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Scope of the thesis

  1
SPONDYLOARTHRITIS
Spondyloarthritis (SpA) is the second most frequent form of chronic inflammatory arthritis 

after rheumatoid arthritis (RA) with an overall prevalence of approximately 1% [1,2]. The 

disease starts usually between 20 and 40 years of age and leads to life-long symptoms 

and functional impairment. The seminal features of SpA are inflammation of the spine 

(spondylitis), asymmetric peripheral arthritis and/or enthesitis, extra-articular involvement 

(eye, skin, gut), osteoproliferation as evidenced by radiologic sacro-iliitis, and familial 

aggregation based on genetic susceptibility factors such as HLA-B27. The diagnose of SpA 

is mainly based on a combination of several of these features since, in contrast to RA, SpA 

is not characterized by elevated acute phase proteins or disease specific autoantibodies. 

Moreover, radiographic changes of the spine and sacroiliac joints are pathognomonic but 

occur late in the disease course and not in all patients. MRI and HLA-B27 typing can be 

useful in patients with a moderately high clinical suspicion of SpA [3].

The phenotypic presentation of SpA is diverse and, accordingly, SpA has been traditionally 

sub-classified in clinically distinct subtypes. Ankylosing spondylitis (AS), which is the 

prototype of SpA, was first described in 1892 by the Russian neurologist Bechterew as “a 

chronic ankylosing inflammation of the large joints and the spine”. The other SpA subtypes 

are: reactive arthritis (where articular symptoms are triggered by an urogenital or gastro-

intestinal bacterial infection), inflammatory bowel disease (IBD)-associated SpA (where 

articular symptoms accompany Crohn’s disease or colitis ulcerosa), psoriatic arthritis (PsA), 

undifferentiated SpA, HLA-B27 asociated uveitis, and juvenile onset SpA. More recently, 

ASAS has proposed new classification criteria for axial and peripheral SpA which allow to 

better capture the whole disease spectrum, including early and non-prototypical forms 

of the disease [3]. This novel classification is in agreement with the increasing genetic, 

experimental and clinical evidence that the different phenotypic SpA subtypes do not 

represent distinct pathophysiological entities, although pathogenetic differences may exist 

between axial and peripheral disease [4].

PATHOGENESIS OF SPA
A combination between genetic risk factors (HLA-B27 and a number of genes involved in innate 

immune recognition and cytokine signaling) and environmental factors such as microtrauma 

[5] and microorganisms [6,7] is thought to be responsible for the development of this immune-

mediated inflammatory disease [8]. In chapter 2 we extensively discuss the existing evidence 

that supports the classification of SpA among the autoinflammatory (innate immune system-

driven) rather than the autoimmune (acquired immune system-driven) diseases, such as 

rheumatoid arthritis (RA) of systemic lupus erythematosus (SLE) [9].

PS Calibri Carmen_FIN_Maandag.indd   11 30-10-12   10:05
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  1
Peripheral synovitis displays a similar macroscopic appearance in SpA and RA (Figure 1). 

It was previously shown that the level of inflammation and the number of inflammatory 

cells infiltrating the synovial membrane is also similar in both diseases [10-13]. Interestingly, 

CD163-expressing macrophages were the predominant macrophage population in the 

inflamed peripheral joints of SpA patients [10-13]. Macrophages are known to play a major 

role in chronic synovitis, since their number in the inflamed synovium correlates with the 

disease activity [14,15] and decreases after clinically efficient treatment in both RA [16-

19] and SpA [20-22]. Furthermore, macrophage depletion in animal models of arthritis was 

reported to have an anti-inflammatory effect [23-25]. Finally, the efficiency of TNF blockade 

in many immune mediated diseases also pleads for a major pathogenic role of macrophages, 

as main producers of TNF. 

Figure 1: Arthroscopy of peripheral joints. The inflamed synovium in both SpA and RA is characterized 
by synovial surface projections (villi), hypervascularization and tortuous small vessels.

Since CD163 is in vitro up-regulated by IL-10 [26], corticosterioids and M-CSF [27] and was 

reported to have anti-inflammatory properties [28-30], but the role of CD163+ macrophages 

in SpA synovitis is not understood, in this thesis we investigated the correlation between 

in vitro characterized macrophage fenotype and function and macrophage phenotype and 

function in vivo (Figure 2). 

An important concept that we use in several studies is the distinction between macrophage 

polarization and macrophage activation. Macrophage polarization consists of changes in the 

morphology, phenotype and the ability to respond to activating stimuli, while macrophage 

activation implies reaching full functional capacity as reaction to various stimuli, such as TLR 

ligands.

According to a simplified in vitro polarization model, macrophages can undergo classical 

(M1) or alternative (M2) activation. Originally, M1, which is mainly induced by IFN-γ 

(MΦIFN-γ), was described to have a pro-inflammatory function, while M2 had mostly a 
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regulatory role.  Later, M2 was further subdivided in IL-4- (MΦIL-4) and IL-10-polarized 

macrophages (MΦIL-10). A third M2 subset was described to be induced by immune 

complexes (ICs) and TLR ligands [31-33].

Figure 2. Conceptual design of this thesis. In this thesis we analyzed the correlation between the 
phenotype and function of in vitro polarized human macrophages and the phenotype and function of 
synovial macrophages in SpA

OUTLINE OF THE THESIS
As different polarized macrophage subsets have been phenotypically characterized in 

mouse but not in humans, in chapter 3 we characterize macrophage phenotype in vitro, by 

validating phenotypic markers for three prototypical macrophage subsets: MΦIFN-γ, MΦIL-4 

and MΦIL-10. 

In chapter 4 we analysed the expression of the in vitro validated phenotypic markers on 

peripheral blood-derived macrophages from SpA and RA patients in order to investigate 

whether differences in synovial macrophage phenotype are due to an intrinsic myeloid cell 

defect. To evaluate the predominance and distribution of specific macrophage subsets in the 

inflamed synovium from SpA compared to RA patients, we next measured the expression of 

these markers on synovial tissue macrophages from both diseases. 

In chapter 5 we studied the correlation between in vitro polarized macrophage phenotype 

and in vitro cytokine production. Since ICs in combination with TLR ligands were previously 

reported to induce alternative activation in mouse macrophages [34,35], we also evaluated 
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  1
the effect of ICs on the phenotype and cytokine production of polarized human macrophages.

In chapter 6 we studied the expression of angiopoietin-2 (Ang-2) receptors on polarized 

macrophages and the in vitro effect of angiopoietin-2 (Ang-2) on macrophage cytokine 

production and function. We also investigated in vivo the role of Ang-2 in a mouse arthritis 

model.

In chapter 7 we studied the induction of an unfolded protein response (UPR) in human 

macrophages. HLA-B27, the major genetic risk factor for SpA, has the tendency to misfold 

inside the endoplasmic reticulum (ER), thereby rendering the ER susceptible to generating an 

UPR as a response to cell activation by TLR ligands [36]. In human dendritic cells stimulated 

with chemical agents and in rat macrophages overexpressing HLA-B27, the UPR was 

characterized by an increased production of pro-inflammatory cytokines, and especially IL-

23 [37-39]. First we measured the response of healthy donor MΦIFN-γ and MΦIL-10 to chemical 

ER stress induced by thapsigargin. Second we compared the expression of ER stress markers 

and pro- and anti-inflammatory cytokines by MΦIFN-γ and MΦIL-10 derived from peripheral 

blood between HLA-B27+ and HLA-B27- SpA patients, RA patients and healthy donors.

In chapter 8 we addressed macrophage function in vivo, as reflected by the local inflammatory 

milieu in SpA and RA. In order to establish the existence of a specific macrophage signature, 

we measured the levels of pro- and anti-inflammatory cytokines in synovial fluid from SpA 

and RA patients. Furthermore, we investigate whether SpA and RA synovial fluid modulates 

the phenotype of peripheral blood-derived macrophages from healthy donors.

Chapter 9 provides a discussion of the findings described in this thesis and of the future 

perspectives. 
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ABSTRACT
Purpose of review
Spondyloarthritis (SpA) is a chronic immune-mediated inflammatory disease of unknown 

origin. Here we aim to review whether SpA is driven by T and/or B cell autoreactivity or by 

abnormal innate immune responses.

Recent findings
SpA does not share genetic risk factors, female predominance, presence of disease-

specific autoantibodies and response to T or B cell targeted therapies with prototypical 

autoimmune diseases like rheumatoid arthritis (RA) and systemic lupus erythematosus 

(SLE). Growing evidence indicates that increased responsiveness of innate immune cells 

such as macrophages, mast cells and neutrophils drives inflammation in SpA. The altered 

innate immune response may be related to non-antigen presenting functions of HLA-B27, 

including the induction of an unfolded protein response, and can be triggered by bacterial 

and mechanical stress. Innate immune cells appear to be the main producers of both pro-

inflammatory (TNF, IL-1, IL-23, IL-17) and anti-inflammatory (IL-10) cytokines in SpA. 

Summary
The predominance of myeloid above lymphoid alterations suggests an autoinflammatory 

rather than autoimmune origin of inflammation in SpA. Therefore, targeting innate cells 

or their inflammatory mediators may be more effective than T or B cell directed therapies. 

Keywords
autoimmunity, autoinflammation, HLA-B27, IL-17, IL-23, spondyloarthritis
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INTRODUCTION
Why is spondyloarthritis not a typical autoimmune disease?
Autoimmune diseases are characterized by unchecked T-cell and/or B-cell reactivity to self-

antigens, leading to chronic tissue inflammation. Although the causative autoantigens often 

remain partially elusive, prototypical autoimmune diseases such as rheumatoid arthritis 

(RA) and systemic lupus erythematosus (SLE) share a number of common features. Firstly, 

they display common genetic risk factors such as SNPs in molecules related to TCR/BCR 

signaling and central tolerance, with as prime example PTPN22 [1]. Secondly, they are 

characterized by a marked female predominance. Thirdly, they are associated with disease-

specific autoantibodies such as anti-citrullinated protein antibodies in RA and anti-dsDNA 

antibodies in SLE. Finally, they respond well to T or B cell targeted treatments, such as 

abatacept and rituximab in RA. 

An important number of immune-mediated inflammatory diseases (IMIDs) do not share 

these common autoimmune features, suggesting that chronic inflammation in these 

disorders is not primarily driven by autoreactive T or B lymphocytes. In an important 

conceptual manuscript, McGonagle et al proposed to classify IMIDs in a continuum ranging 

from autoimmunity to autoinflammation, the latter being driven by innate immune responses 

to specific tissue triggers, such as microorganisms or microtrauma [2] (Table 1). The best 

known examples of autoinflammation are the rare fever syndromes: tumor necrosis factor 

receptor-associated periodic syndrome (TRAPS) and familial Mediterranean fever (FMF). 

These diseases are caused by single gene defects affecting inflammatory cytokine pathways 

and leading to aberrant production of IL-1β or TNF [3]. Besides the prototypical monogenic 

autoinflammatory conditions, polygenic autoinflammatory diseases are viewed as the 

result of a combination between genetic risk factors and exogenous stress. Accordingly, 

these diseases respond better to cytokine blockade than to therapies targeting the acquired 

immune system.

