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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is notorious for its resistance to various treatment modalities. The genetic
heterogeneity of PDAC, coupled with the presence of a desmoplastic stroma within the tumor microenvironment (TME),
contributes to an unfavorable prognosis. The mechanisms and consequences of interactions among different cell types,
along with spatial variations influencing cellular function, potentially play a role in the pathogenesis of PDAC. Under-
standing the diverse compositions of the TME and elucidating the functions of microscopic neighborhoods may contribute
to understanding the immune microenvironment status in pancreatic cancer. As we delve into the spatial biology of the
microscopic neighborhoods within the TME, aiding in deciphering the factors that orchestrate this intricate ecosystem.
This overview delineates the fundamental constituents and the structural arrangement of the PDAC microenvironment,
highlighting their impact on cancer cell biology.

Graphical Abstract

PDAC stroma

Suppressive 3 »
immune cell infiltrations
r &

oo
—— ECM proteins

Xiaoying Li and Wanting Hou have contributed equally to this work.

< Dan Cao
caodan@scu.edu.cn

Chengjian Zhao
chjianzhao@scu.edu.cn

Department of Abdominal Oncology, Division of Abdominal
Tumor Multimodality Treatment, Cancer Center, State Key
Laboratory of Biotherapy, West China Hospital, Sichuan
University, Chengdu, Sichuan

610017, People’s Republic of China

State Key Laboratory of Biotherapy and Cancer Center,
West China HospitaL, Collaborative Innovation Center for
Biotherapy, Sichuan University, Chengdu, Sichuan
610017, People’s Republic of China

Published online: 15 July 2024 €\ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13402-024-00970-6&domain=pdf&date_stamp=2024-7-12

X. Li et al.

Highlights

* Cancer cells’ intrinsic traits shape the microenvironment, causing dynamic changes in genetic and phenotypic features

as the tumor grows and spreads.

* Exploring how cellular components and molecular features impact cancer biology warrants further investigation into

the intricate interactions within the TME

* The spatial relationships between individual cellular and acellular components in PDAC hold the potential to provide
novel insights into the dynamic and complex functions of PDAC desmoplasia,
* Intratumoral sub-TMEs exhibit distinct regional immune compositions, and typical spatial subregion-TLS highlight the

spatial heterogeneity of the TME
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Abbreviations

PDAC Pancreatic ductal adenocarcinoma
TME Tumor microenvironment

ECM Extracellular matrix

PanIN Pancreatic intraepithelial neoplasia
IL-33 Cellular cytokine interleukin 33
EV Extracellular vesicle

ICB Immune checkpoint blockades
Tregs Regulatory T cells

MDSCs Myeloid-Derived Suppressor Cells
CAFs Cancer-Associated Fibroblasts
TLS Tumor-associated lymphoid structures
FRCs Follicular reticular cells

HEV High post -endothelial venule
ADCC  Antibody-dependent cytotoxicity
APCs Antigen-presenting cells

Teff Antigen-experienced T effector cells

DSP Digital spatial profiling
IFN-y Interferon-gamma

TNF-a  Tumour necrosis factor-a
FAP Fibroblast activation protein

1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) stands out as
an extremely aggressive cancer with significant mortality,
ranking 12th in incidence and 7th in mortality globally [1,
2]. PDAC is notorious for its strong tendency to metasta-
size, with approximately 80% of newly diagnosed patients
presenting at an advanced stage [3]. Unfortunately, the
response rate to single-agent chemotherapy in advanced
patients is unsatisfactory, leading to an overall 5-year sur-
vival rate of less than 10% [1-3]. Despite ongoing efforts,
therapeutic options for PDAC remain limited, and chemo-
therapy stands as the most effective treatment modality [4].
While certain subgroups of patients may exhibit promising
responses to chemotherapy, the development of therapeutic
resistance poses a considerable obstacle to achieving long-
term survival [3, 5]. Currently, there is no effective first-line
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targeted therapy except chemotherapy [4, 6]. However, the
diverse frequencies of different KRAS missense mutations
in PDAC have spurred investigations into targeted drugs
tailored to specific KRAS mutation sites [5]. Nonetheless,
only a subset of PDAC patients experiences favorable out-
comes from cytotoxic chemotherapy, molecular-targeted
agents, and immune-based therapies [6, 7]. Patients har-
boring BRCA1/2 mutations experienced marginal benefits
from the concurrent administration of poly (ADP-ribose)
polymerase (PARP) inhibitors and platinum-based chemo-
therapeutic agents [8]. Yet, finding effective protocols for
PDAC remains a challenging task [9].

The principal constituents of the PDAC stroma pre-
dominantly create an immunosuppressive microenviron-
ment dominated by extracellular matrix (ECM) proteins,
tumor vasculature, fibroblasts, and suppressive immune
cell infiltrations [6, 10]. Extensive preclinical and clinical
investigations have thoroughly examined the bidirectional
interactions occurring between transformed epithelial cells
and the encompassing microenvironment [3, 5, 6]. It is note-
worthy that the TME can vary among patients with the same
cancer, and different cancer types can exhibit distinct TME
[4, 11, 12]. Furthermore, according to the analysis of cellu-
lar interaction from the primary PDAC tumor and metastatic
tumors, it further indicates that the absence of interactions
between tumor cells and immune cells in metastatic tissues
contributes to the establishment of an immunosuppressive
microenvironment [13]. As anatomical site-dependent tran-
scription may be provoked by local cues when hematopoi-
etic immune cells reach the tissue, or it might already be
epigenetically programmed during tissue development [14].

As the tumor advances to a more malignant stage, pan-
creatic ductal cells no longer constitute the primary ele-
ment in the tumor microenvironment. Cancer-associated
fibroblasts (CAFs) play a pivotal role in shaping the micro-
environment of PDAC, as CAFs serve as central hubs
within the stromal compartments of PDAC [15]. CAFs
notably contribute by synthesizing the extracellular matrix
(ECM) and engaging with cancer and immune cells [16—
18]. Moreover, immune cells migrate within the tumor,
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indicating the reaction of the body’s immune system to the
evolving tumorous conditions [19]. As malignant progres-
sion occurs, morphologically and compositionally diverse
sub-TMEs may represent unique ecosystems within tumors
[20-22]. Additionally, leukocyte subpopulations show dif-
ferential enrichment between PDACs and across various
tissue regions [10]. Quantifying the degree of leukocyte
infiltration in PDAC offers an additional means of catego-
rizing tumors into subtypes characterized by hypoinflam-
mation, myeloid enrichment, and lymphoid enrichment
[10]. The development of intratumoral and inter-tumoral
heterogeneity is a hallmark of malignant TME progression
[23, 24].

