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Treg cells in pancreatic lymph nodes: the possible role in
diabetogenesis and b cell regeneration in a T1D model

Benjamin K Nti1, Janet L Markman2, Suzanne Bertera3, Alexis J Styche3, Robert J Lakomy3, Vladimir M Subbotin4,
Massimo Trucco3 and Tatiana D Zorina5

Previously, we established a model in which physiologically adequate function of the autologous b cells was recovered in non-obese

diabetic (NOD) mice after the onset of hyperglycemia by rendering them hemopoietic chimera. These mice were termed antea-diabetic.

In the current study, we addressed the role of T regulatory (Treg) cells in the mechanisms mediating the restoration of euglycemia in the

antea-diabetic NOD model. The data generated in this study demonstrated that the numbers of Treg cells were decreased in

unmanipulated NOD mice, with the most profound deficiency detected in the pancreatic lymph nodes (PLNs). The impaired retention

of the Treg cells in the PLNs correlated with the locally compromised profile of the chemokines involved in their trafficking, with the

most prominent decrease observed in SDF-1. The amelioration of autoimmunity and restoration of euglycemia observed in the

antea-diabetic mice was associated with restoration of the Treg cell population in the PLNs. These data indicate that the function of the

SDF-1/CXCR4 axis and the retention of Treg cells in the PLNs have a potential role in diabetogenesis and in the amelioration of

autoimmunity and b cell regeneration in the antea-diabetic model. We have demonstrated in the antea-diabetic mouse model that

lifelong recovery of the b cells has a strong correlation with normalization of the Treg cell population in the PLNs. This finding offers new

opportunities for testing the immunomodulatory regimens that promote accumulation of Treg cells in the PLNs as a therapeutic

approach for type 1 diabetes (T1D).
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INTRODUCTION

Type 1 diabetes (T1D) is a disease with multi-organ, microangiopathic

and neurological pathology. Mainly affecting young people, it is asso-

ciated with high morbidity and premature mortality. The insulin defi-

ciency underlying all clinical manifestations of T1D is a result of the

destruction of b cells by the autoreactive mononuclear cells that

invade the islets of Langerhans. The major milestones in solving the

problem of insulin deficiency are: (i) the discovery of insulin;1,2 (ii)

pancreata and islets of Langerhans transplantation;3,4 and (iii)

development of insulin-supplying devices.5,6 All of these contribute

to symptomatic therapies that restore the insulin deficiency.

Until recently, approaches aiming at restraining the autoimmunity

that causes b cell destruction were not considered a practical venue for

solving the problem of insulin deficiency in T1D because the majority

of b cells in the islets of Langerhans are destroyed by the time of disease

diagnosis.7 The finding that insulin-secreting cells could fully recover

under conditions that restrain their devastation inspired exploration

of the immunomodulatory approaches for therapy of T1D.8–14

To further explore the concept that suppression of autoimmunity

could become an adequate condition for recovery of the autologous

insulin-secreting tissue, we established a model in which recovery of the

physiological function of the autologous b cells was achieved in non-

obese diabetic (NOD) mice by induction of allogeneic hemopoietic

chimerism after the onset of hyperglycemia. The therapeutic regimen

utilized in this model consisted of transplantation of allogeneic bone

marrow (BM) in combination with the islets of Langerhans, which were

MHC-matched to the donor’s BM. The choice for induction of hemo-

poietic chimerism as the means for constraining autoimmunity in NOD

mice was based on our previous investigations, which demonstrated,

along with other studies, that allogeneic chimerism induced prior to the

onset of hyperglycemia in the NOD mouse model of T1D abrogates

autoimmunity, arrests progression of insulitis, and hence, precludes the

clinical onset of the disease.15–17 Transplantation of the donor’s BM

MHC-matched islets of Langerhans under the recipient’s kidney cap-

sule was utilized to sustain euglycemia until recovery of a physiologi-

cally sufficient mass of the autologous b cells. The full recovery of the

autologous b cell function was achieved in this model. Euglycemia was

sustained in these mice after removal of the kidney with transplanted

islets and lasted for their lifetime with no recurrence of autoimmunity

(as shown by the absence of insulitis in the autologous islets of
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Langerhans). We termed these ‘cured from diabetes’ animals antea-

diabetic (Latin for ‘formerly’) mice.18

The current study was conducted to elucidate the immunological

mechanisms mediating recovery of euglycemia observed in the NOD

mice subjected to induction of hemopoietic chimerism after the onset

of hyperglycemia (antea-diabetic model). We hypothesized that

regeneration of the autologous b cells sustaining euglycemia in the

antea-diabetic mice was possible as the result of the attenuation of

autoimmune reactions mediated by the T regulatory (Treg) cell popu-

lation in the pancreatic lymph nodes (PLNs) of these animals. Treg

cells represent a distinct Foxp31/CD251/CD41 T-cell subpopulation

and are involved in physiological and pathological immune responses.