Spondyloarthritis (SpA) is a polygenic IMID characterized by inflammation of the spine and 

peripheral joints, as well as extra-articular manifestations, such as inflammatory bowel 

disease (IBD), uveitis and psoriasis [*4]. SpA is not associated with typical autoimmune 

genes, but displays polymorphisms in genes involved in innate immune recognition (CARD9) 

and cytokine signaling pathways, such as the TNF (TNFRSF1A, TRADD, TNFSF15), IL-1 (IL1A, 

IL1R2), and IL-23/IL-17 (IL-23R, STAT3) axis [*5-8]. Moreover, SpA does not show a female 

predominance and is not associated with disease-specific autoantibodies. Finally, T or B 

cell targeted therapies such as abatacept, alefacept, efalizumab and rituximab showed 

very modest therapeutic efficacy in SpA [9-17] (Table 2). The lack of classical autoimmune 

features leads to the hypothesis that adaptive immune responses are not of primary 
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  2

importance in SpA. Furthermore, the genetic background and the importance of bacterial 

[18] and mechanical [19] stress point towards an autoinflammatory origin of the disease.

HLA-B27: driver of autoimmunity or autoinflammation?
Although SpA displays many autoinflammatory features, it has originally been classified as 

a ‘mixed’ disease, due to the strong genetic association with HLA-B27, which suggested a 

pathogenic involvement of autoreactive CD8+ T cells. HLA-B27 accounts for circa 40% of the 

genetic risk and its direct etiopathogenetic role has been demonstrated by the development 

of experimental spondyloarthritis in HLA-B27/hβ2m transgenic rats [20]. As MHC class 

I molecule, the main function of HLA-B27 is to present antigens to CD8+ T lymphocytes 

after forming a complex with beta-2 microglobulin (β2m). In this context, HLA-B27 was 

Table 1. Overview of the main features of autoinflammatory and autoimmune diseases.

Autoinflammatory diseases Autoimmune diseases

Immune system Innate immunity Adaptive immunity

Clinical features
Recurrent attacks

Local triggers
Continuous progression

Laboratory findings No autoantibodies Autoantibodies

Genetic 

susceptibility

Monogenic >Polygenic

Genes involved in cytokine 

pathways and pathogen 

recognition

Polygenic > Monogenic 

Genes involved in adaptive 

immune responses, such as 

MHC class II

Therapy
Anti-neutrophil

Anti-cytokine

Anti-B cell

Anti-T cell

Hypothesis
The “danger” model 

(Matzinger)

The “self/nonself” 

discrimination model

Examples

Monogenic: FMF, TRAPS, 

PAPA, CMRO

Polygenic: Crohn’s disease, 

gout, Behcet’s disease

Polygenic: RA, SLE, type I 

diabetes mellitus, Hashimoto 

thyroiditis, MG, coeliac disease 

Monogenic: APS-1, IPEX, ALPS

Table 1. Overview of the main features of autoinflammatory and autoimmune diseases. 
FMF = familial mediterranean fever, TRAPS = TNF receptor associated periodic syndrome, PAPA = 
pyogenic arthritis, pyoderma gangrenosum and acne syndrome, CMRO = chronic multifocal recurrent 
osteomyelitis, RA = rheumatoid arthritis, SLE = systemic lupus erythematosus, MG = myasthenia gravis, 
APS-1 = autoimmune polyendocrine syndrome-1, IPEX = immune dysregulation, polyendocrinopathy, 
enteropathy, X-linked syndrome, ALPS = autoimmune lymphoproliferative syndrome. 

PS Calibri Carmen_FIN_Maandag.indd   22 30-10-12   10:05



23

Spondyloarthritis: autoimmune or autoinflammatory?

  2

hypothesized to present specific bacterial peptides and thereby activate cytotoxic T cells, 

which could subsequently cross-react with self-peptides [21]. The “arthritogenic peptide” 

concept, however, was severely challenged by two studies [22,23] indicating that the 

absence of functional CD8+ T cells does not prevent disease in the HLA-B27/hβ2m rat model. 

More recently, two alternative hypotheses were proposed to explain the role of HLA-B27 

in SpA pathogenesis (Figure 1). Both hypotheses are independent of antigen presentation, 

but related to intrinsic biochemical properties of the cysteine residue in the beta-pocket 

of HLA-B27. The first hypothesis follows the observation that HLA-B27 has the tendency to 

form homodimers on the cell surface [24]. HLA-B27 dimers are recognized by specific killer 

Table 2. Summary of the clinical trials with B and T cell targeted therapies in SpA.

Drug Mechanism of 
action

Study 
type

SpA 
sub-
type

Study design Primary 
endpoint

Main 
result

Ref

Abatacept Inhibits T cell 

co-stimulation

Open-

label

AS 1. Anti-TNF naïve (n=15)

2. Anti-TNF failure (n=15)

ASAS40 at 

week 24

1. 13%

2. 0%

[15]

Abatacept Inhibits T cell 

co-stimulation

RDBPC PsA 1. Placebo (n=42)

2. Abatacept 3 mg/kg (n=45)

3. Abatacept 10 mg/kg 

(n=40)

4. Abatacept 30/10 mg/kg 

(n=43)

ACR20 at 

day 169

1. 19%

2. 33%

3. 48%

4. 42%

[9]

Alefacept Inhibits T cell 

activation

RDBPC PsA 1. Placebo + MTX (n=62) 

2. Alefacept + MTX (n=123)

ACR20 at 

week 24

1. 23% 

2. 54% 

[10]

Alefacept Inhibits T cell 

activation

Open-

label

PsA Alefacept + MTX (n=160) ACR20 at 

week 24

54% [11]

Efalizumab Inhibits T cell 

activation

RDBPC PsA 1. Placebo (n=53)

2. Efalizumab (n=54)

ACR20 at 

week 12

1. 19% 

2. 28% 

[13]

Rituximab B cell depletion Open-

label

AS 1. Anti-TNF naïve (n=10)

2. Anti-TNF failure (n=10)

ASAS20 at 

week 24

1. 50%

2. 30%

[14]

Rituximab B cell depletion Open-

label

PsA 1. Anti-TNF naïve (n=6)

2. Anti-TNF failure (n=15)

ACR20 

week 24

1. 50%

2. 29%

[16]

Table 2. Summary of the clinical trials with B and T cell targeted therapies in SpA. 
RDBPC = randomized double-blind placebo-controlled
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cell immunoglobulin-like receptors (KIRs) and leukocyte immunoglobulin-like receptors 

(LILRs) on NK and T cells, leading to cell activation and production of pro-inflammatory 

mediators [25]. Unfortunately, this hypothesis is not able to explain why other HLA-B 

molecules or HLA-B27 subtypes, which also form homodimers, are not associated with SpA 

[*26,27]. The second hypothesis is based on the tendency of HLA-B27 to misfold inside 

the endoplasmic reticulum (ER) and generate a so-called unfolded protein response (UPR) 

[*28,29]. The UPR leads to the induction of ER chaperones and the activation of NF-kB, 

followed by increased production of pro-inflammatory cytokines. ER stress as a result of 

chemical agents or HLA-B27 up-regulation was especially shown to increase the TLR-induced 

IL-23 production by bone marrow-derived macrophages (BMDMs) from HLA-B27/Huβ2m 

transgenic rats [30]. ER stress in human dendritic cells (DCs) was also shown to preferentially 

increase the production of IL-23 after TLR stimulation [*31]. Circumstantial evidence that 

HLA-B27-induced UPR may be important in SpA is provided by the facts that IL-23 is highly 

expressed in the bowel of HLA-B27/huβ2m transgenic rats [30], as well as Crohn and SpA 

patients [32], and that inhibition of the IL-23p40 unit showed a good clinical efficacy in SpA-

related diseases, such as Crohn’s disease, psoriasis, and psoriatic arthritis (PsA) [33-36]. It 

has to be noted, however, that overexpresison of the β2m in the HLA-B27/hβ2m rat model 

in order to reduce the UPR did not prevent, but rather modulated the disease phenotype 

[37]. Additionally, it was recently reported that the increased LPS-induced IL-23 production 

by monocyte-derived macrophages of ankylosing spondylitis (AS) patients in comparison 

with healthy donors is not associated with the induction of an UPR, even after up-regulation 

of HLA-B [*38]. Thus, these two studies question the in vivo relevance of HLA-B27-induced 

UPR in SpA.  

Although the relative contribution of each of these pathways (antigen presentation, 

homodimer formation and endoplasmic misfolding) to the pathology remains to be fully 

determined, an autoinflammatory role for HLA-B27 is further supported by the importance 

of tissue stress as trigger for SpA. Tissue stress is indicated by the typical localization of the 

lesions at sites of high mechanical stress (entheses, spine, and the large joints of the lower 

limbs) and by the association between SpA and bacterial infections. The latter is clinically 

evidenced by the development of reactive arthritis after gastrointestinal or genito-urethral 

infections and by the absence of disease in HLA-B27/hβ2m rats which were kept in germ-

free conditions [39]. In addition, HLA-B27 expressing human monocytic cells were less able 

to clear Salmonella infection [40] and were more permissive for intracellular Salmonella 

replication, due to HLA-B27 misfolding [41]. Taken together, these findings support 

the hypothesis that HLA-B27 in conjunction with mechanical or bacterial stress leads to 

abnormal innate immune responses.
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Macrophage polarization
As HLA-B27 modifies the innate immune responses of myeloid cells in general and 

macrophages in particular, it is crucial to understand the phenotypical and functional 

heterogeneity of macrophages in chronic inflammation. During their maturation process, 

macrophages can be polarized by local mediators into distinct functional subsets. 

Initially, two main macrophage types were described based on their pro- versus anti-

inflammatory functions. Classically activated macrophages (M1) are specialized in the 

clearance of intracellular pathogens, while alternatively activated macrophages (M2) have 

immunoregulatory properties and are involved in scavenging debris, angiogenesis, and 

Figure 1. Schematic representation of the three main hypotheses on the role of HLA-B27 in SpA. 
(1) The “arthritogenic” peptide hypothesis. HLA-B27 presents specific bacterial or cross-reactive 
self-peptides to CD8+ T cells. (2) The HLA-B27 dimerization hypothesis. HLA-B27 molecules form 
disulphide bonds on the cell surface. HLA-B27 dimers are recognized by killer cell immunoglobulin-like 
receptors (KIR) or leukocyte immunoglobulin-like receptors (LILR), leading to activation of CD8+ T cells 
and NK cells. (3) The HLA-B27 misfolding hypothesis. Due to slow binding of β2m, HLA-B27 has the 
tendency to misfold and accumulate inside the ER, thereby generating an unfolded protein response 
(UPR), which activates NF-κB. ER stress is accompanied by induction of ER chaperones, such as binding 
immunoglobulin proteins (BiP). Following activation by TLR ligands, UPR leads to increased production 
of pro-inflammatory cytokines, and especially IL-23.
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tissue repair. IFN-γ is the prototypic inducer of M1, whereas numerous stimuli such as IL-

4, IL-10, and costimulation with ICs and TLR ligands, are described to induce different M2 

subsets [42]. Studying the phenotype and function of macrophages in vivo has proven to 

be a major challenge, since macrophages are a highly heterogeneous and dynamic cell 

population. Three issues arise from the effort to validate reliable markers, in order to identify 

distinct macrophage subsets in vivo. Firstly, extrapolation of data from animal models into 

humans should be done carefully, due to important interspecies differences. Secondly, it 

needs to be assessed whether in vitro polarized macrophages are a good model for the in 

vivo polarization. Finally, it is largely unknown whether a certain macrophage phenotype 

can be associated with a unique functional profile, or whether distinct phenotypic subsets 

display overlapping functions. 

  

Macrophage polarization in spondyloarthritis 
Immunohistologic analysis of the synovial tissue in chronic inflammatory arthritis showed 

a predominant infiltration with innate immune cells, and especially macrophages. Tissue 

macrophages are described to consist of resident macrophages and monocytes which are 

recruited in inflammatory conditions and differentiate upon tissue entry. The number of 

macrophages in the inflamed synovium was shown to correlate with the disease activity 

[43,44] and to decrease after clinically efficient treatment in both RA [45] and SpA [46,47]. 

