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Abstract 

Inhibition of Notch signalling has shown anti-inflammatory properties in vivo and in vitro models of 
rheumatoid arthritis (RA). The objective of this study was to determine whether Notch1 might play 
a role in regulating T-regulatory cells (Tregs) in animal models of RA. 
Methods: Collagen-induced arthritis (CIA) and collagen antibody-induced arthritis (CAIA) were 
induced in C57BL/6, Notch1 antisense transgenic (NAS) or DBA1/J mice. We examined whether 
pharmacological inhibitors of γ-secretase (an enzyme required for Notch1 activation) and 
antisense-mediated knockdown of Notch1 could attenuate the severity of inflammatory arthritis in 
CIA and CAIA mice. Proportions of CD4+CD25+Foxp3+ Treg cells were measured by flow 
cytometry. To assess the suppressive capacity of Treg toward responder cells, CFSE-based 
suppression assay of Treg was performed.  

Results: γ-secretase inhibitors and antisense-mediated knockdown of Notch1 reduced the severity 
of inflammatory arthritis in both CIA and CAIA mice. Pharmacological and genetic inhibition of 
Notch1 signalling induced significant elevation of Treg cell population in CIA and CAIA mice. We 
also demonstrated that inhibition of Notch signalling suppressed the progression of inflammatory 
arthritis through modulating the expansion and suppressive function of regulatory T (Treg) cells.  
Conclusion: Pharmacological and genetic inhibition of Notch1 signalling suppresses the 
progression of inflammatory arthritis through modulating the population and suppressive function of 
Treg cells in animal models of RA. 
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Introduction 
Rheumatoid arthritis (RA) is one of the most 

prevalent autoimmune diseases characterized by 
chronic inflammation of joints and progressive 

destruction of cartilage and bone [1, 2]. The cause of 
RA is obscure, although knowing its exact etiology 
makes it possible to applicate correct treatment [3, 4].  
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Notch signalling pathway is evolutionary 
conserved; it presents in most multicellular 
organisms. It regulates various cellular processes 
including development, differentiation, proliferation, 
adhesion, apoptosis, and communication [5, 6]. 
Notch1 signalling also plays pivotal roles in lipid 
metabolism, adaptive immune responses, and 
inflammatory disorders [7, 8]. Mammals have four 
Notch receptors (Notch 1-4) and five ligands 
(Delta-like[DLL]-1/-3/-4 and Jagged-1/-2). These are 
all type I transmembrane proteins [9, 10]. Binding of 
the extracellular domain of Notch receptor to Notch 
ligand on neighbouring cells initiates sequential two 
step proteolytic cleavage of Notch by extracellular 
ADAM (metalloprotease) protease and γ-secretase 
complex respectively, then releases Notch 
intracellular domain (NICD) [9]. NICD translocates 
into the nucleus, where it functions as a 
transcriptional activator and modulates its target 
genes such as Hes and p21 [5]. Recent studies have 
demonstrated that the expression and activation of 
Notch signalling can stimulate synoviocytes and 
accelerate production of pro-inflammatory cytokines 
in RA [11-15]. Moreover, Notch signalling is enhanced 
in RA patients and its expression pattern is altered in 
T helper (Th) cell [16]. 

Previously, we have demonstrated that 
inhibitors of γ-secretase, an enzyme required for 
Notch1 activation, can attenuate the severity of RA 
indices and suppress proinflammatory cytokines 
(TNF-α, IFN-γ, IL-6, IL-12, IL-17 and MCP-1), NF-κB, 
and MMP-3 in RA synoviocytes and in 
collagen-induced arthritis (CIA) mice [17, 18]. In 
addition, hyaluronan nanoparticles bearing a 
γ-secretase inhibitor effectively accumulated at the 
inflamed joint of CIA mice. They dramatically 
reduced the production of pro-inflammatory 
cytokines and collagen-specific auto-antibodies (IgG1 
and IgG2a) in the sera of the CIA mice [18]. We have 
also shown that CIA progression is attenuated in 
Notch1 antisense transgenic (NAS) mice [11]. 
Consistently, down-regulation of Notch1 with 
Notch1-targeting siRNA delivery nanoparticles 
resulted in delayed bone erosion, cartilage damage, 
and progression of inflammation in CIA mice [17].  

