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Diabetic foot ulcer (DFU) frequently leads to non-traumatic amputation and finally even death. However, the mechanism of DFU is not fully understood. Interleukin 25 (IL-25), an alarmin cytokine that responds to tissue injury, has been reported to participate in tissue regeneration and maintaining glucose homeostasis. However, the role of IL-25 in diabetic wound healing remains unknown. Here, we showed that interleukin 17 receptor B (IL-17RB), the functional receptor of IL-25, was significantly inhibited in the wound skin of both diabetic patients with DFU and streptozotocin (STZ)-induced diabetic mice. Topical administration of recombinant IL-25 protein improved angiogenesis and collagen deposition in the wound bed and thus ameliorated delayed diabetic wound healing. IL-25 increased endothelial-specific CD31 expression in diabetic wounds and exogenous IL-25 protected endothelial cells from high glucose-impaired cell migration and tube formation in vitro. We further revealed that IL-25-mediated-IL-17RB signaling rescued the downregulation of Wnt/β-catenin pathway both in vivo in diabetic mice and in vitro in HUVECs and induced the phosphorylation of AKT and ERK 1/2 in HUVECs under high glucose conditions. This study defines a positive regulatory role of IL-25-mediated-IL-17RB signaling in diabetic wound healing and suggests that induction of IL-25-mediated-IL-17RB signaling may be a novel therapeutic strategy for treating poor healing diabetic wounds.
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Introduction

Diabetes mellitus (DM) has been a serious threat to global health regardless of socioeconomic status and national boundaries. It is reported that 463 million people of 20-79 years old suffer from diabetes worldwide in 2019, reaching 9.3% of the age group, and the prevalence is predicted to reach 10.9% (700 million) by 2045 (1, 2). Diabetic foot ulcer (DFU), which affects 19-34% of diabetic patients, is one of the most severe chronic complications of diabetes (3). A study found that patients with DFU had a much higher risk of death than patients without lower extremity wounds, with a 2.5-fold increase and an estimated 5-year mortality rate of 42% for patients with DFU (4). Prolonged non-healing DFU will finally lead to amputation. More than 70% of the patients who undergo diabetes-related amputation will come to the end of their lives within 5 years (3, 5).

Wound healing, a highly organized process consisting of three closely linked phases: inflammation, proliferation and remodeling (6), is dysregulated in patients with diabetes. The occurrence of DFU owes to impaired wound healing caused by multifunctional disorders in all healing phases, among which impaired neovascularization plays a critical role (7, 8). Researches have suggested that diabetes is characterized with endothelial dysfunction and decreased angiogenesis (9, 10). The prolonged hyperglycemic state of diabetic patients leads to disruption of the balance between pro-angiogenic stimulus and anti-angiogenic factors, decrease of endothelial progenitor cells (EPCs) and dysfunction of pro-angiogenic cells such as macrophages (11–13). As a result, insufficient angiogenesis in diabetic wound leads to persistent tissue ischemia and hypoxia, which amplify inflammation and deter wound healing (7).

Interleukin 25 (IL-25), also named interleukin 17E, is a distinct member of IL-17 family which is comprised of six cytokines IL-17A-F (14). Many cells express IL-25, such as activated Th2 cells, eosinophils, mast cells, macrophages, epithelial cells and endothelial cells (15, 16). Unlike other members, IL-25 has only 16-20% homology with IL-17 (17), indicating its unique function. IL-25 signals through a heterodimer receptor formed by IL-17RB and IL-17RA and was reported to participate in tissue regeneration and regulate fibrosis and angiogenesis (15, 18, 19). It was found that IL-25 and its functional receptor IL-17RB were significantly increased in the bronchial mucosa of asthmatic patients, and IL-25 was able to induce airway remodeling and angiogenesis in asthma and played an important role in pulmonary fibrosis (18, 20). Mice with deficiency of IL-25 or IL-17RB had impaired collagen deposition in granulomatous pulmonary inflammation induced by S. mansoni egg (21). IL-25 also increased the number, length and area of microvascular structures formed by human umbilical vein endothelial cells (HUVECs) in vitro while blockade of IL-17RB rather than IL-17RA inhibited the tube formation induced by IL-25. Furthermore, IL-25 increased IL-17RB mRNA and protein expression and vascular endothelial growth factor (VEGF) mRNA in HUVECs under normal conditions (18, 22). IL-25 also plays a role in metabolic diseases. Nonalcoholic fatty liver diseases (NAFLD) patients with higher body mass index (BMI) had lower IL-25 expression in serum and liver. IL-25 stimulated macrophages to polarize toward the M2 phenotype, promoted lipid metabolism by regulating the expression of lipolytic and lipogenic enzymes and improving mitochondrial respiratory capacity, thereby against obesity (23). Additionally, it was reported that genetic variations of IL-25 and IL-17RB was associated with type 1 diabetes mellitus (T1DM) (24); IL-25 had a function in improving glucose tolerance and stabilizing glucose homeostasis by inducing a series of cells to infiltrate into visceral adipose tissue, including eosinophils, NKT cells, innate lymphoid type 2 cells (ILC2) and alternatively activated macrophages (25). However, whether IL-25 has a role in diabetic wound healing remains unclear.

Here, we explored the roles of IL-25 in diabetic wound healing and investigated possible mechanisms of IL-25 function per se. Specifically, we found significantly decreased IL-17RB mRNA and protein levels in diabetic wound skin, suggesting an inhibition of IL-25-IL-17RB signaling, and exogenous IL-25 could ameliorate impaired diabetic wound healing by improving vascularization and collagen deposition, which may act by activating AKT, ERK 1/2 and Wnt/β-catenin pathways. Thus, we provided evidences suggesting IL-25-mediated-IL-17RB signaling as a new therapeutic target for the treatment of patients who have difficulty in wound healing.



Materials and Methods


Human Skin Samples

The human skin wound samples were collected from patients in the Affiliated Drum Tower Hospital of Nanjing University Medical School, including seven normal patients without diabetes and eleven diabetic patients with DFU. The information of all patients is presented in Supplementary Table 1. Three to five millimetres of skin was taken from the wound edges of normal and diabetic patients and each skin sample was divided into two parts. One part was fixed and embedded in formaldehyde and then taken for immunohistochemical analysis of IL-17RB or β-catenin, while another part was homogenized and used for RNA isolation. The acquisitions of all human samples and the study protocol were approved by Medical Research Ethics Committee of the Affiliated Drum Tower Hospital of Nanjing University Medical School (#2020-365-02), which were in line with the Declaration of Helsinki Principles. All patients included in the study provided written informed consent.



Materials and Regents

Recombinant mouse IL-25 (rmIL-25, Cat#: 587306) was brought from Biolegend, recombinant human IL-25 (rhIL-25, Cat#: 8134-IL) was purchased from R&D systems and prepared following instructions. Rabbit anti-CD31 antibody (Cat#: GB11063-2) was obtained from Servicebio. Goat anti-IL-17RB antibody (Cat#: AF1040) was obtained from R&D systems. Rabbit anti-VEGF antibody (Cat#: ab52917) and rabbit anti-β-catenin antibody (Cat#: ab32572) was from Abcam. Mouse anti-GAPDH antibody (Cat#: 60004-1-Ig) and rabbit anti-IL-17RB antibody (Cat#: 20673-1-AP) were obtained from Proteintech. Rabbit anti-phospho-Akt antibody (Cat#: 4060T), rabbit anti-Akt antibody (Cat#: 4091T), rabbit anti-phospho-ERK 1/2 antibody (Cat#: 4370S) and rabbit anti-ERK 1/2 antibody (Cat#: 4695T) were purchased from Cell Signaling Technology (CST). Glucose and streptozotocin (STZ, Cat#: S0130) were purchased from Sigma-Aldrich; and pLenti-CMV-IL-25-GFP-puro lentiviral plasmid (Lenti-IL-25-GFP, Cat#: PPL02165-4a) was obtained from Public Protein/Plasmid Library (PPL). The lentiviral packaging plasmid pMD2.G (Cat#: 12259) and psPAX2 (Cat#: 12260) were obtained from AddGene. Basement membrane matrix (Cat#: 354234) was obtained from Corning.



Animal Experiments

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Experimental Animals in Jiangsu Province and the Ethics Committee of Nanjing University. Six-week-old male BALB/c mice were purchased from Yangzhou University Medical Centre (Yangzhou, China). All the mice were maintained under specific pathogen-free (SPF) environment with free access to food and water. To establish STZ-induced diabetic models, ten mice in each group were intraperitoneally injected with STZ (100 mg/kg) prepared in sodium citrate buffer daily for two consecutive days except for those in the control group. After one week, blood glucose levels were measured and the mice whose blood glucose levels kept steadily over 16.7 mM for two weeks were considered diabetic (26) and used for the subsequent wound experiments. Then, two full-thickness excisional wounds of 6 mm in diameter, with a distance of approximately 10 mm, were performed on the dorsal surface of 1% pentobarbital sodium anaesthetized mice under sterile conditions. On day 0, 1, 2, 4, 6 after injury, mice (n = 10) were injected with sterile phosphate buffered saline (PBS) diluted mouse recombinant IL-25 protein (1 μg for each mouse) that localized around lesion or analogous volume of sterile PBS solution injection as control. The digital images of wound were captured on the day of surgery, the first day and every other day after the first day with a ruler reference beside wound correcting the distance of mice and camera. Wound areas were measured by ImageJ software (National Institutes of Health) and the wound healing rate was identified as the percentage of initial area.



Histological, Immunofluorescent Staining and Immunohistochemical Analysis

The mice were randomly selected and euthanized on day 7 after wounding, and harvested wound edge tissues were fixed in 4% paraformaldehyde and subsequently embedded with paraffin or flash-frozen in liquid nitrogen for mRNA and protein expression analysis. Thereafter, paraffin-embedded tissue, 5 μm in thick, was performed for Masson trichrome staining to evaluate the collagen deposition.

For immunofluorescent staining analysis, the skin section, which was dewaxed, hydrated and antigen restored, was washed with PBS and blocked in 2% BSA for 1 h. Then, the tissue was incubated with the primary antibody (rabbit anti-β-catenin antibody, 1:250; goat anti-IL-17RB antibody, 1:200) at 4°C overnight and then washed with 0.1% Tween-20 in PBS (PBST) three times for 5 minutes each followed by staining with Alexa 488 or Alexa 594 secondary antibodies (Thermo Fisher Scientific, USA) for 1 h at room temperature in the dark. After washing, the slides were treated with 1 μg/mL DAPI (Life Technologies) in PBS for 5 min at room temperature to make the nuclei visualized. The collected images (at least three views for each sample) were then measured by using ImageJ software to analyze the fluorescence intensity of IL-17RB or β-catenin in different groups relative to that of DAPI as an internal reference as previously reported (27).

For immunohistochemical assay, the sections were dewaxed, hydrated and quenched the endogenous peroxidase activity with 3% H2O2 for 10 min and then antigen restored; after washing with PBS for three times, the slices were blocked with 2% BSA for 1 h and incubated with primary CD31 antibody (1:100) overnight at 4°C. Subsequently, after incubating with horseradish peroxidase (HRP)–conjugated secondary antibody at room temperature for 1 h, the slices were colored with DAB substrate solution. Images were captured using an Olympus FluoView FV3000 confocal microscope (Tokyo, Japan).



Cell Culture

Human umbilical vein endothelial cells (HUVECs), purchased from American Type Culture Collection (ATCC) (Manassas, USA), were cultured in Dulbecco’s Modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Waltham, MA) containing 10% fetal bovine serum (FBS, Gibco) at 37°C with 5% CO2. The DMEM containing 5.5 mM glucose was considered as normal glucose (CON) conditions, while high glucose (HG) conditions contained 40 mM glucose, the concentration of which was achieved by adding additional glucose. Different concentrations of rhIL-25 (10, 50, 100, 200, 300, 400 ng/mL) was added into the medium in further experiments.



RNA Extraction and Real-Time PCR

Total RNA was extracted from cells or homogenized skin tissues using TRIzol reagent (Life Technologies, Carlsbad, USA) following manufacturer’s instruction. Then, total mRNA (1μg per reaction) was reverse-transcribed into cDNA using PrimeScript RT Master Mix for RT-PCR (TaKaRa). Quantitative real-time PCR (qPCR) was performed in triplicate on ABI Prism 7500 Sequence Detection System using the SYBR Green PCR Master Mix (Life Technologies). Housekeeping gene GAPDH and β-actin was used for standardization of mRNA, and analysis was carried out using the 2-ΔΔCt method. The sequences of primer pairs were shown in Table 1.


Table 1 | The sequences of primer pairs used in qPCR.





Western Blotting

To collect proteins, cell samples or homogenized skin tissues were lysed with RIPA lysis buffer (Santa Cruz, USA). After being centrifuged at 12,000×g for 10 min at 4°C, the cleared lysate was collected, and a BCA protein assay kit (Pierce, Rockford, IL, USA) was used to determine the total protein concentrations. The collected protein was subjected to 10% SDS-polyacrylamide gel for protein separation and transferred onto PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked, followed by incubation with respective primary antibodies at 4°C overnight. After washing with PBST (0.1% Tween-20), the membranes were incubated with corresponding secondary antibody (IRDye Fluor 680-labeled IgG or IRDye Fluor 800-labeled IgG (LI-COR, Bioscience)) for 1 h at room temperature and visualized using LI-COR Odyssey Infrared Imager (LI-COR, Bioscience).



Scratch Wound Migration Test and Tube Formation Assay

HUVECs were grown to confluence in 6-well plate and scratch wound migration test was performed by using 200 μL pipette tip to scratch on the surface of cells in the middle of 6-well plate cultured in normal glucose (CON), high glucose (HG) and high glucose with recombinant human IL-25 protein (HG + rhIL-25) medium, respectively. The wound-healing process was photographed at 0, 12, and 24 h after wounding. The migration rate was quantified by calculating the area of wound closed versus that of the primordial wound.

In vitro angiogenesis was evaluated by tube formation assay. Briefly, thawed matrigel (Corning, USA) was added into a pre-cooled 24-well plate at amount of 180 μl per well using pre-cooled pipette tips and incubated at 37°C for 30 min. Then, 5 × 104 per well HUVECs were seeded into the matrigel-coated plate and incubated for another 6 h with different culture mediums (CON, HG, and HG + rhIL-25) at 37°C. Tube formation was observed and imaged with Olympus inverted microscope. Total tube length was quantified using ImageJ software.



Generation of IL-25 Overexpression HUVEC Cell Line

To generate HUVECs that stably over-express IL-25, the lentiviral packaging plasmid pMD2.G and psPAX2 and pLenti-CMV-IL-25-GFP-puro lentiviral plasmid were co-transfected into 6×106 HEK-293T cells (human embryonic kidney cells) (ATCC) to package virus. The supernatant containing lentivirus was collected and concentrated. 1×105 HUVECs were then infected with 100 μL lentivirus for two days. Subsequently, cells were cultured with medium containing 1.5 μg/mL puromycin for three weeks to select single clones which were used for further experiments to evaluate the expression of proteins, including β-catenin, IL-17RB, p-AKT and p-ERK 1/2.



Statistical Analysis

Results were presented as means ± SEMs with at least three independent experiments using GraphPad Prisms 6.0 software. The differences among treatment groups were then assessed by student’s t test to compare the means of two groups or one-way ANOVA when more than two groups. P < 0.05 was considered to be statistically significant.




Results


IL-25-Mediated-IL-17RB Signaling Was Involved in Diabetic Wound Healing

Previous studies showed that IL-25 promoted lipid metabolism, thereby fighting against obesity (23), improved glucose tolerance in obese mice and helped to maintain glucose homeostasis (25). Thus, we wanted to know whether IL-25 was involved in the impaired healing of diabetic wound. We firstly analyzed the expression of IL-25, IL-17RA, IL-17RB, and downstream cytokines of the wound edge skin from seven non-diabetic individuals and eleven diabetic patients with DFU and found that IL-25 mRNA was slightly decreased without significant differences between diabetic and non-diabetic wounds (Figure 1A); IL-17RB but not IL-17RA mRNA significantly decreased by approximately 78% (P < 0.001) in diabetic wounds compared with non-diabetic wounds (Figures 1B, C). Consistent with mRNA expression, IL-17RB protein exhibited about 70% reduction (P < 0.01) in diabetic wounds as compared with non-diabetic wounds, as shown by immunofluorescent staining assay (Figures 1F, G). Moreover, VEGF and interlukin-9 (IL-9) were reported to be the downstream cytokines of IL-25 (18, 22, 28). We found that the mRNA expression of VEGF and IL-9 was also decreased in diabetic wounds compared with non-diabetic wounds, with approximately 56% reduction of VEGF (P < 0.001) and 59% reduction of IL-9 (P < 0.05, Figures 1D, E). The downregulation of VEGF in diabetic wound observed in our study was consistent with previous reports (29, 30).




Figure 1 | IL-17RB but not IL-17RA is involved in the skin wound healing of patients with DFU. (A–E) Relative mRNA expression of IL-25, IL-17RB, IL-17RA, IL-9 and VEGF in the wound edge skin from diabetic patients with DFU (n = 11) and normoglycemic individuals (n = 7), respectively. (F, G) Representative immunofluorescent staining for IL-17RB (green) and DAPI (blue) in the wound edge skin from diabetic patients with DFU and normoglycemic individuals. Scale bars, 20 μm. Quantification of the IL-17RB protein in the skin is shown in the histogram in G (n = 3, three views for each sample). *P < 0.05, **P < 0.01, ***P < 0.001. ns, no significance.



Using streptozotocin (STZ)-induced diabetic mice, we aimed to investigate whether IL-25 participated in the process of diabetic wound healing. A diabetic mouse model induced by STZ intraperitoneal injection was well established according to the previous studies (26). Then, two full-thickness wounds of 6 mm in diameter were made on the dorsal surface in diabetic and non-diabetic mice. Diabetic mice showed significantly delayed healing compared with non-diabetic mice, with longer time for wound closure (Figures 2A, B). Masson trichrome staining of the day 7 wound biopsies also revealed less amount of collagen deposition and lower degree of directional alignment of collagen in granulation tissue in diabetic mice wounds (Figures 2C, D), indicating poor extracellular matrix reconstruction and impaired healing of wound. Angiogenic evaluation of the wound skins from diabetic and non-diabetic mice was carried out through immunohistochemistry staining of CD31. The result showed that the wounds of diabetic mice had a poor vascularization with approximately 51% reduction of vessels numbers in the wound bed (P < 0.05) (Figures 2E, F), indicating an impaired wound healing of diabetic mice. Thereafter, we evaluated the expression of IL-25 and IL-17RB in the wound skin tissues of diabetic and non-diabetic mice. IL-25 and IL-17RB mRNAs were both significantly reduced in diabetic wounds compared with non-diabetic wounds, with approximately 60% reduction of IL-25 mRNA (P < 0.01) and 72% reduction of IL-17RB mRNA (P < 0.001), respectively (Figures 2G, H). Immunofluorescent staining of diabetic wound skins showed 58% reduction (P < 0.01) of IL-17RB protein as compared with non-diabetic wound (Figures 2I, J), consistent with the results from human wound skin in Figure 1. Taken together, we postulated that downregulation of IL-25-mediated-IL-17RB signaling may be associated with delayed healing of diabetic wounds.




Figure 2 | Downregulation of IL-25-mediated-IL-17RB signaling contributes to the delay of wound healing in diabetic mice. 7-day wound biopsies within 2 mm of a wound edge were obtained from dorsal skin of control (CON) and diabetic (DM) mice. (A) Images of representative wounds on day 0 and day 11 after injury. (B) Quantification of time of wound closure (n = 5). (C) Representative images of Masson trichrome staining of dorsal skin sections from control and diabetic mice. Scale bars, 200 μm (left), 25 μm (right). (D) Quantification of collagen deposition in different groups (n = 3, three views for each sample). (E) Angiogenesis analysis by immunohistochemistry staining of CD31 in dorsal skin sections from control and diabetic mice. Scale bars, 25 μm. (F) Quantification of the vessel numbers is displayed in the graph (n = 3). (G, H) Relative mRNA expression of IL-25 and IL-17RB in the wound skin from control and diabetic mice (n = 3). (I, J) Representative immunofluorescent staining for IL-17RB (red) and DAPI (blue) in skin sections of wound edge from control and diabetic mice. Scale bars, 20 μm. Quantification of the IL-17RB protein expression in the mice skin is shown in the histogram in J (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.





Topical Administration of IL-25 Accelerated Wound Healing in Diabetic Mice

To further evaluate the function of IL-25-IL-17RB signaling during the process of diabetic wound healing, we treated the wounds of diabetic mice with recombinant mouse IL-25 (rmIL-25) dissolved in sterile saline solution with sterile saline solution as a control. Wound area analysis showed a conspicuous amelioration in delayed wound healing in rmIL-25-treated diabetic mice compared with saline-treated diabetic mice, as evidenced by a reduction in wound area from day 5 to day 11 after injury (Figures 3A, B). Masson trichrome staining and immunohistochemical staining assays were performed to further analyze the effect of IL-25 on diabetic wound healing. The results showed that topical usage of rmIL-25 improved the collagen deposition, which was significantly reduced in diabetic wound; and the degree of directional alignment of collagens in rmIL-25-treated wounds of diabetic mice was also higher than saline-treated diabetic mice (Figures 3C, D), indicating improved tissue remodeling. Immunohistochemical staining of CD31 also revealed a better wound healing in rmIL-25-treated diabetic mice with significant increase (P < 0.05) of vessels numbers in the wound bed (Figures 3E, F). Thus, we demonstrated that topical treatment of IL-25 significantly accelerated the healing process in diabetic mice.




Figure 3 | IL-25 promotes wound healing by improving angiogenesis and collagen deposition in diabetic mice. Full-thickness wounds were made on the dorsum of control (CON) and diabetic mice, and the wounds were treated locally with PBS (DM group) or rmIL-25 (DM + rmIL-25 group) on days 0, 1, 2, 4 and 6 after injury. (A, B) Wound area analysis showed ameliorated healing in diabetic mice treated with rmIL-25 and the healing is shown as the percentage of the initial wound area. (A) Representative wound images at days 0, 1, 3, 5, 7, 9 and 11 during the healing process. (B) Quantification results of wound areas are shown (n = 5) (*, DM vs CON group; #, DM + rmIL-25 vs DM group). (C, D) Masson trichrome staining of wound skin (day 7 post injury) revealed improved collagen deposition in diabetic mice treated with rmIL-25 (C) and the statistical analysis was shown in D (n = 3, three views for each sample). Scale bars, 200 μm (left), 25 μm (right). (E) Levels of angiogenesis (vessel density) were evaluated by immunohistochemistry staining for CD31 in wound skin sections (day 7 post injury) from groups of CON, DM and DM + rmIL-25. Scale bars, 25 μm. (F) Quantification of the vessel numbers in D is presented (n = 3, three views for each sample). * and #P < 0.05, ** and ##P < 0.01, *** and ###P < 0.001.





IL-25 Reversed the Downregulation of IL-17RB and β-Catenin in Diabetic Wound Tissue

IL-25 has been reported to increase IL-17RB expression both in vitro and in vivo (18, 31). Here, we found that IL-17RB protein expression was significantly reduced in the wound bed of diabetic mice and was significantly increased after the topical administration of rmIL-25 (Figures 4A–D). Studies have shown that IL-17RB was associated with the up-regulation of β-catenin (32, 33); and Wnt/β-catenin pathway, with β-catenin playing as a key mediator, played an important role in cutaneous tissue repair (34, 35). Thus, the modulation of Wnt/β-catenin pathway was further evaluated. We found abnormal inactivation of Wnt/β-catenin pathway and the expression of β-catenin mRNA decreased by approximately 43% (P < 0.001) and β-catenin protein expression decreased by about 67% (P < 0.01) in the wound skin of diabetic patients as compared with normoglycemic patients (Figures 4G–I). Consistently, in STZ-induced diabetic mice, the protein expression of β-catenin also decreased considerably in comparison with control mice as shown by immunofluorescent staining and western blotting analysis; and the downregulation of β-catenin was significantly reversed in the wound bed in diabetic mice following topical treatment of rmIL-25 (Figures 4C–F). Thus, we showed a positive correlation between IL-17RB protein expression and the activation of Wnt/β-catenin signaling in wound tissue.




Figure 4 | IL-25-upregulated-IL-17RB facilitates wound healing in diabetic mice by rescuing β-catenin expression. (A) Representative immunofluorescent staining for IL-17RB (red) and DAPI (blue) in wound edge skin (day 7 post injury) from groups of control (CON), diabetic (DM) and diabetic with rmIL-25 injection mice (DM + rmIL-25). Scale bars, 20 μm. (B) Quantification of IL-17RB in A is shown (n = 3). (C) Representative western blotting image of β-catenin and IL-17RB in wound skin (day 7 post injury) from groups of CON, DM and DM + rmIL-25. (D) Quantification analysis of β-catenin and IL-17RB protein in C is presented (n = 3). (E, F) Protein expression level of β-catenin (green) in wound skin (day 7 post injury) from group of CON, DM and DM + rmIL-25 was evaluated by immunofluorescent staining (E) and the quantification analysis was shown (n = 3) (F). Scale bars, 20 μm. (G) Representative immunofluorescent staining for β-catenin (green) and DAPI (blue) in wound edge skin from diabetic patients with DFU and normoglycemic individuals. Scale bars, 20 μm. (H) Quantification analysis of the β-catenin protein expression from G (n = 3). (I) β-catenin mRNA expression in the wound edge skin from diabetic patients with DFU (n = 11) and normoglycemic individuals (n = 7) was analyzed by qPCR. *P < 0.05, **P < 0.01, ***P < 0.001.





IL-25 Promoted VEGF Expression and Improved the Angiogenesis and Migration Capacity of HUVECs Under High Glucose Conditions

Endothelial cell is one of the most important functional cells in skin and plays a critical role in wound healing by participating in angiogenesis (8, 36). We therefore tested the effect of IL-25 on HUVECs under high glucose (HG) conditions by adding recombinant human IL-25 protein (rhIL-25). We observed that HG treatment of HUVECs for 48 h significantly decreased the VEGF mRNA expression, one of the most important pro-angiogenic factors, while rhIL-25 treatment reversed the reduction of VEGF mRNA as compared with those without rhIL-25 treatment (Figure 5A). As the highest increase of VEGF was achieved at 400 ng/mL of rhIL-25, this concentration was therefore used for the subsequent experiments. As shown in Figure 5B, the mRNA expression of IL-9, a downstream cytokine of IL-25 and having a role in promoting angiogenesis, was significantly increased with the treatment of the cells with 400 ng/mL rhIL-25 under HG conditions for 48 h. Western blotting analysis further revealed that HG also significantly reduced the protein level of VEGF in HUVECs especially when at 48 h, which was reversed by the treatment with rhIL-25 (Figures 5C, D). To further investigate the function of IL-25, we performed tube formation assay and scratch wound migration test to evaluate the changes of endothelial function under HG conditions with or without the presence of IL-25. As shown in Figures 5E, F, a considerable migration delay was observed under HG conditions and the rhIL-25 treatment expedited the migration. Furthermore, rhIL-25 also increased the total tube length formation, which was markedly reduced under HG conditions (Figures 5G, H). Thus, IL-25 improved the function of endothelial cells in vitro.




Figure 5 | IL-25 promotes angiogenesis and migration of HUVECs under high glucose conditions. (A) HUVECs were treated with high glucose and gradients of recombinant human IL-25 (rhIL-25) (10, 50, 100, 200, 300 and 400 ng/mL) for 48 h. Relative VEGF mRNA expression in HUVECs in increasing concentrations of recombinant human IL-25 (rhIL-25) under high glucose conditions was detected by qPCR analysis (n = 3). (B) Relative IL-9 mRNA expression in HUVECs stimulated by 400 ng/mL rhIL-25 under hyperglycemic conditions (HG + rhIL-25) (n = 3). (C) VEGF protein expression in HUVECs under HG + rhIL-25 treatment was evaluated by western blotting. (D) Quantification of VEGF protein expression in C (n = 3). (E, F) Representative images and quantification of HUVEC scratch wound migration test (n = 3). Scale bars, 200 μm. (G, H) Representative images and quantification of HUVEC tube formation assay (n = 3). Scale bars, 200 μm. * and #P < 0.05, ** and ##P < 0.01, ***P < 0.001 (#compared with CON group, *compared with HG group). ns, no significance.





IL-25 Activated Wnt/β-Catenin Pathway Inhibited Under HG Conditions

To further investigate the mechanism of IL-25 in promoting wound healing and endothelial function, we measured the mRNA of β-catenin and cyclin D1 (a downstream target gene of Wnt/β-catenin pathway) in hyperglycemic HUVECs at different concentrations of rhIL-25 and showed that rhIL-25 increased β-catenin mRNA expression under HG conditions (Figure 6A). In addition, cyclin D1 was slightly decreased when exposed to HG, whereas rhIL-25 significantly upregulated the cyclin D1 mRNA under HG conditions (Figure 6B). Meanwhile, the IL-17RB mRNA was also upregulated in the presence of rhIL-25 (Figure 6C), consistent with our above observations and the published data. Both β-catenin and IL-17RB were significantly decreased when the cells were exposed to HG for 48 h while the addition of rhIL-25 reversed the downregulation of both as measured by western blotting (Figures 6D, E). Immunofluorescent staining at 48 h further illustrated the reduction of β-catenin and IL-17RB protein under HG conditions and rhIL-25 treatment reversed the reduction despite the effect of HG (Figures 6F–I), consistent with the observation in diabetic wound tissue.




Figure 6 | IL-25 rescues the inactivation of Wnt/β-catenin pathway in vitro. (A, B) HUVECs were stimulated with increasing concentrations of rhIL-25 for 48 h under high glucose conditions (HG). β-catenin and cyclin D1 mRNA from untreated HUVEC and rhIL-25-treated HUVECs under HG conditions were analyzed by qPCR analysis (n = 3). (C) IL-17RB mRNA expression in HUVECs stimulated with 400 ng/mL rhIL-25 under HG conditions for 48 h (n = 3). (D, E) Western blotting analysis of β-catenin and IL-17RB and their quantification (n = 3). (F–I) Representative immunofluorescent staining images and quantification of β-catenin (F, G) and IL-17RB (H, I) in HUVECs exposed to high glucose and high glucose with rhIL-25 conditions for 48 h (n = 3). Scale bars, 60 μm. * and #P < 0.05, **P < 0.01, ***P < 0.001 (#compared with CON group, *compared with HG group). ns, no significance.



We then investigated the effect of IL-25 overexpression on Wnt/β-catenin pathway. As HUVECs were not susceptible to transient transfection of IL-25 plasmids (date not shown), we constructed a HUVEC cell line with stable overexpression of IL-25 by using a lentiviral vector expressing human IL-25 with the unfused CopGFP protein at the C-terminus (Lenti-IL-25-GFP). Firstly, we verified the successful establishment of Lenti-IL-25-GFP-HUVECs by q-PCR and immunofluorescent staining analysis and demonstrated a significant upregulation of IL-25 mRNA and protein (Figures 7A, B). Then, we measured the expression of β-catenin and IL-17RB under both normal and high glucose conditions. The results revealed that overexpression of IL-25 was able to not only increase the expression of β-catenin and IL-17RB under normal glucose conditions (Figures 7C, D), but also reverse the reduction of β-catenin and IL-17RB when exposed to HG for 48 h comparing with wild type (WT) HUVECs (Figures 7E, F).




Figure 7 | Endogenous overexpression of IL-25 activates Wnt/β-catenin pathway. HUVECs that stably overexpress IL-25 (Lenti-IL-25-GFP-HUVECs) were constructed by using a lentiviral expression vector of human interleukin 25 with the unfused CopGFP protein at the C-terminus (Lenti-IL-25-GFP). The overexpression of IL-25 was verified by q-PCR and immunofluorescent staining assays. (A) Relative IL-25 mRNA expression in wild type (WT) and Lenti-IL-25-GFP-HUVECs (n = 3). (B) Immunofluorescent staining images of IL-25 (red), GFP (green) and DAPI (blue) in wild type (WT) and Lenti-IL-25-GFP-HUVECs. Scale bars, 20 μm. (C, D) Western blotting analysis of β-catenin and IL-17RB in WT and Lenti-IL-25-GFP-HUVECs and their quantification under normal glucose conditions (n = 3). (E, F) Western blotting analysis of β-catenin and IL-17RB in WT and Lenti-IL-25-GFP-HUVECs after exposure to high glucose conditions for 24 and 48 h and their quantification (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. ns, no significance.





IL-25 Induced AKT and ERK 1/2 Phosphorylation in HUVEC Under HG Conditions

V-akt murine thymoma viral oncogene homolog 1 (AKT) and extracellular signal-regulated kinase 1/2 (ERK 1/2) signaling pathways are known to play important roles in wound healing by regulating cell proliferation, migration, and angiogenesis (37–39) and are reported to be the up-stream signals of β-catenin (33, 40, 41). Our analysis of IL-25 on the activation of the signaling pathways showed that IL-25 was able to induce the phosphorylation of AKT (p-AKT) and ERK 1/2 (p-ERK 1/2) in HUVECs, which were markedly suppressed under HG conditions (Figures 8A, B). Parallelly, the activation of these signaling pathways by IL-25 was further determined by endogenous overexpression of IL-25. Under normal conditions, the levels of p-AKT and p-ERK 1/2 were unchanged in Lenti-IL-25-GFP-HUVECs compared with WT-HUVECs (Figures 8C, D). However, IL-25 overexpression significantly rescued the down-regulated phosphorylation of AKT and ERK 1/2 when HUVECs were exposed to HG for both 24 h and 48 h (Figures 8E, F). These results suggested that IL-25 was capable of reversing the inhibition of AKT and ERK 1/2 signaling pathways induced by HG.




Figure 8 | IL-25 induces AKT and ERK 1/2 phosphorylation in HUVECs under high glucose conditions. (A, B) HUVECs were cultured in 6-well plate. After grown to 80%, cells were treated with high glucose medium in the presence of a gradient of rhIL-25. Proteins were collected for western blotting analysis after culturing for another 48 h. Representative western blotting images of p-AKT, p-ERK 1/2 and IL-17RB (A) and their quantification (B) (n = 3) were shown. (C, D) WT-HUVECs and Lenti-IL-25-GFP-HUVECs were cultured in normal glucose conditions and proteins were collected for western blotting analysis. Representative western blotting images of p-AKT and p-ERK 1/2 (C) and their quantification is displayed in the graph (D) (n = 3). (E, F) WT-HUVECs and Lenti-IL-25-GFP-HUVECs were treated with high glucose for 24 or 48 h and the proteins were obtained for western blotting analysis. Representative western blotting images (E) and quantification (F) of p-AKT and p-ERK 1/2 (n = 3) were shown. * and #P < 0.05, **P < 0.01, *** and ###P < 0.001 (#compared with CON group, *compared with HG group). ns, no significance.






Discussion

DFU is the most common lower extremity complication of diabetes and frequently leads to amputation (3). Multiple pathophysiological mechanisms result in the occurrence of DFU. Impaired angiogenesis, which leads to insufficient perfusion and hypoxia, plays a vital role in the development of chronic non-healing diabetic ulcers (7, 8). Therefore, HUVECs were chosen in this study to investigate the possible mechanisms involved in the delayed healing of diabetic wound. IL-25 is one of the alarmin cytokines that respond to tissue injury. As numerous evidences point out that IL-25 participates in tissue regeneration and metabolic diseases and IL-25 plays a role in improving glucose tolerance and maintaining glucose homeostasis (15, 18, 19, 23, 25), we attempted to address whether IL-25-mediated signaling participates in the healing process of diabetic wound. In the study, we demonstrated that diabetic mice had delayed recovery, decreased collagen deposition and impaired angiogenesis. Moreover, IL-25-mediated-IL-17RB signaling was down-regulated in diabetic wound skin of both human and mice and exogenous IL-25 improved the healing of diabetic wound by improving collagen deposition and angiogenesis in diabetic mice. In vitro analysis revealed that IL-25 was capable of directly increasing the expression of VEGF and IL-9 and stimulating the migration and angiogenesis of HUVECs under HG conditions. Thus, our study brings to light the important role of IL-25-mediated-IL-17RB signaling in impaired diabetic wound healing and the promotional effect of IL-25 on diabetic wound healing, providing a novel therapeutic direction for diabetic patients who have difficulty in wound healing.

Previous studies showed that IL-25 increased vascularity of airways in vivo and promoted angiogenesis of human lung vascular endothelial cell and human vascular endothelial cells in normal glucose conditions in vitro (18, 22, 42). Here, we found that IL-25 was able to increase the vascularization of diabetic wound and improve the impaired angiogenesis and delayed migration of HUVECs caused by HG. As IL-25 receptor is constitutively expressed in endothelial cells (18, 22), the angiogenic effect can be directly induced by IL-25 administration. IL-25 increased the expression of both VEGF and IL-9 while IL-9 was reported to promote angiogenesis by activating STAT3 pathway (43). Therefore, the angiogenic effect observed in the current study could be the synergistic outcome of both VEGF and IL-9. Furthermore, we observed increased collagen deposition and a more organized directional alignment of collagens in the wound skin of IL-25-treated diabetic mice. IL-25 was reported to increase the expression of a series of pro-fibrotic genes, including collagen I/III, fibronectin, CTGF, α-SMA and TIMP-1; and directly promote human pulmonary fibroblasts proliferate and differentiate to a myofibroblastic phenotype, which may enhance collagen deposition (44, 45). As fibroblast is one of the main functional cells in skin, the increase of collagen deposition induced by IL-25 in diabetic mouse wound skin may be due to the regulation of dermal fibroblast function, which would stimulate more extracellular matrix (ECM) protein deposition. Further investigation is needed to confirm this assumption. In our study, IL-17RB expression was significantly inhibited in diabetic wounds and was up-regulated by topical administration of IL-25. However, the mechanism by which IL-25 and IL-17RB are reduced in diabetic skin wounds and the mechanism of the observed IL-25-induced IL-17RB expression have not yet been revealed at present study and could be an interesting direction to explore for our future research. In addition, it is worth mentioning that IL-25 is known to induce Th2 response, whose activation is accompanied by increased production of typical cytokines such as IL-4, IL-5, IL-9 and IL-13 (46). Th2 response was reported to has a positive role in tissue repair (47) and IL-4 and IL-13 have been reported to activate macrophages, which then activated fibroblasts to regulate the mechanical crosslinking of collagen fibers during skin repair (48). In our study, IL-9, one of the Th2 cytokines was reduced in diabetic wound skin and HUVECs in HG conditions, and was up-regulated after treating HUVECs with rhIL-25. Thus, the pro-healing effect of IL-25 in diabetic wound may also potentially relate to the induction of Th2 response, which deserves further investigation in the future.

In the present study, changes in IL-25 in the wound skin of diabetic patients differed somewhat from those of diabetic mice. IL-25 slightly decreased in diabetic patients, whereas it significantly decreased in diabetic mice. This discrepancy may be due to the impact of clinical treatment, such as debridement treatment of the patients.

The activation of Wnt/β-catenin pathway promotes cutaneous tissue repair by regulating cell proliferation, hair neogenesis, epidermal stem cells (ESCs) function and angiogenesis (34, 49–51). It was reported that wound healing was significantly impaired when Wnt/β-catenin pathway was suppressed, and the healing deficiency was reversed after activating the pathway in diabetic mice and rats (52, 53). Furthermore, it was shown that the mice with enforced expression of β-catenin in invariant natural killer T (iNKT) cell precursors presented particularly exacerbated lung inflammation when treated with IL-25 (54) and IL-17RB was able to induce β-catenin up-regulation thereby promoting lung cancer metastasis (33), indicating a potential regulatory role between IL-25, IL-17RB and β-catenin. Therefore, we speculated that the facilitating effect of IL-25 in diabetic wound healing might be associated with Wnt/β-catenin signal pathway. As expected, we found abnormal suppression of β-catenin in the wound skin of both diabetic patients and mice and the local treatment with IL-25 reversed the inhibition of β-catenin in the wound skin of diabetic mice. Moreover, in vitro analysis showed that exposure to HG decreased the expression of β-catenin and its downstream target gene cyclin D1 in HUVECs, which could be rescued by IL-25. Meanwhile, the expression change of IL-17RB exhibited similar trend as β-catenin. Thus, we suggested that IL-25-mediated-IL-17RB signaling promoted diabetic wound healing by inducing the activation of Wnt/β-catenin pathway.

IL-25 is able to activate AKT and ERK1/2 signals in decidual stromal cells (DSCs) (55) and in HUVECs cultured in normal glucose conditions (18). It has been suggested that activation of AKT and ERK 1/2 pathways are able to optimize cellular functions and promote endothelial cell survival and tube formation (38, 56). HG damages endothelial cell function by inhibiting AKT and ERK 1/2 pathways (57, 58). DM down-regulates the activation of AKT and ERK 1/2, resulting in delayed wound healing by decreasing proliferation and increasing cellular apoptosis (59), whereas activation of AKT and ERK 1/2 accelerates not only corneal wound healing but also cutaneous wound closure (37–39). Meanwhile, previous studies suggested that ERK1/2 phosphorylates the Ser9 residue of glycogen synthase kinase-3β (GSK-3β), which results in inactivation of GSK-3β, attenuates GSK-3β-mediated degradation of β-catenin and ultimately leads to β-catenin up-regulation (40). Accordingly, reduction of p-ERK1/2 caused by IL-17RB knockdown leads to reduced expression of β-catenin (33). Moreover, AKT increase the transcriptional activity of β-catenin thus promoting tumor cell invasion and playing a key role in tumor development (41). These studies revealed the role of AKT and ERK 1/2 in the regulation of β-catenin. Thus, we further investigated the effect of IL-25 on these signals in HUVECs under HG conditions. In line with previous reports, we showed that the function of HUVECs was significantly impaired and AKT and ERK 1/2 pathways were inhibited under HG conditions. However, IL-25 significantly ameliorated endothelial function and reversed the down-regulated phosphorylation of AKT and ERK 1/2 in hyperglycemic HUVECs, with similar changes in IL-17RB. Interestingly, although overexpression of IL-25 significantly reversed the reduction of AKT and ERK 1/2 phosphorylation under HG conditions, the phosphorylation of AKT and ERK 1/2 in Lenti-IL-25-GFP-HUVECs did not differ from WT-HUVECs when cultured in normal glucose conditions. We speculate that the discrepancy could be due to the fact that IL-25 is an alarmin cytokine that stimulates the repair process during injury and acts as an autocrine or paracrine (15, 60, 61). Taken together, our study suggested that the activation of Wnt/β-catenin pathway in diabetic wound and hyperglycemic HUVECs may be mediated by AKT and ERK 1/2.

In conclusion, we showed that IL-25-mediated-IL-17RB signaling was inhibited in diabetic wound. IL-25 increased IL-17RB expression and promoted diabetic wound healing by improving angiogenesis and collagen deposition. IL-25 also protected endothelial cells from HG-impaired cell migration and tube formation. Furthermore, IL-25 rescued HG-impaired activation of AKT/ERK/Wnt/β-catenin signaling pathway. These findings suggested that IL-25-mediated-IL-17RB signaling could be considered as a novel target for diabetic wound healing and IL-25 protein could be future therapeutic strategies to protect against delayed diabetic wound healing.
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Background

Endothelial dysfunction is associated with two main complications of chimeric antigen receptor T (CAR-T) cell therapy, cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS). This study evaluates the Endothelial Activation and Stress Index (EASIX) as a prognostic marker for high-grade CRS and ICANS in patients treated with CD19-directed CAR-T cells.



Methods

In this retrospective study, a training cohort of 93 patients from the ZUMA-1 trial and a validation cohort of 121 patients from two independent centers (University Hospital Heidelberg, Charité University Medicine Berlin) were investigated. The primary objective was to assess the predictive capacity of EASIX measured immediately before the start of lymphodepletion (EASIX-pre) for the occurrence of grade ≥3 CRS and/or ICANS. To explore a possible endothelial link, serum levels of endothelial stress markers (angiopoietin-2, suppressor of tumorigenicity-2, soluble thrombomodulin, and interleukin-8) were determined before lymphodepletion and on day 7 after CART infusion in the validation cohort (n = 47).



Results

The prognostic effect of EASIX-pre on grade ≥3 CRS and/or ICANS was significant in the training cohort [OR 2-fold increase 1.72 (1.26–2.46)] and validated in the independent cohort. An EASIX-pre cutoff >4.67 derived from the training cohort associated with a 4.3-fold increased odds ratio of severe CRS/ICANS in the independent cohort. Serum endothelial distress markers measured on day+7 correlated with EASIX-pre and associated with severe complications.



Conclusions

EASIX-pre is a powerful predictor of severe CRS/ICANS after CD19-directed CART therapy and might be used as a basis for risk-adapted prevention strategies.





Keywords: CAR-T cell, EASIX, CRS, ICANS, prognostic biomarker



Introduction

T cells transduced with a CD19-directed chimeric antigen receptor (CAR) have become standard of care (SOC) for patients with B-lineage acute lymphoblastic leukemia (ALL), large B-cell lymphoma (LBCL), and mantle cell lymphoma (MCL), and have dramatically impacted treatment algorithms in these entities in recent years (1–4).

Cytokine release syndrome (CRS) is the most common side effect of CD19-directed CAR-T cell therapy. Depending on product- and patient-specific factors, CRS can occur in its severe form (grade ≥ 3) in up to 46% of the patients (5, 6). The release of cytokines after CAR-T cell activation triggers an inflammatory response that leads to constitutional symptoms such as fever and fatigue (5, 7). Severe complications are possible, such as hypotension, respiratory failure, shock, and organ dysfunction (5, 7).

Neurotoxicity—classified as immune effector cell-associated neurotoxicity syndrome (ICANS)—is another frequent complication of CD19-directed CAR-T cell therapy, occurring in up to 67% of patients, with severe and potentially lethal courses in a substantial proportion of patients (grade ≥ 3) (5, 6, 8, 9). ICANS can develop simultaneously with CRS, after CRS has ceased or independent from CRS (7). Its pathophysiology is incompletely understood; however, cytokine and chemokine release may serve as trigger as in CRS. Furthermore, CD19-expressing mural cells surrounding the endothelium in the brain could be direct targets of CAR-T (10).

Both CRS and ICANS have been linked to endothelial pathology (11–15). The increasingly recognized prominent role of endothelial dysfunction for complications of allogeneic stem-cell transplantation (alloSCT) led us to hypothesize that similar endothelial pathomechanisms may also contribute to CART-related CRS/ICANS. In particular, transplant-associated thrombotic microangiopathy (TAM) represents a life-threatening complication after alloSCT that is characterized by high lactate dehydrogenase (LDH), high creatinine, and low platelets (16, 17). In order to establish a continuous marker that predicts risk of TAM and other endothelial complications in the context of alloSCT, these three routine parameters were used for calculation of the Endothelial Activation and Stress Index (EASIX) (18, 19). EASIX is a validated predictor of endothelial complications and mortality after alloSCT and acute GvHD (18–24). Additionally, EASIX is an effective prognostic biomarker of mortality of COVID-19 (25). Recently, EASIX was reported to associate with both CRS and ICANS, and modifications of EASIX removing creatinine [simplified EASIX (s-EASIX)] or replacing creatinine by C-reactive protein (CRP, modified EASIX, m-EASIX) showed improved prediction power in a single-center study (26). Furthermore, combination of EASIX with inflammation markers (CRP and ferritin) improved prediction in another single-center study (27). So far, no validated analyses were reported.

The endothelial relationship of EASIX in the CAR-T cell setting remains to be established. Assessment of serum parameters associated with endothelial activation and distress such as ANG2 (Angiopoietin-2), ST-2 (suppressor of tumorigenicity 2), sCD141 (soluble thrombomodulin), and IL8 (interleukin 8) could help to understand endothelial contribution to the pathogenesis of CRS/ICANS.

In this study, we investigated whether EASIX is a prognostic factor for severe CRS and/or ICANS in patients receiving CD19-directed CAR-T cell therapy. Additionally, the correlation of endothelial serum markers with EASIX-pre and their association with severe CRS and/or ICANS was examined.



Materials and Methods


Patients and CAR-T Cell Products

Patients who had received axicabtagene ciloleucel (axi-cel) as part of the ZUMA-1 trial (ClinicalTrials.gov number: NCT02348216) (1) and gave permission to explore the results in a post-hoc analysis represented the training cohort (n = 93). The validation cohort consisted of 121 patients treated with CD19-directed CAR-T cells (axi-cel, tisagenlecleucel/tisa-cel, or HD-CAR-1) at the University Hospital Heidelberg (n = 97) and Charité University Medicine Berlin (n = 24) from Oct. 1, 2018, through September 30, 2021.

Axi-cel and brexucabtagene autoleucel (Brexu-cel) are autologous anti-CD19 CAR-T cell products containing a second-generation CAR encoded by a retroviral vector with an scFy targeting CD19 with CD3ζ and CD28 intracellular domains that signal T-cell activation (1, 4). Tisa-cel is generated from autologous T cells transduced with a second-generation lentiviral vector to express an anti-CD19 CAR containing a CD3ζ domain and a 4-1BB (CD137) domain as costimulatory signal (2). In the HD-CAR-1 study, autologous T cells are transduced with a third-generation retroviral CAR vector encoding for anti-CD19 with CD3ζ for T-cell activation and CD28 and 4-1BB domains as costimulatory signals. HD-CAR-1 CAR-T cells were administered in variable doses ranging from 1 × 106/m2, 5 × 106/m2, up to 20 × 106/m2 body surface area after lymphodepletion (28). All patients of both the training and validation cohorts received lymphodepleting chemotherapy with fludarabine and cyclophosphamide in doses determined according to the manufacturer or study protocol (1, 2, 28).

The training cohort included 86 patients with DLBCL and 7 patients with PBMCL (1). In the Heidelberg cohort, patients were treated with standard of care Axi-cel, Tisa-cel, or HD-CAR-1 on the trial protocol. Axi-Cel was administered to 39 r/r DLBCL patients and three r/r PMBCL patients, while Tisa-Cel was administered to 15 r/r DLBCL patients and Brexu-Cel was given to three r/r MCL patients (1, 2). In the HD-CAR-1 study, CAR-T cells were administered to six r/r DLBCL patients, six r/r MCL patients, six r/r CLL patients, four r/r FL patients, and 15 ALL patients (28). All 24 patients (23 patients with DLBCL and one with ALL) from the Berlin cohort were treated with standard of care Tisa-Cel (2).

In the training cohort, patients received tumor lysis prophylaxis and prophylaxis for infection with pneumocystis pneumonia, herpes virus, and fungal infections according to NCCN guidelines or standard institutional practice (3). In the validation cohort, infection prophylaxis and supportive care were administered as described previously (29, 30). Specifically, all patients treated in Heidelberg received endothelial protection with pravastatin and ursodeoxycholic acid (UDCA) until day +14 (29).

According to the Declaration of Helsinki, written informed consent for all patients was obtained. Ethical approval and approvals from the local and federal competent authorities were granted from the Ethics Committee (Medical Faculty of Heidelberg University, reference number: AFmu-405/2017, October 2017).



CRS/ICANS Grading and Endpoints

Severity for both CRS and ICANS was graded according to Lee et al. (ZUMA1) and ASTCT consensus criteria (validation cohort) (5, 31, 32). The following dichotomization of severity of CAR-T cell therapy complications was used for the investigation of EASIX: severe (grade ≥3) CRS and/or ICANS versus neither severe CRS nor severe ICANS.

Concomitant high-grade ICANS and CRS cannot be distinguished, in particular in patients requiring mechanical ventilation. We therefore decided to combine both grade ≥3 CRS and ICANS as primary endpoint.



Assessment of EASIX and Serological Markers of Endothelial Activation

For the training cohort, EASIX was calculated at three different time points: EASIX before start of lymphodepletion (EASIX-pre), EASIX on the day of CAR-T administration (EASIX-d0), and EASIX on day 3 after application (EASIX-d3). In the validation cohort, EASIX-pre, EASIX-d0, EASIX-d3, and EASIX-d7 were available for analysis. Additionally, serum levels of four endothelial markers were measured in 47 patients of the Heidelberg cohort. Time of blood sampling was analogous to the EASIX measurement before lymphodepletion, as well as on day 7. Samples were stored at −80°C and ST-2, ANG2, sCD141, and CXCL8 were analyzed using commercial ELlSA (DuoSet®ELISA, Biotechne R&D, USA) according to the manufacturer’s descriptions.



Statistical Analysis

EASIX was calculated by the formula: LDH (U/L) × creatinine (mg/dl)/platelets (109 cells/L). A binary logarithm (log2)-transformed index, log2(EASIX-pre), was used for the primary statistical analysis. The EASIX derivatives were calculated by the formula: LDH (U/L)/platelets (109 cells/L) (sEASIX), and by the formula: LDH (U/L) × CRP (mg/dl)/platelets (109 cells/L) (mEASIX).

For the combination of both types of events (CRS and/or ICANS), an optimized univariate cutoff of EASIX-pre was estimated both by Generalized Maximally Selected (Chi-Squared) Statistics and a Conditional Inference Tree with EASIX-pre as the only splitting variable (33, 34). This cutoff was graphically confirmed by a partial dependence plot using multivariate conditional inference forests that besides EASIX-pre also includes established confounders [age, gender, disease (aggressive B-cell lymphoma vs. others) and disease stage (refractory disease and progressive disease vs. others)].

Distributions of baseline data were described by standard statistical measures, number, frequency, and Fisher tests for categorical variables and median, range (minimum/maximum), interquartiles with 25th and 75th percentiles (IQ), and Kruskal–Wallis tests for continuous data. Uni- and multivariable binary logistic regression analyses provided odds ratios (OR) for the prognostic effect of EASIX-pre (continuous log2 transformed or with cutoff) on risk of grade ≥3 complications. Covariables were age, gender, disease (aggressive B-cell lymphoma vs. others), and disease stage (refractory disease and progressive disease vs. others). As only Axi-cel was given in the training cohort, the product could not be included as confounder. These multivariate prognostic effects were validated in the validation cohort by comparing the prediction accuracy of the full model, a nested reduced model (without EASIX) and a reference model (intercept only), all fitted based on the training cohort, via Brier scores estimated on the validation cohort. Explorative multivariate models in the validation cohort used the Firth correction because of rare events in the gender distribution. ROC curve analyses (including area under the curve, AUC) were used to assess the prediction performance of EASIX scores as univariate predictors. Additionally, Pearson correlations were used for associations of (log)EASIX with (log) endothelial serum markers. Univariate logistic regression was used to assess the effect of endothelial serum markers on the risk of grade ≥3 associations.

All calculations were performed using R version 4.0.4 (R Foundation for Statistical Computing, Vienna, Austria, 2021). In all tests, a p-value < 0.05 was considered significant without corrections for multiple testing.




Results


Patient Characteristics

Training and validation cohorts were comparable in terms of age and gender. There was also no significant difference of disease status before start of the procedure, with the vast majority of patients entering lymphodepletion with unresponsive disease. Due to the inclusion of HD-CAR-1 study patients and those treated with SOC tisa-cel in the validation cohort, however, distribution of underlying diagnoses was significantly different. Detailed patient characteristics are given in Table 1.


Table 1 | Baseline characteristics, CRS, ICANS, and EASIX.





Frequency of CRS and ICANS

In the training cohort, 83 (90%) experienced CRS while ICANS was observed in 62 (67%) patients. Grade ≥ 3 CRS was detected in 9 patients (10%) with a median onset of 2 (1–12) days and high-grade ICANS occurred in 28 patients [30%; median onset 6 (1–17) days]. A total of 87 patients (93%) developed either CRS or ICANS or both (grade ≥3: 32 patients, 34%).

Of the 121 patients of the validation cohort, 70 patients (58%) developed CRS grades 1–4 and 29 patients (24%) developed ICANS grades 1–4. Higher-grade CRS (grade ≥ 3) affected 10 patients (8%) with a median onset of 4 (0–14) days, while grade ≥  3 ICANS occurred in 14 patients [12%; median onset 6 (3–17) days]. A total of 70 patients (58%) experienced either CRS or ICANS or both (grade ≥ 3: 21 patients, 17%) (Table 1).



EASIX Before and After CART-Infusion

There were no significant differences between training and validation cohorts regarding EASIX scores measured at any time point. Similar EASIX trends were measured over time in subgroups of patients with and without aggressive B-cell lymphoma (Supplementary Figure 1A). Age groups below and above 60 years differed in EASIX-pre in the training cohort, and in EASIX-d3 and d7 in the validation cohort only, with higher values in older patients (Supplementary Figure 1B). Patients with progressive or refractory disease had higher EASIX values than patients with stable or sensitive disease at any time point in the validation cohort, but not in the training cohort (Supplementary Figure 1C).



Association of EASIX with Severe CRS/ICANS

Prognostic value of EASIX before chemotherapy was tested in the training cohort by multivariate logistic regression including age, gender, diagnosis, and disease status as confounding variables (Table 2). EASIX-pre associated with grade ≥3 CRS/ICANS after CART infusion with an odds ratio of 1.71 (p-value < 0.001). This model was validated in the independent cohort using the Brier score. The model including EASIX-pre had an improved prediction performance (Brier score 0.151) in comparison to the reference model (0.173) and the multivariable model without EASIX (0.166).


Table 2 | Multivariable logistic regression, classifier CRS/ICANS ≥3, training cohort (n = 90, events = 32).



Time courses of EASIX in patients who have experienced or will experience grade ≥3 CRS or ICANS events throughout the observation period are visualized in Figure 1. EASIX values were increased in patients of both cohorts with (future) complications at any time points. A similar picture was observed in patients with progressive or refractory disease status at lymphodepletion (Figure 2), as well as in patients in remission/stable disease (not shown).




Figure 1 | EASIX measurement in the training and validation cohorts grouped according to CRS and ICANS grade. (A) Training cohort. (B) Validation cohort. Patients were grouped according to CRS and/or ICANS grade. EASIX prior lymphodepletion on the day of CAR-T cell application and on day 3 and 7 after application is shown. Training cohort: CRS and/or ICANS grades 0-2 (n = 61) and ≥ 3 (n = 32), validation cohort: CRS and/or ICANS grades 0-2 (n = 100) and ≥ 3 (n = 21). EASIX, Endothelial Activation and Stress Index; pre, prior lymphodepletion; CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome.






Figure 2 | EASIX measurement in the training and validation cohorts by disease status. Patients with progressive or refractory disease and patients with stable or sensitive disease were grouped according to CRS and/or ICANS grades 0-2 and ≥ 3. EASIX prior lymphodepletion, on the day of CAR-T cell application and on day 3 and 7 after application is shown. EASIX, Endothelial Activation and Stress Index; pre, prior lymphodepletion; CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome.



The three single EASIX parameters were analyzed individually in separate explorative models (Supplementary Figures 2A, B and Supplementary Tables 1, 2). Whereas there was a correlation between LDH-pre and grade ≥3 CRS/ICANS in both cohorts, and also measurable, but inconsistent effects of creatinine and platelets determined before lymphodepletion, CRP levels at lymphodepletion had no impact.



EASIX Derivatives: sEASIX and mEASIX

Prognostic values of EASIX derivatives before chemotherapy were tested in the training cohort by multivariate logistic regression including age, gender, diagnosis, and disease status as confounding variables (Supplementary Tables 3, 4). Both derivatives associated with grade ≥3 CRS/ICANS after CART infusion with an odds ratio of 1.63, p-value = 0.004 (sEASIX) and 1.22, p-value = 0.015 (mEASIX). Validation of univariate simplified (s)EASIX and modified (m)EASIX models calculated in the training cohort showed that both EASIX derivatives did not compare favorably to EASIX-pre in ROC analysis (Figure 3). Validation of multivariable models revealed that mEASIX showed lower prediction errors [Brier score model with confounders (no EASIX) 0.184, model with EASIX 0.173, with sEASIX 0.173, mEASIX 0.155]. Confining the analysis to Axi-cel-treated patients, we calculated Brier scores in the validation cohort (n = 45) for the model with confounders 0.211, model with EASIX 0.176, with sEASIX 0.179, mEASIX 0.180.




Figure 3 | ROC analysis comparing EASIX-pre, sEASIX, and mEASIX as prognostic marker of severe complications. Validation of the prediction performance of univariate models. All models were fitted based on the training cohort (ZUMA, n = 79) and validated in the Heidelberg/Berlin cohort (n = 119) (respective subpopulations with available CRP data). EASIX, Endothelial Activation and Stress Index; sEASIX, simplified EASIX; mEASIX, modified EASIX; ROC, receiver operating characteristic; AUC, area under the curve; 95% CI, 95 percent confidence interval.





Validation of Optimized EASIX Cutoff

The maximally selected Chi-Squared statistic revealed three potential univariate cutoff values for EASIX-pre in the training cohort (3.09, 4.67, and 5.73). The conditional inference tree with EASIX as the only splitting variable splits the dataset exactly once at the cutoff 4.67. Graphical validation based on the partial dependence plot of EASIX-pre in a multivariate conditional inference forest (including all other confounders as potential splitting variables as well) supported the cutoff 4.67 as the optimal value in the training cohort.

Comparing the prediction performance of a multivariate model including the derived EASIX cut point, a model with only the confounders, and a reference model with the intercept only, prediction errors were smallest in the model with EASIX cutoff 4.67 (Brier score 0.162 vs. 0.166 with confounders only, vs. 0.173 reference model).

When testing the derived cutoff in a newly fitted multivariate model, EASIX-4.67 constitutes a prognostic factor for severe complications with an OR of 4.3 (1.5–12.7, p = 0.006) (Table 3), which can be interpreted as further statistical validation of the prognostic effect of EASIX-pre cut 4.67 for severe CRS/ICANS.


Table 3 | Multivariable logistic regression (Firth correction) with the EASIX cutoff (categorial) (Validation cohort, n = 121, 21 events).



Looking at the two evolving subgroups in an unadjusted manner, 11/94 (11.7%) patients had severe complications in the subgroup with EASIX<4.67, compared to 10/27 (37%) patients in the high EASIX subgroup (p = 0.0071). For patients treated with Axi-cel, 7/35 (20%) developed severe CRS/ICANS in the low EASIX subgroup, whereas 6/10 (60%) developed such events in the high EASIX subgroup (p = 0.022).

Finally, patients in the EASIX-pre low-risk group (<4.67) who did not develop severe CRS/ICANS until day+7 had a very low risk of developing these complications subsequently (3/83, 3.5% in the validation cohort).



Endothelial Serum Markers and Grade ≥3 CRS/ICANS

Serum markers of endothelial distress were measured in 47 patients of the validation cohort before and after CAR-T cell infusion. ST2 and sCD141 showed a weak, ANG2, and CXCL8 no correlation with EASIX-pre when assessed before lymphodepletion, but all four markers moderately correlated with EASIX-pre when assessed on day+7 (Supplementary Table 5). Univariable logistic regression analyses revealed an association with severe complications for ST2-pre [OR per log2 1.49 (0.98–2.26), p = 0.061], and no association for the other markers (ANG2-pre p = 0.986, sCD141-pre p = 0.341; IL-8-pre p = 0.676). In contrast, marker values measured on day+7 were associated with severe CRS/ICANS occurring before or after day 7 for all four serum markers (ORs for doubling of marker values): ST2-d7 OR 2.9 (1.7–5.2), p < 0.001; ANG2-d7 OR 2.9 (1.5–5.2), p = 0.001; sCD141-d7 OR 13.4 (3.0–59.8), p = 0.001; IL-8-d7 OR 1.9 (1.2–2.9), p = 0.004 (Figure 4).




Figure 4 | Endothelial serum marker kinetics (validation cohort, n = 47). Patients were grouped according to CRS and ICANS grade with analysis of endothelial markers (ST2, ANG2, sCD141, and IL8) prior to lymphodepletion and on day 7 after application. CRS and/or ICANS grades 0-2 (n = 39) and ≥ 3 (n = 8). EASIX, Endothelial Activation and Stress Index; ST2, suppressor of tumorigenicity 2; ANG2, Angiopoietin-2; sCD141, soluble thrombomodulin; IL8, interleukin 8; pre, prior lymphodepletion; d, day.






Discussion

CRS and ICANS are frequent complications of CAR-T cell therapy, which—in their severe form—contribute to morbidity and mortality associated with this type of cellular immunotherapy. Because of their side effects and their potential negative impact on CAR-T cell efficacy, aggressive prevention strategies, such as prophylactic or preemptive administration of anti-inflammatory agents should be reserved for those patients in need for them. Thus, identification of reliable indicators of an increased risk of developing these complications is of paramount importance.

The EASIX score has proven its suitability as a predictor of various endothelial complications and mortality after alloSCT, but also in other complex settings of endothelial activation or damage, such as COVID-19 (18–25). Given the accumulating evidence that endothelial pathomechanisms are involved in the pathogenesis of CRS and ICANS (11–15), the EASIX score is an obvious candidate for being explored as biomarker in this context. To this end, two recent papers by Pennisi et al. and Greenbaum et al. reported that EASIX measured before lymphodepletion could predict the risk of higher grade CRS (26, 27). In addition, in the Greenbaum study, EASIX-pre predicted also grade 2-4 ICANS (27), whereas increases of the EASIX score following axi-cel treatment heralded both severe CRS and ICANS in the Pennisi study (26). The present analysis confirmed and for the first time validated the capacity of EASIX-pre to predict the risk of CRS/ICANS in two additional cohorts treated with axi-cel and a variety of CD19-directed CAR-T cell products.

In contrast to the Pennisi study, modifications of the EASIX formula by omitting creatinine (sEASIX) or replacing it with CRP (mEASIX) did not result in increased prediction power on univariable ROC analysis compared to the original EASIX-pre in the present study, although prediction errors were lower for mEASIX in multivariable logistic regression. Anyway, the differences between the 3 formulas raised before lymphodepletion were marginal in the two datasets tested here as well as in the Pennisi sample.

We could demonstrate here that high EASIX before CART infusion was paralleled by significant increases of a variety of endothelial serum markers after CART, thereby extending preliminary evidence reported by Gust et al. for grade 4–5 ICANS (11). This supports the notion of endothelial involvement in the pathogenesis of CRS/ICANS and proves EASIX as a practical prognostic marker of endothelial dysfunction also in the CART setting.

Similar to the situation before alloSCT, correlation between EASIX-pre and the endothelial biomarkers measured before lymphodepletion and biomarker association with severe CRS/ICANS, respectively, were only weak or absent. This does not rule out a pre-existing endothelial pathology as a driver of the predictive capacity of EASIX-pre since it may reflect hidden endothelial defects not captured by the standard biomarker repertoire. This interpretation would be in line with preliminary data from the Gust study suggesting increased pre-lymphodepletion ratios of angiopoietin 2 to angiopoietin 1 in patients with grade 4–5 ICANS (11).

Practical implications of this work consist primarily in the perspective of risk-adapted prevention strategies. These could include more aggressive consideration of novel prophylactic or pre-emptive anti-inflammatory strategies, such as early use of steroids or IL-1 receptor antagonists (35, 36). Moreover the EASIX-pre score could be considered in decision-making on CAR-T-cell therapy indication in patients with critical comorbidities (37). On the other hand, EASIX-pre could be an important tool for designing CAR-T-cell outpatient strategies.

A limitation of this study is the retrospective/post-hoc nature of the analyses. The training cohort only included axi-cel-treated patients who suffered higher rates of severe complications, and product-specific validation of EASIX effects was therefore not possible in this study. Furthermore, although grades 3–4 are similarly defined by severe hypoxia and vasopressor-dependent hypotension, CRS in the ZUMA-1 study was not graded according to current consensus criteria. The analyses are correlative and causal relations cannot be claimed.

Strengths of the study consist in a straightforward training/validation design using independent patient cohorts and in the comprehensive correlative biomarker work-up.

In conclusion, this study adds evidence for endothelial involvement in CRS/ICANS following CAR-T cell treatment of B-lymphoid malignancies. More importantly, this work validates EASIX-pre as a robust prognostic marker of severe endothelial complications across a variety of CD19-based CAR-T cell products and indications. Because it is easy to use and instantly available, it appears as an ideal tool for developing risk-adapted prevention strategies.
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Supplementary Figure 1 | EASIX measurement in the training and validation cohorts at different timepoints – subgroup analysis. (A) Disease type: subgroup analysis of patients with and without aggressive B cell lymphoma. (B) Age: subgroup analysis of age groups with patients below 60 years and patients 60 years or older. (C) Disease status: subgroup analysis of patients with progressive or refractory disease and patients with stable disease or response (complete or partial).

