cellular uptake studies

Next, we analyzed the intracellular fate of the new peptide vari-
ants using confocal fluorescence microscopy. Thus, MCF-7 and
HeLa cells were incubated with 10 pM peptide solutions at
37 °C and inspected after 30 min (Figure 3).

Surprisingly, both new peptide variants, N50-sC18* and NrTP-
sC18*, entered the cells extremely efficiently compared to
sC18* alone. For sC18%*, only small dots were detectable, which
were probably representing vesicles, since an endocytotic
uptake pathway for this CPP and its longer version sC18 was
already demonstrated [13,18,19]. In addition, the nuclear locali-

MCF-7

sC18*

N50-
sC18*

NrTP-
sC18*

Figure 3: Cellular uptake in HeLa and MCF-7 cells. Cells were incubated for 30 min with 10 pM of CF-labeled peptide solutions. Green: CF-labeled

peptide; blue: Hoechst 33342 nuclear stain; scale bar is 10 ym.
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zation sequence N50 alone was not noticeable present within
both cell lines at the tested concentration (Figure S6, Support-
ing Information File 1), not even after a longer incubation
period of two hours (data not shown). For NrTP alone, a slight
fluorescent signal was visible in the nucleoli of MCF-7 cells
(Figure S6, Supporting Information File 1). Notably, N50-
sC18* was distributed within the whole cell cytosol, and accu-
mulated particularly around the nucleus. In addition to that, a
large fraction was also centered within the nuclei and nucleoli.
For the fusion peptide NrTP-sC18* a strong accumulation
within the nucleoli of both cell lines was visible. Thus, former
results about the preferential localization within the nucleolar
region of the peptide NrTP alone could be confirmed also for
NrTP-sC18* [3].

We then quantified the cellular uptake by using flow cytometry.
As expected, the novel peptides N50-sC18* and NrTP-sC18*
were characterized by an extremely high uptake compared to

Beilstein J. Org. Chem. 2018, 14, 1378-1388.

the CPP sC18%*, as well as the nuclei targeting sequences alone
(Figure 4).

Radis-Baptista et al. recently reported about the effective uptake
of rhodamine B-labeled NrTP in different tumor cell lines
[3,27]. Within their studies, the authors used higher concentra-
tions, longer incubation times and other cell lines, what could
probably explain the different results obtained in our study. In
fact, it is very likely that working with increased concentrations
of the NrTP sequence could probably improve the cell-pene-
trating capability of this peptide. Also for the N50 sequence
alone, the internalization ability in several different cell lines
was already determined [28]. In this case, the uptake turned out
to be very low, what is in agreement with our results. The ob-
served enhanced cellular uptake of the novel chimeric peptides
might be due to an increased amount of positive charges caused
by the presence of more lysine and arginine residues within the
sequences. These effects were already described by other

HelLa .
18000 =37 °C 30 min
— m 37 °C 120 min
3 15000 4 °C 30 min
>
2 12000
c
]
£ 9000
[}
(3]
c
2 6000
[7]
o
S 3000 I
= I
0 1 . o —
sC18* N50 N50-sC18*  NrTP  NrTP-sC18*
B MCF-7 .
30000 m 37 °C 30 min
m37 °C 120 min
:: 25000 4 °C 30 min
>
= 20000
g
£ 15000 +
[}
(3]
c
2 10000
(7]
@ I
S 5000
0 —— R - R — —
sC18* N50 N50-sC18*  NrTP  NrTP-sC18*

Figure 4: Cellular uptake in MCF-7 and HeLa cells was quantified by flow cytometry. Cells were incubated with 10 uM peptide solutions for 30 min at

37 °C.
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groups working with highly cationic CPPs [29-32]. Moreover,
the formation of amphipathic a-helices is often one major factor
for efficient peptide/lipid interaction, initiating the following
internalization process [33]. We have observed that CPP attach-
ment to the nuclei-targeting sequences promotes the formation
of such favored secondary structures (e.g., a-helices). Hence,
this could be one important key factor for the detected efficient

cellular uptake.

Furthermore, we observed that still after 2 hours of incubation
with the peptides, strong green signals were visible (Figure 5).
In contrast to the pictures taken after 30 min, it seemed that the
peptides also formed aggregated structures within the cytosol,
beside the fraction that is still localizing in the nuclei. Qian et
al. recently discussed such structures as a result of peptide/lipid
aggregation [34]. However, since only the fluorescence of the
fluorophore can be detected, it can of course not be ruled out
that degradation of the peptides has been already started. Quan-
tifying the amount of the novel peptides after 120 min demon-
strated further that the uptake was lower compared to 30 min,

but still very high compared to sC18* alone (Figure 4).

