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Type 1 diabetes is an autoimmune disease with no cure,
where clinical translation of promising therapeutics has
been hampered by the reproducibility crisis. Here, short-
term administration of an antagonist to the receptor for
advanced glycation end products (sRAGE) protected
against murine diabetes at two independent research
centers. Treatment with sRAGE increased regulatory T
cells (Tregs) within the islets, pancreatic lymph nodes,
and spleen, increasing islet insulin expression and func-
tion. Diabetes protection was abrogated by Treg deple-
tion and shown to be dependent on antagonizing RAGE
with use of knockout mice. Human Tregs treated with a
RAGE ligand downregulated genes for suppression, mi-
gration, and Treg homeostasis (FOXP3, IL7R, TIGIT, JAK1,
STAT3, STAT5b, CCR4). Loss of suppressive function was
reversed by sRAGE, where Tregs increased proliferation
and suppressed conventional T-cell division, confirming
that sRAGE expands functional human Tregs. These results
highlight sRAGE as an attractive treatment to prevent dia-
betes, showing efficacy and reproducibility at multiple re-
search centers and in human T cells.

Type 1 diabetes (T1D) is an autoimmune disease involving a
heterogeneous interplay between genetic and environmental
factors resulting in T cell–mediated destruction of insulin-
producing b-cells (1). T1D incidence is increasing at 2–3%
per year worldwide, elevating the risk for premature death
and costing $14 billion per annum in health care in the U.S.
(2). Risk factors for developing T1D include decreases in
functional regulatory T cells (Tregs) (3) and increased num-
bers of autoantigen-specific conventional T cells (Tconvs), par-
ticularly effector phenotypes (Teff) (4). Early-phase clinical
trials promoting Treg expansion, thereby suppressing Tconv
activation, have shown promise in preserving insulin pro-
duction after diagnosis of T1D (5,6), but findings await vali-
dation in larger cohorts. However, interventions aimed at
reversing clinically diagnosed T1D may be “too late,” with
phase III clinical trials not reaching primary end points (7).
As a result, promising therapeutics targeting T cells are
being repurposed for use in prediabetes (7) to prevent on-
set of T1D (clinical trial reg. nos. NCT01030861 and
NCT01773707, ClinicalTrials.gov). Indeed, in the former,
a phase II randomized study, it was reported that

1Glycation and Diabetes, Mater Research, The University of Queensland and
Translational Research Institute, Brisbane, Australia
2School of Biomedical Sciences, The University of Queensland, Brisbane,
Australia
3Inflammatory Disease Biology and Therapeutics, Mater Research, The University of
Queensland and Translational Research Institute, Brisbane, Australia
4Type 1 Diabetes Research Center, Novo Nordisk, Seattle, WA
5Centre for Biodiscovery and Molecular Development of Therapeutics, Australian
Institute of Tropical Health and Medicine, James Cook University, Cairns,
Australia
6Research Program for Clinical and Molecular Metabolism, Faculty of Medicine,
University of Helsinki, Helsinki, Finland
7Folkh€alsan Research Center, Helsinki, Finland
8Nephrology, Abdominal Center, University of Helsinki and Helsinki University
Hospital, Helsinki, Finland
9Baker IDI Heart and Diabetes Institute, Melbourne, Australia
10Laboratory for Metabolism and Vascular Medicine, Department of Internal
Medicine, Maastricht University, Maastricht, the Netherlands

11Cardiovascular Research Institute Maastricht, Maastricht, the Netherlands
12Diamantina Institute, The University of Queensland and Translational Research
Institute, Brisbane, Australia
13Cancer Immunotherapies, Mater Research, The University of Queensland and
Translational Research Institute, Brisbane, Australia
14Pediatric Research Center, Children’s Hospital, University of Helsinki and
Helsinki University Hospital, Helsinki, Finland
15Mater Clinical School, The University of Queensland, Brisbane, Australia

Corresponding author: Josephine M. Forbes, josephine.forbes@mater.uq.edu.au

Received 24 February 2022 and accepted 23 May 2022

This article contains supplementary material online at https://doi.org/10.2337/
figshare.20051633.

© 2022 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/journals/pages/license.

P
A
T
H
O
P
H
Y
S
IO

L
O
G
Y

1994 Diabetes Volume 71, September 2022

D
ow

nloaded from
 http://diabetesjournals.org/diabetes/article-pdf/71/9/1994/694565/db220177.pdf by guest on 13 M

arch 2023

https://ClinicalTrials.gov
mailto:josephine.forbes@mater.uq.edu.au
https://doi.org/10.2337/figshare.20051633
https://doi.org/10.2337/figshare.20051633
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db22-0177&domain=pdf&date_stamp=2022-12-14


teplizumab—an Fc receptor nonbinding anti-CD3 mono-
clonal antibody—significantly delayed onset of T1D (8).
Thus, interventions delivered for prediabetes are clinically
feasible, have a greater chance of preserving insulin secre-
tion, and could prevent onset of T1D.

The receptor for advanced glycation end products
(RAGE) is a pattern recognition receptor implicated in in-
flammatory diseases and is expressed in various cells in-
volved in T1D including T cells (reviewed in 9). Recently,
changes in circulating (termed soluble) RAGE concentrations
have been associated with risk for developing T1D in hu-
mans (10–12). Furthermore, T cells from individuals at risk
who progress to T1D have greater RAGE expression, which
enhances T-cell cytokine production and survival (13).
Natural history studies have further revealed that poly-
morphisms in the RAGE gene (AGER), which decrease
circulating soluble RAGE (sRAGE) concentrations (12),
a naturally occurring antagonist that competes for
RAGE ligands, increase the risk of T1D (14). These de-
creases in circulating sRAGE also coincide with sero-
conversion to autoantibodies against islet autoantigens
in individuals at risk (10,11). Therefore, this deficiency
in circulating sRAGE presents a novel therapeutic tar-
get for preventing the onset of T1D.

In the current study, we targeted the deficiency in cir-
culating sRAGE concentrations in prediabetes with short-
term administration of recombinant human sRAGE with
the aim of preventing diabetes onset in mice. sRAGE acted
in an immunomodulatory manner to decrease diabetes in-
cidence at two independent research centers, increasing
the proportion of Tregs in the islet-infiltrating leukocytes,
pancreatic lymph nodes (PLN), and spleen, which reduced
islet infiltration and preserved islet numbers, insulin ex-
pression, and b-cell function. Depletion of Tregs in adop-
tively transferred diabetes reversed the capacity of sRAGE
to prevent T1D and sRAGE administration to wild-type
but not RAGE knockout (KO) mice increased Treg numbers
and function. Ex vivo, sRAGE promoted the expansion of
human Tregs and reduced Tconv proliferation in coculture,
whereas Tregs cultured in the presence of the RAGE ligand,
advanced glycation end products (AGEs), had reduced
suppressive function. Our data suggest that short-term
delivery of sRAGE effectively modulates functional Treg
expansion, thereby preventing diabetes and potentially
other autoimmune disease.

