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An integrin αVβ3-targeting linear RGD mimetic containing a small-molecule drug conjugate (SMDC) was synthesized by combining the antimitotic agent monomethyl auristatin E (MMAE), an enzymatically cleavable Val-Ala-PABC linker with a linear conjugable RGD mimetic. The structure proposal for the conjugable RGD mimetic was suggested upon the DAD mapping analysis of a previously synthesized small-molecule RGD mimetic array based on a tyrosine scaffold. Therefore, a diversifying strategy was developed as well as a novel method for the partial hydrogenation of pyrimidines in the presence of the hydrogenolytically cleavable Cbz group. The small-molecule RGD mimetics were evaluated in an ELISA-like assay, and the structural relationships were analyzed by DAD mapping revealing activity differences induced by structural changes as visualized in dependence on special structural motifs. This provided a lead structure for generation of an SMDC containing the antimitotic drug MMAE. The resulting SMDC containing a linear RGD mimetic was tested in a cell adhesion and an in vitro cell viability assay in comparison to reference SMDCs containing cRGDfK or cRADfK as the homing device. The linear RGD SMDC and the cRGDfK SMDC inhibited adhesion of αVβ3-positive WM115 cells to vitronectin with IC50 values in the low µM range, while no effect was observed for the αVβ3-negative M21-L cell line. The cRADfK SMDC used as a negative control was about 30-fold less active in the cell adhesion assay than the cRGDfK SMDC. Conversely, both the linear RGD SMDC and the cRGDfK SMDC are about 55-fold less cytotoxic than MMAE against the αVβ3-positive WM115 cell line with IC50 values in the nM range, while the cRADfK SMDC is 150-fold less cytotoxic than MMAE. Hence, integrin binding also influences the antiproliferative activity giving a targeting index of 2.8.
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1 INTRODUCTION
Targeted therapy devoid of side effects is a promising option in particular for cancer treatment. In this connection, antibody–drug conjugates (ADCs) (Gerber et al., 2009; Chari et al., 2014; Deneka et al., 2019; Hoppenz et al., 2020; Khongorzul et al., 2020) and small-molecule drug conjugates (SMDCs) (Srinivasarao et al., 2015; Deonarain et al., 2018; Hoppenz et al., 2020) were of great interest in the last decades. Such conjugates generally consist of a homing device (ADC: antibody; SMDC: small molecule/peptide), which addresses the desired receptor/cell and a payload (e.g., toxin) connected across a linker (stable or enzymatically/chemically cleavable) (Casi and Neri, 2015; Wei et al., 2018; Bargh et al., 2019; Hoppenz et al., 2020). Zoptarelin doxorubicin (Zoptrex™, Figure 1) is an example for an SMDC that reached clinical phase III for endometrial cancer treatment. It is composed of doxorubicin connected across a glutaric acid spacer to a small peptide agonist of the luteinizing hormone-releasing hormone (LHRH) receptor (Rékási et al., 1993; Nagy et al., 1996; Engel et al., 2012; Hoppenz et al., 2020).
[image: Figure 1]FIGURE 1 | Chemical structure of Zoptrex™ (Nagy et al., 1996).
Integrins are important targets for drug conjugates. They consist of an α and a β unit, which are non-covalently associated. Currently, there are 24 unique integrin heterodimers known, formed from 18 α and eight β subunits (Humphries et al., 2006; Barczyk et al., 2010; Cooper and Giancotti, 2019). The integrins are located in the cell membrane and operate as a bidirectional connection between the extracellular matrix (ECM) and the cytoplasmic domain to transmit signals in both directions. The ectodomain acts as an aerial or an anchor to receive signals from other cells or the ECM and link between cells (cell adhesion protein) (Bachmann et al., 2019). Hence, it is not surprising that integrins are involved in many important processes like cell proliferation, migration, and angiogenesis (Eliceiri and Cheresh, 1999; Franceschi et al., 2015), which makes them attractive as a target to modulate cellular control mechanisms. Integrin αVβ3 is one of the most important representatives of the integrin family because of its significant impact in cellular processes (Giancotti and Ruoslahti, 1999; Hynes, 2002). It plays an important role in tumorigenesis because of its high expression level on tumor cells and its pro-angiogenic effect. This overexpression renders it a promising target in targeted cancer treatment. Therefore, integrin αVβ3 is the target in a multitude of SMDCs (Nahrwold et al., 2013; Dal Corso et al., 2016; Borbély et al., 2019a; Borbély et al., 2019b), dye conjugates (Jin et al., 2017; Kemker et al., 2021), or difunctionalized ligands, which consists of an α-Gal epitope and an integrin-addressing moiety for redirecting endogenous and immunogenic antibodies to cancer cells (Owen et al., 2007).
The tripeptide sequence Arg-Gly-Asp (RGD) present in many integrin ligands is recognized by eight of the 24 integrin heterodimers (Barczyk et al., 2010; Nieberler et al., 2017), and it is considered a universal recognition motif for cell–cell and cell–ECM interactions. The selectivity for being recognized by a specific integrin is defined by the orientation, distance, and exposure of the essential residues and functional groups (Frank et al., 2010; Kapp et al., 2016; Kapp et al., 2017). Molecules which represent these properties and mimic the structural key elements are called RGD mimetics.
Since the early 1990s, Kessler and his group developed cyclic pentapeptides (Aumailley et al., 1991; Gurrath et al., 1992; Haubner et al., 1997) first with a high affinity for the integrin αVβ3 but a low selectivity against integrin α5β1, which is also a RGD recognizing integrin (Schaffner et al., 2013). Later, isoDGR peptides (Frank et al., 2010; Bochen et al., 2013; Mas-Moruno et al., 2016a) and linear tyrosine-based RGD mimetics were investigated (Heckmann et al., 2007; Heckmann et al., 2009). The group of DeGrado designed and synthesized linear RGD mimetics with high affinity and high selectivity against integrin α5β1 based on a diamine scaffold (Corbett et al., 1997; Rockwell et al., 1999). Most notably, in the last years, the cyclic cRGDfK peptide and its analogs [e.g., cyclo(isoDGR) and cyclo(DKP-RGD)] have been used as integrin αVβ3-addressing homing devices in SMDCs (Figure 2) (Pina et al., 2017; Anselmi et al., 2020; Battistini et al., 2021; Lerchen et al., 2022).
[image: Figure 2]FIGURE 2 | Structures of RGD containing SMDC with enzymatically cleavable linkers and paclitaxel (Pina et al., 2017) as well as cryptophycin-55 (Borbély et al., 2019a) as payloads.
2 MATERIALS AND METHODS
2.1 General
Dichloromethane (DCM), petroleum ether, diethyl ether, and ethyl acetate were purchased at technical grade and distilled before usage. All other solvents were used as purchased (analytical grade). For further drying, DMF was stored over a molecular sieve (3 Å), and DCM was freshly distilled over CaH2 and THF over sodium. Inert reactions took place under an argon atmosphere and in baked-out equipment.
