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Pyoderma gangrenosum (PG) is a debilitating skin condition often accompanied by inflammatory bowel disease (IBD). Strikingly, ~40% of patients that present with PG have underlying IBD, suggesting shared but unknown mechanisms of pathogenesis. Impeding the development of effective treatments for PG is the absence of an animal model that exhibits features of both skin and gut manifestations. This study describes the development of the first experimental drug-induced mouse model of PG with concomitant intestinal inflammation. Topical application of pyrimidine synthesis inhibitors on wounded mouse skin generates skin ulcers enriched in neutrophil extracellular traps (NETs) as well as pro-inflammatory cellular and soluble mediators mimicking human PG. The mice also develop spontaneous intestinal inflammation demonstrated by histologic damage. Further investigations revealed increased circulating low density IL-1β primed neutrophils that undergo enhanced NETosis at inflamed tissue sites supported by an increase in circulatory citrullinated histone 3, a marker of aberrant NET formation. Granulocyte depletion dampens the intestinal inflammation in this model, further supporting the notion that granulocytes contribute to the skin-gut crosstalk in PG mice. We anticipate that this novel murine PG model will enable researchers to probe common disease mechanisms and identify more effective targets for treatment for PG patients with IBD.
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Introduction

Pyoderma gangrenosum (PG) is a rare, sterile, neutrophilic dermatosis of the skin. PG is a common cutaneous manifestation of inflammatory bowel disease (IBD), more frequently associated with ulcerative colitis than Crohn’s disease (1–3). Approximately 30-40% of patients with PG have underlying IBD and a large proportion of them observe PG onset before their diagnosis of IBD is confirmed (4–7). Multiple syndromic forms of PG exist, but the most common ulcerative form of PG typically begins as an erythematous nodule that evolves into a chronic purulent ulcer with violaceous undermined borders (8–10). PG lesions are often preceded by trauma to the skin, a phenomenon known as pathergy (11). Common sites of PG lesions include the extremities, genitalia, perineal area, and postsurgical stoma sites (8, 12). While the course of other cutaneous manifestations associated with IBD, such as erythema nodosum and Sweet’s syndrome, often run parallel to that of IBD activity, PG can occur before IBD diagnosis or manifest even after IBD is in remission (4, 5, 13).

The factors driving PG pathogenesis and the underlying mechanisms that link it to IBD remain elusive. This is partly due to limited data available from human studies as well as the lack of animal models with concurrent skin and intestinal inflammation. Genome-wide association studies have identified a number of susceptibility loci conferring the risk of development of PG in patients with IBD, including loci that play a role in neutrophil recruitment (IL8RA), IL-17-mediated cellular immune responses (TRAF3IP2), and extracellular matrix degradation (TIMP3) (7, 14). Additional studies examining individuals with PG and its syndromic form PG,  acne, and suppurative hidradenitis (PASH) have identified mutations in components involved in regulation of innate immune responses (NLRP3, NLRP12, MEVF, NOD2, PSTPIP1), implicating dysregulated molecular pattern recognition signaling (15, 16). Of note, the hereditary autosomal dominant form of PG known as pyogenic arthritis, PG, and acne (PAPA syndrome) is associated with mutations in proline–serine–threonine phosphatase interacting protein 1 (PSTPIP1) (17). Mutations in PSTPIP1 can cause pyrin-mediated activation of the inflammasome due to hyperphosphorylation of PSTPIP1 leading to increased production of pro-inflammatory factors like IL-1β and IL-18, both of which have been implicated in PG pathogenesis (18–20). PG patients often benefit from treatment with anakinra, an interleukin-1 receptor antagonist (IL-1Ra), further supporting the role of dysregulated innate immune responses (9). Mice ectopically expressing the PAPA-associated PSTPIP1 A230T mutant protein show elevated levels of circulating cytokines implicated in active PG, but they fail to develop skin inflammation and arthritis, specific to PAPA syndrome (21). Other insights into disease pathogenesis have been provided by animal models of neutrophilic dermatosis with mutations of tyrosine-protein phosphatase non-receptor type 6 gene (PTPN6), specifically highlighting the role of IL-1R signaling and apoptosis signal-regulating kinases in disease progression (22–24). While findings from both clinical and animal models have improved our understanding of PG pathobiology, there are major gaps in identifying the inflammatory triggers that contribute to skin-gut crosstalk in patients with PG and IBD (25). Additionally, none of the existing genetically driven models have demonstrated the inter-organ communication between the skin and intestine.

In this study, we present a novel, drug-induced mouse model of PG-like neutrophilic dermatosis with concomitant intestinal inflammation. Our data show that the topical application of pyrimidine synthesis inhibitors to murine skin wounds generates non-healing skin ulcers enriched in neutrophils mimicking the PG disease phenotype. Unlike existing PG animal models, these mice also display spontaneous intestinal inflammation indicating the existence of a pathogenic inflammatory crosstalk between the skin and the gut. Our results demonstrate that priming and activation of neutrophils with IL-1β in diseased animals leads to exaggerated neutrophil extracellular trap (NET) formation, as shown by the presence of NETs at sites of inflammation in both the skin as well as the intestine. Importantly, we also demonstrate that depletion of granulocytes reduces intestinal inflammation suggesting that uncontrolled neutrophil activation and migration to sites of inflammation driven by chemokine cues is a key pathogenic mechanism in this novel PG model.





Results




Skin-wounded mice treated topically with a pyrimidine synthesis inhibitor exhibit a PG-like neutrophilic dermatosis

Pyrimidine and purine metabolism have been targeted in various diseases to elicit immunomodulatory responses (26–31). Clinical studies have shown that azathioprine, an inhibitor of purine synthesis, utilized for the treatment of IBD, can precipitate neutrophilic dermatosis such as Sweet syndrome and PG in skin (32–34). In this study, we utilized topical pyrimidine synthesis inhibition in mouse wounds to induce a neutrophilic dermatosis phenotype. Wild-type C57BL/6J with circular full-thickness excisional skin wounds were treated daily for a period of 9 days with topical 2% N-phosphonacetyl-L-aspartate (PALA) formulated in Aquaphor (Figure 1A). PALA is a specific transition state inhibitor of a trifunctional protein, carbamoyl phosphatase synthase II/aspartate transcarbamylase/dihydroorotase (CAD), which is the enzyme required for the first three steps of the pyrimidine synthesis pathway (Figure 1B). Mice treated with topical PALA developed non-healing purulent ulcers in the wounded region compared to control mice treated with Aquaphor alone (Figure 1C). These PALA-induced phenotypical changes were observed starting at day 4 and were fulminant by day 9. Detailed histological analysis of tissue sections revealed deleterious inflammatory changes including the complete loss of the epidermis and a large number of immune cell infiltrates in the ulcerated region of mice treated with PALA (Figure 1D). In contrast, wounds in mice treated with Aquaphor alone had completely healed by contraction as evidenced by the presence of a distinct hyperproliferative epidermal layer and obvious granulation tissue in the wound area by day 9 (Figure 1D).




Figure 1 | Skin-wounded mice treated topically with a pyrimidine synthesis inhibitor exhibit a PG-like neutrophilic dermatosis. (A) In vivo experimental set-up and treatment timeline in the PG mouse model. (B) Mechanism of pyrimidine synthesis inhibition by N-phosphonacetyl-L-aspartate (PALA). (C) Visual appearance of PG-like ulcers in mouse skin photographed on day 4 and day 9 post-wounding. Scale bars: 0.2 cm. (D) Histopathology of skin tissue sections stained with H&E on day 9 post-wounding. Scale bars: 500 μm, inset: 100 μm. (E) Immunofluorescence (IF) staining of keratin 14 (K14, magenta) in mouse skin in the wound region (left) and adjacent to the wound site shown by white arrow (right). Tissue harvested on day 9 post-wounding. Scale bars: 50 μm. Nuclei are stained with DAPI (blue).



Human PG ulcers show a characteristic undermined border and dense neutrophilic infiltrates that damage both the epidermis and dermis as the ulcer expands due to inflammation (35). In order to specifically visualize the epidermal layer, immunofluorescence staining was performed on murine skin tissue to identify keratin 14 (K14), a cytoplasmic intermediate filament protein expressed in mitotically active basal keratinocytes of the epidermis (36, 37). K14 staining showed an absence of the epidermal layer in the ulcer region of the PALA-treated mice, as compared to control mice that had high skin K14 expression in the proliferative epidermal region of the wound site (Figure 1E). The epidermal region adjacent to the wound site in PALA-treated mice showed expression of K14 in proliferative keratinocytes (Figure 1E). In this model, application of topical PALA inhibited the epidermal cell regeneration and migration, which is an essential step in the wound healing process. Overall, there is conspicuous histopathological similarity between the ulcers observed in the wounded mouse skin treated with PALA and the clinical histopathology of human PG.





Similar cellular and soluble mediator inflammatory landscape is observed in murine PG and human PG

The inflammatory landscape in human PG has been well characterized (9). In human PG, dense neutrophilic infiltrates are typically found in the ulcer and underlying dermis, accompanied by perivascular monocytes and lymphocytes in the region peripheral to the ulcer (9). In order to qualitatively evaluate the immune cell infiltrates in PALA-treated mouse ulcers, skin tissue was probed using immunofluorescence staining with MPO, NE,  F4/80, and CD3 to visualize neutrophils, macrophages, and T cells, respectively. PALA-treated skin revealed the presence of abundant neutrophils in the ulcer region and underlying dermis, compatible with the role of PALA in inducing a murine neutrophilic dermatosis closely resembling human PG (Figure 2A; Supplemental Figure 1A). Recurrent topical PALA application over 9 days arrested the wound healing process in the initial inflammatory phase leading to massive neutrophilic inflammation that resulted in the formation of highly exudative non-healing skin ulcers. In contrast, an increased number of macrophages were present in the skin of control mice, indicating that, in the absence of PALA, the wounds had progressed as in a normal wound healing process (Figure 2A). An overview of the PALA-treated tissue revealed that while neutrophils were predominant in the ulcerated region, dermis and regions surrounding the ulcer, macrophages were present in the deeper region of the dermis and the periphery of the wound (Figure 2B). Taken together, these results show that topical application of a pyrimidine synthesis inhibitor on murine skin wounds leads to robust cutaneous neutrophilic inflammation and stalling of the wound healing process, which accurately mimics the histopathology of human PG based on gross and histological evaluation.




Figure 2 | Similar cellular and soluble mediator inflammatory landscape is observed in murine PG and human PG. (A) IF staining of MPO (green) for neutrophils and F4/80 (red) for macrophages in the wounded region of the skin in mice treated with Aquaphor (control) and PALA. Scale bars: 50 μm, inset: 50 μm. (B) IF visualization of the entire cross-section of the skin tissue stained for neutrophils (MPO, green) and macrophages (F4/80, red). Scale bars: 500 μm, inset: 50 μm. (C) Quantification of the cytokines (IL-1β, IL-6, TNF-α) and chemokines (CXCL1, MIP-1β, MIP-2, MIP-1α, GM-CSF, RANTES) in skin tissue homogenates. (D) Quantification of Th17 cytokines (IL-17F, IL-17A, IL-17C) in skin tissue homogenates. (E) IF staining of CD3+ T cells (red) in mouse skin tissue. Scale bars: 50 μm. Nuclei in all IF images are stained with DAPI (blue). All data is presented as Mean ± SEM, n=6-8, statistical significance determined by unpaired, nonparametric, two-tailed Mann Whitney test. *p<0.05, ***p<0.001.



