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Abstract
Pancreatic cancers are among the most ominous, and among the most studied. Their 
complexities have provided ample material for a huge investigative effort, which is briefly 
surveyed in this review. Eradication by surgery has proven extremely difficult, and a successful 
chemotherapeutic approach is desperately needed. Treatment with “traditional” anti-
cancer drugs, such as benchmark gemcitabine or the current standard-of-care FOLFIRINOX 
quaternary combination increase the mean overall survival by only a few months and often 
leads to chemoresistance. Much work is therefore currently devoted to potentiating our 
pharmacological weapons by accurate targeting and, in particular, by acting on the dense 
tumoral stroma, a distinctive feature of PDAC accounting for much of the therapeutic 
difficulty. We give an overview of recent developments, touching on the major aspects of 
PDAC physiology and biochemistry, currently-used and experimental drugs, and targeting 
technologies under development. A few papers are discussed in some detail to help provide 
a sense of how the field is moving.

Introduction – a brief overview of PDAC

Relevance
Pancreatic malignancies are among those with the most discouraging prognosis: 

according to statistical data published by the National Cancer Institute the overall 5-year 
survival rate for the years 2010-2016 in the U.S. was 10.0% (up from less than 3% in 1975-
1980) [1, 2]. According to the statistics compiled by the International Agency for Cancer 
Research, in 2018 pancreatic cancers (PCs) accounted for 2.5% of all new cancer cases 
worldwide, and for 4.5% of all cancer-related deaths [3], making this disease the 14th most 
common cancer, and the 7th-ranking killer. The incidence varies from country to country. 
Estimates for 2020 were that in the U.S. pancreatic cancers would newly affect 57,600 
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persons and cause 47,050 deaths accounting for 3.2% of new cancer diagnoses, and for 7.8% 
of all cancer deaths [4]. These percentages have been increasing. Between 1973 and 2014 
in the U.S. incidence has increased by about 1% each year [5], and projections published 
in 2014 envision pancreatic cancers becoming the second leading cause of cancer-related 
mortality before 2030 [1, 6].

Treatment
Surgical resection followed by adjuvant chemotherapy (which helps; e.g.: [7]) is the 

only potentially curative treatment available, but resection is often made difficult by factors 
such as vascular involvement and boundary fuzzyness. In the U.S. and elsewhere 80-85% of 
patients are found to have unresectable and/or already metastasized cancer at diagnosis [1]. 
The only treatments for unresectable cancers are radiotherapy or radiotherapy in 
combination with chemotherapy. Receipt of primary (neoadjuvant) chemotherapy is one of 
the factors associated with prolonged survival when dealing with borderline resectable or 
locally advanced tumors (other factors are radiotherapy and, when possible, resection) [8-
10], and it is part of the interventional protocol applied in many such cases. It may also be 
advantageous in the case of resectable tumors [8, 11-13]. Current therapeutical opportunities 
are the focus of next section.

Risk factors
Risk factors for PC have been extensively studied over the last few years [1, 14-17]. Age 

is considered the most critical determinant, as most patients are diagnosed at age > 50, with 
a particularly higher incidence between 70 and 80. Tobacco smoking is a preventable risk of 
PC. Indeed, smokers have a two- to three-fold higher risk of developing PC than non-smokers 
and a favourable effect of discontinuing smoking has been assessed. Other preventable factors 
are obesity [18], low vegetables and fruit intake and high intake of red meat and saturated 
fat [19], and low physical activity. An association with heavy alcohol consumption has also 
been proposed, but it seems that the relationship is due to the risk of chronic pancreatitis 
associated with excessive alcohol intake. Chronic pancreatitis is a risk factor [20]. Diabetes 
mellitus is both a risk factor (approximately doubling the risk) [21] and a consequence [22] 
of early-stage pancreatic cancer. Increased transforming growth factor β (TGFβ) signalling 
as cancer progresses determines apoptosis of β cells.

A family history of pancreatic cancer accounts for 10% of patients [17]. Several genomic 
regions associated with higher risk of developing PC have been identified [23-25] and used 
to generate a polygenic risk score for PC risk prediction [26], a potentially useful tool since 
late diagnosis is one of the major causes for this cancer’s intractability.

Diversity of pancreatic cancers
The pancreas has exocrine and endocrine functions, and it is a complex organ. Cells 

fulfilling a digestive function, accounting for most of the mass, are organized into assemblies, 
the acini, and are therefore referred to as acinar cells. They secrete enzyme zymogens into 
ducts formed by columnar epithelial cells. The endocrine cells are also organized in “islets”, 
formed by specialized cells secreting glucagon (alpha cells), insulin (beta cells), pancreatic 
polypeptide (gamma cells), somatostatin (delta or enterochromaffin cells), ghrelin (epsilon 
cells), gastrin (G cells in fetal pancreas) and still other molecules. Consequently, there are 
a number of histologically and molecularly distinct pancreatic cancers, for an extensive 
description of which the Reader is referred to [27, 28].

Neoplasms of the pancreas are classified as epithelial or non-epithelial according to 
histological features, and as benign or malignant according to biological behaviour. Epithelial 
neoplasms can be endocrine or exocrine, the latter being further classified as acinar or ductal. 
The most common neoplasms of the pancreas are ductal adenocarcinomas, which account for 
about 90% of pancreatic cancers, but rare neoplasms also include neuroendocrine tumors, 
acinar carcinomas, colloid carcinomas, pancreatoblastomas and solid-pseudopapillary 
neoplasm [29]. The present review refers to Pancreatic Ductal Adenocarcinoma (PDAC) 
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ignoring the fact that PDAC can itself be further subdivided into various morphologically 
and genetically distinct subtypes [15, 30].

PDAC oncogenes
Molecular mechanisms underlying pancreatic cancer are very complex. Indeed, it 

exhibits aberrant autocrine and paracrine signalling, becoming particularly aggressive and 
invasive. Many molecules such as TGFβ, insulin-like growth factor 1 (IGF1), fibroblast growth 
factors (FGFs) and epidermal growth factor receptor (EGFR) activate pathways that promote 
migration and invasion of cancer cells. Moreover, these pathways are activated in parallel 
with the activation of anti-apoptotic and pro-survival signalling.

PDAC’s phenotipical profile is heterogenous and the genetics of pancreatic cancers reveal 
a who’s who of driving oncogenes [31-36]. In fact, on average a pancreatic tumor cell carries 
some 63 separate mutations [37]. Mutation of KRAS, considered the dominant controller of 
oncogenic signalling [38, 39], occurs in 90% of PDAC cases. To be activated, RAS switches 
from the GDP-bound inactive to the GTP-bound active form, controlling cell proliferation, 
differentiation and inhibition of apoptosis. The most frequent KRAS point mutations - G12, 
G13 and Q61 [40] - inhibit its intrinsic GTPase activity, leading to a constitutively active KRAS 
which can upregulate upstream proteins such as epidermal growth factor receptor (EGFR). 
Loss of oncosuppressor p53 is analogously common and important [41-43]. Besides p53, 
the two most often mutated oncosuppressor genes in PDAC are cyclin-dependent kinase 
inhibitor 2A (CDKN2A/p16/INK4A/CDK4I), a cell cycle regulator [44], and SMAD4/DPC4 
(Mothers Against DecaPentaplegic homolog 4/Deleted in Pancreatic Cancer 4), a regulator 
of gene expression in the transforming growth factor beta (TGFβ) pathway [45-47]. The 
HedgeHog (HH) [48-50] and Wnt/β-catenin (WNT) [51, 52] pathways are also generally 
found to be altered.

Aberrant activation (by constitutive phosphorylation at Tyr705) of Signal Transducer 
and Activator of Transcription-3 (STAT3), e.g. downstream of cytokine signalling or of 
p53 loss of function, is a major factor in tumor growth, stromal modification, gemcitabine 
(2’,2’-difluoro 2’deoxycytidine; dFdC) resistance, repression of anti-cancer immune response 
[53-57]. STAT3 activation increases with tumor progression [58].