RESEARCH DESIGN AND METHODS

Murine Incidence Studies
For the incidence analyses, female NOD/ShiLt mice were
housed in specific pathogen-free conditions at two inde-
pendent research centers: site 1, Translational Research
Institute, and site 2, Type 1 Diabetes Research Center,
Novo Nordisk. Mice were sourced from The Animal Re-
sources Centre (Canning Vale, Australia [site 1]) or The
Jackson Laboratory (Sacramento, CA [site 2]) and pro-
vided free access to irradiated diet (site 1, Specialty Feeds

Rat and Mouse Diet; site 2, Purina LabDiet 5053) and wa-
ter (site 1, autoclaved; site 2, filtered). Randomized mice
were intraperitoneally injected on days 50–64 of life with
100 mL recombinant human sRAGE (25 mg) twice daily
(sites 1 and 2), vehicle (PBS) twice daily (site 1), or sRAGE
(100 mg) once daily (site 2) or were untreated (site 2).
Mice were fasted for 4–6 h and euthanized on day 64 or
80 or, for nonprogressors, day 225 of life. Nonfasted blood
glucose concentrations were measured weekly with a gluc-
ometer (site 1, SensoCard; site 2, Bayer CONTOUR USB)
between days 50 and 225. Diabetes was diagnosed when
this exceeded 15 mmol/L on consecutive days, at which
point these progressors left the study.

For all other study analyses, female NOD/SCIDs,
wild-type C57BL/6, and RAGE KO C57BL/6 (15) mice
were housed at site 1. Animal studies were approved
at both sites by their respective institutional ethics
committees and adhered to national guidelines by
the National Health and Medical Research Council
(NHMRC) (Australia) and National Institutes of
Health (U.S.).

Adoptive Transfer of Diabetes in Mice
Splenocytes (107) from untreated female NOD/ShiLt mice
diagnosed with diabetes within 7 days were injected (200
mL i.v.) into 5- to 9-week-old female NOD/SCID recipients
(16). Splenocytes were mechanically dissociated with use
of 70-mm filters, red cell lysis was performed with Ammo-
nium-Chloride-Potassium (ACK) Lysing Buffer (Thermo
Fisher Scientific), and splenocytes were washed several
times into serum-free mouse-tonicity PBS for injection
in vivo. Randomized NOD/SCID mice were then adminis-
tered the following treatments 2 weeks post–adoptive
transfer: 1) PBS and rat isotype control IgG2b antibodies
(RTK4530; BioLegend), 2) PBS and anti–folate receptor 4
(FR4) antibodies (TH6; BioLegend) for the depletion of
Tregs via their selective expression of FR4 (17), 3) sRAGE
and isotype control antibodies, or 4) sRAGE and anti-FR4
antibodies. PBS and sRAGE (25 mg) were given twice daily
as described above. Isotype control and anti-FR4 antibodies
(10 mg for both) were given on days 0, 3, 7, 10, and 14,
and endotoxin levels were <0.01 endotoxin units (EU)/mg
(<0.1 EU/injection) as determined by limulus amebocyte
lysate (LAL) assay. Diabetes was monitored and diagnosed
as described above.

Islet Histology and Immunofluorescence Staining
Formalin-fixed tissue sections (4–5 mm) were deparaffi-
nized, rehydrated, stained with hematoxylin-eosin (H-E),
and imaged (VS1200 brightfield microscope; Olympus
Corporation, Japan). Islet infiltration was assessed in a
blinded fashion with use of an islet infiltration index from
0 to 1 as previously described (18).

For tissue immunofluorescence, antigen retrieval was
performed with sodium citrate buffer (pH 6), nonspecific
blocking with 10% donkey serum, and incubation with
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rabbit anti-CD3 (SP7; Abcam), goat anti-CD4 (no. AF554;
R&D Systems), and biotinylated anti-FoxP3 (FJK-16s; eBio-
science) antibodies overnight at 4�C. This was followed by
incubation with anti-rabbit IRDye 800CW (no. 926-32213;
LI-COR), anti-goat Alexa Fluor 568 (no. A-11057; Thermo
Fisher Scientific), and streptavidin–Alexa Fluor 647 (no.
S32357; Thermo Fisher Scientific) at room temperature for
1 h. Sections were blocked as described above and then in-
cubated with rat anti-insulin antibody (182410; R&D Sys-
tems) overnight at 4�C, followed by anti-rat Alexa Fluor
488 (no. A21208) at room temperature for 1 h. Sections
were mounted with Fluoroshield-DAPI and imaged (FV1200
confocal microscope; Olympus Life Science). Blinded quanti-
fication was performed in ImageJ, version 2.0.0. Statistical
tests were performed with independent biological replicates
(i.e., averaging numerous sections per mouse), and scatter
plots show individual islet data points for complete visuali-
zation of the data set.

Flow Cytometry and Cell Sorting
Mouse spleen and PLN were mechanically dissociated into
single cells with use of 40-mm filters, and red cell lysis
was performed with ACK buffer. Blocking was performed
with anti-CD16/CD32 antibodies (BD Biosciences), and
cells were stained with antibodies against CD4 (RM4-5;
BD Biosciences), CD8 (53-6.7; BD Biosciences), CD11b
(M1/70; BD Biosciences), CD11c (HL3; BD Biosciences),
B220 (RA3-6B2; BD Biosciences), F4/80 (CI:A3-1; Bio-Rad
Laboratories), CD62L (MEL-14; BD Biosciences), CD44
(IM7; BD Biosciences), CD25 (PC61; BD Biosciences),
FoxP3 (FJK-16s; eBioscience), TIGIT (1G9; BioLegend),
KLRG1 (2F1; BioLegend) and Ki67 (16A8; BioLegend).
Samples were analyzed on the LSRII (BD Biosciences) and
FlowJo (Tree Star, Inc.).

Soluble RAGE Manufacture
Recombinant sRAGE was produced from the cloned human
endogenous secretory RAGE sequence in an insect cell and
baculovirus expression system (referred to from here as
sRAGE). Recombinant sRAGE was isolated by size exclusion
and affinity chromatography and confirmed to be >99%
pure with SDS-PAGE (Supplementary Fig. 1). Endotoxin lev-
els were 0.065 EU/mg (0.00325 and 0.0065 EU/day for 25
mg twice daily and 100 mg once daily dosages, respectively) as
determined with LAL assay. Treatment dosages were based
on those of previous studies (19,20).

RAGE Ligand Assays
Fasting plasma S100A8/A9 (R&D DuoSet), S100B (Abbexa),
and HMGB1 (SHINO-TEST) were measured with ELISA. Cir-
culating AGEs and dicarbonyls were measured with liquid
chromatography–tandem mass spectrometry as previously
described (21).

