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Abstract: MicroRNAs (miRNAs) are small non-coding RNAs that play a crucial role in 

modulating gene expression and are enriched in cell-derived extracellular vesicles (EVs). We 

investigated whether miRNAs from human islets and islet-derived EVs could provide insight into 

β cell stress pathways activated during type 1 diabetes (T1D) evolution, therefore serving as 

potential disease biomarkers. We treated human islets from 10 cadaveric donors with IL-1β and 

IFN-γ to model T1D ex vivo. MicroRNAs were isolated from islets and islet-derived EVs, and 

small RNA sequencing was performed. We found 20 and 14 differentially expressed (DE) 

miRNAs in cytokine- versus control-treated islets and EVs, respectively. Interestingly, the 

miRNAs found in EVs were mostly different from those found in islets. Only two miRNAs, miR-

155-5p and miR-146a-5p, were upregulated in both islets and EVs, suggesting selective sorting of 

miRNAs into EVs. We used machine learning algorithms to rank DE EV-associated miRNAs, and 

developed custom label-free Localized Surface Plasmon Resonance-based biosensors to measure 

top ranked EVs in human plasma. Results from this analysis revealed that miR-155, miR-146, 

miR-30c, and miR-802 were upregulated and miR-124-3p was downregulated in plasma-derived 

EVs from children with recent-onset T1D. In addition, miR-146 and miR-30c were upregulated in 

plasma-derived EVs of autoantibody positive (AAb+) children compared to matched non-diabetic 

controls, while miR-124 was downregulated in both T1D and AAb+ groups. Furthermore, single-

molecule fluorescence in situ hybridization confirmed increased expression of the most highly 

upregulated islet miRNA, miR-155, in pancreatic sections from organ donors with AAb+ and T1D.  
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INTRODUCTION  

Type 1 diabetes (T1D) results from immune-mediated destruction of pancreatic β cells [1]. 

Data from natural history studies enrolling newborns with high genetic risk indicate that nearly 

70% of individuals with two or more T1D-associated autoantibodies will develop clinical disease 

within 10 years of follow-up [2]. These epidemiological data formed the basis for the delineation 

of a new staging paradigm in 2015, where Stage 1 T1D is defined as the presence of two or more 

islet autoantibodies and normal glucose tolerance, Stage 2 disease is defined as the presence of 

multiple islet autoantibodies and dysglycemia, and Stage 3 T1D is marked by the development of 

hyperglycemia that exceeds the American Diabetes Association thresholds for clinical diagnosis 

[3–7]. Immunomodulatory interventions initiated at the onset of Stage 3 T1D have shown limited 

efficacy in inducing a durable disease remission [4–8]. However, teplizumab, an Fc receptor–

nonbinding anti-CD3 monoclonal antibody, delayed the onset of Stage 3 T1D by approximately 

32 months in high-risk individuals in Stage 2 T1D [9,10]. Teplizumab was approved by the United 

States Food and Drug Administration (FDA) in November 2022 as the first disease-modifying 

therapy for T1D.  

While the teplizumab trial and approval provides the first evidence that immune 

interventions are able to substantially alter the course of T1D, variable responses to disease-

modifying therapies has been observed in all clinical trials performed to date [11]. In addition, not 

all individuals with autoantibodies will progress to clinical disease, and not all autoantibodies are 

associated with the same risk of disease progression [12]. Thus, the timeframe of T1D 

development in at-risk individuals is highly variable, which leads to challenges in timing 

therapeutic interventions. Biomarkers capable of stratifying heterogeneous at-risk populations, 

especially markers that provide insight into the health status of the β cell, have the potential to 

identify individuals most likely to benefit from early immunomodulatory intervention. In addition, 
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biomarkers may also point to molecular pathways associated with disease pathogenesis and 

therefore help inform new approaches for disease interdiction. 

MicroRNAs (miRNAs) are a class of endogenously produced and highly-conserved small 

non-coding RNAs that are ~22 nucleotides in length. The most well-known mechanism of action 

of miRNAs is inhibition of gene expression through complementary binding to the 3’ untranslated 

region of mRNAs to either repress mRNA translation or cause mRNA degradation. A broad range 

of biological processes within the β cell are regulated by miRNAs, including insulin secretion, 

endoplasmic reticulum (ER) stress, and apoptosis [13–16]. Notably, miRNAs can be detected in a 

variety of body fluids, including serum, plasma, urine, saliva, and breastmilk [17–22]. Recent 

evidence suggests that miRNAs are enriched in extracellular vesicles (EVs), a class of membrane-

bound vesicles that serve as important mediators of intracellular communication [20–22].  

In the current study, we hypothesized that miRNA signatures of islet and islet-derived EVs 

could be leveraged as biomarkers to detect ongoing β cell stress during the evolution of T1D, while 

also offering insight into β cell pathways linked with disease development. To test this hypothesis, 

we first utilized an ex vivo human islet-based model of inflammatory T1D stress to perform 

unbiased miRNA discovery experiments. Next, we used custom-made, label-free LSPR-based 

biosensors to validate differentially expressed (DE) miRNA signatures in plasma EVs isolated 

from children with autoantibody positivity (AAb+) or T1D or healthy controls. Finally, we verified 

upregulation of miR-155 in the pancreas of organ donors with AAb+ and T1D using single 

molecule RNA fluorescence in situ hybridization (FISH).  
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RESULTS   

Isolation and characterization of human islet-derived extracellular vesicles  

Fig. 1 illustrates our experimental workflow. In brief, (A) human islets were treated with 

or without IL-1β + IFN-γ as an ex vivo model of T1D, followed by small RNA sequencing of 

human islet and islet-derived EVs; (B) DE miRNAs were validated in separate cytokine-treated 

islet batches using targeted expression analysis; (C) prioritized EV-miRNAs were measured in 

plasma-derived EVs from individuals with AAb+ and recent onset T1D and matched healthy 

controls;  (D) miR-155 expression patterns were analyzed in pancreatic samples from human organ 

donors with AAb+ and T1D and non-diabetic controls.  

