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ARTICLE INFO ABSTRACT
Keywords: Pancreatic Ductal Adenocarcinoma (PDAC) is the most frequent pancreatic cancer and represents one of the most
Pancreatic cancer aggressive human neoplasms. Typically identified at advance stage disease, most PDAC tumors are unresectable
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and resistant to standard therapies.

The immunosuppressive microenvironment in PDAC impedes tumor control but a greater understanding of the
complex stromal interactions within the tumor microenvironment (TME) and the development of strategies
capable of restoring antitumor effector immune responses could be crucial to fight this aggressive tumor and its
spread.

Natural Killer (NK) cells play a crucial role in cancer immunosurveillance and represent an attractive target for
immunotherapies, both as cell therapy and as a pharmaceutical target.

This review describes some crucial components of the PDAC TME (collagens, soluble factors and fibroblasts)
that can influence the presence, phenotype and function of NK cells in PDAC patients tumor tissue. This focused
overview highlights the therapeutic relevance of dissecting the complex stromal composition to define new
strategies for NK cell-based immunotherapies to improve the treatment of PDAC.
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Tregs regulatory T cells

trNK cells tissue-resident NK cells

1. Introduction

Pancreatic Ductal Adenocarcinoma (PDAC) is the most frequent
malignancy in the pancreas (more than 90% of pancreatic cancers) and
represents the sixth-leading cause of cancer related death worldwide
[1]. PDAC shows a heterogeneity of clinical and biomolecular mani-
festations often leading to delayed diagnoses. Late disease recognition,
rapid progression and early metastases create a distressing synergy
resulting in a very low 5-year survival rate of about 13% [2,3]. The
current lack of adequate tools for early diagnosis and the estimate of a
rapid increase in the number of cases worldwide (https://gco.iarc.who.
int/tomorrow/en/dataviz/bars?cancers=13&years=2035) underline
how it is necessary to multiply efforts to understand the dynamics of
tumor development and define new therapeutic approaches that limit its
impact on human health. Low neoplastic cellularity together with dense
and fibrotic stroma and immunosuppressive tumor microenvironment
(TME) are considered hallmarks of PDAC [4,5]. In recent years, studies
focusing on the PDAC OMICs have multiplied, revealing the high
inter-tumoral and intra-tumor heterogeneity of PDAC [4,6]. This het-
erogeneity, which has led to the identification of different types of PDAC
and to proposals for different tumor subclassifications [7-10], can only
be partially influenced by distinct cancer cell genomes considering that
PDAC genes main alterations substantially interest four main genes
(CDKN2A, KRAS, SMAD4, TP53) [11].

Briefly, in 2011, Collisson and coworkers identified three PDAC
subtypes, naming them as “classical”, “quasimesenchymal” and
“exocrine-like”, depending on specific gene expression identified on
laser-micro dissected sections from PDAC patients and exhibited by
PDAC cell lines [7]. Later, in 2015, Moffitt and colleagues distinguished
the malignant epithelial cell compartment in “classical” or “basal-like,”
and the stroma in “normal” or “activated” based on the analysis of pa-
tients’ prognostic profile and gene expression. Patients in the basal-like
group or expressing an activated signature of stromal cells showed a
worse prognosis [8,12]. In 2016, based again on different RNA expres-
sion profiles, mainly related to transcriptional factors and downstream
targets important in lineage specification/differentiation of pancreas
differentiation/regeneration, Bailey and coworkers identified four sub-
types of PDAC: (i) squamous; (ii) pancreatic progenitor; (iii) immuno-
genic; and (iv) aberrantly differentiated endocrine/exocrine [9]. Each
subtype was associated with specific histological features and differen-
tial survival, revealing that squamous tumors were related to poor
prognosis [12,13]. Even named in an alternative way, some of all
described PDAC subtypes display significant overlap in the transcrip-
tional profiles [10]. In summary, until now PDAC has been stratified into
two “bona fide” tumor subtypes: “classical/progenitor” and “squa-
mous/basal-like”, based on the transcriptional profile and the patho-
logical features [14]. The classical/progenitor PDAC is associated with
(i) an endodermal-pancreatic characteristic, (ii) an epithelial gene
expression signature, and (iii) relies on lipid metabolism/fatty acid
oxidation for its metabolic needs, whereas the squamous basal-like
PDAC is associated with (i) a non-glandular structure, (ii) a mesen-
chymal gene expression profile and (iii) relies more on glycolysis for its
metabolic needs [15].

Recently, additional papers dissected in more depth the spatial
relationship between neoplastic cells and stroma, providing new insight
for the identification of heterogeneity in TME composition [16,17] and
strengthening the idea that reciprocal interactions between transformed
epithelial cells and their surrounding microenvironment influence the
development and evolution of PDAC [18]. In 2021, Griinwald and
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colleagues, by large-scale integration of histology-guided regional
multiOMICs with clinical data and patient-derived preclinical models,
reported the existence of two fundamental microenvironmental states,
“deserted” and “reactive”, rooted in fibroblast plasticity, causing func-
tional intratumoral heterogeneity of the pancreatic TME [16]. In
particular, deserted subTEMs exhibited strong enrichment of the extra-
cellular matrix (ECM) and ECM-related signaling, besides humoral im-
munity pathways, being inhabited by Cancer Associated Fibroblasts
(CAFs) having high proliferation potential, and by malignant epithelial
cells having high cellular metabolism (fatty acids, OxPhos) and protein
secretion gene sets. Notably, these deserted subTEMs became more
frequent upon chemotherapy with chemoprotective effect. On the other
hand, reactive subTEMs are characterized by gene sets related to cellular
stress response (e.g., hypoxia and metabolic stress), growth factors with
activating or immunomodulatory functions (Fibroblast growth factor,
FGF; Transforming growth factor, TGF; Platelet-derived growth factor,
PDGF; WNT), cytokines (Tumor Necrosis Factor, TNF; interferon, IFN),
and cellular immunity (e.g., innate immunity and TCR signaling) and are
inhabited by CAFs with higher motility and exhibiting inflammation
related gene sets (e.g. IL-2/STATS5, IL-6/JAK/STAT, IFNs, TNF-a, com-
plement). In addition, reactive subTEMs are enriched with tumor cells
exhibiting a basal-like gene signature and show a higher proliferative
index. In short, deserted subTME appears to support tumor differentia-
tion while a reactive subTME is favorable towards tumor progression
through the involvement of proliferative, de-differentiated, squa-
mous/basal-like tumor cell phenotypes. Interestingly, patient survival
was not associated with main TME phenotypes but rather with intra-
tumoral subTME co-occurrence, suggesting their combinatory effect on
disease outcome [16].

