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Abstract

:

Implantable glucose biosensors provide real-time information about blood glucose fluctuations, but their utility and accuracy are time-limited due to the foreign body response (FBR) following their insertion beneath the skin. The slow release of nitric oxide (NO), a gasotransmitter with inflammation regulatory properties, from a sensor surface has been shown to dramatically improve sensors’ analytical biocompatibility by reducing the overall FBR response. Indeed, work in a porcine model suggests that as long as the implants (sensors) continue to release NO, even at low levels, the inflammatory cell infiltration and resulting collagen density are lessened. While these studies strongly support the benefits of NO release in mitigating the FBR, the mechanisms through which exogenous NO acts on the surrounding tissue, especially under the condition of hyperglycemia, remain vague. Such knowledge would inform strategies to refine appropriate NO dosage and release kinetics for optimal therapeutic activity. In this study, we evaluated mediator, immune cell, and mRNA expression profiles in the local tissue microenvironment surrounding implanted sensors as a function of NO release, diabetes, and implantation duration. A custom porcine wound healing-centric multiplex gene array was developed for nanoString barcoding analysis. Tissues adjacent to sensors with sustained NO release abrogated the implant-induced acute and chronic FBR through modulation of the tissue-specific immune chemokine and cytokine microenvironment, resulting in decreased cellular recruitment, proliferation, and activation at both the acute (7-d) and chronic (14-d) phases of the FBR. Further, we found that sustained NO release abrogated the implant-induced acute and chronic foreign body response through modulation of mRNA encoding for key immunological signaling molecules and pathways, including STAT1 and multiple STAT1 targets including MAPK14, IRAK4, MMP2, and CXCL10. The condition of diabetes promoted a more robust FBR to the implants, which was also controlled by sustained NO release.
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1. Introduction


Effective management of diabetes requires careful monitoring and control of blood glucose levels, to prevent hyper- and hypoglycemic episodes. While the finger-prick glucometer and corresponding treatment with insulin have led to demonstrable improvements in diabetes survivability and health outcomes, comprehensive monitoring is best achieved using implantable glucose sensors as they can provide real-time information about blood glucose fluctuations [1,2]. Unfortunately, the utility and accuracy of the glucose sensor are time-limited due to the foreign body response (FBR) in the tissue adjacent to the sensor following implantation [3].



The FBR consists of four major stages: (1) blood plasma protein adsorption to the foreign body; (2) monocyte recruitment and differentiation to macrophages; (3) macrophage activation and fusion to form giant cells; and (4) fibroblast recruitment and activation to form fibrotic tissue [4]. Stages 1 and 2 may be considered acute while stages 3 and 4 are associated with a more chronic response. The recruitment of immune cells during these different stages affects glucose sensor performance through several mechanisms including the generation of reactive oxygen and nitrogen species that can directly promote device failure, greater metabolic activity resulting in local glucose levels that are falsely lower than systemic levels, and the formation of a collagen capsule around the sensor surface such that the diffusion of glucose is slowed or even completely blocked [5,6,7,8]. Although diabetes has been shown to delay the onset of the FBR, the later stages of the FBR are accompanied by an exacerbation of these phenomena [6,9]. Several strategies have been employed in attempts to diminish the FBR and extend in vivo lifetimes of the sensor [10,11].



Nitric oxide (NO) is a diatomic gasotransmitter with many endogenous roles including angiogenesis, the regulation of inflammation, and wound healing [12,13,14,15]. These characteristics have made the active release of NO from or near the surface of the implantable sensor attractive as a means to improve the analytical biocompatibility (i.e., maintaining sensor performance by controlling the host response) [16,17,18,19,20]. Though strategies for addressing the FBR have been proposed [11,21], NO release has unique advantages. First, NO produces a uniquely localized anti-inflammatory effect due to a short in vivo half-life (5–15 s) and travel distance (~200 µm) [22,23,24]. In addition, the in situ release of NO is tunable and reliably controllable through the combination of unique NO donors [25,26] and the polymer scaffold in which they are entrapped (e.g., polyurethanes, silicones) to localize release [27,28,29,30,31,32]. To this end, we have demonstrated that the implantation of NO-releasing implants with fiber and foam topcoats greatly reduces the overall FBR response [19,20]. The first studies describing the potential utility of NO-releasing glucose sensors utilized rodent models [16,17,33,34], whereas subsequent in vivo work has leveraged porcine models due to the similarities between human and porcine tissue responses and blood flow, as well as the higher concordance between porcine studies and subsequent human translation [9,18,19,35]. Our recent work in a diabetic porcine model suggests that as long as NO release is maintained inflammatory cell infiltration and collagen density are lessened, although inflammation returns once the NO supply is exhausted [18,19,20,34]. In addition, we have demonstrated that sustained NO release promotes accurate glucose detection over time which is directly correlated with the active release of NO [19]. Though these studies strongly support the utility of NO-releasing implantable sensors for mitigating the FBR and increasing in vivo utility and duration, the exact mechanisms through which exogenous NO acts on the surrounding cells and tissue remain unclear, especially under the condition of hyperglycemia. Elucidating these mechanisms under conditions of euglycemia and hyperglycemia will inform strategies to refine appropriate NO dosage and release kinetics necessary for optimal therapeutic efficacy.



In this study, we evaluated mechanisms of action within the local tissue microenvironment using the euglycemic and hyperglycemic porcine models that were previously employed for evaluating the analytical performance of functional NO-releasing glucose sensors [19,20]. Briefly, steel wire was coated with polyurethane films containing either NO-releasing or non-releasing nanoparticles to act as a mock (i.e., non-functional) sensor replicating the geometry and NO release profile of a functional NO-releasing CGM sensor. For each experimental design, at least three NO-releasing and non-releasing mock sensors were implanted subcutaneously into the dorsum of a pig and explanted as a tissue block from the swine after either 7 or 14 d (representing acute and chronic FBR stages, respectively) of implant time along with biopsies from an area without implantation to serve as tissue-specific controls (i.e., no FBR influence). To differentiate these three sample types, they are hereafter referred to as NO-releasing, non-releasing, and control biopsies. All samples were then vertically bisected along the sensor track, with one half processed for probing the soluble mediator profile and the other half processed for immune cell and mRNA expression profiling.




2. Results and Discussion


2.1. Subcutaneously Implanted Sensors with Sustained NO Release Abrogate Sensor-Induced Acute and Chronic Foreign Body Response through Modulation of the Tissue-Specific Immune Microenvironment


Mitigation of the FBR following sensor implantation is critical to the analytical performance and use longevity of CGM devices [2]. We have previously demonstrated that sustained NO release durations of 14 and 30 d from the CGM sensor surface led to a decrease in the FBR and improved the numerical and clinical accuracies in sensor performance for >3 weeks post implantation [19]. These NO release durations were achieved using polyurethane sensor membrane coatings containing nonporous (14-d) or porous (30-d) S-nitrosothiol-functionalized silica nanoparticles [19]. In the current study, we probed the NO-mediated mechanisms of lowered FBR using non-functional or mock glucose sensors doped with porous S-nitrosothiol-functionalized silica nanoparticles (i.e., 30-d release) at the acute (7 d) and chronic (14 d) stages of the FBR. As the FBR is regulated by immune and stromal cell interactions, we first evaluated the cellular and soluble milieu of the tissues surrounding the non-releasing and NO-releasing sensors. To accomplish this, we developed a custom porcine Immunology Panel for the nanoString nCounter platform and probed the expression of mRNAs defined as being cell-type-specific to calculate cell type scores. The Immunology Panel allowed us to characterize the cellular components of the microenvironment [36]. In addition, we utilized a porcine Bioplex multiplex assay to evaluate the concentration of the following ten soluble immune mediators: GM-CSF IFNγ, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, and TNF-α.



When evaluating the tissue microenvironment at 7 d post implantation, we observed an influx of CD45+ immune cells into the tissues surrounding non-NO-releasing sensors when compared to resting or native tissue samples, with neutrophils and macrophages the cell types most highly represented (Figure 1A). In addition, this inflammatory cell infiltration was accompanied by an induction of the pro-inflammatory cytokines IL6, TNFα, and IFNγ; the chemoattractants IL8 and MCP-1; and the immunoregulatory cytokine IL10 (Figure 1B). The soluble mediators GM-CSF, IL-2, IL4, IL-12, and IL-18 were not detected above the threshold. As expected, tissues surrounding NO-releasing sensors had significantly fewer CD45+ cells when compared to tissues surrounding non-NO-releasing sensors (Figure 1A). These data support our previous histological findings that demonstrated lower cellular density in tissues surrounding NO-releasing sensors compared to non-NO-releasing sensors [19]. The cell type scores in this study also revealed that this decreased cellular density is due to a lower frequency of neutrophils, macrophages, and β cells from tissues surrounding NO-releasing sensors (Figure 1A). This reduction in cellular infiltration was concomitant with a reduced induction of IL6, IFNγ, and IL8 and an inhibition of the induction of TNFα, MCP1, and IL10 by NO-releasing sensors (Figure 1B). Together these data indicate that the microenvironment surrounding the NO release inhibits immune cell recruitment (i.e., leading to fewer chemoattractants and CD45+ cells) and prevents a pro-inflammatory tissue-damaging response (inhibition of TNFα) within the microenvironment, resulting in a decreased acute FBR.