In human islet cultures treated with or without IL-1β + IFN-γ, EVs were isolated using a 

proprietary ultracentrifugation-free method, and EVs were assessed using transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), qRT-PCR, Nanoparticle Tracking 

Analysis (NTA), immunoblot, and single particle interferometric reflected imaging. Human islets 

treated with or without cytokines showed similar ultra-structural morphology of intracellular 

multivesicular bodies (MVBs) as determined by TEM analysis (Fig. 2A), and SEM analysis 

confirmed the presence of EV particles in the plasma membrane (Fig. 2B). SEM and TEM analysis 

of EVs isolated from control and cytokine-treated human islet conditioned media confirmed the 

presence of EVs, and similar ultrastructural features of EVs were noted under both conditions (Fig 

2C). 

Cytokine treatment increased expression of several transcripts involved in EV biogenesis, 

including TP53, RAB27A, and RAB27B (Fig. 2D). However, NTA showed that EVs exhibited a 

uniform size range of 50-200 nm with no significant difference in particle concentration or size 

distribution between EVs secreted from control or cytokine-treated human islets (Fig. 2E-G). 
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Immunoblot analysis of isolated EVs confirmed the presence of the tetraspanin EV markers CD63 

and CD9 (Fig. 2H). To further characterize tetraspanin distribution patterns, EVs were isolated by 

dual size exclusion chromatography and characterized using single particle interferometric 

reflected imaging (Fig. 2I). Results from this analysis showed that a higher proportion of islet-

derived EVs were positive for CD63 compared to CD9 and CD81 (Fig. 2J). Co-localization 

analysis of tetraspanin markers CD63, CD9, and CD81 using a chip-based EV analysis (Exoview) 

showed no difference between EVs isolated from control and cytokine-treated islet supernatant 

(Fig. 2K), indicating that the composition of EV markers did not change dramatically between 

control and cytokine conditions.  

 

Inflammatory cytokine treatment leads to differential expression of miRNAs in human islets 

and islet-derived EVs 

Next, RNA was isolated from control and cytokine-treated islets and islet-derived EVs and 

subjected to unbiased small RNA sequencing. A total of 83,141,746 and 87,979,932 reads were 

detected in samples obtained from control and cytokine-treated islets, respectively. Of these, ~65% 

of the reads in control and 67.5% of the reads in cytokine-treated islets aligned to the reference 

genome. Approximately one-third of the aligned reads (~32%) mapped to mature miRNAs in both 

control and cytokine-treated samples (Table S2A). Similarly, from a total of 41,201,153 and 

48,903,611 reads in samples obtained from EVs from control and cytokine-treated islets, 

respectively, ~58% and 53% of the total reads aligned to the reference genome. Approximately 

28% of the aligned reads mapped to mature miRNAs in both experimental groups (6,588,292 reads 

in controls and 8,416,500 reads in cases, Table S2B).  
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Because samples were sequenced in two batches, principal component analysis (PCA) was 

performed to detect the presence of batch effects. PCA clustering using variance stabilized counts 

separated the samples into two batches, indicating the presence of batch effects in the dataset (Fig. 

S1A and S1C). A PCA plot clustering incorporating batch effect corrected variance stabilized 

normalized counts confirmed the removal of batch effects from the data of both islets (Fig. S1B) 

and EVs (Fig. S1D), as these samples clustered together without any separation based on batches.  

Our methodology was robust as 1,110 and 890 miRNAs were retained in the datasets for 

control and cytokine-treated islets, respectively, after filtering for read counts. Yet, the evaluation 

was highly selective as a small, discrete subset of miRNAs were differentially expressed (DE) 

upon cytokine exposure. The volcano plot in Fig. 3A represents islet miRNAs that were 

significantly downregulated (blue dots) or upregulated (red dots) in cytokine-treated islets 

compared to control islets. Twenty DE miRNAs were identified in islets, of which 15 were up-

regulated and 5 were down-regulated by cytokine treatment (Fig. 3B, Table S3-left panel). 

Similarly, the volcano plot in Fig. 4A depicts DE miRNAs identified from islet-derived EVs. 

Notably, we detected 14 DE miRNAs from EVs, 11 of which were up-regulated and 3 of which 

were down-regulated by cytokine treatment (Fig. 4B, Table S2-right panel).  

 

Validation of DE miRNAs from human islets and islet-derived EVs  

Next, we validated the differential expression of miRNAs identified in our sequencing data 

using human islets from a separate set of cadaveric donors treated with or without IL-1β + IFN-γ. 

For this analysis, RNA was isolated and miRNA expression levels were measured by qRT-PCR. 

Of the 20 DE miRNAs in islets (Fig. 3B) and the 14 DE miRNAs in EVs (Fig. 4B), targeted 

analysis validated changes in 18 islet miRNAs (Fig. 3C, 13 up-regulated and 5 down-regulated) 
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and 11 EV miRNAs (Fig. 4C, 9 up-regulated and 2 down-regulated). Therefore, ~80% of the 

miRNAs identified in our small RNA sequencing showed similar expression patterns in qRT-PCR 

performed in a separate cohort of samples. However, only the changes in a subset of 7 up-regulated 

and 2 down-regulated islet miRNAs reached statistical significance (Fig. 3C). Analysis of EV 

miRNA expression patterns by qRT-PCR showed that 2 up-regulated and 2 down-regulated 

miRNAs were significantly changed (Fig. 4C). Collectively, the results from small RNA 

sequencing and qRT-PCR indicated that only two miRNAs (miR-155-5p and miR-146a-5p) were 

commonly upregulated in both islets and EVs upon cytokine treatment.  

 

Ranking of significant EV-derived miRNAs and pathway enrichment analysis 

One goal of our analysis was to define a signature of EV miRNAs with potential to act as 

T1D biomarkers. To rank the discriminatory ability of DE EV-derived miRNAs to distinguish 

between cytokine and control conditions, we applied multiple machine learning algorithms. This 

analysis identified 10 miRNAs with the highest ranking based on coefficient values; a lower 

coefficient value indicated better performance across all algorithms (Fig. 5A). Among these 10 

miRNAs, five miRNAs (miR-124-3p, miR-155-5p, miR-802, miR-30c-1-3p, and miR-146a-5p) 

were advanced for analysis in a clinical cohort. The criteria to advance these miRNAs was based 

on a combination of previous literature linking them with b cell dysfunction or autoimmunity, their 

rank in the integration of the machine learning analysis, and results from the qRT-PCR validation 

(Figs. 4C). The functional significance of these five miRNAs was identified using DIANA 

miRPath. Valid functional terms with an acceptable false discovery rate (FDR) of <0.05 are 

represented in Fig. 5B. The identified miRNAs were enriched for numerous terms associated with 
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T1D, including “immune response”, “TLR signaling”, “inflammatory signaling”, “cell death”, and 

“apoptosis.”  