Oral Glucose Tolerance Tests
Mice were fasted for 4–6 h and administered a 2 g/kg glu-
cose bolus by intragastric gavage. At 0, 15, 30, 60, and
120 min post–glucose bolus, blood glucose and plasma in-
sulin were measured by glucometer and ELISA (Crystal
Chem), respectively.

AGE–Human Serum Albumin Production
We produced AGE–human serum albumin (HSA) by incubat-
ing 20 mg/mL fatty acid–free, cold ethanol–precipitated HSA
(Sigma-Aldrich) and 0.5 mol/L D-(1)-Glucose (Sigma-Aldrich)
in HyClone PBS (GE Healthcare) for 3 months at 37�C in
the dark. Solutions were placed into 10 kDa MWCO Slide-
A-Lyzer Cassettes (Thermo Fisher Scientific) and dialyzed
against PBS (GE Healthcare), 0.22 mm filtered, and stored at
�80�C. Endotoxin was determined to be <1 EU/mL (<0.005
EU/mL at final concentrations in human cell culture experi-
ments) by LAL assay. AGE-HSA glycation adducts were
measured with liquid chromatography–tandem mass spec-
trometry as 646.5 mmol/L Ne-(carboxymethyl)lysine (CML),
45.3 mmol/L Ne-(carboxyethyl)lysine (CEL), and 198.4 mmol/L
methylglyoxal-derived hydroimidazolone (MG-H1) (28-, 22-,
and 11-fold increases in glycation adduct concentrations, re-
spectively, as compared with unmodified HSA).

Human T-Cell Culture
Human blood donors were healthy volunteers, 18–65 years
of age, and provided informed consent. Experiments were
approved by the Mater Human Research Ethics Com-
mittee. Fresh human peripheral blood mononuclear
cells (PBMCs) were isolated with Ficoll and incubated
with antibodies against CD3 (OKT3; BioLegend), CD4
(RPA-T4; Bio-Legend), CD25 (BC96; BioLegend), CD127
(A019D5; Bio-Legend), and FoxP3 (PCH101; eBioscience).
Dead cells were excluded with a LIVE/DEAD viability dye
(Thermo Fisher Scientific), and blocking was performed with
Human TruStain FcX (BioLegend). CD31CD41CD251

CD127lo/� natural Tregs (nTregs) and CD31CD41CD25�

Tconvs were isolated on the Astrios (Beckman Coulter) or
FACSAria (BD Biosciences) and analyzed with FlowJo
(>97% nTreg and Tconv purity). CD3

1CD41CD251CD127lo/�

nTregs were 90.2 ± 7.1% FoxP3 positive (Supplementary
Fig. 7C and D), consistent with previous studies (22).

Human nTregs were carboxyfluorescein succinimidyl ester
(CFSE)-labeled and cultured in TexMACs (Miltenyi Biotec)
supplemented with 10% heat-inactivated FBS (Life Technolo-
gies from here unless otherwise indicated), 100 units/mL pen-
icillin-streptomycin, 10 mmol/L b-mercaptoethanol, and 100
mg/mL AGE-modified HSA (AGE-HSA or AGE) at a final
number of 2.5 × 104 cells in a U-bottom 96-well plate.
Tconvs were CellTrace Violet labeled and added at 2.5 × 104

cells/well. Cells were stimulated with anti-CD3/CD28
MACSiBeads at a 1:10 bead:cell ratio. Cocultures were
treated with 50 mg sRAGE or PBS daily for 72 h at 37�C,
5% CO2. Proliferation indices were analyzed with CFSE and
CellTrace Violet dye dilution on the LSRFortessa (BD Bio-
sciences) and FlowJo software proliferation gating feature.
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Human T-Cell Monoculture
CFSE-labeled human nTregs were also grown in monocul-
ture with TexMACs supplemented with 10% heat-inacti-
vated FBS, 100 units/mL penicillin-streptomycin, 10 mmol/L
b-mercaptoethanol, and 200 IU/mL IL-2 at a final number
of 2 × 104 cells in a U-bottom 96-well plate. Cells were stim-
ulated with use of anti-CD3/CD28 MACSiBeads at a 1:20
bead:cell ratio and treated with 100 mg/mL HSA or AGEs
for 72 h at 37�C, 5% CO2, and analyzed as described above.

Naive CD41 T cells were negatively isolated from fresh
PBMCs with EasySep (Stem Cell Technologies) (>95% pu-
rity). Cells were stimulated (23); treated with 100 mg/mL
AGEs and 50 mg sRAGE or PBS daily for 72 h at 37�C, 5%
CO2; and analyzed for CD31CD41CD251CD127lo/� in-
duced Treg (iTreg) differentiation on the LSRFortessa (BD
Biosciences) and FlowJo.

Human nTreg Binding Assay
Human nTregs were stained with Hoechst 33342 (Thermo
Fisher Scientific) and cultured in phenol-free RPMI-1640
(Thermo Fisher Scientific) in glass chambers and administered
100 mg/mL HSA–Alexa Fluor 488, AGE–Alexa Fluor488, or
AGE–Alexa Fluor488 and anti-RAGE antibody (no. AB5484;
Merck) for the durations indicated. Cells were imaged on the
FV1200 confocal microscope, and quantification was per-
formed in a blinded fashion with ImageJ.

NanoString Analyses of Human T Cells
For gene expression analysis, unlabeled nTregs were grown
in monoculture under the conditions described above for
72 h and anti-CD3/CD28 MACSiBeads removed with Easy-
Sep Magnet. RNA was isolated with RNAzol RT (Astral Sci-
entific) per the manufacturer’s instructions with use of
molecular-grade isopropanol and ethanol (Sigma-Aldrich)
for RNA precipitation. Cells were lysed and centrifuged to
separate the aqueous phase that contained RNA. Multiple
ethanol washes were performed before resuspension of the
purified RNA pellet. RNA quality and quantity were probed
with use of an Implen NanoPhotometer N60 (LabGear).
RNA (100 ng) was hybridized overnight with a NanoString
Custom CodeSet for 136 T cell–specific genes. Normaliza-
tion of raw counts was performed with NanoString nSolver
software with the housekeeping genes ACTB, B2M, GAPDH,
HPRT1, and RPLP0 (panel in Supplementary Table 3).

Quantification and Statistical Analysis
Statistical analyses were performed with GraphPad, version
5.01, and P < 0.05 was considered statistically significant.
Comparisons were done with biological, not technical, repli-
cates that are shown in all figures. Normality was tested
with the Kolmogorov-Smirnov test. Means were compared
with two-tailed Student t test and are shown as means ±
SD. Medians were compared with two-tailed Mann-Whit-
ney U test and are shown as median (interquartile range
[IQR]). Kaplan-Meier survival curves were compared with
log-rank test. Regression lines were compared with
ANCOVA. Proportions were compared with Fischer test.