2.2 NMR Spectroscopy
NMR spectra were recorded on a Bruker Avance 600 (600 MHz for 1H, 564 MHz for 19F, and 150 MHz for 13C) and a Bruker Avance III 500HD (500 MHz for 1H, 126 MHz for 13C, and 471 MHz for 19F). The chemical shift δ is reported in ppm relative to the residual proton signal of the solvent: CDCl3 7.26 ppm (1H) and 77.2 ppm (13C); DMSO-d6 2.50 ppm (1H) and 39.52 ppm (13C); CD3OD 3.31 ppm (1H) and δ 49.0 ppm (13C). Two-dimensional methods (HMBC, HMQC, and COSY) were used to support and confirm the assignment.
2.3 LCMS and HRMS
LCMS analysis was performed by using an Agilent 6220 TOF-MS with a dual ESI source; 1200 HPLC system (Agilent) with an autosampler, degasser, binary pump, column oven, and diode array detector; and a Hypersil Gold C18 column (1.9 µm, 50 × 2.1 mm). The gradient started with 100% A (water/ACN/formic acid, 94.9:5:0.1); during 11 min, the percentage of eluent B (ACN/water/formic acid, 94.9:5:0.1) increased from 0 to 98% B and returned to 0% B in 0.5 min. The total run time was 15 min at a flow rate of 0.3 ml/min and a column oven temperature of 40°C. After separation via the 1200 HPLC system, ESI mass spectra were recorded in an extended dynamic range mode equipped with a dual-ESI source, operating with a spray voltage of 2.5 kV. The same system was used for high-resolution mass spectrometry.
2.4 Purification by Column Chromatography/RP-HPLC
Normal column chromatography was performed with silica gel (particle size: 40–60 µm) from Merck. Automatic column chromatography (MPLC, medium-performance liquid chromatography) was carried out with a Büchi Reveleris X2 system and purchased columns. Polar compounds and final products were purified via a preparative reverse-phase HPLC (RP-HPLC, Thermo Separation Products) consisting of a degasser, a pump (P4000), a Hypersil gold column (8 μm, 250 × 21.2 mm cartridge; Thermo Fisher Scientific) and a UV detector (UV1000). The gradients were chosen depending on the compound with eluents A (water/ACN/TFA, 94.9:5:0.1) and B (ACN/water/TFA, 94.9:5:0.1).
2.5 Synthesis
2.5.1 General Procedure for Boc-Protection (GP-1)
Boc anhydride (1.2 eq) was dissolved in a mixture of water and dioxane and cooled to 0°C in an ice bath. Subsequently, the corresponding amino alcohol (1 eq.) was added, followed by addition of triethylamine (2 eq.). The reaction progress was monitored by TLC, and after full conversion, the reaction mixture was diluted with water and ethyl acetate. After phase separation, the water layer was extracted with ethyl acetate (3×), and the combined organic layers were washed with sat. NaCl (aq.) and dried over MgSO4. After evaporating the solvent, the desired N-Boc-protected amino alcohol was obtained as a highly viscous liquid and was used without further purification.
2.5.2 General Procedure for Mitsunobu-Reaction (GP-2)
The corresponding amino alcohol (1.1 eq.), Cbz-Tyr-OMe (1 eq.), and triphenylphosphine (1.2 eq.) were dissolved in dry THF in baked-out equipment under inert conditions. The solution was cooled to 0°C in an ice bath, and diisopropyl azodicarboxylate (DIAD, 1.2 eq.), dissolved in THF (30 ml), was added dropwise during 1.5 h. After removing the cooling bath, the reaction mixture was stirred overnight at room temperature. Subsequently, the solution was diluted with sat. NaHCO3 (aq.), and the water layer was extracted with ethyl acetate (3×). The combined organic layers were dried over MgSO4, the solvent was removed under reduced pressure, and the crude product was purified by automatic column chromatography (MPLC, gradient of petroleum ether and ethyl acetate) to obtain the desired alkyl aryl ethers as a colorless foam.
2.5.3 General Procedure for Cbz-Cleavage (GP-3)
The Cbz-protected compound (1 eq.) was dissolved in MeOH, and Pd (OH)2/C (10 % Pd, 0.1 eq.) was added to give a black suspension. Hydrogen was bubbled through the reaction mixture, and the reaction progress was monitored by LCMS. After full conversion, the suspension was filtered through a thin pad of celite. Afterward, the solvent was removed under reduced pressure, and the product was dried in vacuum to get the desired unprotected compound as a colorless solid.
2.5.4 General Procedure for N-Terminal Modification of RGD Mimetic Precursors With Acid Chlorides (GP-4a)
Triethylamine (3 eq.) was added to a solution of the corresponding unprotected compound (1 eq.) in 2 ml DMF/DCM (1:1, v:v), and after stirring for 5 min, benzoyl chloride (1.5 eq.) was added. The reaction progress was monitored via LCMS, and after full conversion, the solvent was removed. Afterward, the crude was dried in vacuum, and the resulting solid was dissolved in a small amount of water/ACN (1:1, v:v) and purified via preparative RP-HPLC.
2.5.5 General Procedure for N-Terminal Modification of RGD Mimetic Precursors With Carboxylic Acids (GP-4b)
HOBt solution (1.3 M in DMF, 1.3 eq.) was added to the corresponding 4- or 3-hydroxy benzoic acid (2.4 M in DMF, 1.2 eq.), followed by an EDC solution [0.5 M in DMF/DCM (1:1, v:v), 1.4 eq.] and DIPEA (2 eq.). The solution was stirred for 2 mins and was then added to the solution of the amino component 3a-c (1 eq.) in DMF/DCM (1:1, v:v, 1 ml). The reaction mixture was stirred at room temperature, and the reaction progress was monitored by LCMS. After full consumption of the amine, the reaction was stopped by removing the solvent. Afterward, the crude was dried in vacuum, and the resulting solid was dissolved in a small amount of water/ACN (1:1, v:v) and purified via preparative RP-HPLC.
2.5.6 General Procedure for the Synthesis of Final RGD Mimetics—DHI Substituted (GP-5a)
HCl in dioxane (4 M, 100 μl, 13.3 eq.) was added to a solution of protected RGD mimetic precursors 5a-c, 6a-c, and 7a-c (0.1 M in DCM, 300 μl, 1 eq.). After stirring for 1.5 h, the solvent was removed under reduced pressure, and a solution of 2-methylthio-2-imidazoline hydroiodide (0.18 M in MeOH/NEt3 1:1, v:v, 416 μl, 2.5 eq.) was added. The mixture was heated to 80°C in a sealed tube till consumption of the free amine (LC-MS), followed by solvent removal. The residue was then dissolved in a LiOH solution [0.285 M in MeOH/water (3:1, v:v), 526 μl, 5 eq.] and stirred at room temperature. Monitoring of the reaction progress was done via LCMS. After complete conversion, the crude mixture was concentrated and purified via preparative RP-HPLC.
