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A B S T R A C T   

Pancreatic ductal adenocarcinoma (PDAC) is a type of cancer alarmingly expanding in our modern societies that 
is still proving to be very challenging to counteract. This disease constitutes a quintessential example of the 
multiple interactions existing between the tumour and its surrounding microenvironment. In particular, PDAC is 
characterized by a very immunosuppressive environment that favours cancer growth and makes this cancer type 
very resistant to immunotherapy. The primary tumour releases many factors that influence both the microen
vironment and the immune landscape. Extracellular vesicles (EVs), recently identified as indispensable entities 
ensuring cell-to-cell communication in both physiological and pathological processes, seem to play a pivotal 
function in ensuring the delivery of these factors to the tumour-surrounding tissues. In this review, we summarize 
the present understanding on the crosstalk among tumour cells and the cellular immune microenvironment 
emphasizing the pro-malignant role played by extracellular vesicles. We also discuss how a greater knowledge of 
the roles of EVs in tumour immune escape could be translated into clinical applications.   

1. Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most 

aggressive silent malignancies [2]. In its early stages, PDAC lacks 
distinct symptoms and there are no reliable, quantifiable and 
non-invasive biomarkers facilitating early detection [3]. Subsequently, 
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80% of cases exhibit local tumour invasion or distant metastases at the 
time of diagnosis [4,5], precluding the use of surgical resection [6]. 
Additionally, cytotoxic and immunological therapies (e.g., checkpoint 
inhibitors) offer only modest survival benefits and are often associated 
with significant side effects [6,7]. Interestingly, specific immunother
apies (e.g., tumour-antigen antibodies, tumour protein vaccines) have 
been associated with improved immune response and overall survival in 
PDAC patients [8]. This indicates immune-based therapy can stimulate 
an anti-tumour response, although this is limited by a low mutational 
burden and the immunosuppressive tumour microenvironment (TME) 
[9]. For example, myeloid-derived suppressor cells (MDSCs) and tumour 
associated macrophages (TAMs) contribute to tumorigenesis and im
mune invasion by suppressing T cell responses [10]. 

PDAC progression is facilitated by an intricate network of intercel
lular communication within the tumour microenvironment (TME). In 
recent years, extracellular vesicles (EVs), particularly small EVs (sEVs) 
have been highlighted for their role in mediating the crosstalk between 
tumour, stromal and immune cells within this TME [11]. SEVs are 
lipid-bound, anucleate particles released from all cells that contain 
proteins, lipids, nucleic acids, and other functional biomolecules derived 
from their cell of origin [12–14]. sEVs released from different cell types, 
or the same cell type in different conditions, exhibit variation in size and 
contents, contributing to these vesicles’ unique and highly heteroge
neous nature [13,15,16]. Moreover, this indicates that sEV biogenesis 
relies on active cargo recruitment and provides a ‘real-time’ indication 
of the intracellular environment of the parent cell [17]. 

In PDAC, sEVs from cancer cells influence neighbouring immune 
cells by transferring various biomolecules, including proteins, lipids, 
and nucleic acids, modifying signal transduction and altering cellular 
function. For instance, PDAC-derived sEVs can induce the pro- 
tumorigenic polarisation of macrophages and inhibit effector T-cell re
sponses to promote immunosuppression and anti-tumour immunity 
[11]. Therefore, understanding the crosstalk between sEVs and immune 
cells may suggest new strategies to improve the efficacy of immuno
therapy in PDAC. In this review, we will summarise the existing 
knowledge of sEVs in PDAC in the context of the immune response, 
immune evasion, and cancer progression. Furthermore, we will discuss 
the status of sEVs as biomarkers to screen and predict disease progres
sion, and their potential as therapeutic devices to increase tumour 
response and patient survival. 

2. Small extracellular vesicles: definition, characterisation and 
function 

EVs were first described as a mechanism of cellular waste disposal 
[18], however significant research has demonstrated that these vesicles 
are critical mediators of intercellular communication between adjacent 
and distant cells, in both physiological and pathophysiological processes 
[12,19]. The term ‘extracellular vesicle’ describes membrane-bound, 
anucleate particles released by cells with a size range of 30–1000 nm 
[20]. EVs can be broadly classified into three groups based on their size, 
molecular composition and sub-cellular origins, with small EVs (sEVs) 
ranging < 200 nm, while medium EVs (mEVs) and large EVs (lEVs) 
range above 200 nm and 1000 nm, respectively. 

Although the term “exosome” is commonly used to indicate EVs 
within the 30–150 nm size range, there are currently no specific markers 
to clearly differentiate exosomes (endosome-origin) and ectosomes 
(plasma membrane-derived). Therefore, The International Society for 
Extracellular Vesicles (ISEV) endorses the term ‘small extracellular 
vesicles’ to describe EVs within this size range [20]. Additionally, unless 
the particles’ subcellular origins can be confirmed (via live cell imag
ing), it is recommended that the physical characteristics (size range or 
density), biochemical composition and conditions of cellular origins are 
described during reporting [20]. In this review, ‘sEVs’ will be used per 
the ISEV nomenclature. 

sEVs have received increasing attention within the field due to their 

nano-scale size, extensive molecular contents, and highly heterogeneous 
nature [12–14]. Several studies have also demonstrated that sEVs 
released from different (or the same) cell types can vary in size and 
contents, contributing to the unique and highly heterogeneous nature of 
these vesicles [13,15,16]. The bi-lipid structure and lipid arrangement 
of sEVs provide them with a significant stability and bioavailability in 
bodily fluids, including blood, urine, saliva, ascites, and breast milk. 
Recently, sEVs have been investigated as key players in cancer pro
gression and as a mechanism for the targeted delivery of drugs to the 
tumour core. In addition, the extensive and specialised molecular 
composition of sEVs makes them an attractive source for novel 
non-invasive diagnostic or prognostic biomarkers, particularly in dis
eases such as PDAC. 

3. sEV crosstalk between PDAC and immune cells 

PDAC is characterised by a myeloid-inflamed stroma with an 
immunosuppressive local environment. During tumour formation, 
cancer-derived sEVs restrain immunosurveillance and promote immune 
tolerance to provide a landscape favourable for tumour growth and 
survival [21,22]. For example, PDAC-derived sEVs are enriched with 
immunoinhibitory molecules (e.g., PD-1, PDL1, CTLA4), 
tumour-associated antigens (TAAs), major histocompatibility complex 
(MHC) class I and II proteins, co-stimulatory molecules and cytokines, 
which can either activate or inhibit immune cells within the TME [23, 
24]. 

As the disease progresses, sEVs from PDAC cells re-program immune 
cell infiltrates by stimulating pro-tumorigenic and anti-inflammatory 
phenotypes whilst suppressing cytotoxic immune activity [25]. Specif
ically, tumour-derived sEVs can stimulate MDSC accumulation and 
inhibit dendritic cell (DC) maturation, induce pro-tumorigenic macro
phage polarisation and neutralise natural killer (NK) cytotoxicity [23]. 
In vitro studies have also shown that PDAC-derived sEVs promote the 
expansion, suppress activation and decrease apoptosis of 
tumour-associated regulatory T cells (Tregs) [26], with further evidence 
indicating a role for sEVs in T-cell exhaustion and B-cell inactivity [27, 
28] (Fig. 1). 