Supplementary Figure 2 | Single EASIX parameters (LDH, creatinine, platelets) measurement in the training and validation cohorts at different timepoints in subgroups of patients with and without grade ≥3 CRS, ICANS or both CRS and ICANS. (A) training cohort (B) validation cohort. Patients were grouped according to CRS and ICANS grade with analysis of LDH, creatinine and platelets prior lymphodepletion, on the day of CAR-T cell application and on day 3 and 7 after application. LDH, lactate dehydrogenases; pre, prior lymphodepletion; CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome.

Supplementary Figure 3 | CRP measurement in the training and validation cohorts at different timepoints in subgroups of patients with and without grade ≥3 CRS, ICANS or both CRS and ICANS. (A) training cohort (B) validation cohort. Patients were grouped according to CRS and ICANS grade with analysis of CRP prior lymphodepletion, on the day of CAR-T cell application and on day 3 and 7 after application. CRP, C-reactive protein; pre, prior lymphodepletion; d, day; CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome.

Supplementary Figure 4 | Asymptotic Generalized Maximally Selected Statistics. We applied maximally selected statistics in order to investigate whether we can define a cut-point for the variable “EASIXpre” in univariate logistic regression with end point severe grade ≥3 CRS and/or ICANS. Best cut-point is EASIX≤ 4.67, p=0.005.
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Excessive neutrophil extravasation can drive immunopathology, exemplified in pyogenic meningitis caused by Streptococcus pneumoniae infection. Insufficient knowledge of the mechanisms that amplify neutrophil extravasation has limited innovation in therapeutic targeting of neutrophil mediated pathology. Attention has focussed on neutrophil interactions with endothelia, but data from mouse models also point to a role for the underlying pericyte layer, as well as perivascular macrophages, the only other cell type found within the perivascular space in the cerebral microvasculature. We tested the hypothesis that human brain vascular pericytes (HBVP) contribute to neutrophil extravasation in a transwell model of the cerebral post-capillary venule. We show that pericytes augment endothelial barrier formation. In response to inflammatory cues, they significantly enhance neutrophil transmigration across the endothelial barrier, without increasing the permeability to small molecules. In our model, neither pericytes nor endothelia responded directly to bacterial stimulation. Instead, we show that paracrine signalling by multiple cytokines from monocyte derived macrophages drives transcriptional upregulation of multiple neutrophil chemokines by pericytes. Pericyte mediated amplification of neutrophil transmigration was independent of transcriptional responses by endothelia, but could be mediated by direct chemokine translocation across the endothelial barrier. Our data support a model in which microbial sensing by perivascular macrophages generates an inflammatory cascade where pericytes serve to amplify production of neutrophil chemokines that are translocated across the endothelial barrier to act directly on circulating neutrophils. In view of the striking redundancy in inflammatory cytokines that stimulate pericytes and in the neutrophil chemokines they produce, we propose that the mechanism of chemokine translocation may offer the most effective therapeutic target to reduce neutrophil mediated pathology in pyogenic meningitis.
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Introduction

Neutrophil recruitment to the site of bacterial and fungal infections is critical for microbial clearance, but their accumulation can also cause local tissue injury by release of reactive oxygen and nitrogen species and proteolytic enzymes, and by generation of pro-inflammatory mediators that further amplify the inflammatory cascade (1–3). The paradigm for neutrophil mediated pathogenesis in infection is exemplified by bacterial meningitis caused by Streptococcus pneumoniae (Spn) leading to clinical trials of non-specific anti-inflammatory corticosteroids as an adjunct to antibacterial treatment (4). This approach achieved modest therapeutic benefits by reducing sensorineural deafness and other neurological sequelae, but not mortality (5–7). More specific targeting of the drivers of neutrophil recruitment as an adjunctive host-directed therapy may be more effective in Spn meningitis, and potentially other tissue sites of infection and neutrophil mediated pathology.

Most research on neutrophil extravasation has focussed on the determinants of neutrophil interactions with endothelial cells via the leukocyte adhesion cascade, which largely occurs in post-capillary venules, and their subsequent passage across the endothelial barrier. There is considerably less understanding of the interactions of neutrophils with the perivascular structures, which must also be traversed. A specific role for pericytes, perivascular cells found immediately underneath the endothelial cell layer, in the spatial co-ordination of the subendothelial passage of neutrophils has been described in mouse models of skin and soft tissue infection (8–12). Pericytes are the only other cell type found within the basement membrane of the vascular endothelium (13).

The entry of leukocytes into the CNS is tightly regulated compared to other tissues, with minimal neutrophil trafficking under basal conditions (14, 15). Portals of entry may include the post-capillary venules of penetrating parenchymal, subarachnoid or meningeal vessels or the choroid plexus, each with unique anatomical features and each involved in the regulation of inflammatory responses in different contexts (16). In meningitis, bacterial invasion and neutrophil recruitment, are predominantly thought to occur through post-capillary venules of penetrating cerebral vessels into the perivascular space and hence the subarachnoid space, with which they communicate (4, 17, 18). The endothelium of these vessels has cell-cell junctional complexes, an absence of fenestrae, low levels of pinocytosis and low expression of leukocyte adhesion molecules, creating a zona occludens (19–21). It is also closely associated with a dense population of pericytes, which cover up to 70% of the abluminal endothelial surface (13, 21, 22). Pericyte-endothelial interactions are described to be important for cerebral vascular endothelial barrier function, including the suppression of leukocyte adhesion molecule expression, while porcine and murine cerebral pericytes have also been demonstrated to have pro-inflammatory interactions with endothelial cells, supporting a potential role for these cells in both supressing and driving neutrophil recruitment (13, 21–24). The basement membrane at this site is also structurally distinct to other vascular beds, being composed of two layers, separated by a perivascular space (25). Uniquely, this perivascular space contains macrophages able to provide innate immune surveillance in close proximity to endothelial cells and pericytes (26, 27). Previous literature has suggested a possible overlap between pericytes and perivascular macrophages, but more recent efforts to map the cells of the cerebral vasculature in greater detail discriminates between these cell types (28). The endothelial and pericyte cells, basement membrane, and the perivascular space it bounds, form the barrier to entry of neutrophils into the cerebral parenchyma. External to these structures exist the other cells of the blood brain barrier, and the neurovascular unit, which must also be navigated by extravasated neutrophils in order to reach the precise site of infection.

We hypothesised that neutrophil recruitment is regulated by the coordinated action of these different cell populations, but the relative contribution of endothelial cells, pericytes and perivascular macrophages to initiation and propagation of the inflammatory cascade that drives neutrophil accumulation is not known. We addressed this question in cellular models of the human cerebral microvascular post-capillary venule, incorporating human brain microvascular endothelial cells, brain vascular pericytes and monocyte-derived macrophages to model perivascular macrophages, in order to dissect the interplay of these cells in neutrophil recruitment to sites of Spn infection.



Methods


Cell culture models

hCMEC/D3 cells (up to passage 35) were seeded on rat collagen I (10 μg/cm2) (Cultrex, Bio-Techne, Minneapolis) coated surfaces at a density of 25,000 cells/cm2 and maintained in supplemented EBM-2 medium (Lonza, Basel). HBVP cells (Sciencell, Carlsbad) were purchased as two lots and used up to passage 10, were seeded on poly-l-lysine (Sciencell, Carlsbad) coated vessels (2μg/cm2) at a density of 4,000 cells/cm2 and maintained in complete pericyte medium (Sciencell, Carlsbad).

In the monoculture (E) model, 6.5mm diameter polycarbonate membrane transwells with 3μm pores (Corning, New York) were coated with 100μl of 75μg/mL rat collagen-I solution for 2 hours. 400ul of supplemented EBM-2 was introduced into each basal chamber and hCMEC/D3 cells were then seeded at 50,000/cm2 onto the apical surface of the transwell membrane. For endothelial-pericyte co-culture in contact (EPIC) model, the apical surfaces of transwells were coated with 100μL of 75μg/mL rat collagen-I solution and the basal surfaces coated with 100μl of 15μg/ml poly-l-lysine. HBVP seeded at 5000 cells/cm2 in a 50μl drop on each basal membrane surface were allowed to adhere for 2 hours; the membranes were then righted and gently lowered into 400μL of complete EBM-2 in each basal chamber, and hCMEC/D3 cells were then seeded as per the E model. For endothelial-pericyte co-culture out of contact (EPOC) model, HBVP were seeded onto poly-l-lysine coated surface of the basal chambers at 5000 cells/cm2 and allowed to adhere for 24 hours, before addition of transfers seeded with hCMEC/D3 cells as per the E model. In selected experiments, stimuli were added to the basal chamber medium. These included recombinant human TNF (ThermoFisher, Horsham), conditioned media (CoM) from HBVP and monocyte derived macrophage (MDM) cultures as described below, and live wild type serotype 4 strain of Spn (TIGR4). Bacteria were cultured in Todd-Hewitt broth supplemented with yeast extract at 37°C in 5% CO2 as previously described (29, 30) and harvested in log phase growth at optical density (OD)600nm of 0.4, centrifuged and resuspended in PBS at target density for stimulation.



Barrier permeability

The apical chamber media was removed from the transwells, which were then transferred into new basal chambers containing 400μL phosphate buffered saline with calcium and magnesium (PBS+/+). 100μL of Evans blue (0.1%, Sigma-Aldrich, Burlington), FITC-dextran (5 mg/mL, Sigma-Aldrich, Burlington) or sodium fluorescein (10 μg/mL, ThermoFisher, Waltham) in PBS+/+ was then introduced to the apical chambers and the plate incubated for 15 minutes. 100μL from the basal chamber was sampled at selected time points to quantify fluorescence (FITC-dextran or sodium fluorescein), or 650nm absorbance (Evans Blue) using the BMG FLUOstar Omega. The concentrations were interpolated from standard curves and the permeability coefficient calculated by P=Cb/dT.Vb/A.C0, where Cb =Concentration in basal chamber, Vb =Volume of basal chamber, dT = Incubation time, A =Surface area of transwell, C0 =Initial apical chamber concentration. Transendothelial electrical resistance (TEER) for this model was measured using an EVOM2 volt-ohm meter and “chopstick” electrodes from World Precision Instruments and calculated as net resistance (measured resistance of transwell with cultured cells minus the resistance of a transwell in culture media without cultured cells) multiplied by the transwell surface area (0.33cm2).



Neutrophil transmigration assays

Human peripheral blood neutrophils were obtained from healthy adult volunteers. The study was approved by UK National Research Ethics Committee (Reference: 06/Q0502/92). All participants provided written informed consent. 10-30 mL of EDTA anti-coagulated blood was layered onto an equivalent volume of Polymorphprep (Axis-Shield, Dundee), and centrifuged at 500g at 20° for 40 minutes with minimum break to separate neutrophils and PBMC into separate layers. The neutrophil layer was collected and centrifuged at 400g for 10minutes, then resuspended in red blood cell lysis buffer (BioLegend, San Diego) for 7 minutes at 37°C. The remaining cells were then washed and resuspended in RPMI-1640 (Invitrogen, Waltham) supplemented with 10% FCS (Biosera, Nuaille) at 5x106 cells/ml.

100μl of the neutrophil suspension was introduced into each transwell apical chamber and incubated for 1 hour at 37°C. The apical medium was aspirated to remove any remaining neutrophils and 20μL 0.5M EDTA was added to the 400 μL media in each basal chamber. The plates were then incubated at room temperature for 10 minutes, to allow the detachment of neutrophils adherent to the basal side of the transwell membrane. During protocol optimisation, microscopy was used to confirm complete detachment of cells from the basal surface of the membrane and that neutrophils adherent to the apical surface remain. The cell suspension was fixed in 1% w/v paraformaldehyde for 15 minutes at room temperature. The fixed cell suspension was centrifuged and the cell pellet was resuspended in 200µL FACs buffer (PBS-/-, 0.5%BSA, 0.01% sodium azide) and 10 μL Precision Count Beads (BioLegend, San Diego). The samples were then analysed using the FACSCalibur flow cytometer, counted to 1000 beads. Cells and beads were distinguished by size and green fluorescence, to give the cell:bead ratio for each sample. The results in each experiment were then normalised to the mean leukocyte:bead ratio in the transwells containing untreated endothelial cells (E model) only.



Monocyte derived macrophages

The PBMC layer from the blood collections described above were centrifugation at 400G for 5 minutes and resuspended in PBS +/+ three times, then resuspended in RPMI with 5% heat inactivated pooled human AB serum (Sigma-Aldrich, Burlington) and were plated at a density of 2x106/cm2 for differentiation to monocyte derived macrophages (MDM) as previously described (31). Briefly, PBMC were enriched for monocytes by adhesion to tissue culture plastic and then incubated in media with autologous serum and 20 ng/mL macrophage-colony stimulating factor (MCSF, R and D systems, Abingdon) for three days. Residual contaminating lymphocytes were removed by further washing and the media without additional M-CSF for a further three days to allow complete differentiation to MDM.



Pericyte and macrophage conditioned media

Conditioned media using RPMI and 10% FCS was generated from six-day cultures of HBVP or MDM after exposure to selected stimuli in for six hours. Unstimulated conditioned media was derived under identical conditions without the addition of Spn or TNF. Batches of conditioned media were pooled from at least three donors to minimise donor variability and used at a 1:1 dilution in RPMI/10% FCS as a stimulus in the leukocyte transmigration assay. Live Spn in log phase growth was added to media for stimulation at multiplicity of infection of 5. TNF was used at 10 ng/L. In TNF neutralisation experiments, etanercept was made up to 20μg/mL in RPMI/10% FCS, which was then mixed 1:1 with the conditioned media, to achieve a final concentration of 10μg/mL.



Chemokine translocation

Biotinylated chemokines (Generon, Slough) were added to media in the basal transwell chamber, incubated for 6 hours at 37°C and then quantified in apical chamber samples by “Ready-Set-Go” ELISA according to manufacturer’s instructions (eBioscience, San Diego). Streptavidin-HRP was added directly to the bound samples on the plate in the absence of secondary antibody, to detect the biotin on the bound chemokines.



Immunostaining and microscopy

Confluent hCMEC/D3 or HBVP cells grown to confluence in optical tissue culture plates were fixed with 3.7% w/v paraformaldehyde and permeabilised with 0.2% w/vTriton X100 in PBS. These were incubated with blocking buffer (10% normal goat serum in PBS) for 30 minutes before overnight staining with primary antibodies (Supplementary Table 1) at 4°C, followed by fluorophore conjugated secondary antibodies (Supplementary Table 2) for 1 hour at room temperature and nuclear staining with 2 μg/mL DAPI in PBS. At least 50 000 cells/well were imaged using a Hermes WiScan wide-field fluorescence microscope system (IDEA Biomedical, Rehovot). Image analysis for NFkB translocation was performed as previously described (31).



Luminex assays

A custom Procartaplex assay (Thermofisher, Horsham) was used to measure human CCL2, CCL7, CX3CL1, CSF2, CXCL1, CXCL5, CXCL8, IFNγ, IL1α, IL1β, IL6, OSM and TNF in cell culture supernatants according to manufacturer’s instructions. Briefly, antibody coated capture beads were vortexed, transferred to 96-well plates and washed before sequential incubation with culture supernatant samples using a dilution range of x2-20 and standards for 2 hours at room temperature, mixture of biotinylated detection antibodies for each analyte for 30 minutes at room temperature, and Streptavidin-PE, washing the beads after each incubation. Data was acquired on the a Bioplex 200 platform (Bio-Rad, Watford).



Genome-wide transcriptional profiling

MDM transcriptional responses Spn were derived from previously published data and available in Array Express (https://www.ebi.ac.uk/arrayexpress/) under accession no. E-MTAB-5894 (30). For all other transcriptomic data, total RNA was extracted from cell lysates in RLT buffer using the using RNeasy Mini Spin Columns and contaminating DNA was removed by treatment with Turbo DNA-Free (ThermoFisher, Waltham), as per the manufacturer’s instructions. cDNA libraries were generated using the Kappa Hyperprep kit (Roche, Basel), and sequencing was performed on the Illumina Nextseq using the Nextseq 500/550 High Output 75 cycle kit (Illumina, San Diego) according to manufacturers’ instructions, giving 15-20 million 41bp paired-end reads per sample. RNAseq data were mapped to the reference transcriptome (Ensembl Human GRCh38 release 100) using Kallisto (32). Raw count matrices were uploaded onto the Degust web server and analysed using EdgeR software on the Degust web server: http://degust.erc.monash.edu/to identify differentially expressed genes with false discovery rate (FDR)<0.05. Transcript-level output counts and transcripts per million (TPM) values were summed on gene level and annotated with Ensembl gene ID, gene name, and gene biotype using the R/Bioconductor packages tximport and BioMart (33, 34). Ingenuity pathway analysis (Qiagen, Venlo) was used to identify the interactome of differentially expressed genes, and to probe interacting genes further for predicted upstream regulators as previously described (35, 36). The ten most significant upstream regulators with activation Z-scores >2 were visualized as a network in Gephi v0.9.2. Molecular function gene ontology annotations enrichment of differentially expressed, interacting genes was analysed with the XGR R package (37). All new RNAseq data presented in this manuscript is available at ArrayExpress (www.ebi.ac.uk/arrayexpress/) under accession E-MTAB-11129, in accordance with Minimum Information About a Sequencing Experiment guidelines (38).



Statistical analysis

Statistical analyses were performed in Graphpad Prism software (v9.3.1) unless otherwise stated. Between group differences in quantitative assays in laboratory experimental models were identified by two-tailed T tests. Sample sizes for biological replicates (provided in the figure legends) were determined following pilot experiments to obtain estimates of variance in each assay and 80% power to identify a two-fold difference in means with p<0.05, or false discovery rate (FDR<0.05, by the Benjamini-Hochberg method) in analyses that included multiple testing. For T tests, the data in each analysis were visualised on QQ plots to ensure they approximated to a normal distribution. Dose-response relationships were evaluated by linear regression. Between group differential gene expression in RNA sequencing data was identified using EdgeR (39) with FDR<0.05. Significant differences in ranking of gene expression between groups were identified by the Mann-Whitney test (p<0.05).




Results


Neutrophil recruitment across a model cerebral microvascular endothelial barrier in response to proinflammatory stimuli is augmented by the pericyte secretome

We first established an in vitro transwell model of a human cerebral microvascular endothelial barrier using the hCMEC/D3 brain microvascular endothelial cell line (40) in the presence and absence of primary human brain vascular pericytes (HBVP). hCMEC/D3 seeded onto the apical surface of the transwell membrane formed polarized junctional complexes by day 6 in culture characterised by expression of CD31 (platelet endothelial cell adhesion molecule, PECAM), junctional adhesion molecule (JAM), VE-cadherin and zonula occludens (ZO)-1 (Figure 1A) (41–44) and showed low permeability to molecules of a range of sizes (Figure 1B), achieving previously reported threshold for the blood barrier modelled by hCMEC/D3 (45). TEER for this model ranged 30-50Ωcm2 also consistent with previous reports for this cell line (46). We also confirmed HBVP expression of selected pericyte markers (CD13, CD146, NG2 and PDGFRB) (47) by immunostaining (Supplementary Figure 1). Co-culture of HBVP with hCMEC/D3 induced faster barrier development by the hCMEC/D3, achieving similar levels of barrier function after 3 days to that found with hCMEC/D3 incubated without pericytes for 6 days. This improvement in development of barrier function was equivalent when pericytes were seeded onto the underside of the transwell membrane, referred to as the endothelia-pericyte in-contact (EPIC) model, or onto the surface of the bottom chamber in the transwell chamber, referred to as endothelia-pericyte out-of-contact (EPOC) model (Figures 1C, D).




Figure 1 | Pericytes promote blood-brain-barrier formation. (A) Representative immunostaining using antibodies to the targets indicated and nuclear counterstaining with DAPI, and (B) permeability coefficient against small molecules indicated of confluent hCMEC/D3 cells after six days in culture. Dashed line in (B) represents reported permeability coefficient threshold for hCMEC/D3 to sodium fluorescein (NaF). (C) Schematic diagram of transwell models comprising hCMEC/D3 ± HBVP in contact (EPIC) or out of contact (EPOC). (D) Sodium Fluoride (NaF) permeability coefficient of each of the transwell models indicated after six days in culture. Bars represent mean ± SEM of N≥8 biological replicates of each experiment; *denotes significant differences (FDR<0.05) between groups by two-tailed T test.



Next, we sought to extend previous reports from mouse models showing that pericytes may increase neutrophil recruitment across endothelia in response to inflammatory cues (9, 11, 12), within our model. Human neutrophils were introduced into the apical chamber of the transwell, representing the vascular compartment, with and without addition of proinflammatory stimuli in the basal side representing the perivascular space. Neutrophil migration across the endothelial barrier increased in response to direct proinflammatory stimulation of the endothelia with TNF or Spn but also by co-culture with pericytes in the EPOC model, which further augmented the response to TNF and Spn (Figure 2A). Of note, pro-inflammatory stimulation in these models was not associated with any increase in the small molecule barrier permeability (Figure 2B). Direct comparison of the EPIC and EPOC models was potentially confounded by two possibilities. First, that HBVP in the EPIC model generated an additional physical barrier to neutrophil transmigration, although such an effect was not associated with any attenuated TNF-induced neutrophil transmigration when compared to hCMEC/D3 alone (Figure 2A). Second, the larger surface area of the basal chamber compared to the transwell insert accommodated a larger number of HBVP. Consistent with this, we demonstrated a dose response effect of pericyte number on neutrophil transmigration in the EPOC model (Figure 2C).




Figure 2 | The pericyte secretome amplifies neutrophil transmigration across endothelia. (A) Relative neutrophil transmigration over one hour and (B) NaF permeability coefficient across endothelial barrier in the different transwell models indicated ± six hours basal chamber priming with either tumour necrosis factor (10ng/mL) or Spn (multiplicity of 10). Relative neutrophil transmigration over one hour across endothelial barrier in (C) EPOC model with variable numbers of HBVP in response to stimulation with TNF (10ng/mL), (D) E model primed for six hours with basal chamber conditioned media (CoM) from HBVP stimulated with ± tumour necrosis factor (TNF,10ng/mL) or Spn (multiplicity of 10), and (E) hCMEC/D3 only model primed for six hours with basal chamber media containing TNF or CoM from TNF-stimulated HBVP ± etanercept to neutralise TNF activity. Bars represent mean ± SEM of N≥6 experimental replicates of each experiment; *denotes significant differences (FDR<0.05) by two-tailed T test compared to unstimulated groups in (A), or between groups in (D), and (p<0,05) in (E). § denotes significant differences (FDR<0.05) between groups by two-tailed T test in (A).



Since direct cell contact with hCMEC/D3 was not necessary, we hypothesized that pericyte augmentation of neutrophil transmigration was mediated by inducible secreted factors. Consistent with this hypothesis, conditioned media from pericyte cultures (HBVP CoM) stimulated with TNF or Spn added to the basal compartment significantly increased neutrophil transmigration (Figure 2D). Importantly, the addition of the soluble TNF receptor etanercept to neutralise any carry-over of TNF used to stimulate HBVP did not diminish neutrophil transmigration (Figure 2E). This finding also indicated that TNF production by HBVP is not necessary. Taken together these experiments revealed intercellular communication between hCMEC/D3 and HBVP that augments endothelial barrier formation, but also enhances neutrophil transmigration through the action of secreted mediators by pericytes in response to proinflammatory cues, without disrupting barrier integrity to small molecules.



Endothelial cells and pericytes generate limited innate immune response to Streptococcus pneumoniae

Direct comparison of the potency of TNF and Spn stimulation of hCMEC/D3 or HBVP on neutrophil transmigration is difficult. Nonetheless, neutrophil transmigration in response to Spn stimulation of hCMEC/D3 alone or CoM from Spn stimulated HBVP was significantly less than in response to TNF stimulation (Figures 2A, D). These data suggested that there may be limited direct innate sensing of the bacteria by either of these cell types. TNF stimulation induced dose-dependent activation of the canonical NFkB signalling pathway in both hCMEC/D3 and HBVP represented by a significant increase in nuclear cytoplasmic ratio of NFkB RelA staining (Figures 3A, B). A multiplicity of >10 Spn bacteria per cell were required to significantly activate this pathway in hCMEC/D3, and even 100 bacteria per cell did not activate this pathway in HBVP. Consistent with these findings, we found robust transcriptional responses to TNF, but far fewer responses in either cell type following direct stimulation with Spn at a multiplicity of 10 (Figures 3C–F).




Figure 3 | Endothelia and pericytes exhibit muted innate immune responses to direct stimulation with S. pneumoniae. NFkB immunostaining nuclear to cytoplasmic (n:c) ratio of single cells (N>10,000) in (A) hCMEC/D3 and (B) HBVP ± six hour stimulation with increasing dose of TNF (0.1, 1, 10ng/mL) or Spn (multiplicity of 0.1, 1, 10). Datapoints for 1000 individual cells form a representative experiment replicated three times; *denotes dose-dependent increase in NFkB N:C ratio confirmed by linear regression, p<0.001. Volcano plots depicting changes in gene expression in hCMEC/D3 (C, E) or HBVP (D, F) ± six hour stimulation with TNF (10ng/mL) (C, D) or Spn (multiplicity of 10) (E, F), from N=3 experimental replicates in each group. Data points in volcano plots represent individual transcripts. Red data points represent differentially expressed transcripts.





Macrophage innate immune responses to Streptococcus pneumoniae stimulate pericytes by multiple molecular pathways that may amplify neutrophil transmigration across the endothelium

In the absence of significant innate immune responses by endothelial cells and pericytes to Spn in this model, we also considered the potential role of perivascular macrophages as the only other cell type found within the basal lamina of the cerebral vasculature (26, 27, 48). Perivascular macrophage populations can be maintained by bone marrow derived cells (26, 49). Therefore, we used human monocyte derived macrophages (MDM) as an experimental model for these cells. MDM are known to generate innate immune pro-inflammatory responses to Spn stimulation (29, 30). Accordingly, conditioned media from MDMs stimulated with Spn induced a dose-dependent increase in neutrophil transmigration across the hCMEC/D3 endothelial barrier. Interestingly, we found that this was further enhanced by the presence of HBVP in the EPOC model (Figure 4A). TNF secretion is a canonical feature of innate immune responses by macrophages (29) and we had already shown that TNF stimulation of HBVP is sufficient to increase neutrophil transmigration in our model. However, etanercept neutralisation of TNF signalling in CoM from MDM stimulated with Spn did not diminish neutrophil transmigration in the EPOC model, indicating that TNF is not necessary (Figure 4B). We therefore sought to identify other macrophage responses to Spn that may mediate the interaction with pericytes. We identified transcriptional responses in HBVP exposed to CoM from MDM stimulated with Spn (Figure 4C). Principal component analysis comparison of RNAseq data from hCMEC/D3 and HBVP ± stimulation with Spn, TNF or MDM-CoM, revealed biological clustering reflecting the differences between pericytes and endothelia in principle component (PC)1, and the responses to TNF or CoM from Spn-stimulated MDM in PC3, suggesting that CoM from Spn-stimulated MDM induced qualitatively similar transcriptional responses to those of TNF (Supplementary Figure 2).




Figure 4 | Macrophage-derived inflammatory cues stimulate pericyte chemokine responses. (A) Relative neutrophil transmigration over one hour across endothelial barrier in the different transwell models indicated following six hours basal chamber priming with increasing ratio of conditioned media (CoM) from MDM stimulated with Spn for six hours, and (B) in EPOC transwell model ± six hours basal chamber priming ± etanercept to neutralise TNF with conditioned media (CoM) from MDM stimulated with for six hours ± tumour necrosis factor (TNF10ng/mL) or Spn (multiplicity of 10). (C) Volcano plot depicting changes in gene expression in HBVP ± six hour stimulation with Spn stimulated MDM-CoM. Data points in volcano plots represent individual transcripts, from N=3 experimental replicates in each group. Red data points represent differentially expressed transcripts. (D) Network plot representation of significantly enriched molecular function gene ontology annotations (red nodes) among upregulated genes in HBVP stimulated with Spn stimulated MDM-CoM, linked to the genes (grey nodes) associated with each pathway. Node size and edge thickness are proportional to statistical enrichment of the Reactome pathway indicated. (E) Relative gene expression of CCL2 and CXCL8 chemokines in HBVP ± six hour stimulation with the cytokines indicated. Bars represent mean ± SEM of N≥4 experimental replicates of each experiment; *denotes significant differences (p<0.05) between groups by two-tailed T test.



The HBVP transcriptional responses to CoM from Spn-stimulated MDM were enriched for molecules with chemotactic and cytokine activity (Figure 4D, Supplementary File 1). We subjected these to upstream regulator analysis to identify molecules predicted to mediate transcriptional response in pericytes (Supplementary File 2). These were then cross-referenced with genes that showed >two-fold transcriptional upregulation of secreted molecules in MDM stimulated with Spn (Table 1, Supplementary File 3). In addition to TNF, this analysis identified multiple other cytokines secreted by macrophages that may contribute to the transcriptional changes we detected in HBVP. We confirmed increased secretion of a selection of these mediators CoM from Spn-stimulated MDM (Supplementary Figure 3A), and showed that each of them individually induced upregulated transcription of prototypic neutrophil chemokines by HBVP (Figure 4E). We further confirmed this finding at the protein level, following TNF stimulation of HBVP as an exemplar (Supplementary File 3B). In the same experiments, we also found no increased secretion of chemokines by HBVP stimulated with Spn at multiplicities of 1-10, thereby confirming the earlier transcriptional analysis indicating a lack of direct HBVP innate immune responses to Spn (Figure 3F).


Table 1 | Predicted pathways for paracrine signalling between macrophages (source gene) and pericytes (target genes).





Pericytes produce predominantly neutrophil chemokines that can translocate across the endothelial barrier to drive neutrophil recruitment independent of endothelial gene expression

We established that pericytes can respond to proinflammatory stimuli by secreting mediators that in turn increase neutrophil transmigration across our endothelial BBB model. We noted the enrichment of chemokines within pericyte transcriptional responses to CoM from Spn stimulated MDM (Figure 4D). Interestingly, pericytes expressed neutrophil chemokines at higher level than non-neutrophil chemokines following exposure to MDM CoM with and without Spn stimulation (Figures 5A, B). In contrast, MDM did not show significant differences between neutrophil and non-neutrophil chemokines with and without Spn stimulation (Figure 5C), suggesting that there is a degree of cell-type specificity for the skew towards expression of neutrophil chemokines by pericytes.




Figure 5 | Pericyte chemokine responses are skewed towards neutrophil chemotaxis. (A) Heat map of CC and CXC chemokines (identified by gene ontology group GOMF_CHEMOKINE_RECEPTOR_BINDING, GO: 0042379) in HBVP ± six hour stimulation with Spn stimulated MDM-CoM, showing transcripts per million (TPM) gene expression and fold change between groups ± stimulation, clustered by Euclidean distance for sample (column) and gene (row) identifiers, and stratified by neutrophil and non-neutrophil chemokines. (B) Average TPM change in gene expression of neutrophil and non-neutrophil chemokines in HBVP ± six hour stimulation with Spn stimulated MDM-CoM, from N=3 experimental replicates in each condition; *denotes significant differences (p<0.05) between chemokine groups by Mann-Whitney U test. (C) Average normalised gene expression of neutrophil and non-neutrophil chemokines by MDM ± four hour stimulation with Spn derived from published microarray data at ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) under accession no. E-MTAB-5894.



The proinflammatory cytokine milieu generated by perivascular macrophages in response to Spn, and the pericyte responses to these cues would be expected to induce gene expression changes in endothelial cells. Therefore, we tested the hypothesis that neutrophil transmigration across our cerebral microvascular endothelial model was dependent on transcriptional responses in the endothelial cells. In fact, we found that the addition of actinomycin D to inhibit de novo transcriptional responses by exposure to TNF stimulated HBPV CoM did not significantly reduce neutrophil transmigration (Figures 6A, B).




Figure 6 | Pericyte amplification of neutrophil transmigration is independent of endothelial transcriptional responses and may be mediated by chemokine translocation across endothelial barrier. (A) Relative gene expression of CXCL8 in HBVP ± actinomycin, ± tumour necrosis factor (TNF10ng/mL). (B) Relative neutrophil transmigration over one and three hours across endothelial barrier in hCEM/D3 only transwell model ± actinomycin ± six hours basal chamber priming with TNF-stimulated HBVP CoM. (C) NaF permeability coefficient (left axis) and relative neutrophil transmigration over one hour across endothelial barrier in hCEMD3 only transwell model ± six hours basal chamber priming with increasing concentrations of CXCL8. (D) Quantitation of apical chamber biotinylated CXCL8 in hCEMD3 only transwell model after addition of increasing concentrations of biotinylated CXCL8 in basal chamber for six hours. Violin plots indicate median, interquartile range and full range of data (N=6 experimental replicates per group). Bars represent mean ± SEM of N=6 experimental replicates in each group; *denotes significant differences (FDR<0.05) by two-tailed T test between groups in (A), or compared to unstimulated groups in (C, D), and ns represents non-significant differences between groups by two-tailed T test.



In view of our finding that pericytes produce neutrophil chemokines and that pericyte mediated neutrophil transmigration does not require changes to endothelial gene expression, we tested the hypothesis that pericyte derived neutrophil chemokines can traverse the endothelial barrier to act on neutrophils directly, consistent with previous reports that parenchymally-derived chemokines are actively translocated across venular endothelium by atypical chemokine receptor 1, through an unknown mechanism (50–52).

First, we showed that addition of the potent neutrophil chemokine, CXCL8 into the lower transwell chamber was sufficient to induce neutrophil recruitment at concentrations equivalent to that secreted by HBVP, without inducing any detectable change in endothelial barrier permeability (Figure 6C). Finally, we confirmed CXCL8 translocation across hCMEC/D3 by adding biotinylated CXCL8 into the lower transwell chamber and detecting it in upper chamber (Figure 6D), thereby allowing direct interaction of HBVP-derived chemokines with luminal neutrophils.




Discussion

To date, the role of pericytes in neutrophil recruitment in the inflammatory response has been demonstrated in mouse models of skin and soft tissue infection (9–12) but has not been demonstrated in the context of CNS infection. We have provided the first evidence for their role in neutrophil recruitment in the human brain.

We modelled the cerebral microvascular endothelium with hCMEC/D3 cells. This human cerebral microvascular endothelial cell line exhibits a stable normal karyotype, grow indefinitely without phenotypic dedifferentiation and demonstrate bona fide BBB characteristics, including the expression of tight junction proteins, the expression of chemokine receptors and the upregulation of the expression of leukocyte adhesion molecules in response to inflammatory cytokines (40). The addition of HBVP enhanced barrier function against small molecules consistent with previous reports (53–55). This effect has previously been attributed to direct cell-cell communication via gap junctions (56), and paracrine interactions via secreted mediators (13), or exosomes from pericytes (57, 58).

Our finding that hCMEC/D3 by themselves mediate some neutrophil recruitment following stimulation with Spn or TNF suggests these cells can respond to pathogen and inflammatory stimuli to stimulate neutrophil recruitment directly, consistent with previous reports in rat brain microvascular endothelia (59). However, we show the addition of HBVP significantly enhanced neutrophil transmigration across the endothelial barrier in response to inflammatory cues, interestingly without compromising small molecule barrier integrity. The high density of pericytes in the CNS estimated to be at a ratio of 1:1 to 1:3 with endothelia and covering up to 70% of the brain microvascular abluminal surface (21, 60, 61) highlights their potential overall physiological impact on neutrophil accumulation in meningitis.

Interestingly, neither hCMEC/D3 or HBVP showed substantial transcriptional responses to innate immune stimulation with Spn, despite the fact that both cell types have previously been reported to respond to innate immune stimulation with lipopolysaccharide (24, 62, 63). This may reflect a limitation of our experimental model, or restricted repertoire of functional innate immune receptors in these cells. Nonetheless, proinflammatory cues may be initiated by perivascular macrophages (PVM). A role has been described for perivascular macrophages in creating neutrophil extravasation ‘hotspots’ in models of soft tissue infection (8) and these cells have been shown to be involved in neutrophil recruitment into the brain in acute stroke (64). PVM are the only constitutively phagocytic cells of the CNS (48). Unlike PVM in other tissues, CNS PVM are uniquely located within the perivascular space between the endothelial and parenchymal layers of the basement membrane, in prime position to respond to blood-derived stimuli and interact with brain microvascular endothelia and pericytes (27, 28, 65). To model their innate immune responses to bacteria, we used MDM for which we have previously characterised the genome-wide transcriptional response to Spn, revealing upregulated expression of diverse secreted proinflammatory molecules (29, 30). CoM from MDM stimulated with Spn induced dose dependent neutrophil transmigration across endothelial cells, but this effect was significantly increased in the presence of pericytes, suggesting that pericytes relay proinflammatory amplification in a paracrine signalling network. Accordingly, the pericyte transcriptional response to Spn induced MDM secretome was dominated by cytokines and neutrophil-specific chemokines. Importantly, we showed striking redundancy in macrophage cytokines that were able to mediate this response, making targeting of this paracrine network by multiple cytokine blockade an impractical therapeutic approach.

Proinflammatory cytokines would be expected to modulate endothelial gene expression. Therefore, the observation that endothelial transcriptional arrest did not diminish pericyte dependent augmentation of neutrophil transmigration suggested that proinflammatory cytokine production by pericytes was not necessary for this effect. In mice, atypical chemokine receptor 1 (ACKR1), alternatively known as Duffy antigen receptor for chemokines (DARC) or CD234, has been shown to transcytose both CC- and CXC- chemokines across the cerebral vascular endothelium, via an unknown mechanism (51, 66). Therefore, we hypothesised that pericyte derived neutrophil chemokines may be translocated across the endothelial barrier to act on neutrophils directly. Consistent with this hypothesis, we showed that a prototypic neutrophil chemokine, CXCL8 could translocate from abluminal to luminal aspects of the endothelial barrier and was sufficient to drive neutrophil transmigration.

Our experimental model has important limitations. Although hCMEC/D3 are derived from brain microvascular endothelium, their immortalisation as a cell line may have reduced their repertoire of direct innate immune responses to Spn. However, the fact that pericytes significantly augmented neutrophil transmigration when stimulated with TNF or CoM from Spn-stimulated MDM, to which hCMEC/D3 do show a transcriptional response, suggests that direct endothelial innate immune responses to Spn would not affect our fundamental observation. In addition, our co-culture model cannot represent the complexity of the complete blood brain barrier in vivo. We focussed on modelling parenchymal brain microvasculature, therefore our findings may not generalise to other portals of neutrophil extravasation in the CNS. MDM may not fully recapitulate innate immune responses by PVM, and our model may not reflect accurate proportions of each cell type, or the concentrations of paracrine cytokines and chemokines that function in vivo. These were partly mitigated by the use of CoM from pericytes and MDM to reflect physiological production of cytokines and chemokines in response to Spn and paracrine inflammatory signalling. Nonetheless, multiparameter immunostaining or spatial transcriptomic analysis of tissue from the site of pyogenic meningitis in animal models or human disease may help to provide in vivo validation of our experimental findings. Whether Spn and other bacterial causes of pyogenic meningitis can migrate across the endothelial barrier to stimulate perivascular macrophages was not the focus of our study. It is evident that they do penetrate beyond blood vessels in vivo not least because they can be isolated from cerebrospinal fluid. In fact, translocation of Spn across cerebrovascular endothelium has been demonstrated in both In vitro experiments and mouse models (67).Therefore, our model is based on the premise that in bacterial meningitis, microbial products, functioning as pathogen associated molecular patterns that stimulate innate immune receptors are present in the perivascular space, where they can therefore trigger innate immune inflammatory responses by perivascular macrophages. Our experiments were limited to Spn infection, but macrophage responses to wide ranging bacteria are well established and known to converge on to a repertoire of secreted mediators, which we show induce chemokine production by pericytes, therefore we would expect that this biology may be generalisable to bacterial infections beyond Spn. Finally, we are yet to define the molecular mechanism for translocation of chemokines across the endothelial barrier. We speculate on a role for atypical chemokine receptors. We propose a ACKR1 as a candidate molecule. The ACKR family of chemokine receptors exhibit highly promiscuous ligand binding, and the role of ACKR1 as an erythroid chemokine sink is predicated on this ability to bind a wide repertoire of both CXC and CC chemokines (68). Blocking individual chemokines would therefore be ineffectual in view of the diverse repertoire of inflammatory chemokines secreted by pericytes. Future work should seek to test the role of this molecule by gene editing within in vitro and in vivo models.

Our experiments reveal a mechanistic model in which innate immune activation of perivascular macrophages initiate an inflammatory cascade that is amplified by pericytes and includes the production of neutrophil chemokines able to translocate across the cerebral microvascular endothelial barrier (Figure 7). The multiplicity of neutrophil chemokines and chemokine receptors (69) means that targeting either chemokine ligands or receptors is unlikely to exert any significant effect. Instead, future research should prioritise molecular characterisation of the chemokine transcytosis pathway to establish if this pathway offers novel therapeutic targets for reducing neutrophil mediated pathology during acute pyogenic infections such as Spn meningitis.




Figure 7 | Graphical abstract for pericyte-mediated augmentation of neutrophil transmigration across the endothelial blood-brain barrier in S. pneumoniae meningitis. Pericytes (P) secrete multiple neutrophil chemokines in response to numerous inflammatory cytokines produced by perivascular macrophages (PVM) following exposure to S. pneumoniae. The neutrophil chemokines are translocated via an unknown (?) mechanism across the endothelial barrier to interact directly with circulating neutrophils.
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Endothelial cells (ECs) are central to vascular health but also interact with and regulate the immune system. Changes in endothelial state enable immune cells to migrate into the tissue to facilitate repair and fight infection. ECs modulate the function of immune cells through the expression of adhesion molecules, chemokines, major histocompatibility complex (MHC), and an array of co-stimulatory and inhibitor molecules. These interactions allow ECs to act as antigen presenting cells (APCs) and influence the outcome of immune recognition. This study elucidates how EC microenvironment, vascular cell biology, and immune response are not only connected but interdependent. More specifically, we explored how cell-substratum interactions influence EC antigen presentation and co-stimulation, and how these differences affect allorecognition in animal models of cell transplantation. Investigation of EC state was carried out using RNA sequencing while assessment of the allogeneic response includes measurements of immune cell cytotoxic ability, T cell proliferation, cytokine release, serum antibodies, and histological staining. Differences in substratum led to divergent EC phenotypes which in turn influenced immune response to transplanted cells, both due to the physical barrier of matrix-adhesion and differences in expression of surface markers. ECs grown in 2D on tissue culture plastic or in 3D on collagen scaffolds had significantly different basal levels of MHC expression, co-stimulatory and adhesion molecules. When treated with cytokines to mimic an inflammatory state, ECs did not converge to a single phenotype but rather responded differently based on their substratum. Generally, 3D ECs were more responsive to inflammatory stimuli than 2D ECs. These unique expression patterns measured in vitro also influence immune recognition in vivo. ECs grown in 2D were more likely to provoke a cytotoxic response while 3D ECs induced T cell proliferation. ECs are uniquely configured to sense not only local flow and mechanical forces but a range of markers related to systemic state, including immune function. ECs interact with immune cells with differing results depending on the environment in which the EC-lymphocyte interaction occurs. Therefore, understanding this relationship is essential to predicting and modifying the outcome of EC-immune interacts. We specifically examined the relationship between EC substratum and allorecognition.
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1 Introduction

Studies of endothelial cells have classically focused on their pluripotent physiology which allows them respond to surface, flow and mechanical effects and regulate the local milieu through dynamic local signaling. However, greater attention is now being to be paid to their role in immunobiology.

Our current understanding of immunobiology, including acquired immunity and tolerance, was built on foundational studies in transplant rejection. Despite leaps and bounds in the field of immunology in the past century, predicting the immune response to transplantation remains challenging. Although, organ transplants are widely used in clinical practice, it is difficult to control cell state within the organ. Biomaterials can be used to provide controlled microenvironments which allows them to be used as a platform to study and modulate the immune response. With this in mind, matrix-embedded cells offer the ideal model system in which to study endothelial immunobiology in the context of transplantation.

Given their location at the interface of the blood stream, ECs are often the first cells to detect circulating cytokines, thus facilitating communication between smooth muscle cells, dendritic cells (DCs), macrophages, and T cells. Through their interactions with immune cells and other professional antigen presenting cells (APCs), ECs participate in antigen presentation and immunomodulation. The specific array of co-stimulatory molecules expressed by ECs is determined by their microenvironment, which can determine whether immune cell interactions promote tolerance or rejection. Differences also exist between ECs of different vascular beds as EC function is controlled by the microenvironment (1, 2). This sensitivity makes it challenging to investigate the true relationship between EC phenotype and immune response when ECs are removed from their in vivo environment and cultured in vitro.

Destruction of the endothelium can be seen in the chronic rejection pathologies of a number of solid organ transplants including of the heart, liver and kidneys (3). ECs constitutively present MHC class I and can be induced to express MHC class II as well as a range of co-stimulatory and inhibitory molecules that are exclusively expressed by immune cells (3). For example, in vitro, ECs can stimulate resting T cells while other parenchymal cells such as fibroblasts, epithelial cells, and smooth muscle cells cannot (3). The interaction of ECs with CD4+ T cells through MHC class II signaling has been implicated in graft rejection (4). Presentation of processed self-antigen on MHC class II (and through cross-presentation on MHC class I) has been suggested to be involved in the induction and maintenance of T cell tolerance, indicating an EC-specific role in promoting transplant tolerance as well (5).

One unique aspect of ECs is that they are sided cells – sensing blood flow from above, neighboring cells from their side and mechanical forces from below. The substratum on which ECs reside plays a potent role in regulating all of these senses and define the EC mechanical and surface microenvironment. We focus on how EC-immune cell interactions are affected by substratum and inflammatory signaling. These interactions were investigated using tissue engineered constructs in a model of allogeneic transplantation.



2 Materials and methods


2.1 Cell culture, cell sources and seeding scaffolds

For initial RNAseq analysis, Sprague-Dawley (SD) Rat Aortic Endothelial Cells (Sigma, R304-05A) were cultured in Rat EC Media (Sigma, R211-500). RNAseq for basal and cytokine conditions as well as for all in vitro and in vivo assay used Brown Norway (BN) Rat Primary Aortic Endothelial Cells (Cell Biologics, RA-6052BN) cultured in Rat EC Media (Sigma, R211-500). Cytokine treated cells were incubated with media supplemented with 40 ng/ml IFNγ (R&D systems, 585-IF-100) and 25 ng/ml TNFα (R&D systems, 510-RT-010) for 48 hours before isolating RNA. All cells were used between P4-8.

Surgifoam (SF) Absorbable Gelatin Sponges (2mm, Medline, ETH1975) were cut into 0.5 x 0.5 x 0.5 cm3 cubes and placed individually in 96-well, flat bottom plates. Scaffolds were hydrated in 200 µl media for at least 1 hour before seeding. For seeding, 5x104 cells in 200 µl were added directly to each scaffold. Seeded scaffolds were cultured overnight undisturbed and then moved to a new plate the next day.

All 2D ECs were confluent before they were treated with cytokines, lysed for isolation of RNA, or lifted for implantation into rats. While determination of cultured EC growth and confluence in 2D can be assessed directly without removal from their growth environment under routine light microscopy, this is not possible for the 3D ECs since they grow both on the surface and inside the porous scaffold. A growth curve, RNAseq analysis, and histology determined that 10-14 days after seeding, 3D ECs are no longer proliferating, are more similar to 2D confluent ECs than 2D subconfluent ECs in terms of their gene expression, and line the inner and outer structures of the scaffold. To more accurately compare confluent 2D ECs sand 3D ECs, all 3D ECs were grown on the scaffold for at least 10 days before isolation of RNA or implantation into rats to ensure they were “confluent” and no longer in a subconfluent, actively proliferating phrase.



2.2 Isolation of RNA

Isolation was performed using Qiagen Rneasy Mini Kit (74104), QIAshredder (79654), and RNAse-Free DNAse Set (79254). Cells were rinsed 2x with PBS and disrupted with 350 µl buffer RLT with 10 μl β-ME (2-Mercaptoethanol) per 1 ml Buffer RLT added. The lysate was collected with a rubber policeman and added to the QIAshredder. For the scaffolds, up to 5 scaffolds were added directly to the QIAshredder after rinsing with PBS and disrupted with RLT buffer with β-ME. The remainder of the isolation was carried out following kit instructions, including an on column DNAse digestion step. Three biological replicates were collected for each sample.



2.3 RNAseq analysis

Library preparation and sequencing was completed by Novogene using the Illumina Platform. FASTQ files from Novogene were aligned to the Rattus Norvegicus genome from ensembl.org using HISAT2. Aligned reads were counted using featureCounts. Differential gene expression analysis was carried out using DESeq2 (6). Statistically significant genes (p-adj < 0.05, adjusted for multiple hypothesis testing with the Benjamini-Hochberg procedure) with a log2 fold change in expression >1 (upregulation) or <1 (downregulation) were uploaded to g:Profiler tool for functional enrichment analysis (7). Heatmaps of individual genes were created for enriched classes of genes from the Gene Ontology database, primarily gene sets associated with Biological Processes. Heatmaps were scaled using z-scores. Genes with zero or near zero expression across multiple experimental groups were omitted from heatmaps.



2.4 Growing ECs on scaffolds and animal surgeries

All animal use was approved by the MIT Institutional Animal Care and Use Committee. There were four groups in each animal experiment: 2D freed (2Df), 3D scaffolded (3DSF), 3D freed (3Df), and sham surgery. For the 3D SF group, ECs were cultured on scaffolds for 14 days before implantation. For both the freed groups, on the day of the implant, cells were trypsined off either 2D tissue culture polystyrene (TCP) or off 3D SF scaffolds (also cultured 14 days). Freed cells were counted and 1x106 ECs were implanted in 50 µl PBS. Freed cells were stored on ice and subcutaneously (SC) implanted in animals between 90-120 minutes after trypsinization. All cell lines were tested for pathogens at the MIT Diagnostic Laboratory of the Division of Comparative Medicine before implantation. Lastly, as a control group, sham surgery rats had an incision and SC pocket made, as with the implant groups, but not receive injections or SF implants.

Transplants were carried out using Brown Norway rat cells (MHC: RT-1n) implanted into Lewis rats (MHC: RT-1l). These rat strains are major MHC-mismatched (8). Male Lewis rats between the ages of 36-42 days from Charles River were allowed to acclimate for 72 hours after arriving at the facility then received a 1 mg/kg dose of sustained release buprenorphine SC and were anesthetized using 1-4% isoflurane in balance oxygen. Under sterile technique, a 5-10 mm incision was made on the dorsal neck region followed by a SC pouch by blunt dissection. Animals received i) cell-seeded scaffolds, ii) injections of freed cells in PBS, or iii) no implant/injection (sham). EC implanted rats received either 1x106 ECs in 50 µl PBS for 2D freed or 5 scaffolds with 2x105 cells/scaffold. The wound was then closed with wound clips and wound glue. No immunosuppression was given.

Acute groups were sacrificed on day 5 and chronic groups were sacrificed on day 28. In addition to the acute and chronic groups, there was also a booster group of in vivo implantation experiments where the rats received multiple challenges with allogeneic cells in vivo before isolating immune cells and running the assays in vitro. In the booster group, rats initially received implants of either 2Df, 3DSF, 3Df ECs or no cells (sham). After 23 days, 5 days before the end of the study, all rats including the sham group, received an injection of 1x106 2Df ECs (in 100 µl PBS, using 25-gauge needle) to stimulate a second immune response. The sham + 2Df group serves as a measure of the initial immune response to 2Df ECs.



2.5 Serum and splenocyte isolation

At the end of the study, rats were euthanized using CO2 overdose. After death was confirmed, the abdomen was sprayed with 70% EtOH, and incisions were made through the skin and muscle below the diaphragm. The diaphragm was cut and the chest cavity opened. A 21-gauge needle was inserted in to the left ventricle and between 4-8 ml blood was collected. The blood was allowed to sit undisturbed for 30 minutes, spun down at 3000 RPM for 10 min at 4°C. The serum layer was collected and frozen at -80°C until use. For animals implanted with scaffolds, the scaffold was retrieved from the SC space and fixed in 4% paraformaldehyde overnight before being transferred to 70% ethanol for histology.

The spleen was collected and placed in complete RPMI on ice. All splenocyte isolation was done in RPMI supplemented with 10% FBS, 0.1 M HEPES, and 200 U/ml penicillin-streptomycin. The spleen and 10 ml RPMI were placed in the lid of a 60 mm petri dish. The base of the dish was fitted with a cell dissociation sieve (Sigma, CD1-1KT) with a size 60 mesh (Sigma, S1020). The spleen was cut into small pieces using a size 15 scalpel. Pieces were then pushed through the mesh using a glass plunger, with frequent rinsing with RPMI from the lid. Collected splenocytes (SP) were spun down at 400 g for 5 minutes, the pellet was resuspended in 10 ml ACK buffer (Thermo, A1049201), and allowed to sit at RT for 3 minutes to lyse red blood cells. SPs were then washed and were put through a 40 µm filter. This method yielded approximately 2.5-3.5x108 cells per animal. After counting, SPs were spun down, suspended in heat inactivated FBS, and frozen in 10% DMSO at 5-7x107 cells/ml. Predicted composition of isolated SPs is 21-25% T cells and 44-58% B cells, with the remainder comprised of monocytes, granulocytes, dendritic cells, natural killer cells, and macrophages (9).



2.6 Thawing splenocytes and counting

Frozen SPs were thawed in a 37° C water bath until a small chunk of ice remained. The contents were then quickly transferred to 9 ml warm complete RPMI. The cells were spun down and resuspended in 20 ml complete RPMI. SPs were rested overnight in an incubator in 50 ml conical tubes with caps loosened. The next day, SPs were counted 1:1 in trypan blue and the live cell number was used for assay calculations. Vials frozen with 5-7x107 total cells yielded 4-10x106 live cells after thawing and overnight rest. SPs were then diluted to 1x106 cells/ml.



2.7 Cytotoxicity assay

The cytotoxicity assay was run in white-walled 96-well plates. Each set of SPs (one from each rat) had 3 wells of SPs alone and 3 wells of target cell-SP co-culture. Additional controls included three wells each of target cells alone (basal cell death), target cells + 2% Triton X-100 (max cell death), and media alone. Target to effector ratios of 1:20, 1:10, and 1:5 were tested.

Diluted SPs were plated at 5x104 SPs/well or 50 µl/well. Target cells (ECs) grown on TCP were lifted with trypsin which was neutralized with complete RPMI. Target cells were resuspended in serum-free media and 1x104 target cells/well were added to the co-culture, target cell alone, and triton wells (100 µl/well). Additional serum-free media was added to the wells such that the final volume of each well was 200 µl. Plates were kept in the incubator undisturbed for 3 hours. The ratio of target to effector cells was 1:2. Reagents from the CytoTox-Glo Cytotoxicity Assay (Promega, G9291) were prepared as described in the manual. After 3 hours, 50 µl of the CytoTox-Glo Cytotoxicity Assay Reagent was added to each well. Wells were mixed briefly by orbital shaking and then incubated for 15 minutes at room temperature. Luminescence was measured for 1 second/well.

Luminescence from cell death was determined by subtracting the luminescence for the SP alone wells from the SP-target cell co-culture wells to correct for spontaneous cell death. Values greater than zero indicate greater cell death in the co-cultured wells while values less than zero indicate greater cell death in SP alone wells.



2.8 Proliferation assay and FlowJo analysis

The proliferation assay was run in 96-well, round bottom plates. Each set of SPs (one from each rat) was run in triplicate with 3 wells of SPs alone and 3 wells of target cell-SP co-culture. Additional controls included unstained SPs and single-color controls. Target to effector ratios of 1:10, 1:5, 1:2 were tested. Comparisons of freshly isolated and thawed frozen SPs were tested to ensure freezing did not influence proliferation.

For 2-day co-culture proliferation experiments, target cells were stimulated with 40 ng/ml rat recombinant IFNγ (R&D Systems, 585-IF-100) for 48 hours before use in the assay. Target cells in media without added rrIFNγ were used for 4-day co-culture proliferation assays. Target cells were lifted using trypsin, treated with 50 µg/ml mitomycin C (Sigma, 1010749001) for 30 minutes to prevent proliferation, and rinsed twice before plating.

Diluted SPs were plated at 1x105 SPs/well or 100 µl/well. A 1:2000 CellTrace Violet Dye (Thermo, C34557) was made up in PBS + 0.1% heat inactivated fetal bovine serum (FBS). SPs were spun down at 400 g for 5 min and stained with CellTrace Dye per manufacturer instructions. Target cells were diluted to 5x105 cells/ml and 100 µl (5x104 cells) was added to each well. The ratio of target to effector cells was 1:2. Additional complete RPMI was added to the SP alone and control wells such that each well had a final volume of 200 µl. Plates were incubated in the dark for 2 or 4 days without disturbing.

After incubation, plates were spun down at 400 g for 5 minutes and resuspended in flow buffer (PBS + 2% heat inactivated FBS) with a 1:400 dilution of FITC Mouse Anti-Rat CD3 (BD, 557354). Plates were incubated on ice for 1 hour, protected from light before washing and resuspension in flow buffer. Single color compensation controls for FITC channel were created using UltraComp eBeads (Thermo, 01-2222-41) and well as single color controls of SPs with only CellTrace Violet or only CD3-FITC. Plates were run on a BD FACSCanto II Cell Analyzer. A least 1x104 size gated, CD3+ cells were collected and analyzed from each well. As the cells proliferate, CellTrace Violet fluorescence decreases. Proliferation was determined by subtracting the mean fluorescence in the CellTrace channel of SP-target cell co-culture wells from SP alone wells, for CD3+ cells only.



2.9 IFNγ ELISA

Supernatant from the proliferation assay plates was collected on day 2 or day 4 and frozen at -20°C until ready for analysis. The supernatant was run at full concentration (100 µl/well) with a standard run in duplicate using an IFN gamma Rat ELISA kit (Thermo, BMS621). The standard curve was fit using a 4-parameter logistic curve in Prism Graphpad. IFNγ at 37°C has a half-life of approximately 24 hours and is stable when frozen at -20°C for several months.



2.10 Serum assay

Serum samples stored at -80° C were allowed to come to room temperature. Serum was decomplemented by incubating at 56°C for 30 minutes. The serum assay was run in 96-well, round bottom plates. ECs were plated at 1x105 cells in 50 µl per well along with 50 µl of decomplemented serum (1:1 ratio). Previously, serum ratio of 1:2, 1:5, and 1:10 were tested before it was determined that 1:2 showed the best signal. Each sample of serum was run in duplicate with controls of cells with serum only, with antibody only, and with neither serum nor antibody. After the addition of serum, plates were incubated on ice for 1 hour, washed twice and labeled with 0.125 µg/ml (1:160 dilution) BV421 Mouse Anti-Rat IgM (BD, 742499), and 0.25 µg/ml (1:80 dilution) APC Mouse anti-rat IgG1 (Thermo, 17-4812-82) for 1 hour on ice, protected from light. Single color compensation controls for FITC channel were created using UltraComp eBeads (Thermo, 01-2222-41). Plates were run on a BD FACSCanto II Cell Analyzer. A least 1x104 CD3+ cells were collected and analyzed from each well.



2.11 Histology

In vitro cultured scaffolds and explanted scaffolds were fixed with 4% paraformaldehyde overnight and then submitted in 70% EtOH to the Koch Histology Core for paraffin embedding, sectioning, staining, and slide scanning. H&E stains and immunohistochemical (IHC) stains were carried out by the Histology Core. Slides were sectioned at 5 µm. IHC was run on the ThermoScientific IHC Autostainer 360 with 10 min for endogenous peroxidase blocking, 30 minutes for protein block, 60 minutes for primary antibody, 15 minutes for labeled polymer, and DAB for 10 minutes. IHC stained were used at 1:50 for the rabbit ant-CD31 (Thermo, PA5-32321) and 1:200 for the rabbit anti-HIF1a (abcam, ab216842).



2.12 Statistical analysis

Statistical analysis was carried out using Graphpad Prism using ordinary one-way ANOVA and 2-way ANOVA for multiple comparisons as noted in the figure captions.




3 Results


3.1 Substrate interactions modulate endothelial cell response to cytokines

We evaluated whether EC-substratum interactions influenced the ability of ECs to respond to external stimuli, focusing on specifically on response to cytokines. ECs were cultured with IFNγ and TNFα, two cytokines which synergistically increase EC activation (10). A PCA plot of basal and cytokine-treated 2D and 3D ECs demonstrates that the addition of cytokines dramatically changes the gene expression of cultured ECs cultured, shifting their patterns of gene expression while still maintaining the observed differences between 2D and 3D culture conditions (Figure 1). Cytokines did not drive 2D and 3D ECs towards a common “cytokine activated” state. While the expression of several genes was similar in the basal condition, 3D ECs were generally more responsive to the addition of cytokines than 2D ECs (Supplementary Figure 1).




Figure 1 | PCA for 2D confluent and d3/d14 3DSF ECs. PCA shows that treatment with cytokines significantly shifts gene expression in both 2D and 3D ECs, although each maintain their unique substratum-associated phenotypes.



Cytokine treated 3D ECs demonstrated upregulation of cell adhesion and vascular effects while cytokine treated 2D ECs upregulated of surface receptors (Supplementary Figure 2). In general, the addition of cytokines to 2D ECs increased the gene expression of intracellular signaling, inflammatory cytokines, and pattern recognition receptors (PRRs) while decreasing the expression of ECM remodeling associated genes. Interestingly, 2D cytokine-treated ECs upregulated genes associated with cell cycle arrest and apoptosis (Supplementary Figure 3).

We confirmed that the addition of cytokines did not alter our previous study observations of a hypoxic 3D EC phenotype and a 2D endothelial to mesenchymal transition (EndMT) phenotype (Supplementary Figure 4A, B). With the use of GO gene sets related to IFNγ and TNFα, we confirmed that matrix-embedding does not shield the cells from circulating factors. (Supplementary Figure 4C).



3.2 Cytokine induced differences in immune cell recruitment, leukocyte adhesion, antigen presentation, and co-stimulation

While there are substratum-determined differences in basal, quiescent ECs, the full dynamic range of the differences in 2D and 3D is more evident when ECs are exposed to the inflammatory cytokines IFNγ and TNFα. Several functions of ECs, such as promoting immune cell transmigration, MHC class II presentation, and pro-inflammatory paracrine signaling are only observable in activated ECs (11, 12). We chose to focus on four specific mechanisms by which ECs function to modulate immune responses (Supplementary Figure 5). We broadly looked at genes associated with (a) leukocyte recruitment through the release of chemokines, (b) leukocyte rolling and adhesion, (c) antigen processing and presentation, and (d) co-stimulation and inhibition.

From these categories, we identified three trends (Table 1): i) genes which were expressed in the basal state and upregulated by both 3D culture and cytokine treatment, ii) genes which were not expressed in the basal state and when induced in the cytokine treated state, were more significantly upregulated in 3D ECs, and iii) co-stimulatory and inhibitory molecules where upregulation and downregulation was mixed and depended on the specific EC state.


Table 1 | Summary of gene expression changes in adhesion, MHC, and co-stimulatory molecules.




3.2.1 Constitutive expression and consistent upregulation by 3D culture and cytokine treatment

ICAM1, RT1-A (MHC class I), and PD-L1 were all constitutively expressed in the basal state and increased their expression with cytokine treatment (Figure 2). Further, all showed statistically significant upregulation when cultured in 3D as opposed to 2D. These three molecules are involved in essential EC functions which help maintain vascular and immune homeostasis. Leukocyte adhesion through ICAM-1 plays an important role in the formation of immune synapses between APCs and T cells (13). Additionally, ICAM-1 is essential to stable arrest of rolling immune cells on high endothelial venules in the lymph node, which is essential for extravasation into the tissue (14).




Figure 2 | RNA expression of MHC, co-stimulatory, and adhesion molecules. (A) RNAseq showed greater basal expression and upregulation of MHC class I and class II in response to cytokine stimulation in 3D ECs. (B) RNA Expression of ICAM1 and VCAM1 is upregulated in cytokine-treated and 3D cultured ECs. (C) CD80 and PD-L1 were constitutively expressed while HVEM was induced by cytokine treatment. Cytokine treatment decreased expression of CD137 in 3D ECs, and CD48 and ICOSL in 2D ECs. RNAseq cytokine ECs were treated with IFNγ and TNFα. Statistics: RNA – two-way ANOVA. n = 3. *(P ≤ 0.05), **(P ≤ 0.01), ***(P ≤ 0.001), ****(P ≤ 0.0001).



Basal state ECs constitutively express MHC class I and the TAP proteins required for MHC class I peptide transport, and both are upregulated with IFNγ stimulation (3). However, we found that MHC class I and the associated TAP proteins are more significantly upregulated by cytokine stimulation in 3D ECs when compared to 2D ECs (Supplementary Figure 6). Differences in MHC class I and TAP expression between 2D and 3D ECs may affect their growth rate and responsiveness to paracrine signaling (15).

PD-L1 functions as an inhibitory molecule which induces immune exhaustion, effector T cell apoptosis, inhibits T cell replication and maturation, and induces of development of T regulatory cells (Tregs) (16). It is constitutively expressed in resting lymphocytes and APCs and induced during inflammation in endothelial and epithelial cells (16). More specifically, PD-L1 is upregulated in IFNγ and TNFα stimulated ECs, preventing CD8+ T cell activation and cytotoxic function (17). As previously described in the literature, our model demonstrated that both 2D and 3D cytokine treated ECs upregulated their expression of PD-L1 (Figure 2).



3.2.2 Genes upregulated only in cytokine treated 3D ECs

VCAM1, RT-1B (MHC class II), and HVEM were only expressed in cytokine treated ECs and were significantly upregulated in 3D ECs when compared to 2D ECs (Figure 2). These three molecules are related to blood vessel EC-specific functions in inflammation or infection. When activated, ECs have the unique ability among parenchymal cells to express MHC class II in addition to MHC class I (3). VCAM1 and ICAM1 are essential for adhesion of immune cells to the vascular endothelium and leukocyte-EC signal transduction (3). While ICAM-1 is constitutively expressed, VCAM-1 is preferentially expressed during Th2 CD4+ induced inflammation (18, 19).

HVEM interacts with three different receptors (BTLA, HVEM, LIGHT) which prevents excessive tissue inflammation (Figure 2). Generally, BTLA and CD160 function as an inhibitory receptors, modulating T cell activation (20). T cells can transiently express membrane-bound LIGHT which acts as a co-stimulatory receptor when it interacts with HVEM (20). In our culture system, only the cytokine treated 3D ECs expressed significant amounts of HVEM, providing another possible mechanism for EC immunomodulation. However, CD160 is also expressed in newly formed blood vessels so upregulation of HVEM could also be associated with signaling between neighboring ECs during angiogenesis.



3.2.3 Genes differentially expressed across conditions

CD48, ICOSL, and CD80 showed mixed patterns of upregulation and downregulation depending on specific group comparisons (Table 1). These signals vary both spatially and temporally. Determining the effect of these proteins is further complicated by the fact that effector and regulatory T cells share many of the same co-stimulatory and co-inhibitory molecules, which are expressed differently after immune activation (21). For example, CD4+ T cells increase their expression of ICOS and OX40 when co-cultured with ECs. Blocking these co-stimulatory molecules significantly decreases T cell proliferation (22).

CD80 is the ligand for both CD28 and CTLA-4 on T cells. Although CD28 and CTLA-4 bind the same receptors and are expressed on the same cells, the general convention is that CD28 is co-stimulatory while CTLA-4 is an inhibits T cell function. It has been proposed that CD80-CTLA4 interactions important for maintaining self-tolerance although, the functional outcome appears to be largely dependent on timing and context (23). In our culture system, CD80 expression patterns were mixed (Figure 2). Differences in responses to cytokines, lack of expression in human ECs, and an incomplete understanding of the downstream outcomes of CD80 signaling make it difficult predict the effect of their expression will have on immune recognition in ECs.

Surprisingly, our studies showed that that CD48 expression was not increased by IFNγ stimulation as the literature would suggest, but decreased as a result of cytokine stimulation in 2D ECs (Figure 2). As CD48 is only expressed in immune cells and ECs, the addition of cytokines could further promote EndMT in 2D ECs, moving them away from the EC phenotype and towards non-CD48 expressing mesenchymal cells.