Furthermore, comprehensive insights obtained from
atlases with multiple parameters are anticipated to steer
future inquiries into the fundamental biological mechanisms
that drive malignant transformation. Conventional thera-
pies, such as chemotherapy and radiotherapy, bring about
alterations in the TME, thus influencing their therapeutic
impacts indirectly on cancer cells and either augmenting or
disrupting responses [25, 26]. Nonetheless, it’s crucial to
acknowledge that both adaptive and intrinsic resistance can
serve as obstacles to therapies targeting the TME [5, 27].
Additionally, the immunosuppressive microenvironment
poses significant challenges to the development of immune-
based therapies [6]. The critical factors governing tumor
growth, metastatic potential, primary resistance, and poor
long-term survival remain to be fully elucidated [3, 6, 28].

2 Cancer cell-intrinsic characteristic drive
microenvironment formation

The spatial evolution of cancer is significantly influenced
by cancer cell-intrinsic characteristics, which play a pivotal
role in tumor growth, invasion, metastasis, and response
to therapy [6, 29]. Genomic instability often continues
following cancer dissemination, leading to continuous,
parallel, and sometimes convergent evolution across vari-
ous metastases [30, 31]. As the tumor grows and spreads
within its microenvironment, dynamic changes occur in the
genetic and phenotypic features of cancer cells [29]. In pri-
mary tumors, mutations in driver genes typically provide
a survival advantage, stemming from the genetic instabil-
ity of clonal and subclonal tumor cells, which underpin
the evolution of the tumor and its spatiotemporal hetero-
geneity [30, 31]. Tumorigenesis results from the combined
and cumulative dysregulation of various genetic and non-
genetic processes [31]. Due to the inherent genetic insta-
bility within the tumor genome, many tumorigenic events
occur randomly throughout the progression of the disease
[5]. Throughout the development of PDAC, the infiltration

of immune cells exerts complex influences on the disease’s
pathogenesis and progression, with varying immune selec-
tion pressures shaping the evolution of cancer cell clones
[32]. These random occurrences are crucial for the develop-
ment of heterogeneous immune microenvironments, which
vary in both spatial and temporal dimensions. Concurrently,
this genetic diversity influences the antigenic profile of
the tumors. These alterations occur during the process of
carcinogenesis [5]. Meanwhile, there already reported the
TME applies selective pressure on the clonal evolution of
lung tumors [33], indicating detailed spatial information is
crucial to grasp how cell interactions and physical barriers
affect tumor evolution.

The progression of PDAC is driven by various genomic
and transcriptomic changes, including the loss of tumor sup-
pressor genes and activation of oncogenes [3, 22]. Molecular
phenomena, encompassing somatic mutations, chromo-
somal rearrangements, variations in copy numbers, and
modifications in epigenetic patterns, play a role in fostering
tumor diversity and advancing the transition from pancreatic
intraepithelial neoplasia (PanIN) to PDAC [5, 34]. Genetic
alterations and epigenetic anomalies within tumor cells can
transform the TME, which were evidenced by the loss of
SETD2 in tumor cells activates BMP2 signaling through an
abnormal increase of H3K27Ac, which causes CAFs to dif-
ferentiate into a lipid-rich phenotype. These lipid-abundant
CAFs subsequently promote tumor growth by supplying lip-
ids for mitochondrial oxidative phosphorylation through the
ABCAS8a transporter [35]. Among the various factors that
regulate the TME, it is important to consider the multifacto-
rial nature of TME modulation, especially the dual influence
of both tumor intrinsic properties and the microenviron-
ment in shaping each other [3, 34]. Notably, KRAS, TP53,
CDKN2A, and SMAD4 are among the most frequently
mutated genes in PDAC, with approximately 90% of PDAC
cases having an oncogenic KRAS mutation. Moreover,
oncogenic factors like KRAS mutations and the presence
of p53 mutations have been demonstrated to play a role in
the evolutionary changes within the stromal environment of
PDAC[36, 37]. These mutations are associated with the acti-
vation of multiple downstream immunosuppressive path-
ways [38, 39] (Fig. 1). Oncogenic KRAS signaling, which
is non-cell autonomous transforms pancreatic fibroblasts by
triggering an inflammatory gene expression program. Con-
sequently, these fibroblasts turn into centers of extracellu-
lar signaling and the primary producers of cytokines that
drive the polarization of protumorigenic macrophages [40].
A comprehensive whole-genome analysis further unveiled
that molecular subtypes are associated with distinct copy
number aberrations in genes, including but not limited to
mutant KRAS and GATAG6 [41]. Recently, a classification
system based on the characteristics of cancer cells and the
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TME has delineated five distinct PDAC subtypes: stroma-
activated, desmoplastic, pure classical, pure basal-like, and
immune classical subtypes [42]. These subtypes reflect the
heterogeneity and complexity of PDAC, influenced by vari-
ous factors within both cancer cells and the surrounding
microenvironment [43]. Currently, the stratification in pan-
creatic cancer is basic and does not guide clinical manage-
ment or therapy development. A refined TME classification
system for PDAC, utilizing advanced techniques such as
single-nucleus RNA sequencing and digital spatial profiling
(DSP), provides profound molecular and cellular insights.
This system delineates PDAC into three unique multicel-
lular communities, each defined by distinct combinations
of malignant, fibroblast, and immune subtypes: classical,
squamoid-basaloid, and treatment-enriched. Such a classi-
fication may establish a framework for stratifying clinical
trials and designing targeted therapies aimed at specific cel-
lular interactions and phenotypes within the tumor microen-
vironment [44].

The magnitude of PDAC intrinsic characteristics
includes genetic alterations, metabolic reprogramming, epi-
genetic alterations, and signal release, critical determinants
that help malignant cells escape from an effective adaptive
immune response [4, 5, 38]. In preclinical studies involv-
ing mice with Kras mutations, early pancreatic tumor pro-
gression can be accelerated by tissue damage, along with
the release of the cellular cytokine interleukin 33 (IL-33).
Moreover, recombinant IL-33 has been shown to induce
chromatin dysregulation and expedite Kras-driven develop-
ment of PanIN, underscoring the gene-environment inter-
actions and epigenetic programs that initiate tumorigenesis
[45].

KRAS, TP53
CDKN2A,

Fig. 1 Cancer cell-intrinsic characteristic drive microenvironment
formation in PDAC. Oncogenic factors are linked to the initiation of
several downstream pathways that exert immunosuppressive effects,
contributing to the evolutionary transformations observed in the milieu
of PDAC
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No specific intrinsic or extrinsic biomarker guidelines
have been validated for selecting patients. Through inte-
grated genomic analysis, mutated genes that are involved
in acquired immune suppression have been identified in
certain tumors, variations in the molecular progression of
pancreatic cancer subtypes, and unveil new potential targets
for therapeutic intervention [38, 43]. Analysis of PDAC
genomic data suggests correlations with histopathological
characteristics, but it is crucial to note that only a fraction of
pancreatic cancers exhibit immunocompetence. As an illus-
tration, various subgroups of tumor cells exhibit distinctive
traits related to proliferation, KRAS signaling, cell stress,
and epithelial-to-mesenchymal transition. This differentia-
tion is achieved by delineating mutations and copy number
changes that set apart these tumor populations from normal
and transitional cells, like acinar-to-ductal metaplasia and
PanIN. Furthermore, employing pathology-guided decon-
volution of spatial transcriptomic data enabled the iden-
tification of tumor and transitional subgroups marked by
distinctive histological characteristics [46].

