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Abstract

Objectives: Myeloid cells with a monocyte/macrophage phenotype are present in large numbers in the RA joint, significantly contributing to dis-
ease; however, distinct macrophage functions have yet to be elucidated. This study investigates the metabolic activity of infiltrating polarized
macrophages and their impact on pro-inflammatory responses in RA.

Methods: CD14" monocytes from RA and healthy control (HC) bloods were isolated and examined ex vivo or following differentiation into ‘M1/
M2" macrophages. Inflammatory responses and metabolic analysis *+ specific inhibitors were quantified by RT-PCR, western blot, Seahorse XFe
technology, phagocytosis assays and transmission electron microscopy along with RNA-sequencing (RNA-seq) transcriptomic analysis.

Results: Circulating RA monocytes are hyper-inflammatory upon stimulation, with significantly higher expression of key cytokines compared with
HC (P< 0.05) a phenotype which is maintained upon differentiation into mature ex vivo polarized macrophages. This induction in pro-inflammatory
mechanisms is paralleled by cellular bioenergetic changes. RA macrophages are highly metabolic, with a robust boost in both oxidative phosphoryla-
tion and glycolysis in RA along with altered mitochondrial morphology compared with HC. RNA-seq analysis revealed divergent transcriptional vari-
ance between pro- and anti-inflammatory RA macrophages, revealing a role for STAT3 and NAMPT in driving macrophage activation states. STAT3
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Circulating CD14* monocytes enter the inflamed RA synovium and differentiate into monocyte-derived macrophages. These macrophages clearly
memorise the phenotype of their circulating precursor cells and display hyper-inflammatory and hyper-metabolic profiles. Interestingly inflammatory
macrophages also display impaired phagocytic activity. Inhibition of novel metabolic cofactor NAMPT reverses this phenotype and restores macrophage
homeostasis in part due to reciprocal inhibition of STAT3 activation. Created using Biorender.com.
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and NAMPT inhibition results in significant decrease in pro-inflasmatory gene expression observed in RA macrophages. Interestingly, NAMPT inhi-
bition specifically restores macrophage phagocytic function and results in reciprocal STAT3 inhibition, linking these two signalling pathways.

Conclusion: This study demonstrates a unigue inflammatory and metabolic phenotype of RA monocyte-derived macrophages and identifies a

key role for NAMPT and STAT3 signalling in regulating this phenotype.
Keywords: macrophage, RA, bioenergetics, monocyte, STAT3, NAMPT

Rheumatology key messages

* RA macrophages clearly memorize the phenotype of their precursor cells and are primed for inflammation.
* RA-activated macrophages display a hyper-inflammatory and hyper-metabolic phenotype coupled with blunted phagocytosis.
* NAMPT and STAT3 regulate this distinct phenotype; manipulation of these pathways restores macrophage homeostatic functions.

Introduction

Myeloid cells such as macrophages and monocytes make up the
majority of innate immune cells during inflammation and are
believed to be local and systemic amplifiers of disease critically
involved in shaping inflammation through a variety of mecha-
nisms. Notably, activated macrophages promote a number of
pro-inflammatory mechanisms in the synovium such as abundant
overexpression of crucial RA-associated cytokines such as TNFao
and IL-1B [1]. In addition, macrophages secrete high levels of
matrix-degrading enzymes, present antigen to T and B cells,
phagocytose and drive bone resorption [2—4]. Furthermore,
CD68* synovial macrophage expression strongly correlates with
disease activity and is inversely related to in vivo synovial PO,
levels [5-7], and synovial sub-lining (SL) macrophages are the
only cell type found to date that are consistently reduced in RA
responders, regardless of treatment type [5, 8-11].

Upon entry into the synovium, monocytes differentiate
into macrophages in response to factors such as M-CSF
(CSF1), IL-34 or GM-CSF (CSF2), inducing the expression
of macrophage-associated genes [12]. This process is partic-
ularly enhanced in response to inflammatory conditions and
physiological stress [13]. Typically, macrophage functional
subsets have been characterized into classical inflammatory
‘M1-like’ and tissue-resolving ‘M2-like’ phenotypes. The
‘M1-like’ macrophages are described as the dominant phe-
notype in the RA joint. Mottonen and colleagues demon-
strated that 68% of RA SF macrophage-like synoviocytes
display a phenotype typical of inflammatory macrophages
[14]. A more recent study confirmed the pro-inflammatory
phenotype of ex vivo isolated CD14* RA SF macrophages
[15]. This is perhaps due to the inflammatory milieu of the
synovial microenvironment [16].

