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Ivan Koprivica, Milica Vuji cic, Dragica Gaji ¢, Tamara Saksida and Ivana Stojanovi c*

Department of Immunology, Institute for Biological ResearctSiniSa Stankovt”, University of Belgrade, Belgrade, Serbia

Type 1 diabetes (T1D) is an autoimmune disease in which a stig in ammatory response
causes the death of insulin-producing pancreaticb-cells, while inef cient regulatory
mechanisms allow that response to become chronic. Ethyl pyvate (EP), a stable
pyruvate derivate and certi ed inhibitor of an alarmin—htgmobility group box 1 (HMGB1),
exerts anti-oxidant and anti-in ammatory properties in aimal models of rheumatoid
arthritis and encephalomyelitis. To test its therapeutic gtential in T1D, EP was
administered intraperitoneally to C57BL/6 mice with mulple low-dose streptozotocin
(MLDS)-induced T1D. EP treatment decreased T1D incidenceeduced the in Itration
of cells into the pancreatic islets and preserved-cell function. Apart from reducing
HMGB1 expression, EP treatment successfully interfered i the in ammatory response
within the local pancreatic lymph nodes and in the pancreaslts effect was restricted
to boosting the regulatory arm of the immune response throuly up-regulation of
tolerogenic dendritic cells (CD11ECD11b CD103°) within the pancreatic in ltrates and
through the enhancement of regulatory T cell (Treg) level8D4€ CD25M"9"FoxP3C). These
EP-stimulated Treg displayed enhanced suppressive capawi re ected in increased
levels of CTLA-4, secreted TGHs, and IL-10 and in the more ef cient inhibition of effector
T cell proliferation compared to Treg from diabetic animaldHigher levels of Treg were a
result of increased differentiation and proliferation (&7€ cells), but also of the heightened
potency for migration due to increased expression of adhesn molecules (CD11la and
CD62L) and CXCR3 chemokine receptor. Treg isolated from EReated mice had the
activated phenotype and T-bet expression more frequentlysuggesting that they readily
suppressed IFNg-producing cells. The effect of EP on Treg was also reproduazin vitro.
Overall, our results show that EP treatment reduced T1D ingence in C57BL/6 mice
predominantly by enhancing Treg differentiation, prolifation, their suppressive capacity,
and recruitment into the pancreas.

Keywords: regulatory T cells (Treg), type 1 diabetes (T1D), ethyl pyruvate, in ammation, immunoregulation

INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease that develoms @mnsequence di-cell
death and subsequent lack of insulin. The cells that intérahe pancreatic islets and destroy
b-cells are usually M1 pro-in ammatory macrophages and dendriells (DC) that present
autoantigens to CD8 cytotoxic lymphocytes, IFNrproducing Thl and IL-17-producing Th17
lymphocytes. The opposing components of the immune response areamiin ammatory
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macrophages, as well as tolerogenic DC that enable activattio for 9 days in total. STZ and EP injections were given 3 h apart.
regulatory T lymphocytes (Treg)l). The balance between pro- MLDS-treated group also received the diluent in equal volume
in ammatory and regulatory cells is a common target for newMice were monitored for the development of hyperglycemia by
experimental T1D therapeutics, for example, ethyl pyruvat§.(EPweekly measurements of blood glucose levels, using a glucomete
This is a stable pyruvate derivative that possesses antaoiid (Sensimac, IMACO GmbH, Ludersdorf, Germany). Animals
and anti-in ammatory properties. It is a genuine inhibitor of were considered hyperglycemic if their blood glucose level wa
high mobility group box 1 (HMGBL1), a protein that, like histagsile higher than 11 mmol/l in non-fasted animals. The presence of
binds DNA and regulates transcriptior2), More importantly, ketones in urine (as an indirect measure of high glucose $g¢vel
HMGB1 can be secreted by monocytes, macrophages amdhs detected by URISCAN test strips (YD Diagnostics, Kyunggi-
dendritic cells and can act as an alarmin to promoteDo, South Korea)Ex vivoanalyses were performed between the
in ammation and generation of reactive oxygen species (ROS)1th and the 15th day after the rst STZ injection.
and reactive nitrogen intermediates (RNB, @). Either through
inhibition of HMGB1 or interaction with other still unknown Histological Analysis
molecules, EP has been found bene cial in the treatment ofo assess the incidence of in ammatory changes and the
various in ammatory disorders, including myocardial isania-  degree of islet cell destruction, pancreata were colleateth®
reperfusion injury §), sepsis €, pancreatitis (), colitis 35th day after the rst STZ injection, embedded in paran,
(8), inammatory arthritis (9), and experimental autoimmune sectioned (5rm thick sections, at least 2@®n between sections),
encephalomyelitis 1(0). Thorough analysis of EP's mechanismstained with Mayer's hematoxylin (Bio-Optica, Milan, Ita)d
of action in the autoimmune process that targets CNS suggestxamined by light microscopy (Zeiss Imager Z1, AXIO, Carl
that EP ameliorated the symptoms of experimental autoimmuné&eiss Meditec AG, Oberkochen, Germany). Insulitis scoring wa
encephalomyelitis through inhibition of HMGBL1 secretionfino  performed by examining at least 20 islets per pancreas anddirade
microglia/macrophagesl(, 11). The activity of phagocytic cells in a blinded fashion as follows: grade 0, intact islet; grade
(ROS production and antigen presentation properties) and Ttperi-islet in Itrate; grade 2, heavy intra-islet in Itrate. Relts are
cells (IFNg and IL-17 production) was signi cantly impaired by expressed as a percentage of graded islets out of the totalerumb
the action of EP 10, 11). The e ects of EP include more than of islets.
only the inhibition of the pro-in ammatory response; EP also  Immunohistochemical staining was performed on pancreatic
boosts the regulatory component of immunity, as recent nglin  sections collected on the 15th day after the rst STZ
indicate that EP promotes the di erentiation of tolerogenic DC injection in the following manner. To assess the presence
(toIDC) in vitro (unpublished data). However, there are no dataof insulin, PE conjugated rabbit anti-mouse insulin antityo
on the possible e ect of EP on Treg. (2:400, Cell Signaling Technology, Danvers, MA, USA) was
So far, EP has been mostly used to treat the secondanged, while counterstaining was carried out with Hoechst
e ects that diabetes and the resulting hyperglycemia have 083342 dye (2m/ml, ChemoMetec, Allerad, Denmark). For
the retina (L2), kidneys (L3), or liver (14). Having in mind that the negative control, rabbit anti-goat 1gG-biotin (Vector
HMGB1 enhances the progression of T1D in NOD mid&)(  Laboratories, Burlingame, CA, USA) coupled with streptawidin
the application of EP might prove bene cial for the treatment of PE (ThermoFisher Scienti c, Waltham, MA, USA) was used.