In genetically engineered mouse models, PDAC cells
with oncogenic Kras signaling express granulocyte-mac-
rophage colony-stimulating factor (GM-CSF), causing
the suppression of antigen-specific T cells and the pro-
motion of immunosuppressive myeloid-derived suppres-
sor cell recruitment [6, 47]. Furthermore, the oncogenic
Kras-induced GM-CSF accelerates the process of pan-
creatic neoplasia [6, 47, 48] (Fig. 1). TP53 mutations or
deletions within cancer cells participate in establishing an
environment that suppresses the immune response, lead-
ing to a heightened accumulation of cells originating from
the bone marrow [10]. Certain PDACs, particularly those
harboring TP53 alterations, exhibit modest elevations in
neutrophil/eosinophil density [10]. Changes in the intrin-
sic characteristics of cancer cells can lead to modifica-
tions in secreted factors, cell surface receptors or ligands,
extracellular vesicle (EV) content and abundance, as well
as nutrient utilization [6, 29, 49]. Moreover, fibroblast
reprogramming begins in the initial stages of carcinogen-
esis, driven by Janus kinase (JAK)/signal transducer and
activator of transcription 3 (STAT3) signaling, which acti-
vate inflammatory gene expression program, encompass-
ing various cytokines that enhance the tumor-promoting
activities of myeloid cells in the pancreas. Therefore,
investigating strategies to block fibroblast reprogram-
ming during carcinogenesis could be crucial to prevent,
and potentially reverse, KRAS-driven carcinogenesis
[40]. The KRASG12D mutation occurs in about half of all
PDAC.In a mouse model, the specific and effective inhibi-
tors targeting KRAS mutations could halt the growth of
early-stage PDAC, enhance the presence of CD8 + effector
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T cells within the tumor, diminish myeloid cell infiltra-
tion, and alter the behavior of cancer-associated fibroblasts
[50]. Therefore, examining the tumor immune microenvi-
ronment through the lens of mutated genes associated with
immune suppression reveals key mechanisms of tumor
progression. As inhibitors targeting KRAS advance into
clinical trials, it is crucial to comprehend the biology of
KRAS- mutated genes and identify biomarkers that can
predict therapeutic outcomes.

3 Overview of the tumor microenvironment
in PDAC

The stroma of PDAC displays a notably significant mes-
enchymal section, setting it apart from other solid tumors
[3, 51]. The pancreatic tumor microenvironment comprises
numerous fibroblast populations, a compact extracellular
matrix, and an underdeveloped vascular network, all of
which collectively act as a barrier, protecting cancer cells
from an effective cytotoxic immune response [4, 6, 52].
With the tumor’s growth, it brings about a range of physi-
ological mechanisms, encompassing tumor cell prolif-
eration, angiogenesis, and the influx of immune cells [6].
Interactions between cancer cells and immune cells tightly
govern the infiltration of immune cells into the tumor site
[6, 34]. Cancer cells have the ability to manipulate the
microenvironment, promoting the localization of tumor-
promoting immune cells while evading anti-tumor immune
responses [34, 52]. Consequently, the microenvironment
surrounding cancer cells plays a crucial role in dictating
tumor growth, metastatic potential, and treatment resistance

Fig. 2 The crosstalk between
various principal components

of the intratumoral microenvi-
ronment in PDAC. Within the
microenvironment of pancreatic
cancer, immunosuppressive
cells contribute to the evasion of
immune surveillance by through
the expression or production of
diverse factors, including IL-35,
IL-6, IL-10, and TGFp,which
collectively inhibit CD8+T cells

Antigen
presentation

CD4*CD52*

subtypes

[3]. The crosstalk between immune cells and extracellu-
lar matrix components can uncover mechanisms of cancer
pathogenesis and therapeutic resistance [53, 54]. Signifi-
cant progress has been made in comprehending the stroma
of PDAC, while no stroma-targeting treatments have yet
been approved, many potential therapies are in the stages of
preclinical or clinical development [54]. Additionally, the
potential use of tissue biomarkers to identify the targeted
stromal components may enhance patient selection and
increase the success rates of clinical trials (Fig. 2).

Effector immune cells, such as CD8 +or CD4+T cells,
mount responses against tumor cells [3]. The TME of PDAC
exhibits a predominant presence of infiltrating CD4+T
cells, while surprisingly, only a small number of patients’
tumor samples showed infiltration of CD8+T cells [7].
PDAC cancer cells release pro-inflammatory cytokines and
chemokines, recruiting innate and adaptive immune cells
to the tumor site and inducing an inflammatory response
with immune cell infiltration [11] (Fig. 2). Considering the
diverse influence of various leukocyte subsets on tumor
biology in PDAC, the tumor microenvironment is enriched
with distinct subsets of tumor-infiltrating leukocytes, includ-
ing T cells, B cells, macrophages, and myeloid cells, which
encompass granulocytes, neutrophils, eosinophils, and other
cell types [10, 34] (Table 1).

3.1 CD8+T-cell

Within the PDAC microenvironment, a variety of
CD8 + T-cell states can be observed, including intratumoral
exhausted phenotypes with dysfunctional characteristics
[10, 55]. Significantly, CD8+T effector cells showed a
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Table 1 Features of basic component of tumor microenvironment in PDAC

Component of tumor Tumor-restraining features Tumor-promoting features References
microenvironment in
PDAC
CD8+T cells Effector immune cells, Intratumoral exhausted CD8 + with [3, 10, 55]
such as CD8 +against tumor cells dysfunctional characteristics
CD4+T cells Th1 supporting antitumor cytotoxic ~ Th2 subtype secretes anti-inflammatory mediators with tumor- [63, 66]
CD8+cells promoting functions;
and B cells and production of inter- ~ CD4+T cells contribute to disease progression by secreting 1L-17
feron gamma (IFN-y) and TNF-a.
Regulatory T cells Suppression of excessive immune Inhibition of anti-tumor immunity and promotion of tolerance [67]
(Tregs) response
and regulating the immune
homeostasis
B cells Activation of antibody-mediated Promotion of tumor growth and immune tolerance; [22, 72-74]
immune response stimulate cancer cell proliferation by releasing I1L-35
Myeloid-Derived Immunosuppressive activity of Promotion of tumor progression and suppression of T cells, [11, 80, 81]
Suppressor Cells MDSCs can be redirected NK cells, B cells, and DCs through both paracrine signaling and
(MDSCs) direct cell-cell contact.
Tumor-Associated Anti-tumor immune response Promotion of immunosuppression and M2 phenotype polarization [87, 89]
Macrophages through M1 phenotype polarization
(TAMs)
Cancer-Associated Impede tumor progression Production of extracellular matrix components [54, 98,
Fibroblasts (CAFs) and the secretion of immunosuppressive factors such as CXCL12  101]
and FAP
Extracellular Matrix ~ Supportive role in tissue architecture Scaffold for tumor cell organization; Increase intratumoural [51,106]
(ECM) and integrity pressure;
Facilitation of tumor invasion, metastasis, and angiogenesis
Vasculature Facilitation of nutrient supply and Promote metastasis and hampers the infiltration of immune cells [28,
oxygen delivery 118-120]

