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Summary

Our previous study demonstrated that T helper (Th) cells from patients with
rheumatoid arthritis (RA) display an altered expression profile of Notch
receptors and enhanced activation of Notch signalling. The aim of this study
was to investigate the role of distinct Notch receptors and ligands in the
activation and differentiation of collagen II (CII)-reactive Th cells upon
antigen-specific restimulation. Spleen mononuclear cells (SMNCs) from CII-
immunized DBA/1J mice were restimulated by culturing with CII. CII-specific
proliferation and differentiation of T cells were determined by tritiated thy-
midine (3[H]-TdR) incorporation and flow cytometric analysis, respectively.
The mRNA expression of Notch receptors and Hes1 was assessed by real-time
polymerase chain reaction (PCR). There was a clear increase in the percentage
of Th1 cells and Th17 cells after CII restimulation. No significant difference
was observed in the percentage of regulation T cells (Treg) in SMNCs with or
without CII restimulation. CII restimulation induced up-regulated transcript
levels of Hes1 in CII-reactive CD4+ T cells. The mRNA level of Notch3 was
also up-regulated significantly, while the levels of the other three Notch
receptors were not increased. Inhibition of Notch signalling by N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) and
Notch3 antibody decreased the collagen-specific T cell proliferation and
attenuated Th1- and Th17-type responses, while treatment with Notch ligand
Delta-like 1 promoted such a response. The present study demonstrates that
Notch signalling is engaged in CII-specific Th1- and Th17-type expansion in
which Notch3 and Delta-like1 were involved. Selective inhibition of Notch
signalling mediated by Notch3 or Delta-like1 may offer a new strategy for the
treatment of RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease
of the synovial joints characterized by leucocyte invasion
and synoviocyte activation, leading to cartilage and bone
destruction. Although the exact mechanism of RA pathogen-
esis is not well defined, the infiltration of autoreactive CD4+

T cells into synovium has been thought to be the major
instigator of joint inflammation. Type II collagen (CII),
which is expressed exclusively in the articular cartilage of
joints, has been considered as one of the major autoantigens
in human RA as well as in the collagen-induced arthritis
(CIA) model [1]. In particular, the higher prevalence of CII-
specific T cells noted during the early phase of RA indicates

that CII-specific T cell proliferation and differentiation plays
an important role in the initiation of inflammation in the
articular joints; however, the underlying mechanism remains
unknown [1].

Recent studies have identified the Notch pathway as a key
regulator of peripheral T cell activation and effector cell
differentiation [2–4]. The Notch signalling pathway is highly
conserved beyond species and plays a critical role in a variety
of cellular functions, including cell proliferation, differentia-
tion and apoptosis [5,6]. To date, four Notch receptors
(Notch1–4) and five of their ligands (Delta-like 1, 3, 4;
Jagged1, 2) have been identified in mammals. Upon ligand
binding, the intracellular domain (ICD) of the receptor is
cleaved proteolytically and translocated into the nucleus,
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where it associates with the recombination signal binding
protein (RBP)-Jk transcription factor and regulates expres-
sion of several target genes, such as the basic helix–loop–
helix (bHLH) proteins hairy-enhancer of split-like 1
(HES-1) and HES-5 [7,8]. The potential role for Notch sig-
nalling in peripheral T cells linked Notch receptor expression
to T cell activation, proliferation and cytokine production
[9]. Notch receptors are present in both CD4+ and CD8+

peripheral T cells, and the expression pattern of four recep-
tors is changed following T cell activation [10,11]. Stimula-
tion of purified CD4+ T cells with CD3- and CD28-specific
antibodies results in Notch receptor cleavage and up-
regulation [12]. Upon antigen-specific stimulation in
proteolipid protein (PLP)-reactive T cells from an animal
model, experimental autoimmune encephalomyelitis (EAE),
specific induction of Notch1 and Notch3 transcripts were
noted. However, selective inhibition of the Notch3 receptor,
but not Notch1, abrogated proliferation, Th1- and Th17-
type responses of PLP-reactive T cells [13].

As yet, however, certain aspects of how Notch regulates Th
cell differentiation are controversial. Our previous study has
demonstrated that Th cells from patients with rheumatoid
arthritis (RA) display an altered expression profile of Notch
receptors and enhanced activation of Notch signalling
compared with those from healthy controls [14]. The aim of
this study was to investigate the role of distinct Notch recep-
tors and ligands in the activation and differentiation of
collagen-reactive Th cells upon antigen-specific restimula-
tion which may provide useful information for further
understanding of Notch signalling-mediated autoimmune
diseases, including RA.