In the immune system, Notch signalling 
regulates T and B cell development, T cell activation, 
regulatory T (Treg) cell function and T helper (Th) cell 
differentiation [19-21]. Th cells from RA patients show 
highly expressed Notch receptors and increased 
activity of Notch signalling. Although the 
involvement of Notch signalling in RA has been 
suggested, the mechanism by which inhibiting 
Notch1 signalling could ameliorate the progression of 
inflammatory arthritis is currently unknown. Here we 

report that suppression of Notch1 signalling using 
antisense technology and low-molecular-weight 
γ-secretase inhibitors can ameliorate the disease 
process in animal models of RA by increasing the 
population and suppressive activity of Treg. 

Methods 
Mice 

Mice overexpressing Notch1 antisense (NAS) 
construct under the control of a mouse mammary 
tumor virus long terminal repeat promoter were 
generated, backcrossed onto C57BL/6 background 
and characterized as previously described [22]. NAS 
and non-transgenic control C57BL/6 mice were kept 
under a 12 h light/12 h dark cycle with free access to 
food and water. Three-month-old male mice were 
used in experiments. This study was reviewed and 
approved by the Institutional Animal Care and Use 
Committee (IACUC) of Sungkyunkwan University 
School of Medicine (SUSM). SUSM is an Association 
for Assessment and Accreditation of Laboratory 
Animal Care International (AAALAC International)- 
accredited facility that abides by the Institute of 
Laboratory Animal Resources (ILAR) guide. 

γ-secretase inhibitors  
We used very potent and selective γ-secretase 

inhibitors, including RO4929097 (2,2-dimethyl-N-((S)- 
6-oxo-6,7-dihydro-5H-dibenzo[b,d]azepin-7-yl)-N′-(2,
2,3,3,3-pentafluoro-propyl)-malonamide) (Selleck) 
and L-685,458 ((5S)-(tert-Butoxy-carbonylamino)-6- 
phenyl-(4R)-hydroxy-(2R)-benzylhexanoyl)-L-leucy-L
-phenylani-namide) (Tocris). RO4929097 is a 
cell-permeable dipeptide that can inhibit γ-secretase 
at an IC50 of 4 nM. L-685,458, an aspartyl protease 
transition state mimic, is a more potent and selective 
small molecule inhibitor of γ-secretase (IC50 = 17 nM) 
that displays more than 50-fold selectivity over a 
range of aspartyl, serine, and cysteine proteases. 

Collagen-induced arthritis (CIA) 
Collagen-induced arthritis (CIA) was induced in 

C57BL/6 or NAS mice as previously described [23]. 
Briefly, mice were injected intradermally at two sites 
at the base of the tail with 400 μg of chicken type II 
collagen (CII) (2 mg/mL, Chondrex, Redmond, WA, 
USA) emulsified in 200 μL of Complete Freund’s 
Adjuvant (4 mg/mL, Chondrex) followed by a 
booster immunization 21 days later with CII 
emulsified in Incomplete Freund’s Adjuvant 
(Chondrex). Mice were monitored for the induction of 
arthritis by clinical scoring or by measuring hind paw 
swelling using callipers. Paw scores included the 
following: 0 = normal, 1 = slight swelling and/or 
erythema, 2 = pronounced swelling, and 3 = 
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ankylosis. These paw scores were summed for each 
mouse, giving a maximum possible score of 12 per 
mouse.  

To induce CIA, DBA/1J mice were injected 
intradermally at the base of the tail with 200 μg of 
bovine type II collagen (CII) (2 mg/mL) emulsified in 
100 μL of Complete Freund’s Adjuvant (4 mg/mL), 
followed by a booster immunization 21 days later. 
Mice were injected intraperitoneally with 1 mg/kg 
RO4929097, 1 mg/kg L-685,458, or vehicle (10% 
DMSO) daily starting on the 32nd day of booster 
injection. DBA/1J mice were monitored for the 
induction of arthritis by clinical scoring. Paws were 
scored individually as follows: 0 = normal, 1 = mild 
swelling and erythema confined to the midfoot and 
ankle joint, 2 = mild swelling and erythema extending 
to the midfoot and ankle joint, 3 = moderate swelling 
and erythema extending from the metatarsal joints to 
the ankle, and 4 = severe swelling and erythema 
encompassing the foot, ankle and digits. These paw 
scores were summed for each mouse, giving a 
maximum possible score of 16 per mouse.  

