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Simple Summary: Many cancer drugs are cytotoxic, which means that they kill cancer cells effectively
but are also toxic to normal cells. To overcome this problem, we designed a novel compound, VIP236,
which consists of three components. The first part enables the drug to target and bind to a protein
called ‘αVβ3 integrin’ on the surface of cancer cells. The second part is a new cytotoxic drug, VIP126.
The third component links the two parts together and can only be sliced by the enzyme neutrophil
elastase. Neutrophil elastase is found in high quantities in tumors, ensuring that VIP126 is released
near the cancer cells and less around normal cells. VIP126, when delivered as a component of VIP236,
kills tumor cells in mouse cancer models without the toxicity seen with standard chemotherapy.
VIP236 may be a new modality for targeting cancer cells directly, while reducing the harmful effects
to normal tissue.

Abstract: To improve tumor selectivity of cytotoxic agents, we designed VIP236, a small molecule–
drug conjugate consisting of an αVβ3 integrin binder linked to a modified camptothecin payload
(VIP126), which is released by the enzyme neutrophil elastase (NE) in the tumor microenvironment
(TME). The tumor targeting and pharmacokinetics of VIP236 were studied in tumor-bearing mice by
in vivo near-infrared imaging and by analyzing tumor and plasma samples. The efficacy of VIP236
was investigated in a panel of cancer cell lines in vitro, and in MX-1, NCI-H69, and SW480 murine
xenograft models. Imaging studies with the αVβ3 binder demonstrated efficient tumor targeting.
Administration of VIP126 via VIP236 resulted in a 10-fold improvement in the tumor/plasma ratio
of VIP126 compared with VIP126 administered alone. Unlike SN38, VIP126 is not a substrate of
P-gp and BCRP drug transporters. VIP236 presented strong cytotoxic activity in the presence of NE.
VIP236 treatment resulted in tumor regressions and very good tolerability in all in vivo models tested.
VIP236 represents a novel approach for delivering a potent cytotoxic agent by utilizing αVβ3 as a
targeting moiety and NE in the TME to release the VIP126 payload—designed for high permeability
and low efflux—directly into the tumor stroma.

Keywords: αVβ3 integrin; camptothecin payload; neutrophil elastase; small molecule–drug conjugate;
SMDC; SN38 derivative; topoisomerase 1; tumor microenvironment; VIP126; VIP236

1. Introduction

Therapeutics designed to specifically target cancer cells by conjugating cytotoxic agents
to selective tumor-targeting molecules are a promising strategy for drug development.

Cancers 2022, 14, 391. https://doi.org/10.3390/cancers14020391 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers14020391
https://doi.org/10.3390/cancers14020391
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0001-8746-9554
https://orcid.org/0000-0002-1045-1134
https://doi.org/10.3390/cancers14020391
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14020391?type=check_update&version=1


Cancers 2022, 14, 391 2 of 19

Recent research interest has previously focused on antibody–drug conjugates (ADCs) that
utilize antibodies to deliver potent cytotoxic agents [1–3]. In the past 10 years, altogether
12 ADCs have been approved for patient treatment, including Adcetris® in 2011 [4,5];
Kadcyla® in 2013 [6,7]; Besponsa® in 2017 [8]; Mylotarg™ (re-approval in 2018) [9,10];
Polivy™,® [11], Padcev®, and Enhertu® in 2019 [12,13]; Trodelvy® and Blenrep in 2020 [14];
and Zynlonta® [15], Aidixi® [16], and TivdakTM [17] in 2021.

ADCs, however, have several disadvantages related to molecular size, intracellular
penetration, or pharmacokinetic issues, and current iterations still often induce severe
toxicities listed as black box warnings on their prescribing information [18–28]. Small
molecule–drug conjugates (SMDCs), which use biomarker-targeted small molecule com-
pounds as the targeting moieties, provide a new perspective for targeted delivery and can
address some of the issues related to ADCs. SMDCs are non-immunogenic by nature, have
lower molecular weights to support good penetration into solid tumors, and their synthesis
is more manageable and cost effective [29,30], making them a promising alternative to
ADCs. Here, we describe VIP236, an SMDC consisting of an αVβ3 integrin-targeting moi-
ety and a neutrophil elastase (NE)-cleavable linker with a modified camptothecin (CPT),
VIP126, as the cytotoxic payload (Figure 1).
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Figure 1. Structure of the small molecule–drug conjugate VIP236. (A) The small molecule–drug
conjugate (SMDC) VIP236 targets αVβ3 integrin, which is abundantly expressed on tumor cells. The
VIP126 payload is specifically released by NE within the TME. (B) The generic chemical structure
of VIP236.

The modular composition of the SMDC enabled us to optimize the components
separately while considering opportunities for synergy. We reasoned that the success of
the SMDC approach would be highly dependent on the cytotoxic payload employed. The
CPT class of cytotoxic agents is potent with a well-understood mechanism-of-action [31].
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Inhibition of topoisomerase I by related anti-cancer agents, such as irinotecan, topotecan,
and belotecan, has been clinically validated but side effects still limit their clinical use.
Furthermore, the failures of a large number of CPT derivatives in clinical development due
to safety, rather than efficacy issues, suggest that targeted delivery of these compounds to
tumors may increase their therapeutic indices. This has been demonstrated for recently
approved ADCs with CPT payloads, such as trastuzumab deruxtecan (Enhertu®) [12] and
sacituzumab govitecan (Trodelvy®) [14]. In addition, we have previously shown that the
hydroxy lactone ring present in CPTs can be an appropriate linker attachment point with a
beneficial impact on lactone ring stability, which is key for CPT activity [32,33]. VIP126, the
modified CPT payload employed in VIP236, is a novel derivative of SN38, the clinically
validated active metabolite of irinotecan (Camptosar®) [34]. It has been optimized for
higher cell membrane permeability and significantly reduced efflux potential compared
with SN38.

The αVβ3 integrin-targeting moiety in VIP236 was selected based on the abundant
expression of this cell surface protein on cancer cells and activated endothelial cells in
a wide range of tumor types [35–41]. Previous experimental data suggested that the
inhibition of αVβ3 integrins could suppress tumor angiogenesis without affecting quiescent
endothelial cells in normal tissues [42]. Therefore, the inhibition of integrins with multiple
modalities, including antibodies and small molecules, has been considered a versatile
approach to inhibit tumor angiogenesis. However, despite promising preclinical results
demonstrating that the inhibition of integrins has therapeutic potential, clinical trials with
integrin inhibitors have repeatedly failed to demonstrate benefits in cancer patients [43].
Nevertheless, imaging and tissue analyses have demonstrated that the studied integrin
inhibitors, for example cilengtide and volociximab, reach their targets [43].

The binding of integrins, such as αVβ3 to arginine-glycine-aspartic acid (RGD) se-
quences present on many extracellular matrix proteins, has been well characterized [44–47],
and the use of synthetic RGD peptides to target αVβ3 integrins presents an attractive
mechanism for selective delivery of cytotoxic agents into the tumor microenvironment
(TME). Indeed, αVβ3 targeting conjugates and nanoparticles have been investigated to
deliver chemotherapy compounds [48–50], gene therapy [51], and siRNA [52] to tumor
blood vessels to block tumor growth and metastasis.

Extracellular enzymatic cleavage of the VIP236 conjugate is essential for the release
of the active agent VIP126. The design of VIP236 with a cleavage site for NE, a highly
specific protease enriched in the TME of many malignant tumors [53], enabled us to further
restrict the delivery of the cytotoxic payload. As for αVβ3 integrins, neutrophil infiltration
and elastase expression in tumors have been shown to correlate with their metastatic
potential and poor prognosis [54]. Therefore, we hypothesized that the αVβ3 integrin-
targeting moiety combined with the NE-specific linker in VIP236 could be ideally suited
for restricting delivery of the novel cytotoxic payload VIP126 into the TME.

Herein, we describe the pharmacokinetic characteristics and in vitro and in vivo effi-
cacy of VIP236—a novel SMDC consisting of an αVβ3 integrin binder and an NE-cleavable
linker connected to the cytotoxic payload VIP126.

2. Materials and Methods
2.1. Cell Lines

Caco-2 human colon adenocarcinoma, NCI-H1975 human non-small cell lung cancer
(NSCLC), 786-O human RCC, HT-29 human CRC, LoVo human CRC, SW480 human CRC,
NCI-H292 human pulmonary mucoepidermoid carcinoma, NCI-H69 human SCLC, 4T1
mouse breast cancer, and MX-1 human triple negative breast cancer cells were acquired
from ATCC and cultured according to the provider’s instructions. LLC-PK1 porcine
renal epithelial cells overexpressing human P-gp (L-MDR1 cells) were obtained from Prof.
Schinkel at Netherlands Cancer Institute (Amsterdam, The Netherlands). The recombinant
NCI-H1975-P-gp and NCI-H1975-BCRP NSCLC cell lines were generated by the Natural
and Medical Sciences Institute (NMI; University of Tuebingen, Tuebingen, Germany) by
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lentiviral transduction using the plasmids pGT414_Hyg_PGP and pGT414_Hyg_BCRP.
The cancer cell lines were authenticated using short tandem repeat DNA fingerprinting at
DSMZ and subjected frequently to mycoplasma testing.

2.2. Compounds

The SMDC VIP236, consisting of the αVβ3 binder, the modified CPT payload VIP126,
and the NE-cleavable linker were synthesized at Bayer AG. The dye conjugate BAY810,
consisting of the αVβ3 binder BAY812 coupled to IRDye® 800CW (from IRDye® 800RS NHS
Ester; LI-COR Bioscience, Bad Homburg, Germany), and BAY813, a non-binding control
conjugate of IRDye® 800CW, were also synthesized at Bayer AG. Topotecan (Hycamtin®)
was purchased from GlaxoSmithKline (GSK, Brentford, UK). Irinotecan (camptothecin-11)
was purchased from Sanofi-Aventis (Paris, France). SN38 was synthesized at Bayer AG.
Doxorubicin, cisplatin, and 5-FU were purchased from Sigma-Aldrich (Darmstadt, Germany).

