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In the autoimmune disease rheumatoid arthritis (RA), T cells, B 
cells and Mϕ infiltrate the synovial membrane, reprogramme 
niche-specific stromal cells and drive formation of bone and 

cartilage-destructive lesions1. Lesional Mϕ are essential disease 
effector cells, and macrophage-derived cytokines, such as TNF 
and IL-1β, represent important therapeutic targets2. To fulfil their 
pathogenic role, tissue-infiltrating Mϕs need to be stress resistant, 
produce inflammatory effector molecules, engage in T cell–Mϕ 
interactions and survive in a competitive tissue environment.

Tissue-residing Mϕ maintain common traits, such as functioning 
as professional phagocytes3. To stimulate T cells, they process and 
present antigen, provide co-stimulatory and co-inhibitory signals 
and receive activation signals from IFN-producing cells4. During 
embryogenesis and foetal development, tissues are seeded with 
Mϕ, which are gradually replaced by bone-marrow-derived Mϕ 
that acquire site-specific phenotypes5. Under inflammatory con-
ditions, bone-marrow-derived monocytes (BMDMs) compensate 
and repopulate the Mϕ pool6. BMDMs rapidly transition to sites of 
injury to join the resident Mϕ population, where pro-inflammatory 
and pro-resolving Mϕ may no longer be clearly distinguished7. 
With a better understanding of the ontogeny of niche-specific Mϕ 
populations, shared features of synovial Mϕ can be exploited for 
anti-inflammatory therapy.

In RA, the synovial Mϕ pool depends on the influx of CD14+ 
blood monocytes8 and contains multiple subpopulations9. Lining 
Mϕ, identified by the expression of CX3CR1, VSIG4, NUPR1, 
MERTK and TREM2, have primarily anti-inflammatory and phago-
cytic capacities and form a protective shield that disintegrates with 
synovitis induction10. In contrast, the synovial M1 population,  

characterized by IL1B, HBEGF and NR4A2 expression, is 
pro-inflammatory and tissue-damaging, promoting fibroblast inva-
siveness11. Mϕ-controlling factors in the tissue include not only cell 
debris, but also metabolic conditions that impose survival stress12. 
In monocyte-derived Mϕ (MDMs) of patients with RA, the out-
put of inflammatory cytokines, chemokines and matrix-degrading 
enzymes is mechanistically linked to mitochondrial fitness4. 
Besides their role as cytokine producers, synovial Mϕ are impor-
tant antigen-presenting cells, uptaking, processing and presenting 
autoantigens to direct the expansion and functional differentia-
tion of tissue-entering T cells13. The process of antigen recognition 
requires the formation of stable Mϕ–T cell conjugates, leading to 
the exchange of plasma membrane fragments through the process 
of trogocytosis14,15.

To understand to what degree Mϕ participate in tissue autoim-
munity, we defined functional phenotypes in synovial tissues from 
patients with RA. Synovial Mϕ showed two characteristic features: 
their ability to survive in a glucose-depleted environment and their 
proficiency to trogocytose T-cell-receptor-containing membranes, 
indicative of direct contact with T cells. Molecular examination 
placed extended Mϕ lifespan and Mϕ-dependent T cell stimulation 
under the control of the transcription factor regulatory factor X 5 
(RFX5). Besides upregulating antigen-presenting HLA-DR mol-
ecules, RFX5 targeted the metabolic enzyme glutamate dehydroge-
nase 1 (GLUD1). RFX5hiHLA-DRhi Mϕ resisted nutrient stress by 
catabolizing the amino acid glutamate. In search of upstream regu-
lators that imprint synovial Mϕ with combined antigen-presenting 
competency and resistance to glucose withdrawal, we identified the 
cytokine CCL18 as a RFX5 inducer. Synovial Mϕ were programmed  
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to produce and respond to CCL18, enabling them to resist dis-
tinctly low glucose levels while optimizing expression of the 
antigen-binding protein HLA-DR. By coordinating metabolic adap-
tations with HLA-DR expression, CCL18 induced longevity in con-
cert with T cell stimulatory capacity. Thus, in autoimmune tissue 
inflammation, Mϕ control their endurance and their partnership 
with autoimmune T cells though the CCL18–RFX5–GLUD1 axis.

Results
Functional characterization of synovial Mϕ. In RA, autoimmu-
nity is directed against a broad spectrum of citrullinated or carba-
mylated proteins1, and the synovium provides optimal conditions 
for the processing and presentation of such post-translationally 
modified antigens. To understand how synovial Mϕ contribute to 
the breakdown of self-tolerance, we examined antigen-presenting 
functions of Mϕ residing in synovitic lesions from patients with 
RA. According to the density of tissue-infiltrating lymphocytes, RA 
synovitis is subcategorized into low-grade and high-grade inflam-
mation16, and Mϕ account for 10–20% of all tissue-residing cells9,17.

CD4+ T cells recognize HLA-DR-embedded antigenic peptides. 
We identified synovial cells capable of antigen presentation through 
single-cell RNA sequencing data from rheumatoid synovium18. 
t-distributed stochastic neighbour embedding visualization of 
pooled single-cell RNA sequencing (scRNA-seq) data from 71,073 
synovial CD45+ cells revealed 20 cell clusters, including 6 mono-
cyte/Mϕ clusters, and small clusters of plasmacytoid (pDCs) and 
classical dendritic cells (cDCs) (Extended Data Fig. 1a). While HLA 
class II genes transcripts were detectable in multiple cell types, high 
expression of HLA-DRA, HLA-DRB1 and CD86 sequences was 
restricted to a few cell types (Extended Data Fig. 1b). Strong expres-
sion of HLA-DRA was an exclusive feature of synovial Mϕ, mDCs, 
cycling T cells and memory B cells, with Mϕ far outnumbering all 
other cell types. Very few THY1+ fibroblasts were HLA-DRA posi-
tive (Fig. 1a). All six Mϕ subtypes abundantly expressed HLA-DRA, 
compatible with antigen-presenting capabilities (Fig. 1b). To move 
towards functional characterization, we analysed HLA-DR surface 
expression on Mϕ isolated from synovial tissues by flow cytom-
etry (Fig. 1c). Highly inflamed tissues were densely populated by 
HLA-DRhi Mϕ, whereas HLA-DR-expressing fibroblasts were 
infrequent (data not shown). HLA-DR expression was similar in 
CD206−CD163lo and CD206+CD163+ synovial Mϕ (Extended Data 
Fig. 2a), although both Mϕ subpopulations are categorized as pro- 
and anti-inflammatory, respectively.

To present antigen, Mϕ form stable conjugates with interacting 
T cells, a process that enables trogocytosis15,19. We identified trogocytic 
Mϕ through the insertion of CD3-containing membrane pieces into 
their plasma membrane and included only CD68+ Mϕ that stained 
with two independent anti-CD3 antibodies (Fig. 1d and Extended 
Data Fig. 2b). In synovial tissues with high-grade inflammation, 
up to 40% of CD68+ cells typed double positive for two indepen-
dent anti-CD3 antibodies. In tissues with low-grade inflammation,  

frequencies ranged between 10% and 25%. Thus, more than a third 
of synovial Mϕ actively participate in presentation of antigen to T 
lymphocytes, a prerequisite for sustained tissue autoimmunity.

Antigen uptake, processing and presentation impose high energy 
demands. We defined the metabolic competence of tissue Mϕ by 
separating the cells from the biopsies and measuring mitochondrial 
respiration (Fig. 1e,f). Mϕ originating from high-grade synovitis 
consumed twice as much oxygen as those isolated from low-grade 
synovitis, both under basal and stressed conditions.

To examine how Mϕ partnered with T lymphocytes adapt to 
fulfil their energy needs, we quantified tissue levels of glucose, the 
major energy source for infiltrating immune cells. Glucose concen-
trations in synovial tissue lysates were distinctly low (5–30 mg/dL,  
Fig. 2a), about 10% of circulating plasma concentrations. As 
expected, synovitic tissues with a high inflammatory score were the 
most depleted of glucose (Fig. 2a). To understand how Mϕ can sur-
vive and function in such a nutrient-stressed tissue niche, we isolated 
tissue Mϕ and measured their survival capacity under glucose-free 
conditions using three methods (Fig. 2b–d). Even in the complete 
absence of glucose, tissue-derived Mϕ thrived, with 40–60% still 
alive after 7 days of starvation. Consistently, Mϕ originating from 
highly inflamed tissues with distinctly low glucose content were 
particularly resistant to nutrient stress. Analysis of Ki67+CD68+ 
cells in tissue sections from nine individuals with rheumatoid syno-
vitis showed Mϕ proliferation rates close to zero (Fig. 2e), exclud-
ing proliferative replenishment as a mechanism to maintain the  
tissue Mϕ pool.

To further confirm that RA Mϕ are programmed to adapt to 
glucose-restricted conditions, MDMs were generated from individ-
uals with RA and age-matched healthy controls and were adoptively 
transferred into NSG mice carrying human synovial tissue grafts. 
Mϕ originating from patients with RA homed to the synovial tis-
sue, induced florid synovitis in a tissue site with low glucose levels  
(Fig. 2f) and accumulated to much higher densities (Fig. 2g), but 
lacked detectable proliferative activity (Fig. 2h). In this model sys-
tem, we explored whether tissue Mϕ can leave the synovitic lesions 
and travel to distant tissue sites. We engrafted Mϕ-rich inflamed 
synovial tissue into NSG mice and monitored for human CD68+ 
Mϕ in the blood and the spleen of the murine host by flow cytom-
etry. There were no detectable human Mϕ that left the synovial 
tissue niche, circulated or took residence in the spleen (Extended 
Data Fig. 3a–c), supporting the idea that Mϕ that enter RA dis-
ease lesions are entrapped and need to adapt to local conditions to  
maximize longevity.