Synoviocyte culture 
Human fibroblast-like synoviocytes (FLS) were 

cultured from RA patient tissue obtained during joint 
replacement surgery. Cells were subcultured at a 1:5 
ratio. Passages between 5 and 8 were used in these 
experiments. 

Quantitative real-time PCR 
Total RNAs were prepared from FLS cells using 

RNA iso-plus reagent (TAKARA, 9109). Total RNA (1 
μg) was used for cDNA synthesis with reverse 
transcriptase (TAKARA, RR036A). Synthesized cDNA 
was used as template for qPCR with SYBR premix EX 
taq II (Takara, RR820A) and gene-specific pair of 
primers (Table 1). 

 

Table 1. List of primers used in quantitative RT-PCR 

Gene Primer sequences Annealing 
temperature 
(℃) 

PCR 
product 
size (bp) 

Forward Reverse 

Hey-1 catacggcaggagggaaag gcatctagtccttcaatgatgct 60 200 
IL-6 aattcggtacatcctcgacgg ttggaaggttcaggttgttttct 60 113 
IL-10 gtgatgccccaagctgaga cacggccttgctcttgtttt 60 138 
IL-12 tggagtgccaggaggacagt tcttgggtgggtcaggtttg 60 147 
GAPDH caacaattcctggcgatacct ggcatggactgtggtcatgag 60 87 
TNF-α cagagggcctgtacctcatc ggaagacccctcccagatag 55 219 
IL-17A actacaaccgatccacctcac actttgcctcccagatcacag 55 84 
TGF-β actactacgccaaggaggtcac tgcttgaacttgtcatagatttcg 55 73 
GAPDH gacatcaagaaggtggtgaa tgtcataccaggaaatgagc 55 178 

 

Collagen antibody-induced arthritis (CAIA) 
C57BL/6 or NAS mice were injected 

intradermally with 2 mg Arthrogen-CIA 5-Clone 
monoclonal antibody Cocktail (αCII-IA) (Chondrex) 

on day 0 followed by 50 μg of lipopolysaccharide 
injection on day 3. On day 6, mice were administered 
500 mg/kg adalimumab once and 1 mg/kg L-685,458 
daily for 7 days. Mice were monitored for the 
induction of arthritis by clinical scoring as described 
above. 

Histologic examination of joints and 
immunohistochemistry (IHC) 

Knee joints were fixed in 10% neutral buffed 
formalin, decalcified using Decalcified Solution-Lite 
(Sigma, St. Louis, MO, USA) for 6 h, embedded in 
paraffin, and sectioned. Tissue sections were stained 
with H&E and synovitis and bone/cartilage 
destruction were evaluated with a five-point scale as 
follows: grade 0 (no sign of inflammation), grade 1 
(mild inflammation with minimal hyperplasia of the 
synovial lining layer without cartilage destruction), 
and grades 2 through 4 (increasing degrees of 
inflammatory cell infiltration or cartilage and bone 
destruction). 

For IHC, the tissue sections (5 μm) were 
deparaffined in xylene and rehydrated. After 
finishing heat-induced antigen retrieval, endogenous 
peroxidase was blocked with 0.3% H2O2 for 10 min 
and non-specific staining was prevented by soaking in 
3% bovine serum albumin. Sections were incubated 
with primary antibody at 4 ℃ overnight. Primary 
antibodies were CD3 (Santacruz) and Foxp3 
(Santacurz). Staining was done with SPlink HRP 
Mouse Detection (DAB) Kit (Life science division). 

Bead-based cytokine assay 
After 4 weeks of immunization, serum samples 

were obtained. Levels of TNF-α, INF-γ, IL-6, -12, -17 
in serum were measured using a Milliplex Mouse 
Cytokine panel 1 (Millipore) and Luminex 100 system 
(Luminex) according to the manufacturer's 
instructions. 