Whilst the tumour-promoting effects of sEVs have been well- 
documented in several cancers, including ovarian, breast, melanoma, 
and lung [29–32], the underlying molecular mechanisms by which sEVs 
facilitate anti-tumour immunity in PDAC remain elusive. The following 
subsections will discuss current knowledge of the role of sEVs in the 
modulation of the PDAC immune landscape, focusing on several critical 
immune cell populations. 

3.1. Macrophages 

Monocyte-derived macrophages infiltrate the TME early in tumour 
formation in response to chemokines (e.g., chemokine [C-C motif] 
ligand 2, CCL2), cytokines (e.g., interleukin 4, IL-4), growth factors (e.g., 
vascular endothelial growth factor, VEGF), and changes in tissue ho
meostasis [33]. In addition, tissue-resident macrophages also contribute 
to the TAM population, and these may have functions independent of 
bone-marrow derived macrophages [33]. TAMs are intricately involved 
in tumorigenesis due to their intrinsic plasticity and ability to polarise 
between pro- and anti-tumorigenic phenotypes [33–35]. Whilst 
anti-tumorigenic macrophages suppress tumour cell growth, 
pro-tumorigenic TAMs facilitate stromal regeneration, inhibit cytotoxic 
behaviours and support tumour cell survival [36,37]. Pro-tumorigenic 
TAMs are the most abundant immune cell within the TME and drive 
immunosuppression through the sustained release of anti-inflammatory 
factors such as IL-6, IL-8, IL-10, transforming growth factor-beta (TGF-β) 
and prostaglandin E2 (PGE2) [35,37,38]. Moreover, high numbers of 
pro-tumorigenic TAMs in the TME are accompanied by increased 
resistance to chemotherapy and poor prognosis. 

TAMs can adopt a lipid-dependent metabolic state, an advantage in 
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the nutrient-deficient environment within the TME [37,39]. Following 
uptake by TAMs, PDAC-derived sEVs undergo degradation, leading to 
the deposition of lipids such as cholesterol, gangliosides, sphingolipids 
and free fatty acids (FFAs) within the endosomal compartment. This 
disrupts lipid homeostasis, leading to alterations to macrophage meta
bolism, activation and function [38,40]. Further, tumour-derived sEVs 
are enriched with several key lipid species, which coordinate the bal
ance between pro- and anti-inflammatory phenotypes [20]. 
PDAC-derived sEVs also contain functional enzymes and lipid precursors 
[41] such as arachidonic acid (AA), a prerequisite for the biosynthesis of 
prostaglandins, thromboxanes, and leukotrienes. AA constitutes 
approximately 30% of the polyunsaturated FFA content of sEVs and is 
critical in determining the efficacy of sEV uptake by immature macro
phages [41]. 

PDAC-derived sEVs may further increase the synthesis of inflam
matory prostaglandins in macrophages via the transfer of 
cyclooxygenase-1/2 (COX1/2). The AA/Cyclooxygenase pathway 
upregulates PGE2 production and promotes the secretion of IL-10, TGF- 
β, indoleamine 2,3-dioxygenase (IDO) and inducible nitric oxide syn
thase. This stimulates MDSC accumulation whilst inhibiting DC and pro- 

tumorigenic macrophage differentiation [34,42,43]. A previous study 
from our research group revealed that prostaglandin E2 synthase 
(PTGES3) – which converts prostaglandin endoperoxide H2 (PGH2) to 
PGE2 – is distinctly enriched in PDAC-derived sEVs. However, the 
functional implications in macrophages are yet to be explored [44]. 
Nevertheless, intracellular PGE2 positively regulates the expression of 
COX2 and prostaglandin E2 receptor 4 in macrophages and stimulates 
Treg recruitment and polarisation of pro-tumorigenic macrophages, 
amplifying the immunosuppressive environment of the TME. Notably, 
PGE2 is enriched in the blood and urine of PDAC patients and is nega
tively correlated with patient survival [43,45]. 

In addition, various microRNAs (miRNA) have been implicated in 
sEV-induced macrophage function within the TME. For instance, miR- 
301a-3p in sEVs can promote the polarisation and infiltration of pro- 
tumorigenic TAMs into the TME via modulation of the 
phosphoinositide-3-kinase (PI3K)/phosphatase and tensin homolog 
(PTEN) pathway [22]. By inhibiting PTEN phosphorylation, 
miR-301a-3p enhances phosphorylation of PI3K, protein kinase B (PKB) 
and the mammalian target of rapamycin (mTOR) in macrophages, 
stimulating metabolic remodelling, cell survival and anti-inflammatory 

Fig. 1. Immune microenvironment of pancreatic ductal adenocarcinoma (PDAC). Pancreatic cancer cells and immune cells both release small extracellular 
vesicles (sEVs), which facilitate cross talk and contribute to an immunosuppressive, pro-tumorigenic microenvironment. sEVs released by cancer cells promote T cell 
exhaustion, apoptosis of natural killer (NK) cells, a pro-tumorigenic macrophage phenotype, and inhibition of dendritic cells (DC) function. Arg-1, arginase-1; CTLA- 
4, cytotoxic lymphocyte associated antigen-4; FasL, Fas ligand; HSPs, heat shock proteins; IDO, indoleamine 2,3-dioxygenase; IL, interleukin; iNOS, inducible nitric 
oxide synthase; IFN-γ, interferon-gamma; M1, M1 macrophage; M2, M2 macrophage; MDSC, myeloid-derived suppressor cell; MHC, major histocompatibility class I/ 
II; PD-1, Programmed cell death protein 1; PD-L1, programmed death-ligand 1; PGE2, prostaglandin E2; TAAs, tumour-associated antigens; TGFβ, transforming 
growth factor-beta; Th1, T helper 1 cells; TIM-3, T cell immunoglobulin and mucin domain 3; TREG, regulatory T cell; TNF-α, tumour necrosis factor-alpha. 
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cytokine production [22]. Additionally, miR-301a-3p upregulates PD-L1 
expression on TAMs, thereby promoting T-cell exhaustion and Treg 
recruitment and inhibiting cytotoxicity within the TME [46]. Notably, 
miR-301a-3p levels in circulating sEVs directly correlate with late 
tumour-node-metastasis (TNM) stage, depth of tumour invasion, and 
lymph node metastasis and are negatively associated with overall sur
vival in PDAC patients (Fig. 2) [22,47]. 

Some sEVs are also reported to carry critical immunosuppressive 
cytokines. For example, TGF-β-bearing tumour sEVs further enhance the 
inhibitory activity of macrophages via activation of the canonical TGF-β 
pathway to promote the secretion of IL-10 production. Lima et al. [38] 
demonstrated that sEVs could bind to cytokines present in the TME via 

interaction with exposed glycosaminoglycan side chains. These conju
gates then accumulate in an organ-specific manner to promote disease 
progression as well as pre-metastatic niche formation. 

