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Abstract

The chemokine receptor 4 (CXCR4), which is over-expressed in many types of cancer, is an
emerging target in the field of molecular imaging and therapeutics. The CXCR4 binding of several
peptides, including the cyclic Ac-TZ14011, has already been validated. In this study mono-, di-
and tetrameric Ac-TZ14011-containing dendrimers were prepared and functionalized with a
multimodality hybrid label, consisting of a Cy5.5-like flourophore and a DTPA chelate. Confocal
microscopy revealed that all three dendrimers could target CXCR4 Jjn vitro. The unlabeled dimer
and tetramer had a slightly lower affinity for CXCR4 than the unlabeled monomer. However,
when labeled with the multimodal label the CXCR4 affinity of the dimer and tetramer was
significantly higher compared to the labeled monomer. On top of that, biodistribution studies
revealed that the additional peptides in the dimer and tetramer reduced nonspecific tissue binding.
Thus, multimerization of the cyclic Ac-TZ14011 peptide reduces the negative influence of the
multimodal label on the receptor affinity and the biodistribution.
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Introduction

The chemokine receptor 4 (CXCR4) is a G-protein-coupled membrane receptor that is over-
expressed in 23 types of cancer were it plays a role in, among others, the metastatic
spread.1=3 For this reason it is an emerging biomarker in the field of diagnostic oncology.*
CXCR4 is also used as a target for cancer therapy and chemosensitization.>~" Several
peptide antagonists for CXCR4 have been developed, including the potent 14 amino acid-
containing disulfide-bridged Ac-TZ14011 cyclic peptide (Scheme 1).8-11 The
pharmacophore of this peptide consists of residues 2, 3, 5 and 14, and the peptide has only
one free amine (D-Lys®), which is distant from the pharmacophore.19-11 Several fluorescent
dyes and indium-labeled DTPA have been used to label Ac-TZ14011 at D-Lys® and with
these conjugates the CXCR4 binding has been validated in vitroand in vivo.*8-13 Recently
we reported the first hybrid CXCR4 peptide, which consisted of Ac-TZ14011 and a
multifunctional single attachment point (MSAP) label.8 This MSAP label comprised a
DTPA chelate, a CyAL-5.5;, fluorophore and a reactive NHS ester.14-16
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The development of multimodal probes is attaining a significant interest in the field of
molecular imaging.1’22 Such probes can be used in more than one imaging modality.
Important imaging modalities are radionuclide-based imaging (SPECT and PET) and
fluorescence-based optical imaging. Each modality has its own strengths and weaknesses,
and therefore, a combination of modalities is often used in the clinic for optimal detection.
Recently we have shown the added value of multimodal imaging agents in preclinical
surgical guidance823-24 and even in patients.25 Multimodal probes can in principle also be
used for postoperative pathology and assessment for the effectiveness of chemo- and/or
immunotherapy.

Several receptor targeting peptides (e.g. RGD, octreotate, bombesin and Ac-TZ14011) have
been functionalized with labels that combine radioactivity and fluorescence.817 Such labels
are often as large as the peptide used for the (tumor) specificity. Therefore, this hybrid
labeling technology can have a significant (negative) influence on the receptor binding and
the biodistribution. Especially the dye-driven, nonspecific uptake by organs and tissues is a
substantial concern.1” We reasoned in a recent review that multimeric peptide dendrimers,
consisting of multiple peptides (e.g. 4) and one hybrid label, could reduce the influence of
the label.1” Multimerization is well known to enhance the receptor affinity and
specificity.26-31 Furthermore, multimerization increases the amount of peptides with respect
to the label, which may shield the label from the biological environment.1’

The strategy of peptide multimerization has already been successfully applied with
radiolabels and fluorescent labels.32-38 However, only nano-sized multimeric peptides have
been prepared with both a radiolabel and a fluorescent label.37-38 These “large”
nanoparticles suffered from high nonspecific (liver) uptake and were not able to extravasate
from blood vessels into the tumor.37-38 Surprisingly, small hybrid peptide dendrimers,
which have generally a better biodistribution, have never been reported. Here, we report the
first hybrid Ac-TZ14011-containing dimeric and tetrameric dendrimers. These dendrimers
aresbased on our previously reported multimodal Ac-TZ14011-MSAP peptide (3) (Scheme
1).