At 14 d post implantation, the FBR consisted of elevated levels of TNFα, MCP1, and IL10 relative to the native tissue, while the expression of IL6, IL8, and IFNγ was similar (Figure 2A). This soluble mediator milieu was concomitant with an influx of CD45+ cells (Figure 2B) from neutrophils accumulation, although a statistically significant influx of macrophages was noted as well (Figure 2B). Similar to that observed at 7 d, the NO release suppressed the local induction of TNFα and inhibited the induction of IL10 but had no effect on the MCP1 expression within the local tissues (Figure 2A). IL6, IL8, and MCP1 are potent chemoattractants for neutrophils and macrophages whereby IL6 and IL10 promote the proliferation and expansion of B cells [37]. In addition, IL6, IFNγ, and TNFα are key cytokines that induce the activation of both neutrophils and macrophages as well as the expression of often-pathogenic IgG antibodies from B cells [38]. Again, these data suggest that sustained NO release continues to modulate the tissue-specific immune microenvironment surrounding the sensor through the suppression of chemokine and cytokine expression, lessening cellular recruitment, proliferation, and activation, and thus is effective at controlling both the acute (7-d; Figure 1) and chronic (14-d; Figure 2) phases of the FBR.




2.2. Subcutaneously Implanted Sensors with Sustained NO Release Abrogate the Sensor-Induced Acute and Chronic Foreign Body Response through Modulation of mRNA Encoding for Key Immunological Signaling Molecules and Pathways


Although our targeted analysis revealed that the NO-releasing sensors modulate the cellular and soluble mediator milieu, we also took an unbiased approach leveraging a custom porcine Immunology Panel for the nanoString nCounter platform and probed for the expression of 254 immune-related mRNAs within the explanted tissues at 7 and 14 d post implantation. Ingenuity Pathway Analysis (IPA) was then utilized to identify those pathways that were most significantly impacted by the mRNA with observed changes in expression. At seven days post implantation, unbiased analysis revealed a total of 46 and 15 mRNAs that were upregulated and downregulated, respectively, for implanted non-NO-releasing sensors (Figure 3A; Table 1). IPA revealed that these mRNAs are highly represented in and/or responsible for driving several pathways that contribute to the FBR (Supplemental Figure S1). For instance, MMP1 and MMP9 were found to be the top two induced mRNAs (7.093 log2-fold change; p-value = 0.0071 and 6.02 log2-fold change; p-value = 0.0023, respectively), with HSP90AB1 identified as the most downregulated mRNA (−2.04 log2-fold change; p-value 0.0006) in tissue surrounding non-NO-releasing sensors (Figure 3A; Table 1). Indeed, MMP9 is known to regulate pathological extracellular matrix remodeling processes that involve inflammation and fibrosis [39]. Likewise, HSP90AB1 is important for the cellular response to stress and a key player in maintaining cellular homeostasis [40]. These results provide insight into the mechanisms of our previous histological observation in the tissues surrounding non-NO-releasing sensors which revealed fibrotic encapsulation and the loss of cellular homeostasis at the site of sensor implantation [19].



mRNA expression analysis using tissues from 14 d post implantation revealed local induction of a few of the same mRNAs observed at 7 d post implantation, yet several mRNAs unique to the 14-d timepoint (Figure 3C; Table 1). Specifically, 14 d following implantation of non-NO-releasing sensors, a total of 20 and 5 mRNAs were upregulated and downregulated, respectively (Figure 3B; Table 1). The most significantly induced mRNA at 14 d was MMP1 (6.10 log2-fold change; p-value = 0.0169). Suppressed mRNAs included COL1A1, COL1A3, and COL3A1 (−2.81, −2.40, −1.63 log2-fold change; p-value ≤ 0.0023). MMP-1 is responsible for breaking down collagen types I, II, and III, while the COL gene family plays a significant role in proper collagen assembly [41]. The observed mRNA expression profile suggests a loss of extracellular matrix homeostasis, again supporting and providing mechanistic insight into previously published histological observations for NO-releasing sensors [19]. This hypothesis was also reflected in the IPA which identified several pathways implicated in the FBR (Supplemental Figure S2).



Our unbiased analysis identified only 4 mRNAs with statistically significant differences in expression in the tissue adjacent to the NO-releasing sensors versus non-releasing sensors at 7 d post implantation, each expressed at greater levels (Figure 3D; Table 2). In contrast, several differentially expressed mRNAs were identified within tissues surrounding the NO-releasing implants compared to those surrounding non-releasing glucose sensors at 14 d, and the majority were expressed at lower levels (Figure 3E; Table 2). Specifically, 2 and 17 mRNAs were expressed at greater and lesser levels, respectively, in tissues surrounding NO-releasing versus non-releasing sensors (Figure 3E; Table 2), with STAT1 being the most significantly affected mRNA (−1.68 log2-fold change; p-value = 0.0079). Of note, STAT1 is a complex protein with multiple yet contrasting transcriptional functions, whereby it acts as a positive, negative, and constitutive regulator of gene expression as well as participates in crosstalk between signal transduction pathways induced by different cytokines and growth factors that regulate cell growth, cell differentiation, the immune responses, and homeostasis [42]. This attribute of STAT1 is highlighted in our data by the concomitant suppression of the mRNA expression of several STAT1 targets including MAPK14, IRAK4, MMP2, and CXCL10 (Figure 3E; Table 2) [42]. These data also suggest that at least one driving factor for NO mitigating the FBR in the chronic phase is the modulation of STAT1 expression. We are now working to validate these unbiased analyses using targeted approaches to determine cause and effect.




2.3. Sensor FBR in Diabetes Controlled by Sustained NO Release


The condition of hyperglycemia and diabetes has profound effects on immune responses, including the FBR. As further supported by our data, the FBR to sensor implantation in a diabetic porcine model is more robust, sustained, and broader in scope. Indeed, CD45+ cells in tissues adjunct to implanted non-releasing sensors are increased by 9.5- and 7.0-fold at 7 and 14 d post implantation, respectively, when compared to levels in native tissue (Figure 4A). This significant influx of immune cells was comprised mostly of neutrophils, although the frequency of macrophages was also elevated 7 d post implantation (Figure 4A). A more robust pro-inflammatory soluble mediator milieu was also observed in the tissues surrounding non-releasing sensors in diabetic animals at both 7 and 14 d post implantation. Specifically, tissues surrounding non-releasing sensors presented with significantly greater levels of IL8, TNFα, IFNγ, IL6, MCP-1, and IL10 when compared to native tissue (Figure 4B). In addition, the levels of IL8, TNFα, IFNγ, and IL6 were greater than those observed following implantation in euglycemic animals (Figure 4B). Together, these data indicate that the FBR is more robust under the condition of hyperglycemia and may require a more aggressive approach to resolve. Thus, the efficacy of continuous NO-releasing sensors was evaluated with respect to controlling the exacerbated FBR.



When mock sensors with sustained NO release were implanted, an attenuated FBR was observed at both the acute and chronic phases. For example, at 7 d post implantation, NO-releasing sensors attenuated the induction of IL6, IFNγ, IL8, and IL10, while preventing the induction of TNFα and MCP1 (Figure 4B). Although NO-releasing sensors had no effect on IL6 expression 14 d following implantation, sustained NO release still abrogated sensor-induced expression of TNFα, IL8, MCP-1, and IL10 (Figure 4B). Similarly, NO-releasing sensors were effective at suppressing the hyperglycemia-enhanced immune infiltration, as evidenced by 7.4- and 8.6-fold fewer CD45+ cells comprised of 4.6- and 6.4-fold fewer neutrophils in the adjacent tissues relative to the non-releasing sensors at 7 and 14 d post implantation, respectively (Figure 4A). These data suggest that, even in the face of an exacerbated FBR induced by diabetes and hyperglycemia, NO-releasing sensors effectively control both the acute and chronic phases of the FBR that follows sensor implantation.