noteworthy decrease in abundance within the tumor com-
pared to the adjacent normal tissue [10]. Despite the pres-
ence of CD8 + effector T cells within the PDAC TME, they
develop an exhausted and dysfunctional phenotype, sug-
gesting that their cytotoxic potential is likely compromised
[56]. Furthermore, peripheral CD8 T cells exhibited almost
undetectable levels of LAG3 expression, while the major-
ity of them expressed LAG3 within the TME. This suggests
that CD8 T cell dysfunction is predominantly prevalent at
the tumor site [56]. Additionally, immune exclusion, caused
by physical barriers or other mechanisms restricting the abil-
ity of immune cells to reach and attack cancer cells, seems
to dominate the progression of the disease [10, 57]. PDAC
cells and the tumor microenvironment have the capability
to produce diverse immunosuppressive factors, including
interleukin-10 (IL-10) and transforming growth factor-beta
(TGF-B), which exacerbate the inhibition of immune cell
activity [3, 58] (Fig. 2). The presence of tumor-infiltrating
CDS8+T cells is associated with a response to immunother-
apy, while the CD8+T cell-mediated anti-tumor immune
responses appear to be under constraints in PDAC [59, 60].
However, the infiltration pattern of T cells in PDAC tumors
isn’t widespread; instead, the spatial arrangement is concen-
trated and restricted to distinct clusters neighboring tumor
cells, within the stromal context, or as integral components
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of tumor-associated lymphoid structures (TLS) [10] (Fig. 3).
The optimal activation of CD8 + T cells required the expres-
sion of CD137, which was associated with activated effec-
tor T cell signatures and correlated with increased overall
survival (OS) [61].

3.2 CD4+Tcells

CD4 +helper T cells have a significant impact on vari-
ous immune cells, particularly in enhancing CD8 + T cell
responses [62] (Fig. 2). The Thl subtype of CD4 +T cells,
in particular, plays an antitumor role by supporting antitu-
mor cytotoxic CD8 +cells and B cells, as well as directly
contributing to cancer cell death through the production
of interferon-gamma (IFN-y) and tumour necrosis factor-
o(TNF-a) [63]. Conversely, the Th2 subtype releases anti-
inflammatory signaling molecules. Mounting evidence
suggests that CD4 + T cells could have a pivotal impact on
shaping the effectiveness of ICB [62, 63]. Moreover, apart
from antigen-presenting signals from DCs cells, MHC
class II-expressing cancer-associated fibroblasts (CAFs)
can also present antigens to CD4+T cells [64] (Fig. 2).
CD4 +T cells and their associated cells have the poten-
tial to modulate the immune response in pancreatic cancer
[65]. CD4 +T cells are also enlisted and contribute to the
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advancement of the disease through the release of IL-17
[66]. The trajectory investigation unveiled that primary
naive CD4+T cells predominantly transform into Treg
and CD4 + CD52 + subtypes within the context of PDAC.
Furthermore, CD4 + CD52 +cells located at tumor sites
exhibited elevated levels of CCL2, CCL5, and CCL20,
which act as attractants for Tregs and macrophages to the
TME [56] (Fig. 2). The spatial investigation provided fur-
ther evidence for the presence of fatigued CD4+T and
regulatory T cells (Tregs) characteristics within the TME,
especially highlighting a heightened occurrence of CD4 T
cells expressing TIGIT both in the vicinity of and within
the tumor mass [56].

A subset of CD4+T cells known as Tregs holds signifi-
cant immunosuppressive properties and plays a pivotal role
in upholding immune equilibrium. They act as gatekeepers,
regulating the immune response. Tregs exert their suppres-
sive effects on effective antitumor immunity through vari-
ous mechanisms, which can vary depending on the specific
context and cues within the tumor microenvironment [67].
For instance, studies on mouse models have demonstrated
that Treg cells can diminish the effectiveness of vaccines
[68]. During the progression of pancreatic cancer, through
the attenuation of mesothelial characteristics and the adop-
tion of fibroblastic traits, mesothelial cells undergo a conver-
sion into antigen-presenting cancer-associated fibroblasts
(apCAFs), which were driven by interleukin-1 and TGF-f
[16]. Notably, apCAFs directly interact with and induce
naive CD4 +T cells to differentiate into Tregs in an antigen-
specific manner [16] (Fig. 2). Depletion of Tregs prompted
the development of inflammatory fibroblast subtypes, which
in turn facilitated the infiltration of myeloid cells via CCR1,
unveiling unforeseen communication between Tregs and

Fig. 3 Spatial heterogeneity of TME and landscape of typical spa-
tial subregion-TLS. Cancer-associated fibroblasts (CAFs) are critical
components of the tumor stroma, which include myofibroblast CAFs
(myCAFs), immunogenic CAFs (iCAFs), and antigen-presenting

ular
tic cell
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fibroblasts [69]. Investigating Tregs-targeted cancer thera-
pies poses challenges due to the critical role of Tregs in pre-
venting auto-immunity.

3.3 Becells

B lymphocytes are crucial in coordinating humoral immu-
nity. Furthermore, B cells are capable of infiltrating PDAC
lesions, though their presence is notably less frequent in
comparison to T cells [70] (Fig. 2). They can also be found
within intratumoral TLS, where they promote T cell activa-
tion through antigen presentation (Fig. 2). When it comes
to cancer, B cells have the ability to elicit anti-tumor effects
by engaging in antibody-dependent cytotoxicity and trigger-
ing complement activation [71]. Among tumor-infiltrating
B cell subsets, some promote the proliferation of cancer
cells through the secretion of IL-35 [72]. Besides, B cells
can also contribute to inflammation and immunosuppres-
sion by secreting anti-inflammatory and pro-angiogenic
mediators, and activating complement, ultimately support-
ing tumor growth. B cells are key components and initia-
tors of TLS, recruiting T cells, dendritic cells (DCs), and
other cells to establish important positions within tumors
(Fig. 3). TLS has been associated with a positive progno-
sis in various tumors [22, 73, 74]. B cells were observed
scattered throughout the PDAC TME but decreased in num-
ber near tumor epithelial cells.Additionally, B cells within
the PDAC exhibit a regulatory and immunosuppressive
phenotype [56]. Based on single-cell RNA sequence data,
the cell-cell communication analysis indicated that B cells
expressing TGFB1 exhibited a tendency to establish more
intimate interactions with CD8+T cells and macrophages
compared to other cell types present within the TME [56].
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CAFs (apCAFs), contributing to extracellular matrix production.
TLS contains other cell populations, such as dendritic cells (DCs),
CD21 +follicular dendritic cells (FDCs), B cells, CD68+ macro-
phages, follicular reticular cells and CD83 +DCs
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Besides the lower abundance of naive B cells in PDAC, the
tumor-infiltrating naive B cells in PDAC displayed signifi-
cantly elevated TGFB1 expression levels [56]. The specific
locations and functions of TLSs will be discussed further in
the following sections.