Interestingly, despite similar numbers of synovial macrophages and overall levels of synovial 

inflammation, the expression of CD163, which is a known marker for M2 macrophages, 

was repeatedly found to be significantly increased in SpA compared to RA synovitis [44,48-

53]. The expression of CD163 was also increased in the colonic mucosa of SpA [48] and 

Crohn’s patients versus colitis ulcerosa patients and healthy controls [54], illustrating 

the link between the two diseases. Furthermore, gene expression analysis of monocyte-

derived myeloid cells revealed a “reversed” IFN-γ signature in human SpA [55] as well as in 

HLA-B27 transgenic rats [56]. Taken together, these data suggest a preferential M2 over M1 

polarization in SpA, but formal proof of this hypothesis is still awaited.

Macrophage function in spondyloarthritis
Although the functional consequences of this preferential M2 polarization remain 

speculative, a direct link to disease pathogenesis was suggested by the correlation of the 

number of CD163+ synovial macrophages with disease activity and HLA-B27 positivity in 

SpA [49]. In agreement with the reported anti-inflammatory function of soluble CD163 

[57], CD163 expression was also associated with impaired lymphocyte activation in SpA 

synovitis [49]. Such an immunomodulating effect of M2 macrophages may relate to disease 
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pathogenesis, as suggested by the intracellular persistence of Chlamydia, which is also a 

causative agent for reactive arthritis, after alternative macrophage polarization in the 

presence of IL-4 [58].

Analysis of synovial fluid [59] further supported the idea of a shift in the M1/M2 balance 

as, despite comparable degrees of overall synovial inflammation and IL-6 levels, the M1 

pro-inflammatory cytokines TNF, IL-1 and IL-12p40 were relatively decreased in SpA 

versus RA. TNF, IL-1 and, as previously discussed, IL-23 are the main macrophage-derived 

proinflammatory cytokines of interest in the pathophysiology of SpA. The pathogenic role 

of TNF is evident as TNF blockade resulted in a significant decrease in disease activity [*60], 

accompanied by a rapid decrease in the number of synovial macrophages, PMNs, and T cells 

[46;47;61]. Additional arguments for the role of TNF in SpA are the genetic susceptibility 

conferred by TNF-R1 and TRADD [6,7] and the TNF-R1-dependent arthritis and colitis in 

TNF(Delta)ARE mice [62]. Despite this overwhelming evidence for a pathogenic role of 

TNF, it remains poorly understood which form of TNF (soluble or transmembrane), which 

receptor (TNFR1 or TNFR2) and which target cells are predominantly involved in human 

SpA. In Crohn’s disease, which shows a broad clinical and pathogenic overlap with SpA, 

decreased TNF levels as a result of enhanced lysosomal degradation were suggested to be 

responsible for defective bacterial clearance [**63]. Moreover, overexpression of soluble 

TNF in mice leads to a severe and destructive polysynovitis reminiscent of human RA [64], 

whereas transmembrane TNF transgenic mice develop axial en peripheral joint involvement 

resembling human SpA [65]. Further investigation of TNF biology in human SpA remains 

thus warranted to define its exact pathophysiological role. 

In contrast to TNF, only few data are available on IL-1 in SpA. A role for this second 

major macrophage-derived pro-inflammatory cytokine is again suggested by genetic 

polymorphisms in genes related to the IL-1 pathway [8]. However, biological investigation of 

IL-1 in SpA is lacking and proof-of-concept trials with the soluble IL-1R antagonist anakinra 

failed to consistently show clinical efficacy [66].

Besides the major pro-inflammatory cytokines (TNF, IL-1, and IL-23), macrophages are also 

the major source of IL-10. This prototypical immunoregulatory cytokine was shown to play 

a key role in the maintenance of immunological tolerance and is mainly produced by M2 

macrophages. Dysregulation of the IL-10 pathway was initially reported in Crohn’s disease 

[67,68] and genetic defects in the IL-10R lead to severe juvenile-onset colitis [69]. Whether 

the IL-10 pathways is also dysregulated in SpA remains to be investigated in more detail, 

but the reduced constitutive and bacterial-induced IL-10 production by splenocytes from 

HLA-B27/hβ2m rats [70] and reduced IL-10 production by AS PBMCs after stimulation with 

autologous commensal enteric bacteria [71] are compatible with this hypothesis.
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The role of other innate immune cells in spondyloarthritis
As discussed, functional and genetic data suggest an essential role for the IL-23/STAT3 

pathway in SpA. Polymorphisms in the IL-23R and STAT3 genes are associated with disease 

predisposition in SpA, as well as IBD [72,73]. Moreover, blockade of IL-17A, an effector 

cytokine triggered by IL-23/STAT3 signaling, showed good clinical efficacy in a proof-of-

concept clinical trial in AS [*74]. Whereas the IL-23/IL-17 axis has mainly been studied 

in canonical Th17 cells, the data on the number of Th17 cells in peripheral blood of SpA 

remain inconsistent [75,76]. More importantly, direct analysis of the axial and peripheral 

joints of SpA patients showed that IL-17 was not expressed by T cells, but rather by innate 

immune cells, including mast cells (MCs) and neutrophils [53,**77,**78,*79](Figure 2)[80-

82,*83,*84]. Accordingly, targeting MCs with the c-kit inhibitor imatinib induced a marked 

decrease of IL-17 production by SpA synovial biopsies [53]. These data are consistent with 

the fact that IL-23 was shown to trigger IL-17 production not only by Th17 cells, but also 

by γδ T cells [*83,85], innate lymphoid cells (ILC), which are the main producers of IL-17 in 

experimental colitis [*84,*86], MCs and neutrophils, but potentially also NK cells, which can 

be directly stimulated by HLA-B27 homodimers. The exact role and contribution of these 

different cell types to the pathophysiology of SpA remains to be investigated in detail.

CONCLUSIONS
The genetic risk factors related to the innate cell biology and the predominance of 

innate versus adaptive immune responses in SpA indicate a prominent autoinflammatory 

component, according to McGonagle’s classification [2]. The importance of the intrinsic, 

rather than the antigen-presenting properties of HLA-B27 further suggests that SpA 

belongs to the same class of polygenic autoinflammatory disorders as Crohn’s and Behcet’s 

disease. However, as innate and adaptive immune responses are intimately entangled and 

chronic tissue inflammation is often accompanied by secondary T and B cell activation, 

a dichotomous classification might prove too simplistic. The major challenge is to define 

the exact phenotype and function of innate immune cells, focusing on the target tissues, 

and to relate this biologically to the genetic and environmental factors involved in disease 

pathogenesis. Better understanding of the innate immune alterations in SpA may help to 

fine tune anti-cytokine therapies. It may also lead to new therapeutic strategies, such as 

direct targeting of specific innate immune cells, or upregulation of innate immunoregulatory 

programs, which may hold promise of longer term efficacy in comparison with anti-cytokine 

therapy.
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Key points
• SpA does not display the prototypical genetic, clinical and immunological features of T 

and/or B cell mediated autoimmune diseases.

• B and T cell targeted therapies are not effective in SpA.

• HLA-B27-dependent UPR leads to augmented IL-23 production, but the role of UPR in 

vivo remains to be investigated in more detail.

• Alternative macrophage polarization is a hallmark of SpA.

• Innate immune cells rather than T cells are the main producers of IL-17 in SpA.

Figure 2. Overview of the IL-23-responsive immune cells which are involved in the pathogenesis of 
human IBD and SpA. Th17 cells were shown to play a pathogenetic role in IBD, where they can exert 
both inflammatory and immunosuppressive effects [80,81], but there are indications that they are 
also involved in axial SpA [82]. IL-23R+ γδ T cells were found to be increased in peripheral blood of AS 
and PsA patients compared to RA patients and healthy individuals [*83]. IL-23 was further shown to 
control the function of innate lymphoid cells (ILCs), which were selectively increased in the inflamed 
intestine of Crohn’s disease, but not ulcerative colitis patients [*84]. Other innate immune cells which 
were found to be increased in both axial and peripheral SpA are neutrophils [**78,*79] and mast cells 
(MCs) [53,**77,*79]
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ABSTRACT
Background: Polarization of macrophages by specific micro-environmental conditions 

impacts upon their function following subsequent activation. This study aimed to 

systematically validate robust phenotypic markers for in vitro polarized human macrophages 

in order to facilitate the study of macrophage subsets in vivo. 

Methods: Human peripheral blood monocytes were polarized in vitro with IFN-γ, IL-4, 

or IL-10. Similar experiments were performed with TNF, IL-13, dexamethasone, M-CSF and 

GM-CSF as polarizing stimuli. Phenotypic markers were assessed by flow cytometry and 

qPCR.

Results: IFN-γ polarized macrophages (MΦIFN-γ) specifically enhanced membrane 

expression of CD80 and CD64, IL-4 polarized macrophages (MΦIL-4) mainly upregulated 

CD200R and CD206, and downregulated CD14 levels, and IL-10 polarized macrophages 

(MΦIL-10) selectively induced CD163, CD16, and CD32. The expression profiles of the most 

specific markers were confirmed by qPCR, dose-response experiments, and the use of 

alternative polarizing factors for each macrophage subset (TNF, IL-13, and dexamethasone, 

respectively). GM-CSF polarized macrophages (MΦGM-CSF) upregulated CD80 but not CD64 

expression, showing a partial phenotypic similarity with MΦIFN-γ, and also upregulated the 

expression of the alternative activation marker CD206. M-CSF polarized macrophages (MΦM-

CSF) expressed increased levels of CD163 and CD16, resembling MΦIL-10, but also displayed 

high levels of CD64. The phenotype of MΦM-CSF could be further modulated by additional 

polarization with IFN-γ, IL-4, or IL-10, whereas MΦGM-CSF showed less phenotypic plasticity. 

Conclusion: This study validated CD80 as the most robust phenotypic marker for human 

MΦIFN-γ, whereas CD200R was upregulated and CD14 was specifically downregulated on 

MΦIL-4. CD163 and CD16 were found to be specific markers for MΦIL-10. The GM-CSF/M-CSF 

differentiation model showed only a partial phenotypic similarity with the IFN-γ/IL-4/IL-10 

induced polarization.
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INTRODUCTION
Macrophages play a key role in the innate immune system and drive tissue inflammation 

in a wide variety of immune-mediated inflammatory diseases. Originating from circulating 

monocytes, these cells differentiate upon entry into tissues where they can subsequently 

be activated by a wide array of microbial and self antigens. A large body of evidence 

indicates that the macrophage response is not only determined by the type of activation 

but also heavily depends on the specific micro-environmental conditions in which cells were 

differentiated prior to their activation. The prototypical example is activation by TLR ligands 

such as LPS which, depending on macrophage priming by IFN-γ or immune complexes, leads 

to either pro- or anti-inflammatory cytokine production [1-4]. 

IFN-γ was originally described to polarize macrophages towards classically activated cells 

(M1) which secrete high amounts of TNF, IL-12, IL-1β and low amounts of IL-10 upon 

subsequent activation and play an important role in fighting intracellular pathogens [4-7]. In 

contrast, IL-4 induces alternatively activated macrophages (M2), which are characterized by 

low pro-inflammatory cytokine and high IL-10 production, and are involved in tissue repair, 

and anti-parasitic and allergic reactions [8-10]. This polarization model has been further 

refined as factors such as IL-10, glucocorticoids, TGF-β, and immune complexes were also 

described to lead to M2 profiles [1,11-16]. Besides the mentioned differences in cytokine 

production, the concept of polarization has been confirmed by clear differences in chemokine 

production, NO metabolism, phagocytosis [9,13-15,17] and transcriptional profiles [18-20]. 