Anyway, as the internalization with 10 uM of the peptides was
quite high and the accumulation, especially for N50-sC18* was
not precisely detectable in HeLa cells caused by an intense
green signal in the whole cell, we performed experiments using
a lower peptide concentration of 1 uM. Next to this, also the
shorter peptides, namely sC18*, N50 and NrTP alone were
tested at these concentrations for 30 and 120 min. Hereby, no

HelLa

N50-sC18*

NrTP-sC18* B
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uptake at all was detected (data not shown). In contrast, both
fusion peptides were able to efficiently internalize into HeLa
cells (Figure S7, Supporting Information File 1). Obviously, the
uptake was less compared to that one at a concentration of
10 uM. N50-sC18* was diffusely distributed within the cytosol
and the nuclei of HeLa cells, and after 120 min it mainly accu-
mulated within the nuclei. In contrast to this, the uptake of
1 uM of NrTP-sC18* indicated that the peptide accumulates in
endosomes after cellular uptake. Interestingly, at this concentra-
tion, the peptide was neither detectable in the nuclei nor in the
nucleoli. Probably the concentration of NrTP-sC18* was not
high enough to escape from the vesicles and to reach the nuclei.
This might indicate that a certain concentration threshold is
indispensable for efficient internalization, a phenomenon that
was already discussed for other CPPs [29,35].

Considering all these observations, it was presumed that the
chimeric peptides enter the cells concentration-dependent by
direct penetration or by endocytosis, followed by an endosomal
release, which could already be shown for other sC18 derived
CPP variants [20].

To get an idea about the involvement of endocytotic processes
during peptide internalization, uptake studies at 4 °C were per-
formed (Figure 4 and Figure 6). Hereby, energy-dependent
pathways are usually suppressed and direct peptide transloca-
tion can be observed [36]. After treating MCF-7 and HeLa cells
for 30 min with the peptides at 4 °C, both fusion peptides were
distributed within the cytoplasm and also accumulated in the

MCF-7

Figure 5: Distribution pattern of the peptides in HeLa and MCF-7 cells when incubating 10 uM CF-labeled peptide solutions for 120 min at 37 °C.
Green: CF-labeled peptide; blue: Hoechst 33342 nuclear stain; scale bar is 10 pm.
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cell nuclei and nucleoli. This observation supported the idea of
cellular entry via direct penetration when using a concentration
of 10 uM. In MCF-7 cells, NrTP-sC18* was also evenly distri-
buted throughout the whole cell, including strong accumulation
in the nuclei. Notably, N50-sC18* was mainly detectable within
the nuclei. Thus, the fusion peptides might indeed enter the cells
via direct translocation, although also energy-dependent uptake
pathways cannot be ruled out, especially when lower concentra-
tions are applied. However, for both peptides N50-sC18* and
NrTP-sC18%, we could prove that they potently address the
nuclei/nucleoli. Moreover, as can be depicted from Figure 4, the
peptides were taken up to a significant less extent in both cell
lines, when cells were incubated at 4 °C. This points again to an
involvement of energy-dependent uptake pathways. Notably,
the uptake was not completely reduced, indicating the involve-
ment of direct entry processes that may play a role during cellu-

lar uptake.
Hela
NrTP-SC1 8* . .
MCF-7
$ 3
NrTP-sC18* :

Figure 6: Cellular uptake in HeLa and MCF-7 cells when incubating
the cells at 4 °C for 30 min with the CF-labeled chimeric peptides
(10 uM). Green: CF-labeled peptide; blue: Hoechst 33342 nuclear
stain; scale bar is 10 ym.

Use of novel peptides as cargo delivery
systems

In the last experiment, we investigated if the peptides could be
used to enhance the efficacy of an anticancer drug. Therefore,

HeLa and MCF-7 cells were exposed to the chemotherapeutic

Beilstein J. Org. Chem. 2018, 14, 1378-1388.

drug doxorubicin (DOX) that is already clinically applied in
cancer therapy [37]. Doxorubicin interacts with DNA by inter-
calation and thereby inhibits the macromolecular biosynthesis
[38]. Instead of covalent conjugation of the drug, we aimed to
investigate the effect of the fusion peptides on drug delivery and
efficacy within co-administration. Indeed, the covalent binding
of doxorubicin to different CPPs was already reported and the
induction of cell death in various cell lines has been observed
[39,40]. However, the non-covalent approach of co-administra-
tion is often favored owing to the ease of preparation and a
higher capacity of drug that can be administered. Such a combi-
nation therapy of DOX and a tumor-penetrating peptide has
been recently investigated in vivo using clinically relevant

tumor models [41].

Doxorubicin is known to be fluorescent [42] and this property
was used to test if the peptides were able to enhance the intra-
cellular uptake of the drug. Therefore, solutions out of DOX
and the sequences N50-sC18* and NrTP-sC18* were incubated
with HeLa and MCF-7 cells, respectively, and observed for red
fluorescence afterwards (Figure 7A and 7B).