Beyond the TME, PDAC-associated sEVs enhance metastasis by 
priming the pre-metastatic niche (PMN) at distant sites. The best- 
described example is within the liver, where the uptake of macro
phage migration inhibitory factor (MIF)-containing sEVs by resident 
Kupffer cells stimulates the secretion of TGF-β [48]. The local increase in 
TGF-β induces fibronectin production by hepatic stellate cells (HSCs), 
thereby promoting fibrosis and PMN formation [48]. Our previous 
proteomic data have revealed that MIF is exclusively included in the 
cargo of malignant pancreatic cell-derived sEVs, whilst non-malignant 

Fig. 2. PDAC-derived sEVs promote the suppressive activation of myeloid cell populations. Small extracellular vesicles (sEVs) released from cancer cells induce 
metabolic changes in myeloid cell populations by enhancing lipid uptake and metabolism pathways via the phosphatase and tensin homologue phosphoinositide-3- 
kinase (PTEN/PI3K) signal transduction pathways. Chronic stimulation of toll-like receptors (TLRs) by antigens on sEVs shifts immune responses towards signal 
transducer and activator of transcription-3 (STAT3) signal transduction to upregulate anti-inflammatory cytokine production and suppressive activation. Myeloid 
differentiation primary response 88 (MyD88) is critical for the suppressive function of myeloid cells by inhibiting caspase-dependant apoptosis to induce the 
expansion of immature myeloid cells. Lipid accumulation in macrophages promotes pro-tumorigenic signalling and increases activation of phospholipase A2 (PLA2), 
which cleaves arachidonic acid (AA) from the cell membrane to upregulate prostaglandin E2 (PGE2) secretion. PGE2 both increases tumour cell survival and 
proliferation and positively regulates cyclooxygenase 2 (COX2) expression, thereby amplifying the suppressive capacity of macrophages. AA, arachidonic acid; AC, 
adenylyl cyclase; AMP, Adenosine monophosphate; Akt, protein kinase B/Akt; Arg-1, arginase-1; cAMP, cyclic AMP; CDK, cyclin-dependent kinase; COX2, 
cyclooxygenase-2; CREB, cAMP response element-binding protein; DAG, diacylglycerol; DC, dendritic cell; EP1–4, prostaglandin receptors EP1–4; ERK, extracellular 
signal-regulated pathway; FOXP3, forkhead box protein 3; GPCR, G-protein coupled receptor; GSK3B, glycogen synthase kinase 3 Beta; HIF-1α, hypoxia-inducible 
factor-1 alpha; IDO, indoleamine 2,3-dioxygenase; IL, interleukin; iNOS, inducible nitric oxide synthase; IRAK1, interleukin-1 receptor-associated kinase 1; JAK, 
Janus Kinase; MDSC, myeloid-derived suppressor cells; MHC, major histocompatibility class I/II; MEK, mitogen-activated protein kinase; mTOR, mammalian target 
of rapamycin; NF-kβ, nuclear factor; PGE2, prostaglandin E2; PD-1/L1, programmed cell death protein-1/ligand-1/2; PDAC, pancreatic ductal adenocarcinoma; PI3K, 
phosphoinositide-3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PKA, protein kinase A; PLA2, phospholipase-A2; PLC, phospholipase C; PPARδ, Peroxisome 
proliferator-activated receptor delta; PTEN, phosphatase and tensin homologue; SMAD, small mothers against decapentaplegic homolog; STAT, signal transducer and 
activator of transcription; TCR, T-cell receptor; TGF-β, Transforming growth factor-beta; TGFβR, transforming growth factor receptor; TLR, toll-like receptor; TNF-α, 
tumour necrosis factor-alpha; TRAF6, TNF receptor associated factor 6; VEGF, vascular endothelial growth factor; XIAP, X-linked inhibitor of apoptosis protein. 

J. Fyfe et al.                                                                                                                                                                                                                                      



Seminars in Cancer Biology 96 (2023) 36–47

40

pancreatic-derived sEVs lack MIF expression [44]. 
sEV-mediated communication in the TME is bi-directional, and it is 

well accepted that TAM-derived sEVs influence the TME and cancer cells 
(Fig. 2). For instance, TAM-derived sEVs modify TGF-β-mediated sig
nalling via the transfer of miR-501–3p, which blocks the transcription of 
TGF-β receptor 3 (TGFBR3) - a putative tumour suppressor and negative 
regulator of TGF-β transduction [49]. Notably, TGFBR3 inhibition in 
PDAC is associated with increased TGF-β-mediated tumour growth, 
migration and metastatic potential [50]. Concomitantly, miR-365 in 
TAM sEVs selectively inhibits the B-cell translocation gene 2 (BTG2) in 
PDAC cells, leading to activation of focal adhesion kinase (FAK) and 
PKB, mTOR complex-1 mediated transcription, and enhanced prolifer
ation, migration, and invasion of PDAC cells [51]. Additionally, the 
transfer of miR-365 promotes gemcitabine resistance in PDAC by 
modulating pyrimidine metabolism and stimulating cytidine deaminase 
activity, which inhibits gemcitabine activity [42]. 

In addition to miRNA, Yin et al. [52] recently reported that 
TAM-derived sEVs contain high levels of the long non-coding RNA 
(lncRNA), SET-binding factor 2 antisense (SBF2-AS1). When transferred 
to PDAC cells, this upregulates the expression of X-linked inhibitor of 
apoptosis protein to increase cell survival and enhance their invasive 
capacity. Notably, the overexpression of SBF2-AS1 in PDAC tissues has 
been shown to positively correlate with TNM stage and degree of drug 
resistance. However, the prognostic potential of this lncRNA in EVs is 
yet to be explored [53]. 

3.2. Immature myeloid cells (MDSCs and DCs) 

MDSCs are a heterogeneous population of immature myeloid cells 
which are critical to the regulation of innate and adaptive immune re
sponses [54]. Under homeostatic conditions, the entry of immature 
myeloid cells into peripheral organs stimulates their differentiation into 
functional immune cells [54]. In cancer, these cells fail to respond to 
maturation cues and instead expand and proliferate as MDSCs. MDSCs 
can be classified into two subtypes; polymorphonuclear MDSCs 
(PMN-MDSC) and monocytic MDSCs (M-MDSC) [55]. PMN-MDSCs 
suppress T-cell responses by producing reactive oxygen species (ROS) 
and interfering with antigen-mediated T-cell activation [54]. Alterna
tively, M-MDSCs – which constitute the majority of MDSCs – secrete 
potent immunosuppressive cytokines and factors, including IL-10, 
Arginase-1 (Arg-1) and nitric oxide (Fig. 2). The increased secretion of 
Arg-1 within the TME depletes the local arginase pool and inhibits the 
correct assembly of the T-cell receptor (TCR) complex in T-cells, 
resulting in their decreased proliferation and increased tolerance [56]. 
Notably, in PDAC patients, the frequency of MDSCs in the periphery has 
been associated with advanced metastatic disease and poor clinical 
outcomes [57]. 

