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tissue macrophages
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Macrophages are essential components of all body tissues, including the

synovium. Tissue macrophages originate either from embryonically seeded

“primitive” macrophages or from bone marrow-derived monocytes. In adults,

both sources contribute to macrophage populations, with their relative

proportions varying across tissues and between steady-state and inflammation.

Macrophages are highly responsive to microenvironmental and signalling cues,

which significantly influence their function within tissues. This article reviews the

current understanding of synovial tissue macrophage ontogeny in health and

disease, highlighting knowledge gaps and potential avenues for future research.
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Introduction

Macrophages are present in every body tissue and are fundamental immune cells in

both tissue homeostasis and inflammation. They perform diverse tissue-specific functions,

protecting against infections and other noxious insults (1, 2). However, they can also

contribute to disease pathophysiology, including inflammatory arthritis (IA) (3). The

function of tissue-resident macrophages is shaped by their microenvironment, signalling

cues, cross-talk with other cell populations, and ontogeny (3–5). Here, we provide a brief

overview of macrophage roles in synovial tissue homeostasis and immunity, with a

particular focus on their developmental origins and relevance to health and disease.

Macrophages are indispensable immune cells found in every organ and are among the

first immune cells to form during embryogenesis (6). They share core functions essential for

tissue homeostasis and surveillance, including clearing damaged cells, foreign bodies, and

pathogens (1, 5, 6). Additionally, macrophages help maintain tissue integrity by shielding

these elements from recognition by other immune cells (1). Beyond their role in immune

defence, macrophages contribute to tissue development and repair, supporting vascular

integrity, angiogenesis and organogenesis (1, 5, 6). Many macrophages also have specialised

functions unique to their resident tissues: for example, microglia in the brain prune neurons,

alveolar macrophages recycle lung surfactant, and osteoclasts resorb bone (1, 7, 8).
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These tissue-specific roles extend to the synovium, where

synovial tissue macrophages (STMs) are crucial for joint health

and function (3, 9). STMs have long been recognised as key players

in inflammatory arthritis, producing pro-inflammatory mediators

such as tumour necrosis factor (TNF), and actively contributing to

the maintenance of remission (3, 9). Over the past decade, advances

in fate-mapping technologies have significantly expanded our

understanding of macrophage ontogeny (1, 2). Tissue

macrophages originate from embryonically seeded “primitive”

macrophages and are maintained through tissue-specific

replenishment by monocyte-derived macrophages in steady-state

conditions (1, 2, 10). The balance of macrophage origins shifts

during inflammation, with a greater proportion of cells arising from

circulating monocytes in disease states (2, 3, 6). This shift may

influence their function within the tissue.
Macrophage ontogeny

Embryonic origins of macrophages

During gestation, haematopoiesis occurs in successive waves

across different sites in the developing foetus (1, 11, 12). Starting at

embryonic day 8.5 (E8.5), the yolk sac generates early

erythromyeloid progenitors (EMPs) which colonise foetal tissues

from E9 onwards (1, 11, 12). These progenitors differentiate directly

into tissue-resident macrophages without passing through a

monocyte intermediate (1, 11, 12). Known as “primitive”

macrophages, they lack HLF and major histocompatibility

complex (MHC)-II markers, both of which are present on

monocyte-derived macrophages originating from haematopoietic

stem cells (HSCs) (10). However, MHC-II expression alone is not a

reliable distinguisher of ontogeny. This is as studies have

demonstrated that bone fide primitive macrophages (Hofbauer

cells in the placenta, microglia) slowly acquire MHC-II expression

in tissue (10).