We examined whether the phenotype of resistance to glucose 
starvation combined with high mitochondrial activity is imprinted 
in Mϕ from patients with RA. MDMs were generated from patients 
with RA and age-matched controls and maintained in nutrient-rich 
conditions (glucose (2,000 mg/L), glutamine (300 mg/L), 10% foetal 
calf serum) or in glucose-depleted medium (glutamine (300 mg/L), 
10% foetal calf serum). All cells in nutrient-rich medium survived 

Fig. 1 | Synovial Mϕ specialize in antigen presentation. Synovial Mϕ were isolated from synovial tissue biopsies collected from patients with RA. 
Tissues were categorized as having low-grade (leucocyte-poor) or high-grade (leucocyte-rich) synovitis. a,b, HLA-DRA gene expression in synovial cells. 
HLA-DRA gene transcripts were evaluated in different cell populations from rheumatoid synovium by scRNA-seq (n = 20 tissues). Data are presented as 
t-distributed stochastic neighbour embedding clusters (a) and violin plots (b). cDC, classical dendritic cell; pDC, plasmacytoid dendritic cell; NK, natural 
killer cell. Original data from ref. 18. Colour scales are average log2(fold change). The boxes and whiskers display medians and 95% confidence intervals. 
c, Expression of the antigen-presenting molecule HLA-DR on synovial Mϕ. Tissue-derived Mϕ were stained with anti-CD68 and anti-HLA-DR antibodies. 
Representative dot plots and HLA-DR mean fluorescence intensities (MFI) in individual tissues with a low and high inflammatory score (n = 16 tissues). 
d, Flow cytometric analysis of trogocytic Mϕ. Tissue-derived Mϕ were stained with anti-CD68 and two independent anti-CD3 antibodies (UCHTI, SK7). 
CD68+ macrophages with T-cell-derived membrane fragments recognized by both anti-CD3 antibodies were considered trogocytic. Representative  
dot plots and frequencies of CD68+CD3/UCHT+CD3/SK7+ cells in individual tissues with low-grade and high-grade inflammation (n = 16 tissues).  
e,f, Metabolic activity of tissue-derived Mϕ was determined by Seahorse analysis (n = 5 experiments). Tracings of OCRs are shown at baseline and after 
stressing the cells with oligomycin, FCCP and antimycin/rotenone as indicated. ATP-coupled OCR and maximal respiration were calculated. Data are 
mean ± s.e.m. f, Two-tailed unpaired t test. **P < 0.01.
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0:  Selenophi Mϕ
1:  FCN1hi Mϕ
2:  SPP1hi Mϕ
3:  MT1G+ Mϕ
4:  STAB1hi Mϕ
5:  CCL+ Mϕ
6:  Cytotoxic CD8 T
7:  Central memory T
8:  Effector memory T
9:  Cycling T cells
10: Plasma cell
11: Memory B cells
12: Plasmablast
13: Sublining fibroblast
14: Pericyte
15: Lining fibroblast
16: Endothelial cells
17: Mast cells
18: cDC
19: pDC
20: NK
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Fig. 2 | Synovial Mϕ are resistant to glucose deprivation. Synovial Mϕ were isolated from synovial tissue biopsies collected from patients with RA. Tissues 
were categorized as having low- or high-grade synovitis. a, Tissue glucose concentrations were measured in synovial tissue lysates and correlated with the 
synovitis inflammatory score (n = 40). b–d, Synovial Mϕ from tissues with low- or high-grade inflammation were isolated and kept in glucose-depleted 
medium for 1 week. Survival capacity was measured by Almar Blue (b, n = 11) or LDH release (c, n = 11). Live and dead cells were distinguished by dual probe 
fluorescence (d, FITC calcein and Texas Red BOBO-3 iodide as live and dead cell indicators, respectively, n = 4). HPF, high-power field. e, Tissue sections from 
synovial biopsies of patients with RA were doubled-stained for the macrophage marker CD68 (brown) and the proliferation marker Ki67 (blue). CD68+ Mϕ, 
Ki67+ proliferating cells and double-positive Ki67+CD68+ Mϕ were enumerated in nine tissue samples. f–h, Low-grade human synovial tissue was implanted 
into NSG mice. Monocyte-derived Mϕ from either patients with RA or matched healthy controls (Con) were labelled with CFSE and adoptively transferred 
into the mice. On day 7, tissue grafts were collected. f, Glucose concentrations measured in synovial tissue lysates (n = 22 for Con Mϕ, n = 24 for RA Mϕ).  
g, Mϕ were isolated from the synovial explants and absolute numbers of CD3–CFSE+CD68+ cells were determined by flow cytometry (n = 11). h, Proliferation 
indices of Mϕ isolated from the tissue were determined on the basis of CSFE dilution (n = 9). Data are presented as median, 25th and 75th percentiles as 
boxes and minimal and maximal values as whiskers. i,j, Monocyte-derived Mϕ were generated ex vivo from patients with RA and age-matched controls, and 
their survival under nutrient stress was tested (n = 4). Mϕ were kept in either nutrient-rich complete medium or in glucose-depleted medium for 1 week. 
Survival was measured by LDH release and Almar Blue cell viability assays on day 7. Data are mean ± s.e.m. a, Pearson’s correlation coefficients test.  
b–d,f–h, Two-tailed unpaired t test. i,j, Two-way ANOVA with post hoc Tukey’s multiple-comparisons test. n.s., not significant.
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for 7 days (Fig. 2i–j). If glucose was scarce, healthy MDMs started to 
die on day 3, and by day 7, less than 20% were still alive (Fig. 2i). In 
contrast, >60% of RA MDMs were fully functional on day 7 of the 
survival stress test. Analysis of mitochondrial respiration validated 
that RA MDMs consumed higher amounts of oxygen basally and 
under respiratory stress (Extended Data Fig. 4a,b).

These data define disease-relevant characteristics of synovial 
Mϕ in RA: they are adapted to a glucose-deprived environment; 
are metabolically highly active and engaged in antigen presentation; 
and have a phenotype preserved in MDMs of patients with RA.

RA Mϕ rely on glutamate as an energy source. Considering the 
low glucose availability in synovial tissue, resident cells need to 
have access to alternative energy substrates and need to be able to 
metabolize them. We placed RA and control Mϕ under glucose 
starvation and tested whether the amino acid glutamine or lipids 
could prevent cell death. In a 7-day survival stress test, 70–80% of 
healthy Mϕ died with glucose withdrawal, inhibition of fatty acid 
synthesis (C75, 20 μM)20 or inhibition of glutaminolysis (DON, 
20 μM) (Fig. 3a,b). In contrast, RA Mϕ were resistant to depriva-
tion of glucose or lipids, but were sensitive to withdrawal of gluta-
mine, indicating their reliance on glutamine as an energy substrate  
(Fig. 3a,b). Measurements of glutamine concentrations in syno-
vial tissue confirmed that high-grade synovitis was associated 
with glutamine utilization (Fig. 3c). Glutamine is mostly generated 
by protein-rich muscle tissue and the liver, and is actively trans-
ported into cells where it is metabolized into glutamate to replen-
ish α-ketoglutarate (αKG) in the tricarboxylic (TCA) cycle and to 
support ATP production (Fig. 3d). We used targeted metabolomics 
to examine whether glutamine replaces glucose to sustain RA Mϕ 
survival. Extracellular glutamine concentrations were reduced in 
cultures of RA MDMs compared with in cultures of control MDMs 
(Fig. 3e). Also, intracellular glutamate was lowered in RA MDMs 
to about half the control concentrations, compatible with ongoing 
glutamate utilization (Fig. 3f). Doubling of αKG concentrations in 
RA versus control MDMs supported the concept that glutamine was 
rapidly taken up, metabolized to glutamate and catalysed into αKG 
(Fig. 3g). To validate that glutamine and glutamate are life-sustaining 
energy substrates, we compared healthy and RA MDMs in the 7-day 
survival stress test, in which the cells were kept under glucose- 
and glutamine-free conditions and glutamine and glutamate were 
titrated in (Fig. 3h–k and Extended Data Fig. 4c,d). Both glutamine 
and glutamate improved survival rates of RA MDMs, but could not 
rescue healthy cells, indicating that the MDMs had switched to glu-
tamate utilization. Seahorse-assay assessment of mitochondrial res-
piration in RA Mϕ confirmed that glutamine improved basal and 
maximal respiration rates, but glutamate provided optimal oxygen 
consumption among all conditions tested (Fig. 3j,k and Extended 
Data Fig. 4e,f).

In summary, RA Mϕ are programmed to easily switch to 
glutamine-derived glutamate to fuel their heightened energy 
demands, rendering them resistant to the glucose-deprived tissue 
environment in the inflamed synovium.