The differentiation, survival, and activation of MDSCs are primarily 
modulated by pattern-recognition receptors (PRRs), particularly toll- 
like receptors (TLRs), present on the surface of immune cells. In 
response to different pathogen-associated molecular patterns (PAMPs) 
or damage/danger-associated molecular patterns (DAMPs), these 
transmembrane receptors can induce specific intracellular signalling 
pathways, stimulating cellular activation and immune responses [58]. 

Shen et al. showed that heat shock proteins (Hsp) expressed by sEVs, 
particularly Hsp105 and Hsp72, interact with TLR2/4 on immature DCs 
to upregulate the production of IL-6 via activation of the signal trans
ducer and activator of transcription 3 (STAT3) signalling pathway [59]. 
Likewise, Hsp72 expression on tumour sEVs can enhance the expansion 
and accumulation of MDSCs, which is accompanied by an upregulated 
secretion of IL-1, tumour necrosis factor (TNF), VEGF and CCL2 [60]. 
Basso et al. also showed that PDAC-derived sEVs could disrupt DC 
maturation and promote MDSC activation via the transfer of miRNAs, 
including miR-494–3p and miR-1260a. Interestingly, this study showed 
that these miRNAs are upregulated in sEVs derived from PDAC cells with 
aberrant SMAD family member 4 (SMAD4) expression – a tumour 

suppressor gene commonly associated with PDAC – indicating a poten
tial role of SMAD4 expression with cargo sorting in assortment of 
tumour-derived sEVs [61]. 

Rashid et al. recently demonstrated that tumour-associated MDSCs 
could secrete sEVs expressing Fas ligand (FasL) and TNF-related 
apoptosis-inducing ligand, which trigger apoptotic pathways in recip
ient CD8 + T-cells [62]. MDSC-derived sEVs have also been shown to 
inhibit the production of IL-2 and induce a pro-tumorigenic phenotype 
in macrophages [63]. Additionally, these sEVs have been shown to 
contain several pro-inflammatory molecules, such as S100 calcium 
binding proteins A8/9 (S100A8/9), which facilitate infiltration and 
accumulation of suppressive immune cells into the TME [64]. In addi
tion, MDSCs have receptors for S100A8/A9, and this initiates an auto
crine loop leading to increased secretion of this protein either directly or 
via exosome release [65]. Recent proteomic data has also revealed the 
enrichment of members of the S100 calcium-binding family of proteins 
(e.g., S100A4) in PDAC-derived sEVs [44]. Thus, both tumour and im
mune cell derived sEVs contain these calcium binding proteins, and it is 
likely both contribute to an immunosuppressive local environment and 
the development of metastasis via priming of the PMN [64]. 

Mature dendritic cells (DCs) are essential to initiating immune re
sponses, acting as primary antigen-presenting cells, which facilitate 
cytotoxic T-cell activation in an antigen-dependent manner. However, 
immature DCs lack the capacity for proper antigen presentation and 
instead promote T-cell immune tolerance and suppression by expressing 
PD-L1 and cytotoxic T-lymphocyte associated protein-4 (CTLA-4) [66]. 
Additionally, the increased secretion of IL-6 and PGE2 by immature DCs 
has been shown to induce STAT3-dependant matrix metalloproteinase 9 
transcriptional activity in tumour cells to promote invasive tumour 
phenotypes. Thus, immature DCs are a potent anti-inflammatory, pro-
tumorigenic immune subtype. 

PDAC cells and their sEV derivatives have been shown to participate 
in DC activation and function [67]. Zhou et al. demonstrated that 
miR-203 in PDAC-derived sEVs can inhibit immune-activating toll-like 
receptor 4 (TLR4) expression in DCs. MiR-203 has also been shown to 
modulate DC cytotoxicity by inhibiting the secretion of IL-12 and TNF, 
thereby decreasing their capacity to neutralise surrounding cancer cells 
[68]. Likewise, Ding et al. [69] demonstrated that miR-212–3p in 
PDAC-derived sEVs targets and suppresses regulatory factor X-associ
ated protein in DCs, resulting in the downregulation of MHC II. The 
collective downregulation of TLR4 and MHC II impedes the activation 
and processing of antigen presenting DCs. 

3.3. Natural killer cells 

Natural killer (NK) cells – lymphoid-derived immune cells – are an 
additional innate cell involved in the first-line protection against path
ogenic processes, such as viral infection and cancer [70]. These cells 
detect and directly abrogate infected cells through the release of cyto
toxic factors, granzyme and perforin, as well as cytokines such as 
interferon-gamma (IFN-γ) and TNF [70,71]. In PDAC, the role of NK 
cells is poorly understood, although it is known they exhibit poor 
tumour localisation and infiltration and constitute less than 0.5% of the 
immune population [72]. In addition, the enrichment of 
immuno-inhibitory elements such as TGF-β, IDO, PGE2 and IL-10 within 
the TME impairs the lytic activity of NK cells in PDAC and increases their 
exhaustion [73]. 

Zhao et al. showed that NK cells treated with metastatic pancreatic 
cancer or PDAC-derived sEVs demonstrated a significant reduction in 
the expression of natural killer group 2 member D and CD107, which are 
crucial markers of cellular activation and function, respectively. 
Furthermore, these sEV-treated cells had a decreased production of IFN- 
γ and TNF, along with impaired glucose uptake [73]. Evidently, 
PDAC-sEVs potentiate NK neutralisation and inhibition, which may 
contribute to this population’s low tumoral and peripheral frequency. 
On the other hand, some NK-derived sEVs have been found to possess 
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anti-tumorigenic cargoes, including miR-607–3p, which can inhibit the 
malignant transformation of PDAC cells, likely via the direct targeting of 
IL-26 [74]. 

3.4. T- and B-lymphocytes 

T-cells typically engage in intercellular communication via receptor- 
ligand interactions, leaving them susceptible to sEV-mediated changes. 
Notably, activated Tregs are the most responsive to sEV interaction, 
whilst inactivated or resting Tregs are the least responsive [28]. T-cell 
activity is regulated by the interaction between programmed cell death 
protein-1 (PD-1) and its ligand, PD-L1. Whilst a moderate level of 
PD-1/PD-L1 is required to suppress T-cell cytotoxicity and IFN-γ pro
duction, minimal levels can inhibit TNF, IL-2 and T-cell expansion. The 
overexpression of PD-L1 in PDAC-derived sEVs facilitates self-tolerance 
by inhibiting T-cell-mediated cytotoxicity and promoting Treg expan
sion. Moreover, tumour derived sEVs enhance the gene transcription of 
inhibitory proteins such as TGF-β, COX2, CTLA-4 and Fas/FasL in 

CD4 + T-cells, leading to reduced activation as shown by decreased 
CD69 expression (Fig. 3) [27,28]. 