The differing functions of polarized macrophages may be
influenced by their bioenergetic status, as recent studies have
indicated enhanced glycolytic flux and a concomitant impair-
ment in the tricarboxylic acid (TCA) cycle is associated with
the inflammatory function of ‘M1-like’ macrophages [17].
This is particularly interesting in the context of RA whereby
synovial CD68" macrophages are strongly associated with
metabolic activity, mitochondrial dysfunction and oxidative
stress in vivo, and inversely related to iz vivo synovial pO,
levels [5, 7, 8, 16].

We have previously reported that circulating monocytes in
RA are primed for hyper-inflammatory and hyper-metabolic
mechanisms, an early phenomenon that precedes clinical
manifestations of disease [18]. Therefore, in this study we in-
vestigate whether this distinct phenotype is maintained in RA

myeloid cells upon differentiation into mature ex vivo macro-
phages and whether we can identify potential targets for reso-
lution of inflammation.

Patients and methods

Extended methods are available in Supplementary Data S1,
available at Rheumatology online.

Patient recruitment

Patients with established RA were recruited from the
Rheumatology Department at St Vincent’s University
Hospital, Dublin, Ireland; patient demographics are shown in
Table 1. Patients fulfilling the ACR classification criteria were
included in this investigation [19]; all patients were required
to give fully informed written consent, approved by the St
Vincent’s Healthcare Group Medical Research and Ethics
Committee. Patient assessment included same-day tender and
swollen joint count (TJC/SJC), ESR, CRP, RF and ACPA, and
global health visual analogue scale [19]. Healthy blood was
obtained from anonymous healthy control (HC) donors from
St James’s Hospital, Dublin. Ethical approval was obtained
by the School of Medicine Research Ethics Committee,
Trinity College Dublin.

CD14* monocyte and monocyte-derived
macrophage isolation and culture

Peripheral blood mononuclear cells (PBMC) were isolated from
blood by density gradient centrifugation (Lymphoprep; Stemcell
Technologies, Vancouver, Canada). A positive selection of

Table 1. Patient demographics

Characteristic Mean Percentage or range
Age, years 55.4 24-88
Gender, female, 7 28 62

RF positive, 7 26 58
ACPA positive, 25 55.5
Disease duration, years 11.84 <1-45
DAS28,n 3.15 1.24-6.64
CRP, n 7.4 <1-32.3
On MTX, n 15 33.33
Treatment naive, n 13 29

On NSAIDs, n 4 8.90
On biologic, 7 9 20
On DMARD, n 4 8.90

Patient characteristics for isolated monocytes from RA blood (17 =45).
Values reflect either the group average or the range in each group with given
criteria.
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CD14" cells was performed by adding MACS superparamag-
netic microbeads (Miltenyi-Biotec, Bergisch  Gladbach,
Germany) conjugated with monoclonal anti-human CD14 anti-
bodies to freshly prepared PBMC in MACS buffer (Miltenyi-
Biotec). Isolated PBMC were then magnetically sorted and la-
belled to yield a pure (>95%) population of CD14" monocytes.
Freshly isolated monocytes were cultured in RPMI 1640
(Thermo Fisher Scientific, MA, USA) supplemented with 10%
fetal calf serum, HEPES (20mM), penicillin—streptomycin
(100 pg/ml), amphotericin B (0.25 pug/ml) (Gibco-BRL, UK) and
50 pg/ml of gentamycin (Sigma-Aldrich, Missouri, USA).

CD14" monocytes were seeded at a density of 2 x 10° cells/
well in a 6-well plate and cultured in complete RPMI supple-
mented with M-CSF (50 ng/ml) (PeproTech, London, UK) for
8 days to derive in vitro macrophage cultures. Macrophages
were then polarized for 24 h to either ‘M1-like’ macrophages
using LPS (100 ng/ml) (Enzo Life Sciences, Belgium) or IFNy
(20 ng/ml) (PeproTech, UK) or ‘M2-like’ macrophages using
IL-4 (20 ng/ml) (PeproTech, UK). For functional studies, mac-
rophages were detached using Accutase cell detachment solu-
tion (Sigma-Aldrich, Ireland) for 20min at 37°C. Ml1-
polarized macrophages were also inhibited with STATTIC
(5 uM) and FK866 (100 uM) for 24 h following polarization.
CD14" monocytes were also analysed either ex vivo or fol-
lowing 24h stimulations with LPS (100 ng/ml) (Enzo Life
Science, UK).

