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Immune cells and immune
cell-targeted therapy in
chronic pancreatitis

Yu Zhang, Wen-Qing Zhang, Xin-Yuan Liu, Qi Zhang, Tao Mao
and Xiao-Yu Li*

Department of Gastroenterology, The Affiliated Hospital of Qingdao University, Qingdao, China
In recent years, studies have attempted to understand the immune cells and

mechanisms underlying the pathogenesis of chronic pancreatitis (CP) by

constructing a model of CP. Based on these studies, the innate immune

response is a key factor in disease pathogenesis and inflammation severity.

Novel mechanisms of crosstalk between immune and non-immune pancreatic

cells, such as pancreatic stellate cells (PSC), have also been explored. Immune

cells, immune responses, and signaling pathways in CP are important factors in

the development and progression of pancreatitis. Based on these mechanisms,

targeted therapy may provide a feasible scheme to stop or reverse the

progression of the disease in the future and provide a new direction for the

treatment of CP. This review summarizes the recent advances in research on

immune mechanisms in CP and the new advances in treatment based on

these mechanisms.
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1 Introduction

Pancreatitis is the main inflammatory disease of the gastrointestinal tract (1–4),

Chronic pancreatitis(CP) is one of the classifications of pancreatitis. CP is a repeated or

persistent injury of the acinar and tubules in the pancreatic parenchyma caused by alcohol

consumption autoimmune, genetic, and other factors, resulting in atrophy or

disappearance of acinar and pancreatic islet cells, which are eventually replaced by

fibrotic tissues, resulting in varying degrees of pancreatic/exocrine dysfunction. It is

defined as a pathological fiber inflammatory syndrome of the pancreas (3). The

pathophysiology of CP is complex, including acinar cell damage, acinar stress response,

ductal dysfunction, persistent or altered inflammation, and/or neuroimmune crosstalk;

however, these mechanisms are not well understood (3). Acute pancreatitis(AP), recurrent

AP, and CP are generally considered a continuum of disease (5, 6). Approximately 20% of
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patients with AP develop recurrent AP, and approximately 35% of

recurrent AP progress to CP (7, 8). Existing studies have found that

the pathogenesis of chronic pancreatitis is closely related to a variety

of immune cells. The function of immune cells, the interaction

between immune cells and the interaction between immune cells

and pancreatic related cells will affect the progression of chronic

pancreatitis (9, 10).

CP is characterized by persistent inflammation of the pancreas

with progressive loss of endocrine and exocrine compartments due

to atrophic and/or fibrotic tissue replacement (11). The functional

consequences include recurrent or persistent abdominal pain,

diabetes (endocrine insufficiency), and dyspepsia (exocrine

insufficiency) (3). Current treatments for CP aim to control pain

and address exocrine and endocrine dysfunction (12). With the

discovery of mechanisms related to immune and pancreatic stellate

cells in chronic pancreatitis (9, 13), CP therapies based on these cells

have emerged as potential targets for the treatment and prevention

of pancreatic inflammation and fibrosis.

In this review, we discuss the role of various immune cell

populations and pancreatic stellate cell populations in CP, as well

as current advances in targeted therapies based on different

cell populations.
2 Occurrence of CP

CP is a kind of autopathological fibrotic inflammatory

syndrome in which the pancreatic parenchyma is repeatedly

damaged and stressed under the action of gene susceptibility,

external environmental factors and other risk factors, and the

pancreatic tissue undergoes continuous and gradual development.

There are many causative factors of CP, and it is widely believed

that alcoholism, smoking, and genetic susceptibility are the main

causative factors, and other factors such as hyperlipidemia,

hypercalcemia, autoimmune diseases, biliary diseases, pancreatic
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trauma or surgical trauma, and pancreatic duct stenosis caused by

acute pancreatitis have been reported. Experts at home and abroad

generally believe that alcoholism is the main risk factor for CP (14,

15). An epidemiological survey of high-risk factors for large-scale

chronic pancreatitis based on the population in China found that

the main causative factors of chronic pancreatitis were alcoholism

(35.11%) and biliary stones(34.36%), while other factors included

genetic susceptibility (7.22%) and idiopathic(12.9%) (16). However,

a recent multicenter epidemiological survey in the US concluded

that smoking was the most common cause of chronic pancreatitis

(59%), followed by alcohol abuse (53%), pancreatic duct obstruction

(19%), and hyperlipidemia (13%) (17). Recently, Shounak and

Chari combined treatment guidelines and recent research

advances in several countries to classify chronic pancreatitis into

four broad categories according to etiology and pathophysiology:

chronic calcific pancreatitis, chronic obstructive pancreatitis,

hormone-sensitive pancreatitis (autoimmune pancreatitis), and

idiopathic chronic pancreatitis (14).

In recent years, the pathogenesis of chronic pancreatitis has

become the focus of people’s attention. A number of studies have

shown that the essence of pancreatic fibrosis is the result of

excessive deposition of extra cellular matrix(ECM) dominated by

collagen fibers in the process of repeated inflammation and necrosis

repair of pancreatic tissue, and the degree of activation of PSC in CP

patients is positively correlated with the degree of pancreatic

tissue fibrosis, ECM synthesis is mainly carried out by PSC, PSC

activation plays an important role in the process of chronic

fibrosis of the pancreas, and is the target of various triggers.

It is the core of pancreatic fibrosis formation (18). The activation

of PSCs is regulated by a variety of cytokines and signaling

pathways, such as TGF-b/Smad pathway (19), MAPK pathway

(20), etc. At the same time, it was found that a variety of immune

cells (macrophages, neutrophils, mast cells, eosinophils, T cells,

B cells) can also affect the progression of chronic pancreatitis

(Figure 1).
FIGURE 1

Occurrence of CP: Repeated damage to the pancreatic parenchyma by pathogenic factors will cause more immune cells to recruit into pancreatic
tissue and damage acinar cells at the same time, and then PSCs are activated and interact with various immune cells to further aggravate chronic
pancreatitis fibrosis.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1151103
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhang et al. 10.3389/fonc.2023.1151103
3 The role of immune cells in CP

3.1 Innate immune cells

3.1.1 Macrophage in the pancreas and its role
in CP

Macrophages can develop from bone marrow hematopoietic

stem cells or differentiate from progenitor cells in the early embryo

yolk sac stage (21). Fragmentation of damaged cells in the local

tissue of the pancreas produces chemotactic stimulants that attract

monocytes to pass through the vascular endothelium into the

damaged tissue and then transform into macrophages.

Macrophages show different phenotypes and functional

differentiation under the action of different inducing factors and

microenvironments in vivo, which is called polarization of

macrophages (22). Gordon classified polarized macrophages into

two main types: 1) classically activated macrophages (M1), which

are induced by interferon g (IFNg) and/or lipopolysaccharide (LPS)
and characterized by the production of reactive oxygen species and

nitrogen substances that play a key role in host defense and anti-

tumor immunity; 2) alternatively activated macrophages (M2), after

exposure to IL-4/IL-13, are characterized by the expression of the

receptor CD206 on the cell surface and by activated macrophages

playing a key role in inhibiting inflammation, promoting wound

healing, fibrosis, and tumogenesis (23). Not only do macrophages

play an important role in CP, M0 macrophages have also been

found to be an independent predictor of adverse outcomes in

patients with pancreatic ductal adenocarcinoma(PDAC) in

patients with PDAC (24).

An increase in macrophages in the pancreas can be observed in

models of chronic pancreatitis constructed by different methods.

Algul et al. constructed a mouse CP model using cerulein and found

many inflammatory cells in the pancreas of mice. Further

examination of GR-1 (a protein used as a neutrophil marker) and

F4/80 (a protein marker expressed by mature mouse macrophages)

revealed that macrophages are the main inflammatory cells

infiltrating the pancreas during the course of CP (25). In a

dichloride dibutyltin (DBTC)-induced mouse CP model,

macrophage infiltration was observed 1 week after modeling and

was found to be associated with the progression of pancreatic fibrosis

(26). The same Duan et al. found that mice with 20% L-arginine

induced CP had significant macrophage infiltration and higher levels

of fibrosis, and the development of pancreatic fibrosis in mice with

CP was accompanied by a significant increase in F4/80 + cells in

pancreatic tissues, and the level of IL-6 in serum and pancreatic

tissues increased. Double-label immunofluorescence staining

showed co-localization of IL-6 with F4/80 confirming that

infiltrating macrophages during CP are an important source of IL-

6 production and that macrophages play a role in the progression of

pancreatic fibrosis (27).

