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Abstract

The ways in which environmental factors participate in the progression of autoimmune diseases 

are not known. After initiation, it takes years before patients at risk for type 1 diabetes (T1D) 

develop hyperglycemia. The receptor for advanced glycated endproducts (RAGE) is a scavenger 

receptor of the immunoglobulin family that binds damage associated molecular patterns (DAMPs) 

and advanced glycated endproducts (AGEs) and can trigger cell activation. We previously found 

constitutive intracellular RAGE expression in lymphocytes from patients with T1D. Herein, we 

show that there is increased RAGE expression in T cells from at-risk euglycemic relatives who 

progress to T1D compared to healthy control subjects, and in the CD8+ T cells in the at-risk 

relatives who do vs those who do not progress to T1D. Detectable levels of the RAGE ligand 

HMGB1 were present in serum from at-risk subjects and patients with T1D. Transcriptome 

analysis of RAGE+ vs RAGE- T cells from patients with T1D showed differences in signaling 

pathways associated with increased cell activation and survival‥ Additional markers for effector 

memory cells and inflammatory function were elevated in the RAGE+ CD8+ cells of T1D patients 

and at-risk relatives of patients prior to disease onset. These studies suggest that expression of 

RAGE in T cells of subjects progressing to disease predates dysglycemia. These findings imply 

that RAGE expression enhances the inflammatory function of T cells and its increased levels 

observed in T1D patients may account for the chronic autoimmune response when DAMPs are 

released following cell injury and killing.

*Address correspondence to: Kevan C. Herold, MD, Department of Immunobiology, Yale University, 300 George St. #353E, New 
Haven, CT 06520, kevan.herold@yale.edu.
5A complete listing of Type 1 diabetes TrialNet study group members is in Supplementary Material

HHS Public Access
Author manuscript
J Immunol. Author manuscript; available in PMC 2017 October 15.

Published in final edited form as:
J Immunol. 2016 October 15; 197(8): 3076–3085. doi:10.4049/jimmunol.1600197.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

RAGE; adaptive immunity; Type 1 diabetes; T cell survival

Introduction

RAGE is a pattern recognition receptor belonging to the immunoglobulin superfamily(1, 2). 

Initially described as the receptor for AGEs, additional ligands belonging to the DAMP 

superfamily have been identified, including: high mobility group box 1 (HMGB1), S100 

calcium binding proteins, amyloid fibrils and nucleic acid backbones (3). RAGE is 

expressed on a wide range of cells and is thought to be involved in several pathologic 

conditions ranging from vascular inflammation and adaptive immune responses to 

Alzheimer’s disease (4–8). RAGE activation triggers downstream signaling through several 

inflammatory pathways, driving nuclear localization of NF-κB to promote cytokine 

production, cellular migration, proliferation and survival(4, 9). However, the molecular 

function for RAGE in adaptive immune cells and in particular its pathological contributions 

are not known.

Type 1 diabetes mellitus (T1D) is a complex autoimmune disorder resulting from failed 

tolerance in self-recognition. Disease progression is determined through a combination of 

genetic and environmental factors. Among the genetic factors, the major histocompatibility 

complex (MHC) human leukocyte antigen (HLA) genomic region is the most important 

modifier of disease risk(10). However, the concordance rate for diabetes among even 

identical twins is low, suggesting that additional environmental factors play an important 

role in disease progression. The link between the environmental factors and precipitation of 

disease has not been fully explained. Identifying these environmental factors has been 

challenging because the kinetics of disease are protracted and generally occur over 3 or more 

years (11).

T lymphocyte-mediated destruction of insulin producing pancreatic cells is thought to be the 

main determinant of disease progression. (10). Interestingly, RAGE blockade prevents 

diabetes transfer by diabetogenic T cells in NOD/scid mice and delays disease recurrence in 

syngeneic islet transplants (12–14). We have previously shown that T cells from T1D 

patients express elevated levels of intracellular RAGE compared to patient T cells from other 

autoimmune diseases and healthy controls (HC)(15). However, it was unclear in those 

studies whether increased RAGE expression was due to hyperglycemia- induced AGE 

accumulation or increased RAGE ligands since we also found increased levels of 

intracellular RAGE in T cells from patients with Type 2 diabetes.

The immunologic significance of RAGE expression on T cells has not been defined. In this 

study, we report that intracellular RAGE expression precedes dysglycemia in at-risk relatives 

of patients who later progress to overt diabetes. The ligand HMGB1 augments cytokine 

production in activated T1D T cells. T cells from patients with T1D express elevated RAGE 

(Ager) mRNA levels and the RAGE+ T cell population displays a pro- inflammatory gene 

expression profile. Interestingly, RAGE+ CD8+ T cells show enhanced survival during 

nutrient deprivation, correlating with higher NF-B nuclear localization. Consistent with 
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these molecular findings, RAGE+CD8+ T cells from patients with and at risk for T1D show 

higher levels of EOMES and KLRG1 compared to RAGE-CD8+ T cells. Based on these 

findings, we suggest a mechanism whereby RAGE may link environmental events with 

progression of autoimmune diabetes by activating T cells that mediate cell killing.

