L Discover the benefits of using spectral

flow cytometry for high-parameter,

high-throughput cell analysis ID7000™ Spectral Cell Analyzer
[\

e

Download Tech Note

Accelerating discovery,
enabling scientists m“ ) / SONY

A y
bz 48

s meJournal )f Expression of Activated Notch3 in Transgenic
Af\ Immunol ogy Mice Enhances Generation of T Regulatory
Cellsand Protects against Experimental

Autoimmune Diabetes

Thisinformation is current as

of August 4, 2022. Emanuela Anastasi, Antonio F. Campese, Diana Bellavia,
Angela Bulotta, Anna Balestri, Monica Pascucci, Saula
Checquolo, Roberto Gradini, Urban Lendahl, Luigi Frati,
Alberto Gulino, Umberto Di Mario and |sabella Screpanti

J Immunol 2003; 171:4504-4511, ;
doi: 10.4049/jimmunol.171.9.4504
http://www.jimmunol .org/content/171/9/4504

References Thisarticle cites 34 articles, 12 of which you can access for free at:
http://www.jimmunol.org/content/171/9/4504.ful | #ref-list- 1

Why The JI? Submit online.
» Rapid Reviews! 30 days* from submission to initial decision
* No Triage! Every submission reviewed by practicing scientists

» Fast Publication! 4 weeks from acceptance to publication

*average

Subscription  Information about subscribing to The Journal of Immunology is online at:
http://jimmunol .org/subscription

Permissions  Submit copyright permission requests at:
http://www.aai .org/A bout/Publications/Jl/copyright.html

Email Alerts Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/a erts

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,

1451 Rockville Pike, Suite 650, Rockville, MD 20852
Copyright © 2003 by The American Association of
Immunologists All rights reserved.

Print ISSN: 0022-1767 Online |SSN: 1550-6606.

2202 ‘¥ snbny uo 1sanb Aq /640" jounwiw ' mmm//:dny wiouy papeojumoq


http://www.jimmunol.org/cgi/adclick/?ad=56569&adclick=true&url=https%3A%2F%2Fs3.amazonaws.com%2Fcreative.sonybiotechnology.com%2FID7000%2FSony_ID7000_42-color_panel_app_note.pdf%3Futm_source%3Dji%26utm_medium%3Dpdf-article-banner%26utm_campaign%3DID42c
http://www.jimmunol.org/content/171/9/4504
http://www.jimmunol.org/content/171/9/4504.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/

The Journa of Immunology

Expression of Activated Notch3 in Transgenic Mice Enhances
Generation of T Regulatory Cells and Protects against
Experimental Autoimmune Diabetes

Emanuela Anastasi?* Antonio F. Campese?’ Diana Bellavia,” Angela Bulotta,* Anna Balestri,
Monica Pascucci’ Saula Checquolo’ Roberto Gradini,” Urban Lendahl,* Luigi Frati, ™
Alberto Gulino, '® Umberto Di Mario,* and Isabella Screpanti™

Thymic-derived dysregulated tolerance has been suggested to occur in type 1 diabetes via impaired generation of COD25" T
regulatory cells, leading to autoimmuneg cell destruction. In this study, we demonstrate that Notch3 expression is a characteristic
feature of CD4*CD25" cells. Furthermore, streptozotocin-induced autoimmune diabetes fails to develop in transgenic mice
carrying the constitutively active intracellular domain of Notch3 in thymocytes and T cells. The failure to develop the disease is
associated with an increase of CD4CD25" T regulatory cells, accumulating in lymphoid organs, in pancreas infiltrates and
paralleled by increased expression of IL-4 and IL-10. Accordingly, CD4 T cells from Notch3-transgenic mice inhibit the devel
opment of hyperglycemia and insulitis when injected into streptozotocin-treated wild-type mice and display in vitro suppressive
activity. These observations, therefore, suggest that Notch3-mediated events regulate the expansion and function of T regulatory
cells, leading to protection from experimental autoimmune diabetes and identify the Notch pathway as a potential target for

therapeutic intervention in type 1 diabetes. The Journal of Immunology, 2003, 171: 4504—-4511.

sults from the destruction of insulin-producing 3 cells (re-

viewed in Ref. 1). B cell destruction appears to be medi-
ated by Thl CD4" and cytotoxic CD8* lymphocytes and by
macrophages via the action of IFN-vy, TNF-«, and IL-1 proinflam-
matory cytokines, Fas-FasL interactions, perforins, and granzymes
(1). Moreover, type 1 diabetes is characterized by autoantibodies
generated against islet cell Ags (2, 3).

Thymic-derived dysregul ated tolerance, leading to an imbalance
between B cell Ag self-reactive T cells and regulating factors, isa
key event in autoimmune diabetes (4, 5). The autoantigens gluta-
mate decarboxylase 65, 1A-2, tyrosine phosphatase, and insulin in
thymic stromal cells in addition to high-affinity glutamate decar-
boxylase 65-reactive T cells have been reported to be associated
with diabetes (6—8), suggesting that these proteins combined with
MHC expression on APC in the thymus are physiologically suf-
ficient for the negative selection of autoreactive T cells and the
establishment of immune tolerance. Studies of organ-specific au-
toimmune disease, in a number of experimental models, provide

T ype 1 diabetes is a chronic autoimmune disease that re-
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convincing evidence that specialized thymic-derived regulatory T
cells (T-reg)”* are capable of controlling autoimmunity and are an
integral part of the T cell repertoire (9, 10). More specificaly,
development of autoimmune diabetes is inhibited by naturally oc-
curring thymic-derived CD4"CD25" T-reg cells, suggesting that
their impaired generation might be involved in disease pathogen-
esis (10-14).

