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Type 1 Diabetes (T1D) occurs as a result of the autoimmune destruction of pancreatic β-cells by self-reactive T cells. The etiology of this disease is complex and difficult to study due to a lack of disease-relevant tissues from pre-diabetic individuals. In this study, we performed gene expression analysis on human pancreas tissues obtained from the Network of Pancreatic Organ Donors with Diabetes (nPOD), and showed that 155 genes were differentially expressed by ≥2-fold in the pancreata of autoantibody-positive (AA+) at-risk individuals compared to healthy controls. Only 48 of these genes remained changed by ≥2-fold in the pancreata of established T1D patients. Pathway analysis of these genes showed a significant association with various immune pathways. We were able to validate the differential expression of eight disease-relevant genes by QPCR analysis: A significant upregulation of CADM2, and downregulation of TRPM5, CRH, PDK4, ANGPL4, CLEC4D, RSG16, and FCGR2B was confirmed in the pancreata of AA+ individuals versus controls. Studies have already implicated FCGR2B in the pathogenesis of disease in non-obese diabetic (NOD) mice. Here we showed that CADM2, TRPM5, PDK4, and ANGPL4 were similarly changed in the pancreata of pre-diabetic 12-week-old NOD mice compared to NOD.B10 controls, suggesting a possible role for these genes in the pathogenesis of both T1D and NOD disease. The loss of the leukocyte-specific gene, FCGR2B, in the pancreata of AA+ individuals, is particularly interesting, as it may serve as a potential whole blood biomarker of disease progression. To test this, we quantified FCGR2B expression in peripheral blood samples of T1D patients, and AA+ and AA- first-degree relatives of T1D patients enrolled in the TrialNet Pathway to Prevention study. We showed that FCGR2B was significantly reduced in the peripheral blood of AA+ individuals compared to AA- controls. Together, these findings demonstrate that gene expression analysis of pancreatic tissue and peripheral blood samples can be used to identify disease-relevant genes and pathways and potential biomarkers of disease progression in T1D.
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Introduction

Type 1 Diabetes (T1D) results from the autoimmune and chronic destruction of pancreatic β-cells by self-reactive T cells. It is the most common autoimmune disease in children, affecting approximately 1 in 500 in the United States, and the incidence is growing each year (1). The etiology of this disease is complex, and involves a strong genetic component and a number of possible environmental triggers. Genome-wide association studies (GWAS) have identified >60 polymorphisms that contribute to the genetic susceptibility of T1D (2, 3) and various environmental triggers have been shown to play a role in disease onset (4–6). The pathogenesis of this disease, however, remains unclear due to the difficulty in identifying pre-diabetic individuals and in obtaining biological specimens from such individuals.

Animal models of T1D have been crucial in understanding the mechanisms involved in the pathogenesis of T1D, but there are notable differences in human disease development. In humans, β-cell destruction occurs months to years before the onset of hyperglycemia. Individuals are asymptomatic, and develop autoantibodies (AAs) against various islet antigens including glutamic acid decarboxylase (GAD), zinc transporter 8 (ZnT8), insulin, and islet antigen 2 (IA-2) during the pre-hyperglycemic stage of disease. The presence and number of AAs detected in the serum is currently the most reliable biomarker for assessing the disease risk. However, there is a need for additional early, robust and reproducible biomarkers of disease progression.

The pancreata of at-risk AA+ individuals are significantly smaller than those of healthy individuals (7, 8), and analysis of pancreas sections demonstrate increased CD4+ and CD11c+ immune cell infiltration in the exocrine pancreas of these individuals (9). The islets of at-risk individuals differ functionally and morphologically from healthy controls (10), but insulitis is only detected in a small percentage of AA+ individuals (11, 12). In contrast, the islets of non-obese diabetic (NOD) mice, a well-established mouse model of T1D, develop large peri-insulitic lesions beginning at 4 weeks of age. Destructive insulitis occurs at ~12 weeks of age, and hyperglycemia follows at ~16 to 25 weeks of age (13).

We and others have shown that the pancreata and islets of rodent models of T1D differ from those of healthy controls, and that these differences are reflected in the gene expression profile during the progression of disease (13–15). Gene expression data support the upregulation of glucagon and insulin secretion, β-cell hyperactivation and/or ER stress playing a role during different stages of disease development (13–15). Currently, it is unclear if similar changes in gene expression are observed in the pancreata of pre-diabetic humans after seroconversion preceding hyperglycemia.

Human pancreatic tissues from healthy controls, AA+ and T1D patients are available through the Juvenile Diabetes Research Foundation Network for Pancreatic Organ Donors with Diabetes (JDRF nPOD; www.jdrfnpod.org). These samples are collected from deceased donors and processed under well-defined standard operating procedures. However, due to the high level of pancreatic ribonucleases and tissue recovery time, RNA degradation occurs (16–18). Nevertheless, studies have shown that the impact of RNA degradation on the assessment of gene expression by microarray analysis is minimal, and largely offset by biological differences between samples (19).

In this study, we obtained pancreas samples of at-risk AA+ individuals, T1D patients, and healthy controls from nPOD and performed gene expression analyses. We then compared the genes that were differentially expressed in pre-diabetic AA+ individuals with those that were differentially expressed in the pancreata of NOD mice. The overlapping genes may be pathogenic and play a role in the development of T1D and NOD disease. We identified a number of biologically relevant genes that were changed in the pancreata of AA+ individuals. One gene, in particular, is expressed in leukocytes and could serve as a potential biomarker of disease progression that may be monitored in blood samples of individuals with a genetic risk for developing T1D. This gene, FCGR2B, encodes the CD32B receptor, an inhibitory low affinity receptor for the Fc region of IgG complexes (20, 21). Changes to FCGR2B/CD32B expression have been associated with multiple autoimmune diseases in humans (22–25), and have been suggested to underlie the autoimmune susceptibility of several strains of mice, including NOD mice (26, 27).

In this study, we also examined the potential of FCGR2B as a candidate biomarker of disease progression, by comparing FCGR2B expression in peripheral blood RNA samples of T1D patients, AA+ individuals who later developed T1D (AA+ progressors), and AA- first-degree relatives of T1D patients (AA- FDRs) obtained from the National Institute of Health TrialNet repository.



Materials and Methods


Human Samples


Pancreas

Human pancreas samples were obtained through the JDRF network for Pancreatic Organ Donors with Diabetes (nPOD). Patient information for the final samples used for this study is shown on Tables 1A and B, and standard operating procedures for tissue processing are available at https://www.jdrfnpod.org/for-investigators/standard-operating-procedures/. Tissues were obtained from cadaveric donors that died of various causes, and AA+ individuals were identified by autoantibody screening after death. Thus, the length of islet autoimmunity in AA+ individuals is unknown. The pancreatic tissues used for this study were minced, placed in cryovials containing RNAlater, incubated at room temperature for 15 min and then snap frozen and stored at -80°C until shipment. RNA was extracted as described below.


Table 1A | Patient information for nPOD pancreata samples.




Table 1B | HLA Information for nPOD pancreata samples.





Whole Blood Samples

Whole blood RNA samples were provided by TrialNet. Samples from AA- FDRs (n=15) and AA+ FDRs who later progressed to hyperglycemia (AA+ progressors, n=20) were from individuals enrolled in the TrialNet Pathway to Prevention Study. Samples from T1D patients (n=10) were obtained from individuals enrolled in the Glutamic Acid Decarboxylase (GAD) Vaccine trial. IRB approval was obtained at the institution where samples were collected. All participants provided written informed consent. Before use, all RNA samples were repurified using the Qiagen RNeasy mini kit. Briefly, 100 μl of RNA (<100 μg) was combined with 350 μl of buffer RLT, mixed, added to 250 μl ethanol, and applied to a RNeasy mini column to bind the RNA. The RNA was washed and eluted according to manufacturer’s instructions. Re-extracted RNA concentrations were measured by Nanodrop and RNA quality was determined by Bioanalyzer analysis (Agilent) and listed in Table 2.