Different infiltration patterns and tumor microenviron-
ments can induce B cell differentiation along different
pathways, thereby affecting their overall effects. B cells’
antitumor function primarily relies on the secretion of
antibodies against tumor-associated antigens (TAAs) and
providing costimulatory signals to TAA-specific CD4+T
cells, thereby activating T cells (Fig. 2). B cells’ antibod-
ies can directly kill tumor cells through antibody-dependent
cytotoxicity (ADCC) and phagocytosis or activate T cell
immune responses by presenting TAAs to T cells through
DC cells. Additionally, B cells are capable of functioning as
proficient antigen-presenting cells (APCs) to independently
activate T cells [75-77].

3.4 MDSCs

Heterogeneous bone marrow cell populations, including
dendritic cells, macrophages, granulocytes, early myeloid
progenitor cells, and neutrophils, collectively referred to as
myeloid-derived suppressor cells (MDSCs), possess robust
immunosuppressive capacities [11, 78] (Fig. 2). The myeloid
cell populations within the PDAC tumor microenviron-
ment primarily lean towards subsets that facilitate the pro-
gression of the tumor [56]. Within the TME, myeloid cells
exhibit considerable spatial and transcriptional diversity,
and STAT3 plays a crucial role in reprogramming mono-
cytes [25, 79]. Via paracrine signaling or direct interactions
between cells, MDSCs can elicit suppressive impacts on T
cells, NK cells, B cells, and DCs. Additionally, they promote
tumor cell survival by producing various factors [11, 80,
81]. Furthermore, MDSCs can induce the generation of reg-
ulatory T cells (Tregs) in a cell-cell dependent manner, and
the crosstalk between MDSCs and Tregs contributes to the
immunosuppressive environment in PDAC [82]. CXCR2
signaling in the myeloid-derived suppressor cells plays a
crucial role in promoting pancreatic tumorigenesis and is
essential for pancreatic cancer metastasis [83]. The pres-
ence of MDSCs in the TME is regulated by EGFR/MAPK-
dependent mechanisms that influence PD-L1 expression on
tumor cells, facilitating immune evasion [84]. Since MDSCs
display variations in their phenotypic, morphological, and
functional characteristics, it is crucial to investigate their
mechanisms and precisely understand their roles in disease-
related pathophysiology, including tumor progression [85].
The CD14+monocyte population showed elevated gene
expression levels related to angiogenesis and immunoregu-
lation, indicating their potential tumor-promoting role [56].
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Therapeutically, the immunosuppressive activity of MDSCs
can be redirected. In autochthonous PDAC, depleting gran-
ulocytic MDSCs (Gr-MDSCs) promotes the accumulation
of intratumoral activated CD8 +T cells and induces tumor
apoptosis, while also remodeling the tumor stroma [81].

3.5 TAMs

Tumor-associated macrophages (TAMs) display significant
diversity in their source, originating from various origins
like tissue-resident macrophages derived from the yolk sac
or macrophages infiltrating from the bone marrow [86, 87].
Moreover, within tumors, multiple subsets of TAMs coex-
ist. TAMs facilitate immune suppression and represent a
highly plastic population of immune cells with both tumor-
promoting and anti-tumor functions [88]. Macrophages
can polarize into either M1 or M2 phenotypes, leading
to the induction of inflammation or immune suppression,
respectively. For instance, TAMs in a hypoxic environment
release higher levels of interleukins IL-6 and IL-10, elevate
PD-1 expression on T cells, and increase the production
of CCL17 and CCL22, promoting the induction of Tregs,
which contribute to the establishment of an immunosup-
pressive environment [87, 89] (Fig. 2). The pro-tumori-
genic functions of TAMs include promoting angiogenesis,
immunosuppression, extracellular matrix transformation,
metastasis formation, and resistance to chemotherapeutic
and checkpoint blockade immunotherapies [90, 91]. While
TAMs can also counteract cancer progression by directly
mediating phagocytosis of cancer cells or cytotoxic tumor
killing [89].Macrophages surrounding pancreatic cancer
cells undergo a loss of their ability for T cell priming while
fostering a microenvironment that supports tumor growth
[56]. Recently, an inflammatory circuit involving the inter-
play between cancer cells and macrophages expressing
interleukin-1f (IL-1B+TAMs), aided by prostaglandin E2
(PGE2) and tumor necrosis factor (TNF), revealed physical
proximity to IL-1p +TAMs was linked to the inflammatory
reprogramming of cells in PDAC [92]. Macrophage-cen-
tered therapeutic strategies to change the functional sub-
classes hold great antitumor potential.

3.6 CAFs

Cancer-associated fibroblasts (CAFs) are critical com-
ponents of the tumor stroma. Within the TME of PDAC,
CAFs constitute a significant portion, accounting for as
much as 85% of the tumor volume. This poses challenges
for anti-cancer therapy, as it impedes the effective delivery
of treatments to target tumor tissue. CAFs include myofi-
broblast CAFs (myCAFs), immunogenic CAFs (iCAFs),
and antigen-presenting CAFs (apCAFs), contributing



Panoramic tumor microenvironment in pancreatic ductal adenocarcinoma

to extracellular matrix production, immunosuppression,
vascular remodeling, tumor proliferation, and metastasis
(Fig. 3) [93, 94]. Numerous studies have indicated the
presence of two main broadly characterized subgroups,
known as myCAFs and iCAFs, exhibiting variances in
transcriptomic profiles, spatial distribution, and functional
attributes [95]. Indications suggest that the characteriza-
tion of phenotypes will provide insights into the functional
variety of CAFs. Specifically, FAP+CAFs have been
identified as facilitators of tumor growth and significant
contributors to the immunosuppressive characteristics of
the TME [96].

CAFs exhibit multiple functionally phenotypic hetero-
geneities, contributing to the complexity of their biological
functions during PDAC progression [97, 98]. CAFs exhibit
pleiotropic and opposing functions in TME [54]. Under
certain conditions, CAFs may also impede tumor progres-
sion [98]. The spatial heterogeneity of intratumoral CAFs
indicates a paradigm shift in their biology, where distinct
subtypes such as myofibroblastic and inflammatory CAFs
distinctly contribute to PDAC progression [99]. Addition-
ally, CAFs can influence the heterogeneity of PDAC cancer
cells [5, 21].

