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A B S T R A C T

Background and aim: Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease; the clinical
manifestations are correlated with continuum multiarticular synovitis, cartilage and bone damage, and defeat of
joint function, that causes disability. Involvement of internal organs is also frequent. Between the inflammatory
cells involved in RA, macrophages play a key role. These cells can polarize in different phenotype and mediate
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the immune/inflammatory reaction as well as the reparatory phase when possible. The properties of these cells
are mediate by the body's environmental factors.

In this systematic review, all English-speaking articles concerning the role of M1 (pro-inflammatory) or M2
(anti-inflammatory) macrophages in RA were systematically reviewed and categorized according to their po-
larized-function in RA, especially in the synovial tissue. Analyses of the endogenous molecules and the drugs that
could modulate M1 and M2 activity in RA were achieved.
Methods: A sensitive search was developed in Pubmed, Web of Science, Ovid Med-Line, Embase Database and
Science Direct Database (la both from Elsevier) to identify articles to increase the highlighting on the role of
macrophages M1 and M2 in RA using the following terms: ((M1 AND M2) AND Rheumatoid Arthritis). All
selected papers were read and discussed by two independent reviewers. The selection process was based on title,
abstract and full text level. Relevant data were extracted and analyzed using a standardized template designed
for this review.
Results: In total 39 resulting articles were selected and categorized according to description of M1/M2's role in
RA. Data from humans, mice and rats were subcategorized, thus in every section were highlighted the con-
tribute, in peripheral blood and synovial tissue, of both polarized macrophages; section for endogenous mole-
cules and drugs that favor the switch from M1 to M2 macrophages were carried out. The most evinced relevant
results, were that in RA blood and in the synovial tissue, there isn't a clear distinction phase with M1 or M2
macrophages (by membrane marker analysis); rather there is M1 and M2 subset disequilibrium and by deeply
analyses of mRNA gene and cytokine produced, it emerged that a non-coherent expression inner marker match
with membrane molecules, and also the tissue section can define the marker expressed.
Conclusion: This systematic review emphasizes that the rigid classical subdivision of M1 and M2 macrophages,
as well as the different samples' results comparison, might be questionable. In addition, it is suggested, when
taking samples from RA patients, to carefully consider their therapies in order to analyze the M1 and M2
macrophages behavior without drug influence.

In line with the advances in M1 and M2 knowledge, and the progression in the single-cell methodologies by
identification of individual cell molecular markers, therapeutic approaches seem possible to favor the anti-
inflammatory macrophage response in RA (e.g. M2 polarization).

1. Introduction

Rheumatoid Arthritis (RA) is a chronic immune-mediated in-
flammatory disease that impacts almost 1% of the population world-
wide. It causes advanced joint damage and mainly affects the synovial
tissues, cartilage and bone [1]. Furthermore, the systemic and organ
complications of RA are associated with a high incidence of morbidity
and rising mortality [2,3]. Over the last fifty years, scientific con-
tribution has produced numerous concepts as to how immune responses
impact the RA disease [3].

This immune-mediated disorder involves, both innate and adaptive
cellular compartments as well as their dysregulated cytokine production,
moreover the cellular resident in the bone and in joint compartments,
such as osteoclast, chondrocyte and stromal cells are involved [4].
Within the innate immunity function that causes inflammation, macro-
phages have a key role. In fact, they contribute to the normal tissue
homeostasis, working as APCs to activate adaptive immunity [5,6], pa-
thogen expulsion, resolution of inflammation and wound healing.

In particular, the studies relating to the function of macrophages in
inflammation have progressed gradually and scientists have identified
two different polarization states [4,7].

Classically activated macrophages (M1), causes joint erosion, se-
creting principally proinflammatory cytokines such as TNF-α and IL-1
and alternatively activate macrophages (M2), which through a high
production of anti-inflammatory cytokines (mainly IL-10 and TGF-β)
contributes to vasculogenesis, tissue remodeling and repair, as recently
observed in systemic sclerosis. Markers for both phenotypes may co-
exists on the same cell as recently reported for the first time in systemic
sclerosis by our group [8,9].

The aim of this systematic review, using Med-Line and non-Med-
Line research, is to summarize the previously published data on M1/
M2's role in RA synovial tissue, as well as discussing selected mole-
cules/drugs in animal models and in RA patients that might modulate
M1 activities and facilitate M2 phenotype activation with tissue damage
reduction and/or repair.

2. Methods

2.1. Search strategy

A systematic search, in line with the Preferred Reporting Items for
Systematic reviews and Meta-Analyses (PRISMA [10]) guidelines, was
carried out on Pubmed, WOS, Ovid (Med-Line database), Embase and
SD (Elsevier Databases). It was performed without any limitation to the
publication date in order to identify articles focused on the role of M1
and M2 macrophages cellular compartments in the RA disease (eval-
uated in Humans, Mice, Rats) in particular, highlighting their role in
synovial tissue.

The Medical terms for RA were used in combination with M1 and
M2 (note that we used the “AND” Boolean Logic Symbol, to restrict the
area of investigation, as follow: M1 AND M2 AND Rheumatoid
Arthritis). The structured search was last updated on 3th May 2019.

2.2. Screening process

All articles were screened by two independent reviewers (ST and
GM). The reviewing selection process was based on title, abstract and
full-text level, using Covidence [11,12], a tool, produced in partnership
with Cochrane Reviews which simplify the systematic review process.
All studies, explaining the activities of M1 and M2 macrophages in the
pathogenesis of RA, were included in the systematic review with par-
ticular inclusion of articles which focused on synovial tissue.

All study designs, with the exception of reviews, editorials, case
studies and conference abstracts/posters, were included. Languages,
other than English, were excluded, as well as studies that were not
available in full-text version format. However, titles and abstracts se-
lected by either one of the reviewers were included for additional
screening. At each level of the screening process, where different opi-
nions existed among the ST and GM as to whether to include a record or
not, it should be noted that a mutual agreement was reached (see Fig. 1.
for the flowchart).
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In addition, all selected full-texts meeting the inclusion criteria were
once again, checked by ST and GM. In the same way, relevant data was
extracted and analyzed using a standardized template designed for this
review.

3. Results

Of the 2262 articles screened (by title, abstract and full-text level)
that were considered potentially relevant to the topic of this study, 39
articles were included. The flow of the searching and selection process
is shown in Fig. 1. Supplementary File 1 summarizes all 39 selected
manuscripts focused on M1 (classically-activated macrophages) and M2
(alternatively-activated macrophages) in RA. The 39 selected articles
(the detailed data are shown in Table 1) were categorized according to
the description of M1/M2's role in RA: the data corresponding to human
and rodents (i.e. mice and rats) have been considered as the two main
categories since they have an impact on M1/M2 cellular compartments.
Within these two groups, the records evaluated were those from mac-
rophage polarization contribution on inflammation or tissue repair,
endogenous molecules that are important in maintaining macrophages
homeostasis or that exacerbate the pro-inflammatory macrophages re-
sponse, together with exogenous molecules (drugs) that impact and can
modulate the M1/M2 reaction. All records considered macrophage ac-
tivity, especially in peripheral blood and synovial tissue.

3.1. Human

Macrophages play an important role in RA. Inflamed RA synovial
tissue and inflammatory vascular reactions both presented a higher
number of macrophages compared to healthy joints [13,14].

In inflammatory conditions, macrophages were found to be wide-
spread in the RA lining of the synovial tissue [15]. The circulating
monocytes represent the principal source of these cells. These PB
monocytes exist in three different populations which are grouped based
on their expression of cell-surface molecules and functions [16]. Phe-
notypical FACS analysis of PB classic CD14+CD16−, intermediate
CD142+CD16+ and non-classic CD14dimCD16+ monocytes reveal no
cellular membrane marker difference between RA patients and HD
[17].

Moreover, studies in Juvenile Idiopathic Arthritis (JIA) or Systemic-
JIA (SJIA), common forms of arthritis in children and adolescents,

confirmed that the distribution of the CD14+ and CD16+ sub-popula-
tions are not altered in comparison to HD [18].

3.1.1. M1 and M2 in peripheral blood from rheumatoid arthritis patients
Studies of both ex-vivo and in vitro PB monocyte markers, which

simulate the polarization of M1 or M2 macrophages, have been carried
out in the past few years.

CD14+ monocytes were purified from the PB of RA patients and
compared with the same cells from HD in order to evaluate if ex-vivo
and in vitro polarization markers of M1 and M2 macrophage cellular
compartments are already appreciable. Conversely, CD64 (MΦ-IFN-γ),
CD-200R (MΦ- IL-4) and CD-16 (MΦ-IL-10) labeling did not show a sig-
nificant difference between the two groups [17]. Monocytes-derived
macrophages (MDM) stimulated with GM-CSF or M-CSF in vitro, did
not show any particular difference in M1 or M2 marker expressions
(GM-CSF M1 macrophage express CD163 and CD206 which should be
M2 markers) and the same results were obtained from ex-vivo mono-
cytes analysis (evaluation of monocytes % and/or MFI) [19].

Confirmation of these results comes from another study where sci-
entists analyzed M1 (CD68+CD192+) and M2 (CX3CR1+CD163+),
and, once again, no significant difference was found, concluding that
RA PBs seem to be composed by mixed M1 and M2 monocyte sub-po-
pulations [19,20].

Likewise, in SJIA, PB surface phenotyping monocytes compared to
HD did not show any significant difference; spontaneous cytokine
production analysis confirmed the same result [18].

Nevertheless, a more in-depth analysis among M1 and M2 markers
under flare and quiescence conditions resulted in a more robust dif-
ference. In fact, CD14+ monocytes showed mixed M1/M2 at flare and
instead an antigen panel towards M2-like pic at quiescence. However,
CD16+ monocytes did not change their surface markers during flare or
quiescence and were seen to be more associated with M1-like marker
production.

Furthermore, Fukui et al. confirmed that the distribution of mono-
cyte sub-types, divided by CD14 and CD16 expression, showed no sig-
nificant differences between RA patients and HD. In addition, M1/M2
correlated in a significantly-positive manner with the OC number [21].

3.1.2. M1 and M2 from rheumatoid arthritis synovial tissue
Macrophages in inflamed synovial tissue are the cells which are

mainly activated in RA and are the principal source of cytokines, such
as TNF-α, which contribute to the disease progression. If indeed mac-
rophages play a pathogenic role in RA, as confirmed by numerous ex-
perimental data, the degree of joint erosion and the contribution to
hyperplasia of the intimal synovial lining layer could also be linked to
the increased number in the synovial tissue [22].