Tumour sEVs have been shown to cause DNA damage, disrupt 
metabolism and promote the death of activated T-cells in the periphery 
by inhibiting tumour infiltration of cytotoxic subsets. Shen et al. 
demonstrated in vitro that PDAC-derived sEVs can induce p38-induced 
endoplasmic reticulum stress and apoptosis by amplifying the expres
sion of pro-apoptotic transcription factors, Jun, and DNA damage- 
inducible transcript 3 protein in T lymphocytes. Additionally, it has 
been shown that serine-protein kinase ATM, adenosine monophosphate- 
activated protein kinase, and surtuins 1, 2 and 6 are sequentially upre
gulated upon interaction with tumour sEVs, leading to increased 
expression of the transcriptional regulators forkhead box proteins -O1A, 
-O3A and -P3, and subsequent Treg expansion [75]. 

Tumour-derived sEVs have also been shown to induce sustained Ca2+

influx to promote activated T-cell apoptosis and Treg behaviour [28]. In 
naïve T-cells, Ca2+ accumulation stimulates the conversion of adenosine 
triphosphate (ATP) to inosine to increase the production of adenosine, 

Fig. 3. Mechanisms of tumour-derived sEV-induced T-cell suppression. Tumour-derived sEVs are enriched in co-inhibitory ligands, including CD80/CD86 and 
programmed death ligand 1/2 (PD-L1/2), which bind to cytotoxic lymphocyte associated antigen-4 (CTLA-4) and programmed cell death protein-1 (PD-1) on the 
surface of T-lymphocytes. Stimulation of T-cell receptor (TCR) along with these co-inhibitory receptors operate through SH2 containing protein tyrosine phosphatase- 
2 (SHP2) to inhibit effector T-cell activation and cytokine production and promote regulatory T-cell (Treg) differentiation. Upregulation of phosphatase and tensin 
homologue (PTEN) suppresses phosphoinositide-3-kinase/protein kinase-B/mammalian target of rapamycin (PI3K/AKT/mTOR) signalling, resulting in the down
regulation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kβ) pro-inflammatory cytokine production. Transforming growth factor-beta (TGF-β) 
upregulates mothers against decapentaplegic homolog-3 (SMAD3) which, when bound to nuclear factor activator of T-cells (NFAT) stabilises the expression of 
forkhead box P3 (FOXP3) to enhance Treg transcriptional programming. AKT, protein kinase B; AMP, adenosine monophosphate; AMPK, AMP-activated protein 
kinase; AP-1, activator protein-1; ATP, adenosine triphosphate; cAMP, cyclic AMP; Ca+2, Calcium ions; CaN, calcineurin; CDK, cyclin-dependent kinase; CTLA-4, 
cytotoxic T-lymphocyte associated antigen-4; DAG, diacylglycerol; ERK, extracellular signal-regulated pathway; FAO, fatty acid oxidation; FOXO1, forkhead box 
protein-1; FOXP3, forkhead box protein 3; GPCR, G-protein coupled receptor; GSK3B, glycogen synthase kinase 3 Beta; IP3, inositol 1,4,5-trisphosphate; JAK, Janus 
Kinase; MEK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; NF-kβ, nuclear factor; NFAT, nuclear factor activator of T-cells; p38, p38 
mitogen-activated protein kinases; PI3K, phosphoinositide-3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PKA, protein kinase A; PLCγ, phospholipase-C 
gamma; PTEN, phosphatase and tensin homologue; SHP2, SH2 containing protein tyrosine phosphatase-2; SMAD, small mothers against decapentaplegic homo
log; STAT, signal transducer and activator of transcription; TCR, T-cell receptor; TGF-β, transforming growth factor-beta; TGFβR, transforming growth factor re
ceptor; ZAP70, zeta-chain associated protein kinase 70. 
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which is an essential factor involved in the suppressive activity of Tregs 
[28]. Similarly, tumour-derived sEVs are reported to overexpress CD39 
and CD73, which convert extracellular ATP to 5’-adenosine mono
phosphate, and then to adenosine, respectively [76]. Further, Smyth 
et al. [77] demonstrated that TCR activation of Tregs (CD25+FoxP3+) 
stimulated the secretion of CD73-bearing sEVs, thereby providing an 
additional mechanism to produce adenosine within the TME (Fig. 3). 

Small EVs bearing TGF-β stimulate Treg expansion and inhibit NK- 
cell cytotoxicity in a mechanism similar to macrophages [78]. Further, 
our studies have shown that PDAC-derived sEVs are selectively enriched 
with immunomodulatory proteins, including high mobility group box 1 
(HMGB1) and DNA-dependent protein kinase catalytic subunit 
(PRKDC), which facilitate cancer-associated inflammation, immune 
tolerance and DNA damage [44]. In several cancer models, HMGB1 has 
been shown to promote MDSC survival [79], and stimulate the expan
sion of PD-L1+ TAMs and neutrophils within the TME, thereby miti
gating T-cell activity and promoting immunosuppression [80,81]. 
Additionally, PRKDC has been associated with poor clinical outcomes in 
several cancers, including PDAC [82], and is under investigation as a 
therapeutic target for the treatment of multiple myeloma, non-Hodgkins 
lymphoma, glioblastoma and a range of advanced solid tumours [83]. 

Under homeostatic conditions, B-cells produce antibodies necessary 
for the neutralisation or opsonisation of pathogens and the activation of 
antibody-dependant T-cell cytotoxicity [84]. However, B-cells may also 
contribute to a tolerogenic and immunosuppressive TME. Despite the 
low immunogenicity of PDAC, PDAC-derived sEVs contain a large 
repertoire of TAAs, including pyruvate kinase PKM2, annexin A1, HspA8 
and H2A histone family member Z, which are targets of circulating 
autoantibodies produced as a result of tumorigenesis [85]. These 
circulating autoantibodies in PDAC patient plasma were found to be 
more reactive to sEVs than tumour cells, suggesting that sEVs can act as 
a decoy that decreases complement-dependent cytotoxic activity to
wards tumour cells [85]. 

3.5. Neutrophils 

Neutrophils are indispensable for defence against microbial in
fections and play key roles in innate and adaptive immunity [86]. 
Notably, high neutrophil infiltration within the TME is negatively 
associated with survival outcomes in PDAC (Piciucchi, 2017 #859). Like 
macrophages, neutrophils display significant plasticity and can polarise 
between both pro- and anti-tumorigenic phenotypes within the TME 
[87–89]. In PDAC, one study in mice showed pancreatic cancer-derived 
sEVs promoted the recruitment of bone marrow-derived cells (including 
neutrophils), which provided a favourable niche for liver metastasis 
[48]. Given this, neutrophil-derived EVs have been implicated as 
anti-inflammatory, pro-inflammatory and antibacterial mediators, 
which likely reflects the active state of the parent cell [90,91]. 
Neutrophil-derived EVs have been shown to contain factors that pro
mote tumour progression, such as neutrophil elastase (NE) and 
lipocalin-2 [92], to stimulate oncogenic signalling and proliferation [1], 
and modulate pro-inflammatory cytokine production by PSCs within the 
pancreatic TME [93]. While studies have hypothesised the roles 
neutrophil derived-EVs in inflammation and tumour progression, 
further investigations are needed to understand the role of sEVs in the 
cancer-neutrophil communication within the PDAC landscape. 