Synovial Mϕ are high producers of CCL18. We began to search 
for upstream signals that endow synovial Mϕ with a metabolic 
programme that adapts them to a glucose-poor environment and 
allows them to specialize in antigen presentation. We screened 
synovial-tissue samples with low-grade and high-grade synovitis for 
the abundance of cytokines and chemokines suspected to regulate 
cell survival (Fig. 4a). The cytokine TNF, recognized for its patho-
genic potency in RA, served as a positive control17. Proteomic analy-
sis of 60 cytokines and chemokines by array technology revealed high 
tissue concentrations of CXCL7, CCL18 and TNF in highly inflamed 
synovial samples (Fig. 4a). CXCL7 is a platelet-derived chemoattrac-
tant and neutrophil activator, uniformly found at high abundance 

in inflamed tissue21,22. We queried publicly accessible data sets from 
synovial tissue transcriptomics and found that CCL18 transcripts are 
consistently elevated in rheumatoid synovitis (GSE55457) (Fig. 4b). 
CCL18 mRNA is also highly abundant in the seronegative variant of 
RA synovitis23. We confirmed that CCL18 transcripts were tenfold 
higher in side-by-side comparison of low-grade and high-grade RA 
synovitis (Fig. 4c). Analysis of scRNA-seq data9 assigned CCL18 pri-
marily to synovial tissue Mϕ, with a minor signal in synovial fibro-
blasts and essentially no signal in synovial B and T cells (Fig. 4d). On 
the basis of distinct gene expression profiles, six synovial Mϕ subtypes 
have been identified18. CCL18 transcripts were present in all six syno-
vial Mϕ subsets, but were highly enriched in three subsets (M1G+, 
Selenop+, and CCL+ Mϕ) (Fig. 4e). The Mϕ subpopulations rich in 
CCL18 sequences co-produced the inflammatory cytokine encoded 
by IL6 and were low in IL-10, identifying them as pro-inflammatory 
(M1-like) Mϕ (Fig. 4e). We applied dual-colour immunofluorescence 
staining of tissue sections from RA synovitis (Fig. 4f) to distinguish 
CCL18-producing and non-producing Mϕ in the infiltrates. Mapping 
of CCL18 staining in 25 synovitis regions identified the vast major-
ity of CD68+ synovial Mϕ as positive. Representative tissue stains 
are shown in Fig. 4f. Tissue Mϕ were isolated from biopsy samples 
of low-grade and high-grade RA synovitis and analysed for CCL18 
expression by flow cytometry (Fig. 4g). Essentially all Mϕ popula-
tions stained positive for the protein, with the highest expression in 
Mϕ derived from highly inflamed tissues. In single-cell suspensions 
from digested synovial tissue, PDPN+ fibroblasts, CD3+ T cells and 
CD19+ B cells were all negative for CCL18 (Extended Data Fig. 5a), 
defining the cytokine as a selective Mϕ product. Selectivity for Mϕ 
was maintained in peripheral blood cells. CCL18 gene expression was 
distinctly low in circulating CD4+ and CD8+ T cells, neutrophils and 
monocytes (Fig. 4h). Only after the differentiation of monocytes into 
MDMs or dendritic cells did the cells commit to CCL18 production. 
However, this commitment was typical in patients with RA and much 
less so in healthy individuals. When healthy and RA Mϕ were com-
pared, CCL18 protein expression and secretion were more than twice 
as high as in RA cells (Fig. 4i,j).

Previous reports examining CCL18 induction in Mϕ have 
emphasized the role of IL-4, IL-13 and IL-10 as inducers, sug-
gesting that CCL18 is the product of anti-inflammatory M2 Mϕ  
(ref. 24). Given that CCL18 in the tissue derived mostly from 
M1-like, pro-inflammatory Mϕ subsets (Fig. 4e), we explored the 
responsiveness of MDMs to an array of stimuli (Extended Data 
Fig. 5b). Short-term (6 hours) or long-term (24 hours) stimulation 
with lipopolysaccharide (LPS), IFN-γ alone or LPS combined with 
IFN-γ, IL-4 and IL-10 all successfully induced expression of CCL18 
transcripts. However, in RA cells, CCL18 responded most robustly 
to the combination of LPS and IFN-γ, which emerged as a reliable 
means of inducing pro-inflammatory Mϕ that are representative of 
synovial tissue-residing Mϕ20.

In summary, production and release of the cytokine/chemokine 
CCL18 is a typical and universal feature of synovial Mϕ and MDM 
in patients with RA. In chronic inflammatory disease, CCL18 is no 
longer an M2-macrophage related product, as exemplified in RA as 
well as atherosclerotic disease25.

CCL18-induced GLUD1 expands Mϕ lifespan. To mechanistically 
link the resistance to glucose starvation and the propensity to pro-
duce CCL18, we explored whether the cytokine imposes a survival 
advantage. We generated MDM and adoptively transferred them into 
immunodeficient NSG mice that had been engrafted with human 
synovial tissue (Fig. 5a). In this model system, human Mϕ enter the 
tissue graft and support synovial inflammation26–28. In a series of 
experiments, we established the kinetics of Mϕ tissue infiltration 
(Extended Data Fig. 3b,c). Adoptively transferred Mϕ were detect-
able in the circulation for 3–5 days, with minimal numbers on day 
7. By day 5, Mϕ began to accumulate in the spleen and the synovial  
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graft and reached maximal tissue density by day 7. There was no 
noticeable egress from the inflamed synovium (data not shown). To 
quantify Mϕ vitality in the inflamed lesions, adoptively transferred 
cells were CFSE-labelled, and tissue-infiltrating Mϕ were enumer-
ated 1 week later. Single-cell suspensions demonstrated that almost 
all CD3– cells expressed the Mϕ markers CD68 and contained a pop-
ulation of CFSE+CD68hi cells (Extended Data Fig. 3b,c). We tested 
whether systemic CCL18 affected the population size of tissue Mϕ. 
Chimeric mice were injected with recombinant human CCL18 pro-
tein (rhCCL18) or vehicle. Of Mϕ residing in the tissue, the CFSE+ 
Mϕ population in rhCCL18-treated mice was almost double that in 
vehicle-treated mice (Fig. 5a and Extended Data Fig. 6a), compatible 
with CCL18 functioning as a survival factor for tissue-embedded 
Mϕ. Similar results were obtained in an ex vivo survival stress test 
(Fig. 5b) in which MDM were exposed to glucose-free conditions 
and survival was measured after 7 days. Healthy Mϕ were kept in 
exogenous rhCCL18 (50 ng/mL). Vice versa, CCL18 was knocked 
down in RA Mϕ by small interfering RNA (siRNA) technology. 
Excess CCL18 significantly improved survival, whereas CCL18 loss 
of function doubled death rates (Fig. 5b). These data establish a 
direct role for CCL18 in protecting Mϕ from nutrient stress, par-
ticularly when functioning in a glucose-poor environment.

To define whether CCL18 secures Mϕ survival in glucose- 
depleted conditions by promoting amino acid catabolism, we 
screened 15 genes involved in the glutaminolysis pathway (Fig. 5c). 
Treatment of healthy Mϕ with rhCCL18 selectively upregulated 
the mitochondrial enzyme glutamate dehydrogenase (GLUD1)  
(Fig. 5c). CCL18-dependent upregulation of GLUD1 was confirmed 
at the protein level (Fig. 5d). Also, CCL18 knockdown in RA MDM 
lowered GLUD1 protein levels (Fig. 5d). Knockdown efficiency of 
CCL18 was efficient in lowering protein and transcript levels of the 
cytokine (Extended Data Fig. 8a,b). In support of the concept that 
CCL18 is an upstream regulator of GLUD1, we found that GLUD1 
transcripts and protein were increased in RA Mϕ (Fig. 5e,f).

We questioned which Mϕ subsets in RA synovitis express 
GLUD1 (Fig. 5g). All Mϕ subpopulations had detectable levels of 
GLUD1 sequences, with CCL18-rich subsets having abundant tran-
scripts for the glutamate-metabolizing enzyme.

To investigate whether glutamate metabolism regulates Mϕ lifes-
pan under nutrient stress, we manipulated Mϕ GLUD1 expression. 
Cell survival was measured in CCL18-stimulated GLUD1lo Mϕ 
exposed to glucose-low conditions (Fig. 5h). GLUD1 loss of func-
tion resulted in high Mϕ death rates. Similarly, RA Mϕ utilized 
GLUD1 to prolong their lifespan (Fig. 5i and Extended Data Fig. 
6b,c). GLUD1 knockdown efficiency was confirmed by quantifying 
protein and transcripts (Extended Data Fig. 8c,d). GLUD1 knock-
down significantly impaired the survival of Mϕ forced to adapt to a 
glucose-low environment (Fig. 5i).

We examined whether glutamate is a relevant fuel source for 
Mϕ in vivo. Healthy Mϕ were CFSE-labelled and transfected 
with a GLUD1 or a control overexpression plasmid. Mϕ survival 
was determined by cytometric analysis of CFSE+ cells that accu-
mulated in human synovial tissue. GLUD1hi Mϕ had a survival 
advantage, as indicated by the enrichment of CSFE+GLUD1hi Mϕ 
among tissue-residing cells (Fig. 5j). CFSE+GLUD1hi Mϕ reached 
close to 10,000 cells per 100 mg tissue, twice as many as the con-
trol plasmid transfected cells. We explored whether pharmacologic 
inhibition of GLUD1 (ref. 29) affected the density of CFSE+ Mϕ 
infiltrating the synovial graft. We reconstituted chimeric mice with 
CFSE-tagged GLUD1hi Mϕ from patients with RA and treated the 
mice with the GLUD1 inhibitor R162 (Fig. 5k). Consistent with the 
CCL18hiGLUD1hi phenotype of RA Mϕ, the enrichment in the tis-
sue site was even higher, reaching 13,000 CFSE+ Mϕ per 100 mg 
tissue. GLUD1 inhibition successfully prevented Mϕ retention in 
the synovium and brought Mϕ numbers down to control levels. 
We addressed the question of whether the Mϕ accumulation in the 

synovial grafts was due to prolonged survival versus proliferative 
replenishment. CFSE labelling prior to adoptive transfer allowed 
calculation of a proliferative index of the transferred Mϕ. None 
of the macrophage populations isolated from the synovial tissue 
showed evidence for proliferative activity, confirming data from 
Ki67 staining of rheumatoid synovitis (Extended Data Fig. 6d–f).