Other foetal structures such as the placenta also produce de novo

placenta-associated erythromyeloid progenitors (PEMP) that form

placental macrophages prior to foetal blood flow and connection of

the vasculature (10). As gestation progresses, the foetus transitions to

definitive haematopoieisis (10, 13–15). Briefly, the aorta-gonado-

mesonephros (AGM) generates HSC which seed the foetal liver

(16). The foetal liver acts as the primary site of haematopoiesis

with rapid expansion of HSC which then seed the foetal bonemarrow

(17). In humans, AGM production of HSC begins at Carnegie stage

13, approximately 27 days post-conception (18, 19). In humans, the

foetal bone marrow becomes an active site of haematopoiesis much

earlier than in mice by the end of the first trimester 10–11 weeks post

conception (20). HSC give rise to monocytes, which can then form

monocyte-derived tissue macrophages (21, 22). Notably, even

primitive tissue macrophages arising from the earliest stages of

embryogenesis can self-maintain and proliferate over the course of

an organisms lifespan (1, 21, 23). Therefore, primitive macrophages

can be found even in adulthood. The degree to which these cells

persist in adult humans is unclear given our long life-spans, non-
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sterile environments, and lack of tools to readily explore ontogeny in

humans (1).
Haematopoietic and monocyte-derived
macrophages

Definitive haematopoiesis persists throughout childhood and

adulthood. This process, driven by haematopoietic stem cells

(HSCs), follows a complex hierarchy of progenitors with

progressively restricted lineage potential (16, 24). Ultimately, one

such output are circulating blood monocytes, which can enter

tissues and adopt various fates, including differentiation into

tissue-resident macrophages (1, 6, 22, 25).

The contribution of monocyte-derived macrophages to tissue

macrophage pools varies depending on several factors. These

include the organism’s age, the tissue’s immune privilege, the

presence of available niches, and prior inflammatory insults to the

tissue (1). Some tissue-resident macrophage populations may even

have individual cells of mixed primitive and definitive origin (7).

This is exemplified by multinucleated osteoclasts, where monocyte-

derived cells progressively fuse with tissue resident foetal-derived

osteoclasts to form multinucleated syncytia (7). This process may be

relevant to inflammatory and erosive joint diseases, as macrophages

predisposed to osteoclastogenesis in the inflamed synovium—

known as arthritis-associated osteoclastogenic macrophages

(AtoMs)—have been identified in these conditions (26).

Recent findings suggest that monocyte-derived macrophages

may have more complex origins than previously thought. In mice,

monocytes can arise from distinct HSC-derived progenitors,

including granulocyte-macrophage progenitors (GMPs) and

macrophage-dendritic cell progenitors (MDPs) (27). While both

GMP- and MDP-derived monocytes populate the gastrointestinal

tract equally, they exhibit distinct seeding patterns in other tissues,

such as the lung and brain (27) (Figure 1). Although robust markers

distinguishing these lineages have yet to be identified in humans, it

is likely that similar developmental pathways and tissue biases exist

in human macrophage populations.

Another factor influencing the contribution of monocyte-derived

macrophages to tissues is their likelihood of engraftment. It is

assumed that all monocytes entering a tissue have an equal chance

of occupying an empty niche, but this is not necessarily the case. This

is evidenced from these recent findings of GMP- and MDP-origin

monocytes in mice (27). Similarly, there is significant evidence that

suggests circulating leukocytes in inflammatory arthritis have defects

in the processes that regulate their entry and exit into tissues (28–30).

This implies that specific monocyte populations may be primed for

migration into particular tissues, influencing their ability to engraft

and contribute to the resident macrophage pool.
Does origin matter?

It remains unclear whether macrophage ontogeny significantly

influences their function within tissues. Previous studies have
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explored the similarities between engrafted monocyte-derived

macrophages and primitive macrophages. For instance, Scott

et al, 2016 reported that monocyte-derived Kupffer cells exhibited

an almost identical transcriptomic profile to their embryonically

derived counterparts (31). However, other studies have identified

over 2,000 differentially expressed genes between monocyte-derived

microglia and primitive microglia, suggesting that ontogeny may

indeed play a role (32).

