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Abstract 
 

Cancer cells must reprogram their metabolism to sustain their continuous growth and proliferation. They 

rely on fast nicotinamide adenine dinucleotide (NAD+) turnover for their energy supply, which is crucial for 

their survival. Nicotinamide phosphoribosyltransferase (NAMPT) is the rate limiting enzyme involved in the 

production of NAD+. The inhibition of NAMPT induces NAD+ depletion and is a therapeutic strategy to 

selectively eliminate malignant cells highly dependent on NAD+. Until now, several NAMPT inhibitors have 

been developed and, despite their high efficacy in preclinical studies, their clinical activity was limited. 

Therefore, there is still a need to synthesize novel more potent NAMPT inhibitors and/or to specifically target 

them to cancer cells. 

In this work, new NAMPT inhibitors were characterized for their biological activities in vitro and in vivo 

on haematological malignancies. Moreover, few selected NAMPT inhibitors were conjugated to an anti-CD138 

antibody, targeting inhibitors to multiple myeloma cells. 

All tested compounds exhibited low nanomolar cytotoxicity against various haematological cancer cell 

lines. They depleted NAD+ after 24 hours of drug treatment, followed by ATP depletion and mitochondrial 

membrane depolarization, what finally led to various types of cell death (apoptosis and necrosis). Treatments 

with NAMPT inhibitors caused time-dependent reactive oxygen species (ROS) production that was rescued by 

catalase (CAT). 

Unfortunately, the most potent compounds in vitro (i.e., FEI199) did not translate their efficacy in vivo. 

Indeed, among all compounds (JJ08, FEI191, FEI199) administered into mouse xenograft model of human 

Burkitt lymphoma only JJ08 completely eradicated tumour growth. Moreover, the pharmacokinetics (PK) 

profile of JJ08 was like that of APO866. 

Some of the synthesized analogues were further modified to be attached to an anti-CD138 antibody to 

create antibody-drug-conjugates (ADCs). CD138 is an antigen selectively overexpressed on MM cells and its 

responsible for its malignant growth. The cytotoxicity of the NAMPT inhibitors ADCs (NAMPTi_ADCs) was 

assessed on target-positive and negative cells. Additionally, a positive control ADC was synthesized with 

amanitin as a payload (ADC-ama) instead of the inhibitor. The native NAMPT inhibitors used as payloads had 

IC50 on target-positive (RPMI8226) cells between 2.3-118 nM, and the anti-CD138 antibody itself was not toxic 

to the cells. The ADC-ama resulted in very potent activity against RPMI8226 cells (IC50 0.1 nM). However, the 

NAMPTi_ADCs did not exhibit cytotoxicity on RPMI8226 cells up to 500 nM, except for SF316 and SF319, 

sharing the same payload. The compounds induced 60-70% cell death at 500 nM concentrations, which was 

considered unspecific. 

Taken together, these findings demonstrate the mode of action and the very potent cytotoxicity of different 

NAMPT inhibitors in vitro, and the high efficacy of JJ08 in vivo. Despite the successful conjugation of the 

selected compounds to the anti-CD138 antibody, they were not effective in vitro. Therefore, further optimization 

of the NAMPTi_ADCs is needed. 
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Résumé 
 

Les cellules cancéreuses reprogramment leur métabolisme pour maintenir leur prolifération et leur 

croissance continuelles. Elles se reposent sur un renouvellement rapide du nicotinamide adénine dinucléotide 

(NAD+) pour leur apport en énergie, ce qui est crucial pour les cellules cancéreuses. La nicotinamide 

phosphorybosyltransferase (NAMPT) est l’enzyme limitante impliquée dans la production de NAD+. 

L’inhibition de l’enzyme NAMPT et donc la déplétion du NAD+ est une stratégie thérapeutique pour éliminer 

de manière sélective les cellules malignes qui sont fortement dépendantes du NAD+. Jusqu’à maintenant, 

beaucoup d’inhibiteurs de NAMPT ont été développés et malgré leur forte efficacité dans les études 

précliniques, leur activité clinique était limitée. Il reste donc un besoin de synthétiser de nouveaux inhibiteurs 

du NAMPT plus performants et/ou spécialement ciblés contre les cellules cancéreuses. 

Dans ce travail, de nouveaux inhibiteurs du NAMPT ont été caractérisés pour leur activité biologique in 

vitro et in vivo sur des cellules hématologiques malignes. De plus, certains inhibiteurs de NAMPT sélectionnés 

ont été conjugués à un anticorps anti-CD138 ciblant les myélomes multiples (MM). 

Tous les composés ont montré à basses concentrations molaires une cytotoxicité contre diverses lignées 

cellulaires cancéreuses hématologiques. Le NAD+ était déplété après 24 heures de traitement, suivi par une 

déplétion de l’ATP et une dépolarisation de la membrane mitochondriale, qui ont finalement amené à différents 

types de morts cellulaires (apoptose et nécrose). Le traitement avec les inhibiteurs de NAMPT a causé la 

production d’espèces réactives de l’oxygène (ERO) dépendant du temps, production qui a pu être prévenue par 

la catalase (CAT). 

Finalement, le composé le plus efficace in vitro était le 35a (un IC50 de 18pM sur des cellules ML2), 

malgré ça, l’efficacité in vitro des inhibiteurs les plus efficaces ne s’est pas retranscrite dans les expériences in 

vivo. Tous les composés ont été administrés dans des modèles de souris xénogreffes soit de lymphomes Burkitt 

(JJ08, FEI191, FEI199) ou de leucémie myéloïdes aigue (35a, 47), Seul JJ08 a complétement éradiqué la 

croissance de la tumeur. De plus, le profil pharmacocinétique de JJ08 était similaire à celui d’APO866.  

Certains des analogues synthétisés ont été modifiés pour permettre leur attachement à l’anticorps anti-

CD138 dans le but de créer des conjugués anticorps-médicaments. Le CD138 est un antigène surexprimé chez 

les myélomes multiples qui est responsable de leur croissance maligne. La cytotoxicité des inhibiteurs de 

NAMPT conjugués anticorps-médicaments a été testée sur des cellules cibles positives et négatives. De plus, 

un contrôle positif du conjugué anticorps-médicament a été synthétisé avec l’amanitine comme payload. Les 

inhibiteurs de NAMPT utilisés comme paylaods avaient un IC50 sur les cellules cibles positives (RPMI8226) 

entre 2.3 et 118 nM. L’anticorps anti-CD138 n’était pas toxique lui-même pour les cellules. Le conjugué 

anticorps-médicament amanitine a montré des résultats extrêmement efficaces sur les cellules RPMI8226 (IC50 

0.1nM). Malgré cela, les conjugués anticorps-médicaments inhibiteurs de NAMPT n’ont pas montré de 

cytotoxicité sur les RPMI8226 jusqu’à 500nM, à l’exception de SF316 et SF 319 qui partagent le même payload. 

Ces composés ont induit une mort cellulaire autour de 60 à 70% avec une concentration de 500nM qui a été 

considérée comme non spécifique. 



 

Résumé 

4 

 

En conclusion, ces observations démontrent le mode d’action et la forte cytotoxicité de différents 

inhibiteurs de NAMPT in vitro, ainsi que la grande efficacité de JJ08 in vivo. Bien que la conjugaison des 

composés choisis à l’anticorps anti-CD138 ai été un succès, ils n’ont pas montré d’efficacité in vitro. Par 

conséquent, une meilleure optimisation des inhibiteurs de NAMPT conjugués anticorps-médicaments est 

nécessaire. 
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Chapter 1: General Introduction  

1 Cancer hallmark – Reprogramming of energy metabolism 
 

Based on WHO estimations from 112 countries, cancer has ranked as first or second leading 

cause of death before the age of 70. There were 19.3 million new cases diagnosed worldwide and 10.0 

million cancer deaths in 2020 (1). Biologically, cancer is characterized as a group of cells that grow 

and expand uncontrollably. As initially described by Hanahan and Weinberg, the first hallmarks of 

cancer cells include property of infinite replicative potential, evading apoptosis and growth 

suppressors, sustaining their proliferation, inducing angiogenesis, invasion and metastasis (2). 

Recently, additional cancer hallmarks such as, (i) avoiding immune destruction, (ii) deregulating 

cellular metabolism, (iii) unlocking phenotypic plasticity and (iv) senescent cells have emerged and 

are considered to characterize the malignant nature of cancer cells (3, 4). Whereas genome instability, 

mutation, tumor-promoting inflammation, non-mutational epigenetic reprogramming and 

polymorphic microbiomes are considered enabling characteristics that drive tumor development (3, 4).  

 To fuel the continuous cancer cell growth and division, malignant cells reprogram their energy 

metabolism. To ensure their survival, rapidly dividing cancer cells need continuous and fast ATP 

production, they increase the biosynthesis of various intermediates, used as building blocks, and also 

carefully maintain the redox balance, to counteract the oxidative stress (5). Generally, this metabolic 

reprogramming involves increased uptake of nutrients, such as glucose or amino acids. Even in the 

presence of oxygen, cancer cells preferentially use glycolytic pathway to provide their building blocks 

(6). Glycolysis is redirected to pentose phosphate pathway (PPP), from which cancer cells gain 

upregulated NADPH production to counteract ROS and ribose-5-phosphate intermediate for nucleic 

acid synthesis (7). Since many tumors still rely on oxidative phosphorylation (OXPHOS) to produce 

their energy, the fatty acid oxidation is promoted for acetyl-CoA production to sustain the TCA cycle, 

hence the support of mitochondrial ATP production (6). 

 One of the central molecules responsible for cellular homeostasis and regulation of cancer cell 

metabolism is nicotinamide adenine dinucleotide (NAD+) (8, 9). It functions as a cofactor for 

reduction-oxidation (redox) enzymes involved in metabolic pathways, such as glycolysis, tricarboxylic 

acid (TCA) cycle and OXPHOS and as a substrate for several enzymes involved in cell signalling 

pathways (7, 8). Therefore, regardless of cancer cells reprogramming their energy production towards 

glycolysis or OXPHOS, NAD+ is implicated in both processes.  
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Nicotinamide Adenine Dinucleotide (NAD+) 

1.1 Biosynthesis of NAD 

In mammalian cells, NAD+ is produced from different precursors originating mainly from our 

diet or gut microbiota (10). It is synthesized through different molecular pathways: de novo pathway 

from tryptophan, Preiss-Handler pathway from nicotinic acid/nicotinic acid riboside (NA/NAR) and 

salvage pathways from nicotinamide/nicotinamide riboside (NAM/NR) and reduced nicotinamide 

riboside (NRH) (11, 12). In mammalian cells, NAM is the most used precursor to synthesize NAD+. 

Nicotinamide phosphoribosyltransferase (NAMPT) is the rate-limiting enzyme that catalyzes the 

phosphoribosylation of NAM to produce nicotinamide mononucleotide (NMN) (13, 14). The latter is 

then converted to NAD+ by NMN adenylyltransferases (Figure 1). 

 

1.2 Roles of NAD 

Besides playing an important role as a cofactor for redox enzymes and maintaining cellular 

bioenergetics, NAD+ is also a substrate for various types of enzymes involved in cell signalling and 

transcriptional regulation (15). As a substrate for Sirtuins (SIRT1-7), NAD+ is involved in cellular 

stress responses, cell cycle control, longevity and aging (16). Poly(ADP-Ribose) polymerases 

(PARPs), other NAD+ consuming enzymes, play a role in DNA repair, cellular proliferation and 

transcriptional regulation (17). Whereas mono(ADP-Ribose) transferases are using co-enzyme 

function of NAD+ to sustain cell signalling, cellular apoptosis or oncogene regulation. Last but not 

least, ectoenzymes CD38 and CD157, that consume NAD+, are involved in cellular adhesion, calcium 

signalling and cell cycle control (18).  

The most used way to produce NAD+ in mammalian cells is catalysed through NAMPT, which is 

overexpressed in many haematological and solid tumors, and it is associated with poorer outcome in 

patients with various cancer types (19-25). 
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Figure 1 NAD+ production and functions overview. NAD+ biosynthesis and NAD+ metabolism. TRP – Tryptophan, NA – Nicotinic 

Acid, NAR – Nicotinic Acid Riboside, NRH – reduced nicotinamide riboside, NAM – Nicotinamide, NR – Nicotinic acid riboside, 

NAPRT – Nicotinic Acid Phosphoribosyltransferase, AK – NRH kinase, NMNH – reduced nicotinamide riboside, NADH – reduced 

NAD, NADP(H) – Nicotinamide adenine dinucleotide phosphate, NQO1 – NAD(P)H:quinone oxidoreductase, NRK – nicotinamide 

riboside kinase, IDO/TDO – Indoleamine-2,3-dioxygenase/Tryptophan-2,3-dioxygenase, NAMN – Nicotinic Acid mononucleotide, 

NMN – Nicotinamide mononucleotide, NMNAT – NMN adenyltransferase, QAPRT – Quinolinic Acid Phopshoribosyltransferase, QA 

– Quinolinic acid, NAAD – Nicotinic Acid adenine dinucleotide, NADS – NAD synthetase, PARPs - Poly(ADP-ribose)polymerases, 

ARTs - mono(ADP-ribose)transferases. 

 

NAMPT inhibitors as promising anticancer agents 

1.3 Overview 

NAMPT is a crucial enzyme involved in NAD+ production, and its targeting has emerged as 

an anticancer strategy to selectively eliminate malignant cells (9, 26-29). In recent years, many small 

molecule inhibitors were developed against NAMPT, they are discussed below. 

FK866 (known as APO866 or Daporinad) is the first and most broadly described NAMPT inhibitor, 

identified by Hasmann et al. and characterized to be a very potent anticancer agent, with the activity 

around 1 nM in various malignancies (30). Lately, it was defined as competitive NAMPT inhibitor 

(31). FK866 has broad anticancer activity among different types of cancer cells, specifically at a very 

low nanomolar range on haematological malignancies (IC50 from 0.1 nM), without being cytotoxic to 

normal hematopoietic progenitor cells (32). APO866 causes NAD depletion in the first 24 hours after 

treatment and subsequent ATP depletion. The APO866-mediated cell death involves caspase-

independent apoptosis, mitochondrial depolarization, autophagy and high ROS accumulation (32-34). 
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CHS-828 was first characterized as an anticancer agent in 1997 and 1999, with an anti tumor activity 

in vivo on mice xenografts of breast and lung cancer models (35, 36). Ten years after its first 

description, CHS-828 was identified as NAMPT inhibitor (37). Further studies, aiming to improve the 

pharmacokinetic properties resulted in identification of a more soluble pro-drug GMX1777, that is 

faster released when given intravenously (38). 

OT-82, the most recently described NAMPT inhibitor, is optimized to be administered orally and it 

exhibits a very strong activity against haematological malignancies, causing apoptotic cell death by 

NAD and ATP depletions (39). 

Other specific single agent NAMPT inhibitors have been described, such as GEN617/618 (40, 41), 

LSN3154567 (42), A1293201 (43), STF-118804 (44) and MV87 (45). Their development is less 

advanced and not described here. 

 

Dual inhibitors have been developed as well. KPT-9274 (ATG-019) has a combined activity 

against p21-activated kinase 4 (PAK4) and NAMPT. It induced apoptosis in in vitro and in vivo models 

of lymphoma (46). Another discovered inhibitor was originally reported to be active against glucose 

transporter 1 (GLUT1) as well (47). As described previously, cancer cells rely on high glucose uptake 

and anaerobic glycolysis, in which NAD+ is a co-enzyme. The dual inhibitor, STF-31 inhibited glucose 

uptake and was cytotoxic to cells, by the activity against GLUT1 and NAMPT (48), however the results 

were drug concentration and cancer cell type dependent (49).  

Recently, based on pharmacophore analysis and biological assays, NAMPT was identified as 

additional target for one of the histone deacetylase (HDAC) inhibitors (50).  

These promising pre-clinical results have advanced some of the NAMPT inhibitors to clinical trials. 

 

1.4 Clinical Trials 

Clinical studies on NAMPT inhibitors are scarce. The first and only one completed is with 

FK866. The results of phase I and II clinical trials were posted back in 2007 (51) and 2016 (52). The 

Phase I study was done to determine the safety of 96 hours continuous infusion of APO866, maximum 

tolerated dose (MTD), dose limiting toxicities (DLTs) and recommended phase II dose. However, the 

results reported no objective response and the most significant dose-limiting toxicity was 

thrombocytopenia (51). Next phase I/II clinical study assessed safety and tolerability of APO866 in 10 

patients with leukemia [NCT00435084]. Consecutive phase II study assessed the efficacy and safety 

of APO866 on 25 participants with advanced melanoma [NCT00432107]. The last phase II clinical 

trial was done on 25 patients with refractory or relapsed cutaneous T-cell lymphoma [NCT00431912]. 
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This latter study was stopped early, as no drug efficacy was observed, and the treatment resulted in 

severe lymphocytopenia and thrombocytopenia (52).  

The first phase I study with CHS-828 was performed on sixteen patients with solid tumors. No partial 

or complete response was observed and the main DLTs were from gastrointestinal (GI) origin (53). 

Another phase I clinical study was conducted on seven patients with solid tumors. The main toxicity 

was thrombocytopenia and GI symptoms (54). A further phase I study with CHS-828 given orally to 

patients with solid tumors resulted in no objective response with DLTs such as vomiting, 

thrombocytopenia or leucopenia (55). The GMX1777, a prodrug, also entered phase I clinical trials, 

the DLTs were thrombocytopenia and diverse GI issues (56). The last two clinical studies with 

GMX1777 were withdrawn or terminated due to financial constraints [NCT00457574, 

NCT00724841].  

The newest inhibitors that entered clinical trials are dual inhibitor of PAK4 and NAMPT (KPT-

9274/ATG-019) and OT-82. The latter was administered to patients with relapsed or refractory 

lymphoma. The dose escalation and expansion were assessed, however there are no results posted 

[NCT03921879]. The KPT-9274 (ATG-019) is in a recruiting phase of clinical studies. The drug will 

be evaluated on patients with advanced solid tumors, non-Hodgkin’s lymphoma and 

relapsed/refractory myeloid leukemia. The administration will be oral at different doses to estimate the 

MTD [NCT04281420, NCT04914845]. 

 In summary, so far there is no effective NAMPT inhibitor, which would give a satisfactory 

response in patients without DLTs. Therefore, there is still a strong need to develop new inhibitors and 

more specifically targeted NAD-depleting therapies. 

 

2 Targeted therapies for cancer treatment 
 

The conventional approach to treat solid cancers involves surgery, which can be the most 

effective at early stages and is very often followed by radiotherapy and chemotherapy (57). 

Radiotherapy is a high energy radiation that induces DNA damage and/or promotes the formation of 

reactive oxygen species, that consequently damage DNA (58, 59). Chemotherapy treatment is 

administered as a medicine that inhibits cancer cells growth and/or proliferation and kills tumoral cells 

(60). It is a preferred treatment if cancer has spread around the body as the drugs can reach various 

body sites via bloodstream, in opposition to surgery and radiotherapy, that are used for locally formed 

tumors (60). 

Targeted therapies are drugs or other substances that target specific proteins, or receptors, which are 

usually overexpressed on cancer cell. These treatments include small molecules, monoclonal 
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antibodies (mAb), immunotherapeutic cancer vaccines, cell and gene therapies (61). Their mode of 

action is to interfere with molecular pathways by binding to cell surface antigens and receptors, that 

are responsible for cancer growth or metastasis (61). One of the main advantages of targeted therapies 

is an effective delivery to malignant cells that would spare most of the healthy cells and avoid systemic 

toxicities. Of note, the targeted therapy only works if the specific biomarker is expressed on the cancer 

cell surface (61). The most used molecular targets revolve around initial cancer hallmarks widely 

described by Hanahan et al. (2). Namely, evading apoptosis, uncontrollable proliferation, increased 

angiogenesis or escaping immune cells are the cancer features that are targeted (62).  

 

Antibody-Drug Conjugates  
 

1.1 Overview 

Antibody drug conjugates (ADCs) are therapeutics that are design to deliver the cytotoxic drug 

linked to a monoclonal antibody targeting specific antigen (63). They consist of an antibody, a 

chemically designed linker and a cytotoxic compound (also known as payload) (Figure 2) (63). These 

three components must be specifically designed to achieve the best pharmacological properties and 

clinical outcomes (63). The specifications of each component are discussed below. 

 

 

Figure 2 Antibody-Drug Conjugate components and functions. Adapted from (64). 

Currently, there are 13 ADCs approved by FDA as drugs (Table 1). 

 
Table 1 Overview of FDA approved ADCs. 

Drug Target 

antigen 

Linkers Payload Payload 

action 

Average 

DAR 

Disease indication 

(Year) 

Gemtuzumab 

ozogamicin 

CD33 hydrazone N-acetyl-γ- 

calicheamicin 

DNA 

cleavage 

2-3 AML (2000, 2017) 
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Brentuximab 

vedotin 

CD30 mc-VC-

PABC 

MMAE 

(auristatin) 

Microtubule 

inhibitor 

4 R/R sALCL or cHL 

(2011)  

R/R pcALCL or CD30+ 

MF (2017)  

cHL, sALCL or CD30+ 

PTCL (2018)a 

Ado-

trastuzumab 

emtansine 

HER2 SMCC DM1 

(maytansinoid) 

Microtubule 

inhibitor 

3.5 Advanced-stage 

HER2+ breast cancer 

previously treated with 

trastuzumab and a 

taxane (2013); early 

stage HER2+ breast 

cancer in patients with 

residual disease after 

neoadjuvant 

trastuzumab–

taxanebased treatment 

(2019) 

Inotuzumab 

ozogamicin 

CD22 hydrazone N-acetyl-γ- 

calicheamicin 

DNA 

cleavage 

5-7 R/R B-ALL (2017) 

Moxetumomab 

pasudotox 

CD22 mc-VC-

PABC 

PE38 

(Pseudomonas 

exotoxin-A 

fragment) 

Protein 

translation 

inhibitor 

NA R/R HCL (2018) 

Fam-

trastuzumab 

deruxtecan 

HER2 tetrapeptide DXd 

(Camptothecin) 

TOPO1 

inhibitor 

8 Advanced-stage 

HER2+ breast cancer 

after two or more anti-

HER2-based regimens 

(2019) 

Polatuzumab 

vedotin 

CD79b mc-VC-

PABC 

MMAE 

(auristatin) 

Microtubule 

inhibitor 

3.5 R/R DLBCL (2019)b 

Sacituzumab 

govitecan 

TROP2 CL2A SN38 

(active 

metabolite of 

irinotecan) 

TOPO1 

inhibitor 

8 Advanced-stage, triple-

negative breast cancer 

in the third line setting 

or beyond (2020) 

Enfortumab 

vedotin 

Nectin 4 mc-VC-

PABC 

MMAE 

(auristatin) 

Microtubule 

inhibitor 

4 Advanced-stage 

urothelial carcinoma, 

following progression 

on a PD-1 or PD-L1 

inhibitor and platinum-

containing 

chemotherapy (2020) 

Belantamab 

mafodotin 

BCMA mc MMAF 

(auristatin) 

Microtubule 

inhibitor 

4 R/R multiple myeloma 

in the fifth line setting 

or beyond (2020) 

Loncastuximab 

tesirine 

CD19 dipeptide PBD dimer 

(SG3199) 

DNA 

crosslinking 

agent 

2.3 R/R large B-cell 

lymphoma 

(2021) 
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Tisotumab 

vedotin 

TF mc-VC-

PABC 

MMAE 

(auristatin) 

Microtubule 

inhibitor 

4 Recurrent or metastatic 

cervical cancer (2021) 

Mirvetuximab 

soravtansine 

FRα sulfo-

SPDB 

DM4 

(maytansinoid) 

Microtubule 

inhibitor 

2 Platinum-Resistant 

ovarian cancer (2022) 

 
AML - acute myeloid leukaemia; B-ALL - B cell acute lymphoblastic leukaemia; BCMA - B cell maturation antigen; cHL 

- classical Hodgkin lymphoma; DAR - drug-to-antibody ratio; mc-VC-PABC - maleimidocaproyl-valine-citrulline-p-

aminobenzoyloxycarbonyl; DLBCL - diffuse large B cell lymphoma; mAb - monoclonal antibody; MF - mycosis 

fungoides; MMAE - monomethyl auristatin E; MMAF - monomethyl auristatin F; SMCC - succinimidyl‐4‐(N‐

maleimidomethyl)cyclohexane‐1‐carboxylate; pcALCL - primary cutaneous anaplastic large cell lymphoma; PTCL - 

peripheral T cell lymphoma; R/R - relapsed and/or refractory; sALCL - systemic anaplastic large cell lymphoma; TOPO1 

- topoisomerase I; TROP2 - tumour-associated calcium signal transducer 2. CL2A a cleavable complicated PEG8- and 

triazole-containing PABC-peptide-mc linker; mc - maleimidocaproyl; TF - tissue factor; HER2 - human epidermal growth 

factor; DM1 - derivative of maytansine 1; PD-L1 - programmed cell death-ligand 1; PD-1 - programmed cell death protein-

1; DXd - Exatecan derivative for ADC; HCL – hairy cell leukemia; PBD – pyrrolobenzodiazepine; DM4 - derivative of 

maytansine 4; FRα – folate receptor 1. 
a. In combination with cyclophosphamide, doxorubicin and prednisone for newly diagnosed sALCL or CD30+ PTCL and 

in combination with doxorubicin, vinblastine and dacarbazine for newly diagnosed cHL.  

b. In combination with bendamustine and rituximab. Table adapted from (63, 64). 

 

 

1.2 Antibody 

Monoclonal antibodies used in ADCs are mostly of the IgG1 subclass. Moreover, novel ADCs 

are made with humanized antibody backbone to avoid immunogenicity (63). To circumvent most of 

the systemic toxicities, the mAb must be specific to a target preferentially expressed on cancer cells 

surface when compared to healthy cells (63). 

 

1.3 Linker chemistry 

The linker connecting the antibody with the cytotoxic molecule is a very crucial component of 

the ADC (65). Specifically modified linkers can be divided into cleavable and non-cleavable ones. The 

cleavable linkers can be cleaved by cathepsins, glutathione, Fe(II), photo-responsive, bioorthogonal or 

acid (65). The linker has two main roles, first it is responsible for the stability of the whole ADC in the 

blood circulation and secondly, it influences the release of the payload after the delivery to the specific 

target (65). These competing features pose a great challenge in the area of linker development. The 

unstable linkers can release the cytotoxic payload before they reach cancer cells resulting in systemic 

toxicities (63). Therefore, the specific linkers have to be designed with an attention to chemical 

triggers, additional attachments and optimized with improved absorption, distribution, metabolism and 

excretion (ADME) properties (65). Besides the linker itself, there are also different linker-antibody 

and linker-payload attachments (65). The most common linker-antibody attachment is through 

maleimide, which reacts with thiol groups of the antibody (65). That coupling is however vulnerable 

to retro-Michael reaction, in which the reactive maleimide can be freed in the blood circulation, 
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resulting in instability of the ADC (65). In terms of linker-payload attachment, either payload or linker 

can be modified. The modifications of the payloads carry the risk of reduced cytotoxicity (65). 

 

1.4 Payload – cytotoxic molecule 

When it comes to molecules that are commonly attached to the antibodies, in the initial 

developments of ADCs the known anticancer chemotherapeutics were used, such as methotrexate (66), 

vinca alkaloids (67) or doxorubicin (68). However, after testing in clinical trials, some limitations 

occurred, such us lack of potency, immunogenicity or even poor selectivity (69). These early 

observations have led to development of improved class of ADCs, with humanized antibodies, 

conjugated to 1,000-fold more toxic compounds and with more carefully selected targets (63, 69). 

Consequently, highly potent ADCs were developed with different chemotherapeutics and 13 of them 

are currently FDA-approved. Among them are calicheamicins (ozogamicin) and camptothecins 

(inhibitors of topoisomerase I; TOPO1) that induces DNA breaks and auristatins (monomethyl 

auristatin E and F; MMAE, MMAF) and maytansanoids (DM1), which are microtubule inhibitors (63). 

Drug to antibody ratio (DAR) is an average number of molecules attached to the antibody. In 

fact, the approved ADCs are mixtures of different DAR numbers, ranging between 2-8 (63, 65). There 

are two strategies to control the number of payload moieties, site-specific conjugation and chemical 

modifications of the linker-antibody attachment (70). Many conjugations rely on native cysteines or 

lysines present on the mAb, then the obtained DAR can be considerably heterogenous (63). 

 

1.5 Mechanism of action 

ADCs are a type of a complex delivery system, that is recently more commonly used for cancer 

treatment (63, 64). It is combining the modes of action and pharmacokinetic properties of small 

molecule drugs with antibodies. Briefly, the main mechanism of action of ADC involves binding the 

target antigen by the mAb part of ADC, then the whole ADC is internalized into lysosomes, where the 

payload is released and acts on its intracellular target (Figure 3) (64). 
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Figure 3 Mechanism of action of ADCs. Adapted from (64). 

 

The first challenge in the mode of the action of ADCs in vivo is its circulation in the blood. 

Administered ADCs must be preserved in the circulation, without disintegration, which is prevented 

by the adequate linkers and attachments. Overall, the antibodies and therefore ADCs have much longer 

half-life (days), compared to small molecules alone (minutes - hours) (71). Moreover, ADCs are much 

bigger molecules than other chemotherapeutics, and this can limit their distribution and the penetration 

into tumours: However, once they reach the tumour side, ADC have higher tumour accumulation than 

small molecule drugs alone (71). After they penetrate the tissue and reach the tumour 

microenvironment (TME), they must bind their target. The antigen recognition part of the mAb that is 

used in ADCs remains unaffected, therefore the affinity of the ADCs is typically the same as of the 

naked antibody (63). It is also known that ADCs preserve the same functionality on the mechanisms 

of cell killing as naked antibodies (63, 64). Therefore, they can also exert the complement-dependent 

cytotoxicity (CDC), antibody-dependent cell cytotoxicity (ADCC) or antibody-dependent cellular 

phagocytosis (ADCP), the typical mechanisms of action of antibodies cell killing (Figure 4) (72). The 

example is the T-DM1 ADC, which consists of Trastuzumab (anti-HER2 antibody) and DM1 

(microtubule inhibitor). The study comparing Trastuzumab alone with T-DM1 showed that both inhibit 

cancer cell growth using the same mechanisms, namely by blocking the HER2 dimerization, what in 

turn inhibits further cell signalling induced cell death (73). After the ADC binds its target, the 

internalization process occurs, that can happen in two ways, during antigen-dependent endocytosis or 

antigen-independent pinocytosis (64). Then, depending on the type of the linker, the payload can be 
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released in early endosomes (acid-cleavable linkers) or late endosomes (enzymatic or proteolytic 

cleavage) (63). Some of the ADCs can cause a bystander effect, that is a diffusion of the payload to 

neighbouring cancer cells, that do not express the target antigen. This can be beneficial, especially in 

cancers with high heterogeneity, however it requires the conjugated molecules to be lipophilic in order 

to cross the cell membranes (63). 

 

Figure 4 Mechanisms of action of therapeutic antibodies. i. complement-dependent cytotoxicity (CDC). ii. antibody-dependent cell 

cytotoxicity (ADCC). iii. antibody-dependent cellular phagocytosis (ADCP). Adapted from (64). 
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General aims of the thesis 
 

I Biological characterization of novel NAMPT inhibitors  

Evaluation of anti-cancer activities of novel NAMPT inhibitors in vitro and in vivo in various blood 

cancer models in comparison to APO866. 

 

II Targeted delivery of NAMPT inhibitors 

Development of Antibody Drug Conjugates by conjugation of novel NAMPT inhibitors to anti-CD138 

antibody, targeting multiple myeloma cells. 
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Chapter 2: Biological characterization of novel NAMPT inhibitors 
 

1 Articles contributions 
 

During my PhD studentship I evaluated and characterized the mechanism of action of different 

classes of NAMPT inhibitors.  

The first group of NAMPT inhibitors was synthesized within 7th framework project PANACREAS 

(74). Three promising compounds (JJ08, FEI191 and FEI199) were chosen for further characterization 

in vitro and in vivo in several hematopoietic malignant cells. These results are published in: 

 

Anticancer Activities of Novel Nicotinamide Phosphoribosyltransferase Inhibitors in 

Hematological Malignancies 

Paulina Biniecka, Saki Matsumoto, Axel Belotti, Jessie Joussot, Jian-Fei Bai, Somi Reddy Majjigapu, Paul Thoueille, 

Dany Spaggiari, Vincent Desfontaine, Francesco Piacente, Santina Bruzzone, Michele Cea, Laurent A. Decosterd, Pierre 

Vogel, Alessio Nencioni, Michel A. Duchosal, Aimable Nahimana. 

Molecules 2023, 28(4), 1897; https://doi.org/10.3390/molecules28041897 

 

In this study, I designed, performed, and analyzed all the in vitro experiments. Moreover, I also 

analyzed and discussed the results of in vivo efficacy and pharmacokinetics. 

 

The second group of NAMPT inhibitors was synthesized at the University of Sevilla within a 

collaborative project funded by the European Union's Horizon 2020 research and innovation program. 

This study is published in: 

 

Synthesis and structure-activity relationship of new Nicotinamide Phosphoribosyltransferase 

inhibitors with antitumor activity on solid and haematological cancer. 
Simone Fratta, Paulina Biniecka, Antonio J. Moreno-Vargas, Ana T. Carmona, Aimable Nahimana, Michel A. Duchosal, 

Francesco Piacente, Santina Bruzzone, Irene Caffa, Alessio Nencioni, Inmaculada Robina. 

Eur J Med Chem. 2023 Jan 31;250:115170. doi: 10.1016/j.ejmech.2023.115170 

 

In the second manuscript, I planned, performed the experiments, and analyzed the data on the 

characterization of chosen NAMPT inhibitors in hematological malignancies that include: (i) 

cytotoxicity on ML2, JRKT, NMLW, RPMI8226 and NB4 cell lines (Table 2); (ii) intracellular NAD 

and ATP depletion (Figure 4) and IC50 of NAD depletion on ML2, Jurkat and RPMI8226 cells (Table 

3); (iii) characterization of production of different ROS (Figure 5); (iv) time dependent MMP 

depolarization and (v) cell death analysis (Figure 6). Further confirmation that evaluated compounds 

are NAMPT inhibitors (Figure 7) and the abrogation of NAMPT-inhibitors induced cell death by 

catalase (Figure 8).  

https://doi.org/10.3390/molecules28041897


 

Summary of the results 

23 

 

2 Summary of the results 
 

Article: Anticancer Activities of Novel Nicotinamide Phosphoribosyltransferase Inhibitors in 

Hematological Malignancies.  

Biniecka et al. Molecules 2023, 28(4), 1897. 

 

JJ08, FEI191 and FEI199 were first assessed for their ability to inhibit the enzymatic activity of 

NAMPT, confirming that they are indeed NAMPT inhibitors. Then their in vitro cytotoxicities and 

mode of action was characterized on different haematological malignant cell lines (myeloid and 

lymphoblastic leukemias, Burkitt lymphoma and multiple myeloma). Subsequently, the in vivo 

efficacy of JJ08, FEI191 and FEI199 was assessed on Burkitt lymphoma human xenograft mouse 

model and additionally their pharmacokinetics (PK) study was carried out. 

All the inhibitors caused dose-dependent cell death in vitro, with the most potent inhibitor being 

FEI199, as its IC50 was almost half lower than that of APO866.  

The proposed mode of action of JJ08, FEI191 and FEI199 is depicted in Figure 5. Briefly, the first 

direct consequence of treatment with NAMPT inhibitors is the depletion of NAD+. We observed a very 

fast drop in intracellular NAD+ levels, already after 8 hours of treatment and almost no NAD+ detected 

at 24 hours. The depletion of NADP(H) happened in the similar time as that of NAD+. As NADPH is 

a powerful antioxidant, its depletion caused the increase in oxidative stress and elevated ROS 

production. The high levels of mitochondrial and cytosolic ROS and H2O2 were produced at 72 hours 

after cell treatment with JJ08, FEI191 and FEI199. The NAD+ depletion was subsequently followed 

by a drop of ATP, with no detectable levels at 48 hours, when the mitochondrial membrane started to 

get depolarized. Full depolarization was observed at 72 hours. The complete cell death occurred at 96 

hours. Additionally, to characterize different types of cell death, the involvement of caspases-induced 

apoptosis and necrosis was assessed. Caspases -3, -8 and -9 were activated at 72 hours after treatment 

with NAMPT inhibitors, and cytosolic enzyme LDH was released extracellularly at 72 hours indicating 

the involvement of necrotic cell death. The final assessment of the cause of cell death was done with 

catalase (ROS scavenger), that did not protect the cells from NAD+ depletion, however it was able to 

fully abrogate the cell death caused by NAMPT inhibitors, indicating the crucial role of oxidative 

stress in the cell death induced by NAMPT inhibitors. 