Evidence is accumulating in support of Treg cell relevance to the

pathogenesis of T1D.19–25 Deviations in the expression of different

chemokines and their receptors, as well as trafficking patterns of the

Treg cells, were demonstrated in T1D both in humans and in the NOD

mouse model.26–30

Data generated in this study demonstrate that the numbers of Treg

cells are decreased in the PLNs of the NOD mice and that the expres-

sion of the relevant chemokines, especially SDF-1, is downregulated.

The Treg cell population was recovered following induction of allo-

geneic chimerism in the antea-diabetic model. This observation sup-

ports our conclusions that: (i) the lack of the Treg cells and the

impaired function of the CXCR4/SDF-1 axis in the PLNs of the

NOD mice may play a role in diabetogenesis; and (ii) that an improved

Treg cell accumulation in the PLNs reflects recovery of the peripheral

tolerance in the PLNs of the antea-diabetic NOD mice and is part of

the mechanisms leading to the resumption of euglycemia in these

animals. In light of the recent finding that full regeneration of the b

cells to their physiologic capacity could be achieved in the murine

model of T1D after the onset of hyperglycemia,8–13,18 immunomodu-

latory protocols aiming at promoting Treg cell retention in the PLNs

can be considered possible means for induction of a condition fa-

voring b cell regeneration in T1D.

MATERIALS AND METHODS

Mice

C57BL/10J (B10), NOD/LtJ (NOD) and NOD.129S7 (B6)-Rag1tm1Mom/

J (NOD.Rag12/2) female mice were obtained from the Jackson

Laboratory. IcrTac:ICR (ICR) female mice were obtained from the

Taconic Laboratory. B10 and ICR mice were used as autoimmunity-free

control animals. The mice were housed under specific pathogen-free

conditions in the Animal Facility at Children’s Hospital of Pittsburgh

in accordance with the National Institute of Health regulations. This

study was approved by the Animal Care and Use Committee of

Children’s Hospital of Pittsburgh of the UPMC Health System.

Antea-diabetic mouse model

This model was described previously.18 Briefly, spontaneously diabetic

(glucose .300 mg/dl in three consecutive daily blood test readings)

NOD mice were subjected to an allogeneic BM transplantation from

autoimmunity-free (B10) donors. The next day, 300 islets of

Langerhans, MHC-matched to the donor’s bone marrow, were trans-

planted under the kidney capsule of the chimeric animals. Euglycemia

was recovered in the diabetic chimerae the day following islet trans-

plantation due to the insulin secreted by the transplanted islets. After

16 weeks, the graft-bearing kidneys were removed and the animals

remained euglycemic. NOD mice that resumed euglycemia 16 weeks

after the onset of hyperglycemia followed by induction of hemopoietic

chimerism were termed antea-diabetic mice. There was no recurrence

of either hyperglycemia or insulitis in these animals for 7 months (the

length of observation).

Study groups

The majority of NOD mice (approximately 80% in our colony) became

hyperglycemic between the ages of 12–25 weeks. One of objectives of

this study was to examine the distribution of the Treg cells in different

lymphoid organs in the untreated NOD mice (with respect to age and

hence stage of the diabetogenesis) in comparison with the antea-

diabetic mice, which resumed euglycemia following an allogeneic BM

transplantation, performed after the clinical onset of diabetes. The study

groups were young (2 and 5 weeks old), hyperglycemic (12–25 weeks

old), antea-diabetic (up to 52 weeks of age) and age-matched,

autoimmunity-free controls. In the experiments addressing patterns

of chemokine expression in Treg cells, two groups, 6- and 12-week-

old animals, of unmanipulated NOD mice were assessed at the begin-

ning and the advanced stages of insulitis, respectively. Autoimmunity-

free ICR mice served as the control group in this set of experiments.

Preparation of allogeneic chimera

The basic protocol was adapted from previously described methods.31

NOD recipient mice were gamma-irradiated with a non-lethal

(700 cGy) dose of total body irradiation and were reconstituted within

5 h via an intravenous injection with 403106 T cell-depleted BM cells

harvested from B10 mice. For T-cell depletion, a rabbit anti-mouse

brain-associated Thy-1 (anti-CD90) antiserum, which is toxic to T

lymphocytes, and guinea pig complement were used (Inter-Cell

Technologies, Inc., Somerville, NJ, USA).

Islets of Langerhans transplantation

Islets were harvested from B10 donors and transplanted into chimeric

(B10.NOD) animals. Pancreatic islet isolation was performed using

a modified collagenase digestion procedure.3 Briefly, 3 ml of cold

Hanks solution containing 2.0 mg/ml of collagenase (Boehringer-

Mannheim, Indianapolis, IN, USA) was injected into the pancreatic

duct. After pancreatectomy, the islets were purified from the digested

tissue by discontinuous density gradient cell separation using Ficoll

gradients (1.108, 1.096, 1.069 and 1.037) (Sigma, St Louis, MO, USA)

and hand-counted under a stereomicroscope. Each NOD mouse

received approximately 300 islets transplanted beneath the renal cap-

sule. Graft acceptance and function were monitored by testing blood

and urine glucose levels and later by histological examination of the

renal subcapsular grafts for insulitis, and insulin and Glut-2 content

were measured after the kidneys with islets grafts were removed by a

live surgery procedure. All surgical procedures were performed asep-

tically under isoflurane anesthesia.