The impact of CAFs on modifying the immune TME has
been extensively investigated [54]. A fundamental func-
tion of cancer-associated fibroblasts (CAFs) lies in their
creation and modification of the ECM, leading to changes
in the mechanical characteristics of the ECM and impact-
ing the actions of cancer cells and immune cells [97]. MHC
class II-expressing CAFs (apCAFs) directly induce naive
CD4+T cells to differentiate into Tregs, thereby inhibit-
ing the proliferation of cytotoxic CD8+T cells [64]. CAFs
exert an impact on angiogenesis and possess a potent ability
to modulate the immune response, thereby contributing to
immune evasion in the context of cancer [98]. CAFs also
secrete immunomodulatory factors, including CXCLS,
CXCL10, TGF-, IL-6, IL-10, and others, that regulate the
innate immune response [58, 97, 100] (Fig. 2). Moreover,
CAFs promote immune suppression by influencing the
activities of TAMs and MDSCs within the TME [11, 101].
Furthermore, CAFs in triple-negative breast cancer (TNBC)
can also express immune checkpoint molecules like PD-L1
[102]. However, it remains uncertain whether CAFs in
PDAC express PD-L1.

CAFs are derived from mesenchymal stem cells, and
bone marrow (BM)-derived macrophages can convert into
CAFs within tumors [103]. CAFs are supposed to play an
immunosuppressive role through the production of extra-
cellular matrix components and the secretion of immuno-
suppressive factors such as CXCL12 and FAP [101]. While
CAFs promote cancer progression, metastasis, and resis-
tance against chemo- and immunotherapies, they can also

restrict tumor invasion, suggesting potential opportunities
to balance their protumorigenic and antitumorigenic effects
that require further validation [97, 104].

Sub-TMEs can be characterized by fibroblast plastic-
ity and the regional interactions of CAFs with immune
cells, involving various subtypes, differentiation states, and
treatment responses. This signifies heterogeneity within
the TME is not coincidental but rather indicates essential
functional units of the tissue [21]. Thus, the interactions
and spatial heterogeneity of CAFs impact cell function and
may contribute to PDAC pathogenesis [98]. In summary,
CAFs exert their influence on the immunotherapy response
through various mechanisms, ultimately creating an immu-
nosuppressive microenvironment. Understanding CAF het-
erogeneity and their interactions with other components of
the TME could potentially enhance the efficacy of immuno-
therapy [105]. Consequently, targeting CAFs has emerged
as a promising strategy to enhance the overall therapeutic
response to immunotherapy.

3.7 ECM

The extracellular matrix (ECM) contains a network of
fibrous proteins, such as collagens, fibronectin, laminins,
elastin, proteoglycans/glycosaminoglycans, and several
other glycoproteins [51]. Interestingly, there are similarities
in matrix changes between PDAC and pancreatitis. Nota-
bly, among the most prominent ECM proteins in PDAC are
fibrillar collagens, particularly collagen I and III [106]. The
ECM surrounding cancer cells not only acts as a scaffold
for tumor cell organization but also plays a crucial role in
transmitting mechanical signals to activate various immu-
nosuppressive pathways [106].

Cancer-associated fibroblasts (CAFs) play a signifi-
cant role in the deposition of fibrillar collagens within
the ECM. Deletion of myofibroblast-derived collagen 1
in PDAC results in upregulated Cxcl5 in cancer cells via
SOX9, leading to the suppression of CD8+T cells and the
recruitment of myeloid-derived suppressor cells, thus accel-
erating PDAC initiation in mouse models and impairing
overall survival [107]. Moreover, embryonically derived
TAMs tend to exhibit a pro-fibrotic transcriptional profile
[86]. The ECM directly interacts with CAFs, tumors, and
immune cells through integrins, mainly mediating adhesion
signaling pathways, which can drive metastasis and hin-
der treatment efficacy [108]. Integrins also activate tumor
immune escape through the TGFB-SOX4 pathway, limiting
T cell-mediated tumor killing [109, 110]. TGF-B signal-
ing cascades, activated by integrins, have been implicated
in reducing the tumor-killing capacity of CD8+T cells in
various cancers [111]. Furthermore, TGFp contributes to
immunosuppression and fibrosis [112], thereby impairing
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the efficacy of immunotherapy [113]. However, targeting
fibrosis can reverse immunosuppression in the TME, as
shown by effective modulation of the tumor microenviron-
ment using TGF-B-derived peptide vaccination in animal
models of PDAC [27, 111].

ECM proteins can increase intratumoral pressure, hin-
dering the effective delivery of drugs to PDAC cancer cells
[99]. Blocking TGFp signaling can restore the ECM and
remodel the tumor vasculature, thereby increasing chemo-
therapy efficacy [112]. Moreover, the matrix components
of the stromal compartment adjacent to cancer cells seem
particularly similar between primary and metastatic PDAC
lesions [114], suggesting that metastatic lesions acquire typ-
ical behavior of primary tumors by recruiting fibroblasts and
leukocytes, resulting in a dense desmoplastic TME [115].
Hyaluronan, another ECM component, has been found to
have a detrimental effect, showing a negative association
with survival [114, 116]. Despite attempts to use PEGylated
hyaluronidase (PEGPH20) in combination with chemother-
apy to degrade hyaluronic acid, it has not shown to provide
a survival advantage to patients [117].

3.8 Vasculature

The tumor vasculature in PDAC is a crucial component of
the tumor microenvironment and plays a significant role in
the disease’s aggressiveness, metastasis, treatment response,
and resistance to treatments [28, 118—120]. Angiogenesis in
PDAC is highly disorganized and irregular; therefore, the
new blood vessels are structurally abnormal, leading to a
chaotic and leaky vascular network [28, 121]. The blood
vessels in PDAC often lack pericytes and smooth muscle
cells, which normally provide structural support and stabil-
ity to blood vessels. This deficiency contributes to the frag-
ile and leaky nature of the tumor vasculature, facilitating the
spread of the disease to distant sites [28, 118]. The scarcity
of functional vasculature near pancreatic cancer tumor cells
is well-established [122]. Due to the abnormal vasculature,
resulting in persistent and severe hypoxia within the TME
[118, 120]. Insufficient vascularization leads to a microenvi-
ronment distinguished by factors such as low pH, hypoxia,
modified metabolism, and the evasion of immune responses
[28, 118, 123].

CAFs-induced desmoplastic reactions impact tumor
vascularization by producing various pro-angiogenic fac-
tors such as VEGF-A, FGF2, and CXCL12 to recruit and
activate endothelial progenitor cells and myeloid cells with
pro-angiogenic potential, indirectly coordinating tumor
angiogenesis [105, 124, 125]. Hypoxia-inducible factors
(HIF) drive maintenance of redox homeostasis, activation
of autophagy, and epigenetic regulation [120, 123, 126].
Hypoxia synergized with cancer cell-derived cytokines lead
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fibroblasts to convert to inflammatory CAFs (iCAF) in a
HIFlo-dependent manner [127]. Stromal HIF2 regulates
immune suppression through recruiting M2 macrophages
and Tregs, as well as tumor fibrosis [128]. The abnormal
tumor vasculature hampers the infiltration and activity of
immune cells and poses challenges for delivering chemo-
therapy and other therapeutics effectively to the tumor;
therefore, hypoxia promotes the selection of more aggres-
sive cancer cells and creates an immunosuppressive TME
contributing to therapeutic resistance [118, 120, 129].