2.5.7 General Procedure for the Synthesis of Final RGD Mimetics—Pyrimidine and THP Substituted (GP-5b-d)
It used GP-5a with 2-bromopyrimidine (0.36 M in MeOH/NEt3 1:1, v:v, 416 μl, 5 eq.) instead of 2-methylthio-2-imidazoline hydroiodide. After ester hydrolysis, the reaction batch was split into two equal amounts (1. GP-5b and 2. GP-5c or GP-5d), and the following procedure was applied:
GP-5b for pyr-substituted mimetics: Half of the reaction mixture was concentrated and purified via preparative RP-HPLC to obtain the pyrimidine-substituted final RGD mimetic.
GP-5c for THP in case of benzoyl-substituted mimetics: Half of the reaction mixture was combined with a suspension of Pd/C (10 mg ml−1, 234 µl) and 100 µl acetic acid. Afterward, hydrogen was bubbled through the suspension till LC-MS showed full conversion. The reaction mixture was concentrated, centrifuged, and purified by preparative RP-HPLC to obtain the desired reduced RGD mimetic as TFA salt.
GP-5d for THP in case of Cbz-protected mimetics: Half of the reaction mixture was combined with Pd/C (10 % Pd, 0.1 eq.), 2-bromo-pyrimidine (10 eq.), HBr in AcOH (10 eq.), AcOH (200 eq.), and water (400 eq.) in MeOH to result in a 10 mM solution based on the half of the starting material. Hydrogen was bubbled through the suspension upon vigorous stirring till LC-MS showed full conversion. The reaction mixture was centrifuged, the solid residue was discarded, and the solution was diluted with water and freeze-dried. Afterward, the residue was purified by preparative RP-HPLC to obtain the desired reduced RGD mimetic as TFA salt.
2.5.8 Solid-Phase Peptide Synthesis (GP-6)
Resin loading: The Fmoc/tBu strategy was chosen for the synthesis of linear peptides and peptide-based enzymatically cleavable linkers. Resin loading and subsequent coupling steps were performed in a syringe and on an automatic shaker. Barlos/2-chlorotrityl chloride resin (CTC-resin, 1.5 mmol/g) was swollen in DCM (10 ml/g resin) for 10–15 min at room temperature. Afterward, the solvent was removed, and a solution of the loading amino acid (1 eq. corresponding to resin) and DIPEA (10 eq.) in DCM (10 ml/g resin) was added. After incubation for 3 h at room temperature, MeOH (2 ml/g resin) was added, and the mixture was shaken for further 30 min. Then the resin was washed with DMF (5×) and DCM (3×) and dried in vacuum to determine the resin loading by a UV analysis of the piperidine–dibenzofulvene adduct formed upon cleavage of the Fmoc-protecting group with 20% piperidine in DMF.
Fmoc cleavage and coupling of amino acids: After resin loading, the resin was swollen in DMF for 10 min. Fmoc cleavage was performed twice with 20% piperidine in DMF (4 min in ultrasonic bath at 25°C, followed by 5 min on a shaker at r.t., 5 ml/g resin) and washing with DMF (5 × 10 ml/g resin), DCM (2 × 10 ml/g resin), and DMF (2 × 10 ml/g resin). For the coupling step, the corresponding amino acid (4 eq.), DIC (4 eq.), and oxyma (4 eq.) were dissolved in DMF (10 ml/g resin) and added to the reaction syringe containing the resin, followed by sonication for 4 min and further shaking for 5 min. Afterward, the resin was washed again with DMF (5 × 10 ml/g resin), DCM (2 × 10 ml/g resin), and DMF (2 × 10 ml/g resin). The coupling result was checked by the Kaiser test or analysis by LCMS after test cleavage. For the analysis, the resin was washed with DMF (5×) and DCM (3×) and dried in vacuum, and then approximately 10 beads were transferred into an Eppendorf tube and treated either with the reagents for the Kaiser test or with a mixture of TFA/TIS/MPW (95:2.5:2.5; 100 µl) in case of the test cleavage. After incubation for 5 min, the test cleavage was diluted with 500 µl of ACN/MPW (1:1) and analyzed by LCMS.
Cleavage from resin: Unless otherwise stated, the resin was swollen in DCM and treated 10 times with 1% TFA in DCM (5 ml). The resulting cleavage cocktail was passed into prepared iso-propanol, followed by evaporating the solvent and precipitation in Et2O. After centrifugation, the resulting pellet was separated from the liquid residue and dried in vacuum.
2.5.9 Head-To-Tail Cyclization of Linear Peptides (GP-7)
The crude linear peptide was cyclized under pseudo-high-dilution conditions (Malesevic et al., 2004) without prior purification after cleavage. A solution of the peptide (1 eq.) in DMF and another solution with HATU (1.3 eq.) and HOAt (1.3 eq.) in DMF was prepared and added from two separate syringes to a solution of HATU (0.1 eq.), HOAt (0.1 eq.), and DIPEA (3 eq.) in DMF. The total DMF volume was chosen for a final peptide concentration of 10 mM. The peptide solution and the coupling reagent solution were added at a flow rate of 1.25 ml/h simultaneously to the stirred solution. After complete addition, stirring was continued overnight at room temperature. The solvent was evaporated in vacuum, followed by precipitation of the residue in Et2O. The resulting pellet was dried and purified by normal-phase column chromatography (DCM/MeOH).
2.5.10 Allyl-Deprotection and Introduction of Linker Units to Cyclic RGD Mimetics (GP-8)
The resin was swollen in DMF (10 ml/g resin) and degassed by bubbling Ar through the suspension for 1 h, followed by addition of Pd (PPh3)4 (0.1 eq.) and 1,3-dimethylbarbituric acid (DMBA, 4 eq.). After 30-min shaking under inert conditions, the cleavage cocktail was removed, and the cleavage was repeated for further 30 min with fresh reagents. The resin was washed with DMF (5 × 10 ml/g resin), DCM (2 × 10 ml/g resin), and DMF (2 × 10 ml/g resin), followed by coupling of linker 23 (2 eq., Supplementary Figure S9) with oxyma (4 eq.) and DIC (4 eq.) corresponding to GP-6.
2.5.11 Synthesis of Final SMDCs (GP-9)
The corresponding conjugable RGD or RAD mimetic (2.2–2.3 eq.) was dissolved in a cleavage cocktail of TFA/MPW/TIS (1,400 μl, 95:2.5:2.5) and stirred overnight at room temperature. Afterward, the solvent was co-evaporated with toluene and dried in vacuum. The resulting residue was combined with linker-MMAE conjugate 13 (1 eq.) and sodium ascorbate (4.6-4.7 eq.) and dissolved in DMF (1,500 µl) and MPW (200 µl). This solution was degassed by several freeze–pump–thraw cycles and frozen in the end. Under inert conditions (Ar-atmosphere), CuSO4∙5H2O (2.1–2.6 eq.) was added to the frozen degassed reaction mixture, followed by evacuation of the reaction vessel. The reaction mixture was allowed to warm up to room temperature and was stirred overnight, while the reaction progress was monitored by LCMS. When the consumption of linker-MMAE 13 was complete, the solution was frozen again, and Pd(PPh3)4 (0.4–0.5 eq.) and morpholine (4 eq.) were transferred into the reaction tube. The reaction was melted at room temperature and stirred for 2 h. After complete allyl deprotection, the reaction mixture was centrifuged and immediately purified by preparative RP-HPLC. The desired compound was obtained as a colorless solid.