Results and Discussion

Design and synthesis

The main aim of our chemical design was to minimize the negative influence of the
multimodal MSAP label on receptor binding and tumor targeting observed for the
previously reported monomer Ac-TZ14011-MSAP (3).8 To achieve this, we prepared
dimeric and tetrameric dendrimers, where the MSAP label is placed in the core of the
dendrimer (Figure 1). The dendrimers were based on glutamic acid and additional g-alanine
spacers were incorporated to ensure that the peptide epitopes would not hinder the CXCR4
binding of the other peptides. This was verified by inserting the models of Figure 1 into the
crystal structure of CXCRA4.39 In the models of CXCR4 binding the spacers appear to be
long enough (see Figure S1). The relative short spacers enable the peptides to shield the
MSAP label from the biological environment to some extend (Figure 1). As a consequence
of the short spacers, the dendrimers will most likely not be able the bind multiple CXCR4
receptors simultaneously, because large spacers of 5.5 — 6.5 nm are required to achieve
this.40 However, our design can in principle also result in higher binding affinities due to an
effect named statistical rebinding.26-27 This effect is caused by an overall slower off-rate of
the multimeric compound due to the close proximity of other peptide epitopes, which can
replace the bound peptide when released form the binding site of CXCR4.

The synthesis of the dendrimers is outlined in Scheme 1. First Boc-Glu(B-Ala-OH)-pB-Ala-
OH (4) was prepared, after which it was functionalized with Ac-TZ14011 (2), yielding the
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Boc-protected dimer (Ac-TZ14011), (5) (Scheme 1). The Boc group was removed with
TFA and the MSAP reagent (1) was attached to the free amine in the core of the molecule
yielding multimodal compound 7. Alternatively, an excess of dimeric derivative 5 were
reacted with Boc-Glu(B-Ala-OH)-p-Ala-OH (4) to obtain the Boc-protected tetrameric
peptide dendrimer 8. Boc deprotection and subsequently conjugation with 1 yielded the
tetrameric MSAP derivative 10.

In vitro evaluation

Previously we have demonstrated that monomer Ac-TZ14011-MSAP (3) was able to
discriminate between MDAMB231 cells, which express basal levels of CXCR4, and
MDAMB231CXCR4* cells, which over-express CXCR4 in fourfold.8 Furthermore, the
binding affinity of Ac-TZ14011 (2) and Ac-TZ14011-MSAP (3) for CXCR4 has been
established.® For comparison of the Ac-TZ14011-based dendrimers, the binding affinity is
the most reliable point of comparison. Therefore, the binding affinity of dimers 6 and 7 and
tetramers 9 and 10 were compared to the monomers 2 and 3 using the MDAMB231CXCR4+
cells.

The CXCR4 receptor affinity of the unlabeled constructs was determined using a previously
reported cell-based competition assay, where the unlabeled peptides compete with monomer
Ac-TZ14011-MSAP (3) for CXCR4 binding (Figure 2A).8 The dissociation constant (Kp)
of the monomer Ac-TZ14011 (2) has previously been reported to be 8.61 nM (Table 1).8
The receptor affinity of both dimer (Ac-TZ14011), (6) and tetramer (Ac-TZ14011),4 (9) was
found to be slightly lower; 23.5 nM and 30.6 nM, respectively. Thus, the presence of the
additional peptides does not substantially hinder the binding to CXCR4. On the other hand,
a multivalency effect based on e.g. bivalent binding or statistical rebinding was not
observed. Our previously reported iridium complexes outfitted with one, two or three Ac-
TZ14011 peptides also did not display a considerable multivalency effect.® These findings
are not uncommon for peptides binding to G-protein coupled receptors (GPCRS), as
multimeric octreotides also do not bind in a multivalent manner to the somatostatin
GPCR.4142 |t is apparently very challenging to design spacers that can position the binding
epitopes correctly for simultaneous binding to multiple GPCRs.

Also the receptor affinity of the MSAP-labeled constructs 3, 7 and 10 was determined using
a saturation binding experiment (Figure 2B). The affinity of the monomer Ac-TZ14011-
MSAP (3) was previously reported by us and amounts 186.9 nM (Table 1).8 Interestingly,
the dimer (Ac-TZ14011),-MSAP (7) had a twofold higher affinity; namely 93.1 nM. This in
contrast with the trend found for the unlabeled peptide derivatives: the unlabeled dimer (Ac-
TZ14011), (6) has a lower CXCR4 affinity than the monomer Ac-TZ14011 (2) (Table 1).
Apparently the additional peptide moiety reduces the negative influence of the MSAP label
on the receptor affinity. For the tetramer (Ac-TZ14011),-MSAP (10) the same trend was
observed (Kp = 80.5 nM), although the improvement with respect to dimer (Ac-TZ14011),-
MSAP (7) was minimal. The saturation binding curve showed that the nonspecific cell
binding was considerably reduced for the tetramer (Ac-TZ14011)4-MSAP (10), i.e. the
linear part of the curve is considerable less steep than that of the monomer Ac-TZ14011-
MSAP (3) (Figure 2B).