Seahorse

Oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR), reflecting oxidative phosphorylation and
glycolysis respectively, were measured using the Seahorse
XFe96 analyser (Agilent Technologies). Macrophages were
detached using Accutase cell-detachment solution (Sigma-
Aldrich, Ireland), seeded at a density of 50000 cells/well in a
96-well Seahorse microplate (Agilent Technologies) and
allowed to adhere for 1h in RPMI. Cells were polarized into
‘M1-like’ and ‘M2-like’ macrophages and incubated over-
night. Cells were then washed and further incubated with
Seahorse medium for 1 h at 37°C in a non-CO, incubator, be-
fore undergoing a Mito Stress test using the Seahorse XFe96
Analyser. Basal oxidative phosphorylation/glycolysis was cal-
culated by the average of three baseline OCR/ECAR measure-
ments, respectively. Specific metabolic inhibitors: oligomycin
(2 ug/ml), trifluorocarbonylcyanide phenylhydrazone (FCCP)
(mitochondrial uncoupler) (5 M) and antimycin A (complex-
[T inhibitor) (2 pM) (all Agilent Technologies) were further
injected to assess the metabolic capacity of macrophages.

Transmission electron microscopy

To investigate the morphology and number of mitochondria in
RA and HC monocyte—derived macrophages, transmission elec-
tron microscopy was used. Macrophages were seeded at density
of 2% 10° cells/well on day 0 and polarized on day 8 for 24 h.
Cells were fixed in glutaraldehyde (3% in 0.05M potassium
phosphate buffer, pH 6.8; Sigma-Aldrich) for 1 h at room temper-
ature. Samples were processed and analysed using a Jeol-
JEM2100 LaB6 (operated at 100Kv). Digital images were
obtained using an AMT XR80 capture system and Image] soft-
ware. High-powered images of 35 cells/sample were taken. The
number of mitochondria was counted and the average, per sam-
ple, was calculated. The average number of elongated mitochon-
driaffield of view from n=35 samples were also counted and
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represented as a percentage of total mitochondria (elongated and
regular oval shaped).

Phagocytosis assay

Receptor-mediated endocytosis was assessed using DQ-labelled
OVA (Thermo Fisher Scientific, MA, USA). Macrophages were
detached using Accutase, washed, collected in flow tubes and in-
cubated with 4 uL. OVA-DQ either at 0°C (passive phagocytosis)
or 37°C (active phagocytosis) for 15min, and subsequently
washed twice. Quantification of the cells’ phagocytic profiles
was obtained using FortessaFlow-Cytometer and analysed using
Flow]o software.

RNA-sequencing

High quality RNA was isolated from RA polarized monocyte-
derived macrophages using the RNeasy kit (QIAGEN) and
the purity of RNA samples was assessed using a NanoDrop
2000 spectrophotometer (ThermoFisher). RNA samples were
reverse transcribed and sequence libraries were generated by
Janssen Pharmaceutical (Spring House, PA, USA) using the
NuGen Ovation Universal RNA-sequencing (RNA-seq)
System. The resulting sequencing libraries were analysed us-
ing the Cali-per LabChip GX and quantified using KAPA
qPCR. Libraries were normalized and pooled. Each pool was
then clustered and sequenced on an Illumina NextSeq500 in-
strument using 2x 100 bp paired-end reads, following manu-
facturer’s instructions. Raw read quality was evaluated using
FastQC before reads were trimmed for adaptors and sequence
quality. Trimmed reads were aligned to human CRCh38.84
reference genome using STAR RNA-seq aligner. Aligned
reads were quantified for each gene. Aligned data were evalu-
ated for quality using several quality metrics (e.g. mapping
rate, coverage) and visually inspected for samples deviating
from the population across multiple metrics and principal
component analysis. Statistical analysis of RNA-seq data was
performed in R (version-3.5.1).