These data identified the gene encoding the metabolic enzyme 
GLUD1 as a target gene of CCL18 and mechanistically connected 
cytokine-induced rerouting of metabolic flux to Mϕ survival.

CCL18 induces RFX5 to regulate Mϕ metabolism and survival. 
We hypothesized that CCL18 confers a survival advantage for Mϕ 
by regulating transcription factors (TFs) relevant in the glutami-
nolysis pathway. In a targeted approach, we screened TF expres-
sion patterns in healthy and RA MDMs (Extended Data Fig. 7a,b). 
Chromatin immunoprecipitation and sequencing (ChIP–seq) data 
from ENCODE3 (ref. 30) suggested that 20 TFs may have relevance 
in regulating GLUD1 expression. Sequences 1 kb upstream of the 
GLUD1 transcription start site (TSS) were extracted as the potential 
promoter region, and those occupied by a histone H3 acetylated at 
K27 (H3K27Ac) signal were chosen to predict TF binding on the pro-
moter region31. This approach resulted in a list of potential binding 
TFs (Supplementary Table 4), which we narrowed down to TFs that 
have been verified binding to the GLUD1 promoter on the basis of 
ChIP–seq data in immune cells (Supplementary Table 5). We checked 
the protein expression of these TFs in normal tissues and cell lines 
using integrated proteomics data from proteomicsDB, MaxQB and 
MOPED, and eliminated TFs with no or low expression in monocytes 
and/or Mϕ. On the basis of these criteria, we compiled a list of the 
most likely TF candidates that bind to the GLUD1 promoter region 
(Supplementary Table 6) and selected the final list of enhanced TFs 
(Supplementary Table 7) on the basis of expression in RA Mϕ.

CCL18 stimulation promoted upregulation of UBTF and RFX5 
(Extended Data Fig. 6a). Comparative analysis of healthy and RA 
Mϕ confirmed high expression of GABPA, TRIM22, RAD21 and 
RFX5 in RA Mϕ (Extended Data Fig. 6b). We validated RFX5 as a 
TF of interest by showing markedly higher RFX5 protein expression 
in RA versus healthy Mϕ (Fig. 6a). rhCCL18 treatment of healthy 
Mϕ increased RFX5 protein by 60–70% (Fig. 6b). CCL18 knock-
down in RA Mϕ lowered RFX5 gene and protein expression by  
50% (Fig. 6b).

Further support for the hypothesis that RFX5 is an upstream reg-
ulator of GLUD1 came from the quantification of GLUD1 mRNA 
transcripts in RA Mϕ (Fig. 6c). GLUD1 expression was sensitive 
to RFX5 loss of function (Fig. 6d), establishing a CCL18–RFX5–
GLUD1 pathway. RFX5 knockdown efficiency was measured by 
transcripts and protein level (Extended Data Fig. 8e,f). On the basis 
of scRNA-seq data, we compared RFX5 expression patterns in syno-
vial Mϕ subsets (Fig. 6e). All tissue Mϕ populations expressed RFX5 
transcripts, and CCL18-rich populations consistently expressed 
high levels of RFX5. To examine how RFX5 regulates GLUD1 tran-
scription, we used ChIP–PCR to assess binding of the transcription 
factor to the GLUD1 promoter (Fig. 6f). Compared with the IgG 
control, ChIP with anti-RFX5 antibody showed a high occupancy 
rate on the GLUD1 promoter. rhCCL18 treatment further increased 
the amount of RFX5 bound to the promoter region, directly impli-
cating RFX5 in regulation of GLUD1 transcription.

RFX5 knockdown disrupted CCL18’s life-prolonging effect 
under glucose depletion (Fig. 6g) and markedly reduced the survival 
of RA Mϕ (Fig. 6h). We tested whether enforced overexpression of 
RFX5 affected the in vivo survival of adoptively transferred Mϕ. 
RFX5 overexpression doubled the Mϕ pool in the tissue (Fig. 6i),  
confirming a direct regulatory role of RFX5 in stress resistance.

These data identified the DNA-binding protein RFX5 as the 
master regulator through which CCL18 primes Mϕ to successfully 
compete for survival in a glucose-depleted environment.
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CCL18-induced RFX5 enhances antigen presentation. 
RFX5 is recognized as a critical factor for the constitutive and 
CIITA-mediated transactivation of MHC class II genes32. The ability 
of Mϕ to stimulate CD4+ T cells is tightly linked to the expression of 
HLA-DR molecules. While presenting HLA–antigen complexes on 
their surface, Mϕ capture pieces of T cell membrane containing the 
interacting T cell receptor33, and such trogocytic Mϕ can be identi-
fied by expressing the T cell antigen CD3. We therefore investigated 
the antigen-presenting function of CCL18hiRFX5hi Mϕ and exam-
ined whether extended life span in the tissue niche and competence 
as an antigen-presenter are linked.

Synovial tissue biopsies from patients with RA were kept in 
organ culture in glucose-free medium supplemented with rhCCL18 
or vehicle, and after tissue digestion, Mϕ were analysed by flow 
cytometry (Fig. 7a). rhCCL18 treatment more than doubled sur-
face expression of HLA-DR on tissue-embedded Mϕ (Fig. 7b). 
Enhanced antigen-presenting function was captured by measuring 
the frequency of trogocytic (CD3-expressing) CD68+ cells (Fig. 7c). 
rhCCL18 treatment increased HLA-DRA mRNA transcripts and 
HLA-DR surface expression on healthy MDMs in vitro (Fig. 7d,e).

We established an in vitro system to quantify the frequency of 
antigen-specific CD4+ T cells to directly test whether the T cell 
stimulatory capacity of Mϕ is dependent on CCL18 and RFX5. 
Characteristically, antigen-specific CD4+ T cells are present at low 
frequencies, in the range of 1 in 50,000 to 1 in 500,000 (refs. 34,35). We 
overcame the notorious hurdles in detecting antigen-specific CD4+ 
T cells by relying on antigens in Candida albicans protein (CAP), 
known to induce robust recall responses in almost all adults. We 
defined the antigen-specific population as CD40L+CD69+CD4+ 
T cells36. Over a 7-day culture period, CAP consistently induced 
the expansion of CD40L+CD69+ T cells to about 1% of the CD4+ 
population (Fig. 7f and Extended Data Fig. 9), compatible with the 
presence of CAP-recognizing memory T cells in healthy adults. 
Restimulation of primed CD4 T cells with CAP-loaded Mϕ acti-
vated about 2% of CD4+ T cells within 6 hours, indicative of vig-
orous clonal expansion of the antigen-reactive subpopulation (Fig. 
7f). Treatment with rhCCL18 and overexpression of RFX5 both 
improved the antigen-presenting capacity of Mϕ (Fig. 7g,h), increas-
ing the frequency of antigen-reactive CD4+ T cells by 2.6-fold and 
4.3-fold, respectively.

To test whether the enhanced antigen-presenting capabilities 
of synovial Mϕ translated into a higher degree of tissue inflamma-
tion, we profiled the tissue transcriptome, assessed the density of 
tissue-infiltrating lymphocytes, and measured the frequencies of 
synovial CD3+IFN-γ+ T cells (Fig. 7i–k). Treatment of chimeric mice 
with rhCCL18 induced aggressive synovitis. CCL18 did not enhance 
T cell density but shifted the differentiation state of lesional T cells 
towards cytokine-producing effector cells. The lineage-determining 
transcription factors RORG were highly expressed and IFNγ and 
IL17 transcripts were highly abundant (Fig. 7i). The inflammatory 
cytokine TNF was strongly induced. In line with CCL18 upregu-
lating HLA-DR through RFX5 induction, tissue transcripts were 
highly enriched for HLA-DR (Fig. 7i). The density of the synovial 
infiltrates increased dramatically (Fig. 7j) and the tissues collected 
from CCL18-treated mice contained clusters of IFN-γ-producing 
T cells (Fig. 7k).

In summary, CCL18-induced RFX5 determined the intensity of 
synovial tissue inflammation by enhancing the antigen-presenting 
function of Mϕ in the tissue site.

Discussion
Tissue-resident Mϕ are a heterogenous population of innate 
immune cells that fulfil critical functions in tissue immune sur-
veillance, anti-microbial immunity, clearance of cellular debris and 
tissue repair and healing, and are an absolute requirement for tis-
sue inflammation. In rheumatoid synovitis, pro-inflammatory Mϕ 

are key effector cells. Here, we define on a molecular level how Mϕ 
adapt to their niche-specific tasks and how they contribute to auto-
immunity. Mechanistic studies identified CCL18 as a cell-intrinsic 
factor that coordinated two key features of tissue Mϕ: their 
antigen-presenting capabilities and their metabolic adaptation to 
a harsh tissue environment depleted of essential energy resources. 
Maximizing autoimmunity-inducing traits relied on a molecular 
axis in which CCL18 induced the transcription factor RFX5 and the 
mitochondrial enzyme GLUD1, enabling RA Mϕ to survive under 
glucose-depleted conditions by fluxing glutamine into the TCA. 
This metabolic adaptation was synchronized with RFX5-dependent 
upregulation of HLA-DR molecules, supporting expansion of 
antigen-recognizing CD4+ T cells. These mechanistic studies iden-
tified synovial Mϕ as metabolically and functionally reprogrammed 
myeloid cells that excel in driving autoimmune tissue inflamma-
tion by responding to CCL18, upregulating the transcription factor 
RFX5 and rerouting the flux of mitochondrial metabolites.