Table 2 | Patient information for TrialNet whole blood RNA samples.







Animals

Female NOD/LtJ (NOD) and NOD.B10Sn-H2b/J (NOD.B10) mice were purchased from Jackson Laboratories (Bar Harbor, ME). Animals were maintained under pathogen-free conditions at the Stanford School of Medicine Animal facility, according to institutional guidelines under approved protocols. Pancreas tissues were isolated from 12-week-old NOD and NOD.B10 mice (8 animals per group) and immediately homogenized in Trizol reagent on ice, and stored at -80°C. RNA was extracted as described below. See Supplementary Figure 1 for blood glucose levels, weight of mice, and bioanalyzer traces of RNA samples.



RNA Extraction From Pancreas Tissue

Total RNA was extracted using Trizol reagent and the Qiagen RNeasy mini kit, as previously described (28, 29). For human pancreas tissues, RNA was extracted from at least 14 samples per group (controls, AA+ and T1D). Pancreatic samples were thawed on ice, removed from RNAlater, and homogenized in Trizol reagent (100 mg tissue/ml Trizol) on ice. For human and NOD mouse samples, RNA was extracted from 1 ml of the tissue/Trizol homogenate. 0.2 ml chloroform was added to the homogenate, shaken vigorously and centrifuged at 12,000xg for 15 min at 4°C. The aqueous phase was removed, mixed with an equal volume of 70% ethanol and bound to a Qiagen RNeasy mini-column. The column was washed and RNA was eluted according to manufacturer’s instructions. Total RNA concentrations were measured by Nanodrop and quality was determined by Bioanalyzer analysis (Agilent Technologies, Santa Clara, CA). Bioanalyzer traces for human and mouse samples are shown in Figure 1 and Supplementary Figure 1, respectively. The human samples with the highest RNA integrity numbers (RIN; n≥6 per group) were selected for gene expression analysis studies.




Figure 1 | Assessment of RNA quality of samples extracted from human pancreatic tissues. RNA was isolated from pancreatic tissues of controls (A), AA+ individuals (B), and T1D patients (C) obtained from nPOD, and bioanalyzer analysis was performed to assess RNA quality. RIN (RNA integrity numbers) values (A–C) and bioanalyzer traces (D) are shown. The samples with the highest RIN values were used for microarray analysis (as indicated).





Microarray Analysis


Human Samples

One-color microarrays were performed by the Stanford Human Immune Monitoring Center to measure gene expression in individual pancreas samples of seven controls, six AA+, and 10 T1D patients (Table 1) using the SurePrint G3 Human GE 8x60K microarray kit (Agilent Technologies). One microgram of total RNA was labeled with Cy3 using the low RNA input fluorescence linear amplification kit (Agilent Technologies). Hybridization was performed using the gene expression hybridization kit (Agilent Technologies) and the microarray hybridization chamber (Agilent Technologies), according to the manufacturer. Microarray chips were scanned using the DNA microarray scanner (Agilent Technologies) and data were processed with Feature Extraction Software (Agilent Technologies), and analyzed using GeneSpring GX 12.6.1 Software (Agilent Technologies). All microarray data have been submitted to the Gene Expression Omnibus (GEO) Database at NCBI (GEO series accession number: GSE72492), and are accessible at: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE72492. Samples were filtered for entities that were detected in at least six out of 23 samples, and entities with annotated gene symbols. Because of the gender imbalance between the groups, genes that were significantly changed by ≥5 fold between male and female subjects were removed from the analysis (Supplementary Table 1). A final list of 29,438 entities was used for further analysis. Moderated T-tests were performed to identify differentially expressed genes (p<0.05), and pathway analysis of differentially expressed genes was performed using Ingenuity Pathway Analysis (IPA; Qiagen Inc; https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis).



Mouse Samples

Two-color microarrays were performed to measure gene expression in the pancreas of individual 12-week-old NOD mice against a pool of age-matched NOD.B10 mice (n=8 animals per group) using the Whole Mouse Genome Microarray Kit, 4×44K 2-color arrays (Agilent Technologies) as previously described (29). Data were analyzed using GeneSpring (version 12.6.1, Agilent Technologies). Samples were filtered for entities with annotated gene symbols that are expressed (minimum raw expression ≥ 25) in at least four of the eight NOD samples, have equivalent human homologues, and are expressed in the human pancreas samples. The resultant 25,283 entities were analyzed. Data are available at GEO (Series accession number: GSE154739, http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE154739). T-test and Benjamini-Hochberg multiple testing correction were performed to identify differentially expressed genes in the pancreata of NOD vs. NOD.B10 mice with a fold change ≥2-fold (corrected p<0.01).




Validation by QPCR

We identified a number of biologically relevant genes among those that were changed in the pancreata of AA+ individuals vs. controls. These include genes that have previously been associated with T1D, T2D, metabolism or obesity, and genes with biological functions that may be involved in the pathogenesis of T1D. These genes and their significance are listed in Table 3.


Table 3 | Biologically relevant genes that are significantly changed in the pancreata of AA+ vs. control (Microarray experiments).



QPCR was performed to validate differential gene expression. cDNA was synthesized and QPCR was performed as previously described (28, 29). Briefly, first strand cDNA was generated from 1 μg of total RNA using Superscript III (Invitrogen) and random hexamers according to manufacturer’s instructions. QPCR was performed to measure human INS, BCL2L15, ERAP1, CADM2, ERAP1, ETV5, KANK1, SIM1, ABCB9, PGC, CEACAM6, CALB1, S100B, SMPD3, IL33, SCIMP, SEZ6L, PLD1, GNLY, CRTAM, CD180, IL4R, PLXNA4, PDK4, FCGR2B, TRPM5, CRH, ANGPTL4, CLEC4D, RGS16, ICOSLG, CD19, CD20, CD11C, and housekeeping genes GAPDH, ACTB, B2M, and 18S rRNA using commercially available Taqman gene expression assays (Applied Biosystems). cDNA was preamplified using the Taqman PreAmp Mastermix (Applied Biosystems) prior to QPCR for measurements that initially gave threshold cycle (Ct) values of >30. The 7900HT Fast Real Time PCR System (Applied Biosystems) and the Taqman Gene Expression Mastermix (Applied Biosystems) were used, according to manufacturer’s instructions. The comparative Ct method for relative quantification (ΔΔCt) was used. QPCR was also performed to measure the expression of FCGR2B, CD19, CD20, CD11C, and ACTB in whole blood RNA samples obtained from TrialNet. For these experiments, cDNA was synthesized (from 100 ng of total RNA) and QPCR was performed to described above.



Statistical Analysis

Statistical analyses for QPCR experiments were performed using the two-tailed Mann-Whitney test (Prism 8, GraphPad Software Inc. San Diego, CA). A P-value of ≤0.05 was considered significant.




Results


Gene Expression Analysis in Human Pancreata Samples

Total RNA was initially isolated from ≥14 subjects per group (healthy controls, AA+ and T1D subjects). Bioanalyzer analysis showed considerable RNA degradation in some samples, with RIN (RNA integrity number) values ranging from 2.0 to 8.5 (Table 1, Figure 1). The majority of samples had a RIN ≥5, and samples with RIN values of ≥3.7 were used for microarray analysis (n=7 controls, 6 AA+, and 10 T1D samples). Microarray and QPCR results showed that the expression of housekeeping genes ACTB, GAPDH did not significantly differ between groups and did not strongly correlate with RIN values (Figure 2). As expected, INS (Insulin) expression was found to be significantly reduced in the pancreata of T1D patients compared to controls, and pre-diabetic AA+ individuals (Figure 2).




