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Abstract: Arg-Gly-Asp (RGD)-binding integrins, e.g., avf33, avpl, avp5 integrins, are currently
regarded as privileged targets for the delivery of diagnostic and theranostic agents, especially in
cancer treatment. In contrast, scarce attention has been paid so far to the diagnostic opportunities
promised by integrins that recognize other peptide motifs. In particular, a4p1 integrin is involved
in inflammatory, allergic, and autoimmune diseases, therefore, it represents an interesting thera-
peutic target. Aiming at obtaining simple, highly stable ligands of a4f1 integrin, we designed hy-
brid a/f peptidomimetics carrying linkable side chains for the expedient functionalization of bio-
materials, nano- and microparticles. We identified the prototypic ligands MPU-
PA-(R)-isoAsp(NHPr)-Gly-OH (12) and MPUPA-Dap(Ac)-Gly-OH (13) (MPUPA, methylphenyl-
ureaphenylacetic acid; Dap, 2,3-diamino propionic acid). Modification of 12 and 13 by introduction
of flexible linkers at isoAsp or Dap gave 49 and 50, respectively, which allowed for coating with
monolayers (ML) of flat zeolite crystals. The resulting peptide-zeolite MLs were able to capture
selectively a4f1 integrin-expressing cells. In perspective, the a4f1 integrin ligands identified in
this study can find applications for preparing biofunctionalized surfaces and diagnostic devices to
control the progression of a4{31 integrin-correlated diseases.

Keywords: inflammation; allergy; a4p1 integrin; hybrid o/f3 peptide; monolayer; zeolite; micro-
crystals; nanoparticles

1. Introduction

Integrins are one of the major families of adhesion receptors that mediate cell-cell
and cell-extracellular matrix interactions (ECM). These heterodimeric transmembrane
proteins are composed by diverse ot and {3 subunits, giving rise in mammals to 24 possi-
ble a/p heterodimers [1]. Integrins, expressed on many cell types, regulate fundamental
functions, such as adhesion, signaling, and viability, but they are also deeply involved in
a variety of diseases, including the initiation and progression of cancer, coronary dis-
eases, inflammatory, and autoimmune pathologies. Consequently, antibodies (Ab) or
small molecules that block integrin functions have attracted significant attention as po-
tential drugs [2].

The endogenous ligands of integrins are glycoproteins expressed on the cell surface,
e.g., the vascular cell adhesion molecule-1 (VCAM-1) and the intercellular adhesion
molecule, or proteins of the ECM, including collagens, fibronectins (FN), vitronectin,
laminins, and fibrinogen. The Arg-Gly-Asp (RGD) tripeptide motif was identified in 1984
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as a minimal integrin recognition sequence within FN [3]. Later, this tripeptide was
found to bind to several integrins, including av(33, avp1, avB5, avp6, avps, a5p1, a8fl,
expressed on cancer cells, and allb3, integrin expressed on platelets. Other integrins
may interact with their ligands by recognizing different peptide motifs. Hence, peptide
or peptidomimetic antagonist ligands that reproduce the integrin-binding sequences can
be utilized to interfere with integrin-ligand interactions [4].

Unfortunately, most RGD antagonists gave contrasting results and repeatedly failed
to demonstrate therapeutic benefits in cancer patients [5]. In search for alternative utili-
zations, [6] the RGD ligands have been conjugated to drugs, drug carrier systems, fluo-
rescent tags, nanoparticles (NPs), materials, etc., for cancer therapy or imaging, [7,8] and
more recently for innovative applications, such as smart and responsive materials [9,10].
To the purpose, several RGD peptides equipped with suitable linkable side chains have
been designed. Examples of cyclic (1-4) [11-13] or peptidomimetic (5) [14] RGD ligands
are shown in Figure 1. In particular, the cyclopeptide ¢(RGDfK) (1), developed by H.
Kessler’s group, [15] has become very popular, since the lysine enables the linkage of the
peptide to a variety of spacers and materials [16-18].
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Figure 1. Examples of RGD peptide (1-4) or peptidomimetic (5) integrin ligands recognized by integrins expressed on
cancer cells (e.g., avp3, a5p1). Functional groups exploitable for peptide conjugation are rendered in red. The
a4Bl-integrin selective antagonist BIO1211 contains the LDV binding motif and a diphenylurea moiety. The o/p-hybrid
DS70 (6), designed as an analogue of BIO1211, includes a central (32-Pro scaffold.

On the other hand, very little attention has been paid so far to the use of integ-
rin-binding motifs different from RGD for material biofunctionalization. In particular,
a4pl integrin recognizes the Leu-Asp-Val-Pro (LDVP) peptide in FN, the
Leu-Asp-Thr-Ser (LDTS) sequence in the mucosal addressing cell adhesion molecule-1
(MAdCAM-1), and Ile-Asp-Ser (IDS) in VCAM-1. The a4p1 integrin, also known as
CD49d/CD29 or as very late antigen-4 (VLA-4), is expressed on most leukocytes and
plays a crucial role in inflammation, allergy, and autoimmune diseases, e.g., multiple
sclerosis (MS), but also in cancer development, metastasis, and stem cell mobilization or
retention [19]. Targeting a4p1 integrin with the humanized monoclonal antibody (mAb)
natalizumab has already proven to be successful for the treatment of highly active re-
lapsing and remitting MS [20]. Several peptidomimetic o431 integrin antagonists are
currently under investigation for diverse pathologies, such as asthma, [21] allergic con-
junctivitis, [22] age-related macular degeneration (AMD) [23], etc.

In perspective, materials functionalized with a4f1 integrin-binding peptides might
consent to design devices for the detection and quantification of leucocytes expressing
active a4f1 integrins. The opportunity to detect leukocyte integrin binding for diagnostic
applications has been proposed by several authors [24-29]. For instance, the binding of
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the monoclonal antibody N29 to activated 31 integrin on eosinophils was exploited in a
patented kit related to asthma control; the integrin amount above a minimum threshold
was used as an indicator of decreased lung function [30].

Within this field, very recently we designed a biomaterial constituted by a flat
monolayer of microcrystals, capable of reproducing the cell-adhesive multivalency in-
tegrin-ligand interaction at the endothelial surfaces in the proximity of the site of in-
flammation [31]. The monolayers were coated with a peptide ligand derived from the
potent a4pl integrin antagonist BIO1211 (Figure 1), MPUPA-Leu-Asp-Val-Pro-OH,
which includes the LDV minimal epitope of the endogenous ligand FN, plus the MPUPA
moiety (methylphenylureaphenylacetic acid) at the N-terminus, which strongly in-
creased the affinity for a4 integrins [32]. This microstructured surface allowed significant
and selective detection of a4f31 integrin-expressing cells. Unfortunately, the practical
utility of this prototypic device is diminished by the poor stability of BIO1211 in physio-
logical conditions, e.g., heparinized blood, plasma and rat liver, lung and intestinal ho-
mogenates, where it is metabolized by hydrolytic cleavage of the terminal dipeptide
moiety, giving a sequence much less active than the parent compound [33,34].

Aiming at increasing the stability of the peptidic surface, we turned our attention to
peptidomimetics composed of a- and $-amino acids [35]. 3-Amino acids are classified as
[3* when the side chain is located adjacent to the 3-amino group, or 32 when the side chain
is adjacent to the carboxylic acid group (Figure 2) [36,37]. In the framework of a program
directed to the synthesis of hybrid a/p-peptide integrin ligands [38-41], we identified the
selective a4p1 integrin antagonist DS70 (6), containing the (S)-pyrrolidine-3-carboxylate
(B-Pro) scaffold (Figure 1) [22]. Compound 6 showed a noteworthy affinity for the iso-
lated a4f1 integrin (ICso = 8.3 nM). Consistently, 6 reduced the adhesion of a4p1 integ-
rin-expressing cells to VCAM-1 (ICso = 5.04 nM) or EN (ICso = 4.3 nM). Interestingly, the
hybrid structure conferred to this compound a good enzymatic stability, as estimated by
incubation in mouse serum [22].
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Figure 2. Sketches of candidate a4f1 integrin ligands 7-14 based on a hybrid a/B-peptidic structure.
In the boxes, model 3% or f?-aminoacids, i.e., 33-Ala and 3?-Ala, and (3°- or 3?>-residues carrying side
chain functional groups suitable for diverse linker connections, i.e., isoAsp and Dap, respectively,
are shown. Functional groups exploitable for peptide conjugation are rendered in red; these are
terminated with n-propylamine in 11 and 12, and with Acin 13 and 14.

These results prompted us to design analogues of the hybrid o/p-peptide 6 con-
taining diverse 3-amino acid cores, equipped with versatile functional groups for expe-
dient connection to linkers (Figure 2) suitable for chemoselective functionalization of bi-
ocompatible materials.
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2. Materials and Methods
2.1. General Methods

Standard chemicals were obtained from commercial sources. The purity of inter-
mediates and final products were analyzed by reverse-phase (RP) HPLC, performed on
Agilent 1100 series apparatus (Agilent; Technologies, Waldbronn, Germany), equipped
with a RP column Phenomenex (Torrance, CA, USA) No 00D-4439-Y0 Gemini 3 um C18
110 A, LC column 100 x 3.0 mm; diode-array detector (DAD) A = 210 nm and 254 nm;
mobile phase: from 9:1 HxO/acetonitrile (ACN) containing 0.1% formic acid to 2:8
H20/ACN containing 0.08% formic acid in 20 min, flow rate 1.0 mL min'. Semiprepara-
tive RP HPLC utilized an Agilent 1100 apparatus, equipped with a RP column ZORBAX
No 977150-102 Eclipse XDB C18 PrepHT cartridge 21.2 x 150 mm, 7 pm (Agilent Tech-
nologies, Santa Clara, CA, US); mobile phase: from 8:2 H:O/ACN/0.1% trifluoroacetic
acid (TFA) to 100% CAN/0.1% TFA in 10 min, flow rate 12 mL min. Electrospray ioni-
zation MS analysis was performed on a HP mass spectrometer MSD 1100 detector (Ag-
ilent Technologies) with single quadrupole. 'H NMR analysis was performed on a Varian
Gemini 400 MHz apparatus (Agilent Technologies); peptide samples were dissolved in
DMSO-d6 to the final concentration of 0.01 M and analyzed in 5 mm tubes at rt. Water
suppression required the PRESAT presaturation procedure. Chemical shifts (0) are ex-
pressed as p.p.m., using DMSO as an internal standard (OH = 2.50 p.p.m.). The assign-
ment of all resonances was based on two-dimensional gradient selected correlation
spectroscopy experiments (gCOSY).

2.2. Peptide Synthesis

Boc-p*-homoAla-Gly-OBn (S)-33, (R)-34. A mixture of (5)-21 or (R)-22 (0.25 mmol,
Supplementary Materials), hydroxybenzotriazole (HOB, 0.4 mmol),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimideHCl (EDC, 0.4 mmol), and TEA (0.8
mmol), in 4:1 DCM/DMF (5 mL), was stirred at rt under Nz atmosphere. After 15 min,
H-Gly-OBn'TFA (0.3 mmol) was added, and the mixture was stirred under N2 at rt over-
night. Then, the solvent was evaporated at reduced pressure, and the residue was diluted
with EtOAc (30 mL). The suspension was washed with 0.1 M HCl (5 mL), and a saturated
solution of NaHCO:s (5 mL). The organic layer was dried over Na:50Os, filtered, and the
solvent was evaporated at reduced pressure. Purification by flash chromatography over
silica gel (eluent: cyclohexane/EtOAc 60:40) allowed the isolation of (5)-33 (73%) or (R)-34
(63%) as a white solid. Rf = 0.23 in cyclohexane/EtOAc 50:50. ESI-MS m/z calculated for
(C1sH26N20sNa)*: 373.2, found: 373.0 (M+Na)*.