Tissue Mϕ diversity originates from their ontogenetic origin, 
deriving from primitive hematopoiesis in the embryonic yolk 
sac and definitive hematopoiesis in the foetal liver or BMDMs37. 
During phases of tissue injury or inflammation, the Mϕ pool is 
mainly supplied from monocyte-derived Mϕ. Accordingly, the 
phenotype of arthritic tissue arthritic Mϕ is well-maintained in 
ex vivo generated Mϕ38,39, which upon stimulation differentiated 
into cells that produced high levels of CCL18, RFX5, GLUD1 and 
HLA-DR. The tissue niche is now considered a critical factor in 
driving plasticity and adaptations in the functional state of Mϕ40. 
While specialized Mϕ subsets support tissue- and niche-specific 
requirements, inflammation-promoting Mϕ must have common 
properties: secreting cytokines and chemokines; activating endo-
thelial and stromal cells; and serving as APCs for adaptive immu-
nity. Indeed, scRNA-seq analysis assigns HLA-DR expression, and 
thus antigen-presentation, almost exclusively to all subsets of tissue 
Mϕ18. Above all, Mϕ must survive in the demanding tissue envi-
ronment. Data presented here identify CCL18 as an upstream ele-
ment in the Mϕ survival pathway. On the basis of gene structure, 
CCL18 is classified as a member of the macrophage inflammatory 
protein family. CCL18 is particularly capable of attracting T cells to 
enhance innate-adaptive immune communications. On the basis of 
transcriptomic and cytometric single-cell analyses of synovial pop-
ulations, T cells and Mϕ are the dominant tissue-residing cell types 
(20% Mϕ, 30% T cells9) and need to interact. Molecular experiments 
implicated CCL18 in controlling the APC function of tissue Mϕ 
through a pathway that involved coordinated metabolic adaptation. 
By targeting RFX5, CCL18 directly enhanced antigen presentation, 
as demonstrated for anti-Candida CD4+ T cell responses. HLA-DR 
cell surface density is a limiting factor in engaging CD4+ T cells and 
boosting their clonal expansion41. Trogocytosis is an active process 
in which T cells conjugated to Mϕ extract pieces of membrane in a 
bidirectional fashion42,43. In fresh synovial tissues from patients with 
RA, 30–40% of tissue Mϕ were actively participating in synapse 
formation (Fig. 1d). CCL18-treated and RFX5-overexpressing Mϕ 
doubled frequencies of antigen-recognizing CD4+ T cells, implicat-
ing CCL18 and RFX5 in controlling the intensity of adaptive immu-
nity in the joint.

Antigen processing and presentation is an energy demand-
ing process44,45, amplifying the need for adequate fuel in the tis-
sue environment. The tissues surrounding tumours are known to 
be acidified, hypoxic and low in glucose46,47. Determining factors 
in the competition for nutrients and energy are the bioenergetic 
and biosynthetic needs of the different cell types that accumulate 
in the tissue. Tumour cells need not only ATP, but also a plethora 
of biosynthetic precursors to produce the biomass for prolifera-
tion and access not only glucose but also glutamine48. In humans, 
pro-inflammatory Mϕ are end-differentiated cells, no longer 
undergoing cell division and are thus less reliant on biosynthesis. 
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Instead, they can devote their bioenergetic and synthetic flux to 
their core effector functions, endocytosing, processing and present-
ing antigen, providing co-stimulatory and co-inhibitory signals to 
T cells and releasing pro-inflammatory cytokines and chemokines. 
Glucose remains an important fuel source in the tissue. However, 
without glycogen storage, peripheral tissue is low in local glu-
cose concentrations compared with blood49. Steady-state glucose  

concentrations in the brain are 20% of that in the blood50, similar to 
the glucose levels we measured in human synovial tissue. Glucose 
limitation enforces the activation of survival responses to coun-
teract the immediate danger51. ‘Winner cells’ generate resources 
to maintain cellular integrity and function, involving a signalling 
network consisting of AMPK, mTOR, protein kinase A and pro-
tein kinase B/AKT52. Glucose-deprived Mϕ died after 2–3 days, 
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but CCL18hiRFX5hi phenotypes were stress resistant and survived. 
CCL18 rendered cells resistant by highly selective metabolic inter-
ference, enabling anaplerosis by fluxing glutamate towards αKG53. 
In the current paradigm, M1 Mϕ switch to glycolysis to generate 
ATP and downregulate oxidative phosphorylation and fatty acid 
oxidation52. Succinate and itaconate leave the mitochondria to func-
tion as metabolic signalling molecules54–56. Succinate has strong 
pro-inflammatory activity57, whereas itaconate mediates primarily 
anti-inflammatory responses58. Glycolysis is not required for the 
differentiation of pro-resolving/anti-inflammatory M2 Mϕ59. Our 
data suggest that fuel availability determines the outcome of Mϕ 
functional commitment. Surviving Mϕ maintained intracellular 
αKG concentrations, linking this TCA intermediate to Mϕ cellular 
fitness. CCL18hi Mϕ from individuals with autoimmune disease had 
a survival advantage by converting glutamate into αKG. The molec-
ular mechanisms that connect αKG to nutrient stress resistance will 
require further examination.

Several features distinguish RA Mϕ from healthy Mϕ, includ-
ing higher ATP production, higher mitochondrial glucose import 
due to inactivated glycogen synthase kinase 3 beta and higher ROS 
production39. Metabolic deviations have been directly linked to the 
release of pro-inflammatory IL-1β and IL-6 through the ‘moon-
lighting’ of the glycolytic enzyme PKM2 driving nuclear STAT3 
activation36. Mϕ expression of the co-inhibitory ligand PD-L1, 
which disables anti-viral immunity, is metabolically controlled60. 
The current study did not address whether CCL18 hyperproduc-
tion is interlinked with other Mϕ phenotypes and whether the 
CCL18 abundance is a suitable biomarker estimating RA disease 
burden. Further studies need to address the following study limita-
tions: induction and maintenance of CCL18+ Mϕ, signalling path-
ways sustaining the CCL18hi phenotype and signalling mechanisms 
through which CCL18 upregulates the transcription factor RFX5.

The recognition that inflamed synovium is a glucose-depleted 
environment and how CCL18 and RFX5 coordinate Mϕ survival 
and antigen presentation has important clinical implications. Current 
anti-inflammatory therapies target Mϕ products, typically released 
cytokines, for example TNF and IL-6. The molecular definition of a 
CCL18–RFX5–GLUD1 stress-resistance pathway provides multiple 
opportunities to hit tissue inflammation by shortening the survival of 
stress-resistant Mϕ. Blocking CCL18 would disrupt the survival path-
way far upstream and not only make pro-inflammatory tissue Mϕ more 
susceptible to death, but also intersect Mϕ-dependent stimulation of 
lesional T cells and thus offer a multi-pronged anti-inflammatory 
strategy. In the tumour environment, CCL18 may serve as a survival 
factor for host-detrimental Mϕ61 in cancer and is one of four hub 
genes in the progression of the atherosclerotic plaque62,63, expanding 
the potential for therapeutic CCL18 blockade even further.

Methods
Study participants. The study population consisted of 144 individuals with RA 
(age 57.4 ± 14.8 years; 73.6% female) and 141 age-matched healthy controls (Age 
56.1 ± 11.5 years; 75.2% female). Participants with RA were recruited if they 
fulfilled the 2010 ACR diagnostic criteria for RA and were positive for anti-CCP 
antibodies or for rheumatoid factor17. Those with a current or historical diagnosis 
of cancer, chronic inflammatory disorder or uncontrolled medical diseases were 
excluded. Demographic and clinical characteristics of everyone enroled are 
presented in Supplementary Table 1. Samples were assigned to experiments in the 
order they arrived in the lab. Healthy control individuals had no personal or family 
history of autoimmune disease, cancer, chronic viral infection or inflammatory 
disease. Fifty milliliters of venous blood were drawn into heparin-containing tubes 
from each donor. Peripheral blood mononuclear cells (PBMCs) were purified from 
fresh blood samples right after the collection by density gradient centrifugation 
with Lymphoprep (STEMCELL Technologies) at room temperature. The 
Institutional Review Boards of Stanford University and Mayo Clinic approved the 
study, and appropriate written consent was obtained from all participants.

Cells and tissues. Synovial tissues were collected from individuals with 
inflammatory polyarthritis undergoing synovectomy or total joint replacement and 
processed immediately. Freshly collected synovial tissues were cut into thin slices, 

and single-cell suspensions were generated by treatment with 1 mg/mL collagenase 
type IV (Worthington, LS004196) and DNase I (100 μg/mL, ZYMO RESEARCH, 
E1011-A) for 1 hour at 37 °C. Tissue debris was removed with a sterile cell strainer 
(100 μm) and macrophages were isolated with Easysep Human Monocyte Cell 
Isolation kits (STEMCELL Technologies, 19359).