Analysis of T cell populations 
For analysis of Treg population and effector T 

cell population, splenocytes were stained with 
CD4-FITC and CD25-PerCP-Cy5.5 antibodies (BD 
Bioscience, San Jose, CA, USA) or FITC anti-CD4 
(BioLegend, San Diego, CA, USA), APC anti-CD44 
(BioLegend), PB anti-CD62L (BioLegend). After 
fixation/permeabilization, cells were treated with 
Foxp3-PE antibody (BDbioscience). CD4 T, CD8 T, or 
Treg (CD4+CD25+Foxp3+) percentages were 
determined using a FACSCalibur (BD Bioscience) or 
guava easyCyteTM 8 (Millipore). Treg (CD4+Foxp3+) 
and effector T cells (CD44+CD62L-) populations were 
determined using FACS MACSQuant VYB flow 
cytometer. 
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Isolation of regulatory T cells 
 Treg cells were purified from splenocytes using 

CD4+CD25+ Regulatory T Cell Isolation Kit (Miltenyi 
Biotec) and MACSTM (Miltenyi Biotec).  

Suppression assay of regulatory T cells 
 Non-regulatory CD4+CD25- T responder (Tresp) 

cells were labeled with 1 µM of carboxy fluorescein 
diacetate succinimidyl ester (CFSE: eBioscience). 
Labeled Tresp cells (3 × 104) were mixed without or 
with primed CD4+CD25+ Treg cells (3 × 104) by 
plate-bound anti-CD3 (3 µg/mL) plus soluble 
anti-CD28 (5 µg/mL) mAb in the presence of 
anti-CD3 (3 µg/mL) plus irradiated (3000 rad) T 
cell-depleted splenocytes (3 × 104). CFSE signal of 
gated lymphocytes was analyzed by flow cytometry 
(guava easyCyteTM 8: Millipore). These experiments 
were run in quadruplicate. Results are expressed as 
relative inhibition of the percentage of CFSElow cells.  

Statistical analysis 
 Prism 5.0 (Graphpad) was used for all statistical 

analyses. One-way analysis of variance (ANOVA) 
was used for multiple group analysis. Two-tailed 
unpaired t-test was used to compare data between 
two groups.  

Results 
γ-secretase inhibition mediates Treg induction 
and suppression of CIA propagation 

We first confirmed the protective effect of other 
γ-secretase inhibitors against CIA induction in 
DBA1/J mice. To avoid researcher bias, we concealed 
the identity of the treatment from the experimenter 
who scored the clinical condition of mice and 
histological sections for disease. We found that 
administering 1 mg/kg of two kinds of potent 
γ-secretase inhibitor (L-685,458 or RO4929097) 
starting at 21 days after primary immunization 
significantly improved clinical outcomes (Figure 
1A-B) and serum levels of pro-inflammatory 
cytokines in CIA mice compared to vehicle-treated 
CIA controls (Figure 1C). Histologically, 
vehicle-treated CIA mice showed extensive synovitis, 
neutrophil infiltration, destruction of articular 
cartilage, and bone erosion. In contrast, joints of 
γ-secretase inhibitors-treated CIA mice showed 
significantly reduced synovial inflammation, cartilage 
erosion, and neutrophil infiltration (Figure 1D-E).  

 

 
Figure 1. γ-secretase inhibitors ameliorate symptoms of CIA-induced RA. (A-B) Severity of arthritis was assessed using a visual arthritis scoring system in CIA mice 
treated with vehicle, L-685,458 or RO4929097. Values are mean ± SEM. *P < 0.05. (C) Bead-based cytokine analysis of serum using a Luminex 100 system at 47 days after primary 
immunization. Values are mean ± SEM. #P < 0.05, ##P < 0.01, ###P < 0.001 versus controls; *P < 0.05, **P < 0.01, ***P < 0.001 versus vehicle-treated controls. (D) Representative 
photomicrographs of H&E-stained tissue sections of knee joints of control mice and CIA mice treated with vehicle, L-685,458, or RO4929097. Original magnification, 200x. Scale 
bar: 100 μm. (E) Quantification of synovial inflammation, cartilage erosion, and neutrophil infiltration. Values are mean ± SEM. **P < 0.01, ***P < 0.001. 
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Figure 2. Administration of γ-secretase inhibitors induces Treg population in CIA-induced DBA1/J mice and cytokines are altered by γ-secretase 
inhibitors in human RA patients’ synoviocytes. (A) Proportions of CD4+CD25+Foxp3+ cells among splenocytes of vehicle-, L-685,458-, or RO4929097-treated mice at 46 
days after primary immunization evaluated by flow cytometry. Numbers indicate percentages of CD25+Foxp3+ cells among CD4+ cells. (B) Statistical analysis of 
CD4+CD25+Foxp3+ cells in splenocytes. Values are mean ± SEM. **P < 0.01. (C) Quantitative real-time PCR analyses of relative mRNA expression levels in RA patients’ 
synoviocytes treated with 5 μM DAPT or 5 μM L-685,458 for 24 h. Value are mean ± SEM (n=3). *P < 0.05, **P < 0.01, ***P < 0.001 versus controls. 

