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Abstract: “RGD” is frequently pictured as a ligand for av[33-integrin and useful for molecular
targeting of angiogenesis—which is about as simplistic as the idea that laser beams are green or red
and particularly useful for arming spaceships. There is, however, much more to RGD. In particular,
targeting angiogenesis is likely not the most significant stronghold of RGD-comprising constructs.
RGD is the one-letter code of a very short peptide sequence, arginine-lysine-aspartate, which is
recognized by eight different integrins, namely, o(IIb)33, 531, a831, and the five dimers that av
forms with 31, 33, 35, B6, and 8. These 8 RGD receptors form an own subset among the entire
class of 24 known integrins, which furthermore comprises another three distinct groups (4 collagen
receptors, 4 laminin receptors, and 8 leukocyte receptors). However, the 8 RGD-recognizing integrins
are far from being alike. They do not even share the same tissue prevalences and functions, but
are expressed on fundamentally different cell types and fulfill the most diverse biological tasks.
For example, x(IIb)p3 is found on platelets and mediates thrombus formation, whereas ov[36-
and av8-integrin are expressed on epithelial cells, activate TFG-3, and thus may promote cancer
progression and invasion as well as fibrosis. Recent non-clinical experiments and clinical findings
suggest that the highly specific expression of av6-integrin by some carcinoma types, in combination
with the availability of the corresponding small-molecule ligands, may open a multitude of new
and promising avenues for improved cancer diagnosis and therapy, including, but not limited to,
radiopharmaceutical approaches.
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1. Prologue: About Ideas and Their Public Perception

After Theodore H. Maiman had completed the construction of a device that produced
a beam of highly intense, coherent visible light by stimulated emission from an externally
energized ruby rod—the first LASER—he attempted to publish his invention in Physical
Review Letters but got rejected twice, for the reason of insignificance (the paper finally
ended up “just” in Nature as a timeless classic of less than 300 words) [1]. Admittedly,
it must have been impossible in 1960 to anticipate that the “laser” (once coined as an
acronym, but nowadays written in lowercase letters and used both as a noun and a verb)
would become indispensable for virtually all technologies and industry products of the 21st
century. Lasers, however, captured people’s fantasy early on. Even a completely imaginary
idea, such as their use in interstellar warfare, which was shaped by a highly successful
movie series, still persists in the general public’s mind. This story illustrates that a widely
held idea or an earlier prognosis do not necessarily reflect the current focus or future
direction of a particular field (notwithstanding the troubling prospect that spaceships firing
laser beams may be part of our future after all). Admittedly, the term “RGD” is far less
ingrained in the collective consciousness of mankind than the word “laser”. One similarity,
however, is that there is apparently a difference between what many researchers associate
with “RGD” and what else it actually implicates.
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2. The Origins and Perception of RGD

The fundamental idea that ignited RGD’s flight to fame can be traced back to its origins
fairly easily. Pierschbacher and Ruoslahti discovered in 1984 that some integrins (a class of
24 heterodimeric cell adhesion receptors [2]) bind to their native ligands, large extracellular
matrix (ECM) proteins, by recognition of the short sequence arginine-glycine-aspartate
(abbreviated RGD in the one-letter code) which repeatedly occurs in these proteins [3].
Shortly thereafter, in 1991, Kessler and coworkers designed a small, cyclic peptide motif
containing the RGD sequence for antagonizing integrin-mediated cell-binding to certain
ECM proteins [4]. This class of cyclic pentapeptides, for example, c(RGDfK) or ¢(RGDyK),
later turned out to be an ideal targeting motif for life science applications [5]. It is not
metabolized or degraded in vivo, easy to synthesize by standard methods, and binds with
high selectivity to one particular integrin, av33 [6]. The puzzle was completed by Brooks,
Clark, and Cheresh in 1994, who discovered that the vascular av{33-integrin is required
for angiogenesis (sometimes termed neo-vascularization) [7]. This key process, referring
to the sprouting of new blood or lymphatic vessels from existing ones, is not only widely
encountered in developmental biology and wound healing [8]. Angiogenesis is furthermore
a critical step in the development of solid tumors which, in order to grow beyond the size of
a few millimeters, must secure their supply of nutrients and oxygen by establishing a vessel
system. The corresponding, necessary change in the tumor cells” signaling behavior, leading
to the recruitment and activation of endothelial cells, is widely referred to as “angiogenic
switch” [9], and frequently involves overexpression of av33-integrin.

The life science community thus came into possession of an intriguingly straightfor-
ward concept and the appropriate molecular tools to target early development stages of
tumors in general, with the vision to exploit av(33-integrin antagonization for therapeutic
and diagnostic approaches [10-12]. The rise of “RGD peptides” was further catalyzed by
the fact that no protection of intellectual property permanently hindered their widespread
use, and that the terminal amino group of the lysine side chain in the ¢(RGDxK) motif may
be functionalized without severely compromising target affinity or -selectivity [6]. This
feature made conjugation or surface grafting an easy endeavor, paving the road toward all
sorts of av33-integrin homing agents, such as fluorescence markers, radiopharmaceuticals,
drug conjugates, nanoparticles, micelles, and other constructs [13].

“RGD peptides” and the associated narrative of targeting angiogenesis thus became
a very popular concept in life sciences. As of late 2022, a search for the term “RDG” in
Clarivate’s Web of Science™ database yielded more than 15,000 hits, more than half of
which (approx. 7,800) were published within the past decade, reaching an all-time peak of
742 in 2016. One consequence of this ubiquity is that it is practically impossible for a single
person to digest all this information (unless one has been willing to read 2 RGD papers
every single day for the last 10-15 years). A quick glance, however, suggests that RGD
applications related to angiogenesis and ov(33-integrin are somewhat overrepresented. At
least in the field of radiopharmacy, an overwhelmingly large percentage of all “RGD”-
related publications deal with av33-integrin, angiogenesis, or neo-vascularization. This is
where a mechanism familiar from news media and social networks comes into play, most
succinctly expressed in the adage “vox populi, vox dei”. The constant repetition of one and
the same idea by many can create an illusion of a higher level of evidence or relevance than
actually exists and thus, drive related developments even if they gradually become less
relevant for future research.