3.6. Platelets 

Platelets are primarily known for their contribution to haemostasis 
and thrombosis and have a well-documented role in promoting PDAC 
progression and thrombotic complications [99,100]. Considered part of 
innate immune responses, evidence suggests platelets are involved in 
regulating innate immune cells during pathological processes such as 
infection, inflammation, and cancer via the secretion of various factors 
and surface receptor-ligand interactions [94,95]. In addition, DAMPs 

and PAMPs derived from host tissues and microbes can trigger TLRs on 
the platelet surface, promoting inflammation and thrombosis during 
infection and cancer [96–98]. Whilst the influence of platelet-derived 
microvesicles on cancer biology has been somewhat enlightened [99], 
the effects of cancer-derived sEVs on platelet function have so far 
commanded much less attention. Tissue factor (TF) - the main agonist of 
cancer-associated blood clotting - is abundant in platelet microparticles 
and is aberrantly expressed in cancer cells and cancer-derived sEVs 
[100]. The presence of TF in sEVs may be an indicator of thrombotic 
complications as it is not normally present in cells exposed to circulating 
blood. However, these TF-negative EVs have also been reported to elicit 
platelet activation [101]. Additionally, the enrichment of DAMPs, 
including histones, HMGB1 and S100A4 in PDAC sEVs are known to 
modulate platelet reactivity [44] [102]. Given the above, the effect of 
cancer-derived sEVs on platelets and the repercussions on the 
tumour-immune response requires further investigation. 

4. Immune-stroma-tumour communication 

The stroma within the TME encompasses a heterogeneous popula
tion of cells derived from adjacent tissues or myeloid tissue which, when 
exposed to chronic inflammation, undergoes phenotypic and functional 
transformation to support tumour growth [103]. One hallmark of the 
PDAC TME is the presence of large amounts of extracellular matrix 
proteins such as collagen, fibronectin and glycoproteins, which restricts 
access of drugs to tumour cells, and is linked to treatment resistance and 
poor patient outcome [22,104]. 

Angiogenic vascular endothelial cells, infiltrating immune cells 
(IICs), and cancer-associated fibroblastic cells (CAFs) represent the 
major stromal subpopulations within the TME and collectively enhance 
immune evasion to promote cancer cell proliferation, invasion, metas
tasis and angiogenesis (CAFs and IICs), in addition to impairing cellular 
respiration (CAFs) [105]. It is possible the interaction among immune 
and stromal cells within the TME can occur through sEV exchange, 
although few studies have focused on this in PDAC. In one study, it was 
revealed that CAF-derived sEVs can promote pro-tumorigenic TAM 
polarisation through the transfer of miRNA-320a [106]. In melanoma, 
CAFs were found to release sEVs that induce modification of the stroma 
by lowering the intratumoral pH, to favour tumorigenesis [107]. Addi
tionally, various RNA cargoes in CAF-derived sEVs promote resistance to 
chemo and radiotherapy, not only in pancreatic cancer but also in lung, 
oesophageal, prostate, gynaecologic, head and neck, hepatocellular, 
bladder, gastric, breast and colorectal cancers [108]. Research has 
shown that fibrotic pancreatic stellate cells (PSCs) can facilitate MDSC 
differentiation and accumulation by releasing IL-6 and activating STAT3 
signalling [109]. 

Interestingly, CAF-derived sEVs have also been implicated in meta
bolic re-programming of PDAC cells. sEVs from CAFs were able to sup
port proliferation of PDAC cells cultured without glutamine, leucine, 
lysine, phenylalanine, and pyruvate, suggesting PDAC cells internalise 
metabolites provided by these sEVs [110]. Furthermore, it appeared that 
CAF-derived sEVs disabled normal oxidative respiration in PDAC cells 
and increased glycolysis [110]. 

Recently, sEV-mediated cross talk between cancer cells, endothelial 
cells and TAMs has been described [111]. miRNAs in cancer cell-derived 
sEVs were shown to stimulate a pro-tumorigenic TAM phenotype. These 
TAMs then released sEVs carrying miR-155–5p and miR-221–5p into 
TME, which were taken up by endothelial cells, leading to decreased E2F 
Transcription Factor 2 expression and enhanced angiogenesis of endo
thelial cells [111,112]. This enhanced peritumoral angiogenesis, 
thereby supporting tumour growth and metastatic dissemination [111]. 
In turn, EC-derived sEVs have been implicated in tumour progression in 
hepatocellular carcinoma and lung cancer, but in contrast, are linked 
with tumour suppression in breast cancer [113]. 

Although most data to date describe pro-tumorigenic relationships 
between cancer, stromal and immune cell-derived sEVs in PDAC, some 
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studies have described anti-tumoral interactions [114], illustrating the 
dual nature of tumour-stroma communications. For example, sEVs from 
activated CD8 + T cells were found to deplete stromal cells including 
mesenchymal stem cells (MSCs) and CAFs, mediated in part by 
miR-298–5p [78]. This loss of stromal cells was then linked with reduced 
tumour growth and invasion, although the mechanism driving this 
anti-tumour activity remains unclear [78]. 

5. Perineural invasion and immune crosstalk 

The term perineural invasion (PNI) refers to the interaction between 
cancer cells and nerves and can involve cancer cells invading any of the 
three layers of the nerve, or cancer cells closely contacting the nerve and 
surrounding at least one third of the nerve periphery [115,116]. PNI can 
be found in all PDAC stages, with changes in innervation visible prior to 
the early tumour development in animal models [117]. Additionally, 
numerous studies have confirmed that PNI is a negative prognostic 
factor in the survival of PDAC patients, with the depth of infiltration 
shown to drastically affect metastasis formation and survival [118]. 
Further, most PDAC patients suffer from severe pain, and PNI has been 
highlighted as a critical factor affecting their quality of life[118]. 

Several molecular mediators expressed by both neural and PDAC 
cells are involved in stimulating nerve growth and modulating PNI, 
including nerve growth factor, neurotrophins 3 and 4, brain-derived 
neurotrophic factor, glial cell-derived neurotrophic factor, midkine 
growth factor, pleiotrophin, chemokines, neurotransmitters like cate
cholamines, as well as axon guidance gene family members such as 
semaphorin 3D [118]. Interactions between PSCs, CAFs, TAMs, MDSCs, 
T cells and Schwann cells have also been implicated in PNI regulation 
[118,119]. Notably, increasing evidence supports a key role of EVs in 
both cancer-nerve and immune cell-nerve crosstalk [119,120]. Macro
phages, which are central to the peripheral nerve microenvironment, 
can boost cancer-nerve-crosstalk through the release of EVs [120]. 
Additionally, nerve fibres co-localising with lymphoid tissues, such as 
the thymus, are critical to the stimulation and maturation of peripheral 
immune cells and play a significant role in facilitating tissue protective 
behaviours and immunoregulation [121]. However, immune cell-nerve 
sEV crosstalk has yet to be fully explored but may prove significant in 
PDAC progression and treatment. 