Regulated CD25 expression is a halmark of intrathymic T-reg
cell generation (15) and it has been recently reported that
CD25"CD4" thymocytes develop at the late CD8TCD4" double-
positive stage from a precursor pool, progressing from the
CD8'°CD4"CD25" to the CD4*CD25" developmental stage (16).

A number of recent reports have indicated that the Notch path-
way represents a major regulatory network underlying intrathymic
T cell differentiation. The Notch pathway includes a conserved
family of transmembrane receptors (Notch 1-4) that interact with
a number of specific ligands (Delta-like family members, Jagged/
Serrate 1 and 2) to regulate cell fate specification, cell growth, and
differentiation in a variety of vertebrate and invertebrate cell lin-
eages (17).

The role of members of the Notch receptor family in lymphoid
cell development has been addressed in transgenic and/or knock-
out mouse models, which demonstrate that Notchl regulates T cell
vs B cell outcome (reviewed in Ref. 18), whereas Notch3 controls
pre-TCR-dependent CD4~CD8™ double-negative CD25™ to dou-
ble-positive CD25~ transition (19, 20). A striking feature of
Notch3-I-intracellular domain (IC)/transgenic (Tg) mice is CD25
up-regulation in thymocytes and T cells (20). Therefore, dysregu-
lated CD25 expression may underlie Notch3-specific events that
lead to T-reg cell generation.

4 Abbreviations used in this paper: T-reg, T regulatory; |d-STZ, low-dose streptozo-
tocin; Tg, transgenic; GITR, glucocorticoid-induced TNFR; wt, wild type; IC, intra-
cellular domain; FCA, flow cytometry analysis.
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These observations have prompted us to study the role of
dysregulated Notch3 signaling in T lymphocytes involved in the
immune response that underlies the development of autoimmune
diabetes. To this purpose, previously generated transgenic mice
expressing the constitutively active Notch3 intracellular domain
(Notch3-1C) in thymocytes and T cells (20) were examined for the
generation of multiple low-dose streptozotocin (Id-STZ)-induced
experimental diabetes. The development of hyperglycemia, the
presence and grade of insulitis, the presence of T-reg cellsin pe-
ripheral lymphoid organs and pancress, their expression of regu-
latory cytokines, as well as their in vivo and in vitro regulatory
functions, were evaluated to understand the specific role for dys-
regulated Notch3-mediated events.

Materials and M ethods
Mice

The generation, genetic background, and typing of Notch3-1C-transgenic
(Notch3-1C Tg) mice have been described elsewhere (20). Notch3-IC Tg
mice and wild-type (wt) littermates were used in this study. Notch3-IC Tg
mice have been previously described to develop aggressive T cell lympho-
mas (20). To minimize the possibility that tumor development interferes
with the effect of Notch3 on T-reg cell differentiation and functions, we
used Notch3-1C Tg mice derived from the no. 31 line, characterized by a
late onset (10 wk of age) of the Notch3-1C-associated T cell lymphoma
while preserving all of the previously described effects of Notch3-dysregu-
lated expression on T cell differentiation (20). Notch3-IC Tg and wt male
mice (age 4 wk) received i.p. injections of 40 mg/kg STZ (Sigma-Aldrich,
St. Louis, MO) dissolved in citrate buffer for 5 consecutive days. Nonfast-
ing blood was obtained from the tail via a capillary tube and used for
glucose levels determination. Mice were followed up for 22 days and were
sacrificed at day 9 and at day 22 from the beginning of the STZ treatment.
Two untreated animals were included at each time point in each experi-
ment. We defined as representing diabetes nonfasting glucose levels =250
mg/dl.

Mice were bred and maintained in the Department of Experimental
Medicine and Pathology Animal Facility according to the authorization of
the Italian Ministry of Health and the experimental procedures were con-
ducted following the regulations established by the Italian animal care laws
(D.L. 116, dated January 27, 1992).

Flow cytometry analysis (FCA)

Freshly isolated cells from thymi, spleens, and lymph nodes were prepared
and stained as previously described (20) and analyzed on FACScan (BD
Biosciences, Mountain View, CA) using CellQuest software (BD Bio-
sciences). Forward and side scatter gating were used to exclude dead cells
from the analysis. Cells were stained with FITC-, PE-, or biotin-conjugated
mAbs against: CD4 (H-129.19), CD8a (53-6.7), and CD25 (IL-2Ra chain
7D4; BD PharMingen, San Diego, CA). For intracellular staining with
anti-CTLA-4, anti-Notch3 and anti-1L-10 cells were treated as previously
described (21, 19) and stained with PE-conjugated hamster anti-mouse
CD152 (CTLA-4, UC10-4F10-11), PE-conjugated rat anti-mouse IL-10
(JES5-16E3; both from BD PharMingen), or rabhit polyclonal Ab against
the intracellular domain of Notch3 protein (sc-7424; Santa Cruz Biotech-
nology, Santa Cruz, CA), respectively. FITC-conjugated affinity-purified
goat anti-rabbit 1gG (F-1262; Sigma-Aldrich) was used as secondary Ab to
detect unconjugated Notch3. PE- and FITC-conjugated rat and hamster 1gG
(BD PharMingen) were used as controls.