Minor red fluorescence could be detected in the negative
control (DOX only), indicating that the chemotherapeutic drug
was also able to translocate in the cells by itself at the used con-
centration of 10 pg/mL. Apart from that, it is visible that DOX
fluorescence is increased when co-administered with the novel
peptides (Figure 7A and 7B). Since this effect was more intense
in MCF-7 cells, these cells were used for a following cytotoxic-
ity assay. Herein, the drug alone (1 pg/mL) or in presence of
10 uM solutions of the peptides sC18*, N50-sC18* and NrTP-
sC18%*, respectively, were incubated for 48 h with MCF-7 cells.
As can be depicted from Figure 7C, treatment with doxorubicin
alone reduced the amount of viable cells to about 60%. The
peptides alone were not toxic at a concentration of 10 pM,
which was already demonstrated (Figure 2). In contrast, when
co-incubating N50-sC18* and NrTP-sC18* with DOX, the
toxic effect of the drug could be significantly improved. After
co-treatment with NrTP-sC18%*, the number of viable cells was
decreased to 40% and for N50-sC18* to 30%, although no sig-
nificant difference in activity of both peptides could be deter-
mined. Notably, the peptides Nr'TP-sC18* and N50-sC18* are
more efficient than the sC18* sequence alone. While the pres-
ence of sSC18* could not enhance the efficacy of DOX, the com-
bination of sC18* with the nuclear targeting sequences N50 and
NrTP led to an improved drug uptake, and very likely to an in-
creased accumulation of the drug within the nuclei.

Conclusion
In summary, we presented herein the design and activity of
novel CPPs, namely N50-sC18* and NrTP-sC18*. Their low
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Figure 7: Uptake and delivery of DOX into HeLa and MCF-7 cells. Fluorescence microscopic images after 30 min incubation in HeLa (A) and MCF-7
(B) cells with 10 uM CF-labeled peptides N50-sC18* or NrTP-sC18* co-incubated with 10 pg/mL doxorubicin at 37 °C, respectively. Cells treated with
DOX alone served as negative control; Green: CF-labeled peptide; blue: Hoechst 33342 nuclear stain; red: doxorubicin; scale bar is 10 pm. (C) Cells
were incubated for 48 h with DOX (1 pg/mL), or solutions out of peptides (10 uM) and DOX (1 pg/mL), or peptide solutions (10 uM) alone. Untreated
cells served as negative control, cells treated for 10 min with 70% ethanol as positive control. Experiments were conducted in triplicate with n = 2.

cytotoxicity in combination with their high internalization effi-
ciency and target selectivity make these novel peptides promis-
ing new transport shuttles. Having shown the great potency of
CPP in anticancer drug research, these peptides could be used in
future for the development of further innovative and highly
effective peptide—drug conjugates.

Experimental

Materials

All Ny-Fmoc protected amino acids (aa) were purchased from
IRIS Biotech (Marktredwitz, Germany). Other chemicals and
consumables including 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate
(HATU), N,N-diisopropylethylamine (DIPEA), acetonitrile
(ACN), and trifluoroacetic acid (TFA), dimethylformamide
(DMF), N-methylpyrrolidine (NMP), Oxyma, N,N’-diisopropyl-
carbodiimide (DIC), doxorubicin (DOX) and 5(6)-carboxyfluo-
rescein (CF) were derived from Fluka (Taufkirchen, Germany),
Merck (Darmstadt, Germany), Sarstedt (Niimbrecht, Germany),
Sigma-Aldrich (Taufkirchen, Germany) and VWR (Darmstadt,
Germany).

Peptide synthesis

All peptides were synthesized using a combination of standard
Fmoc/#-Bu solid-phase peptide synthesis (SPPS) on a Syro |
peptide synthesizer (MultiSynTech, Bochum, Germany) and
manual coupling protocols according to previous works
[17,19,20]. Peptides were generated on a Rink amide resin
(loading 0.48 mmol/g) yielding C-terminally amidated mole-
cules.

All syntheses were performed in open polypropylene reactor
vessels (2 mL syringes) stocked with a fritted filter disc. All aa
were dissolved in DMF except from phenylalanine that was dis-
solved in NMP. Amino acids were coupled in 8-fold excess and
every coupling step was performed twice using Oxyma/DIC as
activating reagent. Every coupling step proceeded for 40 min.
After complete synthesis, the samples were washed with
CH;Cl,, MeOH and Et,0 and the resin beads were dried in the
Speedvac.

5(6)-Carboxyfluorescein (CF) was coupled with 3 equiv HATU
and DIPEA in DMF for 2 h at rt as described previously [20].
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CF-polymers were cleaved by treatment with 20% piperidine
for 45 min. The successful coupling was verified by a Kaiser
test [43].