Understanding the complexities of the tumor vascula-
ture in PDAC is crucial for developing targeted therapies,
while several anti-angiogenesis agents have faced setbacks
in late-stage clinical trials for PDAC [99]. The degradation
of fibrosis in PDAC is associated with increased vascularity
[125]. Promoting tumor vessel normalization as a strategy
to enhance drug delivery to tumors and sensitize them to
ICB/chemotherapy renews the potential for an anti-vascula-
ture approach in PDAC [130-132]. As research progresses,
advancements in our understanding of the tumor vascu-
lature’s intricacies in PDAC may lead to novel and more
effective therapeutic interventions.

4 Spatial heterogeneity and landscape

Investigation of multicellular formations revealed that
the variations in phenotype within tumors were local-
ized to specific regions or lesions; however, multicel-
lular structures distinguishing patients with different
clinical outcomes [133]. For instance, IL-1p+TAMs
are in proximity to CD31+ VEGFR2 +endothelial cells
in PDAC [92]. Furthermore, fibroblasts constitute the
majority of the tumor volume in PDAC and exhibit sig-
nificant transcriptional heterogeneity, with distinct func-
tions and spatial relationships [134]. CAFs extracted
from different subregions exhibit distinct functional and
phenotypic characteristics [21]. The spatial distribution
of CAFs subsets within PDAC shows considerable het-
erogeneity across tissues and tumors [134]. These spatial
dynamics of CAFs can influence PDAC cancer cell het-
erogeneity, indicating intrinsic aggressiveness of PDAC
[134] (Fig. 3). a-SMA + CAFs are mainly localized close
to well-differentiated cancer cell nests, while fibroblast
activation protein (FAP+) CAFs, known for secreting IL6
and other inflammatory mediators, tend to be found juxta-
posed to poorly differentiated tumor regions, highlighting
CAF heterogeneity in PDAC biology depending on their
proximity to cancer cells [96, 100] (Fig. 3). Anti-fibrotic
strategies in PDAC aim to counteract the desmoplastic
reaction and improve the penetration of chemotherapy
into the tumor. Meanwhile, depletion of FAP (+) CAFs
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or targeting of CXCL12 sensitizes PDAC to ICB in pre-
clinical models [96, 100]. Recent findings suggest that
the expression of CD105 can be used to categorize CAFs
into two functionally distinct subtypes: tumor permissive
CD105+CAFs and tumor-suppressive CD105-CAFs.
CD105-CAFs exhibit a restraining effect dependent on
functional adaptive immunity, indicating coordinated rela-
tionships between immune cell subsets and mesenchymal
cells [134] (Fig. 3).

myCAFs are located close to neoplastic cells and are
believed to be responsible for extracellular matrix deposi-
tion. In research conducted by Moncada et al., primary
pancreatic tumors were subjected to multimodal intersec-
tion analysis. The study revealed focused enrichments and
unique co-enrichments of subpopulations like ductal cells,
macrophages, dendritic cells, and cancer cells, in relation to
other cell types, within specific spatial regions [135] (Fig. 3).
Moreover, the researchers identified instances where inflam-
matory fibroblasts and cancer cells expressing a stress-
response gene module were colocalized. This approach,
which delineates the arrangement of subpopulations as
defined by single-cell RNA sequencing, has the potential
to be expanded for uncovering inherent interactions within
intricate tissue structures [135]. The different CAF sub-
populations can have an impact on immunomodulation and
mechanic responsiveness, and ICB therapy can lead to shifts
in CAFs subpopulation distributions, affecting tumor growth
[93]. Based on the studies reviewed herein, it becomes clear
that subTMEs seem to originate from overarching differen-
tiation stages of intricate CAFs collectives, exhibiting syn-
chronized phenotypes, behaviors, and functions [21]. The
characteristics of fibroblasts and ECMs play a crucial role
in shaping the biochemical and physical barriers that lead to
the exclusion of T cells from the TME [64, 107]. As a result,
T cells in human PDAC are often found to exhibit a patchy
distribution [136]. For instance, studies have demonstrated
that T cells are less abundant in the regions of the tumor con-
taining cancer cells compared to the stroma lacking cancer
cells [137]. Research on the spatial architecture of the TME
concerning immune targets is relatively limited. The spatial
relationships between individual cellular and acellular com-
ponents in PDAC hold the potential to provide novel insights
into the dynamic and complex functions of PDAC desmo-
plasia [20]. An assessment of the functional properties of the
identified immune subsets is warranted.

5 Typical spatial subregion-TLS
The cellular composition of the TME shows T cells dis-

persed throughout and B cells tending to form aggregates.
Moreover, the spatial dynamics of CAFs delineating the

functions of different CAF subpopulations [138]. Spatial
analyses performed by multiplexed immunohistochemical
revealing highly inter- and intrapatient spatial heterogene-
ity of leukocyte infiltrate [10, 55]. For example, in various
human malignancies, the presence of TLS has been linked
to positive patient prognoses [139, 140], and favorable
responses to ICB [22, 73]. This suggests that TLS may have
a beneficial impact on anti-tumor immune responses. TLS
can be found either within the tumor (intratumorally) or
around the tumor (peritumorally), moreover TLS matura-
tion exhibited prognostic significance in the intratumoral
TLS (+) group, whereas it did not show the same prognostic
value in the peritumoral TLS (+) group [141]. Intratumoral
TLS exhibited notable heterogeneity in their location, cel-
lular composition, and spatial organization across various
types of cancers [141]. Typically, TLS is composed of B cells
forming the core, surrounded by T cells, with B cells and T
cells being the main constituents [140, 142](Fig. 3). Within
the T cell population of TLS, there is a higher likelihood of
follicular helper T cells (Tth) presence, but Thl, cytotoxic
CDS8+T cells, or Treg cells may also be present [143—145].
(Fig. 3). Additionally, TLS contains other cell populations,
such as dendritic cells (DCs), including CD21 + follicular
dendritic cells (FDCs), crucial for germinal center forma-
tion and affinity maturation of B cells, and CD83 + DCs,
mainly localized in the T cell zone (also known as DC-
LAMP+DCs) [73, 146-149]. Some CD68 + macrophages
may also be found in TLS, possibly involved in clearing
apoptotic cells [150]. Apart from the cellular components
described above, numerous stromal cells play a role similar
to follicular reticular cells (FRCs) in secondary lymphoid
tissues (spleen and lymph nodes), anchoring TLS to sites
of chronic inflammation [151]. An essential circuit, known
as the high post -endothelial venule (HEV), is also required
to provide lymphocytes with access to TLS [148] (Fig. 3).
The cellular components and functional status of the
TME are influenced by various factors, including the origin
of tumorigenesis, intrinsic characteristics of cancer cells,
stage of tumorigenesis, and patient characteristics [3]. An
intriguing observation is the existence of a “deserted TME
state,” characterized by strong enrichment of ECMs that sup-
ports tumor differentiation, while there is a “reactive state”
characterized by an abundance of cellular stress response
gene sets that promote tumor progression [21]. Addition-
ally, these findings indicate the existence of separate and
possibly autonomous regional patterns within the TME. The
intratumoral heterogeneity, particularly in PDAC, poses a
significant challenge in attributing clear functions to the
TME [10, 21]. The immune infiltrate within the tumor is not
evenly distributed; instead, it varies significantly among dis-
tinct areas based on regional epithelial phenotypes [10, 56].
Convincing evidence supports the idea that intratumoral
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#PD-L1 /7 CD20