Recent findings further complicate this question. Some studies

suggest that monocytes can seed specific brain regions in healthy

aging, closely resembling embryonically derived microglia at the

transcriptional level (33). Additionally, the discovery of GMP- and

MDP-derived monocytes with distinct tissue tropisms in mice

supports the idea that origin may matter, potentially in a tissue-

specific manner (27). Strong evidence for this exists in murine

models of rheumatoid arthritis (RA), where AtoMs which originate

from blood monocytes give rise to osteoclasts that bind to and

resorb bone more indiscriminately than healthy osteoclasts (26, 34).

Before 2010, studies rarely differentiated between primitive and

monocyte-derived macrophages, leaving their respective roles

within tissues largely unexplored (1). Furthermore, much
Frontiers in Immunology 03
of the research has relied on murine fate-tracking models or

pathological conditions such as post-bone marrow transplantation

in humans (35, 36), where cellular behaviour may not fully reflect

normal homeostasis.
Synovial tissue macrophages and the
joint microenvironment

Normal synovial structure

The synovial membrane is a specialised soft tissue that lines the

inner surface of the fibrous capsule surrounding synovial joints. It

plays a crucial role in the normal function of joints, bursae, and

tendon sheaths (37, 38). Its primary functions include lubricating

the joint to minimise friction, providing metabolic and nutritional

support to the synovial cavity, particularly to the avascular cartilage

(37, 38). It also serves as a “blood-joint barrier” to help defend joint

tissue (39) (Figure 2A).

The synovial membrane consists of diverse specialised cell

populations and subpopulations, each occupying distinct tissue
FIGURE 1

Distinct ontogenies of resident tissue macrophage populations. (A) During embryogenesis, yolk sac erythromyeloid progenitors (EMPs) give rise to
cells that differentiate into long-lived resident tissue macrophages. As gestation progresses, the embryo switches from primitive to definitive
haematopoiesis, and the bone marrow eventually takes over as the main source of haematopoiesis. This produces HSC which produce monocytes
which can migrate into tissues and form monocyte derived macrophages. (B) Both primitive macrophages and monocyte-derived macrophages
contribute to tissue biology and exhibit cell-cell communication with tissue cells. During embryogenesis, prenatal, and postnatal life, tissue
development is reliant on primitive macrophages. After birth, homeostasis distinct macrophage subpopulations may have different functions and
cell-cell communications with healthy tissue cells to support and maintain tissue function. On ageing or pathological inflammation, this balance is
disrupted. This can trigger apoptosis in resident macrophages, increased recruitment of monocyte-derived macrophages, directly damage other
cells, and contribute to the dysfunction of the tissue. Modified from Mass et al, 2023 (1). (C) Schematic demonstrating the differing contributions of
primitive and definitive haematopoieisis to tissue-resident macrophage populations in murine organs. Modified from Ginhoux and Guilliams, 2016 (2)
and Thomas et al, 2023 (10).
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1603473
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hutton et al. 10.3389/fimmu.2025.1603473
niches and performing unique homeostatic functions (37).

Structurally, it is composed of a thin lining layer adjacent to the

joint cavity and a larger sublining layer (36). In humans, synovial

joint development begins around 5–6 weeks post-conception, with

cavity formation occurring between 7–8 weeks, depending on the

specific joint (40).
Synovial tissue macrophage subpopulations

Macrophages are essential components of both the lining and

sublining layers of the synovium in mice and humans. In humans,

multiple subpopulations of STMs have been identified, though a full

discussion of these populations in both species has been

comprehensively reviewed elsewhere (41). Here, we focus on human

STMs. These are important cells both for normal synovial function, as

well as in conditions like rheumatoid arthritis. In RA, macrophage
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abundance correlates with joint damage, disease activity, and are

principal producers of pro-inflammatory markers like TNF and IL6

(41). Many of these pro-inflammatory macrophages are believed to be

derived from tissue-infiltrating monocytes (41). STM can be polarised

into a pro-inflammatory state or tissue-reparative states. In RA, there is

an imbalance, with more pro-inflammatory phenotypes than tissue-

reparative states within the joint, leading to secretion of pro-

inflammatory cytokines and osteoclast activation, as well as complex

signalling pathways that drive further macrophage polarisation towards

inflammatory phenotypes (42). Inflammatory macrophages also

stimulate fibroblasts to produce IL-6, prostaglandins and matrix-

metalloproteinases (42).

