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INTRODUCTION

Preparation of RNA to quantify gene expression in the exocrine pancreas is severely hampered by the high level of ribonuclease and protease digestive enzymes produced in acinar cells. Therefore, while single cell RNA-sequencing (scRNA-seq) methodologies have transformed our understanding of signaling pathways and cell diversity in other digestive organs, studies of the exocrine pancreas have lagged significantly, limiting our ability to elucidate pathogenesis of exocrine pancreas disease such as pancreatitis and pancreatic cancer initiation. Indeed, while revealing new insights into pancreas biology, recent scRNA-Seq studies vastly underrepresent acinar cells expected by histology, and efforts to maximize the epithelial compartment limit comprehensive understanding of all exocrine pancreas cell-types and their interactions.1-4 Because hydrolytic enzymes synthesized by acinar cells are primarily packaged in cytoplasmic granules, a recent study demonstrated improvement in acinar representation by harvesting single nuclei for sequencing (sNuc-seq).5 However, by excluding cytoplasmic RNA, there has been concern that such approaches may bias to nascent and high-copy transcripts and thus may limit sensitivity and distinction of highly related cell-types.6, 7

Here, we introduce a novel single cell approach utilizing a reversible crosslinker to achieve unprecedented definition of signaling processes and cell-type heterogeneity of the exocrine pancreas, providing the first comprehensive survey of the complete acinar cell transcriptome. Furthermore, as proof-of-principle for transcriptomic characterization of a disease-relevant perturbation, we focus on the most common exocrine pancreas disease, acute pancreatitis. Though acute pancreatitis is among the most frequent gastrointestinal causes of hospitalization,8 our understanding of the cellular and signaling underpinnings is limited. Indeed, targeted therapeutic approaches are not in use and management is generally limited to supportive care with intravenous hydration and pain control.9 Given that acute pancreatitis tissue is rarely biopsied in patients, mouse models have been pivotal to our understanding of the disease and a robust scRNA-Seq method in this context is imperative. To this end, we apply our novel method to a well-established mouse model of acute pancreatitis in which intraperitoneal injections of the cholecystokinin analog caerulein trigger excessive stimulation of acinar cells, leading to stereotypical inflammation and tissue damage that closely mirrors clinical pathology.10 We report the transcriptomic evolution of single acinar cells following acute pancreatitis and recovery, and define a unique gene set to quantify the metaplastic deviation of these cells from normal acinar identity. Moreover, we characterize for the first time on a single cell level the transcriptional responses occurring in other major pancreas cell-types following pancreatitis, including stellate, ductal, and endothelial cells. We identify poorly understood immune cell subtypes of the pancreas in both homeostasis and inflammation and uncover a polarization of the pancreas towards type-2 immunity. We further provide critical validation of pancreas tissue-resident or antigen presenting macrophage subsets and the first temporal characterization of how these cells respond to pancreatitis. The single cell transcriptomic method introduced here provides the most comprehensive cellular and signaling characterization of acute pancreatitis to date and a broadly applicable approach and reference atlas for the study of exocrine pancreas disease.



RESULTS

A new method improves the quality of single cell transcriptomic analysis of the exocrine pancreas
[bookmark: _Hlk133583490][bookmark: _Hlk133583596][bookmark: _Hlk133583605][bookmark: _Hlk133583365]We present the first application to the pancreas of a novel single cell RNA-sequencing method – FixNCut11– whereby tissue is fixed with a reversible cross-linker, dithiobis(succinimidyl propionate) (DSP),12 followed by cutting the tissue and performing enzymatic digestion (Figure 1A). Importantly, this protocol is compatible with 10X Genomics’ Chromium Single Cell 3’ Kit (v3.1 Chemistry). 