It should be noted that there is a macrophage subset disequilibrium
from RA patients' synovial fluid with the M1/M2 ratios being higher in
RA compared to OA patients [21,23]. In a double-immunofluorescence
staining study, the CD68+ marker has been colocalized with the fol-
lowing markers: of IFN-γ dependent polarization markers (MΦIFN-γ), of
IL-4 dependent polarized markers (MΦIL-4), of IL-10 dependent polar-
ized markers (MΦIL-10) [17,24].

Intimal lining layer was found to contain mainly mature resident
macrophages (the MΦIL-10 markers CD163 and CD32 colocalized with
CD68+), whereas the synovial sublining showed more mixed pheno-
types (CD68+ colocalized with MΦIL-10 markers CD163 and CD32 and
the MΦIFN-γ marker CD64, and the MΦIL-4 CD200R and CD14+), sug-
gesting that it is actively infiltrated with immature MDM. Moreover,
disease activity in RA seemed associated with the number of synovial
sublining macrophages, but not with intimal lining layer macrophages
[17]. In addition, CD163+ synovial-derived macrophages colocalize
with the FR-β and this expression depends on their distribution in sy-
novial sub-tissue.

In fact, FR-β is more expressed by CD163+ in the sublining layer of
the synovial tissue and these cells produce more iNOS, and more IL-10

Fig. 1. Data are given as number of selected articles categorized according to
four different parts of the search process: identification, screening, eligibility
and inclusion. The format of this figure is based on PRISMA 2009 guideline
[10].
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and TGF-β than the intimal lining layer, thus confirming the more
mixed phenotypes observed in the synovial sublining layer.

Conversely, the cells CD163+FR-β+ in both layers also produce
TNF-α [25].

Furthermore, from another study, similar observations were found.
In fact, the cells CD163+ M2 anti-inflammatory macrophages from
synovial tissue when tested for protein production and expressed high
levels of pro-inflammatory markers (PHD3, [CCR]-2, [MMP]-12 and
TNF-α) [22].

Lastly, CD14+ cells from RA synovial fluid express low levels of M2
anti-inflammatory markers, accordingly with a high level production of
pro-inflammatory genes ([CCR]-2, [MMP]-12, and EGLN3 INHBA)
[26,27]. Moreover, they possess high a pro-inflammatory polarization
ability (induced by proteins such as activin A, PHD3 and [MMP]-12)
[22].

3.1.3. Endogenous molecules that can modulate M1 and M2 polarization in
rheumatoid arthritis

Macrophages, together with other specific cells (i.e. T-cells, fibro-
blasts), are responsible for joint swelling in RA, which reflects synovial
tissue inflammation. While a balance between pro-inflammatory and
anti-inflammatory factors is a condition for normal synovial tissue ac-
tivities, in RA. On the contrary, an imbalance between producers and
inhibitors of the inflammatory reaction is evident. In fact, a complex
cytokine and chemokine network is involved in the inflammatory en-
vironment [28,29].

Among a total of eight articles it was found that different en-
dogenous molecules were reported and highlighted as essential med-
iators of inflammation or, more importantly, crucial for maintaining the
milieu homeostasis.

For example, the activity of CypA seems to induce pro-inflammatory
signaling pathways in many specific cells, among which also macro-
phages. A growing body of evidence has suggested its pathological role
in RA and many other human diseases [30].

CypA expression was detected in both RA and OA synovial tissue.
The absolute concentration of CypA in RA was much higher than that in
OA synovial tissues [31]. CypA induced the expression of cytokines/
chemokines, such as TNF-α, IL-8, MCP-1, IL-1β and (MMP)-9, through a
pathway that is eventually dependent on NF-kB activation [32]. The
macrophage marker TSPO is a mitochondrial membrane protein which
could be involved in a negative macrophage regulation during RA in-
flammation [33].

Moreover, MDM from synovial tissue showed a strong up-regulation
of TSPO compared to their monocyte counterparts. Conversely, this
expression was counterbalanced when synovial MDM were tested with
M1 stimuli (LPS or IFN-γ). Interestingly, at both mRNA and protein
level, TSPO showed a significant down-regulation by 24 h compared to
those cells stimulated with IL-4, TGF-β or Dexamethasone [33].

Sirtuin 1 (SIRT)-1 is a histone/protein deacetylase which works in
tandem with AMPK to control metabolism-transcriptional gene ex-
pression, neuroprotection, and inflammation. MDM from synovial
tissue when activated with Resveratrol (RSV a (SIRT)-1 activator) can
up-regulate the M2 transcripts (MDC, FcεRII, or CD23, MrC1, and IL-
10) and suppress the M1 macrophages markers [(CCL)-2, iNOS, and IL-
12 p40] [34].

The activity of (SIRT)-6 was found to be negatively correlated with
IL-6 concentration in RA patients, and it was hypothesized that its en-
zymatic activity was strictly connected to the inflammatory process.

Furthermore, SEMA3A, a membrane protein with an axonal prop-
erty, participates, among other activities, in bone homeostasis main-
tenance.

In fact, its concentration in RA synovial tissue seems significantly
lower than that compared to the OA samples, and it is negatively cor-
related with RA disease progression in serum (DAS28 and RF [35,36]).

The expression of SEMA3A in vitro, derived from BMM and under
polarization stimuli, seems to block the expression of the markers

(iNOS)-2, ROS, the cytokines IL-1β, IL-6 and TNFα and boosted the
increase of M2 mRNA specific markers expression Arg1, Fizz1, Ym1,
CD206, CD163). Eventually, SEMA3A was found to promote the switch
from M1 classically-activated macrophages to M2 alternatively-acti-
vated macrophages [37].

In fact, in synovial tissue, synovial fluid and PBMC-derived mono-
cytes from RA patients rather than from OA patients, the (SIRT)-6
protein levels were significantly decreased [38].

Moreover, in order to define a specific μRNA expression profile in
CD14+ purified monocytes obtained from the peripheral blood of 27
JIA patients, an analysis of 110 μRNA was performed.

The results showed that miR-125a-5p was found to be highly up-
regulated in vitro tests, and it drove the polarization of stimulated
macrophages to anti-inflammatory (M2) counterparts. As a major re-
sult, it was shown that miR-125a-5p drove the polarization towards
M2b and M2c sub-groups [39].

Comparable with this result, CD14+ monocytes from 32 children
with SJIA showed that the expression of miR-146a was increased and
was correlated with systemic features. In addition, transfection ex-
periments demonstrated that miR-146a is linked with the generation of
alternatively-activated M2 macrophages (inducing the increase of the
genes Arg1, (CCL)-17 and (CCL)-2 associated with the markers CD163
and CD206) [40].

Anti-citrullinated protein antibodies (ACPA) and auto-antibodies
are very important in the diagnosis of RA because they can also predict
disease severity [41]. The M1/M2 ratio imbalance seems to be asso-
ciated with the number of OCs in ACPAs+ RA Patients- Although
ACPAs, ESR and CRP were found to be correlated with a M1/M2 ratio,
the latter is the sole significant factor that contributes to the number of
OCs [21].

Cells isolated from RA patients' synovial fluid are a high source of
activin A, which promotes the production of GM-CSF-dependent po-
larization markers and inhibits the expression of M-CSF-dependent
markers in both monocytes and macrophages, thus supporting its pos-
sible contribution to the prevalent pro-inflammatory polarization of
macrophages (M1) in RA synovial tissues [22]. Synovial fluids from RA
patients also contain two proteins involved in TLRs signaling, namely
(IRF)-4 and (IRF)-5. ACPAs antibodies, purified from RA serum, seem to
induce a significant increase in the M1/M2 ratio in vitro, as well as
(IRF)-4 and (IRF)-5 at mRNA levels.

However, only (IRF)-5 from silencing experiments were found to be
associated with the action of ACPAs [23]. Interestingly, the study by
Kang et al. showed why IFN-γ drives the polarization of macrophages
towards the M1 state [42].

Notwithstanding this mechanism being helped by numerous mole-
cular processes [43,44], they found epigenomic evidence which shows
how IFN-γ repressed several genes by disassembling the regulatory
elements that control the gene expression (enhancers). Specifically,
IFN-γ, from RA synovial macrophages, suppressed M2-related homeo-
static and reparative genes binding the transcription factor called MAF,
thus de-activating the upstream gene enhancer [42].

3.1.4. Exogenous molecules (drugs) that can modulate M1 and M2
polarization in rheumatoid arthritis

The migration of CD68+ macrophages in the synovial tissue is a
biomarker of both disease severity and results of therapeutic activities
[45]. However, data relating to the consequences of RA bDMARDs on
macrophage polarization are very limited. Anti-cytokine bDMARDs
have been shown to decrease the inflammatory burden caused espe-
cially by recruited inflammatory monocytes/macrophages [46]. In fact,
only one study analyzed the effect of bDMARDs modulation of M1 and
M2 polarization [46].

Anti-TNF agents seem to provoke the modification in macrophage
polarization from inflammatory to anti-inflammatory status, meaning
the down-regulation of the surface markers M1-like, such as CD40 and
CD80, to the up-regulation of the surface marker M2-like, such as CD16,
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CD163 and MerTK. Additionally, anti-TNF agents prevent the produc-
tion of inflammatory cytokines (TNF-α, IL-6, IL-12) and increase the
phagocytosis of macrophages via the higher production of IL-10 which
controls the inflammatory process by the activation of Gas6 and SOCS3.

Noteworthy, IL-10 mediates the switch from M1 to M2 through
pSTAT3. The other bDMARDs that were studied did not induce any
polarization into macrophage subsets [46].

Lastly, the stimulation of fresh monocytes with Pam3 [19], a (TLR)-
2 agonist, did not significantly modify the classical surface marker
profile of M2 macrophages. Conversely, LPS, a (TLR)-4 agonist, is re-
sponsible for the low-level activation of M2 markers against the high-
level production of M1 markers (evaluated as MFI values). Likewise, the
action of Pam3 down-regulated the mRNA M2 marker (FRβ)-2 and
SLC40A1, but not HMOX1. The induction with LPS or LPS plus IFN-γ
seems to amplify all mRNA markers mentioned above. Surprisingly,
Pam3 induces a high production of pro-inflammatory cytokines (IL-1β,
IL-6, and IL-8) in M2 macrophages. Stimulation of M1 and M2 with
combination of Pam3 and LPS induces an up-regulation of (TLR)-2 and
a down-regulation of (TLR)-4 [19].

3.2. Mice and rats

Due to the complexity of RA, there is still a lack of understanding of
the fundamental causes of the disease. For example, the trigger to the
beginning of the articular disease is still unknown, and the molecules
that define chronicity versus resolution of inflammation are also poorly
understood. Therefore, the use of animal models remains essential in
order to delineate the molecular mechanisms of the disease so as to
develop novel therapies.