T1D. Image acquisition (20) was performed using an AxioVision
microscope (Carl Zeiss Meditec AG, Germany). The presence

MATERIAL AND METHODS of insulin in the pancreatic islets was determined with Fiji,
an open-source distribution of ImageJ software for biolagic

Animals image analysisl@). The acquired images were converted to gray

C57BL/6 mice were kept at the animal facility at the Institutescale, and uorescence intensity was quanti ed by meagurin
for Biological Research “Sinisa Stankovic,” under standarthe mean gray value, which represents the sum of gray values
conditions with free access to food and tap water. Allof all pixels in the selection divided by the number of pixels.
experimental procedures were approved by the Ethic Committeeor HMGB1 assessment, anti-mouse HMGB1 antibody (1:500,
at the Institute for Biological Research “Sinisa StankofAgp.  Invitrogen, Carlsbad, CA, USA) was paired with a secondary
No 01-11/17 - 01-2475) in accordance with the DirectiveHRP conjugated anti-mouse IgG (1:1,000, Invitrogen), irated

2010/63/EU. with ExtrAvidin peroxidase (1:10, Sigma-Aldrich) and mnall
_ stained with DAB chromogen solution (1:50, DakoCytomation
T1D Induction and EP Treatment Glostrup, Denmark), while counterstaining was carried oithw

T1D was induced in 2 months old male C57BL/6 mice usinghematoxylin. For the negative control, HRP conjugated anti-
multiple low doses of streptozotocin (MLDS) that were givermouse IgG-treated sections were used. The presence of HMGB1
intraperitoneally for 5 consecutive days. StreptozotocifZ)§40  in pancreatic islets was measured in the following way. Reatizr
mg/kg bw, Sigma-Aldrich, St. Louis, MO, USA) was dissolved iislets were photographed at the magni cation of 20and

cold 0.1 M citrate bu er (pH 6) just prior to administration. Etf ~ HMGBL1 positive regions were determined using the Color Picker
pyruvate (EP) (100 mg/kg bw, Sigma-Aldrich) was dissolvedhreshold Plugin within Icy, open-source bioimage processing
in Hartmann's solution (Hemofarm A.D., VrSac, Serbia) andsoftware (7). Using a representative pancreatic section, at least
administered intraperitoneally, starting from the rstdesfSTZ 15 positive colors (shades of darker brown) and 15 negative
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colors (blue, white and light brown) were selected as stathda Cocktail (plus protein transport inhibitors) (1:500, eBic=uie)
recognition patterns. Those were then applied to all pancreatifor 4 h. Cells were xed in 2% paraformaldehyde, permeabilized
sections to di erentiate between stained and unstainedugss and stained with the following antibodies: anti-mouse IGNRE
regions. The presence of HMGB1 in pancreatic islets wasat IgG1k), IL-4-PE (rat IgG1) (both from eBioscience) or IL-
expressed as a relative percentage of the HMGB1-positive islei-PE (rat IgGXk) (BD Biosciences). Isotype-matched controls

area divided by the area of the whole pancreatic islet. were included in all experiments (eBioscience). For Ki67-
] FITC (goat polyclonal antibody) (SantaCruz Biotechnoldgsn
Cell Isolation Diego, USA), T-bet-PE (mouse Ig&),and RORT-PE (rat

Spleen and pancreatic lymph node (PLN) cells were obtained hyG1k) (eBioscience) antibodies, cells were permeabilized using
passing the tissue through the cell strainer i{#0) and after the same protocol as for FoxP3 (Treg) detection. Cells were
removal of the erythrocytes by RBC Lysis Bu er (eBiosciencecquired on Partec CyFlow Space by FlowMax software (Partec,
San Diego, CA, USA). Pancreatic in ltrates were obtained byGorlitz, Germany) or by FACSCalibur and BD FACSAria lll
collagenase type V (Sigma-Aldrich) digestion of the panareat (BD Biosciences) and analyzed by FlowMax (Partec) or FlowJo
tissue (from which lymph nodes were previously removed)software (Treestar, Ashland, OR, USA). Cells were rst gated
Tissue was cut into small pieces and shaken for 10min a€37 on live cells (empirically determined) and then further ghte
Digests were passed through ardfl cell strainer and washed appropriately to the required analysis.

several times in Hank's balanced salt solution. The celle we

nally resuspended in RPMI 1640 supplemented with 5% fetaMeasurement of Intracellular Nitric Oxide

calf serum (FCS), 1% penicillin and streptomycin (all from PAAgnd Reactive Oxygen Species

Laboratories, Pasching, Austria), 2mM L-glutamine and 28 m 4-Amino-5-methylamino-87°di uoro- uorescein  diacetate
HEPES. CD4CD25 , CD25" or CD25 cells were marked (DAF-FM diacetate; Molecular Probes, Leiden, The Nethegan

for separation from the spleen, cervical and mesenteric lympfyas used as an indicator of intracellular nitric oxide (NO).
node cell suspension by incubation with biotin conjugatedi-an Brie y, pancreatic in Itrates were incubated withr@Vl DAF-FM
mouse CD4 (1:60) or biotin conjugated anti-mouse CD25 (@)10 diacetate for 1h at 3T, washed, and then incubated for
antibodies (both from eBioscience). They were then resudpen 15 min at 37C in phenol red- and serum-free RPMI-1640 for

in cold magnetic bead bu er (PB3.5% BSE2mM EDTA)  the completion of de-esteri cation of intracellular diacetat
containing BD IMag" Streptavidin Particles Plus—=DM (1:20, The cells were than washed and resuspended in PBS. Green
BD Biosciences, Bedford, MA, USA). The appropriate cells werg| 1) uorescence emission was measured with Partec CyFlow
puri ed by placement in a BD IMag’ Cell Separation Magnet gSpace and analyzed by FlowMax software. Dihydrorhodamine
(BD Biosciences), 3 for 8min, and nally resuspended ina T 123 (DHR) was used to reactive oxygen species (ROS). After
lymphocyte medium-RPMI 1640 supplemented with 10% FCSsolation, cells were immediately exposed to DHRn) for