RNA analysis

Total RNA was prepared from pancress and lymphocytes in guanidine
isothiocyanate and further processed for RT-PCR as previoudy described (19).
PCR were performed at the annealing temperature of 61°C using the following
mouse primers:. IL-4: 5’ (5'-ATGGGTCTCAACCCCCAGCTAGT-3') and 3’
(5'-GCTCTTTAGGCTTTCCAGGAAGTC-3'); IL-10: 5' (5'-TCAAACAA
AGGACCAGCTGGACAACATACTGC-3")and3' (5'-CTGTCTAGGTCCT
GGAGTCCAGCAGACTCAA-3'); TGF-B: 5" (5'-CGGGGCGACCTGGGC
ACCATCCATGAC-3") and 3' (5'-CTGCTCCACCTTGGGCTTGCGAC
CCAC-3'); Jagged2: 5' (5'-GTCCTTCCCACATGGGAGTT-3') and 3’ (5'-
GTTTCCACCTTGACCTCGGT-3'); Notchl: 5 (5'-GTGGATGCTGAC
TGCATGGATGTC-3') and 3' (5'-ATGCAAAGCCGACTTGCCTAGGTC-
3); HES1: 5 (5'- ATGCCAGCTGATATAATGGAG-3) and 3" (5'-
CACGCTCGGGTCTGTGCTGAGS'); glucocorticoid-induced TNFR
(GITR): 5 (5'-CCATGCTGTATGGAGTCTCG-3') and 3" (5'-TTGCA
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GATC TTGCACTGAGG-3'); Deltex: 5" (5'-CACTGGCCCTGTCCACC
CAGCCTTGGCAG-3') and 3" (5'-ATGCGAATTCGGGAAGGCGG
GCAACTCAG-3'); and p-actin: 5’ (5'-GTGGGCCGCTCTAGGCACCAA-
3) and 3 (5'-CTCTTTGATGTCACGCACGATTTC-3'). To quantitate
expression levels of the transcripts, PCR were conducted in the linear expo-
nential phase of amplification throughout 15-35 cycles and samples loading
was monitored by a B-actin transcript that was subjected to the same trestment.

Histology

Pancreata were removed, snap frozen in liquid nitrogen, and stored at
—80°C. Serial cryostatic sections (5-um thick) were cut from each pan-
creas. H& E-stained slides were used to study the presence of insulitis.

Affected islets were assorted in scoring categories as follows. grade 0,
no significant lymphoid infiltration; grade 1, with lymphocytes present as
surrounding the islet; grade 2, with lymphocytes present also inside the
islet, without altering its normal architecture; and grade 3, with lympho-
cytes massively infiltrating the islet and altering its normal architecture.

To evaluate insulin-positive cells, acetone-fixed cryostatic sections were
stained for insulin by using indirect immunofluorescence and studied by
laser confocal microscopy (Zeiss LSM 310; Zeiss, Oberkochen, Germany).
Guinea pig anti-insulin polyclonal Ab was used as primary Ab (A 0654;
DAKO, Glostrup, Denmark). The secondary Ab was FITC-conjugated rab-
bit anti-guinea pig 1gG (DAKO).

To analyze the phenotype of lymphocytes infiltrating the pancreas and
the pancreatic expression of 1L-10, tissue sections were immunolabeled
with anti-mouse CD 152 (CTLA-4, UC10-4F10-11; BD PharMingen) and
IL-10 (JES052A5; R&D Systems, Minneapolis, MN) mAbs, followed by
FITC-conjugated secondary Abs and examined by confocal microscopy.

Cell purification

Unfractionated thymocytes were incubated with anti-CD8 microbeads
(Miltenyi Biotec, Auburn, CA) and separated on LD depletion columns
(Miltenyi Biotec) to deplete the CD8-expressing cells, then the obtained
CD8" cells were positively selected from the flow-through by anti-CD4
microbeads staining and separation by LS separation columns (Miltenyi
Biotec) according to the suggested protocol (Miltenyi Biotec). Total T
lymphocytes and CD4* subsets were purified from spleen lymphocytes by
positive separation after incubation with anti-CD90 (Thy 1.2)- and anti-
CD4-coated microbeads, respectively, as described above. In the prolifer-
ation assay, magneticaly T cell-depleted spleen cells (3000 rad) from wt
mice were used as APCs. Sorted populations were >95% pure, as assessed
by FACS analysis.

In vitro proliferation assay

Along with APCs (10 X 10%) and Thy1.2" T splenocytes (2.5 X 10%), both
obtained from wt mice, Tg, or wt CD4" thymocytes or splenocytes (2.5 X
10°), sorted as described above, were cultured for 72 h in 96-well round-
bottom plates (Costar, Cambridge, MA) in RPMI 1640 medium supple-
mented with 10% FCS, 100 U/ml penicillin, 200 wg/ml streptomycin, 50
uM 2-ME, and anti-CD3 mAb (145-2C11; BD PharMingen) at a fina
concentration of 10 ug/ml. Cultures were pulsed with 1 uCi/well [2H]TdR
for the last 6 h of culture and [*H] TdR incorporation by proliferating lym-
phocytes was measured and expressed as cpm. In another set of experi-
ments, 2.5 X 10* wt CD4" splenocytes, along with wt APCs (10 X 10%),
were incubated as responder cells with graded numbers of Tg CD4"
splenocytes as suppressor cells.

In vivo adoptive cell transfer

CD4* thymocytes (6 X 10%mouse) from wt or Tg mice, selected as de-
scribed above, were resuspended in 200 ul of PBS and injected in the tall
vein of wt male recipient mice (age 4 wk) 4 days before the 1d-STZ treat-
ment induction, described above. The progression to diabetes was moni-
tored throughout 25 days after drug induction.

Results

Expansion of T-reg cells in lymphoid organs of Notch3-IC Tg
mice

We previously generated Notch3-1C Tg mice in which a hemag-
glutinin epitope-tagged intracellular domain of the Notch3 recep-
tor was driven by the Ick proximal promoter, resulting in consti-
tutive expression of activated Notch3 in thymocytes and T cells
(20). Although no obvious impairment of the thymocyte subset
distribution with respect to CD4™ and/or CD8™ cells was observed
in the thymus from Tg animals, there was a reproducible increase
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in total thymocyte yield and in the CD25-expressing cellsin Tg vs
wt littermates (20). To investigate whether Notch3-1C Tg mice
display an imbalance toward T-reg cell development, we studied
the distribution of the CD8'°¥CD4*CD25" subset in the thymus
and of the CD4"CD25" subset in thymus, spleen, and lymph
nodes of Notch3-1C Tg with respect to wt mice. Fig. 1 shows a
significant increase of CD8'°“CD4"CD25" thymocytes and
CD4"CD25™ cellsin thymus (Fig. 1A) and spleen (Fig. 1B) of Tg
VS wt mice.