Very recently, by molecular profiling at single cell level of histo-
logically different tumor clusters, Natoli and colleagues identified three
morphological and functional variants, called “morpho-biotypes”,
coexisting in various proportions in all PDAC [19]. These
morpho-biotypes, named “glandular”, “transitional”, and “undifferen-
tiated” and reflecting the previous classifications only partially, identify
cells with different gene expression programs which are organized in
morphologically distinct and spatially discrete tumor areas and with
different organization of ECM. In particular, the term “glandular”
identifies areas characterized by classical ductal morphology and typical
endodermal gene expression; “transitional” identifies areas with abor-
tive ductal morphology, gene expression programs intermediate be-
tween those of endodermal and mesenchymal- or myofibroblast-like
cells; and finally “undifferentiated” pinpoints areas with the lack of
evident histological differentiation and a gene expression program
typical of undifferentiated cell populations including a quite unexpected
neuronal-like gene expression profile. In addition, translational
morpho-biotype areas are characterized by thick collagen fibers in the
proximity of tumor cells, an increased and disorganized production of
components of cell basal membranes that result undefined up to be
completely lost in the undifferentiated morpho-biotype [19].

Finally, by transcriptomic analyses, 4 distinct and prognostically
relevant TME subtypes have been identified based on immune compo-
sition [17]: (i) “Immune Enriched” (IE); (ii) “Immune Enriched/Fi-
brotic” (IE/F); (iii) “Fibrotic” (F); and (iv) “Immune Depleted” (D). The
IE subtype is characterized by the highest signal of antitumor immune
components including T cells, B cells, NK cells, M1 macrophages and
antitumor cytokines that overcome the signal, however high, of protu-
mor immune components, including regulatory T cells (Tregs),
myeloid-derived suppressor cells (MDSCs), Th2 and checkpoint inhibi-
tion. The IE/F subtype includes IE immune components but with the
addition of high endothelial signaling, and the highest activation of the
WNT signaling pathway. The F subtype is characterized by the highest
enrichment of CAFs pathway and angiogenetic signaling, whereas the D
subtypes express the highest proliferation gene signature. The F and D
TME subtypes are enriched in basal-like/squamous tumor PDAC sub-
types and are associated with a worse prognosis. Interestingly, the
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authors also showed that TME, including fibroblast populations, varied
based on the site of metastases: the majority of lung and peritoneum
metastases showed the IE or the IE/F TME subtype, whereas the liver
showed the D TME subtype. TME subtypes IE and IE/F have a more
favorable prognosis and could potentially benefit from immunothera-
peutic approaches rather than the other subtypes [17].

All together, these data highlight the therapeutic relevance of dis-
secting the complex stromal composition to define new strategies for
immunotherapy in PDAC which still remain unsatisfying to date
[20-22]. In this review, we describe the known PDAC TME components,
mainly focusing on soluble factors and fibroblasts, which can condition
presence, phenotype, and function of NK cells, i.e., innate lymphocytes
known to be one of the most efficient antitumor effector cells. In PDAC,
it has been estimated that less than 0.5% of tumor-infiltrating lympho-
cytes (TILs) are NK cells. Mainly due to their limited size population, few
studies explored phenotype and function of tumor-associated NK cells,
so their more detailed characterization is certainly advantageous to
evaluate their role in PDAC progression control. In this regard, there are
no definitive results on the correlation between the presence of NK cells
and patients’ survival, even if a more significant number of evidences
leans more towards a correlation with prolonged survival [23-26].

2. Fibroblasts, CAFs and collagens

Fibroblasts are known as mesenchyme-derived differentiated cells,
capable of producing and remodeling the connective tissue ECM, which
provides mechanical support to all types of tissues, besides representing
the pericellular environment for metabolic/respiratory exchanges and
molecular signaling. Common shared functions exerted by all fibroblasts
are (i) synthesis of ECM components, such as collagens, proteoglycans,
elastin fibers, and a multitude of affiliated non-collagenous glycopro-
teins, collectively named “matrisome”, (ii) active ECM remodeling,
mainly controlled through the secretion of the matrix metalloproteases
(MMPs), and (iii) secretion of various growth factors, adipokines, and
cytokines [27].

In particular, the major “matrisome” component is represented by
both fibrillar and non-fibrillar collagens, which form a 3D meshwork
supporting cancer cells besides being involved in cell signaling between
PDAC cells and ECM and exerting their biomechanic properties, which
condition cell ability to escape from the tumor moving towards other
body sites as well as more or less great permissiveness to cancer cell
invasion. Although collagen amount and typology undergo time-related
changes during tumor development, there is still not enough evidence on
how specific collagen family members are involved in distinct pro-
tumorogenic or anti-tumorogenic performances from the earliest pre-
clinical stages to the latest ones.