Materials and methods

Mice and immunization

Male DBA/1J mice aged 8–10 weeks were supplied by the
Model Animal Research Center of Nanjing University
(Nanjing). All animal experiments were undertaken in accor-
dance with approval of the Scientific Investigation Board of
Jiangsu University.

Two mg/ml bovine type II collagen (Chondrex, Redmond,
WA, USA) was emulsified with equal volume of Freund’s
complete adjuvant (Sigma-Aldrich, St. Louis, MO, USA),
and then DBA/1J mice received 100 mg bovine type II col-
lagen by intradermal injection at the base of the tail.

Cell isolation and stimulation

On day 10 after immunization, spleens were collected. Sus-
pension of spleen mononuclear cells (SMNCs) were prepared
from spleens of three mice per group in complete RPMI-1640
medium (Gibco-BRL, Grand Island, NY, USA) containing
10% fetal calf serum (FCS), 10 mM HEPES, 2 mM
l-glutamine, 0·1 mg/ml penicillin, 0·1 mg/ml streptomycin

and 50 mM 2-mercaptoethanol (ME). SMNCs (1 ¥ 106 cells/
well) were then incubated with collagen II (CII) at a concen-
tration of 5 mg/ml in the presence or absence of N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester
(DAPT) (5 mM; Sigma), a-Notch3 (10 mg/ml; R&D Systems,
Minneapolis, MN, USA), Delta-like 1-Fc or Jagged1-Fc fusion
proteins (10 mg/ml; R&D).For the determination of Hes1 and
four Notch receptors mRNA expression, CD4+ T cells were
isolated from SMNCs after varied treatment by depletion of
non-CD4+ T cells using a CD4+ T cell isolation kit (Miltenyi
Biotec, Auburn, CA, USA).

Proliferation assay

SMNCs from CII-immunized DBA/1J mice were cultured
with CII for 3 days in 96-well flat-bottomed plates at 1 ¥ 106

cells/well with or without DAPT (5 mM) or a-Notch3
(10 mg/ml). One mCi of [3H]-thymidine (Shanghai Institute
of Atomic Nucleus, Chinese Academy of Sciences, Shanghai)
was added into each well 16 h before termination of cultur-
ing and isotope incorporation was assayed with a liquid
scintillation counter (Pharmacia-LKB, Freiburg, Germany).
Results were expressed as mean � standard deviation (s.d.)
of counts per minute (cpm) of triplicates or quadruplicates.

Flow cytometric analysis

For analysis of Th1 and Th17 cells, restimulated SMNCs were
suspended in complete culture medium and cultures were
stimulated for 5 h using 50 ng/ml phorbol myristate acetate
(PMA; Sigma-Aldrich, MO, USA) and 1 mg/ml ionomycin
(Sigma-Aldrich) in the presence of 5 mg/ml brefeldin A
(Sigma-Aldrich) at 37°C and 5% CO2. Cells were then washed
in phosphate-buffered saline (PBS) and surface-labelled with
CD4-fluorescein isothiocyanate (FITC) (eBioscience, San
Diego, CA, USA). Following surface staining, cells were fixed
and permeabilized using IntraPrep Permeabilization Reagent
(Beckman Coulter Inc., Fullerton, CA, USA), and then
stained with interferon (IFN)-g-phycoerythrin (PE) or inter-
leukin (IL)-17A-PE. For analysis of Treg cells, restimulated
SMNCs were surface-labelled with CD4-PE and CD25-PE-
cycanin 5 (Cy5) without PMA and ionomycin stimulation
followed by fixation and permeabilization and intracellular
staining with forkhead box P3 (FoxP3)-FITC.

Labelled cells were washed and analysed with a fluores-
cence activated cell sorter (FACS) Calibur flow cytometer
(Becton Dickinson, San Jose, CA, USA) using CellQuest soft-
ware (Becton Dickinson). In each case, staining was com-
pared with that of the appropriately labelled isotype control
antibody.