In addition to CD25, T-reg cells carry additional markers in-
cluding CTLA-4, which plays arole in mediating regulatory func-
tion (21). CTLA-4 expression by lymphocytes obtained from thy-
mus and spleen of Notch3-IC Tg mice exhibited a significant
increase, when compared with wt littermates, as indicated by in-
creased total numbers of CTLA-4"CD25" lymphocytes (3.2 X
10° vs 1 X 10° and 2.7 X 10° vs 0.8 X 10° for thymocytes and
splenic T cells, respectively; Fig. 1F and not shown). As for the
CD4*CD25" cellsin thymus and spleen, the expansion of CTLA-
47CD25" thymocytes not only paralleled the overal increase of
thymocyte yield, but also represented a larger percentage among
thymocytesin Notch3-1C Tg when compared with wt thymus (1.62
vs 0.26%; Fig. 1F, right panel).

Several studies have provided strong evidence for arole of cy-
tokines in the effector function of T-reg cellsin vivo. In particular,
IL-4 and IL-10 have been suggested to protect mice from autoim-
mune diseases, including type 1 diabetes (reviewed in Ref. 22).
Fig. 1C displays significantly increased levels of IL-4 and IL-10
mRNAs in lymphocytes from thymus, spleen, and lymph nodes of
Notch3-1C Tg when compared with wt mice. To directly address
which cellsIL-4 and IL-10 regulatory cytokines originate from, we

FIGURE 1. T-reg cell distribution and character-
ization in lymphoid organs of 4-wk-old Notch3-1C Tg

CD4+CD8'o~ CD4*CD8-

mice compared with wt littermates. Three-color anal-
ysis of CD25 vs CD4 vs CD8 expression in thymo-
cytes: CD4"CD8'°" (R1 = 5.8 and 4.4% in Tg and wt,

respectively) and CD4"CD8~ (R2 = 10.9 and 10.5%

in Tg and wt, respectively, A) and in splenocytes:
CD4*CD8™ (R3 = 26.4 and 36.2% in Tg and wt,
respectively, B). Numbers indicate the percentages of
CD25" cells. Left panels, The T lymphocyte subset

performed a flow cytometry three-color analysis of CD4 vs CD25
vs intracellular 1L-4 or IL-10 in splenocyte suspensions from
Notch3-1C Tg mice. Fig. 1D shows that a significantly higher per-
centage of CD4"CD25™" splenocytes expresses intracellular stain-
ing for 1L-10 when compared with CD4"CD25 cells (72.3 vs
13.4%, respectively), suggesting that the increased levels of this
cytokine originate from CD4"CD25™ cells. Although IL-4 expres-
sion is higher in overall Notch3 Tg with respect to wt T cell pop-
ulations (Fig. 1C), no significant difference was observed in the
expression of this cytokine by CD4"CD25" and CD4"CD25~
cells (data not shown).

A role in regulating CD4"CD25" T-reg suppressive function
was recently suggested for TGF- as well as for the GITR (re-
viewed in Ref. 23). However, TGF-B and GITR mRNA expression
were not modulated in T lymphocytes from either thymus or
spleen of Notch3-1C Tg, when compared with wt mice, as assessed
by a semiquantitative RT-PCR assay (Fig. 1E).

Together, these results show that Notch3-1C Tg mice exhibit an
imbalance of CD4" subset distribution, characterized by an ex-
pansion of CD4*CD25" lymphocytes which may represent a T-
reg subset, as for their expression of CTLA-4 and regulatory
cytokines.

To demonstrate the specific role of Notch3 in sustaining the
generation and the expansion of T-reg in Notch3-1C Tg mice, we
analyzed the mRNA expression of other Notch receptors and cog-
nate ligands. Namely, we considered the expression of Notchl that
has previously been described to have a crucia rolein T cell com-
mitment and in thymocyte differentiation (reviewed in Ref. 18) and
of the Jagged2 ligand that we previously showed to be readily
detectable in the lymphoid compartment of murine thymus (19).

CD4+CD8-
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R3 9,9%

R2
| ——
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distribution. C, Expression of I1L-4 and IL-10 mRNAS
assessed by RT-PCR in lymphocytes from thymus
(THY), spleen (SPL), and mesenteric lymph node
(LN) of wt and Tg animals. Cytokine expression was
monitored along the exponential phase of the amplifi-
cation and normalized to B-actin (B-act) expression.
The results are representative of three independent ex-
periments. D, Three-color analysis of CD4 vs CD25 vs
intracellular 1L-10 expression in Tg T splenocytes.
Numbers indicate percentages of IL-10" cells. Left
panel, The distribution of CD4" splenocytes (R2 =
CD4"CD25 ; R3 = CD4"CD25"). E, Expression of
TGF-B and GITR mRNAs assessed by RT-PCR in
lymphocytes from thymus (THY) and splenic T cells
(SPL) of wt and Tg animals. mRNAs expression was
monitored aong the exponential phase of the amplifi-
cation and normalized to B-actin (B-act) expression.
The results are representative of three independent ex-
periments. F, Total cell number (left panel) and per-
centage (right panel) of CTLA-4"CD25" T lympho-
cytes from thymus (THY') of wt ((J) and Tg (H) mice
(detected by CD25 vs intracellular CTLA-4 two-color
FCA).
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Semiquantitative RT-PCR analysis of both thymocyte and spleno-
cyte mMRNAs from 4-wk-old mice revealed no significant differ-
ences in the expression levels of Notchl and Jagged?2 either in
thymocytes or in T splenic lymphocytes from Notch3-I1C Tg mice,
when compared with the wt littermates (Fig. 2A). In contrast, the
Tg expression of a constitutively active Notch3 induces the acti-
vation of specific Notch target genes, such as Hesl and Deltex, in
Tg T lymphocytes. Indeed, as previously described (20), we ob-
served an increase in the expression levels of both of these genes
in thymocyte RNA as well as of the Deltex transcript in splenic T
cell RNA of Tg animals (Fig. 2A).