2.5.12 Synthesis of Methyl 4-(2-(2-(2-azidoethoxy) ethoxy)ethoxy)benzoate (20)
Chloride 19 (Supplementary Figure S8, 0.753 g, 2.5 mol, 1 eq.) and NaN3 (0.447 g, 6.9 mmol, 2.8 eq.) were dissolved in water (25 ml) and DMF (20 ml). The reaction mixture was stirred and heated overnight to 80°C and 1 day at room temperature. Afterward, the mixture was diluted with water and extracted with DCM (3×). The combined organic layers were washed with water (1×) and sat. NaCl (aq., 1×) and dried with MgSO4, followed by removal of the solvent under reduced pressure. The product was dried in vacuum to obtain 20 (Supplementary Figure S8, 0.765 g, 2.5 mmol, 99%) as a light-yellow viscous liquid.
2.5.13 Synthesis of 5-Hexynoyl-Glu(All)-Val-Ala-PABA-PNPC (12)
The benzyl alcohol 25 (Supplementary Figure S15, 186.7 mg, 335.4 µmol, 1 eq.) and bis(4-nitrophenyl) carbonate (256.7 mg, 843.9 µmol, 2.5 eq.) were dissolved in dry DMF (6 ml), followed by addition of DIPEA (114.1 µl, 670.9 µmol, 2 eq.). The reaction mixture was stirred for 3 h, and the reaction progress was monitored using LCMS. After full conversion of the starting material, the reaction solution was added to a water/ACN/TFA solution (5:1 + 0,5 % TFA) and immediately frozen and freeze-dried. The resulting solid was purified by column chromatography [DCM—> DCM/MeOH/TFA (95/4.9/0.1)] to give the activated linker 12 (194.4 mg, 269.3 µmol, 80%) as a solid.
2.5.14 Synthesis of 5-Hexynoyl-Glu(All)-Val-Ala-PABA-MMAE (13)
A solution of activated linker 12 (59.9 mg, 83.0 µmol, 1.1 eq.) and HOBt (1.3 mg, 8.42 µmol, 0.1 eq.) in dry DMF (400 µl) was added to a solution of MMAE (54.01 mg, 75.23 µmol, 1 eq.) in dry DMF (400 µl), followed by addition of pyridine (200 µl). The reaction mixture was stirred at room temperature till full conversion of MMAE was observed by LCMS. Afterward, the reaction solution was diluted with MPW and freeze-dried. The crude product was then purified by column chromatography [DCM->DCM/MeOH (90:10, v:v)] to give the linker-MMAE product 13 (94.6 mg, 72.7 µmol, 97%) as a colorless solid.
2.6 Biological Analysis and Methods
2.6.1 ELISA-Like Assay
An ELISA-like assay using the isolated extracellular domain of integrins αVβ3 and α5β1 was performed in flat-bottom 96-well immuno plates (Brand) to determine the activities of the synthesized compounds. All wells were coated overnight with the native integrin ligand vitronectin or fibronectin (1) (Table 1) in a carbonate buffer (150 µl/well), followed by washing of each well with the PBS-T buffer (3 × 200 µl/well) (Table 1) and blocking for 1 h with the TS-B buffer (150 µl/well) at RT. A dilution series was prepared using the internal standard (Cilengitide, 1:5 dilution) and the compounds (1:5 or 1:10 dilution) in the TS-B buffer. The protein-coated assay plate was washed with the PBS-T buffer (3 × 200 µl/well), and 50 µl of the dilution series was transferred to the assay plate wells B–G. The TS-B buffer was filled into row A (100 µl/well) as the negative control and row H (50 µl/well) as the positive control. Afterward, the corresponding human integrin (2, 50 µl/well) (Table 1) in the TS-B buffer was added to row B–H and incubated for 1 h at RT. After washing the assay plate with the PBS-T buffer (3 × 200 µl/well), the primary antibody (3, 100 µl/well) (Table 1) was transferred to each well and incubated for 1 h at RT. Then the plate was washed with the PBS-T buffer (3 × 200 µl/well), treated with the secondary antibody (4, 100 µl/well) (Table 1), and incubated for 1 h at RT. The plate was washed with the PBS-T buffer (3 × 200 µl/well), and SeramunBlau® fast2 (Seramun Diagnostics GmbH, 50 µl/well) was added to each well. Staining was stopped with 3 M aq. H2SO4 (50 µl/well) when the rows of the internal standard (cilengitide) showed a blue color gradient from well A to H (αVβ3: 40 s; α5β1: 1.5 min). The absorbance was measured with a plate reader at 450 nm and corrected by subtraction of the absorbance at 620 nm. Afterward, the resulting values were plotted and analyzed using OriginPro® 2020b where the inflection point of a DoseResp fit describes the IC50 value. All compounds were tested in duplicates or triplicates for both integrins.
TABLE 1 | Proteins and buffers applied in the ELISA-like assay.
[image: Table 1]2.6.2 Flow Cytometry
WM115 and M21-L cells were seeded in 12-well plates or cell culture flasks and incubated at 37°C for one to 2 days. The cells were detached with Accutase solution (Pan Biotech), washed with the medium, and resuspended in the PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 300 µl). Then the primary antibody (1) (Supplementary Table S2) was added, followed by incubation for 15 min on ice. Subsequently, cells were centrifuged (10 min, 1800 rpm/350 g) and washed with PBS (800 μl, 10 min 1,800 rpm/350 g). After resuspension in PBS (300 µl), the secondary antibody (2) (Supplementary Table S2) was added, and the cells were incubated for 15 min on ice. Finally, the cells were centrifuged, washed, and resuspended as described and measured with an S3e Cell Sorter (BioRad) by excitation at 488 and 568 nm. For each sample, 30,000 events were measured. As controls, pure cells and cells treated only with the secondary antibody (2) (Supplementary Table S2) were measured. Results are shown in Supplementary Figure S6.