Alivernini et al, 2020 (9) describe MerTKpos CD206pos

macrophages, which consist of two main subpopulations. One is a

TREM2pos CX3CR1pos FOLR2pos macrophage population that

forms the lining layer (9) and is thought to be homologous to the

Cd64pos MHC-IIneg STMs in mice (43). The sublining layer
FIGURE 2

The blood-joint barrier and the ontogeny of synovial tissue macrophages. (A) Diagram demonstrating the spatial distribution of synovial tissue
macrophages, fenestrated endothelium, and neurons. Left zoom-in demonstrates changing density of different macrophage populations and
fenestrated endothelium across XY axis of joint. Right zoom-in demonstrates Z axis of joint, with lining layer formed by MHC-IIneg LYVE1pos

CX3CR1pos macrophages, with supporting sublayer of lining fibroblasts. MHC2pos CD11cneg and MH2pos CD11cpos macrophages survey the area
around fenestrated capillaries. (B) Primitive macrophages (F4/80pos, CD11bneg) contribute to the majority of lining and sublining layer STM during
gestation. After birth, there are increasing contributions of monocyte-derived CD11bpos macrophages to the sublining layer (49). Similar postnatal
findings demonstrated using Ms4a3-tdTomato fate-tracker model in Hasegawa et al, 2024 (39). During inflammation in the collagen induced arthritis
model (49), embryonic-derived macrophages decline over the course of inflammation, with eventual recovery during resolution. Conversely, the
proportion of monocyte-derived macrophages increases in the synovium over the course of inflammation, before waning as the resolution
phase progresses.
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contains LYVE1pos FOLR2pos macrophages (9), though LYVE1 is

also expressed by healthy lining layer cells (9, 39), making its

discriminatory value uncertain. Both populations include distinct

subclusters that reflect different activation states (9, 41).

Additionally, synovial tissue contains a substantial number of

CLEC10Apos macrophages with a dendritic cell (DC)-like

phenotype (9), though recent evidence suggests that at least some

of these cells may be true synovial DCs (44). In inflammatory

arthritis, all these populations are disrupted, with an influx of

MerTKneg CD206neg macrophages, likely representing monocyte-

derived macrophages (9, 41). These inflammatory changes and their

implications are explored in the following sections.
The healthy lining layer

In health, the lining layer is 1–3 cells thick and consists of

tissue-resident macrophages and fibroblasts. These overlie a fine

fibrillar matrix of collagen and laminin fibres that form a basement-

like membrane (37, 38). This membrane supports the lining cells

and facilitates the controlled flow of cells and molecules between the

synovium and the sterile fluid-filled cavity (37). Studies have shown

that lining macrophages and their processes are separated by

intercellular spaces, and direct continuity between joint cavity and

intercellular spaces are observed using electron microscopy (45–47).