6. sEVs as PDAC biomarkers 

Currently, serum carbohydrate antigen 19–9 (CA19–9) is the best 
serum biomarker available for the detection of PDAC. However, with a 
sensitivity of 72.4% and specificity of 84.2% [122,123], ~25% of PDAC 
patients will not be identified via CA19–9 screening, indicating addi
tional biomarkers are required for diagnosis and disease staging of 
PDAC. Multimarker panels involving up to eight serum markers have 
recently been described that may better identify early PDAC patients 
that using a single biomarker alone [124]. 

However, in a recent systematic review, various methods of liquid 
biopsy were compared to determine their relative value as diagnostic 
markers for pancreatic cancer. This study revealed that compared to 
circulating tumour cells and circulating tumour DNA, sEVs showed the 
most sensitivity and specificity [125]. Table 1 shows a non-exhaustive 
list of potential sEV biomarker molecules. 

Several studies have suggested that the enrichment of glypican-1 
(GPC1) in PDAC-derived sEVs may serve as an indicator of disease 
progression and metastatic potential due to its involvement in cell di
vision, morphogenesis, and differentiation [126,127]. As a biomarker 
for PDAC, GPC-1 is contentious due to its inconsistent presence in sEVs 
across studies, with several reporting either an insignificant difference 
between malignant and non-malignant sEVs [44] or an absence of this 
marker. Importantly, the credibility of the original study by Melo et al. 
[133] has been questioned by many and insinuations have been made 
about data manipulation and academic integrity. At the centre of this 

controversy is the polyclonal GPC-1 antibody used in the study, which 
has since been proven to be producing staining artefacts and the fact that 
the data reported in the 2015 paper had been manipulated. Additionally, 
in a re-release of the article, the authors stated they had adjusted the 
flow cytometry parameters for each sample to detect GPC-1 in 
patient-derived exosomes. While other studies have backed the original 
claims of GPC-1 as a putative biomarker for PDAC [127,128], unfortu
nately, the controversies surrounding the initial findings may have 
prematurely damaged its reliability. 

Other exosomal surface proteins identified as potential biomarkers 
include a panel comprising claudin 4, epithelial cellular adhesion 
molecule, CD151, galectin-3 binding protein, histone H2B type 2-E and 
histone H2B type 2-F [129]. 

Table 1 
Putative biomarkers contained within PDAC-associated sEVs.  

Origins Marker Expression Function Source 

Pancreatic cancer-derived sEVs 
Plasma sEVs GPC1 ↑ Stratifies PDAC from 

chronic pancreatitis 
[128, 
134] 

PAN02 cells MIF ↑ Targets Kupffer cells to 
promote liver 
metastasis 

[47] 

Panc1, 
BxPC-3 
cells 

miR-301a-3p ↑ Promotes M2 TAMs via 
PTEN/PI3K-γ 
activation and 
increases metastatic 
properties of PDAC. 
Positively correlates 
with tumour invasion 
and depth. 

[21] 

Panc1 cells miR-203 ↑ Inhibits TLR4 
expression on DCs and 
promotes 

[68] 

PDAC tissue 
samples 

miR-155, 
− 203, 
− 210, 
− 222 

↑ Expression negatively 
correlates with patient 
survival 

[67] 

Patient 
serum, 
PDAC cell 
lines 

c-MET, PD- 
L1 

↑ High sensitivity and 
specificity for detecting 
PDAC 

[123] 

Panc1, 
BxPC-3, 
SW1990 

miR-212–3p ↑ Induced suppression of 
RFXAP in dendritic 
cells to inhibit MHC II 
expression 

[69] 

Plasma sEVs Tumour 
associated 
antigens 

↑ High expression of 
TAAs deters tumour 
cell-targeted cytotoxic 
activity 

[85] 

Malignant 
pancreatic 
cell lines 

S100 
calcium 
binding 
protein 
family 

↑ Promotes pre- 
metastatic niche 
formation 

[44] 

Immune cell-derived sEVs 
M2-TAM miR-365 ↑ Inhibits BTG2 

expression to promote 
FAK/PKB activity. 
Promotes 
chemoresistance in 
PDAC cells 

[42, 
51] 

M2-TAM miR-501–3p ↑ Inhibits anti- 
tumorigenic TGF-β 
signalling in PDAC cells 

[49] 

Abbreviation: BTG2, B-cell translocation gene 2; c-MET, mesenchymal-epithelial 
transition factor; DCs, dendritic cells; FAK, focal adhesion kinase; GPC1, 
glypican-1; MHC, major histocompatibility complex; MIF, migration inhibitory 
factor; PDAC, pancreatic ductal adenocarcinoma; PD-L1, programmed death- 
ligand 1; PI3K, Phosphoinositide-3-kinase; PKB, protein kinase B/Akt; PTEN, 
phosphatase and tensin homolog; RFXAP, regulatory factor-x associated protein; 
sEVs, small extracellular vesicles; TAAs, tumour-associated antigens; TAMs, 
tumour-associated macrophages; TGFβ, transforming growth factor-beta; TLR4; 
toll-like receptor 4. 
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RNA transcripts within sEVs also show potential as biomarkers. 
Specifically, miR-181a, − 106b, − 30c, − 21, − 20a and − 10b were all 
enriched in PDAC-derived (but not healthy pancreatic) sEVs, whilst 
let7a, miR-181a, − 106b, − 30c, − 21, − 20a and − 10b were all under- 
expressed [130]. Notably, the same study showed that the level of these 
miRNAs normalised within 24 h of surgical tumour resection. Whether 
this occurs in patients undergoing chemotherapy is yet to be deter
mined, but it may provide a method to track treatment response, predict 
re-occurrence and screen for early disease (Table 1). In addition to 
miRNA, mRNA and small nucleolar RNAs cargo may also have potential 
as biomarkers for PDAC. A panel of two small nucleolar RNAs (H/ACA 
Box 74A and H/ACA Box 25) and two mRNA species (WASP Family 
Member 2 and ADP Ribosylation Factor 6) was recently described and 
may be superior to CA19–9 in distinguishing patients with early PDAC 
from people without the disease [131]. 