 

Validation of miRNA signatures in plasma samples of T1D clinical cohorts 

To test the utility of this signature of miRNAs to act as biomarkers capable of identifying 

T1D risk, we isolated EVs from fasting plasma samples collected from individuals with AAb+ and 

recent onset Stage 3 T1D and age-matched non-diabetic controls. The clinical characteristics of 

these individuals are shown in Table 1. We designed custom, label-free localized surface plasmon 

resonance (LSPR)-based biosensors (Fig. 5C) to measure individual miRNA species. In brief, this 

method utilizes gold triangular nanoprisms that are functionalized with 75% spiropyran 

hexanethiol: 25% hexanthiol spacer (SP-HT:HT) to construct a biosensor that allows the 

measurement of a wide range of concentrations (e.g., nanomole to attomole) with high sensitivity 

and specificity using a simple UV-visible spectrophotometer in the absorbance mode (Fig. S2A-

E). First, we validated our approach by using the LSPR-based biosensors to measure expression 

levels of miR-155-5p, miR-146a-5p, miR-30c-1-3p, miR-802 and miR-124-3p in EVs isolated 

from control and cytokine-treated human islets (Fig. 5D). The results of this analysis were 

concordant with results from qRT-PCR and RNA sequencing.  

Next, we applied the biosensors in plasma-derived EVs from the clinical cohort. We 

observed a significant up-regulation of miR-155-5p, miR-146a-5p, miR-30c-1-3p, and miR-802, 

and a decreased abundance of miR-124-3p in plasma EVs from individuals with new-onset T1D 

compared to non-diabetic controls (Fig. 5E). In addition, we observed upregulation of miR-146a-

5p and miR-802 and down-regulation of miR-124-3p in individuals with AAb+ (Fig. 5E) 

compared to non-diabetic controls.  
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In parallel, we assessed the expression of these five miRNAs in the clinical cohort using 

droplet digital (dd)PCR. Results from this analysis showed that both miR-155-5p and miR-146a-

5p had significantly higher copy numbers in plasma EVs isolated from individuals with recent 

onset T1D compared to healthy controls (Fig. S3). Similar to data obtained from the LSPR-based 

biosensors, we observed a significant increase in the copy numbers of miR-146a-5p, miR-802 and 

miR-124-3p in AAb+ individuals compared to controls.  

 

Determination of localization and spatial distribution of miR-155-5p in human pancreatic 

tissues sections using in situ hybridization  

While the content of miRNAs in EVs can inform biomarker strategies, intracellular 

miRNAs are known to regulate a variety of molecular pathways, including those associated with 

T1D pathophysiology. Additionally, it is now recognized that subcellular localization of miRNAs 

is associated with novel functions [23]. Here, we focused on miR-155-5p for downstream 

validation as this was the most highly up-regulated miRNA in our islet sequencing and qRT-PCR 

datasets (Fig. 3A-B). We determined both subcellular localization and expression levels of pre-

miR-155-5p in intact pancreatic tissue sections from organ donors with AAb+, established T1D, 

and nondiabetic controls. smFISH imaging was performed on pancreatic tissue sections from 

human donors by co-labeling with DAPI for the nucleus and anti-insulin antibody to identify the 

β cells (Fig. 6). We developed an imaging-based bioinformatics approach to quantify the spatial 

distribution of pre-miR-155-5p specifically in single β cells.  

Next, we applied a supervised machine learning algorithm to our in-situ hybridization 

analyses. The spatial distribution of miRNA molecules in a single β cell were mathematically 

quantified by a series of features, which included the expression level of the pre-miRNA in the 
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nucleus or cytoplasm (group 1), the location of single miRNAs in the β cell (group 2), the 

clustering of pre-miRNA-155-5p to itself (group 3), and the aggregation of pre-miRNA-155-5p at 

the nuclear/cellular boundary (group 4) (Fig. 7A-B). The group 1 and 2 features of smFISH images 

have been successfully leveraged in other studies to classify different cell types [24]. However, 

these two feature groups were not adequate to differentiate non-diabetic samples from the T1D 

samples with high accuracy. To this end, we integrated the mathematical model of clusters, i.e. 

Ripley’s K function and its derivatives [25,26], to characterize the degree of clustering for the 

miRNA. In addition, we also quantified the reciprocal clustering of pre-miRNA-155 as the group 

4 feature.  

The supervised machine learning algorithm was applied to 80% of total cells (N = 859 for 

Control, 307 for AAb+, and 454 for T1D) to establish the training network (Fig. 7C-D). Applying 

the algorithm to the remaining 20% of samples resulted in the classification of 61.2% of non-

diabetic samples and 64.6% of T1D samples, and lower accuracy (56.4%) was observed with 

AAb+ sample prediction. Most importantly, this machine learning-based classification approach 

revealed a group of distinctive features of pre-miRNA-155 distribution between control, AAb+, 

and T1D samples. Interestingly, the spatial expression of the pre-miRNA and the local clustering 

effects dominated the classification process (Fig. 7C-D). In addition, spatial analysis of pre-miR-

155 expression from insulin positive β cells showed an increase in pre-miR-155 copy numbers 

from individuals with AAb+ and T1D versus those of the control group (Fig. 7E). Moreover, sub-

cellular localization of pre-miR-155 showed a spatial disparity in the pre-miR-155 expression, 

where we observed an increase in the nuclear to cytoplasmic ratio in the AAb+ and T1D samples 

compared to control donors (Fig. 7F). In line with this data, the color-coded cell images based on 

the Ripley’s K function at 457 nm suggest a different degree of pre-miRNA-155 clustering in 
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tissue sections from control, AAb+, and T1D individuals, and this is clearly observed in the raw 

smFISH images (Fig. 7G). Our findings are the first to indicate that the physical distribution of 

pre-miRNA may be directly associated with β cell stress and dysfunction.  
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Discussion 

In this study, we aimed to identify islet miRNAs that may play a role in T1D pathogenesis 

and explore miRNA signatures of islet-derived EVs that could be leveraged as biomarkers to 

identify T1D risk. To this end, we utilized small RNA sequencing to identify miRNAs that were 

differentially expressed in both human islets and islet-derived EVs using an in vitro and organ-

based model of T1D. We used a well-validated model of cytokine stress (50 U/mL of IL-1β and 

1000 U/mL of IFN-γ) that has been shown to result in transcriptional changes that are correlated 

with those found in islets from persons with diabetes [27].  