H-p3-HomoAla-Gly-OBn'TFA (5)-35, (R)-36. The peptide (5)-33 or (KR)-34 (0.19
mmol) was treated with 25% TFA in DCM (5 mL) at 0 °C, and the mixture was shaken at
rt for 1 h. Then, the solvent was evaporated at reduced pressure, and ice-cold Et2O was
added to precipitate the peptide(S)-35 or (R)-36 as TFA salt in quantitative yield. The salt
was collected by filtration, and used for the next step without further purifications.
ESI-MS m/z calcd. for [CisH1oN20s]*: 251.1, found: 251.2 [M+H]*.

MPUPA-$3-homoAla-Gly-OBn (5)-37, (R)-38. The intermediate (5)-35 or (R)-36 (69
mg, 0.19 mmol) was coupled in turn with MPUPA (0.2 mmol) in the presence of the ac-
tivating agents EDC/HOBt/TEA (0.4/0.4/0.8 mmol), under the same conditions described
above. After the usual work up, the resulting crude residue was purified by flash chro-
matography over silica gel (eluent: cyclohexane/EtOAc 40:60), giving (5)-37 (85%) or
(R)-38 (96%) as a white solid. Rf = 0.18 in EtOAc/MeOH 95:5). ESI-MS m/z calculated for
(C20H3N4Os)*: 517.2, found: 517.0 (M+H)*.

MPUPA-{33-homoAla-Gly-OH (5)-7, (R)-8. The protected (S)-37 or (R)-38 (0.18 mmol)
was subjected to catalytic hydrogenation over 10% Pd/C (w/w) in dry EtOH (20 mL) at rt
for 24 h. The mixture was filtered over Celite®, the filter was washed with EtOH, and the
solvent was evaporated at reduced pressure. The residues were purified by semiprepar-
ative RP HPLC (general methods) yielding the final (S)-7 (76%, 93% pure) or (R)-8 (87%,
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95% pure) as a white solid. Purity was assessed by analytical RP HPLC (general meth-
ods); Rt = 4.4 min. '"H NMR (600 MHz, DMSO-ds) 0 8.95 (s, 1H, ureaNH), 8.20 (dd, ] = 6.0,
5.4 Hz, 1H, GlyNH), 7.90 (d, | = 7.8 Hz, 1H, (*-AlaNH), 7.88 (s, 1H, ureaNH), 7.83 (d, ] =
8.4 Hz, 1H, ArHs), 7.36 (d, ] = 8.4 Hz, 2H, ArHzs), 7.20-7.09 (m, 4H, ArHss + ArHss), 6.93
(dd, J=7.6, 7.2 Hz, 1H, ArHa), 4.05 (dd, | = 14.4, 7.8 Hz, 1H, 3*-AlaHp), 3.72 (dd, ] =174,
6.0 Hz, 2H, GlyHa), 3.30 (s, 2H, PhCH-z), 2.35 (dd, ] = 13.8, 5.4 Hz, 1H, p*-AlaHa), 2.23 (s,
3H, ArCHs), 2.18 (dd, | = 13.8, 8.4 Hz, 1H, (*-AlaHa), 1.05 (d, ] = 6.6 Hz, 3H, CHs). 3C
NMR (150 MHz, DMSO-ds) d 172.0, 171.1, 170.1, 153.4, 138.8, 138.1, 130.8, 130.4, 129.9,
128.1, 126.8, 123.3, 121.6, 118.6, 43.0, 42.5, 41.2, 40.6, 20.6, 18.5. ESI-MS m/z calculated for
(C22HzzN4Os)*: 427 .2, found: 427.0 (M+H)*.

MPUPA-{-homoAla-OMe (5)-40, (R)-41. A stirred solution of MPUPA (1.0 mmol),
HOBt (1.3 mmol), 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluorobo-
rate (TBTU, 1.3 mmol), and N,N-diisopropylethylamine (DIPEA, 2.6 mmol) in 4:1
DCM/DMF (8 mL) was stirred at rt under N2. After 15 min, the amine (5)-27 or (R)-28 (1.0
mmol, Supplementary Materials) was added, and the mixture was stirred at rt under N2
overnight. Then, the mixture was concentrated at reduced pressure, and the residue was
diluted with EtOAc (30 mL). The mixture was washed with 0.1 M HCI (5 mL) and a sat-
urated solution of NaHCOs (5 mL). The organic layer was dried over Na2SOs and the
solvent evaporated at reduced pressure, affording the intermediate (S)-40 (71%) or (R)-41
(61%), which was used for the next step without further purifications. ESI-MS m/z calcu-
lated for (C21H26N304)*: 384.2, found: 384.2 (M+H)*.

MPUPA-B2-homoAla-OH (S)-42, (R)-43. The hydrolysis of the methyl ester of (S)-40
or (R)-41 (0.12 mmol) was carried out by treatment with LiOH (0.2 mmol) in 2:1 THF/H20
(v/v, 4 mL) at 0 °C. The reaction was stirred at rt and the progress was checked by TLC.
After 3 h, the pH of the mixture was lowered to 4 at 0 °C by adding 0.1 M HCl dropwise,
then the mixture was concentrated at reduced pressure. The crude intermediate (5)-42 or
(R)-43 was obtained in quantitative yield and was used for the next step without further
purification. ESI-MS m/z calculated for (C20H24N3O4)*: 370.2, found: 370.2 (M+H)-.

MPUPA-B2-homoAla-Gly-OtBu (5)-44, (R)-45. The intermediate 42 or 43 (0.12 mmol)
was coupled with H-Gly-OtBu-HCI (0.12 mmol) in the presence of HOBt/TBTU/DIPEA
(0.15/0.15/0.2 mmol), as reported above. After the usual work up, the residue was sub-
jected to purification by semipreparative RP HPLC, giving (5)-44 (50%, 96% pure) or
(R)-45 (54%, 94% pure) (general methods). Purity was assessed by analytical RP HPLC
(general methods). ESI-MS m/z calculated for (C26H3sN4Os)*: 483.3, found: 483.2 (M+H)*.

MPUPA-2-homoAla-Gly-OH (5)-9, (R)-10. The tBu-protecting group was removed
from (5)-44 or (R)-45 (1.0 mmol) by treatment with 50% TFA in DCM (3 mL) at 0 °C, and
the mixture was shaken at rt for 3 h. Then, the solvent was removed at reduced pressure,
and the peptide (5)-9 (95% pure) or (R)-10 (94% pure) was precipitated as a white solid
from ice-cold Et20 in nearly quantitative yield. Purity was assessed by analytical RP
HPLC (general methods); Rt = 4.5 min. 'H-NMR (400 MHz, DMSO-de) 0 8.93 (s, 1H,
ureaNH), 8.17 (dd, ] = 6.0, 5.6 Hz, 1H, GlyNH), 7.90 (d, ] = 6.0 Hz, 1H, 32-AlaNH), 7.87 (s,
1H, ureaNH), 7.83 (d, ] = 8.4 Hz, 1H, ArHs), 7.36 (d, ] = 8.4 Hz, 2H, ArHz¢), 7.20-7.09 (m,
4H, ArHss+ ArHss), 6.93 (dd, ] = 7.6, 7.2 Hz, 1H, ArHa), 3.73 (dd, | = 17.6, 6.0 Hz, 2H,
GlyCHyz), 3.35-3.30 (m, 2H, PhCHz), 3.11 (dd, ] = 7.2, 5.6 Hz, 2H, p2-AlaHp), 2.55-2.50 (m,
1H, p*-AlaCHa), 2.23 (s, 3H, ArCHs), 0.97 (d, ] = 6.0 Hz, 3H, CHs). ®*C-NMR (100 MHz,
DMSO-ds) d 174.6, 171.4, 170.5, 152.7, 138.1, 137.4, 130.2, 129.7, 129.3, 127.4, 126.1, 122.6,
121.0, 118.0, 41.9, 41.7, 40.5, 17.9, 15.4. ESI-MS m/z calculated for (C22H27N4Os)*: 427.2,
found: 427.2 (M+H)*.

MPUPA-isoAsp(NHPr)-Gly-OH (S)-11, (R)-12. Wang resin preloaded with
Fmoc-Gly (loading capacity 0.6 mmol/g, 0.15 mmol) was swollen in DMF for 10 min
while shaking into a reactor equipped with a frit. Fmoc cleavage was carried out with
20% piperidine (Pip) in DMF (2 x 5 mL), while shaking at rt for 25 min. The resin was
filtered and washed alternatively with DMF (3 x 4 mL), MeOH (3 x 5mL), and DCM (3 x5
mL).
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Fmoc-isoAsp(NHPr)-OH (S)-31 or (5)-32 (0.3 mmol, Supplementary Materials) was
pre-activated with HOBt (0.36 mmol) in DMF (4 mL) in a separate vial, and after 15 min
the mixture was transferred into the reactor, followed by dicyclohexylcarbodiimide
(DCC, 0.36 mmol). The suspension was gently shaken at rt for 3 h, then the resin was
washed alternatively with DMF (3 x 4 mL), MeOH (3 x 5 mL), and DCM (3 x 5 mL). The
efficacy of the coupling reaction was monitored by the Kaiser test.

The Fmoc peptidyl resin was deprotected by treatment with Pip/DMF (2 x 4 mL), as
reported above. MPUPA (0.3 mmol) was introduced in the presence of HOBt/DCC (0.36
mmol each) as the activating agents, under the same conditions described above.

After the usual work up, the cleavage of the peptide from the resin was carried out
using a mixture of TFA/triisopropylsilane (TIPS)/H20O/PhOH (78:10:10:2 v/v/v/v, 10 mL)
for 2.5 h at rt. The mixture was filtered, and the resin was washed with 1:1 Et2O/DCM
(v/v, 10 mL) containing 1% of TFA. The collected filtrates were concentrated at reduced
pressure at rt, and the crude peptide was triturated in Et2O. Purification by semiprepar-
ative RP HPLC (general methods) gave peptide (5)-11 (82%, 98% pure) or (R)-12 (65%,
96% pure). Purity was assessed by analytical RP HPLC (general methods); Rt = 5.7 min.
H NMR (400 MHz, DMSO-ds) d 8.94 (s, 1H, ureaNH), 8.16 (t, | = 6.0 Hz, 1H, GlyNH), 8.11
(d, ] = 8.0 Hz, 1H, isoAspNH), 7.87 (s, 1H, ureaNH), 7.83 (d, | = 8.4 Hz, 1H, ArHs), 7.67
(dd, J=6.0,5.2 Hz, 1H, CONH), 7.36 (d, ] = 8.4 Hz, 2H, ArHz+), 7.20-7.09 (m, 4H, ArHss +
ArHss), 6.93 (dd, ] =7.6, 7.2 Hz, 1H, ArHa), 4.52 (dd, | = 14.4, 7.2 Hz, 1H, isoAspHa), 3.74
(dd, J = 17.6, 5.6 Hz, 1H, GlyHa), 3.70 (dd, J = 17.6, 5.6 Hz, 1H, GlyHa), 3.39 (s, 2H,
PhCHb>), 2.98 (m, 2H, propyl-CHz), 2.56 (dd, | = 14.8, 6.4 Hz, 1H, isoAspHf), 2.45 (dd, | =
15.2, 7.6 Hz, 1H, isoAspHp), 2.23 (s, 3H, ArCHs), 1.42-1.31 (m, 2H, propyl-CHz), 0.79 (t, ] =
7.4 Hz, 3H, propyl-CHs). 3C NMR (100 MHz, DMSO-de) d 171.2, 170.5, 170.2, 169.6, 152.6,
138.2, 137.4, 130.1, 129.5, 129.4, 127.4, 126.1, 122.6, 120.9, 117.9, 49.8, 41.4, 40.6, 40.4, 37.5,
22.2,17.9,11.2. ESI-MS m/z calculated for (C2sH32N5Oe)*: 498.2, found: 498.0 (M+H)*.