Differential gene analysis was performed with edgeR package
to normalize and identify differentially expressed genes (DEGs)
from counts data. Gene counts were converted to log, counts
per million, quantile normalized, and precision weighted. RNA-
seq gene features were considered differentially expressed if they
satisfied a 2-fold change and false discovery rate <0.05 cut-off.
False discovery rate control was performed with the Benjamini—
Hochberg procedure. Heatmaps and volcano plots were gener-
ated in R with the heatmap.2 and EnhancedVolcano functions
in the gplots package. Hierarchical clustering was performed
with Ward’s linkage. Ingenuity Pathway Analysis (IPA) was
used to identify canonical pathways overrepresented within
DEGs.

Results
Inflammatory profiling of RA circulating monocyte
and monocyte-derived macrophages

To examine the role of myeloid cells in the pathogenesis of
RA, we examined the frequencies of circulating monocyte
populations in healthy and RA peripheral blood. A significant
decrease in frequency of classical monocytes coupled with a
significant increase intermediate monocytes (Fig. 1A,
P < 0.05) was demonstrated in RA compared with HC, with
little difference observed for the non-classical subset (Fig. 1A).
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Figure 1. RA myeloid cells are hyper-inflammatory. (A) Representative flow cytometry plots and dot plots depicting frequency of monocyte subsets in RA
(n=4) and HC blood (n=4). Data expressed as mean (s.e.Mm.) using Mann-Whitney U test; * P< 0.05 significantly different from healthy. (B) Dot plots of
inflammatory gene expression in RA (n=10-11) and HC (n=8-9) activated circulating monocytes. (C) Dot plots of inflammatory gene expression in RA
(n=7-11) and HC (n=7-8) monocyte-derived ‘M1’ macrophages. Data normalized to housekeeping control, expressed as mean (s.e.Mm.) using unpaired

ttest or Mann-Whitney U test; * P< 0.05 significantly different from HC. HC: healthy control
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Figure 2. RA monocyte-derived macrophages have altered cellular bioenergetics. (A) Average OCR seahorse profile of HC (n=10) and RA (n=10) M1
macrophages before and after injections of oligomycin, FCCP and antimycin (B) Graphs demonstrating baseline OCR and ATP synthesis quantification of
HC (n=10) and RA (n=10) M1 macrophages. (C) Representative transmission electron microscopy images of RA and HC M1 macrophages. Dense,
elongated mitochondria are indicated by red arrows. Scale bar represents 500 nm. Graphs represent total numbers of mitochondria, and percentage of
elongated mitochondria in HC (n=23) and RA (n=3) M1 macrophages. (D) Average ECAR profile and (E) dot plots representing baseline ECAR and
maximal glycolytic capacity of HC (n=10) and RA (n=10) M1 macrophages. (F) Dot plots depicting gene expression of PFKFB3, HK2 and HIFTo.in RA
(n=8-10) and HC (n=7-8). (G) Overall metabolic profile of HC (n=10) and RA (n=10) monocyte-derived M1 macrophages. Data expressed as mean
(s.e.m.) and using Mann-Whitney U test or unpaired ttest; * P< 0.05, ** P< 0.01, significantly different from HC. OCR: oxygen consumption rate; FCCP:
trifluorocarbonylcyanide phenylhydrazone; ECAR: extracellular acidification rate; HC: healthy control

Next, we focused on the entire CD14" monocyte population,
reflective of both classical and intermediate subsets
(Supplementary Fig. S1, available at Rheumatology online)
and examined inflammatory gene expression. We demon-
strated that CD14" RA monocytes are primed for inflamma-
tory mechanisms with significant increases in pro-
inflammatory cytokines such as OSM, MCP-1 and IL-8
(Fig. 1B, P < 0.05) compared with HC.

To assess whether the hyper-inflammatory phenotype of
monocytes is maintained upon differentiation into