Finaly, to investigate a possible role of the Notch3 receptor in
T-reg subsets under physiological condition, we analyzed Notch3
expression by peripheral CD4" T lymphocytes of wt mice. Ac-
cording to our hypothesis, CD4*CD25" splenocytes display a
consistently higher proportion of Notch3™ cellsthan CD4"CD25~
cells (69.6 vs 7.1%; Fig. 2B).

Protection from Id-STZ-induced diabetes in Notch3 Tg mice

The |d-STZ model of autoimmune diabetes has been shown to be
useful for the design of strategies aimed to protect 3 cells from
destruction and/or to understand the immune phenomena involved
(24, 25).

To study the role of dysregulated Notch3 signaling in T lym-
phocytes during autoimmune diabetes development, we investi-
gated the effects of 1d-STZ treatment on diabetes induction in
Notch3-IC Tg mice compared with wt littermates. Under these
experimental conditions, control mice have the same genetic back-
ground of Notch3-IC Tg, thus ruling out the previously reported
possibility that different mouse strains may exhibit different sus-
ceptibility to the effect of 1d-STZ treatment (26).

The overexpression of the Notch3 intracellular domain in thy-
mocytes and T cells of Tg mice invariably leads to the develop-
ment of T cell leukemia/lymphoma (20). To minimize any possible
interference of Notch3-induced tumors in the experimental plan,
Notch3-1C Tg mice derived from aline with amild phenotype (see
Materials and Methods) were used and all the experiments were
conducted before the appearance of neoplasia. By multiple criteria,
the analysis of lymphoid organs in al of the sacrificed animals
revealed no evident signs of the histological abnormalities previ-
ously described in Notch3-IC Tg mice (Ref. 20 and data not
shown).

69,6 %
M1

a4,
;

® w' o

DoW o W AW

R4
7,1 %

lJUﬂ. M
..“"ii "‘g@l"'-'r’e"'.'m

Notch3

FIGURE 2. Expression of Notch signaling components in T cell com-
partments of 4-wk-old Notch3-1C Tg mice and wt littermates. A, RT-PCR
analysis of Notchl, Jagged2, HES-1, and Deltex mRNA expression in lym-
phocytes from thymus (THY) and spleen (SPL) of wt and Tg animals, as
monitored along the exponential phase of the amplification and normalized
to B-actin (B-act) expression. B, Three-color analysis of Notch3 vs CD4 vs
CD25 expression in T splenic lymphocytes of wt mice: CD4*CD25~ (R4:
15,8%) and CD4"CD25" (R5: 4,8%). Numbers indicate percentages of
Notch3* cells. Left panel, The T lymphocyte subset distribution.
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Id-STZ treatment of 4 wk-old wt mice induced a significant
increase in glycemia levels within 15 days after drug administra-
tion (Fig. 3A). A further increasing hyperglycemia, reaching levels
>350 mg/dl, was detected thereafter (Fig. 3A).

In contrast, hyperglycemia was not detected in 1d-STZ-treated
Notch3-1C Tg mice throughout the 22-day time course (blood glu-
cose levels = 139 += 20 mg/dl; Fig. 3A), indicating that experi-
mental diabetes does not develop in the presence of constitutive
expression of activated Notch3 in T lymphocytes.

Histological analysis revealed that high glucose levels in Id-
STZ-treated wt mice were associated with significant pancreatic
lymphoid infiltration at the islet periphery by 9 days after drug
administration (Fig. 3Da) and with a frank insulitis detected 22
days after drug administration (Fig. 3Db). In contrast, low glucose
levelsin |d-STZ-treated Notch3-IC Tg mice were associated with
only a modest insulitis (Fig. 3D, d and €). Pancreatic sections
collected from 9-day |d-STZ-treated Notch3-1C Tg mice exhibited
no significant lymphoid infiltration (insulitis grade 0) in 78.5% of
isets investigated, whereas in 9-day 1d-STZ-treated wt mice 54%
of the islets showed mild to severe insulitis (grades 1- 3). At day
22, mild insulitis (grades 1 and 2) was present in 30% of the islets
in pancreatic sections obtained from 1d-STZ-treated Notch3-1C Tg
mice, whereas mild to severe insulitis (grades 1 and 3) was de-
tected in 73.5% of the islets examined in the pancreatic sections
obtained from |d-STZ-treated wt mice (Fig. 3, D and C).

Immunostaining with anti-insulin Ab confirmed a preserved
function of islet B cells in pancreata from |d-STZ-treated
Notch3-1C Tg mice (Fig. 3D f) when compared with islets in pan-
creata from |d-STZ-treated wt mice that exhibited impaired insulin
expression (Fig. 3Dc).

Similar results were obtained in the protection against induced
autoimmune diabetes by using different Notch3-1C Tg lines (data
not shown).