Figure 2 | Comparison of house-keeping gene and INS expression in control, AA+ and T1D samples. (A–C) Microarray data showing the normalized signal intensity for ACTB (A), GAPDH (B) and INS (C) in individual control, AA+ and T1D samples. No difference in ACTB and GAPDH expression was observed between groups. INS expression was significantly lower in T1D patients. (D–F) QPCR analysis showing similar data for ACTB (D), GAPDH (E), and INS (F) expression. (G–I) Graphs showing the expression of house-keeping genes ACTB, GAPDH, and B2M against RIN values. Statistical analysis was performed using the Moderated T-test (panel A-C) or the two-tailed Mann-Whitney test (Panel D–F).



Microarray analysis was performed on 29,168 entities representing 20,813 genes that were expressed in at least six of the 23 human pancreata. Because of the gender imbalance between groups, we eliminated genes from our analysis that were significantly changed by >5-fold in male vs. female subjects (Supplementary Table 1). The expression of certain genes, however, may still be influenced by age or sex.

We showed that 155 genes (59 upregulated and 96 downregulated) were changed by ≥2-fold in the pancreata of AA+ compared to controls (Figure 3A; Supplementary Table 2), and 645 genes (252 genes upregulated and 395 downregulated) were changed by ≥2-fold in the pancreata of T1D patients compared to controls (Supplementary Table 3). Among the 155 genes changed by ≥2-fold in the pancreata of AA+ individuals (Figure 3A), 48 genes were similarly and significantly changed by ≥2-fold in T1D patients (Figure 3B), 19 were significantly changed by <2-fold in T1D patients (Figure 3C), and 88 were not significantly changed in T1D patients (Figure 3D). Another 28 genes were found to be significantly changed by 1.5 to 2-fold in AA+ vs. controls, but >2-fold in T1D vs. controls (Figure 3E). These data indicate that 107 genes may be transiently changed after seroconversion, but no longer changed after the establishment of hyperglycemia, while 76 genes may be changed after seroconversion and during T1D. Heatmaps of gene expression for the 183 genes (represented in Figures 3A, E) are shown in Figure 3F (upregulated genes) and Figure 3G (downregulated genes).




Figure 3 | Differentially expressed genes in the pancreata of AA+ individuals compared to controls. 155 genes (59 upregulated and 96 downregulated) were significantly changed by at least 2-fold in the pancreata of AA+ individuals vs. controls (A). Among these, 48 were changed by >2-fold (B), 19 were changed by <2-fold (C), and 88 were unchanged (D) in the pancreata of T1D patients vs. controls. An additional 28 genes were significantly changed by 1.5 to 2-fold in AA+ vs. controls and >2-fold in T1D vs. controls (E). Gene expression heatmaps of the upregulated (F) and downregulated (G) genes from panels A and E are shown. These genes were further analyzed for biological function (See Supplementary Table 2 and Table 3).





Pathway Analysis of Differentially Expressed Genes in At-Risk AA+ vs. Controls

IPA pathway analysis was performed on the 183 genes that are differentially expressed in the pancreata of AA+ individuals compared to controls. A significant association of genes with various immune response functions was observed (Table 4A), with the strongest association seen with “function of helper T lymphocytes” (p = 1.93x10-6). Upstream regulator analysis using IPA identified several cytokines including IL-1β that may drive the observed changes in gene expression (Table 4B). The top upstream regulator was found to be CNR1 (canniboid receptor 1, also known as the CB1 receptor; p<2.55 x 10-5), a receptor that has been linked to β-cell dysfunction and islet inflammation (62).


Table 4A | Immune functions associated with differentially expressed genes in AA+ vs. control identified by IPA.




Table 4B | Upstream regulators of differentially expressed genes in AA+ vs. control identified by IPA analysis.





QPCR Validation of Biologically Relevant Genes That Are Changed in AA+ Individuals

Among the 183 genes that are significantly changed in the pancreata of AA+ individuals vs. controls, we identified 9 genes that are located in genetic loci that have previously been associated with T1D, T2D, metabolism or obesity, by GWAS studies. In addition, we identified another seven upregulated genes, and 15 downregulated genes, that have functions biologically relevant for disease pathogenesis (Table 3). The expression of these genes was verified by QPCR analysis. We were able to validate changes in eight out of 29 genes examined (Figure 4, Supplementary Figure 2, and Table 5). A significant upregulation of CADM2, and downregulation of TRPM5, CRH, PDK4, ANGPTL4, CLEC4D, RGS16, and FCGR2B was confirmed in the pancreata of AA+ vs. controls. Fold-change differences were higher when gene expression was measured by QPCR vs. microarray analysis. The QPCR cycle threshold (Ct) values for these genes are shown in Supplementary Table 5. RNA RIN values of the samples did not appear to influence the expression of these 8 genes when measured by microarray or QPCR analysis (Supplementary Figures 3 and 4).




Figure 4 | Changes in the expression of 8 disease-relevant genes were verified by QPCR analysis. A significant upregulation of CADM2 (A), and downregulation of TRPM5 (B), ANGPTL4 (C), PDK4 (D), CRH (E), RGS16 (F), CLEC4D (G), and FCGR2B (H) was verified in the pancreata of AA+ vs. control individuals by QPCR analysis. Statistical analysis was performed using the two-tailed Mann-Whitney test. (See Supplementary Figure 2 for complete set of QPCR data of all genes shown in Table 3).




Table 5 | Microarray and QPCR data for biologically relevant genes that are differentially expressed in the pancreata of AA+ and T1D patients vs. controls.



Our inability to validate additional genes may be due to inherent differences in the quantification methods used. QPCR data is normalized to house-keeping gene expression and may be affected by the choice of house-keeping gene. The Taqman assays used for QPCR may also contain primers and probes that target a different region of the gene compared to the probes on the microarray. Thus, differential expression of gene transcripts or alternative splicing of genes could result in differences between microarray and QPCR data.

Among the genes that we validated by QPCR, the change in FCGR2B expression is particularly interesting. This gene has been shown to play a role in multiple autoimmune diseases and a role in the development of NOD disease (26). FCGR2B encodes the inhibitory CD32B receptor that is mainly expressed in B-cells (20). To examine if the change in FCGR2B expression may simply reflect a change in the abundance of immune cells, we measured CD19, CD20 and CD11C expression, and found no significant difference in expression between controls, AA+ and T1D patients (Figure 5).




Figure 5 | Expression CD19, CD20, and CD11c in the pancreata of AA+ and T1D patients compared to controls. Expression levels were measured by QPCR and statistical analysis was performed using the two-tailed Mann Whitney test.