FixNCut yields better recovery of challenging cell-types.
We first compared scRNA-Seq datasets generated from healthy mouse pancreas using FixNCut to other recently published methods in terms of recovery of challenging cell-types including acinar cells and immune cells known for high RNase activity. Indeed, compositional analysis using scCODA found statistical increases in acinar cells and macrophages compared to other datasets (Supplementary Table 1),1, 2, 4 and here we subsequently focus on comparisons to the two prior protocols with the most credible composition (Protocol11 , Protocol22, Figure 1B-D, Supplementary Figure 1A and B). The proportion of acinar cells recovered by FixNCut is remarkably more consistent with our histological understanding of the pancreas, with 40% acinar cells using FixNCut compared to 4-19% in prior datasets.1, 2, 4 As with acinar cells, the detection of certain immune cell-types by scRNA-Seq has been challenged by high RNase content. Indeed, FixNCut detected more macrophages and dendritic cells (22%) compared to other protocols (5%), cell-types known to harbor high RNase content (Figure 1D).13

[bookmark: _Hlk133598546]After removing the challenging cell-types that FixNCut recovers at higher levels (acinar and immune cells), we saw very similar proportions of the remaining non-challenging cell-types (Supplementary Figure 2A). FixNCut revealed that roughly 4% of pancreas cells are ductal and 5% are endothelial. Low levels of B-cells, T-cells, pericytes, endocrine, Schwann, and mesothelial cells were detected in all datasets (Figure 1D). To further compare cell recovery, we simulated the experimental removal of CD45+ and RBC cells performed in Protocol11 by computationally removing these populations from each dataset. This even further augmented the acinar proportions recovered by FixNCut to 54% acinar cells without improvement in proportions recovered from other protocols (Supplementary Figure 2B). 

[bookmark: _Hlk133598771]The high-quality transcriptomic information provided by FixNCut enabled us to define a comprehensive landscape of the complete acinar transcriptome (Figure 1E). Consistent with the canonical understanding of massive production of digestive enzymes, protease-related genes accounted for 57% of the acinar transcriptional output, with the major proteases being trypsinogen (24%), chymotrypsin (17%), and elastase-related genes (15%). Lipase related genes accounted for 14% of the acinar transcriptome while metallocarboxypeptidase related and zymogen granule formation/exocytosis related genes accounted for 6% and 4%, respectively. As expected to support robust digestive enzyme synthesis, ribosomal protein genes accounted for 4% of the acinar transcriptome, with significantly higher expression than other pancreatic cell-types (Supplementary Figure 2E).14 A smaller percentage of acinar transcriptional output is related to ribonuclease activity (2%) and regenerating islet derived (Reg) genes (1%). 

Lower cell stress.
[bookmark: _Hlk133598797]A pervasive challenge in single cell analyses is the artifactual expression of genes related to dissociation stress that confounds the true transcriptional landscape of cells. Compared to other methods, FixNCut results in lower gene expression associated with dissociation stress15 and mitochondrial reads (Figure 1F, Supplementary Figure 2C and D), consistent with fixation of cells before dissociation. Dissociation stress genes made up <1% of reads in the FixNCut dataset and 2-3% in other datasets. Additionally, FixNCut has the lowest percentage of reads from mitochondrial genes, consistent with less leakage of non-mitochondrial mRNA that occurs with damage (Figure 1F). Decreased gene expression resulting from dissociation stress and mitochondrial genes not only provides more reads of interest, but a more accurate picture of native cell states for cell-types of interest. 

In sum, the FixNCut method allows us to capture cell-types historically challenged by high RNase content, including acinar and immune cells, at proportions faithful to our histological understanding of the pancreas and with lower technical artifact of stress in captured cells.

Comparing FixNCut to human pancreas datasets
We compared FixNCut data to a recently published human pancreas single cell dataset and observed conservation between human pancreas marker genes and our cell-types recovered using FixNCut in mice (Supplementary Figure 3A).16 Consistent with a Nuc-Seq study of human pancreas, we observe a subset of acinar cells expressing higher levels of digestive enzymes without expressing unique markers (Supplementary Figure 3B and C).5 We find that acinar digestive enzyme expression exhibits a normal distribution, suggesting a continuum of acinar cells with varying transcriptional output dedicated towards digestive enzymes, rather than a distinct subpopulation of “secretory” acinar cells. Although we see no well-separated cluster, certain acinar cells produce higher levels of the top digestive enzymes (Ctrb1, Cela3b, Prss2, Cela1, Try4) despite having similar UMI counts per cell (Supplementary Figure 3B and C). Furthermore, RNA-velocity analysis reveals these cells have enrichment in spliced over unspliced species, meaning there is an overrepresentation of newly produced mRNA molecules suggestive of a recent transcriptional burst17 (Supplementary Figure 3C).