To begin to decipher mechanisms contributing to this attenuation, we again performed unbiased analysis of mRNA expression in the tissues surrounding the sensors. At 7 d post implantation, unbiased analysis revealed a total of 58 mRNAs that were differentially expressed in tissues surrounding non-releasing sensors, each found to be expressed at elevated levels when compared to native tissue from hyperglycemic animals (Figure 5A; Table 3). At 14 d post implantation, unbiased analysis disclosed 17 mRNAs that were significantly upregulated and 9 mRNAs that were significantly downregulated for the tissues surrounding non-releasing sensors in hyperglycemic animals (Figure 5B; Table 3). As above, members of the matrix metalloprotease (MMP) family proved to be the most statistically significant affected mRNAs, whereby the log2 fold change in expression was greater under hyperglycemic conditions than that observed in euglycemic animals (Table 1 and Table 3). Tissue MMP13 and MMP1 levels were found to have 6.73 and 6.52 log2-fold changes (p-values = 0.0019) in expression in hyperglycemic tissues surrounding non-NO-releasing sensors at 7 d implant periods (Figure 5A; Table 3). MMP3 increased expression by a 1.700 log2-fold change (p-value = 0.0139) at 14 d (Figure 5B; Table 3) compared to native tissues from hyperglycemic swine.



Similar to that observed in the euglycemic studies, the unbiased analysis identified very few mRNAs with statistically significant differences in expression surrounding NO-releasing sensors in hyperglycemic animals compared to non-releasing sensors in hyperglycemic animals at both 7 (n = 7 mRNAs) and 14 (n = 10 mRNAs) d post implantation (Figure 5C,D; Table 4). At both time points in hyperglycemic animals, nearly all of the identified mRNAs were expressed at lower levels in tissues surrounding the NO-releasing sensors relative to non-releasing sensors (Figure 5C,D; Table 4). In addition, the relative log2 fold changes in mRNA expression were lower than those observed in euglycemic animals (Table 2 and Table 4). For instance, the most significantly affected mRNA as measured by combined log2 fold change and log10 p-value was IL6 (−2.780 log2-fold change; p-value = 0.0339) and MMP3 (1.700 log2-fold change; p-value = 0.0139) at 7 and 14 d, respectively (Figure 5C,D; Table 4). Finally, IPA was utilized to delineate pathways that were driven by these mRNA profiles where, as expected, we observed that non-releasing sensors induced the upregulation of pathways that contribute to the FBR (Supplemental Figure S3A,B). The NO-releasing sensors promoted the downregulation of similar and unique pathways associated with the FBR (Supplemental Figure S4A,B).



In total, the mRNA profiles (i.e., fewer mRNAs affected and lower magnitudes of log2 fold change) indicate a less profound FBR for conditions of hyperglycemia and sustained NO release. Based on our data, we propose that the FBR under hyperglycemic conditions differs in both magnitude and scope, directly contributing to differences in the magnitude of log2 fold changes. Regardless, the results presented here demonstrate that sustained NO release to the tissue microenvironment effectively controls the aberrant FBR induced by hyperglycemia. We are now working to decipher and confirm the independent and cooperative mechanisms inferred by the mRNA expression profiles identified at both the acute and chronic stages of the FBR under the conditions of euglycemia and hyperglycemia. Such effort should complement our ongoing work focused on evaluating the sensitivity and clinical accuracy of sustained NO-releasing sensors under insulin-dependent hyperglycemia with the long-term goal of providing CGM with longer implantation lifetimes in vivo.





3. Materials and Methods


3.1. Materials


All materials were received as analytical grade and used as received unless otherwise noted. Sodium nitrite (NaNO2), triethylamine, cetyltrimethylammonium bromide (CTAB), concentrated hydrochloric acid (HCl), diethylenetriaminepentaacetic acid, and glutaraldehyde were purchased from Sigma-Aldrich. Ethanol (EtOH), methanol (MeOH), ammonium hydroxide (NH4OH, 28 wt%), anhydrous N,N-dimethylformamide (DMF), anhydrous tetrahydrofuran (THF), RNAlater RNA Isolation Solution, and T-PER protein extraction buffer were purchased from Fisher Scientific. Tetraethylorthosilicate (TEOS) and 3-mercaptopropyltrimethoxysilane (MPTMS) were obtained from Gelest and stored under nitrogen atmosphere. Polyurethanes HP93A and PC3585A were received as medical grade from Lubrizol. Nitrogen (N2) and nitric oxide (NO) calibration gas (25.87 ppm, balance N2) were purchased from Airgas National Welders. Water was purified using a Millipore water purification system to a resistivity of 18.2 MΩ cm and a total organic content of <6 ppb.




3.2. Particle Synthesis and Preparation of Sensors


Porous silica nanoparticles were synthesized as reported in previously published literature [19,43]. Briefly, a bolus of TEOS was injected into a solution of ethanol, water, NH4Oh, and CTAB. Particles were washed with ethanol, isolated with centrifugation, and post-grafted with MPTMS, thiolating the interior and exterior of the particle. These particles were then nitrosated in a solution of acidified nitrite at 0 °C. Particles were synthesized and handled in the dark to prevent premature light-activated NO release. Non-releasing particles were synthesized in the same manner, omitting the nitrosation step.



Mock glucose sensors were coated with polyurethanes containing either NO-releasing or non-releasing nanoparticles. The mock sensor was designed to replicate the geometry and NO release profile of an NO-releasing glucose biosensor, with an initial NO flux of roughly 6 pmol cm−2 s−1 that decreased to roughly 2 and 1 pmol cm−2 s−1 by day 7 and 14, respectively [19,43]. These sensors were fabricated in a biosafety cabinet by first sterilizing steel wire in 5% glutaraldehyde for 1 h and loop casting (i.e., 6.5 µL solution applied using a 2 mm steel wire loop) 10 coats of 25 mg mL−1 particles:25 mg mL−1 HP93A in 3:1 THF:DMF, with 4 min drying between each coat. A single loop cast of 3:1 PC3585A:HP93A in THF:DMF was applied, followed by a 30 min air dry. Implants were fabricated < 12 h prior to implantation and stored in centrifuge tubes contained in vacuum-sealed bags and kept at −20 °C until usage. Sensors were brought to room temperature ~2 min before implantation.




3.3. In Vivo Assessment of Foreign Body Response


All procedures and protocols were in accordance with institutional guidelines and approved by the Institutional Animal Care and Use Committee at the University of North Carolina in Chapel Hill. Sinclair piglets were utilized as euglycemic (n = 1) and diabetic (n = 1) porcine models [44].



Nitric oxide-releasing (n = 3) and non-releasing (n = 3) mock sensors were implanted subcutaneously into the dorsum of each swine as previously published [19]. Briefly, pigs were sedated via a Telazol injection, with long-term anesthesia maintained with propofol. An NO-releasing glucose biosensor and a control glucose biosensor of a given particle dopant were implanted in pairs along the spine. Implantation was accomplished by initially inserting an 18G catheter in the subcutis. A sensor was threaded into the cannula, and then the cannula was removed, leaving the sensor implanted percutaneously. This insertion method likely causes tissue trauma induced by the catheter. The effect of this trauma was kept consistent between insertions and minimized by choosing the smallest gauge needle into which the sensor could be threaded (18G). Sensors were secured using a suture and surgical glue at the insertion site to minimize sensor micromotion within the tissue.



Tissue samples surrounding the sensors were surgically excised as a block using a punch biopsy at 7 and 14 d after sensor implantation and processed for mRNA and protein lysates. Biopsies were also obtained on day 0 (i.e., implantation day) and day 14 from an area without implants to serve as tissue-specific controls. Samples were vertically bisected along the sensor track, with each half placed into either 0.6 mL of T-PER protein extraction buffer or 1 mL of RNAlater for protein and mRNA analysis, respectively. Samples in protein extraction buffer were frozen immediately in a −80 °C freezer. The samples in RNAlater were stored in a 4 °C fridge for < 1 w to promote full perfusion into the tissue and then stored at −20 until mRNA could be extracted.




3.4. Soluble Mediator Expression


Tissues were thawed and homogenized in T-PER and the homogenate was subjected to multiplex analysis using MILLIPLEX MAP Porcine Cytokine/Chemokine Magnetic Bead Panel—Immunology Multiplex Assay, according to manufacturer protocol, which probed for the expression of GM-CSF IFNγ, IL-1α, IL-1β, IL-1ra, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, and TNF-α. Briefly, protein lysates and cytokine capture-bead cocktails were incubated for 2 h. The samples were then incubated for 1.5 h with biotin-labeled anti-cytokine and then for 30 min in a 1:12.5 dilution of streptavidin-phycoerythrin. Data were acquired on a Bioplex 200 and analyzed with Milliplex Analyst software using 5 parameter logistics and standard curves. Data were normalized to total protein determined by Braford Assay according to protocol. All cytokine concentrations are reported as the average of the three tissue samples ± the standard error of the mean. One-way ANOVA with Bonferroni’s multiple comparisons was used to determine significance (p-value < 0.05).