Blood glucose measurement

A glucometer (Precision QID, Medisense) was used to measure blood

glucose from tail vein samples, which was expressed in mg/dl glucose.

Mice were considered diabetic with a level of 300 mg/dl or above on

three consecutive daily readings.

Characterization of chimera by flow cytometry

The level of chimerism was assessed by flow cytometry as a percentage

of peripheral blood leukocytes bearing donor and host MHC class I

molecules (H-2Kb for B10 and H-2Kd for NOD) after staining with

directly labeled fluorescent H-2Kb
FZ (Clone AF6-88.5) and H-2Kd

PE

(Clone SF1-1.1) monoclonal antibodies (mAbs). Both mAbs were

purchased from BD Biosciences (San Jose, CA, USA). To isolate
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leukocytes from the peripheral blood, a red cell lysis buffer was applied

(RCL Buffer; Sigma). Flow analysis was performed on a Becton

Dickinson FACS Vantage SE. To characterize donor’s vs. recipient’s

hemopoiesis derivation of the Treg cells in the chimeric animals, a

three-color staining was carried out with anti-donor and anti-recipi-

ent MHC-Class I mAbs (as above) and anti-Foxp3APC (Clone FJK-16s)

mAb (eBioscience, San Diego, CA, USA).

Morphological evaluation of pancreata

Pancreata were fixed in 10% neutral buffered formalin for 2–3 days,

routinely processed and embedded in paraffin. Five-micron-thick par-

affin sections (from two levels 100 mm apart, two sections of each level)

were stained with hematoxylin–eosin (H&E). Morphological evalu-

ation was performed by a pathologist (VS), using previously published

criteria.32

FACS analysis

Lymph nodes, spleens and thymi were harvested from diabetic NOD

and control B10 mice and were rendered to the single-cell suspensions.

Three-color staining was performed with directly labeled CD45RBPE,

CD4APC and CD25FZ mAbs purchased from BD Biosciences. Two-

color staining was done with CD4PECy5 mAb, purchased from BD

Biosciences, and Foxp3APC mAb purchased from eBioscience. Flow

cytometric analysis was performed on a Becton Dickinson FACS

Vantage SE.

Spleen cell transfer experiments

Immunocompromised NOD.Rag12/2 mice were used as recipients for

the transfer of splenocytes from the antea-diabetic NOD mice. These

recipient mice are typically used for induction of diabetogenesis, as

they do not have endogenous T or B lymphocytes.33 Typically, disease

can be transferred to NOD.Rag12/2 mice by intraperitoneal injection

of splenocytes from spontaneously diabetic NOD mice. Recipients

become hyperglycemic in 3–6 weeks. In our study, a single-cell sus-

pension was prepared from spleens harvested from the antea-diabetic

NOD mice. Each recipient NOD.Rag12/2 mouse received 303106

splenocytes via an intraperitoneal injection.

Immunofluorescence

Pancreata were fixed in 2% paraformaldehyde for 3 h, incubated over-

night in 30% sucrose at 4 uC and snap-frozen in optimal cutting

compound (Sakura, Finetek, Torrance, CA, USA) on liquid nitrogen.

Immunofluorescent staining was performed using a standard protocol

with primary and secondary fluorescently labeled antibodies. Briefly,

sections were blocked in non-immune goat serum in bovine serum

albumin (BSA) for 45 min at room temperature. After five washes with

BSA, an additional blocking was done with goat anti-mouse Fab-frag-

ments (Jackson ImmunoResearch Lab, West Grove, PA, USA) at 1 : 70

for 1 h, followed by five washes in BSA. Primary antibodies in BSA were

added to sections for 1 h at room temperature: mouse anti-insulin

(Sigma) 1 : 1000 and rabbit anti-Glut2 (Calbiochem, La Jolla, CA,

USA) 1 : 200. Sections were washed five times in BSA, and then second-

ary antibodies in BSA were added for 1 h at room temperature: goat

anti-mouse Cy3 (Jackson ImmunoResearch Lab, West Grove, PA, USA)

1 : 3000 and goat anti-rabbit Alexa 488 (Molecular Probes, Invitrogen,

Carlsbad, CA, USA) 1 : 500. The sections were washed three times in BSA

and three times in phosphate-buffered saline. Nuclear staining was

achieved with nuclear dye Draq5, diluted 1 : 2000 (Axxora LLC, San

Diego, CA, USA), and color was designated as green or blue.

Coverslips were applied using Gelvatol, and the slides were viewed

on an Olympus FluoView 500 confocal microscope (Melville, NY,

USA).