1% penicillin and streptomycin, 0.02mM Na-pyruvatem®  20min at 37C. After being washed, the cells were analyzed
b-mercaptoethanol, 2mM L-glutamine, and 22 MM HEPES.  jith the ow cytometer. The mean uorescence intensity (MFI)
as a measure of intracellular production of NO and ROS was

Detection of Extracellular and Intracellular measured in the macrophage gate (higher SSC level compared to
Markers by Flow Cytometry the lymphocyte gate).

Surface molecules were detected on viable cells dispersed

in PBL1% BSA. The following antibodies were used: antiimmunoblot

mouse CD4 PerCP-Cyanine5.5 (rat lgG@aanti-mouse CD4- Ex vivoisolated cells (5 1P) from PLN or pancreatic in ltrates,
FITC (rat IgG2bk), CD4-APC (rat IgG2tk), anti-mouse CD8- puri ed CD25C cells (5 1) or in vitro cultured CD4 CD25

PE (rat 1gG2&), anti-mouse B220-FITC (rat IgG2d, anti- (5  1CF) were lysed in the bu er containing 62.5 mmol/l
mouse CD19-PE-Cy5 (rat IgG&3, CD11c-PE-Cy5 (Armenian Tris—HCI (pH 6.8 at RT), 2% SDS, 10% glycerol, 50 mmol/I
hamster 1gG), F4/80-FITC (rat IgG2Q, CD25-Alexa FluoF  DTT, 0.01% bromophenol blue (all from Sigma-Aldrich).
488 (rat 1gG1,), CD25-PE (rat IgGl,), CD101-PE (rat All samples were subjected to electrophoresis on 12% SDS—
19G2ak), CD62L-PE-Cy7 (ratlgG2k), CD206-PE (ratlgG2k),  polyacrylamide gel (SDS—PAGE). After electro-transferiimg
CD127 APC-eFluor 780 (rat IgGxa, MHC II-FITC (rat samples to polyvinylidene di uoride membranes at 5 mA/cmz2,
IgG2bk), CD357 (GITR)-FITC (rat IgG2k), CD80-PE-Cy5 using a semi-dry blotting system (Semi-Dry Transfer Unit, GE
(Armenian hamster 1gG), CD86-PE-Cy5 (rat IgG2a,CD103- Healthcare, Buckinghamshire, England), the membranes were
FITC (Armenian hamster IgG), CD5-FITC (rat IgG&3,CD11a- blocked with PBST (PES).1% Tween-20, Sigma-Aldridbb%
FITC (rat 1gG2&), CD40-PE (Armenian hamster Igl), BSA and probed with speci c antibodies dissolved in PB3%%
anti-rat IgG-PE (all from ThermoFisher Scientic), CD11b BSA. Secondary antibodies for anti-mouse CTLA-4 (I:1,000,
(rat 1gG2bk) (BD Biosciences), PD-1 (rat IgGRa,(Abcam, Invitrogen) were FITC conjugated anti-armenian and syrian
Cambridge, MA, USA). The staining was performed forhamster IgG cocktail (1:1,000, BD Biosciences) and HRP
30min at 4C. Regulatory T cells (Treg) were detected byconjugated anti-mouse IgG (1:5,000, Invitrogen), for anbuse
Mouse Regulatory T cell Staining Kit (FoxP3) according tdL-10 (1:600, eBioscience) or anti-mouse IL-2 (1:500, eBaxe)
the manufacturer's instructions (eBioscience). For ingltular it was HRP conjugated anti-rat IgG (1:5,000, eBioscience), a
cytokine staining, cells were stimulated with Cell Stimiglat for anti-mouse HMGB1 (1:1,500, Invitrogen) or anti-mouse
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b-actin (1:1,000, Sigma-Aldrich) it was HRP conjugated antiELISA

mouse 1gG (1:5,000, Invitrogen). Detection was performed bgplenocytes were cultured in the presence of LPS (100 ng/ml) for
using Immobilon Western Chemiluminescent HRP Substratet8 h and cytokine concentration in cell culture supernatangsw
(Millipore, Billerica, MA, USA), while photographs were madedetermined by sandwich ELISA using MaxiSorp plates (Nunck,
by X-ray Ims (Kodak, Rochester, NY, USA). DensitometryRochild, Denmark) and anti-mouse paired antibodies accaydin
was performed with Scion Image Alpha 4.0.3.2 (Sciono the manufacturer's instructions. Supernatants from pregiy
Corporation, Frederick, MD, USA), and the production of describedn vitro di erentiation experiments were also collected
speci c proteins was expressed relative to the productiorafter 5 days of cultivation. Samples were analyzed in duplicate

of b-actin. for murine TNF, IL-1b, and TGFb (eBioscience) and absorbance
was measured by LKB microplate reader (LKB Instruments,
In vitro Suppression Assay and Vienna, Austria) at 450 and 570 nm. A standard curve created

from the known concentrations of appropriate recombinant
cytokines was used to calculate concentration values ofuned
cytokines.

Transmigration Assay

For the suppression assay, CB2D25 cells isolated from either
EP-treated or diabetic animals were rst incubated witimg
CFSE (Invitrogen) for 20 min at RT and 5min at 37, washed Statistical Analysis
and resuspended in the T lymphocyte medium. A U-bottom 96-,
well plate (Sardstedt, Numbrecht, Germany) was coated wit
anti-mouse CD3 (Ing/ml, eBioscience), and an equal number of
puri ed CD4€CD25 cells (25 10°) was placed in each well.
CD25° cells were then added in a series of dilutions, startin
from 25 1 cells per well, and continuingtoa 24 ,8 ,
and 16 lesser number of cells. Certain wells contained onl
CD4°CD25 cells, as control. The cells were also stimulate ure legends. Di erences are regarded as statisticallyigignt

by the addition of anti-mouse CD28 (fig/ml, eBioscience) to if p< 0.05. Statistical analyses were performed using GraphPad

the T lymphocyte medium. After ,3 days of cultivation, the Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA).
cells were washed, resuspended in PBS and analyzed by ow

cytometry.