Total CD4+ T cells, CD8+ T cells and neutrophils were prepared with Easysep 
human cell isolation kits (STEMCELL Technologies, nos. 17952, 17953, 17957). 
Dendritic cells were differentiated from circulating monocytes with 500 U/
mL IL-4 and 800 U/mL granulocyte-macrophage colony-stimulating factor 
(GM-CSF) for 5 days.

Monocytes were separated as previously described38,39 and differentiated 
into monocyte-derived Mϕ by culturing them in 20 ng/mL of macrophage 
colony-stimulating factor (M-CSF, Biolegend) for 5 days. Resting 
monocyte-derived Mϕ were activated with 100 U/mL IFN-γ (Sino Biologicals) 
and 100 ng/mL LPS (Sigma-Aldrich) for 24 hours. Mϕ were detached from plates 
using StemPro Accutase Cell Dissociation Reagent (Life Technologies, Thermo 
Fisher Scientific). To expose Mϕ to nutrient stress, the cells were activated and 
cultured in glucose-free RPMI1640 medium supplemented with 10% FBS for 1–7 
days. M-CSF, LPS and IFN-γ were withdrawn before Mϕ entered the nutrient 
deprivation period. To test the effect of glutamine or glutamate on cell survival, 
Mϕ were cultured in glucose- and glutamine-free RPMI 1640 medium (containing 
0.136 mM glutamic acid) supplemented with 10% FBS in the presence of gradients 
of l-glutamine, l-glutamic acid (0, 0.1, 0.5 mM) or 0.5 mM αKG.

Cell transfections. Lipofectamine transfection reagent (Thermo Fisher Scientific) 
was used to overexpress or knock down specific genes. siRNAs specific for CCL18, 
GLUD1 and RFX5 were purchased from Santa Cruz Biotechnology. CCL18, RFX5, 
GLUD1 and empty pcDNA vector plasmids were obtained from GenScript Biotech.

RNA extraction, reverse transcription and real-time PCR. Total RNA was 
purified with Direct-zol RNA MiniPrep kits (Genesee Scientific) and reverse 
transcribed into complementary DNA with High-Capacity cDNA Reverse 
Transcription Kits (Thermo Fisher Scientific). Quantitative RT–PCR was performed 
with SYBR Green qPCR Master Mix (Bimake) and a RealPlex2 Mastercycler 
(Eppendorf), as reported17. Relative gene expression was normalized to β-actin 
transcripts. PCR primers used in this study are listed in Supplementary Table 2.

Measurement of mitochondrial respiration (Seahorse assays). To measure 
mitochondrial respiration, Seahorse XF Cell Mito Stress Test Kits (Seahorse 
Biotech cat. no. 103015-100) were used as reported39,64. Mϕ were suspended in 
serum-free Seahorse XF RPMI 1640 medium and plated in XF96 Cell Culture 
Microplates (50,000 cells per well). In some experiments, the cells were kept in 
glucose-depleted RPMI1640 medium for 24 hours prior to testing to mimic the 
tissue environment. O2 consumption rates (OCR; pmol/min) were measured 
under basal conditions and upon sequential injection of oligomycin (1.5 μM), 
FCCP (1.5 μM), and rotenone/antimycin A (0.5 μM) (Agilent Technologies) at the 
indicated time points.

Immunoblotting. Protein was extracted with RIPA buffer (Thermo Fisher 
Scientific), and western blotting was performed as previously described22,23. In 
brief, proteins were electrophoresed in 4–15% SDS–PAGE (Bio-Rad) with a 
constant voltage of 100 V for 80 min, and were transferred to PVDF membranes 
(Bio-Rad). Membranes were blocked with 2% BSA, incubated with primary and 
secondary antibodies and developed with SuperSignal West Femto Maximum 
Sensitivity Substrate (Thermo Fisher Scientific). Antibodies used in this study 
(anti-GLUD1 (D9F7P), anti-RFX5 (Rockland), anti-HLA-DR monoclonal 
antibody (LN3) (Thermo Fisher Scientific)) are listed in Supplementary Table 3. 
Protein levels were normalized to anti-β-actin signals (Santa Cruz Biotechnology).

Flow cytometry. Using a BD LSRFortessa or a CYTEK NL-3000 flow cytometer, 
cell surface molecules were analysed as previously reported23. Anti-CCL18 
antibodies was obtained from R&D systems. PerCP–anti-human-CD45 (HI30), 
Pacific Blue–anti-human-HLA-DR, Brilliant Violet 421–anti-human-CD3 (SK7), 
PE/Cyanine7–anti-human-CD3 antibody (UCHT1), FITC–anti-human-CD3 
antibody (SK7), PE-Cy7–anti-human-CD4 (A161A1), Brilliant Violet 785–
anti-human-CD19 (HIB19), Brilliant Violet 785–anti-human-CD68 (Y1/82A), 
PE–anti-human-CD68 (Y1/82A), Brilliant Violet 510–anti-human-CD69 
(FN50), Brilliant Violet 785–anti-human-CD154 (24–31), Brilliant Violet 510–
anti-human-CD206 (15–2) antibody, Brilliant Violet 711–anti-human-CD163 
(GH1/61) antibody, human TruStain FcX, Zombie UV Fixable Viability Kit, and 
7-AAD Viability Staining Solution were purchased from Biolegend. Brilliant Violet 
650–anti-human-CD31 (M89D3) and Brilliant Violet 421–anti-human-podoplanin 
(LpMab-17) were purchased from BD. Data analyses were carried out with FlowJo 
10.0 (Tree Star).

Measurement of cell survival. Three methods were used to determine cell survival 
rates65. Cell viability was measured with the AlamarBlue Cell Viability Reagent 
(Thermo Fisher Scientific) and presented as relative fluorescence units (RFU 
× 1,000). Alternatively, the release of Lactate Dehydrogenase (LDH) into the 
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supernatant was quantified by the Pierce LDH Cytotoxicity Assay Kit (Thermo 
Fisher Scientific). Live and dead cells were stained by dual probe fluorescence 
(FITC calcein and Texas Red BOBO-3 iodide as live and dead cell indicators, 
respectively) with the LIVE/DEAD Cell Imaging Kit (488/570) (Thermo Fisher 
Scientific). All assays were performed following the manufacturer’s instructions.

Antigen-presentation assays. PBMCs were cultured with 0.05 units/mL of C. 
albicans antigen (CANDIN, Nielsen BioSciences) for 7 days. CD4+CD69+CD40L+ 
T cells were considered to be antigen reactive. For recall responses, 
monocyte-derived Mϕ were generated and loaded with Candida antigen or vehicle 
overnight. Loaded Mϕ were co-cultured with T cells that had been primed by a 
6-day culture with CANDIN, as described above. After 6 hours, antigen-responsive 
CD4+CD69+CD40L+ T cells were quantified by flow cytometry.

Organ culture. Synovial tissue biopsies were collected from individuals with 
RA. Tissue segments (10 mm long and 2 mm thick) were seeded into 24-well 
plates66 in glucose-free medium with or without rhCCL18 treatment. Trogocytotic 
macrophages (24 hours) were detected by flow cytometry after 24 hours. HLA-DR 
expression were measured after 48 hours.

Chromatin immunoprecipitation. ChIP assays were performed using ChIP-IT 
High Sensitivity Kits (Active Motif), as previously reported67. In brief, Mϕ (10 
million in each group) were cross-linked in Complete Fix buffer (30 minutes, room 
temperature) and quenched with Quench buffer (5 min). Subsequently, nuclei 
were extracted with a dounce homogenizer and resuspended in ChIP buffer, and 
sonication was used to generate chromatin fragments of 300 to 1,000 bp. Lysates 
were incubated with Protein G beads and immunoprecipitated with anti-RFX5 
antibody (Rockland) and isotype IgG (Cell Signaling Technology) antibody 
overnight at 4 °C. Proteins were eluted from Protein G beads by incubation with 
RNase A and proteinase K. DNA was cleaned with PCR purification Kits (Qiagen), 
and promoter regions of Mϕ were amplified by RT–PCR with specific primers. All 
primer pairs are listed in Supplementary Table 2.

Immunohistochemical staining. Tissue quality was monitored by staining 
4-μmthick sections of all synovial tissue samples with Hematoxylin & Eosin Stain 
Kits (Vector laboratories, H-3502). Immunohistochemical staining was performed 
as in previous reports25. Briefly, four-μm thick sections of synovial biopsies 
were permeabilized with 0.5% Triton X-100 in PBS (20 minutes). For multiplex 
immunohistochemistry staining, tissue sections were incubated with primary 
anti-CD68 and anti-CCL18 antibodies, anti-human-CD3 and anti-IFN-γ at 4˚C 
overnight. Subsequently, appropriate secondary antibodies were added at 37˚C for 
1 hour. The primary and secondary antibodies are listed in Supplementary Table 4. 
Nuclei were marked with DAPI (1:2,000, SC-3598, Santa Cruz Biotechnology) for 
2 minutes at room temperature. Immunofluorescence images were acquired using 
an Olympus fluorescence microscopy system (Olympus) or the Keyence BZX800E 
system (Keyence).

Cytokine measurements. Lysates were prepared from synovial tissue samples 
(4–8 cm3), and tissue cytokine concentrations were determined using cytokine 
arrays (C6 arrays, RayBiotech). CCL18 produced by MDMs was measured in the 
supernatant 24 hours after stimulation with LPS/IFN-γ by using human PARC 
(CCL18) ELISA assays (RayBiotech).