Real-Time quantitative reverse transcriptase polymerase chain

reaction (qRT-PCR)

Quantitation of transcripts was performed by real-time quantitative

RT-PCR (qRT-PCR) using a Bio-Rad iCycler Real-Time PCR detec-

tion system (Bio-Rad Laboratories, Hercules, CA, USA). At specified

time points, total RNA was extracted from the cells of the thymus,

spleen, pancreatic and other pancreatic lymph nodes (OLNs) by the

Trizol Method of RNA isolation. Briefly, according to manufacturer’s

instructions, tissue samples were lysed with 0.5 ml of Trizol reagent

(Invitrogen) per ,53105 cells. Samples were centrifuged at 13 000g at

4 uC for 15 min following the addition of chloroform (1/5 volume of

Trizol). Extracted RNA was quantified by spectrophotometric ana-

lysis, and the quality was determined according to the A260/280 ratio

of 2.0 per the manufacturer’s recommendation (Invitrogen). One

microgram of total DNase-treated (DNA-free Ambion 1906) RNA

was reverse-transcribed into cDNA using either SuperScript III

First-Strand Synthesis SuperMix (Invitrogen) or GoScript Reverse

Transcription System (Promega, Madison, WI, USA), random hex-

amer primers, and oligo(dT)20 primers according to the manufac-

turer’s protocol. Gene expression was analyzed in triplicate using a

specific primer probe set (accession numbers are as follows: Foxp3

NM_054039.1; TGF-b NM_011577.1; IL-10 NM_010548.1; CTLA-4

NM_009843.2; CD62L NM_001164059.1; SDF1 NM_021704.3;

CCL22 NM_009137.2; CCL5 NM_031116; CCL19 NM_011888.2;

VCAM NM_011693.3, http://www.ncbi.nlm.nih.gov/nuccore (Applied

Biosystems, Foster City, CA, USA)) following the manufacturer’s pro-

tocol. An internal control gene, Hprt (accession number NM_009843.2

(Applied Biosystems)), was used to normalize mRNA loading. The

DDCT method was used to determine the fold change between

samples. Briefly, the DCT for each condition was determined by sub-

tracting the gene threshold (CT) value for HPRT from the CT for target

genes. The DDCT was calculated by subtracting the DCT for each

experimental sample from the DCT of the autoimmunity-free control

sample; thus, the data are expressed as 2{DDCT relative to the control

sample.

Cells processing and transportation

The experiments assessing the mRNA expression of the Treg cell-

associated chemokine molecules were performed in the Laboratory

of the Department of Bioscience Technologies, Jefferson School of

Health Professions at Thomas Jefferson University, utilizing the

cells shipped from the Division of Immunogenetics, Children’s

Hospital of Pittsburgh, University of Pittsburgh School of Medicine.

Lymph nodes and spleens were collected from euthanized animals.

Tissues were rendered into single cell suspensions and fixed in

RNAlater Storage Solution (Sigma-Aldrich, St Louis, MO, USA) for

shipping.

Statistical analysis

Data collected from real-time qRT-PCR of Foxp3 and chemokine

transcripts were analyzed relative to autoimmunity-free control mice

(fold-change) to determine the levels in NOD and antea-diabetic

mice. An unpaired t-test was used to perform comparisons between

autoimmunity-free control mice and NOD or antea-diabetic mice.

Statistical significance was set at P,0.05.
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RESULTS

Dynamics of pathology in the pancreata of antea-diabetic NOD mice

The dynamics of the autoimmune and reparative processes in the islets

of Langerhans in the antea-diabetic NOD mice were assessed by mor-

phologic evaluation. The sections of pancreata were stained with H&E

and for insulin and were evaluated for the size and appearance of the

islets, presence and extent of insulitis, and the production of insulin.

Pancreata were collected from antea-diabetic NOD mice at two time

points: 3 and 16 weeks after the onset of hyperglycemia and BM

transplantation. In samples obtained 3 weeks after induction of chi-

merism, the pronounced insulitis, which was affecting the majority of

islets prior to intervention, was fully eradicated. However, the overall

morphological appearance of the pancreatic tissue was not normal.

The total islets volume was significantly reduced, and existing islets,

although insulitis-free, were significantly reduced in size (Figure 1c).18

They were also negative for insulin staining (Figure 1d). Islets in the

pancreatic samples harvested from antea-diabetic mice 16 weeks after

BM transplantation showed positive staining for insulin. Their size

and overall morphology were undistinguishable from that of normal

controls (Figure 1e and f). At this time point, 16 weeks after the BM

transplantation, some mice were subjected to surgical removal of the

islet graft-bearing kidneys and were monitored afterwards for their

blood glucose levels. These mice remained euglycemic in 100% of

cases for 7 months (the length of observation).

Recovery of peripheral tolerance was achieved in the antea-diabetic

model

Next, we investigated whether mechanisms of central versus peri-

pheral tolerance were involved in the amelioration of autoimmunity

and the resulting regeneration of the b cells observed in the antea-

diabetic model. To address this question, antea-diabetic mice were

assessed for the presence of the diabetogenic cells in the secondary

lymphoid organs. Splenocytes from antea-diabetic NOD mice

(experimental group) and from hyperglycemic NOD mice (positive

control group) were injected intraperitoneally into immunocompro-

mised NOD.Rag12/2 mice. In two independent experiments, seven of

eight NOD.Rag12/2 mice developed hyperglycemia in 3–6 weeks after

transplantation of splenocytes from the antea-diabetic mice. All of the

NOD.Rag12/2 mice that received cells from the positive controls

(hyperglycemic NOD mice) became diabetic in the same time frame.