3. The History of the RGD Motif in (Radio-)pharmaceuticals

Let us leave that aside for now and have a look at how it all started. The first
avB33-integrin homing radiotracers have been developed more than two decades ago [14].
Positron emission tomography (PET) imaging in humans showed their ability to visu-
alize different tumor types [15], which resulted in a genuine excitement in the research
community at the prospect of being able to image such a fundamental process like angio-
genesis [16]. Radiolabeled av33-integrin ligands thus were thought to be a key asset, and
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many different ones were developed [17] and even transferred into clinical studies [18].
None of the clinical candidates, however, has gained traction in public healthcare because a
clinical added value could not yet be convincingly demonstrated [19]. This is not due to
a general reluctance of medical practitioners or the pharmaceutical industry to embrace
radiopharmaceuticals. On the contrary, these players have recently succeeded in integrat-
ing sst2- and PSMA-addressing agents such as NETSPOT®, Lutathera®, or Pluvicto® into
healthcare and reimbursement schemes. The difference is found in the targets, though. In
case of of av{33-integrin, the main obstacle may have consisted in a substantial expression
in various healthy tissues. At least, this is suggested by a typical background signal seen in
images of healthy volunteers and patients acquired with variety of ocv33-tracers [20]. The
quality of the available radiotracers is apparently not a problem, but the target itself whose
potential is further limited by the lack of specificity of the signal for the targeted biological
mechanism, angiogenesis. Hotspots in images cannot be clearly assigned to enhanced
angiogenic activity because ocv[33-integrin is also expressed by some tumor cell lines (a fact
that led to the apparently widespread but incorrect assumption that RGD is generally a
tumor targeting motif)—all the more because there is no strict causal relationship between
angiogenesis and av[33-integrin expression [21]. The quite straightforward concept derived
from the above-mentioned early studies, i.e., that av[33-integrin expression is a proxy for an-
giogenic activity [7], has been revised significantly in the meantime. Collected experimental
evidence led to the insight that the abundance of av[33-integrin is most likely not quan-
titatively correlated with the actual extent of angiogenesis in a given tissue [22]. Against
this background, some studies suggested that radiotracers targeting another RGD-binding
integrin, a5p1, might be more suitable for imaging of angiogenesis [23,24], but definitive
clinical proof is still lacking. In addition, extensive development of tracers for molecular
imaging of other av-integrins, such as av38 [25,26] and particularly av36 [27-30], has
been carried out over the past 15 years, but seems to have been somehow obscured by a
continuous stream of publications dealing with probes for av[33-integrin.

The focus on the subtype v 33 was apparently less pronounced in some other research
areas. As far as medicinal chemistry and bioligand design are concerned, development
has never stopped at the stage of cyclic RGD pentapeptides anyway, nor has it ever been
limited to av33-integrin. This is because over the years, the RGD sequence was shown to
be the natural ligand recognition motif of eight different integrins [31]. These are o(IIb)(33,
a5p1, and «8p1, and furthermore all 5 av integrins («vp1, avR3, av35, av 6, and avf38),
which is why RGD is sometimes referred to as a ligand for targeting v integrins (which,
as a solitary statement, is actually not completely wrong but too imprecise to be considered
correct). In other words, nature has managed to use one and the same tiny peptide sequence
to enable a more or less selective recognition of large proteins by eight different integrins.
Thus, it quickly became clear that the RGD sequence apparently needed to be incorporated
into tailored larger molecules or scaffolds to achieve selectivity. The goal was to limit the
structural flexibility or freedom of movement, so that the conformationally fixed motif
would only fit into the RGD binding pocket of one of the integrins [6]. In addition, there
have been successful strategies to selectively target individual RGD-binding integrins
with molecules not comprising the RGD sequence, for example, peptides comprising
other amino acid sequences like RTD for targeting ov(36, peptidomimetic motifs like
isoDGR for targeting a531, or entirely non-peptidic structures like the anti-platelet drug
tirofiban that binds to (IIb)33-integrin. These approaches, which are part of a multitude of
selective ligands for RGD-binding integrins and a wealth of pertinent research, have been
comprehensively reviewed previously [5,12,13], which will thus not be repeated here. It
remains to be asked, however, why this hidden treasure has apparently only been partially
unearthed so far. Regardless of what the answer to that question might be, it seems like a
good idea to get fully started right now [32].
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4. RDG-Binding Integrins as Targets for Radio-Theranostics

As outlined above, radiolabeled ligands for imaging of av3-integrin have been
the first stronghold of RGD in radiopharmacy but never ended up in clinical routine. It
might thus worth having a closer look on the possible reasons and their implications
for future research. It is first useful to recall that the clinical success of both classes of
targeted radiopharmaceuticals, i.e., imaging agents and targeted therapeutics, is much
more determined by target-mediated, yet undesirable, accumulation in healthy organs and
tissues than is the case with normal drugs.

The mode of action of most standard medications relies on the interaction with, or
blockade of, a certain receptor or mechanism. The drug is expediently administered in
sufficiently large amounts to saturate as many target sites as possible, above all, those
which convey the desired therapeutic effect. Other available targets in healthy tissue are
of course also engaged, which is usually unavoidable but acceptable unless it results in
an intolerable toxic effect. In contrast, radioactive imaging probes are administered in
amounts several (usually 4-5) orders of magnitude lower, resulting in virtually negligible
tissue concentrations where only a small percentage of available target sites in the body,
whether in healthy or diseased tissue, is engaged at all. It is obvious that in this case, target
engagement and tracer accumulation in non-diseased tissue play a crucial role, as this
undermines the intended purpose of a radiotracer, which is to accumulate as selectively as
possible in diseased tissue to allow unambiguous interpretation of imaging data.

