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Zusammenfassung 

Die chronische Pankreatitis (CP) zeichnet sich durch eine weit verbreitete fibro-

inflammatorische Schªdigung der Bauchspeicheldr¿se aus. Eine Vielzahl von 

Faktoren wie chronischer Alkoholismus, Tabakkonsum, Autoimmun-

erkrankungen, duktale Obstruktion oder genetische Risikofaktoren spielen eine 

Rolle in der Pathogenese. Die CP ist eine progressive Erkrankung, die zu 

irreversiblen exo- und endokrinen Funktionsstºrungen, chronischen 

Schmerzen und einem erhºhten Risiko f¿r ein Bauchspeicheldr¿senkarzinom 

f¿hrt. Die Inzidenz und Prªvalenz der CP steigt laut aktuellen 

epidemiologischen Studien kontinuierlich. Das stellt nicht nur eine potentielle 

Bedrohung der ºffentlichen Gesundheit dar, sondern auch eine hohe 

wirtschaftliche Belastung f¿r unsere Gesellschaft. Histologisch ist die CP, 

insbesondere in fortgeschrittenen Stadien, durch Atrophie von Azinuszellen, 

Obstruktion der Ausf¿hrungsgªnge, starke Immunzellinfiltrate, massive Fibrose 

und Lipomatose gekennzeichnet. Obwohl die Pathogenese der CP noch nicht 

vollstªndig verstanden wird, gehen wir aktuell davon aus, dass die Interaktion 

von Immunzellen und aktivierten Myofibroblasten, sog. pankreatische 

Sternzellen (PSCs), die Progression der Erkrankung in Abhªngigkeit von 

intrinsischen und extrinsischen Faktoren entscheidend beeinflusst. Ein 

besseres mechanistisches Verstªndnis basierend auf den histopathologischen 

Verªnderungen bei der CP hat daher das Potential, die Entwicklung wirksamer 

Therapiestrategien zu ermºglichen.  

In der vorliegenden Studie haben wir eine Multiplex-Fªrbetechnik, bestehend 

aus 28 individuellen Markern, verwendet, um die zellulªre Zusammensetzung 

des Entz¿ndungs- und Stroma-Kompartiments innerhalb einzelner Gewebe-

Mikroarray-Schnitte (TMAs) von 58 operierten Patienten mit CP in Abhªngigkeit 

von der  tiologie der Erkrankung prªzise zu visualisieren. Zusªtzlich 

analysierten wir mithilfe einer automatisierten maschinellen Lernanalyse 

(AutoML) die Assoziation von zellulªre Komposition mit dem klinischen 

Schweregrad, um Charakteristika zu identifizieren die mit einer exokrinen 
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Pankreasinsuffizienz assoziiert sind.  

Wir beobachteten ein vermehrtes Auftreten von CD45+-Infiltraten bei Lªsionen 

der autoimmunen Pankreatitis (AIP), im Vergleich zu der alkoholischen CP und 

anderen Formen der CP. Weitere Analysen von immunzellulªren Subtypen 

zeigten, dass die Hªufigkeit von Granulozyten bei der AIP im Vergleich zur 

alkoholischen CP und anderen CP-Varianten erhºht war. Im Gegensatz dazu 

war die Dichte zytotoxischer T-Zellen bei der alkoholischen CP und anderen CP 

Formen im Vergleich zur AIP signifikant erhºht. In ªhnlicher Weise war die 

Hªufigkeit aktivierter T-Zellen sowohl bei alkoholischer CP als auch bei anderen 

CP-Varianten im Vergleich zur AIP deutlich erhºht. Obwohl die 

zugrundeliegende  tiologie allein, keinen signifikanten Einfluss auf die 

Stromaaktivierung bei den Subtypen der CP hat, konnten wir deutliche 

Unterschiede bei Subgruppenanalyse des Immuninfiltrats, insbesondere bei 

TH0-Zellen, zytotoxischen T-Zellen und tendenziell auch Granulozyten in 

Abhªngigkeit vom aktivierten Stromaindex und der  tiologie feststellen, was die 

Rolle des Aktivierungsmusters des Immuninfiltrats f¿r die Fibrosierung 

unterstreicht. Dar¿ber hinaus zeigte die AutoML-Berechnung die zehn 

stªrksten Prªdiktoren f¿r exokrine Insuffizienz bei Patienten mit CP an. Wir 

zeigen, dass die Dichte der aktivierten PSCs mit proliferativer Fªhigkeit, gefolgt 

von NK-Zellen und beta-Zellen, am bedeutendsten f¿r die Prªdiktion des 

Beginns einer exokrinen Pankreasdysfunktion ist.  

Zusammenfassend haben wir in diesem Projekt eine 12-Plex-Fªrbetechnik f¿r 

TMA-Proben von Patienten mit CP etabliert. Dar¿ber hinaus verfeinerten wir 

ein halbautomatisiertes computergest¿tztes Analyseverfahren, das effizient zur 

digitalen Untersuchung histologischen Merkmale der fortgeschrittenen CP 

eingesetzt werden kann und so quantitative Analysen ermºglicht Weiterhin 

identifizierten wir die zehn wichtigsten Merkmale, die mit dem Vorliegen einer 

exokrinen Insuffizienz der Bauchspeicheldr¿se assoziiert sind. Diese Arbeit 

trªgt zu einem besseren Verstªndnis der zugrundeliegenden 

Pathomechanismen bei Entsteheung und des Fortschreitens der CP bei.  
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1. Summary 

Chronic pancreatitis (CP) is characterized by a widespread fibroinflammatory 

injury of the pancreas, which is caused by a variety of factors, such as chronic 

heavy alcohol consumption, tobacco use, autoimmune disease, ductal 

obstruction as well as genetic risk factors and rare causative mutations. CP is 

a progressive disease which ultimately leads to irreversible exocrine and 

endocrine dysfunction, chronic pain and increased risk of pancreatic cancer. 

The incidence and prevalence of the disease tend to be continuously increasing 

according to recent epidemiological studies, which is not simple a potential 

threat to public health, but brings highly economic burden to society. 

Histologically, CP, especially at advanced stages, is characterized by severe 

damage of pancreatic acinar cells, abnormalities of pancreatic ducts, large 

amounts of immune cell infiltration, massive fibrosis and fatty tissue 

replacement. Although the fundamental pathogenesis of CP is still not 

determined, it is well known that immune cellular infiltrates as well as activated 

pancreatic stellate cells play crucial roles in the development of the disease. 

Thus, improved understanding of histopathologic changes in CP have the 

potential to develop efficacious therapeutic regime for the patient involved.  

In the present study, we applied multiplex staining technique comprised of 28 

individual markers to precisely visualize pancreatic cellular compositions of the 

inflammatory and stromal compartments within individual tissue microarray 

(TMA) sections from 58 patients with CP. Additionally, we executed automatic 

machine learning (AutoML) analytics to the multiplex-stained images coupled 

with clinical parameters of the patients to identify which features were 

associated with prediction of exocrine insufficiency.  