These results demonstrated that diabetogenic cells persisted but were

silenced (prevented from invading the islets) in antea-diabetic mice,

while in NOD.Rag12/2 recipients, they were able to initiate destruc-

tion ofb cells, eventually leading to hyperglycemia. These data indicate

that the peripheral rather than central tolerance was involved in

restraining the autoimmune reactions in the antea-diabetic model.

Based on these results, we suggested that restoration of a ‘tolerance-

guarding’ function of the Treg cells played a role in the amelioration of

autoimmunity observed in the PLNs of the antea-diabetic mice.

Numbers of Treg cells are decreased in the lymphoid tissues of NOD

mice

To elucidate the validity of our hypothesis that enhancement of the

mechanisms of peripheral tolerance in the antea-diabetic mice is

associated with the quantity and function of Treg cells in the PLNs,

we first determined whether Treg cell presence is compromised in the

untreated NOD mice compared to the control autoimmunity-free B10

mice. We began this assessment by utilizing FACS analysis first based

on the CD45RBLow/CD41/CD251 profile (not shown) and later the

CD41/Foxp31 phenotype (Figure 2). The numbers of Treg cells were

notably reduced in all secondary lymphoid tissues studied (PLNs,

OLNs and spleen) with the most pronounced decrease observed in

the PLNs (0%) when assessed by either panel in both sets of experi-

ments. No difference in the Treg cell numbers based on flow cytometry

was found in the thymi of diabetic NOD and control animals. Thus,

Treg cells were undetectable in the PLNs of the diabetic NOD mice by

flow cytometric analysis. This observation was also confirmed by

immunohistochemistry (not shown). In further experiments, we used

a more sensitive real-time qRT-PCR approach for Treg cell evaluation.

Foxp3 gene expression is specific for Treg cells34 and was used as a

marker to examine the distribution of Treg cells in the subsequent

experiments by real-time qRT-PCR. The levels of Foxp3 transcripts

were assessed in the thymus, spleen, PLNs and OLNs of the NOD mice

at different ages and were presented as fold changes over the autoimmu-

nity-free control mice (Figure 3). Expression of Foxp3 was significantly

decreased, although to a different extent, in all studied tissues (thymus,

spleen and all lymph nodes) of NOD mice at 2 and 5 weeks of age, as well

as after the onset of hyperglycemia. In the PLNs of the NOD mice, no

Foxp3 transcripts were detected in mice of 5 weeks of age and after the

onset of hyperglycemia (n59, P,0.05; Figure 3). Thus, both FACS

analysis and real-time qRT-PCR confirmed that the Treg cell population

was undetectable in the PLNs of the NOD mice.

Figure 1 Dynamics of pathology in the Islets of Langerhans in the antea-diabetic

model. (a, b) Pancreas harvested from a hyperglycemic mouse prior to thera-

peutic intervention. (a) Islet with advanced insulitis. H&E, light microscopy,

3400. (b) The majority of islets were negative for insulin staining. The shown

islet is one of very few with positive staining for insulin in the remaining functional

b cells (red). Nuclei are stained with Draq5 and are designated as green, confocal

image, 3400. (c, d) Pancreas harvested from mice 3 weeks after induction of

hemopoietic chimerism following onset of hyperglycemia. (c) Islets are insulitis-

free but morphologically altered and reduced in size. H&E, light microscopy,

3400. (d) Staining for insulin is negative; nuclear staining designated as green.

Confocal image, 3400. (e, f) Pancreas harvested 16 weeks after induction of

hemopoietic chimerism. (e) Insulitis-free islet, normal size and morphology.

H&E, light microscopy, 3400. (f) Positive staining for insulin (red); nuclear stai-

ning designated as blue, confocal image, 3640. H&E, hematoxylin–eosin.
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Figure 2 Undetectable levels of Treg cells in PLNs of the NOD mice (FACS analysis). Lymphocytes from PLNs, OLNs, spleen and thymus from both NOD and B10

control mice were subjected to FACS analysis based on the CD41/Foxp31 phenotype. Foxp3APC is shown on the X-axis versus CD4PECy5 on the Y-axis. A decreased

presentation of CD41/Foxp31 Treg cells is demonstrated in all secondary lymphoid tissues with the most profound drop (0%) found in the PLNs. No difference in the

presence of these cells was shown in the thymus of the NOD mice compared to that in the control animals. NOD, non-obese diabetic; OLN, other pancreatic lymph

node; PLN, pancreatic lymph node; Treg, T regulatory.