MPUPA-Dap(Ac)-Gly-OH (5)-13, (R)-14. Wang resin preloaded with Fmoc-Gly (0.6
mmol/g loading capacity, 0.24 mmol) was utilized as described above. After Fmoc
cleavage with 20% Pip/DMF (2 x 4 mL), as reported above, coupling reaction with (S)- or
(R)-Fmoc-Asn-OH (0.6 mmol) was carried out in the presence of HOBt/DCC (0.6 mmol)
in DMF (5 mL), as described above.

After the usual work up, the resin was washed twice with a mixture of
THE/DMEF/H20 (2:2:1 v/v/v) and subsequently swollen with the same mixture. After 30
min, a solution of PIFA (0.3 mmol) in THF/DMF/H20 (2:2:1) was added to the resin fol-
lowed by pyridine (0.3 mmol) and the mixture was gently stirred at rt for 3 h. Then, the
resin was washed with DMF (3 x 5 mL), DMF/DIPEA (9:1), and DMEF (3 x 5 mL). The at
least partially effective rearrangement was confirmed by a positive Kaiser test.

The peptide sequence was elongated with MPUPA (0.6 mmol) using the same cou-
pling agents as before, HOBt/DCC (0.6 mmol) in DMF (5 mL). The central Dap(Fmoc)
residue was deprotected with 20% Pip/DMF (2 x 4 mL), giving the intermediates (S)-46 or
(R)-47. Acetylation of the free amine at Dap of (S)-46 or (R)-47 was performed with Ac2O
(5.0 eq) and pyridine (5.0 eq) in DCM, and the resulting suspension was shaken at rt for 1
h.

Cleavage from the resin was carried out using TFA/TIPS/H20 (80:10:10 v/v/v, 10 mL)
at rt for 2.5 h. The reaction was filtered, the resin was washed with EtO, and the mixture
was concentrated at reduced pressure. The residue was transferred into a centrifugation
vial and the peptide was precipitated with ice-cold Et20. The crude peptide was purified
by semipreparative RP HPLC (general methods) to give (5)-13 (70%, 96% pure) or (R)-14
(58%, 95% pure) as a white powder. Purity was assessed by analytical RP HPLC (general
methods); Rt = 3.4 min. '"H-NMR (400 MHz, DMSO-ds) 6 8.97 (s, 1H, ureaNH), 8.19 (dd, | =
6.4, 5.2 Hz, 1H, GlyNH), 7.97-7.91 (m, 2H, DapNHa + DapNH), 7.89 (s, 1H, ureaNH),
7.81 (d, | = 8.0 Hz, 1H, ArHe), 7.36 (d, ] = 8.0 Hz, 2H, ArHzs), 7.19-7.10 (m, 4H, ArHss +
ArHss), 693 (dd, ] = 7.6, 7.2 Hz, 1H, ArHa), 437 (dd, | = 13.6, 8.0 Hz, 1H, DapHau),
3.75-3.68 (m, 2H, GlyHa), 3.41-3.33 (m, 3H, PhCH:+ DapHp), 3.31-3.20 (m, 1H, DapHp),
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2.23 (s, 3H, ArCHs), 1.83 (s, 3H, Ac). *C NMR (100 MHz, DMSO-ds) d 170.9, 170.3, 169.4,
152.7,138.2, 137.5, 130.1, 129.5, 129.4, 127.4, 126.1, 122.6, 120.9, 117.9, 52.5, 41.6, 40.6, 22.6,
17.9. ESI-MS m/z calculated for (C2sH2sN5Oe)*: 470.2, found: 470.2 (M+H)".

MPUPA-(R)-isoAsp(Hda)-Gly-OH-TFA 49. Peptide 49 was prepared in SPPS, as
reported for peptide 12, on a Wang resin preloaded with Fmoc-Gly (0.15 mmol). In brief,
Fmoc cleavage was carried out  with 20% Pip/DMF. Then,
Fmoc-(R)-isoAsp(Boc-Hda)-OH (48, 0.3 mmol, Supplementary Materials) and MPUPA
(0.3 mmol), were coupled in sequence in the presence of HOBt/DCC (0.36 mmol each).
After the usual work up, the cleavage of the peptide from the resin was performed with
TFA/TIPS/H20/PhOH (78:10:10:2 v/v/v/v, 10 mL). Purification by semipreparative RP
HPLC (general methods) gave 49 (63%, 97% pure). Purity was assessed by analytical RP
HPLC (general methods); Rt = 1.9 min. 'H NMR (400 MHz, DMSO-ds) © 9.09 (s, 1H,
ureaNH), 8.68 (br.t, 1H, GlyNH), 8.14 (d, | = 8.0 Hz, 1H, isoAspNH), 8.02-8.12 (m, 3H,
NHs*), 8.02 (s, 1H, ureaNH), 7.82 (d, ] =8.4 Hz, 1H, ArHs), 7.62 (br.t, 1H, CONH), 7.37 (d, |
=8.4 Hz, 2H, ArHzv), 7.10-7.18 (m, 4H, ArHss + ArHss), 6.93 (t, ] =7.2 Hz, 1H, ArHa), 4.50
(m, 1H, isoAspHa), 3.73 (d, ] = 5.6 Hz, 2H, GlyHa), 3.58-3.62 (m, 2H, CHz), 3.30-3.40 (m,
4H, PhCHz2+ CHb>), 2.70-2.78 (m, 2H, CH>), 2.60 (dd, ] = 14.8, 6.4 Hz, 1H, isoAspHp), 2.45
(dd, J=15.2, 7.6 Hz, 1H, isoAspHf), 2.23 (s, 3H, ArCHs), 1.63 (m, 1H, CH2), 1.55-1.55 (m,
3H, CHz), 1.35-1.40 (m, 2H, CHz), 1.20-1.25 (m, 2H, CH>). *C NMR (100 MHz, DMSO-d6)
0 171.6, 171.2, 170.9, 170.1, 153.2, 137.9, 130.6, 129.8, 126.5, 123.0, 121.6, 118.3, 50.3, 44.1,
41.1, 38.7, 29.1, 26.1, 25.9, 22.6, 22.0, 18.2, 15.6. ESI-MS m/z calculated for (C2sH39N¢Os)*:
555.3, found: 555.4 (M+H)".

MPUPA-Dap(Ahx)-Gly-OH-TFA 50. The MPUPA-(S)-Dap-Gly peptidyl resin 46 (0.2
mmol, estimated on the basis of resin load), prepared as described, was functionalized at
the free a-amino group of Dap with Boc-Ahx-OH, preactivated with DCC/HOBt (0.5
mmol) in DMF (5 mL). Eventually, the Boc-protected peptidyl resin was treated with
TFA/TIPS/H20 (80:10:10 v/v/v, 10 mL) at rt for 2.5 h. After the same work up procedure
reported previously, the crude peptide was purified by semipreparative RP HPLC (gen-
eral methods) to give (S)-15 (66%, 97% pure). Purity was assessed by analytical RP HPLC
(general methods); Rt =1.9 min. 'H NMR (400 MHz, DMSO-ds) d 9.57 (s, 1H, ureaNH),
8.31 (s, 1H, ureaNH), 8.23 (t, ] = 5.9 Hz, 1H, GlyNH), 7.99 (t, ] = 5.9 Hz, 1H, DapNHp),
7.96-7.83 (m, 4H, DapNHa + NHs*), 7.81 (d, ] = 8.0 Hz, 1H, ArHs), 7.39 (d, ] =8.2 Hz, 2H,
ArHsgs), 7.08-7.18 (m, 4H, ArHzs + ArHas), 6.92 (t, ] = 7.4 Hz, 1H, ArHs), 4.38 (m, 1H,
DapHa), 3.74 (d, ] = 5.8 Hz, 2H, GlyHa), 3.38 (ddd, ] =13.5, 5.9, 4.8 Hz, 1H, DapHp), 3.34
(s, 2H, PhCHy), 3.28 (ddd, ] = 13.5, 7.1, 5.9 Hz, 1H, DapHf), 2.72-2.77 (m, 2H, AhxHe),
2.25 (s, 3H, PhCH3s), 2.10 (t, ] = 7.5 Hz, 2H, AhxHa), 1.52-1.57 (m, 2H, AhxHd), 1.42-1.48
(m, 2H, AhxHf), 1.22-1.30 (m, 2H, AhxHy). 3C NMR (100 MHz, DMSO-d6) o 172.3,
171.2, 171., 170.51, 153.0, 138.6, 137.6, 130.2, 129.4, 129.3, 127.7, 126.1, 122.6, 121.2, 118.3,
117.9,115.3,52.7,41.7, 40.8, 40.6, 38.7, 35.0, 26.8, 25.5, 24.5, 18.2. ESI-MS m/z calculated for
(C7H37NeOe)*: 541.3, found: 541.2 (M+H)".

2.3. Biochemical Characterization
2.3.1. Cell Culture

All cell lines were purchased from the ATCC (Rockville, MD, USA). Jurkat E6.1 cells
(expressing a4p1) were maintained as a stationary suspension culture in RPMI-1640 (Life
Technologies, Carlsbad, CA, USA) supplemented with 2 mM glutamine and 10% FBS
(fetal bovine serum). HEK293 cells were routinely cultured in EMEM (Lonza, Basel,
Switzerland) enriched with 10% FBS, L-glutamine and nonessential amino acids. Cells
were kept at 37°C under a 5% CO:z humidified atmosphere.

2.3.2. Cell Adhesion Assays on the Endogenous Ligand FN

The adhesion assays were performed as previously described [22]. Briefly, black
96-well plates (Corning Costar, Celbio, Milan, Italy) were coated with FN (10 pg/mL).
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Cells were counted, stained with CellTracker green CMFDA (12.5 uM, 30 min at 37 °C,
Life Technologies), and after three washes with 1% BSA (bovine serum albumin) in HBSS
(Life Technologies) were preincubated with increasing concentrations of the new peptide
ligands (10-19-10- M) or with the vehicle (methanol) for 30 min at 37 °C. Afterwards, cells
were plated (500000/well) on coated wells and incubated for 30 min at 37 °C. After three
washes, adhered cells were lysed with 0.5% Triton X-100 in PBS (30 min at 4 °C) and
fluorescence was measured (Ex485 nm/Em535 nm) in an EnSpire Multimode Plate
Reader (PerkinElmer, Waltham, MA, USA).