Reasons for intractability
Why is PDAC so difficult to treat? Clinically, it is often nearly asymptomatic up to an 

advanced stage and symptoms are rather aspecific. These characteristics lead to diagnosis 
at advanced stages. Moreover, it metastatizes early, it is resistant to pharmacological 
treatment [59] and difficult to resect because of its location, frequent contact with and/or 
enclosure of major vessels, and of its tendency to spread which results in poorly defined 
boundaries. Another characteristic is that pancreatic cancer cells exhibit metabolic 
abnormalities and insensitivity to growth-inhibitory pathways. For example, TGFβ promotes 
tumor progression in pancreatic cancer by a paracrine effect in the tumor microenvironment, 
inducing cell proliferation and the activation of non-canonical signalling through MAPK [60]. 
As just hinted in connection with STAT3, PDAC is remarkably good at suppressing the host’s 
anti-cancer immune response. Neoplastic cells appear to produce relatively few neoantigens, 
and tumor-produced cytokines drive the infiltration of myeloid suppressor cells which 
block anti-tumor effector T-cell action. This gives a free rein to the tumor and results in the 
failure of immunotherapy approaches (immune checkpoint blockade) [19, 61-64]. Attempts 
to remedy this situation are under way [61, 62]. The cytokines providing this “immune 
privilege” status to PDAC are generated by the neoplastic cells themselves, as directed by 
KRAS, but also by cells of the stroma, which may be the most characteristic feature of PDAC.

The stroma
PDAC presents a very pronounced desmoplasia, i.e., malignant cells are surrounded by a 

complex stroma composed of several types of cells and extracellular matrix, which accounts 
for more than 80% of the tumor mass, plays major roles in cancer development and impedes 
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drug delivery [65-67] (Fig. 1). The stroma is itself heterogenous, and three main types have 
been identified, based on the enrichment in and characteristics of fibroblasts in it [68]. The 
extracellular matrix contains collagen, fibronectin, laminin, hyaluronic acid, and several 
other acellular components [69, 70]. Collagen is the major one, and it increases as the tumor 
progresses. Hyaluronan is particularly relevant because of its receptor-mediated interactions 
with cancer cells, modulating adhesion, motility and proliferation [71, 72]. Low molecular-
weight forms, produced by degradation, are associated with malignant cancer phenotypes. It 
has therefore become an interventional target [73, 74]. A major cellular component – along 
with fibroblasts, macrophages, neutrophils, adipocytes, epithelial cells (venous, arterial, 
lymphatic), nerve cells etc. - are activated pancreatic stellate cells (PSC), which assume a 
cancer-associated fibroblast (CAF) functionally heterogenous phenotype and produce the 
dense extracellular matrix component of stroma [75-80].

Dysregulated activation of PSCs is initiated and fed by inflammatory cytokines [81] 
and autocrine signalling. Activated PSCs and CAFs (which also have other origins, besides 
stellate cells) produce various cytokines (e.g. IL-6 [82, 83]) and acetylcholine, thereby cross-
talking with cancerous cells and contributing importantly to tumor progression, metastasis, 
immune evasion and drug resistance [78, 84]. Through these secreted molecules, in 
particular TGFβ [85, 86], CAFs also interact with immune cells, contributing to the creation 
of the immunosuppressive tumor microenvironment [76, 79, 86-88]. Immune cells in turn 
help to maintain the activated state of PSCs/CAFs in a feedback endocrine loop. Fibrogenesis 
involves several pathways including JAK/STAT, Wnt, SMAD, Hedgehog [78, 79], which are 
major targets in the efforts to loosen the dense matrix to facilitate access to anti-cancer 
drugs, as will be discussed in the following sections.

Aims of the review
Based on the urgent need for the development of effective drugs, the aim of this review 

is to discuss current and experimental (preclinical) approaches seeking to increase the 
efficacy of chemotherapy. We focus in particular on the role played by the tumor stroma and 
on the therapeutic opportunities offered by its targeting. Moreover, we aimed at highlighting 
the use of peptides as delivery strategy to improve classical chemotherapeutics. It seems to 

Fig. 1. The presence of an abundant and dense stroma hinders drug delivery to the pancreatic cancer cells, 
but also helps to contain them within the primary tumor mass. Consequently, pharmacologic strategies 
loosening the stroma help to improve drug delivery to the tumor mass, but attention must be paid to avoid-
ing its excessive destruction, which on the contrary favours metastasis.

Figure 1 
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us that any decisive progress against PDAC will necessarily be accomplished through the 
development of more effective pharmacological tools and of precision personalized therapy, 
likely to involve more than one drug. By gathering and making available to specialists but, 
just as importantly, to the general interested readership, this type of information we hope to 
contribute to stimulating the transition of new approaches from the lab to clinical trials and 
eventually to bedside. The number of papers to be considered in such a wide-ranging project 
is staggering, and we may well have missed some key ones. In many other cases we have not 
cited relevant work, or even not tackled whole topics (e.g. the role of extracellular vesicles) 
because of space and time limitations. We apologize to all the researchers whose work is not 
surveyed as deserved.

Current therapeutical approaches

The therapeutic treatment of PDAC is a puzzling medical challenge. Progress has been 
unsatisfactory, and only small increases in the overall survival have been achieved so far. 
The preferential approach remains tumor surgical resection, when applicable, but even after 
surgery the median survival is 15-20 months [89]. Unfortunately, the highly invasive nature 
of the tumor lowers the percentage of patients eligible for surgery. Indeed, at the time of 
diagnosis, the disease has already spread metastatically in 80% of cases.

The first drug used for PDAC treatment was 5-fluorouracil (5-FU). In 1997 it was replaced 
by gemcitabine, that became the cornerstone of PC chemotherapy, with an increased survival 
benefit of 1.25 months [90].

5-FU, as well as gemcitabine, belongs to the anti-metabolite class. 5-FU is an uracil 
analogue in which a hydrogen atom at the C-5 position is replaced by a fluorine. To exert its 
cytotoxic activity, 5-FU is activated by ribosylation and phosphorylation by three different 
pathways. The final active metabolites responsible for the anti-neoplastic action are 
5-fluorouridine di- and tri-phosphate (FUTP) (which are incorporated into RNA, interfering 
with RNA function), 5-fluoro-2’-deoxyuridine di- and tri-phosphate (FdUTP) (which instead 
are incorporated into DNA, leading to DNA damage and cell death), and the monophosphate 
FdUMP (which inhibits thymidylate synthase). The action on thymidylate synthase leads 
to the accumulation of dUTP and depletion of deoxythymidine triphosphate. Collectively, 
these effects impact on DNA synthesis and repair, culminating in cell death [91, 92]. The 
pharmacokinetics of 5-FU are not advantageous for its anti-neoplastic activity, since some 
80% of the dose is inactivated in the liver by dihydropyrimidine dehydrogenase [93].

Gemcitabine is an anti-metabolite fluoride analogue of deoxycytidine. It is phosphorylated 
to mono-phosphate by deoxycytidine kinases and then by other kinases, leading to the di- 
and tri-phosphates. Its anti-tumor effect is promoted by multiple mechanisms of action. 
Gemcitabine di-phosphate inhibits ribonucleotide reductase, dramatically reducing the 
levels of deoxyribonucleoside triphosphates, needed for DNA synthesis. Gemcitabine tri-
phosphate inhibits DNA polymerases α and β, leading to the block of DNA synthesis and 
repair. Gemcitabine tri-phosphate can also be directly incorporated into DNA, leading to the 
inhibition of DNA synthesis and functions. Cellular uptake of gemcitabine is mediated by 
ENT1, ENT2 and the concentrative nucleoside transporters 1 and 3 [94, 95]. Gemcitabine 
is rapidly cleared from plasma via deamination by cytidine deaminase, which converts it 
to 2’,2’-difluoro-2’deoxyuridine [96, 97] and can also be inactivated by dephosphorylation 
by 5’-nucleotidases [98]. It is not a PC-specific drug, and is used also against other cancers 
including breast, lung etc. It causes the side effects commonly associated with chemotherapy, 
e.g. nausea and hair loss, neutropenia as well as general myelotoxicity.