For the transmigration assay, a special chemotaxis systeﬁlESULTS
was used (ChemoTX System, Neuro Probe Inc., MD, USAjrhe Effect of EP on T1D Development
CD25 orCD25 cellsisolated from either EP-treated ordiabetic|,, order to estimate the e ect of EP on T1D development
animals (16 cells in 50m) were placed above a membrane;, c57g1/6 mice, EP was applied prophylactically for 9 days
and thelr. mlgrator Y ab!lmes were tested, e|th§r towardl.aﬂ;.ed starting from the rst dose of STZHigure 1A). In contrast to the
pancreatic islets [|solat_|on described 1181] medu_Jm _contalnmg _control mice that developed hyperglycemia on the 14th day, mice
CXCL12 (10ng/ml, Gibco, ThermoFisher Scientic), or plainyeateq with EP had a signi cantly lower incidence of diakst
medium as control. After 4 h, the number of cells that migrhte Figure 1B). Also, the number of islets with mononuclear
through theTMmembrane and into the wells was _determme nltrates (counted on the 35th day from the beginning of
by LUNA-Il " Automated Cell Counter (Logos Biosystems,the experiment) was lower in EP-treated mice compared to

ata are presented as mean SD. The presented results are
presentative of four repeated experiments with comparable
results. The signi cance of dierences between groups was
determined by two-tailed Studentistest. In addition, for the
%nalysis of the results with considerable deviations a Mann-
Whitney non-parametric test was used since it produced more
tringent p. The usage of this test is speci ed in the appropriate

Gyeonggi-do, South Korea). diabetic mice Figures 1C—§, while the presence of functional
insulin® b-cells was higher and similar to that in healthy
In vitro Th Differentiation Assay islets Figures 1F-). Isotype staining for insulin is presented

CD4°CD25 cells (5 10F) isolated from untreated healthy in Figure S1A Since there is evidence of higher expression of
animals were stimulated in an adequate manner for the purposdMGB1 in b-cells of NOD mice that develop spontaneous T1D
of Th cell di erentiation. All cells received stimuli from gie= (15, we measured the expression of HMGBL1 in theells of
bound anti-CD3 (Img/ml) and soluble anti-CD28 antibodies mice treated with MLDS. Compared to healthy, untreated mice,
(Lmg/ml) (both from eBioscience). For Thil dierentiation HMGBL1 expression in diabetic mice was signi cantly higher,
the cells were additionally stimulated with IL-12 (20 ng/ml and EP-treatment successfully suppressed the observedechang
R&D Systems, Minneapolis, MN, USA) and anti-IL-4 antibody(Figures 1J-M. Background staining is presentedrigure S1B

(10 ng/ml, eBioscience), for Th17 di erentiation the cellene In addition, throughout the examination period mice treated
stimulated with TGFb (10ng/ml, R&D Systems) and IL-6 with EP gained weight normally (data not shown) and only 14%
(10 ng/ml, R&D Systems), while for Treg di erentiation thelsel of EP-treated mice had ketones in urine compared to 71% of
were stimulated with either TGB{2 ng/ml) and IL-2 (10 ng/ml)  diabetic onesKigure 1N).

(both from R&D Systems) (complete stimulation), or only with

IL-2 (incomplete stimulation). EP (128M) was administered 1N€ In uence of EP Treatment on Innate

24 h after the beginning of the culture, and after 4 more ddys cAntigen-Presenting Cells

cultivation the cells were analyzed for the presence of tefta  Ex vivo analysis of cells from spleen, PLN and pancreatic
subsets by ow cytometry as described above. in Itrates showed that EP treatment did not change the numbe
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FIGURE 1 | The effect of EP on T1D development(A) Diagram of diabetes induction, EP treatment and diabetes muitoring by weekly measurements of blood
glucose levels.(B) T1D incidence presented as a proportion of C57BL/6 mice with tycemia higher than 11 mmol/L.(C) The proportion of pancreatic islets without
immune cell in ltrates, with in ltrates surrounding the islés (peri-insulitis) and with in Itrates within the islet (gulitis). Representative images of pancreatic islets from
MLDS-treated mice (D) or EP-treated mice(E), stained with hematoxylin.(F) Insulin expression was determined by analyzing uorescenceniensity with Fiji software.
Representative images of pancreatic islets from a controldalthy animal(G), MLDS-treated mice (H) or EP-treated mice(l) stained for insulin visualization (red) and
with Hoechst 33342 (nucleus — blue)(J) HMGB1 expression within pancreatid-cells was determined using the Color Picker Threshold Plug within Icy software.
Representative images of pancreatic islets from a controldalthy animal(K), MLDS-treated mice (L) or EP-treated mice (M) stained for HMGBL1.(N) The proportion of
mice with ketones in urine. All groups consisted of 7-10 animls. *p < 0.05 represents a statistically signi cant difference betwen MLDSCEP-treated compared to
MLDS-treated mice.

of F4/8¢ macrophages Higure S24, while it signi cantly To explore whether EP changed the ratio between pro-
a ected the proportion of dendritic cellsHigure 2A). More inammatory M1 and anti-in ammatory M2 macrophage
precisely, the proportion of CD1¥c DC was signicantly subsets, we detected FAf&0D4G° M1 and F4/86 CD206" M2
down-regulated in PLN, while their number was simultandgus macrophages in the pancreatic in Itrates. The results indicat
increased within the pancreatic in ltrate§igure 2A). that EP had no impact on either of the examined macrophage
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FIGURE 2 | The in uence of EP on innate antigen-presenting cells. The pportion of all cells, isolated from the spleen, pancreatitymph nodes (PLN) or pancreatic
in ltrates, was measured by ow cytometry. (A) The proportion of CD11& dendritic cells, along with representative dot plots(B) The proportion of tolerogenic DC
(cD11cCCcD11b €D103°), along with representative dot plots ( rst gated on live CDA3C cells, followed by the gate on CD11€ CD11b ). Statistical analysis for
CD11cC and tolerogenic DC was performed by Mann-Whitney non-paramtric test. (C) Proportion of IL-10° cells within MHC IF population, along with
representative dot plots. Secretion of IL-b (D) and TNF (E) from LPS-treated splenocytes culturedex vivofor 48 h and measured by ELISA. All measurements were
performed on samples from at least 7 animals per group.pf < 0.05 represents a statistically signi cant difference betwen cells of MLDSCEP compared to those of
MLDS-treated mice.