 
It is widely accepted that Treg cells defined by 

the expression of CD4, CD25, and transcription factor 
forkhead box P3 (Foxp3) play critical roles in the 
pathogenesis of several autoimmune diseases, 
including RA [24-28]. CD4+CD25+Foxp3+ Treg cells 
play a crucial role in preventing chronic inflammatory 
and autoimmune diseases by suppressing 
autoreactive T cells. Numerous studies in animal 
models of autoimmunity have shown that defects in 
Treg cells can contribute to the development of 
autoimmunity [24-26]. Therefore, we investigated the 
effect of γ-secretase inhibitors on the level of 
CD4+CD25+Foxp3+ Treg cell population in CIA mice. 
Treg cell population was significantly elevated in 
splenocytes isolated from either L-685,458- or 
RO4929097-treated CIA mice compared to that from 
vehicle-treated CIA mice (Figure 2A-B). Furthermore, 
treatment of fibroblast-like synoviocytes isolated from 
RA patients with γ-secretase inhibitors, DAPT or 
L-685,458, reduced mRNA expression levels of Hey-1 
(a Notch1 target gene) and pro-inflammatory 
cytokines such as TNF-α, IL-6, IL-12, and IL-17, 
although expression levels of TGF-β and IL-10 known 
to induce Treg cells were increased by such treatment 
(Figure 2C). These results indicate that arthritis 
progression is protected by interruption of Notch 
signalling related to regulation of T cell population in 
CIA mice and synoviocytes from RA patients.  

Treg population is increased in Notch1 
antisense transgenic mice 

Encouraged by the effect of γ-secretase inhibitors 
on Treg population in our rodent model of RA, we 
examined mice transgenic for antisense Notch1 (NAS) 
[22] with CIA to determine whether a specific 
reduction of Notch1 signalling could increase Treg 
cell population accompanied by attenuated 
inflammatory arthritis. In our previous report, CIA 
progression was significantly reduced in NAS mice 
[11]. We also scrutinized the frequency of 
CD4+CD25+Foxp3+ Treg cells in WT CIA and NAS 
CIA mice. Treg cell population was significantly 
increased from 8.82% in WT CIA to 16.7% in NAS CIA 
mice (Figure 3A-B). Furthermore, both CD4+ and 
CD8+ T cells in NAS CIA mice were consistently 
decreased by 33% and 58%, respectively (Figure 
3C-D) compared to those in WT CIA. The levels of 
these T cells showed similar patterns between WT and 
NAS mice before inducing CIA (data not shown). 
Since the CD4+ population contains all types of Th 
cells, these results imply that attenuated CIA 
progression of NAS mice seems to be dependent on 
increased population of Treg cells.  

Inhibition of Notch signalling ameliorates 
collagen antibody-induced arthritis (CAIA) 

The CAIA model is useful for studying 
mechanisms of RA during the effector phase after 
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CII-specific antibodies have been produced [29]. To 
determine whether Notch signalling might be 
engaged in the effector phase mediated by antibodies 
to CII, we injected a cocktail of several distinct 
high-affinity CII antibodies (αCII). After αCII 
injection, vehicle-treated C57BL/6 mice developed 
severe paw swelling and joint inflammation with 
cartilage erosion and neutrophil infiltration (Figure 
4). In contrast, administration of L-685,458 or 
TNF-α-blocking antibody, adalimumab (HUMIRA), 
after arthritis onset (day 6) significantly suppressed 
CAIA compared to vehicle treatment (Figure 4A-B). 
Therapeutic treatment with L-685,458 or adalimumab 
also reduced synovial inflammation, cartilage erosion 
and neutrophil infiltration (Figure 4C-D). The efficacy 
of γ-secretase inhibitor (L-685,458) was comparable to 
that of the TNF-α blocker (adalimumab) in inhibiting 
CAIA (Figure 4). These data support that γ-secretase 
inhibitors can impair arthritis progression when they 
are administered at disease onset. They can also revert 
arthritis progression rapidly when they are given 
during established disease. 