A study reported that lining layer macrophages are enriched for

genes in tight junction and barrier functions, e.g. tight junction

protein 1 (TJP1) (43). Additionally, these STM also have high

expression of transcripts for scavenging receptors, lipid-binding

proteins, and phagosomal components, in keeping with their

proposed role in clearing apoptotic cells and bacteria from the

joint (9, 41). Although sagittal sections have been used as the gold

standard to define the spatial organisation of synovial cells, recent

study developed whole mount imaging system to fully capture the

complex anatomy of the synovium (39). This novel imaging system

revealed the heterogeneous distribution patterns of the lining

macrophages across the synovium and intercellular spaces

between lining macrophages, especially in the central area of the

synovium (39). In mice, these lining macrophages are long-lived

and locally renew from joint-resident precursors that are seeded

during embryogenesis (43). The ontogeny of their human

equivalent is unknown.
The healthy sublining layer

The sublining layer is a looser collagenous connective tissue

network and relatively acellular in health (37, 38). It contains

fibroblasts, STMs, nerves, blood and lymphatic vessels. Other cells

such as adipocytes, lymphocytes, and mast cells can also be found

(37, 38). The sublining layer functions to transport cells, nutrients,

oxygen, waste and lymph to and from the synovium (37). The

connective tissue matrix also plays a role in regulating stromal cell

motility and adhesion, as well as tissue stiffness (48). In health, the

majority of sublining STMs are MerTKpos, and include the
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LYVE1pos cells and MerTKpos ID2pos cells (9, 41). MerTKpos

ID2pos cells are believed to represent a locally renewing STM due

to their high expression of macrophage colony stimulating factor

(M-CSF) and ID2 (9, 41). These features are shared with self-

renewing HSC, and murine STM precursors (9, 43). Other

populations can be found in the sublining layer in humans,

including the DC-like CLEC10Apos cells (9).
Recent advances in understanding of STM
and synovial microarchitecture

Recent advancements in technology and imaging techniques

have significantly refined our understanding of synovial structure,

particularly the localisation of STMs (39). Whole-mount

immunofluorescence imaging of the murine knee joint synovium

has provided a more detailed view of its complex architecture (39).

One key finding is the presence of fenestrated capillaries

(Plvap+/PV1+) within the synovium, particularly at the periphery

of the joint near the synovium-bone interface (39). These capillaries

are located just beneath the lining layer, at the lining-sublining

interface. STMs exhibit distinct distribution patterns within this

microenvironment. MHC-IIneg LYVE1pos CX3CR1pos macrophages

form the surface lining layer and interface with the underlying

sublining layer, MHC-IIpos CD11cpos STMs are closely associated

with PV1pos fenestrated vessels (39). The majority of the remaining

sublining macrophages consist of MHC-IIpos CD11cneg STMs.

Notably, fenestrated capillaries allow free extravasation of

immune complexes, a feature that intriguingly aligns with regions

most susceptible to pannus formation in inflammatory

arthritis (39).

These capillaries and the surrounding macrophages are also

intricately linked with nociceptive neurons, acting as “sentinels” for

systemic inflammation (39).

Collectively, these findings reveal that the synovium is

structurally more complex than previously thought. Distinct STM

populations reinforce permeable areas of joint tissue, playing a

critical role in maintaining the blood-joint barrier. This unique

organisation may also help explain the synovium’s vulnerability to

specific infections, its role in pannus formation, and the strong

associations between inflammatory arthritis, pain sensitisation, and

fibromyalgia (39).
The ontogeny of STM in health and
disease state

Only in recent years have the necessary tools become available

to investigate these questions in depth (1, 2). Currently, these tools

are largely limited to murine models, which provide invaluable

insights into human biology, though no definitive technology yet

exists to explore these mechanisms directly in humans. Various

mouse models have been employed to study macrophage ontogeny

and function, including CX3CR1-EGFP models, CCR2neg/neg

models, bone marrow chimeric models, as well as Flt3cre, and
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CD115creER mice. While it is beyond the scope of this work to fully

discuss these, in general, they work on the basis that specific cell

types express a particular gene of interest. Cell types expressing

these genes, and their progeny are irreversibly labelled with a

fluorescent tag, allowing for their ontogeny to be demonstrated

when tissues are later sampled. These can be on the basis purely on

expression of a target gene, where all cells expressing that gene and

their progeny are labelled, or can be induced at a specific time point

(e.g. by tamoxifen) to label cells in a particular developmental

window. One such example is the recent Ms4A3-tdTomato mouse

which allows the unambiguous identification of monocyte-derived

cells (22).Ms4a3 is a gene that is highly and specifically expressed in

GMPs, granulocyte progenitors (GPs), and common monocyte

progenitors (cMoPs) (22). It is not expressed during primitive

haematopoiesis, in tissue-resident macrophages, or dendritic cells.