Given the striking similarities of the cellular infiltrates of murine PG lesions with human ones, we next explored whether a similar pattern of soluble inflammatory mediators was also present. In order to characterize the expression profile of soluble inflammatory mediators in the wounded mouse skin, skin tissue homogenates were analyzed by multiplexed cytokine and chemokine analysis. The analytes selected for the multiplex panel were based on the  well-documented inflammatory milieu contributing to disease pathogenesis in human PG (9, 15, 38). The expression of pro-inflammatory cytokines including interleukin 1L-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-α) was significantly higher in PALA-treated mice compared to controls (Figure 2C). The levels of neutrophil, macrophage, and T cell chemoattractants including chemokine (C-X-C motif) ligand 1 (CXCL1), macrophage inflammatory protein-2 (MIP-2), MIP-1α, MIP-1β, granulocyte-macrophage colony stimulating factor (GM-CSF) and RANTES/CCL5 were also significantly higher in PALA-treated mice compared to controls (Figure 2C).

Lastly, elevated levels of IL-17A and IL-17F were also found in skin tissue of PALA-treated mice (Figure 2D). Interestingly, IL-17C, which is mainly produced by epithelial cells, was significantly downregulated on day 9 probably due to the loss of the epidermal layer in PALA-treated mice (Figure 2D). To complement these observations of enriched inflammatory mediators, we performed immunofluorescence staining to qualitatively evaluate the presence of T cells in mouse skin tissue and detected abundant CD3+ T cells in the vicinity of the ulcer region in the dermis of PALA-treated mice (Figure 2E). These results demonstrate biological similarities in the inflammatory milieu between the PG phenotype in mice and human disease (9). The inflammatory mediators we detected produced by epidermal, dermal, and immune cells, suggests that both the innate and adaptive immune responses drive the PALA-induced inflammatory cascade in our murine PG model.





Mice with PG phenotype develop spontaneous intestinal inflammation dependent on the presence of a skin wound

There is significant epidemiological overlap in the concurrent development of PG and IBD (39), raising the key question of their pathophysiological interdependence. During the 9-day treatment regimen, disease activity index (DAI) was measured in the mice. DAI assessment comprised of change in body weight, posture (normal vs. hunched), fur (normal vs. ruffled), stool consistency, and evaluation of rectal prolapse every 2-3 days (Supplemental Table 1). While PALA-treated mice did not experience significant weight loss, their DAI scores increased over time and were significantly higher in comparison to control mice on day 9 (Figure 3A). Noticeable changes to the stool consistency were observed during this period. As a result, the colon and terminal part of the ileum were harvested from mice on day 9 and histopathological assessment was performed to evaluate the presence of intestinal injury that included key features such as presence of inflammatory infiltrates, neutrophils, crypt density, crypt hyperplasia, goblet cell loss, submucosal swelling, muscle layer thickening, presence of crypt abscess, and ulceration (Supplemental Table 2) (40). In PALA treated mice, a range of inflammation was observed in the distal colon indicated by inflammation scores that extended from 6 to 24 (Figures 3B, D; Supplemental Figure 2A). The most severe inflammation observed in the colon was characterized by the loss of crypt structures, ulceration of the epithelial cell layer evident by E-cadherin staining, and pronounced immune cell infiltrates (Figures 3B, C). Inflammation scores were significantly higher in the transverse and distal colon of PALA-treated mice compared to controls, suggesting that inflammation was more prominent in the lower half of the colon (Figure 3D). Significant from a temporal perspective, development of intestinal lesions trailed behind skin inflammation in our model, as colonic tissue collected on day 4 displayed minimal inflammation compared to controls but the skin inflammation was already present at day 4 (Supplemental Figures 2B, C).




Figure 3 | Mice with PG phenotype develop spontaneous intestinal inflammation dependent on the presence of a skin wound. (A) Disease activity index (DAI) and weight loss assessment in mice over a period of 9 days. (B) Histopathology of the cross section of the distal colon stained with H&E on day 9 post-wounding. Scale bars: 300 μm, inset: 100 μm. (C) E-cadherin staining (magenta) in distal colon tissue. Nuclei are stained with DAPI (blue). Scale bars: 50 μm. (D) Assessment of the inflammation score in mice treated with PALA compared to controls in the terminal ileum, proximal colon, transverse colon and distal colon. (E) Fecal Lcn-2 and serum SAA quantification utilizing ELISA in the stool and serum of mice, respectively. (F) Histopathology of skin (top) and distal colon (bottom) of mice treated with topical PALA and Aquaphor (control) without the presence of a skin wound for a duration of 9 days. Scale bars: 100 μm. Data is presented as Mean ± SEM, n=10-25 (A), n=5-14 (D, E), statistical significance determined by unpaired, nonparametric, two-tailed Mann Whitney test. *p<0.05, **p<0.01 and ****p<0.0001. Not significant abbreviated as "ns" in (A).



Additional parameters of local and systemic inflammation were also measured, including fecal lipocalin-2 (Lcn-2) and serum amyloid A (SAA) in stool and blood, respectively. Fecal Lcn-2 is a non-invasive biomarker used to detect intestinal inflammation in mice, similar to fecal calprotectin utilized to evaluate intestinal inflammation in human stool, while SAA is an acute phase protein synthesized by the liver (41, 42). Fecal Lcn-2 levels were significantly increased in mice treated with PALA, further corroborating the results from the gut histopathology analysis (Figure 3E). SAA levels were significantly increased in PALA-treated mice compared to controls demonstrating that in addition to local tissue damage in the skin and gut, these mice also had elevated systemic inflammation, as commonly seen in patients with IBD (Figure 3E).

Skin insult or pathergy is a common event in individuals that develop PG (8). To determine whether a skin insult is required for the development of murine PG and concomitant intestinal inflammation, topical PALA was applied to intact mouse skin for 9 days. Topical PALA application in the absence of a skin insult failed to generate a local inflammatory response in the skin and development of concomitant colonic inflammation (Figure 3F). In addition, no differences were observed in the fecal Lcn-2, systemic SAA and IL-1β (skin and colon) levels in these animals (Supplemental Figure 2D). These results indicate that persistent inflammation in the skin of mouse wounds treated with PALA precedes and seemingly leads to the development of intestinal inflammation mainly localized to the colon. The results demonstrate that both the presence of a skin insult and inhibition of pyrimidine synthesis by PALA is required for the development of PG-like inflammation in mouse skin and concomitant colonic inflammation.





Inflammatory milieu in the distal colon of PG mice resembles UC and reflects systemic inflammation

Next, the cellular inflammatory environment in the distal colon of PG mice was assessed. Visualization and qualitative assessment of neutrophils (MPO, NE), macrophages (F4/80), and T cells (CD3) using immunofluorescence staining showed an increase in these specific cell populations in the distal colon of PG mice compared to control mice (Figure 4A; Supplemental Figure 2E). To better characterize the soluble mediators of the inflammatory landscape of the intestine, cytokines and chemokines were quantified in tissue homogenates of the distal colon. Pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 were significantly elevated in PALA-treated mice compared to controls (Figure 4B). Colonic levels of chemoattractants including CXCL1/KC, monocyte chemoattractants protein-1 (MCP-1), MIP-1α, MIP-2 and GM-CSF were also significantly increased in PALA-treated mice (Figure 4B).




Figure 4 | Inflammatory milieu in the distal colon of PG mice resembles UC and reflects systemic inflammation. (A) Qualitative assessment of presence of immune cell infiltrates including neutrophils (MPO, green), macrophages (F4/80, magenta) and CD3+ T cells (red) in the distal colon of PALA-treated mice compared to controls. Nuclei are stained with DAPI (blue). Scale bars: 50 μm. (B) Quantification of cytokines and chemokines in tissue homogenates from the distal colon. (C) Quantification of cytokines and chemokines in the plasma of mice treated with PALA compared to control treatment. All data is presented as Mean ± SEM, n=4-8, statistical significance determined by unpaired, nonparametric, two-tailed Mann Whitney test. *p<0.05, **p<0.01, ***p<0.001.



IL-17C (epithelial) and IL-17A/F (T cells) cytokines were also elevated in the colons of PALA-treated mice, suggesting a Th17 phenotype in the distal colon similar to that observed in the PG mouse skin (Figure 4B). Interferon-γ-inducible protein-10 (IP-10 or CXCL10), which has been shown to play a role in inflammatory cell migration to the gut in ulcerative colitis (UC) (43–45), was significantly increased in the PALA-treated group (Figure 4B). IL-33, which is released in a full-length form upon tissue damage or injury to the gut epithelium and cleaved to form mature IL-33 by proteases released from neutrophils (46–48), was significantly elevated in PALA mice (Figure 4B).

Finally, systemic cytokines and chemokines found to be significantly elevated in the plasma of PALA-treated mice included IL-1β, TNF-α, IL-6, IL-17A, CXCL1, and MIP-2 (Figure 4C). The above results indicate that certain cytokines and chemokines elevated in both the skin and intestine are elevated in the systemic circulation and are likely mediating local as well as systemic inflammatory effects. In particular, chemotactic cytokines involved in the migration of neutrophils were significantly increased. This finding, combined with the massive neutrophilic infiltration noted in both the skin and colon of PG mice strongly suggests that neutrophils may be the key drivers of the inflammatory response observed in our PG model.





Tissue and serum citrullinated histone 3 along with bone marrow and circulatory low density neutrophils are increased in PG mice

Neutrophils undergo a specialized form of cell death called neutrophil extracellular trap (NET) formation in inflammatory conditions like PG (49). Low density immune cells of granulocytic lineage have been shown to undergo spontaneous NET formation in various autoimmune and autoinflammatory conditions including PG (49). Due to their prior established role in pro-inflammatory processes (50, 51), the specific contribution of  low density neutrophils (LDNs) and NET formation to inflammatory cues in our murine PG model was investigated. As shown above, topical PALA application to wounded skin increased the influx of neutrophils to the skin and colon, but to determine how neutrophils specifically contribute to inflammation in our model, the presence of NETs in murine tissue was qualitatively assessed. Increased numbers of cells positive for CitH3, a marker of NET formation (52), were observed in the ulcerated area of the skin and the inflamed distal colon of mice treated with PALA (Figure 5A). Moreover, serum CitH3 levels were significantly higher in PALA-treated mice compared to controls (Figure 5B), suggesting that neutrophils circulate and migrate based on chemotactic cues to distal sites where they undergo exaggerated NET formation that contributes to increased systemic CitH3 levels.




Figure 5 | Tissue and serum citrullinated histone 3 (CitH3) along with bone marrow and circulatory low density neutrophils (LDNs) are increased in PG mice. (A) IF staining of CitH3 (red), a marker of NETs, in the skin and distal colon of mice treated with PALA compared to the control group. Nuclei are stained with DAPI (blue). Scale bars: 50 μm, inset: 20 μm. (B) Quantification of serum CitH3 levels (pg/ml) in mice using ELISA. (C) Schematic showing the isolation of low density neutrophils (LDNs) and normal density neutrophils (NDNs) using density gradient centrifugation for downstream assays including flow cytometry and in vitro NETosis. (D) Representative gating used to quantify LDNs and NDNs in the blood and bone marrow of mice isolated using density gradient centrifugation. CD11b+ Ly6G+ cells were gated on CD45+ live cells isolated from the top (LDN) and bottom (NDN) layers of the gradient. (E) Quantification of LDNs and NDNs in the bone marrow and blood of mice treated with PALA in comparison to the control group using flow cytometry. All data is presented as Mean ± SEM, n=4-14, statistical significance determined by unpaired, nonparametric, two-tailed Mann Whitney test. *p<0.05. Not significant abbreviated as "ns" in (E).