Materials and Methods

Study Design

PBMC were obtained from 22 participants in the TrialNet TN-01, Pathway to Prevention 

(PTP) study (Clinical Trials.gov NCT00097292). This observational study follows subjects 

at risk for T1D for possible enrollment in diabetes prevention trials. These subjects were 

designated “at-risk” because they were relatives of a patient with T1D and found to have a 

positive autoantibody (anti-GAD65, anti-insulin, anti- ICA512, anti-ZnT8, or ICA). They 

were studied approximately every 6 months. Of the 22 subjects, 9 did and 13 did not develop 

T1D over the observation period (Table 1). All of the subjects had a normal hemoglobin A1c 

(HbA1c) levels and did not have symptoms of diabetes. The samples were obtained between 

6/12/2005 and 8/3/2010. Of the 22 subjects, paired samples from 4 who did (“progressors”) 

and 4 who did not (“non-progressors”) were available for flow cytometric analysis described 

below. The at-risk population was studied over a period of 501±40 days (mean±SEM). In 

addition, we collected PBMC from 23 individuals with T1D of > 2 yrs duration and 18 

control subjects without a personal or family history of T1D. For subjects shown in figure 6, 

paired samples were collected from 4 at-risk progressors and 4 at-risk non-progressors 

397±9.6 days apart. After collection, the PBMC were frozen (in liquid nitrogen) in our or a 

central laboratory. Other PBMC’s were obtained from individuals with established T1D and 

used fresh or stored frozen in our laboratory. IRB approval was obtained at all of the study 

sites and all subjects or registered legal guardians gave written informed consent for the use 

of the samples.

Flow Cytometry

T cells were enriched from PBMCs using the Pan T Isolation Kit (Miltenyi Biotec) and 

stained as outlined in manufacturers protocol (BD Bioscience). Briefly, cells were incubated 

with LIVE/DEAD Cell Viability Dye (Invitrogen) in 1X PBS, followed by fluorescently 

labeled cell surface antibodies: anti-human CD4, anti-human CD8, anti-human CXCR3, 

anti-human KLRG1 (all from BD/Pharmingen) in FACS buffer (1X PBS, 3% FBS, 0.02% 

sodium azide). For intracellular staining, cells were fixed and permeabilzed with Cytofix/

Cytoperm (BD/Pharmingen) and probed with fluorescently labeled intracellular antibodies: 

anti-human RAGE mAb (FITC labeled in house, Abcam) or AF488-labeled anti-AGER pAb 

(Bioss), anti-human EOMES, anti-human STAT3, anti- human IFN, IL-17a (all BD/

Pharmingen) and anti-human IRF-4 (Miltenyi). Cells were visualized on a BD LSRFortessa 

(BD Bioscience) and analyzed with FlowJo software (Flowjo).

Cell Cultures

Enriched T cells were cultured in complete RPMI 1640 media (2.05 mM L-glutamine, 1 

mM sodium-pyruvate, 10 mM HEPES, 55M -ME, 100 g/mL penicillin/streptomycin) with 

5% FBS in the presence or absence of the following stimulants: -anti-CD3 (OKT3, 0.01 

Durning et al. Page 3

J Immunol. Author manuscript; available in PMC 2017 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinicalTrials.gov


µg/mL, a gift from Ortho Pharmaceuticals) + anti-CD28 (0.01 µg/mL, eBioscience), 

HMGB1 (100 ng/mL, preparation previously described (16)). Following 72h incubation at 

37°C, 5% CO2 supernatants were harvested and stored at - 80°C. For intracellular cytokine 

staining, GolgiStop (BD) was added into stimulation conditions and incubated for 6 hr prior 

to staining. Cytokines were measured in the supernatants with the Cytokine Human 

Magnetic 11-plex Panel (Millipore) and quantified with Luminex xMAP Technology 

(Luminex). The effects of serum deprivation were studied in serum-free media. T cells were 

washed 2X in 1x PBS and incubated in complete RPMI without serum for 24h at 37°C, 5% 

CO2. Cells were stained for viability, cell surface and intracellular markers and analyzed by 

flow cytometry. In siRNA-transfected samples, cells were incubated in complete RPMI 

without serum for 48h, stained for cell death using the LIVE/DEAD cell viability dye and 

analyzed by flow cytometry.