Since 1997, the standard therapeutic protocols have still been limited to “classical” 
chemotherapies, often administered as combined therapy. Several combinations of 
gemcitabine plus paclitaxel, capecitabine and cisplatinum were tested but failed to show 
advantages in comparison to gemcitabine monotherapy. FOLFIRINOX, studied for the first 
time by the ACCORD11/PRODIGE4 study and introduced in 2011, represents a milestone 
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in PC chemotherapy. FOLFIRINOX is a multi-agent therapy composed by folinic 
acid,fluorouracil, irinotecan (topoisomerase inhibitor) and oxaliplatinum (DNA-alkylating 
agent) [99-102]. Side effects are however severe, and even this cocktail only provides 
a survival advantage of a few months over gemcitabine monotherapy [99] (Table 1). The 
clinical landscape has been recently reviewed in detail [89, 101, 103-107].

Targeted therapies and immunotherapy have been successfully exploited against several 
solid tumors, but unfortunately efforts in this direction against PDAC were even in the best 
cases only slightly beneficial. There is therefore an urgent need for the development of novel 
and effective therapies.

An overview of the clinical trials performed over the last 30 years does not show 
promising progress; most of them consisted in combinations of classical chemotherapeutics, 
often terminated because of end-point failure (Table 1). However, the number of clinical 
trials investigating advanced therapies has recently increased. As reported by Katayama 
and colleagues, 310 out of the 590 trials considered investigated novel drugs, including 163 
small molecules and 120 mAbs. The rest of the studies included mixed pharmacological 
agents, including biologicals. 14% investigated combinations or novel delivery systems for 
drugs already used in PC treatment, 8% tested drugs already used in other cancers and 9% 
investigated radiotherapy. A small percentage of trials is focused on gene therapy or cellular 
therapy [90].

Many clinical trials have focused on the direct targeting of KRAS by inhibitors or on 
indirect targeting by inhibition of upstream/downstream regulators (see below). However, 
direct targeting has had little success because of alternative activation of downstream 
pathways [108-110]. BI-1701963 was the first pan-KRASi blocking the interaction between 
KRAS and SOS1, thereby leading to the stabilization of the GDP-bound inactive KRAS. It is 
under investigation in a phase I/II trial in solid tumors, including PDAC [111].

An alternative strategy is the development of compounds able to specifically target a 
mutated form of KRAS. The identification of the switch-II-pocket in GDP-KRASG12C complexes 
and covalent binders set the bases for selective targeting of KRAS with the G12C mutation. 
AMG-510, the clinically most advanced KRASG12C inhibitor, showed promising results 
in patients with colorectal cancer or lung adenocarcinoma. Unfortunately, it has been 
demonstrated that the KRASG12C mutation in PDAC occurs in only 1-3% of cases [111]. 
Targeted chemotherapy in PDAC thus requires an accurate selection of the patients, based 
on biomarkers or the identification of mutations.

The only molecule-targeted therapy approved for PDAC uses erlotinib, an EGFR 
(epidermal growth factor receptor) inhibitor [35]. Unfortunately, first generation EGFR 
inhibitors, including gefitinib and erlotinib, did not show great efficacy because of resistance 
mechanisms mediated by the non-EGFR members of the ERBB family. In clinical research, 
erlotinib was tested in combination with gemcitabine (CONKO-005) but the results of this 
trial did not warrant its inclusion [112]. Erlotinib was also tested in combination with Nab-
paclitaxel (paclitaxel bound in albumin nanoparticles) in a phase Ib trial but was not well-
tolerated [113].

Table 1. Main negative-outcome clinical trials. DFS = disease free survival; OS = overall survival
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Due to the failure of first-generation EGFR inhibitors, irreversible Tyrosine kinases 
(TK) inhibitors afatinib and neratinib have been designed to prevent resistance, and afatinib 
has shown promising results in lung cancer. A clinical study on PDAC patients is ongoing 
(NCT02451553) [35].

Treatment with the mAb nimotuzumab, a humanized monoclonal antibody that binds 
EGFR, was evaluated in a phase II trial and showed an improvement of overall survival (OS), in 
particular in KRAS wild-type patients. On the other hand, cetuximab (a chimeric monoclonal 
antibody against EGFR), failed, like vandetanib, a VEGFR-2 inhibitor. Taken together, these 
multiple failures suggest the presence of resistance mechanisms that pancreatic cancer 
activates to evade EGFR inhibition. One therapeutic possibility is the combination of two or 
more agents but while this may be effective in animal models, it dramatically failed in the 
clinic (for example the application of erlotinib plus selumetinib – an inhibitor of MEK1/2 - 
turned out to have modest efficacy [114, 115]).

KRAS downstream proteins are also attractive targets. One of these is MEK, which 
is required for tumor viability and proliferation. Again, MEK inhibitors (i.e. selumetinib 
and trametinib) failed because of the activation of receptor tyrosine kinases (rTKs) [35]. 
Currently, phase I and II trials are recruiting patients to study the direct inhibition of MEK 
with binimetinib or of its upstream regulators such as FAK (focal adhesion kinase) with 
defactinib (trial code: NCT03637491, NCT03727880 respectively, Table 2; see also Table 3).

Another failure is represented by rigosertib, an inhibitor of PI3K and PLK1, that did not 
improve prognosis. The same was the case for everolimus, an mTOR inhibitor [35].

DNA damage repair is another target for many classical chemotherapeutics. It has 
been observed that BRCA-deficient cells are able to repair double strand breaks through 
error-prone pathways, leading to genome instability and oncogenesis. Of note, BRCA 
germline mutations represent a risk factor for many cancers such as breast, ovarian and 

Table 2. Clinical trials currently recruiting patients. DCR = disease control rate; DFS = disease free survival; 
PFS = progression free survival; ORR = objective response rate; OS = overall survival
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pancreatic cancer. Olaparib, 
a PARP1/2 inhibitor, turned 
out to be effective in a phase 
II trial (POLO trial) but 
more trials are needed to 
confirm the efficacy of PARP 
inhibitors against BRCA-
mutated PDAC [116, 117]. 
A phase Ib/II clinical trial 
is recruiting PDAC patients 
to evaluate the effect of 
Talazoparib, a PARP 1/2 inhibitor that is currently used in BRCA1/2-mutated breast cancers 
(trial code NCT03637491, Table 2; see also Table 3).

Inhibition of the Hedgehog pathway is strongly suggested as a therapeutic approach by 
what has been learned about the pathophysiology of PDAC (see above and below). However, in 
clinical trials the co-administration of GDC-0449/ vismodegib – a USFDA-approved inhibitor 
of Smoothened, a key receptor in the Hedgehog signalling cascade - and gemcitabine [118, 
119], or of GDC-0449, gemcitabine and nab-paclitaxel [120] (https://clinicaltrials.gov/ct2/
show/NCT01088815) did not provide a sufficient improvement over gemcitabine alone to 
warrant further consideration. A clinical trial involving GDC-0449, erlotinib and gemcitabine 
is currently running (ClinicalTrials.gov Identifier: NCT00878163).

The hypoxia-sensitive prodrug TH-302 (see below) has been studied, together with 
gemcitabine, in clinical trials for – among others - pancreatic tumors [121] (clinical trial 
NCT01746979 (MAESTRO), NCT022047500; see: clinicaltrials.gov). Unfortunately, the 
results led to discontinuation of the trials.