The in vivo efficacy of JJ08, FEI191 and FEI199 was done in a mouse xenograft model of Burkitt 

lymphoma. Only JJ08 was able to fully eradicate the tumor growth and significantly prolong the mice 

survival, like APO866. The FEI compounds were able to significantly delay the mouse death. The PK 

parameters of JJ08 were like that of APO866, whereas both FEI inhibitors had overall worse detected 

plasma concentrations and drug exposure. 
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The findings describe the new small molecules as potent NAMPT inhibitors in vitro and the 

potential of JJ08 as an effective compound in vitro and in vivo for further anti-cancer evaluations. 

 

Figure 5 Scheme of the mode of action of NAMPT inhibitors 

Article: Synthesis and structure-activity relationship of new Nicotinamide 

Phosphoribosyltransferase inhibitors with antitumor activity on solid and haematological 

cancer. 

Fratta S., et al. Eur J Med Chem. 2023 Jan 31;250:115170. 

In this work, the cytotoxicities of different NAMPT inhibitors were assessed on pancreatic and 

hematological cancer cell lines. The most potent compounds were 35a, 39a and 47 with IC50 in 

picomolar range, especially on ML2 cell line (18, 46 and 49 pM, respectively). The mechanisms of 

cell death of compounds 35a, 39a and 47 were the same as of mentioned above NAMPT inhibitors. 

They depleted intracellular NAD+ levels after 24 hours of treatment, followed by ATP depletion at 48 

hours. The mitochondrial membrane depolarization started at 48 hours, correlating with 80% of cell 

death in ML2 cell line. Whereas in Jurkat and RPMI8226 cells, the MMP completely decreased at 72 

hours, all events leading to cell death at 96 hours. Moreover, the quantification of ROS levels, resulted 

in a profound production of mitochondrial and cytosolic ROS and H2O2 at 72 hours after treatment 

with 35a, 39a and 47. Of note, the addition of catalase was able to fully abrogate the cell death caused 

by those inhibitors.  
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Chapter 3: Targeted delivery of NAMPT inhibitors 

 

1 Introduction 
 

 

1.1 Antibody Drug Conjugates for multiple myeloma Treatment 

 

To achieve the second aim of this thesis the model cancer cell line of multiple myeloma (MM) 

was used. MM is currently an uncurable disease, and is estimated to account for about 2 % of newly 

diagnosed cancer cases in United States in 2021 and has a five-year survival at 54 % (76, 77). As 

summarized below, there are many promising ADCs for MM in clinical trials, however only one is so 

far accepted as a drug. MM is an example of blood cancer, for which the development of specifically 

targeting antibodies is particularly relevant giving the complex contribution of bone marrow 

microenvironment. 

Multiple myeloma is a B-cell malignancy developed in bone marrow, where plasma cells 

accumulate and form tumors (75). Current standard of care involves chemotherapy consisting of 

alkylating agents, corticosteroids, immunomodulatory drugs, and/or proteasome inhibitors. Although 

MM survival has improved in recent years, most of the patients relapse after 3-4 years of treatment 

and develop resistance (78). MM cells produce different surface adhesion molecules to keep a tight 

connection between them and bone marrow microenvironment, which plays a crucial role in their 

growth and survival (79). Cell surface markers, such as CD38, CD47, CD138, FcRH5, GPRC5D, 

SLAMF7 or BCMA are highly expressed on MM cells and are used as targets for different therapeutic 

treatments (80). The most common target for immunotherapeutic approaches is BCMA, a target for 

chimeric antigen receptor (CAR) T cells, and bispecific antibodies (81). Considering antibody-based 

therapies, among FDA approved treatments for MM, there are two mAb against CD38 (isatuximab 

and daratumumab), mAb against SLAMF7 (elotuzumab) and one ADC (belantamab mafodotin). This 

latter ADC consists of anti-BCMA antibody conjugated to auristatin F via a non-cleavable linker (80, 

82). In clinical trials, there are some more ADCs targeting MM evaluated (Table 2) (83). 

 

Table 2 ADCs in clinical trials for MM. 

ADC name Target Linker Payload Status 

Lorvotuzumab 

mertansisne 

CD56 Disulfide bond (SPP) DM1 Phase I 
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Milatuzumab 

doxorubicin 

CD74 Acid-labile (hydrazine) Doxorubucin Phase I 

Indatuximab 

ravtansine 

CD138 Disulfide bond (SPP) DM4 Phase I/II 

GSK2857916 CD269 Non-cleavable (MC) MMAF Phase I 

AMG 224 BCMA Non-cleavable mertansine 

(DM1) 

Phase I 

MEDI 2228 BCMA valine–alanine 

dipeptide 

PBD Phase I 

CC 99712 BCMA undisclosed undisclosed Phase I 

TAK-573 CD38 fused to the Fc part of 

the antibody 

Attenuated 

form of IFNα 

Phase I/II 

TAK-169 CD38 fused to the Fc part of 

the antibody 

Ribosome 

inactivating 

SLTA 

Phase I 

STRO-001 CD74 A non-cleavable 

dibenzocyclooctyne 

Maytansoid Phase I 

FOR46-002 CD46 undisclosed undisclosed Phase I 

HDP 101 BCMA cleavable amanitin Phase I 

PBD – pyrrolobenzodiazepine; BCMA - B cell maturation antigen; MMAF - monomethyl auristatin IFNα - interferon 

alpha; SLTA - Shiga-like toxin A-subunit. Table adapted from: (83, 84). 

 

 

1.2 CD138 as molecular target for multiple myeloma 

 

CD138 (Syndecan-1) is a type I transmembrane protein and important cell surface marker 

responsible for cell adhesion, migration and cell-cell interactions (85). CD138 plays a role in cancer 

cell progression, as it is promoting malignant cells proliferation and its expression is correlated with 

poor cancer prognosis (86). It is a prognostic marker for MM and Hodgkin’s lymphoma, that can be 

released from the cell surface and its increased levels can be found in the plasma of cancer patients 

(86). It is also a relevant molecule for solid tumors where it is often overexpressed in breast, bladder, 
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cervical, colorectal, pancreatic, prostate, and liver cancers. However, in some cases, for example in 

carcinomas, CD138 is downregulated, leading to the decreased adhesion of the cells to extracellular 

matrix, what increases their motility and triggers cancer metastasis (86).   

CD138 plays an important role in molecular signaling and it is a coreceptor for various growth 

factors, for example epidermal growth factor, which increases MM cell proliferation (87). Moreover, 

it participates in immunomodulation by binding various inflammatory cytokines, chemokines and 

integrins (88, 89). It is of high therapeutical interest, as CD138 antibody drug conjugates (ADCs) along 

with chimeric antigen receptor-transduced T cells (CAR-Ts) are currently in clinical trials (90-92). 

Indatuximab ravtansine (BT062) is an anti-CD138 antibody conjugated to microtubule inhibitor 

(DM4). Firstly described by Ikeda et al. (93), it was tested in vitro on cell lines and primary cells and 

in vivo in mouse xenograft models of human MM. The results showed a significant cytotoxicity 

towards malignant cells, but not healthy ones. Moreover, an inhibition of tumors growth in vivo and 

prolonged mouse survival, strongly triggered further evaluation of this ADC in clinical trials (93). The 

first clinical trial was initiated with indatuximab ravtansine as monotherapy in patients with relapsed 

and/or refractory MM. Safety, efficacy and pharmacokinetics were assessed in 2 studies (phase I and 

phase I/IIa) (94). There were only mild adverse effects, such as fatigue or diarrhea, and stable disease 

or better results were achieved in over 75 % of heavily pretreated patients (94). Other phase I/IIa 

studies were initiated with indatuximab ravtansine in combination with dexamethasone, lenalidomide 

or pomalidomide in patients with relapsed and/or refractory MM and all tested combinations appeared 

to be well tolerated (91, 95). More recently also a multicentre, phase I/IIa study was carried out with 

indatuximab ravtansine in combination with dexamethasone, lenalidomide or pomalidomide on 

activity, safety and pharmacokinetics in patients with relapsed and/or refractory MM (96). An 

objective response was observed in 71.7 % of patients treated with indatuximab ravtansine plus 

lenalidomide and in 70.6 % of patients treated with indatuximab ravtansine and pomalidomide. The 

most common, serious (grade 3-4) adverse effects were thrombocytopenia and neutropenia (96).  

Currently, there is no treatment using CD138 as a target that has been accepted by FDA. 

Considering the promising results with recent clinical trials using BT062, there is indeed a high interest 

in this target. 

 

1.3 The CD138-amanitin ADCs 

 

Alpha-amanitin 

Amanitins belong to the group of toxins derived from the poisonous mushrooms, A. phalloides 

(97). One of them, α-amanitin, is the most studied bicyclic peptide, that causes severe toxicity to 
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humans, causing extreme liver and kidney injuries (97, 98). It is a very potent eukaryotic RNA 

polymerase II inhibitor, causing transcription and protein synthesis inhibition (98). Alpha-amanitin is 

hydrophilic in nature, thus it cannot passively cross the cell membrane, however, it is taken up by a 

specific transporter into hepatocytes, leading to complete cytolysis (98-100). Additionally, α-amanitin 

causes nephrotoxicity, as it is accumulated and excreted via kidneys, although the kidney injury could 

be also caused by GI issues, which appear first after mushroom ingestion (101, 102).  

The potent cytotoxic properties of α-amanitin, resulting in complete stop of cell proliferation, 

which can affect dividing, as well as resting cells are desirable features in cancer treatment. Moreover, 

its inability to passively cross cell membranes and its physicochemical properties, make it a perfect 

candidate to be used as payload in ADCs, which allow for its specific delivery into cancer cells (103).  

 

Alpha-amanitin as ADCs payload 

 

The α-amanitin used as a payload was chemically synthesized at Heidelberg Pharma (HDP), 

the anti-CD138 antibody was expressed in mammalian expression system using Expi293F cells and 

the further bioconjugation of the toxin to the antibody was done at HDP as a part of my PhD 

secondment. 

As the α-amanitin is already well characterized as a payload for ADCs (103-105), therefore the 

anti-CD138-amanitin ADC (ADC_ama) was used as a positive control. The cytotoxicity of ADC_ama 

was assessed in MM cells (RPMI8226) expressing CD138 and in Burkitt’s lymphoma cells (Namalwa) 

not expressing CD138. If the cell death is induced in MM cells, but not lymphoma ones, after the 

treatment with ADC_ama, then the specificity and proper internalization of anti-CD138 antibodies 

used in these ADCs is confirmed. This validates MM cells as target positive and Burkitt’s lymphoma 

as target negative cells for further cytotoxicity assessments with NAMPT inhibitors ADCs. 

 

1.4 The CD138-NAMPT inhibitors ADCs 

 

The NAMPT inhibitors and all the modifications needed for them to be used as payloads were 

synthesized and adapted at the University of Sevilla and at HDP. The anti-CD138 antibody was 

expressed in mammalian expression system using Expi293F cells and the further bioconjugation of 

the inhibitors to the antibody was done at HDP. 
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NAMPT inhibitors as ADCs payloads 

Currently there are three independently published approaches for ADCs with NAMPT 

inhibitors (106-108) (Figure 6). First, Novartis has developed novel NAMPT inhibitors synthesized 

with different linkers and assessed in vitro and in vivo (106). Then, some of them were conjugated to 

anti-c-Kit (receptor tyrosine kinase) mAbs and one candidate to anti-HER2 trastuzumab mAb and they 

were tested on different cell lines and in gastrointestinal stromal tumour xenograft models in mice. 

The ADCs that were chosen for further evaluation had non-cleavable linkers, their aggregation was 

below 10 % and DAR of 2-4. The ADC tested with cathepsin-cleavable linker resulted in high 

aggregation of 29 %. The cytotoxicity of trastuzumab ADC was in a picomolar range on HER2+ cells, 

and anti-c-Kit ADC had very low picomolar activity on their target cells. However, also the non-

binding IgG isotype control ADCs showed some activity against all tested targets. Two anti-c-Kit 

ADCs with different linkers were assessed in vivo, by single-dose intravenous (i.v.) injection and they 

were able to fully eradicate the tumour growth. Moreover, the ADCs were well tolerated, without any 

sign of body weight loss in mice (106). 

Secondly developed ADCs, by Seattle Genetics, were synthesized with APO866 (FK866) and 

a few new compounds (107). Cell viability of 5 different payloads was assessed and based on the best 

cytotoxic profile on different cell lines (L540cy – Hodgkin lymphoma; A549 – lung adenocarcinoma; 

HepG2 – hepatocellular carcinoma). Three compounds were chosen to be attached to -glucuronidase 

cleavable linkers ant anti-CD30 antibody, with DAR = 8. Then these ADCs were tested in vitro for 

NAD and ATP depletions. The results showed a profound NAD depletion on target positive cell lines, 

moreover the kinetics of NAD/ATP depletion was monitored in L540cy cell line over 5 days. The 

doses of anti-CD30 ADCs of previously established EC50 were tested over time. The dose below EC50 

was able to deplete the NAD levels only at 24h and 48h. However, over 72h time point the NAD levels 

went back to its baseline, whereas ATP levels were almost not affected. The dose above the EC50 fully 

depleted the NAD levels after 24h and ATP levels dropped after 48-72h. Its noteworthy that these 

observations are consistent with the effects caused by NAMPT inhibitors alone (109, 110). Besides 

anti-CD30 ADCs, additional ADCs with NAMPT inhibitors were developed with anti-CD19 and anti-

CD123 antibodies and they were all tested in vivo on respective tumour xenograft mouse models. Only 

with the anti-CD123 ADCs administered 3x per week in mice with established AML xenografts the 

results showed complete and sustained tumour response. Moreover, the single-dose rat toxicology 

studies were carried out with different doses of one ADC. The results showed no retinal or cardiac 

toxicity, which were previously observed with other NAMPT inhibitors alone (111, 112) and only 
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mild, dose-dependent cytopenias. These results underline the potential of targeted delivery and 

improvement of therapeutic window for NAMPT inhibitors administration (107). 

The most recently developed ADCs with NAMPT inhibitors were by Bayer (108). They have 

synthesized a new class of NAMPT inhibitors conjugated to three different antibodies (anti-C4.4a - 

colorectal cancer; anti-HER2 - breast cancer; anti-B7H3 - non-small-cell lung cancer and prostate) 

with non- and cleavable linkers. The average DAR of the ADCs was between 2.2-7.8 and aggregation 

lower than 2 %. Initially synthesized isotypic controls for each linker, showed high off-target 

cytotoxicities on one of the cell lines. This prompted the authors to measure intracellular generation 

of metabolites of one of the ADCs. They observed deconjugation of the payload from the mAb, 

possibly explaining the off-target activity. To prevent this deconjugation, two new linkers with 

succinic amide were synthesized and attached to inhibitors, one with extra polyethylene glycol (PEG) 

chain. The latter ADCs with new linkers have achieved better selectivity, while at the same time 

preserving their cytotoxicity. Then, three ADCs were tested in vivo on antigen expressing tumour 

xenografts in mice. The best selectivity and anti-tumour effect was observed in mice xenografted with 

breast cancer cells, treated with ADC conjugated with anti-C4.4a antibody with improved linker (DAR 

6.9). Overall, the treatment was well tolerated, without significant weight loss in mice.  

 

Figure 6 Example structures of existing NAMPT inhibitors ADCs. Figure adapted from (106, 108). Figure prepared by Simone 

Fratta. 

 

Taken together, these finding open new avenues for testing and optimizing NAMPT inhibitors as 

payloads for ADCs.  

 In the present work, the NAMPT inhibitors used as payloads were synthesized at the University 

of Sevilla. Following previous in vitro assessment of NAMPT inhibitors, we chose compound 47a 

(SF183) (Figure 7A) as a base structure for our payload synthesis, as this inhibitor was the most 
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cytotoxic one on both Mia-Paca2 and different haematological cell lines (113). First, different 

approaches were investigated to prepare the suitable payload, namely the influence of conformational 

flexibility was explored and compound 74 (SF223) was synthesized, resulting in more rigid molecule. 

Moreover, the synthetic route of preparation of compound 74 (SF223) (Figure 7B) was considerably 

shorter than of compound 47a (SF183) (Figure 7B). 

 

Figure 7 Structures of NAMPT inhibitors. Original, very potent molecule 47a (SF183) (A). An improved molecule 74 (SF223), an 

ADC payload. 

Different chemical modifications can be done to obtain the payload, that would be suitable for 

conjugation to mAb (Figure 8). Therefore, to analyze the Structure-Activity Relationship (SAR), a 

small library of thirteen compounds (containing cyanoguanidine, triazole/tetrazole, acrylamide or 

thiourea as different connecting units) was synthesized at the University of Sevilla. 

 

Figure 8 Possible chemical modifications. Figure prepared by Simone Fratta 

 

 

2 Materials and Methods 
 

2.1 Production of anti-CD138 antibodies 

Construction of heavy and light chain expression vectors 

The heavy chain (HC) and light chain (LC) variable regions of anti-CD138 antibody were based on 

the humanized antibody nBT062, that is used in indatuximab ravtansine (93) and they were chosen 

from the patent (Daelken et al. US 2009/0169570 A1, Jul. 2, 2009). All further experiments were 

performed at HDP during my secondment. 
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The plasmids containing the anti-human HC and LC variable regions of anti-CD138 antibody were 

ordered from GeneArt (LifeTechnologies). Then the variable regions were amplified by PCR, using 

specific primers (designed at HDP) and Phusion® High-Fidelity PCR Master Mix with HF Buffer 

(NEB), subsequently purified (QIAquick PCR purification Kit, following the instructions) and cut by 

restriction enzymes (PmeI and ApaI for HC and NotI and BspEI for LC). Meanwhile the Trastuzumab 

backbone vectors for HC and LC were digested with corresponding restriction enzymes and purified 

on 1 % agarose gel. Cut inserts were ligated into Trastuzumab backbones for HC and LC respectively. 

Briefly, 50 ng of vector (HC and LC) was mixed with 3-fold molar excess of corresponding insert. 

Then 2 L of Ligase Reaction Buffer (NEB) and 1 L of T4-DNA ligase (NEB) was added to the 

mixture of vector and insert of HC and LC. Ligation reaction was incubated for 2 hours at RT and 

chilled on ice after. After, the NEB5 chemical competent cells (NEB), were thawed and aliquoted, 5 

L of each HC and LC ligase reactions were added to the cells and mixed by finger-flicking. The tubes 

were incubated on ice for 30 min, then 30 sec at 42C and finally 5 min on ice. Then, 950 L of 

recovery media (SOC medium, Fluka) was added, and cells were incubated in cell culture tube for 1 

hour at 37C with shaking. After, the bacteria were spread into antibiotic selection plates (LB agar 

plates with ampicillin, prepared before as described by Invivogen) and incubated overnight at 37C.  

The next day, 4 colonies were picked, and each put in 3 mL of TB medium (Gibco) with added 

ampicillin and incubated overnight at 37C with shaking. The following day the mini prep was 

performed according to the manufacturer’s instructions of QIAprep Spin Miniprep Kit (Qiagen). The 

plasmid DNA from selected clones was sent for sequencing, to confirm the correct HC and LC 

structures. After the structures were confirmed, the NEB5 were transformed again, but this time in a 

bigger volume, in total 500 mL of TB medium was used for each chain and incubated overnight. The 

next day the mega prep was performed according to the manufacturer’s instructions of EndoFree 

Plasmid Mega Kit (Qiagen). The collected plasmid DNA was again sent for sequencing to confirm the 

correct HC and LC structures. 

 

Transient expression of anti-CD138 antibodies in Expi293 cells 

The plasmid DNA of anti-CD138 antibody HC and LC was transfected in Expi293F cells (Expression 

System Kit). Two 2 L shake flasks were prepared with 425 mL of medium with 1.25 x 109 cells in 

each flask and incubated at 37C in humidified atmosphere of 8 % CO2 in orbital shaker at 125 rpm 

for 2-3 hours. Meanwhile the lipid-DNA complex solution was prepared, for that 200 g of HC and 

300 g of LC plasmid DNA was diluted in Opti-MEM medium (Invitrogen) to a total volume of 25 

mL. Also, 2.5 mL of PEI reagent (HDP) was diluted in Opti-MEM medium to a total volume of 25 
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mL and incubated for 5 min at RT. After, the transfection reagents were added immediately and all at 

once to the DNA solutions, obtaining the total volume of 50 mL for each, then, they were vortexed 

briefly and incubated for 15 min at RT. The ready mixture of DNA-transfection reagents (50 mL) was 

added to shaker flasks with Expi293F cells. The cells were incubated at 37C in humidified atmosphere 

of 8 % CO2 in orbital shaker at 125 rpm. After 16-18 hours post-transfection, the cells were 

resuspended in a fresh Expression Medium without antibiotics (Expression System Kit). 

At day 6 the medium with the cells was collected and filtered using Sartolab® RF unit and vacuum. 

The Antibodies were purified using IgG Protein A chromatography, following HDP’s protocol. Next, 

aggregates and toxins were removed by gel filtration (preparative FPLC – ÄKTA), using hiLoad 

26/600 Superdex 200 pg, prepacked XK26 column. The antibodies were also analysed by SEC-HPLC, 

for presence of monomers and by EndoZyme® II Recombinant Factor C (rFC) Assay for endotoxin 

detection. 

 

2.2 Production of payload and payload-linker modifications 

All the chemistry was done at the University of Sevilla and at HDP. Detailed materials and methods 

can be found in his PhD thesis – “Synthesis of new NAMPT inhibitors as potential anti-cancer drugs. 

An approach to antibody-drug-conjugates.” –  Simone Fratta, Sevilla 2022. 

 

2.3 Bioconjugation of payload-linker to the anti-CD138 antibody 

The bioconjugation of the prepared payload-linkers to the produced anti-CD138 antibodies was 

performed HDP. Briefly, the reaction was carried out in a buffer solution (pH 7.4) with DMSO as co-

solvent (10-20%) Firstly, the anti-CD138 antibodies were treated with tris(2-carboxyethyl) phosphine) 

(TCEP) to reduce the disulfide bonds, while the non-reacted thiols were capped with an excess of N-

ethylmaleimide, which was quenched with N-acetyl-L-cysteine before purification on PD-10 column. 

Then the eluted protein-containing fractions from the column were pooled, dialysed overnight in PBS 

(pH 7.4) in Slide-A-Lyzer Dialysis Cassettes 20’000 MWCO. The protein concentration was then 

adjusted to 5 mg/mL and sterile-filtered. Next, the analytical department of HDP verified the formation 

of protein aggregates by size exclusion chromatography (SEC-HPLC) and performed DAR analysis 

by Time-of-flight mass spectrometry (TOF-MS). 

 

2.4 Biological evaluation of NAMPT inhibitors, anti-CD138 antibodies, and ADCs in vitro 

The final evaluation of synthesized payloads, anti-CD138 antibodies and finally ADCs was 

performed back at CHUV. All the cell lines were cultured in RPMI medium in 5 % CO2 at 37C.  
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Cell surface expression of CD138 and antibody binding assay – flow cytometry  

To assess the cell surface expression of CD138 antigen on RPMI8226 and Namalwa cell lines, an anti-

CD138 antibody (Beckman Coulter) labelled with PE was used. The cells were collected and stained 

with 3 L of the antibody, incubated at 4 C for 30 min and washed with cold PBS before analysis by 

flow cytometry. 

The antibody binding assay was carried out with anti-CD138 antibody (5mg/mL), human IgG1 isotype 

control (Invitrogen) and anti-human IgG (Fc specific) – FITC antibody produced in goat (2nd antibody). 

Firstly, the equal number of cells was collected (300,000) for RPMI8226 and Namalwa. Then the cells 

were resuspended in 50 L of medium and 50 L of pre-diluted anti-CD138 antibody and IgG control 

solutions (each of final concentration of 2 g/mL). Fifty L of medium were added to the untreated 

sample and 2nd antibody control. Samples were incubated for 30 min on ice and then washed 2 times 

with ice cold PBS. After, 100 L of the 2nd antibody solution was added in the dilution 1:10 000, and 

100 L of medium for untreated sample. Samples were incubated on ice and protected from light for 

30 min and then washed 2 times with ice cold PBS. After the last wash, the cells were resuspended in 

300 L of PBS and analysed by flow cytometry. 

Cytotoxicity of payloads and ADCs on different cell lines – Flow cytometry 

The cytotoxicity of synthesized payloads and all anti-CD138 ADCs was assessed on flow cytometry. 

The cells (ML2, RPMI8226 or Namalwa) were plated (200’000 cells/well) and the compounds were 

added in a range of concentrations. After 96 hours of incubation the cells were collected and double-

stained with Annexin V (ANXN) and 7AAD fluorescent probes in annexin V binding buffer (BD 

Biosciences). After 15 min incubation in the dark the samples were analysed with flow cytometry. 
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3 Results 
 

3.1 Evaluation of NAMPT inhibitors as payloads for ADCs in vitro 

The library of 14 conjugable NAMPT inhibitors was prepared at the University of Sevilla (Table 

3). The compounds were first evaluated on ML2 cell line (acute myeloid leukemia) and then, the most 

potent compounds were additionally assessed on RPMI8226 (MM) cell line, expressing CD138, the 

target for our ADCs. 

Among the furfurylamine derivatives, the compound SF271 (with the tetrazole connecting group) had 

the highest cytotoxicity against both cell lines (entry 11), with IC50 of 0.9 and 34 nM on ML2 and 

RPMI8226, respectively. Another furfurylamine derivative, SF270 (entry 12), had the second highest 

IC50 (11 nM on ML2 and 118 nM on RPMI8226) in this group of compounds. The direct analogues of 

SF223, compounds containing cyanoguanidines groups, were also very potent, with IC50 between 9 

and 18 nM on ML2 cell line. However, the modification of cyclopentyl group (R2), lowered their 

cytotoxicity (entry 3,4,5 vs 2). Noteworthy, the position of N in the pyridine has influenced the 

cytotoxicity of the compounds, the compounds with 3-pyridine (entry 7 and 11) were significantly 

more potent than the same compounds with 4-pyridine (entry 6 and 10) (Table 3). Therefore, 

considering the cytotoxicity in vitro and variability of the structures of the molecules, SF223 (74), 

SF270 (89) and SF271 (93) were chosen as payloads for ADCs synthesis. Additionally, their calculated 

partition coefficient (ClogP) values were determined at the University of Sevilla, resulting in ClogP 

of: SF223 – 3.12, SF270 – 2.64, SF271 – 3.2. 

 

Table 3 Evaluation of new payloads for ADCs on ML2 and RPMI8226 cell lines. NA – not available. Data are n=3  SD.  

 

Entry ID R1 R2 R3 
ML2 IC50 

[nM]  SD 

RPMI8226 

IC50 [nM]  

SD 

1 APO866 - - - 0.2  0.5 6  0.4 

  Cyanoguanidines     

2 
74  

(SF223) 
 

 
H 0.53  0.02 2.8  0.11 

3 102a 

  

H 18  0.4 NA 
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4 102b 

  

H 11.5  2.4 NA 

5 102c 

  

H 9  1 NA 

  Triazoles     

6 82 

  
CH2NH2 > 2000 NA 

7 96c 

  
H 131  18 NA 

8 97a 

  
H > 2000 NA 

9 97c 

  
H > 2000 NA 

  Tetrazoles     

10 92 

 
 

CH2NH2 169  19 NA 

11 
93 

(SF271) 

 
 

CH2NH2 0.89  0.02 34.13  1 

  Acrylamides     

12 
89 

(SF270) 

 
 

CH2NH2 10.67  3 118 10.7 

13 104c 

  
H 164  15 NA 

  Thiourea     

14 103c 
  

H > 2000 NA 

 

 

3.2 Preparation of anti-CD138-NAMPT inhibitors ADCs 

Synthesis and characterization of anti-CD138 antibodies 

Anti-CD138 antibody was synthesized during my secondment at HDP. Briefly, the sequences of heavy 

chain (HC) and light chain (LC) variable regions (inserts) were ligated into HC and LC backbones 

(based on Trastuzumab, provided by HDP) and transformed into chemical competent E. coli cells. 

After successful cloning, the plasmid DNA of both HC and LC was transiently expressed in Expi293F 

cells (derived from human HEK293 cell line). The antibodies were recovered from the Expi293F cell 

culture supernatant after 6 days using protein A chromatography and purified by gel filtration. 
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Subsequently, they were analyzed for aggregates formation (Figure 9), resulting in 90.8 % purity of 

monomers.  

 

Figure 9 SEC-HPLC analysis of aggregates of anti-CD138 antibody. The results showed 90.8 % of monomers. 

Next, the produced anti-CD138 antibody was assessed for its ability to bind the target (CD138 antigen). 

Therefore, target-positive (RPMI8226) and target-negative (Namalwa) cell lines were used (Figure 

10).  

 

Figure 10 CD138 marker expression on RPMI8226 and Namalwa cells. 

Antibody binding assay was subsequently carried out on both cell lines (Figure 11). The cells were 

first incubated with anti-CD138 antibody or IgG control and then stained with the 2nd anti-human IgG 

(Fc) antibody, which is labelled with FITC. Therefore, when the primary antibody is binding its target, 

the 2nd antibody subsequently binds the primary one, giving the fluorescence signal, that is finally 

detected by flow cytometry. 

The results showed that the produced anti-CD138 antibody binds to RPMI8226 cells, but not to 

Namalwa cells in the same tested concentrations (Figure 11). This observation supported indirectly, 

the target specificity of this antibody. 
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Figure 11 anti-CD138 antibody binding assay. (A) RPMI8226 cell line and (B) Namalwa cell line. Results are shown of the 

representative experiment. 

Collectively, the generated anti-CD138 antibodies can be used for further bioconjugation to the 

payloads. 

 

Payload-Linker preparation 

Two types of linkers were selected for conjugations; i) a classic dipeptide cathepsin-B sensitive linker 

(MC-Val-Ala-PAB-PNP, Figure 12A) and ii) cathepsin-B sensitive linker, modified with PEG chain, 

to increase the hydrophilicity of the linker-drug complex (Figure 12B). The latter linker has two 

variants, one with Ala-Val fragment (106a) and the other with Ala-Cit fragment (106b) (Figure 12B).  

 

Figure 12 Structures of the used linkers for ADCs. Figure prepared by Simone Fratta. 

The presented linkers are suitable for amino-functionalized payloads, that is for compounds SF270 

and SF271. Therefore, the synthesis of those payloads with chosen linkers was done as described in 

Figure 13. The five payload-linkers were synthesized, 107, 108a-b and 109a-b. 
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Figure 13 Synthesis of five payload-linkers. DIPEA – N,N-Diisopropylethylamine; DMF – Dimethylformamide. Figure prepared by 

Simone Fratta. 

 

The compound SF223 does not bear an amino group, therefore the initial modification of linker (106a) 

was conducted. After the chemical synthesis, which is shown in Figure 14 the quaternary pyridinium 

salt of Val-Ala (PEG4) linker was synthesized (112), that was finally conjugable to SF223 compound. 
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Figure 14 Synthesis of the specific payload-linker for SF223 compound. Fmoc-Ala-Val-PAB-OH – commercially available linker. 

Pbr3 – Phosphorus tribromide; DMF – Dimethylformamide; Et2NH – Diethylamine. Figure prepared by Simone Fratta. 

 

Bioconjugation of payload-linker to the antibody  

The bioconjugation of payload-linkers 107, 108a-b, 109a-b and 112 to anti-CD138 antibody was 

carried out at HDP. The summary of synthesized ADCs is shown in Table 4 and Figure 15. 

 

Table 4 Summary of synthesized NAMPT inhibitors ADCs. 

Name Compound Antibody Linker DAR (drug to 

antibody ratio) 

SF306 SF271 CD138 Val-Ala-PABC 7.83 

SF315 SF270 CD138 Val-Ala-PABC (PEG 4) 7.72 

SF316 SF271 CD138 Val-Ala-PABC (PEG 4) 7.55 

SF318 SF270 CD138 Val-Cit-PABC (PEG 4) 8.42 

SF319 SF271 CD138 Val-Cit-PABC (PEG 4) 8.33 

SF322- T1 SF223 CD138 Val-Ala-PAB (PEG 4) 7.69 

PABC= p-aminobenzylcarbamate, PAB= p-aminobenzyl. 
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Figure 15 Synthesis of 6 NAMPT inhibitors ADCs. Figure prepared by Simone Fratta 

 

3.3 Evaluation of anti-CD138-NAMPT inhibitors ADCs in vitro 

Firstly, as shown in Table 3, the inhibitors alone were evaluated for their cytotoxicity against 

RPMI8226 cell line. They were able to cause a concentration-dependent cell death after 96 hours of 

treatment, resulting in an IC50 in low nanomolar range, 2.8, 34 and 118 nM, for SF223, SF271 and 

SF270 respectively (Figure 16A-C). The cytotoxicity of the anti-CD138 antibody alone was also 

assessed, the RPMI8226 cells were treated with a range of concentrations of anti-CD138 antibody and 

the cell death was measured at 96 hours (Figure 16D). 
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Figure 16 NAMPT inhibitors as payloads and anti-CD138 antibody induce cell death in RPMI8226 cell line in concentration 

dependent manner. Dose-dependent analysis of cell death induced by SF223, SF270, SF271 and anti-CD138 antibody on RPMI8226 

cell line (A-D). Cell death was assessed with flow cytometry by double staining with annexin V (ANXN) and 7AAD after 96 hours of 

treatment. The percentage of early apoptotic cells (ANXN+ 7AAD-) is shown in white and the percentage of late apoptotic and dead 

cells (7AAD+) is shown in black. Data are n=3 ± SD. 

 

The ADC_ama structure and aggregates assessment is depicted in Figure 17. The cytotoxicity of 

ADC_ama towards RPMI8226 cells but not towards Namalwa also confirmed the specificity and the 

proper internalization of anti-CD138 antibody. Amanitin alone causes cytotoxicity only in hepatocytes, 

as it gets inside these cells via specific transporter. However, while conjugated in the ADC, it is 

targeted, internalized, and released only in antigen expressing cells, causing specific cell death. The 

treatment of RPMI8226 cells with the concentrations range of ADC_ama resulted in high cytotoxicity, 

the 0.5 nM concentration of ADC_ama causing 80 % of cell death (Figure 18B). It was also tested on 

target negative cells (Figure 18C-D). The results showed, that amanitin alone is toxic towards 

Namalwa cells only in very high (3.5 M) concentration, and in ADC it does not cause the cell death 

up to 100 nM. However, in 500 nM concentration of ADC_ama, the cytotoxicity is also caused in 

target negative cells. The 500 nM of tested ADC_ama corresponds to 3.5 M of amanitin alone. A 

similar concentration of amanitin alone was tested on the cells and caused cytotoxicity (Figure 18C). 
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Figure 17 Anti-CD138 antibody conjugated with amanitin via Val-Ala-PABC linker and its aggregates assessment. (A) 

ADC_ama is used as positive control, DAR = 7. Scheme prepared by Simone Fratta. (B) SEC-HPLC analysis of ADC_ama, showing 

93 % of monomers. 

 

Figure 18 Cytotoxicity of amanitin and ADC_ama. On RPMI8226 (A, B) and Namalwa (C, D) cell lines. The cell death was 

assessed as described in Figure 14. Data are n=3 ± SD. The IC50 of 0.11  0.03 nM was calculated for ADC_ama on RPMI8226 cell 

line. 
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Finally, newly synthesized NAMPT inhibitors ADCs (NAMPTi_ADCs) were evaluated for their 

cytotoxicity in vitro on RPMI8226 cell line. The results showed no cytotoxicity up to 500 nM for 

SF306, SF315, SF318 and SF322-T1. SF316 and SF319 caused between 60 and 70 % of cell death at 

500 nM (Figure 19A-F). Of note, this cell line is overall less sensitive to APO866 (IC50 of 6 nM; Table 

3), compared to other haematological malignancies (32). Additionally, each of NAMPTi_ADCs was 

also assessed for the presence of monomers. As depicted on figure 20, all the NAMPTi_ADCs have 

formed aggregates, with no monomers present in the sample. 

 

 

Figure 19 Cytotoxicity of NAMPT inhibitors ADCs on RPMI8226 cell line. The cell death was assessed as described in Figure 14. 

Data are n=3 ± SD. 
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Figure 20 SEC-HPLC analysis of aggregates. A – SF306, B – SF315, C – SF316, D – SF318, E – SF319, F – SF322-T1. 

 

4 Conclusions 
 

In conclusion, six NAMPTi_ADCs were synthesized. Further analysis showed that they all formed 

aggregates. The anti-CD138 antibody successfully targeted CD138 antigen and delivered amanitin 

intracellularly, causing high cytotoxicity, not caused by amanitin alone. NAMPTi_ADCs however did 

not exhibit high on-target cytotoxicity, compared to their positive control. 
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Chapter 4: General discussion and perspectives 

1 Biological characterization of novel NAMPT inhibitors 
 

APO866 was discovered 20 years ago, but there is still an ongoing challenge to produce effective 

NAMPT inhibitors. Indeed, cancer cells upregulate NAMPT, to intensively produce NAD+ to sustain 

their fast metabolism. 