Figure 3 Distribution of Foxp3 transcripts among secondary lymphatic tissues of NOD mice at different ages and after onset of hyperglycemia. Transcript quantities

were determined by specific primer-probe pairs in real-time qRT-PCR analysis in the THY, SPL, PLNs and OLNs. Fold change over autoimmunity-free control mice

(n54) was determined for different age groups of mice: (i) 2 weeks, n56; (ii) 5 weeks, n55; and (iii) diabetic, n59. For relative gene expression of autoimmunity-free

control groups: (i) 2 weeks, n53; (ii) 5 weeks, n55; and (iii) 12–25 weeks, n54. Statistical significance was determined by the unpaired parametric t-test. *P,0.05;

**P,0.01, relative to baseline autoimmunity-free control. NOD, non-obese diabetic; OLN, other pancreatic lymph node; PLN, pancreatic lymph node; qRT-PCR,

Real-Time quantitative reverse transcriptase polymerase chain reaction; SPL, spleen; THY, thymus; Treg, T regulatory.
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Treg cell population was recovered in the PLNs of the

antea-diabetic mice

In the unmanipulated NOD mice, a decrease of the CD41/Foxp31 cells

was shown by FACS analysis and was further confirmed by a marked

reduction of Foxp3 transcripts, as determined by qRT-PCR, in all sec-

ondary lymphoid tissues of NOD mice at 2 and 5 weeks of age and after

the onset of hyperglycemia, compared to autoimmunity-free controls. In

the PLNs of these animals, 0% of cells were identified as Treg cells by

FACS analysis, and no Foxp3 transcripts were detected by qRT-PCR. In

the antea-diabetic NOD mice, which resumed euglycemia 16 weeks after

the onset of hyperglycemia and the BM transplantation, the levels of

Foxp3 transcripts were significantly increased, although to different

degrees in all examined lymphoid tissues, compared to untreated NOD

mice (n53, P,0.05; Figure 4a). The most prominent increase was

observed in the PLNs, which was up to eightfold higher than the values

of the control animals. In correlation with these findings, the flow cyto-

metry data also showed that the population of Treg cells was recovered in

the PLNs of the antea-diabetic mice, reaching levels exceeding that in the

control mice (5.6%; Figure 4b). In the thymus, the levels of Foxp3

exceeded the average levels of the control mice by approximately 40%.

The levels of Foxp3 in the spleen and OLNs were 30% and 20% below the

average levels of the controls, respectively, even though they showed some

increase compared to diabetic animals. These data demonstrate a correla-

tion between the increase of Treg cell retention in the PLNs and restora-

tion of euglycemia achieved in the antea-diabetic mice. This observation

suggests an essential role that Treg cells may play in both amelioration of

autoimmune reactions in the vicinity of the islets of Langerhans and in the

following b cell regeneration.

Decreased expression of chemokines regulating Treg cell

trafficking was observed in NOD mice

As is true for other types of cells, trafficking patterns of Treg cells are

defined by the chemokines in the local tissues of their ‘destination’ and

the expression of corresponding receptors on the surface of the Treg

cells. To elucidate the mechanisms involved in the altered distribution

of Treg cells in NOD mice, five chemokines were selected based on

their role in Treg cell trafficking patterns under physiological condi-

tions. The expression of chemokines was assessed with respect to the

stage of diabetogenesis. The PLNs and OLNs were collected from two

groups of unmanipulated NOD mice at 6 and 12 weeks of age: 6-week-

old NOD mice represent the early stage of diabetogenesis when insu-

litis is at the beginning phase, while at 12 weeks, these animals show

very advanced insulitis with some animals reaching the point of

destruction of b cells resulting in hyperglycemia. Because, according

to our data, Treg cells in the PLNs of the NOD mice are not detectable,

and hence, the assessment of their chemokine receptor phenotype is

not feasible, we evaluated the expression of a panel of their corres-

ponding chemokines in the unfractioned cell populations of their

lymph nodes. Quantitation of the transcripts of genes encoding

SDF1, CCL22, CCL5, CCL19 and VCAM-I was performed by real-

time qRT-PCR using RNA extracted from PLNs and OLNs of the

NOD mice. The levels of expression of CCL5, CCL19 and SDF-1 were

significantly decreased in the PLNs of NOD mice with the most pro-

found deviation observed for SDF-1 (n56, P,0.05; Figure 5).

Origin (host vs. donor BM) of the Treg cells recovered from the

PLNs of the antea-diabetic NOD mice

Previously, we reported that allogeneic chimerism, required to ameli-

orate autoimmunity adequate for sustaining b cell regeneration and

recovery of euglycemia in the antea-diabetic model, is equally efficient

at low and high levels.17 To elucidate whether the population of Treg

cells recovered in the antea-diabetic mice was of donor or recipient

origin, we examined animals with a high (,95%) level of donor chi-

merism in the current study. To determine this origin, expression of

MHC class I molecules was examined on Treg cells. A level of 95%

donor chimerism implies that lymphocytes of the autologous origin in

the PLNs (as in any other tissue, organ and peripheral circulation)

would comprise 5% of the total number of lymphocytes (Figure 6a

and d). However, three-color flow cytometric analysis of the

lymphocytes harvested from the PLNs of the antea-diabetic mice,

stained with anti-H-2Kd, anti-H-2Kb (anti-MHC class I of NOD

and B10 mice, respectively) and anti-Foxp3 mAbs, revealed that

25% of cells among Foxp31 cells were autologous, H-2Kd-positive cells

(Figure 6b, c and e).