We observed that CD45+infiltrates are more frequent in lesions from 

autoimmune pancreatitis (AIP) compared with alcoholic CP and other forms of 

CP. Further analyses of immune cellular subtypes showed that abundance of 

granulocytes was statistically enhanced in AIP when compared with alcoholic 
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CP and other CP. In contrast, density of cytotoxic T cells was significantly 

amplified in both alcoholic CP and other CP when compared with AIP. Similarly, 

the frequency of activated T cells was notably enriched in alcoholic CP as well 

as other CP compared to AIP. Although the etiology alone did not lead to 

significant changes in stroma activation in the different subtypes, subgroup 

analysis showed, that TH0 cells, cytotoxic T cells and less pronounced, 

granulocytes are associated with distinct changes in the activated stroma index 

(ASI) and relation to the underlying etiology. This further supports that the 

activation pattern of inflammation plays a role for the progression of fibrosis.  

Additionally, AutoML computation robustly indicated the top ten predictors for 

exocrine insufficiency in patients with CP. We found the density of activated 

PSCs with proliferative ability, followed by NK cells and islets, are of the greatest 

importance in predicting the onset of pancreatic exocrine dysfunction.  

Overall, in this project, we established a 12-plex staining technique applied to 

TMA sections from patients with CP and refined a semi-automated 

computational analysis method which can be efficiently used to analyze 

digitalized images. Furthermore, we depicted the histological characteristics of 

advanced CP and compared those features among distinct patient groups. 

Additionally, we identified top ten features associated with the presence of 

pancreatic exocrine dysfunction. Our work has the potential to improve the 

understanding of the underlying mechanisms in developing CP and the 

progression of the disease. 
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2. Introduction 

Chronic pancreatitis (CP) refers to a fibroinflammatory syndrome of the 

pancreas, which is induced by a variety of factors including excessive alcohol 

consumption and smoking, autoimmune disorders as well as genetic risk 

factors and rare causative mutations [1]. Patho-physiologically, CP is 

associated with the progressive damage of the pancreatic architectures and 

ultimately leads to irreversible exocrine and endocrine insufficiency [2]. 

 

2.1 Epidemiological features of chronic pancreatitis 

The epidemiological features of CP are far from perfectly elucidated. The lack 

of uniform diagnostic criteria makes it difficult to precisely identify the patients 

with CP, particularly those who are at early stages. Generally, the acquisition of 

accurate diagnosis of CP is often based on a comprehensive combination of 

the potential risk factors, typical clinical manifestations as well as specific 

imaging features [3]. Thus far, only scarce population-based studies on the 

prevalence and incidence of CP have been reported in the literature. The 

incidence of CP in European countries reportedly varies from 4/100,000 in the 

UK [4] and 6.4/100,000 in Germany [5] to 13.4/100,000 in Finland [6]. A recent 

population-based investigation conducted by Yadav et al identified 106 incident 

cases of CP in Olmsted county, US, between1977 and 2006, including 89 

clinical cases and 17 diagnosed by necropsy [7]. The overall age-adjusted and 

sex-adjusted incidence rate suggested by the investigation was 4.05/100,000 

capita-years and the age-adjusted and sex-adjusted prevalence rate was 41.76 

per 100,000 population [7]. There is a significant gender difference in the 

occurrence of CP in all studies, with men bearing a higher risk of the disease 

than women. Furthermore, the most recent analyses present an increasing 

incidence and prevalence of the disease [5]. Data from Yadav and colleagues 

demonstrate that the incidence rate of CP increased dramatically from 2.49 

cases per million inhabitant-years between 1977 and 1986 to 4.35 between 

1977 and 2006 [7]. 
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2.2 Risk factors for developing chronic pancreatitis  

It is widely accepted that the complicated interaction between genetic (intrinsic) 

and environmental (extrinsic) factors contributes to the initiation and 

progression of CP [8]. To date, a number of specific genes, like PRSS1, SPINK 

(see Table 1), that either cause or predispose to the syndrome of CP have been 

definitely confirmed. Moreover, functional experiments have partly delineated 

the roles that these genes play in the course of CP, for example, by prematurely 

activating trypsinogen in the pancreas [9].  

 

Table 1: Summary of common risky gene mutations for developing CP (modified from 

Beyer et al [1]) 

Risky gene Common mutation 

site 

Prevalence among 

patients with CP 

Mechanism for developing CP 

PRSS1  p.N29I, p.R122C, 

p.R122H 

3ï10%  

 

Directly stimulate trypsinogen autoactivation, 

or indirectly stimulate the activation of cationic 

trypsinogen via CTRC-related pathways 

SPINK1 p.N34S 10%  Unclear 

CTRC p.G60, p.A73T, 

p.K247_R254del, 

p.R254W, pV235I 

30%  Stimulate autoactivation of cationic 

trypsinogen, or fail to degrade trypsin 

CPA1 p.S282P 3%  Reduce secretion, increase intracellular 

retention, and cause endoplasmic reticulum 

stress 

CEL-HYB1  hybrid CEL allele 5%  Reduce secretion and increase intracellular 

retention 

CFTR p.F508del, p.R117H,  7% Disrupt membrane ion channel activity  

CLDN2 and 

MORC4  

rs4409525, 

rs12008279; 

rs12688220, 

rs6622126 

3% Unclear 

 

Researchers have identified mutations in the cationic trypsinogen gene PRSS1 

associated with premature trypsinogen activation, which is directly linked to 

hereditary pancreatitis, an autosomal-dominant disorder with incomplete 
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penetrance [10]. A recent large-scale case-control analysis conducted by Derikx 

et al in Europe suggested a conspicuous correlation of the single-nucleotide 

polymorphisms at the PRSS1ïPRSS2 locus and at the CLDN2ïMORC4 locus 

with alcoholic CP [11]. Mutations in SPINK1, a serine protease inhibitor gene, 

are significantly associated with tropical calcific pancreatitis, alongside serving 

as a disease modifier involved in the progression of recurrent acute pancreatitis 

(AP) to CP [12, 13]. Accumulating evidences recognize alcohol and smoking as 

the main environmental risk factors for CP [2]. The association of alcohol intake 

and tobacco consumption with the incidence of CP tends to follow a dose-

dependent pattern, as a recent investigation performed by Di et al in Italy 

suggests smoking more than 5.5 cigarettes per day, and drinking alcohol more 

than 80 g/d are independent risk factors for the induction of CP [14, 15]. 

 

2.3 Etiological classification of chronic pancreatitis  

Despite the apparently analogous pathological characteristics, chronic 

pancreatitis indeed consists of a range of disease entities. Unfortunately, there 

is still no definitely uniformed and standardized classification of this disorder in 

the literature, which is partly due to the intricate natural history and the uncertain 

pathological mechanism of the disease [2, 16]. In the present study, we stratified 

CP, based on the causative factors, as the following forms: chronic alcoholic 

pancreatitis, autoimmune pancreatitis (AIP), chronic obstructive pancreatitis, 

chronic idiopathic pancreatitis, as well as others which are with no clear causes. 