subsets Figure S2B. However, it did increase the proportion treatment Eigure S20. However, EP signi cantly stimulated

of CD11£CD11b CD10% tolerogenic DC in the pancreatic the suppressive function of MHC classClicells since the

in Itrates (Figure 2B). These cells seemed to migrate from PLNproduction of IL-10 in these cells was up-regulat&(re 20).

to the pancreas, since their number was reduced in the notiess af Accordingly, when analyzing LPS-stimulated splenocytes, we

EP treatmentfigure 2B). found that cells isolated from EP-treated mice produced lowe
To examine the function of antigen-presenting cells, weamounts of IL-b (Figure 2D) compared to cells isolated from

measured their ability to produce NO and ROS. Despite beingiabetic mice, while the secretion of TNF was simikig(re 2B.

an anti-oxidant, EP did not a ect the production of NO or . L

ROS in phagocytic cells within the pancreaigure S2g.  1he Effect of EP on Adaptive Immunity in

Also, EP did not in uence cells' antigen presentation capacit Diabetic Mice

since the expression of co-stimulatory molecules CD80 andireatment with EP did not signi cantly change the proportioh o

CD86 remained the same on MHC clas§ Icells after EP  CD4%, CD& or B lymphocytes in the spleen, PLN or pancreatic
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FIGURE 3 | Phenotypic analysis of adaptive immune cells after EP tre@ent. All cell proportions were measured by ow cytometry(A) The proportion of Th (CD?),
cytotoxic lymphocytes (CDé:) or B lymphocytes (822(5: or CD19C) in spleen, PLN or pancreatic in Itrates(B) The proportion of activated cytotoxic lymphocytes
(CD8‘C CD44C) in the pancreatic in Itrates.(C) The proportion of regulatory B cells (CD1§ cD5C IL—lOC) within PLN and pancreatic in Itrates. The proportion of Th
subsets: Th1 (CD# IFNgC), Th2 (CD# IL-4C), Th17 (CD#IL-17C) and Treg (CD# CcD25M9M) within the spleen(D), PLN (E), and pancreatic in ltrates (F) of MLDS
or MLDSCEP-treated mice. Representative dot plots for cD%cD25"dh on the right hand side. All measurements were performed on saples from 7 animals per
group. *p < 0.05 represents a statistically signi cant difference betwen cells of MLDSCEP compared to those of MLDS-treated mice.

in Itrates, except for the reduction in B lymphocytes in PLN same between the groups both in PLN and in the pancreatic
(Figure 3A). Further insight into CD§ activity revealed that in ltrates (Figure 30). All gating strategies and representative
these cells were similarly activated in both diabetic and ERlot plots are shown inFigures S3A—F After examining the
treated mice Figure 3B). As for B lymphocytes, the proportion Th subsets Kigures 3D-F, we found that the proportion of

of their regulatory subset (Breg, CCIGD5CIL-10°) was the CD4SCD28"9" cells (Treg) was up-regulated after EP treatment
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FIGURE 4 | Phenotypical characterization of Treg after EP treatmen{A) Proportion of Treg (CDE CD25hi9hFoxP3C) within PLN and pancreatic in ltrates, along with
representative dot plots ( rst gated on live FoxP$§ cells, followed by the gate on cD¥ CD25hi9h). (B) The proportion of Treg within PLN that express GITR and are
negative for CD127, along with the representative dot plotg rst gated on live CD127 GITRE cells, followed by the gate on CD& CD259"). All measurements were
performed on samples from at least 7 animals per group. Stattical analysis was performed by Mann-Whitney non-paramet test. *p < 0.05 represents a statistically
signi cant difference between cells of MLDEEP compared to those of MLDS-treated mice.

in all tested compartments. Since the most convincing e ectvas signi cantly increasedF{gure 5A). EP's e ect on their

of EP was exerted on Treg, further analysis was focused @uppressive function was also manifested through a higher
Treg function within the local pancreatic environment. Gagi  proportion of TGFbC Treg in EP-treated animald=igure 5B),
strategies for Th1, Th2, and Th17 and representative dot plots well as through higher production of IL-10 in puri ed CD25
are shown inFigures S4A-C cells Figure 50 and pancreatic in ltrates Figure 5D). These
data suggest that EP enhances Treg suppressive activityy whic
was con rmed in anex vivosuppression assayigures 5E,F.

In vivo EP Effect on Treg Function . Sey YR
To describe the phenotype of Treg in more detail, theCompared to CD25 cells isolated from diabetic mice, cells

expression of FoxP3 (signature transcription factor of Treg)from EP-treated mice were more potent in inhibition of CFSE-

GITR (glucocorticoid-induced tumor necrosis factor recapt tmhgzzl;;esd |?;2Iferf;??h(:tggaigéitez?’fecmsr Ce':;sgvzglr’]ct.
a marker of naturally occurring Treg) and CD122 éubunit 4 u9g P gsupp v :

of IL-7 receptor that is absent on Treg) was determine hrough enhancing their capacity for e ector T cg]l inhibitipn
within CDACCD25" cells. The results indicate that EP oth through cell-to-cell contact and secreted anti-in amatory

increased the number of CELD28""FoxPF cells in PLN  CYIOKINes.

and pancreatic in Itrates Figure 4A). Also, the proportion . . ..