Increased Treg population in NAS mice with 
CAIA 

We also examined NAS mice with CAIA to 
determine whether a specific reduction of Notch 
signalling could attenuate the severity of 
inflammatory arthritis. Arthritis indices, paw 
thicknesses, synovitis, cartilage erosion, and 
neutrophil infiltration resulting from CAIA were 
significantly less in NAS mice (NAS-Vehicle) 
compared to those in non-transgenic mice 

(WT-Vehicle) (Figure 4). NAS mice showed very mild 
paw swelling with reduced number of infiltrating 
cells and less severe cartilage erosion in the CAIA 
model (Figure 4). Furthermore, Treg cell levels in the 
spleen were increased in L-685,458- and adalimumab- 
administrated WT CAIA (WT-Vehicle) or NAS CAIA 
(NAS-Vehicle) mice compared to those in 
vehicle-treated CAIA mice. To identify the Treg 
population, we analysed CD4+ and Foxp3+ 

populations in the same number of live cells because 
most Foxp3+ cells were CD25+ in the spleen and 
lymph nodes. As shown in Figure 3, the CD4+ 
population was greatly reduced by suppression of 
Notch signalling. On the other hand, inhibition of 
Notch by either pharmacological or genetic methods 
increased the Foxp3+ population in the CD4+ 
population (Figure 5A, C). Next, we assessed T 
effector cells known to maintain inflammation and 
consequently cause joint damage. Inhibition of 
Notch1 reduced the population of effector T (Teff) 
cells (CD62L-CD44+) in the spleen (Figure 5B, D). 
Ratios of Teff/Treg in spleens were decreased in 
L-685,458- and adalimumab-administrated WT CAIA 
or NAS CAIA mice compared to those in 
vehicle-treated CAIA mice (Figure 5E). 

Increased suppressive activity of Treg cells in 
NAS mice 

To assess the suppressive capacity of Treg 
toward responder cells following increased Treg cell 
population, we performed a CFSE-based suppression 
assay of Treg cells. The suppressive activity of Treg 
cells was more intense in NAS and NAS CAIA mice 

compared to those in WT and 
WT CAIA mice (Figure 5F), 
indicating that blockade of 
Notch signalling resulted in 
increased population and 
suppressive activity of Treg 
cells. Furthermore, we evaluated 
the expression of Treg cells in 
the synovial tissue. Foxp3+ Treg 
cells in synovial tissues were 
significantly increased in NAS 
CAIA mice compared to WT 
CAIA mice (Figure 5G-H). 
These results suggest that 
pharmacological and genetic 
inhibition of Notch signalling 
can suppress the progression of 
inflammatory arthritis through 
modulating the population and 
suppressive function of Treg 
cells in animal models of RA. 

 

 
Figure 3. Treg population is increased in CIA-induced NAS mice. (A) Proportions of CD4+CD25+Foxp3+ cells 
among splenocytes of NAS CIA or WT CIA mice at 28 days after primary immunization evaluated by flow cytometry. 
Numbers indicate percentages of CD25+Foxp3+ cells among CD4+ cells. (B) Statistical analysis of CD4+CD25+Foxp3+ 
cells. Values are mean ± SEM. ***P < 0.001. (C) At 28 days after primary immunization, both CD4 and CD8 T cells from 
splenic lymphocytes of NAS or WT CIA mice were analysed by flow cytometry. (D) Statistical data shown as bar graphs. 
Values are mean ± SEM. ***P < 0.001. 
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Discussion 
RA is a common human autoimmune disease 

characterized by chronic systemic inflammation and 
progressive bone destruction. It affects 1% of the 
population. Biologics, such as TNF blockade, have 
been proven to be effective in RA patients not 
responding to anti-rheumatic drugs including 
methotrexate, which is the first-line therapy for RA. 
However, still around 30% of patients treated with 
TNF blockades have no response. Despite numerous 
attempts to identify the molecular pathogenesis and 
etiology of RA, effective treatment without side effects 
is still lacking. In the present study, we demonstrated 
that Notch1 signalling was activated and played a 
crucial role in joint inflammation and Treg regulation 
in mouse models of RA, suggesting that Notch 
signalling might be potentially an important 
therapeutic target for arthritis. 