In ECs, ICOSL serves as a co-stimulatory molecule (24, 25). Our results show that in the 2D cytokine condition, ICOSL expression was reduced, likely due to increased EndMT and loss of the EC phenotype that allows for ICOSL expression, as was observed in CD48 (Figure 2). While cytokine stimulation did not increase ICOSL expression in 3D ECs, in both the basal and cytokine conditions, 3D ECs had significantly greater expression of ICOSL than 2D ECs.



3.2.4 Chemokines

ECs can express a range of different chemokines although they release minimal amounts in their basal, unstimulated state (26). In response to inflammation (hypoxia, infection, or oxLDL), ECs upregulate their production of chemokines (27). The release of chemokines by ECs allows them to orchestrate the movement of immune cells into the tissue to combat infection and promote tissue repair. In the cytokine-treated condition, both 2D and 3D ECs upregulated their chemokine expression but interestingly, differed in which chemokines were upregulated (Supplementary Figure 7).

In summary, cytokine stimulation and 3D culture uniformly increase gene expression (Table 1). This trend is also seen in HVEM and PD-L1 which generally inhibit T cell activation, and CD86 which can be inhibitory when interacting with CTLA-4. The predominantly co-stimulatory proteins CD48 and ICOSL show a trend of upregulation with 3D culture and downregulation in response to cytokine stimulus. Lastly, CD80 which acts as a co-stimulatory molecule through its interaction with CD28, shows upregulation when ECs are exposed to cytokines, although the increase is smaller in 3D ECs.




3.3 Development of in vivo transplantation model

To understand the role of substratum interactions in transplantation, we studied the immune response to subcutaneous implants of allogeneic ECs over several different in vivo time scales (Figure 3). First, we used an in vitro co-culture model to confirm that measured responses were allogeneic and due to strain-mismatch (Supplementary Figure 8). We isolated immune cells during two stages of the immune response: i) the acute phase (5 days after implant), which the effector phase of clonal expansion and differentiation, and ii) the chronic phase (28 days after implant), after immune cell contraction. In both cases, splenocytes (SPs), primarily T and B cells, isolated from the implanted animals were re-exposed to the original EC stimulus ex vivo. In the booster group, similar to the chronic group, animals were sacrificed after 28 days, however, 5 days before the end of the study, all animals received additional 2D EC injection to elicit a secondary response in vivo. This additional challenge shows to the extent to which the rats’ immune systems had retained a memory response to the allogeneic ECs after returning to homeostasis.




Figure 3 | Experimental groups and time scales for in vivo studies. The effect of implantation of allogeneic ECs on immune response was measured over three different time scales. Brown Norway ECs were implanted subcutaneously in Lewis rats. Animals were implanted with either i) 2D ECs freed from TCP with trypsin (2Df), ii) 3D ECs that were implanted on their scaffolds (3DSF), iii) 3D ECs freed from the scaffold with trypsin (3Df), and iv) surgery but no implants (sham). Acute animals were implanted for 5 days and chronic animals were implanted for 28 days. Booster animals received either implants or sham surgery at day 0 and were all given injections of 2D freed ECs at day 23. Created with BioRender.com.



Transplanted cells are generally implanted either as cells in suspension (for example, stem cell therapies) or cells adhered to a matrix (organ or tissue transplants). The 3D cultured ECs (referred to as 3D Surgifoam or 3DSF) had the advantage of being easily storable, transportable, and implantable, retaining the matrix adherence and phenotypic features developed in culture. However, it was not possible to similarly implant 2D TCP ECs while still adhered to their substratum. Instead, 2D ECs were lifted from the TCP (2D freed or 2Df) using trypsin and implanted in a suspension. To control for differences in immune response to cells in suspension compared to matrix-adherent cells, we also lifted 3D ECs from their scaffolds (3D freed or 3Df) and implanted them in suspension. The 3D freed group differentiates between the physical effects of surface adherence and the changes in EC phenotype that occur during culture. Finally, the naïve control group had a sham surgery without the implantation of cell or scaffolds.

Using a combination of mixed lymphocyte assays and supernatant ELISAs, we characterized the immune response to allogeneic and syngeneic ECs both in vitro and in vivo over multiple time scales.



3.4 Cytotoxic response to allogeneic cellular implants

SPs isolated from sham rats showed minimal cytotoxic effects (Figure 4A). In cases such as the chronic group, where ECs remained implanted for longer periods of time, co-culture of allogeneic ECs with sham SPs resulted in negligible EC killing. EC death was slightly elevated in co-culture with acute sham SPs, likely due to a general inflammatory response from the sham surgery.




Figure 4 | In vivo assays measuring cytotoxicity, IFNγ release, and proliferation from SPs isolated from rats implanted with allogeneic ECs. (A) Cytotoxicity was elevated for 2Df EC implanted rats relative sham for all groups while 3DSF 3D implanted acute and chronic rats had lower cytotoxicity. (B) 3DSF and sham SPs showed elevated IFNγ release in co-culture wells compared to SP alone wells while 2Df and 3Df did not. At day 4, SPs from 3Df and sham animals showed significantly elevated IFNγ release in co-culture wells after a second in vivo injection of 2Df ECs. (C) MFI, mean fluorescence intensity. 3DSF SPs showed greater proliferation than 2Df and 3Df SPs in both the acute and chronic groups. 3DSF and 3Df SPs show greater proliferation than sham SPs when rats receive a booster injection of 2Df ECs. Statistics: Ordinary one-way ANOVA. n=6. *(P ≤ 0.05), **(P ≤ 0.01), ***(P ≤ 0.001), ****(P ≤ 0.0001).



In both the acute and chronic setting, implantation with 2Df ECs resulted in a statistically significant increase in cytotoxic ability of isolated SPs. In the acute setting, neither the 3DSF or 3Df groups showed a statistically significant increase over sham, indicating that ECs with a 3D phenotype caused less of a cytotoxic response than 2D ECs. In the chronic setting, SPs isolated from rats that received an implant of 2Df cells still caused the greatest amount of cytotoxicity, being statistically greater than 3DSF implanted and sham animals. In summary, implantation with freed ECs caused similar cytotoxic effects in both acute and chronic setting. Rats exposed to 2D ECs were able to rapidly mount a cytotoxic response ex vivo even 28 days post implantation. For implants of 3DSF ECs, cytotoxic ability decreases over time post implantation, even though 3DSF ECs are presumably retained in the animals for longer since they are adherent to a scaffold. The memory response in animals implanted with 3DSF ECs is not as robust as in animals implanted with 2D ECs.

In the booster animals, the sham + 2Df group had a cytotoxic response similar to the 2Df group in the acute setting. The animals who originally received an implant of 2Df, 3DSF, and 3Df ECs had an even greater immune response both in terms of their absolute value (luminescence) and relative to animals which only had one implant of ECs. Comparing this to the results from the acute and chronic animals, we found that while the cytotoxic effect from 3D ECs decreases over time, repeat challenge with 2Df ECs elicits a strong memory response.



3.5 In vitro release of IFNγ in co-cultured splenocytes

IFNγ release from SPs isolated from acutely implanted rats was measured after 2 and 4 days in co-culture. After 2 days of co-culture, all three groups that received implants of ECs showed greater IFNγ release in the co-cultured wells while the sham group did not (Supplementary Figure 9). The elevated response of the animals that were implanted with ECs relative to sham rats is similar to what was seen in the acute cytotoxicity assay. After 4 days in culture, co-cultured SPs from rats implanted with ECs had decreased their release of IFNγ to a similar level as SPs that were not stimulated. On the other hand, co-cultured sham SPs increased their release of IFNγ. In vitro co-culture with allogeneic ECs can stimulate allogeneic SPs to produce IFNγ, even in the sham case where the rats were not previously exposed to allogeneic ECs.

IFNγ is reported to have a half-life in vivo ranging from 30 min to 4.5 hours, thus IFNγ concentration measured at day 4 is not expected to be cumulative but rather a measure of recent IFNγ release (28). As a result, highly cytotoxic SPs from rats implanted with ECs that were effective at killing ECs ex vivo likely removed or reduced the allogeneic stimulus and resulted in a decreased measurement of IFNγ by day 4. Sham rat SPs likely took longer to respond to the ECs since this was their first exposure and started increasing their IFNγ production after several days in culture. IFNγ release for chronic SPs was measured after 4 days in co-culture and shows a similar inverse relationship with their cytotoxicity results (Figure 4B). By day 4, SPs from the two freed groups did not release more IFNγ in the co-culture wells compared to their respective SP alone wells. In contrast, the 3DSF group, which did not have a large cytotoxic response, was releasing IFNγ 4 days into the EC-SP co-culture, significantly more than the 3D freed group.

Finally, IFNγ in the booster assay was also measured after 2 and 4 days of co-culture. The 2 day co-culture IFNγ results for the booster group were similar to the results for acutely implanted rats, showing that all booster animals responded to the additional injection of 2Df ECs (Supplementary Figure 9). As in all the other 4 day co-culture groups, the sham group was elevated. Release of IFNγ from SPs isolated from 3Df implanted rats remained high after 4 days in culture.

In summary, after 4 days of co-culture, the 2Df group consistently exhibited low IFNγ release in the co-cultured wells while the sham group had consistently elevated IFNγ release in the co-cultured wells. The greatest differences between the IFNγ release over the three different time scales of in vivo experiments were observed between the 3DSF and 3Df ECs highlighting the potential role of the physical barrier of the scaffold as opposed to solely substratum related gene expression changes.



3.6 Proliferative response to allogeneic cellular implants

T cell proliferation, gated by size and CD3+ expression, was measured at 2 days and 4 days of co-culture (Figure 4C, Supplementary Figure 10). Despite differences in cytotoxicity and IFNγ release between acute and chronic time scales, the proliferative response of SPs from these two different time scales showed similar relationships. After 4 days of co-culture, the 3DSF SPs from both experiments had a greater proliferative response than the 2Df or 3Df SPs. In general, the co-cultured SPs from the freed EC groups did not proliferate more than unstimulated SPs. Meanwhile, sham SPs proliferated when co-cultured with allogeneic ECs, as was seen in the naïve allogeneic control experiments (Supplementary Figures 10, 11). The proliferation of 3DSF SPs is generally similar to proliferation in sham SPs. The differences in the immune response between the cytotoxic assay and the proliferation assay demonstrate that general T cell proliferation is not always directly equivalent T cell cytotoxic ability.

Proliferation results from the booster group show that while 3DSF SP proliferation was similar to sham proliferation in the animals that received only one allogeneic stimulus, previous implantation with 3DSF ECs changed the way the immune system responded to a subsequent injection of 2Df ECs (Figure 4C). In the booster proliferation assay, 3DSF and 3Df SP proliferation was elevated over the sham group. While 3DSF SP proliferation was elevated relative to 2Df SPs, it was not statistically greater than 3Df ECs like it was in the acute and chronic assays.

In summary, SPs from 3DSF and sham animals were able to proliferate in vitro when challenged with allogeneic ECs whereas SPs from rats initially implanted with 2Df and 3Df SPs did so only after a second in vivo injection. Also, a second in vivo challenge with allogeneic ECs creates a greater level of proliferation than a single in vivo challenge with 2Df ECs.



3.7 Serum response to chronic implants

In addition to measuring T cell cytotoxicity, proliferation, and IFNγ release, we also measured the amount of BN EC-specific antibody in the serum of chronically implanted rats (Figure 5). We focused on IgM and IgG in serum from chronically implanted animals since it could take longer than 5 days for an appreciable level of implant-specific antibody to be detected depending on the sensitivity of the assay. Generally, IgM peaks earlier than IgG and is maintained at a much lower level over time than IgG.




Figure 5 | Serum antibody levels in rats chronically implanted with allogeneic ECs. Measurement of BN EC-specific antibodies. (A) There was greater circulating IgM in 2Df and 3DSF EC-treated rats. (B) Serum from 2Df and 3DSF EC-treated rats had more IgG than rats implanted with 3Df ECs or no cells. Statistics: Ordinary one-way ANOVA. *(P ≤ 0.05).



In both IgM and IgG, serum antibody levels were elevated in 2Df implanted rats and low in 3Df and sham rats. Thus, previous culture condition drives differences in serum antibody levels in freed ECs. In contrast, while IgM was low in 3DSF rats, serum anti-BN IgG levels were elevated. In this case, matrix-adherence results in a differential IgM and IgG response. Comparing the relationship between the 3DSF and 3Df groups, we see that in both acute IFNγ release and IgM assays, there was no statistically significant differences between the 3DSF and 3Df groups whereas in both the chronic IFNγ release and IgG assays, the 3DSF group was significantly greater than the 3Df group.



3.8 Histological analysis of implanted scaffolds

At the end of each study, the subcutaneously implanted 3D scaffolds were excised for histological analysis to gain a gross view of the cellular reaction to the implants (Figure 6). Scaffolds were encapsulated and adherent to the inner surface of the skin. Acute scaffolds were much larger in size than booster and chronic scaffolds, likely due to degradation of the matrix over time, contraction with ingrowth of cells, and restriction by the fibrous capsule. Immune cell infiltration was densest at the periphery and became sparser toward the center of the scaffold. In the acute scaffolds, infiltrating cells penetrated 165 ± 66 µm into the scaffold from the edge of the fibrous capsule (20 measurements, 2 separate samples). After 23 additional days, immune cells had advanced a total of 227 ± 28 µm into the scaffold but infiltration was restricted. Even at the longest time points examined (the chronic implants) the center of the scaffolds remained largely devoid of immune cells.




Figure 6 | H&E staining of explanted 3D cellularized scaffolds. (A–C) Histology shows immune cell infiltration, fibrous encapsulation, and increased vascularization in and around scaffolds. Immune cells penetrated 165 ± 66 µm into the acute scaffolds and 227 ± 28 µm into the chronic scaffolds. Stars (*) denotes encapsulated scaffolds surrounded by immune cells, black arrows (→) point to scaffold-tissue interface and the direction of infiltrating host cells. Images from two different rats, representative of six rats per time scale.



CD31 IHC staining helped determine whether implanted ECs survived in the implants (Figure 7A, B). CD31+ cells were retained in the acute implants (5 days in vivo) but rare if detectable at all in the chronic implants (28 days in vivo). CD31 staining also showed increased vascularization at the periphery of the implanted scaffolds. IHC staining of HIF-1α, a marker of hypoxia, showed that cells in and around the scaffold were hypoxic (Figure 7C, D). Despite increased angiogenesis into the scaffold, the hypoxic environment likely prevented immune cells from penetrating further into the scaffold and reduced the long-term viability of 3D scaffold ECs.




Figure 7 | CD31 IHC staining of explanted 3D cellularized scaffolds. (A) Staining (brown color is CD31+ cells, hematoxylin counterstain) shows that CD31+ ECs were retained in the scaffold for at least 5 days after implant. (B) After 28 days, CD31+ ECs are not detectable in the areas of the scaffold that have not been infiltrated by immune cells. Staining shows increased vascularization around both the acute and chronic scaffolds. HIF-1α IHC staining of explanted 3D cellularized scaffolds. (C, D) HIF-1α staining (brown color is HIF-1α+ cells, hematoxylin counterstain) shows that implantation of 3D matrices creates a hypoxic region within the tissue. Immune cells that infiltrated into the scaffold also stain positive for HIF-1α. Vessels stained for HIF-1α due to the pathway’s role in angiogenesis. Images from two different rats, representative of six rats per time scale. Stars (*) denote encapsulated scaffolds surrounded by immune cells, solid red arrows (→) point to vessels along the outer edge of the implanted scaffold, dashed blue arrows (→) point to ECs embedding within the scaffold.






4 Discussion

Substratum is an essential component of the EC microenvironment, allowing them to retain their position at the luminal interface and serve as screening boundary cells. Substratum integrity and state also helps drive EC biology, for example, driving responses to stressors such as cytokines. We found that ECs grown on different substratums have markedly different responses to cytokine treatment. ECs retain the major substratum-induced differences observed in basal culture, including endothelial to mesenchymal transition in 2D ECs and markers of hypoxia in 3D ECs. RNA expression of the majority of the measured costimulatory markers was upregulated in cytokine treated 3D ECs relative to 2D or basal ECs. Expression of MHC class I and II as well as adhesion molecules ICAM and VCAM was also increased as a result of both 3D culture and cytokine treatment. Finally, in animal models of allotransplantation, ECs cultured in 2D caused a greater cytotoxic T cell response while ECs cultured in 3D resulted in greater T cell proliferation. ECs cultured in 2D also resulted in greater serum levels of IgM and IgG. Overall, these results show how culture condition, specifically substratum, determines the immune response to allotransplantation.

The key mechanisms that determine the long-term success of an organ transplant have been difficult to isolate because transplant outcomes are determined by the summation of a myriad of positive and negative signals. Engineered constructs made from biomaterials embedded with cells allow for unit dosing of cells in a controlled state which can be characterized at the time of implant, providing a method of investigating the relationship between phenotype and immune response under more precise conditions. However, they still allow for interaction between the host immune system and implanted cells. Thus, just as a biomaterial’s immunomodulatory properties can be adjusted and tested, the phenotypes and functional effects of matrix-adherent cells can be modified through changes to the substratum.

ECs are the ideal cell for studying the complex relationship between matrix-adherent cells and the immune system given their sidedness, alignment to flow, contiguity with neighboring cells, and need for adherence to a substratum. Matrix-adherence of ECs induces specific gene and protein expression patterns which affect physiology and immune recognition, enabling ECs to respond to a spectrum of perturbations. Past studies documented that 2D TCP substratums create greater mechanical stress on cells while 3D scaffolds made of natural materials, like collagen, enable energy states more in concert with what is seen in vivo. Though a wide range of scaffolds, cell types, and culture methods have been studied, the host immune response to cellularized scaffolds has not been well characterized, particularly in terms of the adaptive immune response.


4.1 RNAseq analysis

We determined that inflammatory states are substratum specific and that the addition of cytokines does not drive the 2D and 3D ECs towards a common phenotype (Figure 1). These finding highlight how phenotypic differences as a result of culture condition can alter functional EC response to cues after transplantation. In the context of organ transplantation, the effect of different treatment regimens may depend on the characteristics of the donor organ, not simply the host immune response.

We show that less mechanically stressed 3D ECs are more readily able to respond to external cues, such as cytokine stimulation, than are 2D ECs (Figure 2, 3). This increased responsiveness may be essential to responding to inflammation in a way that promotes homeostasis. The data increasingly supports the concept that 2D culture on tissue culture polystyrene (TCP) instead constrains the cells, creating a dysfunctional 2D EC phenotype that may unresponsive to cytokine induced stress which ultimately pushes their response towards cell death. These changes occurred despite both 2D and 3D ECs reaching a state of non-proliferative confluence.

This work examined a range of different EC-immune signaling mechanisms. Those which differed the most between 2D and 3D ECs, and between basal and cytokine ECs are promising targets of future investigations. For example, changes in CD137, CD48, ICOSL, and CD80 expression were both substratum and cytokine specific and may be leading contributors to the differences observed in the in vivo studies of immune function (Table 1). In future studies, increasing the length of time of cytokine exposure may further elucidate the differential effects of 2D and 3D culture (29).

Currently, one of the main clinical metrics used to make decisions about the use of donor organs is ischemic time, yet this metric has limited predictive value (30, 31). If donor organs are able to be non-invasively characterized before transplantation, it may be possible to determine a relationship between the phenotype of implanted cells and response to different treatment regimens or patient outcomes. In the future, this would allow treatment to be more tailored rather than a one size fits all regime of immunosuppression.

Further, these results can also be applied to the novel systems of ex vivo organ perfusion which are currently being developed. This work provides a framework for understanding the relationship between ex vivo culture conditions and in vivo transplant outcomes. For example, we showed that the increased VCAM1, HVEM, and ICOSL gene expression observed in 3DSF ECs correlated with decreased acute and chronic immune cytotoxicity as well as acute IFNγ release and serum IgM (Table 1, Figures 2, 4, 5). Thus, ex vivo culture conditions that increase expression of these surface markers in ECs may result in better transplant outcomes, providing a way to evaluate organ suitability.



4.2 Allogeneic rat transplantation model

Earlier work in our laboratory showed that matrix-embedding affects intracellular signaling pathways, MHC class II expression, co-stimulatory and adhesion molecules which in turn influence immune response in transplantation (32–34). Our laboratory has shown that substratum modulus influences the immune reaction to implanted ECs (35). For example, matrix-embedded ECs drive a different balance of T-helper cells compared to ECs implanted in suspension (36). These cell-cell interactions make them particularly relevant for understanding immune response in transplantation.

Although previous studies in our lab have examined the role of ECs in xenogeneic transplants, here we chose to use an allogeneic transplant model in rats to study the role of substratum culture conditions. Allorejection is primarily mediated through direct antigen presentation while xenorejection is mainly indirect antigen presentation by recipient APCs (37). To examine the role of antigen presentation from the transplanted ECs, we performed transplants between two histoincompatible (major MHC mismatch) inbred rat strains, Brown Norway (RT-1n) and Lewis (RT-1l) rat, with Lewis rats as the recipients (38). Brown Norway (BN) to Lewis (LEW) transplants are commonly used in transplantation studies, particularly in models of lung and tracheal transplantation (39–42). The wealth of published surgical protocols for solid organ transplantation between these two species allows for further studies building upon the work outlined in this paper.

While the allogeneic model maximizes EC-immune cell interactions, there are differences in immune signaling between human and rat ECs. Vascular ECs in human allografts constitutively express MHC classes I and II (22, 43, 44). In comparison, previous studies have shown that rodents do not constitutively express MHC class II on all of their endothelium (3). T cell-EC co-stimulatory interactions pathways also vary between species, for example, CD2 signaling is more important to T cell activation in humans than in rodents (3). These and other differences of surface presentation between rodent and human ECs are potential limitations of our model. Efforts to individually target co-stimulatory molecules has been met with limited success, occasionally increasing transplant longevity in rodents but rarely translating to primates or humans (21). Additionally, by implanting functional cells (3D ECs) we aimed to affect a number of interconnected processes and in turn, yield a greater effect.

Previous investigations also showed how EC state differs with the addition of inflammatory cytokines. Presentation of foreign antigen, along with corresponding co-stimulatory signals, allows ECs to selectively regulate the migration of antigen-specific lymphocytes to locations of inflammation (45). ECs, however, do not express the same range of co-stimulatory molecules that are essential to signaling in professional APCs, limiting their ability to stimulate full T cell responses. Studies suggest that ECs can activate resting memory T cells to release a full range of cytokines (IL-2, IFNγ, IL-4) compared to bone-marrow derived APCs but are not able to stimulate naïve T cells to produce IFNγ at the same level without the addition of IL-12 (46).



4.3 Time scales of response ex vivo

We measured the immune response after in vitro co-culture at multiple time points ranging from 3 hours to 4 days. Early measurements of cytotoxicity and IFNγ release in the acute setting showed similar trends between the groups, with a greater response in all three experimental groups relative to the sham control, although only the 2Df SPs reached statistical significance (Figure 4A, Supplementary Figure 9).

In general, proliferation and cytotoxicity were inversely related. We postulate that the highly cytotoxic 2Df and 3Df SPs had a developed a memory response which allowed them to rapidly destroy the EC stimulus without causing a significant amount of proliferation. On the other hand, the 3DSF and sham SPs were the most proliferative since they were not as cytotoxic and thereby preserved the greatest number of cells to stimulate T cell proliferation (Figure 4C). This inverse relationship between cytotoxicity and proliferation was also observed in our assay with naïve allogeneic splenocytes which showed proliferation despite low cytotoxicity (Supplementary Figures 10, 11). In this comparison, SPs from the 3DSF condition acted more similarly to naïve SPs than did splenocytes from either freed condition.

This in vitro response matches what likely occurs when ECs are implanted in vivo. Freed ECs are injected in suspension and are easily phagocytosed and cleared, removing the stimulus after a short time while the 3D ECs are adherent to the scaffold and retained for a longer period of time. Histology confirms that ECs remain in the scaffold for at least 5 days, allowing more opportunity to interact the host immune system (Figure 7A).

During organ transplantation, damage from surgery and ischemic reperfusion injury dislodges some donor ECs from their basement membrane. Thus, after transplant, the host immune system is likely to encounter ECs lining the blood vessels of the donor organ as well as damaged ECs circulating. This makes it particularly relevant to understand how immune cells interact with circulating ECs and if a greater number of circulating allogeneic cells could precipitate a greater allogeneic immune response.



4.4 Effects of physical barrier in matrix-adherent ECs

Histology of the in vitro cultured scaffolds further showed that the majority of the ECs were on the outer regions of the scaffold (Figure 7A). These regions were infiltrated with immune cells when the scaffolds were implanted in vivo. Staining of explanted scaffolds showed that, like ECs, immune cells did not reach the center of the scaffold, likely inhibited by the hypoxic environment at the center of the scaffold. They were able migrate approximately the same distance into the scaffold as did the d14 ECs and interact physically with the 3D ECs. Cytotoxicity was the lowest in 3DSF ECs in the chronically implanted animals and elevated in animals implanted with the easily accessible freed cells (Figure 4A). Longer term retention of the 3DSF ECs did not act as an adjuvant for cytotoxicity as might have been predicted.

Despite the limited cytotoxic effect observed for 3DSF implanted animals, the results of the booster experiment proved that 3DSF ECs can induce an in vivo memory response compared to sham animals. In the booster group, SPs from animals that originally received implants of 3DSF ECs in addition to the 2Df booster showed greater cytotoxicity and proliferation than the sham rats with only the booster injection (Figure 4A, C). This demonstrates that the immune cells are able to interact with the 3DSF ECs and develop a memory response in vivo, although that memory response differs from the one seen in animals implanted with freed ECs. In the acute setting, all the implanted ECs induced an immune response, however only 2DF ECs significantly increased responses associated with rejection, namely increased cytotoxicity and IFNγ release (Figure 4A, B). In the chronic setting, the immune cells of 3DSF implanted rats were not able to respond to and kill ECs ex vivo as quickly those implanted with freed ECs (Figure 4C).

Overall, this work contributes to a more complete understanding of how EC phenotype is determined by substratum and inflammation state and the importance of EC-immune cell interactions in determining transplant outcomes. Further work must to done to understand the specific effects of EC signaling on different T cell subsets. In addition, this 3D culture system could be used to evaluate the interactions of other non-immune antigen presenting cells such as epithelial and lymph node stromal cells.
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Supplementary Figure 1 | Sample-to-sample distances for 2D confluent and d3/d14 3DSF ECs. Sample-to-sample distances show how cytokine stimulation changes 2D and 3D EC gene expression. Differences between 2D basal and cytokine are slightly greater than those between 3D basal and cytokine.

Supplementary Figure 2 | Heatmap of outcomes of TNF signaling pathway. Downstream effects from KEGG pathway of TNF signaling. TNF upregulated expression of different chemokines in 2D and 3D ECs. 3D ECs upregulated genes associated with cell adhesion, vascular effects, and cell survival compared to 2D ECs which upregulated genes associated with surface receptors and PRRs. Values are Z-scores.

Supplementary Figure 3 | Heatmap of outcomes of IFNγ signaling pathway. Sorted by predicted function. Heatmap shows that IFNγ signaling leads to different downstream effects in 2D v 3D ECs. 3D ECs upregulate genes associated with vascular homeostasis and hematopoiesis while 2D ECs upregulated genes associated with cell cycle arrest and apoptosis. Value are Z-scores.

Supplementary Figure 4 | Response to hypoxia and epithelial to mesenchymal transition in basal and cytokine stimulated ECs. 3D and 2D ECs maintained their distinct (A) hypoxia- and (B) mesenchymal transition-associated phenotypes with the addition of cytokines. Even with cytokine stimulation, 3D ECs were resistant to EndMT. (A) Sorted from average 3D EC value, high to low. (B) Sorted from average 2D EC value, high to low. Values are Z-scores. Heatmap of regulation of IFNγ genes. (C) Genes annotated “Regulation of IFNγ” within Response to IFNγ gene set (subset of GO:0034341). Both 2D and 3D ECs increased expression of genes associated with regulation of the pathway, showing that matrix-adherence did not prevent cytokines in the media from reaching the 3D ECs. Values are Z-scores.

Supplementary Figure 5 | Schematic of T cell-EC receptor interactions. Effect of interactions between host T cells and donor endothelial cells. Green plus (+) denotes EC stimulation of T cells and red minus (-) denotes inhibition of T cell functions.

Supplementary Figure 6 | Heatmap of genes associated with antigen process and presentation on MHC class I. Genes from Antigen Processing and Presentation GO code set (GO:0002474). 3D ECs showed greater upregulation of MHC class I (RT1-A) along with the associated antigen processing machinery, specifically Tap1 and Tap2. Values are Z-scores.

Supplementary Figure 7 | Differentially expressed chemokines after cytokine stimulation. (C, D) Many chemokines were upregulated with the addition of cytokines, however 2D and 3D ECs increased gene expression of different subsets of chemokines. Chemokines differentially upregulated in 3D ECs were generally associated with adaptive immune cells such as T cells and DCs while those differentially upregulated in 2D ECs were associated with innate immune cells such as neutrophils and monocytes. Heatmap values are z-scores.

Supplementary Figure 8 | Comparison of cytotoxicity, IFNγ Release, and proliferation in syngeneic (LEW) and allogeneic (BN) EC-SP co-cultures. Lewis (LEW) and Brown Norway (BN) SPs were co-cultured with BN ECs. (A) Co-culture with naïve SPs did not cause increased EC death in a 3 hour co-culture. (B) Allogeneic SPs trended towards greater IFNγ release compared to syngeneic SPs although the difference did not reach statistical significance. (C) Allogeneic SPs proliferated more in co-culture with ECs than alone while syngeneic SPs did not. (D) The proportion of the CD3+ cells within allogeneic co-cultures increased relative to allogeneic SPs alone and relative to syngeneic co-cultures. Statistics: two-way ANOVA.

Supplementary Figure 9 | IFNγ release from SPs isolated from rats implanted with allogeneic ECs – 2 days. Although not statistically significant, all EC implanted groups trended towards greater IFNγ release than sham at 2 days. (B) Sham SPs showed significantly more IFNγ release than EC implanted groups between 2 and 4 days of in vitro culture. Compared to the sham group, implanted rats had a non-significant increase in IFNγ release at 2 days. Statistics: Ordinary one-way ANOVA. n=6.

Supplementary Figure 10 | Proliferation in SPs isolated from rats implanted with allogeneic ECs – 2 days. MFI, mean fluorescence intensity. 3DSF SPs showed greater proliferation than 2Df and 3Df SPs in both the acute and chronic groups, after 2 days of co-culture. Nearly all proliferation appears to have occurred in the first two days of in vitro culture. Statistics: Ordinary one-way ANOVA. n=6.

Supplementary Figure 11 | Proliferation of naïve allogeneic SPs co-cultured with ECs in different conditions. (A) SPs proliferated more after 4 days of co-culture in response to freed ECs compared to substratum-adherent ECs, whether adherent to 2D TCP or 3DSF. (B) Among the freed EC groups, were total cell number and target:effector ratio were constant, SPs proliferated more when co-cultured with 2D and d3 3D freed ECs than with d14 3D freed ECs. Statistics: Ordinary one-way ANOVA. n=3.
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Background

Dengue virus (DENV) infection induces various clinical manifestations and even causes organ injuries, leading to severe dengue haemorrhagic fever and dengue shock syndrome. Hepatic dysfunction was identified as a risk predictor of progression to severe disease during the febrile phase of dengue. However, the underlying mechanisms of hepatic injury remain unclear.



Methods

A model of dengue disease was established in IFNAR−/− C57BL/6 mice by challenge with DENV-2. Body weight, symptoms, haematological parameters and liver pathological observations in mice were used to determine the effects of DENV infection. Liver transcriptome sequencing was performed to evaluate the features of the host response in IFNAR−/− mice challenged with DENV. Functional enrichment analysis and analysis of significantly differentially expressed genes (DEGs) were used to determine the critical molecular mechanism of hepatic injury.



Results

We observed haemoconcentration, leukopenia and liver pathologies in mice, consistent with findings in clinical dengue patients. Some differences in gene expression and biological processes were identified in this study. Transcriptional patterns in the liver indicated that antiviral responses to DENV and tissue damage via abnormal expression of proinflammatory cytokines were induced. Further analysis showed that the upregulated DEGs were significantly enriched in the leukocyte transendothelial migration, complement and coagulation cascades, and cytokine-cytokine receptor interactions signalling pathways, which are considered to be closely associated with the pathogenic mechanism of dengue. IL6, IL 10, ICAM-1, VCAM-1, MMP9 and NLRP3 were identified as biomarkers of progression to severe disease.



Conclusions

The interactions of these cytokines, which activate inflammatory signalling, may lead to organ injury and haemoconcentration and even to vascular leakage in tissues, including the mouse liver. Our study identifies candidate host targets that could be used for further functional verification.
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1. Introduction

Dengue, an acute disease caused by infection with an acute arthropod-borne virus and the most common arboviral disease worldwide, imposes a large health and socioeconomic burden on many tropical and subtropical regions (1). There are four serotypes of the dengue virus (DENV) namely DENV-1, DENV-2, DENV-3, and DENV-4. A fifth serotype (DENV-5) has been detected in Sarawak state of Malaysia in October 2013 (2). Although most dengue virus infections are asymptomatic, varied clinical manifestations may occur, ranging from mild febrile illness to severe and fatal disease, inducing dengue haemorrhagic fever/dengue shock syndrome (DHF/DSS) (3). Severe dengue is a potentially deadly complication due to plasma leaking, fluid accumulation, respiratory distress, severe bleeding, or organ impairment and proper medical care is needed to avoid complications and the risk of death (4). The search for biomarkers that reliably predict progression to severe dengue in symptomatic patients is becoming a principal focus of current research efforts.

A systematic review of 122 clinical studies identified that hepatic dysfunction is a risk predictor of the development of severe disease during the febrile phase of dengue (5). DENV targets the liver during the course of the disease, in advanced forms autopsies revealed signs of liver damage, such as mononuclear cell infiltration and mitochondrial swelling. DENV antigen was found in hepatocytes and surrounding the necrotic foci (6, 7). Postmortem studies revealed deformed liver architecture and red blood cell extravasation with the collapse of the reticular formation in sever dengue patients (8). In mouse models, increased number systemic levels of dengue virus particles were found in liver endothelial cells (9). Liver involvement was found to consistently occur in severe dengue both in humans and mice, and the liver is the most commonly affected organ in fatal dengue cases. Although hepatic dysfunction is a hallmark of severe dengue, the role of liver injury in the pathogenesis of dengue virus infection has not been elucidated, especially the core host factors during the liver injury.

Impairment of microvascular function and endothelial dysfunction were associated with severe disease progression (10). Mechanistically, dengue-related liver injury can be both virus-induced and immune-mediated. Liver involvement has been reported in association with cytopathic effects of the virus in dengue patients (11). Dengue NS1 protein acts via TLR4 on peripheral blood mononuclear cells, inducing the production of pro-inflammatory cytokines and increasing endothelial permeability (12, 13). Additionally, human MMP-9 protein concentrations rise with DENV NS1 production, further animal studies showed that DENV-2 NS1 activated the enzymatic activity of MMP-9 and synergistically induce vascular leakage (14). In dengue mouse models, early infiltration of natural killer cells, T cells into the liver, and apoptosis of hepatocytes have been shown to be both direct viral infection-induced (15). Earlier research demonstrated that DENV activates the NLRP3 inflammasome and releases IL-1 to participate in platelet shedding, finally resulting in plasma leakage (16). Therefore, the possible mechanisms of dengue-induced liver injury are a combination of direct viral injury to hepatocytes, dysregulation of immune responses to dengue infection and ischemic liver injury from capillary leakage syndrome (17).

Indeed, there may be some potential confounders of hepatic dysfunction in dengue patients, leading to the non-specific elevation of aminotransferases, such as co-infection with chronic hepatitis viruses. However, exclusion of patients positive for hepatitis B or C still showed strong and early aminotransferase increases within days of initial dengue infection signs (18). Therefore, although the role of liver dysfunction in the progression to severe disease is controversial, while a large number of studies show that there is a significant association between hepatic dysfunction and severe dengue patients, it is still necessary to explore the underlying mechanism of liver involvement in dengue.

Recent studies in the mouse model suggested that targeting the host response is a promising therapeutic strategy to improve liver injury. JNK1/2, MAPK and ERK1/2 inhibitor treatment can reduce DENV-induced liver injury (19–21). RNA-Seq study provides a transcriptional map of immune activation in DENV target organs and the edema with dilated liver sinusoids and mononuclear cell infiltration was observed in immune-competent mice infected with the four different DENV serotypes (22). Thus, some host signallings and therapeutic targets had been explored in these non-lethal mouse models. However, the global features of the host inflammatory and immune responses in the liver in a mouse model of dengue virus infection remain unclear, especially the transcriptional response in liver injury, which may reveal the potential therapeutic targets from an overall perspective.

Our previous studies found that DENV activates IL-1β to induce liver tissue injury and vascular leakage in mice, which recapitulated the pathological changes that have been described in human studies (14, 23, 24). In this study, we aimed to evaluate the transcriptomics features of liver injury in a mouse model of dengue virus infection based on a lethal animal model, and then perform a series of functional analyses to partially elucidate the underlying pathogenesis of DENV-induced liver injury.



2. Materials and methods


2.1 Ethics statements and facility

All methodology involving mice and the experimental protocols in this study were approved by the Animal Ethics Committee of Guangzhou University of Chinese Medicine. Animals were handled in accordance with the Animal Ethics Procedures and Guidelines of the People’s Republic of China and the principles described in the Animal Welfare Act. Experiments involving dengue virus were performed in the Animal Biological Safety Level-2 (ABSL-2) laboratory of Guangzhou University of Chinese Medicine (Guangzhou, China). We have received special training in pathogen management, and we were instructed by qualified viral scientists (especially scientists from the State Key Laboratory of Virology or the Wuhan Institute of Virology of the Chinese Academy of Sciences).



2.2 Cell culture

An Aedes albopictus gut cell line (C6/36) was purchased from the American Type Culture Collection (ATCC). C6/36 cells were cultured in minimal essential medium (MEM) supplemented with 10% foetal calf serum, 100 U/ml penicillin, and 100 μg/ml streptomycin and maintained at 30°C in a 5% CO2 incubator.



2.3 Virus amplification

The TSV01 strain of DENV2 (GenBank accession number: AY037116.1, available at https://www.ncbi.nlm.nih.gov/nuccore/AY037116.1) was kindly provided by Dr Wenxin Li of the College of Life Sciences, Wuhan University, China. To generate dengue virus for further animal experiments. C6/36 cells were incubated with DENV-2 at an MOI of 0.5 for 2 h, and unbound dengue virus was then removed by washing. The infected C6/36 cells were then grown in fresh medium supplemented with 2% FBS for seven to ten days. To wash away cellular debris, we harvested the supernatants and centrifuged them at 4000 rpm for 10 min. Then, we used a filter membrane (0.22 μm) to collect dengue virus. All dengue virus was aliquoted into tubes for freezing at -80°C and stored in an ultra-low temperature freezer (Thermo Scientific) in the Animal Laboratory Center of Guangzhou University of Chinese Medicine (Guangzhou, China).



2.4 DENV-2 infection models in mice

IFNAR−/− C57BL/6J mice (deficient in both the IFNα and IFNβ receptors) were provided as gifts by Professor Zhao Jincun of the State Key Laboratory of Respiratory Diseases of Guangzhou Medical University, China. IFNAR-/- mice on the C57BL/6J background were generated and bred in-house under specific pathogen-free conditions in our laboratory at Guangzhou University of Chinese Medicine. Mice were housed at 21°C in 55% humidity on a 12:12 h light: dark cycle. They were provided access to food and water ad libitum. Ten mice were randomly allocated to the control and experimental groups. Male mice (6-8 weeks old) were challenged intraperitoneally (i.p.) with the DENV-2 TSV01 strain (dengue virus infection group, n=5, 1×105 PFU) within an animal biological safety cabinet (ABSL II). Mice injected with an equivalent volume of PBS (mock infection) were used as negative controls (n=5). Mice were observed daily for body weight loss and the development of virus-induced disease. At 3, 5 and 8 dpi, blood was taken from the fundus venous plexus to determine viremia and the viral load in the blood. On Day 8 after infection, mice were euthanized with pentobarbital, and the livers were collected and stored at -80°C until further use. Tissues of mice in the two groups were collected for histopathological analysis. When a humane end point (body weight loss of ≥20%, hunched posture, ruffled fur, conjunctivitis, movement impairment, lower limb paralysis) was reached, mice were euthanized.



2.5 Mice viral RNA isolation and qRT-PCR

The viral RNA was isolated using a standard protocol (Ultrapure RNA Kit, CWBIO, Guangzhou, China), the RNAs (1 μg) were then reverse transcribed to cDNA by HiScript II Reverse Transcriptase (Vazyme Biotech Co., Ltd. Nanjing, China). The cDNA then was used as templates for RT-qPCR assays using SYBR Green according to the manufacturer’s protocol (BIO-RAD, California, USA). It was performed by the following procedure: heat activate polymerase at 95°C for 10 min, afterward, 45 cycles of 95°C for 15s, 60°C for 15s and 72°C for the 20s, the fluorescence was collected and analyzed at the 72°C steps. A final melting curve step from 55°C to 95°C was used to test the specificity of the primer (23). The absolute copy numbers of animal samples were derived from the Ct values, by reference to a standard curve. Ct values for the known concentrations of RNA were plotted against the logs of the genome equivalent copy numbers. The resultant standard curve was used to determine the number of dengue RNA genome equivalents in the samples. Viral RNA quantification was conducted as previously described (25). The primers used in RT-qPCR detection were listed: DENV-2 forward 5’-CATTCCAAGTGAGAATCTCTTTGTCA-3’, reverse 5’-CAGATCTCTGATGAATAACCAACG-3’.



2.6 Haematology

For whole blood analysis, blood was collected from mice via the submandibular vein using a 1 ml syringe needle. Blood (500 µl) was collected in 1 ml EDTA-K2 tubes to prevent clotting and was then briefly vortexed, and whole blood analysis was carried out using an automatic animal blood cell analyser (Mai Rui, China, BC-2800vet). The haematological parameters analysed included the red and white blood cell counts, haemoglobin concentration, haematocrit, and platelet count.



2.7 Histology

For histopathological staining, mouse liver tissue was fixed in a 5 mL EP tube filled with 4% paraformaldehyde solution for 48 h. Sections were stained with haematoxylin and eosin (HE) for visualization of cell infiltration, oedema, and haemorrhage in the tissues by microscopy.



2.8 RNA isolation from mouse liver tissue and library preparation

Total RNA was extracted from mouse liver tissue using TRIzol reagent according to the manufacturer’s protocol (mirVana™ miRNA ISOlation Kit, Ambion-1561). RNA purity and quantity were evaluated using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Then, libraries were constructed using a TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions.



2.9 RNA sequencing

Libraries were sequenced on the Illumina HiSeq X Ten platform, and 150 bp paired-end reads were generated. Raw reads in fastq format were first processed using Trimmomatic (26), and the low-quality reads were removed to obtain the clean reads. Then, the clean reads for each sample were retained for subsequent analyses. The clean reads were mapped to the Mus musculus genome (GRCm39) using HISAT2 (27). The fragments per kb of transcript per million mapped reads (FPKM) (28) was calculated using Cufflinks (29), and the read counts of each gene were obtained with HTSeq-count (30).



2.10 Identification of differentially expressed genes and functional enrichment

Differential gene expression analysis was performed using the DESeq2 (2014) R package (31). An adj. P value < 0.05 and a fold change >2 were set as the thresholds for significant differential expression. Hierarchical cluster analysis of differentially expressed genes (DEGs) was performed to demonstrate the expression pattern of genes in different groups and samples. GO term enrichment (http://www.geneontology.org) (32) and KEGG (http://www.genome.jp/kegg) (33) pathway enrichment analyses of DEGs were performed using R based on the hypergeometric distribution.



2.11 Statistical analysis

Data are expressed as the mean ± SEM values. Comparisons between two groups were performed using an unpaired t test. Differences with a probability value of p < 0.05 were defined as significant. GraphPad Prism (https://www.graphpad.com/) and R software (https://www.r-project.org/) were used for statistical analyses and visualization.




3. Results


3.1 DENV-2 challenge in IFNAR−/− C57BL/6 mice

In a preliminary experiment, we demonstrated that DENV successfully infected IFNAR–/–C57BL/6 mice deficient in the IFN-α/β receptors. To reveal the features of the inflammatory and immune responses to dengue virus infection in animals, an IFNAR–/– C57BL/6 mouse model was established, and the animals were infected with DENV (TSV01). Control animals were administered culture medium instead of virus. After challenge, mice began to show clinical signs such as weight loss, listlessness, ataxia, and paralysis of one or both hind limbs between 1 and 8 dpi. Mice in the control group did not show any clinical manifestations or signs of weight loss. On Day 0 of virus infection, there was no statistically significant difference in body weight between the two groups of mice; on the 8th day, there was a statistically significant difference (Figure 1 and Supplementary Table S1). We then measured the viral load in the blood of dengue virus-infected mice (Figure 2).




Figure 1 | Body weight changes. Changes in body weight in the two groups of mice in the experiments. (A) The body weight of mice (n = 5 per group) was monitored and recorded daily after inoculation with DENV-2 (TSV01) until 8 dpi. The weight is expressed as the percentage of the initial weight. While the bodyweight of mock-infected mice gradually increased, DENV2(TSV01)-infected mice lost weight from days 1 to 8 post infection. (B) Initial weight in the two groups of mice. (C) Body weight of mice at 8 dpi. The data are representative of two independent experiments. Comparisons between two groups were performed using an unpaired t test. Each dot represents one mouse, and the data are expressed as the mean ± SEM values for groups of five mice. ns, not significant; ***P ≤ 0.001.






Figure 2 | Viral RNA load in the blood and liver tissue of the dengue virus-infected mice. (A) Time-course of dengue viral RNA in the sera of the mice collected at 3, 5 and 8dpi. (B) Viral RNA load in liver tissue of mice. The viral RNA load in liver of mice was determined by RT-qPCR. Data were shown as mean ± SEM. ****P ≤ 0.0001.





3.2 Haematological parameters in DENV-infected mice

Haematological analysis showed that DENV-infected mice exhibited a decreased white blood cell count (WBC) and significant increases in both the red blood cell (RBC) count and haematocrit (HCT) compared to those in uninfected mice (Figures 3A–C and Supplementary Table S2). These results suggest that DENV-infected mice exhibited leukopenia and haemoconcentration. In this experiment, we did not observe thrombocytopenia in DENV-infected mice (Figure 3D and Supplementary Table S2).




Figure 3 | Haematological analysis. Blood samples were collected for haematological analysis eight days post infection. (A) White blood cell (WBC) count, (B) haematocrit (HCT), (C) red blood cell (RBC) count and (D) platelet (PLT) count. The results were obtained from two independent experiments groups. Comparisons between two groups were performed using an unpaired t test. Each dot represents one mouse, and the data are expressed as the mean ± SEM values for groups of five mice. ns, not significant; *P ≤ 0.05.





3.3 Liver pathological observations in DENV-infected mice

Eight days after infection, liver tissues were fixed with 4% paraformaldehyde for histopathological analysis and H&E staining. Histopathological analysis of DENV-infected mice revealed signs of liver injury, including widespread swelling of hepatocytes and focal mononuclear inflammatory cell infiltration, compared to the conditions in uninfected mice. In addition, significant enlargement and translucency of hepatocytes were observed, with hepatocytes showing voluminous cytoplasm and a morphological change from a polygonal to a spherical shape, accompanied by inflammatory cell infiltration (Figure 4).




Figure 4 | Histopathological analysis. Liver tissues were fixed with 4% paraformaldehyde and subjected to HE staining eight days post infection (magnification: 200× scale bar = 100μm, and 400× scale bar =50 μm). Hepatocytes of mice in the dengue virus infection group were observed to have significant enlargement and translucency. The hepatocyte morphology changed from polygonal to spherical, accompanied by inflammatory cell infiltration. The results shown are representative of 3 individual mice from each group.





3.4 RNA sequencing and gene expression statistics

To investigate the differential gene expression between the livers of mice with dengue virus infection and healthy control mice, we compared gene expression at the transcriptional level by RNA-Seq. After excluding low-quality reads, a total of 65.54 GB of clean data were obtained; the platform generated an average of 6.5 GB of data. The high-quality reads of all samples showed a mapping rate of over 93%. The Q30 values of all sequences in the ten cDNA libraries exceeded 93%, and more than 93% of the bases were valid. The FPKM method can eliminate the influence of differences in protein-coding gene lengths and sequencing read quantities on the calculated expression levels of protein-coding genes, and the calculated gene expression levels reflect high or low expression. The gene expression levels in each sample are shown in Supplementary Table S3. The statistical table of the number of reads in each sample is shown in Supplementary Table S4. The box-and-whisker plot of gene expression showed a concentrated range of values for the five samples in the two groups, with high similarity between samples (Figure 5A). Plots of the correlation coefficients between sequencing samples were obtained based on gene expression (Figure 5B). Principal component analysis (PCA) of gene expression revealed an overall similar pattern of response across the samples, and the samples in the same group exhibited a more concentrated spatial distribution (Figure 5C). These results indicated that the transcripts of the ten liver samples were all of high quality and could be used for subsequent analysis.




Figure 5 | Gene expression statistics of RNA-Seq. (A) Boxplot of FPKM values for each independent sample. The box-and-whisker plot shows the dispersion degree of the data distribution. The horizontal axis shows the sample name, the vertical axis shows the log10(FPKM+1) values, and each area of the box plot corresponds to five statistics (top to bottom: maximum, third quartile, median, first quartile and minimum values). (B) Plot of correlation coefficients between sequencing samples. The horizontal axis shows the sample name, the vertical axis shows the corresponding sample name, and the colour represents the magnitude of the correlation coefficient. (C) Principal component analysis (PCA) was performed using the quantitative results of gene expression to investigate the distribution of samples, and the samples in the same group in this experiment exhibited a more concentrated spatial distribution.





3.5 Differentially expressed genes during DENV-2 infection

Differentially expressed transcripts were screened based on the criteria of log2(fold change) ≥ | ± 1| and adj. p value < 0.05. We further screened the top significantly upregulated and significantly downregulated genes in the two groups with a heatmap (Figure 6A and Supplementary Table S5). In total, 2647 genes were significantly differentially expressed in the liver in dengue virus infection model mice: 1423 upregulated and 1224 downregulated genes (Figure 6B). The characteristics of the differentially expressed genes between the two samples were determined by volcano plots (Figure 6C).




Figure 6 | Identification of differentially expressed genes. (A) Heatmap of DEGs. Unsupervised hierarchical clustering of differentially expressed genes. Samples from the two independent groups were assigned to the same cluster through cluster analysis. (B) Statistical bar graph of differentially expressed genes. (C) Volcano plot of all genes in the samples from the two groups. The red dots correspond to upregulated genes, the green dots correspond to downregulated genes, and the grey dots correspond to genes without statistically significant differences in expression. ns, not significant.





3.6 Functional annotation of transcriptional changes

We then performed GO and KEGG enrichment analyses of these significantly upregulated DEGs to compare the host inflammatory and immune responses in the liver. In the “Biological Process” category of gene ontology, differential expression of genes involved in the inflammatory response, intracellular signal transduction, cell migration, immune system process and defence response was found compared to that in control mouse livers (Figure 7A and Supplementary Table S6). However, genes involved in leukocyte transendothelial migration, complement and coagulation cascades, the p53 signalling pathway, cytokine–cytokine receptor interactions, the MAPK signalling pathway, the TNF signalling pathway, and ferroptosis were activated post DENV infection (Figure 7B and Supplementary Table S7). Taken together, these data showed that DENV infection elicited a broad range of gene expression changes, some of which tracked closely with viral replication and others that may be involved in the host inflammatory and immune responses (Figure 8 and Supplementary Table S8).




Figure 7 | Functional Annotation of Transcriptional Changes. (A) GO enrichment analysis was performed on the DEGs to describe their functions. (B) KEGG enrichment analysis. The number of DEGs included in each GO or KEGG term was determined, and the significance of DEG enrichment in each term was calculated using the hypergeometric distribution. A lower enrichment P value indicates greater statistical significance.






Figure 8 | KEGG pathway annotation. Classification statistics of each KEGG pathway with aspects such as metabolism, genetic information processing, environmental information processing, cellular processes, organismal systems, and human diseases.





3.7 Identification of hub genes in the livers of DENV-infected mice

We screened the DisGeNET database to identify 1267 genes associated with severe dengue (Supplementary Table S9 and Table S10). The genes were used for PPI analysis in the STRING database, and the CytoHubba plugin in Cytoscape software was used for network topology analysis and visualization (Figure 9A and Supplementary Table S11). We then performed tissue enrichment analysis (Supplementary Table S12). The Venn diagrams showed 25 shared DEGs between control group mice and mice with dengue virus infection (Figures 9B, C). Among those hub genes, ICAM1, IL10, IL6, and VCAM1 had higher degree connectivity values (Figure 10).




Figure 9 | Identification of hub genes in the liver in DENV-infected mice. (A) Network topology analysis and protein–protein interaction (PPI) network of the top 100 differentially expressed genes between dengue virus-infected mice and control group mice. (B) Venn diagram. (C) PPI network of the 25 shared genes.






Figure 10 | Statistical bar graph of hub genes. The results were obtained from two independent experiments groups. Comparisons between two groups were performed using an unpaired t test. Each dot represents one mouse, and the data are expressed as the mean ± SEM values for groups of five mice. ns, not significant; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001, ****P ≤ 0.0001.






4. Discussion

The current study utilized the IFNAR–/– C57BL/6 mouse model of DENV infection to identify the liver transcriptomic features of the host response in mice with dengue virus infection by RNA-Seq. The results of the experimental study showed that on the fourth to fifth day after the DENV challenge, mice exhibited varying degrees of macroscopically visible clinical signs, including reduced activity and reduced weight gain. The disease condition gradually worsened and continued until the eighth day. We excised liver tissue from DENV-infected mice for pathological observation and found pathological changes, such as inflammatory cell infiltration and oedema in the liver. The whole blood analysis is consistent with observations in humans with dengue disease, both mild and severe, which show similar alterations in haematological features (34). DENV-infected mice experienced a substantial reduction in the white blood cell count and a significant increase in haematocrit in just a few days after DENV infection, which is direct evidence of haemoconcentration (35). By measuring the viral load in the blood of dengue virus-infected mice at 3 different time points, we found that the mice developed a high viremia from 3 dpi to 5 dpi, and there were still two mice experienced a high viral load at 8 dpi, indicating that the mice had experienced a period of dengue virus infection.

Based on transcriptomic analysis, this study also identified some differences in gene expression and biological processes. In particular, the primary host pathways disrupted by DENV2 infection were leukocyte transendothelial migration (TEM), complement and coagulation cascades, cytokine-cytokine receptor interactions, and viral protein interaction with cytokine and cytokine receptors. In addition, intracellular signalling and immune system processes dominated the host response to DENV2 infection. KEGG signalling pathway analysis revealed that MAPK, TNF, FoxO, and ferroptosis are thought to be closely associated with the pathogenesis of dengue. These key pathways may be involved in the progression of DENV infection and partially explain the liver dysfunction seen in dengue patients. Cytokine storm has almost become one of the main accepted mechanisms of severe dengue (36). Programmed cell death may limit pathogen replication in infected cells while at the same time promoting inflammatory and innate responses that generate long-term effective host immunity (37). The complement system is a significant component of the innate immune response (38), and is a double-edged sword that can act as the first line of defence against DENV infection, however, if over-activated, it can also enhance the severity of the disease (39). This finding was corroborated by the complement protein depletion, low C3 levels and serum FH levels observed in patients in the acute phase of DHF (40). Transcriptome analysis in liver tissue showed that DENV infection induces a broad range of host gene responses that characterize the control of viral infection. Most of the important DEGs found in liver samples from individual DENV-infected mouse were associated with inflammatory and defensive responses.

These changes in the liver injury of DENV-infected mice which had been found by RNA-Seq in our study were closely related to patients with acute dengue. Our data indicate that leukocyte transendothelial migration played an important role in the challenge of DENV infection which has few been reported in the previous relevant studies. Leukocyte transmigration was an important process in the inflammatory response, damage or pathogen-associated molecular patterns could induce the release of pro-inflammatory stimulus, which promotes the endothelium to an inflammatory state, and drives the TEM of leukocytes. Although relevant studies were limited, it could be indicated that leukocyte migration would be triggered and driven by DENV infection, based on the mechanism by which it occurred. These responses to DENV infection assisted in infection resolution and played critical roles in protecting against reinfection. However, they might enhance the disease severity, including giving rise to cytokine storm, complement overactivation, coagulation abnormalities, and vascular permeability increase (41).

Among the hub genes, IL10, SOCS3, IL1RN, IL6, VCAM1, IL1R1, CCL4, GATA3, LBP, ICAM1 and PF4 were principally related to cytokine-mediated signalling pathways. IL6, VCAM1 and ICAM1 act as markers of endothelial activation and are involved in the local acute inflammatory response (42). Increased expression of ICAM-1 and VCAM-1 is an in-situ indicator of increased vascular endothelial permeability and a subsequent influx of cells that promote endothelial inflammation (43). Previous data from our laboratory showed that the DENV M protein can induce vascular leakage in mouse liver tissue through activation of the NLRP3 inflammasome and IL-1β (23). We identified NLRP3 as a characteristic differentially expressed gene in the current PPI analysis. We suggest that interfering with NLRP3 inflammasome activation may be a feasible strategy to treat DENV-induced endothelial dysfunction (44). IL-6 directly affects endothelial cell permeability by inducing leukocyte recruitment, local inflammation and damage to endothelial cells, causing them to produce several different types of cytokines and chemokines and activating the coagulation cascade (45). Elevated plasma IL-10 can potentially predict the severity of disease in patients with DENV infection to some extent (46–48). Previous studies shown that abnormal inflammasome and monocyte activation play a pathogenic role in the development of dengue, supported by evidence based on clinical samples in which IL-18, LBP and sCD14 are elevated in patients with severe dengue (49). A study of virus-inclusive scRNA-Seq revealed that CD163 was expressed in monocytes only in subjects who subsequently developed severe dengue (50).

These results suggest that microvascular and endothelial dysfunction is associated with dengue virus infection both in mice and patients. We suggest that the inflammatory and host response caused by DENV infection could activate the vascular endothelium, altering permeability and providing a favorable condition for vascular leakage, inducing the occurrence of severe dengue patients. These findings were consistent with the observation in vitro experiments, the disorganization of the actin cytoskeleton in DENV-infected cells, reduction of vascular endothelial calcium mucin and platelet endothelial cell adhesion molecule-1 (51). And these changes were associated with the clinical manifestations of petechiae, haemorrhage, decreased blood pressure and hemorrhagic shock in patients with severe dengue; and corresponding with the test results of leucopenia and reduced plasma fluid, was linked to the autopsy pathological findings of perivascular edema and loss of endothelial junctional integrity (52).

Limitations: No extensive haemorrhagic necrosis of the liver parenchyma was observed in our study. Most of the histopathological changes reported are based on samples obtained from fatal cases (autopsy stage) which has led to histopathological changes observed in animal experiments that are inconsistent with human samples (8). Indeed, IFNAR-deficient mice are unlikely to reflect the immune response of immunocompetent mice, or to accurately mirror those in humans (53). IFNAR–/– mice provide however a valuable model for supporting the replication and proliferation of DENV, resulting in obvious viremia (54). The unpublished data in our lab suggested that the animal model reproduced a decrease in leukocytes, an increase in hematocrit, and a significant decrease in platelets. Lack of thrombocytopenia was probably due to the small sample size. The purpose of this study was to characterize the host’s early response through the liver transcriptome of the dengue virus infection in this mouse model (the 8th day after dengue virus infection). Therefore, this may be the most significant and most relevant stage of differentially expressed genes. We will report the liver function levels (AST/ALT), liver tissue pathology (histology) and transcriptomic signatures of changes at different times (day 1, day 3, day 5, day 7, etc.) in the future studies to analyze their correlation with differentially expressed genes and reveal the different perspectives on disease dynamics.



5. Conclusions

Our findings revealed that DENV invasion in mice leads to significant differential expression of a large number of genes in multiple signalling pathways in the host (especially the leukocyte transendothelial migration, complement and coagulation cascades, cytokine-cytokine receptor interactions, and viral protein interaction with cytokine and cytokine receptors). Most of these differentially expressed genes (IL10, SOCS3, IL1RN, IL6, VCAM1, IL1R1, CCL4, GATA3, LBP, ICAM1 and PF4) are associated with the host viral defence as well as the repair of tissue damage and, in particular, can lead to endothelial dysfunction and increased vascular permeability in liver tissue, further causing the development of vascular leakage.
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Tissue-resident memory T cells (TRM) are suspected drivers of chronic inflammation, but their induction remains unclear. Since endothelial cells (EC) are obligate interaction partners for T cells trafficking into inflamed tissues, they may play a role in TRM development. Here, we used an in vitro co-culture system of human cytokine-activated EC and FACS-sorted T cells to study the effect of EC on T(RM) cell differentiation. T cell phenotypes were assessed by flow cytometry, including proliferation measured by CellTrace Violet dilution assay. Soluble mediators were analyzed by multiplex immunoassay. Co-culture of T cells with cytokine-activated, but not resting EC induced CD69 expression without activation (CD25, Ki67) or proliferation. The dynamic of CD69 expression induced by EC was distinct from that induced by TCR triggering, with rapid induction and stable expression over 7 days. CD69 induction by activated EC was higher in memory than naive T cells, and most pronounced in CD8+ effector memory T cells. Early CD69 induction was mostly mediated by IL-15, whereas later effects were also mediated by interactions with ICAM-1 and/or VCAM-1. CD69+ T cells displayed a phenotype associated with tissue-residency, with increased CD49a, CD103, CXCR6, PD-1 and CD57 expression, and decreased CD62L and S1PR1. EC-induced CD69+ T cells were poised for high production of pro-inflammatory cytokines and showed increased expression of T-helper 1 transcription factor T-bet. Our findings demonstrate that activated EC can induce functional specialization in T cells with sustained CD69 expression, increased cytokine response and a phenotypic profile reminiscent of TRM. Interaction with activated EC during transmigration into (inflamed) tissues thus contributes to TRM-residency priming.




Keywords: tissue-resident memory T cells, CD69, endothelial cell, inflammation, T cell differentiation



Introduction

Endothelial cells (EC) play a crucial role in the homeostasis of immune responses. During tissue inflammation, EC become actively engaged in response to pro-inflammatory cytokines, as is observed in a variety of inflammatory conditions such as acute graft-versus-host disease (aGvHD) and immune-mediated inflammatory diseases, including (juvenile) dermatomyositis, systemic lupus erythematosus, and scleroderma/systemic sclerosis (1–8). Especially the T cell-derived cytokines IFNγ and TNFα are important cues for EC, as they can induce the expression of costimulatory molecules and adhesion molecules (VCAM-1, ICAM-1) on EC and increase the secretion of chemo-attractants (1, 9, 10). With these, activated EC recruit leukocytes, including T cells, to inflamed tissue sites and facilitate their transmigration into tissues. This process is crucial to the surveillance and effector functions of the immune system, such as eradication of invading pathogens, but also contributes to the immunopathogenesis of inflammatory, auto- and allo-immune disorders (1, 11–13).

Transmigration of immune cells across the endothelium is a complex and slow process, which is regulated at different stages. Following priming in the lymph nodes, antigen-experienced T cells are recruited to sites of inflammation by chemo-attractants released by activated EC and tissue cells. T cells are captured from the circulation by interactions between integrins expressed by T cells, and both selectins and integrins like ICAM-1, VCAM-1 on EC. Subsequently, T cells adhere to EC and migrate through the endothelial layer into the tissue (10, 14, 15). Since the process of transmigration involves prolonged, close interaction between T cells and EC, this process might induce functional changes in transiting T cells that prepare them for the tissue environment. However, the exact changes induced by non-cognate interactions between EC and T cells are still elusive.

T cells can either transiently pass through tissues to perform their effector function and subsequently re-enter circulation, or become resident and stay in tissues for prolonged periods. These so-called tissue-resident memory T cells (TRM) play a role in tissue homeostasis, but have also gained interest because of their relevance in chronic inflammation, vaccine development, and transplantation settings (16–21). TRM are characterized by high and sustained expression of CD69, which prevents tissue egress by sequestering sphingosine-1-phosphate receptor 1 (S1PR1) from the cellular surface (22, 23). In activated T cells, short-term expression of CD69 is suggested to temporarily limit egress from lymph nodes, while constitutive expression, as found in TRM, enables long-term tissue-residency (24). Also in immune-mediated inflammatory diseases, tissue-infiltrating T cells show increased expression of CD69 and have been implicated in disease chronicity (18, 25–27). TRM are characterized by an ‘activated yet resting state’, are poised to rapidly respond to pathogens by secretion of cytokines like IFNγ, and have a decreased turnover rate compared to circulating memory cells (22, 25, 28). Furthermore, CD49a, CD103, CXCR6, CD57 and PD-1 were described as core markers for TRM, as their expression patterns best discriminate between CD69+ and CD69- cells in different tissues (22, 29). Despite the efforts made to elucidate human TRM phenotype and function, key events in the induction of the TRM program are still poorly understood. Also the potential role of EC in the activation of T cells migrating to inflamed tissue sites is still under discussion (10).

We hypothesized that transmigration through activated endothelium into inflamed tissues may prime T cells for tissue-residency and initialize the functional specialization towards TRM. We used an in vitro co-culture system of human cytokine-activated EC and highly purified T cell populations to investigate the effect of EC on T cell activation and phenotype and elucidate the involved mechanisms. To mimic the microvascular EC activation involved in immune-mediated inflammatory diseases, we used a microvascular EC line.



Materials and methods


Endothelial cell culture

The human dermal microvascular EC line HMEC-1 (HMEC, ATCC) was cultured in MCDB-131 medium (Life Technologies) with 10 mM L-glutamine (Gibco), 10 ng/ml epidermal growth factor (EGF) (Invitrogen), 1 μg/ml hydrocortisone (Sigma), 1% Penicillin Streptomycin (p/s, Gibco) and 10% fetal calf serum (FCS) (Biowest). Human umbilical vein EC (HUVEC) were cultured in EGM-2 medium (Lonza) containing hEGF, hydrocortisone, GA-1000 (gentamycin, amphotericin-B), VEGF, hFGF-B, R3-IGF-1, ascorbic acid, heparin and 10% FCS. Medium was refreshed every 3-4 days and cells were suspended at confluence, using 0.05% Trypsin (Gibco). For phenotyping, 250.000 EC were stimulated with 10 ng/ml TNFα (Miltenyi) and/or 10 ng/ml IFNγ (eBioscience) for three days. EC were detached using 0.25 mL trypsin 0.5% EDTA (Life Technologies) and stained with surface antibodies for flow cytometric analysis.



Lymphocyte isolation

Fresh peripheral blood was obtained from healthy adult volunteers, after informed consent, as approved by the Medical Ethical Committee of the University Medical Center Utrecht. Peripheral Blood Mononuclear Cells (PBMCs) were isolated by Ficoll-Paque™ PLUS (GE Healthcare) density centrifugation. PBMCs were frozen at -80°C until further use. CD3+ bulk T cells, CD3+ memory (CD3+CD45RO+CD45RA-) or naive (CD3+CD45RO-CD45RA+) T cells, CD8+ memory subsets (CD3+CD8+CD45RA+/-CCR7+/-(CD27+/-)) and HLA-DR+CD14-CD11c+ conventional dendritic cells (cDc) were obtained by fluorescence-activated cell sorting (FACS) using a FACSAria™ III cell sorter. The four CD8+ memory T cell subsets were defined as central memory (CM, CD45RA-CCR7+), terminally differentiated CD45RA+ effector memory (TEMRA, CD45RA+CCR7-) and two subsets of effector memory (EM, CD27+ and CD27-, both CD45RA-CCR7-). For proliferation assays, T cells were labeled with 2 μM Celltrace Violet (CTV, Life Technologies) and proliferation was assessed by flow cytometric CTV dilution assay.