To cleave the peptides from the resin, a mixture of triisopropyl-
silane (TIS), H,O and concentrated trifluoroacetic acid (TFA)
(1:1:38 v/v/v) was added for 3 h. Afterwards, the peptides
were precipitated in ice cold diethyl ether, washed and
lyophilized from water/fert-butanol (3:1 v/v). Then, peptides
were analyzed by RP-HPLC/ESI-MS on a Kinetex C18 column
(100 x 4.6 mm; 2.6 um/100 A) using linear gradients of
10-60% B in A (A = 0.1% FA or TFA in water; B =0.1% FA
or TFA in acetonitrile) over 20 min and a flow rate of
0.6 mL-min"!. Further purification of the peptides was achieved
by preparative HPLC on RP18 Phenomenex column (Jupiter
Proteo, 250 x 15 mm, 4 um/90 A) using linear gradients of
10—-60% B in A (A = 0.1% TFA in water; B = 0.1% TFA in
acetonitrile) over 45 min and a flow rate of 6 mL-min~!. All
peptides were obtained with purities >99%.

CD spectroscopy

All peptides were analyzed in 10 mM potassium phosphate
buffer (pH 7.0) with or without the addition of TFE (1:1 dilu-
tion) using a peptide concentration of 20 uM. Peptides were
measured in a 0.1 cm quartz cuvette with a sensitivity of
100 mdeg in the range from 260 to 180 nm in 0.5 nm intervals.
The scanning mode was continuous and a scanning speed of
50 nm/min was chosen. The results of pure buffer were
subtracted from the spectra of the peptides. The ratio between
the molar ellipticity at 222 nm and 207 nm was used to confirm
an o-helical structure of peptides [25].

Cell culturing
All cell lines were grown in sterile culture dishes in a CO; incu-
bator (5% CO») at 37 °C. HeLa and MCF-7 were grown in
RPMI-1640 medium containing 10% fetal bovine serum (FBS)
and 4 mM L-GIn. HeLa and MCF-7 cells were not used above
the 40th passage.

For seeding a defined number of cells, they were removed with
trypsin/EDTA solution and a hemocytometer was used for cell
counting.

Cell viability assay

A total volume of 200 pL of cells (HeLa 40°000, MCF-7
50’000 cells per well) were seeded in 96-well plates and grown
to 70-80% confluency. Afterwards, they were incubated with
peptide or doxorubicin solutions (diluted in serum-free medi-
um) in a total volume of 100 pL. In the wells that served as pos-
itive and negative controls, the medium was replaced by fresh

medium without FBS. The plates were incubated for 24 h or
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48 h at 37 °C. Afterwards, the positive control was treated with
100 pL of 70% EtOH for 10 min, and then all cells were
washed with PBS. Cells were covered with 100 puL of a 10%
resazurin solution in medium without FBS and incubated for
1-2 h at 37 °C. Afterwards, fluorescence was quantified by
using a Tecan infinite M200 plate reader (excitation: 550 nm,
emission: 595 nm).

To achieve comparably results, the positive control was
subtracted from all data and the negative control was set to
100%, so that the results of the peptide-treated cells represent
relative cell viability values in %. Experiments were done in
triplicate.

Microscopy

For microscopic analyses, a confocal laser scanning system
(Nikon D-Eclipse C1) with an inverted microscope (Nikon
Eclipse Ti) was used. Pictures were taken with a 60x oil immer-
sion objective (N.A. 1.4, Plan APO VC; Nikon) using the soft-
ware EZ-C1 3.91 from Nikon.

Cells were seeded in 350 pL medium in an 8-well ibidi plate
(HeLa 45,000, MCF-7 70,000 cells per well) and were grown to
70-80% confluency. Then, the medium was removed and the
cells were treated with the peptides and substances in various
concentrations for the requested time. Cells were incubated at
4 °C or 37 °C and 10 min prior to the end of incubation 0.6 nL
of Hoechst stain (bisbenzimide H33342, 1 mg/mL in H,O,
sterile filtered) was added to each well to stain the cell nuclei.
After removing the solutions, cells were quenched with 200 uL
of 150 uM trypan blue solution (in acetate buffer) for 30 s. The
stain was removed and the cells were washed twice with medi-
um. After adding 300 pL of fresh medium, pictures were taken
using a fluorescence confocal microscope. Images were edited
in Image J 1.43m.