It is well known that the natural history, clinical manifestation, and treating 

strategy of CP vary according to the distinct forms and correspondingly causal 

mechanisms [17]. Improved insights into pathological features of the individual 

forms of the disease have the potential to bring focused and specific treatments. 

Previous investigations indicate that excessive alcohol consumption 

consistently tops the list of major contributors to developing CP [15, 18]. 

Prolonged alcohol ingestion can sensitize acinar cells to pancreatic stress and 

may promote intrapancreatic activation of digestive zymogens [19, 20]. 
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Moreover, ethanol metabolites accelerate fibrogenesis through activating 

pancreatic stellate cells (PSCs) and facilitate chronic inflammatory reactions 

[21].  

AIP is a relatively rare form of pancreatitis and has typically been classified into 

two subtypes [22]. Type 1 refers to lymphoplasmacytic sclerosing pancreatitis, 

which is the pancreatic manifestation of IgG4-related disease. Type 2 is known 

as idiopathic duct-centric pancreatitis with a hallmark of the granulocytic 

epithelial lesion in the pancreas. These two entities share common 

morphological characteristics and are sensitive to steroid therapy [23]. 

Obstructive pancreatitis occurs in the areas upstream from the obstructive sites 

due to a range of reasons, such as chronic inflammatory strictures which are 

often secondary to acute pancreatitis, pancreatic trauma, ductal stone, as well 

as benign or malignant neoplasia [2]. Moreover, ductal occlusion or stricture 

resulting from the above reasons tends to hamper the normal pancreatic 

secretory flow and results in ductal hypertension, eventually driving focal 

inflammatory responses, acinar cell injury, and pre-activation of digestive 

enzymes [22, 24]. 

Tropical pancreatitis is a form of idiopathic pancreatitis, with the typical features 

of early-onset abdominal pain, main pancreatic ductal calcification, and ketosis-

resistant diabetes [25]. This type of pancreatitis is more prominent in developing 

countries, especially in tropical regions, like southern India, where malnutrition 

and cyanogenic glycosides are relatively common [26]. 

Still, a large proportion of cases of CP developed without clear evidence of the 

common causes are labeled as idiopathic. 

 

2.4 Pathogenesis of chronic pancreatitis 

The fundamental pathogenesis of CP is still not finely delineated. Over the past 

decades, several theories have been proposed but few have been validated, 

partly due to the lack of adequate animal models and the limitation of human 

tissue access. While compelling evidences show that CP frequently arises from 
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repetitive bouts of AP [27], other studies suggest that CP can also develop from 

only one or even on prior episode of AP, especially for idiopathic pancreatitis [1, 

16, 18]. The histological characteristics of CP include various degrees of 

pancreatic edema, parenchymal cell necrosis, ductal structure abnormality, 

inflammatory responses, and massive fibrosis deposition. [20]. As the disease 

progresses, pancreatic tissue is replaced by a bulk of extracellular matrix (ECM) 

and fatty tissue. Moreover, in addition to causing the failure of exocrine and 

endocrine function, long-standing inflammatory stimuli can put CP patients at 

risk of developing pancreatic ductal adenocarcinomas [28]. 

 

2.4.1 Premature activation of trypsinogen causes acinar cell injury and 

the following inflammatory responses.  

It has been proposed that inappropriately elevated activity of trypsin in the 

pancreas initiates the onset of pancreatitis and continues to play roles in driving 

the progression of the disease [29, 30]. This concept was proven by the works 

from Geisz A and colleagues in a preclinical model where T7D23A knock-in 

mice rapidly developed spontaneous AP followed by progressive CP 

manifesting with acinar cell destruction, inflammatory infiltration, fibrosis 

formation, and fatty tissue replacement [31].  

 

2.4.2 Immune cells play indispensable roles in the progression of 

pancreatitis  

Both innate and adaptive immune systems are involved in the 

pathophysiological evolution of pancreatitis, including AP and CP. Macrophages 

play an essential role in innate immune response and are known for their high 

plasticity. It is widely accepted that classically activated (M1) macrophages, 

marked by CD68 expression, are mainly implicated in the acute inflammatory 

response and the early stages of chronic inflammation. Upon the induction of 

pancreatitis, bone marrow-derived macrophages rapidly travel into the inflamed 

pancreatic areas and skewed towards M1 phenotype under the control of 
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chemoattractant factors and inflammatory mediators [32]. In addition to 

phagocytosing necrotic cellular debris, activated M1 macrophages release a 

large amount of chemokines and cytokines that are implicated in amplifying 

inflammatory responses [33, 34]. In contrast to M1, alternatively activated (M2) 

macrophages, defined by CD206 expression, are more predominant in chronic 

disease and wound healing, including CP. Animal experiments and clinical trials 

collectively indicate the remarkable enrichment of M2 macrophages in the 

lesions of CP [35, 36]. Functional research demonstrates that M2 macrophages 

are closely linked to the fibrous pathogenesis of CP through complicated 

crosstalk with activated PSCs [37].   

Dendritic cells (DCs), making up a key part of antigen-presenting cell 

populations, link the innate immune system to the adaptive immune system [38, 

39]. The mechanistic role of DCs in the development of CP remains largely 

undefined. Former investigations depicted dual roles of these cells in the 

progression of CP. This can be explained, in part, by the fact that DCs indeed 

include several different subtypes with each of those subtypes exhibiting 

distinct functions. Previous experiments reveal that DC-Sign+ expressing 

immature DCs mediate DC migration and adhesion, T cell activities, and 

immune initiation and escape [40, 41], whereas CD83 expressing mature DCs 

regulate DC activation and maintain immune homeostasis [42]. Moreover, it is 

reported that enrichment of DC populations played an important role in the 

development of pancreatic cancer on the back of CP through inducing 

pancreatic antigen-restricted TH2 deviated CD4+ T cells via inhibiting MyD88-

dependent pathway [43]. 