In this project, I have characterized different classes of APO866 analogues. All the compounds were 

functionalized with furan ring in their tail group (Figure 21). Furan moiety in the structure of NAMPT 

inhibitors can increase their polarity (114). The modification done in connecting unit of most of the 

molecules was with cyanoguanidine group. The NAMPT inhibitors with cyanoguanidine moiety have 

been previously reported having good potency in vitro and in vivo in ovarian mouse xenograft tumor 

model (115). However, in our hands, the introduction of cyanoguanidine group suppressed the in vivo 

efficacy of otherwise very potent in vitro molecules. Only JJ08 (Figure 21B), having the same 

connecting unit as APO866 (Figure 21A), had good efficacies both in vitro and in vivo. Overall, the 

most potent inhibitor in vitro was SF183 with sulfonyl and cyclopentyl groups (Figure 21G). This was 

exquisitely observed on acute myeloid leukemia cells. 

 
Figure 21 NAMPT inhibitors tested in this work. (A) APO9866, (B) JJ08, (C) FEI191, (D) FEI199, (E) SF103, (F) SF164, (G) 

SF183. 

 The mode of action of the new inhibitors followed the same known mechanism as that observed 

with APO866 (32-34, 116). They induce diverse types of cell death, caspase-dependent apoptosis or 
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necrosis as described here. However, it can be hypothesized, as it is known for APO866 (32, 34), that 

they may also induce caspase independent apoptosis and autophagy. As caspase dependent apoptosis 

requires ATP and in later stages of incubation with NAMPT inhibitors there is no ATP available 

anymore, the initial caspase-dependent apoptosis may turn into caspase-independent one, which is 

finally followed by necrosis. The fast drop in ATP, even before the mitochondrial membrane 

depolarization, can be explained by a great decrease of NAD+ (in first 8 hours after inhibiting 

NAMPT), a glycolysis substrate, which also contributes to ATP production. Nonetheless, as an 

ultimate step, when the MMP decreases, ATP is completely depleted and that directly correlates with 

cell death.  

 

The interesting observation is the abrogation of NAMPTi caused cell death by CAT, the potent ROS 

scavenger. After treatment of the cells with CAT together with NAMPTi, an NAD+ depletion was still 

observed as well as a small decrease in ATP levels. However, no cell death occurred, indicating that 

ROS production is an ultimate step of cell death caused by NAMPTi. 

 

Finally, the in vivo evaluation of new NAMPTi shows the discrepancy between the in vitro and 

in vivo results, which is an important consideration in the development of drugs implicated in cancer 

cells metabolism. As NAD+ is the most important molecule for cellular energetics, there are many 

pathways through which it can be produced. It is also known, that different types of cancers have 

different predominant pathways, dependent on NAMPT and/or NAPRT, to produce NAD+ (28). For 

tumors that rely on salvage pathway, NAMPTi will be effective, however for those with 

overexpression of NAPRT, the inhibition of the latter enzyme can bring more effective results. Indeed, 

there has been a recent attempt to develop potent NAPRT inhibitors (117, 118). Moreover, the 

inhibition of NAPRT in breast cancer models in vitro and in vivo, has sensitized the cells to NAMPT 

inhibitors (119). Therefore, the dual inhibition strategies can be explored also in hematological 

malignancies. The study of gene expressions of both NAMPT and NAPRT, done by Olesen et al. on 

different lymphomas, suggests that however most of the tested lymphomas have high expression of 

NAMPT, resulting in sensitivity to NAMPTi, there are some, such as follicular lymphoma, that has 

higher expression of NAPRT (23). Noteworthy is another aspect, as the authors argue, the low 

expression of NAPRT gene in some tumors allows the co-administration of NA, that can be used by 

healthy cells to counteract some cytotoxicity caused by NAMPTi (23). That underlines the importance 

of assessing the differences in enzyme expression levels in various cancer types and patients. 
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Moreover, in in vitro settings the main source of NAD+ is NAM originating from the cell culture 

medium. However in vivo, in mice or humans, many other precursors are present from which NAD+ 

can be synthesized. We and the others have previously reported the contribution of gut microbiota to 

resistance to NAMPTi in mice (120, 121). It was reported that the nicotinamidase, the enzyme present 

in bacteria, can convert the NAM to NA, therefore circumventing the salvage pathway and using the 

alternate one, through NAPRT (121).  

Therefore, targeting more than one route of NAD+ synthesis and the control of NAD+ precursors, 

i.e., through a specific diet, should be taken into consideration in future therapeutic approaches with 

NAMPTi. 

2 Targeted delivery of NAMPT inhibitors – Antibody Drug Conjugates 
 

Before the ADCs described in this thesis were developed, there were two publications available 

with NAMPTi_ADCs targeting different antigens on several cancer models (106, 107). The third, most 

recent one was published after our ADCs were produced and provided detailed information on the 

mode of action of NAMPTi_ADCs, analysing their metabolites formation both in vitro and in vivo 

(108). The NAMPTi_ADCs designed by Karpov et al. were targeting biomarkers expressed on 

gastrointestinal and breast cancer cells (106). Whereas, from the NAMPTi_ADCs proposed by 

Neumann et al. the most effective in vivo were ADCs targeting Hodgkin lymphoma and acute myeloid 

leukemia (107). Moreover, the most potent payload was APO866, modified with the additional amine 

group used for payload-linker attachment (107). The NAMPTi_ADCs published by Böhnke et al. have 

the most optimized payload and they were tested in vivo in breast cancer and leukemia models. 

Collectively, these studies show the potential for development of improved NAMPTi_ADCs, with 

different payloads and most importantly targeting other malignancies. 

In this work six NAMPTi_ADCs were successfully synthesized, each of them with cathepsin-

cleavable linker, and with PEG4 side chain (except SF306). PEG chains are commonly used to increase 

the hydrophilicity of the molecules (122, 123). The ADCs synthesized here are targeting the CD138 

antigen, a marker for MM which is involved in cancer cells aggressiveness (86). Currently, there are 

no FDA approved ADCs against CD138. However, indatuximab ravtansine is in advanced clinical 

trials, carrying a microtubule inhibitor as a payload (94, 96). The anti-CD138 antibody, that was used 

in indatuximab ravtansine had very good target selectivity and exhibited no cytotoxicity alone (93). 

Therefore, the same structures of binding regions were used here for the preparation of anti-CD138 

antibody for NAMPTi_ADCs. In line with previous results (93), the produced anti-CD138 antibody is 

also selective towards MM cells, highly expressing CD138 antigen, with no binding to antigen-

negative cells and with no cytotoxicity up to 500 nM (Figure 11 and 18D). 
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The payloads selected for the conjugation were designed based on our previous results (113, 124) and 

then functionalized with amine group which is one of the most common handles used in payload-linker 

attachments (125). Most FDA approved ADCs have the cleavable linkers (64, 126). Therefore, also 

here the common cathepsin cleavable linkers were used. The cytotoxicity results with positive control 

(ADC_ama) on target expressing (RPMI8226) cells, confirmed that anti-CD138 antibody is well 

internalized into the cells and amanitin is released causing very potent cell death at low concentrations 

(Figure 18B). However, some unspecific cytotoxicity of ADC_ama was observed on target-negative 

cells (Namalwa) (Figure 18D). It can be hypothesized that, when the cells are treated with 500 nM of 

ADC_ama, there is some free amanitin released, which in very high concentrations can be also toxic 

alone (Figure 18C). The payload deconjugation was observed in recent studies by Böhnke et al. who 

measured the stability of the payload-antibody connection of NAMPTi_ADC with incorporated Val-

Ala linker (108). The metabolites in vitro were measured after 24 hours exposure to NAMPTi_ADC 

and isotype control ADC. Interestingly, the presence of payload with intact linker was observed inside 

the target expressing and mock cells, as well as in the medium after addition of specific and isotype 

control ADCs (108). Although, we have not performed the stability studies, based on the published 

data and the unspecific cytotoxicity of our NAMPTi_ADC, the payload-linker deconjugation could be 

hypothesized. 

 The aggregation of NAMPTi_ADC was observed in first developed ADCs by Karpov et al. 

The highest aggregation of 29 % was detected with the ADC with cleavable linker (106). Here, All the 

synthesized NAMPTi_ADC resulted in almost 100 % of aggregates. Overall, NAMPT inhibitors are 

rather hydrophobic, and the compounds used as payloads have ClogP around 3. The correlation 

between the logP and aggregation, showed that the higher the hydrophobicity of the payload the lower 

the stability of ADCs (127).  

 Finally, the NAMPTi_ADC did not show the cytotoxicity up to 500 nM on target-positive 

RPMI8226 cell line, in exception of SF316 and SF319 that showed up to 60 % of cytotoxicity at 500 

nM concentration (Figure 19). Both ADCs have the same payload and contain PEG4. However, the 

exhibited cytotoxicity at 500 nM could be unspecific as discussed above, and possibly occurred due to 

deconjugation of the payload.  

 It is known that the number of loaded molecules onto ADCs influence their efficacy (128). The 

study conducted by Hamblett et al. have tested how different DARs influence the efficacy of ADCs in 

vitro and in vivo. They have synthesized ADCs with anti-CD30 antibody and MMAE payload and 

Val-Cit linker, that had a DAR between 2 and 8 and tested them in vitro and in vivo in mouse xenograft 

model. The most effective ADCs in vitro were with DAR 8 (the lowest IC50 on target positive cells), 

the lower the DAR, the worse the efficacy of ADCs. However, in vivo, the lower DAR numbers had 
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equivalent or better efficacy. The tested ADC with DAR 4 resulted in more effective tumour 

eradication, than DAR 8 when treated with the same single-dose and in the same efficacy as DAR 8 in 

multi-dose treatment (128). Usually, higher DAR number results in higher aggregation, due to 

hydrophobic nature of small molecules (129). However, in the in vivo experiment, comparing low and 

high DAR done by Böhnke et al., we can see that less payload molecules on NAMPTi_ADC results 

in less efficacy in inhibiting the tumour growth (DAR 4 vs DAR 8) (108). Therefore, when it comes 

to NAMPT inhibitors as payloads, the balance between an effective DAR number and no molecule 

aggregation must be achieved. For that, the inhibitors could be further functionalized with longer PEG 

chains, what would also make them less permeable, and the potential bystander effect could be 

avoided. The bystander effect is when the ADC metabolites cross the cell membrane and cause 

cytotoxicity to the surrounding cells. This effect was avoided by creating more polar compounds with 

no activity alone, but with high efficacy when conjugated to the antibody and delivered to its target 

(108). 

Taking into consideration the most recent results with NAMPTi_ADC by Böhnke et al. the best 

selectivity and efficacy in vivo was achieved with ADCs with non-cleavable linkers of DAR between 

6 and 7 (108). The NAMPTi_ADC from this work could be conjugated with non-cleavable linkers and 

different ratios of payload to antibody could be explored. Moreover, the optimization of payload itself 

or of the conjugation conditions can be done to improve the overall hydrophilicity of the ADC to avoid 

aggregates formation. 

 It is worth mentioning, that compounds SF270 and SF271, that were developed as payloads, 

were very potent on ML2 cell line (Table 3), with IC50 of 11 and 0.9 nM respectively, despite the 

presence of amine handle used for the antibody attachment. Therefore, it could be worth to explore 

those inhibitors as payloads for antibodies targeting AML. There is one FDA approved ADC against 

CD33 (Table 1) and a few in pre-clinical studies against other targets, such as CD123 (130-133), 

CXCR4 (134), C-type lectin domain family 12 member A (CLL1) (135) or Fms like tyrosine kinase 3 

(FLT3) (136). Hence, the above-mentioned compounds could be used as payloads for proposed AML 

targets. 
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3 Conclusions 
 

 In summary, this work describes the in vitro and in vivo biological characterizations of a new 

class of APO866 analogues. The newly developed inhibitors induce very high cytotoxicity on a panel 

of hematological cell lines. They also follow the same mode of action as that of APO866. The JJ08 

compound resulted in the same in vivo efficacy as that of APO866 and both FEI molecules prolonged 

significantly mouse survivals. 

The results also highlight the importance of in vivo studies over in vitro assessments of small molecule 

inhibitors. As very potent compounds in vitro, lose their activity in vivo. 

Moreover, in case of NAMPTi being ineffective in clinical studies, the additional targeting is crucial, 

as described here by creating an optimized delivery system. However, the NAMPTi_ADCs presented 

here need to be further optimized with different linkers and improved conjugation conditions. 

Overall, the future treatments with NAMPTi, specifically delivered or not, need to be carefully 

managed in terms of the given diet, as the availability of different NAD+ synthesis precursors is a 

crucial aspect in developing effective NAD+ depleting agents. Additionally, the NAMPTi can be 

combined with other NAD+ synthesis inhibitors, possibly based on expression patterns of different 

enzymes in cancer patients, to obtain the most effective treatments. 
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Abstract: Targeting cancer cells that are highly dependent on the nicotinamide adenine dinucleotide
(NAD+) metabolite is a promising therapeutic strategy. Nicotinamide phosphoribosyltransferase
(NAMPT) is the rate-limiting enzyme catalyzing NAD+ production. Despite the high efficacy of sev-
eral developed NAMPT inhibitors (i.e., FK866 (APO866)) in preclinical studies, their clinical activity
was proven to be limited. Here, we report the synthesis of new NAMPT Inhibitors, JJ08, FEI191 and
FEI199, which exhibit a broad anticancer activity in vitro. Results show that these compounds are
potent NAMPT inhibitors that deplete NAD+ and NADP(H) after 24 h of drug treatment, followed
by an increase in reactive oxygen species (ROS) accumulation. The latter event leads to ATP loss
and mitochondrial depolarization with induction of apoptosis and necrosis. Supplementation with
exogenous NAD+ precursors or catalase (ROS scavenger) abrogates the cell death induced by the
new compounds. Finally, in vivo administration of the new NAMPT inhibitors in a mouse xenograft
model of human Burkitt lymphoma delays tumor growth and significantly prolongs mouse survival.
The most promising results are collected with JJ08, which completely eradicates tumor growth. Collec-
tively, our findings demonstrate the efficient anticancer activity of the new NAMPT inhibitor JJ08 and
highlight a strong interest for further evaluation of this compound in hematological malignancies.

Keywords: NAMPT inhibitor; NAD; anticancer; leukemia; lymphoma; multiple myeloma; ATP;
apoptosis; oxidative stress; vitamin B3; PK studies

1. Introduction

Cancer cells have very high nutrient and energy demands in order to sustain their
constant growth and rapid cell proliferation. Their metabolic reprogramming has recently
emerged as an important cancer hallmark [1,2]. First described by Otto Warburg, a particu-
lar characteristic of cancerous cells resides in their preference towards aerobic glycolysis
over oxidative phosphorylation [3]. However, this preference does not exclude the involve-
ment of oxidative metabolism. Malignant cells rely on ATP and oncometabolite production
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from the mitochondrial tricarboxylic acid (TCA) cycle as much as they rely on glycolysis
for their survival and proliferation [4].

Nicotinamide adenine dinucleotide (NAD+) is the main co-factor associated with
cellular energetics and mediates redox reactions in crucial metabolic pathways, such as
glycolysis, the TCA cycle and oxidative phosphorylation [5]. Additionally, it serves as a
substrate for several NAD-degrading enzymes, including poly ADP-ribose polymerases
(PARPs), mono (ADP-ribose) transferases (ARTs), NAD-ases/ADP ribosyl cyclases/cyclic
ADP-ribose hydrolases (CD38/CD157) and sirtuins (SIRT). Subsequently, through these
enzymes, NAD+ is involved in numerous biological processes, such as cellular prolifer-
ation, signaling and adhesion, calcium mobilization, cell cycle control, stress response,
DNA damage, genomic integrity and transcriptional regulation [6]. NAD+ results from
different molecular pathways, de novo from tryptophan, from nicotinic acid/nicotinic acid
riboside (NA/NAR) through the Preiss–Handler pathway or through salvage pathways
from nicotinamide/nicotinamide riboside (NAM/NR) and reduced nicotinamide riboside
(NRH) [7,8]. In mammalian cells, NAM/NA are the most commonly used precursors to
synthesize NAD+. Nicotinamide phosphoribosyltransferase (NAMPT) is the rate-limiting
enzyme that catalyzes the phosphoribosylation of NAM to produce nicotinamide mononu-
cleotide (NMN) [9,10]. Then, the latter is converted to NAD+, a process catalyzed by
NMN adenyltransferase. Furthermore, NAMPT expression is upregulated in most cancer
cells [11–13] and is associated with tumor progression [14,15]. Thus, targeting NAMPT has
emerged as a promising strategy to eliminate malignant cells selectively, as they highly
rely on NAD+ synthesis [16,17]. The first NAMPT inhibitor, FK866, also known as APO866
(Figure 1), was described by Hasmann et al. [18]. Its high killing ability on multiple cancer
cell lines was observed in several preclinical studies [19–23]. This observation has pro-
vided a rationale for testing FK866 (APO866) and another NAMPT inhibitor CHS-828 (also
known as GMX-1778, Figure 1) in clinical trials on hematological and solid malignancies
(NCT00435084, NCT00432107, NCT00431912, NCT00457574 and NCT00724841). Despite
their high anticancer activity observed in several preclinical studies, these inhibitors did not
achieve the same efficacy in clinical trials. The clinical results showed a few dose-limiting
toxicities and no significant tumor response [24–26]. The orally available NAMPT inhibitors
KPT-9274 and OT-82 (Figure 1) have been tested as potential drugs in patients with solid
tumors or with relapsed/refractory lymphoma [27,28]. Up to now, none of the published
NAMPT inhibitors have become an anticancer agent. Thus, there is still a strong need for
developing new potent and highly efficient NAMPT inhibitors.

We report here the synthesis of the three new NAMPT inhibitors: JJ08, FEI191 and
FEI199. We test them for their potential antitumor activities toward hematological malig-
nancies. We show that these compounds are potent NAMPT inhibitors that profoundly
deplete NAD(H) and NADP(H) after 24 h of incubation, which is followed by a strong,
time-dependent increase in ROS production including cytosolic/mitochondrial superoxide
anions and hydrogen peroxide. That increase correlates with ATP depletion and mito-
chondrial depolarization. We provide evidence that JJ08, FEI191 and FEI199 exhibit cell
death at low nanomolar concentrations towards several hematopoietic malignant cells.
Treatment of mouse xenografts with the three new NAMPT inhibitors significantly pro-
longed mouse survival. JJ08 presented the most promising results as it abolished tumor
growth completely.
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Figure 1. Chemical structures of NAMPT inhibitors. JJ08 is an FK866 (APO866) analogue with a
furan-2-carboxamide group instead of a benzamide group (tail group). With their cyanoguanidine
moieties, FEI191 and FEI199 can be seen as analogues of CHS-828 and they also contain a furan-2-
carboxamide tail group.

2. Results
2.1. Synthesis of New Potent NAMPT Inhibitors

Within the European Health 7th framework project PANACREAS (grant agreement
ID: 256986) we have synthesized a series of novel FK866 (APO866) analogues and shown
that some of them are very toxic toward pancreatic cell lines [29]. Applying an analogous
synthetic route to that reported for the synthesis of FK866 [29], we have prepared ((E)-
N-(4-(1-(furan-2-carbonyl)piperidin-4-yl)butyl)-3-(pyridin-3-yl)acrylamide) (JJ08) which
exchanges the benzamide moiety of FK866 for a furan-2-carboxamide group. The synthesis
starts with the reduction of the HCl salt of 4-(piperidin-4-yl)butyric acid (1) into alcohol 2.
The latter reacted with 2-furanoyl chloride and triethylamine, giving the corresponding
carboxamide 3. A Mitsunobu displacement of the alcoholic moiety of 3 with phathalim-
ide gave 4. Selective liberation of the primary amine 5 was realized by treatment with
hydrazine chlorhydrate in ethanol. Amide coupling of 5 with (E)-3-(pyridin-3-yl) provided
JJ08 (Scheme 1).
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Scheme 1. Synthesis of JJ08.

FEI191 ((Z)-2-cyano-1-(5-(1-(furan-2-carbonyl)piperidin-4-yl)pentyl)-3-phenylguani
dine) and FEI199 ((Z)-2-cyano-1-((E)-5-(1-(furan-2-carbonyl)piperidin-4-yl)pent-2-en-1-yl)
-3-phenylguanidine) are compounds in which the (pyridine-3-yl)acrylamide moiety of
JJ08 has been exchanged for a (pyridin-4-yl)cyanoguanidine moiety and the C4-tether
for C5-tethers. These compounds can be seen as chimeric derivatives of CHS-828. The
synthesis of FEI191 (Scheme 2) starts with the commercially available tert-butyl 4-(3-
hydroxypropyl)piperidine-1-carboxylate (6), a primary alcohol that undergoes Dess–Martin
oxidation into the corresponding aldehyde 7. Wittig–Horner–Emmons olefination of 7
furnished the (E)-ene-ester 8 that was reduced into the corresponding (E)-allylic alcohol 9
by di(isobutyl)aluminum hydride in CH2Cl2. Catalytic hydrogenation of 8 provided ester
10, which was reduced into the corresponding alcohol 11. Mitsunobu displacement of the
primary alcohol 11 with phthalimide gave 12. The piperidine moiety of 12 was deprotected
selectively on treatment with aqueous HCl in dioxane furnishing chlorhydrate 13, which
was converted into carboxamide 14 with 2-furoic chloride and trimethylamine. Selective
liberation of the primary amine with hydrazine gave 15, which was treated with phenyl
(Z)-N′-cyano-N-(pyridin-4-yl)carbamimidate to provide FEI191.

The synthesis of FEI199 starts with allylic alcohol 9 obtained above (Scheme 2). Over
four steps, and without purification of the intermediate products, crude 16 was obtained
in 55% yield. The preparations followed the same procedures as those for the conversion
of 11 into 15. Treatment of 16 with phenyl (Z)-N′-cyano-N-(pyridin-4-yl)carbamimidate
provided FEI199 (Scheme 3).

The detailed synthesis and characterization of JJ08, FEI191 and FEI199 can be found
in Supplementary Materials, p. 3–13.
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2.2. JJ08, FEI191 and FEI199 Are Potent NAMPT Inhibitors That Efficiently Deplete Intracellular
NAD+ Content

First, we assessed whether the novel compounds are indeed NAMPT inhibitors by
examining their capacity to inhibit in vitro NAMPT activity. Using FK866 (APO866),
a prototype of NAMPT inhibitors, as a positive control, JJ08, FEI191 and FEI199 were
tested in an NAMPT enzymatic inhibition assay. Figure 2 indicates that they were all
potent NAMPT inhibitors, showing full inhibition of NAMPT. The direct consequence of
NAMPT inhibition is the decrease in intracellular NAD+ content. Hence, we investigated
whether treatment of hematopoietic malignant cells with the selected NAMPT inhibitors
led to NAD+ depletion. To this end, we performed a time course analysis of intracellular
NAD+ levels on four hematological cancer cell lines, including ML2, Jurkat, Namalwa and
RPMI8226, which were treated with the selected compounds. As reported in Figure 3A–D,
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all tested NAMPT inhibitors fully depleted the NAD+ cell content within the first 24 h after
treatment. Notably, in ML2 cells, an additional 8 h time point was recorded, indicating a
fast drop in NAD+ levels (Figure 3A).
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Figure 2. New compounds with a potent NAMPT inhibitory activity. Compounds were added
in 1 µM final concentration to purified NAMPT and incubated with co-substrates, resulting in a
reduction of tetrazolium salt (WST-1) to colorful formazan. The amount of formed dye is directly
proportional to the enzyme activity. The absorbance of the dye was detected at OD 450 nm.
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Figure 3. New NAMPT inhibitors induce profound depletion of intracellular NAD+. ML2 (A),
Jurkat (B), Namalwa (C) and RPMI8226 (D) cells were incubated with NAMPT inhibitors for 96 h.
Intracellular NAD+ content was measured in a time-dependent manner as indicated on the x-axis.
NAD+ levels were first normalized to the total protein and then to the control at each time point.

Taken together, these results indicate that all tested compounds are potent NAMPT inhibitors.
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2.3. JJ08, FEI191 and FEI199 Induce Different Types of Cell Death in Several Hematological
Malignancies in NAD+ Dependent Manner

NAD+ depletion has been proposed as a promising strategy to eliminate hemato-
logical malignancies [19,23,28,30,31]. We measured the cytotoxic activities of JJ08, FEI191
and FEI199 in the four aforementioned hematological cancer cell lines. The cell growth
inhibitory effects were compared to that of FK866 (APO866). As summarized in Table 1,
the half-maximal inhibitory concentration (IC50) values of the tested inhibitors were in the
low nanomolar range. Among them, FEI199 was the most potent, with a measured IC50
that was lower than 0.3 nM in all malignancies.

Table 1. NAMPT inhibitors induce cell death in various cell lines of hematological malignancies. IC50

(nM) after 96 h of treatment with NAMPT inhibitors.

APO866 JJ08 FEI191 FEI199

ML2 0.41 0.51 0.31 0.21
JURKAT 0.47 0.85 0.45 0.25

NAMALWA 0.58 0.58 0.45 0.29
RPMI8226 0.23 0.30 0.25 0.12

ML2: acute myeloid leukemia; Jurkat: acute lymphoblastic leukemia; NMLW: Burkitt lymphoma; RPMI8226:
multiple myeloma.

To assess whether apoptosis is involved in the NAMPT inhibitor-induced cytotox-
icity, malignant cells were first treated with the compounds for 96 h and subsequently
double stained with ANXN/7AAD and analyzed by flow cytometry. As shown for ML2
cells and additional different malignant hematopoietic cell lines, all the inhibitors induced
early (ANXN+/7AAD-) and late apoptotic (7AAD+) cell death at drug concentrations
ranging between 0.1 and 10 nM. FEI199 induced maximal cell killings at very low con-
centrations (≤0.5 nM) on all tested cell lines, whereas at similar concentrations, FK866
(APO866) and JJ08 induced cell death at only between 20 and 75%, depending on the cell
line (Figure 4A–D). Moreover, FEI191 and FEI199 induced more late apoptotic/necrotic
(7AAD+) than early apoptotic cell death (ANXN+/7AAD-) compared with APO866. To
provide additional evidence of the involvement of apoptosis in the cell death induced
by the new NAMPT inhibitors, we assessed the activation of various caspases, including
CASP-3, CASP-8 and CASP-9. Hematopoietic malignant cells were treated for 72 h with
the compounds and caspase activation was assessed using the specific CaspGLOW™ Red
Active probes specific for each caspase and flow cytometry. The results show a strong in-
crease in CASP-3, CASP-8 and CASP-9 activities in treated versus untreated cells (Figure 5),
suggesting that caspase-dependent apoptosis contributes to the antitumor activity of the
tested compounds.

Another possible type of cell death is necrosis, which correlates with the release of the
cytosolic enzymes, especially lactate dehydrogenase (LDH), into the extracellular space.
Therefore, the detection of LDH in the medium is used as a marker of necrotic cell death [32].
Accordingly, we monitored necrotic cell death in time-dependent analyses, as well as the
drug effect on cell proliferation in ML2 and Jurkat cells cultured with or without the new
NAMPT inhibitors. As shown in Figure 6A,B, LDH release in the medium significantly
increased over time in leukemic cells treated with the NAMPT inhibitors compared to
untreated ones, whereas cell proliferation decreased over time and only approximately 40%
of proliferating cells remained at 48 h after treatment (Figure 6C,D). These finding show
the involvement of necrotic cell death in treatment with NAMPT inhibitors.
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Figure 4. NAMPT inhibitors induce cell death in hematological malignancies in a dose-dependent
manner, with FEI199 being the most potent. A dose-dependent analysis of cell death induced by
NAMPT inhibitors on ML2 (A), Jurkat (B), Namalwa (C) and RPMI8226 (D) cell lines. The cells were
treated with various concentrations of NAMPT inhibitors for 96 h and cell death was assessed by
flow cytometry using ANXN and 7AAD staining. The percentages of early apoptotic cells (ANXN+

7AAD−) are shown as white columns and those of late apoptotic cells (7AAD+) are shown as solid
black columns. Data are means ± SD, n ≥ 3.
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Figure 5. Treatment with NAMPT inhibitors induces strong activation of caspase –3, –8 and –9. ML2
(A–C) and Jurkat (D–F) cells were treated with 10 nM of NAMPT inhibitors for 72 h and activated
forms of CASP-3, CASP-8 and CASP-9 were detected using a fluorescent-specific probe for each
caspase and flow cytometry. Data are representative of at least three independent experiments and
the graphs show mean fluorescence intensity (MFI). * p < 0.005.

To demonstrate that the antitumor activity of the new NAMPT inhibitors was due to
NAD+ depletion, we evaluated the ability of NAM and NA (precursors involved in the
NAD+ biosynthesis), as well as NAD+, to abrogate the cell death caused by our compounds.
Extracellular supplementation in excess with NAD+ or its precursors fully restored the
viability of the cells despite the presence of the inhibitors (Figure 7). Interestingly, the
supplementation with NA (but not with NAM or NAD+) did not protect Namalwa cells
from cell death in response to treatment with the NAMPT inhibitors (Figure 7C). This can
be explained by the fact that Namalwa cells have a naturally very low expression of the
nicotinic acid phosphoribosyltransferase (NAPRT) gene [33], which is required to utilize
NA in NAD+ biosynthesis.
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Figure 6. NAMPT inhibitors induce necrotic cell death and decrease cell proliferation in hematological
malignancies. A time-dependent analysis of LDH release on ML2 (A) and Jurkat (B) cells treated
with NAMPT inhibitors (10 nM) was assessed according to the manufacturer’s instructions. Cell
proliferation was assessed on ML2 (C) and Jurkat (D) cells based on the ability of metabolically active
cells to reduce resazurin sodium salt to a highly fluorescence product using AlamarBlue reagent. The
absorbance of both products was measured with a spectrophotometer at the appropriate wavelength.
Data are ± SD, n = 3, * p < 0.05, ** p < 0.01, **** p < 0.0001 (CTRL vs. inhibitors treated groups).
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Figure 7. Supplementation with NAD, NAM and NA abrogates the killing effect of NAMPT inhibitors.
ML2 (A), Jurkat (B), Namalwa (C) and RPMI8226 (D) cells were incubated for 96 h with NAMPT
inhibitors in the presence or absence of NAD (0.5 mM), NAM (1 mM) or NA (10 µM). Cell death
was assessed as mentioned in Figure 4. Data are ± SD, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 (inhibitors treated vs. NAD, NAM and NA groups).
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Collectively, these results indicate that the new NAMPT inhibitors induce both apop-
totic and necrotic cell death in an NAD+-dependent manner in several human hematopoi-
etic malignant cells.

2.4. Treatment with JJ08, FEI191 and FEI199 Induces High Levels of ROS Production and ATP
Depletion in Hematological Malignant Cells

The first consequence of NAMPT inhibition is NAD+ depletion, which occurs within
24 h and will subsequently result in a profound decrease in NADP(H). To verify this hy-
pothesis, we evaluated the intracellular NADP(H) content in myeloid leukemia cells upon
treatment with NAMPT inhibitors. As shown in Figure 8, treatment with the compounds
significantly depleted NADP(H) cell content compared to untreated cells. Since NADPH, a
powerful cell antioxidant, is directly involved in redox reactions and is essential to maintain
cellular homeostasis, its depletion is expected to generate high levels of oxidative stress.
Therefore, cytosolic and mitochondrial superoxide anions, as well as intracellular hydrogen
peroxide, were measured in hematopoietic malignant cells treated with the new com-
pounds, using DHE, MitoSOX and carboxy-H2DCFDA probes, respectively. In accordance
with our hypothesis, Figure 9 shows that the new NAMPT inhibitors increased the levels
of various ROS in all treated cell types. High ROS production is known to be detrimental
for the cells, since it oxidizes proteins, lipids and cell organelles, including mitochondria,
resulting in ATP depletion [19,34] and ultimately leading to cell death [35]. As expected,
the treatment of hematopoietic malignant cells with the new NAMPT inhibitors led to
an ATP loss in a time-dependent manner (Figure 10A), which was followed by mitochon-
drial membrane depolarization (Figure 10B), that ultimately resulted in cell death at 96 h
(Figure 10C). To provide strong evidence that high levels of ROS production are the main
driver of these events that led to cell death, we monitored cell death in hematopoietic
malignant cells treated with these compounds in the presence or absence of catalase, a
potent H2O2 scavenger [36,37]. As shown in Figure 11, the supplementation with catalase
did not prevent NAD+ depletion in ML2 cells (Figure 11A), but it fully abrogated the loss
in ATP (Figure 11B) and MMP (Figure 11C), as well as the ultimate cell death (Figure 11D),
in response to all of the tested NAMPT inhibitors. Moreover, the supplementation with
catalase also prevented the cell death caused by NAMPT inhibitors at 72 h in Jurkat and
RPMI8226 cell lines (Figure 11E–G).
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Figure 8. New NAMPT inhibitors severely deplete NADP(H) cell content in hematopoietic malig-
nant cells. ML2 cells were incubated with NAMPT inhibitors for 96 h. A time-dependent analysis
of intracellular NADP+/NADPH content was performed according to the manufacturer’s instruc-
tions. NADP+/NADPH levels were first normalized to the total protein and then to control at each
time point.



Molecules 2023, 28, 1897 12 of 23
Molecules 2023, 28, x FOR PEER REVIEW 14 of 26 
 

 

 

Figure 9. NAMPT inhibitors induce high levels of ROS production upon cell death in malignant 

cells. ML2 and Jurkat cells were treated with APO866, JJ08, FEI191 and FEI199 for 72 h. Mitochon-

drial (A) and cytosolic (B) superoxide anions and hydrogen peroxide (C) were detected by flow 

cytometry using MitoSOX, DHE and H2DCFDA fluorescent probes, respectively. The percentage of 

positive cells is proportional to the amount of produced superoxide anions. Data are ± SD, n = 3, ** 

p < 0.01, *** p < 0.001 (CTRL vs. inhibitors treated groups). 

Figure 9. NAMPT inhibitors induce high levels of ROS production upon cell death in malignant cells.
ML2 and Jurkat cells were treated with APO866, JJ08, FEI191 and FEI199 for 72 h. Mitochondrial
(A) and cytosolic (B) superoxide anions and hydrogen peroxide (C) were detected by flow cytometry
using MitoSOX, DHE and H2DCFDA fluorescent probes, respectively. The percentage of positive
cells is proportional to the amount of produced superoxide anions. Data are ± SD, n = 3, ** p < 0.01,
*** p < 0.001 (CTRL vs. inhibitors treated groups).

Collectively, these results indicate that all of the tested NAMPT inhibitors significantly
depleted cellular NADP(H) content, resulting in a burst of ROS production. In turn, this
induces the loss of ATP, which is followed by mitochondrial membrane depolarization and
ultimately leads to cell death. Importantly, oxidative stress appears to be the main cause of
cancer cell death after NAMPT inhibitor treatment.
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Figure 10. JJ08, FEI191 and FEI199 deplete intracellular ATP content (A), induce the loss of MMP
(B) and ultimately cause cell death (C). ML2, Jurkat, Namalwa and RPMI8226 cells were treated
with NAMPT inhibitors for 96 h. Intracellular ATP content, MMP and cell death were measured in a
time-dependent fashion. ATP levels were first normalized to protein content and then to control at
each time point. MMP was detected by flow cytometry using TMRM staining, and cell death was
analyzed as described in Figure 4. Data are ± SD, n = 3.

2.5. The Therapeutic Activity of JJ088 in SCID Mice Bearing Burkitt Lymphoma Is Superior to
That of FEI191 and FEI199

The promising results presented above led us to explore the potential therapeutic
efficacy of the new NAMPT inhibitors in a mouse xenograft model of Burkitt lymphoma.
To this end, NAMPT inhibitors (10 mg/kg) were administered intraperitoneally (I.P.) to
mice with established Namalwa tumors (human Burkitt lymphoma cell line) and tumor
growth was monitored over time. As shown in Figure 12, treatment with the new NAMPT
inhibitors exerted a significant therapeutic effect (Figure 12A) and significantly prolonged
overall mice survival compared to untreated control animals (Figure 12B, log-rank test,
P < 0.05). Interestingly, treatment with JJ08 completely eradicated tumor growth 5 days
after administration. Instead, FEI191 and FEI199 did not stop tumor progression, but sig-
nificantly delayed it compared to the vehicle-injected group (Figure 12A), suggesting that
the in vitro efficiencies of FEI191 and FEI199 do not translate into equally potent in vivo
activities. To understand why FEI191 and FEI199 were less efficient in abrogating tumor
growth than JJ08, pharmacokinetics (PK) studies were carried out. Plasma concentrations
of the compounds were monitored in mice (n=3) after I.P. administration for up to 24 h
(Supplementary Materials, Figure S1). Then, PK parameters were derived and are presented
in Table 2. The PK values of FK866 (APO866), which is known to effectively abrogate tumor
growth in vivo, are shown as a reference [19]. The measured compound concentrations
used for the PK data analysis are given in Supplementary Materials, Table S1. Notably, the
concentrations of FEI199 measured after 8 h and 24 h were excluded, as the analytical
responses were below the lower limit of quantification of the method. For FEI191, concen-
trations measured at 8 h and 24 h were also excluded from the PK data analysis due to
carryover issues.