2.6.3 Cell Adhesion Assay
WM115 cells were cultivated and used in the MEM Eagle medium (Pan Biotech P04-08500 with 10% fetal bovine serum, 50 μg/ml gentamycin, and 0.5 mM sodium pyruvate) and M21-L cells in the RPMI medium (Pan Biotech P04-16500 with 10% fetal bovine serum, 1% Pen-Strep). A flat-bottom MaxiSorp Nunc 96-well plate was coated with recombinant human vitronectin (100 µl/well, 1 μg/ml, Peprotech) in the PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) at 4°C and blocked at the following day by adding a solution of fatty acid free milk powder in PBS buffer (5 w/v %, 100 µl/well) at 4°C. The WM115 and M21-L cells were washed with the PBS buffer, detached with Accutase solution (5 ml, Pan Biotech P10-21100) at 37°C for 5 min, and then diluted with the medium (15 ml). After centrifugation (850 rpm, 6 min), the resulting cell pellet was resuspended with fluorescein diacetate in the medium (fluorescein diacetate 1.5 mg/ml, cell density 5·× 105 cells/ml) and incubated for 30 min at 37°C in the dark. The cells were washed twice with the medium and then resuspended in the medium (cell density 5 × 105 cells/ml). Afterward, a solution of CaCl2, MnCl2, and MgCl2 (each 100 mM) in the PBS buffer (90 µl) was transferred to the cells and incubated for 30 min on ice in the dark. In the meantime, a dilution series of the compounds in the medium (1:3 dilution) was prepared, and 240 µl were transferred to Eppendorf tubes. Pure medium was used as a positive control. Cell suspension (240 µl) was added to each tube of the dilution series and the control, followed by incubation at 37°C for 30 min in the dark. The assay plate was discharged and washed with 200 µl/well medium. Then the cell suspension with different compound concentrations was added to the assay plate (100 µl/well) and incubated for 60 min at 37°C in the dark. Afterward, the assay plate was washed with the medium (3 × 100 µl/well), and finally, the medium (100 µl/well) was added and the fluorescence was measured with a TecanReader (Excitation: 480 nm; Emission: 520 nm). The determined values were plotted and analyzed using OriginPro® 2020b where the inflection point of a DoseResp fit described the IC50 value.
2.6.4 Cell Viability Assay
WM115 cells were cultivated in the MEM medium (with 10% fetal bovine serum, 50 μg/ml gentamycin, and 0.5 mM sodium pyruvate) at 37°C and 5.3% CO2-humidified air in an incubator. The cells were seeded in a sterile flat-bottom cell culture 96-well plate (Sarstedt) in a density of 10,000 cells/well (100 µl/well) and incubated for 1 day as described. A serial dilution (1:3 dilution) of the compounds and the standard (cryptophycin-52) in the medium was prepared and transferred to the assay plate (100 µl/well), followed by incubation for 3 days as described. Afterward, a solution of resazurin (175 μM, 30 µl/well) was added, followed by incubation for 6 h. Subsequently, the fluorescence was measured with a TecanReader (Excitation: 530 nm; Emission: 588 nm) and plotted and analyzed using OriginPro® 2020b where the inflection point of a DoseResp fit described the IC50 value.
3 RESULTS AND DISCUSSION
Among the previously described small-molecule drug conjugates (SMDC) based on or inspired by peptides, there are only a few conjugates known for targeting the integrins (Dal Corso et al., 2016; Baiula et al., 2021; Lerchen et al., 2022; Slack et al., 2022), particularly αVβ3, with non-peptide homing devices. Such RGD mimetics provide additional possibilities of introducing structural elements and are metabolically more stable than peptides. Moreover, the generation of compound arrays is straightforward. We embarked on the development of SMDC using RGD mimetics as homing devices. For selection of promising structures, DAD (dual activity and difference) mapping (Medina-Franco et al., 2011) was used, a methodology to visualize activity/selectivity changes against two different receptors upon partial structural changes in an array of molecules.
3.1 Library Design and RGD Mimetic Synthesis
Tyrosine is a well-established scaffold for non-peptidic RGD mimetics. It lead to a variety of bioactive compounds and RGD mimetics like Tirofiban which is an antiplatelet medication by inhibition of the protein–protein interactions between fibrinogen and integrin αIIbβ3 (Egbertson et al., 1994; Curley et al., 1999) or selective inhibitors for integrin αVβ3/α5β1 (Heckmann et al., 2007; Heckmann et al., 2008; Heckmann et al., 2009). In contrast to previous approaches, where one or two structural moieties were varied, an approach with variation of three parameters was chosen. Therefore, all possible permutations, depending on the chosen residues, were synthesized. The advantage of this strategy is that every structural change can be observed in all possible structural environments which may lead to a more meaningful SAR study (Figure 3).
[image: Figure 3]FIGURE 3 | RGD mimetic lead structure with the highlighted variegating moieties.
A diversifying strategy was employed to generate an array of RGD mimetics using a minimum number of reaction steps by varying the distance (connector unit) between the guanidino-like group (R1) and the carboxylic acid, introducing different guanidino analogs (R1) and exchanging the N-terminal aromatic moiety (R2, Figure 3).
The reaction sequence started with the formation of Cbz-l-tyrosine methyl ester 1, followed by the first diversification step etherifying the tyrosine phenol by Mitsunobu reaction with three different Boc-protected amino alcohols 2a-c as connector units. The Cbz-protected amines of the RGD mimetic precursors 3a-c were deprotected by hydrogenolysis in the presence of Pd (OH)2/C. In the next step three different benzoyl substituents were introduced using the corresponding acid chloride or HOBt/EDC mediated amide formation (Figure 4 and Table 2).
[image: Figure 4]FIGURE 4 | Synthesis of RGD mimetic precursors 5a-c, 6a-c, and 7a-c. Reagents and conditions: a) 1. SOCl2, MeOH, and reflux; 2. Cbz-Cl, K2CO3, acetone, water, 0°C->RT; b) DIAD, PPh3, THF, 0°C->RT, o.n.; c) Boc2O, NEt3, RT, o.n.; d) Pd(OH)2/C, H2, MeOH/H2O 3:1, RT, o.n.; e) benzoic acid, HOBt, EDC, DIPEA, DMF, DCM, RT, o.n.and ; f) benzoyl chloride, DIPEA, DMC, DMF, RT, o.n.
TABLE 2 | Yields and methods for the final reaction step of Figure 4 where e) applies to I and f) to II.
[image: Table 2]The final reaction sequence comprises three to four steps without purification of intermediate products. After acidolysis of the Boc group the guanidino mimetics were attached. The 2-imidazoline-2-yl moiety (DHI) was introduced using 2-methylthio-2-imidazoline, while the pyrimidin-2-yl residue (Pyr) was attached using 2-bromopyrimidine. The methyl ester was saponified with an excess of LiOH in water/methanol (3:1, v:v). The tetrahydropyrimidin-2-yl derivative (THP) as guanidino analog was obtained by catalytic hydrogenation of the pyimidin-2-yl derivatives in the presence of AcOH to avoid the complexation of Pd by the guanidine-like groups (Figure 5 and Table 3).
[image: Figure 5]FIGURE 5 | Attachment of the guanidino mimetics giving the final RGD mimetics 5aa-7cd. Reagents and conditions: a) 4 M HCl in dioxane, DCM, RT; b) 2-methylthio-2-imidazoline (DHI) or 2-bromopyrimidine (Pyr/THP), triethylamine, methanol, 80°C, o.n.; c) LiOH, water, methanol, RT; and d) Pd/C, H2, AcOH, water, methanol, RT, o.n.
TABLE 3 | Yields for the reaction sequence in Figure 5 and Figure 6.
