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SUMMARY

Non-recirculating tissue-resident memory T cells (TRMs) are the predominant T cell subset in 

diverse tissue sites, where they mediate protective immune responses in situ. Here, we reveal a role 

for TRM in maintaining immune homeostasis in the human pancreas through interactions with 
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resident macrophages and the PD-1/PD-L1 inhibitory pathway. Using tissues obtained from organ 

donors, we identify that pancreas T cells comprise CD8+PD-1hi TRMs, which are phenotypically, 

functionally, and transcriptionally distinct compared to TRMs in neighboring jejunum and lymph 

node sites. Pancreas TRMs cluster with resident macrophages throughout the exocrine areas; TRM 

effector functions are enhanced bay macrophage-derived co-stimulation and attenuated by the 

PD-1/PD-L1 pathways. Conversely, in samples from chronic pancreatitis, TRMs exhibit reduced 

PD-1 expression and reduced interactions with macrophages. These findings suggest important 

roles for PD-1 and TRM-macrophage interactions in controlling tissue homeostasis and immune 

dysfunctions underlying inflammatory disease, with important implications for PD-1-based 

immunotherapies.

Graphical Abstract

In Brief

Non-recirculating tissue-resident memory T cells (TRMs) mediate immune responses in non-

lymphoid tissues. Using a human organ donor tissue resource, Weisberg et al. reveal that PD-1hi 

pancreas TRMs are regulated by PD-L1+ macrophages during homeostasis. Comparison with 

chronic pancreatitis patient samples shows how pancreas TRM regulation is altered during 

inflammation.

INTRODUCTION

Tissue-resident memory T cells (TRMs) are generated in response to pathogens, allergens, 

vaccines, and autoantigens and persist as non-circulating populations in diverse sites, 

including barrier, mucosal, exocrine, lymphoid, and peripheral sites (for reviews, see 

Mackay and Kallies, 2017; Masopust and Soerens, 2019; Szabo et al., 2019). In mouse 

models, TRMs can mediate rapid protective responses to challenge with multiple types of 

pathogens and can also participate in immunopathology (Hondowicz et al., 2016; Schenkel 

et al., 2014; Teijaro et al., 2011). TRMs in mice and humans are distinguished from 
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circulating memory T cells based on core phenotypic and transcriptional signatures, which 

include upregulated expression of tissue retention molecules (CD69), integrins (CD103 and 

CD49a), and downregulation of egress signals (Hombrink et al., 2016; Kumar et al., 2017; 

Mackay et al., 2015, 2016; Thome et al., 2014; Watanabe et al., 2015), establishing TRMs as 

a distinct subset.

In humans, populations of TRMs constitute the majority of T cells throughout the body and 

are present in constant frequencies over many decades of human life (Kumar et al., 2018a; 

Senda et al., 2019; Thome et al., 2014). Functionally, human TRMs can rapidly produce 

interleukin-2 (IL-2) and prion-flammatory cytokines but also express molecules that 

attenuate activation, including the inhibitory molecules PD-1 and CD101, and the regulatory 

cytokine IL-10 (Kumar et al., 2018b; Kumar et al., 2017; Miron et al., 2018). In addition, 

TRM can exhibit site-specific functional and transcriptional adaptations in certain tissues 

(Cheuk et al., 2017; Miron et al., 2018; Pallett et al., 2017). This evidence for site-specific 

long-term TRM maintenance and the dichotomous functional and regulatory properties 

suggest an important role for TRMs in mediating tissue homeostasis.

The pancreas is a critical organ for digestion and metabolism via its dual exocrine and 

endocrine components. Disruption of pancreas immune homeostasis has severe 

consequences for human health. In acute and chronic pancreatitis (CP), infiltration by 

adaptive and innate immune cells leads to inflammation, tissue destruction, and high rates of 

morbidity and mortality (Russo et al., 2004), while immune-mediated destruction of insulin-

producing cells in the endocrine pancreas leads to type 1 diabetes (T1D). Chronic pancreatic 

inflammation is also associated with increased risk of pancreatic ductal adenocarcinoma 

(PDAC), an aggressive cancer refractory to immunotherapy (Kirkegård et al., 2017, 2018). 

Studies in humans and mouse models show that T cells play a central role in pancreas 

immune surveillance and immunopathology (Balachandran et al., 2017; Coppieters et al., 

2012; Demols et al., 2000; Kuric et al., 2017; Rodriguez-Calvo et al., 2014). In T1D, CD8+ 

T cells are found in the exocrine pancreas and within islets and insulitic lesions (Damond et 

al., 2019; Kuric et al., 2017; Radenkovic et al., 2017; Rodriguez-Calvo et al., 2014; Wang et 

al., 2019). However, the functional capacity and role of T cells in the non-diseased pancreas 

is not clear. Studying immune cells within the human pancreas is further limited by tissue 

availability and the technical challenge of isolating viable cell populations from this 

enzyme-rich site.

We have established a collaboration with the local organ-procurement agency, LiveOnNY, to 

obtain mucosal, lymphoid, and exocrine tissues from human organ donors, enabling 

assessment of T cell compartmentalization and tissue-specific effects on T cell maintenance 

and function (Granot et al., 2017; Miron et al., 2018; Senda et al., 2019; Thome et al., 2014, 

2016). Here, we use this resource to define how resident immune cells are maintained in the 

non-diseased pancreas compared to those in neighboring jejunum and their draining lymph 

nodes to establish a baseline of immune homeostasis from which to define disease-

associated immune dysregulation. We identify CD8+ PD-1hi TRMs as the predominant T 

cell subset in the human pancreas, largely confined to exocrine areas and exhibiting tissue-

specific phenotypes and transcriptional programs controlling T cell activation and 

metabolism. Pancreas TRMs cluster together with tissue macrophages, which represent the 
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other major immune cell type in the exocrine pancreas. We further show that TRM effector 

functions are enhanced by macrophage-derived co-stimulation and attenuated by the 

PD-1/PD-L1 pathways. Importantly, these TRM regulatory mechanisms are altered during 

inflammation associated with CP; pancreas TRMs exhibit reduced PD-1 expression 

concomitant with a marked decrease in pancreas macrophages. Together, these findings 

demonstrate how TRMs, macrophages, and the PD-1 pathway contribute to in situ immune 

regulation and suggest a key role for TRMs in tissue homeostasis.

RESULTS

Localization and Subset Composition of T Cells in the Human Pancreas

We obtained non-diseased tissues from a human organ donor tissue resource (see STAR 

Methods), which we have previously described and extensively validated for immune cell 

studies over diverse anatomic sites and ages (Carpenter et al., 2018; Sathaliyawala et al., 

2013; Thome et al., 2014, 2016). Whole pancreas along with samples of neighboring 

gastrointestinal (GI) and lymphoid sites, including jejunum, pancreas-draining lymph node 

(PLN), and mesenteric lymph node (MLN), were obtained from 32 donors of diverse race 

and ethnicity (Table S1). Donors ranged in age from 18 to 71 years (median age, 52 years), 

and none had a documented history of T1D or pancreatic disease. Donor BMI ranged from 

16 to 47; 40% of donors (13/32) were obese (BMI >30 kg/m2), comparable to the US 

population (Hales et al., 2017).

Pancreatic tissue consists predominantly of exocrine components (85%) composed of acinar 

cells secreting digestive enzymes, while endocrine components (15%) consist of discrete 

islets of neuroendocrine cells producing insulin and glucagon. We used quantitative 

multiplex immunofluorescence (qmIF) to localize CD3+ T cells among CK19+ ductal 

epithelium (exocrine portion) and islets (chromogranin+, endocrine portion) (Figure 1A, 

left). High-density cellular areas between the ductal and endocrine components were 

classified as acinar. Computational analysis of images from multiple pancreas sections (see 

STAR Methods) shows that T cells are largely restricted to the periductal and acinar areas of 

the exocrine pancreas and are not within islets (Figure 1A, right). Therefore, the majority of 

T cells in the non-diseased pancreas are within the exocrine region.