Interference with Notch1 signalling using 
γ-secretase inhibitors protected mice against 

development of CIA, a model in which adaptive 
immune response is known to contribute to disease 
development similarly to human disease [18, 30]. 
Administration of γ-secretase inhibitors reverted 
CAIA progression rapidly when they were given 
during established disease. We found that 
interference with Notch1 expression reduced arthritis 
development as well as neutrophil accumulation in 
joints of both CIA and CAIA models. Innate immune 
cells are major players in initiation of CAIA while 
adaptive immune cells are also required for 
maintaining arthritis [31, 32].  

Selective γ-secretase inhibitors are widely used 
to inhibit Notch signaling. However, they can affect 
substrates other than Notch. Therefore, we examined 
Notch1 antisense (NAS) transgenic mice that 
expressed 30% to 40% reduction of Notch1 protein 
[22]. We found that attenuation of Notch signalling 
reduced cartilage erosion and synovial inflammation 
in both CIA and CAIA models.  

 

 
Figure 4. Therapeutic effect of Notch1 inhibition in CAIA. (A-B) Severity of arthritis was assessed using a visual arthritis scoring system in WT CAIA and NAS CAIA 
mice treated with vehicle, adalimumab, or L-685,458 (arrow). Values are mean ± SEM. *P < 0.05, **P < 0.01. (C) H&E-stained representative joint sections from the experiment 
shown in (A). Original magnification, 200x. Scale bar: 100 μm. (D) Quantification of synovial inflammation, cartilage erosion, and neutrophil infiltration. Values are mean ± SEM. 
**P < 0.01, ***P < 0.001. 
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Figure 5. (A, C) Notch inhibition increases Treg population in the CAIA model. Proportions of CD4+Foxp3+ Treg cells among splenocytes of indicated mice at 9 days after 
αCII-IA induction were evaluated by flow cytometry. Numbers indicate percentages of CD4+Foxp3+ cells. Values are mean ± SEM. **P < 0.01. (B, D) Proportions of T effector 
cells among splenocytes. Numbers indicate percentages of CD62LlowCD44high cells. *P < 0.05 versus control. (E) Ratios between effector T cells and regulatory T cells 
(Teff/Treg). Values are mean ± SEM. *P < 0.05 versus control (WT/Vehicle). (F) Suppressive effects of Treg cells were anlayzed by CFSE-based suppression assay. Values are mean 
± SEM. ##P < 0.01 versus WT mice; *P < 0.05 versus NAS mice. (G, H) Synovial tissues of CAIA were used for immunohistochemical staining analysis. Consecutive sections of 
synovial tissues from WT CAIA and NAS CAIA mice were DAB-stained for CD3 and Foxp3. Quantitative analysis is shown in the bar graph. Values are mean ± SEM. *P < 0.05. 
Scale bar: 25 μm. 

 
γ-secretase-mediated Notch pathway activation 

is a prerequisite for the activation of NF-κB and 
production of IFN-γ in lymphocytes, suggesting the 
importance of cross-talk between these signalling 
pathways in modulating the response of immune cells 
to stimulation [33, 34]. Previous studies have shown 
that Notch signalling can enhance T cell proliferation 
and cytokine production [19]. In fact, 
pro-inflammatory cytokines such as IFN-γ, TNF-α, 
IL-6, IL-12, and IL-17 play significant roles in the 

pathophysiology of autoimmune diseases including 
RA. Previous studies have reported elevated Notch 
activity in synovial membrane and synoviocytes from 
RA patients compared to that in control groups. In 
addition, activated Notch can promote synoviocyte 
proliferation induced by TNF-α in vitro [13, 35]. 
Increased NICD in inflamed joint can mediate 
hypoxia-induced angiogenesis related to the initiation 
and progression of RA [36]. In our previous study, we 
showed that Notch signalling not only stimulates 