Flow cytometry

Cells were seeded in 24-well plates (HeLa 170,000, MCF-7
200,000 cells per well) and grown to 70-80% confluency. Then,
cells were treated with 400 pL of peptide solutions dissolved in
serum-free medium for the appropriate time at 4 °C or 37 °C.
Afterwards, the cells were washed twice with PBS and de-
tached with Trypsin-EDTA 1x in PBS without phenol red for
3-5 min followed by adding 800 pL of indicator-free medium.
Cells were resuspended and 200 pL of the suspension were
transferred to a 96-well plate for measuring the fluorescence in
the Guava® easyCyte flow cytometer (Merck). In each sample,
10,000 cells were measured and each experiment was done in
triplicate. Cells treated with medium only served as negative
control and their fluorescent signal was subtracted from all

other samples in each set of experiment.
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Abstract

Background: Cardiomyopathy induced by the chemotherapeutic agents doxorubicin and daunorubicin is a major limiting factor for
their application in cancer therapy. Chemotactic drug targeting potentially increases the tumor selectivity of drugs and decreases
their cardiotoxicity. Increased expression of gonadotropin-releasing hormone (GnRH) receptors on the surface of tumor cells has
been reported. Thus, the attachment of the aforementioned chemotherapeutic drugs to GnRH-based peptides may result in com-
pounds with increased therapeutic efficacy. The objective of the present study was to examine the cytotoxic effect of anticancer
drug—GnRH-conjugates against two essential cardiovascular cell types, such as cardiomyocytes and endothelial cells. Sixteen dif-
ferent previously developed GnRH-conjugates containing doxorubicin, daunorubicin and methotrexate were investigated in this
study. Their cytotoxicity was determined on primary human cardiac myocytes (HCM) and human umbilical vein endothelial cells
(HUVEC) using the xCELLigence SP system, which measures impedance changes caused by adhering cells on golden electrode
arrays placed at the bottom of the wells. Slopes of impedance—time curves were calculated and for the quantitative determination of

cytotoxicity, the difference to the control was analysed.
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Results: Doxorubicin and daunorubicin exhibited a cytotoxic effect on both cell types, at the highest concentrations tested. Doxoru-
bicin-based conjugates (AN-152, GnRH-III(Dox-O-glut), GnRH-III(Dox-glut-GFLG) and GnRH-III(Dox=Ao0a-GFLG) showed the
same cytotoxic effect on cardiomyocytes. Among the daunorubicin-based conjugates, [*Lys(Ac)]-GnRH-III(Dau=Aoa), GnRH-
III(Dau=Aoa-YRRL), {GnRH-III(Dau=Aoa-YRRL-C)}, and {[*N-MeSer]-GnRH-III(Dau-C)}, had a significant but decreased
cytotoxic effect, while the other conjugates — GnRH-III(Dau=Aoa), GnRH-III(Dau=Aoa-K(Dau=Aoa)), [*Lys(Dau=Aoa)]-GnRH-
[II(Dau=Aoa), GnRH-III(Dau=Aoa-GFLG), {GnRH-III(Dau-C)}, and [*N-MeSer]-GnRH-11I(Dau=Aoa) — exerted no cytotoxic
effect on cardiomyocytes. Mixed conjugates containing methotrexate and daunorubicin — GnRH-III(Mtx-K(Dau=Aoa)) and
[*Lys(Mtx)]-GnRH-1II(Dau=Aoa) — showed no cytotoxic effect on cardiomyocytes, as well.

Conclusion: Based on these results, anticancer drug—GnRH-based conjugates with no cytotoxic effect on cardiomyocytes were
identified. In the future, these compounds could provide a more targeted antitumor therapy with no cardiotoxic adverse effects.
Moreover, impedimetric cytotoxicity analysis could be a valuable technique to determine the effect of drugs on cardiomyocytes.

Introduction

Gonadotropin-releasing hormone (GnRH) is a peptide hormone
secreted by the hypothalamus, which stimulates the release of
follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) from the pituitary. Thus, it represents the first step in the
hypothalamus-pituitary-gonadal axis, which plays an important
role in reproduction [1]. It has been reported that gonadotropin-
releasing hormone receptors (GnRH-Rs) are highly expressed
on the surface of tumor cells, especially in gynaecological
malignant tumors (breast, ovarian and endometrial cancers) [2].
GnRH and its analogues (both agonists and antagonists) are
used for the treatment of different types of cancer [3]. They can
inhibit the tumor growth in a direct way, through the GnRH-Rs
on tumor cells or by an indirect way, through the influence of
hormone secretion by the pituitary [4]. GnRH-III (Glp-His-Trp-
Ser-His-Trp-Lys-Pro-Gly-NH, where Glp is pyroglutamic
acid) is a naturally occurring isoform of GnRH, which was first
isolated from sea lamprey [5]. GnRH-III has been shown to
exert an effective antitumor activity against a number of tumor
types [6-8]. However, it exerted a significantly lower endocrine
effect in mammals than the human GnRH (GnRH-I: Glp-His-
Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH;) and other GnRH ana-
logues [9]. This low hormonal effect might provide an advan-

tage in the treatment of hormone-independent tumors [10].

Targeted drug delivery is a technique of high interest, by which
cytotoxic drugs are attached to specific molecules (homing
devices) with the aim of increasing the accumulation of the drug
in the specific target cells. Consequently, this leads to a more
efficient antitumor effect and to the reduction of potential
adverse side effects. Small peptides that recognize target recep-
tors on tumor cells might be suitable targeting moieties for this
purpose. Hormone peptides, in particular, GnRH and somato-
statin derivatives that possess antiproliferative effect on their
own, are among the best candidates as homing peptides [10].
A.V. Schally and his co-workers developed the first GnRH de-
rivative—drug conjugates for targeted tumor therapy. One of

these compounds Zoptarelin doxorubicin (developmental code
names AEZS-108, AN-152) Glp-His-Trp-Ser-Tyr-D-Lys(Dox-
O-glut)-Leu-Arg-Pro-Gly-NH, (where glut is glutaric acid) [11]
reached phase III clinical trial, which was discontinued for all
indications under development in May 2017 [12]. GnRH-III-
based conjugates have been investigated in our laboratory as
promising candidates for targeted drug delivery with positive
results in human tumor cell lines, both related (e.g., MCF-7)
and unrelated (e.g., HT-29, MonoMac6) to the reproductive
system [13-15].

Doxorubicin, daunorubicin and methotrexate are clinically used
chemotherapeutic agents, with applications in a variety of
malignant tumorous diseases [16,17]. Doxorubicin and dauno-
rubicin belong to the anthracycline family and act by damaging
the DNA of the cancer cells. Methotrexate is an antimetabolite
that inhibits the folate metabolism of tumor cells. All three
drugs have a great number of adverse effects; doxorubicin and
daunorubicin are especially known for their cardiotoxicity,
leading to cardiomyopathy and heart failure [18,19]. These side
effects can limit the applicability of these chemotherapeutic
drugs. The conjugation of doxorubicin and daunorubicin to a
GnRH-III-based targeting peptide could lead to decreased
cardiotoxic effect through the more specific drug targeting.

Drug delivery systems containing doxorubicin, daunorubicin
and methotrexate attached to various GnRH-III derivatives were
previously designed, synthesized and characterized for their
antitumor effects in our laboratories [14,15,20-25]. Several ap-
proaches including sequence modification of GnRH-III [20], in-
corporation of enzymatic cleavable oligopeptide spacers (e.g.,
GFLG, YRRL) [15,21], dimerization of the targeting GnRH-III
unit [22], attachment of drugs through different linkages (e.g.,
ester, amide or oxime bond) [14,23], and multiplication of drugs
[24,25] were pursued in order to achieve an increased anti-

tumor effect.
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The main objective of the study reported here was to evaluate
the in vitro cardiotoxic effects (as undesired side effects) of
sixteen GnRH-III-based conjugates containing doxorubicin,
daunorubicin and methotrexate on two essential target cells
of cardiovascular diseases: vascular endothelial cells and
cardiomyocytes. The rate of cytotoxicity (antitumor effect) vs
cardiotoxicity (toxic effects on cardiomyocytes and vascular
endothelium) is an important factor for efficient drug develop-
ment for targeted tumor therapy with minimized side effects.
The technique used in this work — impedimetry — is a dedicated
one for real-time monitoring of cells to distinguish short-term
(0-2 hours) and long-term (0—72 hours) effects elicited by the
drug or carrier—drug conjugates. The basic theory of impedime-
try is that proliferation/viability of cells is well detectable by
monitoring of the electric impedance (Z) in an AC environment,
due to the electric insulator character of intact surface mem-
branes composed of the phospholipid bilayer. Application of
cytotoxic compounds results in disturbed electrophysical
integrity (decreasing value of impedance) of surface mem-
branes as a signal of cell death. While cell physiological
responses of short-term exposures result in characteristic
changes of cell morphology (e.g., spreading), long-term effects
characteristically influence in particular the proliferation of
cells, and therefore the cytotoxic effects. The presented dimen-
sionless values of delta slope (DS) measure the difference be-
tween the slope of the curve corresponding to the treatment and
that of the control curve in impedimetric recordings, the nega-
tive signs refer to the relative values to the identical control.

Glp-His-Trp-Ser-His-Asp-Trp-Lys-Pro-Gly-NH,

Beilstein J. Org. Chem. 2018, 14, 1583—-1594.

In the following, the long-term effects of GnRH-III-based
conjugates are presented in detail (see Figure 3b—g and
Figure 4b—g), whereas the data on short-term effects are
presented in Supporting Information File 2. As mentioned
above, the modified cytotoxic/cardiotoxic moiety of antitumor
drugs in GnRH conjugates is focused in the present work.

Results

Synthesis of GnRH derivative—-drug
conjugates

In this study, the cardiotoxic effect of 15 GnRH-III-drug conju-
gates [14,15,20-25] as potential drug delivery systems was de-
termined and compared with that of Zoptarelin doxorubicin
(AN-152), a compound that reached phase III clinical trials. The
codes of the GnRH—drug conjugates described here are shown
in Figure 1 and Figure 2.

The GnRH derivatives were prepared by solid phase peptide
synthesis (SPPS) according to Fmoc/z-Bu strategy (Supporting
Information File 1). Three drug molecules, doxorubicin (Dox),
daunorubicin (Dau) and methotrexate (Mtx), were employed in
the preparation of drug conjugates. Dox has three potential
conjugation sites; i) a primary OH group at C-14 on the agly-
cone part, which is suitable for ester bond formation, ii) an oxo
group at C-13 is available for the generation of an oxime
linkage and iii) the amino group on the daunosamine sugar
moiety, which can be used for amide bond formation. The
difference between Dox and Dau is the lack of the primary OH

(o] o] O |
HyC—© " O--““NMH-GIy-Phe-Leu-GIy-[
: o . ""’*OHO Glp-His-Trp-Ser-His-Asp-Trp-Lys-Pro-Gly-NH,
H.c—©O O OH o WNHj CHj
3 O GnRH-IlI(Dox-glut-GFLG) (2)
0. ..
v~ "OH
GNRH-IlI(Dox-O-glut) (1) GH, Code R . X
G'P'HiS'TrP'Aaa'HiS'ASP'Trf('/'-VS'Pr°'G'V'NHz GNRH-11|(Dox=A0a-GFLG) (3) OH Ser Gly-Phe-Leu-Gly

GnRH-lll(Dau=Aoa) (4) H Ser (%]
[*Lys(Ac)]-GnRH-Il(Dau=Aoa) (5) H Lys(Ac) (9]
[“N-MeSer]-GnRH-Il|(Dau=Aoa) (6) H N-MeSer [%]
GnRH-llI(Dau=Aoa-GFLG) (7) H Ser Gly-Phe-Leu-Gly
GnRH-llI(Dau=Aoa-YRRL) (8) H Ser Tyr-Arg-Arg-Leu
O oH o Disulfide dimers
@ {GnRH-Ill(Dau=Aoa-C)}, (9) H Ser Cys
Y~ "OH {[*N-MeSer]-GnRH-Ill(Dau=Aoa-C)}, (10) H Ser Cys
éHa {GnRH-Ill(Dau=Aoa-YRRL-C)}, (11) H Ser  Tyr-Arg-Arg-Leu-Cys

Figure 1: Chemical structures of the GnRH-drug conjugates synthesized and investigated in the present work. Abbreviations: Aoa: aminooxyacetyl;
Dox: doxorubicin; Dau: daunorubicin; Mtx: methotrexate; Glp: pyroglutamic acid; gult: glutaric acid.
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GnRH-IlI(Dau=Aoa-K(Dau=Aoa)) (12) CHy

Glp-His-Trp-Ser-His-Asp-Trp-Lys-Pro-Gly-NH,

NF

PN \

HoNT SN

GnRH-III(Mtx-K(Dau=Aoa)) (13) CH,
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Glp-His-Trp-Lys-His-Asp-Trp-Lys-Pro-Gly-NH,

[“Lys(Dau=Aoa)]-GnRH-lll(Dau=Aoa) (14)

GIp-His-‘I(')rp-Lys-His-Asp-Trp-Lys-Pro-GIy-NH2

[Lys(Mtx)]-GnRH-ll(Dau=Aoa) (15)

Figure 2: Chemical structures of the bifunctional GnRH-drug conjugates synthesized and investigated in the present work. Abbreviations: Aoa:
aminooxyacetyl; Dox: doxorubicin; Dau: daunorubicin; Mtx: methotrexate; Glp: pyroglutamic acid.

group in the case of the latter one. Therefore, Dau cannot be at-
tached to peptide carriers via an ester bond. Mtx contains a
glutamic acid whose carboxyl groups are suitable for the attach-
ment to peptides through amide bond (this can be carried out on
a solid support, prior to the cleavage of the peptide from the
resin). In the conjugates used as reference compounds, Dox was
coupled to the Lys in position 8§ of GnRH-III through glutaric
acid linked via an ester bond (O-glut) (1) (similarly to AN-152)
or an amide bond through the sugar moiety (glut) (2) in solu-
tion. Furthermore, an oxime linkage was formed between Dox
and an aminooxyacetyl moiety connected to the enzymatically
cleavable tetrapeptide spacer GFLG (3). These conjugates were
prepared with the aim of comparing the influence of the homing
peptide and of the type of the linkage on the toxic effect. Dau
was coupled to the GnRH-III derivatives via oxime linkage in
all cases. The oxime ligation was carried out under slightly
acidic (pH 5) conditions [26] and the drug was attached directly
either to GnRH-III (4) or to its derivatives in which Ser in
position 4 was replaced by Lys(Ac) (5) or N-MeSer (6), modifi-
cations that increased the enzymatic stability of the conjugates
[20]. Furthermore, Dau was attached to GnRH-III through two
different Cathepsin B enzymatic cleavable spacers GFLG (7)
and YRRL (8). These conjugates were used to compare the in-
fluence of sequence modification, the presence or absence of a