3.5. mRNA Expression


Tissues were thawed and homogenized utilizing Qiagen TissueLyser II according to the manufacturer’s instructions. mRNA was isolated using a Qiagen RNeasy Fibrous Mini kit, including DNase I treatment, according to protocol. mRNA was eluted with 45 μL of nuclease-free water and stored at −80 °C until nanoString could be performed. mRNA was quantified using a Qubit fluorometer and brought to a concentration of 20 ng/μL; 100 ng of mRNA was used for porcine nanoString nCounter mRNA microarray assay according to the manufacturer’s instructions. These mRNAs were hybridized to probes at 65 °C for 16 h. Hybridized probes were extended and quantified using the nCounter Prep Station and Digital Analyzer. The nCounter-generated relative fluorescent intensities were analyzed using nSolver Advanced Analysis 4.0 software according to the manufacturer’s instructions. Data from each sample were normalized using built-in positive controls to control for technique in hybridization, housekeeping mRNAs to account for varying sample degradation, and built-in negative controls to account for background signal. Samples were grouped according to their parameters, and, for each mRNA, fold changes between groups were calculated using the mean of the normalized samples. Abundance of various cell populations was also calculated using the Nanostring Cell Type Profiling Module. In brief, cell populations were quantified using marker mRNAs which are expressed stably and specifically in given cell types. A filtering of data with p-values less than or equal to 0.05 was performed. Differential expression volcano plots were generated using logarithmically transformed fold changes of averaged normalized counts for each group using the reference group as indicated. Differential expression was analyzed using Ingenuity Pathway Analysis (IPA) to identify pathways that were significantly represented by the differential mRNA expression.




3.6. Statistical Analysis


Normality of data was determined using a D’Agostino–Pearson test, whereby continuous variables were compared using Mann–Whitney or Kruskal–Wallis, with Dunn’s multiple comparison and analysis performed using GraphPad Prism v9.0. For nanoString data, a negative binomial mixture model, simplified negative binomial model, or loglinear model were used depending on each mRNA’s mean expression compared to the background threshold. Multiple testing correction was performed using the method of Benjamini–Yekutieli. Causal Network Analysis was performed using IPA.









Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms231911635/s1.





Author Contributions


Conceptualization, J.B.T., T.C.N., S.M.W. and R.M.; data curation, M.J.M.-P., E.P.M. and D.S.; formal analysis, J.B.T., D.S., S.M.W. and R.M.; funding acquisition, T.C.N. and M.H.S.; investigation, J.B.T.; methodology, E.P.M., L.E.W., T.C.N. and R.M.; project administration, M.H.S.; resources, T.C.N., S.M.W. and M.H.S.; software, S.M.W., R.M. and M.H.S.; supervision, R.M. and M.H.S.; validation, S.M.W.; visualization, S.M.W. and R.M.; writing—original draft, J.B.T., S.M.W. and R.M.; writing—review and editing, T.C.N., R.M. and M.H.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by NIH, grant number DK108318.




Institutional Review Board Statement


The animal study protocol was approved by the University of North Carolina at Chapel Hill Institutional Animal Care and Use Committee (IACUC).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


J.B.T. acknowledges the UNC Royster Society of Fellows for their support. The authors thank Linda Pluta and the UNC Vironomics Core for assistance in RNA purification, and Will Lovell and Olivia Mitchem for their assistance with Luminex processing. We also are grateful to Taron Bradshaw, Lynn Burnett, and Colet DeGroot, and the Francis Owen Blood Laboratory for assistance with swine handling and tissue collection. Finally, we thank Tadas Rimkus, Greg Bauer, and Erin Piazza for assistance in the creation of the porcine nanoString panel.




Conflicts of Interest


The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Kieu, A.; King, J.; Govender, R.D.; Östlundh, L. The Benefits of Utilizing Continuous Glucose Monitoring of Diabetes Mellitus in Primary Care: A Systematic Review. J. Diabetes Sci. Technol. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Benhamou, P.Y.; Catargi, B.; Delenne, B.; Guerci, B.; Hanaire, H.; Jeandidier, N.; Leroy, R.; Meyer, L.; Penfornis, A.; Radermecker, R.P.; et al. Real-Time Continuous Glucose Monitoring (CGM) Integrated into the Treatment of Type 1 Diabetes: Consensus of Experts from SFD, EVADIAC and SFE. Diabetes Metab. 2012, 38, S67–S83. [Google Scholar] [CrossRef]

	



Ward, W.K. A Review of the Foreign-Body Response to Subcutaneously-Implanted Devices: The Role of Macrophages and Cytokines in Biofouling and Fibrosis. J. Diabetes Sci. Technol. 2008, 2, 768–777. [Google Scholar] [CrossRef] [PubMed]

	



Lotti, F.; Ranieri, F.; Vadala, G.; Zollo, L.; Di Pino, G. Invasive Intraneural Interfaces: Foreign Body Reaction Issues. Front. Neurosci. 2017, 11, 497. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, J.M.; Rodriguez, A.; Chang, D.T. Foreign Body Reaction to Biomaterials. Semin. Immunol. 2008, 20, 86–100. [Google Scholar] [CrossRef] [PubMed]

	



Le, N.N.; Rose, M.B.; Levinson, H.; Klitzman, B. Implant Healing in Experimental Animal Models of Diabetes. J. Diabetes Sci. Technol. 2011, 5, 605–618. [Google Scholar] [CrossRef]

	



Fahey, T.J.; Sadaty, A.; Jones, W.G.; Barber, A.; Smoller, B.; Shires, G.T. Diabetes Impairs the Late Inflammatory Response to Wound Healing. J. Surg. Res. 1991, 50, 308–313. [Google Scholar] [CrossRef]

	



Koh, A.; Nichols, S.P.; Schoenfisch, M.H. Glucose Sensor Membranes for Mitigating the Foreign Body Response. J. Diabetes Sci. Technol. 2011, 5, 1052–1059. [Google Scholar] [CrossRef]

	



Soto, R.J.; Merricks, E.P.; Bellinger, D.A.; Nichols, T.C.; Schoenfisch, M.H. Influence of Diabetes on the Foreign Body Response to Nitric Oxide-Releasing Implants. Biomaterials 2018, 157, 76–85. [Google Scholar] [CrossRef]

	



Nichols, S.P.; Koh, A.; Storm, W.L.; Shin, J.H.; Schoenfisch, M.H. Biocompatible Materials for Continuous Glucose Monitoring Devices. Chem. Rev. 2013, 113, 2528–2549. [Google Scholar] [CrossRef]

	



Soto, R.; Hall, J.R.; Brown, M.D.; Taylor, J.B.; Schoenfisch, M.H. In Vivo Chemical Sensors: Role of Biocompatibility on Performance and Utility. Anal. Chem. 2017, 89, 276–299. [Google Scholar] [CrossRef] [PubMed]

	



Moilanen, E.; Vapaatalo, H. Nitric Oxide in Inflammation and Immune Response. Ann. Med. 1995, 27, 359–367. [Google Scholar] [CrossRef] [PubMed]

	



Korhonen, R.; Lahti, A.; Kankaanranta, H.; Moilanen, E. Nitric Oxide Production and Signaling in Inflammation. Curr. Drug Targets Inflamm. Allergy 2005, 4, 471–479. [Google Scholar] [CrossRef] [PubMed]

	



Guzik, T.J.; Korbut, R.; Adamek-Guzik, T. Nitric Oxide and Superoxide in Inflammation and Immune Regulation. J. Physiol. Pharmacol. 2003, 54, 469–487. [Google Scholar]

	



Bogdan, C. Nitric Oxide and the Immune Response. Nat. Immunol. 2001, 2, 907–916. [Google Scholar] [CrossRef]

	



Gifford, R.; Batchelor, M.M.; Lee, Y.; Gokulrangan, G.; Meyerhoff, M.E.; Wilson, G.S. Mediation Ofin Vivo Glucose Sensor Inflammatory Response via Nitric Oxide Release. J. Biomed. Mater. Res. Part A 2005, 75A, 755–766. [Google Scholar] [CrossRef]

	



Nichols, S.P.; Le, N.N.; Klitzman, B.; Schoenfisch, M.H. Increased in Vivo Glucose Recovery via Nitric Oxide Release. Anal. Chem. 2011, 83, 1180–1184. [Google Scholar] [CrossRef]

	