To date, various mouse models are available which involve different
immune cell types and which address distinct stages in the course of RA
[47,48].

3.2.1. M1 and M2 from blood and synovial tissue of RA models
The K/B×N serum-transfer mouse model for STIA summarizes the

onset phase of human RA, but it is independent on the adaptive immune
response. The model depends on the immune-complex engagement of
activating Fc receptors on macrophages, and IVIG preserve mice from
the disease through the expression of inhibitory Fc receptors [49]. The
work of Misharin et al. showed that non-classical Ly6C− monocytes
(that correspond to human CD14dimCD16+ monocytes) are required for
the induction and progression of sterile joint inflammation in the K/
B×N mice RA model [50].

Non-classical Ly6C− monocytes polarize into inflammatory macro-
phages (M1), induce disease pathogenesis and demonstrate plasticity
during the resolution phase [50].

Throughout the progression of arthritis, Ly6C− monocytes differ-
entiate towards an alternatively activated phenotype (M2), promoting
the joint inflammation resolution and all these steps occur without
changes in the synovial tissue-resident macrophages [50].

In order to better characterize the gene expression of AIA in in-
flamed mice synovial tissue, a microarray analysis was carried out [51].

The M1 markers (IL-1β, IL-6, FcγRI and CD86) were strongly up-
regulated during the course of AIA whereas the majority of M2 markers
([IL]-1RII, CD163, CD206, Arg1 and Ym1) were also somewhat up-
regulated, with the exclusion of Arg1 and Ym1 which were exclusively
and differentially expressed from the outset of AIA. In fact, this might
once again indicate a change towards an M1 signature in the inflamed
synovial tissue even during AIA [51].

Lastly, in the mouse model of SIO, a clinical condition simulating
late RA, M1 macrophages increased during the beginning phase to-
gether with an altered M1/M2 ratio, while the expression of TNF-α
remained high [52].

When the concentration of TNF-α decreased, and the tissue entered
a resolution phase also the macrophages were found to have mainly
shifted to the M2 anti-inflammatory state [52].

3.2.2. Endogenous molecules that can modulate M1 and M2 polarization in
RA models

In total, six studies of both ex-vivo and in vitro studies were found in
which different molecules drove PB and synovial monocytes/macro-
phages towards the polarization in M1 or M2 macrophages.

In the mouse model of (SIRT)-1-Tg CIA, a model very similar to
human RA progression, Park et al. confirmed the data obtained from
reported human experiments [34]. In this experiment, the (SIRT)-1
over-expressed mice were found to develop less severe arthritis than
WT C57BL/6 N mice; noteworthy, the (SIRT)-1 over-produced aug-
mented the release of M2 markers (i.e. arginase-1) and, decrease the
concentration of M1 markers (i.e. TNF-α and IL-1β) [34].

The 11 beta-hydroxysteroid dehydrogenase type 1 (11β-HSD) en-
zyme transforms GCs inactive to their active counterparts, conferring
tissue-specific increase and exposure to active endogenous and ther-
apeutic GCs [53].

As matter of fact, a Tg197 mouse model was cross-linked with
mouse line KO for 11β-HSD and it was found that they developed more
severe arthritis than WT C57BL/6 J-induced arthritis mice and showed
a larger infiltration of M1 macrophages in the synovial tissues. This
data confirms the increase of pro-inflammatory cytokines (IL-1, IL-6,
CSF1), and supports the anti-inflammatory properties of 11β-HSD [53].

Likewise, in a combination of in vitro cell cultures and a TNF-Tg
arthritic mice model, carrying an Hes1-GFP transgene as an indicator of
Notch activation, Sun et al. found that Notch signaling [54] has
strength connection with M1 macrophage polarization and its inhibi-
tion reduces joint tissue inflammation by inducing a change from M1 to
M2 macrophage [55].

Conversely, a mouse model depleted by IL-10 (IL-10−/−) worsened
CIA, and promoted macrophage polarization towards pro-inflammatory
M1, confirming that IL-10 production could maintain the homeostasis
between inflammatory and anti-inflammatory macrophages [56].
Moreover, a high amount of IL-10 provokes the switch from M1 to M2
macrophages [56].

In regards to the anti-inflammatory molecule, the study of Woo
et al. confirmed the results obtained in RA patients. In fact, in a mouse
model of (SIRT)-6 deficiency, CIA arthritis was induced and showed an
expanded CD68+ cell immunoreactivity in the intimal lining and sub-
lining synovial tissue. Moreover, M1 macrophages linked genes, che-
mokines, and receptors and proteases were increased [38].

In line with human data, Zhu et al. found a mouse model, knocked
out for (IRF)-5, produced a macrophage shift to its M2 anti-in-
flammatory counterparts [23]. In addition, they confirmed that IRF5−/

− mice were lower producers of pro-inflammatory cytokines, such as
TNF-α, IL-6, and IL-12.

Furthermore, the intracellular staining of macrophages in the mouse
model, knocked out for (IRF)-5, demonstrated that the transcription
factor was more present in M1 than in M2 macrophages.

In addition, an ex-vivo study of AIA mice confirmed that the (IRF)-5
protein was higher in M1 pro-inflammatory than M2 (CD206+) anti-
inflammatory macrophages in the affected knee. Moreover, CD206+

macrophages expressed more (IRF)-5 at the site of inflammation than
they did before the challenge [57,58].

We can also consider data from Lyme-arthritis studies which are
useful in extrapolating information about M1 and M2 macrophage be-
havior and indeed they might be comparable to RA studies. In fact, we
found one study where Lyme-arthritis was induced in C3H/HeNCrl
(CH3) and C57BL/6NCr (B6) mice infected by bacterial Borrelia burg-
dorferi–induced Lyme-arthritis [59]. In this study Ma et al. showed how
Bbaa1 modulated the macrophage polarization [59].

The Bbaa1 B6 allele stimulated the expression of the M2 markers,
whereas the Bbaa1 C3H allele promoted the typical production of M1
markers [59].

The studies eventually identified Bbaa1 as a regulator of type I IFN
response during both Lyme-arthritis and RA development. This finding
is consistent with the hypothesis that inherent patterns of gene
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expression, controlled by Bbaa1 alleles, may possibly direct the func-
tional phenotype of macrophages as classically (M1) ones versus al-
ternatively (M2) polarized ones [59].

3.2.3. Exogenous molecules that can modulate M1 and M2 polarization in
models of RA

It is possible that enhancements in the exploration of nanother-
apeutic techniques might provide new solutions to bypass the defects of
existing treatments. Therapeutic drugs can be selectively distributed to
and accumulated in the inflamed sites via the passive or active targeting
of nano-vehicles after systemic administration. This therapeutic method
has, in fact, reduced the damage to other organs and the “vehicle”
protects the drug until it reaches the burden site.

Eleven studies of therapeutic molecules that drive PB and synovial
monocytes/macrophages towards polarization in M1 or M2 macro-
phages were herein analyzed.

3.2.3.1. Rats. In AIA rats, manganese ferrite and ceria nanoparticle-
anchored mesoporous silica (MFC-MSNs) exhibit a synergistic effect on
O2 generation and ROS elimination, inducing a shift of M1 to M2
macrophage polarization both in vitro and in vivo [60].

In a rat model of induction of the AIA, a gene therapy, with IL-10
DNA plasmid encapsulated in nanoparticle carrying the protein tuftsin,
was constructed to reach effectively synovial tissue macrophages.

The IL-10 gene therapy nanoparticle protein driven, induced a
change of membrane polarization markers in synovial macrophage,
from M1 to M2. In addition, the treatment induced systemic reduction
of serum and synovial pro-inflammatory cytokines (TNF-α, IL-1β, and
IL-6) [61].

Moreover, targeted delivery of Withaferin-A incorporated in man-
nosylated liposomes (ML-WA) ameliorated the gravity of inflammation
in AIA rats, inducing the M1 to M2 macrophage polarization shift [62].
Instead Chang et al. have improved the bio-availability of monoterpene
glucoside Pae by producing one novel ester: CP-25. The paeoniflorin-6′-
O-benzene sulfonate (CP-25) have many beneficial activities in AIA
rats. In fact, it repressed the production of pro-inflammatory cytokines
(TNF-α, IL-1 and IL- 6), increasing the TGF-β1 concentration. The ef-
fects were similar to the effects of MTX alone. CP-25 treatment in-
hibited M1 macrophage production and increased M2 macrophage ac-
tivation by inducing cytokine release [63].

Finally, alkaline phosphatase (AP) administration in arthritic rats,
alone or in combination with MTX reduced the macrophages' infiltra-
tion level of CD68+ and CD163+ in the synovial tissue. The reduced
number of infiltrated CD68+ macrophage were statistically significant
compared to normal rats [64].

3.2.3.2. Mice. In mouse model of CIA, sSiglec-9 significantly
ameliorated the clinical and histological evidence and gravity of
arthritis. While sSiglec-9 diminished the expression of M1 markers
RelA/p65 in macrophages, it did not affect the expression of M2
markers [65].

Furthermore, the study of Li et al. [66], to obtain additional data in
function of FUTs in RA polarization of macrophages, were supported
with in vivo study in CIA mice. They found that there was a decrease in
the percentages of CD11b+Ly6C−, CD11b+TNF-α, and CD11b+IL-23+

M1 inflammatory macrophages in mice treated with fucose/galactose
analog 2-D-gal. The higher amount of this molecule has been implicated
in the shift M1 to M2 macrophage polarization state.

Instead, a micelle mixture, loaded with dexamethasone and siRNA
against the NF-kB-p65 transcription factor, effectively inhibited NF-kB
signaling in murine macrophages. The co-distribution method was ef-
ficient enough to switch macrophages from the M1 to the M2 state [67].

Furthermore, in order to better understand the role of CB2 on OC
formation and differentiation in inflammation-induced cartilage and
bone destruction, Zhu et al. tested JWH133, a selected agonist of CB2,
in a CIA murine model. JWH133 treatment diminished the infiltration

of pro-inflammatory M1-like macrophages in the knee joint and re-
polarized macrophages from the M1 to M2 phenotype [62]. The acti-
vation of CB2 increased the expression of anti-inflammatory cytokine
interleukin IL-10 and reduced the expression of pro-inflammatory cy-
tokines, including TNF-α, IL-1β, and IL-6 [68].