macrophages, we cultured monocytes for 8 days in the presen-
ces of M-CSF to generate monocyte-derived macrophages.
We demonstrated that mature ex vivo RA macrophages
clearly memorize the inflammatory phenotype of their precur-
sor cells as indicated by significant increases in inflammatory
markers in RA macrophages compared with HC (Fig. 1C,
P <0.05). Together these data indicate that monocytes in the
RA periphery are pre-programmed for inflammation and
upon differentiation into macrophages at the site of inflam-
mation, this memory bias towards inflammation persists.
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Figure 3. RA monocyte-derived macrophages are transcriptionally and functionally distinct. (A) Principal component analysis, (B) unsupervised hierarchical
clustered heatmap and (C) volcano plot of DEGs between in RA M1 and M2 monocyte-derived macrophages. (D) Ingenuity Pathway Analysis of enriched
pathways in RA M1 compared with M2. (E) Dot plots depicting inflammatory and metabolic gene expression of RA polarized monocyte-derived
macrophages (n=7-10). (F) Representative western blot demonstrating protein expression of HK2, PFKFB3 and f-actin for RA MO, M1 and M2
macrophages from three independent RA patients. (G) Overall metabolic profiles of polarized RA MO, M1 and M2 macrophages (n=10).
(H) Representative flow cytometry dot plots demonstrating the phagocytic capacity of RA MO, M1 and M2 macrophages. (I) Bar graph representing the
difference in phagocytic ability between MO, M1 and M2 macrophages (n=10). Data expressed as mean (s.e.m.) using Wilcoxon signed rank and paired

ttest; * P< 0.05 significantly different. DEGs: differentially expressed genes

RA macrophages are highly metabolically active

Using the Seahorse XFe96 Flux analyser we examined the bio-
energetic profiles of RA and HC monocyte-derived macro-
phages. Average OCR indicates a significant induction of
baseline OCR and hence, an increased reliance on oxidative
phosphorylation in RA ‘M1-like’ macrophages compared
with their healthy counterparts (Fig. 2A and B, P <0.035).
This is paralleled by a significant induction of ATP synthesis
in RA ‘M1-like’ compared with HC ‘M1-like’ (Fig. 2B,
P < 0.05). While ultrastructural analysis demonstrated similar
numbers of mitochondria between RA and HC macrophages
(Fig. 2C), examination of mitochondrial morphology revealed
that RA macrophages displayed a greater frequency of larger,
more dense, elongated mitochondria (red arrows) (Fig. 2C,
P <0.05), suggesting alterations in mitochondrial function.

Moreover, average ECAR profiles demonstrate a trending
increase in baseline glycolysis in RA macrophages compared
with HC (Fig. 2D and E). This was associated with increased
maximal glycolytic capacity and significantly increased ex-
pression of key metabolic genes, PFKFB3, HK2 and HIF1a,
in RA macrophages compared with HC (Fig. 2E and F,
P <0.05). This resulted in an overall metabolic shift in the
phenotypic profile whereby RA macrophages are in a highly
energetic phenotype compared with HC (Fig. 2G).

Transcriptional profiling of RA polarized
macrophages

Next RNA-seq analysis was performed on ‘M1-like’ and
‘M2-like’ macrophages. Principal component analysis, unsu-
pervised hierarchical clustering and volcano plots demon-
strate that RA ‘M1-like’ macrophages cluster separately from

‘M2-like’ (Fig. 3A-C), indicating distinct transcriptional sig-
natures. IPA revealed enrichment of many key inflammatory
and metabolic pathways as demonstrated in Fig. 3D. We then
performed in vitro analysis of polarized RA macrophages to
further validate transcriptional data. Firstly, we demonstrate
significant enrichment of OSM, IL-6, IL-1 and chemokines
(RANTES) in RA ‘Ml1-like’ macrophages compared with
‘M2-like’ (Fig. 3G). Moreover, IPA analysis revealed enrich-
ment of metabolic pathways such as HIF1a signalling in ‘M 1-
like’ macrophages. We further validated the enrichment of
HIF1o and other key glycolytic enzymes, HK2 and PFKFB3,
at both the gene and protein level in RA inflammatory macro-
phages (Fig. 3H and I). In contrast, TCA cycle and oxidative
phosphorylation pathways were observed to be key pathways
in anti-inflammatory macrophages (Fig. 3D and E). Using the
Seahorse analyser, we demonstrate that RA ‘M2-like’ macro-
phages are in an aerobic state while pro-inflammatory ‘M1-
like’ have transitioned to a glycolytic/energetic phenotype
(Fig. 3]).

One of the key effector functions of macrophages is their
ability to engulf and destroy cellular debris and foreign mate-
rial [20], so we examined the phagocytic functional capacity
of polarized macrophages. Representative flow-cytometry dot
plots depicted in Fig. 3F reveal blunted phagocytosis of OVA-
DQ by inflammatory RA macrophages compared with M0
and ‘M2-like’. Further quantification indicates a significant
decrease in the phagocytic capacity of RA inflammatory mac-
rophage populations, relative to RA MO and RA ‘M2-like’
(Fig. 2B, P <0.05). Representative histograms indicate the
shift from passive to active phagocytosis (Fig. 3F). These data
suggest that the hyper-inflammatory profile of ‘M1-like’” RA
macrophages results in a functional impairment in their
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ability to phagocytose. Indeed, failure to clear cellular debris
may stimulate other infiltrating immune cells and thus perpet-
uate the inflammatory response further [21].