Soto, R.J.; Privett, B.J.; Schoenfisch, M.H. In Vivo Analytical Performance of Nitric Oxide-Releasing Glucose Biosensors. Anal. Chem. 2014, 86, 7141–7149. [Google Scholar] [CrossRef]

	



Malone-Povolny, M.J.; Merricks, E.P.; Wimsey, L.E.; Nichols, T.C.; Schoenfisch, M.H. Long-Term Accurate Continuous Glucose Biosensors via Extended Nitric Oxide Release. ACS Sens. 2019, 4, 3257–3264. [Google Scholar] [CrossRef]

	



Malone-Povolny, M.J.; Bradshaw, T.M.; Merricks, E.P.; Long, C.T.; Nichols, T.C.; Schoenfisch, M.H. Combination of Nitric Oxide Release and Surface Texture for Mitigating the Foreign Body Response. ACS Biomater. Sci. Eng. 2021, 7, 2444–2452. [Google Scholar] [CrossRef]

	



Shin, J.H.; Schoenfisch, M.H. Improving the Biocompatibility of In Vivo Sensors via Nitric Oxide Release. Analyst 2006, 131, 609–615. [Google Scholar] [CrossRef] [PubMed]

	



Lancaster, J.R. Diffusion of Free Nitric Oxide. Methods Enzymol. 1996, 268, 31–50. [Google Scholar] [CrossRef] [PubMed]

	



Vaughn, M.W.; Kuo, L.; Liao, J.C. Effective Diffusion Distance of Nitric Oxide in the Microcirculation. Am. J. Physiol.-Heart Circ. Physiol. 1998, 274, 1705–1714. [Google Scholar] [CrossRef] [PubMed]

	



Hall, J.R.; Maloney, S.E.; Jin, H.; Taylor, J.B.; Schoenfisch, M.H. Nitric Oxide Diffusion through Cystic Fibrosis-Relevant Media and Lung Tissue. RSC Adv. 2019, 9, 40176–40183. [Google Scholar] [CrossRef] [PubMed]

	



Riccio, D.A.; Schoenfisch, M.H. Nitric Oxide Release: Part I. Macromolecular Scaffolds. Chem. Soc. Rev. 2012, 41, 3731–3741. [Google Scholar] [CrossRef]

	



Soto, R.J.; Yang, L.; Schoenfisch, M.H. Functionalized Mesoporous Silica via an Aminosilane Surfactant Ion Exchange Reaction: Controlled Scaffold Design and Nitric Oxide Release. ACS Appl. Mater. Interfaces 2016, 8, 2220–2231. [Google Scholar] [CrossRef]

	



Mowery, K.A.; Schoenfisch, M.H.; Saavedra, J.E.; Keefer, L.K.; Meyerhoff, M.E. Preparation and Characterization of Hydrophobic Polymeric Films That Are Thromboresistant via Nitric Oxide Release. Biomaterials 2000, 21, 9–21. [Google Scholar] [CrossRef]

	



Wu, Y.; Meyerhoff, M.E. Nitric Oxide-Releasing/Generating Polymers for the Development of Implantable Chemical Sensors with Enhanced Biocompatibility. Talanta 2008, 75, 642–650. [Google Scholar] [CrossRef]

	



Frost, M.C.; Reynolds, M.M.; Meyerhoff, M.E. Polymers Incorporating Nitric Oxide Releasing/Generating Substances for Improved Biocompatibility of Blood-Contacting Medical Devices. Biomaterials 2005, 26, 1685–1693. [Google Scholar] [CrossRef]

	



Reynolds, M.M.; Frost, M.C.; Meyerhoff, M.E. Nitric Oxide-Releasing Hydrophobic Polymers: Preparation, Characterization, and Potential Biomedical Applications. Free. Radic. Biol. Med. 2004, 37, 926–936. [Google Scholar] [CrossRef]

	



Koh, A.; Carpenter, A.W.; Slomberg, D.L.; Schoenfisch, M.H. Nitric Oxide-Releasing Silica Nanoparticle-Doped Polyurethane Electrospun Fibers. ACS Appl. Mater. Interfaces 2013, 5, 7956–7964. [Google Scholar] [CrossRef] [PubMed]

	



Soto, R.J.; Schofield, J.B.; Walter, S.E.; Malone-Povolny, M.J.; Schoenfisch, M.H. Design Considerations for Silica-Particle-Doped Nitric-Oxide-Releasing Polyurethane Glucose Biosensor Membranes. ACS Sens. 2017, 2, 140–150. [Google Scholar] [CrossRef] [PubMed]

	



Hetrick, E.M.; Prichard, H.L.; Klitzman, B.; Schoenfisch, M.H. Reduced Foreign Body Response at Nitric Oxide-Releasing Subcutaneous Implants. Biomaterials 2007, 28, 4571–4580. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, S.P.; Koh, A.; Brown, N.L.; Rose, M.B.; Sun, B.; Slomberg, D.L.; Riccio, D.A.; Klitzman, B.; Schoenfisch, M.H. The Effect of Nitric Oxide Surface Flux on the Foreign Body Response to Subcutaneous Implants. Biomaterials 2012, 33, 6305–6312. [Google Scholar] [CrossRef]

	



Soto, R.J.; Schoenfisch, M.H. Preclinical Performance Evaluation of Percutaneous Glucose Biosensors: Experimental Considerations and Recommendations. J. Diabetes Sci. Technol. 2015, 9, 978–984. [Google Scholar] [CrossRef] [PubMed]

	



Danaher, P.; Warren, S.; Dennis, L.; D’Amico, L.; White, A.; Disis, M.L.; Geller, M.A.; Odunsi, K.; Beechem, J.; Fling, S.P. Gene Expression Markers of Tumor Infiltrating Leukocytes. J. ImmunoTherapy Cancer 2017, 5, 18. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, K.; Mehta, H.; Drevets, D.A.; Coggeshall, K.M. IL-6 Increases B-Cell IgG Production in a Feed-Forward Proinflammatory Mechanism to Skew Hematopoiesis and Elevate Myeloid Production. Blood 2010, 115, 4699–4706. [Google Scholar] [CrossRef]

	



Fernando, M.R.; Reyes, J.L.; Iannuzzi, J.; Leung, G.; McKay, D.M. The Pro-Inflammatory Cytokine, Interleukin-6, Enhances the Polarization of Alternatively Activated Macrophages. PLoS ONE 2014, 9, e94188. [Google Scholar] [CrossRef]

	



Yabluchanskiy, A.; Ma, Y.; Iyer, R.P.; Hall, M.E.; Lindsey, M.L. Matrix Metalloproteinase-9: Many Shades of Function in Cardiovascular Disease. Physiology 2013, 28, 391–403. [Google Scholar] [CrossRef]

	



Jackson, S.E. Hsp90: Structure and Function. Top. Curr. Chem. 2012, 328, 155–240. [Google Scholar] [CrossRef]

	



Chen, Y.; Yang, S.; Lovisa, S.; Ambrose, C.G.; McAndrews, K.M.; Sugimoto, H.; Kalluri, R. Type-I Collagen Produced by Distinct Fibroblast Lineages Reveals Specific Function during Embryogenesis and Osteogenesis Imperfecta. Nat. Commun. 2021, 12, 7199. [Google Scholar] [CrossRef]

	



Ramana, C.V.; Chatterjee-Kishore, M.; Nguyen, H.; Stark, G.R. Complex Roles of Stat1 in Regulating Gene Expression. Oncogene 2000, 19, 2619–2627. [Google Scholar] [CrossRef]

	



Malone-Povolny, M.J.; Schoenfisch, M.H. Extended Nitric Oxide-Releasing Polyurethanes via S-Nitrosothiol-Modified Mesoporous Silica Nanoparticles. ACS Appl. Mater. Interfaces 2019, 11, 12216–12223. [Google Scholar] [CrossRef]

	



Bellinger, D.A.; Merricks, E.P.; Nichols, T.C. Swine Models of Type 2 Diabetes Mellitus: Insulin Resistance, Glucose Tolerance, and Cardiovascular Complications. ILAR J. 2006, 47, 243–258. [Google Scholar] [CrossRef]








[image: Ijms 23 11635 g001 550] 