Type I collagen, by far the most abundant member in the body, was
reported to promote the malignant phenotype of PDAC [28], besides
accelerating tumor progression by increasing immune suppression [29].

Immunofluorescence staining of fibrillar collagens types I, II, III, and
non-fibrillar collagen type IV revealed differential changes after acute
treatments, being the fibrillar ones inversely correlated with cell sur-
vival whereas the non-fibrillar one, well known to be a major component
of the cell basal laminae, being directly correlated with such cell
responsiveness [30]. Consistently with the finding that turnover and
degradation of collagen type IV is associated with the invasion by cancer
cell metastasis, besides effects on angiogenesis and neovessel formation
in 3D rat aorta model [31], these immunohistochemical data suggest
that treatment-induced increase in collagen type IV amounts may be
predictive of favorable treatment-dependent outcomes, including both a
reduction in PDAC invasion and metastasis and inhibitory effects on
angiogenesis. Instead, it remains unclear why and how collagen type II
may be involved in PDAC, also considering that this type is normally
restricted to cartilages and vitreous body.

Using proteomics to define multiple changes in ECM profiles in the
course of PDAC progression in both the mouse models and in human

Immunology Letters 269 (2024) 106898

patient samples, al and o2 chains of heterotrimeric collagen type I as
well as al chains of homotrimeric collagen type III were found to be the
most abundant collagenous components, representing more than 90% of
the entire collagen mass at all PDAC stages, with a 2.6-fold increase
during PDAC progression, while al, a2, and a3 chains of heterotrimeric
non-fibrillar collagen type VI were over-represented [32].

Another collagenous member acting in PDAP is non-fibrillar collagen
type XII, which was revealed by temporal proteomic profiling of
decellularized tumors. It has been shown to alter the organization of
collagen type I, giving rise to a pro-invasive microenvironment sup-
porting metastasis dissemination [33].

Returning to CAFs, these cells play a crucial role in tissue homeo-
stasis, wound healing processes, fibrotic conditions, inflammation, and
cancer progression [34]. Fibroblasts are endowed with an extraordinary
versatility in gene transcriptional program that allows them to acquire a
multiplicity of phenotypic and functional characteristics conditioned by
the surrounding microenvironment, which is, in turn, conditioned by
their own activity [27].

From this perspective, CAFs best express fibroblast attitude by
gathering a multitude of different cell subsets characterized by pro- or
anti- tumor functional activities, even in the context of the same tumor.
It has been suggested that the high heterogeneity of CAFs is a mirror of
precursor heterogeneity [34,35]. Adipose-derived mesenchymal cells
[36], pericytes [37], endothelial cells [38], smooth muscle cells [39],
CCR2" migrating monocytes [40], or epithelial cells undergone a com-
plete epithelial-to-mesenchymal transition (EpMT) [41] have been
identified as sources of CAFs. In PDAC, resident fibroblasts [42],
pancreatic stellate cells (PSCs) [43], and mesenchymal stem cells [44]
have been described to be commonly the three major sources of CAFs
[45].

CAFs are perpetually activated fibroblasts [39] with a high capacity
to synthesize ECM components in tumors, a phenomenon called “stro-
mal desmoplasia” [46]. In PDAC, CAFs are one of the most abundant cell
populations. They are considered the major contributors to the desmo-
plastic reaction by providing a kind of biomechanical shell that con-
strains and isolates tumor cells from the surrounding tissue, thus
preventing the spreading of malignant cells. However, this highly
abundant fibrotic reaction is a double-edged sword since it constitutes
an "entry barrier”, preventing the immune system effector cells from
penetrating into the stroma, where they recognize and destroy malig-
nant cells efficiently [5,47]. In addition, desmoplasia generates a sub-
stantial pressure that contributes to blood vessel collapse [48] which, in
turn, results in a hypoxic [49] and nutrient deprived [50] microenvi-
ronment. Therefore, the simple definition of collagenous ECM producers
does not reflect the complexity of the CAFs regulatory role in TME,
considering that it additionally consists in (i) crosstalking with immune
cells [51], (ii) promoting angiogenesis [52], (iii) providing metabolic
support, and (iv) impacting tumor growth and therapy responses in
numerous tumor types [53,54]. Different studies showed that CAFs can
secrete immunomodulatory cytokines such as IL-10, TGF-f3, TNF, IFN-y,
IL-6, CXCL9, CXCL10, and CXCL11 that can also recruit immune cells (e.
g., T cells, macrophages, and NK cells) within the TME [55,56]. Multiple
signal pathways instructing the transition from quiescent to activated
fibroblasts, which can act in autocrine, paracrine, and endocrine man-
ners were described, including specific responses to (i) soluble mediators
such as TGF-f, PDGF, Wnt; (ii) inflammatory cytokines such as IL-1 and
IL-6 and TNF-o; and (iii) biomechanical signals mediated through
integrin-associated focal adhesions [47,57].

CAFs are commonly defined as cells non-expressing the markers
typically used for the identification of epithelial cells (EpCAM), leuko-
cytes (CD45), and endothelial cells (CD31), and showing distinctive
morphology in comparison to normal fibroblasts [58] such as larger
cytoplasmic area and jagged nuclei in light microscopy, and more
intricate structures as revealed by electron microscopy, such as
increased rough endoplasmic reticulum, abundant free ribosomes, large
Golgi apparatus, and abundant stress fibers [58,59]
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Nearly all CAFs express fibroblast activation protein (FAP) which is a
type-II transmembrane serine protease with dipeptidase and gelatinase/
collagenase activities, which are essential for ECM remodeling [60].
FAP, which expression can be induced by TGF-p [61], has been reported
to be capable of affecting cell apoptosis, enhancing stromal cell prolif-
eration, invasiveness, and participating in immune system suppression
[62,63]. However, FAP can not be considered a helpful marker for CAFs
identification since its expression is not confined to cancer stromal cells.
Namely, higher amounts of FAP can be detected on the surface of
different carcinoma cells where its expression was closely correlated
with poor prognosis [62].