Several reports have shown that components of EV cargo such as nucleic acids (DNA and 

RNAs), lipids, and proteins are dynamically modulated in response to extrinsic and intrinsic cues 

and may reflect the cellular physiological or pathological state of a given cell type [28,29]. 

Moreover, EVs are protected from RNase-mediated degradation [30]. Hence, EV-derived miRNA 

signatures may serve as reliable markers to identify the health status of a cell. Methods to identify 

indicators of b cell stress can help dissect heterogeneity amongst at-risk individuals and could 

inform both the timing and selection of disease-modifying therapies. Current methods to do this in 

T1D are lacking.  

Recently, we used total RNA sequencing to show that several types of RNA species, such 

as miRNAs, piRNAs, snoRNA, tRNAs, and poly(A) RNAs, are packaged and secreted through 

human islet-derived EVs [31]. However, the number of miRNAs identified by this approach was 

low. To address this lack of enrichment, here we utilized a robust small RNA sequencing approach 

from human islets and islet-derived EVs. This technique was robust, as we confidently identified 

1110 miRNAs in islets and 890 miRNAs in EVs, which approached detection of ~50% of the 2000 

known human miRNAs. Interestingly, a much smaller subset of these miRNAs was differentially 
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expressed between control and cytokine treatment (20 in islets and 15 in EVs), suggesting that 

miRNA biogenesis under stress conditions is engaged with a high degree of selectivity. Recent 

studies have shed light on the regulation of tissue retention and sorting of miRNAs into EVs. It 

has become clear that this process is highly regulated and depends on the specific sequence motifs 

carried by the miRNAs [32]. For instance, Liu et al. demonstrated that the sorting of miRNAs into 

EVs may occur through a process of liquid-liquid phase separation involving an RNA binding 

protein called YBX1 [33]. These findings have important implications for the use of EV-associated 

miRNAs as biomarkers, as the sorting process may affect the composition and abundance of 

miRNAs within EVs. In addition, understanding the mechanisms of miRNA sorting may lead to 

the development of new strategies for selectively loading miRNAs into EVs for therapeutic 

purposes. Further research is needed to fully elucidate the regulation of miRNA sorting into EVs 

and its implications for EV-based therapies and biomarker development.  

Next, we applied a machine learning approach and multiple algorithms to prioritize a 

signature of miRNAs for clinical testing. Based on results from the machine learning analysis and 

validation of differentially expressed miRNAs using targeted qRT-PCR, we advanced miR-155-

5p, miR-146a-5p, miR-30c-1-3p, miR-802, and miR-124-3p for analysis in plasma EVs isolated 

from children with AAb+, recent onset T1D, and healthy controls. This signature was informed 

also by published literature linking these miRNAs with inflammation and autoimmunity (miR-

155-5p, miR-146a-5p, and miR-124-3p) [34,35]; acinar-ductal trans-differentiation in the pancreas 

(miR-802) [36]; glucose stimulated insulin secretion (miR124-3p) [37,38]; and fibrosis of the 

pancreas (miR-30c-1-3p) [39]. We used two methods to analyze this miRNA signature in the 

clinical samples. First, we employed a custom developed LSPR-based biosensing approach. 

Secondly, we used ddPCR, which has the ability to measure absolute copy numbers of any given 
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miRNA. Overall, results from the LSPR assay and ddPCR analysis showed similar trends. 

However, the LSPR-based biosensor approach provided a better dynamic range and improved 

discriminatory ability across the groups. This approach is also quite robust as it does not require 

cDNA synthesis or PCR amplification steps. In addition, this biosensor works similarly to a 

microarray, which is more amenable to high-throughput analysis that might be required in a 

clinical study. Using this platform, we observed a significant upregulation of miR-155-5p, miR-

146a-5p, miR-30c-1-3p, and miR-802-3p and a decreased abundance of miR-124-3p in plasma 

EVs from individuals with new-onset T1D compared to non-diabetic controls. In addition, miR-

146a-5p and miR-802 were increased and miR-124-3p was decreased in plasma EVs from 

individuals with AAb+ compared to controls, suggesting that these miRNA signatures could 

reflect a phenomenon of both early and late β cell stress during T1D development.  

In line with our data, a recent study by Januszewski et al. reported the association of 50 

circulating plasma miRNAs with C-peptide levels in a cohort of individuals with and without T1D. 

They identified 16 miRNAs, including miR-146a and miR-155, that showed a strong association 

with plasma C-peptide levels [40]. Furthermore, this group found that 13 miRNAs, including miR-

155 and miR-210, were strongly associated with detectable C-peptide in individuals with T1D 

[40]. Interestingly, Margaritis et al. performed a meta-analysis using published studies on T1D and 

identified seven miRNAs, including miR-181 and miR-210, that were significantly upregulated in 

individuals with T1D [41]. Consistent with these studies, our data identified upregulation of miR-

146a and miR-155 in islets and islet-derived EVs, and we found increased levels of these miRNAs 

in our clinical cohort. In contrast, we observed a downregulation of miR-210 in islet-derived EVs 

(Figure 4), suggesting that source of miR-210 observed in other studies may emanate from another 

tissue type. 
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The final goal of our study was to identify b cell miRNAs that play a role in T1D 

pathogenesis. Here, we aimed to test whether miR-155, the most highly upregulated miRNA across 

multiple of our datasets, was modulated similarly in human pancreases collected from individuals 

with AAb+ and T1D. miR-155 was a compelling target for translation into these tissues based on 

an abundance of previous literature linking it with T1D pathogenesis. Notably, miR-155 promotes 

the secretion of type I interferon by dendritic cells [42], stimulates an M1 phenotype in 

macrophages within the islet milieu [43,44], and plays a role in T-cell activation [45]. Previous 

studies in the NOD mouse model of T1D suggest that miR-155-5p can be transferred from β cells 

that undergo inflammatory insults to healthy β cells to amplify apoptosis [46] and from 

lymphocyte-derived EVs to β cells to enable disease development [20].  