of CDACD28"9"CD127 GITRC cells was increased after EpIN Vivo EP Effect on Treg Differentiation

treatment Figure 4B). The expression of Treg markers FoxP3,and Proliferation

GITR, PD-1 per cell did not dier between the groups The increased proportion of Treg found in both PLN and
(Figure S5A, while the expression of cytotoxic T-lymphocyte pancreatic in ltrates after EP treatment could be attributed
antigen 4 (CTLA-4) in CD25 cells from EP-treated mice either to increasedle novodi erentiation from naive CD&
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FIGURE 5 | Functional characterization of Treg after EP treatmen(A) CTLA-4 protein expression in cD25 cells puri ed from the pool of lymphoid tissues,
normalized to the expression ob-actin, along with the representative blot(B) The proportion of TGFb-expressing cells within Treg, along with representativeat
plots. (C) IL-10 protein expression in CD25 cells puri ed from a pool of lymphoid tissues, normalized tolie expression ofb-actin, along with the representative blot.
(D) The proportion of IL-10-expressing Treg within pancreatiailtrates, along with representative dot plots.(E) The level of inhibition of effector T cell

(Teff—CDL‘P CD25 ) proliferation after co-culture with Treg (CDQCDZSC) cells puri ed from a pool of lymphoid tissues of MLDS or MLDS EP-treated mice.
Proliferation was measured after 72 h of incubation by CFSEildtion (in Teff)(F) Proportion of divided Teff, or Teff cultured in the presencef Treg (1:1 ratio).
Representative dot plots are given below. All measurementwere performed on samples from 7 animals per group.g < 0.05 represents a statistically signi cant
difference between cells of MLDEEP compared to those of MLDS-treated mice.

cells or to the proliferation of existing ones. For peripheralproliferation as well, judging by the increased number of Ki67
di erentiation of Treg, CD# cells require IL-2 and TGB- Treg in the pancreatic in Itrates of EP-treated mice compared

in their surroundings (9. Although the presence of IL-2 in those isolated from diabetic mic€igure 6C).

PLN stayed the samérigure 6A), the proportion of TGFb®

non-Treg cells was signi cantly elevated after EP admiataan  In vivo EP Effect on Treg Migration

(Figure 6B), suggesting that EP enhanced the TBRediated Since the proportion of Treg was increased after EP treatment,
signaling pathway for enhanced Treg di erentiation. Howeverthe next step was to investigate their migratory capacifies.

it seemed that apart from di erentiation, EP in uenced Treg addition to the observed increased proliferation, the highe
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FIGURE 6 | The effect of EP on Treg differentiation and proliferatian vivo. (A) IL-2 protein expression in PLN, along with the representatévblot. (B) The proportion of
non-Treg producers of TGFb in the pancreatic in Itrates, along with representative doplots ( rst gated on live non-cD258"9N cells, followed by the gate on TGFbC).
(C) The proportion of proliferating Treg (CDZ@ghKi67C) in PLN and pancreatic in ltrates. Representative dot plotg rst gated on live cD258"9" celis, followed by the
gate on Ki67C) for pancreatic in Itrates are shown. All measurements wer@erformed on samples from 7 animals per group. i < 0.05 represents statistically

signi cant difference between cells of MLDEEP compared to those of MLDS-treated mice.

proportion of Treg might also result from their increased The Effect of EP on Treg Activation and

migration to the site of in ammation. We detected a higher Af nity for Thl or Th17 Suppression

expression of CD11a (subunit of LFA-1—integrin that drivesp higher proportion of Treg from EP-treated mice was
cells from blood to tissues) and L-selectin (CD62L—adlresiocp44£, suggesting that they became activatddgire 8A)
molecule that enables transmigrationfigure 7A) on Treg and were able to inhibit the activation of e ector Th cells
isolated from EP-treated mice, as well as an increased nuaibe (cp4Ccp2sned) (Figure 8B). Induced peripheral Treg might
chemokine receptor CXCR3Treg (Figure 7B). The proportion  express  transcription factors such as T-bet or RMRand
of CXCR¥ Treg was the same between the groufigiire S6A.  these cells are thought to speci cally inhibit e ector T cell
These observations suggest that these cells migrated to thgpulation, Th1l and Th17, respectively. Seemingly, in the
pancreas more readily in EP-treated mice than Treg fronhancreatic in ltrates EP signi cantly up-regulated the Tife
diabetic mice. This was con rmed in aex vivotransmigration  Treq population Figure 8C), while the proportion of e ector
assay, in which CDZ5 cells isolated from EP-treated mice T.he€CCD25"¢ cells was reducedF{gure 8D). However, the
migrated more e ciently toward pancreatic islets or toward a proportion of RORJTC Treg and e ector ROGTCCD25 "4 was
CXCL12 concentration gradient, compared to Treg isolatethfr  sjmjlar in both groups Figures 8E,. The expression of T-bet

diabetic mice Eigure 7Q). Finally, EP increased the proportion oy RORyT per cell did not di er upon EP treatment (data not
of Treg that carried the CD1G63 receptor in the pancreatic shown).

in ltrates (Figure 7D), while their proportion was similar in

PLN of both diabetic and EP-treated mic&igure 7D and In vitro EP Effect on Treg Differentiation

Figure S6B suggesting increased retention of Treg at the site olaive CD#CD25 cells were stimulatedn vitro through

in ammation (20). their TCR in the presence of adequate cytokines or antibodies
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FIGURE 7 | The effect of EP on Treg migratory abilitiefA) CD11a and CD62L expression on Treg within PLN, measured by nan uorescence intensity (MFI).
Representative histograms are shown(B) The proportion of CXCR¥ cells within activated Th cells (CD‘ZICD25"‘ed) or within Treg (CD@ CD25hi9h) from PLN.
Representative dot plots show the rst gate on either live cD%cD25Med or live CDA CD25MIN cells, followed by the gate on CXCRS. (C) Migration of CD25° cells
puri ed from a pool of lymphoid tissues of MLDS or MLDE EP-treated mice in a chemotaxis assay toward pancreatic ists or CXCL12 (10 ng/ml).(D)
cD25MIhcp103C proportion within PLN and pancreatic in Itrates. Represerdtive dot plots for pancreatic in Itrates are shown. All measrements were performed on
samples from 7 animals per group. p < 0.05 represents a statistically signi cant difference betwen cells of MLDSCEP compared to those of MLDS-treated mice.

