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Abstract
Notch signaling has recently emerged as an important regulator of immune responses in autoimmune diseases. The
recombination signal-binding protein for immunoglobulin kappa J region (RBPJ) is a transcriptional repressor, but converts into
a transcriptional activator upon activation of the canonical Notch pathway. Genome-wide association studies of rheumatoid
arthritis (RA) identified a susceptibility locus, rs874040CC, which implicated the RBPJ gene. Here, chromatin state mapping
generatedusing the chromHMMalgorithmreveals strong enhancer regions containingDNase I hypersensitive sites overlapping
the rs874040 linkage disequilibrium block in human memory, but not in naïve CD4+ T cells. The rs874040 overlapping this
chromatin state was associated with increased RBPJ expression in stimulated memory CD4+ T cells from healthy subjects
homozygous for the risk allele (CC) compared with memory CD4+ T cells bearing the protective allele (GG). Transcriptomic
analysis of rs874040CC memory T cells showed a repression of canonical Notch target genes IL (interleukin)-9, IL-17 and
interferon (IFN)γ in the basal state. Interestingly, activation of the Notch pathway using soluble Notch ligand, Jagged2-Fc,
induced IL-9 and IL-17Awhile delta-like 4Fc, another Notch ligand, induced higher IFNγ expression in the rs874040CC memory
CD4+ T cells comparedwith their rs874040GG counterparts. In RA, RBPJ expression is elevated inmemoryT cells fromRApatients
comparedwith control subjects, and thiswas associatedwith induced inflammatory cytokines IL-9, IL-17A and IFNγ in response
to Notch ligation in vitro. These findings demonstrate that the rs874040CC allele skews memory T cells toward a pro-
inflammatory phenotype involving Notch signaling, thus increasing the susceptibility to develop RA.
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Introduction
There is a clear genetic basis to rheumatoid arthritis (RA). To date,
∼100 risk loci have been identified, which explain ∼20% of vari-
ance in disease risk (1–8). Genome-wide association studies of
RA identified a susceptibility locus, rs874040CC, which implicated
the recombination signal-binding protein for immunoglobulin
kappa J region (RBPJ) gene. Although the cause of RA is unknown,
autoimmunity plays a pivotal role in its pathogenesis. CD4+

T cells recruited into the RA synovium have been thought to
drive the synovial inflammation by stimulating the production
of pro-inflammatory cytokines from macrophages, synovial
fibroblasts and other infiltrating leukocytes (9). The majority of
CD4+ T cells in RA synovium belong to the memory CD4+ pool,
which correlates with the chronicity and progression of the
disease (10,11). Autoimmune diseases such as RA arise from in-
appropriate immune responses against self-antigens and involve
both adaptive and innate immune cells. Targeting of cytokines
and their associated inflammatory mediators are now estab-
lished as a feasible method for treating RA, which may occur
due to the imbalance of pro- and anti-inflammatory mediators
thus leading to the development of chronic synovial inflamma-
tion and joint destruction (12). Inflammatory cytokines, that
include tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6,
IL-17 and the downstream inflammatory mediators produced
by activated cells in the arthritic joints are an essential compo-
nent of the milieu that drives cartilage and bone destruction.

The role of Notch signaling in the regulation of murine and
human T helper (Th) cell development is well established (13,14).
The canonical Notch signaling cascade is initiated when a Notch
receptor engages a Notch ligand expressed on a neighboring cell.
In humans, the classic Notch signaling pathway consists of four
heterodimeric trans-membrane receptors (Notch 1–4) and their
ligands (Delta-like 1, 3 and 4 and Jagged 1 and 2). TheNotch recep-
tor engagement by its ligand triggers a series of enzymatic reac-
tions leading to the release of the Notch receptor intracellular
domain that translocates to thenucleus and forms an active tran-
scription complex with the RBPJ region and the co-activator
mastermind-like proteins, thus converting RBPJ from a transcrip-
tional repressor to a transcriptional activator (14). During the past
few years, theNotch pathway has emerged as an important regu-
lator of effector and regulatory T-cell differentiation and acti-
vation (15,16). Notch can induce IL-4 expression by physically
interacting with GATA3 (17,18), but can also directly activate the
transcription of Tbx21 to promote Th1-cell differentiation (19)
and RORγt to induce the development of murine and human
Th17cells (20). Recently,wedemonstratedthatDelta-like4 (DLL4),
a Notch ligand, inhibits Treg development by suppressing STAT5
activation thus promoting autoimmune responses in a mouse
model of multiple sclerosis (15). In another study, we showed
that Notch stimulation converted memory CD4+ T cells into IL-
9-producers, which is mediated by Notch/RBPJ complex binding
to the Il9 promoter (21). Inhibition of Notch signaling either
pharmacologically, genetically or using biologics thatblockNotch
ligands or receptors, has been shown to be effective in ameliorat-
ing the clinical disease in animal models of human diseases in-
cluding RA (22), multiple sclerosis (21,23) and type 1 diabetes
(24). These findings suggest that Notch pathway may be a prom-
ising target for RA therapy.

Here, we analyzed the influence of an RA susceptibility locus,
rs874040CC in the RBPJ region (7) on the adaptive immune system.
Of note, rs874040 is in high linkage disequilibrium (LD) with the
type 1 diabetes single-nucleotide polymorphism (SNP) rs10517086,
thus this associationmay be shared by the two diseases (25). The

rs874040 overlaps a transcriptional enhancer in memory CD4+

T cells, but not in naïve CD4+ T cells. To understand the function-
al relevance of this polymorphism, we leveraged a cohort of gen-
otyped healthy subjects. We found that memory T cells bearing
the rs874040CC risk allele exhibit increased RBPJ expression and
an alteration of their cytokine profile compared with memory
T cells carrying the protective allele. We also found increased
RBPJ expression in RA patients compared with healthy controls.
Our data suggest that RA susceptibility is mediated, in part, by
the activation of Notch signaling in memory T cells.