Macrophage polarization is also accompanied by specific changes in cell morphology and 

phenotype [9,13-15,17]. Already described phenotypical markers are the mannose receptor 

CD206 and the scavenger receptor CD163, expression of which is enhanced by IL-4 [10,21] 

and IL-10, respectively [22].

The use of subset-specific phenotypic markers may open a new avenue for in vitro 

functional studies as well as a more accurate characterization of the macrophage infiltration 

in a variety of immune-mediated inflammatory diseases. However, recent studies have 

highlighted the complexity and limitations of this conceptual model. As a classical example, 

the tumor associated macrophage (TAM) shares pro- and anti-inflammatory properties 

and was therefore described as a separate subset [23-25]. Another example is the adipose 

tissue macrophage (ATM), which includes M1, M2, and a mixed M1/M2 subset, where both 

phenotype and function depend on the local microenvironment and recruited monocyte 

subset [26-29]. These observations raise the crucial question of the exact relationship 

between phenotype and function in macrophage biology. On the other hand, however, the 

fact that these macrophage types can not be easily classified according to the polarization 

model may be due to the relative lack of well-validated and specific phenotypic markers. 
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Firstly, many phenotypic markers, such as the mouse M2 markers FIZZ-1 and YM-1, have been 

identified in animal models, but are not expressed on human macrophages [13]. Secondly, 

for many molecules it still needs to be established whether their differential expression 

at mRNA level truly translates into robust differences in protein expression. Thirdly, other 

factors have been proposed to steer polarization besides IFN-γ, IL-4, or IL-10. Polarization 

toward M1 versus M2 was, for example, also described to be induced by in vitro exposure 

to GM-CSF or M-CSF, respectively [30-34]. It remains largely unknown whether MΦGM-CSF/

MΦIFN-γ and MΦM-CSF/MΦIL-4 /MΦIL-10 are phenotypically similar or rather represent distinct 

cell subsets. Finally, macrophages do not necessarily undergo genuine lineage commitment 

as polarization can be reversed both in vitro and in vivo [35-39]. Therefore, the present 

study was designed to systematically validate surface markers for the three main polarized 

macrophage subsets, MΦIFN-γ, MΦIL-4 and MΦIL-10, in humans and to confirm their specificity 

in different in vitro conditions.

MATERIALS AND METHODS
Monocyte isolation from peripheral blood and in vitro polarization
Monocytes from peripheral blood of healthy volunteers were isolated by gradient 

centrifugation with Lymphoprep (Axis-Shield PoPAS, Oslo, Norway) and, subsequently, 

Percoll gradient separation (GE Healthcare, Uppsala, Sweden). Monocytes were cultured at 

a concentration of 0.5x106 /ml in Iscove’s Modified Dulbecco’s Medium (IMDM) (Invitrogen, 

Breda, The Netherlands) supplemented with 10% fetal calf serum (FCS) (PAA Laboratories, 

Cölbe, Germany) in 6 well culture plates (Corning Incorporated, New York, NY, USA) [40]. 

Unless indicated otherwise, cells were polarized with human recombinant IFN-γ (50 ng/

ml; R&D Systems, Abingdon, UK), IL-4 (40 ng/ml; Miltenyi Biotec, Bergisch Gladbach, 

Germany), or IL-10 (50 ng/ml; R&D Systems) for 4 days. In confirmatory experiments, the 

cells were polarized with TNF (50 ng/ml, Biosource, Breda, The Netherlands), IL-13 (20 

ng/ml, Peprotech, London, UK), dexamethasone (5 nM, Sigma Aldrich, Zwijndrecht, The 

Netherlands), M-CSF (50 ng/ml, R&D Systems), or GM-CSF (50 ng/ml, R&D Systems).  Finally, 

in specific experiments, monocytes were first differentiated with GM-CSF or M-CSF for 4 

days and subsequently polarized with IFN-γ, IL-4 or IL-10 for another 3 days. Macrophages 

from different donors were polarized in independent experiments.

Flow cytometry
Monocyte-derived macrophages were recovered by scraping of the plate. Surface marker 

expression was analyzed by flow cytometry on day 4 (BD FACS Calibur Flow Cytometer, 

Erembodegem, Belgium). Purity was assessed by staining with anti-CD14 (clone 61D3, 

eBioscience, San Diego, CA) and was around 90%. Fluorochrome-labeled monoclonal 
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antibodies against CCR2 (clone 48607, R&D Systems, Minneapolis, MN, USA), CCR4 (clone 

205410, R&D Systems), CCR7 (clone 2H4, BD Pharmingen, Breda, Nederland), CD1a (clone 

HI149, BD Pharmingen), CD1c (clone AD5-8E7, Miltenyi biotec, Bergisch Gladbach, Germany), 

CD11b (clone M1/70, BD Pharmingen), CD16 (clone DJ130c, AbD Serotec, Düsseldorf, 

Germany), CD32 (clone AT10, abcam, Cambridge, UK), CD64 (clone 10.1, BioLegend, 

Uithoorn, The Netherlands), CD80 (clone L307.4, BD Pharmingen), CD86 (clone IT2.2, BD 

Pharmingen), CD148 (clone 143-41, R&D Systems), CD163 (clone GHI/61, BD Pharmingen), 

CD180 (clone MHR73, AbD Serotec), CD200R (clone OX108, AbD Serotec), CD206 (clone 

19.2, BD Pharmingen), CD304 (clone AD5-17F6, Miltenyi biotec), HLA-DR (clone G46-6, 

BD Pharmingen), and gp130 (clone 28126, R&D Systems) were used. This non-exhaustive 

panel of surface molecules was selected based on reports in mice [3,9-11,13,18,21,39], 

and human cells [20,22-24,25,28,33,37,41], as well as potential involvement of specific 

molecules in macrophage activation. The surface expression levels for each marker were 

also measured on day 1 and day 7 of polarization, after adding fresh IMDM with 10% FCS 

and polarizing cytokines on day 4. The concentration of the cytokines was modulated in 

dose-response experiments. Donors were analyzed in independent experiments and 

equivalent concentrations of matched isotype controls were included. Before staining, Fc 

receptors were blocked with 10% human serum (Lonza, Cologne, Germany). Data were 

analyzed with Flow Jo Flow Cytometry Analysis software (Tree Star, Ashland, OR) after gating 

on the myeloid population in the FSC/SSC window. Values were expressed as the ratio of the 

geometric mean fluorescence intensity (gMFI) of the marker of interest over the gMFI of the 

isotype control. 

Quantitative real-time PCR
Total RNA was isolated from in vitro polarized macrophages using GenElute™ Mammalian 

Total RNA Miniprep Kit (Sigma-Aldrich, St. Louis, TX) and reverse transcribed using 

RevertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany). 

RNA concentration was determined with the Nanodrop (Nanodrop Technologies, 

Wilmington, DE). Quantitative real-time PCR was performed using StepOnePlus™ Real-Time 

PCR System (Applied Biosystems, Foster City, CA). Each 20µl reaction was performed in a 

96-well format with 5ng of cDNA, 10µl of SYBR green PCR Master Mix (Applied Biosystems) 

and a concentration of 50 nmol of each primer. All reactions were performed in duplicate. 

The mRNA expression levels were normalized to those of the human housekeeping gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Oligonucleotide primers were 

designed using the online tool for Real-time PCR (TaqMan) Primer Design (Genscript) and 

obtained from Invitrogen. The primer sequences are shown in Table 1.
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Table 1. qPCR primer sequences for CD80, CD64, CD200R, CD14, CD163, and CD16. The primers were 
designed using the online tool for Real-time PCR (TaqMan) Primer Design (Genscript), as described in 
Materials and Methods. 

Statistics
Statistical analysis was performed using Prism software (GraphPad, La Jolla, CA). Data were 

expressed as the mean ± SEM and ANOVA, followed by Bonferroni post test were used for 

comparisons between samples. A P value of less than 0.05 was considered to be statistically 

significant.

RESULTS
Validation of specific phenotypic markers for human MΦIFN-γ, MΦIL-4 and MΦIL-10

We investigated the relative expression of a broad panel of surface molecules by flow 

cytometry after 4 days of in vitro polarization of human peripheral blood monocytes with 

IFN-γ, IL-4, or IL-10, using unpolarized cells as control (Tabel 2). MΦIFN-γ  displayed a robust 

and specific upregulation of the co-stimulatory molecule CD80 and the high affinity Fcγ 

receptor I (CD64), as compared to the unpolarized and IL-4 or IL-10 polarized macrophages 

(p < 0.001) (Figure 1A and 1B). Compared to all other polarizing conditions, IL-4specifically 

upregulated the inhibitory receptor CD200R (p < 0.001) (Figure 1D), while it also strongly 

downregulated CD14 expression (Figure 1E) (p < 0.05). Finally, MΦIL-10 showed a specific 

upregulation of the scavenger receptor CD163 (Figure 1G) and the Fcγ receptor III (CD16) 

(Figure 1H) versus all other macrophage subsets (p < 0.01). The expression of all other 

investigated surface molecules was not specific for any of the macrophage subsets. In 

particular, CD86 expression was distinct from CD80, being upregulated by both IFN-γ and 

IL-4 (Figure 1C). The mannose receptor (CD206) was significantly upregulated by IL-4 versus 

IFN-γ and IL-10 (Figure 1F), but was previously reported to be also induced by GM-CSF and 

thus not be specific for IL-4 polarizatin [21]. Fcγ receptor II (CD32) expression mimicked the 

subset-specific expression of CD16, as it was upregulated on MΦIL-10 versus MΦIFN-γ and MΦIL-

Forward Reverse
CD80 CTGCCTGACCTACTGCTTTG GGCGTACACTTTCCCTTCTC
CD64 GCAGGAACACATCCTCTGAA GTAACTGGAGGCCAAGCACT
CD200R GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA
CD14 AAAGCACTTCCAGAGCCTGT ATCGTCCAGCTCACAAGGTT
CD163 ACATAGATCATGCATCTGTCATTTG ATTCTCCTTGGAATCTCACTTCTA
CD16 CACCATCACTCAAGGTTTGG AGTCCTGTGTCCACTGCAAA
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4 (Figure 1I), but given the differential regulation of CD32a and CD32b (Supplemental figure 

1), we excluded this marker from the following experiments. Excluding contamination with 

myeloid dendritic cells, both CD1c and CD1a were absent on polarized macrophages. The 

plasmacytoid dendritic cell marker CD304, however, was highly expressed on all macrophage 

Figure 1. Expression of phenotypic markers on in vitro polarized human macrophages. Monocytes 
from peripheral blood of healthy donors were cultured for 4 days in medium or in medium supplemented 
with IFN-γ, IL-4 or IL-10, and subsequently analyzed by flow cytometry for surface marker expression. 
The panels depict the phenotype of the 3 polarized susbets: CD80, CD64 and CD86 expression for 
MΦIFN-γ phenotype (panel A to C); CD200R, CD14 and CD206 expression for MΦIL-4 phenotype (panel D 
to F); CD163, CD16 and CD32 expression for MΦIL-10 phenotype (panel G to I). Bars represent the mean 
(SEM) of at least 6 independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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subsets, as were the myeloid cell marker CD11b and HLA-DR (Table 2). In summary, these 

data indicate that human MΦIFN-γ specifically express CD80 and CD64, MΦIL-4 upregulate 

CD200R and downregulate CD14, and MΦIL-10 are characterized by high levels of CD163 and 

CD16. 