Molecules 2023, 28, 1897 14 of 23
Molecules 2023, 28, x FOR PEER REVIEW 16 of 26 
 

 

 

Figure 11. Catalase supplementation abrogates the killing effect of NAMPT inhibitors but not NAD+ 

depletion in tested cell lines, except for Namalwa cells. Catalase (1000 U / ml) was added 1 h before 

the inhibitors. Kinetic analyses of intracellular NAD+, ATP, MMP and cell death were assessed on 

the ML2 cell line (A–D). Cell death was assessed as described in Figure 4, at 72 h on ML2 (E), Jurkat 

(F) and RPMI8226 (G). Data are ± SD, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001 (inhibitors treated vs. 

catalase treated groups). 

Collectively, these results indicate that all of the tested NAMPT inhibitors signifi-

cantly depleted cellular NADP(H) content, resulting in a burst of ROS production. In turn, 

this induces the loss of ATP, which is followed by mitochondrial membrane depolariza-

tion and ultimately leads to cell death. Importantly, oxidative stress appears to be the main 

cause of cancer cell death after NAMPT inhibitor treatment. 

Figure 11. Catalase supplementation abrogates the killing effect of NAMPT inhibitors but not NAD+

depletion in tested cell lines, except for Namalwa cells. Catalase (1000 U / ml) was added 1 h before
the inhibitors. Kinetic analyses of intracellular NAD+, ATP, MMP and cell death were assessed on
the ML2 cell line (A–D). Cell death was assessed as described in Figure 4, at 72 h on ML2 (E), Jurkat
(F) and RPMI8226 (G). Data are ± SD, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001 (inhibitors treated vs.
catalase treated groups).
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Figure 12. JJ08 eradicates tumor growth and significantly prolongs the survival in a xenograft mouse
model of human Burkitt lymphoma. Tumor size (A) and survival rate (B) of mice xenografted with
Namalwa cells treated or untreated with NAMPT inhibitors were monitored for 21 days. Twenty-five
6-to-8-week-old C.B.-17 SCID mice were transplanted subcutaneously with Namalwa cells (107).
Once tumors reached a volume of approximately 100–150 mm3, at day 14, mice were randomized
into five groups of animals (n = 5) with similar body weight. Control groups received vehicle (pink
line) and JJ08 (10 mg/kg; light blue line), FEI191 (10 mg/kg; red line), FEI199 (10 mg/kg; green
line) or APO866 (10 mg/kg; blue line) were administered as described in the Materials and Methods
section. Day 1 on the graphs corresponds to the beginning of the treatment (when the tumor volume
reached >100 mm3). Error bars = SD. * p < 0.05, ** p < 0.01, *** p < 0.001. Data were analyzed by the
Kaplan–Meier survival analysis with log-rank test.

Table 2. Pharmacokinetic parameters of JJ08, FEI191 and FEI199 in female SCID mice following
intraperitoneal administration.

APO866 JJ08 FEI191 FEI199

Cmax (ng/mL) 28,028 24,302 2683 12,031
Tmax (h) 0.17 0.17 0.17 0.17
T1/2 (h) 3.74 6.58 - -
AUC0-24

(ng*h/mL) 16,426 7563 1820 * 3718 *

CL/F (mL/h) 24 53 220 108
Vz/F (mL) 131 502 - -

Cmax: maximum concentration; Tmax: time to reach maximum concentration; T1/2: half-life of the compounds;
AUC0-24: area under the plasma concentration–time curve over the last 24 h dosing interval; CL/F: apparent drug
clearance; Vz/F: apparent terminal volume of distribution. * AUC was calculated from PK measurements up to
8 h. However, given the low concentrations, terminal exposure is not expected to induce significant changes in
calculated exposure.

The four compounds showed broadly similar PK profiles, but FK866 (APO866) dis-
tinctively appeared to provide the best systemic exposure (i.e., AUC0-24). In addition, the
plasma concentrations of APO866 were less variable between the mice samples (Table S1).
The maximum plasma concentrations (Cmax) of JJ08 and APO866 were comparable, while
the AUC0-24 of JJ08 appeared to be approximately 2-fold lower than that of APO866. This
difference is mainly due to the early time points, which contribute significantly to the cal-
culated AUC0-24 values. Similarly, the calculated apparent drug clearance (CL/F) for JJ08
was found to be 2-fold higher, whereas its half-life (T1/2) appeared to be two times shorter
as compared to APO866, indicating that JJ08 was cleared faster from circulation. Finally,
based on the calculated apparent terminal volume of distribution (Vz/F), both JJ08 and
APO866 compounds seemed to be well absorbed into tissues and/or highly metabolized.

Regarding FEI191 and FEI199, the terminal rate constant, λz, value (and therefore,
T1/2 and Vz/F) could not be assessed because their terminal phases were insufficiently
characterized due to analytical issues, as discussed above. However, the maximal concen-
trations (Cmax) were lower than those of APO866 or JJ08 and the clearance of FEI191 and
FEI199 proved to be more than 4-fold higher, suggesting faster drug elimination.

Taken together, our in vivo data indicate that the new NAMPT inhibitors delayed
and/or prevented tumor growth in a mouse Burkitt lymphoma model, with JJ08 being
the most potent anticancer agent. Furthermore, JJ08 had very similar PK parameters to
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APO866, whereas both FEI compounds exhibited lower concentrations in the blood after
administration, which could explain their lower anticancer activities in vivo.

3. Discussion

In this study, we report the synthesis and evaluation of the therapeutic efficacies of
three novel NAMPT inhibitors, JJ08, FEI191 and FEI199, in hematological malignancies.
We show that the new compounds have a broad antitumor activity against various hema-
tological malignancies. In agreement with our previous studies on APO866, a prototype
NAMPT inhibitor [19,36,38,39], we found that the new NAMPT inhibitors are highly toxic
towards leukemia (AML and ALL), lymphoma (Burkitt) and multiple myeloma (MM) cells.
Mechanistically, these compounds caused a strong NAD+ depletion that led to exhaustion
of NADPH, which in turn resulted in a burst of oxidative stress. The high levels of ROS
induced by these compounds disrupted the mitochondrial membrane integrity, causing
ATP depletion and cell death. Scavenging ROS production with catalase abrogated cell
death induced by NAMPT inhibitors, despite NAD+ depletion, pointing out the major
contribution of oxidative stress to the antitumor activity of APO866 and of the new NAMPT
inhibitors. In addition, we demonstrated that the new NAMPT inhibitors induced different
types of cell death, including both caspase-dependent and caspase-independent apoptosis,
but also necrotic cell death. Therefore, their mode of action described in this study is similar
to that reported previously for NAMPT inhibitors [19,30,36,38–41],indicating that although
these compounds have different chemical structures, they have common mechanisms
involved with cell death.

Importantly, in vivo administration of the new NAMPT inhibitors as a single agent
prevented and/or delayed tumor growth in an animal model of human Burkitt lymphoma
and significantly prolonged median survival, thereby underlining the therapeutic potential
of these molecules. It is noteworthy to mention that JJ08 fully eradicated tumor growth and
allowed mouse disease-free survival. In line with the in vivo data, JJ08, as well as APO866,
exhibited the best PK properties when compared to those of both FEI compounds.

The search for new NAMPT inhibitors is motivated by the need to identify novel drugs
that counter cancer progression and thereby increase patient life expectancy and quality
of life, a goal of a high priority. In this endeavor, the development of anticancer therapies
targeting the NAMPT-mediated NAD+ biosynthetic pathway represents a promising strat-
egy and should have broad clinical implications. We and others have demonstrated that
NAMPT inhibitors exhibit high efficacy against a wide range of human solid tumors and
blood cancers, without significant toxicity to laboratory animal models [19,29,36,42–49]. In
an effort to discover new anticancer agents, we here have identified three novel NAMPT
inhibitors with broad and strong anti-leukemic/lymphoma activity. Among them, JJ08
exhibited a promising profile as an overall potent antitumor agent both in vitro and in vivo,
despite the fact that in vitro, FEI191 and FEI199 had higher antitumor activity than JJ08.
This discrepancy between in vitro and in vivo studies is most probably related to the worse
PK profiles of FEI compounds. Indeed, PK analyses showed that FEI compounds were
rapidly cleared out of body circulation compared to JJ08 (or APO866). Moreover, the
calculated clearance of FEI compounds was at least 4-fold higher, the Cmax was lower
and their AUCs were approximately 2-to-9-fold smaller than those of JJ08 (or APO866).
The apparent volume of distribution calculated for all molecules indicated that they are
highly absorbed into the tissues and/or highly metabolized. The calculated clearance for
all compounds indirectly suggested that these novel NAMPT inhibitors are molecules with
high hepatic excretion. Further studies aiming at improving the PK properties of novel
NAMPT inhibitors are needed.

To put our results in a global context, one should keep in mind that the striking
antitumor activity of NAMPT inhibitors reported in several studies is closely correlated
with their in vitro experimental conditions. For instance, RPMI medium widely used
for cell culture contains only nicotinamide as an NAD+ precursor. In our study, and
in many preclinical studies, the major (if not the only) source of NAD+ synthesis was
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also nicotinamide, indicating that only one route of NAD+ synthesis, namely, the salvage
pathway, is activated within these experimental settings. In a real life situation, where many
NAD+ precursors could be present in a tumor environment, blocking only one pathway
of NAD+ synthesis would not be sufficient and this could greatly contribute to the loss of
the therapeutic efficacy of NAMPT inhibitors. In agreement with this scenario, we and
others have demonstrated that the levels and/or presence of NAD+ precursors (other than
nicotinamide) considerably affect the antitumor efficiency of NAMPT inhibitors [39,50].
The loss of the efficacy of NAMPT inhibitors in the latter circumstance was mainly due
to the activation of the alternative NAD+ production pathways. We also showed that gut
microbiota played a crucial role in host NAD+ metabolism, as they contribute to resistance
to NAMPT inhibitors [39]. These observations should be taken into consideration in
future clinical trials, for instance, the nature and level of NAD+ precursors or alternatively
targeting more than one route of NAD+ synthesis should be investigated.

In this study, we showed that the novel NAMPT inhibitors delayed or eradicated
the tumor growth and thus significantly prolonged xenografted mouse survival, without
evident signs of toxicity including loss of body weight, lethargy, rough coat or premature
death. However, in clinical trials, the common dose-limiting toxicities were thrombocy-
topenia and a variety of gastrointestinal symptoms [24–26,51]. Therefore, the strategies to
limit off-target toxicities need to be refined. FEI191 and FEI199 had high activities in vitro.
Therapeutic modalities to significantly boost their in vivo activities and reduce their sys-
temic associated toxicities should be explored. In this line, the next generation of NAMPT
inhibitors can be conjugated to antibodies (creating antibody–drug conjugates, or ADCs).
In this drug delivery system, the inhibitor is conjugated to the antibody that targets the
antigens/proteins specifically expressed in cancer cells, thus allowing specific inhibitor
delivery. Using such a strategy, several investigators [52–54] have demonstrated the an-
titumor efficacy of ADCs with NAMPT inhibitors in different mouse xenograft models.
Only mild, reversible hematologic side effects were observed with ADCs in toxicological
in vivo studies, with no signs of retinal or cardiac toxicities, as reported for NAMPT in-
hibitors alone in preclinical studies [52]. These findings open a new era in clinical trials to
specifically target and improve the therapeutic window of NAMPT inhibition.

4. Conclusions

In summary, we have synthesized three novel NAMPT inhibitors: JJ08, FEI191 and
FEI199. They are strong growth inhibitors of cancer cells from numerous hematological
malignancies. Our in vitro and in vivo data demonstrate that these compounds are po-
tent anticancer agents. JJ08 shows the best efficacy and is well tolerated in the mouse
xenograft model of Burkitt lymphoma. We propose that JJ08 should undergo further
clinical development for the treatment of hematologic malignancies.

5. Materials and Methods
5.1. Cell Lines and Culture Conditions

Four hematological cell lines (ML2—acute myeloid leukemia; Jurkat—acute lym-
phoblastic leukemia; Namalwa—Burkitt lymphoma; and RPMI8226—multiple myeloma)
were purchased from DSMZ (German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) or ATCC.

All cells were cultured in RPMI medium (Invitrogen AG, 61870-01) supplemented with
10% heat inactivated fetal calf serum (Amimed, 2-01F30-I) and 1% penicillin/streptomycin
at 37 ◦C (Amimed, 4-01F00-H) in a humidified atmosphere of 95% air and 5% CO2.

5.2. NAMPT Enzymatic Activity Assay

The ability of FK866 (APO866) analogues to inhibit NAMPT activity was assessed
with an NAMPT Activity Assay Kit (Colorimetric) (Abcam, ab221819, Cambridge, UK)
according to the manufacturer’s instructions. Briefly, NAMPT inhibitors were dissolved in
DMSO to a final concentration of 1 µM and distributed in a 96-well plate in duplicate. Then,
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a reaction mix containing assay buffer, ATP, NMNAT1, NAM, PRPP and ddH2O was added
and the plate was incubated at 30 ◦C for 60 min. After, to measure the generated NAD+, a
mix of WST-1, ADH, diaphorase and ethanol was added to the wells. The absorbance was
measured in kinetic mode at 450 nm on a microplate reader for 45 min at 30 ◦C.

5.3. Flow Cytometry Analyses

The cellular effects of FK866 (APO866) and the new NAMPT inhibitors, JJ08, FEI191
and FEI199, on hematopoietic malignant cells were evaluated using a Beckman Coulter
Cytomics Gallios flow cytometer (Beckman Coulter International S.A., Nyon, Switzerland).
The measured parameters included cell death, mitochondrial membrane potential (MMP),
reactive oxygen species (ROS) production and caspase activation.

5.4. Characterization of Cell Death

To determine the cell death induced by NAMPT inhibitors, malignant cells were stained
with ANNEXIN-V (ANXN, eBioscience, BMS306FI/300) and 7-aminoactinomycin D (7AAD,
Immunotech, A07704) as described by the manufacturer and analyzed using flow cytom-
etry. Dead cells were identified as ANXN+7AAD+ /7AAD+ and early apoptotic cells as
ANXN+ 7AAD-. Specific cell death induced by inhibitors was calculated using the follow-
ing formula: percent of cell death induced by compound = [(S – C) / (100 – C)] × 100;
where S = treated sample cell death and C = untreated sample cell death.

5.5. Analysis of Mitochondrial Membrane Potential

Mitochondrial membrane depolarization was determined using tetramethylrhodamine
methyl ester (TMRM, ThermoFisher Scientific, T668) according to the manufacturer’s pro-
tocol. TMRM is a cationic, cell-permeant, red-orange fluorescent dye that accumulates in
polarized mitochondria, but it is released after their depolarization. Untreated or treated
cells were harvested, centrifuged and resuspended in culture medium containing 50 nM
TMRM, and then incubated at 37 ◦C for 30 min in the dark. Cells were washed twice with
PBS and immediately analyzed using flow cytometry.

5.6. Detection of Cellular and Mitochondrial Reactive Oxygen Species (ROS)

Various types of ROS were determined in untreated and drug-treated hematopoietic
malignant cells by flow cytometry using live-cell permeant specific fluorogenic probes. Di-
hydroethidium (DHE, Marker Gene Technologies, M1241) was used as probe for detection
of the cytosolic superoxide anion (cO2•-), MitoSox (Molecular Probes, M36008) was used
as probe for detection of the mitochondrial superoxide anion (mO2•-) and 6-carboxy-2,7-
dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA; Molecular Probes, C-400) was
used as probe for detection of H2O2. DHE was oxidized to red fluorescent ethidium by
cytosolic superoxide and MitoSOX was selectively targeted to mitochondria, where it was
oxidized by superoxide and exhibited red fluorescence. Carboxy-H2DCFDA was cleaved
by esterase to yield DCFH, a polar nonfluorescent product, but in the presence of hydrogen
peroxide, the latter is oxidized to a green fluorescent product, dichlorofluorescent (DCF).
For cell staining, cells were centrifuged and the pellets were resuspended in PBS with a
final concentration of 5 µM for each probe. The mixture was incubated in the dark at 37 ◦C
for 15 min. Then, the cell suspension was analyzed using flow cytometry within 20 min.

5.7. Detection of Caspases Activation

Activation of various caspases was assessed using flow cytometry and specific Casp-
GLOW™ Red Active (BioVision, K190, Cambridge, UK) for following caspases: CASP3
(BioVision Inc., BV-K193-100), CASPASE 8 (CASP8; BioVision Inc., BV-K198-100) and CAS-
PASE 9 (CASP9; BioVision Inc., BV-K199-25). The CaspGLOW assays offer a convenient
way for measuring activated caspases in living cells. The assay uses a specific inhibitor for
each caspase conjugated to sulforhodamine as a fluorescent marker, which is cell permeable,
nontoxic and irreversibly binds in specific manner to activated caspase in apoptotic cells.
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The red fluorescence label allows for direct detection of activated caspase in apoptotic
cells by flow cytometry. Cell staining was performed according to the manufacturer’s
information and analyzed.

5.8. Quantification of Intracellular NAD+, NADP(H) and ATP Contents

Cells (1 × 106/mL) in the log growth phase were seeded in a 6-well plate in the
presence or absence of the NAMPT inhibitors. At each time point, 800 µL of cells was
centrifuged at 900 g (2000 rpm) for 5 min and washed with cold PBS. Then, the supernatant
was discarded and cells were resuspended in 300 µL of lysis buffer (20 mM NaHCO3,
100 mM Na2CO3) and kept at –80 ◦C for at least 4 h before analysis.

Total NAD+ content was measured in cell lysates using a biochemical assay described
previously [18]. Briefly, cell lysates (20 µL) were plated in a 96-well flat bottom plate. A
standard curve was generated using a 1:3 serial dilution in lysis buffer of a β-NAD+ stock
solution. Cycling buffer (160 µL) was added into each well and the plate was incubated for
5 min at 37 ◦C. Afterwards, ethanol (20 µL), pre-warmed to 37 ◦C, was added into each well
and the plate was incubated for an additional 5 min at 37 ◦C. The absorbance was measured
in kinetic mode at 570 nm after 5, 10, 15, 20 and 30 min at 37 ◦C on a spectrophotometer.
The amount of NAD+ in each sample was normalized to the protein content for each test
sample at each time point.

The NADP+ and NADPH contents in the cells were determined separately using an
NADP/NADPH-GloTM kit (Promega, G9081, Madison, WI, USA) and according to the
manufacturer’s protocol.

The total ATP cell content was quantified using an ATP determination Kit (Life Tech-
nologies, A22066, Carlsbad, CA, USA) according to the manufacturer’s instructions.

5.9. Detection of Necrotic Cell Death with LDH Assay

The LDH release quantification was performed using a colorimetric CyQUANT LDH
Cytotoxicity Assay (Invitrogen, C20300, Carlsbad, CA, USA). Lactate dehydrogenase (LDH)
is a cytosolic enzyme that is released into the cell culture medium upon the disruption
of the plasma membrane, indicating the necrotic type of death. LDH is quantified in the
media in enzymatic reactions. Firstly, LDH catalyzes the conversion of lactate to pyruvate
with the accompanying reduction of NAD+ to NADH. Then, the added diaphorase oxidizes
NADH, which leads to the reduction of a tetrazolium salt to a red formazan. The amount of
formulated formazan is directly proportional to the total LDH released into the media. Here,
cells (1 × 105/mL) in the log growth phase were seeded in a 24-well plate in the presence
or absence of NAMPT inhibitors. At each time point, 100 µL of cells was transferred to
a 96-well plate and the reaction mixture from the kit was added. The plate was then
incubated at RT for 30 min and protected from light. Afterwards, the stop solution was
added and the absorbance was measured at 490 nm with a spectrophotometer. The higher
the absorbance intensity in the sample, the more LDH is released to the culture medium.

5.10. Cell Proliferation Determination

The cell proliferation was assessed with alamarBlue®reagent (Bio-Rad, BUF012B,
Hercules, CA, USA), which is based on REDOX reaction by viable cells. Specifically,
resazurin sodium salt is reduced by the reducing environment of metabolically active
cells to the highly fluorescence resorufin sodium salt. Cells were seeded in a 24-well plate
(1 × 105/mL) and treated with NAMPT inhibitors. After incubation, at each time point,
200 µL of cells was transferred to a 96-well plate and alamarBlue®dye (20 µL) was added,
then the plate was incubated for 4 h in 37 ◦C in the dark. At the end, the absorbance at 570
and 600 nm was measured. Proliferation is depicted as a percentage of the control.
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5.11. Therapeutic Efficacy Evaluation of Novel NAMPT Inhibitors Using a Mouse Xenograft
Model of Human Burkitt Lymphoma

The new NAMPT inhibitors (JJ08, FEI191 and FEI199 (in comparison with lead com-
pound, FK866 (APO866))) were evaluated in vivo in a mouse xenograft model of human
Burkitt lymphoma. Twenty non-leaky C.B.-17 SCID mice (8 to 10 weeks old; Iffa Credo,
L’Arbresle, France) were housed in micro-isolator cages in a specific pathogen-free room
in the animal facility at the University Hospital of Lausanne. Firstly, the mice spent one
week alone to acclimatize to their new environment. All animals were handled according
to the institutional regulations and with the prior approval of the animal ethic committee
of the University of Lausanne. Manipulations were performed in sterile conditions under
a laminar flow hood. Firstly, Namalwa cells (1 × 107) were injected subcutaneously into
the mouse flank side. Once the tumors became palpable and reached a size between 100
and 150 mm3, mice (n = five/ group) were randomized into control and treated groups.
The drugs were administered intraperitoneally (10 mg/kg body weight) in 200 µL 0.9%
saline twice a day for 4 days, repeated weekly over 3 weeks. The control group was
treated only with 200 µL 0.9% saline. Every day, the animals were monitored for any signs
of illness, and in cases where the tumor size reached a diameter of 15 mm, they were
sacrificed immediately.

5.12. Analytical Method of Pharmacokinetic Studies In Vivo

Concentration measurements in mice EDTA plasma samples were performed using a
Vanquish Flex ultra-high-performance liquid chromatography (UHPLC) system attached
to a TSQ QuantisTM triple quadrupole mass spectrometer (MS) (ThermoFisher Scientific,
Waltham, MA, USA). The chromatographic column was a Luna Omega Polar C18 3 µm,
50 × 2.1 mm from Phenomenex (Torrance, CA, USA), kept at 40 ◦C in a UHPLC oven. The
mobile phase was made of water and acetonitrile (ACN) with 0.1% formic acid in each. The
gradient program ranged from 20 to 95% ACN in 1.5 min and the total method duration
(including equilibration for the next injection) was 3 min. The flow rate and injection
volume were 0.5 mL/min and 5 µL, respectively.

For the sample preparation, 90 µL of ACN was added to an aliquot of 30 µL of mouse
plasma for protein precipitation. The mixture was then centrifugated at 14,000 rpm and the
supernatant was directly injected in the UHPLC–MS.

5.13. Pharmacokinetic Analyses

Drug plasma concentrations were measured at selected time points after intraperi-
toneal administration in mice (sacrificed mice in triplicates for each time point). Samples
were analyzed on two separate occasions for each sampling. Then, pharmacokinetic (PK)
parameters were computed using standard non-compartmental calculations for geometric
means of the measured concentrations using the “PKNCA R Package” (R version 4.0.2, R
Development Core Team, http://www.r-project.org/ access date: 4 February 2023).

The area under the curve (AUC0-24) was calculated for the four drugs using the
trapezoidal and log-trapezoidal rule when appropriate. The terminal rate constant (λz)
was approximated using the slope of the terminal phase, while the half-life (T1/2) was
calculated as ln(2)/λz, the apparent clearance (CL/F) as the dose divided by AUC0-24 and
the apparent volume of distribution (Vz/F) as (CL/F)/λz.

5.14. Statistical Analysis

All experiments were performed in triplicate and data are expressed as means with the
standard error of the mean (SEM), unless otherwise noted. Unpaired t-tests were performed
to test differences in pre- and post-treatment malignant cells. The Kaplan–Meier survival
method using a long rank test was applied for the analyses of animal survival studies.
GraphPad Prism version 9.1.0 (GraphPad Software, San Diego, CA, USA) was used for
statistical analysis. p values less than 0.05 were considered statistically significant.

http://www.r-project.org/
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28041897/s1, Information on chemical synthesis of
JJ08 and its characterization, p. 3; Information on chemical synthesis of FEI191, FEI199 and their
characterizations, p.7; Figure S1: Geometric means of plasma concentrations of NAMPT inhibitors
after intraperitoneal administration of drugs at 20 mg/kg; Table S1: Measured concentrations of JJ08,
APO866, FEI-191 and FEI-199.
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A B S T R A C T   

Cancer cells are highly dependent on Nicotinamide phosphoribosyltransferase (NAMPT) activity for prolifera
tion, therefore NAMPT represents an interesting target for the development of anti-cancer drugs. Several com
pounds, such as FK866 and CHS828, were identified as potent NAMPT inhibitors with strong anti-cancer activity, 
although none of them reached the late stages of clinical trials. We present herein the preparation of three li
braries of new inhibitors containing (pyridin-3-yl)triazole, (pyridin-3-yl)thiourea and (pyridin-3/4-yl)cyano
guanidine as cap/connecting unit and a furyl group at the tail position of the compound. Antiproliferative 
activity in vitro was evaluated on a panel of solid and haematological cancer cell lines and most of the synthesized 
compounds showed nanomolar or sub-nanomolar cytotoxic activity in MiaPaCa-2 (pancreatic cancer), ML2 
(acute myeloid leukemia), JRKT (acute lymphobalistic leukemia), NMLW (Burkitt lymphoma), RPMI8226 
(multiple myeloma) and NB4 (acute myeloid leukemia), with lower IC50 values than those reported for FK866. 
Notably, compounds 35a, 39a and 47 showed cytotoxic activity against ML2 with IC50 = 18, 46 and 49 pM, and 
IC50 towards MiaPaCa-2 of 0.005, 0.455 and 2.81 nM, respectively. Moreover, their role on the NAD+ synthetic 
pathway was demonstrated by the NAMPT inhibition assay. Finally, the intracellular NAD+ depletion was 
confirmed in vitro to induced ROS accumulation that cause a time-dependent mitochondrial membrane depo
larization, leading to ATP loss and cell death.   

1. Introduction 

Nicotinamide phosphoribosyltransferase (NAMPT) is a key enzyme 
for the biosynthesis of nicotinamide adenine dinucleotide (NAD+) in 
cells. NAD+ is a cofactor in multiple redox reactions related to cell en
ergy production and is used as a substrate by enzymes involved in 
protein chemical modifications (post-translational modifications) and 
modulation of intracellular Ca2+ homeostasis, thus regulating important 
functions, including metabolic pathways, DNA repair, and inflammatory 

responses. Due to these relevant redox and non-redox functions of 
NAD+, NAMPT constitutes an attractive target in drug research [1]. 
Mammalian cells utilize three biosynthetic pathways to generate NAD+. 
NAMPT controls the rate-limiting step of one of these pathways, the 
so-called salvage pathway, where nicotinamide (NAM) generates NAD+, 
this being the preferred NAD+ production route of many types of cancer 
(salvage-dependent tumors) [2]. In this type of cancer cells, NAMPT is 
typically over-expressed compared to normal tissues and helps 
enhancing NAD+ synthesis. Overall, since many cancer cells are highly 
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dependent on NAMPT activity for proliferation, NAMPT represents an 
interesting target for the development of anti-cancer drugs [3]. Over the 
last years, several compounds were identified as potent NAMPT in
hibitors with strong anti-cancer activity [4]. FK866 (compound 1, also 
known as APO866, Fig. 1) was the first compound that was 
co-crystallized in 2006 with NAMPT [5], therefore representing the 
most relevant reference for this class of anti-cancer drugs. Although this 
molecule entered phase II clinical trials in patients with advanced solid 
tumors, it failed due to limited antitumor activity and off-target toxicity 
(i.e., thrombocytopenia) [6]. Similar results in patients were obtained 
with Teglarinad, a prodrug of the known NAMPT inhibitor CHS828 
(compound 2, Fig. 1), that was found to induce thrombocytopenia and 
gastrointestinal symptoms while not achieving significant antitumor 
activity [7]. Besides, most NAMPT inhibitors are known to be associated 
with on-target hematological and retinal toxicities [8] which have 
limited their clinical development. Nevertheless, the inhibition of 
NAMPT still remains as a promising strategy for cancer therapy as it was 
demonstrated with compound 3 (KPT-9274), a dual inhibitor of NAMPT 
and of the serine/threonine-protein kinase PAK4 [9], that was success
fully transited in phase I from advanced solid malignancies to acute 
myeloid leukemia [10]. OT-82 (compound 4) was also identified as a 
new NAMPT inhibitor with marked efficacy against hematopoietic ma
lignancies such as leukemia, lymphoma and myeloma and it is being 
currently evaluated in clinical studies [11]. 

Recently triazole-, cyanoguanidine- and urea derivatives 5–7 were 
identified as potent NAMPT inhibitors showing similar or improved 
anticancer activity with respect to FK866 and CHS828 [12–14]. 

As part of a program for the development of new NAMPT inhibitors 
with improved anticancer activity (the European 7th Framework Pro
gramme project PANACREAS – www.panacreas.eu), we have recently 
reported the preparation and biological evaluation of FK866 analogues 
that retain the (pyridin-3-yl)acrylamide moiety and vary the linker and 
tail group [15]. In the present work, we have also focused on modifi
cations of the connecting unit and cap group. In addition to the tri
azolylpyridine and cyanoguanidino-pyridine cores present in inhibitors 
5 and 6, the incorporation of thiourea as connecting group has been 
explored. The substitution of the pyridine moiety by other aromatic ring 
as cap group was also considered (Fig. 2). A structure-based design was 
used for the preparation of the new inhibitors. The introduction of a 
furan moiety in the structure of the new NAMPT inhibitors could in
crease the polarity of the molecule and minimize retinal toxicity due to a 
reduced exposure in the retina, as previously reported [16]. Moreover 
recent publications have demonstrated that biologically relevant furan 

containing cargos can be easily and selectively released in in vivo models 
in a novel strategy for target drug delivery [17,18]. As a consequence, 
furan has been chosen as a tail group for most of the newly prepared 
compounds. 

2. Results and discussion 

2.1. Chemistry 

Preparation of (pyridin-3-yl)triazole-based inhibitors. This family of 
compounds (8–12, Scheme 1) is characterized by a 3-triazolylpyridine 
core connected to the piperidine alkyl chain of FK866 or to a flexible 
carbon chain. The phenyl group of FK866 was modified with different 
more hydrophilic heteroaromatic moieties (furan, pyrrole, indole), 
which could improve the water solubility of the resulting inhibitor. In 
this set of compounds, incorporation of the pyridine moiety into the 
inhibitor was carried out by copper-catalyzed alkyne azide cycloaddi
tion (CuAAC) of commercial 3-ethynylpyridine with azide- 
functionalized derivatives 13–15 and 17. The preparation of the target 
compounds is depicted in Scheme 1. The SN2 reaction of commercial 8- 

Fig. 1. Representative examples of known NAMPT inhibitors with relevant anticancer activity.  

Fig. 2. Structural motifs for the new inhibitors prepared in this work.  
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bromooctanoic acid with NaN3, followed by coupling of the resulting 
intermediate with lithium pyrrolate in the presence of 1,1-carbonyldii
midazole (CDI), gave the azido-acylated pyrrole 13. On its side, 

standard amide coupling of 8-azidooctanoic acid with furfurylamine 
afforded 14. CuAAC reaction of azides 13 and 14 with 3-ethynylpyridine 
in the presence of catalytic amount of CuI and DIPEA in toluene led to 

Scheme 1. Synthesis of (pyridin-3-yl)triazole-based inhibitors.  

Scheme 2. Synthesis of (pyridin-3-yl)thiourea-based inhibitors.  
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triazoles 8 and 9 in moderate-to-good yield. On the other hand, starting 
from commercial 1,8-dibromooctane, SN2 displacement with NaN3 gave 
the corresponding diazido derivative. Monoreduction of one of the azido 
groups was feasible by the Staudinger reaction under biphasic media 
(toluene-aq. HCl). Standard coupling reaction of the resulting amino 
derivative with 1H-indole-2-carboxylic acid gave derivative 15. Click 
reaction of 15 with 3-ethynylpyridine, as described above, gave 10 in 
50% yield. The preparation of 11 and 12 was carried out from tert-butyl 
4-(4-tosyloxybutyl)piperidine-1-carboxylate 16 [19] which was trans
formed into N-Boc-protected azide derivative 17 by displacement with 
NaN3. Subsequent CuAAC click reaction with 3-ethynylpyridine, 
N-deprotection, and standard amide coupling with 1H-indole-2-
carboxylic acid derivatives gave 11 and 12 in moderate-to good overall 
yield, respectively (3 steps). 

Preparation of (pyridin-3-yl)thiourea-based inhibitors. The (thio)urea 
group is a well-established functional group in medicinal chemistry 
because of the ability of establishing stable hydrogen bonds with key 
elements of proteins and enzymes, enhancing the ligand–receptor in
teractions [20]. Regarding NAMPT inhibitors it has been reported the 
crystallographic data of the complex inhibitor-NAMPT enzyme. Thus 
Zheng et al. [21] studied the crystal structure of a thiourea-derived 
compound in complex with NAMPT and observed the interaction of 
Asp219 and Ser245 with the NH of the thiourea moiety through 
water-mediated hydrogen bonds. We envisioned that the substitution of 
the acrylamide group by a more powerful hydrogen-bond-donating 
group could enhance the interaction inhibitor/NAMPT. The prepara
tion of these compounds is described in Scheme 2. Azido derivatives 13, 
14, and 15 were reduced to the corresponding amino derivatives 19–21 
through the Staudinger reaction. Subsequent coupling with commercial 
3-pyridyl isothiocyanate gave thiourea analogues 22, 23 and 24 in 
moderate-to-good yield. The preparation of 25 requires 
Boc-deprotection of 16 [16] followed by coupling with 

1H-indole-2-carboxylic acid, displacement of the tosylate group with 
NaN3 and subsequent azido reduction, affording amine 26. Reaction of 
26 with 3-pyridyl isothiocyanate gave compound 25 in excellent yield. 
The preparation of 27 and 28 followed a similar strategy using 
N-cyclopentylfurfurylamine 29a as starting furan precursor. Conven
tional amide coupling of 29a with N-Boc-7-aminoheptanoic acid fol
lowed by Boc-deprotection and reaction with 3-pyridyl isothiocyanate 
furnished 27 in good overall yield. The preparation of the 
thiourea-based inhibitor 28 involves the reaction of 29a with (1, 
3-dioxoisoindolin-2-yl)hexanesulfonyl chloride 31 [22] followed by 
hydrazinolysis and coupling with 3-pyridyl isothiocyanate. 

Preparation of (pyridin-3/4-yl)cyanoguanidine based inhibitors. The 
preparation of this family of inhibitors (Scheme 3) was carried out 
starting from the amino-functionalized furan precursors 29a-f (see 
Supporting Information for synthetic details). Reaction of 29a and 29d 
with sulfonyl chloride 31 followed by hydrazinolysis gave sulfonamides 
32 and 33d. Subsequent coupling with phenyl N-cyano-N’-(pyridin-4-yl) 
carbamimidate 34a, easily prepared [23] from commercial diphenyl 
cyanocarbonimidate, gave compounds 35a and 35d, respectively in 
moderate-to-good yields. Similarly, deprotection of Boc derivatives 30, 
36a, 36b, 36d, and 37b-e and subsequent coupling with carbamimidate 
34a furnished derivatives 38a, 38b, 38d and 39a-e in moderate-to-good 
yields. Compound 40f was obtained by reaction of 20 with 34a under 
the same standard coupling conditions. Similar reaction conditions 
applied to indole derivatives 21 and 26 afforded indole-(pyridin-3-yl) 
cyanoguanidine derivatives 41 and 42. 

As this family of (pyridin-3/4-yl)cyanoguanidine-based inhibitors 
(compounds 35, 38–42) showed excellent results in cytotoxicity assays 
(see Table 1), two new compounds were additionally prepared incor
porating a triazole moiety to link the tunnel binder and the furan tail. 
Reaction of 1,6-dibromohexane with an excess of sodium azide gave the 
corresponding diazido derivative, which was further subjected to a 

Scheme 3. Synthesis of (pyridin-3/4-yl)cyanoguanidine-based inhibitors (subfamily I).  