Utilising the Ms4a3Cre-RosaTdTomato model therefore permits

labelling of cells that express Ms4a3 during their differentiation,

including monocyte-derived macrophages which thereafter

constitutively express TdTomato and can be detected via flow

cytometry or immunofluorescence (22).
Embryonic development of STM

Previously, F4/80 and CD11b (Itgam) have been used to

distinguish between macrophages of embryonic origin and

monocyte-derived macrophages arising from definitive

haematopoiesis (49). In the synovium, CX3CR1-GFPpos

macrophages, used as a proxy marker for STMs, first localise

around the developing murine joint at E12.5 (49). At this stage,

these cells are small and difficult to distinguish morphologically

from other developing joint tissues (49).

F4/80pos cells subsequently appear, with a distinct synovial

structure becoming visible by E15.5 (49). The number of F4/80pos

macrophages continues to increase throughout the remainder of

embryonic development, likely through local proliferation, as

evidenced by 65% of F4/80pos STMs co-expressing the cell-cycle

marker Ki67 at E16.5 (49). In contrast, CD11bpos bone marrow-

derived macrophages do not populate the developing synovium

until E18.5 (49).

Between E20.5 and postnatal day 7 (P7), a distinct population

F4/80neg CD11bpos STMs emerges within synovial tissue (49). These

cells also express other markers associated with definitive

haematopoiesis, such as Ly6C. Notably, the total number of

embryonic STMs remains unaffected in CCR2-deficient mice (49).

Since CCR2 is a key regulator of monocyte egress from the bone

marrow, this finding supports the hypothesis that embryonic STMs

develop independently of HSCs.
Steady-state synovium

As mice become older, a heterogenous pattern of STM origin is

observed. The number of F4/80pos CD11bneg embryonic

macrophages gradually increases, but their proliferation greatly
Frontiers in Immunology 06
reduces (49). By 8 weeks of age, there is negligible Ki67

expression in these cells. The number of F4/80neg CD11bpos bone-

marrow derived macrophages gradually decreases, and a mixed

population of F4/80pos CD11bpos cells increases to adulthood (49).

Similar findings were found using bone marrow chimeric mice,

utilising CD45.1 and CD45.2. Briefly, CD45.1 host mice were

irradiated and CD45.2 bone marrow HSC transplanted (49). After

2 months, mice were sacrificed and the synovial compartment

analysed via flow cytometry. Over 30% of the total synovial

macrophages were from the CD45.2 donor indicating monocyte-

origins. However all F4/80pos CD11bneg STM, consistent with

embryonic origin were from the CD45.1 recipient, demonstrating

the utility of these markers in discriminating murine STM

ontogeny. This pattern is consistent with slow replenishment of

STM via circulating monocyte-derived cells (49).

Hasegawa et al, 2024 demonstrated that circulating monocyte-

derived cells preferentially replenish specific STM subsets (39).

Using the Ms4a3-tdTomato mouse model, they found that under

steady-state conditions, nearly 50% of MHC-IIpos STM were

tdTomatopos, indicating a bone marrow-derived origin (39).

These cells were predominantly located at the periphery of the

synovium near the joint-bone interface. In contrast, the majority of

lining layer LYVE1pos CX3CR1pos STMs were tdTomatoneg;

consistent with an embryonic origin (39) (Figure 2B). This

pattern of replacement kinetics appears heterogeneous compared

to other organ systems. For instance, brain microglia, liver Kupffer

cells, and skin Langerhans cells exhibit minimal monocyte

contribution in the steady state (4, 10–12, 31, 39). However, even

in these sites, subset specific monocyte replenishment can be

observed, with liver capsular macrophages and border-associated

macrophages having distinct ontogeny and replenishment

characteristics compared to microglia and Kupffer cells (50, 51).