We found that pre-miR-155-5p expression was increased in b cells from donors with AAb+ 

and T1D compared to non-diabetic donors. In this study, we also aimed to investigate the spatial 

localization of miRNAs within β cells of at-risk (AAb+) and early-onset T1D individual. Our 

results revealed that pre-miR-155-5p exhibits distinctive features of disease-predictive 

localization, including increased nuclear localization and clustering of miRNA signals. We utilized 

the high sensitivity of smFISH methodology along with machine learning algorithms for data 

analysis. The increased nuclear ratio of pre-miR-155 could be attributed to several possible 

mechanisms, such as nuclear processing of pre-miRNAs or nuclear import of processed miRNA 

from the cytosol through importin or nuclear pore complexes. Moreover, nuclear localization of 

pre-miR-155 could signify an increase in noncanonical activities of the miRNA, such as regulation 

of transcription via target gene promoters and cis-regulatory elements (CREs), regulation of 

chromatin structure (looping), and other epigenetic changes such as methylation, compaction of 

chromatin, and genomic remodeling. The self-clustering of miR-155 is suggestive of association 
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with membrane-bound organelles or the formation of a scaffolding complex and a condensate of 

RNA [23,47]. These findings suggest that targeting miR-155 could be a promising approach for 

the treatment of T1D, and future studies could explore the potential of miR-155 inhibition as a 

therapeutic intervention in humans. 

There are limitations of our study that should be noted. First, the sample size for the 

machine learning analysis to generate the EV miRNA signature was small. Typically, these 

algorithms perform most robustly with larger sample sizes and independent cohorts for both testing 

and validation. Despite this limitation, the predicted miRNAs performed well in distinguishing 

T1D and AAb+ individuals from non-diabetic controls in clinical testing. It is important to note 

that plasma-derived EVs contain a heterogeneous mix of EVs from different organs. While we 

identified these miRNAs from an islet-based stress model, we cannot presume they provide 

information solely about the health status of the b cell. Thus, it is possible that plasma levels of 

these miRNAs could be modulated in other inflammatory and/or autoimmune conditions. Whether 

this would diminish their utility in identifying T1D risk will require further testing. 

Notwithstanding these limitations, we identified a robust panel of miRNAs that were 

modulated in individuals with T1D or AAb+. Moreover, the expression patterns observed in our 

cross-sectional cohorts suggest that miRNA expression levels may be modulated progressively 

during the evolution of T1D. Additional experiments should be performed in AAb+ cohorts 

followed longitudinally before and after seroconversion and through T1D development to confirm 

this hypothesis. Taken together, our results show that miRNA expression patterns in human 

pancreatic islets and islet-derived EVs change dynamically under inflammatory conditions and 

suggest that organ-based disease models can be leveraged to inform biomarker and therapeutic 

strategies for T1D. 
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MATERIALS AND METHODS 

Experimental Design 

The objective of this study was to investigate the expression of miRNAs in human islets 

and islet-derived EVs in response to pro-inflammatory cytokine treatment, and to determine the 

potential of circulating islet-derived EV miRNAs as a predictive diagnostic marker for early β cell 

stress or death. Islets from 10 cadaveric organ donors were treated with or without pro-

inflammatory cytokines to model T1D in vitro. The differential expression of EV-derived miRNAs 

was analyzed using multiple machine learning classifications, and the top 10 miRNAs were ranked 

based on their predictive capability. We selected five miRNAs that have been shown to play a role 

in β cell health and function for further validation using a custom-developed label-free localized 

surface plasmon resonance (LSPR)-based biosensor approach. EV-miRNAs were isolated from 

islet-conditioned media and from plasma samples of individuals who are positive for islet 

autoantibody but normoglycemic, new-onset T1D, and healthy controls. Single-molecule in situ 

hybridization was used to determine the spatial expression of pre-miR-155 in pancreatic tissue 

sections. No power calculation was used for experiments involving human islets, and the sample 

number reflects the number of biological replicates used in each experiment. All samples for EV-

miRNA measurement using LSPR were number-coded and blinded during processing and 

quantification. 

 

Culture of human islets 

Human islets from 10 cadaveric donors were obtained from the Integrated Islet Distribution 

Program (IIDP). Islet donor and isolation characteristics, including donor age, sex, BMI, cause of 
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death, measurements of islet purity and viability, ischemia duration, and culture time, are provided 

in Table S1 (17). Upon receipt, islets were placed in EV-depleted standard Prodo islet media 

(Prodo Labs, CA) and allowed to recover overnight. To investigate the effect of inflammation on 

islet miRNAs, islets were cultured with or without 50 U/mL IL-1β and 1000 U/mL IFN-γ for 24 

hours. Untreated and cytokine-treated human islets and islet cell supernatants were harvested for 

downstream applications. For EV isolation, supernatants were collected and centrifuged for 30 

minutes at 3000 x g to remove cellular debris, and EVs were then isolated using ExoQuick-TC 

(SBI Bioscience, USA), as per the manufacturer’s instructions. 

 

SEM and TEM imaging analysis of islets and EVs 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

imaging were performed at the Northwestern University Atomic and Nanoscale Characterization 

Experimental Center (NUANC) in Evanston, Illinois. Additional detail is provided in the 

Supplemental Methods.  

 

Nanoparticle tracking analysis 

Nanoparticle tracking analysis (NTA; ParticleMetrix, Germany) was used to determine the 

size and concentration of EVs. Briefly, EVs isolated from human islet culture supernatants were 

diluted 1:3000 in ddH2O, and 1 mL of diluted sample was subjected to NTA. Results were 

analyzed using Zetaview Analysis software. 