Confirmation of the phenotypic markers for MΦIFN-γ, MΦIL-4 and MΦIL-10

We next aimed to confirm that the candidate markers were robustly and reproducibly 

modulated by the polarizing factors. Firstly, we confirmed the induction of these markers 

at the mRNA level by quantitative RT-PCR by comparing the expression levels at 0, 4, and 

24 hours of exposure to IFN-γ, IL-4 or IL-10. As shown in Supplemental figure 2, CD80 and 

CD64 mRNA levels were promptly upregulated by IFN-γ, CD200R was induced and CD14 

was inhibited by IL-4, while both CD163 and CD16 were increased by IL-10 stimulation. 

Secondly, we performed a time curve with flow cytometric analysis of the polarized subsets 

at day 0, 4 and 7 to investigate whether the expression of the markers remained stable over 

time. The surface expression of CD80 and CD64 after IFN-γ polarization and of CD200R and 

CD14 after IL-4 polarization was maintained at similar levels on day 4 and 7. Following IL-10 

polarization, CD163 expression was upregulated at day 4 and increased even further at day 

7. CD16 was already expressed by monocytes (day 0) and maintained in time in the presence 

of IL-10 (Figure 2), but was lost during differentiation with other stimuli in vitro (Figure 1H). 

As CD16 expression was previously reported on a specific subset rather than all moncytes, 

we also assessed the percentage of cells positive for CD16 rather than the gMFI; also this 

analysis showed an increase of CD16 on MΦIL-10 compared to the other subsets (data not 

shown). Thirdly, we repeated the polarization experiments in dose-response conditions for 

IFN-γ, IL-4 and IL-10 and assessed the regulation of CD80, CD64, CD200R, CD163 and CD16 

expression by flow cytometry. All three cytokines induced dose-dependent and specific 

Medium 
(fold gMFI)

IFN-γ 
(fold gMFI)

IL-4 
(fold gMFI)

IL-10 
(fold gMFI)

CCR4 2,24 ± 1,08 3,12 ± 0,91 2,78 ± 1,17 2,47 ± 1,18
CD11b 4,56 ± 0,79 4,25 ± 0,17 11,01 ± 1,68 3,90 ± 0,68
CD180         1,55 ± 0,30 1,59 ± 0,58 1,70 ± 0,06 2,13 ± 0,52  
CD304     24,88 ± 13,15       16,82 ± 4,08       28,33 ± 7,72       19,14 ± 4,63
gp130         1,15 ± 0,05         1,40 ± 0,01         1,14 ± 0,09         1,25 ± 0,12
HLA-DR 33,74 ± 9,03 51,83 ± 33,27 43,96 ± 15,14 8,58 ± 1,88

Table 2. Expression of membrane receptors on unpolarized macrophages, MΦIFN-γ, MΦIL-4 and MΦIL-10. 
Expression was calculated as the ratio between the gMFI of the marker of interest and the gMFI of the 
isotype control. Values represent the mean ± SEM.

PS Calibri Carmen_FIN_Maandag.indd   44 30-10-12   10:05



45

Validation of phenotypic markers for in vitro polarized macrophages

  3

upregulation of the selected markers (Supplemental figure 3). Taken together, these 3 sets 

of experiments confirmed the specific regulation of the phenotypic markers of interest by 

the polarizing stimuli.

Confirmation of the phenotypic marker specificity for each polarized 
macrophage subset
To examine if the phenotypic markers were specific for each macrophage subset rather 

than merely for exposure to one particular cytokine, we also measured the expression of 

the proposed phenotypic markers on peripheral blood monocytes cultured for 4 days with 

Figure 2. Time course of candidate markers induction on peripheral blood monocyte-derived 
macrophages by IFN-γ, IL-4 or IL-10.  Surface expression of the proteins was measured by flow 
cytometry at day 0, 4, and 7 of polarization. Bars represent the mean (SEM) of 3 independent 
experiments.
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TNF (which was reported to polarize macrophages in a similar way as IFN-γ), IL-13 (as a 

surrogate for IL-4) or with dexamethasone (instead of IL-10, for its immunomodulatory 

properties) [13-15,17,22,41]. TNF induced upregulation of CD80 similarly to IFN-γ, but failed 

to modulate CD64 expression (Figure 3A). It is important to note that TNF was proposed 

by some [26,42], but not by all authors [15,17] to have the same effect on polarization as 

IFN-γ. IL-13 polarization modulated CD200R and CD14 expression comparably to IL-4 (Figure 

3B), while polarization with dexamethasone paralleled IL-10 in the specific upregulation or 

maintained expression of CD163 and CD16, respectively (Figure 3C). These data indicate 

that the differential expression of the selected phenotypic markers, with the exception of 

CD64, reflects not just the effect of one specific cytokine, but characterizes the three major 

polarized macrophage subsets. 

Expression of the phenotypic markers during macrophage differentiation 
with GM-CSF and M-CSF
Besides the previously tested cytokines, GM-CSF and M-CSF were also reported to induce 

classical versus alternative macrophage polarization, respectively [30-34]. Therefore, we 

assessed whether the expression of the candidate markers was also specifically modulated 

by these growth factors. As shown in Figure 4, GM-CSF specifically upregulated the MΦIFN-γ 

marker CD80 (p < 0.01), but not CD64, compared to M-CSF and medium control. M-CSF did 

not significantly modulate the expression of CD200R and CD14, but upregulated the MΦIL-10 

markers CD163 (p < 0.05) and CD16. As indicated previously [21], the mouse M2 marker 

CD206, which was significantly upregulated by IL-4 versus IFN-γ and IL-10, was even stronger 

upregulated by GM-CSF in our experiments with human cells, supporting the notion that 

CD206 is not a specific marker of IL-4 polarization (Supplemental figure 4). Taken together, 

these data indicate that there is only a partial phenotypical overlap between the MΦGM-CSF /

MΦM-CSF and the MΦIFN-γ/MΦIL-4/ MΦIL-10 models.

Expression of phenotypic markers during polarization of mature 
macrophages
In the previous experiments the cells were exposed to polarizing cytokines during their 

in vitro maturation from monocyte to macrophage. Earlier in vitro studies have indicated 

that macrophage polarization can be modified by renewed exposure to cytokines 

[36,38,39]. Additionally, it is likely that polarization in vivo is not driven by a single factor, 

but by simultaneous or sequential exposure to numerous cytokines, or alterations in lipid 

environment. Therefore, we assessed whether the phenotypic markers reflected this 

plasticity and could be modulated by polarization after initial differentiation into MΦGM-CSF 
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Figure 3. Expression of the phenotypic markers after in vitro polarization of monocyte-derived 
macrophages with other subset stimuli. Peripheral blood monocytes were cultured for 4 days in 
medium or in medium supplemented with IFN-γ or TNF for CD80 and CD64 expression (panel A), 
IL-4 or IL-13 for CD200R and CD14 expression (panel B), and IL-10 or dexamethasone for CD163 and 
CD16 expression (panel C). The expression of the surface markers of interest was analyzed by flow 
cytometry. Data are representative for 3 independent experiments and the histograms represent the 
gMFI of positively stained cells (black line) compared to the isotype control (solid gray).
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and MΦM-CSF. Peripheral blood monocytes were differentiated for 4 days in the presence of 

GM-CSF or M-CSF and were subsequently exposed to IFN-γ, IL-4 or IL-10 for an additional 3 

days.  As shown in Figure 5, IFN-γ significantly induced CD80 and CD64 on MΦM-CSF (p < 0.05 

for all comparisons), but not on MΦGM-CSF, while IL-4 induced a slight CD200R upregulation 

and CD14 downregulation in both groups. Finally, IL-10 upregulated CD163 and CD16 levels 

Figure 4. Expression of the phenotypic markers on unpolarized macrophages, MΦGM-CSF and MΦM-CSF. 
Peripheral blood-derived monocytes were cultured for 4 days in medium or in medium supplemented 
with M-CSF or GM-CSF and were subsequently analyzed by flow cytometry for surface expression of 
CD80, CD64, CD200R, CD14, CD163 and CD16.  Bars represent the mean (SEM) of at least 6 independent 
experiments. *p<0.05, **p<0.01.
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in both MΦM-CSF and MΦGM-CSF (p < 0.05 for MΦGM-CSF for all comparisons). Despite the fact that 

some of these phenotypical changes did not reach statistical significance, this experiment 

shows that the proposed phenotypic markers are specifically induced on distinct macrophage 

subsets not only after primary in vitro polarization but also – albeit to a lesser extent - after 

secondary polarization of in vitro matured macrophages. Furthermore, the phenotypical 

plasticity of MΦM-CSF seemed to be higher than that of MΦGM-CSF. 

DISCUSSION
Macrophages play diverse roles in complex in vivo processes such as acute and chronic 

inflammation, tissue repair, and tumour growth. The emerging concept that macrophage 

functions are, at least in part, determined by the polarization status of the cells raised 

the question whether these distinct polarized macrophage subsets could be identified 

by specific phenotypic markers. The main result of the present study is the validation of 

CD80 as marker for MΦIFN-γ, CD200R for MΦIL-4, and CD163 and CD16 for MΦIL-10 in humans. 

CD64 appeared to be upregulated only by IFN-γ and not by TNF or GM-CSF, suggesting that 

its expression may be specific for IFN-γ exposure rather than a universal marker for M1. 

Furthermore, CD16 expression was maintained during in vitro macrophage polarization with 

IL-10, but not IFN-γ or IL-4. 

Four important issues should be considered when interpreting these data. Firstly, our results 

confirm some phenotypical differences between mouse and human macrophages. A striking 

example is the mannose receptor, which is a marker for alternatively polarized macrophages 

in rodents [10,21], but was more potently upregulated by GM-CSF than by IL-4 on human 

macrophages. Also, we confirmed that CD200R is specifically expressed by MΦIL-4 in humans, 

while a previous report showed that CD200R expression in mice is not dependent upon IL-4 

[41]. Secondly, the differences between the GM-CSF/M-CSF differentiation and the IFN-γ/

IL-4/IL-10 polarization model in the expression of certain surface markers, such as CD64 or 

CD206, highlight the complexity of the macrophage phenotypic polarization, beyond the 

simple M1/M2 paradigm. Thirdly, we used a candidate surface molecule approach rather 

than a systematic mRNA or protein expression analysis and, accordingly, the proposed list of 

phenotypic markers is certainly not exhaustive. Identification of additional and potentially 

even more specific markers remains possible. Finally, the markers were tested for their 

specificity for the major macrophage subsets but were not tested against other cell types. 

Obviously, markers such as CD16, CD64 and CD80 are also expressed by other cell types such 

as dendritic cells or activated B lymphocytes. Similarly, CD304 was proposed to be a specific 

marker for pDC versus mDC but also appears to be highly expressed on all macrophage 

subsets [43]. This implies that the macrophage subset specific markers identified in the 
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Figure 5.  Expression of the phenotypic markers after polarization of MΦGM-CSF and MΦM-CSF. GM-
CSF or M-CSF differentiated macrophages were cultured for 3 additional days in medium or medium 
supplemented with IFN-γ, IL-4 or IL-10. The surface expression of the candidate markers was assessed 
by flow cyotmetry. Bars represent the mean (SEM) of 3 independent experiments. *p<0.05, **p<0.01.
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present study should always be used in combination with a pan-macrophage marker when 

analyzing mixed cell populations in vitro or ex vivo.