2.3. Caco-2 and P-gp-Expressing LLC-PK1 Cell Permeability Assays

The cell permeability of the VIP126 and SN38 payloads was investigated with in vitro
flux assays using Caco-2 cells [55] or P-gp-overexpressing LLC-PK1 porcine renal epithelial
cells (L-MDRl cells) [56]. VIP126 and SN38 were dissolved in a HEPES buffer and applied
(in triplicate) to the cells either apically (A) or basolaterally (B) at a final concentration
of 2 µM. Before and after incubation for 2 h at 37 ◦C, samples were taken from both
compartments and analyzed by LC-MS/MS. The apparent permeability coefficient (Papp)
was calculated for both the apical to basolateral (A → B) and the basolateral to apical
(B→ A) direction as described by Schwab et al. [57].

2.4. Cytotoxicity of the VIP126 and SN38 Payloads in NCI-H1975 Parental and
Transporter-Expressing Mutant Cells

The in vitro cytotoxicity of the VIP126 and SN38 payloads was investigated in parental
NCI-H1975 and in transfected NCI-H1975-P-gp and NCI-H1975-BCRP NSCLC cells. Cells
(6 × 103 cells/well) were plated in RPMI-1640 medium supplemented with 2% fetal calf
serum (FCS) minimal media (MM) in 96-well plates and allowed to adhere at 37 ◦C/5%
CO2 for 24 h. Then, the test compounds VIP126 and SN38 were added at concentrations
of 1000–250–62.5–15–4–1–0.25 nM in MM (no elastase, final dimethyl sulfoxide (DMSO)
concentration of 0.1%) in triplicates. The cells were incubated at 37 ◦C/5% CO2 for 72 h.
Then, Alamar Blue (#DAL1100, Invitrogen, Waltham, MA, USA) was added at a 1:1 ratio,
the cells were incubated at 37 ◦C/5% CO2 for 4 h, and fluorescence (530 nm/590 nm)
was measured with a VICTOR X2 Multilabel Reader (PerkinElmer, Waltham, MA, USA).
The fluorescent signal was directly proportional to the number of viable cells. The half-
maximal growth inhibition (IC50) was determined from the dose–response curves using
the GraphPad Prism software.

2.5. In Vitro Proliferation Assay

The antiproliferative activity of VIP236 and VIP126 was evaluated in a panel of cancer
cell lines using the MTT Cell Proliferation Assay (ATCC). Briefly, cells (1.5–2.5 × 103 cells/well)
were plated in their appropriate growth medium in 96-well plates, allowed to adhere at
37 ◦C/5% CO2 for 24 h, and then the test compounds were added at concentrations of
1 × 10−5–1 × 10−13 M in triplicates. Two identical sets of samples were prepared; the first
set was treated with the test compound alone and the second set was treated with the test
compound and 10 nM NE (Sigma-Aldrich). Cells were incubated at 37 ◦C/5% CO2 for 72 h,
and the proliferation was determined using the MTT assay according to the manufacturer’s
instructions. The proliferation of untreated, but otherwise identically handled, cells was
defined as 100%. The half-maximal growth inhibition (IC50) was determined from the
dose–response curves using the GraphPad Prism software.
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2.6. Tumor Homing of the αVβ3 Binder in 786-O RCC Tumor-Bearing Mice

All animal experiments were conducted in accordance with the German Animal Wel-
fare Law and approved by local authorities. To study the tumor homing of the αVβ3 binder,
male BALB/c nude mice (11 weeks; Taconic M&B A/S, Lille Skensved, Denmark) were inoc-
ulated subcutaneously (s.c.) with 2× 106 786-O RCC cells suspended in phosphate-buffered
saline (PBS). The mice were fed with chlorophyll-free chow (Harlan, Horst, The Nether-
lands) 7 days prior to imaging to reduce the background fluorescence. When the 786-O
tumors reached an average tumor size of 0.7 cm in diameter, the mice (n = 3 mice/group)
were injected with 20 nmol of BAY810 (1.35 mg/kg), consisting of the αVβ3 binder coupled
to IRDye® 800CW (LI-COR Bioscience, Bad Homburg, Germany), according to the manu-
facturer’s instructions, or BAY813 (1.35 mg/kg), a non-binding control conjugate of IRDye®

800CW. As a negative control, one mouse was injected with IRDye® 800CW carboxylate
(0.84 mg/kg) in a sterile 0.9% NaCl aqueous solution (Sigma-Aldrich). Tumor accumulation
of the IRDye® conjugates in mice was determined 8, 24, and 48 h post administration using
the LI-COR Pearl® imaging system (LI-COR Bioscience, Bad Homburg, Germany).

2.7. Pharmacokinetics of VIP236 and VIP126 in Plasma and Tumor

The pharmacokinetic properties of VIP236 and VIP126 in plasma and tumor were
estimated in female NMRI nu/nu xenograft mice (Taconic M&B A/S) bearing 786-O human
RCC tumors. The mice were treated intravenously (i.v.) via the tail vein with a single dose
of VIP236 (4 mg/kg) or VIP126 (1 mg/kg). The doses of VIP236 and VIP126 were chosen
so that an equimolar amount of VIP126 was administered regardless of whether it was
delivered utilizing VIP236 or delivered directly. Plasma and tumor samples were collected
at 2 min, 10 min, 30 min, 1 h, 2 h, 4 h, 7 h, and 24 h after treatment (n = 2 mice/group
at each time point), and the concentrations of VIP236 and VIP126 were measured by
LC-MS/MS. Pharmacokinetic analysis of VIP236 and VIP126 was performed using the
mean concentration–time profiles. All pharmacokinetic parameters were calculated by
non-compartmental methods, as previously described [58].

2.8. In Vivo Antitumor Efficacy of VIP236

The in vivo antitumor efficacy of VIP236 was evaluated in the 786-O (human RCC),
MX-1 (human TNBC), NCI-H69 (human SCLC), and SW480 (human colorectal cancer)
xenograft models.

VIP236 was formulated in PBS. Irinotecan, doxorubicin, topotecan, cisplatin, and 5-FU
were diluted in 0.9% NaCl. In all in vivo antitumor efficacy studies, the vehicle control
group was treated with the VIP236 formulation buffer.

In the 786-O efficacy study, immunocompromised female NMRI nu/nu mice (8–10 weeks,
21–22 g, Taconic M&B A/S) were inoculated s.c. with 2 × 106 786-O cells suspended in
100% Matrigel®. The mice were randomized into control and treatment groups (n = 8)
when the 786-O tumors reached an average size of 25 mm2. The 786-O tumor-bearing mice
were treated with vehicle or VIP236 (36 mg/kg, 3 on/4 off, i.v.).

In the MX-1 efficacy study, the in vivo-grown tumor fragments (2 mm× 2 mm× 2 mm)
were implanted s.c. in immunocompromised female NMRI nu/nu mice (8–10 weeks,
18–21 g, Taconic M&B A/S). The mice were randomized into control and treatment groups
(n = 8) when the MX-1 tumors reached an average size of 25 mm2. The MX-1 tumor-bearing
mice were treated with vehicle, VIP236 at 23, 36, or 40 mg/kg (3 days on/4 days off
(3 on/4 off), i.v.), irinotecan at 15 mg/kg (4 on/3 off, i.v.) or 30 mg/kg (Q2/3Dx9, i.v.), or
doxorubicin at 10 mg/kg (Q14Dx2, i.v.).

In the NCI-H69 efficacy study, immunocompromised female NMRI nu/nu mice
(8–10 weeks, 18–21 g, Taconic M&B A/S) were inoculated s.c. with 3 × 106 NCI-H69
cells suspended in 50% Matrigel®/50% medium. The mice were randomized into con-
trol and treatment groups (n = 8) when the NCI-H69 tumors reached an average size of
25 mm2. The NCI-H69 tumor-bearing mice were treated with vehicle, VIP236 (40 mg/kg,
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3 on/4 off, i.v.), topotecan (0.5 mg/kg, 7 on/7 off, i.v.), or cisplatin (3 mg/kg, Q3Dx14,
intraperitoneally [i.p.]).

In the SW480 efficacy study, immunocompromised female NMRI nu/nu mice (8–10 weeks,
18–21 g, Taconic M&B A/S) were inoculated subcutaneously with 3 × 106 SW480 cells
suspended in 50% Matrigel®/50% medium. The mice were randomized into control and
treatment groups (n = 8) when the SW480 tumors reached an average size of 25 mm2.
The SW480 tumor-bearing mice were treated with vehicle, VIP236 at 23, 36, or 40 mg/kg
(3 on/4 off, i.v.), irinotecan at 15 mg/kg (4 on/3 off, i.v.) or 30 mg/kg (Q2/3Dx9, i.v.), or
5-FU at 100 mg/kg (Q7D, i.p.).

Subcutaneous tumor growth was monitored by measuring tumor area (length×width)
using a caliper. Animal body weight was monitored as an indicator of treatment-related
toxicity. Measurement of tumor area and body weight was performed at least twice
weekly. Individual animals were sacrificed when showing >20% body weight loss or
when tumors reached a maximum area of ~200 mm2 unless ulceration or other predefined
humane endpoints were met. At study termination, the animals were sacrificed by cervical
dislocation under CO2 anesthesia. T/C (treatment/control) ratios were calculated using the
final mean tumor areas at study or control group termination. Treatment responses were
defined on the last day of the vehicle group (Day 38 for 786-O, Day 86 for MX-1, Day 31 for
NCI-H69, and Day 24 for SW480) using the RECIST criteria [59]. Progressive disease (PD)
was defined as a greater than 20% increase in tumor size. Partial response (PR) was defined
as a greater than 30% reduction in tumor size. Complete response (CR) was defined as an
absence of any palpable tumor mass. No tumor growth or a slight reduction (<30%) or
small increase (<20%) in tumor size was defined as stable disease (SD).

2.9. Statistical Analyses

Statistical analyses were performed using the GraphPad Prism software (version 9).
Tumor area data were analyzed using one-way ANOVA followed by Dunnett’s test or
paired t-tests. p values < 0.05 were considered significant.