DISCUSSION

In the previously established antea-diabetic model, restoration of

euglycemia as the result of amelioration of autoimmunity and re-

generation of the autologous b cells was achieved in the hyperglycemic
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Figure 4 Recovery of the Treg cell population in the PLNs of the antea-diabetic

NOD mice. (a) Numbers of the Foxp3 transcripts were assessed by real-time

qRT-PCR in the lymphocytes collected from THY, SPL, PLN and OLN. The tran-

scripts were determined as fold changes over the autoimmunity-free control mice

(n54). NOD groups: (i) 2 weeks old: n56; (ii) 5 weeks old: n56; Hyperglycemic

NOD mice: n59; and (iii) antea-diabetic NOD mice: n53. For the autoimmunity-

free controls, four mice per group were used. Statistical significance was deter-

mined by the unpaired parametric t-test. *P,0.05; **P,0.01, relative to base-

line autoimmunity-free control. (b) FACS analysis of the CD41/Foxp31 Treg cells

in the PLNs of the antea-diabetic mice in comparison with control B10 and

unmanipulated NOD mice. NOD, non-obese diabetic; OLN, other pancreatic

lymph node; PLN, pancreatic lymph node; qRT-PCR, Real-Time quantitative

reverse transcriptase polymerase chain reaction; SPL, spleen; THY, thymus;

Treg, T regulatory.
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NOD mice subjected to allogeneic hemopoietic chimerism. To eluci-

date the mechanisms mediating these processes, we assessed whether

the recovery of central or peripheral tolerance was attained in this

model. Detection of the diabetogenic cells in the antea-diabetic mice,

which remained euglycemic and did not have recurrence of insulitis

for seven months (the length of observation), indicated that a

suppressive peripheral mechanism might have prevented the diabeto-

genic cells from invading pancreatic islets in these animals. We

hypothesized that the Treg cell population in the PLNs of the antea-

diabetic mice may play a role in the amelioration of autoimmunity and

regeneration of the autologous b cells in this model. The role of Treg

cell dysfunction in the pathogenesis of autoimmune disorders inclu-

ding T1D is strongly supported by accumulating evidence in experi-

mental models.19,20,22–25 Whether there is a distinct pattern of Treg

cell deviation in T1D patients is still not clear.35–37 In the studies

referenced above, the numbers of Treg cells were assessed in the peri-

pheral blood of T1D patients. The discrepancy regarding alterations in

the Treg cell numbers in the peripheral circulation of the T1D patients

Figure 5 Expression of chemokines involved in the regulation of Treg cell trafficking was decreased in the PLNs of the NOD mice. Lymphocytes were collected from the

PLNs and OLNs of the unmanipulated NOD mice and were assessed by Real-Time qRT-PCR for expression of SDF-1 (CXCL12), CCL22, VCAM-I, CCL19 and CCL5.

The transcripts were determined as fold changes over the autoimmunity-free control mice (n54). NOD groups: (i) 6 weeks old, n56; and (ii) 12 weeks old, n56.

Statistical significance was determined by the unpaired parametric t-test. *P,0.05; **P,0.01, relative to baseline autoimmunity-free control. NOD, non-obese

diabetic; OLN, other pancreatic lymph node; PLN, pancreatic lymph node; qRT-PCR, Real-Time quantitative polymerase chain reaction; Treg, T regulatory.
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reported in these publications might reflect fluctuations among indi-

viduals. Furthermore, to the best of our knowledge, characterization of

Treg cell populations in the PLNs, which would be of importance in

T1D, has not been addressed yet in a clinical setting.

To explore our hypothesis that the Treg cell population in the PLNs

plays a role in recovery of euglycemia in the antea-diabetic mice, we

characterized the Treg cell distribution in a variety of lymphoid tissues

of the antea-diabetic mice in comparison to both unmanipulated NOD

mice and the autoimmunity-free, age-matched controls, with an

emphasis on the PLNs in which the most pronounced changes were

expected in T1D.38 The FACS analysis and qRT-PCR results showed

that the retention of Treg cells is compromised in all secondary

lymphoid organs, reaching undetectable levels in the PLNs of the

untreated NOD mice. These data were in agreement with other pub-

lications addressing the distribution of Treg cells in NOD mice.39 In the

thymus, the FACS data showed no difference in the Foxp3-positive cell

numbers in NOD versus B10 control mice, while the qRT-PCR data

demonstrated a significant decrease of Foxp3 transcripts in NOD mice.

These results suggest that the expression of the Foxp3 gene was down-

regulated in Treg cells in the thymus of NOD mice, while the numbers

of these cells remained comparable to that in the control animals.