Proximity Ligation Assay

Enriched T1D T cells were cultured for 4 hrs in 100 ng/mL of His- tagged HMGB1 or His-

tagged human serum albumin (HAS) (Abcam), cytospun onto microscope slides and 

analyzed for RAGE/HMGB1 protein interaction using Duolink in Situ Proximity Ligation 

Assay (Sigma) as outlined in manufacturers protocol (17). Both the his-tagged HMGB1 and 

HSA had < 1EU/mg of detectable LPS. Briefly, mouse -RAGE (Millipore) and rabbit −6X 

His-tag (Sigma) directed primary antibodies were added to slides and incubated in 

humidified chamber at RT for 1 hr. Slides were stained with PLA probes recognizing the 

primary antibody species for 1hr, incubated with ligation-ligase solution for 30 min and 

amplification-polymerase solution for 100 min. All incubations were performed at 37°C. 

CD8+ T cells were identified by staining with FITC-conjugated anti-CD3 mAb Hit8a 

(Biolegend). Slides were mounted with cover slips using Duolink In Situ Mounting Medium 

with DAPI and analyzed using a multi-channel fluorescent compound microscope (Leico 

DM500).

RT-PCR

CD4+ and CD8+ T cell populations were isolated using magnetically labeled Dynabeads 

(Invitrogen) followed by on column cell lysis (RLT Plus + 1% -ME, Qiagen). Total RNA 

was extracted from lysate using Mini RNA Lysis Kit (Qiagen) and used for cDNA 

amplification (R&D Systems). cDNA was mixed with SYBR Green master mix (Bio-Rad) 

and either human Ager (Forward: 5’ CTGGTGCTGAAGTGTAAGGG 3’, Reverse: 5’ 

GAAGAGGGAGCCGTTGG 3’) or human Gapdh (Forward: 5’ 

ACCCACTCCTCCACCTTTGAC 3’, Reverse: 5’ TGTTGCTGTAGCCAAATTCGTT 3’) 

primers for quantification (Bio-Rad iQ5 Cycler).

Nanostring Gene Expression

T cells were isolated from PBMCs from freshly collected blood using the Pan T cell 

Isolation Kit (Miltenyi Biotec). RAGE+/− CD4+ and CD8+ T cells were sorted into 

complete RPMI 1640 media using a BD FACSAria Ilu (BD Bioscience). Cells were pelleted 

by centrifugation and lysed in PDK buffer (Qiagen) supplemented with 10 µL Proteinase K 

(Qiagen). Samples were sequentially heated at 56°C and 80°C for 12 min each, snap frozen 

on LN2 and stored at −80°C. Samples were thawed on ice and the nCounter Human 
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Immunology v2 Codeset was used for gene expression analysis as outlined in 

manufacturer’s protocol (Nanostring Technologies).

Nuclear Localization

Enriched CD8+ T cells were fixed with 3% formalin for 10 min, washed and permeabilized 

with 0.1% Triton X-100 + 2% FBS in PBS (no Ca/Mg). p65 NF-κB was stained with anti–

p65 NF-B (Santa Cruz Biotechnology) and RAGE with anti-AGER mAb (Abnova). PE–

labeled donkey Fab2 anti-rabbit IgG (Jackson ImmunoResearch) and AF488-labeled goat 

anti-mouse IgG (H+L) (Life Technologies) were used to stain corresponding species 

epitopes. Cells were stained with DAPI (Sigma- Aldrich) nuclear stain for 10 min and 

washed twice with PBS. Nuclear localization was performed on an Amnis Imagestream-X 

Mark II at ×40 magnification. Nuclear localization was determined using Amnis IDEAS 

software (Amnis) by Pearson coefficient colocalization of DAPI and p65 NF-κB.

siRNA Transfection

PBMC were quickly thawed in water bath and incubated overnight in complete RPMI 1640 

media at 37°C, 5% CO2. Enriched T cells were transfected with either human Ager (s1168, 

Invitrogen) or negative control (Negative Control #1, Invitrogen) Silencer Select siRNA 

using the Amaxa 4D Nucleofector unstimulated primary human T cell, high functionality 

protocol (Lonza). Immediately after transfection, cells were incubated in complete RPMI 

1640 for 48h before use in HMGB1 stimulation, cell death or Western blot assays.

Statistical analysis

The median value for the frequency of RAGE+ CD4+ and CD8+ T cells from the at-risk 

subjects, was calculated for each individual, using the data from all of the individual time 

points. Non-parametric tests (Mann-Whitney) were used for group and cell subset 

comparisons. Comparisons between RAGE+ and RAGE- measurements within each 

individual were made with a Wilcoxon signed-rank test. In the nanostring analysis, genes 

that failed to display >20 counts (LN>3) in at least 20% of analyzed samples were 

determined to be below background and excluded from analysis. For each experiment, the 

number of individuals providing samples is indicated. All analyses were performed with 

GraphPad (version 6).

Results

RAGE expression in T cells is increased in at-risk individuals who develop T1D

We analyzed RAGE expression in T cells from 22 at-risk relatives of patients with T1D who 

were participating in the TrialNet Pathway to Prevention Study (Table 1). Multiple samples 

(2–5) were obtained over time from participants that did (progressors) or did not (non-

progressors) develop T1D over a similar observation period. All of the participants had 

normal HbA1c and glucose levels at the times samples were obtained.