 

 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted June 15, 2023. ; https://doi.org/10.1101/2023.06.15.545170doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.15.545170


   
 

   
 

20 

Microarray chip-based tetraspanin staining 

To determine the composition of EV cargo, we utilized ExoView microarray chips 

(Cat#EV-TETRA-C-T) printed with antibodies for the tetraspanin markers CD63, CD81, and 

CD9, and we performed the staining according to the directions provided by the manufacturer 

(ExoView, Cat# Cat#EV-TETRA-C-T). Additional detail is provided in the Supplemental 

Methods.  

 

Western blot analysis 

EVs were washed twice with PBS and lysed with a buffer containing 50 mM Tris, 150 mM 

NaCl, 0.05% Deoxycholate, 0.1% IGEPAL, 0.1%SDS, 0.2% sarcosyl, 5% glycerol, 1 mM DTT, 

1 mM EDTA, 10 mM NaF, and a cocktail of protease inhibitors (Roche) and phosphatase inhibitors 

(Roche). Protein concentrations were determined using the Lowry method (Bio-Rad), as per the 

manufacturer’s instructions. A total of 10 µL of protein was loaded onto 4-20% precast Tris-

glycine gels (Bio-Rad), electroporated at 100 V, and protein transfer was performed using a PVDF 

membrane (Millipore). Blots were blocked with LI-COR PBS-blocking buffer and probed with the 

following primary antibodies at 4°C: anti-CD63 (1:1000 dilution; Cat#SC13118, Santa Cruz, 

mouse monoclonal, RRID: AB_627213) and anti-CD9 (1:1000 dilution; cat#SC5275, Santa Cruz, 

mouse monoclonal, RRID:AB_627877). Anti-rabbit or anti-mouse (1:10000) secondary 

antibodies were used for signal detection and band intensity was quantified using ImageStudio 

(LI-COR). 
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RNA isolation from human islets and human islet-derived EVs 

Total RNA was isolated from human islets using the miRNeasy Mini Kit (Qiagen, 

Germany), according to the manufacturer’s instructions. RNA quality and concentration were 

measured using 260/280 ratios (IMPLANT spectrophotometer, Germany), followed by assessment 

using the Agilent Bioanalyzer 2100 and small RNA assay chips (Agilent Technologies, USA). 

Exosomal RNA was isolated using the SeraMir RNA isolation kit (SBI Biosciences) per the 

manufacturer’s instructions. Briefly, isolated EVs were lysed with 350 µL SeraMir lysis buffer by 

vortexing for 15 seconds and allowing the lysate to stand at room temperature for 5 minutes. Next, 

200 µL of 100% ethanol was added to the lysate and mixed by vortexing for 10 seconds. The lysate 

was transferred to a spin column and centrifuged at 13,000 rpm for 1 minute. The flow-through 

was discarded and the column was washed twice with 400 µL of wash buffer, followed by 

centrifugation at 13,000 rpm for 1 minute. Finally, the columns were dried by centrifugation at 

13,000 rpm for 2 minutes, and RNA was eluted by adding 30 µL of elution buffer. 

 

Small RNA sequencing 

Total RNA and miRNA were first evaluated using the Agilent Bioanalyzer for quantity, 

quality, and percent miRNA content in total RNA. The starting amount of RNA was 10-20 ng for 

each miRNA library. For miRNA library preparation, 0.5% of miRNA in total RNA was the cut-

off to decide whether the sample should be enriched for miRNA. When needed, enrichment was 

performed following the small RNA library preparation procedure and the Ion Total RNA-Seq Kit 

v2 User Guide, Pub. No. 4476286 Rev. E (Life Technologies, USA). Each resulting barcoded 

library was quantified and assessed for quality using the Agilent Bioanalyzer. Multiple libraries 

were pooled in equal molarity. Eight µL of 100 pM pooled libraries were applied to the Ion Sphere 
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Particles (ISP) template preparation and amplification was achieved using the Ion OneTouch 2, 

followed by ISP loading onto PI chips and sequencing using the Ion Proton semiconductor. Each 

PI chip is capable of generating approximately 50 million usable reads of 21-22 bp miRNA 

fragments. Sequence mapping was performed using Torrent Suite Software v4.6 (TSS 4.6). For 

details on miRNA sequence data analysis, see the Supplemental Methods. 

 

cDNA synthesis and quantitative RT-PCR for mRNA and miRNAs 

To determine the expression of genes involved in EV biogenesis, 0.5-1 µg of total RNA 

was isolated from human islets and reverse transcribed using an M-MLV RT kit (Invitrogen, MA, 

USA). TaqMan primers (Applied Biosystems, CA, USA) were used for qRT-PCR. Β-actin was 

used as a normalizer to determine the expression of TP53, RAB27A, and RAB27B. The data were 

presented as fold expression using 2-ΔΔCt method compared to the untreated control. 

For validation of DE miRNAs from human islets and islet-derived exosomal miRNAs, 1 

µg of RNA isolated from human islets or 10 µL of exosomal RNA was reverse transcribed using 

the miRScript II kit (Qiagen, Germany), following manufacturer’s protocol. qRT-PCR was 

performed using miScript SYBR Green based PCR kit (Qiagen, Germany). miScript primer assays 

were used for the quantification of miRNA expression. All experiments were performed in 

duplicate. RNU6 and miR-484 served as internal reference genes for islet samples, and RNU6 

alone served as the normalizer for EV samples (see Supplemental Methods for details). Relative 

fold expression against untreated control samples was calculated using the 2-ΔΔCt method [48]. 
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Feature selection and machine learning analysis to identify predictive miRNA signatures  

We used the DE EV miRNAs from our small RNA sequencing to identify miRNA 

signatures with discriminatory ability, and we performed computational modeling using various 

machine learning algorithms. See Supplemental Methods for details.  