Immunotherapy is a strategy that has been investigated for years in various 
cancers such as melanoma and lung cancer, reaching clinical approval in many cases. No 
immunotherapy for PDAC has been approved yet because the tumor microenvironment is 
believed to create an immunosuppressive milieu [122, 123]. Based on retrospective studies, 
only the small sub-group of patients harboring microsatellite instability can be treated with 
immunotherapy [124-127]. Currently, phase I and II clinical trials are recruiting patients 
to test immunotherapy approved for other cancers, targeting T cells response. These trials 
involve mAbs such as pembrolizumab, nivolumab and avelumab (Table 3), which are directed 
against PD-1 (programmed cell death protein), a negative regulator of T cells. Its inhibition 
boosts T cell responses against the tumor [128, 129]. Another mAb under investigation is 
ipilimumab (trial code: NCT03404960, NCT04117087, Table 2; see also Table 3), an inhibitor 
of the inhibitory signal induced by the immune checkpoint receptor CTLA-4/CD152, leading 
to an increase in the reactive T cells against the tumor cells.

The most advanced attempt to combine gemcitabine with the cancer vaccine 
Algenpantucel-L [130] did not improve overall survival compared with gemcitabine alone 
[131].

Formulations like nanoparticles, liposomes and micelles represent a promising strategy 
to improve the selectivity and the efficacy of classic chemotherapeutics (see below). Many 
such formulations have been investigated in preclinical studies, but only a few reached the 
clinic. Albumin-bound nanoparticle nab-paclitaxel and gemcitabine have been evaluated in 
the APACT trial, in comparison with gemcitabine alone; unfortunately, the median disease-
free survival did not differ between the arms [132].

Irinotecan, a topoisomerase I inhibitor, showed initial evidence of activity in PDAC. To 
improve its half-life, irinotecan was formulated in a nanoliposomal formulation. In a phase II 
study, nanoliposomal irinotecan emerged with an acceptable toxicity and an encouraging OS 
in patients previously treated with gemcitabine [133]. In 2016 the NAPOLI-1 trial assessed 
the efficacy of nanoliposomal irinotecan alone or in combination with 5-FU and folinic acid, 
in comparison with the therapy with folinic acid and 5-FU. The results of the study were 
mildly encouraging, since the treatment was tolerable and increased the median overall 
survival from 4.2 to 6.1 months [134].

Table 3. Mechanism of action of some targeted drugs
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As discussed above the stroma developed by PDAC hinders the delivery of drugs. Given 
the relevance of hyaluronan, a PEGylated recombinant human hyaluronidase (PEGPH20) 
able to degrade hyaluronan has been developed. A randomized phase II clinical trial showed 
promising results comparing Nab-paclitaxel/gemcitabine with or without PEGPH20. This 
trial is progressing as a phase III trial in patients with high hyaluronan levels [135]. PEGPH20 
was also tested in combination with a modified FOLFIRINOX protocol but the combination 
showed an increased toxicity [136] and a trial in combination with pembrolizumab is 
recruiting patients (trial code: NCT03634332, Table 2).

These (and other analogous) studies involving the relatively straightforward 
administration of one or more drugs may be considered to fall within the boundaries of a 
“mainstream” pharmacological approach. The need for more aggressive strategies has led 
to an intense effort to more directly target PDAC, and specifically the stromal component, 
with precisely targeted molecules/preparations/nanovehicles. In several cases, multiple 
strategies have been combined to improve performances. These efforts have been based 
largely on the use of vehicles meant to promote drug delivery (so-called “nanomedicine”). 
Again, the results have not met expectations, but past disappointments do not necessarily 
imply future failures. As new drugs are tested [137, 138] it is worthwhile to consider 
examples of promising vehicles.

Targeting the stroma

As mentioned, drug delivery to pancreatic tumors is hindered by the abundant and 
dense stroma. The stroma furthermore contributes to “intrinsic” gemcitabine resistance by 
influencing the expression of genes involved in gemcitabine metabolism and cell death [139] 
as well as by recruiting M2 macrophages to the tumor microenvironment upon gemcitabine 
treatment [140]. So the stroma is itself a target [141], although a complex one because of 
its variegated composition and because it has been found to act also to contain/enclose 
neoplastic cells and limit their diffusion (metastasis) [65, 142-144] (Fig. 1). We have already 
mentioned studies [53-55] concluding that STAT3 inhibition caused remodeling of the 
stroma and improved drug delivery.

Efforts directed against the stroma have employed nab-paclitaxel together with 
gemcitabine [145-147], capitalizing on the ability of nab-paclitaxel to decrease the levels 
of cytidine deaminase (Cda) and possibly to bind, via albumin, to SPARC (Secreted protein 
acidic and rich in cysteine; a marker and chaperone of tumor-associated ECM located on 
tumoral and stromal cells [148]). Inhibitors of the HH pathway, e.g. Cyclopamine (CPA) [149], 
NVP-LDE225 [150] or Vismodegib/GDC-0449 [119] have been used together with one or 
the other of these drugs in an effort to reduce stroma rigidity, improve vascularisation and 
decrease hypoxia, while still allowing sufficient matrix stiffness to constrain cancerous cells 
and keep metastases at bay.

In a 2015 study [58] Merchant’s group administered AZD1480, an inhibitor of JAK 
and hence of the JAK/STAT pathway, with or without gemcitabine as well, to mice bearing 
orthotopically inoculated PDAC or to Ptf1acre/+;LSL-KrasG12D/+;Tgfbr2flox/flox (PKT) mice, a mouse 
genetic PDAC model [151]. Administration of both drugs together strengthened inhibition 
of tumor growth, significantly lengthened survival in both models, increased tumor 
vascularisation, and increased drug delivery to the tumor – as measured by MALDI imaging 
mass spectrometry. The expression of cytidine deaminase and of SPARC was reduced. 
Importantly, stromal collagen and hyaluronan were not depleted, but clearly disorganized, 
with fewer parallel collagen fibers in tumors treated with the two drugs. Thus, the stroma 
was remodelled but not depleted, avoiding the danger of favouring a more aggressive 
phenotype and metastases, pointed out by other studies [65, 142-144]. Analogous outcomes 
were obtained by the same group in the same experimental models by inhibiting instead 
the Src/EGFR pathway, which is also upstream of STAT3 activation [152]. It ought to be 
mentioned in this context that a recent study employing SPARC-mutated mice reached the 
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apparently paradoxical conclusions that the extent of SPARC-dependent collagen deposition 
did not influence the amount of gemcitabine reaching the tumor and actually had a negative 
impact on survival [153]. Significant effects on 3D models of PDAC were obtained also with 
small molecule inhibitors of STAT3 emerging from a 2016 screen, in particular one called PG-
S3-001 [154]. The list of studies of this type could go on. Of note, several natural compounds, 
including Urolithin A [155], curcumin [156], xanthohumol [157], owe at least part of their 
efficacy against PDAC in animal models to their ability to inhibit STAT3.

Pancreatic Stellate Cells (PSCs) have long been in the cross-hairs of pharmacologists’ 
weapons, but so far have largely eluded the projectiles. Treatment with all-trans-retinoic 
acid (ATRA) currently offers some hope: PSCs maintain deposits of retinoic acid, a precursor 
of vitamin A, and lose them upon activation. Treatment with ATRA (but not with 9-cis- or 
13-cis-retinoic acid) reduced stroma and cancer growth [158]. Its administration along 
with gemcitabine enhanced anti-tumor efficacy in the genetic mouse KPC model (LSL-
KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre) [159]. A phase I clinical trial involving administration of 
ATRA together with gemcitabine and nab-paclitaxel has been recently completed with some 
success [160].

Another approach may arise from the finding that (pre-)administration of metformin 
results in weakening of the stromal barrier due to AMPK-mediated reduction of the cytokine 
TGFβ production and consequently of the activity of PSCs. This impact then facilitated the 
delivery of nanoparticles carrying gemcitabine and an acid-sensitive insertion peptide 
(pHLIP). This resulted in a marked inhibition of tumor (PANC-1 cells) growth in both 
subcutaneous and orthotopic settings [161].