S. Fratta et al.                                                                                                                                                                                                                                   
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controlled Staudinger reduction in biphasic media that afforded the 
corresponding monoamino derivative. Subsequent coupling with 34a 
gave azide 43 (Scheme 4) with an acceptable overall yield. CuAAC re
actions of azide 43 and the furan-containing fragments 44 and 45 
bearing a terminal alkyne yielded 46 and 47 in good yields. 

Non pyridine-based inhibitors (non-substrate inhibitors). The pyridine 
moiety is present in the most potent NAMPT inhibitors reported so far, 
which could be explained considering that NAM is the substrate of 
NAMPT. The pyridine ring of FK866 is sandwiched between Tyr18 and 
Phe193 of the active site, making a π–π stacking interaction between the 
aromatic rings of two amino acids of the active site, mimicking the po
sition of NAM. Simultaneously, pyridine nitrogen establishes a hydrogen 
bond with the OH group of Ser275 [24]. However, in vitro metabolic 
stability studies on previously reported pyridine-based NAMPT in
hibitors have shown that pyridine nitrogen is prone to microsomal 
oxidation giving the corresponding N-oxide metabolite whose cytotox
icity is reduced with respect to the non-oxidized precursor [10]. This 
fact could be one of the reasons for the lack of efficacy of the inhibitors in 
vivo. Moreover, it has been recently demonstrated that phosphor
ibosylation of the pyridine nitrogen of NAMPT inhibitors is not required 
for in vivo antitumor efficacy [25] as it was previously postulated [26]. 
This evidence led to explore non pyridine-based structures as possible 
NAMPT inhibitors [27]. Therefore, in this paper we also report the 
preparation of some analogues of potent NAMPT inhibitors where the 
pyridine moiety has been replaced by other aromatic rings less prone to 
oxidation than pyridine. First, we focused on the preparation of 
isoindoline-based derivatives inspired by the interesting results previ
ously obtained with NAMPT inhibitor 48 (A1293201) [21]. Thus, the 
reaction between commercial isoindoline and ethyl 4-isocyanobenzoate 
gave urea 49 (Scheme 5). Basic hydrolysis of 49 followed by standard 
amide coupling between the resulting acid 50 and furfurylamine affor
ded the furyl analogue of 48, compound 51. A similar strategy was 
followed for the preparation of 52, except that N-cyclopentylfurfuryl
amine 29a was used in the final coupling. Then, we turned to the sub
stitution of pyridine by the isoindoline moiety in the subfamily I of 
cyanoguanidine derivatives. For this purpose, we focused on three of the 
most cytotoxic compounds prepared in this family (39a, 39b, 39d, 
Scheme 3, Table 1) and synthesized their isoindoline analogues 53, 54 
and 55. A similar strategy to the above described in Scheme 3 was fol
lowed for the preparation of these compounds, except that phenyl 
N-cyanoisoindoline-2-carbimidate 56 (see Supporting Information for 
synthetic details) was used in the final coupling. 

Table 1 
Evaluation of the cytotoxicity and iNAD + depletion on MiaPaCa-2 cells for the 
new compounds. NAMPT inhibition assays.  

Entry Compound Viability 
MiaPaCa-2 
cells (IC50 in 
nM) 

iNAD+ depletion 
24h on MiaPaCa- 
2 cells (IC50 in 
nM) 

NAMPT 
inhibition 
assay (IC50 in 
nM) 

1 1 (FK866) 2.4 ± 0.51 0.34 ± 0.08 3.27 ± 0.38 
(pyridin-3-yl)triazoles 
2 8 494 ± 143 NA NA 
3 9 >1000 NA NA 
4 10 549 ± 101 NA NA 
5 11 727 ± 187 NA NA 
6 12 860 ± 191 NA NA 
(pyridin-3-yl)thioureas 
7 22 854 ± 188.5 NA NA 
8 23 >1000 NA NA 
9 24 605 ± 140.5 NA NA 
10 25 >1000 NA NA 
11 27 153 ± 17.4 NA NA 
12 28 16.4 ± 2.35 0.43 ± 0.11 69.1 ± 4.43 
(pyridin-3/4-yl)cyanoguanidines 
13 35a 0.005 ± 0.001 0.25 ± 0.08 3.50 ± 0.77 
14 35d 2. 26 ± 0.37 1.50 ± 0.62 NA 
15 38a 3.0 ± 0.94 0.20 ± 0.05 NA 
16 38b 6.3 ± 1.74 0.50 ± 0.12 NA 
17 38d 16.3 ± 2.64 11.25 ± 0.65 NA 
18 39a 0.45 ± 0.085 0.88 ± 0.32 12.45 ± 0.50 
19 39b 1.7 ± 0.415 0.17 ± 0.05 NA 
20 39c 2.1 ± 0.556 0.14 ± 0.04 NA 
21 39d 3.0 ± 0.827 1.43 ± 0.49 NA 
22 39e 4.5 ± 0.099 2.00 ± 0.78 NA 
23 40f >1000 NA NA 
24 41 81 ± 14.6 NA NA 
25 42 113 ± 14.4 NA NA 
26 46 25.8 ± 6.7 2.36 ± 0.75 NA 
27 47 2.81 ± 0.761 1.48 ± 0.33 4.98 ± 0.46 
Non pyridine-based inhibitors 
28 51 >1000 NA NA 
29 52 >1000 NA NA 
30 53 >1000 NA NA 
31 54 >1000 NA NA 
32 55 >1000 NA NA 
33 57 >1000 NA NA 
34 58 176 ± 11.7 4.70 ± 0.27 NA 
35 59 738 ± 148 NA NA 
36 60 1000 NA NA 

NA = not available. Data are mean ± SD, n ≥ 3. 

Scheme 4. Synthesis of (pyridin-4-yl)cyanoguanidine-based inhibitors (subfamily II).  
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Finally, we decided to replace the pyridin-4-yl moiety by a phenyl 
moiety in two highly cytotoxic cyanoguanidines, sulfonamide 35a and 
its amide analogue 39a (Scheme 3). For the synthesis of these new non- 
pyridine analogues 57–60 we followed a similar synthetic strategy than 
the one already described in Scheme 3, except that (p-substituted)phenyl 
N-cyano-N′-phenylcarbamimidates 61 instead of the pyridine analogues 
34 were used in the synthesis (Scheme 6). 

2.2. Biological evaluation 

Cytotoxicity on MiaPaCa-2 cells, effect on intracellular NAD+ concen
tration and NAMPT inhibition. The new compounds were tested in vitro 
for their anti-proliferative effects on a cancer cell line (Table 1). Human 
pancreatic MiaPaca-2 was used as model for cell lines sensitive to 
NAMPT inhibitors [28]. 

Triazoles 8–12 were much less cytotoxic than FK866 (Table 1, entries 
2–6). FK866 analogues 11 and 12 were approximately 300-fold less 
cytotoxic than FK866, what indicates that the substitution of the 
acrylamide group by a triazole and the benzamido group by a more 
hydrophilic indole substituent was detrimental to biological activity. A 
similar modification was introduced in 25 (Scheme 2) and 42 (Scheme 
3), with the exception that a thiourea and a cyanoguanidine groups were 
incorporated, respectively, instead of the triazole moiety of 11. 

Cyanoguanidine 42 (Table 1, entry 25) showed a cytotoxic effect 6.4 
times greater than triazole 11 while the cytotoxicity of thiourea 25 
(Table 1, entry 10) was even lower than that presented by compound 11. 

Other pyridine-3-yl thioureas were also prepared using a more 
flexible tunnel binder (C6 or C7 alkyl chain) to connect the thiourea and 
tail groups. One of the members of this family, sulfonamide 28, showed 
a high cytotoxicity (IC50 = 16.4 nM, Table 1, entry 12). The comparison 
between the cytotoxicity data obtained for 28 and the amide counterpart 
27 (IC50 = 153 nM, Table 1, entry 11) clearly showed the benefit having 
a sulfonamide group to connect the tail group (a furan moiety in both 
cases). The sulfonamide function is less prone to hydrolysis under bio
logical conditions than the amide. Moreover, the sulfone can behave as a 
very good hydrogen bond acceptor for the interaction within the binding 
site. 

The analysis of the cytotoxicity of (pyridin-3/4-yl)cyanoguanidine 
derivatives (35a, 35d, 38a, 38b, 38d, 39a-39e, 41 and 42) afforded 
several conclusions. Most cyanoguanidines (Table 1, entries 13–22) 
share a general structure which contains: i) a flexible alkyl C5 or C6 
carbon chain as a tunnel binder connecting cyanoguanidine and tail 
groups through a tertiary amide/sulfonamide function and ii) a furan as 
a tail group. The cytotoxicity of the members of this first group (except 
for 41 and 42) was excellent, with IC50 < 16 nM. In fact, in some cases, 
the IC50 values were lower than the one obtained with FK866 in this cell 
line (IC50 = 2.4 nM). The C5 alkyl chain was always found to lead to 
slightly higher IC50 values (less cytotoxicity) than the C6 alkyl chain in 
different analogues (entry 15 vs 18, entry 16 vs 19, entry 17 vs 21). In the 
series of tertiary amides, different N-substituents together with the 2- 
furyl group were used, but no high differences in cytotoxicity were 
observed, being the compounds with N-cyclopentyl group slightly better 
cytotoxic agents (entry 15 vs entries 16,17; entry 18 vs entries 19–22). 
As was already observed for the family of pyridine-3-yl thioureas, 
substituting the amide function in the N-cyclopentylamide 39a with a N- 
cyclopentylsulfonamide led to a remarkable improvement of the cyto
toxic activity (entry 18 vs 13), yielding the most potent compound of this 
study (35a, IC50 = 5 ρM). Another example where the above mentioned 
bioisosterism led to a compound with improved potency is represented 
by the non-substrate inhibitor 58 (Table 1, entry 34). Compared to the 
amide analogue 57 (entry 34 vs 33), the sulfonamide 58 showed an 
increase in potency of 40-fold. Amide 39e and sulfonamide 35d (entries 
22 and 14), presented similar cytotoxicity. The NMR spectra of 35d 

Scheme 5. Synthesis of isoindoline-based inhibitors.  

Scheme 6. Phenyl-based inhibitors prepared in this work.  
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showed signals corresponding to a mixture of rotamers, in contrast with 
the other sulfonamide derivatives where only one set of signals was 
observed in the 1H and 13C NMR spectra. Our hypothesis to explain the 
lower cytotoxicity of 35d compared to other sulfonamide derivatives is 
that one of the rotamers could fit better than the other at the active site 
of NAMPT due to a more favorable binding pose, leading to a decrease in 
binding efficacy. In addition to amide and sulfonamide connecting 
groups, the triazole moiety was also explored in some of the compounds. 
The biological evaluation of 46 and 47 showed a decrease in their 
cytotoxicity compared to amides 39d and 39a or sulfonamides 35d and 
35a, respectively (entry 26 vs entries 21,14; entry 27 vs entries 18 and 
13). 

Finally, the cytotoxicity of the series of non-pyridine-based com
pounds was also analyzed. Replacement of pyridine with an isoindoline 
group was detrimental to the antitumor activity of the compounds in all 
cases (entries 28–32 vs. entries 19–21). In addition, compounds 51 and 
52, which bear a 2-furyl moiety instead of the 2-tetrahydrofuryl group of 
the known analogue 48 (Scheme 5), showed cytotoxicity in the μM range 
(entries 28 and 29) as in the case of the other isoindoline analogues 
53–55. Replacement of the pyridine-4-yl moiety in the highly cytotoxic 
sulfonamide 35a with a phenyl or with 4-substituted-phenyl moieties 
(compounds 57–60) was detrimental in terms of cytotoxicity (entry 13 
vs entries 34–36). Compound 58 was the most cytotoxic compound in 
this family of non pyridine-based inhibitors with an IC50 = 176 nM. 

Next, we evaluated intracellular NAD+ concentration (iNAD+) in 
MiaPaCa-2 cells in response to the most cytotoxic compounds, in order 
to confirm that the observed antitumor effect was associated with NAD+

depletion, which would be in line with these compounds being NAMPT 
inhibitors. Consistent with this hypothesis, all of the tested compounds 
reduced NAD+ concentration in cells (Table 1). Some of the compounds 
28, 35a, 38a, 39b, 39a, and 39c reduced iNAD+ to similar, or even 
higher extent compared to FK866. Compound 58, a nonpyridine-based 
compound, reduced iNAD + when added in the nM range. Compounds 
28, 35a, 39a and 47, which all effectively lowered iNAD+ levels, were 
also assayed as NAMPT inhibitors on the recombinant enzyme. All these 
compounds exerted a strong inhibition of NAMPT activity (IC50 < 70 
nM). Again, compound 35a showed the highest potency, (IC50 = 3.5 
nM), which was similar to the potency of the reference compound, 
FK866 (IC50 = 3.3 nM). Interestingly, the potency of 35a in terms of 
inhibition of recombinant NAMPT did not exactly match its cytotoxic 
activity in MiaPaCa-2 cells, the latter being already clearly detectable in 
the low ρM range. For the other compounds, 28, 39a, and 47, inhibiting 
NAMPT activity in the nM range, such a discrepancy was not observed. 
Therefore, these results suggest that the exceptional cytotoxic activity of 
35a may also reflect other mechanisms in addition to NAMPT inhibition 
in MiaPaCa-2 cells. Indeed, in MDA-MB-231 cells, the IC50s obtained 
with 35a for iNAD + reduction and for cell toxicity were similar (0.56 ±
0.15 and 0.47 ± 0.64 nM, respectively). By comparison, in these cells, 
the FK866 IC50s for iNAD + depletion and cell toxicity were 0.54 ± 0.12 
and 3.47 ± 0.412 nM, respectively, being similar values to those ob
tained in MiaPaCa-2 cells. The time-dependent decrease in NAD+ and 

ATP levels in MiaPaCa-2 cells demonstrated that the high cytotoxic ac
tivity observed in the presence of 35a is not due to a NAD+ -unrelated 
intracellular ATP depletion, since NAD+ decrease preceded the fall in 
ATP levels (Fig. S47 A). Cell death induced by FK866 analogues could be 
due to the triggering of apoptotic processes, as confirmed by the 
detection of PARP cleavage after 48 h of treatment with compound 47 
and 35a (Fig. S47 B). 

Molecular Modeling. Docking analysis (Glide) was performed to 
investigate the potential role of the furan moiety of 35a in the binding 
site of NAMPT (Crystal structure, PDB: 2GVJ). The binding pose of 1 
(FK866) was mainly stabilized in the active site by a π− π stacking 
interaction of the pyridine ring with Phe193 and Tyr18’ and H-bonding 
of the carbonyl group with Ser275 (Fig. 3A). On the other hand, the 
docked structure of compound 35a (Fig. 3B) showed the π− π stacking 
interaction of the pyridine ring with Phe193, two hydrogen bonds be
tween the cyanoguanidine moiety and Asp219 and a π-π stacking 
interaction of the furan tail group with Tyr188. As showed in recent 
publications, interactions of the tail group of NAMPT inhibitors have 
been reported to strongly enhance the inhibitory potency and to anchor 
the molecule to the enzyme [23]. 

Cytotoxicity on haematological cancer cells 
To demonstrate the broad antitumor activity of novel compounds, a 

selection of the most promising ones was evaluated in cells from various 
haematological malignancies, including acute myeloid leukemia (AML; 
ML2 and NB4); acute lymphoblastic leukemia (ALL; Jurkat); Burkitt’s 
lymphoma (BL; Namalwa) and multiple myeloma (MM; RPMI8226). As 
summarized in Table 2, 35a showed the highest antitumor activity 
against acute myeloid leukemia (ML2), with IC50 in the picomolar range 
(IC50 = 18 ρM). Two other compounds 39a and 47 also presented 
cytotoxicity in the picomolar range with IC50 of 46 and 49 ρM, respec
tively. Overall, these three molecules were the most potent and AML 
cells were the most sensitive cells to all tested inhibitors. Therefore, 35a, 
39a and 47 together with FK866 as a positive control were further used 
to decipher their molecular mechanism of action in blood cancers. 

To this end, the effect of the new NAMPT inhibitors, compounds 35a, 
39a and 47, on the intracellular NAD+ content was assessed in several 
hematopoietic malignant cells [7c,29,30]. In agreement with data ob
tained on MiaPaCa-2 cells, all tested compounds led to a profound NAD+

depletion in a time dependent manner (Fig. 4A, B, C). NAD+ concen
trations decreased by half already after 6 h and were completely 
depleted after 24 h. Moreover, compound 35a was the most efficient to 
deplete iNAD+ in haematological cancer cells, with the lowest iNAD+

IC50 compared to FK866 (Table 3). As NAD+ cell content plays an 
important role in ATP synthesis, the impact of these NAMPT inhibitors 
on intracellular ATP content was next evaluated. As expected, the drop 
in NAD+ cell content was followed by that of ATP (Fig. 4D, E, F). 

The intracellular content of NAD(P)H/NAD(P)+ plays a crucial role 
in oxidative stress and thus, the depletion of NAD+ upon exposure to 
NAMPT inhibitors is expected to result in an increased ROS production. 
To test this issue, mitochondrial (mO2

- ) and cytosolic (cO2
- ) superoxide 

anions, as well as intracellular hydrogen peroxide (H2O2) were 

Fig. 3. Compounds 1 (FK866) (A) and 35a (B) docked in the active site of NAMPT (Crystal structure, PDB: 2GVJ). The cyanoguanidine moiety of compound 35a 
clearly forms two hydrogen bonds with Asp219 while the furan group is stabilized by a π-π stacking interaction with Tyr188. 
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monitored in leukemic cells treated with new NAMPT inhibitors (FK866, 
35a, 39a and 47) using MitoSOX, DHE, and carboxy-H2DCFDA probes, 
respectively. The novel compounds caused a tremendous increase in 
ROS levels production in all treated cell types (Fig. 5A–F). 

Excess ROS generation is known to lead to mitochondrial damage. 
Therefore, we evaluated whether these compounds could affect the 
mitochondrial membrane potential (MMP). Different hematopoietic 
malignant cells were exposed to NAMPT inhibitors and a time- 
dependent analysis of the MMP loss was measured using a fluorescent 
dye (TMRM) and flow cytometry analysis. As shown in Fig. 6A–C, 
treatment with the new NAMPT inhibitors induced a potent, time- 
dependent mitochondrial membrane depolarization at 72 h, but not at 
earlier time point (24-h; Fig. 6A–C). The timing of MMP loss correlates 

with that of cell death (Fig. 6D–F). 
To provide evidence that NAD+ depletion is the primary cause of cell 

death in malignant cells treated with the new NAMPT inhibitors, various 
hematopoietic malignant cells were incubated with inhibitors and with 
an excess of NAD+ precursors (NAM, nicotinic acid [NA]) or NAD+ itself. 
Cell death was monitored as described above. Indeed, supplementation 
with NAM, NA, or NAD+ fully blunted the killing effect of all tested 
NAMPT inhibitors (Fig. 7A–C), supporting that NAD+ depletion was 
responsible for cell death. 

We previously reported that treatment with FK866 leads to the 
decrease in catalase (CAT), a powerful ROS scavenger enzyme, resulting 
in ROS accumulation, what ultimately leads to cell death. Therefore, we 
tested the ability of CAT to prevent the cell death mediated by the new 
NAMPT inhibitors. As shown in Fig. 8 the extracellular addition of CAT 
before 35a, 39a and 47 fully abrogated their cytotoxic effects, which is 
in line with our previous studies [31,32]. 

Altogether, these results indicate that the new NAMPT inhibitors are 
highly potent and promising antitumor agents. Mechanistically, these 
data demonstrate that, similarly to FK866, they deplete NAD+ cell 
content, which induces ROS accumulation that damage mitochondria, 
leading to ATP loss, and ultimately to cell death. NAD+ depletion was 
indeed responsible for cell death. 

3. Conclusions 

In summary, in this work we have prepared and evaluated several 
families of furan-containing NAMPT inhibitors. The compounds were 
designed by combining a furan-tail moiety with different structural 
motifs that had been successfully used in previously reported NAMPT 

Table 2 
Evaluation of the cytotoxicity on MiaPaCa-2 and different haematological can
cer cell lines for compounds 28, 35a, 38a, 39a, 39c, 47 and 58 depicted as IC50 
[nM].  

Compound MiaPaCa- 
2 

ML2 JRKT NMLW RPMI8226 NB4 

1 (FK866) 2.4 ±
0.51 

0.24 ±
0.08 

0.73 
± 0.04 

0.37 ±
0.09 

0.76 ±
0.08 

2.0 
± 0.2 

28 16.4 ±
2.35 

3.1 ±
0.1 

NA 4.23 ±
1 

20.15 ± 2 NA 

35a 0.005 ±
0.001 

0.018 
±

0.001 

0.15 
±

0.001 

0.23 ±
0.08 

0.16 ±
0.04 

0.4 
±

0.08 
38a 3.0 ±

0.94 
0.36 ±
0.01 

NA 1.77 ±
0.1 

1.9 ± 0.1 NA 

39a 0.45 ±
0.085 

0.046 
± 0.01 

0.2 ±
0.01 

0.33 ±
0.006 

0.27 ±
0.01 

0.6 
±

0.03 
39c 2.1 ±

0.556 
0.32 ±
0.007 

NA 1.39 ±
0.5 

2.13 ± 0.2 NA 

47 2.81 ±
0.761 

0.049 
± 0.01 

0.5 ±
0.01 

0.36 ±
0.04 

0.47 ±
0.09 

0.7 
±

0.01 
58 176 ±

11.7 
nd NA nd nd NA 

NA = not available. nd: not detected; ML2: acute myeloid leukemia; JRKT: acute 
lymphoblastic leukemia; NMLW: Burkitt lymphoma; RPMI8226: multiple 
myeloma; NB4: acute myeloid leukemia. Data are mean ± SD, n ≥ 3. 

Fig. 4. NAMPT inhibitors induce the depletion of intracellular NAD+ and ATP. ML2 (A, D), Jurkat (B, E) and RPMI8226 (C, F) cells were incubated with NAMPT 
inhibitors (FK866, 35a, 39a and 47) for 96 h. Intracellular NAD+ (A, B, C) and ATP (D, E, F) contents were measured every day. Both, NAD+ and ATP concentrations 
were first normalized to the total protein and then to control at each time point. Data are ± SD, n = 4. 

Table 3 
Evaluation of iNAD+ depletion after 24 h of drug treatment on different hae
matological cancer cell lines for compounds FK866, 35a, and 47 depicted as IC50 
[nM]. Data are mean ± SD, n ≥ 3.  

Compound ML2 JRKT RPMI8226 

1 (FK866) 0.11 ± 0.03 0.37 ± 0.003 0.1 ± 0.005 
35a 0.05 ± 0.03 0.09 ± 0.009 0.05 ± 0.01 
47 0.09 ± 0.01 0.2 ± 0.2 0.06 ± 0.04  
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inhibitors. Compound 35a was identified as the most potent NAMPT 
inhibitor with an IC50 = 3.5 nM, similar to that of FK866 (IC50 = 3.3 
nM). However, 35a was 500-fold more cytotoxic in the pancreatic cell 
line MiaPaCa-2 (IC50 of 5.0 ρM) than FK866 (IC50 of 2.4 nM), indicating 
that another mechanism in addition to NAMPT inhibition may be 
responsible for its antitumor effects. This compound was also moder
ately to slightly more cytotoxic than FK866 on other five different 
haematological cancer cell lines. Although further research is warranted 

and needed to elucidate the mechanism of action of these new inhibitors, 
35a can be considered as promising lead compound to develop more 
potent and efficient NAMPT inhibitors. The furan moiety on these 
compounds mimics the role of the benzamide group of FK866 while 
helping to anchor the molecule in the active site of NAMPT. Further
more, the furan moiety can be used as a handle for bioconjugation 
strategies making these compounds amenable to linker chemistry for 
target drug delivery [14,15]. 

Fig. 5. NAMPT inhibitors induce ROS production upon cell death in malignant cells. ML2 (A, B, C) and Jurkat (D, E, F) cells were treated with compounds 
(FK866, 35a, 39a and 47) for 72 h. Mitochondrial (A, D), cytosolic (B, E) superoxide anions, and hydrogen peroxide (C, F) were detected with MitoSOX, DHE and 
H2DCFDA probes, respectively, using flow cytometry. The percentage of positive cells is proportional to the amount of superoxide anions and hydrogen peroxide 
produced. Data are ± SD, n = 3, **P < 0.005, ***P < 0.001, ****P < 0.0001. 

Fig. 6. NAMPT inhibitors induce the loss of MMP and cell death over time. ML2 (A, D), Jurkat (B, E) and RPMI8226 (C, F) cells were incubated with NAMPT 
inhibitors (FK866, 35a, 39a and 47) for 96 h. MMP (A, B, C) and cell death (D, E, F) were measured every day over a period of 96 h. MMP was measured using TMRM 
staining, and cell death is depicted here as a total cell death consisting of annexin V (ANXN) and 7AAD stainings. Both were assessed with flow cytometry. Data are ±
SD, n = 3. *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001. 
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4. Experimental section 

4.1. Chemistry 

General methods 
1H and 13C NMR spectra were recorded with a Bruker AMX300 

spectrometer for solutions in CDCl3, DMSO‑d6, acetone-d6 and CD3OD. δ 
are given in ppm and J in Hz. Chemical shifts are calibrated using re
sidual solvent signals. All the assignments were confirmed by 2D spectra 
(COSY and HSCQ). High resolution mass spectra were recorded on a Q- 
Exactive spectrometer. TLC was performed on silica gel 60 F254 (Merck), 
with detection by UV light charring with p-anisaldehyde, KMnO4, 
ninhydrin, phosphomolybdic acid or with reagent [(NH4)6MoO4, Ce 
(SO4)2, H2SO4, H2O]. Purification by silica gel chromatography was 
carried out using either hand-packed glass columns (Silica gel 60 Merck, 
40–60 and 63–200 μm) or Puriflash XS520 Plus Interchim system with 
prepacked cartridges. The purity of representative final compounds was 
assessed by HPLC and was >95%. The HPLC analysis were performed on 
a Thermo UltiMate 3000 instrument with Accucore C18 column (2.1 
mm × 150 mm). Mobile phase consisted in solvent A (H2O, 0.1% TFA) 
and solvent B (CH3CN). The samples were eluted with a linear gradient 
from 70% A and 30% B to 0% A and 100% B, between 5 and 20 min. All 
chromatograms were registered at 254 nm wavelength. 

8-Azido-1-(1H-pyrrol-1-yl)octan-1-one (13). To a suspension of NaN3 
(1.0 g, 16 mmol) and NaI (0.1 g, 0.9 mmol) in DMF (50 mL), 8- 

bromooctanoic acid (2.0 g, 9.0 mmol) was added. The reaction 
mixture was stirred at r.t. for 16 h. Then, the reaction was cooled to 0 ◦C 
and 1 M HCl was added dropwise until the suspension became clear. The 
reaction mixture was extracted with EtOAc (2 × 50 mL). The organic 
layer was washed with brine, dried over NaSO4, filtered, and concen
trated in vacuo to give 8-azidooctanoic acid [33] that was used in the 
next step without further purification. A solution of 8-azidooctanoic acid 
(1.6 g, 8.4 mmol) and 1,1′-carbonyldiimidazole (1.4 g, 8.6 mmol) were 
dissolved in dry THF (20 mL) and the reaction was stirred under Ar at r.t. 
for 16 h. Pyrrole (0.7 mL, 9.5 mmol) was taken up in dry THF (5.0 mL) 
and the solution was cooled to − 78 ◦C. n-Butyllithium (2.5 M in hexanes; 
5.0 mL, 13 mmol) was added and the mixture was stirred at − 78 ◦C for 3 
h under Ar. Then, the activated compound was added quickly via sy
ringe and the reaction was slowly warmed to r.t. and stirred overnight. A 
sat. aq. soln. of NH4Cl was added and the mixture extracted with EtOAc. 
The organic phases were dried over NaSO4, filtered, and concentrated in 
vacuo. Purification was performed by chromatography column on silica 
gel (EtOAc:Cyclohexane, 1:15) to yield 13 (800 mg, 40%) as a white 
solid. 1H NMR (300 MHz, CDCl3, δ ppm) 7.37–7.25 (m, 2H, pyrrole), 
6.33–6.24 (m, 2H, pyrrole), 3.26 (t, J = 6.9 Hz, 2H, CH2–N3), 2.82 (t, J 
= 7.4 Hz, 2H, CH2–C––O), 1.84–1.73 (m, 2H, CH2), 1.67–1.54 (m, 2H, 
CH2), 1.43–1.35 (m, 6H, 3 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 
170.6 (C––O), 119.1 (2 CH, pyrrole), 113.1 (2 CH, pyrrole), 51.5 
(CH2–N3), 34.6 (CH2–C––O), 29.1 (CH2), 29.0 (CH2), 28.9 (CH2), 26.6 
(CH2), 24.5 (CH2). ESI-HRMS m/z calcd for C12H18N4ONa [M+Na]+, 

Fig. 7. The addition of NAD, NAM, and NA can reverse the cytotoxic effect of NAMPT inhibitors. ML2 (A), Jurkat (B) and RPMI8226 (C) cells were incubated 
for 96 h with NAMPT inhibitors (FK866, 35a, 39a and 47) without or with NAD (0.5 mM), NAM (1 mM) or NA (10 μM). Cell death was assessed with flow cytometry 
by double staining with annexin V (ANXN) and 7AAD after 96 h of treatment. The percentages of early apoptotic cells (ANXN+ 7AAD-) are shown in white and the 
percentage of late apoptotic and dead cells (7AAD+) are shown in black. Data are ± SD, n = 3. ****P < 0.0001 (inhibitors treated vs. NAD, NAM, and NA groups). 

Fig. 8. Supplementation of catalase abrogates the killing effect of NAMPT inhibitors in tested cell lines. Catalase was added 1 h before the inhibitors. The cell 
death at 96 h was assessed on ML2 (A), Jurkat (B) and RPMI8226 (C). Cell death was determined as in Fig. 5 and is depicted here as total cell death. Data are ± SD, n 
= 3. ****P < 0.0001 (inhibitors treated vs. catalase treated groups). 
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257.1373; found, 257.1373. 
8-Azido-N-(furan-2-ylmethyl)octanamide (14). A solution of 8-azi

dooctanoic acid (1.7 g, 9.0 mmol), furfurylamine (1.2 mL, 13 mmol) 
and PyBOP (7.9 g, 15 mmol) in DMF (36 mL) was cooled to 0 ◦C. DIPEA 
(7.5 mL, 43 mmol) was slowly added at 0 ◦C, and the reaction mixture 
was stirred at r.t. for 16 h. The reaction mixture was dried under vacuum 
and diluted with EtOAc (50 mL) and washed with 1 M HCl (x3) and brine 
(x3), dried over Na2SO4, filtered, and concentrated in vacuo. The crude 
was purified by chromatography column on silica gel (EtOAc:Cyclo
hexane 1:2) to yield 14 (1.9 g, 81%) as a white solid. 1H NMR (300 MHz, 
CDCl3, δ ppm) 7.37–7.29 (m, 1H, furan), 6.30 (dd, J = 3.1, 1.9 Hz, 1H, 
furan), 6.20 (d, J = 3.2 Hz, 1H, furan), 5.92 (br s, 1H, NH–C––O), 4.41 
(d, J = 5.3 Hz, 2H, CH2–NH), 3.23 (t, J = 6.9 Hz, 2H, CH2–N3), 2.17 (t, J 
= 7.2 Hz, 2H, CH2–CO), 1.69–1.50 (m, 4H, 2 CH2), 1.39–1.26 (m, 6H, 3 
CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 172.9 (C––O), 151.5 (qC, 
furan), 142.3 (CH, furan), 110.6 (CH, furan), 107.5 (CH, furan), 51.5 
(CH2–N3), 36.6 (2C, CH2–NH, CH2–C––O), 29.1 (CH2), 28.9 (CH2), 28.8 
(CH2), 26.6 (CH2), 25.6 (CH2). ESI-HRMS m/z calcd. for C13H20N4O2Na 
[M+Na]+, 287.1479; found, 287.1478. 

N-(8-Azidooctyl)-1H-indole-2-carboxamide (15). NaN3 (977 mg, 15.0 
mmol) was added to a solution of 1,8-dibromooctane (1.0 mL, 5.4 mmol) 
in DMF (25 mL) and the mixture was stirred at 60 ◦C for 10 h. Then, 
water was added (125 mL) and the product was extracted with Et2O (3 
× 20 mL). The organic phase was washed with water (3 × 20 mL), dried, 
filtered and the solvent was evaporated to afford 1,8-diazidooctane. To a 
solution of this compound (930 mg, 4.70 mmol) in toluene:HCl 2 M (1:1, 
80 mL), Ph3P (1.24 g, 4.74 mmol) was slowly added, and the mixture 
was vigorously stirred at r.t. for 16 h. The aqueous phase was separated 
and washed three times with Et2O and dried under vacuum to obtain 8- 
azidooctan-1-amine hydrochloride [34]. A solution of this compound 
(720 mg, 3.50 mmol), 1H-indole-2-carboxylic acid (842 mg, 5.20 mmol) 
and PyBOP (3.1 g, 5.9 mmol) in DMF (16 mL) was cooled to 0 ◦C. DIPEA 
(2.9 mL, 17 mmol) was slowly added at 0 ◦C, and the reaction mixture 
was stirred at r.t. overnight. The reaction mixture was diluted with 
EtOAc (160 mL) and washed with 1 M HCl (x3) and brine (x3), dried 
over Na2SO4, filtered, and concentrated in vacuo. The crude was puri
fied by chromatography column on silica gel (EtOAc:Toluene 1:9) to 
yield 15 (860 mg, 80%) as a white solid. 1H NMR (300 MHz, CDCl3, δ 
ppm) 10.00 (s, 1H, NH indole), 7.64 (d, J = 8.0 Hz, 1H, indole), 7.45 (t, 
J = 7.0 Hz, 1H, indole), 7.32–7.23 (m, 1H, indole), 7.13 (t, J = 7.2 Hz, 
1H, indole), 6.85 (d, J = 1.4 Hz, 1H, indole), 6.36 (s, 1H, NH–C––O), 
3.57–3.45 (m, 2H, CH2–N3), 3.24 (t, J = 6.9 Hz, 2H, CH2–NH), 
1.77–1.49 (m, 4H, 2 CH2), 1.46–1.25 (m, 8H, 4 CH2). 13C NMR (75.4 
MHz, CDCl3, δ ppm) 162.0 (C––O), 136.6 (qC, indole), 130.9 (qC, 
indole), 127.7 (qC, indole), 124.5 (CH, indole), 121.9 (CH, indole), 
120.7 (CH, indole), 112.2 (CH, indole), 101.9 (CH, indole), 51.5 
(CH2–N3), 39.9 (CH2–NH), 29.9 (CH2), 29.3 (CH2), 29.1 (CH2), 28.9 
(CH2), 27.0 (CH2), 27.7 (CH2). ESI-HRMS m/z calcd for C17H23N5ONa 
[M+Na]+, 336.1793; found, 336.1795. 

8-(4-(Pyridin-3-yl)-1H-1,2,3-triazol-1-yl)-1-(1H-pyrrol-1-yl)octan-1- 
one (8). To a solution of 13 (50.0 mg, 0.21 mmol) in toluene (3 mL), 3- 
ethynylpyridine (45.0 mg, 0.43 mmol), DIPEA (0.14 mL, 0.81 mmol) 
and CuI (8.0 mg, 40 μmol) were added, and the solution was stirred at 
60 ◦C for 24 h. Quadrasil® resin (150 mg) was added and the mixture 
stirred for 1 h at r.t. Then, it was filtrated through a Celite pad, and the 
solvent evaporated. The resulting residue was dissolved in EtOAc and a 
sat. aq. soln. of NaHCO3 was added. The aq. phase was extracted with 
EtOAc (x2) and the organic layers were dried over Na2SO4, filtered and 
evaporated. The resulting residue was purified by chromatography 
column on silica gel (EtOAc:Cyclohexane, 7:1) to obtain 8 (50 mg, 70%) 
as a white solid. 1H NMR (300 MHz, CDCl3, δ ppm) 9.00 (br s, 1H, Py), 
8.56 (br s, 1H, Py), 8.25–8.14 (m, 1H, Py), 7.84 (s, 1H, triazole), 
7.41–7.32 (m, 1H, Py), 7.31–7.25 (m, 2H, pyrrole), 6.32–6.22 (m, 2H, 
pyrrole), 4.41 (t, J = 7.2 Hz, 2H, CH2-triazole), 2.80 (t, J = 7.3 Hz, 2H, 
CH2–C––O), 2.03–1.90 (m, 2H, CH2), 1.83–1.69 (m, 2H, CH2), 1.44–1.34 
(m, 6H, 3 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 170.5 (C––O), 149.2 

(qC, Py), 147.1 (CH, Py), 144.8 (qC, triazole), 133.1 (CH, Py), 127.0 
(CH, Py), 123.9 (2CH, pyrrole), 119.9 (CH, Py), 119.1 (CH, triazole), 
113.2 (2CH, pyrrole), 50.6 (CH2-triazole), 34.5 (CH2–C––O), 30.3 (CH2), 
28.9 (CH2), 28.8 (CH2), 26.4 (CH2), 24.4 (CH2). ESI-HRMS m/z calcd for 
C19H24N5O [M+H]+, 338.1975; found, 338.1975. 