Figure 1. Sustained NO release abrogates the sensor-induced acute foreign body response (FBR). Native tissue or tissue surrounding mock NO-releasing or control non-releasing sensors were collected at the acute (7-d) stage of the FBR. (A) Expression of immune gene mRNAs canonically associated with specific immune cell populations were probed using a custom porcine nanoString panel in order to calculate cell type scores allowing us to characterize the cellular components of the microenvironment. One-way ANOVA with Bonferroni’s multiple comparisons was used to determine significance (p value defined as * < 0.05 non-releasing mock sensor versus native tissue; ^ < 0.05 NO-releasing versus non-releasing mock sensors; data shown are +/−SEM). (B) A porcine Bioplex multiplex assay was used to evaluate the concentration of ten soluble immune mediators (GM-CSF, IFNγ, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, and TNF-α). Data were normalized to total protein determined by Braford Assay according to protocol. All cytokine concentrations are reported as the average of the three tissue samples ± the standard error of the mean. One-way ANOVA with Bonferroni’s multiple comparisons was used to determine significance (p-value defined as * < 0.05 non-releasing mock sensor versus native tissue; ^ < 0.05 NO-releasing versus native tissue; data shown are +/−SEM). 
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Figure 2. Sustained NO release abrogates the sensor-induced chronic foreign body response (FBR). Native tissue or tissue surrounding mock NO-releasing or control non-releasing sensors were collected at the chronic (14-d) stage of the FBR. (A) Expression of immune gene mRNAs canonically associated with specific immune cell populations were probed using a custom porcine nanoString panel in order to calculate cell type scores allowing us to characterize the cellular components of the microenvironment. One-way ANOVA with Bonferroni’s multiple comparisons was used to determine significance (p-value defined as * < 0.05 non-releasing mock sensor versus native tissue; ^ < 0.05 NO-releasing versus non-releasing mock sensors). (B) A porcine Bioplex multiplex assay was used to evaluate the concentration of ten soluble immune mediators (GM-CSF IFNγ, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, and TNF-α). Data were normalized to total protein determined by Braford Assay according to protocol. All cytokine concentrations are reported as the average of the three tissue samples ± the standard error of the mean. One-way ANOVA with Bonferroni’s multiple comparisons was used to determine significance (p-value defined as * < 0.05 non-releasing mock sensor versus native tissue; ^ < 0.05 NO-releasing versus native tissue). 
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Figure 3. Sustained NO release abrogates the acute and chronic foreign body response (FBR) through modulation of mRNA encoding for key immunological signaling molecules. Native tissue or tissue surrounding mock NO-releasing or control non-releasing sensors were collected at the acute (7-d) and chronic (14-d) stages of the FBR. (A,B,D,E). Expression of immune gene mRNAs were probed using a custom porcine nanoString panel (254 immune-related genes). Data are presented as the log2-transformed differential fold change in immune gene expression, as labeled, with associated p-value significance (shown as −log10(p) and calculated using Welch’s t-test) after data normalization to housekeeping and internal control genes by nanoString nSolver v4.0 (Seattle, WA, USA). (C) Venn diagram illustrating the uniqueness and overlap of immune genes between the acute and chronic phases of the FBR. 
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Figure 4. Sustained NO release prevents diabetes-induced exacerbation of the acute and chronic foreign body response (FBR). Native tissue or tissue surrounding mock NO-releasing or control non-releasing sensors from diabetic pigs were collected at the acute (7-d) and chronic (14-d) stages of the FBR. (A) Expression of immune gene mRNAs canonically associated with specific immune cell populations were probed using a custom porcine nanoString panel in order to calculate cell type scores allowing us to characterize the cellular components of the microenvironment. One-way ANOVA with Bonferroni’s multiple comparisons was used to determine significance (p-value defined as * < 0.05 non-releasing mock sensor versus native tissue; ^ < 0.05 NO-releasing versus non-releasing mock sensors). (B) A porcine Bioplex multiplex assay was used to evaluate the concentration of ten soluble immune mediators (GM-CSF, IFNγ, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18, and TNF-α). Dotted and solid lines represent mean cytokine levels in euglycemic animals at 7 d and 14 d after implantation, respectively. Data were normalized to total protein determined by Braford Assay according to protocol. All cytokine concentrations are reported as the average of the three tissue samples ± the standard error of the mean. One-way ANOVA with Bonferroni’s multiple comparisons was used to determine significance (p-value defined as * < 0.05 non-releasing mock sensor versus native tissue; ^ < 0.05 NO-releasing versus native tissue). 
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Figure 5. Sustained NO release abrogates the sensor-induced acute and chronic foreign body response through modulation of mRNA encoding for key immunological signaling molecules. Native tissue or tissue surrounding mock NO-releasing or control non-releasing sensors from diabetic pigs were collected at the acute (7-d) and chronic (14-d) stages of the FBR. (A–D) Expression of immune gene mRNAs were probed using a custom porcine nanoString panel (254 immune-related genes). Data are presented as the log2-transformed differential fold change in immune gene expression, as labeled, with associated p-value significance (shown as −log10(p) and calculated using Welch’s t-test) after data normalization to housekeeping and internal control genes by nanoString nSolver v4.0 (Seattle, WA, USA). 
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Table 1. mRNAs that were significantly upregulated and significantly downregulated within tissues surrounding non-NO-releasing sensors 7 and 14 d following implantation in euglycemic animals.
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7 d Post Implantation

	
14 d Post Implantation




	
mRNA

	
log2

Fold Change

	
p-Value

	
mRNA

	
log2

Fold Change

	
p-Value

	
mRNA

	
log2

Fold Change

	
p-Value






	
MMP1

	
7.093

	
0.0071

	
CCL2

	
1.029

	
0.0421

	
MMP1

	
6.110

	
0.0169




	
MMP9

	
6.020

	
0.0023

	
IL18

	
0.986

	
0.0029

	
S100A12

	
5.210

	
0.0162




	
MMP13

	
5.128

	
0.0217

	
CASP1

	
0.934

	
0.0249

	
SOCS3

	
2.160

	
0.0206




	
CXCL8

	
3.799

	
0.0285

	
Tpsab1

	
0.895

	
0.0149

	
CXCL10

	
1.600

	
0.0174




	
CCR1

	
3.513

	
0.0055

	
COL16A1

	
0.832

	
0.0054

	
IRAK3

	
1.450

	
0.0097




	
MMP12

	
2.428

	
0.0424

	
COL5A3

	
0.832

	
0.0338

	
AHR

	
1.280

	
0.0096




	
ITGB2

	
2.417

	
0.0064

	
PECAM1

	
0.807

	
0.0369

	
IFNGR1

	
1.080

	
0.0185




	
Cd163

	
2.217

	
0.0072

	
SOCS1

	
0.799

	
0.0272

	
VEGFB

	
1.040

	
0.0213




	
TIMP1

	
2.094

	
0.0128

	
TLR2

	
0.799

	
0.0335

	
NFKB2

	
1.030

	
0.0200




	
CD1B

	
1.918

	
0.0229

	
IL10RB

	
0.774

	
0.0179

	
NFKB1

	
0.831

	
0.0399




	
CD86

	
1.868

	
0.0024

	
MYD88

	
0.595

	
0.0155

	
VEGFA

	
0.819

	
0.0485




	
Cd68

	
1.864

	
0.0153

	
IL1R1

	
0.506

	
0.0211

	
STAT3

	
0.730

	
0.0164




	
Csf3r

	
1.774

	
0.0174

	
CASP3

	
0.485

	
0.0134

	
MYD88

	
0.727

	
0.0379




	
ICAM1

	
1.731

	
0.0168

	
CD40LG

	
0.465

	
0.0362

	
JUN

	
0.697

	
0.0470




	
CD14

	
1.696

	
0.0002

	
TRIM26

	
0.465

	
0.0446

	
TNFRSF1A

	
0.642

	
0.0138




	
Nkg7

	
1.692

	
0.0125

	
TRIM25

	
0.202

	
0.0123

	
MAPK14

	
0.631

	
0.0052




	
Ptprc

	
1.546

	
0.0104

	
IKBKB

	
−0.390

	
0.0138

	
STAT1

	
0.605

	
0.0460




	
Fcgr4

	
1.444

	
0.0212

	
G6PD

	
−0.401

	
0.0063

	
MAP3K7

	
0.566

	
0.0188




	
RUNX1

	
1.411

	
0.0133

	
FGA

	
−0.632

	
0.0220

	
MAP2K1

	
0.449

	
0.0053




	
CCR5

	
1.350

	
0.0216

	
COL10A1

	
−0.687

	
0.0456

	
HSP90AA1

	
0.440

	
0.0210




	
Blk

	
1.310

	
0.0020

	
TLR3

	
−0.696

	
0.0407

	
CAPN5

	
−0.698

	
0.0339




	
CD1A

	
1.293

	
0.0037

	
COL14A1

	
−0.722

	
0.0404

	
COL3A1

	
−1.630

	
0.0023




	
CCR2

	
1.214

	
0.0396

	
SDHA

	
−1.077

	
0.0117

	
COL1A2

	
−2.400

	
0.0017




	
IL33

	
1.202

	
0.0163

	
S100B

	
−1.098

	
0.0187

	
COL1A1

	
−2.810

	
0.0013




	
MMP14

	
1.176

	
0.0317

	
SOD1

	
−1.111

	
0.0060

	
Ms4a1

	
−2.840

	
0.0011




	
COL7A1

	
1.170

	
0.0190

	
MAPK11

	
−1.124

	
0.0007

	