[image: Table 3]In order to obtain the THP derivatives 5dc, 6dc, and 7dc containing a Cbz group, a modified procedure for the pyrimidine reduction without cleaving Cbz was required (Figure 6). Interestingly, under reduction conditions II (Figure 5 and Table 3), the expected Cbz cleavage was slow and even in one case the THP derivative could be isolated. Closer investigation of the reaction and improvement of conditions II (Figure 5 and Table 3) resulted in a method for the selective reduction of the pyrimidine ring in the presence of the Cbz group. Noteworthy, 2-bromopyrimidine poisons the Pd catalyst and leads to a selective reduction of the pyrimidine moiety without cleaving the reduction labile Cbz group, while addition of HBr or HCl suppresses side reactions (Figure 6).
[image: Figure 6]FIGURE 6 | Synthesis of Cbz containing RGD mimetics 5dc, 6dc and 7dc. Reagents and conditions: a) 4 M HCl in dioxane, DCM, RT; b) 2-bromopyrimidine (Pyr/THP), triethylamine, methanol, 80°C, o.n.; c) LiOH, water, methanol, RT; and d) 2-bromopyrimidine, Pd/C, H2, AcOH, HBr, water, methanol, RT, o.n.
3.2 Competitive Integrin Binding Assay
The affinities (Table 4) of the RGD mimetics (Table 3) toward the integrins αVβ3 and α5β1 were determined in a competitive enzyme-linked immunosorbent assay (ELISA) using recombinant human integrins with the native ligands vitronectin and fibronectin as described in the literature (Mas-Moruno et al., 2016b).
TABLE 4 | Results of the ELISA-like assay with the isolated extracellular domains of integrin αVβ3 and α5β1. Cilengitide (IC50 αVβ3: 0.54 nM; α5β1: 15.4 nM) was used as reference for all assay plates.
[image: Table 4]Most of the RGD mimetics investigated display higher affinity to integrin αVβ3, with only a few compounds with a linker length of n = 1 or 2, a DHI/THP guanidino mimetic and a benzoyl derivative at the Tyr nitrogen preferring integrin α5β1. Based on the chosen guanidino analogs it was expected that all mimetics should favor the αV-subunit by preventing hydrogen bonds to a glutamic acid side chain (Q221) of the α5-subunit (Kapp et al., 2016). Furthermore, the Pyr derivatives generally display less affinity toward both integrins. Several RGD mimetics have high affinity to integrin αVβ3 with good selectivity over integrin α5β1 whereupon in direct comparison (see Supplementary Figure S1) the longer (n = 2–3), Cbz substituted and DHI modified compounds as well as some of the hydroxybenzoyl derivatives showing an outstanding selectivity as well as activity (6da, 6dc, 7ba, 7da, and 7dc in Table 4).
3.3 DAD Mapping Analysis
The information gain of direct comparison between molecules/activities among each other is limited and the possible predictions are imprecisely for planning further modifications like the right composition of a conjugable RGD mimetic. Homology modeling as a theoretical approach is a method to explain activity changes by docking ligands into a calculated 3D model of a structural unknown protein (Marinelli et al., 2005; Heckmann et al., 2007; Heckmann et al., 2008).
Another approach to overcome this obstacle is to visualize the impact of structural changes by creating DAD (dual activity and difference) maps. These maps were developed by Jose L. Medina-Franco (Pérez-Villanueva et al., 2011; Medina-Franco, 2012) to point out what consequence a structural change is effecting in dependence of two or more receptors/targets (Medina-Franco et al., 2013). Therefore, the affinity/activity difference, in a logarithmic scale, of two compounds for one specific target is presented on the X-axis and for the second target on the Y-axis. The amount of deflection from the center describes the magnitude of the affinity and selectivity change that is evoked through this variation as well as the direction of deflection shows the nature of the effect (Figure 7).
[image: Figure 7]FIGURE 7 | Dual activity and difference map according to Medina-Franco (2012). The areas were selected to assess and present the effect of the structural change they are visible as data points in the corresponding areas.
The IC50 affinity values of the RGD mimetics toward the integrins αVβ3 and α5β1 (Table 4) were used to create DAD maps for each parameter (length, guanidino mimetic, and aromatic moiety). One parameter was fixed, and a structural change in the second parameter is marked in color (Figure 8). The changes in the third parameter were disregarded. The common logarithm of its affinity (IC50) toward an integrin [image: image] was calculated for each compound Mx [image: image]. Then each value was pairwise compared to all other values using Eq. 1, as follows:
[image: image]
where [image: image] indicates the structural change from molecule M1 to another molecule M2. The resulting [image: image] may have positive or negative values depending on the affinity gain or loss upon the structural change. A value of [image: image] represents no change in affinity based on the structural change for the specific integrin (Medina-Franco et al., 2013).
[image: Figure 8]FIGURE 8 | Selected DAD maps of the RGD mimetic array (Table 4), the completing maps are shown in the supplementary material (Supplementary Figures S2–S5). (A–B) Influence of variations of the guanidino mimetic (A) and linker length (B) with the underlying structure shown below the panels. C relates to the guanidino mimetic DHI, while the common element in (D) is the guanidino mimetic THP. In both C and D, the influence of the linker length is displayed, and the related lead structure is shown below the panels. The structural change in the aromatic moiety (R2) is not highlighted in (C–D). As displayed in Figure 7, signals in the upper-left (high affinity and selectivity for integrin αVβ3) and the lower-right (high affinity and selectivity for integrin α5β1) corner indicate structural changes which lead to higher affinity and selectivity.
The DAD maps in Figure 8 present the affinity change for integrin αVβ3 on the X-axis and for integrin α5β1 on the Y-axis depending on different selected structural changes. Panel A (Figure 8) confirms the assumption that a change to a pyrimidinyl group as R1 in each structural environment leads to generally lower affinities and selectivity.
Figure 8 also indicates that an increasing selectivity is induced by replacing THP by DHI as guanidine mimetic (A) together with increasing affinity/selectivity by longer connector units (B). However, this elongation effect in case of the 4-hydroxybenzoyl derivatives is also influenced by other parameters because of the broad distribution (Figure 8B). Structural changes in presence of other aromatic residues in comparison to 4-hydroxybenzoyl do not lead to significant improvements in selectivity and affinity by changing connector length or the guanidino group (Supplementary Figures S4,S5). Noteworthy, the distribution of 4-hydroxybenzoyl derivatives upon exchanging the guanidino mimetic from DHI or THP to Pyr is narrower than the distribution upon exchanging the guanidino mimetic in presence of the other aromatic moieties (Supplementary Figure S4). This leads to the hypothesis that the influence of introducing a guanidine analog, with a known effect, can be predicted more accurately in presence of this aromatic moiety. Nevertheless, the influence of the aromatic moiety is limited and effects the broad distribution in panels C and D (Figure 8). A more pronounced influence is shown by variation of the connector length between both pharmacophoric groups with either DHI or THP as guanidino mimetics, independently from the aromatic acyl group (panels C and D, Figure 8). This effect is more independent of other structural changes in presence of DHI (C) as guanidino group than with THP (D) whereupon THP leads to greater activity changes (Figure 8). The direct comparison in length changes between DHI (C) and THP (D) substituted derivatives reveals the selectivity dependency of the THP group by accumulating the changes on the descending diagonal (from left-upper to right-down corner) at which a broad distribution is generated (D, Figure 8). In contrast to this observation the length changes from n = 1 or 2 to n = 3 in presence of DHI resulting in a general decreased activity for integrin α5β1 where at the distribution is more focused (Figure 8C). This leads to the assumption that DHI as guanidino group has a stabilizing effect for predicting biological behavior for structure similar molecules with this moiety.