T-reg cells accumulate in lymphoid organs and pancreata of
Notch3-IC Tg mice after 1d-STZ treatment

Although significantly reduced with respect to wt animals, lym-
phocyte infiltration was observed in a number of pancreatic islets
of Notch3-1C Tg animals after 1d-STZ treatment (Fig. 3B and 3D,
d and €). To elucidate whether a constitutive imbalance of T-reg
cell distribution, characterized by the expansion of CD4"CD25*
and CTLA-4" lymphocytes, observed in lymphoid organs of
Notch3-1C Tg may aso influence the T cell population infiltrating
the pancreas and, because of their peculiar function, sustain the
resistance to |d-STZ-induced diabetes, we performed CTLA-4
staining of pancreatic sections from wt and Tg mice after 1d-STZ
treatment. Immunohistochemical analysis of the pancreata of
treated animals, at different times postinduction with 1d-STZ, re-
vedled that CTLA-4" lymphocytes preferentialy infiltrated the
pancreas of Notch3-1C Tg compared with wt mice (Fig. 4A). The
analysis of CD4 and CD25 expression by splenic lymphocytes
revedled that the CD4"CD25" cell percentage, significantly
higher in untreated Notch3-IC Tg with respect to wt mice (Fig.
1B), was further increased after 1d-STZ-treatment (Fig. 4B). More-
over, the CTLA-4*CD25"* lymphocyte absolute number was also
significantly higher in spleen and mesenteric lymph nodes of Id-
STZ-treated Notch3-1C Tg when compared with wt mice (Fig.
4C), further suggesting the expansion of the T-reg cell population
in peripheral lymphoid organs.

Together, these results suggest that protection from type 1 dia-
betes in Notch3-I1C Tg mice is associated with expansion and pe-
ripheral recruitment of T-reg cells.
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FIGURE 3. Protection from STZ-induced diabetes
in Notch3-1C Tg mice. A, Blood glucose levels (milli-
grams per deciliter) determined at 0, 9, 15, and 22 days
after STZ administration (TO, T9, T15, and T22, re-
spectively) in wt and Notch3-1C Tg mice. Values are
reported as mean of three independent experiments. B,

Blood glucose
- (maldL)

Notch3 SIGNALING REGULATES T-reg GENERATION AND FUNCTION

Percentages of islets affected by insulitis in pancreata
from wt ((J) and Notch3-IC Tg mice (E) at 9 (T9) and
22 (T22) days after drug treatment, evaluated as de-
scribed in Materials and Methods. C, The same af-
fected islets determined in B were assorted in scoring
categories as described in Materials and Methods. D,
Representative islets stained with H& E from wt mouse
at 9 and 22 days after induction of diabetes (a and b,
respectively) and from Notch3-IC Tg anima at the
same time (d and e, respectively) are shown. The func-
tion of B cells was evaluated with the confocal micro-
scope by immunostaining with an anti-insulin Ab in
pancreata from wt and Tg mice at 22 days after STZ
treatment (c and f, respectively).

IL-4 and IL-10 mRNA expression is increased in Notch3-IC Tg
mice after 1d-STZ treatment

Therole of CD4"CD25™ T-reg cellsin the control of self-reactive
T cell responses in vivo is mediated by a number of cytokines
(reviewed in Ref. 27) and, in particular, IL-4 and IL-10 have been
suggested to protect mice from type 1 diabetes (reviewed in Ref.
22). Since Notch3-1C Tg mice fail to develop hyperglycemia and
insulitis while displaying expanded T-reg cell population in re-
sponse to 1d-STZ, we investigated I1L-4 and 1L-10 mRNA expres-
sionin splenic T lymphocytes (Fig. 5A) and in pancreata (Fig. 5B)
of 1d-STZ-treated animals by semiquantitative RT-PCR. IL-4 and
IL-10 mRNAs were not detectable in wt animals under basal con-
ditions, with only low levels of IL-10 mRNA expression detected
in splenic lymphocytes 9 days posttreatment (Fig. 5A). In contrast,
a significantly higher expression of both IL-4 and IL-10 was ob-
served in splenic T lymphocytes from Notch3-1C Tg mice, which
progressively increased following STZ treatment (Fig. 5A). More-
over, significantly higher expression of both cytokine mRNAs was
observed in pancreata of Notch3-IC Tg mice with a progressive
increase of 1L-10 mRNA expression following |d-STZ-treatment
when compared with wt mice (Fig. 5B). The immunostaining of
pancreatic sections of 1d-STZ-treated animals with anti-IL-10 Ab
confirmed an increased IL-10 expression in the pancreas of
Notch3-1C Tg mice (Fig. 5C, lower panel).

CD4" T cells from Notch3-1C Tg mice display enhanced
regulatory functions

The above results al together suggest that Notch3-1C Tg mice are
protected against the development of autoimmune diabetes
through the constitutive expansion of CD4"CD25" lymphocytes
with putative regulatory function. To directly test the regulatory
function, we designed in vivo adoptive cell transfer and in vitro
experiments to demonstrate the enhanced suppressive activity of
CD4" T cells obtained from Tg mice. CD4*CD25" thymocytes
have been shown to prevent diabetes on transfer into prediabetic
recipients (12); therefore, we isolated CD4™ thymocytes from Tg
and wt mice and injected them (6 X 10° cells/mouse) in wt litter-
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mates 4 days before the |d-STZ treatment induction. The progres-
sion to diabetes was monitored throughout 25 days after drug in-
duction. Fig. 6 shows that mice receiving Tg CD4" cell
population, including a larger percentage of CD4"CD25" cells
with respect to wt animals (Fig. 1A), appear to be fully protected
against diabetes development since their blood glucose levels re-
mained below 200 mg/dl (Fig. 6A) and they did not develop high-
grade insulitis (Fig. 6, B and C). In contrast, al of the mice re-
ceiving wt CD4" cells or vehicle alone progressed to diabetes
(Fig. 6A). Consistently, high-grade insulitis was evident 25 days
after drug induction in mice receiving wt CD4" cellsaswell asin
control mice receiving vehicle alone (Fig. 6, B and C). It is note-
worthy that mice receiving wt CD4™ cells progressed to diabetes
with a delayed kinetic when compared with control mice injected
with vehicle alone (Fig. 6A), possibly depending on the presence
of the low percentage of CD4"CD25" T-reg cells.