Comparison of Differentially Expressed Genes in At-Risk AA+ Individuals and Pre-Diabetic NOD Mice

To determine if similar genes are altered in the pancreata of AA+ individuals and pre-diabetic NOD mice, we performed microarray analysis on pancreas samples of 12-week-old NOD mice compared to age-matched congenic non-diabetes-prone NOD.B10 mice. Female NOD mice develop insulitic lesions starting at 4 weeks of age, and the onset of destructive insulitis occurs at 12 weeks age, followed by hyperglycemia at ~16 weeks of age (13). For these experiments, pancreatic tissues of 12-week-old NOD and NOD.B10 mice were immediately isolated and homogenized in Trizol reagent. RNA prepared from these samples showed little RNA degradation, with RIN values exceeding 8 for all samples (Figure S1). 25,283 entities representing 15,119 genes expressed in NOD pancreas samples overlap with genes on the human microarray. Among these, 2,043 entities representing 1880 genes were differentially expressed by at least 2-fold (p<0.01) in the pancreata of NOD vs. NOD.B10 mice. Only 12 genes were found to be similarly changed in the pancreata of NOD mice and human AA+ individuals (Figure 6A). Interestingly 4 of the 12 genes were among those that we successfully validated by QPCR (Figure 4). We showed that Cadm2 was significantly increased while Trpm5, Pdk4 and Angptl4 were significantly reduced in the pancreata of NOD vs. NOD.B10 mice. No changes in housekeeping genes Actb and Gapdh were observed (Figure 6A). Crh was not present in the mouse microarray. The other three genes, Fcgr2b, Clec4d, and Rgs16, that were reduced in the pancreata of AA+ individuals, were not changed in the pancreata of NOD mice (Figure 6B). These genes are abundantly expressed on B-cells, T-cells, DCs, and/or macrophages (20, 63–65). Thus their expression in the pancreas is impacted by the presence of immune cells in the insulitic lesion of NOD mice. Accordingly, we found significantly elevated expression of various leukocyte markers including Cd3e and CD28 (T-cell markers), Cd20 and B220 (B-cell markers), Cd11c (Itgax; dendritic cell marker), and Cd11b (Itgam; macrophage marker) in the pancreata of NOD vs. NOD.B10 mice (Figure 6C).




Figure 6 | Gene expression in the pancreata of pre-diabetic 12-week-old NOD mice compared to AA+ individuals. 12 genes were found to be similarly changed in the pre-diabetic pancreata of 12-week-old NOD vs. NOD.B10 control mice and the pancreata of AA+ individuals vs. controls (A) Surprisingly, 4 of these genes were among the biologically relevant genes that we verified by QPCR (Figure 4). Fcgr2b, Clec4d, and Rgs16 were not found to be reduced in the pancreata of NOD mice (B), likely due to the high level of insulitis. Abundant expression of various immune cell markers was observed in the NOD pancreas (C).





FCGR2B Gene Expression in Whole Blood Samples

Since FCGR2B is highly expressed on B-cells, we asked whether the expression of this gene could serve as a potential biomarker of disease progression in peripheral blood cells. QPCR was performed to measure FCGR2B expression in whole blood samples of AA- first-degree relatives of T1D patients (AA- FDRs; n=15), AA+ FDRs who later progressed to hyperglycemia (AA+ progressors, n=20), and established T1D patients. Remarkably, we showed that FCGR2B expression was significantly lower in the whole blood of AA+ progressors and T1D patients compared to AA- FDRs (Figure 7A). CD19, CD20, and CD11c expression was not changed in AA+ progressors, while CD19 and CD20 expression was significantly elevated in peripheral blood cells of T1D patients vs. AA- FDRs (Figures 7B–D). When FCGR2B is expressed as a ratio of the B-cell markers CD19 or CD20, the differences observed between AA+ progressors and T1D vs. AA- FDRs were more significant (Figures 7E, F). These data suggest that a loss of FCGR2B expression may occur in the peripheral blood, possibly in B-cells, during the development and progression of T1D.




Figure 7 | Loss of FCGR2B gene expression in the peripheral blood of AA+ FDRs and T1D patients. QPCR data showing FCGR2B (A), CD19 (B), CD20 (C), and CD11c (D) expression in the whole blood of AA- FDRs, AA+ progressors, and T1D patients. FCGR2B expression is also shown relative to CD19 (E) and CD20 (F) expression for each individual. Statistical analysis was performed using the two-tailed Mann-Whitney test.






Discussion

A number of gene expression analysis studies have previously been performed to examine disease pathogenesis in T1D. The majority of studies, however, have been carried out using peripheral blood samples of AA+ at-risk and early onset T1D patients, while relatively few have been performed in the pancreata of these individuals, where insulitis, and islet destruction occur (66–72). This is partly due to the lack of pancreas samples available for study, and the difficulty in extracting high-quality RNA from these tissues. High levels of endogenous RNAses, DNases and proteases present in the pancreas result in the rapid autolysis of tissues following tissue damage, and lead to varying levels of RNA degradation (16, 73, 74). This is frequently observed in tissues collected post-mortem, when extensive tissue processing times are unavoidable. Pancreatic tissues collected from live individuals yield high quality RNA, but are difficult to obtain. In the Diabetes Virus Detection (DiViD) study, pancreatic biopsies were collected from live recent onset T1D patients, however, enrollment was halted when serious complications developed in 3 of the 6 individuals enrolled in the study (75, 76).

In this study, we utilized pancreatic tissue samples from JDRF nPOD for gene expression analysis. This repository contains one of the largest collections of tissues recovered from at-risk AA+ and T1D patients. Pancreatic tissues collected by nPOD are routinely minced and treated with RNAlater to increase RNA stability (73). The quality of the RNA extracted from pancreatic samples stored at nPOD has previously been assessed, and found to vary based on several factors including cause of death. Samples from head trauma victims had lower RIN values (18). This was also observed in our set of samples (Table 1). While appreciable levels of RNA degradation occurred in some of the samples, we were still able to identify a number of biologically relevant genes that were differentially expressed in AA+ and T1D patients compared to controls. Others have already shown that degraded RNA can be used successfully for transcriptome analysis and that the biological differences between groups outweigh the effects of RNA degradation on gene expression (19).

This study is the first to show that a distinct subset of genes is differentially expressed in the pancreata of at-risk AA+ individuals compared to T1D patients and to healthy controls. Of the 155 genes changed by >2-fold in the pancreata of AA+ individuals, only one-third remained changed in the pancreata of established T1D patients, reflecting the transient nature of events that are active during the early stages of disease development. After the establishment of hyperglycemia, the number of differentially expressed genes increased by ~4-fold to 645 genes. This includes genes such as INS that are lost as a result of β-cell death (Figure 2).

Changes in the gene expression profile of AA+ individuals reflect the activation of various immune pathways (Table 4A), and are consistent with the increased CD4+ and CD11c+ cell infiltration previously observed in the pancreata of AA+ patients (9). A number of cytokines including IL-1β, IL-10, TNs103B (BAFF), TNF, and IL-6 were identified by IPA analysis to be upstream regulators of various differentially expressed genes (Table 4B). These cytokines have already been shown to play a role in the development of T1D (77–82).

To identify novel mechanisms that may contribute to disease pathogenesis, we focused on biologically relevant genes that were changed in the pancreata of AA+ individuals, and successfully validated the differential expression of 8 genes (CADM2, TRPM5, PDK4, ANGPTL4, CRH, CLEC4D, RGS16, and FCGR2B) by QPCR. We also performed gene expression analysis on 12-week-old NOD mice, during the onset of destructive insulitis, to identify genes or disease mechanisms that may be similarly changed in the pancreata of pre-diabetic NOD mice and “pre-diabetic” AA+ at-risk individuals. NOD disease shares many similarities with human T1D, however, there are striking differences in disease progression, especially in the pancreas where relatively mild insulitis is observed in humans, and large insulitic lesions and highly infiltrated islets are observed in NOD mice (83). As a result, the most differentially expressed genes observed in the pancreata of pre-diabetic NOD mice vs. NOD.B10 control mice are those expressed in the infiltrating leukocytes (See GEO series GSE154739).

We showed that only 12 genes were similarly changed in the pancreata of NOD mice and AA+ individuals (Figure 6A). Surprisingly, four of these genes were among the eight disease-relevant genes that we validated to be changed in the pancreata of AA+ individuals. These four genes, Cadm2, Trpm5, Pdk4, and Angptl, are not highly expressed in leukocytes and thus, their expression is not significantly impacted by the presence infiltrating cells in the NOD pancreas. The other three genes validated to be reduced in the pancreata of AA+ individuals, Clec4d, Rgs16, and Fcgr2b, are abundantly expressed on leukocytes, thus, their expression in the NOD pancreas would be significantly influenced by the high level of insulitis. The Crh gene was not present on the mouse microarray.