Isolation of immune cells from pancreatic tissue is challenging due to the high enzyme 

content. We optimized a protocol for isolation of viable cells from the pancreas using a 

modified Ricordi chamber method (see STAR Methods) (Bugliani et al., 2004). Flow 

cytometry analysis showed that pancreas T cells are predominantly CD8+ (85% ± 1.5% 

CD3+ cells) compared to jejunum, which contains 54% ± 3.3% CD4+ T cells and associated 

lymph nodes (PLNs and MLNs) with prevalent CD4+ T cells (Figure 1B). Pancreas T cells, 

similar to jejunum, are largely effector memory (TEM) phenotype (CD45RA+CCR7−,92% 

± 1.7%) whereas PLN and MLN T cells contain significant naive (CD45RA+CCR7+) and 

central memory (TCM; CD45RA− CCR7+) populations (Figure S1A). CD4+ regulatory T 

cells (Tregs) were not detected in the pancreas or jejunum (<0.5%) but were present in PLNs 

and MLNs (Figure S1B). These results show site-specific differences in T cell subset 

composition; notably, the pancreas contains predominant CD8+ TEM cells, distinct among 

neighboring GI and lymphoid tissues.
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We examined whether pancreas T cells express canonical TRM markers CD69 and CD103, 

along with additional core TRM signature markers defined previously (Kumar et al., 2017), 

including the collagen-binding integrin CD49a and inhibitory molecules PD-1 (Freeman et 

al., 2000) and CD101 (Schey et al., 2016). The vast majority (>85%) of CD8+ TEM cells 

from pancreas and jejunum co-expressed CD69 and CD103 and therefore exhibit a TRM 

phenotype. In PLNs, >70% of CD8+ TEM cells were CD69+ and largely CD103− (Figure 

1C); these likely represent TRMs based on previous findings that human CD69+CD8+ T 

cells in mucosal tissues and peripheral lymph nodes (LNs) exhibit transcriptional features of 

TRMs (Buggert et al., 2018; Kumar et al., 2017; Miron et al., 2018) and results in mice 

showing that LN CD69+TEM cells are retained as TRMs (Beura et al., 2018). Pancreas 

TRMs also express CD101 and exhibited markedly higher expression of PD-1 and CD49a 

compared to TRMs in jejunum, PLN, and MLN (Figures 1C and S1C). Pancreas 

CD8+TRMs further exhibited constitutive expression of the cytotoxic effector molecule 

granzyme B (GZMB), while CD8+ TRMs from jejunum and PLN were mostly GZMB 

negative (Figure 1D). These results show that T cells within the non-diseased human 

pancreas exhibit high-level expression of multiple TRM markers and are distinct from TRMs 

in neighboring GI and lymphoid sites in elevated PD-1 and GZMB expression.

Pancreas TRMs Exhibit a Distinct Transcriptional Signature of Activation and 
Mitochondrial-Associated Genes

We further investigated the distinct state of pancreas TRMs by whole-transcriptome profiling 

of sorted CD8+ TRMs (defined as CD8+CD69+TEM cells) from donor-matched pancreata, 

jejunum, and PLNs compared to circulating blood CD8+ TEM cells from healthy living 

donors. Principal-component analysis (PCA) showed clustering of the pancreas, jejunum, 

and PLN CD8+ TRM expression signatures distinct from those of blood CD8+ TEM cells on 

the first principal component (PC1) and tissue-specific clustering of pancreas TRMs distinct 

from TRMs in jejunum and PLN based on PC2 (Figure 2A). Gene set enrichment analysis 

(GSEA) of the pancreas, jejunum, and PLN CD8+ TRMs compared to blood CD8+ TEM 

cells showed positive enrichment for genes shown to be upregulated in human TRMs 

(normalized enrichment score = 2, 2.3, and 2.2 with p = 0 for pancreas, PLN, and jejunum, 

respectively) and negative enrichment for genes downregulated in human TRMs (Kumar et 

al., 2017) (normalized enrichment score = −3, −3.5, and −3.7 with p = 0 for pancreas, PLN, 

and jejunum, respectively) (Figures 2B and S1A). We identified differentially expressed 

genes (DEGs) in tissues versus blood based on adjusted p value %0.05 and absolute value of 

log2 fold change (FC) R0.75. There was a strong correlation between the genes 

differentially expressed in pancreas TRMs versus blood TEM cells and in jejunum TRMs 

versus blood TEM cells (Figure 2C, top). A similar correlation was observed between genes 

differentially expressed in pancreas TRMs versus blood TEM cells and in PLN TRMs versus 

blood TEM cells (Figure S2B).

Given the tissue-specific clustering observed on PC2 (Figure 2A), we further defined the 

gene expression differences between TRM from the different tissue sites. We identified 

1,731 genes differentially expressed in pancreas TRMs with comparison to both PLN and 

jejunum TRMs (674 upregulated in both comparisons, 1,040 downregulated in both 

comparisons (adjusted p value % 0.05 and absolute value of log2 fold change R 0.75) (Table 
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S2). A strong correlation was observed in the differentially upregulated and downregulated 

genes between pancreas versus jejunum TRMs and pancreas versus PLN TRMs, which 

together define a pancreas-associated gene signature (Figure 2C, bottom; Table S2). In 

contrast, the genes differentially expressed in pancreas TRMs versus blood TEM cells were 

not strongly correlated to those genes differentially expressed in pancreas compared to 

jejunum TRMs (Figure S2C), suggesting that the tissue residency gene signature and the 

pancreas-associated gene signature are unrelated. Using pathway and Gene Ontology (GO) 

analysis, we found significant overlap between the pancreas-associated gene signature and 

multiple annotated gene sets involved in T cell activation, T cell proliferation, T cell 

migration (Table S3), and mitochondrial function (GO Term: 0005739) (Figures 2D and 

S2D). Genes upregulated in pancreas TRMs that are involved in T cell function include 

those encoding cytotoxic effector molecules perforin (PRF1) and granulysin (GNLY) and 

genes involved in memory T cell maintenance, including IL-15 receptor components 

IL15RA and the shared IL2RB beta chain. Downregulated transcripts include those involved 

in T cell activation (e.g., FOS, JUN, NR4A1, EGR1, MYC, and MYB) and those associated 

with T cell migration (KLF2, CCR7, and CCR9) (Figure 2D, left; Table S3).

Notably, there was coordinate upregulation in pancreas TRMs of genes involved in a diverse 

array of mitochondrial functions, including mitochondrial ribosomes (e.g., MRPL17, 

MRPL28, MRPL34, MRPL2), enzymes of the respiratory chain (e.g., NDUFS8), synthesis 

of mitochondrial cardiolipin (PTPMT1), and enzymes mediating fatty acid beta-oxidation 

(ACADS) (Figure 2D, right; Table S2). In addition, genes encoding several transcription 

factors for mitochondrial gene expression and biogenesis (PPARA, PPARD, ESRRA, and 

RXRA) are significantly upregulated in pancreas TRMs compared to TRMs in jejunum and 

PLN (Figure S2E). This increase in mitochondria-associated genes in pancreas TRMs 

correlated with increased mitochondrial mass in pancreas TRMs compared to TRMs from 

jejunum and PLN based on staining with the mitochondrial dye MitoTracker green in the 

presence of verapamil to inhibit spurious dye efflux (de Almeida et al., 2017) (Figure 2E).

Because PD-1 expression is a hallmark of T cell exhaustion or hyporesponsiveness during 

chronic viral infections and cancer (Wherry et al., 2003; Wu et al., 2014), we investigated 

whether the gene expression profile of pancreas TRMs was enriched for exhaustion-

associated transcripts previously defined from mouse models and human tumors 

(Schietinger et al., 2016). However, there was no significant enrichment of genes associated 

with exhausted T cells in pancreas TRMs, with the exception of the transcript encoding 

PD-1 (PDCD1) (Figure S2F). Pancreas TRMs are also highly functional. Upon activation 

with PMA/ionomycin, a high frequency of pancreas TRMs produced interferon-γ (IFN-γ), 

which was higher than the frequency of IFN-γ produced by CD8+ T cells in tissues and 

blood (Figure 2F). Pancreas CD8+ TRMs also produced high levels of IL-2 similar to CD8+ 

TRMs from jejunum and PLN and higher than blood CD8+ T cell subsets (Figure S2G). 

