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1. A perspective on drug design approaches 

Despite the synergistic work between chemists, computational chemists, biologists, 

bioinformatics and surgeons, the treatment of tumors is far from providing satisfactory clinical 

results. Medicinal chemistry is making enormous efforts to search for powerful anticancer 

agents, thanks also to the in silico studies which provide a lot of information about selectivity 

and affinity between ligands and specific targets, thus accelerating the drug discovery 

processes.1 Over the years, the design of biologically active agents has evolved from the 

traditional strategy of "one-molecule one-target one-disease", proposed by Paul Ehrlich over 

150 years ago, to "cocktail therapy", and the recent "multi-target direct ligand” (MTDL) 

approach. These three approaches can be summarized in the well-known ‘key’ and ‘lock’ 

models (Figure 1) which describe the interaction of the ligand (the key) with the substrate (the 

lock).2 In table 1 the advantages and disadvantages of each approach are summarized. The aim 

of ‘one-compound one-target one-disease’ strategy is to design a single small chemical entity 

that specifically recognizes one target, considered fully responsible of the disease. As a result, 

the treatment should be better tolerated due to the absence of adverse side-effects. 

Unfortunately, this strategy often fails because a poor correlation between in vitro effects and 

in vivo efficacies is found. Indeed, -omics studies suggest the huge complexity of tumor 

environment correlated with its pathogenesis. This means that the multifactorial nature of 

tumors usually requires the modulation of different biological targets that can be achieved 

through the poly-pharmacological practices, with the combination of drugs (also known as 

cocktail therapy) or a single MTDL.2–4 The first real effect of the combination drugs was 

published in 1965 when Emil Frei, James F. Holland and Emil J. Freireich reported the efficacy 

of combination treatment of paediatric patients suffering from acute lymphocytic leukemia, 

with the POMP regimen, i.e. a combination of methotrexate, 6-mercaptopurine, vincristine and 

prednisone.5 The combination of two or more agents has several advantages. First of all, the 

outcome of the treatments is improved by obtaining additive or synergistic effects, thus 

reducing the doses administered and consequently the toxicity. In addition, combination therapy 

might prevent the emergence of chemoresistance, because cancer cells are usually unable to 

adapt to the toxic effects of different therapeutic agents simultaneously administered.6 

Unluckily, several drawbacks limit its clinical use: 

i) the unwanted side effects that can be synergistically or additively produced, and thereby 

the difficulty to identify the responsible agent; 

ii) the unpredictable pharmacodynamic and pharmacokinetic profiles of the components, 

which favour the well-known drug-drug interaction (DDI) (for instance, one drug may 
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inhibits the metabolic activity of the secondary or tertiary agent, thus increasing the 

toxicity or reducing the efficacy of therapy);7 

iii) the polypharmacy reduces patience compliance.6 

The concept of MTDL is more recent. It was introduced at the beginning of 2000 by Morphy 

and Roncovik and today is the hottest topics in drug discovery. MTDLs are rationally designed 

through the pharmacophore-based approach, which consists of combining two or more 

scaffolds with specific biological activities already known, in a single final hybrid structure. In 

order to prevent that the final molecule is characterized by a high molecular weight (MW) or 

other pitfalls, for instance the steric effects that influence the link with the targets, the way by 

which the pharmacophores are combined, must be well studied. Therefore, MTDLs are 

classified into linked, fused or merged types. Linked MTDLs are characterized by a linker that 

separates pharmacophores and sometimes, itself can act as pharmacophore. The linker can be 

cleavable or non-cleavable, in fact it should be stable in vivo or suitably designed to be degraded 

after the administration, for instance by plasma esterase or preferably in the tumor. Finally, 

based on the degree of overlap of the pharmacophores, the MTDLs can be classified as fused 

or merged. In the fused MTDLs the pharmacophores partly share the structure, while the 

merged MTDLs have the highest degree of overlap, allowing to obtain molecules with low MW 

and better physicochemical profiles.8 MTDLs recognize unrelated targets thanks to the presence 

of different scaffolds in the same molecule, or isoforms of the same protein or different proteins 

belong to the same signalling pathway. In addition, MTDLs have clear advantages in terms of 

pharmacokinetic and pharmacodynamic, better patience compliance, reduced risk of drug 

interactions, and display additive or synergistic effects.2 Ramsey et al., performed an analysis 

on the new molecules entities (NMEs) approved by US Food and Drug Administration (FDA) 

from 2015 to September 2017 which includes all therapeutic areas. Over this triennium, 101 

new NMEs were approved and classified into categories, as follows: small molecules 

subdivided into single-target and multi-target drugs, biologics, therapeutic combinations and 

diagnostics. The number of multi-target drugs approved is increased (21%, from 2015 to 

September 2017) compared to previous analysis (16%, from January 2000 to December 2015) 

conducted by Lin et al.,9 over the period of sixteen years. Adding together the 21% of MTDLs 

and the newly approved therapeutic combination (10%), this analysis supported the 

advancement of poly-pharmacological strategies.4  
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Figure 1. Representative image of the key and lock models. 

 

Table 1. Dis- and advantages of the use of different approaches to the treatments of the disease. 

 Advantages Disadvantages 

Single-molecule 

single-target 

• Ideally absence of off-target side 

effects 

• High target specificity 

• Often poor correlation between in 

vitro effects and in vivo efficacy  

• Multi-drug resistance (mediated by 

MDR1 or P-gp) 

Combination 

therapies 

• Minimize drug resistance 

• Synergistic or additive interaction 

• Target to the heterogeneous nature of 

tumors 

• Multiple drugs can more easily 

bypass MDR (e.g. by PgP or BCRP) 

• Combination can produce unwanted 

side-effects 

• Drug-drug interactions (DDI)  

• Reduced patient-compliance 

• Lower drug dose may lead to 

decrease efficacy 

Multitarget-

Direct Ligands 

(MTDLs) 

• Ligand acts on several isoforms of the 

same protein 

• Different members of a given 

biochemical pathway might share 

ligand specificity 

• A ligand might display affinity to two 

or more unrelated targets 

• More predictive pharmacokinetics, 

better patient compliance, and 

reduced risk of drug interactions 

• Therapeutic efficacy may increase 

through inhibition of more targets, 

which might enhance each other 

• The ratio of each pharmacophore in 

the molecular structure usually 

cannot be changed 

• Difficult to achieve sequenced 

administration at the targets 

• Achieving balanced and multi-

selective potency toward multiple 

targets is challenging 

• Multi-drug resistance (mediated by 

MDR1 or P-gp) 
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Indole scaffold, one of the most abundant bi-heterocycle in nature, is widely used in 

medicinal chemistry for the targeted-based design and development of new anticancer agents. 

It is an important moiety in many natural products such as alkaloids, and others potential drugs 

isolated from plant, animal and microbial hormones. Since the nineteenth century when Fischer 

discovered its synthesis,10 the indole scaffold became the main part in many marketed 

pharmaceutical bioactive drugs. Natural compounds bearing indole nucleus displayed versatile 

pharmacological activity including antibacterial11 and antifungal,11–13 anti-inflammatory,14 

antihistamine,15 antioxidant,16 antidiabetic,17 antiviral,18 anticholinesterase19 and anticancer.20–

25 For instance, Vinblastine and its oxidised form Vincristine, two potent antimitotic agents 

isolated from Catharanthus roseus, have been used for the treatment of various cancer diseases 

among which Hodgkin's disease, non-Hodgkin's lymphoma, Kaposi's sarcoma, and breast or 

testicular cancers.26 Many other natural alkaloids indole-analogues have shown anticancer 

activity; these include mitomycin C, isolated from Streptomyces caespitosus, that is widely used 

for the treatment of metastatic bladder, breast, cervix, colorectal and anal, gastric, head and 

neck, non-small-cell lung and pancreatic cancers.27 Bis-indole alkaloids such as dragmacidin, 

hyrtinadine A, nortopsentin D, topsentin and hyrtiosins B that exhibited cytotoxic activity 

against different cancer cell lines.28 Interestingly, these products have always been a source of 

inspiration for synthetic indole derivatives with anticancer activity able to bind multiple 

receptors with high affinity.29 More in depth investigation on mechanism of action underling 

antitumor activity revealed that most indole-based molecules act as tubulin polymerization 

inhibitors with potential of interacting with colchicine binding site, and on other targets such as 

histone deacetylases (HDACs), sirtuins, PIM kinases, DNA topoisomerases, and δ-

receptors.30,31  

The imidazo[2,1-b][1,3,4]thiadiazole nucleus has been considered as an important scaffold 

for the design of molecules with various biological activities including anticancer,32 analgesic,33 

anti-leishmanial,34 antioxidant,35 antitubercular,36 anticonvulsant,37 and antibacterial.38-39 

Based on these knowledge, one of the aims of this Thesis was to synthesize new molecules 

through a structure-based molecular hybridization approach. They were designed with the 

imidazo[2,1-b][1,3,4]thiadiazole scaffold bearing the indole-based moiety. Finally, antitumor 

and antibiofilm of these compounds were evaluated. 

In the chapters 5,6,7,8 and 11 we report the synthesis and the biological activities, as 

antibiofilm and antitumor, of the new imidazo[2,1-b][1,3,4]thiadiazole derivatives. 
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2. An overview of biofilm formation and its role in the persistence of bacterial infections 

By definition, biofilm is a consortium of one or more types of microorganisms immersed in 

a matrix of acellular components.40 The morphology of each biofilm depends on the 

microorganisms that compose it including bacteria, fungi and protists, capable of growing on 

many different surfaces. The acellular component is constitute by one or more extracellular 

polysaccharides, proteins, lipids and extracellular DNA (e-DNA) as well as molecules 

originating from the host, such as mucus and DNA, together called extracellular polymeric 

substances (EPS). These components are secreted into the environment by the cells themselves, 

and nourishing, air and water are guaranteed through microchannel. There are several reasons 

behind the transition from planktonic status to the biofilm, among which: 

i) biofilm protects microorganisms from environmental condition, for instance the blood 

stream;41 

ii) EPS guarantees resistance to the bactericide, limiting drug delivery and encouraging the 

exchange of plasmid DNA between cells by horizontal gene transfer, for instance genes 

involved in drug resistance.41 

Biofilm formation occurs gradually: the first step is the attachment of some cells onto a 

surface or tissue. Specifically, this step can be divided into two sub-steps processes which 

consist of an initial reversible attack followed by the irreversible attack of the cells on the 

surface. After that, other cells of the same species or not are recruited in the biofilm from 

the bulk fluid, thus creating multi-layers colonies into which cells are able to distribute 

themselves based on oxygen demand for their metabolism and acquire specialized functions. 

This step is called maturation. Therefore, when the biofilm has matured, the last step 

consisting of dispersion of the biofilm, begins which is critical for the biofilm life cycle.41 

Various human diseases are linked to biofilms including the bacterial one. For example, 

gastrointestinal, oral and respiratory, urinary tracts and chronic wounds, are typically sites 

to growth.42 In addition, devises such as catheters, heart valves, and prostheses are also 

common sites for biofilm development, thus inducing the nosocomial chronic infections 

which are difficult to treat with conventional antibiotics.43 Bacteria in a biofilm are more 

resistant to antibiotics than planktonic. This was first observed in 1985 when P. aeruginosa 

cells in a biofilm or in planktonic form had a different response to the treatment with 

tobramycin, 50 μg/mL versus 1 mg/mL, respectively to reduce the survival.44 Drug 

resistance of biofilm is due to: 

➢ limited drug delivery because EPS matrix provides physical protection and reduces the 

penetration; 
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➢ exchange of mutated genetic material carrying information of resistance; 

➢ reduced growth rate of persister cells, a subpopulation of cells defined as dormant, which 

form spontaneously within a biofilm and acquire stubborn resistance to the antibiotics; 

➢ cells that live in the part of biofilm with low oxygen rate and metabolism with 

consequently low cell division. Therefore, all drug which act in the splitting step of cells 

do not work; 

➢ finally, overexpression of efflux pump that throws the drugs out of cells.41 

According to current estimates by the National Institute of Health, from 65 to 80% of all 

bacterial infections are biofilm-mediated,45 therefore, it is a priority to search for new agents 

able to overcome drug resistance, hitting one or more mechanisms of formation or of 

maintenance of biofilms, including Sortase A (SrtA), the transpeptidase involved in the process 

of bacterial adhesion, or autoinducing peptides (AIPs), autoinducer-2 (AI-2), bacterial second 

messengers, such as c-di-GMP and c-di-AMP.46 

 

3. An overview of pancreatic cancer with special focus on Pancreatic Ductal 

Adenocarcinoma (PDAC) 

3.1 Brief description of pancreatic anatomy 

The pancreas is an elongated (12-15 cm; 6 inches) and tapered glandular organ placed in the 

upper abdomen, behind the stomach. The wider portion, close to the duodenum, is called the 

head of the pancreas, while the middle and the rest of the organ are called body and tail, 

respectively. Actually, it is a heterocrine gland, namely two glands intimately mixed together 

into one organ. For this reason, it has a dual function: digestive exocrine and hormone-

producing endocrine. 

The first one consists in the secretion of pancreatic juice produced by the acinar tissue, 

consisting of cells called ‘acini’. The juice is composed of inactive digestive or lytic enzymes, 

to break down the proteins, fats, carbohydrates, and nucleic acids of food in small components 

that must be absorbed by the intestine; these enzymes are released in a system of many small 

ducts and thus, conveyed into the larger central pancreatic duct, from which they are drained 

into the bile duct to reach the duodenum where finally, they are activated. In addition, the 

pancreatic juice contains bicarbonate, secreted by ductal cells, to neutralize gastric acid in the 

duodenum and ensuring a neutral/alkaline environment necessary for the activity of enzymes. 

The second function of the gland is to release hormones into the bloodstream. They are 

produced by the endocrine pancreas, composed of small islands of cells, called the islets of 

Langerhans. In particular, five different cells make up the islets: α- and β-cells that produce 
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insulin and glucagon, respectively, which regulate the level of glucose in the blood; δ-cells that 

release somatostatin, which controls the secretory activities of the first two cells before 

mentioned; ε- cells that produce ghrelin, involved in regulating the body's energy balance; 

finally, PP- cells that regulate the exocrine and endocrine secretion of the pancreas through the 

production of pancreatic polypeptide.47,48 (Figure 2)  

Figure 2. Representative image of the pancreas anatomy.49 

 

3.2 General introduction of pancreatic cancer with insights on PDAC 

Pancreatic cancer is a highly malignant disease and, despite the low incidence rate of 

approximately 3% of all cancer cases, pancreatic cancer represents the seventh leading cause 

of cancer related-deaths worldwide; Europe, North America and Australia/New Zealand are the 

most affected countries.50 In 2019, the American Cancer Society estimated 1,762,450 new 

cancer cases and 606,880 cancer deaths in the United States (US). Among these, 56,770 new 

cases and 45,750 new deaths of pancreatic cancer were estimated in both sexes, thus 

representing the third cause of cancer death in the US.51 

The numerous types of malignant pancreatic neoplasms reflect the different types of cells that 

make up the organ.52 Currently, they are classified based on their cellular differentiation (ductal, 

acinar or neuroendocrine), and on macroscopic appearances (solid or cystic). Most of these 

tumors are of the exocrine type because they start in cells that produce the digestive juice of the 

pancreas. Among these, 75-80% of pancreatic cancer are adenocarcinomas and begin in the 

cells lining the pancreatic duct. Conversely, pancreatic neuroendocrine tumors (PanNETs), 

arising from endocrine cells, occurring for the 15-20% of cases. Other less commons are colloid 

carcinomas (2%), solid-pseudopapillary tumors (2%), acinar cell carcinomas (1%), 

pancreatoblastomas (0.5%), adenosquamous, hepatoid, medullary, signet ring cell and 

undifferentiated carcinoma.52–54 
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Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic 

malignancy and one of the most aggressive solid tumors. Usually, it develops in the head of the 

pancreas (60-70%), rarely in the tail (5-10%) and body (10-20%).55 The 5-years survival rate 

in patients with early-stage of PDAC is achieved only in 25%, after surgical resection. 

However, most PDAC patients are diagnosed at advanced stage (locally-advanced or 

metastatic) with non-resectable tumor, therefore, the overall 5-years survival is only 8%. 

Despite numerous efforts in pancreatic cancer research, mortality rates related to the incidence 

remain high and relatively unchanged over the years, both for men and women, thus planning 

to become the second most common cause of cancer death by 2030, overcoming breast, 

prostate, and colorectal cancers.56 There are many risk factors associated with the disease, many 

of which are related to eating habits and reduced physical activity, as well as high consumption 

of alcohol and tobacco smoke, the latter associated with a risk 2-3 times greater than 

development of the disease compared to non-smokers. Other risk factors are diabetes mellitus 

and chronic pancreatitis,54,57 or Hereditary Pancreatitis (HP) and hereditary genetic 

syndromes.58  

PDAC has a very poor prognosis and several factors contribute to this. First of all, it is 

diagnosed at an advanced stage due to the absence of specific symptoms which, together with 

the lack of adequate screening tools for diagnosis, make it difficult to diagnose PDAC in the 

early stage. Further, poor clinical outcome is due to the high aggressiveness of PDAC 

characterized by rapid growth, lymph-nodes and vasculatures infiltration, as well as metastasis 

to distant organs, particularly liver, lung and peritoneum. In fact, typical TNM status at 

diagnosis is T3N1, in which T3 indicates that the tumor has grown outside the pancreas into 

surrounding tissues, but not yet into major blood vessels or nerves, while N1 indicates the 

presence of metastasis in regional lymph nodes. Consequently, only 10-20% of patients are 

eligible to surgical resection of tumor. Finally, genetic and epigenetic alterations and the 

complex microenvironment of PDAC, as well as the inherent and/or acquired resistance to 

conventional treatment modalities, contribute to the high malignancy of tumors.53,59 

3.3 Diagnosis: clinical presentation, diagnostic tools and test, management 

Clinical signs and symptoms of PDAC rely on the localization of the tumor. Notably, the 

tumors that occur in the head of the pancreas are typically associated with abdominal pain, 

jaundice (also known as icterus, a yellowish pigmentation of the skin and whites of the eyes 

due to high bilirubin levels), pruritus, dark urine, and acholic stools as a result of obstruction 

within the biliary tree. While, for the minority of cases, the symptoms associated with the 

development of cancer in the body and tail of the pancreas, defined as "non-specific", include 
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unexplained weight loss, anorexia, early sense of satisfaction of the appetite, dyspepsia, nausea, 

and depression.60 

Several diagnostic imaging tools are available for the diagnosis of PDAC, although not 

specific and often unable to identify patients with early-stage disease. Ultrasound (US) is 

generally used for an initial diagnosis in patient with the most common symptoms of pancreatic 

cancer. Unfortunately, this technique is not sensitive and makes no distinction between PDAC 

and inflammatory diseases such as pancreatitis. Endoscopic Ultrasound (EUS) can give 

information about staging of the tumor and to complete the diagnosis obtaining tissue fragments 

by fine-needle aspiration. This test can be associated with US. Computed Tomography (CT) is 

a high accuracy test for determining the extent of primary tumor, but also locoregional 

extension, vascular invasion, distant metastases and to establish the resectability of the tumor. 

For patients that show allergy to contrast media, other opportunity is the use of the Magnetic 

Resonance Imaging (MRI), whose sensitivity and specificity are comparable to CT 

(approximately 80-90%). MRI detects the infiltration of lymph-nodes and distant metastases. 

Finally, Positron Emission Tomography (PET), similarly to CT and MRI, allows whole body 

imaging to staging of diseases; this is the most sensitive and specific among the diagnostic tests 

available. In fact, this technique uses the amount of glucose consumed by the tumor compared 

to the healthy tissue. Therefore, through the [18F]-2-fluoro-2-deoxy-glucose (18F-FDG) uptake 

in cells, tumor volume is predicted and, consequently, the efficacy of the treatment. The only 

disadvantage of the technique is the false-positive result between inflammatory tissue and 

tumor, due to the similar appearance of pancreatitis and PDAC.61 

The image techniques described above can also be complemented with evaluation of cancer 

antigen 19-9 (CA 19-9). However, CA 19-9, is  not only expressed in pancreatic tumor, but also 

in chronic pancreatitis or inflammatory disease. As a result, it is not a predictive factor of the 

present tumor alone. It can be used to confirm the diagnosis and predict prognosis and 

recurrence after resection.60 

In order to establish the best route for the treatment of PDAC, as well as speculate on patient 

prognosis, a careful staging of the tumor is necessary. The staging TNM (Tumor Node 

Metastasis) system of the American Joint Committee on Cancer (AJCC) 8th edition, is the 

widely used. Particularly, this system takes into account three factors: the size of the tumor (T) 

(T1, Maximum tumor diameter ≤ 2 cm; T2, Maximum tumor diameter > 2 cm, but ≤ 4 cm; T3, 

Maximum tumor diameter > 4 cm; T4, Tumor unresectable primary tumor), whether or not the 

lymph-nodes are involved (N) (N0, No regional LN metastasis; N1, Metastasis in 1-3 regional 

LNs; N2, Metastasis in > 4 regional LNs), and finally, presence of metastasis (M) (M0, No 
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distant metastasis; M1, Distant metastasis). Of note, the AJCC 8th edition optimized the 

division of tumor stages compared to the previous, in order to improve clinical management 

and increase the survival time. In fact, unlike the older system, in this last edition, stage III is 

subdivided into IIIA (Tany N2 M0) and IIIB (T4 AnyN M0).62 

3.4 Treatment: pros and cons 

Several clinical managements of PDAC are available, such as surgery, radiation, 

conventional chemotherapy, immunotherapy, the use of targeted and multi-targeted drug, while 

miRNA-targeting is still experimental. The choice of one or more treatment options depends 

on the extent of the tumor. For this reason, PDAC is classified into 4 categories: resectable, 

borderline resectable, which exhibit venous involvement of superior mesenteric vein/portal-

vein (SMV/PV) and gastroduodenal artery encasement, locally advanced and metastatic. The 

option of surgery depends mainly on the extent of the tumor (resectable or resectable borderline) 

and location. Only 5-20% of patients have a resectable disease at the time of diagnosis and, in 

most cases, it relapses within a year. In patients that underwent to surgical resection, the overall 

5-year survival rate is in the range between 15 and 40%, for other patients the overall 5-year 

survival rate is less than 5%. However, surgical options consist in pancreaticoduodenectomy 

(removal of head/body of the pancreas and nearby organs), distal pancreatectomy (tail, body 

and spleen), total pancreatectomy (whole pancreas and nearby organs) or palliative surgery 

(stent or bypass), which may alleviate symptoms of biliary and gastric outlet obstruction.63 

Radiotherapy (RT) is generally used as adjuvant after surgical resection, in fact, on its own, it 

has shown no benefit in terms of survival compared to chemotherapy. Kamarajiah et al., 

reported a study of a big retrospective cohort in which the adjuvant RT after R0 PDAC resection 

was associated with a survival benefit in patients with node-positive disease.64 Instead, 

combination of RT and chemotherapy (called chemoradiotherapy) has rarely provided tumor 

downstaging and conversion to resectability, and often has false positive results.63 

Immunotherapy can be executed through checkpoint inhibitors, vaccines, monoclonal 

antibodies, adoptive cell transfer, viruses, and use of cytokines. The use of the immunotherapy 

has shown conflicting results and several efforts must be made in order to improve the 

effectiveness and patient’s applicability.63 

Another route in the treatment of PDAC could be the targeted-therapy. Several signalling 

pathway are involved in the growth, invasion and metastasis of the tumor, and consequently, 

there are many opportunities to target. Unfortunately, because PDAC has a heterogeneous 

nature, most of target-therapies fail. Only in one phase III trial, the use of erlotinib, a specific 

epidermal growth factor receptor (EFGR) inhibitor, in combination with gemcitabine, showed 
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two weeks improvement of patient’s’ survival with advanced stage disease, compared 

gemcitabine alone, but for its limited benefits, it has been rarely used in the clinic.63,65 

Different genetic aberration occur in PDAC, therefore, the use of multitarget drugs could be a 

new approach in the treatment of this disease. Fifty-one patients with metastatic PDAC, have 

been enrolled in a clinical study of phase II for the clinical evaluation of dasatinib, an oral 

multitarget tyrosine kinase inhibitor that targets BCR-ABL, c-Src, c-KIT, platelet-derived 

growth factor receptor β, and EphA2, all dysregulated in PDAC. Unfortunately, dasatinib had 

no clinical activity in metastatic PDAC, in fact, the median OS (4.7 months) and the median 

progression-free survival (2.1 months) were lower than to the chemotherapy approaches 

described below.66 This may be related to the limited tumor penetration of dasatinib, since it is 

an excellent substrate for efflux pumps.67 

miRNAs are a class of endogenous small non-coding RNAs mainly active in the regulation 

of gene expression at the transcriptional and post-transcriptional levels. They are involved in 

control of several cellular processes such as proliferation, apoptosis and cellular differentiation 

by mRNA degradation. However, their altered expression is correlated to the development and 

progression of cancer. Aberrant expressions of miRNAs have been found in PDAC and several 

preclinical studies have argued that their management could represent the recent and emerging 

landscape. For instance, a nanoparticle-based miR-150 delivery system was developed and 

tested against PDAC cells. miR-150 is a tumor suppressor and its ability to decrease the growth, 

motility, and invasion of PDAC is associated with down-regulation of the expression of its 

target gene, MUC4.68 Furthermore, in a study conducted on mouse model, the combination of 

gemcitabine and miR-205 prevented tumor growth and induced apoptosis of MIA PaCa cells, 

typically resistant to gemcitabine.69 

To date, conventional chemotherapy, in particular combination of drugs, is the best option for 

the treatments of PDAC. Gemcitabine, a deoxycytidine nucleoside analogue, also known as 

dFdC: 2′,2′-difluorodeoxycytidine, was the first agent approved by the FDA for the treatment 

of advanced and metastatic pancreatic cancer, based on clinical improvement in comparison 

with 5-fluorouracil (5-FU). Unfortunately, the clinical effects are limited by chemoresistance, 

partly due to the extensive dense fibrous stroma and consequently, to the poor penetration of 

drug in it.70 Multiple phase II and III studies evaluated the additional use of other agents 

associated with gemcitabine, for instance the combination with 5-FU, capecitabine, oxaliplatin, 

and cisplatin, which however, did not improve survival compared with gemcitabine alone.71–77 

The first moderate benefit has been the combination of gemcitabine with erlotinib.65 However, 

in 2013, addition of nab-paclitaxel to gemcitabine showed benefits in overall survival (about 2-
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months) compared to gemcitabine alone. In fact, nanomolecular albumin-bound (nab)-

paclitaxel was formulated with the aim to have greater plasma and tumor delivery, impact on 

the stroma, and higher cytotoxic activity of paclitaxel and other drugs in combination, i.e. 

gemcitabine. In a phase III trials conducted with metastatic patients, the median overall survival 

was 8.5 months in the nab-paclitaxel-gemcitabine group compared to 6.7 months in the 

gemcitabine group, and the survival rate was 35% versus 22%, respectively, at 1 year, and 9% 

versus 4% at 2 years.78 Unfortunately, this regimen has increased toxicity compared with single 

agent gemcitabine. In 2011, Conroy et al., reported the results of a highly effective combination 

of fluorouracil, leucovorin, irinotecan and oxaliplatin (FOLFIRINOX) treatment in patients 

with metastatic pancreatic cancer.79 Despite the numerous adverse side effects, the objective 

response rate was 31.6% in FOLFIRINOX group versus 9.4% in the gemcitabine group (P < 

0.001), thus becoming the first-line treatment option. Instead, a retrospective analysis 

conducted on 83 patients with advanced pancreatic cancer treated with FOLFIRINOX plus 

(nab)-paclitaxel and gemcitabine showed the same overall survival outcome.80  

 

3.5 Tumor biology 

3.5.1 Pathogenesis of PDAC  

PDAC gradually develops from non-malignant ductal lesions to invasive ductal 

adenocarcinoma and different precursor lesions have been recognized. These include the 

pancreatic intraepithelial neoplasia (PanIN) and cystic neoplastic lesions, the latter classified in 

intraductal papillary mucinous neoplasm (IPMN) and mucinous cystic neoplasms (MCN). 

According to the recent classification system and recommendations from the Baltimore 

consensus meeting, neoplastic precursor lesions can be classified in low- and high- grade.81 

Briefly, PanIN is defined as a microscopic, flat or papillary, non-invasive epithelial neoplasm 

characterized by varying amounts of mucin and degrees of cytologic and architectural atypia.81 

PanIN lesions (divided in PanIN-1, -2, -3) are accompanied by specific genetic alterations; for 

instance, mutations in codon 12 of the KRAS2 gene and inactivating mutations in p16/CDKN2A 

gene have been found in low-grade lesions (PanIN-1 and -2), while other additional mutations, 

in particular inactivating mutations in SMAD4, TP53 and BRCA2, occur in high-grade lesions 

(PanIN-3).82 IPMN is defined as a grossly visible, predominantly papillary or rarely flat, non-

invasive mucin-producing epithelial neoplasm arising in the main pancreatic duct or branch 

ducts. PanINs and IPMN share several characteristics: they are composed of columnar 

mucinous cells with papillary configuration, have various degrees of atypia and can involve 

both smaller and main ducts. The only characteristic that help to distinguish these two lesions 
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is the size; PanIN lesions are usually < 0.5 cm, while IPMN lesions have a diameter ≥ 1.0 cm.81 

Cells of IPMN lesions are also characterized by gene alterations, in particular, SMAD4 gene is 

inactivated, whereas STK11/LKB1 is lost. Finally, MCN is distinguished from the other IPMN 

cystic lesions by the presence of a single ovarian-type stroma. Between these two cystic 

neoplastic lesions there are crucial differences regarding the pathogenesis. While MCN arises 

from ovarian rests in the pancreas, IPMN appears to arise from the pancreatic duct. In addition, 

MCN lesions do not recur after complete resection, while at least 10% of patients with IPMN 

who undergo to partial pancreatic resection have a recurrent frequency.82,83 Common gene 

alterations between cystic neoplastic lesions have been found in RNF43, gene encoding for a 

protein with intrinsic E3 ubiquitin ligase activity. 

PDAC tumor microenvironment (TME) is characterized by a dense stroma, known as 

desmoplasia or desmoplastic reaction, which is comprised of cellular components, 

predominantly cancer-associated fibroblasts (CAFs), immune cells, stellate cells, and acellular 

components such as collagen, fibronectin, cytokines and growth factors that are localized in the 

extracellular matrix (ECM). Several studies highlighted the ability of stroma components to 

promote tumor progression, invasion, metastasis and chemoresistance, the latter also due to the 

physical barrier created by the desmoplastic reaction. Physiologically, cellular components of 

the stroma ensure tissue repair following damage. Particularly, acinar cells secrete pro-

inflammatory and pro-angiogenic growth factors/cytokines, and activate immune cells 

(adaptive and innate), PSCs/fibroblasts, and vascular cells to restore normal pancreatic 

function. Conversely, after oncogenic mutations, epithelial cells transform into cancer cells and 

the control of the activity of cellular components of stroma fails, with the subsequent 

uncontrolled secretion of pro-inflammatory growth factors/cytokines, including transforming 

growth factor beta-1 (TGF-β1), fibroblast growth factor-2 (FGF2), interleukin 1 and 6 (IL-1/6), 

sonic hedgehog (SHH), platelet-derived growth factor (PDGF) that activate fibroblast/PSCs 

proliferation and ECM deposition. Therefore, targeting tumor-stromal components becomes the 

new strategy in pancreatic treatment.84,85  

3.5.2 Genetic abnormalities in primary and metastatic PDAC 

Several genes are somatically mutated in primary PDAC. Four out of these genes GTPase 

Kirsten RAS (KRAS), cyclin dependent kinase inhibitor 2A (P16/CDKN2A), TP53 and SMAD4 

are frequently altered and their activating or inactivating mutation progressively occurs. In fact, 

in the early stages of PDAC the activating mutation of the KRAS gene occurs, followed by 

inactivating mutation in the CDKN2A gene and finally, in the latest stages of pancreatic 

carcinogenesis, the inactivating mutations of the TP53 and SMAD4 genes, which are 
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responsible of progression and invasion. KRAS and CDKN2A genes are found in approximately 

90% of PDAC, TP53 gene in 75%, and SMAD4 gene in 30-50%. KRAS mutation determines a 

constitutively activation of RAS protein and as result, the activation of cellular proliferation, 

while the inactivation of CDKN2A gene, and consequently the loss of p16, encourages the 

proliferation activity, because there is not the control of the transition from G1 to S phase of 

the cell cycle. The inactivation of TP53 gene activity causes the loss of control in the processes 

of DNA repair and apoptosis events and finally, the loss SMAD4 gene activity results in 

aberration of TGF-β signalling pathway.52 Other genes such as DNA repair genes BRCA1, 

BRCA2 and PALB2 and histone-modifying genes KDM6A, MLL2 and MLL3, are lower 

frequency mutated.59 Yachida and collaborators showed that, in patients who underwent an 

autopsy, the four mutated genes described before, KRAS, P16/CDKN2A, TP53 and SMAD4, are 

coexistent in primary PDAC as well as in metastasis. In addition, they observed that only in 

37% of patients all these four genes were mutated, and that the disease free survival and overall 

survival were correlated to the number of altered genes.86 

3.5.3 PDAC pharmacogenetics 

The individual variability of pharmacological responses to the same anticancer treatments 

has pushed the international interest in personalized treatment, that by definition is “the 

management of a patient’s disease or disposition by utilizing the best molecular knowledge to 

accomplish the best medical result for that individual”.87 This variability is due to various 

factors including age, sex, liver and kidney functions, comorbidities and co-drugs, all linked to 

cancer genetics. Pharmacogenetics is the branch of science that deals with the study of the 

inherited genetic differences in drug metabolic pathways which affect individual responses to 

drugs, both in therapeutic terms and in terms of adverse effects. Therefore, it aims to provide 

the best knowledge on the genetic variants of the single patient, as well as on other factors that 

involve the activity of the drug as transporters, receptors and enzymes; in other words, 

pharmacogenetics intends to identify the gene polymorphisms and drug activity.88 The 

treatment of PDAC with gemcitabine, FOLFIRINOX and nab-paclitaxel/gemcitabine 

combinations, may be affected by genetic dysregulation. In chapter 4 we focused on PDAC 

pharmacogenetics and the correlation between polymorphism and -omics profiles with the 

response to gemcitabine, FOLFIRINOX and nab-paclitaxel combinations. 

3.5.4 Molecular mechanisms underlying invasion and metastasis: Epithelial mesenchymal 

transition events 

PDAC is one of the most aggressive malignancies, largely for its tendency to metastasize, 

that together with the resistance to currently available therapeutic interventions, is the main 
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cause of PDAC-related mortality. Metastasis is an extremely controlled set of processes 

involving distinct signalling pathways of cellular and non-cellular components of TME. This 

process occurs in multiple steps in which cancer cells acquire the ability to spread from the 

primary tumor to the distant organs. They consist in the invasion by the tumor cells of 

surrounding tissue, then intravasation into lymphatic circulatory systems and transport of the 

cells through them, followed by extravasation in the distant capillaries, by the development of 

micro-metastases, and finally, by macro-metastatic colonizations.89 Most patients at diagnosis 

have advanced disease, characterized by infiltration of lymph nodes and vascularization, as well 

as by metastases to distant organs, such as the liver, lungs and peritoneum.59 In addition, 

patients who underwent surgical resection that subsequently had a recurrent metastasis in 

different sites, had different clinical outcomes. For instance, Sahin and collaborators, observed 

that patients with first site of lung recurrence had a more favourable outcome compared to 

patients who recurred with liver metastasis as the first site of recurrence (median Time from 

relapse to death of 15 versus 9 months respectively, P =  0.02).90 

A lot of studies suggested that epithelial-to-mesenchymal transition (EMT) contributes to 

early-stage dissemination of cancer cells and is pivotal for invasion and metastasis of PDAC.91 

EMT and mesenchymal-to-epithelial transition (MET) are physiological events that play key 

roles in the differentiation of multiple tissues and organs, particularly during embryonic 

development. Further, EMT events also occur in the physiological response to injuries in which 

keratinocytes reprogram their EMT processes. The conversion from epithelial to mesenchymal 

cells involves phenotypic changes like the loss of cell-cell or cell-extracellular adhesion and 

cell polarity, and acquisition of migratory and invasive properties.92 The activation of this 

program depends on microenvironmental signals and is coordinated by the EMT-inducing 

transcription factors (EMT-TFs) that interact with epigenetic regulators to control the 

expression of proteins involved in cell polarity, cell-cell contact, cytoskeleton structure and 

extracellular matrix degradation. Because the hallmark of EMT is the loss of E-cadherin 

expression, EMT-TFs can be classified based on their ability to repress E-cadherin directly or 

indirectly. The most representative are the direct repressors that include: zinc-finger proteins 

belong to the SNAILs superfamily, such as SNAIL1, SNAIL2 (also known as SLUG) and 

SNAIL3 (SMUC), and zinc-finger and E-box binding proteins of the ZEB family, such as ZEB1 

(TCF8) and ZEB2 (SIP1). The factors such as TWIST proteins (TWIST1 and TWIST2) repress 

E-cadherin transcription indirectly. Although EMT is fundamental for the physiological 

responses to the injuries as well as for the formation of internal organs, pathological EMT 

features are observed during the development of cancer and tissue fibrosis, due to the 
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dysregulations of protein expressions of the EMT regulators.93 In chapter 7 we studied the 

ability of new imidazothiadiazole derivatives to influence the expression of the key regulators 

of EMTs. In particular, we focused the studies on the expression of zinc-finger protein SNAIL1 

and SNAIL2, E-cadherin (CDH1) and N-cadherin (CDH2), VIM (vimentin) and matrix 

metalloproteinases -2 and -9 (MMP2 and MMP9), both at mRNA and protein expression levels.  

3.5.5 Role of focal adhesion kinase (FAK) in tumor growth and spread 

Focal adhesion kinase (FAK), also known as protein tyrosine kinase 2 (PTK2), is a non-

receptor protein tyrosine kinase that plays its biological function in the regulation of several 

cellular processes such as proliferation, motility, migration, invasion and cell survival. Notably, 

it coordinates single or complex signals, working as a linker for the communication between 

extracellular matrix and intracellular cell compartments, through the phosphorylation of the 

downstream substrates. It is activated by different receptors including integrins, growth factor 

receptors, G protein coupled-receptors and cytokine receptors, and then it binds the downstream 

signalling molecules such as Src, p130Cas, Grb2, PI3K and paxillin.94 Structurally, it is 

composed by four domains that have been widely characterized. From the N- to C-terminus 

sites there are: the FERM (band 4.1, Ezrin, Radixin, Moesin) domain followed by a kinase 

domain, a region proline-enriched, and finally, FAT (Focal Adhesion Targeting). FAK is 

characterized by different phosphorylation sites. Among these, the major involved for the 

activation of the kinase is the tyrosine residue Y-397, which is located in the linker between 

FERM and kinase domains. 

Dysregulation of FAK is found in many cancers, both at early and in advanced stages of the 

tumors; in addition, its overexpression could give information about the prognosis.95 As many 

other cancers, also in PDAC FAK is overexpressed. Begum and collaborators showed that in 

MIA PaCa-2 and Capan-1 cancer cells, in which the overexpression of FAK was induced, the 

levels of activated pFAK-Y397 were increased, as well as in colony formation,96 while another 

study showed the antitumor activity of a specific FAK inhibitor on different pancreatic cancer 

cells in which FAK was overexpressed.97 Therefore, the development of molecules targeting 

FAK could be a good strategy for PDAC treatment. In chapter 7 we demonstrated the ability of 

our imidazothiadiazole compounds to inhibit the phosphorylation of 45 tyrosine kinases 

substrates, whose visualization on Cytoscape highlighted PTK2/FAK as an important hub 

between those proteins. This was validated by the ELISA assay, demonstrating the reduction 

of the phosphorylation of residue Y-397.  



Introduction 

21 

 

4. An overview of Malignant Mesothelioma 

4.1 Brief description of mesothelium: origin, structure and function  

The discovery of the existence of the mesothelium dates back to two centuries ago when 

Bichat observed a single line of flat cells, that line the body serous membranes, which Minot 

subsequently called mesothelial cells. Embryologically, it develops from mesodermal tissue 

around 14 days of gestation, in humans.98 The mesothelium forms a monolayer of flattened 

squamous-like mesothelial cells resting on a thin basement membrane supported by a dense 

irregular connective tissue. Exceptionally, in specific areas, including the milky spots of the 

omentum, the parenchymal organs (liver, spleen), the peritoneal side of the diaphragm 

overlaying the lymphatic lacunae, the septal folds of the mediastinal pleura, and areas of injury, 

mesothelium consists of cuboidal cells.  

Although a long time has passed from discovery of the mesothelium, as well as from its 

description, its true function has been clarified only in the last 20 years. In addition to the 

"static" role as a protective layer covering the peritoneal, pleural and pericardial cavities and 

most of the internal organs to prevent adhesion and to provide a slippery non-adhesive surface 

that facilitates movements, its "dynamic" role has also been described which consists in the 

defense against microorganisms, lesions and invasion of tumor cells.98,99 These functions are 

supported to the metabolic activity of mesothelial cells and by the secretion of glycocalyx, a 

fluid film composed of lipoproteins, phospholipids, proteoglycans, and hyaluronan.100 

4.2 Pathological disease of mesothelium: malignant mesothelioma 

Malignant mesotheliomas are rare and aggressive tumors that occur mostly in the pleura and 

peritoneum sites, with the frequency rate of 80-90% and 10-15%, respectively, while 

pericardium and tunica vaginalis testis are infrequently involved (about 1% for both sites).101 

The prognosis after diagnosis is poor with a median survival from 4 to 10 months, depending 

to subtype of cells that characterized the tumor.102 The incidence of malignant mesotheliomas 

is associated with exposure to asbestos, that collectively refers to six different mineral fibres 

present in nature (crocidolite, actinolite, tremolite, anthophyllite, amosite and chrysotile). 

Recent epidemiological data in the US showed 1 case for 100,000 persons not exposed to 

asbestos against 2 or 3 cases for 100,000 persons exposed, due to occupational exposure or 

living in industrialized countries.103 However, constant exposure to asbestos triggers 

inflammatory reaction, toxicity and mutagenic response with the result to have alterations in 

the expression of redox dependent enzymes and other etiological factors.104 Approximately, 

12% of mesotheliomas occur in carriers of genetic mutations and they can be triggered by 
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asbestos exposure. Mostly the germline mutations in BRCA1-associated protein 1 (BAP1) or in 

genes that regulate DNA repair, such as MLH1, MLH3, TP53 and BRCA2 are associated with 

the disease. Other risk factors include therapeutic ionizing radiation to the chest, the exposure 

to the simian virus 40 (SV40), immune deficiency, chronic inflammation and others.104,105  

4.3 Diagnosis: clinical presentation, diagnostic tests, management 

Several clinical signs and symptoms indicate the presence of malignant mesotheliomas. The 

first symptom that occurs in patients affected with pleural mesothelioma is the dyspnea, 

associated with dry cough, chest pain, fatigue, weight loss and fever. Early satiety and inability 

to lean forward are also observed in patients with ascites, and these clinical symptoms are also 

associated with peritoneal mesothelioma. Pleural or peritoneal effusions are fundamental for 

early diagnosis. 

Primary mesothelioma tumors may spread to give metastasis. In 55.4% of patients post-mortem 

metastases were found, while lymph-node infiltration was identified in 53.3% of cases. Liver 

(31.9%), spleen (10.8%), thyroid (6.9%), and brain (3.0%) organs are the most involved in 

metastases. Mesothelial cells, called also mesodermal in prenatally state, maintain the 

pluripotential ability and therefore, can arising tumors with an epithelioid, sarcomatoid, or 

biphasic histology. 105 

Diagnostic tools reveal the presence of mesotheliomas and in addition, histologically 

differentiate the tumor. Cytological analysis helps pathologists to detect pleural mesothelioma 

through detection of epithelial cells in pleural fluid, while immunohistochemistry (IHC) 

analysis can discern epithelial cells from mesothelial and inflammatory cells. In addition, 

thoracoscopy and laparoscopy biopsy are useful tools to definitely detect pleural and peritoneal 

mesothelioma and to identify the subtypes of mesothelioma cells. Moreover, diagnostic images 

are essential to reveal staging of tumor. CT is mainly used as first imaging modality to delineate 

tumor invasion of the chest wall and diaphragm. PET coupled with CT helps to identify 

additional sites of tumor and to understand the course of therapy. Magnetic resonance imaging 

(MRI), laparoscopy, endobronchial ultrasound (EBUS) with lymph node biopsies, or 

mediastinoscopy are additional methods that revealed the extent of disease.  

Knowing the staging of the tumor is necessary in order to assess the anatomical extent, the 

potential efficacy of the treatments, and to decide whether the tumor can be resected. The recent 

AJCC TNM system, applied starting from January 2018, is used only for malignant pleural 

mesothelioma, in fact, other kind of mesotheliomas are less common and do not have formal 

staging systems. Malignant pleural mesothelioma may be classified into four stages. Stage I 
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and III are divided in A and B, based on the size of tumor for the stage I, and size of the tumor 

and involvement of lymph-nodes for the stage III.106 

4.3 Treatment 

The ‘classic’ modalities of intervention (chemotherapy, radiotherapy and surgery) to treat 

patients with malignant mesothelioma are strongly influenced by tumor extension (TNM) that 

is determined by imaging techniques, though often these are not precise enough to determine 

the “T” and “N” staging. Concerning surgical resection of the tumor, the goal of extra-pleural 

pneumonectomy (EPP), pleurectomy/decortication (P/D), and P/D that also involves resection 

of the pericardium (called EPD), is to give a curative options treatment but the results are 

disappointing. Patients affected by malignant peritoneal mesothelioma experience benefit in 

term of overall survival by the regional chemotherapy with hyperthermic intraperitoneal 

chemotherapy (HIPEC) and normothermic intraperitoneal chemotherapy long-term (NIPEC-

LT).107 However, full resection (macro-and microscopic) of mesothelioma is impossible, 

irrespective of the surgical technique used and in addition, only patients with an epithelioid 

histological subtype may benefit. Mesothelioma with sarcomatous or biphasic types are worse 

candidates for any type of surgery.108 Therefore, surgery is usually performed with 

chemotherapy and radiotherapy (RT), performing multimodal treatment. RT is used mainly to 

prevent metastasis after surgery, to reduce the tumor mass that compromises closely organs, 

and finally, in the form of high dose hemithoracic radiation, to control tumor growth and 

improve the survival.109 

Combination of cisplatin and pemetrexed or raltitrexed is the current standard first-line 

therapy for the treatment of malignant pleural mesothelioma. In fact, this combination has 

shown a longer survival compared with cisplatin alone in randomised phase III trials (OS, 12.1 

vs 9.3 months; respectively).110 For patients that do not tolerate cisplatin, the alternative is the 

substitution with carboplatin.111 The efficacy of this combination therapy was also observed in 

another retrospective study, in which the OS from diagnosis to death of patients who received 

second-line gemcitabine-based chemotherapy after treatment with pemetrexed plus platinum, 

was 13.1 months compared to patients that received first-line pemetrexed-based plus platinum 

regimens (20.8 months).112 

4.4 Correlation between hypoxia and malignant mesothelioma 

It is well established that solid tumors are typically characterized by hypoxic 

microenvironment and low pH, thus representing prognostic factors. These features are due to 

the rapid proliferation of cells that overcome the ability to supply with new vascularization. 

Cancer cells can easily adapt to the low oxygen gradients in which overexpression of the 
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hypoxia-inducible factor-1 (HIF-1), a master regulator of oxygen homeostasis, plays a critical 

role. For instance, it induces genes primarily involved in anaerobic glycolysis, angiogenesis, 

apoptosis, invasion and metastasis, as well as aggressiveness and chemoresistance to several 

treatments.113 Together with HIF-1 overexpression, other factors contribute to the 

chemoresistance, including acidosis, nutrient starvation, increased interstitial fluid pressure, 

and low drug concentrations.114  

Malignant mesothelioma is a highly hypoxic tumor and it was demonstrated by the 

overexpression of HIF-1.115 Raz and collaborators postulated that hypoxia was the main cause 

of resistance to the antifolate by the suppression of key genes involved in folate homeostasis, 

including the influx transporters reduced folate carrier (RFC) and proton-coupled folate 

transporter (PCFT). In addition, the high serum level of the human isoform-5 of lactate 

dehydrogenase (LDH-A), the major check-point for the switch from aerobic to anaerobic 

glycolysis in carcinomas, has a prognostic value in tumor progression, and should be considered 

as a new target for mesothelioma treatment, also together with routine treatment. 

4.5 Biomarkers for diagnostic evaluation 

The search for biomarkers for the diagnosis of the disease as well as for the response to 

chemotherapy is extremely important for oncologists both to select suitable patients for specific 

chemotherapy and to observe the progress or regression of the tumor during treatment. 

In mesothelioma, different biomarkers have been associated both in malignant and in benign 

conditions. Therefore, it is usually convenient to monitor a group of biomarkers, although none 

has been validated in clinical trials. Anyway, glycoproteins such as soluble mesothelin and 

osteopontin are the most valuable biomarkers overexpressed in mesothelioma, and others such 

as hyaluronic acid, fibulin-3, pan-VEGR in the blood and pleural fluid were found as indicators 

of tumor.116 The research for novel and reliable biomarkers continues. We described in chapters 

9 and 10, the prognostic value of LDH-A and PCFT, as promising predictors of pemetrexed’s 

efficacy or chemoresistance, but also potential useful target to overcome such chemoresistance. 
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5. Outline of the PhD Thesis 

The study in the current Thesis is mainly based on the search for the new therapeutics in the 

treatment of pancreatic and mesothelioma cancer. In the introductory chapter we briefly 

introduced a perspective on drug design approaches over the years which introduces the design 

of a novel class of imidazo[2,1-b][1,3,4]thiadiazole derivatives with antitumor and antibiofilm 

activity. Therefore, the molecular biology of pancreatic ductal adenocarcinoma (PDAC) and 

malignant mesotheliomas were described, as well as a brief introduction on biofilm formation 

and its role in the persistence of bacterial infections. 

Overall the Thesis is devided in three main parts: 

Part I: In vitro pharmacological studies as important tools in large-scale drug discovery, and 

the use of combination therapies with special focus on PDAC cancer (chapters 2-4). 

Part II: Preclinical evaluation of the antitumor activity of a new class of imidazo[2,1-

b][1,3,4]thiadiazole derivatives and their repurposing as antibiofilm agents (chapters 5-8). 

Part III: In vitro and in vivo studies on malignant mesotheliomas (chapters 9-11). 

Part I: 

In chapter 2 we discuss the in vitro cytotoxic tests available for the high-throughput screening 

in drug-discovery. 

In chapter 3 we summarize the main mathematical equations to evaluate the synergistic, 

additive or antagonistic effects of drug combinations and the computational approach to 

evaluate these interactions. 

In chapter 4 we describe the main findings on PDAC polymorphisms and -omics profiles 

correlated to the response to gemcitabine, FOLFIRINOX and nab-paclitaxel combinations, as 

well as limitations of targeted therapy. 

Part II: 

In chapters 5 and 6 we describe the antitumor activity of the derivatives of type 2-(6-

phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indoles against three PDAC cell lines (SUIT-

2, Capan-1 and Panc-1). 

In chapter 7 we describe on the antitumor activity of the derivatives of type 2-(1H-indol-3-yl)-

6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazole and 2-(1H-indol-3-yl)-6-

phenylimidazo[2,1-b][1,3,4]thiadiazole-5-carbaldehyde on a panel of PDAC cells (SUIT-2, 

Capan-1, Panc-1, Panc-1R and PDAC-3). 

In chapter 8 we describe the antibiofilm properties of compounds reported in chapter 5 and 6 

against Gram-positive bacterial (reference strains Staphylococcus aureus ATCC 25923, 
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Staphylococcus aureus ATCC 6538 and Staphylococcus epidermidis ATCC 12228) and Gram 

negative (strains Pseudomonas aeruginosa ATCC 15442 and Escherichia coli ATCC 25922). 

Part III: 

In chapter 9 we speculate on the role of PCFT as biomarker to predict the efficacy of the 

treatment with pemetrexed of malignant mesotheliomas, as well as new target to overcome drug 

resistance. 

In chapter 10 we identify the correlation of hypoxia and PCFT silencing with higher LDH-A 

expression and the research for new LDH-A inhibitors against mesothelioma. 

In chapter 11 we describe the in vitro antitumor activity of ten 2-(1H-indol-3-yl)-6-(thiophen-

3-yl)imidazo[2,1-b][1,3,4]thiadiazole derivatives against two DMPM primary cell lines, 

MesoII and STO. 
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A Brief Guide to Performing Pharmacological Studies In Vitro: Reflections from the 

EORTC-PAMM Course "Preclinical and Early-phase Clinical Pharmacology" 

 

Abstract 

One aim of cell-based in vitro assays is to identify the best drug candidate to develop using the 

best tumor cell model. This is challenging in every anticancer drug discovery process. Briefly, 

we summarize the parameters to be taken into account when performing in vitro cell assays, in 

order to obtain reliable and reproducible results, which was fundamentally discussed by 

lecturers at the educational course on preclinical and early-phase clinical pharmacology studies, 

at the 40th Winter Meeting of the Pharmacology and Molecular Mechanisms Group of the 

European Organization for Research and Treatment of Cancer. Moreover, specific cellular 

sensitivity tests are described. In addition to monolayer in vitro cell models for the screening of 

new potential candidate drugs, three-dimensional tumor/cell tissue models are emerging as new 

pre-clinical tools that more closely reflect the in vivo microenvironment. Therefore, the use of 

different in vitro models for drug screening can enhance the predictability and reliability of pre-

clinical drug-discovery phases and target validation. 

Keywords: In vitro; anticancer drugs; cell-sensitivity assays; review; tumor cells  
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Introduction 

Over the past decades conventional approaches to anticancer drug discovery have largely 

relied on screening for determining biological activity and deriving structure–activity 

relationships, with testing for improved drug efficacy, based on assays in immortalized cancer 

cell lines as the first preclinical step, which is simple and reliable.1–5 Mechanism-of-action 

studies of drug candidates are performed in vitro, using a wide variety of time- and cost-

effective techniques in order to define which compounds should progress to the next stage in 

the drug development process. Monolayer cultures are the easiest and most ‘controllable’ 

models for the evaluation of drug potency for most cytotoxic agents. However, this simple 

model does not capture the complexity of the physiological microenvironment. It is becoming 

more and more evident that the tumor microenvironment is highly complex and heterogeneous, 

and that it plays a critical role in tumor cell dissemination and multi-drug resistance.6,7 

Availability of high-throughput screening approaches and advances in genomics and 

proteomics are shifting standards of preclinical drug testing from empirical to target-based 

approaches, aimed at identifying genetic, transcriptional, and protein biomarkers of drug 

sensitivity and resistance.8,9 Discovery of important signaling pathways and mutations that 

drive cancerous transformation lead to the development of more selective drugs to combat 

cancer, such as tyrosine kinase inhibitors (gefitinib, erlotinib, osimertinib), poly (ADP-ribose) 

polymerase inhibitors (olaparib), proteasome inhibitors (bortezomib) and many monoclonal 

antibodies (trastuzumab, ramucirumab).10–15 

New knowledge has led investigators to incorporate a variety of cell lines and tumor 

cell-tissue models into the screening protocols of potential anticancer drug candidates, 

including cell lines harboring specific mutations, human tumor stem cells  and  endothelial 

cells lines.16,17 There is a need for a better understanding of the complex interplay between 

cancer cells and neighboring cells, including stromal and immune system cells that lead to 

restructuration of the extracellular matrix and formation of chaotic vascularization 

structures, which eventually leads to metastasis. How tumor cells modulate their 

environment is of utmost relevance in defining efficient therapy strategies, as well as 

appropriate in vitro systems for drug evaluation.18,19 

At the 40th Winter Meeting of The Pharmacology and Molecular Mechanisms (PAMM) 

group within European Organization for Research and Treatment of Cancer (EORTC), 

2019, in Verona, Italy, the topics of the educational course on preclinical and early-phase 

clinical pharmacology studies addressed the new emerging concepts and current needs and 

challenges in preclinical drug investigation and therapeutics development. Utilization of 
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in vitro, ex vivo, and in silico approaches in preclinical drug testing was thoroughly 

discussed by the presenters of the EORTC-PAMM Group 

(http://www.eortc.org/researchfield/pharmacology-molecular-mechanisms). Here, we 

briefly summarize the main criteria to be used in planning in vitro studies. The knowledge 

of basic concepts and awareness of troubleshooting in performing preclinical 

pharmacological studies in vitro are fundamental to producing reliable results.  

How to Perform Preclinical Pharmacological Studies In Vitro  

The measurement of drug dose–response in cultured cells is the cornerstone of 

preclinical assessment of anticancer drugs. High-throughput experimentation in multi-well 

plates, such as that carried out in the context of the NCI-60 program in which a panel of 

60 different human tumor cell lines from nine different types of cancer were tested, is the 

most representative example of in vitro drug screening on a large-scale, with improved 

reproducibility (http://www.lincsproject.org/).20 

Considering that most research laboratories evaluate the activity of new compounds 

using few cell lines, utilization of suitable cellular models and appropriate 

chemosensitivity assay are of critical importance in achieving major goals, specifically in 

order to: a) identify new potential agents; b) determine their mechanism of action; c) 

understand the cellular response to the investigated drug.3,21 Suggestions are to use cell 

lines with specific biological characteristics that match the rationale of compound design. 

More specifically, authenticated cell lines should be used to ensure the validity of the data. 

Authentication may be provided by short tandem repeat profiling, which is the analysis of 

microsatellite regions of DNA that have variable numbers of repeats and are located 

throughout the genome.  

In many types of cancer, such as pancreatic, the subpopulation of cancer stem cells 

(CSCs) is highly enriched. CSCs are resistant to current chemotherapeutic drugs and 

therefore are thought to promote tumour recurrence.22,23 CSCs are self-renewing tumor-

initiating cells; in principle, they are good experimental models, but they need to be well 

characterized with appropriate markers. Immortalized human umbilical vein endothelial 

cells, which express integrin subunits consistent with an endothelial origin, and 

transformed human umbilical vein endothelial cells (EA.hy 926) provide valuable in vitro 

models for studying molecular mechanisms underlying endothelial cell proliferation and 

migration during tumor metastasis.17,24 Among the basic conditions related to the 

investigated tumor cell lines that should be predetermined and recorded as part of the dose–

response measurement are plating density, and the proliferative rate/cell-doubling time. 
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The impact of the type and volume of medium used, should be determined empirically for 

each cell line prior to study and should be set so as to have as little effect as possible, on 

growth rate over the incubation period. 

Performing Reliable Cell-survival and Cell Growth-inhibition Assays 

Although simple in principle, cell-based assays are subject to a variety of factors that 

can affect the results, making data unreliable (examples are listed in table I). Thus, basics 

principles have to be followed when designing and performing cell-based assays in vitro.3  
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Table I. Factors influencing the reliability and reproducibility of in vitro experiments.  

Performing reliable cell-survival assays requires careful control over key pharmacological 

parameters that affect the proliferative rate of tumor cells in vitro. Suggestions are to 

carefully account for a) an appropriate drug solvent; b) pharmacologically relevant drug 

concentrations for established drugs and novel compounds; c) duration of drug exposure 

that would match the in vivo situation (e.g. reflecting time of plasma peaks and drug 

persistence); d) optimization of cell-seeding density and assay timing to the particular cell-

doubling time. 

Choosing an appropriate drug solvent is critical in that a solvent may influence the 

stability of the drug. Attention should be paid so that solvents are used at concentrations 

that are non-toxic for the cells. If the compound is stable once dissolved, it can be stocked 

at low temperature (−20°C, −80°C), otherwise it has to be freshly dissolved prior to use. It 

is also important to know if a compound shows protein binding and if this is reversible. 

Dimethyl sulfoxide [DMSO, O=S(CH3)2], is viewed as a ‘universal’ solvent able to 

solubilize most small molecules at high concentrations (up to 100 mmol/L). However, 

using DMSO as a solvent might be inappropriate.25 It should also be recognized whether 

the tested compound is a pro-drug and whether it can be substituted for the active 

metabolite. For metal-based drugs such as Pt(II) or Ru(II) complexes, in aqueous solution 

exchange of the anionic (halide) ligands is considered as a part of complex activation.26 

Activation of organometallic ruthenium pro-drugs by substitution reactions under 

physiological (intracellular) conditions enhances their reactivity with nucleophilic targets 

Drug solvent 

• Incorrect solvent can influence drug stability, leading 

to inaccurate concentration determination  

• Final concentration of solvent should be non-toxic to 

cells  

Drug concentration 

• Pharmacologically/clinically relevant concentrations 

should be used for established drugs  

• Broad ranges can be used for initial screening with 

novel compounds, followed by a narrow range around 

concentrations leading to response  

Drug exposure duration 

• Duration of drug exposure should match the in vivo 

situation 

• Metabolism of the drug should be taken into account 

Seeding density and assay timing 
• Cell density and assay timing are cell line-dependent 

and should be optimized accordingly  
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in cells, such as DNA. However, the drug needs to be stable throughout storage and the 

experiment, particularly as continuous exposure may lead to drug (chemical) breakdown. 

Stability in a particular solvent (DMSO, saline) may be determined by nuclear magnetic 

resonance (NMR) spectroscopy in order to confirm that structures of complexes in solution 

do not change over time, for example, that coordinated ligands remain at the same position 

around the metal center.26,27 

In order to determine the approximate range of drug sensitivity for the cell lines under 

study, it is often advisable to run a preliminary experiment. When no prior information is 

available, the standard approach should be to perform cell-sensitivity assays, using serial 

dilutions of the tested drug, at concentrations ranging from 10 nM to 100 μM, with half-

log10 steps.28 Dose–response studies should be followed by analysis of more narrowly 

spaced concentrations around the responsive range. The process of reliably and accurately 

treating cells with drug is not inconsequential. It is highly recommended to carry out the 

relevant experiments, using clinically meaningful concentrations with a standard agent as 

reference, and comparative activity against non-cancer cells is desirable. High drug 

concentrations should only be used for a short treatment duration.  

In Vitro Cell-Sensitivity Assays 

Two key pharmacological parameters that determine cellular response are the 

concentration (C) of a drug and the duration of drug exposure (T).3,20 For conventional 

cytotoxic agents, cell proliferation and survival in monolayer (2D) cultures are usually 

proportional to the product of C × T, with the exception of drugs that are cell-cycle phase-

specific, where cellular response above a threshold concentration is typically proportional 

to exposure.29 

Time-dependent measurement that reveal changes in response over time, adapted to 

plate-based experiments, can be performed using various approaches.  The achievement of 

reliable, relevant and reproducible results depends on the selection of an appropriate assay, 

and experimental design. The choice of the specific cell-sensitivity assay should be made 

so that the endpoint of the assay addresses the experimental question correctly.  

The colony-forming assay, in which the clonogenic capability of cells is evaluated, 

represents the gold standard of cell-sensitivity assays. Cells are considered clonogenic if 

they maintain the capacity to proliferate indefinitely and to form a clone or colony (Figure 

1A).16 Untreated cells plated as a single-cell suspension at low densities (2–50 cells/cm2) 

can generate colonies. The loss of reproductive integrity can be related to the antitumor 

activity of compounds by a curve where survival is expressed as a function of drug 
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concentration. Critical parameters for this type of assay are: Plating efficiency (PE) = ratio 

of the number of colonies to the number of cells seeded; surviving fraction (SF) = number 

of colonies after treatment of cells expressed in terms of PE. 

 

Figure 1. Schematic representation of cell-sensitivity assays. The most common assays used to 

evaluate the sensitivity of tumor cells to anticancer drugs are shown. Clonogenic assays comprise 

the analysis of the ability of a compound to inhibit the formation of cell colonies on plastic or agar 

(A). Non-clonogenic assays are the most commonly employed cell-sensitivity assays with an 

endpoint different from clonogenic capability (B).  

 

There are multiple methods for determining cell sensitivity to drugs based on cell ability 

to either bind, exclude or metabolize certain dyes, such as those in assays using trypan blue 

exclusion, sulforhodamine B (SRB), tetrazolium or resazurine reduction, and ATP content.  

(i) In the tetrazolium reduction assay, [3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide] (MTT), the most commonly utilized of the tetrazolium 

family, is added to cultures in which the viable cells (metabolically active), are able 

to convert these compounds into colored formazan products, that can be 

colorimetrically detected at 570 nm, with a microplate reader (Figure 1B).30 Assay 
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conditions need to be standardized for each cell line, as formazan production varies 

depending on the cell line and on cell number. 

(ii) The SRB assay is a rapid and sensitive method utilizing a bright pink anionic  dye 

that binds electrostatically to the basic amino acids of trichloroacetic acid (TCA)-

fixed cells  (Figure 1B).31 The protein-bound dye is extracted with Tris base [tris 

(hydroxymethyl) aminomethane], after washing off the unbound dye, and the protein 

content can be quantified colorimetrically at 550 nm with a microplate reader. The 

endpoint of SRB assay is nondestructive, not time critical (stable) and comparable 

with those of other assays. Although labor-intensive with several washing steps, it 

offers a practical advantage of high-throughput screening of anticancer drugs, and 

the results obtained with SRB assay are not significantly different from those 

obtained with the MTT assay.30 

(iii) The ATP content assay is based on the key role of ATP in cellular biological 

processes as the main carrier of energy in cells and on the relationship between ATP 

concentration in all living cells and cell biomass. When the cellular membrane loses 

its integrity, the ability to produce ATP is also lost and the remaining ATP is quickly 

consumed by endogenous ATP-ases. Therefore, the ATP assay is used to assess cell 

viability through high-throughput screening platforms using an ATP detection kit. 

When these assays are used, the following parameters can be obtained: 

➢ IC50: Concentration of agent that inhibits cell growth/survival (in the case of 

colony-forming assay) by 50%; 

➢ GI50: agent concentration which inhibits growth by 50%; 

➢ TGI: total growth inhibition; 

➢ LC50: concentration leading to death of 50% initially seeded cells, the lethal 

concentration (see https://dtp.cancer.gov/discovery_development/nci-

60/methodology.htlm) (Figure 2). 
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Figure 2. Graphical representation of relevant cell-pharmacological parameters. 

A: Representative plot from a cell-sensitivity assay where cell growth inhibition is measured. 

Concentration that inhibits cell growth by 50 % (IC50), and Total Growth Inhibition (TGB) values 

are determined from the plot. B: Plots of drug concentration-dependent decrease of cell growth 

(%) for two different tumor cell lines (X, Y). C: The different phases of tumor cell growth in 

monolayer culture and drug-free medium are shown. 

 

Quality Control of Cell Culture  

The most frequent type of contamination of cell cultures in vitro is Mycoplasma, 

representing over 20% among culture contaminants.32 These bacteria belong to the order 

of Mollicutes, characterized by the lack of a cell wall, and affect cellular physiology. 

