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CD141+ DC are implicated in antiviral and antitumor immunity. However, mechanistic
studies in autoimmune disease are limited. This is the first study to our knowledge
examining CD141+ DC in autoimmune disease, specifically inflammatory arthritis (IA). We
identified significant enrichment of CD141+ DC in the inflamed synovial joint, which were
transcriptionally distinct from IA and healthy control (HC) blood CD141+ DC and
significantly more activated, and they exhibited increased responsiveness to TLR3.
Synovial CD141+ DC represent a bone fide CD141+ DC population that is distinct from
CD1c+ DC. Synovial CD141+ DC induced higher levels of CD4+ and CD8+ T cell activation
compared with their peripheral blood counterparts, as made evident by expression of IFN-g,
TNF-a, and granulocyte-macrophage CSF (GMCSF). Autologous synovial CD141+ DC
cocultures also induce higher levels of these cytokines, further highlighting their contribution
to synovial inflammation. Synovial CD141+ DC–T cell interactions had the ability to further
activate synovial fibroblasts, inducing adhesive and invasive pathogenic mechanisms.
Furthermore, we identify a mechanism in which synovial CD141+ DC are activated, via
ligation of the hypoxia-inducible immune-amplification receptor TREM-1, which increased
synovial CD141+ DC activation, migratory capacity, and proinflammatory cytokines. Thus,
synovial CD141+ DC display unique mechanistic and transcriptomic signatures, which are
distinguishable from blood CD141+ DC and can contribute to synovial joint inflammation.

Research Article Immunology

Find the latest version:

http://jci.me/95228/pdf

http://insight.jci.org
http://insight.jci.org/3/23?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/jci.insight.95228
http://insight.jci.org/tags/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://insight.jci.org/tags/25?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://jci.me/95228/pdf
http://jci.me/95228/pdf?utm_content=qrcode


1insight.jci.org      https://doi.org/10.1172/jci.insight.95228

R E S E A R C H  A R T I C L E

Conflict of interest: The authors have 
declared that no conflict of interest 
exists.

License: Copyright 2018, American 
Society for Clinical Investigation.

Submitted: May 26, 2017 
Accepted: October 29, 2018 
Published: December 6, 2018

Reference information: 
JCI Insight. 2018;3(23):e95228. 
https://doi.org/10.1172/jci.
insight.95228.

Enriched Cd141+ DCs in the joint are 
transcriptionally distinct, activated,  
and contribute to joint pathogenesis
Mary Canavan,1 Alice M. Walsh,2 Vipul Bhargava,3 Sarah M. Wade,1 Trudy McGarry,1  
Viviana Marzaioli,1 Barry Moran,4 Monika Biniecka,5 Hannah Convery,5 Siobhan Wade,1 Carl Orr,5 
Ronan Mullan,6 Jean M. Fletcher,7 Sunil Nagpal,2 Douglas J. Veale,5 and Ursula Fearon1

1Molecular Rheumatology, School of Medicine, Trinity College Dublin, Ireland. 2Immunology and 3Discovery Sciences, 

Janssen Research & Development, Spring House, Pennsylvania, USA. 4School of Biochemistry and Immunology, Trinity 

College Dublin, Ireland. 5Centre for Arthritis & Rheumatic Diseases, St. Vincent’s University Hospital, University College 

Dublin, Ireland. 6Department of Rheumatology, Adelaide and Meath Hospital, Dublin, Ireland. 7Translational Immunology, 

Schools of Biochemistry and Immunology and Medicine, Trinity College Dublin, Ireland.

Introduction
DC are central players in the control of innate and adaptive immune responses. Due to their rarity, difficulty in 
isolating, and lack of definitive markers, our understanding of human DC biology, especially in disease, is lim-
ited. Studies to date have identified 2 distinct populations of human peripheral blood (PB) DC — myeloid DC 
(mDC) and plasmacytoid DC (pDC). pDC are involved in antiviral immunity and produce large amounts of  
type I IFNs, whereas mDC have potent antigen presenting abilities and are strong inducers of CD4+ and CD8+ 
T cell responses. Myeloid or conventional DC can be further subdivided into the CD1c+ DC and the more new-
ly described CD141+ (BDCA-3+) DC. The functional properties of CD141+ DC and their functional homology 
to mouse CD8+ DC were described in 2010 (1–3). As a consequence of these studies, our understanding of PB 
CD141+ DC has vastly improved. CD141+ DC are superior at cross-presentation of exogenous antigen, in addi-
tion to necrotic or dead cell antigens, and produce high levels of type III IFNs and have the capacity to produce 
type I IFNs and IL-12p70 (1–4). They have high expression of TLR3, Clec9A, and the chemokine receptor 
XCR-1 (1, 2). CD141+ DC represent an extremely rare subset of PB DC comprising approximately 0.03% of  
PB mononuclear cell (PBMC). The majority of studies to date on human CD141+ DC have been performed in 
PB; however, these specialized DC have also been identified in tonsil, BM, spleen, liver, lung, and skin (3, 5–8).

Inflammatory arthritis (IA) — which includes rheumatoid arthritis (RA) and psoriatic arthritis (PsA) 
— is a chronic autoimmune disease that principally affects the joints. Synovial fibroblast proliferation, 

CD141+ DC are implicated in antiviral and antitumor immunity. However, mechanistic studies in 
autoimmune disease are limited. This is the first study to our knowledge examining CD141+ DC in 
autoimmune disease, specifically inflammatory arthritis (IA). We identified significant enrichment 
of CD141+ DC in the inflamed synovial joint, which were transcriptionally distinct from IA and 
healthy control (HC) blood CD141+ DC and significantly more activated, and they exhibited increased 
responsiveness to TLR3. Synovial CD141+ DC represent a bone fide CD141+ DC population that is 
distinct from CD1c+ DC. Synovial CD141+ DC induced higher levels of CD4+ and CD8+ T cell activation 
compared with their peripheral blood counterparts, as made evident by expression of IFN-γ, 
TNF-α, and granulocyte-macrophage CSF (GMCSF). Autologous synovial CD141+ DC cocultures 
also induce higher levels of these cytokines, further highlighting their contribution to synovial 
inflammation. Synovial CD141+ DC–T cell interactions had the ability to further activate synovial 
fibroblasts, inducing adhesive and invasive pathogenic mechanisms. Furthermore, we identify 
a mechanism in which synovial CD141+ DC are activated, via ligation of the hypoxia-inducible 
immune-amplification receptor TREM-1, which increased synovial CD141+ DC activation, migratory 
capacity, and proinflammatory cytokines. Thus, synovial CD141+ DC display unique mechanistic and 
transcriptomic signatures, which are distinguishable from blood CD141+ DC and can contribute to 
synovial joint inflammation.
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increased angiogenesis, and leucocyte infiltration transforms the synovial membrane into an aggressive 
tumor-like pannus. Subsequently, this facilitates the invasion of  synovial fibroblasts into adjacent cartilage 
and bone, resulting in joint destruction and functional disability. While previous studies have identified a 
potential role for DC in the pathogenesis of  IA (9–11), CD141+ DC have not been described in IA, to date, 
or in the context of  any of  the rheumatic diseases. Indeed, due to their rarity, limited studies exist on the 
functional role of  CD141+ DC in autoimmunity. Therefore, the aim of  this study was to explore the role of  
CD141+ DC in the pathogenesis of  IA, using both functional and transcriptomic analysis, with a specific 
focus on the function of  CD141+ DC isolated from the site of  inflammation (inflamed synovial joint), 
compared with PB CD141+ DC. RNA sequencing (RNA-seq) analysis allowed us to examine the diversity 
of  joint CD141+ DC compared with their blood counterparts, and this — along with a computational sys-
tem biology approach — led to identification of  key signaling pathways distinct to synovial DC that may 
provide insight into new therapeutic strategies. In addition, due to the central role that synovial fibroblasts 
play in tissue destruction and disease progression, we examined the effect of  CD141+ DC on synovial fibro-
blast invasive mechanisms. Furthermore, we identified a mechanism of  action by which synovial CD141+ 
DC are activated, via ligation of  the hypoxia-inducible immune-amplification receptor triggering receptor 
expressed on myeloid cells-1 (TREM-1).