Moreover, pancreas CD8+ TRMs showed a high polyfunctionality index (Larsen et al., 2012) 

comparable to that of CD8+ TRMs from jejunum and PLN and greater than that of blood 

subsets (Figure 2F). These results show that pancreas TRMs exhibit a distinct transcriptional 

signature with enhanced mitochondrial mass and polyfunctional capacity relative to TRMs 

in neighboring tissues. Moreover, despite elevated PD-1 expression, pancreas TRMs exhibit 

no overt transcriptional or functional similarity to exhausted T cells.
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Pancreas TRMs Exhibit Tissue-Specific Clonal Expansion and Markers of Replication 
History

To identify the clonal relationships between TRMs in pancreas and neighboring sites, we 

extracted T cell receptor (TCR) sequences from the RNA sequencing (RNA-seq) datasets 

(Bolotin et al., 2015) (see STAR Methods). While the majority (>50%) of TCR clones 

identified in pancreas and jejunum were also found in PLNs (Figure 3A, 3B, top), the TCR 

repertoires of the pancreas and jejunum TRMs had reduced clonal diversity compared to the 

TCR repertoires of PLNs (Figure 3B, bottom, and Figure S3A). Tracking individual clones 

among the three tissue sites revealed highly expanded clonotypes within TRMs in the 

pancreas that were either not detected or detected at low frequency in the other tissue sites 

(Figures 3A, 3C, and S3B). Jejunum TRMs also have expanded clonotypes, but these are 

distinct from those in the pancreas (Figure 3A, 3C, and S3B). Accordingly, the expanded 

clonotypes specific to the pancreas occupied >50% of the total TCR repertoire sampled 

(Figure 3C), suggesting pancreas-specific clonal expansion of TRMs.

To assess the extent of activation and replicative history of pancreas TRMs relative to other 

sites, we examined expression of co-stimulation molecules and markers of homeostasis and 

senescence. The co-stimulatory receptor CD28 is downregulated following activation and 

proliferation (Appay et al., 2002; Im et al., 2016; Powell et al., 2005), and accordingly, 

TRMs from both pancreas and jejunum were predominantly CD28− (Figure 3D) (consistent 

with the TCR results suggesting extensive clonal expansion). By contrast, TRMs in LN are 

CD28+ (Figure 3D). Expression of CD127, the IL-7 receptor, is associated with long-lived 

memory T cells and mediates their antigen-independent proliferation (Surh and Sprent, 

2008). TRMs across all tissue sites were predominantly CD127+, including CD28− TRMs 

(Figure 3D). Furthermore, pancreas TRMs did not express CD57, a marker of senescence 

(Figure S3C). Together, these results show that pancreas TRMs exhibit clonal expansions in 
situ yet are not senescent and express IL-7R consistent with a resting memory T cell 

phenotype.

Distinct Properties of Pancreas Tissue Macrophages and Interactions with Pancreas TRMs

We hypothesized that the distinct features of pancreas TRMs could be due to specific 

interactions with immune and/or non-immune cells in the pancreas. The majority (65%) of 

CD45+ cells in unfractionated pancreas cell suspensions consist of CD14+CD64+ myeloid 

lineage cells (Figure 4A), consistent with previous findings that large numbers of 

macrophages are distributed throughout pancreas (Calderon et al., 2015; Wang et al., 2019). 

CD14+CD64+ cells in pancreas express high levels of the tissue macrophage markers CD163 

and CD206 (Lau et al., 2004; A-Gonzalez et al., 2017) that are increased relative to 

counterparts in spleen, jejunum, and PLN (Figure 4B). Macrophages in the pancreas and 

jejunum also express increased levels of major histocompatibility complex class II (MHC 

class II) and the co-stimulatory molecule CD86 compared to macrophages in PLNs and 

spleen (Figure 4C), as well as CD13, CD11c, and CD141, but not CD1c (Figure S4A). For 

other myeloid subpopulations, CD14− conventional dendritic cell (cDC) subsets were 

present as CD11c+ MHC class II+ cells in jejunum and LN (Figure S4B), consistent with 

previous reports (Granot et al., 2017). In pancreas, cDC populations were not readily 

detected; >99% of CD11c+ MHC class II+ cells were CD14+ (Figure S4B), likely 
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representing macrophages. Analysis of macrophage localization by qmIF showed a reticular 

pattern of CD163+ macrophage staining enriched in the exocrine areas (acinar and ductal) 

compared to the endocrine portions (Figure 4D). These results show that pancreas 

macrophages, like pancreas TRMs, localize to exocrine areas and exhibit distinct properties 

relative to neighboring GI and lymphoid sites.

To investigate potential co-localization of pancreas T cells and macrophages, we imaged 

sections of the pancreas with a qmIF panel to detect neuroendocrine (chromogranin+) cells, 

ductal cells (CK19+), macrophages (CD163+), T cells (CD3+), and TRMs (CD103+) from 

13 individuals (Figure 5A, left). These images show macrophages as networks of yellow-

pseudocolored reticular cells surrounding but only rarely within islets; CD103+ (purple) 

TRMs are dispersed throughout the exocrine areas and also found frequently found in 

clusters with macrophages (Figures 5A and S5A).

To quantitate spatial proximity between immune cells and non-immune cells, we analyzed 

multiple pancreas images using the pair correlation function (PCF) (Zhao et al., 2019) (see 

STAR Methods). The PCFs of ductal and neuroendocrine cells showed substantial clustering 

among themselves, consistent with the formation of tubular ducts and neuroendocrine islets 

in the pancreas, while significant clustering was not observed between any immune cell type 

and the acinar, ductal, and neuroendocrine cells (Figure 5B, left). The immune cells in 

pancreas, however, did form clusters with each other—macrophages with T cells (both 

CD103+ and CD103−) compared to other cell types (p < 1e-38, Mann-Whitney U test on 

area under the curve [AUC]) (Figure 5B, right) and also with other macrophages and T cells 

with macrophages and also with other T cells (p < 1e-82, Mann-Whitney U test on AUC) 

(Figure 5B, left). Simulations with random permutations of cell labels demonstrated that this 

effect was not due to the intrinsic structure of the acinar compartment (p < 0.05) (Figure 

S5B). These imaging analyses show that TRMs in the pancreas interact in situ with tissue-

resident macrophages.

Regulation of Pancreas TRM Effector Function by Macrophages and PD-1

We hypothesized that pancreas TRMs are functionally regulated by interactions with 

macrophages. Co-culture of purified pancreas TRMs with pancreas macrophages 

(CD14+CD64+ CD163+) in the presence of monomeric anti-CD3 antibody resulted in 

secretion of multiple cytokines (IL-2, IFN-γ, and tumor necrosis factor alpha [TNF-α]) 

comparable to levels produced following stimulation with anti-CD3/anti-CD28/anti-CD2-

coated microbeads; TRMs cultured with macrophages alone did not trigger activation 

(Figure 6A). We investigated potential mediators of pancreas TRM-macrophage functional 

interactions by staining for co-inhibitory and potential costimulatory ligands on the 

macrophage surface. Indeed, CD14+CD163+ pancreas macrophages express high levels of 

PD-L1, the ligand for PD-1 (Figure 6B), as well as CD58 (Figure 6C), a ligand for the pan-T 

cell co-stimulatory receptor CD2, which is highly expressed by pancreas TRMs (Figure S6).

To examine the role of macrophage PD-L1 and CD58 in regulating TRM functional 

responses in the presence of macrophages as accessory cells, we used blocking antibodies in 

the co-culture system. Inhibiting the PD-1 pathway with the blocking antibody nivolumab 

significantly enhanced anti-CD3-induced IFN-γ, TNF-α, and IL-2 production and the 
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polyfunctionality index of pancreas TRMs (Figure 6D). By contrast, inhibiting the CD2-

CD58 pathway reduced TRM-mediated cytokine production to anti-CD3 and macrophage 

co-culture (Figure 6D). The increased response of pancreas TRMs to PD-1 inhibition 

indicates that their high constitutive expression of PD-1 is functionally important.

Chronic Pancreatitis Is Associated with Reduced PD-1 Expression and Macrophage 
Density

We asked whether the specific features of pancreas TRMs were altered in the context of 

immune dysregulation and inflammation in samples of unfractionated pancreatic cell 

suspensions and tissue sections from individuals with CP undergoing pancreatectomy (Table 

S4). Analysis of the pancreatic immune cell composition in CP showed an increased T cell 

abundance with substantially decreased frequency of macrophages compared to organ donor 

controls without pancreatic disease (Figure 7A), resulting in an increased T cell to 

macrophage ratio in CP compared to control pancreas (Figure 7B, top). Macrophages in CP 

also showed qualitative changes including decreased expression of CD163, a molecule 

associated with tissue repair (Akahori et al., 2015), and increased expression of MHC class 

II (Figure S7A).