Differently from initial evidence suggesting CAFs to be a homoge-
nous population, in recent years through pivotal single-cell RNA-
sequencing studies and using murine models, two main subtypes of CAFs
have been described in PDAC: myofibroblasts (myCAFs) and inflam-
matory fibroblasts (iCAFs) [64]. These two subtypes differ in morpho-
logical, behavioral, and functional properties but are joined by the
absence of specific lineage markers, which makes their origin unam-
biguous [65]. MyCAFs are TGF-p activated fibroblasts expressing high
levels of a-smooth protein and very low/lacked expression of inflam-
matory cytokines (o-SMAM8E 11..61°%), (i) reside closely to tumor cells,
(ii) have contractile properties, and (iii) are believed to restrain PDAC
tumor growth. Otherwise, iCAFs are induced by IL-1/NF-kB/JAK/STAT
pathway [66], besides exhibiting very low expression of a-SMA and high
production of cytokines such as IL-6, IL-11, and LIF (a-SMA!", IL-6"8M),
highly expressing platelet-derived growth factor receptor a (PDGFRa),
and being arranged more distant distributed from the malignant cells
[45,64,67]. These two subsets can transition from one phenotype to
another, indicating that the distinctions between CAF subtypes may be
fluid and context-dependent [65,68]. In a genetically engineered mouse
model, PDAC lesion was demonstrated to present heterogenous exosome
secretion identified by Rab27a expression [69]. Interestingly, PDAC
lesions characterized by efficient secretion of exosomes (Rab27a"8) are
surrounded by iCAFs, contrary to others (Rab27al°"") which are sur-
rounded by myCAFs. Therefore, exosome secretion, in addition to
various biological processes promoting tumor progression, could
modulate CAFs phenotype and impact in their spatial distribution within
PDAC tumors [69,70].

Different preclinical studies showed that depletion of a-SMA™' CAFs
reduces fibrotic stroma and increases the tumor aggressiveness [71]. In
addition, an increased myCAFs/iCAFs ratio obtained inhibiting the
IL-1/JAK signaling pathway, resulted in a better prognosis, supporting
an opposite role of iCAFs compared to myCAFs in PDAC evolution [65,
66].

Although myCAFs and iCAFs are the dominant populations in PDAC
cancer stroma, many other CAFs subtypes were described, such as the
so-called antigen presenting fibroblasts (aCAFs), which are derived from
mesothelial cells (both IL-1 and TGF-p can induce mesothelial-to-CAF
transition) and express molecules of the Major Histocompatibility
Complex (MHC) of class II and CD74 but no classic costimulatory mol-
ecules (CD80, CD86, CD40) [72]. It has been shown that aCAFs directly
bind naive CD4™ T cells, inducing them into Tregs in an antigen-specific
manner promoting immunosuppression [73]. A further supposed
immune-modulating subset of CAFs, named complement secreting CAFs
(csCAFs), was detected by Chen and colleagues in the early stages of
PDAC and collected cells able to express many components of the
complement system [74]. Finally, recent evidence suggests that
expression of CD105/endoglin, an accessory receptor for TGF-p, distin-
guishes between CAFs able to accelerate (CD105") or suppress
(CD1057) tumor growth if co-injected with malignant cells in murine
model [75]. However, further investigation is needed to understand the
origin and the impact of these subsets in vivo and the role of each CAF
subpopulation in crosstalk with tumor and immune cells.
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3. Conventional and tissue-resident NK cells

NK cells are cytotoxic cells of innate immunity that represent a first
line of defense against invading pathogens and tumors. Indeed they can
rapidly kill transformed cells via non-MHC-restricted actions [76].
While such innate immunity can often stop infections at a subclinical
level, in more severe cases it can contain the infection allowing the
intervention of adaptive immunity, which can conduct a more efficient
response thanks to the involvement of T and B lymphocytes. Indeed, NK
cell-mediated cytotoxicity and cytokine release can influence functions
of additional innate immune cells (such as dendritic cells and macro-
phages) and confer NK cells a regulatory function, capable of affecting
the HLA-restricted T and B cell responses. Unlike T and B cells, NK cells
do not express receptors encoded by rearranging genes. However, they
might be self-reactive, like T and B cells [77,78]. For this reason, NK
cells must undergo an “education” process to make them effective
against transformed cells while also ensuring self-tolerance [79-81].
Through this process, only NK cells expressing inhibitory receptors
specific for self-HLA class I molecules acquire full functional potential,
while “autoreactive” NK cells maintain a hyporesponsive state. The NK
cell education is a process necessary to ensure self-tolerance. Indeed,
during their development, NK cells randomly acquire a set of self-HLA-I
inhibitory receptors, and, at the same time, the HLA molecules recog-
nized by some of these receptors are inherited independently of the
receptor genes. Therefore, due to the education process, most mature
and functional NK cells are equipped with at least one inhibitory re-
ceptor for self-HLA class I antigens.

As they mature, NK cells can migrate from the bone marrow into the
blood and then to peripheral tissues. Indeed, their presence in most
tissues depends on their ability to circulate between lymphatic and non-
lymphoid organs. Thus, thanks to their powerful effector functions and
tissue distribution, NK cells can play a crucial role in many types of
diseases, including infectious diseases and cancer [78].