In summary the DAD mapping analysis of the ELISA results predicts some structural motifs which have great influence on affinity and selectivity for integrin αVβ3: A length of n = 2-3 whereupon n = 3 should be better, 4-hydroxybenzoyl as aromatic moiety and DHI as guanidino group because of its stabilizing effect.
3.4 Synthesis and Biological Evaluation of Conjugable RGD Mimetics
For the implementation of a linear RGD mimetic as homing device for SMDCs it is necessary to incorporate a conjugable function in the RGD mimetic without losing affinity and selectivity for the desired integrin. Based on the DAD mapping analysis DHI as guanidino analog and 4-hydroxybenzoyl was chosen as aromatic moiety because of its biological behavior and simple synthetic modifiability by functionalization with a short azide-containing polyethylene glycol spacer. The conjugation at the para-position of a N-terminal aromatic moiety had been investigated for linear mimetics selectively binding integrin αVβ3 and α5β1 (Rechenmacher et al., 2013), for piperazine based RGD mimetics (Owen et al., 2007; Klim et al., 2012), and for a tricyclic aminopyrimidine benzoic acid based RGD mimetic (Alsibai et al., 2014). In these cases the decrease in selectivity and activity was only minor.
Therefore, protected 4-hydroxybenzoic acid 8 was modified in a Mitsunobu reaction with a chlorinated triethylene glycol derivative, followed by azidation using sodium azide. After ester hydrolysis with an excess of LiOH the free acid was coupled with the amines 4a-4c upon activation with HOBt and EDC to give the three “clickable” RGD mimetics 10a-c (Figure 9).
[image: Figure 9]FIGURE 9 | Synthesis of RGD mimetics 10a-c for conjugation. Reagents and conditions: a) 2-(2-(2-chloroethoxy) ethoxy) ethan-1-ol, DIAD, PPh3, THF, 0°C->RT, o.n.; b) NaN3, water, DMF, 80°C->RT; c) LiOH, water, methanol, THF, o.n. RT; d) HOBt, EDC, DIPEA, DMF, DCM, o.n., RT; e) 4 M HCl in dioxane, DCM, RT; f) 2-methylthio-2-imidazoline, triethylamine, methanol, 80°C, o.n.; and g) LiOH, water, methanol, RT.
The determined IC50 values of compounds 10a-c (Table 5) validate the predicted influence for the used composition. A higher distance between the carboxylic acid and the guanidino group effects a higher affinity toward integrin αVβ3 and a better selectivity over integrin α5β1. However, the triethylene glycol linker attachment in this position decreases the affinity compared to the unconjugated RGD mimetics and negatively influences the selectivity in comparison to 7ba (Table 5). This negative effect triggered by the linker introduction was also observed for an integrin α5β1 selective linear RGD mimetic where the affinity to integrin αVβ3 was increased 13-fold and, consequently, the selectivity was decreased (Rechenmacher et al., 2013).
TABLE 5 | Results of the ELISA-like assay for the conjugable RGD mimetics 10a-c (Figure 9).
[image: Table 5]3.5 Synthesis of cRGDfK and cRADfK Peptides
In order to evaluate the potency of the conjugable RGD mimetic 10c as a homing device, the peptides cRGDfK and cRADfK were chosen as positive and negative controls due to their difference in affinity for the αVβ3 integrin. The linear peptides were synthesized by solid-phase peptide synthesis using the 2-chlorotrityl resin according to the tBu/Fmoc strategy with the coupling reagents oxyma and DIC. Peptide synthesis started with immobilized Fmoc-Gly, as the linear peptide H-Asp (tBu)-d-Phe-Lys (Alloc)-Arg (Pbf)-Gly-OH would not epimerize during macrocyclization with HATU and HOAt. Noteworthy, no epimerization of the C-terminal Ala in H-Asp (tBu)-d-Phe-Lys (Alloc)-Arg (Pbf)-Ala-OH was observed either. After completion of the N-terminal Fmoc protected target peptides on resin, the Alloc group at the lysine side chain was cleaved by Pd catalysis with 1,3-dimethylbarbituric acid (DMBA) as scavenger (Tala et al., 2015). An azide-containing triethylene glycol linker 23 (Supplementary Figure S14) was attached to the lysine side chain on resin using the general coupling protocol GP-6. The linker 23 (Supplementary Figure S9) was synthesized starting from 2,2'-[ethane-1,2-diylbis (oxy)] bis (ethan-1-ol) following the literature (Gavrilyuk et al., 2009). Afterward the N-terminal Fmoc group was cleaved, the peptide was cleaved from the resin using 1% TFA in DCM, and the resulting linear peptides were cyclized under pseudo-high dilution (Malesevic et al., 2004) using syringe pumps with separate syringes for the peptide and coupling reagents (see supplementary material). This strategy minimized the number of purification steps to one final normal-phase column chromatography and is more time efficient then the common liquid-phase linker introduction (Gavrilyuk et al., 2009).
3.6 Small-Molecule Drug Conjugate Synthesis
The SMDCs were designed to contain an RGD mimetic as the homing device connected to the antimitotic drug MMAE as the toxic payload across a self-immolative linker. The dipeptide sequence Val-Ala, cleavable by cathepsin B, was combined with the self-immolative spacer para-aminobenzyl carbamate (PABC) to give a lysosomally cleavable conjugate as shown previously in other cases (Dal Corso et al., 2016; Borbély et al., 2019a).
An additional glutamic acid was incorporated in the linker to increase the plasma stability (Anami et al., 2018; Poreba, 2020) and 5-hexynoic acid was attached to the N-terminal for later conjugation via copper-catalyzed azide-alkyne cycloaddition (CuAAC). The linker 12 was synthesized on 2-chlorotrityl resin using the All/Fmoc-strategy and oxyma/DIC as coupling reagents.
The resin was loaded with Fmoc-Val-PABA, obtained from Fmoc-Val and PABA (para-aminobenzyl alcohol) using EEDQ-mediated coupling according to the literature (Cheng et al., 2020). The loading was done according to the literature (Barthel et al., 2012) with pyridine as base and gave a loading level of 0.90 mmol/gresin. After coupling of the subsequent amino acids and N-terminal 5-hexynoic acid, the peptide was cleaved from the resin and precipitated in water. The resulting benzyl alcohol-containing linker was then activated with bis(para-nitrophenyl) carbonate and the resulting (para-nitrophenyl) carbonate 12 was coupled to MMAE. As a result of the methylation the N-terminal secondary amine of MMAE is sterically hindered and, therefore, the (para-nitrophenyl) carbonate 12 has to be activated by the addition of a catalytic amount of HOBt (0.1 eq.) to reach a yield of 97 % after purification via normal-phase column chromatography.