Representative intracellular RAGE staining of CD4+ and CD8+ T cells are shown in Fig 1A. 

For each individual, the median values describing the frequency of RAGE+ T cells among 

CD4+ or CD8+ T cells across all of the time points were determined and compared to the 
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values from healthy control (HC) subjects. The median levels of RAGE expression in CD4+ 

and CD8+ T cells from at-risk individuals were higher than in healthy control subjects 

(Figure 1C, p<0.0001 for both). In the at-risk subjects, the median levels of RAGE 

expression were generally higher in progressors compared to non-progressors to T1D in 

CD4+ (10.5±2.62 v 5.6±0.96, p=0.11) and significantly higher in CD8+ T cells (16.0±3.47 

vs 9.81±2.38, p=0.036, Mann Whitney test)(Figure 1D). When all of the individual values 

were compared, the levels of RAGE expression was significantly higher in both CD4+ and 

CD8+ T cells in the progressors compared to the non-progressors (p=0.004 and 0.0004 

respectively, Mann Whitney test) (Figure 1E).

We also compared the changes in RAGE expression over time in the at-risk subjects. We did 

not detect a significant relationship between time prior to diagnosis of T1D and the 

expression of RAGE on CD4+ or CD8+ T cells (not shown).

HMGB1/RAGE stimulation augments inflammatory cytokine release from T1D T cells

The levels of intracellular RAGE expression in T cells from the at-risk subjects were similar 

to levels that we had found in patients with T1D (15). Because of limited sample availability 

from the at-risk subjects, we carried out additional functional studies with T cells from 

patients after diagnosis (Table 1). Advanced glycation end products, produced with ambient 

hyperglycemia are not abundant in at-risk subjects in whom glucose levels are normal. We 

therefore tested whether other known RAGE ligands were available in the serum of patients 

with and at-risk for T1D and found that HMGB1 was present at similar levels in the serum 

of at-risk progressors (4.11 ± 0.84%), non-progressors (4.28 ± 1.07%) as in patients with 

established T1D (5.33 ± 0.96%, Fig 2A).

In previous studies we found that RAGE was expressed intracellularly but not on the 

surfaces of T cells from patients with T1D, whereas RAGE expression on the cell surface of 

monocytes is abundant (3, 15). Since HMGB1 was found in the serum, it was unclear 

whether this or other RAGE ligands could interact with RAGE internally localized in T 

cells. To determine whether extracellular RAGE ligands could interact with intracellular 

RAGE, we studied RAGE/HMGB1 interactions by proximity ligation (17). Enriched T cells 

from T1D patients were cultured with or without his-tagged recombinant HMGB1 or human 

serum albumin (HSA) and stained with PLA probes detecting anti-RAGE and anti-6X his-

tag. DAPI was used for nuclear visualization and CD4+ (not shown) or CD8+ T cells were 

identified by counterstaining. Proximity amplification signal was observed in T1D T cells 

incubated overnight with 100ng/mL recombinant HMGB1, indicating intracellular 

interaction between RAGE and HMGB1 (Fig. 2B).

We next tested whether HMGB1 affected functional responses of T cells from patients with 

T1D and HC. Proliferation of polyclonal T cells was not affected by the addition of HMGB1 

to cultures activated with anti-CD3/anti-CD28 mAbs (Fig. S1), but there was increased 

cytokine production and release when HMGB1 was added to cultures from T1D and HC 

subjects (Fig. 2C, p<0.0001). Specifically, there was significantly higher release of 

interferon-γ (p<0.001) and IL-6 (p<0.05) in cultures with cells from patients with T1D vs 

HC in the presence of HMGB1. Intracellular cytokine staining supported these findings as 

evident by the increased expression of intracellular IFNγ in CD4+ and CD8+ T cells when 
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HMGB1 was added to low dose anti-CD3+CD28 mAbs (Fig. 2D, p<0.01). While not 

significant across multiple donors, adding HMGB1 to the cultures induced higher fold 

increase in interleukin-17a (IL-17a) in patients with T1D versus the HC (Fig. 2C). 

Interestingly, we found increased levels of IL-17a production in CD8+ T cells in the 

presence of HMGB1 (Fig. 2E), but not in the CD4+ T cells (data not shown).

HMGB1 may interact with several members of the toll-like receptor (TLR) family (18), 

which are also present on T cells. To ensure the increasing pro-inflammatory cytokine 

release from T1D patients was due to RAGE, enriched T cells were transfected with Ager 
(RAGE) or Ctl siRNA (64 ± 3.68% reduction, p=0.0006) and stimulated as described above. 

Reducing RAGE expression attenuated global cytokine production in activated T cells 

stimulated with HMGB1 (p<0.0001). There were statistically significant reductions in IFNγ 
(p=0.04), IL-10 (p=0.04), and IL-5(p=0.0002)(Fig. 2F).