This leads directly to the requirement that a suitable target for radiopharmaceuticals
should be as disease-specific as possible, i.e., its presence should be restricted, as far as
possible, exclusively to diseased sites. This imperative applies all the more to radiothera-
peutics, that is, radiopharmaceuticals which comprise particle emitters and whose purpose
is to engage target cells and kill them by irradiation at close range. Off-target accumulation,
such as non-disease specific or physiological organ uptake, is more and more critically
viewed during the early, preclinical investigation of radio-theranostics for cancer therapy
because of the risk of facing problems with radiation-related toxicity at a later stage of
clinical development.

A look at some of our recent data is helpful in illustrating these relations and their
implications for RGD. We previously developed a series of structurally related PET probes
for four different RGD-binding integrins, ®®Ga-Aquibeprin and ®*Ga-Avebetrin for o531
and av[33, respectively [23,24]; 8Ga-Trivehexin for av6 [30]; and ®8Ga-Triveoctin for
av38 [26]. They all have been designed as homo-trimers of the respective peptidic or
peptidomimetic integrin ligands in order to achieve a higher avidity and, thus, an increased
target-specific uptake [22]. Since all four agents have been described in detail before and
the following considerations are largely independent on the actual structure or molecular
design of the probes, these aspects are not further discussed here. It is however important
to mention that based on the preclinical data, a high target specificity can be assumed for all
four tracers, suggesting that any observed organ or tissue accumulation is predominantly
caused by actual integrin expression in the respective compartments. An exception are
the kidneys, where a strong signal due to renal excretion is observed for all probes, an
artifact that occurs with most established PET imaging agents. Figure 1 shows maximum
intensity projections (MIPs) of PET scans acquired under comparable conditions using
the four tracers, illustrating the fundamentally different suitability of the four regarded
RGD-binding integrins as targets for molecular medicine.
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Figure 1. PET images (maximum intensity projections, MIP, seen from ventral) in human subjects,
acquired 70-90 min after administration of 100-150 MBq of ®*Ga-labeled radiopharmaceuticals
selective for the integrin subtypes o531 (68Ga—Aquibeprin) [23], v B3 (°8Ga-Avebetrin) [33], xvB6
(®8Ga-Trivehexin) [30], and avp8 (8Ga-Triveoctin) [26]. Two subjects had a pancreatic carcinoma in
the pancreatic head (indicated by blue arrows labeled PCa). Renal excretion of tracers resulted in
strong kidney signals (labeled K). Other uptakes are observed in lungs (Lu), liver (Li), intestines (In),
spleen (Sp), urinary bladder (Bl), choroid plexus (PCh) and celiac plexus (PCoe). Copyright notice:
Parts of the figure were adapted from Eur. |. Nucl. Med. Mol. Imaging 2021, 48, 4107-4108 (xv[36
PET) and EJNMMI Res. 2020, 10, 133 («xv[38 PET) under Creative Commons CC BY 4.0. Red arrows:
Non-cancer related uptakes; Blue arrows: Known cancer lesions.

To begin with the most popular integrin av[33, the respective PET image in Figure 1
closely resembles those obtained with other avf3-tracers and exhibits the typical and
well-known physiological uptake pattern [20]. Apart from the expected excretion-related
signals in kidney and urinary bladder, uptakes caused by physiological expression are
observed in the spleen, liver, and intestines, limiting the potential diagnostic capabilities of
this class of radiopharmaceuticals as well as their utility for radiotherapy.

A similar situation is found for the o5 1-integrin PET. Figure 1 shows a distinct pattern
of strong organ uptakes, likely limiting the prospects for diagnostic utility. However, the
image shows the PET scan of a patient originally scheduled for diagnosis of myocardial
infarction, who had several comorbidities, presumably including inflammatory bowel
disease, which could be responsible for the observed intestinal uptake. Since there are
no further images in the literature that have been acquired using comparable tracers, it
is not easy to draw final conclusions at that time. This situation urgently calls for future
investigations to consolidate the view on a5p1-integrin imaging, which is nonetheless most
likely a promising target for imaging and therapy of cancer [34] and other diseases [35].

The av38-integrin PET in Figure 1 furthermore suggests that the physiological ex-
pression of av(38 in most organs and tissues is low, which is in good agreement with
the literature and encourages further exploration as a theranostic target [36]. Although
the origin of the pronounced uptake in the choroid and celiac plexus is still unclear and
deserves further investigation, av38-integrin apparently fulfils the above-mentioned re-
quirement of a low background expression. However, the av(38-integrin PET shown is the
only one of its kind. Apart from this image of a healthy subject, no other in vivo images of
av38-integrin expression in humans were reported so far, which again limits the validity
of the conclusion drawn.
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The av36-integrin PET, however, leaves little doubt that this RGD-recognizing integrin
is a very promising molecular target indeed, particularly in the context of oncology. The
image shows no significant uptake in any organ except the excretion-related ones in the
kidneys and urinary bladder, which is consistent with a large body of histological data
showing that v 36-integrin is only weakly expressed in adult human tissues [12]. Moreover,
the av36-PET in Figure 1 actually shows a patient with pancreatic ductal adenocarcinoma
(PDAC), wherein the cancer lesion exhibits an intense tracer uptake. It can be assumed
that a clinical use for the respective tracer (Ga-68-Trivehexin [30]) in cancer diagnostics
will emerge, especially because a solid body of PET/CT data has already been generated
using this tracer for patients with PDAC and other cancers, confirming this view [37].
Furthermore, one can not fail to notice the striking difference to the adjacent ocv33-integrin
PET which also shows a patient with PDAC. Here, the background almost obscures the
lesion and may lead to ambiguous results regarding the possible detection of metastases.