Lastly, from an antagonist of CXCR3 (JN-2) was evaluated the ef-
ficacy on the modulation of (CXCL)-9/10/11, on the progression of
arthritis in a CIA mouse model [69]. The results showed that the in-
creased levels of TNF-α, IL-6, and RANKL (one of M1 Macrophages
marker) were greatly inhibited. Additionally, the CIA-induced mRNA
expression of TNFα, IL-6, and RANKL transcript (Tnfsf11) were blocked
by JN-2-injected mice [69].

In the K/B × N serum transfer RA murine model (yielded from KRN
strain crosslinked with NOD-SCID IL2Rγ−/− strain) DMSO injection
produced a contradictory result. In fact, the forepaws, but not the hind
paws, expressed significantly lower levels of pro-inflammatory genes
(IL-1β, IL-6, CXCL1 and CXCL2) after DMSO treatment. Surprisingly, in
mice derived BMM DMSO acts to block the polarization of M0 macro-
phages into M1 or M2 phenotypes [70].

4. Discussion

In the present systematic review, detailed aspects of the activities
and polarization properties of M1 and M2 macrophages have been re-
viewed for the first time in RA blood, synovial tissue and synovial
fluids. The aim of the review is to give a comprehensive overview of the
current literature available, presenting the results obtained from find-
ings in humans, mice and rats, including endogenous or exogenous
molecules which participate in inducing the polarization of macrophage
(M1 or M2).

From the analysis of literature regarding RA models. it was revealed
that in mice blood there is a non-classical Ly6C− monocyte population
(human's CD14dimCD16+ monocytes) which are essential for the in-
itiation and progression of arthritis at the level of inflammatory reac-
tions. These cells, polarized in pro-inflammatory M1 macrophages,
provoke tissue inflammation and differentiate into anti-inflammatory
M2 macrophage cells to resolve the burning milieu [50].

Surprisingly, resident synovial macrophages do not change during
inflammation; moreover, they do not present the MHCII marker
(MHCII−CXCR3+), they populate the synovial tissue since the em-
bryonic development, and they have a key role in maintaining its
homeostasis [50].

On the other hand, Rossol et al. found that the intermediate
CD142+CD16+ human blood monocytes (corresponding to Ly6Cint in
mice) have a higher frequency in patients with RA than in HD, whereas
non-classical CD14dimCD16+ monocytes (corresponding to Ly6C− in
mice) are unchanged in RA [71].

Conversely, our findings in this systematic review analysis, using
human phenotypical analyses, on three specific blood monocyte po-
pulations (i.e. classic CD14+CD16−, intermediate CD142+CD16+ and
non-classical CD14dimCD16+) reveal that there are no differences be-
tween RA and HD subjects [17].

Moreover, CD14+ and CD16+ populations did not change in JIA
patients compared to HD subjects [18].

More detailed phenotypical and cytokine production analysis of PB
cells also revealed that blood from RA and JIA patients is composed of a
mixed M1 and M2 monocyte sub-population [17,18,20] while Cd14+

monocytes show the M2 phenotype in the quiescence phase [21].
Although RA blood monocytes and activated macrophages do not

show any differences compared to HD, our review reveals that there is a
more complex situation in synovial tissues. Since mono IHC analysis
reveals a subset marker disequilibrium (mixed M1/M2 markers) re-
sulting from double immunofluorescence, we can confirm that the sy-
novial tissue intimal lining layer shows more mature and defined
macrophages, and it would seem that this tissue region has already
started the resolution phase (CD68+ colocalizing with CD163+ and
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CD32+; CD163+ macrophages colocalizing with FR-β [25], but pro-
ducing much more IL-10 and TGF-β than TNF-α and iNOS) [17].

These findings were further endorsed by a ON mice study where
scientists found a correlation between TNF-α decreasing and the onset
of the resolution phase [52].

On the contrary, the sublining tissues show a much more mixed
phenotype (MΦIL-10/MΦIFN-γ mixed markers and cytokines) [17]. A
gene expression study from rodents, during the course of AIA, showed
that, although two M2 markers remained high and stable throughout
the disease period (Arg1 and Ym1), M1 markers were strongly up-
regulated (IL-1β, IL-6, FcγRI and CD86) [51].

Eventually, comprehensive analyses of RA synovial fluid macro-
phages focused, in particular, on cell membrane receptors, genes and
protein expressions, showed that in CD14+ lineage, anti-inflammatory
membrane markers were expressed at a low level while pro-in-
flammatory genes and proteins were produced at high levels [22].
However, contrary to this result, Palacios et al. also found that, from
synovial tissue, M2 macrophage lineage expressing CD163+ produces a
high amount of proinflammatory proteins [22]. Moreover, the local
inflammatory milieu in synovial fluid can block the expression of
CD200R and CD163 markers by M2 macrophages [72]. (See Fig. 2 for a
detailed illustration showing the distribution of macrophages in the
layers of synovial tissue).

Based on these results, any possible limitations related to such an
approach should be fully considered in order to understand the role of
M1 and M2 polarization in RA.

However, since our intention with this review was to give the most
complete overview possible of the literature on this somewhat difficult
topic, only analyzed studies in which more than five RA patients were
recruited have been included. However, the differences in the method
of the cohort sample choice from different laboratories, for example,
the definition of early/ active phase / remissive RA patients, or the
characterization of the differences found between the therapies, has not
allowed us to produce a meta-analysis of the data extracted from the
studies selected.

Nevertheless, standardization advances have been made in the past,
two examples being the studies from Bresnahan et al. and Smith et al.
which both proposed the setting method in IHC evaluation and in-
filtration of macrophages from synovial tissue [73,74]. Furthermore,
Murray et al. proposed guidelines and nomenclature for macrophage

activation and polarization [75]. Therefore, it could now be helpful to
have a development of standardized selection methods for collecting
the patients' samples and find ways of how to choose the therapies for
evaluating M1 and M2 in RA.

In animal models, there are various options that simulate human RA
[76] but the problem with having several models is that it could create
a limitation in producing results which are in contrast with each other.
In fact, this would likely happen due to different mouse strains, gen-
omes and different technical methods being used despite the attempts
to develop conditions as similar as possible to the alteration caused by
human RA.

For example, we found that K/B×N serum-transfer mice develop
Ly6C− monocytes which determine the infiltration in synovial tissue,
polarized as pro-inflammatory macrophages that can differentiate in
anti-inflammatory macrophage to resolve the inflammatory burden
[25].

However, in the AIA model, Ly6C+ drives the inflammation [58],
and, in this line, it is the ly6C+/(CCR)-2+ cells that control the auto-
immune tissue alterations in the CIA model of RA [77]. These con-
flicting results in differing models of animal arthritis suggest that ex-
trapolation to human RA is still premature and misleading.

Another related limitation is due to the fact that there is no one
particular standardization method to choose from among the better
considered techniques in order to evaluate macrophages taken from
synovial tissue and blood. Furthermore, the precise definition of RA
immuno-pathology (in particular, for the definition of macrophage
activity) needs markers, protein, and gene standardization methods so
as to produce reliable results. It is a known fact that laboratories around
the world all too often use different panels of macrophage identification
markers for both the blood and the synovial tissue [17,22,37].

In fact, comparing the different search methods, we could deduce
how the classical division of M1 and M2 macrophages, by itself cannot
help us to fully understand the analyzed population, and it should be
supported by more precise techniques that truly evaluate a more ac-
curate and in-depth the result [17].

To confirm this, an unexpected population with a membrane marker
of anti-inflammatory M2 macrophages (i.e. CD163+) contrarily ex-
pressed functional pro-inflammatory markers at mRNA and protein
levels. Furthermore, the stimulation of macrophages with the TLR2
receptor antagonist did change the membrane markers, but the genes

Fig. 2. Schematic representation of M1/M2 macrophages distribution in synovial tissue's layers [17,22].
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and proteins constantly showed a pro-inflammatory profile [22,64].
Thus, there are still several unanswered questions:
Are membrane markers the best method to evaluate and define

macrophage populations?
Is it still useful to use the classification based on markers for M1 and

M2 macrophages? [78].
In relation to the tissue where the macrophages are extracted, does

the function change?
In fact, the work of Ambarus et al. [17] described that, in synovial

tissue, the cellular layer (intima) presented a more defined cluster of
macrophage cells (MΦIL-10 markers colocalized with CD68+) compared
to the vascular/fibrous synovial layer where cells seems more immature
(MΦIFN-γ/MΦIL-4 & MΦIL-10). Perhaps this is due to the proximity of
blood vessels as this could create a higher level of cellular turnover.
Taking this into account, we could suppose that the particular tissue
environment (e.g. chemokines, cytokines produced by T cells, and FLS)
possibly defines the plasticity of macrophages [79,80].

This hypothesis is supported by the proposal of Mosser et al., for
which it would seem to be wiser to modify the nomenclature of the
macrophages, changing the classical membrane marker nomenclature,
and using a classification characterized on the fundamental macro-
phage function [78].

In this regard, the authors have proposed three functional classes for
macrophages namely: the host defense, wound healing, and immune
regulation. They explained that this classification method could be
more helpful in illustrating how these cells can evolve, allowing sci-
entists to more accurately identify the different macrophage levels of
activation [78].

Thus, to better understand the milieu which induces the polariza-
tion towards the pro-inflammatory or the anti-inflammatory state, after
the comprehensive overview of the literature, we have summarized the
most important molecules that seem to drive the M1/M2 macrophage
response in the RA disease.

Among anti-inflammatory molecules, TSPO seems negatively cor-
related with the progression of the disease [33]; (SIRT)-1, when acti-
vated can up-regulate the M2 macrophage transcript (human results
compared with that of mice) [34] and (SIRT)-6 correlates negatively
with systemic IL-6, and the in vivo (SIRT)-6 deficiency experiment
confirms that it is negatively associated with the M1 response [38].

The action of (SIRT)-1 is similar to the action of ET-1 which was
found to be involved in the expression of M2 markers (CD204, CD206,
CD163, IL-10 and (CCL)-22) and in the production of TGFβ1 [81].

In addition, 11β-HSD promotes the activation of glucocorticoids
(endogenous or exogenous), and shows anti-inflammatory properties in
a knock-out experiment [53]. Confirmation of the same results were for
IL-10 in Mice KO which had an aggressive production of M1 macro-
phages. Moreover, SEM3A, which has an axonal activity, can promote
the switch from M1 to M2 macrophages [37].

In regards to regulating molecules, surprisingly two μRNAs are as-
sociated with the development of the anti-inflammatory response,
namely, miR-125a-5p and miR-146a [39,40].