Distinct RA macrophage phenotype is STAT3
dependent

Given the key role of cellular metabolism in shaping myeloid
cell phenotype and function we decided to focus on DEGs
with a significant role in cellular bioenergetics. Selecting
metabolism-associated genes that were significantly enriched
in RA inflammatory macrophages, predicted interactions us-
ing STRING analysis are depicted in Fig. 4A. The resulting
pathway diagram allows the homing in on central hubs.
Interestingly, many molecules of the JAK/STAT signalling
pathway are clustered at the epicentre of this diagram.

This was of significant interest as the JAK/STAT pathway
was one of the top enriched pathways in RA ‘M1-
like’ macrophages compared with ‘M2-like’ in the IPA analy-
sis (Fig. 3D and E). Specifically, within this pathway, STAT3
signalling was observed to be enriched in RA inflammatory
macrophages (Fig. 3D and E) and is one of the central nodes
of the STRING analysis (Fig. 4A). Gene expression indicates
that RA inflammatory macrophages have significantly ele-
vated STAT3 expression (Fig. 4B, P < 0.05). This was also
confirmed at the protein level (Fig. 4C), suggesting that
STATS3 signalling is associated with macrophage inflamma-
tory function in RA.

Moreover, inhibition of STAT3 using the selective inhibitor
STATTIC resulted in significant decreased expression of pro-
inflammatory mediators (Fig. 4D, P < 0.05), with minimal ef-
fect on cell viability as demonstrated by annexin/PI apoptosis
and crystal violet assays (Supplementary Fig. S2, available at

Rbheumatology online). Representative flow cytometry plots
clearly depict the minimal effect of STATTIC on cell viability
when compared with vehicle control (75% vs 80.7% live
cells) as observed by annexin V/PI expression (Supplementary
Fig. S2A, available at Rheumatology online). No significant
effect of STATTIC was observed for SOCS3 gene expression
(Supplementary Fig. S3A, available at Rheumatology online.)
STATS3 inhibition, however, fails to restore phagocytic func-
tion in inflammatory macrophages; instead STATTIC
decreases RA inflammatory macrophage phagocytic function
further (Fig. 4E). In addition, STAT3 inhibition significantly
dampened expression of HIF1a, the master regulator of cellu-
lar bioenergetics, as well as the glycolytic enzyme HK2 in in-
flammatory RA macrophages (Fig. 4D, P < 0.05). In parallel,
average energy profiles are depicted in Fig. 4F and demon-
strate that STAT3 inhibition results in downregulation in
both oxidative phosphorylation and glycolysis, along with
significant decreases in baseline glycolysis, mitochondrial res-
piration, maximal respiratory capacity and ATP synthesis
(Fig. 4G, P < 0.05).

Novel role for metabolic enzyme NAMPT in driving
RA macrophage phenotype
Analysis of the DEGs between RA ‘M1-like’ and ‘M2-like’
macrophages also identified NAMPT and several other genes
involved in NAD™ metabolism (such as IDO1/2, NNMT and
KYNU) as central molecules in polarization of inflammatory
RA macrophages (Fig. 5A and B). NAMPT is a rate-limiting
enzyme in the NAD" salvage pathway and has been impli-
cated in RA pathogenesis [22-24].

NAMPT inhibition resulted in significant abrogation of
pro-inflammatory mediators (Fig. 5C, P<0.05) and
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Figure 5. Novel role for NAMPT in directing macrophage inflammatory phenotype. (A) Bar chart depicting NAD™ metabolism associated DEGs enriched in
RA M1 vs M2. (B) STRING analysis of DEGs enriched in RA M1 vs M2. (C) Average Seahorse bioenergetic profiles demonstrating OCR and ECAR of RA
M1 macrophages + FK866 (n=28). (D) Dot plots representing baseline OCR, ECAR and maximal respiratory capacity of RA M1 macrophages = FK866
(n=8). (E) Dot plots representing inflammatory gene expression of RA M1 macrophages = FK866 (n = 6-10). (F) Dot plot representing STAT3 gene
expression in RA inflammatory macrophages + FK866 (n=#6). (G) Line graphs and representative histogram representing phagocytic activity of RA
inflammatory macrophages + FK866 (n=3). Data expressed as mean (s.e.M.) using Wilcoxon signed rank and paired t-test; * P< 0.05 significantly