Inflammatory genes and signaling pathways are constitutively elevated in RAGE+ T cells

To determine the basis for increased RAGE protein expression we measured Ager gene 

expression by RT-PCR. Unstimulated CD4+ and CD8+ T cells from T1D patients displayed 

elevated Ager mRNA levels (2.85-fold and 2.71-fold, respectively) compared to HC cells 

(p=0.035 and p=0<0.0001 respectively, Fig 3 A–B). We next compared the gene expression 

profile between FACS- sorted RAGE+ and RAGE- T cells from patients with T1D. We used 

the Nanostring mRNA probe-based platform (human immunology panel) to identify 

differently expressed genes following fixing and permeabilization that was needed to 

identify RAGE by intracellular staining. RAGE+/− cells were compared within the same 

individual. For this exploratory analysis, gene expression was considered significantly 

altered if it was changed by > 1.5 fold between RAGE+ and RAGE- populations with a 

p<0.05. Genes whose expression met these criteria in CD4+ and CD8+ T cells are shown in 

Figs 3C–D.

We used the data on gene expression to identify differences in pathway expression between 

RAGE+ and RAGE- T cells with MetaCORE (Table 2). Several pro-inflammatory signaling 

pathways were different in RAGE+ CD4+ and CD8+ cells, including: NF-κB, IL-6, IL-12 

and IL-4. In addition, pathways of cell survival, and T lymphocyte proliferation/

differentiation were also increased in RAGE+ T cells.

RAGE promotes CD8+ T cell survival under conditions of nutrient deprivation

One of the most highly increased pathways in the RAGE+ CD8+ T cells was pro- survival. 

We therefore compared the survival of RAGE+ and RAGE- T cells, from patients with T1D, 

under conditions of serum deprivation. When total T cells, enriched from whole PBMCs, 

were placed in serum-free media for 24h, markers of cell death were reduced on RAGE+ vs 

RAGE- CD8+ T cell populations (11.83 ± 3.63% vs 33.50 ± 2.73%, p<0.05, Fig 4A–B). A 

similar trend was observed in the RAGE+ CD4+ T cells but did not reach statistical 

significance across multiple donors (20.42 ± 4.62% vs. 35.20 ± 6.06%, p=0.09, Fig S2).

To confirm the effects of RAGE on CD8+ T cell survival, RAGE expression was reduced 

with siRNA (38% reduction ± 4.13%, p=0.0003) and cells were placed in serum- free media. 

After 48 hrs, the levels of cell death, detected by flow cytometry with a live/dead stain was 
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increased in cells transfected with Ager vs Ctl siRNA (on average by 12 ± 2.73%, p<0.05, 

Fig. 4C).

Several intrinsic pathways have been proposed to determine T cell death or survival, 

including NF-κB that was suggested in the Nanostring analysis of the RAGE+ vs RAGE- 

cells. We analyzed NF-κB localization in RAGE+ and RAGE- CD8+ T cells by confocal 

flow cytometry. NF-κB nuclear expression was increased in 5/5 individuals with T1D (19 

± 2.88% higher in RAGE+ versus RAGE- cells)(Fig. 4D, p=0.008).

RAGE+ T cells express increased markers of a pro-inflammatory phenotype

Consistent with our nanostring findings, in patients with T1D, there was a higher proportion 

of RAGE+ CD8+ T cells that were positive for eomesodermin (EOMES) and killer cell 

lectin-like receptor subfamily G, member 1 (KLRG1) (Fig, 5A,B) and dual+ cells compared 

to the RAGE- CD8+ T cells (p<0.01. Fig. 5E,F), and both (Fig 5F, G) suggesting a higher 

proportion of terminally differentiated effector memory cells. The expression of interferon 

regulatory factor-4 (IRF-4)(p<0.01), CXCR3 (p<0.05), and signal transducer and activator of 

transcription 3 (STAT3) genes (p<0.01), found on IL-17 producing cells, were also elevated 

in RAGE+ CD8+ T cells (20). A similar expression patterns were seen in RAGE+ vs RAGE- 

CD4+ T cell populations (Fig. S3A).

We also analyzed the phenotypes of T cells from at-risk subjects who progressed to T1D 

using samples from 2 separate study visits approximately 1 year apart (Figure 6). Similar to 

our findings in patients with T1D, we found that the RAGE+ cells expressed higher levels of 

EOMES and KLRG1 in CD8+ T cells (p=0.0016 and 0.03 respectively, Fig. 6A, B). The 

expression of IRF4 was also increased on the RAGE+ vs RAGE- CD8+ T cells (p=0.09, by 

two way ANOVA), but we did not detect a significant difference in the level of CXCR3 

expression (p=0.16, Figs. 6C, 6D). There were similar findings among CD4+ T cells (Fig. 

S4). We did not detect changes in the frequency of the EOMES, KLRG1, or dual+ cells 

between the two study visits prior to diabetes onset (Fig 6).