RNA extraction and real-time PCR

Total RNA was extracted from purified CD4+ T cell prepara-
tion using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
cDNA was prepared by reverse transcription with oligo(dT)
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from total RNA extraction. Real-time PCR for Notch1,
Notch2, Notch3, Notch4, Hes1 and a reference gene
(b-actin) was performed in a LightCycler instrument (Roche
Molecular Diagnostics, Mannheim, Germany) with the
SYBRgreen mastermix kit (TaKaRa, Ohtsu, Japan). Each
target gene expression was then normalized relative to
b-actin. Primers used were: forward (5′-TCCAGAGTGCCA
CCGATG-3′) and reverse (5′-TCCACCGGCTCACTCTT
CAC-3′) for Notch1; forward (5′-ACCCTCCGCCGAGA
CTCT-3′) and reverse (5′-TCCCAGAACCAATCAGGTT
AGC-3′) for Notch2; forward (5′-CAGGCGAAAGCGAGAA
CAC-3′) and reverse (5′-GGCCATGTTCTTCATTCCCA-3′)
for Notch3; forward (5′-TGTCTCCCCCATAGAGTATGCA-
3′) and reverse (5′-CTCGAAATCAACTTTGTCCTCTTG-3′)
for Notch4; forward (5′-GACTGTGAAGCACCTCCG-3′)
and reverse (5′-GTCATGGCGTTGATCTGG-3′) for Hes1;
and forward (5′-GAAGTCCCTCACCCTCCCAA-3′) and
reverse (5′-GGCATGGACGCGACCA-3′) for b-actin.

Statistical analysis

The two-tailed Student’s t-test and analysis of variance
(anova) test were used for determining significant differ-
ences (P � 0·05) between groups.

Results

Collagen-specific reactivation tends to Th1- and
Th17-type expansion

We first explored the characterization of the CII-specific T
cell response by flow cytometric analysis of T subsets, includ-

ing Th1, Treg and Th17 cells. DBA/1J mice were immunized
with bovine CII, and 10 days later SMNCs were collected and
restimulated by culturing with CII for 3 days in vitro. As
shown in Fig. 1a, there was a clear increase in the percentage
of IFN-g-producing CD4+ T cells (Th1 cells) and IL-17-
producing CD4+ T cells (Th17 cells) after CII restimulation
compared with controls (both P < 0·05). No significant dif-
ference was observed in the percentage of Treg in SMNCs with
or without CII restimulation (P > 0·05). Figure 1b shows the
typical flow cytometric results of three T subsets in dot-
plots. These results indicate that CII-specific reactivation
tends to Th1- and Th17-type expansion.

Activation of Notch signalling and increased expression
of Notch3 mRNA in collagen-specific T cell response

As recent evidence suggests that Notch signalling is an
important modulator of T cell-mediated immune responses,
we next wanted to know whether Notch signalling could be
activated in the collagen-specific T cell response. To explore
this, SMNCs from immunized mice were restimulated by CII
for 3 days and then CD4+ T cells were purified by magnetic
sorting kits and assessed for increased transcript levels of
Hes1 and four Notch receptors, including Notch1, Notch2,
Notch3 and Notch4. Hes1 is a downstream target of Notch
signalling, and an increase in transcripts of this gene indi-
cates active Notch signalling in cells. As shown in Fig. 1c, CII
restimulation induced up-regulated transcript levels of Hes1
in CII-reactive CD4+ T cells. The mRNA level of Notch3 was
also up-regulated significantly, while the levels of the other
three Notch receptors were not increased. These data

Fig. 1. Collagen-specific reactivation tends to T

helper type 1 (Th1)- and Th17-type expansion

along with activated Notch signalling and

increased Notch3 expression. (a) Spleen

mononuclear cells (SMNCs) from collagen II

(CII)-immunized DBA/1J mice were cultured in

vitro with or without CII; 3 days later, cells were

collected and the percentage of Th1, regulatory

T cells (Treg) and Th17 cells were analysed using

flow cytometric intracellular staining, as

described in Methods. (b) The representative

flow cytometric results summarized in (a) are

shown; the percentages of relative cytokine- or

transcript factor-expression T cells are indicated

in the dot-plots. (c) After 3 days’ culture with

or without CII, CD4+ T cells were purified from

SMNCs by magnetic sorting kits and were

assessed for transcript levels of Hes1 and four

Notch receptors, including Notch1, Notch2,

Notch3 and Notch4 by real-time polymerase

chain reaction (PCR). *P < 0·05.
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indicate the participation of Notch signalling and the poten-
tial role of Notch3 receptor in CII-specific Th1- and Th17-
type expansion.