Results
DC are enriched at the site of  inflammation, where they reside in a semimature state. The phenotype and frequency of  
both mDC and pDC was assessed in PB of  IA patients and healthy control (HC). DC were identified as Lin–

HLA-DR+ and further characterized into CD11c+ HLA-DR+ mDC or CD123+ HLA-DR+ pDC. We identified 
a significant decrease in the percentage of  circulating mDC in IA patients compared with HC (P < 0.05) with 
no change in the frequency of  pDC (Figure 1A). With further examination of  the mDC subset, we observed 
a significant decrease in the percentage (Figure 1B; P < 0.05) and absolute number (Supplemental Figure 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.95228DS1) of  
circulating CD141+ DC in IA patients compared with HC but no significant change in circulating CD1c+ DC 
between the 2 groups. IA mDC showed similar cell surface expression of  the DC maturation marker CD40 to 
that of  HC (Figure 1C). We hypothesized that decreased circulating levels of  mDC in IA could be attributed 
to increased synovial infiltration. We therefore examined infiltrating DC within IA synovial tissue (ST) com-
pared with circulating DC in patient-matched PB. Analysis demonstrated that in IA ST, CD45+HLA-DR+C-
D11c+ antigen presenting cells (APC) were significantly enriched compared with APC residing in the PB 
(P < 0.05) (Figure 1D). These cells displayed a more mature phenotype with significantly higher levels of  
CD80 and CD40 compared with DC within the PB (Figure 1E; P < 0.01 and P < 0.05, respectively). Further-
more, the percentage of  DC within IA synovial fluid (SF) compared with PB was examined (representative 
plot, Figure 1F), and a significant enrichment in CD11c+ mDC was demonstrated in SF mononuclear cells 
(SFMC) compared with matched PBMC (Figure 1G; P < 0.05). Synovial mDC have increased expression of  
the costimulatory marker CD40 (Figure 1H; P < 0.05), further highlighting the site-specific differences in DC 
activation markers. These data suggest that DC are enriched at the site of  inflammation, where they reside in 
a more mature state than PB DC.

CD141+ DC are enriched in inflamed synovium and are distinct from PB DC. Our data suggest that DC within the 
inflamed joint are more activated than their PB counterparts. Immunohistochemical analysis of DC subsets 
in ST revealed a significant increase in both CD141+ (P < 0.01) and Clec9A+ (P < 0.01) cells in RA synovi-
um compared with osteoarthritis (OA) (Supplemental Figure 2, A and B). OA is a noninflammatory form of  
arthritis, which is not characterized by synovial immune infiltration. In contrast to this, PsA/RA are charac-
terized by extensive synovial inflammation and immune cell infiltration; consequently, OA tissue in this regard 
acts as a noninflammatory disease comparator. Subsequent immunofluorescence staining of RA ST demon-
strated colocalization of CD141 and Clec9A staining (Supplemental Figure 2C and Supplemental Figure 3). 
CD141 lining layer (LL) and Clec9A sublining layer (SL) expression significantly correlated with macroscopic 
synovitis (r = 0.5991 and P = 0.0396; r = 0.6541 and P = 0.0290, respectively; Supplemental Figure 2E). Repre-
sentative in vivo images of macroscopic synovitis are shown in Supplemental Figure 2D.

Analysis of  IA SF identified a significant enrichment in the CD141+ DC population compared with 
matched PB (P < 0.01, Figure 2A). Previous studies have shown that monocyte-derived DC or CD1c+ DC 
express CD141 in the context of  inflammation. Therefore, we used multicolor flow cytometry and RNA 
analysis to verify that these cells were bona fide CD141+ DC. For flow cytometry experiments, CD141+ DC 
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were characterized as Lin– HLA-DR+ CD11c+ CD1c– CD141+ Clec9A+ and XCR-1+ (Figure 2B). In addi-
tion, the expression of  CD141-related genes were examined in CD141+ DC from IA blood, SF, and HC 
blood in comparison with PB CD1c+ DC (Figure 2C). As expected, the transcript levels of  XCR-1, TLR3, 
CADM, and Clec9A were all upregulated in the CD141+ DC populations, while CD1c and Clec10A were 
decreased in the CD141+ DC populations compared with CD1c+ DC.

To further demonstrate differences in the phenotype and function of  CD141+ DC between the PB and 
the site of  inflammation, RNA-seq analysis was performed. CD141+ DC were sorted from IA SF (n = 6), 

Figure 1. DC are enriched at the site of inflammation, where they reside in a semimature state. (A) Frequency of mDC and pDC in the peripheral blood 
of healthy control (HC) donors (n = 7) and inflammatory arthritis (IA) patients (n = 5). Frequency was calculated as percentage of mDC and pDC in the 
Lin–HLADR+ population. mDC were gated as Lin–HLADR+CD11c+ cells, and pDC were gated as Lin–HLADR+CD123+ cells. (B) The percentage of CD141+ mDC and 
CD1c+ mDC was analyzed in HC and IA patients as a percentage of Lin–HLADR+CD11c+ cells (mDC) (n = 7). mDC were gated as described above, and CD141+ DC 
were gated on CD1c–CD141+Clec9A+ cells. CD1c+ mDC were gated based on the expression of CD1c in the mDC population. (C) The median fluorescence inten-
sity (MFI) of CD40 on mDC and pDC in HC and IA. (D) Identification of DC within the inflamed synovium. Dissociated IA synovial tissue (ST) and matched 
whole blood (WB) (n = 6) were stained with a panel of fluorochrome-conjugated antibodies to identify DC. Cells were gated as CD45+, HLA-DR+, and CD11c+, 
and the MFI of CD80 and CD40 was assessed. Percentage of mDC in ST and WB of IA patients as a percentage of CD45+ cells. (E) Representative histogram 
of CD80 and CD40 expression in WB (shaded area) and ST (clear line) and bar chart representing MFI. (F) Frequency and activation of mDC in synovial 
fluid and matched peripheral blood of IA patients (n = 5). DC were gated as described in A. (G) The percentage of mDC in IA PBMC and IA synovial fluid 
mononuclear cells (SFMC) is presented as a percentage of Lin–HLA-DR+ cells. (H) The MFI of CD40 on mDC is represented in IA PBMC and SFMC. Data were 
analyzed using Mann-Whitney U test. *P < 0.05, **P < 0.01 significantly different from control. Square dots represent RA patients; triangles represent 
PsA patients. IA, inflammatory arthritis; SFMC, synovial fluid mononuclear cells

https://doi.org/10.1172/jci.insight.95228


4insight.jci.org      https://doi.org/10.1172/jci.insight.95228

R E S E A R C H  A R T I C L E

IA PB (n = 7), and HC PB (n = 5). Cells were magnetically sorted using a CD141+ mDC microbead kit, and 
the purity of  sorted cells was assessed using a panel of  CD141 specific antibodies. Cells were confirmed 
as CD11c+HLA-DR+Clec9A+XCR-1+ and negative for CD1c. Fluorescence minus one (FMO) controls 
were used to determine gating boundaries, and given the difficulty in obtaining positive XCR-1 staining, 
an isotype control was also used (Supplemental Figure 4). High-quality mRNA was isolated from these 
CD141+ DC, and RNA-seq was performed. Unsupervised hierarchical clustering and principal component 
analysis (PCA) of  the total gene expression dataset and differentially expressed genes (DEG) demonstrated 
that IA SF CD141+ DC clustered separately from PB IA and HC CD141+ DC (Figure 2, D and E, and 

Figure 2. CD141+ DC are enriched in inflamed synovium and are distinct from blood DC. (A) Percentage of CD141+ DC within the DC population of inflam-
matory arthritis (IA) whole blood (WB) and IA synovial fluid (SF). Square dots represent RA patients; triangles represent PsA patients. (B) Gating strategy 
to identify CD141+ DC. Following elimination of debris, doublets, and dead cells, cells were gated as follows: Lin–HLA-DR+, CD11c+HLA-DR+, CD1c–HLA-DR+, 
CD141+Clec9A+, and CD141+XCR-1+ cells. (C) RNA from sorted CD141+ DC and CD1c+ HC/IA PBMC/SF were sequenced and analyzed for the expression of XCR-1, 
TLR3, CADM, Clec9A, Clec10A, and CD1c using RNA sequencing. (D) PCA was performed on the total datasets of HC PBMC CD141+ DC, IA SF CD141+ DC, and 
IA PBMC CD141+ DC. Data shown are from 4 HC donors, 5 IA SF donors, and 7 IA blood donors. (E) Unsupervised hierarchical clustered heatmap of differen-
tially expressed genes in HC peripheral blood CD141+ DC, IA PBMC CD141+ DC, and IA SF CD141+ DC. **P < 0.01 significantly different from control. WB, whole 
blood; SF, synovial fluid; IA, inflammatory arthritis.
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Supplemental Figure 5, A and B), indicating the presence of  distinct transcriptional variations between all 
3 groups. We next performed a pairwise comparison between 3 cell populations — (a) HC PB CD141+ DC 
vs. IA PB CD141+ DC, (b) HC PB CD141+ DC vs. IA SF CD141+ DC, and (c) IA PB CD141+ DC vs. IA 
SF CD141+ DC— to identify DEG that were disease and/or site specific. Our whole transcriptome-wide 
analysis showed that SF IA CD141+ DC were more closely aligned to HC PB CD141+ DC compared with 
IA PB CD141+ DC (Supplemental Figure 5A). Interestingly, unsupervised hierarchical clustering of  DEG 
demonstrated that all 3 populations cluster separately, showing that HC PB CD141+ DC were transcrip-
tionally distinct from IA PB CD141+ DC, which were transcriptionally distinct from IA SF CD141+ DC, 
suggesting that there are distinct disease- and site-specific CD141+ DC transcripts (Figure 2, D and E).  

Figure 3. Synovial CD141+ DC have enhanced activation and maturation. Clustered heatmaps displaying (A) unsupervised hierarchical clustering of genes 
that were distinct in the IA SF CD141+ DC (n = 5) compared with either HC (n = 4) or IA (n = 7) PBMC CD141+ DC. (B and C) Differentially expressed genes 
(DEGs) involved in immune activation and signaling (B) and cell movement and adhesion (C) in the IA SF CD141+ DC (n = 5) compared with either HC (n = 4) 
or IA (n = 7) PBMC CD141+ DC. (D) Sorted HC PBMC and SF IA CD141+ DC (n = 5) were stimulated overnight with poly (I:C) (PIC) (1 μg/ml), stained for CD80, 
CD86, and CD40 and analyzed by flow cytometry. Dot plots representing mean fluorescent intensity (MFI) of CD80, CD86, and CD40. Square dots represent 
rheumatoid arthritis (RA) patients; triangles represent psoriatic arthritis (PsA) patients. (E) Representative histograms of CD80, CD86, and CD40 in HC 
PBMC and SF IA CD141+ DC. Data were analyzed using the Wilcoxon signed-rank test.*P < 0.05 significantly different from control. SF, synovial fluid; IA, 
inflammatory arthritis.
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In Figure 3A, we performed further analysis to examine if  there were common DEG distinct in joint 
CD141+ DC compared with both the PB HC CD141+ DC and PB IA CD141+ DC. This showed that, 
while there are disease-specific genes, there are also 382 genes in common that are specifically differentially 
expressed at the site of  inflammation compared with HC and IA PB CD141+ DC.

We further identified 382 genes that were transcriptionally distinct in IASF CD141+ DC compared with 
both IA PB CD141+ DC and HC CD141+ DC, demonstrating a distinct transcriptional signature at the site 
of  inflammation (Figure 3A).

To examine signaling pathways dysregulated in diseased site, Ingenuity Pathway Analysis (IPA; www.
qiagen.com/ingenuity) was performed on DEG associated with synovial CD141+ DC and PB CD141+ DC. 
This analysis revealed enrichment in a number of  key regulatory and inflammatory pathways that are over-
represented in IA CD141+ DC compared with PB CD141+ DC (Table 1). Based on results obtained from 
the IPA (Table 1), we examined specific genes associated with these pathways, such as cell signaling (JAK2, 
JAK3, STAT6), immune activation (CD53,CD80), cell adhesion (PLS3, CD84), and cell movement (DOCK7, 
WASF3), and we noted that these genes were all significantly increased in IA SF CD141+ DC compared 
with PB CD141+ DC (Figure 3, B and C). This analysis revealed that CD141+ DC from SF are distinct from 
IA and HC PB CD141+ DC. A level of  transcriptional diversity between HC and IA PB CD141+ DC was 
also observed; however, these were more closely aligned in comparison with IA SFMC CD141+ DC.

Synovial CD141+ DC have enhanced activation and maturation. Functional analysis of  sorted CD141+ DC 
from SF and HC PB demonstrated higher expression of  DC maturation markers CD80, CD86, and CD40 
in synovial CD141+ DC. Additionally, we demonstrated increased expression of  CD80, CD86, and CD40 
and significant induction of  CD86 and CD40 expression in response to TLR3 activation by flow cytometry 
(both P < 0.05, Figure 3, D and E), suggesting that while SF CD141+ DC reside in a more activated state, 
they are capable of  further maturation in the inflamed joint. We also examined the response of  both HC 
and IA PB CD141+ DC to TLR3 stimulation (Supplemental Figure 6). These data revealed that both HC 
and IA PB respond to TLR3 stimulation to a similar degree, suggesting that there is a degree of  similarity 
between both the HC and IA PB CD141+ DC response. However, due to the rarity of  CD141+ DC in IA 
patient PB and the limited amount of  blood that is ethically possible to collect from IA donors, further 
functional downstream analysis directly compared synovial CD141+ DC with HC PB CD141+ DC.

Synovial CD141+ DC induce enhanced CD4+ T cell responses. To evaluate the functional effects of  syno-
vial CD141+ DC on T cell responses, an allogeneic coculture assay was performed using sorted syno-
vial CD141+ DC from joints of  IA patients compared with PB CD141+ DC (n = 4). Synovial CD141+ 
DC induced higher levels of  granulocyte-macrophage colony-stimulating factor (GMCSF) from CD4+ 

Table 1. IPA analysis of enriched pathways in synovial fluid versus peripheral blood CD141+ DC

IPA pathways –log( P value) Ratio
p53 signaling 4.87 0.31
CD40 signaling 4.10 0.32
RANK signaling in osteoclasts 3.40 0.28
UVA-induced MAPK signaling 3.39 0.28
B cell receptor signaling 3.32 0.24
T cell receptor signaling 3.17 0.27
ERK5 signaling 3.05 0.30
TNFR1 signaling 3.04 0.33
IGF-1 signaling 2.96 0.26
AMPK signaling 2.80 0.22
ERK/MAPK signaling 2.78 0.23
Role of macrophages, fibroblasts and 
endothelial cells in rheumatoid arthritis

2.45 0.21

Role of JAK1 and JAK3 in γc cytokine signaling 2.40 0.28
IL-6 signaling 2.27 0.23
PI3K/AKT signaling 2.25 0.24

Ratio column represents ratio of the number of genes from the list that maps to the pathway divided by the total 
number of genes that map to the same pathway. UVA, Ultra-Violet Radiation.
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T cells (p=0.0580) compared with PB CD141+ DC (Figure 4). Moreover, synovial CD141+ DC induce 
significantly higher levels of  the proinflammatory cytokines IFN-γ and TNF-α (Figure 4; P < 0.01 and 
P < 0.05, respectively). Although not statistically significant, synovial CD141+ DC also induced higher 
levels of  GMCSF, IFN-γ, and TNF-α from CD8+ T cells compared with PB CD141+ DC (Supplemen-
tal Figure 7).

Synovial CD141+ DC induce enhanced CD4+ T cell responses in autologous cocultures. Our data suggest that 
synovial CD141+ DC are involved in actively propagating inflammation in the IA joint. To demonstrate 
this, we performed autologous CD141+ DC cocultures with synovial CD3+ T cells to recapitulate the DC–T 
cell interactions that occur in the joint (n = 3). Synovial CD4+ and CD8+ T cells isolated directly from the 
joints exhibit some degree of  proliferation and proinflammatory cytokines. However, when these synovial 
T cells are cocultured with autologous synovial CD141+ DC, there is an increase in T cell proliferation and 
proinflammatory cytokines from CD4+ and CD8+ T cells (Figure 5 and Supplemental Figure 8, respec-
tively). Due to the heterogeneity in these patients, the response levels measured display some degree of  
variation. However, the most reproducible effect between each patient was an increase in CD4+ T cell 
proliferation and the expression of  IFN-γ from CD4+ T cells (Figure 5). However, some patients (n = 2) 
showed variable degrees of  increase in TNF-α and IL-17a when synovial T cells were cocultured with syno-
vial CD141+ DC compared with T cells alone.

CD141+ DC–T cell interaction can enhance synovial fibroblast activation. The inflamed synovium consists 
of  a complex interplay between infiltrating leucocytes, resident macrophages, and stromal cells such 
as synovial fibroblasts. Therefore, we next examined the effects of  CD141+ DC and T cell cocultures 
on synovial fibroblast function — the key invasive cell in the joint. Synovial fibroblasts were cultured 
with supernatants from the CD141+ DC coculture reaction, termed conditioned media, and fibroblast 
activation was assessed. Conditioned media from CD141+ DC–T cell cocultures significantly increased 
secretion of  IL-6 (P < 0.05) and the matrix metalloproteinases MMP-1 (P < 0.01) and MMP-3 (P < 
0.05) in synovial fibroblasts (Figure 6A). Conditioned media from T cells cultured alone had no signifi-
cant effects on IL-6 and MMP-1, but they did have an effect on MMP-3 (Supplemental Figure 9A). The 
levels of  IL-6 from T cell conditioned media was quantified, and subsequent levels in K4IM superna-
tants were corrected to distinguish between T cells and K4IM-derived IL-6 (Supplemental Figure 9B). 
Furthermore, CD141+ DC–induced T cell activation resulted in an increase in cell-surface expression of  
adhesion molecule ICAM on synovial fibroblasts with no change observed for VCAM or the osteoclast 
differentiation ligand RANKL (Figure 6, B and C, and Supplemental Figure 9). Therefore, these results 
suggest that CD141+ DC cocultures induce secretion of  soluble mediators from activated T cells, which 
in turn induce invasive phenotypic characteristics in synovial fibroblasts.

Synovial CD141+ DC express the hypoxia marker TREM-1, activation of  which further enhances their acti-
vation. We next investigated the possible mechanisms underlying enhanced synovial CD141+ DC acti-
vation. Previous studies have reported that the inflamed synovial joint is profoundly hypoxic with the 
mean pO2 level at 3.2% (12). We therefore hypothesized that TREM-1, a hypoxia-inducible marker 
known to induce DC maturation, may be involved. Histological analysis demonstrated a significant 
increase in TREM-1+ cells in both the SL and LL regions of  RA ST versus OA (Figure 7A; P < 0.05). 
TREM-1 SL expression significantly correlated with in vivo macroscopic synovitis (r = 0.704, P = 
0.0230). Additionally, a significant increase in CD141+TREM-1+ DC was demonstrated in IA SF com-
pared with PB CD141+ DC (Figure 7B; P < 0.05). Immunofluorescence staining for filamentous actin 
of  sorted CD141+ DC demonstrated typical DC morphology with multiple dendritic protrusions. Upon 
engagement of  the TREM-1 receptor on synovial CD141+ DC using an anti–TREM-1 antibody, cyto-
skeleton structural changes were observed, where TREM-1 stimulated CD141+ DC displayed a more 
activated phenotype, evident by an increase in veiled projections protruding from the actin cytoskel-
eton (Figure 7C), indicative of  cell movement. TREM-1–activated SF CD141+ DC have significantly 
higher cell surface expression of  CD80, CD86, and CD40 (Figure 7D; all P < 0.05), whereas HC PB 
CD141+ DC, which do not express TREM-1, do not respond to TREM-1 ligation (Supplemental Figure 
10). TREM-1 activated DC were subsequently cocultured with allogeneic CD3+ T cells, where induc-
tion of  IFN-γ and IL-17a was observed (Figure 7E). Furthermore, TREM-1–activated DC also display 
increased phosphorylation in p38 MAPK (Figure 7F), highlighting downstream signaling pathways 
that may mediate these specific TREM-1–mediated DC effects.
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Discussion
In this study, we examined the phenotypic, functional, and mechanistic role of  human CD141+ DC in auto-
immunity. This is the first study to our knowledge that identifies enrichment of  CD141+ DC in any subtype 
of  rheumatic diseases at the site of  inflammation and specifically highlights their contribution to synovial 
inflammation. We identified significant enrichment of  CD141+ DC in the inflamed synovial joint, which had 
a distinct transcriptional signature compared with IA and HC blood CD141+ DC. However, IA PB CD141+ 

Figure 4. Synovial CD141+ DC induce enhanced CD4+ T cell responses. Sorted IA synovial fluid (SF) CD141+ DC (n = 4) or HC PBMC CD141+DC were cocultured 
with allogeneic CD3+ T cells from a single donor for 6 days at a ratio of 1:10, after which proliferation and cytokine production was assessed by flow cytome-
try. The frequency of proliferating cells was measured by CellTrace Violet (CTV) dilution. After 6 days of coculture, CD3+ T cells were restimulated with PMA/
ionomycin in the presence of brefeldin A; stained intracellularly with fluorochrome-conjugated antibodies specific for GMCSF, IFN-γ, TNF-α, and IL-17a; and 
analyzed by flow cytometry. CD4+ cells were gated on CD3+CD8– cells. Representative flow cytometry plots showing cytokine staining in CD4+ T cells and dot 
plots representing the percentage of indicated cytokine within the proliferating CD4+ population. Square dots represent rheumatoid arthritis (RA) patients; 
triangles represent psoriatic arthritis (PsA) patients. Data were analyzed using an unpaired Student’s t test. *P < 0.05, **P < 0.01 significantly different 
from control. IA, inflammatory arthritis.
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Figure 5. Synovial CD141+ DC 
induce enhanced CD4+ T cell 
responses in autologous cocul-
tures. Inflammatory arthritis (IA) 
synovial fluid (SF) CD3+ T cells 
were sorted and cultured alone 
or with autologous IA SF CD141+ 
DC (n = 3) for 4 days at a ratio of 
1:10, after which proliferation and 
cytokine production was assessed 
by flow cytometry. The frequency 
of proliferating cells was mea-
sured by CTV dilution. After 4 days 
of coculture, CD3+ T cells were 
restimulated with PMA/ionomy-
cin in the presence of brefeldin 
A; stained intracellularly with 
fluorochrome-conjugated anti-
bodies specific for IFN-γ, TNF-α, 
GMCSF, and IL-17a; and analyzed 
by flow cytometry. (A) Dot plots 
representing the percentage of 
proliferating cells in CD4+ T cell 
populations and representative 
histograms showing the dilution 
of CTV. (B) Representative flow 
cytometry plots showing cytokine 
staining in CD4+ T cells and dot 
plots representing the percentage 
of indicated cytokine within the 
proliferating CD4+ population. 
Square dots represent rheumatoid 
arthritis (RA) patients; triangles 
represent psoriatic arthritis (PsA) 
patients.
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DC also clustered separately from HC blood CD141+ DC, suggesting that there are distinct disease- and 
site-specific CD141+ DC transcripts. Further functional analysis demonstrated that, in synovial CD141+ DC, 
there are significantly more activated, as observed by high expression of  genes involved in immune activa-
tion, cell signaling, cell adhesion, and cell movement. In addition, synovial CD141+ DC exhibited increased 
responsiveness to TLR3 compared with that of  both IA and HC blood CD141+ DC. We demonstrated that 
synovial CD141+ DC induced higher levels of  CD4+ and CD8+ T cell activation compared with their HC PB 
counterparts, as made evident by increased expression of  IFN-γ, TNF-α, and GMCSF. Autologous syno-
vial CD141+ DC cocultures also induce higher levels of  synovial T cell proliferation and cytokine expres-
sion, further highlighting the contribution of  CD141+ DC to synovial inflammation. Furthermore, synovial 
CD141+ DC–T cell interactions had the ability to further activate synovial fibroblasts, inducing adhesive 
and invasive pathogenic mechanisms. One potential mechanism identified by which synovial CD141+ DC 
mature, and subsequently activate, T cells is through engagement with TREM-1 via p38.

We report a significant decrease in mDC in PB in IA, and specifically, we demonstrate that this overall 
decrease in mDC frequency in the periphery may be attributed to a reduction in the CD141+ DC popu-
lation. A reduction in circulating peripheral mDC is suggestive of  increased migration to the synovium 
or, indeed, lack of  release of  mDC progenitors from the BM. Indicative of  the former, levels of  DC are 
significantly higher in ST and fluid compared with PB, thus suggesting migration of  circulating DC to the 
synovial compartment, where they reside in a more mature state. This is consistent with studies reporting 
decreased mDC in IA circulation with a concomitant increase in SF mDC with differential maturation 
phenotypes (11, 13). Page et al. identified DC at 3 individual stages of  maturation in RA ST (i.e., immature 
DC, fully mature DC, and an intermediate DC population; ref. 10). Pettit et al. reported that DC, defined 
as CD33+CD14– cells, expressed low levels of  RelB in PB DC compared with high levels in synovial DC, 

Figure 6. Synovial CD141+ DC induce CD4+ and CD8+ T cell responses, which subsequently activates synovial fibroblasts. K4IM cell line was treated with 
conditioned media (25%) from IA SF CD141+ DC and IA SF T cell cocultures (n = 4–9) or 25% normal media for 24 hours. (A) Supernatants were harvested 
and analyzed for IL-6, MMP-1, and MMP-3 by multiplex ELISA. K4IM were stained with fluorochrome-conjugated antibodies specific for ICAM, VCAM, and 
RANKL. (B) Representative histograms of ICAM, VCAM, and RANKL staining. (C) Dot plots representing the MFI of ICAM, VCAM, and RANKL on K4IM cells. 
Data were analyzed using a paired Student’s t test. *P < 0.05 significantly different from control. IA, inflammatory arthritis.
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suggesting that synovial DC have a more activated phenotype (9). Furthermore, transcriptomics identified 
HLA-DR+CD11c+BDCA-1+ DC in RA SF with distinct maturation properties compared with PB DC (14). 
Other studies have also reported that SF mDC display a semimature phenotype, with further induction of  
maturation upon TLR stimulation (11). IPA revealed multiple pathways enriched in synovial CD141+ DC, 
including p53, MAPK, and JAK/STAT signaling pathways, all of  which are known to play key roles in 
driving inflammation in the synovial joint. Previous studies have highlighted these pathways in DC acti-
vation/maturation, T cell differentiation, antigen presentation, and synovial fibroblast invasion (15–17). 
In conjunction with these studies, the present study demonstrates, for the first time to our knowledge, that 
CD141+ DC are not only enriched in inflamed joints, but also display a more mature phenotype to PB DC.

Figure 7. TREM-1+ Synovial CD141+ DC have enhanced activation. (A) Representative images of immunohistochemical staining and semiquantification for 
TREM-1 in the sublining layer and the lining layer of rheumatoid arthritis (RA) and osteoarthritis (OA) patients (n = 6). Original magnification, 10×. Sorted healthy 
control (HC) PBMC and inflammatory arthritis (IA) synovial fluid (SF) CD141+ DC were stained with a panel of fluorochrome-conjugated antibodies and analyzed 
by flow cytometry. CD141+ DC were gated on CD141+HLADR+Clec9A+, and the expression of TREM-1 was assessed on these cells. (B) Representative flow cytome-
try plots showing TREM-1 staining and the percentage of TREM-1+CD141+ DC within HC PBMC and IA SF (n = 5). (C) F-actin staining on sorted synovial CD141+ DC 
stimulated via plate-bound αTREM-1 or IgG1 control for 24 hours. (D) MFI of CD80, CD86, and CD40 on synovial CD141+ DC stimulated via plate-bound αTREM-1 
or IgG1 control for 24 hours (n = 6). Representative histogram displaying CD80, CD86, and CD40 expression. (E) IA SF CD141+ DC (n = 4) stimulated via TREM-1 or 
IgG1 control for 24 hours were subsequently cocultured with allogeneic CD3+ T cells for 6 days, after which supernatants were harvested and the production of 
IFN-γ and IL-17a were measured by ELISA. (F) Histogram representing increased phosphorylated p38 in TREM-1–activated IA SF CD141+ DC (n = 1). Phosphorylat-
ed p38 (via Tyr182) was detected in IA SF CD141+ DC stimulated via plate-bound αTREM-1 or IgG1 control for 16 hours. Data were analyzed using Mann-Whitney U 
test. *P < 0.05 significantly different from control. TREM-1, triggering receptor expressed on myeloid cells 1; IA, inflammatory arthritis.
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PCA and unsupervised hierarchical clustering analysis revealed that CD141+ DC are transcriptionally 
distinct in IA SF compared with those in the circulation (IA PB or HC PB). RNA-seq analysis identified 
multiple DEG between blood (HC and IA) and synovial CD141+ DC involved in DC maturation and func-
tion. Specifically, we identified significant increases in genes known to be involved in antigen presentation 
(18, 19), maturation (20–23), migration via Rho GTPase signaling (19), immunological synapse formation 
(24, 25), and adhesion (26, 27). Hierarchical clustering analysis of  DEG demonstrated that all 3 popula-
tions cluster separately, suggesting that there are distinct disease- and site-specific CD141+ DC transcripts.

Previous studies have highlighted the superior ability of  CD141+ DC to cross-present soluble antigen 
to CD8+ T cells (1–3). While outside the constraints of  this study, we demonstrated that CD141+ DC from 
SF induced higher levels of  IFN-γ, TNF-α, and GMCSF compared with HC PB CD141+ DC, all of  which 
have important destructive implications for joint inflammation. In addition to this, autologous CD141+ DC 
cocultures highlight the proinflammatory effect that these synovial DC have on synovial T cell response. 
While CD86 and CD80 expression were similar under basal conditions and in response to poly (I:C) in HC 
PB CD141+ DC and IA PB CD141+ DC, the CD40 surface expression was higher in IA PB CD141+ DC 
compared with HC PB CD141+ DC. This suggests that — while both HC and IA CD141+ DC are in a semi-
mature state, consistent with previous reports on circulating DC in RA (28) — the increase in CD40 expres-
sion indicates that IA PB CD141+ DC may exist in a primed state. Therefore, distinct functional differences 
are likely to exist between HC and IA PB CD141+ DC. However, due to the rarity of  these cells and ethical 
restraints on the amount of  blood that can be taken from patients, a direct comparison of  IA PB CD141+ DC 
and IA SF CD141+ DC on T cell activation was not feasible and is recognized as a limitation of  the study.

Our data describe a role for CD141+ DC in the joint, identifies these cells in the synovium, and high-
lights their pathogenic and proinflammatory capacity. Other DC may also contribute to driving synovi-
al inflammation, including CD1c+ DC; however, few studies have examined their pathogenic role in the 
context of  the inflamed joint. Only 1 previous study has identified CD1c-like proinflammatory DC in the 
joint where it was demonstrated that they can also contribute to T cell–mediated inflammation (14). While 
outside the scope of  this study, future studies comparing the pathogenic role of  CD1c+ and CD141+ DC 
will give more insight to their relative contribution to disease. While the efficacy of  TNF-targeting therapy 
has been well established, Mavrilimumab — a GMCSF receptor mAb — has been shown to reduce disease 
activity in RA (29). The ability of  CD141+ DC to induce both CD4+ and CD8+ T cell proliferation has 
implications for IA that are associated with aberrant T cell responses (30–32). Genetic susceptibility to RA 
is associated with HLA class II genes in the MHC complex, and the presence of  multiple CD4+ Th subsets 
in SF and tissue have been identified (33–35). Recent studies have identified T cells within the RA synovi-
um that express high levels of  PD-1 and promote B cell responses (36). Furthermore, synovial CD161+ 
Th17 lineage cells that are resistant to Treg-mediated suppression have also been identified in RA (37).

Few studies exist on CD141+ DC in disease. This is due to the small numbers of  CD141+ DC in blood 
and the unique challenge of  isolating these cells from tissues. However, the present study is the first to our 
knowledge to report their enrichment and function in the inflamed joint. Seminal studies published in 
2010, dissecting the function of  CD141+ DC and their homology to mouse CD8+ DC, greatly improved 
our understanding of  CD141+ DC biology. PB CD141+ DC are superior at cross-presentation of  antigen 
to CD8+ T cells, have the capacity to induce CD4+ and CD8+ T cell proliferation, express high levels of  
TLR3, and produce IL-6, TNF-α, IL-12p70, IFN-γ, and CXCL10 (1–3). In the context of  disease, CD141+ 
DC have been investigated predominantly in the field of  cancer biology due to their ability to cross-present 
antigen to CD8+ T cells. Specifically, Clec9A antibodies that deliver tumor antigen to CD141+ DC have 
been developed to induce tumor-specific CD8+ cytotoxic T cell responses (38), and high expression of  
PD-L1+CD141+ DC was previously reported in patients with multiple myeloma (39). The potential role of  
CD141+ DC in cancer biology is understandable, given their effects on cytotoxic T cell responses. However, 
how this population contributes to autoimmunity is less clear. It is now understood that Clec9A can recog-
nize dead cells, via F-actin, and facilitates cross-presentation to CD8+ T cells (40). Given their unique role 
in phagocytosing dead or necrotic cell antigens, we hypothesize that CD141+ DC are recruited to the joint 
in response to ongoing cell death and damage within the synovium. Indeed, the chemokine XCL-1, known 
to recruit CD141+ DC, has previously been identified in the synovium (41).

Our data also highlight the complex interplay between the pathogenic stromal cells of  the synovium, 
the synovial fibroblast, and infiltrating leucocytes. Conditioned media from CD141+ DC–T cell cocultures 
led to activation of  synovial fibroblasts with increased expression of  IL-6, MMP-1, MMP-3, and ICAM, all 
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of  which further potentiate synovial inflammation and subsequent cartilage degradation. This has import-
ant implications for synovial inflammation, as synovial fibroblasts manifest an abnormal phenotype char-
acterized by resistance to apoptosis, with increased proliferation and invasion of  adjacent cartilage. This 
effect is mediated through increased expression of  adhesion molecules, MMPs, and over-activity of  key 
signaling pathways (42–44). Furthermore, synovial fibroblasts can spread disease to previously unaffected 
joints, further highlighting their primed pathogenic phenotype (43). While circulating CD141+ DC may 
also have the ability to activate synovial fibroblasts, such a scenario would not occur in vivo in the context 
of  RA. Therefore, within the complex ST microenvironment, these data demonstrate a pathologically rel-
evant interaction of  the synovial CD141+DC that are enriched at the site of  inflammation with T cells on 
synovial fibroblast function.

The inflamed joint is profoundly hypoxic (12), and previous studies have shown that in vivo pO2 lev-
els within the joint are inversely associated with synovial infiltrates (45) and immune cell activation (46); 
therefore, we hypothesized that the unique functional properties of  synovial CD141+ DC may, in part, be 
attributed to the hypoxic joint microenvironment. Furthermore, Bosco et al. identified TREM-1 as a hypox-
ia-inducible gene on monocyte-derived DC (47). Intriguingly, in this study, we demonstrated the presence 
of  TREM-1 on synovial CD141+ DC and not blood CD141+ DC. Activation of  TREM-1 on CD141+ DC 
via a cross-linking antibody led to cytoskeleton rearrangements with the appearance of  veils, known to 
be required for immunological synapse formation and T cell activation (25, 48). Subsequently, TREM-1 
induced CD141+ DC maturation with a concomitant increase in IFN-γ and IL-17a from T cells. Further-
more, we propose a role for p38 in the induction of  these TREM-1–mediated effects. These results are 
consistent with Bosco et al., who identified TREM-1+CD1c+ cells in SF from juvenile idiopathic arthritis 
(JIA) patients (47), which expressed high levels of  HIF1α, further suggesting that immune amplification of  
DC via TREM-1 is, in part, dependent on hypoxia. The natural ligand for TREM-1 has yet to be identified, 
mainly due to the rapid dissociation of  the receptor and its ligand in vivo. However, proteins such as high 
mobility group box 1 (HMGB1) released by necrotic cells have been suggested to function as a natural 
ligand in vivo. Numerous papers have identified HMGB1 in the joint due to the high level of  ongoing dam-
age that occurs at this site (49). Therefore, it is conceivable that, via TREM-1 (and Clec9A, which also bind 
dead cell antigens), CD141+ DC are activated by DAMPs in the joint.

In conclusion, this study has demonstrated that CD141+ DC are enriched in the IA synovium in a 
more mature state and are transcriptionally distinct from PB CD141+ DC. Synovial CD141+ DC have 
enhanced expression of  a number of  proinflammatory pathways compared with their PB counterparts. 
This mature state may contribute to their ability to induce more proinflammatory T cells responses, 
which has downstream consequences for synovial fibroblast invasive mechanisms. We hypothesize 
that the hypoxic nature of  the joint contributes to DC maturation via TREM-1, and CD141+ DC are 
recruited to the joint in response to damage.

Methods
Patient recruitment, arthroscopies, and sample collection. Seventy-two patients with active IA were recruited 
from outpatient clinics at the Department of  Rheumatology, St. Vincent’s University Hospital and Tallaght 
Hospital (Dublin, Ireland). The patient demographics for this cohort are included in Table 2. Arthroscopy 
of  the inflamed knee was performed under local anesthetic, using a 2.7-mm needle arthroscope (Richard 
Wolf  Medical Instruments), and macroscopic synovitis was scored. Macroscopic synovitis was assessed 
under direct visualization at video arthroscopy by the clinician performing the surgical procedure. Macro-
scopic synovitis was scored using a well-established and validated visual analogue scale of  1–100 mm, as 
described previously (50). Biopsies were OCT embedded (TissueTek) for immunohistochemical analysis or 
utilized to establish whole tissue synovial cell suspensions. PB and SFMC were also obtained at arthros-
copy or rheumatology clinics (St. Vincent’s University Hospital and Tallaght Hospital, Dublin, Ireland).

Cell isolation. ST biopsies were obtained at the time of  arthroscopy and mechanically and enzymatically 
digested using the GentleMacs system (Miltenyi Biotec) using a soft tumor dissociation kit (Miltenyi Biotec), 
according to the manufacturer’s instructions. Samples were stained with a panel of  fluorochrome-conjugat-
ed antibodies for flow cytometry as described below. In addition, PBMC and SFMC were isolated by density 
gradient centrifugation (Lymphoprep, Stemcell Technologies) according to the manufacturer’s recommen-
dations. CD141+ DC were isolated from SFMC using a 2-tiered magnetic sort. CD3 antibody–conjugated 
magnetic beads (Miltenyi Biotec) were used to deplete CD3 from SFMC. Following this, CD141 magnetic 
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beads (Miltenyi Biotec) were used to purify CD141+ DC from SFMC. Sorted CD141+ DC were examined 
by flow cytometry and were defined as Lin–, HLA-DR+, CD11c+, CD1c–, CD141+, Clec9A+, and XCR-1+.

Flow cytometry. DC were identified in ST, SFMC, PBMC, and whole blood using the following flow cytom-
etry staining and gating strategy. Cells were gated based on forward and side scatter, and dead cells and dou-
blets were removed. FMO controls were used to determine gating boundaries. Live Dead Red or Live Dead 
Aqua (Molecular Probes) was used to eliminate dead cells. To eliminate nonspecific binding of mouse mono-
clonal antibodies to Fc-γ receptor (FcγR) on DC, samples were blocked with a human FcγR-binding inhibitor 
prior to antibody staining (eBioscience). The following antibodies were used in a combination of panels to 
detect DC subsets and activation. Lineage 1 FITC (CD3, clone SK7; CD16, clone 3G8; CD19, clone SJ25C1; 
CD20, clone L27; CD14, clone MφP9; CD56, clone NCAM16.2; BD catalog 340546) HLA-DR V450 (clone 
G46-6, BD Biosciences, catalog 561359) CD11c APC-Cy7 (clone BU15, BioLegend, catalog 337217), CD45 
FITC (clone HI30, BD Biosciences, catalog 555482), CD45 PERCP-Cy5.5 (clone H130, BD Biosciences, cata-
log 564105), CD141 BV510 (clone 1A4, BD Biosciences, catalog 563298), CD123 PERCP-Cy5.5 (clone 7G3, 
BD Biosciences, catalog 560904), CD40 PECy7 (clone 5C3, BD Biosciences, catalog 561215), CD80 PE (clone 
L307.4, BD Biosciences, catalog 557227), TREM-1 Alexa647 (clone 193015, BD Biosciences, catalog 564472), 
Clec9A (DNGR-1) PE (clone 20/05-3A4, BD Biosciences, catalog 563488), XCR-1 PE (clone 1097A, R&D 
Systems, catalog FAB8571P), Isotype control (R&D Systems, catalog IC105P), and CD86 FITC (clone 2331, 
BD Biosciences, catalog 555657).

For DC activation experiments, cells were stimulated with 1 μg/ml poly (I:C) (Invitrogen) for 24 hours, 
after which the expression of  costimulatory markers CD80, CD86, and CD40 was analyzed by flow cytom-
etry. BD Cytofix/Cytoperm kit was used to stain whole blood as per manufacturer’s instructions. For the 
detection of  phospho p38, the BD PhosFlow kit with Perm Buffer III was used according to manufacturer’s 
instructions. Permeabilized cells were stained with an antibody specific for phosphorylated p38 (Tyr182) 
conjugated to APC. In order to adjust for spectral overlap between detectors, compensation was applied 
using single-stained compensation beads (BD Biosciences). Samples were acquired using the CyAn Flow 
Cytometer (Beckman Coulter) and analyzed using Flowjo software (Treestar Inc.).

RNA-seq. Total RNA was extracted from CD141+ DC IA synovial samples, IA PB, and HC PB, and the 
quality of all RNA samples was evaluated using an Agilent Bioanalyzer. RNA samples were reverse transcribed, 
and sequencing libraries were constructed using NuGen Ovation Universal RNA-Seq System (catalog 0402-
A01) according to the manufacturer’s protocol. The resulting sequencing libraries were analyzed using the Cali-
per LabChip GX and quantified using KAPA qPCR. Libraries were then normalized and pooled in 1 batch of 6 
and 1 batch of 5. Each pool was clustered and sequenced on an Illumina NextSeq500 instrument using 2 × 100 
bp paired-end reads, following the manufacturer’s protocols. The average number of reads per sample was 117 
million reads with a minimum of 90.1 million reads. Raw read quality was evaluated using FastQC.

Table 2. Patient demographics

Parameters Patients (n = 72)
Age (mean ± SD) 50 (± 13)
DAS28 (mean ± SD) 4.2 (± 1.6)
Sex: Female 57%
 Male 43%
Diagnosis: Rheumatoid arthritis 76%
 Psoriatic arthritis 24%
Treatment: No medication 39%
 Methotrexate alone 19%
 Methotrexate in combination 18%
 Anti-TNF 25%
 Abatacept 1.4%
 Tocilizumab 1.4%
 Rituximab 1.4%
 Steroids 2.7%
 Other 11%

Synovitis (n = 54) (mean ± SD)	78.3 (± 21)
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Reads were trimmed for adaptors and sequence quality. Trimmed reads were aligned to human b37.3 
reference genome using Omicsoft sequence aligner. Aligned reads were quantified using EM algorithm 
with RefSeq transcriptome model accessed on June 6, 2017 (51). Aligned data were evaluated for quality 
using several quality metrics (e.g., mapping rate, coverage) and visually inspected for samples deviating 
from the population across multiple metrics and PCA. One of  each HC and IA synovial samples were 
excluded from analysis as signal outliers. Data is available on NCBI GEO following with the accession 
number GSE108174.

Statistical analysis of  RNA-seq data was performed in R version 3.3.1 with the limma package version 
3.28.14 (52). Limma Voom package (PMID, 24485249) (53) was used to normalize and identify DEG from 
counts data. Transcripts with zero counts in more than two-thirds of  the samples were discarded from 
downstream analysis to reduce noise in the expression data. Gene counts were converted to log2 counts per 
million (cpm), quantile normalized, and precision weighted. RNA-seq gene features were considered dif-
ferentially expressed if  they satisfied a 2-fold change and FDR < 0.05 cutoff. FDR control was performed 
with the Benjamini-Hochberg procedure. Heatmaps were generated in R with the heatmap.2 function in the 
gplots package version 3.0.1. Hierarchical clustering was performed with Ward’s linkage. We also noted the 
presence of  2 outliers within the dataset, HC1 and IA5. We noted that patient IA5, in addition to IA, had a 
clinical diagnosis of  gout; therefore, we excluded this patient from further downstream analysis.