Within the T cell compartment, the frequency of CD8+ TRMs was similar in CP and 

controls (Figure 7B, bottom); however, in some CP samples, there was an increase in CD4+ 

T cell and CD4+ TRM frequency (Figure S7B). Consistent with the cellular data, 

immunohistochemistry showed decreased density of CD163+ tissue macrophages relative to 

CD8+ T cells in pancreatic parenchyma of CP patients relative to controls (Figure 7C). 

Moreover, surface expression of PD-1 was decreased on CD8+ TRMs of CP compared to 

controls (Figure 7D, left), whereas surface expression of macrophage PD-L1 was unchanged 

in CP (Figure 7D, right). To investigate the mechanism for PD-1 downregulation on TRMs, 

we examined expression of T-bet, an inflammation-associated transcription factor known to 

repress PD-1 expression in CD8+ T cells (Kao et al., 2011). Indeed, T-bet was increased in 

pancreatic CD8+ TRMs from CP patients compared to controls, and the degree of T-bet 

upregulation was significantly correlated with PD-1 downregulation (Figures 7E and 7F). 

Together, these changes in pancreatic TRMs and tissue macrophages are associated with 

altered immune regulation in CP.

DISCUSSION

TRMs are maintained throughout life as the predominant T cell subset in diverse human 

tissue sites, suggesting roles in immune homeostasis. Here, we elucidated how TRMs in the 

human pancreas exhibit tissue-specific adaptations and mediate functional regulation in situ 
that is disrupted during chronic inflammation. Our findings reveal that human pancreas 

maintains a population of CD8+ TRMs with a distinct organ-specific transcriptional, 

phenotypic, and functional profile compared to those in jejunum and PLN. Pancreas TRMs 

localize almost exclusively in exocrine areas, where they cluster with tissue macrophages, 

which can regulate TRM activation via PD-L1/PD-1 signaling. Moreover, we show that 

pancreatic inflammation in patients with CP is associated with alterations in these TRM 

regulatory mechanisms, including downregulation of PD-1 expression and reduced 
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interactions with macrophages. Together, our results reveal mechanisms of pancreatic 

immune regulation with implications for understanding the immune dysfunctions underlying 

pancreatic disease.

Our tissue resource enables cross-tissue comparison of immune cells in the pancreas relative 

to neighboring GI and lymphoid tissue sites within the same individual. We show 

predominantly CD8+ T cells in the human pancreas, consistent with previous studies 

(Damond et al., 2019; Rodriguez-Calvo et al., 2014; Wang et al., 2019), and that pancreatic 

CD8+ T cells exhibit uniform and high level expression of key TRM surface markers such as 

CD103, CD49a, and PD-1 compared to memory T cells in other sites. While pancreas TRMs 

retain the core molecular profile previously defined for human TRMs (Kumar et al., 2017), 

they also exhibit a pancreas-specific gene expression signature associated with T cell 

activation and mitochondrial biogenesis and corresponding polyfunctional cytokine profiles 

and increased mitochondrial mass relative to TRMs in other sites. Increased mitochondrial 

mass has been associated with enhanced T cell effector function (Fischer et al., 2018; 

Scharping et al., 2016), and mitochondrial metabolism is essential for memory T cell 

maintenance; skin TRMs are particularly dependent on mitochondrial fatty acid oxidation 

(Pan et al., 2017; van der Windt et al., 2012). Our results suggest a distinct metabolic profile 

in pancreas TRMs that may reflect their residency in an organ that both senses and regulates 

systemic nutrient metabolism and influences their functional capacity.

The CD8+ T cell bias and the known susceptibility of the human pancreas to multiple 

common viruses, including cytomegalovirus, enteroviruses, Epstein-Barr virus, and hepatitis 

(Alidjinou et al., 2017; Chan et al., 2014; Rawla et al., 2017; Sarmiento et al., 2017), 

suggests that pancreas TRMs may originate from antiviral immune responses. In this way, 

TRMs could be important for rapid in situ clearance of viruses with pancreatic tropism. 

TRMs can also play important roles in tumor immunity (Brooks et al., 2018; Ganesan et al., 

2017; Nizard et al., 2017). Rare cases of long-term survival in patients with PDAC are 

associated with development of high-quality anti-tumor T cell responses (Balachandran et 

al., 2017). The functional potency of pancreatic TRMs suggests their potential for targeting 

in anti-tumor immunity.

The immune checkpoint molecule PD-1 is expressed by human TRMs in multiple sites, 

including lung, liver, spleen, and brain (Hombrink et al., 2016; Kumar et al., 2017; Pallett et 

al., 2017; Shwetank et al., 2017). Pancreas TRMs display uniformly high surface PD-1 

expression yet do not exhibit transcriptional or functional features of T cell ‘‘exhaustion’’ 

associated with PD-1 expression in chronic infection or cancer (Wherry, 2011). We further 

show that pancreas TRMs are localized near pancreatic resident macrophages, which 

themselves express PD-L1, and that inhibiting PD-1/PD-L1 in pancreas TRM-macrophage 

co-cultures results in enhanced TRM-mediated functional responses. We propose that TRM 

interaction with macrophages in situ leads to their functional regulation through PD-1 during 

homeostasis. By contrast, in pancreata of patients with CP, there was decreased expression 

of surface PD-1 on CD8+ TRMs concomitant with a significant decline in macrophage 

density, implicating loss of TRM-macrophage interactions and decreased PD-1 signaling. 

Decreased PD-1 expression on TRMs was significantly correlated with increased expression 

of the inflammation-associated transcription factor T-bet, previously shown to directly 
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repress PD-1 expression in CD8+ T cells (Kao et al., 2011). Our results suggest a potential 

role for PD-1 in TRM regulation in situ and in the development or pathogenesis of CP, 

consistent with results in mouse models demonstrating that a deficiency of PD-1 expression 

resulted in pancreatitis (Zhang et al., 2016).

Our results have direct implications for PD-1 targeted immunotherapies, particularly for 

PD-1/PD-L1 checkpoint blockade therapies, which have shown remarkable success in 

treating certain cancers (Sharma and Allison, 2015). Adverse events due to checkpoint 

inhibition include autoimmune and inflammatory syndromes in different tissue sites (Pauken 

et al., 2019). Interestingly, T1D and pancreatic inflammation of varying severities have been 

reported in a small number of cancer patients treated with these therapies (Araújo et al., 

2017; Miyoshi et al., 2016; Stamatouli et al., 2018). Our results suggest that blocking the 

PD-1/PD-L1 interaction in vivo could disrupt in situ tissue homeostasis in the pancreas and 

perhaps other sites by releasing PD-1-mediated control of TRMs. Conversely, the elevated 

PD-1 expression by pancreas TRMs suggests that checkpoint blockade therapies could have 

potential in harnessing TRMs for treating PDAC.

Together, our findings reveal how tissue-specific TRM adaptations shape distinct modes of 

TRM regulation that can be governed by interactions with tissue macrophages, with 

implications for understanding the immune dysfunctions underlying pancreas inflammatory 

disease and cancer and the overall regulation of tissue homeostasis.

STAR★METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents should be directed to and will be fulfilled by 

lead author Donna L. Farber (df2396@cumc.columbia.edu).

Materials Availability Statement—This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human samples—Tissues were obtained from deceased organ donors as part of organ 

acquisition for clinical transplantation through an approved protocol and material transfer 

agreement with LiveOnNY as described previously (Carpenter et al., 2018; Gordon et al., 

2017; Granot et al., 2017; Kumar et al., 2017; Miron et al., 2018; Senda et al., 2019). Donors 

were free of cancer, chronic diseases, seronegative for hepatitis B, C, and HIV, and 

represented diverse ages (Table S1). Use of organ donor tissues does not qualify as ‘‘human 

subjects’’ research, as confirmed by the Columbia University IRB as tissue samples were 

obtained from brain-dead (deceased) individuals.