The number of adherent cells was obtained by comparison with a standard curve
prepared in the same plate using diverse concentrations of cells. Experiments were car-
ried out in quadruplicate and repeated at least three times. Data analysis and ICso values
were calculated using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA).

2.3.3. Enzymatic Stability

Peptides 12, 13, and BIO1211, were dissolved in Tris buffer (pH 7.4) to give a con-
centration of 10 mM, and 10 pl aliquots of these stock solutions were added to 190 pl of
mouse serum. Incubations were carried out at 37 °C. Aliquots of 20 pl were sampled over
180 min from the mixtures and the samples were diluted with 90 ul of glacial ACN for
precipitating proteins. The mixtures were diluted with 90 pl of 0.5% AcOH and centri-
fuged (13,000 x g, 15 min). The supernatants were collected and the amount of intact
peptides was determined by RP HPLC. The experiments were performed in triplicate
and repeated three times.

2.4. Preparation of the Biofunctionalized Surfaces 49—Zeolite MLs / 50—Zeolite MLs, and of the
Negative References BA—Zeolite MLs / 49-Plates

A mixture of TEA (10 pL) and peptide 49 or 50 (1.5 mg) or n-butylamine (BA, 0.3 mg)
in DMF (1 mL) was dissolved by sonication for 5 min. The IC-zeolite MLs (Supplemen-
tary Materials) were immersed in the solution and heated at 40 °C. After 3 h, the plates
were removed and washed with DMF (5 mL) and EtOH (5 mL), then the MLs were air
dried.

To prepare the negative control 49-plates, bare silica plates were reacted with
ICPTES, and the resulting IC-plates were treated with peptide 49, under the same condi-
tions utilized for the preparation of 49—zeolite MLs.

2.5. Cell Adhesion on 49—Zeolite MLs / 50-Zeolite MLs / BA-Zeolite MLs / 49-Plates

Jurkat or HEK293 (10¢ cells/mL) cells were suspended in 1% BSA in PBS in the
presence of the fluorescent dye CMFDA (6.25 uM) and incubated for 20 min at 37 °C
while gently shaken. At the end of the incubation, the cells were washed three times with
1 mL of 1% BSA in PBS.

The peptide MLs were washed with PBS solution, then they were placed in a 6-well
plate (growth area 8.87 cm?) and seeded with 5 x 105 Jurkat or HEK-293 cells. Each well
was filled with PBS (final volume, 1 mL), and the plates were incubated for 15 min. Af-
terwards, each well was washed twice with PBS and the sample fixed with 3% PFA for 10
min at RT. The plates were washed twice with 0.1% glycine in PBS, and each monolayer
was embedded in Mowiol and analyzed with a confocal laser-scanning microscope.

2.6. Confocal Microscopy

For visualization of the DXP-loaded zeolites in red, fluorescence was excited with a
A =543 nm laser and detected at 650 nm; CMFDA-stained cells were visualized in green
by excitation at 488 nm and detected at A = 530 nm. Images were quantified by Image]J
software version 1.52t, NIH, USA. The number of cells adherent to a surface of 0.0025 cm?2

was determined three times, and the average was expressed as cell-cm2 + S.D. Statistical
comparison was performed using a Student’s t-test; p < 0.05 was considered significant.
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3. Results
3.1. Peptide Design and Synthesis

Moving from the o/f3-hybrid lead 6 (Figure 1), we designed a series of analogues
(Figure 2) containing diverse {3-amino acid cores, while maintaining glycine as the
C-terminal residue and the diphenylurea moiety MPUPA (Figure 2). The mini-library of
[-residues included model homo (3>- or *-amino acids in (S)- or (R)-configuration, i.e.,
[3-Ala (peptides 7, 8) or >-Ala (9, 10), as well as (S)- or (R)-configured (3*- or [3>-residues
carrying side chain functional groups exploitable for expedient connections, i.e., isoas-
partate (isoAsp, 11, 12), or 2,3-diamino propionic acid (Dap, 13, 14), respectively.

The MPUPA moiety was prepared (Supplementary Materials) by reaction between
o-tolyl isocyanate and 2-(4-aminophenyl)acetic acid (Scheme 1).

i o COOH
IO L QR T
NCO

MPUPA  77%

Scheme 1. Synthetic procedure for MPUPA. Reagents and conditions: (i) DMF, rt, 3 h.

3.1.1. Synthesis of 3-Amino Acids

Many (-amino acids are commercially available in diverse protected forms. Never-
theless, we opted for in-house preparations, potentially exploitable for preparing a vari-
ety of (S)- or (R)-, natural or unnatural 3-residues. *-amino acids can be obtained by di-
rect Arndt-Eistert homologation of the corresponding a-amino acids. In several cases,
this procedure was found to be poorly efficient and not suitable for large scale prepara-
tion [42]. Therefore, we utilized the scalable procedure reported by Caputo et. al. (Scheme
2) [43].

The p-amino alcohol (S)-15 or (R)-16 was obtained from (S)- or (R)-Boc-Ala-OH, re-
spectively, by reduction of the mixed anhydride with NaBHa4. The (3-amino alcohol was
then converted into the corresponding (3-amino iodide (S)-17 or (R)-18 by means of tri-
phenylphosphine/iodide complex.

H

iv
J\ i i Jv i Boc- JVCN Boc- JVCOH
BOC\H COH Boc\NJVOH . {BOC\N I} — N — oc H 7)
H

(S)-15 (98%) (S)-17 (S)-19 (40%) (S)-21 (60%)
(R)-16 (89%) (R)-18 (R)-20 (52%) (R)-22 (50%)

Scheme 2. Synthetic procedure for (S)- or (R)-Boc-p*-homoAla. Reagents and conditions: (i) NMM, ethyl chloroformate,
THE, 0 °C, rt, 15 min; then, NaBHa(g) 0 °C, rt, 10 min; (ii) PPhs, I, imidazole, DCM, reflux, 3 h; (iii) KCN, DMSO, 60 °C, 4 h;
(iv) IM KOH/EtOH/ (1:1 v/v), 90 °C, 3 h, then 1M KHSOx.

Due to poor stability under the common separation and purification procedures, the
iodoamino intermediate was used directly without isolation. The subsequent displace-
ment of iodine with potassium cyanide led to (S)-19 or (R)-20, and the final hydrolysis
gave Boc-f33-homoAla-OH (S)-21 or (R)-22 (Scheme 2). The risk of racemization was ex-
cluded by HPLC on a chiral column and polarimetry, as reported [43].

The enantiopure model residue (S)- or (R)-3>-Ala was synthesized as methyl ester by
a modified version of a multi-step procedure previously reported by Lee et al [44]. To-
sylation of (S)- or (R)-p-hydroxy ester provided (5)-23 or (R)-24 in good yield, 87% and
91%, respectively (Scheme 3). The tosylate was treated with NaNs in
N,N-dimethylformamide (DMF) to afford the corresponding azide (S)-25 or (R)-26. Fi-
nally, the catalytic reduction of the crude azide with Hz and the catalytic amount of Pd/C
gave the primary amine (5)-27 or (R)-28.
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i J\ i N J\ i H N\)\
HOJ\COZMe . ™0 CoMe — ° CoMe —>= 2 CO,Me

(S)-23 (87%) (S)-25 (47%) (S)-27 (50%)

(S)or (R) (R)-24 (91%) (R)-26 (51%) (R)-28 (66%)

Scheme 3. Synthetic procedure for (S)- or (R)-B?>-homoAla-OMe. Reagent and conditions: (i) TsCl,
TEA, DCM, 0 °C, rt, overnight; (ii) NaNs, DMF, 50 °C, 16 h; (iii) Hz, Pd/C, EtOH, rt, 12 h.

As anticipated (Figure 2), to introduce a central (3*-homo residue possessing an extra
anchoring point, we selected (S)- or (R)-isoaspartate (isoAsp). The carboxylic acid of
isoAsp can be utilized to connected useful linkers by straightforward reactions (Figure 2).
To mimic such linkers, the a carboxylic group of (S)- or (R)-Fmoc-Asp(OtBu)-OH was
reacted with a simple n-propylamine using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl (EDC)/hydroxybenzotriazole
(HOBt)/triethylamine (TEA) as activating agents, giving the fully protected 29 or 30.
Subsequent  tBu-deprotection = with  trifluoroacetic  acid (TFA) afforded
Fmoc-isoAsp(NHPr)-OH (S)-31 or (R)-32 (Scheme 4 and Supplementary Materials).

H

H
. . /N
Fmoc-Asp(tBu)-OH —» FmOC/NfCOQtBu ", Fmoc I\COZH
HN" S0 HN™ "0
S)-29 63% (S)-31 o
ER)-30 69% (R)}-32 *99%

Scheme 4. Synthetic procedure for (S)- or (R)-Fmoc-B*-isoAsp(NHPr)-OH. Reagents and condi-
tions: (i) n-propylamine, EDC-HCI/HOBt/TEA, DCM/DMEF, rt, 3 h; (ii) TFA/DCM (1:1), rt, 1 h.

Finally, we selected a (3*-amino acid core carrying an amino group side chain, i.e,,
(S)- or (R)-2,3-diaminopropionic acid (Dap) (Figure 2). For the preparation of this residue,
we opted for the Hofmann rearrangement of N-protected (S)- or (R)-Asn in solid phase,
giving the corresponding Dap peptidyl resin (Scheme 8). In this case, the amide side
chain of Asn was intended as a convenient protected precursor of the 3-amino group of
Dap, orthogonal to Fmoc.

3.1.2. Synthesis of Hybrid Peptides

The hybrid sequences 7 and 8 were prepared in solution. Boc-3*-Ala (S)-21 or (R)-22
was coupled with H-Gly-OBn'TFA in the presence of the coupling agents
EDC/HOBY/TEA. The resulting Boc-dipeptide 33 or 34 was treated with TFA and the
deprotected dipeptide 35 or 36 was N-capped with MPUPA using the same activating
agents. Catalytic hydrogenation of the benzyl ester 37 or 38 afforded (S5)-7 or (R)-8 in

good yield after purification by semipreparative reversed phase (RP)-HPLC (7, 76%; 8,
87%; Scheme 5).

Boc. J\/COH _H-Gly-OBn  Boc. coBn - o~ MPUPA

N N H,N N"C0,8n —
(S)-21 (S)-33 (73%) (S)-35 o
(R)-22 (R)-34 (85%) (R)-36 >99%
_-CO2Bn ~~CO2H
(S)-37 (85%) (S)-7 (76%)
(R)-38 (96%) (R)-8 (87%)

Scheme 5. Synthetic procedure for MPUPA-f33-homoAla-Gly-OH, (S)-7, (R)-8. Reagent and condi-
tions: (i) EDC/HOBt, TEA, DCM/DMEF, rt, 12 h; (ii) 25% TFA/DCM, rt, 1 h; (iii) Hz, Pd/C, EtOH, rt, 12
h.
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(S)-27
(R)-28

H-Gly-OtBu
—_—

For the preparation of (5)-9 or (R)-10, 3>-homoAla-OMe (S)-27 or (R)-28 was coupled
in solution with MPUPA in the presence of 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU)/HOBt/N,N-diisopropyl ethyla-
mine (DIPEA). Hydrolysis of the resulting ester 40 or 41 with LiOH gave the carboxylic
acid (5)-42 or (R)-43 that was coupled with H-Gly-OtBu'HCl salt, under the same cou-
pling conditions previously described. The crude mixture was purified by RP HPLC
(general methods) giving (5)-44 or (R)-45 in acceptable yields (4, 50%; 5, 55%).