Our data suggest that increased expression of CADM2, and reduced expression of TRPM5, PDK4, and/or ANGPTL4 could play a role in the development of both human T1D and NOD disease by altering mechanisms that control insulin sensitivity, insulin secretion, β-cell and pancreas development, and/or islet cell organization. The CADM2 gene encodes cell adhesion molecule 2, a mediator of synaptic signaling. GWAS studies have identified SNPs near CADM2 that are associated with higher expression of CADM2, and the development of obesity (30, 84). In animal models, increased Cadm2 expression is associated with obesity, while knockout or loss of Cadm2 prevents obesity, improves insulin sensitivity and protects mice from developing diabetes (31, 84). Interestingly, Cadm2 expression is reduced in obese and insulin-resistant mice by treatment with leptin (84), an adipose hormone that has been suggested as a potential treatment for T1D (85).

The TRPM5 gene, encodes the transient receptor potential cation channel, subfamily M, member 5, a calcium-activated non-selective channel expressed in β-cells that is an indispensable regulator of insulin secretion (86, 87). In humans, genetic variation within the TRPM5 locus associates with pre-diabetic phenotypes in subjects who are at risk for developing T2D (38). In mice, loss of Trpm5 expression results in compromised glucose-stimulated insulin secretion, and maintained elevated blood glucose levels following a glucose challenge (37). TRPM5 has also been shown to mediate insulin secretion by L-arginine and to potentiate glucose-induced insulin secretion by glucagon-like peptide 1 (88, 89).

The ANGPTL4 gene, encodes angiopoietin-like 4, a protein that is critically involved in maintaining normal glucose and lipid metabolism (49). In the islets, Angptl4 is expressed in glucagon-secreting alpha cells, and enhances glucose-stimulated insulin secretion. Mice deficient in Angptl4 have impaired glucose tolerance, secreting significantly lower levels of insulin in response to glucose-stimulation, and have dysmorphic islets with abnormally distributed alpha cells (50). Interestingly, we had previously observed disorganization of alpha cell distribution within the islets of 12-week-old NOD mice (14). It is possible that this may result from the significant loss of Angptl4 expression in the pancreas.

The PDK4 gene encodes pyruvate dehydrogenase kinase 4. In the pancreas, PDK4 may induce the expression of the pancreas-specific transcription factor 1a (PTF1A) (48). In mice, Ptf1a is involved in pancreatic development and function. Reduced Ptf1a levels leads to pancreatic hypoplasia and glucose intolerance. Ptf1a levels are a determinant of pancreatic size (90). This is interesting, as reduced pancreatic size has been observed in T1D patients, AA+ individuals, and AA- first-degree relatives of T1D patients (7, 8, 91, 92). Ptf1a also activates expression of Pdx1 (Pancreas/duodenum homeobox protein 1) (93, 94), an important transcription factor that regulates β-cell proliferation, differentiation, and function (95). It is possible that reduced levels of PDK4 lead to loss of PTF1A, and subsequently, a loss of PDX1 expression in the pancreata of AA+ individuals and NOD mice.

The CRH gene encodes corticotropin-releasing hormone, an important regulator of the hypothalamic-pituitary-adrenal (HPA) axis. In islets, CRH activates corticotropin-releasing hormone receptors on β-cells to stimulate insulin secretion, and promote islet development and proliferation (46, 47, 96). Reduced levels of CRH have been observed in the plasma of T2D patients (97). Reduced pancreatic expression of CRH may increase the risk for developing T1D in AA+ individuals.

We observed significantly reduced expression of 3 other genes, RGS16, CLEC4D, and FCGR2B, in the pancreata of AA+ individuals, but not in that of NOD mice. These genes are enriched in leukocytes, and loss of their expression may contribute to the development of T1D by promoting inflammation, activating T cells and B-cells, and altering β-cell development. The RGS16 gene encodes regulator of G‐protein signaling 16, and is abundantly expressed in immune cells and pancreatic islets (61, 98–100). Increased RGS16 expression inhibits T cell migration in response to various chemokines, and downregulates pro-inflammatory cytokine production in monocytes (99, 100). In the pancreas, RGS16 is highly enriched in β-cells, where it is involved in the cell development and proliferation (60), and in the regulation of insulin secretion (61).

The CLEC4D gene encodes a C-type lectin mycobacterial receptor that is highly expressed in macrophages and myeloid cells. CLEC4D plays a crucial role in anti-mycobacterial host defense. In mice, loss of Clec4d expression results in elevated inflammation, increased mycobacterial levels, and increased mortality (58). In humans, a polymorphism in the CLEC4D gene that results in reduced expression, is associated with increased susceptibility to pulmonary tuberculosis (58). T1D patients have a reduced capacity to produce pro-inflammatory cytokines in response to Mycobacterium tuberculosis (101), and have a higher risk of developing tuberculosis (102). This may involve a loss of CLEC4D expression.

The FCGR2B gene encodes CD32B, an inhibitory low affinity receptor for the Fc region of IgG complexes that is highly expressed on B-cells. This receptor contains an immunoreceptor tyrosine-based inhibitory motif that negatively regulates the BCR complex and its signaling threshold (20). Activation of CD32B in B-cells ultimately leads to diminished BCR-dependent cell activation and antibody production, and loss of CD32B expression can lead to hyper-responsiveness, proliferation and maturation of B-cells. Diminished CD32B expression has already been observed in a number of autoimmune diseases. The autoimmune susceptibility of various strains of mice including NOD mice has also been attributed to polymorphisms in the FCGR2B gene that result in reduced CD32B expression in germinal center B-cells (26, 27). Loss of FCGR2B gene expression, and reduced surface expression of CD32B have been observed in activated B-cells of NOD mice, and human systemic lupus erythematosus patients (24–27), while a lower frequency of CD32B+ B-cells, and lower mean fluorescent intensity of CD32B expression have been observed in B-cells of rheumatoid arthritis patients compared to controls (23). Reduced FCGR2B gene expression has also been observed in the PBMCs of patients with active Graves’ disease (92).

Here, we showed that FCGR2B gene expression was significantly reduced in the pancreas and peripheral blood of AA+ progressors and T1D patients compared to controls. CD19, CD20, and CD11c expression was not significantly changed in AA+ progressors. However, when FCGR2B is expressed relative to CD19 or CD20 expression, differences between the AA+ progressors vs. AA-FDRs were more significant. This was also observed in T1D patients, suggesting that FCGR2B expression may be diminished in B-cells of “pre-diabetic” AA+ individuals and T1D patients. There is abundant evidence suggesting a role for B-cells in T1D (103–106). A loss of CD32B expression may lead to deficient negative feedback regulation of the BCR resulting in intrinsic hyper-responsiveness, proliferation and maturation of B-cells, and contribute to the onset of T1D. Since significantly reduced expression of FCGR2B may be seen in AA+ individuals years before the onset of T1D (Table 2), this gene could potentially serve as an early biomarker of disease progression, and be used to predict disease onset. Flow cytometry experiments are currently in progress at our lab to study the expression of CD32B in longitudinal blood samples collected from AA+ individuals and healthy controls.