3. Results
3.1. The αVβ3 Integrin-Targeting Moiety Mediates Tumor Homing

First, we investigated the tumor homing ability of the αVβ3 integrin binder in 786-O
human renal cell carcinoma (RCC) tumor-bearing mice via conjugation to a fluorescent
IR800 dye using in vivo near-infrared imaging. We used an i.v. dose of 1.35 mg/kg for the
IR800-coupled αVβ3 integrin binder and the non-binding IR800-coupled control conjugate
or 0.84 mg/kg for the carboxylate dye negative control (equaling 20 nmol) per mouse, and
the mice were imaged 8, 24, and 48 h post administration. The IR800-coupled αVβ3 integrin
binder showed strong tumor homing in 786-O RCC tumor-bearing mice (Figure 2A),
whereas no tumor-specific accumulation was detected with the non-binding IR800-coupled
control conjugate (Figure 2B). Overall signal intensity in mice injected with the carboxylate
negative control dye was low at all three time points, indicating that background near-
infrared fluorescence due to unspecific dye binding was negligible (representative image
shown for the 48-h time point, Figure 2C). Injection of the non-binding control resulted
in a non-tumor specific signal mainly located in the skin and kidneys, suggesting renal
clearance of the dye conjugate. While the overall signal intensity weakened over time when
using the αVβ3-binding conjugate, the relative near-infrared fluorescence signal showed
an up to 42-fold increase in the tumor compared with other organs, including the kidneys,
lung, spleen, and liver (data not shown).
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3.2. The Modified CPT Payload VIP126 Shows an Improved In Vitro Profile

Transporter pumps, such as the P-glycoprotein (P-gp) efflux pump expressed on
cancer cells, are known to contribute to resistance to chemotherapy treatment [60]. The
cytotoxic payload VIP126 is released extracellularly from the SMDC, and therefore, cellular
permeability and the potential to resist efflux transporter pumps are important aspects in the
selection of the antineoplastic agent to be used as the payload. SN38 is a clinically validated
CPT derivative that has demonstrated high performance as the active metabolite of the
small molecule irinotecan (Camptosar®) as well as the payload of the ADC sacituzumab
govitecan (Trodelvy®) [61]. Here, we compared the permeability and efflux ratio of VIP126
to SN38 using Caco-2 cells and human P-gp-expressing LLC-PK1 cells. VIP126 showed
20-times higher permeability compared with SN38, and its efflux ratio was approximately
1 in Caco-2 and human P-gp-expressing LLC-PK1 cells, suggesting that the compound was
not transported out of the cells (Table 1). This indicated that, unlike SN38, VIP126 was not
a substrate for P-gp-mediated efflux transportation. Furthermore, VIP126 demonstrated
comparable cytotoxicity in parental NCI-H1975 cells and in P-gp- or breast cancer resistance
protein (BCRP) efflux transporter-expressing mutants. In contrast, SN38 showed lower
cytotoxicity in the efflux transporter-expressing NCI-H1975 mutants, demonstrated by
3–11 times higher half-maximal growth inhibition (IC50) values compared with the parental
NCI-H1975 cells (Table 2 and Supplementary Figure S1).

Table 1. Permeability and efflux ratio of the VIP126 and SN38 payloads measured in flux assays with
human P-gp-expressing LLC-PK1 cells and Caco-2 cells. The values represent the mean value of at
least two independent assays performed in triplicate (n = 3).

Cell Line Payload Permeability A→ B [nm/s] Efflux Ratio

P-gp-expressing
LLC-PK1

VIP126 196 0.6
SN38 10 16

Caco-2
VIP126 171 1
SN38 8 36
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Table 2. Cytotoxic activity (IC50) of VIP126 and SN38 in NCI-H1975 parental and efflux transporter-
expressing mutant cells. The values represent the mean value of at least two independent assays
performed in triplicate (n = 3).

Compound
IC50 [nM]

NCI-H1975 NCI-H1975-P-gp NCI-H1975-BCRP

VIP126 19 34 27
SN38 45 141 512

IC50, half-maximal inhibitory concentration; VIP126, modified camptothecin payload.

3.3. In Vitro Cytotoxic Activity of VIP236 against Tumor Cell Lines Is NE-Dependent

VIP236 is an SMDC consisting of the αVβ3 binder and the VIP126 payload, which
is connected via a linker designed to be selectively cleaved by NE. Since tumor cell lines
do not express NE, we evaluated the in vitro cytotoxic activity of the VIP236 conjugate
in the presence or absence of NE in a panel of cancer cell lines. VIP236 showed weak
antiproliferative activity in the absence of NE, with IC50 values in the two to three-digit
nanomolar range. When NE was added to the culture medium to simulate the TME, the
cytotoxic activity of VIP236 increased to levels comparable to the VIP126 payload alone,
reaching single-digit nanomolar IC50 values (Table 3 and Supplementary Figure S2).

Table 3. Cytotoxic activity (IC50) of VIP236 in the presence or absence of 10 nM NE in a panel of
cancer cell lines. The values represent the mean value of at least two independent assays performed
in triplicate (n = 3).

Cancer Cell Line
IC50 (nM)

Cancer Type VIP236
without NE

VIP236
with NE VIP126

786-O Human renal cell carcinoma 188 1.1 1.2
HT29 Human colorectal cancer 245 8.7 6.8
LoVo Human colorectal cancer 91 2.9 1.8

SW480 Human colorectal cancer 41 1.2 1.8
NCI-H292 Human lung mucoepidermoid carcinoma 209 1.8 1.5
NCI-H69 Human small cell lung cancer 486 3.0 2.9

4T1 Murine mammary carcinoma >1000 59 49

IC50, half-maximal inhibitory concentration; NE, neutrophil elastase; VIP126, modified camptothecin payload.

3.4. VIP236 Has Low Clearance and Results in Reduced Systemic Exposure of the Payload

The plasma and tumor concentration–time profiles of the VIP236 conjugate and the
VIP126 payload following i.v. administration of equimolar doses of VIP126 delivered as
the VIP236 conjugate or directly were determined in 786-O RCC tumor-bearing mice. First,
we determined the pharmacokinetic properties of the VIP236 conjugate and the VIP126
payload upon their direct i.v. administration in 786-O tumor-bearing mice (Figure 3A,C;
Table 4). Clearance (CL) was low for VIP236 and moderate for VIP126. The volume of
distribution at steady-state (Vss) was low for VIP236 and the approximated plasma volume,
suggesting limited distribution outside of plasma [62]. In contrast, for VIP126, the Vss was
moderate, being 22-fold higher compared with VIP236, suggestive of higher penetration
into cells. The half-life (≤1 h) was short for both compounds. Finally, the delivery of VIP126
via VIP236 resulted in reduced systemic exposure of VIP126, as demonstrated by a ~6-fold
lower area under the curve value (AUCplasma) compared with direct VIP126 delivery. The
reduced systemic exposure is anticipated to reduce potential adverse effects (Table 5).
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Figure 3. The higher tumor-to-plasma ratio of VIP126 after VIP236 administration results in marked
anti-tumor efficacy in vivo. Concentration of VIP236 and VIP126 in tumor and plasma following the
administration of (A,B) the VIP236 conjugate or (C) the VIP126 payload directly. 786-O tumor-bearing
mice (n = 2 mice/group at each timepoint) were treated i.v. with a single dose of VIP236 (4 mg/kg) or
VIP126 (1 mg/kg, via tail vein). The doses of VIP236 and VIP126 were chosen so that an equimolar
amount of VIP126 was administered regardless of whether it was delivered utilizing VIP236 or
delivered directly. (D) Growth curves of 786-O tumors in female NMRI nu/nu mice (n = 8/group)
treated with vehicle or VIP236 (36 mg/kg, 3 on/4 off, i.v.). Statistical analyses were performed using
paired t-tests on Day 38 in (D). *** p < 0.001 compared with vehicle.

Table 4. Pharmacokinetics of VIP236 and VIP126 in female NMRI nu/nu 786-O tumor-bearing mice
following administration of a single i.v. dose of VIP236 (4 mg/kg) or VIP126 (1 mg/kg). The doses
of VIP236 and VIP126 deliver equimolar amounts of VIP126. Pharmacokinetic parameters were
estimated from mouse concentration–time profiles (n = 2 mice/timepoint).

PK Parameters VIP236 VIP126

Dose (mg/kg) 4 1
AUCinf (µg·h/L) 93,400 301

CL (L/h/kg) 0.0428 3.33
Cmax (µg/L) 112,000 1510
Vss (L/kg) 0.0688 1.54
t1/2 (h) 0.807 1.02



Cancers 2022, 14, 391 10 of 19

Table 5. Plasma and tumor pharmacokinetics of VIP236 and VIP126 in female NMRI nu/nu 786-O
tumor-bearing mice following administration of a single i.v. dose of VIP236 at 4 mg/kg or VIP126 at
1 mg/kg. The doses of VIP236 and VIP126 deliver equimolar amounts of VIP126. Pharmacokinetic
parameters were estimated from mouse concentration–time profiles (n = 2 mice/timepoint).

Compound Dosed VIP236 (4 mg/kg) VIP126 (1 mg/kg)

PK Parameters VIP236 VIP126 VIP126

AUCtumor (µg·h/L) 4660 318 185
AUCplasma (µg·h/L) 93,400 52.1 301

AUCtumor/AUCplasma 0.0499 6.10 0.616

3.5. VIP236 Results in a Higher Tumor-to-Plasma Ratio of the VIP126 Payload and Leads to
Anti-Tumor Efficacy In Vivo

Delivery of the VIP126 payload via VIP236 conjugate administration resulted in altered
VIP126 tumor exposure when compared with direct administration. Despite having lower
VIP126 plasma exposure with VIP236 administration, VIP126 tumor exposure (AUCtumor)
was ~72% higher compared with direct VIP126 administration (Figure 3B,C; Table 4).
Notably, the VIP126 tumor-to-plasma ratio (AUCtumor/AUCplasma) with VIP236 conjugate
administration was 6 (Figure 3B; Table 5), whereas a ratio of 0.6 was observed when an
equimolar dose of VIP126 was administered directly (Figure 3C; Table 5). This indicated
a 10-fold improvement in the tumor-to-plasma ratio, highlighting a potential therapeutic
advantage. Indeed, in the 786-O RCC xenograft model, marked anti-tumor efficacy was
observed upon treatment with VIP236 at 36 mg/kg (3 on/4 off, i.v.) with a T/C value 0.19
(p < 0.001) on Day 38, when the vehicle group was sacrificed (Figure 3D). Furthermore,
3/8 and 5/8 of the VIP236-treated mice had partial responses (PRs) and stable diseases
(SDs), respectively. Importantly, the tumors also responded to the second treatment period
between Days 60 and 80.

3.6. VIP236 Shows High Antitumor Efficacy and Good Tolerability In Vivo

Finally, we extended the evaluation of the in vivo antitumor efficacy and tolerability
of the VIP236 conjugate by comparing it to commonly utilized anticancer compounds using
the MX-1 triple-negative breast cancer (TNBC), NCI-H69 small cell lung cancer (SCLC),
and SW480 colorectal cancer (CRC) xenograft mouse models.