Meanwhile, kidney and spleen macrophages undergo slow

monocyte-driven replenishment, whereas macrophages in the gut

and other skin regions are replaced at a much faster rate (10, 12).

Lining macrophages which have their origin from yolk-sac

(Ms4a3neg) are enriched for TNF stimulation signatures, whereas

interstitial CD11cposMHCIIpos mononuclear phagocytes which

have their origin from both yolk-sac and monocytes are enriched

for gene sets associated with M2-like stimuli (IL-4 and IL-13) (39).
The synovium in pathology

The recent study further investigated STM dynamics by

challenging mice with 48-hour intravenous immune-complex

exposure (39). By 72 hours, they observed the formation of

MHC-IIpos macrophage aggregates within the synovium. A

similar response was noted following oral challenge with

Salmonella enterica serovar Typhimurium, whereas no such

aggregates appeared in urinary tract infection models using E. coli

(39). To track cell origin, immune-complex challenge was combined

with intravenous administration of CD45-PE at the start of the

experiment, followed by CD45-AF488 injection 24 hours before

sacrifice (39). While leukocytes labelled at both time points were
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detectable in tissues such as the spleen, no labelled cells were found

within STM aggregates (39). Additionally, these aggregates were

negative for tdTomato, suggesting that they formed through local

STM proliferation rather than monocyte recruitment (39).

The impact of inflammatory arthritis has also been studied

using the collagen-induced arthritis (CIA) model (49). During

disease onset, the population of F4/80pos CD11bneg embryonic

macrophages gradually declined, reaching their lowest numbers at

peak inflammation (49). However, their numbers slowly recovered

as the disease resolved. In contrast, F4/80neg CD11bpos STM

progressively increased in synovial tissues over the course of CIA,

in keeping with bone marrow-derived inflammatory cell influx (49).

Their numbers diminished as the inflammation subsided. Notably,

these STM populations exhibited distinct functional phenotypes:

embryonic macrophages generally displayed a more reparative,

M2-like profile, whereas bone marrow-derived STM were

predominantly pro-inflammatory (49).
Findings for other synovial-relevant
macrophages: osteoclasts

Osteoclasts are highly specialised multinucleated giant cells

primarily responsible for bone resorption (8, 52–57). In vitro, they

form through the fusion of monocytes into multinucleated syncytia, a

process regulated by M-CSF and RANKL (8, 52–57). While osteoclasts

play essential roles in healthy bone turnover and maintaining the

haematopoietic niche within bone marrow (1, 7, 8), they contribute to

pathological bone resorption and joint damage in IA (26).

During embryogenesis, osteoclasts first appear at E15,

originating from primitive macrophages (7, 8, 58). To study both

embryonic and bone marrow-derived osteoclasts, CSF1R knockout

mice (CSF1Rcre/TNFRSF11Afl/fl) have been used (7). These mice

exhibit abnormal bone formation, increased bone density, failed

tooth eruption, and deficiencies in both osteoclasts and HSCs (7).

Conversely, CSF1R can be abrogated in bone-marrow derived cells

only using CSF1Rcre/Rosa26LSL-YFP mice (7). This results in normal

osteoclast numbers and bone phenotype at birth. However, over 22–

60 weeks, these mice display increased bone density and reduced

HSCs in long bones due to the gradual loss of monocyte-derived

osteoclasts (7).

Reporter mouse models targeting tartrate-resistant acid

phosphatase (TRAP) have further elucidated osteoclast ontogeny.