Fig. 4 Subregions of the tumor microenvironment that differ from the
composition of TLS. (A) Representative mIHC images showing dis-
tinct spatial patterns of cellular organization units discovered by our
team (not published). (B) Voronoi diagrams of TLS identified. (C)

sub-TMEs exhibit significant differences in composition,
representing distinct regional immune milieus [21, 152].
Subregions of the TME distinct from the composition of
TLS have also been identified in our laboratory through
multiplex immunofluorescence staining findings (Fig. 4),
but their biological significance remains elucidated. Despite
these observations, the exact mechanisms underlying TLS
formation in tumors remain inadequately understood.

6 Conclusion and perspectives

The PDAC tumor immune microenvironment (TiME) dis-
played a low-immunogenic ecosystem characterized by
substantial heterogeneity both within and between tumors
[55]. Immunotherapy often fails in PDAC primarily due to a
lack of antigen-experienced T effector cells. The stromal and
immune compartments of the TME are pivotal in determin-
ing the progression and therapeutic response of the disease.
To date, no immune-based biomarker has been approved for
clinical use in PDAC. A meta-analysis using immunohisto-
chemistry revealed that high levels of CD4 and CDS8 T-lym-
phocytes correlate with better disease-free survival, whereas
high levels of CD163 are associated with poorer overall
survival. The presence of CD3, CD20, FoxP3, and CD68
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cells, as well as PD-L1 expression, did not show significant
prognostic relevance [153]. Studies have shown that only
tumors with both a high count of neoantigens and significant
CDS8+T-cell infiltration are linked to prolonged survival
in patients [154]. Moreover, overexpression of fibroblast
activation protein (FAP) in the tumor microenvironment is
associated with worse overall and disease-free survival in
pancreatic ductal adenocarcinoma, suggesting its role in dis-
ease progression and metastasis [17]. Additionally, survival
outcomes were significantly correlated with the expression
levels of specific markers for EMT + cancer cells, activated
CAFs, and endothelial cells [94]. It has become evident that
treatments significantly influence the spatial and temporal
heterogeneity within tumors, which subsequently affects
the extent and persistence of the response [26, 155]. A deep
understanding of the immunosuppressive milieu is essen-
tial for identifying biomarkers that could improve patient
stratification.

Recently, advancements in multiplex imaging have deep-
ened our understanding of the immune heterogeneity and
dual pro-tumor and anti-tumor roles of the immune ele-
ments in PDAC [10]. They can enhance our ability to cate-
gorize the phenotypic and spatial immune profiles of PDAC.
Besides by applying machine learning (ML) techniques to
investigate a highly multiplexed, spatial proteomic dataset
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derived from single-cell analyses in human pancreatic can-
cer aid in molecular cancer immunology applications [156].
Additionally, the spatial perspective presents novel oppor-
tunities to comprehend the ever-changing crosstalk between
the immune system and tumor cells, introducing an extra
dimension of spatial information to the study of the TME.

A spatial perspective enhances understanding of the
dynamic interactions between the immune system and
tumor cells, adding a layer of spatial complexity to TME
studies and potentially improving the classification of
PDAC’s phenotypic and spatial immune profiles [10, 56].
Spatial computational analysis has highlighted the prognos-
tic importance of CD8 + cell density at the tumor center and
its proximity to tumor cells, significantly impacting survival
rates [57]. Additionally, increased CD8+T cell presence
within lymphoid clusters correlates with better survival out-
comes [55]. Post-neoadjuvant chemotherapy, M1-polarized
macrophages situated near tumor cells have been linked to
improved pathological responses and survival outcomes
[26]. However, a higher ratio of Tregs to total T cells during
treatment is associated with shorter survival [157]. Addi-
tionally, CD68 + TAMs were notably closer to tumor cells
in PDACs with liver recurrences, underscoring the prog-
nostic importance of both the density and spatial distribu-
tion of immune cell infiltrates [158]. CCL5 and CXCL10
are consistently linked to robust antitumor immunity and
the regulation of CD8+T cells, suggesting that therapeuti-
cally stimulating the production of CCL5 and CXCLI10 in
recurrent PDACs might enhance T cell recruitment [158].
Distinct recurrence patterns in PDAC correlate with unique,
spatially structured inflammatory and stromal responses.
These responses are propelled by tumor-host interactions,
generating distinct selective pressures that likely influence
the tissue-specific spread of PDAC cells [158]. A precise
comprehension of the spatial and temporal dynamics of
response or resistance to intratumoral heterogeneity in the
tumor microenvironment is crucial not only for identifying
predictive biomarkers, but also for defining new therapeutic
targets.

Understanding the complex genetic landscape and
molecular attributes of PDAC offers crucial insights into
how intrinsic factors shape the tumor immune microenvi-
ronment. Research utilized single-cell RNA sequencing
technology to analyze the transcriptomes of individual cells
derived from dissociated primary tumors or metastatic biop-
sies from patients with PDAC, revealing the composition of
tumor cells emerged as a critical determinant in classifying
PDAC subtypes [94]. Comprehending the intricate genetic
makeup and molecular features of PDAC can offer valuable
insights into how intrinsic factors influence the evolution of
the TME [29, 46]. Yet, the link between tumor genetics and
immune response remains a subject of debate, warranting

further investigation to clarify this connection. Genomic
studies aimed at identifying distinct molecular subtypes in
PDAC are crucial for developing more effective transla-
tional therapies. The drivers of this heterogeneity and the
full definition of tumor sections with spatial resolution are
still not completely understood.

The interplay of internal and external factors shapes the
diversity of PDAC subtypes, which could guide efforts to
reprogram the disease towards more treatable forms. Never-
theless, the stromal and immune compartments of the tumor
microenvironment (TME) play crucial roles in dictating
the course of disease progression and response to therapy.
A more thorough comprehension of PDAC’s immune con-
texture and its influencing factors may assist in identifying
further predictive biomarkers and therapeutic targets, and
also shedding light on the mechanisms of tumor recurrence.
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