Human subjects undergoing total pancreatectomy with auto-islet transplantation provided 

informed consent for collection of specimens and data for research under a protocol 

approved by the Institutional Review Board of CUIMC. Table S4 shows the list of patients 

and their characteristics.
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METHOD DETAILS

Isolation and preparation of single cell suspensions from tissue samples—
Tissue samples were maintained in cold saline or CoStorSol® (University of Wisconsin 

(UW) solution (Preservation Solutions, Elkhorn, WI, Cat# PS004), and transported to the 

laboratory within 2–4 hours of organ procurement. Lymphocytes were isolated from blood 

and BM samples by density centrifugation using lymphocyte separation medium (Corning 

cat# 25–072-CI) for recovery of mononuclear cells. All non-lymphoid tissues were carefully 

inspected for the presence of lymph nodes and these were removed and processed separately. 

Spleen, PLN, MLN and jejunum samples were processed using enzymatic and mechanical 

digestion, resulting in high yields of live leukocytes, as previously described (Carpenter et 

al., 2018; Gordon et al., 2017; Granot et al., 2017; Kumar et al., 2017; Miron et al., 2018; 

Senda et al., 2019).

Human pancreatic tissue was dissociated by enzymatic digestion based on a modified human 

islet isolation method (Bugliani et al., 2004). Briefly, the body and tail portion of the 

pancreas was perfused intraductally and digested with enzyme solution containing Premium 

Grade Collagenase (SERVA Electrophoresis GmbH, Heidelberg, Germany, Cat#17455.1) 

and Neutral Protease (SERVA Electrophoresis GmbH, Cat#30301.5) until the majority of the 

islets were separated from exocrine tissue as examined microscopically by Dithizone-

staining (Sigma, Cat#D5130). The pancreas digest, in a 650ml Ricordi chamber (Biorep 

Technologies, Inc., Miami Lakes, FL, Cat# RC3–600-MUL) with a 450 µm stainless steel 

mesh filter, was diluted, washed, and collected using at least 8 l of circulating RPMI 

(Mediatech, Cat# 99–595-CM). Single cell suspensions of the pancreas digest were prepared 

by mechanical disruption of cell clusters by vigorous pipetting in the presence of DNase I 

(Sigma, Cat# DN25–5G) (50–100 µg/ml) followed by filtration through 70 µm mesh.

Flow cytometry analysis and cell sorting—For flow cytometric analysis, cells were 

stained in 5mL polystyrene tubes in the dark using antibody panels (see key resources table). 

Surface staining was done for 20min at room temperature (RT). For intracellular staining, 

surface stained cells were fixed for 60min at 4°C in fixing buffer (BD Biosciences Cat# 51–

2090KZ), followed by staining in permeabilization buffer (BD Biosciences Cat# 51–

2091KZ) at RT for 30 min. Controls were unstained and single-fluorochrome stained 

samples. Flow cytometry data were acquired on a BD Fortessa and analyzed using FlowJo 

(Treestar, Ashland, OR).

For sorting, cells were stained with the antibodies described in the key resources table. The 

stained cells were sorted using a BD Influx Cell Sorter. Sorted cells were used either for 

functional assays or RNA isolation.

In vitro T cell stimulation—For PMA/ionomycin stimulation, 50,000 – 100,000 sorted T 

cells from tissue sites were plated cultured 96-well U-bottom plates in 200 µL of complete 

RPMI-1640 medium (containing fetal bovine serum, 10%) containing PMA (Sigma, 

Cat#P1585) (50 ng/ml) plus ionomycin (Sigma, Cat#I9657) (1 µg/ml) in 96-well round-

bottom plates. For macrophage co-culture experiments, 50,000 – 100,000 sorted TRM 

(DAPI-CD45+Lin−CD4/8+CD45RA−CCR7−CD69+) were plated at 1:1 ratio with sorted 
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autologous pancreatic macrophages (DAPI−CD45+Lin−CD14+CD64+CD163+) in 200 µL of 

complete RPMI and rested overnight prior to stimulation with 1 µg/ml monomeric anti-CD3 

(OKT3, Biolegend) in the presence or absence of 10 µg/ml functional grade blocking anti-

CD58 (TS2/9, Biolegend) or 10 µg/ml anti-PD-1 (Nivolumab, Biovision) antibody. Positive 

stimulation controls were sorted TRM cultured with microparticles coated with anti-CD2, -

CD3, -CD28 antibodies (Miltenyi Biotec, Cat#130–091-441). Stimulated cells were 

incubated at 37°C for 4–6hrs in the presence of GolgiStop (BD Biosciences, cat# 554724) 

and GolgiPlug (BD Bioscience cat# 555029). Cells were washed, stained with the fixable 

viability marker (Zombie-NIR, Biolegend, Cat# 423105), prior to surface and intracellular 

staining.

Multispectral staining and imaging of pancreas tissue—Representative sections 

0.5–1.0 cm in thickness from the pancreas body and proximal jejunum were removed within 

12 hours of organ procurement and placed in zinc-buffered formalin (Anatech Ltd.) for 48 

hours prior to dehydration and embedding in paraffin. These pancreas samples were 

sectioned at 5-µm thickness and stained using 7-color multispectral Opal reagents (Akoya 

Biosciences, Cat# NEL811001KT) as previously described (Gartrell et al., 2018). The 

multiplex panel included DAPI for nuclear counterstaining, CD3 (clone LN10; Leica; 1:150 

dilution; Opal 540 fluorophore), CK19 (clone A53-B/A2.26; Sigma Aldrich; 1:600 dilution; 

Opal 690 fluorophore), CD163 (clone 10D6; Biocare Medical; 1:200 diluation; Opal 570 

fluorophore); Chromogranin A (polyclonal; Abcam Cat#Ab45179; 1:300; Opal 520 

fluorophore), and CD103 [clone EPR4166(2); Abcam; 1:900 dilution; Opal 650 

fluorophore]. Single controls and an unstained slide were stained with each group of slides. 

After staining, the sections were mounted in Vectashield Hard Set mounting media (Vector 

Labs, Cat#H1600) and stored at 4°C for up to 48 hours prior to image acquisition.

Multispectral imaging and acquisition at 20x magnification (numerical aperture 0.75) was 

performed using the integrated Vectra 3 automated quantitative pathology imaging system 

(PerkinElmer) as previously described (Gartrell et al., 2018). Images were analyzed using 

inForm software (PerkinElmer). Images depicting single color immunohistochemistry were 

created using the ‘pathology view’ function within the inForm software which pseudocolors 

the indicated marker brown and the DAPI nuclear counter stain blue. Representative areas 

(5–10) from each donor including both exocrine and endocrine regions were chosen for 

analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Whole-Transcriptome Profiling by RNA-Seq—CD3+CD8+CD69+TEM (CD45RA
−CCR7−) cells were sorted from the pancreas, jejunum and PLN of five individual donors 

(D304, D318, D325, D332, and D333; see Table S1), and CD8+TEM cells (CD45RA
−CCR7−CD69−) were sorted from peripheral blood. RNA was isolated from cell pellets 

using the RNeasy Mini Kit (QIAGEN) and quantitated using an Agilent 2100 Bioanalyzer 

(Agilent Technologies), and library preparation and RNA-seq was performed by the 

Columbia Genome Center as previously described (Kumar et al., 2017). RNA-Seq reads 

were mapped using TopHat (Trapnell et al., 2009) with default parameters to the human 

reference genome build hg19, performed data quality control using RNA-SeQC (Wang et al., 
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2012) computed read counts using HTSeq (Anders et al., 2015). For a quality control (QC) 

summary of RNA-seq samples, see Table S5.

Tissue specific transcripts from non T cell components were identified as those transcripts 

most highly enriched in whole pancreas and jejunum compared to sorted T cells. Gene 

Transcripts per Million (TPM) values from pancreas and jejunum tissue were obtained from 

RNaseq data collected by the Genotype-Tissue Expression (GTEx) Project (Consortium and 

GTEx Consortium, 2013) and compared to TPM values from RNaseq datasets of sorted 

human CD8+TRM (Kumar et al., 2017). Genes found to be more than 4 fold enriched in 

pancreas or jejunum tissue compared to sorted CD8+TRM were excluded from downstream 

PCA and pathway analysis as potential non-T cell tissue specific contaminants. Differential 

gene expression analysis and principal component analysis was performed with DESeq2 
(Love et al., 2014), and pathway analysis was performed with Ingenuity Pathway Analysis 

software (IPA; QIAGEN), Gene Ontology Analysis and Enrichr (Chen et al., 2013; 

Kuleshov et al., 2016; Mi et al., 2019). For GSEA analysis, the GSEAPreranked tool was 

used with the absolute value of log2 fold change between pancreas TRM and blood TEM 

cells as the ranking metric to assess enrichment of the indicated gene sets (Subramanian et 

al., 2005).