Conversely, Bae et al. found that both PB, synovial tissue and sy-
novial fluid miR-146a levels are elevated in patients with RA, and that
PB miR-146a levels correlate with clinical ESR values. They propose
that miR-146a concentration plays a significant part in the proin-
flammatory process in RA [82]. Furthermore, Moran-Moguel et al.
study proposed miRNA125a-5p as a potential biomarker to identify RA
patients, and categorized miRNA146a, with its associated properties,
with inflammatory macrophages in synovial tissue [83].

On the other hand, among the pro-inflammatory molecules, Activin-
a [22] and two transcription factors in downstream activity of IFN-γ,
namely, (IRF)-4 and (IRF)-5 [57]; (human and mouse) seem to be
correlated with the development of the disease, with (IRF)-5 being
more expressed in M1 than M2 macrophages [23].

In mouse cardiac (macrophage) nanotherapy, the use of the silen-
cing siRNA for (IRF)-5 has also been tested, and it produced a relevant

reduction of M1 macrophage as well as being seen to facilitate the re-
solution of the inflammatory reaction [57,84].

On the contrary, Kang et al. showed new and complex ways on how
IFN-γ may block the expression of M2 genes and favor the pro-in-
flammatory expression ones [42].

Furthermore, among the exogenous molecules/drugs approved for
RA treatment, bDMARDs were tested for the modulation of macrophage
polarization; only ETA, and ADA, both anti-TNF-α agents, have induced
the polarization of macrophage towards alternative anti-inflammatory
features by modulating the polarization of macrophages, both on the
activation of surface markers and on the expression of mRNA and cy-
tokines characterizing M2 [46].

In addition, among the bDMARDs, of particular interest is the fusion
protein CTLA-4-Ig (abatacept) which blocks the interaction between
CD80/86 and CD28 on T cells and mediates immunosuppressive ac-
tivities. However, data generated from studies about this drug and
macrophages' polarization to date is very little.

CTLA-4-Ig modulates the production of pro-inflammatory cytokines
(such as IL-6, IL-1β, TNF-α), both extracellular and cytoplasmic; also by
down-regulating the same pro-inflammatory transcript (mRNA)
[85–87]. In addition, abatacept can exert its function on different cells
inside the inflammatory milieu [88,89]. Nevertheless, reliable data on
abatacept activity to induce a shift from M1 pro-inflammatory to M2
anti-inflammatory macrophages needs to be further investigated.

Apart from bDMARDs, we found different fused macromolecules
(nanoparticle or micelles mixtures) or novel specific antagonists (all
tested in animal models) which can block the pro-inflammatory M1 or
can polarize the macrophages to the anti-inflammatory M2 response
[51,60–66,68–70,90–92].

Therefore, the future direction of nanomedicines in RA and con-
tinued research of new potential molecules might well improve the
negative patients' response, by reducing toxicity and increasing ther-
apeutic efficacy [93].

5. Conclusions

Present systematic review indicates that in blood and, more speci-
fically, in the synovial tissue of RA patients (and animal models), there
is a macrophage disequilibrium with M1 and M2 markers both present
on the surfaces of the cells.

In fact, the specific surface-cell markers seem to not always be co-
herent with the functional status of these cells (with pro or anti-in-
flammatory activity). Moreover, markers at a mRNA and protein (cy-
tokine) level show a phenotype dissociated from what should be
expected from surface-cell markers (M1 or M2).

In regards to this point, it is most important to highlight that the
role of the endogenous environmental factors, related to the circadian
rhythms of the immune-inflammatory reaction, and the related hor-
monal and cytokine changes, deeply influence cell distribution and
reactivity in the body [94–98].

Noteworthy, the production of inflammatory cytokines by resident
and activated synovial cells, could strongly modulate the plasticity of
macrophages to assume the most recent polarizing condition in-
dependent of their previous polarization state [79,80].

To conclude, we can suggest that more detailed investigations on
M1 and M2 macrophage functions are needed, as well as on their
modulation in RA, as this is essential not only for a better understanding
of the patho-physiological and clinical features of the disease, but also
to ensure a better therapeutic management of patients [88].

Funding

No-one provided financial support for the conduct of the research
and/or preparation of the article.

S. Tardito, et al. Autoimmunity Reviews 18 (2019) 102397

18



Authorship

ST and GM did substantial contributions to the design of the study,
the acquisition, analysis and interpretation of data, the drafting of the
article, and the final approval of the version to be published.

SS worked on the interpretation of the data and provided an im-
portant scientific point of view in the critical revising of the article.

SP, GP, MP, EA and VM provided an important clinical point of view
in the critical revising of the article before its final approval.

MC was responsible for the conception of the study, revising the
critically article for its important intellectual content and final approval
of the version to be submitted.

Declaration of Competing Interest

All authors state that they have no actual or potential conflict of
interest including any financial, personal or other relationships with
other people or organizations.

Acknowledgements

The authors would firstly like to thank Suzanne Van Patten for her
assistance with the English editing and acknowledge that part of the
(Fig. 2.) art work were kindly granted by smart.servier.com.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.autrev.2019.102397.

References

[1] McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J Med
2011;365:2205–19. https://doi.org/10.1056/NEJMra1004965.

[2] Yang M, Feng X, Ding J, Chang F, Chen X. Nanotherapeutics relieve rheumatoid
arthritis. J Control Release 2017;252:108–24. https://doi.org/10.1016/j.jconrel.
2017.02.032.

[3] Firestein GS, McInnes IB. Immunopathogenesis of rheumatoid arthritis. Immunity
2017;46:183–96. https://doi.org/10.1016/j.immuni.2017.02.006.

[4] Wang Y, Han CC, Cui DQ, Li YF, Ma Y, Wei W. Is macrophage polarization im-
portant in rheumatoid arthritis? Int Immunopharmacol 2017;50:345–52. https://
doi.org/10.1016/j.intimp.2017.07.019.

[5] Murtaugh MP, Foss DL. Inflammatory cytokines and antigen presenting cell acti-
vation. Vet Immunol Immunopathol 2002;87:109–21. https://doi.org/10.1016/
s0165-2427(02)00042-9.

[6] Jakubzick CV, Randolph GJ, Henson PM. Monocyte differentiation and antigen-
presenting functions. Nat Rev Immunol 2017;17:349–62.

[7] Mohammadi A, Blesso CN, Barreto GE, Banach M, Majeed M, Sahebkar A.
Macrophage plasticity, polarization and function in response to curcumin, a diet-
derived polyphenol, as an immunomodulatory agent. J Nutr Biochem
2019;66:1–16. https://doi.org/10.1016/j.jnutbio.2018.12.005.

[8] Trombetta AC, Soldano S, Contini P, Tomatis V, Ruaro B, Paolino S, et al. A cir-
culating cell population showing both M1 and M2 monocyte/macrophage surface
markers characterizes systemic sclerosis patients with lung involvement. Respir Res
2018;19:186–98. https://doi.org/10.1186/s12931-018-0891-z.

[9] Cutolo M, Trombetta AC, Soldano S. Monocyte and macrophage phenotypes: a look
beyond systemic sclerosis. Ann Rheum Dis 2018:annrheumdis-2018-214371https://
doi.org/10.1136/annrheumdis-2018-214371.

[10] Moher D, Liberati A, Tetzlaff J, Altman DG, Group TP. Preferred reporting items for
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med
2009;6:e1000097https://doi.org/10.1371/journal.pmed.1000097.

[11] Rao A, Schwartz S, Sabin K, Wheeler T, Zhao J, Hargreaves J, et al. HIV-related data
among key populations to inform evidence-based responses: protocol of a sys-
tematic review. Syst Rev 2018;7:220–7. https://doi.org/10.1186/s13643-018-
0894-3.

[12] Perez Jolles M, Richmond J, Thomas KC. Minority patient preferences, barriers, and
facilitators for shared decision-making with health care providers in the USA: a
systematic review. Patient Educ Couns 2019. https://doi.org/10.1016/j.pec.2019.
02.003. pii: S0738:30612–8.

[13] Mulherin D, Fitzgerald O, Bresnihan B. Synovial tissue macrophage populations and
articular damage in rheumatoid arthritis. Arthritis Rheum 1996;39:115–24. https://
doi.org/10.1002/art.1780390116.

[14] Tak PP, Smeets TJM, Daha MR, Kluin PM, Meijers KAE, Brand R, et al. Analysis of
the synovial cell infiltrate in early rheumatoid synovial tissue in relation to local
disease activity. Arthritis Rheum 1997;40:217–25. https://doi.org/10.1002/art.
1780400206.

[15] Athanasou NA. Synovial macrophages. Ann Rheum Dis 1995;54:392–4. https://doi.
org/10.1136/ard.54.5.392.

[16] Ziegler-Heitbrock L, Ancuta P, Crowe S, Dalod M, Grau V, Hart DN, et al.
Nomenclature of monocytes and dendritic cells in blood. Blood 2010;116:e74–80.
https://doi.org/10.1182/blood-2010-02-258558.

[17] Ambarus CA, Noordenbos T, de Hair MJH, Tak PP, Baeten DLP. Intimal lining layer
macrophages but not synovial sublining macrophages display an IL-10 polarized-
like phenotype in chronic synovitis. Arthritis Res Ther 2012;14:R74. https://doi.
org/10.1186/ar3796.

[18] Macaubas C, Nguyen KD, Peck A, Buckingham J, Deshpande C, Wong E, et al.
Alternative activation in systemic juvenile idiopathic arthritis monocytes. Clin
Immunol 2012;142:362–72. https://doi.org/10.1016/j.clim.2011.12.008.

[19] Quero L, Hanser E, Manigold T, Tiaden AN, Kyburz D. TLR2 stimulation impairs
anti-inflammatory activity of M2-like macrophages, generating a chimeric M1/M2
phenotype. Arthritis Res Ther 2017;19:245. https://doi.org/10.1186/s13075-017-
1447-1.

[20] Zhao JZ, Yuan W, Tao CS, Sun PF, Yang ZX, Xu WD. M2 polarization of monocytes
in ankylosing spondylitis and relationship with inflammation and structural da-
mage. Apmis 2017;125:1070–5. https://doi.org/10.1111/apm.12757.

[21] Fukui S, Iwamoto N, Takatani A, Igawa T, Shimizu T, Umeda M, et al. M1 and M2
monocytes in rheumatoid arthritis: a contribution of imbalance of M1/M2 mono-
cytes to osteoclastogenesis. Front Immunol 2017;8:1958–68. https://doi.org/10.
3389/fimmu.2017.01958.