CSF1Rmer-icre-mer/Rosa26LSL-YFP mice pulsed with tamoxifen at E8.5

selectively label embryonic macrophages but not HSC-derived cells

(7). Briefly, these fate-mapping models contains a Cre recombinase

fused to a mutant oestrogen ligand-binding domain (CreERT2) that

requires the oestrogen antagonist tamoxifen for activity. Upon

tamoxifen injection, targeted cells will start to express the

fluorescent reporter, permitting induction of labelling at controlled

manner at particular timepoints or developmental stages (59). Such

models do feature a number of limitations, including a lag in labelling

after exposure, requirements for careful experimental controls, and

the need to cross suitable mouse strains to successfully target genes of

interest (59). Parabiosis experiments, joining these mice with
Frontiers in Immunology 07
CSF1Rcre/Rosa26LSL-tdTomato mice for 4–8 weeks, allowed

researchers to track osteoclast nuclei replacement. Embryonic-

origin osteoclasts were labelled with yellow-fluorescent protein

(YFP), while monocyte-derived osteoclasts were marked with

tdTomato. This revealed a gradual incorporation of tdTomato-

positive monocyte-derived nuclei into multinucleated osteoclasts,

suggesting an ongoing contribution of bone marrow-derived

monocytes to osteoclasts (7). These findings have implications for

disease states. In both parabiosis and bone marrow chimera

experiments using TRAP-tdTomato mice, pathological osteoclasts

at the pannus-bone interface in IA were shown to arise from

monocyte-derived macrophages, AtoMs, reinforcing their role in

joint destruction (26).
Human STM

Limited research has been conducted in humans due to the lack

of reliable tools and proxy markers needed to distinguish between

blood-derived and embryonic macrophages. Tu et al (49) investigated

RA synovium and found a significantly higher number of CD11bpos

STM compared to OA, as observed through immunofluorescence.

These CD11bpos cells were predominantly localised around blood

vessels (49). Meanwhile, STM positive for EMR1, the human

homologue of F4/80, were found outside of blood vessels. These

distinct STM populations exhibited similar M1/M2 polarisation

phenotypes to those seen in murine models, supporting the

hypothesis that STM of differing ontogenies exist within inflamed

synovium (49). These findings align with the work of explorations of

human STM populations (9, 60, 61). Many of these macrophages

populations are likely monocyte-derived based on their

transcriptome and expansion in active synovitis (41), although this

has not been definitively proven. Finally, imaging studies using

technetium-99m labelled monocytes have demonstrated monocyte

accumulation in active RA joints (62–64). Although the ultimate

fate of these monocytes remains uncertain, it is likely that at least

some differentiate into monocyte-derived macrophages within the

inflamed synovium. Further work employing human bone marrow

transplant recipients (35, 36), pulsed deuterium to label HSC-origin

cells (21, 65), or as-yet undiscovered methodologies to reliably

discriminate monocyte-derived cells should be employed to explore

this hypothesis.
Conclusions and future directions

In summary multiple subsets of STM exist within the murine and

human joint, each with subset-specific roles in homeostasis and

disease-state. STM are believed to be embryologically-derived, with

subset-specific replenishment of cells from monocyte-derived

macrophages across life in steady-state. However, in synovial

pathology, both locally-resident STM can proliferate in response to

circulating insults, and an influx of monocyte-derived macrophages

may be seen. Despite our current knowledge, significant gaps remain.

These include the specifics of how embryonic STM are
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homeostatically maintained and their longevity over the lifespan of

humans. Most murine models are specific-pathogen free, whereas

humans exist in a dirty environment, with considerably heterogenous

microbiota, and free exposure to pathogens. Additionally, our

lifespan is considerably longer than that of mice, thus the

contribution of monocyte-derived macrophages to the STM pool

may be considerably higher. The signals that govern the

differentiation of monocytes into a healthy, homeostatic STM vs.

damaging pro-inflammatory macrophages still requires elucidation.

The cross-talk of different STMs, and their divergent ontogeny with

other joint-resident populations such as neurons in musculoskeletal

pain is also poorly understood. Finally, the dynamics and specific

mechanisms that guide infiltrating monocytes into synovial tissue

require further exploration.
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