Probing acute pancreatitis with FixNCut
[bookmark: _Hlk133599506]To define responses of cell-types of the exocrine pancreas to acute pancreatitis and subsequent recovery, we applied FixNCut to pancreata at various timepoints following a standard caerulein-induced pancreatitis (CIP) protocol (Figure 2A, Supplementary Table 2). In the earliest timepoints following the 2-day pancreatitis protocol, we observe a transcriptional shift in all major cell-types (Figure 2B-D, Supplementary Figure 4A-C). Matching histology, CIP results in drastic changes in acinar and immune cell populations, including a massive influx of immune cells with statistical increases in macrophages, DCs, and neutrophils (Supplementary Table 1).

We characterize the cellular responses to pancreatitis on a single-cell and temporal level. Following pancreatitis, cells enter the cell cycle, evident from an increase in the percentage of cells in G2/M and S phase (Supplementary Figure 5A). Fibroblasts are the first to cycle after damage, with around 40% of fibroblasts in G2/M phase at 0 and 14 hours. Ductal cells and macrophages cycle later, peaking at 24 hours. Acinar cells enter the cell cycle during the tissue recovery process, with the highest proportion in G2/M phase at 72 hours. Following pancreatitis, we observe a global upregulation of genes and UMI counts for all pancreas cells captured (ductal, endothelial, fibroblast, macrophage, and dendritic cells, Supplementary Figure 4A and Supplementary Figure 5B). This may be related to cell cycling during recovery, as a recent study highlighted the association between elevated gene expression and cycling cells, particularly in the context of the physiological renewal of adult organs.18 

To validate these and subsequent single cell FixNCut findings in CIP, we harnessed an orthogonal methodology of GeoMx Digital Spatial Profiling, performing bulk sequencing on fresh-fixed paraffin-embedded pancreata at various timepoints following CIP (Supplementary Figure 6A-C, Supplementary Table 2). As expected, the largest transcriptional differences occur the first 24 hours after CIP (Supplementary Figure 6D), consistent with robust pathohistological processes including acinar-to-ductal metaplasia (ADM). Corroborating our FixNCut observations (Supplementary Figure 5B), the dominant transcriptional change in GeoMx was an upregulation of genes following CIP (Supplementary Figure 6E, Supplementary Table 3).

Evolution of acinar cells throughout acute pancreatitis.
One of the earliest and classically described histological consequences of pancreatitis is the metaplasia of acinar cells to acquire duct-like markers and appearance, termed ADM (Figure 3A and B, Supplementary Figure 7A). Indeed, a new and distinct cluster of cells appears after CIP, notable for decreased expression of acinar genes and increased expression of ductal markers, cytokeratin (Krt8 and Krt18), and Spp1 (Figure 3C). We identify two phases of the metaplastic process which we annotate “ADM-early” (0hr, 14hr, and 24hr) and “ADM-late” (72hr and 5day), the former capturing the metaplastic state and the latter corresponding to partial recovery of acinar identity. While expression of ductal genes supports the traditional understanding of ADM as an intermediate state between acinar and ductal cells, the comprehensive transcriptome afforded by FixNCut reveals both "ADM-early" and "ADM-late" populations more closely resembling acinar cells, indicated by UMAP proximity and top marker gene similarities (Figure 3D).