Gene expression was analyzed with R, version 3.4.4, for
principal components analysis (PCA) and volcano plots;
Database for Annotation, Visualization and Integrated
Discovery (DAVID), version 6.8, for Reactome pathway en-
richment; PANTHER, version 14.0, for gene ontology over-
representation; and Ingenuity Pathway Analysis, version
1.14, for identification of upstream regulators and network
analysis (P values were adjusted with false discovery rate or
Bonferroni correction).

Data and Resource Availability
The data sets generated during or analyzed in the current
study are available from the corresponding author on rea-
sonable request. The AGE-HSA in the current study is avail-
able from the corresponding author on reasonable request.
The sRAGE generated in the current study is not publicly
available due to ongoing drug development that is commer-
cial and in confidence. However, sRAGE can be purchased
from many vendors including ProSpec (PRO-601), BioVen-
dor (RD172116025-HEK), and Merck (SRP6051).

RESULTS

Short-term sRAGE Decreases Diabetes Development
at Two Geographically Distinct Sites
Recombinant human sRAGE was administered bidaily
prediabetes for 2 weeks (days 50–64 of life) (Fig. 1A),
which led to a 3.0-fold improvement in diabetes incidence
by day 225 compared with vehicle-treated mice (Fig. 1B;
site 1). Comparable results were achieved at an indepen-
dent research center with greater diabetes penetrance
(Fig. 1B; site 2), where sRAGE treatment for prediabetes
at escalating dosages resulted in a 2.8-fold and 4.0-fold re-
duction in diabetes incidence, respectively (vs. untreated)
(Fig. 1B).

Nonfasting blood glucose concentrations in sRAGE-
treated mice were significantly lower over the study dura-
tion compared with vehicle mice (Fig. 1C) until approxi-
mately day 200, when both sRAGE groups had overlap
(Fig. 1C). Blood glucose variability was also reduced fol-
lowing sRAGE administration (vs. vehicle/untreated) (Fig.
1C). From here, we characterized the effects of sRAGE at
the lowest dose given bidaily.

sRAGE Therapy Decreases Islet Infiltration and
Increases Islet Numbers
Immediately after therapy completion (day 64), mice treated
with sRAGE had reduced islet infiltration indices compared
with vehicle (Fig. 1D), with a decrease in the numbers of is-
lets with high-grade insulitis (>75% infiltrate, grade 4) and
an increase in islets without insulitis (0% infiltrate, grade 0)
(Fig. 1E and F). By day 80, the islet infiltration index did
not differ between groups (Fig. 1D), and unexpectedly,
sRAGE-treated mice had a modest increase in the propor-
tion of islets with grade 4 insulitis (>75% infiltration) (Fig.
1E and F). However, by day 225, sRAGE-treated mice
showed significant reduction in islet infiltration (Fig. 1D),
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increased proportion of islets without insulitis, and fewer is-
lets scoring 4 (vs. vehicle) (Fig. 1E and F). Islet numbers de-
creased over the study duration in both cohorts (Fig. 1G),
but sRAGE treatment preserved a greater number of islets
by day 225 (Fig. 1G).

sRAGE Rapidly Increases Treg–to–Effector T Cell
Ratios in the PLN and Spleen
Given that Tregs in the PLN and spleen regulate islet infiltra-
tion in diabetes (24), we examined the effects of sRAGE

therapy at these sites (Supplementary Fig. 2, gating strate-
gies). Immediately after sRAGE therapy on day 64, higher
numbers and proportions of CD41CD8�CD251Foxp31

Tregs, as well as higher numbers of FoxP3�CD41 and
FoxP3�CD81 Tconvs, were observed in both the PLN and
spleen (vs. vehicle) (Supplementary Fig. 3A–C). In the PLN,
increases in Treg numbers elevated Treg–to–effector T cell
(Teff) ratios in sRAGE-treated mice (Fig. 2A–C). Despite the
increase in splenic Tregs, the ratio to Teff cells remained un-
changed on day 64 (Fig. 2A–C). There was no change in the

Figure 1—Treatment with sRAGE provides lasting protection against autoimmune diabetes in an international multisite preclinical trial. A:
NOD/ShiLt mice were administered vehicle at site 1 or were untreated at site 2 (black bars/circles) or treated with 25 mg sRAGE twice daily
(red bars/triangles) or 100 mg sRAGE once daily (brown bars/triangles) from days 50–64 of life. B: Autoimmune diabetes incidence. Site 1,
three independent experiments, n = 23/group; site 2, one independent experiment, n = 14–20/group. C: Nonfasting blood glucose con-
centrations shown as linear regression ± 95% CI (left) and residuals representing variability of blood glucose levels from the regression
line (right). D–F: Pancreatic islet infiltration. D: Islet infiltration index (0 indicates no infiltration; to 1 indicates >75% infiltration). E: Degree
of islet infiltration (grade 0, none; grade 1, peri-infiltration; grade 2, <25% infiltration; grade 3, 25–75% infiltration; grade 4, >75% infiltra-
tion). F: Representative hematoxylin-eosin photomicrographs (n = 7–33 sections/group from n = 4–7 mice/group; scale bar = 40 mm). G:
Islet count normalized by tissue area. Column graphs are shown as median (IQR), with analysis with two-tailed Mann-Whitney U test. Box-
and-whisker plot variances were analyzed with F test. Degree of insulitis is shown as mean and proportions analyzed with Fischer exact test.
Diabetes incidence is shown with Kaplan-Meier survival curves and was analyzed with log-rank test. *P< 0.05; **P< 0.01; ***P< 0.001.
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activation status of FoxP3�CD41 or FoxP3�CD81 Tconvs
following sRAGE treatment in either lymphoid com-
partments (CD62L1 and CD441) (Supplementary Fig. 3B
and C).

By day 225, sRAGE-treated mice had decreased numbers
of CD41CD8�CD251Foxp31 Tregs and FoxP3�CD81 Tconvs
in the PLN and FoxP3�CD41 and FoxP3�CD81 Tconvs in
the spleen, as compared with vehicle (Supplementary Fig.
4A–C). This suggested that there was a persistent dampen-
ing of immune responses after sRAGE treatment, which
was consistent with a long-lasting increase in Treg frequen-
cies in the PLN and spleen (Supplementary Fig. 4A) and
Treg-to-Teff ratios in the spleen alone (vs. vehicle) (Fig. 2D–F).
The proportions of CD62L1CD44� naive, CD62L�CD441

effector, and CD62L1CD441 memory subsets in the Tconv
populations remained unchanged between groups on day
225 (Supplementary Fig. 4B and C).