Inhibition of Notch signalling by DAPT and Notch3
antibody decrease collagen-specific T cell proliferation
and attenuate Th1- and Th17-type responses

Based on the above data, we next used the g-secretase inhibi-
tor DAPT, which prevents activation of all Notch receptors
by inhibiting the final enzymatic cleavage and specific neu-
tralizing antibody to Notch3 to determine the effect of Notch
signalling inhibition on collagen-specific T cell responses.
Data in Fig. 2a indicate that both DAPT (5 mM) and
a-Notch3 (10 mg/ml) could induce suppression for CII-
initiated lymphoproliferation well, as expected. As shown in
Fig. 2b, addition of DAPT reduced the percentage of Th1
and Th17 cells in SMNCs co-cultured with CII. Similar
results were obtained when SMNCs were incubated with
CII and a-Notch3. Neither DAPT nor a-Notch3 changed
the percentage of Treg cells. No significant difference of

suppression effect between DAPT and a-Notch3 was
observed. These results demonstrate that activation of Notch
signalling through Notch3 receptor mediates collagen-
specific Th1- and Th17-type expansion.

Notch ligand Delta-like 1 promotes collagen-specific
Th1- and Th17-type expansion

Notch signalling is initiated by ligand–receptor interaction
between neighbouring cells. We next used Delta-like 1-Fc
and Jagged1-Fc fusion proteins that bind to Notch receptors
and activate the Notch pathway to explore the effect of Notch
ligands on this expansion. As depicted in Fig. 3a and b, the
addition of Delta-like 1-Fc fusion protein increased the per-
centage of Th1 and Th17 cells while Jagged1-Fc fusion
protein did not change the percentage of Th1 and Th17 cells
significantly. The percentage of Treg cells remained low with
or without the treatment of two Notch ligands. These results
confirm the engagement of Notch signalling and indicate
that it should be Delta-like 1 rather than Jagged1 that pro-
motes collagen-specific Th1- and Th17-type expansion.

Th1 Treg Th17
0

3

6

9 SMNCs + CII

SMNCs + CII + DAPT

SMNCs + CII + α-Notch3

*

*

C
e
ll 

p
e
rc

e
n
ta

g
e
 (

%
C

D
4

+
 c

e
lls

)

0

2000

4000

6000

8000

10 000

12 000 *

(a) (b)

[3
H

]-
T

d
R

 i
n
c
o
rp

o
ra

ti
o
n
 (

c
p
m

)

SMNCs

CII

DAPT

α-Notch3

+ + +
+ +

+
+

+
− −
− −

Fig. 2. Inhibition of Notch signalling by N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) and Notch3 antibody

decrease the collagen-specific T cell proliferation and attenuate T helper type 1 (Th1)- and Th17-type responses. Spleen mononuclear cells

(SMNCs) from collagen II (CII)-immunized DBA/1J mice were restimulated with CII in the presence of DAPT (5 mM) or a-Notch3 (10 mg/ml). (a)

The proliferation of SMNCs was determined by tritiated thymidine (3[H]-TdR) incorporation. Results were expressed as mean � standard deviation

of counts per minute (cpm) of triplicates or quadruplicates. (b) The percentage of Th1, regulatory T cells (Treg) and Th17 cells in SMNCs were

analysed using flow cytometric intracellular staining.
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Discussion

A fundamental feature of T cell-dependent immune
responses is the necessity for a very small population of CD4+

T cells to undergo clonal expansion and activation following
encounter with a specific antigen. In the present study, we
established an in vitro collagen-specific proliferation system
in which the percentages of three CD4+ T cell subsets were
analysed. The increased percentage of Th1 cells and Th17
cells after CII restimulation indicates that collagen-specific
reactivation tends to Th1- and Th17-type expansion. T cell
responses to CII immunization have been studied extensively
in mice with the I-Aq haplotype, which are highly susceptible
to CIA (e.g. the DBA/1 strain). Intradermal injection of CII
emulsified in complete Freund’s adjuvant results in the acti-
vation and expansion of antigen-specific CD4+ T cells with
the Th1 phenotype, which initiate the harmful response
[15]. By using tetrameric human leucocyte antigen D-related
1 (HLA-DR1) with a covalently bound immunodominant
CII peptide, Latham et al. also reported that DR1–CII-
tetramer+ cells expressed high levels of Th1 and proinflam-
matory cytokines, including IL-2, IFN-g, IL-6, tumour
necrosis factor (TNF)-a, and especially IL-17 [16]. These
data confirm the pathogenic role of CII-specific Th1 and
Th17 cells in promoting the development of disease in the
arthritis model.