 Theranostics 2018, Vol. 8, Issue 17 
 

 
http://www.thno.org 

4803 

synoviocytes in vivo but also accelerates the 
production of pro-inflammatory cytokines and 
immune responses influenced by up-regulated IgG1 
and IgG2a [11]. When Notch signalling was blocked 
by genetic inhibition or pharmacological agents, 
levels of active NF-κB, ICAM-1, and 
pro-inflammatory cytokines were attenuated in the 
CIA model. Moreover, we proved that relative mRNA 
levels of Hey-1, and pro-inflammatory cytokines such 
as TNF-α, IL-6, IL-12, and IL-17 were reduced but 
levels of TGF-β and IL-10 were increased in human 
RA synoviocytes upon γ-secretase inhibitor treatment. 

Although there have been many studies on the 
role of Notch signalling in the immune system, its 
precise role in autoimmune diseases remains elusive. 
Blockade of Notch signalling via γ-secretase inhibitor 
decreases TNF-α production and alters dendritic cells 
phenotype [37], and prevents experimental 
autoimmune encephalomyelitis (EAE) progression 
[38]. In contrast, overexpression of Jagged-1, a Notch 
ligand, can alleviate CIA while blockade of Jagged-1 
via anti-Jagged-1 mAb exacerbates CIA [39]. In fact, 
one report has demonstrated that administration of 
anti-Jagged-1 mAb exacerbates clinical features of 
EAE while DLL-1 mAb alleviates disease severity [40]. 
These conflicting data not only indicate that Notch 
ligands can differentially regulate inflammation, but 
also suggest that an endogenous ligand other than 
Jagged-1 might mediate adverse effects of Notch 
signalling. 

 Approximately 75% of women with RA have 
improvement of symptoms during their pregnancy 
while their symptoms will worsen after delivery. It 
has been suggested that RA symptoms are alleviated 
due to increased Treg during pregnancy. Because a 
fetus is another autoantigen, Treg-deficient mice show 
increased abortion rates. However, pregnancy can 
induce Treg population to prevent maternal rejection 
[41, 42]. In a similar concept, induction of Treg cells 
expressing transcription factor Foxp3, a population of 
CD4+ T cells that possess potent immunosuppressive 
activities, is required to prevent autoimmunity [27]. 
However, the role of Notch1 signalling in Treg 
expansion and activity has been controversial. While a 
number of studies have shown that Notch signalling 
facilitates suppressor function and expansion of Treg 
cells [43-45], a few other studies have indicated a 
negative effect of Notch signalling on Treg cells in 
models of encephalomyelitis and autoimmune 
diabetes [20]. In the present study, we found that 
blockage of Notch signalling induced Treg expansion 
and suppressed autoimmune responses, and 
increased Treg cell numbers in synovial tissues of 
mouse models of RA. It has been recently reported 
that TNF-α blocker adalimumab can increase Treg 

population [46]. Indeed, the suppressor activity of 
NAS-derived Treg cells was significantly greater than 
that of WT-derived Treg cells. Therefore, it appears 
that Notch1 can exert diverse effects on Treg cells in a 
context-dependent manner. This discrepancy might 
be attributed to the use of different experimental 
systems and the intensity of Notch1 signalling.  

The suppression of inflammatory arthritis by 
inhibition of Notch signalling in CIA and CAIA 
models might be due to dampening of T cell 
recruitment and decline of the effector function of T 
and B cells accompanied by increased Treg expansion 
and suppressor activity. We have previously shown 
that the blockade of Notch signalling via γ-secretase 
inhibition in immune cells of inflamed joints can 
alleviate symptoms of RA with therapeutic effects 
[11]. To avoid unwanted side effects of γ-secretase 
inhibitors, which block cleavage of Notch and 
substrates other than Notch in all cell types, 
treatments that specifically target activated 
lymphocytes are needed. Nonetheless, our study 
suggests that even global inhibition of Notch 
signalling can significantly alleviate clinical 
symptoms of RA as well as immune cell-mediated 
damage to joint tissues in animal models. Since there 
are no treatments for RA that can prevent damage to 
joint tissues, further studies on targeted Notch 
signalling inhibition at the site of inflammation in RA 
are warranted to provide a new therapeutic window. 
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