Given the importance of antigen-presenting cells (APCs)
in the activation of T cells (25,26), particularly Tregs (27,28)
in diabetes, CD81 and CD11b1 conventional dendritic cells,
plasmacytoid dendritic cells, and macrophages on day 64
were measured. All dendritic cell subsets within the spleen

were increased, but there were no significant changes within
the PLN (Supplementary Fig. 5A). Macrophages were in-
creased both in the PLN and spleen (Supplementary Fig.
5B), consistent with results of previous studies with sRAGE
(19).

Diabetes Prevention by sRAGE Requires Tregs, and Its
Expansion of Tregs Is RAGE Dependent
Adoptive transfer of diabetes into NOD/SCID mice (Fig.
2G) was performed. Of NOD/SCID recipient mice, 72%
and 78% developed diabetes when given either vehicle
plus isotype IgG (Treg competent) or vehicle plus anti-FR4
antibodies (Treg deficient), respectively (Fig. 2H). None of
the NOD/SCID mice treated with sRAGE plus control IgG
developed diabetes. However, 56% of those that received
sRAGE plus anti-FR4 antibodies to deplete Tregs developed
diabetes (Fig. 2H). There were marked reductions in
CD41CD8�CD251FoxP31 Treg proportions in PLNs and
spleen of mice treated with anti-FR4 antibodies, whereas
sRAGE plus control IgG-treated mice had an increased
proportion of Tregs in both PLNs and spleen (Fig. 2I and J).

Figure 2—Tregs are a nonredundant mechanism of action for sRAGE treatment. A–F: Flow cytometry quantification of Treg-to-Teff ratios on
day 64 (A–C) and day 225 (D–F) in NOD/ShiLt mice (n = 4–13/group). G: In an adoptive transfer model of autoimmune diabetes, spleno-
cytes from diabetic NOD/ShiLt donors were adoptively transferred into NOD/SCID recipients. Recipient mice were treated with vehicle or
25 mg sRAGE twice daily for 14 days and isotype control or anti-folate receptor 4 (FR4) monoclonal antibodies (mAb) at 3, 7, 10, and 14
days. Diabetes incidence (three independent experiments, n = 16 mice/group) (H) and flow cytometry quantification of Treg frequencies
(n = 16 mice/group) (I and J). I: Quantification of frequencies. J: Representative dot plots. Column graphs are shown as median (IQR), with
analysis with two-tailed Mann-Whitney U test. Diabetes incidence is shown with Kaplan-Meier survival curves and was analyzed with log-
rank test. *P < 0.05; **P< 0.01; ***P < 0.001; ****P < 0.0001.
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sRAGE competes for RAGE ligands that are also recog-
nized by other receptors (29), so we investigated the im-
portance of RAGE expression in sRAGE modulation of
Tregs. First, we established that cell-surface RAGE was pre-
sent on CD41CD8�CD251Foxp31 Tregs in the PLN and
spleen in NOD/ShiLt mice on day 50 of life (Fig. 3A and
B), at the commencement of sRAGE treatment. Then, us-
ing the C57BL/6 mouse as a model organism (in which
Treg RAGE expression was comparable with NODs in the
spleen and PLN) (Fig. 3B), we administered sRAGE to
wild-type or RAGE KO mice from day 50 to 64 of life (Fig.
3C). Consistent with our findings in NOD/ShiLt mice,
there was a significant increase in the Treg-to-Teff ratios in
both the PLN and spleen of C57BL/6 mice administered
sRAGE (Fig. 3D). However, sRAGE treatment in RAGE KO
mice did not alter Treg-to-Teff cell ratios in these lymphoid
tissues (Fig. 3E).

We interrogated expression of the proliferation marker
Ki67, as well as Treg activation markers TIGIT, KLRG1,
CD44, and CD62L (representative histograms and dot
plots shown in Fig. 3F) in the PLN and spleen of both
wild-type and RAGE KO mice administered sRAGE. Con-
sistent with the elevated Treg-to-Teff ratios, the proportion
of CD41CD8�CD251Foxp31 Tregs expressing the prolifer-
ation marker Ki67 in wild-type mice had increased after
sRAGE treatment, whereas CD41CD8�Foxp3� Tconv ex-
pression of Ki67 had declined (Fig. 3G). Treg TIGIT and
KLRG1 expression was also greater following sRAGE ad-
ministration in C57BL/6 mice (Fig. 3G), indicating the
presence of activated and highly proliferative Tregs (30).
sRAGE-treated Tregs in wild-type mice also presented a
more activated phenotype, with a reduced proportion of
CD62L1CD44� naive Tregs and an increased proportion of
CD62L�CD441 effector and CD62L1CD441 memory Tregs
(Fig. 3G). The expression of Ki67, TIGIT, KLRG1, CD62L,
and CD44 was unchanged in the RAGE KO cohort follow-
ing sRAGE therapy (Fig. 3H).

Targeted Reduction of AGEs by sRAGE
On day 64, immediately after sRAGE treatment, there
were no changes to the circulating concentrations of RAGE
ligands, including the AGEs (31,32), CML, CEL, or MG-H1
(Table 1). There were also no differences in the circulating
AGE precursors methylglyoxal, glyoxal, or 3-deoxygluco-
sone (Table 1). However, by day 225 all plasma AGE con-
centrations were decreased in the sRAGE-treated group
(vs. vehicle) (Table 1). Plasma concentrations of other
RAGE ligands, S100A8, S100A9, S100B, and HMGB1, did
not differ between sRAGE and vehicle groups at any time
(Table 1).

Islet Insulin and Treg Proportions Are Increased After
sRAGE Treatment
We hypothesized that sRAGE could also increase the pro-
portion of Tregs within pancreatic islets, thereby providing
local immunoregulation and a direct improvement in

insulin expression. CD31CD41FoxP31 Treg proportions
were increased on both day 64 and day 225 in the islets
of sRAGE-treated mice (Fig. 4A and C). Similarly, we ob-
served higher islet insulin expression on day 64 immediately
following cessation of sRAGE treatment (Fig. 4B and C), and
this persisted to day 225 in sRAGE-treated mice (Fig. 4B
and C). These improvements in insulin expression were sig-
nificantly correlated with the proportion of islet Tregs (Fig.
4D), suggesting that local islet Treg modulation could im-
prove insulin expression.

Finally, we performed OGTTs to assess functional im-
provements. The changes in oral glucose tolerance emerged
gradually, with no differences in glucose concentrations or
insulin secretion on day 64 (Supplementary Fig. 6A–E). On
day 80, sRAGE-treated mice had increased blood glucose
concentrations at 120 min (Supplementary Fig. 6F). How-
ever, the glucose area under the curve (AUCglucose) remained
unchanged (Supplementary Fig. 6G). Importantly, the in-
sulin area under the curve (AUCinsulin) had increased in
sRAGE-treated mice (Fig. 4E and Supplementary Fig.
6H), suggesting an overall increase in insulin secretion.
There was a tendency toward increased insulin sensitivity
(AUCglucose–to–AUCinsulin ratio), but this did not reach sta-
tistical significance (Fig. 4F) (P = 0.08).