The currently available evidence thus suggests that other integrins than av33, most
likely, ocv 36, will shape the future of radio-theranostics targeting RGD-recognizing inte-
grins [21,22]. This applies all the more because av {36 is not only virtually absent in healthy
human tissues, but is also reportedly highly expressed on the surface of various cancer cell
types [38], most notably PDAC [39,40], whose poor survival rates urgently call for more ef-
fective therapies. It is recognized that any future radio-therapeutic should be characterized
by a low kidney uptake to avoid renal damage, but this does not detract from the apparent
extraordinary potential of av[36-integrin as a theranostic target.

At this point, it is worth noticing that not just one, but several substantially different
classes of peptidic av36-integrin ligands have been described so far, which have been
summarized in recent reviews [12,13]. They include, but are not limited to, (a) the lin-
ear A20FMDV peptide, originally developed by Marshall and colleagues [41] and later
converted into a clinical PET tracer by Sutcliffe and coworkers [28]; (b) cystein-knot pep-
tides, first reported by Kimura et al. [42] and used for imaging of cancer and fibrosis
in humans [29]; (c) two cyclic peptides, SFITGv6 and SFLAP3, engineered at the DKFZ
Heidelberg on the basis of the sunflower trypsin inhibitor scaffold and tested for cancer
imaging in patients [27]; and (d) a class of cyclic nonapeptides developed by Kessler and
colleagues [43], which was further modified and applied for clinical PET imaging of car-
cinomas a few years later [30]. All of these ligand motifs comprise the RGD sequence
and exhibit high affinity and selectivity for av{36-integrin. There seem to be many ways
to teach an old dog new tricks, i.e., to turn the venerable RGD into novel and promising
tools for molecular medicine. This process is apparently not about to come to an end, but
on the contrary, seems to be accelerating and diversifying. To stay with the topic, novel
radiolabelled av6-integrin binding peptides comprising the RGD sequence continue to
emerge, such as the linear 21-mer 5G recently reported by Sutcliffe and colleagues [44],
the cyclic octapeptide cycratide introduced by Wang and coworkers [45], or the hitherto
smallest avp6-integrin specific RGD, the cyclic pentapeptide SDM17 by Marinelli and
collegues [46,47].

5. The Future of RGD Is Bright

With this in mind, it is worth taking a look beyond radiopharmaceuticals. It is not
difficult to anticipate that a cancer-cell specific molecular target such as «vf36-integrin is
also highly attractive for development of non-radioactive imaging probes and particularly
for homing of therapeutic agents. The latter applies even more as any form of therapeutic
agent greatly benefits from the clinical availability of a companion diagnostic, i.e., an
established diagnostic procedure for patient stratification, such as the avp6-integrin PET
imaging modality shown in Figure 1.

The most exciting prospect is, arguably, the fact that avp6-integrin is apparently a
valuable target for efficient intracellular drug delivery [48]. Although it seems rather obvi-
ous to exploit the internalization of a cell surface receptor to transfer cytotoxic compounds
into cells, it is surprising to see that this approach apparently works robustly with funda-
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mentally different av36-integrin selective RGD peptides. Marshall and colleagues recently
designed a peptide-drug conjugate (PDC) based on their classic A20FMDV peptide, and
successfully wiped out pancreatic cancer cells in vitro and in animal models [49]. Their
statement: “[ ... ] it is clear that specific targeting ov36 in humans is now a practical
possibility and should become a platform for development of improved therapies for
the effective treatment of pancreatic and hopefully many other types of cancer” [49] is
bolstered by recent works of the Sutcliffe group, who used another PDC based on their
linear peptide with similar success in vitro and in vivo [50], and by Kossatz and colleagues
who decorated one of the cyclic nonapeptides developed by Maltsev et al. [43] with the
cytotoxic Fenton catalyst ferrocene and selectively killed av6-positive tumor cells with
the conjugate [51]. The av[36-integrin-mediated, selective transmembrane drug delivery
into cancer cells appears to be a truly robust machinery that tolerates a wide range of
substrates, which nurtures the hope that pertinent research eventually yields novel, highly
effective anticancer drugs with few side effects that are so desperately needed by many
cancer patients.

These examples, however, still represent only part of a much bigger picture. There
are many more approaches to exploit integrins for therapy [32]. Not all of these involve
RGD peptides, above all, because non-RGD-binding integrins (not covered herein) are
also valid therapeutic targets. On the other hand, there are many non-peptidic ligands
for any of the RGD-recognizing integrins, for example, a small-molecule ligand with high
av6-integrin affinity that was recently tested in a clinical study for treatment of lung
fibrosis by means of inhalation [52]. All in all, research on drugs and probes targeting
RGD-binding integrins does not necessarily have to involve RGD peptides, but much of
the related future development will certainly continue to rely on them.

6. Epilogue

At times, it is difficult even for experts to predict the future of a particular technology,
and by whom it will be most appreciated. Consider, for example, the beauty industry’s
use of lasers to remove unwanted hair and wrinkles, which was certainly not foreseen
by Maiman and colleagues in 1960 but nowadays helps many people with absolutely
no knowledge about coherent optical radiation to become a little more beautiful—and
yet may have utterly failed to increase the physical attractiveness of some contemporary
laser experts despite of their strong belief it would do so. Some parallels to RGD can be
discovered here as well. Just as not every problem can be solved with lasers despite of
their broad technological range, not all future developments related to RGD-recognizing
integrins and their ligands will rely on RGD peptides despite their ubiquity. Current
research trends nonetheless strongly suggest that RGD will remain an important tool
in future molecular medicine and life science. Newly discovered roles of integrins in
biochemical pathways might open new avenues for the use of certain specific RGD peptides
even in areas that previously had no real ties to RGD, such as cancer immunotherapy [53,54].
In view of the ever-expanding knowledge of the complexity of integrin functions [13], it is,
arguably, quite probable that future RGD-related research will focus less on angiogenesis
and avf33-integrin, which has been already exhaustively addressed in the past decade.
Those who lament on this loss might be consoled by the prospect that maybe there will be
a revival in the future, around the time when spaceships are equipped with lasers.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: Ambros Beer and Christoph Rischpler are gratefully acknowledged for provid-
ing some of the images shown in Figure 1.