Together, our data show that different pathological events driven by changes in CADM2, TRPM5, PDK4, ANGPTL4, CRH, CLEC4D, RGS16, and FCGR2B gene expression may contribute to the development of T1D. These genes are involved in various functions including pancreatic development, β-cell proliferation, insulin sensitivity and secretion, inflammation, and/or immune cell function. Changes in the expression of these genes were mainly observed in the pancreata of AA+ individuals, during the active development of disease, and overlapped well with changes observed in the pancreata of pre-diabetic NOD mice. These findings emphasize the importance of utilizing tissues collected from pre-diabetic individuals, rather than established T1D patients, in understanding the pathogenesis of disease and in identifying early biomarkers of disease progression. Biorepositories such as nPOD and TrialNet play a crucial role in providing access to these rare and important samples.
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HLA informaton not avalable for 6179, 6227, 6229, 6234 and 6253
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HLA information not avaliable for 6241, 6245, 6258, 6263, and 6266.





OEBPS/Images/fendo-11-609271-g001.jpg
i Mﬂm A






OEBPS/Images/fendo-11-609271-g004.jpg
>

bt gk

rltiv t0 ACTE)

e
o

beoms peoos 25001

200001

15000

2§ :
=

so00

&

et -
TRrS xprssion
i oE78)
¥

L so0000!

PR HEE I
3 8
e .
2 P
L Peoos

RGS16 exprossion
iiate 0 ACTE)

s
o g

R - I H
H H 3

CLECAD axprossion
iatve 10 ACTE)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Gene Expression Analysis of the Pre-Diabetic Pancreas to Identify Pathogenic Mechanisms and Biomarkers of Type 1 Diabetes

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Human Samples

          

            		

              Pancreas

            



            		

              Whole Blood Samples

            



          



          



          		

            Animals

          



          		

            RNA Extraction From Pancreas Tissue

          



          		

            Microarray Analysis

          

            		

              Human Samples

            



            		

              Mouse Samples

            



          



          



          		

            Validation by QPCR

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Gene Expression Analysis in Human Pancreata Samples

          



          		

            Pathway Analysis of Differentially Expressed Genes in At-Risk AA+ vs. Controls

          



          		

            QPCR Validation of Biologically Relevant Genes That Are Changed in AA+ Individuals

          



          		

            Comparison of Differentially Expressed Genes in At-Risk AA+ Individuals and Pre-Diabetic NOD Mice

          



          		

            FCGR2B Gene Expression in Whole Blood Samples

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2a.jpg
AA- First Degree Relatives.

o

'

HLA (DRB1:00A1:0081)"

HLAa: 140101010508
HUAD: 1102:0501:0801

HUAa: 150101020602
HUAD: 1301:0105:0603.
HLAa: 070102010202
HLAD: 0401:0001:0302 (OR)
HUAa: 1201106010801
HUAD: 1302:0501:0801

HUAa: 010101010501
HUAD: 0102010110501

HUAa: 0401:0301:0302 (ORE)
HLAD: 0701:0201:0202
Nodata.

HLAa: 070102010202
HLAD: 0401:0301:0301 (OR4)
HLAa: 070102010202
HUAD: 0701:0201:0202
HUAa: 0401:0001:0302 (ORA)
HUAD: 0301:0501:0201(0R3)
HUAa: 0408,0601:0001
HUAD: 0301:0501:0201 (ORG)
Nodsta.

HLAa: 130201020604
HLAB: 0101:0101:0502
HUAa: 110405010801
HUAD: 0301:0501:0201 (ORG)
HUAa: 0401:0001:0301 (R4
HUAD: 0401:0801:0302 (OR4)

Sorum AA"
Nogatio.
Negathe.
Nogatho.
Negathe.
Negatve.
Negatve.

Negatve.
Negathe.

Nogatho.
Negathe.
Negathe.

Negathe.
Negatve.

Negathe.
Negathe.

Average = SE:

AA First Degroe Relatives that later progressed to TID

D
'

3

HLA2: 010101010501
HUAD: 0401:0801:0802 (0R9)
HUAa: 030108010201 (ORS)
HLAD: 0404:0301:0302 (0R4)
HUAa: 030105010201 (ORS)
HLAb: 0G01:0501:0201 (ORG)
HUAa: 0401:0601:0302 (ORM)
HLAD: 0401:0301:0302 (OR)
HLAa: 0401:0G01:0302 (ORA)
HLAD: 0404:0301:0302 (ORY)
HLAa: 0404:0301:0302 (ORA)
HUAD: 0801:0401:0402
HUAa: 0G01:0501:0201 (ORS)
HUAD: 1501:0102:0602
HUAa: 0301:0501:0201 (ORS)
HUAD: 0G01:0501:0201 (ORG)
HLAa: 090103010603
HLAD: 0601:0501:0201 (ORG)
Nodsta.

HUAG: 0401:0001:0302 (ORE)
HUAD: 0801:0401:0402
Noaata

HUAa: 0401:0001:0302 (OR)
HUAD: 0G01:0501:0201(0R)
HUAa: 030108010201 (ORS)
HUAD: 0404:0001:0602 (OR)
HLAa: 0301:0501:0201 (OR3)
irprebsndimadep i,

Sorum Ax®
ioAs12e

GADSS+

GADss+

icas

GADsS+

GADSS+ GADBSH:

ioAs12e

GADBS+ I0As

GADSS+ GADBSH:

GADsS+
GADGS+ 1CAS

GADGS+
GADGS+ ICA+

GADGS+ ICAs

GADsS+

13

15
18
2

18

191231

Age
55

w86
e
24
w08
100
135
ar
%00

49
83

26
1

65

55

=

=z =

sox

zm oz

=

Yoars

Yoars

to Onset

10 Onset
30

39

21

8

a7

33

26

"

20
38

34
24

55

a1

ANARIN

81

85

82

78

s

56
71

81

7

62

77

74

77202

RNARIN
71

85

95

02

88

04

61

70

72

10
98

o7
o

87

a7





OEBPS/Images/table4a.jpg
Diseases or Functions Annotation p-Value® Genes

tncton of elper T ymphocyes. 1.99E:08 CATAM, DUSP1, ICOSLG, L35, LR, NPYIR, RGS16

proseaton of B-1 hmphocytes 171604 FOGRE, L35, LR

tnction of Th cals 269604 CATAM, DUSPI, NPYIR, RGS16

tnction of Th2 cals 369604 ICOSLG, 135, L4, RGST6

quaniiy of 1962 90304 CD180, FOGR2B, ICOSLG, L4, NPYIR

dograrusation of kkocyes. 907604 FOGR2B, PLDI, PSFH, PTPN20B

acoumuation of Th2 cels 1068 L33, AGSTE

tnction of Thymphocytes 141E:03 CATAM, DUSP1, ERAPY, COSLG, L35, IL4R, NPY1R, AGST6.

quanity of 9G25 1.75€:03 CDI0, FOGR2B, ICOSLG, NPYIR

ocicion oflukocytes 24403 CRH, 1L53, IL4R, MBP.

degranusaion of mast els 314603 CAH, DUSPY, FOGR2B, IL4R, PLDT

auasity oftoreukin 397603 CLECHD, CAH, DUSPY, IL4R, NPYIR

stmuatin of mast cols 412603 CRH 133

2 e response 424603 ICOSLG, 135, LR

tnction of mmuna system 46803 CLECAD, FOGR2B, ICOSLG, ILiR, NPYIR.

acivation of basophis. 607E03 FOGR2B L33

fnction of lood cels 667603 CRH, CATAM, DUSP1, ERAP1, FOGR2B, ICOSLG, IL33, IL4R, NPY1R, PLDI, RGS16, TRPMS.

nciuction o helper T cels 88003 135 MBP

acoumuiaion of T hmphocytes 8203 DUSP, ICOSLG, L35, RGSTE

ndicion of mphacytes 728503 CAH, IL33, MBP.