As others have observed, acinar cells have lower complexity (defined as genes / UMI counts) than other pancreatic cells, consistent with their functional role as digestive enzyme factories (Figure 1E, Supplementary Figure 7B).19 When acinar cells undergo ADM, their complexity increases as cells downregulate expression of digestive enzymes and express ductal markers (Supplementary Figure 7C, Supplementary Table 4). Consistent with an increase in complexity, GSEA of acinar cells following CIP confirms enrichment of canonical pathways in pancreatitis, including TNF-alpha signaling via NFκB, Myc targets, and Il2-Stat5 signaling, all activated through day 5 and resolved by day 14 (Supplementary Figure 7D, Supplementary Table 5). We observe activation of apoptosis and cell cycling related pathways. We also see Kras signaling up in acinar cells. We also observe enrichment of TGF-beta and epithelial to mesenchymal transition in acinar cells following pancreatitis, consistent with previous reports of pancreatitis resulting in expression of mesenchymal markers and circulating pancreatic cells.20 Acinar GSEA findings from FixNCut were supported and validated using GeoMx bulk data (Supplementary Figure 6F, Supplementary Table 5).

A gene signature index quantifies ADM. 
The comprehensive transcriptome definition of acinar cells provided by FixNCut allowed us to define a gene signature-based acinar-to-ductal metaplasia index (ADMI) to quantify the deviation of metaplastic cells from a normal acinar state. We leveraged the orthogonal datasets of FixNCut single cell and GeoMx bulk RNA-sequencing to determine a 17-gene signature comprised of highly expressed genes specific to the ADM state (Figure 4A and Supplementary Figure 8A). Using these genes to score individual cells results in a highly specific measurement of each cell’s deviation from normal acinar identity (Figure 4B-D). Following pancreatitis, acinar cells exhibit an increased ADMI score, with a modest but detectable elevation persisting at day 14 in both acinar cells from FixNCut data and GeoMx bulk data (Figure 4D). ADMI is significantly increased, with a slight but statistically significant elevation persisting at day 14 in both acinar cells from FixNCut and GeoMx bulk data (Figure 4D). At day 30, GeoMx ADMI returns to baseline, indicating that transcriptional resolution lags behind the histological recovery we observe at day 5 (Figure 2A). Importantly, the ADMI validates in independent RNA datasets from a variety of modalities and biological processes where ADM is observed – including single cell and bulk RNA-sequencing from pancreatitis1, 21, 22 and single cell RNA-sequencing of KRAS-driven ADM during pancreatic cancer initiation (Supplementary Figure 8B-E).2 This highlights the utility of the ADMI for quantifiably measuring the deviation of normal acinar cell identity following a variety of disease-relevant perturbations.

[bookmark: _Hlk133614635][bookmark: _Hlk133614896]A majority of the ADMI genes can be grouped into distinct functional categories – trypsinogens, Reg genes, and ductal genes (Figure 4A). The expression of ductal genes in ADM has been well characterized.23 Interestingly, we observe that ADM-early cells express higher levels of classical ductal genes (Krt18, Krt8, Krt19, and Clu) than ductal cells, with rapid downregulation of these markers evident in ADM-late cells (Figure 4A). Recall that in the healthy mouse pancreas, trypsinogen-related gene expression comprises 57% of the transcriptome (Figure 1E). Consistent with canonical understanding, injury results in the downregulation of proteases including chymotrypsin, elastase, and a subset of trypsinogen genes (“homeostatic trypsinogens”), but surprisingly, the upregulation of a distinct subset of trypsinogen genes that are not highly expressed in homeostatic acinar cells (“ADM trypsinogens”, Supplementary Figure 8F). The upregulated trypsinogens exhibit various temporal dynamics, with ADM-early expressing the highest levels of Gm2663 (trypsinogen 4), 1810009J06Rik (trypsinogen 5), and Gm4744 (a non-functional trypsinogen pseudogene). Other trypsinogens were maximally expressed in ADM-late (72 hours and 5 days), including serine proteases -- Prss1 and Prss3, Gm5771 (trypsinogen 12), and Gm10334 (mesotrypsin-like). Five of the trypsinogen related genes remained upregulated in acinar cells at day 14 (Supplementary Figure 8G), findings which were validated by GeoMx at day 14 and shown to be resolved by 30 days (Supplementary Table 3). Together, these observations provide robust evidence for perduring transcriptional changes in acinar cells, even weeks after pancreatitis. 