Discussion

After the initiation of autoimmunity, coinciding with the appearance of autoantibodies, it 

takes years for T1D to occur. Studies from our group and others have suggested that the 

pathologic process is relatively quiet until the peri-diagnosis period when there is a climactic 

increase in cell killing and failure in insulin secretion(21). Our studies of RAGE expression 

and function in T cells from at-risk subjects and patients with T1D suggest a mechanism that 

may account for the persistence of chronic inflammation and the accelerated pathology in 

the peri-diagnosis period. We found high levels of RAGE expression in CD4+ and CD8+ T 

cells of autoantibody positive, at-risk subjects who later progressed to disease prior to the 

development of dysglycemia or overt diabetes compared to healthy control subjects or to at-

risk non-progressors. Gene expression in RAGE+ cells suggested activated inflammatory 

pathways, confirmed by higher levels of pathologic cytokine production when T cells from 

patients with T1D were activated with the RAGE ligand HMGB1 compared to T cells from 

control subjects. We found that the RAGE ligand, HMGB1, is able to gain entry into T cells 

and bind with the internally expressed receptor. RAGE expression was associated with 
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increased T cell survival. Thus, the expression of RAGE in T1D patient T cells and its 

functional activity may account for the persistence of underlying inflammation and RAGE+ 

T cell pathologic function when DAMPs are released following cell injury and killing, or 

when glycated endproducts are available by transient elevations of glucose levels. Clinical 

data showing a rapid decline in cell function in the peridiagnosis period compared to earlier 

periods are consistent with this pathologic mechanism (21, 22).

RAGE expression was higher in T cells from individuals who progressed to overt T1D 

compared to non-progressors. We do not know the basis for the persistence of RAGE 

expression on these T cells. RAGE ligands can increase RAGE expression but these subjects 

did not have overt hyperglycemia that would increase glycated endproducts. We cannot 

exclude the possibility that there are periodic excursions of glucose levels that generate 

AGEs, but in addition to normal oral glucose tolerance tests, another measure of 

hyperglycemia, HbA1c, was also normal in our at risk subjects. Likewise, continuous 

exposure to antigens may be involved in the maintained expression, but the relatively high 

frequency of RAGE+ cells is unlikely to be accounted for exclusively by cells that are 

specific for diabetes associated antigens. We did not identify a change in the frequency of 

RAGE+ CD4+ or CD8+ T cells over time in the at-risk subjects followed to overt T1D. 

However, the number of subjects that we studied was limited and the sampling interval was 

large. A more detailed time course of the kinetics of RAGE expression would allow us to 

address this question further.

Functional and phenotypic features of RAGE+ T cells suggest a role of these cells in 

diabetogenesis where RAGE ligands are available. RAGE+ CD8+ T cells expressed CXCR3 

and EOMES and a high level of EOMES/KLRG1 dual positivity in patients with T1D 

suggesting differentiated memory Th1 or Tc1 cells. The gene expression and NF-κB 

localization findings, indicate that RAGE+ T cells exhibit a predisposed inflammatory 

phenotype, and when activated in the presence of HMGB1, the cells produced higher levels 

of IFNγ, an important cytokine released by pathologic T cells in T1D (23). Furthermore, as 

a result of high levels of CXCR3 expression, the RAGE+ cells may traffic to the islets in 

response to IP-10 (CXCL10) since IP-10 is abundantly expressed in the pancreatic islets and 

is found in the serum of newly diagnosed diabetics and at risk individuals (24). We also 

found increased expression of the Th17/Tc17 cell lineage markers IRF4 and STAT3 in the 

RAGE+ CD8+ T cells in patients with T1D. We did not find a difference in either IRF4 or 

CXCR3 expression in the RAGE+ vs RAGE- CD8+ T cells from the at-risk progressors that 

may suggest that RAGE expression occurs prior to terminal differentiation of the T cells. 

However, we did find increased frequency of EOMES and KLRG1+ cells in the RAGE+ vs 

RAGE- CD8+ T cells from the at-risk progressors at both study visits. Further studies of the 

relationships between RAGE expression and activation and T cell differentiation are needed 

to resolve the differences in the at-risk subjects and patients. In our previous studies we 

found increased IL-17A production by T cells following activation with PMA/ionomycin 

(15), but we did not identify statistically significant differences upon HMGB1 stimulation. 

There are several possible explanations for this discrepancy including differences in the cell 

populations studied and methods of activation.
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In the endosomes, RAGE may remove DAMPs that are generated within T cells by cellular 

damage. In this way, intracellular RAGE expression may improve cell survival since in 

serum-deprived media RAGE+ cells showed improved survival that was lessened by RAGE 

siRNA. Previous work demonstrates that the NF-κB family of transcription factors is critical 

for T cell survival and RAGE+ T cells constitutively express high levels of nuclear NF-κB 

(25). Additional genes (Relb) and signaling pathways (p53) that were activated in RAGE+ T 

cells have been shown to protect various types of cancer cells from nutrient-deprived 

apoptosis (26, 27). A role for these mechanisms in terms of RAGE mediated survival of 

pathologic T cells in T1D requires further evaluation.