Next to the CXCR4 affinity, also the cellular distribution of the MSAP-labeled compounds
3, 7 and 10 was evaluated using confocal microscopy. MDAMB231CXCR4* cells were
incubated with 1 M of compound for 1 hour at 4 °C, to minimize active internalization. All
three peptide conjugates displayed cell membrane staining (Figure 3) which is in accordance
with the location of the CXCR4 receptor.8-11 Also a small amount of internalization of
compounds 3, 7 and 10 was observed, most likely caused by the fact that the confocal
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imaging was performed at 37 °C, resulting in receptor mediated endocytosis. As a negative
control, cells were incubated with the MSAP label (1) alone, of which the active NHS ester
was hydrolyzed prior incubation. The MSAP label showed almost no staining (Figure 3D),
and therefore, the cell membrane staining pattern of compounds 3, 7 and 10 is driven by the
targeting peptide moieties and is not caused by nonspecific cell membrane binding of the
MSAP label.

The effect of the monomers 2 and 3, dimers 6 and 7 and tetramers 9 and 10 on the cell
viability was determined to exclude any artifacts (Figure 2C-D). None of the six compounds
had an influence on the cell viability up to concentrations of 1 uM. At 10 oM monomer Ac-
TZ14011 (2) and dimer (Ac-TZ14011), (6) still did not show significant toxicity, whereas
tetramer (Ac-TZ14011), (9) substantially reduced the cell viability (Figure 2C). The trend
that the increasing multimeric character of the Ac-TZ14011 peptide leads to more
cytotoxicity has previously been observed by us.® We reasoned that the considerable amount
of positive charges in the multimeric Ac-TZ14011 constructs is most likely the cause of
decreasing cell viability.?

Based on the /n vitro experiments the dimer (Ac-TZ14011),-MSAP (7) seems to be the most
promising imaging probe. It has the practically the same high affinity for CXCR4 as the
tetramer (Ac-TZ14011),-MSAP (10), has considerable less influence on the cell viability
and is easier to prepare.

In vivo evaluation

In vivoimaging studies were performed to evaluate the tumor targeting of the MSAP
peptides 3, 7 and 10. Therefore, mice with CXCR4 positive “spontaneous” MIN-O tumors
were used instead of the MDAMB231CXCR4* cel| line, because the CXCR4 expression in
non-transfected MDAMB231CXCR4+ cells decreases to basal levels 7 vivo. Mice were
injected with 111In-labeled compounds 3, 7 and 10, and after 24 h the mice were imaged
with SPECT/CT imaging (Figure 4).

After imaging the mice were sacrificed and biodistribution studies were conducted (Table
2). As a reference also the biodistribution of the peptide with only a DTPA chelate as an
imaging label, Ac-TZ14011-DTPA (11), is given (see Supporting Information for the
structure). As a negative control, the MSAP label (1) was used without further
functionalization (reactive group was neutralized) in non-tumor bearing mice. The hybrid
label displayed enhanced blood, heart, muscle, stomach and intestinal uptake, which
suggests that the MSAP label is cleared slower than Ac-TZ14011-DTPA (11). This is most
likely caused by the hydrophobic character of the CyAL-5.5, fluorophore. The MSAP label
had a reduced kidney uptake compared to Ac-TZ14011-DTPA (11).

The monomer Ac-TZ14011-MSAP (3) gave increased liver and intestinal uptake and
reduced kidney uptake compared to the reference Ac-TZ14011-DTPA (11), suggesting a
changing in the clearance route (Table 2). The monomer Ac-TZ14011-MSAP (3) displayed
a more than five times higher tumor uptake than Ac-TZ14011-DTPA (11). However, this
increase was accompanied with higher nonspecific uptake in the lungs, heart, spleen,
stomach, intestines and muscles, most likely caused by nonspecific binding of the relative
hydrophobic CyAL-5.5, fluorophore. This resulted in a lower tumor-to-muscle ratio
compared to Ac-TZ14011-DTPA (11) (4.55 and 6.67, respectively) (Table 3). As mentioned
in the introduction, a higher nonspecific binding and lower tumor-to-muscle ratio is common
for monomeric multimodal peptides.1” The reason for this is the relative large size of the
hybrid imaging label.
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The dimer (Ac-TZ14011),-MSAP (7) had a similar uptake profile as monomer Ac-
TZ14011-MSAP (3) (Table 2). However, the muscle uptake was significantly lower than
that of the monomeric MSAP peptide (P < 0.001; all significant differences with respect to
compound 3 are denoted in Table S1). Thus, the enhanced nonspecific muscle uptake of
monomer Ac-TZ14011-MSAP (3) compared to Ac-TZ14011-DTPA (11) is largely
eliminated by the additional peptide in compound 7. Also the tumor and heart uptake was
lower, although this was not significant. The decrease of the uptake in the muscle and heart
was larger than in the tumor, resulting in an improved tumor-to-muscle ratio (Table 3). This
improvement was not significant, because the standard deviation of dimer (Ac-TZ14011),-
MSAP (7) was rather high.