[22] Soler Palacios B, Estrada-Capetillo L, Izquierdo E, Criado G, Nieto C, Municio C,
et al. Macrophages from the synovium of active rheumatoid arthritis exhibit an
activin A-dependent pro-inflammatory profile. J Pathol 2015;235:515–26. https://
doi.org/10.1002/path.4466.

[23] Zhu W, Li X, Fang SH, Zhang XL, Wang Y, Zhang TS, et al. Anti-citrullinated protein
antibodies induce macrophage subset disequilibrium in RA patients. Inflammation
2015;38:2067–75. https://doi.org/10.1007/s10753-015-0188-z.

[24] Wiktor-Jedrzejczak W, Gordon S. Cytokine regulation of the macrophage (M phi)
system studied using the colony stimulating factor-1-deficient op/op mouse. Physiol
Rev 1996;76:927–47. https://doi.org/10.1152/physrev.1996.76.4.927.

[25] Tsuneyoshi Y, Tanaka M, Nagai T, Sunahara N, Matsuda T, Sonoda T, et al.
Functional folate receptor beta-expressing macrophages in osteoarthritis synovium
and their M1/M2 expression profiles. Scand J Rheumatol 2012;41:132–40. https://
doi.org/10.3109/03009742.2011.605391.

[26] Sierra-Filardi E, Nieto C, Dominguez-Soto A, Barroso R, Sanchez-Mateos P, Puig-
Kroger A, et al. CCL2 shapes macrophage polarization by GM-CSF and M-CSF:
identification of CCL2/CCR2-dependent gene expression profile. J Immunol
2014;192:3858–67. https://doi.org/10.4049/jimmunol.1302821.

[27] Escribese MM, Sierra-Filardi E, Nieto C, Samaniego R, Sánchez-Torres C,
Matsuyama T, et al. The prolyl hydroxylase PHD3 identifies proinflammatory
macrophages and its expression is regulated by activin A. J Immunol
2012;189:1946–54. https://doi.org/10.4049/jimmunol.1201064.

[28] Maruotti N, Cantatore FP, Crivellato E, Vacca A, Ribatti D. Macrophages in rheu-
matoid arthritis. Histol Histopathol 2007;22:581–6.

[29] Smolen JS, Aletaha D, McInnes IB. Rheumatoid arthritis. Lancet 2016;388:2023–38.
https://doi.org/10.1016/S0140-6736(16)30173-8.

[30] Wang L, Wang C, Jia J, Ma X, Li Y, Zhu H, et al. Contribution of Cyclophilin A to the
regulation of inflammatory processes in rheumatoid arthritis. J Clin Immunol
2010;30:24–33. https://doi.org/10.1007/s10875-009-9329-1.

[31] Dongsheng Z, Zhiguang F, Junfeng J, Zifan L, Li W. Cyclophilin A aggravates col-
lagen-induced arthritis via promoting classically activated macrophages.
Inflammation 2017;40:1761–72. https://doi.org/10.1007/s10753-017-0619-0.

[32] Kim H, Kim W-J, Jeon S-T, Koh E-M, Cha H-S, Ahn K-S, et al. Cyclophilin A may
contribute to the inflammatory processes in rheumatoid arthritis through induction
of matrix degrading enzymes and inflammatory cytokines from macrophages. Clin
Immunol 2005;116:217–24. https://doi.org/10.1016/j.clim.2005.05.004.

[33] Narayan N, Mandhair H, Smyth E, Dakin SG, Kiriakidis S, Wells L, et al. The
macrophage marker translocator protein (TSPO) is down-regulated on pro-in-
flammatory “M1” human macrophages. PLoS One 2017;12:e0185767https://doi.
org/10.1371/journal.pone.0185767.

[34] Park SY, Lee SW, Lee SY, Hong KW, Bae SS, Kim K, et al. SIRT1/adenosine
monophosphate-activated protein kinase α signaling enhances macrophage polar-
ization to an anti-inflammatory phenotype in rheumatoid arthritis. Front Immunol
2017;8:1135–46. https://doi.org/10.3389/fimmu.2017.01135.

[35] van Riel PL, Renskers L. The disease activity score (DAS) and the disease activity
score using 28 joint counts (DAS28) in the management of rheumatoid arthritis.
Clin Exp Rheumatol 2016;34(5 Suppl 101):S40–4. Sep-Oct; Epub 2016 Oct 18.
Review. PubMed PMID: 27762189.

[36] Ingegnoli F, Castelli R, Gualtierotti R. Rheumatoid factors: clinical applications. Dis
Markers 2013;35:727–34. https://doi.org/10.1155/2013/726598.

[37] Teng Y, Yin ZH, Li J, Li K, Li X, Zhang Y. Adenovirus-mediated delivery of Sema3A
alleviates rheumatoid arthritis in a serum-transfer induced mouse model.
Oncotarget 2017;8:66270–80. https://doi.org/10.18632/oncotarget.19915.

[38] Woo SJ, Noh HS, Lee NY, Cheon Y-H, Yi SM, Jeon HM, et al. Myeloid sirtuin 6
deficiency accelerates experimental rheumatoid arthritis by enhancing macrophage
activation and infiltration into synovium. EBioMedicine 2018;38:228–37. https://
doi.org/10.1016/j.ebiom.2018.11.005.

[39] Schulert GS, Fall N, Harley JB, Shen N, Lovell DJ, Thornton S, et al. Monocyte
MicroRNA expression in active systemic juvenile idiopathic arthritis implicates
MicroRNA-125a-5p in polarized monocyte phenotypes. Arthritis Rheumatol
2016;68:2300–13. https://doi.org/10.1002/art.39694.

[40] Li D, Duan M, Feng Y, Geng L, Li X, Zhang W. Corrigendum to “MiR-146a modulates
macrophage polarization in systemic juvenile idiopathic arthritis by targeting

S. Tardito, et al. Autoimmunity Reviews 18 (2019) 102397

19

http://smart.servier.com
https://doi.org/10.1016/j.autrev.2019.102397
https://doi.org/10.1016/j.autrev.2019.102397
https://doi.org/10.1056/NEJMra1004965
https://doi.org/10.1016/j.jconrel.2017.02.032
https://doi.org/10.1016/j.jconrel.2017.02.032
https://doi.org/10.1016/j.immuni.2017.02.006
https://doi.org/10.1016/j.intimp.2017.07.019
https://doi.org/10.1016/j.intimp.2017.07.019
https://doi.org/10.1016/s0165-2427(02)00042-9
https://doi.org/10.1016/s0165-2427(02)00042-9
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0030
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0030
https://doi.org/10.1016/j.jnutbio.2018.12.005
https://doi.org/10.1186/s12931-018-0891-z
https://doi.org/10.1136/annrheumdis-2018-214371
https://doi.org/10.1136/annrheumdis-2018-214371
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1186/s13643-018-0894-3
https://doi.org/10.1186/s13643-018-0894-3
https://doi.org/10.1016/j.pec.2019.02.003
https://doi.org/10.1016/j.pec.2019.02.003
https://doi.org/10.1002/art.1780390116
https://doi.org/10.1002/art.1780390116
https://doi.org/10.1002/art.1780400206
https://doi.org/10.1002/art.1780400206
https://doi.org/10.1136/ard.54.5.392
https://doi.org/10.1136/ard.54.5.392
https://doi.org/10.1182/blood-2010-02-258558
https://doi.org/10.1186/ar3796
https://doi.org/10.1186/ar3796
https://doi.org/10.1016/j.clim.2011.12.008
https://doi.org/10.1186/s13075-017-1447-1
https://doi.org/10.1186/s13075-017-1447-1
https://doi.org/10.1111/apm.12757
https://doi.org/10.3389/fimmu.2017.01958
https://doi.org/10.3389/fimmu.2017.01958
https://doi.org/10.1002/path.4466
https://doi.org/10.1002/path.4466
https://doi.org/10.1007/s10753-015-0188-z
https://doi.org/10.1152/physrev.1996.76.4.927
https://doi.org/10.3109/03009742.2011.605391
https://doi.org/10.3109/03009742.2011.605391
https://doi.org/10.4049/jimmunol.1302821
https://doi.org/10.4049/jimmunol.1201064
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0140
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0140
https://doi.org/10.1016/S0140-6736(16)30173-8
https://doi.org/10.1007/s10875-009-9329-1
https://doi.org/10.1007/s10753-017-0619-0
https://doi.org/10.1016/j.clim.2005.05.004
https://doi.org/10.1371/journal.pone.0185767
https://doi.org/10.1371/journal.pone.0185767
https://doi.org/10.3389/fimmu.2017.01135
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0175
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0175
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0175
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0175
https://doi.org/10.1155/2013/726598
https://doi.org/10.18632/oncotarget.19915
https://doi.org/10.1016/j.ebiom.2018.11.005
https://doi.org/10.1016/j.ebiom.2018.11.005
https://doi.org/10.1002/art.39694


INHBA” [Mol. Immunol. 77 (2016) 205–212]. Mol Immunol 2017;87:329–30.
https://doi.org/10.1016/J.MOLIMM.2017.03.016.

[41] Kurowska W, Kuca-Warnawin EH, Radzikowska A, Maśliński W. The role of anti-
citrullinated protein antibodies (ACPA) in the pathogenesis of rheumatoid arthritis.
Cent J Immunol 2017;42:390–8. https://doi.org/10.5114/ceji.2017.72807.

[42] Kang K, Park SH, Chen J, Qiao Y, Giannopoulou E, Berg K, et al. Interferon-γ re-
presses M2 gene expression in human macrophages by disassembling enhancers
bound by the transcription factor MAF. Immunity 2017;47:235–50. https://doi.org/
10.1016/j.immuni.2017.07.017.

[43] Hu X, Ivashkiv LB. Cross-regulation of signaling pathways by interferon-γ: im-
plications for immune responses and autoimmune diseases. Immunity
2009;31:539–50. https://doi.org/10.1016/j.immuni.2009.09.002.

[44] Stark GR, Darnell Jr. JE. The JAK-STAT pathway at twenty. Immunity
2012;36:503–14. https://doi.org/10.1016/j.immuni.2012.03.013.

[45] Haringman JJ, Gerlag DM, Zwinderman AH, Smeets TJM, Kraan MC, Baeten D,
et al. Synovial tissue macrophages: a sensitive biomarker for response to treatment
in patients with rheumatoid arthritis. Ann Rheum Dis 2005;64:834–8. https://doi.
org/10.1136/ard.2004.029751.

[46] Degboe Y, Rauwel B, Baron M, Boyer JF, Ruyssen-Witrand A, Constantin A, et al.
Polarization of rheumatoid macrophages by TNF targeting through an IL-10/STAT3
mechanism. Front Immunol 2019;10:3–17. https://doi.org/10.3389/fimmu.2019.
00003.