To investigate whether the increased macrophages in the CP

pancreas are mainly M1 or M2, CD11b monocytes/macrophages

were selected for gene expression analysis in a mouse CP model

induced by cerulein and further validated by flow cytometry that
Frontiers in Oncology 03
M2 macrophages, which are mainly anti-inflammatory and

promote tissue repair, were predominant in CP (10). In rat

pancreatic fibrosis induced by DBTC, immunohistochemistry

showed that the number of CD68-expressing M1 macrophages

increased at the beginning of pancreatitis and the number of

CD163-expressing M2 macrophages was significantly higher in

the later stages of pancreatitis, with the appearance of M1

macrophages preceding that of M2 macrophages. Furthermore,

double immunofluorescence staining of fibrotic specimens showed

that 44% of macrophages co-expressed CD68/CD163 in pancreatic

fibrosis, and the results suggest that monocyte-derived CD68 M1

macrophages may be converted to CD163 M2 macrophages during

CP. Thus, macrophages may change from M1 phenotype with pro-

inflammatory function early in the CP process to M2 phenotype

with fibrotic and anti-inflammatory function late in the

process (28).

In an in vitro assay, Xue et al. co-cultured normal mouse bone

marrow-derived macrophages (BMDM) with Transforming growth

factor-b1(TGF-b1) stimulated pancreatic stellate cells (PSC) (10).

After 48 h, the mRNA expression levels of CD206, IL-13, IL-4, IL-

4Ra, TGF-b, platelet-derived growth factor-b (PDGF-b), and other

M2-type markers in macrophages were significantly increased,

whereas the expression of iNOS in M1-type macrophages was

significantly decreased. These results suggest that PSC can

polarize macrophages to the M2 type. Meanwhile, this study

further explored the relationship between M2-type macrophages

and pancreatic fibrosis by inducing CP in IL-4/IL-13 deficient mice,

which were less sensitive to CP than wild-type mice. In a CP model

constructed in IL-4/IL-13-deficient mice, the expression of a-SMA

and Col1a1 related to pancreatic fibrosis decreased, and the

expression of CD206 in pancreatic leukocytes decreased,

suggesting decreased activation of M2 macrophages. The

expression of M2-type macrophages and a-SMA decreased after

IL-4/IL-13 blockade and pancreatic fibrosis was significantly

alleviated. These results suggested that M2 macrophages play a

role in promoting the progression of pancreatic fibrosis.

Macrophage interacts with PSC in an autocrine- and paracrine-

dependent manner to promote the development of pancreatic

fibrosis (10). As the severity of pancreatic fibrosis worsens, the

ratio of M2/M1 macrophage cytokines in the pancreas increases

(29). Moreover, more M2 macrophages in the pancreas of patients

with CP participate in tissue repair, limit the inflammatory

response, and interact with PSC to promote pancreatic fibrosis

(30). Interestingly, recent analyses have shown that hereditary and

idiopathic CP have different immunophenotypes. Although both

exhibit M2 polarization and an increased M2/M1 cytokine ratio,

idiopathic CP has a higher proportion of CD68+ macrophages than

hereditary CP (31).

For the pathogenesis of macrophages and chronic pancreatitis,

it was found that NF-kB is one of the major players in the

recruitment of macrophages to the pancreas and is a star

molecule in the pathological immune response to CP. NF-kB is a

general term for a group of transcription factors composed of RelA

(P65), RelB, c-REL, NF-kB1 (P50/P105), and NF-kB2 (P52/P100).

These subunits can be activated by many different stimuli, including
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bacterial lipopolysaccharide (LPS), viral pathogens, cytokines, or

growth factors (32). RelA is a major activator of latent NF-kB
enhancers in macrophages (33), and its activation involves the

degradation of a family of inhibitory proteins called IkBs. Upon
phosphorylation of IkBs by kinases such as the IkB kinase complex

in response to various stimuli, IkBs are targeted for degradation by

the proteasome, after which the NF-kB subunit is released from the

inhibitory complex. NF-kB subunits can then translocate to the

nucleus to activate numerous NF-kB-specific target genes (34, 35).
NF-kB family members can form multiple combinations of

homodimers or heterodimers to activate complex regulatory

networks that ultimately activate or repress hundreds of genes

(34, 36–38).

The inflammatory targets of NF-kB include cytokines,

chemokines, immune receptors, and adhesion molecules (39).

Sendler et al. found that macrophages are the main immune cell

population migrating to the pancreas during induced pancreatitis in

mice, and CD68-positive macrophages were found to phagocytose

acinar cell components, including zymogen-containing vesicles, in

models of mouse pancreatitis as well as in human necrotic

pancreatic t issues. Endocytosed trypsinogen activates

macrophages, leading to the translocation of NF-KB and the

production of inflammatory cytokines that increase the severity of

pancreatitis (40). Sendler et al. also found that damaged acinar cell

can release chemokines and inflammatory factors that activate

macrophages, which promote the activation of NF-kB subunit

P65 and many proinflammatory cytokines such as IL-6, TNF-a,
and MCP-1, causing a strong inflammatory response. In

conclusion, when the pancreatic tissue is injured, many

macrophages are recruited to the damaged site and activate NF-

kB to play a role in the progression of CP (Figure 2A).
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3.1.2 Neutrophils in the pancreas and its role
in CP

As neutrophils are usually the first effector cells recruited to sites

of inflammation, we usually use neutrophils as a reference marker of

pancreatic inflammation by measuring myeloperoxidase (MPO)

activity in tissues and reflecting the number of infiltrating

neutrophils (6). Although neutrophils do not infiltrate as much as

macrophages during CP, they are associated with disease

progression and severe disease symptoms (9). Neutrophils can

activate various immune and stromal cells to secrete

inflammatory cytokines, leading to aggravation of inflammation

(40). Neutrophils can also produce large amounts of reactive oxygen

species and react ive ni trogen, leading to worsening

inflammation (41).

Neutrophils can not only produce a large number of reactive

oxygen species and reactive nitrogen, leading to worsening

inflammation, but can also activate various immune cells and

stromal cells to secrete inflammatory cytokines, leading to

aggravation of inflammation (41).

STAT5 is an important member of the signal transducer and

activator of transcription (STAT) family and is involved in a wide

range of physiological and pathological processes. STAT5 plays a

crucial role in lymphocyte development to maintain normal

immune system balance (42). STAT is a nuclear transcription

factor; however, in resting cells, STAT is present in the

cytoplasm. Upon activation, STAT molecules form dimers and

enter the nucleus to regulate gene expression. STAT5 can affect

cell proliferation, differentiation, survival, and apoptosis, and

regulate stem cell self-renewal (42, 43). Previous studies have

shown that STAT5 is continuously activated in pancreatic cancer

cells (44). Inhibition of STAT5 in pancreatic cancer cells can inhibit
FIGURE 2

Mechanism of action of immune cells in CP. (A) NF-kB signaling pathway in pancreatic macrophages. Upon phosphorylation of IkBs by kinases such
as the IkB kinase complex in response to various stimuli, IkBs are targeted for degradation by the proteasome, after which the NF-kB subunit is
released from the inhibitory complex; NF-kB subunits can then translocate to the nucleus to activate numerous NF-kB-specific target genes (B)
STAT5 promotes chronic pancreatitis by enhancing GM-CSF-dependent neutrophil augmentation; (C) STING signaling protects against chronic
pancreatitis by modulating Th17 response.
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tumor growth and metastasis (45) and reduce chemoresistance of

pancreatic cancer (44). However, the role of STAT5 in the

regulation of inflammation remains poorly understood.

Yuli Lin et al. found that STAT5 is upregulated and activated in

CP and that the loss or inhibition of STAT5 alleviates pancreatic

inflammation. They further found that the STAT5-induced increase

in Granulocyte-macrophage colony-stimulating factor(GM-CSF)

expression was responsible for neutrophilia and aggravated

pancreatic inflammation (46)(Figure 2B).

The chemokine receptor CXCR2 contributes significantly to

neutrophil migration in vivo. In humans, CXCR2 acts as a receptor

for seven different chemokines (CXCL1-3 and CXCL5-8), two of

which (CXCL6 and CXCL8) signal through the closely related

receptor CXCR1 (47). Mice lack CXCL8 (formerly known as IL-

8), and CXCL5 and CXCL6 only have a single orthogonant;

therefore, CXCR2 has only five chemokine ligands in mice (48,

49). Steele et al. showed that CXCR2 is essential for the recruitment

of neutrophils to the pancreas in models of acute CP and plays a key

role in driving the acinar cell damage seen in these models, and that

the CXCR2 inhibitory peptide “pepducin” protected wild-type mice

from acute CP and significantly reversed established pancreatic

inflammation (50). Neutrophil chemokines such as CXCL1 and

CXCL2 drive neutrophil recruitment during pancreatic

inflammation (41). In summary, we conclude that neutrophils in

CP can be recruited to pancreatic tissues by increasing GM-CSF

expression induced by STAT5 signaling, and can also migrate to

pancreatic tissues under the influence of the chemokine CXCR2, so

that neutrophils can participate in CP progression.

3.1.3 Eosinophils in the pancreas and its role
in CP

Juniper et al. first reported a significant increase in the

peripheral blood eosinophil count in a patient with chronic

recurrent pancreatitis with pleural effusion (51). A subsequent

study of 122 patients with CP reported significant eosinophilia in

21 patients(17.2%) (52). Another study by Wang showed a high

incidence of eosinophilia accompanied by pancreatic ascites and

enlargement in patients with CP (53). And Mishra et al. reported

for the first time the accumulation of eosinophils in the pancreas

and contributed to disease pathogenesis, including fibrosis in

cerulein-induced experimental pancreatitis (54), suggesting that

eosinophilia may be the cause of pancreatic inflammation and

fibrosis progression.

After cerulein-induced acute CP in wild-type mice, anti-MBP

immunostaining was performed to confirm the infiltration and

accumulation of eosinophils in the pancreas of a cerulein-induced

pancreatitis model. The results showed that anti-MBP stained

eosinophils and degranulated eosinophil extracellular granules

could be detected in the pancreatic tissue sections of cerulein-

treated wild-type mice (54). In addition, quantitative real-time PCR

and ELISA analysis showed that the levels of IL-5, IL-18, and the

chemokines eotaxin-1 and eotaxin-2 transcripts and proteins were

significantly increased in cerulein-induced pancreatitis (54).

IL-5 is a well-known factor for eosinophil growth,

differentiation, and survival (54, 55) Manohar et al. also
Frontiers in Oncology 05
demonstrated that endogenous IL-5 deficiency reduced

eosinophils in a murine model of cerulein-induced CP, and the

induced IL-18 indicated a role for IL-18 in promoting eosinophil

accumulation and degranulation during pancreatitis (54). In

summary, eosinophils can affect CP through various

inflammatory factors (IL-5, IL-18), but research is still lacking.

3.1.4 Mast cells in the pancreas and its role in CP
Mast cells are well-known effector cells that are involved in

rapid hypersensitivity reaction (56). Compared to normal

pancreatic tissue, the number of mast cells in the CP group was

significantly increased, they are located around the residual acinar

tissue, suggesting their involvement in pancreatic destruction (57).

It has been found that activated mast cells can induce type I collagen

expression in mouse skin fibroblasts by secreting TNF-a and TNF-

b (58).

AP is a known risk factor for CP progression (59). IL-18 plays

an important role in the progression of AP and has been associated

with several fibrotic diseases including liver fibrosis (60), cardiac

fibrosis (61) and pulmonary fibrosis (62). Therefore, IL-18 may also

be involved in the pathogenesis of CP. Lorentz et al. showed that

human mast cells can directly secrete IL-18 (63); therefore, they are

likely to be involved in pancreatic fibrosis.
3.2 Adaptive immune cells

3.2.1 T cells in the pancreas and its role in CP
T cells can be divided into subgroups with different functions,

including T helper cells (Th cells), cytotoxic T cells (TC), regulatory

T cells (Tregs), memory T cells, natural killer T cells, and gd T cells

(64). Although neutrophils and monocytes/macrophages are the

predominant infiltrators of pancreatic inflammation, a local

imbalance of T cells in the inflammatory site and circulation has

been observed in pancreatitis (9). Nakayama et al. found that

severely co-immunodeficient mice developed pancreatitis only

after reconstitution with splenocytes, CD4+ Tcells, or CD8+T

cells. Repeated stimulation of the innate immune system is

necessary, but not sufficient, to cause pancreatitis, and the

involvement of an acquired immune response is essential for the

development of the disease (65). A clinical study comparing

changes in peripheral immunoactive blood cells during CP and

after pancreatic head resection also showed a significant increase in

the number of CD3+ and circulating CD4+ T cells in CP patients

(66). These findings suggest that T cells may also play a significant

role in the progression of pancreatitis (67, 68). gdT cells and naïve

CD4+T cells have also been found to be independent predictors of

adverse outcomes in PDAC patients in patients with PDAC (24).

Nonetheless, little is known about the composition and role of T-

cell subsets in pancreatitis (69–71).

Recent studies have shown that CP is associated with disease-

specific regulatory T cell responses, and that the pancreatitis-

specific IL-10 response is mediated by IL-10+IFN-g FoxP3+

regulatory T cells, which are amplified in the blood, bone

marrow, and CP lesions. It also has the potential to inhibit the
frontiersin.org
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proliferation of autologous conventional T-cells in an antigen-

specific manner. Compared with pancreatic cancer, IL-10

concentration increased and IFN-g levels decreased in CP lesions,

suggesting pancreatitis-specific activity of regulatory T cells in

situ (70).

James Jupp found a significant increase in the proportion of

Th1, Th2, and Th17 cells in the peripheral blood of CP patients.

Patients who drank heavily had more Th1 cells than non-drinkers.

The infiltrating CD4+ T helper cells of the pancreas were mainly

Th1 cells (41.5%) and Th17 cells (2.1%), with few Th2 cells (72).

Th17 cells produce signature cytokines including IL-21, IL-22, and

IL-23. IL-22 plays a protective role in pancreatic inflammation by

upregulating the expression of anti-apoptotic genes (Bcl-2 and Bcl-

XL), inhibiting the autophagy pathway, and reducing the formation

of autophagosomes (73, 74). However, Habtezion’s article published

in 2016 showed that activation of AhR can induce IL-22 production,

promote experimental CP fibrosis, and neutralize IL-22 to inhibit

pancreatic fibrosis (75). IL-17, produced by Th17 (76) and gd T

cells, it is involved in tissue homeostasis, infection (including

bacteria and fungi), autoimmunity, cancer progression, and

inflammatory disease (77, 78). Overexpression of IL-17A and

amplification of gd T cells in the pancreas aggravates

inflammatory immune damage in the pancreas (79). Recent

studies have found that STING loss is associated with increased

Th17 cell infiltration in the pancreas, and that STING agonists limit

this Th17 response. Importantly, anti-IL-17A antibody treatment

reduced CP severity in the absence of STING signals. Loss of STING

can promote Th17 polarization and PSCs expression of IL-17

receptor by upregulating fibrosis genes. We can conclude that the

activation of STING has a protective effect on CP, and that STING

signaling regulates the adaptive immune response by reducing the

production of IL-17A in CP. It also provided a new therapeutic

target for CP (76)(Figure 2C).

3.2.2 B lymphocytes in the pancreas and its role
in CP

In the last decade, T cells, dendritic cells, and macrophages have

been recognized as key regulators of immune response, linking

innate and adaptive immunity. Antibody production has long been

thought to be determined by T cells; however, recent studies have

revealed the existence of many B cell subpopulations with specific

regulatory functions capable of modulating T cells and chronic

inflammatory responses (80).

Most studies on B cells in pancreatitis are autoimmune

pancreatitis (81, 82)However, Simon et al. found that B cells also

play a role in the pathogenesis of CP; and in the context of

pancreatitis, B cells inhibit pancreatic regeneration, and their

transport and/or function is regulated by hypoxia and HIF1a
(83). Importantly, targeting B cells with aCD20 monoclonal

antibodies or Bruton tyrosine kinase (BTK) inhibitors offers a

potential therapeutic approach for the treatment of pancreatitis.

Moreover, the BTK inhibitor ibrutinib improves survival in

mouse models of pancreatic cancer (84, 85), Therefore, the B-cell

targeting approach may be beneficial for both pancreatitis and

pancreatic cancer.
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4 Interaction between immune cells
and pancreatic stellate cells affects
the progression of chronic
pancreatitis

4.1 Pancreatic stellate cells

Pancreatic stellate cells (PSCs) are pluripotent effector cells

located around the acinar cell, small blood vessels and pancreatic

ducts (86). PSCs constitute a small fraction of all pancreatic cells

under physiological conditions but are essential for maintaining

normal pancreatic architecture. Quiescent PSCs are characterized

by vitamin A-rich lipid droplets; however, when PSCs are activated

by proinflammatory substances released by infiltrating immune

cells around the pancreas, these perinuclear lipid droplets disappear

from the cytoplasm and become a myofibroblast-like phenotype,

expressing the activation marker alpha smooth muscle actin, which

gradually replaces healthy pancreatic tissue and eventually develops

pancreatic fibrosis (13).

Physiologically, transformation of quiescent PSCs into a

proliferating myofibroblast-like phenotype is an autonomous

repair response to tissue damage (86). Aberrant activation of

PSCs is a major pathological feature of fibrosis in CP (86, 87).

Recent in vitro and in vivo studies have demonstrated that activated

PSCs play a central role in CP-related fibrosis by regulating the

synthesis and degradation of ECM proteins such as tissue

inhib i tors , matr ix meta l loprote inases (TIMPs) , and

metalloproteinases (MMPs) (88–90). Other studies have also

found that in addition to regulating ECM, PSCs can secrete

acetylcholine, which may act as an intermediate regulator of

cholecystokinin-mediated pancreatic exocrine secretion (91).

Repeated and persistent pancreatic injury and inflammation are

key to the initiation of fibrosis. Several in vitro studies have

demonstrated that pancreatic injury and inflammation can expose

PSCs to a variety of cytokines, such as IL-1, IL-6, TNF-a, PDGF,
TGF-b1, activin A, ethanol, and its metabolites, which can act as

regulators of PSCs activation, causing oxidative stress and extensive

changes in the composition of the ECM (92).
4.2 Interaction between immune cells and
pancreatic stellate cells

Chanjuan Shi et al. co-cultured static IPS-1 cells (an immortem

PSC cell line) with two different macrophage cell lines RAW264.7

and BMDM-WT and found that when static IPS-1 cells were co-

cultured with RAW264.7 macrophage derived cell lines, IPS-1 is

activated. IPS-1 cells did not exhibit these morphological changes in

the absence of macrophage co-culture, suggesting that macrophages

activate PSC (93).

To determine whether the factors released by PSC can change

the activation and polarization state of pancreatic macrophages,

some studies have co-cultured PSC and BMDMs in vitro. Co-

culture with activated PSC showed M2 characteristics, indicating
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that PSC release factors promoted the polarization of macrophages

toward M2 (10). However, it has also been shown that IPS-1 cells

only alter macrophage cytokine production and do not induce a

definite M1 or M2 phenotype (93).

As mentioned above, PSC can interact with macrophages to

promote the occurrence of CP, which is the mechanism underlying

their interaction. Studies have been conducted to understand the

mechanisms by which macrophage and hepatic stellate cell (HSC)

activation interact using cytokines produced by cells cultured alone

or together. They found that quiescent IPS-1 cells not only

produced high levels of IL-6 and MCP-1, two chemokines known

to act on macrophages (94), KC/CXCL1 was also produced.

RAW264.7 cells alone produced low levels of cytokines; however,

co-culture with IPS-1 cells significantly increased the levels of

cytokines, especially granulocyte colony stimulating factor(G-

CSF)/CSF3, MCP-1, macrophage inflammatory protein 1a (MIP-

1a)/CCL3, MIP-1b/CCL4, MIP2/CXCL2, and TNF. As the cells

were cultured together, there is no way to know which cell types

express which cytokines; however, the production of CCL3, CXCL2,

and TNF is commonly associated with macrophages (93). Previous

studies have shown that TGF-b and PDGF produced by

macrophages are effective activators of PSC (89). PSC were

treated with TGF-b and PDGF-b, and IL-4/IL-13 expression was

examined. Interestingly, this study showed that PDGF, especially

TGF-b, could induce both aSMA and IL-4 and IL-13 genes in PSC.

These results indicated that PSC promoted the activation of

macrophages in an IL-4Ra signal-dependent manner, and

macrophages had the ability to induce PSC activation and

produce IL-4R ligand (10)(Figure 3A).

Recent studies have shown that reactive oxygen species (ROS)

produced by neutrophil infiltration are important regulators of the

pathogenesis and development of pancreatitis. Pancreatic fibrosis is

known to result from a dynamic cascade mechanism that begins

with acinar cell injury and necrosis, followed by inflammation,

macrophage activation, platelet aggregation, release of growth
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factors and ROS, PSC activation, stimulation of extracellular

matrix synthesis, and decreased matrix degradation (95).

Neutrophils play a fundamental role in the innate immune

response. Under sufficient stimulation, neutrophils release excessive

ROS, which can induce cellular and tissue damage (96). In CP, ROS

can activate downstream redox-sensitive signaling pathways AKT

and NF-ĸB in PSC, upregulate MMP-9 and Twist, produce a-SMA

and collagen I and III, leading to the fibrosis process of CP (97).

Recent studies have shown that antioxidants reduce islet fibrosis in

animal models of type 2 diabetes in vitro and in vivo (98). PSC

shares homology with HSC (95). De Bleser et al. also demonstrated

that ROS stimulates collagen I production in aHSCs/myofibrils in

hepatitis, acting as an intracellular signaling mediator of TGF-b1-
induced fibrosis (99). All these directly or indirectly indicates that

ROS play an important role in CP fibrosis (Figure 3B).

In addition to the most studied macrophages and neutrophils,

stellate cells have also been found to interact with other immune

cells. For example, in liver-related diseases, interactions between

HSCs and other immune populations are less extensively catalogued

but important. HSC activation in experimental fibrosis models is

reduced in immunodeficient (SCID) mice and rescued by adoptive

transfer of lymphocytes, especially CD8+T cells (100). Similarly, B

cells and HSCs form a pro-fibrogenic network in mice subjected to

CCl+4 liver injury. Retinoic acid (RA) signaling by HSCs promotes B

cell survival and activation while, in turn, B cells secrete

inflammatory cytokines (101). Retinoic acid signaling has

emerged as an important immunomodulatory mediator,

particularly in promoting Th17 cell differentiation. RA receptor

(RAR) synthetic agonists and all-trans retinoic acid (ATRA) have

also shown direct anti-fibrotic effects on HSCs (102, 103). Similarly,

interferon-g (IFNg), produced by many immune cells including NK,

NKT and T cells, has direct anti-fibrogenic activity on HSCs

(104–106).

By analogy with liver fibrosis disease, we speculate that immune

cells other than macrophages and neutrophils may also interact
FIGURE 3

(A) Macrophage infiltration and polarization lead to PSC activation and promote CP. (B) Neutrophil production of ROS can lead PSC to activate
signaling pathways AKT and NF- B, up-regulate MMP-9 and Twist, produce a-SMA, collagen I and III, leading to the fibrosis process of CP.
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with PSCs to affect chronic pancreatitis, but there are no definitive

studies to prove how they interact with each other.
5 Targeting pancreatic stellate cells
and immune cells for CP

5.1 Targeting pancreatic stellate
cells for CP

It is well known that PSC are closely related to the fibrosis of CP,

so drug therapy targeting pancreatic stellate cells may be an effective

way to treat CP pancreatic fibrosis.

Schwer et al. proved, for the first time, that curcumin

inactivated PSCs by inhibiting their proliferation. This is achieved

by reducing extracellular signal-regulated protein kinases 1 and 2

(ERK1/2) activation with heme oxygenase-1(HO-1), which

increases cell carbon monoxide levels and activates mitogen-

activated protein kinase (MAPK) P38, resulting in reduced PSC

proliferation (107). Curcumin and the three phenolic compounds

significantly inhibited the mRNA and protein levels of a-SMA, type

I collagen, fibronectin, and other fibrosis mediators in TGF-b-
activated PSCs, and the mechanism was related to the

downregulation of the NF-kB signaling pathway. These results

suggest that curcumin may be an anti-fibrotic agent for the

treatment of pancreatic fibrosis, including PDAC (108). Recently,

a new synthetic curcumin analog (L49H37) was discovered and

compared with traditional curcumin. It was found that L49H37

induced PSCs apoptosis at a concentration 10 times lower than

curcumin (109).

Tsang et al. demonstrated that treatment with rhein (50 mg/kg/

day) in a cerulein-induced CP mouse model significantly attenuated

fibrosis by reducing the immune reactivity of fibrotic activators

(including a-SMA and TGF-b) in pancreatic tissues. It then reduces

fibronectin (FN1) and type 1 collagen deposition in the exocrine

(110). It also inhibited the expression of sonic hedgehog signal

(SHH, which is positively correlated with the degree of cyanin-

induced fibrosis) and GLI1 in the pancreatic tissues of CP mouse

models. In cultured PSCs, 10 mM rhein significantly inhibited the

expression of TGF-b-stimulated fibrosis markers a-SMA, FN1,

COL I-a1, and SHH (110).

Several studies using the CP model have assessed the anti-

fibrotic effects of ellagic acid. Ellagic acid treatment significantly
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inhibits the development of pancreatic fibrosis in experimental CP

models in Wistar Bonn/Kodori rats. The mRNA expression of a-
SMA and TGF-b1 was significantly decreased. In addition, ellagic

acid treatment significantly reduced macrophage and monocyte

infiltration as well as in vitro ROS production by PSCs (111).

Moreover, ellagic acid inhibited PSC proliferation and migration

of PDGF-BB. Ellagic acid reduces the activation of downstream

signaling pathways of the RAF proto-oncogene serine/threonine

protein kinase (C-Raf)/MAPK/ERK and PI3K/AKT, which are

important for PSC proliferation and migration (112). Further

studies showed that ellagic acid inactivated PSC by attenuating a-
SMA and ECM procollagen type I and III protein levels. In addition,

ellagic acid treatment inhibited IL-1b- and TNF-a-induced MCP-1

in AP-1 associated PSC but did not inhibit NF-kB. They also found
that ellagic acid prevented PSC from transitioning from a resting

state to a myofibroblast-like phenotype (112).

Isoliquiritigenin (ILG) is a chalcone-type dietary compound

extracted from Glycyrrhiza. The effects of ILG on pancreatic fibrosis

and inflammation were studied using a murine model of cerulein.

The results showed that ILG significantly reduced pancreatic

fibrosis and macrophage infiltration. Further in vitro studies of

human pancreatic stellate cells (hPSCs) showed that ILG inhibited

the proliferation and activation of hPSCs, possibly because ILG

negatively regulates the activity of ERK1/2 and JNK1/2. In addition,

ILG significantly inhibited RAW 264.7 macrophage polarization to

an M1 phenotype by attenuating NF-kB, whereas polarization to an

M2 phenotype was almost unaffected. These results suggest that

ILG may be a potential anti-inflammatory and antifibrotic agent for

CP treatment (113) (Table 1).
5.2 Targeting macrophages for CP

In CP, macrophages interact with PSCs by secreting various

cytokines to create an inflammatory microenvironment conducive

to pancreatic fibrosis, thus aggravating pancreatic injury. Therefore,

drug therapy targeting macrophages may be an appropriate

treatment for CP pancreatic fibrosis.

Berberine (BR), an activator of AMP-activated protein kinase

(AMPK), has antioxidant and anti-inflammatory properties. BR

inhibits TGF-b/Smad signaling and M2 macrophage polarization in

an AMPK-dependent manner. Sapana et al. investigated the effect of

BR on cerulein-induced CP (CP). The results showed that BR
TABLE 1 Effects of drugs on pancreatic stellate cells and their action pathways.

Drug Role Mechanism Model Reference

Curcumin Proliferation of PSC Activation of ERK1/2, MAPK, TGF-b, NF-KB Male Wistar rat (107, 108)

L49H37 Apoptosis of PSC Cut P21WAF1/Cip1 (109)

Rhein Activation of PSC Cut TGF-b-stimulated fibrosis markers a-SMA, FN1 and COL I-a1
as well as SHH was decreased

(110)

Ellagic
Acid

Proliferation and
Migration of PSC

Cut PDGF-BB, a-SMA and TGF-b1 mRNA expression Experimental CP model in
WistarBonn/Kodori rats

(111, 112)

ILG Proliferation and
Activation of PSC

Inhibition of ERK1/2, JNK1/2 and NF-kB Mouse model of CP (113)
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treatment (10 mg/kg) significantly reduced oxidative stress,

histological changes, inflammatory cell infiltration, and collagen

deposition in pancreatic tissue. BR treatment also prevented

cerulein-induced activation of pancreatic astrocytes (PSCs) and

extracellular matrix (ECM) deposition by downregulating the

expression of a-SMA, collagen 1a, collagen 3a, and fibronectin. BR

significantly activated the AMPK signaling pathway compared to

cerulein-challenged mice. Additionally, BR inhibited TGF-b/Smad

signaling and macrophage polarization in an in vivo model of

cerulein-induced CP. In conclusion, the results strongly suggest

that BR treatment protects cerulein-challenged mice with CP and

associated fibrosis progression by inhibiting TGF-b1/Smad signaling

and AMPK-dependent polarization of M2 macrophages (114).

Dasatinib significantly improved pancreatic fibrosis and

macrophage infiltration in the CP mouse models. Further RNA-

seq and in vitro validation analyses showed that dasatinib

significantly inhibited the proliferation and activation of PSCs

through the TKs/GSK3b/bcatenin pathway. In addition, dasatinib

significantly inhibited M1 and M2 polarization of macrophages and

hindered their recruitment and crosstalk with PSC. In conclusion,

dasatinib may be a potential treatment for CP because of its

antifibrotic and anti-inflammatory properties (115).

One study randomly divided mice into control, CP, and

Dachaihu decoction (DCHD) groups. Mice in the CP and DCHD

groups were intraperitoneally injected with 20% L-arginine. Mice in

DCHD group were given DCHD intragastric administration after

CP induction for 1 week CP mice induced by 20% L-arginine

showed significant macrophage infiltration and higher levels of

fibrosis than the control group. The serum IL-6 concentration was

significantly higher. Dual immunofluorescence staining revealed

that IL-6 and F4/80 were co-expressed in the pancreas. After DCHD

treatment, the infiltration of macrophages and degree of fibrosis in

the pancreas were significantly reduced, IL-6, MCP-1, MIP-1a
mRNA, and fibronectin levels decreased. Therefore, it was

concluded that the leading role of macrophages in CP

development is mainly related to the production of IL-6. DCHD

can effectively improve pancreatic fibrosis by inhibiting the

infiltration of pancreatic macrophages and the secretion of

inflammatory factors (27).
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Sulindac is an aryl chain acid non-steroidal anti-inflammatory

drug that is reversibly converted to sulindac sulfide, an anti-

inflammatory active compound in the body that inhibits COX-1

and COX-2 activities, reduces prostaglandin(PG) synthesis, and

exerts analgesic and anti-inflammatory effects (116). Inhibition of

CP by Sulindac was achieved by significantly reducing infiltration of

myeloperoxidase-positive neutrophils and Mac-3-positive

macrophages in the pancreas, and sulindac treatment also

significantly reduced TNF-a and MCP-1 mRNA expression in

the pancreas (117). This may be one of the key mechanisms

underlying sulforaphane-mediated chemoprevention of pancreatic

inflammation and fibrosis.

Baicalin is a flavonoid extracted from the roots of Scutellaria

baicalensis Georgi, a dicotyledonous plant of the Labiatae family

with a wide range of pharmacological effects, including anti-

inflammatory and oxygen radical scavenging effects (118). PSC

supernatants containing high concentrations of MCP-1 enhanced

the migratory ability of BMDM, and the expression of MCP-1 and

F4/80 was significantly reduced in the pancreas of baicalin-treated

CP mice, indicating that baicalin could inhibit macrophage

migration by reducing the level of MCP-1 in the supernatant of

PSCs, which was caused by the inhibition of TGF-b-activated kinase
1, TGF-b1, TGF-bR1, NF-kB, and other signaling pathways in PSCs
(119) (Table 2).
5.3 Targeting other immune cells for CP

The above mentions that immune cells influence the

progression of chronic pancreatitis. Due to their key role in

inflammation, many studies have found that immune cells other

than macrophages are considered potential therapeutic targets for

chronic pancreatitis. We explore here the possibility of targeting

immune cells to treat chronic pancreatitis.

The pathological changes in CP depend on the recruitment of

innate immune cells to the site of initial tissue injury and the

coordination of downstream inflammatory pathways. The

chemokine receptor CXCR2 drives neutrophil recruitment during

inflammation, and Jennifer et al. tested the therapeutic potential of
TABLE 2 Effects of drugs on Macrophages and their action pathways.

Drug Role Mechanism Model Reference

Berberine
(BR)

Polarization of macrophages Inhibition of TGF-b/Smad signal and activation of AMPK signal Mouse model
of CP

(114)

Dasatinib Infiltration of macrophages The TKs/GSK3 beta/beta catenin way; M1 and M2 polarization of macrophages were
inhibited

Mouse model
of CP

(115)

DCHC Infiltration of macrophages The mRNA levels of IL-6, MCP-1, MIP-1a and fibronectin were decreased Mouse model
of CP

(27)

Sulindac Inhibition of macrophage
infiltration

Reduced expression of TNF-a and MCP-1 mRNA in the pancreas Mouse model
of CP

(116, 117)

Baicalin Inhibition of macrophage
migration

Inhibition of TGF-b-activated kinase 1, TGF-b1, TGF-bR1, NF-kB and other
signaling pathways in PSCs

Mouse model
of CP

(118, 119)
f
rontiersin.org

https://doi.org/10.3389/fonc.2023.1151103
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhang et al. 10.3389/fonc.2023.1151103
CXCR2 inhibition in the prevention and treatment of chronic

pancreatitis. They used CXCR2-inhibiting peptidase in a wild-

type mouse model of chronic pancreatitis for full treatment. The

pancreas of CXCR2 peptidase-treated mice was significantly

protected and far fewer apoptotic cells were present. Peptidase

therapy also reduced the infiltration of the pancreas by MPO

neutrophils and F4/80 monocytes (50). This finding found that

CXCR2 suppression does protect the pancreas from chronic

pancreatic inflammation, and given that CXCR2 inhibitors are

now available in the clinic (120), we believe these data support

future CXCR2-based therapeutic interventions.

Metalloproteinase 17 (ADAM17) mediates the inflammatory

response by releasing biologically active inflammatory cytokines

and mediators, including tumor necrosis factor a (TNFa) and

soluble IL-6 receptor (sIL-6R), which drives trans-signaling of pro-

inflammatory IL-6. However, the role of ADAM17 in pancreatitis is

unclear. To investigate whether blocking ADAM17 affects the

progression of chronic pancreatitis, Brendan et al. constructed a

model of chronic pancreatitis using Adam17ex/ex mice (which are

homozygous Adam17ex alleles that result in a significant decrease in

ADAM17 expression) and their wild-type (WT) homogeneous mice.

ADAM17 expression upregulated in pancreatic tissues in animal

models of pancreatitis. In addition, genes targeting ADAM17

(Adam17ex/ex mice) and treatments (ADAM17 predomain

inhibitors [A17pro]) improved experimental pancreatitis, which

was associated with a reduction in the IL-6 transsignaling/STAT3

axis. This leads to a decrease in inflammatory cell infiltration,

including T cells and neutrophils, and a decrease in pancreatic

necrosis and fibrosis. In addition, upregulation of the ADAM17/IL-

6 transsignal/STAT3 axis is a feature in patients with pancreatitis.

Taken together, our findings suggest that ADAM17 protease

plays a key role in the pathogenesis of pancreatitis, which may

provide ideas for designing new treatment options to combat

pancreatitis (121).

The macrolide immunosuppressant tacrolimus, also known as

FK-506 or its trade names Prograf and Advagraf, binds to FKBP-12

(an immunophilin responsible for signal transduction) and then

forms a complex with Ca2+, calmodulin, and calcineurin to

suppress the action of nuclear factor of the activated T cells (122).

Thus, tacrolimus is a topical inhibitor of calcineurin, a protein

phosphatase that is essential for the T-cell activation (123). A recent

study has demonstrated that tacrolimus has a preventive effect on

CP in male Wistar Bonn/Kobori rats through inhibition of the

acinar cell apoptosis and abnormal infiltration of CD4+ and CD8+ T
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cells. Additionally, FK506 effectively suppressed the development of

AIP through augmentation of the infiltrated T-cell apoptosis by

inhibiting Bcl-2; but not Bax (124). However, Ito et al. found that

FK-506 could induce AP at therapeutic doses via elevation of an

abnormal secretion of the pancreatic enzymes when the pancreas is

overstimulated (125). Together, these findings indicate that

tacrolimus can be selectively used for CP and AIP, but not for AP

(Table 3).
6 Conclusions and future perspectives

CP is the result of a combination of factors, including multiple

precipitating factors and complex pathogenesis. Regardless of the

cause of CP, immune cells play an important role in the

pathogenesis and severity of the disease. In this review, we

highlight various immune cells and the role of PSCs in CP.

PSC activation plays an important role in the process of chronic

fibrosis of the pancreas, is the target of various causative effects, and

is the core of pancreatic fibrosis formation, so drug therapy

targeting pancreatic stellate cells may be an effective way to treat

CP pancreatic fibrosis. Here we also summarize the drugs that can

target PSC for the treatment of CP found so far, including

Curcumin, L49H37, Rhein, Ellagic Acid, ILG.

For immune cells, a variety of immune cells are involved in

influencing CP. Among them, macrophages are the most studied

immune cells in CP, and they are also the most important immune

cells. In vivo and in vitro experiments can prove that macrophages

promote pancreatic fibrosis in CP, and can also affect the

progression of CP by interacting with PSCs. In addition to

macrophages, we also summarized the role of remaining immune

cells in CP, for example, in innate immune cells, not only

neutrophils are recruited into pancreatic tissue by CXCR2,

causing pancreatitis to worsen; mast cells and eosinophils are also

involved in the pathogenesis of CP; At the same time, adaptive

immune cells (T cells and B cells) are also involved in the

pathogenesis of CP. In recent years, targeted therapy for these

immune cells has become a feasible direction for the study of CP,

and it has been found that Berberine, Dasatinib, DCHC, Sulindac,

and Baicalin can act on macrophages to alleviate CP.

Current treatment of CP is aimed at controlling pain and

addressing exocrine and endocrine dysfunction. However, with

the in-depth exploration of the pathogenesis of CP, a clearer

understanding of the pathogenesis of CP and changes in the
TABLE 3 Effects of drugs on other Immune Cells and their action pathway.

Drug Role Mechanism Model Reference

CXCR2-inhibiting
peptidase

Infiltration of neutrophils Inhibits neutrophil recruitment
Mouse model

of CP
(50)

A17pro
Reduced IL-6 trans signaling/

STAT3 axis
Reduced T cell and neutrophil infiltration

Mouse model
of CP

(121)

Tacrolimus
Local inhibitors of

calcineurin; Inhibits Bcl-2
Inhibits acinar apoptosis and abnormal infiltration of CD4+ and CD8+ T cells,

enhances infiltrating T cell apoptosis
Mouse model

of CP
(124)
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immune microenvironment will provide richer ideas for the

treatment of CP and open up broader treatment prospects. The

direction of our future efforts should also focus on exploring the

various immune cells involved in CP and the various interactions

between them, so as to provide the possibility of curing CP; To

explore the relationship between the nervous system and the onset

of CP pain to improve the quality of life of patients.
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85. Massó-Vallés D, Jauset T, Serrano E, Sodir NM, Pedersen K, Affara NI, et al.
Ibrutinib exerts potent antifibrotic and antitumor activities in mouse models of
pancreatic adenocarcinoma. Cancer Res (2015) 75(8):1675–81. doi: 10.1158/0008-
5472.CAN-14-2852

86. Kusiak AA, Szopa MD, Jakubowska MA, Ferdek PE. Signaling in the physiology
and pathophysiology of pancreatic stellate cells - a brief review of recent advances.
Front Physiol (2020) 11:78. doi: 10.3389/fphys.2020.00078

87. Jin G, Hong W, Guo Y, Bai Y, Chen B. Molecular mechanism of pancreatic
stellate cells activation in chronic pancreatitis and pancreatic cancer. J Cancer (2020) 11
(6):1505–15. doi: 10.7150/jca.38616

88. Apte M, Pirola R, Wilson J. The fibrosis of chronic pancreatitis: New insights
into the role of pancreatic stellate cells. Antioxid Redox Signal (2011) 15(10):2711–22.
doi: 10.1089/ars.2011.4079

89. Omary MB, Lugea A, Lowe AW, Pandol SJ. The pancreatic stellate cell: A
star on the rise in pancreatic diseases. J Clin Invest (2007) 117(1):50–9. doi: 10.1172/
JCI30082

90. Talukdar R, Tandon RK. Pancreatic stellate cells: new target in the treatment of
chronic pancreatitis. J Gastroenterol Hepatol (2008) 23(1):34–41.

91. Phillips PA, Yang L, Shulkes A, Vonlaufen A, Poljak A, Bustamante S, et al.
Pancreatic stellate cells produce acetylcholine and may play a role in pancreatic
exocrine secretion. Proc Natl Acad Sci U S A (2010) 107(40):17397–402. doi:
10.1073/pnas.1000359107

92. Ramakrishnan P, Loh WM, Gopinath SCB, Bonam SR, Fareez IM, Mac Guad R,
et al. Selective phytochemicals targeting pancreatic stellate cells as new anti-fibrotic
agents for chronic pancreatitis and pancreatic cancer. Acta Pharm Sin B (2020) 10
(3):399–413. doi: 10.1016/j.apsb.2019.11.008

93. Shi C, Washington MK, Chaturvedi R, Drosos Y, Revetta FL, Weaver CJ,
et al. Fibrogenesis in pancreatic cancer is a dynamic process regulated by macrophage-
stellate cell interaction. Lab Invest (2014) 94(4):409–21. doi: 10.1038/labinvest.2014.10

94. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage
subsets. Nat Rev Immunol (2011) 11(11):723–37. doi: 10.1038/nri3073

95. Bachem MG, Zhou Z, Zhou S, Siech M. Role of stellate cells in pancreatic
fibrogenesis associated with acute and chronic pancreatitis. J Gastroenterol Hepatol
(2006) 21(Suppl 3):S92–S6. doi: 10.1111/j.1440-1746.2006.04592.x

96. Jaganjac M, Cipak A, Schaur RJ, Zarkovic N. Pathophysiology of neutrophil-
mediated extracellular redox reactions. Front Biosci (Landmark Ed) (2016) 21(4):839–
55. doi: 10.2741/4423

97. Xia D, Halder B, Godoy C, Chakraborty A, Singla B, Thomas E, et al. NADPH
oxidase 1 mediates caerulein-induced pancreatic fibrosis in chronic pancreatitis. Free
Radic Biol Med (2020) 147:139–49. doi: 10.1016/j.freeradbiomed.2019.11.034

98. Ryu GR, Lee E, Chun H-J, Yoon K-H, Ko S-H, Ahn Y-B, et al. Oxidative stress
plays a role in high glucose-induced activation of pancreatic stellate cells. Biochem
Biophys Res Commun (2013) 439(2):258–63. doi: 10.1016/j.bbrc.2013.08.046

99. De Bleser PJ, Xu G, Rombouts K, Rogiers V, Geerts A. Glutathione levels
discriminate between oxidative stress and transforming growth factor-beta signaling in
activated rat hepatic stellate cells. J Biol Chem (1999) 274(48):33881–7. doi: 10.1074/
jbc.274.48.33881

100. Safadi R, Ohta M, Alvarez CE, Fiel MI, Bansal M, Mehal WZ, et al. Immune
stimulation of hepatic fibrogenesis by CD8 cells and attenuation by transgenic
interleukin-10 from hepatocytes. Gastroenterology (2004) 127(3):870–82. doi:
10.1053/j.gastro.2004.04.062

101. Thapa M, Chinnadurai R, Velazquez VM, Tedesco D, Elrod E, Han J-H, et al.
Liver fibrosis occurs through dysregulation of MyD88-dependent innate b-cell activity.
Hepatology (2015) 61(6):2067–79. doi: 10.1002/hep.27761
Frontiers in Oncology 13
102. Trasino SE, Tang X-H, Jessurun J, Gudas LJ. A retinoic acid receptor b2 agonist
reduces hepatic stellate cell activation in nonalcoholic fatty liver disease. J Mol Med
(Berlin Germany) (2016) 94(10):1143–51. doi: 10.1007/s00109-016-1434-z

103. Kartasheva-Ebertz DM, Pol S, Lagaye S. Retinoic acid: A new old friend of IL-
17A in the immune pathogeny of liver fibrosis. Front In Immunol (2021) 12:691073.
doi: 10.3389/fimmu.2021.691073

104. Rockey DC, Maher JJ, JarnaginWR, Gabbiani G, Friedman SL. Inhibition of rat
hepatic lipocyte activation in culture by interferon-gamma. Hepatology (1992) 16
(3):776–84. doi: 10.1002/hep.1840160325

105. Wynn TA. Fibrotic disease and the T(H)1/T(H)2 paradigm. Nat Rev Immunol
(2004) 4(8):583–94. doi: 10.1038/nri1412

106. Weng H, Mertens PR, Gressner AM, Dooley S. IFN-gamma abrogates
profibrogenic TGF-beta signaling in liver by targeting expression of inhibitory and
receptor smads. J Hepatol (2007) 46(2):295–303. doi: 10.1016/j.jhep.2006.09.014

107. Schwer CI, Guerrero AM, Humar M, Roesslein M, Goebel U, Stoll P, et al.
Heme oxygenase-1 inhibits the proliferation of pancreatic stellate cells by repression of
the extracellular signal-regulated kinase1/2 pathway. J Pharmacol Exp Ther (2008) 327
(3):863–71. doi: 10.1124/jpet.108.136549

108. Lin Z, Zheng L-C, Zhang H-J, Tsang SW, Bian Z-X. Anti-fibrotic effects of
phenolic compounds on pancreatic stellate cells. BMC Complement Altern Med (2015)
15:259. doi: 10.1186/s12906-015-0789-y

109. Gundewar C, Ansari D, Tang L, Wang Y, Liang G, Rosendahl AH, et al.
Antiproliferative effects of curcumin analog L49H37 in pancreatic stellate cells: a
comparative study. Ann Gastroenterol (2015) 28(3):391–8.

110. Tsang SW, Zhang H, Lin C, Xiao H, Wong M, Shang H, et al. Rhein, a natural
anthraquinone derivative, attenuates the activation of pancreatic stellate cells and
ameliorates pancreatic fibrosis in mice with experimental chronic pancreatitis. PloS
One (2013) 8(12):e82201. doi: 10.1371/journal.pone.0082201

111. Suzuki N, Masamune A, Kikuta K, Watanabe T, Satoh K, Shimosegawa T.
Ellagic acid inhibits pancreatic fibrosis in male wistar Bonn/Kobori rats. Digest Dis Sci
(2009) 54(4):802–10. doi: 10.1007/s10620-008-0423-7

112. Masamune A, Satoh M, Kikuta K, Suzuki N, Satoh K, Shimosegawa T. Ellagic
acid blocks activation of pancreatic stellate cells. Biochem Pharmacol (2005) 70(6):869–
78. doi: 10.1016/j.bcp.2005.06.008

113. Wang L-J, He L, Hao L, Guo H-L, Zeng X-P, Bi Y-W, et al. Isoliquiritigenin
ameliorates caerulein-induced chronic pancreatitis by inhibiting the activation of PSCs
and pancreatic infiltration of macrophages. J Cell Mol Med (2020) 24(17):9667–81. doi:
10.1111/jcmm.15498

114. Bansod S, Doijad N, Godugu C. Berberine attenuates severity of chronic
pancreatitis and fibrosis via AMPK-mediated inhibition of TGF-beta1/Smad
signaling and M2 polarization. Toxicol Appl Pharmacol (2020) 403:115162. doi:
10.1016/j.taap.2020.115162

115. Zeng XP, Wang LJ, Guo HL, He L, Bi YW, Xu ZL, et al. Dasatinib ameliorates
chronic pancreatitis induced by caerulein via anti-fibrotic and anti-inflammatory
mechanism. Pharmacol Res (2019) 147:104357. doi: 10.1016/j.phrs.2019.104357

116. Fogli S, Banti I, Stefanelli F, Picchianti L, Digiacomo M, Macchia M, et al.
Therapeutic potential of sulindac hydroxamic acid against human pancreatic and colonic
cancer cells. Eur J Med Chem (2010) 45(11):5100–7. doi: 10.1016/j.ejmech.2010.08.019

117. Bai H, Chen X, Zhang L, Dou X. The effect of sulindac, a non-steroidal anti-
inflammatory drug, attenuates inflammation and fibrosis in a mouse model of chronic
pancreatitis. BMC Gastroenterol (2012) 12:115. doi: 10.1186/1471-230X-12-115

118. Huang T, Liu Y, Zhang C. Pharmacokinetics and bioavailability enhancement
of baicalin: A review. Eur J Drug Metab Pharmacokinet (2019) 44(2):159–68. doi:
10.1007/s13318-018-0509-3

119. Fan J, Duan L, Wu N, Xu X, Xin J, Jiang S, et al. Baicalin ameliorates pancreatic
fibrosis by inhibiting the activation of pancreatic stellate cells in mice with chronic
pancreatitis. Front Pharmacol (2020) 11:607133. doi: 10.3389/fphar.2020.607133

120. Kirsten AM, Förster K, Radeczky E, Linnhoff A, Balint B, Watz H, et al. The
safety and tolerability of oral AZD5069, a selective CXCR2 antagonist, in patients with
moderate-to-severe COPD. Pulm Pharmacol Ther (2015) 31:36–41. doi: 10.1016/
j.pupt.2015.02.001

121. Saad MI, Weng T, Lundy J, Gearing LJ, West AC, Harpur CM, et al. Blockade
of the protease ADAM17 ameliorates experimental pancreatitis. Proc Natl Acad Sci U S
A (2022) 119(42):e2213744119. doi: 10.1073/pnas.2213744119

122. Kalt DA. Tacrolimus: A review of laboratory detection methods and
indications for use. Lab Med (2017) 48(4):e62–e5. doi: 10.1093/labmed/lmx056

123. McShane AJ, Bunch DR, Wang S. Therapeutic drug monitoring of
immunosuppressants by liquid chromatography-mass spectrometry. Clin Chim Acta
(2016) 454:1–5. doi: 10.1016/j.cca.2015.12.027

124. Yamada T, Hashimoto T, Sogawa M, Kobayashi S, Kaneda K, Nakamura S,
et al. Role of T cells in development of chronic pancreatitis in male wistar Bonn/Kobori
rats: effects of tacrolimus. Am J Physiol Gastrointest Liver Physiol (2001) 281(6):G1397–
G404. doi: 10.1152/ajpgi.2001.281.6.G1397

125. Ito T, Kimura T, Furukawa M, Yamaguchi H, Goto M, Nakano I, et al.
Protective effects of gabexate mesilate on acute pancreatitis induced by tacrolimus (FK-
506) in rats in which the pancreas was stimulated by caerulein. J Gastroenterol (1994)
29(3):305–13. doi: 10.1007/BF02358370
frontiersin.org

https://doi.org/10.1186/s12967-017-1378-2
https://doi.org/10.1038/ni.3726
https://doi.org/10.4049/jimmunol.1900787
https://doi.org/10.1016/j.biocel.2010.12.005
https://doi.org/10.1097/01.pas.0000213390.55536.47
https://doi.org/10.1016/j.pan.2014.02.004
https://doi.org/10.1016/j.celrep.2018.05.071
https://doi.org/10.1158/2159-8290.CD-15-0827
https://doi.org/10.1158/2159-8290.CD-15-0827
https://doi.org/10.1158/0008-5472.CAN-14-2852
https://doi.org/10.1158/0008-5472.CAN-14-2852
https://doi.org/10.3389/fphys.2020.00078
https://doi.org/10.7150/jca.38616
https://doi.org/10.1089/ars.2011.4079
https://doi.org/10.1172/JCI30082
https://doi.org/10.1172/JCI30082
https://doi.org/10.1073/pnas.1000359107
https://doi.org/10.1016/j.apsb.2019.11.008
https://doi.org/10.1038/labinvest.2014.10
https://doi.org/10.1038/nri3073
https://doi.org/10.1111/j.1440-1746.2006.04592.x
https://doi.org/10.2741/4423
https://doi.org/10.1016/j.freeradbiomed.2019.11.034
https://doi.org/10.1016/j.bbrc.2013.08.046
https://doi.org/10.1074/jbc.274.48.33881
https://doi.org/10.1074/jbc.274.48.33881
https://doi.org/10.1053/j.gastro.2004.04.062
https://doi.org/10.1002/hep.27761
https://doi.org/10.1007/s00109-016-1434-z
https://doi.org/10.3389/fimmu.2021.691073
https://doi.org/10.1002/hep.1840160325
https://doi.org/10.1038/nri1412
https://doi.org/10.1016/j.jhep.2006.09.014
https://doi.org/10.1124/jpet.108.136549
https://doi.org/10.1186/s12906-015-0789-y
https://doi.org/10.1371/journal.pone.0082201
https://doi.org/10.1007/s10620-008-0423-7
https://doi.org/10.1016/j.bcp.2005.06.008
https://doi.org/10.1111/jcmm.15498
https://doi.org/10.1016/j.taap.2020.115162
https://doi.org/10.1016/j.phrs.2019.104357
https://doi.org/10.1016/j.ejmech.2010.08.019
https://doi.org/10.1186/1471-230X-12-115
https://doi.org/10.1007/s13318-018-0509-3
https://doi.org/10.3389/fphar.2020.607133
https://doi.org/10.1016/j.pupt.2015.02.001
https://doi.org/10.1016/j.pupt.2015.02.001
https://doi.org/10.1073/pnas.2213744119
https://doi.org/10.1093/labmed/lmx056
https://doi.org/10.1016/j.cca.2015.12.027
https://doi.org/10.1152/ajpgi.2001.281.6.G1397
https://doi.org/10.1007/BF02358370
https://doi.org/10.3389/fonc.2023.1151103
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Immune cells and immune cell-targeted therapy in chronic pancreatitis
	1 Introduction
	2 Occurrence of CP
	3 The role of immune cells in CP
	3.1 Innate immune cells
	3.1.1 Macrophage in the pancreas and its role in CP
	3.1.2 Neutrophils in the pancreas and its role in CP
	3.1.3 Eosinophils in the pancreas and its role in CP
	3.1.4 Mast cells in the pancreas and its role in CP

	3.2 Adaptive immune cells
	3.2.1 T cells in the pancreas and its role in CP
	3.2.2 B lymphocytes in the pancreas and its role in CP


	4 Interaction between immune cells and pancreatic stellate cells affects the progression of chronic pancreatitis
	4.1 Pancreatic stellate cells
	4.2 Interaction between immune cells and pancreatic stellate cells

	5 Targeting pancreatic stellate cells and immune cells for CP
	5.1 Targeting pancreatic stellate cells for CP
	5.2 Targeting macrophages for CP
	5.3 Targeting other immune cells for CP

	6 Conclusions and future perspectives
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