Enhanced suppressive activity by CD4™ Tg cells was confirmed
inin vitro experiments. Indeed, CD4™" cells obtained from thymus
and spleen of Notch3-IC Tg display an enhanced regulatory ac-
tivity, as indicated by the suppression of CD3-dependent prolifer-
ation of splenic T cells cultured in the presence of APCs, when
compared with the activity of CD4" lymphocytes obtained from
thymus and spleen of wt littermates (Fig. 6D). In another set of in
vitro experiments, we used graded numbers of CD4" Tg spleno-
cytes at different ratios with CD4™ wt splenocytes (Fig. 6E). The
results indicate that CD4" Tg splenocytes inhibit the proliferation
of CD4" wt splenocytes in a dose-dependent manner and suggest
that the suppression activity correlates with the number of
CD4*CD25". Indeed, CD4"CD25" cells are clearly expanded in
CD4™" lymphocytes from Notch3-1C Tg with respect to wt litter-
mates (39.8 and 9.9%, respectively, as shown in Fig. 1B).

Discussion

We report that Tg expression of theintracellular domain of Notch3
in T cells, resulting in the constitutive activation of the receptor
signaling, leads to resistance against 1d-STZ-induced autoimmune
diabetes in mice. Such resistance is associated with an expansion,
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FIGURE 4. Recruitment of T-reg cellsin lymphoid organs and pancre-
ata of 1d-STZ-treated Notch3-IC Tg mice. A, Islets immunostained with
anti-CTLA-4 from pancreata of wt and Tg mice at 22 days after diabetes
induction. B, Percentages of CD25"CD4" cells in splenic lymphocytes
from wt and Notch3-1C Tg at 0 (TO0), 9 (T9), and 22 (T22) days after drug
administration, as assessed by two-color FCA (data represent the mean of
three independent experiments). C, Total cell number of CTLA-47CD25"
lymphocytes in spleen (Spl) and mesenteric lymph node (LN) of wt ((CJ)
and Tg (%) mice at 22 days after STZ injection (values, calculated by FCA,
are the mean of three independent experiments).
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in the thymus and peripheral lymphoid organs, of CD4"CD25*
cells that exhibited a constitutive expression of CTLA-4 and sup-
pressor cytokines (i.e., IL-4 and 1L-10), as well as a suppressive
activity upon CD3-dependent proliferation of wt splenic T cells
cultured in the presence of APCs, consistent with a T-reg pheno-
type. Such an increase of T-reg cells could be responsible for pro-
tection against the development of experimenta diabetes since
CD4"CD25" lymphocytes progressively increase in spleen,
lymph nodes, and pancreas of Notch3-IC Tg mice following Id-
STZ treatment. Accordingly, adoptive transfer of CD4* thymo-
cytes from Notch3-1C Tg into wt mice inhibited the devel opment
of |d-STZ-induced diabetes.

The expansion of CD8'°YCD4*"CD25" thymocytes, possibly
representing an intrathymic pool of T-reg cell precursors (16), and
of CD4*CD25" cells observed in the thymus and peripheral lym-
phoid organs of Notch3-1C Tg mice is consistent with the previ-
ously described dysregulation of intrathymic T cell differentiation,
characterized by a persistent increase in CD25 expression (20).
Interestingly, the T-reg cell expansion in lymphoid organs was also
associated with their peripheral recruitment, at the level of the
pancreas, following Id-STZ treatment.

Together, these observations suggest that the Notch3 pathway
may be implicated in the intrathymic generation of T-reg cells and
that the dysregulated T cell development following constitutive
Notch3 activation in thymocytes and progeny T cells facilitates the
expansion and peripheral recruitment of T-reg cells in response to
autoimmune injury. In addition, the absence of any modulation in
the expression of other Notch receptors and ligands considered
sustains the Notch3 specificity in the determination of the func-
tional phenotype of Notch3-IC Tg mice.

Finally, our observation that CD4*CD25" splenocytes from wt
mice include a higher proportion of Notch3-expressing cells with
respect to CD4*CD25~ splenocytes further supports a specific
physiological role for the Notch3 receptor in T-reg cells.

The constitutive high expression of IL-4 and IL-10 inhibitory
cytokine mRNASs in thymocytes of Notch3-1C Tg mice and their
progressive increase in splenic T lymphocytes and pancreas of Tg
mice, following |d-STZ-treatment, suggest a possible double role
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FIGURE 5. Enhanced expression of IL-4 and IL-10 regulatory cyto-
kines in lymphoid organs and pancreata of Notch3-1C Tg |d-STZ-treated
mice compared with wt littermates. A, Expression of IL-4 and IL-10
mRNA in splenic lymphocytes, analyzed by semiquantitative RT-PCR in
representative cases of untreated (T0) and 9 and 22 days postinduction (T9
and T22, respectively) Notch3-1C Tg compared with wt animals. mRNA of
B-actin (B-act) was also investigated as a control. B, RT-PCR analysis of
IL-4 and 1L-10 expression in total RNA from pancreata of the same ani-
malsasin A. C, Anti-lL-10 immunostaining of pancreatic section from wt
(upper panel) and Tg (lower panel) mice at 22 days after drug adminis-
tration. The results are representative of three independent experiments.
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for such cytokines in protecting against generation of type 1 dia-
betes in Notch3-IC Tg mice. On one hand, they could exert an
inhibitory function directly on the T cells involved in the self-
reactive response in the pancreas (22). On the other hand, they
could promote the generation of T-reg cells. Thus suggesting that
Notch3 may also sustain intrathymic T-reg cell precursor genera-
tion through increasing the production of IL-4 and IL-10. Indeed,
both of these cytokines promote the generation of T cells with
regulatory function in vitro (28, 29).