On day 225, in mice that responded to sRAGE treat-
ment and did not progress to diabetes, functional improve-
ments in oral glucose tolerance were evident, including a
marked decrease in glucose concentrations during OGTT
and improved insulin sensitivity (Fig. 4G–I). Specifically,
sRAGE mice had lower blood glucose concentrations at 0
and 15 min (vs. vehicle) (Fig. 4G) that declined by 60 and
120 min (vs. 15- and 30-min time points in the sRAGE
group) (Fig. 4G), which was not seen in the control mice.
In addition, AUCglucose trended toward an improvement
(Fig. 4H) (P = 0.06). While plasma insulin and AUCinsulin
were unchanged between groups at day 225 (Supplementary
Fig. 6I and J), the AUCglucose–to–AUCinsulin ratio was de-
creased in sRAGE mice (Fig. 4I), consistent with a long-term
improvement in insulin sensitivity.

sRAGE Promotes the Proliferation of Functional
Human nTregs in Coculture
Plasma RAGE ligands, AGEs, are independent predictors
for T1D development in humans (33), and sRAGE treat-
ment decreased circulating AGEs by the study end (Table
1). Therefore, we tested whether AGEs directly bind human
Tregs, influencing their proliferation and function. Fresh
CD31CD41CD251CD127lo/� human Tregs (Supplementary
Fig. 7A and B), of which 90.2 ± 7.1% were positive for
FoxP3 (Supplementary Fig. 7C and D), were incubated with
fluorescently labeled AGEs, which time dependently in-
creased cellular fluorescent intensity (Fig. 5A). This was ab-
rogated by coadministration of neutralizing anti-RAGE
antibodies (Fig. 5A) and significantly lower in human Tregs
incubated with control fluorescently labeled HSA (Fig. 5A).
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Next, fresh human CD31CD41CD251CD127lo/� nTregs
and CD31CD41CD25� Tconvs were cocultured (Supplementary
Fig. 7) following labeling with CFSE or CellTrace Violet, re-
spectively, in the presence of the RAGE ligand AGEs, with
or without sRAGE treatment (Fig. 5B). Here, sRAGE accel-
erated nTreg proliferation while decreasing the proliferation
index of Tconvs (Fig. 5B–D). These effects occurred through
PI3K-Akt-mTOR signaling, as the addition of inhibitors for
this pathway (wortmannin and triciribine) dose depen-
dently quenched nTreg proliferation (Fig. 5B–D) (34). Sim-
ilarly, the proliferation of sRAGE-treated Tconv cells

decreased in the presence of wortmannin and triciribine
(Fig. 5B–D).

We also tested whether sRAGE could promote the gener-
ation of iTregs. Here, CD3

1CD41CD45RA1CD45RO� naive
human T cells were isolated (Supplementary Fig. 8A and B),
stimulated as previously described (23) in the presence of
AGEs, and analyzed for iTreg differentiation (Supplementary
Fig. 8C–E). Under these conditions, sRAGE treatment mod-
estly decreased iTreg generation (Supplementary Fig. 9A
and B), suggesting that iTregs do not contribute to increases
in the overall population of Tregs after sRAGE treatment.

Figure 3—RAGE is required for the modulation of Treg-to-Teff ratios by sRAGE treatment. A and B: Flow cytometry quantification of RAGE
expression on CD41CD8�CD251FoxP31 Tregs in a mouse model of autoimmune diabetes (NOD/ShiLt) and C57BL/6 mice on day 50 of
life. A: Representative histograms. B: Proportion of RAGE1 Tregs (n = 4–8 mice/tissue). C: Wild-type and RAGE KO C57BL/6 mice were ad-
ministered vehicle (Veh) (black bars/circles) or treated with 25 mg sRAGE twice daily (red bars/triangles) on day 50–64 of life. D and E: Treg-
to-Teff ratios on day 64 in wild-type (WT) (D) and RAGE KO (E) mice (n = 8 mice/group). F–H: TIGIT, KLRG1, CD62L, CD44, and Ki67 ex-
pression. F: Representative histograms and gating strategies. G: Wild-type mice. H: RAGE KO mice. Column graphs are shown as means
± SD, with analysis with two-tailed Student t test. *P<0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. mAb, monoclonal antibody; NS,
not significant; PE, phycoerythrin.
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AGEs Promote Human nTreg Proliferation in
Monoculture but Inhibit Suppressive Function
In nTreg monoculture experiments in the presence of AGEs
(Fig. 5E), sRAGE increased the mean fluorescence intensity
of CFSE-labeled nTregs (vs. vehicle) (Fig. 5E and F) when
other T-cell populations were absent. This is consistent
with a previous observation that RAGE silencing in human
T cells decreased responsiveness to costimulation and pro-
liferation (35).

However, in nTregs, proliferation can be associated with
a loss of suppressive function (22,36). Hence, AGEs could
induce nTreg proliferation but, in the absence of other T-
cell populations, may limit their function. For testing this,
human nTreg monoculture experiments examined changes
in gene expression with use of NanoString. PCA distinc-
tively separated the HSA-treated (control) and AGE-HSA–
treated nTregs (Fig. 6A), where principal component 1 ac-
counted for 56% of the overall variance. HSA-treated nTregs
were enriched in the expression of genes involved in nTreg
function (JAK1, IRF4, SOCS1) (Fig. 6A) (37–39) as com-
pared with AGE-HSA–treated nTregs.

Differentially expressed genes were visualized by vol-
cano plot (Fig. 6B) where AGE-treated nTregs had reduced
expression of key nTreg genes including FOXP3, IL7R, TIGIT,
and STAT5b (40) and genes promoting nTreg function
(BACH2, CD96, IL10RA, JAK1/3, ITK, CD27, IRF4, STAT3/
6, CD226) (30,37,39,41–47) and migration (CCR4, AHR)
(35,48). AGE-treated nTregs also had changes in granzymes
A/B/K and granulysin (GZMB, GZMB, GZMK, GNLY) and
decreased expression of EOMES (Fig. 6B), a marker for T-
cell exhaustion.

Pathway enrichment analysis of genes downregulated
by AGEs identified significant biological pathways includ-
ing interleukin-2 and -7 family signaling, JAK/STAT sig-
naling, and the PDGF/EGFR signaling pathways (Fig. 6C),
which maintain nTreg function (49,50). Ingenuity Pathway
Analysis predicted 161 upstream regulators of AGE-

induced changes (Fig. 6D and Supplementary Table 1) in-
cluding nTreg signaling molecules (CD28, IL2, CD3, STAT3,
TCR) and other T cell–associated proteins (IL4, TBX21,
NPC2, CEBPB, GATA3) (Fig. 6D). Finally, network analy-
sis–identified (Supplementary Table 2) neighboring nodes
for FOXP3 and several genes upstream (IL10RA, STAT3/5B,
NFATC2) and downstream (IL7R, CCR4) of FOXP3 changed
in response to AGE exposure (Fig. 6E). Predicted upstream
regulators after AGE treatment (CD3, TCR) (Fig. 6D) were
also neighboring nodes of FOXP3 (Fig. 6E). All other genes
were either two or three nodes adjacent to FOXP3 (Fig.
6E), highlighting the intimate cross talk among genes im-
pacted by AGEs and the nTreg master regulatory gene
FOXP3.