The validation of specific phenotypic markers is highly relevant for further investigation of 

different aspects of human macrophage biology. Firstly, it provides a useful tool to study 

in detail the regulation of macrophage polarization. For example, we could systematically 

compare here the effect of GM-CSF and M-CSF versus the prototypical polarizing cytokines, 

demonstrating that M-CSF induces a MΦIL-10 phenotype but did not mimic the effects of IL-

4. The similar effect of different cytokines on macrophage polarization may point towards 

common transcriptional programs (STAT6 phophorylation in the case of IL-4 and IL-13, 

for example) which could determine not only the phenotype but also the function of the 

distinct macrophage subsets. Additionally, these phenotypic markers form an important 

tool to study which factors influence macrophage polarization in vivo, as we demonstrated 

previously using synovial fluid of different types of chronic arthritis [44]. 

A second potential application of these phenotypic markers is the characterization of 

differentially polarized macrophage subsets during tissue inflammation in vivo, in a disease 

and/or organ specific manner [45]. We previously reported an upregulation of CD163 

during synovitis in spondyloarthritis versus rheumatoid arthritis [46,47] despite similar 

numbers of CD68+ cells. The markers validated in the present study will allow performing 

additional studies to refine this finding and determine whether there is a genuine difference 

in macrophage polarization between these two diseases. Similar approaches are broadly 

applicable to all types of tissue inflammation ranging from inflammatory bowel disease 

to atherosclerosis. An important issue here is the plasticity of macrophage polarization, 

which was extensively demonstrated in vitro [36,38,39] and confirmed here by the fact 

that, for example, IFN-γ was still able to modify the phenotype of macrophages previously 

polarized by M-CSF. As there are now reports describing this process also in vivo [35,37], the 

phenotypic markers described here may be of particular interest to study the in vivo effect 

of targeted therapies such as anti-TNF, anti-IL-6 or anti-GM-CSF on tissue macrophages. 

The third and most crucial aspect that can be studied with these markers is to what extent 

the function of a defined macrophage subset relates to its phenotype. Some phenotypic 

markers reported here have an established functional role in macrophage biology, as 

demonstrated for CD200R and CD163. Upon binding of CD200 expressed by stromal cells, 

CD200R inhibits the MAPKs, ERK and JNK signaling pathways and may thereby contribute to 

restrain the pro-inflammatory potential of macrophages [48-50]. Similarly, CD163 has been 

reported to prevent tissue inflammation by clearing haemoglobin / haptoglobin complexes, 

inducing the antioxidative enzyme heme oxygenase-1, as well as by being cleaved to a 

soluble form which can inhibit T cell activation [51-53]. Whether these and other functions 
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are fixed features of these polarized macrophage subsets or heavily dependent upon the 

activation status of the cells remains to be investigated. The differential expression of Fcγ 

receptors on polarized macrophage subsets, for example, warrant further investigation 

of how immune complexes may differentially affect the function of these cells [54,55]. 

Whereas reliable phenotypic markers will facilitate this type of functional studies in vitro, 

the major challenge, however, remains to define the phenotype-function correlation in 

human physiologic and pathologic conditions in vivo. 
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Supplemental figures

Supplemental figure 1. CD32a/CD32b expression ratio on unpolarized macrophages, MΦIFN-γ, MΦIL-4 
and MΦIL-10. Monocytes from peripheral blood of healthy donors were cultured for 4 days in medium 
or in medium supplemented with IFN-γ, IL-4 or IL-10, and subsequently analyzed by flow cytometry for 
CD32a and CD32b expression. Bars represent the mean (SEM) of 6 independent experiments. *p<0.05
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Supplemental figure 2. mRNA expression levels of the candidate markers. CD80 and CD64 expression 
was measured after IFN-γ polarization, CD200R and CD14 expression after IL-4 polarization, and CD163 
and CD16 expression after IL-10 polarization. mRNA levels were measured at baseline, 4 hours and 
24 hours of polarization by quantitative real-time PCR and were normalized to those of the human 
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Bars represent the mean 
(SEM) of 6 independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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Supplemental figure 3. Dose-response curves for the candidate markers. Surface expression of the 
following markers on peripheral blood-derived monocytes was analyzed by flow cytometry: CD80 and 
CD64 after IFN-γ polarization; CD200R and CD14 after IL-4 polarization; CD 163 and CD16 after IL-10 
polarization. Dots represent the fold gMFI of each marker and the data shows one representative 
experiment out of 3 independent experiments. Each cytokine was added in a dose of 0, 0.1, 0.5, 2.5, 
10 and 50 ng/ml.
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Supplemental figure 4. Membrane expression of CD206 on unpolarized macrophages, MΦGM-CSF and 
MΦM-CSF. Monocytes from peripheral blood of healthy donors were cultured for 4 days in medium or 
in medium supplemented with GM-CSF or M-CSF, and subsequently analyzed by flow cytometry for 
CD206 expression. Bars represent the mean (SEM) of 6 independent experiments. *p<0.05.
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ABSTRACT
Introduction: Synovial tissue macrophages play a key role in chronic inflammatory 

arthritis, but the contribution of different macrophage subsets in this process remains 

largely unknown. The main in vitro polarized macrophage subsets are classically (M1) and 

alternatively (M2) activated macrophages, the latter comprising interleukin (IL)-4 and IL-10 

polarized cells. Here, we aimed to evaluate the polarization status of synovial macrophages 

in spondyloarthritis (SpA) and rheumatoid arthritis (RA).

Methods: Expression of polarization markers on synovial macrophages, peripheral blood 

monocytes, and in vitro polarized monocyte-derived macrophages from SpA versus RA 

patients was assessed by immunohistochemistry and flow cytometry, respectively. The 

polarization status of the intimal lining layer and the synovial sublining macrophages was 

assessed by double immunofluorescence staining.

Results: The expression of the IL-10 polarization marker cluster of differentiation 163 

(CD163) was increased in SpA compared with RA intimal lining layer, but no differences 

were found in other M1 and M2 markers between the diseases. Furthermore, no significant 

phenotypic differences in monocytes and in vitro polarized monocyte-derived macrophages 

were seen between SpA, RA, and healthy controls, indicating that the differential CD163 

expression does not reflect a preferential M2 polarization in SpA. More detailed analysis of 

intimal lining layer macrophages revealed a strong co-expression of the IL-10 polarization 

markers CD163 and cluster of differentiation 32 (CD32) but not any of the other markers in 

both SpA and RA. In contrast, synovial sublining macrophages had a more heterogeneous 

phenotype, with a majority of cells co-expressing M1 and M2 markers.

Conclusion: The intimal lining layer but not synovial sublining macrophages display an 

IL-10 polarized-like phenotype, with increased CD163 expression in SpA versus RA synovitis. 

These differences in the distribution of the polarized macrophage subset may contribute to 

the outcome of chronic synovitis.
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INTRODUCTION
The normal synovial membrane consists of two distinct structures: the intimal lining 

layer and the synovial sublining. The normal intimal lining layer comprises fibroblast-like 

synoviocytes and intimal lining layer macrophages, whereas the synovial sublining consists 

of connective tissue containing blood vessels, fibroblasts, adipocytes, and a limited number 

of resident immune cells, such as macrophages and mast cells [1]. Chronic inflammatory 

arthritis is histologically characterized by marked hyperplasia of the intimal lining layer and 

massive infiltration of the synovial sublining with innate and adaptive immune cells, which 

release inflammatory mediators, promote neoangiogenesis, and drive the destruction of 

adjacent cartilage and bone [2]. Macrophages play a major role in this process because 

they contribute to the intimal lining layer hyperplasia [3] and are the main producers of key 

inflammatory mediators, such as tumor necrosis factor (TNF) [4]. Accordingly, the number 

of synovial macrophages correlates with clinical disease activity [2,5] and decreases after 

clinically efficient but not placebo treatment in both rheumatoid arthritis (RA) [6-9] and 

spondyloarthritis (SpA) [10-13]. Furthermore, selective macrophage depletion has a strong 

antiinflammatory effect in animal models of arthritis [14].

Tissue macrophages consist of resident macrophages and monocytes that are recruited 

in inflammatory conditions and differentiate into macrophages on tissue entry. These 

macrophages represent a heterogeneous population, as local mediators can prime 

macrophages during their maturation and thereby shape their subsequent response to 

various activating stimuli [15,16]. Initially, two main polarized macrophage subsets were 

described based on their pro- versus antiinflammatory functions: classically activated 

macrophages (M1), which are specialized in the clearance of intracellular pathogens, and 

alternatively activated macrophages (M2), which have immunoregulatory properties and 

are involved in scavenging debris, angiogenesis, and tissue repair [17]. The M1 subset is 

induced mainly by interferon (IFN)-γ (MΦIFN-γ), whereas M2 can be induced in vitro either by 

IL-4 (MΦIL-4)/IL-13 or by IL-10 (MΦIL-10) [17-20]. Whereas the macrophage polarization has 

been best described in rodents, we recently validated specific phenotypic markers [21] and 

distinct functional characteristics (unpublished observations) for these three main in vitro 

polarized macrophage subsets in humans.

The increasing knowledge of the phenotypic and functional diversity of human macrophages 

indicates that not only the overall number of macrophages in the inflamed tissue, but also 

their specific polarization status may determine the disease outcome in terms of severity, 

chronicity, and tissue damage. Interestingly, we previously described that, despite similar 

numbers of macrophages in RA and SpA synovitis, a selective overrepresentation of CD163+ 

macrophages was present in SpA [3,22-25]. CD163, the scavenger receptor for hemoglobin/
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haptoglobin complexes, is a known marker for IL-10 or M-CSF polarized M2 [21,26]. Together 

with the lower levels of M1-derived proinflammatory cytokines in SpA versus RA synovial 

fluid [27] and the defective IFN-γ signature in SpA monocytes [28], these data suggest a 

preferential M2 polarization in SpA compared with an M1 polarization in RA. The aim of 

this study was to test this hypothesis by detailed characterization of distinct macrophage 

subsets in SpA and RA synovial tissue.

MATERIALS AND METHODS
Patients and samples
Peripheral blood samples were obtained from 11 SpA and eight RA patients and nine healthy 

controls. Synovial biopsies were obtained with small-bore arthroscopy from clinically 

inflamed knee joints, as previously described [29], and 18 SpA and 20 RA patients were 

included for the immunohistochemical analysis. All SpA patients fulfilled the criteria of the 

European Spondyloarthropathy Study Group (ESSG) [30], and all RA patients fulfilled the 

1987 ACR classification criteria for RA [31]. Demographic and clinical data of the patients 

are shown in Table 1. None of the patients was being treated with biologicals. All patients 

gave written informed consent to participate to the study, as approved by the Medical Ethics 

Committee of the Academic Medical Centre/University of Amsterdam.