It is well studied that during the course of pancreatitis, pathological granulocyte 

(MPO+) infiltrates, specifically neutrophils, play critical roles in digestive 

enzymes activation, the severity of acinar cells damage, local and systemic 

inflammation, as well as complications of severe pancreatitis. Moreover, 

neutrophil infiltration contributes to the transformation of AP to CP as well as 

the formation of intrapancreatic stones [44]. 
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In addition to innate immune system, adaptive cell populations are equally 

critical for the pathogenesis of CP. Undoubtedly, T lymphocytes play a vital role 

in adaptive immune system. Based on the expression of cell surface antigens, 

T cells can be split into several subsets, including the cytotoxic T cells (CD8+), 

the regulatory T cells (FoxP3+), the T helper cells, the memory T cells, and the 

natural killer (NK) cells (CD56+), with each of them exerting distinct functions 

[45, 46]. Previous examinations indicate that the proportion of TH1 (Tbet+), TH2 

(GATA3+), and TH17 cells (IL17A+) is remarkably enhanced in the peripheral 

blood of patients with CP compared to the healthy control populations, while 

the pancreatic lesions are only dominant with TH1 cells and TH17 cells, with 

the fewer presence of TH2 subpopulations [47]. Further studies demonstrate 

that the frequency of TH1 and TH2 was enriched in intra-islet regions of CP 

patients with diabetes compared with healthy controls as well as patients 

without diabetes, indicating the involvement of these cells in ɓ-

cell dysfunction during progression of CP [48]. TH2 cells were described as pro-

tumorigenic mediators driving chronic pancreatic fibroinflammatory disease 

towards malignant transformation [43]. The frequency of cytotoxic T cells was 

observed significantly expanding in the pancreas of patients with alcoholic CP 

and tend to be localized closely to pancreatic parenchyma, implying that 

cytotoxic cells probably lead to tissue disruption [49].  

Although accumulating trials indicate the involvement of B cells (CD20+) and 

NK cells in the pathogenesis of AP [50, 51], investigations on the contribution 

of these two types of lymphocytes to the development of CP are rare. B cells 

initiate humoral immunity in the adaptive immune system by producing specific 

antibodies. B cells initiate humoral immunity in adaptive immune system 

through producing specific antibodies. Moreover, B cells are frequently involved 

in the dynamics of T cell proliferation, differentiation, and activation via their 

antigen-presenting capacity or through producing various cytokines [52]. The 

immune function of NK cells is analogous to cytotoxic T lymphocytes, with the 

capacity to kill cancer cells and to produce various inflammatory cytokines, such 
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as IFN-ɔ, TNF-Ŭ, IL-18 [53]. However, the biological mechanism underlying the 

role of NK cells in the progress of CP remains to be defined. 

2.4.3 PSCs are responsible for fibrous characteristics of CP 

During the course of pancreatitis, pancreatic stellate cells (PSCs) experience 

functional state alternation that switch from quiescent to activated phenotype 

[54]. So far, it is well documented that activated PSCs play major roles in the 

development of pancreatic fibrosis. A variety of cytokines, like transforming 

growth factor ɓ (TGFɓ), platelet-derived growth factors (PDGF), and 

complement component C5a are associated with activation of PSCs and the 

consequent upregulation of extracellular matrix (ECM) synthesis [54, 55]. It is 

worth noting that the bi-directional interaction between immune infiltrates and 

PSCs drives the process of fibrogenesis during CP. Xue et al. provided strong 

evidence that CD4+T cells-derived IL-22 significantly upregulate gene profiles 

associated with ECM synthesis in PSCs in animal models of CP [56]. 

Additionally, activated PSCs produce large amounts of IL-4/IL-13, which 

strongly skew macrophages toward M2 polarization, aggravating pancreatic 

fibrosis progression [36].  

 

2.5 Aim of this study 

While decades of studies from both cell culture systems and animal models 

have been invented in an attempt to decipher the mechanism underlying the 

complicated pathogenesis of CP, clinical experts are still facing the huge 

challenges of translating laboratory findings into clinical practice. This can be 

partly explained by the fact that animal models fail to entirely mirror the natural 

course of the development of CP, which highlights the significance of directly 

analyzing human CP lesions to obtain a pathological fidelity of the disease. 

Therefore, we sought to collect human specimens from the source of patients 

resected for CP and evaluated the histopathological signatures, including 

immune infiltrates, parenchymal cells, and stromal compartments within the 

lesions using multiplex staining technique together with computational digital 
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image analysis. The combination of multiplex staining with digital image 

analysis is not limited to help accurately determine the individual cellular types 

and perform quantity analysis, but also make it possible to clearly map the 

spatial distribution characteristics of those cells and their surrounding non-

cellular architectures. Animal experiments have consistently provided evidence 

that immune cells take a key part in pushing the progression of CP. This 

indicates that deep and extensive understanding of immune signatures within 

CP lesions has the potential to modify the natural history of the disease and 

improve the clinical outcomes of the patients. In the present study, we plan to 

spot the distributional characteristics of immune cells, pancreatic functional 

cells, and stromal compartments within the lesions from patients with CP. We 

will further compare those parameters among patients with CP induced by 

distinct causes, such as alcoholic, autoimmune, obstructive, and idiopathic 

etiology to stratify patient with histological subtypes of CP. Additionally, we will 

apply automatic machine learning technique to compute potential features to 

predict the development of exocrine insufficiency of patients with CP. Our 

findings have strong potential to explicitly depict the histopathological 

signatures of CP, which will be helpful to organize future in vivo experiments 

and favor the introduction of efficacious therapeutics. 
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3 Methods 

3.1 Study objective and design 

The present study is designed to characterize the histopathological composition 

of the fibroinflammatory stroma and parenchymal architectures of patients with 

CP via the application of a comprehensive multiplex-staining technique to a 

series of tissue microarray sections (TMAs) of CP resection specimens. We will 

adopt and refine a multiplex staining protocol for analyzing TMAs based on the 

previous works from Tsuijkawa and colleagues with appropriate modifications 

[57, 58], which allows us to accomplish a maximum of twelve-consecutive 

stainings in a single section, starting with hematoxylin staining followed by 

repeated steps of primary and secondary antibody incubation, AMEC-staining, 

whole slide digital scanning, and antibody and chromogen removal. To acquire 

the entire features of stromal compartments together with parenchymal cellular 

components, three multiplex-staining panels, named lymphoid biomarker panel, 

myeloid biomarker panel, and pancreatic exocrine-endocrine and stroma 

biomarker panel, were prepared and stained with corresponding antibodies 

(Table 2). Hematoxylin staining will complement the histological 

characterization in terms of morphological changes. Quantification of 

extracellular matrix composition, immune cell deposition, and pancreatic 

parenchymal and mesenchymal components was achieved according to the 

pixel intensity of the staining in tissue cores using an algorithm developed for 

NIH ImageJ software.  

 

Table 2: Staining panels for multiplex staining assay 

Panel 

 

Order 

Lymphoid 

biomarker 

Myeloid 

biomarker 

Pancreatic 

exocrine-

endocrine and 

stroma 

biomarker 

Morphology 

1 H* H* H* HE 

2 GATA3 DC-Sign Pan-Keratin  
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3 T-bet CD206 CD45  

4 FoxP3 CD68 PHH3  

5 CD20 MPO aSMA  

6 CD8 CD20 Insulin  

7 CD4 CD56 PGP9.5  

8 CD3 CD3 Perilipin  

9 CD56 CD45 Amylase  

10 CD45 CD74 Desmin  

11 CTLA4 Tryptase MMP7  

12 IL17A CD83 Sirius-Red/Fast-

Green 

 

 

The lymphoid biomarker panel is designed for comprehensive characterization 

of lymphocytes, including T cells, B cells, and NK cells, whereas the myeloid 

biomarker panel focusses on other leukocytes such as macrophages, 

granulocytes, DCs, and mast cells as well. The so-called pancreatic exocrine-

endocrine and stroma biomarker panel concentrates on pancreatic exocrine 

and endocrine cellular compartments, nerve cells, PSCs, and ECM deposition. 