 

Preparation of human plasma-derived EVs and RNA isolation 

Fasting plasma samples were collected from AAb+ children, pediatric subjects within 48 

hours of diagnosis of T1D, and age-matched healthy control subjects [AAb+, n=8 (5M/3F); T1D, 

n=20 (11M/9F), and healthy controls, n=26 (17M/9F)]. The study was approved by the Indiana 

University School of Medicine Institutional Review Board. All study participants provided written 

informed consent or parental consent, and child assent was obtained in advance before any study 

participation, in accordance with the ethical guidance provided by Indiana University School of 

Medicine [49]. Citrated plasma samples were obtained by venipuncture or drawn from an existing 

intravenous line. Samples were processed and aliquoted within 1 hour of collection and then stored 

at -80°C until further use. 

Plasma-derived EVs were isolated from plasma samples. Briefly, 500 µL of plasma sample 

was centrifuged at 1500 x g for 5 minutes to remove the residual cells and cellular debris. The 

supernatant was transferred to a fresh 1.5 mL tube, and 5 µL of de-fibrination reagent (Cat 

#TMEXO-1, System Biosciences, Palo Alto, CA) was added to the plasma to remove clotting 

factors prior to the isolation of EVs. The solution mixture was incubated at room temperature for 

5 minutes with gentle mixing by flicking the tube. The sample was centrifuged at 10000 rpm for 

5 minutes, and the supernatant was transferred to a clean tube. ExoQuick (Cat #EXOQ5A-1, 
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System Biosciences, Palo Alto, CA) was added to the supernatant at a 1:4 ratio for 30 min at 4°C, 

followed by centrifugation at 1500 x g for 30 min. The supernatant was discarded without 

disturbing the pellet, and the isolated EVs were used for downstream applications. 

 

Validation of human plasma-derived EV miRNAs using ddPCR and LSPR-based biosensor 

Isolated Evs were processed for total RNA isolation using the SeraMir Exosome RNA 

purification kit (Cat #RA808A-1, System Biosciences, Palo Alto, CA), according to the 

manufacturer’s instructions provided with the kit. RNA quality of each sample was measured using 

NanoDrop (Thermo Scientific, USA) and the Agilent Bioanalyzer Pico Assay using the 

Bioanalyzer 2100 Expert instrument (Agilent Technologies, Santa Clara, CA). cDNA was 

synthesized using the TaqMan MicroRNA Reverse Transcription kit (Cat# 4366596, Applied 

Biosystems, USA) and miRNA-specific RT primers. The expression of miRNAs was analyzed 

using ddPCR, as described previously [50,51], and a custom-developed LSPR-based biosensor 

(see Supplemental Methods). Synthetic mature miRNAs (Supplementary Table S4) were used as 

a positive control to gate the threshold, and the data were presented as copies/mL of plasma/serum 

EVs.  

 

BaseScope duplex detection assay 

To define tissue expression patterns of pre-miR-155, single molecule fluorescent in-situ 

hybridization (smFISH) was performed using a BaseScope duplex detection assay, and  

machine-based learning was used to analyze images. See Supplemental Methods for details. 
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QUANTIFICATION AND STATISTICAL ANALYSIS 

To identify DE miRNAs, we performed paired sample analysis using the DESeq2 package 

in the R statistical program [52]. miRNAs with fold change (FC) ≥ 1.5 and p < 0.05 were 

considered as DE in cytokine-treated islets compared to untreated islets. For qRT-PCR analysis 

from islets and EVs we used Fishers exact-test to identify significant differences between cytokine-

treated and untreated samples. Unpaired t-tests (Mann-Whitney test, non-parametric) were used 

for the analysis of biosensor data from islet-derived EV miRNAs with 95% confidence interval. A 

one-way ANOVA was used for the comparison of human plasma derived EV-miRNAs from 

healthy controls, AAb+, and new onset T1D. All the p values are represented as: * p £0.05, 

**p £0.001 (**), ***p £0.005 and ****p £0.0001. 

 

LIST OF SUPPLEMENTARY MATERIALS 

Supplemental Methods 

Fig. S1: Principal component analysis on islets and EVs 

Fig. S2:  Calibration Curve generated using synthetic microRNAs 

Fig. S3: Digital droplet PCR based determination of plasma derived EV-miRNAs 

Fig. S4: UV-Visible absorption spectra and scanning electron microscope image of Au TNPs (cited 

in Supplemental Materials only) 

Fig. S5: Representative UV-Vis extinction spectra showing Au TNP, SP-HT:HT, MC-HT:HT, -

ssDNA-155-5p attachment and microRNA-155-5p hybridization (cited in Supplemental Materials 

only) 
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Table S2: Descriptive statistics of islets and EVs 
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Table S3: Differentially expressed miRNAs in islets and EVs 

Table S4: ddPCR control gene synthesis 

Table S5: Single stranded DNA (-ssDNA) oligomer sequences used in this study (cited in 

Supplemental Materials only) 

Table S6: microRNA sequences that were used to generate calibration curves (cited in 

Supplemental Materials only) 

Table S7: λLSPR responses of spiropyran based plasmonic nanosensors for microRNAs (cited in 

Supplemental Materials only) 
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TABLES 

Table 1: Clinical and anthropometry characteristics of human plasma donors 

 

 

 

  

Disease Status Total Subjects 
(M/F) 

Age 
(Mean±SD) 

BMI 
(Mean±SD) 

Healthy controls 26(17M/9F) 11.38± 4.02 19.46±5.1 
AAb+ 8(5M/3F) 13.75±1.98 25.04±4.65 

New-onset T1D 20(11M/9F) 12.8±3.38 19.13±4.3 
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FIGURES AND FIGURE LEGENDS 

 

Figure 1:  Schematic representation of the experimental workflow. Islets obtained from human 

cadaveric donors (n=10 total; 5M/5F) were treated with IL-1β+IFN-γ for 24 hrs. (A) Total RNA 

was isolated from islets and islet-derived EVs and subjected to small RNA sequencing. (B) 

Differentially expressed miRNAs were further validated using separate sets of islets and islet-

derived EVs. (C) A panel of miRNAs selected from the top five differentially expressed EV 

miRNAs were validated using human circulating plasma-derived EVs from healthy controls, 

individuals that are AAb+, and individuals with recent onset T1D. (D) miR-155 expression 

patterns were analyzed in pancreatic samples from human organ donors with AAb+ and T1D and 

non-diabetic controls. 
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Figure 2: Characterization of isolated EVs. Human islets were treated with or without 50 U/mL 