Mycoplasma can pass through filters (220 nm pores), the source of contamination most 

often other cultures, serum, feeder layers, and infected personnel. A few techniques are 

available to detect Mycoplasma contamination such as growth in broth, staining, (e.g., 4′,6-

diamidino-2-phenylindole, DAPI), polymerase chain reaction, and ATP luminometry. As 

well as cell line authentication by short tandem repeat analysis, detection of Mycoplasma 

contamination should be a routine test when running cell pharmacology assays.33  

The use of 2D cell-culture systems for the discovery of new anticancer drugs represents 

a simple, reliable and economical approach in pre-clinical phases, and provides important 

information about drug activity, in terms of growth inhibition potency and cytotoxicity. 

However, these kind of assays do not consider the complexity of the tumor 

microenvironment, often inducing different responses to the same treatment in in vitro and 
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in vivo tests. Through the cooperative work of cell biologists and bioengineers, new 

scaffolds for 3D tumor cell/tissue growth have been generated. Multicellular spheroids and 

organoids also represent valuable models for use in cellular pharmacology studies, 

exploitable even in co-culture approaches. They mimic the in vivo cellular 

microenvironment, taking into account the influence of specific parameters on drug 

response, including the physical and mechanical properties of the extracellular matrix, the 

oxygen gradient, extracellular pH and gradient of nutrients, as well as drug transport. 

Although some obstacles must be overcome, such as the use of suitable coating matrices, 

3D cultures are considered useful future tools for obtaining more reliable results in pre -

clinical trials for high-throughput screening in the drug discovery and target validation. 

Acknowledgements 

This review article was prepared on behalf of the EORTC-PAMM Group, the organizing 

committee of the EORT-PAMM winter meeting and the educational course on Pre-clinical 

Pharmacology of Anticancer Drugs 2019,Verona, Italy 

Conflicts of Interest 

The authors wish to confirm that there are no known conflicts of interest associated with 

this publication and there has been no significant financial support for this work that could  

have influenced its outcome. 

Authors’ contributions 

All authors made equal and substantial contributions to conception, design and writing of 

the paper.  



Chapter 2 

52 

References 

(1)  Kelland, L. R. Preclinical Perspectives on Platinum Resistance. Drugs 2000, 59 Suppl 4, 

1–8; discussion 37-38. https://doi.org/10.2165/00003495-200059004-00001. 

(2)  Ziegler, C. J.; Silverman, A. P.; Lippard, S. J. High-Throughput Synthesis and Screening 

of Platinum Drug Candidates. J. Biol. Inorg. Chem. 2000, 5 (6), 774–783. 

(3)  Perego, P.; Hempel, G.; Linder, S.; Bradshaw, T. D.; Larsen, A. K.; Peters, G. J.; Phillips, 

R. M.; EORTC PAMM Group. Cellular Pharmacology Studies of Anticancer Agents: 

Recommendations from the EORTC-PAMM Group. Cancer Chemother. Pharmacol. 

2018, 81 (3), 427–441. https://doi.org/10.1007/s00280-017-3502-7. 

(4)  Giovannetti, E.; Zucali, P. A.; Assaraf, Y. G.; Leon, L. G.; Smid, K.; Alecci, C.; 

Giancola, F.; Destro, A.; Gianoncelli, L.; Lorenzi, E.; et al. Preclinical Emergence of 

Vandetanib as a Potent Antitumour Agent in Mesothelioma: Molecular Mechanisms 

Underlying Its Synergistic Interaction with Pemetrexed and Carboplatin. Br J Cancer 

2011, 105 (10), 1542–1553. https://doi.org/10.1038/bjc.2011.400. 

(5)  Massihnia, D.; Avan, A.; Funel, N.; Maftouh, M.; van Krieken, A.; Granchi, C.; Raktoe, 

R.; Boggi, U.; Aicher, B.; Minutolo, F.; et al. Phospho-Akt Overexpression Is Prognostic 

and Can Be Used to Tailor the Synergistic Interaction of Akt Inhibitors with Gemcitabine 

in Pancreatic Cancer. Journal of Hematology & Oncology 2017, 10 (1), 9. 

https://doi.org/10.1186/s13045-016-0371-1. 

(6)  van Beijnum, J. R.; Giovannetti, E.; Poel, D.; Nowak-Sliwinska, P.; Griffioen, A. W. 

MiRNAs: Micro-Managers of Anticancer Combination Therapies. Angiogenesis 2017, 

20 (2), 269–285. https://doi.org/10.1007/s10456-017-9545-x. 

(7)  Phillips, R. M. Targeting the Hypoxic Fraction of Tumours Using Hypoxia-Activated 

Prodrugs. Cancer Chemother. Pharmacol. 2016, 77 (3), 441–457. 

https://doi.org/10.1007/s00280-015-2920-7. 

(8)  Roma-Rodrigues, C.; Mendes, R.; Baptista, P. V.; Fernandes, A. R. Targeting Tumor 

Microenvironment for Cancer Therapy. Int J Mol Sci 2019, 20 (4). 

https://doi.org/10.3390/ijms20040840. 

(9)  Castagna, A.; Antonioli, P.; Astner, H.; Hamdan, M.; Righetti, S. C.; Perego, P.; Zunino, 

F.; Righetti, P. G. A Proteomic Approach to Cisplatin Resistance in the Cervix Squamous 

Cell Carcinoma Cell Line A431. Proteomics 2004, 4 (10), 3246–3267. 

https://doi.org/10.1002/pmic.200400835. 

(10)  Burger, A. M. Highlights in Experimental Therapeutics. Cancer Lett. 2007, 245 (1–2), 

11–21. https://doi.org/10.1016/j.canlet.2006.03.012. 



   Anticancer Res. 2019 Jul;39(7):3413-3418 

53 

(11)  Erdem, L.; Giovannetti, E.; Leon, L. G.; Honeywell, R.; Peters, G. J. Polymorphisms to 

Predict Outcome to the Tyrosine Kinase Inhibitors Gefitinib, Erlotinib, Sorafenib and 

Sunitinib. Curr Top Med Chem 2012, 12 (15), 1649–1659. 

https://doi.org/10.2174/156802612803531333. 

(12)  Lamb, Y. N.; Scott, L. J. Osimertinib: A Review in T790M-Positive Advanced Non-

Small Cell Lung Cancer. Target Oncol 2017, 12 (4), 555–562. 

https://doi.org/10.1007/s11523-017-0519-0. 

(13)  Evers, B.; Schut, E.; van der Burg, E.; Braumuller, T. M.; Egan, D. A.; Holstege, H.; 

Edser, P.; Adams, D. J.; Wade-Martins, R.; Bouwman, P.; et al. A High-Throughput 

Pharmaceutical Screen Identifies Compounds with Specific Toxicity against BRCA2-

Deficient Tumors. Clin. Cancer Res. 2010, 16 (1), 99–108. https://doi.org/10.1158/1078-

0432.CCR-09-2434. 

(14)  Gatti, L.; Zuco, V.; Zaffaroni, N.; Perego, P. Drug Combinations with Proteasome 

Inhibitors in Antitumor Therapy. Curr. Pharm. Des. 2013, 19 (22), 4094–4114. 

https://doi.org/10.2174/1381612811319220015. 

(15)  Gatti, L.; Benedetti, V.; De Cesare, M.; Corna, E.; Cincinelli, R.; Zaffaroni, N.; Zunino, 

F.; Perego, P. Synergistic Interaction between the Novel Histone Deacetylase Inhibitor 

ST2782 and the Proteasome Inhibitor Bortezomib in Platinum-Sensitive and Resistant 

Ovarian Carcinoma Cells. J. Inorg. Biochem. 2012, 113, 94–101. 

https://doi.org/10.1016/j.jinorgbio.2012.04.007. 

(16)  Hamburger, A. W.; Salmon, S. E. Primary Bioassay of Human Tumor Stem Cells. 

Science 1977, 197 (4302), 461–463. https://doi.org/10.1126/science.560061. 

(17)  Rhim, J. S.; Tsai, W. P.; Chen, Z. Q.; Chen, Z.; Van Waes, C.; Burger, A. M.; 

Lautenberger, J. A. A Human Vascular Endothelial Cell Model to Study Angiogenesis 

and Tumorigenesis. Carcinogenesis 1998, 19 (4), 673–681. 

https://doi.org/10.1093/carcin/19.4.673. 

(18)  Langhans, S. A. Three-Dimensional in Vitro Cell Culture Models in Drug Discovery and 

Drug Repositioning. Front. Pharmacol. 2018, 9. 

https://doi.org/10.3389/fphar.2018.00006. 

(19)  Mebarki, M.; Bennaceur, A.; Bonhomme-Faivre, L. Human-Cell-Derived Organoids as 

a New Ex Vivo Model for Drug Assays in Oncology. Drug Discovery Today 2018, 23 

(4), 857–863. https://doi.org/10.1016/j.drudis.2018.02.003. 



Chapter 2 

54 

(20)  Su, G.; Burant, C. F.; Beecher, C. W.; Athey, B. D.; Meng, F. Integrated Metabolome 

and Transcriptome Analysis of the NCI60 Dataset. BMC Bioinformatics 2011, 12 Suppl 

1, S36. https://doi.org/10.1186/1471-2105-12-S1-S36. 

(21)  Kumar, S.; Bajaj, S.; Bodla, R. B. Preclinical Screening Methods in Cancer. Indian J 

Pharmacol 2016, 48 (5), 481–486. https://doi.org/10.4103/0253-7613.190716. 

(22)  Avan, A.; Quint, K.; Nicolini, F.; Funel, N.; Frampton, A. E.; Maftouh, M.; Pelliccioni, 

S.; Schuurhuis, G. J.; Peters, G. J.; Giovannetti, E. Enhancement of the Antiproliferative 

Activity of Gemcitabine by Modulation of C-Met Pathway in Pancreatic Cancer. Curr. 

Pharm. Des. 2013, 19 (5), 940–950. 

(23)  Bertolini, G.; D’Amico, L.; Moro, M.; Landoni, E.; Perego, P.; Miceli, R.; Gatti, L.; 

Andriani, F.; Wong, D.; Caserini, R.; et al. Microenvironment-Modulated Metastatic 

CD133+/CXCR4+/EpCAM- Lung Cancer-Initiating Cells Sustain Tumor Dissemination 

and Correlate with Poor Prognosis. Cancer Res. 2015, 75 (17), 3636–3649. 

https://doi.org/10.1158/0008-5472.CAN-14-3781. 

(24)  Lana, F.; Sandra, A.; Ana, K.; Radmila, J.; Biljana, D.; Siniša, R. Trans-Platinum(II)/(IV) 

Complexes with Acetylpyridine Ligands as Antivascular Agents in Vitro: Cytotoxic and 

Antiangiogenic Potential. Anticancer Agents Med Chem 2016, 16 (12), 1628–1639. 

(25)  Hall, M. D.; Telma, K. A.; Chang, K.-E.; Lee, T. D.; Madigan, J. P.; Lloyd, J. R.; 

Goldlust, I. S.; Hoeschele, J. D.; Gottesman, M. M. Say No to DMSO: Dimethylsulfoxide 

Inactivates Cisplatin, Carboplatin, and Other Platinum Complexes. Cancer Res. 2014, 74 

(14), 3913–3922. https://doi.org/10.1158/0008-5472.CAN-14-0247. 

(26)  Patra, M.; Joshi, T.; Pierroz, V.; Ingram, K.; Kaiser, M.; Ferrari, S.; Spingler, B.; Keiser, 

J.; Gasser, G. DMSO-Mediated Ligand Dissociation: Renaissance for Biological 

Activity of N-Heterocyclic-[Ru(Η6-Arene)Cl2] Drug Candidates. Chemistry 2013, 19 

(44), 14768–14772. https://doi.org/10.1002/chem.201303341. 

(27)  Strong in Vitro Cytotoxic Potential of New Ruthenium–Cymene Complexes | 

Organometallics https://pubs.acs.org/doi/abs/10.1021/acs.organomet.5b00041 (accessed 

Sep 28, 2019). 

(28)  Boyd, M. R. The NCI Human Tumor Cell Line (60-Cell) Screen. In Anticancer Drug 

Development Guide: Preclinical Screening, Clinical Trials, and Approval; Teicher, B. 

A., Andrews, P. A., Eds.; Cancer Drug Discovery and Development; Humana Press: 

Totowa, NJ, 2004; pp 41–61. https://doi.org/10.1007/978-1-59259-739-0_3. 

(29)  Kavallaris, M. Microtubules and Resistance to Tubulin-Binding Agents. Nat. Rev. 

Cancer 2010, 10 (3), 194–204. https://doi.org/10.1038/nrc2803. 



   Anticancer Res. 2019 Jul;39(7):3413-3418 

55 

(30)  Supino, R. MTT Assays. Methods Mol. Biol. 1995, 43, 137–149. 

https://doi.org/10.1385/0-89603-282-5:137. 

(31)  Skehan, P.; Storeng, R.; Scudiero, D.; Monks, A.; McMahon, J.; Vistica, D.; Warren, J. 

T.; Bokesch, H.; Kenney, S.; Boyd, M. R. New Colorimetric Cytotoxicity Assay for 

Anticancer-Drug Screening. J. Natl. Cancer Inst. 1990, 82 (13), 1107–1112. 

https://doi.org/10.1093/jnci/82.13.1107. 

(32)  Drexler, H. G.; Uphoff, C. C. Mycoplasma Contamination of Cell Cultures: Incidence, 

Sources, Effects, Detection, Elimination, Prevention. Cytotechnology 2002, 39 (2), 75–

90. https://doi.org/10.1023/A:1022913015916. 

(33)  Molla Kazemiha, V.; Amanzadeh, A.; Memarnejadian, A.; Azari, S.; Shokrgozar, M. A.; 

Mahdian, R.; Bonakdar, S. Sensitivity of Biochemical Test in Comparison with Other 

Methods for the Detection of Mycoplasma Contamination in Human and Animal Cell 

Lines Stored in the National Cell Bank of Iran. Cytotechnology 2014, 66 (5), 861–873. 

https://doi.org/10.1007/s10616-013-9640-9. 



 

 

Chapter 3 
 

To combine or not to combine: drug interactions and tools for 

their analysis. Reflections from the EORTC-PAMM Course on 

“Preclinical and Early-phase Clinical Pharmacology 
 

El Hassouni B1, Mantini G1, Li Petri G1, Capula M2, Boyd L1, Weinstein 

HNW1, Vallés-Marti A1, Kouwenhoven MCM3, Giovannetti E1, Westerman 

BA4, Peters GJ1; EORTC PAMM Group 
 

1. Department of Medical Oncology, Cancer Center Amsterdam, Amsterdam UMC, VU 

University Medical Center (VUmc), Amsterdam, The Netherlands 

2. Fondazione Pisana per la Scienza, Pisa, Italy 

3. Department of Neurology, Brain Tumor Center Amsterdam, Amsterdam University Medical 

Center (VUmc), Amsterdam, The Netherlands 

4. Department of Neurosurgery, Amsterdam UMC, VU University Medical Center, 

Amsterdam, the Netherlands 

 

 

 

Anticancer Research. 2019 July;39(7):3303-3309 

doi: 10.21873/anticanres.13472  

https://www.ncbi.nlm.nih.gov/pubmed/?term=El%20Hassouni%20B%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mantini%20G%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Petri%20G%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Capula%20M%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Boyd%20L%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weinstein%20HNW%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weinstein%20HNW%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vall%C3%A9s-Marti%20A%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kouwenhoven%20MCM%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Giovannetti%20E%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Westerman%20BA%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Westerman%20BA%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peters%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=31262850
https://www.ncbi.nlm.nih.gov/pubmed/?term=EORTC%20PAMM%20Group%5BCorporate%20Author%5D


Chapter 3 

57 

To combine or not to combine: drug interactions and tools for their analysis. 

Reflections from the EORTC-PAMM Course on “Preclinical and Early-phase Clinical 

Pharmacology 

 

Abstract 

Combination therapies are used in the clinic to achieve cure, better efficacy and to 

circumvent resistant disease in patients. Initial assessment of the effect of such 

combinations, usually of two agents, is frequently performed using in vitro assays. In this 

review, we give a short summary of the types of analyses that were presented during the 

Preclinical and Early-phase Clinical Pharmacology Course of the Pharmacology and 

Molecular Mechanisms Group, European Organization for Research and Treatment on 

Cancer, that can be used to determine the efficacy of drug combinations. The effect of a 

combination treatment can be calculated using mathematical equations based on either the 

Loewe additivity or Bliss independence model, or a combination of both, such as Chou and 

Talalay’s median drug effect model. Interactions can be additive, synergistic (more than 

additive), or antagonistic (less than additive). Software packages CalcuSyn (also available 

as CompuSyn) and Combenefit are designed to calculate the extent of the combined effects. 

Interestingly, the application of machine learning methods in the prediction of combination 

treatments, which can include pharmacogenomic, genetic, metabolomic and proteomic 

profiles, might contribute to further refinement of combination regimens. However, more 

research is needed to apply appropriate rules of machine learning methods to ensure correct 

predictive models. 

 

Keywords: Combination treatment, synergy, Calcusyn, Compusyn, review.  
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Introduction 

Even as early as the 1960s, the majority of clinical treatments consisted of combination 

regimens. Combinations such as mechlorethamine, vincristine, procarbazine and 

prednisone (MOPP), and cyclophosphamide, hydroxydaunorubicin and oncovin with 

prednisone (CHOP) represented a breakthrough in the cure of lymphoma, while other 

combinations led to a high curation rate in childhood leukaemia.1 Depending on the type 

of combination used, the treatment rationale is to i) increase the efficacy of each separate 

drug without increasing toxicity, ii) add a drug which offers protection against toxicity, iii) 

bypass resistance development, or iv) target different subpopulations in a heterogeneous 

tumour. The initial clinical rationale was to achieve a better therapeutic effect (e.g. a 

complete response) than accomplished by each drug separately (e.g. only a partial 

response).2 Historically, the selection of drugs to apply in combination therapies was based 

on the observation that each of the drugs showed antitumor activity against a certain tumour 

type, preferably with different toxicities of the two drugs. Doses and schedules were 

determined by trial and error. Soon thereafter, a complementary scientific approach was 

used to select combinations based on the mechanisms of action of each drug.3 An excellent 

example is the gemcitabine–cisplatin combination, which was initially developed by our 

group4 (with the aim of preventing repair of DNA–platinum adducts) and is now standard 

therapy for tumours such as non-small cell lung cancer and bladder cancer. Another 

combination is 5-fluorouracil (5-FU) and leucovorin (folinic acid) for which we 

demonstrated in model systems (cell lines, experimental tumours and in tumours of 

patients) that leucovorin increased and prolonged the inhibition of the 5-FU target, 

thymidylate synthase.5 5-FU and leucovorin are part of the standard combination of drugs 

used in regimens of folinic acid, 5-FU and oxaliplatin (FOLFOX), folinic acid, 5-FU and 

irinotecan (FOLFIRI) (colon cancer) and FOLFIRI with oxaliplatin (FOLFIRINOX) 

(pancreatic cancer). The increased toxicity which is often observed with these 

combinations is usually controlled by combinations with anti-emetics or a corticosteroid 

such as dexamethasone. The latter may also have (or influence) antitumor effects.6 

Currently most combinations are established using various in vitro assays either 

focusing on the interaction of drugs on a specific target in a cell-free system, or using a 

pharmacological assay as summarized previously.7–9 However, an often observed mistake 

is the lack of proper controls (simply testing the effect of the single agent and combined 

effect over the whole tested concentration range on cells). 
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The effect of combination treatment compared to monotherapies can be described as 

synergistic, additive or antagonistic. The definition is dependent on the mathematical 

model used, but in general it can be stated that additivity means that the predicted effect 

of the combination is equivalent to either the sum or the product of each separate effect. 

Synergism is better than the expected theoretical effect (higher than the sum or lower than 

the product) and antagonism is worse than the expected theoretical effect (lower than the 

sum or higher than the product). 

In this review, we give a short summary of the types of analyses that can be used to 

determine the efficacy of drug combinations. Furthermore, we summarize the advantages 

and disadvantages of these methods and lastly discuss emerging computational approaches. 

Methods for Determining the Effect of Drug Combinations  

Several mathematical models were initially used to evaluate drug interactions in cell-

free systems, in which the definition of the reference state (meaning no interaction) was 

the basis. In the Loewe additivity model,10 it was hypothesized that when drug A is 

combined with itself, the effect would be the sum of: A+A=2A. When another drug was 

used, the reference state would be A+B=2A. In the Bliss independence model,11 which is 

most commonly used, the reference state (additivity) is a product of the fractional response, 

in which 0.5×0.5=0.25. Almost all current models are either a modified use of the Bliss 

and Loewe models, or are predominantly based on the Bliss model. Application of cell free 

models to cellular systems assumes a sigmoidal dose-response curve based on the Hill 

equation allowing (a) fractional-effect analysis, (b) isobolograms, (c) the response surface 

area model, based on a mixed Loewe-Bliss; and (d) median effect analysis (Figure 1). 

Fractional-effect Analysis 

Fractional-effect analysis determines the theoretical additive effect of a combination by 

multiplying the effect of each drug alone.12 When drugs A and B are combined at an 

equitoxic concentration, e.g. achieving 50% growth inhibition (IC50), the theoretical 

fractional effect is 0.5 for each drug, and additivity is 0.5×0.5=0.25. When drug C has a 

moderate effect, e.g. 25% growth inhibition at a specific concentration (IC25), the fractional 

effect (fa) is calculated as: (fa)=(1-g Growth inhibition in %)/100 resulting in a value of 

0.75. When treatment with drug D has only a minor effect e.g. 2% growth inhibition, the 

fractional effect is 0.98. The additivity of the combination of drugs C (fa=0.75) and A 

(fa=0.5) is equal to their product, i.e. 0.375, and that for drugs D (fa=0.98) and A (fa=0.5) 

is similarly computed to give 0.49. Synergism is achieved for these combinations when the 

experimentally determined fractional effect is lower than 0.25 (A combined with B), 0.375 
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(A combined with C) or (A combined with D) 0.49, respectively. Antagonism is achieved 

when these values are higher than 0.25, 0.375 or 0.49, respectively. This method is rather  

straightforward, but a linear concentration–effect relationship is assumed with sigmoidal 

dose–response curves. The model does not allow calculation of the variation (confidence 

interval) within each experiment, only between experiments, and cell kill (a negative 

fraction) cannot be evaluated. 

Isobologram 

The first isobolograms were designed in the 1950s by Nobel laureates Elion and 

Hitchings,13 in which, for each given level of toxicity, the dose of one drug is plotted on 

the x-axis and that of the second drug on the y-axis (Figure 1B), e.g. equitoxic doses of the 

single drugs. When there is additivity, there should be a straight line connecting the plotted 

IC50 values and when the effect of the combination treatment is synergistic, the plotted line 

falls to the left of this line and when antagonistic, to the right of this line.14 Subsequently 

Chou and Talalay,15 computerized the model applying the CalcuSyn program (Biosoft, 

Cambridge, UK) (see below). Despite the simplicity and accuracy of this method, the 

extent of synergism or antagonism cannot be quantified, nor is it possible to calculate the 

variation between experiments, in contrast to fractional-effect analysis. Cell kill cannot be 

evaluated either. However, this model proved very valuable to move the first combinations 

into the clinic. 

The Response Surface Area Approach 

According to several mathematicians,14–16 the response surface area model is to be 

preferred, since this method allows calculation of the extent of synergism/antagonism 

(called the envelop of synergism), a confidence interval, and the evaluation of more than 

two drugs. The results of such analysis are presented in various forms, and usually include 

a 3-D plot or a contour plot. In the 3-D plot, the concentration of the drugs is plotted on 

two corresponding horizontal axes and the effect of the combination (response) on the 

vertical axis (Figure 1C, left). In the initial presentations, synergism was considered a 

combination index (CI) value > 0 and antagonism as less than 0. Later presentations of the 

3-D plots used different units for the response (i.e. synergy/antagonism), such as a ratio,  

percentage change or % relative to the control. Synergism is usually presented as a different 

colour/peak. An alternative presentation is a contour plot, in which the concentration of a 

drug is on one of the axes and synergism is shown as a ‘contour’ of a different colour, 

either white in black/white presentation, or red or blue according to the preference of the 

mathematician (Figure 1C, right). Despite ready-to-use mathematical models, evaluation 
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of response surface area plots requires a considerable insight into mathematics. Moreover, 

the presentation of the plots does not allow for determination of whether synergism is 

observed under clinically relevant conditions, since the extent of growth inhibition is often 

not shown and also cell kill is often not considered in the calculation. However, in more 

recent applications, the so-called Bliss index (a measure for synergy) can be given for each 

effect of a combination. However, in order to optimally predict the efficacy of the 

combination, experience with the model and sufficient statistical knowledge is essential. 

Median Drug-effect Analysis 

In order to provide a pragmatic and easy-to-use method to evaluate combinations, Chou 

and Talalay15 developed the median-effect principle based on the first models of Loewe10 

and Bliss.11 However, the median-effect principle is based on the mass-action law and not 

on statistics, and provides a diagnostic plot, including an isobologram. The median drug-

effect equation is based on the four equations of Henderson-Hasselbach,17 Michaelis-

Menten,18 Hill19 and Scatchard,20 and therefore the dose-response curves of the single drug 

and combinations should be sigmoidal. Curves are plotted based on the doses of a drug 

(D1 and D2), and the effect of a drug, expressed as fraction affected (Fa) and fraction 

unaffected (Fu). An Fa of 0.5 means 50% growth inhibition, and Fa of 0.75 means 75% 

growth inhibition (or 25% growth); this means that Fa+Fu=1. The effect of a drug can be 

described as the ratio between Fa/Fu=(D/Dm)m. Log transformation yields the median-

effect equation: log(Fa/Fu)=m log(D) – m log(Dm), in which D is the dose, m the 

sigmoidicity of the curve and Dm equals the dose that results in an Fa of 0.5 (i.e. IC50). By 

transforming Fa+Fu=1 to Fu=(1−Fa), the formula can be transformed into 

Fa/(1−Fa)=(D/Dm)m, and assuming m=1 to Fa=[1+(Dm/D)]−1. When the effects for two 

drugs are combined and the formula for the CI is derived: CI=[(D)1/(D1-Fa)1]+[(D)2/(D1-

Fa)2]+[α(D)1(D)2/(D1-Fa)1(D1-Fa)2], in which (D)1 and (D)2 are doses used for 

combination, (D1−Fa)1 and (D1−Fa)2 are the doses of the individual drugs resulting in 

1−Fa; the slope is m, while α=1 for mutually nonexclusive drugs. A CI above 1.2 is 

considered to be antagonistic, between 0.8 and 1.2 additive, and below 0.8 synergistic. 

The usual presentation of the results requires a normal growth-inhibition curve and a 

plot of CI versus Fa (Figure 1D). The growth-inhibition curves are essential for proper 

evaluation, since it should be determined whether the curves are sigmoidal or hyperbolic, 

whether there are outliers, and whether sigmoidicity is similar for each drug. A simple 

quality check includes the comparison of the Dm value calculated by the program with the 

IC50 value from the curve, which should be similar. The CI–Fa plot evaluates synergism 
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over the whole Fa range from 0-1. However, CI values above an Fa of 0.95 are usually not 

reliable, while CI values obtained at Fa<0.5 can be considered as not relevant, since Fa<0.5 

represent minor, clinically not relevant growth inhibition. In order to combine the data of 

more experiments, it is recommended to calculate the average of the CI values at Fa of 0.5, 

0.75 and 0.90 for each separate experiment. Subsequently, the averages of each experiment 

can be used to calculate the means and SEM for the experiments. In this model, it should 

be specified whether the combined drugs act on a common target or have a similar 

mechanism of action, i.e. are mutually exclusive, where one agent may prevent the action 

of the other. The agents may have different mechanisms of action or targets and therefore 

act in a mutually nonexclusive manner. 

In order to digitalize the median-effect method, the CalcuSyn software was designed 

based on the formulas given above by Chou and Talalay, allowing the user to plot the dose-

response curves of the single agents and the combination treatment to determine the CI. 

CalcuSyn can be downloaded from http://www.biosoft.com/w/calcusyn.htm, however a fee 

dependent on the intended number of users is required. In 2005, Chou published another 

software program based on the median-effect of the mass-action law, CompuSyn, which 

can be downloaded free of charge from www.combosyn.com. The program does not allow 

values above 1 or below 0 to be entered, which can be solved by plotting these values all 

at either 0.95 or 0.05, respectively. Although this limitation does not allow evaluation of 

cell kill, this can be solved by using a modified calculation of Fa as described by Bijnsdorp 

et al.8 Even though the program advises combining drugs at a fixed ratio based on the IC50, 

the current version also allows evaluation of non-fixed ratios. Loewe synergy using surface 

area models can be calculated using Combenefit, which can be downloaded for free from 

https://sourceforge.net/projects/combenefit/.  
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Figure 1. Examples of plots to determine the effect of combination treatments . A: Fractional 

effect analysis, reprinted with permission from (3). B: Isobologram. C: The response surface area 

model (left) and a contour plot (right). D: Median-effect analysis. CI: Combination index. 

 

Models evaluating the effect of two agents combined are valuable in the development 

of novel treatment strategies. Nevertheless, researchers should be aware of the limitations 

and pitfalls that these models carry. A concise summary of the advantages and 

disadvantages of the aforementioned methods are listed in table I.  
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Method Advantages Disadvantages 

Fractional 

effect analysis 

 

• Straightforward method for 

mutually nonexclusive drugs 

 

• Model assumes linear 

concentration-effect curve in 

contrast to reality (sigmoidal) 

• No confidence interval 

quantification 

Isobologram • Simple and accurate method • Level of synergy or antagonism 

cannot be determined 

• The isobole based on the dose pair 

is often curvilinear instead of 

linear due to variability in drug 

potency 

• No experimental variation 

quantification 

The response 

surface 

approach 

• Model assumes sigmoidal 

concentration-effect relationship 

• Output interpretation requires 

expertise since it is aggregated 

• Sufficient statistical knowledge 

essential 

Median-drug 

effect analysis 

• A distinction between mutually 

exclusive and non-exclusive 

acting agents can be made 

• Synergy evaluation can be 

complicated 

• Fa values < 0 or > 1 cannot be 

included in calculations, but by 

adapting the model this can still be 

achieved8 

Fa: Fraction affected. 

 

How Should Novel Tyrosine Kinase-directed Drugs Be Combined? 

The models described above were developed primarily to evaluate combinations of two 

or more conventional anticancer chemotherapeutics. This raises the question of whether 

the model can also be used to evaluate combinations of conventional chemotherapy agents 

with novel chemotherapeutics drugs, such as tyrosine kinase inhibitors (TKI) or 

combinations of TKIs. There is sufficient evidence in literature that Calcusyn can be used 

to evaluate combinations of drugs such as pemetrexed or gemcitabine with a TKI, such as 

erlotinib or crizotinib, respectively.21,22 However, for these studies, it is even more evident 

that genetic properties of the cells should be taken into account, while the concentration of 

a TKI should be chosen in a range high enough to modulate its target. For instance, in the 
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case of erlotinib, it is not sensible to combine these drugs for tumours that have a RAS 

mutation,21 while for crizotinib, either a MET proto-oncogene receptor tyrosine kinase (c-

MET) amplification or mutation is required to achieve an effect.23 This also means that the 

drugs can better be combined at a non-fixed ratio, for which the current version of 

CalcuSyn has a separate option. 

Similarly, combinations of one or more TKIs can be evaluated using the above-

mentioned programs on the condition that genetic and biochemical properties are taken 

into account when combining these drugs. An example is the combination of erlotinib, an 

epidermal growth factor receptor (EGFR) inhibitor, with crizotinib, which inhibits c-MET. 

Resistance to erlotinib can be due to increased c-MET signalling, which can be inhibited 

by crizotinib. This combination appeared to be synergistic in cells with active EGFR and 

c-Met signalling, and additive when one of the pathways was active. Antagonism was 

observed in a cell line lacking these properties.24 

These considerations indicate that a lower concentration of one drug may be sufficient 

for modulating cellular signalling. This has led some investigators to use ultra-low 

concentrations in the ‘homeopathic’ range, arguing that patient toxicity might also be 

reduced. However, when no clear effect on signalling is observed in mechanistic 

experiments, such combinations should be considered with care. 

Translation of Combinations to In Vivo Models 

When combining drugs in vivo, additional aspects should be taken care of. Ideally a 

synergistic effect on the tumour would be associated with an antagonistic effect on normal 

tissues. Unfortunately, this is not often observed and initial dosing in vivo (usually mice) 

should be done with care; moreover, the outcome often cannot be predicted with current in 

vitro alternative models, including organoids, since the whole in vivo mechanism of drug 

absorption, distribution, metabolism and excretion is not present therein. Usually one of 

these aspects can be investigated in a proper model (e.g. cytochrome p450 (CYP)-mediated 

metabolism or glucuronidation and other phase I and II metabolic pathways or ATP-

binding cassette transporter-mediated efflux) and can be used to adapt the in vivo 

scheduling. Therefore, it is advised to start with a lower dose of at least one of the drugs. 

Usually it is advised to give one drug at the maximal tolerated dose (MTD) of the single 

agent and the other at its 0.66×MTD, although most investigators start with each drug at 

its 0.66×MTD. Serial two-fold dilutions can be tested before an efficacy experiment in 

case severe toxicity is expected. In vitro experiments can provide guidelines on the 

scheduling for animal experiments, but toxicity might also be synergistic, necessitating 
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alternative scheduling. Mechanistic pharmacological studies in animals will provide 

essential information on proper dosing and scheduling in vivo. The above-mentioned 

example of gemcitabine and cisplatin showed pre-treatment of cell lines with gemcitabine 

would increase the formation of DNA-platinum adducts and prevent repair of these 

adducts. However, dosing for both drugs had to be reduced, but the combined effect was 

superior to that of each drug alone at its MTD.25 The same principle was applied to the 

combination of gemcitabine and crizotinib in mice, in which the combination was based 

on in vitro synergism in a pancreatic cancer cell line with a c-MET amplification. It was 

decided to give gemcitabine at its 0.83×MTD. The combination of gemcitabine and 

crizotinib was superior to that of each drug separately, while crizotinib increased the 

accumulation of the active metabolite of gemcitabine by inhibition of gemcitabine 

degradation.23 In short, it can be concluded that for in vivo combinations, the schedule can 

often be deduced from in vitro data, while dosing should be reduced slightly.  

New Computational-based Approaches for Capturing Cellular and Signalling 

Complexity 

The rapid development and application of machine-learning methods is now also being 

applied in biomedical sciences. The utilisation of several machine-learning methods for 

assessment of combination drug therapy for HIV, hypertension, infectious diseases and 

cancer is described elaborately by Tsigelny.26 For example, machine-learning networks can 

implement various parameters, such as i) compound-specific physical and chemical 

properties; ii) biochemical response of target molecule(s); iii) cellular response; and iv) 

patient characteristics, including genomic, proteomic and metabolomic  profiles, which 

sounds promising. 

Current predictive models for drug-combination effects are commonly based on high-

throughput testing of drug combinations for each cell line. These data are then used to  

identify the molecular features that predict therapy response.27 A pan-cancer DREAM 

community challenge, the AstraZeneca Drug Combination Prediction Challenge, showed 

such findings on a pan-cancer scale.28 Synergy prediction based on models of drug 

interactions are appearing. 

Given that most therapy combination approaches are based on an aggregated index of 

synergy, the analytical methods that exist today might need additional refinements to 

capture intercellular (cell identity) as well as intracellular heterogeneity (signalling 

activity) and their combined effects on efficacy of drug combinations. Single-cell tracing 

methods, such as single-cell genetic/mRNA profiling, fluorescent reporter systems and 
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cell-tracing barcode technologies can provide relevant insight into population changes as 

well as fluctuations in the mechanism of action that result in therapy efficacy. These 

computational models should provide sufficient complexity to predict the effect of 

combination therapies on a cellular/signalling level accurately. Given this high complexity, 

more advanced machine-learning methods, such as deep learning, might be needed to 

enable adequate modelling. 

Conclusion 

Drug combinations have been used for decades in the clinic to enhance the treatment of 

patients, and are therefore not a novelty in the field of pharmacology. Various in vitro 

models together with mathematical equations based on the Bliss independence model, 

Loewe additivity model or a combination of both, i.e. the median drug effect, enable the 

prediction of the effect of two agents combined. Nonetheless, application of these models 

should be tailored to the context of each study and with awareness of the limitations and 

advantages of each method. Considering the increment in the development of novel 

therapeutics, the number of combinations that can be made is substantial. Aside from more 

complex single-cell assay read-outs that are able to capture cellular and signalling 

heterogeneity, more advanced computational models might be needed, including deep 

learning methodologies. Therefore, we anticipate that refinements of the classical synergy 

models with emerging artificial intelligence-based models will benefit the investigation of 

new combination treatments in the near future. 
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Pharmacogenetics of treatments for pancreatic cancer 

 

Abstract 

Introduction: Despite clinical efforts, pancreatic ductal adenocarcinoma (PDAC) has a 

dismal prognosis. The scarcity of effective therapies can be reflected by the lack of reliable 

biomarkers to adapt anticancer drugs prescription to tumors’ and patients’ features. 

Areas covered: Pharmacogenetics should provide the way to select patients who may 

benefit from a specific therapy that best matches individual and tumor genetic profile, but 

it has not yet led to gains in outcome. This review describes PDAC pharmacogenetics 

findings, critically reappraising studies on polymorphisms and -omics profiles correlated 

to response to gemcitabine, FOLFIRINOX, and nab-paclitaxel combinations, as well as 

limitations of targeted therapies. Further, we question whether personalized approaches 

will benefit patients to any significant degree, supporting the need of new strategies within 

well-designed trials and validated genomic tests for treatment decision-making. 

Expert opinion: A major challenge in PDAC is the identification of subgroups of patients 

who will benefit from treatments. Minimally-invasive tests to analyze biomarkers of drug 

sensitivity/toxicity should be developed alongside anticancer treatments. However, 

progress might fall below expectations because of tumor heterogeneity and clonal 

evolution. Whole-genome sequencing and liquid biopsies, as well as prospective validation 

in selected cohorts, should overcome the limitations of traditional pharmacogenetic 

approaches. 

Keywords: Pancreatic cancer; pharmacogenetic studies; gemcitabine; FOLFIRINOX; nab-

paclitaxel; promises and pitfalls of pharmacogenetic approaches; validated tests and 

clinical trials.  
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Article Highlights 

• Improving survival in pancreatic ductal adenocarcinoma (PDAC) is a critical unmet 

need. 

• Over the last years, patients have slightly benefitted from new combinations of 

conventional chemotherapy agents, improved surgical outcomes, and advancements 

in diagnostics, such as refinement of endoscopy. 

• However, late-stage diagnosis and resistance to chemotherapy remain the biggest 

hurdles for PDAC treatment.  

• Immunotherapy and targeted therapies lack effectiveness in treatment of PDAC due 

to its complex tumor microenvironment.  

• Pharmacogenetics of standard treatments modalities has suggested several 

candidate biomarkers, but most studies showed conflicting results that are difficult 

to translate in the clinical setting.  

• New technologies should improve pharmacogenetic approaches by moving from 

candidate gene methods toward genome-wide studies.  

• In the future, oncologists should strive for biomarker-driven clinical trials, 

improving selection of clinical trial participants and more standardized protocols in 

biomedical research data processing.  

• Liquid biopsies have the potential to pair with genomic tests and new trials, 

establishing more effective clinical management strategies for PDAC patients.   
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Introduction 

Pancreatic cancer is a highly malignant disease with a rising incidence and is currently 

amongst the top five of the leading causes of cancer-related deaths.1,2 Pancreatic ductal 

adeno-carcinoma (PDAC) is an exocrine tumor that arises from the cells of the pancreatic 

duct or ductules and comprises the majority of pancreatic cancers.3 However, because of 

onco-genic insults or different environmental stress factors, pancreatic acinar cells can 

differentiate into ductal-like cells, in the so-called acinar-to-ductal metaplasia (ADM) of 

the pancreas. This ADM may lead to pancreatic intraepithelial neoplasia, which is the most 

common precancerous lesion that drives PDAC formation and progression.4 

PDAC is a highly fatal malignancy with neither a limited number of known risk factors 

nor effective screening modalities. At the time of diagnosis, more than 80% of PDAC 

patients present with unresectable disease, which translates into a very poor prognosis, and 

a five-year overall survival (OS) of 3% in patients with metastatic disease at onset.5 

Accumulating genetic and molecular data has defined sub-groups of PDAC with distinct 

biology and potential subtype-specific therapeutic vulnerabilities, as recently reviewed by 

Collisson and collaborators.6 However, this has not yet been translated in the development 

of effective therapeutic strategies to overcome PDAC chemoresistance. One main 

contributor to this poor prognosis is indeed the inherent and/or acquired resistance of 

PDAC to conventional treatment modalities.7 

Although research has been conducted to establish new chemotherapy regimens as well 

as innovative treatment modalities acting on specific molecular pathways, new strategies 

to target this disease are urgently warranted in order to achieve significant clinical 

improvement.8,9 Therefore, in addition to overcoming the challenges of chemotherapy 

options by the development of new anticancer drugs, novel pharmacogenetic strategies are 

also needed.  

Pharmacogenetics of standard treatment modalities 

By definition, pharmacogenetics is the study of the inherited genetic differences in drug 

metabolic pathways (as well as other determinants in pharmacological activity, such as 

transporters, receptors, and enzymes), which affect individual responses to drugs, both in 

terms of therapeutic as well as adverse effects. The terms pharmacogenetics and 

pharmacogenomics tend to be used interchangeably and a consensus remains equivocal.10 

In clinical oncology, pharmacogenetic studies typically evaluate the correlation of drug 

activity with individual patients’ features, focusing on one or a few genes, whereas 

pharmacogenomics considers the whole genome of the tumor, through the application of 
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new -omic technologies. In this review, we describe dysregulations at germinal and tumor 

level that potentially affect the activity of standard treatment modalities in PDAC, such as 

gemcitabine, FOLFIRINOX, and nab-paclitaxel/gemcitabine combinations. Figure 1 

summarizes the most important candidate bio-markers in the intake, mechanism of action, 

and metabolism/catabolism of the drugs in the FOLFIRINOX and nab-paclitaxel-

gemcitabine regimens. In addition, several studies showed the potential role of 

dysregulation of apoptosis in the chemoresistance to all these regimens. Apoptosis can 

occur via two signaling pathways, the extrinsic pathway that is activated via the death 

receptor or the intrinsic (mitochondrial) pathway that both lead to the activation of 

caspases.11 PDAC cells predominantly rely on the mitochondrial-enhanced apoptosis 

pathway dependent on the Bcl-2 family members.12 The Bcl-2 family can be divided into 

antiapoptotic proteins (Bcl-xL and Bcl-2) and proapoptotic proteins (Bax, Bak, and Bad), 

which interact with other molecules to regulate apoptosis. Interestingly, unlike Bcl-2, Bcl-

xL is overexpressed in Fas and TRIAL-mediated apoptosis-resistant PDAC cells. 

Moreover, proapoptotic protein Bax overexpression increased the sensitivity to5-

fluorouracil (5-FU) in ASPC-1 cells.13 However, in orthotopic SCID mice growing 

Colo357-blc-xl tumors, the tumor regression was higher compared to Colo357-wildtype 

tumors, contradicting previous in vitro data,14 and suggesting that other pathways can play 

an important role in mediating gemcitabine effects and resistance. For instance, in PANC-

1 cells, gemcitabine treatment caused a downregulation of antiapoptotic pancreatitis-

associated protein and upregulation of proapoptotic TP53INP1 and p-GSK-3β.15 

However, none of these pro- or antiapoptotic proteins has been validated as a reliable 

biomarker of drug activity or resistance in PDAC. 
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Figure 1. Main determinants in the mechanism of action of current PDAC treatments 

modalities. Gemcitabine uptake is predominantly facilitated by human equilibrative transporter 1, 

followed by cytidine deaminase (CDA) inactivation or activation by deoxycytidine kinase (DCK), 

resulting after various phosphorylation steps in DNA synthesis inhibition.  Paclitaxel uptake is 

enhanced by secreted protein acidic and rich in cysteine (SPARC) that binds to albumin and 

therefore produces free paclitaxel. Prodrug irinotecan is activated by carboxyl esterase -2 (CES2) 

to its active metabolite SN-38 that inhibits topoisomerase-1 (TOP1). 5-Fluorouracilmetabolite 

FdUTP results in DNA damage, whereas FdUMP inhibits thymidylate synthase.  

 

Gemcitabine (2′,2′-difluorodeoxycytidine, dFdC; Gemzar®) is a pyrimidine analogue 

widely prescribed to treat a variety of solid tumors such as pancreatic, breast, ovarian, 

bladder, or non-small-cell lung cancers (NSCLCs).16 It has been used for decades as the 

first-line treatment for metastatic pancreatic cancer, as it showed a better response 

compared to 5-FU treatment.17 However, the median OS witnessed with gemcitabine was 

not very promising. Besides, gemcitabine has a low response rate. In order to improve 

PDAC patients’ prognosis, gemcitabine was used in combination with other treatment 

modalities such as capecitabine, but there was only a marginal improvement in terms of 

OS. Similar results were also obtained with a combination of cisplatin and gemcitabine.18 

These results were confirmed by a meta-analysis, including more than 25 studies and 8000 

patients, which showed only a trend and no statistically significant differences when  

comparing all the combinations with both platinum and fluoropyrimidine compounds to 

gemcitabine monotherapy.19 
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Clinical trials were also conducted to test the combination of Epidermal Growth Factor 

Receptor (EGFR) tyrosine kinase inhibitor erlotinib with gemcitabine, but the very short 

improvement in terms of survival benefit, though significant, was not considered clinically 

relevant.20 Of note, EGFR mutations that are used to guide the treatment of NSCLC with 

EGFR tyrosine kinase inhibitors21 are rare in PDAC samples.22 Skin rash and EGFR 

expression were initially proposed as surrogate markers of efficacy for the erlotinib-

gemcitabine combination, but they both failed to identify patients with clinical benefit in 

a following randomized phase III trial.23 Therefore, no predictive factor of clinical response 

to erlotinib has yet been found in PDAC patients. Several studies have tried to identify 

molecular or genetic determinants of response to gemcitabine mostly in PDAC and NSCLC 

patients at both the somatic and the constitutional levels.24,25 

Because of its hydrophilic nature, gemcitabine requires facilitated transport for cellular 

uptake, and it is transported into the cells by membrane nucleoside transporters, including 

the human equilibrative nucleoside transporter-1 (hENT1) and human concentrative 

nucleoside transporter-3 (hCNT3).26 After uptake, it is monophosphorylated by rate-

limiting enzyme deoxycytidine kinase (DCK) to dFdC-MP. Kinases CMP/UMP kinase 

(CMPK1) and nucleoside-diphosphate kinase (NDPK, NME) are responsible for 

production of the subsequent metabolites dFdC-DP and dFdC-TP, respectively. Metabolite 

dFdC-DP depletes deoxynucleotide pools via inhibition of ribonucleotide reductase 1 

(RRM1), whereas dFdC-TP is incorporated into DNA leading to DNA synthesis inhibition. 

Conversely, inactivation of over 90% of prodrug dFdC to difluorodeoxyuridine is catalyzed 

by cytidine deaminase (CDA), whereas dFdC-MP is dephosphorylated by 5′-nucleotidase. 

Deoxycytidylate(DCMP) deaminase produces dFdUMP from dFdC-MP, which inhibits 

thymidylate synthase (TS). Of note, the genes coding for hENT1 (SLC29A1) and hCNT3 

(SLC28A3) are characterized by several poly-morphisms, which might affect protein 

expression. However, studies on the clinical significance of these polymorphisms showed  

controversial results,27 and the most studied pharmacogenetic biomarker for gemcitabine 

activity in PDAC is tumor expression ofhENT1. The higher activity and uptake in cancer 

cells, using both in vitro and in vivo models associated with significantly higher expression 

levels of both transporters,28 could explain the marked increase in OS observed in 

pancreatic cancer patients treated with gemcitabine. In particular, analyses of hENT1 

mRNA and protein expression with PCR and immunohistochemical approaches 

demonstrated that high levels of hENT1 correlated with a statistically significantly longer 

survival, both in the adjuvant and in the metastatic setting, though the number of patients  



Chapter 4 

78 

in the latter cohort was extremely small.29,30 In addition, the retrospective analysis of the 

phase III clinical trials RTOG-9704 and ESPAC-1/3 supported the role of hENT1 as a 

predictive biomarker of adjuvant gemcitabine efficacy: patients with tumors characterized 

by high hENT1 expression had significantly longer OS com-pared to patients with low 

hENT1 expression.31,32 Of note, this association was missing in patients treated with 5-FU, 

suggesting a predictive and not prognostic role for hENT1. However, a recent study in 

hepatocarcinoma patients is challenging this concept, since hENT1 overexpression was 

associated with a high proliferation rate and a worse survival in resected intrahepatic 

cholangiocarcinoma patients who did not receive adjuvant treatments. These findings 

suggest the potential prognostic role of hENT1 in this set of patients.33 Moreover, the role 

of hENT1 expression as a biomarker could not be identified when a comparison of 

gemcitabine with its lipophilic analog CO-101 was carried out within the prospective 

biomarker stratified trial LEAP, in the metastatic setting.34 Similarly, the 

immunohistochemical study of hENT1 expression using the rabbit monoclonal antibody 

SP120 in the samples from the patients enrolled in the phase III CONKO-001 trial, which 

compared gemcitabine versus observation in the adjuvant setting, showed no correlation 

between hENT1 levels and OS.35 

These conflicting results might either be due to the use of different types of hENT1 

antibodies between studies or to changes in the expression pattern related to the disease-

stage, since PDAC genomic landscapes seem highly dynamic during cancer progression, 

which might also explain the metastatic behavior of this tumor type.36,37 Finally, another 

key determinant in the low response rate to gemcitabine is the particularly complex 

microenvironment of PDAC, comprising several cellular components (fibroblasts, stellate, 

endothelial, and immune cells) and a dense extracellular matrix (ECM) that makes up 

nearly 80% of the tumor mass.38 In particular, PDAC stroma can contribute to 

hypoperfusion and hypoxia, reducing gemcitabine delivery and activity.39,40 Moreover, 

recent studies demonstrated the inter- and intra-tumoral heterogeneity in cancer-associated 

fibroblasts, which might also play an important role in PDAC chemoresistance and lack of 

correlation of clinical outcome with tumor pharmacogenetic biomarkers.41,42 

Other studies evaluated polymorphisms and expression of potential pharmacogenetic 

biomarkers for gemcitabine activity, such as the metabolizing and catabolizing enzymes 

DCK and CDA, respectively, as reviewed previously.27 A recent computational study 

identified three single nucleotide polymorphisms (SNPs) ABCG2 Q141K (rs2231142), 

hENT3(SLC29A3 S158F [rs780668]), and POLR2A N764K (rs2228130) that significantly 
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correlated with patient outcome (p< 0.05) in a Singaporean NSCLC patient cohort treated 

with gemcitabine-based chemotherapy.43 However, more research is needed to prove the 

value of these SNPs and to determine the presence of these SNPs in other ethnic 

populations. 

NDPK NME5 downregulation in the gemcitabine-resistant pancreatic cancer cell line 

PAXC002 resensitized the cells to gemcitabine.44 Remarkably, PAXC002 was obtained 

from a patient who was not treated with chemotherapy prior to tumor resection, enabling 

the study of the innate gemcitabine-resistance mechanism. Yet, NME5 overexpression 

induced gemcitabine resistance also in the gemcitabine-sensitive BxPC-3 cells. However, 

most of these studies were retrospective, with small sample size, without appropriate 

statistical correction or further prospective studies in larger populations. Moreover, these 

studies used different methodologies, without appropriate validation,45 as well as 

evaluation of tumor clonal heterogeneity and evolution of tumor cells and 

microenvironment after relapse.46 In conclusion, after more than 20 years of use in the 

clinical practice, currently no prognostic biomarkers are available to stratify survival 

outcomes for PDAC patients receiving gemcitabine. 

Pharmacogenetics of FOLFIRINOX 

FOLFIRINOX is a combination of a number of chemotherapeutic drugs which includes 

5-FU, leucovorin, irinotecan, and oxaliplatin. The antimetabolite 5-FU is activated in the 

cells, producing its mono-, di-, and tri-phosphate metabolites, fluorouridine 

monophosphate (FUMP), fluorouridine diphosphate(FUDP), and fluorouridine 

triphosphate (FUTP). Diphosphorylated 5-FU (FUDP) is converted to FdUDP and 

subsequently FdUMP, which inhibits TS. Furthermore, FUDP can be converted to FUTP, 

that is incorporated into RNA leading to toxicity. Triphosphorylated metabolite FdUTP 

exerts its cytotoxic effect by incorporating into the DNA.47 Carboxylesterase 2 (CES2) 

predominantly activates prodrug irinotecan to its active metabolite SN-38, which inhibits 

topoisomerase-1 (TOP1) leading to cell death.48 Inactivation of irinotecan and SN-38 is 

carried out by CYP3A and a variety of UDP-glycoronosyltransferases (UGTs). The 

pharmacogenomics of SN-38, such as the correlation of downregulation of well-studied 

UGT1A1 variant UGT1A1*28 to dose and regimen-dependent toxicity in patients and 

ABCB1 polymorphisms, are well described by Marsh and collaborators.48 

Similar to cisplatin and carboplatin, oxaliplatin is a DNA adduct forming agent, but with 

a less toxic profile.49 Polymorphisms in DNA repair and metabolic enzymes are responsible 
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for the differences in drug response and toxicity. The effects of the various polymorphisms 

associated with clinical outcome are summarized by Kweekel and collaborators.49 

The FOLFIRINOX regimen has been first introduced as a standard treatment for 

metastatic PDAC after the phase III clinical trial PRODIGE 4/ACCORD 11, which showed 

a better OS and progression-free survival (PFS) as compared to gemcitabine 

monotherapy.50 A more recent study on adjuvant therapy has demonstrated that a modified 

FOLFIRINOX regimen is also associated with a significantly longer survival than 

gemcitabine among patients with resected PDAC.50 A retrospective study by a single 

institution found that the presence of mutations in 5 genes involved in DNA damage repair 

(i.e. BRCA1 [N= 7], BRCA2 [N= 5], PALB2 [N= 3], MSH2[N= 1], and FANCF [N= 1]) 

was associated with improved OS in a total of 36 patients with metastatic PDAC treated 

with FOLFIRINOX.51 Interestingly, a previous study on the analysis of coding exons of 12 

genes (ATM, ATR, BAP1, BRCA1,BRCA2, BLM, CHEK1, CHEK2, FANCA, MRE11A, 

PALB2, andRAD51) related to homologous recombination repair (HRR) showed 

exceptional responses with respect to PFS of more than 2 years in two patients with 

inactivating HRR-related gene mutations that received FOLFIRINOX as a first-line 

treatment.52 Moreover, a recent study on both tissue and plasma samples showed that 

microRNA-181a-5p was significantly downregulated in nonprogressive patients after 

FOLFIRINOX treatment, and these results were linked to the modulation of ATM 

expression and DNA repair both in tissues and in PDAC cell lines.53 These results suggest 

the potential role of genes involved in DNA repair as biomarkers of FOLFIRINOX activity,  

and should prompt further studies, that might also consider well-known polymorphisms of 

the nucleotide excision repair system, such as XPD-Lys751Gln. The XPD-Gln751Gln 

variant has indeed been associated with greater resistance to cisplatin-induced damage and 

had an impact on the outcome of metastatic PDAC patients treated with gemcitabine-

cisplatin-based polychemotherapy.54 However, a recent study did not find a significant 

association between the safety or efficacy of FOLFIRINOX and the tumor expression of 

excision repair cross-complementing (ERCC) proteins (ERCC1, ERCC2, ERCC4),and 

glutathione S-transferase Pi in 34 patients with unresectable pancreatic cancer.55 

Other studies evaluated enzymes that have been suggested to be the key determinants 

and thus potential predictive biomarkers of 5-FU activity, such as DPYD, which causes the 

degradation of 5-FU, and TS, the main target inhibited by 5-FU.56 In a preclinical study in 

15 PDAC cell lines and 2 5-FU-resistant subclones,57 a higher resistance to 5-FU correlated 

with higher Dihydropyrimidine dehydrogenase (DPD) and TS mRNA expression levels. 
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These findings suggest that PDAC cells with low TS and/or DPD levels are more sensitive 

to 5-FU. 

In a study on 68 resected pancreatic cancer tissues treated with adjuvant 5-FU liver 

perfusion chemotherapy, the immunohistochemical analysis of DPD protein expression 

showed a significantly shorter OS in patients with high DPD levels.58 Similarly, 

immunohistochemistry on tumor cores of 238 patients enrolled in the ESPAC-3 trial, 

randomized to either postoperative gemcitabine or 5-fluorouracil/folinic acid (5FU/FA), 

showed that DPD was associated with reduced OS inpatients treated in the 5FU/FA arm, 

but not in the gemcitabine arm. Furthermore, in patients with low hENT1 expression, high 

DPD expression was associated with a shorter survival in the 5FU/FA arm, but not in the 

gemcitabine arm. Thus, together with the evaluation of the expression of hENT1, DPD 

expression might identify subgroups of patients who benefit from either postoperative 

5FU/FA or gemcitabine.59 

However, further data on correlation between TS protein expression and outcome of 

PDAC patients treated with 5-FU are controversial. In resected patients, high TS 

expression levels were significantly associated with longer OS, but high TS expression was 

not correlated to OS in patients with advanced PDAC.60 Moreover, no data have yet been 

provided from the AFUGEM GERCOR trial, a randomized phase II study of FOLFIRINOX 

or nab-paclitaxel plus gemcitabine first-line therapy in metastatic patients, involving the 

assessment of TS as a potential 5-FU efficacy marker.61 

Finally, only a few studies analyzed potential biomarkers for the activity of irinotecan. 

Resistant pancreatic cells showed decreased mRNA levels of TOP1, which is the main 

target of irinotecan.62 Of note,TOP1 gene copy numbers are increased in cancers of the bile  

duct and pancreas,63 but TOP1 expression was not associated with irinotecan sensitivity in 

a more comprehensive study including a wider panel of PDAC cell lines. Pharmacological 

analyses of these cells did not show a correlation of irinotecan activity with either the 

expression of catabolic enzymes (CYP3A4, CYP3A5, UGT1A10) or the expression of the 

export transporters (ABCB1, ABCC2).64 However, further analysis of in vivo models 

genetic databases, proteomics, and tissue microarrays showed that high expression of 

CES2, which activates irinotecan, was associated with a better prognosis in 22 resectable 

and borderline resectable patients treated with FOLFIRINOX in the neoadjuvant setting. 

These results prompt further studies on patients in the metastatic setting, as well as on new 

potential biomarkers for the FOLFIRINOX regimen.  
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Pharmacogenetics of nab-paclitaxel and gemcitabine combination 

Following the positive results of the phase III MPACT trial, the combination of nab-

paclitaxel (Abraxane®) with gemcitabine represents another first-line option for patients 

with advanced or metastatic PDAC.65 

Nab-paclitaxel is a 130-nm, nanoparticle formulation com-posed by paclitaxel bound to 

albumin. The reduced diameter of these particles and the transcytosis mediated by albumin 

enhance intracellular paclitaxel delivery. Furthermore, these molecules have a greater 

distribution volume, and a faster clearance than conventional paclitaxel, resulting in 

accumulation at a much higher concentration in tumor tissues.66 Paclitaxel is 

predominantly taken up into hepatic cell by the organic anion transporting polypeptide 1B3 

(OATP1B), where inactivation catalyzed by cytochrome P450’s CYP2C8, CYP3A4, and 

CYP3A5 leading to metabolites 6α-hydroxypaclitaxel,p-hydroxy-C3′-paclitaxel, and 

dihydroxypaclitaxel occurs.67 In addition, P-glycoprotein (Pgp) is responsible for 

paclitaxel efflux. A study on polymorphisms in these genes revealed that the allele causing 

increased paclitaxel metabolism was associated within creased neurotoxicity, emphasizing 

the role of hydroxylated paclitaxel metabolites.68 However, these variants, as well as 

polymorphisms in Pgp, are highly dependent on ethnic populations and have shown 

contradicting results between studies reviewed previously.69 

The secreted protein acidic and rich in cysteine (SPARC) has been studied as a 

biomarker of nab-paclitaxel activity because it binds albumin, potentially enhancing the 

selective uptake of this drug in tumor cells.70 In addition, this protein has been correlated 

to PDAC cell proliferation and metastasis.71 An initial immunohistochemical study in 36 

patients showed that a higher level of SPARC expression is correlated with a higher OS.72 

However, preclinical studies in both engineered mouse (i.e. KPC models) and patient-

derived xenografts demonstrated that SPARC does not play a role in nab-paclitaxel 

internalization in cancer cells.73,74 Consistently, following immunohistochemical studies 

showed that the expression of SPARC did not correlate with OS.75 These controversial 

findings might be explained by another study in preclinical models of PDAC, including 

models with SPARC nullizygosity, showing that nab-paclitaxel accumulates and acts in a 

dose-dependent manner. The interaction of plasma SPARC and albumin-bound drugs was 

reported at low doses but was saturated at therapeutic doses in mouse tumors.73 Nab-

paclitaxel has also been found to cause the inactivation of CDA, which in turn results in 

inhibition of gemcitabine catabolism, leading to higher levels of gemcitabine and a higher 

response rate in KPC models.76 Of note, reduction of CDA levels by increased activity of 
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reactive oxygen species also correlated with the synergistic interaction with the c-Met 

inhibitor crizotinib.77 However, a chemical inhibitor of CDA which stabilized and thereby 

artificially increased gemcitabine levels in murine PDAC did not enhance cancer cell 

death, suggesting that other factors, such as microenvironmental factors, including the 

pleiotropic matricellular signaling protein connective tissue growth factor78 may play a 

more important role in treatment responses of PDAC. 

Since paclitaxel is essentially a spindle poison that induces cell death through its ability 

to disrupt mitosis by binding to the microtubule protein beta-tubulin (TUBB3), several 

studies investigated the role of tubulin as a biomarker in different tumor types, such 

metastatic gastric cancer patients receiving taxane-based first-line palliative 

chemotherapy.79 A more recent immunohistochemical study evaluated TUBB3 expression 

in tumor samples obtained by endoscopic ultrasound-guided fine needle aspiration from 75 

patients with unresectable PDAC who received the nab-paclitaxel–gemcitabine regimen. 

Remarkably, patients withoutTUBB3 expression showed a significantly higher disease 

control rate and a longer PFS. These findings support the use of TUBB3 as  an innovative 

biomarker for treatment optimization.80 Previous studies showed similar results when 

evaluating TUBB3 expression levels in lung cancer patients treated with paclitaxel. In a 

study on 91 NSCLC patients, it was found that low levels of tubulin expression were 

associated with a higher response to paclitaxel-based treatment and a higher survival rate, 

whereas tubulin expression was not predictive in patients receiving regimens without 

paclitaxel.81 Moreover, the prognostic effect of tubulin was confirmed by the recent LACE-

Bio project that included immunohistochemistry biomarkers tested for correlation with OS 

in four trials (International Adjuvant Lung Cancer Trial, Adjuvant  Navelbine International 

Trialist Association, JBR10, and Cancer and Leukemia Group B-9633) and showed that 

the majority of the promising biomarkers could not be validated, suggesting the different 

tissue fixation methods, storage, and varying reagent/antibody batches as potential  causes 

for the controversial results.82 

Interestingly, a preclinical study in cancer cells resistant to  paclitaxel demonstrated a 

feedback activation of TUBB3 triggered by the FOXO3a-dependent regulation of ABCB1, 

which resulted in the accentuation of resistance as well as in acquired cross-resistance to a 

number of drugs such as 5-FU, docetaxel, and cisplatin.83 It has been reported that ABC 

multidrug transporters are involved in drug resistance, drug disposition, and chemotherapy 

toxicity.84 For example, in the case of irinotecan, ABCB1 contributes to the cellular uptake 

of this prodrug and its active metabolite SN-38. Yet, the ABCB1 1236 C>T variant 
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decreased the clearance of irinotecan significantly, ABCC2 3972T>C was associated with 

toxicity, and ABCG2 overexpressing cells were resistant to irinotecan and SN-38.85 

However, despite many studies on ABC transporters and their complex pharmacogenetics, 

clinical trials evaluating the prognostic/predictive role of ABC transporters as well as the 

activity of inhibitors of these proteins did not translate in successful clinical application. 