The specific marker-combination for each cellular subtype is displayed in Table 

3.  

 

Table 3: Cellular lineage and corresponding identification biomarkers 

Cellular lineage Identification biomarkers 

Leukocytes CD45+CK19-Amylase-Insulin-PGP9.5- 

Cytotoxic T cells CD45+CD3+CD8+CD4- 

Regulatory T cell CD45+CD3+CD8-FoxP3+CTLA4+ 

Activated T cell CD45+CD3+FoxP3-CTLA4+ 

TH17 CD45+CD3+CD8-FoxP3-IL17A+ 

TH1 CD45+CD3+CD4+CD8- IL17A -Tbet+ 

TH2 CD45+CD3+CD4+CD8- IL17A -GATA3+ 

T others (TH 0) CD45+CD3+CD8- IL17A -Tbet-GATA3- 

B cell CD45+CD3-CD56-CD20+ 

NK cells CD45+CD3-CD56+CD20- 

M1 Macrophages CD45+CD3-CD20-CD56- MPO -Tryptase-CD68+CD74+CD206- 

M2 Macrophages CD45+CD3-CD20-CD56- MPO -Tryptase-CD68+ CD74+CD206+ 

DC-Sign+DC CD45+CD3-CD20-CD56- MPO -Tryptase-CD68- CD74+DC-Sign+CD83- 
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CD83+ DC CD45+CD3-CD20-CD56- MPO -Tryptase-CD68- CD74+CD83+ 

Granulocytes CD45+CD3-CD20-CD56-MPO+ 

Mast cells CD45+ CD3-CD20-CD56- MPO -Tryptase+ 

PSCs quiescent CD45-CK19-Amylase-Insulin-PGP9.5-aSMA-Desmin-Perilipin+ 

PSCs activated CD45-CK19-Amylase-Insulin-PGP9.5-aSMA+Desmin+Perilipin- 

Duct cells CD45-CK19+Amylase-Insulin-PGP9.5- 

Acinar cells CD45-CK19-Amylase+Insulin-PGP9.5- 

Islets CD45-CK19-Amylase-Insulin+PGP9.5- 

Proliferation CD45-PHH3+ 

Fibrosis Picrosirius red-fast green staining 

ECM remodeling MMP7+ 

Nerves global  CD45-CK19-Amylase-Insulin-PGP9.5+ 

 

3.2 Patients  

A total of 62 patients identified from the database of Department of Pathology 

by full text search for diagnosis of ñchronic pancreatitisò who underwent surgical 

pancreatic resection or drainage procedures were found eligible for the present 

project. Indications for the surgical interventions included pain, biliary 

obstruction, pseudocysts, severe vascular complications, groove pancreatitis 

with duodenal obstruction, and suspicion for pancreatic cancer. As for staining 

controls, a total of 4 adult non-malignant tonsil specimens were included in the 

TMAs (Figure 1). 

 

3.3 Tissue samples for standardizing antibody concentration 

All surgical samples from the patients involved in the present study were 

provided by Department of Pathology, Hospital of Ludwig-Maximilians-

University, Munich, Germany. Two paraformaldehyde-fixed, paraffin-embedded 

tonsil tissue blocks were sectioned at 2ɛm and collected on poly-lysine slides 

for standardizing the concentration of immune cell biomarkers. Chronic 

pancreatitis tissues were utilized to optimize the concentration of non-immune 

cell biomarkers. The optimal staining sequence was determined during the 

course of antibody-concentration standardization based on the staining density 

of the individual visualized targets. 
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3.4 Tissue samples for TMAs preparation 

Tissues were already embedded in paraffin blocks at the time of TMA 

development. The paraffin blocks were sectioned at 2ɛm for the multiplex-

staining analysis. With 3 cores per patient, a total of 594 cores made from the 

66 patients' CP resection specimens were included. Each panel contains 198 

cores. However, after cross-validating the clinical data and pathological 

outcomes, 4 patients who were initially suspected of suffering CP were 

ultimately verified with other manifestations and afterward excluded from the 

study. Thus, a total of 58 patients with confirmed CP were processed for the 

final image cytometry analysis. The consort diagram about the details of the 

involved patients for TMAs preparation is delineated in Figure 1. 

 

Figure 1. Consort diagram shows the details of the involved patients for TMAs preparation. 

 

3.5 Conventional immunochemical staining for antibody standardization 
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Paraffin slides were deparaffinized in xylene, for three times with 10 min at each 

time. After dewaxing, slides were rehydrated through a series of graded 

alcohols, starting from 100% (2 times) to 95%, 70%, and 50%, for 5 min at each 

change. Following rehydration, slides were washed with phosphate-buffered 

saline (PBS) for 5 min. Then, slides were subjected to heat-mediated antigen 

retrieval for 30 min in a pressure cooker by immersing the slides in 1X antigen 

retrieval buffer, followed by cooling down the slides in antigen retrieval buffer to 

room temperature (Table 13). Next, slides were blocked for endogenous 

peroxidase retrieval though adding 3% hydrogen peroxide on sections for 

20min. Slides were then washed with PBS, 3 times with 5min at each time. 

Afterward, slides were blocked with blocking buffer (1% Aurion BSA in PBS) for 

1h at room temperature. Again, slides were washed with PBS, 3 times with 5min 

at each time. Then, slides were incubated with primary antibody diluted with 

blocking buffer in the cooling room overnight. The next day, the primary 

antibody was removed by washing the slides with PBS, 3 times with 5min at 

each time. Next, slides were incubated with corresponding secondary antibody 

at room temperature for an hour. The slides were again washed with PBS for 3 

times with 5min at each time. The slides were then processed for 

immunohistochemical staining with DAB peroxidase substrate. After developing 

staining, slides were washed with running tap water for 2 min. Then, the slides 

were stained with hematoxylin for 1min and again washed with tap water and 

followed by 2min ddH2O washing. The slides were then passed through a series 

of graded alcohols, starting from 50% to 70%, 95%, and 100%, for the 30s at 

each change. By the end, sections were coated with permanent mounting 

medium and fixed with coverslips. 