Another class of ADMI genes induced following pancreatitis are the Reg genes. Healthy acinar cells express Reg1, which is downregulated along with digestive enzymes following injury-induced ADM (Supplementary Figure 8F). Conversely, other Reg genes – Reg2, Reg3a, Reg3b, and Reg3g – are expressed at low levels in healthy acinar cells and upregulated during ADM, before returning to low levels by day 14. Reg3a is expressed in various tissues after injury, including the colon24, liver25, and skin26. Based on our findings, it is tempting to speculate similar roles for Reg3 genes after pancreatitis, including promoting tissue repair and acting as an anti-inflammatory cytokine.27 Two ADMI genes did not fit into a distinct category – transmembrane proteins Tetraspanin-1 (Tspan1) and Claudin-4 (Cldn4), both previously reported to be upregulated in the pancreas after CIP.28 Tspan1 is also upregulated in the serum of patients with acute pancreatitis and thought to be involved in inducing ER stress in acinar cells during pancreatitis.28 

By analyzing the transcriptomic profiles of acinar cells following pancreatitis, we have established a unique set of genes that can be used for ADM index score that is specific to the ADM state. It should be noted that not all gene changes in ADM are encompassed by the score, and many other genes displayed significant increases during ADM and were verified using GeoMx. Among these genes, we observe many involved in cytoskeletal reorganization, consistent with the cellular morphology changes observed during ADM (Supplementary Figure 7E and F). With insights into the ADM state during pancreatitis, we shift our focus to exploring the other cell-types implicated in the disease process. 

[bookmark: _Hlk133619435]Pancreatic stellate cells (PSCs) and other cell-types
Pancreatic fibroblasts are commonly referred to as PSCs and can exist in a quiescent or activated state (Figure 5A). Massive activation of PSCs occurs after CIP, with UMI-counts-per-cell increasing 7-fold and genes-per-cells increasing 3-fold (Supplementary Figure 5B). Activated PSCs rapidly enter the cell cycle following CIP, with roughly 40% of PSCs in S phase at hour 0 and 14 (Supplementary Figure 5A), consistent with high enrichment of E2F targets and G2-M checkpoint genes (Figure 5B). Activated PSCs also appear to be enriched for signaling pathways, including Myc, mTORC1, and oxidative phosphorylation (Supplementary Table 5).
Interestingly, markers previously reported in human quiescent PSCs5 were not validated in our FixNCut data or other mouse pancreas datasets.1, 2 Given the view that PSCs progress into cancer associated fibroblasts (CAFs) and have critical roles in pancreatic cancer formation, we sought to define markers that could guide functional investigation of PSCs in murine models. Here we identify cell-type specific markers for quiescent PSCs in the mouse pancreas -- Dcn, Gsn, Clec3b, Gstm1, Htra3, and Abca8a which validated in two independent mouse datasets1, 2 (Figure 5C). Quiescent PSC markers are downregulated following pancreatitis, with return to baseline levels by day 14. Markers of activated PSCs included known markers Timp1 and Fgf2,29 as well as markers previously unappreciated in pancreatitis -- Cxcl5, Ccn4, Il33, Acta2, and Tagln (Figure 5C, Supplementary Table 4). Following pancreatitis, we observe significant gene changes in ductal and endothelial cells, with subsequent recovery along with other cell populations (Supplementary Figure 9A-C, Supplementary Table 4). 