N-(Furan-2-ylmethyl)-8-(4-(pyridin-3-yl)-1H-1,2,3-triazol-1-yl)octa
namide (9). CuAAC reaction of 14 (50.0 mg, 0.21 mmol) and 3-ethynyl
pyridine (40.0 mg, 0.4 mmol) followed the same procedure as that used 
to prepare 8. Chromatography column (MeOH:EtOAc:CH2Cl2, 0.4:5:1). 
Yield: 60%, white solid. 1H NMR (500 MHz, CDCl3, δ ppm) 8.99 (s, 1H, 
Py), 8.57 (d, J = 3.6 Hz, 1H, Py), 8.21 (dd, J = 6.1, 1.8 Hz, 1H, Py), 7.84 
(s, 1H, triazole), 7.41–7.29 (m, 2H, 1H Py, 1H furan), 6.35–6.26 (m, 1H, 
furan), 6.21 (d, J = 2.9 Hz, 1H, furan), 5.79 (s, 1H, NH), 4.47–4.36 (m, 
4H, CH2–NH, CH2-triazole), 2.24–2.11 (m, 2H, CH2–C––O), 2.01–1.89 
(m, 2H, CH2), 1.68–1.57 (m, 2H, CH2), 1.43–1.28 (m, 6H, 3 CH2). 13C 
NMR (125.7 MHz, CDCl3, δ ppm) 172.7 (C––O), 151.6 (qC, furan), 149.3 
(CH, Py), 147.2 (CH, Py), 144.9 (qC, triazole), 142.3 (CH, furan), 133.2 
(CH, Py), 127.0 (qC, Py), 123.9 (CH, Py), 119.9 (CH, triazole), 110.6 
(CH, furan), 107.5 (CH, furan), 50.6 (CH2–NH), 36.6 (CH2-triazole), 
36.5 (CH2–C––O), 30.3 (CH2), 28.9 (CH2), 28.6 (CH2), 26.3 (CH2), 25.4 
(CH2). ESI-HRMS m/z calcd for C20H26N5O2 [M+H]+, 368.2076; found, 
368.2081. 

N-(8-(4-(Pyridin-3-yl)-1H-1,2,3-triazol-1-yl)octyl)-1H-indole-2-car
boxamide (10). CuAAC reaction of 15 (50.0 mg, 0.16 mmol) and 3-ethy
nylpyridine (50.0 mg, 0.48 mmol) in toluene:DMF 3:1) followed the 
same procedure as that used to prepare 8. Chromatography column 
(MeOH:EtOAc:CH2Cl2, 1:5:1). Yield: 50%, white solid.1H NMR (300 
MHz, DMSO‑d6, δ ppm) 11.51 (s, 1H, NH indole), 9.05 (d, J = 1.5 Hz, 
1H, Py), 8.70 (s, 1H, triazole), 8.53 (dd, J = 4.8, 1.5 Hz, 1H, Py), 
8.45–8.38 (m, 1H, NH–C––O), 8.24–8.16 (m, 1H, Py), 7.62–7.56 (m, 1H, 
Py), 7.48 (dd, J = 8.0, 4.8 Hz, 1H, indole), 7.42 (d, J = 8.2 Hz, 1H, 
indole), 7.20–7.12 (m, 1H, indole), 7.09 (d, J = 1.4 Hz, 1H, indole), 
7.06–6.98 (m, 1H, indole), 4.40 (t, J = 7.1 Hz, 2H, CH2-triazole), 3.26 
(q, J = 6.7 Hz, 2H, CH2–NH), 1.94–1.80 (m, 2H, CH2), 1.60–1.46 (m, 2H, 
CH2), 1.34–1.26 (m, 8H, 4 CH2). 13C NMR (75.4 MHz, DMSO‑d6, δ ppm) 
160.9 (C––O), 148.7 (CH, Py), 146.3 (CH, Py), 143.4 (qC, triazole), 
136.3 (qC, indole), 132.4 (qC, Py), 131.9 (qC, indole), 127.1 (CH, Py), 
126.8 (qC, indole), 124.0 (CH, indole), 123.1 (CH, Py), 121.9 (CH, tri
azole), 121.4 (CH, indole), 119.6 (CH, indole), 112.2 (CH, indole), 102.1 
(CH, indole), 49.6 (CH2-triazole), 39.0 (CH2–NH), 29.6 (CH2), 29.2 
(CH2), 28.6 (CH2), 28.4 (CH2), 26.4 (CH2), 25.8 (CH2). ESI-HRMS m/z 
calcd for C24H29N6O [M+H]+, 417.2392; found, 417.2397. 

3-(1-(4-(Piperidin-4-yl)butyl)-1H-1,2,3-triazol-4-yl)pyridine 2,2,2-tri
fluoroacetate (18). Compound 16 [16] (636 mg, 1.60 mmol) was dis
solved in DMF (10 mL), NaN3 (302 mg, 4.60 mmol) was added. The 
mixture was stirred at 70 ◦C for 3 h and then was evaporated under 
vacuum and the residue dissolved in CH2Cl2. The organic layer was 
washed with water and brine, dried over NaSO4, filtered, and concen
trated in vacuo to give 17 as a colourless oil. CuAAC reaction of 17 (192 
mg, 0.68 mmol) and 3-ethynylpyridine (175 mg, 1.70 mmol) followed 
the same procedure as that described for 8. Chromatography column 
(CH2Cl2:Acetone: 1:0 to 5:1). Yield: 88%, white solid. This compound 
was dissolved in 20% TFA/CH2Cl2 (5 mL) at 0 ◦C and the mixture was 
stirred at r.t. for 3.5 h. The solvent was evaporated in vacuo and the 
solvent was co-evaporated with toluene to yield 18 as a white solid that 
was used in the next step without further purification. 

(1H-Indol-2-yl)(4-(4-(4-(pyridin-3-yl)-1H-1,2,3-triazol-1-yl)butyl) 
piperidin-1-yl)methanone (11). A solution of 18 (112.0 mg, 0.28 mmol), 
1H-Indole-2-carboxylic acid (68.0 mg, 0.42 mmol) and PyBOP (248 mg, 
0.48 mmol) in dry DMF (2.5 mL) was cooled to 0 ◦C. DIPEA (0.24 mL, 
1.35 mmol) was slowly added at 0 ◦C, and the reaction mixture was 
stirred at r.t. for 16 h. The solvent was evaporated under reduced 
pressure and the crude was diluted with EtOAc (20 mL) and washed with 
sat. aq. soln. of NH4Cl (x3), dried over Na2SO4, filtered and concen
trated. The residue was purified by chromatography column on silica gel 
(MeOH:EtOAc, 1:20 → 1:10) to yield 11 (56 mg, 47%) as a white solid. 
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1H NMR (300 MHz, DMSO‑d6, δ ppm) 11.51 (s, 1H, NH indole), 
9.11–8.99 (m, 1H, Py), 8.72 (s, 1H, triazole), 8.54 (dd, J = 4.8, 1.5 Hz, 
1H, Py), 8.21 (dt, J = 7.9, 1.9 Hz, 1H, Py), 7.59 (d, J = 7.9 Hz, 1H, 
indole), 7.52–7.44 (m, 1H, Py), 7.40 (d, J = 7.9 Hz, 1H, indole), 
7.23–7.10 (m, 1H, indole), 7.09–6.98 (m, 1H, indole), 6.75–6.67 (m, 1H, 
indole), 4.53–4.31 (m, 4H, CH2-triazole, 2H piperidine), 2.96 (br s, 2H, 
piperidine), 1.96–1.81 (m, 2H, piperidine), 1.78–1.66 (m, 2H, piperi
dine), 1.62–1.44 (m, 1H, piperidine), 1.39–1.19 (m, 4H, 2 CH2), 
1.18–1.00 (m, 2H, CH2). 13C NMR (75.4 MHz, DMSO‑d6, δ ppm) 161.8, 
148.8, 146.3, 143.5, 135.8, 132.3, 130.3, 126.8, 124.0, 123.0, 122.0, 
121.2, 119.6, 112.0, 103.4, 49.6, 35.4, 35.3, 32.2, 32.1, 27.7, 22.1. ESI- 
HRMS m/z calcd for C25H29N6O [M+H]+, 429.2391; found, 429.2397. 

(5-Methoxy-1H-indol-2-yl)(4-(4-(4-(pyridin-3-yl)-1H-1,2,3-triazol-1- 
yl)butyl)piperidin-1-yl)methanone (12). Reaction of 18 (112.0 mg, 0.28 
mmol) and 5-methoxy-1H-indole-2-carboxylic acid (80.0 mg, 0.42 
mmol) was performed according to the same procedure as that used to 
prepare 11. Chromatography column (MeOH:EtOAc, 1:20 → 1:10). 
Yield: 74%, white solid.1H NMR (300 MHz, DMSO‑d6, δ ppm) 11.37 (s, 
1H, NH, indole), 9.06 (d, J = 1.7 Hz, 1H, Py), 8.72 (s, 1H, triazole), 
8.58–8.50 (m, 1H, Py), 8.28–8.15 (m, 1H, Py), 7.55–7.41 (m, 1H, Py), 
7.29 (d, J = 8.9 Hz, 1H, indole), 7.06 (d, J = 2.3 Hz, 1H, indole), 6.82 
(dd, J = 8.9, 2.4 Hz, 1H, indole), 6.63 (d, J = 1.6 Hz, 1H, indole), 
4.54–4.29 (m, 4H, CH2-triazole, 2H piperidine), 3.74 (s, 3H, OCH3), 
2.96 (br s, 2H, piperidine), 1.96–1.81 (m, 2H, piperidine), 1.79–1.64 (m, 
2H, piperidine), 1.63–1.44 (m, 1H, piperidine), 1.40–1.20 (m, 4H, CH2), 
1.19–0.98 (m, 2H, CH2). 13C NMR (75.4 MHz, DMSO‑d6, δ ppm) 161.8, 
153.7, 148.8, 146.3, 143.5, 132.3, 131.1, 130.7, 127.1, 126.8, 124.0, 
122.0, 114.0, 112.8, 103.2, 101.9, 55.2, 49.6, 35.2, 35.1, 32.1, 29.7, 
22.1. ESI-HRMS m/z calcd for C26H31N6O2 [M+H]+, 459.2495; found, 
459.2503. 

1-(8-Oxo-8-(1H-pyrrol-1-yl)octyl)-3-(pyridin-3-yl)thiourea (22). To a 
solution of 13 (0.50 g, 2.1 mmol) in pyridine (15 mL), H2S was bubbled. 
After stirring at r.t. overnight the mixture was evaporated under vac
uum. The crude product 19 was used directly in the next step without 
any further purification. ESI-HRMS m/z calcd for C12H21N2O [M+H]+, 
209.1647; found, 209.1648. To a solution of 19 (60.0 mg, 0.3 mmol) in 
dry CH2Cl2 (5 mL), 3-pyridyl isothiocyanate (40 μL, 0.4 mmol) was 
added. After stirring at r.t. for 6 h, the solvent was removed under vacuo 
and the resulting residue was purified by chromatography column on 
silica gel (EtOAc:Cyclohexane 4:1) to give 22 (25.0 mg, 28%) as a white 
solid. 1H NMR (300 MHz, CDCl3, δ ppm) 8.54 (d, J = 2.0 Hz, 1H, Py), 
8.44 (d, J = 3.9 Hz, 1H, Py), 8.32 (br s, 1H, NH-Py), 7.85 (d, J = 7.9 Hz, 
1H, Py), 7.37 (dd, J = 8.1, 4.8 Hz, 1H, Py), 7.29 (br s, 2H, pyrrole), 
6.44–6.31 (m, 1H, NH–CH2), 6.31–6.24 (m, 2H, pyrrole), 3.60 (q, J =
6.4 Hz, 2H, CH2–NH), 2.81 (t, J = 7.3 Hz, 2H, CH2–C––O), 1.82–1.68 (m, 
2H, CH2), 1.68–1.52 (m, 2H, CH2), 1.44–1.30 (m, 6H, 3 CH2). 13C NMR 
(75.4 MHz, CDCl3, δ ppm) 181.3 (C––S), 170.8 (C––O), 147.4 (qC, Py), 
146.1 (CH, Py), 134.2 (CH, Py) 132.6 (CH, Py), 124.3 (CH, Py), 119.1 
(2CH, pyrrole), 113.2 (2CH, pyrrole), 45.5 (CH2–NH), 35.5 (CH2–C––O), 
29.8 (CH2), 29.0 (CH2), 28.8 (CH2), 26.6 (CH2), 24.4 (CH2). ESI-HRMS 
m/z calcd for C18H25N4OS [M+H]+, 345.1737; found, 345.1744. 

N-(Furan-2-ylmethyl)-8-(3-(pyridin-3-yl)thioureido)octanamide (23). 
To a solution of 14 (100 mg, 0.38 mmol) in THF (1 mL), H2O (40 μL) and 
Ph3P (150 mg, 0.60 mmol) were added. The reaction mixture was stirred 
on reflux for 7 h. The resulting residue was evaporated under vacuum 
and purified by chromatography column on silica gel (MeOH: CH2Cl2: 
NH4OH, 1:10:0.1) to yield 20 (85 mg, 94%) as a white solid. Reaction of 
20 (70.0 mg, 0.3 mmol) and 3-pyridyl isothiocyanate (80 μL, 0.8 mmol) 
was performed according to the same procedure as that used to prepare 
22. Chromatography column (MeOH:EtOAc:CH2Cl2, 0.4:5:1). Yield: 
91%, white solid. 1H NMR (300 MHz, CD3OD, δ ppm) 8.57 (dd, J = 2.5, 
0.6 Hz, 1H, Py), 8.28 (dd, J = 4.8, 1.3 Hz, 1H, Py), 8.10–7.89 (m, 1H, 
Py), 7.44–7.36 (m, 2H, 1H Py, 1H, furan), 6.33 (dd, J = 3.2, 1.9 Hz, 1H, 
furan), 6.22 (dd, J = 3.2, 0.7 Hz, 1H, furan), 4.34 (s, 2H, CH2–NH), 
3.68–3.44 (m, 2H, CH2-thiourea), 2.21 (t, J = 7.4 Hz, 2H, CH2–C––O), 
1.71–1.54 (m, 4H, 2 CH2), 1.44–1.29 (m, 6H, 3 CH2). 13C NMR (75.4 

MHz, CD3OD, δ ppm) 183.1 (C––S), 176.1 (C––O), 153.2 (qC, furan), 
145.8 (2CH, Py), 143.3 (CH, furan), 138.3 (qC, Py), 133.3 (CH, Py), 
124.9 (CH, Py), 111.3 (CH, furan), 108.0 (CH, furan), 45.6 (CH2-thio
urea), 37.1 (CH2–NH), 36.9 (CH2–C––O), 30.04 (CH2), 30.02 (CH2), 27.8 
(CH2), 26.8 (CH2), 25.7 (CH2). ESI-HRMS m/z calcd for C19H27N4O2S 
[M+H]+, 375.1845; found, 375.1849. 

N-(8-(3-(Pyridin-3-yl)thioureido)octyl)-1H-indole-2-carboxamide 
(24). To a solution of 15 (100 mg, 0.32 mmol) in THF (1 mL), H2O (30 
μL) and Ph3P (126 mg, 0.50 mmol) were added. The reaction mixture 
was stirred on reflux for 30 h. The resulting residue was evaporated 
under vacuum and purified by chromatography column on silica gel 
(MeOH:CH2Cl2:NH4OH, 1:10:0.1) to yield 21 (45 mg, 50%) as a white 
solid. Reaction of 21 (37.0 mg, 0.1 mmol) and 3-pyridyl isothiocyanate 
(36 μL, 0.3 mmol) was performed according to the same procedure as 
that used to prepare 22. Chromatography column (MeOH:EtOAc: 
CH2Cl2, 0.4:5:1). Yield: 80%, white solid. 1H NMR (300 MHz, DMSO‑d6, 
δ ppm) 11.52 (s, 1H, NH indole), 9.53 (s, 1H, NH-Py), 8.55 (t, J = 2.2 Hz, 
1H, Py), 8.43 (t, J = 5.7 Hz, 1H, NH–C––O), 8.28 (dd, J = 4.7, 1.4 Hz, 
1H, Py), 8.03–7.86 (m, 1H, Py), 7.60 (d, J = 7.9 Hz, 1H, indole), 7.42 
(dd, J = 8.2, 0.7 Hz, 1H, indole), 7.33 (dd, J = 8.2, 4.7 Hz, 1H, Py), 
7.20–7.12 (m, 1H, indole), 7.09 (s, 1H, indole), 7.07–6.98 (m, 1H, 
indole), 3.51–3.39 (m, 2H, CH2-thiourea), 3.28 (q, J = 6.4 Hz, 2H, CH2- 
amide), 1.60–1.49 (m, 4H, 2 CH2), 1.40–1.26 (m, 8H, 4 CH2). 13C NMR 
(75.4 MHz, DMSO‑d6, δ ppm) 180.9 (C––S), 161.0 (C––O), 144.6 (CH, 
Py), 144.4 (CH, Py), 136.3 (qC, indole), 131.9 (qC, indole), 131.8 (qC, 
Py), 130.2 (CH, Py), 127.1 (qC, indole), 123.1 (2CH, Py, indole), 121.4 
(CH, indole), 119.6 (CH, indole), 112.2 (CH, indole), 102.1 (CH, indole), 
43.9 (CH2-thiourea), 38.7 (CH2-amide), 29.3 (CH2), 28.8 (2(CH2)), 28.4 
(CH2), 26.5 (CH2), 26.4 (CH2). ESI-HRMS m/z calcd for C23H30N5OS 
[M+H]+, 424.2162; found, 424.2166. 

(4-(4-Aminobutyl)piperidin-1-yl)(1H-indol-2-yl)methanone (26). 
Compound 16 [19] (483 mg, 1.2 mmol) was dissolved in 20% 
TFA/CH2Cl2 (9 mL) and the mixture was stirred at r.t. for 4.5 h. The 
mixture was evaporated under vacuum and the crude product (257 mg, 
0.60 mmol) was dissolved in DMF (3.5 mL), cooled to 0 ◦C and 1H-indo
le-2-carboxylic acid (146 mg, 0.91 mmol), PyBOP (534 mg, 1.00 mmol) 
and DIPEA (0.51 mL, 2.90 mmol) were slowly added. After stirring at r.t. 
for 16 h, the reaction mixture was diluted with EtOAc (35 mL) and 
washed with 1 M HCl (x3) and brine (x3), dried over Na2SO4, filtered, 
and concentrated in vacuo. The crude was purified by chromatography 
column on silica gel (EtOAc:Toluene, 1:2) to yield the corresponding 
N-acylated intermediate (193 mg, 70%) as a white solid. This compound 
(170 mg, 0.37 mmol) was dissolved in DMF (2.5 mL), sodium azide 
(73.0 mg, 1.10 mmol) was added and the mixture was stirred at 120 ◦C 
for 32 h. The mixture was evaporated under vacuum and the residue 
dissolved in CH2Cl2. The organic layer was washed with water and 
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The res
idue thus obtained (113 mg, 0.35 mmol) in MeOH (10 mL), Pd/C 10% 
(50 mg) was added, and the reaction mixture was stirred under H2 (1 
atm) at r.t. overnight. The mixture was filtered through a Celite pad and 
concentrated in vacuo. The crude product 26 was used in the next step 
without further purification. 

1-(4-(1-(1H-Indole-2-carbonyl)piperidin-4-yl)butyl)-3-(pyridin-3-yl) 
thiourea (25). Reaction of 26 (22.0 mg, 0.1 mmol) and 3-pyridyl iso
thiocyanate (18 μL, 0.2 mmol) was performed according to the same 
procedure as that used to prepare 22. Chromatography column (MeOH: 
EtOAc:CH2Cl2, 0:5:1 to 1:5:1). Yield: 91%, white solid. 1H NMR (300 
MHz, Acetone-d6, δ ppm) 10.63 (s, 1H, NH indole), 8.91 (s, 1H, NH-Py), 
8.65–8.53 (m, 1H, Py), 8.31 (dd, J = 4.7, 1.3 Hz, 1H, Py), 8.07–7.94 (m, 
1H, Py), 7.68–7.58 (m, 1H, indole), 7.57–7.39 (m, 2H, 1H indole, 
NH–CH2), 7.31 (dd, J = 8.1, 4.6 Hz, 1H, Py), 7.27–7.15 (m, 1H, indole), 
7.15–7.00 (m, 1H, indole), 6.80 (d, J = 1.3 Hz, 1H, indole), 4.71–4.51 
(m, 2H, piperidine), 3.72–3.54 (m, 2H, CH2–NH), 3.00 (br s, 2H, 
piperidine), 1.90–1.75 (m, 2H, piperidine), 1.75–1.55 (m, 3H, 1H 
piperidine, CH2), 1.52–1.10 (m, 2H piperidine, 2 CH2). 13C NMR (75.4 
MHz, Acetone-d6, δ ppm) 181.8, 161.8, 145.3, 136.1, 136.0, 130.4, 
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127.5, 123.3, 122.9, 121.3, 119.8, 111.8, 111.7, 103.8, 103.7, 44.9, 
44.2, 35.9, 32.4, 28.8, 23.6. ESI-HRMS m/z calcd for C24H30N5OS 
[M+H]+, 436.2158; found, 436.2166. 

tert-Butyl (7-(cyclopentyl(furan-2-ylmethyl)amino)-7-oxoheptyl)carba
mate (30). A solution of 29a [35] (80.0 mg, 0.48 mmol), 7-((tert-Bu
toxycarbonyl)amino)heptanoic acid [36] (178 mg, 0.73 mmol) and 
PyBOP (428 mg, 0.82 mmol) in DMF (2.5 mL) was cooled to 0 ◦C. DIPEA 
(0.21 mL, 1.21 mmol) was slowly added at 0 ◦C, and the reaction 
mixture was stirred at r.t. for 16 h. The reaction mixture was concen
trated in vacuo and diluted with EtOAc (20 mL) and washed with 1 M 
HCl (x3) and brine (x3), dried over Na2SO4 and concentrated in vacuo. 
Chromatography column (EtOAc:Cyclohexane, 1:4 → 1:1) yielded 30 
(170 mg, 89%) as a colourless oil. 1H NMR (300 MHz, CDCl3, δ ppm, 
mixture of rotamers) 7.46–7.10 (m, 2H, furan), 6.39–6.23 (m, 2H, 
furan), 6.23–6.07 (m, 2H, furan), 4.86–4.63 (m, 1H, CH cyclopentyl 
rotamer A), 4.58–4.28 (m, 6H, 2 CH2-furan, 2 NH), 4.28–4.10 (m, 1H, 
CH cyclopentyl rotamer B), 3.08 (br s, 4H, 2 CH2–NH), 2.50–2.26 (m, 
4H, 2 CH2–C––O), 1.91–1.21 (m, 46H, 8 CH2, 8 CH2 cyclopentyl, 2C 
(CH3)3). 13C NMR (75.4 MHz, CDCl3, δ ppm, mixture of rotamers) 173.9, 
173.2, 156.2, 152.3, 152.3, 142.1, 141.0, 110.6, 107.6, 107.0, 79.2, 
77.6, 77.2, 76.7, 60.5, 58.8, 56.2, 41.9, 38.4, 30.1, 29.8, 29.2, 28.6, 
26.7, 25.4, 23.9, 14.3. ESI-HRMS m/z calcd for C22H36N2O4Na 
[M+Na]+, 415.2564; found, 415.2567. 

N-Cyclopentyl-N-(furan-2-ylmethyl)-7-(3-(pyridin-3-yl)thioureido)hep
tanamide (27). Compound 30 (156 mg, 0.40 mmol) was dissolved in 
20% TFA/CH2Cl2 (2.5 mL) at 0 ◦C and the mixture was stirred at r.t. for 
3 h. The solvent was evaporated in vacuo and the residue was azeo
tropically dried with toluene (2 × 5 mL). After drying under high vac
uum, the unprotected compound (110 mg, 0.27 mmol) was dissolved in 
dry CH2Cl2 (6 mL) and 3-pyridyl isothiocyanate (75 μL, 0.7 mmol) was 
added. After stirring at r.t. for 3 h, the solvent was removed under vacuo 
and the resulting residue was purified by chromatography column on 
silica gel (MeOH:EtOAc, 1:9) to give 27 (80.0 mg, 70%) as a white solid. 
1H NMR (300 MHz, CDCl3, δ ppm, mixture of rotamers) 8.92–8.72 (m, 
2H, Py), 8.55–8.41 (m, 2H, Py), 8.41–8.26 (m, 2H, Py), 8.18–8.00 (m, 
2H, Py), 7.41–7.07 (m, 6 h, 2H furan, 2 NH-Py, 2 NH–CH2), 6.40–6.16 
(m, 2H, furan), 6.18–6.02 (m, 2H, furan), 4.69 (quint, J = 8.3 Hz, 1H, CH 
cyclopentyl rotamer A), 4.40 (br d, 4H, 2 CH2-furan), 4.29–4.09 (m, 1H, 
CH cyclopentyl rotamer B), 3.72–3.51 (m, 4H, 2 CH2–NH), 2.67–2.31 
(m, 4H, 2 CH2–C––O), 1.94–1.23 (m, 32H, 8 CH2 cyclopentyl, 8 CH2). 
13C NMR (75.4 MHz, CDCl3, δ ppm, mixture of rotamers) 181.8, 174.5, 
173.9, 152.0, 151.6, 145.8, 145.6, 145.0, 142.3, 141.4, 136.0, 132.2, 
123.6, 123.6, 110.6, 107.3, 77.6, 77.2, 76.7, 59.0, 56.5, 45.2, 44.9, 41.8, 
38.8, 33.6, 33.3, 30.0, 29.1, 28.3, 27.6, 27.1, 26.8, 24.6, 24.4, 23.9, 
23.8. ESI-HRMS m/z calcd for C23H33N4O2S [M+H]+, 429.2316; found, 
429.2319. 

6-Amino-N-cyclopentyl-N-(furan-2-ylmethyl)hexane-1-sulfonamide 
(32). To a suspension of 29a (1.1 g, 6.7 mmol) in dry CH2Cl2 (38 mL) 
was added Et3N (2.6 mL, 19 mmol) under argon at 0 ◦C and stirred over 
3 Å MS. Compound 31 [37] (5.3 g, 16 mmol) in dry CH2 Cl2 (40 mL) was 
added over 1 h and the resulting mixture stirred for 3 h at 0 

◦

C. The 
reaction mixture was quenched with water and extracted with CH2Cl2. 
The combined organic layers were washed with water, brine, dried over 
anh. Na2SO4 and concentrated in vacuo. The crude product was purified 
by flash chromatography on silica gel (toluene:EtOAc, 20:1 → 12:1) to 
give the protected sulfonamide (1.8 g, 62%) as a white solid. To a stirred 
solution of this compound (1.9 g, 4.2 mmol) in dry MeOH (20 mL), was 
added NH2NH2 (1.2 mL, 25 mmol) at 0 ◦C and stirred for 3 h at 0 ◦C and 
at r.t. overnight. The white precipitate was filtered off and washed with 
MeOH (20 mL). The solvent was evaporated in vacuo and the crude 
product was dissolved in 2 N HCl (90 mL) and washed with Et2O (90 mL 
x 3). The aqueous layer was basified with sat. aq. soln. of NaOH to pH =
8 and extracted with EtOAc (90 mL x 3). The organic layers were 
collected and dried over anh. Na2SO4 and concentrated in vacuo to yield 
32 as a sticky solid that was carried forward to the next step without 
purification. 

N-Cyclopentyl-N-(furan-2-ylmethyl)-6-(3-(pyridin-3-yl)thioureido)hex
ane-1-sulfonamide (28). Reaction of 32 (115 mg, 0.35 mmol) and 3-pyr
idyl isothiocyanate (100 μL, 0.90 mmol) was performed according to the 
same procedure as that used to prepare 22. Chromatography column 
(EtOAc:Cyclohexane, 9:1). Yield: 64%, white solid. 1H NMR (300 MHz, 
CDCl3, δ ppm) 8.62–8.51 (m, 1H, Py), 8.50–8.37 (m, 1H, Py), 8.17 (br s, 
1H, NH-Py), 7.96–7.76 (m, 1H, Py), 7.42–7.30 (m, 2H, Py, furan), 
6.45–6.22 (m, 3H, 2H furan, NH–CH2), 4.36 (s, 2H, CH2-furan), 
4.24–4.04 (m, 1H, CH cyclopentyl), 3.60 (q, J = 6.6 Hz, 2H, CH2–NH), 
2.88–2.67 (m, 2H, CH2SO2), 1.98–1.47 (m, 12H, 8H cyclopentyl, 2 CH2), 
1.47–1.21 (m, 4H, 2 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 181.5 
(C––S), 151.4 (qC, furan), 147.0 (CH, Py), 145.7 (CH, Py), 142.3 (CH, 
furan), 134.6 (qC, Py), 132.7 (CH, Py), 124.3 (CH, Py), 110.8 (CH, 
furan), 109.2 (CH, furan), 59.3 (CH, cyclopentyl), 53.2 (CH2SO2), 45.2 
(CH2–NH), 40.1 (CH2-furan), 30.0 (2CH2, cyclopentyl), 28.5 (CH2), 27.9 
(CH2), 26.3 (CH2), 23.6 (2CH2, cyclopentyl), 23.3 (CH2). ESI-HRMS m/z 
calcd for C22H33N4O3S2 [M+H]+, 465.1982; found, 465.1989. 

1-(Furan-2-yl)-N-(4-nitrobenzyl)methanamine (29c). A solution of 
furfuryl amine (0.73 mL, 8.20 mmol) and 4-nitrobenzaldehyde (1.24 g, 
8.20 mmol) were stirred in dry CH2Cl2 (20.0 mL) over 3 Å MS at r.t. for 
24 h. Then the reaction mixture was concentrated in vacuo and the 
residue was dissolved in MeOH (20 mL). NaBH4 (623 mg, 16.5 mmol) 
was added in small portion to the mixture at 0 ◦C. The reaction was 
warmed to r.t. and stirred for 16 h. The solvent was removed under 
reduce pressure and the residue was dissolved in water (100 mL) and 
extracted with EtOAc (3 × 100 mL). The organic phases were extracted 
with 3% HCl (3 × 100 mL), and the pH of the obtained acidic aqueous 
solution was raised to pH 10 with sat. aq. soln. of NaOH. The aqueous 
phase was extracted with EtOAc (3 × 100 mL), and the organic phases 
were washed with water (100 mL), brine (100 mL), and dried over 
Na2SO4. The solvent was evaporated in vacuo to give 29c (1.42 g, 75%) 
as a red oil. 1H NMR (300 MHz, CDCl3, δ ppm) 8.17 (d, J = 8.7 Hz, 2H, 
Ph), 7.51 (d, J = 8.8 Hz, 2H, Ph), 7.42–7.32 (m, 1H, furan), 6.37–6.25 
(m, 1H, furan), 6.24–6.12 (m, 1H, furan), 3.89 (s, 2H, CH2-Ph), 3.80 (s, 
2H CH2-furan), 1.85 (s, 1H, NH). 13C NMR (75.4 MHz, CDCl3, δ ppm) 
153.3 (qC, Furan), 147.7 (qC, Ph), 147.3 (qC, Ph), 142.2 (CH, furan), 
128.9 (2 CH, Ph), 123.8 (2 CH, Ph), 110.4 (CH, furan), 107.6 (CH, 
furan), 52.0 (CH2-furan), 45.5 (CH2-Ph). ESI-HRMS m/z calcd for 
C12H13N2O3 [M+H]+, 233.0922; found, 233.0921. 

N-(Furan-2-ylmethyl)-3-morpholinopropan-1-amine (29d). Reaction of 
furfural (3.5 mL, 42 mmol) and 3-morpholinopropan-1-amine (6.1 mL, 
42 mmol) as indicated for the synthesis of 29c afforded 29d (8.0 g, 86%) 
as a yellow oil. 1H NMR (300 MHz, CDCl3, δ ppm) 7.34 (dd, J = 1.8, 0.8 
Hz, 1H, furan), 6.30 (dd, J = 3.2, 1.8 Hz, 1H, furan), 6.17 (dd, J = 3.2, 
0.8 Hz, 1H, furan), 3.77 (s, 2H, CH2-furan), 3.73–3.63 (m, 4H, mor
pholine), 2.67 (t, J = 6.8 Hz, 2H, CH2), 2.48–2.34 (m, 6H, morpholine, 
CH2), 2.16 (s, 1H, NH), 1.76–1.62 (m, 2H, CH2). 13C NMR (75,4 MHz, 
CDCl3, δ ppm) 153.9 (qC, furan), 141.9 (CH, furan), 110.2 (CH, furan), 
107.0 (CH, furan), 67.1 (2C, morpholine), 57.5 (CH2), 53.9 (2C, mor
pholine), 47.9 (CH2), 46.3 (CH2-furan), 26.6 (CH2). ESI-HRMS m/z calcd 
for C12H21N2O2 [M+H]+, 225.1596; found, 225.1598. 

N-(Furan-2-ylmethyl)-3-(pyrrolidin-1-yl)propan-1-amine (29e).Reac
tion of furfural (0.34 mL, 4.20 mmol) and 3-(pyrrolidin-1-yl)propan-1- 
amine (0.53 mL, 4.20 mmol) as indicated for the synthesis of 29c 
afforded 29e (630 mg, 73%) as a colourless oil. 1H NMR (300 MHz, 
CDCl3, δ ppm) 7.34 (dd, J = 1.9, 0.9 Hz, 1H, furan), 6.29 (dd, J = 3.2, 
1.9 Hz, 1H, furan), 6.18–6.12 (m, 1H, furan), 3.81–3.72 (m, 2H, CH2- 
furan), 2.66 (t, J = 7.0 Hz, 2H, CH2), 2.55–2.43 (m, 6H, CH2, 2 CH2 
pyrrolidine), 2.05 (s, 1H, NH), 1.83–1.65 (m, 6H, CH2, 2 CH2 pyrroli
dine). 13C NMR (75.4 MHz, CDCl3, δ ppm) 154.1 (qC, furan), 141.8 (CH, 
furan), 110.1 (CH, furan), 106.8 (CH, furan), 54.8 (CH2), 54.3 (2C, 
pyrrolidine), 47.9 (CH2), 46.3 (CH2-furan), 29.3 (CH2), 23.5 (2C, pyr
rolidine). ESI-HRMS m/z calcd for C12H21N2O [M+H]+, 209.1649; 
found, 209.1648. 

6-Amino-N-(furan-2-ylmethyl)-N-(3-morpholinopropyl)hexane-1-sul
fonamide (33d). To a suspension of 29d (643 mg, 1.95 mmol) in dry 
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CH2Cl2 (12.0 mL) was added Et3N (0.76 mL, 5.5 mmol) at 0 ◦C under 
argon. Compound 31 (643 mg, 1.95 mmol) in dry CH2Cl2 (5 mL) was 
added dropwise over 30 min at 0 ◦C and the resulting mixture was 
stirred at r.t. for 16 h. The reaction mixture was quenched with water 
(45 mL) and extracted with CH2Cl2 (50 mL x 3). The combined organic 
layers were washed with water, brine, dried over anh. Na2SO4 and 
concentrated in vacuo. Chromatography column (MeOH:CH2Cl2, 1:20) 
afforded protected sulfonamide (630 mg, 62%) as a white solid. This 
compound (610 mg, 1.18 mmol) in dry MeOH (6 mL), was added 
NH2NH2 (0.35 mL, 7.2 mmol) at 0 ◦C and stirred for 3 h at 0 ◦C and at r.t. 
overnight. The white precipitate was filtered off and washed with MeOH 
(6 mL). The solvent was evaporated in vacuo and the crude product was 
dissolved in 2 N HCl (30 mL) and washed with diethyl ether. The 
aqueous layer was basified with sat. aq. soln. of NaOH to pH = 8 and 
extracted with EtOAc. The combined organic layers were dried over anh. 
Na2SO4 and concentrated in vacuo to yield 33d as a sticky solid that was 
carried forward to the next step without purification. 