Results
Rs874040 lies over a putative enhancer upstream of RBPJ
in memory CD4+ T cells

Chromatin-state annotation using combinations of chromatin
modification patterns provides a systematicmeans for the detec-
tion of cis-regulatory elements, given the central role of chroma-
tin in mediating regulatory signals and controlling DNA access,
and the paucity of recognizable sequence signals. In order to
understandwhether rs874040 allele status can impact gene regu-
lation, we utilized chromatin states annotation of the human ref-
erence genome predicted using the chromHMM algorithm (26)
with 15-state model parameters that are provided by the NIH
Roadmap Epigenomics Consortium in public domain (27). This
project have released list of 127 epigenomes including 111 by
the Roadmap Epigenomics program (E001–E113) and 16 by EN-
CODE (E114–E129) spanning diverse cell and tissue types. Here,
we used ‘E039’ and ‘E040’ tracks reference epigenome from
‘Blood & T-cell’ subgroup. ‘E039’ chromatin-state annotation is
relevant for primary Th naive cells from peripheral blood
(CD4+_CD25−_CD45RA+_Naive_Primary_Cells) whereas ‘E040’
chromHMM annotation is relevant for primary Th memory
cells from peripheral blood (CD4+_CD25−_CD45RO+_Memory_Pri-
mary_Cells). The 15-state mnemonics used by chromHMM are
available through the consortium web portal. We generated a
SNAP plot with chromatin state mapping within a 1 MB region
around the reference SNP, rs874040 (500 KB upstream and down-
stream). We generated memory and naïve CD4+ T cell-specific
chromatin state maps using the publicly available ENCODE
ChIP-seq data (28) for well-characterized histone modifications
to train and annotate the model. Figure 1 shows all the SNPs on
chromosome 4 from dbGAP137 (7) within a 1 MB range and
their P-value of association to RA as recently reported (7). The re-
combination rate as well as LD were calculated from the Broad
SNAPonline server (24) and genomic annotation for the hg19 ver-
sion. Our analysis reveals (i) enhancer regions containing DNase I
hypersensitive sites, and (ii) weak transcriptionmarkswithin the
rs874040 LD block and upstream of the RBPJ transcription start
site (TSS) in memory but not in naïve T cells (Fig. 1A and B). To
gain further insights into the association between the SNPs and
the enhancer regions, we mapped the LD block in a 100 kb win-
dow in naïve and memory T cells. Among 82 SNPs present in
this LD block, we identified 8 SNPs in high LD with the reference
SNP rs874040 (0.89–0.99). These SNPs are: rs10517086, rs17630466,
rs7441808, rs932036, rs6448432, rs12506688, rs11933540 and
rs6825116 (Fig. 1B and Supplementary Material, Table S1). We
found that rs932036 overlaps with the enhancer boundaries in
memory CD4+ T cells (position 26 090 862 on chromosome 4)
(Supplementary Material, Table S1). Next, in attempt to under-
stand the influence of the SNP position, within the enhancer re-
gion in memory CD4+ T cells, we used position weight matrices
from the JASPAR database (117 human TF motifs) and searched
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Figure 1. SNAP plots of chromatin state around the rs874040 reveal enhancers and active transcription histonemarks inmemory CD4+ T Cells. (A) Tissue-specific chromatin

state mapping were generated using the chromHMM algorithm for naïve CD4+CD25−CD45RA+ and memory CD4+CD25−CD45RO+ T cells as shown in XX and YY. ENCODE

ChIP-seq data for various chromatin marks including DNase I hypersensitive sites (enhancers; red), H3K9me3 (heterochromatin; purple), H3K27me3 (polycomb; gray),

H3K9ac, H3K4me3 and H3K36me3 (transcription; green) and quiescent regions (other; white) are color-coded. TSS of the three neighboring genes RBPJ, C4orf52 and

SEL1L3 are shown (blue). The figure shows all the discovered SNPs from dbGAP137, their P-value of association to RA, the recombination rate as calculated from Broad

SNAP online server and genomic information for hg19 version at the bottom of the figure. The LD structure is represented in r-square value calculated from the Broad

SNAP server and is assigned in red color. (B) A SNAP plot showing a 100 kb window around the reference SNP rs874040 in both naïve and memory T cells.
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for putative binding sites that overlap these SNPs. We show the
relative matching score (1 = perfect match) for all TFs and SNPs
if the score was ≥0.8 (Supplementary Material, Table S2). We
identified potential TF candidates where their binding could be
affected by the presence of overlapping SNPs. For instance, the
transcription factor ELK1 (ETS domain-containing protein) that
is an early response transcription activator and is involved in
the induction of the early growth response signaling in T cells
(29–31), overlaps the rs932036 (relativematching score = 0.8) (Sup-
plementary Material, Table S2). These findings suggest that the
rs932036 risk variant may be involved in the differential RBPJ
transcription in memory versus naïve CD4+ T cells.

Increased RBPJ expression in rs874040CC memory T cells

To study whether the susceptibility variant rs874040CC regulates
RBPJ expression, we examined the correlation of the rs874040CC

risk allele with changes in the immune profile of healthy sub-
jects. We utilized blood of healthy subjects in order to avoid
any confounding effect of immunotherapies or systemic inflam-
mation in patients with autoimmune diseases. We selected
healthy genotyped subjects free of autoimmune and chronic in-
fectious diseases who were homozygous for rs874040CC and

rs874040GG from the PhenoGenetic Project. We first leveraged
the ImmVar data set to examine the effects of the rs874040CC

risk allele on RBPJ mRNA expression in un-stimulated naïve
CD4+CD62L+ T cells isolated from peripheral blood mononuclear
cells (PBMCs) of healthy European-American subjects with
the susceptibility rs874040CC or the protective rs874040GG allele
(n = 213). Expression quantitative trait loci (eQTL) analysis shows
that rs874040CC is not correlated with changes in RBPJ gene ex-
pression in un-stimulated (Fig. 2A) and T-cell receptor (TCR)-
stimulated naïve CD4+ T cells (Fig. 2B). Similarly, we did not
detect any significant change in the expression of the genes
neighboring the rs874040 in naïve T cells (Table 1) or in un-stimu-
lated memory CD4+ T cells as measured by quantitative Taqman
PCR (polymerase chain reaction) (Table 2).