Cohort 1 Cohort 2

SpA
(n=18)

RA
(n=20)

SpA
(n=11)

RA
(n=8)

Gender, % female 40 58 33 100
Age, years 47 (33-55) 62 (53-74) 38 (31-44) 48 (32-63)
Disease duration, years 3 (1-29) 3 (1-11) 2 (1-4) 2 (1-5)
Swollen joint count 1 (1-2) 8 (5-15) 1 (0-1) 1 (0-2)
CRP mg/L 12 (5-31) 19 (8-58) 2 (1-7) 5 (4-11)
ESR, mm/hour 29 (23-43) 47 (33-66) 2 (2-16) 21 (13-29)
% taking DMARDs 80 54 50 100

Table 1. Demographic and clinical features of the patients in the 2 cohorts. As described in materials 
and methods, synovial tissue biopsies were obtained from patients with spondyloarthritis (SpA) and 
rheumatoid arthritis (RA) (Cohort 1). Monocytes were isolated from peripheral blood of SpA and RA 
patients (Cohort 2). Except when indicated otherwise, values are the median (interquartile range). CRP, 
C-reactive protein; DMARD, disease-modifying anti-rheumatic drug; ESR, erythrocyte sedimentation 
rate.
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Immunohistochemistry
Synovial biopsy samples (six to eight per patient to minimize sampling error) were snap-

frozen en bloc and mounted in Jung tissue-freezing medium (Leica Instruments, Nussloch, 

Germany). The acetone-fixed sections were stained by using mouse monoclonal antibodies 

directed toward CD68 (clone EBM-11; Dako, Heverlee, The Netherlands), CD64 (clone 10.1; 

BioLegend, Uithoorn, The Netherlands), CD14 (clone TUK4; Dako), CD163 (clone 5cFAT; 

BMA Biomedicals, Augst, Switzerland), and CD32 (clone AT10; abcam, Cambridge, UK). 

Sections were sequentially incubated with a biotinylated secondary antibody, a streptavidin-

horseradish peroxidase link (LSAB; Dako), aminoethylcarbazole substrate as chromogen, 

and hematoxylin as counterstain [22,25]. Parallel sections were incubated with isotype- 

and concentration-matched monoclonal antibodies as negative controls. The expression of 

CD200R was assessed with immunofluorescence, by using a mouse monoclonal antibody 

(clone OX108; AbD Serotec, Düsseldorf, Germany). For each cohort, samples were stained 

in a single run, coded, and scored in a random order on a 4-point semiquantitative scale by 

two independent observers (CAA, TN), as described previously [5].

Monocyte isolation and in vitro polarization

Monocytes were isolated from peripheral blood with gradient centrifugation with 

Lymphoprep (Axis-Shield PoPAS, Oslo, Norway) and, subsequently, Percoll gradient 

separation (GE Healthcare, Uppsala, Sweden). Monocytes were analyzed immediately with 

flow cytometry or cultured at a concentration of 0.5 × 106/ml in Iscove Modified Dulbecco 

Medium (IMDM) (Invitrogen, Breda, The Netherlands) supplemented with 10% fetal calf 

serum (FCS) (PAA Laboratories, Cölbe, Germany). Cultured monocytes were polarized in 

vitro with human recombinant IFN-γ (10 ng/ml; R&D Systems, Abingdon, UK), IL-4 (10 ng/

ml; Miltenyi Biotec, Bergisch Gladbach, Germany), or IL-10 (10 ng/ml; R&D Systems) for 4 

days. For further analysis, polarized macrophages were recovered by scraping of the culture 

plate.

Flow cytometry
Surface-marker expression on monocytes and in vitro polarized macrophages was analyzed 

with flow cytometry (BD FACS Calibur Flow Cytometer, Erembodegem, Belgium) by using 

fluorochrome-labeled monoclonal antibodies against CD80 (clone L307.4; BD Pharmingen, 

Breda, the Netherlands), CD64 (clone 10.1; BioLegend), CD200R (clone OX108; AbD Serotec), 

CD14 (clone 61D3; eBioscience, San Diego, CA, USA), CD163 (clone GHI/61; BD Pharmingen), 

and CD16 (clone DJ130c; AbD Serotec, Düsseldorf, Germany). Equivalent amounts of isotype-
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matched control antibodies were included in all experiments as negative controls. Before 

staining, Fc receptors were blocked with 10% human serum (Lonza, Cologne, Germany). 

Data were analyzed with Flow Jo Flow Cytometry Analysis software (Tree Star, Ashland, OR, 

USA) after gating on the myeloid population in the FSC/SSC window. Values were expressed 

as the ratio of the geometric mean fluorescence intensity (gMFI) of the marker of interest 

over the gMFI of the isotype control.

Double immunofluorescence
Frozen synovial tissue sections were fixed in acetone and blocked with 10% goat serum (Dako, 

Glostrup, Denmark), followed by incubation with Biotin blocking system (Dako). Mouse 

monoclonal antibodies against CD80 (clone 2D10; BioLegend, Uithoorn, The Netherlands), 

CD64 (clone 10.1; BioLegend), CD200R (clone OX108; AbD Serotec, Düsseldorf, Germany), 

CD14 (clone TUK4; Dako), CD163 (clone 5cFAT; BMA Biomedicals, Augst, Switzerland), CD16 

(clone HI16a; Abbiotec, San Diego, CA, USA), and CD32 (clone AT10; abcam, Cambridge, UK) 

were added, followed by incubation with Alexa-555-conjugated goat anti-mouse antibody 

(Molecular Probes Europe, Leiden, The Netherlands). After blocking with 10% mouse serum 

(Dako), the sections were incubated with biotinylated mouse monoclonal antibodies against 

CD68 (clone Y1/82A; BioLegend), CD64 (clone 10.1; BioLegend), CD200R (clone OX108; AbD 

Serotec), and CD163 (clone GHI/61; BioLegend). After incubation with streptavidin-Alexa 

488 (Molecular Probes Europe, Leiden, The Netherlands), the slides were mounted with 

Vectashield containing DAPI (Vector Laboratories, Burlingame, CA, USA) and analyzed on 

a fluorescent imaging microscope (Leica DMRA, Wetzlar, Germany) coupled to a charge-

coupled device (CCD) camera and Image-Pro Plus software (Media Cybernetics, Dutch Vision 

Components, Breda, The Netherlands). To quantify the coexpression of CD68 with CD64, 

CD200R, CD14, and CD163, the number of positively stained cells was counted in a minimum 

of five microscopic fields, and the percentage of double-positive cells from the total number 

of CD68-positive cells was calculated.

Statistics
Statistical analysis was performed by using Prism software (GraphPad, La Jolla, CA, USA). 

Data were expressed as median ± interquartile range. A Mann-Whitney test was used 

for comparisons between two groups (SpA compared with RA) and ANOVA followed by a 

Bonferroni posttest was used for comparisons among more than two groups. A P value of 

less than 0.05 was considered statistically significant.
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RESULTS
The expression of CD163 but not other M2 phenotypic markers is increased on intimal 

lining layer macrophages in SpA versus RA synovitis

To confirm and extend our previous description of increased CD163 expression in SpA 

compared with RA synovitis [3,22-25], we performed a detailed histologic analysis of the 

recently described panel of phenotypic markers for MΦIFN-γ, MΦIL-4 and MΦIL-10 [21]. As 

previously shown, the number of CD68+ macrophages in the intimal lining layer and synovial 

sublining was similar between the two diseases (Figure 1A, D), whereas CD163 expression 

was higher in the SpA compared with the RA intimal lining layer (P < 0.05) (Figure 1B), but 

similar in the synovial sublining (Figure 1E). However, the expression of another MΦIL-10 

marker, CD32, was similar in both diseases, for both the intimal lining layer and the synovial 

Figure 1. Immunohistochemical analysis of the expression of polarization markers in spondyloarthritis 
(SpA) compared with rheumatoid arthritis (RA) synovial tissue. The expression of CD68, CD163 and 
CD32 in the intimal lining layer (A through C) and the expression of CD68, CD64, CD200R, CD14, CD163 
and CD32 in the synovial sublining (D through I) as assessed with semiquantitative scoring (0 to 3) of 
immunohistochemical stainings. Data are represented as median and interquartile range of 18 SpA 
and 20 RA patients.
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sublining (Figure 1C, F). The expression of the MΦIFN-γ marker CD64, the positive MΦIL-4 marker 

CD200R and the negative MΦIL-4 marker CD14 was similar in the synovial sublining of SpA 

and RA (Figure 1G through 1I) and was very low to absent in the intimal lining layer (data not 

shown). These histologic data confirmed the higher CD163 expression in SpA compared with 

RA synovitis, but failed to provide additional evidence for a biased M2 polarization in SpA.

The phenotype of peripheral blood monocytes is similar in SpA and RA
To investigate whether the increased expression of CD163 in SpA synovitis is related to 

preferential MΦIL-10 polarization, we set up a series of additional experiments. Because 

monocytes from peripheral blood of SpA patients display a defective IFN-γ signature [28] and 

IFN-γ is the prototypic M1 polarizing cytokine, we first assessed whether not only intimal 

lining layer macrophages, but also peripheral blood monocytes have a distinct phenotype 

in SpA. We quantified the percentage of classic CD14+CD16- monocytes, intermediate 

Figure 2. Monocyte subsets and expression of phenotypic markers on spondyloarthritis (SpA) and 
rheumatoid arthritis (RA) patients and healthy donor monocytes. The percentage of CD14+CD16-, 
CD14+CD16+ and CD14dimCD16+ monocytes from SpA and RA patients and healthy donors was 
measured with flow cytometry (A). Expression of CD64, CD200R, and CD16 on monocytes from SpA 
and RA patients and healthy donors was measured with flow cytometry and expressed as geometric 
mean fluorescence intensity (gMFI). Data are represented as median and interquartile range of at least 
seven independent experiments (B).
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CD14+CD16+ monocytes, and nonclassic CD14dimCD16+ monocytes [32] in peripheral blood 

from SpA and RA patients and healthy donors, and did not observe differences in these 

monocyte subsets between the groups (Figure 2A). We next assessed the expression of 

macrophage polarization markers on CD14+ monocytes and measured a marked expression 

of the MΦIFN-γ marker CD64 and a more modest expression of the MΦIL-4 marker CD200R and 

the MΦIL-10 marker CD16 (Figure 2B-D). However, no differences were found in the expression 

Figure 3. Expression of phenotypic markers on in vitro polarized monocyte-derived macrophages 
from spondyloarthritis (SpA) and rheumatoid arthritis (RA) patients and healthy individuals. 
The expression of MΦIFN-γ markers CD80 and CD64, MΦIL-4 markers CD200R and CD14 and MΦIL-10 
markers CD163 and CD16 was measured with flow cytometry on in vitro polarized monocyte-derived 
macrophages. Data are expressed as geometric mean fluorescence intensity (gMFI) of the marker 
expression after polarization with IFN-γ, IL-4, or IL-10, respectively, divided by the gMFI of the marker 
expression on unpolarized macrophages. Data are represented as median and interquartile range of 
at least five independent experiments.
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of these markers between SpA and RA patients and healthy controls. Expression of MΦIFN-γ 

marker CD80 and MΦIL-10 marker CD163 on monocytes was very low (data not shown). Based 

on this assessment, no indication exists of phenotypic differences between monocytes from 

SpA and RA patients and healthy individuals.

The phenotype of in vitro polarized monocyte-derived macrophages is 
similar in SpA and RA
Further to investigate the propensity of monocytes to polarize preferentially toward a 

specific macrophage subset in SpA, monocytes from SpA and RA patients and healthy donors 

were polarized in vitro in the presence of IFN-γ, IL-4, or IL-10. The expression of specific 

phenotypic markers was measured with flow cytometry after 4 days of polarization. On 

spontaneous macrophage maturation in the absence of polarizing cytokines, no differences 

were noted in the expression of phenotypic markers between SpA and RA patients and 

healthy donors (data not shown). As previously described in healthy donors [21], IFN-γ 

specifically upregulated the membrane expression of CD80 and CD64, IL-4 upregulated 

CD200R and downregulated CD14, whereas IL-10 upregulated CD163 and CD16. After 

polarization of patient and healthy donor monocytes, we measured a similar modulation of 

these phenotypic markers in all three groups (Figure 3). In conclusion, we found no evidence 

for differences in the polarization potential of monocyte-derived macrophages from SpA 

and RA patients and healthy individuals.