Pharmaceuticals 2023, 16, 56 8 of 10

Conflicts of Interest: ].N. is a co-inventor of patents related to cyclic av6-integrin selective peptides
and %8Ga-Trivehexin. In addition, J.N. is a co-founder, shareholder, and Chief Science Officer of
TRIMT GmbH (Radeberg, Germany) and serves in the Scentific Advisory Board of Radiopharm
Theranostics LLC (Carlton, Australia).

References

1. Maiman, T.H. Stimulated Optical Radiation in Ruby. Nature 1960, 187, 493—494. [CrossRef]

2. Hynes, R.O. Integrins: Versatility, modulation, and signaling in cell adhesion. Cell 1992, 69, 11-25. [CrossRef] [PubMed]

3. Pierschbacher, M.D.; Ruoslahti, E. Cell Attachment Activity of Fibronectin Can Be Duplicated by Small Synthetic Fragments of
the Molecule. Nature 1984, 309, 30-33. [CrossRef] [PubMed]

4. Aumailley, M.; Gurrath, M.; Miiller, G.; Calvete, J.; Timpl, R.; Kessler, H. Arg-Gly-Asp contrained within Cyclic Pentapeptides—
Strong and Selective Inhibitors of Cell-Adhesion to Vitronectin and Laminin Fragment-P1. FEBS Lett. 1991, 291, 50-54. [CrossRef]

5. Meyer, A.; Auernheimer, J.; Modlinger, A.; Kessler, H. Targeting RGD recognizing integrins: Drug development, biomaterial
research, tumor imaging and targeting. Curr. Pharm. Des. 2006, 12, 2723-2747. [CrossRef]

6. Kapp, T.G.; Rechenmacher, F.; Neubauer, S.; Maltsev, O.V.; Cavalcanti-Adam, E.A.; Zarka, R.; Reuning, U.; Notni, J.; Wester, H.-J.;
Mas-Moruno, C.; et al. A Comprehensive Evaluation of the Activity and Selectivity Profile of Ligands for RGD-binding Integrins.
Sci. Rep. 2017, 7, 39805. [CrossRef]

7. Brooks, P.C,; Clark, R.A.E; Cheresh, D.A. Requirement Of Vascular Integrin o, 33 For Angiogenesis. Science 1994, 264, 569-571.
[CrossRef]

8.  Avraamides, C.J.; Garmy-Susini, B.; Varner, ].A. Integrins in angiogenesis and lymphangiogenesis. Nat. Rev. Cancer 2008, 8,
604-617. [CrossRef]

9.  Lin, EY,; Pollard, ]. W. Tumor-associated macrophages press the angiogenic switch in breast cancer. Cancer Res. 2007, 67, 5064-5066.
[CrossRef]

10. Liu, Z.; Wang, F; Chen, X. Integrin o, 33-Targeted Cancer Therapy. Drug Dev. Res. 2008, 69, 329-339. [CrossRef]

11.  Marelli, U.K,; Rechenmacher, F.; Sobahi, T.R.A.; Mas-Moruno, C.; Kessler, H. Tumor targeting via integrin ligands. Front. Oncol.
2013, 3, 222. [CrossRef] [PubMed]

12.  Nieberler, M.; Reuning, U.; Reichart, F.; Notni, J.; Wester, H.].; Schwaiger, M.; Weinmdiller, M.; Rdder, A.; Steiger, K.; Kessler, H.
Exploring the Role of RGD-Recognizing Integrins in Cancer. Cancers 2017, 9, 116. [CrossRef] [PubMed]

13. Ludwig, B.S.; Kessler, H.; Kossatz, S.; Reuning, U. RGD-Binding Integrins Revisited: How Recently Discovered Functions and
Novel Synthetic Ligands (Re-)Shape an Ever-Evolving Field. Cancers 2021, 13, 1711. [CrossRef]

14. Haubner, R.; Wester, H.J.; Reuning, U.; Senekowitsch-Schmidtke, R.; Diefenbach, B.; Kessler, H.; Stocklin, G.; Schwaiger, M.
Radiolabeled o 33 integrin antagonists: A new class of tracers for tumor targeting. J. Nucl. Med. 1999, 40, 1061-1071.

15. Girtner, EC.; Kessler, H.; Wester, H.J.; Schwaiger, M.; Beer, A.J. Radiolabelled RGD peptides for imaging and therapy. Eur. J. Nucl.
Med. Mol. Imaging 2012, 39, S126-5138. [CrossRef]

16. Haubner, R. &y 3-Integrin imaging: A new approach to characterise angiogenesis? Eur. J. Nucl. Med. Mol. Imaging 2006, 33,
554-563. [CrossRef] [PubMed]

17.  Schottelius, M.; Laufer, B.; Kessler, H.; Wester, H.]. Ligands for mapping o 33-integrin expression in vivo. Acc. Chem. Res. 2009,
42,969-980. [CrossRef] [PubMed]

18. Haubner, R.; Maschauer, S.; Prante, O. PET Radiopharmaceuticals for Imaging Integrin Expression: Tracers in Clinical Studies
and Recent Developments. BioMed Res. Int. 2014, 2014, 871609. [CrossRef] [PubMed]

19. Atkinson, S.J.; Ellison, T.S.; Steri, V.; Gould, E.; Robinson, S.D. Redefining the role(s) of endothelial axv33-integrin in angiogenesis.
Biochem. Soc. Trans. 2014, 42, 1590-1595. [CrossRef] [PubMed]

20. Chen, H,; Niu, G.; Wu, H.; Chen, X. Clinical Application of Radiolabeled RGD Peptides for PET Imaging of Integrin o f33.
Theranostics 2016, 6, 78-92. [CrossRef]