Immune cell changes
Pancreatitis is known to exhibit a robust type-2 immune response, with increases in T helper 2 (Th2) cells and eosinophil infiltration, but how this disease state is mobilized from the normal immune milieu is poorly understood.30, 31 We harnessed FixNCut to study immune cells of the healthy and inflamed pancreas on a single cell level, thereby achieving unprecedented detail of transcriptional responses and heterogeneity in pancreas immune populations (Figure 6A-C). Indeed, we observe multiple subsets of T-cells (Figure 6D). Remarkably, even in the healthy pancreas, Th2 cells previously unappreciated in the normal pancreas comprise the most prominent cluster (Figure 6D). FixNCut captures Th2 expression of Il4, Il5, and Il13, cytokines that have been difficult to capture with traditional scRNA-sequencing methods (Supplementary Figure 10A) (need ref). The observation that even the healthy pancreas harbors a significant population of Th2 cells suggests that the pancreas is poised for a type-2 immune response even at homeostasis.

The type-2 immune response observed in pancreatitis is thought to be promoted by Il33, but the primary source of Il33 in the healthy and acutely inflamed pancreas has been debated.32 Our results reveal PSCs as the main Il33 source in the healthy and inflamed pancreas, with activated PSCs increasing Il33 expression following pancreatitis (Figure 5C and Supplementary Figure 9D). Il33 exerts its biological function by binding to its receptor, ST2 (Il1rl1), which is highly expressed on Th2 cells (Supplementary Figure 10A). Put together, these findings suggest that the pancreas is biased towards type-2 immunity even at homeostasis, and the secretion of Il33 from activated PSCs amplifies this type-2 state in pancreatitis.

Other T-cell populations detected with FixNCut include T helper cells, cytolytic T-cells, and γδT cells, a subset of T-cells that do not need antigen presentation to be activated (Supplementary Figure 10B). To our knowledge, this is the first characterization of γδT cells in the non-cancerous pancreas. The γδT cells in the healthy pancreas match the profile of the IFNγ-producing subtype (as opposed to IL-17-producing subtype), expressing Ccl5, Tbx21 (Tbet), Gzma, and Gzmb (Supplementary Figure 10B). Interestingly, these pancreas γδT cells are Cd8a+ and Cd4-, atypical for γδT cells, but resembling γδT cells in the epithelium of the small intestine and colon,33 that also match the IFNγ-producing subtype (need ref).

Following pancreatitis, neutrophils infiltrate the pancreas and we detect them until 24 hours (Figure 6C), consistent with their role in debris removal, inflammation resolution, and tissue repair. This evidence reinforces the value of FixNCut, as neutrophil single-cell transcriptomes are difficult to capture. Dendritic cell (DC) proliferation is observed (Supplementary Figures 10C and D) and DCs are known to be essential for pancreatitis recovery.34 Transcriptomes generated using FixNCut allowed us to distinguish discrete subsets of DCs, and provided insight into their temporal behavior during pancreatitis. cDC1 and cDC2 cells peaked at 72 hours, while cycling cDC1 and mregDC cells (involved in immunogenic, regulatory, and migrating programs) were most abundant at 5 days, with DC populations returning to baseline by 14 days.

[bookmark: _Hlk133621246]The most prominent transcriptional changes in immune cells during pancreatitis arise from macrophages and monocytes (Figure 6C and Supplementary Figure 11A). In control samples, we detect pancreatic tissue resident macrophages (PRMs) including previously recognized subsets Lyve1+ PRMs (thought to be primarily embryonically derived) and Cx3cr1+ PRMs, which exhibit high expression of MHC-II genes31 (Supplementary Figure 10E). We also identify a previously unreported subset of macrophages in healthy pancreas – Retnla+ Lyz1+ macrophages, which display high levels of Ear2, Cd226, and Lpl (Supplementary Figure 11B) and were consistently captured in control and 14 day samples.