DISCUSSION

There is an urgent unmet need for novel disease targets
and therapies that are reproducible and have high poten-
tial for translation to prevent T1D in humans (7). Here,
we report that a decoy RAGE (sRAGE), which may act to
antagonize cellular RAGE signaling, has a novel immuno-
modulatory role that contributes to the balance between
Tregs and Teffs, a critical process in self-tolerance (3). sRAGE
therapy in several murine models increased Treg ratios in
lymphoid tissues such as PLN and spleen (24) and within
pancreatic islet immune cell infiltrates. In human T-cell cul-
ture, sRAGE promoted expansion of functional human
nTregs, whereas the RAGE ligands AGEs significantly im-
paired nTreg suppressive function. Ultimately, we showed
that short-term intervention with sRAGE restored Treg-to-
Teff ratios, protecting against diabetes onset at two inde-
pendent research centers.

Immediately after sRAGE therapy on day 64, islet infil-
tration was reduced, accompanied by increases in the abso-
lute numbers of Tregs as well as Treg-to-Teff ratios in the
PLN. These immediate but transient changes in local Tregs
in the PLN (19), supported by increased islet Treg

Table 1—Plasma concentrations of RAGE ligands in NOD/ShiLt mice

Treatment

Day 64 of life Day 225 of life

Vehicle sRAGE Vehicle sRAGE

CML (nmol/mmol Lys) 32.2 (3.5) 31.1 (3.7) 76.5 (10.6) 71.1 (12.4)*

CEL (nmol/mmol Lys) 13.5 (4.0) 16.2 (8.0) 15.4 (3.8) 12.3 (4.2)*

MG-H1 (nmol/mmol Lys) 229.3 (45.1) 260.1 (56.4) 267.7 (39.5) 247.0 (54.6)*

MGO (nmol/L) 499.5 (78.8) 436.4 (142.9) 643.7 (280.2) 556.1 (246.4)

GO (nmol/L) 848.4 (301.8) 958.3 (316.0) 1,083.0 (505.2) 1,004.0 (518.5)

3-DG (nmol/L) 987.3 (254.7) 1,163.0 (401.0) 2,547.0 (476.0) 2,227.0 (483.0)

S100A8 (ng/mL) 0.5 (0.1) 7.1 (23.0) 5.3 (13.1) 5.0 (26.0)

S100A9 (ng/mL) 166.8 (131.8) 301.3 (303.0) 74.9 (144.3) 100.5 (81.8)

S100B (ng/mL) 1,081.0 (812.9) 882.5 (512.7) 1,052.0 (528.8) 1,077.0 (545.6)

HMGB1 (ng/mL) 11.9 (7.5) 15.8 (8.2) 7.1 (3.7) 5.7 (5.0)

Data shown as median (IQR), with analysis with two-tailed Mann-Whitney U test. n = 12–15/group. 3-DG, 3-deoxyglucosone; GO,
glyoxal; Lys, lysine; MGO, methylglyoxal. *P < 0.05 vs. vehicle at same time point.
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infiltration, are likely critical for islet preservation and act
to suppress the priming of autoantigen-specific T cells in
the early stages of T1D (24). By contrast, modulation of
PLN T cells has been reported as less critical in the later
stages of T1D disease progression (51). Depletion of Tregs
specifically showed that these cells were essential for the
protection afforded against diabetes by sRAGE. Further, we
verified these effects of sRAGE on human Tregs. Treg immu-
nomodulation comparable with that seen with sRAGE is
being considered in other interventions that are lead candi-
dates for the treatment of T1D (52).

Importantly, improved b-cell function as assessed with
OGTT after sRAGE treatment emerged on day 80 and was
preceded by the immediate changes on day 64 in the islets
including increased Treg infiltration and insulin expression.
These improvements in glucose tolerance persisted to day

225 in mice that responded to sRAGE treatment and did
not progress to diabetes, resulting in an improvement in
insulin sensitivity and a preservation of islet numbers,
which is consistent with the long-lasting protection af-
forded against diabetes (53).

Mice deficient in RAGE (RAGE KO) did not have in-
creased Treg-to-Teff cell ratios within lymphoid tissues fol-
lowing sRAGE administration, alluding to the importance
of cellular RAGE antagonism as a mechanism of this ther-
apy. Certainly, there is increasing investigation into strat-
egies to decrease RAGE ligands for the modulation of
autoimmune diabetes risk in mice (31,32,54–56), and the
RAGE ligand CML is a known risk factor for T1D onset in
humans (33). It is particularly interesting that in prior
studies investigators have found RAGE ligand inhibition
can have direct effects on the islets in the context of T1D

Figure 4—Improvements in islet-infiltrating Tregs, insulin expression, and oral glucose tolerance following sRAGE treatment in NOD/ShiLt
mice. A–D: Multiplexed immunofluorescence staining and quantification of CD3, CD4, FoxP3, insulin, and DAPI (n = 10–20 sections/
mouse from n = 6 mice/group). Inset images are ×2 magnified. A: Proportion of islet-infiltrating CD31CD41FoxP31 Tregs. B: Insulin area
per field of view (FOV). C: Representative photomicrographs. Bar, 40 mm. D: Correlation analyses of CD31CD41FoxP31 Treg proportions
and insulin area (shaded bars are Kernel plots showing variable distribution). E–I: OGTTs on day 80 (n = 15/group) and 225 (n = 3–6/group)
of life. E: Day 80 AUCinsulin. F: Day 80 AUCglucose–to–AUCinsulin ratios. G: Day 225 blood glucose concentrations. H: Day 225 AUCglucose. I:
Day 225 AUCglucose–to–AUCinsulin ratio. Data shown as means ± SD and were analyzed with two-tailed unpaired or paired Student t tests.
Correlation analyses were performed with Spearman test. *P < 0.05 between groups; **P < 0.01 between groups; ****P < 0.0001 be-
tween groups; §P < 0.05 vs. 0 min within the same group; ¶P< 0.05 vs. 15- and 30-min time points within the same group. Veh, vehicle.
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(32,54). RAGE plays an important role in T-cell survival
(13) and proliferation (35), including in individuals at risk
for T1D, but whether this applied to specific T-cell sub-
sets, such as Tregs, remained unknown. In the current
study, we confirm that RAGE ligands could modulate hu-
man T-cell function and the expression of RAGE on Tregs
in the PLN and spleen of NOD/ShiLt mice was required

for sRAGE treatment to improve localized Treg-to-Teff ra-
tios after therapy completion.