21. Kossatz, S.; Beer, A.J.; Notni, J. It's Time to Shift the Paradigm: Translation and Clinical Application of Non-av(33 Integrin
Targeting Radiopharmaceuticals. Cancers 2021, 13, 5958. [CrossRef] [PubMed]

22.  Steiger, K; Quigley, N.G.; Groll, T.; Richter, F.; Zierke, M.A_; Beer, A J.; Weichert, W.; Schwaiger, M.; Kossatz, S.; Notni, ]. There is a
world beyond ov33-integrin: Multimeric ligands for imaging of the integrin subtypes av36, av38, av(33, and a531 by positron
emission tomography. EJNMMI Res. 2021, 11, 106. [CrossRef]

23.  Notni, J.; Steiger, K.; Hoffmann, E; Reich, D.; Kapp, T.G.; Rechenmacher, F.; Neubauer, S.; Kessler, H.; Wester, H.]. Complementary,
Selective PET Imaging of Integrin Subtypes «5p31 and avB3 Using ®*Ga-Aquibeprin and ®®Ga-Avebetrin. J. Nucl. Med. 2015, 57,
460-466. [CrossRef] [PubMed]

24. Notni, J.; Steiger, K.; Hoffmann, F.; Reich, D.; Schwaiger, M.; Kessler, H.; Wester, H.]J. Variation of Specific Activities of Ga-68-
Aquibeprin and Ga-68-Avebetrin Enables Selective PET-Imaging of Different Expression Levels of Integrins a531 and av(33. J.
Nucl. Med. 2016, 57, 1618-1624. [CrossRef]

25. Reichart, F; Maltsev, O.V.; Kapp, T.G.; Rdder, A.F.B.; Weinmtiller, M.; Marelli, U.K.; Notni, J.; Wurzer, A.; Beck, R.; Wester, H.].;

et al. Selective Targeting of Integrin «v38 by a Highly Active Cyclic Peptide. ]. Med. Chem. 2019, 62, 2024-2037. [CrossRef]
[PubMed]


http://doi.org/10.1038/187493a0
http://doi.org/10.1016/0092-8674(92)90115-S
http://www.ncbi.nlm.nih.gov/pubmed/1555235
http://doi.org/10.1038/309030a0
http://www.ncbi.nlm.nih.gov/pubmed/6325925
http://doi.org/10.1016/0014-5793(91)81101-D
http://doi.org/10.2174/138161206777947740
http://doi.org/10.1038/srep39805
http://doi.org/10.1126/science.7512751
http://doi.org/10.1038/nrc2353
http://doi.org/10.1158/0008-5472.CAN-07-0912
http://doi.org/10.1002/ddr.20265
http://doi.org/10.3389/fonc.2013.00222
http://www.ncbi.nlm.nih.gov/pubmed/24010121
http://doi.org/10.3390/cancers9090116
http://www.ncbi.nlm.nih.gov/pubmed/28869579
http://doi.org/10.3390/cancers13071711
http://doi.org/10.1007/s00259-011-2028-1
http://doi.org/10.1007/s00259-006-0136-0
http://www.ncbi.nlm.nih.gov/pubmed/16791598
http://doi.org/10.1021/ar800243b
http://www.ncbi.nlm.nih.gov/pubmed/19489579
http://doi.org/10.1155/2014/871609
http://www.ncbi.nlm.nih.gov/pubmed/25013808
http://doi.org/10.1042/BST20140206
http://www.ncbi.nlm.nih.gov/pubmed/25399575
http://doi.org/10.7150/thno.13242
http://doi.org/10.3390/cancers13235958
http://www.ncbi.nlm.nih.gov/pubmed/34885066
http://doi.org/10.1186/s13550-021-00842-2
http://doi.org/10.2967/jnumed.115.165720
http://www.ncbi.nlm.nih.gov/pubmed/26635338
http://doi.org/10.2967/jnumed.116.173948
http://doi.org/10.1021/acs.jmedchem.8b01588
http://www.ncbi.nlm.nih.gov/pubmed/30657681

Pharmaceuticals 2023, 16, 56 90of 10

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Quigley, N.G,; Steiger, K.; Richter, F.; Weichert, W.; Hobertick, S.; Kotzerke, J.; Notni, J. Tracking a TGF-beta activator in vivo:
Sensitive PET imaging of avB8-integrin with the Ga-68-labeled cyclic RGD octapeptide trimer Ga-68-Triveoctin. ENMMI Res.
2020, 10, 133. [CrossRef]

Roesch, S.; Lindner, T.; Sauter, M.; Loktev, A.; Flechsig, P.; Miiller, M.; Mier, W.; Warta, R.; Dyckhoff, G.; Herold-Mende, C.; et al.
Comparison of the RGD Motif-Containing av (36 Integrin-Binding Peptides SFLAP3 and SFITGv6 for Diagnostic Application in
HNSCC. J. Nucl. Med. 2018, 59, 1679-1685. [CrossRef]

Hausner, S.H.; Bold, R.J.; Cheuy, L.Y.; Chew, H.K.; Daly, M.E.; Davis, R.A.; Foster, C.C.; Kim, E.J.; Sutcliffe, J.L. Preclinical
Development and First-in-Human Imaging of the Integrin avB6 with ['®F]avB6-Binding Peptide in Metastatic Carcinoma. Clin.
Cancer Res. 2019, 25, 1206-1215. [CrossRef]

Kimura, R.H.; Wang, L.; Shen, B.; Huo, L.; Tummers, W.; Filipp, F.V.; Guo, HW.H.; Haywood, T.; Abou-Elkacem, L.; Baratto, L.;
et al. Evaluation of integrin avf34 cystine knot PET tracers to detect cancer and idiopathic pulmonary fibrosis. Nat. Commun.
2019, 10, 4673. [CrossRef]