For many years, NK cell studies have focused on analyzing NK cells in
peripheral blood (called PB-NK cells or conventional NK cells). NK cells
were known as effector cells circulating in the blood that could infiltrate
inflamed or otherwise diseased tissues. Traditionally, two main subsets
of NK cells have been distinguished in peripheral blood (PB) based on
the cell surface density of CD56 and CD16 molecules: CD56"8"CD16-
dim/~ and cD56%™CD16" [82,83]. The former is believed to be less
mature but capable of producing high levels of cytokines (e.g., [FN-y and
TNF-a). In contrast, the latter is more mature and cytotoxic thanks to
their high content of perforin and granzymes.

Only recently, researchers have begun to explore the diversity of NK
cells present in peripheral tissues, indicating that they are a mixture of
cells recirculating from the blood to the tissues and cells expressing
specific markers (such as CD69, CD103 and CD49a and others) capable
of retaining them in the tissues (these cells are called tissue-resident NK
cells, trNK cells) [84,85]. Indeed, CD69, a protein that is also associated
with lymphocyte activation, binds the sphingosine-1-phosphate recep-
tor 1 (S1P1), promoting its internalization and degradation, and thus
blocking its interaction with sphingosine-1-phosphate (S1P), whose
higher gradient in the blood compared to tissues promotes lymphocyte
egress from tissues into circulation [86]. CD103 mediates cell adhesion
to epithelial cells by binding to its ligand, E-cadherin, a cell-to-cell
junction protein. CD49a is a a-1 integrin that binds collagen and lami-
nin [87].

The migration of NK cells into inflamed tissues is controlled by
different types of molecules, such as adhesion molecules and chemokine
receptors, and by the concentration gradient of the various chemokines
present in the tissues. The main two NK cell subsets (CD56‘1lim and
CD56P 8% NK cells) express different types of chemokine receptors and,
thus, different migration capabilities. Indeed, CD56%™ NK cells
expressing mostly CXCR1 and CX3CR1 can migrate into inflamed tis-
sues, whereas CD56"8" NK cells expressing CD62L, CCR7, CCR5, and
CXCR3 can migrate into secondary lymphoid organs [88,89].
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Furthermore, CD56" 8" and CD56%™ NK cells could be differentially
recruited to the tumor due to their different repertoire of chemokine
receptors [90,91]. However, since NK cell density in solid tumors is
usually extremely low, and since in some tumors the presence of a “high”
number of tumor-associated NK cells correlates with a more favorable
clinical outcome, it could be relevant to deepen our knowledge on the
factors that regulate the trafficking of NK cells into the tumor in order to
design new approaches capable of favoring their entry into the tumor
and improving the efficacy of NK cell-based immunotherapies [90].

The antitumor effect of NK cells is regulated by a broad spectrum of
germline-encoded inhibitory and activating receptors expressed on their
surface [92]. Indeed, HLA-I molecules recognition on healthy cells by
specific inhibitory NK receptors prevents the NK cell-mediated attack.
Human NK cells also express several receptors that can trigger their
function upon interaction with specific ligands on the surface of trans-
formed, virus-infected, or stressed cells. In normal conditions, the
interaction between the inhibitory receptors and their specific HLA-I
ligands inactivate NK cells, thus preventing cytolytic activity against
healthy cells. During cancer progression, the transformed cells decrease
or even lose the expression of HLA-I on their surface and acquire the
expression of the ligands for activating NK receptors. Indeed, these li-
gands are generally absent or expressed in small amounts in normal
cells, while they are expressed de novo or upregulated at the cell surface
in stressed normal cells, particularly on tumor cells.

In humans, the HLA-specific inhibitory receptors allow the NK cell
tolerance toward healthy autologous cells and are mainly represented by
Killer-cell immunoglobulin-like receptors (KIRs) and CD94/NKG2A
[92]. Inhibitory KIRs (iKIRs) are type-I molecules of the Ig superfamily
characterized by 2 or 3 extracellular domains and a long cytoplasmic
tail, whereas CD94/NKG2A heterodimer is composed of type-II proteins,
belonging to the C-type lectin superfamily. The main iKIRs recognize
epitopes shared by distinct groups of HLA class I molecules, referred to
as KIR-ligands (KIR-L): KIR2DL1 is specific for HLA-CX®® allotypes
(HLA-C2 epitope), KIR2DL2/L3 recognize HLA-CN allotypes (HLA-C1
epitope), KIR3DL1 binds to HLA-B and HLA-A molecules sharing the
Bw4 epitope, and KIR3DL2 recognizes HLA-A*03 and -A*11. Differ-
ently, CD94/NKG2A is specific for the non-classical HLA-E molecules
that are characterized by limited polymorphism. Upon receptor
engagement, the immunoreceptor tyrosine-based inhibitory motifs
(ITIM) localized in the cytoplasmic tail of the inhibitory receptors
become phosphorylated, recruit tyrosine phosphatases, and then deliver
an inhibitory signal [93].

During NK cell development, immature stages primarily express
CD94/NKG2A, and KIRs are acquired upon maturation. In peripheral
blood, NKG2A is expressed on CD56 8" NK cells and on a subset of
CD56%™ NK cells, whereas KIRs are expressed on a large proportion of
CD56%™ NK cells. At later stages of differentiation CD56%™ KIR*™ NK
cells also express high levels of CD57, lose the expression of CD94/
NKG2A and decrease their proliferative capacity [94,95].