In order to further elucidate the role of neutrophils in the model pathobiology, we specifically investigated whether LDN production was enhanced since this subset of neutrophils has been shown to undergo exaggerated NETosis in PG (49). LDNs are neutrophils that separate into the top layer of a ficoll density gradient with peripheral blood mononuclear cells (PBMCs) after centrifugation. The LDNs consist of both low buoyancy mature neutrophils and immature band cells (Figure 5C). Normal density neutrophils (NDNs) sediment with red blood cells at the bottom of the gradient after density gradient centrifugation (Figure 5C). Cells were isolated from the bone marrow and blood of the mice and separated by density gradient centrifugation and cells from the top layer of the gradient (LDN) and bottom layer of the gradient (NDN) were analyzed by flow cytometry (Figure 5C). CD11b+ and Ly6G+ cells gated on CD45+ live cells were quantified as the neutrophils (Figure 5D; Supplemental Figure 3A). Both bone marrow and blood LDNs were markedly increased in PALA-treated mice, indicating that skin inflammation stimulates emergency granulopoiesis resulting in increased numbers of granulocytes with low buoyancy (Figure 5E). In contrast, no differences were observed in NDN numbers in the blood and bone marrow between the two treatment groups, suggesting that LDNs may specifically play a causative role in the pathology observed in this model (Figure 5E).





IL-1β-driven priming of low density neutrophils leads to NET formation and contributes to concomitant skin and intestinal inflammation

In order to specifically elucidate the role of neutrophils in disease pathology in this model, LDNs and NDNs were isolated from bone marrow and cultured in vitro to evaluate whether these cells are primed to undergo spontaneous NETosis or if a second pro-inflammatory hit is required for neutrophil activation at the tissue site. Immunofluorescence staining with MPO, NE and CitH3 was performed to specifically visualize NETs. Potential acting pro-inflammatory mediators were selected from the systemic inflammatory profile of PALA-treated mice for in vitro stimulation, including IL-1β, TNF-α, IL-6 and IL-17A, along with phorbol 12-myristate 13-acetate (PMA, positive control) (Figure 4C; Supplemental Figure 4A). LDNs from PALA-treated mice did not undergo spontaneous NET formation (Figure 6A). However, in response to IL-1β stimulation in vitro these cells from PALA-treated animals underwent robust NETosis in comparison to IL-1β treated control LDNs (Figure 6B). Stimulation with TNF-α, IL-6 or IL-17A did not enhance NETosis in LDNs (Figure 6C), suggesting the IL-1β is the key player in LDN priming and enhanced NETosis.




Figure 6 | IL-1β-driven priming of low density neutrophils (LDNs) leads to NET formation and contributes to concomitant skin and intestinal inflammation. (A) IF staining and confocal imaging to evaluate spontaneous (no treatment) in vitro NET formation in LDNs isolated from the bone marrow. First panel on the left shows merged channels and subsequent panels (columns) show individual channels for CitH3 (magenta), myeloperoxidase (MPO), neutrophil elastase (NE) and nuclei (DAPI). (B) IF staining to evaluate NETosis in LDNs stimulated with IL-1β. First panel on the left shows merged channels and subsequent panels (columns) show individual channels for CitH3 (magenta), myeloperoxidase (MPO), neutrophil elastase (NE) and nuclei (DAPI). (C) IF staining to evaluate NETosis in LDNs stimulated by cytokines TNF-α, IL-6 and IL-17A. Only merged channels (CitH3, NE, MPO and DAPI) are shown in the images. (D) IF staining to evaluate NETosis in normal density neutrophils (NDNs) with no treatment (spontaneous) and IL-1β stimulation. Only merged channels (CitH3, NE, MPO and DAPI) are shown in the images. Scale bars: 50 μm. In vitro NETosis assays were performed in triplicate (n=3 animals). Five fields per treatment were imaged using confocal imaging representative images have been shown in the figure.



We queried whether IL-1β induced priming of neutrophils from PALA-treated mice was specific to LDNs or if NDNs from these mice were primed in a similar manner. Similar to LDNs, the NDNs isolated from PALA-treated mice did not undergo spontaneous NETosis; however, unlike the results from LDNs, IL-1β induced NETosis in vitro was not observed in NDNs from PALA-treated mice (Figure 6D). Thus, it is likely LDNs in the bone marrow are primed to undergo exaggerated NETosis in the skin and distal colon, where elevated levels of IL-1β serve as a second hit to further induce NET formation. Overall, these results suggest that NET formation by activated neutrophils is implicated in the PG-like inflammation and concomitant intestinal pathology in our model.





Inhibition of pyrimidine synthesis is required for the induction of the murine PG-like phenotype and IL-1β-dependent NET formation

To determine whether the PALA-induced inflammatory phenotype in the skin is specifically a result of pyrimidine synthesis inhibition, another pyrimidine synthesis inhibitor was tested in this model. Brequinar is a quinolone carboxylic acid derivative that acts on dihydroorotate dehydrogenase (DHODH) to inhibit de novo pyrimidine synthesis (Figure 7A) (53). Topical brequinar was applied daily to excisional skin wounds to evaluate the inflammatory effects of pyrimidine synthesis inhibition on the skin and intestine. Similar to PALA-treated mice, topical brequinar (0.5% w/w)-treated animals also developed purulent, non-healing skin ulcers by day 9 (Figures 7B, C). Skin ulcers of brequinar-treated mice were enriched with neutrophils and peripheral macrophage infiltration (Figure 7D; Supplemental Figure 5A). In addition, increased CitH3 staining was observed indicating that neutrophils undergo enhanced NETosis at the ulcer site in response to topical brequinar (Figure 7D). These findings demonstrate that inhibition of pyrimidine synthesis in skin wounds drives the development of murine PG phenotype resembling human disease.




Figure 7 | Inhibition of pyrimidine synthesis is required for the induction of the murine PG-like phenotype and IL-1β-dependent NET formation. (A) Mechanism of de novo pyrimidine synthesis inhibition of DHODH by brequinar. (B) Visual appearance of skin wounds in mice treated with 0.5% topical dose of brequinar compared to Aquaphor-treated controls on day 9 post-wounding. Scale bars: 0.5 cm. (C) Histopathology evaluation of mouse skin tissue stained with H&E on day 9 post-wounding. Scale bars: 500 μm, inset: 100 μm. (D) Qualitative assessment of neutrophils (MPO, green and NE, magenta), macrophages (F4/80, red), NETs (CitH3, red) and DAPI (blue) in the wounded region of the skin treated with 0.5% brequinar compared to the control group. Scale bars: 50 μm, inset: 50 μm. (E) Quantification of in vitro spontaneous NET formation in LDNs isolated from the bone marrow of 0.5% brequinar-treated mice compared to the control group. Data is presented as Mean ± SEM, n=4, statistical significance determined by unpaired, nonparametric, two-tailed Mann Whitney test. *p<0.05. (F) Visualization of in vitro spontaneous NET formation in LDNs isolated from the bone marrow of 0.5% brequinar-treated mice. (G) In vitro NET formation was assessed in LDNs isolated from the bone marrow of control mice treated with control serum (top) and serum from 0.5% brequinar-treated mice (bottom). (H) IL-1β-induced NET formation in LDNs isolated from the bone marrow of 0.5% brequinar-treated mice in comparison to control. (I) Assessment of in vitro NET formation in the presence of neutralizing IL-1β antibody. NETs were stained with CitH3 (magenta), MPO (green), NE (red) and DAPI (blue). In vitro NETosis assays were performed in triplicate (n=3 animals), representative images shown in (F–I), Scale bars (F–I): 50 μm.



Interestingly, unlike PALA treatment, LDNs isolated from the bone marrow of brequinar-treated mice underwent spontaneous NET formation (Figures 7E, F). Enhanced NETosis was also observed in LDNs from control mice treated ex vivo with serum obtained from diseased brequinar-treated mice (Figure 7G). This result suggested that certain pro-inflammatory factors in systemic circulation contribute to enhanced priming of neutrophils before they migrate to the inflamed tissue site, similar to the observation in PALA-treated mice. To identify pro-inflammatory factors involved in neutrophil priming and activation, LDNs isolated from the bone marrow of mice were treated with recombinant IL-1β, TNF-α, or IL-6. Treatment of LDNs with IL-1β exacerbated NETosis, leading to the formation of aggregated NETs in vitro suggesting that LDNs in brequinar-treated mice are primed with IL-1β (Figure 7H; Supplemental Figure 5B). Neutralization of IL-1β with anti-IL-1β antibody blocks this inflammatory process (Figure 7I). These results showed that neutrophils are activated to undergo spontaneous NETosis and the addition of a second pro-inflammatory insult (IL-1β) exacerbates this phenomenon in brequinar-treated animals. These results establish that topical pyrimidine synthesis inhibition on wounded murine skin halts the wound healing process and is critical to generate murine neutrophilic dermatosis resembling human PG. NET formation in primed LDNs is further exacerbated by IL-1β, which contributes to chronic inflammation in the skin in this model.





Intestinal inflammation induced by inhibition of pyrimidine synthesis depends on the type of inhibitor

Given the PG induction properties of brequinar, we investigated whether this type of pyrimidine synthesis inhibitor also induced intestinal inflammation. During the topical treatment period, DAI was measured in the animals treated with brequinar. Mice treated with topical 0.5% brequinar continued to lose body weight during the treatment period with significant changes at day 9 in comparison to controls (Figure 8A). DAI was also significantly higher in 0.5% brequinar-treated mice on harvest day (Figure 8A). Intestinal tissue from brequinar-treated mice was harvested to evaluate whether intestinal inflammation also developed as seen in PALA-treated animals. Histological analysis revealed that treatment of mouse wounds with topical 0.5% brequinar led to the development of low-level inflammation localized to the ileum characterized by presence of immune cells, decrease in villi length, and submucosal swelling (Figure 8B). Thus, treatment of skin wounds with topical brequinar can also lead to the development of spontaneous intestinal inflammation, but in a different segment of the intestine, i.e., the ileum, in contrast to what was observed in PALA-treated mice, where intestinal inflammation was primarily evident in distal colon.




Figure 8 | Intestinal inflammation induced by inhibition of pyrimidine synthesis depends on the type of inhibitor. (A) Weight loss and DAI assessment in mice treated with topical 0.5% brequinar over a period of 9 days compared to controls. (B) Histopathology of the terminal ileum stained with H&E on day 9 post-wounding in topical 0.5% brequinar-treated animals. Scale bars: 100 μm. All data is presented as Mean ± SEM, n=6-7, statistical significance determined by unpaired, nonparametric, two-tailed Mann Whitney test. ***p<0.001, ****p<0.0001.







Granulocyte depletion mitigates intestinal inflammation in murine PG

The results of the NETosis assays performed in PALA- or brequinar-treated mice indicate that LDNs play a key role in the pathogenesis of our novel model of murine PG. Therefore, the requirement of granulocytes in skin-gut crosstalk in our disease model was evaluated by depletion of granulocytes using anti-mouse Ly6G/Ly6C (Gr-1) antibody (Supplemental Figure 6A). Due to a high rate of mortality during granulocyte depletion in our longer 9-day treatment models (2% PALA and 0.5% brequinar), higher dose of topical brequinar (2% w/w) was utilized to induce significant skin and intestinal pathology rapidly over 6 days and reduce the number of animals required to achieve significant sample sizes. Mice treated with 2% topical brequinar had significant skin damage, underwent rapid weight loss, and had elevated DAI measurements by day 6 (Figures 9A–C). Topical 2% brequinar-treated mice developed significant inflammation in the ileum by day 6 compared to mice treated with the lower dose 0.5% brequinar as evident by features like the presence of inflammatory cells, loss of epithelial layer, loss of goblet cells, decreased crypt density, and shortened villi length (Figures 9D, E).




Figure 9 | Granulocyte depletion mitigates intestinal inflammation in murine PG. (A) Visual appearance of wounds in the skin of topical 2% brequinar-treated mice compared to controls, 6 days post-wounding. Scale bars: 0.5 cm. (B) Qualitative assessment of the presence of neutrophils (MPO, green) and macrophages (F4/80, red) in the ulcer region of 2% brequinar-treated mice in comparison to control. Scale bars: 50 μm. (C) Weight loss and disease activity index (DAI) assessment in mice treated with 2% brequinar over a period of 6 days. Data is presented as Mean ± SEM, n=6, statistical significance determined by unpaired, nonparametric, two-tailed Mann Whitney test. **p<0.01, ****p<0.0001. (D) Histopathology of the cross section of the ileum stained with H&E on day 6 post-wounding. Scale bars: 150 μm. (E) Assessment of the inflammation score in mice treated with 2% brequinar compared to controls in the terminal ileum. Data is presented as Mean ± SEM, n=6, statistical significance determined by unpaired, nonparametric, two-tailed Mann Whitney test. **p<0.01. (F) Histopathology of the cross section of the ileum stained with H&E on day 6 post-wounding in mice treated with isotype control or anti-mouse Gr-1 antibody for a period of 7 days (100 μg/mouse daily intraperitoneal injection). Scale bars: 150 μm. (G) Assessment of the inflammation score in the ileum of mice treated with anti-mouse Gr-1 antibody and isotype controls. Data is presented as Mean ± SEM, n=7, statistical significance determined by Kruskal-Wallis test. **p<0.01 and ***p<0.001. Not significant abbreviated as "ns" in (G).



In mice treated with isotype antibody, the histopathology scores were elevated in brequinar-treated animals as compared to Aquaphor-treated controls (Figures 9F, G). Gr-1 antibody administration in topical 2% brequinar-treated mice reduced the inflammation in the ileum; however, it did not completely prevent the onset of inflammatory response (Figure 9F, G). While the epithelial layer and villi length were improved after Gr-1 antibody administration in 2% brequinar-treated mice, there remained significant presence of inflammatory infiltrate, loss of goblet cells, and thickening of the muscularis propria (Figure 9F). These results indicate that while granulocyte activation contributes to the skin-gut crosstalk in this PG model, it is not the only mechanism by which skin ulcers drive the development of inflammation in the gut.






Discussion

PG is the most damaging of the cutaneous extraintestinal manifestations of IBD and leads to repeated hospitalizations, increased morbidity (hazard ratio=1.72) and even mortality (54–59). Treatment strategies are inadequate, and traditional therapies employed to manage PG can aggravate intestinal inflammation and vice versa. Thus, the investigation of underlying disease mechanisms in PG is imperative to identify novel targets for therapy. The current lack of preclinical animal models represents a major limitation to the understanding of the pathogenic mechanisms contributing to the concomitant skin-gut inflammatory crosstalk. In this study we introduce a novel animal model displaying a severe neutrophilic dermatosis that not only mimics the skin lesions of human PG but also develops spontaneous intestinal inflammation. We further demonstrate that inhibition of pyrimidine synthesis in murine skin wounds is essential to the development of a murine PG-like condition.

Several studies have tried to characterize factors involved in PG pathogenesis (9, 60). Trauma to the skin, which almost invariably precedes the disease, causes the release of danger signals and cytokines that contribute to uncontrolled skin inflammation and ulceration (61), but the exact mechanisms by which damage associated molecular patterns contribute to disease progression in PG is unknown. Presence of IL-8 and IL-36 in early PG lesions suggests that damaged keratinocytes start the inflammatory cascade followed by recruitment of neutrophils and other immune cells, which further exacerbates inflammation and subsequent skin damage (9). A recent study looking at the gene expression profile in perilesional epidermis and dermis showed that neutrophil degranulation and cytokine-cytokine receptor interactions are key upregulated pathways in PG (62). Current evidence points toward dysregulated innate and adaptive immune functions, mainly involving neutrophils and Th17-mediated inflammatory responses, as central mechanisms of PG pathogenesis (61).

Presence of dense neutrophilic infiltrate in PG ulcers creates an undermined violaceous border and loss of the epithelial layer in the region of inflammation in human disease (9). In addition to neutrophils, other immune cells like monocytes and T cells (Th1 and Th17) present in the region surrounding the ulcer are thought to be important players in disease progression (9, 63). In our mouse model, we show that inhibition of pyrimidine synthesis by PALA or brequinar drastically slows down the skin re-epithelialization process and promotes an inflammatory milieu that prevents a normal wound healing response (Figures 1, 7). While the ulcers in murine PG are enriched in neutrophils, F4/80+ macrophages and CD3+ T cells are also found in the perilesional regions of the skin (Figures 2A, 7D) suggesting that additional pro-inflammatory signals produced by skin damage and infiltrating immune cells contribute to the resulting PG-like phenotype. In fact, IL-1β, TNF-α, IL-6, CXCL1, MIP-1α, MIP-1β, MIP-2, GM-CSF, RANTES, and IL-17A/F are also highly expressed in murine PG (Figures 2C, D). These cytokines have been shown to be key contributors in clinical PG progression and are mainly produced as a result of tissue damage in the skin (9). Thus, the inflammatory mediators detected in our model closely mimic those reported in human disease, perhaps with the exception of IL-36, whose levels were similar in diseased and control mice (data not shown) (9, 15, 38). This may be due to the timeline of disease progression in mice in comparison to humans, where IL-36 has been detected in early PG lesions. In addition to chemoattractants that facilitate the recruitment and migration of neutrophils to the ulcer site, Th17-mediated responses could also potentially contribute to enhanced neutrophil recruitment in our model.

In our model, we focused on understanding the role of neutrophils and NETs in disease pathogenesis due to their abundant presence in ulcerated skin. Multiple priming agents, like chemoattractants, cytokines, and microbial products have the capacity to activate neutrophils and induce the release of neutrophil cargo via a form of cell death called NETosis (64, 65). NETs are large extracellular structures with a web-like appearance consisting of a condensed chromatin scaffold decorated with citrullinated histones as well as externalized immunostimulatory molecules (52, 66). Studies performed in various autoimmune and autoinflammatory conditions have shown that neutrophils primed with circulating inflammatory cytokines can undergo enhanced NETosis at various sites like the skin or joints, and can perpetuate the cycle of chronic inflammation (67–69). For example, recent studies have shown that neutrophil DNA-derived NET complexes decorated with antimicrobial peptides (LL-37) lead to the activation monocytes and induction of Th17 polarizing cytokines in psoriasis (70, 71). Similarly, it has been shown that immune responses to NET-related antigens lead to the upregulation of type I interferon responses in hidradenitis suppurativa (72).

Enhanced NETosis has been observed in skin lesions of PG patients, as well as circulatory neutrophils from PAPA syndrome patients (49). Additionally, it has also been shown that a population of immature neutrophils called low density granulocytes (LDGs) are responsible for enhanced NET formation in PG patients, and the pro-inflammatory cytokine IL-1β is a known inducer of NETs in patients with PG (49). The functional characterization of LDGs remains to be a challenge and their generation during disease pathogenesis is poorly understood (73, 74). LDGs have been shown to play an important role in pro-inflammatory processes during infection, autoimmune disease and cancer (51). Many studies have classified LDGs as granulocytic myeloid-derived suppressor cells (gMDSCs) and LDNs based on their low buoyancy, surface marker expression and ability to suppress T cell proliferation (75). A recent study showed that normal density neutrophils (NDNs) when challenged with inflammatory stimuli, such as lipopolysaccharide (LPS), can form LDNs upon activation (73) further suggesting that the origin of this specific population needs to be investigated. We showed increased NETosis at inflamed tissue sites (Figures 5A, 7D) and increased circulatory serum CitH3 in PG mice (Figure 5B). Additionally, we also showed that LDNs from PALA-treated mice, but not NDNs, undergo exaggerated NETosis in vitro after stimulation with IL-1β suggesting that LDNs are potential key contributors of inflammation in our model. However; at the tissue level, we cannot conclusively determine whether only LDNs contribute to enhanced NETosis upon priming or activation due to challenges in isolation and purification of distinct neutrophil populations from the tissue. Overall, the results of the in vitro NETosis assays indicate that increased IL-1β production during inflammation contributes to the NETosis phenotype observed in this model.

We observed several similarities in the inflamed skin region between the two topical drug treatments in our PG model including the presence of neutrophils and NETs in the ulcer area of the skin. Both drugs used to induce disease in this model inhibit essential enzymes in the 6-step pyrimidine synthesis pathway (27). Daily topical application hindered the normal wound healing process by inhibiting cellular proliferation in the epidermal and dermal regions of the skin. Skin wounds treated with both inhibitors induced the development of spontaneous inflammation in the intestine. In topical PALA-treated mice, inflammation was mainly localized to the distal colon and the inflammatory milieu was reflective of colitis or UC-like phenotype (Figures 3D, 4B). Intriguingly, topical brequinar-treated mice also developed intestinal inflammation; but the intestinal inflammation was localized to the ileum. While we have not fully characterized the inflammatory landscape in brequinar-treated animals, data obtained from in vitro NETosis experiments suggests similar mechanisms are at play in terms of neutrophil priming and exaggerated NET formation. While most in vitro NETosis assays to elucidate priming mechanisms in human disease have been performed by isolating neutrophils from patient blood, we isolated LDNs from the bone marrow of diseased mice to investigate the activation status of the neutrophils. A key difference between PALA and brequinar treated animals was the formation of spontaneous NETs by LDNs isolated from the bone marrow of brequinar-treated mice (Figure 7F). Exacerbated spontaneous NETosis is also observed in circulatory LDGs obtained from patients with PAPA syndrome (49). While bone marrow LDNs from PALA-treated mice did not form spontaneous NETs, treatment with IL-1β enhanced NETosis. This suggests a “two-hit” neutrophil activation phenomenon whereby neutrophils in blood or bone marrow might be primed by pro-inflammatory factors in systemic circulation. When primed neutrophils migrate to inflamed distal tissue sites such as the skin, a second exposure to pro-inflammatory mediators activates the cells leading to degranulation or NETosis (76). Depletion of granulocytes in our disease model reduced intestinal damage but did not prevent the onset of inflammation indicating that likely there are other factors contributing to skin-gut crosstalk in our model (Figure 9G). There might be additional inflammatory cues that drive the communication between the skin and intestine that remain to be explored, such as other types of immune cells (monocytes and lymphocytes), inflammatory cytokines as well as microbial factors.

At this point, we have not explored differences in the location of intestinal inflammation in the two pyrimidine synthesis inhibitor treatment modalities. The distinct pathologies could be due to a variety of factors such as differences in absorption and metabolism of the inhibitors, kinetics of disease development, alterations to the intestinal microbiome, or the impact of PALA vs. brequinar on systemic immune responses. Nucleotide metabolism has been targeted using a variety of approaches to fight diseases, such as cancer, viral infections, and to alter the immune response in various disease conditions like multiple sclerosis and rheumatoid arthritis (26–30). Inhibition of different enzymes involved in de novo pyrimidine synthesis can alter the activated signaling intermediates involved in post translational modification of proteins, which could in turn exert immune modulatory effects (77). For example, PALA has been utilized in an ex vivo model of bacterial skin infection to induce enhanced antimicrobial peptide production by upregulating nucleotide binding oligomerization domain containing 2 (NOD2) signaling responses (30). Similarly, DHODH inhibitors have been utilized in viral infection models to stimulate interferon-mediated signaling mechanisms and an anti-viral response (26, 78). In addition to immunomodulatory effects, topical pyrimidine synthesis inhibition could activate various molecular mechanisms of cell death in the skin that influence wound healing kinetics and immune cell recruitment to the inflammation site (27).

Teasing apart all mechanisms of disease pathogenesis in complex diseases such as PG and IBD is a significant challenge. Nevertheless, the development of a novel murine PG model represents a significant step forward in the understanding of PG pathogenesis by making available an easily inducible and reproducible model that closely mimics human PG at the phenotypic, cellular, and mediator level. In addition, our model provides researchers with a new preclinical tool that can be utilized to study inter-organ crosstalk between the skin and gut.





Materials and methods

For detailed reagent purchasing and use instructions, please refer to Supplemental Table 4.




In vivo mouse model

Wild-type C57BL/6J (Stock No: 000664), 8-12 week old animals were purchased from Jackson Laboratories. Both male and female mice were equally distributed based on sex in the various treatment groups in this study. Single-housed mice were anesthetized and upper back fur was removed by shaving 24 hours prior to wounding. On day 0, post-anesthesia, a single full-thickness 5 mm circular wound was created down to the fascia using fine iris scissors and a 5 mm sticky tape template. The wound was created ~0.5 cm posterior to the ears on the shaved region of the skin. The wound was positioned to prevent excessive access to grooming by mice. Topical drug formulations were compounded by the Cleveland Clinic Investigational Drug Pharmacy. Aquaphor was used as vehicle control treatment. Day 9 was selected as an endpoint because most of the control wounds treated with Aquaphor alone heal in a period of 9 days. Mice were treated daily for a period of 9 days with topical 2% PALA formulated in Aquaphor or 0.5% brequinar formulated in Aquaphor. 2% topical brequinar animals were treated for a period of 6 days. To test the hypothesis whether presence of skin wounds is required for the mouse PG phenotype, 2% PALA was applied on skin without the presence of a wound for a period of 9 days. Health of the animals was monitored daily to identify signs of stress or decline. Disease activity index (DAI) assessment comprising of change in body weight, posture (normal vs. hunched), fur (normal vs. ruffled), stool consistency, and evaluation of rectal prolapse (Supplemental Table 1) was performed in the animals every 2-3 days. Animals were photographed on even days to monitor the status of the wounds. On harvest day, tissue (skin and intestine), blood, bone marrow, and stool was collected for a detailed histologic, and molecular analysis using various downstream assays.





Histopathology analysis

Skin and intestinal tissue was fixed in HistoChoice tissue fixative for 24 hours. Tissue was paraffin embedded and sectioned at the Cleveland Clinic Histology Core. Tissue sections were stained with hematoxylin & eosin (H&E) staining for histopathological analysis. Inflammation scores to evaluate tissue damage in the intestine were assessed in a blinded manner by a board certified, subspecialist gastrointestinal and hepatobiliary anatomic pathologist. Scoring parameters are listed in Supplemental Tables 2, 3 and were adapted from Koelink et al. (40). Immunofluorescence staining was performed to visualize immune cell infiltrates and NET components in the skin and intestine. Briefly, paraffin embedded tissue sections were deparaffinized, blocked using blocking buffer comprising of Hank’s balanced salt solution with 2% bovine serum albumin and 2% goat serum for 1 hour at room temperature in a humidifying chamber. Primary antibodies to visualize immune cell markers including neutrophils (MPO and NE), macrophages (F4/80), T cells (CD3) and citrullinated histone H3 (CitH3) were added to the tissue sections at a 1:100 dilution in blocking buffer for an overnight incubation at 4°C. E-cadherin and K14 was used to visualize the epithelial layer in the intestine and proliferating keratinocytes in the skin, respectively. Next day, slides were washed in 1X phosphate buffered saline solution (PBS) (3 times, 5 minutes each) and tissue sections were incubated for 1 hour at room temperature using species-specific fluorophore-tagged secondary antibody (1:1000 dilution in blocking buffer). Slides were washed 3 times in 1X PBS followed by application of DAPI to visualize the nuclei. Appropriate rabbit, rat and mouse IgG controls were utilized based on the species of the primary antibody (Supplemental Figures 5A; 7A, B). Images were obtained using an inverted Leica SP8 confocal microscope using either 20X or 40X oil objective lens at 1X zoom factor. Whole tissue imaging (Figure 2B) was performed using the Leica DM6B microscope equipped with Leica DFC7000T camera.





Quantification of inflammatory mediators

Multiplexed cytokine and chemokine analysis was performed using a custom kit from Meso Scale Diagnostics (MSD) selected from the mouse biomarker assay group. Prior to running the assay, skin and intestinal tissue from mice was homogenized in MSD lysis buffer with phosphatase and protease inhibitors using a bead-based homogenization technique. Protein in the tissue homogenates was quantified using the BCA protein assay and loaded at the concentration of 25 μg/well. The MSD assay was performed according to manufacturer’s instructions. The custom panel included the following analytes: IL-1α, IL-1β, TNF-α, IFN-α, IFN-β, IFN-γ, IL-4, IL-5, IL-6, IL-10, Il-12p70, IL-13, IL-15, IL-17A, IL-17C, IL-17F, IL-21, IL-22, IL-23, IL-33, IP-10, GM-CSF, KC (CXCL1), MCP-1, MIP-1α, MIP-1β, MIP-2, and RANTES. Data was analyzed using the proprietary MSD immunoassay analysis software (Discovery Workbench 4.0). IL-36γ (tissue homogenates and plasma), SAA (plasma), CitH3 (plasma) and Lcn2 (stool) was measured using ELISA.





Neutrophil (LDN and NDN) isolation and flow cytometry analysis

Low density neutrophils (LDNs) and high density neutrophils (NDNs) were isolated from the blood and bone marrow for quantification of LDN and NDN numbers using flow cytometry. Blood was obtained from mice post-euthanasia by performing a bilateral thoracotomy. Femur and tibia from mouse hind limbs were harvested for extraction of cells from the bone marrow using a technique described in detail by Toda et al. (79). Blood and cells extracted from the bone marrow were diluted in 1X PBS containing 2% fetal bovine serum (FBS) and layered on the Lymphoprep gradient according to manufacturer’s instructions. LDNs in the peripheral blood mononuclear cells (PBMC) layer and NDNs in the bottom layer were removed after density gradient centrifugation (1200 xg at room temperature for 10 minutes) (Figure 5C). Red blood cell lysis was performed prior to staining. To specifically identify neutrophils in the top and bottom layers of the Lymphoprep gradient, cells were stained with live/dead fixable stain, CD45, Cd11b and Ly6G and quantified using flow cytometry on BD LSRFortessa™ Cell Analyzer. Flow staining buffer (1X PBS with 05% bovine serum albumin) was used for all antibody dilutions and wash steps. Appropriate single color compensation controls (One Comp eBeads) and fluorescence minus one (FMO) controls using cells were included in the flow panel. Analysis was performed on the FlowJo software (version 10.8.1). Gating was performed on live cells. The detailed strategy is depicted in Supplemental Figure 3A. Data presented in Figure 5D represents percentage of CD45+ Cd11b+ and Ly6G+ cells (gated on live cells) present in the top layer of the gradient along with PBMCs after density gradient centrifugation.





In vitro NET formation assays

LDNs and NDNs isolated from the bone by density gradient centrifugation were used for in vitro NETosis assays as described by Carmona-Rivera and Kaplan (80). Briefly, coverslips (12 mm diameter) placed in 24-well plates were coated with Poly-L-Lysine followed by 1X PBS wash (3 times, 5 minutes each wash). Cell suspensions of LDNs and NDNs were prepared in phenol-red free RPMI media. 50μl droplets containing 200,000 cells were placed directly onto the center of each coverslip. Cells stimulated with phorbol 12-myristate 13-acetate (PMA) served as a positive control for NETosis (Supplemental Figure 4A). Cells were stimulated with recombinant IL-1β, TNF-α, IL-6, and IL-17A to assess the impact of cytokine priming in the disease model. Anti-IL-1β neutralizing antibody was added to the cell suspension to specifically identify the role of IL-1β in the LDN priming response. Incubation for NETosis assays was performed at 37°C, 5% CO2 (cell culture incubator) for 2 hours. After incubation, 4% paraformaldehyde (PFA) was added directly to the wells of the 24-well plate and cells were fixed overnight at 4°C. The next day, coverslips were extracted from the plate and blocked using ultrapure water with 0.1% gelatin as blocking buffer. Cells were stained with MPO, NE and CitH3 overnight at 4°C to detect NETs, followed by 1 hour incubation with species-specific fluorophore-tagged secondary antibodies at room temperature. Washes with 1X PBS (3 washes) were performed after the primary and secondary antibody incubation. DAPI was used to visualize nuclei. Images were obtained using an inverted Leica SP8 confocal microscope using either 40X oil objective lens at 1X zoom factor. A total of 5 fields/coverslip were acquired for the assessment of NETs. Total area of NETs/field (Figure 7E) were quantified using the ImageJ software (version 1.53r 21).





Granulocyte depletion

Granulocyte depletion using the anti-mouse Gr-1 antibody was performed in animals treated with topical Aquaphor and 2% brequinar. Gr-1 antibody (100 μg/animal) was injected via the intraperitoneal route starting 24 hours before wounding. Animals were injected with Gr-1 antibody daily along with topical Aquaphor or 2% Brequinar treatment on mouse wounds. Animals were injected with an isotype control formulated in saline to compare the effects of granulocyte depletion in both topical Aquaphor and 2% brequinar-treated groups. Mice were monitored for signs of distress and decline in overall health. On harvest day (day 6), skin and intestinal tissue was collected for histology. Blood was collected from mice treated with Aquaphor for quantification of LDGs in circulation using flow cytometry after the daily administration of Gr-1 antibody or isotype control to confirm granulocyte depletion (Supplemental Figure 6A).





Statistical analysis

Statistical analyses were performed using GraphPad Prism software (version 9.4.0). All data is presented as Mean ± SEM. The number of animals utilized for experiments is listed under each figure legend. All in vitro experiments were performed in triplicate. The difference between two groups was analyzed using unpaired, nonparametric, two-tailed Student’s t-Test. Mann-Whitney test was used to determine significance. For data sets with multiple treatment groups, Kruskal-Wallis test was used to determine significance. P value less than 0.05 was considered to be significant.






Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was reviewed and approved by Cleveland Clinic Institutional Animal Care and Use Committee.





Author contributions

Conceptualization: SJ, AF, CM. Methodology: SJ, AP, EJ, CM. Investigation: SJ, AP, EJ, NR, JS, CF, JPA, AF, CM. Visualization and data analysis: SJ, AP, AF, CM. Supervision and financial support: SJ, CM. Writing, original draft: SJ. Writing, review & editing: SJ, AP, EJ, NR, CF, EM, JPA, AF, CM. All authors contributed to the article and approved the submitted version.