We explored how macrophage (Mertk+) subtypes evolve over the course of pancreatitis when their transcriptomes dramatically shift. Following completion of the 2-day pancreatitis protocol, we no longer observe PRMs and Retnla+ Lyz1+ macrophages, and two distinct macrophage populations emerge. Consistent with the characterized macrophage response to pancreatitis, we observe cells that are likely activated PRMs (Ccr2-Ly6c2-Sell-Itgal-Mrc1high) and cells that are likely infiltrating monocytes (Ccr2+Ly6c2+Sell+Itgal+Mrc1low, Figure 6E and G, Supplementary Figure 11B). Trajectory analysis further supports these concurrent processes, with RNA velocity of activated PRMs from early timepoints pointing back towards healthy PRMs, and the infiltrating monocytes from hour 0 pointing towards hour 14 and later hour 24 (Figure 6F). We refer to inflammatory macrophages by their top markers, Arg1+ and Trem2+, but observe many genes upregulated during the inflammatory process, including Il1rn, Thbs1, Vcan, Plac8, Timp1, Ms4a7, Gpnmb, Fabp5, Syngr1, and Spp1 (additional markers shown in Supplementary Figure 11). Macrophages proliferate during recovery and we observe the highest number of cycling macrophages at 24 hours. Importantly, at day 14, there is no evidence of enduring transcriptional changes in pancreas macrophages, and recovered macrophages appear to return to their pre-injury states. These observations provide the first temporal definition of these macrophage subtypes during pancreatitis.


DISCUSSION

Owing to its massive production of nucleases and proteases to aid digestion, the exocrine pancreas has been a challenging organ to study. Here, we harness a novel method FixNCut that overcomes the hostile context of endogenous RNases to achieve unprecedented transcriptomic definition of pancreas cell populations at homeostasis and following acute pancreatitis. Reversible fixation using FixNCut has been recently demonstrated in other tissue contexts to achieve immediate sample preservation and thus improve RNA integrity and sequencing library complexity,11 and here we present the first application of this method in the pancreas. We achieve compositionality that is significantly more faithful to histology, with superior detection of challenging, high RNase cells, including acinar and immune populations. We also observe cell populations not previously appreciated in the pancreas at the single cell level including specific subsets of macrophages and DCs, neutrophils, and homeostatic γδT-cells and Th2 cells. Moreover, fixation significantly mitigates stress-response genes and alterations of the native cell state that can confound transcriptome interpretation and reproducibility. We demonstrate the utility of this method by interrogating a mouse model of pancreatitis, a pancreas disease for which human samples are rare, providing a blueprint for the controlled study of pancreas pathobiology.

A key contribution of this new method is novel insights into acinar cell biology. Leveraging FixNCut, we generate a high-quality transcriptomic landscape for healthy and perturbed acinar cells and validate previous findings indicating a relatively low-complexity transcriptome in healthy acinar cells.19 We observe a dramatic increase in complexity following injury, with distinct ADM clusters reflecting the extensive changes in cellular identity. While a descriptive state of ADM is well established in pancreas biology, the field lacks an objective measure to quantify metaplasia in cells. Our single cell data enabled us to identify a set of genes highly specific to the ADM state in order to define an ADM Index scoring tool that validated in bulk GeoMx samples following pancreatitis, across different studies, and with a different perturbation. ADMI offers a rapid and objective standard to quantify deviation of acinar cells from normal identity, and to observe how these deviations change over time or following diverse insults such as age, metabolic or endocrine derangements, or oncogenic drivers. The tool can be applied to bulk or single cell RNA-sequencing and is accessible to researchers through a user-friendly web-based application.

Surprisingly, the ADMI genes include a subset of trypsinogen genes that are upregulated following pancreatitis, a paradoxical response that corroborates in our bulk GeoMx data and a recent bulk RNA-sequencing study.21 The canonical acinar cell response to pancreatitis is to downregulate trypsinogens that could further exacerbate inflammation, and indeed we find that most digestive enzymes and “homeostatic trypsinogens” are downregulated. Why a subset of “ADM trypsinogens” are upregulated following pancreatitis is not known and raises new hypotheses about the roles of trypsinogens during pancreatitis and recovery. One possibility is that “ADM trypsinogens” facilitate rapid restoration of digestive enzyme reserves and acinar cell function following injury until the normal stock of “homeostatic trypsinogens” can be regenerated. Another possibility is that these trypsinogens have a non-canonical role in resolving inflammation and promoting repair following injury, akin to the use of trypsinogens an oral solution to promote tissue repair post-operatively.35 These findings warrant further investigation to probe the functional role, pathophysiology of pancreatitis, and possible therapeutic implications of this subset of trypsinogens.