Finally, deprotection of the tBu group with TFA gave the final peptidomimetic (5)-9
or (R)-10 in almost quantitative yield (Scheme 6) and excellent purity (95 and 94%) after
precipitation from ether.

MPUPA COzMe i COQH
B

(S)-40 (71%) (542 oo,
(R)-41 (61%) (R)-43
sB T s an nust oV Feate
NXN
H H (S)-44 (50%) ()9 ;
(R)-45 (54%) (RI-10 >99%

Scheme 6. Synthetic procedure for MPUPA-32-homoAla-Gly-OH, (S)-9, (R)-10. Reagent and conditions: (i) TBTU, HOBt,
DIPEA, DCM/DME, rt, 12 h; (ii) LiOH, THF/H20, 0 °C, rt, 2 h, then 0.1 N HCJ; (iii) TFA/DCM, rt, 1 h.

Fmoc™

- @ mﬁn‘&koo W @ mﬁ COH

Peptide (S)-11 or (R)-12 was prepared by SPPS on a Wang resin preloaded with
Fmoc-Gly (Scheme 7). The Fmoc group was removed with 20% piperidine (Pip) in DMF.
Coupling with Fmoc-isoAsp(NHPr)-OH (S)-31 or (R)-32 was carried out with dicyclo-
hexylcarbodiimide/ (DCC/HOBt) in DCM/DME. After Fmoc deprotection with Pip/DMEF,
and subsequent coupling with MPUPA, under the same conditions described above, the
cleavage of the peptide was accomplished by treatment of the peptidyl resin with TFA in
the presence of scavengers. The crude product (5)-11 or (R)-12 was precipitated from
ice-cold Et20 and collected in acceptable yields by centrifuge (Scheme 7), and finally pu-
rified by semipreparative RP-HPLC.

H
_N
Fmoc I\COzH
HN™ ~O

e
N N
(9)-31 Fmoc U o-Q i MPUPA

i
(0] — (R)-32 > -
O _ HN™ ~O

ii
Wang resin . \)

(S)-11 (82%)
(R)-12 (65%)

Scheme 7. Synthetic procedure for MPUPA-isoAsp(NHPr)-Gly-OH, (S)-11, (R)-12. Reagent and conditions: (i) 20%
Pip/DMF, rt, 10 min (x2); (i) DCC, HOBt, DCM/DMEF, rt, 3 h; (iii) TFA/H20/TIPS/PhOH (78:10:10:2 v/v/v/v), tt, 2.5 h.

Finally, (5)-13 or (R)-14 were assembled by SPPS on a Wang resin preloaded with
Fmoc-Gly (Scheme 8). After removal of Fmoc group with 20% Pip/DMEF, Fmoc protected
(S)- or (R)-Asn-OH was activated for coupling with (S)- or (R)-Fmoc-Asn-OH in the
presence of DCC/HOBt. The Hofmann rearrangement of the primary amide of Asn into
the corresponding amine was performed on resin using PhI(OCOCEFs)2 (PIFA) and pyri-
dine in DMF/H:O [45]. The resulting Na-Fmoc-Dap residue was coupled at the (3-amino
group with MPUPA under the same conditions described above.
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Then, Fmoc deprotection of Dap gave the peptidyl resin (5)-46 or (R)-47. The sub-
sequent acetylation with Ac2O and pyridine completed the linear sequence. Peptide
cleavage was accomplished by treatment of the resin with TFA and scavengers (Scheme
8). The crude product 13 or 14 was precipitated from ice-cold Et20, collected by centri-
fuge, and purified by semipreparative RP-HPLC (general methods).

In general, after synthesis the crude peptides of all sequences were purified by
semipreparative RP HPLC over a C18 column (general methods), using H20O/acetonitrile
mixtures containing 0.1% trifluoroacetic acid; purity was assessed to be >95% by RP
HPLC; chemical identity was confirmed by ESI-MS, 'H, C and 2D gCosy NMR spec-
troscopy.

(8)-or (R)- ,Fmoc ,Fmoc
i O HN (o} HN o
Fmoc-Asn-OH H% i HN “% MPUPA
e e v e R
i o (Hofmann o) i
rearrangement)

_Fmoc NH o

(S)-46
(R)-47
iv, vl

o)

b NH o, O
3 oyl
0o 0
NN (S)13 (70%)
(R1-14 (58%)

Scheme 8. Synthetic procedure for MPUPA-Dap(Ac)-Gly-OH, (S)-13, (R)-14. Reagents and conditions: (i) 20% Pip/DMF,
rt, 10 min (x2); (ii) DCC/HOBt, DCM/DMEF, tt, 3 h; (iii) PIFA, pyridine, THF/DMF/H:O (2:2:1), tt, 3 h; (iv) Ac:O, pyridine,
DCM, rt, 1 h; (v) TFA/H2O/TIPS/PhOH (78:10:10.2 v/v/v/v), rt, 2.5 h.

3.2. Biochemical Cheracterization

3.2.1. Potency and Selectivity of Hybrid Peptides for Human o431 Integrin as Measured
by Inhibition of Integrin-Mediated Cell Adhesion to Endogenous Ligands

The ability of the reference compounds BIO1211 and 6, and of the new hybrid pep-
tides 7-14, to modulate integrin-mediated cell adhesion to the a41 endogenous ligand
FN, was measured by cell adhesion assays. Integrin ligands able to inhibit cell adhesion
promoted by the endogenous ligand were referred to as antagonist. Jurkat cells, an im-
mortalized cell line of human T lymphocytes, are often utilized as prototypic a4p1 in-
tegrin-expressing cells [22,46]. The reference compound BIO1211 and the hybrid peptide
6 prevented cell adhesion with nanomolar ICso values (Table 1), as previously described
[22,32].

Table 1. Inhibition of a4f1 integrin-mediated Jurkat cell adhesion® to plates coated with the en-
dogenous ligand FN (10 ug/mL) by the reference compounds BIO1211 and DS-70 (6), and by the
new hybrid peptides 7-14.

Compd B-Residue Type Structure ICs0 (nM) P

Leu-Asp-Val-Pro-OH
(o]
BIO1211- @NkNm 55+40¢
H H
[ H
o N\/\;\WN\/COZH .
DS70 6 2 @\hm I 43417
H H
o N%(chozH
MA97 7 B° @H %, rry 4060 + 780
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2In a cell-based assay, the adhesion of Jurkat cells to an immobilized endogenous ligand (FN, 10
pg/mL) was measured. ® Three independent experiments were run in quadruplicate. Data are ex-
pressed as means + SD. < [22].

Concerning the hybrid peptidomimetics, the ICso values strongly varied depending
on the type of 3-residue, on (S)- or (R)-configuration, as well as on the nature of the cen-
tral p-residue side chain. Compound 7, containing (S)-3*-Ala, showed a very modest
micromolar ICso (4.06 uM), and the enantiomer 8 was defined as not active (i.e., ICs0 > 5
uM). As for the peptides containing (3>-Ala, both enantiomers (S)-9 and (R)-10 were not
able to modulate a4f1 integrin-mediated cell adhesion to a significant extent. This result
was somewhat unexpected, since the parent peptide DS-70 (6), containing (S)-[32-Pro, had
a noteworthy nanomolar, ICso (4.3 £ 1.7 nM). Plausibly, the rigid structure of the pyrroli-
dine scaffold conferred to the entire peptide a constrained, more appropriate bioactive
conformation [47].

The experiments performed on the remaining a/f hybrid peptides 11-14 gave highly
contrasting results as compared to the model peptides 7-10 containing [3*- or 3?-Ala (Ta-
ble 1). Peptide 12, containing the (R)-isoAsp(NHPr), showed much higher potency with
respect to the (S) enantiomer 11, ICso = 9.8 nM vs. ICs0 > 5000 nM, respectively. Topolog-
ically, the (R)-configured (3*-amino acid isoAsp is consistent with (5)-33-Ala, since the side
chains of both residues, when observed in the fully extended conformation, remain be-
low the molecular plane (Figure 2). On the other hand, peptide 13 containing the
[2-residue (S)-Dap showed a meaningful ICs in the submicromolar range, while the en-
antiomer 14 was inactive. Apparently, the amide groups at the side chains of 12 and 13
strongly improved the compound’s ability to modulate cell adhesion mediated by o431
integrin, since the topologically corresponding model peptides carrying a simple methyl
side chain were practically inactive (Table 1).

These experiments pointed at 12 and 13 as effective antagonist ligands of a4f1 in-
tegrin, potentially useful for therapeutic applications in inflammatory and allergic pa-
thologies. These opportunities will be fully developed in due course. In addition, for the
presence of functionalized side chains, 12 and 13 can be conveniently exploited in the
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design and preparation of biomaterials capable of reacting to o431 integrin cells, pro-
vided that these compounds display sufficient stability in physiological conditions.

3.2.2. In Vitro Enzymatic Stability of 12, 13

The stability of the hybrid peptides MPUPA-(R)-isoAsp(NHPr)-Gly-OH (12) and
MPUPA-(S)-Dap(Ac)-Gly-OH (13) was estimated in vitro by incubation in mouse serum
at 37°C, in comparison with BIO1211. The incubation mixture was sampled during 180
min and the quantity of intact peptides was determined by HPLC analysis. As shown in
the Supplementary Materials, BIO1211 was rapidly hydrolyzed, since only about 10% of
the initial amount was still present after 1h. On the other hand, the peptides 12 ad 13
appeared to be much more stable under the same conditions, and after 3h the amount of
the two peptides was around 80% and 91%, respectively. These data provide evidence
that the presence of the 3-amino acid markedly increased the enzymatic stability.

The comparatively higher stability of 13 vs. 12 was not completely unexpected. In-
deed, the (S)-pB?-amino acid Dap is topologically consistent with an (R)-a-amino acid
(Figure 2). Hence, the higher stability of 13 could correlate with the presence of the
[-residue as well as with the unnatural display of its side chain.

3.3. Design of Linkable a4p1 Integrin Ligands

The a4f1 integrin ligands MPUPA-(R)-isoAsp(NHPr)-Gly-OH (12) and MPU-
PA-Dap(Ac)-Gly-OH (13) were selected for the biofunctionalization of microstructured
monolayers to provide surfaces potentially capable of recognizing and binding a4{1 in-
tegrin-expressing cells. Although the hybrid peptide 12 was by far the most potent in-
tegrin ligand (Table 1), we utilized 13 also, since the latter appeared to be slightly more
stable, as estimated by incubating the peptides in mouse serum (see above). Hence, we
modified the structures of 12 and 13 (Schemes 9 and 10) by introduction of effective
linkers for anchoring onto the surfaces via urea linkages [17]).

For the modification of peptide 12, (R)-Fmoc-Asp(OBn)-OH was reacted with Boc
mono-protected 1,6-hexanediamine (Boc-Hda, Supplementary Materials) using
EDC/HOBt/TEA as activating agents. Hydrogenolysis gave Fmoc-isoAsp(Boc-Hda)-OH
48 (Scheme 9). Subsequently, 48 was utilized for the SPPS of the peptide MPU-

PA-(R)-isoAsp(Hda)-Gly-OH-TFA (49), under the same conditions described for the
preparation of 12. The treatment with TFA in the presence of scavengers allowed at the
same time peptide cleavage and the removal of the Boc group at Hda (Scheme 9).
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Scheme 9. Synthetic procedure for MPUPA-(R)-isoAsp(Hda)-Gly-OH (49). Reagents and conditions: (i) DCC/HOBE,
DCM/DMF, rt, 3 h; (ii) Hz, Pd/C, EtOH, rt, 12 h; (iii) 20% Pip/DMEF, rt, 10 min (x2); (iv) TFA/H.O/TIPS/PhOH (78:10:10:2

v/vfv/v), rt, 2.5 h.