 

3.6 Multiplex immunochemical staining for digital image cytometry 

evaluation 

To begin with, as the conventional immunochemical staining, TMAs slides were 

deparaffinized with xylene, followed by rehydrating from a serially graded 
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alcohol to PBS. After rehydration, TMAs slides were immediately stained with 

hematoxylin for 45s and followed by immersing the slides in a 0.5% ammonia 

solution for 2min. Then, TMAs slides were cleaned with 3 times quick dip in 

ddH2O. The sections were coated with aqueous mounting media (70% glycine 

in PBS) and consequently fixed with coverslips, followed by the whole-slide 

scanning in a Sysmex Panoramic MIDI II slide scanner. After scanning, the 

coverslips were removed by immersing the slide in ddH2O for 5min. Slides were 

then subjected to heat-mediated antigen retrieval for 30 min, a process which 

is exactly the same as the conventional immunochemical staining, during which 

the previous hematoxylin staining can also be completely eluted. After cooling 

down to room temperature, slides were processed for endogenous peroxidase 

retrieval by adding 3% hydrogen peroxide on sections for 20min. Slides were 

washed with PBS-T (0.05% TweenÈ 20 in PBS) for 3 times with 10min at each 

time. Slides were then blocked with blocking buffer (1% BSA in PBS). After 

blocking, sections were incubated with the first primary antibody diluted with 

blocking buffer in the cooling room overnight. The next day, slides were washed 

with PBS-T for 3 times with 10min at each time. Slides were then incubated with 

corresponding secondary antibody for an hour at room temperature. Again, 

slides were washed with PBS-T, three times with 10min at each time. After 

washing, the slides were processed for immunohistochemical visualization with 

the alcohol-soluble peroxidase substrate AMEC red. The sections were then 

coated with aqueous mounting media and covered with coverslips, followed by 

whole-slide scanning in the Sysmex Panoramic MIDI II slide scanner. 

Coverslips were removed by immersing slides in ddH2O for 5min. The sections 

were then subjected to AMEC red de-staining and antibody stripping (see 

below). After antibody stripping, slides were washed with PBS for 5 min and 

proceeded for the next round of staining, starting with from the blocking step as 

described above (Figure 2). 
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Figure 2. Work-flow chart adopted from Mahajan [58] reflects multiplex immunohistochemical 

staining. Highlighted Work-flow in brown area denotes multiple antibodies staining cycles. 

 

3.7 Eluting antibody by using glycine-mediated antibody stripping buffer 

After scanning the whole slides and removing the coverslips, AMEC red de-

staining of the sections was accomplished by dipping the slides in 70% ethanol 

for 2min, followed by 95% ethanol for 2 min, and backward 70% ethanol for 

2min; this process sometimes needs to be repeated until no visible red color 

has remained. For the lymphoid and myeloid panels in which specific antibodies 

are applied to label immune cells, antibody stripping is conducted by incubating 
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the slides in a preheated jar which contains glycine-mediated antibody stripping 

buffer (Table 13) and then putting the jar in a water bath with the shaking speed 

of 60 rounds per min at 50ÁC for 30 min. However, in pancreatic exocrine-

endocrine and stroma panel, AMEC staining of non-immune cell biomarkers, 

like Ŭ-SMA, insulin, PGP9.5, amylase, perilipin, and desmin, are relatively 

strong making it difficult to completely remove the staining color by this stripping 

approach as described above. Therefore, we attempted to double the 

concentration of glycine (50mM glycine-HCl, 1%SDS, pH2) along with 

extending the incubation time to 2 hours, which was proven efficient to entirely 

elute the staining color developed by those non-immune cell biomarkers. 

 

3.8 Picrosirius Red staining for collagenous protein deposition 

identification 

The last staining in pancreatic exocrine-endocrine and stroma panel is 

picrosirius red staining (PS), which is performed, immediately following the de-

staining of MMP7. After stripped of MMP7 antibody and washing with PBS for 

5 min, slides were subjected to specific collagen network visualization, that is 

picrosirius staining, by utilizing picrosirius red-fast green staining solution to 

coat individual sections and being kept in a dark box for an hour at room 

temperature (Table 12). Slides were then proceeded to twice short washing with 

ddH2O and passed through a series of alcohol gradients, starting from 50% 

alcohol to 70%, 95%, and 100% (2 times) alcohol, 30s at each change. 

Afterward, the sections were cleared with xylene for 3 times, 5 min at each time. 

Finally, the tissues were coated with permanent mounting medium and covered 

with coverslips, followed by whole-slide scanning. 

 

3.9 Computational digital image cytometry analysis 

All the digital image cytometric analyses were outsourced and performed using 

automated pipeline consisting of Image J, CellProfiler and FCS express 

developed in the laboratory 
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(https://github.com/umahajanlmu/multiplex_image_cytometry). Briefly, it 

involves the following steps: image registration, deconvolution, feature 

extraction, and image cytometry. Image registration was achieved by 

overlapping each of the 12 images per core according to their core identity (ID). 

Followed by co-registration, all the individual images underwent color 

deconvolution in order to outline and separate individual cells. These images 

were then co-localized based on their core ID and cellular features were 

extracted according to the pixel intensity to define distinct cell phenotypes. The 

exported images containing all identified cells were then subjected to image 

cytometric analysis using FCS express software by measuring the pixel 

intensity of each individual cell within the stacked image. Schematic 

representation of automated pipeline has been depicted in Figure 3. 

 

Figure 3. Work-flow chart depicts computational digital image cytometry analysis. 

 

3.10 Statistical analysis 

For machine learning, patients were randomly separated into two groups: an 

endpoint-balanced discovery group (80%) and a test cohort group (20%). We 



     LMU Doctoral Thesis                                           Yonggan Xue 

28 
 

introduce the binary variables which were defined for all baseline patient data 

including both clinic and cytometric characteristics (see Table 16). H2O.ai 

platform (https://www.h2o.ai) was employed for the base predictor to 

automatically select the optimal machine learning method in the literature. To 

save computational time, the selection of methods was confined to gradient 

boosting machine (GBM), generalized linear model (GLM), extreme gradient 

boosting (XGBoost), distributed random forest (DRF), and extremely 

randomized trees (XRT). The parameters of each method were optimized using 

an internal 10-fold cross-validation on the training set, followed by applying the 

optimal method to the test set to evaluate the final performance. In each loop, 

the best performing predictor was determined from all obtained predictors 

employing the performance measure logloss. The selection of predictors was  

on the basis of the area under the curve (AUC>0.5) and logloss<0.05. We 

selected variables related to the ñbase predictorò according to their scaled 

importance above 0.05 to obtain the ñslim predictorò on the basis of a reduced 

set of variables. 

Statistical comparisons in two variables of cell percentages and densities 

among distinct cell lineages were assessed using Mann-Whitney tests. 