	
TGFB1

	
1.163

	
0.0036

	
IL1B

	
−1.454

	
0.0046




	
VCAM1

	
1.151

	
0.0032

	
CDH2

	
−1.454

	
0.0242




	
CCL19

	
1.104

	
0.0208

	
HSP90AB1

	
−2.036

	
0.0007




	
Hdc

	
1.091

	
0.0068

	
MMP8

	
−2.789

	
0.0258




	
Cd3d

	
1.050

	
0.0342
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Table 2. mRNAs that were expressed at significantly higher levels and significantly lower levels in tissues surrounding NO-releasing sensors compared to those surrounding non-releasing sensors at 7 and 14 d following implantation in euglycemic animals.
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7 d Post Implantation

	
14 d Post Implantation




	
mRNA

	
log2

Fold Change

	
p-Value

	
mRNA

	
log2

Fold Change

	
p-Value






	
Cpa3

	
2.370

	
0.0464

	
HSPB1

	
1.030

	
0.0377




	
ICAM5

	
2.370

	
0.0464

	
EGFR

	
0.632

	
0.0138




	
Tcl1

	
2.370

	
0.0464

	
MAPK14

	
−0.542

	
0.0140




	
ITGA4

	
2.210

	
0.0404

	
ITGB1

	
−0.650

	
0.0220




	

	
TNFRSF1A

	
−0.655

	
0.0134




	
STAT1

	
−0.689

	
0.0079




	
IL1R1

	
−0.791

	
0.0159




	
COL3A1

	
−0.806

	
0.0309




	
MMP2

	
−0.856

	
0.0319




	
COL6A3

	
−1.040

	
0.0215




	
IRAK4

	
−1.040

	
0.0375




	
IFNGR1

	
−1.080

	
0.0151




	
TRIM25

	
−1.210

	
0.0369




	
COLEC12

	
−1.420

	
0.0223




	
COL4A2

	
−1.530

	
0.0352




	
CXCL10

	
−1.570

	
0.0441




	
COL4A1

	
−1.880

	
0.0342




	
PECAM1

	
−2.110

	
0.0319
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Table 3. mRNAs that were significantly upregulated and significantly downregulated within tissues surrounding non-NO-releasing sensors 7 and 14 d following implantation in hyperglycemic animals.






Table 3. mRNAs that were significantly upregulated and significantly downregulated within tissues surrounding non-NO-releasing sensors 7 and 14 d following implantation in hyperglycemic animals.





	
7 d Post Implantation

	
14 d Post Implantation




	
mRNA

	
log2

Fold Change

	
p-Value

	
mRNA

	
log2

Fold Change

	
p-Value

	
mRNA

	
log2

Fold Change

	
p-Value






	
MMP13

	
6.730

	
0.0019

	
Cd209e

	
1.510

	
0.0223

	
S100A12

	
4.960

	
0.0120




	
MMP1

	
6.520

	
0.0012

	
Fcgr4

	
1.460

	
0.0102

	
IL1RN

	
1.350

	
0.0438




	
IL6

	
4.570

	
0.0170

	
ITGAL

	
1.350

	
0.0273

	
MAPK11

	
1.290

	
0.0306




	
S100A12

	
4.330

	
0.0078

	
TGFB1

	
1.290

	
0.0093

	
Tpsab1

	
1.210

	
0.0304




	
MMP3

	
4.200

	
0.0301

	
Cd244a

	
1.240

	
0.0416

	
IL23R

	
1.140

	
0.0250




	
MMP9

	
3.760

	
0.0171

	
CD1C

	
1.240

	
0.0443

	
ICAM3

	
1.090

	
0.0419




	
TIMP1

	
3.080

	
0.0030

	
CXCL10

	
1.220

	
0.0229

	
IGF1

	
1.080

	
0.0226




	
CD1B

	
3.040

	
0.0092

	
MMP2

	
1.160

	
0.0298

	
CCL19

	
0.994

	
0.0408




	
COL6A5

	
2.870

	
0.0134

	
IL1R1

	
1.130

	
0.0216

	
ICAM1

	
0.872

	
0.0113




	
CCL19

	
2.870

	
0.0139

	
Ms4a2

	
1.060

	
0.0263

	
IL17RC

	
0.832

	
0.0322




	
SOCS3

	
2.660

	
0.0096

	
TLR2

	
1.010

	
0.0147

	
PECAM1

	
0.736

	
0.0214




	
Cd163

	
2.630

	
0.0052

	
AHR

	
0.982

	
0.0059

	
MMP7

	
0.719

	
0.0133




	
ITGB2

	
2.570

	
0.0051

	
IL1RN

	
0.952

	
0.0034

	
AHR

	
0.573

	
0.0143




	
Il21r

	
2.460

	
0.0445

	
NFKB2

	
0.939

	
0.0092

	
STAT3

	
0.360

	
0.0213




	
CCL2

	
2.250

	
0.0220

	
STAT1

	
0.906

	
0.0150

	
MYD88

	
0.292

	
0.0328




	
IL27

	
2.130

	
0.0370

	
MMP7

	
0.903

	
0.0330

	
TRIM25

	
0.289

	
0.0090




	
ICAM1

	
2.070

	
0.0191

	
TNFRSF1A

	
0.874

	
0.0099

	
STAT1

	
0.199

	
0.0470




	
RUNX1

	
1.980

	
0.0072

	
MYD88

	
0.856

	
0.0006

	
CASP3

	
−0.280

	
0.0421




	
Klrb1

	
1.970

	
0.0339

	
TRIM8

	
0.849

	
0.0242

	
SMAD2

	
−0.332

	
0.0079




	
Tpsab1

	
1.950

	
0.0064

	
CSF1

	
0.794

	
0.0050

	
TOLLIP

	
−0.396

	
0.0382




	
IL33

	
1.920

	
0.0044

	
IL17RA

	
0.752

	
0.0271

	
GATA3

	
−0.425

	
0.0013




	
CD1A

	
1.850

	
0.0060

	
STAT3

	
0.728

	
0.0113

	
Hsd11b1

	
−0.544

	
0.0068




	
CXCL2

	
1.820

	
0.0165

	
MMP14

	
0.678

	
0.0278

	
CD34

	
−0.625

	
0.0272




	
CCR5

	
1.760

	
0.0212

	
IL10RB

	
0.619

	
0.0000

	
TGFB2

	
−0.941

	
0.0129




	
Ptprc

	
1.720

	
0.0097

	
MYC

	
0.593

	
0.0265

	
Cd209e

	
−1.000

	
0.0128




	
CD86

	
1.720

	
0.0242

	
TLR3

	
0.572

	
0.0404

	
Ms4a1

	
−1.700

	
0.0469




	
VCAM1

	
1.630

	
0.0135

	
IFNGR1

	
0.534

	
0.0036

	

	

	




	
Ms4a4a

	
1.580

	
0.0316

	
TRIM25

	
0.526

	
0.0342

	

	

	




	
Cd68

	
1.560

	
0.0101

	
IKBKB

	
0.278

	
0.0113
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Table 4. mRNAs that were expressed at significantly higher levels and significantly lower levels in tissues surrounding NO-releasing sensors compared to those surrounding non-releasing sensors at 7 and 14 d following implantation in hyperglycemic animals.






Table 4. mRNAs that were expressed at significantly higher levels and significantly lower levels in tissues surrounding NO-releasing sensors compared to those surrounding non-releasing sensors at 7 and 14 d following implantation in hyperglycemic animals.