Funding

This study received funding from the Pfizer Competitive IBD Grant Program (Grant# 52061263; to SJ). The funder was not involved in the study design, collection, analysis, the interpretation of data, the writing of this article or the decision to submit it for publication. This study was also funded by the Crohn’s and Colitis Foundation Research Fellowship Award (Award# 662997; to SJ & CM), pilot funds from the Cleveland Clinic Research Program Committee (RPC Award# 551; to SJ & CM), and the Assistant Secretary of Defense for Health Affairs, through the Peer Reviewed Medical Research Program under Award No. W81XWH-16-1-0439/PR150299 (to CM). This work utilized the Leica SP8 confocal microscope that was purchased with funding from the National Institutes of Health Shared Instrumentation Grant 1S10OD019972-01.




Acknowledgments

We thank Drs. Carol de la Motte, Claudio Fiocchi and Thaddeus Stappenbeck for insightful conversations and constructive criticism. We thank Nina Dvorina and Danielle Kish for their help with experimental design and troubleshooting. We appreciate Isabel Johnston’s help with animal harvest for select flow cytometry experiments. We are grateful to Judith Drazba and Gauravi Deshpande of the Lerner Research Institute Digital Imaging Microscopy Core, who provided assistance with confocal microscopy. We thank the Lerner Research Institute Histology Core for processing tissue sections for histology. We also thank the members of the Lerner Research Institute Flow Cytometry Core for their input on panel design and help with data acquisition. We appreciate the help from John Petrich in the Investigational Drug Pharmacy at the Cleveland Clinic to formulate the topical drugs used in this study. N-phosphonacetyl-l-aspartate (PALA, NSC224131) was obtained from the National Cancer Institute (NCI)/Division of Cancer Treatment and Diagnosis (DCTD)/Developmental Therapeutics Program (DTP) Open Chemical Repository (http:dtp.cancer.gov). All illustrations were created in BioRender.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1148893/full#supplementary-material




References

1. Ungureanu, L, Cosgarea, R, Alexandru Badea, M, Florentina Vasilovici, A, Cosgarea, I, and Corina Senila, S. Cutaneous manifestations in inflammatory bowel disease (Review). Exp Ther Med (2020) 20(1):31–7. doi: 10.3892/etm.2019.8321

2. Hung, YT, Le, PH, Kuo, CJ, Tang, YC, Chiou, MJ, Chiu, CT, et al. The temporal relationships and associations between cutaneous manifestations and inflammatory bowel disease: a nationwide population-based cohort study. J Clin Med (2021) 10(6):1311. doi: 10.3390/jcm10061311

3. Moravvej, H, Razavi, GM, Farshchian, M, and Malekzadeh, R. Cutaneous manifestations in 404 Iranian patients with inflammatory bowel disease: a retrospective study. Indian J Dermatol Venereol Leprol (2008) 74(6):607–10. doi: 10.4103/0378-6323.45102

4. Vavricka, SR, Rogler, G, Gantenbein, C, Spoerri, M, Prinz Vavricka, M, Navarini, AA, et al. Chronological order of appearance of extraintestinal manifestations relative to the time of ibd diagnosis in the Swiss inflammatory bowel disease cohort. Inflammation Bowel Dis (2015) 21(8):1794–800. doi: 10.1097/MIB.0000000000000429

5. Vavricka, SR, Schoepfer, A, Scharl, M, Lakatos, PL, Navarini, A, and Rogler, G. Extraintestinal manifestations of inflammatory bowel disease. Inflammation Bowel Dis (2015) 21(8):1982–92. doi: 10.1097/MIB.0000000000000392

6. Xu, A, Strunk, A, Garg, A, and Alloo, A. Prevalence of inflammatory bowel disease in patients with pyoderma gangrenosum: a population-based analysis. J Am Acad Dermatol (2022) 86(6):1351–2. doi: 10.1016/j.jaad.2021.05.006

7. Weizman, AV, Huang, B, Targan, S, Dubinsky, M, Fleshner, P, Kaur, M, et al. Pyoderma gangrenosum among patients with inflammatory bowel disease: a descriptive cohort study. J Cutaneous Med Surg (2015) 19(2):125–31. doi: 10.2310/7750.2014.14053

8. Brooklyn, T, Dunnill, G, and Probert, C. Diagnosis and treatment of pyoderma gangrenosum. BMJ (2006) 333(7560):181–4. doi: 10.1136/bmj.333.7560.181

9. Maverakis, E, Marzano, AV, Le, ST, Callen, JP, Bruggen, MC, Guenova, E, et al. Pyoderma gangrenosum. Nat Rev Dis Primers (2020) 6(1):81. doi: 10.1038/s41572-020-0213-x

10. Maverakis, E, Ma, C, Shinkai, K, Fiorentino, D, Callen, JP, Wollina, U, et al. Diagnostic criteria of ulcerative pyoderma gangrenosum: a Delphi consensus of international experts. JAMA Dermatol (2018) 154(4):461–6. doi: 10.1001/jamadermatol.2017.5980

11. Plumptre, I, Knabel, D, and Tomecki, K. Pyoderma gangrenosum: a review for the gastroenterologist. Inflammation Bowel Dis (2018) 24(12):2510–7. doi: 10.1093/ibd/izy174

12. Barbe, M, Batra, A, Golding, S, Hammond, O, Higgins, JC, O’Connor, A, et al. Pyoderma gangrenosum: a literature review. Clin Podiatr Med Surg (2021) 38(4):577–88. doi: 10.1016/j.cpm.2021.06.002

13. Shahid, S, Myszor, M, and De Silva, A. Pyoderma gangrenosum as a first presentation of inflammatory bowel disease. BMJ Case Rep (2014) 2014. doi: 10.1136/bcr-2014-204853

14. Ciccacci, C, Biancone, L, Di Fusco, D, Ranieri, M, Condino, G, Giardina, E, et al. Traf3ip2 gene is associated with cutaneous extraintestinal manifestations in inflammatory bowel disease. J Crohns Colitis (2013) 7(1):44–52. doi: 10.1016/j.crohns.2012.02.020

15. Marzano, AV, Damiani, G, Ceccherini, I, Berti, E, Gattorno, M, and Cugno, M. Autoinflammation in pyoderma gangrenosum and its syndromic form (Pyoderma gangrenosum, acne and suppurative hidradenitis). Br J Dermatol (2017) 176(6):1588–98. doi: 10.1111/bjd.15226

16. Polcz, M, Gu, J, and Florin, T. Pyoderma gangrenosum in inflammatory bowel disease: the experience at mater health services’ adult hospital 1998-2009. J Crohns Colitis (2011) 5(2):148–51. doi: 10.1016/j.crohns.2010.10.006

17. Geusau, A, Mothes-Luksch, N, Nahavandi, H, Pickl, WF, Wise, CA, Pourpak, Z, et al. Identification of a homozygous Pstpip1 mutation in a patient with a papa-like syndrome responding to canakinumab treatment. JAMA Dermatol (2013) 149(2):209–15. doi: 10.1001/2013.jamadermatol.717

18. Yu, JW, Fernandes-Alnemri, T, Datta, P, Wu, J, Juliana, C, Solorzano, L, et al. Pyrin activates the asc pyroptosome in response to engagement by autoinflammatory Pstpip1 mutants. Mol Cell (2007) 28(2):214–27. doi: 10.1016/j.molcel.2007.08.029

19. Masumoto, J, Zhou, W, Morikawa, S, Hosokawa, S, Taguchi, H, Yamamoto, T, et al. Molecular biology of autoinflammatory diseases. Inflammation Regener (2021) 41(1):33. doi: 10.1186/s41232-021-00181-8

20. Schnappauf, O, Chae, JJ, Kastner, DL, and Aksentijevich, I. The pyrin inflammasome in health and disease. Front Immunol (2019) 10:1745. doi: 10.3389/fimmu.2019.01745

21. Wang, D, Hoing, S, Patterson, HC, Ahmad, UM, Rathinam, VA, Rajewsky, K, et al. Inflammation in mice ectopically expressing human pyogenic arthritis, pyoderma gangrenosum, and acne (Papa) syndrome-associated Pstpip1 A230t mutant proteins. J Biol Chem (2013) 288(7):4594–601. doi: 10.1074/jbc.M112.443077

22. Kiratikanon, S, Chattipakorn, SC, Chattipakorn, N, and Kumfu, S. The regulatory effects of Ptpn6 on inflammatory process: reports from mice to men. Arch Biochem Biophys (2022) 721:109189. doi: 10.1016/j.abb.2022.109189

23. You, RI, and Chu, CL. Shp-1 (Ptpn6) keeps the inflammation at bay: limiting il-1 alpha-mediated neutrophilic dermatoses by preventing syk kinase activation. Cell Mol Immunol (2017) 14(11):881–3. doi: 10.1038/cmi.2017.59

24. Tartey, S, Gurung, P, Dasari, TK, Burton, A, and Kanneganti, TD. Ask1/2 signaling promotes inflammation in a mouse model of neutrophilic dermatosis. J Clin Invest (2018) 128(5):2042–7. doi: 10.1172/JCI98446

25. Hedin, CRH, Vavricka, SR, Stagg, AJ, Schoepfer, A, Raine, T, Puig, L, et al. The pathogenesis of extraintestinal manifestations: implications for ibd research, diagnosis, and therapy. J Crohns Colitis (2019) 13(5):541–54. doi: 10.1093/ecco-jcc/jjy191

26. Ariav, Y, Ch’ng, JH, Christofk, HR, Ron-Harel, N, and Erez, A. Targeting nucleotide metabolism as the nexus of viral infections, cancer, and the immune response. Sci Adv (2021) 7(21). doi: 10.1126/sciadv.abg6165

27. Wang, W, Cui, J, Ma, H, Lu, W, and Huang, J. Targeting pyrimidine metabolism in the era of precision cancer medicine. Front Oncol (2021) 11:684961. doi: 10.3389/fonc.2021.684961

28. Landais, A, Alhendi, R, Gouverneur, A, and Teron-Aboud, B. A case of lymphoma in a patient on teriflunomide treatment for relapsing multiple sclerosis. Mult Scler Relat Disord (2017) 17:92–4. doi: 10.1016/j.msard.2017.07.001

29. Kraan, MC, de Koster, BM, Elferink, JG, Post, WJ, Breedveld, FC, and Tak, PP. Inhibition of neutrophil migration soon after initiation of treatment with leflunomide or methotrexate in patients with rheumatoid arthritis: findings in a prospective, randomized, double-blind clinical trial in fifteen patients. Arthritis Rheum (2000) 43(7):1488–95. doi: 10.1002/1529-0131(200007)43:7<1488::AID-ANR11>3.0.CO;2-G

30. Jatana, S, Homer, CR, Madajka, M, Ponti, AK, Kabi, A, Papay, F, et al. Pyrimidine synthesis inhibition enhances cutaneous defenses against antibiotic resistant bacteria through activation of Nod2 signaling. Sci Rep (2018) 8(1):8708. doi: 10.1038/s41598-018-27012-0

31. Lafita-Navarro, MC, Venkateswaran, N, Kilgore, JA, Kanji, S, Han, J, Barnes, S, et al. Inhibition of the De novo pyrimidine biosynthesis pathway limits ribosomal rna transcription causing nucleolar stress in glioblastoma cells. PloS Genet (2020) 16(11):e1009117. doi: 10.1371/journal.pgen.1009117

32. Sleiman, J, Hitawala, AA, Cohen, B, Falloon, K, Simonson, M, Click, B, et al. Systematic review: sweet syndrome associated with inflammatory bowel disease. J Crohns Colitis (2021) 15(11):1864–76. doi: 10.1093/ecco-jcc/jjab079

33. McNally, A, Ibbetson, J, and Sidhu, S. Azathioprine-induced sweet’s syndrome: a case series and review of the literature. Australas J Dermatol (2017) 58(1):53–7. doi: 10.1111/ajd.12383