IL-1β and 1000 U/mL IFN-γ for 24 hours. (A) Islets were then subjected to TEM analysis to 

identify the presence of EVs over the islet plasma membrane and multivesicular bodies (MVs) 

inside the cytoplasmic region of pancreatic β cells, indicated by red arrows. (B) SEM images of 

human islets show the presence of EVs over the islet plasma membrane (C) Representative SEM 

and TEM images of isolated EVs from control and cytokine-treated islet culture supernatant. (D) 

qRT-PCR analysis of markers involved in EV biogenesis in control and cytokine-treated islets 

(*p<0.05, **p<0.01. n = 6). (E-F) nanoparticle tracking analysis (NTA) showing size distribution 

graphs for isolated EVs from control (black line) and cytokine-treated (red line) islets. (G) Bright 

field images from NTA. (H) Immunoblot analysis for CD63 and CD9 from isolated EVs. (I) 

Images of Exoview showing the presence of EVs captured using CD63, CD81, CD9 and mouse 

IgG(MIgG) was used as an negative control. (J) Quantification of EV particles and (K) co-

localization of tetraspanin marker with each other markers from control and cytokine treated 

human islet culture supernatant. (n = 3). 
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Figure 3. Identification and validation of differentially expressed islet-derived miRNAs. 

Human islets were treated with or without 50 U/mL IL-1β and 1000 U/mL IFN-γ for 24 hours. (A) 

Volcano plot showing upregulated and downregulated miRNAs from human islets treated with or 

without cytokines. (B) Heatmap illustrates the expression of the 20 differentially expressed 
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miRNAs identified from small RNA sequencing analysis of control and cytokine-treated human 

islets (n=10; 5M/5F). (C) qRT-PCR validation of upregulated and downregulated miRNAs 

identified from sequencing analysis of human islets. Grey filled bars represent control and blue 

filled bars represent cytokine treatment. n=12; 7M/5F composition for C; *p <0.05, **p<0.01, 

***p<0.001.  
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Figure 4. Identification and validation of differentially expressed islet-derived EV miRNAs. 

Human islets were treated with or without 50 U/mL IL-1β and 1000 U/mL IFN-γ for 24 hours and 

EVs were isolated from the culture supernatant. (A) Volcano plot showing upregulated and 

downregulated EV miRNAs isolated from human islets treated with or without cytokines. (B) 

Heatmap illustrates the expression pattern of 14 differentially expressed EV-miRNAs identified 

from small RNA sequencing analysis of isolated EVs from control and cytokine-treated islet 
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culture supernatants. (N=14; 7M/7F). (C) qRT-PCR validation of upregulated and downregulated 

EV-miRNAs identified from small RNA sequencing analysis. Grey filled bars represent control 

and blue filled bars represent cytokine treatment EV data. n=8; 4M/4F for C; *p <0.05, **p<0.01, 

***p<0.001.  
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Figure 5. Differentially expressed miRNA rankings, miRNA regulated biological functions, 

and evaluation of miRNA expression in both human islet and plasma-derived EVs. (A) Table 
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of the top differentially expressed miRNAs from islet-derived EV studies evaluated using machine 

learning tools to generate a coefficient value from the data that is used to rank the miRNA 

according to its signal performance (a lower value indicates better performance). (B) Predicted 

impact of miRNAs 155-5p, 146a-5p, 30c-1-3p, 802, and 124-3p upon biological processes. (C) 

Fabrication and development of custom, label-free LSPR-based biosensors and (D) LSPR-based 

biosensor determination of miRNA expression levels in EVs isolated from untreated and cytokine-

treated human islet culture supernatant. ( n=5; *p<0.05, **P<0.005 ). (E) Circulating plasma EVs 

were isolated from individuals with AAb+ but normoglycemic, new-onset T1D, and healthy 

controls. LSPR-based biosensor multi-plex miRNA assay showing the expression of the five 

miRNAs 155-5p, 146a-5p, 30c-1-3p, 802, and 124-3p from human plasma-derived EVs. (Healthy 

controls, n=26 (17M/9F); AAb+, n=8 (5M/3F); New-onset T1D, n=20 (11M/9F)). *p<0.05, 

**P<0.005, **P<0.0001.  
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Figure 6. In situ hybridization of pre-miRNA-155 expression in β cells of human pancreas 

tissue sections. Representative images of single molecule in situ hybridization (smFISH) showing 

the expression of pre-miRNA-155 (red) in human pancreatic tissue sections obtained from non-

diabetic control, AAb+, and T1D donors and counterstained with insulin (green) and nucleus 

(DAPI).  
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Figure 7. Machine learning-based spatial transcriptomics analysis of the pre-miRNA-155- 

expression in β cells. (A) Expression of the pre-miRNA-155 (red) was screened by smFISH 
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imaging, with nucleus stained with DAPI (blue) and co-staining with insulin (gray). (B) 

Quantitative features that describe the location of the pre-miRNA molecule in a single β cell. Four 

groups of features are extracted for a single cell; this includes expression features (group 1), 

miRNA location features (group 2), clustering features (group 3), and boundary clustering features 

(group 4). (C) Supervised machine learning was applied to three categories of smFISH image data 

(control, T1D, and AAb+) for training and classification. (D) Single β cells belonging to different 

categories (control, T1D, and AAb+) were classified, the confusion matrix was produced, and 

distinctive features were ranked to show the expression and clustering of the pre-miRNAs that 

dominate the classification. (E) Spatial expression of total pre-miRNA-155 in each β cell was 

compared for all three categories (control, T1D, and AAb+). (F) The comparison of the 

nucleus/cytoplasm ratio of pre-miRNA-155 in β cells of control, T1D, and AAb+ samples. (G) 

Ripley’s H value at the distance of 457 nm (inset) for nuclear pre-miRNA-155 in a population of 

cells for all three categories (control, T1D, and AAb+), and the right panel indicates the real 

smFISH images of pre-miRNA-155 in the boxed area identified in the left. **p < 0.01, ****p < 

0.0001.  

 

 

 

 
 
 
 
 
 

 