Zhi-Ren Liu’s group has recently developed a tailor-made protein, ProAgio, which binds 
to Integrin αvβ3-expressing cells, such as the endothelial cells of neovasculature and PSC 
cells, induces apoptosis and thereby inhibits angiogenesis [162, 163]. A PEGylated form of 
the protein was first administered i.p. to murine models of prostate and breast cancers, in 
which it proved capable of dramatically decrease the growth of the tumor mass in dose-
dependent fashion [163]. When tested in 3 in vivo PDAC models (subcutaneous PANC-1 in 
nude mice; orthotopic KPC 961 cells in C57BL/6J mice; genetic KPC model) with the same 
administration modalities, PEG-ProAgio also curtailed growth and greatly potentiated 
the effects of co-administered gemcitabine. The depletion of PSC cells resulted in a more 
accessible vascular system, release of PSC-trapped gemcitabine, and enhanced drug delivery. 
Remarkably, this did not result in facilitation of metastases, apparently because IGF-1 levels 
were reduced. Survival of the mice was drastically improved [162].

Minnelide is a water-soluble prodrug of triptolide, a natural product and anti-cancer 
drug acting also on PDAC [164]. When tested in KPC mice and in PDX SCID mice it turned out 
to reduce ECM in stroma and to improve blood vessel functionality, allowing increased drug 
delivery into the tumor [165]. Unfortunately, this compound may cause CNS toxicity [166]. 
Several natural phenolic compounds have also shown anti-fibrotic activity, also in pancreatic 
cancer models [167]. Curcumin, in particular, has been considered as an adjuvant [168, 169].

As mentioned, in PDAC stellate cells crosstalk with cancer cells via HedgeHog signalling, 
thus promoting tumor development and drug resistance. Sonic HedgeHog ligands act via 
Patched and Smoothened to upregulate fibroblast cell growth, extracellular matrix deposition 
and other unfavourable events. An example of work addressing this menage is provided by 
a study by Wang et al. [170]. The authors combined an inhibitor of Smoothened, DGC-0449/
Vismodegib (IC50 3 nM), and topoisomerase inhibitor SN38 (the active principle of Irinotecan, 
which is a prodrug) for simultaneous delivery in nanoparticles. These nanoparticles were 
essentially formed by a polymeric ester prodrug of SN38 terminating with a PEG chain, 
useful for solubility and a stealth effect (avoidance of immune response, engulfement by 
macrophages). Aside from the presence of PEG, no specific strategies were implemented to 
target tumoral tissue. The NPs showed good loading capacity for DGC-0449, and gradually 
released SN38 via the action of esterases (elevated in PDAC). Of note, GDC-0449 release 
was faster than release of SN38, thus the way was so to speak “prepared” for the latter. 
Nanoparticles containing DGC-0449 showed a somewhat improved outcome with respect 
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to those containing SN38 only, with a DGC-0449-dependent increase of SN38 concentration 
into, and partial suppression of the growth of, an experimental tumor composed of a mixture 
of PSC cells and BxPC-3 cells injected into the flank of nude mice. The quantifications showed, 
at the tumor tissue level, an increase in apoptosis and a decrease in collagen and in α-Smooth 
Muscle Actin (a marker of stellate cells). A relevant point is that SN38 and GDC-0449 did not 
show any synergic effect on cell monocultures (BxPC-3 only). A further point of interest is 
that GDC-0449 was found to inhibit the upregulation of glucuronosyl transferase and of a 
drug efflux pump which occurs downstream of the activation of transcription factor GLI-1 
(part of the HH pathway; overexpressed in co-cultures of BxPC-3 or PANC-1 cells and PSCs) 
and acts to decrease the effective concentration of the anticancer drug.

A conceptually very similar approach was used by Zhao and coworkers [149]. In 
this study the Smoothened inhibitor was Cyclopamine (CPA), rather than GDC-0449, and 
paclitaxel (PTX) was used instead of SN38 as the anti-tumor drug. These drugs were 
loaded into micelles made by the combination of copolymers containing PEGylated blocks 
and negatively charged blocks and copolymers containing again PEG-decorated stretches 
and positively charged stretches (metacrylate backbone; poly-e-caprolactone capped with 
succinate; quaternary ammonium cations). The characteristics of the various components 
were optimized to produce small nanoparticles (approx. 70 nm diameter), so as to favor 
penetration into the partially constricted blood vessels of the tumor mass. These NPs 
however did not carry any specific PDAC-targeting component.

These preparations, and controls, were used in three different mouse models: 1. an 
orthotopic model produced by co-injection of human PDAC MIA PaCa-2 cells (transformed 
to express luciferase for imaging purposes) and Pancreas Stellate Cells (fibroblasts); 2. an 
orthotopic model produced by implanting into the pancreas of nude mice fragments of 
human tumor (Patient tumor-Derived Xenograft (PDX) model); 3. a genetic model (KPC-
Luc), with oncogenic point mutations in both Ras and p53, and crossed so to also express 
luciferase. These engineered mice spontaneously develop pancreatic tumors at 100-140 
days of age. In this model, extensive ablation of the dense stroma that forms has been shown 
to enhance the invasive phenotype and decrease survival time [142-144]. Of note, in the 
experiments by Zhao et al. [149] the dose of Cyclopamine (3 injections/week, 5 mg/Kg) 
was only 2-5% of that used in other studies. The authors wanted to make the point that a 
moderate interference with desmoplastic stroma can be beneficial, and indeed concluded 
that this is the case.

In the case of the MIA PaCa-2 model (n. 1) the benefits brought by Cyclopamine were 
relatively modest. There was a reduction of collagen and α-Smooth Muscle Actin (SMA). In 
the case of the genetic KPC model (n. 3) the Kaplan-Meier survival curves showed drastic 
improvement in comparison with gemcitabine and Abraxane – which is paclitaxel bound 
in albumin nanoparticles, i.e., nab-paclitaxel. Importantly, histological analysis showed that 
the mice treated with M-CPA/PTX had extensive necrosis of the tumor, a lower proportion 
of poorly differentiated tumor tissue, and conversely a higher proportion of what would be 
considered a benign form. Another result was that m-CPA/PTX enhanced angiogenesis and 
reduced Hedgehog and hypoxia signalling, as assessed by qPCR of downstream genes, with 
however little impact on the collagen matrix.

As for the PDX model (n.2), which incorporated typical PDAC heterogeneity, treatment 
also antagonized, on average, tumor growth. It also markedly increased the signal given by 
CD31, a marker of vessel endothelial cells (platelet adhesion factor), while at the same time 
not depleting α-Smooth Muscle Actin (SMA) (marker of PSCs) and collagen (as stained by a 
specific dye).

In a recent development, Kowolik and coworkers [171] showed that NT1721 – an 
epidithiodiketopiperazine and a fungal metabolite with anti-cancer properties [172] – 
antagonized Hedgehog signalling by downregulating the GLI1/2 transcription factor. The 
compound was cytotoxic for pancreatic cancer cell lines, with IC50 values in the sub-µM 
range, i.e., about one order of magnitude lower than more popular Hedgehog inhibitors such 
as Vismodegib/GDC-0449 or Erismodegib/Sonidegib/LDE225. In orthotopic mouse models 
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carrying luciferase-expressing Panc-1 or Capan-1 cells, oral administration of the compound 
(30 mg/Kg-day, 3 consecutive days per week) decreased tumor growth and liver metastasis 
and significantly increased survival times in comparison with gemcitabine (i.p., 100 mg/Kg-
day, on two non-consecutive days per week).

Targeting hypoxia

A general characteristic of solid tumors is that they are at least in part hypoxic. As 
mentioned, this is particularly true of PDAC. Extensive fibrosis is associated with problematic 
vascularisation, with poorly accessible or blocked microvessels, often with damaged/
collapsed walls, and an uneven blood supply to the tumor mass [173]. This is not just the 
consequence of mechanical interactions, since stromal cellular components also modulate 
angiogenesis via paracrine signalling [174]. The consequent hypoxia contributes to the 
aggressive character of this cancer, in part via a positive feedback on PSC activation [175]. 
PDAC cell lines grow well in 0.1% O2, and mitochondria adapted to this situation using 
respiratory chain supercomplexes [176]. As mentioned, defective vascularisation 
furthermore strongly contributes to the difficulty in drug delivery to the cancerous tissue 
(extrinsic resistance to, e.g., gemcitabine). Vascularization may therefore be a target for 
interventions aiming at its normalization, to actually reduce hypoxia and improve drug 
delivery. On the other hand an anti-angiogenic approach is also justified, since its goal is to 
block cancer growth by denying delivery of oxygen and nutrients. A detailed review of these 
efforts has been published recently [173].