[47] Grötsch B, Bozec A, Schett G. In vivo models of rheumatoid arthritis. New York, NY:
Humana Press; 2019. p. 269–80. https://doi.org/10.1007/978-1-4939-8997-3_14.

[48] Benson RA, McInnes IB, Garside P, Brewer JM. Model answers: rational application
of murine models in arthritis research. Eur J Immunol 2018;48:32–8. https://doi.
org/10.1002/eji.201746938.

[49] Monach PA, Mathis D, Benoist C. The K/BxN Arthritis Model. Curr Protoc Immunol
2008;81. https://doi.org/10.1002/0471142735.im1522s81. Hoboken, NJ, USA:
John Wiley & Sons, Inc. (p. 15221–12).

[50] Misharin AV, Cuda CM, Saber R, Turner JD, Gierut AK, Haines GK, et al.
Nonclassical Ly6C− monocytes drive the development of inflammatory arthritis in
mice. Cell Rep 2014;9:591–604. https://doi.org/10.1016/j.celrep.2014.09.032.

[51] Hofkens W, Schelbergen R, Storm G, van den Berg WB, van Lent PL. Liposomal
targeting of prednisolone phosphate to synovial lining macrophages during ex-
perimental arthritis inhibits M1 activation but does not favor M2 differentiation.
PLoS One 2013;8:e54016https://doi.org/10.1371/journal.pone.0054016.

[52] Wu XH, Xu WH, Feng XB, He Y, Liu XZ, Gao Y, et al. TNF-a mediated inflammatory
macrophage polarization contributes to the pathogenesis of steroid-induced osteo-
necrosis in mice. Int J Immunopathol Pharmacol 2015;28:351–61. https://doi.org/
10.1177/0394632015593228.

[53] Hardy RS, Fenton C, Croft AP, Naylor AJ, Begum R, Desanti G, et al. 11 Beta-hy-
droxysteroid dehydrogenase type 1 regulates synovitis, joint destruction, and sys-
temic bone loss in chronic polyarthritis. J Autoimmun 2018;92:104–13. https://doi.
org/10.1016/j.jaut.2018.05.010.

[54] Kim W-K, Meliton V, Tetradis S, Weinmaster G, Hahn TJ, Carlson M, et al.
Osteogenic oxysterol, 20(S)-hydroxycholesterol, induces notch target gene expres-
sion in bone marrow stromal cells. J Bone Miner Res 2010;25:782–95. https://doi.
org/10.1359/jbmr.091024.

[55] Sun W, Zhang HW, Wang H, Chiu YG, Wang MM, Ritchlin CT, et al. Targeting
notch-activated M1 macrophages attenuates joint tissue damage in a mouse model
of inflammatory arthritis. J Bone Miner Res 2017;32:1469–80. https://doi.org/10.
1002/jbmr.3117.

[56] Ye L, Wen Z, Li Y, Chen B, Yu T, Liu L, et al. Interleukin-10 attenuation of collagen-
induced arthritis is associated with suppression of interleukin-17 and retinoid-re-
lated orphan receptor γt production in macrophages and repression of classically
activated macrophages. Arthritis Res Ther 2014;16:R96. https://doi.org/10.1186/
ar4544.

[57] Weiss M, Blazek K, Byrne AJ, Perocheau DP, Udalova IA. IRF5 is a specific marker of
inflammatory macrophages in vivo. Mediators Inflamm 2013;2013:245804–13.
https://doi.org/10.1155/2013/245804.

[58] Weiss M, Byrne AJ, Blazek K, Saliba DG, Pease JE, Perocheau D, et al. IRF5 controls
both acute and chronic inflammation. Proc Natl Acad Sci 2015;112:11001–6.
https://doi.org/10.1073/pnas.1506254112.

[59] Ma Y, Bramwell KKC, Lochhead RB, Paquette JK, Zachary JF, Weis JH, et al.
Borrelia burgdorferi arthritis-associated locus Bbaa1 regulates Lyme arthritis and
K/BxN serum transfer arthritis through intrinsic control of type I IFN production. J
Immunol 2014;193:6050–60. https://doi.org/10.4049/jimmunol.1401746.

[60] Kim J, Kim HY, Song SY, Go S, Sohn HS, Baik S, et al. Synergistic oxygen generation
and reactive oxygen species scavenging by manganese ferrite/ceria co-decorated
nanoparticles for rheumatoid arthritis treatment. ACS Nano 2019;13:3206–17.
https://doi.org/10.1021/acsnano.8b08785.

[61] Jain S, Tran T-H, Amiji M. Macrophage repolarization with targeted alginate na-
noparticles containing IL-10 plasmid DNA for the treatment of experimental ar-
thritis. Biomaterials 2015;61:162–77. https://doi.org/10.1016/j.biomaterials.
2015.05.028.

[62] Sultana F, Neog MK, Rasool M. Withaferin-A, a steroidal lactone encapsulated
mannose decorated liposomes ameliorates rheumatoid arthritis by intriguing the
macrophage repolarization in adjuvant-induced arthritic rats. Colloids Surf B
Biointerfaces 2017;155:349–65. https://doi.org/10.1016/j.colsurfb.2017.04.046.

[63] Chang Y, Jia X, Wei F, Wang C, Sun X, Xu S, et al. CP-25, a novel compound,
protects against autoimmune arthritis by modulating immune mediators of in-
flammation and bone damage. Sci Rep 2016;6:26239–52. https://doi.org/10.1038/
srep26239.

[64] Chandrupatla DMSH, Molthoff CFM, Ritsema WIGR, Vos R, Elshof E, Matsuyama T,
et al. Prophylactic and therapeutic activity of alkaline phosphatase in arthritic rats:

single-agent effects of alkaline phosphatase and synergistic effects in combination
with methotrexate. Transl Res 2018;199:24–38. https://doi.org/10.1016/j.trsl.
2018.04.001.

[65] Matsumoto T, Takahashi N, Kojima T, Yoshioka Y, Ishikawa J, Furukawa K, et al.
Soluble Siglec-9 suppresses arthritis in a collagen-induced arthritis mouse model
and inhibits M1 activation of RAW264.7 macrophages. Arthritis Res Ther
2016;18:133–46. https://doi.org/10.1186/s13075-016-1035-9.

[66] Li J, Hsu HC, Ding YN, Li H, Wu Q, Yang PA, et al. Inhibition of fucosylation re-
shapes inflammatory macrophages and suppresses type II collagen-induced ar-
thritis. Arthritis Rheumatol 2014;66:2368–79. https://doi.org/10.1002/art.38711.

[67] Wang Q, Jiang H, Li Y, Chen W, Li H, Peng K, et al. Targeting NF-kB signaling with
polymeric hybrid micelles that co-deliver siRNA and dexamethasone for arthritis
therapy. Biomaterials 2017;122:10–22. https://doi.org/10.1016/j.biomaterials.
2017.01.008.

[68] Zhu M, Yu B, Bai J, Wang X, Guo X, Liu Y, et al. Cannabinoid receptor 2 agonist
prevents local and systemic inflammatory bone destruction in rheumatoid arthritis.
J Bone Miner Res 2019;34:739–51. https://doi.org/10.1002/jbmr.3637.

[69] Kim B, Lee J-H, Jin WJ, Kim H-H, Ha H, Lee ZH. JN-2, a C-X-C motif chemokine
receptor 3 antagonist, ameliorates arthritis progression in an animal model. Eur J
Pharmacol 2018;823:1–10. https://doi.org/10.1016/j.ejphar.2018.01.037.

[70] Elisia I, Nakamura H, Lam V, Hofs E, Cederberg R, Cait J, et al. DMSO represses
inflammatory cytokine production from human blood cells and reduces auto-
immune arthritis. PLoS One 2016;11:e0152538https://doi.org/10.1371/journal.
pone.0152538.

[71] Rossol M, Kraus S, Pierer M, Baerwald C, Wagner U. The CD14brightCD16+
monocyte subset is expanded in rheumatoid arthritis and promotes expansion of the
Th17 cell population. Arthritis Rheum 2012;64:671–7. https://doi.org/10.1002/
art.33418.

[72] Vandooren B, Noordenbos T, Ambarus C, Krausz S, Cantaert T, Yeremenko N, et al.
Absence of a classically activated macrophage cytokine signature in peripheral
spondylarthritis, including psoriatic arthritis. Arthritis Rheum 2009;60:966–75.
https://doi.org/10.1002/art.24406.

[73] Bresnihan B, Gerlag DM, Rooney T, Smeets TJM, Wijbrandts CA, Boyle D, et al.
Synovial macrophages as a biomarker of response to therapeutic intervention in
rheumatoid arthritis: standardization and consistency across centers. J Rheumatol
2007;34:620–2.

[74] Smith MD, Baeten D, Ulfgren A-K, McInnes IB, Fitzgerald O, Bresnihan B, et al.
Standardisation of synovial tissue infiltrate analysis: how far have we come? How
much further do we need to go? Ann Rheum Dis 2006;65:93–100. https://doi.org/
10.1136/ard.2005.036905.

[75] Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al. Macrophage
activation and polarization: nomenclature and experimental guidelines. Immunity
2014;41:14–20. https://doi.org/10.1016/j.immuni.2014.06.008.

[76] Asquith DL, Miller AM, McInnes IB, Liew FY. Animal models of rheumatoid ar-
thritis. Eur J Immunol 2009;39:2040–4. https://doi.org/10.1002/eji.200939578.

[77] Rafei M, Berchiche YA, Birman E, Boivin M-N, Young YK, Wu JH, et al. An en-
gineered GM-CSF-CCL2 fusokine is a potent inhibitor of CCR2-driven inflammation
as demonstrated in a murine model of inflammatory arthritis. J Immunol
2009;183:1759–66. https://doi.org/10.4049/jimmunol.0900523.

[78] Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat
Rev Immunol 2008;8:958–69.

[79] Davis MJ, Tsang TM, Qiu Y, Dayrit JK, Freij JB, Huffnagle GB, et al. Macrophage
M1/M2 polarization dynamically adapts to changes in cytokine microenvironments
in Cryptococcus neoformans infection. MBio 2013;4. https://doi.org/10.1128/
mBio.00264-13. (e00264-13).

[80] McInnes IB, Schett G. Cytokines in the pathogenesis of rheumatoid arthritis. Nat
Rev Immunol 2007;7:429.

[81] Soldano S, Pizzorni C, Paolino S, Trombetta AC, Montagna P, Brizzolara R, et al.
Alternatively activated (M2) macrophage phenotype is inducible by Endothelin-1 in
cultured human macrophages. PLoS One 2016;11:1–18. https://doi.org/10.1371/
journal.pone.0166433.