Notch signalling plays an essential role in the develop-
ment of embryonic haematopoietic stem cells and influ-
ences multiple lineage decisions of developing lymphoid
and myeloid cells. Moreover, recent evidence suggests that
Notch is an important modulator of T cell-mediated
immune responses. One of the most intriguing, and
perhaps most controversial, functions assigned recently to
Notch proteins is that of a regulator of Th cell differentia-
tion. To assess whether Notch signalling is activated in
collagen-specific Th1- and Th17-type expansion, we deter-
mined the abundance of the Notch target gene Hes-1.
Hes-1 is the most well-characterized, g-secretase-dependent
transcriptional target gene of Notch signalling, and
up-regulated expression of Hes-1 may be related to
activated Notch signalling. As expected, we observed
up-regulated transcript levels of Hes1. When we used
g-secretase inhibitor DAPT to block Notch signalling in
SMNCs from CII immunized mice co-cultured with CII,
we found that DAPT reduced T cell proliferation and the
percentage of Th1 and Th17 cells. Palaga et al. also reported
that g-secretase inhibitor (GSI)-mediated inhibition of
Notch signalling in peripheral CD4+ T cells stimulated by
CD3- and CD28-specific antibodies resulted in decreased T
cell proliferation and reduced IFN-g production [12].

We next determined which Notch receptor mediated the
CII-specific Th1 and Th17 cell expansion. After co-culture
with CII for 72 h, CD4+ T cells were isolated from SMNCs
derived from CII immunized mice and transcript levels of
four Notch receptors, including Notch1, Notch2, Notch3 and

Notch4, were assessed. We found that CII restimulation
up-regulated Notch3 transcription significantly in CD4+ T
cells. To further confirm the specific role of Notch3, we
added specific neutralizing antibody to Notch3 to the
SMNCs restimulation system and found that anti-Notch3
treatment reduced T cell proliferation and the frequency of
Th1 and Th17 cells. These results indicate that Notch3 plays
an important role in CII-specific T cell proliferation and
expansion. Over-expression of the Notch3 intracellular
domain in T cells has been reported to induce differentiation
of IFN-g-secreting Th1 but reduced IL-4-secreting Th2 cells.
When Notch3 expression was inhibited with anti-sense-
DNA, the Th1-type differentiation was also inhibited [17].
Our results were partly different from another research
group, which explored the role of Notch signalling in
myelin-reactive CD4+ T cells using the EAE model, and
found that both Notch1 and Notch3 were up-regulated upon
specific antigen restimulation, although Notch1 inhibition
did not affect the proliferation and differentiation of autore-
active T cells [13]. These different data may result from the
use of different antigens as well as different animal models.
Nevertheless, we agree with the important role of Notch3
in antigen-specific Th1 and Th17 cell expansion other than
Treg cells.

Notch signalling is initiated by ligand–receptor interac-
tion between neighbouring cells. We next asked which Notch
ligands are involved in CII-specific T cell proliferation and
differentiation by the addition of Delta-like 1-Fc and
Jagged1-Fc fusion proteins into SMNCs co-cultured with CII
from CII immunized mice. Our results indicate that it
should be Delta-like 1 rather than Jagged1 that promotes the
collagen-specific Th1- and Th17-type expansion. In EAE,
pathogenic Th1 and Th17 cells develop in the central
nervous system, causing autoimmunity. Specific antibodies
against Delta-like 1, which attenuated EAE, have opposite
effects to antibodies against Jagged1 which exacerbated EAE
[18]. Maekawa et al. reported that Delta-like 1 interaction
with Notch3 on CD4+ T cells promoted development
towards the Th1 phenotype [17]. However, Delta-like
4-expressing dendritic cells (DCs), when activated with Toll-
like receptor (TLR) ligands or Mycobacterium antigens, can
promote the generation of Th17 cells through activation of
the Th17 cell-specific transcription factor retinoic acid-
related orphan receptor g-T (RORg t) [19,20]. The specific
interactions of Notch ligands and receptors on T cells may be
regulated by the expression pattern of Notch ligands on
neighbour cells [17]. In any case, the question of ligand
receptor specificity in their ability to induce Th cell differen-
tiation is currently unclear, and will need to be determined in
the future [9].

In summary, the present study demonstrates that Notch
signalling is engaged in collagen-specific Th1- and Th17-
type expansion involving Notch3 and Delta-like1. Selective
inhibition of Notch signalling transduced by Notch3 or
Delta-like1 may offer a new strategy for the treatment of RA.
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