This characteristic hypoxia may be exploited to specifically target drugs to the tumor 
mass, using hypoxia-sensitive prodrugs, i.e. prodrugs which will release the active principle 
only in near-anoxia. This approach has been conceived some 40 years ago [177], and a 
number of such constructs have been realized [178-182]. The mechanism of activation 
generally involves oxygen-reversible one- or two-electron reduction of the prodrug by 
cellular oxidoreductases, in particular cytochrome P450 [183]. A one-electron reduction 
often forms a radical anion which normally is reoxidized by oxygen before it can decompose 
releasing the active component. At low O2 levels, reoxidation is slow and the prodrug radical 
anion falls apart delivering the drug.

Possibly the most popular of these prodrugs is 1-methyl-2-nitroimidazole-based 
evofosfamide (TH-302). The active principle of evofosfamide, bromo-isophosphoramide, 
is toxic because it cross-links DNA strands. The prodrug has been investigated, together 
with gemcitabine, in preclinical studies on PDAC animal models. Jessica Sun and colleagues 
tested TH-302 in murine models of 11 different human cancers, including 3 PDAC ones 
(Hs766t, BxPC-3 and SU.86.86 cells). Comparisons were made between groups of animals 
breathing 21%, 10% or 95% oxygen, and drug efficacy was found to be inversely related to 
O2 concentration [184]. Sun and colleagues furthermore found that administration of TH-
302 along with gemcitabine and nab-paclitaxel reduced pancreatic tumor cell proliferation, 
stroma density and intratumoral hypoxia, but had significant side effects [185]. Evofosfamide 
synergized with radiation therapy in a murine model of human PDAC [186]. Gillies’ and 
Krishna’s groups reported that the co-administration of pyruvate and TH-302 resulted in an 
increased efficacy of the drug due to a pyruvate-elicited increase in mitochondrial oxygen 
consumption, further reduction of tumor oxygenation, and consequent increase of the 
efficacy of the hypoxia-sensitive prodrug [187, 188]. Kishimoto and colleagues observed that 
evofosfamide was lethal for the hypoxic regions of PDAC, and at the same time improved 
oxygenation of the other regions of the tumor, probably because of a reduced oxygen 
demand [189].

In an interesting development, Kulkarni and associates [190, 191] have prepared 
hypoxia-responsive “polymersomes” comprising an azobenzene hypoxia-sensitive moiety 
linking PLA and PEG chains and the cyclic iRGD peptide (see below) conjugated to PEG-
PLA. While the iRGD peptide delivers better tissue penetration, azobenzene undergoes 
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reduction under hypoxic conditions, which results in disruption of the polymer structure and 
liberation of any drug previously loaded into the particle. The polymersomes were loaded 
with gemcitabine and tested against monolayers and 3D spheroids of BxPC-3 pancreatic 
cancer cells under normoxia or hypoxia. Analogous polymersomes lacking the hypoxia-
sensitive link served as control. While hypoxia did function as a GEM-releasing stimulus, the 
effectiveness of the polymersomes was similar to that of free gemcitabine. In mice carrying 
the tumor subcutaneously, tail vein injection of polymersomes loaded with a fluorescent dye 
resulted in dye accumulation in the tumor. This was not observed if the polymersomes did 
not incorporate the azobenzene linkage. The same strategy has very recently been used by 
the same group to build a hypoxia-sensitive vector against estrogen receptor-positive breast 
cancer cells [192]. In a variant, a disulfide bridge has been used instead of the azobenzene 
linker as a redox sensor. The polymersomes, loaded with gemcitabine plus doxorubicin or 
with STAT3 inhibitor BBI608 (a.k.a. napabucasin), were decorated with acridine orange, with 
the iRGD peptide or with dexamethasone to target the glutathione-rich nucleus of prostate 
and pancreas cancer stem cells in culture and microtumors [193-195]. Alternatively, folate 
was exposed on the surface and gemcitabine plus doxorubicin constituted the cargo [196]. 
In another paper the group used a “protected” nuclear localization signal peptide to be 
unmasked by a proteolytic cut by matrix metalloproteinase MMP-7, expressed in pancreatic 
tumors. The redox-sensitive polymersomes were loaded with doxorubicin and curcumin, 
and were tested on cultured cells and 3D spheroids of pancreatic cancer cells [197]. To our 
knowledge this type of approach has not yet been tested in an orthotopic PDAC model. A 
shortcoming may be a significant release of some of the possible cargo drugs also under 
normoxic conditions.

Very recently, Xin and coworkers [198] incorporated the idea in a multifunctional redox- 
(i.e., glutathione-) sensitive nanoplatform in which GEM was linked to a polymeric construct 
via a disulfide bond. miRNA519 was furthermore complexed into the micelles, which 
were also decorated with the peptide GE11 (YHWYGYTPQNVI) targeting EGFR [199, 200], 
highly expressed by the tumor. miRNA519 binds HIF-1α mRNA and downregulates HIF-1α 
expression. Its levels are reduced in pancreatic cancers, thus allowing overexpression of 
the transcription factor which accounts – along with other effects – for the development of 
resistance to gemcitabine due at least in part to upregulation of the drug resistance “pump” 
ABCG2 [201, 202]. This complex system was tested in an immunodeficient mouse orthotopic 
model employing MIA PaCa-2 cells made gemcitabine (GEM)-resistant by prolonged selection. 
Administration i.v. resulted in evidence of a synergic effect of GEM and miRNA519 (with 
respect to NPs containing only one or the other principle), and the presence of GE11 
increased effectiveness. This approach might well be used with other opportune miRNAs 
regulating aspects of PDAC pathophysiology, for example miRNA-205, already studied by the 
same group [203].

The idea of hypoxia-sensitive prodrugs (and drugs) is obviously clever, but its clinical 
success has so far been limited. Selectivity is often low and side effects relevant. Hypoxic 
cells generally reside in a poorly accessible “pharmacological sanctuary”. Reduction can be 
catalyzed by various oxidoreductases, which may differ depending on the prodrug moiety, 
and may or may not be highly expressed in the target cells. Levels of hypoxia and topological 
distribution of hypoxic regions may differ from case to case. The same can be said for 
sensitivity to the active drug (tumor heterogeneity). Perhaps most important, this approach 
is expected to be useful only if hypoxic cells are limiting therapeutic progress. It may be that 
their loss (if it takes place) has little consequence on tumor growth or aggressiveness. To 
overcome this, the liberated active principle ought to be able to diffuse out of the hypoxic 
zone attacking also the cells receiving more oxygen. Furthermore, some of the prodrugs 
tested are readily metabolized or have extravasation problems. These difficulties, discussed 
e.g. in [178], largely account for the limited success this approach has had so far. Nonetheless, 
it may be worthwhile to keep working along this line, possibly combining this strategy with 
others, such as radiation therapy [204].
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Peptides as delivery agents