In the MX-1 TNBC model, complete tumor responses (CRs) were observed in >80%
of mice across all three VIP236 doses (26–40 mg/kg, 3 days on/4 days off, i.v.; Table 6).
No tumor regrowth was observed in any of the VIP236 treatment groups 68 days after
the last treatment on Day 86 (Figure 4A). Similar results were observed with irinotecan at
15 mg/kg (4 on/3 off, i.v.). In contrast, irinotecan at 30 mg/kg (Q2/3Dx9, i.v.) resulted in
stable disease, but clear tumor regrowth was observed after the treatment was stopped.
Furthermore, the irinotecan treatment resulted in a relative body weight loss of >10%,
which required treatment holidays. Doxorubicin (10 mg/kg, Q14Dx2, i.v.) was the least
effective agent in this TNBC xenograft model (Figure 4A) and had the most toxicity with
a relative body weight loss of >15% (Figure 4B). VIP236 was efficacious when compared
with placebo (p < 0.001) and with doxorubicin (p < 0.001) with less toxicity (Figure 4A,B).
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Table 6. Antitumor efficacy of VIP236 and the reference compounds in the MX-1 breast cancer,
NCI-H69 lung cancer, and SW480 colorectal cancer models.

Treatment Corresponding Payload
Dose (mg/kg) Response a Treatment/

Control Ratio b

MX-1 TNBC

VIP236, 26 mg/kg, 3 on/4 off 6.5 CR: 7/8, PR: 1/8 0.003 ***, ###

VIP236, 36 mg/kg, 3 on/4 off 9 CR: 6/8, PR: 2/8 0.004 ***, ###

VIP236, 40 mg/kg, 3 on/4 off 10 CR: 7/8, PR: 1/8 0.001 ***, ###

Irinotecan, 15 mg/kg, 4 on/3 off 9.5 CR: 4/8, PR: 4/8 0.002 ***
Irinotecan, 30 mg/kg, Q2/3Dx9 19 PR: 5/7, SD: 2/7 0.15 ***, #

Doxorubicin, 10 mg/kg, Q14Dx2 n/a SD: 1/7, PD: 2/7 0.49 ***

NCI-H69 SCLC

VIP236, 40 mg/kg, 3 on/4 off 10 PR: 8/8 0.06 ***, #

Topotecan, 0.5 mg/kg, 7 on/7 off n/a SD: 1/8, PD: 7/8 0.20 ***
Cisplatin, 3 mg/kg, Q3Dx14 n/a SD: 1/8, PD: 7/8 0.25 ***

SW480 CRC

VIP236, 26 mg/kg, 3 on/4 off 6.5 PR: 2/8, SD: 4/8, PD: 2/8 0.18 ***, ###

VIP236, 36 mg/kg, 3 on/4 off 9 PR: 7/8, SD: 1/8 0.09 ***, ###

VIP236, 40 mg/kg, 3 on/4 off 10 PR: 8/8 0.10 ***, ###

Irinotecan, 15 mg/kg, 4 on/3 off 9.5 PR: 5/8, SD: 3/8 0.13 ***
Irinotecan, 30 mg/kg, Q2/3D 19 PR: 4/8, SD: 3/8, PD: 1/8 0.15 ***

5-FU, 100 mg/kg, Q7D n/a PD: 8/8 0.54 ***
a Treatment responses were determined on the last day of the vehicle group using the RECIST criteria [59]: Day 86
for MX-1, Day 31 for NCI-H69, and Day 24 for SW480. CR, complete response; PR, partial response; SD, stable
disease; PD, progressive disease. b Treatment/control ratio determined on the last day of the vehicle group:
Day 86 for MX-1, Day 31 for NCI-H69, and Day 24 for SW480; *** p < 0.001 compared with vehicle; # p < 0.05
compared with doxorubicin in MX-1 or cisplatin in NCI-H69; ### p < 0.001 compared with doxorubicin in MX-1 or
5-FU in SW480. n/a, not applicable.

In the NCI-H69 SCLC model, treatment with VIP236 at 40 mg/kg (3 on/4 off, i.v.)
showed marked antitumor efficacy with a T/C of 0.06 and partial responses (PRs) in
8/8 mice (Figure 4C; Table 6) and was well tolerated (Figure 4D). The VIP236 conjugate was
more efficacious than cisplatin (3 mg/kg, Q3Dx14, i.p.) on Day 31, when the vehicle group
was sacrificed (p = 0.022) (Figure 4E). On Day 46, when the topotecan group (0.5 mg/kg,
7 on/7 off, i.v.) was sacrificed, VIP236 was more efficacious than cisplatin and topotecan
with p-values < 0.001 for both treatments (Figure 4F). In contrast to VIP236, topotecan
and cisplatin treatments resulted in a relative body weight loss of >10%. In the cisplatin
treatment group, one animal died on Day 46.

In the SW480 CRC model, VIP236 treatment resulted in clear tumor growth inhibition
at all three doses, similar to irinotecan (Figure 4G,H; Table 6). Treatment with VIP236
at 40 mg/kg (3 on/4 off, i.v.) resulted in a T/C of 0.10 and PRs in 8/8 mice. After
treatment cessation, moderate tumor regrowth was observed in all VIP236- and irinotecan-
treated mice. VIP236 and irinotecan were significantly (p < 0.001) more efficacious than
5-fluorouracil (5-FU), a chemotherapy commonly used to treat CRC.
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Figure 4. Antitumor efficacy of VIP236 and reference compounds in mouse xenograft models.
(A) Growth curves of MX-1 TNBC tumors in female NMRI nu/nu mice (n = 8/group) treated with
vehicle, VIP236 (23, 36, or 40 mg/kg, 3 on/4 off, i.v.), irinotecan (15 mg/kg, 4 on/3 off, i.v. or
30 mg/kg, Q2/3Dx9, i.v.), or doxorubicin (10 mg/kg, Q14Dx2, i.v.). (B) Relative body weight change
of the MX-1 tumor-bearing mice treated as described in (A). (C) Growth curves of NCI-H69 SCLC
tumors in female NMRI nu/nu mice (n = 8/group) treated with vehicle, VIP236 (40 mg/kg, 3 on/4 off,
i.v.), topotecan (0.5 mg/kg, 7 on/7 off, i.v.), or cisplatin (3 mg/kg, Q3Dx14, i.p.). (D) Relative body
weight change of the NCI-H69 tumor-bearing mice treated as described in (C). (E) Areas of the NCI-
H69 tumors described in (C) on the last day of the vehicle group (Day 31). (F) Areas of the NCI-H69
tumors described in (C) on the last day of the topotecan treatment group (Day 46). (G) Growth curves
of SW480 tumors in female NMRI nu/nu mice (n = 8/group) treated with vehicle, VIP236 (23, 36, or
40 mg/kg, 3 on/4 off, i.v.), irinotecan (15 mg/kg, 4 on/3 off, i.v.; or 30 mg/kg, Q2/3Dx9, i.v.), or 5-FU
(100 mg/kg, Q7D, i.p.). (H) Relative body weight change of the SW480 tumor-bearing mice treated as
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described in (G). Statistical analyses were performed using one-way ANOVA followed by Dunnett’s
test on Day 86 in (A), Days 31 and 46 in (C), or Day 24 in (G). *** p < 0.001 compared with vehicle;
# p < 0.05 compared with doxorubicin (A) or cisplatin (C,E); ### p < 0.001 compared with doxorubicin
in (A), cisplatin in (F), or 5-FU in (G). §§§ p < 0.001 compared with topotecan in (F).

4. Discussion

We developed a potent modified CPT payload, VIP126, to be selectively delivered to
cancer cells by an SMDC targeting αVβ3 integrin. In the TME, the payload is cleaved by
NE and enters cancer cells to induce DNA damage and cell killing [63]. Many tumor cells
express elevated levels of the ATP-binding cassette (ABC) transporter family members,
such as P-gp or BCRP, and efflux through these transporters is one of the most widely
recognized mechanisms of multidrug resistance [64]. In contrast with SN38, the VIP126
payload retained its cytotoxic activity in P-gp or BCRP transporter-transfected cells. This
indicates that VIP126 is not a substrate of such transporter proteins and that it could exhibit
an improved activity profile even in tumors that have progressed or relapsed after one or
more lines of chemotherapy.

The integrin target was selected because of its extensive characterization in normal
and tumor tissues. Integrin αVβ3 is most abundantly expressed on angiogenic endothelial
cells in remodeling and pathological tissues [65]. In the TME, αVβ3 integrins play critical
roles in tumor progression, resistance to cytotoxic therapy, metastasis, and the recruitment
of immune and inflammatory cells (reviewed in [43]). They have been implicated in cancer
growth and invasion in a wide variety of solid tumors, including melanoma, pancreatic,
prostatic, breast, ovarian, and cervical cancers [35–41]. The expression of αV and β3 inte-
grins has been associated with poor prognosis in cancers such as colorectal cancer [66,67]
and melanoma [68]. In experimental studies, the inhibition of αVβ3 integrins by antibodies,
Arg–Gly–Asp-based cyclic peptides, or non-peptidic mimetics has been shown to suppress
tumor angiogenesis without affecting quiescent endothelial cells [42], raising the expec-
tation that αVβ3 integrin inhibition might be a valuable anti-cancer strategy (reviewed
in [69]).

Although the inhibition of integrins has long been considered a viable approach to
inhibit tumor angiogenesis and growth, this concept has not been successful in the clinic.
Anti-αVβ3 inhibitory antibodies, based on a humanized form of the mouse monoclonal
LM609 (etaracizumab; abegrin; vitaxin), were tested and well tolerated [70,71], as were
two pan-αV integrin antibodies, abituzumab [72] and intetumumab [73]. In addition, the
cyclic peptide cilengitide, which specifically inhibits αVβ3 and αVβ5 integrins, performed
well in preclinical studies [74,75] and progressed to Phase 3 trials for cancer indications,
including glioblastoma [76]. However, despite compelling preclinical results demonstrating
the therapeutic potential of integrin inhibition, clinical trials repeatedly failed to demon-
strate therapeutic benefits in cancer patients [73,77–80]. Furthermore, low concentrations
of cilengitide were found to induce, rather than inhibit, αVβ3 signaling, resulting in stimu-
lated angiogenesis [81]. The failure of cilengitide and other αVβ3-targeting molecules as
anti-angiogenic drugs may be due to limitations intrinsic to all inhibitory approaches, in
particular adaptive resistance [43]. Functional redundancy, promiscuity, and compensa-
tion typical of integrins [82] may be the reasons why these integrin inhibitors were well
tolerated, but at the same time had limited therapeutic benefit. Nevertheless, imaging and
tissue analyses indicated that small molecules, such as cilengitide, reach their targets [43].

Our approach employs a selective integrin αVβ3 small molecule binder to focally
concentrate a chemotherapeutic warhead to kill tumor cells and angiogenic endothelial cells.
This approach does not depend on the inhibition of integrin signaling for its therapeutic
effect. Using small molecules to target integrins for the delivery of cytotoxic payloads is a
relatively new and untested strategy, which has not yet been advanced to clinical trials [50].
Previous attempts included ADCs such as IMGN-388, in which intetumumab was bound to
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the maytansinoid cytotoxic agent DM4. IMGN-388 was well tolerated in a Phase 1 trial [83].
However, there were no responses, even though some of the patients’ tumors had high
integrin expression. There were several cases of disease stabilization as well as a correlation
between integrin expression and dose to clinical benefit, but patient numbers were too
small to draw definitive conclusions. In alternative strategies, αVβ3 integrin-targeting
nanoparticles were used with limited success to deliver chemotherapeutic compounds to
tumors [48,49]. VIP236 extends and improves upon the integrin-targeted cytotoxic payload
concept in several important ways.

VIP236 is an SMDC rather than an ADC, which affords certain advantages. SMDCs
are less immunogenic and easier to synthesize [29]. For VIP236, we employed a pep-
tidomimetic αVβ3 ligand that demonstrated efficient tumor homing when conjugated to a
fluorescent dye.

To further enhance the targeting specificity of the VIP236 SMDC, we engineered an NE
cleavage site into the linker peptide that connects the targeting moiety to the payload and
enables the release of the payload without the formation of intermediates. The cleavage site
was optimized for effective and specific cleavage by NE in the TME and it is stable in blood
plasma, which minimizes systemic payload release. This restricts the drug release to the
extracellular regions of the tumor where high concentrations of the enzyme occur. NE is a
member of a family of serine proteases that degrade elastin and other extracellular matrix
proteins [84]. It is expressed by myeloid cells, including neutrophils and macrophages. NE
expression and activity are upregulated in the microenvironment of numerous cancers,
where the enzyme contributes to cancer progression by enhancing invasion and metasta-
sis [84,85]. NE expression can also be found in tumor extracts originating from xenograft
models [54]. Like αVβ3 integrin, NE expression is also correlated with poor prognosis [54].

VIP236 exhibited strong biologic activity in in vitro and in vivo experiments. In cul-
tured cancer cells, the compound showed weak antiproliferative activity in the absence
of NE, with IC50 values in the mid-nanomolar range. When NE was added to the culture
medium to simulate the TME, the antiproliferative activity of VIP236 increased to levels
comparable to the VIP126 payload alone, with single-digit nanomolar IC50 values. This
indicates that VIP236 functions as an antiproliferative compound only upon specific cleav-
age by a protease prevalent in the TME. The tumor-to-plasma ratios of the payload VIP126
were 10-fold enhanced when delivered as a conjugate versus direct administration. Finally,
in vivo treatment with VIP236 resulted in tumor regression in all xenograft models tested
(RCC, TNBC, SCLC, and CRC), with good tolerability.

The SMDC VIP236 benefits from the synergy resulting from its modular composition.
Tumor homing by αVβ3 integrin targeting combined with payload release by NE in the TME
focus the cytotoxic activity to the tumor. This TME targeting, along with the high conjugate
stability in plasma and the release of VIP126 at its site of action, further supports the
broadening of the therapeutic window. Moreover, the beneficial properties of VIP126 (i.e.,
high cellular permeability and low efflux ratio) present a promising approach to overcome
common tumor resistance mechanisms. These findings support further development of
VIP236 as a potential treatment option for advanced or invasive cancers.

5. Conclusions

A novel SMDC VIP236 was developed and optimized to bind to αVβ3 integrin on
cancer cells and activated endothelial cells and to release its modified CPT payload VIP126
when selectively cleaved by NE in the TME. The αVβ3 integrin binder demonstrated ef-
ficient tumor homing in vivo. VIP126 is a novel, modified SN38 derivative with higher
cellular permeability and significantly reduced efflux potential. In contrast to SN38, VIP126
also retained its cytotoxic activity in transporter-expressing mutant cell lines. A 10-fold
higher tumor-to-plasma ratio of VIP126 was shown after conjugate administration com-
pared with i.v. administration of the payload alone. Treatment with VIP236 resulted in
tumor regressions in all tested xenograft models in vivo (RCC, TNBC, SCLC, and CRC),
with good tolerability.



Cancers 2022, 14, 391 15 of 19

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14020391/s1, Figure S1: Cytotoxic activity of VIP126 and
SN38 in parental and efflux transporter-expressing NCI-H1975 cells, Figure S2: Cytotoxic activity of
VIP236 in the presence or absence of NE in various cancer cell lines.

Author Contributions: Conceptualization, H.-G.L., M.H., D.Z., B.S.-L., C.K.; methodology, M.H.,
B.S.-L., D.Z., C.K., A.K., T.S., J.W., H.-G.L.; investigation, M.H., B.S.-L., C.K., T.S., J.W.; writing—
original draft preparation, H.-G.L., B.S.-L., H.W., T.S.; writing—review and editing, R.I., H.W., H.-G.L.,
B.S.-L., C.K.; supervision, H.-G.L., A.H.; project administration, H.-G.L., B.S.-L.; funding acquisition,
A.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All animal experiments were conducted in accordance with
the German Animal Welfare Law and approved by Berlin authorities (Landesamt für Arbeitsschutz,
Gesundheitsschutz und technische Sicherheit Berlin, LAGetSi; code number A0312/03).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This paper is dedicated to the memory of Jörg Keldenich and we thank him for
his role in planning and pursuing the DMPK studies. We thank S. Bendix, T. Boldt, A.-M. DiBetta, K.
Henschel, K. Jaensch, B. Koenig, H. Lindner, C. Schade, K.-D. Schroeder, B. Timpner, D. Wolter and
K. Seifert for excellent technical assistance. Special thanks to P. Yaswen, S. Hwang, D. Nganele, H.
Garban, J. Ware and A. Johnson for their great support in writing and reviewing the manuscript. A.
Huhtinen and S.-M. Käkönen are acknowledged for their valuable comments on the manuscript. F.
Eckhardt is acknowledged for providing the illustration of the graphical abstract.

Conflicts of Interest: Hans-Georg Lerchen, Beatrix Stelte-Ludwig, Raquel Izumi and Ahmed Hamdy
own stocks in Vincerx Pharma. Harvey Wong is a consultant for Vincerx Pharma. Hans-Georg
Lerchen, Thomas Schlange and Joerg Willuda owns stocks in Bayer AG.

References
1. Bargh, J.D.; Isidro-Llobet, A.; Parker, J.S.; Spring, D.R. Cleavable linkers in antibody-drug conjugates. Chem. Soc. Rev. 2019, 48,

4361–4374. [CrossRef]
2. Chari, R.V.; Miller, M.L.; Widdison, W.C. Antibody-drug conjugates: An emerging concept in cancer therapy. Angew. Chem. Int.

Ed. Engl. 2014, 53, 3796–3827. [CrossRef]
3. Joubert, N.; Beck, A.; Dumontet, C.; Denevault-Sabourin, C. Antibody-Drug Conjugates: The Last Decade. Pharmaceuticals 2020,

13, 245. [CrossRef] [PubMed]
4. Katz, J.; Janik, J.E.; Younes, A. Brentuximab Vedotin (SGN-35). Clin. Cancer Res. 2011, 17, 6428–6436. [CrossRef] [PubMed]
5. Senter, P.D.; Sievers, E.L. The discovery and development of brentuximab vedotin for use in relapsed Hodgkin lymphoma and

systemic anaplastic large cell lymphoma. Nat. Biotechnol. 2012, 30, 631–637. [CrossRef] [PubMed]
6. Lambert, J.M.; Chari, R.V. Ado-trastuzumab Emtansine (T-DM1): An antibody-drug conjugate (ADC) for HER2-positive breast

cancer. J. Med. Chem. 2014, 57, 6949–6964. [CrossRef]
7. Verma, S.; Miles, D.; Gianni, L.; Krop, I.E.; Welslau, M.; Baselga, J.; Pegram, M.; Oh, D.Y.; Dieras, V.; Guardino, E.; et al.

Trastuzumab emtansine for HER2-positive advanced breast cancer. N. Engl. J. Med. 2012, 367, 1783–1791. [CrossRef] [PubMed]
8. Kantarjian, H.M.; DeAngelo, D.J.; Stelljes, M.; Martinelli, G.; Liedtke, M.; Stock, W.; Gokbuget, N.; O’Brien, S.; Wang, K.;

Wang, T.; et al. Inotuzumab Ozogamicin versus Standard Therapy for Acute Lymphoblastic Leukemia. N. Engl. J. Med. 2016, 375,
740–753. [CrossRef] [PubMed]

9. Amadori, S.; Suciu, S.; Selleslag, D.; Aversa, F.; Gaidano, G.; Musso, M.; Annino, L.; Venditti, A.; Voso, M.T.; Mazzone, C.; et al.
Gemtuzumab Ozogamicin versus Best Supportive Care in Older Patients with Newly Diagnosed Acute Myeloid Leukemia
Unsuitable for Intensive Chemotherapy: Results of the Randomized Phase III EORTC-GIMEMA AML-19 Trial. J. Clin. Oncol.
2016, 34, 972–979. [CrossRef]

10. Bross, P.F.; Beitz, J.; Chen, G.; Chen, X.H.; Duffy, E.; Kieffer, L.; Roy, S.; Sridhara, R.; Rahman, A.; Williams, G.; et al. Approval
summary: Gemtuzumab ozogamicin in relapsed acute myeloid leukemia. Clin. Cancer Res. 2001, 7, 1490–1496.

11. Morschhauser, F.; Flinn, I.W.; Advani, R.; Sehn, L.H.; Diefenbach, C.; Kolibaba, K.; Press, O.W.; Salles, G.; Tilly, H.; Chen, A.I.; et al.
Polatuzumab vedotin or pinatuzumab vedotin plus rituximab in patients with relapsed or refractory non-Hodgkin lymphoma:
Final results from a phase 2 randomised study (ROMULUS). Lancet Haematol. 2019, 6, e254–e265. [CrossRef]

12. Modi, S.; Saura, C.; Yamashita, T.; Park, Y.H.; Kim, S.B.; Tamura, K.; Andre, F.; Iwata, H.; Ito, Y.; Tsurutani, J.; et al. Trastuzumab
Deruxtecan in Previously Treated HER2-Positive Breast Cancer. N. Engl. J. Med. 2020, 382, 610–621. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers14020391/s1
https://www.mdpi.com/article/10.3390/cancers14020391/s1
http://doi.org/10.1039/C8CS00676H
http://doi.org/10.1002/anie.201307628
http://doi.org/10.3390/ph13090245
http://www.ncbi.nlm.nih.gov/pubmed/32937862
http://doi.org/10.1158/1078-0432.CCR-11-0488
http://www.ncbi.nlm.nih.gov/pubmed/22003070
http://doi.org/10.1038/nbt.2289
http://www.ncbi.nlm.nih.gov/pubmed/22781692
http://doi.org/10.1021/jm500766w
http://doi.org/10.1056/NEJMoa1209124
http://www.ncbi.nlm.nih.gov/pubmed/23020162
http://doi.org/10.1056/NEJMoa1509277
http://www.ncbi.nlm.nih.gov/pubmed/27292104
http://doi.org/10.1200/JCO.2015.64.0060
http://doi.org/10.1016/S2352-3026(19)30026-2
http://doi.org/10.1056/NEJMoa1914510
http://www.ncbi.nlm.nih.gov/pubmed/31825192


Cancers 2022, 14, 391 16 of 19

13. Rosenberg, J.E.; O’Donnell, P.H.; Balar, A.V.; McGregor, B.A.; Heath, E.I.; Yu, E.Y.; Galsky, M.D.; Hahn, N.M.; Gartner, E.M.;
Pinelli, J.M.; et al. Pivotal Trial of Enfortumab Vedotin in Urothelial Carcinoma after Platinum and Anti-Programmed Death
1/Programmed Death Ligand 1 Therapy. J. Clin. Oncol. 2019, 37, 2592–2600. [CrossRef]

14. Rugo, H.S.; Bardia, A.; Tolaney, S.M.; Arteaga, C.; Cortes, J.; Sohn, J.; Marme, F.; Hong, Q.; Delaney, R.J.; Hafeez, A.; et al.
TROPiCS-02: A Phase III study investigating sacituzumab govitecan in the treatment of HR+/HER2− metastatic breast cancer.
Future Oncol. 2020, 16, 705–715. [CrossRef]

15. Caimi, P.F.; Ai, W.; Alderuccio, J.P.; Ardeshna, K.M.; Hamadani, M.; Hess, B.; Kahl, B.S.; Radford, J.; Solh, M.; Stathis, A.; et al.
Loncastuximab tesirine in relapsed or refractory diffuse large B-cell lymphoma (LOTIS-2): A multicentre, open-label, single-arm,
phase 2 trial. Lancet Oncol. 2021, 22, 790–800. [CrossRef]

16. Jiang, J.; Li, S.; Shan, X.; Wang, L.; Ma, J.; Huang, M.; Dong, L.; Chen, F. Preclinical safety profile of disitamab vedotina novel
anti-HER2 antibody conjugated with MMAE. Toxicol. Lett. 2020, 324, 30–37. [CrossRef]

17. de Bono, J.S.; Concin, N.; Hong, D.S.; Thistlethwaite, F.C.; Machiels, J.P.; Arkenau, H.T.; Plummer, R.; Jones, R.H.; Nielsen, D.;
Windfeld, K.; et al. Tisotumab vedotin in patients with advanced or metastatic solid tumours (InnovaTV 201): A first-in-human,
multicentre, phase 1–2 trial. Lancet Oncol. 2019, 20, 383–393. [CrossRef]

18. Krall, N.; Scheuermann, J.; Neri, D. Small targeted cytotoxics: Current state and promises from DNA-encoded chemical libraries.
Angew. Chem. Int. Ed. Engl. 2013, 52, 1384–1402. [CrossRef]

19. Kumar, A.; Mastren, T.; Wang, B.; Hsieh, J.T.; Hao, G.; Sun, X. Design of a Small-Molecule Drug Conjugate for Prostate Cancer
Targeted Theranostics. Bioconjug. Chem. 2016, 27, 1681–1689. [CrossRef] [PubMed]

20. Seattle Genetics, Inc. Adcetris (Brentuximab Vedotin) [Package Insert]. U.S. Food and Drug Administration Website. Available
online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/125388_s056s078lbl.pdf (accessed on 11 October 2021).

21. Genentech, Inc. Kadcyla (Ado-Trastuzumab Emtansine) [Package Insert]. U.S. Food and Drug Administration Website. Available
online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/125427s105lbl.pdf (accessed on 11 October 2021).

22. Wyeth Pharmaceuticals Inc. Besponsa (Inotuzumab Ozogamicin) [Package Insert]. U.S. Food and Drug Administration
Website. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761040s000lbl.pdf (accessed on
11 October 2021).

23. Wyeth Pharmaceuticals Inc. Mylotarg (Gemtuzumab Ozogamicin) [Package Insert]. U.S. Food and Drug Administration Website.
Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761060lbl.pdf (accessed on 11 October 2021).

24. Astellas Pharma US, Inc. Padcev (Enfortumab Vedotin-Ejfv) [Package Insert]. U.S. Food and Drug Administration Website. Avail-
able online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/761137s000lbl.pdf (accessed on 11 October 2021).

25. Daiichi Sankyo, Inc. Enhertu (Fam-Trastuzumab Deruxtecan-Nxki) [Package Insert]. U.S. Food and Drug Administration
Website. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/761139s011lbl.pdf (accessed on
11 October 2021).

26. Immunomedics, Inc. Trodelvy (Sacituzumab Govitecan-Hziy) [Package Insert]. U.S. Food and Drug Administration
Website. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/761115s000lbl.pdf (accessed on
11 October 2021).

27. GlaxoSmithKline Intellectual Property Development Ltd. Blenrep (Belantamab Mafodotin-Blmf) [Package Insert]. U.S. Food and
Drug Administration Website. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/761158s000lbl.
pdf (accessed on 11 October 2021).

28. Seagen Inc. Tivdak (Tisotumab Vedotin-Tftv) [Package Insert]. U.S. Food and Drug Administration Website. Available online:
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/761208s000lbl.pdf (accessed on 11 October 2021).

29. Zhuang, C.; Guan, X.; Ma, H.; Cong, H.; Zhang, W.; Miao, Z. Small molecule-drug conjugates: A novel strategy for cancer-targeted
treatment. Eur. J. Med. Chem. 2019, 163, 883–895. [CrossRef] [PubMed]

30. Cazzamalli, S.; Dal Corso, A.; Widmayer, F.; Neri, D. Chemically Defined Antibody- and Small Molecule-Drug Conjugates for
in vivo Tumor Targeting Applications: A Comparative Analysis. J. Am. Chem. Soc. 2018, 140, 1617–1621. [CrossRef]

31. Li, F.; Jiang, T.; Li, Q.; Ling, X. Camptothecin (CPT) and its derivatives are known to target topoisomerase I (Top1) as their
mechanism of action: Did we miss something in CPT analogue molecular targets for treating human disease such as cancer? Am.
J. Cancer Res. 2017, 7, 2350–2394.

32. Lerchen, H.-G.; von dem Bruch, K. Synthesis of 20-O-linked 20(S)-Camptothecin Glycoconjugates: Impact of the Side Chain of the
Ester-linked Amino Acid on Epimerization during the Acylation Reaction and on Hydrolytic Stability of the Final Glycoconjugates.
J. Prakt. Chem. 2000, 342, 753–760. [CrossRef]

33. Lerchen, H.G.; Baumgarten, J.; von dem Bruch, K.; Lehmann, T.E.; Sperzel, M.; Kempka, G.; Fiebig, H.H. Design and optimization
of 20-O-linked camptothecin glycoconjugates as anticancer agents. J. Med. Chem. 2001, 44, 4186–4195. [CrossRef] [PubMed]

34. Kciuk, M.; Marciniak, B.; Kontek, R. Irinotecan-Still an Important Player in Cancer Chemotherapy: A Comprehensive Overview.
Int. J. Mol. Sci. 2020, 21, 4919. [CrossRef] [PubMed]

35. Danen, E.H.; Ten Berge, P.J.; Van Muijen, G.N.; Van’t Hof-Grootenboer, A.E.; Brocker, E.B.; Ruiter, D.J. Emergence of alpha 5 beta
1 fibronectin- and alpha v beta 3 vitronectin-receptor expression in melanocytic tumour progression. Histopathology 1994, 24,
249–256. [CrossRef]

http://doi.org/10.1200/JCO.19.01140
http://doi.org/10.2217/fon-2020-0163
http://doi.org/10.1016/S1470-2045(21)00139-X
http://doi.org/10.1016/j.toxlet.2019.12.027
http://doi.org/10.1016/S1470-2045(18)30859-3
http://doi.org/10.1002/anie.201204631
http://doi.org/10.1021/acs.bioconjchem.6b00222
http://www.ncbi.nlm.nih.gov/pubmed/27248781
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/125388_s056s078lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/125427s105lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761040s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761060lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/761137s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/761139s011lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/761115s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/761158s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/761158s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/761208s000lbl.pdf
http://doi.org/10.1016/j.ejmech.2018.12.035
http://www.ncbi.nlm.nih.gov/pubmed/30580240
http://doi.org/10.1021/jacs.7b13361
http://doi.org/10.1002/1521-3897(200010)342:8&lt;753::AID-PRAC753&gt;3.0.CO;2-3
http://doi.org/10.1021/jm010893l
http://www.ncbi.nlm.nih.gov/pubmed/11708920
http://doi.org/10.3390/ijms21144919
http://www.ncbi.nlm.nih.gov/pubmed/32664667
http://doi.org/10.1111/j.1365-2559.1994.tb00517.x


Cancers 2022, 14, 391 17 of 19

36. Felding-Habermann, B.; O’Toole, T.E.; Smith, J.W.; Fransvea, E.; Ruggeri, Z.M.; Ginsberg, M.H.; Hughes, P.E.; Pampori, N.;
Shattil, S.J.; Saven, A.; et al. Integrin activation controls metastasis in human breast cancer. Proc. Natl. Acad. Sci. USA 2001, 98,
1853–1858. [CrossRef]

37. Gruber, G.; Hess, J.; Stiefel, C.; Aebersold, D.M.; Zimmer, Y.; Greiner, R.H.; Studer, U.; Altermatt, H.J.; Hlushchuk, R.; Djonov, V.
Correlation between the tumoral expression of beta3-integrin and outcome in cervical cancer patients who had undergone
radiotherapy. Br. J. Cancer 2005, 92, 41–46. [CrossRef]

38. Hosotani, R.; Kawaguchi, M.; Masui, T.; Koshiba, T.; Ida, J.; Fujimoto, K.; Wada, M.; Doi, R.; Imamura, M. Expression of integrin
alphaVbeta3 in pancreatic carcinoma: Relation to MMP-2 activation and lymph node metastasis. Pancreas 2002, 25, e30–e35.
[CrossRef]

39. Landen, C.N.; Kim, T.J.; Lin, Y.G.; Merritt, W.M.; Kamat, A.A.; Han, L.Y.; Spannuth, W.A.; Nick, A.M.; Jennnings, N.B.;
Kinch, M.S.; et al. Tumor-selective response to antibody-mediated targeting of alphavbeta3 integrin in ovarian cancer. Neoplasia
2008, 10, 1259–1267. [CrossRef]

40. McCabe, N.P.; De, S.; Vasanji, A.; Brainard, J.; Byzova, T.V. Prostate cancer specific integrin alphavbeta3 modulates bone metastatic
growth and tissue remodeling. Oncogene 2007, 26, 6238–6243. [CrossRef]

41. Nip, J.; Shibata, H.; Loskutoff, D.J.; Cheresh, D.A.; Brodt, P. Human melanoma cells derived from lymphatic metastases use
integrin alpha v beta 3 to adhere to lymph node vitronectin. J. Clin. Investig. 1992, 90, 1406–1413. [CrossRef]

42. Brooks, P.C.; Montgomery, A.M.; Rosenfeld, M.; Reisfeld, R.A.; Hu, T.; Klier, G.; Cheresh, D.A. Integrin alpha v beta 3 antagonists
promote tumor regression by inducing apoptosis of angiogenic blood vessels. Cell 1994, 79, 1157–1164. [CrossRef]

43. Alday-Parejo, B.; Stupp, R.; Ruegg, C. Are Integrins Still Practicable Targets for Anti-Cancer Therapy? Cancers 2019, 11, 978.
[CrossRef]

44. Argraves, W.S.; Pytela, R.; Suzuki, S.; Millan, J.L.; Pierschbacher, M.D.; Ruoslahti, E. cDNA sequences from the alpha subunit of
the fibronectin receptor predict a transmembrane domain and a short cytoplasmic peptide. J. Biol. Chem. 1986, 261, 12922–12924.
[CrossRef]

45. Pierschbacher, M.D.; Ruoslahti, E. Cell attachment activity of fibronectin can be duplicated by small synthetic fragments of the
molecule. Nature 1984, 309, 30–33. [CrossRef]

46. Pytela, R.; Pierschbacher, M.D.; Ruoslahti, E. A 125/115-kDa cell surface receptor specific for vitronectin interacts with the
arginine-glycine-aspartic acid adhesion sequence derived from fibronectin. Proc. Natl. Acad. Sci. USA 1985, 82, 5766–5770.
[CrossRef] [PubMed]

47. Suzuki, S.; Argraves, W.S.; Pytela, R.; Arai, H.; Krusius, T.; Pierschbacher, M.D.; Ruoslahti, E. cDNA and amino acid sequences of
the cell adhesion protein receptor recognizing vitronectin reveal a transmembrane domain and homologies with other adhesion
protein receptors. Proc. Natl. Acad. Sci. USA 1986, 83, 8614–8618. [CrossRef]

48. Murphy, E.A.; Majeti, B.K.; Barnes, L.A.; Makale, M.; Weis, S.M.; Lutu-Fuga, K.; Wrasidlo, W.; Cheresh, D.A. Nanoparticle-
mediated drug delivery to tumor vasculature suppresses metastasis. Proc. Natl. Acad. Sci. USA 2008, 105, 9343–9348. [CrossRef]
[PubMed]

49. Sugahara, K.N.; Teesalu, T.; Karmali, P.P.; Kotamraju, V.R.; Agemy, L.; Girard, O.M.; Hanahan, D.; Mattrey, R.F.; Ruoslahti, E.
Tissue-penetrating delivery of compounds and nanoparticles into tumors. Cancer Cell 2009, 16, 510–520. [CrossRef] [PubMed]

50. Liu, Y.; Bajjuri, K.M.; Liu, C.; Sinha, S.C. Targeting cell surface alpha(v)beta(3) integrin increases therapeutic efficacies of a
legumain protease-activated auristatin prodrug. Mol. Pharm. 2012, 9, 168–175. [CrossRef]

51. Hood, J.D.; Bednarski, M.; Frausto, R.; Guccione, S.; Reisfeld, R.A.; Xiang, R.; Cheresh, D.A. Tumor regression by targeted gene
delivery to the neovasculature. Science 2002, 296, 2404–2407. [CrossRef] [PubMed]

52. Schiffelers, R.M.; Ansari, A.; Xu, J.; Zhou, Q.; Tang, Q.; Storm, G.; Molema, G.; Lu, P.Y.; Scaria, P.V.; Woodle, M.C. Cancer siRNA
therapy by tumor selective delivery with ligand-targeted sterically stabilized nanoparticle. Nucleic Acids Res. 2004, 32, e149.
[CrossRef]

53. Raposo Moreira Dias, A.; Pina, A.; Dean, A.; Lerchen, H.G.; Caruso, M.; Gasparri, F.; Fraietta, I.; Troiani, S.; Arosio, D.;
Belvisi, L.; et al. Neutrophil Elastase Promotes Linker Cleavage and Paclitaxel Release from an Integrin-Targeted Conjugate.
Chemistry 2019, 25, 1696–1700. [CrossRef] [PubMed]

54. Sato, T.; Takahashi, S.; Mizumoto, T.; Harao, M.; Akizuki, M.; Takasugi, M.; Fukutomi, T.; Yamashita, J. Neutrophil elastase and
cancer. Surg. Oncol. 2006, 15, 217–222. [CrossRef] [PubMed]

55. Troutman, M.D.; Thakker, D.R. Novel experimental parameters to quantify the modulation of absorptive and secretory transport
of compounds by P-glycoprotein in cell culture models of intestinal epithelium. Pharm. Res. 2003, 20, 1210–1224. [CrossRef]

56. Schinkel, A.H.; Wagenaar, E.; van Deemter, L.; Mol, C.A.; Borst, P. Absence of the mdr1a P-Glycoprotein in mice affects tissue
distribution and pharmacokinetics of dexamethasone, digoxin, and cyclosporin A. J. Clin. Investig. 1995, 96, 1698–1705. [CrossRef]

57. Schwab, D.; Fischer, H.; Tabatabaei, A.; Poli, S.; Huwyler, J. Comparison of in vitro P-glycoprotein screening assays: Recommen-
dations for their use in drug discovery. J. Med. Chem. 2003, 46, 1716–1725. [CrossRef]

58. Gibaldi, M.; Perrier, D. Pharmacokinetics; Marcel Dekker: New York, NY, USA, 1982.
59. Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.;

Mooney, M.; et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. J. Cancer 2009,
45, 228–247. [CrossRef]

http://doi.org/10.1073/pnas.98.4.1853
http://doi.org/10.1038/sj.bjc.6602278
http://doi.org/10.1097/00006676-200208000-00021
http://doi.org/10.1593/neo.08740
http://doi.org/10.1038/sj.onc.1210429
http://doi.org/10.1172/JCI116007
http://doi.org/10.1016/0092-8674(94)90007-8
http://doi.org/10.3390/cancers11070978
http://doi.org/10.1016/S0021-9258(18)69249-X
http://doi.org/10.1038/309030a0
http://doi.org/10.1073/pnas.82.17.5766
http://www.ncbi.nlm.nih.gov/pubmed/2412224
http://doi.org/10.1073/pnas.83.22.8614
http://doi.org/10.1073/pnas.0803728105
http://www.ncbi.nlm.nih.gov/pubmed/18607000
http://doi.org/10.1016/j.ccr.2009.10.013
http://www.ncbi.nlm.nih.gov/pubmed/19962669
http://doi.org/10.1021/mp200434n
http://doi.org/10.1126/science.1070200
http://www.ncbi.nlm.nih.gov/pubmed/12089446
http://doi.org/10.1093/nar/gnh140
http://doi.org/10.1002/chem.201805447
http://www.ncbi.nlm.nih.gov/pubmed/30452790
http://doi.org/10.1016/j.suronc.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17320378
http://doi.org/10.1023/A:1025001131513
http://doi.org/10.1172/JCI118214
http://doi.org/10.1021/jm021012t
http://doi.org/10.1016/j.ejca.2008.10.026


Cancers 2022, 14, 391 18 of 19

60. Seelig, A. P-Glycoprotein: One Mechanism, Many Tasks and the Consequences for Pharmacotherapy of Cancers. Front. Oncol.
2020, 10, 576559. [CrossRef]

61. Bailly, C. Irinotecan: 25 years of cancer treatment. Pharmacol. Res. 2019, 148, 104398. [CrossRef] [PubMed]
62. Davies, B.; Morris, T. Physiological parameters in laboratory animals and humans. Pharm. Res. 1993, 10, 1093–1095. [CrossRef]
63. Liu, L.F.; Desai, S.D.; Li, T.K.; Mao, Y.; Sun, M.; Sim, S.P. Mechanism of action of camptothecin. Ann. N. Y. Acad. Sci. 2000, 922,

1–10. [CrossRef] [PubMed]
64. Choi, Y.H.; Yu, A.M. ABC transporters in multidrug resistance and pharmacokinetics, and strategies for drug development. Curr.

Pharm. Des. 2014, 20, 793–807. [CrossRef]
65. Brooks, P.C.; Stromblad, S.; Klemke, R.; Visscher, D.; Sarkar, F.H.; Cheresh, D.A. Antiintegrin alpha v beta 3 blocks human breast

cancer growth and angiogenesis in human skin. J. Clin. Investig. 1995, 96, 1815–1822. [CrossRef] [PubMed]
66. Ha, S.Y.; Shin, J.; Kim, J.H.; Kang, M.S.; Yoo, H.Y.; Kim, H.H.; Um, S.H.; Kim, S.H. Overexpression of integrin alphav correlates

with poor prognosis in colorectal cancer. J. Clin. Pathol. 2014, 67, 576–581. [CrossRef] [PubMed]
67. Vonlaufen, A.; Wiedle, G.; Borisch, B.; Birrer, S.; Luder, P.; Imhof, B.A. Integrin alpha(v)beta(3) expression in colon carcinoma

correlates with survival. Mod. Pathol. 2001, 14, 1126–1132. [CrossRef]
68. Hieken, T.J.; Farolan, M.; Ronan, S.G.; Shilkaitis, A.; Wild, L.; Das Gupta, T.K. Beta3 integrin expression in melanoma predicts

subsequent metastasis. J. Surg. Res. 1996, 63, 169–173. [CrossRef]
69. Liu, Z.; Wang, F.; Chen, X. Integrin alpha(v)beta(3)-Targeted Cancer Therapy. Drug Dev. Res. 2008, 69, 329–339. [CrossRef]
70. Delbaldo, C.; Raymond, E.; Vera, K.; Hammershaimb, L.; Kaucic, K.; Lozahic, S.; Marty, M.; Faivre, S. Phase I and pharmacokinetic

study of etaracizumab (Abegrin), a humanized monoclonal antibody against alphavbeta3 integrin receptor, in patients with
advanced solid tumors. Investig. New Drugs 2008, 26, 35–43. [CrossRef]

71. Gutheil, J.C.; Campbell, T.N.; Pierce, P.R.; Watkins, J.D.; Huse, W.D.; Bodkin, D.J.; Cheresh, D.A. Targeted antiangiogenic therapy
for cancer using Vitaxin: A humanized monoclonal antibody to the integrin alphavbeta3. Clin. Cancer Res. 2000, 6, 3056–3061.
[PubMed]

72. Mitjans, F.; Sander, D.; Adan, J.; Sutter, A.; Martinez, J.M.; Jaggle, C.S.; Moyano, J.M.; Kreysch, H.G.; Piulats, J.; Goodman, S.L. An
anti-alpha v-integrin antibody that blocks integrin function inhibits the development of a human melanoma in nude mice. J. Cell
Sci. 1995, 108, 2825–2838. [CrossRef]

73. O’Day, S.; Pavlick, A.; Loquai, C.; Lawson, D.; Gutzmer, R.; Richards, J.; Schadendorf, D.; Thompson, J.A.; Gonzalez, R.;
Trefzer, U.; et al. A randomised, phase II study of intetumumab, an anti-alphav-integrin mAb, alone and with dacarbazine in
stage IV melanoma. Br. J. Cancer 2011, 105, 346–352. [CrossRef]

74. Bauerle, T.; Komljenovic, D.; Merz, M.; Berger, M.R.; Goodman, S.L.; Semmler, W. Cilengitide inhibits progression of experimental
breast cancer bone metastases as imaged noninvasively using VCT, MRI and DCE-MRI in a longitudinal in vivo study. Int. J.
Cancer 2011, 128, 2453–2462. [CrossRef]

75. Bretschi, M.; Cheng, C.; Witt, H.; Dimitrakopoulou-Strauss, A.; Strauss, L.G.; Semmler, W.; Bauerle, T. Cilengitide affects tumor
compartment, vascularization and microenvironment in experimental bone metastases as shown by longitudinal (1)(8)F-FDG
PET and gene expression analysis. J. Cancer Res. Clin. Oncol. 2013, 139, 573–583. [CrossRef] [PubMed]

76. Mas-Moruno, C.; Rechenmacher, F.; Kessler, H. Cilengitide: The first anti-angiogenic small molecule drug candidate design,
synthesis and clinical evaluation. Anticancer. Agents Med. Chem. 2010, 10, 753–768. [CrossRef]

77. Elez, E.; Kocakova, I.; Hohler, T.; Martens, U.M.; Bokemeyer, C.; Van Cutsem, E.; Melichar, B.; Smakal, M.; Csoszi, T.;
Topuzov, E.; et al. Abituzumab combined with cetuximab plus irinotecan versus cetuximab plus irinotecan alone for patients
with KRAS wild-type metastatic colorectal cancer: The randomised phase I/II POSEIDON trial. Ann. Oncol. 2015, 26, 132–140.
[CrossRef] [PubMed]

78. Heidenreich, A.; Rawal, S.K.; Szkarlat, K.; Bogdanova, N.; Dirix, L.; Stenzl, A.; Welslau, M.; Wang, G.; Dawkins, F.;
de Boer, C.J.; et al. A randomized, double-blind, multicenter, phase 2 study of a human monoclonal antibody to human alphanu
integrins (intetumumab) in combination with docetaxel and prednisone for the first-line treatment of patients with metastatic
castration-resistant prostate cancer. Ann. Oncol. 2013, 24, 329–336. [CrossRef]

79. Hersey, P.; Sosman, J.; O’Day, S.; Richards, J.; Bedikian, A.; Gonzalez, R.; Sharfman, W.; Weber, R.; Logan, T.; Buzoianu, M.; et al.
A randomized phase 2 study of etaracizumab, a monoclonal antibody against integrin alpha(v)beta(3), + or − dacarbazine in
patients with stage IV metastatic melanoma. Cancer 2010, 116, 1526–1534. [CrossRef] [PubMed]

80. Stupp, R.; Hegi, M.E.; Gorlia, T.; Erridge, S.C.; Perry, J.; Hong, Y.K.; Aldape, K.D.; Lhermitte, B.; Pietsch, T.; Grujicic, D.; et al.
Cilengitide combined with standard treatment for patients with newly diagnosed glioblastoma with methylated MGMT promoter
(CENTRIC EORTC 26071-22072 study): A multicentre, randomised, open-label, phase 3 trial. Lancet Oncol. 2014, 15, 1100–1108.
[CrossRef]

81. Reynolds, A.R.; Hart, I.R.; Watson, A.R.; Welti, J.C.; Silva, R.G.; Robinson, S.D.; Da Violante, G.; Gourlaouen, M.; Salih, M.;
Jones, M.C.; et al. Stimulation of tumor growth and angiogenesis by low concentrations of RGD-mimetic integrin inhibitors. Nat.
Med. 2009, 15, 392–400. [CrossRef]

82. Humphries, J.D.; Byron, A.; Humphries, M.J. Integrin ligands at a glance. J. Cell Sci. 2006, 119, 3901–3903. [CrossRef] [PubMed]
83. Thompson, D.S.; Patnaik, A.; Bendell, J.C.; Papadopoulos, K.; Infante, J.R.; Mastico, R.A.; Johnson, D.; Qin, A.; O’Leary, J.J.;

Tolcher, A.W. A phase I dose-escalation study of IMGN388 in patients with solid tumors. J. Clin. Oncol. 2010, 28, 3058. [CrossRef]

http://doi.org/10.3389/fonc.2020.576559
http://doi.org/10.1016/j.phrs.2019.104398
http://www.ncbi.nlm.nih.gov/pubmed/31415916
http://doi.org/10.1023/A:1018943613122
http://doi.org/10.1111/j.1749-6632.2000.tb07020.x
http://www.ncbi.nlm.nih.gov/pubmed/11193884
http://doi.org/10.2174/138161282005140214165212
http://doi.org/10.1172/JCI118227
http://www.ncbi.nlm.nih.gov/pubmed/7560073
http://doi.org/10.1136/jclinpath-2013-202163
http://www.ncbi.nlm.nih.gov/pubmed/24695839
http://doi.org/10.1038/modpathol.3880447
http://doi.org/10.1006/jsre.1996.0242
http://doi.org/10.1002/ddr.20265
http://doi.org/10.1007/s10637-007-9077-0
http://www.ncbi.nlm.nih.gov/pubmed/10955784
http://doi.org/10.1242/jcs.108.8.2825
http://doi.org/10.1038/bjc.2011.183
http://doi.org/10.1002/ijc.25563
http://doi.org/10.1007/s00432-012-1360-6
http://www.ncbi.nlm.nih.gov/pubmed/23229276
http://doi.org/10.2174/187152010794728639
http://doi.org/10.1093/annonc/mdu474
http://www.ncbi.nlm.nih.gov/pubmed/25319061
http://doi.org/10.1093/annonc/mds505
http://doi.org/10.1002/cncr.24821
http://www.ncbi.nlm.nih.gov/pubmed/20108344
http://doi.org/10.1016/S1470-2045(14)70379-1
http://doi.org/10.1038/nm.1941
http://doi.org/10.1242/jcs.03098
http://www.ncbi.nlm.nih.gov/pubmed/16988024
http://doi.org/10.1200/jco.2010.28.15_suppl.3058


Cancers 2022, 14, 391 19 of 19

84. Korkmaz, B.; Moreau, T.; Gauthier, F. Neutrophil elastase, proteinase 3 and cathepsin G: Physicochemical properties, activity and
physiopathological functions. Biochimie 2008, 90, 227–242. [CrossRef]

85. Lerman, I.; Hammes, S.R. Neutrophil elastase in the tumor microenvironment. Steroids 2018, 133, 96–101. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biochi.2007.10.009
http://doi.org/10.1016/j.steroids.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29155217

	Introduction 
	Materials and Methods 
	Cell Lines 
	Compounds 
	Caco-2 and P-gp-Expressing LLC-PK1 Cell Permeability Assays 
	Cytotoxicity of the VIP126 and SN38 Payloads in NCI-H1975 Parental and Transporter-Expressing Mutant Cells 
	In Vitro Proliferation Assay 
	Tumor Homing of the V3 Binder in 786-O RCC Tumor-Bearing Mice 
	Pharmacokinetics of VIP236 and VIP126 in Plasma and Tumor 
	In Vivo Antitumor Efficacy of VIP236 
	Statistical Analyses 

	Results 
	The V3 Integrin-Targeting Moiety Mediates Tumor Homing 
	The Modified CPT Payload VIP126 Shows an Improved In Vitro Profile 
	In Vitro Cytotoxic Activity of VIP236 against Tumor Cell Lines Is NE-Dependent 
	VIP236 Has Low Clearance and Results in Reduced Systemic Exposure of the Payload 
	VIP236 Results in a Higher Tumor-to-Plasma Ratio of the VIP126 Payload and Leads to Anti-Tumor Efficacy In Vivo 
	VIP236 Shows High Antitumor Efficacy and Good Tolerability In Vivo 

	Discussion 
	Conclusions 
	References