Next, we analyzed the gene expression pattern of RBPJ in TCR-
stimulated naïve CD4+CD45RO− and memory CD4+CD45RO+

T cells separated from PBMCs of genotyped healthy donors by
cell flow sorting. Cells were activated with anti-CD3/CD28 mAb
(1 µg/ml), and the mRNA (3 h) and protein (24 h) expression of
total RBPJ was assessed by Taqman PCR and enzyme-linked im-
munosorbent assay (ELISA), respectively. Time points were se-
lected based on the time-course analysis of maximum RBPJ
mRNA and protein expression upon stimulation (data not shown).

Figure 2.The risk allele rs874040C is associatedwith increased RBPJ expression in stimulatedmemory CD4+CD45RO+ T cells fromhealthy genotyped subjects. (A) RBPJ gene
expression in naïve CD4+ T cells from 213 healthy European-American subjects, (ρ = 0.016, P = 0.8). The expression data have been adjusted for confounding factors in the

model (batch, age and gender). (B) Naïve CD4+ T cells were isolated from peripheral blood of healthy subjects bearing risk (CC), protective (GG) or heterozygous for the

reference rs874040 allele, cells were stimulated with anti-CD3/CD28 for 3 h and RBPJ expression was measured by Taqman PCR. (C and D) Memory CD4+CD45RO+

T cells were isolated from peripheral blood of genotyped healthy subjects, cells were stimulated with anti-CD3/CD28 for 3 h and total RBPJ expression measured at the

gene level by (C) Taqman PCR and at the protein level by (D) ELISA. Groupswere compared by theWilcoxonmatched pairs test and adjusted for batch, age and gender. Each

dot represents an individual (n = 12–15/group). (E and F) RBPJ gene silencing in CD4+ T cells up-regulates inflammatory cytokine expression. Naïve CD4+ cells from healthy

donors were transfected with RBPJ siRNA or mock scrambled siRNA by electroporation and cells were incubated in the transfection medium for 4 h. Cells were then

harvested, washed and incubated in serum-free medium (X-vivo) with anti-CD3/CD28 for 24 h. (E) Cytokine expression was analyzed by Taqman qPCR normalized to

β2-microglobulin. (F) RBPJ mRNA expression in CD4+ T cells transfected with RBPJ siRNA and scrambled siRNA. Data were compared using the unpaired Student t-test.
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We found that healthy donors homozygous for the rs874040CC risk
allele have increased RBPJ mRNA expression (P = 0.0017) in
CD4+CD45RO+ memory T cells (Fig. 2C). This was confirmed at the
protein level by ELISA, showing significant elevated RBPJ expression
in CD4+CD45RO+ memory T cells (P=0.04) (Fig. 2D).

Several transcript variants encoding different isoforms have
been found for RBPJ. To date, four human RBPJ isoforms have
been described, varying in their N-terminal domain (Supplemen-
tary Material, Fig. S1A). Bioinformatic examination of the charac-
terized RBPJ transcripts showed that the splice variants contain
open reading frames, suggesting that theymay generate proteins
with similar function. All RBPJ transcripts contain a putative nu-
clear localization signal, an important component of RBPJnuclear
translocation to activate target gene transcription (32). Therefore,
we carried out an isoform specific quantitative PCR (qPCR) assay
in TCR-stimulated memory T cells. We found a rapid increase in
Isoform2 (NM_015874) (P= 0.042), Isoform 3 (NM_202283) (P=0.0083)
and Isoform 4 (NM_202284) (P= 8.29 × 10−09) 3 h after stimulation of
memory T cells from subjects with the rs874040CC risk allele, while
the expression of Isoform 1 (NM_005349) was unchanged (Supple-
mentary Material, Fig. S1B).

To determine if the rs874040 risk allele has a specific gene
target, we examined gene expression of nearby genes in CD4+

CD45RO+ memory T cells, including SMIM20 and SEL1L3. We
did not detect any significant differences in SMIM20 and SEL1L3
expression in TCR-stimulated naïve ormemory CD4+ T cells (data
not shown).

To validate the repressor function of RBPJ in CD4+ T cells, we
utilized an RNA interference approach to knockdown RBPJ in
T cells. CD4+ T cells isolated from healthy donors were trans-
fected with siRNA specific for human RBPJ gene or scrambled
siRNA by electroporation, followed by cell activation using anti-
CD3/CD28 in serum-free T cell-specific culture medium for 24 h.
The cells were then processed for gene expression analysis by
Taqman PCR.We found that silencing RBPJ in CD4+ T cells up-reg-
ulates Il9, Il17a and Ifng expression, which is in agreement with
the reported repressive function of RBPJ in T cells (Fig. 2E). Knock-
down efficiency was confirmed by measuring RBPJ expression in
transfected cells (Fig. 2F). To account for multiple comparisons, a
Bonferroni-corrected P-value of <0.05/3 was used as the thresh-
old for determining whether siRNA-RBPJ-mediated changes in
cytokine expression remained significant. Our analysis shows
that RBPJ knockdown regulates significantly Il9, Il17a and Ifng ex-
pression (Fig. 2E).

Increased RBPJ expression is associated with repressed
canonical Notch target genes in rs874040CC memory
T cells

In the absence of canonical Notch signaling, RBPJ acts as a
transcriptional repressor. To analyze the influence of rs874040CC-
mediated increases in RBPJ expression on memory T-cell pheno-
type, we sought to measure gene expression of RBPJ-target
cytokines particularly interferon (IFN)γ, IL-9 and IL-17A (signature
genes of Th1, Th9 and Th17 cells, respectively) and, in addition to
other associated genes involved in the abovementioned cell
types. To this end, memory CD4+ T cells were isolated bymagnetic
beads from PBMCs of 46 healthy genotyped subjects followed by a
brief stimulation with anti-CD3/CD28 for 3 h and gene expression
was assessed by Fluidigm’s Biomark high throughput qPCR. We
found amarked decrease in Il9, Il17a and Ifng inmemoryT cells car-
rying the reference SNP, rs874040CC comparedwithmemory T cells
carrying the rs874040GG protective allele (Fig. 3A). Analysis of mas-
ter regulators of Th1-, Th9- and Th17-cell development, Stat1, Irf4
and Rorc, respectively, showed that the presence of the rs874040CC

risk allele was associated with lower levels of Stat1 (P = 0.02) while
Irf4 and Rorc expression was not significantly changed (Fig. 3B).
An expression profile of 84 genes in memory T cells from the
three genotyped groups for the rs874040 is shown (Supplementary
Material, Table S3). Prior to analysis,weadjusted expression foreth-
nicity. To account formultiple comparisons,we set the significance
threshold to 0.05/84 = 0.000595. Spearman rank correlations
showed a trend of association of Il9 gene expression and the num-
ber of G alleles of rs874040 (0.00076) (Table 3).