Our study has limitations that are important to recognize. Our sample size of at- risk subjects 

was relatively small but they were studied on multiple occasions. Furthermore, we only 

followed the non-progressors for the same period of time as the progressors and therefore we 

cannot conclude that the non-progressors are “protected” from disease. Our studies utilized 

HMGB1 as the model RAGE ligand but several others have been described (1). HMGB1 is a 

well characterized ligand that we show is present in the serum of patients with diabetes, 

those at risk, and even in healthy control subjects (Fig 2A). While other ligands (e.g. 

glycosylated proteins) may be important in the disease mechanism, our studies with this 

widely found ligand enabled us to focus on the significance of RAGE expression on T cells. 

We did not study the effects of RAGE ligands on other immune and non-immune cells that 

may indirectly affect T cells. Although we have taken measures to limit non-T cell 

contributions within our experiments, we cannot rule out the indirect effects of other 

immune cells in vivo. Finally, our data showing increased Ager expression in the T cells 

from patients with T1D as well as our siRNA studies suggest that RAGE is made by the T 

cells themselves. However, we cannot exclude the possibility that RAGE is taken up into 

endosomes from T cells where it may still have effects on the T cells that we describe.

In summary, these studies suggest that intracellular RAGE expression may identify at-risk 

individuals who progress to T1D. They also suggest mechanisms whereby environmental 

factors may accelerate T1D progression by activating RAGE+ T cells. Even non-specific 

mediators may trigger the cells that cause disease explaining the clinical course and 

highlighting the difficulties in identifying single environmental factors that cause the 

disease.
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Fig. 1. At-risk individuals progressing to T1D express significantly higher levels of intracellular 
RAGE in T cell populations
(A–B) Representative intracellular RAGE staining in CD4 (A) and CD8 (B) T cells from a 

single visit in progressors (red; Prog) or non-progressors (blue; NP). Isotype control staining 

is in grey. (C) The median percentage of RAGE+ CD4 (circles) and CD8 (triangles) T cells 

was determined for each at-risk subject and for healthy control subjects. There was an 

increase in the frequency of RAGE+ CD4+ and CD8+ T cells in the at-risk subjects 

compared to healthy controls (HC) (mean±SEM is shown, p<0.0001 for both, Mann-
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Whitney test)(D) The frequency of the median of RAGE+ T cells for each individual was 

compared in the at-risk progressors and non-progressors. There was a significantly greater 

frequency of RAGE+ CD8+ T cells in the at-risk progressors compared to those who did not 

develop T1D (p=0.036, mean±SEM, Mann-Whitney test) (E) The frequency of RAGE 

expression in CD4+ and CD8+ T cells at each study visit is shown. 

(**p=0.0037***p=0.0004, mean±SEM, Mann-Whitney test).
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Fig. 2. Intracellular RAGE binding augments pro-inflammatory cytokine production in activated 
T1D T cells
(A) Serum HMGB1 levels were similar in at-risk progressors (open circles), at-risk non-

progressors (filled circles), established T1D (triangles) patients and HC (squares) individuals 

(mean±SEM). (B) Enriched T1D T cells were analyzed for RAGE-HMGB1 interaction 

using a proximity ligation assay (PLA) in CD8+ T cells from a patient with T1D. After 4 

hours, in culture with his-tagged HMGB1 or HSA proximity of the his-tagged protein and 

RAGE is detected by PLA expression (red, arrows), nuclear staining by DAPI (blue) in 
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CD8+ T cells (green). Data from a single experiment representative of 3 is shown. (C) 
Cytokine secretion from activated T1D (black bars, n = 3) and HC (white bars, n = 4) T cells 

were compared as fold induction in the presence of HMGB1 (100 ng/mL) after 72h 

stimulation. There was greater release of cytokines from cells from patients with T1D vs HC 

(p<0.0001). Statistical significance was determined using a two-way ANOVA. (**** < 

0.0001, *<0.05, mean±SEM). (D-E) Intracellular IFNγ (D, red=CD4, blue=CD8) and 

IL-17a (E, CD8 only) in activated patient cells with or without HMGB1 stimulation 

(**p=0.0078 Wilcoxon signed-rank test). (F) HMGB1 induced cytokine secretion was also 

measured in enriched T cells from T1D patients transfected with RAGE (black) or Ctl 

(white) siRNA as above (n=6). There was significant reduction in cytokine release in cells 

that had received RAGE vs Ctl siRNA (p<0.0001)(*p<0.05 ***p<0.001, mean±SEM).
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Fig. 3. Ager mRNA is elevated in T1D patient T cells and RAGE+ T cells exhibit a pro-
inflammatory phenotype
(A–B) RT-PCR of RAGE (Ager) steady state mRNA levels in unstimulated CD4+ (A, T1D n 
= 13, HC n = 11) and CD8+ (B, T1D n = 10, HC n = 9) T cells. Values were normalized to 