(E)-6-(2-Cyano-3-(pyridin-4-yl)guanidino)-N-cyclopentyl-N-(furan-2- 
ylmethyl)hexane-1-sulfonamide (35a). Compound 34a [23] (920.0 mg, 
3.86 mmol) was dissolved in dry MeCN:DMF (48 mL, 3:1), 32 (1.65 g, 
5.02 mmol), Et3N (1.51 mL, 10.8 mmol) and DMAP (100 mg, 0.81 
mmol) were added, and the mixture was heated and stirred at 80 ◦C 
under argon for 16 h. The reaction mixture was concentrated in vacuo 
and the residue was purified by flash chromatography on silica gel 
(MeOH:EtOAc, 1:12) to yield 35a (1.48 g, 81%) as a white solid. 1H 
NMR (300 MHz, CDCl3, δ ppm) 8.50–8.33 (m, 2H, Py), 7.41–7.30 (m, 
1H, furan), 7.30–7.16 (m, 2H, Py), 6.37–6.22 (m, 2H, furan), 6.10 (t, J =
5.6 Hz, 1H, NH–CH2), 4.34 (s, 2H, CH2-furan), 4.11 (quint, J = 8.5 Hz, 
1H, CH cyclopentyl), 3.36 (q, J = 6.7 Hz, 2H, CH2–NH), 2.82–2.67 (m, 
2H, CH2SO2), 1.94–1.45 (m, 12H, 8H cyclopentyl, 2 CH2), 1.45–1.23 (m, 
4H, 2 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 157.7 (C––N), 151.3 
(qC, furan), 150.5 (2CH, Py), 145.4 (qC, Py), 142.3 (CH, furan), 117.1 
(CN), 115.8 (CH, Py), 110.8 (CH, furan), 109.2 (CH, furan), 59.3 (CH, 
cyclopentyl), 53.1 (CH2SO2), 42.5 (CH2–NH), 40.1 (CH2-furan), 30.0 
(2CH2, cyclopentyl), 28.9 (CH2), 27.8 (CH2), 26.1 (CH2), 23.6 (2CH2, 
cyclopentyl), 23.2 (CH2). ESI-HRMS m/z calcd for C23H33N6O3S 
[M+H]+, 473.2328; found, 473.2329. 

(E)-6-(2-Cyano-3-(pyridin-4-yl)guanidino)-N-(furan-2-ylmethyl)-N-(3- 
morpholinopropyl)hexane-1-sulfonamide (35d). Reaction of 34a (73.0 
mg, 0.31 mmol) and 33d (130.0 mg, 0.34 mmol) followed the procedure 
described for 35a. Chromatography column (MeOH:EtOAc, 1:6). Yield: 
68%, white solid. 1H NMR (300 MHz, CDCl3, δ ppm, mixture of 
rotamers) 8.56–8.33 (m, 2H, Py), 7.62–7.34 (m, 4H, 2H furan, 2 NH-Py), 
7.31–7.16 (m, 2H, Py), 6.88 (t, J = 5.7 Hz, 1H, NH–CH2 rotamer A), 
6.41–6.23 (m, 4H, furan), 5.94 (t, J = 5.5 Hz, 1H, NH–CH2 rotamer B), 
4.40 (s, 4H, 2 CH2-furan), 3.77–3.60 (m, 8H, 4 CH2 morpholine), 
3.43–3.31 (m, 4H, 2 CH2–NH), 3.24 (t, J = 7.3 Hz, 4H, 2 CH2–NSO2), 
2.95–2.81 (m, 4H, 2 CH2SO2), 2.51–2.28 (m, 12H, 4 CH2 morpholine, 2 
CH2), 1.82–1.67 (m, 8H, 4 CH2), 1.67–1.50 (m, 4H, 2 CH2), 1.50–1.29 
(m, 8H, 4 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm, mixture of rotamers) 
169.5, 157.6, 150.8, 150.1, 150.0, 145.0, 143.0, 143.0, 134.9, 130.4, 
128.4, 115.8, 110.8, 110.7, 110.0, 109.9, 67.0, 66.9, 55.7, 55.7, 53.7, 
52.2, 52.0, 50.9, 45.4, 45.3, 43.2, 42.4, 40.1, 29.2, 28.9, 28.1, 27.8, 
26.5, 26.1, 25.5, 25.4, 23.3. ESI-HRMS m/z calcd for C25H38N7O4S 
[M+H]+, 532.2693; found, 532.2700. 

tert-Butyl (6-(cyclopentyl(furan-2-ylmethyl)amino)-6-oxohexyl)carba
mate (36a). Reaction of 29a (80.0 mg, 0.48 mmol) and 6-((tert-butox
ycarbonyl)amino)hexanoic acid [32] (168 mg, 0.73 mmol) followed the 
procedure described for 30. Chromatography column (EtOAc:Cyclo
hexane, 1:1). Yield: 90%, yellow oil. 1H NMR (300 MHz, CDCl3, δ ppm, 
mixture of rotamers) 7.40–7.19 (m, 2H, furan), 6.38–6.23 (m, 2H, 
furan), 6.23–6.05 (m, 2H, furan), 4.88–4.30 (m, 7H, 2 CH2-furan, CH 
cyclopentyl rotamer A, 2 NH), 4.29–4.03 (m, 1H, CH cyclopentyl 
rotamer B), 3.22–2.94 (m, 4H, 2 CH2–NH), 2.49–2.26 (m, 4H, 2 
CH2–C––O), 1.88–1.17 (m, 46H, 6 CH2, 8 CH2 cyclopentyl, 2C(CH3)3). 
13C NMR (75.4 MHz, CDCl3, δ ppm, mixture of rotamers) 173.1, 156.1, 

152.7, 152.3, 142.1, 141.0, 110.6, 107.6, 107.0, 79.2, 58.7, 56.2, 41.9, 
40.7, 38.4, 33.8, 33.6, 30.0, 29.2, 28.6, 26.7, 25.1, 23.9. ESI-HRMS m/z 
calcd for C21H34N2O4Na [M+Na]+, 401.2407; found, 401.2411. 

tert-Butyl (6-((4-chlorobenzyl)(furan-2-ylmethyl)amino)-6-oxohexyl) 
carbamate (36b). The same procedure to that described for the synthesis 
of 36a but starting from 29b (80.0 mg, 0.36 mmol). Chromatography 
column (EtOAc:Cyclohexane, 1:2 → 1:1). Yield: 83%, colorless oil. 1H 
NMR (300 MHz, CDCl3, δ ppm, mixture of rotamers) 7.45–7.20 (m, 6H, 
2H furan, 4H Ph), 7.20–7.00 (m, 4H, Ph), 6.38–6.23 (m, 2H, furan), 
6.23–6.09 (m, 2H, furan), 4.60–4.29 (m, 10H, 2 NH, 2 CH2-furan, 2 CH2- 
Ph), 3.21–2.99 (m, 4H, 2 CH2–NH), 2.53 (t, J = 7.6 Hz, 2H, CH2–C––O 
rotamer A), 2.32 (t, J = 7.3 Hz, 2H, CH2–C––O rotamer B) 1.80–1.60 (m, 
4H, 2 CH2), 1.57–1.20 (m, 26H, 2C(CH3)3, 4 CH2). 13C NMR (75.4 MHz, 
CDCl3, δ ppm, mixture of rotamers) 173.2, 156.2, 151.0, 150.1, 142.9, 
142.4, 136.1, 135.4, 133.5, 133.3, 129.8, 129.2, 128.8, 127.8, 110.5, 
109.0, 108.4, 79.1, 50.1, 47.6, 43.7, 41.6, 40.7, 33.2, 30.0, 28.6, 26.7, 
25.0. ESI-HRMS m/z calcd for C23H31ClN2O4Na [M+Na]+, 457.1860; 
found, 457.1865. 

tert-Butyl (6-((furan-2-ylmethyl)(3-morpholinopropyl)amino)-6-oxo
hexyl)carbamate (36d). The same procedure to that described for the 
synthesis of 36a but starting from 29d (80.0 mg, 0.48 mmol). Chro
matography column (MeOH:EtOAc, 1:12 → 1:6).Yield: 80%, yellow oil. 
1H NMR (300 MHz, CDCl3, δ ppm, mixture of rotamers) 7.40–7.33 (m, 
1H, furan rotamer A), 7.34–7.28 (m, 1H, furan rotamer B), 6.35–6.25 
(m, 2H, furan), 6.25–6.15 (m, 2H, furan), 4.65–4.47 (m, 4H, CH2-furan 
rotamer A, 2 NH), 4.43 (s, 2H, CH2-furan rotamer B), 3.82–3.62 (m, 8H, 
morpholine), 3.49–3.24 (m, 4H, 2 CH2), 3.13–3.05 (m, 4H, 2 CH2), 
2.61–2.21 (m, 16H, 8H morpholine, 4 CH2), 1.76–1.56 (m, 12H, 6 CH2), 
1.56–1.26 (m, 24H, 2C(CH3)3, 2 NH, 2 CH2). 13C NMR (75.4 MHz, 
CDCl3, δ ppm, mixture of rotamers) 173.2, 172.9, 156.1, 151.6, 150.6, 
142.7, 142.0, 110.6, 110.5, 108.5, 108.1, 79.1, 77.6, 77.2, 76.7, 66.9, 
66.4, 56.2, 55.6, 53.7, 53.4, 45.3, 45.1, 44.2, 41.5, 34.4, 33.2, 33.0, 
30.0, 29.8, 28.5, 26.7, 25.5, 25.0, 24.9, 24.1. ESI-HRMS m/z calcd for 
C23H40N3O5 [M+H]+, 438.2959; found, 438.2962. 

tert-Butyl (7-((4-chlorobenzyl)(furan-2-ylmethyl)amino)-7-oxoheptyl) 
carbamate (37b). To a solution of 29b (80.0 mg, 0.36 mmol) and 7-((tert- 
butoxycarbonyl)amino)heptanoic acid [32] (106 mg, 0.43 mmol) in 
CH2Cl2 (2 mL), DMAP (4.0 mg, 40 μmol) and DCC (112 mg, 0.54 mmol) 
in CH2Cl2 (1 mL) were added at 0 ◦C. The reaction mixture was stirred 
overnight at r.t., filtered through Celite, washed with EtOAc (20.0 mL) 
and concentrated under vacuum, and the residue was purified by 
chromatography column on silica gel (EtOAc:Cyclohexane, 1:2 → 1:1) to 
obtain 37b (130 mg, 80%) as a colourless oil. 1H NMR (300 MHz, CDCl3, 
δ ppm, mixture of rotamers) 7.40–7.20 (m, 6H, 2H furan, 4H Ph), 
7.19–6.98 (m, 4H, Ph), 6.36–6.22 (m, 2H, furan), 6.22–6.08 (m, 2H, 
furan), 4.98–3.99 (m, 10H, 2 NH, 2 CH2-furan, 2 CH2-Ph), 3.18–2.96 (m, 
4H, 2 CH2–NH), 2.60–2.22 (m, 4H, 2 CH2–C––O), 2.00–1.53 (m, 8H, 4 
CH2), 1.53–1.19 (m, 26H, 2C(CH3)3, 4 CH2). 13C NMR (75.4 MHz, 
CDCl3, δ ppm, mixture of rotamers) 173.7, 173.3, 156.1, 154.2, 151.0, 
150.1, 142.8, 142.3, 136.1, 135.4, 133.4, 133.2, 129.7, 129.1, 128.8, 
127.8, 110.5, 108.9, 108.3, 79.1, 77.6, 77.2, 76.7, 56.0, 50.0, 49.8, 47.5, 
43.7, 41.5, 35.7, 33.2, 33.1, 32.8, 31.0, 30.0, 30.0, 29.1, 29.0, 28.9, 
28.5, 26.7, 26.6, 26.4, 25.6, 25.4, 25.2, 25.1, 24.8. ESI-HRMS m/z calcd 
for C24H33ClN2O4Na [M+Na]+, 471.2016; found, 471.2021. 

tert-Butyl (7-((furan-2-ylmethyl)(4-nitrobenzyl)amino)-7-oxoheptyl) 
carbamate (37c). The same procedure to that described for the synthesis 
of 37b but starting from 29c (80.0 mg, 0.35 mmol). Yield: 76%, yellow 
oil. 1H NMR (300 MHz, CDCl3, δ ppm, mixture of rotamers) 8.23–7.94 
(m, 4H, Ph), 7.35–7.14 (m, 6H, 2H furan, 4H Ph), 6.29–6.18 (m, 2H, 
furan), 6.18–6.06 (m, 2H, furan), 4.69–4.22 (m, 10H, 2 NH, 2 CH2-furan, 
2 CH2-Ph), 3.13–2.88 (m, 4H, 2 CH2–NH), 2.60–2.15 (m, 4H, 2 
CH2–C––O), 1.93–1.49 (m, 6H, 3 CH2), 1.49–0.96 (m, 28H, 2C(CH3)3, 5 
CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm, mixture of rotamers) 173.4, 
173.1, 156.0, 154.1, 150.5, 149.6, 147.5, 147.2, 145.3, 144.5, 142.9, 
142.3, 128.6, 127.0, 124.1, 123.7, 110.5, 110.4, 109.2, 108.6, 79.0, 
77.5, 77.1, 76.7, 50.3, 49.3, 48.2, 44.4, 41.8, 35.6, 33.7, 33.1, 33.0, 
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32.7, 30.9, 29.9, 29.0, 28.9, 28.8, 28.4, 26.6, 26.5, 26.3, 25.6, 25.5, 
25.3, 25.0, 25.0, 24.9, 24.7. ESI-HRMS m/z calcd for C24H33N3O6Na 
[M+Na]+, 482.2259; found, 482.2262. 

tert-Butyl (7-((furan-2-ylmethyl)(3-morpholinopropyl)amino)-7-oxo
heptyl)carbamate (37d). The same procedure to that described for the 
synthesis of 37b but starting from 29d (80.0 mg, 0.36 mmol). Chro
matography column (MeOH:EtOAc, 1:10 → 1:6). Yield: 67%, colourless 
oil. 1H NMR (300 MHz, CDCl3, δ ppm, mixture of rotamers) 7.36–7.31 
(m, 1H, furan rotamer A), 7.31–7.27 (m, 1H, furan rotamer B), 
6.36–6.23 (m, 2H, furan), 6.23–6.10 (m, 2H, furan), 4.68–4.45 (m, 4H, 
CH2-furan rotamer A, 2 NH), 4.40 (s, 2H, CH2-furan rotamer B), 
3.76–3.54 (m, 8H, 4 CH2), 3.46–3.22 (m, 4H, 2 CH2), 3.13–2.92 (m, 4H, 
2 CH2), 2.53–2.12 (m, 16H, morpholine), 1.77–1.54 (m, 8H, 4 CH2), 
1.54–1.21 (m, 30H, 2C(CH3)3, 2 NH, 5 CH2). 13C NMR (75.4 MHz, 
CDCl3, δ ppm, mixture of rotamers) 173.0, 172.9, 156.1, 151.6, 150.7, 
142.6, 141.9, 110.5, 110.4, 108.4, 107.8, 79.0, 77.6, 77.2, 76.7, 67.0, 
56.2, 55.5, 53.7, 53.6, 45.2, 45.1, 44.4, 41.4, 33.2, 33.0, 30.0, 29.7, 
29.2, 29.1, 28.5, 26.7, 26.6, 25.5, 25.3, 25.1, 24.5. 

tert-Butyl (7-((furan-2-ylmethyl)(3-(pyrrolidin-1-yl)propyl)amino)-7- 
oxoheptyl)carbamate (37e). The same procedure to that described for the 
synthesis of 37b but starting from 29e (80 mg, 0.4 mmol). Chroma
tography column (MeOH:DCM:NH4OH, 1:20:0.1 → 1:10:0.1). Yield: 
44%, colourless oil. 1H NMR (300 MHz, CDCl3, δ ppm, mixture of 
rotamers) 7.36–7.21 (m, 2H, furan), 6.31–6.20 (m, 2H, furan), 
6.20–6.11 (m, 2H, furan), 4.59 (s, 2H, 2 NH), 4.49 (s, 2H, CH2-furan 
rotamer A), 4.39 (s, 2H, CH2-furan rotamer B), 3.44–3.22 (m, 4H, 2 
CH2–NH), 3.09–2.97 (m, 4H, CH2–N–C––O), 2.84–2.70 (m, 4H, 2 
CH2–N), 2.69–2.22 (m, 12H, 4 CH2 pyrrolidine, 2 CH2–C––O), 1.92–1.77 
(m, 6H, 2 CH2 pyrrolidine, CH2), 1.77–1.65 (m, 4H, 2 CH2 pyrrolidine), 
1.65–1.49 (m, 4H, 2 CH2), 1.49–1.11 (m, 30H, 2C(CH3)3, 6 CH2). 13C 
NMR (75.4 MHz, CDCl3, δ ppm, mixture of rotamers) 173.4, 172.9, 
156.0, 151.5, 150.3, 142.6, 141.8, 110.4, 110.4, 108.3, 108.2, 78.9, 
77.6, 77.2, 76.7, 54.0, 53.8, 53.5, 53.0, 45.4, 44.8, 43.6, 41.4, 33.0, 
32.8, 30.1, 29.9, 29.6, 29.3, 29.0, 28.9, 28.4, 27.6, 26.6, 26.5, 25.7, 
25.2, 25.0, 23.3. ESI-HRMS m/z calcd for C24H42N3O4 [M+H]+, 
436.3165; found, 436.3170. 

(E)-6-(2-Cyano-3-(pyridin-4-yl)guanidino)-N-cyclopentyl-N-(furan-2- 
ylmethyl)hexanamide (38a). Compound 36a (144 mg, 0.38 mmol) was 
dissolved in 20% TFA/CH2Cl2 (0.5 mL TFA, 2 mL CH2Cl2) at 0 ◦C and the 
mixture was stirred at r.t. for 2.5 h. The solvent was evaporated in vacuo 
and the residue was azeotropically dried with toluene (2 × 5 mL). 
Finally, the residue was dried under high vacuum to yield a colourless oil 
that was used in the next step without further purification. This com
pound (149.0 mg, 0.38 mmol) was dissolved in dry MeCN:DMF (4 mL, 
3:1) and 34a (82.0 mg, 0.35 mmol), Et3N (0.23 mL, 1.70 mmol) and 
DMAP (9.0 mg, 70 μmol) were added, and the mixture was heated and 
stirred at 80 ◦C under argon for 16 h. The reaction mixture was 
concentrated under vacuum and the residue was purified by chroma
tography column on silica gel (MeOH:EtOAc:CH2Cl2, 0.8:5:1) to give 
38a (113.0 mg, 78%) as white sticky solid. 1H NMR (300 MHz, CDCl3, δ 
ppm, mixture of rotamers) 8.50–8.30 (m, 4H, Py), 7.40–7.20 (m, 4H, 2H 
Py, 2H furan), 6.49 (br s, 2H, 2 NH-Py), 6.39–6.21 (m, 2H, furan), 
6.15–6.03 (m, 2H, furan), 4.72–4.53 (m, 1H, CH cyclopentyl rotamer A), 
4.38 (s, 4H, 2 CH2-furan), 4.28–4.09 (m, 1H, CH cyclopentyl rotamer B), 
3.52–3.40 (m, 4H, 2 CH2–NH), 2.52–2.31 (m, 4H, 2 CH2–C––O), 
1.91–1.21 (m, 30H, 6 CH2, 8 CH2 cyclopentyl, 2 NH–CH2). 13C NMR 
(75.4 MHz, CDCl3, δ ppm, mixture of rotamers) 173.6, 157.7, 152.1, 
151.6, 150.4, 150.2, 145.7, 142.3, 141.4, 117.0, 115.5, 115.3, 110.7, 
107.2, 58.9, 56.3, 42.2, 41.6, 38.8, 33.4, 33.1, 30.0, 29.8, 29.1, 28.3, 
28.1, 26.0, 25.8, 23.8. ESI-HRMS m/z calcd for C23H31N6O2 [M+H]+, 
423.2497; found, 423.2503. 

(E)-N-(4-Chlorobenzyl)-6-(2-cyano-3-(pyridin-4-yl)guanidino)-N- 
(furan-2-ylmethyl)hexanamide (38b). Same procedure as described for 
38a starting from 36b. Chromatography column (NH4OH:MeOH:EtOAc, 
0.1:0.5:10). Yield: 70%, colourless sticky solid. 1H NMR (300 MHz, 
CDCl3, δ ppm, mixture of rotamers) 8.51–8.25 (m, 4H, Py), 7.43–7.18 

(m, 10H, 2H furan, 4H Ph, 4H Py), 7.16–6.94 (m, 4H, Ph), 6.51–6.36 (m, 
2H, 2 NH-Py), 6.36–6.24 (m, 2H, furan), 6.19–6.10 (m, 2H, furan), 
4.55–4.28 (m, 8H, 2 CH2-Ph, 2 CH2-furan), 3.51–3.41 (m, 4H, 2 
CH2–NH), 2.58 (t, J = 6.7 Hz, 2H, CH2–C––O rotamer A), 2.35 (t, J = 6.7 
Hz, 2H, CH2–C––O rotamer B), 1.80–1.30 (m, 14H, 6 CH2, 2 NH–CH2). 
13C NMR (75.4 MHz, CDCl3, δ ppm, mixture of rotamers) 173.6, 157.7, 
150.4, 150.2, 149.6, 145.7, 145.7, 143.0, 142.6, 135.6, 134.9, 133.7, 
133.4, 129.3, 128.9, 127.8, 117.1, 115.6, 110.6, 109.1, 108.8, 50.8, 
50.1, 47.9, 43.9, 42.2, 41.8, 32.8, 32.7, 28.5, 28.4, 26.2, 26.0, 23.5, 
23.4. ESI-HRMS m/z calcd for C25H28ClN6O2 [M+H]+, 479.1949; found, 
479.1957. 

(E)-6-(2-Cyano-3-(pyridin-4-yl)guanidino)-N-(furan-2-ylmethyl)-N-(3- 
morpholinopropyl)hexanamide (38d). Same procedure as described for 
38a starting from 36d. Chromatography column (MeOH:Acetone: 
CH2Cl2, 0.4:1:1). Yield: 57%, white sticky solid. 1H NMR (300 MHz, 
CDCl3, δ ppm, mixture of rotamers) 8.43–8.31 (m, 4H, Py), 7.40–7.18 
(m, 6H, 4H Py, 2H furan), 6.62–6.42 (m, 2H, 2 NH-Py), 6.36–6.22 (m, 
2H, furan), 6.22–6.10 (m, 2H, furan), 4.49–4.37 (m, 4H, 2 CH2-furan), 
3.70–3.57 (m, 8H, 4 CH2 morpholine), 3.48–3.26 (m, 8H, 4 CH2), 
2.61–2.12 (m, 18H, 2 NH, 4 CH2 morpholine, 4 CH2), 1.72–1.50 (m, 
12H, 6 CH2), 1.45–1.28 (m, 4H, 2 CH2). 13C NMR (75.4 MHz, CDCl3, δ 
ppm, mixture of rotamers) 173.1, 157.7, 150.3, 150.3145.5, 142.7, 
142.1, 117.1, 115.4, 110.5, 108.4, 108.1, 66.9, 66.8, 55.0, 55.3, 53.6, 
53.5, 45.3, 45.1, 44.5, 42.2, 42.0, 41.7, 32.7, 32.4, 28.5, 28.4, 26.1, 
26.0, 25.3, 24.4, 23.6, 23.5. ESI-HRMS m/z calcd for 
C25H36N7O3[M+H]+, 482.2868; found, 482.2874. 

(E)-7-(2-Cyano-3-(pyridin-4-yl)guanidino)-N-cyclopentyl-N-(furan-2- 
ylmethyl)heptanamide (39a). Same procedure as described for 38a 
starting from 30. Chromatography column (MeOH:EtOAc:CH2Cl2, 
0.8:5:1). Yield: 76%, white sticky solid. 1H NMR (300 MHz, CDCl3, δ 
ppm, mixture of rotamers) 8.50–8.30 (m, 4H, Py), 7.40–7.20 (m, 6H, 4H 
Py, 2H furan), 6.49 (br s, 2H, NH-Py), 6.39–6.21 (m, 2H, furan), 
6.15–6.03 (m, 2H, furan), 4.82–4.64 (m, 1H, CH cyclopentyl rotamer A), 
4.53–4.30 (m, 4H, 2 CH2-furan), 4.26–4.08 (m, 1H, CH cyclopentyl 
rotamer B), 3.52–3.40 (m, 4H, 2 CH2–NH), 2.52–2.31 (m, 4H, 2 
CH2–C––O), 1.91–1.21 (m, 32H, 8 CH2, 8 CH2 cyclopentyl, 2 NH–CH2). 
13C NMR (75.4 MHz, CDCl3, δ ppm, mixture of rotamers) 174.3, 173.6, 
157.7, 152.1, 151.6, 150.4, 150.2, 145.7, 142.3, 141.4, 117.0, 115.5, 
115.3, 110.7, 110.7, 107.2, 77.6, 77.2, 76.7, 58.9, 56.3, 42.2, 41.6, 38.8, 
33.4, 33.0, 30.0, 29.8, 29.1, 28.3, 26.1, 26.0, 23.8, 23.3. ESI-HRMS m/z 
calcd for C24H33N6O2 [M+H]+, 437.2656; found, 437.2660. 

(E)-N-(4-Chlorobenzyl)-7-(2-cyano-3-(pyridin-4-yl)guanidino)-N- 
(furan-2-ylmethyl)heptanamide (39b). Same procedure as described for 
38a starting from 37b. Chromatography column (MeOH:EtOAc:CH2Cl2, 
0.8:5:1). Yield: 64%, white sticky solid. 1H NMR (300 MHz, CDCl3, δ 
ppm, mixture of rotamers) 8.46–8.30 (m, 4H, Py), 7.42–7.20 (m, 10H, 
2H furan, 4H Ph, 4H Py), 7.16–6.99 (m, 4H, Ph), 6.37–6.23 (m, 4H, 2H 
furan, 2 NH-Py), 6.21–6.09 (m, 2H, furan), 4.58–4.30 (m, 8H, 2 CH2-Ph, 
2 CH2-furan), 3.49–3.35 (m, 4H, 2 CH2–NH), 2.57 (t, J = 6.9 Hz, 2H, 
CH2–C––O rotamer A), 2.35 (t, J = 6.9 Hz, 2H, CH2–C––O rotamer B), 
1.77–1.23 (m, 18H, 8 CH2, 2 NH–CH2). 13C NMR (75.4 MHz, CDCl3, δ 
ppm, mixture of rotamers) 173.6, 157.5, 150.5, 149.9, 149.7, 145.9, 
143.0, 142.5, 135.7, 135.0, 133.4, 129.4, 129.3, 128.9, 127.8, 116.9, 
115.6, 110.6, 109.1, 108.7, 77.6, 77.2, 76.7, 50.1, 47.9, 43.9, 42.4, 41.8, 
32.9, 28.6, 28.5, 28.3, 28.1, 26.1, 24.3. ESI-HRMS m/z calcd for 
C26H30ClN6O2 [M+H]+, 493.2107; found, 493.2113. 

(E)-7-(2-Cyano-3-(pyridin-4-yl)guanidino)-N-(furan-2-ylmethyl)-N-(4- 
nitrobenzyl)heptanamide (39c). Same procedure as described for 38a 
starting from 37c. Chromatography column (MeOH:EtOAc:CH2Cl2, 
0.8:5:1). Yield: 96%, yellow sticky solid. 1H NMR (300 MHz, CDCl3, δ 
ppm, mixture of rotamers) 8.44–8.33 (m, 4H, Py), 8.24–8.04 (m, 4H, 
Py), 7.40–7.18 (m, 8H, 2H furan, 4H Ph), 6.41–6.23 (m, 4H, 2H furan, 2 
NH-Py), 6.23–6.11 (m, 2H, furan), 4.75–4.35 (m, 8H, 2 CH2-Ph, 2 CH2- 
furan), 3.45–3.31 (m, 4H, 2 CH2–NH), 2.69–2.25 (m, 4H, 2 CH2–C––O), 
1.82–1.29 (m, 18H, 8 CH2, 2 NH–CH2). 13C NMR (75.4 MHz, CDCl3, δ 
ppm, mixture of rotamers) 173.9, 173.7, 157.5, 150.1, 149.9, 149.3, 
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147.7, 147.4, 146.0, 145.0, 143.1, 142.7, 128.5, 127.1, 124.3, 123.9, 
116.9, 116.8, 115.7, 110.7, 109.5, 109.1, 77.6, 77.4, 77.2, 76.7, 50.9, 
48.5, 44.7, 42.5, 42.2, 33.0, 28.7, 28.5, 28.2, 26.2, 24.5. ESI-HRMS m/z 
calcd for C26H30N7O4 [M+H]+, 504.2346; found, 504.2354. 

(E)-7-(2-Cyano-3-(pyridin-4-yl)guanidino)-N-(furan-2-ylmethyl)-N-(3- 
morpholinopropyl)heptanamide (39d). Same procedure as described for 
38a starting from 37d. Chromatography column (MeOH:EtOAc:NH4OH, 
1:10:0.1 → 1:6:0.1). Yield: 61%, white sticky solid. 1H NMR (300 MHz, 
CDCl3, δ ppm, mixture of rotamers) 8.49–8.34 (m, 4H, Py), 7.42–7.22 
(m, 6H, 4H Py, 2H furan), 6.36–6.26 (m, 2H, furan), 6.26–6.12 (m, 4H, 
furan, 2 NH-Py), 4.53 (s, 2H, CH2-furan rotamer A), 4.45 (s, 2H, CH2- 
furan rotamer B), 3.75–3.58 (m, 8H, 4 CH2 morpholine), 3.52–3.28 (m, 
8H, 4 CH2), 2.53–2.22 (m, 16H, 4 CH2 morpholine, 4 CH2), 1.77–1.52 
(m, 12H, 6 CH2), 1.52–1.22 (m, 10H, 2 NH, 4 CH2). 13C NMR (75.4 MHz, 
CDCl3, δ ppm, mixture of rotamers) 173.4, 173.4, 157.6, 151.0, 150.6, 
150.5, 150.3, 145.4, 142.8, 142.3, 117.0, 115.6, 115.6, 110.6, 110.6, 
108.5, 108.2, 77.6, 77.2, 76.7, 67.0, 66.8, 56.1, 55.5, 53.8, 53.6, 50.8, 
45.5, 45.2, 44.5, 42.4, 42.3, 41.9, 32.9, 32.6, 28.5, 28.2, 28.0, 26.0, 
25.9, 25.5, 24.4, 24.2, 24.0. ESI-HRMS m/z calcd for C26H38N7O3 
[M+H]+, 496.3021; found, 496.3031. 

(E)-7-(2-Cyano-3-(pyridin-4-yl)guanidino)-N-(furan-2-ylmethyl)-N-(3- 
(pyrrolidin-1-yl)propyl)heptanamide (39e). Same procedure as described 
for 38a starting from 37e. Chromatography column (MeOH:DCM: 
NH4OH, 1:10:0.1 → 1:6:0.1). Yield: 82%, white sticky solid. 1H NMR 
(300 MHz, CDCl3, δ ppm, mixture of rotamers) 8.36–8.23 (m, 4H, Py), 
7.36–7.24 (m, 6H, 4H Py, 2H furan), 6.50 (br s, 2H, 2 NH-Py), 6.32–6.28 
(m, 2H, furan), 6.24–6.20 (m, 2H, furan), 4.54–4.33 (m, 4H, 2 CH2- 
furan), 3.51–3.28 (m, 8H, 2 CH2–NH, 2 CH2–N–C––O), 3.12–2.59 (m, 
12H, 2 CH2–N, 4 CH2 pyrrolidine), 2.52–2.24 (m, 4H, 2 CH2–C––O), 
2.04–1.89 (m, 6H, 3 CH2), 1.89–1.70 (m, 6H, 3 CH2), 1.69–1.47 (m, 8H, 
4 CH2), 1.42–1.20 (m, 8H, 4 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm, 
mixture of rotamers) 174.3, 173.2, 162.7, 157.2, 150.2, 149.7, 145.8, 
142.9, 142.1, 116.9, 114.9, 110.6, 108.7, 77.5, 77.0, 76.6, 54.0, 53.8, 
53.1, 52.8, 45.1, 43.2, 42.3, 41.8, 32.7, 31.5, 30.1, 29.7, 29.2, 28.8, 
28.2, 26.0, 24.9, 24.4, 23.4, 23.2, 22.7, 14.1. ESI-HRMS m/z calcd for 
C26H38N7O2 [M+H]+, 480.3075; found, 480.3081. 

(E)-8-(2-Cyano-3-(pyridin-4-yl)guanidino)-N-(furan-2-ylmethyl)octa
namide (40f). Reaction of 34a (63.6 mg, 0.27 mmol) and 20 (70.0 mg, 
0.3 mmol) followed the procedure described for 35a. Chromatography 
column (MeOH:EtOAc, 1:10 → 1:5). Yield: 91%, white solid. 1H NMR 
(300 MHz, CD3OD, δ ppm) 8.43–8.35 (m, 2H, Py), 7.46–7.39 (m, 1H, 
furan), 7.39–7.31 (m, 2H, Py), 6.33 (dd, J = 3.1, 1.9 Hz, 1H, furan), 
6.28–6.21 (m, 1H, furan), 4.34 (s, 2H, CH2-furan), 3.38 (t, J = 7.2 Hz, 
2H, CH2–NH–C––N), 2.21 (t, J = 7.4 Hz, 2H, CH2–C––O), 1.70–1.53 (m, 
4H, 2 CH2), 1.43–1.30 (m, 6H, 3 CH2). 13C NMR (75.4 MHz, CD3OD, δ 
ppm) 176.0 (C––O), 159.2 (C––N), 153.2 (qC, Py), 150.6 (2CH, Py), 
148.4 (qC-furan), 143.3 (CH, furan), 117.8 (C–––N), 116.4 (2CH, Py), 
111.3 (CH, furan), 108.0 (CH, furan), 43.4 (CH2–NH–C––N), 37.1 (CH2- 
furan), 36.8 (CH2), 30.2 (CH2), 30.0 (CH2), 29.9 (CH2), 27.6 (CH2), 26.8 
(CH2). ESI-HRMS m/z calcd for C20H27N6O2 [M+H]+, 383.2186; found, 
383.2190. 

(E)-N-(8-(2-Cyano-3-(pyridin-3-yl)guanidino)octyl)-1H-indole-2-car
boxamide (41). A solution of 21 (48.0 mg, 0.17 mmol), 34b (44.0 mg, 
0.18 mmol) and Et3N (26.0 μL, 0.18 mmol) in dry CH2Cl2:DMF (3:1, 6.6 
mL) was stirred at r.t. for 36 h. Then, the solvent was evaporated under 
reduced pressure and the residue was purified by chromatography col
umn on silica gel (MeOH:EtOAc, 1:40) to yield 41 (15.0 mg, 21%) as a 
white solid. 1H NMR (300 MHz, CD3OD, δ ppm) 8.51–8.42 (m, 1H, Py), 
8.37–8.29 (m, 1H, 1H, Py), 7.83–7.71 (m, 1H, Py), 7.63–7.53 (m, 1H, 
indole), 7.45–7.38 (m, 1H Py, 1H indole), 7.24–7.16 (m, 1H, indole), 
7.09–7.00 (m, 2H, indole), 3.39 (t, J = 7.1 Hz, 2H, CH2–NH–C––N), 
1.68–1.55 (m, 4H, CH2–NH, CH2), 1.44–1.35 (m, 10H, 5 CH2). 13C NMR 
(75.4 MHz, CD3OD, δ ppm) 164.2 (C––O), 160.1 (C––N), 146.8 (CH, Py), 
146.1 (CH, Py), 138.3 (qC, Py), 136.3 (qC, indole), 133.7 (CH, indole), 
132.4 (qC, indole), 129.1 (qC, indole), 125.5 (CH, indole), 125.4 (CH, 
indole), 125.0 (CH, Py), 122.7 (CH, indole), 121.1 (CH, indole), 118.7 

(CN), 113.0 (CH, Py), 104.2 (CH, indole), 43.2 (CH2–NH–C––N), 40.6 
(CH2–C––O), 30.6 (CH2), 30.4 (CH2), 30.3 (CH2), 30.2 (CH2), 28.0 
(CH2), 27.7 (CH2). ESI-HRMS m/z calcd for C24H30N7O [M+H]+, 
432.2507; found, 432.2506. 