Induction of Notch signaling reversed the repressed
inflammatory phenotype of rs874040CC memory T cells

Next, we asked whether increased RBPJ levels in rs874040CC

memory T cells could alter cytokine production in response to
Notch ligation. To address this question, we activated memory
CD4+ T cells that were isolated from genotyped healthy subjects
of European ancestry with immobilized Notch ligands, DLL4-Fc,
Jagged2-Fc or control IgG (2 µg/ml each). Cells were stimulated
in serum-free culture T cell-specific X-vivomedia in the presence
of anti-CD3/CD28 for 7 days, and a panel of cytokines and chemo-
kines was measured with a bead-based Luminex assay using
the culture supernatants. Interestingly, we found that memory
T cells carrying the rs874040CC risk allele exhibited higher pro-
duction of the canonical Notch target genes, IL-9 and IL-17A
under Jagged2-Fc stimulation. However, DLL4-Fc stimulation

Table 2. The rs874040 polymorphism does not influence neighboring
genes in un-stimulated memory CD4+ T cells

SNP Gene ρ P-values

rs874040 RBPJ 0.218 0.604
rs874040 SMIM20 0.436 0.28
rs874040 CCKAR – –

rs874040 TBC1D19 −0.218 0.604
rs874040 SEL1L3 0 1
rs874040 SLC34A2 – –

PBMCs were isolated from healthy genotyped subjects (n = 4/genotype) and gene

expression of six genes neighboring the rs874040 SNP was assessed in memory

CD4+CD45RO+ T cells of European-American subjects by quantitative Taqman

PCR. Spearman rank P-values are reported. The expression of CCKAR and

SLC34A2 in stimulated memory CD4+ T cells was not detected.

Table 1. The rs874040 polymorphism does not influence neighboring
genes in naïve CD4+ T cells

SNP Gene ρ P-values

rs874040 PI4K2B −0.067 0.333411778
rs874040 ZCCHC4 −0.05 0.465258637
rs874040 ANAPC4 0.056 0.416016757
rs874040 SLC34A2 −0.024 0.724678665
rs874040 SMIM20 0.043 0.53726912
rs874040 RBPJ −0.016 0.816305416
rs874040 TBC1D19 0.11 0.110579896
rs874040 STIM2 0.053 0.437365928
rs874040 SEPSECS 0.066 0.339289978
rs874040 SEL1L3 −0.042 0.544067516
rs874040 CCKAR 0.053 0.44554999

The rs874040 cis-eQTLs in CD4+CD62L+ T cells of European-American, East Asian

and African-American subjects within 1 MB of TSS of a gene and Spearman rank

P-values are reported.
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induces IFNγ and to a lesser extent IL-17A in rs874040CC memory
CD4+ T cells compared with those bearing the rs874040GG geno-
type (Fig. 4). We did not detect any significant changes in the pro-
duction of other effector cytokines including IL-4, IL-5, IL-10,
IL-13, IL-21 or IL-22 (data not shown). Spearman rank correlations
of cytokine expression and the number of G alleles of rs874040
showed that while DLL4-Fc induces IFNγ expression, Jagged2-Fc
induces IL-9 expression below the Bonferroni threshold of 0.05/
(20 × 3) = 0.00083 for multiple testing (analysis of 20 cytokines in
3 conditions). A trend of correlation between the number of G al-
leles of rs874040 and IL-17A expression in Jagged2-Fc-treated
cellswas observed, but this correlation did notmeet the Bonferroni
threshold (Table 4).

Memory T cells from RA patients are susceptible to Notch
stimulation

Given that the RA rs874040CC risk allele influences the Notch
pathway inmemory T cells,we sought to analyzeNotch signaling
in the adaptive immune system of RA patients. Subjects with

osteoarthritis, a non-inflammatory musculoskeletal condition
were used as controls andwere recruited in parallel and screened
for the absence of inflammatory diseases. Memory CD4+ T cells
were isolated from PBMCs of RA and age- and sex-matched con-
trol subjects and analysis was carried out in a blinded manner.
We first measured RBPJ mRNA levels in the RA and control sub-
jects (n = 20/group). Using Taqman qPCR for total RBPJ, we found
significantly higher expression of RBPJ in memory T cells from
RA patients compared with controls (P = 0.02) (Fig. 5A). To ana-
lyze the influence of elevated RBPJ expression on memory T-
cell phenotypes in RA patients, we measured cytokine secretion
in response to Notch signaling activation. Thus, cells from these
two groups were activated with anti-CD3/CD28 in the presence
of DLL4-Fc, Jagged2-Fc or control IgG for 7 days. Using a Luminex
assay, we measured cytokine release of IL-9, IL-17A and IFNγ.
Comparing memory T cells from RA patients to their counter-
parts isolated from control subjects, we found a ligand-specific
T-cell differentiation such that Jagged2-Fc skewed the cells
from RA patients toward IL-9 and IL-17A production (Fig. 5B
and C) whereas DLL4-Fc induced IL-17A and IFNγ (Fig. 5C and
D). These findings suggest that Notch signaling may be involved
in the enhancement of inflammatory cytokine production in RA
patients. To investigate possible disease confounding, we ana-
lyzed RBPJ mRNA expression by subdividing the RA patients
that are all seropositive for either RF or anti-CCP+ into different
groups based on diseasemanifestation andmedication. RBPJ ex-
pression in RA patients does not segregate with any particular
clinical characteristic including disease activity, biological treat-
ment (anti-TNF and Rituximab) or age (Supplementary Material,
Fig. S2).

Figure 3. The risk allele rs874040C is associated with repressed inflammatory genes in memory CD4+CD45RO+ T cells of healthy genotyped subjects. CD4+CD45RO+

memory T cells were isolated from peripheral blood of healthy subjects bearing risk (CC), protective (GG) or heterozygous for the rs874040 allele. Cells were stimulated

with anti-CD3/CD28 and the expression of (A) Il9, Il17a and Ifng as well as (B) Irf4, Rorc and Stat1wasmeasured at the gene level by the Fluidigm BioMark technology. Data

are shown at 3 h after stimulation. Groups were compared by one-way ANOVA test. Each dot represents an individual (n = 12–15/group).

Table 3. Spearman rank correlations of gene expression and the
number of G alleles of rs874040

Gene ρ P-values

IL-9 0.494 0.00076
IFNγ 0.362 0.0159
IL-17A 0.355 0.0179

Bonferroni threshold of 0.05/84 = 0.000595 adjusting for multiple hypothesis.
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Discussion
Many autoimmune diseases, including RA, are driven by self-
reactive Th cells. Until recently, organ-specific autoimmune
diseases were primarily associated with Th1 cells. However, the
discovery of a number of new effector T-cell subsets, such as
Th17, Th9 and regulatory T cells (Treg), such as CD4+FoxP3+

Tregs, have changed the way we view and understand auto-
immunity at both the cellular and molecular levels (33). In the
present study, we demonstrated that memory CD4+ T cells carry-
ing the RA-associated rs874040 polymorphism in the RBPJ gene
region, that is in high LD (r2 = 0.97; D′ = 0.99) with a SNPassociated
with risk of type 1 diabetes (T1D, rs10517086), exhibit an altered
phenotype through the activation of Notch signaling. We found
that rs932036 that is in high LD with the reference rs874040 SNP
overlaps with the enhancer boundaries upstream of the RBPJ

Figure 4. Notch stimulation enhanced inflammatory molecules in the rs874040CC memory T cells of healthy subjects. Memory CD4+CD45RO+ T cells were isolated from

peripheral blood of healthy subjects bearing risk (CC), protective (GG) or heterozygous for the rs874040 allele and cellswere stimulated for 7 dayswith anti-CD3/CD28 in the

presence of immobilized Delta-like 4 (DLL4-Fc), Jagged2-Fc or control IgG fusion proteins. IL-9, IL-17A and IFNγ production in the culture supernatants was measured by

Luminex bead-based assays. Statistical analyses of log10-transformed values were performed by Spearman rank correlations. Each dot represents an individual (n = 8/

group).

Table 4. Spearman rank correlations of gene expression and the
number of G alleles of rs874040

Gene condition combo ρ P-values

IFNγ IFNγ_IgG −0.258 0.223
IFNγ_Jagged2-Fc −0.326 0.121
IFNγ_DLL4-Fc −0.714 0.0000904a

IL-9 IL9_IgG −0.157 0.463
IL9_Jagged2-Fc −0.763 0.0000146a

IL9_DLL4-Fc −0.373 0.0724
IL-17A IL17A_IgG −0.168 0.431

IL17A_Jagged2-Fc −0.567 0.00386
IL17A_DLL4-Fc −0.433 0.0347

aBelow Bonferroni threshold of 0.05/60 = 0.00083 adjusting for multiple

hypothesis.
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promoter in memory, but not naive T cells suggesting that
rs932036 may be involved in the regulation of the memory T-
cell phenotype. Interestingly, memory T cells from healthy

individuals bearing the rs874040CC risk variant produced more
IL-9/IL-17A or IFNγ in response to Jagged2 and DLL4 ligation, re-
spectively (Fig. 6). We also found that peripheral memory T

Figure 5. Elevated RBPJ expression andNotch signaling inmemoryT cells of RApatients.MemoryCD4+CD45RO+ T cellswere isolated from frozen PBMCsof RApatients and

control subjects affected with a non-inflammatory musculoskeletal condition. (A) RBPJ mRNAwas measured by Taqman PCR 3 h following memory T cells stimulation

with anti-CD3/CD28 (n = 20/group). (B) Cells were stimulated for 7 days with anti-CD3/CD28 in the presence of immobilized DLL4-Fc, Jagged2-Fc or control IgG. Culture

supernatants were collected and the expression of IL-9, IL-17A and IFNγ was measured by Luminex bead-based assays. Statistical analyses of log10-transformed

values were performed by the Student t-test. Each dot represents an individual (n = 8–10/group).
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cells from RA patients expressed elevated levels of RBPJ, com-
pared with control subjects with a non-inflammatory musculo-
skeletal condition, leading to the production of inflammatory
cytokines upon Notch ligation.

Epigenetics and memory T cells in RA

The etiological paradigmof RA is that an environmental trigger in
a genetically predisposed individual can induce autoimmune re-
sponses (34). Although genetic factors play a major role, the low
concordance rate (∼12%) observed in RA between monozygotic
twins suggests that epigenetic factors are important in the
development and progression of RA. This is supported by
chromatin-state annotation studies that have emerged as a
powerful approach for discovering regulatory regions and their
cell type-specific activity patterns. For instance, it has been
shown recently that Treg suppressive function in RA patients is
defective and thatmethotrexate treatment restores Treg function
through demethylation of the Foxp3 upstream enhancer in pa-
tients with RA (35). Another example of how small epigenetic
changes can impact the adaptive immune system is reflected
by the methylation of a single CpG site in the promoter of cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4) in Tregs of
RA patients that resulted in impaired binding of the transcription
factor nuclear factor of activated T cells 2 leading to decreased

expression levels of CTLA-4 and reduced Treg suppressive func-
tion in RA patients compared with healthy controls (36). In our
present study, analysis of the chromatin state in naïve andmem-
ory T cells revealed the presence of transcriptional enhancers
predominantly in the rs874040 LD block in memory T cells. Spe-
cifically, we identified rs932036 that is in high LD with the refer-
ence SNP rs874040 overlapswith both enhancer boundaries anda
potential binding site for the transcription factor ELK1 that is an
early response transcription activator and is involved in the in-
duction of the early growth response signaling in T cells (29–
31). It should be noted that higher RBPJ expression in memory T
cells carrying the rs874040 risk allele was detected following a
brief TCR crosslinking (3 h), suggesting the involvement of a tran-
scription factor downstream of TCR signaling. These findings
suggest that the rs932036 risk variant may be involved in the dif-
ferential RBPJ transcription in memory versus naïve CD4+ T cells.

Several studies have investigated tissue-specific patterns in
RA loci. Tissue-specific expression of RA loci genes and overlap
of RA risk SNPs with tissue-specific active regulatory elements
showed that the RA risk loci are enriched for genes specifically
expressed in CD4+ T cells, CD4+ memory T cells and regulatory
T cells (37). It is intriguing that auto-reactive T cells in RA patients
that are found in the synovial joint tissue are predominantly
memory CD4+ cells (38). Memory CD4+ T cells have several advan-
tages over their naïve and effector counterparts particularly their
survival advantage (39). It is intriguing that a recent report
showed that RBPJ is required formurinememory CD4+ T-cell sur-
vival (40). This finding is in agreement with our observation re-
vealing higher counts of recovered memory T cells from
healthy subjects bearing the rs874040 risk allele (data not
shown). These data suggest that elevated RBPJ levels associated
with the RA risk may contribute to enhanced pathogenic mem-
ory T cells in RA patients.

Role of Notch pathway in autoimmunity, ligand
expression in RA synovium

Notch receptors and ligands are expressed on both innate and
adaptive immune cells and their expression is inducible in re-
sponse to specific inflammatory signals. Notch receptors are ex-
pressed on naïve CD4+ T cells but they are up-regulated on
memory CD4+ T cells (40). Dendritic cells displayed distinct ex-
pression profiles of Delta and Jagged when exposed to biological-
ly relevant pathogen preparations associated with a specific Th
phenotype. For instance, expression of DLL4 was increased,
while Jagged2 decreased in dendritic cells stimulated with Th1-
promoting bacterium Propionibacterium acnes (41). It should be
mentioned that P. acnes has been isolated from involved joints
in rare cases of RA and chronic juvenile arthritis, presumably as
a result of bacterial inoculation, usually during infiltration (42).
Other reports showed that expression of DLL4 is elevated on den-
dritic cells after respiratory syncytial virus (43). In our study, we
show that Jagged2 and DLL4 promote distinct memory T-cell
phenotypes associatedwith the rs874040 risk allele as Jagged2 in-
duces IL-9/IL-17A expression while DLL4 promotes IFNγ produc-
tion. The functional involvement of Notch signaling in the
pathophysiology of RA has been demonstrated previously using
cultured synoviocytes. It has been shown that the expression of
Notch 1, Notch 4 and Jagged2 are up-regulated in the RA syno-
viumbased on a comparative studyof cultured synoviocytes trea-
ted with TNFα (44). Nakazawa et al. also demonstrated that
inhibition of endogenous Notch 1 expression led to the suppres-
sion of TNFα-induced synovial proliferation. In addition, a γ-
secretase inhibitor that blocks proteolysis of adjacentmembrane

Figure 6. The summary of the involvement of rs874040 and RBPJ in the regulation

of memory CD4+ T-cell phenotype. The rs874040 lays over an enhancer region

upstream of the TSS of RBPJ, a transcriptional repressor that is involved in the

differentiation of T cells. We detected a higher expression of RBPJ in memory,

but not in naive T cells exposed to TCR signaling (1). Induction of canonical

Notch signaling in memory CD4+ T cells carrying the reference rs874040 risk

allele (2) using two soluble forms of Notch ligands, Jagged2 (3) or DLL4 (4),

differentiated memory T cells into IL-9/IL-17A or IFNγ producers, respectively.
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portions, also suppressed TNFα-induced synovial proliferation
(45). Although the functional difference between Notch 1 to
Notch 4 remains obscure, these results indicate that Notch sig-
naling plays a variety of roles in the pathophysiology of RA.

Role of cytokines in RA

Cytokines are attractive therapeutic targets in autoimmune arth-
ritis. Despite the broad spectrum of anti-rheumatic drugs includ-
ing anti-TNF inhibitors, RA is still not well controlled in up to 30%
of patients (46). Th17 cells have been implicated in the pathogen-
esis of most common autoimmune diseases, including RA, psor-
iasis, inflammatory bowel disease and multiple sclerosis.
Although anti-IL-17A antibodies show marked clinical efficacy
in psoriasis, targeting IL-17A alone is not sufficient to improve
clinical end-points in other autoimmune conditions, namely
RA. Given that Th17 cells express IL-17A together with many
other inflammatory cytokines (IL-9, IL-17F, IL-22 and IFNγ) (47–
49) and IFNγ (50–52), targeting the Th17-cell lineage may be su-
perior to blocking a single effector cytokine. In our present
study, we showed that the CC genotype at the RBPJ risk locus in-
creases the susceptibility ofmemory T cells to co-produce IL-9/IL-
17A or IFNγ upon stimulation with Jagged2 or DLL4, respectively.

The involvement of IL-17A in autoimmune arthritis is well
documented. IL-17A induces migration of neutrophils to inflam-
matory joints and acts on a broad range of cell types to produce
inflammatory cytokines, including IL-1β, TNFα and IL-6 (53).
IL-17A also helps B cells to produce antibodies (54) and IL-17A de-
letion ameliorates disease symptoms in a mouse model of auto-
immune arthritis (55). In addition, a polymorphism in CCR6,
which is predominantly expressed in human Th17 cells, is asso-
ciated with RA susceptibility (7).

To date, no direct link between IL-9 and autoimmune arthritis
has been demonstrated, although a number of studies pointed to
a possible involvement of IL-9 in disease regulation. First, Khan
et al. (56) reported that in the plasma of RA patients who received
rituximab therapy, an anti-CD20 depleting antibody, IL-9was ele-
vated in patients who responded to therapy. Secondly, a genetic
study identified polymorphisms in the IL-9R loci that have been
linked to genetic susceptibility of RA and allergic diseases (57).
Thirdly, in a prospective cohort of first-degree relatives of RA pro-
bands, a populationwithout RA but at increased risk for its future
development, IL-6 and IL-9 were associated with both rheuma-
toid factor and a high-risk autoantibody profile (58). IL-9 is a
pleiotropic cytokine that exerts autocrine andparacrine activities
thus playing a critical role in the development and regulation of
autoimmune and allergic diseases (47,59). The IL-9 receptor
(IL-9R) is expressed on many hematopoietic cells including
T (60,61) and B cells (62). In human CD4+ Th cells, blocking IL-9
with neutralizing antibody strongly inhibited subsequent up-
regulation of IL-9, IFNγ and IL-17 in skin Th cells (63). In line
with these findings, our group and others have demonstrated
that anti-IL-9 suppresses Th17-cell development in the animal
model of multiple sclerosis (21,48,64). Another study showed
that the addition of recombinant IL-9 to memory B cells potenti-
ates IL-4-mediated antibody production (62), a promising cell tar-
get for RA (65). These reports suggest that IL-9 exerts autocrine
and paracrine activities and that rs874040 risk-mediated in-
creased IL-9 production may contribute to the disease activation
by enhancing T- and B-cell activation inflammatory responses.

IFNγ had been originally identified as a Th1 cytokine but re-
cent reports in mice and humans showed that IFNγ is a key com-
ponent of pathogenic Th17 cells and is required for the
pathogenicity of these cells as revealed by increasing recognition

of IL-17/IFNγ double-positive Th cells in several human auto-
immune diseases including arthritis (66). Recent studies showed
that Th1 cells are more frequently observed than Th17 cells and
self-antigen-specific Th1 cells are detected in RA synovial fluid.
As for the function, Th1-derived IFNγ may play a role in inflam-
matory responses. However, Th1 cells exert anti-osteoclasto-
genic effects via IFNγ and IFNγ receptor-deficient mice exhibit
more severe symptoms in autoimmune arthritis (67), suggesting
that Th1 cells may not suppress the bone destruction phase in
arthritic mice (68). However, the role of Th1 cells in RA pathogen-
esis is still to be determined.

Small molecule inhibitors targeting the Janus kinase (JAK)
pathway are a promising new treatment strategy for RA. JAK sig-
naling regulates numerous cytokines and growth factors. Inmur-
ine T cells, JAK inhibition suppresses IL-17A production (69). We
have recently showed that of JAK3/STAT5 signaling regulates Il9
promoter transcription and genetic and pharmacological inhib-
ition of JAK/STAT suppresses IL-9 expression (70). Notch maybe
a promising therapeutic target in RA. Indeed, Notch signaling
was found to be activated in CD4+ T cells and synovial tissue
from collagen-induced arthritis mice and administration of the
γ-secretase inhibitor, DAPT, that blocks Notch activation sub-
stantially reduced the severity of arthritic symptoms and joint
damage in collagen-induced arthritis mice via suppression of
Th1 and Th17 immune responses (22,71).

Conclusion
The present study implicates an RA-associated polymorphism
in the development of a specific inflammatory phenotype of
memory T cells under the control of Notch signaling. This find-
ing elucidates a novel target pathway for potential drug devel-
opment identified through genetic studies followed by deep
immunophenotyping.

Materials and Methods
The Brigham & Women’s Hospital PhenoGenetic project

Peripheral venous blood was obtained from healthy control vo-
lunteers in compliance with protocols approved by the Institu-
tional Review Board of Partners Healthcare. The PhenoGenetic
Project is a living tissue bank that consists of healthy subjects
that are re-contactable based on their genotype. 1741 healthy
subjects more than 18 years old have been recruited from the
general population of Boston, MA, USA. They are free of chronic
inflammatory, infectious and metabolic diseases. Their median
age is 24, and 62.7% of subjects are women. Subjects from the
Brigham & Women’s Hospital (BWH) PhenoGenetic Project were
genotyped using DNA isolated from whole blood and the
iPLEX™ Sequenom MassARRAY platform (genotype call rate >
95%, Hardy–Weinberg equilibrium P > 0.001).

Genotyping and imputation

Each subject was genotyped using the Illumina Infinium Human
OmniExpress Exome BeadChips, which includes genome-wide
genotype data as well as genotypes for rare variants from
12 000 exomes as well as common coding variants from the
whole genome. The LD scores were calculated using data from
the CEU (population originating from Northwestern Europe)
population of the 1000 Genomes Project. The recombination
rate was estimated from HapMap samples. In total, 951 117
SNPs were genotyped, of which 704 808 SNPs are common
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variants [minor allele frequency (72) >0.01] and 246 229 SNPs are
exomic variants. The genotype success rate was ≥97%. We ap-
plied rigorous subject and SNP quality control that includes (i)
gendermisidentification (ii) subject relatedness (iii) Hardy–Wein-
berg equilibrium testing (iv) use concordance to infer SNP quality
(v) genotype call-rate (vi) heterozygosity outlier (vii) subject mis-
matches. In the European population, we excluded 1987 SNPs
with a call rate of <95%, 459 SNPs with Hardy–Weinberg equilib-
rium P < 10−6, and 63 781 SNPs with MAF < 1% from the 704 808
common SNPs (a total of 66 461 SNPs excluded).

RA studies

RA patients were recruited from the Brigham andWomen’s Hos-
pital Arthritis Center. All RA patientsmet the 2010 American Col-
lege of Rheumatology—European League Against Rheumatism
classification criteria for RA and had either a positive rheumatoid
factor or anti-cyclic citrullinated peptide antibody test. Disease
activity varied from high disease activity to remission, and the
average serum C-reactive protein level was 8.3 mg/l (range, 0.3–
50.8). DMARD therapy in this cohort included methotrexate (1),
anti-TNF therapy (7), rituximab (4), tocilizumab (2), azathioprine
(1), sulfasalazine (1), hydroxychloroquine (3) or none (4). Control
patients presenting to the Arthritis Center for treatment of a non-
inflammatorymusculoskeletal conditionwere recruited in paral-
lel and screened for the absence of inflammatory diseases before
inclusion.

Memory cell isolation and treatment

PBMCs were separated by Ficoll-Paque PLUS (GE Healthcare, Pis-
cataway,NJ, USA) gradient centrifugation. PBMCswere frozen at a
concentration of 1–3 × 10^7 cells/ml in 10% DMSO (Sigma-
Aldrich, St Louis, MO, USA)/90% FBS (Atlanta Biologicals, Lawren-
ceville, GA, USA). After thawing, PBMCswerewashed in 10 ml PBS
(Lonza). Untouched T-cell populations were isolated by negative
selection using magnetic bead separation of human naïve CD4+

CD45RO−CD45RA+ and memory CD4+CD45RA−CD45RO+ T cells
(Miltenyi Biotech, Inc., Auburn, CA, USA) with MACS LS Columns
on a MACS Separator magnet (Miltenyi Biotech, Inc.). Isolated
cells were quantified on a Nexcelom Bioscience Cellometer®
cell counter using Cellometer ViaStain AOPI dual-fluorescence
dye. T cells were plated equally at 20 000–50 000 cells per well on
96-well round bottom polystyrene culture plates (Costar). Recom-
binant human Jagged2-Fc, DLL4-Fc and control IgG were pur-
chased from R&D Systems. Naïve and memory CD4+ T cells
were incubated at 37°C (5% CO2) for 0 h, 3 h or 7 days in RPMI
1640 Medium (Gibco) with plate-bound Jagged2-Fc, DLL4-Fc or
IgG (2 µg/ml) in the presence of immobilized anti-CD3 [OKT3
(trade name Orthoclone)]/soluble CD28 (1 µg/ml) (Biolegend)
and soluble IL-2 (20 U/ml).

High throughput qPCR (Fluidigm Biomark)

A comprehensive analysis of gene expression in memory CD4+

T cells was performed using Fluidigm’s Biomark high throughput
qPCR chip. This system utilizes microfluidic technology to per-
form high throughput gene expression measurements with
real-time PCR. We examined the expression of 84 genes in T cells
from 46 healthy individuals. These genes were selected based on
previously described function of Notch signaling in T cells. Add-
itional genes involved in T-cell function were included in the
panel as an exploratory mechanism. Memory T cells were plated
at a density of 1 × 105 cells per well in a 96-well plate and were

activated with anti-CD3/CD28 for 3 h. RNA was extracted from
each sample using an Absolutely RNA 96 Microprep Kit (Agilent)
and equalized to 1 ng/ul followed by conversion to cDNA. Individ-
ual samples and gene expression assays were pipetted into the
microfluidic chip and mixed. Thermal cycling was performed,
the chip was imaged at the end of each cycle and analysis soft-
ware generated PCR curves for each of the wells. Data were ana-
lyzed using the ΔΔCT method and expression was normalized to
GAPDH.

Luminex assay

For themeasurement of cytokines in cultures, cellswere grown in
serum-free X-vivo media and supernatants were collected on
Day 7 after Notch ligation and the secreted cytokines were deter-
mined by thefluorescent bead-based Luminex technology (Lumi-
nex, Austin, TX, USA) for the indicated cytokines, in accordance
with the manufacturers’ instructions. These cytokines are: GM-
CSF, IFNγ, IL-1b, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-12p70, IL-15,
IL-17A, IL-17F, IL-22, IL-23, IL-27, IL-28A, IL-31, IL-33 and CCL20.

RNA interference

To knockdown the expression of RBPJ, CD4+ T cells were purified
usingMACS beads and nucleoporatedwith small interfering RNA
(siRNA) specific for human RBPJ (Santa Cruz Biotechnology).
Scrambled siRNA was used as control. Cells were transfected
using an Amaxa nucleoporator system. Briefly, 5–10 × 106 CD4+

T cells were resuspended in 100 μl Nucleofector solution and
transfected with 100 n siRNA using Amaxa Nucleofector
(Lonza, Basel, Switzerland). After transfection, the cells were in-
cubated for 4 h at 37°C, mediumwas changed followed by activa-
tion with anti-CD3/CD28 (1 µg/ml each) for 24 h. The efficiency of
the knockdown was verified by Taqman PCR. For this, RNA was
purified using Stratagene RNA kit and transferred directly into
the RT reagent using the Applied Biosystems Taqman reverse
transcriptase reagents. Samples were subjected to real-time
PCR analysis on PRISM 7000 Sequencer Detection System (Ap-
plied Biosystems, Foster City, CA, USA) under standard condi-
tions. Genes analyzed were detected using commercially
available assays (Applied Biosystems). Relative mRNA abun-
dance was normalized against GAPDH.

Taqman PCR

RNAwas isolated using the Stratagene kit (Agilent Technologies,
Palo Alto, CA, USA) and converted to cDNAvia reverse transcript-
ase by random hexamers and Multiscribe RT (TaqMan Gold RT-
PCR kit, Applied Biosystems, Foster City, CA, USA). The primers
used for this study were purchased from Applied Biosystems.
The values are represented as the difference in Ct values normal-
ized to β2-microglobulin for each sample as per the following
formula: relative RNA expression = (2–dCt) × 103.

Statistical analysis

Statistical analysis was performed using Prism, version 5.0 and R
version 3.2.1. Results in Table 1 were produced using Spearman
rank correlations with G as the reference allele. P-values in
Figure 2B and C were produced by applying one-way analysis of
variance (ANOVA). Data in Figures 2D and E were analyzed
using unpaired t-tests. Prior to analysis of the Fluidigm cytokine
expression data in Figure 3, we created residual cytokine expres-
sion adjusting for ethnicity with linear regression in the subjects
of European (n = 34) and African descent (n = 10). These residuals
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were then analyzed using Spearman rank correlations with G as
the reference allele. In Figure 3, where we examine the three pri-
mary cytokines of interest, we used a Bonferroni threshold of
0.05/3 = 0.0167 to determine a statistical significance adjusting
for multiple testing. Spearman correlations were also used to
analyze data in Figure 4, wherewe applied a Bonferroni threshold
of 0.05/9 = 0.0056 to determine the significance adjusting formul-
tiple testing. All subjects plotted in Figure 4were of Europeandes-
cent. Results in Figure 5 were produced using unpaired t-tests.

Supplementary Material
Supplementary Material is available at HMG online.
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