Another group of genes comprising the ADMI are Reg. While Reg secretory proteins have been shown to drive and sustain the ADM state, they also have a role in promoting tissue repair by modulating inflammation and promoting proliferation.27 Others have observed similar alterations in Reg expression in the early phase of pancreatitis.36, 37 Notably, Reg genes are highly conserved in human and upregulated during injury or inflammation.24-26 Human REG3A is expressed at low levels in the normal pancreas and is observed to be upregulated in both ADM and pancreatic cancer.36, 38, 39 

While we capitalize on controlled perturbations and temporal studies possible in mouse models, human datasets derived from organ donors corroborate our findings. Specifically, we find upregulation of ADMI genes (REG3A, REG3G, and CLDN4) in human samples where acinar identity is preserved (“healthy ADM” and “Tumor Acinar”16). The same study reported markers of human pancreatic cancer PSCs – ACTA2 and TAGLN – which we identified as markers of activated PSCs in pancreatitis, suggesting these genes may serve as broader markers for human and mouse activated PSCs in both the acute inflammatory and cancerous context.

A major contribution of our work is the new insights uncovered in pancreas immunology. First, disease states of the exocrine pancreas --- pancreatitis and PDAC --- are characterized by a type-2 immune response.40, 41 Here, we provide an important perspective on how these disease states arise, revealing that the homeostatic pancreas is already biased towards type-2 immunity, with PSC-derived Il33 hypothesized to maintain this state and amplify the type-2 immune responses. 

Second, we identify both homeostatic Lyve1+ and Cx3cr1+ PRMs and corroborate that pancreatitis elicits both monocyte infiltration and PRM expansion, the latter of which is essential in regulating fibrosis to reduce acinar cell death and minimize tissue damage.31 Unlike past studies that identified these populations using select markers and cell sorting, we capture their transcriptomes in an unbiased manner, allowing for comprehensive detection and characterization of all immune cell-types and markers. The inflammatory macrophages we observe after pancreatitis share markers with macrophages associated with pancreatic cancer, including Spp1,42 Trem2,43 and Arg1,44 but these upregulated markers resolve by 14 days after pancreatitis, highlighting a distinction between the acute inflammatory process of pancreatitis and the context of cancer. 

Third, the unbiased approach of FixNCut also revealed a Retnla+Lyz1+ macrophage population not previously reported in pancreas. Comparing top markers of these macrophages to the ImmGen Database reveals their resemblance to “peritoneal cavity macrophages”, expressing a unique combination markers including Retnla, Lyz1, Fn1, Lpl, and Ccr2.45, 46 While peritoneal macrophages have been identified in association with internal organs following inflammation, our findings reveal consistent Retnla+Lyz1+ macrophage populations in healthy pancreas samples.47-50 Consistent with observations that peritoneal macrophages are not required for tissue repair following injury, we do not observe evidence of Retnla+Lyz1+ macrophage expansion in inflammation or repair.47 Further research is critical to understand the significance and impact of the Retnla+Lyz1+ macrophage population in the healthy pancreas. 

In summary, our work provides the most detailed cellular and transcriptomic landscape of acute pancreatitis to date, opening new questions about the responses to pancreatitis. FixNCut allows us to detect and define the transcriptomes of historically challenging or previously unrecognized pancreas cell populations, including homeostatic γδT-cells and Th2 cells, neutrophils, DC subsets, inflammatory macrophages, and a novel homeostatic Retnla+ Lyz1+ macrophage population. Furthermore, FixNCut allows for unprecedented capture of the acinar and ADM states, leading to the development of a broadly applicable ADMI scoring tool to quantify the deviation of acinar cells from normal identity following diverse insults. As such, we anticipate this approach and the cellular atlas generated will accelerate our understanding of the pancreas in health and disease.
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