Endothelial cell-T cell co-culture

EC were plated in culture medium (RPMI 1640 with L-glutamine, p/s, and 10% FCS) in round-bottom 96-well plates (12.500 cells/well) overnight and stimulated with 10 ng/ml TNFα and/or 10 ng/ml IFNγ for three days. Afterwards, TNFα and IFNγ were removed and 50.000 FACS-sorted T cells were added per well, either with or without blocking antibodies. In control conditions, T cells were cultured in the absence of EC, in the presence of resting EC, or in the presence of 1 μg/mL soluble anti-CD3 or anti-CD3/CD28 human T-activator Dynabeads™ (1:50, Gibco) and/or 10.000 cDCs as indicated in the figure legends. Samples were incubated for up to 7 days and protein expression levels were analyzed using flow cytometry. Monoclonal antibodies blocking interleukin (IL)-15, transforming growth factor β (TGF-β), ICAM-1, or VCAM-1 were added to the co-culture in different concentrations (details in Supplementary Table 1). MHC-I interactions were blocked with an antibody against HLA-ABC (W6/32, 35 μg/mL, Bioceros). To assess the effects of EC cultured medium on T cells, supernatant of cultured EC was transferred to T cells and diluted 1:1 with culture medium. Protein levels of IL-15, TGF-β, soluble ICAM-1 and soluble VCAM-1 were analyzed in undiluted EC supernatants by multiplex immunoassay, as described previously (30). To further compare the effects of soluble factors with direct cell-cell contact, a transwell co-culture assay was performed with 24-well Transwell® cell culture chambers with a Polycarbonate Membrane with 0.4 μm pores (Corning). EC were either grown in the lower wells (75.000 cells/well) overnight (soluble factors only) or in both the lower wells (62.500 cells/well) and the upper wells (12.500 cell/well) (direct cell-cell contact and soluble factors). EC were then stimulated with TNFα and IFNγ as described above. After three days, FACS-sorted CD3+ memory T cells were added to the upper wells (50.000 cells/well), either with or without blocking antibodies, after removal of TNFα and IFNγ. Samples were incubated up to 7 days after which CD69 expression levels of the T cells were analyzed using flow cytometry.



Flow cytometry

Viability of all cells was assessed with fixable viability dye eFluor505 (eBioscience™), by 30-minute staining at 4°C in PBS. Surface staining was performed in PBS (Sigma) with 2% FCS, 2% normal mouse serum (Fitzgerald) and either 0,1% NaN3 (Severn Biotech Ltd.) or 2 mM EDTA, for 20 minutes at 4°C (antibodies in Supplementary Table 2). For intracellular and intranuclear staining, cells were fixated and permeabilized with 1:3 Fixation/Permeabilization concentrate and Fixation/Permeabilization diluent (Invitrogen) for 30 minutes at 4°C. Intracellular staining was performed in permeabilization buffer (Invitrogen), at 4°C and for 25 minutes. Expression of cytokines was measured after four hours of restimulation with 20 ng/ml Phorbol 12-myristate 13-acelate (PMA, Sigma) and 1 μg/ml ionomycin (Sigma) in RPMI 1640 with 10% AB serum (Sanquin) in the presence of 1:1500 diluted GolgiStop (BD bioscience). Cells were subsequently rested for 90 minutes at 37°C. For optimal measurement of CD69 in PMA/ionomycin stimulated samples, CD69, CD3, CD4 and CD8 were stained prior to stimulation. Samples were measured on a BD FACSCanto™ II machine.



Statistical analysis

Data were analyzed with FlowJo™ V10 software (FlowJo, LLC). GraphPad Prism 7.02 (GraphPad Software Inc) was used for statistical analysis and graphic display of the results. For comparisons between two groups, a non-parametric T-test (Mann-Whitney U test) was used. For comparisons between more than two groups, a non-parametric ANOVA (Kruskal-Wallis test with Dunn’s post-hoc test) was used. For multi-level analyses (e.g. expression over time), a 2-Way-ANOVA with Sidak post-hoc test was used.




Results


Activated EC induce T cell CD69 expression, but not proliferation

To study the effect of the activation state of EC on T cell function, HMEC were stimulated with IFNγ and/or TNFα for 3 days. HMEC stimulated with both cytokines expressed high levels of adhesion molecules ICAM-1 and VCAM-1, HLA-DR, HLA-ABC and CD40, but negligible levels of CD80 and CD86 (Supplementary Figure 1). Total CD3+ T cells co-incubated with stimulated, but not resting HMEC, showed significantly increased expression of early activation marker CD69 compared to unstimulated T cells (Figures 1A, B). Additional activation of T cells by T cell receptor (TCR) stimulation with soluble anti-CD3 did not further increase CD69 expression. The combination of the cytokines TNFα and IFNγ in the absence of HMEC did not induce CD69 expression in T cells, indicating that the effect was mediated by HMEC. Although co-incubation with activated HMEC induced CD69 expression, which is usually associated with subsequent T cell proliferation (31, 32), this was not observed (Figure 1C). A control condition with T cells co-incubated with conventional dendritic cells (cDC) showed that the proliferative capacity of these T cells was intact. Expression of two other markers associated with T cell proliferation, Ki67 and CD25 (32), was also low in the condition with activated EC (Figure 1D). This indicates that activated HMEC induce CD69 expression in T cells, without inducing proliferation or conventional activation. In all follow-up experiments, T cells in co-culture with EC were not stimulated with anti-CD3.




Figure 1 | Activated EC induce CD69 expression in T cells, without proliferation or activation. HMEC were left unstimulated or stimulated with TNFα and IFNγ for 3 days before addition of FACS-sorted CD3+ T cells to the co-culture, in the presence or absence of soluble anti-CD3 stimulation. Conventional dendritic cells (cDC) were added as a positive control to induce T cell proliferation. CD69 expression was analyzed by flow cytometry after 4 days of co-culture. (A) Representative flow cytometry plot, (B) percentage of positive cells and median fluorescent intensity (MFI). Kruskal-Wallis with Dunn’s post-hoc test compared to unstimulated, c.q. only anti-CD3 stimulated T cells. *p < 0.05. (C) Proliferation was assessed by CellTrace Violet (CTV) dilution assay. Kruskal-Wallis with Dunn’s post-hoc test. (D) Expression of CD25 and Ki67 after 4 days of co-culture with unstimulated T cells, resting/activated HMEC or anti-CD3/CD28 beads. N = 3, mean+SEM. Kruskal-Wallis with Dunn’s post-hoc test. *p < 0.05, **p < 0.01.





Activated EC induce a T cell CD69 expression dynamic distinct from conventional TCR stimulation

To investigate the dynamics of this unusual proliferation-independent CD69 expression induced by EC, we assessed its expression over time in CD4+ and CD8+ T cells. As a control for conventional TCR stimulation-induced CD69 expression, T cells were stimulated with anti-CD3/anti-CD28 beads. HMEC-induced CD69 expression was rapid, showing an increase already after 2.5 hours, which peaked at 18 hours and maintained a marginally lower, but rather stable expression up to 7 days (162 hours) of co-culture (Figures 2A, B). Bead-induced CD69 expression showed a slower increase, with a peak at 18-42 hours and a sharp decline afterwards. This indicates that activated HMEC can induce rapid and sustained CD69 expression in T cells, a dynamic distinct from CD69 expression induced by TCR stimulation (33). Whereas the expression pattern of CD69 was similar in CD4+ and CD8+ T cells, the peak fluorescent intensity of CD69 induced by HMEC was higher in CD8+ T cells (Figure 2C). Remarkably, in CD8+ T cells HMEC induced an even higher fluorescent intensity of CD69 than beads. Again, in contrast to bead-stimulated T cells, HMEC-stimulated T cells did not proliferate (Figure 2D). To assess whether the capability to induce CD69 was specific to human microvascular EC or would be a general feature of EC, we repeated these experiments with HUVEC. The dynamic of CD69 expression induced by HMEC and HUVEC was essentially identical, indicating that this is a global endothelial effect (Supplementary Figure 2). Taken together, activated EC induce sustained CD69 expression (without proliferation) in T cells, with a dynamic distinct from CD69 expression induced by TCR stimulation.




Figure 2 | Activated EC induce a distinct dynamic of CD69 expression on T cells. HMEC were left unstimulated (resting) or stimulated with 10 ng/mL TNFα and IFNγ for 3 days (activated) before addition of FACS-sorted CD3+ T cells to the co-culture. CD69 expression and proliferation were assessed at various time points of the co-culture. As a positive control, T cells were cultured with anti-CD3/CD28 beads. (A) Representative flow cytometry plots of CD69 expression in CD4+ and CD8+ T cells over time. (B) Percentage of CD69+ cells within CD4+ and CD8+ T cells. (C) Median fluorescent intensity (MFI) of CD69 expression on T cells. (D) Percentage of proliferated T cells assessed by CellTrace Violet dilution assay. N = 3, mean+SEM. 2-Way-ANOVA with Sidak post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





EC-induced CD69 expression is most pronounced in effector memory CD8+ T cells

To assess which T cell subsets were most responsive to induction of CD69 expression, FACS-sorted naive (CD45RA+CD45RO-) and memory (CD45RA-CD45RO+) CD3+ T cells were separately co-cultured with HMEC. Both CD4+ and CD8+ memory T cells showed higher CD69 expression than their naive counterparts, especially after a longer culture period, and CD8+ memory T cells in particular had the highest and most stable expression of CD69 over time (Figure 3A). To identify which subpopulation(s) of CD8+ memory T cells were responsive to CD69 induction, we sorted 4 different subsets of CD8+ T cells: central memory (CM, CD45RA-CCR7+), terminally differentiated CD45RA+ effector memory (TEMRA, CD45RA+CCR7-) and two subsets of effector memory (EM, CD27+ and CD27-, both CD45RA-CCR7-) CD8+ T cells. After co-culture with activated HMEC, the two effector memory subsets, and especially the CD27- subset which is associated with increased effector function (34), showed a trend of the highest and most stable CD69 expression (Figure 3B). These results indicate that CD8+ effector memory T cells are most responsive to induction and maintenance of CD69 expression by activated EC.




Figure 3 | EC-induced CD69 expression is most pronounced in effector memory CD8+ T cells. HMEC were stimulated with 10 ng/mL TNFα and IFNγ for 3 days before addition of FACS-sorted naive CD3+ or memory CD3+ T cells to the co-culture. CD69 expression was assessed at various time points of the co-culture by flow cytometry. (A) Percentage of CD69+ cells (left panel) and median fluorescent intensity (MFI) of CD69 (right panel) on naive and memory CD4+ and CD8+ T cells. N = 4, mean+SEM. 2-Way-ANOVA with Sidak post-hoc test. */#P < 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001. (B) Percentage of CD69+ cells (left panel) and median fluorescent intensity (MFI) of CD69 expression (right panel) on sorted CD8+ memory T cell subsets after co-culture with activated HMEC. TEMRA, terminally differentiated CD45RA+ effector memory T cells (CD45RA+CCR7-); CM, central memory T cells (CD45RA-CCR7+); EM, effector memory T cells (CD45RA-CCR7-). N = 6, mean+SEM. 2-Way-ANOVA with Sidak post-hoc test.





EC-induced CD69 expression is partly mediated by synergistic action of IL-15, ICAM-1 and VCAM-1

To elucidate the mechanism behind EC-mediated induction of CD69, we separated effects mediated by cell-contact and soluble factors by culturing T cells in the direct presence of HMEC or their cultured medium. HMEC culture supernatants induced a rapid, but lower CD69 expression on CD8+ T cells than direct co-culture with HMEC (Figure 4A). Supernatant-induced CD69 expression was also less stable, possibly due to consumption of soluble factors. We therefore validated the contribution of soluble factors to CD69 expression in a transwell co-culture system (Figure 4B). Although HMEC-derived soluble factors induced a substantial CD69 expression in the transwell co-culture, CD69 expression induced by direct contact was significantly higher. This indicated that soluble factors contributed to, but were not solely responsible for CD69 induction, thereby attributing an important role to direct cell-contact.




Figure 4 | EC-induced CD69 expression on memory CD8+ T cells is partly mediated by synergistic action of IL-15, ICAM-1 and VCAM-1. (A+B+C) HMEC were left unstimulated (resting) or stimulated with 10 ng/mL TNFα and/or IFNγ for 3 days (activated) before addition of FACS-sorted memory CD3+ T cells to the co-culture or HMEC cultured medium. CD69 expression and proliferation were assessed at various time points of the co-culture. (A) Percentage of CD69+ cells (left panel) and median fluorescent intensity (MFI) of CD69 (right panel) within CD8+ T cells after co-culture with TNFα and IFNγ-stimulated HMEC, resting HMEC, their cultured medium (sup), or TNFα and IFNγ alone (cyt only). N=3, mean+SEM. 2-Way-ANOVA with Sidak post-hoc test. */#/0P < 0.05, **/##/00P < 0.01, ***/###/000P < 0.001,****/####/0000P < 0.0001. (B) Percentage of CD69+ cells (left panel) and median fluorescent intensity (MFI) of CD69 (right panel) within CD8+ T cells after culture with activated HMEC cultured medium (sup), transwell co-culture or direct co-culture with activated HMEC. N = 5, median. 2-Way ANOVA with Sidak’s multiple comparison test; *p < 0.05, ns = not significant. (C) Percentage of CD69+ cells (left panel) and median fluorescent intensity (MFI) of CD69 (right panel) within CD8+ T cells after co-culture with TNFα- and/or IFNγ-stimulated HMEC or their cultured medium (sup). N = 3, mean+SEM. 2-Way-ANOVA with Sidak post-hoc test. */#/0P < 0.05, **/##/00P < 0.01, ***/###/000P < 0.001,****/####/0000P < 0.0001. (D+E) Levels of soluble ICAM-1 and VCAM-1 (D) and IL-15 and TGF-β (E) measured in cultured medium of resting or TNFα- and/or IFNγ-stimulated HMEC after 3 days, by multiplex immunoassay. N = 3, mean+SEM. Kruskal-Wallis with Dunn’s post-hoc test versus resting EC. *P < 0.05, **P < 0.01. (F+G) Co-culture of TNFα and IFNγ-stimulated HMEC with FACS-sorted memory CD3+ T cells in the presence of (increasing concentrations) of monoclonal antibodies blocking IL-15, TGF-β, ICAM-1 and/or VCAM. (F) The percentage of CD69+ cells was measured by flow cytometry after 18 hours and normalized to the percentage of CD69+ cells in the condition with isotype control (set to 100). N = 3, median. Kruskal-Wallis with Dunn’s post-hoc test versus isotype. (G) The percentage of CD69+ cells was measured by flow cytometry after 18 and 90 hours and normalized to the condition with isotype control (set to 100). N = 4, median. 2-Way-ANOVA with Sidak post-hoc test versus isotype. *P < 0.05, **P < 0.01. (H) Transwell and direct co-culture of TNFα and IFNγ-stimulated HMEC with FACS-sorted memory CD3+ T cells in the presence of monoclonal antibodies blocking IL-15, ICAM-1 and/or VCAM. Percentage of CD69+ cells within CD8+ T cells was measured by flow cytometry after 90 hours and normalized to the condition with isotype control (set to 100). N = 4, median. 2-Way-ANOVA with Sidak post-hoc test versus isotype. (I) Co-culture of TNFα and IFNγ-stimulated HMEC with FACS-sorted memory CD3+ T cells in the presence of 35 μg/mL monoclonal antibody blocking HLA-ABC or isotype control. The percentage of CD69+ cells and median fluorescent intensity (MFI) of CD69 was measured by flow cytometry after 18 and 90 hours. N = 4. Dotted lines indicate paired measurements. 2-Way-ANOVA with Sidak post-hoc test versus isotype. *P < 0.05, ***P < 0.001.



HMEC showed differential upregulation of adhesion and costimulatory molecules in response to stimulation with IFNγ and TNFα (Supplementary Figure 1). To identify candidate molecules which could mediate CD69 induction by cell-contact or in solution, we analyzed the differential effect of IFNγ- and/or TNFα-stimulated HMEC on CD69 expression by T cells. Both direct co-culture and supernatant of TNFα-stimulated HMEC induced higher levels of CD69 than IFNγ-stimulated HMEC (Figure 4C), indicating that molecules upregulated by HMEC upon TNFα stimulation contributed most to CD69 induction. HMEC stimulated with both cytokines effected only slightly more CD69 expression than HMEC stimulated with only TNFα, which suggested that the IFNγ-mediated effect was small. Expression of ICAM-1 and VCAM-1 on HMEC was most dependent on TNFα stimulation, thereby mirroring the identified pattern of CD69 induction, which rendered them plausible candidate molecules. Soluble levels of ICAM-1 and VCAM-1 as measured in culture supernatants of activated HMEC were also induced by TNFα stimulation (Figure 4D).

Two soluble factors, IL-15 and TGF-β, have been previously shown to increase CD69 expression on T cells (35–37). In culture supernatant of activated HMEC IL-15 production was similarly induced by IFNγ and TNFα stimulation, whereas TGF-β appeared to be constitutively produced and downregulated by IFNγ stimulation (Figure 4E). Although these patterns did not match the preferential pattern of CD69 induction by TNFα-stimulated HMEC, we empirically blocked their actions in memory T cell-HMEC co-cultures, as well as that of ICAM-1 and VCAM-1. Expression of their respective receptors on T cells is shown in Supplementary Figure 3A. Respective blockade of IL-15, ICAM-1 and VCAM-1 resulted in a dose-dependent trend of reduction of CD69 expression, indicating that these factors are likely involved in HMEC-mediated CD69 induction (Figure 4F). Blockade of IL-15 reduced CD69 induction on T cells by up to 40-45% in the early phase of culture (Figures 4F, G). Blockade of ICAM-1 also caused a small reduction in CD69 expression, whereas blockade of TGF-β and VCAM-1 had no effect. Combined blockade of IL-15 and TGF-β contributed most to early suppression of CD69 expression on T cells (Figure 4G). After 4 days of co-culture, IL-15 blockade also reduced CD69 induction up to 40%, but blockade of TGF-β rather increased than decreased CD69 expression. Combined blockade of these two cytokines significantly reduced CD69 expression with an effect size similar to blockade of IL-15 alone. Blockade of ICAM-1 or VCAM-1 alone caused a non-significant reduction in CD69 expression. However, combined blockade of ICAM-1 and VCAM-1 showed a synergistic effect after 4 days of co-culture, reducing CD69 expression by up to 50%. The combined blockade of all 4 molecules caused a further reduction of CD69 expression to up to 65% on day 4. This indicates that likely a multitude of signals provided by activated EC induces CD69 expression in T cells, and that it is partly mediated by the synergistic action of IL-15, ICAM-1 and VCAM-1. To elucidate whether the soluble or membrane-bound forms of these molecules contributed most to CD69 induction, we compared blockade of IL-15, ICAM-1 and/or VCAM-1 in a transwell setting with direct co-cultures. The effect of IL-15 blockade was similar in both settings, and, although we did not observe significant differences, the effect of ICAM-1 blockade appeared larger in the direct co-culture (Figure 4H). Blockade of all three molecules also had the largest impact in direct co-cultures. This indicates that both soluble IL-15 and cell-bound ICAM-1 appear to contribute to CD69 induction, whereas the role of (cell-bound or soluble) VCAM-1 is less evident. We observed similar effects in CD4+ T cells, suggesting that they respond to similar signals provided by EC (Supplementary Figures 3B–F). Lastly, to test whether MHC-I dependent allogeneic recognition of EC by T cells contributed to CD69 expression, we co-cultured T cells and HMEC in the presence of an MHC-I blocking antibody (Figure 4I). Blockade of MHC-I-TCR interactions did not reduce CD69 expression. This indicates that MHC-I-TCR interaction is not required for CD69 induction and that most observed effects are mediated by non-cognate interactions with EC. This was further supported by the superior effect of TNFα-stimulated HMEC over IFNγ-stimulated HMEC, even though IFNγ more potently induced MHC expression.



T cell – EC interaction as a priming signal for tissue-residency

To investigate whether proliferation-independent CD69 expression induced by interaction with activated EC may represent one of the first signs of T cells adopting a specialized program that primes them for prolonged residency in tissues, we analyzed the co-expression of TRM-associated markers with CD69. As previously shown, after 4 days of co-culture expression levels of activation markers CD25 and Ki67, but also ICOS and CTLA-4, were significantly lower in HMEC-stimulated than in bead-activated T cells and not increased compared to T cells cultured without HMEC (Figure 5A), again indicating that CD69 expression in these cells does not represent conventional activation. Memory/effector marker CD38 was marginally but not significantly higher in CD69+ than CD69- T cells cultured with activated HMEC, but lower than in bead-activated cells (Figure 5B). Expression levels of CD62L showed a trend of specific downregulation in CD69+ compared to CD69- cells, indicating specialization towards an effector phenotype.




Figure 5 | Expression of tissue-resident memory T cell associated markers in EC-stimulated T cells. (A–F) Co-culture of resting or TNFα and IFNγ-stimulated HMEC or anti-CD3/CD28 beads with FACS-sorted memory CD3+ T cells. Expression of activation markers (A) and effector/memory markers (B) was assessed by flow cytometry after 4 days of co-culture. Expression of markers associated with tissue-residency (C+D), cytokines (E) and transcription factors (F) was assessed by flow cytometry after 7 days of co-culture. Cytokine expression was measured intracellularly after restimulation. N = 5, boxplots with median. Cond, condition; T, T cells only (CD69-); ECr, resting EC (CD69-); ECa, activated EC (CD69- and CD69+); B, anti-CD3/CD28 beads (CD69- and CD69+). Kruskal-Wallis with Dunn’s post-hoc test. *P < 0.05, **P < 0.01,***P < 0.0001.



Markers associated with tissue-residency were assessed after 7 days of co-culture. S1PR1 was upregulated in CD69- cells in response to co-culture with HMEC, but downregulated in CD69+ cells, as also described for TRM (Figure 5C) (22, 23). Remarkably, the TRM-associated marker CD49a (ITGAM1) showed specific upregulation in CD69+ cells co-cultured with HMEC, but not beads, both in CD4+ and CD8+ T cells (Figure 5D). Other integrins CD49b and CD49d were not upregulated, indicating that EC specifically induce expression of integrin CD49a (Supplementary Figure 4). Expression of other TRM-related markers CD103 (ITGAE), CXCR6, CD57, CX3CR1 and PD-1 all showed a trend of higher expression in CD69+ compared to CD69- T cells co-cultured with HMEC, but lower than in T cells stimulated with beads.

Intracellular cytokine expression was assessed after 7 days of co-culture and re-stimulation. T cells co-cultured with activated HMEC were poised for production of pro-inflammatory cytokines TNFα and IFNγ (Figure 5E). We observed high expression of TNFα specifically in CD4+CD69+ cells co-cultured with HMEC, which was even higher than in bead-stimulated CD4+ T cells, and expressed in 80-100% of CD4+ cells. IFNγ expression was (non-significantly) higher in CD69+ than CD69- T cells, and comparable between HMEC-stimulated and bead-stimulated T cells. IL-17 expression was increased in CD69+ cells compared to CD69- CD4+ T cells, whereas IL-2 expression was induced by HMEC and beads irrespective of CD69 expression. Absence of granzyme B expression indicated that the high cytokine response of CD69+ T cells co-cultured with HMEC was likely not reflective of direct cytotoxicity towards HMEC. Increased expression of Th1-related transcription factor T-bet in 25-60% of CD4+CD69+ and 45-95% of CD8+CD69+ T cells was consistent with increased IFNγ-production in CD69+ cells (Figure 5F).

Taken together, CD69+ T cells induced by activated HMEC do not appear to be conventionally activated, but rather express TRM-associated markers at higher levels than their CD69- counterparts, and specialize into Th1-like effector memory T cells with an increased pro-inflammatory cytokine response upon stimulation.




Discussion

Although the TRM phenotype and function in human tissues have been extensively investigated, the process of TRM induction remains a major outstanding question in the field (22, 24, 25, 38). Here, we have demonstrated that activated EC can induce sustained CD69 expression on T cells in the absence of TCR stimulation, without inducing proliferation or activation. The dynamic of this sustained CD69 expression was clearly distinct from TCR-dependent T cell activation, and EC-mediated induction of CD69 expression was partly dependent on IL-15, VCAM-1 and ICAM-1. Moreover, EC-induced CD69+ T cells expressed multiple markers associated with tissue-residency in T cells and were poised for a pro-inflammatory cytokine response. Our observations are consistent with the described “activated yet resting” functional phenotype of TRM (28). Therefore, close interaction with EC during transmigration appears to be one of the first cues priming tissue-infiltrating T cells for tissue-residency.

Interaction with EC, and especially transmigration, can influence T cell function and even induce proliferation in the presence of TCR stimulation during co-culture (39–41). Only a few studies have demonstrated the induction of CD69 on T cells by activated EC without TCR triggering, but this was linked to activation and not to potential TRM programming at that time (35, 42, 43). In line with our results, these previous studies showed that CD69 expression was dependent on LFA-1/ICAM-1 interaction and enhanced in the presence of IL-15 (35, 43). IL-15 can induce CD69 expression and proliferation in naive and memory T cells, but was also shown to be a crucial factor for TRM development (29, 44, 45). Based on these previous results combined with our own data, including the downregulation of S1PR1 which limits egress from tissues, we would like to propose an alternative hypothesis in which interaction of effector memory T cells with activated EC primes T cells for tissue-residency. This is also in line with published data showing that EC-T cell interaction enhances T cell responsiveness to antigenic challenge and increases T cell motility, features required for and conducive to TRM fate (43). In addition, transmigration has been shown to increase T cell survival in an ICAM-1 dependent manner, which could partly prepare them for the longevity of TRM in tissues (46, 47).

As tissue environments provide specific cues regulating functional characteristics of immune cells, TRM may represent a plastic T cell population, and both CD4+ and CD8+ TRMs may have the ability to up- and downregulate described TRM markers depending on the microenvironmental cues present at their specific tissue site (24, 38, 48, 49). The context of the tissue environment may therefore support a two-step model for development of TRM: first, interaction with or transmigration through EC primes T cells for increased receptivity towards environmental signals and increased migratory capacity, inducing an “activated yet resting” state and CD69 upregulation preventing tissue egress. Second, microenvironmental signals from the tissue environment further shape, support and consolidate the specific TRM profile that is ‘required’ at a certain tissue site. This hypothesis for TRM development is consistent with a previously suggested model of T cell trafficking, which also emphasizes a role for EC shaping T cell function (50, 51).

In steady-state conditions, TRM provide rapid on-site immune protection against known infectious pathogens. However, aberrantly activated or autoreactive TRM can contribute to the pathogenesis of chronic inflammatory diseases (18). Indeed, pathogenic TRM have been implicated in the initiation and/or relapsing course of psoriasis, Crohn’s disease and rheumatoid arthritis (18, 52). In the context of allogeneic hematopoietic stem cell transplantation (HCT), cytotoxic tissue-infiltrating donor T cells have also been demonstrated to acquire TRM features during gastrointestinal aGvHD in animal models, driving tissue destruction (21, 53). Interestingly, transcriptional analysis of these actively infiltrating cells revealed a clinically relevant gene signature associated with adhesion, extravasation and migration (21), underlining the role of the endothelium as interaction partner. Our data are further supported by newly emerging, promising therapeutic strategies targeting endothelial activation to prevent complications post-HCT (54–56). Defibrotide, for instance, a drug currently approved for hepatic veno-occlusive disease after HCT, has been shown to protect EC from pro-inflammatory activation in in vitro HCT models, and reduced the risk and severity of aGVHD in a large pediatric prospective randomized trial (54–56).

In our in vitro experimental setting with allogeneic EC, we cannot rule out that direct allorecognition of EC by T cells may have accounted for some of the observed effects. However, direct allorecognition accounting for CD69 expression is unlikely, due to the lack of induction of CD25 expression, proliferation and the absence of effect of the MHC-I blockade, as also observed previously (10, 35, 39, 57). Since we studied the effects of EC on T cell phenotype and function only in an in vitro system, it would be important to further investigate the hypothesis concerning priming for tissue-residency in more detail, if possible in vivo, to also take into account the effect of a tissue-environment.

In conclusion, we have constructed an in vitro system using T cells and cytokine-activated EC, with which we recapitulated the peculiar phenotypical and functional characteristics of TRM. These included sustained expression of CD69 and markers of tissue residency, as well as an “activated yet resting” state poised for rapid cytokine production. These findings support our hypothesis that interaction with EC may be one of the first events priming transmigrating T cells for the specific functional requirements of tissue-residency.
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Endothelial cells (ECs) form a critical immune interface regulating both the activation and trafficking of alloreactive T cells. In the setting of solid organ transplantation, donor-derived ECs represent sites where alloreactive T cells encounter major and minor tissue-derived alloantigens. During this initial encounter, ECs may formatively modulate effector responses of these T cells through expression of inflammatory mediators. Direct allorecognition is a process whereby recipient T cells recognize alloantigen in the context of donor EC-derived HLA molecules. Direct alloresponses are strongly modulated by human ECs and are galvanized by EC-derived inflammatory mediators.

Complement are immune proteins that mark damaged or foreign surfaces for immune cell activation. Following labeling by natural IgM during ischemia reperfusion injury (IRI) or IgG during antibody-mediated rejection (ABMR), the complement cascade is terminally activated in the vicinity of donor-derived ECs to locally generate the solid-phase inflammatory mediator, the membrane attack complex (MAC). Via upregulation of leukocyte adhesion molecules, costimulatory molecules, and cytokine trans-presentation, MAC strengthen EC:T cell direct alloresponses and qualitatively shape the alloimmune T cell response. These processes together promote T cell-mediated inflammation during solid organ transplant rejection.

In this review we describe molecular pathways downstream of IgM- and IgG-mediated MAC assembly on ECs in the setting of IRI and ABMR of tissue allografts, respectively. We describe work demonstrating that MAC deposition on ECs generates ‘signaling endosomes’ that sequester and post-translationally enhance the stability of inflammatory signaling molecules to promote EC activation, a process potentiating EC-mediated direct allorecognition. Additionally, with consideration to first-in-human xenotransplantation procedures, we describe clinical therapeutics based on inhibition of the complement pathway. The complement cascade critically mediates EC activation and improved understanding of relevant effector pathways will uncover druggable targets to obviate dysregulated alloimmune T cell infiltration into tissue allografts.




Keywords: complement, endothelial cell, allorecognition, antibody-mediated rejection, transplant



Introduction

Human ECs comprise a barrier interface regulating activation and recruitment of lymphocytes. In the setting of solid organ transplantation, donor ECs represent sites for initial alloantigen encounter by recipient alloreactive T cells. Donor ECs in humans express both MHC class I and II molecules as well as sufficient costimulatory molecules to enable direct allorecognition. In direct allorecognition, alloimmune T cells recognize antigen in the context of EC-derived HLA molecules. Major alloantigens including class I and II HLA molecules mediate strong type 1 responses, and the strength and quality of these responses are modulated by inflammatory mediators expressed by cognate ECs.

Complement-derived mediators are well known to modulate the direct alloresponse. Complement are evolutionarily ancient immune proteins that allow host recognition of foreign surfaces like donor ECs. In solid organ transplantation, complement proteins become targeted for activation on donor ECs during perioperative ischemia reperfusion injury (IRI) and antibody-mediated rejection (ABMR). When activated on ECs, complement proteins undergo a series of proteolytic cleavages, resulting in the formation of heterodimeric protein complexes with novel enzymatic activities enabling formation of inflammatory mediators. Anaphylatoxins, C3a and C5a, as well as membrane attack complexes (MAC) are inflammatory mediators generated following complement activation. Complement-derived inflammatory mediators promote EC activation and enhance EC-mediated TCR : MHC interactions, costimulatory processes, and T cell recruitment. Improved understanding of the immune mechanisms surrounding complement-mediated EC activation in the setting of direct allorecognition will inform therapies to block EC:lymphocyte interactions and will improve outcomes for transplant recipients.

This review will principally focus on MAC and its attendant molecular mechanisms inducing EC activation to modulate direct allorecognition. We first review complement activation pathways forming MAC, modes of allorecognition, and mechanisms for resisting MAC-induced cell death. We then describe experimental methodologies for studying the biological effects of MAC and MAC-induced signaling pathways. We focus on recent work elucidating MAC-induced ‘signaling endosomes’ that sequester and enhance the stability of pro-inflammatory mediators to promote EC activation. In light of recent first-in-human xenotransplant procedures, we close with a description of therapies focused on complement inhibition and their clinical applications in solid organ transplantation.



The complement cascade

The complement system is an evolutionarily conserved system of effectors, split products, and regulatory proteins enabling host recognition of endogenously altered, damaged, or foreign surfaces (1). Following activation by donor ECs, the complement system generates inflammatory mediators, anaphylatoxins, and membrane attack complexes (MAC) that modulate direct allorecognition. We review the 3 established pathways for complement activation below (Figure 1).




Figure 1 | Three pathways of complement activation. The complement cascade may be activated by donor endothelial cells via 3 separable pathways, the classical (left), alternative (middle), and lectin (right) pathways, to mediate rejection of tissue allografts.



The complement system is comprised of ~30 soluble- and surface-bound proteins, 9 of which are complement effector proteins. Complement effector proteins, termed C1-C9, are principally produced by the liver and circulate as inactive zymogens. Initially identified as a heat-labile component of normal plasma, complement effectors were renamed C1 to C9 by the World Health Organization in 1968 to reflect the order by which these proteins become activated rather than the order whereby these proteins were discovered (2). Complement effectors, C1-C9, circulate as inactive zymogens and become activated on donor ECs during ischemia reperfusion injury (IRI) and antibody-mediated rejection (ABMR). During these conditions, surface-bound Abs including IgM or IgG bind to post-ischemic neo-antigens (3–5), MHC molecules (6, 7), or non-HLA alloantigens (8, 9) expressed on donor ECs. EC-bound Abs subsequently trigger activation of circulating complement effectors via the classical complement pathway.

The classical pathway involves successive formation of 4 heterodimeric complexes to generate complement-derived inflammatory mediators. The first complex, the C1 complex, contains the pattern recognition receptor, C1q, whose globular head binds to the Fc region of pentameric IgM and monomeric IgG (10, 11) during IRI and ABMR. In addition to Abs, C1q also binds a plethora of EC-derived molecules including various damage-associated molecular patterns (DAMPs, 12, 13), apoptotic cells (14, 15), and altered self-proteins (16–20). Upon ligand binding, C1q becomes complexed with the C1r and C1s proteases to form a C1q-binding tetramer, C1r2C1s2 (21–23). The activated C1 recognition complex subsequently promotes proteolytic cleavage of C4 and C2 whose split products form a second protein complex comprised of C4bC2a heterodimers. C4bC2a heterodimers are a C3 convertase that acquires the ability to proteolytically cleave C3. Cleavage of C3 by the C3 convertase generates the soluble inflammatory mediator, C3a, and a split product, C3b. C3b binds to the C3 convertase to form a third protein complex, C4bC2aC3b, which becomes a C5 convertase with the ability to cleave C5. The C5 convertase mediates cleavage of C5 to generate the potent anaphylatoxin, C5a, as well as the split product, C5b. C5b heterodimerizes with terminal complement proteins C6, C7, to form a ring-like substrate that interacts with the surface lipid bilayer of target cells like donor ECs (24). C5b-7 is a MAC initiator complex that subsequently recruits C8. C8 in turn binds to and accelerates the polymerization of C9 monomers (24). Following binding to C8, C9 monomers recruited from soluble pools in sera undergo unidirectional, clockwise polymerization to form a pore-like structure of 90-110Å in diameter and permeable to molecules of 10-17 kD (25–28). Successful insertion of the C5b-9 complex into donor EC membranes results in formation of MAC, the fourth complement protein complex. MAC are composed of 13-18 C9 molecules (27); trimeric C8 composed of α, β, and γ subunits (29); and the initiator C5b-7 ring which becomes a stoichiometrically minor component of the completed transmembrane structure (27, 28). Following MAC insertion into EC surfaces, MAC cause non-cytolytic EC activation as described in the subsequent section.

Complement activation may be triggered by 2 additional pathways, the lectin pathway and the alternative pathway, both of which have been implicated in vascular rejection of tissue allografts and will be described briefly here. In the lectin pathway, a recognition complex containing mannose-binding lectins (MBLs) or ficolins act as pattern recognition receptors canonically sensing carbohydrate and molecules containing an acetyl determinant like N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc, 30–32). MBLs/ficolins become complexed with mannose-associated serine proteases (MASP1/2/3, 33, 34) that, analogous to C1r/s, sequentially cleave C4 and C2 to generate the second protein complex, C4b2a, that functions as a C3 convertase. Following activation by the MASP recognition complex, the lectin pathway proceeds to generate the same downstream complexes as the classical pathway above including the C5 convertase (C4bC2aC3b) and MAC (C5b-9). Activation of the lectin pathway has been linked to IRI (35, 36), and polymorphisms in the MBL2 pattern recognition receptor, is significantly associated with development of ABMR (37).

The third complement activation pathway, the alternative pathway, has been widely implicated in IRI (38–41). C3 is the most abundant complement protein in plasma, circulating at a concentration of ~1.2mg/mL, and various C3 cleavage products centrally mediate inflammation. C3 molecules undergo tick-over, or constitutive spontaneous hydrolysis, to form biologically active C3(H2O) molecules at a basally low rate of ~1-2 molecules per hour (42). Foreign surfaces like donor ECs dramatically accelerate tick-over, allowing formation of threshold quantities of C3(H2O) that bind to and cleave factor B, forming a C3(H2O)Bb complex that functions as a C3 convertase (43–46). The C3 convertase activity of C3(H2O)Bb cleaves C3 to generate C3a and the split product, C3b. C3b subsequently binds to Bb to form new a protein complex, C3bBbC3b, containing 2 molecules of C3b complexed with Bb. The stability of these complexes is enhanced by properdin/factor D. The C3bBbC3b complex acquires C5 convertase activity and cleaves C5 to form C5a and C5b, the latter of which becomes part of the MAC initiator complex, C5b-7. Similar to the classical or lectin pathways above, C3a, C5a, and MAC are generated as inflammatory mediators through successive proteolytic amplification. Similar to the classical and lectin pathways where gene polymorphisms have been linked to patient outcomes polymorphic variation in C3 has shown associations with ABMR in numerous studies (47–50).



Complement split products as inflammatory mediators

Complement effectors are highly conserved among metazoans of both invertebrate and vertebrate species. Among the most ancient complement proteins are the early complement effectors, C1-C5, whose evolutionary ages range between 500-1000 million years and whose split products show biological activity. Split products derived from early complement effectors include soluble-phase anaphylatoxins, C3a and C5a, and solid-phase opsonins, iC3b, C3b, and C3d, which covalently bind to donor ECs during IRI and ABMR. A large body of evidence ascribes an inflammatory role for soluble complement mediators in immune cell activation which includes EC:T cell interactions. In addition to opsonizing foreign material, C3a and C5a bind to cognate GPCRs, C3aR and C5aR, respectively, to transmit inflammatory signals to target cells like donor ECs. C3a binds to C3aR, and C5a binds to 2 C5a receptor isoforms, C5aR1 and C5aR2, showing distinct cellular localization and having opposing signaling effects. Knockout mouse models involving C3 and C5 have demonstrated a strong role for anaphylatoxins in mediating myeloid cell recruitment to transplanted tissues as well as roles in recruitment of CD4+ T cells. It is worth noting that there is substantial evidence that C3 and C5, may be also produced by parenchymal and immune cells and that these proteins may become cleaved intracellularly to mediate immune signaling. The roles of intracellularly-derived C3a and C5a and their roles in T cell activation have been comprehensively reviewed elsewhere (51).

Humans express 4 complement receptors, termed CR1-CR4 which variably bind to C3 cleavage products including C3b, iC3b, C3d, C3dg. In particular, iC3b/C3b/C3d form covalent attachments to host proteins, damaged erythrocytes, and Fc receptors of Abs and importantly show binding to CR2. CR2 is heavily expressed on follicular dendritic cells and B cells and mediates pathological B cell activation in various disease settings including viral infection and ABMR (52).



Autologous endothelial cells resist MAC-induced cell death

As opposed to early complement components, the terminal complement effectors forming MAC, C6-C9, emerged later in evolution (1). Genetic deficiencies of terminal complement components are widely recognized as conferring increased risk for infection by encapsulated bacterial, in particular Neisseriae, and has strongly influenced clinical guidelines regarding vaccination strategies involving multiple pathogens (53). Genetic loss of C9 confers a 700-fold increased risk for Neisserial meningitis (54), suggesting evolutionary development of MAC as a defense mechanism against infection by such pathogens.

While seminally studied for their roles in mediating cytolysis (2), MAC formed from autologous complement proteins from the same species elicit EC activation without substantial EC death in vivo (reviewed in 55, 56). In contrast to in vitro models showing that MAC may induce cell death of up to ≥50% of treated cells, complement activation in patients, even during severe or terminal instances of ABMR, show disproportionately low frequencies of donor EC cell death in relation to the degree of complement activation. This process also holds true for SARS-CoV-2 infection where ECs show non-cytopathic infection (57) despite strong MAC deposition on target tissues (58, 59); and systemic lupus erythematosus (SLE) where complement-mediated endothelitis occurs without widespread vessel rarefaction (60).

Seminal studies characterizing the physiologic function of MAC employed anucleated red blood cells or xenogeneic substrates like bacteria, as target cells (2). In these studies, the pore-forming capability of MAC which since have been well characterized ultrastructurally and on an atomic scale (24–29) were definitively demonstrated, an effect causing target cell lysis. However, resistance to MAC-induced cell death in nucleated, autologous cells was initially recognized in the 1980s (61–64), and since this time, at least 4 molecular mechanisms enabling target cell survival have been described.

In contrast to anucleated cells and foreign pathogens, autologous cells may constrain MAC-induced cytolysis in a species-specific manner. This phenomenon, known as homologous restriction, is mediated by complement regulatory proteins (65). Many proteins within the complement system contain complement control protein (CCP) domains consisting of conserved repeats that direct interactions among proteins in the complement system. The GPI-anchored proteins, CD55 and CD59, blocking generation of C5b and polymerization of C9, respectively, contain recursive CCP domains that limit assembly and facilitate removal of MAC from the cell surface (66). CCP domains, also known as “Sushi” domains were recently exploited in a bioinformatics approach to identify a new complement regulator, CSMD1, which was found to block MAC assembly at the level of C7 (67) and was implicated in complement activity and infertility in vivo and in a patient cohort carrying a non-synonymous CSDM1 mutation (68). MAC regulatory proteins expressed in autologous, nucleated cells thus act as scavengers for limiting the assembly and surface removal of MAC, enabling autonomous cells to resist osmotic lysis. As described below, transgenic knockins of CD46 and CD55, CCP-containing proteins, were used in porcine renal and cardiac xenografts implanted in humans (69, 70).

As a second MAC regulatory mechanism, C5b-9 insertion into target EC membranes is blocked via binding to blood-based chaperones, clusterin (71–73, aka, apolipoprotein J) and vitronectin (74, aka S protein). The C5b-7 ring interacting with target surfaces like donor ECs (24) promotes oligomerization of at least three C9 molecules (75) to form the terminal complement complex, C5b-9. Excess C5b-9 molecules bind to C9-binding chaperones and become trapped in a transition state that is non-permissive for their insertion into target membranes, thereby resulting solubilization (55, 76). Soluble terminal complement complexes, called, Sc5b-9, spatially constrains the radius of MAC assembly to the vicinity of Ab-bound donor ECs. Levels of Sc5b-9 are dramatically elevated during immune responses, and Sc5b-9 has been widely investigated as a biomarker reflecting tissue-bound levels of MAC (77). The biophysical underpinnings for the cell non-autonomous constraint of MAC activity by C9-binding chaperones has been widely investigated, in part due to the notion that the endogenous MAC inactivators, clusterin or vitronectin, could be therapeutically exploited to subvert excess complement activity (reviewed in 78–80).

Exovesiculation or shedding of surface-bound MAC represents a third mechanism by which autologous, nucleated cells survive MAC-induced lysis (81–83). Extracellular vesicles (EVs) are a heterogeneous group of cell-derived vesicles including exosomes and microvesicles. Exosomes and microvesicles are vesicular structures released extracellularly from living cells following MAC deposition on EC surfaces. Exosomes are spherical vesicles of 30-120nm in size that are produced via inward invagination of late endosomal membranes to form multivesicular bodies (83). Multivesicular bodies subsequently fuse with the plasma membrane to release their intraluminal contents including exosomes extracellularly. In contrast, microvesicles are ~100-1000nm in diameter, are derived from cell membranes, and contain high levels of surface-derived EC molecules including integrins, CD40L, and complement regulatory proteins CD55 and CD59 (83, 84). EVs including exosomes and microvesicles can be released by ECs (85, 86) and PMNs (87) and efficiently activate complement in vitro (85, 87) and thus it is postulated that EV membranes may serve as decoy substrates to limit MAC deposition on host tissues.

Finally, elimination of MAC from donor EC surfaces may reduce MAC to sub-lytic levels, thereby enabling intracellular coping pathways to restore homeostasis. As reviewed elsewhere (88), various intracellular pathways promote resistance to MAC-induced cytolysis, a process that has been explored in the setting of tumor cell evasion from complement-dependent cytotoxicity. Intracellular pathways conferring resistance to MAC-induced cytolysis include pathways related to intracellular trafficking of MAC (81, 82), calcium handling (89), MAPKs (82, 90), heat shock proteins (91), and NF-κB (92, 93). Together, the 4 regulatory mechanisms above contribute to survival of autologous, nucleated cells from MAC-induced lysis.



Experimental models of MAC assembly

Evolutionary development of mechanisms for resisting MAC-induced cytolysis implies separable, non-cytolytic effects of MAC on target cells and provides a basis for studying inflammatory signaling in MAC-respondent cells like donor ECs. To study effects of non-cytolytic MAC, at least 5 experimental models for inducing MAC assembly have been developed. A widely used system for assembling MAC on nucleated cells involves the use of xenogeneic antisera, e.g., rabbit sera overlay on mouse target cells. This widely-used protocol has allowed discovery of various MAC-induced inflammatory pathways operative in immune cells including neutrophils, dendritic cells, and ECs (88) including NLRP3 inflammasome activation (94, 95). A second model for eliciting MAC assembly on nucleated cells incorporates stepwise addition of terminal complement proteins at defined stoichiometric ratios to allow formation of MAC in cell culture (96). This protocol, theoretically recapitulating homologous restriction, has been adapted for use in vivo (97). A third protocol for experimental MAC assembly involves the use of zymosan-activated serum. Zymosan is primarily composed of the highly cross-linked polysaccharides alpha-D-mannan, beta-D-glucan, and other minor polysaccharide polymers derived from yeast (S. cerevisiae). Yeast-derived zymosan potently activates all 3 complement pathways and has been widely used to study downstream effects of anaphylatoxins on immune cells such as neutrophils and macrophages (28).

Recently, human sera have been exploited as a source for complement proteins to enable formation of autologous MAC on human ECs. In a model of ABMR, human ‘high’ panel reactive antibody (PRA) sera taken from allo-sensitized transplant candidates were used to elicit autologous MAC deposition on human ECs (98). PRA sera induced non-cytolytic MAC on human ECs in an IgG-dependent manner in vitro and in vivo, facilitating identification of MAC signaling pathways including non-canonical NF-κB (98–100), NLRP3 inflammasome (101, 102), and canonical NF-κB (101). These pathways collectively contributed to EC activation and enhanced EC-mediated direct allorecognition. In a model of IRI, human sera used as a source for complement proteins deposited non-cytolytic MAC on human ECs in an IgM-dependent manner following in vitro anoxia of human ECs or coronary artery segments (102). Using this model, EC-mediated direct alloresponses promoted selective expansion of T peripheral helper (TPH) cells but not T follicular helper (TFH) cells in an IL-18-dependent manner to promote B cell activation and de novo DSA within donor tissues. Various model systems have been developed to assemble non-cytolytic MAC in vitro and in vivo and have shown utility in defining MAC signaling effects across numerous clinical settings.



Human ECs mediate direct allorecognition

Alloantigen encounter may occur via 3 pathways including direct allorecognition, indirect allorecognition, and semi-direct allorecognition (Figure 2; 103). In direct allorecognition, the antigen presenting cells (APCs) are the donor-derived cells that present donor MHC: peptide complexes to the host T cells. In indirect allorecognition, the donor-derived antigens are acquired and processed by the recipient APCs. The recipient APCs then present the donor antigens to host T cells. Semidirect allorecognition occurs when MHC: peptide complexes shed from donor-derived cells become captured by recipient APCs (2). The recipient APCs then present MHC: peptide complexes to host T cells. T cell activation is restricted by the donor MHC molecules in direct allorecognition, whereas the T cell activation is restricted by recipient MHC molecules in indirect allorecognition. Because the intact donor-derived MHC molecules are presented by the recipient APCs in semidirect allorecognition, T cell activation is restricted by donor MHC molecules in this context (104).




Figure 2 | Three pathways of allorecognition. Donor-derived alloantigens may activate allogeneic T cells via three separable pathways. Human endothelial cells may act as antigen presenting cells to participate in direct allorecognition responses (left), while murine hosts primarily participate in semidirect and indirect allorecognition (middle, right) through interactions involving professional antigen presenting cells.



Human ECs are functionally different from mouse ECs in allograft rejection as they are capable to provide costimulatory signaling to activate T cells via direct allorecognition. This is because of the unique expression pattern in antigen-presenting molecules and co-stimulators in human endothelial cells. Human ECs not only express both MHC I and MHC II but also constitutively express co-stimulators inducing LFA-3, ICOS ligand, programmed cell death protein Ligand-1 (PDL1), 4-1BB ligand, and OX40-ligand. Murine ECs unlike human ECs lack the ability to strongly elicit direct alloresponses due to the lack of expression of key costimulatory molecules, most saliently CD58/LFA3 (105). These co-stimulators in human ECs allow direct recognition and activation of central and effector memory T cells (106–108). The primary vascular cell type responsible for direct allorecognition in graft arteries is ECs as vascular smooth muscle cell expresses rather a low level of HLA molecules (105). Following direct allorecognition, humoral- and surface-derived signals cause EC-mediated allostimulation. While MHC class I/II strongly induce type 1, i.e., IFN-γ, responses from T cells, EC:T cell crosstalk results in EC elaboration of various cytokine factors including TGF-β and IL-6 that may further influence differentiation of T cells activated through direct allorecognition. Allostimulation following direct allorecognition is further enhanced by processes affecting ECs including local complement activity as described in the following section. In ABMR, the major cell infiltrate in graft artery intima are T cells, most of which demonstrate a type 1 effector profile characterized by interferon-gamma (IFN-γ) production. There is a significant amount of IFN-γ production in the recovered T cells isolated from lesions in allograft vasculopathy, and IFN-γ is necessary and sufficient to drive cardiac allograft vasculopathy, a condition characterized by pathologic vascular changes in transplant patients with chronic ABMR (109).

Major or minor alloantigen mismatch in a heterotopic heart transplantation model in mice elicits T cell-mediated rejection principally via indirect allorecognition. To test EC-mediated direct allorecognition, a response operative in human tissues, our group has developed humanized mouse models. In a human artery xenograft model, human coronary artery segments are subjected to various treatments simulating IRI (99, 110, 111) or ABMR (98–102, 112) prior to surgical implantation into descending aortae of immunodeficient SCID/beige mice engrafted with human T and B cells. Human artery xenografts subjected to IRI potentiate the T cell-meditated allograft injury in the human artery xenograft model. Because the vascular smooth muscle cannot activate allogeneic T cells and the absence of leukocytes in the donor grafts activated human ECs appears to be the dominant APCs in this system (99, 110, 111). Indeed, human artery xenografts subjected to IRI or ABMR treatments show non-cytolytic MAC assembly on intimal ECs, a process causing EC activation and resulting in potentiated alloimmune T cell activation. As myeloid cells including antigen presenting cells like dendritic cells do not engraft in SCID/beige mice, the potentiated T cell activation in this model is primarily driven by direct allorecognition and formation of de novo donor specific antibody in this model occurs within allograft tissues and not the spleen (110). The grafted artery shows intimal expansion characterized by an infiltration of CD45RO+ T cells, the formation of a human EC-lined microvessel, and the presence of VMSCs. These observations highly mimic the clinical features of graft arteriosclerosis in allograft vasculopathy (109). To further uncover the underlying mechanisms, we found that formation of MAC (99) and MAC-induced inflammatory mediators in human ECs including ZFYVE21 (100), NLRP3 (101, 102), IL-15 (112), and IL-18 (110) potentiates frequencies of CD4+ T cells producing IFN-γ.

In a second humanized model, human umbilical vein endothelial cells (HUVECs) are suspended on collagen-fibronectin gel matrices and implanted subcutaneously in SCID/beige mice. Three to four weeks post-implantation, HUVECs self-organize into perfused microvascular networks anastomosing with murine vasculature (113). By transducing HUVECs with various overexpression, dominant negative constructs (101), or CRISPR/Cas9 gene edits (114) prior to implantation, this model allows interrogation into how immune molecules including MAC-induced signaling proteins in ECs affect direct allorecognition. Murine and humanized models enable the study of indirect and direct allorecognition responses by ECs, respectively.



MAC-induced EC activation and direct allorecognition

Donor ECs are a principal cell type affected by MAC in ABMR and IRI. via activation on donor ECs, MAC centrally governs EC:T cell interactions, and MAC formation on ECs is prognostic for, diagnostic for, and a therapeutic target for lymphocyte-mediated injury of tissue allografts in these settings. The use of antisera or human sera to assemble MAC on nucleated cells as described above has enabled elucidation of MAC signaling pathways and their effects on direct allorecognition.

MHC-derived alloantigens strongly mediate type 1 responses, i.e., IFN-γ production, and the strength and quality of this response was found to be modulated by MAC. Non-cytolytic MAC deposition on human ECs upregulated adhesion molecules including VCAM-1 and E-selectin, and inflammatory gene transcripts encoding chemokines like CCL5 and CCL20 and cytokines like IL-6 (98). In EC:T cell cocultures, MAC-treated ECs increased frequencies of adherent CD4+CD45RO+ memory T cells (Tmem) under conditions of postcapillary venular shear stress and non-specifically enhanced bulk cytokine effector responses involving IFN-γ, IL-4, and IL-17 in EC:T cell cocultures. In vivo, human coronary artery segments exposed to PRA and implanted in immunodeficient mice engrafted with human T and B cells showed increased infiltration of intimal IFN-γ+ T cells causing neointimal expansion, i.e., cardiac allograft vasculopathy (98, 99). Thus, MAC broadly enhances the recruitment and strength of effector activity of Tmem following EC-mediated direct allorecognition.

In two separable processes, MAC may qualitatively shape allostimulation, the immune response occurring following direct allorecognition. First, MAC may induce differential expansion of T cell subsets following direct allorecognition. A survey of costimulatory molecules in MAC-treated ECs showed that MAC upregulated PD-L2 and ICOS-L, cognate receptors for PD-1 and ICOS, respectively (110). PD-1 and ICOS are heavily expressed on 2 recently described subsets, T peripheral helper (TPH) and T follicular helper (TFH) cells. These subsets express PD-1 and ICOS and elaborate IL-21 to promote B cell maturation and Ab responses. MAC-treated ECs were found to selectively enhance expansion of TPH cells in an IL-18-dependent manner, a process eliciting production of de novo DSA within inflamed peripheral vessels. Mechanistically, MAC induced NLRP3 inflammasome activity in ECs, resulting in IL-18 release. IL-18 binds to its cognate receptor, IL-18R, which was selectively expressed on TPH cells co-expressing CCR2 but not TFH cells co-expressing CXCR5. This differential expression of IL-18R caused selective expansion of TPH but not TFH cells. CCR2+ TPH cells infiltrated into IRI tissues to mediate B cell maturation and formation of de novo DSA in human artery xenografts in vivo, and mass cytometry (CyTOF) analysis of Tmem in renal transplant recipients with IRI showed selective expansion of TPH but not TFH cells in peripheral circulation (110). This study demonstrated that MAC could qualitatively shape the T cell response by promoting differential expansion of a defined T cell subset following direct allorecognition.

Secondly, MAC-induced IL-1β resulting from inflammasome activity enhances allostimulation by expanding cytotoxic T lymphocytes. In an autocrine fashion, MAC-induced IL-1β was found to increase production of IL-15 which became associated with the IL-15 receptor α chain (IL-15Rα) at the EC surface (112). This complex trans-presented IL-15 to effector memory CD8+ T cells to induce their proliferation and to allow these cells to become cytotoxic T lymphocytes (CTLs), characterized by production of granzyme B and perforin. Trans-presentation of IL-15 by ECs to T cells additionally increased trans-endothelial migration by activating CD11a/CD18 and motility. While there is a propensity for activation and recruitment of CD8+ T cells relative to CD4+ T cells by EC trans-presentation of IL-15, both populations respond to some degree to surface IL-15/IL-15Rα complexes (112). With IL-15 blockade by monoclonal antibody, co-cultured CD4+ and CD8+ T cells lose polyfunctionality, an effect which is only partially reproduced by IL-1 receptor antagonism. A likely explanation for this is the evolution of other cytokines by the co-cultured T cells themselves that signal through canonical NF-κB, such as tissue necrosis factor α, and are sufficient to produce surface IL-15/IL-15Rα (115). This study shows that MAC assembly on ECs could induce sequential production of IL-1β and IL-15 to qualitatively modulate the direct alloresponse. Accumulated data show that MAC may modulate both the strength and quality of direct alloresponses of alloimmune T cells.



MAC-induced signaling endosomes

Companion studies have elucidated inflammatory signaling pathways induced by MAC that modulated the direct alloresponses above. Using human PRA sera to assemble autologous MAC on human ECs (Figure 3), it was found that MAC and not IgG or anaphylatoxins, activated non-canonical NF-κB, a pathway marked by NF-κB-inducing kinase (NIK). Activation of non-canonical NF-κB by MAC occurred within 15-30 min (98, 100) in a TRAF3-independent manner (99), features starkly contrasting with described pathways of non-canonical NF-κB involving ligand:receptor interactions occurring in 18-24 hr and requiring TRAF3 degradation. The unusual pattern of non-canonical NF-κB activity induced by MAC, coupled with the observation that MAC became internalized to form a MAC+Rab5+ intracellular compartment (100), led to the hypothesis of the ‘signaling endosome’ enabling MAC-induced inflammatory signaling.




Figure 3 | A model for autologous alloantibody-induced MAC assembly. 'High' panel reactive antibody (PRA) sera is obtained from transplant candidates and contain high titers of alloantibodies binding to many HLA specificities. PRA mediates binding of donor specific alloantibody to surface MHC I/II molecules on human ECs. This activates complement components within PRA sera, causing terminal activation of the classical complement pathway and formation of non-cytolytic MAC on target ECs. Human-derived MAC on human ECs causes EC activation without inducing cell lysis.



Drug, siRNA, and dominant negative treatments blocking MAC+Rab5+ endosome formation reduced inflammatory gene transcripts and attenuated EC-mediated generation of IFN-γ+ Tmem in EC:T cell cocultures (100). This remarkable finding indicated that MAC did not elicit NF-κB activity or EC activation from the cell surface. Rather, MAC rapidly underwent clathrin-mediated endocytosis and transfer to Rab5+ vesicles, forming MAC+Rab5+ endosomes. This compartment contained ‘signaling endosomes’ which were found to sequester and post-translationally enhance the stability of signal-activating molecules by protecting these same molecules from proteasome degradation (100).

As an extension of the signaling endosome hypothesis, we reasoned that these same structures were enriched in signal-activating proteins. We devised a protocol for proteomic analysis of FACS-sorted MAC+Rab5+ endosomes, and this protocol facilitated unbiased identification of ZFYVE21 which we found was a novel Rab5 effector (100). ZFYVE21 is a conserved molecule localized to early endosomes initially implicated in tumor cell migration (116) but whose functions remain poorly understood. Our group found that ZFYVE21 regulated lipid and protein remodeling of MAC+Rab5+ endosomes to cause sequential pAkt recruitment and enhanced NIK stability. Post-translationally stabilized levels of NIK promoted recruitment of NLRP3 from the endoplasmic reticulum and caspase-1 from the cytosol to appose these molecules on signaling endosomes. As a result, inflammasome activity characterized by cleaved caspase-1, occurred, resulting IL-1β-dependent activation of canonical NF-κB. In sum, MAC sequentially activated 3 inflammatory pathways in an inter-dependent fashion. MAC caused early-phase activation of non-canonical NF-κB (Figure 4). Non-canonical NF-κB caused assembly of NLRP3 inflammasomes on signaling endosomes within 30 min (101, 102). Endosome-associated caspase-1 activity generated IL-1β, causing late-phase activation of canonical NF-κB at the ≥4 hr timepoint (101). Inhibition of MAC via a monoclonal anti-C5 Ab (110), pharmacologic blockade of ZFYVE21 induction (100), or drug-induced attenuation of NLRP3 oligomerization (112) reduced EC-mediated direct allorecognition and EC injury in a humanized mouse model. These studies collectively advanced the hypothesis that non-cytolytic MAC forms signaling endosomes that sequester and enhance the stability of inflammatory signaling proteins.




Figure 4 | MAC-induced signaling endosomes cause EC activation. Non-cytolytic MAC assembled on EC surfaces rapidly undergoes clathrin-mediated endocytosis to form MAC+Rab5+ signaling endosomes that sequester signal-activating elements. In a Rab5-dependent manner, signaling endosomes post-translationally stabilize ZFYVE21, a Rab5 effector. (A) ZFYVE21 recruits SMURF2, an E3 ubiquitin ligase, to mediate degradative removal of PTEN from signaling endosomes, causing enrichment for PI(3,4,5)P3 and recruitment of phosphorylated Akt (pAkt, B). This process sequentially activates non-canonical NF-κB [marked by NIK (NF-kB Inducing Kinase)], NLRP3 inflammasomes, and IL-1β- mediated canonical NF-kB (C).





Complement-based therapeutics

Recent studies have shown remarkable clinical utility of complement-based therapeutics. Drug development efforts have focused on attenuating salient steps in the complement pathway including protease activation of the C1 recognition complex, early pathway amplification at the level of C3, and terminal pathway activation at the level of C5. We highlight FDA-approved drug inhibitors acting at each of the steps in the complement pathway above. Sutimlimab is a humanized monoclonal antibody targeting C1s, the protease component of the classical complement pathway mediating cleavage of C2 and C4. Sutimlimab recently received FDA approval in Feb 2022 for the indication of cold agglutinin disease, a form of autoimmunehemolytic anemia involving MAC-induced hemolysis (117). Compstatins are cyclic peptides originally derived from a peptide isolated via phage display library (118) and iteratively modified to selectively bind C3 and to inhibit its cleavage by C3 convertases (119). A derivative of this original peptide, pegcetacoplan, received fast-track and orphan drug approval in July 2022 for the indication of paroxysmal nocturnal hemoglobinuria (PNH), a rare genetic disorder caused by aberrant glycosylphosphatidylinositol (GPI) conformation causing deficient expression of CD55 and CD59 and unconstrained MAC-induced hemolysis. Eculizumab is a humanized murine monoclonal antibody against C5, which prevents C5 cleavage and the formation of MAC by any of the three complement pathways. Like pegcetacoplan, eculizumab was granted orphan drug approval for PNH along with atypical hemolytic uremic syndrome, a condition also characterized by MAC-induced hemolytic anemia. Since its approval, eculizumab has gained an additional indication for blocking B cell activation in myasthenia gravis and off-label usage for blocking direct alloresponses in ABMR (120). Recently, a second and presumably more cost-effective long-acting monoclonal C5 Ab, ravulizumab, has also received FDA approval for the indications above. The risk:benefit profiles for the drugs above appear reasonable, and the complement pathway has been shown to be a viable drug target for multiple clinical conditions.

Highlighting its fundamental importance in solid organ transplantation, the complement pathway was identified as a key genetic target in first-in-human porcine xenotransplants. We briefly describe this exciting and rapidly evolving clinical application. Galactose-α-1,3-galactose (α-gal) is a terminal carbohydrate modification present in porcine but not human tissues, and human subjects frequently show high titers of circulating xeno-Abs against this epitope. Xeno-Abs against α-gal cause vascular rejection via hyperacute ABMR, a process mediated by MAC, and this catastrophic condition has limited the utility of xenografts in patients. Formation of α-gal is mediated by the porcine enzyme, α-1,3-galactosyltransferase. In December 2020, the FDA granted a first-of-its-kind approval for intentional genomic alterations (IGA) targeting porcine 1,3-galactosyltransferase. In porcine xenografts, CRISPR-based methods knocking out porcine 1,3-galactosyltransferase was combined with subcapsular autologous thymic tissue implants in a proof-of-principle study to prevent hyperacute ABMR. Two porcine-to-human xenotransplant procedures were performed in two brain-dead patients with end-stage renal failure, and following surgical implantation, over a period of ~2 days the implanted xenografts carrying the α-gal IGA demonstrated improvements in renal function including decreasing creatinine, increasing estimated glomerular filtration rate, and increasing urine production. These improved parameters occurred in the absence of hyperacute ABMR (69). This initial study demonstrated proper functioning of porcine tissue within a human environment in the absence of complement-mediated ABMR.

In a follow-up study involving an orthotopic heart xenograft (70), further IGAs were made to the porcine xenograft to promote xenograft acceptance. CRISPR-mediated gene edits were made to knock out 3 highly immunogenic xenoantigens (galactose-a-1,3-galactose, Sda blood group antigen, and N-glycolylneuraminic acid) and growth hormone receptor to prevent intrinsic xenograft growth. To block complement-mediated injury, knockins were performed for the complement regulatory proteins, CD46 and CD55, as well as EC-derived proteins facilitating direct allorecognition, CD47 and heme oxygenase-1. Complement proteases intersect and show activity against proteins related to coagulation (121), and coagulation factors including thrombomodulin and protein C were knocked in to prevent hypercoagulability linked to inefficient thromboregulation via porcine proteins. Excitingly, the porcine xenograft containing the gene edits above survived 60 days following organ implantation and showed various signs of proper functioning including normal sinus rhythm, cardiac output, longitudinal strain, and left ventricular ejection fraction. The patient’s post-operative course was complicated by oligoanuric renal failure requiring renal replacement therapy, bacterial and fungal peritonitis, and increased titers of the porcine CMV/suid herpesvirus 2, indicating a possible zoonotic infection. Endomyocardial biopsies, though showing signs of injury following the patient’s demise at day post-op day 60, did not show evidence of acute ABMR. These preliminary findings appeared to validate the efficacy of the immunomodulatory IGAs made to the porcine xenograft which included complement regulatory proteins. Genetic supplementation for endogenous complement inhibition through IGA is a newly emerging therapeutic, and the clinical application for this technology in patients appears very promising at the moment.