spacer as well as the type of spacers on toxicity. Disulfide

dimers were also developed based on conjugates 4, 6 and 8,
resulting in compounds 9, 10 and 11. Four conjugates with two
identical (Dau) or different (Dau and Mtx) drug molecules
were also prepared. When the native GnRH-III was used, an
additional Lys was incorporated to the side chain of Lys in posi-
tion 8. A Dau was attached to its e-amino group and the second
Dau (12) or the Mtx (13) was connected to the a-amino group.
In conjugate 14, the two Dau molecules were linked to two
lysines in positions 4 and 8, while in conjugate 15 Dau was
replaced by Mtx on the “Lys. Using these compounds, the effect
of the type and number of drug molecules could be compared.
The isomers of Mtx conjugates (either a- or y-carboxyl linked)
were not separated, because our previous studies showed no sig-
nificant differences in the biological activity of Mtx isomers in
conjugated form [24].

Fmoc-protected Dox was reacted with glutaric anhydride in
DMF. The prepared Fmoc-Dox-14-O-hemiglutarate was used
for conjugation using PyBOP in the presence of NMM, fol-
lowed by the removal of Fmoc group with 10% piperidine in
DMF providing the conjugates AN-152 and 1. It is worth men-
tioning that an O—N acyl shift (from the aglycone OH group to
the daunosamine NH, group ca. in 10-20%) was observed
during the synthesis of conjugates containing an ester bond.

This could be detected by the MS fragmentation of the conju-
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gate between the aglycon part and sugar moiety resulted in frag-
ments in which the peptide was attached either the aglycon OH
group or the amino group of sugar moiety [23]. When unpro-
tected Dox was used for the reaction with glutaric anhydride,
the amino group was modified with glutaric acid followed by its
attachment to the e-amino group of 8Lys in GnRH-III. The
conjugation was carried out in the presence of PyBOP/HOBt
coupling agents resulting in conjugate 2. For the preparation of
the oxime linkage, a Boc protected aminooxyacetic acid was at-
tached to the Lys side chain on solid phase prior to the cleavage
of the peptide derivatives from the resin. The oxime bond for-
mation was carried out in 0.2 M NaOAc solution at pH 5 for
12 hours. In contrast to the synthesis of the conjugates with
ester or amide bond, the oxime bond formation was almost
quantitatively. In the case of the conjugates with two different
drug molecules or Lys(Ac) in position 4, orthogonal protecting
schemes were applied during the SPPS. For the preparation of
the disulfide dimers, an additional Cys was attached to the
g-amino group of 8Lys of the GnRH-III derivatives. First, Dau
was linked to the aminooxyacetyl moiety, followed by the oxi-
dation in 10 mM Tris buffer, pH 8/DMSO (1:1, v/v) solution.

The purity of the prepared conjugates presented in the original
manuscripts or in their Supplementary Information was over
95% in all cases and there were no free drug molecules among
the impurities. The summary of the characteristic data of the
conjugates are presented in Supporting Information File 1 (Ta-
ble S1).

In vitro cytostasis

The in vitro cytostatic effect of GnRH-III-drug conjugates was
determined on MCF-7 human breast and HT-29 human colon
adenocarcinoma cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay as it was described
in the published articles [14,15,20-25]. All investigated biocon-
jugates exerted in vitro cytostatic effect with ICsq values in low
UM range except the one (2) with amide bond between the drug
and carrier molecule. The data are summarised below in
Table 1. The data indicated, that conjugate 1 in which Dox
linked via an ester bond to the homing peptide showed the
highest antitumor activity on both cell lines. The conjugates
with one Dau linked through oxime linkage showed similar po-
tency on both types of cell. Small improvement of cytostatic
effect could be detected when enzyme labile spacer was incor-
porated between the drug and GnRH peptide (conjugates 7, 8)
compared with the basic conjugate (4). The enhancement of ac-
tivity was also detected in case of dimers (9—-10) compared to
the monomers (4, 6, 8). The highest improvement in cytostatic
effect was observed when Ser in position 4 of GnRH-III was
replaced by Lys(Ac) (5), especially on HT-29 cells. However,
the incorporation of N-MeSer (6) in this position lowered the
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