A major conceptual advance in pharmacology has been the development of peptides 
as target-recognition tools. Given the versatility provided by the extremely large number of 
possible combinations of natural and unnatural aminoacids, they can function as a junior 
league version of antibodies. Peptides recognizing just about any desired target/epitope 
can be obtained by selection from degenerate libraries using the by now well-established 
methods of phage display [205, 206]. They can then serve to selectively deliver “cargoes”, 
either conjugated molecules or nanovehicles. In the latter case their avidity – often relatively 
low for a single peptide – can be increased by the presence of multiple neighboring copies. 
Peptides targeting tumor vasculature can be very useful in oncology, since tumor vasculature 
expresses a number of specific markers related to angiogenesis and can therefore be attacked 
while sparing normal blood vessels [207-210]. One example of these epitopes are integrins 
αvβ3 and αvβ5, targeted by peptides containing the cell-adhesion RGD motif [211]. A variant is 
the cyclic iRGD peptide (CRGDKGPDC and variants). This binds as expected to integrins, and is 
subsequently cut by proteases to produce the CRGDK sequence (a “C-end Rule/CendR” motif: 
(R/K) XX(R/K)), which binds neuropilin-1 (NRP-1), extravasates, and penetrates the tumor 
(i.e., it is a “tumor penetrating peptide”) [212-214] (for possible complications associated 
with the use of iRGD see [215]). Peptides with the CendR motif not only target the endothelia 
of tumoral vases, but also act as cell-penetrating peptides, undergoing transcytosis and 
allowing, in principle at least, the delivery of conjugated drugs, or of drugs co-transported 
in a nanovehicle, to the tumor parenchyma. Inverso-isomer peptides also work. Neuropilins 
are multi-functional co-receptors, involved in a variety of signalling pathways, and an anti-
cancer target of their own [216, 217], with much relevance also for PDAC [218, 219]. Various 
peptides targeting NRP-1 have been tested against cancers other than PDAC [220, 221]. It 
may be worthwhile to verify their performance in PDAC models as well. Incidentally, NRP-1 
is also a host factor in SARS-Covid19 infection [222]. CD13 (Aminopeptidase N; a membrane 
metalloprotease which promotes angiogenesis, tumor growth and metastasis), is targeted 
instead by peptides containing the fibrinogen NGR motif [209, 211, 223].

Peptides homing selectively to these markers can for example be discovered by screening 
phage display libraries in vivo, in animals bearing the tumor (e.g. [211]). While some 
peptides specifically recognizing epitopes present in only one or a few tumors have been 
identified [209], most bind to the neo-vasculature of multiple cancers, due to the common 
expression of angiogenic factors. This of course does not constitute a clinically relevant 
problem.

These peptides can be conjugated to “standard” drugs and proteins. Thus, for example, 
daunomycin [224], docetaxel [225], the death-inducing peptide KLAKLAK [226], TNF [227-
229] have been conjugated to NGR peptides. The Clincaltrials.gov site lists (November, 2020) 
18 clinical trials employing NGR-TNF constructs against cancers (none however against 
PDAC).

Peptides are perhaps more often used to target nanovehicles to tumor tissue. For 
example, NGR peptides have been used to decorate doxorubicin-loaded liposomes [230] 
or ultrasound-sensitive “nanobubbles” [231], addressing them to tumor xenografts. 
For example, Zhu et al. [232] used the sequence CKAAKN, which recognizes the Frizzled 
receptor of the WNT pathway (see above and below) to functionalize polymeric magnetic 
nanoparticles which selectively accumulated into pancreatic cancer cells (vs. non-cancerous 
cells) in vitro. In a recent study by Dókus et al. [233] the conjugated drug was daunomycin, 
connected to the peptide via an aminooxyacetyl moiety, which allows the release of an active 
metabolite in lysosomes. Various constructs were tested in SCID mice carrying PANC-1 
subcutaneous tumors. The best results were obtained using the sequence SKAAKN (rather 
than CKAAKN), and linking two molecules of daunomycin to the targeting peptide via the 
introduction of another lysine. Two copies of the Cathepsin B-sensitive sequence GFLG were 
also introduced, so that the final molecule (n. 4 in the paper) was (Dau)-GFLG-K(Dau)-GFLG- 
SKAAKN [233]. However, only a relatively modest decrease of tumor growth was obtained.
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“Improving” gemcitabine

Since gemcitabine has been the keystone of PDAC chemotherapeutics, much research 
has gone into improving its shortcomings, namely a rapid metabolization/elimination, high 
hydrophilicity hampering cellular uptake, facile export by MDR pumps, propensity to elicit 
resistance. The molecule has been therefore modified in various ways and packaged in 
assorted nanocarriers in attempts to improve its efficacy.

Gemcitabine (GEM) lipid derivatives
In this line of investigation hydrophilic gemcitabine is modified by coupling to a 

hydrophobic tail in prodrug fashion, to increase bioavailability and delivery to the tumor. 
An example of this approach is that of squalenoyl gemcitabine (SqGEM) [234, 235]. In this 
compound, the 4-amino group of gemcitabine is linked to squalenic acid in an amide bond. 
The squalene moiety thus forms a lipidic “tail” leading to self-assembly into micelles or 
nanoparticles. This construct safeguards gemcitabine from metabolism, inserts into cellular 
membranes, and turned out to be somewhat more effective than gemcitabine itself in 
pancreatic cancer models (including orthotopic ones) [236]. The micelles formed by SqGEM 
have been used as carriers of other chemotherapeutics as well [237, 238].

Similar constructs incorporating other lipidic “tails” produced nanoparticles and 
similar outcomes [239, 240]. Other polyisoprenoyl gemcitabine conjugates were tested by 
P. Couvreur and associates [241]. Stearoyl gemcitabine was first synthesized and tested 
by L. Cattel and coworkers [242, 243] and then developed by the group led by Zhengrong 
Cui [244-246]. Cui’s group also produced and tested on Panc-1 tumors, both subcutaneous 
and orthotopically implanted, with good results, a variant with a polyunsaturated “tail”, 
4-(N)-docosahexaenoyl gemcitabine (4-(N)-docosahexaenoyl 2′,2′-difluorodeoxycytidine; 
DHA-dFdC) [247, 248]. These drugs were usually administered i.v. (e.g. [247]), but may also 
work after oral administration (e.g. [249]). One question that remains open in this field 
of investigation is the pathway of cell entry and GEM release utilized by these constructs. 
SqGEM does find its way to cell membranes, in particular the endoplasmic reticulum, 
and delivers GEM to the cytoplasm [250]. At high concentrations, it can induce lysis of 
erythrocytes [251]. Sobot and colleagues have presented evidence for an interaction of 
SqGEM with endogenous lipoprotein particles – especially the cholesterol-rich ones (LDL) 
– in vivo, and suggest the involvement of LDLR and that this may represent a generally 
useful delivery path for squanoylated compounds to LDLR-high cancers [252]. Interestingly, 
LDLR is highly expressed in pancreatic cancers, and is considered a metabolic driver of the 
disease [253, 254].

Gemcitabine-peptide conjugates
Gemcitabine has been conjugated to the integrin-targeting peptide RGDV mentioned 

above [255]. The construct has been reported to form nanoparticles in water, to constitute 
a marked improvement over GEM itself in terms of in vivo systemic half-life, anti-tumor 
efficacy (subcutaneous S180 ascite tumor; oral drug administration) and development 
of drug resistance, and to have negligible toxicity. The RGD motif led to targeting of the 
tumor mass and release of GEM in it. It was also tested with satisfying results in a model 
of lung cancer metastasis [256]. Rather than using RGD, Cochran’s group has used an 
engineered cystine-knot mini-protein (“knottin”) targeting integrin receptors. GEM was 
linked to the protein in various ways, and the constructs were tested against several cell 
lines, including the BxPC-3 and PANC-1 pancreatic cancer lines. A construct employing a 
valyl-alanyl-para-aminobenzyloxy linker was selected. Effectiveness was much increased 
in comparison with GEM itself, a finding attributed to a better internalization [257]. GEM 
has furthermore been coupled to two well-known cell-penetrating peptides: penetratin/
antennapedia (RQIKIWFQNRRMKWKK) and pVEC (from vascular endothelial cadherin; 
LLIILRRRIRKQAHAHSK) [258], or to CPPs formed by various combinations of arginine and 
tryptophan [259]. These constructs were evaluated on cell lines of gastric, colorectal and 
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lung carcinoma, and showed an increase of anti-proliferative activity, although their in vivo 
efficacy remains to be established.

In another approach, GEM was linked in various ways to a decapeptide targeting the 
gonadotropin releasing hormone receptor (GnRHR) and the constructs were tested in vitro 
with satisfactory results against two prostate and two breast cancer cell lines [260]. Gaokar 
et al. [261] linked it instead to peptides containing motifs found in the SPARC protein (see 
above) and tested the constructs in a melanoma model. We are not aware of any tests of any 
of these constructs on in vivo PDAC models.