Conclusions

In solid organ transplantation, autologous MAC are non-cytolytic and modulate adaptive immunity by enhancing the strength and quality of direct allorecognition by ECs. Highlighting its clinical relevance, MAC formation on ECs is prognostic for, diagnostic for, and a therapeutic target for vascular rejection. Blockade of MAC via pharmaceutical and genetic approaches are emerging as new treatment modalities. Future work elucidating the immune roles of MAC may uncover gene targets enabling blockade of its formation on donor tissues and/or attenuation of its downstream inflammatory pathways.
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Endothelial cells (ECs) can present antigens to circulating effector memory T cells (TEM) and to regulatory T cells (T regs), triggering antigen-specific extravasation at specific sites where foreign antigens are introduced, e.g. by infection or transplantation. We model human antigen-induced transendothelial migration (TEM) using presentation of superantigen by cultured human dermal microvascular (HDM)ECs to isolated resting human peripheral blood T cell subpopulations or to T effector cells activated in vitro. T cell receptor (TCR)-mediated cytokine synthesis, a common assay of T cell activation by antigen, is modulated by antigen-independent signals provided by various positive or negative costimulator proteins (the latter known as checkpoint inhibitors) expressed by antigen presenting cells, including ECs. We report here that some EC-expressed costimulators also modulate TCR-TEM, but effects differ between TEM and cytokine production and among some T cell types. Blocking EC LFA-3 interactions with TEM CD2 boosts TEM but reduces cytokine production. Blocking EC ICOS-L interactions with TEM CD28 (but not ICOS) reduces both responses but these involve distinct CD28-induced signals. Activated CD4+ T effector cells no longer undergo TCR-TEM. Engagement of T cell CD28 by EC ICOS-L increases TCR-TEM by activated CD8 effectors while engagement of OX40 promotes TCR-TEM by activated CD4 T regs. B7-H3 mostly affects TEM of resting TEM and some checkpoint inhibitors affect cytokine synthesis or TEM depending upon subtype. Our data suggest that blockade or mimicry of costimulators/checkpoint inhibitors in vivo, clinically used to modulate immune responses, may act in part by modulating T cell homing.
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Introduction

Circulating leukocytes may be recruited to a peripheral tissue site of inflammation through a well described cascade of events involving chemokines and adhesion molecules expressed by microvascular endothelial cells (ECs) that have been activated by pro-inflammatory cytokines such as IL-1 or TNF (1). Freshly isolated T effector memory cells (TEM) can undergo chemokine receptor-induced transendothelial cell migration (CR-TEM) across an endothelial cell monolayer in vitro under conditions of flow that mimic the environment of the microvasculature. During this process, TEM initially flatten out, move their microtubular organizing center, granules and mitochondria to a trailing uropod, and then crawl to a site at are near an inter-EC junction where they undergo a form of diapedesis in which the nucleus crosses the EC barrier ahead of the uropod (2, 3). Unlike other leukocytes, TEM alternatively may home to peripheral tissues in response to display of their cognate peptide antigens bound to MHC molecules on the luminal surface of microvascular endothelial cells (ECs) (4), a process we refer to as T cell receptor for antigen (TCR)-mediated homing in vivo or TCR-TEM in vitro. Morphologically, TEM undergoing TCR-TEM initially round up, forming an immune synapse-like contact with the EC surface. They move their MTOC, granules and mitochondria to the region in contact with the EC surface and then push a blunt protrusion through the EC monolayer in which the MTOC, granules and mitochondria precede the nucleus across the EC monolayer. CD4 TEM but not CD8 TEM must partially degranulate to cross the EC monolayer (3).

TCR-TEM is an important process for the initiation of certain types of immune responses. In a mouse cardiac transplantation model, TCR-mediated homing induced by recognition of luminally displayed antigen was critical for causing T cell-mediated rejection (5). While it is likely that a similar antigen-dependent T cell recruitment mechanism occurs in humans, there are substantial differences between murine and human ECs regarding their capacity for antigen presentation to T cells that must be considered. In mice, microvascular endothelial cells (ECs) basally express class I but generally not class II MHC molecules in situ, enabling antigen presentation to CD8 T cells, while human ECs basally express both class I and II MHC molecules, enabling antigen presentation to both CD8 and CD4 T cells (6). There are also significant differences in the expression of costimulatory molecules that bind to and activate auxiliary signals in an antigen-independent manner that modulate the TCR response. The recruitment of T cells in response to antigen in mice depends upon costimulation provided by EC CD80 (B7.1) or CD86 (B7.2) binding to T cell CD28 (7). Human ECs lack both B7.1 and B7.2 (8). However, human ECs do express a number of other costimulatory molecules that can preferentially activate TEM (9). The most potent costimulatory activity for human memory T cells, assessed by boosting antigen-induced cytokine production and proliferation, is LFA-3 (CD58). LFA-3 is a high affinity ligand for T cell CD2 and memory T cells significantly increase their expression of CD2 compared to levels on naïve T cells. The gene for LFA-3 does not exist in mice, and while mice can engage CD2 through CD48, this is a low affinity interaction and cannot functionally replace costimulation by LFA-3. Interestingly, human ECs can express an alternative ligand for CD28, namely ICOS-L (CD275, also known as B7-H2), an interaction that does not occur in mice (10). Other human EC-expressed costimulatory molecules that can boost responses to antigen by memory T cells include 4-1BB-L (CD137L) and OX40L (CD252). Less is known about the functional effects of other EC-expressed costimulators such as Herpesvirus entry mediator (HVEM or CD270) and B7-H3 (CD276) on T cell responses.

Human ECs may also express ligands that inhibit memory T cell activation, including PD-L1 (CD274) and PD-L2 (CD273) which are induced by IFN-γ and engage T cell PD-1 (CD279) (11). These molecules are referred to either as negative costimulators or as checkpoint inhibitors. Human ICOS-L can also bind CTLA-4, an inhibitor of activation of naïve and memory conventional CD4 and CD8 T cells. As a further complication, CTLA-4 engagement can boost the activity of T regulatory cells (T regs) (12). In effector cells, CTLA-4 is induced upon T cell activation and outcompetes CD28 for engagement of B7.1 and B7.2. It is unclear if it can outcompete human CD28 for interactions with ICOS-L. Human ECs also constitutively express PVR (CD155) and nectin-2 (CD112), activating ligands for T cell molecules DNAM-1 (CD226) and Tactile (CD96). These same EC molecules can engage T cell inhibitory receptors TIGIT and PVRIG (all participants in the “DNAM-1 axis” (13)). Thus the effect of a particular costimulatory molecule expressed by ECs may vary with subtypes of T cells that differ in their expression of receptors.

Interestingly, PVR and nectin-2, along with PECAM-1 and CD99, are components of the EC lateral border recycling compartment (LBRC) (14). The LBRC consists of multiple small infoldings of the plasma membrane near or at inter-EC junctions. During leukocyte extravasation, the LBRC is externalized so that the surface proteins found in this compartment line the walls of the EC membrane-lined channels through which leukocytes diapedese. Various LBRC proteins engage specific counter-receptors on the leukocytes that facilitate TEM of neutrophils and monocytes (15). We have previously reported that the EC LBRC, including PECAM-1, CD99, PVR and nectin-2, as well as T cell DNAM-1 and Tactile, are not involved in TEM CR-TEM, but are selectively involved during TCR-TEM of CD4 but not CD8 TEM (16). Thus the positive or negative costimulator effects, if any, of LBRC proteins on diapedesing T cells, is likely to be more evident in CD4 T cell populations.

Historically, both positive and negative co-stimulation are typically defined by their effects upon T cell activation, assessed as proliferation, differentiation or manifestation of effector functions, such as cytokine production or killing. The signaling pathways that are activated by engagement of antigen and costimulators that mediate activation are well described (17). Our prior studies have shown that some of these pathways are involved in TCR-TEM but some, such as calcium release from the endoplasmic reticulum and subsequent activation of plasma membrane calcium release activated channels, actually inhibit this process whereas calcium entry through other TCR-activated plasma membrane calcium channels are required (18). There are also some differences between the signaling pathways used by CD4 and CD8 TEM. This raises the prospect that specific costimulators may not only differentially affect T cell cytokine production and TCR-TEM, but that different costimulators may also differentially affect TCR-TEM by CD4 and CD8 TEM.

Circulating CD4 T regulatory cells (T regs) also depend upon TCR-mediated antigen recognition and upon costimulation for exerting their functions, but these often differ from the responses of effector T cell populations (19). Because they are selected to recognize self antigens in the thymus, circulating T regs are likely in an activated state under normal conditions (20). Mouse T regs also may be recruited to specific sites using their TCR (4, 21), but the process of TCR-homing or TCR-TEM has not been studied to date with human T regs. Often, these cells are too rare compared to conventional T cells to study their behaviors without ex vivo expansion.

Our prior work has focused on initiation of the immune response which typically involves recruitment of circulating but resting TEM cell populations as well as CD4 T regulatory cells (Tregs). However, as the immune response progresses, antigen activated T effector and regulatory cells are generated within the secondary lymphoid organs, enter the circulation, and are also then recruited to peripheral sites of antigenic challenge. Whether TCR-TEM participates in the recruitment of activated human T effector or regulatory cells to a site of EC antigen presentation is also unknown. Here we report the results of comparing costimulator or checkpoint blockade on TCR-induced cytokine synthesis and TCR-TEM of both resting and activated T cell populations. We find that some EC costimulators can modulate TCR-TEM of resting and activated TEM but that their contributions to this process may differ from those involved in conventional TCR responses. The underappreciated contributions that costimulators and checkpoint inhibitors make to T cell homing may have significant impact on the use of mimetics and inhibitors of these pathways in clinical therapies.



Materials and methods


Cells and reagents

All human materials were obtained from de-identified blood or tissue donors under protocols approved by the Yale Human Investigation Committee. Human dermal microvascular endothelial cells (HDMEC) were isolated as described (22, 23). Deidentified and discarded normal human skin was obtained through the Yale Department of Pathology, cut into 3 X 10 cm sections, stretched flat, and sectioned horizontally using a Webster skin graft knife outfitted with a 0.016-in depth gauge and guard to collect the epidermis and superficial layers of the dermis that contain the superficial vascular plexis. After a 40-min incubation in dispase at room temperature, the epidermis was peeled off and cells from both sides of the underlying dermis were gently scraped into RPMI 1640 media and filtered through a 70-µm nylon mesh. The filtrate, containing single cells, was washed once in EGM-2-MV media and plated onto tissue culture plastic pre-coated with 40 µg/ml human plasma fibronectin. HDMECs were allowed to attach approximately 3 h before gentle aspiration (to remove unattached cells) and addition of fresh EGM-2-MV. HDMECs were purified by anti-CD31-biotin miniMACS and serially passaged. CIITA-transduced human dermal microvascular ECs (CIITA HDMEC) were generated using a retroviral vector and characterized as described (24). Prior to flow experiments, CIITA HDMECs were incubated in the presence of 10 ng/ml recombinant human TNF (rhTNFα, R&D Systems) for 20-24 hours to upregulate adhesion molecules, and with 100 ng/ml recombinant TSST-1 (R-TT 606, Toxin Technology, Inc.) for 30 minutes on CIITA HDMECs to allow TCR-mediated activation of all T cells utilizing Vβ2 gene segment to form their TCR, approximately 5-10% of the circulating T cells in most donors. For siRNA knockdown of ICOSL, B7-H3, HVEM, and OX40L, cells were transfected 72 h prior to flow with 10 nM siRNA (ICOSL: Qiagen ICOSLG_5, B7-H3: Ambion s37289, HVEM: Ambion s16701, OX40L: Qiagen TNFSF4_1) as described (16, 25).

Leukapheresis was performed on anonymized healthy volunteer adult donors in the Yale-New Haven Medical Center Blood Bank or purchased from the American Red Cross. The collected PBMCs were enriched by Ficoll-Hypaque density gradient centrifugation prior to cryopreservation of aliquotted cells suspended in fetal calf serum. Total peripheral blood CD4 and CD8 T cells were isolated from the cryopreserved samples by positive selection with CD4 or CD8 Dynabeads magnetic beads and released with Detachabead (Dynal) according to the manufacturer’s protocol. CD4 and CD8 TEM were enriched by depletion of naïve and central memory cells with anti-CCR7 mAb (BioLegend) and pan-mouse IgG beads. Approximately 80-90% (CD4) or 60-70% (CD8) of the initial T cell population as well as essentially all other leukocyte types were removed by these manipulations. The remaining T cells, highly enriched for TEM, were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM glutamine, and penicillin/streptomycin overnight prior to assays. Tregs were isolated by depleting CD127+ cells from a CD4+ positively isolated population, and isolating CD25high, CD127- cells by FACS. Isolated CD8 TEM and Treg were activated and expanded by incubating with ImmunoCult T cell activator (CD3, CD28, CD2, StemCell) for 2 d in X-Vivo-15 with 10% FBS, 2 mM glutamine, 1X penicillin, and 100 u/ml IL-2 (Thermo Scientific) and then propagated in the same medium without Immunocult for several weeks.

For blocking antibody experiments, T cells were incubated with anti-CD2 (TS2/18, gift of Timothy Springer), anti-4-1BB (Biolegend 944903), anti-OX40 (R&D AF3388), anti-ICOS (R&D MAB69753), anti-CD28 (Invitrogen 16-0288-81), anti-CTLA-4 (clone BN13, Bio X Cell), anti-PVRIG (clone CHA.7.518-H4)) and anti-TIGIT (clone CPA.9.083-H4) at saturating concentrations for 30 min prior to cytokine and TEM experiments. For PI3K inhibition, T cells were treated with 0.5 µM Omilpalsilib (Selleck Chemicals).



TEM assays

CIITA HDMEC were grown to confluence on 10 µg/ml human plasma fibronectin-coated 35 mm coverglasses, treated with TNF and loaded with 100 ng/ml TSST-1 as described (24), washed with RPMI/10% FBS, and assembled with a parallel plate flow chamber apparatus (Glycotech) using the 0.01 inch height, 5 mm wide slit gasket provided by the manufacturer. On a 37°C heating surface, freshly isolated CCR7low human CD4 or CD8 TEM or activated/expanded CD8 TEM or Treg (2 x 106 cells/500 µl) or suspended in the same medium were loaded onto the EC monolayer at 0.75 dyne/cm2 for 2 minutes, followed by washing with medium only at 1 dyne/cm2 for 5, 30, 50 or 60 minutes. Samples were then fixed with 3.7% formaldehyde in PBS, stained with anti-Vβ2TCR mAb (Beckman Coulter), followed by Alexafluor 488 or 546-conjugated goat or donkey anti-mouse IgG, mounted on slides using mounting medium containing DAPI (Prolong Gold, Invitrogen). Alternatively, samples were stained with FITC conjugated anti-Vβ2TCR mAb (Beckman Coulter), AlexaFluor 488-conjugated rabbit anti-FITC, and AlexaFluor 488-conjugated goat anti-rabbit IgG. Samples were then examined by microscopy with a Zeiss Axiovert 200M microscope. A FITC filter was used to detect FITC or Alexafluor 488-stained cells, a TRITC filter was used to detect Alexafluor 546-stained cells, and a DAPI filter used to detect DAPI-stained nuclei. Using a 40X/0.60 korr Ph2 objective, phase contrast optics were used to determine whether T cells were either on top or underneath the HDMEC monolayer. The percentage of transmigrated T cells were calculated for 100 cells per sample by analyzing five groups of 20 cells each, calculating the percentage for each group, and calculating the mean and s.e.m. for the groups. For total adhesion, T cells in ten fields using a 10X objective were counted for each sample. For antigen-induced adhesion, the percentage of Vβ2TCR+ cells from a total of more than 200 total cells counted was calculated for each sample. This percentage was divided by the percentage of Vβ2TCR+ cells of the input as determined by FACS to obtain the fold enrichment.


Cytokine expression assay

200,000 T cells were incubated with TNF-activated, TSST-1 preloaded CIITA HDMEC in C24 wells for 3 h. Samples were then processed for RNA preparation (RNeasy Mini Kit, Qiagen) and cDNA (High Capacity cDNA Reverse Transcriptase Kit, Applied Biosystems). Quantitative real time PCR using TaqMan probes for human IFN-γ, IL-2, IL-10 and CD3e and TaqMan Gene Expression Master Mix (Applied Biosystems) were performed in a C1000 Touch Thermal Cycler CFX96 Real-Time System (Biorad). Threshold cycles (CT) of cytokine were normalized with CT of CD3e to compute the absolute levels of cytokine expression, and absolute levels of cytokine expression of various treated conditions were divided by the absolute values of control to obtain relative values compared to control.



Confocal microscopy

To visualize MTOC of activated/expanded Vβ2+ CD8 TEM and Treg transmigrating on TNF-activated CIITA HDMEC plus TSST-1, samples were stained with anti-Vβ2TCR mAb (Beckman Coulter), Alexa Fluor 546-conjugated donkey anti-mouse IgG (Invitrogen), permeabilized with 0.5% Triton/PBS, re-fixed with methanol/acetone (50/50), stained with rabbit anti-γ-tubulin (Sigma), Alexa Fluor 647-conjugated donkey anti-rabbit IgG and Alexa Fluor 488-conjugated phalloidin, and mounted on slides using mounting medium containing DAPI (Prolong Gold, Invitrogen).

Images of single T cells on the EC apical surface were captured with a Leica TCS SP5 Spectral Confocal Microscope, 405UV using a 63X oil immersion objective and sequential scanning with 405 Diode, argon and He/Ne laser excitation lines of 405 nm, 488 nm, 543 nm, and 633 nm. Six Z slices were captured encompassing the entire T cell starting from the EC interface.



Treg suppression assay

250,000 PBMC stained with Cell Trace Violet in the present or absence of CD3 activating Ab OKT3 were incubated with 100,000, 50,000, 25,000, 12,500 or 0 activated/expanded CD4 Treg for 5 d, stained with CD8-APC, and analyzed by FACS.



Statistical analyses

For experiments in which more than two groups were compared, statistical significance was determined by one-way ANOVA using a 95% confidence interval and the Tukey post-test (Prism 6.0 for Macintosh). Statistical error is expressed as s.e.m. For experiments in which two groups were compared, a t-test was used. P values are designated as: *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.





Results


Experimental approach

We use blocking Abs to T cell receptors of costimulation molecules or siRNA knockdown of EC expressed costimulatory molecules to examine the contributions of EC/T cell costimulatory molecule interactions on cytokine expression and TCR-TEM. For these experiments, we use TNF-treated CIITA-HDMEC loaded with superantigen TSST-1. TSST-1 selectively activates only T cells that contain Vβ2 segments in their TCR, normally present in about 5-10% of the circulating T cell population, which can be identified by immunofluorescence staining with an anti-Vβ2TCR mAb. TSST-1 signals through the TCR and serves as a surrogate antigen for human T cell populations that express millions of clonally distributed distinct TCRs. Even after immunization, the percent of TEM or T regs specific for a particular antigen is generally less than 1 in 10,000. Activation of the Vβ2TCR+ T cells induces cytokine mRNA expression more than 1000-fold after 3 h as measured by qRT-PCR normalized to CD3ε expression (18).



TCR-TEM of resting CD4 TEM

We first examined the effects of EC LFA3/T cell CD2, EC 4-1BBL/T cell 4-1BB and EC OX40L/T cell OX40 on freshly isolated CD4 TEM cytokine expression and TCR-TEM. Blocking CD2 and 4-1BB significantly reduces cytokine expression, but surprisingly CD2 blockade enhances TCR-TEM whereas blocking 4-1BB has no effect on TCR-TEM (Figure 1). OX40 blockade has no effect on either cytokine expression or TCR-TEM (data not shown).




Figure 1 | Effects of CD2 and 4-1BB costimulatory molecules on cytokine expression and TCR-TEM of freshly isolated CD4 and CD8 TEM. Blocking Abs to T cell CD2 (A, C) or 4-1BB (B, D) were added to T cells 30 min prior to addition to CIITA-transduced HDMEC activated with TNF 24 h, overlaid with TSST-1 30 min and assayed for cytokine expression by QRTPCR after 3 h (left graphs) and TCR-TEM after 50 min (CD4, A, B) and 30 min (CD8, C, D) flow by staining fixed samples for Vβ2TCR and analyzing TEM of Vβ2TCR+ cells identified by fluorescence and phase contrast microscopy to determine whether those cells have transmigrated or not (right graphs). *p<0.05; **p<0.01; ****p<0.0001.



To examine the effects of EC ICOSL on freshly isolated CD4 TEM TCR-TEM and cytokine expression, we treated HDMEC with siRNA to ICOSL, resulting in approximately 90% knockdown (data not shown). Knockdown of HDMEC ICOS-L expression decreased both cytokine expression and TCR-TEM (Figure 2). Since human ICOSL has two costimulatory receptors on T cells, namely ICOS and CD28, we interrogated both using blocking Abs. Blocking CD4 TEM ICOS has no effect on cytokine expression or TCR-TEM, but blocking CD28 reduces cytokine expression at a low but statistically significant level and markedly reduces TCR-TEM (Figure 3). Since human ECs lack B7.1 and B7.2, these responses likely result from EC ICOS-L engagement of T cell CD28. Since CD28 is known to signal through activation of phosphotidyl inositol 3 kinase (PI3K), we tested the effects of a PI3K inhibitor (Omilpalisib) on cytokine expression and TCR-TEM. PI3K inhibition decreased cytokine expression, but increased CD4 TEM TCR-TEM and had no effect on CR TEM (Figure 3 and not shown). These data suggest that CD28 signals that affect TCR-TEM likely utilize pathways other than PI3K activation. Interestingly, we observed no effect in TCR-TEM assays of CD4 TEM by blocking CTLA-4 and a small increase in cytokine production that did not reach statistical significance (Supplemental Figure 1).




Figure 2 | Effects of EC ICOSL on cytokine expression and TCR-TEM of CD4 and CD8 TEM. CD4 (A) and CD8 (B) TEM were assayed as in Figure 1 on CIITA HDMEC treated with control or ICOSL siRNA. ***p<0.001; ****p<0.0001.






Figure 3 | Effects of T cell CD28 and ICOS on cytokine expression and TCR-TEM of CD4 and CD8 TEM. CD4 (A, B) and CD8 (D, E) TEM treated with ICOS blocking Ab (A, D) or CD28 blocking Ab (B, E) assayed as in Figure 1. Cytokine expression and TCR-TEM of CD4 (C) and CD8 (F) TEM cells treated with Omilpalisib (Omil) assayed as in Figure 1. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.



HDMECs also express other potential costimulatory ligands, including HVEM and B7-H3. Knockdown of HDMEC HVEM had no effect on either cytokine expression or TCR-TEM of CD4 TEM (data not shown), but knockdown of B7-H3 selectively inhibited TCR-TEM (Figure 4). The T cell receptor for EC B7-H3 is unknown.




Figure 4 | Effects of EC B7H3 on cytokine expression and TCR-TEM of CD4 and CD8 TEM. Cytokine expression and TCR-TEM of CD4 (A) and CD8 (B) TEM on CIITA-transduced HDMEC treated with control or B7H3 siRNA, activated with TNF 24 h, and overlaid with TSST-1 30 min and assayed as described in Figure 1. **p<0.01; ***p<0.0001.



T cells also express PVRIG and TIGIT, known coinhibitory receptors in the “DNAM-1 axis” that interact with PVR (CD155) and nectin-2 (CD112). We have previously reported that EC PVR and nectin-2, as well as CD4 TEM DNAM-1 (CD226) and Tactile (CD96), contribute to CD4 TEM TCR-TEM (16, 26). Since these molecules (as well as PECAM-1 and CD99, which also contribute to CD4 TEM TCR-TEM) reside in the LBRC, we interpret these results to indicate that mobilization of the LBRC is involved in TCR-TEM of CD4 TEM. Inhibiting PVRIG or TIGIT by blocking antibodies had no significant affect on cytokine expression but somewhat decreased TCR-TEM of CD4 TEM (Figure 5). These observations suggest that the DNAM axis plays a role in CD4 TEM TCR-TEM, but there is considerable redundancy since activators and inhibitors of the DNAM axis appear to exert similar effects




Figure 5 | Effects of T cell TIGIT and PVRIG on cytokine expression and TCR-TEM of CD4 TEM and CD8 TEM. CD4 (A, B) and CD8 (C, D) TEM treated with TIGIT and/or PVRIG blocking Abs and assayed as in Figure 1.  *p<0.05; **p<0.01; ****p<0.0001.





TCR-TEM of resting CD8 TEM

We next investigated freshly isolated CD8 TEM using the same assays outlined above for CD4 TEM. Like CD4, blocking CD8 TEM CD2 and 4-1BB inhibited cytokine expression but did not inhibit TCR-TEM and blocking OX40 had no effect (Figure 1 and data not shown). Knockdown of EC ICOSL, blocking T cell ICOS and CD28 also had very similar effects on CD8 as compared to CD4 TEM (Figures 2, 3). However, while PI3K inhibitor similarly decreased cytokine expression, it had no effect on TCR-TEM of CD8 TEM. Knockdown of EC HVEM had no effect on either cytokine production or TCR-TEM, while knockdown of EC B7-H3 reduced TCR-TEM (Figure 4 and data not shown). In contrast to CD4 TEM, blocking CD8 TEM PVRIG and TIGIT boosted cytokine expression but had no effect on TCR-TEM (Figure 5).



TCR-TEM of “resting” CD4 T regs

We were also interested in investigating another subset of T cells, namely freshly isolated “resting” CD4+, CD127-, CD25high regulatory T cells (Tregs). As noted in the Introduction, it is likely that these cells are chronically stimulated by low affinity TCR signals through interactions with self-peptides displayed on self-class II HLA molecules expressed basally on human ECs. Initial assays of freshly isolated Tregs suggested that they also displayed the hallmarks of TCR-TEM (i.e., slower kinetics compared to CR-TEM, MTOC polarization). However, we were unable to isolate sufficient “resting” T regs to examine the effects of various costimulator interactions.



TCR-TEM of activated CD4 T effector cells

While the behaviors of resting but circulating TEM serve as a model for initiating immune responses, ongoing responses involve activated and expanded effector or regulatory cells. To model this process, we polyclonally activated and expanded CD4 and CD8 TEM as well as CD4 Tregs (isolated as CD4+, CD127-, CD25high). Initial characterization indicated that activated and expanded CD4 TEM appear to no longer undergo TEM in response to TCR signals (Supplemental Figure 2). Our prior work had indicated that in addition to use of the LBRC, CD4 TEM required engagement of fractalkine expressed on ECs to undergo TCR-TEM. Freshly isolated CD4 TEM and CD8 TEM express fractalkine receptor, but fractalkine receptor is not needed for CD8 TEM TCR-TEM (Supplemental Figure 2). Fractalkine receptor is lost upon polyclonal expansion of both CD4 and CD8 TEM. Reintroduction of the fractalkine receptor by transduction restored the process of TCR-TEM in expanded CD4 TEM and had no effect on CD8 TEM TCR-TEM (Supplemental Figure 2). Since our focus is on modeling the behavior of expanded T cells in vivo, we did not further investigate activated/expanded CD4 TEM.



TCR-TEM of activated CD8 effector T cells

Similar to freshly isolated CD4 and CD8 TEM, activated and expanded CD8 TEM transmigrated slower upon TCR activation compared to non-activated cells (Figure 6), and polarize the MTOC to a position between the T cell nucleus and EC apical surface upon contact with antigen-presenting HDMEC which then precedes the nucleus during diapedesis, i.e., hallmarks of TCR-TEM (data not shown). Similar to freshly isolated TEM, cytokine expression profile favored IFN-γ and IL-2 and increased markedly upon activation (Figure 6).




Figure 6 | Characterization of activated/expanded CD8 TEM and CD4 Treg. (A) TEM of activated and expanded CD8 TEM and CD4 Treg whether activated by superantigen presented by EC (TCR) or not (CR) after 60 min flow. (B) MTOC polarizes between the activated Treg cell nucleus and EC surface at early time points (left graph), and then precedes the nucleus during diapedesis (image of confocal slices merged and viewed from on top and at a 90 degree angle). Samples stained for VB2TCR (red) gamma tubulin (white, indicated by arrow) phalloidin (green) and DAPI (blue). (C) Relative cytokine expression levels in activated/expanded CD8 TEM and CD4 Treg. (D) Treg suppression assay. 250,000 PBMC stained with Cell Trace Violet in the present or absence of CD3activating Ab OKT3 were incubated with 100,000, 50,000, 25,000, 12,500 or 0 activated/expanded CD4 Treg for 5 d, stained with CD8-APC, and analyzed by FACS. Shown are histograms of CD8+ cells.



We next examined the effects of costimulators on cytokine expression and TCR-TEM of activated and expanded CD8 TEM. CD2 blocking Ab modestly reduced cytokine expression of activated and expanded CD8 and also markedly increased CD8 TCR-TEM, but neither 4-1BB nor OX40 blocking Abs affected cytokine expression or TCR-TEM (Figure 7). Knockdown of EC ICOS-L and blocking activated/expanded CD8 TEM CD28 inhibited TCR-TEM, but had minimal to no effect on cytokine expression (Figure 8). There were no significant effects observed by blocking CTLA-4 (Supplemental Figure 3). EC knockdown of HVEM or B7-H3 had no effect on cytokine expression or TCR-TEM by activated and expanded CD8 TEM (Figure 8 and not shown).




Figure 7 | Effects of T cell CD2, 4-1BB and OX40 on cytokine expression and TCR-TEM of activated/expanded CD8 TEM and CD4 Treg. Activated/expanded CD8 TEM (A) and CD4 Treg (B) were treated with blocking antibodies to CD2, 4-1BB, or OX40 and assayed for cytokine expression after 3 h (IFN-γ and IL-2 for CD8, IL-10 and IL-2 for Treg, left and middle graphs) and TCR-TEM after 60 min flow (right graphs). *p<0.05; **p<0.01; ****p<0.0001.






Figure 8 | Effects of EC B7H3 and ICOSL knockdown by siRNA and T cell ICOS and CD28 blocking Abs on cytokine expression and TCR-TEM of activated/expanded CD8 TEM and Treg. Cytokine expression (left and middle graphs) and TCR-TEM (right graphs) of activated/expanded CD8 TEM (A) and Treg (B) on CIITA HDMEC transfected with B7H3 siRNA or ICOSL siRNA and after pretreatment of T cells with ICOS blocking Ab or CD28 blocking Ab. *p<0.05; **p<0.01; ****p<.0001.





TCR-TEM of activated CD4 T regs

Activated and expanded Treg also undergo TCR-TEM as judged by the same morphological criteria mentioned previously. That is, activated and expanded Treg transmigrated slower upon TCR activation compared to non-activated cells (Figure 6), and polarize the MTOC to a position between the T cell nucleus and EC apical surface upon contact with antigen-presenting HDMEC which then precedes the nucleus during diapedesis, i.e., hallmarks of TCR-TEM (Figure 6). Cytokine expression profile of activated and expanded Tregs favored IL-2 and IL-10: IFN-γ was more than 1000-fold lower in Treg as compared to CD8 TEM, but IL-10 was about 10-fold higher in Treg as compared to CD8 TEM. However, they all increased markedly upon activation (Figure 6). Since the levels of IFN-γ were too low to measure accurately by qRT-PCR, we instead measured levels of IL-10 in lieu of IFN-γ for Treg. Activated and expanded Treg also retain the capacity to suppress TEM proliferation (Figure 6).

Activated/expanded Tregs responded in some cases similarly but also differently to blocking costimulatory molecules. CD2 blocking Ab inhibited cytokine expression but had no effect on TCR-TEM. However, blocking OX40 inhibited activated/expanded Treg TCR-TEM (Figure 7). Cytokine expression was reduced by ICOS blocking Ab, but actually enhanced by EC knockdown of B7-H3 and blocking Treg CD28, while none of these treatments affected TCR-TEM (Figure 8).




Discussion

Experiments in mice have shown that antigen-specific circulating TEM may home to specific tissues based upon TCR engagement of cognate antigens displayed by microvascular ECs (21, 27) and that this process may be required to initiate allograft rejection (5). Our prior studies have shown that human CD4 and CD8 TEM also can use their TCR to undergo TEM in vitro, a process we called TCR-TEM (3, 16, 18, 24–26, 28). Various positive costimulatory molecules can provide activating or inhibitory signals that complement those generated by engagement of the TCR in CD4 and CD8 TEM as well as in CD4 T regs, affecting cytokine expression, proliferation, differentiation and survival. T cell receptors for specific costimulator molecules vary with the differentiation state of the T cell, consistent with the finding that TEM preferentially interact with ECs related to the costimulatory molecules expressed by this cell type. Our key findings, summarized in Table 1, are that preventing engagement of TEM CD2 by the EC costimulator LFA-3 reduces cytokine expression as previously reported (29), but appears to increase TCR-TEM of both resting CD4 and CD8 TEM. In contrast, blocking the EC costimulatory ICOS-L binding to T cell CD28 (and not ICOS), an interaction which occurs in humans but not mice (10), reduces both cytokine synthesis as well as TCR-TEM. Blocking CTLA-4 appeared to have little effect upon interactions of T cells with ECs, presumably mediated by ICOS-L. However, the effect on cytokine synthesis can be selectively blocked by a pharmacological inhibitor that has no effect on TCR-TEM, suggesting that different CD28-intiated responses are involved. EC B7H3, the receptor for which on T cells is unknown, also contributes to both CD4 and CD8 TEM recruitment, although the effects are relatively greater with CD4 TEM. Blocking the inhibitory signals provided by PVRIG and TIGIT increased cytokine production as expected, but selectively decreased TCR-TEM of CD4 TEM only to a minor degree and did not affect CD8 TEM. While circulating TEM may initiate responses, once begun, activated T effector cells formed in the secondary lymphoid organs can also home to sites of inflammation. Interestingly, activated CD4 T effector cells lose the capacity to use TCR signaling for initiating TEM, a finding likely related to downregulation of fractalkine receptor, which like the use of LBRC proteins, is required for TCR-TEM of CD4 TEM but does not participate in TCR-TEM of CD8 TEM (26). However, both polyclonally expanded CD8 TEM and polyclonally expanded CD4 Tregs have the capacity to undergo TCR-TEM. Blocking T cell CD28 engagement by EC ICOS-L reduces TCR-TEM by activated/expanded CD8 TEM, but are no longer influenced by EC B7H3. Activated and expanded Treg do not depend on CD28/ICOSL interactions or EC B7H3 for TCR-TEM, but rather utilize EC OX40L/Treg OX40.


Table 1 | Summary of costimulatory molecule blocking effects on cytokine expression and TCR-TEM. +, -, 0 denote positive, negative, and no contribution, respectively. The number of symbols refers to significance as displayed in the figures.



It is perhaps surprising that costimulator requirements for CD4 and CD8 TCR-TEM are so similar. We have previously documented the many differences between CD4 and CD8 TCR-TEM, including T cell granule exocytosis and EC LBRC (both required for CD4, not CD8) (26). Recently we found that CD4 but not CD8 also require TCR-activated TRPV1 and L-type Cav calcium channels. However, both require pannexin-1/P2X receptors, the first example of a potential therapeutic target that would affect both CD4 and CD8 TCR-TEM (18). CD28 is now another potential target albeit the human EC costimulatory involved appears to be ICOS-L rather than B7.1 or B7.2. An anti-CD28 Ab (FK734) that stimulates T cell proliferation and cytokine expression in vitro, reduced recruitment of adoptively transferred human T cells in a human immune system mouse model of human skin transplant rejection (30).

T cell receptors for negative costimulators and their ligands, often referred to as checkpoint inhibitors, are now established targets for therapeutics treating cancer. These include T cell CTLA-4, PD-1 and more recently TIGIT and PVRIG. The rationale is that relieving the inhibitory signal can rejuvenate an inherent anti-cancer response. Although initially thought to be an effect occurring within the tumor itself, a recent study shows that these agents most likely act within secondary lymphoid organs on stem-like T cells to generate effector T cells (31). The effector cells that are generated must then enter the circulation and home to the tumor, crossing the ECs of the tumor vasculature. We therefore investigated the effects of these reagents on T cell recruitment and cytokine expression in the context of T cell interacting with EC. Blocking CTLA-4 and PD-1 had no effect in our assays, and while blocking TIGIT and PVRIG had the expected positive effect on cytokine expression, these agents marginally reduced TCR-TEM of CD4 T cells, while not affecting TCR-TEM of CD8 TEM cells. While the minor effect on CD4 T cell migration will not necessarily translate to inhibition of T cell migration in-vivo, we speculate that this action has less to do with blocking signaling from the receptors, but rather potentially reflect the adhesive interaction of these receptors with EC ligands, namely PVR and nectin-2, that are components of the LBRC. As we have described previously, CD4 but not CD8 TEM similarly rely on T cell Tactile (CD96) and DNAM-1 (CD226) interacting with the LBRC components for TCR-TEM. Mobilization of the LBRC includes the recruitment of multiple EC proteins (including CD31, CD99, CD112 and CD155) to the inter- or intracellular channel used by leukocytes to facilitate diapedesis (14). Perhaps TIGIT and PVRIG also bind to components of the LBRC and facilitate TCR-TEM of CD4 TEM in a similar manner.

The use of the LBRC is one of several significant differences between TCR-TEM of CD4 and CD8 TEM. The other is that CD4 TEM also require signaling from EC fractalkine to undergo this process. Interestingly, activated and expanded CD4 TEM lose expression of the fractalkine receptor. This may explain why these cells appear incapable of undergoing TCR-TEM. Although we could restore TCR-TEM by transducing expression of fractalkine receptor in these cells, this approach was not relevant for the study of endogenous T cell behaviors and although it may be important for adoptive T cell therapies, it was not further studied in the current investigation.

This is the first report describing antigen-driven TEM of human Tregs. These cells are relatively uncommon within the circulation which has previously limited our ability to isolate and study CD4+ CD25high CD127- T cells in our standard TEM assays. We had previously observed that freshly isolated Vβ2+ T regs do undergo TEM in response to TSST-1 in a manner that morphologically fit the description of TCR-TEM, i.e. the cells rounded up and the MTOC preceded the nucleus across the EC monolayer (unpublished observations). By developing populations of polyclonally activated and expanded T regs, we now can further analyze their TEM behaviors. Unlike CD4 but like CD8 TEM, activated/expanded CD4 T reg TCR-TEM does not require EC LBRC or fractalkine (data not shown). The sole requirement for OX40 in Treg but not CD4 or CD8 TEM TCR-TEM indicates once again that different T cell subsets have various molecular requirements for traversing the EC monolayer in response to antigen. These differences could be a basis for targeted therapy.

While the focus of this investigation has been to use in vitro assays of human T cell TCR-TEM to investigate the roles of positive and negative costimulators in the context of normal, endogenous adaptive immune responses, our findings may have implications for some T cell-based therapeutics. Adoptive immunotherapies with ex vivo expanded T cells or chimeric antigen receptor T cells utilize populations capable of TCR-homing and that express endogenous receptors of co-stimulators. Since these cells must get into tissues, costimulatory interactions may influence effectiveness. Furthermore, second generation chimeric antigen receptors include signaling domains from T cell molecules such as CD28 or 4-1BB. The domains selected are typically based on effects of the endogenous molecule upon activation responses. Our findings with pharmacological blockade of CD28 signaling suggest that the relevant signaling domains for conventional activation and for TCR-homing may not be the same.

In summary, the present study has revealed that EC costimulators can modulate the TCR signaling pathways that result in TCR-based homing. The functional effects of costimulation in this context differs from that observed in other T cell assays and raises both new opportunities and cautions for use of costimulatory and checkpoint inhibitor blockades in immunotherapies.
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High-content imaging techniques in conjunction with in vitro microphysiological systems (MPS) allow for novel explorations of physiological phenomena with a high degree of translational relevance due to the usage of human cell lines. MPS featuring ultrathin and nanoporous silicon nitride membranes (µSiM) have been utilized in the past to facilitate high magnification phase contrast microscopy recordings of leukocyte trafficking events in a living mimetic of the human vascular microenvironment. Notably, the imaging plane can be set directly at the endothelial interface in a µSiM device, resulting in a high-resolution capture of an endothelial cell (EC) and leukocyte coculture reacting to different stimulatory conditions. The abundance of data generated from recording observations at this interface can be used to elucidate disease mechanisms related to vascular barrier dysfunction, such as sepsis. The appearance of leukocytes in these recordings is dynamic, changing in character, location and time. Consequently, conventional image processing techniques are incapable of extracting the spatiotemporal profiles and bulk statistics of numerous leukocytes responding to a disease state, necessitating labor-intensive manual processing, a significant limitation of this approach. Here we describe a machine learning pipeline that uses a semantic segmentation algorithm and classification script that, in combination, is capable of automated and label-free leukocyte trafficking analysis in a coculture mimetic. The developed computational toolset has demonstrable parity with manually tabulated datasets when characterizing leukocyte spatiotemporal behavior, is computationally efficient and capable of managing large imaging datasets in a semi-automated manner.




Keywords: neutrophil, state detection, computer vision, machine learning, particle tracking, big data, phase contrast, fMLP




1 Introduction

Vascular barrier dysfunction is associated with multiple diseases such as sepsis (1), Alzheimer’s disease (2), and multiple sclerosis (MS) (3). Sepsis is prominent for being a leading cause of death in intensive care units (4), widely prevalent (1.5 million cases in the US annually (5)), and highly costly to healthcare systems (>$20 billion dollars annually) (6). Additionally, Alzheimer’s disease and MS are both prevalent (roughly 900k new cases per year (7) and 900k current patients (8), respectively) and far more costly to the US healthcare system (>$305 billion dollars (9) versus >$85 billion dollars, respectively). Normal vascular endothelium is characterized by tight barriers and low permeability (10), providing a host with homeostatic fluid balance and selective immune cell trafficking (11). Under excessive inflammation, however, vascular barriers experience dysfunction, including higher vascular wall permeability (12), which advances disease progression. Animal models have demonstrated robust organ damage in areas of excessive leukocyte recruitment (13–15), and survivors of severe sepsis often suffer from cognitive impairments (16, 17) due to a variety of factors including blood brain barrier (BBB) infiltration by blood-borne leukocytes that participate in the escalating inflammatory response (18, 19). Importantly, transmigration can also occur under non-inflammatory conditions in the vasculature. For example, monocytes are known to routinely enter the outer meningeal spaces to monitor cerebrospinal fluid for infection (20) and subsets of CD4+ T-Cells preferentially cross the BBB (21) to perform immune surveillance. Thus, dysregulated immune cell trafficking is a characteristic of multiple pathological states yet studying the dynamic interplay between vascular barriers and leukocytes in vivo is difficult due to limited imaging techniques and a lack of translational fidelity of animal models.

Recently, the emergence of microphysiological systems (MPS) for in vitro tissue models has facilitated the exploration of vascular physiology in a living mimetic of a tissue microenvironment (22, 23). Notably, there is an increasing ability to recreate microscale vascular structures (24) in these systems. This enables MPS as a useful platform for directly investigating human mechanisms of vascular barrier dysfunction for the development of future pharmaceutical interventions (25) through the use of human cell lines. Studies performed with MPS typically involve end-point assays such as immunofluorescence or ELISA, and imaging on vascular MPS is limited by the use of components that interfere with image quality, including optically opaque membranes (26). Most MPS systems are not suitable for studying leukocyte trafficking dynamics as this requires high quality live imaging of the blood/tissue interface.

In our lab, we have developed the µSiM platform (27) as a modular microfluidic system that offers superior imaging quality for studying neutrophil transmigration in blood vasculature models (Figure 1A). The µSiM platform mitigates imaging issues found in conventional MPS platforms as it features optically clear (<100 nm thick) nanoporous silicon nitride (NPN) membranes separating apical and basal compartments of a simple microfluidic device (Figure 1B). The membrane enables multiple imaging modalities such as phase-contrast (24), confocal (28), and electron microscopy (29, 30). The µSiM platform facilitates visualization of the vascular wall and has successfully been used to provide high-quality real-time phase contrast video data of polymorphonuclear leukocyte (PMN) or neutrophil trafficking events in a vascular mimetic under inflammatory stimuli (24) (Figures 1C–E). Furthermore, ultrathin NPN membranes can be utilized to create cocultures on either side of the membrane, which has been used in a human blood brain barrier (BBB) coculture mimetic for assessing fluorescent particle translocation via spinning disc confocal (SDC) microscopy (28). Despite this advancement, analysis of imagery obtained from these studies is typically limited to manual data processing. Given the large image datasets that are generated (31), manual processing is laborious and time-consuming and limits the practical size of data sets that can be obtained. Implementation of automated image analysis will have enormous practical value in terms of the size and completeness of data sets that can be obtained and the avoidance of human bias in data interpretation.




Figure 1 | An overview of the leukocyte adhesion cascade and how it is modelled via µSiM device. (A) To address inflammatory insults, leukocytes engage in an adhesion cascade on the luminal surface of blood vessels that’s mediated through tissue generated chemokine gradients (e.g., IL-8) and surface ligand expression via cytokine stimulation (e.g., LFA-1 on PMNs, ICAM-1 on ECs). Through this process, leukocytes are able to transmigrate through endothelium into inflamed tissue where they can then act to clear out local infections. (B) To model this behavior and preserve the essential physiology of vascular endothelium, we use microfluidic, silicon membrane-enabled microvascular mimetics (μSiM-MVMs). Layer by layer assembly via established protocols results in devices featuring accessible top and bottom microfluidic channels that are separated by an ultra-thin, optically transparent, and highly permeable membrane with nanoscale pores. Devices are built on top of a 24 by 40 mm glass cover slide. The golden window indicates the active porous region of the membrane surface (1.4 mm2) which contains nanopores that are viewable via scanning electron microscopy, as shown on the bottom right. (C) The presence of two channels enables the generation of chemokine gradients to which ECs and leukocytes can respond. For the purposes of this study, devices were seeded with human umbilical vein endothelial cells (HUVECs) and human polymorphonuclear leukocytes (PMNs) were induced to transmigrate with a 10 nM N-Formyl-methionyl-leucyl-phenylalanine (fMLP) gradient. (D) Upon PMN introduction, PMNs appear morphologically rounded and “phase bright”, in contrast with the gray contrast of the background ECs. Over the course of 30 minutes, multiple PMNs transmigrate and appear “phase dark”. (E) A diagram with nomenclature of PMN transmigration behavior in relation to the microfluidic device. PMNs that are above the endothelium are on the luminal surface or “phase bright” while PMNs that have transmigrated are abluminal or “phase dark”.



To address the need for automated analysis of high content imagery, semantic segmentation via fully convolutional neural networks (CNN) have been developed for pixel level classification of biological images (32, 33). By individually clustering related pixels together for object detection, such machine learning (ML) algorithms can create high contrast maps delineating the spatiotemporal behavior of dynamic leukocytes engaged in trafficking in a µSiM device, which is difficult to do with conventional algorithms (24). The data can then be managed in a semi-automated manner through custom programs and be used to analyze relevant details from an experiment. ML algorithms need to be adapted on a case-by-case basis for any given imagery dataset. They have been used successfully for in vivo label-free tracking and imaging of leukocytes in retina (34), providing a basis for automated analysis of large microscopy datasets. Here, we present a computational toolset that leverages machine learning algorithms to facilitate high accuracy monitoring of PMN trafficking and tracking behavior in a vascular mimetic, ultimately minimizing compound errors due to human bias and providing a key step in the development of a high throughput assay.




2 Materials and methods



2.1 µSiM manufacture

Microphysiological systems featuring microfluidic channels and highly permeable silicon nitride membranes (µSiM flow cells) were manufactured in accordance to protocol as described elsewhere (30). Briefly, 300 µm thick sheets of silicone gasket (Trelleborg Sealing Solutions, Trelleborg, Sweden) and 130 µm thick sheets of pressure sensitive adhesive (3M, Maplewood, MN) were precision cut and assembled layer by layer into µSiM devices using an irreversible bonding step via UV-ozone treatment (15 minutes) and thermal incubation (70°C for 2 hours). The devices featured a layer containing a nanoporous silicon nitride membrane (SiMPore Inc., West Henrietta, NY) that contains a freestanding window that is <100 nm thick, with an average pore diameter of 60 nm and overall porosity of ~15%.




2.2 Cell culture (HUVECs)

Human umbilical vein endothelial cells (HUVECs) were purchased from a biological supply vendor (Vec Technologies Inc, Rennselaer, NY) and expanded in plastic tissue culture flasks (T25) containing MCDB-131 complete media (Vec Technologies Inc., Rennselaer, NY). HUVECs were maintained in standard cell culture incubation settings (5% CO2, 37°C) and used for device seeding between passages 2 and 6. Prior to seeding HUVECs, µSiM devices were first autoclaved and subsequently exposed to UV in a cell culture hood for 15 minutes. Post sterilization, the top channels of the µSiM devices were coated with 5 µg/cm (2) fibronectin (FN-1918, R&D Systems) for one hour at room temperature to facilitate endothelial cell adhesion. HUVECs were seeded into the fibronectin coated top channels at 40,000 cells/cm (2) and maintained in a cell culture incubator (5% CO2, 37°C) for 24 hours in static conditions prior to experimentation. Experimental groups were split into positive and negative control studies. In negative control studies devices were maintained with MCDB-131 complete media, whereas in positive control studies 10 nM of N-formyl-met-leu-phe (fMLP) was added to the media in the bottom channel (abluminal side) of the device to serve as a PMN chemoattractant.




2.3 PMN isolation

Human PMNs were isolated from whole blood obtained from consenting donors following a protocol that has been approved by the University of Rochester Institutional Review Board (IRB). Briefly, whole blood was drawn into 10 mL sodium heparin coated tubes (B.D., Franklin Lakes, NJ) from healthy donors and cooled to room temperature over 20 minutes. Upon cooling, whole blood was layered on top of a density gradient ‘1-Step Polymorphs’ solution (Accurate Chemical & Scientific Co., Westbury, NY) and separated following manufacturer protocols (500g, 30 minutes, 20°C). All layers except for the PMN rich layer were discarded. The PMN rich layer was diluted and washed in a buffer consisting of Hank’s balanced salt solution (calcium and magnesium free), 10 mM of 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) sodium salt, and 5 mg/mL bovine serum albumin. PMNs were pelleted (350g, 10 minutes, 20°C) and resuspended twice in wash buffer before being depleted of red blood cells via hypotonic lysis. Post lysis, the PMNs were suspended and washed once before being deposited in a 1.5 mL Eppendorf conical filled with 1 mL of wash buffer. Fully isolated PMNs were left on a rotating stand to prevent settling and used for experiments within 3 hours post isolation to minimize changes in cell properties.




2.4 Microscope studies

Isolated PMNs were suspended in MCDB-131 complete media and introduced into the top channel of sterile µSiM devices with confluent HUVEC monolayers at a seeding density of 3 million PMNs/mL, which matches healthy physiological PMN counts in the human body (35). This density was also chosen to limit excessive population counts in a field of view, ensuring a higher accuracy for the automated workflow. In negative control studies, devices were flushed with sterile media in both channels prior to PMN introduction, while in positive control studies, fMLP rich media was infused into the bottom channel of the device to serve as a potent PMN chemoattractant. After introducing PMN’s via pipette injection, devices were placed inside an incubation stage (37°C) coupled with an inverted microscope (Nikon Ti2E, Nikon Corporation, Tokyo, Japan) and recorded in a phase contrast imaging modality (0.25 Hz) for 30 minutes via Zyla sCMOS camera (Andor Technology, Belfast, UK) and 40x long working distance lens (NA 0.55). The raw recorded videos were saved in a.TIF image stack at a resolution of 2048x2048 pixels (16 bit), resulting in a total video size of ~3.5 GB before processing.




2.5 Video pre-processing

To facilitate both faster and more consistent analysis, all phase contrast microscopy videos were pre-processed before being introduced to the machine learning pipeline. First, recorded videos were converted from 16-bit grayscale (2048x2048 resolution) to 8-bit grayscale and downsized to 1024x1024 via bilinear interpolation to reduce effective file size from ~3.5 GB to ~0.5 GB, allowing for faster image processing. The condensed videos were then histogram equalized to minimize brightness and contrast perturbations across video samples and throughout the duration of each video. The videos were then converted to 8-bit RGB frames and multiple image ‘sub-stacks’ were created via script such that each ‘sub-stack’ contained a number of frames that roughly matched the number of CPU cores present in the processing computer. Thus, for a 450 frame video being split among 18 cores, each generated sub-stack contained 18 images for a total of 25 sub-stacks. The ‘sub-stacks’ were subsequently saved in a folder structure that served as the primary directory for image input for the semantic segmentation process.




2.6 Machine learning models

The overall workflow for the computer vision process can be seen in Figure 2. Two machine learning methods were utilized in this workflow, a semantic segmentation algorithm via random forest (Figure 2A) and classification algorithm via CNN (Figure 2B). More specifically, the implemented semantic segmentation algorithm uses a modified version of the random forest classifier called FastRandomForest (FRF) (36) while the CNN used is based off of LeNet-5 (37). Both were selected for speed and low hardware commitments, as the FRF model was trained in ~25 minutes while the LeNet-5 CNN was trained in ~15 minutes on an 8-core central processing unit (CPU), allowing for rapid iterations. Due to the speed of CPU training and the lack of available GPU libraries, GPU acceleration was not utilized for this study.




Figure 2 | The computational methods described in this paper are designed to process phase contrast microscopy videos of human neutrophils interacting with vascular endothelial cell monolayers to extract bulk statistics such as neutrophil state and activity metrics. To achieve this, (A) select frames from phase contrast videos were taken and labelled with ground truth masks delineating neutrophil activity. Following labelling, a model based on a random forest algorithm was trained to provide pixel-level semantic segmentation of image datasets. (B) Segmentation maps were then taken and analyzed in script to separate all neutrophils from the endothelial background. Following this, another model based on the LeNet-5 CNN was trained to delineate single neutrophils from clustered ones. In conjunction with additional scripting, the CNN assists with counting, transmigration detection, and spatiotemporal analysis. Centroids obtained from PMN/cluster detection were then used to generate frame-frame particle trajectories via nearest-neighbor linking which, in conjunction with state information, allowed for spatiotemporal analysis of PMN behavior.






2.7 Model training for state analysis and validation

Following biological experimental data collection, additional negative and positive control datasets were recorded and used explicitly for training. Select images from both of the training negative and positive control data sets underwent ground truth labeling for the semantic segmentation approach via the “Trainable WEKA Segmentation” plugin (33) in FIJI (38), which utilizes the FRF algorithm. Images used for training were labeled with four cell classes via masking: apical/luminal “static” PMNs, apical/luminal “probing” PMNs, “basal/abluminal” transmigrated PMNs, and endothelial cells. Each class corresponded to a different discrete color in the masking layer, resulting in a 4-bin mask for the ground truth label. Beanshell scripts for the WEKA plugin were adapted from the ImageJ wiki and used alongside the ImageJ scripting language for automation of the training and classification processes. Data augmentation was incorporated into the model in order to increase PMN detection accuracy from variable recording conditions (e.g., blurs, brightness variations, etc.). The risk of overfitting with multiple features is noted to be low with random forest algorithms (39). The random forest model was retrained as needed until a satisfactory error rate was achieved (~2.68% via out-of-bag error calculated from training data).

After training, the semantic segmentation model was applied to n=3 (per condition, with or without fMLP) datasets that were not used in the training process and highest probability pixel maps were generated. The pixel maps were subsequently moved into another analysis script where all PMN-related detected pixels were extracted, morphologically linked via pixel association, and assigned a centroid. Segmented neutrophils were selected by searching for pixel clusters greater than 600 pixels in size, while all smaller detections were discarded as noise. Delineation between single neutrophils and clustered or multiple neutrophils is difficult via size or shape alone due to neutrophils presenting variable area and geometry depending on their state. To better count cells in a video on a frame-by-frame basis, a secondary CNN based on the LENet-5 architecture (40) was utilized. Briefly, select pixel segmentation frames from videos used for model training were taken and all PMN related features extracted and individually tabulated as either “single” or “multiple” neutrophils via ground truth labels. PMN detections from the segmentation maps were classified, and transformations (e.g., rotations, flips) were used to increase the number of training samples. In total, ~1,600 labeled samples were obtained for both classes for training. Training was performed with an Adam optimizer with 25 epochs and repeated with additional samples until a satisfactory error rate was achieved (~1.25% via confusion matrix on validation data). After separation into “single” and “multiple” categories, the precise number of PMNs in clusters were counted via additional scripting logic by dividing the pixel area of each cluster to the average pixel area of cells in the “single” PMN group on a frame-by-frame basis.

Transmigration ratios were determined by comparing pixel counts from the semantic segmentation map associated with the abluminal transmigrated PMNs to the luminal PMNs in a bulk manner post PMN detection and cleanup (i.e., the total number of pixels attributed to the transmigrated class were compared to the total number of pixels associated with luminal classes). Model validation was performed by checking for counting accuracy (<10% error with respect to manual counts) and transmigration ratio accuracy (within statistical significance of manual counts). Statistical significance for transmigration ratios were calculated by taking ‘equilibrium regimes’ (steady state) regions of PMN activity. Manual counting of PMNs was performed on the first frame of a video, followed by frame 30, then every 30th frame (i.e., 1, 30, 60, 90, …, 450) where both luminal and abluminal PMN populations were tabulated. For transmigrated PMNs, only fully transmigrated PMNs were counted for the purpose of comparison to the automated workflow results as PMN transmigration is a rapid event (~5 frames, or 20 seconds).




2.8 PMN tracking and validation

The PMN transmigration studies recorded for the state analysis were reanalyzed for tracking studies. Fifteen neutrophils were randomly selected and manually tracked from the three negative (-fMLP) and positive (+fMLP) control videos (n = 90 PMNs total) from the state analysis study and compared against a tracking script written in Mathematica. Frame-to-frame leukocyte trajectories were created using the nearest neighbor method (41) of particle linking by detecting PMN centroids from semantic segmentation data, where the closest detections from one frame to another are associated and subsequently linked as a trajectory. Centroid detection was performed with feature extraction algorithms built into Wolfram Mathematica that are also commonly available across multiple platforms [e.g., image moments and invariants (42, 43)]. Additional scripts were written to mitigate tracking issues in incidents when multiple PMNs overlap or cluster in a video frame, correct errors attributed to the nearest-neighbor linking algorithm via proximity thresholding, and assess population subgroups such as transmigrated PMNs only and non-moving PMNs. For clustered PMNs that localized in proximity either luminally or abluminally, all trajectories associated with the PMN “bulk body” were assigned a common centroid while PMNs remained in close association with each other. A size threshold was incorporated to ensure only large clusters of PMNs follow this linking logic. Upon PMN overlap (luminal crawling over abluminal), tracks were linked to a common centroid and subsequently restarted upon the end of the PMN overlap event, although individual PMN identity is not always preserved, and this resulted in the generation of track fragments. To prevent tracks from jumping across the video, the nearest-neighbor linking approach incorporated mechanisms to stop linking by both preventing the same centroid from being used in multiple tracks (unless clustering occurred) and by limiting the search for new trajectories by a threshold of 55 pixels radially over 5 frames (11 pixels added per future frame search). PMN motility was characterized by calculating meandering index, defined as displacement divided by total path length (44). Final data generated included leukocyte spatial location, persistence, and mean squared displacement based on fitting the Dunn equation (45) with a time gap of 120 seconds using track fragments >100 frames in length. The 15 longest tracks for each condition, as well as a random group of 15 tracks with track length greater than 100 frames were also used in curve fit calculations. Tracking validation was performed by comparing both speed and persistence values for statistical agreement with manual tracks via a Students t-test.

Population subgroup analysis was facilitated by combining state information from the semantic segmentation workflow and tracking data. Trajectory fragments were combined with state information to create a data structure that saw track fragments reorganized into two groups. One representing tracks associated with luminal PMNs/PMN clusters, and another associated with abluminal PMNs/PMN clusters. A pixel ratio of greater than 50% transmigrated class detections was used as the threshold for counting a PMN/PMN cluster as an abluminal detection. Given the dynamic state of leukocytes in these microfluidic devices, additional track ‘sub fragments’ were generated to split trajectories if PMNs transmigrated (luminal to abluminal). Curve fitting and parameter extraction followed for the two groups of tracks in a similar fashion to the rest of the tracking analysis. A validation of this methodology (via comparison to manual labelling) was performed by assessing the bulk state of a trajectory fragment. The average error in state detection for a full track fragment was 5.72%.




2.9 Statistical analysis

All cell culture experiments were performed with twelve replicates (each in individual µSiM devices) for a total of n=6 for both negative and positive control studies. Experiments were performed on different days, using sequential passages of HUVECs. Three datasets from both conditions were used in ground truth labelling (by selecting a fraction of frames) while another n=3 studies from both experimental groups were used for model analysis and validation. For model validation, bulk distributions were evaluated with a two sample Kolmogorov-Smirnov (KS) test, individual replicates were assessed via Student’s t-test, and multiple comparisons were done with a One-Way ANOVA. All graphical results are reported as mean ± standard error of mean (SEM). Statistical analysis was performed in Prism (Graphpad Software Inc, San Diego, CA).




2.10 Computational resources and scripting

All image processing and model deployment was performed on an 18-Core/36-thread (Xeon W, Intel Corporation, Santa Clara, CA) iMac Pro (Apple Inc., Cupertino, CA) with 64GB of RAM. Scripting, coprocessing, and model training was performed on an 8-core/8-thread Mac Mini (M1, Apple Inc., Cupertino, CA) with 8GB of RAM. A key characteristic of this workflow is its lightweight nature, as none of the ML processes utilized in this study incorporated graphics processing units (GPUs) and were capable of rapidly running on central processing units (CPUs) alone. For the semantic segmentation approach, a random forest algorithm was used for analyzing frames from experimental videos via the WEKA module incorporated into FIJI known as ‘Trainable WEKA Segmentation’ (33). The WEKA module was controlled via Beanshell (46) and ImageJ macro language scripting for both training and classification. Ground truth labels were created with a GUI interface built into FIJI. For post-hoc analysis of semantic segmentation data via convolutional neural network and common image analysis algorithms, additional scripts were written in Mathematica (Wolfram Research, Champaign, IL). Specifically, Mathematica was utilized to initialize, train, and deploy a custom LeNet-5 (40) alongside common feature extraction algorithms to facilitate the analysis of semantic segmentation data. For the LeNet-5 model training, a typical 80/20 training/validation split was utilized. Further, Mathematica was utilized for the creation of a nearest-neighbor linking approach for particle tracking. Data management and workflow was managed with bash scripting.





3 Results



3.1 Machine learning model training results

After training the machine learning models, the error for the WEKA based FRF algorithm and secondary LENet-5 algorithm were ~2.68% and ~1.25% respectively. Error for FRF is calculated using the out-of-bag error rate while the secondary LENet-5 based model calculated error from its associated confusion matrix. This accuracy facilitates the secondary analysis, where the FRF algorithm provided high contrast imaging information (Figure 2A, additional examples in S1) and the LeNet-5 algorithm applied to segmentation data was used to facilitate population counting, transmigration ratios, and tracking analysis (Figure 2B). Finalized reports are generated that contain spatio-temporal state information associated with a PMN track.




3.2 Population assessment

After segmentation, a counting script provided an estimate of the number of PMNs present in a video frame alongside centroid markers for future tracking detection. When comparing the population detections in frame from the model versus manual counting, the bulk distributions of all analyzed frames were found to be statistically similar (Figure 3A) with comparable clustering, indicating that the model predictions are in line with manual observations. Note, a negative and positive control were used for all comparisons made in this study. For positive control studies, 10 nM fMLP was introduced into the bottom channel of the µSiM device to create a chemokine gradient. When assessing each control condition individually, we find that the model is capable of counting PMNs with less than 10% error (Figure 3B) compared to manually tabulated results. Notably, neutrophils in negative control studies are more reliably counted with ~5% error versus positive control studies at ~8% error. This can be attributed to the increased difficulty in detecting activated neutrophils as they typically present amorphous or irregular morphologies in comparison to the rounded shapes presented by non-activated neutrophils.




Figure 3 | Analysis of model counting capability. (A) Manually tabulated counts were compared against the model process via statistical testing (Two-Sample KS Test) and were found to have similar underlying distributions. (B) When comparing control conditions individually, negative control studies presented lower error rates in counting (5.02%) versus positive control studies (8.20%), which is likely due to the increase in amorphous morphology seen in activated PMNs. (C) Example data showing temporal population detection (both manual and model based) for a positive control study. For the 30-minute duration of each control study, no PMN population loss or gain was observed from the recording field of view, indicating that PMN population distribution is homogenous. PMNs exposed to fMLP concentration gradients are unable to cross the NPN membrane. (D) Comparisons of model counting capability for individual replicates. Each data point represents a successive frame in a video/experimental condition where population counts were tabulated. In each replicate for both positive and negative control studies, the model shows statistically similar counts to manual counting as well as a tight clustering for all the associated data points. Statistics: ns, not significant.



With our typical magnification (40x objective), only ~7.8% of the available membrane surface area is imaged. This limited field of view introduces the possibility of bias if PMNs leave a recording boundary. A key characteristic of these experiments, however, is that PMN populations on the membrane surface were found to be stable for the 30-minute experimental duration (Figure 3C), eliminating potential bias via population loss from the limited recording field of view. In negative control studies, this can be explained by the lack of stimulus and thus relatively inactive PMNs. For positive control studies, the presence of a chemokine in the bottom chamber activates neutrophils but the nanoporous membrane prevents them from migrating into the bottom channel containing the chemokine source. Thus the result is again a steady number of migrating PMNs over time in the 30-minute experiments. To complement this bulk analysis, individual experimental replicates were analyzed for population counting accuracy (Figure 3D). For each experimental replicate analyzed by the machine learning workflow, the automated process depicted both high accuracy in counting and tight population clustering, which is indicative of population stability over time. Variability in population seeding density between experiments was seen and likely occurs due to inaccuracies in the small volumes (~20 µL) injection of PMN-containing media into fluidic channels.




3.3 Transmigration analysis

The segmentation map generation procedure combined with the counting algorithm facilitated transmigration analysis by providing context on PMN state. Negative control studies (no stimulation) displayed minimal PMN transmigration activity, where <5% of PMNs were actively engaged in transmigratory behavior. In contrast, positive control studies stimulated by a transmembrane gradient of fMLP displayed robust PMN transmigration ranging from ~10-40% average ratios between three independent experiments. Across all positive control studies, bulk PMN transmigration displayed a typical behavior consisting of no activity upon PMN introduction into the device, a sensing regime where PMNs begin to rapidly transmigrate, and then a pseudo ‘steady’ regime where transmigration behavior is maintained for a subset of the PMN population (Figure 4A). For the purposes of analyzing this behavior, all comparisons made for the positive control groups only account for the subset of transmigration data generated during the steady state regime. A typical example of multiple transmigrated PMNs (with highly amorphous morphologies) co-existing with non-activated PMNs (with rounded morphologies) on an endothelial surface is shown in Figure 4B. For both conditions, the bulk distributions for all analyzed frames are found to be statistically similar for both model and manual counting (Figure 4C). As expected, positive control studies solicited higher transmigration ratios than negative control studies due to the potent nature of fMLP as a PMN chemoattractant (Figure 4C). Notably, the high variability of transmigration ratios in fMLP gradient devices, along with an apparent ceiling of ~40% transmigration, indicates a heterogenous response to this chemotactic factor within the PMN population. This becomes more evident when viewing results from individual replicates, where manual counting agrees with both the mean model prediction and the variation about the mean (Figure 4D). While negative control studies typically presented low transmigration ratios, positive control studies display experiment-to-experiment variability.




Figure 4 | Transmigration analysis for assessing subgroups of PMNs that respond to a 10 nm fMLP chemical stimulus along a concentration gradient. (A) A typical example of PMN transmigratory behavior in a positive control study. Upon introduction to a device, PMNs appear inert and slowly start to acclimate to their new environment. Within a few minutes, escalating transmigration begins to occur, ultimately reaching a ‘steady state’ where a portion of the PMN population maintains transmigratory behavior. For the purposes of comparing transmigration ratios, an average of the ‘steady state’ regime was utilized. (B) An example figure from a positive control training set study depicting a ‘steady state’ segmentation map overlayed onto a corresponding video frame. Despite the usage of fMLP, a potent neutrophil chemotactic agent, only a portion of the PMN population responds to stimulus. (C) An analysis script calculated transmigration ratios for analyzed video frames from n=3 negative and positive control studies. The final results were compared to manually tabulated results, where a PMN was considered transmigrated only if it was fully phase dark. For both experimental groups, when comparing all analyzed frames, bulk distributions were found to be statistically similar via Two-Sample KS Testing. As expected, positive control studies experienced higher transmigration ratios due to the usage of fMLP as a chemoattractant. (D) Comparison of the average transmigration ratio from ‘steady state’ regimes from temporal data for individual replicates versus model counting. For each replicate, statistical similarity is achieved between manual and model based counting. Statistics: ns, not significant.






3.4 Counting and transmigration error analysis

The automated workflow demonstrates statistical parity to manual counting with low error rates for both negative and positive control studies. To better understand error rates, analyses were performed to assess under/over counting as well as time-dependent error caused by increasing PMN morphological changes and clustering. For population counting, comparisons were made by plotting residual plots in bulk and time associated data for both experimental conditions (Figure 5A). In this context, a residual plot displays the difference between computer and manual measurements. Transmigration data was assessed similarly, with ‘difference from model’ used instead of discrete counts (Figure 5B). Note, ‘difference from model’ refers to the difference of percent transmigration values and is effectively comparing residuals. Also, all transmigration data was considered for this study instead of using the ‘steady state’ only (Figure 5A), as we are evaluating overall model performance. For bulk counting and transmigration analysis, the residuals are well dispersed and do not indicate any bias towards under or over counting when comparing the automated process to manual counting. Temporal data for both counting and transmigration illustrates a similar conclusion, with less error in both categories for negative control studies versus positive control ones. As time increases, error increases in positive control studies which can be attributed to the increased difficulty in detecting PMNs with irregular shapes. Regardless, the automated workflow exhibits high accuracy counting and transmigration detection of PMNs in µSiM devices.