Prior to the final CuAAC the side chain-protecting groups of the reference peptides cRGDfK 14 and cRADfK 15 were cleaved using 95% TFA with scavengers. The azide-containing cyclic peptides 14, 15 or the RGD mimetic 10c were attached to the alkyne-modified MMAE-linker construct 13 by CuAAC (Figure 10).
[image: Figure 10]FIGURE 10 | Synthesis of the RGD or RAD containing SMDC 14-15 and 10c as RGD mimetics and MMAE as payloads. Reagents and conditions: a) pyridine, DCM, 2 days, RT; b) SPPS (1. Oxyma, DIC, DMF; 2. 20 % piperidine in DMF); c) TFA, DCM, RT; d) bis(para-nitrophenyl) carbonate, DIPEA, DMF, RT; e) MMAE, HOBt, pyridine, DMF, RT; f) TFA, TIPS, MPW, o.n., RT; g) CuSO4, Na-ascorbate, DMF, water, o.n., RT; and h) Pd (PPh3)4, morpholine, DMF, water, RT.
3.7 Whole-Cell Evaluation of SMDCs
The RGD mimetic containing SMDC 18 inhibits integrin-dependent cell adhesion, which was shown for WM115 cells presenting the integrin αVβ3. The highly affine αVβ3-selective RGD-cyclopeptide Cilengitide was used as reference (Mas-Moruno et al., 2010). The cRGDfK-containing SMDC 16 served as positive control and the cRADfK-containing SMDC 17 as negative control.
The linear RGD SMDC and the cRGDfK SMDC inhibited adhesion of the αVβ3-positive WM115 cells to vitronectin with IC50 values in the low µM range, while no effect was observed for the αVβ3-negative M21-L cell line (Table 6 and Figure 11).
TABLE 6 | Cell adhesion assay of SMDC 16-18 in comparison to Cilengitide. WM115 cells were used as αVβ3-positive cell line and M21-L as αVβ3-negative cell line.
[image: Table 6][image: Figure 11]FIGURE 11 | Results for the cell adhesion assay against WM115 cells. For IC50 values, see Table 6.
The integrin status of the WM115 cells as well as for the control cell line M21-L was determined by fluorescence-activated cell sorting (FACS) analysis. This proved the occurrence of integrins αVβ3, αVβ8, and α5β1 on WM115 and the absence on M21-L cells except integrin α5β1, which is present (Borbély et al., 2019a) (Supplementary Figure S6).
The cRGDfK-SMDC 16 inhibits cell adhesion of the integrin αVβ3-positive WM115 cells to vitronectin nearly as efficiently as Cilengitide, while the cRADfK-SMDC 17 has a significantly lower effect (Figure 11). Noteworthy, the non-peptide RGD mimetic-SMDC 18 has an IC50 value comparable to cRGDfK-SMDC 16. This is in good agreement with ELISA-like assay results for Cilengitide and the unconjugated linear RGD mimetic 10c (ELISA IC50: Cilengitide 0.54 nM, 10c 21.0 nM, Table 5). This corroborates that the RGD mimetic containing SMDC 18 binds to integrin αVβ3 like the positive control cRGDfK-SMDC 16.
The cytotoxicity of SMDC 16-18 was determined in a resazurin based assay with the melanoma cell line WM115 (Table 7 and Figure 12).
TABLE 7 | Cytotoxicity data with WM115 cells and the calculated targeting index [TI = [IC50 (17)]/[IC50 (compound)]].
[image: Table 7][image: Figure 12]FIGURE 12 | Cell viability assay for SMDC 18 in comparison to control compounds and the free drug MMAE. For IC50 values, see Table 7.
MMAE, a cytotoxic agent with a low nM IC50 and used as payload in known ADCs and SMDCs (Bai et al., 1990; Staudacher and Brown, 2017; Akaiwa et al., 2020; Criscitiello et al., 2021; Gao et al., 2021), was used as reference compound in the cell viability assay and as SMDC payload. Both the linear RGD SMDC 18 (IC50 = 95.0 ± 25.0 nM) and the cRGDfK SMDC 16 (IC50 = 91.4 ± 12.3 nM) are about 50-fold less cytotoxic than free MMAE against the αVβ3-positive WM115 cell line with IC50 values in the mid-nM range. In contrast, the cRADfK SMDC 17 is 150-fold less cytotoxic than MMAE. Hence, integrin binding also influences the antiproliferative activity. The ratio IC50 (RAD)/IC50 (RGD) provides a measure for the selectivity giving a targeting index TI of 2.9 for 16 and 2.8 for 18. TI values between 1 and 10 have been reported for SMDC (Zanella et al., 2017). Low TI values may also be associated with non-receptor-mediated uptake mechanisms. The size-dependent cellular uptake (Kemker et al., 2019) could be an explanation for this behavior because of the relatively low molecular mass of the conjugates 16-18. It was also previously reported that a integrin αVβ3-addressing cRGDfK-carboxyfluorescein conjugate was taken up by integrin-positive and integrin-negative cell lines with the assumption of a fluid-phase uptake (Borbély et al., 2019a).
4 CONCLUSION
Starting from an established tyrosine scaffold, an array of 36 small-molecule RGD mimetics was synthesized by varying three parameters (guanidino mimic, linker length, and aromatic acyl moiety). An efficient diversification strategy was used, which also allows further modifications. The affinities of the RGD mimetics toward the integrins αVβ3 and α5β1 were determined in an ELISA-like assay. The DAD mapping analysis of the IC50 values allowed to identify important structural motifs to select a conjugable RGD mimetic (10c), consisting of DHI (dihydroimidazole) as guanidino mimetic, a C5 connector, and a 4-hydroxybenzoyl-based azide-containing linker for conjugation. The mimetic 10c was connected by CuAAC to a cathepsin-cleavable linker 13, where the Val–Ala recognition sequence was linked across a self-immolative PABC (para-aminobenzyl carbamate) moiety to MMAE, giving the RGD mimetic-SMDC 18. Peptide conjugates like the cRGDfK-SMDC 16 as the positive control and the cRADfK-SMDC 17 as the negative control were investigated with respect to integrin binding in cell adhesion assays. The positive control cRGDfK-SMDC 16 and the RGD mimetic-SMDC 18 displayed micromolar IC50 values with αVβ3-positive cells, while no influence on cell adhesion was observed for αVβ3-negative cells, which indicates a receptor selectivity for SMDC 16 and 18. The cell viability assay revealed cytotoxicity in the nanomolar range for SMDC 16 and 18. Hence, integrin binding also influences the antiproliferative activity giving a targeting index of 2.8. Thus, a bioactive SMDC was obtained based on a linear RGD mimetic retrieved by DAD mapping analysis of a small-molecule array and the resulting structural prediction.
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