Gemcitabine has been linked to albumin via a cathepsin B-cleavable peptide (GFLG) [262]. 
In a PxPC-3 murine pancreatic tumor model, drug metabolism (deamination) and 
elimination was slowed down, and the concentration of the active form (the triphosphate) 
in the tumor mass increased (administration: i.v. tail vein). GEM has also been incorporated 
into nab-albumin nanoparticles after modification by myristoylation. The nanoparticles 
were furthermore decorated with cyclised RGD, and had a marked effect on BxPC-3 cells in 
culture [263]. Already in 2012 Shunrong Ji and coworkers had developed albumin 
nanoparticles modified with the RGD peptide which could effectively deliver cargo 
gemcitabine to BxPC-3 cells both in vitro and in vivo [264].

One-aminoacid prodrugs of GEM have also been produced with the goal of improving its 
stability and bioavailability. Amidon’s group synthesized various such derivatives, intending 
to exploit peptide transport systems. Two compounds, the 5’-L-valyl and 5’-L-isoleucyl 
monoester prodrugs, showed increased uptake into HeLa cells expressing the hPEPT1 carrier 
(a.k.a. solute carrier family 15 member 1 (SLC15A1)) [265]. The prodrug stability profile was 
improved using D-aminoacids [266]. Assays on Panc-1 and Capan-2 PDAC cell lines indicated 
an increase of antiproliferation activity in comparison with GEM itself [267]. However, in 
vivo pharmacokinetics of one of the most promising derivatives, 5’-L-valyl-gemcitabine, after 
i.v. and oral administration, revealed a rapid elimination and low oral bioavailability, with an 
overall systemic exposure to GEM on a par with that obtained with GEM itself [268].

Gold nanoparticles have been used to deliver grafted gemcitabine to PDAC thanks to 
decoration with peptides targeting PDAC marker plectin-1 (tested with good results in a 
PANC-1 orthotopic xenograft model) [269, 270].

Gemcitabine/lipid/peptide combinations
Valetti and coworkers [271] obtained interesting results by taking advantage of the two 

approaches mentioned above: the use of SqGEM and of a tumor vascular-homing peptide, 
combined together in the same nanovehicles. In this case, this latter tool was provided by a 
study by Joyce et al. [272]. These authors used ex vivo and in vivo phage display/biopanning 
in a transgenic mouse model (Rip-Tag2) of a pancreatic (Langerhans islet cell) carcinoma, 
investigating different angiogenic stages. They identified several peptides most of which 
specifically homed to the neovasculature of endocrine pancreas tumors and did not bind to 
normal vasculature nor to the blood vessels of a few other cancers implanted under the skin 
(including cultured cells derived from an islet tumor). Valetti et al. used a squalenoylated 
derivative of the peptide with the sequence CKAAKN. The combination of this molecule with 
SqGEM (1:100 ratio) resulted in the formation of regular nanoparticles with a diameter of 
about 100 nm. Interestingly, the CKAAKN peptide shares the CKA-K motif with Wnt2, one 
of the Wnt proteins, and in fact in Surface Plasmon Resonance experiments with a Frizzled 
receptor (actually a Frizzled-related protein with high similarity to FZD-5) the nanoparticles 
functionalized with the peptide produced a strong signal. The peptide itself produced instead 
only a weak signal. This is attributable to the presence in the nanoparticles of multiple copies, 
allowing an increase in the avidity of binding, which for single peptides is generally low. This 
putative involvement of a receptor of the Wnt system may be relevant, since Wnt is one of the 
signalling pathways activated in pancreatic – and in many other - cancers.

As hoped for, in a genetic, i.e., orthotopic model of pancreatic carcinoma (the Rip-Tag2 
mouse, the same used by Joyce et al. for the discovery of the peptide sequence) the presence 
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of the squalenoylated peptide construct led to an increased localization of nanoparticles 
to the blood vessel epithelia. What is most important, administration of this preparation 
resulted in a decrease of tumor volume, an increase in apoptosis, and a marked reduction of 
histological staining for a blood vessel epithelial marker (i.e., a reduction of blood vessels), 
in comparison with the administration of gemcitabine itself or of the nanoparticles without 
homing peptide. On the contrary, pericyte coverage of the remaining blood vessels increased, 
suggesting an overall “normalization” of the tumor vasculature, hopefully permitting better 
oxygenation and drug access.

The study leaves some questions open. One, alluded to above, is that of the path taken 
by the NPs to enter cells. The CKAAKN peptide does not seem to have the properties of a cell-
penetrating peptide, and it was used at a relatively low density in these nanoparticles. It may 
be that gemcitabine is released outside or at the membrane of the cells, and is then taken up 
via the carrier it normally uses, i.e. ENT-1. SqGEM does find its way to the cell membrane, 
and, at high concentrations, can induce lysis of erythrocytes [251]. Thus, the nanoparticle-
forming prodrug, rather than the drug itself, might conceivably be the cytotoxic agent. It is 
in any case worth emphasizing the homing properties conferred by the CKAAKN peptide, 
which may find application in the delivery of other nanoparticles/cargos, and has in fact 
already been used in the context of PDAC targeting.

An approach similar to that of Valetti et al. was adopted recently by Liming Wu and 
coworkers [273]. In this case GEM was modified by PUFAylation, i.e. the attachment at 
the 4-(N) position, via an amide bond, of a poly-unsaturated acyl group. This resulted in 
the formation of nanoparticles which were further elaborated by PEGylation and by the 
inclusion of a peptide (amino acid sequence: H2N-KTLLPTP-GGGC-COOH; KTLLPTP is the key 
sequence) targeting plectin-1, a recognized marker of PDAC [274, 275]. I.v. administration 
of the NPs resulted in a drastic decrease of tumor growth in murine subcutaneous PDAC 
models, including one in which the tumors implanted in immunodeficient mice consisted of 
fragments from an explanted human tumor mass. Growth inhibition was especially dramatic 
with the peptide-decorated nanoparticles. Two out of eight mice treated in this way were 
completely cured at the end of the 27-day administration period [273]. Side effects were 
negligible. However, experiments in genetic PDAC models should confirm efficacy of this 
approach, as in mice with subcutaneously injected PDAC the tumor microenvironment and 
stroma may substantially differ from that of the tumor growing in the pancreas.

Perspectives

PDAC is a very stubborn and complex (set of) disease(s). Its stubborness is closely linked 
to its complexity. Investigators and would-be healers need to be stubborn as well, and since 
simple solutions of complex problems are rare, the therapeutic approach probably needs to 
be complex also. In fact, pharmacological strategies are becoming more and more complex. 
In the clinic, we have moved, when possible, from one drug (gemcitabine) to a combination 
of four drugs (FOLFIRINOX). Multiple drugs given together are expected to have a cumulative 
effect. This is especially true if some prepare the grounds “softening” the stroma and others 
go after the cancerous cells. Stroma softening may also alter the metabolism of the tumor 
cells, a point worth investigating. In preclinical studies, multi-functionalized nanovehicles 
are used more and more often. Nanotechnology may well carry the day, one day, by providing 
for specific delivery to the tumor of different drugs, packaged together in a parcel. Treating 
the whole body with combination therapy is a low-efficiency approach, and entails the 
risks of hitting off-targets and causing severe side effects. If however the nanoparticles can 
efficiently deliver their payload where it’s needed, the danger decreases and the chances of 
success increase. It’s a bit like personalized medicine vs. general chemotherapy. What we are 
looking for is a precision-guided vehicle delivering a deadly cocktail of drugs where needed. 
Currently we have neither, but progress is being made. One cannot help but look with hope 
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to tests in humans of such innovations as the ProAgio protein or the decorated nanoparticles 
targeting plectin. Most of all, we need a coordinated program, on a supra-national scale, 
allowing the simultaneous testing on humans of the most promising devices being developed 
in preclinical animal models.
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