Figure 5 | Error analysis for counting and transmigration detection for both bulk measurements (checking each analyzed frame) and temporally over the course of multiple experiments. For the time associated graphs, n = 3 independent experiments utilizing individual devices are depicted. The dark purple lines represent time-dependent mean, shaded regions represent standard error of mean, and light lines represent individual replicates. (A) Residuals generated from the counting analysis are evenly dispersed, indicating that the automated workflow has no bias towards overcounting or undercounting. Similarly, this behavior is maintained when looking at all experimental replicated in a time-dependent manner, with positive control studies displaying more variability over time. (B) Bulk analysis for transmigration displays a lack of undercounting or overcounting bias when compared to manually tabulated data. Time-dependent data continues to display this trend, with positive control studies again displaying higher variability with experiment time. For both counting and transmigration, positive control studies see higher error with time due to increased PMN amorphous morphology and clustering events.






3.5 Tracking analysis

One of the outputs from the automated counting process is centroids for all detected cells and clusters. This data was used to create neutrophil tracks via a nearest neighbor linking based tracking algorithm. For this study, only bulk characteristics (average speed, persistence, and meandering index) were assessed to obtain useful information on the activity levels of the total PMN population. Speed is a measure of displacement over time, persistence is a measure of time spent before changing direction, and meandering index represents the linearity of a trajectory. An example of a centroid overlay map from the cell counting process can be seen in Figure 6A. After centroid collection, tracks were linked based on criteria described in the methods section and can be displayed in an x-y coordinate map, where each color corresponds to a different track fragment (Figure 6B). To evaluate tracking performance, the generated track fragments were then processed to calculate the mean-square displacement (MSD) over time and fit to the Dunn equation to extract speed and persistence assuming the trajectories are a semi-persistent random walk (47) (Figure 6C). Analyzing the MSD over 120 seconds in each case, this method produced a mean speed and persistence for each trajectory. For negative control studies, both speed and persistence were found to be statistically similar between manual tracking and all assessed track fragment groups created from the automated process (Figure 6D). Similarly, positive control groups display statistical similarity between manual and automated parameter measurements, however there is noticeably more variability in the persistence measurements. Automated persistence measurements appear to be inversely correlated to track fragment length where longer tracks result in lower persistence values, indicating a potential form of mathematical bias. It is important to note however, that there is no statistical difference between persistence measurements for the assessed track fragment groups, and the usage of random tracks in analysis appears to resolve this phenomenon. All tracks from the automated process can be organized into spider plots, where a universal origin is set (Figure 6E). When comparing tracks in this manner, unstimulated PMNs demonstrably crawl less on an endothelial surface versus those exposed to an fMLP gradient in the positive control studies, which is in line with physiological expectations. Unstimulated PMNs are slower overall, less persistent, and have lower meandering indices than their stimulated counterparts (Figure 6E). Note, meandering index measurements measure path linearity on a scale from 0 to 1 and are similar between manual and machine measurements (S2).




Figure 6 | Bulk tracking statistics can be extracted from semantic segmentation data utilizing a nearest neighbor linking tracking methodology. (A) PMN and PMN cluster centroids are gathered from the automated cell counting process and organized into trajectory fragments, the subfigure depicted here displays a visual representation of the generated centroids. Each red circle has a different size that corresponds to the equivalent disk radius of the detected PMN or cluster. (B) A graphical example of track fragments plotted in an xy plane where each migration path is assigned a random color. Tracking logic and constraints are detailed in the methods section. Combined with segmentation data, the track fragments can provide spatiotemporal information on PMN behavior. (C) To better understand bulk PMN activity behavior in the µSiM device, track fragments were fit to the Dunn equation using a time interval τ=120 seconds, resulting in the extraction of both average speed and persistence. This subfigure shows a typical example of a Dunn equation fit, where the blue dots represent individual data points and the orange line represents a curve fit. (D) Speed and persistence were compared between n=15 manual tracks, track fragments with a length of 100 frames (400 seconds) or more, the n=15 longest tracks, and n=15 random track fragment for both negative and positive control groups. For all parameters, statistical parity was achieved with noticeably higher speeds and persistence values for the positive control group. Persistence measurements in the positive control study appear to be inversely correlated to track length, however the use of random tracks seems to resolve this issue. (E) Spider plots using a universal origin depict the contrast between low activity, unstimulated PMNs and high activity, stimulated ones. In general, PMNs exposed to fMLP are faster, more persistent, and have higher meandering indices versus unstimulated ones. Statistics: ns, not significant.






3.6 Subgroup analysis and summary

With validated state analysis and tracking capabilities, the computational tools described in this study are capable of generating spatiotemporal data profiles on all PMN trajectories. One behavior evident from observing PMNs in positive control studies is that a subset of the population does not respond to fMLP stimulus. Using the meandering index measurement (displacement over path length) and setting a threshold of <0.1 as a “non-reactive” trajectory, ~25% of trajectories mapped displayed little movement (similar to negative control studies) in contrast to ~75% that displayed robust movement across all positive control studies (Figure 7A). When assessing the effect of directional localization on PMN speed and persistence, a few notable behaviors were observed. First, fMLP stimulated PMNs have similar speeds regardless of location with respect to the endothelium and are significantly faster than non-stimulated PMNs (Figure 7B). The location and stimulation status of a PMN greatly effects persistence, noting that stimulated and luminally positioned PMNs are significantly more persistent than stimulated and abluminally positioned ones (Figure 7B). Both stimulated groups of PMNs are significantly more persistent than unstimulated PMNs (Figure 7B). Further study of PMN subgroups may help elucidate mechanisms attributed to PMN heterogeneity. Lastly, as a summary, fMLP stimulated PMNs transmigrated more, were faster, more persistent, and had higher meandering indices (Figures 7C–F). All of these results are expected and correlate with literature on PMNs across both human and animal models (48–51).




Figure 7 | The combination of PMN state detection and tracking ability allows for the creation of spatiotemporal data and subsequent analysis of PMN population subgroups. (A) For positive control studies, all trajectory fragments were analyzed for relative movement via meandering index. Notably, a small subgroup of ~30% analyzed track fragments had limited (<0.1 meandering index) movement in response to fMLP, compared to the 70% that showed a more robust response. (B) When addressing PMN statistics for luminal vs abluminal groups, the presence of a chemotactic agent appears to dictate overall speed. (Note: too few PMNs transmigrated in negative control studies, < 5% on average, for meaningful conclusions to be made). Transmigrated PMNs in positive control devices (+fMLP) are less persistent than PMNs localized on the luminal surface of the endothelium. (C-F) As a final summary, the automated workflow detects statistically significant differences between unstimulated and stimulated PMNs. In the studies that incorporated fMLP, PMNs transmigrated more frequently, were faster, more persistent, and had higher meandering indices. All of these observations are expected and correlate with literature. Statistics: *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.







4 Discussion

MPS are increasingly being used to model vascular systems (22, 23), and they have facilitated the exploration of mechanisms of human disease because of their ability to replicate vascular physiology with human cells. The attention placed on essential physiology, in conjunction with the ability to rapidly evaluate acute vascular barrier dysfunction in a high-throughput format, enables MPS to serve as platforms for discovering future pharmaceutical interventions (25) with high physiological relevance. In our lab, we have created the ‘µSiM’ platform (27) that complements endpoint studies such as ELISA or immunofluorescence with the ability to rapidly collect high-resolution temporal imaging data at the endothelial interface. This is due to the incorporation of optically transparent, highly porous nanomembrane materials that allow for the monitoring of PMNs on the endothelial interface without the incorporation of exogenous dyes. Manually analyzing high-content imaging data is difficult however because of the size of the imaging datasets (31) and may fail to capture the dynamism of PMNs transmigrating through vascular endothelium because of user bias. Here we demonstrate that an automated process using machine learning in conjunction with computer vision techniques is capable of obtaining bulk metrics of PMN activity in response to a chemokine gradient stimulus.

In this study, we used our µSiM microvascular mimetic to image different PMN responses to chemical stimulus via incorporation of fMLP gradients originating in the abluminal or ‘tissue compartment’ of our device. Through the adaptation of two machine learning algorithms, a semantic segmentation approach via random forest and classification via CNN, we were able to extract bulk metrics and data from the devices. Specifically, we were able to accurately ascertain the number of PMNs present in a field of view, assess bulk transmigration activity, and gather bulk activity metrics based on a nearest-neighbor-linking tracking algorithm. Our automated results are statistically indistinguishable from results obtained with manual counting. The automated approach is computationally efficient, accurate, and modular. Training the models used in this study takes ~40 minutes on an 8-core processor, and deployment to achieve a full report on a single experiment is accomplished in ~2.5 hours on an 18-core processor. Because of the CPU-centric nature of our analytical process, this workflow is accessible for groups without extensive computational resources. Importantly, GPUs are not necessary but are available as a resource for accelerated computing via CLIJx for the WEKA based semantic segmentation and cuDNN for the CNN based classification scheme. In the future, such acceleration may be required to process higher frame-rate videos.

There are some limitations on the level of detailed information that can be obtained using the automated workflow we have developed. Notably, our ability to detect intermediate PMN transmigration phases is limited because of the rapid (~5 frames or 20 seconds) nature of a transmigration event. While this may be addressed with higher frame rate capture, additional computational resources would be required to handle the increased amount of imaging data. Secondly, the tracking methodology described in this study is conservative and generates multiple track fragments instead of a full trajectory that maintains PMN identity. While bulk measurements of PMN speed, persistence, and meandering index are not affected by this, the lack of tracking cell identity limits the ability to detect events such as PMN reverse transmigration, which is increasingly implicated in the pathophysiology of diseases such as sepsis (52). While bulk measurements of the PMN transmigration ratio can provide context for this event occurring inside of a device (e.g., ratio trending downward after a local maximum), the loss of additional tracking/identity information may also limit the ability to observe additional phenomena such as hot spots for transmigration. The incorporation of probabilistic techniques and global optimization as recently described in Vladymyrov et al. (53) can be utilized to overcome this limitation, but with additional computational costs.

Despite these limitations, the computational tools established in this study pave the way for automated or semi-automated workflows that quantify immune cell dynamics in microvascular mimetics. This tool could eventually be used with patient-specific cells in clinical diagnostic assays or for following a patient’s response to treatment (54). The workflow could also become part of development pipelines for pharmaceutical products. One of our research interests is characterizing the asymmetric EC response to directional inflammatory stimulus and its consequences for immune cell trafficking. Understanding the role of apicobasal polarity in pathogenesis is imperative as there is an increasing body of evidence that vascular barrier dysfunction and subsequent immune cell transmigration is implicated in diseases such as sepsis (1), Alzheimer’s disease (2), and MS (3). As an example, MS disrupts BBB tight junctions, resulting in the relocation of abluminal CXCL12 towards the luminal vasculature (55). This loss in apicobasal polarity leads to increased leukocyte recruitment, potentially contributing to neuro-injury as increased recruitment of leukocytes to the CNS is associated with a host of negative cognitive effects (56–58).

Prior studies in our lab have also demonstrated different EC responses when stimulated via luminal or abluminal exposure to the cytokine TNF-α, modeling systemic vs. localized sources of inflammation respectively (24). We found a that luminal treatment of ECs in a µSiM vascular mimetic resulted in a biased secretion of the chemokine IL-8 towards the luminal or ‘blood side’ of the device, while abluminal TNF-α exposure produced an approximately uniform secretion into the blood and ‘tissue sides’ of the device. Both forms of stimulation resulted in luminally oriented surface expression of the leukocyte adhesion molecule ICAM-1. Interestingly, the abluminal TNF-α exposure resulted in significantly higher PMN transmigration rates compared to negative controls and luminal exposure. This suggests that inflammatory signals arising from inflamed perivascular tissue result in a stronger recruitment of immune cells than those arriving through the circulation. These insights followed from many hours of labor-intensive manual tracking of PMNs in 30-minute time-lapse movies. Thus our motivation for the ML tools we present here stems from first-hand experience that the rate of biological discovery can be significantly accelerated by the use of automated methods for the analysis of high content imaging data.

Another important application of the tools presented here is in the analysis of functional heterogeneity in leukocyte populations. Originally thought to be of a single type, there is an increasing appreciation that PMNs are heterogenous in function and outcome (59–61). This observation coincides with a growing number of studies indicating that PMN dynamics such as polarization or reverse transmigration are implicated in multiple disease pathologies, including sepsis (13, 18, 62) and cancer (63, 64). While the delineation of such PMN “subgroups” typically involves genomic analysis (e.g., single cell RNA-seq) or flow cytometry (65), we observed the presence of possible population subgroups through trajectory analysis alone. Meandering index measurements identified small populations of PMNs that failed to respond to fMLP stimulus (Figure 7A) and differences in motility parameters were observed for PMNs depending on their localization with respect to the endothelium. These examples may indicate intrinsic population heterogeneity and transmigration-induced behavioral differences, respectively. We observed that luminally localized PMNs stimulated with fMLP appeared to be more persistent than their abluminal counterparts (Figure 7B). In agreement with prior data analysis performed manually (24), PMN speeds were found to be similar between luminally and abluminally localized fMLP-stimulated PMNs, indicating that the differences in migratory behavior relate to direction sensing rather than cell movement. In the future, more experiments can be performed to investigate PMN heterogeneity particularly in the presence of inflammatory cytokines that simulate diseased endothelium, and/or with the incorporation of other cell types (e.g., pericytes) in co-cultures to better mimic in vivo physiology.
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Atypical chemokine receptor-1 (ACKR1), previously known as the Duffy antigen receptor for chemokines, is a widely conserved cell surface protein that is expressed on erythrocytes and the endothelium of post-capillary venules. In addition to being the receptor for the parasite causing malaria, ACKR1 has been postulated to regulate innate immunity by displaying and trafficking chemokines. Intriguingly, a common mutation in its promoter leads to loss of the erythrocyte protein but leaves endothelial expression unaffected. Study of endothelial ACKR1 has been limited by the rapid down-regulation of both transcript and protein when endothelial cells are extracted and cultured from tissue. Thus, to date the study of endothelial ACKR1 has been limited to heterologous over-expression models or the use of transgenic mice. Here we report that exposure to whole blood induces ACKR1 mRNA and protein expression in cultured primary human lung microvascular endothelial cells. We found that contact with neutrophils is required for this effect. We show that NF-κB regulates ACKR1 expression and that upon removal of blood, the protein is rapidly secreted by extracellular vesicles. Finally, we confirm that endogenous ACKR1 does not signal upon stimulation with IL-8 or CXCL1. Our observations define a simple method for inducing endogenous endothelial ACKR1 protein that will facilitate further functional studies.
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Introduction

Atypical chemokine receptor-1 (ACKR1), also known as the Duffy antigen receptor for chemokines (DARC), is a blood group antigen that is expressed on erythrocytes and endothelial cells but not on leukocytes. While recognized as a receptor on erythrocytes for the parasite that causes malaria (1), its function on the endothelium is still not well understood.

Despite homology to other chemokine receptors and the ability to bind both CC and CXC chemokines, ACKR1 lacks the intracellular DRY (Asp/Arg/Tyr) motif present on most G-protein-coupled receptors that is required for signalling (2). Accordingly, ACKR1 expressed on erythrocytes has been postulated to act as a “sink” or reservoir, serving to modulate the inflammatory response by binding and releasing circulating chemokines. Intriguingly, a homozygous mutation in a GATA motif in the promoter region causes loss of ACKR1 expression on erythrocytes and confers protection from malaria but leaves endothelial ACKR1 expression unaffected (3, 4). This suggests that ACKR1 is subject to tissue-specific regulation and may also reflect an important function in the vasculature. Studies from human and murine tissues have indicated that endothelial ACKR1 is restricted to post-capillary venules (5, 6) but there is relatively little literature on its regulation or function. The paucity of studies is attributable in part to the fact that ACKR1 expression disappears in cultured endothelial cells within hours of isolation from tissue (7), complicating in vitro experiments. Endothelial cells in culture display phenotypic instability, for instance rapidly losing caveolae once isolated from tissue (8) and demonstrating marked changes in gene expression; mRNA for ACKR1 and the protein disappear within hours (7). In vitro, the cytokine TNFα has been reported to induce ACKR1 mRNA (9) but only modestly increased protein levels by human umbilical vein endothelial cells; stimulation of the cells with other cytokines (IL-1, IL-8) and growth factors (e.g. vascular endothelial growth factor (VEGF), platelet-derived growth factor) had no effect on ACKR1 expression.

As a result, almost all studies on endothelial ACKR1 have required either in vivo approaches or heterologous over-expression. The ability to study endogenous ACKR1 on cultured endothelial cells might facilitate our understanding of its regulation and function. We recently discovered that incubation with human whole blood causes induction of endogenous ACKR1 on cultured primary human microvascular lung endothelial cells (10); this in turn conferred susceptibility to a pore-forming leukocidin secreted by S. aureus which binds plasmalemmal ACKR1 and causes cell death. However, how blood induces endothelial ACKR1 remains unknown.

Here we report that whole blood induces endothelial ACKR1 mRNA transcription and protein expression; this effect was recapitulated by physical contact between neutrophils and the endothelium. Endothelial NF-κB mediates ACKR1 induction and ACKR1 expression is rapidly down-regulated through its secretion in extracellular vesicles. Consistent with studies of the heterologously expressed protein (11), endogenous ACKR1 on the endothelium did not signal upon stimulation with IL-8 or CXCL1.





Methods




Cell culture

Primary human pulmonary microvascular endothelial cells (HPMECs, PromoCell: C-12281) were cultured in Lonza Endothelial Cell Basal Medium-2 (EBM-2, CC-3156), supplemented with Lonza EGM-2MV (CC-4147) without gentamicin and grown in 37°C with 5% CO2. The medium was changed every 2–3 days of culture. All experiments were performed on cells between passage 5-7.





Blood collection

The Research Ethics Board (REB) of St. Michael’s Hospital, Toronto, Canada, approved the use of healthy human volunteer blood for induction of ACKR1 in vitro under protocol REB#17-184. We are not given permission to collect identifying information or personal health information in order to protect the confidentiality of the volunteers. Human whole blood from healthy individuals was collected in heparin sodium-coated vacutainers for in vitro experiments.





Isolation of blood components

For plasma isolation, blood was centrifuged at 2500 rpm for 15 minutes at room temperature and the plasma was collected and incubated with confluent HPMECs. For isolation of cellular components, whole blood was first diluted with an equal volume of phosphate buffered saline (PBS). Diluted blood was loaded on top of the Mono-Poly™ Resolving Medium (MP Biomedicals 091698049) and centrifuged at 800g for 45 minutes at room temperature. Mononuclear and polymorphonuclear leukocytes from whole human blood were separated in two distinct bands and erythrocytes were at the bottom of the tube. After centrifugation, isolated cellular components were collected, washed with PBS twice and resuspended in complete media. Isolated cells were then incubated with HPMECs to attempt induction of ACKR1.





ACKR1 induction

HPMECs were grown to confluency on 6 well plates and incubated with 1ml of whole blood or the same volume of complete media as control for 24 hours. For the isolated cellular components, HPMECs were incubated with resuspended monocytes, polymorphonuclear leukocytes and erythrocytes respectively for 6 hours. Following incubation, cells were washed with PBS and processed for immunoblotting or qPCR.





Inhibitor treatments

To attempt to inhibit the loss of ACKR1, HPMECs were first incubated with whole blood for 24 hours for ACKR1 induction. Cells were then washed with PBS and treated with MG-132 (20μM; CAS 133407-82-6), Marimastat (100μM; Santa Cruz, sc-202223), Bafilomycin A (100nM; EMD Millipore Cat# 5.08409.0001), GW4869 (2μM; Millipore Sigma CAS 6823-69-4) or DMSO in complete media for 6 hours. Cells were then lysed and processed for immunoblotting. For inhibition of protein synthesis, cells were treated with cycloheximide (100μg/ml; Sigma 01810) at the time of incubation with isolated PMNs for 6 hours. For inhibition of NF-κB signaling, HPMECs were pretreated with Bay 11-7082 (20μM; Sigma, B5556) for 30 minutes in complete media and then inhibitors were washed out and replaced with blood for 6 hours for ACKR1 induction.





Immunofluorescence

HPMECs were fixed with 4% paraformaldehyde (PFA) at room temperature for 15 minutes. After washing twice with PBS, any remaining PFA was inactivated with 100 mM glycine for 20 minutes. Cells were then permeabilized with 0.1% Triton-X in 1% BSA-PBS for 20 minutes. After permeabilization, HPMECs were blocked with 5% goat serum for 1 hour and then incubated with primary antibody against ACKR1 (Novus NBP2-75197) and CD31 (sc-376764, Santa Cruz Biotechnology) at a concentration of 10 μg/ml and 4 μg/ml respectively (1 hour at room temperature). HPMECs were washed five times with PBS and incubated with their corresponding Alexa Fluor-conjugated secondary antibodies (Jackson ImmunoResearch, 115-546-006, 111-605-003) at 1.5 μg/ml in PBS. Cells were washed 5 times with PBS and mounted in mounting media supplemented with 1 μg/ml DAPI. Images were acquired with a spinning disk microscope (Olympus IX81, at 63x objective) at a z-stack interval of 0.3 μm; all settings were kept constant between groups in the same experiment. Live cell microscopy was used to assess endosomal acidification after treatment with bafilomycin A. HPMECs seeded on 25mm glass coverslips were treated with or without bafilomycin A at 100 nM for 1 hour in complete media. After washing 3 times with PBS, coverslips were treated with 1 μM cresyl violet and NucBlue in HBSS and incubated for 5 minutes before imaging in a live cell imaging chamber on the spinning disk microscope. Images were acquired with a z-stack interval of 0.3 μm and settings were kept constant between groups.





Immunoblotting

Before collecting cells for immunoblotting, HPMECs were washed at least 5 times with cold PBS to remove any blood cells. Protein lysate was prepared in SDS lysis buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol) and denatured in 5x loading buffer at 95°C for 10 minutes. Bradford protein assay was performed and 50 μg of protein was run on an SDS-PAGE using 10% polyacrylamide gel, running at 150V. Proteins were transferred onto PVDF membrane and transferred for 70 minutes at 110V. Membranes were washed three times with TBS-0.1% Tween-20 (TBS-T) and blocked with 5% BSA in TBS-T. Membranes were then washed and incubated with 1:1000 primary antibodies overnight at 4°C: anti-α-actinin (rabbit, CST #31345), anti-ACKR1 (rabbit, abcam ab58965& rabbit, Novus NBP2-75197), anti-ubiquitin (P4D1; mouse, CST#3936), and anti-β-actin (C4; mouse, Santa Cruz sc-47778), anti-PECAM-1(h-3) sc-376764, anti-ICAM-1(15.2) sc-107, anti-p-p44/42(T202/y204) CST#9101, anti-p44/42 Erk1/2 CST#9102, anti-pAkt (S473) CST#9271, anti-Akt (pan40D4) CST#2920, anti-p-p38MAPK (T180/Y182) CST#9215, anti-p38 CST#9212, anti-p105/p50(D4P4D) CST#13586, and anti-LC3B CST#2775. The following day, membranes were washed three times with TBS-T and incubated in 1:10000 secondary antibody in TBS-T for 1 hour at room temperature: anti-mouse IgG HPRT (CST#70763) and anti-rabbit IgG HPRT (CST#7074). Membranes were washed and visualized using enhanced chemiluminescence, imaged on the ChemiDoc™ Imaging System (Bio-Rad), and quantified using ImageLab software (Bio-Rad).





RNA extraction and quantitative real time PCR

RNA was extracted using the Trizol-chloroform method and the Qiazol lysis reagent (Qiagen, 79306). cDNA was synthesized using the High-Capacity cDNA Reverse Transcription kit according to the manufacturer’s protocol and was performed on the Eppendorf Mastercycler gradient thermal cycler. qPCR was conducted using the PowerUp™ SYBR® Green Master Mix (Applied Biosystems) and it was performed on the QuantStudio™ 7 Real-Time PCR System (Applied Biosystems) where the cDNA was denatured at 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds then 60°C for 1 minute. Data was analyzed using primers for the following genes: GAPDH (Forward: 5’-CAA TGA CCC CTT CAT TGA CC-3’, Reverse: 5’-GAC AAG CTT CCC GTT CTC AG-3’); ACKR1 (Forward: 5’-GTC TTG TTG CCA TTG GGT TT-3’, Reverse: 5’-GAC AAC AGC AAC AGC TTG GA-3’).





Transwell experiment

HPMECs were seeded (120 000 cells/well) onto a 12-well plate and grown until a confluent monolayer was obtained. Cells were incubated with either complete media, blood or isolated PMNs added to the top chamber of 0.4 µm Polyester Membrane Transwells (Costar, REF 3460). Cells were incubated for 24 hours for whole blood induction and 6 hours for PMN induction then lysed and processed for western blot and qPCR.





Chromatin immunoprecipitation

Cells were grown in 10 cm dishes and (once confluent) were incubated with blood or complete media for 24 hours. Cells were then fixed using 1% formaldehyde for 10 minutes, followed by 125 mM glycine for 5minutes. Cells were washed with cold PBS and lysed using a whole cell lysis buffer (5 mM PIPES, 85 mM KCl, 0.5% NP40) then incubated on ice for 10 minutes and centrifuged at 1000 rpm for 10 minutes at 4°C. The supernatant was discarded, and the pellet was resuspended in nuclei lysis buffer (50 mM Tris-HCl, 10 mM EDTA). Samples were sonicated using Covaris M220 Focused Ultrasonicator to achieve fragment size of 200-400 bp. 20% input was set aside, and the samples were incubated with 2.5 μg of anti-RNA polymerase II (8WG16) (Santa Cruz, sc-56767) or normal mouse IgG (Millipore Sigma, 12-371) as control diluted in buffer (1:10) and incubated overnight at 4°C. Samples were incubated with Protein G Dynabeads for 2 hours at 4°C. Beads were washed (low salt buffer, high salt buffer, LiCl buffer, then TE buffer) and DNA-protein complex eluted using elution buffer (1% SDS, 100 mM NaHCO3). DNA was purified using Geneaid Gel/PCR DNA extraction kit followed by RT-qPCR.





Calcium mobilization assay

HPMECs were seeded onto 0.1% gelatin-coated 25 mm glass coverslips at a density of 500 000 cells/ml. Once confluent, cells were incubated with human whole blood or complete media for 24 hours. Cells were washed with Hank’s Buffer Saline Solution (HBSS) without Ca2+ and loaded with Fura2-AM (10 ng/μl) in HBSS for 30 minutes at 37°C. Cells were washed three times with HBSS and incubated in HBSS for 15 minutes. Coverslips were transferred to a cell chamber and fluorescence of Fura2-AM was measured using ratiometric microscopy. Cells were treated with100 ng/ml of IL-8, 40 ng/ml VEGF, 5μM calcium ionophore, and 1mM MnCl2. Fluorescence was measured every second and calcium concentration was calculated using Felix software. Baseline calcium concentration was measured for 5 minutes, followed by 10 minutes of IL-8 treatment. For VEGF, fluorescence was measured until a peak in 340 nm/380 nm ratio was observed followed by a drop to the baseline. Once measurements were made, cells were lysed and processed for immunoblotting for ACKR1 as above. The maximum and minimum ratio of 340 nm/380 nm were obtained from the ionophore and MnCl2 respectively and used in the equation below:

	

where R is 340 nm/380 nm ratio, Kd = 224, Sf2 and Sb2 is 1, and v (viscosity) is 1. This calculates the calcium concentration for each time point measured. The average of the first 10 highest concentrations at baseline, IL-8 and VEGF were made and normalized to baseline for graphical presentation.





siRNA transfection

Depletion of ICAM-1 and p50 was accomplished by transfection of siRNA with Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen) as per the manufacturer’s protocol. Cells were transfected with 20nM of target siRNA or negative siRNA as control. ACKR1 induction by whole blood was performed 48 hours post transfection. All siRNAs were purchased from Qiagen (Valencia, CA, USA): the negative targeting control (NTC) siRNA (Cat. No. 1027310), ICAM-1 (Cat. No. GS3383), and p50 (Cat. No. GS4790).





Extracellular vesicle isolation 

HPMECs were grown to confluency in 15cm dishes, and incubated with blood or complete media for 24 hours. After blood exposure, blood cells were removed by washing with PBS followed by serum-free media. EVs were isolated from the supernatant collected 6 hours post blood (or media) removal. After 500g and 3000g spins to remove apoptotic cells and cell debris, supernatants were filtered using a 0.22 µm syringe filter to enrich predominantly exosomes and concentrated to 500 µl using Amicon 10K MWCO filters (12, 13). EVs were enriched using qEV legacy size exclusion chromatography columns (Izon Science Ltd, Christchurch, NZ, SP1) as per the manufacturer’s instructions. Briefly, 500 µl of concentred cell culture supernatant was loaded onto the qEV columns followed by elution with PBS-/-. After collection of a three-millilitre void volume, four fractions of 500µl volumes were collected from the column. The EV enriched fractions were concentrated to 30 µl via ultrafiltration using the Amicon 10K MWCO filters (Millipore, UFC801096D) before subsequent experiments.





Western blotting for EV markers

EV samples were lysed in RIPA buffer (CST#9806) prior to protein quantification via Micro BCA (ThermoFisher, 23235) and gel electrophoresis. Protein quantification was completed as per the manufacturer’s protocol with 2-3 µL of lysed EV sample. Laemmli buffer was added followed by 2.5% β-mercaptoethanol prior to boiling at 70°C for 10 minutes for CD63 or 95°C for 5 minutes for all other markers. Proteins were separated on 4-20% precast polyacrylamide gels (Mini-Protean TGX Precast Protein gels, 4561094) for 30 minutes at 50V followed by 105 minutes at 70V. Gels were transferred to activated PVDF membranes for 90 minutes at 50V. Membranes were blocked for 1 hour in 5% milk in TBS-T and incubated with primary antibodies in 5% milk overnight. Primary antibodies utilized were anti-CD63 (ABclonal A5271, 1:1000) and anti-CD81 (ABclonal A5270, 1:1000). Membranes were then incubated with anti-rabbit HRP (Cell Signalling, 7074S) in 5% milk in TBS-T for 1 hour at room temperature. Membranes were developed using SuperSignal West Femto Maximum Sensitivity Substrate ECL (ThermoFisher, 34094) and imaged on Bio-Rad ChemiDoc system.





Exposure of HPMEC cells to leukocidin after induction of ACKR1

The leukocidin HlgAB was purified from S. aureus culture supernatants as described previously (10). Purified HlgAB was tested for LPS with the ToxinSensor Chromogenic LAL Endotoxin Assay Kit (GenScript) and found to contain less than 0.006 EU/mL. HPMEC cells were grown and treated with isolated PMN for 6 hours or whole blood for 24 hours as above. The cells were incubated with 0.4 μM of HlgAB in serum-free EGM-2 media for 1 hour. Propidium iodide (PI, 10μg/ml) and Nucblue were then added to the media. The fraction of the total cells positive for PI was determined using the BioTek Cytation5 microscope and Gen5 software.





Statistics

Statistical analysis was performed using GraphPad Prism software (GraphPad Prism 9.0.0; GraphPad Software Inc., La Jolla, CA, USA). Unpaired t-tests, ordinary one-way ANOVA with Dunnett’s multiple comparisons test, and ordinary two-way ANOVA with Šídák’s multiple comparisons test (GraphPad, La Jolla, CA, USA) were used to determine the significance of raw or normalized data (respectively). Data are presented as mean ± SEM. A p-value of <0.05 was considered significant. All experiments were performed at least three times independently on different batches of cells.






Results




Exposure to whole blood induces ACKR1 protein and mRNA expression in primary human lung microvascular endothelial cells

We reasoned that the disappearance of ACKR1 mRNA and protein from endothelial cells isolated from tissue was due to the loss of cues from the in vivo environment. Accordingly, we exposed primary human lung microvascular endothelial cells (HPMECs) to human whole blood for 24 hours. As we have previously reported (10), this exposure was sufficient to increase ACKR1 protein levels on cultured HPMECs (Figure 1A) and was consistent across different blood donors and different antibodies (Supplemental Figure 1). Since ACKR1 is also known to be highly expressed on the erythrocyte surface and to exclude its transfer to the endothelium [e.g. by trogocytosis (14)], we measured mRNA and found that exposure to blood significantly induced ACKR1 mRNA levels in endothelial cells (Figure 1B); baseline levels of this transcript are very low (e.g. cycle count 28-32). To confirm that gene transcription of ACKR1 was induced in the endothelium, we then performed chromatin immunoprecipitation (ChIP) for RNA polymerase II (RNA Pol-II) followed by PCR using primers for the ACKR1 coding region. We observed a significant increase in RNA pol-II enrichment at the ACKR1 gene in endothelial cells incubated with blood compared to controls. As erythrocytes are anucleate, this indicates that bona fide endothelial ACKR1 transcription was induced (Figure 1C). Finally, we examined the subcellular localization of endothelial ACKR1by immunofluorescence after the cells were exposed to blood. Immunofluorescence confirmed that ACKR1 was expressed on endothelial cells as indicated by staining for CD31, an endothelial membrane protein (Figure 1D). Together, these experiments indicate that exposure to blood induces de novo protein synthesis of ACKR1 in cultured primary lung microvascular endothelial cells.




Figure 1 | Incubation with blood induces ACKR1 mRNA and protein in primary human lung microvascular endothelial cells. (A) Immunoblotting for ACKR1 using the Ab58965 antibody in cells incubated with blood or complete media for 24 hours. (B) qPCR for ACKR1 mRNA under the same conditions (***p<0.001). (C) Chromatin immunoprecipitation assay using antibody to RNA polymerase II or IgG control and primers for the ACKR1 coding region after treatment of cells as in A) (*p<0.05). (D) Immunostaining of endothelial cells for ACKR1 (red) after 6 hours incubation with blood; the endothelial membrane protein CD31 is stained in green. Note increased ACKR1 expression in the blood-exposed cells that are positive for CD31 (white arrows in merged image).







Induction of ACKR1 by whole blood requires endothelial contact with neutrophils

We next wished to determine which cellular or soluble constituent of blood was responsible for the induction of endothelial ACKR1. Incubation with isolated plasma failed to induce either ACKR1 protein or mRNA (Figures 2A, B). In addition, physical separation of the blood from the endothelial cells using 0.4 μm-pore transwells prevented the induction of ACKR1 (Figure 2C). These observations suggested that physical contact with a cellular component of blood was likely required. We fractionated blood by density centrifugation, isolating peripheral mononuclear cells (PBMC), polymorphonuclear leukocytes (PMN, neutrophils) and erythrocytes (RBC). We exposed lung microvascular endothelial cells to these purified fractions and observed that only the PMN fraction was capable of recapitulating the induction of ACKR1; isolated PMN were devoid of the protein (Figure 2D). Using cycloheximide and transwells respectively, we observed that ACKR1 induction by PMN required both protein synthesis (Figure 2E) and physical contact between PMN and endothelial cells (Figures 2F, G). To confirm that ACKR1 induced by neutrophils recapitulated the effect of whole blood and was expressed on the cell surface (10), we exposed endothelial cells to the pore-forming leukocidin HlgAB and measured cell death by uptake of propidium iodide. Only cells that had been incubated with neutrophils were susceptible to the toxin (Figures 2H, I).




Figure 2 | Induction of endothelial ACKR1 by blood is recapitulated by physical contact with neutrophils. (A) Immunoblotting for ACKR1 in cells incubated with media, blood, or plasma for 24 hours. (B) qPCR for ACKR1 mRNA under the same conditions (**p<0.01). (C) qPCR for ACKR1 mRNA from endothelial cells seeded in the lower chamber of a 0.4 μm-pore transwell with whole blood added to the upper chamber for 24 hours (ns, not statistically significant). (D) Fractionation of the cellular components of human blood by density centrifugation followed by incubation with human lung microvascular endothelial cells (HPMEC) for 6 hours; lysates were probed for ACKR1 by immunoblotting using the NBP2-75197 antibody. As a control, peripheral blood mononuclear cells (PBMC) and polymorphonuclear leukocytes (PMN; neutrophils) were also probed for ACKR1 in the absence of endothelial cells. (E) Lung microvascular endothelial cells were incubated with human neutrophils in the presence or absence of cycloheximide for 6 hours; this was followed by immunoblotting for ACKR1. (F) Incubation of lung endothelial cells with human neutrophils either directly (cell-cell contact) or with separation by a transwell as in B) for 6 hours followed by immunoblotting for ACKR1. (G) qPCR for ACKR1 mRNA under the same conditions (*p<0.05). (H) After exposure to PMN for 6 hours, lung microvascular endothelial cells were treated with the leukocidin HlgAB (0.4 μM) for 1 hour, followed by propidium iodide (PI) and NucBlue staining. The percentage of PI-positive cells is shown; *p<0.05. (I) Representative images of PI uptake (red) by cells after HlgAB treatment.







Induction of ACKR1 by whole blood requires NF-κB but not ICAM-1 or endothelial nitric oxide synthase

The induction of ACKR1 by neutrophil contact suggested that engagement of endothelial cell-surface proteins might be a trigger. In the lung microvasculature, ICAM-1 is critically important to neutrophil adhesion and subsequent emigration (15). Accordingly, we depleted the protein by siRNA before exposure to blood. Essentially complete depletion of ICAM-1 had no effect on induction of ACKR1 protein by blood (Figure 3A).




Figure 3 | Neutrophils induce endothelial ACKR1 through NF-κB. (A) Lung endothelial cells were depleted of ICAM-1 by siRNA followed by incubation with blood for 6 hours. Immunoblotting of whole cell lysates for ACKR1 using the NBP2-75197 antibody was performed. (B) Table shows selected predicted promoter binding sites for ACKR1. (C, D) Endothelial cells were pre-treated with the NF-κB inhibitor Bay 11-7082 for 30 minutes followed by incubation with blood for 6 hours. Lysates were probed for ACKR1 (representative blot is shown); quantification in (D) (***p<0.001). (E) qPCR for ACKR1 mRNA under the same conditions (**p<0.01, *p<0.05). (F–H) Endothelial cells were depleted of p50 by siRNA followed by incubation with blood for 6 hours; ACKR1 protein (F) and quantification in (G); **p<0.01) and mRNA (H); **p<0.01) are shown.



Using the EPD website, we next analyzed the 5’ region of the ACKR1 gene for potential transcription factor binding sites. We observed several potential NF-κB binding sites within -1000 bp to +100 bp relative to the transcription start site with a cut-off (p-value) of 0.001 (Figure 3B). To test whether ACKR1 induction was regulated by NF-κB, we pretreated lung microvascular endothelial cells with the NF-κB inhibitor Bay 11-7082 (16) for 30 minutes before blood exposure. This significantly attenuated the effect of blood on ACKR1 mRNA and protein expression (Figure 3C–E).To confirm these findings by an alternative and more specific method, we depleted p50 with siRNA and achieved partial knockdown. Partial depletion of p50 was sufficient to blunt the induction of ACKR1 protein and mRNA by blood (Figures 3F–H). Interestingly, cells depleted of p50 in the absence of blood showed a slight increase in mRNA for ACKR1 but not protein. This may reflect basal repression of ACKR1 transcription by the p50 homodimer (17) even though p50/p65 heterodimers are most likely to drive activation of expression. Together, these data indicate that NF-κB is required for blood-induced ACKR1 expression.





ACKR1 protein and mRNA levels diminish significantly within hours of blood removal

Given that ACKR1 expression declines rapidly at both the protein and transcript level after endothelial cells are isolated from tissues, we wanted to determine whether its expression persists once blood is removed. Following incubation with blood for 24 hours, cells were rinsed and then incubated in complete media. We observed a significant decrease in protein levels within 6 hours of removal of blood with complete loss of ACKR1 after 24 hours (Figure 4A). Concordantly we measured mRNA levels and observed a significant decrease in ACKR1 transcript over time (Figure 4B). We also performed immunofluorescent staining for ACKR1 at different time points after blood removal and confirmed its rapid loss in cultured lung microvascular endothelial cells (Figure 4C). Thus, both mRNA and protein for ACKR1 are rapidly cleared upon removal of blood. As an additional control for the loss of ACKR1, we measured the susceptibility of endothelial cells to the leukocidin HlgAB over time. While endothelial cells were killed by the toxin upon induction of ACKR1, their susceptibility diminished significantly 6 hours later coinciding with loss of the protein (Figures 5A, B).




Figure 4 | Rapid loss of ACKR1 protein and mRNA upon removal of blood. (A) After incubation with blood for 24 hours, blood was removed and endothelial lysates were probed for ACKR1 by immunoblotting using the Ab58965 antibody. (B) qPCR for ACKR1 mRNA under the same conditions (**p<0.01; ***p<0.001). (C) Immunostaining for ACKR1 and CD31 under the same conditions.






Figure 5 | Susceptibility to the leukocidin HlgAB decreases as ACKR1 is cleared upon blood removal. (A) HPMECs were pre-incubated with blood for 24 hours. Either immediately after or 6 hours after blood was removed, cells were exposed to HlgAB for 1h. Apoptotic endothelial cells were detected by propidium iodide (PI) uptake (see white arrow in representative images). (B) Quantification of PI-positive cells among total cells (**p<0.01; ****p<0.0001).







Loss of ACKR1 protein after removal of blood is not due to proteasomal, metalloproteinase, or lysosomal degradation

To understand how ACKR1 is cleared from endothelial cells, we first considered the major protein degradation pathways: the ubiquitin-proteasome pathway and the lysosomal proteolysis/autophagic degradation pathway (18). Inhibition of the proteasome using MG-132 (19) had no effect on ACKR1 protein levels upon blood removal (Figures 6A–C); this is despite obvious accumulation of ubiquitinated proteins in cell lysates indicating successful proteasomal inhibition. Next, we inhibited lysosomal degradation using the vacuolar ATPase-inhibitor bafilomycin A (20). ACKR1 levels after blood removal declined similarly with or without bafilomycin A (Figures 6D–F), despite the expected inhibition of both lysosomal acidification and autophagy by the drug. Together these data indicate that ACKR1 is not degraded through the proteasome, lysosomes or via autophagic pathways.




Figure 6 | Inhibition of the proteasome, lysosomes/autophagy and metalloproteases do not prevent loss of ACKR1 from endothelial cells. (A, B) HPMECs were pre-incubated with blood for 24 hours and subsequently washed and incubated with media containing the proteasome inhibitor MG132 at 20 μM for 6 hours. Immunoblotting was used to assess ACKR1 protein (using the Ab58965 antibody) and ubiquitin levels. (C) Quantification of ACKR1 protein, normalized to β-actin. (D) Lysosomes and autophagy were inhibited with Bafilomycin A (100 nM) for 6 hours after blood removal. Immunoblotting was used to assess ACKR1 protein; LC3 is a control for autophagy. (E) Lysosomes were stained with Cresyl violet in live cells with or without Bafilomycin A treatment. (F) Quantification of ACKR1 protein, normalized to β-actin. (G, H) Cells were treated with Marimastat (100 μM) after blood removal to inhibit matrix metalloproteases; ACKR1 protein level was normalized to β-actin. ns means not significant.



Matrix metalloproteinases (MMPs) are enzymes anchored to the cell membrane or secreted into the extracellular matrix and function in the extracellular environment of cells to degrade both matrix and non-matrix proteins. Since ACKR1 is a seven-transmembrane protein on the cell surface with multiple predicted cleavage sites at the extracellular domain, we wanted to investigate whether matrix metalloproteinases (MMPs) are involved in its cleavage and subsequent clearance. Accordingly, we treated cells with Marimastat, a general inhibitor of MMPs, but observed no significant retention of ACKR1 protein upon blood removal (Figures 6G, H); this is despite our own data showing that the drug prevents cleavage of the tight junction protein claudin-5 at the same concentration and in the same cells (21).





ACKR1 is removed from lung microvascular endothelial cells by extracellular vesicles

Finally, we considered the possibility that ACKR1 was being secreted by the endothelial cells after blood removal. We were unable to detect the protein in cell culture supernatants by immunoblotting or by ELISA (Supplemental Figure 2 and data not shown) despite its loss from cell lysates. Hypothesizing that ACKR1 secretion might occur in extracellular vesicles (EV), we next enriched EVs from the cell culture supernatant by size-exclusion chromatography (22). Successful EV isolation was confirmed by detection of CD63 and CD81 (23). ACKR1 was detected in EVs isolated from endothelial cells within 6 hours after the removal of blood and (as expected) was absent in EVs from cells never exposed to blood (Figures 7A, B). Formation of EVs requires the sphingolipid ceramide and inhibition of ceramide formation by blocking neutral sphingomyelinase 2 activity has been shown to blunt EV release (24). We observed that inhibition of EV secretion by the neutral sphingomyelinase 2 inhibitor GW4869 (24, 25) significantly attenuated the loss of ACKR1 from endothelial cells (Figures 7C, D). These data indicate that upon removal of blood, secretion of ACKR1 in EVs accounts at least in part for its rapid loss from cultured lung microvascular endothelial cells.




Figure 7 | ACKR1 is secreted in extracellular vesicles after removal of blood. HPMECs were incubated with blood or media for 24 hours and subsequently washed and incubated with serum-free media for 6 hours. (A, B) Extracellular vesicles (EVs) in the supernatant at 6 hours after blood removal were isolated by size-exclusion chromatography; ACKR1 (using the NBP2-75197 antibody) and EV markers CD63 and CD81 were detected by immunoblotting. (C) Cells were treated with the EV inhibitor GW4869 (2 μM) after blood removal for 6 hours. Blot shows whole cell lysate at 0 and 6 hours after blood removal with or without the inhibitor. (D) Quantification of ACKR1 levels in cell lysates (****p<0.0001; *p<0.05).







ACKR1 induced by whole blood does not initiate intracellular signalling in response to IL-8 or CXCL1

ACKR1 is a seven-transmembrane chemokine receptor with a high affinity for both CC and CXC chemokines (11). The receptor is atypical because it lacks the DRYLAIV sequence motif in the second intracellular loop that is necessary for G-protein coupling in order to signal. Furthermore, Neote et al. reported that HEK293 cells transfected with exogenous ACKR1 do not induce calcium mobilization in response to interleukin-8 (IL-8) or to RANTES (11). As these findings required ectopic expression of ACKR1 in non-endothelial cells, we wished to leverage the ability to induce endogenous ACKR1 expression in the microvascular endothelium to test its capacity for signal transduction. Upon induction of ACKR1 protein, lung microvascular endothelial cells were loaded with Fura2-AM and treated with IL-8 with real-time monitoring of intracellular Ca2+ concentrations by ratiometric fluorescence (26). While cells incubated with VEGF as a positive control demonstrated a robust increase in intracellular calcium concentrations, there was no significant difference in calcium influx between control and blood-exposed microvascular endothelial cells in response to IL-8 (Figures 8A–D). This is despite persistent ACKR1 expression in the cells as measured by immunoblotting immediately after the experiment. Of note, in another study the ERK-1/2 MAPK pathway was shown to be activated by CXCL1 in an ACKR1-dependent manner in airway smooth muscle cells (27). We treated lung microvascular endothelial cells with CXCL1 for 1 hour after ACKR1 induction and measured the levels of phosphorylated (p)-Akt, (total) t-Akt, p-p38, t-p38, p-Erk and t-Erk. Again, we observed no differences in signaling between blood-exposed and control cells upon treatment with CXCL1 (Figures 8E–G). Together, our results indicate that the endogenous ACKR1 protein on lung microvascular endothelial cells cannot signal in response to stimulation with IL-8 or CXCL1.




Figure 8 | Endothelial ACKR1 does not signal upon cytokine stimulation. HPMECs were incubated with blood for 24 hours followed by Fura2-AM loading for calcium measurements. (A, C) are representative measurements of intracellular Ca2+ concentration in cells treated with IL-8 (100 ng/ml) for 10 minutes followed by VEGF (40 ng/ml) as a positive control. Inset in C) confirms induction of ACKR1 by blood. (B) A merged graph of (A, C) showing the calcium concentration upon IL-8 treatment. (D) Quantification of the change in intracellular Ca2+ concentration upon stimulation with IL-8 or VEGF for each replicate. (E) ACKR1 was induced by blood on HPMECs followed by treatment for 1 hour with CXCL1 (4 ng/ml). Protein levels of phospho-Akt (p-Akt) and total Akt (T-Akt) were detected by immunoblotting. (F) In the same experiment, protein levels of phospho-p38 and total-p38 and (G) phospho-Erk and total-Erk were detected by immunoblotting; ** p<0.01. ns means not significant.








Discussion

ACKR1 has 4 extracellular domains separated by 7 transmembrane domains (11) and is highly conserved among primates (28). The erythrocyte protein is a target for Plasmodium vivax and knowlesi (1), causative agents for malaria; it also plays a role in regulating hematopoiesis (29). In addition, ACKR1 is expressed on the endothelium of post-capillary venules (5, 6) where it is up regulated by inflammation (30, 31); it is absent from larger veins and other blood vessels. Its presence on the endothelium has been shown to confer susceptibility to S. aureus leukocidins (10).

The physiological importance of both erythrocyte and endothelial ACKR1 has long been debated (32). Homozygous mutation in a GATA motif in the promoter region causes loss of expression on erythrocytes (i.e., the Fy(a-b-) or Duffy-null phenotype) but not on the endothelium (3); this mutation is common, appearing in two-thirds of African-Americans (33). While the loss of the protein on erythrocytes has no known pathological consequences, other mutations causing complete loss of tissue expression (including from the endothelium) are much less common (33). These few individuals who have been described appeared healthy but the infrequency of this genotype could also be consistent with an important role for endothelial ACKR1. However, the rapid disappearance of ACKR1 from endothelial cells when extracted from tissue (7) has meant that studies of its function and regulation have largely relied on its over-expression in non-endothelial cells or on the use of transgenic mice.

Here we report that contact with blood is sufficient to induce ACKR1 mRNA and protein expression on human primary lung microvascular endothelial cells. The effect requires contact with neutrophils and is attenuated by inhibition of NF-κB. We confirm that endogenous ACKR1 does not signal in response to stimulation with IL-8 or CXCL1. Instead, ACKR1 expression is rapidly cleared from endothelial cells by secretion in extracellular vesicles (EVs) after blood is removed.

Our data address a long-standing question in vascular biology about the absence of endothelial ACKR1 in cultured cells. Numerous endothelial transcripts and proteins are down-regulated when the cells are extracted from tissue (7); analogously, cultured endothelial cells rapidly lose caveolae (8). This phenomenon has been postulated to be due to loss of cues from the in vivo environment. In the case of ACKR1, our experiments indicate that physical contact with neutrophils in vitro is sufficient to reverse this loss. Whether this represents a general phenomenon for endothelial proteins or is more specific to ACKR1 and potentially other proteins important for innate immunity is the subject of ongoing work in our laboratory.

The restricted expression of endothelial ACKR1 on post-capillary venules coincides with the region of the vasculature where leukocyte emigration occurs (34). A number of reports have suggested that endothelial ACKR1 regulates chemokine signalling and neutrophil transmigration by binding and displaying cytokines at the cell surface (2, 35, 36). ACKR1 expression has also been observed to be enhanced at the site of suppurative pneumonia in patients (31); concordantly, transgenic mice that over-express ACKR1 on the endothelium exhibit greater leukocyte extravasation in response to injection of CXCL1 (2). Endothelial ACKR1 has been postulated to mediate the translocation of chemokines by caveolae from the interstitial space to the luminal surface of blood vessels (35).More recently, it has been suggested that ACKR1 is enriched at cell-cell junctions of the endothelium, where it may serve to bind chemokines and guide the process of leukocyte emigration (36). Mice globally-deficient in ACKR1 were transplanted with Lyz2-EGFP-ki/DARC+/+ bone marrow, endowing the knockout mice with hematopoietic (but not endothelial) ACKR1 expression. In this model, neutrophil emigration to TNF-stimulated tissues was impaired.

If ACKR1 serves to enhance the innate immune response, our experiments now indicate how this effect can be terminated with removal of the inciting stimulus; endothelial ACKR1 is rapidly cleared by its secretion into EVs. Beyond down-regulation of the immune response, whether ACKR1 in EVs has additional functions (e.g. by transmitting inflammatory signalling to distant cells) is unclear and is the subject of ongoing work. In addition to the removal of the protein by EVs, the rapid loss of ACKR1 mRNA suggests additional regulation at the level of transcription. Together, our findings that ACKR1 expression is up-regulated by endothelial-neutrophil contact and then rapidly removed by EVs is consistent with it playing an important role in titrating the local innate immune response. The ability to induce endothelial ACKR1 expression in vitro may be a valuable tool to permit further elucidation of its physiological functions.
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Supplementary Figure 1 | Endothelial ACKR1 is induced by blood from different donors and detected by different antibodies. (A) Representative immunoblotting for ACKR1 on lung microvascular endothelial cells incubated with media or blood from four different donors for 24 hours. The same 35 kDa band (ACKR1’s predicted molecular weight) was detected by both the Ab58965 polyclonal antibody (no longer available) and NBP2-75197 monoclonal antibody and was selected for quantification throughout the paper. (B) Antibody binding sites against ACKR1.

Supplementary Figure 2 | ACKR1 was not detected in cell supernatant after removal of blood. HPMECs were incubated with blood or complete media for 24 hours then washed and incubated with media. (A) Immunoblot for ACKR1 in cell lysates at various time points after removal of blood. (B) Cell supernatant from different time points was tested by immunoblotting for ACKR1 after acetone precipitation.
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Monocytes are circulating leukocytes of innate immunity derived from the bone marrow that interact with endothelial cells under physiological or pathophysiological conditions to orchestrate inflammation, angiogenesis, or tissue remodeling. Monocytes are attracted by chemokines and specific receptors to precise areas in vessels or tissues and transdifferentiate into macrophages with tissue damage or infection. Adherent monocytes and infiltrated monocyte-derived macrophages locally release a myriad of cytokines, vasoactive agents, matrix metalloproteinases, and growth factors to induce vascular and tissue remodeling or for propagation of inflammatory responses. Infiltrated macrophages cooperate with tissue-resident macrophages during all the phases of tissue injury, repair, and regeneration. Substances released by infiltrated and resident macrophages serve not only to coordinate vessel and tissue growth but cellular interactions as well by attracting more circulating monocytes (e.g. MCP-1) and stimulating nearby endothelial cells (e.g. TNF-α) to expose monocyte adhesion molecules. Prolonged tissue accumulation and activation of infiltrated monocytes may result in alterations in extracellular matrix turnover, tissue functions, and vascular leakage. In this review, we highlight the link between interactions of infiltrating monocytes and endothelial cells to regulate vascular and tissue remodeling with a special focus on how these interactions contribute to pathophysiological conditions such as cardiovascular and chronic liver diseases.
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1 Introduction

Monocytes and monocyte-derived macrophages (MDM) are plastic cells from the innate immune system that exhibit essential and distinct roles in homeostasis, immune response, inflammation and tissue repair (1). They contribute to a wide spectrum of diseases and are therefore attractive therapeutic targets (2–4). Potential therapeutic interventions involving monocyte or MDM modulation require an in-depth understanding of the mechanisms that govern their ontogeny, tissue infiltration, activation, and phenotype adaptation to the microenvironment. Monocytes can transdifferentiate to macrophages under extreme circumstances but generally do not significantly contribute to the majority of tissue macrophage populations in physiological conditions or in some particular inflammatory disorders (1). Most tissue macrophages are derived from embryonic precursors, established before birth, and maintained by self-renewal in adults (5, 6). Monocytes comprise ~4% of mice and 10% of humans blood nucleated cells with substantial reservoirs in the spleen and lungs that can be rapidly recruited to damaged tissues (7, 8). Circulating monocytes display a characteristic short half-life of around 20 hours (6), which is prolonged when they do transdifferentiate into macrophages to assist in establishing tissue-resident mononuclear phagocyte population (9). Indeed, monocytes appear as short-lived plastic cells meant to protect against pathogens or to harmonize vascular and tissue remodeling upon recruitment driven by chemokines and monocyte adhesion molecules (10). Therefore, monocytes are dynamic cellular components that can complete the functions of tissue-resident mononuclear phagocytes on demand. The greatest number of tissue-resident macrophages are configured as hepatic Kupffer cells (KCs). KCs are the most abundant tissue macrophages in mammalians, representing the 80–90% of total tissue macrophages (11). In physiological conditions, there is only a small number of MDM in the hepatic portal space (12). Mouse MDM can be distinguished from KCs by their differential expression on cell surface markers such as CD11b, F4/80, Ly6C, and macrophage colony-stimulating factor 1 receptor (CSF1R) (13). Human MDM are typically identified as CD14+, CC-chemokine receptor 2 (CCR2)+ cells (13). The liver is the first line defense against foreign molecules in particular those ingested. It is a dynamic filter and the core of body metabolism with a unique capacity among organs to regenerate to a physiological size even after two-thirds of its mass has been removed. This effect appreciated even in Greek mythology is the hallmark of health and as with Tityus and Prometheus regeneration occurs with partial hepatectomy. Excessive injury or significant disease can hamper such repair. Here, we discuss how monocyte-endothelial cell interactions and MDM participate in the regulation of angiogenesis and regeneration in liver diseases.

Injured cells release specific signals identified as damage-associated molecular patterns (DAMPs) that activate the immune system similarly to pathogen-associated molecular patterns (PAMPs), small molecular motifs released from bacteria or viruses (14). These endogenous molecules (calcium-binding proteins, structural and extracellular matrix (ECM) proteins, etc.) exhibit a wide array of cellular functions in homeostasis and as injury signals in a complex integrated network checking and balancing tissue repair and further damage. Tissue-specific macrophage subpopulations sense these signals and trigger endothelial cells (ECs), monocytes, and other immune cells to contain injury and initiate an immune response. Infiltrated MDM generally display a pro-inflammatory phenotype (M1-like) involving secretion of cytokines such as interleukin 1 (IL-1) and tumor necrosis factor (TNF-α) for inflammation propagation, and IL-12 for T helper 1 (TH1) lymphocyte activation and induction of the adaptive immune response (15). M1-like macrophages also release reactive oxygen and nitrogen species aimed at elimination of possible biological aggressors. However, all these cocktails of cytokines and free radicals also produce substantial collateral tissue damage to the host during the reaction against the insult. To prevent harmful effects to the tissue, regulatory mechanisms activate and promote macrophage apoptosis or polarization to a M2-like anti-inflammatory and pro-regenerative phenotype that facilitates wound healing (16). Indeed, damaged epithelial cells release alarmins, which induce IL-4 and IL-13 secretion by T-helper lymphocytes and other immune cells. Both IL-4 and IL-13 are major regulators of macrophage polarization to an anti-inflammatory M2-like phenotype (15). M2-like macrophages release vascular or fibroproliferative growth factors such as vascular endothelial growth factors (VEGFs) or transforming growth factor (TGFβ1), respectively (17). VEGF-A, for example, stimulates angiogenesis and vascular leakage (18). TGFβ1 induces fibroblast differentiation to myofibroblasts or phenomena of epithelial or endothelial to mesenchymal transitions (19, 20) that promote the synthesis of ECM components or tissue inhibitors of metalloproteinases (TIMP). The balance of M1/M2 profiles on MDM is crucial to understand prognostic in chronic diseases and especially in the context of liver cirrhosis (21) or in atherosclerosis and cardiovascular disease (22). In cardiovascular diseases, M1-like macrophages characterize progression lesions while regressing plaques are enriched in M2 macrophages (22). However, macrophage heterogeneity in atherosclerotic plaques may have only a partial semblance to M1-like and M2-like macrophage phenotypes. Indeed, it is yet necessary to identify gene-expression profiles and transcriptional pathways that underlie the distinctiveness and diversity of MDM in cardiovascular diseases.




2 Monocyte-endothelial cell interactions: molecular pathways

Monocytes interact with ECs under physiological or pathophysiological conditions to orchestrate inflammation, angiogenesis, or tissue remodeling (23). Indeed, the migration of monocytes from the circulation to peripheral organs during an inflammatory response depends on their interaction with ECs. These interactions are orchestrated and controlled by chemoattractant and adhesion molecules that allow monocyte trafficking (24). The initial rolling of monocytes along the activated endothelium results in a firm adhesion that eventually culminates with their transmigration at inflammation sites where they transdifferentiate into macrophages or dendritic cells (23).



2.1 Monocyte-attracting chemokines

Circulating monocytes have been classified into different subsets based on the chemokine receptors they express and the presence of specific surface molecules (25). In humans, monocytes are classified according to the presence of CD14 and CD16 on their surface (26, 27). CD14++CD16– are known as classical monocytes, which are the most abundant in the bloodstream. Alternatively, CD14++CD16+ are referred as intermediate monocytes and, CD14++CD16++, as non-classical patrolling monocytes. However, in mice, only two subsets have been identified (28). One of these populations corresponds to CD14+ CD62 ligand (CD62L)+ CC-chemokine receptor 2 (CCR2)+, which is known as LY6Chi or inflammatory monocytes (23, 29). The second population is similar to CD16+CCR2– monocytes in humans, and it is known as LY6Clow or patrolling monocytes, that express high levels of CX3C-chemokine receptor 1 (CX3CR1) and low levels of CCR2 and LY6C (24).

Recruitment of LY6Chi monocytes from the bone marrow is mediated by the binding of CC-chemokine ligand 2 (CCL2) (30), also known as monocyte chemoattractant protein-1 (MCP-1), and CCL7 (or MCP-3) to CCR2 (31, 32). Most cells express CCL2 in response to pro-inflammatory cytokines in infections (33). Thus, after many infections, circulating levels of CCL2 increase in both the serum and inflamed tissues, where CCL2 binds to CCR2 that is expressed on certain cell types (23). CCL7 expression is also stimulated by infections and contributes to LY6Chi monocyte recruitment (23). Both CCL2 and CCL7 have shown important roles on monocyte recruitment, although the mechanism of action is still unclear (31, 32). Conversely, recruitment and survival of LY6Clow monocytes is mediated by the binding of CX3C-chemokine ligand 1 (CX3CL1), also known as fractalkine (FKN), to CX3CR1 (34).

Monocytes also express other CC-chemokine receptors, such as CCR1 and CCR5 (35) that bind to various cytokines including CCL3 (also known as MIP1α) and CCL5 (also denominated RANTES) (29). Both receptors display specialized roles in monocyte recruitment. CCR1 mediates monocyte arrest in fluid shear stress generated by blood flow. CCR5 is involved in monocyte spreading. They both contribute to transendothelial chemotaxis towards CCL5 gradients (36). However, none of these receptors have shown redundancy in cell recruitment during inflammation, which has implications in the development and progression of many diseases, including atherosclerosis and rheumatoid arthritis (29, 37, 38). This may be a consequence of the wide spectrum of cells expressing these chemokine receptors (39), so determining the specific role they play in monocyte recruitment is complex (23).

Other chemokines have also been suggested to play a role on monocyte recruitment (Table 1). Some examples are CCR6 (42), CCR7 (43), CCR8 (44), and CXC-chemokine receptor 2 (CXCR2) (45). Circulating monocytes express low levels of CCR6 and do not respond to CCL20, which explains that CCR6 does not display a significant role on the extravasation of monocytes from the circulation to the tissues, but it does on the migration or function of monocytes in inflammation (46, 47).


Table 1 | Chemokines and chemokine receptors involving monocytes and endothelial cells.






2.2 Monocyte-attracting adhesion molecules

Monocyte migration to inflammatory sites is a multistep process involving many molecules (Table 2). The initial tethering and rolling of monocytes along the inflamed endothelium are mediated by selectins. Selectins are cell-surface proteins that interact with glycoprotein ligands to allow monocytes to bind weakly and reversibly to cytokine-activated ECs (24, 62). The selectins involved in this process are L-selectin (CD62L), P-selectin (CD62P) and E-selectin (CD62E). L-selectin, expressed on circulating monocytes, interacts with specific fucosylated sialoglycoproteins expressed on lymph node venules and inflamed or injured vascular endothelium (48, 49, 63). P-selectin glycoprotein ligand-1 (PSGL-1), P-selectin glycoprotein ligand-1 (PSGL-1), expressed on monocytes, interacts with P-selectinand E-selectin expressed on inflamed endothelium (50). Then, PSGL-1 can also interact with circulating monocytes expressing L-selectin and amplify the monocyte recruitment (52). This initial adhesion mediated by selectins reduces the rolling velocity of monocytes and allows the cells to interact with chemokines that are bound to inflamed ECs (64). ECs are activated by inflammatory cytokines such as TNF-α or IL-1β. This activation induces the expression of adhesion molecules such as E- and P-selectin, intercellular adhesion molecule 1 (ICAM1/CD54) and vascular cell-adhesion molecule 1 (VCAM1/CD106) that participate in monocyte migration (65).


Table 2 | Monocyte adhesion molecules involved in transendothelial migration.



Chemokines can bind to transmembrane heparan sulphate proteoglycans on the luminal surface of vascular ECs to be presented to monocytes (66). The main proteoglycans identified as chemokine-binders include CD44, syndecan 1 and syndecan 4 (which bind CCL5) and syndecan 2 (which interacts with CXCL8) (66). Chemokines bind to G-protein-coupled receptors (GPCRs) of monocytes and induce inside-out signals that result in integrin activation. GPCRs activate specific Gi and Gq heterotrimeric proteins and their downstream effectors. Two key guanosine triphosphatases (GTPases), RhoA and Rap1, have been implicated in chemokine activation of integrins (67, 68). Rap1 is a small GTPase of the RAS family that cycles between an inactive GDP-bound form and an active GTP-bound form (54). Activated Rap1 binds RAPL, and the complex activates the integrin by binding to the alpha-chain of integrin (69). Rap1 also binds to Rap-interacting adapter molecule (RIAM), which recruits talin (70). Talin is a cytoskeletal protein that binds to the beta-chain of the integrins, thereby triggering integrin activation (71, 72). Integrin activation induces conformational changes initiated at the alpha and beta subunit cytoplasmic tails and transmitted to their extracellular domain (73). This inside-out signaling activates integrins such as lymphocyte function-associated antigen 1 (LFA1; also known as αLβ2-integrin and CD11a–CD18) and very late antigen 4 (VLA4; also known as α4β1-integrin, and CD49d–CD29). Activated β2 and α4-integrins ensure the arrest of monocytes and the formation of firm adhesions by binding ICAM1 and VCAM1 respectively, which are expressed by inflamed endothelial cells (54) [Table 2]. Other integrins such as the macrophage receptor 1 (Mac1; also known as αMβ2-integrin and CD11b–CD18) and αXβ2-integrin are also activated via this signaling pathway (56).




2.3 Monocyte transmigration

The firm adhesion of a monocyte to the vascular endothelium results in a morphological and phenotypical change known as polarization (Figure 1) (74). Polarization involves the formation of two different regions: the lamellipodia at the leading edge and the uropod at the tail of the monocyte (74). Polarization involves reorganization of the cytoskeletal proteins, intracellular regulatory molecules, chemoattractant receptors and integrins (75). F-actin changes from radially symmetric around the cell to accumulated in the leading edge (76). Chemokine receptors redistribute to the leading edge, while other adhesion molecules, such as CD44, accumulate at the uropod (75). In addition, high affinity integrins mobilize to the leading edge and low affinity integrins to the uropod (54). Attachment of integrins at the leading edge and detachment at the uropod occurs during migration (77). Several signaling pathways contribute to polarization including Rho family GTPases, GTPase Rap1, protein kinases, and lipid kinases (75). GTPase Rap1 has also been described as a key molecule in integrin activation and redistribution during leukocyte polarization (54). RAP1 and RAPL control the polarized recruitment of integrin clusters to the lamellipodium (69). RHOA, another member of the RAS superfamily, also participates in integrin clustering by activating RHO-associated coiled-coil containing protein kinase 1 (ROCK1), which phosphorylates the actin cytoskeleton (24). GPCR downstream signals also activate PI3K, which participates in monocyte polarization via activation of the atypical protein kinase C-ζ (PKC-ζ) and formation of the polarity complex (consisting of partitioning defective 6 (PAR6)/PKC-ζ/lethal giant larvae, LGL). PKC-ζ signaling facilitates integrin lateral mobility (after integrin is in its high affinity form) due to the mobilization of new lipid membrane to the leading edge (78). The polarized recruitment of integrins clusters to the lamellipodium results in polarized adhesion and then migration (24). After polarization, monocytes migrate to the interendothelial junctions.