that drive the di erentiation of Treg, Thl or Th17 cells. The data suggest that EP stimulates dierentiation of Treg in
addition of EP 24 h after the initial stimulation signi calgt culture.

promoted the di erentiation of Treg, while the proportion of

de novodi erentiated Thl and Thl7 cells did not change DISCUSSION

compared to the cells cultured without EFFigure 9A). The

expanded Treg expressed PD-1, GITR and CTLA-4 surfadeP exerted specic eect on the regulatory arm of the
markers Figure 9B), but the levels of expression per cell didimmune response and thus prevented the development of
not di er compared to Treg developed without EP (data notT1D in C57BL/6 mice. It promoted tolDC within the
shown). EP also stimulated Treig vitro dierentiation in  pancreas and inuenced Treg biology at multiple levels:
the absence of TGB-(incomplete stimulation) Figure 90, through the stimulation of Treg proliferation andle novo
suggesting that EP might have stimulated, at least partly, thdi erentiation, through the increase of CTLA-4, TG- and
intracellular signaling events that mimicked the T®Rrigger.  IL-10 expression, making them more suppressive, and through
Finally, EP stimulated IL-10 production in the CB4cultures favoring their migration to and retention at the site of
exposed to the complete Treg stimulatioRidure 9D). These in ammation.
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FIGURE 8 | Activation and phenotype of Treg and effector T cells. The pportion of activated (CD44), T-betC, and RORGTC cells within Treg (CD&# CD25Migh)
(A,C,E) or within effector T population (CD? CDZSmEd) (B,D,F) was determined in PLN or in Itrates by ow cytometry. Represenative dot plots are shown on the right
hand side. Cells were rst gated on live CD#, followed by the gate on T-bef in CD4C CD25Med or CD4C CD25M9IN population. All measurements were performed
on samples from 7 animals per group. p < 0.05 represents a statistically signi cant difference betwen cells of MLDSCEP compared to those of MLDS-treated mice.

The b-cell death in the investigated mouse model of T1ID After the initial ROS and RNI-mediatet-cell destruction
occurs through the induction of oxidative stress by the@tdf after streptozotocin treatment, immune cells inltrate the
streptozotocin 21). Since EP possesses anti-oxidant propertiepancreatic islets. Subsequemntell apoptosis then becomes a
to avoid possible false results due to interference of EP witfesult of a fulminant in ammatory process. In addition to ant
streptozotocin, the application of these two chemicals was atxidant properties, EP can block in ammation as well. EP was
least 3 h aparb-cells are extremely sensitive to oxidative damagéund e ective in several animal models of diseases with angtro
since they have low levels of protective anti-oxidant enz/man ammatory component, for example experimental colitis and
(22). When endangeredh-cells express alarmins. One of those isencephalomyelitisg 10, 11). Although little is known about
HMGBL1, whose level ib-cells of NOD mice correlates with the EP's molecular targets in immune cells, its anti-in ammatory
initiation of T1D (15). Higher HMGB1 expression was also found properties are again related to the down-regulation of HMGB1
in b-cells of C57BL/6 mice treated with streptozotocin. EP isn non-immune cells. When secreted, HMGB1 can bind cell-
usually characterized as an HMGBL1 inhibitor and it undouliyed surface receptors for advanced glycation end products (RAGE)
did reduce HMGBL1 presence in pancredtcells. Aside from and in that way intensify in ammation through generation or
acting as an alarmin, HMGB1 might be detrimental becells propagation of cells of innate and adaptive immunity. Another
because it can induce ROS generation through the stimulation way of a pro-in ammatory HMGBL1 e ect could be the activation
NADPH oxidase 4). Therefore, its reduction ib-cells may have of TLR4. For example, elevated HMGB1 expressiop-aells of
helped protecb-cells from ROS-induced apoptosis. Surprisingly NOD mice is detected by the surface TLR4)( This activation
EP did not prevent ROS and RNI generation in phagocytiof TLR4 can trigger N&B signal transduction, leading to the
immune cells that entered the pancreas, suggesting that théxpression of pro-in ammatory cytokines and the up-regulatio
function of antigen-presenting cells is resistant to EPsence.  of leukocyte adhesion molecules, thereby promoting injurd a
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FIGURE 9 | In vitroeffect of EP on Th cell differentiation(A) The proportion of Thl (CDEIFN-gC), Thi7 (CDAFIL-17C), and Treg (CD@ CDZShighFoxPBC) cells after
96 h of incubation of CD4£CD25  cells with adequate stimulation (described in Material anthethods) and in the presence of EP (125WM), added 24 h after the start
of cell cultivation. Representative dot plots are shown. Qs were rst gated on live CD4, followed by the gate on IFNgC, IL-17C or CD25"9"FoxpP3C. (B) The
proportion of Treg that expressed GITR, CTLA-4, and PD-1, dermined by ow cytometry. Representative dot plots show the st gate on live CTLA-#, GITRE or
PD-1¢ population, followed by the gate on cD# cD2sMigh, (C) The proportion of Treg after incomplete stimulation (anttD3Canti-CD28CIL-2) after 5 days of
incubation of CDA cells in the presence or absence of EP. Representative dot@is show the rst gate on live CD4 cells, followed by the gate on CD2419"FoxpP3C.
(D) IL-10 concentration in supernatants of EP-treated CD% cells in the presence of complete Treg stimulation (anti-CBlanti-CD28CIL-2CTGF-), after 5 days of
incubation, measured by ELISA. s < 0.05 represents a statistically signi cant difference betwen cells of MLDSCEP compared to those of MLDS-treated mice.

in ammation (23 24). Consistent with these literature data, thea lower number of tolDC. Additionally, despite the fact that
other reason for the preservation @kcell function after EP HMGB1 stimulates the di erentiation of M1 macrophages, its
treatment was a lower degree of immune cell in Itration into inhibition by EP did not a ect the ratio between M1 and M2
the pancreatic islets (as determined by the insulitis s@rin macrophages.