34. Haim, S, and Friedman-Birnbaum, R. Pyoderma gangrenosum in immunosuppressed patients. Dermatologica (1976) 153(1):44–8. doi: 10.1159/000251106

35. Alonso-Leon, T, Hernandez-Ramirez, HH, Fonte-Avalos, V, Toussaint-Caire, S, EV-M, M, and Lozano-Platonoff, A. The great imitator with no diagnostic test: pyoderma gangrenosum. Int Wound J (2020) 17(6):1774–82. doi: 10.1111/iwj.13466

36. Alam, H, Sehgal, L, Kundu, ST, Dalal, SN, and Vaidya, MM. Novel function of keratins 5 and 14 in proliferation and differentiation of stratified epithelial cells. Mol Biol Cell (2011) 22(21):4068–78. doi: 10.1091/mbc.E10-08-0703

37. Dmello, C, Srivastava, SS, Tiwari, R, Chaudhari, PR, Sawant, S, and Vaidya, MM. Multifaceted role of keratins in epithelial cell differentiation and transformation. J Biosci (2019) 44(2). doi: 10.1007/s12038-019-9864-8

38. Marzano, AV, Fanoni, D, Antiga, E, Quaglino, P, Caproni, M, Crosti, C, et al. Expression of cytokines, chemokines and other effector molecules in two prototypic autoinflammatory skin diseases, pyoderma gangrenosum and sweet’s syndrome. Clin Exp Immunol (2014) 178(1):48–56. doi: 10.1111/cei.12394

39. States, V, O’Brien, S, Rai, JP, Roberts, HL, Paas, M, Feagins, K, et al. Pyoderma gangrenosum in inflammatory bowel disease: a systematic review and meta-analysis. Dig Dis Sci (2020) 65(9):2675–85. doi: 10.1007/s10620-019-05999-4

40. Koelink, PJ, Wildenberg, ME, Stitt, LW, Feagan, BG, Koldijk, M, van ‘t Wout, AB, et al. Development of reliable, valid and responsive scoring systems for endoscopy and histology in animal models for inflammatory bowel disease. J Crohns Colitis (2018) 12(7):794–803. doi: 10.1093/ecco-jcc/jjy035

41. Chassaing, B, Srinivasan, G, Delgado, MA, Young, AN, Gewirtz, AT, and Vijay-Kumar, M. Fecal lipocalin 2, a sensitive and broadly dynamic non-invasive biomarker for intestinal inflammation. PloS One (2012) 7(9):e44328. doi: 10.1371/journal.pone.0044328

42. Sack, GH Jr. Serum amyloid a - a review. Mol Med (2018) 24(1):46. doi: 10.1186/s10020-018-0047-0

43. Mayer, L, Sandborn, WJ, Stepanov, Y, Geboes, K, Hardi, R, Yellin, M, et al. Anti-Ip-10 antibody (Bms-936557) for ulcerative colitis: a phase ii randomised study. Gut (2014) 63(3):442–50. doi: 10.1136/gutjnl-2012-303424

44. Singh, UP, Singh, S, Taub, DD, and Lillard, JW Jr. Inhibition of ifn-Gamma-Inducible protein-10 abrogates colitis in il-10-/- mice. J Immunol (2003) 171(3):1401–6. doi: 10.4049/jimmunol.171.3.1401

45. Uguccioni, M, Gionchetti, P, Robbiani, DF, Rizzello, F, Peruzzo, S, Campieri, M, et al. Increased expression of ip-10, il-8, mcp-1, and mcp-3 in ulcerative colitis. Am J Pathol (1999) 155(2):331–6. doi: 10.1016/S0002-9440(10)65128-0

46. McCarthy, PC, Phair, IR, Greger, C, Pardali, K, McGuire, VA, Clark, AR, et al. Il-33 regulates cytokine production and neutrophil recruitment Via the P38 mapk-activated kinases Mk2/3. Immunol Cell Biol (2019) 97(1):54–71. doi: 10.1111/imcb.12200

47. Lefrancais, E, Roga, S, Gautier, V, Gonzalez-de-Peredo, A, Monsarrat, B, Girard, JP, et al. Il-33 is processed into mature bioactive forms by neutrophil elastase and cathepsin G. Proc Natl Acad Sci U.S.A. (2012) 109(5):1673–8. doi: 10.1073/pnas.1115884109

48. Williams, MA, O’Callaghan, A, and Corr, SC. Il-33 and il-18 in inflammatory bowel disease etiology and microbial interactions. Front Immunol (2019) 10:1091. doi: 10.3389/fimmu.2019.01091

49. Mistry, P, Carmona-Rivera, C, Ombrello, AK, Hoffmann, P, Seto, NL, Jones, A, et al. Dysregulated neutrophil responses and neutrophil extracellular trap formation and degradation in papa syndrome. Ann Rheum Dis (2018) 77(12):1825–33. doi: 10.1136/annrheumdis-2018-213746

50. Sun, R, Huang, J, Yang, Y, Liu, L, Shao, Y, Li, L, et al. Dysfunction of low-density neutrophils in peripheral circulation in patients with sepsis. Sci Rep (2022) 12(1):685. doi: 10.1038/s41598-021-04682-x

51. Blanco-Camarillo, C, Aleman, OR, and Rosales, C. Low-density neutrophils in healthy individuals display a mature primed phenotype. Front Immunol (2021) 12:672520. doi: 10.3389/fimmu.2021.672520

52. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat Rev Immunol (2018) 18(2):134–47. doi: 10.1038/nri.2017.105

53. Sykes, DB. The emergence of dihydroorotate dehydrogenase (Dhodh) as a therapeutic target in acute myeloid leukemia. Expert Opin Ther Targets (2018) 22(11):893–8. doi: 10.1080/14728222.2018.1536748

54. Vavricka, SR, Brun, L, Ballabeni, P, Pittet, V, Prinz Vavricka, BM, Zeitz, J, et al. Frequency and risk factors for extraintestinal manifestations in the Swiss inflammatory bowel disease cohort. Am J Gastroenterol (2011) 106(1):110–9. doi: 10.1038/ajg.2010.343

55. Farhi, D, Cosnes, J, Zizi, N, Chosidow, O, Seksik, P, Beaugerie, L, et al. Significance of erythema nodosum and pyoderma gangrenosum in inflammatory bowel diseases: a cohort study of 2402 patients. Med (Baltimore) (2008) 87(5):281–93. doi: 10.1097/MD.0b013e318187cc9c

56. Freeman, HJ. Erythema nodosum and pyoderma gangrenosum in 50 patients with crohn’s disease. Can J Gastroenterol (2005) 19(10):603–6. doi: 10.1155/2005/323914

57. Mendoza, JL, Lana, R, Taxonera, C, Alba, C, Izquierdo, S, and Diaz-Rubio, M. [Extraintestinal manifestations in inflammatory bowel disease: differences between crohn’s disease and ulcerative colitis]. Med Clin (Barc) (2005) 125(8):297–300.

58. Ferreira, SN, Oliveira, BBM, Morsoletto, AM, Martinelli, ALC, and Troncon, LEA. Extraintestinal manifestations of inflammatory bowel diseases: clinical aspects and pathogenesis. J Gastroenterol Dig Dis (2018) 3(1):4–11.

59. Langan, SM, Groves, RW, Card, TR, and Gulliford, MC. Incidence, mortality, and disease associations of pyoderma gangrenosum in the united kingdom: a retrospective cohort study. J Invest Dermatol (2012) 132(9):2166–70. doi: 10.1038/jid.2012.130

60. Flora, A, Kozera, E, and Frew, JW. Pyoderma gangrenosum: a systematic review of the molecular characteristics of disease. Exp Dermatol (2022) 31(4):498–515. doi: 10.1111/exd.14534

61. Marzano, AV, Ortega-Loayza, AG, Heath, M, Morse, D, Genovese, G, and Cugno, M. Mechanisms of inflammation in neutrophil-mediated skin diseases. Front Immunol (2019) 10:1059. doi: 10.3389/fimmu.2019.01059

62. Ortega-Loayza, AG, Friedman, MA, Reese, AM, Liu, Y, Greiling, TM, Cassidy, PB, et al. Molecular and cellular characterization of pyoderma gangrenosum: implications for the use of gene expression. J Invest Dermatol (2022) 142(4):1217–20 e14. doi: 10.1016/j.jid.2021.08.431

63. Wang, EA, Steel, A, Luxardi, G, Mitra, A, Patel, F, Cheng, MY, et al. Classic ulcerative pyoderma gangrenosum is a T cell-mediated disease targeting follicular adnexal structures: a hypothesis based on molecular and clinicopathologic studies. Front Immunol (2018) 8:1980. doi: 10.3389/fimmu.2017.01980

64. Miralda, I, Uriarte, SM, and McLeish, KR. Multiple phenotypic changes define neutrophil priming. Front Cell Infect Microbiol (2017) 7:217. doi: 10.3389/fcimb.2017.00217

65. Kaplan, MJ, and Radic, M. Neutrophil extracellular traps: double-edged swords of innate immunity. J Immunol (2012) 189(6):2689–95. doi: 10.4049/jimmunol.1201719

66. Khandpur, R, Carmona-Rivera, C, Vivekanandan-Giri, A, Gizinski, A, Yalavarthi, S, Knight, JS, et al. Nets are a source of citrullinated autoantigens and stimulate inflammatory responses in rheumatoid arthritis. Sci Transl Med (2013) 5(178):178ra40. doi: 10.1126/scitranslmed.3005580

67. Wigerblad, G, and Kaplan, MJ. Neutrophil extracellular traps in systemic autoimmune and autoinflammatory diseases. Nat Rev Immunol (2022) 23(5):274–88. doi: 10.1038/s41577-022-00787-0

68. Carmona-Rivera, C, and Kaplan, MJ. Low-density granulocytes: a distinct class of neutrophils in systemic autoimmunity. Semin Immunopathol (2013) 35(4):455–63. doi: 10.1007/s00281-013-0375-7

69. Hakkim, A, Furnrohr, BG, Amann, K, Laube, B, Abed, UA, Brinkmann, V, et al. Impairment of neutrophil extracellular trap degradation is associated with lupus nephritis. Proc Natl Acad Sci U.S.A. (2010) 107(21):9813–8. doi: 10.1073/pnas.0909927107

70. Di Domizio, J, and Gilliet, M. Psoriasis caught in the net. J Invest Dermatol (2019) 139(7):1426–9. doi: 10.1016/j.jid.2019.04.020

71. Chiang, CC, Cheng, WJ, Korinek, M, Lin, CY, and Hwang, TL. Neutrophils in psoriasis. Front Immunol (2019) 10:2376. doi: 10.3389/fimmu.2019.02376

72. Byrd, AS, Carmona-Rivera, C, O’Neil, LJ, Carlucci, PM, Cisar, C, Rosenberg, AZ, et al. Neutrophil extracellular traps, b cells, and type I interferons contribute to immune dysregulation in hidradenitis suppurativa. Sci Transl Med (2019) 11(508). doi: 10.1126/scitranslmed.aav5908

73. Hardisty, GR, Llanwarne, F, Minns, D, Gillan, JL, Davidson, DJ, Findlay, EG, et al. High purity isolation of low density neutrophils casts doubt on their exceptionality in health and disease. Front Immunol (2021) 12:625922. doi: 10.3389/fimmu.2021.625922

74. Cassatella, MA, and Scapini, P. On the improper use of the term high-density neutrophils. Trends Immunol (2020) 41(12):1059–61. doi: 10.1016/j.it.2020.10.008