The tetramer (Ac-TZ14011),-MSAP (10) continued the trend of the mono- and dimer (Table
2). The uptake in the tumor and in the heart was again slightly lower than that of dimer (Ac-
TZ14011),-MSAP (7). Because the uptake in the muscle was already very low for dimer
(Ac-TZ14011),-MSAP (7), this was not reduced further for tetramer (Ac-TZ14011),-MSAP
(10). As a consequence, the tumor-to-muscle ratio of the tetramer was somewhat lower
compared to the dimer (7) (Table 3). However, nonspecific uptake of tetramer (Ac-
TZ14011)4-MSAP (10) in organs such as the lungs, heart and liver was again slightly lower
compared to dimer (Ac-TZ14011),-MSAP (7). Thus, the two additional peptides seem to
have decreased the MSAP driven nonspecific uptake even further.

The results of the /n vivo studies show that the additional peptide in the dimer reduced the
negative influence of the multimodal MSAP label, yielding a tumor-to-muscle ratio higher
than that of Ac-TZ14011-DTPA (11). The addition of two more peptides, as in tetramer
(Ac-TZ14011)4-MSAP (10), did not result in a further improvement of the tumor-to-muscle
ratio.

Conclusions

Multimerization resulted in both the dimer and tetramer in reduction of the nonspecific
binding caused by the multimodal label. The CXCR4 affinity of dimer (Ac-TZ14011),-
MSAP (7) and tetramer (Ac-TZ14011),-MSAP (10) is comparable, the dimer has less
influence on the cell viability and the tumor-to-muscle ratio of the dimer is higher. Thus,
dimer (Ac-TZ14011),-MSAP (7) is the most promising CXCR4 imaging probe.

This concept of multimerization of multimodal peptides can also be applied to other
targeting peptides such as RGD. It seems that the use highly positively charged peptides and
highly hydrophobic peptides should be avoided to suppress the cytotoxicity and the
nonspecific cell and tissue binding. In this manner our concept could result in even more
promising imaging agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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monomer dimer tetramer
Ac-TZ14011-MSAP (3) (Ac-TZ14011),-MSAP (7) (Ac-TZ14011),-MSAP (10)
Figure 1.

Molecular models of the mono-, di- and tetrameric Ac-TZ14011 dendrimers with the MSAP
label. For clarity, the MSAP label is not colored by element: the CyAL-5.5, fluorophore is
displayed in red, the indium-bound DTPA chelate in blue and the spacer in grey. In the
dimer and, especially, in the tetramer a smaller percentage of the whole molecule comprises
the MSAP label.
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A) Competition experiments of the compounds 2, 6 and 9 in the presence of 250 nM of Ac-
TZ14011-MSAP (3). B) Saturation binding experiments of compounds 3, 7 and 10. C and
D) Cell viability of MDAMB231CXCR4+ cel|s in the presence of different concentrations
compounds 2, 6 and 9 (C) and compounds 3, 7 and 10 (D). For all graphs the bars represent

average £ SD.
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Figure 3.
Confocal microscopy and transmission images of the multimodal peptide conjugates on
MDAMB231CXCR4* cells, A) 1 wM of monomer Ac-TZ14011-MSAP (3); B) 1 uM of

dimer (Ac-TZ14011),-MSAP (6); C) 1 LM of tetramer (Ac-TZ14011),-MSAP (10); D) 1
M of MSAP (1).
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]
3

Figure4.
SPECT/CT and fluorecence imaging. SPECT/CT of A) monomer Ac-TZ14011-MSAP (3),
B) dimer (Ac-TZ14011),-MSAP (7) and C) tetramer (Ac-TZ14011),-MSAP (10).
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Scheme 1.

Synthesis of dimer (Ac-TZ14011), (6), dimer (Ac-TZ14011),-MSAP (7), tetramer (Ac-
TZ14011)4 (9) and tetramer (Ac-TZ14011)4-MSAP (10) and the structure of monomer Ac-
TZ14011-MSAP (3).
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Table 1

Dissociation constants (Kp) of the Ac-TZ14011 derivatives.

compound Kp (nM)

unlabeled M SAP-labeled

monomers2and 3 8.61+142 186.9+52.4
dimers 6 and 7 235+243 93.1+10.1
tetramers 9and 10 30.6+4.84 80.5+11.6
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Tumor-to-muscle ratios derived from the biodistribution studies.

Table 3

compound tumor-to- Relative ratio compared
muscleratio  tocompound 11

Ac-TZ14011-DTPA (11) 6.67 + 0.66 1

monomer Ac-TZ14011-MSAP (3) 455+0.68% 0.68

dimer (Ac-TZ14011),-MSAP (7) 7414187 111

tetramer (Ac-TZ14011),-MSAP (10)  5.47 £ 0.50 0.82

*
P < 0.05 for the comparison of compound 3 with 11.
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