Major activating NK receptors are represented by the three members
of the Natural Cytotoxicity Receptor (NCR) family (NKp46, NKp30, and
NKp44), and by NKG2D. NKp46 and NKp30, expressed on virtually all
resting NK cells, are associated with CD3-{ and/or FceRI-y, whereas
NKp44, acquired upon NK cell activation, signals through KARAP/
DAP12 adapter molecule. NKG2D, expressed not only by NK cells but
also by cytotoxic T cells, is a homodimer that, upon recognition of
MICA/B and ULBPs on virally infected, stressed, and tumor cells,
transduces the activating signal through the DAP10 adapter protein. NK
cells are also equipped with numerous activating co-receptors, including
DNAM-1, NKp80, 2B4 and NTB-A [76]. In addition, CD56%™ NK cells are
characterized by the expression of CD16, the type III low affinity re-
ceptor for IgG (FcyRIIla) [96], that can mediate antibody-dependent
cell-mediated cytotoxicity (ADCC) thanks to its association with CD3-{
and FceRI-y [97].
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4. Changes in NK phenotype and function in TME

Tumor-associated cells and tumor cells can inhibit the NK cell-
mediated antitumor response by establishing cell-to-cell contacts and
releasing different types of soluble molecules (such as cytokines, in-
flammatory mediators, and reactive oxygen species) (Fig. 1).

Among the various soluble factors present in the TME, TGF-f} exerts a
master and pleiotropic role for immunosuppression supporting the dif-
ferentiation of mononuclear cells into MDSCs, preventing infiltration of
cytotoxic T cells into the tumor, and inducing the differentiation/pro-
liferation of T regulatory cells. TGF-p also plays a crucial role in sup-
pressing the NK antitumor immune response by down-regulating the
surface expression of the NKG2D and NKp30 activating receptors [98,
99]. In pancreatic cancer, the TGF-f1 pathway is considered a critical
pathway for the pathogenesis of the disease resulting altered in 47% of
cases of PDAC. The overexpression of TGF-f has been related to adverse
outcomes such as shorter patient survival rate and metastasis [98,100]
and, among the various functions, TGF-f is related to conversion of fi-
broblasts or endothelial cells into myCAFs [101] which produce fibrotic
stroma and to induction of immunosuppressive cytokines production
(IL-10, TGF-B, IL-35) from immune cells (Treg cells, TAMs and B cells).

Besides TGF-B, other soluble factors in PDAC TME such as IL-10,
macrophage migration inhibitory factor (MIF), MUC-16, L-kynurenine,
and adenosine, can influence NK cell functions. Generally, IL-10 is
known to have a dual role, affecting or enhancing NK cells [102-104];
MIF can down-regulate NKG2D expression; MUC-16 can interfere both
the formation of the NK/tumor immunological synapses [105] and
ADCC; L-kynurenine prevent the up-regulation of NKp46 and NKG2D
expression and function [106]; adenosine can interfere with NKG2D
expression and with proliferation, maturation, and cytotoxicity of NK
cells [107].

IL-10 can be released by CAFs or TAM; it has also been recently
described in PDAC as secreted by infiltrating CD38"CD19" B cells and
causing inhibition of NK cells [108].

Divergent roles for MIF have been described. Recent single cell
RNAseq analyses from PDAC tissue suggest that MIF could co-
partecipate in HLA-class-I and co-stimulatory molecules up-regulation
on the dendritic cell surface, favoring the antigen presentation to T
cells and cross-talk with NK cells [26], suggesting an antitumor role.
Differently, MIF is considered a prosurvival factor in different cell types,
and its overexpression in pancreatic cancer cells, PSCs, and CAFs has
been correlated with poor prognosis [109]. In PSCs and CAFs, in
particular, MIF seems to constitute a survival advantage under growth
factor deprivation and a promoter of cancer cell growth.

In PDAC, MUC-16 high expression correlates with faster tumor
progression, more metastasis, aggressive subtypes like basal-like and
squamous tumors, shorter survival [110,111], and CAFs differentiation,
but inverserly with NK cell infiltration [112]. In this regard, NK cells can
bind membrane bound and soluble forms of MUC-16 by the inhibitory
receptor sialic acid-binding immunoglobulin-like lectins (Siglec)-9 (see
below) [113].

About indoleamine-2,3-dioxygenase (IDO), the enzyme that cata-
lyzes the initial, rate-limiting step in the degradation of the essential
aminoacid tryptophan producing L-kynurenine, it has been demon-
strated to be overexpressed in PDAC malignant cells and to affect T cell
function in vitro [114]. The activity of IDO can affect NK cell function in
PDAC TME as described in melanoma, hepatocellular and colorectal
carcinoma [115-117]. Extracellular adenosine is mainly generated by
the coordinated action of the cell-surface ectonucleotidases CD39 and
CD73. Induced by tissue hypoxia, inflammation, tissue repair and spe-
cific oncogenic pathways, the adenosinergic axis is a broadly immuno-
suppressive pathway that regulates both innate and adaptive immune
responses[118]. CD73 has been demonstrated to be expressed at high
levels in TILs, especially Tregs [119]; in different kinds of solid tumors,
such as melanomas and prostate cancers [120,121], in CAFs derived
from colorectal cancer [122] and in stromal cells in pancreatic cancer
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Fig. 1. PDAC TME affect NK cell function. The picture summarize cell-to-cell contacts, immunomodulators, metalloproteinases, cytokines and chemokines that can
modulate NK cell phenotype and function in PDAC TME. Created with BioRender.com.

[123] but its role and detailed expression in PDAC needs further eval-
uation. Of note, CD73 is highly expressed in amoeboid PDAC cells and
drives their invasive, metastatic, and immunomodulatory traits [124],
correlates with increased disease aggressiveness and decreased number
of CD4", CD8" and CD21" TILs [125].