75. Seman, BG, and Robinson, CM. The enigma of low-density granulocytes in humans: complexities in the characterization and function of ldgs during disease. Pathogens (2021) 10(9). doi: 10.3390/pathogens10091091

76. Vogt, KL, Summers, C, Chilvers, ER, and Condliffe, AM. Priming and de-priming of neutrophil responses in vitro and in vivo. Eur J Clin Invest (2018) 48. doi: 10.1111/eci.12967

77. Li, G, Li, D, Wang, T, and He, S. Pyrimidine biosynthetic enzyme cad: its function, regulation, and diagnostic potential. Int J Mol Sci (2021) 22(19). doi: 10.3390/ijms221910253

78. Lucas-Hourani, M, Dauzonne, D, Jorda, P, Cousin, G, Lupan, A, Helynck, O, et al. Inhibition of pyrimidine biosynthesis pathway suppresses viral growth through innate immunity. PloS Pathog (2013) 9(10). doi: 10.1371/journal.ppat.1003678

79. Toda, G, Yamauchi, T, Kadowaki, T, and Ueki, K. Preparation and culture of bone marrow-derived macrophages from mice for functional analysis. STAR Protoc (2021) 2(1):100246. doi: 10.1016/j.xpro.2020.100246

80. Carmona-Rivera, C, and Kaplan, MJ. Induction and quantification of netosis. Curr Protoc Immunol (2016) 115:14 41 1–14 41 14. doi: 10.1002/cpim.16




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Jatana, Ponti, Johnson, Rebert, Smith, Fulmer, Maytin, Achkar, Fernandez and McDonald. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1148893-g008.jpg
% of Initial Weight

Nooa ® o«

Disease Activity Index (DAI)
°

Weight Loss

2 4 6 8
Days post-wounding

Day 9
w4k
—
]
(]

£

10

Control 0.5% brequinar






OEBPS/Images/fimmu-14-1148893-g001.jpg
Control

PALA

5 mm circular

skin wound

¢ C57BL/6J mice
b ! ! !
W::nydli)ng Day2 Day 4 Day 6 Hgla'v‘/’egst

Daily topical 2% PALA application
Control: Aquaphor

Disease Activity Days2,4,6,9

Index (DAI)

Harvest Skin & Intestinal Tissue
Stool
Blood

Bone marrow

Mouse Skin Day 9

Glutamine

v

CAD

v
Pyrimidines

v
UDP-sugars, DNA, RNA,
Phospholipids

v
Cell Proliferation

Control

PALA

Control

PALA

Mouse Skin DAPI

Epidermis adjacent to
)mp nd site

Epidermis adjacent
to ulcer






OEBPS/Images/fimmu-14-1148893-g006.jpg
LDN spontaneous NETosis

CitH3 NE DAPI LDN IL-1B8 stimulation

. NE

Merged

LDN cytokine stimulation NDN spontaneous NETosis & IL-1f stimulation
IL-6 Spontaneous IL-1B






OEBPS/Images/fimmu-14-1148893-g003.jpg
Disease Activity Index (DAI) B = c

© Control © PALA
‘ T
o
: 8
- o0 -
<2 H = < e
a H c o £
H G = 5
1 O E o
£
o o]
0 2 4 6 8 10 <
Days post-wounding

Inflammation Score

Inflammation Score

Weight Loss
© Control @ PALA <
- 104 N
£ I
.g’mz g
s Eo<d =
T 98 Jc -
E xS =
= [ani o
S £
Ry g
0 2 4 6 8 10 €
Days post-wounding
E No skin wound
’ ’ ; " Control " PALA
Terminal lleum Proximal Colon Lipocalin-2 (LCN2) Skin
Day 9
30 30 K
o 1000 [—
Q
O -
20 2 20 g %
o
E w5 600
10 £ 10 2 400
L) )
B g a 200
0 0 0
Control PALA Control PALA Control PALA
Transverse Colon Distal Colon Serum amyloid A (SAA)
Day 9
30
2 200004 __*
& °
20 = 15000
2 E
*k ©
— g S 10000
10 € o
9 % 5000{ o
0 0
Control PALA Control PALA Control PALA






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A novel murine model of pyoderma gangrenosum reveals that inflammatory skin-gut crosstalk is mediated by IL-1β-primed neutrophils

      

        		

          Introduction

        



        		

          Results

        

          		

            Skin-wounded mice treated topically with a pyrimidine synthesis inhibitor exhibit a PG-like neutrophilic dermatosis

          



          		

            Similar cellular and soluble mediator inflammatory landscape is observed in murine PG and human PG

          



          		

            Mice with PG phenotype develop spontaneous intestinal inflammation dependent on the presence of a skin wound

          



          		

            Inflammatory milieu in the distal colon of PG mice resembles UC and reflects systemic inflammation

          



          		

            Tissue and serum citrullinated histone 3 along with bone marrow and circulatory low density neutrophils are increased in PG mice

          



          		

            IL-1β-driven priming of low density neutrophils leads to NET formation and contributes to concomitant skin and intestinal inflammation

          



          		

            Inhibition of pyrimidine synthesis is required for the induction of the murine PG-like phenotype and IL-1β-dependent NET formation

          



          		

            Intestinal inflammation induced by inhibition of pyrimidine synthesis depends on the type of inhibitor

          



          		

            Granulocyte depletion mitigates intestinal inflammation in murine PG

          



        



        



        		

          Discussion

        



        		

          Materials and methods

        

          		

            In vivo mouse model

          



          		

            Histopathology analysis

          



          		

            Quantification of inflammatory mediators

          



          		

            Neutrophil (LDN and NDN) isolation and flow cytometry analysis

          



          		

            In vitro NET formation assays

          



          		

            Granulocyte depletion

          



          		

            Statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1148893-g005.jpg
Control

PALA

PALA (inset)

pg/ml

Mouse

Mouse

Skin Distal Colon

CitH3 DAPI

Control PALA

%Ly6G+ CD11b+
(Gated on CD45+ Live cells)

=]
°

©
°

-3
o

Y
S

N
=3

o

Normal Disease
Top gradient layer
! Low Density Neutrophils
(LDNs)
PBMCs
Gradient
Mature Activated mature Bottom gradient layer
neutrophil neutrophil

Normal Density Neutrophils
‘ (NDNs)

FLOW CYTOMETRY In vitro NET formation
Quantify %LDNs & %NDNs
Blood 3
Bone Marrow \ 4

D Gating performed on CD45+ (Live cells)
Control PALA
10° Ly6G, CD11b subset 105 = LyBG, CD11b subset
e 283 4 438
!04 - m‘ -
a 3
—
=
8 0o v
od L |
\n3 - HJJ -
T Ll T T T T L T T T
W) 0 m3 Iﬂ" I05 403 0 Il)J VD‘ |l75
S .
Ly6G
Low Density Neutrophils Normal Density Neutrophils
LDNs NDNs
Bone Marrow Blood Bone Marrow
Ly6G+ @ 100 Ly6G+ @ 100 Ly6G+ @ 100
3 3 3
o o " o
3 3 80 _E g 80 3 g 80
* g | g 3 ‘E_ 3
9% 60 8% 60 8% 60
+ & + & + 8
30 40 * Q0 40 20 40
> C
26 26 356
R T 20 ES g 20 R 9 20
T ® © o
S o S o S o T
Control PALA Control PALA Control PALA Control PALA





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2023.1148893_cover.jpg
& frontiers | Frontiers in Immunology

A novel murine model of pyoderma
gangrenosum reveals that inflammatory
skin-gut crosstalk is mediated by IL-1B-

primed neutrophils





OEBPS/Images/fimmu-14-1148893-g009.jpg
Day 6
A y Day 6 )
2% brequinar B Control d 2% brequinar

Day 6 =
110 — g
= pvt g —
S 100 é} [0) 3 °
[} °© (]
= 90 = S
- b K=
£ S S
£ % g £
e < IS
© 70 ° @ =
S 8 =
60 3 o
3 < a < &
€ & &
& ¢ &
3°

Isotype control

10

Inflammation Score

0
Isotype Control + - + -
Anti-mouse Gr-1 = * = +

O Control @ 2% brequinar

Anti-mouse Gr-1






OEBPS/Images/fimmu-14-1148893-g002.jpg
Mouse Skin MPO F4/80 DAP B Mouse Skin MPO F4/80

W

Control

PALA

oAy 2o
Wound Edge ’}
e

Subcutaneous Fat

TNF-a D IL-17F IL-17A IL-17C
5000 *
800 1500, 20 o
4000
600 15 o
= 3000 _ -
H £ 400 3T
2 2000 g2 g
1000 200 5
9o -—o. 0 e 0
Control PALA Control PALA Control PALA Control PALA
KC (CXCL1) MIP-18 MIP-2
4000 buid 40000 8000 E
rovery ek
3000 30000 o © 6000
oo
%, 2000 %, 20000 TEn 4000
a [N a o
1000 > 2000 =
10000 o1
o [
oL Spo ol e L 0 T S8
Control PALA Control PALA Control PALA °
MIP-1a GM-CSF RANTES =
8000 b 30 * 40
o) *
6000 30
_ 20 e
E E [} E
5, 4000 £ E
2 3 20
10 o
2000 10
()
o 0 @9 o
Control PALA

T T
Control PALA Control PALA





OEBPS/Images/fimmu-14-1148893-g007.jpg
'

Jeuinbaiq

Skin Day 9

Control LDGs

jouo) Jeuinbaiq
0 5 . ¥

Spontaneous
NETosis

o |oluo) Jeuinbaiq %60 =
5 o
£ <
< 3 b w
2 £ K
1 £ SE 5
1 ] =B EE
© o 2 <% B ‘a e
ol [B| 3 £ 2 ¢ J SE
s~ < Q| —+SE—+E—rri—~3 SE
2 1° |& PY = 88 ¢ £8*
3 & & 3% 3 S
W o ml—l O
S SE
2
< [a] It o 0 o w o
o~ o~ - -

pial- abew)/s L3N JO ealy

[0} wnias wnias

O Control

@ 0.5% brequinar





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1148893-g004.jpg
>

Neutrophils

Macrophages

pg/mi

B
Control PALA
IL-1B TNF-a IL-6 CXCL1
150+ 80— Fekek 80+ o 200 ***.
ek o o
60 60-{ 150
_ 100 o e
€ E = €
> %,AB— %40— 00 £
g g g 4
50
20 20 50
o
o- o [} ol I€
Control PALA Control PALA Control PALA Control PALA
MIP-2 MCP-1 MIP-1a GM-CSF
500 80 — 804
*k _. ok *hKk
400~ [¢] 60 60 o
_ 10 o
E 300 € o E © E
£ S 40 S 40- >
Q 2004 o & 2 Q
05
0 i
seod 2 20
£ |o
0 0 0 T 0.0
Control PALA Control PALA Control PALA Control PALA
IL-17A IL-17F IP-10 IL-33
20 o 304 = 1507
° ° Kk
15
_ 20 1004 [od
E ° E °E
5 10 S >
a Q o o
10 50
5. (o}
0 0 i
Control PALA Control PALA Control PALA Control PALA
IL-18 TNF-a IL-6 IL-17A CXCL1 MIP-2
* *
300 25 — 200
ok > * ° * -
o
®e 2 150
_ _ 200 _ _
E E E® E
> > > S 100
a a a 10 o
o 100 [}
o © ] o 50 o
&9 °
. [ =c o i 0 o .
Control PALA Control PALA Control PALA Control PALA Control PALA Contrad PALA