Figure 1 | Overview of monocyte-endothelial cell interaction and transmigration. Monocyte migration to inflammatory sites is a multistep process with many molecules involved. First, selectins mediate the initial tethering and rolling of monocytes along the cytokine-activated endothelial cells. Then, the monocyte interacts with chemokines that are bound to transmembrane heparan sulphate proteoglycans (CD44 and sydecan) expressed in the endothelium. The activation of GPCR leads to the activation of integrins and the consequent monocyte arrest mediated by the interaction of LFA1 and VLA4 with ICAM1 and VCAM, respectively. Once a monocyte establishes firm adhesion to the vascular endothelium, it undergoes a morphological change known as polarization, in which chemokine receptors and activated integrins redistribute to the leading edge. After polarization, monocytes migrate toward interendothelial junctions and then transmigrate into the underlying tissues. The members of the JAM family expressed by endothelial cells (JAM-A, JAM-B, JAM-C) interact with the activated integrins of monocytes (LFA1, VLA4, Mac1) and allow the transmigration through tight junctions. Lastly, PECAM-1 (CD31) and CD99 hemophilic engagement and endothelial retraction lead to monocyte extravasation. PSGL: P-selectin glycoprotein ligand-1; GPCR: G-protein-coupled receptors; LFA1: lymphocyte function-associated antigen 1; VLA4: very late antigen 4; ICAM1: intercellular adhesion molecule 1 (ICAM1/CD54); VCAM: vascular cell-adhesion molecule 1; Mac1: macrophage receptor 1; PECAM: platelet/endothelial cell-adhesion molecule 1.



Adjacent ECs are connected by a wide array of endothelial junctions: tight junctions, adherens junctions and gap junctions (79). Tight and adherens junctional transmembrane proteins mediate cell adhesion by homophilic interactions and form a zipper-like structure along the cell border. This adhesion is reorganized during monocyte transendothelial migration (79). Indeed, tight and adherens junctional proteins play a critical role in this process (Table 2) (24). Tight junctions are localized at the apical site of the interendothelial junctions and form a close contact between adjacent ECs. Tight junctions are composed of occludins, claudins and junctional adhesion molecules (JAMs), but only JAMs have been described to participate directly in the transendothelial migration of monocytes (80). Three members of the JAM family have been described: JAM-A, JAM-B, and JAM-C. JAMs from ECs bind to monocyte integrins. LFA1 has been identified as a ligand for JAM-A (57). JAM-B has been described to bind to α4β1-integrin and JAM-C to αMβ2-integrin (also known as MAC1 and CD11b– CD18) and αXβ2-integrin (also known as CD11c–CD18) (58, 59). Moreover, JAM-C is specifically required to prevent reverse transmigration of monocytes back to the vascular lumen (81). The interaction between the members of the JAM family and the integrins expressed by monocytes allows the transmigration through tight junctions (Figure 1). Then, monocytes transmigrate through the adherens junctions. The main component of adherens junctions is the vascular endothelial cadherin (VE-Cadherin), an endothelial-specific protein anchored to the cytoskeleton and responsible for endothelial tightness against leakage (24). VE-cadherin plays an important role on the control of vascular permeability and integrity but does not interact with monocyte proteins to facilitate transmigration. In contrast, molecules present in adherens junctions such as platelet/endothelial cell-adhesion molecule 1 (PECAM1) and CD99 participate in this process by homophilic interactions (24, 60, 61) (Figure 1). VE-cadherin is crucial to regulate endothelial permeability because it participates in adherens junctions  dismantling of and EC retraction, which is required to complete the transmigration of monocytes (60). The clustering of selectins and/or VCAM/ICAM induces an activation of RhoA and an increase in intracellular free calcium within the endothelial cells (82). This results in the activation of the calmodulin-dependent enzyme myosin light chain kinase (MLCK), thereby causing a conformational change in myosin II (83) and the phosphorylation of the VE-cadherin cytoplasmic tail (82). ICAM-1 engagement also results in the activation of Src and PYK2 kinases, which also phosphorylate VE-Cadherin (84). The phosphorylation on Tyr658 and Tyr731 induce the dissociation of VE-cadherin from the cytoskeleton and allow the splitting of EC junctions (82). These changes lead to the increase in vascular permeability and allow monocyte extravasation (60). Monocytes mostly transmigrate through junctions between adjacent ECs (paracellular transmigration) although monocytes can also migrate through ECs (transcellular transmigration) by the formation of vesiculo-vacuolar organelles (85).

The reorganization of interendothelial junctions during inflammation is temporally and spatially regulated by inflammatory mediators and leukocyte transendothelial migration (86). These changes are reversible, and endothelium quiescence and vascular permeability are restored once the triggering cause is removed. However, in some pathological conditions such as chronic inflammation and atherosclerosis, the ECs remain activated and the interendothelial junctions become instable (87). This instability causes an impairment in the endothelial barrier function leading to uncontrolled leukocyte migration and vascular leakage. Defects in the organization of endothelial cell junctions can lead to vascular malformations, vascular fragility and rupture, and appearance of hemorrhages and edema (88). Loss of barrier integrity is a common feature in several vascular disorders including anaphylaxis, diabetic microangiopathy, angioedema, or cancer and metastasis (85). Endothelial junctions not only mediate adhesion but also trigger intracellular signals that communicate cell position, limit growth and apoptosis. They are essential to maintain vascular integrity and homeostasis (88). Furthermore, the reorganization of interendothelial junctions and loosening of cell-cell adhesion is also required for other physiological processes such as angiogenesis (85).





3 Monocyte-endothelial cell interactions in angiogenesis and vasculogenesis

Angiogenesis is the process of formation of new endothelium-lined channels from pre-existing blood vessels (89). Vasculogenesis refers to the creation of new blood vessels, mainly in the embryo, involving differentiation of angioblasts or endothelial progenitor cells (90). In adults, blood vessel formation may be defined by either angiogenesis or arteriogenesis depending on the initial trigger and the final vessel structure. Whereas angiogenesis is usually induced by hypoxia, arteriogenesis is induced by physical forces and, among them, primarily by increased fluid shear stress. Arteriogenesis entails the remodeling of pre-existing arterio-arteriolar anastomoses via recruitment of smooth muscle cells to fully established and functional arteries (89). In contrast, angiogenesis (capillary sprouting) results in higher capillary density but without the presence of vascular smooth muscle cells. Increasing evidence implicates blood monocytes in the selection of vascular sprouting points and assistance in vascular bridging (90, 91). Indeed, monocytes and MDM release a combination of chemokines, growth factors, and proteases that may simultaneously participate in immune cell attraction, basement membrane degradation, and endothelial proliferation (92, 93).



3.1 Monocyte-endothelial cell interactions in angiogenesis

Vascular sprouting or angiogenesis is one, but not the only, process of blood vessel formation in the adult. Ordered angiogenesis has long been considered a critical mechanism for optimal wound healing. Little is known about the molecular basis by which leading ECs at vascular sprouts (endothelial ‘‘tip’’ cells) are designated to grow and elongate to form new blood vessels. Some investigations show that direct interactions of monocytes with ECs may be a driving force to stimulate endothelial proliferation (93, 94) and to mediate the fusion of endothelial tip cells (95). Indeed, some investigators have demonstrated that circulating monocytes are selectively recruited to certain regions of regenerating livers after hepatectomy (Figure 2A), particularly surrounding sprouting points (91) (Figure 2B).




Figure 2 | Monocyte-endothelial cell interactions and vascular sprouting occurring after hepatectomy. (A) Images of vessels from liver sections identified by staining for von Willebrand factor (VWF, in red) and recruited monocytes by staining for CD14 (in green). Nuclei were stained by DAPI (in blue). Initial contacts of recruited monocytes (in yellow) take place in portal areas. (B) Amplification of multiphoton images (vessels in green and yellow, macrophages in red), visualized vascular buds (white circles) surrounded by spread recruited macrophages 16 hours after hepatectomy. Images reprinted with permission from “Melgar-Lesmes, P.; et al. Monocyte-endothelial cell interactions in the regulation of vascular sprouting and liver regeneration in mouse. J Hepatol. 2015; 63 4):917-25. doi: 10.1016/j.jhep.2015.05.011”.



Monocyte recruitment initiates in portal areas and expands to the rest of hepatic tissue in correlation with vasodilation and the expression of the inducible form of nitric oxide synthase (iNOS). iNOS is upregulated in injury and induces the synthesis of the vasodilator and proangiogenic substance NO (96). Indeed, angiogenesis initiates with vasodilation, a process involving NO (89). Then, vascular permeability increases in response to proangiogenic factors such as VEGF, plasma proteins extravasate and pave the ground with a provisional path for the migration of ECs. In this scenario, vascular permeability is affected by the formation of fenestrations, vesiculo–vacuolar organelles and the relocation of PECAM-1 and VE–cadherin, which implicates Src kinases (97, 98). Although angiogenesis requires increased permeability, vascular leakage, and release of permeability factors such as VEGF, it needs to be finely regulated to avoid water and sodium imbalance, circulatory collapse, intracranial hypertension, or ascites (18) among other pathological conditions. Either VEGF or other proangiogenic factors such as angiopoietins may be released by monocytes and MDM to regulate vascular permeability (92, 99). Angiopoietin 1 (Ang-1), a ligand of the endothelial Tie2 receptor, is an endogenous inhibitor of vascular permeability via strengthening of endothelial junctions (100). In contrast, angiopoietin 2 (Ang-2) is a partial agonist/antagonist of Tie2, thus promoting vascular leakage (101, 102). Indeed, Ang-2 is involved in the processes of detachment of smooth muscle cells and loosening of the ECM (103). In addition, MDM release different matrix metalloproteinases (MMP) that may activate or liberate a myriad of growth factors (bFGF, VEGF, IGF-1, etc) retained within the extracellular matrix (104, 105).

Substances released by parenchymal cells (damage-associated molecular patterns) and resident macrophages (e.g. TNF-α) during tissue injury serve not only to coordinate vessel and tissue growth, but also cellular interactions, attracting circulating monocytes (e.g. MCP-1) and inducing neighboring ECs to expose monocyte adhesion molecules such as those described in the section 2.2 of this review (106) (Figure 3).




Figure 3 | Schematic illustration showing that signals from injured parenchymal cells stimulate the release of cytokines and chemokines from resident macrophages and the induction of monocyte adhesion molecules on the endothelium to stimulate vascular sprouting. DAMPS: Danger-associated molecular patterns; TNF-α: tumor necrosis factor alpha; MCP-1: Monocyte chemoattractant protein-1. Scheme modified and adapted from “Melgar-Lesmes, P.; et al. Monocyte-endothelial cell interactions in the regulation of vascular sprouting and liver regeneration in mouse. J Hepatol. 2015 Oct;63 (4):917-25. doi: 10.1016/j.jhep.2015.05.011”.



Circulating monocytes detect attracting signals and interact with ECs to initiate endothelial disruption and monocyte translocation to local sprouting points. It has been demonstrated that the number of interactions of recruited monocytes with liver vascular network during regeneration is directly associated with phosphorylation and disruption of VE-cadherin connections (91). This uncoupling of inter-EC connectivity mediated by VE-cadherin is critical to the plasticity of the selected endothelial tip cell and for EC migration and elongation (107). MDM also serve as chaperones of endothelial sprouting by locally secreting proliferative factors, such as Wnt5a and Ang-1 and the stalk cell stabilizer Notch1 (Figure 4).




Figure 4 | Monocyte-endothelial cell interactions locally release sprouting factors. (A) Hepatic staining of recruited monocytes (CD14, in red) enhancing the local expression of sprouting-related factors Wnt5a, Notch1, and Ang-1 (in green) in contact points of vessels (in yellow) in portal areas 16 hours post-hepatectomy. (B) Signals released by resident macrophages (KCs) recruit monocytes to selected areas driving the sprouting and angiogenic process. KCs deliver MCP-1 to blood stream and TNF-α towards nearby ECs to promote the expression of ICAM-1, which recruit monocytes and allow phosphorylation of the interendothelial VE-cadherin allowing monocyte migration throughout the vessel where they locally deliver sprouting factors (Notch1, Ang-1, and Wnt5a). Images reprinted with permission from “Melgar-Lesmes, P.; et al. Monocyte-endothelial cell interactions in the regulation of vascular sprouting and liver regeneration in mouse. J Hepatol. 2015;63 (4):917-25. doi: 10.1016/j.jhep.2015.05.011”.



The release of Wnts from infiltrating monocytes and, namely, the contribution of Wnt5a and non-canonical ligands is especially important to harmonize angiogenesis in inflamed vessels (108).. Recruited monocytes are important beyond the priming phase of angiogenesis and throughout the process of tissue regeneration. Indeed, leukocyte adhesion molecules such as P-selectin, CCR2, and VCAM-1 upregulate during tissue regeneration and maintain the number of rolling interactions and the likelihood of recruiting monocytes. Specifically, the adhesion molecule ICAM-1 is upregulated after hepatectomy, but its gene expression is significantly downregulated when monocyte interactions and VE-cadherin phosphorylation are maxima. This points to a precise regulation of this adhesion molecule by monocyte interactions in accordance with the requirements of endothelial sprouting and the subsequent hepatic mass expansion. In fact, ICAM-1 activation is an important signaling pathway to trigger vascular sprouting (109, 110) and arteriogenesis (111). ICAM-1 is then an excellent candidate to understand the role of direct interactions of monocytes with endothelium to regulate vascular and tissue regeneration. Indeed, gene suppression of any of the subunits of the monocyte receptor Mac-1 (CD11b/CD18) disrupts wound healing in mice (112, 113). Moreover, suppression of the CD11b gene drops survival in mice undergoing partial hepatectomy and hinders vascular and liver mass regeneration in line with a reduced infiltration of circulating monocytes into the hepatic vascular network (91). Interestingly, the lack of CD11b also induces TNF-α expression, which can also directly promote VE-cadherin phosphorylation to replace the missing effects of monocyte-endothelial cell interactions (114). However, this increase in TNF- α is followed by an intense vascular leakage and a disorganized and aberrant vascular network after hepatectomy (91). Indeed, exacerbated increase of TNF-α by monocytes or MDM is associated to suppressive effects on wound healing in mice (115). To regulate these vascular disorders, tissue macrophages, such as KC, may progressively move into vessel walls from their static state and location in an attempt to replace the role of monocyte-EC interactions in the control of vascular and tissue growth in ICAM-1 KO mice (91). Thus, macrophage interaction with ICAM-1 in endothelium seems a critical step in the regulation of the endothelium integrity and in the control of TNF-α expression during angiogenesis after hepatectomy.




3.2 Monocyte-endothelial cell interactions in vasculogenesis

The molecular basis of vasculogenesis (in the embryo and from endothelial progenitors) diverges from that of pathological angiogenesis in the adult. The formation of the vascular network in the embryonic phase requires several sequential steps combining both mechanisms, vasculogenesis and angiogenesis. Vasculogenesis gives rise to the heart and the initial embryonic vascular plexus and surrounding membranes comprising the yolk sac circulation (116). Angiogenesis accounts for the expansion and remodeling of this vascular tree via endothelial sprouting and intussusceptive microvascular growth. However, little is known of any possible direct implication of monocyte or macrophage-EC interactions to drive vasculogenesis. The fact is that the macrophage is one of the first blood cell lineages to originate during embryonic development. Macrophages generate and grow surrounded by ECs and vasculogenesis occurs in parallel with hematopoiesis (116). Studies in mice have revealed that embryonic macrophages arise during three different waves of hematopoiesis: primitive hematopoiesis, erythro-myeloid progenitor (EMP) generation, and definitive hematopoietic stem cell-mediated hematopoiesis (116). Macrophages are then distributed through most developing organs (117). These initial macrophages derived during primitive hematopoiesis behave as a mediator between neovascularization and organ architecture during fetal organogenesis (118). Further recent findings using inducible Csf1r promoter-driven-Cre ROSAYFP reporter mice support a direct relationship between blood and endothelial lineages (119). These authors found that circulating EMP contribute to ECs in vascular network in multiple tissues (liver, brain, heart, lung, and yolk sac), and their interaction continues throughout adulthood (119). Other authors have found evidence on the active role of macrophages to promote vasculogenesis during retinal neovascularization (120). They have shown that macrophages boost the recruitment and differentiation of bone marrow-derived cells (BMCs). Mechanistically, they found that specifically M2-like macrophages affected the migration and activation of BMCs via secretion of VEGF and stromal cell-derived factor-1 (SDF-1). This is consistent with another investigation that demonstrated a higher recruitment of BMCs by SDF-1 and hepatocyte growth factor (HGF), released by the interaction between macrophages and matrix-embedded endothelial cells (MEECs) during liver regeneration (121). Namely, HGF stimulated the expression of the receptors CXCR4 and CXCR7 (122), that promoted the mobilization of endothelial progenitors to the blood stream and their recruitment into injured liver. In turn, incorporated endothelial progenitors secreted more HGF promoting positive feedback and the formation of new blood vessels that irrigated the implants and the ischemic tissue (121).

Vascular development is one of the earliest organogenesis events in embryonic development. A primitive vascular tree provides a basic path for circulating cells and guarantees the supply of nutrients. EC differentiation arises during gastrulation when cells invaginate to form the mesoderm. This process occurs around the embryonic day E7.25 in different clusters of cells in the extra-embryonic yolk sac, called blood islands (123). Blood islands are disposed of primitive hematopoietic cells in the center and aligned endothelial cells in the periphery (124). Primitive hematopoiesis produces unipotent myeloid progenitors that may uniquely generate the macrophage lineage (124), bipotent progenitors of erythrocytes, and megakaryocytes (125). Then, these progenitors are mobilized to the blood circulation around E8.0 (124). The first embryonic-derived macrophages are detected in the yolk sac at E9.0 (126). Yolk sac-derived macrophages colonize first the developing brain by E9.5 and then the rest of the embryonic tissues by E12.5 (123, 124). Although primitive macrophages are generated directly from progenitors without going through a monocyte intermediate (126), it remains elusive the possible interplay with endothelium during this phase to understand positioning and growth of the fetal vascular tree during organogenesis. Both vasculogenesis and macrophage generation occur in parallel in space and time, but how direct interactions of nascent macrophages or monocytes with ECs contribute to vasculogenesis need further investigation.




3.3 Monocyte-endothelial cell interactions in tumor angiogenesis

Infiltration of circulating monocytes to the tumor microenvironment (TME) is critical for tumor angiogenesis (127). It is well-known that inflammation is a starting event to attract and recruit monocytes and a driving force for monocyte-endothelial cell interactions and extravasation. For this reason, cancer cells use these endogenous mechanisms to stimulate an inflammatory milieu and release angiogenic factors that stimulate the endothelium to expose adhesion molecules, which enable adhesion and extravasation of proangiogenic monocytes (128). There are different markers described for these proangiogenic monocytes that cancer cells recruit to the TME. Different authors have found that human CD16+ patrolling monocytes promote angiogenesis and boost the expansion of human colorectal carcinoma xenografts (128, 129). These CD16+ monocytes seem to be recruited to the TME by cancer-released inflammatory cytokines and angiogenic factors (TNF-α, IL-1β, IL13, VEGF, etc.). In contrast, other investigations have described that inflammatory GR1+ monocytes are the proangiogenic monocyte subset that supports the growth of primary tumors (130, 131). In any case, once proangiogenic monocytes are attached to inflamed endothelium within the TME, these monocytes are locally retained by endothelial CX3CL1/Fractalkine released by ECs in response to interferon gamma (IFN-γ), which is present in the inflammatory locus (132). CX3CL1 is a distinctive CX3C chemokine that is anchored to the cell membrane to allow leucocyte adhesion (133, 134), although it is also present in a soluble form that exhibits monocyte and lymphocyte chemotaxis properties (135). Furthermore, CX3CL1 also facilitates vascular extravasation of monocytes in lung tumor metastasis (136).

Hypoxia is a driving force of angiogenesis in tumors (137, 138). Some investigations have described that hypoxia, via hypoxia-inducible factor-1 (HIF-1), enhances the expression of proangiogenic factors such as VEGF, Ang-1 and Ang-2 in endothelial and cancer cells (139, 140), and promotes the synthesis of CXCR4 (a receptor for CXCL12) and Tie2 (angiopoietin receptor) on macrophages, which allows the interstitial migration of proangiogenic macrophages inside the tumor (128, 141, 142). Numerous tumor-derived chemokines are critical for recruiting monocytes into the tumor milieu and to promote the transition of monocytes to tumor-associated macrophages (TAM). These include chemokines such as CCL3 (macrophage inflammatory protein, MIP1α), CCL2 (MCP-1) and CCL4 (MIP1β), interleukins (IL-6 and IL-1β) and cytokines (colony stimulating factor 1 (CSF-1) (143–145). Monocytes recruited into the tumor are then further reprogrammed by cancer cells to display a proangiogenic and immunotolerant M2-like macrophage phenotype (146). Indeed, tumor-associated macrophages (TAMs) are the most abundant immunosuppressive cells in the TME. They play a fundamental role in the tumor initiation, growth, and progression (147). M2-like TAM, under hypoxic milieu, also release proangiogenic factors such as VEGF and placental growth factor (PIGF), and chemokines such as CCL2 and CXCL9, that regulate the expansion of peritumoral vascular network (143, 145). Additionally, TAMs are also involved in immunosuppression of CD8+ T cells and natural killer (NK) cells, a major mechanism of anti-tumor immunity (148, 149).

The proangiogenic activity of TAM is also mediated by MMP activity, which contribute to the release of matrix-bound growth factors such as VEGF. For example, active MMP-9 is produced by mouse and human proangiogenic Tie2+ monocytes (150). The release of different matrix-bound growth factors from TME by active MMP-9 represents one of the most challenging mechanisms for current therapies to interfere with tumor angiogenesis (141). Indeed, digestion and delivery of angiogenic factors by MMPs is a vicious circle for tumor angiogenesis. Tumor tissues synthetize and accumulate MMPs and growth factors in the extracellular matrix, and simultaneously induce the arrival of more proangiogenic monocytes. Then, these monocytes infiltrate and transdifferentiate into TAM and secrete additional MMP-9 and growth factors to the TME, as suggested by previous studies in mice (151, 152).

Hypoxic TAMs show deep variations in the expression of numerous metabolic genes because they are compelled to adjust their metabolism to low oxygen pressure to maintain the energy needs (153). Cytokines are also important effectors on macrophage metabolism, inducing a wide array of metabolic changes. For example, pro-inflammatory M1-like macrophages change their metabolism toward increased anaerobic glycolysis, pentose phosphate pathway activation, and protein and fatty acid synthesis (154). In contrast, cytokines such as IL-4, IL-10, and IL-13 released by M2-like macrophages lead to a phenotype that more closely resembles the characteristics of TAMs (displaying enriched oxidative phosphorylation and stable glycolysis) (155). It is known that metabolic changes influence angiogenic and immunosuppressive properties of hypoxic TAMs. One signaling pathways governing these events is REDD1, a negative regulator of mTOR (156). Indeed, REDD1-mediated inhibition of mTOR hampers glycolysis in TAMs and reduces their excessive angiogenic response promoting the formation of anomalous blood vessels. Hence, TAMs lacking REDD1 promote the formation of smoothly aligned, pericyte-covered, functional vessels preventing vascular leakage, hypoxia, and metastases. TAMs deficient in REDD1 are highly glycolytic and drain glucose from TME affecting nearby ECs. This hinders vascular hyperactivation and stimulates the formation of quiescent vascular junctions (156). This functional link between TAM metabolism and tumor angiogenesis could be exploited in the future for the design of novel anti-angiogenic therapies for cancer.





4 Monocyte-endothelial cell interactions in tissue remodeling



4.1 Modulation of monocytes and MDM in atherosclerosis and cardiovascular diseases



4.1.1 Monocytes and MDM in atherogenesis

CVDs are the leading cause of death and disability worldwide (157). The main etiological factor for CVD is atherosclerosis (158). Atherosclerosis predominantly affects the coronary circulation and increases the risk of myocardial infarction and stroke, but shear stress caused by atheroma plaques may also affect the peripheral and cerebrovascular circulation (159, 160). Atherosclerosis is currently understood as a chronic inflammatory disorder involving many immune cell types (161). Namely, MDM were the first inflammatory cells identified in the atherosclerotic plaques (162). Monocytes also contribute substantially to the different stages of atherosclerosis and myocardial infarction including initiation, progression, thrombus formation, and scarring (163, 164). Innate immune response is initially activated during early arterial injury, which induces the recruitment of bone marrow–derived monocytes into the intima (165). Hypercholesterolemia and clonal hematopoiesis of indeterminate potential are known risk factors in atherosclerosis via boosting the recruitment of mononuclear phagocytes into atheroma plaques (166). Monocytes that infiltrate into the intima of injured vessels transdifferentiate to inflammatory macrophages and can proliferate and promote plaque progression (Figure 5A). Monocyte and macrophage subsets secrete chemokines and cytokines that may stabilize or unstabilize the plaque (167). Generally, M1-like inflammatory macrophages increase the risk for unstable plaques and a class of M2-like resolving macrophages seem to promote plaque stabilization via efferocytosis, collagen production, and TGF-β production (168, 169). However, it is important to emphasize that there are multiple subpopulations of macrophages coexisting within the atheroma plaque with distinct genetic markers and functions, such as resident-like anti-inflammatory, inflammatory, and TREM2high macrophages (170). ECs in injured vascular walls also release an array of chemokines that are commonly classified in four subgroups: CXC, CC, C, and CX3C chemokines. CX3CL1, also known as fractalkine, is the only member of the CX3C chemokine family. CX3CL1 and other chemokines such as CXCL12 may bind either to heparan sulfate (HS) on ECs or to their chemokine receptors in monocytes (171). Therefore, these chemokines may attract, retain, or induce monocyte transdifferentiation into macrophages and foam cells thereby displaying a major role on the progression of atheroma plaques and atherosclerosis (172, 173).




Figure 5 | (A) Hypercholesterolemia, high blood pressure, or disrupted flow patterns lead to LDL accumulation within the vascular wall. This accumulation activates endothelial cells (ECs), which recruit and activate monocytes by the secretion of chemokines and monocyte activators (MCP-1, IL-6, IL-8). Then, monocytes infiltrate atherosclerotic lesions, differentiating into macrophages and ultimately into foam cells. Macrophages and foam cells deliver pro-inflammatory mediators (TNF-α, IL-1β), which decisively participate in the propagation of the inflammatory response and plaque progression. (B) Exogenous administration of CS disrupts the release of leukocyte activators and chemokines from aortic ECs inflamed with TNF-α and interferes with the release of inflammatory cytokines in activated monocytes and macrophages, and with their migration. (C) Numerous nanoparticles (NPs) have been used to target and treat macrophages in experimental atherosclerosis. Nanoparticles have aimed at reducing low density lipoprotein (LDL) accumulation in macrophages either reducing the macrophage expression of LDL scavenger receptors (SRs) using siRNA or delivering the liver-x-receptor (LXR) ligand to increase the expression of cholesterol transporters. Other NPs have been designed to deliver siRNA against the expression of the chemokine receptor 2 (CCR2) and reduce monocyte recruitment to atherosclerotic plaques.






4.1.2 Monocytes and MDM in angiogenesis and inflammation

Angiogenesis and inflammation are close collaborators in tissue remodeling following vascular injury and atherosclerosis. One of the initial signatures of early atherosclerosis is the appearance of a dysfunctional endothelium (174). Some of the factors affecting endothelial homeostasis include high levels of modified low-density lipoproteins (LDL), shear stress, free radicals, and hypertension (175). Indeed, dysfunctional endothelium induces an inflammatory response that may progress to a vascular lesion in CVDs or pave the ground for cancer metastasis (176). As described in the section 3 of this review, infiltrating inflammatory cells secrete a wide array of proangiogenic cytokines that stimulate EC activation, proliferation, and migration. However, the role of angiogenesis in atherosclerosis and CVDs is still a controversial and unresolved issue. Although proangiogenic therapy is useful for the treatment of ischemic heart disease and to enhance endothelial protective functions, angiogenesis may contribute to the growth of atherosclerotic lesions, and is a key factor in plaque destabilization and rupture at every vascular scale (177). The vasa vasorum, a specialized microvasculature that originates primarily in the adventitia of large arteries, is activated during atherosclerosis (178) and may well be influenced by MDM and EC-monocyte interactions. Vasa vasorum provides oxygen and nutrients to the external layers of the arterial wall and its expansion arises preceding endothelial dysfunction, intimal thickening, or plaque formation (178). The presence of intraplaque vasa vasorum is a marker of plaque expansion, progression, hemorrhage, instability, and rupture (178). In this scenario, proangiogenic molecules released by monocytes and MDM promote the growth of vasa vasorum and intimal lesions in both early and late stages of the disease. Moreover, the interactions between monocytes or MDM and ECs within atherosclerotic lesions may also be influenced by the local EC subpopulation. Indeed, analysis of the different EC subpopulations in aorta has identified a lymphatic EC cluster and two other populations specialized in lipoprotein handling, angiogenesis, and ECM production (179). Therefore, different subpopulations of monocytes and MDM may interact with distinct EC populations with vascular disease-relevant functions to decide the fate of the vascular lesion.




4.1.3 Monocytes and MDM in other vascular alterations

There are other scenarios of vascular remodeling where monocytes and MDM display essential regulatory roles such as in pulmonary hypertension, thrombosis disorders, and venous malformation. Data obtained with single-cell analysis has revealed that non-classical and intermediate monocytes are enriched among all the monocyte subsets associated with pulmonary hypertension, and these phenotypes were associated with a decrease in hypoxia-inducible transcription factor-1α (HIF-1α) (180). Indeed, nonclassical (CD14+CD16+) monocytes sense hypoxia, modulate pulmonary vascular remodeling, and induce pulmonary hypertension (181). Moreover, the presence of perivascular MDM has emerged as a key pathogenic driver of pulmonary hypertension via interstitial macrophage-dependent inflammation and vascular remodeling (182). In thrombosis, monocytes and MDM release tissue factor, which activates prothrombin and initiates a coagulation cascade resulting in fibrin formation and thrombus formation (183). Monocytes and MDM also participate in the pathogenesis of venous malformation and cavernous venous malformation stimulating angiogenesis via VEGF overexpression in monocytes and MDMs and up-regulation of VEGF receptors in ECs (184).




4.1.4 Monocytes and MDM in the regulation of vascular smooth muscle cells

Monocytes and MDM also modulate vascular smooth muscle cells (VSMCs) functions during atherosclerosis (185). The regulation of VSMC phenotypes may influence plaque morphology (necrotic core size and fibrous cap thickness) and the deposition and distribution of milieu components (lipoprotein, ECM, and chemokines). In turn, VSMCs, also interact with ECs to orchestrate response to injury or control EC growth (186, 187). VSMCs are major contributors to modifications of vascular microenvironment in CVDs by producing ECM proteins (e.g., fibrin, fibronectin, collagen, and proteoglycans) and agents that regulate ECM formation (e.g., tissue inhibitors of metalloproteinases, tissue factor). Alterations in some of these subendothelial matrix components influence EC apoptosis, which plays pivotal roles in atherosclerosis (188). Moreover, these variations in the ECM composition alter mechanical and functional properties of the vascular wall, which influence the behavior of monocytes, MDM, and ECs (189, 190). Namely, the interaction of the substratum component chondroitin sulfate (CS) has demonstrated a wide array of regulatory functions on monocytes/MDM and ECs in the context of inflammation and atherogenesis (191). In advanced atherosclerosis, there is a decrease in CS, with a concomitant increase of dermatan sulfate in arterial walls (192). Exogenous administration of CS disrupts the release of leukocyte activators and chemokines from aortic ECs inflamed with TNF-α and interferes with the release of inflammatory cytokines in activated monocytes and macrophages, and with their migration (Figure 5B) (191). Indeed, oral administration of CS to ApoE knockout mice has demonstrated to reduce the area of atheroma plaques via interference with the release of monocyte attractants and the uptake and accumulation of Ox-LDL in macrophages and foam cells (193). These findings have motivated a growing interest in incorporating either CS or other immunomodulator drugs in the composition of new intravascular devices for the treatment of CVDs (194–196).




4.1.5 Therapeutic strategies to modulate monocytes and MDM in atherosclerosis and CVDs

Monocytes and MDM have a significant impact on lesion progression at all stages of atherogenesis, and there has been great effort in design novel therapies to interfere with the monocyte-EC or macrophage-atheroma plaque interactions in atherosclerosis (Table 3) (2, 161, 210). Standard therapies for atherosclerotic vascular disease (e.g. angiotensin converting enzyme inhibitors, aspirin, corticosteroids, etc.) induce general immune responses but not a specific macrophage targeting. Immunosuppressive therapies may display side effects in patients such as vulnerability to infection and cancer. A precise macrophage targeting seems essential for the treatment of atherosclerosis. Molecular signaling of peroxisome proliferator-activated receptors (PPARs) is of major relevance for the regulation of macrophage lipid metabolism and inflammatory responses. Natural ligands such as prostaglandins and anti-diabetic thiazolidinediones induce PPARs, which in turn stimulate the M2-like macrophage phenotype and a reduced progression of atherosclerosis (197). Liver X receptors are up-regulated in M2-like macrophages and, as occurs with PPARs, exert relevant antiatherosclerotic effects via regulation of cholesterol metabolism and M1-like macrophage inflammatory response (211). Statins are efficient cholesterol-reducing agents that also reduce immune responses via inhibition of macrophage inflammatory activity (212). However, these and other conventional pharmacological agents cannot selectively target macrophages. Numerous potential therapies based on nanoparticles (NPs) to target and treat macrophages have been used during the last decade to treat experimental atherosclerosis (Figure 5C). For example, a wide array of NPs functionalized with different targeting ligands such as mannose, hyaluronan, folate, DNA, peptides, antibodies, HDLs and LDLs have been employed to target intraplaque macrophages and to enhance selectivity and delivery of anti-inflammatory drugs to reduce atherosclerosis (213). Other strategies aim to reduce LDL accumulation in macrophages either reducing the macrophage expression of LDL scavenger receptors (SRs) or delivering the liver-x-receptor ligand to increase the expression of cholesterol transporters (198, 199). Other researchers have developed NPs to inhibit the expression of the chemokine receptor 2 (CCR2) associated with monocyte recruitment as a potential treatment for atherosclerosis (200, 201). Another interesting strategy for the treatment of atherosclerosis is the enhancement of macrophage efferocytosis – the phagocytic clearance of dying cells and apoptotic and necrotic debris. Indeed, this process is diminished in atherosclerotic blood vessels. Interestingly, NPs delivering siRNA against Ca2+/calmodulin-dependent protein kinase γ (a known blocker of macrophage efferocytosis) have shown plaque stabilization in mice (202). Therefore, it seems clear that specific modulation of macrophage interactions and functions in vascular lesions using targeted nanoparticles may be of therapeutic interest for the treatment of atherosclerosis and CVDs in the future.


Table 3 | Novel therapies to modulate monocytes and MDM.







4.2 Modulation of monocytes and MDM in chronic liver diseases



4.2.1 Contribution of monocytes and MDM to the pathogenesis of chronic liver diseases

Chronic liver injury from different etiologies may lead to hepatic fibrosis, cirrhosis, and/or hepatocellular carcinoma (HCC). Cirrhosis is among the most prevalent diseases in Western countries. The prognosis of these patients is grim, except for those who can benefit from liver transplantation. This is due to the multiple organic derangements, including renal failure, variceal bleeding, or bacterial peritonitis (214). These patients develop an important and progressively accentuated cardiocirculatory dysfunction, portal hypertension, arterial hypotension, high cardiac output, and diminished systemic vascular resistance. It is commonly assumed that increased endothelial production of NO is of major importance in the pathogenesis of the circulatory dysfunction occurring in cirrhosis (215), but the contribution of other endogenous systems has also been considered (216). In this scenario, MDM also contribute to vascular dysfunction in cirrhosis via release of vasodilators such as NO or adrenomedullin (217, 218). Hypoxia appears as a common phenomenon associated with the induction and release of NO from macrophages during liver cirrhosis (219). Another general activator of macrophages in liver cirrhosis is bacterial lipopolysaccharide (LPS). Intestinal permeability is increased in patients with advanced liver cirrhosis, and bacterial translocation may cause infection and spontaneous bacterial peritonitis that usually results in renal failure and death despite the efficacy of the antibiotic therapy (214). Macrophages isolated from cirrhotic patients with bacterial peritonitis have shown a high release of VEGF that results in increased vascular permeability in the peritoneal vessels of these patients (220). LPSs also suppress the expression of the cannabinoid receptor CB2 in circulating monocytes and peritoneal macrophages, impairing the defense response mechanisms in cirrhotic patients with liver disease (221). Macrophage CB2 activation has also been associated with reduced angiogenesis attributed to a lower monocyte infiltration during liver fibrosis and a lesser macrophage release of proangiogenic factors (222, 223).




4.2.2 Role of monocytes and MDM on liver regeneration

MDM are critical players during all the stages of chronic liver injury: initiation, progression, resolution, and regeneration of the hepatic function (224). Indeed, the liver is a unique organ in its capacity to regenerate the entire organ mass after a liver insult or a hepatic resection (225). After liver resection, injured hepatocytes, liver progenitor cells and KCs from the portal space recruit circulating monocytes to injured liver via secretion of monocyte chemotactic protein 1 (MCP-1) (226). Then, recruited monocytes trigger endothelial c-Met and Tie2 pathways by direct interaction (92–94), and activate the paracrine release of different cytokines and endothelial growth factors critical for liver regeneration, such as the family of molecules Notch and Wnt (91, 227). Indeed, either complete depletion of hepatic macrophages or interference of the canonical Wnt/β-catenin signaling pathway in macrophages reduces liver regeneration (228, 229). KCs elaborate a precise control role of sinusoidal endothelium releasing priming factors (e.g., IL-6 and TNF-α) and induce hepatocytes to act in response to growth factors (e.g., HGF, TGF-β, and EGF). Then, proliferation of hepatocytes sequentially advances from periportal to pericentral areas of the lobule, as a wave of mitosis under circadian control. In turn, hepatocyte proliferation needs to be perfectly coordinated with the expansion of the hepatic vascular network during liver regeneration (230). A previous work has described how this sequence of phenomena is fine-tune regulated by monocytes and MDM in regeneration occurring after liver resection. It has been demonstrated that circulating monocytes are selectively recruited to sprouting spots in regenerating livers. This process starts in portal areas and expands to the rest of hepatic tissue coinciding with the waves of hepatocyte mitosis, the hepatic expression of iNOS and vasodilation to facilitate monocyte infiltration and endothelial migration as explained in section 3.1 of this review. These interactions between monocytes and hepatic ECs commensurate with phosphorylation and disruption of VE-cadherin connections, which is crucial for endothelial tip migration and elongation (231).

MDM display different roles in liver regeneration initiated after chronic injury and fibrosis. MDMs that infiltrate during the progression of liver fibrosis propagate inflammation and induce scarring via activation of myofibroblasts (232). The balance between stimuli from microenvironment and the presence of different subsets of macrophages is determinant towards liver disease or repair (233). Recent advances in flow cytometry and single-cell transcriptomics have allowed a broad understanding of the array of macrophage phenotypes within healthy and diseased liver (234). Nowadays, these technologies have allowed the determination of different subsets of mononuclear phagocytes in the liver fibrotic niche, which is composed of ten main clusters: scar-associated macrophages (SAMacs), KCs, tissue monocytes (TMs), conventional dendritic cells (cDCs) and each corresponding cycling (proliferating) cell subsets (234). SAMacs express the unique markers TREM2 and CD9 (234). These macrophages displayed a hybrid phenotype, between TMs and KCs and similar to MDM in mouse liver injury models. SAMacs have a pro-fibrogenic phenotype and accumulate within the fibrotic niche in cirrhotic liver. TREM2+CD9+ SAMacs have showed a monocyte-like morphology and a distinctive topographical distribution and differentiation trajectory separated from KCs (234).




4.2.3 Monocytes and MDM on liver cancer

Liver cancer is the third leading cause of cancer-related mortality worldwide and HCC accounts for nearly 90% of the incidence of all hepatic cancers (235). The tumor microenvironment (TME) is composed by a highly complex cellular composition including different populations of myeloid cells and lymphocytes. Indeed, the presence of myeloid cells in the TME is frequently associated to altered patient survival (236). In this scenario, TAM is one of the main members of the TME with a critical role on HCC occurrence and development via angiogenesis stimulation, interference with T cell anticancer activity, promotion of drug resistance, and cancer metastasis (148, 237). The state-of-the-art combination of two single-cell RNA sequencing technologies has recently allowed the analysis of all CD45+ immune cells in HCC patients from different hepatic zones (tumor, adjacent liver, hepatic lymph node, blood, and tumor ascites) (238). In this study, TAMs were associated with poor prognosis and these macrophages highly expressed two marker genes, SLC40A1 and GPNMB, in HCC tumors. Namely, SLC40A1 encodes ferroportin, an iron exporter, and regulates TLR-stimulus-induced pro-inflammatory cytokines, including IL-6, IL-23, and IL-1β, thus pointing out that iron metabolism is implicated in determining innate immunity in the TME.




4.2.4 Therapeutic strategies to modulate monocytes and MDM in chronic liver diseases

Cirrhosis is a limiting factor for anticancer therapy and a major risk factor for the development of HCC. Indeed, cirrhosis may challenge surgical and interventional approaches to treat liver cancer, alter pharmacokinetics of anticancer drugs, enhance side effects of chemotherapeutics and susceptibility to hepatotoxicity. Therefore, conventional and future treatments designed to modulate monocytes and MDM in liver diseases need to consider the different molecular signals involved during liver cirrhosis (M1-like inflammatory macrophages and fibrogenic MDM signals) or liver cancer (anti-inflammatory M2-like TAM in the TME and immunosuppression). Various strategies have been developed to treat liver inflammation and to target hepatic macrophages (Table 3) (239). For example, polylactic-co-glycolic acid (PLGA) NPs with a Spleen Tyrosine kinase (SYK) pathway inhibitor have been used to target and treat macrophages in chronic liver injury induced by steatohepatitis, since SYK is a critical mediator in inflammatory pathways (203). Liposomes loaded with the anti-inflammatory drug dexamethasone have obtained anti-inflammatory and anti-fibrotic results in mouse models of acute and chronic liver disease (204). A PPAR-γ agonist GW1929 targeted to MDM with dendrimer-graphene nanostars has been used to reduce hepatic inflammation and fibrosis (205). Phosphatidylserine (a component that mimics apoptotic cells recognized by macrophages) has been used to decorate nanostructured lipid carriers containing curcumin to reduce hepatic inflammation and fibrosis (206). Another interesting approach has been the delivery of a plasmid expressing the collagenase metalloproteinase 9 into inflammatory macrophages using dendrimer-graphene nanostars for local digestion of collagen fibers, reduction of hepatic injury, and hepatic regeneration (207). Different strategies have also been developed to target and treat selectively TAM in HCC (240). For example, CXCR4-targeted lipid-coated PLGA NPs with sorafenib and AMD3100 (a CXCR4 antagonist) revealed that blocking the interaction of TAM CXCR4 with SDF1α reduced M2-like macrophage polarization and TAMs infiltration, and simultaneously tumor progression was delayed in a mouse model of HCC (208). CCL2 and CCL5 are two chemokines that attract TAMs infiltration and induce their polarization to the M2-like phenotype. A specific CCL2/CCL5 dual inhibitor (BisCCL2/5i) coating lipid NPs or a mRNA encoding BisCCL2/5i inhibited TAM infiltration and induced the polarization of M2-like macrophages to antitumoral M1-like subtype (209). Overall, further studies are still necessary to delineate how to combine conventional therapies against HCC cells with TAM-targeted nanotherapeutics to overcome the limitations of current pharmacological treatments in HCC.






5 Conclusions

This review has emphasized that interactions between monocytes and ECs or between transmigrated and differentiated MDM and the milieu are critical to the orchestration of vascular and tissue remodeling. The interplay between monocytes and ECs determines the selection of sprouting points during angiogenesis and may be involved in vasculogenesis. Infiltrated MDM regulate the promotion of vascular and tissue growth via the release of different vascular growth factors, regulation of vascular permeability, and control over ECM turnover. Tumors take advantage of the physiological functions of proangiogenic monocytes and MDM to increase cancer cell irrigation and metastasis.

Blood monocytes and MDM play a critical role in the pathogenesis of myocardial infarctions, strokes, and CVDs overall. They actively contribute to new vessel formation inside the arterial wall and atherosclerotic plaques resulting in local ischemia and inflammation, and regulate the activity and phenotype of VSMC, thereby influencing plaque morphology and ECM deposition.

Chronic liver diseases are characterized by a vigorous activation of inflammatory subsets of monocytes and MDM that mediate hepatic angiogenesis, inflammation, and fibrosis. Monocytes and MDM display different roles during regeneration of healthy liver or after chronic injury and fibrosis. Monocyte-EC interactions orchestrate harmonized angiogenesis and synchronized liver mass growth after resection in healthy liver. In contrast, monocytes and MDM perpetuate angiogenesis and inflammation in chronic liver diseases and pave the ground for hepatic tumor growth.

Conventional and novel therapeutic strategies are being developed to selectively target monocytes and MDM to modulate the progression of chronic diseases such as CVD or liver diseases, and cancer. There is still an urgent need for more selective treatments and molecular insights on the different macrophage stirpes involved in the zonation phenomena occurring during vascular and tissue remodeling, and cancer. It is mandatory to decipher surface markers and mechanisms involved in the control of specific subsets of monocytes and MDM to improve therapeutic interventions without distortion of the necessary physiological functions of these immune cells in pathogen detection and tissue regeneration.
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Objective

Rheumatoid Arthritis (RA) is a progressive and systemic autoimmune disorder associated with chronic and destructive joint inflammation. The hallmarks of joint synovial inflammation are cellular proliferation, extensive neoangiogenesis and infiltration of immune cells, including macrophages. In vitro approaches simulating RA synovial tissue are crucial in preclinical and translational research to evaluate novel diagnostic and/or therapeutic markers. Two-dimensional (2D) settings present very limited in vivo physiological proximity as they cannot recapitulate cell-cell and cell-matrix interactions occurring in the three-dimensional (3D) tissue compartment. Here, we present the engineering of a spheroid-based model of RA synovial tissue which mimics 3D interactions between cells and pro-inflammatory mediators present in the inflamed synovium.





Methods

Spheroids were generated by culturing RA fibroblast-like-synoviocytes (RAFLS), human umbilical vein endothelial cells (ECs) and monocyte-derived macrophages in a collagen-based 3D scaffold. The spheroids were cultured in the presence or absence of vascular endothelial growth factor (VEGF) and fibroblast growth factor 2 (bFGF) or RA synovial fluid (SF). Spheroid expansion and cell migration were quantified for all conditions using confocal microscopy and digital image analysis.





Results

A novel approach using machine learning was developed to quantify spheroid outgrowth and used to reexamine the existing spheroid-based model of RA synovial angiogenesis consisting of ECs and RAFLS. A 2-fold increase in the spheroid outgrowth ratio was demonstrated upon VEGF/bFGF stimulation (p<0.05). The addition of macrophages within the spheroid structure (3.75x104 RAFLS, 7.5x104 ECs and 3.0x104 macrophages) resulted in good incorporation of the new cell type. The addition of VEGF/bFGF significantly induced spheroid outgrowth (p<0.05) in the new system. SF stimulation enhanced containment of macrophages within the spheroids.





Conclusion

We present a novel spheroid based model consisting of RAFLS, ECs and macrophages that reflects the RA synovial tissue microenvironment. This model may be used to dissect the role of specific cell types in inflammatory responses in RA, to study specific signaling pathways involved in the disease pathogenesis and examine the effects of novel diagnostic (molecular imaging) and therapeutic compounds, including small molecule inhibitors and biologics.
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1 Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune joint disease affecting 0.5-1.0% of the population worldwide. RA manifests with destructive synovial inflammation causing joint tenderness, pain and swelling. If ineffectively treated, RA can lead to severe cartilage degradation, bone erosion and irreversible disability (1–3). Despite major advancements in managing RA symptoms with disease-modifying antirheumatic drugs (DMARDs), around 20-40% of the patients still experience treatment failure, including limited efficacy and (secondary) nonresponse, which may increase disability over time due to inadequate treatment (4). The diversity of the cellular component in the RA synovium was thereby dissected and distinct histomorphological patterns were identified according to the composition, organization and localization of cellular infiltrates. Three main synovial “pathotypes” were recognized, namely the fibroblastic pauci-immune pathotype, the macrophage-rich diffuse-myeloid pathotype, and the lympho-myeloid pathotype characterized by prominent lymphocyte infiltration (5–11). The pathotypes have been described to correlate with disease activity and/or severity, as well as response to therapy. These findings underlie the importance of the cellular composition of the RA synovium and the interaction between cell types in establishing novel RA treatment strategies.

The RA synovial tissue is characterized by a hyperplastic intimal lining layer of fibroblast-like synoviocytes (FLS) and macrophage-like synoviocytes (MLS) which interact with a variety of activated immune cells multiplying in the sublining layer. The complex crosstalk among the numerous cell types present in the RA synovium leads to the production of a wide array of cytokines and pro-inflammatory molecules responsible for the chronic inflammation (12–17). Pro-angiogenic factors activate endothelial cell proliferation and upregulation of adhesion molecules as part of the angiogenesis process (18). Extensive blood vessel formation allows immune cells to massively infiltrate the synovial tissue. Among them, pro-inflammatory macrophages further contribute to the excessive accumulation of cytokines and chemokines at the site of inflammation (12–17). Moreover, RAFLS exhibit an invasive and aggressive phenotype, capable of invading the local synovial tissue environment. They harbor the ability of remodeling the extracellular matrix (ECM) through the secretion of matrix-degrading enzymes and the expression of increased levels of adhesion molecules (18–23). Behaving like invasive tumor, this highly vascularized expanding synovial tissue mainly composed of invasive FLS and macrophages, known as “pannus”, causes disruption of joint cartilage and bone erosion (5, 12, 13, 19–22).

Many in vitro systems modelling the RA synovial tissue have been developed, which are used for drug testing, mechanistic research and clinical translation (24, 25). Diverse strategies are currently being explored to find the right balance between experimental feasibility, reproducibility, and in vivo physiological proximity. While 2D settings fail at simulating the physiological in vivo situation, 3D culture approaches facilitate cell-cell and cell-matrix interactions involved in key cellular processes such as cell proliferation, migration and differentiation. Due to their pivotal role in synovial inflammation, RAFLS are found in most of the 3D models of synovial tissue (24, 25). Cultured as micromasses (26, 27) or combined with peripheral CD14+ monocytes (28, 29), these models reflected key features of the RA synovium after TNF exposure, including the formation a lining layer at the outer surface, the alteration of macrophage phenotype and the expression of pro-inflammatory cytokines. Additionally, neovascularization and neoangiogenesis have also been described in RA models with the co-cultures of RAFLS and mesenchymal stromal cells or vascular ECs (30, 31). Similarly, we previously established a spheroid-based model of synovial angiogenesis incorporating RAFLS and ECs (32). The spheroids were stimulated with the growth factors VEGF/bFGF, key regulators of angiogenesis, or cultured in the presence of RA synovial fluid (SF), known to contain pro-angiogenic factors (33). In the current study, we incorporated monocyte-derived macrophages to our existing model to further improve its ability to mimic the in vivo RA synovial tissue and reflect the interactions of RAFLS and ECs with immune cells in pathological processes of RA, which includes synovial inflammation, angiogenesis and pannus formation.

Of note, diverse quantitative approaches have been developed to quantify cell migration in 3D models, particularly to describe angiogenesis. The ImageJ plugin “Sprout morphology” and the Matlab-based algorithm “AQuTAS” were both created to assess angiogenic sprouting from EC spheroids (34, 35). Comparably to EC sprouting, FLS have previously been documented to extend and retract a so-called dendritic network of extensions in collagen matrices (36). Moreover, RAFLS and ECs showed coordinated migration in vitro, remarkably overlapping and providing mutual structural support during EC sprout formation (32, 37). To capture the migratory capacities of the multiple cell types involved in inflammation and disease progression in the RA synovial tissue, we developed a new quantitative approach measuring the spheroid outgrowth area covered by the cells altogether migrating throughout the matrix.

Here, we present a new tool to quantify spheroid expansion and the development of a novel spheroid-based 3D model of RA synovial tissue incorporating RAFLS, ECs, and monocyte-derived macrophages. This innovative model aims to mimic the interactions between these cell types and enables the investigation of their role in RA synovial inflammation.




2 Methods



2.1 Patient materials

FLS were isolated from RA patients as previously described (38). A synovial fluid cocktail was made by pooling synovial fluid of 11 RA patients. ECs were collected from human umbilical vein from healthy donors and monocytes were isolated from fresh blood or buffy coat (Sanquin, Amsterdam, NL) from healthy donors. Patient consent was obtained by all participants in written format according to the Declaration of Helsinki and the study was approved by the medical ethics committee of the Academic Medical Centre, University of Amsterdam, Amsterdam, the Netherlands.




2.2 Cell culture

RAFLS were cultured in DMEM (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS) (Biowest, Ennigerloh, Germany), 100 μg/ml penicillin–streptomycin (Gibco), 2 mM L-glutamine (Gibco), 10 mM HEPES (Gibco) and 250 μg/ml gentamicin (Gibco) up to passage 8. ECs were expanded up to passage 4 on 1% gelatin in M199 (Gibco) containing 20% FCS, 100 μg/ml penicillin–streptomycin, 50 μg/ml heparin, 12.5 μg/ml endothelial cell growth supplement (ECGS) (Corning, NY, USA) and 2 mM L-glutamine. Monocytes were seeded at 3x105 cells/well and differentiated into “pro-inflammatory” macrophages in IMDM (Gibco) complemented with 5% FCS, 250 μg/ml gentamicin and 20 ng/ml GM-CSF (Gibco) for 6-7 days including the renewal of medium at day 3.




2.3 Spheroid co-culture assay

The experiments were performed with different combinations of donors of RAFLS, ECs and macrophages each time. RAFLS, ECs, and macrophages were respectively pre-incubated in 2 µM CellTracker™ Orange CMTMR, Red CMTPX and Green CMFDA dyes (Invitrogen) in culture medium. The cells were harvested, counted and pooled together in 15 ml of 20% methocel solution (v/v) in EGM-2 Endothelial Cell Growth Medium-2 (Lonza, Basel, Switzerland) (Figure 1). Methocel solution was prepared by dissolving 6 g methylcellulose in 500 ml M199 medium. The cell mix containing 3.75x104 RAFLS, 7.5x104 ECs and the suitable number of macrophages was distributed into a 96 U-well suspension plate (Greiner BioOne, Stonehouse, UK) and spheroids were formed overnight at 37°C. Next, a 200 µl solution of 1.5 mg/ml of rat-tail collagen type-I (BD Biosciences, Oxford, UK) was prepared in EGM-2 medium and the pH was neutralized by 2 µl NaOH (1M). A collagen drop (20 µl) was distributed in each well of an 8-well Ibitreat chamber slide (Ibidi, Martinsried, Germany) and set at 37°C for 30 min for complete polymerization. Spheroids were collected from the plate into a 15 ml tube, washed twice with PBS and resuspended in an equivalent 200 µl collagen solution. The same droplet volume was deposited over the first layer in each well to sandwich the spheroids between the two collagen drops and control the distance at which the spheroids were situated above the glass bottom of the well. The 3D collagen-based scaffold was set at 37°C for 1 hour. EC starvation medium was prepared as previously described with only 2% FCS. The medium was left with no stimulant or was supplemented with either 10 ng/ml VEGF/bFGF or 20% SF. The spheroids were incubated in 400 µl/well of the suitable media for 40 h. Culture supernatants were collected and placed at -20°C for further analysis.




Figure 1 | Schematic workflow of the spheroid formation and the sprouting assay in a collagen-based 3D scaffold. (1) Cells pooled together in 20% Methocell solution (2) Spheroid formation: distribution of 150 µl cell mix/well into a 96 U-well suspension plate and incubation at 37°C for 24h (3) Collection of the spheroids with a 10 ml pipet (4) Spheroids resuspended in a 1.5 mg/ml collagen solution (5) Sprouting assay: 20 µl of collagen solution containing the spheroids placed dropwise using the sandwich method in a 8-chamber slide and cultured in the suitable media containing stimuli at 37°C for 40h. Created with BioRender.com.






2.4 ELISA

TNF (Human TNF alpha Monoclonal antibody pair (MAb11), eBioscience™) and IL-6 (Human IL-6 antibody pair, U-CyTech) were quantified in the collected spheroid culture supernatants using commercially-available ELISA according to manufacturer’s instructions.




2.5 RNA isolation and quantitative RT-PCR

The collagen drops containing the spheroids were washed twice with equivalent volume of RPMI 1640 Medium (Gibco). The collagen gels were removed from the wells with a P1000 pipet and placed in a 1.5 ml tube containing 50 µg/ml Liberase™ TM Research Grade solution in RPMI (Sigma-Aldrich, St. Louis, MO, USA). At least 20 collagen drops were pooled together per condition to have enough cells for RNA isolation. The collagen matrix was digested by incubating in Liberase solution at 37°C, shaking at 1000 rpm for 10 min. The spheroids were shortly span down at max speed and washed twice with PBS. The spheroids were dissociated into a single-cell suspension by incubating in Accutase® (STEMCELL Technologies, Vancouver, Canada) at 37°C, shaking at 1400 rpm for 15 min. The cells were span down at 1700 rpm for 5 min and washed twice in PBS to proceed with RNA isolation. RNA was isolated using GenElute™ Mammalian Total RNA Miniprep (Sigma-Aldrich) according to manufacturer’s instructions. cDNA was synthesized using ThermoFisher Scientific first strand cDNA synthesis kit (Thermo Scientific, Waltham, MA, USA). Quantitative RT-PCR was done by Fast SYBR™ Green Master Mix (Applied Biosystems, Waltham, MA, USA) using appropriate primers (primer sequences available upon request). Analysis was done using the QuantStudio™ 3 Real-Time PCR System (Applied Biosystems).




2.6 Spheroid imaging and quantification

For imaging the spheroids, the collagen drops were washed twice with equivalent volume of Hanks’ Balanced Salt Solution (HBSS) (Gibco). The spheroids embedded in the collagen matrix were fixed by adding 400µl/well of 4% paraformaldehyde (w/v) in HBSS and letting the slides at room temperature (RT) for 1h. The fixed spheroids were washed twice with equivalent volume of phosphate-buffered saline (PBS) and stored in PBS at 4°C in the dark until imaging with a Leica TCS SP8-X confocal microscope (10X) (Leica Camera AG, Wetzlar, Germany). CI convert was used to compile the confocal picture Z-stacks in 2D projection while preserving the distinct pixel values for all imaging channels. The converted pictures were imported to QuPath image analysis software and the suitable channels were used for subsequent quantitative measurement (detailed protocol in Supplementary Material 1). The region covered by the cells that migrated throughout the matrix, comprising both associated and non-associated cells, was segmented by pixel classification and discriminated from the region occupied by the core. Areas were calculated for each picture by applying the most suitable pixel classifier previously trained on a pool of representative pictures. Output analysis was checked for each picture and readjusted with a different trained pixel classifier if needed. QuPath analysis tools such as “Cell Detection” and “Calculate Features” were also used to detect and count the cells outside of the core and add intensity values of the different regions respectively. Subsequently, the ratio of the spheroid outgrowth to the core area was calculated, as well as the integrated density of the specific stained cells ( ) in the respective areas and their percentage of the total integrated density. Measurement parameters were quantified for 2-7 isolated spheroids (biological replicates) and the averages were calculated for each condition.




2.7 Immunohistochemistry and immunofluorescence

Following fixation, the collagen gels containing the spheroids were incubated in 15% sucrose solution in PBS for 1 hour at RT (400µl/well). This step was repeated with 30% sucrose solution. For subsequent immunofluorescence imaging, the collagen gels were transferred to cassettes with a thin spatula, covered by Tissue-Tek O.C.T. Compound (Sakura Finetek, California, USA) and snap-frozen in liquid nitrogen. The frozen samples were stored at -80°C until cryosectioning (5 µm) using a cryostat. The cryosections were dried overnight at RT, mounted on microscope slides and directly imaged with a Leica TCS SP8-X confocal microscope (20X). For subsequent hematoxylin and eosin (HE) staining, liquid 1% agarose gel was added to the collagen gels containing the spheroids (400µl/well) and set at RT until full polymerization. The agarose blocks were scooped out from each well with a thin spatula, placed in cassettes and stored in 70% ethanol until paraffin embedding. A sliding microtome was used to cut 5 µm sections from the paraffin embedded samples, followed by deparaffination and HE staining (39).




2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism v8.2.1 (Graphpad Software Inc.). A p<0.05 was considered statistically significant. Differences were analyzed by parametric or non-parametric one-way analysis of variance with repeated measures (RM one-way ANOVA) followed by multiple comparisons test or a ratio paired t-test when indicated.





3 Results



3.1 Application of a machine learning quantitative analysis (QuPath) to measure spheroid outgrowth and morphological changes

Different approaches to quantify spheroid outgrowth were investigated. The Table 1 summarizes the parameter measurements for each method, also listing their advantages and limitations. Both automated tools “Sprout morphology” plugin and AQuTAS, especially developed for analysis of angiogenesis, compute a unique channel to calculate the number of EC sprouts and total sprout length. While ImageJ plugin provides additional information on branching level, AQuTAS discriminates the number of associated sprouts from the non-associated sprouts. However, these automated methods lack versatility and are not easily adaptable to alternative multicellular systems presenting heterogeneous morphology, including varying cell density, ramification level, amount of connected/detached cells, and core cohesiveness. Further optimization is thus required to adapt these functional automated quantification methods to our model. To standardize spheroid outgrowth in our system, a new quantitative approach discriminating the outgrowth area from the core area by pixel classification was developed (detailed protocol in Supplementary Material 1). Outgrowth area was described as the region covered by the cells that migrated out from the core, comprising both associated and non-associated cells. Using trained pixel classifiers, segmentation of the two areas was precisely and robustly performed across all spheroids in a semi-automated way. First, the 3D model of synovial angiogenesis consisting of RAFLS and ECs (32) was replicated and reassessed with the new quantification approach (Figure 2A). The spheroids were left unstimulated, stimulated with VEGF/bFGF or cultured in the presence of SF. In response to the addition of VEGF/bFGF, the spheroids displayed enhanced FLS extensions and EC sprouting compared to the unstimulated condition. In the presence of SF, RAFLS and ECs were less dispersed compared to VEGF/bFGF stimulation. However, apparent RAFLS and EC protraction formed a more compact and highly connected network than in the two other conditions (Figure 2A). Upon VEGF/bFGF stimulation, a 2-fold increase of the ratio outgrowth to core area was observed compared to basal medium (p<0.05) (Figure 2B). This increase was also demonstrated in our previous study when assessing the EC cumulative sprout length (32). Following SF stimulation, a 1.5-fold increase in the ratio outgrowth to core area was observed compared to basal medium although this did not reach statistical significance (Figure 2B). Additionally, integrated density values of the specifically stained RAFLS and ECs were separately calculated in the outgrowth area. Assuming cell density is proportional to fluorescence intensity, the use of integrated density is indicative of cell density within the measured area. In the presence of VEGF/bFGF, the percentage of integrated cell density of the RAFLS and ECs in the outgrowth area significantly increased by approximatively 15% and 20% respectively compared to the unstimulated condition (p<0.05) (Figures 2C, D). However, the percentage of integrated density of RAFLS and ECs in the outgrowth area did not vary significantly after addition of SF.


Table 1 | Selected quantitative image analysis methods to measure spheroid outgrowth, their advantages and limitations.






Figure 2 | Application of a machine learning quantitative analysis (QuPath) in the pre-established spheroid-based model of RA synovial angiogenesis to measure spheroid outgrowth and morphological changes. Spheroids were either left unstimulated (UNSTIM.), stimulated with VEGF/bFGF (10 ng/ml) or SF (20%). Representative confocal Z-stack projection pictures (10X) of the 3D model containing 3.75x104 RAFLS (magenta) and 7.5x104 EC (cyan), including the specific fluorescence signal for each cell type and the output segmentation of the outgrowth area (pink) versus the core area (blue) using trained pixel classifiers in QuPath (A). Ratio of the spheroid outgrowth area to core area (n=5) (B). Percentage of the total integrated density of RAFLS (C) and ECs (D) calculated in the outgrowth area (n=5). Integrated density is the product of mean fluorescence intensity and area. Statistical significance was determined by RM one-way ANOVA (*=p<0.05).






3.2 Incorporation of macrophages results in maintenance of the spheroid structure containing the RAFLS and ECs

In order to recapitulate the in vivo RA synovial tissue and the complex interactions of the synovial cells with immune cells, monocyte-derived macrophages were added into the existing 3D model comprising RAFLS and ECs (32). The macrophage ‘M1’-like phenotype was confirmed by determining the expression of CD86 (high levels) and the absence of CD163 expression using flow cytometry (data not shown). Based on the same approach, the cells were co-cultured for 24 hours to allow for spheroid formation. The macrophages merged together with the ECs and RAFLS towards the centre of the well and formed a compact spheroid structure, showing the ability of the model to incorporate macrophages (Supplementary Material 2). The formed spheroids containing macrophages were placed in a collagen-based matrix and cultured in basal medium for 40h. Cryosections of the spheroids confirmed the integration of the macrophages and the maintenance of the spheroid structure with the RAFLS and ECs (Supplementary Material 3). To investigate the impact of the number of macrophages in the model, a titration of macrophages using the previously established number of RAFLS (3.75x104) and ECs (7.5x104) was performed by adding 1.5x104, 3.0x104, or 6.0x104 macrophages to the co-culture. The spheroid structure incorporating the macrophages was maintained across all ratios, yet a higher number of macrophages outside of the core was also observed when increasing the macrophage input number (Figure 3A). The average number of migrated macrophages detected showed a significant increase between 1.5x104 and 6x104 macrophages with a 4-fold difference (p<0.01) (Figure 3B). Moreover, integrated density values of the specifically stained macrophages were separately calculated in the core area. Assuming cell density is proportional to fluorescence intensity, the use of integrated density is indicative of cell density within the measured area. The percentage of macrophage integrated density in the core area did not vary significantly (Figure 3C). This may indicate the limited capacity of the model to contain higher macrophage concentrations using the current spheroid size and cell numbers. To evaluate the effect of macrophage number on spheroid expansion, the ratio outgrowth to core area was calculated. Interestingly, spheroid outgrowth was slightly enhanced when adding 6x104 macrophages (p<0.05) (Figure 3D). However, the integrated density of RAFLS and ECs in the outgrowth area did not increase significantly (data not shown).




Figure 3 | Incorporation of macrophages results in maintenance of the spheroid structure containing the RAFLS and ECs. Spheroids were all cultured in basal medium. Representative confocal Z-stack projection pictures (10X) of the 3D model containing 3.75x104 RAFLS (magenta), 7.5x104 EC (cyan) and macrophages (yellow) (A). Number of macrophages migrating out from the core detected by QuPath software (n=4-6) (B). Percentage of the total integrated density of macrophages calculated in the core area (n=4-6). Integrated density is the product of mean fluorescence intensity and area (C). Ratio of the spheroid outgrowth area to core area (n=4-6) (D). Statistical significance was determined by RM one-way ANOVA for the analysis of outgrowth ratio and integrated density of RAFLS/EC, and by ratio paired t-test for the integrated density of macrophages (*=p<0.05, **=p<0.01).