Extraction and analysis of TCR repertoire from T cell RNA-seq data—The 

MiXCR analysis pipeline was used to extract TCR repertoire data from the RNA-seq 

datasets as described above (Bolotin et al., 2015). Using the default parameters, sequencing 

reads within the fastq files were aligned against reference V, D, J and C genes, followed by 

contig assembly and export of all TCR clonotypes with associated clone counts. The 

extracted TCR clonotypes were then used for analysis of TCR repertoire diversity, and 

clonal overlap between tissue sites. Plots showing the percent of clonal space occupied by 

clones of different sizes were generated using the ‘clonal.space.homeostasis’ function in the 

R package tcR (Nazarov et al., 2015). Estimation of TCR repertoire diversity was performed 

using the ‘CalcDiversityStats’ function of VDJtools (Shugay et al., 2015). Clone tracking 

across TRM in PLN, pancreas and Jejunumwas performed using the TrackClonotypes 

function of VDJtools with the ‘intersect-type’ parameter set to ‘strict’ indicating that clonal 

overlap is defined as matching CDR3 nucleotide sequence, V and J genes (Shugay et al., 

2015). To calculate the contribution of PLN clonotypes to the clonal space of pancreas and 

jejunum, and to generate the clone tracking map, the TrackClonotypes function was used 

with the PLN set as the index sample followed by plotting via running R scripts as described 

(Shugay et al., 2015). To calculate the contribution of expanded pancreas and jejunum 

clones to the clonal space of the other tissues the TrackClonotypes function was applied, 

with pancreas and jejunum, respectively, set as the index samples.

Gene Set Enrichment Analysis—For GSEA analysis, the GSEAPreranked tool was 

used with the absolute value of log2 fold change between pancreas TRM and blood TEM 

cells as the ranking metric to assess enrichment of the indicated gene sets (Subramanian et 

al., 2005). Genes ranked by absolute value of log2-fold change between comparator groups 

were used as input to run pre-ranked GSEA using the Broad Institute GSEA Java web 
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application. The TRM signature gene sets were created from lung and spleen CD8+TRM 

transcription profiles, as previously determined (Kumar et al., 2017).

Polyfunctionality index—For assessment of polyfunctionality, boolean combination 

gates were generated using FlowJo for T cells positive for all possible cytokine 

combinations. Gates for cytokine positivity were drawn based on unstimulated cells stained 

in parallel. Calculation of the cytokine polyfunctionality index was then performed as 

described (Larsen et al., 2012).

Image analysis—Tissue segmentation was performed using inForm software (Version 2.3, 

PerkinElmer), by highlighting examples of CK19+ ductal structures, and chromogranin+ 

islets. The highly cellular CK19-/chromogranin- areas between the ducts and islets were 

classified as ‘acinar’. Manual tissue segmentation was performed on 10–20 representative 

fields allowing the algorithm to ‘‘learn’’ each tissue type and segment the image into the 

three main pancreas tissue components. Immune cell constituents within each tissue segment 

were defined by the DAPI nuclear counterstain to define the nucleus of each cell, with each 

associated membrane detected via presence of a specific stain (CD3, CD103, and/or 

CD163). Cell segmentation was adjusted as previously described to accurately locate all 

cells and minimize nuclear hypersegmentation and hyposegmentation (Gartrell et al., 2018). 

Cells were then phenotyped by training the phenotyping algorithm of inForm software, 

identifying: macrophage (CD163+, yellow dots), T cells (CD3+CD103−, blue dots; 

CD3+CD103+ purple dots), ductal cells (CK19+, green dots), and neuroendocrine cells 

(chromogranin+, white dots). The cell segmentation data summary provided densities of 

each cell type in the 3 pancreas tissue segments and the full cell segmentation data file 

provided the X and Y coordinates of each phenotyped cell.

Based on spatial maps generated from the images, PCFs were calculated between each pair 

of cell types. Positive deviations of the PCF above the reference value of 1 provide evidence 

of clustering at a particular radius, and the area under the curve (AUC) summarizes the 

overall degree of clustering. The cell segmentation data file containing positions and 

phenotypes of cells was processed into pair correlation functions (PCFs) using the spatstat R 

package (Baddeley et al., 2016). Inhomogeneous PCFs were calculated up to a radius of 50 

microns between each pair of cell types, as long as there were at least 20 cells of that type in 

the sample. Isotropic edge correction and a normalization power of 2 were used. The area 

under the curve (AUC) for each PCF was used as a summary statistic for quantifying 

clustering, and plots represent the point-wise median PCF across samples with 95% 

confidence intervals obtained via bootstrapping. In addition, simulations were performed to 

determine the null distribution of macrophages and T cells, assuming that they were 

confined to the acinar areas of the pancreas. In each of 40 iterations, macrophages, T cells, 

and acinar cells had their labels randomly permuted for each sample, and PCFs were 

recalculated. The median PCFs of these simulated samples were then compared to those that 

were actually observed.

Statistical analysis and data visualization—Descriptive statistics of compiled flow 

cytometry data, graphs and statistical testingwere performed using GraphPad Prism 

(Graphpad software, San Diego, CA). To compare expression of surface and intracellular 
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markers across different tissue sites, a one-way ANOVA test was run followed by Dunnett’s 

multiple comparison testing. For comparing expression of markers between 2 groups (CP 

patients versus controls) we performed an unpaired t test with unequal variance. P values 

below 0.05 were considered as statistically significant. For all figures *** = p value < 0.001, 

** = p value < 0.01, and * = p value < 0.05.

DATA AND CODE AVAILABILITY

The accession number for the data reported in this paper is GEO: GSE135582.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The human pancreas contains CD8+ TRMs exhibiting tissue-specific 

molecular signatures

• Pancreas TRMs express high levels of PD-1 yet maintain strong effector 

function

• During homeostasis, pancreas TRMs are regulated by PD-L1+ tissue 

macrophages

• In chronic pancreatitis, TRM PD-1 levels and PD-L1+ macrophage density 

are reduced
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Figure 1. Localization and Expression of Key Tissue-Residency Markers on T Cells in Human 
Pancreas
(A) Representative qmIF composite image of a pancreas section stained with antibodies 

specific for CD3 (purple), the ductal marker CK19 (green), DAPI nuclear counterstain 

(gray), and the neuroendocrine marker chromogranin (white) are shown (left) adjacent to a 

representative single color CD3 image (middle). Acinar, ductal, and endocrine areas were 

defined based on CK19 and chromogranin staining. White bar, 100 µm for scale. Right: 

densities of CD3+ T cells were quantified in the three regions of pancreas using inForm 

software. Plots show mean ± SEM from 13 donors.

(B) T cells were analyzed in cell suspensions of pancreas (Panc), jejunum (Jej), pancreas-

draining lymph node (PLN), and mesenteric lymph node (MLN). Shown are representative 

(left) and the compiled (right) CD4 and CD8 T cell frequencies (gated on DAPIlo 

CD45+CD3+ cells) from the four tissue sites. Bars indicate comparisons for CD8+ T cells.
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(C) Expression of CD69 in conjunction with TRM signature markers CD103, CD49a, and 

PD-1 on CD8+ TEM cells (CD45RA−CCR7−) subsets isolated from indicated sites shown as 

representative flow cytometry plots (left) with the compiled frequencies ±SEM of the 

indicated subsets from three to eight donors (right). Bars indicate comparisons of the 

CD69+CD103+ (top), CD69+CD49a+ (middle), and CD69+PD-1hi (bottom) subsets.

(D) Expression of intracellular granzyme B (GZMB) in CD8+CD69+TEM cells isolated 

from pancreas, jejunum, and PLN shown as representative flow cytometry plots (left), and 

compiled frequencies ± SEM of GZMB+ cells from three to six donors for each tissue 

(right). Bars indicate comparisons of the GZMB+ frequencies within the indicated subsets.

**p < 0.001 as calculated by two-way ANOVA with Dunnett’s multiple comparisons test.

See also Figure S1.
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Figure 2. TRMs in the Pancreas Express a Tissue-Specific Transcriptional Profile Associated 
with Enhanced T Cell Function and Mitochondrial Mass
CD8+ TRMs (CD8+CD69+ TEM) were sorted from pancreas, PLN, and jejunum along with 

blood (BL) CD8+CD69− TEM cells for whole-transcriptome profiling by RNA-seq.