A direct effect on peripheral generation of T-reg cells may aso
be mediated by activation of the Notch3-dependent signaling path-
way. Indeed, it has been previously shown that activation of Notch
signaling, by overexpressing the specific Notch ligand Jagged/Ser-
ratel in APCs, in peripheral murine T cells results in the differ-
entiation of Ag-specific CD4* lymphocytesinto T-reg cells, which
can transfer tolerance to naive mice (30). Conversely, Ag-depen-
dent T cell activation has been shown to trigger the activation of
the Notch signaling pathway, since stimulation of purified murine
CD4" T cells with anti-CD3 and anti-CD28 Abs has been shown
to induce atransient increase in Notch ligand and receptor expres-
sion and the concomitant addition of IL-10 further increases the
transcription of Notch ligand genes (31). More recently, Notch
signaling, including the expression of the Hesl target gene, has
also been shown to be enhanced in human peripheral
CD4*CD25" cells upon in vitro stimulation with anti-CD3 and
anti-CD28 Abs, while Deltex, a positive regulator of the Notch
signaling pathway, is highly up-regulated in resting CD4*CD25"
cells compared with CD4"CD25~ cells (32). Overall, these data
support a key role for the Notch signaling pathway in sustaining
the differentiation and possibly the function of T-reg cells. The
presence of an increased percentage of Notch3-expressing cellsin
CD4"CD25" wt splenocytes we observed represents to our
knowledge the first observation that a member of the Notch
receptor family is specifically expressed in resting T-reg cells.
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FIGURE 6. Enhanced regulatory functions of A
CD4" T cells from Notch3-IC Tg mice. A, Blood glu-
cose levels (milligrams per deciliter) determined at O,
9, 15, 22, and 25 days after 1d-STZ treatment (TO, T9,
T15, T22, and T25, respectively) in wt mice injected
with 6 X 10° CD4" thymocytes from wt (@) or Tg (H)
mice or with vehicle alone (A) 4 days before the drug
induction. Values are reported as the mean of three
independent experiments. B, Percentage of insulitis-af-

Blood glucose (mg/dL)
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fected idlets, assorted in scoring categories, as de-
scribed in Materials and Methods, in pancreata from
the animals receiving the same treatment as in A sac- C
rificed at 25 days. C, Representative islets immuno-
stained with anti-insulin Ab in a wt-untreated mouse
(a) and in wt mice at 25 days after induction of diabetes
and previously injected, asindicated in A, with 6 X 106
CD4* thymocytes from wt or Tg mice (d and b respec-
tively) or with vehicle alone (c). D, Suppression activ-
ity of anti-CD3-dependent in vitro proliferation of wt
splenic T (Spl Thy1.2" wt) cells cultured in the pres-
ence of APCs by CD4" cells isolated from thymus
(Thy) or spleen (Spl) of wt or Tg mice. E, wt CD4"*
splenocytes (Spl CD4* wt) in the presence of APCs
were mixed as responder cells at various ratios with Tg
CD4" splenocytes (Spl CD4" tg) as suppressor cells.
The means of three experiments are shown and vertical
bars denote SD.

Moreover, the increased production of regulatory cytokines (i.e.,
IL-10 and IL-4) by either resting splenic T cells or after induction
of experimental diabetes in Notch3 Tg mice suggests that activa-
tion of the Notch3 signaliing pathway in T lymphocytes may
contribute to enhance the peripheral T-reg cell function and could,
consequently, play a role in the protection against autoimmune
diseases.

The significant increase of CD4*CD25" T-reg cells in either
thymocytes or peripheral T cells of Notch3 Tg mice we have ob-
served is occurring independently of any specific antigenic stim-
ulation. In addition, the suppressive properties of Tg CD4™ cells
are present before STZ treatment, as demonstrated by in vitro sup-
pression experiments, suggesting that the protection from experi-
mental autoimmune diabetesis primarily linked to Notch3-induced
expansion of a*“naturally occurring” T-reg population displaying a
bystander effect.

Together, these observations are in keeping with the described
regulatory function of CD4*CD25" cells in autoimmune diseases
and suggest that arole for CD4*CD25~ in Notch3-dependent in-
hibition of experimental diabetes we describe here might be ruled
out. However, because of the reported putative regulatory role for
CD4*CD25~ cells that is primarily revealed under particular ex-
perimental conditions (as reviewed in Ref. 33), this issue needs to
be specificaly further investigated.

It remains to be addressed whether the expansion of
CD4*"CD25" cells may additionally affect tumor immunity in
Notch3-1C Tg mice that have been shown to spontaneously de-
velop T cell lymphomas (20). Indeed, a role for CD4*CD25™
T-reg cells in regulating the development of tumor immunity has
been suggested. Indeed, removal of T-reg cells has been shown to
evoke immune response to syngeneic tumors by spontaneous gen-
eration of protective NK cells (34).

In conclusion, our observations suggest that the activation of the
Notch pathway could protect against autoimmune diseases by fa-
voring the establishment of tolerance via the enhancement of both
central generation and peripheral recruitment and function of T-reg
cells. Therefore, using a Tg mouse model, we propose that the
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Notch3 pathway may represent a novel regulator of immune re-
sponse, the imbalance of which may result in impaired tolerance
and development of autoimmune diseases such as type 1 diabetes.
The rescue of tolerance impairment by modulating Notch signaling
might represent a novel opportunity for therapeutic intervention in
autoimmunity.
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