actvation of 500d cols 805603 CIQINFY, CDI80, CEACAMS, CAH, CATAM, DUSP1, ERAP1, FOGR2B, GILY, ICOSLG, IL33, IL4R,
WBP, NPYIR

aftaton of cels 845603 CRH, DUSPY, EGUNS, FOGRZB, L35, IL4R, IRX2, MEP, S1008

simuiation of phagocytes 878E03 CRH, L33, LR

fnction ofeukocytes 88303 CRH, CATAM, DUSP1, ERAP1, FOGR2B, ICOSLG, IL33 IL4R, NPY1R, RGS16, TRPMS

quaniityof 196 917603 CD80, CLECAD, FOGR2B, IOSLG, IL4R, NPYIR.

quaniity of ymph node cels 101602 100SLG, 133

actvation ofekocyies 1.08E:02  CD180, CEACAMS, CAH, CRTAM, DUSPY, ERAP1, FOGR2B, GNLY, ICOSLG, L33, IL4R, MBP, NPY1R.

steuaton oflukccytes 1.08E:02 CAH, ICOSLG, 1L33, L4, MBP.

auanity of mmuncglobuin 1.09€:02  CDI0, CLECAD, FOGR2B, ICOSLG, IL33, L4, NPYIR.

quantity of dendic cels 125€.02 CLECID, FOGR2B, GNLY, TRPMS

mypersensive reacion 1.266.02 CLECAD, DUSPY, FOGRZB, ICOSLG, L3, L4R, MBP, NPYIR, POK#

sémuiation of hrphacytes 1356.02 CAH, ICOSLG, 1L33, MBP.

quanity of ranstional B cals 161E02 CDIB0, NPYIR

quaniityof ymph foice 1.65€:02 CDIS0, FOGR2B, ICOSLG, NPYIR

afarmation of parcreas 172602 FOGR2, L33

maturaton of bone mastow e denciic oos 1.726:02 FOGR2B, NPYIR

nfiaton of ukocyes L77E.02 CAH, DUSP1, EGLNG, FOGR2S, L33, IL4R, IFX2, S1008

delayed hypersersive reacton 177E.02 CLECID, FOGRZB, LR, NPYIR.

quaniity of cytokine. 1.796.02 CLECID, CAH, DUSP1, L4, NPYIR, ST

dordopment of T2 cots 1BEQR 10OSL, LIR

prosteaton of mast cels 189802 FOGR2, L33

quantty of IGA 1.896:02 FOGA2S, ICOSLG, NPYIR

actation of ymphooytes 1.98E:02 CDI80, CEACAME, CATAM, DUSP1, FCGR2B, ICOSLG, L35, MBP, NPY1R

PN ol AREAr'S e Iea 5 s IR iocisl At TSl S0 At DOOSs S LB CRc DOS SoL it A L E ity NG 15 R EacRIs.





OEBPS/Images/fendo-11-609271-g007.jpg
s
tgeRegse
.






OEBPS/Images/table3.jpg
Genes associated with T1D, T20, metabolism, or obesity

Significance

‘SNP associated withriskof 0Desiy,reguites nsuin sensiiviy

Gens located i a T1D-associted ko,
‘Gene ocated i a T1D-associaled i,
‘SNP located near ETVS gon inked 1 cbesy.

Varans assocated wih astng promnsuln & nsuinogenic indox

Gene in an obesity-associated ki,
‘Geno assocated with T20.
TRPS vasants assocated wih pre-dabetic phanolypes.

Roguates insul secreton and 0ss of expression ads 102 pr-

et phenotype.
‘G variant hat confrs suscoptbity for T20.

Expressed i human i and i converted to ha proteoltc enzyme

pepsinin ow pH,

oo in insuin hormeostasis and T ool prosfeation, and sarves a5

recoptor for host-speciic viuses and bactera.

Overexpression recuces ghucoss-stimuated insuin secreton by

‘modating cacium .

An infammatory ot tat serves a5 a gand or the racopor of
advanoad gycation end products that aro volvd n the development of

pathogenic T cels and apoptoss of beta oss.
‘Gan mediate csluar responses to 10 and TNFa.

May promote the development of infamimatory autommuna T cels

‘oxperemortal models of T1D,
‘Controls dferentaton of THIT cals.

‘xpressod i beta cets. Plays a 06 i insuln secreton and beta cal

prosfecaton.

Akey mochiatorof gcose homeostasis. Regutes expression of the

transcription facto Pifta

Invobect n guoose homeostass, i metabalism, and nsin sensivy.

Reguites set morphoiogy.

Exprossed on B cols and invoed in sgaa ranscuction after MHCI

stimuaton.

Asubstate for BACE2, an inhbior of beta cal proffeation.
Provides co-stimuaton rough ICOS, i may be ivohed i he

oxpanson of actvated Tregs

Phosphatesc acd fonmation on the graunde membrans by PLDI is

essental for gucosestimuated insuin secreton
‘TRPIS varian assocated wih pre-Giabetic phanofypes.

Roguiates nsuln secreton and 055 of xpression eads 102 pro-diabetc

phenctype.

A antimcrobial pepiide. Recuced GNLY exprossion has boen observed

1o PBNICs of T1D patints

e n esablshing late phase T cel polaty, and alows ncreased

production of IFNyand 1L22.

An important moduatorof Tol-k recostor 4 sigraing tht is oo

actiating innato and adspive immune esponses.

Impaod FGRRB functon eads to abberant B cel actvaton and the
‘Gevolopmen of autommunty. Reduood Fogr2b inked 1o autoimmune

Suscoptibity i NOD mice.

Plays a nonedncant (0 n protectng again ant-mycobacteridl and

fugalnfocton.

1L4 can prevent automimune dabeles i rodent modes of TID.

Gene Doscription
CADMZ  cot achesion molecuio 2
BCL2L1S  BCL2He 15
ERAP1  endoplasiic retuen aminopepicase 1
ETVS o varionts
KANKS KN o and ankyrin repeat domains 1
SIM{  singeminded famdy bHLH tcanscription factor 1
PLXNAG  ploxn At
TRPMS  ransint ecspior potential caion channel, subfamy
M, mambor 5
ABCBY  ATP binding cassetl, sub-amiy 8, member 9
Biologically relovant to pathogenesis of T1D - Genes upregulated in AR+
PGC  Progasticsn (popsinogen O)
CEACAMS carcinoembiyorsc antgen roated col achesion
oo
CALB1  cabinn 1,280
$100B 100 cacum binding proten B
SMPD3  sphingomysin phosphodiesterase 3 neutal membrane
L3 edakn 33
ETVs  eiswaints
Biologically relevant to pathogenesis of T1D—Genes downregulate in AA+.
CRH  corotropi resasing hormons
POKS  pyuvato detycrogonase
Kiase, sozyme 4
ANGPTLS  angopoictniko 4
SCIMP  SLP adaptor and CSKintractiog mormbrane proten
SEZ6L  sazure relted 6 homoog e
ICOSLG  inducte T-cal
co-stmuator igand
PLDT  phospholpase DI, phosphaicyichoina-specic
TRPMS  transint ecopior potential caion chamnel, subfamy
M, mambor 5
GNLY  ganuysn
CRTAM  Gytotoic.and reguatory T cel moecule
CD180  CDIED moleculo
®P105)
FOGR2B F frogmen of 166,
low afniy I, receptor
CLEC4D  Ctyps lectin doman amdy 4, mermbe D
IR it 4 reosplor
RGS16  rogustorof G-proton sgraing 16

Ky factor in G-protein mediatd acivaton of ymphocyes. Plays a role
i beta-cat development, prolfecaton, nd nsufn secreton,

The Biontna redeences are Mclic 1 Table & 108, S7-07, 3940, 48 S0-59 671

Roference.