Future studies should therefore be aimed at combining the present knowledge of clinically 

relevant ABC transporters in the field of pharmacogenetics (including several polymorphic 

variants),biochemistry, and computational biology, which in conjunction with state-of-the-

art medicinal chemistry can generate novel inhibitors for future clinical trials to overcome 

multidrug resistance. Such an integrated approach may also help to guide personalized 

therapy in cancer patients to achieve the most optimal treatment outcome.86 

Failure of molecularly targeted treatments and lack of (pharmacogenetic) biomarkers 

for personalized medicine approaches 

The increased understanding of tumor biology and genetics, together with the 

development of more sophisticated methodologies for the molecular diagnostics of cancer, 

led to the development of effective targeted therapies in different tumor types such as lung 

and breast cancer. These drugs target signaling oncoproteins that have acquired tumor-

driving functions through genetic aberrancies, such as overexpression or  mutations, and 

provide new treatment opportunities to patients who could not receive suitable 

conventional chemotherapy.87 Moreover, large-scale cancer genomic studies have defined 

subtypes in many cancer types, often providing insights that might lead to clinically 

relevant approaches to improving patient care.88 Similar studies, including complex 

bioinformatics approaches, have been performed in PDAC, unravelling key mechanisms 

of pathogenesis, as recently reviewed.89 

Unfortunately, this improved knowledge in the underlying genetics of PDAC has not 

yet been translated into the identification of ‘actionable’ therapeutic targets and systemic 

treatments with molecularly targeted agents.90 

Several studies showed that the microenvironment plays a central role in PDAC 

development and metastasis, suggesting that its exploitation is required to develop more 

powerful treatment strategies.91,92 As mentioned before, approximately 80% of PDAC 

tumor mass is constituted by stroma comprising cellular components (stellate cells, fibro-

blasts, endothelial, and immune cells) and an ECM. The ECM consists of proteoglycans, 

hyaluronic acid (HA), and collagen, which influence interstitial fluid pressure and blood 
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vessels distribution which contribute to hypoperfusion, hypoxia, and altered cancer cell 

metabolism, and thus reducing drug delivery and activity.93,94 

Several studies showed the key role of tumor-associated macrophages in inducing 

chemoresistance of PDAC cells by secreting insulin-like growth factors (IGF) 1 and 2, 

which activate insulin/IGF receptors and reduce sensitivity to gemcitabine, as well as by 

releasing pyrimidines, such as deoxycytidine, which inhibit gemcitabine by competition at  

the level of drug uptake and metabolism.95,96 

Other components that might affect aggressive behaviour and therapy response include 

the cancer-associated fibroblasts and the inflammatory cells that modulate cancer-directed 

immune mechanisms and contribute to epithelial-to-mesenchymal transition (EMT).97 Of 

note, EMT has typically been related to chemoresistance, but its influence on the 

aggressive metastatic behavior of PDAC is less clear98. This might explain the clinical 

failure of drugs targeting critical pathways in EMT, such as Notch, which gives rise to 

CD44-positive pancreatic cancer stem cells and facilitates EMT in preclinical PDAC 

models.99 Unfortunately, in phase I/II clinical trials, a monoclonal antibody against 

Notch2/Notch3(Tarextumab) did not improve the OS when combined with gemcitabine 

and nab-paclitaxel, while the gamma-secretase inhibitor MK0752 combined with 

gemcitabine had severe adverse effects leading to high patient withdrawal.100,101 Similarly, 

the stromal targeting approaches had unsatisfactory clinical results, both when targeting 

the Hedgehog pathway by IPI-926102 and when using a recombinant pegylated 

hyaluronidase enzyme PEGPH20 to target tumor stromal HA. In particular, for the latter 

approach, a randomized phase II trial of PEGPH20 combined with gemcitabine and nab-

paclitaxel in patients with high levels of HA (evaluated by a immunohistochemistry) met 

only the secondary end point of PFS and underwent a temporary hold due to increased 

thrombosis. High-risk patients for thromboembolism were then excluded and all the 

patients were placed on heparin primary prophylaxis. However, a randomized phase II of 

frontline PEGPH20 combined to FOLFIRINOX in a non-biomarker selected population 

was terminated for futility at the interim analysis.103 Disappointing results have also been 

obtained with inhibitors of the JAK2/STAT3 pathway, such as ruxolitinib, which 

progressed up to a phase III study, in combination with capecitabine, which was stopped 

when interim analysis demonstrated futility,104,105 as well as with inhibitors of 

MEK/ERK/MAPK and/or PI3K/AKT/mTOR. These negative results might be ascribed, at 

least in part, to the lack of biomarkers predictive of drug activity as well as to poor clinical 

design and patient selection criteria. Incorporating effective biomarkers and utilizing better 
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endpoints should improve therapeutic potential, as demonstrated across multiple 

malignancies by the analysis performed by Jardim and collaborators, who found that 57% 

of successful studies utilized biomarker-driven patient selection, compared to 16% of 

failed drug programs.106 Moreover, as reported in a systematic review on 32 phase III 

studies between 1997 and 2015 in PDAC, showing a sobering overall success rate of 15% 

in phase III trials, half of the studies advanced to phase III despite a negative phase II 

outcome.107 Consideration must then also be given to the needed caution when utilizing 

surrogate markers in clinical trials. Response rate and PFS have indeed often failed to 

correlate with increased OS in PDAC. 

Expert opinion 

Immunotherapy and targeted therapies have revolutionized the treatment of a number of 

solid malignancies, including metastatic melanoma and NSCLC, but such therapies are not 

effective for PDAC, despite the increased knowledge of the genomic land-scape and of the 

complex tumor microenvironment. As a result, this disease is one of the most aggressive 

tumors, and all the scientific and clinical efforts have not yet produced a meaningful impact 

on the prognosis PDAC patients- 

The causes of this grim clinical scenario are multiple.108 Because of the lack of validated 

screening tests for early diagnosis and of the retroperitoneal location of PDAC, which  

determines insidious clinical symptoms, this tumor is rarely diagnosed when surgical 

resection would be feasible. Chemotherapy provides only a small benefit, and most efforts 

to improve the current regimens failed in advanced clinical trials. Still, despite these 

limited results, considering the scarce efficacy of currently approved treatment options, it 

would be recommended that most PDAC patients enroll in clinical trials with the hope of 

improving both fundamental and clinical understanding of the disease and drive promising 

leads for novel therapeutic strategies. Indeed, the investments of the last 20 years clearly 

established that the advent of multidisciplinary centers specializing in the care of PDAC 

patients is improving the outcome and quality of life of these patients. In particular, high 

volume centers have improved surgical outcomes.109,110 The expertise in endoscopy is also 

likely to improve patient care, as demonstrated by the diagnostic advantages of direct 

histological processing of fine needle aspiration samples compared to the use of 

cytology.111  

Remarkably, the introduction of endoscopic core biopsy needles has also improved the 

ability to acquire samples for both diagnostic and experimental purposes. This is extremely 

important in order to improve the rational use of innovative cancer therapeutics, as well as 
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of the conventional chemotherapeutic drugs, through the histopathological assessment of 

tumor samples, which should be associated with a refined pharmacogenetic evaluation. 

Until now, most clinical trials in PDAC patients have not been biomarker driven.1 

However, the oncologists have to face relevant interindividual variability in drug activity, 

and several studies demonstrated that both heterogeneous genetic and microenvironmental 

features underlay the different levels of therapeutic resistance in this tumor.7  

Further basic and translational studies are therefore war-ranted in order to identify 

critical pathways that distinguish the unique drug-sensitive PDAC subtypes, which should 

lead to personalized therapies. Importantly, the Pancreatic Cancer Action Network has 

recently launched the Precision Promise trial initiative, in which patients will undergo 

biomarker analysis with pathologic evaluation, genomic sequencing, and transcriptome 

analysis to determine assignment in treatment arms focused on stromal disruption, DNA 

damage repair, or immunotherapy.112 Of note, this trial is designed to be dynamic, by 

incorporating promising novel drugs/targets while eliminating failing ones. The 

identification of biomarkers and key chemoresistance mechanisms and the dynamic 

targeting of these targets in a personalized manner should yield a more safe and consistent 

clinical benefit. This new trial will hopefully provide useful results about the correlation 

of specific pharmacogenetic markers, overcoming the problems of the previous studies, 

such as the small number of patients/samples, the intra-tumor heterogeneity as well as other 

complex factors, including reversible epigenetic factors, such as microRNA and factors 

affecting DNA methylation. 

However, despite the great potential of next-generation sequencing to exponentially 

accelerate the acquisition of data for biomedical research including pharmacogenetics 

biomarkers, these technologies are still limited by the lack of standardized protocols and 

bioinformatics infrastructures that can integrate different information and extract clinically 

useful data.113 Thus, a standardization of these methodologies will be essential to perform 

studies on larger cohorts of patients. This standardization will also greatly impact sharing 

data through common‘ virtual multicenter trials’ and building innovative mathematic 

modeling for molecular markers predicting drug activity. 

A recent article has critically reviewed the challenges associated with personalized 

medicine in cancer patients, suggesting that‘ the clinical benefit of personalized medicine 

as it is currently practiced will be limited’.114 Tumor cells have indeed the ability to develop 

resistance to single molecular targeted agents by means of overexpression/mutation of the 

target or activation of alternative pathways, and even the combinations of several 
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molecular targets have effects which are limited by signaling plasticity.  These abilities 

challenge the idea that the pharmacogenetic studies will allow the selection of more 

effective drugs. However, the authors of the same article do not suggest abandoning 

personalized medicine but rather evaluating it in a small number of well -designed 

collaborative studies, always within well-planned prospective clinical trials in which a 

direct comparison is performed between patient treatments selected on the basis of standard 

criteria versus treatment selection based on patient/cancergenetic characteristics. 

Of note, several pharmacogenetic studies showed association between candidate 

polymorphisms or other genetic aberrations and clinical outcome or toxicity in PDAC, but 

most of these studies were retrospective, monocentric, without multiple correction and 

validation in broader populations. Hopefully, novel pharmacogenetic biomarkers will be 

validated in prospective studies, including information combining together 

pharmacological studies on appropriate preclinical models and 

pharmacokinetics/pharmacodynamics studies, and used to select cancer patients to be 

treated with differential systemic treatment of PDAC in the near future. For instance, the 

parallel, integrated analysis of the expression of CES2, hENT1, and TUBB3 expression 

might guide the choice between FOLFIRINOX and gemcitabine monotherapy or 

gemcitabine combined with nab-paclitaxel. 

Finally, liquid biopsies are adding an extremely important toll for the advancement of 

these approaches, allowing to better evaluate heterogeneity and possible evolution of 

cancer cells, also through multiple and repeated sampling.115 For instance, a recent 

statement paper has declared that the isolation and analysis of circulating cell-free tumor 

DNA in plasma is a powerful tool with considerable potential to tailor the clinical 

management and to improve clinical outcomes in NSCLC.116 Further studies collecting 

similar evidences across different tumor types, including PDAC, are warranted.  
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Biological Evaluation of the Antiproliferative and Anti-migratory Activity of a Series 

of 3-(6-Phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole Derivatives Against 

Pancreatic Cancer Cells 

 

Abstract 

Heterocyclic rings have been recognized as a key component of many natural, semi-

synthetic and synthetic molecules with a broad spectrum of biological activities. Among 

these molecules, the indole and imidazo[2,1-b][1,3,4]thiadiazole systems have recently 

been described as useful scaffolds for the design of anticancer agents. Here we assessed 

the antitumor activity of a series of 3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-

indoles, designed as hybrid structures. Seven out of ten compounds (1a-g) were submitted 

to the National Cancer Institute (NCI) screening. Remarkably, compound 1g showed anti-

proliferative activity on the full panel of sixty human cancer lines, with GI50s between 1.67 

and 10.3 µM. Further studies showed antitumor activity of 1g, 1h, 1i and 1l in 3 pancreatic 

cancer cell lines. In particular, derivatives 1g and 1h inhibited both proliferation and 

migration of SUIT-2 cells at concentrations lower than 10 µM. In conclusion, new indole 

derivatives are characterized by in vitro antitumor activity, supporting future mechanistic 

studies. 

 

Keywords: imidazo[2,1-b][1,3,4]thiadiazole derivatives, indole system, anti-proliferative 

activity, anti-migratory activity, pancreatic cancer.  
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Introduction 

The use of the heterocyclic ring systems containing oxygen, nitrogen or sulphur 

heteroatom(s), is attracting much attention in the field of medicinal chemistry for the 

design and development of new potential therapeutic agents.1 The incorporation of 

heterocyclic rings makes it possible to modify some important pharmaceutical parameters 

such as lipophilicity, polarity and aqueous solubility, in order to obtain lead compounds 

with ideal biological and physical-chemical features. These characteristics are essential to 

predict the selectivity and potency of a candidate drug.2 The indole nucleus has recently 

emerged as one of the most relevant heterocyclic rings, endorsed by the unique ability to 

mimic peptide derivatives and reversibly bind proteins.3 Many indole derivatives endowed 

with significant biological activities including anti-inflammatory, analgesic,4 antiviral,5 

anticancer6–10 and antibacterial agents11 were reported in the last decade. Additionally, the 

imidazo[2,1-b][1,3,4]thiadiazole ring system has been described as an important scaffold 

for the design and the synthesis of compounds with different therapeutic properties such 

as anti-tubercular,12 antibacterial,13 anticonvulsant and analgesic,14 antifungal15 and 

anticancer.16,17 

On the basis of these findings as well as on the concept of the “One-Compound-Multi-

Target”,18,19 we synthesized a series of hybrid structures, 3-(6-phenylimidazo[2,-1-

b][1,3,4]thiadiazol-2-yl)-1H-indoles, in order to obtain active analogues with different 

biological activities. Interestingly, these compounds were able to inhibit the biofilm 

formation of the Gram-positive bacterial reference strains Staphylococcus aureus ATCC 

25923, S. aureus ATCC 6538 and Staphylococcus epidermidis ATCC 12228 at low 

micromolar concentration.20 Since previous studies reported that several compounds 

bearing the imidazo[2,1-b][1,3,4]thiadiazole ring system showed potent anticancer 

activity17 we decided to assay ten imidazo[2,1-b][1,3,4]thiadiazole compounds (Figure 1) 

also for their antiproliferative activity. For this purpose, seven out of these compounds, 

1a-g, (Figure 1) were submitted to the National Cancer Institute (NCI) screening.21 This 

screening is performed for the evaluation of their antitumor activity on a panel of 60 human 

cancer cell lines derived from 9 cancer types grouped into disease subpanels including 

leukemia, non-small cell lung, colon, central nervous system, melanoma, ovarian, renal, 

prostate, and breast tumors. Furthermore, we investigated the antiproliferative activity of 

the imidazo[2,1-b][1,3,4]thiadiazoles 1a-l on three pre-clinical models of pancreatic ductal 

adenocarcinoma (PDAC), including SUIT-2, Capan-1 and Panc-1. PDAC is a deadly 

disease with poor prognosis and high mortality rate. According to Rahib and collaborators, 
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PDAC will become the second leading cause of cancer death in the United States in the 

next ten years.22 Nowadays, there are no effective treatments for patients with advanced 

PDAC. Therefore, new drugs to treat this aggressive tumor are urgently needed.  

Materials and methods 

Drugs and chemical 

The imidazo[2,1-b][1,3,4]thiadiazole compounds were synthesised as previously 

described.20 The drugs were dissolved in dimethyl sulfoxide (DMSO). The medium, foetal 

bovine serum (FBS), penicillin (50 IU mL-1) and streptomycin (50 µg mL-1) were from 

Gibco (Gaithersburg, MD, USA). All other chemicals were from Sigma (Zwijndrecht, the 

Netherlands). 

Cell culture 

Capan-1 and Panc-1 cell lines, were purchased at the ATCC (Manassas, VA, USA), 

while SUIT-2 cells were a generous gift from Dr. Adam Frampton (Imperial College, 

London, UK), The cell lines were tested for their authentication by STR–PCR, performed 

by BaseClear (Leiden, the Netherlands). The cells were cultured in RPMI-1640 (Roswell 

Park Memorial Institute 1640) supplemented with 10% heat-inactivated FBS, 1% 

penicillin/streptomycin, or in DMEM (Dulbecco’s Modified Eagle’s Medium), 

supplemented with 10% heat-inactivated FBS, 1% HEPES. The cells were kept in a 

humidified atmosphere of 5% CO2 and 95% air at 37 °C and harvested with trypsin-EDTA. 

Cell growth inhibition 

The in vitro antiproliferative activity of imidazothiadiazole compounds 1a-g was 

evaluated by the NCI on a panel of human cancer cells including cells derived from 

different tumor types, using the NCI validated protocol: 

https://dtp.cancer.gov/discovery_development/nci-60/methodology.htm. Furthermore, the 

in vitro antiproliferative activity of imidazothiadiazole compounds 1a-l was assessed on 

the PDAC cells SUIT-2, Capan-1 and Panc-1, by the sulforhodamine-B (SRB) assay, as 

previously described.23 In short, cells were seeded into 96-well flat-bottom plates in a 

volume of 100 µL at a density of 3x103 cells/well for SUIT-2 and Panc-1, while 5x103 

cells/well were seeded for Capan-1. Cells were incubated for 24 hours at 37 °C to create a 

monolayer and then they were treated with 100 µL of the compounds dissolved in DMSO 

at different concentrations in the nano- and micro-molar range. After 72 hours treatment 

the cells were fixed with 25 µL of 50% cold trichloroacetic acid (TCA) and kept for at 

least 60 minutes at 4°C. Then, the plates were washed gently with deionized water, dried 
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at room temperature (RT) overnight and stained with 50 µL of 0.4% SRB solution in 1% 

acetic acid for 15 minutes at RT. The excess of SRB was removed on dried tissues and the 

plates were washed with a 1% acetic acid solution and dried at RT overnight. The SRB 

was dissolved in 150 µL of tris(hydroxymethyl)aminomethane solution pH= 8.8 (TRIS 

base), and the optical density (OD) was measured at wavelengths of 490 nm and 540 nm. 

Cell growth inhibition was calculated as the percentage of drug treated cells versus vehicle-

treated cells (“negative control”) OD (corrected for OD before drug addiction, “day-0”). 

Finally, the half maximal inhibitory concentration (IC50) was calculated with GraphPad 

Prism 7 (Intuitive Software for Science). The 50% inhibitory concentration of cell growth 

(IC50) was calculated by non-linear least squares curve fitting (GraphPad PRISM, Intuitive 

Software for Science, San Diego, CA). In the NCI protocol IC50 is denoted as GI50 (50% 

growth inhibitory concentration). 

Wound-healing assay 

The in vitro scratch wound-healing assay was performed as previously described.24 

SUIT-2 cells were seeded in 96-well flat-bottom plates at a density of 5x104  cells/well in 

100 µL. After 24 hours of pre-incubation at 37 °C, 5% CO2 and 100% humidity, the cell 

monolayer was scratched with a specific scratch tool to create a scratch of constant width. 

After removal of the detached cells by washing with phosphate buffered saline (PBS), 

medium containing the compounds of interest was added to the experimental wells. The 

wound confluence was monitored by phase-contrast microscopy using a Universal Grab 

6.3 software (Digital Cell Imaging Labs, Keerbergen, Belgium) integrated to the Leica 

DMI300B migration station (Leica Microsystems, Eindhoven, Netherlands) and the 

pictures were captured immediately after scratch and treatment (T = 0, and 4, 8, 20 and 

24). The results were analyzed with the Scratch Assay 6.2 software (Digital Cell Imaging 

Labs). 

Statistical analysis 

All SRB assays were carried out in triplicate and repeated at least three times, whereas 

the percentages of cell migration were calculated taking into account at least six scratch 

areas. The data  was evaluated using the GraphPad Prism version 7 software (GraphPad 

Software, San Diego, CA, USA). Data is expressed as mean values ± SEM and analyzed 

by the Student t test.   
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Table I. Concentrations leading to 50% growth inhibition (GI50) and total growth inhibition 

(TGI) by compound 1g against cell lines of the National Cancer Institute panel. 
Panel/cell line Compound 1g Panel/cell line Compound 1g 

GI50 TGI GI50 TGI 

Leukemia   Melanoma   

CCRF-CEM 3.73 >1.00 MALME-3M 2.25 4.93 

HL-60(TB) 9.21 >1.00 M14 2.10 4.75 

K-562 2.51 - MDA-MB-435 2.42 5.82 

RPMI-8226 3.19 20.4 SK-MEL-2 3.33 13.4 

Non-Small 

Cell 

Lung Cancer 

  SK-MEL-28 3.29 11.7 

A549/ATCC 2.31 5.31 SK-MEL-5 3.86 15.2 

EKVX 2.83 11.4 UACC-257 7.45 30.7 

HOP-62 2.70 13.3 UACC-62 3.15 13.2 

HOP-92 2.01 5.68 Ovarian 

Cancer 

  

NCI-H226 10.3 39.8 IGROV1 2.27 11.5 

NCI-H23 1.99 4.82 OVCAR-3 1.96 4.32 

NCI-H322M 3.17 20.0 OVCAR-4 1.80 3.80 

NCI-H460 2.04 4.17 OVCAR-5 3.52 15.6 

NCI-H522 1.98 4.81 OVCAR-8 3.01 9.30 

Colon Cancer   NCI/ADR-RES 3.38 10.9 

HCC-2998 2.67 54.9 SK-OV-3 9.01 22.8 

HCT-116 1.67 64.3 Renal Cancer   

HCT-15 2.11 >1.00 786-0 2.16 4.57 

HT29 2.28 9.90 A498 10.2 24.6 

KM12 2.19 >1.00 ACHN 2.02 6.49 

SW-620 2.26 >1.00 CAKI-1 2.04 6.22 

CSN Cancer   RXF 393 3.19 8.82 

SF-268 2.70 7.60 SN12C 2.74 10.0 

SF-295 4.70 1.63 TK-10 3.18 6.55 

SF-539 1.78 3.41 UO-31 1.67 11.2 

SNB-19 4.51 18.6 Breast Cancer   

SNB-75 3.72 24.3 MCF7 1.77 5.13 

U251 2.02 4.09 MDA-MB-

231/ATCC 

1.73 4.05 

Prostate 

Cancer 

  HS 578T 2.87 14.5 

PC-3 1.87 4.66 BT-549 2.90 11.2 

DU-145 2.80 7.71 MDA-MB-468 2.94 8.41 
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Results and discussion 

Antiproliferative activity of the imidazo[2,1-b][1,3,4]thiadiazole derivatives 1a-l. 

Compounds 1a-g were submitted to the National Cancer Institute (NCI, Bethesda MD) 

and pre-screened, according to the NCI protocol, at one concentration (10 µM) in a full 

panel of 60 human cancer cell lines. The derivative 1g satisfied the threshold inhibition 

criteria established by the NCI and was further selected for full evaluation at five 

concentration levels (10-4-10-8 M). Remarkably, its GI50s were in the range from 1.67 to 

10.3 µM (Table 1). The antiproliferative effect of the compound 1g was then evaluated on 

PDAC cells, using eight increasing concentrations (from 0.125 nM to 20 µM). The PDAC 

cells were also used to explore the activity of the compounds 1h-l in order to investigate 

the specific role of a different halogen on the indole moiety (compound 1l) as well as the 

effects of N-methyl-indole (compound 1h) or by different substituents on the phenyl ring 

(compounds 1i-l). As shown in the table and in the lower panel of the Table II the 

compounds 1a-h showed a relevant anti-proliferative activity, mostly on SUIT-2 cells, with 

IC50 values in the range of 4.3 to 10.7 µM. In particular, the lowest IC50s were observed in 

SUIT-2 cells exposed to 1e and 1f (4.3-5.0 µM). Conversely, the IC50 of the 1i compound 

was above 20 µM in all cell lines. Capan-1 and Panc-1 cells were more resistant to all the 

compounds, with IC50s>20 μM, except to compound 1l, which was more active in Capan-

1 cells (with IC50 of 13.8 μM compared to >20 μM in both SUIT-2 and Panc-1 cells). 

Compound 1g was active both in SUIT-2 and Panc-1 cells, with IC50s between 8.4 and 9.8 

μM, respectively. Notably, compound 1d showed anti-proliferative activity against SUIT-

2 cells with IC50 of 5.16 µM. Instead, in Capan-1 and Panc-1 cells, it displayed moderate 

antiproliferative activity with IC50s of 9.73 and 10.56 µM, respectively.  
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1a-l  

 Substituents Cell lines and aIC50 (µM) ± SEMb 

Compound R R1 R2 SUIT-2 Capan-1 Panc-1 

1a  H H H 10.7 ± 0.23 >20 >20 

1b  H H 3-OCH3 9.57 ± 0.54 >20 >20 

1c  H H 4-CF3 5.90 ± 0.46 >20 >20 

1d  H CH3 H 5.16 ± 0.10 9.73 ± 0.82 10.56 ± 0.11 

1e  H CH3 3-OCH3 4.30 ± 0.29 >20 >20 

1f  H CH3 2,5-OCH3 5.00 ± 0.38 >20 >20 

1g  Br H 2,5-OCH3 8.40 ± 0.16 >20 9.84 ± 0.24 

1h  Br CH3 2,5-OCH3 5.96 ± 0.28 >20 >20 

1i  Br CH3 4-CF3 >20 >20 >20 

1l  Cl H 4-F >20 13.75 ± 0.84 >20 

aThe values are reported as means ± SEM of three separate experiments.  

bSEM: Standard Error of the Mean 

Table II. Anti-proliferative activity of the compounds 1a-l on SUIT-2, Capan-1 and Panc-1 

cells. (Upper panel) Chemical structure of the compound 1a-l. (Lower panel - table) List of the 

compounds, reporting the information on the chemical structure of the R, R1 and R2 components 

and the IC50 values ± SEM in the PDAC cell lines. 

 

Antimigratory activity of the compounds 1c-f, and 1g,h on SUIT-2 cells. 

Cell migration and invasion are essential for spreading cells from the primary tumor to 

distant sites and creating metastatic outbreaks. This is a relevant aspect that contributes to 

the poor prognosis of many cancers. In particular, PDAC is an aggressive metastatic 

disease and to date, the molecular mechanisms that drive the metastatic events are still 

unknown. Certainly, a key role is played by the stroma components that maintain cell 

growth and facilitate the acquisition of aggressive and invasive features.25 The human cell 

line SUIT-2 was derived from a metastatic lesion in the liver of a PDAC patient and we 

selected these cells as an optimal model for studying the anti-migratory activity of our new 

compounds.26 Considering the interesting in vitro antiproliferative activities of the 

compounds 1c-f and h, together with the NCI results of the compound 1g, we selected 
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these compounds for the analysis of the inhibition of the migration rate using a high-

throughput screening scratch wound healing assay. The SUIT-2 cells were treated with the 

compounds 1c-f, and 1h at 3x IC50, whereas compound 1g was used at its IC50 value. The 

percentage of migration was monitored over time through a series of pictures captured 

immediately after scratch and treatment (T=0) and after 4, 8, 20 and 24 hours. As shown 

in the Figure 2A, unexpectedly, compounds 1c and 1f supported cell migration. Previous 

studies, showed the ability of indoles to reduce migration in cancer cells,27 but a seminal 

study on the oral oxindole multitargeted kinase inhibitor sunitinib reported metastatic 

acceleration depending on treatment schedule and tumor models.28 However, compounds 

1d, 1e, 1g and 1h slowed the migratory effect of the cells compared to the controls (Figure 

2A,B). In particular, compared to untreated cells (set at 100%), the percentages of 

migration in cells treated for 24 hours with the compounds 1d, 1e, 1g and 1h were 72.7%, 

84.1%, 61.3% and 68.2%, respectively.  

These anti-migratory effects were more evident at 20 and 24 hours from the start of the 

treatment, and statistical analyses showed that the inhibition of migration compared to 

control was significant for the compounds 1f and 1h.  

Importantly, in order to optimize the experimental conditions for the wound-healing assay, 

we determined the duplication time of SUIT-2 cells, which were above 24 hours. Moreover, 

we measured the area of the wound track (as shown in representative pictures in Figure 

2C), which was approximately 106 µm2. This is too large to be covered by only cell 

proliferation in 24 hours, since the average tumor adherent cell surface is around 100-150 

µm2. Ultimately, we did not observe detached cells after 24-hour drug treatment, which 

proves that drug exposure did not cause cell death at that timepoint.  

Finally, these results were comparable to previous data showing that indole-3-carbinol and 

indole[3,2-b]carbazole suppress EMT and migration of breast cancer cells through the 

repression of focal adhesion kinase,29 and will prompt future studies on molecular 

mechanisms underlying the anti-migratory activity of our new compounds. 
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Figure 2. Modulation of migration rate in SUIT-2 cells treated with imidazo[2,1-

b][1,3,4]thiadiazole derivatives 1c-f and 1g,h. The modulation of migration rate was monitored 

over time (0, 4, 8, 20 and 24 hours) in SUIT-2 cells treated with the compounds 1c-f and 1h (A) at 

concentrations of 3x IC50 values, and 1g (B) at its IC50. Points represent the means of at least six 

different scratch areas. SEMs were always below 10%. All the P values were calculated with 

Student’s t-test. ****p<0.0001, **p<0.01, *p<0.05. C: Representative images of the scratch areas 

of SUIT-2 cells monitored over time (T=0 and at 4, 8, 20, and 24 hours from the start of the 

treatment). (Upper panels) untreated cells; (lower panels) cells treated with compound 1g. Original 

magnification 5X. 

Conclusion 

The imidazo[2,1-b][1,3,4]thiadiazole derivatives 1a-l endowed with antibiofilm 

activity20 also showed anti-proliferative activity. Among the seven 3-(6-phenylimidazo[2,-

1-b][1,3,4]thiadiazol-2-yl)-1H-indole derivatives, 1a-g, screened on a panel of sixty 

human cancer cells by the NCI at the concentration of 10 µM, compound 1g displayed 

relevant anti-proliferative activity with GI50 values ranging from 1.67 to 10.3 µM. 

However, compounds 1a-h showed interesting in vitro anti-proliferative activity against 

the PDAC cells SUIT-2, whereas the compound 1d was active on the other two PDAC 

preclinical models, Capan-1 and Panc-1. Finally, a wound healing assay demonstrated the 

anti-migratory ability of the compounds 1d, 1e, 1g and 1h, which reduced cell migration 

by 20 to 40%, compared to the control.  
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Overall, the results of cytotoxicity and cell migration will prompt further studies on the 

imidazo[2,1-b][1,3,4]thiadiazole derivatives 1d, e, g and h, that could be used as 

interesting hit compounds to implement the drug discovery process of indole derivatives.  
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3-(6-Phenylimidazo [2,1-b][1,3,4]thiadiazol-2-yl)-1H-Indole Derivatives as New 

Anticancer Agents in the Treatment of Pancreatic Ductal Adenocarcinoma 

 

Abstract 

Abstract: A new series of imidazo[2,1-b][1,3,4]thiadiazole derivatives was efficiently 

synthesized and screened for their in vitro antiproliferative activity on a panel of pancreatic 

ductal adenocarcinoma (PDAC) cells, including SUIT-2, Capan-1 and Panc-1. Compounds 

9c and 9l, showed relevant in vitro antiproliferative activity on all three pre-clinical models 

with half maximal inhibitory concentration (IC50) ranging from 5.11 to 10.8 µM, while the 

compounds 9e and 9n were active in at least one cell line. In addition, compound 9c 

significantly inhibited the migration rate of SUIT-2 and Capan-1 cells in the scratch 

wound-healing assay. In conclusion, our results will support further studies to increase the 

library of imidazo [2,1-b][1,3,4] thiadiazole derivatives for deeper understanding of the 

relationship between biological activity of the compounds and their structures in the 

development of new antitumor compounds against pancreatic diseases.  

 

Keywords: imidazo[2,1-b][1,3,4]thiadiazole derivatives; antiproliferative activity; 

migration assay; indole compounds; pancreatic cancer; resistance   
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Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is a fatal disease with an increased incidence 

also in young adults and a mortality/incidence ratio around 98%,1,2 therefore new 

therapeutic strategies to counteract this malignancy are urgently needed. 

[1,3,4]Thiadiazole, both uncondensed or annealed to other heterocyclic moieties, 

particularly with imidazole ring, has been recognized as valuable scaffold for the 

development of pharmacologically active derivatives as it is present in many molecules 

with biological properties including anti-inflammatory,3 anti-Alzheimer’s disease,4 anti-

leishmanial,5 antioxidant,6 antitubercular,7 anticonvulsant,8 antibacterial and antibiofilm.9–

11 In particular, this ring system showed interesting antitumor activity with different 

mechanisms of action.12–14 Among the imidazo[2,1-b][1,3,4]thiadiazole derivatives 

endowed with antiproliferative properties, the 2,6-disubstituted and the 2,5,6-trisubstituted 

showed the most interesting activity. Romagnoli et al. reported a series of 2-substituted-6-

[m-(α-bromoacryloylamido)phenyl]imidazo[2,1-b][1,3,4]thiadiazoles 1 (Figure 1) with 

significant antiproliferative activity against murine leukaemia (L1210), murine mammary 

carcinoma (FM3A), human T-lymphocyte leukemia(CEM) and human cervix carcinoma 

(HeLa) cells, showing IC50 values in the submicromolar and nanomolar range.15 Compound 

2 (Figure 1) showed potent cytotoxic activity against the full NCI-60 cell panel eliciting 

GI50 values ranging from 1.4 to 4.2 µM.16 Another representative example of imidazo[2,1-

b][1,3,4]thiadiazole derivatives endowed with anticancer activity was reported by Patel 

and coworkers, who described the impressive inhibitory activity (IC50 = 1.2 nM) of 

compound 3 (Figure 1) against transforming growth factor-β type I receptor also known as 

activin receptor-like kinase 5.17 
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Figure 1. Chemical structures of the imidazo[2,1-b][1,3,4]thiadiazole compounds 1–3 and of the 

indole derivative 4. 

 

Our previous studies on nitrogen heterocyclic systems with anticancer properties18–28 

and the interesting antiproliferative activity described for the imidazo[2,1-

b][1,3,4]thiadiazole scaffold encouraged us to continue this approach. Moreover, indole 

compounds were widely described for their anticancer properties. Among them, the 

bisindole derivative 4 was reported as a potent antitumor compound, which was able to 

inhibit CDK1 with an IC50 value of 0.86 µM. Therefore, on the basis of the significant 

antiproliferative activities described for the imidazo[2,1-b][1,3,4]thiadiazole and the 

indole scaffolds, we decided to synthesize and evaluate the cytotoxic activity of a new 

series of 3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole derivatives. 

 

Results and Discussion 

Chemistry 

A series of new 16 imidazo[2,1-b][1,3,4]thiadiazole derivatives 9a-p was synthesized as 

described in Scheme 1.  

The indole-3-carbonitrile 5 was prepared by the reaction of the commercially available 

1H-indoles 4 with chlorosulfonyl isocyanate (CSI) in anhydrous acetonitrile under stirring 

at 0 °C (yield 98%). The methylation of compounds 5 with dimethyl carbonate in 

anhydrous DMF at 130 °C afforded the derivatives 6 (yield 98%). The key intermediates 
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5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amines 7 were prepared in excellent yields (98%) by 

heating at 60 °C under stirring derivatives 5 or 6 with thiosemicarbazide in trifluoroacetic 

acid (TFA) for 3.5 h. Finally, by refluxing in anhydrous ethanol the 5-(1H-indol-3-yl)-

1,3,4-thiadiazol-2-amines 7 with the suitable α-bromoacetyl derivatives 8, the desired 

compounds 9 were obtained as hydrobromide salts in good yields (60-81%). 

 

N

R

H

N

R

H

CN

N

R

R
1

N

S

N

NH2
N

R

R
1

N

S

N

N

4a,b

i

HBr

4a, R = OCH3; 4b, R = F

ii

Br

O

R

8a-f

5a,b

5a, R = OCH3; 5b, R = F

N

R

CH3

CN

6a,b

6a, R = OCH3; 6b, R = F

7a-d

7a, R = OCH3, R
1 =  H; 

7b, R = OCH3, R
1 =  CH3; 

7c, R = F, R1 =  H; 

7d, R = F, R1 =  CH3

R
2

9a-p

8a, R =  H; 

8b, R = 3-OCH3;

8c, R = 2,5-OCH3;

8d, R = 4-F;

8e, R = 4-NO2;

8f, R = 4-CF3

iii

iv

iii

 

Scheme 1. Synthesis of the 3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole 

derivatives 9a-p. Reagents and conditions: i) CH3CN, CSI, 0 °C, 2 h, then DMF, 0 °C, 1.5 h (98%); 

ii) DMF, (CH3O)2CO, K2CO3, 130 °C, 3.5 h (98%); iii) trifluoroacetic acid, thiosemicarbazide, 60 

°C, 3.5 h (98%); iv) anhydrous ethanol, reflux, 24 h (60-81%)  
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Compound R R1 R2 Yield (%) 

9a OCH3 H H 80% 

9b  OCH3 H 4-F 75% 

9c  OCH3 H 4-NO2 73% 

9d  OCH3 H 3-OCH3 78% 

9e  OCH3 H 2,5-OCH3 78% 

9f  OCH3 H 4-CF3 68% 

9g  OCH3 CH3 H 81% 

9h  OCH3 CH3 4-F 72% 

9i  OCH3 CH3 3-OCH3 60% 

9j  OCH3 CH3 2,5-OCH3 65% 

9k  OCH3 CH3 4-CF3 67% 

9l  F H H 72% 

9m  F H 3-OCH3 74% 

9n  F H 4-CF3 68% 

9o  F H 2,5-OCH3 76% 

9p  F CH3 4-CF3 78% 

Figure 2. Upper panel: Chemical backbone structure of compounds 9a–p. Lower panel: Table 

listing the chemical structure of the R, R1 and R2 components 

 

Biological studies 

Antiproliferative activity of the new imidazothiadiazole compounds 9a-p on SUIT-2, 

Capan-1 and Panc-1 pancreatic cancer cells. 

The in vitro antiproliferative activity of a new library of imidazo[2,1-b][1,3,4]thiadiazole 

compounds 9a-p was evaluated by Sulforhodamine-B assay (SRB) on a panel of PDAC 

cells, including SUIT-2, Capan-1 and Panc-1. These cells have been used in a number of 

pharmacological studies and are representative of the typical inherent resistance of 

pancreatic cancer cells to most chemotherapeutic agents.29,30 
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All compounds (9a–p) were initially screened at three different concentration (0.1, 1 and 

16 μM) in all cell lines. The compounds 9c, 9e, 9l and 9n emerged for their ability to inhibit 

the growth rate in one or more cell lines. Therefore, these compounds were selected for 

further screening using eight different increasing concentrations (in the range between 

0.125 and 16 µM) in order to evaluate the half maximal inhibitory concentration (IC50) 

values. Table 1 summarizes the IC50s reported as means ± SEM of three independent 

experiments. 

 

Table 1. IC50s of SUIT-2, Capan-1 and Panc-1 cells treated with compounds 9a-p. 

aThe values are reported as means ± SEM of three separated experiments.  

bSEM: Standard Error Media. 

 

The compounds 9c and 9l showed relevant antiproliferative activities in all the three 

preclinical in vitro models, with IC50s ranging from 5.11 to 10.8 µM. Between these two 

derivatives, the compound 9c induced the most relevant inhibition of cell growth, showing 

similar activities in SUIT-2, Capan-1 and Panc-1 cells, with IC50s of 5.5, 5.11 and 5.18 

µM, respectively (Figure 3). 

IC50
a (µM) ± SEMb 

Cell lines 

Comp SUIT-2 Capan-1 Panc-1 

9a >16 >16 >16 

9b >16 >16 >16 

9c 5.5 ± 0.19 5.11 ± 0.29 5.18 ± 0.12 

9d >16 >16 >16 

9e >16 >16 10.26 ± 0.20 

9f >16 >16 >16 

9g >16 >16 >16 

9h >16 >16 >16 

9i >16 >16 >16 

9j >16 >16 >16 

9k >16 >16 >16 

9l 10.4 ± 0.07 8.57 ± 0.51 10.8 ± 0.13 

9m >16 >16 >16 

9n 11.8 ± 0.54 10.49 ±0.16 >16 

9o 

9p 

>16 

>16 

>16 

>16 

>16 

>16 
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Figure 3. Representative growth inhibition curves of pancreatic ductal adenocarcinoma 

(PDAC) cells, SUIT-2 (red line), Capan-1 (blue line) and Panc-1 (green line) treated for 

72 h with the compound 9c (A), 9e (B), 9l (C) and 9n (D) . Points, mean values obtained 

from three independent experiments; bars, SEM. 

 

The compound 9e was more active in Panc-1 cells, with IC50 value of 10.26 µM, whereas 

SUIT-2 and Capan-1 cells were resistant to the same treatment and showed IC50s > 16 µM. 

Conversely, the IC50 of the compound 9n was above 16 µM in Panc-1 cells, while SUIT-2 

and Capan-1 cells were more sensitive, with IC50s of 11.8 and 10.49 µM, respectively.  

In parallel experiments we evaluated the IC50s of the conventional anticancer drugs 

gemcitabine and 5-fluorouracil, which were below 1 µM. These results were in agreement 

with previous studies.29,31 However, because of PDAC chemoresistant nature, these drugs 

have very limited clinical activity, prompting studies on novel compounds. 

Results highlighted that the introduction of a methyl group on the nitrogen atom of the 

indole moiety was detrimental for the antiproliferative activity against the three cancer cell 

lines, whereas, substitutions on the phenyl ring as well as the presence of a fluorine atom 

or a methoxy group on the indole scaffold were not relevant for the activity.  

 

Compound 9c inhibited the migration rate in SUIT-2, Capan-1 and Panc-1 cells. 

It is well known that the poor prognosis of PDAC is caused by its early metastatic 

behaviour. Although many efforts have been made in the multi-omic fields to study the 

promoters of metastatic events and identify new drug targets, the key drivers of the 
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metastatic properties of PDAC remain unclear.32,33 However, new therapeutic agents are 

needed to overcome PDAC aggressiveness and combat PDAC metastasis. Therefore, 

considering the metastatic nature of SUIT-2, Capan-1 and Panc-1 cells,34,35 we assessed 

whether or not the most promising compound 9c was able to affect cell migration. To this 

goal, the inhibition of cell migration was examined through a high-throughput screening 

using the scratch wound healing assay, as described previously.36 SUIT-2, Capan-1 and 

Panc-1 cells were treated with the compound 9c at concentration of 3xIC50 and the 

migration rate was monitored over time within 24 hours. Images of the wound closure were 

taken immediately after scratch (T = 0) and at 4, 8, 20 and 24 hours from the treatment. As 

shown in the Figure 4, the compound 9c led to a net reduction of the migration in SUIT-2 

and Capan-1 cells, whose the percentages of migration compared to the control (set to 

100%) were 59.09% and 27.71%, respectively. Of note these results showed that this 

compound was able to inhibit migration more than gemcitabine, which in parallel 

experiments marginally (i.e., less than 15% inhibition) affected PDAC cell migration, as 

also reported in our previous studies in Panc-1 cells.37 Conversely, the compound 9c 

accelerated migration up to 142.85% in Panc-1 cells. The latter, unexpected results, might 

be explained by the tendency of PANC-1 cells to clump, a feature which might affect the 

analysis of the scratch after 24 h. Moreover, though most previous studies, including ours, 

showed the ability of tyrosine kinase inhibitors (TKIs) to reduce migration in different 

PDAC cancer cell line,38 a seminal study on sunitinib and other TKIs reported metastatic 

acceleration depending on treatment schedule and tumor models.39 

Statistical analyses showed that the inhibition of cell migration in cells treated was 

significant in all three pre-clinical models, compared to untreated cells. Importantly, to 

exclude that the wound areas were covered by cell proliferation, we determined the 

doubling time of each cell lines used, which were above 24 hours and we measured the 

area of the wound track which was approximately 106 µm2, too large to be covered by only 

cell proliferation in 24 hours, since the average tumor adherent cell surface is around 100-

150 µm2. Finally, we used concentrations of the compound 9c that did not induce cell death 

during 24 hours of exposure to the treatments, in fact, we did not observe detached cells 

after 24-hour drug treatment. 
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Figure 4. Modulation of migration rate in SUIT-2, Capan-1 and Panc-1 cells treated with 

imidazo[2,1-b][1,3,4]thiadiazole compound 9c. The percentages of migration were monitored over 

time at 0, 4, 8, 20, 24 hours in SUIT-2 (A), Capan-1 (B) and Panc-1 (C) cells treated with compound 

9c at concentration of 3x IC50 values. Points represent the means of at least six different scratch 

areas. SEM were always below 10%. All the P values were calculated with Student’s t-test. 

****p<0.0001, ***p<0.001 **p<0.01, *p<0.05. (D) Representative images of the scratch areas of 

SUIT-2 cells monitored over time (T=0 and at 4, 8, 20, and 24 hours from the start of the treatment). 

(Upper panels) untreated cells; (lower panels) cells treated with compound 9c. Original 

magnification 5X.  



Chapter 6 

130 

Materials and Methods 

Chemistry 

All melting points were taken on a Büchi-Tottoly capillary apparatus and are 

uncorrected. IR spectra were determined in bromoform with a Shimadzu FT/IR 8400S 

spectrophotometer. 1H and 13C NMR spectra were measured at 200 and 50.0 MHz, 

respectively, in DMSO-d6 solution, using a Bruker Avance II series 200 MHz spectrometer. 

Column chromatography was performed with Merck silica gel 230-400 mesh ASTM or 

with Büchi Sepacor chromatography module (prepacked cartridge system). Elemental 

analyses (C, H, N) were within ±0.4% of theoretical values and were performed with a 

VARIO EL III elemental analyser. Purity of all the tested compounds was greater than  

95%, determined by HPLC (Agilent 1100 Series).  

 

Synthesis of 1H-indole-3-carbonitriles (5a,b) 

A solution of the indole 4a,b (5.10 mmol) in anhydrous acetonitrile (4.5 ml) was treating 

by adding dropwise chlorosulfonyl isocyanate (CSI) (0.44 ml, 5.10 mmol). The reaction 

mixture was stirred at 0 °C for 2 h, then, anhydrous dimethylformamide (DMF) (2.8 ml, 

36.39 mmol) was slowly added and the mixture was stirred at 0 °C for 1.5 h. The resulting 

solution was poured into crushed ice. The solid obtained was fil tered and dried (yields 

98%).  

Analytical and spectroscopic data for compounds 5a,b are in agreement with those reported 

in literature.40 

 

Synthesis of 1-methylindole-3-carbonitriles (6a,b) 

To a solution of the suitable 3-cyanoindole 5a,b (7.03 mmol) in anhydrous DMF 

(10 ml) 3.61 mmol of K2CO3 and dimethyl carbonate (1.8 ml, 21.4 mmol) were added and 

the mixture was heated at 130 °C for 3.5 h. After cooling (3 °C), water and ice (25 ml) was 

slowly added under stirring. The suspension obtained was extracted with diethyl ether 

(3x10 ml) and the organic phase was washed with water and brine, was dried over Na2SO4 

and the solvent evaporated at reduced pressure to obtain the 3-cyano-1-methylindole 6a,b 

in excellent yields. 

Analytical and spectroscopic data are in accordance to those reported in li terature.41 
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Synthesis of 5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amines (7a-d) 

A mixture of the suitable indole-3-carbonitrile 5a,b or 6a,b (5 mmol), 

thiosemicarbazide 5mmol) and trifluoroacetic acid (5 ml) was heated at 60 °C for 3.5 h. 

The reaction mixture was then poured into ice and neutralized with NaHCO3 saturated 

solution. The solid obtained was filtered off, washed with water, cyclohexane and diethyl 

ether. 

 

5-(5-Methoxy-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7a) 

Orange powder. Yield: 98%, m.p. 216-217°C, IR cm-1: 3604 (NH), 3558 (NH2), 

1HNMR (200MHz, DMSO-d6) δ: 3.79 (3H, s, OCH3), 6.85-6.91 (1H, m, Ar-H), 7.39 (1H, 

d, J = 8.8 Hz, Ar-H), 7.53 (1H, s, Ar-H), 8.02 (1H, s, Ar-H), 8.58 (2H, bs, NH2), 11.80 

(1H, s, NH). 13C NMR (50 MHz, DMSO-d6) δ: 55.23 (q), 101.9 (d), 105.7 (s), 112.9 (d), 

113.0 (d), 124.3 (s), 128.7 (d), 131.4 (s), 152.1 (s), 154.7 (s), 166.5 (s). Anal. Calcd for 

C11H10N4OS (MW: 246.29): C, 53.64%; H, 4.09%; N, 22.75%. Found: C, 53.82%; H, 

4.28%; N, 22.53%. 

 

5-(5-Methoxy-1-methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7b)  

Orange powder. Yield: 98%, m.p. 206-207 °C, IR cm-1: 3381 (NH2), 
1HNMR 

(200MHz, DMSO-d6) δ: 3.80 (6H, s, OCH3, CH3), 6.9 (1H, dd, J = 2.4, 2.5 Hz, Ar-H), 7.13 

(2H, s, NH2), 7.41 (1H, d, J = 8.9 Hz, Ar-H), 7.61 (1H, d, J = 2.3 Hz, Ar-H), 7.81 (1H, s, 

Ar-H). 13C NMR (50 MHz, DMSO-d6) δ: 32.8 (q), 55.2 (q), 102.3 (d), 106.0 (s), 111.1 (d), 

112.5 (d), 124.9 (s), 130.6 (d), 132.0 (s), 152.2 (s), 154.6 (s), 165.4 (s). Anal. Calcd for 

C12H12N4OS (MW: 260.31): C, 55.37%; H, 4.65%; N, 21.52%. Found: C, 55.58%; H, 

4.81%; N, 21.63%. 

 

5-(5-Fluoro-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7c)  

Orange powder. Yield: 98%, m.p. 257-258 °C IR cm-1: 3558 (NH), 3461 (NH2), 

1HNMR (200MHz, DMSO-d6) δ: 7.03-7.12 (1H, m, Ar-H), 7.33-7.50 (3H, m, Ar-H, NH2), 

7.80 (1H, dd, J = 2.4, 2.4 Hz, Ar-H), 7.95 (1H, s, Ar-H), 11.79 (1H, s, NH). 13C NMR (50 

MHz, DMSO-d6) δ: 105.4 (d, JF = 24.0 Hz), 107.3 (s), 110.7 (d, JF = 25.5 Hz), 113.1 (d, JF 

= 10.0 Hz), 124.2 (s), 128.5 (d), 133.0 (s), 152.0 (s), 159.9  (s), 165.8 (s). Anal. Calcd for 

C10H7FN4S (MW: 234.25): C, 51.27%; H, 3.01%; N, 23.92%. Found: C, 51.42%; H, 

3.28%; N, 24.05%. 
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5-(5-Fluoro-1-methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7d)  

Light orange powder. Yield: 98%, m.p. 183-184 °C IR cm-1: 3450 (NH2) 
1HNMR 

(200MHz, DMSO-d6) δ: 3.85 (3H, s, CH3), 7.12-7.21 (1H, m, Ar-H), 7.55-7.62 (1H, m, 

Ar-H), 7.76 (1H, dd, J = 2.5, 2.5 Hz, Ar-H), 8.10 (3H, s, Ar-H, NH2). 13C NMR (50 MHz, 

DMSO-d6) δ: 33.1 (q), 105.35 (s), 105.5 (d, JF = 24.0 Hz), 111.1 (d, JF = 26.0 Hz), 112.0 

(d, JF = 9.5 Hz), 124.3 (s), 124.5 (s), 133.0 (d), 133.7 (s), 151.3 (s), 155.7 (s). Anal. Calcd 

for C11H9FN4S (MW: 248.28): C, 53.21%; H, 3.65%; N, 22.57%. Found: C, 53.50%; H, 

3.78%; N, 22.69%. 

 

3.1.4 Synthesis of 3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole 

hydrobromides (9a-p) 

A mixture of 5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amine 7a-d (0.92 mmol) and the 

2-bromoethanone 8a-f (0.92 mmol) in 40 ml of anhydrous ethanol was stirred at reflux for 

24 h. After cooling at room temperature the obtained solid was filtered off and washed 

with cold ethanol. Derivative 9p was characterized only by 1HNMR spectra due to its poor 

solubility. 

 

5-Methoxy-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole hydrobromide 9a  

Light brown solid. Yield: 80%, m.p. 234-235 °C. IR cm -1: 3592 (NH), 3433 (NH); 

1HNMR (200MHz, DMSO-d6) δ: 3.85 (3H, s, OCH3), 6.94 (1H, dd, J = 2.1, 2.2 Hz, Ar-

H), 7.32-7.49 (4H, m, Ar-H), 7.63 (1H, s, Ar-H), 7.88 (2H, d, J = 7.6 Hz, Ar-H), 8.33 (1H, 

d, J = 7.6 Hz, Ar-H), 8.84 (1H, s, Ar-H), 12.10 (1H, s, NH). 13C NMR (50 MHz, DMSO-

d6) δ: 55.3 (q), 102.2 (d), 105.8 (s), 110.9 (d), 113.1 (d), 113.4 (d), 124.3 (s), 124.6 (2xd), 

127.7 (d), 128.8 (2xd), 130.2 (d), 131.6 (s), 132.3 (s), 142.6 (s), 142.7 (s), 155.2 (s), 158.3 

(s). Anal. Calcd for C19H15BrN4OS (MW: 427.3): C, 53.40 %; H, 3.54%; N, 13.11%. 

Found: C, 53.62 %; H, 3.70%; N, 13.05%. 

 

5-Methoxy-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-5-methoxy-1H-

indole hydrobromide 9b  

Light grey solid. Yield: 75%, m.p. 277-278 °C. IR cm -1: 3615 (NH), 3392 (NH); 

1HNMR (200MHz, DMSO-d6) δ: 3.85 (3H, s, OCH3), 6.48 (1H, bs, NH), 6.92-6.96 (2H, 

d, J = 8.7 Hz, Ar-H), 7.24-7.33 (2H, d, J = 2.3 Hz, Ar-H), 7.43-7.44 (1H, d, J = 8.8 Hz, 

Ar-H), 7.62 (1H, s, Ar-H), 7.88-7.94 (2H, m, Ar-H), 8.29-8.31 (1H, d, J = 2.29 Hz, Ar-H), 

8.77 (1H, s, Ar-H), 12.08 (1H, bs, NH). 13C NMR (50 MHz, DMSO-d6) δ: 55.3 (q), 102.2 
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(d), 106.6 (s), 110.6 (d), 113.1 (d), 113.3 (d), 115.4 (d), 115.8 (d), 124.3 (s), 126.4 (d), 

126.6 (2xd), 129.5 (s), 130.0 (s), 131.6 (s), 142.4 (s), 142.8 (s), 155.1 (s), 157.9 (s). Anal. 

Calcd for C19H14BrFN4OS (MW: 445.31): C, 51.25%; H, 3.17%; N, 12.58%. Found: C, 

51.45%; H, 3.33%; N, 12.65%. 

 

5-Methoxy-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 9c  

Dark yellow solid. Yield: 73%, m.p. 291-292 °C. IR cm -1: 3609 (NH); 1HNMR 

(200MHz, DMSO-d6) δ: 3.86 (3H, s, OCH3), 6.91-6.96 (1H, dd, J = 2.3, 2.3, Ar-H), 7.41-

7.45 (1H, d, J = 8.8 Hz, Ar-H), 7.62 (1H, d, J = 2.2 Hz, Ar-H), 8.06 (1H, s, Ar-H), 8.11 

(1H, s, Ar-H), 8.21 (1H, s, Ar-H), 8.25 (2H, d, J = 2.2, Ar-H), 8.96 (1H, s, Ar-H), 12.03 

(1H, bs, NH). 13C NMR (50 MHz, DMSO-d6) δ: 55.3 (q), 102.2 (d), 106.2 (s), 113.0 (d), 

113.3 (d), 124.1 (3xd), 124.3 (s), 124.8 (2xd), 130.0 (d), 131.6 (s), 140.6 (s), 142.4  (s), 

144.0 (s), 145.6 (s), 155.1 (s), 158.1 (s). Anal. Calcd for C19H13N5O3S (MW: 391.40): C, 

58.30%; H, 3.35%; N, 17.89%. Found: C, 58.46%; H, 3.48%; N, 18.02%. 

 

5-Methoxy-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide 9d  

Light brown solid. Yield: 78%, m.p. 272-273 °C. IR cm -1: 3604 (NH), 3142 (NH); 

1HNMR (200MHz, DMSO-d6) δ: 3.83 (3H, s, OCH3), 3.85 (3H, s, OCH3), 6.87-6.98 (2H, 

m, Ar-H), 7.32-7.48 (4H, m, Ar-H), 7.63 (1H, d, J = 2.28 Hz, Ar-H), 8.33 (1H, d, J = 2.9 

Hz, Ar-H), 8.61 (1H, s, NH), 8.86 (1H, s, Ar-H), 12.09 (1H, bs, NH). 13C NMR (50 MHz, 

DMSO-d6) δ: 55.1 (q), 55.3 (q), 102.1 (d), 106.0 (s), 109.8 (2xd), 111.1 (d), 113.1 (s), 

113.4 (2xd), 116.9 (d), 124.3 (s), 129.9 (2xd), 131.6 (s), 134.2 (s), 140.3 (s), 155.1 (s), 

159.3 (s), 159.6 (s). Anal. Calcd for C20H17BrN4O2S (MW: 457.34): C, 52.52%; H, 3.75%; 

N, 12.25%. Found: C, 52.69%; H, 3.82%; N, 12.36%. 

 

5-Methoxy-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-5-methoxy-

1H-indole 9e  

Yellow solid. Yield: 78%, m.p. 261-262 °C. IR cm -1: 3604 (NH); 1HNMR 

(200MHz, DMSO-d6) δ: 3.78 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.94 (3H, s, OCH3), 6.88-

6.96 (2H, m, Ar-H), 7.07 (1H, d, J = 9.0 Hz, Ar-H), 7.43-7.65 (3H, m, Ar-H), 8.36 (1H, d, 

J = 3.0 Hz, Ar-H), 8.71 (1H, s, NH), 12.12 (1H, bs, NH). 13C NMR (50 MHz, DMSO-d6) 

δ: 55.4 (2xq), 55.9 (q), 102.3 (d), 105.7 (s), 111.6 (3xd), 112.8 (s), 113.1 (d), 113.4 (d), 

113.6 (d) 124.3 (s), 130.5 (d), 131.6 (s), 137.3 (s), 141.8 (s), 149.8 (s), 153.2 (s), 155.2 (s), 
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158.8 (s). Anal. Calcd for C21H18N4O3S (MW: 406.57): C, 62.05%; H, 4.46%; N, 13.78%. 

Found: C, 62.58%; H, 4.58%; N, 13.86%. 

 

5-Methoxy-3-{6-[4-(trifluoromethyl)phenyl]imidazo[2,1-b][1,3,4]thiadiazol-2-yl}-1H-

indole hydrobromide 9f  

White solid. Yield: 68%, m.p. 198-199 °C. IR cm -1: 3609 (NH), 3228 (NH); 

1HNMR (200MHz, DMSO-d6) δ: 3.86 (3H, s, OCH3), 6.43 (1H, bs, NH), 6.92 (1H, d, J = 

8.8 Hz, Ar-H), 7.42-7.48 (1H, m, Ar-H), 7.64 (1H, s, Ar-H), 7.75-8.11 (4H, dd, J = 7.5, 

7.7 Hz, Ar-H), 8.28 (1H, s, Ar-H), 8.91 (1H, s, Ar-H), 12.06 (1H, bs, NH). 13C NMR (50 

MHz, DMSO-d6) δ: 55.3 (q), 102.2 (d), 106.1 (s), 112.1 (d), 113.0 (d), 113.3 (d), 124.3 

(s), 124.8 (3xd) 125.6 (d), 130.0 (d), 131.6 (2xs), 137.8 (s), 142.7 (s), 143.5 (s), 155.1 

(2xs), 157.9 (s). Anal. Calcd for C20H14BrF3N4OS (MW: 495.31): C, 48.50%; H, 2.85%; 

N, 11.31%. Found: C, 48.69%; H, 2.98%; N, 11.26%. 

 

5-Methoxy-1-methyl-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole 

hydrobromide 9g  

Light grey solid. Yield: 81%, m.p. 252-253 °C. IR cm -1: 3592 (NH); 1HNMR 

(200MHz, DMSO-d6) δ: 3.85 (6H, s, OCH3, CH3), 6.96-7.01 (1H, dd, J = 2.4, 2.4 Hz, Ar-

H), 7.28-7.60 (5H, m, Ar-H), 7.84 (2H, d, J = 7.1 Hz, Ar-H), 8.33 (1H, s, Ar-H), 8.52 (1H, 

bs, NH), 8.81 (1H, s, Ar-H). 13C NMR (50 MHz, DMSO-d6) δ: 33.3 (q, CH3), 55.3 (q, 

OCH3), 102.4 (d), 104.5 (s), 110.9 (d), 111.9 (s), 112.9 (d), 124.6 (2xd), 127.7 (d) 128.8 

(2xd), 132.1 (s), 132.3 (s), 133.6 (d), 142.6 (s), 142.5 (s), 155.5 (s), 157.8 (s). Anal. Calcd 

for C20H17BrN4OS (MW: 441.34): C, 54.43%; H, 3.88%; N, 12.69%. Found: C, 54.59%; 

H, 4.00%; N, 12.96%. 

 

5-Methoxy-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-5-methoxy-1-

methyl-1H-indole hydrobromide 9h  

Light yellow solid. Yield: 72%, m.p. 278-279 °C. IR cm -1: 3609 (NH); 1HNMR 

(200MHz, DMSO-d6) δ: 3.84 (6H, s, OCH3, CH3), 6.95-7.01 (1H, dd, J = 1.6, 1.56 Hz, Ar-

H), 7.22-7.31 (2H, m, Ar-H), 7.48-7.52 (1H, d, J = 8.9 Hz, Ar-H), 7.58 (1H, d, J = 2.0 Hz, 

Ar-H), 7.95-7.82 (2H, m, Ar-H), 8.29 (1H, s, Ar-H), 8.74 (1H, s, Ar-H), 9.66 (1H, bs, NH). 

13C NMR (50 MHz, DMSO-d6) δ: 33.2 (q), 55.4 (q), 102.3 (d), 104.7 (s), 110.6 (d), 111.9 

(d), 112.9 (d), 115.4 (d), 115.8 (d), 124.6 (s), 126.4 (d) 126.5 (d), 129.6 (s), 132.3 (s), 133.4 
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(d), 142.6 (2xs), 155.4 (2xs), 157.3 (s). Anal. Calcd for C20H16BrN4OS (MW: 459.33): C, 

52.30%; H, 3.51%; N, 12.20%. Found: C, 52.50%; H, 4.67%N, 12.35%. 

 

5-Methoxy-1-methyl-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-

indole hydrobromide 9i  

Brown solid. Yield: 60%, m.p. 260-261 °C. IR cm -1: 3461 (NH); 1HNMR 

(200MHz, DMSO-d6) δ: 3.82 (3H, s, CH3), 3.85 (6H, s, OCH3), 5.99 (1H, bs, NH), 6.86 

(H, d, J = 7.3 Hz, Ar-H), 6.96-7.02 (1H, dd, J = 2.4, 2.3 Hz, Ar-H), 7.30-7.61 (5H, m, Ar-

H), 8.32 (1H, s, Ar-H), 8.81 (1H, s, Ar-H). 13C NMR (50 MHz, DMSO-d6) δ: 33.3 (q), 55.0 

(q), 55.3 (q, OCH3), 102.3 (d), 104.7 (s), 109.7 (2xd), 111.9 (d), 112.9 (d), 113.2 (s), 116.8 

(d), 124.6 (s), 129.8 (2xd), 130.5 (d), 132.3 (s), 134.0 (s), 142.5 (s), 142.9 (s), 155.4 (s), 

157.6 (s), 159.6 (s). Anal. Calcd for C21H19BrN4O2S (MW: 471.46): C, 53.51%; H, 4.06%; 

N, 11.89%. Found: C, 53.68%; H, 4.15%; N, 11.99%. 

 

5-Methoxy-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-5-methoxy-

1-methyl-1H-indole 9j  

White solid. Yield: 65%, m.p. 277-278 °C. 1HNMR (200MHz, DMSO-d6) δ: 3.77 

(3H, s, CH3), 3.85 (6H, dd, J = 1.6 Hz, OCH3), 3.93 (3H, s, CH3), 6.86 - 7.09 (3H, m, Ar-

H), 7.50 - 7.56 (4H, m, Ar-H), 8.34 (1H, s, Ar-H). 13C NMR (50 MHz, DMSO-d6) δ: 33.3 

(q), 55.2 (q), 55.4 (q), 55.9 (q), 99.4 (s), 102.4 (d), 104.4 (s), 111.5 (2xd), 112.6 (s), 112.8 

(2xd), 112.9 (d), 114.2 (d), 124.6 (s), 132.3 (2xs), 133.8 (d), 141.6 (s), 149.8 (s), 153.1 (s), 

155.5 (s). Anal. Calcd for C22H10BrN4O3S (MW: 420.48): C, 62.84%; H, 4.79%; N, 

13.32%. Found: C, 62.95%; H, 4.89%; N, 13.39%. 

 

5-Methoxy-1-methyl-3-{6-[4-(trifluoromethyl)phenyl]imidazo[2,1-b][1,3,4]thiadiazol-2-

yl}-1H-indole 9k  

Light grey solid. Yield: 67%, m.p. 216°C. 1HNMR (200MHz, DMSO-d6) δ: 

3.85(6H, s, CH3, OCH3), 6.96-7.02 (1H, dd, J = 2.4, 2.4 Hz, Ar-H ), 7.48 (1H, d, J = 8.9 

Hz, Ar-H), 7.61 (1H, d, J = 2.3 Hz, Ar-H), 7.72-8.08 (4H, dd, J = 8.0, 8.1 Hz, Ar-H), 8.24 

(1H, s, Ar-H), 8.85 (1H, s, Ar-H). 13C NMR (50 MHz, DMSO-d6) δ: 33.2 (q), 55.3 (q), 

99.4 (s), 102.4 (d), 104.9 (2xs), 111.9 (d), 112.1 (s), 112.9 (d), 124.7 (4xd), 125.5 (d), 

132.3 (s), 133.2 (d), 138.0 (s), 143.0 (s), 155.4 (2xs), 157.3 (s). Anal. Calcd for 

C21H15F3N4OS (MW: 428.43): C, 58.87%; H, 3.53%; N, 13.08%. Found: C,  59.01%; H, 

3.62%; N, 13.14%. 
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5-Fluoro-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole hydrobromide 9l  

White solid. Yield: 72%, m.p. 278-279°C. IR cm -1: 3145 (NH) 2890 (NH).; 1HNMR 

(200MHz, DMSO-d6) δ: 7.03 (1H, bs, NH), 7.11-7.47(4H, m, Ar-H), 7.53-7.60 (1H, m, 

Ar-H), 7.82-7.90 (3H, m, Ar-H), 8.41 (1H, d, Ar-H), 8.75 (1H, s, Ar-H) 12.28 (1H, bs, 

NH). 13C NMR (50 MHz, DMSO-d6) δ: 105.0 (d), 106.5 (s), 110.0 (d), 110.6 (s), 111.2 

(d), 111.7 (d), 123.9 (s), 124.5 (2xd), 127.3 (d), 128.7 (2xd), 131.3 (d), 133.3 (2xs), 142.8 

(s), 143.9 (s), 157.2 (s). Anal. Calcd for C18H12BrFN4S (MW: 415.28): C, 52.06%; H, 

2.91%; N, 13.49%. Found: C, 52.16%; H, 3.02%; N, 13.59%. 

 

5-Fluoro-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide 9m  

White solid. Yield: 74%, m.p. 282-283°C. IR cm -1: 3153 (NH), 3658 (NH); 1HNMR 

(200MHz, DMSO-d6) δ: 3.82 (3H, s, OCH3), 6.87-7.62 (6H, m, Ar-H), 7.80-7.86 (1H, dd, 

J = 2.3, 2.3 Hz, Ar-H), 8.44 (1H, d, J = 3 Hz, Ar-H), 8.81 (1H, s, Ar-H), 9.01 (1H, bs, NH), 

12.30 (1H, bs, NH). 13C NMR (50 MHz, DMSO-d6) δ: 55.0 (q), 99.4 (s), 105.0 (d), 109.8 

(2xd), 110.4 (s), 111.0 (s), 111.3 (d), 113.2 (d), 113.8 (s), 114.0 (d), 116.9 (d), 118.7 (s), 

124.1 (s), 129.8 (d), 131.4 (d), 133.3 (s), 142.7 (s), 143.2 (s), 151.6 (2xs). Anal. Calcd for 

C19H14BrFN4OS (MW: 445.30): C, 51.25%; H, 3.17%; N, 12.58%. Found: C, 51.39%; H, 

3.25%; N, 12.64%. 

 

5-Fluoro-3-{6-[4-(trifluoromethyl)phenyl]imidazo[2,1-b][1,3,4]thiadiazol-2-yl}-1H-

indole hydrobromide 9n  

White solid. Yield: 68%, m.p. 259-260 °C. IR cm -1: 3155 (NH), 2925 (NH); 

1HNMR (200MHz, DMSO-d6) δ: 6.16 (1H, bs, NH), 7.10-7.20 (1H, m, Ar-H), 7.52-7.58 

(1H, dd, J = 4.5, 4.6 Hz, Ar-H), 7.73-7.86 (3H, m, Ar-H), 8.05 (2H, dd, J = 8.1 Hz, Ar-H), 

8.41 (1H, d, J = 2.9 Hz, Ar-H), 8.88 (1H, s, Ar-H), 12.27 (1H, bs, NH). 13C NMR (50 MHz, 

DMSO-d6) δ: 105.6 (d), 112.1 (d), 113.2 (d), 113.9 (d), 114.0 (s), 123.9 (s), 124.1 (s), 124.7 

(4xd), 125.6 (d), 126.7 (s), 131.3 (d), 133.3 (s), 137.9(s), 143.0 (s), 143.5 (s), 157.4 (s). 

Anal. Calcd for C19H11BrF4N4S (MW: 483.27): C, 47.22%; H, 2.29%; N, 11.59%. Found: 

C, 47.36%; H, 2.36%; N, 11.65%. 

 

5-Fluoro-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide 9o 
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White solid. Yield: 76%, m.p. 266 °C. IR cm -1: 3427 (NH), 3093 (NH); 1HNMR 

(200MHz, DMSO-d6) δ: 3.77 (3H, s, OCH3), 3.92 (3H, s, OCH3), 4.25 (1H, bs, NH), 6.82-

6.87 (1H, dd, J = 2.9, 2.84 Hz, Ar-H), 7.02-7.20 (2H, m, 2xAr-H), 7.52-7.59 (1H, dd, J = 

4.32, 4.52 Hz, Ar-H), 7.70 (1H, d, J = 2.86 Hz, Ar-H), 7.87 (1H, d, J = 89.6 Hz, Ar-H), 

8.41 (1H, s, Ar-H), 8.55 (1H, s, Ar-H), 12.24 (1H, bs, NH). 13C NMR (50 MHz, DMSO-

d6) δ: 55.3 (q), 55.7 (q), 105.1 (d), 105.6 (d), 106.6 (s), 111.5 (2xd), 112.5 (2xd), 113.8 

(d), 122.2 (s), 124.0 (s), 131.1 (d), 133.3 (s), 139.7 (s), 142.0 (s), 149.8 (s), 153.1 (s),  156.9 

(s). Anal. Calcd for C20H16BrFN4O2S (MW: 475.33): C, 50.54%; H, 3.39%; N, 11.79%. 

Found: C, 50.68%; H, 3.52%; N, 11.86%. 

 

5-Fluoro-1-methyl-3-{6-[4-(trifluoromethyl)phenyl]imidazo[2,1-b][1,3,4]thiadiazol-2-

yl}-1H-indole hydrobromide 9p  

Grey solid. Yield: 78%, m.p 281°C. IR cm-1: 3501 (NH); 1HNMR (200MHz, 

DMSO-d6) δ: 3.85 (3H, s, CH3), 7.18-7.28 (1H, m, Ar-H), 7.57-7.81 (5H, m, Ar-H, NH), 

8.02 (2H, d, J = 8.0 Hz, Ar-H), 8.36 (1H, s, Ar-H), 8.81 (1H, s, Ar-H). Anal. Calcd for 

C20H13BrF4N4S (MW: 497.30): C, 48.30%; H, 2.63%; N, 11.27%. Found: C, 48.50%; H, 

2.75%; N, 11.36%. 

 

Biology 

Drugs and chemical  

The 3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indolecompounds 9a-p were 

synthesised at the Department of Pharmacy, University of Palermo (Palermo, Italy). The 

drugs were dissolved in DMSO. The medium, foetal bovine serum (FBS), penicillin (50 

IU ml-1) and streptomycin (50 µg ml-1) were from Gibco (Gaithersburg, MD, USA). All 

other chemicals were from Sigma (Zwijndrecht, the Netherlands).  

 

Cell cultures  

Capan-1 and Panc-1 cell lines were purchased at the ATCC(American Type Culture 

Collection) (Manassas, VA, USA), while SUIT-2 cells were a generous gift from Dr. Adam 

Frampton (Imperial College, London, UK). The cell lines were tested for their 

authentication by STR–PCR (Short Tandem Repeat- Polymerase Chain Reaction), 

performed by BaseClear (Leiden, the Netherlands). The cells were cultured in RPMI-1640 

(Roswell Park Memorial Institute 1640) supplemented with 10% heat-inactivated FBS, 1% 

penicillin/streptomycin, or in DMEM (Dulbecco’s Modified Eagle’s Medium), 
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supplemented with 10% heat-inactivated FBS, 1% HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid). The cells were kept in a humidified atmosphere of 5% CO2 

and 95% air at 37 °C and harvested with trypsin-EDTA (Ethylenediaminetetraacetic acid). 

 

Cell growth inhibition  

To evaluate the inhibitory effects of the imidazo[2,1-b][1,3,4]thiadiazole compounds 

9a-p on cell growth, we performed the Sulforhodamine-B (SRB) assay, as previously 

described.42 Cells were seeded into 96-well flat-bottom plates in triplicate at a density of 3 

x 103 cells/well for SUIT-2 and Panc-1, while 5 x 103 cells/well were used for Capan-1. 

Cells were incubated at 37 °C for 24 hours to create a confluent monolayer and then they 

were treated with 100 µL of increasing concentrations of the compounds dissolved in 

DMSO. 

After 72 hours of treatment, the cells were fixed with 25 µL of 50% cold trichloroacetic 

acid (TCA) and kept for at least 60 minutes at 4°C. Then, the plates were washed gently 

with deionized water, dried at room temperature (RT) overnight and stained with 50 µL of 

0.4% SRB solution in 1% acetic acid for 15 minutes at RT. The excess of SRB stain was 

removed on dried tissues and the plates were washed with 1% acetic acid and let dry at RT 

overnight. The SRB was dissolved in 150 µL of tris(hydroxymethyl)aminomethane 

solution pH= 8.8 (TRIS base), and the optical density (OD) was detected at a wavelength 

of 490 nm and 540 nm. Cell growth inhibition was calculated as the percentage versus 

vehicle-treated cells (“negative control”) OD (corrected for OD before drug addiction). 

Finally, the half maximal inhibitory concentration (IC50) was calculated by non-linear least 

squares curve fitting (GraphPad Prism 7, Intuitive Software for Science, San Diego, CA).  

 

Wound-healing assays 

The in vitro scratch wound-healing assay was performed as previously described.43 

SUIT-2, Capan-1 and Panc-1 cells were seeded into a 96-well plates at a density of 5 x 104 

cells/well and incubated for 24 hours at 37 °C, 5% CO2 and 100% humidity. Then, cell 

monolayer was scratched through a specific needle to create a scratch of constant width. 

After removal of the detached cells by washing with phosphate buffered saline (PBS), we 

added only medium in the control wells and medium with the compounds of interest in the 

experimental wells. The wound closure was monitored by phase-contrast microscopy using 

a Universal Grab 6.3 software (Digital Cell Imaging Labs, Keerbergen, Belgium) 

integrated to the Leica DMI300B migration station (Leica Microsystems, Eindhoven, 
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Netherlands) and the pictures were captured immediately after scratch (T = 0), and at 4, 8, 

20 and 24 hours from the treatment. The results were analyzed with the Scratch Assay 6.2 

software (Digital Cell Imaging Labs). 

 

Statistical analysis 

All SRB assays were carried out in triplicate and repeated at least three times, whereas 

the percentages of cell migration were calculated taking into account at least six scratch 

areas. The data were evaluated using GraphPad Prism (GraphPad Software, San Diego, 

CA, USA). Data were expressed as mean values ± SEM and analyzed by the Student’s t -

test.  

 

Conclusion 

PDAC is one of the deadliest cancer types and despite enormous efforts in pancreatic 

cancer research, in 2019, the American Cancer Society estimated 1,762,450 new cancer 

cases and 606,880 cancer deaths in the United States (US).44 Due to the lack of clinical 

signs and symptoms, most patients are diagnosed at an advanced/unresectable stage of the 

disease and regimens with combinations of conventional chemotherapy drugs are the best 

option for the treatment of PDAC patients.45 However, PDACs are characterized by 

common inherent or acquired resistance to conventional treatment modalities and new 

therapeutic strategies are warranted.33,46 A new series of imidazo[2,1-b][1,3,4]thiadiazole 

derivatives 9a–p were efficiently synthesized and tested for their in vitro antiproliferative 

properties on a panel of PDAC cell lines, including SUIT-2, Capan-1 and Panc-1. Four out 

of sixteen compounds (9c, 9e, 9l and 9n), showed interesting in vitro antiproliferative 

activity. In particular, the compounds 9c and 9l were active in all three preclinical models 

with IC50s ranging from 5.1 to 10.8 µM. Notably, the IC50s of the compound 9c in SUIT-2, 

Capan-1 and Panc-1 cells were the lowest (around 5 µM). The compound 9e was active 

only in Panc-1 cells. Conversely, the compound 9n inhibited cell proliferation in SUIT-2 

and Capan-1 cells, with IC50s of 11.8 ± 0.54 and 10.49 ± 0.16 µM, respectively. Finally, 

using the scratch wound-healing assay, we demonstrated a relevant anti-migratory activity 

of the compound 9c in SUIT-2 and Capan-1 cells. Overall, the results of cytotoxicity and 

cell migration obtained with compound 9c could suggest its role as an interesting hit 

compound to create a library of new derivatives and study in deep the structure–activity 

relationship (SAR). This could indeed be extremely useful to guide the synthesis of future 

analogues. In particular, we focused our research on derivatives bearing at position 5 of 
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indole scaffold a group (-OCH3) or atom (-F) with electron-withdrawing properties. 

Furthermore, we investigated how the N-methyl indole, as well as the effect of different 

substitutions on the phenyl ring, could influence activity. As reported in the Table 1, some 

of the compounds 1H-indole showed antiproliferative activity in one or more cell lines, 

unlike the 1-methyl-1H-indole analogues. Probably, this is due to the ability to create 

hydrogen bonds with the target. Concerning the substitution on phenyl ring, we did not 

observe differences between the presence or absence of electron-withdrawing groups, with 

the exception of nitro group (-NO2) that, thanks to the delocalization of negative and 

positive charges, increased the cytotoxicity activity in all the cell lines.  
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Imidazo[2,1-b][1,3,4]thiadiazoles with antiproliferative activity against primary and 

gemcitabine-resistant pancreatic cancer cells 

 

Abstract 

A new series of eighteen imidazo[2,1-b][1,3,4]thiadiazole derivatives was efficiently 

synthesized and screened for antiproliferative activity against the National Cancer Institute 

(NCI-60) cell lines panel. Two out of eighteen derivatives, compounds 12a and 12h, showed 

remarkably cytotoxic activity with the half maximal inhibitory concentration values (IC50) 

ranging from 0.23 to 11.4 µM, and 0.29 to 12.2 µM, respectively. However, two additional 

compounds, 12b and 13g, displayed remarkable in vitro antiproliferative activity against 

pancreatic ductal adenocarcinoma (PDAC) cell lines, including  immortalized (SUIT-2, Capan-

1, Panc-1), primary (PDAC-3) and gemcitabine-resistant (Panc-1R), eliciting IC50 values 

ranging from micromolar to sub-micromolar level, associated with significant reduction of cell-

migration and spheroid shrinkage. These remarkable results might be explained by modulation 

of key regulators of epithelial-to-mesenchymal transition (EMT), including E-cadherin and 

vimentin, and inhibition of metalloproteinase-2/-9. High-throughput arrays revealed a 

significant inhibition of the phosphorylation of 45 tyrosine kinases substrates, whose 

visualization on Cytoscape highlighted PTK2/FAK as an important hub. Inhibition of 

phosphorylation of PTK2/FAK was validated as one of the possible mechanisms of action, 

using a specific ELISA. In conclusion, novel imidazothiadiazoles show potent antiproliferative 

activity, mediated by modulation of EMT and PTK2/FAK. 
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Introduction  

The synthesis of hybrid molecules, bearing two or more different biologically active 

scaffolds in a single structure, is regarded as one of the most valuable approaches in drug 

development in order to obtain new therapeutic strategies to treat oncological diseases.1–3 

The design of anticancer drugs characterized by two moieties with antitumor activity led to 

the development of a number of molecules with improved biological potential compared to 

the parent compounds. In particular, hybrid anticancer drugs showed improved specificity, 

a greater ability to overcome drug-resistance mechanisms, better patient compliance and 

lower side effects.4,5 

The simultaneous presence of two pharmacophores often led to a synergism of the 

biological activities and therefore to the capability to act towards more than one target. Many 

examples of hybrid compounds with promising cytotoxic properties have been reported in 

the latest years. Singla and collaborators described remarkable antiproliferative activity 

against the NCI-60 cell lines panel of benzimidazole-triazine hybrids 1 (Fig. 1) which 

showed IC50 values from the low micromolar to the nanomolar range.6 The pyrimidine-

triazole hybrids 2 (Fig. 1) exhibited potent anticancer activity against the B16-F10 murine 

melanoma cancer cell line due to their ability in reducing the pro-caspase3 level while 

increasing the p53 and active-caspase 3 levels.7 Pyrazole-benzofuran hybrids 3 (Fig. 1) 

emerged as promising anticancer compounds against human pancreatic (Panc-1 and PaCa-2 

cells), lung (A549 and H-460), breast (MCF-7), colon (HT-29) and prostate (PC-3) cancer, 

with IC50 values in the range of 0.9-2.2 μM (Fig. 1).8 
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Figure 1. Chemical structures of benzimidazole-triazine hybrids 1, pyrimidine-triazole hybrids 2, 

pyrazole-benzofuran hybrids 3. 

 

The imidazo[2,1-b][1,3,4]thiadiazole nucleus has been considered a privileged scaffold 

for the development of molecules with various pharmacological activities, such as 

anticancer,9 analgesic,10 anti-leishmanial,11 antioxidant,12 antitubercular,13 anticonvulsant,14 

and antibacterial.15,16 

Concerning the antitumor activity, many imidazo[2,1-b][1,3,4]thiadiazole derivatives 

have been described as potent anticancer molecules acting on several targets against different 

tumor models. Compound 4 (Fig. 2) showed potent inhibitory activity (IC50 = 1.2 nM) 

against the activin receptor-like kinase 5 (ALK5) proving to be selective toward the P38α 

kinase.17 The imidazo[2,1-b][1,3,4]thiadiazole-5-carbaldehyde 5 (Fig. 2) was three fold 

more potent than melphalan, used as reference drug, against murine (L1210) and human 

(CEM) leukemia cells as well as against immortalized cervical cancer (HeLa) cells, eliciting 

IC50 values of 0.89 µM, 0.75 µM and 0.90 µM, respectively.18 
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Fig. 2. Chemical structures of the anticancer compounds 4-6. 

 

In the last decade the indole ring has emerged among the scaffolds recognized as 

privileged pharmacophores for the development of new antitumor compounds.19–26 

The indole derivative 6 was described for its potent antiproliferative activity against diffuse 

malignant peritoneal mesothelioma (DMPM) cell. Nortopsentin analogue 6 potently 

inhibited CDK1 activity eliciting an IC50 value of 0.86 µM and consequently induced a 

marked cell cycle arrest at the G2/M phase, which was paralleled by an increase in the 

apoptotic rate.27  

Therefore, on the basis of the interesting anticancer properties described for imidazo[2,1-

b][1,3,4]thiadiazole and indole scaffolds, we decided to evaluate the cytotoxic activity of a 

library of thirty-six 3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole derivatives. 

In particular derivative 7 (Fig. 3) was effective against all the tested cancer cell lines showing 

GI50 values ranging from 1.02 to 9.21 µM.28  
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Figure 3. Hybrid compound 7 obtained by combining the two bioactive scaffolds indole and 

imidazothiadiazole. 

 

These preliminary results prompted further studies on nitrogen heterocyclic systems 

endowed with antitumor activity,29–35 and we synthesized eighteen new 3-(imidazo[2,1-

b][1,3,4]thiadiazol-2-yl)-1H indole analogues in order to evaluate how structural 

modifications on the indole nucleus, introduction of an aldehyde group at the position 5 of 

the imidazothiadiazole scaffold or the replacement of the phenyl ring at the position 6 with 

a thiophene ring could influence the anticancer activity of this class of compounds.  

We decided to test our new compounds on clinically-relevant models of pancreatic ductal 

adenocarcinoma (PDAC). This tumor is an extremely aggressive neoplasm, predicted to 

become the second leading cause of cancer-related deaths before 2030.36 Cytotoxic 

chemotherapy remains the mainstay of treatment for most PDAC patients. Treatment with 

5-fluorouracil, leucovorin, irinotecan and oxaliplatin (FOLFIRINOX) or with a combination 

of gemcitabine and nab-paclitaxel, represent the standard-of-care for unresectable patients, 

and recent data support the use of FOLFIRINOX as adjuvant therapy after surgical 

resection.37 However, PDAC is broadly chemoresistant, with a 5-year survival rate below 

9%, and novel, more effective therapeutics for PDAC remain an important unmet need.38–40 

 

Chemistry 

The new imidazothiadiazole derivatives 12-14 were efficiently synthesized following the 

synthetic route described in Scheme 1.  
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The commercially available indole-3-carbonitrile 9a and the derivatives 9b-e, prepared by 

reaction of the appropriate 1H-indole with chlorosulfonyl isocyanate (CSI), were subjected 

to a methylation for obtaining the corresponding 1-methyl-1H-indole-3-carbonitriles 10a-

e.16 The 5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amines 11a-j were obtained in excellent yields 

(92-100%) by treating the proper derivatives 9a-e or 10a-e with thiosemicarbazide.  

The 1,3,4-thiadiazol-2-amines 11a-j underwent a reaction with the appropriate α-

bromoacetyl compounds in refluxing ethanol to give the hydrobromide derivatives 12a-r. 

Some of such hydrobromides, 12a,b,d,e,f,h, were isolated as pure compounds (yields 55-

68%) and were characterized without further purifications. Instead, hydrobromides 12c,g,i,j 

were treated with saturated aqueous NaHCO3 solution producing the corresponding free 

bases 13 which were purified by column chromatography providing specimens with suitable 

analytical and spectral data (yields 58-80%). 

Finally, the free bases 13k-r, prepared through the treatment of the corresponding 

hydrobromides 12 with saturated aqueous NaHCO3 solution, were subjected to a reaction of 

formylation using standard Vilsmeier conditions to give the imidazo[2,1-

b][1,3,4]thiadiazole derivatives 14k-r (yields 70-90%).  

Data on physicochemical properties of the compounds are reported in the Supplementary 

results and Supplementary Tables 1-2. 
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Scheme 1. Synthesis of 3-(imidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole derivatives 12-14. 
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Reagents and conditions: i) CH3CN, CSI, 0 °C, 2 h, then DMF, 0 °C, 1.5 h (98-100%); ii) 

DMF, (CH3O)2CO, K2CO3, 130 °C, 3.5 h (98-100%); iii) trifluoroacetic acid, 

thiosemicarbazide, 60 °C, 3.5 h (98-100%); iv) anhydrous ethanol, reflux, 24 h (42-80%); 

v) NaHCO3 saturated aqueous solution (58-80 %); vi) POCl3, DMF, 0 - 5 °C, then compound 

13, DMF, 70 °C, 5 h. 

 

Table 1. New 3-(imidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole derivatives 12-14 

Comp R R1 R2 Yield  

12a H H tiophen-3-yl 57% 

12b H CH3 tiophen-3-yl 55% 

12d Br CH3 tiophen-3-yl 68% 

12e Cl H tiophen-3-yl 63% 

12f Cl CH3 tiophen-3-yl 68% 

12h F CH3 tiophen-3-yl 58% 

13c Br H tiophen-3-yl 58% 

13g F H tiophen-3-yl 80% 

13i OCH3 H tiophen-3-yl 58% 

13j OCH3 CH3 tiophen-3-yl 70% 

14k H H C6H5 71% 

14l H CH3 C6H5 91% 

14m H H 4-F-C6H4 81% 

14n H H 3OCH3-C6H4 60% 

14o H H 2,5-OCH3-C6H3 82% 

14p H CH3 2,5-OCH3-C6H3 70% 

14q H H 4-NO2-C6H4 75% 

14r Br H 2,5-OCH3-C6H3 90% 

 

Results and discussion 

Antiproliferative activity 

The newly synthesized imidazo[2,1-b][1,3,4]thiadiazoles 12a,b,d,e,f,h, 13c,g,i,j and 

14k,l,n,o,p were submitted to the National Cancer Institute (NCI; Bethesda, MD) for the 

pharmacological evaluation of their antitumor activity. They were initially pre-screened 

according to the NCI protocol at one-dose of 10 µM on the full panel of 60 human cancer 

cell lines derived from 9 cancer cell types and grouped into disease subpanels including 

leukemia, non-small cell lung, colon, central nervous system, melanoma, ovarian, renal, 

prostate, and breast cancers. The 12a and 12h derivatives were selected for further screening 

at five concentrations at 10-fold dilution (10-4-10-8 M) on the full panel. As shown in Table 

2, both derivatives have interesting in vitro anticancer activity with GI50 values ranging from 

micromolar to sub-micromolar level, i.e., 0.23-11.4 µM, and 0.29-12.2 µM, respectively 

(Table 2). 

In order to expand the NCI panel, we evaluated the in vitro antiproliferative activity of 

the compounds 12a,b,d,e,f,h, 13c,g,i,j and 14k-r on a panel of PDAC cells, including SUIT-
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2, Capan-1 and Panc-1, by Sulforhodamine-B (SRB) assay. PDAC is indeed broadly 

chemoresistant tumor, with a 5-year survival rate below 9%, and novel, more effective 

therapeutics for PDAC remain an important unmet need. 

A pre-screening assay was initially performed at concentrations of 0.1, 1 and 16 µM. We 

then expanded the cytotoxicity test, using at least 8 different concentrations (from 125 nM 

to 16 µM) on the most promising compounds, in order to define more accurate half-maximal 

inhibitory concentration (IC50) values. The compounds 12a,b,h and 13g exhibited 

remarkable antiproliferative activity on all the preclinical models with IC50 values in the 

range from 0.85 to 4.86 µM (Table 3). 
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Table 2. GI50 and TGI of the compounds 12a and 12ha 

  

12a 

 

12h Panel/Cell line 

GI50 (µM) TGI (µM) GI50 (µM) TGI (µM) 

Leukemia     

CCRF-CEM 2.19 27.2 2.54 > 100 

HL-60(TB) 0.76 20.9 1.34 15.5 

K-562 0.38 39.9 0.45 > 100 

RPMI-8226 1.47 15.4 3.01 27 

Non-Small Cell Lung Cancer     

A549/ATCC 1.72 > 100 2.85 99.5 

EKVX 1.99 > 100 2.51 > 100 

HOP-62 1.58 39.9 1.92 23.1 

HOP-92 5.46 > 100 12.2 76.9 

NCI-H226 9.94 > 100 4.56 35.8 

NCI-H23 4.47 > 100 3.82 > 100 

NCI-H322M 4.85 52.7 4.71 > 100 

NCI-H460 0.57 > 100 1.73 17.1 

NCI-H522 0.75 > 100 1.62 24.5 

Colon Cancer     

HCC-2998 2.99 26.7 5.64 33.9 

HCT-116 0.63 70.6 2.04 26.4 

HCT-15 0.49 15.6 0.61 > 100 

HT29 0.41 10.2 0.48 14.8 

KM12 0.50 10.5 1.04 > 100 

SW-620 0.43 > 100 0.48 > 100 

CSN Cancer     

SF-268 3.84 > 100 6.58 > 100 

SF-295 1.74 6.44 2.24 9.39 

SF-539 1.49 4.60 2.18 7.54 

SNB-19 2.56 > 100 3.44 > 100 

SNB-75 0.45 8.09 1.29 6.45 

U251 1.21 17 2.76 17.9 

Melanoma     

MALME-3M 10.4 36.9 1.81 31.6 

M14 0.75 15.8 1.05 > 100 

MDA-MB-435 0.23 0.68 0.29 1.13 

SK-MEL-2 1.08 23.8 1.59 7.29 

SK-MEL-28 4.74 44.0 7.23 > 100 

SK-MEL-5 0.71 15.1 1.80 12.9 

UACC-257 11.4 98.3 7.90 > 100 

UACC-62 0.74 18.7 1.93 > 100 

Ovarian Cancer     

IGROV1 1.79 > 100 1.93 > 100 

OVCAR-3 0.92 9.02 2.06 9.67 

OVCAR-4 4.42 > 100 5.77 > 100 
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OVCAR-5 4.27 76.4 8.24 84.4 

OVCAR-8 2.72 > 100 4.53 > 100 

NCI/ADR-RES 0.56 > 100 0.99 19.1 

SK-OV-3 2.80 82.7 3.47 70.9 

Renal Cancer     

786-0 3.06 > 100 7.62 52.3 

A498 5.97 23.6 4.09 50.0 

ACHN 3.23 52.5 3.39 86.8 

CAKI-1 1.00 > 100 2.42 57.4 

RXF 393 2.05 50.0 1.59 5.73 

SN12C 1.15 > 100 4.71 > 100 

TK-10 5.21 33.5 4.92 19.4 

UO-31 1.71 > 100 1.72 > 100 

Prostate Cancer     

PC-3 2.07 > 100 3.19 > 100 

DU-145 2.86 > 100 3.67 31.6 

Breast Cancer     

MCF7 1.17 20.2 0.83 30.0 

MDA-MB-231/ATCC 1.08 7.88 3.23 30.6 

HS 578T 2.65 > 100 2.34 13.4 

BT-549 2.87 31.7 5.54 77.4 

MDA-MB-468 2.92 27.8 1.44 5.47 

[a] Data obtained from the NCI in vitro disease-oriented human tumor cell line screen. [b] GI50: concentration 

that inhibit 50% net cell growth. [c] TGI total growth inhibition 

 

PDAC is notoriously resistant to chemotherapy or radiotherapy. For several decades, 

gemcitabine monotherapy has been used as a first-line treatment for metastatic PDAC and 

is still a cornerstone of PDAC treatment in all stages of this disease. However, this drug has 

limited clinical effects caused by primary PDAC resistance, as well as by the development 

of resistance within a few weeks from treatment initiation.41 Therefore, new therapeutic 

agents should be tested for their ability to circumvent gemcitabine chemoresistance. For this 

reason, we assessed the cytotoxic activity of the compounds 12a,b,h and 13g in the Panc-

1R cells, a gemcitabine-resistant sub-clone obtained by continuous incubation of Panc-1 

with 1 µM of the drug.41 Notably, all these compounds showed antiproliferative activity 

against Panc-1R, with IC50 ranging from 2.2 ± 0.37 μM (compound 12b) to 3.9 ± 0.25 μM 

(compound 13g) as reported in the Fig. 4A and Table 4.  

Table 3. Antiproliferative activity of compounds 12a,b,d,e,f,h, 13c,g,i,j and 14k-r on SUIT-

2, Capan-1 and Panc-1 cell lines. 
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 IC50
a (µM) ± SEMb 

 Cell lines 

Comp SUIT-2 Capan-1 Panc-1 

12a 0.85 ± 0.018 1.19 ± 0.06 1.70 ± 0.20 

12b 0.99 ± 0.078 1.35 ± 0.04 1.69 ± 0.10 

12d >16 >16 >16 

12e >16 >16 >16 

12f >16 >16 >16 

12h 1.78 ± 0.017 1.93 ± 0.25 2.37 ± 0.028 

13c >16 >16 >16 

13g 2.16 ± 0.039 4.52 ± 0.48 4.86 ± 0.5 

13i >16 >16 >16 

13j >16 >16 >16 

14k 9.56 ± 0.34 10.5 ± 0.21 12.41 ± 0.16 

14l >16 >16 >16 

14m 7.93 ± 0.23 8.83 ± 0.17 10.53 ± 037 

14n 11.49 ± 0.36 >16 >16 

14o 13 ± 1.13 >16 >16 

14p 12.49 ± 0.18 5.73 ± 0.086 >16 

14q 5.32 ± 0.29 6.1 ± 0.019 3.61 ± 0.4 

14r 8.7 ± 0.20 8.24 ± 0.08 10.56 ± 0.11 

gemcitabine 0.01 ± 0.001 0.02 ± 0.001 0.15 ± 0.01 

5-fluorouracil 0.91 ± 0.15 0.47 ± 0.13 4.3 ± 0.42 
aThe values are means ± SEM of three separate experiments. 
bSEM: Standard Error of the Mean. 

 

Our previous studies showed different genetic and epigenetic modifications, including 

splicing and phosphoproteomics aberrations,42,43 underlying the molecular mechanisms of 

gemcitabine-resistance, and further studies will be carried out to identify how our new 

compounds counteract these mechanisms. Moreover, the compounds 12a,b,h and 13g were 

tested on a primary patient-derived PDAC cell culture, PDAC-3 (Fig. 4B-C). This cellular 

model was chosen since our previous studies showed that its genetic and histological features 

were similar to the original tumor.44 In order to maintain the original characteristics of the 

primary tumor, particularly from the genetic point of view, these cells have been kept in 

culture only for a few passages. As shown in Fig. 4B the new imidazothiadiazoles maintained 

their antiproliferative activity on PDAC-3 cells, with IC50 values slightly higher in 

comparison to the values reported on the previously mentioned cancer cell lines. The phase 

contrast microscopy images in the Fig. 4C highlighted the antiproliferative activity of 
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compounds 12a and 12b (central and right panel, respectively) compared to untreated cells 

(left picture) after 72 hours of the treatment. 

Because of their remarkable antiproliferative activity the compounds 12a,b,h and 13g were 

selected for following mechanistic studies, in order to unravel the mechanisms underlying 

their anticancer activity.  

 

 

Figure 4. Representative growth curves of Panc-1R (A) and PDAC-3 (B) cells treated with the 

compounds 12a,b,h and 13g (from 0.125 to 16 µM). Points, mean values obtained from three 

independent experiments; bars, SEM. (C) Representative pictures of PDAC-3 cells after 72 h from 

the treatment at concentration of IC50 value. Left panel: untreated cells; central panel: cells treated 

with compound 12a; right panel: cells treated with compound 12b. Original magnification 20X. (D) 

IC50 values of compounds 12a,b,h and 13g on gemcitabine-resistant and primary PDAC-3 cells (aThe 

values are means of three separated experiments. bSEM: Standard Error Mean). 

 

Despite compound 7 has shown interesting GI50 values against all the tested cancer cell 

lines in the NCI screening, preliminary biological evaluations of analogues 13k,l,n,p,r 

showed limited antiproliferative activity.28 We evaluated the citotoxicity of the compounds 

13m, 13o and 13q on SUIT-2, Capan-1 and Panc-1 but the IC50 values were above 16 µM. 

D Cell line 12a 12b 12h 13g Gemcitabine 5-fluorouracil 

 PDAC-3 1.7 ± 0.39 1.7 ± 0.27 5.1 ± 0.37 3.9 ± 0.18 0.03 ± 0.01 0.56 ± 0.32 

 Panc-1R 2.7 ± 0.25 2.2 ± 0.37 2.8 ± 0.3 3.9 ± 0.8 >10 4.5 ± 0.54 
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Finally, we performed additional experiments to evaluate the in vitro cytotoxicity of the new 

compounds 12a and 12b against the normal fibroblasts Hs27. The results of these 

experiments allowed us to calculate the selectivity index (SI, IC50 non-tumor cell line/IC50 

tumor cell line), which was 4.5 and 7.2 for compounds 12a and 12b, respectively, and 

therefore our compounds have SI similar to Gemcitabine and 5-fluorouracil and were 

regarded as highly cancer selective compared to the primary pancreatic cells PDAC3 

(Supplementary Table 3). 
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Volume reduction of PDAC-3-derived tumor spheres 

Two-dimensional cytotoxicity assay obviously provide a useful method to screen libraries 

of compounds with high-throughput efficiency, but they are not capable of resembling the 

complex architecture and biology of solid tumors, which grow in three-dimensions (3D).45 

For this reason we evaluated two of our most promising compounds (emerging from 

monolayer assay) on 3D spheroids of PDAC-3 cells. These primary cultures are indeed able 

to form spheroids that are more representative of the aggregation of tumor cells in vivo, as 

also reported in our previous studies.46 

We treated spheroids with compounds 12a and 12b after 3 days of growth, at 5-times the 

IC50, and we took a picture which represent the Day 1. Then the treatment was repeated 

every four days (Day 5 and Day 8) and pictures were taken immediately before that (Fig. 

5A).  

 

Figure 5. Size reduction of PDAC-3 spheroids treated with compounds 12a and 12b at 5-times the 

IC50 (i.e. 8.5 μM). (A) Representative pictures of PDAC-3 spheroids exposed to 12a and 12b, taken 

at day 1 of treatment, and after 5 and 8 days with an automated phase-contrast microscope. (B) Fold-

change, corrected for control, of the spheroids size, at Day 1, Day 5 and Day 8. p-values were 

determined by Two-way ANOVA followed by Tukey's multiple comparisons test, **** = p<0.0001. 

The values were obtained taking into account the mean values of the areas of at least ten different 

spheroids. 

Reduction of the size of spheroids was calculated by measuring their area with ImageJ. As 

shown in Fig. 5B, after five, but considerably more after eight days, both compounds clearly 

showed their ability to hinder the spheroids formation. This reduction is shown as the fold-

change between treated spheroids compared to the controls and was statistically significant 

(p-value < 0.0001). Therefore, these two compounds retained their activity in a 3D model. 
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Reduction of cell migration 

Next to the lack of clinically relevant improvement in effective treatments, the high 

metastatic potential of PDAC is one of the main causes for the poor outcome of this disease.36 

The ability of the compounds 12a and 12b to inhibit the migratory behaviour of PDAC cells 

was investigated by scratch wound-healing assays on SUIT-2, Capan-1, Panc-1, Panc-1R 

and PDAC-3 cell lines. 

Briefly, 5x104 cells/well were seeded into 96-well flat-bottom plates in a volume of 100 µL 

and incubated for 24 h to create a monolayer. The scratches in the middle of the wells were 

created by scraping with a specific tool with needles. The cells were then treated with the 

compounds using 4x IC50 concentrations. These concentrations were chosen after 

preliminary experiments demonstrating that the exposure for 24 h did not result in pro-

apoptotic or necrotic effects. The wound closure was monitored by phase-contrast 

microscopy and the pictures were captured immediately after scratch (T = 0), and at 4, 8, 20 

and 24 h from the treatment. As shown in the Fig. 6A-D, the compounds 12a and 12b 

induced a remarkable reduction of cell migration rate in Panc-1R and SUIT-2 cell lines. The 

scratch area (µm2) was already wider in the treated cells compared to the untreated Panc-1R 

cells after 8 h of treatment. After 24 h from the beginning of the treatment we observed a 

reduction of the cell migration with a fold-change value of approximately 4 in both cell lines, 

SUIT-2 and Panc-1, treated with compounds 12a and 12b (Fig. 6A,B). Statistical analyses 

revealed that these differences were significant, compared to the respective controls (i.e., 

untreated cells) in both cell lines. 
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Figure 6. Modulation of the migration rate in Panc-1R and SUIT-2 cells treated with the compounds 

12a and 12b at concentration of 4x IC50. (A-B) Fold-changes in Panc-1R (A) and SUIT-2 (B) cells 

were determined by taking into consideration at least four scratch areas. All the P values were 

calculated with Student’s t-test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. (C-D) Percentages 

of migration monitored over time (0, 4, 8, 20 and 24 h) of Panc-1R (C) and SUIT-2 (D) cells treated 

with compound 12a and 12b at concentration 4x IC50. Points, mean values obtained from the means 

of at least three different scratch areas. (E) Representative images of the wounds closure captured 

with the microscope at 0, 8 and 20 h on Panc-1R cells. Original magnification 5X. 
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Figure 7. (A-D) Percentage of migration monitored over time (0, 4, 8, 20 and 24 h) of Capan-1 (A-

B) and Panc-1 (C) cells treated with the compounds 12a and 12b at concentrations of 4x IC50. Points, 

mean values obtained from the means of at least three different scratch areas. (D) (Table) List of P 

values that were calculated with Student’s t-test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, 

ns= not significant.  

 

In particular, compared to untreated cells (set at 100%), the percentages of migration in 

cells treated with the compounds 12a and 12b were of 33.3% and 32%, respectively, in Panc-

1R (Fig. 6C), and 34.9% and 41%, respectively, in SUIT-2 (Fig. 6D) after 24 h from the start 

of the treatment. The anti-migratory activity was also evident in Capan-1 and Panc-1 cells 

for which we observed similar statistically significant results, with migration rates between 

50% and 60% (Fig. 7A-C and Fig.-table 6D). Finally, as shown in the Supplementary data 

Fig. 1A, we detected lower migration rates (64% and 71%, respectively) compared to the 

control (set at 100%) also in the primary PDAC-3 cells treated with the compounds 12a and 

12b. Overall, these data highlighted the ability of our compounds to significantly reduce the 

rate of cell migration on all the PDAC preclinical models.  
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Modulation of Epithelial Mesenchymal transition events as assessed by qRT-PCR, 

Western blot and gelatine zymography 

It is well known that epithelial-to-mesenchymal transition (EMT) events are essential for 

embryonic development and other physiological events, such as the response to several 

injuries. During EMT, epithelial cells undergo changes in their phenotypic tracts through the 

loss of polarity, cell-cell adhesion and extracellular matrix, and they acquire mesenchymal 

features including motility and invasiveness.47 Several transcription factors within the 

cellular microenvironment regulate the expression of epithelial and mesenchymal marker 

genes, among which the most important include the zinc finger transcription factors SNAIL1 

and SNAIL2, potent epithelial repressors belonging to the SNAIL superfamily, E-cadherin 

(CDH1) and N-cadherin (CDH12), calcium-dependent cell adhesion molecules, vimentin 

(VIM), type III intermediate filament (IF) protein typically expressed in mesenchymal cells, 

and finally, the matrix metalloproteinases (MMPs), enzymes involved in the breakdown of 

extracellular matrix.48 Remarkably, their dysregulation induces a transition from the 

physiological function to the pathological one, including mechanisms underlying the origin 

and progression of tumors and tissue fibrosis.49 The loss of CDH1 expression is considered 

the hallmark of EMTs in cancer and recently, SNAIL1 and SNAIL2 have been identified as 

the major determinants for the repression of its transcription through the direct binding to 

the E-cadherin E-box promoter.50–52 Simultaneously, the gain of mesenchymal markers, such 

as VIM, CDH12, MMPs and others occur.53 In PDAC, these genes contribute to a crucial 

network of signalling pathways that contribute to the irreversible change of cell phenotype, 

both in metastasis and resistance to the chemotherapy.54 Because of their outstanding effects 

against PDAC cell migration, we assessed the influence of the imidazothiadiazole 

derivatives 12a and 12b on these EMTs key regulator expression, in SUIT-2, Capan-1 and 

Panc-1 cells, using RT-qPCR, Western blot and gelatine zymography analyses. Capan-1 and 

SUIT-2 cells were selected for these experiments because preliminary analyses of the 

housekeeping protein GAPDH showed that using lysates of these cells the Western blot 

images were not “saturated” and were kept in the linear range (as revealed by exposing blots 

to increasing times and drawing a plot of intensity and time exposure). RT-qPCR reactions 

were performed in order to evaluate the modulation of the mRNA expression of SNAIL1, 

SNAIL2, CDH1, CDH12. Briefly, SUIT-2 and Capan-1 cells (2.5×105/well) were seeded 

into 6-well plates and incubated for 24 h to form a confluent monolayer. Then they were 

treated with the compounds 12a and 12b at concentrations of 5x IC50. After 24 h, the cells 

were harvested using TRIzol, and we extracted the total RNA, which was used to synthesize, 
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by reverse transcription, the cDNA for the PCR reactions. The expression levels were 

normalized to those of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

housekeeping gene, whose expression was constant in all cells, as described previously.55 

As shown in Fig. 8A-B, the compounds 12a and 12b affected the genes leading EMTs. In 

both cell lines the mRNA levels of SNAIL1 and SNAIL2 were increased from 1.5 to 

approximately 1.9 fold compared to the GAPDH in the control cells, suggesting a low 

amount of protein expression and consequently, due to a negative feedback mechanism, 

CDH1 protein expression was upregulated, as reported in the Western blot analysis (Fig. 8C-

D, Fig. 8G and Supplementary data Fig. 2). Instead, the protein expression of VIM and 

MMP2 were significantly reduced. Finally, CDH12 protein expression did not noticeably 

change compared to the control.  
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Figure 8. SNAIL1, SNAIL2, CDH1 and CDH12 mRNA expressions in SUIT-2 (A) and Capan-1 

(B) cells treated with the compounds 12a and 12b at 5x IC50 for 24 h. The expression levels were 

determined by RT-qPCR and the results were obtained by the delta-delta Ct (cycle threshold) 

analysis. The experiments were conducted in duplicates and the values are shown as means ± SD. 

(C-D) SNAIL1, SNAIL2, CDH1, CDH12, VIM and MMP2 protein levels expression in SUIT-2 (C) 

and Capan-1 (D) cells treated with compounds 12a and 12b. The protein levels were determined after 

24 h of treatment at concentration 5x IC50 value by densitometric analysis of the Western Blot 

performed using ImageJ. All the P values were determined by Tukey's multiple comparisons test. 

****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. (E-F) Gelatine zymography analysis of media from 
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SUIT-2 and Capan-1 cells incubated with serum-free medium for 24 h. The enzymatic activity of 

MMP2 and MMP9 was determined by densitometric analysis. The cells were treated with the 

compounds 12a and 12b at concentration 5x IC50 value for 24 h. ****p<0.0001, ***p<0.001. (G) 

Representative image of CDH1 expression determined by Western blot analysis in Capan-1 cells 

treated with the compounds 12a and 12b at 5x IC50 concentrations after 24 h.  

 

Furthermore, considering the pivotal role of MMPs in tumor invasion, through 

degradation of extracellular matrix components, we evaluated the effect of the compounds 

12a and 12b on the proteolytic activity of MMP2 and MMP9 by using specific gelatine 

zymography assays. These assays showed a significant decrease of the activity of MMP2 

and MMP9 isolated from SUIT-2 and Capan-1 cells exposed to the compounds. In particular, 

the activities of the MMP2 and MMP9 enzymes were decreased by about 50% after 24 h of 

treatment compared to the control (Fig. 8E-F). However, as shown in the Supplementary 

data Fig. 3, the areas of lysis created by the proteolytic activities of both enzymes isolated 

from Panc-1 cells treated with compounds 12a and 12b were not significantly wider 

compared to the control. 

 

Profiling of inhibition of kinase activity 

To investigate the potential mechanism of action of our compounds, we performed a high-

throughput analysis with the Pamgene tyrosine kinase peptide substrate array (PamChip). 

The PamChip consists of 4 identical arrays, each of which contains 144 peptide sequences 

immobilized on a porous ceramic membrane (Fig. 9A). Each of these sequences harbours 

one or more phosphorylation sites, derived from literature or computational predictions. 

Finally, specific fluorescently labelled anti-phospho antibodies are used to detect the amount 

of phosphorylated protein by tyrosine kinases from our samples. 



Eur J Med Chem, Jan 2020 

169 

 

Figure 9. (A) Representative images of pictures taken at the end point of the control array (left) and 

the treated array (right). (B) Network visualization obtained with Cytoscape of the significant 

proteins containing differentially phosphorylated peptides, color legend indicates the significance 

level of each protein. (C) Barplot of PTK2 phosphorylation in the control vs treated with 5x IC50 of 

12b. 

 

The compound 12b significantly inhibited the phosphorylation of 45 peptide substrates 

in SUIT-2 cells, and we visualized on Cytoscape a network highlighting the interactions 

between proteins containing the phosphorylated peptides. Notably, PTK2/FAK emerged as 

an important hub between those proteins (Fig. 9B). In particular, the phosphorylation of 

PTK2/FAK showed a more than 2-fold inhibition after treatment with compound 12b, with 

FDR < 0.01 (Fig. 9C). This result prompted us to validate the inhibition of phosphorylation 

of PTK2/FAK as one of the possible mechanisms of action of our compound, using a specific 

ELISA assay, as detailed in the following paragraphs.  

Inhibition of PTK2/FAK as assessed by ELISA 

The focal adhesion kinase (FAK), also known as protein tyrosine kinase 2 (PTK2), is a 

downstream non-receptor tyrosine kinase able to mediate information from extracellular 

matrix into the cytoplasmatic compartment, through a linker with intracellular tails of 

integrins.56 FAK controls several cellular processes, including survival, proliferation and 

motility. However, its overexpression is correlated with many aspects of the tumorigenesis. 
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For instance, FAK regulates the development of metastasis, driving adhesion, invasion and 

migration events. Furthermore, the translocation of FAK in the nucleus induces the arrest of 

p53 activity and its downstream gene transcription.57 In PDAC, FAK coordinates several 

signalling pathways involved in growth and metastasis processes.58 Notably, a recent study 

reported the ability of the indole-3-carbinol to affect EMTs genes and reduce FAK mRNA 

expression in MCF-7 cells.59 Thereby, we conducted a quantitative analysis by the Enzyme-

Linked Immunosorbent Assay (ELISA) to investigate whether our imidazothiadiazole 

compounds could reduce FAK phosphorylation at tyrosine residue 397 (FAK [pY397]), 

which is essential for the kinase activity of this protein. This assay was carried out on lysates 

of SUIT-2, Capan-1 and Panc-1 cells treated with compounds 12a and 12b at concentrations 

of 5x IC50s for 24 h. As shown in the Fig. 10, these ELISA experiments showed a reduction 

of p-FAK in all the PDAC cell lines, with fold-change values ranging from 0.4 to 0.5. Similar 

results were observed in the Western blot analyses of the same compounds (Supplementary 

Fig. 4). These results suggest that FAK is a target of our compounds and might explain how 

they can then suppress FAK-driven migration, and growth in PDAC cells.  

 

 

Figure 10. Inhibition of FAK/PTK2 phosphorylation by compounds 12a and 12b. Modulation of 

phosphorylated-FAK (pFAK) at tyrosine residue 397 by compounds 12a and 12b on Panc-1 (A), 

Capan-1 (B) and SUIT-2 (C) cells. The amount of pFAK was measured in cell lysates after 24 h from 

the treatment with compounds 12a and 12b at 5x IC50s. All the P values were calculated with 

Student’s t-test, *p<0.05. 

 

Conclusions 

A new series of hybrid molecules, 12a,b,d,e,f,h, 13c,g,i,j and 14k-r compounds bearing 

in the same structure the imidazo[2,1-b][1,3,4]thiadiazole and indole scaffolds were 
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efficiently synthesized and evaluated for their antiproliferative activity and mechanism of 

action on a panel of PDAC cells, namely SUIT-2, Capan-1 and Panc-1. 

Among the synthesized imidazothiadiazoles, compounds 12a,b,d,e,f,h, 13c,g,i,j and 

14k,l,n,o,p were screened by the NCI on the full panel of sixty human cancer cells at 

concentration of 10 µM. Notably, compounds 12a and 12h displayed relevant 

antiproliferative activity eliciting GI50 values in the range from micro- to sub-micromolar 

levels. In addition, compounds 12b and 13g considerably reduced PDAC cell proliferation 

in SUIT-2, Capan-1, Panc-1, Panc-1R (gemcitabine-resistant) and in the primary cells 

PDAC-3, growing as monolayers or as spheroids. Noteworthy, compounds 12a,b,h and 13g 

are characterized by a thiophene ring at position 6 of the imidazothiadiazole scaffold, 

suggesting the importance of this ring for the pharmacological activity. However, in order 

to confirm the role of aldehyde for the antiproliferative activity future studies in 14a-j 

compounds are warranted. 

Through wound-healing assays we found remarkably reduction of cell migration in all the 

PDAC preclinical models when treated with the most promising compounds 12a and 12b. 

These effects might be explained by modulation of key regulators of EMT, including E-

cadherin and vimentin, as well as by the inhibition of MMP-2/-9 activities. Finally, high-

throughput analysis with kinase arrays revealed a significant inhibition of the 

phosphorylation of 45 tyrosine kinases substrates, whose visualization on Cytoscape 

highlighted PTK2/FAK as an important hub between those proteins. These results were 

validated using a specific ELISA assay, which demonstrated the inhibition of 

phosphorylation of PTK2/FAK. Altogether these results support the high potential of this 

type of compounds against EMT and PTK2/FAK, which play a key role in the 

aggressiveness of pancreatic cancer55. In order to support our experimental findings we also 

investigated the molecular structure of FAK. Unfortunately complete crystal structures of 

the molecule are not available; e.g. the Tyr397 part is lacking in the published structures, 

which may be due to the high flexibility of this region of the molecule. This means that 

proper molecular docking is not yet feasible. 

 

Experimental section 

Chemistry 

All melting points were taken on a Büchi-Tottoly capillary apparatus and are uncorrected. 

IR spectra were determined in bromoform with a Shimadzu FT/IR 8400S spectrophotometer. 

1H and 13C NMR spectra were measured at 200 and 50.0 MHz, respectively, in DMSO-d6 
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solution, using a Bruker Avance II series 200 MHz spectrometer. Column chromatography was 

performed with Merck silica gel 230-400 mesh ASTM or with Büchi Sepacor chromatography 

module (prepacked cartridge system). Elemental analyses (C, H, N) were within ±0.4% of 

theoretical values and were performed with a VARIO EL III elemental analyzer. The 

LC/HRMS have been obtained on a Thermo Q-Exactive system equipped with a Dionex 3000 

chromatographic system. 

 

Synthesis of 1H-indole-3-carbonitriles (9b-e) 

A solution of the suitable indole 8 (5.10 mmol) in anhydrous acetonitrile (4.5 mL) was 

treated dropwise with chlorosulfonyl isocyanate (CSI) (0.44 mL, 5.10 mmol). The reaction 

mixture was maintained at 0 °C under stirring for 2 h, then, anhydrous dimethylformamide 

(DMF) (2.8 mL, 36.39 mmol) was slowly added and the mixture was stirred at 0 °C for 1.5 

h. The resulting solution was poured into crushed ice. The solid obtained was filtered and 

dried (yields 98-100%). Analytical and spectroscopic data for compounds 9b-e are in 

agreement with those previously reported.60 

 

Synthesis of 1-methylindole-3-carbonitriles (10a-e) 

To a solution of the suitable 3-cyanoindole 9 (7.03 mmol) in anhydrous DMF (10 mL) 

3.61 mmol of K2CO3 and dimethyl carbonate (1.8 mL, 21.4 mmol) were added and the 

mixture was heated at 130 °C for 3.5 h. After cooling (0-5 °C), water and ice (25 mL) was 

slowly added under stirring. The oily suspension obtained was extracted with diethyl ether 

(3x10 mL), the organic phase was washed with water and brine, dried over Na2SO4 and the 

solvent evaporated at reduced pressure to obtain the 3-cyano-1-methylindoles 10 in excellent 

yields. Analytical and spectroscopic data are in accordance to those reported in literature.16  

 

Synthesis of 5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amines (11a-j) 

A mixture of the suitable indole-3-carbonitrile 9a-e or 10a-e (5 mmol), thiosemicarbazide 

(5 mmol) and trifluoroacetic acid (5 mL) was heated under stirring at 60 °C for 3.5 h. The 

reaction mixture was then poured into ice and neutralized with NaHCO3 saturated solution. 

The solid obtained was filtered off, washed with water, cyclohexane and diethyl ether to give 

5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amines 11a-j in excellent yields. Analytical and 

spectroscopic data for the derivatives 11a-f are in accordance to those reported in literature.16 
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5-(5-Methoxy-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (11g)  

Light yellow solid. Yield: 98%, m.p. 216-217 °C IR: 3604 (NH), 3558 (NH2) cm -1; 

1HNMR (200MHz, DMSO-d6) δ: 3.79 (3H, s, CH3), 6.88 (1H, dd, J = 2.4, 8.8 Hz, Ar-H), 

7.39 (1H, d, J = 8.8 Hz, Ar-H), 7.53 (1H, d, J = 2.3 Hz, Ar-H), 8.02 (1H, s, Ar-H), 8.58 (2H, 

bs, NH2), 12.07 (1H, bs, NH). 13C NMR (50 MHz, DMSO-d6) δ: 55.2 (q), 101.9 (d), 105.7 

(s), 112.9 (d), 113.0 (d), 124.4 (s), 128.7 (d), 131.5 (s), 152.2 (s), 154.7 (s), 166.5 (s). Anal. 

Calcd for C11H10N4OS (MW: 246.29): C, 53.64; H, 4.09; N, 22.75. Found: C, 53.72; H, 4.16; 

N, 22.98. 

 

5-(5-Methoxy-1-methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (11h) 

Light yellow solid. Yield: 99%, m.p. 205-206 °C IR: 3381 (NH2) cm -1; 1HNMR 

(200MHz, DMSO-d6) δ: 3.80 (6H, s, CH3, OCH3 ), 6.90 (1H, dd, J = 2.5, 8.8 Hz, Ar-H), 7.13 

(2H, s, NH2), 7.41 (1H, d, J = 8.9 Hz, Ar-H), 7.61 (1H, d, J = 2.4 Hz, Ar-H), 7.81 (1H, s, Ar-

H). 13C NMR (50 MHz, DMSO-d6) δ: 32.8 (q), 55.3 (q), 102.3 (d), 106.0 (s), 111.2 (d), 112.5 

(d), 124.9 (s), 130.7 (d), 132.0 (s), 152.2 (s), 154.6 (s), 165.4 (s). Anal. Calcd for C12H12N4OS 

(MW: 260.31): C, 55.37; H, 4.65; N, 21.52. Found: C, 55.42; H, 4.80; N, 21.78. 

 

5-(5-Fluoro-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (11i)  

Light yellow solid. Yield: 98%, m.p. 257°C IR: 3609 (NH), 3461 (NH2) cm -1; 1HNMR 

(200MHz, DMSO-d6) δ: 7.03-7.12 (1H, m, Ar-H), 7.33-750 (3H, m, Ar-H, NH2), 7.80 (1H, 

dd, J =2.5, 10.0 Hz, Ar-H), 7.95 (1H, s, Ar-H), 11.79 (1H, s, NH). 13C NMR (50 MHz, 

DMSO-d6) δ: 105.4 (d, J = 24 Hz), 107.4 (s, J = 4.5 Hz), 110.7 (d, J = 25.5 Hz), 113.1 (d, J 

= 10 Hz), 124.4 (s, J = 11 Hz), 128.6 (d), 130.1 (s), 152.0 (s), 159.9 (s), 165.9 (s). Anal. 

Calcd for C10H7FN4S (MW: 234.25): C, 51.27; H, 3.01; N, 23.92. Found: C, 51.38; H, 3.25; 

N, 24.12.  

 

5-(5-Fluoro-1-methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (11j)  

Light orange solid. Yield: 98%, m.p. 183°C. IR: 3471 (NH2) cm -1; 1HNMR (200MHz, 

DMSO-d6) δ: 3.85 (3H, s, CH3), 7.12-7.21 (1H, m, Ar-H), 7.59 (1H, dd, J =4.4, 9.9 Hz, Ar-

H), 7.76 (2H, dd, J =2.5, 9.8 Hz, Ar-H), 8.10 (2H, s, NH2). 
13C NMR (50 MHz, DMSO-d6) 

δ: 33.14 (q), 105.4 (s), 105.5 (d, J = 24 Hz), 110.9 (d, J = 26 Hz), 112.0 (d, J = 9.5 Hz), 

124.3 (s), 124.5 (s), 133.1 (d), 151.4 (s), 155.7 (s). Anal. Calcd for C11H9FN4S (MW: 

248.28): C, 53.21; H, 3.65; N, 22.57. Found: C, 53.38; H, 3.88; N, 22.72. 
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General procedure for the synthesis of 3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-

1H-indole derivatives (12 and 13) 

A mixture of 5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amine 11a-j (0.92 mmol) and the 

suitable α-bromoacetyl derivative (0.92 mmol) in 40 mL of anhydrous ethanol was stirred at 

reflux for 24 h. After cooling at room temperature the desired product 12 was filtered off 

and washed with cold ethanol. 

Derivatives 12a,b,d-f,h were isolated as pure compounds and were characterized without 

further purifications. Whereas, compounds 12c,g,i,j were treated with saturated aqueous 

NaHCO3 solution to give the corresponding free bases 13 which were purified by silica gel 

column chromatography eluting by petroleum ether:ethyl acetate, 1:1. Analytical and 

spectroscopic data for the derivatives 12k-r are in accordance to those reported in 

literature.16 

 

3-[6-(Thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole hydrobromide (12a)  

White solid, yield: 57%, m.p. 288-289 °C, IR cm-1: 3630 (NH), 3458 (NH). 1HNMR (200 

MHz, DMSO-d6) δ: 7.27-7.34 (2H, m, 2xAr-H), 7.54-7.59 (2H, m, 2xAr-H), 7.68 (1H, dd, 

J = 2.9, 5.0 Hz, Ar-H), 7.89 (1H, dd, J = 1.1, 2.8 Hz, Ar-H), 8.16 (1H, dd, J = 2.8, 6.2 Hz, 

Ar-H), 8.42 (1H, d, J = 3.0 Hz, Ar-H), 8.71 (1H, s, Ar-H), 10.63 (1H, bs, NH), 12.24 (1H, s, 

NH). 13C NMR (50 MHz, DMSO-d6) δ: 106.06 (s), 110.68 (d), 112.62 (d), 120.30 (d), 120.52 

(d) , 121.65 (d), 123.31 (d), 123.71 (s), 125.47 (d), 127.24 (d), 130.00 (d), 133.78 (s), 136.70 

(s), 139.17 (s), 142.45 (s), 158.13 (s). Anal. Calcd for C16H11BrN4S2 (MW: 403.32): C, 

47.65; H, 2.75; N, 13.89. Found: C, 47.74; H, 2.83; N, 13.95. LC-HRMS: 323.04979 m/z 

 

1-Methyl-3-[6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (12b) 

Greenish yellow solid, yield: 55%, m.p. 317-318 °C, IR cm-1: 2650 (NH). 1HNMR (200 

MHz, DMSO-d6) δ: 3.91 (3H, s, CH3), 6.50 (1H, bs, NH), 7.32-7.41 (2H, m, 2xAr-H), 7.55 

(1H, d, J = 4.9 Hz, Ar-H),7.61-7.66 (2H, m, 3xAr-H), 7.81 (1H, d, J = 2.4 Hz, Ar-H), 8.16 

(1H, dd, J = 2.4, 6.2 Hz, Ar-H), 8.38 (1H, s, Ar-H), 8.60 (1H, s, Ar-H). 13C NMR (50 MHz, 

DMSO-d6) δ: 33.14 (q), 99.50 (s), 105.39 (s), 110.30 (d), 111.01 (d), 119.59 (d), 120.44 (s), 

121.77 (d), 123.23 (d), 124.06 (s), 125.53 (d), 126.74 (d), 132.95 (s), 133.28 (d), 135.53 (s), 

137.25 (s), 141.09 (d). Anal. Calcd for C17H13BrN4S2 (MW: 417.35): C, 48.92; H, 3.14; N, 

13.42. Found: C, 48.85; H, 3.22; N, 13.51. LC-HRMS: 337.05688 m/z. 
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5-Bromo-1-methyl-3-[6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (12d)  

Whitish solid, yield: 68%, m.p. 318-319 °C, IR cm-1: 2697-2500 (NH). 1HNMR (200 

MHz, DMSO-d6) δ: 3.87 (3H, s, CH3), 7.43-7.68 (4H, m, Ar-H), 7.81-7.83 (1H, m, Ar-H), 

8.24 (1H, d, J = 1.76 Hz, Ar-H), 8.38 (1H, bs, NH), 8.43 (1H, s, Ar-H), 8.69 (1H, s, Ar-H). 

13C NMR (50 MHz, DMSO-d6) δ: 33.39 (q), 104.55 (s), 110.72 (d), 113.26 (d), 114.60 (s), 

120.41 (d), 122.63 (d), 125.38 (d), 125.49 (s), 125.80 (d), 127.21 (d), 133.90 (s), 134.58 (d), 

136.01 (s), 139.42 (s), 142.21 (s), 157.02 (s). Anal. Calcd for C17H12Br2N4S2 (MW: 496.24): 

C, 41.15 H, 2.44; N, 11.29. Found: C, 41.22; H, 2.52; N, 11.41. LC-HRMS: 416.96634 m/z. 

 

5-Chloro-3-[6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (12e)  

Whitish solid, yield: 63%, m.p. 276-277 °C, IR cm-1: 3285 (NH), 3168 (NH). 1HNMR 

(200 MHz, DMSO-d6) δ: 7.32 (1H, d, J = 2.1 Hz, Ar-H), 7.52-7.68 (3H, m, Ar-H), 7.83 (1H, 

m,, Ar-H), 8.15 (1H, d, J = 1.9 Hz, Ar-H), 8.46 (1H, d, J = 2.9 Hz, Ar-H), 8.71 (1H, s, Ar-

H), 9.19 (1H, bs, NH), 12.37 (1H, s, NH). 13C NMR (50 MHz, DMSO-d6) δ: 92.15 (s), 99.49 

(s), 106.10 (s), 110.43 (d), 114.24 (d), 119.58 (d), 120.27 (d), 121.37 (s), 123.35 (d), 124.74 

(s), 125.80 (d), 126.17 (s), 126.67 (d), 131.35 (d), 134.16 (s), 135.22 (s). Anal. Calcd for 

C16H10BrClN4S2 (MW: 437.76): C, 43.90; H, 2.30; N, 12.80. Found: C, 43.99; H, 2.41; N, 

12.91. LC-HRMS: 357.00452 m/z. 

 

5-Chloro-1-methyl-3-[6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (12f)  

Whitish solid, yield: 68%, m.p. 324-325°C, IR cm-1: 2625-2496 (NH). 1HNMR (200 

MHz, DMSO-d6) δ: 3.87(3H, s, CH3), 7.36 (1H, d, J = 2.0 Hz Ar-H), 7.51 (1H, m, J = 4.5 

Hz Ar-H), 7.60-7.68 (2H, m, Ar-H), 7.82 (1H, d, J = 1.8 Hz, Ar-H), 8.07 (1H, d, J = 1.9 Hz, 

Ar-H), 8.45 (1H, s, Ar-H), 8.64 (1H, bs, NH), 8.68 (1H, s, Ar-H). 13C NMR (50 MHz, 

DMSO-d6) δ: 33.41 (q), 104.61 (s), 110.72 (d), 112.84 (d), 119.60 (d), 120.50 (d), 123.24 

(d), 124.87 (s), 125.38 (d), 126.61 (s), 127.23 (d), 133.73 (s), 134.73 (d), 135.75 (s), 139.26 

(s), 142.19 (s), 157.10 (s). Anal. Calcd for C17H12BrClN4S2 (MW: 451.79): C, 45.19; H, 2.68; 

N, 12.40. Found: C, 45.25; H, 2.74; N, 12.45. LC-HRMS: 371.02017 m/z. 

 

5-Fluoro-1-methyl-3-[6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydro-bromide (12h)  
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White solid, yield: 58%, m.p. 286-287 °C, IR cm-1: 2713-2485 (NH). 1HNMR (200 MHz, 

DMSO-d6) δ: 3.88 (3H, s, CH3), 7.20 (1H, td, J = 2.4, 9.2 Hz, Ar-H), 7.54 (1H, d, J = 5.0 

Hz, Ar-H), 7.59-7.69 (2H, m, Ar-H), 7.78 (1H, dd, J = 2.3, 9.6 Hz, Ar-H), 7.86 (1H, d, J = 

2.3 Hz, Ar-H), 8.47 (1H, s, Ar-H), 8.67 (1H, s, Ar-H), 10.04 (H, bs, NH). 13C NMR (50 

MHz, DMSO-d6) δ: 33.50 (q), 104.74 (d), 104.83 (s), 105.35 (d, J = 6.2 Hz ), 110.73 (d), 

111.45 (d, J = 26.1 Hz), 112.65 (d, J = 26.1 Hz), 120.84 (d), 124.15 (s), 124.37 (s), 125.39 

(d), 127.36 (s), 133.08 (s), 133.93 (s), 135.03 (d), 140.25 (s, J = 180.3 Hz ), 157.62 (s). Anal. 

Calcd for C17H12BrFN4S2 (MW: 435.33): C, 46.90; H, 2.78; N, 12.87. Found: C, 47.01; H, 

2.87; N, 12.95. LC-HRMS: 355.04926 m/z. 

 

5-Bromo-3-[6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole (13c) 

Whitish solid, yield: 58%, m.p. 299-300°C, IR cm-1: 3535-3633 (NH). 1HNMR (200 

MHz, DMSO-d6) δ: 7.39-7.44 (1H, m,, Ar-H), 7.50-7.54 (2H, m, Ar-H), 7.59-7.63 (1H, m, 

Ar-H), 7.75 (1H, dd, J = 1.1, 1.1 Hz, Ar-H), 8.32 (2H, d, J = 1.7 Hz, Ar-H), 8.60 (1H, s, Ar-

H), 12.29 (1H, s, NH). 13C NMR (50 MHz, DMSO-d6) δ: 99.49 (s), 106.21 (s), 110.38 (d), 

114.03 (s), 114.59 (d), 119.34 (d), 122.61 (d), 125.46 (d), 125.77 (d), 126.72 (d), 130.65 (d), 

135.45 (s), 135.98 (s), 141.65 (s), 142.62 (s), 156.42 (s). Anal. Calcd for C16H9BrN4S2 (MW: 

401.30): C, 47.89; H, 2.26; N, 13.96. Found: C, 47.95; H, 2.31; N, 14.04. LC-HRMS: 

402.95081 m/z. 

 

5-Fluoro-3-[6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole (13g)  

Yellow solid, yield: 80%, m.p. 260-261 °C, IR cm-1: 3630 (NH). 1HNMR (200 MHz, 

DMSO-d6) δ: 7.16 (1H, td, J = 2.5, 9.2 Hz, Ar-H), 7.52-7.63 (3H, m, 3xAr-H), 7.75-7.77 

(1H, m, Ar-H), 7.84 (1H, dd, J= 2.4, 9.8 Hz, Ar-H), 8.38 (1H, d, J = 2.9 Hz, Ar-H), 8.55 

(1H, s, Ar-H), 12.24 (1H, s, NH). 13C NMR (50 MHz, DMSO-d6) δ: 99.40 (s), 104.61 (s), 

105.78 (s), 111.36 (d),  113.77 (s), 120.20 (d), 123.70 (s), 123.96 (s), 126.46 (d), 128.11 (d), 

131.63 (s), 133.24 (s), 135.45 (d), 138.25 (d ), 140.74 (d), 145.68 (d). Anal. Calcd for 

C16H9FN4S2 (MW: 340.4): C, 56.45; H, 2.66; N, 16.46. Found: C, 56.51; H, 2.71; N, 16.56. 

LC-HRMS: 341.03256 m/z. 

 

5-Methoxy-3-[6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole (13i)  

Yellow solid, yield: 58%, m.p. 255-256 °C, IR cm-1: 3628 (NH). 1HNMR (200 MHz, 

DMSO-d6) δ: 3.85 (3H, s, CH3), 6.95 (1H, dd, J = 2.4, 8.8 Hz, Ar-H), 7.44 (1H, d, J = 8.8 
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Hz, Ar-H), 7.52-7.65 (3H, m, Ar-H), 7.75 (1H, dd, J = 1.0, 2.8 Hz Ar-H), 8.24 (1H, d, J = 

3.0 Hz, Ar-H), 8.55 (1H, s, Ar-H), 12.00 (1H, s, NH). 13C NMR (50 MHz, DMSO-d6) δ: 

55.32 (q), 102.18 (d), 106.35 (s), 110.30 (d), 113.09 (d), 113.30 (d), 119.24 (d), 124.34 (s), 

125.52 (d), 126.66 (d), 129.59 (d), 131.61 (s), 136.07 (s), 141.49 (s), 142.55 (s), 155.09 (s), 

157.08 (s). Anal. Calcd for C17H12N4OS2 (MW: 352.43): C, 57.93; H, 3.43; N, 15.90. Found: 

C, 57.88; H, 3.52; N, 15.99. LC-HRMS: 353.05377 m/z. 

 

5-Methoxy-1-methyl-3-[6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

(13j)  

Yellow solid, yield: 60%, m.p. 213-214 °C, 1HNMR (200 MHz, DMSO-d6) δ: 3.86 (6H, 

s, OCH3, CH3), 6.99 (1H, dd, J =2.5, 7.7 Hz, Ar-H), 7.50-7.64 (4H, m, Ar-H), 7.75 (1H, d, 

J = 3.2 Hz, Ar-H), 8.26 (1H, s, Ar-H), 8.55 (1H, s, Ar-H). 13C NMR (50 MHz, DMSO-d6) 

δ: 33.24 (q, CH3), 55.38 (q, CH3), 99.49 (s), 102.32 (d), 105.06 (s), 110.35 (d), 111.90 (d), 

112.96 (d), 119.24 (d), 124.61 (s), 125.52 (d), 126.67 (d), 132.30 (s), 133.03 (d), 136.00 (s), 

141.46 (s), 142.43 (s), 155.37 (s), 156.63 (s). Anal. Calcd for C18H14N4OS2 (MW: 366.46): 

C, 58.99; H, 3.85; N, 15.29. Found: C, 59.07; H, 3.91; N, 15.37. LC-HRMS: 367.06955 m/z. 

 

General procedure for the synthesis 2-(1H-indol-3-yl)-6-phenylimidazo[2,1-

b][1,3,4]thiadiazole-5-carbaldehydes 14k-r. 

Vilsmeier reagent was prepared at 0 °C by adding dropwise POCl3 (0.11 mL) into a stirred 

DMF anhydrous (0.08 mL). The appropriate derivative 13 (0.5 mmol) in 2mL of DMF 

anhydrous was added and the solution was heated at 70 °C under stirring for 5h. The reaction 

mixture was poured onto ice and the corresponding aldehyde 14 was filtered off and purified 

by silica gel column chromatography eluting by petroleum ether:ethyl acetate, 3:7. 

Derivatives 14l, 14q were characterized only by 1HNMR spectra due to their poor solubility. 

 

2-(1H-Indol-3-yl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole-5-carbaldehyde (14k)  

White solid, yield: 70%, m.p. 285-286 °C, IR cm-1: 2918 (NH), 1683 (CO). 1HNMR (200 

MHz, DMSO-d6) δ: 7.30 (1H, m, Ar-H), 7.52 (2H, d, J = 6.8 Hz, Ar-H), 8.01 (2H, d, J = 5.8 

Hz, Ar-H), 8.27-8.30 (3H, m, Ar-H), 8.41 (2H, d, J = 3.0 Hz, Ar-H), 10.08 (1H, s, CHO), 

12.20 (1H, s, NH). 13C NMR (50 MHz, DMSO-d6) δ: 106.20 (s), 112.64 (d), 120.65 (d), 

121.70 (d), 123.36 (d), 123.47 (s), 123.80 (s), 128.67 (4xd), 129.41 (d), 130.10 (d), 132.38 

(s), 136.68 (s), 148.53 (s), 153.45 (s), 159.38 (s), 177.31 (d). Anal. Calcd for C19H12N4OS 
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(MW: 344.39): C, 66.26; H, 3.51; N, 16.27. Found: C, 66.35; H, 3.59; N, 16.41. LC-HRMS: 

345.08148 m/z. 

 

2-(1-Methyl-1H-indol-3-yl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole-5-carbaldehyde 

(14l) 

White solid, yield: 91%, m.p. 233-234 °C, IR cm-1: 1560 (CO). 1HNMR (200 MHz, 

DMSO-d6) δ: 3.90 (3H, s, CH3), 7.31-7.59 (6H, m, Ar-H), 7.87-8.41( 4H, m, Ar-H),  10.07 

(1H, s, CHO). Anal. Calcd for C20H14N4OS (MW: 358.4): Composition: C, 67.02; H, 3.94; 

N, 15.63. Found: C, 67.28; H, 4.11; N, 15.75. LC-HRMS: 214.09023 m/z. 

 

6-(4-Fluorophenyl)-2-(1H-indol-3-yl)imidazo[2,1-b][1,3,4]thiadiazole-5-carbaldehyde 

(14m)  

White solid, yield: 81%, m.p. 255-256 °C, IR cm-1:3158 (NH), 1560 (CO). 1HNMR (200 

MHz, DMSO-d6) δ: 7.28-7.38 (4H, m, Ar-H), 7.52-7.55 (1H, m, Ar-H), 8.08-8.11 (2H, m, 

Ar-H), 8.26-8.29 (1H, m, Ar-H), 8.40 (1H, s, Ar-H), 10.09 (1H, s, CHO), 12.19 (1H, s, NH). 

13C NMR (50 MHz, DMSO-d6) δ: 99.5 (s), 106.1 (s), 112.5 (d), 115.3 (d), 115.8 (d), 120.6 

(d), 121.7 (d), 123.3 (d), 123.8 (2xs), 128.9 (s), 130.2 (d), 130.7 (d), 130.9 (d), 136.7 (s), 

148.2 (s), 151.8 (s), 159.4 (s), 177.3 (d). Anal. Calcd for C19H11FN4OS (MW: 362.38): C, 

62.97; H, 3.06; N, 15.46. Found: C, 63.05; H, 3.11; N, 15.53. LC-HRMS: 363.07043 m/z. 

 

2-(1H-Indol-3-yl)-6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazole-5-carbaldehyde 

(14n) 

White solid, yield: 60%, m.p. 278-279 °C, IR cm-1: 3308 (NH), 1560 (CO). 1HNMR (200 

MHz, DMSO-d6) δ: 3.84 (3H, s, CH3), 7.06 (1H, d, J = 6.7 Hz, Ar-H), 7.29-7.32 (2H, m, Ar-

H), 7.41-7.46 (1H, m, Ar-H), 7.55 (1H, dd, J = 3.1, 5.8 Hz, Ar-H), 7.61 (2H, m, Ar-H), 8.30 

(1H, m, Ar-H), 8.42 (1H, d, Ar-H), 10.10 (1H, s, CHO), 12.20 (1H, s, NH). 13C NMR (50 

MHz, DMSO-d6) δ: 55.2 (q), 99.49 (s), 106.2 (s), 113.5 (2xd), 120.7 (d), 121.0 (d), 121.7 

(d), 123.3 (d), 123.6 (s), 123.8 (s), 129.7 (2xd), 130.1 (d), 133.7 (s), 136.7 (s), 153.0 (s), 

159.3 (s), 159.4 (s), 177.3 (d). Anal. Calcd for C20H14N4O2S (MW:  374.42): C, 64.16; H, 

3.77; N, 14.96. Found: C, 64.25; H, 3.51; N, 15.13. LC-HRMS: 375.09232 m/z. 

 

6-(2,5-Dimethoxyphenyl)-2-(1H-indol-3-yl)imidazo[2,1-b][1,3,4]thiadiazole-5-

carbaldehyde (14o)  
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Yellow solid, yield: 82%, m.p. 268-269 °C, IR cm-1: 1561 (CO). 1HNMR (200 MHz, 

DMSO-d6) δ: 3.75 (3H, s, CH3), 3.77 (3H, s, CH3), 7.02-7.18 (3H, m, Ar-H), 7.32 (2H, dd, 

J = 2.9, 5.8 Hz, Ar-H), 7.55-7.58 (1H, m, Ar-H), 8.28 (2H, d, J = 5.5 Hz, Ar-H), 8.42 (1H, 

s, Ar-H), 9.76 (1H, s, CHO), 12.21 (1H, s, NH). 13C NMR (50 MHz, DMSO-d6) δ: 55.5 (q), 

55.9 (q), 99.5 (s), 106.2 (s), 112.5 (d), 113.1 (d), 116.1 (d), 116.3 (2xd), 120.62 (s), 121.7 

(d), 122.1 (s), 123.3 (d), 123.8 (s), 130.0 (d), 136.7 (s), 148.7 (s), 150.4 (s), 153.1 (s), 159.2 

(s), 177.6 (d). Anal. Calcd for C21H16N4O3S (MW: 404.44): C, 62.36; H, 3.99; N, 13.85. 

Found: C, 62.49; H, 4.05; N, 13.63. LC-HRMS: 405.10297 m/z. 

 

6-(2,5-Dimethoxyphenyl)-2-(1-methyl-1H-indol-3-yl)imidazo[2,1-b][1,3,4]thiadiazole-5-

carbaldehyde (14p) 

White solid, yield: 70%, m.p. 216-217 °C, IR cm-1: 1667 (CO). 1HNMR (200 MHz, 

DMSO-d6) δ: 3.75 (3H, s, CH3), 3.77 (3H, s, CH3), 3.92 (3H, s, CH3), 7.06 (1H, dd, J = 2.9, 

5.8 Hz, Ar-H), 7.17 (2H, m, Ar-H), 7.36-7.39 (2H, t, J = 4.0 Hz, Ar-H), 7.64 (1H, d, J = 8.8 

Hz, Ar-H), 8.27 (1H, d, J = 10.4 Hz, Ar-H), 8.43 (1H, s, Ar-H), 9.76 (1H, s, CHO). 13C NMR 

(50 MHz, DMSO-d6) δ: 33.2 (q), 55.5 (q), 55.97 (q), 99.5 (s), 105.1 (s), 108.5 (d), 111.1 (d), 

113.1 (d), 116.1 (s), 116.3 (d), 118.73 (d), 120.68 (d), 122.0 (d), 123.4 (d), 123.9 (s), 124.1 

(s),136.2 (s),137.3 (s), 148.6 (s), 150.4 (s), 153.0 (s), 158.8 (s), 177.6 (d). Anal. Calcd for 

C22H18N4O3S (MW: 418.47): C, 63.14; H, 4.34; N, 13.39. Found: C, 63.21; H, 4.43; N, 13.48. 

LC-HRMS: 419.11682 m/z. 

 

2-(1H-Indol-3-yl)-6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazole-5-carbaldehyde (14q)  

Yellow solid, yield: 75%, m.p. 314-315 °C, IR cm-1: 3311 (NH), 1561 (CO). 1HNMR 

(200 MHz, DMSO-d6) δ: 7.31 (2H, d, J = 2.9 Hz, Ar-H), 7.52 (1H, s, Ar-H), 8.34-8.43 (5H, 

m, Ar-H), 10.21 (1H, s, CHO), 12.23 (1H, s, NH). Anal. Calcd for C19H11N5O3S (MW: 

389.39): C, 58.61; H, 2.85; N, 17.99. Found: C, 58.82; H, 2.73; N, 18.09. LC-HRMS: 

390.06683 m/z. 

 

2-(5-Bromo-1H-indol-3-yl)-6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazole-5-

carbaldehyde (14r)  

White solid, yield: 90%, m.p. 250-251 °C, IR cm-1: 3268 (NH), 1654 (CO). 1HNMR (200 

MHz, DMSO-d6) δ: 3.76 (6H, d, J =3.9 Hz, 2xCH3), 7.08-7.18 (3H, m, Ar-H), 7.42-7.56 

(2H, m, Ar-H), 8.45 (2H, d, J =10.3 Hz, Ar-H), 9.76 (1H, s, CHO), 12.38 (1H, bs, NH). 13C 
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NMR (50 MHz, DMSO-d6) δ: 55.3 (q), 55.9 (q), 99.5 (s), 105.9 (s), 108.2 (s), 114.3 (s), 

116.1 (d), 116.3 (d), 122.0 (s), 122.9 (d), 123.9 (s), 125.5 (s), 126.0 (d), 131.2 (d), 135.5 (s), 

141.6 (d), 150.3 (s), 150.7 (d), 153.3 (s), 158.7 (s), 178.6 (d). Anal. Calcd for C21H15BrN4O3S 

(MW: 483.33): C, 52.18; H, 3.13; N, 11.59. Found: C, 52.39; H, 3.21; N, 11.70. LC-HRMS: 

485.01031 m/z. 

 

Biology 

Drugs and chemicals 

The synthesized imidazothiadiazole compounds 12-14 were dissolved in DMSO. The 

medium, foetal bovine serum (FBS), penicillin (50 IU mL-1) and streptomycin (50 µg mL-1) 

were from Gibco (Gaithersburg, MD, USA). All other chemicals were from Sigma 

(Zwijndrecht, the Netherlands). 

 

Cell culture 

Capan-1 and Panc-1 cell lines, were purchased at the ATCC (Manassas, VA, USA), while 

SUIT-2 cells were a generous gift from Dr. Adam Frampton (Imperial College, London, 

UK). Panc-1R cells, a gemcitabine-resistant sub-clone obtained by continuous incubation of 

Panc-1 with 1 µM of this drug, were achieved as described previously.42 The primary PDAC-

3 culture was isolated from a patient at Pisa Hospital as described previously.61 The cell lines 

were tested for their authentication by STR–PCR, performed by BaseClear (Leiden, the 

Netherlands). The cells were cultured in RPMI-1640 (Roswell Park Memorial Institute 

1640) supplemented with 10% heat-inactivated FBS, 1% penicillin/streptomycin, or in 

DMEM (Dulbecco’s Modified Eagle’s Medium), supplemented with 10% heat-inactivated 

FBS, 1% HEPES. The cells were kept in a humidified atmosphere of 5% CO2 and 95% air 

at 37 °C and harvested with trypsin-EDTA. Not all these preclinical models allowed to 

perform the different experiments to check antitumor properties of new compounds. In 

particular, PDAC-3 cells were selected to form spheroids which are more representative of 

the aggregation of tumor cells in vivo, as also reported in our previous studies. All the PDAC 

cells, i.e., Panc-1R, SUIT-2 and PDAC-3, but also Panc-1 and Capan-1 cells were selected 

for the wound-healing assay because in all these cells the exposure for 24 h with our 

compounds did not result in pro-apoptotic or necrotic effects, allowing a reliable analysis of 

the results. Capan-1 and SUIT-2 cells were selected for Western blot, zymography and PCR 

assays because preliminary analyses of the housekeeping protein GAPDH at the Western 
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blot showed that using lysates of these cells the Western blot images were not “saturated” 

and were kept in the linear range (as revealed by exposing blots to increasing times and 

drawing a plot of intensity and time exposure). SUIT-2 cells were selected for the PamChip 

array because of the lowest background noise observed in preliminary experiments. 

 

Cell growth inhibition 

The in vitro antiproliferative activity of the new imidazothiadiazole compounds 

12a,b,d,e,f,h, 13c,g,i,j and 14k-r was evaluated on a panel of pancreatic cancer cells by 

Sulforhodamine-B (SRB) assay, both for primary cell cultures (PDAC-3) and for the 

immortalized cell lines (SUIT-2, Capan-1, Panc-1 and Panc-1R), following a previously 

described protocol.42 The cytotoxicity of the new compounds 12a and 12b was also 

evaluated in the normal fibroblast cells Hs27. The results of these experiments allowed us to 

calculate the selectivity index (SI, IC50 non-tumor cell line/IC50 tumor cell line). 

Cells were seeded into a 96-well flat-bottom plates in triplicate in a volume of 100 µL (3x103 

cells/well for SUIT-2, Panc-1, Panc-1R and PDAC-3 cell lines, 5x103 cells/well for Capan-

1 cells, and 8x103 cells/well for Hs27 cells) and incubated for 24 h at 37 °C to create a 

confluent monolayer. Then, the cells were treated with 100 µL of the compounds dissolved 

in DMSO at different concentration (125-16000 nM) for 72 h at 37 °C, 5% CO2 and 100% 

humidity. At the end of incubation period, the cells were fixed with 25 µL of 50% cold 

trichloroacetic acid (TCA) and kept for at least 60 min at 4°C. Then, the plates were emptied 

and washed gently with deionized water, dried at room temperature (RT) overnight and 

stained with 50 µL of 0.4% SRB solution in 1% acetic acid for 15 min at RT. The excess of 

SRB stain was removed and the plates were washed with a 1% acetic acid solution and let 

dry at RT overnight. The SRB staining was dissolved in 150 µL of 

tris(hydroxymethyl)aminomethane solution pH= 8.8 (TRIS base), and the absorbance was 

measured at wavelengths of 490 nm and 540 nm. Cell growth inhibition was calculated as 

the percentage of drug treated cells versus vehicle-treated cells (“untreated cells or control”) 

OD (corrected for OD before drug addiction, “day-0”). The 50% inhibitory concentration of 

cell growth (IC50) was calculated by non-linear least squares curve fitting (GraphPad 

PRISM, Intuitive Software for Science, San Diego, CA). In the NCI protocol IC50 is named 

GI50 (50% growth inhibitory concentration).  
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Wound-healing assay 

The in vitro scratch wound-healing assay was performed as previously described.62 SUIT-

2, Capan-1, Panc-1 and Panc-1R cells were seeded in 96-well flat-bottom plates at the 

density of 5x104  cells/well in 100 µL. After 24 h of pre-incubation at 37 °C, 5% CO2 and 

100% humidity, the cell monolayers were scratched using a specific tool with multiple 

needles to create scratches of constant width. After removal of the detached cells by washing 

with phosphate buffered saline (PBS) solution, in the control wells the medium was replaced 

with only medium while the medium added with the compounds of interest in the 

experimental wells. The wound confluence was monitored by phase-contrast microscopy 

(Universal Grab 6.3 software, Digital Cell Imaging Labs, Keerbergen, Belgium) integrated 

to the Leica DMI300B (Leica Microsystems, Eindhoven, Netherlands) migration station and 

the pictures were captured immediately after scratch (T = 0), and 4, 8, 20 and 24 h from the 

treatment. The results were analyzed with the Scratch Assay 6.2 software (Digital Cell 

Imaging Labs). 

 

Spheroid assay 

PDAC-3 spheroids were grown in CELLSTAR®96-well cell repellent U-bottom plates 

(Greiner Bio-One, Cat No. 650970, Kremsmünster, Austria). Cells were seeded at the 

density of 2x104 cells per well, and incubated at 37°C, 5% CO2 for 72 h in order to let the 

spheroids form.  

Before the treatment a picture of the plate was taken with an automated phase-contrast 

microscope DMI300B (Leica Microsystems, Eindhoven, Netherlands), and the subsequent 

pictures were taken every two days. After 72 h of incubation the culture medium was 

replaced with medium added with compounds of interest, which were diluted to the final 

concentration of 8.5 μM (5x the IC50, obtained with previous growth-inhibition assay). 

Despite the careful pipetting, tilting the plate and placing the pipette tip on the side of the 

well, the structure of the spheroid was disturbed so we decided to centrifuge the plate at 

200xRCF, for 3 min at RT (Rotixa 500RS, Hettich Zentrifugen Technology, Tuttlingen, 

Germany). The treatment was repeated after four days, to ensure the availability of nutrients, 

and so was the centrifuge.  

Pictures were analysed with ImageJ Software (U.S. National Institute of Health, Bethesda, 

Maryland, USA) to determine the area of the spheroids treated and compare it to the area of 

the untreated spheroids, as described previously.63  
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RNA isolation  

RNA was extracted from SUIT-2, Capan-1 and Panc-1 cells according to TRIzol-

chloroform protocol as described previously.64 Cells were seeded in a 6-well plate in a 

density of 2.5 x 105 cells/well and kept at 37° C, with a constant level of CO2 (5%) and 100% 

humidity for 24 h. Subsequently, the cells were treated for 24 h with the compounds of 

interest at concentration 5x IC50 and stored for an additional 24 h in the incubator. The cells 

were then harvested by 250 µL of TRIzol reagent. After precipitation with isopropanol and 

washing with 70% ethanol, the total RNA appeared as a white gel-like pellet at the bottom 

of the tube. RNA yields and integrity were determined by measuring optical density at 260 

nm with a Thermo Scientific NanoDrop 1000TM Spectrophotometer, controlled by ND1000 

software. Instead, the test for detection of contaminations by protein or by organic 

compounds, thiocyanates and phenolate ions was performed by measuring absorbance at 280 

and 230 nm, respectively. 

 

Reverse transcription (RT) and quantitative Real-Time PCR (qRT-PCR) 

For qRT-PCR, complementary DNA (cDNA) synthesis was performed according to 

manufacturer’s protocol Thermo ScientificTM First Strand cDNA Synthesis Kit. For the 

reverse transcriptase reactions, 1.5 μg of mRNA was added to a 1 µL of random hexamer 

primer and, finally, water nuclease free up to a final volume of 11 µL. Therefore, 5X Reaction 

Buffer (4 µL), RiboLock RNase Inhibitor (20 U/ µL) (1 µL), 10 nM dNTP Mix (2 µL) and 

M-MuLV Reverse Transcriptase (20 U/ µL) (2 µL) components were added (all provided by 

Kit). The mixture was incubated for 5 min at 25° C followed by 60 min at 37° C. 

Subsequently, the reaction was terminated by heating at 70 ° C for 5 min. The DNA samples 

obtained (20 µL) were diluted 1:10 and used immediately for the RT-PCR assay. RT-PCR 

reactions were performed using the commercial TaqMan® Universal PCR Master Mix kit. 

For the RT-PCR, 25 µL of total mix per well is needed. Therefore, 12.5 µL of Universal 

Master Mix 2X (AmpliTaq Gold DNA Polymerase, dNTPs with dUTP, passive reference, 

and optimized buffer components), 1 µL of Primers and TaqMan® probe, 6.5 µL of H2O and 

5 µL of cDNA sample were loaded in duplicate on a 96-well PCR plate and the amplification 

was carried out in a GeneAmp 5700 Sequence Detection System. Samples were amplified 

by following the thermal cycle conditions for 40 cycles: an initial incubation at 50°C for 2 

min to prevent the reamplification of carry-over PCR products by AmpErase uracil-N-

glycosylase, followed by incubation at 95°C for 10 min to suppress AmpErase UNG activity 

and denature the DNA, followed by annealing and extension at 60 °C for 1 minute. Primers 
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and probes were obtained from Applied Biosystems Assay-on Demand Gene expression 

products to amplify the following genes: SNAIL1 (Hs00195591_m1), SNAIL2 

(Hs00950344_m1), CDH1 (Hs01023894_m1), CDH12 (Hs00362037_m1). GAPDH 

(Hs02758991_g1) has been used as housekeeping gene to normalize the amplifications. All 

reactions were performed in duplicate using the ABI PRISM7500 sequence detection system 

instrument (AppliedBiosystems). The cycle threshold (Ct) was determined and gene 

expression levels relative to that of GAPDH were calculated by the 2-ΔΔCT method, as 

described previously. 

 

Western blot and gelatine zymography 

The protein expression of SNAIL1, SNAIL2, CDH1, CDH12, and VIM in SUIT-2, 

PANC-1 and Capan-1 cells treated with compounds 12a and 12b was evaluated by Western 

Blot analysis as described previously [65]. All the primary antibodies were from Cell 

Signaling Technology (Beverly, MA). Additional Western blot analyses were performed in 

order to evaluate the phosphorylation of FAK, using the Phospho-FAK (Tyr397) Antibody 

#3283 (Cell Signaling Technology). 

The activity of MMP2 and MMP9 was evaluated by gelatine zymography, as described 

previously.65 PDAC cells (106) were seeded in Petri dishes and incubated with serum-free 

medium for 24 h, with or without the selected compounds at 5x IC50. Medium was harvested 

and centrifuged (1500 rpm for 5 min) in order to remove cellular debris. The collected media 

were then mixed with SDS-PAGE buffer 4X without reducing agent and underwent 

electrophoresis in 10% polyacrylamide gel containing 1mg/mL gelatine. After 1 hour, the 

gel was exposed to renaturating buffer (50mM Tris-HCl pH 7, 6.5mM CaCl2, 1μM ZnCl2, 

2.5% Triton X-100) for 15 min, washed with washing buffer (50mM Tris-HCl pH 7, 6.5mM 

CaCl2, 1μM ZnCl2) and finally incubated with developing buffer (50 mM Tris-HCl pH 7, 

6.5 mM CaCl2, 1μM ZnCl2, 1% Triton X-100, 0.02% NaN3) for 16 h at 37°C. The staining 

was then performed using 0.25% Coomassie Brilliant Blue R-250 solution containing 45% 

methanol and 10% glacial acetic acid for 4 h, washed with a solution of 10% glacial acetic 

acid and 45% methanol for 2 h. The areas of protease activity were detected as clear bands 

and the activity of MMPs was assessed by densitometric scanning and quantitative analysis 

using ImageJ software (National Institutes of Health, Bethesda, MD, US).  
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PamChip® kinase activity profiling 

A PamChip array with 144 kinase peptides substrates (#86312 PamGene International 

B.V., 's-Hertogenbosch, The Netherlands) was used to test the change in tyrosine kinase 

activity when using the 12b compound. This experiment was performed with SUIT-2 cells 

in biological duplicates (two untreated samples and two treated samples with 12b 

compound), as described previously.66,67 

 

Preparation of cell lysates 

Cells were grown in 25 cm2 flasks until they reached 80% of confluence, at 37°C and 5% 

of CO2, then SUIT-2 cells were treated with 5 μM of 12b (5x IC50), and the medium of 

control cells was replaced with fresh medium. Treatment lasted 24 h, and then cells were 

lysed with 100μL x 106 cells of M-PER lysis buffer containing: M-PER Mammalian 

Extraction Buffer (Thermo Scientific, Rockford, IL, USA), Halt protease Inhibitor cocktail, 

EDTA free (Complete Mini EDTA-free Protease Inhibitor Cocktail, Roche #11836170001), 

Halt Phosphatase Inhibitor Cocktail (Thermo Fisher #78420) both diluted 1:100, for at least 

15 min at 4°C. The lysates were collected in 1.5 mL tubes, which were centrifuged (at 4°C, 

16000g) for 15 min, and the supernatants were collected and stored at -80°C until use. 

Protein concentration of the samples was determined using Bio-Rad protein Assay, based on 

the method of Bradford (Bio-Rad, Hercules, CA). 

 

Tyrosine kinase activity profiling 

Lysates for the PamChips were prepared in order to reach a concentration of 10 μg 

protein/array, and they were added to the MasterMix (PamGene reagent kit 32116) 

containing: PK buffer 10x, BSA solution 100x, PTK additive 10x, 1 M DTT solution, 

Complete Mini EDTA-free Protease Inhibitor Cocktail, Halt Phosphatase Inhibitor Cocktail 

400x (Thermo Fisher), PY-20-FITC (fluorescent labelled antibody), 4 mM ATP solution. 

Samples were added to the MasterMix immediately prior to loading on the chip. Before 

loading the samples, the PamStation®12 instrument performed a blocking step with 25μL 

of 2% BSA on each array followed by three wash steps with PK buffer, then 40 μL of each 

sample mix was loaded in duplicate onto the arrays. During incubation at 30°C, the sample 

mix was pumped up and down through the array once per minute for 60 cycles. Repeated 

fluorescent imaging of each array was performed with a 12-bit CCD camera, monitoring 

fluorescence intensities in real time. 
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PamGene data analysis 

The intensity of each spot at the end point was evaluated through an open source software 

(ScanAnalyze) and subsequently corrected for local background noise. Since the negative 

control was a negative value, all the intensities were subjected to a minimal shift to have the 

negative control equal to zero. 

One duplicate of the treated samples was excluded from the analysis due to bad quality data 

ending with two controls and one treated samples. To maintain a balance and statistical 

power for the differential analysis, one extra sample for the control group was generated 

using the median of the two samples and adding a constant k while 2 extra samples for the 

treated group were generated adding a different constant k to the treated sample. 

The differential analysis was performed by a Student t test in R (version 3.6.1) and the 

p.value was corrected by FDR. The significant peptides were selected applying a cutoff on 

FDR < 0.01. Visualization of differentially phosphorylated protein was performed in 

Cytoscape (version 3.5.0) and the barplot for PTK2 phosphorylation was generated in R 

(version 3.6.1). 

 

Enzyme-Linked Immunosorbent Assay (ELISA) for phosphorylated FAK (pFAK) kinase 

The pFAK level at tyrosine residue 397 was detected and quantified using Enzyme-

Linked Immunosorbent Assay (ELISA). The assay was conducted using InvitrogenTM 

FAK[pY397] ELISA Kit (Cat. # KHO0441) according to the manufacturer’s protocol. 

Supernatants from Panc-1, Capan-1 and SUIT-2 cells were collected after 24 h from the 

treatment with imidazothiadiazole compounds 12a and 12b at concentration 5x IC50 value. 

The absorbance was read at 450 nm. We performed a parallel ELISA test using the well-

known FAK inhibitor defactinib (5 M). This drug reduced the FAK/PTK2 phosphorylation 

of 65%, supporting the use of this method in order to check the inhibition of pFAK.   

 

Statistics 

All SRB, PCR, Western blot, and zymography assays were carried out in triplicate and 

repeated at least three times, whereas the percentages of cell migration were calculated 

taking into account at least six scratch areas. The data was evaluated using the GraphPad 

Prism version 7 software (GraphPad Software, San Diego, CA, USA). Data is expressed as 

mean values ± SEM and analyzed by the Student t test.  
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Supplementary data 

Physicochemical properties  

The goal of pharmaceutical chemistry is the design and development of new drugs with a 

higher specificity for a target and the reduction of adverse drug reactions (ADRs). To date, 

many databases allow to predict the in silico behaviour of new chemical entities. For 

instance, SwissADME, a free web tool (http://www.swissadme.ch/), can predict the 

pharmacokinetics (PK) and pharmacodynamic (PD) properties of a designed compound. 

According to the Lipinski’s rule of five (RO5), a drug-like compound should have the 

following physicochemical properties: molecular weight (MW) less than 500 Da, a logP 

values (hydrophobic characteristic) less than 5, hydrogen bond donors (HBD) no more than 

5, hydrogen bond acceptor (HBA) no more than 1.1 Furthermore, Veber and collaborators 

demonstrated that the reduction of rotatable bonds (RB) and the low polar surface area (PSA) 

contribute to the good oral bioavailability.2 Other two parameters that have to be taken in 

consideration, include PSA less than or equal to 140 Å and RB less than 10.2 Moreover, it is 

necessary to combine these values to the value of the ABS, A Bioavailability Score, that is 

defined as ‘the probability that a compound will have >10% bioavailability in rat or 

measurable Caco-2 permeability’. This value takes into consideration the physical properties 

of the drug-like compound at pH 6-7. ABS value is 0.55 if compound passes the RO5 and 

0.17 if it fails.3 Finally, gastrointestinal (GI) absorption values and the ability to overcome 

the blood-brain barrier (BBB) were also calculated, according to the BOILED-egg (Brain Or 

IntestinaL EstimateD permeation predictive model). The physicochemical and ADME 

properties of the compounds 12a,b,h and 13g are summarized in the Table 1. All compounds 

complied with Lipinski’s rule of five (RO5), showed PSA values below 140 Å and RB less 

than 10. Furthermore, they presented a high degree of GI and low brain penetration. Finally, 

three out of four compounds were not P-gp substrate. In the table 2 we reported the SMILES 
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(Simplified Molecular Input Line Entry Specification) codes that we used to calculate the 

physicochemical properties of the compounds 12a,b,h and 13g. 

 

Supplementary Table 1. Physicochemical and ADME properties of compounds (comp) 

12a,b,h and 13g. 

Comp MW 

(g/mol) 

<500 

H-bond 

acceptors 

<10 

H-bond 

donors 

<5 

Log P 

o/w 

<5 

Violation 

Lipinski 

Rule of 5 

PSAa 

(Å2) 

<140 

RB 

<10b 

BBBc GId BSe 

12a 403.32 3 2 -0.71 0 98.49 2 NO high 0.55 

12b 417.35 3 1 -0.47 0 87.63 2 NO high 0.55 

12h 435.34 4 1 -0.09 0 87.63 2 NO high 0.55 

13g 340.40 3 1 3.03 0 102.46 2 NO high 0.55 

 

a PSA: Polar surface area.  b RB: Rotable bonds. c BBB: blood-brain barrier. 

d GI: Gastrointestinal absorption. e BS: Bioavailability Score. 

 

Supplementary Table 2. List of Simplified Molecular Input Line Entry Specification 

(SMILES) of compounds (comp) 12a,b,h and 13g 

Comp SMILES  

12a Br.C1NC2=C(C=CC=C2)C1C1=NN2C=C(N=C2S1)C1=CSC=C1 

12b Br.CN1C=C(C2=NN3C=C(N=C3S2)C2=CSC=C2)C2=C1C=CC=C2 

13g FC1=CC2=C(NC=C2C2=NN3C=C(N=C3S2)C2=CSC=C2)C=C1 

12h Br.FC1=CC2=C(NC=C2C2=NN3C=C(N=C3S2)C2=CSC=C2)C=C1 
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Supplementary Table 3. Antiproliferative activity of compounds 12a and 12b on PDAC-3 

tumor cells and Hs27 normal fibroblast cells. 

 

 

 

 

aThe values are means ± SEM of three separate experiments. 
bSEM: Standard Error of the Mean. 

  

 IC50
a (µM) ± SEMb 

Cell line 12a 12b 

PDAC-3 1.7 ± 0.39 1.7 ± 0.27 

Hs27 7.7 ± 0.45 12.3 ± 0.84 
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Supplementary Figure 1. Effects of the migration events of compounds 12a and 12b on 

primary PDAC-3 cells. (A) Percentages of migration at T=0, 4, 8, 20 and 24 hours from the 

treatment of PDAC-3 cells treated with compound 12a and 12b at concentration 4x IC50. Points, 

mean values obtained from the means of at least four different scratch areas. All the P values 

were determined Student’s t-test. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 
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Supplementary Figure 2. Modulation of protein levels expression key EMTs genes SNAIL-

1, SNAIL-2, CDH1, CDH12, VIM and MMP2 in Panc-1 cells treated with compounds 12a and 

12b. The protein levels were determined by western blot analysis after 24 hours of treatment at 

5x IC50 value. All the P values were determined by Tukey's multiple comparisons test. 

****p<0.0001, ***p<0.001, **p<0.01, *p<0.05 
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Supplementary Figure 3. Gelatine zymography analysis of media from Panc-1 cells incubated 

with serum-free medium for 24 hours. The enzymatic activity of MMP2 and MMP9 was 

determined by densitometric analysis. The cells are treated with the compounds 12a and 12b at 

concentration 5x IC50 value. All the P values were calculated with Tukey's multiple 

comparisons test. ****p<0.0001, *p<0.05.  
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Supplementary Figure 4. Representative blots showing inhibition of FAK/PTK2 

phosphorylation by compounds 12a and 12b in Capan-1 and SUIT-2 cells. The amount of pFAK 

was assessed in cell lysates after 24 h treatment with compounds 12a and 12b at 5x IC50s and 

compared to cell lysates from untreated cells (control). The blots shown are representative of 2 

separate experiments, loading 20 μg protein. Loading control was GAPDH, as described 

previously [4].  
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Compound 12a 1H NMR 

 

 

Compound 12a 13C NMR 
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Compound 12b 1H NMR 

 

 

Compound 12b 13C NMR 
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Compound 12h 1H NMR 

 

 

Compound 12h 13C NMR 
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Compound 13g 1H NMR 

 

 

Compound 13g 13C NMR 
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Compound 14k 1H NMR 

 

 

Compound 14k 13C NMR 
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Compound 14p 1H NMR 

 

 

Compound 14p 13C NMR 
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Compound 14q 1H NMR 

 

 

Compound 14r 1H NMR 
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Compound 14r 13C NMR 
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2,6-Disubstituted imidazo[2,1-b][1,3,4]thiadiazole derivatives as potent staphylococcal 

biofilm inhibitors 

 

Abstract 

A class of 36 new 2-(6-phenylimidazo[2,-1-b][1,3,4]thiadiazol-2-yl)-1H-indoles was 

efficiently synthesized and evaluated for their anti-biofilm properties against the Gram-

positive bacterial reference strains Staphylococcus aureus ATCC 25923, S. aureus ATCC 

6538 and Staphylococcus epidermidis ATCC 12228, and the Gram-negative strains 

Pseudomonas aeruginosa ATCC 15442 and Escherichia coli ATCC 25922. Many of these 

new compounds, were able to inhibit biofilm formation of the tested staphylococcal strains 

showing BIC50 lower than 10 μg/mL. In particular, derivatives 9c and 9h showed 

remarkable anti-biofilm activity against S. aureus ATCC 25923 with BIC50 values of 0.5 

and 0.8 μg/mL, respectively, whereas compound 9aa was the most potent against S. aureus 

ATCC 6538, with a BIC50 of 0.3 μg/mL. Remarkably, these compounds showed effects in 

the early stages of the biofilm formation without affecting the mature biofilm of the same 

strains and the viability of the planktonic form. Their ability in counteracting a virulence 

factor (biofilm formation) without interfering with the bacterial growth in the free life form 

make them novel valuable anti-virulence agents. 

 

 

Keywords: Anti-Biofilm agents; Anti-virulence agents; Staphylococcal biofilm inhibitors; 

imidazo[2,1-b][1,3,4]thiadiazole derivatives  
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Introduction 

Antibiotic resistance, caused by the overuse/misuse of antibiotics and by the great 

evolutionary capacity of microorganisms, is currently considered a serious global threat. 

Common pathogens including Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter 

species, known as ESKAPE pathogens (e.g., capable of 'escaping' the biocidal action of 

antibiotics), are the leading cause of severe nosocomial infection which became resistant to 

various antibiotic therapies. As a counteracting measure, in the last decade, many efforts 

have been made for the development of new agents that target the virulence mechanisms of 

important pathogens without affecting their viability. These new therapeutic strategies aim 

indeed at imposing limited selective pressure in promoting the development of the antibiotic-

resistance.123 

According to current estimates by the National Institute of Health, a percentage ranging 

from 65 to 80% of all bacterial infections are biofilm-mediated.4 The ability to grow as a 

biofilm is considered one of the main natural resistance mechanisms developed by pathogens 

as well as one of the most relevant virulence factor. This is indeed the main cause of 

nosocomial chronic infections which are difficult to treat with conventional antibiotics, 

including periodontitis, pneumonia in cystic fibrosis patients, and numerous infections 

associated with indwelling devices such as catheters, heart valves, and prostheses.5,6 The 

biofilm is a stratified bacterial community that grows on a biological or artificial surface, 

characterized by a multifactorial tolerance to antibiotics. In addition to limiting the 

penetration of antibiotics, biofilms, contain, in the deepest layers, bacterial subpopulations 

(dormant cells) with low metabolic activity and proliferation rate that are intrinsically 

resistant to conventional antibiotics. In this bacterial community, single cells are embedded 

in a self-made polymeric matrix essentially composed by exopolysaccharides or other 

extracellular polymeric molecules, including extracellular DNA, amyloid fibers, etc., as well 

as molecules originating from the host, such as mucus and DNA. 

Conventional antibiotic therapies effective on planktonic cells are usually inactive against 

biofilms. In the last few years, several attempts have been made to obtain new molecules 

able to interfere with the biofilm formation suitable for the treatment of biofilm-associated 

infections.7–12 

Currently the main strategies to counteract biofilms involve prevention of their formation 

or the dispersing of mature biofilm. Inhibitors of biofilm formation are often compounds 

able to inhibit the microbial attachment to surfaces, interfering with the bacterial adhesion, 
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which is considered the initial step in bacterial pathogenesis. Other potential mechanisms of 

action for potential anti-biofilm therapeutics consist in: i) regulating the quorum sensing(QS) 

system which is the bacterial cell-to-cell signaling responsible for the coordination of many 

virulence factors, including biofilm formation; ii) interfering with regulatory mechanisms 

such as nucleotide second messenger signaling systems, and iii) disrupting the biofilm 

structure.13  

Indole compounds are widely described for their therapeutical potential as anti-

inflammatory, analgesic,14 antiviral,15 anti-cancer16171819 and antibacterial agents. 20 Indole 

is produced by more than 85 species of pathogens as bacterial intercellular signal, which 

plays a key role in modulating E. coli biofilm formation and P. aeruginosa virulence by 

repressing motility, chemotaxis and bacterial adhesion. 1321 2223 

Lee et al. described the activity of indole-3-acetic acid, 3,30-methylene bis indole, indole-

3-propioninc acid, indole-3-carbinol,indole-3-carboxyaldehyde and 3-indolylacetonitrile in 

inhibiting E. coli O157: H7 and P. aeruginosa biofilm formation without affecting microbial 

growth.24 

Moreover the imidazo[2,1-b][1,3,4]thiadiazole ring system has been recognized as a 

privileged scaffold for obtaining molecules with a broad spectrum of biological activities, 

such as anticancer,25 antioxidant,26 antitubercolar,27 anticonvulsivant,28 analgesic,29 and 

antibacterial.30,31 

Despite the numerous therapeutic properties described for the imidazo[2,1-

b][1,3,4]thiadiazole derivatives, the antibiofilm activity of this class of compounds has never 

been described.  

However, the isosters triazolothiazole compounds 1-3 (Figure 1) were reported by Zhang 

et al.32 as potent inhibitors of Sortase A(SrtA), a Gram-positive transpeptidase involved in 

the process of bacterial adhesion and, therefore, closely related to the biofilm formation 

process.3334 Notably, compound 3 showed a significant in vivo anti-infective activity in 

preventing S. aureus blood-stream infections. 

Our previous researches focused on nitrogen heterocyclic systems to counteract the global 

threat of the antibiotic resistance,353637 and we then develop a special interest towards indole 

moiety.38394041 Therefore, considering the interesting therapeutic potentials of the 

imidazo[2,1-b][1,3,4]thiadiazole scaffold, herein we report the synthesis of a new series of 

2-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole derivatives. These novel 

compounds were assayed for their preventive effect on biofilm formation of the Gram-

positive bacterial reference strains Staphylococcus aureus ATCC 25923, S. aureus ATCC 
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6538 and Staphylococcus epidermidis ATCC 12228, and of the Gram-negative strains 

ATCC 15442 and Escherichia coli ATCC 25922. 

1 SrtA IC50 = 37.7 M

N
H

N
2

SrtA IC50 = 17.0 M

NaO3S

3
SrtA IC50 = 9.3 M

N
N

S

N

N

N

R

Cl

R =

R =

R =

 

Figure 1. Chemical structures of triazolothiazole compounds 1-3.  

 

Chemistry 

A series of 36 new imidazothiadiazole derivatives 9 and 10 was efficiently synthesized 

as described in Scheme 1. 

Table 1. New 2-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indoles 9a-aj. 

N

R

R
1

N

S

N

N

R
2

9a-aj
 

Comp R R1 R2 Yield(%) 

9a H H H 37 

9b H H 3-OCH3 33 

9c H H 2,5-OCH3 32 

9d H H 4-F 32 

9e H H 4-NO2 42 

9f H H 4-CF3 40 

9g H CH3 H 40 

9h H CH3 3-OCH3 42 
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9i H CH3 2,5-OCH3 48 

9j H CH3 4-F 40 

9k H CH3 4-NO2 42 

9l H CH3 4-CF3 30 

9m Br H H 40 

9n Br H 3-OCH3 40 

9o Br H 2,5-OCH3 33 

9p Br H 4-F 42 

9q Br H 4-NO2 41 

9r Br H 4-CF3 35 

9s Br CH3 H 42 

9t Br CH3 3-OCH3 35 

9u Br CH3 2,5-OCH3 43 

9v Br CH3 4-F 38 

9w Br CH3 4-NO2 46 

9x Br CH3 4-CF3 40 

9y Cl H H 35 

9z Cl H 3-OCH3 36 

9aa Cl H 2,5-OCH3 46 

9ab Cl H 4-F 45 

9ac Cl H 4-NO2 42 

9ad Cl H 4-CF3 36 

9ae Cl CH3 H 40 

9af Cl CH3 3-OCH3 50 

9ag Cl CH3 2,5-OCH3 55 

9ah Cl CH3 4-F 40 

9ai Cl CH3 4-NO2 48 

9aj Cl CH3 4-CF3 38 

 

The 1H-indole-3-carbonitrile 5a was commercially available, whereas carbonitriles 5b,c 

were obtained by reaction of the corresponding 1H-indole 4 with the chlorosulfonyl 

isocyanate (CSI) in anhydrous acetonitrile at 0 °C in yield 98-100%. The methylation of 

derivatives 5 with dimethyl carbonate in anhydrous DMF under reflux at 130 °C, afforded 

the corresponding 1-methyl-1H-indole-3-carbonitrile 6 (yield 98%). The key intermediates 

7a-f were prepared by reaction of carbonitriles 5 and 6 thus obtained, with thiosemicarbazide 

in trifluoro acetic acid (TFA) at 60 °C for 3 h (yield 98-100%). Finally, the reaction between 

the appropriate 5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amine 7a-f and the suitable α-
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bromoacetyl compounds 8a-f in ethanol under reflux for 24 h gave the desired new 2-(6-

phenylimidazo[2,-1-b][1,3,4]thiadiazol-2-yl)-1H-indoles 9a-aj as hydrobromide salts. 

Compounds 9e,f,k,l,q,r,ad,ae,ag-aj were treated with saturated aqueous NaHCO3 solution 

for obtaining the corresponding free bases 10 which were purified by silica gel column 

chromatography eluting by dichloromethane: ethyl acetate, 1:1 (42-55%) (Table 1). 

Reagents and conditions: i) CH3CN, CSI, 0 °C, 2 h, then DMF, 0 °C, 1.5 h (98-100%); ii) 

DMF, (CH3O)2CO, K2CO3, 130 °C, 3.5 h; iii) trifluoroacetic acid, thiosemicarbazide, 60 °C, 

3.5 h (98%); iv) anhydrous ethanol, 2-bromo-1-phenylethan-1-one 8, reflux, 24 h (42-55%); 

v) NaHCO3 saturated aqueous solution. 

N
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R
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HBr

7a, R = H, R1 = H; 7b,  R = H, R1 = CH3; 7c,  R = Br, R1 = H; 

7d,  R = Br, R1 = CH3; 7e, R = Cl, R1 = H; 7f,  R = Cl, R1 = CH3

8a, R2 = H; 8b, R2 = 3-OCH3;

8c, R2 = 2,5-OCH3; 8d, R2 = 4-F; 

8e, R2 = 4-NO2, 8f, R2 = 4-CF3

 

Scheme 1. Synthesis of new 2-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indoles 9a-aj. 

 

Results and discussion 

Inhibition of biofilm formation 

All the synthesized compounds 9a-d,g-j,m-p,s-ac,af (hydrobromide salts) and 

10e,f,k,l,q,r,ad,ae,ag-aj (free bases) were primarily assayed in vitro for their antibacterial 

activity against the planktonic form of the Gram-positive bacterial reference strains S. aureus 

ATCC 25923, S. aureus ATCC 6538 and S. epidermidis ATCC12228, and of the Gram-

negative strains P. aeruginosa ATCC 15442 and E. coli ATCC 25922. and the minimum 

inhibitory concentration (MIC) of the tested compounds was evaluated. The obtained results 

highlighted no interference by the imidazo[2,1-b][1,3,4]thiadiazoles 9 and 10 on the 

microbial planktonic growth (MIC>100mg/mL). This result was desirable from the 

perspective of obtaining derivatives with an anti-virulence profile, namely compounds able 
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to target key virulence factors rather than killing or inhibiting the growth of pathogens, which 

is advantageous for imposing limited selective pressure in promoting the development of the 

antibiotic-resistance mechanisms. 

All the synthesized compounds 9 and 10 were then tested in vitro in order to evaluate 

their ability in inhibiting biofilm formation of the five tested strains. Compounds 

9m,n,p,v,y,aj and 10f,l, showed no effect on the biofilm formation in the tested strains. For 

all the other synthesized derivatives the biofilm inhibitory concentration (BIC50) values, that 

is the concentration at which the percentage of inhibition of biofilm formation is equal to 

50% compared to the untreated growth control, were determined and reported in table 2. All 

compounds were able to interfere with the bacterial biofilm formation of the tested Gram-

positive pathogens in a dose-dependent manner eliciting in many cases BIC50 values lower 

than 10 mg/mL. Interestingly, compounds 9c, 9h and 9aa, bearing one or two methoxy 

groups on the phenyl ring, displayed the best anti-biofilm activity against all tested Gram-

positive strains with BIC50 values ranging from 0.5 to 18.5 mg/mL. In particular, derivatives 

9c and 9h showed remarkable anti-biofilm activity against S. aureus ATCC 25923 with 

BIC50 values of 0.5 and 0.8 mg/mL, respectively, whereas compound 9aa was the most 

potent against S. aureus ATCC 6538 with a BIC50 of 0.3 mg/mL. Noteworthy compounds 

10k and 9w, which bring a nitro substituent in para position of the phenyl ring, significantly 

inhibited biofilm formation in all Gram-positive and Gram-negative tested strains showing 

BIC50 between 1.4 and 38.4 mg/mL. These results highlighted the influence of the 

substituents in the phenyl ring on the ability of this class of compounds in interfering with 

the biofilm formation. The presence of electron-donating methoxy groups was indeed 

advantageous for the anti-biofilm activity against Gram-positive pathogens, while the 

substitution on the phenyl ring with electron-withdrawing nitro groups improved the 

inhibitory activity against Gram-negative pathogens. Conversely, the structural 

modifications made at the indole nucleus, such as the introduction of a halogen atom at the 

5 position or the methylation of the nitrogen atom, did not significantly influence the anti-

biofilm activity of the compounds. The minimal concentrations required to inhibit 90% of 

biofilm formation (Table 3), as well as the concentration vs inhibition graph (Figure 2) were 

evaluated for the most active derivatives 9aa, 9c and 9h. 

The new derivatives 9c, 9h and 9aa showed higher potency in inhibiting staphylococcal 

biofilm formation compared to the other indole derivatives so far described and elicited 

activity comparable to the most potent anti-biofilm compounds reported in literature.13 

Respect to the previous series of anti-biofilm compounds synthesized by us,35–37 a significant 
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improvement in the inhibition of biofilm formation was observed. Among them, only the 

thiazole nortopsentin derivatives recently described35 showed analogous inhibitory activity 

against staphylococcal biofilm with BIC50, in some cases, in the low micromolar range, 

highlighting the importance of the indole scaffold for the anti-biofilm activity.  

Table 2. Inhibition of biofilm formation, BIC50, µg/mL (µM). 

Comp S. aureus  

ATCC 25923 

S. aureus  

ATCC 6538 

S. epidermidis 

ATCC 12228 

P. aeruginosa 

15442 

E. coli  

25922 

9a 14.3 (35.9) 18.5 (46.5) 23.5 (59.1) n.s. n.s. 

9b 34.3 (80.2) 16.1 (37.0) 14.3 (33.4) 34.3 (80.2) 29.8 (69.7) 

9c 0.5 (1.2) 8.5 (18.5) 13.7 (29.9) n.s. n.s. 

9d 6.5 (15.6) 5.6 (13.4) 12.8 (30.8) 19.7 (47.4) n.s. 

9e 17.2 (47.5) 7.3 (20.2) 14.9 (41.2) n.s. n.s. 

9g 9.5 (23) 7.8 (18.9) 19.7 (47.9) n.s. n.s. 

9h 0.8 (1.8) 12.4 (28.0) 18.5 (41.9) n.s. n.s. 

9i 11.5 (24.3) 1.7 (3.6) 11.8 (25.0) 42.9 (91.0) n.s. 

9j 3.7 (8.6) 7.7 (17.9) 29.6 (68.9) n.s. n.s. 

9k 7.9 (21.0) 1.4 (3.0) 7.9 (21.0) 11.3 (30.1) 12.9 (34.3) 

9o 14.2 (26.4) 8.9 (16.5) 19.4 (36.1) n.s. n.s. 

9q 12.5 (23.9) 14.1 (27.0) 9.9 (19.1) 22.6 (43.3) n.s. 

9r 7.8 (16.8) 6.2 (13.3) 8.9 (19.2) n.s. n.s. 

9s n.s. n.s. 10.6 (21.6) n.s. n.s. 

9t 8.5 (16.0) 6.5 (12.4) 33.2 (63.8) 13.7 (26.3) n.s. 

9u 50 (90.8) 4.9 (8.9) 28.8 (52.3) 15.7 (28.5) n.s. 

9w 11.2 (20.9) 1.7 (3.1) 38.4 (71.7) 20.7 (38.6) 10.5 (19.6) 

9z 14.6 (31.6) 7.0 (15.1) 15.1 (32.7) 13.4 (29.0) n.s. 

9aa 11.9 (24.2) 0.28 (0.5) 9.3 (18.9) n.s. 45 (91.5) 

9ab 23.1 (51.3) 10.9 (24.2) 45.3 (100.7) n.s. n.s. 

9ac 26.4 (55.3) 17.1 (35.8) 13.6 (28.5) n.s. n.s. 

9ad 4.1 (9.7) 5.3 (12.6) 10.3 (24.5) n.s. n.s. 

9ae n.s. n.s. 16.3 (36.5) n.s. n.s. 

9af n.s. n.s. 11.4 (23.9) n.s. n.s. 

9ag 82.5 (163.0) 35.1 (69.4) 4.1 (8.1) n.s. n.s. 

9ah n.s. 23.4 (50.4) 7.9 (17.0) n.s. n.s. 

9ai n.s. 16.2 (33.0) 38.3 (78.0) n.s. n.s. 

n.s. not significant because lower than 15% of inhibition percentage at the screening concentration 

of 100 µg/mL 

 

Table 3. Inhibition of biofilm formation expressed as BIC90. 

 

Compounds 9c,9h,9i,9w,9aa and 10k, which were the most potent against the S. aureus 

strains, were also tested with the aim to evaluate their dispersal activity against the 24 h 

preformed biofilm of the same strains. Among the tested compounds, only derivative 9c 

showed a weak activity eliciting an IC50 value of 142.5mg/mL against S. aureus ATCC 

25923. These results suggested a mechanism of anti-biofilm activity related to the 
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interference with adhesion or regulatory mechanisms involved in bacterial communication 

systems characterizing the first steps of biofilm formation, rather than an ability to disrupt 

mature biofilms. The selectivity showed by most of our compounds towards Gram-positive 

pathogens and their activity in the first stages of the biofilm formation without interferences 

on the microbial viability and on the preformed biofilm led us to hypothesize the inhibition 

of SrtA as possible mechanism of action.33 To validate this hypothesis, compounds 9c, 9h, 

9k and 9aa, which showed the highest anti-biofilm activity and the best selectivity towards 

the Gram-positive strains, were selected for evaluating their inhibitory activity against S. 

aureus SrtA. However, no compound proved to be effective at the maximum tested 

concentration of 100 mM against the transpeptidase. We therefore speculate that many other 

targets can be involved in the anti-biofilm activity of this class of compounds, including 

autoinducing peptides (AIPs), autoinducer-2 (AI-2), bacterial second messengers, such as c-

di-GMP and c-di-AMP, and indole pathway.13 In particular, indole plays a key role in the 

communication system employed by the bacteria to coordinate many processes involved in 

the antibiotic resistance including biofilm formation, bacterial virulence, motility and 

dormant cell formation. It was reported as indole-containing small molecules area able to 

decrease in S. aureus the production of staphyloxanthin, which is a virulence factor 

responsible for the oxidant and neutrophil resistance of the pathogen. Additionally, in S. 

aureus, the interference with the indole pathway inhibits the hemolytic activity of the 

bacterium against human red blood cells. Indole-signaling pathway is currently considered 

a valuable target to counteract bacterial virulence and biofilm formation. A recent study 

reported many indole-containing small molecules able to inhibit biofilm formation by 

interfering with the bacterial indole signalling.42 Given the presence of the indole nucleus in 

these derivatives and considered that the anti-biofilm properties of most indole derivatives 

were due to the interference with the indole pathway, we hypothesize that our new 

compounds might act by this mechanism. 
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Figure 2. Concentration versus inhibition percentage graph, 9c and 9h towards S. aureus ATCC 

25923, and 9aa towards S. aureus ATCC 6538. 

 

Conclusions 

A library of 36 new 2-(6-phenylimidazo[2,-1-b][1,3,4]thiadia-zol-2-yl)-1H-indoles 9 and 

10 has been efficiently synthesized and evaluated for its anti-biofilm properties. 

Despite the numerous biological properties described for the imidazo[2,1-

b][1,3,4]thiadiazole scaffold, this is the first time that its anti-biofilm activity was reported. 

Among the synthesized compounds many derivatives were able to inhibit the biofilm 

formation of the tested staphylococcal strains showing BIC50 lower than 10 mg/mL, and in 

three cases (9c,9h and 9aa) lower than 1 mg/mL. Remarkably, compounds 9c,9h,9i,9w,9aa 

and 10k showed the typical behaviour of anti-virulence agents, inhibiting the formation of 

the bacterial biofilm, which is considered one of the most important bacterial virulence 

factor, especially in the case of microorganisms once considered harmless such as S. 

epidermidis. The anti-virulence strategy, aimed to counteract virulence factors without 

interfering with the microbial growth, has attracted increasing interest in the fight against 

the antibiotic resistance. Therefore the derivatives 9c,9h and 9aa could be considered 

attractive lead compounds for developing a new class of potent inhibitors of staphylococcal 

biofilm formation. These innovative antibiofilm strategies warrant further studies, in order 

to obtain effective approaches that will be included in the therapeutic arsenals for use against 

difficult-to-treat infections, such as chronic and medical devices associated infections. 
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Experimental 

Chemistry 

All melting points were taken on a Büchi-Tottoly capillary apparatus and are uncorrected. 

IR spectra were determined in bromoform with a Shimadzu FT/IR 8400S spectrophotometer. 

1H and 13C NMR spectra were measured at 200 and 50.0 MHz, respectively, in DMSO-d6 

solution, using a Bruker Avance II series 200 MHz spectrometer. Column chromatography 

was performed with Merk silica gel 230-400 mesh ASTM or with Büchi Sepacor 

chromatography module (prepacked cartridge system). Elemental analyses (C, H, N) were 

within ±0.4% of theoretical values and were performed with a VARIO EL III elemental 

analyzer. Purity of all the tested compounds was greater than 95%, determined by HPLC 

(Agilent 1100 Series). 

 

General procedure for the synthesis of 1H-indole-3-carbonitriles (5b-c) 

To a solution of the indole 4b,c (5.10 mmol) in anhydrous acetonitrile (4.5 mL), 

chlorosulfonyl isocyanate (CSI) (0.44 mL, 5.10 mmol) was added dropwise. The reaction 

mixture was stirred at 0 °C for 2 h. Anhydrous dimethylformamide (DMF) (2.8 mL, 36.39 

mmol) was slowly added and the mixture was maintained under stirring at 0 °C for 1.5 h. 

The reaction mixture was poured into crushed ice and the precipitate was filtered off and 

dried (Na2SO4) (yields 98-100%).  

Analytical and spectroscopic data for compounds 5b,c are in agreement with those 

previously reported.43 

 

General procedure for the synthesis of 1-methylindole-3-carbonitriles (6a-c) 

A mixture of the suitable 3-cyanoindole 5a-c (7.03 mmol), 0.5 g of K2CO3, anhydrous 

DMF (10 mL) and dimethyl carbonate (1.8 mL, 21.4 mmol) was heated under reflux at 130 

°C for 3.5 h. Then the reaction mixture was cooled to 3 °C and water and ice (25 mL) was 

slowly added under stirring. The oily suspension thus obtained was extracted with diethyl 

ether and the organic layer was washed with water and brine, dried over anhydrous Na2SO4 

and evaporated under vacuum to obtain the 3-cyano-1-methylindole 6a-c in excellent yields. 

Analytical and spectroscopic data are in accordance to those reported in literature.44 

 

General procedure for the synthesis of 5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amines (7a-f). 

A solution of the appropriate 1H-indole-3-carbonitriles 5a-c or 1-methylindole-3-

carbonitriles 6a-c (5 mmol) and thiosemicarbazide (5mmol) in trifluoroacetic acid (5 mL) 
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was refluxed at 60 °C for 3.5 h. The reaction mixture was then poured into ice and slowly 

neutralized with NaHCO3 saturated solution. The obtained precipitate was filtered off, 

washed with water, cyclohexane and diethyl ether. 

 

5-(1H-Indol-3-yl)-1,3,4-thiadiazol-2-amine (7a). 

Light yellow solid, yield: 98%, m.p. 210-211 °C, IR cm-1: 3609 (NH), 3461-3210 (NH2); 

1HNMR DMSO‑d6 (ppm): 7.15-7.24 (4H, m, Ar-H, NH2), 7.45 (1H, d, J = 6.75 Hz, Ar-H), 

7.85 (1H, d, J = 2.62 Hz, Ar-H), 8.11 (1H, d, J = 6.98 Hz, Ar-H), 11.64 (1H, s, NH); 13C 

NMR DMSO‑d6 (ppm): 107.2 (s), 111.9 (d), 120.4 (d), 120.6 (d), 122.4 (d), 124.1 (s), 126.6 

(d), 136.4 (s), 152.3 (s), 165.8 (s). Anal. Calcd for C10H8N4S 

(MW 216.26): C, 55.54%; H, 3.73%; N, 25.91%. Found: C, 55.71%; H, 3.68%; N, 25.75%. 

 

5-(1-Methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7b). 

Light yellow solid, yield: 98%, m.p. 124-125 °C, IR cm-1: 3612 (NH), 3478-3228 (NH2); 

1HNMR DMSO‑d6 (ppm): 3.85 (3H, s, CH3), 7.23-7.35 (2H, m, Ar-H), 7.55 (1H, d, J = 

7.41 Hz, Ar-H), 8.06 (2H, d, J = 6.05 Hz, Ar-H), 8.57 (2H, bs, NH2); 
13C NMR DMSO‑d6 

(ppm): 33.3 (q), 107.5 (s), 110.6 (d), 120.6 (d), 121.2 (d), 122.8 (d), 124.2 (s), 131.8 (d), 

136.2 (s), 152.4 (s), 166.8 (s). Anal. Calcd for C11H10N4S (MW 230.29): C, 57.37%; H, 

4.38%; N, 24.33%. Found: C, 57.48%; H, 4.42%; N, 24.51%. 

 

5-(5-Bromo-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7c). 

Yellow solid, yield: 92%, m.p. 232-233 °C. IR cm-1: 3445 (NH), 4147 (NH2); 
1HNMR 

(200 MHz, DMSO‑d6) d: 7.19-7.46 (4H, m, ArH, NH2), 7.91 (1H, s, Ar-H), 8.30 (1H, s, Ar-

H), 11.83 (1H, bs, NH); 13C NMR (50 MHz, DMSO‑d6) d: 107.0 (s), 112.9 (s), 113.9 (d), 

123.0 (d), 124.9 (d), 125.8 (s), 127.9 (d), 135.1 (s), 151.8 (s), 165.9 (s). Anal. Calcd for 

C10H7BrN4S (MW 295.16): C, 40.69%; H, 2.39%; N, 8.98%. Found: C, 40.72%; H, 2.36%; 

N, 8.95%. 

 

5-(5-Bromo-1-methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7d). 

Yellow solid, yield: 98%, m.p. 174-175 °C, IR cm-1: 3558 (NH2); 
1HNMR DMSO‑d6 

(ppm): 3.84 (3H, s, CH3), 7.51 (2H, dd, J = 1.92, 8.75 Hz, Ar-H), 8.08 (3H, m, Ar-H, NH2), 

8.23 (1H, s, Ar-H); 13C NMR DMSO‑d6 (ppm): 32.9 (q), 105.4 (s), 112.7 (d), 113.5 (s), 

123.0 (d), 125.1 (d), 125.9 (s), 132.3 (d), 135.7 (s), 151.3 (s), 166.2 (s). Anal. Calcd for 
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C11H9BrN4S (MW 309.19): C, 42.73%; H, 2.93%; N, 18.12%. Found: C, 42.82%; H, 3.01%; 

N, 18.24%. 

 

5-(5-Chloro-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7e). 

Orange solid, yield: 98%, m.p. 234-235 °C, IR cm-1: 3564 (NH), 3255 (NH2); 
1HNMR 

DMSO‑d6 (ppm): 7.19-7.50 (4H, m, Ar-H, NH2), 7.98 (1H, s, Ar-H), 8.14 (1H, s, Ar-H), 

11.87 (1H, s, NH); 13C NMR DMSO‑d6 (ppm): 106.9 (s), 113.6 (d), 119.9 (d), 122.5 (d), 

125.0 (s), 125.1 (s), 128.4 (d), 134.9 (s), 151.8 (s), 166.0 (s). Anal. Calcd for C10H7ClN4S 

(MW 250.70): C, 47.91%; H, 2.81%; N, 22.35%. Found: C, 47.75%; H, 2.92%; N, 22.54%. 

 

5-(5-Chloro-1-methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7f). 

Yellow solid, yield: 100%, m.p. 95-96 °C, IR cm-1: 3609 (NH2); 1HNMR DMSO‑d6 

(ppm): 3.84 (3H, s, CH3), 7.29 (1H, d, J = 8.77, Ar-H), 7.58 (1H, d, J = 8.76, Ar-H), 8.08 

(4H, Ar-H, NH2); 
13C NMR DMSO‑d6 (ppm): 33.0 (q), 105.2 (s), 112.3 (d), 119.9 (d), 122.7 

(d), 125.2 (s), 125.7 (s), 132.7 (d), 135.5 (s), 166.4 (s). Anal. Calcd for C11H9ClN4S (MW 

264.74): C, 49.91%; H, 3.43%; N, 21.16%. Found: C, 50.03%; H, 3.68%; N, 21.32%. 

 

General procedure for the synthesis of 3-(6-Phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-

1H-indoles derivatives 9a-d,g-j,m-p,s-ac,af and 10e,f,k,l,q,r,ad,ae,ag,ah,ai,aj 

A solution of the suitable 5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-amine 7a-f (0.92 mmol) 

and the appropriate 2-bromo-1-phenylethanone 8a-f (0.92 mmol) in 40 mL of anhydrous 

ethanol was heated under reflux for 24 h. Upon cooling, the corresponding hydrobromide 

was filtered off and washed with ethanol. Derivatives 9a-d,g-j,m-p,s-ac,af were isolated as 

pure compounds and were 

characterized without further purifications. Instead, in the case of compounds 

9e,f,k,l,q,r,ad,ae,ag-aj. It was necessary the treatment with saturated aqueous NaHCO3 

solution for obtaining the corresponding free base 10 which was purified by silica gel column 

chromatography eluting by dichloromethane:ethyl acetate, 1:1. Derivatives 9k,q,w,ac,ai,v 

were characterized only by 1HNMR spectra due to their poor solubility. 

 

3-(6-Phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole hydrobromide (9a). 

Light yellow solid, yield: 47%, m.p. 305-306 °C, IR cm-1: 2622 (NH), 3193 (NH); 

1HNMR (200 MHz, DMSO‑d6) d: 7.27e7.58 (6H, m, Ar-H), 7.89 (2H, d, J = 8.4 Hz, Ar-H), 

8.14-8.18 (1H, m, Ar-H), 8.41 (1H, d, J = 2.98 Hz, Ar-H), 8.83 (1H, s, Ar-H),12.24 (1H, s, 
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NH); 13C NMR (50 MHz, DMSO‑d6) d: 106.0 (s),110.9 (d),112.6 (d), 120.3 (d), 121.6 (d), 

123.3 (d), 123.7 (s), 124.6 (2xd), 127.7 (d), 128.8 (2xd), 130.0 (d), 132.1 (s), 136.7 (s), 142.6 

(s), 142.8 (s), 158.2 (s). Anal. Calcd for C18H13BrN4S (MW 397.28): C, 54.42%; H, 3.30%; 

N, 14.10%. Found: C, 54.61%; H, 3.15%; N, 14.18%. 

 

3-[6-(3-Methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole hydrobromide 

(9b). 

Light yellow solid, yield: 43%, m.p. 284-285 °C, IR cm-1: 2719 (NH), 3153 (NH); 

1HNMR (200 MHz, DMSO‑d6) d: 3.82 (3H, s, OCH3), 6.87-6.92 (1H, m, Ar-H), 7.27-7.58 

(6H, m, Ar-H), 8.14-8.18 (1H, m, Ar-H), 8.40 (1H, d, J = 4.6 Hz, Ar-H), 8.84 (1H, s, Ar-H), 

10.44 (1H, s, NH), 12.23 (1H, s, NH); 13C NMR (50 MHz, DMSO‑d6) d: 55.1 (q), 106.0 (s), 

109.9 (d), 111.1 (d), 112.6 (d), 113.3 (d), 116.9 (d), 120.3 (d), 121.6 (d), 123.3 (d), 123.7 (s), 

129.9 (d), 130.0 (d), 133.6 (s), 136.7 (s), 142.5 (s), 142.7 (s), 158.2 (s), 159.6 (s). Anal. Calcd 

for C19H15BrN4OS (MW 427.33): C, 53.40%; H, 3.54%; N, 13.11%. Found: C, 53.51%; H, 

3.50%; N, 13.23%. 

 

3-[6-(2,5-Dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (9c). 

Light yellow solid, yield: 42%, m.p. 260-261 °C, IR cm-1: 2735 (NH), 3124 (NH); 

1HNMR (200 MHz, DMSO‑d6) d: 3.78 (3H, s, OCH3), 3.94 (3H, s, OCH3), 6.94-6.95 (1H, 

m, Ar-H), 7.09 (1H, d, J = 9.1 Hz, Ar-H), 7.28-7.32 (2H, m, Ar-H), 7.59-7.61 (2H, m, Ar-

H), 8.15-8.20 (1H, m, Ar-H), 8.46 (1H, d, J = 3.15 Hz, Ar-H), 8.76 (2H, s, Ar-H, NH), 12.27 

(1H, s, NH); 13C NMR (50 MHz, DMSO‑d6) d: 55.4 (q), 55.9 (q), 105.8 (s), 111.7 (d), 112.6 

(d), 112.9 (d), 113.5 (d), 114.4 (d), 119.4 (s), 120.3 (d), 121.7 (d), 123.3 (d), 123.7 (s), 130.4 

(d), 136.7 (s), 136.9 (s), 141.9 (s), 149.8 (s), 153.2 (s), 159.0 (s). Anal. Calcd for 

C20H17BrN4O2S (MW 457.33): C, 52.52%; H, 3.75%; N, 12.25%. Found: C, 52.61%; H, 

3.68%; N, 12.36%.  

 

3-[6-(4-Fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole hydrobromide (9d). 

Light yellow solid, yield: 42%, m.p. 318-319 °C, IR cm-1: 2719 (NH), 3181 (NH); 

1HNMR (200 MHz, DMSO‑d6) d: 7.25-7.34 (4H, m, 4xAr-H), 7.53-7.57 (1H, m, Ar-H), 

7.87-7.94 (2H, m, 2xAr-H), 8.12-8.16 (1H, m, Ar-H, NH), 8.40 (1H, d, J = 2.98 Hz, Ar-H), 

8.79 (1H, s, Ar-H); 12.03 (1H, s, NH), 12.24 (1H, s, NH); 13C NMR (50 MHz, DMSO‑d6) 

d: 106.0 (s), 110.7 (d), 112.6 (d), 115.5 (d), 115.9 (d), 120.2 (d), 121.6 (d), 123.2 (d), 123.7 
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(s), 126.6 (d), 126.7 (d), 128.6 (s), 133.0 (d), 136.6 (s), 141.5 (s), 142.8 (s), 158.3 (s), 159.2 

(s). Anal. Calcd for C18H12BrFN4S (MW 415.27): C, 52.06%; H, 2.91%; N, 13.49%. Found: 

C, 52.15%; H, 2.78%; N, 13.40%. 

 

3-[6-(4-Nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole (10e). 

Orange solid, yield: 52%, m.p. 359-360 °C, IR cm-1: 3324 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 7.26-7.31 (2H, m, 2xAr-H), 7.51-7.56 (1H, m, Ar-H), 8.07-8.33 (6H, m, Ar-

H), 8.93 (1H, s, Ar-H),12.16 (1H, s, NH); 13C NMR (50 MHz, DMSO‑d6) d: 106.4 (s), 112.5 

(d), 113.1 (d), 120.3 (d), 121.5 (d), 123.2 (d), 123.7 (s), 124.1 (2xd), 124.9 (2xd), 129.8 (d), 

136.7 (s), 140.6 (s), 142.4 (s), 144.2 (s), 145.7 (s), 158.0 (s). Anal. Calcd for C18H11N5O2S 

(MW 361.37): C, 59.82%; H, 3.07%; N, 19.38%. Found: C, 59.97%; H, 3.25%; N, 19.51%. 

 

3-[6-(4-Trifluoromethylphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole (10f). 

Light yellow solid, yield: 50%, m.p. 293-295 °C, IR cm-1: 3678 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 7.27-7.32 (2H, m, 2xAr-H), 7.53-7.57 (1H, m, Ar-H), 7.77 (2H, d, J = 8.37, 

Ar-H), 8.08-8.20 (3H, m, Ar-H), 8.35 (1H, s, Ar-H), 8.88 (1H, s, Ar-H), 12.16 (1H, s, NH); 

13C NMR (50 MHz, DMSO‑d6) d: 106.3 (s), 112.0 (s), 112.5 (d), 120.3 (s), 120.3 (d), 121.5 

(d), 123.2 (d), 123.7 (d), 124.8 (2xd),125.6 (2xd),129.7 (d),136.7 (s),137.9 (s),142.8 

(s),143.6 (s), 157.8 (s). Anal. Calcd for C19H11F3N4S (MW: 384.38): C, 59.37%; H, 2.88%; 

N, 14.58%. Found: C, 59.41%; H, 2.95%; N, 14.70%. 

 

1-Methyl-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole hydrobromide (9g). 

Light yellow solid, yield: 50%, m.p. 282-283 °C, IR cm-1: 2604 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 3.90 (3H, s, CH3), 7.32-7.45 (5H, m, Ar-H), 7.60-7.64 (1H, m, Ar-H), 7.88 

(2H, d, J = 4.22 Hz; Ar-H), 8.13-8.18 (1H, m, Ar-H), 8.40 (1H, s, Ar-H), 8.78 (1H, s, Ar-

H), 9.14 (1H, bs, NH); 13C NMR (50 MHz, DMSO‑d6) d: 33.1 (q), 100.0 (s), 110.8 (d), 

111.1 (d), 120.4 (d), 121.9 (d),123.3 (d), 124.0 (s),124.6 (2xd),127.5 (d),128.7 (2xd),132.6 

(s),133.3 (d),137.2 (s), 142.7 (s), 143.1 (s), 157.4 (s). Anal. Calcd for C19H15BrN4S (MW: 

411.32): C, 55.48%; H, 3.68%; N, 13.62%. Found: C, 55.52%; H, 3.74%; N, 13.51%. 

 

3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole 

hydrobromide (9h). 

Light yellow solid, yield: 52%, m.p. 266-267 °C, IR cm-1: 2473 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 3.82 (3H, s, OCH3), 3.90 (3H, s, CH3), 6.86-6.91 (1H, m, Ar-H), 7.35-7.46 
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(5H, m, Ar-H, NH), 7.63-7.64 (1H, m, Ar-H), 8.13-8.17 (1H, m, Ar-H), 8.40 (1H, s, Ar-H), 

8.80 (1H, s, Ar-H), 10.45 (1H, bs, NH); 13C NMR (50 MHz, DMSO‑d6) d: 33.1 (q), 55.0 

(q), 105.0 (s), 109.9 (d), 111.0 (d), 112.0 (d), 113.1 (d), 116.9 (d), 120.4 (d), 121.9 (d), 123.2 

(d), 124.0 (s),129.8 (d), 133.3 (d), 134.0 (s), 137.2 (s), 142.6 (s), 143.1 (s), 157.4 (s), 159.6 

(s). Anal. Calcd for C20H17BrN4OS (MW: 441.34): C, 54.43%; H, 3.88%; N, 12.69%. Found: 

C, 54.51%; H, 3.99%; N, 12.82%.  

 

3-[6-(2,5-Dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole 

hydrobromide (9i). 

Light yellow solid, yield: 48%, m.p. 266-267 °C, IR cm-1: 2607 (NH); 1HNMR 

(200 MHz, DMSO‑d6) d: 3.78 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.93 (3H, s, CH3), 6.87-

6.93 (1H, m, Ar-H), 7.02-7.10 (1H, m, Ar-H), 7.32-7.40 (2H, m, Ar-H), 7.61-7.64 (2H, m, 

Ar-H), 7.88 (1H, bs, NH), 8.14-8.18 (1H, m, Ar-H), 8.42 (1H, s, Ar-H), 8.67 (1H, s, Ar-H); 

13C NMR (50 MHz, DMSO‑d6) d:33.1 (q), 55.4 (q), 55.9 (q), 105.7 (s), 111.7 (s), 112.6 (s), 

112.9 (s), 113.5 (d), 114.3 (d), 119.4 (s), 120.2 (d), 121.7 (d), 123.3 (d), 123.6 (s), 130.4 (d), 

136.7 (s), 136.9 (s), 141.9 (s), 149.8 (s), 153.2 (s), 159.0 (s). Anal. Calcd for C21H19BrN4O2S 

(MW: 471.37): C, 53.51%; H, 4.06%; N, 11.89%. Found: C, 53.70%; H, 4.12%; N, 11.98%. 

 

3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole 

hydrobromide (9j). 

Light yellow solid, yield: 50%, m.p. 269-270 °C, IR cm-1: 2610-2719 (NH); 1HNMR (200 

MHz, DMSO‑d6) d: 3.89 (3H, s, CH3), 7.23-7.37 (4H, m, Ar-H), 7.59e7.63 (1H, m, Ar-H), 

7.86e7.93 (2H, m, Ar-H), 8.12e8.21 (2H, m, Ar-H, NH), 8.37 (1H, s, Ar-H), 8.73 (1H, s, Ar-

H); 13C NMR (50 MHz, DMSO‑d6) d: 33.1 (q), 105.1 (s), 110.5 (d), 111.0 (d), 115.4 (d), 

115.8 (d), 120.4 (d), 121.8 (d), 123.2 (d), 124.0 (s), 126.4 (d), 126.6 (d),129.5 (s),133.2 

(d),137.2 (s),142.6 (2xs),142.7 (s),157.2 (s). Anal. Calcd for C19H14BrFN4S (MW: 

429.31): C, 53.16%; H, 3.29%; N, 13.05%. Found: C, 53.08%; H, 3.88%; N, 12.72%. 

 

1-Methyl-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole (10k). 

Orange solid, yield: 52%, m.p. 299-300 °C. 1HNMR (200 MHz, DMSO‑d6) d: 3.92 (3H, 

s, CH3), 7.34-7.38 (2H, m, 2xAr-H), 7.62-7.65 (1H, m, Ar-H), 8.12-8.40 (6H, m, Ar-H), 9.00 

(1H, s, Ar-H). Anal. Calcd for C19H13N5O2S (MW: 375.40): C, 60.79%; H, 3.49%; N, 

18.66%. Found: C, 60.92%; H, 3.32%; N, 18.79%. 
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5.1.4.12. 1-Methyl-3-{6-[4-(trifluoromethyl)phenyl]imidazo[2,1-b][1,3,4]thiadiazol-2-yl}-

1H-indole (10l). Light yellow solid, yield: 42% m.p. 242-243 °C. 1HNMR (200 MHz, 

DMSO‑d6) d: 3.88 (3H, s, CH3), 7.30-7.39 (2H, m, Ar-H), 7.60 (1H, d, J = 8.37, Ar-H), 7.74 

(2H, d, J = 8.4, Ar-H), 8.04-8.17 (3H, m, Ar-H), 8.32 (1H, s, Ar-H), 8.84 (1H, s, Ar-H); 13C 

NMR (50 MHz, DMSO‑d6) d: 33.1 (q), 105.2 (s), 111.0 (d), 112.0 (d), 112.1 (s), 120.4 (d), 

120.6 (s), 121.8 (d), 123.2 (d), 124.0 (s), 124.8 (2xd), 125.5 (d), 125.6 (s), 133.2 (d), 137.2 

(s), 137.7 (s), 142.8 (s), 143.4 (s), 157.3 (s). Anal. Calcd for C20H13F3N4S (MW: 398.40): C, 

60.29%; H, 3.29%; N, 14.06%. Found: C, 60.44%; H, 3.35%; N, 14.28%.  

 

5-Bromo-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole hydrobromide (9m). 

Light yellow solid, yield: 50%, m.p. 303-304 °C, IR cm-1: 2690-2804 (NH), 3553-3638 

(NH); 1HNMR (200 MHz, DMSO‑d6) d: 7.29-7.55 (5H, m, Ar-H), 7.87 (2H, d, J = 7.6 Hz, 

Ar-H), 8.37 (2H, d, J = 18.81 Hz, Ar-H), 8.81 (1H, s, Ar-H), 12.33 (1H, s, NH); 13C NMR 

(50 MHz, DMSO‑d6) d: 106.0 (s),110.7 (d), 114.1 (s), 114.6 (d), 122.6 (d), 124.4 (2xd), 

125.3 (s), 125.8 (d), 127.2 (d), 128.6 (2xd), 130.9 (d), 133.5 (s), 135.4 (s), 142.8 (s), 144.2 

(s), 156.8 (s). Anal. Calcd for C18H12Br2N4S (MW: 476.19): C, 45.40%; H, 2.54%; N, 

11.77%. Found: C, 45.58%; H, 2.63%; N, 11.59%. 

 

5-Bromo-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (9n). 

Light yellow solid, yield: 50%, m.p. 299-300 °C, IR cm-1: 2629 (NH), 3113 (NH); 

1HNMR (200 MHz, DMSO‑d6) d: 3.81 (3H, s, OCH3), 6.85-6.90 (1H, m, Ar-H), 7.34-7.54 

(5H, m, Ar-H), 8.30 (1H, d, J = 1.72 Hz, Ar-H), 8.43 (1H, d, J = 2.96 Hz, Ar-H), 8.86 (1H, 

s, Ar-H), 10.16 (1H, bs, NH), 12.37 (1H, s, NH); 13C NMR (50 MHz, DMSO‑d6) d: 55.0 

(q), 106.0 (s), 109.8 (d), 111.1 (d), 113.1 (d), 114.6 (d), 116.8 (d), 120.3 (s), 122.6 (d), 125.8 

(d), 123.7 (s), 129.8 (d), 131.1 (d), 133.6 (s), 136.7 (s), 142.5 (s), 142.7 (s), 158.2 (s), 159.6 

(s). Anal. Calcd for C19H14Br2N4OS (MW: 506.21): C, 45.08%; H, 2.79%; N, 11.07%. 

Found: C, 45.16%; H, 2.88%; N, 11.15%. 

 

5-Bromo-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (9o). 

Light yellow solid, yield: 43%, m.p. 306-307 °C, IR cm-1: 2565-2645 (NH), 3604 (NH); 

1HNMR (200 MHz, DMSO‑d6) d: 3.77 (3H, s, OCH3), 3.93 (3H, s, OCH3), 6.89-6.91 (1H, 

m, Ar-H), 7.05 (1H, d, J = 9 Hz, Ar-H), 7.43-7.63 (3H, m, Ar-H), 8.32 (1H, d, J = 1.7 Hz, 
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Ar-H), 8.46 (1H, d, J = 2.98 Hz, Ar-H), 8.72 (1H, s, Ar-H), 12.38 (1H, s, NH); 13C NMR 

(50 MHz, DMSO‑d6) d: 55.4 (q), 55.8 (q),105.7 (s),111.6 (d),112.7 (d), 113.8 (d), 113.9 (s), 

114.2 (d), 114.6 (s), 120.6 (s), 122.6 (d), 125.3 (d), 125.1 (d), 131.4 (d), 135.5 (s), 138.2 (s), 

141.9 (s), 149.9 (s), 153.1 (s), 157.8 (s). Anal. Calcd for C20H16Br2N4O2S (MW: 536.24): C, 

44.80%; H, 3.01%; N, 10.45%. Found: C, 44.71%; H, 3.20%, N, 10.56%. 

 

5-Bromo-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (9p). 

Light yellow solid, yield: 42%, m.p. 289-290 °C, IR cm-1: 2868-2958 (NH), 3341-3484 

(NH); 1HNMR (200 MHz, DMSO‑d6) d: 7.22-7.54 (4H, m, Ar-H), 7.85-7.92 (2H, m, Ar-

H), 8.36 (2H, d, J = 26.23 Hz, Ar-H), 8.78 (1H, s, Ar-H), 12.34 (1H, s, NH); 13C NMR (50 

MHz, DMSO‑d6) d: 105.9 (s), 110.5 (d), 114.0 (s), 114.6 (d), 115.3 (d), 115.7 (d), 122.6 (d), 

125.3 (s), 125.8 (d), 126.2 (d), 126.4 (d), 127.9 (s), 130.4 (s), 130.8 (d), 131.2 (s), 135.4 (s), 

142.9 (s), 156.7 (s). Anal. Calcd for C18H11Br2FN4S (MW: 494.18): C, 43.75%; H, 2.24%; 

N, 11.34%. Found: C, 43.82%; H, 2.18%; N, 11.51%.  

 

5-Bromo-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole (10q). 

Orange solid, yield: 42%, m.p. 337-338 °C, IR cm-1: 3609 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 7.42-7.52 (2H, m, Ar-H), 8.10-8.34 (5H, m, Ar-H), 8.44 (1H, s, Ar-H), 9.09 

(1H, s, Ar-H), 12.37 (1H, s, NH). Anal. Calcd for C18H10BrN5O2S (MW: 440.27): C, 

49.10%; H, 2.29%; N, 15.91%. Found: C, 49.25%; H, 2.03%; N, 15.79%. 

 

5-Bromo-3-[6-(4-trifluoromethylphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

(10r). 

White solid, yield: 45%, m.p. 314-315 °C, IR cm-1: 3609 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 7.39-7.54 (2H, m, Ar-H), 7.76 (2H, d, J = 8.27 Hz, Ar-H), 8.02 (2H, d, J = 

8.03 Hz, Ar-H), 8.35 (2H, dd, J = 1.56, 2.94 Hz, Ar-H), 8.94 (1H, s, Ar-H), 12.32 (1H, s, 

NH); 13C NMR (50 MHz, DMSO‑d6) d: 106.0 (s), 112.2 (d), 114.1 (s), 114.6 (s), 115.5 (d), 

122.6 (d), 124.8 (2xd), 125.4 (s), 125.6 (s), 125.8 (d), 130.9 (d), 135.4 (s), 137.8 (s), 143.0 

(s), 143.5 (s), 157.2 (s). Anal. Calcd for C19H10BrF3N4S (MW: 463.27): C, 42.96%; H, 

2.18%; N, 12.09%. Found: C, 43.12%; H, 2.35%; N, 12.28%. 

 

5-Bromo-1-methyl-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole 

hydrobromide (9s). 
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White solid, yield 52%, m.p. 219-220 °C, IR cm-1: 2936 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 3.87 (3H, s, CH3), 7.27-7.61 (5H, m, Ar-H), 7.84 (2H, d, J = 7.19 Hz, Ar-H), 

8.26 (1H, d, J = 1.81 Hz, Ar-H), 8.40 (1H, d, J = 5.2 Hz, Ar-H), 8.81 (1H, s, Ar-H), 8.91 

(1H, bs, NH); 13C NMR (50 MHz, DMSO‑d6) d: 33.4 (q), 104.7 (s), 110.9 (s) 113.2 (d), 

114.6 (s), 122.6 (d), 124.5 (d), 125.5 (s), 125.8 (d), 127.5 (d), 128.7 (d), 132.8 (s), 134.5 (d), 

136.0 (s), 142.6 (s), 143.4 (s), 156.8 (s). Anal. Calcd for C19H14Br2N4S (MW: 490.21): C, 

46.55%; H, 2.88%; N, 11.43%. Found: C, 46.78%; H, 2.95%; N, 11.51%. 

 

5-Bromo-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-

indole hydrobromide (9t). 

Light yellow solid, yield 45%, mp 285-286 °C. 1HNMR (200 MHz, DMSO‑d6) d: 3.80 

(3H, s, CH3), 3.86 (3H, s, OCH3), 6.87 (1H, d, J = 7.86 Hz, Ar-H), 7.33-7.59 (5H, m, Ar-H), 

8.24 (1H, d, J = 1.78 Hz, Ar-H), 8.41 (1H, s, Ar-H), 8.82 (1H, s, Ar-H), 9.50 (1H, bs, NH); 

13C NMR (50 MHz, DMSO‑d6) d: 33.3 (q), 55.0 (q),104.7 (s), 109.7 (d), 113.1 (d),114.5 (s), 

116.8 (d), 122.6 (d), 125.5 (s), 125.7 (d), 129.6 (d), 129.8 (d), 134.3 (d), 135.9 (s), 142.5 (s), 

143.5 (s),156.7 (s), 159.2 (s), 159.5 (s). Anal. Calcd for C10H16Br2N4OS (MW: 520.24): C, 

46.17%; H, 3.10%; N, 10.77%. Found: C, 46.28%; H, 3.02%; N, 10.91%. 

 

5-Bromo-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-

indole hydrobromide (9u). 

Light yellow solid, yield 53%, mp 290-291 °C, IR cm-1: 2473-2610 (NH); 1HNMR (200 

MHz, DMSO‑d6) d: 3.77 (3H, s, CH3), 3.88 (3H, s, OCH3), 3.92 (3H, s, OCH3), 6.39 (1H, 

bs, NH), 6.83-7.07 (2H, m, Ar-H), 7.44-7.63 (3H, m, Ar-H), 8.28 (1H, d, J =1.68, Ar-H), 

8.43 (1H, s, Ar-H), 8.66 (1H, s, Ar-H); 13C NMR (50 MHz, DMSO‑d6) d: 33.3 (q), 55.3 (q) 

55.8 (q), 99.3 (s),100.7 (d),104.8 (s),106.5 (d),111.1 (s),111.6 (d), 112.5 (d), 114.6 (s), 122.8 

(d), 125.7 (d), 130.6 (d), 134.0 (d), 134.4 (s), 138.0 (s), 139.4 (s), 149.9 (s), 153.1 (s), 157.0 

(s). Anal. Calcd for C21H18Br2N4O2S (MW: 550.26): C, 45.84%; H, 3.30%; N, 10.18%. 

Found: C, 45.93%; H, 3.60%; N, 10.32%. 

 

5-Bromo-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole 

hydrobromide (9v) 

White solid, yield 48%, mp 293-294 °C, IR cm-1: 2588-2609 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 3.88 (3H, s, CH3), 7.21-7.30 (2H, t, Ar-H), 7.55 (2H, m, Ar-H), 7.87 (2H, dd, 

J = 1.9, 8.69 Hz, Ar-H), 8.28 (1H, d, J = 1.62, Ar-H), 8.39 (1H, s, Ar-H), 8.75 (1H, s, Ar-
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H). Anal. Calcd for C19H13Br2FN4S (MW: 508.20): C, 44.90%; H, 2.58%; N,11.02%. Found: 

C, 45.06%; H, 2.64%; N, 11.13%. 

 

5-Bromo-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole 

hydrobromide (9w). 

Orange solid, yield 46%, mp 320-321 °C, IR cm-1: 2925 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 3.92 (3H, s, CH3), 7.53 (1H, d, J = 2.08, Ar-H), 7.63-7.68 (1H, m, Ar-H), 8.12 

(2H, d, J = 8.86, Ar-H), 8.28-8.33(3H, m, Ar-H), 8.47 (1H, s, Ar-H), 9.08 (1H, s, Ar-H). 

Anal. Calcd for C19H13Br2N5O2S (MW: 535.21): C, 42.64%; H, 2.45%; N, 13.08%. Found: 

C, 42.78%; H, 2.58%; N, 13.23%. 

 

5-Bromo-3-[6-(4-trifluoromethylphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-

1H-indole (10x). 

Yellow solid, yield 42%, m.p. 254-255 °C. 1HNMR (200 MHz, DMSO‑d6) d: 3.84 (3H, 

s, CH3), 7.41-7.57 (2H, m, 2xAr-H), 7.71 (2H, d, J = 8.38 Hz, Ar-H), 8.00 (2H, d, J = 8.09 

Hz, Ar-H), 8.23 (1H, d, J = 1.72 Hz, Ar-H), 8.32 (1H, s, Ar-H), 8.85 (1H, s, Ar-H); 13C NMR 

(50 MHz, DMSO‑d6) d: 33.3 (q), 104.9 (s), 112.1 (d), 113.1 (d), 114.5 (s), 122.7 (2xd), 

124.7 (d), 125.5 (d), 125.5 (d), 125.7 (d), 127.3 (s), 134.2 (d), 135.9 (s), 137.9 (s), 143.1 (s), 

143.3 (s), 156.6 (s). Anal. Calcd for C20H12BrF3N4S (MW: 477.30): C, 50.33%; H, 2.53%; 

N, 11.74%. Found: C, 50.54%; H, 2.72%; N, 11.88%. 

 

5-Chloro-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole hydrobromide (9y). 

Light yellow solid, yield: 45%, m.p. 297-298 °C, IR cm-1: 2890 (NH), 3445 (NH); 

1HNMR (200 MHz, DMSO‑d6) d: 7.27-7.58 (5H, m, Ar-H), 7.87 (2H, d, J = 7.14 Hz, Ar-

H), 8.17 (1H, d, J = 1.82 Hz, Ar-H), 8.40 (1H, d, J = 2.86 Hz, Ar-H), 8.76 (1H, s, Ar-H),12.31 

(1H, s, NH); 13C NMR (50 MHz, DMSO‑d6) d: 106.3 (s), 110.6 (d), 114.8 (d), 119.6 (d), 

123.2 (d), 124.4 (2xd), 124.8 (s), 126.1 (s), 127.0 (d), 128.6 (2xd), 130.9 (d), 134.0 (s), 135.2 

(s), 142.9 (s), 144.8 (s), 156.6 (s). Anal. Calcd for C18H12BrClN4S (MW 558.21): C, 50.08%; 

H, 2.80%; N,12.98%. Found: C, 50.25%; H, 2.91%; N,12.90%. 

 

5-Chloro-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (9z). 

White solid, yield: 46%, m.p. 291-292 °C, IR cm-1: 3478 (NH), 2884 (NH); 1HNMR (200 

MHz, DMSO‑d6) d: 3.81 (3H, s, OCH3), 6.88 (1H, d, J = 6.84 Hz, Ar-H), 7.28-7.59 (5H, m, 
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Ar-H), 8.14 (1H, d, J = 1.82 Hz, Ar-H), 8.46 (1H, d, J = 2.90 Hz, Ar-H), 8.87 (1H, s, Ar-H), 

10.19 (1H, bs, NH), 12.39 (1H, s, NH); 13C NMR (50 MHz, DMSO‑d6) d: 55.0 (q), 106.0 

(s), 109.8 (d), 111.1 (s), 111.3 (s), 113.2 (d), 114.3 (2xd), 115.4 (s), 116.9 (d), 119.6 (s), 

123.4 (d), 124.7 (s), 126.2 (s), 129.8 (d), 131.2 (s), 134.2 (s). Anal. Calcd for 

C19H14BrClN4OS (MW: 461.76): C, 49.42%; H, 3.06%; N, 12.13%. Found: C, 49.58%; H, 

3.21%; N, 12.25%. 

 

5-Chloro-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (9aa). 

White solid, yield: 46%, mp 265-266 °C, IR cm-1: 3473 (NH), 2902 (NH); 1HNMR (200 

MHz, DMSO‑d6) d: 3.77 (3H, s, OCH3), 3.93 (3H, s, OCH3), 6.86-6.92 (1H, m, Ar-H), 7.07 

(1H, d, J = 9.05 Hz, Ar-H), 7.28-7.33 (1H, m, Ar-H), 7.57 (2H, m, Ar-H), 7.98 (1H, bs, NH), 

8.15 (1H, s, Ar-H), 8.51 (1H, s, Ar-H), 8.76 (1H, s, Ar-H), 12.41 (1H, s, NH); 13C NMR (50 

MHz, DMSO‑d6) d: 55.3 (q), 55.7 (q),106.1 (s), 112.7 (d), 114.2 (s), 114.8 (d), 116.3 (s), 

119.5 (d), 123.3 (d), 124.8 (s), 126.9 (s), 131.4 (d), 135.2 (s), 150.6 (s), 152.7 (s), 152.9 (d), 

153.1 (s), 157.3 (s). Anal. Calcd for C20H16BrClN4O2S (MW: 491.79): C, 48.84%; H, 3.28%; 

N, 11.39%. 

Found: C, 48.96%; H, 3.42%; N, 11.51%. 

 

5-Chloro-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (9ab). 

Light yellow solid, yield: 45%, m.p. 288-289 °C, IR cm-1: 3484 (NH), 2890 (NH); 

1HNMR (200 MHz, DMSO‑d6) d: 7.20 (1H, s, NH), 7.23-7.33 (3H, m, Ar-H), 7.57 (1H, d, 

J = 8.68 Hz, Ar-H), 7.59 (1H, s, Ar-H), 7.86-7.90 (2H, m, Ar-H), 8.15 (1H, d, J = 1.96 Hz, 

Ar-H), 8.43 (1H, d, J = 2.94, Ar-H), 8.78 (1H, s, Ar-H), 12.34 (1H, s, NH); 13C NMR (50 

MHz, DMSO‑d6) d: 106.1 (s), 110.6 (d), 114.2 (d), 115.4 (d), 115.8 (d), 119.6 (d), 123.3 (d), 

124.7 (s), 126.1 (s), 126.3 (d), 126.5 (d), 130.0 (s), 131.1 (d), 135.2 (s),142.9 (s),143.2 

(s),157.0 (s). Anal. Calcd for C18H11BrClFN4S (MW: 449.73): C, 48.07%, H, 2.47%, 

N,12.46%. Found: C, 48.15%, H, 2.55%, N, 12.52%. 

 

5-Chloro-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

hydrobromide (9ac). 

Yellow solid, yield: 42%, m.p. 342-343 °C, IR cm-1: 3381 (NH), 2890 (NH); 1HNMR 

(200 MHz, DMSO‑d6) d: 7.35 (1H, s, Ar-H), 7.58 (1H, d, J = 8.84 Hz, Ar-H), 8.15-8.47 
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(7H, m, Ar-H), 9.07 (1H, s, NH), 12.37 (1H, s, NH). Anal. Calcd for C18H11BrClN5O2S 

(MW: 476.73): C, 45.35%, H, 2.33%, N, 14.69%. Found: C, 45.45%, H, 2.38%, N, 14.75%. 

 

5-Chloro-3-[6-(4-trifluoromethylphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole 

(10ad). 

White solid, yield: 46%, m.p. 312-313 °C, IR cm-1: 2884 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 7.28 (1H, d, J = 6.96 Hz, Ar-H), 7.55 (1H, d, J = 6.96 Hz, Ar-H), 7.74 (2H, 

d, J = 8.12 Hz, Ar-H), 8.02-8.14 (3H, m, Ar-H), 8.40 (1H, s, Ar-H), 8.92 (1H, s, Ar-H), 

12.34 (1H, s, NH); 13C NMR (50 MHz, DMSO‑d6) d: 106.1 (s), 112.2 (d), 114.2 (d), 119.6 

(d), 123.2 (d), 124.7 (s), 124.7 (s), 124.8 (2xd), 125.6 (d), 125.6 (d), 126.1 (s), 131.2 (d), 

135.2 (s), 137.6 (s), 142.8 (s), 143.5 (s), 157.4 (s). Anal. Calcd for C19H10ClF3N4S (MW: 

418.82): C, 54.49%, H, 2.41%, N,13.38%. Found: C, 54.56%, H, 2.52%, N, 13.43%. 

 

5-Chloro-1-methyl-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole (10ae). 

White solid, yield: 42%, m.p. 290-291 °C. 1HNMR (200 MHz, DMSO‑d6) d: 3.88 (3H, 

s, CH3), 7.27-7.39 (4H, m, Ar-H), 7.43 (1H, d, J = 7.18 Hz, Ar-H), 7.64 (2H, d, J = 8.76 Hz, 

Ar-H), 8.13 (1H, s, Ar-H), 8.38 (1H, s, Ar-H), 8.72 (1H, s, Ar-H); 13C NMR (50 MHz, 

DMSO‑d6) d: 55.9 (q), 99.5 (s), 105.1 (s), 110.6 (d), 112.8 (d), 119.7 (d), 123.2 (d), 124.4 

(d), 124.9 (d), 126.5 (s), 127.1 (2xd), 128.6 (d), 133.9 (s), 134.3 (d), 135.7 (s), 142.7 (s), 

144.8 (s),156.1(s). Anal. Calcd for C19H13ClN4S (MW: 364.85): C, 62.55%, H, 3.59%, N, 

15.36%. Found: C, 62.76%, H, 3.81%, N, 15.42%. 

 

5-Chloro-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-

indole hydrobromide (9af). 

White solid, yield: 50%, m.p. 290-291 °C, IR cm-1: 2970 (NH); 1HNMR (200 MHz, 

DMSO‑d6) d: 3.81 (3H, s, CH3), 3.87 (3H, s, OCH3), 6.87 (1H, d, J = 6.78 Hz, Ar-H), 7.33-

7.41 (4H, m, Ar-H), 7.62 (1H, d, J = 8.77 Hz, Ar-H), 8.09 (1H, d, J = 2.00 Hz, Ar-H), 8.43 

(1H, s, Ar-H), 8.81 (1H, s, Ar-H), 9.36 (1H, bs, NH); 13C NMR (50 MHz, DMSO‑d6) d: 

33.4 (q), 55.0 (q), 104.8 (s), 109.8 (d), 111.1 (d), 112.8 (d), 113.2 (d), 116.9 (d), 119.6 (d), 

123.2 (d), 124.9 (s), 126.6 (s), 129.8 (d), 134.0 (s), 134.6 (d),135.7 (s),142.5 (s),143.2 

(s),156.9 (s),159.6 (s). Anal. Calcd for C20H16BrClN4OS (MW: 475.79): C, 50.49%; H, 

3.39%; N, 11.78%. Found: C, 50.62%; H, 3.48%; N, 11.90%. 
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5-Chloro-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-

indole (10ag). 

White solid, yield: 55%, m.p. 289-290 °C. 1HNMR (200 MHz, DMSO‑d6) d: 3.76 (3H, 

s, CH3), 3.91 (6H, s, 2xOCH3), 6.80-6.86 (1H, m, Ar-H), 7.02 (1H, d, J = 8.97 Hz Ar-H), 

7.36 (1H, dd, J = 2.06, 2.03 Hz, Ar-H), 7.63-7.72 (2H, m, Ar-H), 8.17 (1H, d, J = 1.94 Hz, 

Ar-H), 8.40 (1H, s, Ar-H), 8.52 (1H, s, Ar-H); 13C NMR (50 MHz, DMSO‑d6) d: 33.3 (q), 

55.2 (q), 55.7 (q), 105.2 (s), 111.5 (d), 112.4 (d), 112.8 (d), 112.9 (d), 114.2 (d), 119.7 (d), 

122.8 (s), 123.2 (d), 124.9 (s), 126.5 (s), 134.3 (d), 135.8 (s), 140.3 (s), 142.0 (s), 149.9 (s), 

153.1 (s), 155.9 (s). Anal. Calcd for C21H17ClN4O2S (MW: 424.90): C, 59.36%; H, 4.03%; 

N,13.19%. Found: C, 59.52%; H, 4.28%; N, 13.30%. 

 

5-Chloro-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole 

(10ah). 

White solid, yield: 42%, m.p. 295-296 °C. 1HNMR (200 MHz, DMSO‑d6) d: 3.88 (3H, 

s, CH3), 7.20-7.39 (3H, m, Ar-H), 7.64 (1H, d, J = 8.76 Hz, Ar-H), 7.84-7.91 (2H, m, Ar-

H), 8.12 (1H, d, J = 1.76 Hz, Ar-H), 8.38 (1H, s, Ar-H), 8.70 (1H, s, Ar-H); 13C NMR (50 

MHz, DMSO‑d6) d: 33.5 (q),105.1 (s),110.4 (d), 112.9 (d), 114.8 (s), 115.8 (d), 118.4 (d), 

119.8 (d), 122.1 (d), 123.0 (d), 125.2 (s), 126.2 (d), 126.5 (s), 134.1 (d), 135.7 (s), 142.8 (s), 

143.9 (s), 156.3 (s), 187.7 (s). Anal. Calcd for C19H12ClFN4S (MW: 382.84): C, 59.61%; H, 

3.16%; N,14.63%. Found: C, 59.82%; H, 3.24%; N, 14.90%. 

 

5-Chloro-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole 

(10ai). 

Yellow solid, yield 48%, m.p. 315-316 °C. 1HNMR (200 MHz, DMSO‑d6) d: 3.91 (3H, 

s, CH3), 7.38-7.43 (1H, m, Ar-H), 7.69 (1H, d, J = 8.77, Ar-H), 8.09-8.17 (3H, m, Ar-H), 

8.29 (2H, d, J = 8.79, Ar-H), 8.48 (1H, s, Ar-H), 9.05 (1H, s, Ar-H). Anal. Calcd for 

C19H12ClN5O2S (MW: 409.85): C, 59.61%; H, 3.16%; N, 14.63%. Found: C, 59.82%; H, 

3.24%; N, 14.90%. 

 

5-Chloro-3-[6-(4-trifluoromethylphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-

1H-indole (10aj). 

White solid, yield: 43%, m.p. 245-246 °C. 1HNMR (200 MHz, DMSO‑d6) d: 3.87 (3H, 

s, CH3), 7.32-7.38 (1H, m, Ar-H), 7.61 (1H, d, J = 8.77, Ar-H) 7.73 (2H, d, J = 8.34 Hz, Ar-

H), 8.01-8.11 (3H, m, Ar-H), 8.37 (1H, s, Ar-H), 8.86 (1H, s, Ar-H); 13C NMR (50 MHz, 
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DMSO‑d6) d: 33.3 (q), 99.5 (s), 105.0 (s), 112.1 (d), 112.7 (d), 119.6 (d), 123.1 (d), 124.7 

(2xd), 124.9 (s), 125.5 (2xd), 126.5 (s), 134.4 (d), 135.7 (s), 137.9 (s), 143.1 (s), 143.3 (s), 

156.6 (s). Anal. Calcd for C20H12ClF3N4S (MW: 432.85): C, 55.50%; H, 2.79%; N, 12.94%. 

Found: C, 55.71%; H, 2.90%; N, 12.88%. 

 

Biology 

Minimum inhibitory concentrations (MICs) 

The following Gram-positive and Gram-negative bacterial reference strains were used: S. 

aureus ATCC 25923, S. aureus ATCC6538 and S. epidermidis ATCC 12228, P. aeruginosa 

ATCC 15442 and E. coli ATCC 25922. MICs were determined by a previously described 

micro method.10 Briefly, a series of solutions were prepared with a range of concentrations 

from 100 to 0.75 mg/mL (obtained by two-fold serial dilution). The serial dilutions were 

made in tryptic soy broth (TSB, VWR International, Leuven) in a 96-wells plate, starting 

from a stock solution of 1 mg/mL in NaCl 0.9%w/v. A 10mL volume of a bacterial 

suspension from a 24 h culture containing ~106cfu/mL was added to each well. The plate 

was incubated at 37 °C for 24 h; after this time, the MICs were determined using a microplate 

reader (Glomax Multi detection SystemTM297 Promega, Milano, Italy) as the lowest 

concentrations of the studies compounds whose OD, read at 570 nm, was comparable with 

the negative control wells (broth only, without inoculum).Each assay was performed in 

triplicate and repeated at least twice. 

 

Biofilm prevention assay 

Above mentioned bacterial strains were incubated in test tubes with Tryptic Soy Broth 

(TSB) (5 mL) containing 2% w/v glucose at 37 °C for 24 h. The bacterial suspensions were 

then diluted to achieve a turbidity equivalent to a 0.5 McFarland standard. The diluted 

suspension (2.5mL) was added to each well of a single cell culture polystyrene sterile, flat-

bottom 96-well plate filled with TSB (100mL) with 2% w/v glucose. A screening 

concentration of 100mg/mL of all compounds were directly added to the wells to assess 

inhibition percentages values, or in the case of determination of BIC50 (the concentration at 

which the percentage of inhibition of biofilm formation is equal to 50% compared to the 

untreated control), concentrations in the range among 100 and 0.1mg/mL. Plates were 

incubated at 37 °C for 24 h. After biofilm growth, the content of each well was removed, 

wells were washed twice with sterile PBS 1X and stained with 150mL of 0.1% w/v crystal 

violet solution for 30 min at room temperature. Excess solution was removed and the plate 
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was washed twice using tap water. A volume of 125mL of acetic acid of 33% v/v was added 

for 15 min to each stained well to solubilize the dye. The plate was read at 570 nm using a 

microplate reader (Glomax Multi detection System Promega). BIC50 were obtained by 

comparing the optical densities (ODs) of growth control wells with that of the sample wells, 

and the value was calculated by using a linear regression graph in Excel. Each assay was 

performed in triplicate and repeated at least twice. The percentage of inhibition was 

calculated through the following formula: % of inhibition= ((OD growth control OD 

sample)/OD growth control)X100 

 

Anti-biofilm activity against preformed biofilm 

A suspension of bacteria (0.5 McFarland standard) was obtained using the procedure 

described above for the inhibition of biofilm formation test. 2.5 mL of suspension was added 

to each well of a 96-weel plate containing TSB (100 mL) with 2% w/v glucose. After the 

growth of a biofilm (24 h old), the content of each well was removed, wells were washed up 

twice with sterile PBS and then filled with fresh TSB medium (200 mL). After that, different 

concentrations of compounds were added starting from a concentration equal or greater than 

MIC obtained against planktonic form of tested strains using TSB as medium. The microtiter 

plate was sealed and incubated at 37 °C for further 24 h. The content of each well was 

removed, wells were washed up twice with sterile PBS (100 mL to each well) and the 96-

weel plate was placed at 60 °C for 1 h before staining with a 0.1% w/v crystal violet solution. 

After 30 min, plates were washed with tap water to remove any excess stain. Biofilm 

formation was determined by solubilizing crystal violet as above described and the 

absorbance was read at 540 nm using a microplate reader (Glomax Multi detection System 

Promega). The percentages of inhibition were calculated with the above-reported. Each 

assay was performed in triplicate and repeated at least twice. 

 

Screening as sortase A (SrtA) inhibitors 

The compounds 9c,9h and 9ab, showing the best activity in inhibiting biofilm formation 

of S. aureus, were tested at a screening concentration of 100 mM (1% DMSO) in black 96-

well plates (Greiner Bio-One) as SrtA inhibitors. A known SrtA inhibitor, 4-

(hydroxymercuri)benzoic acid, was used as positive control. The inhibitory activity of the 

three compounds was evaluated by quantifying the increase influorescence intensity upon 

cleavage of the Fluorescence Resonance Energy Transfer (FRET) peptide substrate into two 

separate fragments resulting in the release of 5-Fam fluorescence, which can be monitored 
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at excitation/emission=490/520 nm. A commercial kit (SensoLyte® 520 Sortase A Activity 

Assay Kit * Fluorimetric*) was used with slight modifica-tions. Briefly, the reactions were 

performed in a volume of 100 mL containing 1X assay buffer, 2.5mg/mL SrtA protease 

recombinant, 4Mm fluorescent peptide substrate, and the prescribed concentrations of the 

test compounds or positive control. The peptide substrate without the recombinant SrtA was 

incubated under the same conditions, and used as a negative control. The reactions were 

conducted adding both the test compounds and the diluted enzyme solution to the microplate 

wells. Then sortase substrate solution was added into each well. For kinetic reading, 

immediately start measuring fluorescence at Ex/Em=490/520 nm continuously recording 

data every 5 min for 60 min. All fluorescence-reading results are expressed in relative 

fluorescence units (RFU). 

 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at 

https://doi.org/10.1016/j.ejmech.2019.02.007.  

file:///C:/Users/Giovanna%20Li%20Petri/Desktop/TESI/antibiofilm.pdf
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Proton-coupled folate transporter as a biomarker of outcome to treatment for pleural 

mesothelioma 

Editorial 

Keywords: chemoresistance, mesothelioma, PCFT, pemetrexed 

 

The main objective of pharmacogenetics is the identification of genetic features 

involved in clinically meaningful variations in drug responsiveness. Therefore, 

pharmacogenetics may reduce the variation in individual response to drugs and for 

tailoring therapies according to genetic profile, fulfilling the promise of precision 

medicine.1 

The problem of interindividual variability in drug response is particularly important in 

anticancer regimens, which are characterized by a narrow therapeutic window. Small 

alterations in the transport or metabolism of anticancer agents may indeed cause large 

changes in their pharmacological effects, both in terms of toxicity and efficacy. 

As reported by the Pharmacology and Molecular Mechanisms group of the European 

Organization for the Research and Treatment of Cancer, the terms ‘pharmacogenetics’ and 

‘pharmacogenomics’ are often used interchangeably and pharmacogenetics is considered 

as concerning the individual patient’s characteristics and pharmacogenomics those of the 

tumor.2 However, according to this position paper as well as to the definition by the  

European agency for the evaluation of medicinal products ‘pharmacogenetics’ focuses on 

the association of one gene or several genes with drug activity, while ‘pharmacogenomics’ 

considers the whole genome, through the broader application of new genomic 

technologies.3 Thus, in oncology, a pharmacogenetic approach aims to customize the  

chemotherapy treatment according to individual/somatic as well as tumor genetic 

characteristics. This represents a modern and intriguing challenge and pharmacogenetic 

tools are warranted to maximize the therapeutic efficacy and minimize useless treatments, 

especially in patients affected by solid tumors with limited therapeutic approaches, such 

as malignant pleural mesothelioma (MPM). 

MPM is an aggressive tumor arising from the pleura, with grim prognosis. Its incidence 

is increasing throughout most of the world and it is predicted that it will rise in the next 10 

years.4 Most patients with MPM are not amenable to radical surgery and systemic therapy 

is the only potential treatment option. A number of prognostic factors have been described 

and are part of two prognostic scoring systems. In the European Organization for the 

Research and Treatment of Cancer score, poor prognosis is associated with a poor 
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performance status, a high white blood cell count, male gender and having sarcomatoid 

histologic subtype, while In the Cancer and Leukemia Group B scoring system pleural 

involvement, LDH >500 IU/l, poor PS, chest pain, platelets >400,000/μl, nonepithelial 

histology and age older than 75 years, jointly predict poor overall survival (OS).  

Based on extensive genomic profiling, four MPM molecular subtypes were associated 

with OS.5 However, up to now, there are no data about specific genetic biomarkers of 

response to chemotherapy in MPM patients. 

The identification of such molecular predictors is urgently needed in order to select patients 

for optimal treatment strategies and to improve clinical outcome. 

More than 14 years ago, US FDA approved the first ever (and the last so far) drug to be 

used in the first-line treatment of MPM in combination with cisplatin, pemetrexed. In fact, 

this combination significantly improved the response rate (41.3 vs 16.7%; p < 0.0001), 

time to progression (5.7 vs 3.9 months; p = 0.001), OS (12.1 vs 9.3 months; p = 0.020) and 

quality of life compared with cisplatin alone. The combination with carboplatin gave 

similar results.6 

Pemetrexed is a multitargeted antifolate agent that enters the cancer cells through 

different transporters and is then converted to a series of analogous polyglutamate 

derivatives by the enzyme folylpolyglutamate synthetase. This polyglutamylation leads to 

extended intracellular retention, resulting in more prolonged efficacy. Active metabolites 

of pemetrexed inhibit several folate-dependent enzymes such as thymidylate synthase, 

dihydrofolate reductase, glycinamide ribonucleotide formyl transferase and to a lesser 

extent, aminoimidazole carboxamide ribonucleotide tranformylase and CI-tetrahydrofolate 

synthase, thereby inhibiting both pyrimidine and purine biosynthesis.7 

In vitro studies demonstrated that several factors increase the antitumor activity of 

pemetrexed, including low expression levels of the main target TS, high activity of 

folylpolyglutamate synthetase and the rapid transport  across the plasma membrane 

mediated by influx transporters for which pemetrexed has different affinities.8 In 

agreement with previous data in non-squamous and squamous specimens from lung cancer 

patients treated with pemetrexed-based chemotherapy, as reviewed by Santarpia and 

collaborators,9 high TS expression has also been associated with poor response, as well as 

significantly shorter median progression-free survival and OS in the two largest 

multicenter studies on pemetrexed-based regimens in MPM.10,11 

In a more recent translational study, the efficacy of pemetrexed was associated with 

both low TS and high proton coupled folate transporter (PCFT/SLC46A1) expression 

https://www.ncbi.nlm.nih.gov/pubmed/?term=li+petri%2C+giovanna+proton
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levels.12 In fact, a high mRNA expression of PCFT and a low-mRNA expression of TS 

were associated with lower risk of developing a progressive disease compared with  

disease-control as well as with significantly longer progression-free survival and OS. Low-

PCFT protein levels were also associated with shorter OS and multivariate analysis 

confirmed PCFT-independent prognostic role. 

In mammalian cells, three distinct processes mediate membrane transport of folates and 

antifolates, including pemetrexed.13 The reduced folate carrier (RFC) is a carrier-mediated 

anion exchanger, facilitating the translocation of a folate substrate across the cell 

membrane by the co-transport of another anion in the opposite direction. With a Ki for 

methotrexate influx ranging from 2 to 5 μmol/l in murine and human tumor cell lines, RFC 

has a higher affinity for methotrexate than for folic acid. Of note, the affinity for 

pemetrexed is twofold higher.14 The folate receptors FR-α and FR-β are binding proteins 

anchored to the cell membranes by a glycosyl phosphatidylinositol  tail that mediates 

transport by an endocytotic process. The maximum rate of transport into cells mediated by 

this mechanism is 100, the rate mediated by RFC. Hence, FR-mediated transport 

contributes little to the uptake of pemetrexed. The third folate transport system, 

characterized by a unique and distinct low-pH optimum that is present in the majority of 

human solid tumors, is mediated by PCFT. This transporter was initially characterized in 

mice, and only recently emerged as the main transporter mediating pemetrexed influx, with 

remarkable transport km values of 0.2–0.8 μM.15 

The pivotal role of PCFT in the transport of folates and antifolates has been 

demonstrated in various models, showing that PCFT transfection in HeLa cells increased 

pemetrexed cytotoxicity,16 while PCFT silencing increased IC50 values by fourfold and 

threefold in the MSTO-211H and H2452 MPM cells, respectively.12 Of note, PCFT 

promoter can be silenced via DNA methylation,17 resulting in reduced transcriptional 

activity. Indeed, H28 MPM cells, which displayed methylation of 85% of the CpG-islands 

of PCFT promoter had low expression levels of PCFT and were relatively more resistant 

to pemetrexed.12 Additional experiments were then performed to evaluate PCFT expression 

and cell proliferation after DNA demethylation. These experiments were performed with 

5-Aza-2´-deoxycytidine, which significantly reduced the methylation of the PCFT 

promoter, down to -70% in the H28 cells and subsequently increased them RNA expression 

of PCFT as well as the growth inhibitory activity of pemetrexed. This means that PCFT 

was not only identified as a new biomarker that can help predict  pemetrexed’s effectiveness 

or chemoresistance, but also a potential useful target to overcome such chemoresistance. 
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Where do we go from here? We suggest the following rational preclinical and clinical 

development strategies. First of all, additional preclinical studies in appropriate in vivo 

models of MPM should evaluate the key role of PCFT in the antitumor activity of 

pemetrexed and other potential molecular mechanisms underlying the differential PCFT 

expression, such as, for instance, the hypoxic/metabolic status of these tumors, which has 

also been correlated to pemetrexed resistance18 and might suggest novel antiglycolitic 

therapeutic strategies.19,20 Second, translational studies with prospectively collected 

samples, are essential for the validation of the previous retrospective data as well as for 

the identification of the best cut-off expression level for a validated pharmacogenetic test. 

Finally, a Phase I basket trial should test 5-Aza-2´-deoxycytidine, which is a well-tolerated 

compound currently used to treat myelodysplastic syndrome, in patients with different 

tumor types, such as mesothelioma and lung cancer, to be treated with pemetrexed and 

cisplatin and stratified according to PCFT expression. Subsequently, Phase II and Phase 

III trials could then select the best tumor type and establish the role of this new potential 

pharmacogenetic guided treatment versus the standard of care backbone chemotherapy, 

according to previously standardized and validated thresholds. 

Hopefully, the results of these studies should enable oncologists to stratify patients 

based on PCFT before anticancer treatment, allowing the optimization of clinical outcomes 

through effective personalization of treatment. 

  

https://www.ncbi.nlm.nih.gov/pubmed/?term=li+petri%2C+giovanna+proton
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Impact of hypoxia on chemoresistance of mesothelioma mediated by the proton-

coupled folate transporter, and preclinical activity of new anti-LDH-A compounds 

 

Abstract  

BACKGROUND: Expression of proton-coupled folate-transporter (PCFT) is associated with 

survival of mesothelioma patients treated with pemetrexed, and is reduced by hypoxia, 

prompting studies to elucidate their correlation. 

METHODS: Modulation of glycolytic gene expression was evaluated by PCR-arrays in tumor 

cells and primary cultures growing under hypoxia, in spheroids and after PCFT-silencing. 

Inhibitors of lactate dehydrogenase (LDH-A) were tested in vitro and in vivo. LDH-A 

expression was determined in tissue-microarrays of radically-resected malignant pleural 

mesothelioma (MPM, N=33) and diffuse peritoneal mesothelioma (DMPM, N=56) patients. 

RESULTS: Overexpression of hypoxia marker CAIX was associated with low PCFT 

expression and decreased MPM cell growth inhibition by pemetrexed. Through integration of 

PCR-arrays in hypoxic cells and spheroids and following PCFT-silencing, we identified the up-

regulation of LDH-A, which correlated with shorter survival of MPM and DMPM patients. 

Novel LDH-A inhibitors enhanced spheroid disintegration, and displayed synergistic effects 

with pemetrexed in MPM and gemcitabine in DMPM cells. Studies with bioluminescent 

hypoxic orthotopic and subcutaneous DMPM athymic-mice models revealed the marked 

antitumor activity of the LDH-A inhibitor NHI-Glc-2, alone or combined with gemcitabine.  

CONCLUSIONS: This study provides novel insights on hypoxia/PCFT-dependent 

chemoresistance, unraveling the potential prognostic value of LDH-A, and demonstrating the 

preclinical activity of LDH-A inhibitors. 

 

Keywords: malignant pleural and peritoneal mesothelioma, proton-coupled folate transporter, 

pemetrexed, chemoresistance, hypoxia, lactate dehydrogenase, spheroids, xenografts, 

prognosis 
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Background 

Malignant pleural mesothelioma (MPM) and diffuse malignant peritoneal mesothelioma 

(DMPM) are rare but aggressive tumors arising from mesothelial cells lining the pleural and 

peritoneal cavity, respectively. The incidence of these malignancies is associated with exposure 

to asbestos and is increasing throughout the world, with a predicted peak in the next 15 years.1 

Both MPM and DMPM are typically diagnosed at an advanced stage and are extremely difficult 

to treat. 

Systemic therapy is the only treatment option for the vast majority of MPM patients. The 

standard of care in the first line treatment is a combination of platinum-based chemotherapy 

with the third generation antifolate pemetrexed. This combination significantly improved the 

overall survival (OS, 12.1 vs 9.3 months; p=0.020), compared to cisplatin monotherapy.2 

Patients who do not qualify to receive cisplatin-based chemotherapy, are treated with alternative 

chemotherapy including pemetrexed alone, or in combination with carboplatin.3 Systemic 

chemotherapy is also used for patients harboring DMPM, when patients cannot undergo 

cytoreductive surgery followed by hyperthermic perioperative chemotherapy.4  

Coupled with a better understanding of the molecular mechanisms underlying drug resistance 

or sensitivity, the introduction of biomarkers into the pathologic analysis of both MPM and 

DMPM should drive the individualization of precision medicine, and improve the outcome of 

these malignancies. A few retrospective studies suggested the predictive role of the primary 

target of the activity of pemetrexed, thymidylate synthase (TS),5,6 but further research on 

additional mechanisms of chemoresistance is warranted.7,8 

The proton-coupled folate transporter (PCFT/SLC46A1) has recently emerged for its key 

role in folate and antifolate transport, which was demonstrated in various model systems, 

including MPM,9 and in several human tissues.10 Of note, the activities of the folate transporters 

reduced folate carrier (RFC/SLC19A1) and PCFT are significantly affected by the pH of the 

tumor microenvironment (TME). Whereas RFC displays optimal transport activity at 

physiological pH, PCFT-mediated transport is very low.11 The optimal pH for PCFT-dependent 

transport is 5.5, with considerable transport activity detectable at pH 6.5 or 6.8, depending upon 

the tumor size, type and distance from blood vessels. Therefore, PCFT may be the sole route of 

delivery of folates and antifolates in the acidic microenvironment of solid tumors. Furthermore, 

PCFT exhibits a high transport affinity for pemetrexed12 and PCFT transfection increases its 

folate and antifolate transport as well as antifolate cytotoxicity.11 These findings support the 

unique role that PCFT plays in the transport and pharmacologic activity of pemetrexed; 

consistently, we recently demonstrated that low expression of the PCFT transporter, both at the 
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mRNA and protein levels, is associated with shorter survival of MPM patients treated with 

pemetrexed.13 This enhanced our interest into additional key mechanisms associated with drug 

resistance underlying the modulation of PCFT expression in cancer cells. Interestingly, Raz and 

collaborators,14 showed that severe hypoxia induced a complete antifolate-resistance and 

caused simultaneous suppression of key genes in folate homeostasis, including the influx 

transporters RFC and PCFT. This could be attributed, at least in part, to alterations in Sp1 

activity or promoter methylation of these genes under hypoxic conditions. These data are in 

agreement with previous findings demonstrating that cells growing in three-dimensional (3D) 

systems, with increased hypoxic areas, showed diminished antifolate transport and decreased 

antifolate sensitivity.15 The current study was aimed at evaluating the correlation between PCFT 

expression under hypoxic conditions with pemetrexed activity in MPM cells. Moreover, using 

a variety of in vitro models, including 3D spheroids, as well as targeted silencing and PCR-

arrays, we sought to further elucidate key factors affecting drug resistance. These studies 

identified a significant up-regulation of the key glycolytic enzyme LDH-A. Our previous 

studies demonstrated that novel LDH-A inhibitors were especially effective and synergistic 

with gemcitabine against cells under hypoxic conditions, and gemcitabine displayed antitumor 

activity in both MPM and DMPM patients.16–20 Moving from these premises, we investigated 

the role of LDH-A inhibition as a potential therapeutic strategy both in MPM and DMPM, using 

in vitro and in vivo orthotopic and subcutaneous models. Finally, we investigated whether the 

expression levels of LDH-A were associated with significantly worse clinical outcome, using 

tissue microarrays (TMA) with specimens from both MPM and DMPM patients. Our results 

provide novel mechanistic insights on mesothelioma chemoresistance that may contribute to 

the rational development of innovative prognostic biomarkers and therapeutic interventions for 

this devastating disease.  
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Methods 

Patients and immunohistochemistry 

Previous studies demonstrated that MPM is a hypoxic malignancy21,22 and cells that survive 

hypoxia are more resistant to antifolates because of the down-regulation of several key enzymes 

and transporters.14 Therefore, we evaluated by immunohistochemistry (IHC) the percentage and 

distribution of hypoxic cells by using the monoclonal antibody ab15086 (Abcam, Cambridge, 

MA) to detect the levels of Carbonic Anhydrase IX (CAIX), as described  previously,23 within 

areas with high and low PCFT levels that were assessed with PCFT polyclonal antibody.13 

The expression levels of these proteins were evaluated in tissue microarrays (TMA) including 

tumors from 33 MPM patients enrolled at Humanitas Cancer Center (Milan, Italy) between 

2008 and 2013, as described previously.13 Further IHC studies were performed in order to assess 

the expression levels of LDH-A using both the TMA of MPM patient specimens and TMAs 

containing samples from 56 DMPM patients enrolled between 1995 and 2013 at National 

Cancer Institute (INT, Milan, Italy), as described previously.24 Patients’ characteristics are 

summarized in Supplemental Table 1. These studies were approved by the appropriate ethical 

review boards (Humanitas Cancer Center (ClinicalTrials.gov NCT00867711) and INT Review 

Board and Ethics Committees). Scoring for PCFT was described in our previous study.13 

Immunostaining intensity of CAIX was described in the Supplemental Table 2, while for LDH-

A we used a previously proposed grading system with two LDH-A expression levels: strong 

cytoplasmic expression in >50% of cancer cells or nuclear expression in >10% of cancer cells 

was defined as high expression; otherwise, nuclear expression was considered low.25 More 

details on TMA and IHC are reported in the Supplemental methods section. 

 

Cells and drugs 

Three human MPM cell lines (H28, H2452, MSTO-211H) were obtained from ATCC 

(Manassas, VA) and cultured as previously described.26 Human primary DMPM cultures 

(MesoII and STO) were derived from tumor samples of patients who underwent surgery, and 

were maintained in DMEM/F12 (Gibco) under standard culture conditions for less than 20 

passages.24 Cells were routinely tested for mycoplasma. Analyses of mitochondrial function 

and glycolysis of MSTO-211H and H2452 cells were performed with the Seahorse XFp 

Metabolic Flux Analyzer (Agilent Technologies, Santa Clara, CA), showing that these cells 

have both a normal aerobic metabolism and aerobic glycolysis, though to different extent, as 

reported in the Supplemental methods and Supplemental Fig.S1. 
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Co-transduction of MesoII cells with luciferase vectors and Firefly-luciferase (F-luc) activity 

assessment were performed according to previously established methods.23,24 Pemetrexed and 

gemcitabine were gifts from Eli Lilly (Indianapolis, IN), while the LDH-A inhibitors NHI-2 

and NHI-Glc-2 were synthesized as described previously.17,27 Drugs were dissolved in sterile 

water (gemcitabine) or dimethyl sulfoxide (DMSO, pemetrexed and LDH-A inhibitors) and 

diluted in culture medium immediately before use. In each experiment we did not use 

concentrations higher than 0.1% DMSO 

 

Evaluation of the role of hypoxia on PCFT expression and pemetrexed activity 

The impact of hypoxia on the sensitivity of MPM cells to pemetrexed was evaluated by 

growing cells at an O2 tension of 1%, 5% (vol/vol) CO2, and 94% (vol/vol) N2 at 37°C, using a 

specific IncuSafe Jacomex Glove Box (Labo Equipment Sanyo, Loughborough, UK). The 

concentrations of pemetrexed that inhibited cell growth by 50% (IC50) were determined using 

the sulforhodamine-B (SRB) assay, as described previously.24 Cells exposed for 72 hours to 

hypoxic conditions were also used to explore the down-regulation of PCFT expression by 

quantitative real-time PCR (qRT-PCR), as well as after silencing with the specific anti-PCFT 

siRNA D#141241-siRNA (Thermofisher, Waltham, MA). The PCR reactions were performed 

using the Hs00560565_m1 Assay-on-Demand product (Applied Biosystems, Foster City, CA), 

with the ABI PRISMTM 3100 Genetic analyzer (Applied Biosystems). Further studies with 

qRT-PCR assessed the expression of LDH-A in MSTO and STO cells, using previously 

validated methods.17 In addition, the influence of PCFT on pemetrexed-mediated cell growth 

inhibition was studied in parallel SRB experiments after 48 hours exposure to the anti-PCFT 

siRNA or its negative control.  

Finally, since previous studies showed that 3D MPM models have hypoxic cores and are 

generally more chemoresistant than two-dimensional monolayer cell cultures,17,24,28 we 

performed additional experiments using spheroids, that were also used for Western blot analysis 

of LDH-A levels, as well as an exploratory analysis using a sequential trypsin digestion of 

spheroids of H2452 cells, as reported in the Supplemental methods. 

 

Analysis of pathways involved in pemetrexed resistance after PCFT silencing and under 

hypoxic conditions 

The molecular events occurring after PCFT silencing and exposure to hypoxic conditions in 

cells growing as monolayers, as well as spheroids, were evaluated using Hypoxia RT2 

ProfilerTM PCR Arrays (Qiagen, Hilden, Germany), according to the manufacturers’ protocol. 
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This array includes 84 key components of the molecular machinery that modulate cell 

metabolism in response to hypoxic signals. For this analysis we used H2452 cells growing as 

monolayers treated for 48 hours with the PCFT-specific siRNA, as well as cells exposed for 72 

hours to hypoxic conditions, and spheroids, as described above. 