(A) Principal-component analysis (PCA) of gene expression profiles of tissue CD8+ TRMs 

compared to blood CD8+CD69− TEM cells.

(B) Gene set enrichment analysis (GSEA) comparing expression of genes in pancreas TRMs 

versus blood CD8+ TEM cells to a core human TRM gene signature (Kumar et al., 2017).

(C) Biplots of all genes showing log FC of pancreas/blood versus log FC of jejunum/blood 

(top) and log FC of pancreas/PLN versus log FC of pancreas/jejunum (bottom). 

Significantly differentially expressed genes (DEGs) for each comparison were identified 

using DeSeq and functionally classified and are indicated as colored dots based on gene 

pathway.
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(D) Heatmaps showing representative DEG from annotated gene sets T cell activation, 

proliferation, migration (left) and mitochondrion (right) which significantly overlap with 

DEGs in pancreas versus PLN and pancreas versus jejunum.

(E) Determination of mitochondrial mass using MitoTracker green staining in verapamil-

treated CD8+ TRMs from matched donor sites pancreas, jejunum, and PLN. Representative 

histogram of MitoTracker green signal in matched sites from one donor is shown (top) with 

the compiled frequencies ±SEM from three donors for each tissue (bottom).

(F) Sorted CD8+CD69+ TEM subsets isolated from pancreas, jejunum, PLN, and sorted 

blood CD8+CD69− TEM cells and naive CD8+ T cells were stimulated with PMA and 

ionomycin, and intracellular staining was used to assess IFN-γ, IL-2, and TNF-α 
production. Profiles of IFN-γ and IL-2 are shown in representative flow cytometry plots for 

the indicated tissues (left). Graphs of compiled frequencies of IFN-γ -producing cells and 

the polyfunctionality index (see STAR Methods) ±SEM from three to six donors for each 

tissue (right).

**p < 0.01 as calculated by one-way ANOVA with Dunnett’s multiple comparisons test.

See also Figure S2.
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Figure 3. Pancreas TRMs Exhibit Tissue-Specific Clonal Expansion with Phenotypic Features of 
Previous Replication
TCR sequences of CD8+ TRMs from pancreas, jejunum, and PLN were extracted from 

RNA-seq data using MIXR (see STAR Methods).

(A) Representative clone tracking analysis showing the distribution and degree of expansion 

of PLN clonotypes across tissues. Each line represents a tracked clone present in PLN (far 

left, arrow) and at least one of the other tissues. Line thickness indicates degree of clonal 

expansion at the indicated site and line color indicates the tissue site in which that clone 

exhibits the greatest degree of clonal expansion.

(B) The percentage of the total TCR sequences (±SEM from three to five donors for each 

tissue) detected in pancreas and jejunum TRM that are either shared or not shared with PLN 

clonotypes is shown (top). The diversity of the TCR repertoires in TRMs isolated from 

indicated tissues is depicted as the Chao1 index (bottom).

(C) The percent contribution of expanded clonotypes from TRMs isolated from pancreas 

(top) and jejunum (bottom) to the total TCR repertoire extracted from pancreas, jejunum, 

and PLN (±SEM from three to five donors for each tissue). **p < 0.01, *p < 0.05 as 

calculated by one-way ANOVA with Dunnett’s multiple comparisons test.

(D) Coordinate expression of CD127 and CD28 by CD8+CD69+ TEM cells isolated from 

pancreas, jejunum, PLN, and MLN shown as representative flow cytometry plots (left), with 

the compiled frequencies (±SEM) of indicated subsets from 9 to 20 donors for each tissue 

(right). **p < 0.01 as calculated by two-way ANOVA with Sidak’s multiple comparisons 

test. Bars indicate comparisons of the CD127+CD28− subset.

See also Figure S3.
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Figure 4. Localization and Phenotype of Pancreas Macrophages
(A) Light scatter—forward scatter (FSC) and side scatter (SSC)—profile of DAPIloCD45+ 

cells from a pancreas cell suspension after dissociation in a Ricordi chamber (left). The 

proportion of these cells expressing the myeloid lineage markers CD14 and CD64 is shown 

in a representative flow cytometry plot (center) with the compiled percentages of the 

indicated CD14+CD64+ subset (right) (± SEM from 12 to 16 donors for each tissue).

(B and C) Expression of tissue macrophage markers CD163 and CD206 (B), as well as 

MHC class II and CD86 (C), on the DAPIlo CD45+CD64+CD14+ myeloid cells isolated 

from pancreas, jejunum, PLN, and spleen. Shown are representative flow cytometry plots 

(left) with the compiled percentages of the indicated subsets (right) (±SEM from 12 to 16 

donors for each tissue). **p < 0.01 as calculated by one-way ANOVA with Dunnett’s 

multiple comparisons test.

(D) Density of pancreas macrophages in endocrine and exocrine pancreas. Shown is a 

representative qmIF image with the single-marker CD163 (left) and the corresponding 

composite image (right) of CD163 (yellow), the ductal marker CK19 (green), and the 

neuroendocrine marker chromogranin (white). Acinar, ductal, and endocrine areas were 

defined using inForm software, and the densities of CD163+ macrophages were quantified in 

the indicated pancreatic tissue areas (right) (± SEM from 13 donors). **p < 0.01 as 
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calculated by one-way ANOVA with Sidak’s multiple comparisons test. White bar, 100 µm 

for scale.

See also Figure S4.
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Figure 5. TRMs Cluster with Macrophages in the Exocrine Pancreas
(A) Composite image of human pancreas acquired using the Vectra platform (left) for 

quantitative multiplex immunofluorescence (qmIF) showing the ductal marker CK19 

(green), the neuroendocrine marker chromogranin (white), and the macrophage marker 

CD163 (yellow). CD3+CD103+ T cells are shown in purple, and CD3+CD103− T cells are 

shown in blue. A map of the ductal, neuroendocrine, and T cells identified using inForm 

software is shown (right).

(B) PCFs based on qmIF images were calculated between each pair of cell types. Each line 

represents the median PCF across samples, and shaded regions are 95% confidence intervals 

of the median (left). The area under the curve (AUC) for PCFs were compared among three 

cell pairs: (1) macrophages versus any cell (gray), (2) macrophages versus CD103− T cells 

(blue), and (3) macrophages versus CD103+ T cells (purple). AUC has units of microns, and 

a random Poisson-distributed sample would have an AUC of 50. ***p < 0.001, Mann-

Whitney U test (right).

See also Figure S5.
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Figure 6. Functional Regulation of Pancreas TRMs by CD58 and PD-L1 Pathways
Sorted pancreas TRMs (CD8+CD69+ TEM cells) were stimulated with monomeric TCR-

activating anti-CD3 antibody (OKT3) in the presence or absence of sorted pancreas 

macrophages (MF; CD14+CD64+ CD163+) (1:1 ratio) or with microbeads coated with anti-

CD3 and exogenous co-stimulation (activating anti-CD2 and anti-CD28 antibodies).

(A) Cytokine production (IFN-γ and IL-2) with the indicated stimulation conditions is 

shown in representative flow cytometry plots (left) with compiled data for each cytokine and 

the cytokine polyfunctionality index (right) (±SEM from three to five donors). **p < 0.01, as 

calculated by one-way ANOVA with Dunnett’s multiple comparisons test.

(B and C) Representative histograms of PD-L1 (B) and CD58 (C) expression on pancreatic 

macrophages (CD45+CD14+CD163+, red), non-myeloid immune cells (CD45+ CD14−, 

blue), and CD45− cells (gray) with graphs of compiled frequencies (±SEM from four to 

seven donors) expressing the indicated marker (right). **p < 0.01 macrophages versus both 

other cells types as calculated by one-way ANOVA with Dunnett’s multiple comparisons 

test.

(D) Pancreas TRMs in macrophage co-cultures were stimulated with anti-CD3 in the 

presence or absence of PD1 blocking antibody (nivolumab) or CD58 blocking antibody 

followed by intracellular cytokine staining. Shown are flow cytometry profiles of TRM IFN-

γ and IL-2 production (top) with compiled data showing the frequencies of TRMs producing 
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each cytokine and the cytokine polyfunctionality index (bottom) (±SEM from four donors). 