Boc-¢e-Ahx-OH

(SH46 — »
i

Peptide 13 was modified by substituting the acetyl group with 6-aminohexanoic

acid (Ahx), giving the peptide MPUPA-Dap(Ahx)-Gly-OH-TFA (50). In detail, the
MPUPA-(S)-Dap-Gly peptidyl resin 46, prepared as described in Scheme 8, was func-
tionalized at the free a-amino group with Boc-Ahx-OH, activated with DCC/HOBt.
Eventually, the treatment of the Boc-protected peptidyl resin with TFA/scavengers al-
lowed to cleave the peptide and to deprotect the amino group of Ahx (Scheme 10).
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Scheme 10. Synthetic procedure for MPUPA-(S)-Dap(Ahx)-Gly-OH (48). Reagents and conditions: (i) DCC/HOBE,
DCM/DMEF, rt, 3 h; (ii) TFA/H20/TIPS/PhOH (78:10:10:2 v/v/v/v), rt, 2.5 h.
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3.4. Preparation of Microstructured Surfaces and Functionalization with Peptides 49, 50

As prototypic microstructured substrates to be functionalized by the peptides, we
opted for monolayers of flat zeolite L crystals, positioned over round (g 12 mm) silica
plates [17,48]. These crystals can be conveniently employed for the construction of cell
growth surfaces, being characterized by a large surface area and expedient superficial
functionalization [49]. The plates were treated with aminopropyltriethoxysilane (APTES),
giving aminopropyl (AP)-plates (Supplementary Materials). Flat zeolite L crystals, be-
tween 600 and 1000 nm wide and about 250 nm in height, prepared as reported in the
literature (Supplementary Materials) [48], were loaded for visualization with the dye
N,N°-bis(2,6-dimethylphenyl) perylene-3,4,9,10-tetracarboxylic acid diimide (DXP) [50].
Subsequently, the crystals were treated with 3-(isocyano)-propyltriethoxysilane (ICPTES,
Supplementary Materials).

To immobilize the resulting isocyano (IC)-zeolites, the AP-plates were immersed in
a suspension of IC-zeolites, giving IC—zeolite monolayers (IC-zeolite MLs, Figure 3a),
connected by highly stable urea linkages (Scheme 11).
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Scheme 11. Synthetic procedure for peptidyl-zeolite MLs. Reagents and conditions: (i) toluene, sonication, rt, 30 min; (ii)

TEA, DMF, 40 °C, 3 h. Hda,
layer.

, 1,6-hexanediamine; Ahx, 6-aminohexanoic acid; AP, aminopropyl; IC, isocyano; ML, mono-

The efficacy of each subsequent functionalization of the native zeolites with organic
molecules was assessed by the increase in the percentage values of C(1s) and N(1s) as
determined by X-ray photoelectron spectrometry (XPS) analysis (Table 2 and Supple-
mentary Materials). In particular, the IC—zeolite MLs showed C(1s) and N(1s) values (%)
similar to the values obtained for the unbound zeolites. Thermogravimetric analyses
(TGA) verified a higher weight loss for the functionalized zeolites as compared to the
native zeolites (Supplementary Materials).

Table 2. XPS analysis results (atomic %) for zeolite L materials and the peptide monolayers; mean * SE of three to four
analyses. Bare zeolites showed very low C(1s) and N(1s) signals; these percentage values increased significantly and
consistently to the subsequent functionalization steps.

Material O(1s) N(1s) C(1s) K(2p) Si(2p) Al(2p) O(1s)
Zeolite L 58.0+1.1 0.8+0.2 5.8+0.9 69+1.2 21.5+0.2 70+0.7 58.0+1.1
DXP-zeolite 449+3.8 21+03 21.1+4.0 55+0.8 18.5+2.0 79+3.0 449+3.8
IC—zeolite 29.5+4.0 50+1.0 32.0+6.0 4.0x1.0 179+3.0 11.6 +2.0 29.5+4.0
IC-zeolite ML 359+1.2 53+20 31.0+3.2 1.9+1.0 179 £3.1 80£15 359+1.2
49—zeolite ML 31.2+2.0 83+16 444 +45 08+04 13.5+£2.0 1.8+0.5 31.2+2.0
50-zeolite ML 322+2.3 8.8+21 43.0+2.0 05+0.2 139+19 1.6+0.3 322+23
BA-zeolite ML 37.8+3.0 49+1.1 322 +3.8 1.2+0.3 179+25 6.0+£04 37.8+3.0
IC-plate * 57.4+3.0 09+04 50+1.9 49+1.6 199+20 1.9+09 57.4+3.0
49-plate ! 53.1 +4.0 20+0.6 10.1£3.0 42+1.0 18.1+£2.8 1.6+0.6 53.1+4.0

1 The rest being B, Na, Zn, and Ti.

Eventually, the IC—zeolite MLs were immersed in a solution of peptide 49 or 50 in
DMEF in the presence of TEA to give the monolayers 49—zeolite MLs or 50-zeolite MLs
(Scheme 11). XPS analysis confirmed the large increase of C(1s)/N(1s) percentages.

To challenge the stability under physiological conditions prior to performing the cell
adhesion experiments, peptide—zeolite MLs were immersed at rt for 24 h in mouse serum
diluted in sterile milli-Q water. Then, the monolayers were washed with distilled water.
Subsequent XPS analysis showed the same atomic percent values, confirming the stabil-
ity of the peptidic functionalization (not shown).

Alternatively, IC—zeolite MLs were functionalized with n-butylamine (BA) to afford
BA-zeolite MLs, designed as peptide-negative references. XPS analysis showed a inferior
increase of C(1s)/N(1s) for BA—zeolite MLs as compared to peptide-zeolite MLs (Table 2
and Supplementary Materials).

As a further control, silica plates were directly functionalized with peptide 49
without interposing the crystals (see Discussion). To the purpose, bare silica plates were
reacted with ICPTES, and the IC-plates were treated with peptide 49, under the same
conditions utilized for the preparation of 49-zeolite MLs. XPS analysis of the resulting
49-plates was suggestive of a moderate functionalization (Table 2 and Supplementary
Materials).

3.5. Cell Adhesion Experiments

To measure cell adhesion to peptidyl-zeolite MLs, experiments were performed by
seeding either Jurkat cells, mainly expressing a4{31 integrin [19,31], or HEK-293 control
cells not expressing a4 integrin, which are not expected to adhere upon rapid incubation
[51]. Cells were stained with a green fluorescent dye (CMFDA) and seeded on the pep-
tide monolayers. After a very brief incubation of 15 min, the non-adherent cells were
washed away, while the attached cells were fixed with paraformaldehyde.
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Consistent with the nM ICso of the parent peptide 12, confocal microscopy analysis
(Figure 3b) revealed that 49—zeolite MLs had the highest number of adherent Jurkat cells
(3.6 £ 0.16 x 10* cells/cm, analyzed area: 0.0025 cm? Figure 3g), while the number of ad-

herent integrin-negative control HEK-293 cells was far lower (2.8 + 0.2 x 103 cells/ cm)
(Figure 3¢,g). The monolayers 50-zeolite MLs (Figure 3d) showed a reduced but still re-
markable number of adherent Jurkat cells (1.9 + 0.15 x 10* cells/cm; Figure 3g).

B3 Jurkat cells

HEK-293 cells
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Figure 3. (a) SEM image of IC—zeolite ML. Cell adhesion to peptide monolayers: (b—f) confocal microscopy images of
monolayers after 15 min incubation at 37 °C with 5 x 10° cells; (b) Jurkat cells adhered to 49-zeolite ML; (c) HEK-293 cells
adhered to 49-zeolite ML ; (d) Jurkat cells on 50-zeolite ML; (e) Jurkat cells on BA-zeolite ML; (f) Jurkat cells on 49-plate;
(g) Number of adhered cells/cm? (analyzed area: 0.0025 cm?); data are shown as mean + SD of three independent exper-
iments. *** p < 0.001 vs. HEK-293 seeded onto peptide-zolite ML. Cells are visualized in green, while zeolites are visual-

ized in red.

The peptide-negative reference BA—zeolite ML (Figure 3e) showed almost negligible

adhesion of Jurkat cells (2.6 + 0.2 x 10° cells/cm, Figure 3g). Longer incubation times led to
a moderate but scarcely reproducible increase in the number of adherent cells. Finally,

confocal microscopy showed few adherent Jurkat cells (3.0 + 0.2 x 103 cells/cm) after
seeding onto 49-plates deprived of zeolite crystals (Figure 3f).

4. Discussion

Most inflammatory diseases, including allergies and asthma, are characterized by
a4p1 integrin-mediated extravasation and exaggerated accumulation of leukocytes [52].
Indeed, the activation of lymphocytes promotes both integrin clustering and their switch
to a higher affinity conformation, and these events rapidly strengthen cell interaction
with the endogenous ligands overexpressed on the vascular surface of activated endo-
thelial tissue [19]. Leukocyte migration is also typical of autoimmune diseases charac-
terized by chronic inflammation, e.g., rheumatoid arthritis, autoimmune encephalomye-
litis, and multiple sclerosis [53].

In this scenario, the development of materials capable of interacting specifically with
lymphocytes by specific recognition of a4p1 integrins could find practical applications in
diagnostics (see Introduction). As a proof of concept, herein we describe the preparation
of monolayers of zeolites coated with novel ligands inspired from the potent a4{31 integ-
rin antagonist BIO1211 [32], stably bonded to the crystals via urea linkages. Generally,
the practicability of peptide-material conjugates is questioned mainly because the pep-
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tides grafted onto biomaterial surfaces might be rapidly hydrolyzed by serum proteins in
vivo, thus nullifying the functionalization [9,10,54,55]. In point of fact, BIO1211 was
found to have poor stability under physiological conditions [33,34]. As a consequence, we
took into consideration the use of more stable peptidomimetic ligands. Of notice, there
are at present no stable ligands available to specifically bind to a4p1 integrin while sim-
ultaneously carrying suitable linkers for bioconjugation. This is in net contrast to the class
of RGD-binding integrins, for which a variety of suitable ligands has been proposed
(Figure 1), including the well-known cyclopeptide c¢(RGDfK) (1) [15], conveniently
equipped with a flexible aminoalkyl side chain.

Moving from the hybrid a/f peptide DS70 (6, Figure 1) [22], we designed a
mini-library of very simple mimetics of BIO1211 composed of a- and (-residues, i.e., the
peptides 7-14, upon substitution of the -Pro scaffold with the model residues 3*- or
3-Ala, or by their respective functionalized analogues Dap and isoAsp, in (S)- or
(R)-configuration (Figure 2).