 

Pharmacological interaction of NHI-2 and NHI-Glc-2 with pemetrexed and gemcitabine 

The cell growth inhibitory effects of the combination of the LDH-A inhibitors NHI-2 and 

NHI-Glc-2 and pemetrexed were evaluated in spheroids of H2452 cells. These spheroids were 

treated simultaneously with 1 µM NHI-2 and 1 μM pemetrexed for 7 days. The cytotoxic effects 

were evaluated by determining the density and size of spheroids, as described previously.17,24 

Then, we evaluated the induction of apoptosis in H2452 cells growing as monolayer under 

hypoxic conditions and treated with 1 µM NHI-2 alone and 1 μM pemetrexed for 24 hours. The 

apoptotic index was calculated after bisbenzimide-HCl staining, as described previously.29 

Further studies evaluated the pharmacological interaction of NHI-Glc-2 with gemcitabine using 

cells growing either in monolayers, under normoxic and hypoxic conditions, or as spheroids. 

 

In vivo experiments using orthotopic and subcutaneous mouse models and live imaging 

In vivo experiments were performed in nu/nu athymic female mice purchased from Harlan 

(Horst, The Netherlands). The working protocol was approved by the local committees on 

animal experimentation of the VU University Medical Center (VUmc, Amsterdam, The 

Netherlands) and of the University of Pisa (Pisa, Italy), according to the 2010/63/EU European 

Community Council Directive for laboratory animal care.  

Orthotopic primary DMPM models (n=5 tumors per treatment group) were generated by 

injection of 3×106 Fm/GC primary cells into the peritoneal cavity of the mice. Mice were treated 

with NHI-Glc-2, solubilized in Polyethylene glycol 400 (PEG400, Sigma-Aldrich, St. Louis, 

MO), at 100 mg/kg, 5 days (1-5) for 2 weeks (formulation concentration: 25 mg/mL in PEG400, 

100 µL i.p. injection for a 25 g mouse). Bioluminescence imaging (BLI) was evaluated with a 

Bruker In-Vivo Xtreme Capture System, using Molecular Imaging Software (Bruker 

Corporation, Billerica, MA). Additional imaging analyses to define tumor spatial characteristics 

and evaluate microenvironment structures, such as neovasculature and hypoxic status, were 

carried out by high-frequency-ultrasound including Power Doppler Mode (Vevo-2100, 

VisualSonics, Amsterdam, The Netherlands). Data normalization and image analysis were 

performed as described previously.23,24 
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Further experiments were performed on subcutaneous tumors, obtained by inoculation of 3×106 

tumor cells. In these models we also tested drug combinations. Since 1) pemetrexed activity 

cannot be reliably evaluated in mouse models, because of the intrinsically high levels of folate 

and thymidine,30 and 2) our previous experiments showed a synergistic interaction of LDH-A 

inhibitors with gemcitabine, we used LDH-A inhibitors in combination with gemcitabine.17 

When tumor volume reached an average size of 100 mm3, the animals were randomly 

distributed into 4 groups (n=6 tumors per treatment group) as follows: 1) control/untreated 

mice; 2) mice treated with gemcitabine alone at 100 mg/kg, 2 days (day 1 and 4) for three weeks 

(formulation concentration: 25 mg/mL in PBS, 100 µL i.p. injection for a 25 g mouse); 3) mice 

treated with NHI-Glc-2, solubilized in PEG400, at 50 mg/kg, 5 days (day 1-5) for three weeks 

(formulation concentration: 12.5 mg/mL in PEG400); and 4) mice treated with a simultaneous 

combination of gemcitabine and NHI-Glc-2, at the doses mentioned above, for three weeks. 

Tumor xenografts were measured as described previously.31 

 

Statistics 

Clinical outcome was correlated with demographic/clinicopathological information 

parameters and CAIX and LDH-A expression by univariate analysis using the Chi-square test. 

Modified RECIST criteria to classify the MPM response to treatment as complete response 

(CR), partial response (PR), stable disease (SD), or progressive disease (PD). The patients who 

showed disease control (DC), including CR, PR, and SD, were compared with patients with 

PD, as described previously.6 Survival curves (OS and progression-free survival, PFS) were 

analysed from the day of initiation of drug treatment to the end point (death or censoring) 

according to the Kaplan-Meier method, and compared by log-rank and Wilcoxon tests, using 

SPSS software Version 24 (IBM-SPSS, Chicago, IL). Significant prognostic variables 

identified by univariate analysis were included in the multivariate analysis, using Cox’s 

proportional hazards model and the backward stepwise elimination (Wald) method, where 

hazard ratios (HRs) were calculated to estimate the magnitude and the direction of the effect. 

The in vitro experiments were performed in triplicates and repeated at least twice. Results 

reported in the figures are expressed as mean values ± standard error of the mean (SEM). 

Statistical analyses were carried out by two-way ANOVA followed by Bonferroni’s post-test 

(to adjust for multiple comparisons), using GraphPad-Prism version 7 (Intuitive Software for 

Science, San Diego, CA). All analyses were two-sided and statistical significance was set at 

P<0.05. The in vivo experiments included as the primary and secondary experimental outcomes 

the assessment of tumor growth and of molecular markers (pO2 and LDH-A). Statistical 
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analysis was conducted with ANOVA analysis with Bonferroni correction for post-hoc analysis 

to evaluate differences in tumor size in the different groups of animals. P< 0.05 was considered 

significant. Results were expressed as mean values ± standard deviation (SD).  
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Results 

Role of hypoxia in modulation of PCFT expression and pemetrexed cytotoxicity 

Since previous studies showed that hypoxia induces chemoresistance in different tumor 

types including MPM,22,32 we evaluated the hypoxia marker CAIX in the TMA of primary 

MPM specimens. Most samples (84%; 28 out of 33) showed positive staining for this hypoxia 

marker, as previously reported.21 Remarkably, a stronger and diffuse staining of CAIX was 

typically associated with reduced PCFT expression (Fig. 1A). These findings are in agreement 

with previous results in carcinoma cells exposed to severe hypoxic conditions.14 When the 

tissues positive for CAIX staining were grouped into high- and low-expression according to the 

scoring system reported in Supplemental Table 2, we observed that high expression levels of 

CAIX were associated with low expression of PCFT (P=0.016, Fig. 1A), which was assessed 

as described previously.18 These results are in agreement with the role of this folate/antifolate 

transporter in cells with acidic pH,33 which commonly characterizes the TME. To further 

explore molecular mechanisms underlying the role of hypoxia in the modulation of PCFT and 

chemoresistance, we then evaluated PCFT expression in MPM cells cultured under hypoxic 

conditions. As shown in Fig. 1B, PCFT expression was downregulated under hypoxia in all the 

three MPM cell lines examined. This was accompanied by increased resistance to pemetrexed, 

compared to their counterparts grown under normoxia, with a significant inhibition of cell 

growth (as assessed by direct viable cell counting) upon exposure to 0.1, 1 and 10 µM 

pemetrexed (Fig. 1C and Supplemental Fig.S2). A similar reduction of PCFT expression was 

also detected in the MPM spheroids (Fig. 1B), and pemetrexed significantly affected the 

number of spheroids only at high concentrations, up to 1, 10 and 20 µM, in MSTO-211H, 

H2452 and H28 cells, respectively (Fig. 1D). We hypothesized that the reduction of PCFT 

expression was correlated to the hypoxic regions close to the core of these spheroids. Indeed, 

using a sequential trypsin digestion of spheroids of H2452 cells that had reached a diameter of 

approximately 500 μm, we observed that cells from perinecrotic region and necrotic core 

(PN+NC) were considerably less sensitive to drug activity compared to cells from the surface 

and intermediate regions (SR+IR), as reported in Fig. 1E. 
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Figure 1. Hypoxia affects PCFT expression and pemetrexed activity. (A) Left panel: representative 

immunohistochemical pictures of two consecutive sections of an MPM tissue stained with anti-PCFT 

and anti-CAIX antibodies (left and right pictures, respectively, original magnification 20X). Right panel: 

analysis of the inverse/negative correlation of PCFT and CAIX staining in MPM patients (N=28). (B) 

Quantitative-RT-PCR analysis of PCFT mRNA expression in human MPM cell lines growing under 

hypoxic conditions or as spheroids. For each mesothelioma cell line, the results are presented relative to 



Provisionally accepted 

266 

the expression levels of PCFT in cells growing in normoxia as two-dimensional monolayer cell cultures, 

assigned a value of 1 (dashed line). Columns, mean values obtained from three independent experiments; 

bars, SEM. *Significantly different (P<0.05) compared to the untreated cells under normoxic 

conditions. (C) Cell growth inhibition performed with cells exposed to 1 µM pemetrexed (PMX) for 72 

hours under hypoxic vs. normoxic conditions, as compared to compared to drug-free control cells. 

Columns, mean values obtained from three independent experiments; bars, SEM. *Significantly 

different (P<0.05) compared to the same treatments under normoxic conditions. (D) Relative number of 

spheroids originating from H2452 cells treated with PMX compared to spheroids originating from drug 

free cells, assigned a value of 100%. Columns, mean values obtained from three independent 

experiments; bars, SEM. *Significantly different (P<0.05) compared to spheroids growing from 

untreated cells. (E) Relative number of colonies originated from perinecrotic region and necrotic core 

(PN+NC) compared to the surface and intermediate regions (SR+IR) of 2452 spheroids treated with 1 

or 10 µM PMX for 72 hours, compared to spheroids originating from untreated cells, assigned as a value 

of 100%. Columns, mean values obtained from three independent experiments; bars, SEM. 

*Significantly different (P<0.05) compared to untreated cells. 

 

 

Role of LDH-A in the modulation of PCFT expression 

To shed light on the molecular mechanisms underlying the chemoresistance of MPM cells 

to pemetrexed under hypoxia, as well as in cells growing as spheroids, and after specific down-

regulation of PCFT expression, we performed a PCR array focusing on key regulators of 

hypoxia response. The volcano plot depicted in Fig. 2A arranged the genes according to the 

extent of differential expression (either up- or down-regulation, X-axis) and statistical 

significance with P values <0.01 (Y-axis) for both the up- or down-regulated genes in the H2452 

spheroids, compared to cells growing in monolayers. Setting a 3-fold-change as the cut-off 

level, this analysis identified 25 significantly up-regulated genes (Supplemental Table 3). These 

include the hypoxia-inducible factor-1 (HIF1) and co-transcription factors ARNT, HIF1A, 

HIF3A, HNF4A, and NCOA1, as well as genes involved in glycolytic metabolism such as LDH-

A, ALDOA, ENO1, HK2, PDK1, PFKFB4, PGK1, PKM, SLC2A1, and SLC2A3, but also the 

co-regulators of apoptosis and cell proliferation ADM, BTG1 and PIM1. We also detected a 

marked increase in MET levels, as well as of the pleiotropic transcription factor NFKB1, both 

of which are frequently overexpressed in MPM and can suppress pro-apoptotic signalling 

pathways, promoting malignant behaviour and chemoresistance.34–36 Finally, we observed a 

significant increase in MMP9 levels, which has been linked to invasion/metastasis in several 

tumor types, including MPM.37 
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As depicted in the Venn diagram in Fig. 2B, only 9 of these significantly up-regulated genes in 

the H2452 spheroids were also among the 49 genes that were up-regulated under hypoxia, and 

there were only 4 common genes (i.e., HIF1A, LDH-A, NFKB1 and MMP9) after PCFT 

silencing (Supplemental Table 3). Interestingly, the only up-regulated gene identified in all 

three conditions was LDH-A, which encodes for a key enzyme catalyzing the conversion of L-

lactate and NAD to pyruvate and NADH in the final step of anaerobic glycolysis. Using the 

same conditions (i.e., spheroids, hypoxia exposure and PCFT silencing), we also observed a 

significant upregulation of LDH-A in H28 and MSTO-211H cells (Fig. 2C). The online database 

STRING, which allows the retrieval of the functional and physical interactions of proteins, did 

not identify a physical interaction between PCFT and LDH-A, as shown in Supplemental 

Fig.S3A. The only common node, creating a network with low stringency settings, was the 

ubiquitin C protein, which is involved in the post-transcriptional modification of both these 

target proteins. It is well known that hypoxia, through HIF-1α, triggers the up-regulation of 

genes that are critical for the promotion of glycolysis, including LDH-A.32 In addition, three 

putative nuclear respiratory factor-1 (NRF-1) binding sites have been identified in the PCFT 

promoter, and compelling evidence established NRF-1 as a major inducible transcriptional 

regulator of PCFT, thereby linking folate transport with mitochondria biogenesis and cell 

metabolism.38 However, the present study is the first to identify a relationship between PCFT-

silencing and LDH-A overexpression. One may hypothesize that low PCFT expression could 

stimulate the increased expression of LDH-A as a feedback mechanism (Supplemental 

Fig.S3B). The increase in LDH-A activity, which catalyzes the reversible transformation of 

pyruvate into lactate, might lead to an extracellular acidification due to the lactate secretion 

and, consequently, would favour folate absorption through PCFT. We hypothesize that this 

increased PCFT activity would counteract the reduced expression of PCFT in hypoxic 

conditions. Of note, we also observed that LDH-A protein was overexpressed in MPM 

spheroids from all three MPM cell lines, compared to attached monolayer cells (Fig. 2D). 

However, the Western blot analyses of LDH-A in the spheroids were limited by the fact that 

we used the homogenates of the entire spheroids and could not estimate the spatial distribution 

of LDH-A, which was presumably differentially expressed in the peripheral and core regions 

of these spheroids. Since these spheroids were fragile we could not use our recently developed 

method with confocal microscopy,39 in order to evaluate the localisation of LDH-A in terms of 

expression at the surface compared to the hypoxic regions close to the necrotic core. 
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Figure 2. Correlation of hypoxia and PCFT silencing with LDH-A expression. (A) Volcano plot 

depicting the results of PCR arrays in H2452 spheroids compared to H2452 cells growing as monolayers. 

Horizontal blue line identifies the cut-off for genes which displayed a significantly different expression 

(P values were calculated with two-sided Student t-test); vertical red and green lines mark the cut-offs 

for the genes with 3-fold up- or downregulation, respectively. (B) Venn diagram of the overlap analysis 

of genes significantly upregulated in hypoxic cells, as well as in cells growing as spheroids and after 

specific downregulation of PCFT expression in H2452 cells. (C) Modulation of LDH-A expression in 

hypoxia, spheroids and after PCFT silencing. MPM cell lines showed a significant modulation of LDH-

A mRNA expression when growing under hypoxic conditions, as spheroids or after PCFT silencing. 

Columns, mean values obtained from three independent experiments; bars, SEM. *Significantly 

different (P<0.05) from the respective control cells i.e., cells growing in normoxia for the cells growing 

in hypoxia, cells growing as monolayers for the cells growing as spheroids and cells exposed to siRNA 
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negative control for the cells exposed to siRNA PCFT silencing, respectively, exemplified by the dashed 

line, with expression values of 1. (D) Representative immunoblots illustrating the modulation of LDH-

A protein expression in MPM cells growing as spheroids compared to cells growing as monolayers.  

 

Preclinical activity of anti-LDH-A compounds in MPM cell lines and DMPM primary 

cultures growing as monolayers or as spheroids 

To explore whether the increase in LDH-A expression is vital for cells with low-PCFT 

levels, we treated spheroids of H2452 cells with the specific LDH-A inhibitor NHI-2 and 

assessed the antitumor effects by determining the number and density/size of the spheroids. The 

total number of spheroids was not affected, but treatment with NHI-2 substantially increased 

the disintegration of the spheroids. In particular, NHI-2 significantly reduced the size of 

spheroids, indicated as spheroid aggregation in figure 3A, compared to the drug free control, 

and to the spheroids treated with pemetrexed alone. Moreover, NHI-2 enhanced both the pro-

apoptotic (Supplemental Fig.S4A) and the cytotoxic effect of pemetrexed in these MPM models 

(Fig. 3A). Similar results were obtained with the glycoconjugated LDH-A inhibitor NHI-Glc-

2 (Fig. 3A), which was synthesized to exploit the elevated glucose uptake of cancer cells and 

showed increased intracellular concentration compared to NHI-2.27 

Since early passages of primary mesothelioma cells may better mimic the genetic characteristics 

of the disease, we extended our studies to two primary DMPM cell cultures, MesoII and STO. 

However, the percentages of cell growth of these cells were not affected by treatment with 

pemetrexed at concentrations until 10 µM, as shown in Figure 3B. This is in line with the lack 

of clinical activity of pemetrexed in DMPM. Thus, we did not perform further studies with 

pemetrexed in DMPM cells. 

Since our previous study showed a synergistic interaction of LDH-A inhibitors with 

gemcitabine against pancreatic cancer cell lines in hypoxia,17 we explored the cytotoxic effects 

of NHI-Glc-2 in combination with gemcitabine on MesoII and STO cells, cultured under 

normoxic and hypoxic conditions (1% O2), as well as cells growing as adherent monolayers or 

spheroids. We initially treated cells growing under normoxic conditions with NHI-Glc-2 (0.5-

50 µM) and observed a similar growth inhibitory effect in both tumor cell lines (IC50= 20.1 in 

MesoII and 18.8 µM in STO cells, respectively). We then investigated the pharmacological 

interaction of this LDH-A inhibitor with an IC25 concentration of gemcitabine (i.e., 5.5 nM in 

MesoII and 1.9 nM in STO) in cells growing under normoxic and hypoxic conditions 

(Supplemental Fig. S4B). In both primary cell cultures, the combination index values (CI) 

indicated synergistic or strong synergistic effects which were mainly evident at 25 µM of NHI-

Glc-2 in MesoII cells (Fig 3C). 
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Moreover, we evaluated the efficacy of this new combination on newly established 3D models 

of our primary cell cultures. Notably, in these models we observed an increase in LDH-A 

expression over time as detected by qRT-PCR (Supplemental Fig. S5), hence recapitulating the 

findings observed under hypoxia in different cells tissues.32 

The spheroids were treated with 10 and 25 µM of NHI-Glc-2 for 7 days, and we observed a 

significant reduction in density compared to untreated spheroids, as assessed with ImageJ 

(Supplemental Fig. S6). In particular, the combination with gemcitabine (10 nM) was additive 

when NHI-Glc-2 was applied at a concentration of 10 µM (Fig 3D), while gemcitabine did not 

increase significantly the disaggregation of spheroids when NHI-Glc-2 was given at a 

concentration of 25 µM (data not shown). This is obviously due to the fact that this 

concentration would already greatly affect the structure of the spheroids and could not further 

synergize with gemcitabine. 
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Figure 3. Cytotoxic effect of anti-LDH-A compounds alone and in combination with pemetrexed 

or gemcitabine on MPM and DMPM monolayers and spheroids. (A) Evaluation of the inhibition of 

the aggregation of the spheroids treated with pemetrexed (PMX), alone or in combination with 1 µM 

NHI-2, or NHI-Glc-2, compared to untreated spheroids originating from H2452 cells. The spheroids had 

similar volumes (below 500 µm3) at the start of drug exposure, and the untreated spheroids were still 
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growing during the following 72 hours. Columns, mean values obtained from three independent 

experiments; bars, SEM. *Significantly different (P<0.05) from cells treated with PMX alone. (B) Cell 

viability bar graph of MesoII and STO cell lines treated with PMX. Column, mean values obtained from 

three independent experiments; bars, SEM. (C) Combination index values, calculated at FA>0.5, with 

Calcusyn software, as described in the Methods section. Columns, mean values obtained from three 

independent experiments; bars, SEM. (D) Evaluation of the inhibition of the aggregation of the 

spheroids treated with gemcitabine, alone or in combination with 10 µM NHI-Glc-2, compared to 

untreated spheroids originating from MesoII cells. Columns, mean values obtained from three 

independent experiments; bars, SEM. *Significantly different (P<0.05) from cells treated with 

gemcitabine alone. Right panel: representative images of DMPM spheroids. The spheroids had similar 

volumes (below 500 µm3) and density at the start of drug exposure. However, after seven days, the 

volume of untreated spheroids was reduced while the density was significantly increased. In comparison 

with untreated spheroids (control), the treatment for 7 days with 25 µM of NHI-Glc-2 dramatically 

reduced the volume of STO spheroids, while in the MesoII spheroids showed about a 3-fold decrease in 

their aggregation (considering both the volume and density, as explained in the methods and 

Supplemental methods and Supplemental Fig.S6). Scale bar, 100 µm. Column, mean values obtained 

from three independent experiments; bars, SEM. *Significantly different (P<0.05) from cells untreated. 

 

Anti-tumor activity of NHI-Glc-2 in DMPM xenografts 

We recently developed two novel bioluminescent (BLI) orthotopic mouse models in order 

to monitor tumor growth of primary DMPM cells MesoII and STO over time.24 The model with 

MesoII cells was selected for this study because of the higher level of LDH-A expression, as 

assessed by RNA sequencing, as described previously.24 Moreover, the analysis of our RNA 

sequencing data (raw and normalized data were deposited at Gene Expression Omnibus; 

accession number: GSE112154) showed a significantly higher expression of genes in the LDH-

A family in DMPM tissues compared to normal mesothelial cells (Supplemental Figure S7). 

A rotational BLI analysis using the MARS system complemented with MRI and PET-CT 

showed tumor masses detectable in the whole abdominal cavity as multiple nodules,17 thus 

reproducing the diffusion pattern of the clinical disease, as illustrated by the representative 

figures in mice after 3 weeks and at the time of sacrifice (Fig. 4A). The histopathological 

analysis demonstrated the presence of several neoplastic lesions, and IHC revealed a strong 

staining for LDH-A (Fig. 4B). In keeping with these findings, photoacoustic live imaging for 

deep tissue pO2 measurement showed reduced oxygenation, suggesting the occurrence of 

hypoxia in many tumor nodules (Fig. 4C). 

The mice were stratified into two groups, with comparable BLI signal, and then NHI-Glc-2 was 

administered i.p. at the maximum tolerated dose (MTD).40 However, the analysis of the BLI 
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was performed only in 3 animals, and the results reported in Supplemental Fig. S8, showing a 

70% reduction of tumor volumes (at day 15) in animals treated with NHI-Glc-2 compared to 

untreated animals, should be considered with caution. The histopathological studies performed 

on several samples from these models (including both peritoneal tumor plaques and tumor 

masses in the liver) showed a clear reduction in tumor volume in treated vs. untreated animals, 

as well as necrotic lesions. However, F-luc requires oxygen. Accordingly, bioluminescence 

imaging typically underestimates hypoxic tumors and the experiments were then repeated in 

groups of 6 animals after subcutaneous injection of 5×106 MesoII cells. In these models, IHC 

showed LDH-A levels that were comparable to those observed in the orthotopic tumors (Fig. 

4D). The administration of NHI-Glc-2 resulted in a significant reduction in tumor growth (Fig. 

4E). At the end of the 7th week of study, animals treated with 50 mg/kg NHI-Glc-2 showed a 

49% reduction in tumor mass as compared to control animals (314 vs. 620 mm3, P < 0.001). A 

similar decrease in tumor growth was detected in animals given gemcitabine, with a 47% 

reduction in tumor volume (331 vs. 620 mm3, P < 0.001). Importantly, NHI-Glc-2 was well 

tolerated; no toxic deaths or signs of toxicity were observed and the body weight of animals 

given NHI-Glc-2 was similar to that of the drug free controls until the end of the 7th week 

(Supplemental Fig. S9), whereas that of mice given gemcitabine was slightly reduced (25 vs 28 

g, P=0.06). Similarly, the combination of NHI-Glc-2 and gemcitabine was not toxic, and 

produced a significantly stronger shrinkage of the tumor mass. Indeed, statistical analyses 

revealed a mean reduction of 4-fold in tumor volume in the animals treated with the drug 

combination compared to controls (123 vs. 620 mm3, P < 0.001) as well as a significant 

reduction compared both to animals treated with gemcitabine alone and to animals treated with 

NHI-Glc-2 monotherapy (P<0.001). 



Provisionally accepted 

274 

 

Figure 4. In vivo activity of the new anti-LDH-A compound NHI-Glc-2 on orthotopic and 

subcutaneous DMPM models. (A) Left panel: representative BLI images obtained with CCD camera 

of orthotopic models of primary DMPM cells transduced with F-luc. Right panel: representative images 

showing the multiple tumor masses in the whole abdominal cavity as nodules, thus reproducing the 

diffusion pattern of the clinical disease in a mouse sacrificed after 2 weeks from inoculation of MesoII 

cells. (B) Representative immunohistochemical pictures (upper panel 4X, lower panel 40X 

magnification) showing LHD-A overexpression in DMPM tissues obtained after orthotopic 

implantation of MesoII cells in mice. (C) Representative images of photoacoustic live imaging 

providing both a non-invasive anatomical image of tumors (up to 40 μm resolution) and the 
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measurement of deep tissue pO2. The latter showed reduced oxygenation (in blue), suggesting that tumor 

nodules were characterized by hypoxic regions. (D) Representative H&E (upper panel), and 

immunohistochemical (lower panel) pictures (4X magnification) demonstrating LDH-A overexpression 

which characterized subcutaneous tumors obtained by inoculation of MesoII cells in mice. (E) Volumes 

of subcutaneous tumors of mice, as shown in the representative picture, treated with gemcitabine (100 

mg/kg, i.p., 2 days a week), NHI-Glc-2 (solubilized in PEG400, 50 mg/kg, 5 days a week), or their 

combination compared to untreated mice. Points, mean values obtained from six mice; bars, SEM. 

*Significantly different (P<0.05) from untreated animal. # and ★Significantly different from animals 

treated with gemcitabine or NHI-Glc-2 monotherapy, respectively. 

 

Correlation of LDH-A overexpression with shorter survival of MPM and DMPM patients. 

LDH-A protein levels were analyzed by IHC on TMAs including tumor specimens from 

MPM and DMPM patients (Suppl. Fig.S10 and Fig. 5A). IHC staining was assessed by two 

independent pathologists under blinded conditions and any discrepancies were resolved by 

consensus. The concordance between scores from different paraffin cores of the same tumor 

was greater than 90%.  

These analyses showed a variable LDH-A protein expression among specimens, ranging from 

a few scattered positive cells with a weak cytoplasmic staining to tissues with diffuse and strong 

cytoplasmic reactivity, in some cases accompanied by nuclear expression. Previous studies 

demonstrated the hypoxic microenvironment of mesothelioma21,22 and that LDH-A 

overexpression correlated with hypoxia in different solid tumors.41 In the present study, 20 out 

of 33 MPM cases (60%) and 36 out of the 56 DMPM (64%) displayed high LDH-A expression.  

Though the statistical analyses were performed on small cohorts of patients, we found a 

significant correlation between low LDH-A protein expression and DC after pemetrexed-based 

chemotherapy in MPM patients. In particular, DC was achieved in 92% of the patients with low 

LDH-A expression, while only 43% of patients with high LDH-A experienced DC (P=0.03, 

Fig. 5B). The univariate analysis revealed a significant correlation between high expression 

levels of LDH-A and significantly shorter OS (P<0.001, Fig. 5B. upper panel), and PFS 

(P=0.02, Fig. 5B lower panel) in MPM patients. Patients with high LDH-A expression had a 

median OS of 10.4 months (95% CI, 7.1-13.7) and a median PFS of 6.9 months (95% CI, 2.7-

11.2), whereas patients with low expression levels of LDH-A had a median OS of 36.7 months 

(95% CI, 27.4-46.6) and a median PFS of 12.1 months (95% CI, 7.9-16.3). LDH-A expression 

levels were not associated with age, sex, histology or EORTC/PS grade. Among these 

clinicopathological parameters, the non-epithelioid (i.e. sarcomatoid or biphasic) histology, 

correlated with significantly shorter OS and PFS (Supplemental Table 4), as reported 
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previously.1 However, only three patients had a non-epithelioid histology and we did not 

perform a multivariate analysis because of the very limited sample size. 

The prognostic role of LDH-A was validated by IHC in an independent cohort of DMPM 

patients (Fig. 5C upper panel). Patients with low LDH-A expression had OS of 35.0 months 

(95%CI, 30.7-39.3), whereas the remaining patients had an OS of 12.0 months (95%CI, 5.3-

18.7, P=0.01). A trend towards a significant correlation was reported for LDH-A and gender, 

but the latter was not correlated to survival (Supplemental Table 5). Conversely, LDH-A 

expression levels were not correlated with other clinicopathological parameters, including 

performance status (PS) and histology, which showed a correlation with both OS and PFS 

(Supplemental Table 5), as reported previously.1 

A similar correlation was found for PFS. In particular, patients with low LDH-A expression 

had significantly longer PFS (22.0 months, 95%CI, 7.0-36.9), whereas patients with high LDH-

A levels had PFS of 10.0 months (95%CI, 6.5-13.5, P<0.01, Fig. 5C, lower panel). Moreover, 

both epithelioid subtype and good PS were associated with significantly longer PFS 

(Supplemental Table 5). 

The Cox proportional hazards regression model used for multivariate analysis in DMPM 

patients confirmed LDH-A expression as an independent prognostic factor for progression and 

survival (Table 1). In particular, high expression levels of LDH-A were associated with an 

increased risk of relapse (HR=2.4, 95%CI, 1.2-2.6, P=0.01) and death (HR=2.7, 95%CI, 1.7-

3.6, P=0.02). 

Collectively, these findings demonstrate that both MPM and DMPM are characterized by 

elevated expression of LDH-A, which is associated with dismal prognosis. Therefore, targeting 

LDH-A in these patients could constitute an attractive therapeutic avenue. 
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Table 1. Factors that affect the overall survival (OS) and progression-free survival (PFS) 

in the multivariate analysis of DMPM patients. 

 

 

 

Covariates for overall survival (OS) HR (95% CI) Wald P 

LDH: high vs. low 2.74 (1.72-3.66) 0.02 

PS: 1-2 vs. 0 3.21 (1.91-3.82) 0.02 

Histology: non-epithelioid vs. epithelioid 2.04 (1.13-3.14) 0.07 

Covariates for progression-free survival (PFS) HR (95% CI) Wald P 

LDH: high vs. low 2.41 (1.23-2.62) 0.01 

PS: 1-2 vs. 0 3.63 (1.73-4.11) 0.02 

Histology: non-epithelioid vs. epithelioid 2.27 (1.12-3.74) 0.29 

Abbreviations: HR, Hazard Ratio, PS, Performance status 
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Figure 5. High expression of LDH-A correlates with significantly shorter overall survival (OS) 

and progression-free survival (PFS) in both MPM and DMPM patients. (A) Representative pictures 

of immunohistochemical analyses of tissue microarrays (TMAs) cores in the cohorts of DMPM patients, 

illustrating cases with high (upper panels) and low (lower panels) LDH-A expression (at 4X, 10X and 

40X original magnification). (B) Kaplan-Meier curves of OS (upper panel) and PFS (lower panel) in 

MPM patients according to LDH-A high vs. low expression levels, as described above. (C) Kaplan-
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Meier curves of OS (upper panel) and PFS (lower panel) in DMPM patients according to LDH-A high 

vs. low expression levels, as described above. P-values were determined with the Log-rank test. 

 

 

Discussion 

The current study revealed for the first time that low levels of PCFT in MPM specimens 

were associated with hypoxia as detected by high expression of the hypoxic marker CAIX. 

Moreover, we established that hypoxic and PCFT-silenced cells are characterized by up-

regulation of LDH-A 

We then explored the clinical relevance of this discovery and reported the key prognostic value 

of LDH-A in both MPM and DMPM patients. Furthermore, we used innovative in vitro and in 

vivo models to characterize the anti-proliferative capacity of LDH-A inhibitors, in order to 

provide mechanistic insights regarding the aggressive behaviour of mesothelioma and in an 

attempt to contribute to the rational development of new prognostic and therapeutic approaches. 

PCFT has recently emerged as a predictive parameter in MPM patients treated with 

pemetrexed-based chemotherapeutic regimens, since low PCFT expression was associated with 

shorter PFS and OS.13 PCFT is the main transporter mediating pemetrexed influx, with 

remarkable transport Km values of 0.2–0.8 μM at acidic pH,42 and its expression has been 

linked to growth inhibitory activity of pemetrexed after transfection into a folate transporter-

null cell variant.43 We consistently observed that PCFT silencing increased the IC50 values of 

pemetrexed in our MPM cell lines. 

We have previously shown the regulation of PCFT gene expression by NRF-1,38 the dominant 

transcription factor orchestrating mitochondrial biogenesis and respiration, which acts as a key 

repressor of HIF-1α under hypoxic conditions.44 Similarly, we previously found that hypoxia 

downregulated gene expression of both RFC and PCFT, as well as other key enzymes in folate 

metabolism, and rendered HeLa cells refractory to both pemetrexed and other hydrophilic and 

lipophilic antifolates.14 However, the present study is the first to demonstrate the role of PCFT 

suppression and hypoxia as causative of pemetrexed resistance in MPM. Indeed, we observed 

in MPM specimens that low/intermediate levels of expression of the hypoxic marker CAIX 

were associated with intermediate expression levels of PCFT, while specimens with the highest 

levels of CAIX showed reduced PCFT expression. In line with these results, in vitro studies 

under hypoxic conditions and in mesothelioma spheroids showed that the levels of PCFT 

expression were reduced, accompanied by decreased pemetrexed activity. Using these in vitro 
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models of hypoxia, along with PCFT-silenced cells, and a specific PCR array, we found that 

LDH-A was the only significantly up-regulated gene in all three models.  

The oxidoreductase LDH-A is a key enzyme in aerobic glycolysis as well as major checkpoint 

for the switch from aerobic to anaerobic glycolysis, which catalyzes the reduction of pyruvate 

to lactate and constitutes a fundamental metabolic adaptation of cancer cells to a relatively 

hostile environment, facilitating tumor growth.32,45 Serum, plasma and tissue levels of LDH-A 

are prognostic factors in several tumor types, and the ratio of pleural fluid to serum LDH>1.0 

was a significant predictor for OS in 71 MPM patients.46 Moreover, gene expression analysis 

of 16 MPM specimens compared to 4 control pleural tissue samples using cDNA microarray 

filters with 4132 clones showed that LDH-A was among the 166 significantly up-regulated 

genes.47 In particular, the expression of LDH-A showed a 5.5-fold change (P=0.00001), which 

was validated by RT-PCR. Interestingly, the analysis of our microarray data showed a 

significantly higher expression of LDHAL6A in DMPM tissues compared to normal 

mesothelial tissues, and this protein has all the biological functions of LDH-A according to 

KEGG and REACTOME databases. 

Lactate production also contributes to extracellular acidosis, thus supporting tumor 

invasiveness and exerting immunosuppressive effects.45 This has raised interest regarding the 

mechanisms underlying regulation of LDH-A in cancer cells, including critical post-

transcriptional modifications.48,49 Importantly, the results of the present study also suggest that 

low PCFT expression levels might directly or indirectly stimulate the enhanced expression of 

LDH-A, though the mechanism by which this occurs remains unclear. Increased acidity caused 

by LDH-A could in principle favour folate transport via PCFT, even when the latter is expressed 

at decreased levels and this should enhance pemetrexed uptake.  

Notably, in the current study LDH-A emerges also as an attractive druggable target for 

therapeutic interventions. Previous studies with the LDH inhibitor oxamate on glioma spheroids 

have shown the changed metabolism with drastic changes in radiation sensitivity.50 In the 

present study the specific LDH-A inhibitor NHI-2 was cytotoxic to H2452 MPM spheroids 

under conditions where pemetrexed was ineffective. Similarly, a glycoconjugated analogue of 

NHI-2 (NHI-Glc-2) was active against MPM and DMPM primary cells, growing both as 

monolayers and as spheroids. Because of its enhanced uptake into tumor cells, likely mediated 

by glucose transporters (GLUTs),27 NHI-Glc-2 was also selected for in vivo studies. Several 

studies suggested that early passages of primary tumor cells and “avatar” mice can mimic the 

genetic diversity that characterizes the human disease and represent the best preclinical platform 

to study drug activity in different tumor types, including mesothelioma.51,52 However, there is 
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still a need for experimental models coupled to in-depth molecular profiling in order to decipher 

the genetic alterations that drive drug sensitivity/resistance, and only a few studies evaluated 

DMPM models. Therefore, in a proof-of-principle pharmacological study, we used our recently 

established mouse models, obtained by orthotopic or subcutaneous inoculation of primary 

DMPM cells, genetically engineered to express the F-luc luciferase, providing an ease-of-use, 

low cost, non-invasive and high-throughput imaging tool to monitor tumor growth.24 These 

models recapitulated the main histological and genetic features of the primary tumors, including 

hypoxic tumor domains, overexpression of LDH-A;21,47 remarkably, NHI-Glc-2 caused a 

significant reduction in tumor growth, when compared to untreated animals. Moreover, the in 

vivo studies on the combination of NHI-Glc-2 with gemcitabine reflected the synergistic effects 

observed in vitro, revealing a significant reduction compared to animals treated with either 

gemcitabine or NHI-Glc-2. These results are consistent with our previous findings on the 

synergistic interaction of gemcitabine with other LDH-A inhibitors in preclinical models of 

pancreatic cancer and MPM.17,18 Further studies are warranted to unravel the molecular 

mechanisms underlying this synergistic interaction. However, one may speculate that hypoxia 

can affect gemcitabine activity, as was found in other 3D models.53 The synthesis of active 

gemcitabine deoxynucleotides was possibly decreased through downregulation, genomic 

deletions and frame-shift mutations of the rate-limiting enzyme deoxycytidine kinase, as 

reported recently for acute myeloid leukemia and pancreatic cancer cells,17,54,55 or 

downregulation of the equilibrative nucleoside transporter 1, as reported previously in MPM 

cells.18 However, since hypoxic cells represent only a subpopulation in most tumors, and anti-

hypoxia agents require a long residence time in tumors in order to exploit fluctuating hypoxia 

and cause efficient, long-range, bystander killing,56 these synergistic activity is extremely 

important. Moreover, in agreement with the hypothesis that inhibition of molecular targets in 

hypoxic cells should offer a more benign toxicity profile, which is distinctly different from that 

of conventional cytotoxic therapy, we indeed did not observe untoward toxicity in animals 

treated with a combination of gemcitabine and NHI-Glc-2. These results prompt further studies 

on the combination of our new anti-LDH-A agents with current standard cytotoxic agents in 

clinical trials. 

Another important step we undertook towards the evaluation of the role of LDH-A in the 

clinical setting was the analysis of the correlation of its expression with clinical outcome. A 

recent meta-analysis showed that elevated serum LDH-A levels prior to chemotherapeutic 

treatment, is a significant prognostic factor in malignant mesothelioma.57 However, to the best 
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of our knowledge the current research is the first study to demonstrate the prognostic role of 

LDH-A protein expression in tumor tissues from both MPM and DMPM patients. 

Our current study is inarguably not a long-term follow up and prolonged longitudinal study of 

the impact of treatment. On the other hand, in other animal models it has already been shown 

that tumor growth in the first 7-10 days post-engraftment, can reliably predict the effect of 

treatment and overall survival.58 In addition, this non-long term follow up in our models would 

alleviate significant genetic alterations as compared to the original tumors.  

An important limitation of our study is that LDH-A expression was tested retrospectively in 

relatively small cohorts of MPM and DMPM patients, treated with different therapies with and 

without pemetrexed, and on a small number of mesothelioma cell lines and primary cells. 

However, bench-to-bedside research on hundreds of samples, which clearly improved 

prognostic capabilities in several tumor types, such as lung or breast cancer, are extremely 

difficult to achieve in mesotheliomas, which are rare tumors.1 Indeed, most previous candidate 

biomarkers are based solely on mRNA evidence and our findings with protein levels in two 

cohorts of patients, indicate the value of the prognostic value of LDH-A and should prompt 

prospective studies for further validation. Moreover, our data showed that high expression 

levels of LDH-A are detectable in more than 50% of specimens from both MPM and DMPM 

patients. Thus, these findings might be relevant to a large number of mesothelioma patients. 

A large number of compounds with LDH-A inhibitory activity have been discovered and 

studied pre-clinically as anticancer agents,45 none of which is currently approved for clinical 

use. In addition, many trials with new, targeted agents resulted in clinical failures in 

mesothelioma patients.59,60 However, a combined approach of chemical biology, preclinical 

pharmacology, bioinformatics and appropriate models and biobanks, as reported in this study, 

should create new opportunities for the development of more effective inhibitors as drug-like 

candidates.  

In conclusion, our clinical data, combined with our in vitro and in vivo findings, strongly 

suggest that mesothelioma are more aggressive if they have high expression of LDH-A, which 

can be targeted by specific LDH-A inhibitors, therefore representing a promising new avenue 

for prognostic and therapeutic purposes. 
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Supplemental methods 

 

Patients, TMAs and Immunohistochemistry (IHC). Patient selection for the tissue-

microarrays (TMAs) was based on the following inclusion criteria: a histological diagnosis of 

MPM or DMPM, and the availability of tumor tissue and clinicopathological data, which were 

recorded in prospectively maintained databases and anonymized after inclusion. 

The study protocols were approved by the institutional review boards and the ethics committees 

of the Humanitas Research Hospital, Rozzano, Milan, Italy and National Cancer Institute, 

Milan, Italy, in accordance with the ethical guidelines of the Declaration of Helsinki. All 

participants provided written informed consent for sample collection and subsequent analysis.  

For the TMA with MPM samples, the paraffin-embedded surgical or biopsy specimens (slides 

of 10 µm) were collected from the pathology files of the Humanitas Research Hospital, 

Rozzano, Milan, Italy (from January 2008 to December 2013). All these samples were collected 

before chemotherapy. All patients received pemetrexed at 500 mg/m2 and a carboplatin infusion 

with a target area under the plasma concentration–time curve of 5 mg/mL*minutes (AUC5), 

administered intravenously every 21 days. All patients received folic acid and vitamin B12 

supplementation. Patient characteristics were described in terms of number and percentage, or 

median and range, when appropriate, according to a recent prognostic study on a cohort of 

unresectable MPM patients who received pemetrexed-based chemotherapy [Bille’ et al., 2017]. 

For the TMA with DMPM samples, tumor tissues of 56 DMPM patients treated with CRS and 

HIPEC in the National Cancer Institute, Milan, Italy (from August 1995 to October 2013) were 

selected for pathological examination. TMAs were constructed by using a tissue-arraying 

instrument (Beecher Instruments, Silver Springs, MD, USA).  

IHC staining of paraffin-embedded tissues from MPM patients for proton-coupled folate 

transporter (PCFT), carbonic anhydrase IX (CAIX) and lactate dehydrogenase (LDH-A) were 

performed as described previously. Before staining with specific polyclonal rabbit anti-human 

antibody for PCFT [Hou et al, 2012], or with the commercial anti-CAIX (dilution 1:500; 

monoclonal antibody ab15086, Abcam, Cambridge, MA) and anti-LDH-A LDH-A (dilution 

1:100; ab9002, Abcam) antibodies, the TMA slides were deparaffinized using xylene, 

rehydrated in alcohol and microwaved at 400W (2 times, for 5 minutes). Immunostaining was 

performed by the avidin-biotin peroxidase complex technique. Negative controls were obtained 

by replacement of primary antibody with phosphate-buffered saline (PBS), while positive 

controls were obtained using sections of colorectal cancer. Immunoreactivity was enhanced by 

antigen retrieval for 30 minutes in 10 mM sodium citrate, pH 6.0. The sections were washed 
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three times in PBS and blocked with Super Block (Skytek Laboratories, Logan, UT) and 3% 

hydrogen peroxide for 10 minutes prior to overnight incubation at 4°C with the primary 

antibody (dilution, 1:40). After overnight incubation with the primary antibodies, the sections 

were washed two times for 3 minutes in PBS and incubated with the appropriate kit containing 

the secondary antibody tagged with avidin-biotinylated horseradish peroxidase (Cell Marque 

revelation Kit, Sigma). Finally, the colorimetric reaction obtained with 3'-3' diaminobenzidine 

was counterstained with hematoxylin, and slides were permanently fixed with synthetic 

mounting. The sections were scored by two researchers blinded to clinical outcome, who also 

evaluated the extent of tissue loss, background staining and overall interpretability. Scoring for 

PCFT was described in our previous study [Giovannetti et al., 2017] 

Immunostaining intensity of CAIX was described in the supplemental table 1, while for LDH-

A we used a previously proposed grading system with two LDH-A expression levels: strong 

cytoplasmic expression in >50% of cancer cells or nuclear expression in >10% of cancer cells 

was defined as high expression; otherwise, nuclear expression was considered low 

[Koukourakis et al., 2006]. 

Neoplastic cells were always uniformly stained and counting all the tumor cells in each spot 

made positivity assessment. To further implement the reproducibly of our technical procedures, 

as discussed previously for other biomarkers in MPM samples [Li Petri et al., 2018], all stained 

TMA sections were also digitally imaged at 40X, using a computerized high-resolution 

acquisition system (D-Sight, Menarini, Florence, Italy), equipped with the automated 

quantitative image analysis software algorithm DSight software 2.1.0. Multipreview of the 

images allowed editing of the area of interests. 

 

Determination of Mitochondrial Function and Glycolysis in Mesothelioma cells 

Oxygen Consumption Rate (OCR) and ECAR (Extracellular Acidification Rate) were 

measured in the mesothelioma cell lines MSTO and H2452 by using the Seahorse XFp 

Metabolic Flux Analyzer (Agilent Technologies, Inc, Santa Clara, Ca, USA). One day before 

the assay, cells were seeded at a density of 40,000 per well in a final volume of 80 µl in a 

Seahorse plate. The mitochondrial stress test was performed according to manufacturer’s 

instructions. Before the analysis, medium was changed with Seahorse XFp RPMI medium, 

enriched with 1 mM pyruvate, 2 mM glutamine and 10 mM glucose and then incubated for 45 

minutes. After three baseline measurements, Oligomycin (inhibitor of V Complex), Carbonyl 

cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP, mitochondrial uncoupler) and a mix of 

Rotenon and Antimycin A (inhibitors of Complexes I and III) were sequentially injected into 
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each well to final concentrations of 1.5 µM, 0.5 µM 0.5 µM. The obtained data allowed for 

calculations of ATP-linked Respiration, Maximal Respiration, Spare Capacity, Proton Leak and 

Non-Mitochondrial Oxygen Consumption. The Glycolysis Stress Test was conducted with 

similar seeding conditions. At the day of analysis, the Seahorse XFp RPMI medium was 

enriched with 2 mM glutamine and adjusted to pH 7.4. Glucose (substrate for glycolysis), 

Oligomycin (inhibitor of mitochondrial ATP production) and 2-deoxyglucose (inhibitor of 

hexokinase) were consecutively added into wells to final concentrations of 10 mM, 5 µM and 

100 mM, respectively. The Glycolytic capacity, Glycolytic reserve, Glycolysis and Non-

Glycolytic Acidification were estimated and normalized to mg of protein. 

 

Quantitative-RT-PCR (qRT-PCR). PCR reactions were performed in triplicate with 5 µL of 

cDNA, 12.5 µL of TaqMan Universal PCR Master Mix, and 5 µL of probe, and forward and 

reverse primers in a final volume of 25 µL. Samples were amplified by the following thermal 

profile: an initial incubation at 50°C for 5 minutes to prevent the reamplification of carry-over 

PCR products by AmpErase uracil-N-glycosylase, followed by incubation at 95°C for 10 

minutes to supress AmpErase UNG activity and denature the DNA, 50 cycles of denaturation 

at 95°C for 15 seconds, followed by annealing and extension at 60°C for 1 minute. Specific 

forward and reverse primers and probes were obtained from Applied Biosystems Assay-on-

Demand products.  All the samples were amplified in triplicate with appropriate non-template 

controls, and the coefficient of variation was less than 2%. 

 

Analysis of PCFT gene expression modulation by siRNA. For the analysis of PCFT 

modulation, MPM cells were plated in triplicate at a density of 2×105 cells/well in 6-well plates. 

After 24 hours, the cells were treated with siRNA anti-PCFT or negative control (Silencer® 

Select Negative Control #1 siRNA, Ambion) in a final RNA concentration of 25 nmol/L. 

Lipofectamine™ was used as transfection solution, according to the manufacturer's 

instructions. The modulation of PCFT expression by this siRNA was investigated by q-RT-

PCR, after 48 and 72 hours, as described previously [Maftouh et al., 2015].  

  

Cell growth inhibition assays. For sulforhodamine-B (SRB) assays, cells were plated at 5x104 

cells per well, using 96-well plates, and growth inhibition was expressed as the percentage of 

control (vehicle treated cells) absorbance (corrected for absorbance before drug addition). After 

72 hours, optical density was measured at 540 nm using the Tecan SpectraFluor (Tecan, San 

Diego, CA, USA). The 50% inhibitory concentration of cell growth (IC50) was calculated by 
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non-linear least squares curve fitting (GraphPad PRISM version 5.0, Intuitive Software for 

Science, San Diego, CA, USA). To investigate whether the modulation of PCFT expression 

affected pemetrexed cytotoxicity, we performed the same SRB experiments in cells treated for 

48 hours with the siRNA anti-PCFT or its negative control, in a final RNA concentration of 25 

nmol/L. 

 

Spheroids. MPM spheroids were established by seeding 1000 MPM cells per ml in 

DMEM/F12 GlutaMAX-I (1:1, Invitrogen), in ultra-low attachment plates (Corning 

Incorporated, Corning, NY). These spheroids were generated for 7-10 days, and then harvested 

for RNA isolation and analysis of PCFT expression, as described above. Spheroid volume (V) 

was calculated from the geometric mean of the perpendicular diameters D = (Dmax + Dmin)/2, 

as follows: V = (4/3) * π(D/2)3). 

We also performed an exploratory analysis using a sequential trypsin digestion of spheroids of 

H2452 that had reached a diameter of approximately 500 μm. These serial trypsin treatments, 

enabled the segregation into four heterogeneous populations comprising proliferating cells from 

the surface (SL), an intermediate region (IR), nonproliferating hypoxic cells from the 

predominantly hypoxic perinecrotic region (PN), and a necrotic core (NC), as described 

previously [McMahon et al., 2012]. Aliquots containing cells in suspension derived from 

pooled NC/PN versus SL/IR regions were segregated and 105 viable (trypan blue excluding) 

cells were plated into 6-well culture dishes and treated with PMX 1 and 10 M. After 7 days 

incubation at 37 °C, the drug-treated colonies of greater than 50 cells were counted and plating 

efficiency determined as the number of colonies formed/number of cells plated expressed as a 

percentage of untreated colonies. 

 

 

 

 

In parallel experiments we also evaluated whether pemetrexed was able to affect spheroid 

formation by counting the number of spheroids created in cells exposed immediately after 

seeding to 0.1, 1, 10 and 20 µM pemetrexed for 72 hours, compared to untreated cells. 

MESO II and STO spheroids with a diameter of approximately 300 µm were created in 96-well 

flat bottom plates coated with 1.5% agarose. DMEM/F12 medium was replaced with drug-free 

medium or medium containing gemcitabine or PI-FLY161 (6 wells per condition). Images of 

spheroids were taken with an automated phase-contrast microscope (Universal Grab software, 
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Digital Cell Imaging Labs). To detect the amount of light passing through the spheroids, pixel 

intensities of 8-bit black/white-converted images were calculated using ImageJ Software (U.S. 

National Institutes of Health, Bethesda, Maryland, USA) and expressed as Mean Grey value (= 

sum of all Grey values of the spheroid selection divided by the pixels of that selection). 

Inhibition of cell aggregation for each drug-treated spheroid after 7 days (“treated” in the 

formula below) was calculated by normalizing for the Mean Grey values of the sum control 

spheroids (∑ control, where “n” is the number of replicates in the formula below) as follows: 

Inhibition of cell aggregation = |((1 − 𝑡𝑟𝑒𝑎𝑡𝑒𝑑)/(∑𝑐𝑜𝑛𝑡𝑟𝑜𝑙 / n))|  

 

Western blot of LDH-A. In order to evaluate the modulation of LDH-A protein expression in 

MPM cells growing as a monolayers or as spheroids, the H28, H2452 and MSTO-211H cells 

were cultured for 72 h and western blotting was performed, as described earlier [Maftouh et al, 

2012]. Briefly, 30 30 µg of proteins was separated on a 10% SDS- polyacrylamide gel and 

transferred onto PVDF membrane (Immobilion-FL, Millipore, Billerica, MA). The membrane 

was blocked with Rockland (Rockland Inc., Boyertown, PA), and incubated overnight with 

anti-LDH-A antibody (Abcam, Cambridge, UK, at 1:1000 dilution), and mouse anti-β-actin 

(1:10000 dilution; Sigma).  

 

In vivo experiments using orthotopic and subcutaneous mouse models and live imaging 

In vivo experiments were performed in nu/nu athymic female mice 4 weeks old with average 

23 g of weight (range, 22-24 g) at the arrival, while the weight during the experiment is reported 

in the Supplemental Figure S8). The animals were purchased purchased from Harlan (Horst, 

The Netherlands). 

The working protocol was approved by the local ethical committees on animal experimentation 

of the VU University Medical Center (VUmc, Amsterdam, The Netherlands) and of the 

University of Pisa (Comitato di Ateneo per la Sperimentazione Animale, Pisa, Italy), according 

to the 2010/63/EU European Community Council Directive for laboratory animal care.  

In the study design and report we followed the ARRIVE reporting guideline and provide a 

completed ARRIVE checklist as a supplemental file specifying where in the manuscript each 

item is reported. 

In particular, we undertook the following steps to minimise the effects of subjective bias when 

allocating animals to treatment: randomisation procedure (matching for tumor volume and 

animal weight) and blinding assessment of the results by the pathologists. The animals were 

hosted in cages (3 animals/cage), under pathogen free [SPF] condition, with standard light/dark 
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cycle, and temperature conditions, and free access to food and water, environmental 

enrichment). Welfare-related assessments and interventions were carried out prior to, and 

during the experiment. 

Orthotopic primary DMPM models (n=5 tumors per treatment group) were generated by 

injection of 3×106 Fm/GC primary cells into the peritoneal cavity of the mice. Postoperative 

pain was counteracted by administering temgesic (0.05-0.1 mg/kg SC), which was already 

demonstrated to be an effective anaesthetic [Giovannetti et al., 2014]. Mice were treated with 

NHI-Glc-2, solubilized in Polyethylene glycol 400 (PEG400, Sigma-Aldrich, St. Louis, MO), 

at 100 mg/kg, 5 days (1-5) for 2 weeks (formulation concentration: 25 mg/mL in PEG400, 100 

µL i.p. injection for a 25 g mouse). The drug was administered in the morning, in the mouse 

facility laboratory. the animals in the different experimental groups were treated and assessed 

always in the same order. Lidocaine was used as local anesthetic on the skin of the mouse. 

Bioluminescence imaging (BLI) was evaluated with a Bruker In-Vivo Xtreme Capture System, 

using Molecular Imaging Software (Bruker Corporation, Billerica, MA).  

Additional imaging analyses to define tumor spatial characteristics and evaluate 

microenvironment structures, such as neovasculature and hypoxic status, were carried out by 

high-frequency-ultrasound including Power Doppler Mode (Vevo-2100, VisualSonics, 

Amsterdam, The Netherlands).  

Further experiments were performed on subcutaneous tumors, obtained by inoculation of 3×106 

tumor cells. When tumor volume reached an average size of 100 mm3, the animals were 

randomly distributed into 4 groups (n=6 tumors per treatment group) as follows: 1) 

control/untreated mice; 2) mice treated with gemcitabine alone at 100 mg/kg, 2 days (day 1 and 

4) for three weeks (formulation concentration: 25 mg/mL in PBS, 100 µL i.p. injection for a 25 

g mouse); 3) mice treated with NHI-Glc-2, solubilized in PEG400, at 50 mg/kg, 5 days (day 1-

5) for three weeks (formulation concentration: 12.5 mg/mL in PEG400); and 4) mice treated 

with a simultaneous combination of gemcitabine and NHI-Glc-2, at the doses mentioned above, 

for three weeks. Tumor xenografts were measured as described previously [Cavazzoni et al., 

2017]. No deaths and 100% tumor take-rate are reported in the literature for mesothelioma 

models obtained by IP injection of mesothelioma cells. Research papers report mouse death 

essentially due to tumor and metastasis development. However, our mice were sacrificed before 

MM primary tumors and metastases can cause severe symptoms, via cervical dislocation. Since 

previous studies showed that orthotopic administration of cancer cell lines gives tumor growth 

in 100% [Pinton et al., 2014] we used a number of 3 mice per group (+two extra mouse in case 

of sudden death) to test if a primary cell culture results in tumor formation. The number of 
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animals for the analysis of drug activity in the subcutaneous models was based on previous 

studies in which a standard error of 34% was reported in the number of proliferating cancer 

cells [Shah et al, 2011]. With this standard error, a group size of 6 animals is sufficient to detect 

a treatment effect of 55%. 

Regarding the implications of our experimental methods or findings for the replacement, 

refinement or reduction (the “3Rs”) of the use of animals in research we declared in our research 

protocol that “The development of a mouse model with mesothelioma (MM) primary cultures 

is of crucial importance to gain a better understanding of the biology of this devastating tumor. 

Furthermore, such models will allow preclinical research into new therapeutic strategies. The 

MM animal models will be used to test the effects of drugs potentially effective in treating 

patients affected by this devastating disease. So far, many trials have been initiated in the clinic 

without supporting evidence from pre-clinical research or using traditional preclinical models 

that deviate from their originator tumor. The lack of such pre-clinical studies with appropriate 

mice models may be one of the causes of the lack of positive results in clinical trials, and 

ultimately for the lack of improvement in survival expectancy in these patients. The use of 

animals and the moderate/severe distress that will be caused to them is acceptable in the light 

of the extreme need for research into the biology of MM. Furthermore, we strongly believe that 

our experiments will allow us to develop novel effective therapeutic strategies for patients 

affected by this aggressive and lethal tumor.” Moreover, our scientific findings, based on 

appropriately designed and analysed animal experiments, should further accelerate the 

development and use of models and tools, based on the latest science and technologies, to 

address important scientific questions and have impact of welfare minimising the use of animals 

in future studies. 
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Supplemental figures 

 

Figure S1: Differential profiles in the metabolism of MPM cells. The MSTO-211H and H2452 

mesothelioma cells showed different profiles in their basal energy metabolism as assessed by using 

Seahorse XF24 Extracellular Flux analyser, as described previously. Specifically, this machine 

measures glycolysis by analysing the extracellular acidification rate (ECAR) and measures 

mitochondrial oxidative phosphorylation on the basis of the oxygen consumption rate (OCR), through 

real-time and live cell analysis. The OCR of MSTO-211H and H2452 mesothelioma cells was measured 

after Seahorse XFp Cell Mito Stress Test over time (minutes), and resulting data calculated for ATP-

linked basal Respiration, maximal respiration, spare capacity, non-mitochondrial oxygen consumption 

and proton leak are reported in the left and right upper panel, respectively. The ECAR was measured 

after Seahorse XFp Glycolysis Stress Test, and resulting data calculated for Glycolytic capacity, 

Glycolytic reserve, Glycolysis and Non-Glycolytic Acidification are reported in the left and right lower 

panel, respectively. Columns, mean values obtained from three different independent experiments, bars, 

SEM. *Significant difference (P<0.05) between the two cell lines.  
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Figure S2: Hypoxia affects pemetrexed activity. Cell growth inhibition was performed in cells 

exposed to pemetrexed 10 µM PMX (upper panel) or 0.1 µM PMX (lower panel) for 72 hours under 

hypoxic vs. normoxic conditions, as compared to drug-free control cells. Columns, mean values 

obtained from three independent experiments; bars, SEM. *Significantly different (P<0.05) when 

compared to the same treatments under normoxic conditions.   
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Figure S3. Interaction between PCFT and LDH-A. (A) Protein network visualization from the 

STRING website. The online database STRING (http://string-db.org), which allows retrieving the 

functional and physical interactions of proteins, did not reveal a direct physical interaction between 

PCFT and LDH-A. (B) Proposed hypothetical model of PCFT and LDH-A modulation in cells growing 

in hypoxia and as spheroids and after targeted downregulation of PCFT expression. 
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Figure S4. Interaction between chemotherapeutic drugs and LDH-A inhibitors. (A) Apoptosis 

induction by 1 µM NHI-2 and 1 μM pemetrexed (PMX) and their combination for 24 hours pemetrexed 

in H2452 cells growing as monolayer under hypoxic conditions. The apoptotic index was calculated 

after bisbenzimide-HCl staining, as described previously [Massihnia et al., J Hematol Oncol 2017]. (B) 

Cell growth inhibition by NHI-Glc-2 alone, and in combination with gemcitabine at IC25. Growth 

inhibition curves of MesoII cells of a representative experiment with NHI-Glc-2 alone, and in 

combination with gemcitabine, under hypoxic conditions. Points, mean values obtained from three 

independent experiments; bars, SEM.  
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Figure S5. Increased LDH-A mRNA levels in spheroids. Modulation of LDH-A expression as 

assessed in MesoII and STO spheroids by qRT-PCR. Columns, mean values obtained from three 

independent experiments (the SEM values were not reported since they were always below 5%). 

 

 

 

Figure S6. Scheme describing the analysis of spheroid aggregation. To detect the light passing 

through the spheroids, pixel intensities of 8-bit black/white-converted images were calculated using 

ImageJ Software (U.S. National Institutes of Health, Bethesda, MD, USA), as described in the 

supplemental methods.  
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Figure S7. Microarray data analyses showing higher LDHAL6A expression in DMPM tissues 

compared to normal mesothelium tissues. (A) Differential analysis of mRNA expression of LDHA, 

LDHAL6A, LDHB in Mesothelioma and Normal tissues. LDHAL6A, a protein belonging to the LDHA 

family, is significantly overexpressed in mesothelioma tissues in the GSE112154 dataset. (B) Analysis 

of shared processes between LDHA and LDHAL6A.  



Chapter 10 

305 

 

Figure S8. Modulation of tumor volume in orthotopic DMPM tumors. Upper panel: Representative 

BLI images of mice harbouring orthotopic DMPM tumors. At the start of the experiment, mice were 

stratified into groups with comparable BLI signal, and then treated with NHI-GLC-2 administered i.p. 

for 2 weeks. Lower panel: Tumor growth as detected by BLI analysis. Columns, mean values obtained 

from the measurements in three mice; bars, SD.  



Provisionally accepted 

306 

 

Figure S9. Body weight of animals inoculated subcutaneously with DMPM cells. Median weight 

loss was always <10%, without toxic deaths. These results support the conclusion that the 

gemcitabine/NHI-Glc-2 combination displays a safe antitumor activity against in vivo models of 

DMPM. 

  



Chapter 10 

307 

 

Figure S10. LDH-A immunohistochemical analyses of MPM tissue microarrays (TMAs). 

Representative TMA cores in the cohorts of MPM patients, illustrating cases with high (upper panels) 

and low (lower panels) LDH-A expression (at 4X, 10X and 40X original magnification). Of note, at 

40X the LDH-A staining seems membrane-bound. However, this is an artefact. As clearly detected at 

the other magnification the staining is indeed cytoplasmatic. As clearly detected at the other 

magnifications the staining is indeed cytoplasmatic. Since these cells have very big nuclei, these nuclei 

are taking most of the space in the cytoplasm and the staining seems located near to the membrane at 

40X. However, this staining is not a “membrane staining”, also in comparison to our previous staining 

of EGFR in MPM tissues [Giovannetti et al., Br J Cancer 2011].  
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Supplemental Table 1 

Baseline characteristics of MPM and DMPM patients 

 

 

Notes: Survival and PFS data were available for all patients. Abbreviations: OS, Overall 

survival; PFS, progression-Free survival; PS, performance status 

  

Clinical characteristics       n of patients (%) 

  MPM  

(N=33) 

DMPM 

(N=56) 

Age, years [median, range] 68 [47-82]        73 [51-85] 

Age 

≤65 

>65 

 

13 (39) 

20 (61) 

 

28 (50) 

28 (50)  

Gender 

Male 

Female 

  

16 (48) 

17 (52) 

  

 17 (30) 

 39 (70) 

EORTC prognostic score / PS 

Good / 0 

Poor /1-2 

  

28 (85) 

5 (15) 

  

 44 (78) 

 12 (22) 

Histologic subtype 

Epithelial 

Non-epithelial 

  

30 (90) 

3 (10) 

  

 47 (84) 

 9 (16) 

PFS, months (median, 95%CI) 7.5 (6.2-8.8)  13.0 (10.2-15.7) 

OS, months (median, 95%CI) 20.1 (8.5-31.7) 26.0 (11.9-40.1) 
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Supplemental Table 2 

Scoring of CAIX protein expression staining 
Intensity of staning Weak Middle Strong 

 Range Score 1 2 3 

Positive 

cells % 

X=0 0 NO CAIX NO CAIX NO CAIX 

0<x<25 1 Low CAIX Low CAIX High CAIX 

25<x< 2 Low CAIX High CAIX High CAIX 

x>75 3 High CAIX High CAIX High CAIX 

“High CAIX” include the scores 4,5 and 6 

“Low CAIX” includes the scores 2 and 3 

 

 

Supplemental Table 3 

List of genes significantly up-regulated in cells growing as monolayers or spheroids, after 

exposure to hypoxic conditions as well as after PCFT silencing (showing a PCFT reduction of 

80% at RT-PCR) and, using the Hypoxia RT2 ProfilerTM array. The genes are reported in 

alphabetic order (NC, negative control, genes in blue are in common between the “Spheroids 

vs. monolayers” and the “Hypoxia vs. Normoxia” groups, genes in green are in common 

between the “Spheroids vs. monolayers” and the “PCFT siRNA vs. NC siRNA” groups, genes 

in red are in common between the “Hypoxia vs. Normoxia” and the “PCFT siRNA vs. NC 

siRNA” groups, LDH-A is the only gene in common among all these three groups). 

P values <0.01; Fold change= 3 

Spheroids vs. monolayers 

N=25 

Hypoxia vs. Normoxia N=49 PCFT siRNA vs. NC siRNA 

N=14 

ADM ADORA2B ATR 

ALDOA ANGPTL4 BLM 

ARNT ANKRD37 BHLHE40 

BTG1 ANXA2 BNIP3 

ENO1 APEX1 CA9 

HIF1A ARNT EGLN1 

HIF3A ATR FOS 

HK2 BNIP3 HIF1A 

HNF4A BNIP3L IGFBP3 

LDH-A BTG1 LDH-A 

LGALS3 CA9 MMP9 

LOX CCNG2 MET 

MAP3K1 COPS5 NFKB1 

MET CTSA PFKP 

MIF DDIT4  

MMP9 DNAJC5  

NCOA1 EDN1  

NFKB1 EGLN2  

PDK1 EGR1  

PFKFB4 EPO  

PGK1 GBE1  

PGK1 GBE1  

PIM1 HIF3A  
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PKM2 HNF4A  

SLC2A1 IER3  

SLC2A3 IGFBP3  

 JMJD6  

 LDH-A  

 LOX  

 MIF  

 MXI1  

 NDRG1  

 NOS3  

 ODC1  

 P4HA1  

 P4HB  

 PKM2  

 PLAU  

 RBPJ  

 RUVBL2  

 SERPINE1  

 SLC2A1  

 SLC2A3  

 TFRC  

 TPI1  

 TXNIP  

 USF2  

 VDAC1  

 VEGFA  
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Supplemental Table 4 

Outcome of the patients in the MPM patients according to clinicopathological 

characteristics. 