7. The potential of sEVs as a delivery system 

sEVs are an attractive delivery system, as their cell-like lipid struc
ture provides protection for the targeted delivery of biological or 
pharmacological modulators and can facilitate the trans-membrane 
transport of otherwise insoluble cargoes into cells. For example, Zhou 
et al. loaded sEVs with the chemotherapeutic oxaliplatin (OXA), and 
galactin-9 siRNA and explored the ability of these sEVs to affect 
pancreatic cancer cell growth in vitro and in vivo. Oxaliplatin caused 
cell death by inhibiting DNA synthesis and repair but also triggered 
immunogenic cell death which stimulated DC maturation and subse
quent infiltration of anti-tumour cytotoxic T lymphocytes. In addition, 
downregulation of tumour cell galectin-3 modulated tumour- 
macrophage interactions, to reduce the immunosuppressive effect of 
TAMs in the TME [132]. This study also showed that sEVs specifically 
targeted the tumour to promote local drug accumulation and limit sys
temic distribution, thereby reducing the associated toxicity [132]. 

MSC-derived sEVs modified to contain a miRNA-1231 mimic have 
also been used to target pancreatic cancer cells [133]. These experi
ments revealed pancreatic cancer cells took up the MSC-derived sEVs 
containing the miRNA-1231 mimic, and this affected expression of 
known target mRNA (e.g., epidermal growth factor receptor, cyclin E), 
inhibited cell proliferation, migration, and invasion of PDAC cells in 
vitro. These modified exosomes also inhibited pancreatic cancer tumour 
growth in a mouse model [133]. MSC-derived sEVs have also been 
loaded with gemcitabine and paclitaxel and tested on PDAC cells in 
tissue culture and in tumour spheroids. The exosomes were taken up by 
PDAC cells, penetrated tumour spheroids and inhibited cell proliferation 
[134]. In vivo studies also showed reduced tumour growth and increased 
survival when mice were treated with sEVs containing gemcitabine and 
paclitaxel, compared to standard chemotherapy, suggesting the sEVs 
facilitate delivery of the chemotherapy drugs deeper into the tumour 
[134]. 

Currently, there is also a phase I clinical trial involving MSC-derived 
sEVs in PDAC, testing the dose and side effects of MSCs loaded with a 
siRNA targeting a common mutation in the Kirsten rat sarcoma viral 
oncogene homologue (KRAS; G12D). This trial is based on successful 
pre-clinical data showing that the modified sEVs suppressed cancer and 
augmented overall survival in various mouse models of PDAC [135]. 

Presently, most therapeutic strategies aimed at inhibiting tumour- 
induced immunosuppression target immune checkpoints, including 
CTLA-4, PD-1 or PD-L1. The use of immune checkpoint inhibitors (ICI), 
sometimes in combination with chemotherapy, has revolutionised the 
treatment of a range of cancers including melanoma, renal cell carci
noma and lung cancer [136]. However, checkpoint inhibitors have not 
been successful in PDAC therapy, as the low immunogenicity of PDAC 
tumours impacts the capacity for cytotoxic activation and infiltration 
[137,138]. 

Additionally, an important consideration when targeting the im
mune landscape in PDAC is the presence of compensatory immune 

responses. For example, PDAC mouse models have shown that depleting 
Tregs within the TME induces myeloid cell infiltration, promoting pro- 
tumour macrophage polarisation (and vice versa) [139]. One 
approach explored to restrict this compensation is to target all myeloid 
cells via integrin CD11b. Early trials using a CD11b antagonist were 
unsuccessful, as they were not well tolerated by patients due to toxicity 
[139]. However, CD11b agonists have shown some promise in that they 
reduce myeloid infiltration, increase T-cell infiltration, and sensitize 
tumours to chemotherapy and immunotherapy. 

Additionally, Hussain et al. revealed that PDAC cells upregulate the 
expression of PD-L1 when treated with gemcitabine or galunisertib, 
either alone or in combination. Given that gemcitabine is a first-line 
chemotherapy protocol, this information advocates for the use of a 
combination of immune- and chemotherapies to target both the stromal 
and immune components in the treatment of PDAC [50]. 

The emergence of engineered T-cell treatments, such as chimeric 
antigen receptor (CAR)-T cell therapy, has provided significant advances 
in the treatment of some B cell leukaemia and lymphomas [140]. 
However, this strategy remains ineffective in PDAC given that it relies on 
the capacity of cytotoxic T-cells to infiltrate the TME. Furthermore, it 
has been shown that CAR-T cells can be inactivated within the TME via 
the PD-1/PD-L1 pathway, resulting in reduced cytotoxicity and prolif
eration [141]. However, it has been demonstrated that exosomes 
derived from CAR-T cells express CAR on their surface, but do not ex
press PD-1 and are thus unresponsive to PD-L1 [141]. These 
CAR-exosomes also exhibited potent anti-tumour properties whilst 
lacking the toxicity associated with CAR-T treatment. These data suggest 
that (CAR)-T-derived sEVs could be used as cancer-targeting agents and 
may improve therapeutic efficacy [141]. 

Lastly, exosomes are also being investigated for their potential to 
deliver cancer vaccines. DC-derived exosomes are currently in Phase 2 
clinical study as vehicles for the delivery of tumour-antigen vaccinations 
in non-small cell lung cancer (NCT01159288). 

8. Conclusion and perspectives 

Given its high fatality and intractability, an extensive body of 
research has focussed on understanding the oncogenic behaviours 
driving PDAC and increasing its response to treatment. Unfortunately, 
despite significant advances in the field, PDAC remains ill-defined, 
lacking distinct, non-invasive diagnostic or prognostic markers and 
minimal improvements in therapeutic intervention. sEVs released by 
tumour-associated cells – such as stromal and immune cells – are unique 
in their molecular profile as dictated by the TME. This information 
provides unprecedented access into the tumour core, proving to be 
critical to understanding the oncogenic behaviours of cells within the 
microenvironment. Therefore, molecular profiles of sEVs could serve as 
markers of disease progression, possible complications and prognosis 
[142]. Given the nature of oncogenesis, PDAC-specific biomarkers are 
yet to be established, with those currently identified either failing to 
demonstrate consistency or being also observed in cancers of different 
origins. Thus, establishing a multi-omics approach of sEVs for the 
identification and stratification of PDAC tumours may provide increased 
sensitivity in detection and significant predictive value in treatment 
outcomes. 

Our knowledge of the EV-mediated crosstalk among the primary 
tumour and immune cells poses many opportunities for better diagnosis 
or treatment of PDAC. For instance, the inhibition of cancer-derived EVs, 
either by affecting their release, or uptake, or by blocking specific me
diators carried by EVs, could avert the effect of cancer-derived EVs on 
immune cells or potentially potentiate the effect of immunotherapy. 
This implies the imperative to gather more information on specific tar
gets of the cargo carried by EVs as well as to improve our knowledge of 
the mechanisms of EVs’ release and uptake by recipient cells. As regards 
the potential application of EVs as biomarkers, there are still many is
sues that need to be addressed in order to gather reproducible 
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information based on blood collection. The presence of contaminants, 
the scarce concentration in the collected samples and the lack of spec
ificity due to the presence of different EV subpopulations are still rep
resenting a barrier to the mass clinical use of EVs as biomarkers. 
Nonetheless, EVs are presently one of the few novel viable options to 
explore for developing efficacious tools for the diagnosis and treatment 
of challenging cancers such as PDAC. 
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