Quantification of metabolic intermediates. MDMs were differentiated with LPS/
IFN-γ and cultured for 24 hours. Alpha-Ketoglutarate Colorimetric/fluorometric 
Assay Kits (Bio Vision, K677), Glutamine Assay Kits (Colorimetric) (Abcam, 
ab197011) and Glutamate Assay Kits (Fluorometric) (Abcam, ab138883) were used 
to quantify extracellular glutamine, intracellular glutamate and intracellular αKG.

For tissue glucose measurement, synovial tissue samples were used 
immediately after collection. The tissues were weighed and rapidly extracted with 
1 mL deionized water for 15 minutes at room temperature. Glucose in tissue lysates 
was quantified using enzyme based high-sensitivity Glucose (HK) Assay kits 
(Sigma-Aldrich).

For tissue glutamine measurement, synovial tissues (10 mg) were washed, 
transferred to a pre-chilled tissue homogenizer, and homogenized on ice using 
10× (vol/wt) hydrolysis buffer. Homogenates were centrifuged at 10,000g for 
10 minutes, and supernatants were collected. Glutamine in tissue lysates was 
quantified using Glutamine Assay Kits (Colorimetric) (Abcam, ab197011).

In vivo survival studies in chimeric NSG mice. The generation of human 
synovium–NSG mouse chimeras followed previously described techniques22,27. 
Briefly, 8–10-week-old NSG mice (78 males, 75 females) from Jackson Laboratory 
were engrafted with human synovial tissue into a subcutaneous pocket on 
the midback. Synovial tissues were assigned to experiments in the order they 
arrived in the laboratory. To immuno-reconstitute the mice with human Mϕ, 
chimeras were injected with PBMCs (10 million/mouse) plus autologous 
monocyte-derived Mϕ (1 million/mouse). For in vivo testing of CCL18, mice 
engrafted with wedges of synovial tissue from the same donor were randomly 
assigned into two groups: the vehicle control group or the rhCCL18 group (50 μg/

mouse). In vivo effects of GLUD1 and RFX5 were tested by gain-of-function 
experiments. Healthy control Mϕ were transfected with control plasmid, GLUD1 
plasmid or RFX5 plasmid before adoptive transfer. Alternatively, GLUD1 activity 
was inhibited by treating the chimeric mice with the GLUD1 inhibitor R162 (refs. 
29,53) (10 mg/kg). Synovial tissue grafts were collected on day 14 and processed 
for RNA extraction or embedded into optimal cutting temperature (OCT) for 
immunohistochemical analyses. For FACS analysis, tissue was finely minced 
and digested at 37 °C in collagenase IV buffer (1 mg/mL) with Dnase I (100 μg/
mL) for 40 minutes. The digested tissue suspensions were passed through 40-μm 
cell strainers to remove debris. Single-cell suspensions were processed for flow 
cytometry. For all chimera experiments, the investigators responsible for the cell 
and tissue analyses were blinded to the treatment assignment of the mice. All 
protocols were approved by the Institutional Animal Care and Use Committee of 
Stanford University and Mayo Clinic.

Analysis of RNA-seq data. RNA-seq transcriptome data from healthy control 
synovium and from rheumatoid synovitis were downloaded from GSE55457. All 
gene transcript mapped data were normalized to TPM (transcript per million). 
We used log10(TPM + 1) values for all downstream analysis. To eliminate batch 
effects, an empirical Bayes method was performed using the functions provided 
in the sva R package (version 3.34.0). scRNA-seq data from RA synovial tissues 
generated by Zhang et al. were downloaded from Immport under the accession 
number SDY998. (https://www.immport.org/shared/study/SDY998). Data 
generated by Wu et al. were downloaded from the Genome Sequence Archive 
in BIG Data Center, Beijing Institute of Genomics (BIG), Chinese Academy of 
Sciences, under the accession code HRA000155. The Seurat R package (version 
4.05) was used to process UMI count × barcode matrices. For quality control, 
we identified barcodes representing real cells by generating a knee plot and 
removed barcodes with UMI counts below the inflection point. We next discarded 
cells with more than 15% of sequences coming from mitochondrial genes and 
cells expressing fewer than 500 genes or more than 3,500 genes. All individual 
Seurat objects from synovial tissue were integrated using the harmony package. 
After principal component analysis (PCA), clusters were then identified using 
t-distributed stochastic neighbour embedding. All plots were generated using the 
ggplot2 (v3.3.5) and the Seurat package. Cell identity was determined from flow 
cytometry provided with the count matrices.

Statistics. All data are displayed as mean ± s.e.m. A Student’s t test was applied 
for group comparisons. A paired t test was used for paired data analysis. One-way 
ANOVA was used for comparison of more than two groups, and post-ANOVA 
pair-wise two-group comparisons were conducted with Tukey’s method. Data 
were analysed with Prism 9 (GraphPad Software), and P < 0.05 was considered 
statistically significant. The Department of Biomedical Data Science at Stanford 
University and Mayo Clinic was overseeing all data analyses.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data that support the findings of this study are available from the corresponding 
author upon reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1 | Characterization of synovial Mϕ. a,b. Reanalysis of the original data from Nat Commun. 2021 Aug 17;12(1):4977 “Single-cell 
sequencing of immune cells from anticitrullinated peptide antibody positive and negative rheumatoid arthritis” by Wu et al. a, tSNE visualization of 
pooled scRNA-seq data from 71,073 CD45 + cells isolated the synovial tissue of rheumatoid arthritis patients (n = 20). We identified 21 clusters, including 
T cells (4 clusters), NK cells (1 cluster), B cells (3 clusters), fibroblasts (2 clusters), pericyte (1 cluster), endothelial cells (1 cluster), mast cells (1 cluster), 
dendritic cells (2 clusters), and macrophages (6 clusters). b, Gene transcript expression related to antigen presentation in different cell clusters. Data are 
shown as violin blots, and the 6 macrophage subsets are marked by a red frame.
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Extended Data Fig. 2 | HlA-DR and trogocytosis of synovial Mϕ. a, HLA-DR protein expression was measured by flow cytometry in 
CD206 + CD163 + cells and CD206-CD163low cells isolated from low- and high-grade synovitis (n = 5). b, Identification of trogocytic Mϕ in the synovial 
tissue. Single cell suspensions were prepared from synovial tissues collected from RA patients. Multiparametric flow cytometry identified CD68 + Mϕ, 
which had integrated T cell-derived membrane fragments. Captured membrane fragments stained positive with two independent anti-CD3 antibodies 
(UCHT clone (clone 2) and SK7 clone (clone 1)). CD68 + CD3/UCHTI + CD3/SK7 + cells were considered trogocytic macrophages. Gating strategy and a 
representative dot plot overlaying CD68 + cells from a tissue with low-grade and high-grade synovitis.
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Extended Data Fig. 3 | Dynamics of Mϕ ingress into human synovium engrafted into NSG mice. a–c, Human synovial tissues were implanted into NSG 
mice subcutaneously. Mϕ were induced from monocytes with M-CSF. After 7 days, CFSE-labelled Mϕ were mixed with autologous PBMC (1:10) and 
adoptively transferred into the mice. Synovial tissue grafts were harvested and digested on days 3, 5, 7 and 14 and tissue-residing macrophages were 
analyzed in the single cell suspensions by flow cytometry. a, Gating strategy for CFSE-labeled CD68 + cells in the tissue. b,c, Representative dot blots and 
frequencies of CFSE + CD68 + Mϕ were measured in the peripheral blood (n = 4), the spleen (n = 4) and the synovial tissue (n = 8) on days 3, 5, 7 and 14 
after adoptive transfer. Data presented as violin blots.
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Extended Data Fig. 4 | Glutamate and a-KG sustain survival and mitochondrial respiration in monocyte-derived Mϕ. a,b, Oxygen consumption rates 
(OCR) of monocyte-derived Mϕ generated from RA patients and healthy controls were compared by Seahorse analysis (n = 4). Basal OCR, ATP-coupled 
OCR and maximum respiration were measured by seahorse experiment on day 3. c,d, Mϕ from healthy controls and RA patients were kept in glucose 
and glutamine-free medium. Parallel cultures were supplemented with increasing doses of glutamine (0–2 mM) or glutamate (0–1 mM). Cell survival was 
quantified by LDH release assays on day 7 (n = 4). e,f, RA patient derived Mϕ were cultured under glucose depleted conditions and supplemented with the 
amino acids glutamine or glutamate or α-KG (0.5 mM). e, Metabolic activity of these Mϕ was determined by Seahorse analysis (n = 6). (f) ATP-coupled 
OCR was measured by seahorse experiment on day 3 (n = 4). Data are mean ± SEM. b–d, Two-tailed unpaired t test. f, One-way ANOVA with post hoc 
Tukey’s multiple comparisons test.
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Extended Data Fig. 5 | expression of CCl18 in synovial cell populations and ex vivo induction of CCL18 transcripts. a, Tissue samples from low-grade  
and high-grade RA synovitis were digested and single cell suspensions were treated with ionomycin/PMA and LPS. After 6 hours, CCL18 protein was 
measured via flow cytometry. Histograms comparing the mean fluorescence intensity (MFI) for CCL18 in fibroblasts, T cells and B cells. FMO shown in 
light grey. b, Monocyte-derived macrophages were induced ex vivo with M-CSF over 6 days and then stimulated with different stimuli as indicated. M0 
cells remained unstimulated. CCL18 transcripts were quantified by RT-PCR. Data are mean ± SEM from 4 experiments.