 

Abbreviations: EORTC, European Organization for Research and Treatment of Cancer; PFS, 

progression-free survival; OS, overall survival (Survival data were available for all patients and 

the minimum follow-up at the time of analysis was 27 months). 

Notes: The potential association of LDH-A expression with clinicopathological characteristics was 

compared between groups using the chi-square test, with continuity correction when cells had 

expected count less than 5, while the correlation with PFS and OS was evaluated using the log-

rank test 

  

Characteristics LDH-A expression PFS (Months) OS (Months) 

 Low High Median (95%CI) Median (95%CI) 

   7.5 (6.2-8.8) 20.1 (8.5-31.7) 

Age 

≤ 65 

> 65 

 

6 

7 

 

7 

13 

 

8.4 (5.2-11.6) 

7.5 (6.2-8.8) 

 

21.4 (2.2-40.6) 

13.1 (8.4-31.7) 

p-value 0.52 0.91 0.32 

Gender 

Female 

Male 

 

6 

7 

 

10 

10 

 

8.2 (7.0-9.4) 

7.4 (4.7-10.1) 

 

15.8 (4.9-26.7) 

20.1 (3.5-36.7) 

p-value 0.83 0.61 0.84 

EORTC prognostic score 

Good 

Poor 

 

13 

0 

 

15 

5 

 

7.7 

6.8 

 

20.6 

19.1 

p-value 0.14 0.91 0.32 

Histology 

Epithelioid 

Non-epithelioid 

 

13 

0 

 

17 

3 

 

8.4 (6.0-10.8) 

5.9 (0.8-11.0) 

 

20.7 (12.8-28.7) 

6.6 (2.3-10.9) 

p-value 0.40 0.02 0.04 
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Supplemental Table 5 

Outcome of the patients in the DMPM patients according to clinicopathological 

characteristics 

Abbreviations: PFS, progression-free survival; PS, Performance Status; OS, overall survival. 

Notes: The potential association of LDH-A expression with clinicopathological characteristics was 

compared between groups using the chi-square test, with continuity correction when cells had expected 

count less than 5, while the correlation with PFS and OS was evaluated using the log-rank test 

 

Characteristics LDH-A expression PFS (Months) OS (Months) 

 Low High Median (95%CI) Median (95%CI) 

   13.0 (10.2-15.7) 26.0 (11.9-40.1) 

Age 

≤ 65 

> 65 

 

9 

12 

 

19 

16 

 

10.0 (4.8-15.2) 

14.0 (10.1-17.9) 

 

14.0 (11.9-36.0) 

31.0 (15.2-46.8) 

p-value 0.41 0.49 0.57 

Gender 

Female 

Male 

 

18 

3 

 

21 

14 

 

14.0 (12.0-16.0) 

10.0 (7.3-12.7) 

 

26.0 (9.6-42.4) 

22.0 (3.8-40.2) 

p-value 0.08 0.52 0.53 

PS 

0 

1-2 

 

17 

4 

 

27 

8 

 

14.0 (5.3-22.7) 

8.0 (4.8-15.9) 

 

31.0 (19.6-42.4) 

8.0 (6.9-18.2) 

p-value 0.74 <0.01 <0.01 

Histology 

Epithelioid 

Non-epithelioid 

 

19 

2 

 

25 

7 

 

14.0 (11.8-16.2) 

8.0 (4.0-16.8) 

 

31.0 (17.0-45.0) 

9.0 (6.1-11.9) 

p-value 0.43 0.07 0.02 
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Biological Evaluation of a series of imidazo[2,1-b][1,3,4]thiadiazole derivatives against 

Diffuse Malignant Peritoneal Mesothelioma. 

 

Abstract 

A new class of our imidazo[2,1-b][1,3,4]thiadiazole compounds have recently been evaluated 

as inhibitors of tyrosine phosphorylation of focal adhesion kinase (FAK) in pancreatic 

carcinoma models. FAK is overexpressed in malignant mesothelioma and has recently emerged 

as an interesting target for the treatment of this disease. Therefore, 10 imidazo[2,1-

b][1,3,4]thiadiazole compounds characterized by the indole bicycle and a thiophene ring, were 

evaluated for the cytotoxic activity on two primary cell cultures of diffuse malignant peritoneal 

mesothelioma, MesoII and STO cells. Compounds 1a and 1b showed promising antitumor 

activity with IC50 values in the range from 0.59 to 2.81 µM in both cell lines cultured as 

monolayer. In 3D models, the compounds reduced the areas of spheroids approximately 2 times 

compared to the control after seventeen days of treatment. In addition, antimigratory activity 

was found by scratch wound healing assays in STO cells. These promising results prompt us to 

continue the research for future mechanistic studies of the antitumor activity.  
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Introduction 

 Malignant mesothelioma (MM) refers to a rare but aggressive tumor derived from mesothelial 

cells. They form a monolayer that covers the body’ serous cavities and whose main function is 

to provide a protective membrane for the lung (pleural), the intestine (peritoneum), the heart 

(pericardium) and the tunica vaginalis. The thorax and abdominal cavity are the primary sites 

for the development of cancer, with a rate of 80-90% and 10-15%, respectively, instead 

pericardium (1%) and tunica vaginalis (<1%) are rarely affected.1 The World Health 

Organization (WHO) has characterized three main histological types of mesothelioma, as well 

as their frequency rates: epithelioid (60-70%), sarcomatoid (10-15%) and biphasic (25-30%), 

this latter is a combination of the first two.2 It is well documented that the main cause for the 

onset of the disease is the ingestion and/or inhalation of asbestos, particularly due to 

occupational exposure. Other mineral fibres such as thorium, talc, mica or erionite, as well as 

radiation or simian virus 40 (SV40) contribute to the development of the disease.3–5 The 

incidence rate is closely associated to the etiology and although the use of asbestos has been 

banned for more than 30 years, its reduction has not been recorded in recent epidemiological 

data.6–9 It is almost always a fatal disease due to advanced stage at diagnosis, usually after 30-

40 years of latency period, with a median survival time after diagnosis of 9–12 months,10 only 

12% of patients live longer than one year.11 Most patients receive benefit from a multimodal 

treatment that include the combination of surgery, chemotherapy and radiation; singly, these 

modalities did not give positive outcomes or advantages in terms of survival.12–14 Anyway, not 

all patients can undergo surgery and consequently, systemic chemotherapy becomes the best 

optional route. Though mesotheliomas originate in different serous membranes, the efficacy of 

conventional chemotherapy varies with the location.15 

Like many other solid tumors, mesotheliomas develop as result of different molecular 

disorders. The understanding of these events pushes the researcher on two fronts: 1- to identify 

new molecules with antitumor activity; 2- assess the activity of compounds already known for 

their mechanism of action and used for the treatment of various diseases alone or in combination 

with other drugs. Recently, we reported the antitumor activity of a new class of imidazo[2,1-

b][1,3,4]thiadiazole compounds on pancreatic ductal adenocarcinoma (PDAC), highlighting 

their ability to reduce FAK phosphorylation on tyrosine residue [Y-397] (unpublished results). 

Therefore, encouraged by the strategies of ‘drug repositioning’ in drug discovery,16 we decided 

to study the antitumor activity of ten imidazo[2,1-b][1,3,4]tiadiazole compounds (Figure 1) on 

two diffuse malignant peritoneal mesothelioma (DMPM) cells, STO and MesoII.  
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Figure 1. Upper panel: Chemical backbone structure of compounds 1a-j. Lower panel: Table listing 

the chemical structure of the R and R1 substituents for each compound 

Materials and Methods 

Drugs and chemical 

The imidazo[1,2-b][1,3,4]thiadiazole compounds were synthesized at the Department of 

Pharmacy, University of Palermo, Italy (unpublished results). The drugs were dissolved in 

dimethyl sulfoxide (DMSO). The medium, foetal bovine serum (FBS), penicillin (50 IU mL-1) 

and streptomycin (50 µg mL-1) were from Gibco (Gaithersburg, MD,USA). All other chemicals 

were from Sigma (Zwijndrecht, the Netherlands). 

Cell cultures 

Human DMPM primary cultures (STO and MesoII) were derived from samples of 

patients who underwent surgery.17 The cells were maintained in DMEM/F12 (Dulbecco’s 

Modified Eagle’s Medium: Nutrient Mixture F12) for less than 20 passages, supplemented 

with 10% heat-inactivated FBS, 1% penicillin/streptomycin. Cells were routinely tested for 

mycoplasma. 

Cell growth inhibition 

The cell growth inhibitory effect of imidazo[1,2-b][1,3,4]thiadiazole compounds was 

evaluated by sulforhodamine-B (SRB) assay following the protocol as previously described.18 

Cells were seeded into a 96-well flat-bottom plates in triplicate in a volume of 100 µL (5x103 
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cells/ well for both cell lines, MesoII and STO) and incubate for 24 hours at 37 °C to create a 

confluent monolayer. Thereafter, the cells were treated with 100 µL of the compounds at eight 

different concentrations (from 312.5 to 40000 nM) for 72 hours and maintained at 37 °C, 5% 

CO2 and 100% humidity. Thereafter, the cells were fixed with 25 µL of trichloroacetic acid 

(TCA) (5.5% final concentration; Merck, Darmstadt, Germany) and incubated for at least 1 

hour at 4°C. Then, the plates were gently washed with deionized water and let dry at room 

temperature (RT). Once dried, the cells were stained with 50 µL of 0.4% SRB solution in 1% 

acetic acid for 15 minutes at RT. The excess of SRB stain was removed on dry paper and the 

plates were washed with a 1% acetic acid solution and let dry at RT overnight. The SRB stain 

was dissolve in 150 µL of tris(hydroxymethyl)aminomethane solution pH= 8.8 (TRIS base), 

and the absorbance was measured at a wavelength of 490 nm and 540 nm. Cell growth 

inhibition was calculated as the percentage of drug treated cells versus vehicle-treated cells 

(“negative control”) OD (corrected for OD before drug addiction, “day-0”). Finally, the half 

maximal inhibitory concentration values (IC50) were calculated with GraphPad Prism 7 

(Intuitive Software for Science). 

Wound healing assay 

The in vitro scratch wound-healing assay was performed as previously described.19 MesoII 

and STO cells were seeded in the 96-well flat-bottom plates at the density of 5x104 cells/well 

in 100 µL in order to reach a confluent layer. After 24 hours of pre-incubation at 37 °C, 5% 

CO2 and 100% humidity, the cell monolayer was scratched with a needle to create a scratch of 

constant width and subsequently washed with PBS to get rid of detached cells. Thereafter, the 

medium was replaced in the control wells and medium added with the compounds of interest 

to the experimental wells. The wound confluence was monitored by phase-contrast microscopy 

(Universal Grab 6.3 software) (DCILabs) integrated to the Leica DMI300B (Leica) migration 

station and the pictures were captured immediately after scratch (T = 0), and 4, 8 and 20 hours 

from the treatment. The results were analyzed with the Scratch Assay 6.2 software (Digital Cell 

Imaging Labs). 

Spheroids formation assay 

MesoII and STO spheroids were created following the protocols as reported previously.20 

Cells were seeded at a density of 7x104 cells/well for MesoII and 5x104 cells/well  for STO, in 

a volume of 100 µL in CELLSTAR®96-well cell repellent U-bottom plates (Greiner Bio-One, 

Cat No. 650970, Kremsmünster, Austria). Spheroids were generated for three days, and then 

treated with compounds 1a and 1b at two different concentrations equal to IC50 found by 

previous SRB assays and 5xIC50. Pictures of the plate were taken every two days after changing 



Unpublished results 

318 

the only medium for the control wells and medium added with compounds for experimental 

wells and the experiment lasted seventeen days. The reduction in size of spheroids were 

monitored by phase-contrast microscopy (Universal Grab 6.3 software) (DCILabs) integrated 

to the Leica DMI300B (Leica) station. Finally, pictures were analysed with ImageJ Software 

(U.S. National Institute of Health, Bethesda, Maryland, USA) to determine the area of the 

spheroids treated and compare it to the area of the untreated spheroids, as described 

previously.21 

Statistical analysis 

All SRB assays were carried out in triplicate and repeated at least three times, whereas the 

percentages of cell migration were calculated taking into account at least ten scratch areas. The 

area of spheroids were determined by ImageJ software. The data were evaluated using the 

GraphPad Prism version 7 software (GraphPad Software, San Diego, CA, USA). IC50s of 

cytotoxic assays are expressed as mean values ± SEM. The scratch areas were analyzed by 

Universal Grab 6.3 software. Statistical analysis results for migration assays were obtained by 

the Student’s t-test, whereas for spheroids assays by Tukey's multiple comparisons test. P 

values: ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05. 

Results and discussions 

Antiproliferative activity 

The cytotoxic activity of ten imidazo[1,2-b][1,3,4]thiadiazole compounds was evaluated on 

two DMPM cell lines, MesoII and STO, by SRB assay. Preliminary screening tests were 

conducted with all compounds at three fixed concentrations of 0.1, 1 and 10 µM. Only four out 

of ten compounds (1a,b,g and j), showed more than 50% inhibition of growth at 10 µM. 

Therefore, they were chosen for further screenings at eight different concentrations in the range 

from 312.5 to 40000 nM, in order to determine reliable half maximal inhibitory concentration 

values (IC50s). The table in the Figure 2 summarizes the IC50s of MesoII and STO cells treated 

with the aforementioned compounds; all four compounds showed relevant antiproliferative 

activity with IC50s ranging from 5.9 to 0.59 µM. Notably, the lowest IC50s were found in STO 

cells exposed to 1a and 1b (0.81 and 0.59 µM, respectively) (Figure 2A), whereas in MesoII 

cells the same compounds showed IC50s slightly higher, approximately 2.8 and 2.6 µM, 

respectively (Figure 2B). Conversely, the IC50s of compounds 1c-f,i and j were above of 10 µM. 

The results found with the compounds 1a and 1b, prompted us to investigate their cytotoxic 

activity on 3D models. 
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Figure 2. Representative growth curves of STO (A) and MesoII (B) cells after 72 hours of exposure to 

increased concentrations of compounds 1a and 1b (from 0.3125 to 40000 nM). Points, mean values 

obtained from three independent experiments; bars, SEM. Right table: list of the half maximal inhibitory 

concentrations values (IC50) in µM of each compound against the DMPM cell lines. Values are reported 

as the Means ± Standard Error of the Mean of three separate experiments. 

 

Volume reduction of MesoII- and STO-derived tumor spheres 

 Earlier studies reported that the drug activity found in the two-dimensional monolayer cell 

model is different when tested in the three-dimension cell culture,22 supporting the use of these 

models for drug testing. Additionally, the 3D model offers a more realistic representation of the 

tumor microenvironment including the physical and mechanical properties of the extracellular 

matrix, the oxygen gradient, extracellular pH and gradient of nutrients, as well as drug 

transport.23 Therefore, in order to obtain proper cytotoxic activity, we evaluated the ability of 

compounds 1a and 1b to affect the size of spheroids of MesoII and STO cells. Briefly, we 

seeded MesoII and STO cells in 96-well cell-repellent plates and we allowed them to form 

spheroids for three days. Thereafter, the spheroids were exposed to the compounds 1a and 1b 

for seventeen days. As shown in Figures 3A and 3B, the size of spheroids were reduced over 

time in both cell lines. Notably, after 17 days of treatment, we found about 2-fold reduction, 
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compared to the untreated spheroids. Moreover, statistical analyses revealed that the results 

were significant (P<0.0001).  

 

Figure 3. Size reduction of MesoII and STO spheroids treated with compounds 1a and 1b at 5-times 

the IC50. A: Left plot: Fold-change corrected for control, of the MesoII spheroids size at day 1, day 

7 and day 17. Right pictures: representative images of MesoII spheroids exposed to the compounds 

1a and 1b, taken with the automated phase-contrast microscope at day 1 of treatment, and after 7 and 

17 days. B: Left plot: Fold-change corrected for control of the STO spheroids size at day 1, day 7 

and day 17. Right pictures: representative images of STO spheroids exposed to the compounds 1a 

and 1b, taken at day 1 of treatment, and after 7 and 17 days. All p-values were determined by Two-

way ANOVA followed by Tukey's multiple comparisons test, **** = p<0.0001. The values were 

obtained taking into account the mean values of the areas of at least ten different spheroids. 

Compounds 1a and 1b inhibited cell migration in STO cells 

Secondary lesions that originate from DMPM primary site are very uncommon. However, 

localized and/or regional metastasis with the involvement of lymph nodes have been found.24–

26 Furthermore, the spread of tumor cells to form new metastasis loci on distant organs has been 

reported; particularly, pancreas and kidneys are the organs mainly involved, whereas lung, heart 

and brain are less commonly compromised.27,28 The interesting antiproliferative activity of 
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compounds 1a and 1b, prompted us to investigate their anti-migratory activity on MesoII and 

STO cells by scratch wound-healing assay. Briefly, the cells were treated with the compounds 

1a and 1b at concentration 3x IC50s. After the treatments, the migration was monitored over 

time within 20 hours and images of wound closure were captured at different timepoints (T=0, 

4, 8, and 20 hours). Notably, in order to exclude that the wound track could be covered by cell 

proliferation, we calculated the doubling time of each cell line which was more than 24 hours. 

As shown in Figure 4A-B, MesoII cells are characterized by a more aggressive migratory 

behaviour. Indeed, as shown in Figure 4B, after 20 hours from the treatment, the cells showed 

a complete closure of the wound both in controls and treated wells. The anti-migratory activity 

of the same compounds was more evident in STO cells where we observed a reduction of 

migration rates by 25.81% and 20%, after 20 hours from the treatment, compared to control (set 

at 100%) (Figure 4B). Statistical analyses revealed that the reduction of migration in STO cells 

treated with compounds 1a was significant, compared to the control (i.e., untreated cells). 

 

Figure 4. Modulation of the migration rate in MesoII and STO cells treated with the compounds 1a and 

1b at concentration of 3x IC50. A,C: Percentages of migration monitored over time (0, 4, 8 and 20 hours) 

in MesoII (A) and STO (B) cells treated with compound 1a and 1b. Points, mean values obtained from 
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the means of at least six different scratch areas. P values were calculated with Student’s t-test. *p<0.05. 

B,D: Representative images of the wounds closure captured with the microscope at 0 and 24 hours on 

MesoII (B) and STO (D) cells. Original magnification 5X. 
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Conclusions 

Ten imidazo[1,2-b][1,3,4]thiadiazole compounds were tested for their antiproliferative 

activity on two primary cell cultures of diffuse malignant peritoneal mesothelioma, namely 

MesoII and STO. Four compounds 1a,b,g and h showed promising antitumor activity with IC50s 

in the range from 5.9 to 0.59 µM. Notably, compounds 1a and 1b displayed lowest IC50s in both 

cell lines. These results also reflected the sensitivity to the drugs when the cells had grown up 

as spheroids, inhibiting their formation and thus their area approximately 2 times compared to 

the controls. The lowest IC50S values were found in the treatment of STO cells were also 

associated with the ability of compounds 1a and 1b to reduce cell migration by 25.81% and 

20%, respectively. These results lead us to learn more about the mechanism of action and 

investigate the ability of these compounds to inhibit FAK phosphorylation. 
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Discussion 

According to the World Health Organization (WHO) about 1 in 6 deaths is due to cancer, 

thus representing the second leading cause of death globally, only after cardiovascular disease. 

In 2019, in the United States (US), approximately 1.8 million new cancer cases are estimated 

to occur in both sexes, one third of which will be death cases (approximately 600.000 cases),1 

while in Europe, in 2018, 3.91 million new cases were registered (excluding non-melanoma 

skin cancers) and 1.93 million deaths.2 These extremely high numbers encourage the research 

for new therapeutic strategies for cancer treatment that remains a major challenge in medicinal 

chemistry. Several approaches have been used to treat cancers, including surgery, radiotherapy, 

hormone therapy, chemotherapy and immunotherapy3 and, mostly in the last years, researchers 

are increasingly focusing on targeted therapy. In fact, compared to traditional chemotherapy 

that aims at the processes needed for cancer cells to grow and divide, targeted therapy works 

by targeting specific cancer genes or proteins involved in the growth and spread of cancer. 

Furthermore, ideally targeted therapy acts as a cytostatic, blocking tumor proliferation, while 

chemotherapy is cytotoxic, killing fast-growing cells, also causing damage to healthy cells.4 In 

practice, most so-called targeted therapies also cause substantial toxicities often necessitating 

discontinuation of treatment. 

The first step in the search for potential drug-like compounds, which generally occurs in 

academia, is the preclinical investigation of their in vitro cytotoxic activity. Therefore, the use 

of adequate cellular models and chemosensitivity assays is needed to identify new therapeutic 

agents in a library of compounds. In chapter 2 we briefly summarized the main criteria to be 

used in planning in vitro cytotoxic studies in order to obtain reliable results. The most 

representative example of large-scale in vitro drug screening is the high-throughput test in 

multi-well plates in which the dose-response results of drugs screening are easily calculable 

and reproducible. In vitro monolayer assays(2D) are the best low-cost strategy for assessing the 

cellular sensitivity to new drug candidates. Among these, trypan blue exclusion, 

sulforhodamine-B (SRB), tetrazolium (MTT) or resazurine reduction, and ATP content are the 

most widely used and are based on the ability of cells to bind, exclude or metabolize some dyes. 

Of course, these tests do not take into consideration the complexity of the tumor 

microenvironment which plays a fundamental role in the spread of cancer cells and drugs 

resistance. Therefore, multicellular spheroids and organoids also represent valuable models in 

cellular pharmacology studies, exploitable even in co-culture approaches. These 3D models 

reproduce the in vivo environment of tumors and take into account some features such as cell-

cell or cell-extracellular matrix contacts, the activity of drugs in a context of the low oxygen 
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gradient, especially in the core of spheroids, the high hydrogen ion concentration (pH) and 

different gradient of nutrients. In this Thesis we focused on the assays based on 2D cultures. 

Various factors must be carefully evaluated before performing the tests. These include: 

➢ an appropriate drug solvent that guarantees stability to the drug and is not toxic to the 

cells; 

➢ selection of the best pharmacological drug concentrations both for established drugs and 

novel compounds; 

➢ time of exposure of the drug that mimics the in vivo situation (e.g. reflecting time of 

plasma peaks and drug persistence); 

➢ optimizing cell-seeding density and assay timing based on cell-doubling time.  

Finally, cell proliferation and survival in monolayer (2D) cultures is calculated taking into 

consideration the product of two parameters: concentration of drugs (C), and time to exposure 

(T).  

The colony-forming assay is another in vitro test through which the ability of cell to form 

colonies during the treatment is evaluated. The two parameters that indicate the ability of drugs 

to completely reduce or cancel the formation of colonies are the plating efficiency (PE), namely 

the ratio between the number of colonies and the number of seeded cells, and the surviving 

fraction (SF), that is the number of colonies after the treatment of cells expressed in terms of 

PE. 

It is extremely important that during the execution of the in vitro test there is a constant 

control of cell cultures to exclude contaminations, indeed, a lack of quality control causes a lack 

of reproducibility. The main types of contaminants are: Bacteria, Fungi, Mycoplasma and 

Viruses. Bacteria and Fungi are easily detected thank to the turbidity and colour change of the 

culture medium due to the change in pH, or by microscope. Instead, Mycoplasma is the smallest 

prokaryotes with 0.3-0.8 μm in diameter that represents the main threat of the cultures, through 

metabolic effects or DNA degradation, thus inducing altered growth rate and morphological 

changes of the cells, as well as chromosome aberrations.5 Different techniques have been 

developed to detect Mycoplasma contamination, including growth in broth, staining, (e.g., 4′,6-

diamidino-2-phenylindole, DAPI), polymerase chain reaction, and ATP luminescence.6 

Clinical therapies based on drug combinations have been widely used for over 50 years, 

when the combination of mechlorethamine, vincristine, procarbazine and prednisone (MOPP) 

showed promising results in the treatment of childhood leukemia.7 The choice to combine two 

or more drugs depends mainly on the mechanism of action of each drug and the goal is to 

achieve better treatment efficacy, evade increasing toxicity, targeting different cellular and 
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acellular subpopulations in a heterogeneous tumor, avoiding the development of resistance, and 

finally, adding a drug that protects against toxicity. In chapter 3 we briefly describe the types 

of analyses generally used to calculate the efficacy of drug combinations, as well as their 

advantages and disadvantages. In addition we evaluated the software that helps to interpret the 

results, and finally we discussed the application of machine learning methods applied in 

biomedical sciences.  

The mathematical equations used to calculate the effects of the combination in cell-free 

systems are based on either the Loewe Additivity (in which it was hypothesized that drug A 

combined with itself, would give a final effect given by the sum of: A+A=2A. When another 

drug was used, the reference state would be A+B=2A),8 Bliss Independence model (in which 

the additivity is the product of the fractional response, in which 0.5 x 0.5=0.25),9 or a 

combination of both, such as Chou and Talalay’s median-drug-effect. 

Finally, application of cell-free models to cellular systems assumed a sigmoid dose-response 

curve based on the Hill equations that allows: 

a) the fractional effect analysis; this analysis determines the additive theoretical effects of a 

combination, given to the product of the fractional effect of each drug of the combination. 

For instance, the fractional effect of a drug with 50% growth inhibition activity is 0.5. 

Consequently the theorical fractional effect of two drugs with the same growth inhibition 

activity, e.g. of 50%; is 0.5 x 0.5=0.25. Therefore, synergism is obtained when the 

fractional effects detected are less than 0.25, while antagonism occurs when values are 

higher than 0.25. The disadvantage of this model is the inability to calculate a confidence 

interval within each experiment. Furthermore, there are no negative fractional values, so 

it is not possible to calculate killed cells.  

b) The isobolograms plot10 is based on a straight line connecting the concentrations of two 

drugs on the X and Y axes, when the combination is additive. The synergistic or 

antagonistic effects are represented by curves to the left or right of this, respectively. 

Unfortunately, this model does not allow us to quantify these effects, just as cell killing 

cannot be evaluated. 

c) The response surface area model11–13 is based on mixed Loewe-Bliss equations and 

allows the quantification of synergism or additive affects, as well as calculating the 

confidence interval and evaluating the effects of more than two drugs. Unfortunately, this 

model requires statistical expertise for the interpretation of the results obtained. 

d) The median effect analysis was developed by Chou and Talalay based on Loewe and Bliss 

models. The effect of drug combinations is represented by sigmoidal curves coming out 
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of an equation formulated taking into account the Henderson-Hasselbach, Michaelis-

Menten, Hill and Scatchard equations. The diagrams showing the effects of the 

combination are the results of Fa value (fraction affected) and CI (Combination Index) 

and evaluates synergy in the whole interval Fa from 0 to 1.However, when Fa is above of 

0.95, CI values are usually not reliable, while CI values obtained at Fa<0.5 are not 

relevant, since Fa<0.5 represent clinically not relevant growth inhibition. 

Calcusyn (or  Compusyn by a different manufacturer) and Combenefit are two software 

program used to calculate the effects of combination treatments, based on the median drug 

effect analysis and response surface area, respectively. Calcusyn was widely used to evaluate 

the combination of conventional antitumor drugs. However,  Calcusyn can also be used to 

calculate the combination of conventional and targeted anticancer drugs, (e.g. pemetrexed or 

gemcitabine with tyrosine kinase inhibitors-TKI) taking into consideration genetic alterations 

and concentration of TKI, or the combination of two or more TKIs.14–16 Of course, when we 

translate these results into in vivo models, we need to considered additional parameters, as well 

as pharmacokinetics and pharmacodynamics characteristics of the drugs and their interactions. 

These aspects are increasingly improved and predicted by models based on artificial 

intelligence. 

Combination treatments form the mainstay for curative treatments of many cancers (e.g. 

breast cancer, childhood cancer, lymphomas). However, the outcome of combination-based 

treatment, can be different for each patient mainly due to individual and tumor genetic profiles. 

Therefore, in order to achieve better efficacy of cancer treatments, one needs to identify 

molecular or genetic determinants that characterize each patient. This is possible through a 

careful research and individualization of prognostic tumor biomarkers useful for the clinical 

management to guide therapeutic decisions that should identify the subgroups of patients who 

would benefit from specific treatments. In chapter 4 we describe dysregulations both at 

germinal and tumor level potentially affecting the standard treatment modalities in pancreatic 

ductal adenocarcinoma (PDAC). In particular, we focused on polymorphisms and -omics 

profiles related to the response to a single chemotherapeutic or pharmacological combinations, 

including gemcitabine, FOLFIRINOX and nab-paclitaxel combinations, as well as limitations 

of targeted therapies. 

Currently, no biomarker has been identified to improve the treatment with gemcitabine since 

application of preclinical or clinical investigations on potential biomarkers have yielded 

controversial results. For instance, several studies highlighted the correlation between high 

expression of the human equilibrative nucleoside transporter 1 (hENT1), which is usually 
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associated with polymorphisms, and longer overall survival (OS) of patients treated with 

gemcitabine.17,18 Unfortunately, studies with unvalidated antibodies such as SP120 obscured 

the data. E.g. one immunohistochemical study on hENT1 expression using this rabbit 

monoclonal antibody SP120 showed no correlation between hENT1 levels and OS.19 In 

addition, since gemcitabine resistance is also due to the complex microenvironment of PDAC, 

it is possible to have a lack of correlation between clinical outcomes and pharmacogenetics of 

tumor biomarkers.20 Further studies have evaluated the polymorphisms in the enzymes involved 

in the metabolism of gemcitabine such as deoxycytidine kinase and cytidine deaminase and, 

therefore, their role as biomarkers.21 Also these evaluations did not give representative results 

due to the use of different methodologies in the conduct of the studies. 

The first-line treatment of patients with metastatic PDAC is the combination of different 

chemotherapeutic drugs including 5-flourouracil (5-FU), leucovorin, irinotecan and oxaliplatin, 

under the name FOLFIRINOX. This protocol was introduced when in Phase III clinical trials 

better overall survival (OS) and progression-free survival (PFS) was observed compared to 

gemcitabine monotherapy.22 Unfortunately, there are currently no reliable biomarkers to predict 

its efficacy and safety. Recently, a retrospective study reported a positive correlation between 

mutations in five genes involved in the DNA damage repair (BRCA1, BRCA2, PALB2, MSH2, 

and FANCF) and longer OS of patients treated with FOLFIRINOX.23 Two additional studies 

supported the potential role of genes involved in DNA repair as biomarkers of FOLFIRINOX 

activity; the first revealed a PFS greater than 2 years in two patients with inactivating genetic 

mutations related to HRR (homologous recombination repair) while the second showed 

downregulation of microRNA-181a-5p.24 Contrary to what is reported in the literature on the 

correlation between the expression of excision repair cross-complementing (ERCC) proteins 

(in particular, ERCC-1, -2, -3 and -4) and glutathione S-transferase Pi (GSTPi) with the 

response to platinum-based chemotherapy, there are not statistically significant associations 

between patients with unresectable PDAC treated with FOLFIRINOX and tumor expression of 

the previously mentioned proteins.25 Further studies should be conducted to compare the 

efficacy of treatment with FOLFIRINOX and polymorphisms of the NER system (nucleotide 

excision repair), such as XPD-Lys751Gln, which are generally associated with greater 

resistance to cisplatin-induced damage. Finally, dihydropyrimidine dehydrogenase (DPD) and 

thymidylate synthase (TS) have been subject of investigation in a regimen treatment with 5-

fluorouracil (5-FU) as potential prognostic biomarkers. In a preclinical study with 15 PDAC 

cell lines and two 5-FU-resistant sub-clones, higher mRNA expression levels of both DPD and 

TS were correlated with reduced 5-FU sensitivity,26 and this correlation was also found in a 
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study 68 resected pancreatic cancer tissues treated with adjuvant 5-FU liver perfusion 

chemotherapy in which DPD protein expression was high.27 Other data on correlation between 

TS protein expression and outcome of PDAC patients treated with 5-FU are controversial. 

Indeed, high TS protein levels were correlated with longer OS in resectable patients and not in 

patients with advanced PDAC.28 Finally, with regards on the search for biomarkers of irinotecan 

treatments, there are only a few questionable results. One study showed that irinotecan-resistant 

cells had a low expression of topoisomerase 1 (TOP1), the main target of irinotecan, while 

another showed that the expression of TOP1 was not associated with the sensitivity of 

irinotecan.29,30 In addition, catabolic enzymes CYP3A4, CYP3A5, UGT1A10, or the expression 

of the export transporters ABCB1 and ABCC2 have also been studied as a biomarkers of 

irinotecan activity, but there was not any correlation.31 Finally, further analysis of the in vivo 

models genetic databases, proteomics and tissue microarrays (TMAs) showed a high expression 

of carboxyl esterase-2 (CES2), which activates irinotecan, associated with a better prognosis in 

22 resectable and borderline resectable patients treated with FOLFIRINOX in the neoadjuvant 

setting. 

The activity of the secreted protein acidic and rich in cysteine (SPARC), also known as 

osteonectin (ON), has been correlated to PDAC cells proliferation and metastasis. Because this 

protein binds the albumin of nab-paclitaxel, it has been studied as its biomarker of response.32 

The results obtained by immunohistochemical analysis, engineered mouse and patients derived 

xenografts, showed that SPARC did not play a role in the internalization of nab-paclitaxel in 

tumor cells.33–35 The positive clinical outcomes of the combination of nab-paclitaxel with 

gemcitabine are due to the ability of the first to inactivate the enzyme cytidine deaminase 

(CDA) and consequently, increasing gemcitabine concentration. Nevertheless, the use of 

specific CDA inhibitor administered with the aim to increase gemcitabine concentration, did 

not lead an increase in cancer cell death, thus suggesting other factors involved in cytotoxic 

activity.36 

It is well know that paclitaxel induces cell death through the disruption of mitosis by binding 

to the microtubule protein beta-tubulin (TUBB3). Even in PDAC patients with unresectable 

disease and lacking of TUBB3, treated with paclitaxel, immunohistochemical analysis showed 

a longer PSF, thus suggesting it as a new biomarker.37,38 However, preclinical studies 

highlighted that in cells resistant to paclitaxel, the activity of TUBB3 was restored by the 

FOXO3a-dependent regulation of ABCB1, which further induced cross-resistance to different 

chemotherapeutics such as 5-FU, docetaxel, and cisplatin.39 In conclusion, there are not 

effective biomarkers that help to stratify PDAC patients and optimize cancer treatment.  
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Although improving the understanding of PDAC tumor biology, ‘actionable’ therapeutic 

targets have not yet been identified.40 Indeed, target therapy approach has often led to clinical 

failure, as found in many literature sources and which we reported in Chapter 4. Probably, these 

drawbacks are due to the important role plaid by tumor microenvironment of PDAC which 

contribute to metastasis and drug resistance.41,42 

Chemotherapy offers only small advantages to patients and most efforts to improve existing 

regimes have failed in advanced clinical studies. Therefore, not only the identification of new 

targets is necessary, but also the discovery of new therapies for the treatment of cancer and the 

overcoming of resistance to current therapies to improve the patient's prognosis. 

The use of heterocyclic systems in the development of new anticancer drugs has always been 

a milestone in medicinal chemistry.43 Their incorporation into the molecules is a useful tool for 

modifying some pharmacological properties such as lipophilicity, polarity and aqueous 

solubility, and in addition, potency and selectivity toward specific targets. Indeed, heterocycles 

allow to obtain compounds with ideal biological and physicochemical features. As a result, 

many marketed molecules have structural units composed of heterocycles. Furthermore, the 

basic units of biological molecules such as DNA and proteins, or essential elements such as 

vitamins or carbohydrates, consist of one or more fused or linked heterocycles. 

These premises led us to continue the studies on heterocyclic systems and, based on 

molecular hybridization knowledge as new strategy in drug design, we synthesized a new series 

of seventy 3-(imidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H indole analogues (Table 1) 

characterized by two interesting biological scaffolds, the indole and imidazothiadiazole 

heterocycles. The variability of substituents aimed to evaluate how structural modifications on 

the indole or phenyl nucleus, the introduction of an aldehyde group at the position 5 of the 

imidazothiadiazole scaffold or the replacement of the phenyl ring with a thiophene could 

influence the anticancer activity of this class of compounds. Particularly, we investigated the 

antitumor activity of this class of molecules on PDAC and diffuse malignant peritoneal 

mesothelioma (DMPM) as we reported in chapters 5,6,7 and 11. In addition, based on the 

recent concept of drug repositioning44 and literature data on antibacterial activity of 

imidazo[2,1-b][1,3,4]thiadiazole derivatives,45-46 we evaluated the antibiofilm activity of thirty-

six compounds synthesized, as reported in the chapter 8. In the chapters 6,7 and 8 we reported 

the chemical synthesis of the compounds.  
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Comp R R1 R2 R3 

1 H H tiophen-3-yl H 

2 H CH3 tiophen-3-yl H 

3 Br CH3 tiophen-3-yl H 

4 Cl H tiophen-3-yl H 

5 Cl CH3 tiophen-3-yl H 

6 F CH3 tiophen-3-yl H 

7 Br H tiophen-3-yl H 

8 F H tiophen-3-yl H 

9 OCH3 H tiophen-3-yl H 

10 OCH3 CH3 tiophen-3-yl H 

11 H H C6H5 H 

12 H CH3 C6H5 H 

13 H H 4-F-C6H4 H 

14 H CH3 4-F-C6H4 H 

15 H H 4-CF3-C6H4 H 

16 H CH3 4-CF3-C6H4 H 

17 H H 3-OCH3-C6H4 H 

18 H CH3 3-OCH3-C6H4 H 

19 H H 2,5-OCH3-C6H4 H 

20 H CH3 2,5-OCH3-C6H4 H 

21 H H 4-NO2-C6H4 H 

22 H CH3 4-NO2-C6H4 H 

23 Br H C6H5 H 

24 Br CH3 C6H5 H 

25 Br H 4-F-C6H4 H 

26 Br CH3 4-F-C6H4 H 

27 Br H 4-CF3-C6H4 H 

28 Br CH3 4-CF3-C6H4 H 

29 Br H 3-OCH3-C6H4 H 

30 Br CH3 3-OCH3-C6H4 H 

31 Br H 2,5-OCH3-C6H4 H 

32 Br CH3 2,5-OCH3-C6H4 H 

33 Br H 4-NO2-C6H4 H 

34 Br CH3 4-NO2-C6H4 H 

35 Cl H C6H5 H 

36 Cl CH3 C6H5 H 

37 Cl H 4-F-C6H4 H 

38 Cl CH3 4-F-C6H4 H 

39 Cl H 4-CF3-C6H4 H 

40 Cl CH3 4-CF3-C6H4 H 

41 Cl H 3-OCH3-C6H4 H 

42 Cl CH3 3-OCH3-C6H4 H 

43 Cl H 2,5-OCH3-C6H4 H 

44 Cl CH3 2,5-OCH3-C6H4 H 

45 Cl H 4-NO2-C6H4 H 
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46 Cl CH3 4-NO2-C6H4 H 

47 OCH3 H C6H5 H 

48 OCH3 CH3 C6H5 H 

49 OCH3 H 4-F-C6H4 H 

50 OCH3 CH3 4-F-C6H4 H 

51 OCH3 H 4-CF3-C6H4 H 

52 OCH3 CH3 4-CF3-C6H4 H 

53 OCH3 H 3-OCH3-C6H4 H 

54 OCH3 CH3 3-OCH3-C6H4 H 

55 OCH3 H 2,5-OCH3-C6H4 H 

56 OCH3 CH3 2,5-OCH3-C6H4 H 

57 OCH3 H 4-NO2-C6H4 H 

58 F H C6H5 H 

59 F H 4-CF3-C6H4 H 

60 F CH3 4-CF3-C6H4 H 

61 F H 3-OCH3-C6H4 H 

62 F H 2,5-OCH3-C6H4 H 

63 H H C6H5 CHO 

64 H CH3 C6H5 CHO 

65 H H 4-F-C6H4 CHO 

66 H H 3OCH3-C6H4 CHO 

67 H H 2,5-OCH3-C6H3 CHO 

68 H CH3 2,5-OCH3-C6H3 CHO 

69 H H 4-NO2-C6H4 CHO 

70 Br H 2,5-OCH3-C6H3 CHO 

Table 1. All imidazo[2,1-b][1,3,4]thiadiazole synthesized 

Thirty-six 2-(6-phenylimidazo[2,-1-b][1,3,4]thiadiazol-2-yl)-1H-indoles derivatives 11-46, 

were tested for their in vitro antibiofilm activity against the Gram-positive bacterial reference 

strains Staphylococcus aureus ATCC 25923, Staphylococcus aureus ATCC 6538 and 

Staphylococcus epidermidis ATCC 12228, and the Gram-negative strains Pseudomonas 

aeruginosa ATCC 15442 and Escherichia coli ATCC 25922, and the minimum inhibitory 

concentrations (MIC) were evaluated. Notably, against Gram-positive pathogens, all 

compounds showed the ability to inhibit bacterial biofilm formation in a dose-dependent 

manner, eliciting in many cases the biofilm inhibitory concentration (BIC50) values lower than 

24.5 µM, (concentration at which the percentage of inhibition of biofilm formation is equal to 

50% compared to the untreated growth control). Interestingly, compounds characterized by one 

or two methoxy groups on the phenyl ring, displayed better activity with BIC50 values ranging 

from 0.5 to 46.5 µM, whereas compounds with nitro substituent in para position of the phenyl 

ring, significantly inhibited biofilm formation in all Gram-positive and Gram-negative tested 

strains showing BIC50 between 3 and 71.7 µM. These results allowed us to draw conclusions 

about the structure activity relationship (SAR). Certainly, the substituents in the phenyl ring 

affected the activity; in particular, electron-withdrawing, like nitro group substituents, are 

advantageous for the activity against both Gram-positive and Gram-negative pathogens, 

whereas electron-donating substituents are advantageous only for the activity against Gram-
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positive pathogens. Instead, different substituents on the indole nucleus, as well as its N-

methylation, did not affect the antibiofilm activity. Six of the most promising compounds 18-

20,22,34,43 showed lower BIC50 values against S. aureus strains, therefore an additional assay 

was performed in order to investigate the potential mechanism of action. In particular, we 

evaluated the dispersal activity against the 24 h preformed biofilm of the same strains. Only 

one out of six compounds, derivative 18, showed weak activity eliciting an IC50 value of 322 

µM against S. aureus ATCC 25923. Altogether, these results suggested a mechanism of 

antibiofilm activity related to the interference with adhesion or regulatory mechanisms involved 

in bacterial communication systems characterizing the first steps of biofilm formation, rather 

than an ability to disrupt mature biofilms. Therefore, we investigated the inhibition of Sortase 

A enzyme (SrtA) as possible mechanism of action. Unfortunately, no compound was effective 

at the maximum tested concentration of 100 µM against the transpeptidase.  

Forty out of seventy compounds were submitted to the National Cancer Institute (NCI) and 

selected to evaluate their antitumor activity against a panel of sixty human cancer cells derived 

from 9 cancer cell types and grouped into disease subpanels including leukemia, non-small cell 

lung, colon, central nervous system, melanoma, ovarian, renal, prostate, and breast cancers. 

They were initially tested according to the NCI protocol at one-dose of 10 µM. Three 

compounds 1,6 and 31 exhibited significant growth inhibition in this first step and they were 

selected for further screening at five concentrations (from 10-4-10-8 M). Finally, they showed 

interesting in vitro anticancer activity with GI50 values ranging from micromolar to sub-

micromolar level, i.e., 10.3-1.67 µM (compound 31), 11.4-0.23 µM (compound 1) and 12.2-

0.29 µM (compound 6), respectively.  

In order to expand the NCI panel, we further evaluated the in vitro antitumor activity of the 

synthesized imidazo[2,1-b][1,3,4]thiadiazole derivatives on PDAC (except for compounds 

21,33,34,45 and 46 that, due to the poor solubility in dimethyl sulfoxide (DMSO), have not 

been tested), while compounds 1-10 characterized by a thiophen nucleus were also tested on 

DMPM primary cell lines.  

Among the tested compounds, derivatives 1,2,6 and 8 showed remarkable antiproliferative 

activity against three preclinical PDAC cell lines, SUIT-2, Capan-1 and Panc-1 with the half-

maximal inhibitory concentration (IC50) values in the range from 0.85 to 4.86 µM (as shown in 

chapter 7). Compounds 1 and 2 displayed better cytotoxic activity in all the cell lines with 

IC50S in the range of 0.85 and 1.7 µM. Notably, on SUIT-2 cells the IC50s were 0.85 and 0.99 

µM, respectively. As evidenced by the cytotoxic results, the most promising compounds were 

of type 2-(1H-indol-3-yl)-6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazole. Evaluation of 
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SAR, led us to observe that the presence of the halogens chlorine (-Cl) and bromine (-Br) on 

the indole scaffold is disadvantageous, while F-analogues, similarly to the hydrogen (-H) 

analogues, probably due to the small atomic ray of fluorine (-F), showed better cytotoxicity 

activity. Not even the methoxy group (-OCH3) on indole scaffold improved antitumor activity. 

Instead, N-methylation of indole did not affect the activity. These observations have highlighted 

the irrelevant function of phenyl ring on antitumor activity, both substituted or not. Finally, the 

presence of aldehyde (-CHO) group at position five of imidazothiadiazole, compounds 63-70, 

did not improve the activity compared the analogues without it, compounds 10-12,17,19-21,31 

which did not show cytotoxic activity. 

One of the main cause of clinical failure is the development of resistance to chemotherapy. 

Gemcitabine was the first agent approved by the Food and Drug Administration (FDA) for the 

treatment of advanced and metastatic pancreatic cancer, but its clinical effects has been limited 

by the chemoresistance.47 Therefore, we investigated whether cell growth of Panc-1R, a 

subclone of Panc-1 cells made resistant to gemcitabine, was influenced by our compounds 1,2,6 

and 8. Surprisingly, all compounds maintained their ability to reduce cell growth with IC50s of 

2.7, 2.2, 2.8 and 3.9 μM, respectively. In addition, the same compounds showed cytotoxic 

activity also on primary culture, PDAC-3, with IC50S ranging from 1.7 (compound 1 and 2) to 

3.9 (compound 8) and 5.1 μM (compounds 6). In order to provide more realistic cytotoxic 

results, we created 3D models of PDAC-3, which compared to 2D monolayer assays, mimic 

the tumor tissues environment including the physical and mechanical properties of the 

extracellular matrix, the oxygen gradient, extracellular pH and gradient of nutrients, as well as 

drug transport.48 In particular, we treated spheroids with compounds 1 and 2 for eight days 

during which we observed their shrinkage. Finally, we calculated the area of treated spheroids 

which were approximately the half compared to the control for both compounds. 

The high metastatic profile of PDAC led us to investigate the ability of compounds 1 and 2 

to inhibit the migratory behaviour of SUIT-2, Capan-1, Panc-1, Panc-1R and PDAC-3 cell lines, 

by scratch wound-healing assay, which provides a useful method for screening compounds with 

high-throughput efficiency. The best results were found on SUIT-2 and Panc-1R cells treated 

with the compounds 1 and 2, in which, after 24 h of treatment, the areas of the wound, compared 

the controls set to 100%, were of 33.3% and 32%, respectively, in Panc-1R, while in SUIT-2 

they were 34.9% and 41%, respectively. The anti-migratory activity was less evident in Capan-

1 and Panc-1 cells treated with the same compounds, for which we observed the migration rates 

approximately between 50 and 60%. Finally, in PDAC-3 treated with compounds 1 and 2, the 

migration rates were 64% and 71%, respectively. 
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The results shown above might be explained by the modulation of key regulators of 

epithelial-to-mesenchymal transition (EMT) events, including the zinc-finger transcription 

factors, SNAIL1 and SNAIL2 both potent epithelial repressors, E-cadherin and N-cadherin 

(also called CDH1 and CDH12, respectively) calcium-dependent cell adhesion molecules, 

vimentin (VIM), type III intermediate filament (IF) protein typically expressed in mesenchymal 

cells, and finally, the matrix metalloproteinases (MMPs), especially the metalloproteinase-2/-

9. In particular, we evaluated their expression both at mRNA and proteins levels, by RT-qPCR, 

Western blot and gelatine zymography analyses, in SUIT-2, Capan-1 and Panc-1 cells treated 

with compounds 1 and 2 for 24 h. In SUIT-2 and Capan-1 cell lines the mRNA levels of 

SNAIL1 and SNAIL2, normalized with GAPDH expression, were increased from 1.5 to 

approximately 1.9 fold, suggesting a low amount of protein expression due to a feedback 

mechanism of control. Indeed, Western blot analysis confirmed the low protein expression of 

SNAIL-1 and -2 that are not sufficient to inhibit CDH1 mRNA transcription.49–51 Indeed we 

evaluated the downregulation of CDH1 mRNA and high protein levels. Instead, protein 

expression of VIM and MMP2 were significantly reduced. Finally, CDH12 protein expression 

did not noticeably change compared to the control. Compounds 1 and 2 induced a significant 

decrease, approximately by 50%, of the proteolytic activity of MMP2 and MMP9 isolated from 

SUIT-2 and Capan-1 cells and detected by using specific gelatine zymography assays, whereas 

the areas of lysis created by the proteolytic activities of both enzymes isolated from Panc-1 cells 

were not significantly wider compared to the control.  

Several studies reported in the literature have demonstrated that the indole and 

imidazothiadiazole derivatives can be a versatile structures to discover drug-like kinase 

inhibitor able to act through the inhibition of different protein kinases.52–54 Therefore, we 

investigated the potential mechanism of action of our compounds as inhibitor of tyrosine 

kinases by tyrosine kinase peptide substrate array. The results of these analyses highlighted the 

ability of compounds 2 to inhibit the phosphorylation of 45 peptide substrates in SUIT-2 cells 

and we visualized on Cytoscape a network of interactions between proteins containing the 

phosphorylated peptides. Notably, PTK2/FAK emerged as an important hub between those 

proteins. The treatment with compounds 2 inhibited the phosphorylation of PTK2/FAK more 

than 2-fold compared to the control, with FDR < 0.01. Therefore, we assessed the inhibition of 

phosphorylation of PTK2/FAK at tyrosine residue 397 (FAK [pY397]) as one of the possible 

mechanisms of action of our compound, using a quantitative ELISA assay. This assay validated 

a reduction of p-FAK in SUIT-2, Capan-1 and Panc-1 cells treated with compounds 1 and 2 

with fold-change values ranging from 0.4 to 0.5. These results suggested FAK as target of our 
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compounds and may explain how they can suppress FAK-driven migration and growth in 

PDAC cells.  

The interesting antitumor activity shown by compounds of type 2-(1H-indol-3-yl)-6-

(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazole, prompted us to investigate their antitumor 

activity also on DMPM, as reported in chapter 11. In detail, we tested the in vitro 

antiproliferative activity of derivatives 1-10 on two primary DMPM cells, MesoII and STO by 

SRB assay. As in PDAC cells, the results showed that compounds 1,2,6 and 8 have a higher 

cytotoxic activity, inducing the inhibition of cell growth with low IC50 values in the range from 

5.9-0.59 µM, in both cell lines. The most relevant results were found in STO cells in which we 

found IC50S of 0.81 and 0.59 µM after treatment with compounds 1 and 2, respectively. 

Conversely, MesoII cells were more resistant and the IC50s were slightly higher, approximately 

2.8 and 2.6 µM, respectively. The IC50 values of the others eight compounds were above 10 

µM, therefore we continued to investigate the cytotoxic activity of the first two compounds 

using the 3D models of MesoII and STO cells. In both cell lines, after seventeen days of 

treatment, we observed a statistically significant reduction of the size of spheroids with 

approximate 2 fold-change, compared to those not treated. 

Although mesothelioma cells rarely spread to distant organs, some cases of metastasis have 

been detected, mainly in the pancreas, kidneys, lung, heart and brain.55,56 Therefore, compounds 

1 and 2 were selected to investigate their antimigratory activity in MesoII and STO cells by 

scratch wound-healing assays. The results highlighted the low tendency to the migration of 

STO cells, in fact, after 20 hours of the treatment, we observed that in the control cells the area 

of wound remained large while, in the experimental wells there was a reduction of migration 

rates by 25.81% and 20%, respectively for compounds 1 and 2 compared to control (set at 

100%). Instead, after 20 hours of treatment, MesoII cells showed a complete closure of the 

wound both in the treated and untreated cells, with only a slightly ability of our compounds to 

reduce migration. 

We concluded that our imidazo[2,1-b][1,3,4]thiadiazole derivatives showed relevant in vitro 

antitumor activity but they had no antimigratory activity. Further investigation are warranted to 

deeper the mechanism of action underlying their antitumor activity. 

Because of the increased understanding of the genomic landscape of tumor biology, 

personalized therapy can improve the treatment of malignant tumors, in particular those with 

limited therapeutic approaches, such as malignant pleural mesothelioma (MPM). 

MPM is an aggressive tumor arising from the pleura, with a poor prognosis. Often, 

systemic therapy is the only route to treat this devastating disease and pemetrexed in 
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combination with cisplatin or carboplatin, is the only first-line treatment option, which 

improved the response rate, time to progression, overall survival and quality of life compared 

to cisplatin alone.57 The uptake of pemetrexed into cells can be mediated by three influx 

membrane transporters, specific for  both folates and antifolates. These include: i) the reduced 

folate carrier (RFC), a carrier-mediated anion exchanger; ii) the folate receptors FR-α and FR-

β, that mediate transport by endocytotic processes; iii) the proton-coupled folate transporters 

(PCFT), the main transporter of pemetrexed which is optimal at low pH. Expression levels of 

PCFT are correlated with the activity of pemetrexed. Moreover, when the promoter of PCFT is 

methylated , protein expression is decreased leading to resistance to pemetrexed. Conversely, 

the use of the demethylation agent such as 5-Aza-2´-deoxycytidine, increased the expression of 

mRNA and protein levels, leading to an sensitivity to pemetrexed. Therefore, PCFT might be 

used as a biomarker to predict the efficacy of therapy with pemetrexed and, in addition, it might 

targeted to overcome chemoresistance. In Chapter 9 we suggest preclinical and clinical studies 

as useful tools to allow the oncologists to stratify patients based on the PCFT levels and 

personalize the treatment to achieve positive outcomes: 

i) preclinical studies in vivo model to clarify the role of PCFT in pemetrexed activity and 

understanding the role of hypoxia on PFCT expression and pemetrexed resistance; 

i) translational studies to establish best cut-off of PCFT expression level for a validated 

pharmacogenetic test and validate previous retrospective analyses; 

ii)  finally, performing a Phase I trial in which demethylation agent 5-Aza-2´-deoxycytidine 

is used in patients with different tumor type. 

In chapter 10 we describe a correlation between hypoxia and the low expression of PCFT 

transporter.  High levels of hypoxic marker CAIX were associated with low expression of 

PCFT. We observed that MPM cells grown under hypoxic conditions and as spheroids showed 

resistance to pemetrexed. In addition, by PCR array performed on these previous in vitro models 

and in PCFT-silenced cells, we found that LDH-A was the only significantly up-regulated gene 

in all three models. Therefore, LDH-A emerged as an attractive druggable target for therapeutic 

interventions. Specific inhibitors designed against LDH-A, such as NHI-2 and its 

glycoconjugated analogue NHI-Glc-2, showed cytotoxic activity against MPM and DMPM 

cells, grown both as monolayers and as spheroids. Moreover, in mouse models obtained by 

orthotopic or subcutaneous inoculation of primary DMPM cells, NHI-Glc-2 caused a 

significant reduction of tumor growth, that was more evident after combination with 

gemcitabine compared to animals treated with either gemcitabine or NHI-Glc-2. Moreover, we 

demonstrated a prognostic role of LDH-A protein expression in small cohorts of MPM and 
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DMPM patients in which high expression levels of LDH-A were found in more than 50% of 

specimens. Our in vitro and in vivo findings and clinical data suggest that the aggressiveness of 

mesothelioma is correlated with the high expression of LDH-A, which can be targeted by 

specific LDH-A inhibitors, therefore representing a promising new avenue for prognostic and 

therapeutic purposes. 
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Conclusions 

There is a growing need to understand the molecular mechanisms underlying the 

dysregulation of signalling pathways in cancer cells, as well as new drugs to overcome the 

resistance to the conventional therapies. This Thesis was focused on the search for new 

treatments for pancreatic cancer and mesothelioma and is the result of a joint PhD 

(Palermo/Amsterdam) which integrates pharmaceutical/medicinal chemistry/oncological 

research. In particular, we reported the synthesis of a library of seventy imidazo[2,1-

b][1,3,4]thiadiazole derivatives bearing the indole scaffold, which were designed as hybrid 

potential MTDLs. These compounds were tested for their in vitro antiproliferative activity on 

a panel of PDAC cell lines (SUIT-2, Capan-1, Panc-1, Panc-1R, and a primary cell line PDAC-

3) and four of them, compounds 1,2,6 and 8, showed interesting antitumor activity with IC50S 

ranging from micromolar to sub-micromolar level, associated with significant reduction of cell-

migration and spheroids shrinkage. These results can be explained by the modulation of key 

regulators of epithelial-to-mesenchymal transition (EMT) and the inhibition of the 

phosphorylation of tyrosine PTK2/FAK as potential mechanism of action. It should be noted 

that the most promising compounds are characterized by the thiophene ring instead of the 

phenyl ring, which led us to hypothesize a key role for thiophene for interaction with the target. 

Therefore, the same subclass of compounds were also chosen to evaluate their antitumor 

activity on DMPM culture cells, MesoII and STO. As in PDAC, both primary cell lines showed 

greater sensitivity to the same four compounds, with IC50s in the range from 0.59 to 5.9 µM and 

the ability to induce the shrinkage of spheroids more than half compared to the control after 

seventeen days. Unfortunately, they did not show interesting antimigratory activity, and this 

can be explained by the low capacity of mesothelioma cells to spread from primary tumor to 

distant sites. Considered that these compounds reduced the phosphorylation of FAK in PDAC 

cells, further studies will be carried out to evaluate their ability to inhibit it also in DMPM cells. 

This is supported by the literature data which have reported the constitutive activation of FAK 

in several mesothelioma cells as responsible of cancer growth. 

Thirty-six imidazo[2,1-b][1,3,4]thiadiazole derivatives were further tested for the 

antibiofilm activity against Gram-positive and Gram-negative bacteria and many compounds 

showed biofilm inhibitory concentration (BIC50) values lower than 24.5 µM. In addition, the 

investigation of the mechanism of action showed that the compounds influenced the early stages 

of biofilm formation without affecting the mature biofilm. 

The last part of the Thesis focused on the mesothelium diseases. Specifically, we studied the 

most frequent malignant mesotheliomas, namely the pleural and the peritoneal. We showed a 
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correlation of hypoxia with the low expression of PCFT transporter in MPM and the 

chemoresistance to the traditional drug, pemetrexed, and furthermore, we demonstrated highest 

levels of LDH-A in hypoxic and PCFT-silenced cells. Therefore, we unraveled the potential 

prognostic value of LDH-A, also demonstrating the preclinical activity of LDH-A inhibitors in 

in vitro and in in vivo models of MPM and DMPM. In mouse models obtained by orthotopic or 

subcutaneous inoculation of primary DMPM cells, the combination of LDH-A inhibitor with 

gemcitabine reduced tumor volume. In addition, by IHC on TMAs in small cohorts of MPM 

and DMPM patients we found high expression levels of LDH-A in more than 50% of specimens 

that were inversely related with the OS. 
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The union of medical and pharmaceutical disciplines has led to great results in the 

understanding of tumor biology and, thereby, in the fight against this disease. Unfortunately, as 

shown by high mortality rates, clinical outcomes are still unsatisfactory. The researchers have 

to continue their studies on several fronts, starting with the identification of biomarkers as 

useful tools for early diagnosis, disease prevention, drug monitoring and personalized therapy, 

as well as new targets and drugs for the treatment of these devastating diseases. The study 

reported in the current Thesis is mainly based on the search for new therapeutics in the treatment 

of pancreatic and mesothelioma cancers. PDAC is a lethal malignant neoplasm that cause 

thousands deaths every year and despite the advancement for its detection and managements, 

the overall survival of 5-years continues to be still of 8%,1 and germline and somatic mutations, 

as well as the strongly desmoplastic reaction are the main responsible of chemoresistance.2 To 

that goal, a critical review was made to highlight the polymorphisms underlying the different 

PDAC responses to traditional treatments. On the other hands, malignant mesothelioma is a 

fatal disease and most patients living only one year after diagnosis, mainly due to a long latency 

period.3,4 

Therefore, a new class of potential MTDLs was efficiently synthesized and tested for their 

antitumor activity on a panel of pancreatic cancer and diffuse malignant peritoneal 

mesothelioma. In addition, we provided new insights on hypoxia and PCFT expression which 

was inversely related with that LDH-A. Thereby, we demonstrated the effectiveness of LDH-

A inhibitors for the malignant mesothelioma treatment. 

Overall the Thesis is articulated in three main parts: 

Part I: In vitro pharmacological studies as important tools in large-scale drug discovery, and 

approaches to the combination therapy with special focus on PDAC cancer (chapters 2-4) 

In chapter 2 we provided an overview about the available cytotoxic in vitro tests for 

the high-throughput screening in drug-discovery, and we suggested the main criteria to consider 

when designing and performing in vitro cell-based assays in order to obtain reliable and 

reproducible results. 

Because resistance to chemotherapy has become the main cause of clinical failure in 

treatments based on the mono-therapeutic approach, in chapter 3 we summarized the main 

mathematical equations to evaluate the synergistic, additive or antagonistic effects of drug 

combinations; furthermore, we briefly discussed how computational approach helps to evaluate 

combined drug therapy. 

Combination therapy is widely used for the treatment of PDAC that compared to 

monotherapy, has shown improvement in the overall survival. Unfortunately, most patients 
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with PDAC do not benefit from chemotherapy. Although the advances in pharmacogenetics 

knowledge have reduced the individual variability of drug response, there are still many pitfalls. 

In the chapter 4 we described the main findings on PDAC pharmacogenetics, critically 

reappraising the studies on polymorphisms and -omics profiles correlated to the response to 

gemcitabine, FOLFIRINOX and nab-paclitaxel combinations, as well as limitations of targeted 

therapy. 

Part II: Preclinical evaluation of the new class of imidazo[2,1-b][1,3,4]thiadiazole 

compounds as antitumor and their repurposing as antibiofilm agents (chapters 5-8) 

In chapters 5 and 6, we described the cytotoxic activity of derivatives of type 2-(6-

phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indoles against three PDAC cell lines, SUIT-

2, Capan-1 and Panc-1. Many of these compounds inhibited cell growth with IC50 values lower 

than 10 µM in one or more cell lines. In addition, the most promising compounds have been 

object of study to evaluate their anti-migratory activity. In particularly, compound 5-methoxy-

3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole, that showed IC50 

approximately 5 µM in all cell lines, reduced cell migration by 41 and 73%, respectively in 

SUIT-2 and Capan-1 cells. 

In chapter 7 we investigated the antitumoral activity of derivatives of type 2-(1H-indol-3-

yl)-6-(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazole and of 2-(1H-indol-3-yl)-6-

phenylimidazo[2,1-b][1,3,4]thiadiazole-5-carbaldehyde on a panel of PDAC cells, including 

SUIT-2, Capan-1, Panc-1, Panc-1R (immortalized cancer cells) and PDAC-3 (primary cell 

line). Four out of eighteen compounds tested, belonging to the class of 2-(1H-indol-3-yl)-6-

(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazole, showed cytotoxic activity with IC50S in the 

range of 0.85 and 4.85 µM, as well as their ability to induce spheroids shrinkage. Mostly in 

PDAC immortalized cell lines, these same compounds reduced cell migration approximately 

three and four times compared to the control. These results were explained with the modulation 

of key determinants of EMT events and the inhibition of the phosphorylation of focal adhesion 

kinase FAK/PTK2 on tyrosine residue Y-397. 

In chapter 8 we investigated the antibiofilm properties of compounds reported in chapter 5 

and 6 against Gram-positive bacterial (reference strains Staphylococcus aureus ATCC 25923, 

S. aureus ATCC 6538 and Staphylococcus epidermidis ATCC 12228) and Gram negative 

(strains Pseudomonas aeruginosa ATCC 15442 and Escherichia coli ATCC 25922). Two 

compounds 3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1H-indole and 

3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole showed 

remarkable anti-biofilm activity against S. aureus ATCC 25923 with BIC50 values of 0.5 and 
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0.8 μg/mL, respectively, whereas compound 5-chloro-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-

b][1,3,4]thiadiazol-2-yl]-1H-indole was the most potent against S. aureus ATCC 6538, with a 

BIC50 of 0.3 μg/mL. Remarkably, these compounds showed effects in the early stages of the 

biofilm formation without affecting the mature biofilm of the same strains and the viability of 

the planktonic form. 

Part III: In vitro and in vivo studies on malignant mesothelioma (chapters 9-11) 

In chapter 9 we reported the role of PCFT in the response to the treatment with pemetrexed, 

thus underlying its role as biomarker to predict the effectiveness of the treatment, as well as to 

consider it as new target to overcome drug resistance. The differential expression levels of 

PCFT is the main cause of treatment failure, therefore, to improve clinical outcome of patients 

with malignant mesothelioma, we suggested a series of preclinical and clinical strategies in 

order to realize personalized therapies and useful to the oncologists to select the patients before 

anticancer treatment. 

In chapter 10 we identified the correlation between hypoxia and the downregulated 

expression of PCFT with higher LDH-A levels. The in vitro cytotoxic effects, as well as the 

significant reduction of tumor growth in in vivo models after treatment with a specific inhibitor 

of LDH-A combined with pemetrexed or gemcitabine on MPM and DMPM tumors, 

respectively, highlighted the potential prognostic and therapeutic role of LDH-A. These 

findings prompt to the rational development of new LDH-A inhibitors as therapeutic strategies 

against mesothelioma. 

In chapter 11 we investigated the in vitro antitumor activity of ten 2-(1H-indol-3-yl)-6-

(thiophen-3-yl)imidazo[2,1-b][1,3,4]thiadiazole derivatives against two DMPM primary cell 

lines, MesoII and STO, grown as monolayers and as spheroids, as well as their ability to affect 

the migratory behaviour of cells. The results showed that four compounds reduced cell growth 

with IC50s in the range of 0.59 and 5.9 µM in both cell lines, and in 3D models we observed the 

shrinkage of spheroids approximately three times compared to the control. Instead the same 

compounds did not affect cell migration. Based on the in vitro and in vivo studies reported in 

the literature on the role of FAK and its inhibitors for the treatment of mesothelioma, further 

studies will be carried out to investigate the mechanism of action as potential inhibitors of FAK.  
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