**p < 0.01, *p < 0.05 as calculated by one-way ANOVA with Dunnett’s multiple 

comparisons test.

See also Figure S6.
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Figure 7. Alterations in Pancreatic Immune Cell Composition and T Cell Regulation in Patients 
with Chronic Pancreatitis
Samples of unfractionated pancreatic cell suspensions were obtained from research subjects 

undergoing total pancreatectomy with auto-islet transplantation.

(A) Pancreas immune cells from patients with CP and age-matched organ donor controls 

without evidence of pancreatic disease. Shown are representative (left) and compiled 

frequencies (right, ±SEM) of total T cells (first column, gated on DAPIloCD45+CD3+ cells) 

and macrophages (second column, gated on DAPIlo CD45+Lin(CD19/20/56/15/16/66b)
−CD14+CD64+ cells).

(B) Graphs of compiled data show the T cell to macrophage ratio (top) and frequencies of 

CD8+ TRMs (bottom, gated on DAPIloCD45+CD3+CD8+CD45RA− CCR7−CD69+) in 

control and CP pancreata. Data shown are from 19 controls and 8 CP patients.

(C) Representative micrographs (203 magnification) of single-color immunohistochemistry 

showing CD8 (top) and CD163 (bottom) staining in control (left) and CP pancreas (right). 

White bar, 100 µm for scale.

(D) Expression of PD-1 on CD8+ TRMs (left) and PD-L1 on macrophages (right) from 

pancreas of control (blue) and CP patients (red) shown in representative histograms (top), 

with graphs of compiled mean fluorescence intensities (MFIs).
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(E) Expression of T-bet in CD8+ TRMs is shown from pancreas of controls (blue) and CP 

patients (red) in representative histograms (left) and graphs of compiled MFIs (±SEM from 

five controls and five CP patients). **p < 0.01, *p < 0.05 as calculated by unpaired t test.

(F) Linear regression showing the relationship between PD-1 and T-bet MFI on pancreas 

CD8+ TRMs of CP patients and controls with 95% confidence bands of the best-fit line.

See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies, Conventional Flow Cytometry and 
Sorting

Anti-Human CCR7 AF488 Biolegend G043H7; RRID: AB_10918624

Anti-Human CD101 APC Biolegend BB27; RRID:AB_2121761

Anti-Human CD103 PE Biolegend Ber-ACT8; RRID:AB_10641843

Anti-Human CD103 BV605 Biolegend Ber-ACT8; RRID:AB_2564283

Anti-Human CD11c PerCP-Cy5.5 Biolegend Bu15; RRID:AB_1279069

Anti-Human CD11c BV785 Biolegend Bu15

Anti-Human CD127 BV510 Biolegend A019D5; RRID:AB_2562304

Anti-Human CD14 APC-Cy7 Biolegend HCD14; RRID:AB_830692

Anti-Human CD14 BV650 Biolegend HCD14

Anti-Human CD14 PerCP-Cy5.5 Biolegend HCD14; RRID:AB_893252

Anti-Human CD141 APC Biolegend M80; RRID:AB_10899578

Anti-Human CD15 BV510 Biolegend W6D3; RRID:AB_2561526

Anti-Human CD163 BV605 Biolegend GHI/61; RRID:AB_2562712

Anti-Human CD163 APC Biolegend GHI/61; RRID:AB_2074533

Anti-Human CD19 APC Biolegend HIB19; RRID:AB_314241

Anti-Human CD19 BV510 Biolegend HIB19; RRID:AB_2561381

Anti-Human CD1c AF488 Biolegend L161; RRID:AB_10719095

Anti-Human CD20 BV510 Biolegend 2H7; RRID:AB_2561941

Anti-Human CD206 PE Biolegend 15-2; RRID:AB_571911

Anti-Human CD25 BV650 Biolegend BC96; RRID:AB_11218989

Anti-Human CD28 PE-Dazzle 594 Biolegend CD28.2; RRID:AB_2564235

Anti-Human CD3 PE-Cy7 Biolegend UCHT1; RRID:AB_439781

Anti-Human CD3 BV510 Biolegend UCHT1; RRID:AB_2563467

Anti-Human CD39 PE-Dazzle 594 Biolegend A1; RRID:AB_2564319

Anti-Human CD4 APC-Cy7 Biolegend RPA-T4; RRID:AB_314086

Anti-Human CD4 BV510 Biolegend RPA-T4; RRID:AB_2563313

Anti-Human CD45 AF700 Biolegend HI30; RRID:AB_493760

Anti-Human CD45 BV711 Biolegend HI30; RRID:AB_2563466

Anti-Human CD45RA BV605 Biolegend HI100; RRID:AB_2563814

Anti-Human CD45RA BV785 Biolegend HI100; RRID:AB_2563816

Anti-Human CD49A PE BD Bioscience SR84; RRID:AB_397288

Anti-Human CD56 BV510 Biolegend HCD56; RRID:AB_2561944

Anti-Human CD57 PE-Dazzle 594 Biolegend HNK-1; RRID:AB_2564062

Anti-Human CD58 PerCP-Cy5.5 Biolegend TS2/9; RRID:AB_2650811

Anti-Human CD64 PE-Cy7 Biolegend 10.1; RRID:AB_2561585

Anti-Human CD69 BV711 BD Bioscience FN50

Anti-Human CD69 BV711 Biolegend FN50; RRID:AB_2566466

Anti-Human CD8 PerCP-Cy5.5 BD Bioscience RPA-T8; RRID:AB_1727513
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-Human CD8 BV650 Biolegend RPA-T8; RRID:AB_11125174

Anti-Human CD86 BV650 Biolegend IT2.2; RRID:AB_11126752

Anti-Human HLA-DR AF700 Biolegend LN3; RRID:AB_893565

Anti-Human PD-1 BB700 BD Bioscience EH12.1

Anti-Human PD-L1 BV711 Biolegend 29E.2A3; RRID:AB_2565763

Anti-Human PD-L1 PE-Dazzle 594 Biolegend 29E.2A3; RRID:AB_2616888

Anti-Human Granzyme B APC Biolegend QA16A02; RRID:AB_2687027

Anti-Human IL-2 PE Biolegend MQ1-17H12; RRID:AB_315093

Anti-Human IL-2 APC-R700 BD Bioscience MQ1-17H12

Anti-Human IFNγ BV421 BD Bioscience B27

Anti-Human TNFα PE-Cy7 Biolegend MAb11; RRID:AB_1727578

Antibodies, Multispectral Staining

Anti-Human CK19 Sigma Aldrich A53-B/A2.26; RRID:AB_1158236

Anti-Human CD163 Biocare Medical 10D6

Anti-Human CD3 Leica LN10; RRID:AB_10554454

Anti-Human Chromogranin A Abcam Cat#Ab45179; RRID:AB_726879

Anti-Human CD103 Abcam EPR4166(2); RRID:AB_2128596

Chemicals, Peptides, and Recombinant Proteins

Human TrueStain FcX BioLegend 422302

Zombie NIR Fixable Viability Kit BioLegend 423105

PMA Sigma P1585

Ionomycin Sigma I9657

RPMI 1640 Corning 10-040-CM

Deposited Data

Raw and analyzed data This study GEO: GSE135582

Software and Algorithms

spatstat Baddeley et al., 2016 https://spatstat.org/

DEseq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/html/DESeq2.html

VDJtools Shugay et al., 2015 https://vdjtools-doc.readthedocs.io/en/master/

MiXCR Bolotin et al., 2015 https://mixcr.readthedocs.io/en/master/

tcR Nazarov et al., 2015 http://imminfo.github.io/tcr/

Enrichr Chen et al., 2013 https://amp.pharm.mssm.edu/Enrichr/

Rstudio version 1.2.1335 R Studio, Inc. (2019) https://rstudio.com

inform Version 2.3 PerkinElmer https://www.perkinelmer.com/CMSResources/Images/
44-140143BRO_010576_01_PRD_inForm.pdf

Functional Grade Antibodies

Anti-CD58 BioLegend TS2/9; RRID:AB_2291391
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-PD-1 Biovision Nivolumab

Purified Mouse IgG1, k Isotype Ctrl Antibody BioLegend MG1-45; RRID:AB_2801451

Ultra-LEAF Purified Human IgG4 Isotype 
Control Recombinant Antibody

BioLegend QA16A15
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