Although the composition of these in ltrates was more or In the inammatory setting during T1D progression, EP
less the same regarding both cells of the innate and adaptiwecreased the number and the quality of Treg. The higher
immunity, two major di erences between EP-treated and diébe proportion of Treg could be a result of either enhanced
mice have been observed. One is the higher presence of tolD@pliferation orde novali erentiation. Proliferation of Treg was
and the other is the increased proportion of Treg. It wascon rmed in the pancreatic islets, while for their di erentiatin
already shown that secreted HMGBL1 stimulates dendritic celve have only circumstantial evidence. For example, the level
maturation andin vivo homing to lymph nodes Z5). So, the of TGFb® (non-Treg) cells was increased after EP treatment,
observed stimulating e ect of EP on the dierentiation of suggesting that this TGB-could drive new di erentiation. Also,
toIDC might be conducted through the inhibition of HMGB1 EP stimulated Treg di erentiationn vitro in the circumstances
secretion. This was also con rmed vitro where EP contributed of suboptimal stimulation (in the absence of T®l;-suggesting
immensely to the di erentiation of tolIDC from bone marrow that EP might trigger the same signaling pathways as BGF-
precursors (personal communication—unpublished data). Théin naive CD# lymphocytes. EP also enhanced the suppressive
higher presence of toIDC in the pancreatic in ltrates may notproperties of Tregin vivo. It is already known that HMGB1

be due tode novodi erentiation of immature DC, as these inhibits Treg function by down-regulating the costimulatory
cells may come from pancreatic lymph nodes where we detectedolecule CTLA-4, the Treg cell transcription factor Foxp3, and
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FIGURE 10 | Proposed mechanism of EP's bene cial effect in T1D. EP enhares the regulatory arm of the immune response during T1D pattgenesis. From
pancreatic lymph nodes, toIDC (CDllE CD11b CD103C) migrate into the pancreatic islets and their proportion bsomes signi cantly higher. Also, Treg

(CD4C CD25hi9h) in the pancreatic lymph nodes increase their suppressiverpperties (CTLA-4, IL-10, and TGFs) and migrate into the in amed pancreatic islet
(increased CD11a and CD62L expression and proportion of CXR3C). In the islet, since Treg are already activated (CD#9, they proliferate (Ki6%), and are retained
at the site (CDlO§). Also, some of Treg express T-bet (increased proportion t#r EP treatment) and thereby inhibit T-bét effector cells (CDZS"ed) within the PLN
and pancreatic in ltrates. Finally, EP may stimulatén vitro and in vivo differentiation of Treg through enhancement of TGB-production. All these events result in the
preservation ofb-cell function (insulin production) and reduction of HMGB&xpression.

the Treg suppressor cytokine IL-1Q6). Therefore, our results (presumably regulatory follicular T cells) was the same in
with in vitro and in vivo EP application strongly correlate both diabetic and EP-treated mice, suggesting that EP did no
with the observed inhibition of HMGBLlin vivo after EP  specically direct Treg to the germinal centers of pancreatic
treatment. More precisely, EP increased the expression of ETLAymph nodes where they can help the dierentiation of
4, which through binding to CD80 and/or CD86 probably Breg @0). This result was corroborated by equal levels of
suppressed the activation of antigen-presenting c&ls Also, Breg found in lymph nodes and in ltrates in mice of both
EP increased the proportion of T&#& and IL-16° Treg groups.
and thereby signi cantly up-regulated their immunosuppressi It is a general opinion that Treg express signature
properties, as shown by their potency in the inhibition of transcription factors of pro-in ammatory cell subsets, theye
T eector cell proliferation. These Treg that proliferated in increasing their specicity for suppressing those particular
response to EP treatment were probably the so-called inducékh subsets. Treatment with EP increased the proportion of
or peripheral Treg, due to their strict necessity for exogenouT-betC Treg (T-bef CD25"9") in the pancreatic in Itrates and
lipids and pyruvate which they utilize in the Krebs cycle tosimultaneously reduced the proportion of T-bet activated Tsce
acquire energy [reviewed i®)]. Therefore, the addition of the (T-bet®CD25"%). However, there is a discrepancy between
stable form of pyruvate may have aided the di erentiation andthis result and the equal levels of Th1l cells observed in td@be
proliferation of peripheral Treg through a metabolic pathway asand EP-treated mice. This might stem from the fact that €D8
well. cells may express CD25 and T-bet as well).(Although the
Although the proportion of Treg was higher in both inhibition of HMGB1 can theoretically interfere with Th17
pancreatic lymph nodes and in ltrates examined after EPpolarization 32, 33), our results indicate that HMGB1 reduction
treatment, their migration to the pancreatic islets might beby the action of EP did not result in the down-regulation ofTTh
signi cantly increased if we take into account the#x vivo response, which was corroborated by the equal levels of both
behavior in the transmigration assagx vivo isolated Treg activated e ector ROBTCCD25"¢ cells and ROBTC Treg
from EP-treated mice were attracted more e ciently to the after EP treatment.
pancreatic islets or to a CXCL12 chemokine gradient compared In conclusion, this study proves the bene cial role of
to the Treg from diabetic mice. Furthermore, they expresse&P in the treatment of mouse T1D. It seems that EP
higher levels of CXCR3, a chemokine receptor that respondavors the activation of the regulatory arm of the immune
to CXCL9, CXCL10, and CXCL11 and guides the cells toesponse and enhances its immunosuppressive properties
the site of inammation @9), in this case the pancreatic (Figure 10. However, the question about EP's inuence on
islet where they are successfully retained (judged by CD1Q@Be Treg metabolism still remains and should be explored
expression). The expression of CXCR5 on CF¥S5cells aswell.
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Figure S1 | Negative staining for insulifA) and HMGBL1 (B).

Figure S5 | Characterization of Treg after EP treatmen(A) The expression of
FoxP3, GITR, PD-1, and CD101 within CD% CD25M9" measured by mean
uorescence intensity (MFI), along with representative hisgrams.

Figure S6 | The effect of EP on Treg migratory abilitiegA) The proportion of

Figure S2 | The effect of EP on innate cells proportion and function(A) F4/80C
cell proportion within the spleen and the pancreatic in ltrées. Representative dot
plots for the spleen are shown on the right hand side(B) The proportion of M1
(F4/80C CD4OC) and M2 (F4/8(F CD206C) macrophages within the pancreatic
in Itrates, with representative dot plots below.(C) The intracellular production of
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