Statistical analyses of the distribution of CP with distinct causes in different 

stromal subtypes were conducted using Fisherôs Exact Test. Statistical 

differences in more than two variables of cell percentages and densities among 

distinct cell lineages were assessed using Kruskal-Wallis tests. All statistical 

operations were performed by Graphpad Prism 8. p < 0.05 was considered 

statistically significant for all experiments. 
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4. Results 

4.1 Optimizing sequence of multiplexed biomarkers stained on a single 

tissue section 

Multiplex IHC staining workflow enabling sequential or simultaneous 

visualization of multiple antigens in a same tissue section using corresponding 

biomarkers has been proposed and explored by numerous of both pathology 

experts for diagnostic purpose and laboratory scientists for fundamental 

research over the last two decades [59-62]. Glass and colleagues initially 

reported a 5-plex protocol and subsequently expanded to 12-round iteratively 

labeling strategy realizing reliable evaluation of more than 12 antigens in a 

single tissue section without losing tissue antigenicity and developing cross-

reactivity [57, 63]. Thus, the present study was carried out on the basis of the 

multiple labeling technique described by Glass and colleagues with some 

modifications. Briefly, after dewaxing and rehydration, tissue sections were 

stained with hematoxylin, followed by primary antibody incubation and 

fragment-specific secondary antibody combination. Antigen visualization were 

developed by alcohol-soluble peroxidase substrate AMEC, followed by the 

whole-slide scanning. Repeated signal visualization is accomplished by an 

iterative procedure composed of de-staining the sections in the gradient ethanol 

series, dissociating primary antibody in heated citrate buffer, and re-staining the 

sections with alternative antibodies. To comprehensively explore cellular 

complexity and architectural alternation of CP lesions, we established three 

panels of multiple consequential staining with 12 biomarkers in each panel, 

including 28 distinct epitopes to depict migratory and resident immune cells, 

pancreatic parenchymal cells, and stromal compartments. Additionally, we 

performed picrosirius red staining to specifically delineate stromal collagenous 

protein deposition. Biomarkers used for detecting each of the three panels, 

along with optimized staining sequence, are displayed in Figure 4. Integrated 

hierarchical biomarkers utilized for identifying distinct cellular lineages and 
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subtypes are listed in Table 3. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4: Sequential schematic of 12-color multiplex IHC staining. (A) Representative of 

digital scanned images from one section of TMAs depicting lymphoid panel biomarkers. (B) 

Representative of digital scanned images from one section of TMAs depicting myeloid panel 

biomarkers. (C) Representative of digital scanned images from one section of TMAs depicting 

pancreatic exocrine-endocrine and stromal panel biomarkers.  

 

 

B                  Myeloid biomarker panel 

A                  Lymphoid biomarker panel 

C   Pancreatic exocrine-endocrine and stroma biomarker panel                  
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4.2 Establishing serially scanned and digitalized image-processing 

pipeline 

After completing the multiple cycles of IHC staining, each core for a single 

staining was captured and named in accordance with its slide coordinates. 

Each of the 12 iteratively digitalized images was sorted according to its core ID 

and then subjected to the process of co-registration. The precise match of the 

12 individual images per core was achieved using a feature detection algorithm 

of the scale-invariant feature transform (SIFT) [64]. SIFT keypoints of objects 

within the individual multiple scanned images were first extracted and then 

stored in a database. The candidate matching features were identified by 

individually comparing each feature in a new image to this database. The 

correct matches were determined by the agreement of subsets of keypoints on 

the object and its location, scale, and orientation from the full set of matches 

(Figure 5) [65]. 

 

 

 

 

Figure 5: Schematic diagram depicting the process of precise co-registration of iterative 

scanned images per core. Based on distinct invariant features, iteratively scanned images 

were automatically adjusted and correctly aligned using CellProfiler pipeline. 

                  Image co-registration 
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The co-registered individual images were then passed to NIH ImageJ software 

[66], wherein the visualized AMEC and hematoxylin signals were automatically 

extracted using a color deconvolution algorithm [67], followed by the images 

converted to grayscale and subsequently assigned with distinct pseudo-color. 

Z-stacking of the pseudo-colored images was achieved in line with their ID 

using NIH ImageJ software (Figure 6).   

 

 

Figure 6: Schematic process pipeline representing pseudo-color assignment and Z-

stacking of serial-stained images. Subsequent to co-registration, all biomarkers visualized in 

consecutive sections were assigned with distinct pseudo-color followed by Z-stacking according 

to their ID using NIH ImageJ software. 

 

4.3 Stacking the pseudo-colored images depicts geographic distribution 

of migratory and resident cells and stromal compartments in CP lesions 

To specifically determine complexity of infiltrating and resident cellular features 

and contribution of stromal components in CP lesions, we established three 

panels of 12-consecutive staining in which spatial distribution of these 

parameters can be finely preserved and displayed at the tissue level. The 

lymphoid biomarker panel signals cytotoxic T cells, regulatory T cells, activated 
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T cells, TH0 cells, TH1 cells, TH2 cells, TH17 cells, B cells, and NK cells (Figure 

7A). The myeloid panel visualizes M1 macrophages, M2 macrophages, 

immature DCs (DC-Sign+), mature DCs (CD83+), granulocytes, mast cells 

(Figure 7B). The pancreatic exocrine-endocrine and stroma panel delineates 

acinar cells, duct cells, nerve cells, islet cells, fibroblast cells, fibrosis-collagen 

deposition (Figure 7C).  

 

 

 

 

Figure 7: The representative of 12-pseudo-colored aligned images to visualize a single 

CP section from each of the three panels. (A) Colocalization of 12 biomarkers visualizes with 

A 

B 

C 
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distinct pseudo-colors enable discernment of lymphoid lineage cells, including cytotoxic T cells, 

regulatory T cells, activated T cells, TH0 cells, TH1 cells, TH2 cells, TH17 cells, B cells, and NK 

cells. (B) Alignment of pseudo-colored images depicts myeloid lineage cells, such as M1 

macrophages, M2 macrophages, immature DCs, mature DCs, granulocytes, and mast cells. (C)  

Colocalization of pseudo-colored images delineates acinar cells, duct cells, nerve cells, islets, 

and stromal compartments. Biomarkers and corresponding pseudo-colors are displayed in the 

right.  

 

4.4 Cell image analysis enables reliable identification and quantification 

of distinct cell phenotypes     

To accomplish the identification and quantification of distinct cell types and 

subtypes in CP lesions, we established an automated digital cytometric image-

processing workflow through which single-cell based chromogenic intensities 

were measured using single-cell segmentation algorithms developed for 

CellProfiler software (Figure 3, 8) [68]. We utilized hematoxylin-stained images 

as a basis for single-cell segmentation based on watershed threshold 

algorithms [67, 69], followed by assigning with pseudo-color for individual 

signals. The chromogenic intensities in a series of AMEC-stained images were 

compiled and co-located with the segmented hematoxylin-stained images, 

generating a merged single-level image that yields multiple informative cellular 

features, such as cell phenotype, size, shape, and location as well. Single-cell-

based information, including pixel intensities, shape-size outcomes, and 

location, was displayed and precisely analyzed based on the assessment of 

pixel intensities, a process that is largely analogous to flow cytometric analysis 

(Figure 8). 
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Figure 8 Cytometric image analysis workflow for the quantification of consecutively 

multiplex-stained images. (A) Hematoxylin-stained images are used as the backbone for 

deconvolution. (B) Following deconvolution, images are automatically separated using     

SIFT algorithm. (C) After segmentation, images are assigned with pseudo-color for individual 

signals, followed by co-localizing all the corresponding AMEC-stained images using SIFT 

algorithm. Based on the pixel intensity of chromogenic signals, the read-out of the cytometric 

image analysis provides multiple cellular information, including cell phenotype, size, shape, and 

location. 

 

4.5 Qualitative gating strategies used for identifying complex cellular 

phenotypes and subtypes in the panels 

The qualitative gating approaches employed for the image cytometry can 

A 

C 

B 



     LMU Doctoral Thesis                                           Yonggan Xue 

36 
 

distinguish specific cellular phenotypes and subpopulations in a mixed context, 

yielding quantitative results largely analogous to polychromatic flow cytometry 

for dissociated cells [57, 70, 71]. Lymphoid-lineage cellular types and subtypes 

were identified by a combination of the corresponding lineage-labeling markers, 

which is depicted in Figure 9. Similarly, gating strategies for determining and 

quantifying myeloid-lineage cellular contribution in CP lesion were delineated in 

Figure 10. To explore the characterization of ductal cells, acinar cells, islet cells, 

and neural cells and alternation of stromal composition in CP tissue, we set the 

cytometric gating analysis as described in Figure 11. 
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Figure 9 Representative plot of image-

based cytometry for lymphoid-lineage 

cellular analyses from one of the included 

patients with CP. Image cytometry gating 

strategies for activated T cells (CTLA4+), 

cytotoxic T cells (CD8+), regulatory T cells 

(FoxP3+), TH17 cells (IL17A+), TH1 cells 

(Tbet+), TH2 cells (GATA3+), TH0 cells and 

other T subsets (CD45+CD3+CD8-IL17A-

Tbet-GATA3-), B cells (CD20+), and NK cells 

(CD56+) in lymphoid biomarker panel. 
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Figure 10 Representative plot of image-based cytometric analyses for the myeloid 

biomarker panel from one of the involved patients with CP. Image cytometry gating 

strategies for granulocytes (MPO+), mast cells (Tryptase+), immature dendritic cells (DC-

Sign+), mature dendritic cells (CD83+), M1 macrophages (CD68+), and M2 microphages 

(CD206+) in myeloid biomarker panel. 
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Figure 11 Representative plot of image-based cytometric analyses for the exocrine-

endocrine and stroma biomarker panel from one of the included patients with CP. Image 

cytometry gating strategies for ductal cells (PK+), acinar cells (Amylase+), islet cells (Insulin+), 

neural cells (PGP9.5+), quiescent PSCs (Perilipin+), activated PSCs (Desmin+aSMA+), and 

the proliferative and functional status of quiescent and activated PSCs in exocrine-endocrine 

and stroma biomarker panel. 

4.6 General cell distribution in alcoholic CP, AIP, and other CP lesions, 
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respectively 

Based on the etiology of CP, we divided the 58 patients into three subgroups, 

that are alcoholic CP (n=23), AIP (n=7), and other CP (n=28) which contain 

biliary or obstructive CP (n=9), idiopathic CP (n=2), and CP without a specific 

cause identified (n=17). 

To explore different cellular contributions to CP lesions, we detected and 

quantified distinct cell lineages based on the pixel intensity. Then, we classified 

the extracted cellular data as two categories, including immune cell population 

(CD45+ cells) and non-immune cell population (CD45- cells), based on a pan-

leukocyte biomarker CD45+ staining. As described in table 3, the immune 

cellular compartments compose of B cells, DCsign+DC (immature phenotype), 

CD83+DC (mature phenotype), granulocytes, M1 macrophages, M2 

macrophages, mast cells, NK cells, as well as T cell subtypes which consist of 

activated T cells (Act-T cell), cytotoxic T cells (Cyt-T cell), T regulatory cells 

(Reg-T cells), T others (TH0 cells), TH1, TH2 cells, TH17 cells. The non-

immune cellular components involve acinar cells, ductal cells, nerves, islet cells, 

aPSCs, qPSCs, and collagen deposition. To investigate the contribution of 

individual cell lineages within CP lesions in the context of distinct etiologies, we 

compared the relative content of these cells in alcoholic CP, AIP, and other CP, 

separately. In the part of immune cell population, activated T cells are most 

predominant, followed by granulocytes, B cells, cytotoxic T cells, TH0 cells, 

mast cells, NK cells, CD83+DCs, TH2 cells, TH17 cells, T regulatory cells, 

DCsign+DC, TH1 cells, M1 macrophages, and M2 macrophages. 

In alcoholic CP lesions, immune cellular compartments account for 7.67%, far 

less than non-immune cellular components (92.33%). As for non-immune 

cellular compartments, acinar cells, duct cells, and islets constitute the top three 

proportion, followed by quiescent PSCs (qPSCs), nerves, activated PSCs 

(aPSCs), qPSCs within proliferative state, aPSCs-matrix, aPSCs within 

proliferative state, and qPSCs-matrix as well (Figure 12).         

 



     LMU Doctoral Thesis                                           Yonggan Xue 

41 
 

                                                         

   

     

                  

  

 

 

In AIP, immune cell compartments make up 19.39% of the cellular components 

within the lesions, implying that almost one-fifth of the normal pancreatic 

architecture was replaced by immune infiltrates (Figure 13A). Further immune 

cell lineages-tracking analyses demonstrated that granulocyte components are 

the most abundant in the lesions, largely surpassing other immune infiltrates 

such as TH0 cells, activated T cells, B cells, MCs, and NK cells. By contrast, 

the frequency of DCs, macrophages, and other T cell subtypes is relatively less 

Figure 12 Distribution of immune 

and non-immune cell population 

in alcohol-related CP. 

A, Pie chart represents the 

proportion of immune and non-

immune cells in alcoholic CP. 

B, Bar graph depicts immune 

cellular distributions in alcoholic 

CP. 

C, Bar graph reflects non-

immune cellular contribution to 

alcoholic CP.  

 

A Alcoholic CP 

Alcoholic CP Alcoholic CP 

B C 

Immune cell population Non-immune cell population 



     LMU Doctoral Thesis                                           Yonggan Xue 

42 
 

compared to other immune cells, as shown in Figure 13B. Detection of non-

immune cell contents indicated that acinar cells, islet cells, ductal cells still 

possess the most proportion, followed by aPSCs, qPSCs, aPSCs-matrix, 

nerves, qPSCs-matrix, proliferative qPSCs, and proliferative aPSCs as well 

(Figure 13C). 

 

 

 

 

 

 

 

Our investigation looking at the cellular distribution of other CP subgroup shows 

that around 7.93% of the components in lesion area are immune compartments, 

Figure 13 Contribution of 

immune and non-immune cell 

population in AIP. 

A, Pie chart represents the 

proportion of immune and non-

immune cells in AIP. 

B, Bar graph depicts immune 

cellular distributions in AIP. 

C, Bar graph reflects non-

immune cellular contribution to 

AIP.  

 

A AIP 

B C 
AIP AIP 

Immune cell population Non-immune cell population 