The ability of these compounds to modulate a4B1 integrin-mediated cell adhesion
was assayed in vitro in comparison with the reference compound BIO1211. The best re-
sults were observed for MPUPA-(R)-isoAsp(NHPr)-Gly-OH (12) and MPU-
PA-Dap(Ac)-Gly-OH (13) (Table 1). The comparison between these peptides and the
model peptides containing 3-Ala suggested that the presence of amide groups at the side
chains of 12 and 13 may significantly contribute to a compound’s ability to inhibit
a4pl-mediated cell adhesion. The detailed study of the effects exerted by the different
substituents on ligand-receptor interactions is beyond the scope of this work. Further
studies by molecular modeling and molecular docking are currently in progress in our
group.

For the presence of functionalized side chains, which can be equipped with taggable
or linkable side chains, 12 and 13 were selected for the preparation of biomaterials. To the
purpose, the peptides were modified by introducing suitable linkers, giving MPU-
PA-(5)-isoAsp(Hda)-Gly-OH (49) and MPUPA-(S)-Dap(Ahx)-Gly-OH (50), respectively
(Schemes 9 and 10). Thereafter, the monolayers 49—zeolite ML and 50—zeolite MLs were
expediently prepared by stably anchoring the peptides onto MLs of zeolite L crystals
mounted over silica plates (Scheme 10).

a4p1 Expressing Jurkat cells or integrin-negative HEK-293 cells were seeded onto
the peptide MLs. Consistent with the high affinity of the parent 12 for a4{1 integrin, 49—
zeolite MLs showed the highest number of adherent Jurkat cells, as revealed by confocal
microscopy analysis. Both peptide MLs showed an excellent discrimination of Jurkat cells
with respect to reference HEK-293 cells (Figure 3g). The latter are known to express sig-
nificant levels of 31 integrin but very low levels of a4 integrin [31,51]. As expected, Jurkat
cells showed negligible adhesion onto MLs deprived of the peptide (BA—zeolite ML).

Interestingly enough, Jurkat cells showed little adhesion to monolayers of peptides
directly anchored to the silica plates (49-plates). Plausibly, the nanostructured surface of
zeolite L crystals significantly fosters cell adhesion. Due to their flat shape and peculiar
microstructure, during the formation of the monolayers the nanocrystals tend to adopt a
clear orientation, with the cavities perpendicular to the support surface (Scheme 11) [56].
As a consequence, the paved surface appears interspersed with a regular alternation of
solid parts and cavities, so that the bonded ligands maintain a regular spacing from each
other, forming a well-organized biofunctionalized surface. Integrin-mediated adhesion is
known to be regulated by multiple features of the adhesive surface, including topogra-
phy and spacing between the ligands [57]. Plausibly, the resulting nanostructured surface
might enhance cell recognition due to the regular positioning of the biomolecules, corre-
lated in turn to the regular distance between adjacent channels in the nanocrystals.

5. Conclusions

On the basis of the results above discussed, zeolite MLs, functionalized with hybrid
a/p-peptidomimetic ligands of a4f1 integrin, may be exploited for preparing function-
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alized biomaterials for a wide range of medical applications, from therapy to diagnosis,
including the possibility of developing diagnostic devices capable of detecting desired
cells in biological fluids obtainable from patients in a noninvasive way. In perspective,
more functional assays will be performed to better investigate the effect of the hybrid
ligands on transmigration, chemotaxis, and intracellular signaling in inflammatory cells,
including neutrophils and monocytes. Moreover, the peptide-coated materials might be
utilized as model systems to study in detail the mechanisms of integrin-mediated adhe-
sion and signaling using different types of inflammatory cells.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/biomedicines9111737/s1: Experimental procedures; Figure S1: Sta-
bility of BIO1211, 12, and 13, in mouse serum; Figure S2: SEM image of zeolite L crystals, TGA
analyses, XPS analyses.

Author Contributions: Conceptualization, L.G., S.S., and N.C.; methodology, M.B. and M.A_; val-
idation, M.B., M.A., F.S,, and ].Z.; formal analysis, M.A. and M.B.; investigation, M.B., M.A,, E.S,,
and J.Z.; resources, L.G. and S.S.; data curation, M.A. and N.C., and M.B; writing—original draft
preparation, L.G.; writing—review and editing, M.B., N.C,, and S.S; visualization, N.C. and M.B,;
supervision, L.G.; project administration, L.G.; funding acquisition, L.G. All authors have read and
agreed to the published version of the manuscript.

Funding: Financial support was granted by the Minister of Education, University, and Research
(MIUR) with the PRIN Program (PRIN2020 2020833Y75), and also with the Department of Excel-
lence Program (MIUR, L. 232 01/12/2016). The Department of Chemistry “Giacomo Ciamician”
acknowledges the Fondazione CarisBo for its funding of the project, no. 18668, “Tecnologie
avanzate per il controllo e lo sviluppo di molecole innovative per la salute”. The authors thank the
Fondazione del Monte di Bologna e Ravenna (IntegrAl-328bis/2017).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Humphries, ].D.; Byron, A.; Humphries, M.]. Integrin ligands at a glance. J. Cell Sci. 2006, 119, 3901-3903, doi:10.1242/jcs.03098.

2. Ley, K;; Rivera-Nieves, J.; Sandborn, W.].; Shattil, S. Integrin-based therapeutics: Biological basis, clinical use and new drugs.
Nat. Rev. Drug Discov. 2016, 15, 173-183, d0i:10.1038/nrd.2015.10.

3.  Ruoslahti, E.; Pierschbacher, M.D. Arg-Gly-Asp: A versatile cell recognition signal. Cell 1986, 44, 517-518,
doi:10.1016/0092-8674(86)90259-x.

4.  Gentilucci, L.; Tolomelli, A.; Squassabia, F. Peptides and peptidomimetics in medicine, surgery and biotechnology. Curr. Med.
Chem. 2006, 13, 2449-2466, d0i:10.2174/092986706777935041.

5. Alday-Parejo, B.; Stupp, R.; Rilegg, C. Are integrins still practicable targets for anti-cancer therapy? Cancers 2019, 11, 978,
doi:10.3390/cancers11070978.

6.  Martelli, G.; Baiula, M.; Caligiana, A.; Galletti, P.; Gentilucci, L.; Artali, R.; Spampinato, S.; Giacomini, D. Could dissecting the
molecular framework of p-lactam integrin ligands enhance selectivity? J. Med. Chem. 2019, 62, 10156-10166,
doi:10.1021/acs.jmedchem.9b01000.

7.  Anselmi, M.; Borbély, A_; Figueras, E.; Michalek, C.; Kemker, I; Gentilucci, L.; Sewald, N. Linker hydrophilicity modulates the
anticancer activity of RGD-cryptophycin conjugates. Chem. Eur. ]. 2021, 27, 1015-1022, d0i:10.1002/chem.202003471.

8. De Marco, R; Rampazzo, E.; Zhao, ].; Prodi, L.; Paolillo, M.; Picchetti, P.; Gallo, F.; Calonghi, N.; Gentilucci, L.
Integrin-targeting dye-doped PEG-shell/silica-core nanoparticles mimicking the proapoptotic Smac/DIABLO protein. Nano-
materials 2020, 10, 1211; d0i:10.3390/nano10061211.

9.  Hersel, U,; Dahmen, C.; Kessler, H. RGD modified polymers: Biomaterials for stimulated cell adhesion and beyond. Biomateri-
als 2003, 24, 4385-4441, doi:10.1016/s0142-9612(03)00343-0.

10.  Zhao, J.; Santino, F.; Giacomini, D.; Gentilucci, L. Integrin-targeting peptides for the design of functional cell-responsive bio-
materials. Biomedicines 2020, 8, 307, d0i:10.3390/biomedicines8090307.

11. Da Ressurreicao, A.S.; Vidu, A.; Civera, M.; Belvisi, L.; Potenza, D.; Manzoni, L.; Ongeri, S.; Gennari, C.; Piarulli, U. Cyclic

RGD-peptidomimetics containing bifunctional diketopiperazine scaffolds as new potent integrin ligands. Chem. Eur. J. 2009, 15,
12184-12188, d0i:10.1002/chem.201200457.



Biomedicines 2021, 9, 1737 20 of 21

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

Arap, W.; Pasqualini, R.; Ruoslahti, E. Cancer treatment by targeted drug delivery to tumor vasculature in a mouse model.
Science 1998, 279, 377-380, d0i:10.1126/science.279.5349.377.

Manzoni, L.; Belvisi, L.; Arosio, D.; Civera, M.; Pilkington-Miksa, M.; Potenza, D.; Caprini, A.; Araldi, EM.V.; Monferini, E.;
Mancino, M.; et al. Cyclic RGD-containing functionalized azabicycloalkane peptides as potent integrin antagonists for tumor
targeting. ChemMedChem 2009, 4, 615-632, doi:10.1002/cmdc.200800422.

Iwama, S.; Kitano, T.; Fukuya, F.; Honda, Y.; Sato, Y.; Notake, M.; Morie, T. Discovery of a potent and selective alpha v beta 3
integrin antagonist with strong inhibitory activity against neointima formation in rat balloon injury model. Bioorg. Med. Chem.
Lett. 2004, 14, 2567-2570, d0i:10.1016/j.bmcl.2004.02.075.

Haubner, R.; Gratias, R.; Diefenbach, B.; Goodman, S.L.; Jonczyk, A.; Kessler, H. Structural and functional aspects of
RGD-containing cyclic pentapeptides as highly potent and selective integrin avB3 antagonists. J. Am. Chem. Soc. 1996, 118,
7461-7472, doi:10.1021/ja9603721.

Dal Corso, A.; Pignataro, L.; Belvisi, L.; Gennari, C. Alpha(v)beta(3) Integrin-targeted peptide/peptidomimetic-drug conju-
gates: In-depth analysis of the linker technology. Curr. Top. Med. Chem. 2016, 16, 1-16, d0i:10.2174/1568026615666150701114343.
Greco, A.; Maggini, L.; De Cola, L.; De Marco, R.; Gentilucci, L. Diagnostic implementation of fast and selective integ-
rin-mediated adhesion of cancer cells on functionalized zeolite L monolayers. Bioconjug. Chem. 2015, 26, 1873-1878,
doi:10.1021/acs.bioconjchem.5b00350.

Danhier, F.; Le Breton, A.; Préat, V. RGD-based strategies to target avp3 integrin in cancer therapy and diagnosis. Mol. Pharm.
2012, 9, 2961-2973, d0i:10.1021/mp3002733.

Baiula, M.; Spampinato, S.; Gentilucci, L.; Tolomelli, A. Novel ligands targeting a4p1 integrin: Therapeutic applications and
perspectives. Front. Chem. 2019, 7, 489, doi:10.3389/fchem.2019.00489.

Clerico, M.; Artusi, C.; Liberto, A.; Rolla, S.; Bardina, V.; Barbero, P.; Mercanti, S.F.; Durelli, L. Natalizumab in multiple
sclerosis: Long-term management. Int. |. Mol. Sci. 2017, 18, 940, d0i:10.3390/ijms18050940.

Vanderslice, P.; Biediger, R.].; Woodside, D.G.; Berens, K.L.; Holland, G.W.; Dixon, R.A.F. Development of cell adhesion mol-
ecule antagonists as therapeutics for asthma and COPD. Pulm. Pharmacol. Ther. 2004, 17, 1-103, doi:10.1016/j.pupt.2003.10.004.
Dattoli, S.D.; Baiula, M.; De Marco, R.; Bedini, A.; Anselmi, M.; Gentilucci, L.; Spampinato, S. DS-70, a novel and potent a4 in-
tegrin antagonist, is an effective treatment for experimental allergic conjunctivitis in guinea pigs. Br. ]. Pharmacol. 2018, 175,
3891-3910, doi:10.1111/bph.14458.

Baiula, M.; Caligiana, A.; Bedini, A.; Zhao, J.; Santino, F.; Cirillo, M.; Gentilucci, L.; Giacomini, D.; Spampinato, S. Leukocyte
integrin antagonists as a novel option to treat dry age-related macular degeneration. Front. Pharmacol. 2021, 11, 617836,
doi:10.3389/fphar.2020.617836.

Chan, J.R;; Hyduk, S.J.; Cybulsky, M.I. Detecting rapid and transient upregulation of leukocyte integrin affinity induced by
chemokines and chemoattractants. J. Immunol. Methods 2003, 273, 43-52, d0i:10.1016/s0022-1759(02)00417-9.

Yednock, T.A; Cannon, C.; Vandevert, C.; Goldbach, E.G.; Shaw, G.; Ellis, D.K; Liaw, C.; Fritz, L.C.; Tanner, L.I. Alpha 4 beta 1
integrin-dependent cell adhesion is regulated by a low affinity receptor pool that is conformationally responsive to ligand. J.
Biol. Chem. 1995, 270, 28740-28750. doi: 10.1074/jbc.270.48.28740.

Johansson, M.W.; Kelly, E.A.; Busse, W.W_; Jarjour, N.N.; Mosher, D.F. Up-regulation and activation of eosinophil integrins in
blood and airway after segmental lung antigen challenge. J. Immunol. 2008, 180, 7622-7635, doi:10.4049/jimmunol.180.11.7622.
Chan, J.R.; Hyduk, S.J.; Cybulsky, M.I. Chemoattractants induce a rapid and transient upregulation of monocyte alpha4 integ-
rin affinity for vascular cell adhesion molecule 1 which mediates arrest: An early step in the process of emigration. J. Exp. Med.
2001, 193, 1149-1158, doi:10.1084/jem.193.10.1149.

Jakubowski, A.; Rosa, M.D.; Bixler, S.; Lobb, R.; Burkly, L.C. Vascular cell adhesion molecule (VCAM)-Ig fusion protein defines
distinct affinity states of the very late antigen-4 (VLA-4) receptor. Cell Adhes. Commun. 1995, 3, 131-142,
doi:10.3109/15419069509081282.

Chigaev, A.; Blenc, A.M.; Braaten, ].V.; Kumaraswamy, N.; Kepley, C.L.; Andrews, R.P.; Oliver, ] M.; Edwards, B.S.; Prossnitz,
E.R.; Larson, R.S,; et al. Alpha4betal integrin affinity changes govern cell adhesion. J. Biol. Chem. 2001, 276, 48670-48682,
doi:10.1074/jbc.M210472200.

Johansson, M.W.; Busse, W.W.; Mosher, D.F. Beta 1 Integrin Activation as a Marker for Asthma. U.S. Patent 20080274482.

De Marco, R.; Greco, A.; Calonghi, N.; Dattoli, D.S.; Baiula, M.; Spampinato, S.; Picchetti, P.; De Cola, L.; Anselmi, M.; Cipriani,
F.; et al. Selective detection of a4p1 integrin (VLA-4)-expressing cells using peptide-functionalized nanostructured materials
mimicking endothelial surfaces adjacent to inflammatory sites. Pept. Sci. 2018, 110, €23081, doi:10.1002/bip.23081.

Lin, K.c.; Ateeq, H.S.; Hsiung, S.H.; Chong, L.T.; Zimmerman, C.N.; Castro, A.; Lee, W.C.; Hammond, C.E; Kalkunte, S.; Chen,
L.L.; et al. Selective, tight-binding inhibitors of integrin a4@1 that inhibit allergic airway responses. ]. Med. Chem. 1999, 42, 920-934,
doi:10.1021/jm980673g.

Karanam, B.V.; Jayra, A.; Rabe, M.; Wang, Z.; Keohane, C.; Strauss, J.; Vincent, S. Effect of enalapril on the in vitro and in vivo
peptidyl cleavage of a potent VLA-4 antagonist. Xenobiotica 2007, 37, 487-502, doi:10.1080/00498250701316663.

Fisher, A.L.; DePuy, E.; Jayaraj, A.; Raab, C.; Braun, M.; Ellis-Hutchings, M.; Zhang, ].; Rogers, J.D.; Musson, D.G. LC/MS/MS
plasma assay for the peptidomimetic VLA4 antagonist I and its major active metabolite II: For treatment of asthma by inhala-
tion. J. Pharm. Biomed. Anal. 2002, 27, 57-71, d0i:10.1016/s0731-7085(01)00496-4.



Biomedicines 2021, 9, 1737 21 of 21

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Gentilucci, L.; De Marco, R.; Cerisoli, L. Chemical modifications designed to improve peptide stability: Incorporation of
non-natural amino acids, pseudo-peptide bonds, and cyclization. Curr. Pharm. Des. 2010, 16, 3185-3203,
doi:10.2174/138161210793292555.

Seebach, D.; Gardiner, J. B-Peptidic peptidomimetics. Acc. Chem. Res. 2008, 41, 10, 1366-1375, d0i:10.1021/ar700263g.

Cabrele, C.; Martinek, T.A.; Reiser, O.; Berlicki, L. Peptides containing f-amino acid patterns: Challenges and successes in
medicinal chemistry. J. Med. Chem. 2014, 57, 9718-9739, d0i:10.1021/jm5010896.

Dattoli, S.D.; De Marco, R.; Baiula, M.; Spampinato, S.; Greco, A.; Tolomelli, A.; Gentilucci, L. Synthesis and assay of retro-a431
integrin-targeting motifs. Eur. ]. Med. Chem. 2014, 73, 225-232, doi:10.1016/j.ejmech.2013.12.009.

Tolomelli, A.; Baiula, M.; Viola, A.; Ferrazzano, L.; Gentilucci, L.; Dattoli, S.D.; Spampinato, S.; Juaristi, E.; Escudero, M.
Dehydro-B-proline containing a4p1 integrin antagonists: Stereochemical recognition in ligand-receptor interplay. ACS Med.
Chem. Lett. 2015, 6, 701-706, d0i:10.1021/acsmedchemlett.5b00125.

De Marco, R,; Mazzotti G.; Dattoli S.D.; Baiula, M. Spampinato, S; Greco, A, Gentilucci, L.
5-Aminomethyloxazolidine-2,4-dione hybrid a/B-dipeptide scaffolds as inductors of constrained conformations: Applications
to the synthesis of integrin antagonists. Biopolymers 2015, 104, 636—649, d0i:10.1002/bip.22704.

De Marco, R.; Tolomelli, A.; Juaristi, E.; Gentilucci, L. Integrin ligands with o/p-hybrid peptide structure: Design, bioactivity,
and conformational aspects. Med. Res. Rev. 2016, 36, 389-424, d0i:10.1002/med.21383.

Podlech, J.; Seebach, D. The Arndt-Eistert reaction in peptide chemistry: A facile access to homopeptides. Angew. Chem. Int. Ed.
1995, 34, 471-472, d0i:10.1002/anie.199504711.

Caputo, R.; Longobardo, L. Enantiopure (33-amino acids-2,2-d2 via homologation of proteinogenic a-amino acids. Amino Acids
2007, 32, 401-404, doi:10.1007/s00726-006-0384-0.

Lee, KJ.; Lee, W.S,; Yun, H,; Hyun, Y.J.; Seo, C.D.; Lee, CW.; Lim, H.S. Oligomers of N-substituted 3>-homoalanines: Peptoids
with backbone chirality. Org. Lett. 2016, 18, 3678-3681, d0i:10.1021/acs.orglett.6b01726.

Blettner, C.; Bradley, M. Asparagine as a masked dehydroalanine residue in solid phase peptide synthesis. Tetrahedron Lett.
1994, 35, 467-470, d0i:10.1016/0040-4039(94)85082-8.

Alon, R; Kassner, P.D.; Carr, M.W; Finger, E.B.; Hemler, M.E.; Springer, T.A The integrin VLA-4 supports tethering and roll-
ing in flow on VCAM-1. |. Cell. Biol. 1995, 128, 1243-1253, d0i:10.1083/jcb.128.6.1243.

De Marco, R.; Mazzotti, G.; Greco, A.; Gentilucci, L. Heterocyclic scaffolds in the design of peptidomimetic integrin ligands:
Synthetic strategies, structural aspects, and biological activity. Curr. Top. Med. Chem. 2016, 16, 343-359,
doi:10.2174/1568026615666150812121614.

Devaux, A.; Calzaferri, G.; Miletto, I.; Cao, P.; Belser, P.; Brithwiler, D.; Khorev, O.; Haner, R.; Kunzmann, A. Self-absorption
and luminescence quantum yields of dye-zeolite L composites. J. Phys. Chem. C 2013, 117, 23034-23047, doi:10.1021/jp408556g.
Kehr, N.S.; Riehemann, K.; El-Gindj, J.; Schéfer, A.; Fuchs, H.; Galla, H.-J.; De Cola, L. Cell adhesion and cellular patterning on
a self-assembled monolayer of zeolite L crystals. Adv. Funct. Mater. 2010, 20, 2248-2254, d0i:10.1002/adfm.201000205.

Busby, M.; Devaux, A.; Blum, C.; Subramaniam, V.; Calzaferri, G.; De Cola, L. Interactions of Perylene Bisimide in the
One-Dimensional Channels of Zeolite, L.J. Phys. Chem. C 2011, 115, 5974-5988, doi:10.1021/jp1108625.

Taherian, A; Li, X.; Liu, Y.; Haas, T.A. Differences in integrin expression and signaling within human breast cancer cells. BMC
Cancer 2011, 11, 293, doi:10.1186/1471-2407-11-293.

Kinashi, T. Intracellular signalling controlling integrin activation in lymphocytes. Nat. Rev. Immunol. 2005, 5, 546-559,
doi:10.1038/nri1646.

De Fougerolles, A.R. Integrins in Immune and Inflammatory Diseases. In I Domains in Integrins; Gullberg, D., Ed.; Plenum
Publisher: Georgetown, TX, USA, 2003.

Zamuner, A.; Brun, P.; Scorzeto, M.; Sica, G.; Castagliuolo, I.; Dettin, M. Smart biomaterials: Surfaces functionalized with pro-
teolytically stable osteoblast-adhesive peptides. Bioact. Mater. 2017, 2, 121-130, doi:10.1016/j.bioactmat.2017.05.004.

Spicer, C.D.; Pashuck, E.T.; Stevens, M.M. Achieving controlled biomolecule-biomaterial conjugation. Chem. Rev. 2018, 118,
7702-7743, d0i:10.1021/acs.chemrev.8b00253.

Zabala Ruiz, A.; Li, H.; Calzaferri, G. Organizing supramolecular functional dye-zeolite crystals. Angew. Chem. Int. Ed. 2006, 45,
5282-5287, d0i:10.1002/anie.200504286.

Cavalcanti-Adam, E.A.; Volberg, T.; Micoulet, A.; Kessler, H.; Geiger, B.; Spatz, ].P. Cell spreading and focal adhesion dynamics
are regulated by spacing of integrin ligands. Biophys. J. 2007, 92, 2964-2974, doi:10.1529/biophys;j.106.089730.