different. DEGs: differentially expressed genes

reciprocal inhibition of STAT3 gene expression and activation
(Fig. 5D, P<0.05, Supplementary Fig. S3B, available at
Rheumatology online), suggesting interplay between these
two key signalling pathways. Finally, the reduced phagocytic
phenotype of RA inflammatory macrophages is partially re-
versed upon NAMPT inhibition (Fig. SE), with no effect on
cell viability as demonstrated by annexin/PI apoptosis and
crystal violet assays (Supplementary Fig. S2, available at
Rbheumatology online). Representative flow cytometry plots
indicate 80.7% live cells (annexin V/PI expression; Q4) in
DMSO vehicle control vs 77.7% live cells in FK866-treated
cells, indicating little to no effect of NAMPT inhibition on
macrophage viability (Supplementary Fig. S2A, available at
Rheumatology online).

Discussion

Macrophages are a heterogeneous family of immune cells, criti-
cally involved in directing the immune response in RA. They are
remarkably plastic which allows them to assume a classically ac-
tivated, pro-inflammatory ‘M1-like’ state or an alternatively acti-
vated, immunoregulatory ‘M2-like’ state, two distinct poles of a
wide macrophage activation state spectrum. Deciphering the
mechanisms underpinning macrophage polarized phenotype may
provide insights into the signalling pathways that contribute to
the imbalance of inflammatory macrophages that has been
reported in RA pathogenesis.

In this study we demonstrate that RA monocyte-derived mac-
rophages are poised to produce pro-inflammatory mediators
and retain a memory bias from their circulating monocyte
precursors towards inflammation. The induction of pro-
inflammatory mechanisms is coupled with altered mitochondrial

morphology and enhancement of both oxidative phosphoryla-
tion and glycolysis in RA compared with HC. Further analysis
of polarized RA macrophages revealed striking differences in
inflammatory,  bioenergetic and  phagocytic  function.
Transcriptomic differences revealed specific enrichment of mem-
bers of the JAK-STAT signalling pathway, particularly STAT3,
in addition to enrichment of many members of the NAD salvage
pathway, particularly NAMPT in RA pro-inflammatory macro-
phages. Using specific inhibitors for both STAT3 (STATTIC)
and NAMPT (FK866) resulted in inhibition of the hyperinflam-
matory phenotype observed in these RA macrophages, and re-
ciprocal interplay between these two signalling pathways.
Finally, the observed decreased phagocytic function of pro-
inflammatory RA macrophages was reversed upon NAMPT
inhibition.

Consistent with previous studies [25-28] we demonstrate that
the intermediate subpopulation (CD147CD16") of circulating
monocytes is significantly increased in RA compared with HC,
which are associated with a pro-inflammatory function [25-28].
Gene expression analysis revealed that RA monocytes are primed
for inflammation and display hyper-inflammatory gene signa-
tures, consistent with our recent study [18]. Interestingly,
however, RA monocyte-derived macrophages maintain the
hyper-inflammatory memory bias of their precursor cells, with
significantly higher expression of pro-inflammatory cytokines
compared with HC. This is in line with studies examining mono-
cytes/macrophages in coronary artery disease suggesting that
monocytes are preprogramed for inflammation and subsequent
differentiation into pro-inflammatory macrophages [29].
Interestingly, monocyte priming appears to be disease specific,
with studies indicating that circulating monocytes from GCA
patients display inflammatory signatures similar to HC [30].


https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keac640#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keac640#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keac640#supplementary-data

2618

Recent evidence has demonstrated the importance of meta-
bolic rewiring in guiding the functional phenotype of macro-
phages [31]. In this study we demonstrate that RA macrophages
are highly energetic and display a state of heightened mitochon-
drial activity compared with HC, thus indicating they are al-
ready metabolically primed once they enter the synovial space.
We also demonstrate significant increased expression of key
metabolic genes, PFKFB3, HK2 and HIF1a, in RA macrophages
compared with healthy ones. Although we have not investigated
this at the protein level, our previous study in RA circulating
monocytes confirms significant protein upregulation of these key
glycolytic enzymes in RA monocytes compared with healthy
ones [18]. This was further reflected in the ultrastructure analysis
of RA macrophage mitochondria which exhibit a dominance of
elongated, dense mitochondria compared with healthy macro-
phages, consistent with studies reporting remodelling of
mitochondria-associated membranes in RA and coronary artery
disease macrophages to enhance mitochondrial activity [32].