	
7 d Post Implantation

	
14 d Post Implantation




	
mRNA

	
log2

Fold Change

	
p-Value

	
mRNA

	
log2

Fold Change

	
p-Value






	
MTOR

	
0.139

	
0.0074

	
Cd163

	
1.810

	
0.0464




	
MMP7

	
−0.652

	
0.0246

	
MMP3

	
1.700

	
0.0139




	
IL33

	
−0.856

	
0.0301

	
TLR4

	
0.660

	
0.0092




	
SOCS3

	
−1.490

	
0.0410

	
ICAM1

	
0.594

	
0.0257




	
TIMP1

	
−1.570

	
0.0234

	
VCAM1

	
0.544

	
0.0329




	
CD1B

	
−1.930

	
0.0383

	
MAPKAPK2

	
0.469

	
0.0287




	
IL6

	
−2.780

	
0.0339

	
MAPKAPK3

	
−0.528

	
0.0279




	

	
PIK3CB

	
−0.628

	
0.0074




	
GATA3

	
−0.633

	
0.0152




	
IL1RL2

	
−0.831

	
0.0350

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
10- * non-releasing vs. native tissue
5—
()
g) *
- i
= 0_. -|_| O .D_
= | U U 0
O
. A A A
-5 -
10 NO-releasing vs. non-releasing
CD45 NEUT MACS DC BCELL TCELL
40- 25- * 50
© 30- I LE 20 > 40+
= =z w
s t 154 o~ 30+
o 20+ 3 A 3
E = 10 £ 20-
<2 = 5
o _ 2 o
10 & 5- 10-
0- I 0- 0- —
14 Days 14 Days 14 Days
30 80+ * 200
*
o 60+ A © 150-
2 20— O 1 -
5 1 .- -
- S 40- © 100-
E 2 <
S 10- E £
o Es)) =2
o 20 o 50
0- | 0- | 0-
14 Days 14 Days 14 Days

Il native tissue M non-releasing [0 NO-releasing





nav.xhtml


  ijms-23-11635


  
    		
      ijms-23-11635
    


  




  





media/file2.png
fold change

pg/mL of IL6

pg/mL of IL8

non-releasing vs. native tissue
* * *
04
A A
A
5 A NO-releasing vs. non-releasing
CD45 NEUT MACS DC BCELL TCELL
80— * 201 * 100 - *
80—
S 15+ >
= T™
t - 60-
© 10- A °
—g' % 40-
g 5- * 20-
- 0- 0-
7 Days 7 Days 7 Days
150 - 150 - 200+
*
* o * S 150-
100 O 100- -
= -
© © 100+
E E
50 E 504 5
4 —_ o 50
0- 0- I 0-
7 Days 7 Days 7 Days

I native tissue B non-releasing [0 NO-releasing





media/file5.jpg
e






media/file3.jpg
fold change

pyimLof IL6.

poimL ofiL

.

-

noneeasing s, natvetssue

NOrelssing s nonrelessing

CD4S NEUT MACS DC BCELL TCELL

1

[EEX

o g

paimL of ThFa
>
pam. of IFNy

1400y 1400y 1400y
6w .
7 ‘
g w A e
g 2
5w s
£
fo B
o o
14 0ys 1400y 1400y

. native tissue B nonreleasing £ NO-releasing





media/file1.jpg
fold change.

pomLof IL6.

pomL of L8

[Err———
o
T ——
0. 2 15 z
A £ £
0. T 3 10- A =
H mo§°
- £, EI
7o
. 5 -
™ 5 o :
z b
H ™
' E
- «
H = Ra
. 1 i .

M native tissue B non-releasing 0 NO-releasing





media/file7.jpg





media/file10.png
Non-Releasing vs. Native Tissue (Diabetic)

-
IL10R8 7 days
4 _
_— [ ]
% MYDB8
= 94 MME1
o Smp1a
(o] L]
= i
I FNGR1 WIRN cp1a w33 (Tgez ©
g csn. AHR CJWWQM ‘ Cd163
e , e NFRB2 rssm pre | SOCS3  _ CD1B o
I Stars® “ﬁ'ﬁ e X Tt L6
Lg ETAT '.vcam RUNX1 CCL18
F= Myc 2% %o @ o Ib] CCLIICAMY s
=) muzs/.‘ c! S .
= oa pe—
» AN *co%s '
14 L R . T B
. .' ol
s e * e
.: 4 . & -
- L]
“i: cdgri?
L]
-
0 i L™ “&’F
0.0 25 5.0

C

Iogz(Foid Change)

Non-Releasing vs. Non-Releasing (Diabetic)

MTOR
L]
2.0
MMP7
et .
~1.51 CD1B iLas
= e® - S
= socs3 JL1R1
o .
|

® ]
o 1.0 N
"
0]
O
=
c
2
W 0.5+

0.0

log,(Fold Change)

p=0.01
p=0.05

Non-Releasing vs. Native Tissue (Diabetic)

3
[ ]
GATA3 14 days
Hsd11b1
" o
— Spans @ [TTAVL
QD 2 cam: . o
o TGFBE2 ® * mnp7 S100A12
o IGF1
| cos STAT3 pECAM-l'OILz:sR
— TOLLIP mrosse @ san T MAPK 1]
™ L]
g Tisted 0:5933 : COL HARN
& . AT ICAM3
O 1 - .1
= ] v .
= LI : '. .
i3 i,
wn . B
» - .
«* ';’
-
. ..» ®
£l - - L]
o4+ * e ...‘..-"b ¢

2
logz(Fold Change)

D

Non-Releasing vs. Non-Releasing (Diabetic)

PIK3CB
» TLR4
20 -
GATA3 °
. MMP3
§ - MAPKAPKS MAPKAPK2 i
9 T ")
1g') |L1R.L2 VCAM1 gd“ea
- = .
@ 0
‘é 1.0 * _ . d
E .. b - .. . ™
= . .
=) & e @ ®
co ® .. » . "
051+ o o R
: o* . . : " & " @ &
* ! - . o
4 F o L 2 .
.o £ L e
0.0+— "&‘&—-ﬂ! » 14 days
0 1 2

log,(Fold Change)

p=0.05
p = 0.01





media/file9.jpg
"Non-Releasing vs. Ntive Tissue (Diabatic)

7days

"Non-Releasing vs. Ntive Tissue (Diabetic)
) 4 days

o
"Non-Releasing ve. Non-eleasing Disbotic)
= i
2 P
[ P






media/file0.png





media/file8.png
fold change

B
. . . 500+
I non-releasing vs. native tissue

. . 400+

[ NO-releasing vs. non-releasing Q
« 300

[+]

-
E 200

o

Q
100
800-

3

s

-d

E

o

Q

CD45

NEUT

DC
BCELL
TCELL

CD45
NEUT
MACS

DC
BCELL
TCELL

-days 14-days

. 100+
A 8
I ¢
s
-
E
=)
Q
-
7 Days 14 Days
150+
-
o
O 1004
=
Lo
o
-d
E 50+
o
Q

7 Days 14 Days

B native tissue

7 Days 14 Days

I I
7 Days 14 Days

pg/mL of IFNy

pg/mL of IL10

300

200~

7 Days 14 Days

%

150+«

100

50~

7 Days 14 Days

B non-releasing O NO-releasing





media/file6.png
A
Non-Releasing vs. Native Tissue
cond 7 days
Ilwﬂﬂtﬂl &
3 MAPK I
" co%
‘% LI Ve ® .
& . o COGA]! [CDTA ffor2 o™ -
_Q" Tﬂlmpo Hic®  Camie® . = 0.01
= o rend abe 42 . e
% s | t;mull’_rﬁi:—‘l |R.I :f. %:ne al (U lE] | .o
1 > = 0.
e | 3 t. . ,
=
= .
5] .' -
L2
0
25 0.0 25 50 75
loga(Fold Change)
NO-Releasing vs. Non-Releasing
20 p =0.01
—~15
2 ok 0.0
o ’ e i 5
: S
210 L P
Q
c - .
E . . “—s e -
E . .- i gy H
3%'05 PR .". .,'.’t & .'..". '} ‘
. i ggte
“ .., “. (& .:,.o . *
-
0.0 . h 7 days
2 0 2

logz(Fold Change)

Non-Releasing vs. Native Tissue

34 Mssai -
C!XI:I 14 days
couazu.m ”
—_ Warat
%92 THFRSF 1. "T TR | p =0.01
gj m\u:.‘éw'.:wn ] sj0a12 )
T HEPWAA] @ VEGHE | @
‘n-‘l,- L lﬂtl:~vm1 |
: v — p=00s
g | [o* | .
!E ' . 0‘:: t-.." .
= % i [~
“ ¢ & 2 e
o e |
' 3 é.o " ol
" . W
0 B e .
0 - 4 é
logz(Fold Change)
E . '
NO-Releasing vs. Non-Releasing
aYATi
20 p = 0.01
INGRI TN;l:sru [om
co_m I.lm
= 5 cotediz il
% 15 PECAMI sl ﬁn Y]
coup |mm? .
? cm lRu«' HSPE p= 0.05
b .
810 s S W
& . L .
i§ - s |9 .*.- ® . ®
= L "
bg; . e ". s 2| ®
0.5 .. A\ el -
. ey e B Ny
o™ ., - .
i a W 'o.. .o:. * . | 14 days

0
logs(Fold Change)

Non-Releasing vs.

Native Tissue

58
unique

7 days

3 common

22
unique

14 days