Quigley, N.Q.; Steiger, K.; Hobertick, S.; Czech, N.; Zierke, M.A.; Pretze, M.; Richter, F.; Kossatz, S.; Weichert, W.; Pox, C,;
et al. PET/CT imaging of head-and-neck and pancreatic cancer in humans by targeting the “Cancer Integrin” ov36 with
Ga-68-Trivehexin. Eur. |. Nucl. Med. Mol. Imaging 2022, 49, 1136-1147. [CrossRef]

Barczyk, M.; Carracedo, S.; Gullberg, D. Integrins. Cell Tissue Res. 2010, 339, 269-280. [CrossRef] [PubMed]

Slack, R.J.; Macdonald, S.J.E; Roper, ].A.; Jenkins, R.G.; Hatley, R.J.D. Emerging therapeutic opportunities for integrin inhibitors.
Nat. Rev. Drug Discov. 2021, 21, 60-78. [CrossRef] [PubMed]

Simetek, J.; Wester, H.J.; Notni, . Copper-64 labelling of triazacyclononane-triphosphinate chelators. Dalton Trans. 2012, 41,
13803-13806. [CrossRef] [PubMed]

Sani, S.; Messe, M.; Fuchs, Q.; Pierrevelcin, M.; Laquerriere, P.; Entz-Werle, N.; Reita, D.; Etienne-Selloum, N.; Bruban, V,;
Choullier, L.; et al. Biological Relevance of RGD-Integrin Subtype-Specific Ligands in Cancer. ChemBioChem 2021, 22, 1151-1160.
[CrossRef]

Notni, J.; Gassert, F.T.; Steiger, K.; Sommer, P.; Weichert, W.; Rummeny, E.J.; Schwaiger, M.; Kessler, H.; Meier, R.; Kimm, M.A.
In-Vivo Imaging of Early Stages of Rheumatoid Arthritis by «5p31-Integrin Targeted Positron Emission Tomography. EJNMMI
Res. 2019, 9, 87. [CrossRef]

Moyle, M.; Napier, M.A.; McLean, J.W. Cloning and expression of a divergent integrin subunit g. J. Biol. Chem. 1991, 266,
19650-19658. [CrossRef] [PubMed]

Rehm, J.; Kotzerke, J.; Winzer, R.; Notni, J. PET/CT and PET/MR imaging with Ga-68-TVH in patients with pancreatic cancer—
First clinical experience. Eur. J. Nucl. Med. Mol. Imaging 2022, 49, S180.

Niu, J.; Li, Z. The roles of integrin «v[36 in cancer. Cancer Lett. 2017, 403, 128-137. [CrossRef]

De Geus, S.W.L.; Boogerd, L.S.E; Swijnenburg, R.].; Mieog, ].5.D.; Tummers, W.S.E].; Prevoo, H.A.].M.; Sier, C.EM.; Morreau, H.;
Bonsing, B.A.; van de Velde, C.J.H.; et al. Selecting Tumor-Specific Molecular Targets in Pancreatic Adenocarcinoma: Paving the
Way for Image-Guided Pancreatic Surgery. Mol. Imaging Biol. 2016, 18, 807-819. [CrossRef]

Steiger, K.; Schlitter, A.M.; Weichert, W.; Esposito, I.; Wester, H.].; Notni, J. Perspective of av6-Integrin Imaging for Clinical
Management of Pancreatic Carcinoma and Its Precursor Lesions. Mol. Imaging 2017, 16, 1536012117709384. [CrossRef]

Hausner, S.H.; DiCara, D.; Marik, J.; Marshall, ].E; Sutcliffe, ].L. Use of a peptide derived from foot-and-mouth disease virus for
the Noninvasive Imaging of human cancer: Generation and evaluation of 4-['8F]fluorobenzoyl A20FMDV?2 for in vivo imaging
of integrin ay 34 expression with positron emission tomography. Cancer Res. 2007, 67, 7833-7840. [CrossRef] [PubMed]

Kimura, RH.; Cheng, Z.; Gambhir, S.S.; Cochran, J.R. Engineered Knottin Peptides: A New Class of Agents for Imaging Integrin
Expression in Living Subjects. Cancer Res. 2009, 69, 2435-2442. [CrossRef] [PubMed]

Maltsev, O.V.; Marelli, U.K,; Kapp, T.G.; Di Leva, ES.; Di Maro, S.; Nieberler, M.; Reuning, U.; Schwaiger, M.; Novellino, E.;
Marinelli, L.; et al. Stable Peptides Instead of Stapled Peptides: Highly Potent av36-Selective Integrin Ligands. Angew. Chem. Int.
Ed. 2016, 55, 1535-1539. [CrossRef] [PubMed]

Ganguly, T.; Davis, R.A.; Foster, C.C.; Harris, R.E.; Hausner, S.E.; Roncali, E.; Tang, S.Y.; Sutcliffe, J. Preclinical evaluation of 68Ga-
and 7Lu-labeled integrin av6-targeting radiotheranostic peptides. J. Nucl. Med. 2022, 63. [CrossRef]

Feng, X.; Wang, Y.; Lu, D.; Xu, X.; Zhou, X.; Zhang, H.; Zhang, T.; Zhu, H.; Yang, Z.; Wang, F; et al. Clinical Translation of a
68Ga-Labeled Integrin oty Bg—Targeting Cyclic Radiotracer for PET Imaging of Pancreatic Cancer. . Nucl. Med. 2020, 61, 1461-1467.
[CrossRef]

Di Leva, ES.; Tomassi, S.; Di Maro, S.; Reichart, F.; Notni, J.; Dangi, A.; Marelli, U.K.; Brancaccio, D.; Merlino, F.; Wester, H.-J ;
et al. From a Helix to a Small Cycle: Metadynamics-Inspired av(36 Integrin Selective Ligands. Angew. Chem. Int. Ed. 2018, 57,
14645-14649. [CrossRef]