This link between metabolic plasticity and inflammation in
RA is not surprising. Many studies report a bioenergetic crisis
within the inflamed synovium, highlighting the role of altered
cellular bioenergetics in driving RA pathogenesis [25, 33-36].
Previous studies have shown that succinate-mediated stabiliza-
tion of HIF1a results in IL-1B secretion and reactive oxygen spe-
cies production from macrophages [26, 27], while GPR91-
deficient mice display reduced macrophage activation and IL-1P
production [28]. Studies have also demonstrated that deletion of
HIF1a in myeloid cells of CIA mice results in decreased macro-
phage infiltration and joint swelling due to reduced macrophage
mobility and invasive capacity [37]. Additionally, silencing of
the amino acid transporter, SLC7AS, results in a significant
decrease of IL-1B and glycolysis in RA monocytes and
macrophages [38].

In this study we also demonstrate significant functional impair-
ment in the phagocytic ability of M1 macrophages compared
with MO and M2 macrophages. Delayed or reduced phagocyto-
sis has previously been observed in RA mononuclear phagocytes,
leading to an increase in reactive oxygen species generation and
resulting in subsequent prioritization of chemotactic behaviour
and cytokine release over phagocytosis [39]. In the context of
RA, the failure of M1-polarized macrophages to efficiently clear
cellular debris, coupled with their observed hyper-inflammatory
phenotype, may further stimulate the infiltration of other im-
mune cells into the synovium, thus propagating the inflammatory
response [21].

This study identified a key role for the transcription factor
STAT3 in influencing RA macrophage polarization. STAT3
also mediates inflammatory and metabolic effects in RA mono-
cytes, indicating that this mechanism occurs early in macro-
phage differentiation [18]. Previous studies have shown that
activation of STAT3 is associated with in vivo synovial hyp-
oxia in RA, while hypoxia-induced STAT3 activation causes
upregulation of HIFla [40, 41]. Furthermore, inhibition of
JAK-STAT signalling switches the metabolic and inflammatory
profile of synovial cells, including monocytes away from patho-
genic mechanisms and towards resolution of inflammation [18,
42]. Furthermore, we and others have demonstrated bidirec-
tional interactions between STAT3 and key glycolytic enzymes
HIF1a, PKM2 and HK2 as well as glycolysis itself [18, 29, 40,
41, 43]. In addition, we demonstrate that STAT3 inhibition
fails to restore the phagocytic activity of inflammatory RA
macrophages. This is in line with previous studies demonstrat-
ing that macrophage pSTAT3 is a prophagocytic mediator via
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a STAT3-IL-10-IL-6 feedback loop to allow macrophages to
maintain their scavenging functions [44, 45].

Finally, this study highlights the role of the novel metabolic
target NAMPT, with pharmacological inhibition of NAMPT
leading to a decrease in the pro-inflammatory profile in RA
macrophages. Previous studies have shown elevated expres-
sion of NAMPT in the synovial tissue, SF and serum of RA
patients [24, 46-48] This is in line with studies demonstrating
that FK866 results in deceased RA disease severity and joint
inflammatory cytokine secretion [49], and reduced inflamma-
tory mediator expression in RA monocytes indicating that
NAMPT plays a key role early in the life cycle of macro-
phages. Interestingly NAMPT inhibition also results in signifi-
cantly reduced STAT3 gene expression, thus linking these two
key signalling pathways.

In summary, we demonstrate that RA monocyte-derived
macrophages are imprinted with disease-specific hyper-in-
flammatory and hyper-metabolic signatures, and retain this
functional commitment, such that mature macrophages con-
serve this phenotype and results in impaired phagocytic abil-
ity, indicating that monocytes are capable of building
immunological memory via epigenetic imprinting [50].
Finally, our data suggest that targeting of NAMPT and/or
STAT3 could a promote resolution of chronic inflammation
observed in RA driven by the myeloid compartment.
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