[82] Bae S-C, Lee YH. MiR-146a levels in rheumatoid arthritis and their correlation with
disease activity: a meta-analysis. Int J Rheum Dis 2018;21:1335–42. https://doi.
org/10.1111/1756-185X.13338.

[83] Moran-Moguel MC, Petarra-del Rio S, Mayorquin-Galvan EE, Zavala-Cerna MG.
Rheumatoid arthritis and miRNAs: a critical review through a functional view. J
Immunol Res 2018;2018:1–16. https://doi.org/10.1155/2018/2474529.

[84] Courties G, Heidt T, Sebas M, Iwamoto Y, Jeon D, Truelove J, et al. In vivo silencing
of the transcription factor IRF5 reprograms the macrophage phenotype and im-
proves infarct healing. J Am Coll Cardiol 2014;63:1556–66. https://doi.org/10.
1016/j.jacc.2013.11.023.

[85] Cutolo M, Soldano S, Montagna P, Sulli A, Seriolo B, Villaggio B, et al. CTLA4-Ig
interacts with cultured synovial macrophages from rheumatoid arthritis patients
and downregulates cytokine production. Arthritis Res Ther 2009;11:R176. https://
doi.org/10.1186/ar2865.

[86] Brizzolara R, Montagna P, Soldano S, Cutolo M. Rapid interaction between CTLA4-
Ig (abatacept) and synovial macrophages from patients with rheumatoid arthritis. J
Rheumatol 2013;40:738–40. https://doi.org/10.3899/jrheum.120866.

[87] Cutolo M, Soldano S, Contini P, Sulli A, Seriolo B, Montagna P, Brizzolara R.
Intracellular NF-kB-decrease and IKBα increase in human macrophages following
CTLA4-Ig treatment. Clin Exp Rheumatol 2013;31(6):943–6. Nov-Dec; Epub 2013
Dec 2. PubMed PMID: 24295474.

[88] Cutolo M, Nadler SG. Advances in CTLA-4-Ig-mediated modulation of inflammatory
cell and immune response activation in rheumatoid arthritis. Autoimmun Rev
2013;12:758–67. https://doi.org/10.1016/J.AUTREV.2013.01.001.

[89] Cutolo M, Sulli A, Paolino S, Pizzorni C. CTLA-4 blockade in the treatment of

S. Tardito, et al. Autoimmunity Reviews 18 (2019) 102397

20

https://doi.org/10.1016/J.MOLIMM.2017.03.016
https://doi.org/10.5114/ceji.2017.72807
https://doi.org/10.1016/j.immuni.2017.07.017
https://doi.org/10.1016/j.immuni.2017.07.017
https://doi.org/10.1016/j.immuni.2009.09.002
https://doi.org/10.1016/j.immuni.2012.03.013
https://doi.org/10.1136/ard.2004.029751
https://doi.org/10.1136/ard.2004.029751
https://doi.org/10.3389/fimmu.2019.00003
https://doi.org/10.3389/fimmu.2019.00003
https://doi.org/10.1007/978-1-4939-8997-3_14
https://doi.org/10.1002/eji.201746938
https://doi.org/10.1002/eji.201746938
https://doi.org/10.1002/0471142735.im1522s81
https://doi.org/10.1002/0471142735.im1522s81
https://doi.org/10.1016/j.celrep.2014.09.032
https://doi.org/10.1371/journal.pone.0054016
https://doi.org/10.1177/0394632015593228
https://doi.org/10.1177/0394632015593228
https://doi.org/10.1016/j.jaut.2018.05.010
https://doi.org/10.1016/j.jaut.2018.05.010
https://doi.org/10.1359/jbmr.091024
https://doi.org/10.1359/jbmr.091024
https://doi.org/10.1002/jbmr.3117
https://doi.org/10.1002/jbmr.3117
https://doi.org/10.1186/ar4544
https://doi.org/10.1186/ar4544
https://doi.org/10.1155/2013/245804
https://doi.org/10.1073/pnas.1506254112
https://doi.org/10.4049/jimmunol.1401746
https://doi.org/10.1021/acsnano.8b08785
https://doi.org/10.1016/j.biomaterials.2015.05.028
https://doi.org/10.1016/j.biomaterials.2015.05.028
https://doi.org/10.1016/j.colsurfb.2017.04.046
https://doi.org/10.1038/srep26239
https://doi.org/10.1038/srep26239
https://doi.org/10.1016/j.trsl.2018.04.001
https://doi.org/10.1016/j.trsl.2018.04.001
https://doi.org/10.1186/s13075-016-1035-9
https://doi.org/10.1002/art.38711
https://doi.org/10.1016/j.biomaterials.2017.01.008
https://doi.org/10.1016/j.biomaterials.2017.01.008
https://doi.org/10.1002/jbmr.3637
https://doi.org/10.1016/j.ejphar.2018.01.037
https://doi.org/10.1371/journal.pone.0152538
https://doi.org/10.1371/journal.pone.0152538
https://doi.org/10.1002/art.33418
https://doi.org/10.1002/art.33418
https://doi.org/10.1002/art.24406
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0365
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0365
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0365
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0365
https://doi.org/10.1136/ard.2005.036905
https://doi.org/10.1136/ard.2005.036905
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1002/eji.200939578
https://doi.org/10.4049/jimmunol.0900523
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0390
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0390
https://doi.org/10.1128/mBio.00264-13
https://doi.org/10.1128/mBio.00264-13
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0400
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0400
https://doi.org/10.1371/journal.pone.0166433
https://doi.org/10.1371/journal.pone.0166433
https://doi.org/10.1111/1756-185X.13338
https://doi.org/10.1111/1756-185X.13338
https://doi.org/10.1155/2018/2474529
https://doi.org/10.1016/j.jacc.2013.11.023
https://doi.org/10.1016/j.jacc.2013.11.023
https://doi.org/10.1186/ar2865
https://doi.org/10.1186/ar2865
https://doi.org/10.3899/jrheum.120866
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0435
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0435
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0435
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0435
https://doi.org/10.1016/J.AUTREV.2013.01.001


rheumatoid arthritis: an update. Expert Rev Clin Immunol 2016;12:417–25.
https://doi.org/10.1586/1744666X.2016.1133295.

[90] Qi W, Lin C, Fan K, Chen Z, Liu L, Feng X, et al. Hesperidin inhibits synovial cell
inflammation and macrophage polarization through suppression of the PI3K/AKT
pathway in complete Freund's adjuvant-induced arthritis in mice. Chem Biol
Interact 2019;306:19–28. https://doi.org/10.1016/J.CBI.2019.04.002.

[91] Zhou J, Yu Y, Yang X, Wang Y, Song Y, Wang Q, et al. Berberine attenuates arthritis
in adjuvant-induced arthritic rats associated with regulating polarization of mac-
rophages through AMPK/NF-кB pathway. Eur J Pharmacol 2019;852:179–88.
https://doi.org/10.1016/J.EJPHAR.2019.02.036.

[92] Liu R, Hao D, Xu W, Li J, Li X, Shen D, et al. β-Sitosterol modulates macrophage
polarization and attenuates rheumatoid inflammation in mice. Pharm Biol
2019;57:161–8. https://doi.org/10.1080/13880209.2019.1577461.

[93] Udalova IA, Mantovani A, Feldmann M. Macrophage heterogeneity in the context of
rheumatoid arthritis. Nat Rev Rheumatol 2016;12:472–85.

[94] Cutolo M, Straub RH. Circadian rhythms in arthritis: hormonal effects on the

immune/inflammatory reaction. Autoimmun Rev 2008;7:223–8. https://doi.org/
10.1016/j.autrev.2007.11.019.

[95] Cutolo M, Capellino S, Montagna P, Ghiorzo P, Sulli A, Villaggio B. Sex hormone
modulation of cell growth and apoptosis of the human monocytic/macrophage cell
line. Arthritis Res Ther 2005;7:R1124https://doi.org/10.1186/ar1791.

[96] Villaggio B, Soldano S, Cutolo M. 1,25-dihydroxyvitamin D3 downregulates ar-
omatase expression and inflammatory cytokines in human macrophages. Clin Exp
Rheumatol 2012;30(6):934–8. Nov-Dec; Epub 2012 Dec 17. PubMed PMID:
23253631.

[97] Cutolo M, Villaggio B, Otsa K, Aakre O, Sulli A, Seriolo B. Altered circadian rhythms
in rheumatoid arthritis patients play a role in the disease's symptoms. Autoimmun
Rev 2005;4:497–502. https://doi.org/10.1016/J.AUTREV.2005.04.019.

[98] Sulli A, Maestroni GJM, Villaggio B, Hertens E, Craviotto C, Pizzorni C, et al.
Melatonin serum levels in rheumatoid arthritis. Ann N Y Acad Sci
2002;966:276–83. https://doi.org/10.1111/j.1749-6632.2002.tb04227.x.

S. Tardito, et al. Autoimmunity Reviews 18 (2019) 102397

21

https://doi.org/10.1586/1744666X.2016.1133295
https://doi.org/10.1016/J.CBI.2019.04.002
https://doi.org/10.1016/J.EJPHAR.2019.02.036
https://doi.org/10.1080/13880209.2019.1577461
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0465
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0465
https://doi.org/10.1016/j.autrev.2007.11.019
https://doi.org/10.1016/j.autrev.2007.11.019
https://doi.org/10.1186/ar1791
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0480
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0480
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0480
http://refhub.elsevier.com/S1568-9972(19)30204-6/rf0480
https://doi.org/10.1016/J.AUTREV.2005.04.019
https://doi.org/10.1111/j.1749-6632.2002.tb04227.x

	Macrophage M1/M2 polarization and rheumatoid arthritis: A systematic review
	Introduction
	Methods
	Search strategy
	Screening process

	Results
	Human
	M1 and M2 in peripheral blood from rheumatoid arthritis patients
	M1 and M2 from rheumatoid arthritis synovial tissue
	Endogenous molecules that can modulate M1 and M2 polarization in rheumatoid arthritis
	Exogenous molecules (drugs) that can modulate M1 and M2 polarization in rheumatoid arthritis

	Mice and rats
	M1 and M2 from blood and synovial tissue of RA models
	Endogenous molecules that can modulate M1 and M2 polarization in RA models
	Exogenous molecules that can modulate M1 and M2 polarization in models of RA
	Rats
	Mice


	Discussion
	Conclusions
	Funding
	Authorship
	mk:H1_21
	Acknowledgements
	Supplementary data
	References