Spelotes et al. (205
Doraoo, 2012
Rattien et a, (31):
Yen, 2018
TiDbase.org

Fung etal. (32)
Thodeisson et a. (3
Hagheetal. (39
Meyro ot al. (35
Saxena tal (35)
Bl et (37
Keters 3. (39)

Harder et al. (39)
Hassan ot al. (40)
Kuespert, 2006
Lesetal (31

Crenetal (12)

Rutito oal. (49)
Miovanovec o al. (44

Prametal (15)

Kamno et . (46):
Husng etal (47)
Dataki ot al. (45
Zrang, 2014
Xuetal (495
Kem et (50)
Oraberetal. (51)

Sutzerotal. (2)
Martin.Orozco ot .
)

Mastal (54)

Bl et e, (37);
Keterer et l. (39)

Jneta (59
Yeneta 56)
Ohanovic etal (57)
Jang etal. 0%
Xuetal (27);
Anariaetal. (20)
Wison ot a. (56)
Koetal. (9)

Vaasenor ot . (50);
Voot etal 51)





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/fendo-11-609271-g002.jpg
5
g & w
° ooy
N ?S:!mu.z!&
eHH e foau
[ R g
. ..T" tonvod
§ & &g -
sy v
< fon
. vw.. v
. 1&. touod
7 3
mso v o) P
ov i






OEBPS/Images/table1a.jpg
88F BEEY

2838

-

o

an

s

=

i

wonemane

DA WA TR A

[P
oo
(RO~

H

jon.

EEEEEEEEED OCEREEC fEEEeEY

o
2

b

o
£
o
2
o
%
o
5
oz

oz

Tamnzz

az ooz o

a1
24
27
0
ua

w09
e
%0
o
2

%

20

sty

‘Gouse of Doath'"

> 9 53§35 §>>3 33>333 3333333

Copoptde (og/m)  Pancreas Weight g

oz
sz
2m
oz
i
4

o
bl
o

<o

o

o

<o

<o

3

o
@7
74

P

s

@0
e
Hos
iy
a3

@

Y

P

s

w2

5150

ANARIN

a0
58
sz
a7
B

7
8

s0

o

0

2

s

A0 Gt s oo 2, e e 1. A, s A B, TR s 845 Y00 1 b A e 0 . o 34015
o et ey e,

o 10 s o w110 ks
e N A e





OEBPS/Images/table2b.jpg
W ARG e b M
HLAb: 0401:0301:0002 (OR4)

17 HA2OM00T0020RY  GADSS: as £ 30 69
HUAB: 1101:0501:0301
18 HUA® 0010010201 ORY  GADSS 89 £ 29 01
HUA: 0401:0501:0302 (OR4)
19 HUaOMOL0GOTO02ORY  GADSSHICAY 64 F 35 84
HLAD: 0301,0501,0201 (OR)
20 HUAOWOTOSTO01(ORY  GADGSHICAv 27 M 33 75
HLAb: 0101:0101:0501
Average = SE: 217236 32:02 84202
TID subjoct
3 Sorum A" Age Sex  YearsafterOnset  RNARNN
1 HUAG: 1301:0103:0608 GADBS+ 10512+ mAAY ICA+ 22 ™ 23 74
HLAb: 0901:0301:0003
2 HLAG: 0201.0301:0302 (OR4) GADGS+ ICAS 12+ AR+ 28 £ 23 84
HLAb: 0103:0101:0801
s HA: 0901:0301:0608 GADBS: mAMAL 28 £ 25 7
HUAb: 1201:0501:0501
] LA 0404:0301:0602 (ORV) 1CAS12+ miAA ICAs 131 F 23 85
LA 0404050110302 (OR4)
5 HLa: 040400010302 (OR4) GADBS + 10AS12+ miA+ w08 ™ 22 86
HLAb: 0406:0301:0201 (OR)
3 HUAG: 0401:0301:0002 (OR) GADBS+ miAs 82 £ 23 82
HLAb: 0101:0101:0801
4 HCA: 0401:0301:0002 (OR) GADGS+ ICAS 12+ AR+ 185 M 22 7
HLAb: 0301050110201 (ORS)
5 HUAa: 0301:0501:0201 (ORS) GADBS+ MR 147 3 22 7
HUAD: 1601:01020502
o LA 0401:0301:0802 (ORV) 10AS12+ miAA ICAs 167 F 22 73
HLAb: 0301050110201 (ORS)
10 HLAx 040700070002 DY) GADGS+ (CAS 12+ AR+ 162 ™ 23 83
HLAb: 0301:0501:0201 (ORS)
Averago = SE: 207225 28202 82202

"HLAaand HLAD, HLA Hapolyoo aand HLA Haploype B shown as DRBI-DOAT:DBI. 'GADSS - GADGS standerd T ocal assiy:Posto 0,062 I0AS12 - ICAS 12142 sanded T
oca ascay; Positvo >0.049, GADBSH - GADGS harmonzod assay: Posie >20, h:2H - IASTZAAD harmonized assay: Posi >5, MAA - A Posiie 01, ICA » st Ca
Atttk Foske: 3T Sty Aserastion iubamibn s Aubisd b Tibikdie





OEBPS/Images/fendo-11-609271-g005.jpg
o

<

HY

+

- e
(asoy o o)

(a10v 0 wnere)
Ay





OEBPS/Images/table4b.jpg
Upstream Regulator

1B
10

TNFSF138 (BAFF)
™

L6

pValue

342600
27402
410802
215601
466601

Targets

ANGPTL4, CALB1, CARH, DDITA, DUSP1, EGLNS, FOGR2B, ICOSLG, IL35, PLD, RGS16, RPSA, S1008
'DUSP1, FOGR2B, L35, LR, RGS16, S1008

FCGR2B, I00SLG.

ANGPTL4, CAH, DKKI, DUSP1, FOGR2B, ICOSLG, IL33, L4R, MBP, MSC, AGS16, RPSA, UTP11L
CRH, DUSPY, GOG, ICOSLG, IL4R






OEBPS/Images/table5.jpg
GWAS genes changed in AA+ vs. controls

Geno Microarray. apcR
Fold change Fold change Fold change Fold chango
s vs. Controls TID vs. Contrals AAs vs. Control TID vs. Controls
cADM2 ar 25 ar 23
soL2L1s 27 14 3 13
ERAP1 2r 1 13 12
ervs 5 20 14 50
KANK 25 14 5 10
sm1 28 22 sz 18
PLXNAS 22 12 12 1
TRPMS 22 8 60" 0
ABCES 22 21 13 4
Biologically relevant genes: upregulated in AA+ vs. controls
Gene Microarray. apcR
Fold change Fold change Fold chango Fold change
s vs. Controls TID vs. Controls Afs vs. Controls TID vs. Controls
PoC a5 18 158 35
CEACAMS 20 19 26 39
caL1 26 7 32 a4
s1008 25 27 14 21
smPD3. 2 7 12 4
eTvs T 200 14 50
L3 - 29" 16 31
Biologically rlevant gonos: downregulated in A&+ vs. controls
Gene Microarray. apcr
Fold change Fold change Fold chango Fold change
s vs. Controls TID vs. Contrals Afs vs. Controls TID vs. Controls
cAH 4z 22 a3 17
POKa a0 16 64" 12
ANGPTLS 36 26 ar 27
scimp 36 20 25 13
sez6L 30 19 50 26
icoste. 26 16 14 13
PLD1 25 14 a7 B
TRPMS 22 18 60" 10
GNLY 22 18 1 105
cRTAM 22 4 a7 11
co180 22 i 21 13
FCOR2B. 21 12 40" a5
cLECD 21 13 34 10
n 20 190 a7 14
RGS16 a7 24 a5 s

P 08 B A 3 ookl e T10 ve: contet st Ainibods r aietetoat orbaie:





