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Objective: To examine the role of synovial CD1c+DCs in patients with Inflammatory
Arthritis (IA) with a specific focus on the transcriptional and maturation signatures that
govern their function.

Methods: RNA sequencing was performed on healthy control (HC) peripheral blood (PB),
IA PB, and IA synovial fluid (SF) CD1c+DCs. Multiparametric flow-cytometry and SPICE
analysis were used to examine site [SF and Synovial Tissue (ST) CD1c+DCs] and disease
specific characteristics of CD1c+DCs, while functional assays such as antigen processing,
activation, and MMP production were also performed.

Results: Increased frequency of CD1c+DCs (p<0.01) with a concomitant increase in
CD80, CCR7 (p<0.01), and CXCR3 (p<0.05) expression was identified in IA PB compared
to HC PB. Enrichment of CD1c+DCs was identified in IA synovial tissue (ST) (p<0.01) and
IA SF (p<0.0001) compared to IA PB, while RNAseq revealed distinct transcriptional
variation between PB and SF CD1c+DCs. Flow cytometry revealed increased expression
of CD83, CD80, PD-L1, and BTLA (all p<0.05) in IA SF CD1c+DCs compared to PB, while
SPICE identified synovial cells with unique co-expression patterns, expressing multiple DC
maturation markers simultaneously. Functionally, synovial CD1c+DCs are hyper-
responsive to TLR7/8 ligation (p<0.05), have decreased antigen processing capacity
(p=0.07), and display dysregulated production of MMPs. Finally, examination of both
synovial CD1c+DCs and synovial CD141+DCs revealed distinct maturation and
transcriptomic profiles.

Conclusion: Synovial CD1c+DCs accumulate in the inflamed IA synovium in a variety of
distinct poly-maturational states, distinguishing them transcriptionally and functionally
from CD1c+DCs in the periphery and synovial CD141+DCs.
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INTRODUCTION

Inflammatory arthritis (IA)—which includes rheumatoid
arthritis (RA) and psoriatic arthritis (PsA)—are chronic
autoimmune diseases primarily affecting the synovial joints.
They are characterized by dysregulated angiogenesis, leukocyte
infiltration, and lining layer proliferation, leading to the
destruction of cartilage and bone (1, 2). A key event in the
propagation of synovial inflammation is the infiltration of
immune cells including monocytes, lymphocytes, and dendritic
cells (DCs), which upon entry to the tissue undergo further
activation and differentiation.

DCs are a heterogeneous population of antigen processing
cells (APC) that act as sentinels of the immune system,
continuously capturing antigens to present to T cells.
Functionally, DCs reside in vivo in distinct maturation states
based on their level of activation. Immature DCs are highly
phagocytic, highly migratory, and express low levels of the
costimulatory markers CD80, CD86, and CD40. Upon
activation, DCs undergo a program of maturation and begin to
produce high levels of cytokines, upregulate the expression of
costimulatory markers, and express high levels of chemokine
receptors such as CCR7 and CXCR3, which facilitate the
migration of DCs to inflamed tissues and T cell–rich area of
the lymph nodes (3). In humans, DCs can be subdivided into
several subsets each differing in ontogeny, location, cytokine
production, and immunological functions. Dendritic cells can be
broadly classified into two overarching subsets: plasmacytoid
DC, which are the main producers of type-I IFN and thus
important for antiviral immunity, and the myeloid DC subset
(mDCs). mDCs are a more conventional DC subset and thus are
the main DC subset responsible for capture, processing, and
presentation of antigens on their surface to T cells. mDC can be
subdivided into three distinct subsets, each with unique
functions: CD141+DCs (cDC1), CD1c+DCs (cDC2), and the
more recently described inflammatory DC3 (4, 5) .
Functionally, peripheral blood CD141+DCs are superior at
cross-presentation of exogenous antigens, produce high levels
of type III IFNs, and express high levels of TLR3, Clec9A, and
XCR-1. However, we previously reported that synovial
CD141+DCs are also strong inducers of both synovial CD4+

and CD8+ T cell activation (6). CD1c+ DCs are potent activators
of CD4+ T cells, promoting both Th17 and Th2 immune
responses in addition to expressing markers such as CLEC10A
and DEC205 (7). Moreover, CD1c+DCs express high levels of
TLR2, 4–6, 8, and 9 and produce a wide range of cytokines in
response to stimulation such as tumor necrosis factor (TNF)-a,
IL-1, IL-6, IL-8, IL-12 (8). However, the exploration of DC
subsets in human disease has mostly focused on peripheral
blood due to the rarity and complexity of phenotyping and
isolating DCs from human tissues. Moreover, it is highly likely
that DCs play an important role in the pathogenesis of IA due to
the strong association of HLA-DR alleles with disease severity in
both RA and PsA (9, 10). Furthermore, given the non-redundant
role DCs have in naïve T cell activation and the presence of
aberrant T cell responses in the inflamed joint, it is likely that
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DCs contribute to IA disease pathogenesis via loss of tolerance
resulting in unabated T cell activation.

CD1c+DCs have previously been described in the peripheral
blood of early RA patients where their diminished frequency is
inversely correlated with disease activity (11). A previous study
by Moret et al. identified increased frequency of CD1c+ DCs in
RA synovial fluid (SF) (12); however, the presence of the DCs
population has not been explored in RA or PsA synovial tissue to
date. Furthermore, while most studies to date have examined
peripheral blood CD141+ DCs in IA, our previous work first
described enrichment of CD141+DCs at the site of inflammation,
demonstrating distinct transcriptional signatures and functional
capacity compared to their blood counterparts (6). This suggests
that while DCs activation and function may differ in the
periphery, this response is potentiated at the site of
inflammation. However, limited studies exist exploring
CD1c+DCs in IA synovial tissue and SF or indeed DC
maturation, which is essential to their function.

While previous histological studies have identified pan-DC
markers such as CD11c and CD123 in the IA synovium (13–15),
the promiscuous expression of these markers on other populations
has led to the increased requirement for the use of in-depth
multicolor flow cytometry to identify specific DC subsets.
Furthermore, with the emergence of high-throughput
technologies such as RNA sequencing, the ability to explore
unique tissue-specific DC populations and their maturation
capabilities in detail can be achieved. Therefore, the aim of this
study was to use in-depth functional and transcriptomic analysis
to explore the role of CD1c+DCs within the IA synovium to
identify disease and site-specific attributes of IA synovial
CD1c+DCs. Using multicolor flow cytometry in addition to a
computational system biology approach, we aimed to identify key
signaling pathways and unique maturation phenotypes distinct to
synovial CD1c+DCs that may provide insight into novel site-
specific therapeutics. Finally, we performed comparative analysis
of synovial CD1c+DCs and CD141+DCs, demonstrating distinct
signaling pathways and unique maturation phenotypes that
distinguish these synovial mDC subsets.
MATERIALS AND METHODS

Patient Recruitment, Arthroscopies, and
Sample Collection
Patients with active Rheumatoid Arthritis and Psoriatic Arthritis
were recruited from outpatient clinics at the Department of
Rheumatology, St. Vincent’s University Hospital and Tallaght
University Hospital. Arthroscopy of the inflamed knee was
performed under local anesthetic, using a 2.7 mm needle
arthroscope (Richard Wolf, IL, USA). Biopsies were utilized to
establish whole tissue synovial cell suspensions (16). Peripheral
blood and synovial fluid mononuclear cells were also obtained at
arthroscopy or Rheumatology Clinics. Patient demographics are
included in the table below. Healthy control synovial tissues were
obtained at the time of anterior cruciate ligament surgery (ACL)
October 2021 | Volume 12 | Article 745226
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and were used to establish whole tissue synovial cell suspensions.
Patient demographics, including gender, diagnosis, treatments,
synovitis, and DAS28, are described in Supplementary Table 1.

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 and healthy subjects
gave fully informed written consent prior to inclusion.

Cell Isolation
Synovial tissue biopsies were mechanically and enzymatically
digested using the GentleMacs system (Miltenyi Biotech) using a
soft tumor dissociation kit (Miltenyi Biotech), according to the
manufacturer’s instructions. Briefly, synovial biopsies were
placed in 4.7 ml of RPMI supplemented with 200 ml of enzyme
H, 100 ml of enzyme R, and 25 m enzyme A in a gentleMACS C
Tube followed by initial mechanical disruption of the tissue on a
gentleMACS Dissociator. Samples were then incubated for a total
of 30 min at 37°C under continuous rotation. A single synovial
cell suspension was generated and filtered through a 70 mm cell
strainer. In addition, peripheral blood mononuclear cells
(PBMC) and SF mononuclear cells (SFMC) were isolated by
density gradient centrifugation (Lymphoprep, Stemcell
Technologies) for direct comparison of DCs in the circulation
versus the inflamed synovium. Samples were stained with a panel
of fluorochrome-conjugated antibodies for flow cytometry as
described in Supplementary Table 2. CD1c+DCs or CD141+DCs
were magnetically sorted from total SFMC or PBMC using CD1c
or CD141 conjugated magnetic beads (Miltenyi Biotech)
according to the manufacturer’s protocols.

Immunophenotyping and Flow Cytometry
Single-cell suspensions were obtained as described above and used
for (1) immunophenotyping or (2) functional experiments. For
flow cytometry functional experiments and immunophenotyping
experiments, cells were stained as follows: Single-cell suspensions
were washed in PBS and incubated with LIVE/DEAD Fixable
Near Infrared (Thermo Fisher Scientific) viability reagent as per
the manufacturer’s instructions. Cells were then incubated with
TruStain FcX receptor blocking solution (BioLegend) prior to
antibody staining to minimize non-specific binding. Cells were
subsequently stained with a panel of fluorochrome-conjugated
antibodies to characterize DC subsets and activation for 30 min at
4°C (Supplementary Table 2). Following incubation, cells were
washed twice in FACS buffer (PBS with 2% FBS and 0.002% w/v
sodium azide), fixed in 1% PFA before being acquired on a four-
laser LSRFortessa cytometer (BD). To adjust for spectral overlap
between detectors, compensation was applied using single-stained
compensation beads (BD Biosciences). For DC activation
experiments, 100,000 sorted DCs were stimulated with 1 µg/ml
R848 (Invitrogen) for 18 h in complete media after which the cells
were harvested and the expression of costimulatory markers was
analyzed by flow cytometry as described above. Acquired samples
were subsequently analyzed using Flowjo software (Treestar Inc.),
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and Fluorescence Minus One (FMO) controls were used to
determine positivity and gating boundaries. Gating strategies to
identify CD1c+DCs are depicted in Supplementary Figure 1.
Frequencies of DCs are represented as percentage of CD1c+DCs
in the mDC gate. To examine co-expression patterns of
costimulatory markers on cells, SPICE (Version 5.1) was used.
SPICE, or Simplified Presentation of Incredibly Complex
Evaluations, is a data-mining software that enables the analysis
of large datasets from polychromatic flow cytometry and organizes
the normalized data graphically. A Boolean gating strategy was
adopted to identify all possible cell populations and imported into
the SPICE program. Pie charts generated as a result of this analysis
represent frequency of enzyme co-expression of costimulatory
markers whereby single costimulatory marker–positive cells are
represented by individual arcs surrounding the pie charts, while
double, triple, and quadruple costimulatory marker–positive cells
were represented by overlapping arcs (17).

Multiplex ELISA
CD1c+DCs were isolated from PBMC/SFMC, and 100,000 cells
were cultured overnight in 100 µl complete media—Dulbecco’s
RPMI 1640 (Thermo Fisher Scientific) supplemented with 10%
HyClone™ FBS (Sigma), and 1,000 U/ml penicillin streptomycin
(Sigma). Supernatants were then harvested and used to measure
MMP-1, MMP-9, MMP-3 by multiplex ELISA (Meso Scale
Discovery) as per the manufacturer’s instructions. Briefly, 25 µl
of supernatants was added to precoated multiplex wells for 2 h at
RT under constant shaking. Simultaneously, an eight-point
standard curve was added to the plate with a lower limit of
detection of 11 pg/ml (MMP-1), 2.1 pg/ml (MMP-3), and 99 pg/
ml (MMP-9). The plate was subsequently washed three times
using PBS/Tween, after which 25 µl of Detection antibody was
added for 2 h at RT under constant shaking. Finally, after
washing three times, 150 µl of Read buffer was added, and the
plate was analyzed using a Meso Sector S600 Imager.

Antigen Uptake and Processing Assay
CD1c+DCs were isolated from PBMC/SFMC as described above,
washed, and 100,000 cells were subsequently incubated with DQ
Ovalbumin (Invitrogen) (25 µg/ml) in complete media for 15
min at 4°C and 37°C. Cells were centrifuged at 1,200 rpm for 5
min, the supernatant was removed, and cells were washed using
cold PBS. This step was repeated twice before the samples were
immediately read on the LSRFortessa flow cytometer. Cells were
excited with the 488 nm laser, and fluorescence was detected
using the 530/30 bandpass filter. Positive gates were set using the
4°C sample as a control.

RNA Sequencing
Total RNA was extracted from CD1c+DCs IA SF, IA peripheral
blood, HC peripheral blood, and CD141+ DCs IA SF. RNA
samples were reverse transcribed and sequencing libraries
constructed using NuGen Ovation Universal RNA-Seq System
(CAT# 0402-A01) according to the manufacturer’s protocol. The
resulting sequencing libraries were analyzed using the Caliper
LabChip GX and quantified using KAPA qPCR. Libraries were
October 2021 | Volume 12 | Article 745226

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Canavan et al. CD1c+ in Inflammatory Arthritis
then normalized and pooled in one batch of six and one batch of
five. 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, and
statistical analysis was performed as previously described (6, 18).
Data are available on NCBI GEO with the accession number
GSE151897 and GSE108174.

Statistical Analysis
GraphPad Prism 8 software was used for statistical analysis.
MannWhitney test was used for analysis of non-parametric data.
P values of less than 0.05 (*p<0.05) were determined as
statistically significant.
RESULTS

Enhanced Maturation and Migratory
Capacity of Circulating CD1c+DCs in IA
The frequency of mDCs and specifically CD1c+DCs was assessed
in IA and HC peripheral blood. mDCs were identified as Lin–

HLA-DR+CD11c+ cells. CD1c+cells were subsequently identified
within this mDC gate based on the positive expression of the CD1c
marker. While no differences were observed in the mDCs
population between HC and IA PBMC, we identified a
significant decrease in the percentage of circulating CD1c+DCs
Frontiers in Immunology | www.frontiersin.org 4
in IA patients compared with HC (Figure 1A; p<0.01).
Furthermore, a significant increase in the expression of CD80
on CD1c+ DCs and a trending increase in CD40 in IA patients
were demonstrated (Figure 1B top; p<0.01). We also identified a
significant increase in the frequency of the chemokine receptors
CXCR3 and CCR7 in IA peripheral blood compared to HC
(Figure 2B bottom; p<0.05 and p<0.01 respectively). We also
performed RNAseq analysis of both HC peripheral blood
CD1c+DCs and IA peripheral blood CD1c+DCs. Using
hierarchical clustering and Principal Component Analysis
(PCA), we demonstrated clustering of both peripheral blood
populations together, indicative that the global transcriptomes of
both IA and HC peripheral blood CD1c+DCs are similar
(Figure 1C). However, following hierarchical clustering analysis
of differentially expressed genes (DEG) between IA PB and HC
PB, we noted distinct separation of gene clusters between the two
groups, suggesting that specific transcriptional characteristics
differentiate CD1c+DCs from IA PB compared to HC PB
(Supplementary Figure 2). Upon further examination of IA PB
and HC PB, we attributed this separation to a large number of
DEGs involved in DC maturation (Figure 1D) and DC migration
(Figure 1E) differentially expressed in IA PB compared to HC PB
CD1c+DCs. Moreover, ingenuity pathway analysis (IPA) revealed
several signaling pathways that were enriched in IA peripheral
blood compared to HC (Figure 1F). Notably, we demonstrate an
enrichment in the DC maturation pathway in IA peripheral blood
CD1c+DCs (Figure 1F), concurring with our in-vitro flow
cytometry analysis in Figures 1A, B.
A

B

D

E
F

C

FIGURE 1 | Enhanced Maturation and Migratory Capacity of Circulating CD1c+ DCs in IA. (A) The percentage frequency of mDCs and CD1c+ DCs in HC peripheral
blood (n = 7) and IA peripheral blood (n = 12). mDCs were gated as Lineage- HLADR+ CD11c+, while CD1c+ DCs were gated based on the expression of CD1c
within the mDC population. (Bi) Median Fluorescence Intensity (MFI) of CD80 and CD40 on CD1c+ DCs from IA (n = 7–12) and HC peripheral blood (n = 5–7). (Bii)
Percentage frequency of CXCR3+ and CCR7+ CD1c+DCs in IA (n = 12) and HC peripheral blood (n = 7). (C) RNA sequencing isolated CD1c+ DCs from HC (n=3)
and IA peripheral blood (n = 3). PCA of total datasets from HC and IA peripheral blood. (D) Clustered heatmap representing DEG involved in DC Maturation and (E)
migration. (F) Radar plot representing enriched pathways in IA peripheral blood CD1c+DCs compared to HC using IPA. Non-parametric unpaired Mann Whitney U
test was used. *p < 0.05, **p < 0.01 indicate groups that are significantly different from each other.
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Accumulation of Mature CD1c+DCs in IA
Synovial Tissue
Given the reported decrease in circulating CD1c+DCs in IA, with
increased expression of chemokine receptors and migratory
genes, we hypothesized that peripheral blood CD1c+DCs
migrate and accumulate in the inflamed synovium. In support
of this hypothesis, we sought to investigate the frequency of cells
in the circulation vs the site of inflammation. Gating strategy is
shown in Figure 2A. We demonstrate a significant enrichment of
CD1c+DCs within the tissue compared to IA peripheral blood
(Figure 2Bi; p<0.0001), whereas there is no significant change in
the frequency of CD1c+DCs in HC synovium compared to HC
peripheral blood (Figure 2Bi). Interestingly, however, a similar
percentage frequency of CD1c+DCs was observed in HC
synovial tissue compared to IA synovial tissue. However, the
overall number of cells isolated from HC tissue following
digestion was considerably lower than that of IA synovial
tissue (~200,000 cells compared to ~3–4 million, respectively),
indicative of the increased inflammatory burden observed within
the IA synovium. While not examined within this study, this
suggests that the absolute counts of CD1c+DCs may be lower in
the healthy synovium, despite the similar percentage frequency
between IA and HC synovial tissue. Moreover, our data, as
highlighted below, also suggest that while CD1c+DCs are
present in the healthy synovium, they reside there in a less
mature state compared to IA synovial tissue. We also report a
significant increase in the frequency of CCR7 on IA synovial
CD1c+DCs when compared to IA peripheral CD1c+DCs
(Figure 2Bii) and HC synovial CD1c+DCs (Figure 2Biii;
p<0.01). In parallel, IA synovial CD1c+DCs are more mature
with significantly increased expression of CD80 and CD40
Frontiers in Immunology | www.frontiersin.org 5
compared to peripheral blood CD1c+DCs (Figure 2C; both
p<0.01). Moreover, an increase in CD80 (p=0.07) on IA DCs
compared to HC was also observed (Figure 2D).

Distinct Transcriptomic Variation in
Synovial CD1c+DCs in IA
Gating strategy to identify CD1c+ DCs in IA SFMC is shown in
Figure 3A. Analysis of both synovial tissue and fluid
demonstrated that CD1c+DCs were enriched to a similar
degree in both synovial compartments compared to HC
(Figure 3Bi; p<0.001; p<0.0001, respectively). Moreover, SF
CD1c+DCs have increased expression of the chemokine
receptors CCR7 (p<0.05) (Figure 3Bii) and CXCR3
(Figure 3Biii), indicative of increased migration to the joint.
Therefore, for the remainder of the study, we focused on the
analysis of CD1c+DCs within the SF, which is an easier biological
sample to perform downstream functional analyses. RNAseq was
performed, and using hierarchical clustering and PCA, we
demonstrated that synovial CD1c+DCs clustered separately
from IA PB CD1c+DCs and presented a distinct transcriptional
signature between SF and PB CD1c+DCs (Figures 3C, D).

To examine site-specific signaling pathways of CD1c+DCs, IPA
was performed on SF and peripheral blood CD1c+DCs. This
analysis revealed enrichment in several key inflammatory
pathways that are over-represented in IA synovial CD1c+DCs
compared to IA peripheral blood DCs (Figure 3E), including
TLR, mTOR, and IL-1 signaling in addition to DC maturation.
Moreover, several genes associated with DC maturation were
differentially expressed in IA synovial CD1c+DCs compared to IA
peripheral blood such as CD80, CD58, HLA-DRA with known and
predicted interactions depicted in Figure 3F using STRING analysis.
A

B

D

C

FIGURE 2 | Accumulation of Mature CD1c+ DCs in IA Synovial Tissue. (A) Gating strategy to identify CD1c+ DCs in IA synovial tissue. Following the elimination of debris,
doublets, and dead cells, cells were gated as CD45+ Lineage – HLADR+ CD14− CD11c+ CD1c+. (Bi) The percentage frequency of CD1c+ DCs in HC PBMC (n = 7), HC
synovial tissue (n = 5), IA PBMC (n = 12), and IA synovial tissue (n = 7). CD1c+DC frequency is represented as a percentage of cells in the mDC gate. (Bii) The percentage
frequency of CCR7+ CD1c+ DCs in IA PBMC (n = 12) and IA synovial tissue (n = 7). (Biii) The percentage frequency of CCR7+ CD1c+ DCs in HC synovial tissue (n = 5) and
IA synovial tissue (n = 7). (C) MFI of CD80 and CD40 expression on CD1c+DCs from IA PBMC (n = 7–12) and IA synovial tissue (n = 6–7). (D) MFI of CD80 and CD40
expression on CD1c+DCs from HC synovial tissue (n = 3–5) and IA synovial tissue (n = 6–7). Non-parametric unpaired Mann Whitney test was used. Where multiple
comparisons were determined, two-way ANOVA was used. *p < 0.05, **p < 0.01, ****p < 0.0001 indicate groups that are significantly different from each other.
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Unique Costimulatory Marker Co-
Expression on Synovial CD1c+DCs
Given the presence of increased maturation markers on synovial
tissue CD1c+DCs, and the emergence of DC maturation as an
enriched pathway within SF CD1c+ DCs, we next performed
further analysis on DC-specific maturation and costimulatory
markers in SF and peripheral blood DCs. We identified several
costimulatory and coinhibitory genes that were dysregulated in
synovial vs peripheral CD1c+DCs (Figure 4A). Furthermore, we
demonstrated a significant increase in the expression of CD83,
CD80, PD-L1, and BTLA (all p<0.05; Figure 4B) in IA SF
CD1c+DCs compared to peripheral blood DCs. Using a Boolean
gating strategy and SPICE analysis, we demonstrated striking
differences in synovial CD1c+DC maturation markers compared
with circulating CD1c+DCs (Figure 4C). Single-positive cells are
represented by individual arcs surrounding the pie charts, while
double-, triple-, quadruple-, and quintuple-positive CD1c+DCs are
represented by overlapping arcs (Figure 4C). These data suggest
that the maturation profile in SF DCs is more complex than
peripheral DCs, with the emergence of synovial cells, which
express unique co-expression patterns of multiple DC
maturation markers and thus represent DCs in a variety of
poly-maturational states. We subsequently extrapolated the most
differentially distinct co-expression patterns and demonstrated a
decrease in CD1c+DCs that were negative for all five markers in IA
SFMC vs IA PBMC (p<0.05; Figure 4Di), confirming an increase
in co-expression of maturation markers in the IA SF CD1c+DCs.
Frontiers in Immunology | www.frontiersin.org 6
Aligned with this, we observed a significant increase in the
presence of CD40+CD80+CD83+ and CD40+CD80+CD83+PD-
L1+ cells in IA SF compared to peripheral blood (Figures 4Dii,
iii; p<0.01 and p<0.05, respectively). These data suggest that
CD1c+DCs in the synovium are more mature and have unique
maturation co-expression patterns that are absent from their
peripheral blood counterparts.

Synovial CD1c+DCs Are Functionally
Mature and Have Decreased Phagocytic
Capabilities
We demonstrated that synovial CD1c+DCs have a mature
phenotype; therefore, we next determined whether mature
synovial CD1c+ DCs were tolerogenic or still capable of further
maturation in response to TLR7/8 ligands in the joint. While
synovial CD1c+DCs express high levels of CD80, CD83, CD86,
and CD40 at baseline, following stimulation with the TLR7/8
ligand, there was a significant increase in CD40, CD86 (both
p<0.05; Figure 4E) and a trending increase in CD80 (p=0.06) in
response to R848 (Figure 4E). In parallel, we report a trending
decrease in the ability of SF CD1c+DCs to process antigen
compared to peripheral blood (Figure 4F; p=0.07). While not
statistically significant, further analysis is required to confirm
this observation. In addition, synovial CD1c+DCs have reduced
production of the matrix metalloproteinases MMP-1 and MMP-
9 with increased secretion of MMP-3 compared to peripheral
blood CD1c+DCs (Supplementary Figure 3). Collectively, these
A

B

D

E F

C

FIGURE 3 | Distinct Transcriptomic Variation in Synovial CD1c+ DCs in IA. (A) Gating strategy to identify CD1c+ DCs in IA SFMC. Following the elimination of debris,
doublets, and dead cells, cells were gated as Lineage – HLADR+ CD14− CD11c+ CD1c+. (Bi) Comparative percentage frequency of CD1c+ DCs in IA PBMC (n=12),
IA synovial tissue (n = 7), and IA SFMC (n = 7). (Bii, iii) The percentage frequency of CCR7+ CD1c+ DCs and CXCR3+ CD1c+ DCs in IA PBMC (n = 12) and IA
SFMC (n = 10). CD1c+DC frequency is represented as a percentage of cells in the mDC gate. (C) Hierarchical clustering analysis following RNAseq on DEG from
CD1c+ DCs IA PBMC (n = 3) and IA SFMC (n = 3). (D) PCA of total datasets from CD1c+ DCs from IA PBMC and IA SFMC. (E) Radar plot representing enriched
pathways in CD1c+ DCs from IA SFMC CD1c+DCs compared to HC using IPA. (F) STRING pathway analysis of specific DC maturation pathway gene signature.
Non-parametric unpaired Mann Whitney test was used. Where multiple comparisons were determined, two-way ANOVA was used. *p < 0.05, **p < 0.01,
****p < 0.0001 indicate groups that are significantly different from each other.
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FIGURE 4 | Unique Costimulatory Marker Co-Expression on Synovial CD1c+ DCs. (A) Clustered heatmap representing DEG involved in DC maturation from CD1c+

DCs in IA PBMC and IA SFMC. (B) MFI of CD83, CD80, PD-L1, and BTLA on CD1c+ DCs from IA (n = 5) and IA SFMC (n = 5). (C) SPICE analysis charts
demonstrating the co-expression profile of DC maturation markers on CD1c+ DCs from IA PBMC and IA SFMC. Each section of the pie chart indicates different
combinations of maturation marker. The pie chart arcs indicate the maturation markers expressed by each proportion of cells. (D) Percentage frequency of the most
differentially distinct co-expression patterns from the SPICE analysis on CD1c+DCs from IA PBMC (n = 5) and IA SFMC (n = 5). (E) MFI of CD80, CD40, CD86, and
CD83 expression on SF CD1c+ DC unstimulated or stimulated for 18 h with R848 (1 µg/ml) (n = 4). (F) Percentage frequency of OVA-positive CD1c+ DCs from IA
PBMC and IA SFMC (n = 3) and representative flow cytometry dot plots. Non-parametric unpaired Mann Whitney test was used. Where multiple comparisons were
determined, two-way ANOVA was used. *p < 0.05, **p < 0.01 indicate groups that are significantly different from each other.
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data suggest that synovial CD1c+DCs are immunogenic and are
functionally mature within the synovium.

Synovial CD1c+DCs and Synovial
CD141+DCs Have Differential
Costimulatory Marker Expression
We previously reported the first description of mature
CD141+DCs in IA SF (6), and in this study, we identified an
enriched population of mature synovial CD1c+DCs. Therefore,
we next examined a previously unexplored comparison of both
mDC populations in the IA synovium using RNAseq analysis.
PCA demonstrated that synovial CD1c+DCs clustered separately
from synovial CD141+DCs, indicating distinct transcriptional
variation between both synovial DC subtypes (Figure 5A).
Furthermore, unsupervised hierarchical clustering on the DEGs
also demonstrated that IA SF CD1c+DCs clustered separately
from synovial CD141+DCs (Figure 5B). This suggests that
although both DC populations are classed within the mDC
family and are recruited and enriched in the IA synovium,
distinct transcriptional profiles may govern their function. IPA
identified enrichment of several signaling pathways in the
CD1c+DC population compared to the CD141+DC population
(Figure 5C), including mTOR, chemokine, and interferon
signaling. Interestingly, DEGs associated with DC maturation
were also differentially expressed between the two synovial
subtypes (Figure 5D). Furthermore, SPICE analysis revealed
striking differences in the single and combined expression of
DC maturation markers (Figure 5E), with synovial CD1c+DCs
displaying significantly higher expression of CD80 and CD86
compared to CD141+DCs (Figure 5F; both p<0.05), while
synovial CD141+DCs have significantly higher levels of CD40
and BTLA compared to the CD1c population (Figure 5F; both
p<0.05). In addition, a significant increase in the frequency of the
BTLA+CD40+ double-positive population was demonstrated in
CD141+DCs (p<0.01; Figure 5F), while an increase in the triple-
positive CD40+ CD80+ CD86+ population was observed in
CD1c+DCs (Figure 5F).
DISCUSSION

In this study we demonstrate that distinct inflammatory and
chemotactic changes occur in circulating CD1c+DCs in IA,
resulting in an accumulation of mature CD1c+DCs in both
synovial tissue and SF. Synovial tissue CD1c+DCs are more
mature than CD1c+DCs residing in peripheral blood or indeed
healthy synovial tissue. Transcriptomic analysis of synovial
CD1c+DCs identified an enrichment in genes associated with
multiple inflammatory pathways including DC maturation,
while SPICE analysis demonstrated the presence of unique co-
expression maturation profiles that are absent in circulatory
CD1c+DCs. Synovial CD1c+DCs are functionally mature and
more responsive to TLR7/8 ligand stimulation while also
exhibiting decreased antigen uptake and dysregulated MMP
production. Finally, we report a direct comparison of synovial
Frontiers in Immunology | www.frontiersin.org 8
CD1c+DCs and CD141+DCs, where we identified distinct
transcriptional variation in addition to differential expression
of maturation markers that distinguish CD1c+DCs and
CD141+DCs. These data suggest that synovial DCs reside in
the synovium in distinct poly-maturational states, which may
contribute to differential inflammatory effects within
the synovium.

We report a significant decrease in circulating CD1c+DCs in
IA peripheral blood compared to HC, concomitant with an
increase in CD80, CD40, CXCR3, and CCR7. This is in
agreement with a previous study demonstrating a decrease in
circulating CD1c+DCs in early RA, which displayed increased
expression of CCR7 and CD86 compared to HC (11). Moreover,
transcriptomic analysis demonstrated an enrichment of genes
associated with DC maturation, TLR signaling, and IL-1
signaling in IA circulatory and synovial CD1c+DCs compared
to HC. Furthermore, we report a specific induction in genes
involved in maturation and migration, both of which are key
pathways involved in IA pathogenesis (6, 19–21). Collectively,
this suggests that circulating IA CD1c+DCs are more mature,
with increased inflammatory potential which migrate and
accumulate in the IA synovium. In support of this hypothesis,
single-cell analysis of synovial tissue demonstrated significant
enrichment in CD1c+DCs in IA synovial tissue compared to
peripheral blood and healthy synovial tissue. Previous studies
utilizing histological techniques reported the presence of CD1c+

cells throughout the synovial sublining in RA and PsA (22);
however, CD1c expression has also been reported on other APC
including monocytes and B cells (23, 24). Therefore, our synovial
single-cell analysis, with strict inclusion and exclusion gating
criteria, demonstrates definitively the accumulation of bona fide
CD1c+DCs in IA synovial tissue.

In addition to IA synovial tissue, we also report an
accumulation of CD1c+DCs in IA SF compared to peripheral
blood, which is in agreement with previous studies that
demonstrated enrichment of DCs in SF (12, 13, 25). Consistent
with our data, previous studies have demonstrated a mature
CD83+DCs population expressing high levels of CCR7 localized
to the synovial perivascular region in RA (15). Furthermore, an
accumulation of CD33+CD14− cells with increased NFkB
activation has also been reported in RA synovial tissue (26).
Interestingly, Segura et al. identified a novel mature
inflammatory DCs population (CD1c+CD14+DCs) in RA SF,
which is distinct from other previously described mDC
populations (27).

Hierarchical clustering and PCA analysis revealed that
synovial CD1c+DCs are transcriptionally distinct from
circulatory CD1c+DCs consistent with our previous study
demonstrating distinct transcriptional signatures in joint
specific CD141+DCs (6), in addition to studies of DCs in other
inflammatory sites (27). This suggests that the unique synovial
microenvironment may imprint site-specific transcriptional
changes onto newly recruited DCs. IPA also revealed multiple
pathways enriched in synovial CD1c+DCs including TLR,
mTOR, TREM-1, and STAT3 signaling, all of which have
previously been implicated in the pathogenesis of IA in cells
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FIGURE 5 | Synovial CD1c+ DCs and Synovial CD141+ DCs have differential costimulatory marker expression: (A) RNA sequencing was performed on SF CD1c+

DCs and SF CD141+DCs (n = 3). PCA of total datasets from SF CD1c+ DCs and SF CD141+ DCs. Hierarchical clustering analysis on DEG from SF CD1c+ DCs and
SF CD141+DCs. (B) Hierarchical clustering on the DEGs from SF CD1c+ DCs and SF CD141+DCs. (C) Radar plot representing enriched pathways in SF CD1c+ DCs
compared to SF CD141+ DCs using IPA. (D) Clustered heatmap representing DEGs involved in DC maturation from SF CD1c+ DCs and SF CD141+ DCs. (E, F)
Heatmap coded pie charts demonstrating the co-expression profile of DC maturation markers on SF CD1c+ DCs and SF CD141+ DCs. Each section of the pie chart
indicates different combinations of maturation marker expression. The pie chart arcs indicate the maturation markers expressed by each proportion of cells. (F) MFI
of CD86, CD80, CD83, CD40, BTLA, and PD-L1 on SF CD1c+ DCs and SF CD141+ DCs (n = 5). Percentage frequency of the most differentially distinct co-
expression patterns from the SPICE analysis on SF CD1c+ DCs and SF CD141+ DCs (n = 5). Non-parametric unpaired Mann Whitney test was used. *p < 0.05
indicates groups that are significantly different from each other.
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such as DCs, T cells, and synovial fibroblasts (6, 18, 28–30).
Moreover, in agreement with our ex-vivo data, an enrichment of
genes associated with DC maturation was also demonstrated in
synovial CD1c+DCs compared to peripheral blood.

In this study, we demonstrate an increase in the expression of
CD80, CD83, and CD40 in IA SF CD1c+DCs compared to
peripheral blood in addition to significant increases in
coinhibitory receptors PD-L1 and BTLA. Interestingly, synovial
CD1c+DCs also express multiple costimulatory and coinhibitory
markers simultaneously, indicative that multiple maturation
states exist within the synovium. This is the first study to
report poly-maturational states in synovial CD1c+DCs with
previous studies reporting an increase in single-positive cells in
IA. Soluble CD80, CD86, and CD83 were all reported to be
increased in RA SF compared to serum (31), while SF DCs have
higher expression of CD80, CD83, and CD86 compared with
circulatory DCs (25). While the high expression of co-inhibitory
markers PD-L1 and BTLA on mature synovial DCs may appear
counterintuitive, we and others previously reported the
upregulation of PD-1 and PD-L1 within the RA synovium
(32–34), with multiple studies suggesting this pathway itself
may be dysfunctional, leading to the unabated accumulation of
self-reactive T cells in the joint (32, 33). The novel identification
of unique synovial poly-maturational DCs highlights the
complexity and spectrum of DC phenotypes in the joint and
raises the question as to whether unique DC maturation subsets
have overlapping or indeed divergent functional effects within
the synovium.

Next, we demonstrate that synovial CD1c+DCs remain
responsive to external stimuli as observed by increased
expression of CD80, CD40, and CD86 following TLR7/8
stimulation. Given that CD1c+DCs express high levels of
TLR7/8 and endogenous TLR7 ligands have previously been
identified in RA SF, stimulation via the TLR7/8 receptor
represents an effective model to examine if synovial DCs can
respond to their environment despite their heightened
maturation status (35, 36). Previous studies by Jongbloed et al.
are in agreement with our observations whereby mature synovial
mDCs stimulated via the TLR2 have heightened expression of
CD40, CD80, and CD83, further suggestive that despite the
mature nature of synovial DCs, they remain capable of further
maturation (25).

A key immunological function of DCs, which remains
intrinsically linked to their maturation status, is their ability to
process antigen (37). Our data identify a potential functional
consequence of the CD40L maturation status identified in
synovial DCs, whereby synovial CD1c+DCs may have a
decreased ability to process antigen compared to circulatory
CD1c+DCs. In agreement with our data, Wilton et al.
demonstrated that SF and peripheral blood polymorphonuclear
(PMN) cells in RA have a decreased capacity to phagocytose
Candida albicans (38). We also report dysregulated production
of MMPs in synovial DCs compared to peripheral blood DCs
with decreased production of MMP-1 with a concomitant
trending increase in MMP-3 observed, both of which have
been strongly implicated in the pathogenesis of IA (33, 35).
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Previous studies have also demonstrated increased levels of
MMP-3 from mDCs from MS patients compared to controls.
Moreover, cleavage by MMP-1 or MMP-3 can inactivate
chemokines such as MCP-1, MCP-2, and MCP-4, thus
resulting in the retention of cells within an inflamed site (39–42).

We next examined the transcriptomic and maturation
profiles of two synovial mDCs, specifically CD141+DCs vs
CD1c+DCs subsets to identify overlapping or distinct
phenotypes that tissue-specific DCs may possess. PCA and
hierarchical clustering analysis revealed distinct transcriptional
variation between CD1c+DCs and CD141+DCs in addition to a
predicted upregulation in pathways including chemokine,
mTOR, and cdc42 signaling. Furthermore, we identified altered
and opposing expression of several DC maturation markers
between CD1c+DCs and CD141+DCs, with CD1c+ DCs
expressing higher levels of CD86 and CD80, while CD141+DCs
expressed higher levels of CD40 and BTLA indicating differential
maturation patterns in each DC subset. CD1c+DC, with higher
CD80 and CD86 expression, may be potentially more
inflammatory than their synovial CD141+DC counterparts,
which have expression of the inhibitory receptor BTLA.
Moreover, CD141+DCs express high levels of Clec9A, which is
known to bind to damaged cells via exposed F-actin. Therefore,
we hypothesize that CD141+DCs may be recruited to the joint in
response to ongoing synovial damage and thus possess an
immunoregulatory function. Furthermore, previous studies
have demonstrated that loss of CD28 on T cells results in
defective Th2 responses, while a loss in CD40L contributes to
defective Th1 development, suggestive that synovial CD1c+DC
may induce more potent Th2 type responses while synovial
CD141+DC may induce a stronger Th1 type response. Finally,
using SPICE analysis, we determined that both synovial subsets
have differential co-expression patterns of both costimulatory
and co-inhibitory markers (specifically CD86, CD80, CD40,
CD83, PD-L1, BTLA). This study directly compares synovial
CD1c+DCs and CD141+DCs thus demonstrating that they
express overlapping and distinct maturation markers and
reside in the inflamed synovium in a poly-maturational state.
While outside the scope of this study, it remains unknown,
however, whether these distinct differences also occur in HC
synovium. While maturation and transcriptional differences are
likely to occur between the two subsets in the absence of
inflammation, our data and results from previous studies (18)
highl ight the proinflammatory effec t the synovia l
microenvironment has on DC function, thus suggesting that
the distinct differences between CD1c+DC and CD141+DC may
be enhanced within the inflamed synovium.

The limitations of this study include the difficulty in
performing in-depth functional assays on synovial DCs. While
DC populations are enriched within the synovium, the large
numbers required to perform additional functional assays are
outside the scope of this study. However, these studies
characterize the frequency, activation, transcriptional analysis,
and phagocytosis of DC subsets in the synovial compartment, in
synovial tissue and fluid, with the majority of previous studies
focused on blood. Based on our data, these two compartments
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differ in activation status, and therefore we believe this study
significantly adds to the current knowledge in the field. Recent
advances in single-cell technologies may enable more in-depth
functional analysis of synovial DCs in the future. Furthermore,
an additional limitation within this study is the small sample size
used for RNA sequencing experiments. This is in part due to the
large amount of synovial fluid that is needed to yield enough DC
to perform bulk RNAseq. However, the gene expression profiles
identified in both CD1c+DCs and CD141+DCs are strongly
replicated across all three patients, suggesting that results
obtained in this study have strong potential to be reproduced
in larger studies in the future. Furthermore, while our data
concur with previous studies examining the frequency of
CD1c+DC in IA peripheral blood compared to HC (25), this
work demonstrates the differential transcriptomic and phenotypic
profiles of synovial versus peripheral blood CD1c+DCs. These
data emphasize that examination of immune cell populations
within the periphery does not always mirror the immune
landscape that is present within the synovium, further
emphasizing the need for studies such as this to characterize
and highlight the differences that occur in DCs between the two
sites. Furthermore, within this study we examined DCs in IA, thus
including patients diagnosed with RA or PsA. Therefore, future
work should aim at delineating potential phenotypic,
maturational, or functional differences that may occur between
DC in RA compared to other types of spondyloarthropathies.

Interestingly, recent studies have also broadened our
understanding of DC in both the periphery and human
inflamed tissues with the identification of DC3. While outside
the scope of this study, it remains unknown what role DC3 may
have in IA pathology either in the periphery or indeed the
synovium itself. Future studies should aim at exploring the
DC3 frequency and phenotype of DC3 in IA using high-
dimensional techniques such as scRNAseq and extensive flow
cytometric analysis.

In conclusion, this study demonstrates that peripheral blood
CD1c+DCs in IA patients accumulate in the IA synovium, where
they reside in a mature state. CD1c+DCs display unique co-
expression patterns of maturation markers simultaneously,
indicating that synovial DCs exist in multiple maturation
states. Functionally, synovial CD1c+DCs are responsive to
external stimuli, are less phagocytic, and have altered
expression of MMPs compared to their blood counterparts.
Finally, synovial CD1c+DCs and synovial CD141+DCs are
transcriptionally distinct and express differential maturation
markers. Collectively, this suggests that the specific targeting of
one or more costimulatory markers may prove ineffective in
dampening DC immune responses and instead therapeutic
interventions should focus on preventing the differentiation of
DCs along this poly-maturational pathway.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
Frontiers in Immunology | www.frontiersin.org 11
accession number(s) can be found below: https://www.ncbi.nlm.
nih.gov/, GSE151897; https://www.ncbi.nlm.nih.gov/, GSE108174.
ETHICS STATEMENT

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 and healthy subjects
gave fully informed written consent prior to inclusion. The
patients/participants provided their written informed consent
to participate in this study.
AUTHOR CONTRIBUTIONS

MC and UF conceived the experimental approach and designed
the experiments. MC, VM, VB, SN, and UF performed the
experiments, analyzed the data, and prepared the manuscript.
DV recruited patients, analyzed the data, and prepared the
manuscript. CH, RM, and PG recruited patients and obtained
biosamples. UF supervised the project. All authors contributed to
the writing of the article and approved the submitted version.
FUNDING

This work was supported by the American Association of
Immunologists, the Centre for Arthritis and Rheumatic
Diseases, and Arthritis Ireland.
ACKNOWLEDGMENTS

The authors would like to acknowledge the financial support
from the Health Research Board of Ireland, American
Association of Immunology, Centre for Arthritis and
Rheumatic Diseases, and Arthritis Ireland. We would also like
to thank the patients who were involved in the study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
745226/full#supplementary-material

Supplementary Figure 1 | Gating strategy to identify CD1c+ DCs in PBMC,
synovial tissue, and synovial fluid.

Supplementary Figure 2 | Hierarchical clustering analysis of IA and HC
peripheral blood CD1c +DCs RNA sequencing was performed on IA and HC PB
CD1c+ DCs (n=3). Hierarchical clustering analysis on DEGs.

Supplementary Figure 3 | Production of MMP-1, MMP-3, and MMP-9 from
CD1c+ DCs from IA PBMC and IA SFMC (n = 4).
October 2021 | Volume 12 | Article 745226

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fimmu.2021.745226/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.745226/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Canavan et al. CD1c+ in Inflammatory Arthritis
REFERENCES
1. McInnes IB, Schett G. The Pathogenesis of Rheumatoid Arthritis. N Engl J

Med (2011) 365:2205–19. doi: 10.1056/NEJMra1004965
2. Veale DJ, Fearon U. The Pathogenesis of Psoriatic Arthritis. Lancet (2018)

391:2273–84. doi: 10.1016/S0140-6736(18)30830-4
3. Dalod M, Chelbi R, Malissen B, Lawrence T. Dendritic Cell Maturation:

Functional Specialization Through Signaling Specificity and Transcriptional
Programming. EMBO J (2014) 33:1104. doi: 10.1002/EMBJ.201488027

4. Collin M, Bigley V. Human Dendritic Cell Subsets: An Update. Immunology
(2018) 154:3–20. doi: 10.1111/imm.12888

5. Bourdely P, Anselmi G, Vaivode K, Piaggio E, Helft J, Guermonprez
Correspondence P. Transcriptional and Functional Analysis of CD1c+

Human Dendritic Cells Identifies a CD163+ Subset Priming CD8+CD103+.
T Cells (2020) 53(2):335–52.e8. doi: 10.1016/j.immuni.2020.06.002

6. Canavan M, Walsh AM, Bhargava V, Wade SM, McGarry T, Marzaioli V,
et al. Enriched CD141+ DCs in the Joint Are Transcriptionally Distinct,
Activated, and Contribute to Joint Pathogenesis. JCI Insight (2018) 3(23):
e95228. doi: 10.1172/jci.insight.95228

7. Breton G, Zheng S, Valieris R, Tojal da Silva I, Satija R, Nussenzweig MC.
Human Dendritic Cells (DCs) Are Derived From Distinct Circulating
Precursors That Are Precommitted to Become CD1c+ or CD141+ DCs.
J Exp Med (2016) 213:2861–70. doi: 10.1084/JEM.20161135

8. Rhodes JW, Tong O, Harman AN, Turville SG. Human Dendritic Cell
Subsets, Ontogeny, and Impact on HIV Infection. Front Immunol (2019)
10:1088. doi: 10.3389/FIMMU.2019.01088

9. Gladman DD, Anhorn KA, Schachter RK, Mervart H. HLA Antigens in
Psoriatic Arthritis. J Rheumatol (1986) 13:586–92.

10. Raychaudhuri S. Recent Advances in the Genetics of Rheumatoid Arthritis.
Curr Opin Rheumatol (2010) 22:109–18. doi: 10.1097/BOR.0b013e328336474d

11. Cooles FAH, Anderson AE, Skelton A, Pratt AG, Kurowska-Stolarska MS,
McInnes I, et al. Phenotypic and Transcriptomic Analysis of Peripheral Blood
Plasmacytoid and Conventional Dendritic Cells in Early Drug Naïve Rheumatoid
Arthritis. Front Immunol (2018) 9:1. doi: 10.3389/fimmu.2018.00755

12. Moret FM, Hack CE, van der Wurff-Jacobs KMG, De Jager W, Radstake
TRDJ, Lafeber FPJG, et al. Intra-Articular CD1c-Expressing Myeloid
Dendritic Cells From Rheumatoid Arthritis Patients Express a Unique Set
of T Cell-Attracting Chemokines and Spontaneously Induce Th1, Th17 and
Th2 Cell Activity. Arthritis Res Ther (2013) 15:R155. doi: 10.1186/ar4338

13. Cavanagh LL, Boyce A, Smith L, Padmanabha J, Filgueira L, Pietschmann P,
et al. Rheumatoid Arthritis Synovium Contains Plasmacytoid Dendritic Cells.
Arthritis Res Ther (2005) 7:R230–40. doi: 10.1186/ar1467

14. Page G, Miossec P. Paired Synovium and Lymph Nodes From Rheumatoid
Arthritis Patients Differ in Dendritic Cell and Chemokine Expression. J Pathol
(2004) 204:28–38. doi: 10.1002/PATH.1607

15. Page G, Lebecque S, Miossec P. Anatomic Localization of Immature and
Mature Dendritic Cells in an Ectopic Lymphoid Organ: Correlation With
Selective Chemokine Expression in Rheumatoid Synovium. J Immunol (2002)
168:5333–41. doi: 10.4049/jimmunol.168.10.5333

16. McGarry T, Hanlon MM, Marzaioli V, Cunningham CC, Krishna V, Murray
K, et al. Rheumatoid Arthritis CD14+ Monocytes Display Metabolic and
Inflammatory Dysfunction, a Phenotype That Precedes Clinical Manifestation
of Disease. Clin Transl Immunol (2021) 10(1):e1237. doi: 10.1002/cti2.1237

17. Roederer M, Nozzi JL, Nason MC. SPICE: Exploration and Analysis of Post-
Cytometric Complex Multivariate Datasets. Cytom Part A (2011) 79A:167–74.
doi: 10.1002/CYTO.A.21015

18. Canavan M, Marzaioli V, McGarry T, Bhargava V, Nagpal S, Veale DJ, et al.
Rheumatoid Arthritis Synovial Microenvironment Induces Metabolic and
Functional Adaptations in Dendritic Cells. Clin Exp Immunol (2020) 202:226–
38. doi: 10.1111/cei.13479

19. McGarry T, Veale DJ, Gao W, Orr C, Fearon U, Connolly M. Toll-Like
Receptor 2 (TLR2) Induces Migration and Invasive Mechanisms in
Rheumatoid Arthritis. Arthritis Res Ther (2015) 17:153. doi: 10.1186/
s13075-015-0664-8

20. Ravindran JS. Interleukin 1, Interleukin 1 and Interleukin 1 Receptor Gene
Polymorphisms in Psoriatic Arthritis. Rheumatology (2004) 43:22–6.
doi: 10.1093/rheumatology/keg443
Frontiers in Immunology | www.frontiersin.org 12
21. Bell GM, Anderson AE, Diboll J, Reece R, Eltherington O, Harry RA, et al.
Autologous Tolerogenic Dendritic Cells for Rheumatoid and Inflammatory
Arthritis. Ann Rheum Dis (2017) 76:227–34. doi: 10.1136/annrheumdis-2015-
208456

22. Lebre MC, Jongbloed SL, Tas SW, Smeets TJ, McInnes IB, Tak PP.
Rheumatoid Arthritis Synovium Contains Two Subsets of CD83-DC-
LAMP- Dendritic Cells With Distinct Cytokine Profiles. Am J Pathol
(2008) 172:940–50. doi: 10.2353/ajpath.2008.070703

23. Delia D, Cattoretti G, Polli N, Fontanella E, Aiello A, Giardini R, et al. CD1c
But Neither CD1a Nor CD1b Molecules Are Expressed on Normal, Activated,
and Malignant Human B Cells: Identification of a New B-Cell Subset. Blood
(1988) 72:241–7. doi: 10.1182/blood.v72.1.241.241

24. Schrøder M, Melum GR, Landsverk OJB, Bujko A, Yaqub S, Gran E, et al.
CD1c-Expression by Monocytes - Implications for the Use of Commercial
CD1c+ Dendritic Cell Isolation Kits. PloS One (2016) 11(6):e0157387.
doi: 10.1371/journal.pone.0157387

25. Jongbloed SL, Lebre MC, Fraser AR, Gracie JA, Sturrock RD, Tak PP, et al.
Enumeration and Phenotypical Analysis of Distinct Dendritic Cell Subsets in
Psoriatic Arthritis and Rheumatoid Arthritis. Arthritis Res Ther (2006) 8:R15.
doi: 10.1186/ar1864

26. Pettit AR, MacDonald KP, O’Sullivan B, Thomas R. Differentiated Dendritic
Cells Expressing Nuclear RelB Are Predominantly Located in Rheumatoid
Synovial Tissue Perivascular Mononuclear Cell Aggregates. Arthritis Rheum
(2000) 43:791–800. doi: 10.1002/1529-0131(200004)43:4<791::AID-
ANR9>3.0.CO;2-E

27. Segura E, Touzot M, Bohineust A, Cappuccio A, Chiocchia G, Hosmalin A,
et al. Human Inflammatory Dendritic Cells Induce Th17 Cell Differentiation.
Immunity (2013) 38:336–48. doi: 10.1016/j.immuni.2012.10.018

28. McGarry T, Biniecka M, Gao W, Cluxton D, Canavan M, Wade S, et al.
Resolution of TLR2-Induced Inflammation Through Manipulation of
Metabolic Pathways in Rheumatoid Arthritis. Sci Rep (2017) 7:43165.
doi: 10.1038/srep43165

29. Takeshita M, Suzuki K, Kondo Y. Correction: Multi-Dimensional Analysis
Identified Rheumatoid Arthritis-Driving Pathway in Human T Cell. A Meta-
Analysis and Functional Study (Annals of the Rheumatic Diseases (2019) 78
(1346-1356) DOI: 10.1136/Annrheumdis-2018-214885). Ann Rheum Dis
(2019) 78:1346–56. doi: 10.1136/annrheumdis-2018-214885corr1

30. Peng A, Lu X, Huang J, He M, Xu J, Huang H, et al. Rheumatoid Arthritis
Synovial Fibroblasts Promote TREM-1 Expression in Monocytes via COX-2/
PGE2 Pathway. Arthritis Res Ther (2019) 21:169. doi: 10.1186/s13075-019-
1954-3

31. Hock BD, O’Donnell JL, Taylor K, Steinkasserer A, McKenzie JL, Rothwell
AG, et al. Levels of the Soluble Forms of CD80, CD86, and CD83 Are Elevated
in the Synovial Fluid of Rheumatoid Arthritis Patients. Tissue Antigens (2006)
67:57–60. doi: 10.1111/j.1399-0039.2005.00524.x

32. Guo Y,Walsh AM, Canavan M,Wechalekar MD, Cole S, Yin X, et al. Immune
Checkpoint Inhibitor PD-1 Pathway Is Down-Regulated in Synovium at
Various Stages of Rheumatoid Arthritis Disease Progression. PloS One
(2018) 13(2):e0192704. doi: 10.1371/journal.pone.0192704

33. Raptopoulou AP, Bertsias G, Makrygiannakis D, Verginis P, Kritikos I, Tzardi
M, et al. The Programmed Death 1/Programmed Death Ligand 1 Inhibitory
Pathway Is Up-Regulated in Rheumatoid Synovium and Regulates Peripheral
T Cell Responses in Human and Murine Arthritis. Arthritis Rheum (2010)
62:1870–80. doi: 10.1002/art.27500

34. Moret FM, van der Wurff-Jacobs KMG, Bijlsma JWJ, Lafeber FPJG, van Roon
JAG. Synovial T Cell Hyporesponsiveness to Myeloid Dendritic Cells Is
Reversed by Preventing PD-1/PD-L1 Interactions. Arthritis Res Ther (2014)
16(6):497. doi: 10.1186/s13075-014-0497-x

35. Leal Rojas IM, Mok WH, Pearson FE, Minoda Y, Kenna TJ, Barnard RT, et al.
Human Blood Cd1c+ Dendritic Cells Promote Th1 and Th17 Effector
Function in Memory Cd4+ T Cells. Front Immunol (2017) 8:971.
doi: 10.3389/fimmu.2017.00971

36. Kim SJ, Chen Z, Essani AB, Elshabrawy HA, Volin MV, Volkov S, et al.
Identification of a Novel Toll-Like Receptor 7 Endogenous Ligand in
Rheumatoid Arthritis Synovial Fluid That Can Provoke Arthritic Joint
Inflammation. Arthritis Rheumatol (2016) 68:1099–110. doi: 10.1002/
art.39544
October 2021 | Volume 12 | Article 745226

https://doi.org/10.1056/NEJMra1004965
https://doi.org/10.1016/S0140-6736(18)30830-4
https://doi.org/10.1002/EMBJ.201488027
https://doi.org/10.1111/imm.12888
https://doi.org/10.1016/j.immuni.2020.06.002
https://doi.org/10.1172/jci.insight.95228
https://doi.org/10.1084/JEM.20161135
https://doi.org/10.3389/FIMMU.2019.01088
https://doi.org/10.1097/BOR.0b013e328336474d
https://doi.org/10.3389/fimmu.2018.00755
https://doi.org/10.1186/ar4338
https://doi.org/10.1186/ar1467
https://doi.org/10.1002/PATH.1607
https://doi.org/10.4049/jimmunol.168.10.5333
https://doi.org/10.1002/cti2.1237
https://doi.org/10.1002/CYTO.A.21015
https://doi.org/10.1111/cei.13479
https://doi.org/10.1186/s13075-015-0664-8
https://doi.org/10.1186/s13075-015-0664-8
https://doi.org/10.1093/rheumatology/keg443
https://doi.org/10.1136/annrheumdis-2015-208456
https://doi.org/10.1136/annrheumdis-2015-208456
https://doi.org/10.2353/ajpath.2008.070703
https://doi.org/10.1182/blood.v72.1.241.241
https://doi.org/10.1371/journal.pone.0157387
https://doi.org/10.1186/ar1864
https://doi.org/10.1002/1529-0131(200004)43:4%3C791::AID-ANR9%3E3.0.CO;2-E
https://doi.org/10.1002/1529-0131(200004)43:4%3C791::AID-ANR9%3E3.0.CO;2-E
https://doi.org/10.1016/j.immuni.2012.10.018
https://doi.org/10.1038/srep43165
https://doi.org/10.1136/annrheumdis-2018-214885corr1
https://doi.org/10.1186/s13075-019-1954-3
https://doi.org/10.1186/s13075-019-1954-3
https://doi.org/10.1111/j.1399-0039.2005.00524.x
https://doi.org/10.1371/journal.pone.0192704
https://doi.org/10.1002/art.27500
https://doi.org/10.1186/s13075-014-0497-x
https://doi.org/10.3389/fimmu.2017.00971
https://doi.org/10.1002/art.39544
https://doi.org/10.1002/art.39544
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Canavan et al. CD1c+ in Inflammatory Arthritis
37. Trombetta ES, Mellman I. Cell Biology of Antigen Processing In Vitro and
In Vivo. Annu Rev Immunol (2005) 23:975–1028. doi: 10.1146/annurev.
immunol.22.012703.104538

38. Wilton JMA, Gibson T, Chuck CM. Defective Phagocytosis by Synovial Fluid
and Blood Polymorphonuclear Leucocytes in Patients With Rheumatoid
Arthritis. I. The Nature of the Defect. Rheumatology (1978) XVII:25–36.
doi: 10.1093/rheumatology/XVII.suppl.25

39. Smeets TJM, Barg EC, Kraan MC, Smith MD, Breedveld FC, Tak PP. Analysis
of the Cell Infiltrate and Expression of Proinflammatory Cytokines and
Matrix Metalloproteinases in Arthroscopic Synovial Biopsies: Comparison
With Synovial Samples From Patients With End Stage, Destructive
Rheumatoid Arthritis. Ann Rheum Dis (2003) 62:635–8. doi: 10.1136/
ard.62.7.635

40. Fraser A, Fearon U, Reece R, Emery P, Veale DJ. Matrix Metalloproteinase 9,
Apoptosis, and Vascular Morphology in Early Arthritis. Arthritis Rheum
(2001) 44:2024–8. doi: 10.1002/1529-0131(200109)44:9<2024::AID-
ART351>3.0.CO;2-K

41. Keyszer G, Lambiri I, Nagel R, Keysser C, Keysser M, Gromnica-Ihle E, et al.
Circulating Levels of Matrix Metalloproteinases MMP-3 and MMP-1,
Tissue Inhibitor of Metalloproteinases 1 (TIMP-1), and MMP-1/TIMP-1
Complex in Rheumatic Disease. Correlation With Clinical Activity of
Rheumatoid Arthritis Versus Other Surrogate Markers. J Rheumatol
(1999) 26:251–8.
Frontiers in Immunology | www.frontiersin.org 13
42. Mohammed FF. Metalloproteinases, Inflammation, and Rheumatoid
Arthritis. Ann Rheum Dis (2003) 62:43–7. doi: 10.1136/ard.62.suppl_2.ii43

Conflict of Interest: VP and SN were employed by Janssen Research &
Development.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Canavan, Marzaioli, Bhargava, Nagpal, Gallagher, Hurson,
Mullan, Veale and Fearon. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
October 2021 | Volume 12 | Article 745226

https://doi.org/10.1146/annurev.immunol.22.012703.104538
https://doi.org/10.1146/annurev.immunol.22.012703.104538
https://doi.org/10.1093/rheumatology/XVII.suppl.25
https://doi.org/10.1136/ard.62.7.635
https://doi.org/10.1136/ard.62.7.635
https://doi.org/10.1002/1529-0131(200109)44:9%3C2024::AID-ART351%3E3.0.CO;2-K
https://doi.org/10.1002/1529-0131(200109)44:9%3C2024::AID-ART351%3E3.0.CO;2-K
https://doi.org/10.1136/ard.62.suppl_2.ii43
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Functionally Mature CD1c+ Dendritic Cells Preferentially Accumulate in the Inflammatory Arthritis Synovium
	Introduction
	Materials and Methods
	Patient Recruitment, Arthroscopies, and Sample Collection
	Study Approval
	Cell Isolation
	Immunophenotyping and Flow Cytometry
	Multiplex ELISA
	Antigen Uptake and Processing Assay
	RNA Sequencing
	Statistical Analysis

	Results
	Enhanced Maturation and Migratory Capacity of Circulating CD1c+DCs in IA
	Accumulation of Mature CD1c+DCs in IA Synovial Tissue
	Distinct Transcriptomic Variation in Synovial CD1c+DCs in IA
	Unique Costimulatory Marker Co-Expression on Synovial CD1c+DCs
	Synovial CD1c+DCs Are Functionally Mature and Have Decreased Phagocytic Capabilities
	Synovial CD1c+DCs and Synovial CD141+DCs Have Differential Costimulatory Marker Expression

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