Quigley, N.G.; Tomassi, S.; Di Leva, ES.; Di Maro, S.; Richter, F; Steiger, K.; Kossatz, S.; Marinelli, L.; Notni, J. Click-Chemistry
(CuAAC) Trimerization of an av36 Integrin Targeting Ga-68-Peptide: Enhanced Contrast for in-Vivo PET Imaging of Human
Lung Adenocarcinoma Xenografts. ChemBioChem 2020, 21, 2836-2843. [CrossRef]

Meecham, A.; Cutmore, L.C.; Protopapa, P.; Rigby, L.G.; Marshall, J.F. Ligand-bound integrin «v[36 internalisation and trafficking.
Front. Cell Dev. Biol. 2022, 10, 920303. [CrossRef]


http://doi.org/10.1186/s13550-020-00706-1
http://doi.org/10.2967/jnumed.118.210013
http://doi.org/10.1158/1078-0432.CCR-18-2665
http://doi.org/10.1038/s41467-019-11863-w
http://doi.org/10.1007/s00259-021-05559-x
http://doi.org/10.1007/s00441-009-0834-6
http://www.ncbi.nlm.nih.gov/pubmed/19693543
http://doi.org/10.1038/s41573-021-00284-4
http://www.ncbi.nlm.nih.gov/pubmed/34535788
http://doi.org/10.1039/c2dt31880f
http://www.ncbi.nlm.nih.gov/pubmed/23044866
http://doi.org/10.1002/cbic.202000626
http://doi.org/10.1186/s13550-019-0541-6
http://doi.org/10.1016/S0021-9258(18)55042-0
http://www.ncbi.nlm.nih.gov/pubmed/1918072
http://doi.org/10.1016/j.canlet.2017.06.012
http://doi.org/10.1007/s11307-016-0959-4
http://doi.org/10.1177/1536012117709384
http://doi.org/10.1158/0008-5472.CAN-07-1026
http://www.ncbi.nlm.nih.gov/pubmed/17699789
http://doi.org/10.1158/0008-5472.CAN-08-2495
http://www.ncbi.nlm.nih.gov/pubmed/19276378
http://doi.org/10.1002/anie.201508709
http://www.ncbi.nlm.nih.gov/pubmed/26663660
http://doi.org/10.2967/jnumed.122.264749
http://doi.org/10.2967/jnumed.119.237347
http://doi.org/10.1002/anie.201803250
http://doi.org/10.1002/cbic.202000200
http://doi.org/10.3389/fcell.2022.920303

Pharmaceuticals 2023, 16, 56 10 of 10

49.

50.

51.

52.

53.

54.

Moore, K.M,; Desai, A.; de Luxdn Delgado, B.; Trabulo, SM.D.; Reader, C.; Brown, N.E;; Murray, E.R; Brentnall, A.; Howard,
P; Masterson, L.; et al. Integrin av[6-specific therapy for pancreatic cancer developed from foot-and-mouth-disease virus.
Theranostics 2020, 10, 2930-2942. [CrossRef]

Davis, R.A.; Ganguly, T.; Harris, R.; Hausner, S.A.; Kovacs, L.; Sutcliffe, J.L. An Integrin «v[36 Binding Peptide-Drug-Conjugate
For Tumor Targeted Drug Delivery. In Proceedings of the World Molecular Imaging Conference (WMIC), Miami, FL, USA, 28
September—1 October 2022; p. 499.

Ludwig, B.L.; Tomassi, S.; Di Maro, S.; Di Leva, ES.; Benge, A.; Reichart, F.; Nieberler, M.; Kiithn, FE.; Kessler, H.; Marinelli, L.;
et al. The organometallic ferrocene exhibits amplified anti-tumor activity bytargeted delivery via highly selective ligands to av {33,
avf36, or «5f31 integrins. Biomaterials 2021, 271, 120754. [CrossRef]

John, A.E.; Graves, R.H.; Tao Pun, K.; Vitulli, G.; Forty, E.J.; Mercer, PM.; Morrell, ].L.; Barrett, ] W.; Rogers, R.F.; Hafeji, M.;
et al. Translational pharmacology of an inhaled small molecule «v[36 integrin inhibitor for idiopathic pulmonary fibrosis. Nat.
Commun. 2020, 11, 4659. [CrossRef] [PubMed]

Takasaka, N.; Seed, R.I.; Cormier, A.; Bondesson, A.].; Lou, J.; Elattma, A ; Ito, S.; Yanagisawa, H.; Hashimoto, M.; Ma, R.; et al.
Integrin ov38-expressing tumor cells evade host immunity by regulating TGF-f activation in immune cells. JCI Insight 2018,
3, e122591. [CrossRef] [PubMed]

Bagati, A.; Sushil Kumar, S.; Jiang, P.; Pyrdol, J.; Zou, A.E.; Godicelj, A.; Mathewson, N.D.; Cartwright, A.N.R.; Cejas, P.; Brown,
M.; et al. Integrin avp6-TGFp-SOX4 Pathway Drives Immune Evasion in Triple-Negative Breast Cancer. Cancer Cell 2021, 39,
54-67. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.7150/thno.38702
http://doi.org/10.1016/j.biomaterials.2021.120754
http://doi.org/10.1038/s41467-020-18397-6
http://www.ncbi.nlm.nih.gov/pubmed/32938936
http://doi.org/10.1172/jci.insight.122591
http://www.ncbi.nlm.nih.gov/pubmed/30333313
http://doi.org/10.1016/j.ccell.2020.12.001
http://www.ncbi.nlm.nih.gov/pubmed/33385331

	Prologue: About Ideas and Their Public Perception 
	The Origins and Perception of RGD 
	The History of the RGD Motif in (Radio-)pharmaceuticals 
	RDG-Binding Integrins as Targets for Radio-Theranostics 
	The Future of RGD Is Bright 
	Epilogue 
	References