IPA was used to identify canonical pathways overrepresented within DEG.
IHC analysis and scoring. Synovial sections (7-μm sections) were cut using a cryostat and placed on glass 

slides coated with 2% 3-amino-propyl-triethoxy-silane (MilliporeSigma). A routine 3-stage immunoperox-
idase labeling technique incorporating the avidin-biotin-immunoperoxidase complex using IHC analysis 
was performed using the Dako ChemMate Envision Kit. Nonspecific binding was blocked using 1% casein 
in PBS for 20 minutes. Rabbit monoclonal CD141 (Abcam; catalog 109189; clone EPR4051), mouse 
polyclonal Clec9A (Abcam; catalog 104910, clone 8F9) and rabbit monoclonal TREM-1 (Abcam; catalog 
ab93717, its polyclonal,) primary antibodies were incubated on sections for 2 hours at room temperature. 
An IgG1 control antibody (Cell Signaling Technologies, catalog 7074) was used as a negative control. Fol-
lowing primary antibody incubation, endogenous peroxidase activity was blocked using 0.3% H2O2. Slides 
were incubated for 1 hour with horseradish peroxidase–conjugated secondary antibody (Dako). Color was 
developed in diaminobenzidine solution (1:50; Dako) and counterstained with hematoxylin. Slides were 
mounted in Pertex media and analyzed using an established and validated semiquantitative scoring method 
(54). Percentage positivity was graded on a 0–4 scale, where 0 = no stained cells, 1 = 1%–25% stained cells, 
2 = 25%–50% stained cells, 3 = 50%–75% stained cells, and 4 = 75%–100% stained cells. Section was scored 
separately for the sublining regions (increased blood vessels and influx of  inflammatory/immune), which 
then migrated toward the invasive outside layer of  the synovium (LL), where they stimulated resident fibro-
blasts and macrophages. For immunofluorescence, cryostat sections were defrosted at room temperature 
for 20 minutes, fixed in acetone for 10 minutes, and washed in PBS for 5 minutes. Nonspecific binding 
was blocked using 1% casein in PBS for 20 minutes. Immunofluorescent staining was performed for rabbit 
monoclonal antibody CD141 (1:100, Abcam), mouse monoclonal antibody Clec9A (1:50, Abcam, catalog 
104910, clone 8F9). Following overnight incubation in a humidified chamber at 4°C, immunofluorescence 
sections were coincubated with Alexa Fluor–488–conjugated goat anti–mouse superclonal secondary anti-
body (1:200, Invitrogen) and Cy3-conjugated goat anti–rabbit secondary antibody (1:500, Jackson Immu-
noResearch) for 60 minutes and counterstained with DAPI nuclear stain (1:1,000, MilliporeSigma, catalog 
111-165-144) for 10 minutes. Sections were mounted with Antifade (Molecular Probes) and assessed by 
immunofluorescence microscopy (Olympus BX51; magnification, 20×).

Allogeneic and autologous DC–T cell cocultures. CD141+ DC were isolated from SF as described above. Allo-
geneic CD3+ T cells were isolated from healthy donor blood using CD3 microbeads (Miltenyi Biotec) as per 
manufacturer’s instructions or for autologous cocultures, synovial CD3+ T cells were isolated. T cells were 
labeled with 5 μM Cell Trace Violet (Invitrogen) and cocultured with DC for 6 days for allogeneic cocultures or 
4 days for autologous cocultures, after which time, proliferation was measured. T cells and CD141+ DC were 
cocultured at a ratio of 10:1; at the end of the coculture, cells were then restimulated with 50 ng/ml PMA and 
500 ng/ml ionomycin in the presence of Brefeldin A (5μg/ml; all from MilliporeSigma) for 5 hours at 37°C. 
Cells were stained extracellularly for CD8 (clone RPA-T8, BD Biosciences, catalog 557746) and CD3 (clone 
UCHT1, BD Biosciences, catalog 563109) in addition to Live/Dead Red viability dye (Invitrogen) according to 
manufacturer’s instructions. Intracellular cytokines IL-17a (clone BL168, BioLegend, catalog 512307), IFN-γ 
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(clone B27, BD Biosciences, catalog 562017), GMCSF (clone BVD2-21C11, BD Biosciences, catalog 554507), 
and TNF-α (clone MAb11, eBioscience, catalog 45-7349-42) were subsequently stained using the Fix/Perm kit 
(Invitrogen) according to manufacturer’s instructions. Samples were acquired using the CyAn Flow Cytometer 
(Beckman Coulter) and analyzed using Flowjo software (Treestar Inc.).

Synovial fibroblast functional assays. An immortalized normal human synovial fibroblast cell line (K4IM) 
was utilized to examine the effect of  DC/T cell coculture conditioned supernatants on fibroblast activation 
and invasive mechanisms. Cells were rendered quiescent by culturing in serum free media for 10 hours before 
stimulating with CD141+ DC/T cell coculture supernatants (1:4) for 24 hours. Synovial fibroblasts were 
stained with fluorochrome-conjugated antibodies specific for ICAM-1 BV421 (clone HA58, BD Biosciences, 
catalog 564077), VCAM PE (clone 51-10C9, BD Biosciences, catalog 555647), and RANKL APC (clone 
MIH24, eBioscience, catalog 347507) and analyzed by flow cytometry. Protein concentration of  IL-6, MMP-
1, and MMP-3 were measured in cultured supernatants by multiplex assay according to the manufacturer’s 
instructions on a custom assay kit (Meso Scale Discovery). Electrochemiluminescence was measured using 
the Meso Scale Discovery Sector Imager 2400. The levels of  cytokine present in coculture conditioned media 
were measured using this method and subtracted from the overall total cytokine production from K4IM cells.

Immunofluorescent staining for F-actin in CD141+ DC. CD141+ DC were isolated from SF as described above. 
To examine the effect of  TREM-1 on CD141+ DC cytoskeletal assembly/morphology, slides were precoated 
with 10 μg/ml of  anti–TREM-1 mAb (clone 193015, R&D Systems) or an isotype-matched control antibody 
(mouse IgG1, R&D Systems, catalog IC105P) for 2 hours at 37°C. Cells were plated on precoated slides for 
24 hours. Cells were subsequently stained for F-actin. Briefly, chamber slides were rinsed in PBS and fixed 
in 4% paraformaldehyde before being permeabilized with 0.1% Triton X-100. To visualize F-actin fibres, 
slides were stained at room temperature with Oregon Green 488 Phalloidin (Molecular Probes). Nuclei were 
counterstained with DAPI (MilliporeSigma); stained cells were visualized with a Leitz DM40 microscope, 
and images were captured using an AxioCam system with AxioVision 3.0.6 software (Carl Zeiss).

TREM-1 ligation assays. Synovial or HC CD141+ DC were sorted as described above and stimulated via 
plate-bound anti–TREM-1 mAb (10 μg/ml; clone 193015, R&D Systems) or an isotype-matched control anti-
body (10 μg/ml mouse IgG1, R&D Systems) for 24 hours. Synovial CD141+ DC were subsequently stained 
with a panel of  fluorochrome-conjugated antibodies specific for CD80, CD86, and CD40. For T cell assays, 
CD141+ DC stimulated for 24 hours with anti–TREM-1 or IgG1 control were subsequently cultured for 5 
days with allogeneic CD3+ T cells at a ratio of  1:10. Supernatants were harvested after this time, and the levels 
of  IL-17a and IFN-γ (R&D systems) were measured by ELISA according to manufacturer’s instructions.

Statistics. SPSS15 system (SPSS Inc.) for Windows was used for statistical analysis. Wilcoxon Signed 
Rank test or Mann Whitney U was used for analysis of  nonparametric data. Two-tailed student’s t test was 
used for parametric data. P values of  less than 0.05 (*P < 0.05) were determined as statistically significant.

Study approval. Ethical approval to conduct this study was granted by St. Vincent’s Healthcare Group 
Medical Research and Ethics Committee and the Tallaght Hospital/St. James’s Hospital Joint Research 
Ethics Committee, and all patients gave fully informed written consent prior to inclusion. All experiments 
were performed in accordance with these guidelines and regulations.
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