However, elevations in circulating RAGE ligands termed
AGEs, including CML, CEL, and MG-H1, were not evident
in this study until day 225 of life, and this was substan-
tially improved by sRAGE treatment. This is unsurprisingly
consistent with improvements in longer-term glucose

Figure 5—Human nTregs bind AGEs in a RAGE-dependent manner and proliferate more in coculture when treated with sRAGE. A: Human
CD31CD41CD251CD127lo/� nTregs were incubated with AGE-modified HSA (AGE-HSA or AGE) or unmodified HSA (HSA)—both labelled
with Alexa Fluor 488 (AF488). Anti-RAGE antibody (Ab) was added to the culture as indicated. Bar, 10 mm. n = 3 donors/group. B–D:
CFSE-labeled CD31CD41CD251CD127lo/� nTregs and CellTrace Violet–labeled CD31CD41CD25� Tconvs were stimulated in 3-day cocul-
ture at a 1:1 ratio containing anti-CD3/CD28 MACSiBeads (1:10 bead:cell ratio). B: Representative histograms (unstimulated controls pre-
sented as semi-transparent peaks). C–D: Proliferation indices of nTregs and Tconvs when administered vehicle or 50 mg sRAGE daily (n = 9/
group), as well as sRAGE in addition to PI3K-Akt-mTOR pathway inhibitor wortmannin or triciribine (n = 3/group). E and F: CFSE-labeled
CD31CD41CD251CD127lo/� nTregs were stimulated in 3-day monoculture containing anti-CD3/CD28 MACSiBeads (1:20 bead:cell) and
200 IU/mL IL-2. E: Representative histograms. F: Percent change in CFSEmean fluorescence intensity (MFI) (n = 4/group). Data are shown
as mean ± SD, with analysis with paired two-tailed Student t tests. §P < 0.05 vs. all previous time points. ¶P < 0.05 vs. 0, 5, 10, and 15
min. *P< 0.05; ***P < 0.001; ****P< 0.0001. AU, arbitrary units; Veh, vehicle.
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Figure 6—AGE treatment of human nTregs downregulates key genes for suppressive function and manipulates signaling cascades up-
stream and downstream of FOXP3. A: PCA with the top five variable loadings shown as arrows. B: Volcano plot visualization for changes
in gene expression (number of differentially expressed genes shown in top corners). C: Pathway enrichment analysis with use of the Reac-
tome and Gene Ontology databases. D: Upstream regulator predictions with use of Ingenuity Pathway Analysis (161 significant regulators
were identified). E: Network analysis with FOXP3 as the focus node. Neighboring molecules are connected to FOXP3 with bolded blue
lines. All other molecules are two to three nodes adjacent to FOXP3. Direct relationships are shown as solid lines, and indirect relation-
ships are shown as dashed lines. n = 3/group. P values were corrected with false discovery rate or Bonferroni adjustment. PC1, principal
component 1.
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control seen in these mice, given that the widely used clini-
cal markers for glucose control, HbA1c, glycated albumin,
and fructosamine, are in fact AGEs/AGE precursors. As al-
luded to above, there is also evidence that increased circu-
lating AGEs in children are an independent risk factor for
T1D onset (23), supported by the protection afforded
against T1D by sRAGE therapy. An essential future direc-
tion of this work would be to mutate the RAGE ligand bind-
ing domain of sRAGE to assess whether this negates its
protection against T1D. Indeed, in previous work in murine
models of atherosclerosis investigators found that the nonli-
gand binding domains of sRAGE can inhibit G-protein–
coupled receptors to alleviate inflammation (53). Therefore,
there is likely potential for additional non-RAGE ligand–
related benefits of the sRAGE protein.

AGEs promoted human nTreg proliferation when these
cells were cultured alone, but they significantly impaired
nTreg function. By contrast, sRAGE treatment expanded
functional human nTregs by increasing the proliferation of
nTregs that could inhibit Tconv cell division in coculture.
Similarly, in addition to increased Treg-to-Teff ratios seen
in the NOD murine models, sRAGE increased the expres-
sion of the Treg activation markers Ki67, TIGIT, KLRG1,
and CD44 in wild-type C57BL/6 but not RAGE KO mice.
It was noteworthy that RAGE KO mice did not have changes
in Treg-to-Teff ratios compared with wild-type mice prior to
sRAGE treatment. However, as alluded to in this study, the
function of T cells and Tregs in mice with complete RAGE
KO may be compromised.

There are limitations to this study. Further studies are
required to optimize the dosing regimen and therapeutic
window for sRAGE. In support of this, a few subclinical
hallmarks of diabetes remained present in sRAGE-treated
mice that did not progress to diabetes, which suggests ti-
tration may further improve treatment efficacy. These in-
cluded a residual level of islet infiltration and suboptimal
first-phase insulin release following an oral glucose chal-
lenge at the study end in nonprogressing mice. In addi-
tion, since sRAGE is a biologic, it is important to develop
effective administration methods to achieve circulating con-
centrations in humans that can reproduce the efficacious ef-
fects in mice. Although recombinant human sRAGE is
unlikely to be immunogenic, given it is an endogenous hu-
man protein, it would be worthwhile to investigate whether
RAGE-specific autoantibodies are produced as a result of
this treatment. Further characterization of the T-cell effects
of sRAGE would also be worthwhile, including tetramer-
based assays of antigen-specific T cells, using T cells from
patients at risk for T1D and patients with T1D and replicat-
ing the human T-cell studies across a wider range of Treg-to-
Tconv ratios to assess the robustness of sRAGE treatment
across physiologically varied ratios of these immune cells.
Future research could also investigate the effects of sRAGE
treatment on APC function, given its ability to increase
macrophage and dendritic cell numbers, as well as its effects

on B cells as an APC and specialized subsets such as T regu-
latory type 1 (TR1) cells.

In summary, we have shown that sRAGE is a biologic that
can modulate Treg responses, including through the RAGE li-
gand AGEs. This was ascertained with human T-cell assays as
well as use of murine models that were RAGE deficient or at
high risk of autoimmune diabetes, where the presence of
functional Tregs is known to be compromised. We showed
that a short-term 2-week intervention with sRAGE elicited
persistent effects on the immune system, ultimately preserv-
ing b-cell function and reducing diabetes incidence in a mul-
tisite preclinical trial. Given that sRAGE is a native protein
that is reduced in children at risk for T1D, and has persistent
benefits on insulin expression, oral glucose tolerance, and
Treg-to-Teff ratios, we suggest that this treatment is a promis-
ing new therapy for further development to prevent T1D.
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