In the antea-diabetic NOD mice that resumed euglycemia after

induction of hemopoietic chimerism, the levels of Foxp3 transcripts

assessed by qRT-PCR were increased in all studied lymphoid tissues

compared to the untreated NOD mice. In the PLNs, the observed rise

was the most prominent, reaching levels up to eightfold higher com-

pared to that in normal controls. FACS analysis also demonstrated

that the population of CD41/Foxp31 cells in the antea-diabetic mice,

which was undetectable in the unmanipulated NOD mice, reached

levels exceeding that in the control group. In the thymus, the numbers

of Foxp3 transcripts exceeded the normal levels, while in OLNs and

spleen, the Foxp3 transcripts, although slightly increased when com-

pared to untreated NOD mice, were still below the normal levels. The

spleen was of special interest because the inoculum of splenocytes was

used in the diabetes transfer experiments. In this cell population,

the Foxp3-positive cells remained at a level of approximately 30%

lower compared to autoimmunity-free controls. This could explain

why they did not hinder the effect of the diabetogenic splenocytes

and did not preclude the successful transfer of diabetes into

NOD.Rag12/2 mice by splenocytes obtained from the antea-diabetic

mice. Thus, an increase in the numbers of the Foxp3-positive Treg cells

was found in the antea-diabetic mice within all studied lymphoid

tissues, to different extents. The major focus of this study was to

evaluate the dynamics of the Treg cell population in the PLNs of these

animals. Based on both FACS and real-time qRT-PCR data, a signifi-

cant shift was observed in the of Treg cells in the PLNs from unde-

tectable levels in NOD mice to values above normal in the antea-

diabetic mice. These results indicate a strong link between recovery

of the Treg cell population in the PLNs, amelioration of autoimmunity

and regeneration of b cells in the antea-diabetic mice. These data are

supportive of our hypothesis that the Treg cell population is involved

in enhancing the mechanisms of peripheral tolerance in the vicinity of

the islets of Langerhans and in providing an adequate condition for the

unhindered regeneration of the b cells in the antea-diabetic model.

The next objective of this study was to explore the aberrations in the

repertoire of chemokines in the reticulocytes and endothelial cells in

the PLN of the NOD mice that could contribute to the impaired

retention of Treg cells in the PLN. We tested the expression of che-

mokines, which are involved in the regulation of the trafficking pat-

terns of Treg cells, in the PLNs and OLNs of the NOD mice in

comparison with autoimmunity-free control mice. The numbers of

transcripts of three of these chemokines (CCL5, CCL19 and SDF-1)

were significantly decreased in the PLNs of the NOD mice, with the

most profound inhibition observed for SDF-1. SDF-1 is of a special

relevance to the current study because it has been shown that a

polymorphism in SDF-1 in humans is associated with early onset

T1D.40,41 Furthermore, Thivolet and co-authors26 have shown that

CXCR4 expression was significantly reduced in the PLNs of 12-week-

old NOD mice and that the SDF-1/CXCR4 axis has a protective effect in

diabetes-transfer experiments. This study also demonstrated that

AMD3100, a specific CXCR4 antagonist, can block the ability of the

CXCR4-positive T cells to abolish the transfer of diabetes by diabeto-

genic effector cells. These data are in agreement with our in vivo obser-

vations. Our interpretation of the data generated in this study is as

follows. The role of the CXCR4/SDF-1 axis in the retention of hemato-

poietic stem cells is well established.42 Our data demonstrate the lack of

Treg cells in correlation with the downregulation of the expression of

the chemokine SDF-1 in the PLNs of the diabetic NOD mice. The

resumption of euglycemia in the antea-diabetic mice is associated with

the recovery of the Treg cell population in the PLNs of these animals.

These data, taken together with findings by Thivolet et al., indicate that

impaired function of the CXCR4/SDF-1 axis may play an essential role

in Treg cell retention in the PLNs and hence in diabetogenesis.

The population of Treg cells recovered from the PLNs of the antea-

diabetic mice was determined to be a mixture of cells of the donor’s

and the recipient’s BM origin. The autologous subset of these cells was

comparable to that in normal controls. However, whether autologous,

donor-derived or both, whether Treg cell populations represent a

major contributing factor to amelioration of autoimmunity, as

observed in the islets of Langerhans of the antea-diabetic NOD mice,

remains an open question.

In summary, we are reporting herein (i) that the PLNs of NOD mice

lack Treg cells, which correlates with the locally decreased expression

of chemokines involved in their trafficking, with the most prominent

decrease shown for SDF-1; and (ii) that recovery of euglycemia in the

antea-diabetic NOD mice is associated with the restoration of the Treg

cell population in the PLNs. Euglycemia, achieved in the antea-

diabetic mice, continued throughout their lifetime, which suggests

the feasibility of long-lasting recovery of the Treg cell population

in the PLNs of the NOD mice. These data provide a basis for the

understanding of the role of Treg cells and the CXCR4/SDF-1 axis

in diabetogenesis, amelioration of autoimmunity and regeneration

of the autologous b cells in the antea-diabetic model. In light of the

accumulating evidence that Treg cells can suppress the transfer and

onset of T1D,16,17,43–46 our findings reported here imply that an

immunomodulatory regimen that improves the function of the

CXCR4/SDF-1 axis and subsequent retention of Treg cells in the

PLNs might become an alternative therapeutic approach for T1D.
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