Dysregulation of nutrient profiles and hypoxia, additional hallmarks
of PDAC TME, induce resident cells to face numerous adaptations [49,
126]. NK cells usually utilize a variety of metabolic fuels such as glucose,
glutamine, and arginine to promote specific metabolic and effector
functions. Glucose is their preferred metabolic fuel and is crucial to
support glycolysis and oxidative phosphorylation needed for activation,
cytokine production, degranulation, and target elimination [127]. Low
glucose levels and lactate accumulation are due to increased glucose
consumption by cancer cells and CAFs, and, consequently, low TME pH
reduces IFN-y production capacity of NK cells [128,129].

Hypoxia drives a multitude of biological behavior adaptations in
malignant and stromal cells. Under hypoxic conditions, NKG2D, per-
forin, and granzyme B expression in NK cells is severely impaired, thus
suppressing NK cell immunotoxicity [126]. In addition, hypoxia pro-
motes cancer cell metalloproteinase ADAM10 expression through
HIF-1a, leading to shedding of MICA (NKG2D ligand) from cancer cell
surfaces, thereby attenuating NK cell-mediated lysis [49,130,131].

The action of metalloproteases can also directly influence the
expression of NK cell activating receptors through proteolytic cleavage,
and therefore, their removal from the cell surface, as in the case of CD16
whose expression is regulated by ADAM17 [132].

In addition, CAFs in PDAC TME can attenuate the cytotoxic activity
of NK cells against tumor cells, as demonstrated for T cells [133],

through the secretion of prostaglandin E2 that induce the
down-modulation of activating receptors (NKp30, NKp44 and NKG2D)
on the NK cell surface [134].

Chronic exposure to soluble factors and cell-to-cell contacts in the
TME can profoundly modify the phenotype of NK cells, inducing an
increased expression of immune checkpoints (IC), such as Programmed
Death-1 (PD-1), T cell immunoreceptor with immunoglobulin and ITIM
domain (TIGIT), CD96, Lymphocyte activation gene-3 (LAG3) or T-cell
immunoglobulin and mucin domain (TIM-3), a reduced expression of
the activating NK receptors and a lower ability to proliferate, degranu-
late and release cytokines. Indeed, these additional inhibitory receptors
recognize cell surface or extracellular ligands and contribute to the
physiological control of immune responses and tolerance. In patholog-
ical conditions, as in the TME, these receptors can be upregulated and/or
de-novo acquired, thus mediating the inhibition of antitumor responses
and facilitating tumor escape.

In particular, PD-1 is an inhibitory receptor originally discovered on
T cells. It plays an important role in maintaining peripheral tolerance
and T-cell homeostasis. Still, it is also expressed on additional types of
immune cells within TME, including activated monocytes, dendritic
cells (DCs), NK cells, and B cells [135-137]. Upon interaction with its
ligands, PD-L1 and PD-L2, often upregulated on tumor cells, it can
inhibit immune cell functions, contributing to immune escape [138].
High levels of PD-1 ligands affecting T cell functionality [139] have been
demonstrated on CAFs [140] as well as on pancreatic cancer cells [141],
suggesting a possible further inhibitory function on NK cells.

TIGIT and CD96 are inhibitory receptors that share the same ligands
(PVR/CD155 and Nectin-2/CD112) with the activating receptor DNAM-
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1. Thus, TIGIT and CD96 can exert an inhibitory effect by competing
with DNAM-1 for binding to their ligands, often upregulated on cancer
cells as demonstrated in tissue speciments of PDAC patients [142,143].
CD96 also binds to CD112. Upregulation of both TIGIT and its ligands
have been described in multiple cancer types [144].

LAG-3 is a co-inhibitory receptor mainly expressed on T and NK cells
but also on other immune cells, such as Treg, NKT, B cells, and DCs. LAG-
3 recognizes several molecules on target cells, such as MHC of class II, C-
type lectin receptor LSECtin and fibrinogen-like protein-1 (FGL1). In
PDAC, tumor infiltrating LAG-3" T cells, the majority CD8" [139], are
associated with poor disease-free survival [145]. LAG-3 expression leads
to decreased cytotoxic CD8"' T cell function and increased Treg sup-
pression activity while its specific role in regulating NK-cell function is
not yet fully understood.

TIM-3 is an inhibitory receptor expressed on many immune cells,
including NK cells. In particular, TIM-3 is expressed on resting NK cells,
mainly restricted to the CD56%™ NK cell subset, but it can be upregu-
lated on CD56""8M NK cells upon cytokine stimulation [146]. TIM-3
receptor can recognize several ligands, such as galectin-9, phosphati-
dylserine on apoptotic cells, HMGB1, and CEACAM1 [147]. High fre-
quencies of circulating and/or tumor infiltrating TIM-3" NK cells have
been found in different types of solid tumors, and if NK cells inhabit the
TME of PDAC, they could be inhibited by the high expression of CEA-
CAML1 [148,149].

In this regard, single-cell RNA-seq analysis combined with other
complementary approaches suggests that in PDAC TME, NK cells could
be equipped with a multiple immune checkpoint receptor repertoires
similar to tumor-infiltrating CD8" T cells [150]. Indeed, NK cells
revealed elevated mRNA expression of CD47, TIGIT, TNFRSF18 and
LAGS3, as well as modest of PDCD1. Interestingly, highly variable gene
expression analysis highlighted heterogeneity among NK cell sub-
populations in pancreatic non-tumor and tumor tissues. In advanced
disease specimens, NK cells showed increased GZMA, TIGIT, and
HAVCR2 expression compared to non-tumor samples.

The leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1,
CD305) is an IC broadly expressed on the cell surface of immune cells,
such as T, B, NK cells, monocytes, and dendritic cells [151,152]. Upon
binding to collagen [153] and molecules with collagen-like domains
[154,155] it transduces an inhibitory signal. Thus, collagens expressed
at the TME level may not only shape an ECM-rich and fibrotic tumor
niche, but also promote immune evasion through their direct interaction
with LAIR-1. Interestingly, the natural soluble homolog of LAIR-1, called
LAIR-2, shares 83% identity with the extracellular region of LAIR-1 and
binds to collagens with higher affinity than LAIR-1, thus functioning as a
natural antagonist of LAIR-1 [156,157].

Changes in glycosylation are a general hallmark of tumor progres-
sion, and PDAC tumor cells are characterized by increased sialylation.
Overexpression of sialic acids can induce immunomodulatory properties
via binding to Siglec receptors, a group of cell surface proteins that can
bind to sialic acids [158]. Among them, Siglec-7 is an inhibitory receptor
mostly confined to NK cells, but is also expressed on monocytes, a minor
fraction of CD8™ T cells, and granulocytes. It preferentially binds to -2,
8-disialyl and branched o-2,6-sialyl residues that are highly expressed
on several tumor cell lines and primary tumor cells. Similarly to a subset
of T cells and TAMs, a subpopulation of NK cells, both in peripheral
blood and tumors, can also express Siglec-9, an inhibitory receptor
recognizing a2-3-linked sialic acid. It has been demonstrated that the
overexpression of sialic acids on PDAC tumor cells and CAFs contributes
to an immunosuppressive microenvironment affecting T and NK cell
functions by promoting TAM differentiation via the interaction with
their Siglec receptors [159,160]. However, it could be of interest eval-
uate the possible expression of Siglec receptors and the direct inhibitory
effects of sialic acids on NK cells infiltrating PDAC tumor tissue.

Although NK cells figure well equipped to efficiently degrade a wide
range of ECM structures [90,161] they show great difficulty crossing a
microenvironment rich in thick collagen fibers. The NK cell scarcity in
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PDAC TME has also been attributed to the migration inability towards
tumor because of their reduced expression of the chemokine receptor
CXCR2, which binds to CXCL chemokines released from PDAC cells
[162]. NK cells inhabiting the PDAC microenvironment result func-
tionally impaired, as shown by their failure to fully upregulate IFN-y and
granzyme B content upon stimulation with IL-2 compared to NK cells
derived from peripheral blood [163] and as suggested by the strong
down-modulation of some activating receptors, in particular CD16,
NKp30, and DNAM-1, compared to NK cells from the corresponding
peripheral blood samples and NKG2D with respect to healthy donors
[164]. Downmodulation of activating NK receptors can also occur
following their chronic stimulation by ligands expressed on tumor cells
[165]. In this case, the engagement of the activating NK receptor by the
corresponding ligand induces both the receptor endocytosis, and,
therefore, the decrease in the ability of NK cells to recognize and kill
tumor cells [78].

Focusing on direct and indirect NKs/CAFs interactions, in vitro ex-
periments revealed that, upon culture with PSC isolated from tumor
specimens, the NK cell line NK92 reduced the production of IFN-y
differently from NK92 cells cocultured with quiescent normal PSCs
[164], therefore suggesting a mechanism of immune suppression
mediated by activated PSC. More recently, in 2022 and 2024 AACR
meetings, two research groups have presented abstracts describing
respectively that (1) PSC express membrane bound MICA, ULBP-2, and
NKp44-ligands and are susceptible to NK mediated killing [166], and
that (2) activated PSC are less susceptible to NK mediated lysis. In
addition, cocultured cells showed a bi-directional interaction: PSCs
showed a myo-fibroblastic shift and NK cells modulated NKG2A and
TIM-3 expression [167].

Interestingly, in 2020, Francescone et colleagues discovered an
increased expression of the neural glutamatergic synaptic stabilizing
protein NetG1l in CAFs [168]. This protein interacts with the ligand
NetG1l (NGL1) found in PDAC cells, suggesting its involvement in the
TME. The interaction between NetGl and NGL1, facilitated by direct
physical contact between CAFs and PDAC tumor cells, combined with
the secretion of glutamate and glutamine by CAFs, plays a critical role in
supporting the survival of PDAC tumor cells under nutrient-depleted
conditions. Furthermore, they demonstrated that NetG1 contributes to
the establishment of an immunosuppressive milieu that shields PDAC
cells from NK cell-mediated cytotoxicity, significantly preventing NK
cell activation and function by inducing the release of immunosup-
pressive cytokines, including TGF-f in high amounts.

5. Future perspectives

Primary treatments for PDAC are surgery, in about 15-20% of cases,
and chemotherapy, but in the last years, emerging approaches have been
developed, including new targeted and immune-based therapies. Un-
fortunately, patients’ overall survival rate has not significantly
improved. The strong immunosuppressive microenvironment is
considered the limiting factor for the successful clinical outcomes of
immunotherapeutic approaches that aim to increase the infiltration and
functions of cytotoxic T cells. Encouraging clinical results have been
achieved by combining chemotherapy with targeting one or more crit-
ical points of dysfunctional TME and immune checkpoint inhibitors [21,
169,170].

Shifting activated CAFs towards quiescent CAFs and potentiating NK
cell infiltration and functions could be additional interesting therapeutic
approaches to be implemented. Also, NK cells genetically modified with
chimeric antigen receptors (CAR) specific for tumor-associated antigens,
promoting homing and trafficking to the tumor site, overcoming the
immunosuppressive action of TGF-p in the TME (e.g., by deleting the
TGF-f receptor), and finally metabolically optimizing NK cells could be
combined to exploit NK cell antitumor response fully.
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