(E)-1-(4-(1-(1H-Indole-2-carbonyl)piperidin-4-yl)butyl)-2-cyano-3- 
(pyridin-3-yl)guanidine (42). A solution of compound 26 (35.0 mg, 0.1 
mmol), 34b (26 mg, 0.1 mmol) and Et3N (16 μL, 0.1 mmol) in dry MeCN: 
DMF, 3:1 (4 mL), was stirred at 85 ◦C for 16 h. The solvent was evap
orated under reduced pressure and the residue was purified by chro
matography column on silica gel (MeOH:EtOAc:CH2Cl2, 1:5:1) to give 
42 (34.0 mg, 72%) as a white solid. 1H NMR (300 MHz, Acetone-d6, δ 
ppm) 10.62 (s, 1H, NH, indole), 8.68–8.52 (m, 1H, Py), 8.47–8.27 (m, 
2H, NH-Py, 1H Py), 7.90–7.73 (m, 1H, Py), 7.69–7.57 (m, 1H, indole), 
7.57–7.45 (m, 1H, indole), 7.45–7.31 (m, 1H, Py), 7.31–7.13 (m, 1H, 
indole), 7.13–6.98 (m, 1H, indole), 6.84–6.76 (m, 1H, indole), 
6.77–6.63 (m, 1H, NH–CH2), 4.70–4.52 (m, 2H, piperidine), 3.49–3.32 
(m, 2H, CH2–NH), 3.01 (br s, 2H, piperidine), 1.93–1.75 (m, 2H, 
piperidine), 1.72–1.54 (m, 3H, 1H piperidine, CH2), 1.51–1.08 (m, 6H, 
2H piperidine, 2 CH2). 13C NMR (75.4 MHz, Acetone-d6, δ ppm) 161.8, 
160.1, 146.8, 146.1, 138.3, 136.0, 132.4, 127.5, 123.2, 121.4, 119.8, 
118.7, 111.8, 111.7, 103.8, 103.7, 43.3, 41.7, 35.9, 32.4, 29.7, 23.4. 
ESI-HRMS m/z calcd for C25H30N7O [M+H]+, 444.2501; found, 
444.2506. 

(E)-1-(6-Azidohexyl)-2-cyano-3-(pyridin-4-yl)guanidine (43). Reac
tion of 34a (762 mg, 3.20 mmol) and 6-azidohexan-1-amine [38] (500 
mg, 3.52 mmol) as indicated for 35a. Chromatography column (MeOH: 
CH2Cl2, 1:8). Yield: 79%, white solid. 1H NMR (300 MHz, CDCl3, δ ppm) 
8.48–8.29 (m, 2H, Py), 7.25–7.15 (m, 2H, Py), 6.24–6.04 (m, 1H, 
NH-Py), 3.37 (q, J = 6.8 Hz, 2H, CH2–NH), 3.25 (t, J = 6.7 Hz, 2H, 
CH2–N3), 1.69–1.49 (m, 4H, 2 CH2), 1.49–1.29 (m, 4H, 2 CH2). 13C NMR 
(75.4 MHz, CDCl3, δ ppm) 157.7 (C––N), 150.3 (2 CH, Py), 145.6 (Cq, 
Py), 117.1 (CN), 115.9 (2 CH, Py), 51.4 (CH2–N3), 42.6 (CH2–NH), 29.2 
(CH2), 28.8 (CH2), 26.4 (CH2), 26.4 (CH2). ESI-HRMS m/z calcd for 
C13H19N8 [M+H]+, 287.1729; found, 287.1727. 

N-(Furan-2-ylmethyl)-N-(3-morpholinopropyl)prop-2-yn-1-amine (44). 
To a mixture of propargyl bromide (75 μL, 0.84 mmol) and 29d (377 mg, 
1.68 mmol) in dry DMF (6 mL), anh. K2CO3 (349 mg, 2.52 mmol) was 
added, and the reaction mixture was stirred at r.t. for 24 h. The reaction 
mixture was quenched with ice cold water and dried in vacuo. The 
residue was dissolved in EtOAc and washed with water (3x). The com
bined organic layers were dried over Na2SO4, the solvent was evapo
rated, and the crude product was purified by flash chromatography on 
silica gel (MeOH:EtOAc, 1:20 → 1:10) to yield 44 (140 mg, 64%) as a 
colourless oil. 1H NMR (300 MHz, CDCl3, δ ppm) 7.36 (dd, J = 1.9, 0.9 
Hz, 1H, furan), 6.30 (dd, J = 3.2, 1.9 Hz, 1H, furan), 6.22 (d, J = 3.1 Hz, 
1H, furan), 3.76–3.62 (m, 6H, 2 CH2–O morpholine, CH2-furan), 3.36 (d, 
J = 2.4 Hz, 2H, CH2–C–––CH), 2.58 (t, J = 7.5 Hz, 2H, CH2), 2.48–2.30 
(m, 6H, 2 CH2 morpholine, CH2), 2.21 (t, J = 2.4 Hz, 1H, CH–––C), 1.69 
(quint, J = 7.4 Hz, 2H, CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 152.1 
(qC, furan), 142.3 (CH, Furan), 110.2 (CH, Furan), 108.9 (CH, Furan), 
78.4 (C–––CH), 73.3 (CH), 67.1 (2 CH2–O), 56.9 (CH2), 53.8 (2 CH2 
morpholine), 51.2 (CH2), 50.2 (CH2-furan), 41.9 (CH2–C–––CH), 24.7 
(CH2). ESI-HRMS m/z calcd for C15H23N2O2 [M+H]+, 263.1753; found, 
263.1754. 

N-(Furan-2-ylmethyl)-N-(prop-2-yn-1-yl)cyclopentanamine (45). Re
action of propargyl bromide (0.55 mL, 5.05 mmol) and 29a (1.67 g, 
10.1 mmol) was performed as indicated for 44. Chromatography column 
(Et2O:Cyclohexane, 1:9). Yield: 99%, yellow oil. 1H NMR (300 MHz, 
CDCl3, δ ppm) δ 7.41–7.32 (m, 1H, furan), 6.33–6.28 (m, 1H, furan), 
6.27–6.22 (m, 1H, furan), 3.76 (s, 2H, CH2-furan), 3.37 (d, J = 2.4 Hz, 
2H, CH2–C–––CH), 3.01–2.87 (m, 1H, CH), 2.24–2.17 (m, 1H, CH–––C), 
2.04–1.87 (m, 2H, CH2), 1.82–1.67 (m, 2H, CH2), 1.67–1.39 (m, 4H, 2 
CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 152.1 (qC, furan), 142.3 (CH, 
Furan), 110.2 (CH, Furan), 109.0 (CH, Furan), 78.7 (C–––CH), 73.2 
(CH–––C), 63.3 (CH, cyclopentyl), 48.5 (CH2-furan), 40.7 (CH2–C–––CH), 
31.5 (2 CH2), 24.1 (2 CH2). ESI-HRMS m/z calcd for C13H18NO [M+H]+, 
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204.1380; found, 204.1383. 
(E)-2-Cyano-1-(6-(4-(((furan-2-ylmethyl)(3-morpholinopropyl)amino) 

methyl)-1H-1,2,3-triazol-1-yl)hexyl)-3-(pyridin-4-yl)guanidine (46). To a 
solution of 43 (48.0 mg, 0.17 mmol) in toluene:DMF (8:1, 4.5 mL), 44 
(97.0 mg, 0.37 mmol), DIPEA (0.14 mL, 0.81 mmol) and CuI (6.0 mg, 34 
μmol) were added, and the solution was stirred at 60 ◦C for 24 h. After 
evaporation, the resulting residue was dissolved in EtOAc and washed 
with a sat. aq. soln. of NaHCO3. The aq. phase was extracted with EtOAc 
(x2), and the organic phases were collected, dried over Na2SO4, filtered, 
and evaporated. The resulting residue was purified by chromatography 
column on silica gel (NH4OH:MeOH:EtOAc, 0.1:1:9) to yield 46 (54.0 
mg, 60%) as a white solid. 1H NMR (300 MHz, CDCl3, δ ppm) 8.49–8.30 
(m, 2H, Py), 7.48 (s, 1H, triazole), 7.34 (d, J = 1.9 Hz, 1H, furan), 
7.30–7.20 (m, 2H, Py), 6.37–6.23 (m, 2H, furan, NH–CH2), 6.19 (d, J =
3.2 Hz, 1H, furan), 4.32 (t, J = 6.9 Hz, 2H, CH2-triazole), 3.81–3.54 (m, 
8H, CH2-furan, N–CH2-triazole, 2 CH2–O morpholine), 3.38 (q, J = 6.5 
Hz, 2H, CH2–NH), 2.56–2.24 (m, 8H, 2 CH2 morpholine, 2 CH2), 
1.95–1.81 (m, 2H, CH2), 1.80–1.64 (m, 2H, CH2), 1.64–1.50 (m, 2H, 
CH2), 1.46–1.20 (m, 4H, 2 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 
157.5 (C––N), 152.1 (qC, furan), 150.6 (2CH, Py), 145.5 (qC, Py), 142.1 
(CH, furan), 122.9 (CH, triazole), 116.9 (qC, triazole), 115.6 (2CH, Py), 
110.3 (CH, furan), 109.0 (CH, furan), 66.9 (2 CH2–O morpholine), 56.9 
(CH2), 53.8 (2 CH2 morpholine), 51.5 (CH2), 50.1 (CH2-triazole), 49.9 
(N–CH2-triazole), 48.8 (CH2-furan), 42.2 (CH2–NH), 29.9 (CH2), 29.0 
(CH2), 25.8 (CH2), 25.7 (CH2), 24.2 (CH2). ESI-HRMS m/z calcd for 
C28H41N10O2 [M+H]+, 549.3405; found, 549.3408. 

(E)-2-Cyano-1-(6-(4-((cyclopentyl(furan-2-ylmethyl)amino)methyl)- 
1H-1,2,3-triazol-1-yl)hexyl)-3-(pyridin-4-yl)guanidine (47). Compounds 
43 (118.0 mg, 0.41 mmol) and 45 (134 mg, 0.66 mmol) were suspended 
in a mixture of H2O/t-butanol (1:1) (4 mL). Sodium ascorbate (16.3 mg, 
82.4 μmol) and CuSO4⋅5H2O (2.1 mg, 8.2 μmol) were dissolved in H2O 
and added to the mixture. The resulting solution was stirred at r.t. for 16 
h. The solvent was evaporated, and the residue was purified by flash 
chromatography on silica gel (NH4OH:MeOH:EtOAc, 0.1:1:9 → 0.1:1:5) 
to yield 47 (175.0 mg, 87%) as a white solid. 1H NMR (300 MHz, CDCl3, 
δ ppm) 8.46–8.34 (m, 2H, Py), 7.49 (s, 1H, triazole), 7.39–7.33 (m, 1H, 
furan), 7.31–7.23 (m, 2H, Py), 6.37–6.26 (m, 2H, furan, NH–CH2), 6.22 
(d, J = 3.2 Hz, 1H, furan), 4.32 (t, J = 6.9 Hz, 2H, CH2-triazole), 3.79 (s, 
2H, CH2-furan), 3.66 (s, 2H, N–CH2-triazole), 3.39 (q, J = 6.7 Hz, 2H, 
CH2–NH), 3.02–2.84 (m, 1H, CH cyclopentyl), 1.99–1.79 (m, 4H, 2 
CH2), 1.76–1.39 (m, 8H, 4 CH2), 1.39–1.22 (m, 4H, 2 CH2). 13C NMR 
(75.4 MHz, CDCl3, δ ppm) 157.5 (C––N), 152.2 (qC, furan), 150.6 (2CH, 
Py), 145.8 (qC, Py), 142.1 (CH, furan), 123.2 (CH, triazole), 117.0 (qC, 
triazole), 115.5 (2CH, Py), 110.3 (CH, furan), 109.2 (CH, furan), 63.6 
(CH, cyclopentyl), 50.0 (CH2-triazole), 47.8 (N–CH2-triazole), 46.4 
(CH2-furan), 42.2 (CH2–NH), 30.6 (2 CH2), 29.9 (CH2), 28.9 (CH2), 25.7 
(CH2), 25.6 (CH2), 24.3 (2 CH2). ESI-HRMS m/z calcd for C26H36N9O 
[M+H]+, 490.3036; found, 490.3037. 

N-(4-((Furan-2-ylmethyl)carbamoyl)phenyl)isoindoline-2-carboxamide 
(51). Compound 50 [39] (45.0 mg, 0.16 mmol), HOBt (32 mg, 0.24 
mmol), furfurylamine (19.0 mg, 0.19 mmol) and DIPEA (110 μL, 0.64 
mmol) were suspended in DMF (0.5 mL) and EDCI (46.0 mg, 0.24 mmol) 
was added. The mixture was stirred at r.t. overnight to give a solution 
that was diluted with 5 mL of ice water. The resulting turbid mixture was 
stirred at 0 ◦C for 1 h, then filtered and concentrated to yield 51 (52.0 
mg, 90%) as an off-white solid.1H NMR (300 MHz, DMSO‑d6, δ ppm) δ 
8.76 (t, J = 5.8 Hz, 1H, NH, amide), 8.58 (s, 1H, NH, urea), 7.81 (d, J =
8.4 Hz, 2H, H–Ar, phenyl), 7.67 (d, J = 8.4 Hz, 2H, H–Ar, phenyl), 7.56 
(d, J = 1.8 Hz, 1H, furan), 7.44–7.23 (m, 4H, H–Ar, isoindoline), 6.39 (br 
t, 1H, furan), 6.26 (br d, 1H, furan), 4.79 (s, 4H, CH2, isoindoline), 4.45 
(d, J = 5.6 Hz, CH2-furan).13C NMR (75.4 MHz, DMSO‑d6, δ ppm) δ 
165.7 (C––O, amide), 153.6 (C––O, urea), 152.7 (qC, furan), 143.3 
(C–Ar, isoindoline), 141.9 (CH, furan), 136.7 (qC, Ph), 127.8 (2CH, Ph), 
127.3 (Arom. C–H, isoindoline), 127.0 (qC, Ph), 122.7 (2 HC-Ar, iso
indoline), 118.2 (2CH, Ph), 110.4 (CH, furan) 106.7 (CH, furan), 51.9 
(CH2, isoindoline), 35.9 (N–CH2). HRESIMS m/z obsd. 384.1313, calc 

for C21H19N3O3 [M+Na]+: 384.1324. 
N-(4-(Cyclopentyl(furan-2-ylmethyl)carbamoyl)phenyl)isoindoline-2- 

carboxamide (52). Reaction of 50 and 29a as indicated for the synthesis 
of 51. Yield: 81%, off-white solid. 1H NMR (300 MHz, DMSO‑d6, δ ppm) 
δ 8.52 (s, 1H, N–H, Urea), 7.65 (d, J = 8.2 Hz, 2H, H–Ar, Phenyl), 7.57 
(d, J = 1.9 Hz, 1H, furan), 7.42–7.26 (m, 6H, H–Ar, Ph, isoindoline), 
6.40 (t, J = 2.7 Hz, 1H, furan), 6.26 (d, J = 3.2 Hz, 1H, furan), 4.79 (s, 
4H, CH2, Isoindoline), 4.52 (s, 2H, CH2-furan), 4.21 (br s, 1H, CH, 
Cyclopentyl), 1.80–1.32 (m, 8H, CH2, Cyclopentyl). 13C NMR (75.4 
MHz, DMSO‑d6, δ ppm) δ 171.4 (C––O, amide), 154.3 (C––O, urea), 
152.9 (C–Ar, CH, furan), 142.2 (qC, Ph), 142.0 (CH, furan), 137.2 (C–Ar, 
isoindoline), 130.6 (qC, Ph), 127.8 (HC-Ar, isoindoline), 127.4 (2CH, 
Ph), 123.3 (HC-Ar, isoindoline), 119.2 (2CH, Ph), 111.1 (CH, furan), 
107.4 (CH, furan), 59.6 (CH, Cyclopentyl), 52.4 (CH2, Isoindoline), 40.4 
(N–CH2), 29.5 (2C, CH2, Cyclopentyl), 24.0 (2C, CH2, Cyclopentyl). 
HRESIMS m/z obsd. 452.1940, calc for C26H27N3O3 [M+Na]+: 
452.1950. 

(E)-7-(N′-Cyanoisoindoline-2-carboximidamido)-N-cyclopentyl-N- 
(furan-2-ylmethyl)heptanamide (53). Same procedure as that described 
for 38a but starting from 30 (371 mg, 0.95 mmol) and 56 (226.0 mg, 
0.86 mmol). Chromatography column (EtOAc:Cyclohexane, 2:1). Yield: 
36%, white solid. 1H NMR (300 MHz, CDCl3, δ ppm, mixture of 
rotamers) 7.42–7.17 (m, 10H, 8H isoindoline, 2H furan), 6.29 (br d, 2H, 
furan), 6.14 (br s, 2H, furan), 5.36 (br s, 1H, NH–CH2 rotamer A), 5.25 
(br s, 1H, NH–CH2 rotamer B), 4.90 (s, 8H, 4 CH2 isoindoline), 4.81–4.61 
(m, 1H, CH cyclopentyl rotamer A), 4.48–4.33 (m, 4H, 2 CH2-furan), 
4.27–4.11 (m, 1H, CH cyclopentyl rotamer B), 3.62–3.44 (m, 4H, 2 
CH2–NH), 2.49–2.28 (m, 4H, 2 CH2–C––O), 1.91–1.28 (m, 32H, 8 CH2 
cyclopentyl, 8 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm, mixture of 
rotamers) 173.8, 173.2, 156.0, 152.7, 152.1, 142.1, 141.1, 135.5, 128.0, 
122.7, 118.0, 110.6, 107.3, 107.1, 103.3, 77.6, 77.2, 76.7, 58.8, 56.3, 
53.7, 43.0, 42.7, 41.9, 38.5, 33.7, 33.5, 30.1, 29.9, 29.1, 28.7, 28.4, 
26.4, 26.0, 25.1, 23.9. ESI-HRMS m/z calcd for C27H36N5O2 [M+H]+, 
462.2860; found, 462.2864. 

(E)-N-(4-Chlorobenzyl)-7-(N′-cyanoisoindoline-2-carboximidamido)- 
N-(furan-2-ylmethyl)heptanamide (54). Same procedure as described for 
53 starting from 37b. Yield: 42%, white solid. 1H NMR (300 MHz, 
CDCl3, δ ppm, mixture of rotamers) 7.40–7.02 (m, 18H, 8H Ph, 8H 
isoindoline, 2H furan), 6.41–6.25 (m, 2H, furan), 6.25–6.11 (m, 2H, 
furan), 5.17–5.01 (m, 2H, NH–CH2), 4.89 (s, 8H, 4 CH2 isoindoline), 
4.58–4.29 (m, 8H, 2 CH2-Ph, 2 CH2-furan), 3.66–3.44 (m, 4H, CH2–NH), 
2.55 (t, J = 7.3 Hz, 2H, CH2–C––O rotamer A), 2.35 (t, J = 7.3 Hz, 2H, 
CH2–C––O rotamer B), 1.83–1.27 (m, 16H, 8 CH2). 13C NMR (75.4 MHz, 
CDCl3, δ ppm, mixture of rotamers) 173.4, 156.0, 150.9, 150.0, 142.9, 
142.4, 136.1, 135.4, 135.3, 133.6, 133.3, 129.6, 129.2, 128.9, 128.1, 
127.9, 122.7, 117.9, 110.5, 108.9, 108.5, 77.6, 77.2, 76.7, 53.7, 50.1, 
47.7, 43.8, 43.1, 41.6, 33.0, 30.0, 28.8, 28.6, 26.4, 26.3, 25.0. ESI-HRMS 
m/z calcd for C29H33ClN5O2 [M+H]+, 518.2314; found, 518.2317. 

(E)-7-(N′-Cyanoisoindoline-2-carboximidamido)-N-(furan-2-ylmethyl)- 
N-(3)-morpholinopropyl)heptanamide (55). Same procedure as described 
for 53 starting from 37d. Chromatography column (NH4OH:MeOH: 
EtOAc, 0.1:1:10). Yield: 52%, colourless oil. 1H NMR (300 MHz, CDCl3, δ 
ppm, mixture of rotamers) 7.42–7.22 (m, 10H, 8H isoindoline, 2H 
furan), 6.36–6.26 (m, 2H, furan), 6.26–6.15 (m, 2H, furan), 5.15–4.99 
(m, 2H, 2 NH–CH2), 4.90 (s, 8H, isoindoline), 4.56 (s, 2H, CH2-furan 
rotamer A), 4.45 (s, 2H, CH2-furan rotamer B), 3.77–3.64 (m, 8H, 4 CH2 
morpholine), 3.62–3.49 (m, 4H, 2 CH2–NH), 3.44–3.29 (m, 4H, 2 CH2), 
2.54–2.23 (m, 16H, 4 CH2 morpholine, 4 CH2), 1.78–1.53 (m, 8H, 4 
CH2), 1.52–1.30 (m, 8H, 4 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm, 
mixture of rotamers) 173.2, 173.0, 156.0, 151.5, 150.7, 142.7, 142.1, 
135.4, 128.1, 122.8, 117.8, 110.6, 108.4, 108.1, 77.6, 77.2, 76.7, 67.1, 
67.0, 56.3, 55.6, 53.8, 53.7, 50.9, 45.4, 45.2, 44.5, 43.1, 43.0, 41.6, 
33.1, 32.9, 30.0, 29.9, 28.7, 26.3, 26.3, 25.6, 25.1, 25.0, 24.5. ESI-HRMS 
m/z calcd for C29H41N6O3 [M+H]+, 521.3339; found, 521.3235. 

(E)-7-(2-Cyano-3-phenylguanidino)-N-cyclopentyl-N-(furan-2- 
ylmethyl)heptanamide (57). Same procedure as described for 38a 
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starting from 30 and 61a. Chromatography column (EtOAc:Cyclo
hexane, 1:2 → 1:1). Yield 80%, white solid. 1H NMR (300 MHz, CDCl3, δ 
ppm, mixture of rotamers) 7.60–7.16 (m, 14H, 10H Ph, 2H furan, 2 NH- 
Ph), 6.29 (br d, 2H, furan), 6.13 (br s, 2H, furan), 5.02 (s, 2H, 2 
NH–CH2), 4.80–4.60 (m, 1H, CH cyclopentyl rotamer A), 4.38 (br d, 4H, 
2 CH2-furan), 4.28–4.06 (m, 1H, CH cyclopentyl rotamer B), 3.33–3.17 
(m, 4H, 2 CH2–NH), 2.47–2.23 (m, 4H, 2 CH2–C––O), 1.89–1.15 (m, 
32H, 8 CH2 cyclopentyl, 8 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm, 
mixture of rotamers) 173.7, 173.0, 158.8, 152.7, 152.2, 142.1, 141.0, 
135.6, 130.2, 127.4, 125.5, 118.0, 110.6, 107.5, 107.0, 77.6, 77.2, 76.7, 
58.7, 56.2, 41.9, 41.8, 38.4, 33.7, 33.5, 30.0, 29.1, 29.0, 28.7, 26.4, 
25.0, 23.9. ESI-HRMS m/z calcd for C25H34N5O2 [M+H]+, 436.2707; 
found, 436.2707. 

(E)-6-(2-Cyano-3-phenylguanidino)-N-cyclopentyl-N-(furan-2- 
ylmethyl)hexane-1-sulfonamide (58). Same procedure as that described 
for 35a starting from 32 and 61a. Column chromatography EtOAc: 
Cyclohexane, 1:1 → 2:1. Yield: 96%, white solid. 1H NMR (300 MHz, 
CDCl3, δ ppm) 7.52–7.16 (m, 7H, 5H Ph, 1H furan, NH-Py), 6.41–6.21 
(m, 2H, furan), 4.89 (t, J = 5.8 Hz, 1H, NH–CH2), 4.35 (s, 2H, CH2- 
furan), 4.13 (quint, J = 8.3 Hz, 1H, CH cyclopentyl), 3.31–3.18 (m, 2H, 
CH2–NH), 2.80–2.67 (m, 2H, CH2SO2), 1.95–1.41 (m, 12H, 8H cyclo
pentyl, 2 CH2), 1.41–1.17 (m, 4H, 2 CH2). 13C NMR (75.4 MHz, CDCl3, δ 
ppm) 158.9 (C––N), 151.5 (qC, furan), 142.2 (CH, furan), 135.4 (qC, 
Ph), 130.3 (2CH, Ph), 127.8 (CH, Ph), 125.8 (2CH, Ph), 118.0 (CN), 
110.8 (CH, furan), 109.2 (CH, furan), 59.3 (CH, cyclopentyl), 53.3 
(CH2SO2), 41.8 (CH2–NH), 40.0 (CH2-furan), 30.0 (2CH2, cyclopentyl), 
29.1 (CH2), 27.9 (CH2), 26.2 (CH2), 23.6 (2CH2, cyclopentyl), 23.3 
(CH2). ESI-HRMS m/z calcd for C24H33N5O3SNa [M+Na]+, 494.2196; 
found, 494.2196. 

Ethyl (E)-4-(2-cyano-3-(6-(N-cyclopentyl-N-(furan-2-ylmethyl)sulfa
moyl)hexyl)guanidino)benzoate (59). Same procedure as described for 58 
starting from 61b. Column chromatography EtOAc:Cyclohexane, 1:2 → 
1:1. Yield: 95%, pale-yellow solid. 1H NMR (300 MHz, CDCl3, δ ppm) 
8.06 (d, J = 8.6 Hz, 2H, Ph), 7.88 (s, 1H, NH-Ph), 7.38–7.34 (m, 1H, 
furan), 7.30 (d, J = 8.6 Hz, 2H, Ph), 6.36–6.25 (m, 2H, furan), 5.24 (br s, 
1H, NH–CH2), 4.43–4.30 (m, 4H, CH2CH3, CH2-furan), 4.13 (quint, J =
8.4 Hz, 1H, CH cyclopentyl), 3.30 (q, J = 6.8 Hz, 2H, CH2–NH), 
2.79–2.70 (m, 2H, CH2SO2), 1.92–1.45 (m, 12H, 8H cyclopentyl, 2 CH2), 
1.45–1.20 (m, 7H, CH3CH2, 2 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 
165.7 (C––O), 158.2 (C––N), 151.4 (qC, furan), 142.2 (CH, furan), 140.2 
(qC, Ph) 131.5 (2CH, Ph), 128.5 (qC, Ph), 123.5 (2CH, Ph), 110.8 (CH, 
furan), 109.2 (CH, furan), 61.4 (CH2CH3), 59.3 (CH, cyclopentyl), 53.2 
(CH2SO2), 42.1 (CH2–NH), 40.0 (CH2-furan), 30.0 (2CH2, cyclopentyl), 
29.0 (CH2), 27.8 (CH2), 26.2 (CH2), 23.6 (2CH2, cyclopentyl), 23.3 
(CH2), 14.4 (CH3CH2). ESI-HRMS m/z calcd for C27H37N5O3SNa 
[M+Na]+, 566.2400; found, 566.2408. 

(E)-6-(3-(4-Azidophenyl)-2-cyanoguanidino)-N-cyclopentyl-N-(furan- 
2-ylmethyl)hexane-1-sulfonamide (60). Same procedure as described for 
58 starting from 61c. Chromatography column (EtOAc:Cyclohexane, 
1:2 → 1:1). Yield: 84%, light-red solid. 1H NMR (300 MHz, CDCl3, δ 
ppm) 7.64 (s, 1H, NH-Ph), 7.35 (dd, J = 1.9, 0.9 Hz, 1H, furan), 7.23 (d, 
J = 8.7 Hz, 2H, Ph), 7.06 (d, J = 8.7 Hz, 2H, Ph) 6.40–6.16 (m, 2H, 
furan), 4.89 (br s, 1H, NH–CH2), 4.35 (s, 2H, CH2-furan), 4.13 (quint, J 
= 8.5 Hz, 1H, CH, cyclopentyl), 3.24 (q, J = 6.8 Hz, 2H, CH2–NH), 
2.80–2.69 (m, 2H, CH2SO2), 1.95–1.41 (m, 12H, 8H cyclopentyl, CH2), 
1.41–1.08 (m, 6H, 3 CH2). 13C NMR (75.4 MHz, CDCl3, δ ppm) 159.0 
(C––N), 151.5 (qC, furan), 142.2 (CH, furan), 139.6 (C–––N), 132.1 (qC, 
Ph), 127.4 (2CH, Ph), 120.7 (2CH, Ph), 118.0 (qC, Ph), 110.8 (CH, 
furan), 109.2 (CH, furan), 59.3 (CH, cyclopentyl), 53.2 (CH2SO2), 41.9 
(CH2–NH), 40.0 (CH2-furan), 30.0 (2CH2, cyclopentyl), 29.8 (CH2), 29.1 
(CH2), 27.9 (CH2), 26.2 (CH2, cyclopentyl), 23.6 (CH2, cyclopentyl), 
23.3 (CH2). ESI-HRMS m/z calcd for C24H32N8O3SNa [M+Na]+, 
535.2209; found, 535.2210. 

4.2. Biological evaluation 

Cell lines and reagents 
MiaPaCa-2 and MDA-MB-231 were purchased from ATCC (LGC 

Standards S.r.l., Milan, Italy) and maintained in RPMI1640 medium 
supplemented with 10% FBS, penicillin (50U/mL) and streptomycin (50 
μg/mL) (Thermofisher, Italy). Five hematological cell lines (ML2 – Acute 
myeloid leukemia, Jurkat – Acute lymphoblastic leukemia, Namalwa – 
Burkitt lymphoma, RPMI8226 – Multiple Myeloma and NB4 – acute 
myeloid leukemia M3) were purchased from DSMZ (German Collection 
of Microorganisms and Cell Cultures) or ATCC. The cell lines were 
cultured in RPMI medium (Invitrogen AG, 61870-01) supplemented 
with 10% heat inactivated fetal calf serum (Amimed, 2-01F30–I) and 1% 
penicillin/streptomycin at 37 ◦C (Amimed, 4-01F00–H) in a humidified 
atmosphere of 95% air and 5% CO2. FK866 was obtained from the NIMH 
Chemical Synthesis and Drug Supply Program. 

Cell viability assay 
2 × 103 MiaPaCa-2 or MDA-MB-231 cells were plated in 96 well 

plates and let adhere overnight. 24 h later cells were treated with the 
analogues of FK866. Viability was determined 72 h after. The culture 
plates were fixed with cold 3% trichloroacetic acid at 4 ◦C for 30 min, 
washed with cold water and dried overnight. Finally, the plates were 
stained with 0.4% sulforodhamine B (SRB) in 1% acetic acid, washed 
four times with 1% acetic acid to remove unbound dye, dried overnight 
and then the stain was extracted with 10 mM Tris Base and the absor
bance was read at 560 nm. 

Measurement of intracellular NAD+ levels 
MiaPaCa-2 or MDA-MB-231 cells were plated at a density of 3 × 104 

cells/well in 24-well plates. After 24 h, cells were treated (or not) with 
the different compounds and cultured for further 24 h (in the time 
course experiments, cells were cultured for further 24 h, 48 h and 72 h). 
Cells were harvested and lysed in 0.1 ml 0.6 M perchloric acid. Intra
cellular NAD+ levels were determined as previously reported [40] and 
ATP levels were quantified by a commercially available ATP determi
nation kit (Invitrogen, Carlsbad, CA) following the manufacturer’s in
struction. Luminescence was measured using a FLUOstar OPTIMA (BMG 
Labtech, Ortenberg, Germany) and ATP concentrations in the samples 
were calculated from the ATP standard curve. 

Immunoblotting 
For protein lysate generation from cultured cells, 2.5 × 105 MiaPaCa- 

2 cells were plated in 100 mm Petri dishes. After 24 h, cells were treated 
with compound 47 and 35a for 48 h. Thereafter, cells were washed and 
protein lysates were generated in the presence of 50–200 μL lysis buffer 
(25 mM Tris-phosphate, pH 7.8; 2 mM DTT; 2 mM 1,2-dia
minocyclohexane-N,N,N’,N’-tetraacetic acid; 10% glycerol; 1% Triton 
X-100). Cell lysates were incubated on ice for 15 min with 10 s vortex 
shaking every 5 min. Finally, lysates were spun at 10.000 g for 2 min at 
4 ◦C. Supernatants were recovered and either used immediately or 
stored for subsequent use. Proteins (35 μg) were separated by SDS- 
PAGE, transferred to a PVDF membrane (Immobilon-P, Millipore S.p. 
A.), and detected with the following antibodies: PARP (Cell Signaling 
#9542) and Vinculin (Santa Cruz/sc-5573). Band intensities were 
quantified by Quantity One SW software (Bio-Rad Laboratories, Inc.) 
using standard enhanced chemiluminescence. 

Determination of NAMPT inhibition 
NAMPT inhibition was determined as previously reported [41]. 

Briefly, 10 ng of recombinant human NAMPT protein (#ab198090, 
Abcam, Cambridge, UK) were incubated in 40 μL reaction buffer (0.4 
mM PRPP, 2 mM ATP, 0.02% BSA, 2 mM DTT, 12 mM MgCl2 and 50 mM 
Tris-HCl) in eppendorf tubes, in the presence or absence of the different 
compounds. After a 5 min incubation at 37 ◦C, 9.0 μL of NAM (0.2 μM 
final concentration) were added and the reaction was stopped after 15 
min, by heating samples at 95 ◦C for 1 min. Samples were then cooled to 
0 ◦C and NMN was detected by adding 20 μL of 20% acetophenone and 
20 μL KOH (2 M) into each tube. The mixture was vortexed and kept at 
0 ◦C for 3 min; 90 μL of 88% formic acid were then added and the tubes 
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were incubated at 37 ◦C for 10 min. Finally, 100 μL of the mixture was 
transferred into a flat-bottom 96-well plate and the fluorescence (exci
tation 382 nm, emission 445 nm) was measured using a CLARIOstar®Plus 

(BMG Labtech). 
Flow cytometry analyses 
The cytotoxic and cellular effects of 35a, 39a and 47 on malignant 

cell lines were evaluated using a Beckman Coulter Cytomics FC500 flow 
cytometer (Beckman Coulter International S.A.). The measured param
eters included cell death, MMP assessments and ROS production. 

Cell death analysis 
To assess cell death, cells were stained with ANNEXIN-V (ANXN, 

eBioscience, BMS306FI/300) and 7-aminoactinomycin D (7AAD, 
Immunotech, A07704) as described by the manufacturer and analyzed 
using flow cytometry. Dead cells were identified as 7AAD+ and early 
apoptotic cells as ANXN+ 7AAD− . 

Assessment of mitochondrial membrane potential (MMP) 
ML2, Jurkat and RPMI8226 cells were incubated with NAMPT in

hibitors for up to 96 h. At each time point, cells were stained with 
Tetramethylrhodamine, methyl ester (TMRM, ThermoFisher Scientific, 
T668) according to the manufacturer’s protocol. TMRM is a cell- 
permeant dye that accumulates in the active mitochondria, showing 
red-orange fluorescence, detected by flow cytometer. The amount of the 
dye is directly proportional to the amount of live cells with active 
mitochondria. The graphs depict the percentage of cells losing MMP 
over time. 

Detection of cellular and mitochondrial ROS 
Intracellular levels of H2O2, mitochondrial and cytosolic superoxide 

anions were determined in NAMPT inhibitor-treated and control he
matological cell lines by flow cytometry. The cell permeant specific 
fluorescent probes were used, i.e. dihydroethidium (DHE, Marker Gene 
Technologies, M1241), MitoSOX (Molecular Probes, M36008) and 6- 
carboxy-2′,7′-dichlorodihydrofluorescein diacetate ester (carboxy- 
H2DCFDA; Molecular Probes, C-400). DHE is oxidized intracellularly to 
ethidium by superoxide anions giving bright red fluorescence. MitoSOX, 
is selectively targeted to mitochondria, where it is oxidized by ROS and 
exhibits red fluorescence. Instead, carboxy-H2DCFDA is hydrolyzed 
yielding a polar non-fluorescent product (DCFH), which in the presence 
of hydrogen peroxide is then oxidized to green fluorescent dichloro
fluorescein (DCF). Cells were stained separately with 5 μM of TMRM and 
H2DCFDA dyes and 10 μM of DHE in PBS, incubated in the dark at 37 ◦C 
for 15 min. Then, the cell suspension was analyzed using flow 
cytometry. 

Determination of intracellular NAD+ and ATP contents 
Cells (1 × 106/mL) in log growth phase were seeded in 6-well plate in 

presence or absence of NAMPT inhibitors. At each time point 800 μL of 
cells was centrifuged at 900 g (2000 rpm) for 5 min and washed with 
cold PBS. Then, supernatant was discarded and cells were re-suspended 
in 300 μL of lysis buffer (NaHCO3 20 mM and NA2CO3 100 mM) and kept 
at − 80 ◦C for at least 4 h before analysis. 

Total NAD+ content was measured in cell lysates using a biochemical 
assay described previously [42]. Briefly, cell lysates (20 μL) were plated 
in a 96-well flat bottom plate. A standard curve was generated using a 
1:3 serial dilution in lysis buffer of a β-NAD stock solution. Cycling 
buffer (160 μL) was added into each well and the plate was incubated for 
5 min at 37 ◦C. After, pre-warmed at 37 ◦C ethanol (20 μL) was added 
into each well and the plate was incubated for an additional 5 min at 
37 ◦C. The absorbance was measured in a kinetic mode at 570 nm after 
5, 10, 15, 20, and 30 min at 37 ◦C on a spectrophotometer. The amount 
of NAD+ in each sample was normalized to the protein content for each 
test sample at each time point. 

Total ATP cell content was quantified using the ATP determination 
Kit (Life Technologies, A22066) according to manufacturer’s 
instructions. 
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