3.3 VEGF/bFGF significantly induces spheroid outgrowth in the new 3D model containing macrophages, whereas RASF enhances macrophage containment and compaction

After having demonstrated the effects of VEGF/bFGF and SF on spheroid outgrowth in the existing 3D model containing RAFLS and ECs, these stimulation strategies were also tested in the presence of macrophages. After adding VEGF/bFGF, the spheroids containing 3.0x104 macrophages exhibited increased EC sprouting and FLS protraction compared to the unstimulated condition (Figure 4A). In the presence of SF, the cells were less spread out and EC sprouts were less pronounced compared to VEGF/bFGF. However, RAFLS extensions formed a dense and highly connected network to a larger extent than the two other conditions whereas the macrophages appeared to be more frequently contained within the spheroid structure (Figure 4A). HE staining of spheroid sections revealed cells migrating out from the core upon the two stimulation strategies (Figure 4B). Spheroid outgrowth was similarly assessed by measuring the region covered by the cells which migrated away from the core, comprising both associated and non-associated cells. The ratio of the expanded area to the core area was subsequently calculated to describe spheroid outgrowth in medium supplemented with stimuli compared to basal medium. The addition of VEGF/bFGF induced a significant 1.5-fold increase of the spheroid outgrowth ratio compared to the unstimulated condition (p<0.05) whereas the addition of SF triggered a lower increase in the spheroid outgrowth ratio than with VEGF/bFGF (Figure 4C). Based on this result, the new system with 3.0x104 macrophages is capable of responding to VEGF/bFGF stimulation comparatively to the previous system without macrophages. Of note, the macrophage input numbers 1.5x104 and 6.0x104 did not result in significant changes in the outgrowth ratio following stimulation with VEGF/bFGF or SF (data not reported). Additionally, the percentage of integrated density of the RAFLS and the ECs in the outgrowth area significantly increased by about 10% and 20% respectively upon VEGF/bFGF stimulation (p<0.05) (Figures 4D, E). Interestingly, in the presence of SF, the EC integrated density in the outgrowth area slightly decreased by approximatively 5% (p<0.05) (Figure 4E). Moreover, the macrophage integrated density in the core area showed about 15% increase upon SF stimulation compared to the unstimulated condition (p<0.05) (Figure 4F). These changes in cell migration indicate greater cell compaction and containment of the ECs and the macrophages within the spheroid structure when the cells are in contact with SF. Furthermore, the average protein concentrations of TNF and IL-6 measured in the supernatant of the spheroid cultures revealed a 2-fold and 3-fold increase respectively following SF stimulation compared to the unstimulated condition (p<0.05) and similarly to the medium containing 20% SF solely. An increase in mRNA relative expression of matrix metalloproteinase-3 (MMP3) was determined upon stimulation, with up to 1.5-fold change in the presence of SF compared to the unstimulated condition.




Figure 4 | VEGF/bFGF significantly induces spheroid outgrowth in the new 3D model containing macrophages, whereas RASF enhances macrophage containment and compaction. Spheroids were left either unstimulated (UNSTIM.), stimulated with VEGF/bFGF (10 ng/ml) or SF (20%). Representative confocal Z-stack projection pictures of the 3D model containing 3.75x104 RAFLS (magenta), 7.5x104 EC (cyan) and 3x104 macrophages (yellow) (A). Representative pictures of H&E staining in paraffin-embedded spheroid sections for the stimulated condition (5 µm) (B). Ratio of the spheroid outgrowth area to core area (n=6) (C). Percentage of the total integrated density of RAFLS (D) and ECs (E) calculated in the outgrowth area (n=6). Percentage of the total integrated density of macrophages calculated in the core area (n=6) (F). Concentrations of TNF and IL-6 proteins in the spheroid supernatants as detected by ELISA (n=5) (G, H). Relative mRNA expression of MMP3 expressed in fold-change value compared to the unstimulated condition (n=3). The relative expression was normalized to both GAPDH and RPLP0 reference genes using ΔΔCT method (average of the two fold-change values) (I). Statistical significance was determined by RM one-way ANOVA for the analysis of outgrowth ratio and integrated density of RAFLS/EC and by ratio paired t-test for the integrated density of macrophages. A Friedman test was applied for TNF and IL-6 protein concentrations (*=p<0.05).







4 Discussion

In the current study, we described a novel spheroid-based 3D model of RA synovial tissue incorporating RAFLS, ECs and monocyte-derived macrophages, which could be used as a tool for preclinical studies and translational research in RA, and potentially also other inflammatory joint diseases. We also describe a new semi-automated and standardised quantification method by machine learning to evaluate spheroid outgrowth in the 3D model. This quantitative analysis measured the area covered by the cells migrating out from the core, including RAFLS and ECs as they are known to coordinate during cell migration in a collagen matrix (32, 37). The ratio of the expanded area to core area and the percentage of cell-specific integrated densities in the different regions were calculated and used to analyze the response of the new model to different stimuli. Interestingly, RAFLS and ECs exhibited an activated migratory phenotype under unstimulated conditions. In line with our previous study (32), this was expected as RAFLS intrinsically harbor an invasive phenotype, as well as producing pro-angiogenic factors such as VEGF/bFGF, and pro-inflammatory cytokines exerting synergic effect with TNF in producing VEGF (14, 17, 18, 20). The addition of VEGF/bFGF further increased both the spheroid outgrowth ratio and the percentage of integrated density of the RAFLS and ECs in the outgrowth area compared to the unstimulated condition. Stimulation with SF had a less pronounced effect on these measurement parameters. The area and intensity measurements alone may not provide enough information to fully describe differences in spheroid outgrowth morphology in the presence of SF. For example, sprout number, sprout length, branching level and distinction between connected and detached cells migrating out from the core could provide additional insights to investigate the effect of SF stimulation in our system. The upregulation of pro-inflammatory cytokines and chemokines indicating RA synovial inflammation could also be evaluated in the presence of SF compared to the unstimulated condition. The expression of adhesion molecules including different integrins and cadherins, together with the production of matrix metalloproteinases (MMPs) and reactive oxygen species (ROS) may also be indicative of the inflammatory response to SF.

The introduction of macrophages into the existing model demonstrated tight interaction with the ECs and RAFLS within the spheroid structure. When increasing the macrophage input number, higher numbers of macrophages were detected outside of the core while the specific integrated intensity in the core seemed to be reduced. This suggests the limited capacity of the model to integrate macrophages at high concentrations. If necessary, the input number of RAFLS and ECs may need to be increased for a more optimal integration of the macrophages. Furthermore, in the case of a high macrophage concentration (i.e. higher than the number of RAFLS), spheroid outgrowth was slightly promoted compared to the absence of macrophages. In the development of a model of RA synovial tissue, a low number of macrophages may be preferred to establish a baseline in which cell interactions driving synovial inflammation are controlled under unstimulated conditions. However, in studies investigating angiogenesis, a high number of macrophages activating EC sprouting may be desirable. Thus, it is important to note that the optimal cell ratio may differ depending on the specific research question or application. These results confirm the important role of macrophages in RA synovial inflammation and the necessity of integrating these immune cells in a 3D model of RA synovial tissue. In the in vivo situation, macrophages are either tissue-resident or derived from circulating blood monocytes infiltrating the inflamed tissue. The latter are widely recognized to interact with ECs and RAFLS present in the inflamed synovium via the production of a plethora of cytokines inducing cell activation, proliferation and angiogenesis (14, 40–42). In particular, TNF can induce the proliferation of FLS via the nuclear factor kappa-B (NF-κB) signaling pathway, whereas transforming growth factor (TGF)-β promotes FLS migration and invasion (2). In contrast, tissue-resident macrophages typically lack the pro-inflammatory activation profile and are characterized by an anti-inflammatory phenotype (14, 40–42). Nonetheless, diversity of the macrophage compartment in RA synovium extends beyond the initially described so-called ‘M1’ (pro-inflammatory) and ‘M2’ (anti-inflammatory) macrophages. Recent single-cell transcriptome sequencing analyses have shown the striking heterogeneity of synovial tissue macrophage subsets (43). Different macrophage subsets can be thus integrated in this new 3D model to investigate their specific contributions to synovial inflammation and angiogenesis in close interaction with ECs and RAFLS. In the current study, the macrophages were differentiated towards a pro-inflammatory phenotype in the presence of GM-CSF to further simulate synovial inflammation. From an opposite perspective, it would be interesting to investigate the effect of the anti-inflammatory counterpart (i.e. cultured in M-CSF) or further polarized into different subsets (44, 45). Like monocyte-derived macrophages, trafficking lymphocytes strongly contribute to the excessive production of pro-inflammatory factors in the inflamed tissue and are responsible for disease progression (13). Therefore, other types of immune cells, such as B and T cells, could be similarly incorporated into the model to further recapitulate the heterogeneity of immune cell infiltrates in the RA synovial tissue and study the interaction between these cell types.

Stimulation of the new 3D model incorporating macrophages with SF induced an increase in both TNF and IL-6 protein concentrations in the supernatant as well as MMP3 transcription in the spheroids compared to basal medium. The upregulation of pro-inflammatory cytokines and MMP3 upon SF stimulation demonstrates the capacity of the SF cocktail to induce an inflammatory response and matrix degradation potential in the spheroids. The presence of SF also triggered an interesting change in cell migratory phenotype. The RAFLS extensions formed a dense network closely attached to the core whereas the EC sprouts were slightly reduced and macrophages were more contained within the core compared to the unstimulated condition. The tight interaction between the cell types forming a more compact spheroid structure may be due to the upregulation of adhesion molecules induced by the presence of pro-inflammatory mediators in the SF. Kiener et al. have previously described the cocompaction of FLS and macrophages into the micromass lining layer following TNF exposure (28) found at high levels in SF (46). RAFLS and macrophages closely associate and co-inhabit in the synovial tissue microenvironment where RAFLS secrete GM-CSF, IL-6, IL-8, CXCL10 and CCL2 that can attract macrophages (14). Moreover, the macrophage migration inhibitory factor (MIF) is found at elevated levels in SF and is known to inhibit the random migration of macrophages, as well as promoting the proliferation and survival of synovial fibroblasts (25, 47, 48). Further investigation is required to dissect the cell interactions underlying cell migration and arrangement when the spheroids are stimulated with SF. Of note, alternative simulation strategies can be implemented to asses both on-target and off-target effects of drug candidates in the model. For example, exposure to TNF is often chosen to mimic the inflammatory conditions in RA, yet other pivotal cytokines like IL-6 and IL-17 could be equivalently used to induce synovial inflammation.

Ultimately, this new 3D model of RA synovial tissue may be useful to study specific signaling pathways involved in RA pathogenesis and bring novel insights for the development of new therapeutic targets. Many cytokines secreted by monocyte-derived macrophages and RAFLS are used in practice as targets for RA treatment such as TNF, IL-6 and IL-1 inhibitors (2). A large panel of promising molecular targets implicated in the interaction between macrophages, RAFLS and ECs is currently being actively explored for drug discovery, including interleukins, chemokines, and other proteins such as kinases and glycoproteins, besides small molecular metabolites (2). Therefore, extensive preclinical studies are required for proving the therapeutic or diagnostic potential of these targets before performing clinical trials. This fully human 3D multicellular system may be a promising alternative to animal models of RA which present limitations when it comes to testing biologics highly specific for human target proteins (25, 49). It offers an opportunity for early-stage implementation of drug testing in preclinical development, thereby reducing the need for animal experiments. This comprises the assessment of specific inhibitors, including small molecule inhibitors and biologics, as well as testing the binding of molecular imaging compounds to quantify predictive diagnostic and theranostic biomarkers in RA.
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Introduction

Ischemia reperfusion injury (IRI) confers worsened outcomes and is an increasing clinical problem in solid organ transplantation. Previously, we identified a “PtchHi” T-cell subset that selectively received costimulatory signals from endothelial cell-derived Hedgehog (Hh) morphogens to mediate IRI-induced vascular inflammation.





Methods

Here, we used multi-omics approaches and developed a humanized mouse model to resolve functional and migratory heterogeneity within the PtchHi population. 





Results

Hh-mediated costimulation induced oligoclonal and polyclonal expansion of clones within the PtchHi population, and we visualized three distinct subsets within inflamed, IRI-treated human skin xenografts exhibiting polyfunctional cytokine responses. One of these PtchHi subsets displayed features resembling recently described T peripheral helper cells, including elaboration of IFN-y and IL-21, expression of ICOS and PD-1, and upregulation of positioning molecules conferring recruitment and retention within peripheral but not lymphoid tissues. PtchHi T cells selectively homed to IRI-treated human skin xenografts to cause accelerated allograft loss, and Hh signaling was sufficient for this process to occur. 





Discussion

Our studies define functional heterogeneity among a PtchHi T-cell population implicated in IRI.





Keywords: ischemia-reperfusion (I/R) injury, alloimmune, T cell, hedgehog, humanized model mouse





Background

Ischemia-reperfusion injury (IRI) is a condition where donor tissues subjected to protracted ex vivo hypoxia develop complement-mediated damage upon surgical revascularization. Tissues subjected to IRI show poor peri-operative function and have worsened short- and long-term survival (1–5). In an effort to increase organ availability, recent program changes to organ allocation have newly allowed tissues from suboptimal and geographically distant donors to become eligible for transplantation (6–9). Post-hoc analyses showed that these newly eligible tissues were susceptible to developing IRI, and the cumulative prevalence of IRI has consequently risen by ~25% (10–13). IRI is now estimated to affect between 40% and 50% of transplant recipients and is an increasing problem in the field of transplantation.

To address this emerging issue, we have investigated how IRI affected the capacity of donor endothelial cells (ECs) to stimulate allogeneic T cells (14–16). During IRI, developmental pathways, including Hedgehog (Hh) signaling become re-activated within injured tissues, ostensibly to promote wound repair (17, 18). Hh signaling supports prenatal organogenesis, and postnatal reactivation of Hh signaling specifies programs for cell proliferation and migration to regulate tissue regeneration (19). Mural cells including ECs, pericytes, smooth muscle cells, and fibroblasts, respond to Hh-mediated growth and positioning signals to promote angiogenesis and wound closure (20–22).

CD4+ T cells, while lacking primary cilium, organelles mediating Hh signaling, highly express Hh pathway components, including Ptch, Smo, and Gli effectors, and are capable of both receipt and transmission of Hh inputs, possibly via signals derived from immune synapses (23). Hh signaling encodes programs for positive costimulation (24, 25) to regulate type 1 (14), Th2 (26), Treg (27), and Th17 (28) effector polarization.

Due to increasing rates of IRI, recent studies have explored the effects of exogenous Hh ligands as therapies for mitigating IRI-induced tissue injury. These reports showed that Hh ligands, while enhancing peri-operative tissue function (29–31), paradoxically exacerbated post-operative inflammation and led to accelerated graft loss following IRI (32–35). To explain these paradoxical findings, we hypothesized that Hh programs specifying proliferation and migration and intended for wound repair are pathologically subsumed by allogeneic T cells as a costimulatory signal. Following the acquisition of Hh costimulation, respondent Tmem went on to acquire Hh-related growth and migratory phenotypes to mediate IRI-associated tissue injury.

We previously explored this notion using a humanized mouse model incorporating IRI-treated human coronary artery xenografts (14, 15). We found that soluble and surface-bound Hh ligands, including Sonic, Desert, and Indian Hedgehog, were upregulated by complement membrane attack complexes (MACs) during the reperfusion phase of IRI, and the same Hh ligands delivered costimulatory but not mitogenic signals to memory CD4+CD45RO+ T cells (Tmem), endowing these cells with heightened effector and migratory responses (14).

Hh signaling upregulates the expression of its own component signaling molecules (19), and exploiting this, we found that the observed functional alterations induced by Hh selectively occurred on Tmem highly expressing Ptch1, the surface receptor for Hh ligands. We found that surface levels of Ptch1, a marker for Hh costimulatory strength, were directly proportional to the ability of these cells to mediate chronic inflammation of IRI-treated human artery xenografts (14).

Frequencies of PtchHi T cells were increased in patients with delayed graft function (DGF), a clinical manifestation of IRI in renal transplantation (14), and the PtchHi population contained a subset displaying a PD-1hiICOShi CCR2+CCR5+CXCR5− surface phenotype (14). This subset exhibited features characteristic of recently described T peripheral helper (TPH) cells (35), including expression of ICOS, elaboration of IFN-γ and IL-21, and vigorous homing to inflamed tissues (15). To understand the pathogenic effects of PtchHi Tmem, we sought to identify populations within the PtchHi subset showing similar effector and homing phenotypes relevant to IRI. To do this, we applied multi-omics approaches and tested the relevance of PtchHi subsets using a humanized mouse model. This model incorporated human IRI-treated allogeneic skin and autologous lymphoid tissues to allow interrogation of the effector and migratory properties of subsets contained within PtchHi Tmem.





Materials and methods




Human CD4+ T-cell isolation

All protocols were approved by the Yale Institutional Review Board (Protocol No. 0601000969). PBMCs were isolated from leukopacks obtained from the Red Cross (Philadelphia, PA) using density centrifugation as described previously and cryopreserved in liquid nitrogen. CD4+CD45RO+ T cells were isolated from thawed cryovials using magnetic bead separation kits (Miltenyi, Charlestown, MA, USA) with HLA-DR Ab (clone L243, Novus No. NB100-77855) and CD45RA Ab-negative depletion (10 μL per cryovial, eBiosciences, 14-0458-82, San Diego, CA, USA). Where indicated, flat-bottom 96-well microtiter plates were coated with anti-CD3 Ab (1 μg/mL, eBiosciences, No. 16003785) in sterile PBS at 4°C overnight, and the following day, isolated CD4+CD45RO+ T cells (Tmem) were pretreated with soluble anti-CD28 Ab (1 μg/mL, eBiosciences, No. 16-0281-82) or SAG (15 μM) for 1 h prior to addition to anti-CD3 Ab-coated plates. Tmem were stimulated for 48 h prior to use in downstream applications including TCR deep sequencing, single-cell proteomics, mass cytometry, and passive transfer into humanized mice.





TCR deep sequencing

For TCR deep sequencing, Tmem were isolated as above and seeded in 96-well flat-bottomed microtiter plates at 50,000 cells/well. PtchHi and PtchLo Tmem were treated with anti-CD3 Ab and soluble anti-CD28 Ab or SAG were stimulated for 48 h as above, and relevant PtchHi and PtchLo populations were FACS sorted, homogenized via QiaShredder spin columns (Qiagen, #79656, Hilden, Germany) for 2 min at room temperature, and total DNA was isolated using spin columns (Qiagen). Purified total DNA at 200 ng–1 µg was suspended in nuclease-free H2O (30 μL) and submitted for TCR deep sequencing (Adaptive Biotechnologies, Seattle, WA, USA). The CDR3 region of the TCR-α and TCR-β chains were separately amplified in multi-plexed PCR reactions using a panel of proprietary primers.

The analysis results, quality control, and summary statistics of CDR3 sequences (templates) were performed using the online ImmunoSEQ Analyzer portal provided by Adaptive Biotechnologies (http://www.immunoseq.com). All samples were quantified for the absolute total rearrangements, which is the sum of unique detectable CDR3 sequences (or rearrangements) in the TCR-α and TCR-β chains.





FACS analysis

T-cell surface staining used the following primary antibodies at 1:100 for 1 h at 4°C in PBS containing 3% BSA and 0.01% NaN3: CD4+ (Biolegend, San Diego, CA, USA), HLA-DR FITC (Biolegend, No. 307604), PD-1 PE (eBiosciences, No. 12-2799-42), CCR2 APC (Biolegend, No. 257208), CXCR5 Pacific Blue (Biolegend, No. 356918), and Ptch1 (Cell Signal, clone C53A3, No. 2468T, Cell Signaling Technology, Danvers, MA, USA). For intracellular staining, T cells were fixed and permeabilized using a FOXP3 Staining Kit according to the manufacturer’s specifications (R&D Systems, Cell Signaling Technology, Danvers, MA, USA). Prior to fixation and permeabilization, cells were stained using the following antibodies at 1:100 for 1 h at 4°C: Gli1 (Cell Signal, clone C68H3, No. 3538T), NLRP3 (Cell Signal, clone DRD8T, No. 15101), and cleaved caspase-1 (Cell Signal, Cat. No. 4199). For cellular staining, antibodies included IFN-γ PE (Biolegend), IL-4 PE/Cy7 (Biolegend, No. 500824), and cleaved caspase-1 (Cell Signaling, clone D57A2, No. 4199). T cells were stimulated for 2 h with PMA/ionomycin prior to the addition of GolgiStop (Becton Dickinson, Franklin Lakes, NJ, USA) for 4 h prior to harvest and FACS analysis as previously described (14, 15). T cells were stained with CFSE (Molecular Probes, Fanklin Lakes, NJ, USA) as previously described (36). T cells were gated and analyzed using an LSR II flow cytometer (Becton Dickinson) and sorted using a FACSAria cell sorter (Becton Dickinson).





In situ hybridization

Transplanted skin and lymph nodes were embedded into an optimal cutting temperature compound (OCT) prior to sectioning. Human CD31 and Sonic Hedgehog were detected using RNA probes Hs-PECAM1-O2 (No. 858151, Advanced Cell Diagnostics, CA, Westborough, MA, USA) and Hs-SHH-C2 (No. 600951-C2 per manufacturer’s specification prior to target amplification by RNAscope Fluorescent Multiplex Reagent Kit (No. 320851, Advanced Cell Diagnostics, CA). Imaging was conducted by laser scanning confocal microscopy using a Leica TCS SP8 Gated STED 3X super-resolution microscope (Leica Microsystems Inc., IL, Wetzlar, Germany). Images were taken at ×400 magnification. Z-stacks were taken at 1 μm apart. A total of 15 Z images were taken, and the Z-projection images were shown. Merged images were deconvoluted into red, green, and, in the case of triple colocalization studies, blue color channels. Pixels ≤1,500 were selected for analysis in the case of Sonic Hedgehog (Shh) and CD31 and sequentially analyzed for colocalization, with colocalized pixels being defined as < 50 pixel diameters.





Multiplex laser bead assay

Polystyrene beads containing fluorescent dyes were coated with a capture antibody specific to a given protein analyte. Color-coded beads were then analyzed using a bead analyzer (Bio-Plex 200) containing a dual-laser system where the fluorescent dye within each bead is activated and a second laser excites the fluorescent conjugate (streptavidin-PE) that has been bound to the beads during the assay. The amount of conjugate detected by the analyzer is in direct proportion to the amount of the target analyte, which can be quantified using a standard curve (Eve Technologies, Calgary, Canada). Due to wide ranges in quantities among elaborated cytokines, heatmap colors for each row were computed relative to the overall average for that one particular cytokine.





Single-cell proteomics

Naïve Tmem were stimulated with anti-CD3 (1 μg/mL) in the presence of SAG (1 μM) for 48 h, and cells highly expressing Ptch1 were FACS sorted as “PtchHi” Tmem. As a comparator, a second set of Tmem stimulated with anti-CD3 in the presence of soluble anti-CD28 (1 μg/mL) for 48 h, and cells showing low expression of Ptch1 from these samples were similarly FACS sorted as “PtchLo” Tmem. PtchHi and PtchLo Tmem were subsequently subjected to 32-plex single-cell proteomics (Isoplexis, Branford, CT, USA). Viable T cells were washed and resuspended in complete RPMI media at a density of 1 × 106 cells/mL. Approximately 100 µL of T-cell suspension were seeded into the 96-well flat-bottom plate and stimulated with PMA/ionomycin for 4 h at 37°C. Approximately 30 µL of the cell suspension was loaded into an IsoCode chip containing ~12,000 microchambers prepatterned with a complete copy of a 32-plex antibody array. After 16-h-on-chip incubation at 37°C, protein signals from ~1,000 live single cells were captured and analyzed by fluorescence ELISA-based assay. Cytokine effector responses, including measures of polyfunctionality, were analyzed by IsoSpeak software. Advanced data visualization algorithms, including polyfunctional heatmap, polyfunctional activation topology-principal component analysis (PAT-PCA), and t-SNE were performed using the IsoSpeak software suite.





Animal studies

Fresh tonsillar and skin tissues were obtained as de-identified samples from the Yale Department of Pathology under IRB-approved protocols approved by the Yale Human Investigations Committee (No. 25173, No. 2000031850). Human tonsillar tissues were obtained from children aged 5–15 years old. Human skin tissues were obtained from adults aged 20–40 years old undergoing mammoplasty. All animal protocols were approved by the Yale Institutional Animal Care and Use Committee (Protocol No.: 2021-20175) and were performed in accordance with institutional guidelines. A portion of fresh, human tonsillar tissue was implanted subcutaneously in the ear of SCID/beige immunodeficient hosts (H-2d) lacking T cells and B cells and containing dysfunctional NK cells, and the remainder of the tonsillar tissue from the same host was cryopreserved. Upon notification of availability, fresh human skin tissues were obtained and subdermal fat tissues were removed. To induce IRI, full-thickness skin segments were then placed at 0% FiO2 and 5% CO2 for 37°C for 8 h in DMEM in organ culture prior to implantation onto the dorsal flanks of SCID/bg hosts containing subcutaneous human LN implants.

For skin transplantation, full-thickness human skin was prepared using a dermatome, grafted via sutures on the dorsal flank of murine hosts, and secured with a bandage for 7 days. For passive transfer, the cryopreserved portions of human LN tissues were placed into single-cell suspension, stimulated with anti-CD3 (1 μg/mL) in the presence of anti-CD28 (1 μg/mL) or SAG (15 μM) for 48 h prior to FACS sorting of relevant PtchHi and PtchLo populations, labeling with intravital dyes (IVIS 680, PerkinElmer; IVIS 770, PerkinElmer, Waltham, MA, USA), and passive transfer of these cells at 1 × 106 cells per host via jugular vein injection. Passively transferred cells were autologous to implanted human LN and allogeneic to IRI-treated skin grafts. Where indicated, following passive transfer, hosts receive once-daily injections of SAG (5 mg) i.p. for 3 days. Sample sizes for all studies were n = 4–5 hosts per group to enable the calculation of standard deviations. Skin xenografts from the same human donor were randomized among treatment groups. The percentage of necrosis area of the skin graft was calculated over time, and ≥80% skin necrosis was operationally used to define rejection (37).





Mass cytometry (CyTOF) studies

The relevant metal was conjugated to each antibody according to the manufacturer’s specifications (Fluidigm Maxpar, South San Francisco, CA, USA). Antibody–metal pairs are shown in Table 1. Following isolation of CD4+CD45RO+ Tmem via magnetic bead separation, Tmem were resuspended with T-cell media containing 1:10,000 benzonase (25 U/mL), washed, blocked with Fc-receptor blocking solution (Miltenyi), and Ab cocktail was added at a volume of 50 μL to each sample for a total staining volume of 100 μL for 30 mintes at room temperature. Samples were then washed and incubated with 1:500 dilution of 25 cisplatin for a final concentration of 50 μM for 1 min at room temperature. Samples were then washed, fixed, and permeabilized (eBioscience) at 4°C overnight. The next day, Ir-intercalator (Fluidigm) was added at 1:1,000 dilution in 1 mL fixation/permeabilization butter for a final concentration of 125 nM at 4°C overnight. Cells were then washed and resuspended in MilliQ water prior to analysis using the CyTOF Helios instrument (Fluidigm). Metal-conjugated antibodies used in the study are listed in Table 1.


Table 1 | CyTOF antibodies.







Statistical methods

TCR repertoire richness was determined by applying a clonality score, adapted from the Gini–Simpson index, calculated as the square root of the Simpson diversity metric based on productive CDR3 rearrangements. Simpson’s clonality was calculated as the square root of the sum of all observed rearrangements over the square fractional abundances of each rearrangement and was used due to its robustness across differences in sampling depths. Simpson’s clonality values range between 0 and 1, with values approaching 1 representing a monoclonal population. Clone distribution slopes were calculated as the slope of the best-fit line on a log–log plot comparing the range of clonal frequencies to the number of clones at each frequency as previously described (38). An increased clone distribution slope represents increased populational diversity as more rare clones become expanded. We assessed the differences in total rearrangements and clonality among different groups using the nonparametric Wilcoxon signed-rank tests. Comparisons between groups in mass cytometric analyses were performed using a two-sample Student’s t-test using Origin computer software. Standard deviations are reported throughout the text.





Data availability

All data and methods are available from the authors upon reasonable request. The following transcriptomic datasets were retrieved from the Gene Expression Omnibus: GSE147089 (n = 224) [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147089], GSE112943 (n = 21) [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112943], and GSE97779 (n = 23) [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE97779]. TCR deep sequencing data are available at https://clients.adaptivebiotech.com/pub/wang-2023-fi. All data are available from the authors upon reasonable request.






Results




Hh costimulation elicits oligoclonal and polyclonal expansion of Tmem

Human ECs, unlike rodent ECs, express costimulatory molecules including ICOS-L and LFA-3 to enable direct allorecognition, a process where ECs act as antigen-presenting cells (APCs) to directly prime CD4+CD45RO+ memory T cells (Tmem). This process may modulate both the growth and migratory responses of cognate Tmem.

We previously found that human ECs produce Hh ligands in vitro and in vivo (14) following IRI and that these Hh ligands acted as costimulatory signals to a defined T-cell subset highly expressing Ptch1, a population we termed PtchHi Tmem (14). While producing Hh ligands as costimulators, ECs lack CD80/86, costimulatory ligands for CD28 expressed on Tmem. In contrast, professional APCs like dendritic cells express CD80/86 and traffic to draining lymph nodes to present EC-derived alloantigens to cognate Tmem (39). To model the effects of these distinct routes of costimulation in vitro, we exposed αCD3 Ab-treated Tmem to smoothened agonist (SAG) to mimic the effects of Hh ligands, all three of which were induced by MACs in IRI-treated ECs (14); and as controls we exposed αCD3 Ab-treated Tmem to αCD28 Ab to model APC : Tmem interactions in draining LNs.

To gain insight into the effects of Hh costimulation on PtchHi T cells, we initially examined the PtchHi repertoire via deep sequencing of the TCR-α and TCR-β chains. Because we postulate that Hh costimulation occurs within tissues, we focused on Tmem from peripheral blood, which likely forms interchangeable pools with populations recruited to tissues. In contrast to certain autoimmune conditions where one or a few HLA-restricted driver clones dictate the populational response, alloimmune responses against EC-derived HLA molecules are highly polyclonal. To model these effects, we polyclonally stimulated Tmem from three separate donors with plate-bound αCD3 in the presence of either SAG or αCD28 Ab. Following activation, we sorted the respective populations shown in Figure 1A, which we termed PtchHi and PtchLo Tmem, respectively, and performed unbiased sequencing of the TCR-α and TCR-β chains.




Figure 1 | Hh costimulation elicits oligoclonal and polyclonal expansion of Tmem. Human CD4+CD45RO+ T cells (Tmem) were stimulated with plate-bound αCD3 Ab (1 μg/mL) in the presence of soluble αCD28 (1 μg/mL) or SAG (15 μM) for 48 h to generate PtchLo and PtchHi Tmem, respectively (A). CDR3 analysis of TCR-α and TCR-β chains showed increased clonal diversity in PtchHi Tmem compared to PtchLo Tmem (B, C). PtchHi Tmem showed oligoclonal and polyclonal expansion (D–F). (A–F) n = 3 donors tested. *p < 0.05. For (B, C, E), Student’s t-test was used for statistical comparisons.



PtchHi Tmem highly coexpressed PD-1 and showed increased expression of both surface Ptch1 and PD-1 (Supplementary Figure S1A) in alignment with our prior findings (14). We call the T-cell population expanded by SAG, “PtchHi” Tmem, and we call its comparator subset generated in the presence of αCD28 and showing lower Ptch1 expression, “PtchLo” Tmem. General survey statistics are shown in Table 2. Among three separate donors, we detected a total of 19,462 productive rearrangements involving the TCR-α chain and 52,707 productive rearrangements involving the TCR-β chain. Hh costimulation significantly increased the number of productive TCR-β rearrangements (Figure 1B). The most frequently utilized J isoforms in both the TCR-α and TCR-β chains were not significantly altered by Hh costimulation (Supplementary Figure S1B); however, usage of certain low-frequency J isoforms was significantly increased by Hh (Supplementary Figure S1C). CDR3 lengths showed Gaussian distributions in all groups examined, and CDR3 lengths were unchanged in PtchHi vs. PtchLo Tmem (Supplementary Figure S1D). The clonal repertoire of PtchLo vs. PtchHi showed comparatively higher repertoire similarity according to Simpson’s clonality metric within a given donor than between donors (Supplementary Figure S1E).


Table 2 | General TCR survey statistics.



As above, Tmem subjected to Hh costimulation showed an increased number of productive rearrangements (Figure 1B), and clonal analyses using two separate metrics previously applied to alloresponses (38) revealed that PtchHi Tmem showed increased repertoire diversity involving both TCR-α and TCR-β (Figure 1C). In frequency analyses, we observed that Hh costimulation had induced a disproportionate, oligoclonal expansion of two to five of the highest-frequency clones within each donor while polyclonally expanding 347–365 lower-frequency clones. To illustrate this, the top 50 rearrangements for each donor for TCR-β are shown in Figure 1D. The top 5 highest frequency clones, when analyzed in combination (Figure 1E) or separately (Figure 1F), for TCR-α and TCR-β were significantly expanded by Hh costimulation. The highest expanded clones in each donor whose sequences are shown in Supplementary Figure S1E showed low inter-donor CDR3 sequence similarity as measured by Morista indices (Supplementary Figure S1F). This feature of low inter-donor similarity was recapitulated at a repertoire level (Supplementary Figure S1G). The polyclonally expanded repertoire among all three donors did, however, contain shared clones in PtchHi populations, and these clones were universally of low frequency (Supplementary Figure S1H). Hh costimulation diversifies the TCR repertoire of PtchHi Tmem by inducing both oligoclonal and polyclonal expansion of respondent clones.





Hh costimulation elicits polyfunctional cytokine responses in PtchHi Tmem

Hh costimulation diversified the TCR repertoire, and we tested how this may have affected the cytokine effector response. To test this, we performed multiplexed laser bead assay in conjunction with single-cell proteomics via bead-based capture of barcoded PtchHi vs. PtchLo Tmem. These dual approaches were employed to concurrently obtain information regarding quantities of inflammatory mediators as well as frequencies of cells producing such mediators. PtchHi and PtchLo Tmem were generated under nonpolarizing conditions by plate-bound αCD3 with concurrent exposure to SAG or αCD28. Following this, culture supernatants were analyzed via a multiplexed laser bead assay, and cells were subjected to single-cell proteomics.

We found that Hh costimulation significantly potentiated the elaboration of cytokine mediators involved in IRI (Figure 2A). Due to the wide range in quantities of elaborated cytokines, heatmap colors for each row were computed relative to the overall average for that one particular cytokine, and raw values are shown in Table 3. Frequencies of cytokine-elaborating clones were similarly increased for many inflammatory mediators (Figure 2B). We tested correlations among cytokine levels and corresponding frequencies of cytokine-producing cells. Among the cytokines analyzed, cytokines implicated in IRI-mediated tissue pathology, including IFN-γ, IL-17, and IL-21, were significantly elevated in both multiplexed laser bead and single-cell proteomic assays. In UMAP plots, PtchHi and PtchLo populations showed remarkably distinct effector profiles (Figure 2C). We segregated analyses of effector function based on cytokines vs. chemokines to ask which of these responses drove the divergent effector responses. In this analysis, we found that the frequencies of polyfunctional clones elaborating ≥2 cytokines were significantly enhanced by Hh costimulation (Figure 2D). Among polyfunctional clones elaborating cytokines defining Th2, Th9, and Th17 subsets, we observed a marked increase in clones elaborating IFN-γ, a hallmark of the type 1 response that predominates in IRI (Figure 2E). The heightened type 1 response induced by Hh costimulation aligned with our prior observations (14, 15) and may have occurred due to the potentiated release of cytokines like IL-9 and IL-21, whose increased levels promote T-Bet. Combinatorial frequencies of effector clones among PtchLo and PtchHi populations are shown in Figure 2F. Many polyfunctional subsets were expanded by Hh costimulation, and in particular, we noted two populations that were present in PtchHi but not PtchLo Tmem and that were highly polyfunctional, elaborating ≥4 cytokines each (arrows). In these analyses, cytokine-producing cells below the pre-defined threshold for detection for the assay are listed in Table 4. In a prior report (14), we previously tested the effects of dual Hh costimulation plus CD28 costimulation, which might occur in instances where tissue-infiltrating Tmem become activated via indirect allorecognition involving professional APCs positioned near IRI-treated ECs. In these prior studies, dual costimulation with αCD28 Ab plus SAG phenocopied Hh costimulation alone, and respondent HLA-DR+ Tmem highly elaborated IFN-γ (14).




Figure 2 | Hh costimulation elicits polyfunctional cytokine responses in PtchHi Tmem. Culture supernatants from PtchLo and PtchHi Tmem were analyzed using a multiplexed laser bead assay (A). Single-cell proteomics showed quantitative (B) and qualitative (C) differences in the frequencies of the effector PtchLo and PtchHi Tmem. Compared to PtchLo Tmem, PtchHi Tmem showed polyfunctional cytokine responses (D) that were strongly driven by IFN-γ (E). Subset frequencies based on cytokine function among PtchLo and PtchHi Tmem (F). Chemokine responses in PtchHi vs. PtchLo Tmem did not show qualitative differences (G) or changes in polyfunctionality (H). In (A), heatmap colors for each row were computed relative to the overall average for that particular cytokine. n = 3 separate donors tested. *p < 0.05, *** p < 0.001. For (D, E, G, H), Student’s t-test was used for statistical comparisons.




Table 3 | Cytokine concentration (pg/mL).




Table 4 | Undetected mediators.



We performed the same analysis based on chemokine levels and frequencies of chemokine-expressing clones in PtchHi Tmem. While a majority of PtchHi clones elaborated type 1-dependent chemokines, including MIP-1α, PtchHi Tmem did not show qualitatively distinct chemokine responses compared to PtchLo following Hh costimulation (Figure 2G). Moreover, in contrast to cytokine effectors, Hh costimulation did not generate polyfunctional chemokine responses (Figure 2H). These data indicated that the differential effector response among PtchLo vs. PtchHi Tmem in Figure 2C was principally driven by a diversified cytokine effector profile in PtchHi Tmem. Hh costimulation diversifies the cytokine response of PtchHi Tmem, generating subsets displaying heightened and polyfunctional responses, particularly those involving IFN-γ.





Polyfunctional PtchHi subsets coexpress molecules for peripheral tissue homing

We have previously utilized a human artery xenograft model to examine EC-mediated direct allorecognition, a response unique to human ECs. Using this model, we found that human artery xenografts subjected to IRI showed enhanced Tmem recruitment to an expanded neointima in vivo (14, 15). To define subset(s) recruited to IRI-treated tissues, we examined spatial positioning molecules that were expressed on polyfunctional PtchHi Tmem. To do this, we performed multi-parameter analyses of surface chemokine receptors, integrins, and lipid receptors using mass cytometry.

In initial studies performed in vitro to allow optimization, PtchHi Tmem was stained for a total of 38 molecules via mass cytometry (Table 1). Following the identification of viable, CD3+CD4+Ptch1+PD-1+ singlets, we gated on HLA-DR+ subsets that produced IFN-γ, IL-17, and IL-21, cytokines appearing in the multiplexed laser bead and single-cell proteomic assays above and that have been implicated in IRI. This gating strategy revealed three distinct subsets, clusters 1–3 (blue, Figure 3A). In addition to the cytokines above, clusters 2 and 3 additionally elaborated IL-2, IL-4, and IL-22 and showed cleaved caspase-1 whose activity was previously detected in PtchHi Tmem to allow these cells to elaborate IL-1β (Figure 3B) (14). Relative to Tmem lacking cytokine elaboration (orange), PtchHi cells in clusters 2 and 3 (blue) highly coexpressed costimulatory molecules, including PD-1 and ICOS (Figure 3C). Tmem within cluster 2 (blue) broadly expressed canonical chemokine receptors conferring homing to the gut (CCR9), skin (CCR6), and inflamed tissues (CXCR3, CCR11, Figure 3D); atypical chemokine receptors (ACKR, XCR4, Figure 3E); and positioning molecules allowing homing to lymphoid organs, including CXCR5 and CCR7 (Figure 3F).




Figure 3 | Polyfunctional PtchHi subsets coexpress molecules for peripheral tissue homing. Mass cytometry of PtchHi Tmem was performed, and a concatenated t-SNE plot of PtchHi Tmem from three separate donors uncovered three effector subsets (A). Effector subsets within clusters 2 and 3 show polyfunctional cytokine responses (B). Cluster 3 highly coexpresses costimulatory molecules (C), while cluster 2 expresses a broad array of classical (D) and atypical (E) chemokine receptors for peripheral tissue homing as well as chemokine receptors for homing to lymphoid tissues (F). Relative to clusters 2 and 3, cluster 1 shows strong IFN-γ responses (G) and uniquely expresses molecules for positioning and retention within peripheral but not lymphoid tissues (H).



In t-SNE plots (Figure 3A), cluster 1 was more spatially separated from clusters 2 and 3, and Tmem in cluster 1 showed very strong IFN-γ responses (Figure 3G). Cluster 1 (blue) Tmem uniquely and strongly coexpressed molecules for homing to inflamed (CCR2, CCR3, CCR6, CD103) but not lymphoid tissues (CXCR5, CCR7, Figure 3H) relative to Tmem that did not elaborate cytokines (orange). These data showed that Hh costimulation generates polyfunctional T-cell subsets expressing costimulatory molecules and a diversified pattern of spatial positioning molecules.





A humanized mouse model examining effector and migratory responses of PtchHi Tmem

We subsequently developed a humanized mouse model to test the effector and migratory properties of the PtchHi Tmem subsets visualized above. In this model, fresh, human tonsillar LNs were implanted as subcutaneous xenografts in proximity to the ear of immunodeficient SCID/beige mice lacking T and B cells, and a portion of the same LN tissues were placed into single-cell suspension and cryopreserved (Figure 4A). Subsequently, human skin that was allogeneic to the implanted tonsillar LN was placed in organ culture and subjected to anoxia, a condition we found was necessary to mimic IRI because skin tissues were of sufficient thickness to be well oxygenated by diffusion. Following this treatment, human skin tissues were placed as full-thickness xenografts on the dorsal flank of SCID/bg hosts. Following implantation of IRI-treated skin, the cryopreserved, tonsillar LN cells above were thawed and used to generate PtchHi or PtchLo cells in vitro via polyclonal stimulation with plate-bound αCD3 Ab in the presence of Hh- or CD28-mediated costimulation. PtchHi and PtchLo cells generated in this fashion were differentially labeled with fluorescent dyes, IVIS770 and IVIS 680, respectively, prior to being passively transferred either separately or cotransferred at a 1:1 ratio as indicated into SCID/bg hosts via jugular vein injection. The differentially labeled PtchHi and/or PtchLo cells were autologous to the implanted LNs and allogeneic to the IRI-treated skin tissues. At various times following the transfer, differentially labeled Tmem contained in peripheral skin tissues and/or LN tissues were imaged in vivo using bioluminescence and recovered for ex vivo analysis.




Figure 4 | A humanized mouse model examining effector and migratory responses of PtchHi Tmem. Human LN and IRI-treated human skin were implanted into immunodeficient SCID/beige mice that passively received PtchHi and/or PtchLo Tmem that was autologous to LN tissues and allogeneic to skin tissues (A). At the time of passive transfer, Shh transcripts colocalized with CD31+ vessels in IRI-treated human skin but not in LN (B). Hosts receiving PtchHi Tmem only showed significantly accelerated rejection of allogeneic skin xenografts compared to hosts receiving PtchLo Tmem only or hosts receiving no Tmem (C). PtchLo and PtchHi Tmem were differentially labeled with fluorescent membrane dyes, mixed at 1:1 ratios for a total of 2 × 106 cells, and passively cotransferred into SCID/beige mice bearing human LN and IRI-treated human skin. PtchLo and PtchHi Tmem migration was tracked in vivo over time (D). Fractions of bioluminescence in ROIs encompassing LN and skin tissue were calculated over time and statistically compared with respective bioluminescence values at Day 1 post-transfer (E). Percentages of dye-labeled PtchLo and PtchHi Tmem were calculated in LN and skin as a percentage of CD3+CD4+ T cells at Day 5 post-transfer (F). Hosts bearing LN and IRI-treated skin and passively receiving PtchLo Tmem were subsequently injected i.p. with vehicle or SAG (5 mg) for 3 days while undergoing IVIS imaging (G, H). Percentages of dye-labeled cells were calculated at each time point post-transfer (n = 3 per timepoint per group (I). *p < 0.05, **p < 0.01. For (C), Wilcoxon’s rank sum test was used for statistical comparisons. For (E, F), Student’s t-test was used for statistical comparisons.



Female SCID/beige hosts were used as recipients for human tissues due to their higher post-surgery survival compared to males. We used human skin tissues due to their heightened immunogenicity relative to kidney or liver xenografts, thereby permitting discrimination of the effector and migratory properties among PtchHi and PtchLo cells. Additionally, the large surface area of these tissues enabled the recovery of infiltrating cells, a feature that was lacking in human artery xenografts, which we employed previously (14, 15). During the course of optimization, we found that human LN implanted subcapsularly within mouse kidneys showed high rates of engraftment but failed to induce significant T-cell recruitment, precluding their further use. Various anatomical sites for LN implantation were also tested in pilot studies, including the subcapsular subcapsular liver and subcutaneous sites including the dorsal flank and ear. Tissues subjacent to the ear in mice are highly vascularized, and ear tissues are widely examined as readouts for hapten-induced hypersensitivity. Among the tested sites, subcutaneous skin implantation proximal to the ear allowed the highest rates of engraftment.

Compatible with our prior findings (14), Hh costimulation strongly modulated both T-cell effector function (Figure 2) and spatial positioning molecules (Figure 3). Due to these strong effects, we tested anatomical sites for Hh ligand production in vivo. We performed multiplexed in situ hybridization and found that LNs surgically implanted in the ear showed low levels of Sonic Hedgehog (Shh) as did freshly obtained human skin prior to IRI. In contrast, skin tissues subjected to IRI were diffusely stained with Shh in both the epidermis and dermis and heavily colocalized with transcripts for CD31, a marker of ECs (Figure 4B). These data aligned with our prior results showing Shh production by ECs in human renal tissues from DGF patients in IRI-treated human artery xenografts (14). ECs within IRI-treated human skin are a source of Hh ligands in our humanized mouse model.

In our initial studies, we examined the effects of IRI on the survival of allogeneic skin grafts. PtchLo and PtchHi Tmem were cotransferred at 1:1 ratios into mice bearing allogeneic skin grafts subjected either to anoxia to simulate IRI or to normoxia as controls prior to surgical implantation (n = 5 per group). As expected, we found that skin grafts subjected to IRI showed accelerated rejection defined as ≥80% scab formation compared to normoxia-treated skin grafts (Supplementary Figure S2A). Upon analysis at post-transfer day 14, IRI-treated grafts showed increased immune cell infiltrates (Supplementary Figure S2B) and significantly increased epidermal thickening (Supplementary Figure S2C), a skin pathology induced by IFN-γ. In alignment with our prior model using human artery xenografts (14), IRI significantly increased Tmem tissue infiltration.

We next assessed the effects of PtchLo and PtchHi Tmem on the survival of allogeneic skin grafts. Hosts bearing autologous LN and IRI-treated allogeneic skin tissues passively received PtchLo Tmem, PtchHi Tmem, or no Tmem, and skin rejection was assessed over time (n = 5 per group, Figure 4C). Compatible with prior results using IRI-treated human artery xenografts (14) and in accord with the data in Figures 2, 3, showing heightened and polyfunctional cytokine responses, hosts receiving PtchHi Tmem showed significantly increased perivascular (Ulex) CD45+ Tmem infiltration at day 7 (Supplementary Figure S2D) and developed significantly accelerated allograft rejection compared to PtchLo Tmem (Figure 4C). In contrast to the above, hosts receiving no Tmem did not show rejection during the monitoring period.

We next examined the respective migratory behavior of PtchHi vs. PtchLo Tmem. PtchHi and PtchLo Tmem were isolated by FACS sorting; differentially labeled using IVIS770 and IVIS680 dyes, respectively; and passively cotransferred at 1:1 ratios into SCID/beige hosts bearing autologous LN and IRI-treated allogeneic skin. Following passive transfer, we were able to use ex vivo bioluminescence to spatially track PtchHi and PtchLo cells in the same host. Regions of interest (ROIs) were drawn around sites of autologous human LN (blue circle) and allogeneic human skin (orange circle), and bioluminescent intensities were calculated within these ROIs.

At post-transfer day 1, we observed bioluminescence signals for both PtchLo and PtchHi Tmem in regions outside implanted human tissues. This signal may have reflected cells in the hematogenous and/or lymphatic circulation (Figures 4D, E). By day 3, bioluminescence signals for both PtchHi and PtchLo Tmem became more restricted to implanted tissues, enabling analyses of bioluminescence ratios between tissue LN and skin tissues. At this time, PtchLo Tmem showed increased LN:skin ratios of bioluminescence values, while PtchHi showed significantly reduced LN:skin bioluminescence, and this remarkably divergent pattern was maintained up to ~10–12 days post-transfer, after which time fluorescent labels became too weak to permit reliable ex vivo imaging. We obtained similar, divergent recruitment of PtchHi vs. PtchLo Tmem has similar kinetics when using human splenic tissues in lieu of human LNs (Supplementary Figure S2E), indicating that cellular transit between LN and skin tissues likely reflected hematogenous and not lymphatic trafficking.

Dye-labeled Tmem were recovered from LN and IRI-treated skin tissues at day 5 and analyzed by flow cytometry. Supporting bioluminescence findings, in IRI-treated skin tissues, PtchHi Tmem were detected at approximately twofold increased frequencies compared to PtchLo Tmem (Figure 4F). In contrast, autologous LN tissues showed an approximately fourfold comparative enrichment of PtchLo Tmem compared to PtchHi Tmem. These differential trafficking phenotypes were reproducibly observed across multiple murine hosts. These data showed that PtchHi and PtchLo Tmem show divergent homing to peripheral vs. lymphoid tissues in vivo.

To test whether the differential migratory capacity of PtchLo vs. PtchHi Tmem was mediated by Hh costimulation, we passively transferred PtchLo Tmem receiving αCD28 Ab costimulation into hosts bearing IRI-treated human skin and autologous LN who then received daily treatments of the vehicle or SAG (Figure 4G). Compared to vehicle-treated hosts where PtchLo Tmem primarily homed to autologous LN, SAG-treated hosts showed increased migration of PtchLo Tmem to skin tissues, phenocopying the migratory responses of PtchHi Tmem (Figure 4H). At each time point, ratios of dye-labeled Tmem were calculated in LN and skin tissues. We found that Hh costimulation significantly increased the ratios of PtchLo Tmem homing to skin vs. LN starting at Day 3, and these responses were durable up to day 9 post-transfer (Figure 4I, n = 3 per timepoint per group). In PtchLo Tmem receiving antecedent costimulation with αCD28 Ab, Hh costimulation was sufficient for inducing migratory homing to IRI-treated peripheral tissues.





Polyfunctional PtchHi subsets preferentially home to peripheral tissues in vivo

We used mass cytometry to examine PtchHi Tmem recovered from IRI-treated skin tissues. Five days post-transfer, PtchHi Tmem elaborating IFN-γ, IL-21, and IL-17 were gated and analyzed for spatial positioning molecules. This gating strategy, as before, revealed three distinct effector populations, which may have been derived from clusters 1–3 visualized prior to transfer (Figure 3). We call these PtchHi Tmem clusters, clusters A–C (Figure 5A). Among these clusters, clusters A and C showed highly polyfunctional responses, elaborating IL-2, IL-4, IL-2, IL-22, and cluster C highly expressed cleaved caspase-1 (Figure 5B). Cluster A highly coexpressed PD-1 and ICOS (Figure 5C), as well as chemokine receptors for peripheral tissue homing (Figure 5D; Supplementary Figure S3A).




Figure 5 | Polyfunctional PtchHi subsets preferentially home to peripheral tissues in vivo. PtchHi Tmem recovered from IRI-treated human skin 5 days post-transfer were analyzed ex vivo via mass cytometry. Concatenated t-SNE plots from n = 3 separate donors identified three effector subsets (A). Cluster A coexpresses effector cytokines (B), costimulatory markers (C), and chemokine receptors (D) compatible with T peripheral helper cells. Cluster A expresses markers for peripheral tissue retention (E) and atypical chemokine receptors (F). Correlation analyses were performed on three public RNA seq datasets involving (n = 268 patients) as specified in the Materials and methods section. Transcript abundance of Ptch1 showed significant correlations with an index of effector cytokines (G, IFN-G, IL-17, IL-21); costimulatory molecules (H, ICOS, PDCD1); as well as tissue homing (I, left, CCR2, CCR4) and tissue retention (I, right, CD103, S1PR5) molecules.



Prior to passive transfer, we detected a subset of PtchHi Tmem (cluster 1) that concurrently expressed molecules for both peripheral (CCR2, CCR3, CCR6, CD103) and lymphoid (CXCR5) homing. In contrast to this cluster visualized prior to passive transfer, Tmem in cluster A recovered from IRI-treated skin showed downregulated expression of CXCR5 (Supplementary Figure S3B). The effector, costimulatory, and chemokine receptor profile of cluster A was compatible with recently described T peripheral helper cells (TPH cells) (35). In support of this notion, among the three effector clusters, cluster A showed the lowest bcl6:BLIMP1 ratios (Supplementary Figure S3C). In addition to the markers above, cluster A was uniquely labeled by molecules allowing tissue retention (CD103, S1PR5, Figure 5E) and atypical chemokine receptors (XCR1, PITPNM3, ACKR, Figure 5F). Thus, IRI is a complement-mediated condition, and to test the relevance of our findings, we used public RNA seq datasets and performed correlations of effector cytokines, costimulatory molecules, and spatial positioning molecules with Ptch1, the salient marker for PtchHi Tmem. We analyzed datasets from three separate conditions involving complement-mediated tissue injury, including antibody-mediated rejection, a complication of DGF; rheumatoid arthritis; and systemic lupus erythematosus. Pearson’s r2 showed low–moderate and moderate–high correlations of Ptch1 transcript abundance with various genes indicative of observed features of PtchHi Tmem (Figures 5G–I). We observed significant correlations involving transcript abundances of Ptch1 with cytokine effectors (Figure 5G, IFN-G, IL-17, IL-21), costimulatory molecules (Figure 5H, ICOS, PDCD1), and molecules conferring homing (Figure 5I, left, CCR2, CCR4) and retention (Figure 5I, right, CD103, S1PR5) within peripherally inflamed tissues.





PtchLo subsets preferentially home to lymphoid tissues in vivo

In parallel to the above, we analyzed spatial positioning molecules on PtchLo Tmem, which preferentially homed to autologous LN tissues. Following costimulation with αCD28 Ab PtchLo Tmem labeled with IVIS770 dye, these were passively transferred into hosts bearing autologous LN and allogeneic, IRI-treated skin tissues. PtchLo Tmem were recovered from LN tissues 5 days post-transfer and analyzed via mass cytometry (Figure 6). We found that, in contrast to PtchHi Tmem, PtchLo Tmem localized to autologous LN tissues showed only one salient, cytokine-producing cluster, which we termed cluster D (Figure 6A). Cluster D Tmem showed polyfunctional cytokine responses including IL-2, IL-4, IL-21, IL-22, and cleaved casp-1, whose activity generates IL-1β (Figure 6B). Cluster D Tmem also showed increased expression of costimulatory molecules (Figure 6C). In contrast to cluster A Tmem, Tmem in cluster D showed a distinct pattern of expression of spatial positioning molecules, showing relatively lower expression of positioning molecules conferring peripheral tissue homing including decreased typical chemokine receptors (CXCR3, CCR2, and CCR5, Figure 6D), atypical chemokine receptors (ACKR, PITNP3, XCR1, Figure 6E), and tissue retention molecules (CD103, S1PR5, Figure 6F) when compared to non-cytokine producing PtchLo Tmem. PtchLo Tmem lacking cytokine expression showed increased expression of CCR7 and CXCR5, allowing lymphoid homing (Figure 6D). Together, these data indicate that Tmem shows markedly divergent cytokine effector responses and homing patterns in vivo based on the presence or absence of Hh costimulation.




Figure 6 | A polyfunctional PtchLo subset preferentially home to lymphoid tissues in vivo. PtchLo Tmem recovered from autologous LN tissues 5 days post-transfer were analyzed ex vivo via mass cytometry. Concatenated t-SNE plots from n = 3 separate donors identified one salient effector subset, cluster D (A). Cluster D Tmem coexpresses effector cytokines (B) and costimulatory markers (C) but shows low expression of chemokine receptors (D) and atypical chemokine receptors (E), tissue retention molecules (F) as well as upregulated expression of CXCR5 (D).








Discussion

In this study, we use multi-omic approaches in conjunction with a novel, humanized mouse model to resolve functional heterogeneity among a pathogenic PtchHi T-cell population implicated in IRI. Human ECs release Hh morphogens following IRI, and these same ligands deliver potent costimulatory signals to heighten the effector and migratory responses of PtchHi Tmem. In this study, we found that Hh costimulation induced oligoclonal and polyclonal expansion of PtchHi Tmem, and these Hh-responsive clones showed highly polyfunctional cytokine but not chemokine profiles typified by markedly increased IFN-γ. Relative to PtchLo Tmem receiving costimulation by CD28, PtchHi Tmem differentially expressed molecules favoring homing to peripheral tissues and accordingly showed enhanced infiltration into IRI-treated human skin xenografts. Informed by multiplexed laser bead assays, single-cell proteomics, and mass cytometry, we visualized three clusters of PtchHi Tmem that recapitulated effector features observed in vitro, including enhanced polyfunctionality and expression of positioning molecules, allowing homing to IRI-treated peripheral tissues. Our studies resolve heterogeneity within PtchHi Tmem, an alloimmune T-cell subset mediating IRI-associated tissue injury.

We used human LNs as prototypical lymphoid tissues due to the availability of tissue samples and their high rates of surgical engraftment. A limitation on the use of these tissues is that, while becoming vascularized, implanted LNs do not form lymphatic drainage channels from peripheral skin tissues and thus do not reflect “draining” LNs. We found that human spleen implants elicited qualitatively similar homing with preferential recruitment of PtchLo Tmem, and this occurred under similar kinetics. These observations suggested that LN tissues functionally recapitulate hematogenous trafficking of immune cells, similar to spleen tissues. Another limitation of our model is the inability to distinguish immune effects between major, i.e., MHC I/II, and minor alloantigens. In our system, skin and LN tissues are obtained from different donors to induce full MHC mismatch(es), the strength of which likely far outweighs immune responses induced by minor alloantigens like H-Y or other polymorphic alleles such as MICA.

Analyses of PtchHi Tmem within inflamed skin tissues uncovered a subset, cluster 1, which demonstrated features of TPH cells (Figure 5). This population, variably termed T follicular helper-like cells, expresses costimulatory molecules including ICOS, IL-21, and homing markers including CCR2/CCR5, but not CXCR5. Based on these phenotypes, TPH cells are postulated to support Ab formation within peripheral tissues (35). We previously showed that IRI-treated ECs expanded TPH cells in a human artery xenograft model (14) and that these cells could support the production of isotype-switched IgG binding to donor tissues. Our current multi-omics approaches confirmed that Hh costimulation expands TPH cells, thus placing TPH cells as a subset contained within PtchHi Tmem. TPH cells are expanded in numerous inflammatory conditions and may be similarly expanded via tissue-derived Hh costimulation, and this premise is yet to be explored.

Via differential approaches including mAb production (40) and limiting dilution (41), other groups have demonstrated that B cells contained within human donor tissues may produce Abs directed against antigens on donor tissues. As our prior humanized model lacked human lymphoid tissues, our current humanized model may enable focused interrogation as to how the PtchHi population containing TPH cells might contribute to alloAb responses.

The immune mechanism(s) underlying IRI of skin tissues are highly relevant to clinical settings involving extensive trauma and burns where skin allografts are frequently employed. While vascular composite allografts (VCAs) involving facial skin tissues are newly utilized and currently constitute a minority of transplanted tissues (42), our studies may show relevance to the rejection of these tissues (43), the immune mechanisms of which are becoming increasingly investigated. PtchHi Tmem was newly described by our group (14) and as such, there are no antecedent reports in the literature describing its roles in VCAs. However, tissue-infiltrating subsets including PtchHi Tmem (14), TPH cells (35), and a recently described granzyme K+ T-cell population (44) show surface phenotypes compatible with enhanced peripheral tissue homing, and we surmise that one or more of these Tmem subsets may principally mediate VCA rejection.

While toleragenic strategies have been proposed, including CAR T and autologous Treg therapies (37, 43, 45), targeted therapies toward Tmem showing enhanced peripheral tissue homing, inclusive of PtchHi Tmem, have not been explored in the setting of VCAs. Blockade of EC-mediated anti-VCAM1 interactions via biologics, including natalizumab and vedolizumab, has proven effective in ameliorating T-cell homing to inflamed tissues in autoimmune disease and may show promise in blocking immune complications attendant to VCAs.
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TNF-ou 666.56 21111 1,439.99 2,704.02 1,153.04 2,411.80
IFN-y 398 407 297.00 3,475.00 3,462.00 4,506.00
IL-9 43.00 58.00 50.00 84.00 86.00 49.97
IL-4 14.78 8.83 7.71 402.34 37.01 414.66
IL-2 9.30 7.80 9.80 504.00 288.76 259.01
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IL-10 40.27 79.66 13042 7,719.95 9,031.78 1,224.84
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Donor

Unique rearrangements

Productive rearrangements

%Productive rearrangements

1 19,851 11,674.37 58.81%

6,846 5439.15 79.45%

g 2 27,699 16,672.03 60.19%
£ 6,348 5,071.42 79.89%
3 3,509 1,815.21 51.73%

941 760.52 80.82%

1 23,201 13,451.94 57.98%

8,088 6,476.06 80.07%

; 2 79,351 46,317.18 58.37%
g 28,875 23,036.48 79.78%
3 45,942 26,843.91 58.43%

15,037 11,924.34 79.30%
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Binary Endpoint: CRS/ICANS > 3 OR (95% Cl)

p-value
EASIX-pre (per log2) 1.72 (1.26-2.46) 0.001
Age (per 10 years) 1.06 (0.69-1.66) 0.783
Gender (male vs. female) 0.90 (0.31-2.73) 0.850
Diagnosis (aggr. B-cell ymphoma vs. other) 1.48 (0.42-5.92) 0.558
Disease status at lymphodepletion 1.562 (0.49-5.24) 0.478

EASIX ,Endothelial Activation and Stress Index; pre, prior lymphodepletion; log, logarithm;
CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity
syndrome; OR, odds ratio; 95% CI, 95 percent confidence interval.

Diagnosis patients with aggressive B-cell lymphoma vs. other. Disease status: patients

with progressive or refractory disease vs. patients with stable disease or response
(complete or partial).
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Binary Endpoint: CRS/ICANS > 3 OR (95% Cl)

p-value
EASIX-pre (cutoff >4.67) 4.32 (1.52-12.67) 0.006
Age (per 10 years) 0.93 (0.66-1.35) 0.709
Gender male vs. female 4.56 (1.27-24.81) 0.018
Diagnosis (aggr. B-cell ymphoma vs. other) 1.07 (0.35-3.68) 0.905
Disease status at lymphodepletion 1.50 (0.50-4.91) 0.478

EASIX, Endothelial Activation and Stress Index; pre, prior lymphodepletion; log, logarithm;
CRS, cytokine release syndrome; ICANS, immune effector cell-associated neurotoxicity
syndrome; OR, odds ratio; 95% CI, 95 percent confidence interval.

Diagnosis patients with aggressive B-cell lymphoma vs. other. Disease status: patients

with progressive or refractory disease vs. patients with stable disease or response
(complete or partial).
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Training cohort CAR-T validation pP-

(ZUMAA1-trial; cohort (Heidelberg and values
n=93) Berlin; n = 121)
Date of CAR-T cell November 1,2015, Oct 1, 2018, to
application to September 30, September 30, 2021
2016
Median age at 58 (23-76) 60 (20-83) 0.78
CAR-T application
(vears)
Patient sex 0.55
Female 30 (32%) 34 (28%)
Male 63 (68%) 87 (72%)
Disease <0.001
ALL & 16 (13%)
NHL 93 (100%) 105 (87%)
DLBCL 86 (92%) 83 (69%)
MCL = 9 (7%)
CLL = 6 (5%)
FL - 4 (3%)
PMBCL 7 (8%) 3 2%)
CAR-T cell product <0.001
Axicabtagene 93 (100%) 42 (35%)
ciloleucel
Tisagenlecleucel 0 39 (32%)
HD-CAR-1 0 37 (31%)
Brexucabtagene 0 3 (2%)
autoleucel
Disease status 0.003
before
lymphodepletion
CR 8 (9%) 7 (6%)
PR/MRD 1(1%) 6 (13%)
SD 12 (13%) 17 (14%)
PD 71 (76%) 80 (66%)
NA 1(1%) 1(1%)
CRS or ICANS <0.001
(CRS/ICANS)
No CRS or ICANS 6 (7%) 51 (42%)
CRS or ICANS 1-2 55 (59%) 9 (41%)
CRS 1-2 74 (80%) 60 (50%)
ICANS 1-2 34 (37%) 5 (12%)
CRS or ICANS > 3 32 (34%) 21 (17%)
Onset of CRS or 2(1-12) 4 (0-14) <0.001
ICANS (days)
EASIX (Median,
1Q25/75)
EASIX-pre 1.8(0.3-106.1,1Q 2.2(0.3-97.7,1Q 1.2/40) 0.38
1.0/4.7)
EASIX-d0 2.0(0.3-1204,1Q 2.0(0.3-91.5,1Q1.2/4.2) 0.96
1.1/4.1)
EASIX-d3 2.8(0.3-57.9, IQ 24(0.3-69.1,1Q 1.4/4.9) 0.13
1.7/6.2)
EASIX-d7 NA 2.5(0.4-94.0, 1Q 1.5/6.7) -

EASIX, Endothelial Activation and Stress Inde; CAR, chimeric antigen receptor; ALL, acute
lymphoblastic leukemia; NHL, non-Hodgkin lymphoma; DLBCL, diffuse large B-cell
lymphoma; MCL, mantle cell lymphoma; CLL, chronic lymphocytic leukemia; FL,
follicular lymphoma; PMBCL, primary mediastinal B-cell lymphoma; HD-CAR-1,
Heidelberg Chimeric Antigen Receptor Trial 1; CR, complete remission; PR, partial
remission; SD, stable disease; PD, progressive disease; CRS, cytokine release
syndrome; ICANS, immune effector cell-associated neurotoxicity syndrome; 1Q =
interquartile [25/75, Q1/Q3 (lower and upper quartile)]; NA, not available.

EASIX-pre training n = 90, validation n = 121; EASIX-dO training n = 85, validationn = 121;
EASIX-d3 training n = 85, validation n = 121; EASIX-d7 training not applicable, validation
n= 121
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Gene name Sequences

Human IL-25 Forward (5'-3"): CAGGTGTACAACCACTTGCC
Reverse (5'-3'): TCCAGAAATGGGCAGAACTT

Human IL-17RB Forward (5'-3"): AACAGGCGTCCCTTTCCCTCTGGA

Human B-catenin
Human VEGF
Human IL-9
Human IL-17RA
Human cyclin D1
Mouse IL-17RB
Mouse IL-25
Human GAPDH

Mouse B-actin

Reverse (5'-3'): TTCTTGATCCTTTCGTGCCTCCAC
Forward (5'-3"): AAAGCGGCTGTTAGTCACTGG
Reverse (5'-3'): CGAGTCATTGCATACTGTCCAT
Forward (5'-3"): TACCTCCACCATGCCAAGTG
Reverse (5'-3'): GATGATTCTGCCCTCCTCCTT
Forward (6'-3"): GACCAGTTGTCTCTGTTTGGGC
Reverse (5'-3"): TTTCACCCGACTGAAAATCAGTGG
Forward (6'-3"): TGCCCCTGTGGGTGTACTGGT
Reverse (5'-3'): GCAGGCAGGCCATCGGTGTA
Forward (5'-3'): TCTACACCGACAACTCCATCCG
Reverse (5'-3"): TCTGGCATTTTGGAGAGGAAGTG
Forward (5'-8'): TGTGTTGGACCATCCACTCT
Reverse (5'-3"): AGTGTTGCTGATCTTGGCTG

Forward (5'-3): ACAGGGACTTGAATCGGGTC
Reverse (5'-3): TGGTAAAGTGGGACGGAGTTG
Forward (5'-3): TGCACCACCAACTGCTTAGC
Reverse (5'-3): GGCATGGACTGTGGTCATGAG
Forward (5'-3): AAGATCAAGATCATTGCTCCTC
Reverse (5'-3): GGACTCATCGTACTCCTG
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RNAseq of ECs showed three patterns of response to 3D culture and cytokine stimulation: (A) genes expressed in the basal state and upregulated by both 3D culture and cytokine treatment,
(B) genes not expressed in the basal state and only upregulated in cytokine treated 3D ECs, and (C) co-stimulatory and inhibitory molecules where upregulation and downregulation was
mixed and depended on the specific EC state.
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