GAPDH and statistical significance was determined using an unpaired, Mann-Whitney test 

(**** < 0.0001, * < 0.05, mean±SEM). (C–D) Genes displaying altered expression levels (≥ 

1.5-fold) between RAGE+ and RAGE- unstimulated CD4+ (C, n = 5) and CD8+ (D, n = 6) 
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T1D patient T cells. Statistical significance was determined using a paired Student’s t test 

between RAGE+ and RAGE- samples from same individual.
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Fig. 4. RAGE protects CD8 T cells from serum starvation-induced cell death in T1D patients
(A) Representative cell viability staining in T1D CD8+ T cells following 24h serum 

starvation. RAGE+ T cells are displayed on the left, while RAGE- T cells are on the right. 

(B) Percent cell death was measured in RAGE+ and RAGE- CD8 T cell populations 

following 24h serum starvation (n = 6, mean±SEM). (C) Ctl or Ager siRNA transfected T 

cells from T1D patients were analyzed for percent cell death following 48h serum starvation 

(n = 5). Statistical significance was determined using a Wilcoxon signed-rank test in each 

experiment (* < 0.05). (D) CD8+ T cells from T1D patients were stained for intracellular 
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RAGE, NF-κB and the nuclear marker DAPI. Representative single cell images for 

brightfield (BF), single colors and NF-κB/DAPI colocalization (merge) are displayed from 

RAGE+ (top) and RAGE- (bottom) populations. Percent NF-κB nuclear localization with 

DAPI was determined by Pearson coefficient calculations.
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Fig. 5. RAGE+ CD8+ T cells express higher amounts of inflammatory and effector memory 
markers in T1D patients
(A) Expression of EOMES and KLRG1 in RAGE+ and RAGE- CD8+ T cells from a patient 

with T1D. Data from a single patient representative of 8 is shown. (A–F) EOMES (A), 

KLRG1 (B), IRF4 (C), and CXCR3 (D), STAT3 (E) levels in RAGE+ (open symbols) and 

RAGE- (closed symbols) CD8+ T cells from patients with T1D. Each symbol represents a 

single patient. The graphs display mean fluorescence intensity (MFI) of each marker. 

Statistical significance was calculated with a nonparametric Wilcoxon signed-rank test for 
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all experiments (**<0.01, *<0.05, mean±SEM). (F,G) The frequency of EOMES/KLRG1 

dual+ cells is also shown (**p<0.01).
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Fig. 6. RAGE+ CD8+ T cells express higher levels of EOMES and KLRG1 from individuals at-
risk for T1D prior to the onset of hyperglycemia
Samples were obtained from at-risk individuals who progressed to T1D on two occasions an 

average of 397±9.6 days apart. All of the individuals had normal glucose and HbA1c levels 

at the time that samples were taken. There was increased expression of EOMES (p<0.0016)

(A) and KLRG1(p=0.03)(B) in RAGE+ vs RAGE- T cells. We did not detect differences in 

the expression of RAGE or these markers on the RAGE+ T cells between the two study 

visits.
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Table 1

Demographics of subjects

A. At-risk subjects

Group N (Males) Age (median, range)
at 1st collection

Number of
positive autoAbs*

Interval
followed**

Progressors 9 (3) 17.0 (7.6–41.2) yrs 3 383 days (146–672
days)

Non-progressors 13 (7) 15.9 (6.5–39.2) yrs 1 585 days (343–742
days)

B. Subjects with diabetes

N Age (median, range) Disease duration
(median, range)

Female 9 21.1 (13.7–46) 5.92 (2.67–38)yrs

Male 14 19.5 (13.4–34) 10.1 (3.6–27)

*
Median

**
Median (range)
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Table 2

Pathway analysis determination of biological pathways elevated in RAGE+ versus RAGE- T1D T cells.

Enriched Biological Pathways – RAGE+ T1D T cells P-value

Apoptosis and survival_Anti-apoptotic TNFs/NF-κB/Bcl-2 pathway 1.967E-06

Immune response_Naive CD4+ T cell differentiation 3.846E-06

Immune response_TNF-R2 signaling pathways 6.334E-05

Signal transduction_NF-κB activation pathways 1.033E-04

Immune response_IL-6 signaling pathway 3.699E-04

Immune response_IL-12-induced IFN-gamma production 5.757E-04

Immune response_IL-4 signaling pathway 1.034E-03

Immune response_IL-12 signaling pathway 3.866E-03

Development_PDGF signaling via STATs and NF-κB 7.332E-03

Immune response_Th17 cell differentiation 8.698E-03

Differences in gene expression in RAGE+ and RAGE- T cells, within the same individual, were used to identify biologic pathways that differ with 
MetaCORE (Thompson Reuters). The ten most altered T lymphocyte pathways in T1D T cells are ordered based on statistical significance (P-
value).
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