NATuRe MeTABOlISM | www.nature.com/natmetab

http://www.nature.com/natmetab


Articles NATURE METAboLISMArticles NATURE METAboLISM

Extended Data Fig. 6 | CCl18 and the CCl18 target GluD1 regulate survival of tissue-infiltrating Mϕ. CFSE-labeled Mϕ were adoptively transferred into 
NSG mice that had been engrafted with human synovium. Synovial grafts were harvested after 7 days and tissue-infiltrating Mϕ were analyzed by flow 
cytometry. a, Chimeric mice were treated with rhCCL18 (50 μg/mouse, n = 9) or vehicle control (n = 10) for 7 days. Grafts were explanted and percentages 
of CFSE + Mϕ within the CD3neg cell population were measured, Data are presented as violin plots. b, Before the adoptive transfer, Mϕ were transfected 
with a control (n = 10), GLUD1-expressing vector (n = 9). Synovial grafts were harvested and processed for flow cytometric analysis. Percentages of 
CFSE + Mϕ within the CD3neg cell population were measured. Data are presented as violin plots. c, Chimeras were reconstituted with CFSE-labeled Mϕ 
originating from RA patients and treated with the GLUD1 inhibitor R162 (10 mg/kg, n = 12) or vehicle control (n = 12). Frequencies of CFSE + Mϕ within the 
CD3neg cell population were measured. Data are presented as violin plots. d–f, Proliferation indices of Mϕ isolated from the explanted human synovial 
tissue were determined based on CSFE dilution. Data are in box and whisker plots.
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Extended Data Fig. 7 | CCl18-induced upregulation of transcription factors. MDM from healthy individuals and RA patients were induced with M-CSF 
over 6 days and differentiated with LPS/IFN-γ. Color scales are presented by fold change. a, Gene expression profiling for 20 transcription factors in Mϕ 
treated with rhCCL18 (50 ng/mL, n = 5) or vehicle (n = 5) for 48 h. Transcripts were quantified by RT-PCR. b, Gene expression of 20 transcription factors in 
Mϕ generated from controls and RA patients. mRNA expression was measured by RT-PCR.
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Extended Data Fig. 8 | Knock down efficiency for CCl18, GluD1 and RFX5. MDM were generated from RA patients. a,b, CCL18 was knocked down by 
transfecting the Mϕ with CCL18 siRNA. CCL18 protein and transcripts were quantified by FACS (a, n = 6) and qPCR (b, n = 5). c,d, To knock down GLUD1, 
Mϕ were transfected with GLUD1 siRNA. GLUD1 expression was quantified by immunoblot (c, n = 3) and qPCR (d, n = 4). e,f, RFX5 was knocked down by 
transfecting Mϕ with RFX5 siRNA. RFX5 protein and transcripts were quantified by immunoblotting (e, n = 3) and qPCR (f, n = 4). Data are mean ± SEM 
from 3–5 experiments in each group. Two-tailed paired t test.
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Extended Data Fig. 9 | Gating strategy to detect antigen-reactive CD4+ T cells. PBMC were stimulated with Candida albicans antigen (0.05 Units/mL)  
for 6 days. Antigen-reactive T cells were detected by flow cytometry. a–c, Cells of interest were identified by forward versus side scatter (FSC vs SSC)  
based on size and granularity (a). Alive cells were identified as 7-AADnegative (b). CD4 + T cells were identified as CD3 + CD4 + cells (c). d, Antigen- 
reactive CD3 + CD4 + T cells were identified as CD69 + CD40L +. Frequencies in FMO, in non-stimulated cells and in antigen-stimulated cells. e, T cells 
were primed with antigen as in a–d and restimulated with Mϕ that were loaded with vehicle or antigen. CD3 + CD4 + CD69 + CD40L + T cells were 
measured after 6 hours.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used.

Data analysis Graphpad Prism 9.0 (GraphPad Software),FlowJo 10.0 (Tree Star Inc.) were used for data analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data are available in the paper. No restrictions on data availability.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size to identify differences between patients and controls or between patient subsets were chosen to ensure 80% power with a level 
of significance of 5% when the difference in their means would be 1.5 standard deviation (n≥10). To assess the effect of in vitro interventions 
(e.g. gene silencing, metabolite exposure), we used paired testing with a sample size of 3 to 5. For in vivo experiments, 4-12 mice were 
enrolled in each treatment arm.

Data exclusions No data was excluded.

Replication All data were repeat for at least 3 times. All attempts at replication are included in the data.

Randomization PBMCs from control and patient donors were assigned randomly in each experiment. To implement random assignment, assign a unique 
number to every member of our study's sample. Then, we use a random number generator to randomly assign each number to a control or 
experimental group.

Blinding Blinding analysis was applied to all data. The investigators were blinded to group allocation during data collection.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Anti GLUD1 antibody, Catalog 12793S, Cell signaling technology; Anti RFX5 antibody, Catalog 200401194, Rockland; Anti CCL18 

antibody, Catalog sc-374438, SANTA CRUZ BIOTECHNOLOGY; Anti CCL18 antibody, AF488, Catalog IC394G-100UG, R&D; Anti β-Actin 
antibody, Catalog 3700S, Cell signaling technology; Anti CD3 antibody, Catalog ab5690, Abcam; Anti CD3 antibody, BV421, Catalog 
344834, Biolegend; Anti CD3 antibody, FITC, Catalog 344804, Biolegend; Anti CD3 antibody, PE-Cy7, Catalog 300419, Biolegend; Anti 
IFNr antibody, Catalog MAB285-100, R&D; Anti CD68 antibody, Catalog PA5-32331, Thermo Fisher Scientific; Anti CD68 antibody, PE, 
Catalog 333808, Biolegend; Anti CD68 antibody, BV785, Catalog 333826, Biolegend; Anti HLA-DR antibody, Catalog MA511966, 
Thermo Fisher Scientific; Anti HLA-DR antibody, Pacific Blue, Catalog 307633, Biolegend; Anti CD4 antibody, PE-Cy7, Catalog 357410, 
Biolegend;  Anti CD19 antibody, BV711, Catalog 302245, Biolegend;  Anti Podoplanin antibody, BV421, Catalog 566456, BD 
Biosciences; Anti CD45 antibody, PerCp, Catalog 304026, Biolegend; Anti CD45 antibody, PE-Cy7, Catalog 368532, Biolegend; Anti 
CD206 antibody, BV510, Catalog 321138, Biolegend; Anti CD163 antibody, BV711, Catalog 333630, Biolegend;  Anti CD69 antibody, 
BV510, Catalog 310935, Biolegend;  Anti CD154/CD40L antibody, BV785, Catalog 310842, Biolegend;  Goat anti-rabbit IgG, HRP, 
Catalog 7074S, Cell signaling technology; Goat anti-mouse IgG, HRP, Catalog ab6789, Abcam; Goat anti-mouse IgG, AF488, Catalog 
ab96879, Abcam; Goat anti-mouse IgG, AF594, Catalog A-11032, Thermo Fisher Scientific; Goat anti-rabbit IgG, AF488, Catalog 
A-11034, Invitrogen; Goat anti-rabbit IgG, AF594, Catalog A-11012, Thermo Fisher Scientific.

Validation All antibodies are commercial which were verified by the companies listed above.  All primary antibodies validations were defined for 
the the manufacturer’s website. 
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals "8-10-week-old NOD.Cg-Prkdcscidll2rgtm1Wjl/SzJ (NSG) mice (78 males, 75 females) were obtained from Jackson lab and bred in 
Mayo animal facility under specific pathogen-free conditions on a 12/12 h light/ dark cycle at 20-22°C with free access to  water and 
food. 

Wild animals This study doesn't involve wild animals.

Field-collected samples This study doesn't involve sample collected from the field.

Ethics oversight The animal study ethics were overseen by Administrative Panel on Laboratory Animal Care (APLAC), Stanford University and Mayo 
Clinic Institutional Animal Care and Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics The study population consisted of 144 patients with rheumatoid arthritis (RA) and 141 age-matched healthy controls 
subjects. RA patients were recruited if they fulfilled the 2010 ACR diagnostic criteria for RA and were positive for anti-CCP 
antibodies or for rheumatoid factor. Patients with a current or historical diagnosis of cancer, chronic inflammatory disorder 
and uncontrolled medical diseases were excluded. The demographic and clinical characteristics of all patients enrolled are 
presented in Supplementary Table 1.

Recruitment Recruitment criteria included: no personal history of cancer, chemotherapy, chronic inflammatory disease, chronic viral 
infection or autoimmune disease.  Without any potential self-selection bias or other biases in recruitment.

Ethics oversight The Institutional Review Board of Stanford University and Mayo Clinic reviewed and approved the study protocol.  All 
participants were informed appropriately, written consent documents were signed by all participants. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Synovial tissues were collected from patients with inflammatory polyarthritis undergoing synovectomy or total joint 
replacement and processed immediately. Freshly harvested synovial tissues were cut into thin slices and single-cell 
suspensions were generated by treatment with 1 mg/mL collagenase type IV (Worthington, LS004196) and DNase I (100 μg/
mL, ZYMO RESEARCH, E1011-A) for 1 hour at 37°C. Tissue debris was removed with a sterile cell strainer (100 μm) and 
macrophages were isolated with Easysep Human Monocyte Cell Isolation kits (STEMCELL Technologies, 19359). 

Instrument CYTEK NL-3000

Software FlowJo v10.7.2 (Tree Star Inc)

Cell population abundance The purity of cell population was consistently over 95% by flow cytometry.

Gating strategy Fluorescence minus one (FMO) was used to seperate the positive and negative populations for experiments.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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