Intimal lining layer macrophages display a MΦIL-10-like phenotype
Because we observed an increased expression of CD163, but no differences in the expression 

of other polarization markers in SpA compared with RA synovitis, we next performed 

double-immunofluorescence staining to characterize further the polarization phenotype 

of synovial macrophages. We studied the colocalization of pan-macrophage marker CD68 

with MΦIFN-γ marker CD64 (Figure 4A), MΦIL-4 markers CD200R and CD14 (Figure 4B, C) and 

MΦIL-10 markers CD163, CD16 and CD32 (Figure 4D-F). Intimal lining layer CD68+ cells highly 

expressed the MΦIL-10 markers CD163 and CD32 (Figure 4D, F), whereas the expression of 

CD64, CD80, CD200R, CD14 and CD16 was almost absent (Figure 4A-C, 4E) in both SpA 

and RA. In contrast, synovial sublining macrophages abundantly expressed both the MΦIL-

10 markers CD163 and CD32 (Figure 4D, F) and the MΦIFN-γ marker CD64 (Figure 4A). The 

positive MΦIL-4 marker CD200R showed a low expression and low colocalization with CD68 

(Figure 4B), whereas the negative MΦIL-4 marker CD14 strongly colocalized with CD68 (Figure 

4C). In agreement with previous reports, CD80 expression was almost absent in synovial 

tissue (data not shown) [33], whereas CD16 expression was low on CD68+ cells (Figure 4E). 

PS Calibri Carmen_FIN_Maandag.indd   70 30-10-12   10:05



71

Intimal lining layer macrophages display a MΦIL-10-like phenotype in chronic synovitis

  4

Although the number of samples used in these double-immunofluorescence experiments 

is too small for an accurate statistical analysis, quantification of the staining confirmed the 

lack of marked differences in the expression of these markers between SpA and RA synovial 

sublining macrophages (Figure 5). These findings suggest an MΦIL-10-like phenotype of intimal 

lining layer macrophages in both SpA and RA, whereas synovial sublining macrophages had 

a more heterogeneous phenotype.

Figure 4. Double immunofluorescence stainings of CD68 and macrophage polarization markers 
on synovial tissue from chronic inflammatory arthritis. Colocalization of CD68 (green) with MΦIFN-γ 
marker CD64 (A), MΦIL-4 markers CD200R (B) and CD14 (C) and MΦIL-10 markers CD163 (D), CD16 (E) 
and CD32 (F) (red) on synovial tissue macrophages. Figures are representative of five spondyloarthritis 
(SpA) and five rheumatoid arthritis (RA) patients. Higher-magnification photos are included in each 
figure part.
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Synovial sublining macrophages co-express MΦINF-γ and MΦIL-10 markers
To characterize further the phenotype of synovial sublining macrophages, we studied 

the colocalization of MΦIFN-γ marker CD64 with CD200R, CD163 and CD32 (Figure 6A-C), 

colocalization of MΦIL-4 marker CD200R with CD14, CD163 and CD32 (Figure 6D-F), and 

colocalization of MΦIL-10 marker CD163 with CD14 and CD32 (Figure 6G, H). These stainings 

confirmed that both MΦIL-10 markers CD163 and CD32 were expressed on the same cells in 

SpA and RA synovitis (Figure 6H). However, we also observed a high degree of coexpression 

between the MΦINF-γ marker CD64 and the MΦIL-10 markers CD163 and CD32 (Figure 6B, C). 

Furthermore, the smaller macrophage subset that expressed the MΦIL-4 marker CD200R 

also appeared to coexpress CD64, CD14, CD163 and CD32 (Figure 6D-F). Taken together, 

these data indicate that synovial sublining macrophages display a mixed MΦINF-γ/MΦIL-

10 phenotype. Within this population, a smaller macrophage subset also coexpresses the 

MΦIL-4 marker CD200R.

Figure 5. Expression of polarization markers on CD68+ cells in synovial tissue from chronic inflammatory 
arthritis. Figure represents the percentage of CD64+ (A), CD200R+ (B), CD14+ (C) and CD163+ (D) cells 
from the total number of CD68+ cells in five spondyloarthritis (SpA) and five rheumatoid arthritis (RA) 
patients. Data were acquired by manual quantitative scoring of double-immunofluorescence stainings 
and are represented as median and interquartile range.
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Figure 6. Double-immunofluorescence stainings of MΦIFN-γ, MΦIL-4 and MΦIL-10 polarization markers 
on synovial tissue from chronic inflammatory arthritis. Colocalization of MΦIFN-γ marker CD64 with 
CD200R (A), CD163 (B) and CD32 (C), colocalization of MΦIL-4 marker CD200R with CD14 (D), CD163 (E), 
and CD32 (F) and colocalization of MΦIL-10 marker CD163 with CD14 (G) and CD32 (H). Figure parts are 
representative of five spondyloarthritis (SpA) and five rheumatoid arthritis (RA) patients.
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DISCUSSION
Synovial tissue macrophages play a key role in chronic inflammatory arthritis, but the 

distribution and the function of different macrophage subsets in this process remain largely 

unknown. Based on the increased CD163 expression in SpA synovitis [3,22-25], we proposed 

the hypothesis of a preferential M2 polarization in SpA, as opposed to an M1 polarization 

in RA [27]. The present study aimed to assess this hypothesis experimentally by a detailed 

characterization of macrophages in inflammatory arthritis, by using a recently validated 

panel of phenotypic markers for in vitro polarized human macrophage subsets [21]. 

Comparison of macrophage phenotypic marker expression between SpA and RA synovitis 

confirmed the higher expression of CD163 in the SpA intimal lining layer. Although previous 

reports showed increased CD163 expression in both the intimal lining layer and synovial 

sublining, the differences appeared to be larger in the intimal lining layer [3,22].

As CD163 is a prototypical marker for MΦIL-10, we performed three types of experiments to 

assess whether the increased CD163 expression reflected a preferential M2 polarization in 

SpA. First, the previously described inverse IFN-γ signature in monocytes from SpA patients 

[28] suggested that even before entering the synovial compartment, myeloid cells may be 

skewed to polarize toward M2 rather than M1. Our analysis of peripheral blood monocytes, 

however, did not reveal phenotypic differences between SpA, RA, and healthy controls. In 

humans, three monocyte subsets have been identified: classic CD14+CD16-, intermediate 

CD14+CD16+, and nonclassic CD14dimCD16+ monocytes. Among these subsets, CD14+CD16+ 

monocytes were described to be recruited in tissues during inflammation and to produce 

high amounts of TNF [32,34-37]. Although other publications report contrasting findings 

of either an increased [38-40] or a decreased [41] percentage of CD14+CD16+ monocytes 

in inflammatory compared with healthy conditions, our experiments did not identify 

differences in these monocyte subsets between SpA and RA patients and healthy donors. 

Additionally, we did not observe differential expression of other phenotypic markers, such 

as CD64, CD16, and CD32, whereas the expression of CD80 and CD163 was very low on 

peripheral monocytes, as previously described [42,43].

Second, we assessed whether a potential bias toward M2 may appear during the 

differentiation of monocytes toward macrophages. In vitro polarization experiments with 

monocyte-derived macrophages failed, however, to indicate preferential polarization to a 

distinct subset in SpA compared with RA patients and healthy donors. These data suggest that 

the CD163+ macrophage phenotype in SpA synovitis is determined by the local inflammatory 

milieu rather than by intrinsic myeloid alterations. Previous publications showing CD163 

upregulation during in vitro macrophage maturation in the presence of SpA synovial fluid 

[27] and a strong synovial CD163 downregulation on effective antiinflammatory treatment 
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[12,13] support this observation.

Third, we assessed whether the local upregulation of CD163 on intimal lining layer 

macrophages in SpA was associated with differential expression of other phenotypic 

polarization markers between SpA and RA. This was not the case, as, for example, both 

the MΦIL-10 marker CD32 and the prototypical MΦIFN-γ marker CD64 were similarly expressed 

in both diseases. These data question whether the altered expression of CD163, which is 

a reliable M2 marker in vitro, necessarily reflects a marked M2 versus M1 polarization in 

vivo. Supporting the notion that the phenotype of macrophage subsets in vivo is more 

complex than the conceptual in vitro framework of M1 and M2, detailed double-staining 

analysis showed that synovial sublining macrophages display a mixed phenotypic profile 

with a high colocalization of MΦIFN-γ and MΦIL-10 markers. Similar observations of mixed 

polarization profiles were already described for human adipose tissue macrophages (ATMs), 

which show features of both alternative (CD206, CD163, IL-10, TGF-β) and classic (TNF, IL-

6, IL-23, IL-8) activation [44,45]. An important question raised by this in vivo complexity is 

whether these cells exert both the pro- and antiinflammatory functions, which have been 

attributed to M1 and M2 macrophages, respectively, or whether they are steady-state cells 

waiting for additional signals to determine their ultimate phenotype and function. The 

latter hypothesis implies a large plasticity of tissue macrophages, as previously suggested 

in tumor environment [46], adipose tissue [47], and atherosclerosis [48]. Tumor-associated 

macrophages were described to have M2 properties, with low inflammatory chemokine 

receptors, poor antigen presentation, high IL-10, and low IL-12 production [49-53]. 

Interestingly, polarization toward an M1-like phenotype was shown to suppress tumor 

progression [54]. Adipose tissue macrophages were also reported to switch from an M2-

like phenotype in normal adipose tissue to an M1-like phenotype in diet-induced obesity 

[55,56], but reports exist of a predominant M2 activation in insulin resistance and obesity 

[57]. The same holds true for the macrophages in the vascular wall, which were described 

to switch from an M2- to an M1-like phenotype and become so-called foam cells [58-60], 

whereas other authors describe an accumulation of M2-like cells in the atherosclerotic 

plaque [61]. Although the interpretation of these studies remains difficult in the absence 

of single markers that can unequivocally discriminate between macrophage subsets in vivo 

[15], the macrophage phenotype in the synovial sublining may reflect the same plasticity as 

in tumors, fat tissue, and atherosclerosis.

In contrast with the mixed phenotype of synovial sublining macrophages, the intimal 

lining layer macrophages clearly displayed an MΦIL-10-like phenotype. We observed the 

same differences between the phenotype of intimal lining layer and synovial sublining 

macrophages, not only in SpA and RA but also in gout synovitis (data not shown), suggesting 
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that this macrophage distribution pattern is a global feature of synovial inflammation. 

Together with the low expression of CD14 in the intimal lining layer, this observation may 

fit a model according to which the intimal lining layer contains mainly mature resident 

macrophages, whereas the synovial sublining is actively infiltrated with immature 

monocyte-derived macrophages. This model is in agreement with publications showing that 

the number of synovial sublining but not intimal lining layer macrophages is associated with 

disease activity in RA and correlates with response to therapy [7-9].

Concerning the differences between SpA and RA, this model would predict that the 

synovial sublining is similarly infiltrated by monocyte-derived macrophages with a mixed 

phenotype in both pathologies. However, the MRP8/14+ infiltrating macrophages were 

shown to accumulate highly in the intimal lining layer in RA [3] and secrete a variety of 

proinflammatory mediators [62]. In contrast, the SpA intimal lining layer appears to consist 

mainly of resident, MΦIL-10-like macrophages, which is in accordance with the lower levels 

of M1-derived cytokines in SpA compared with RA synovial fluid [27] and with the less-

destructive appearance of SpA synovitis.

Based on these findings, modulating the polarization and/or the migration of distinct 

macrophage subsets to the intimal lining layer would represent interesting therapeutic 

approaches for chronic synovitis.
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ABSTRACT
Background: Costimulation of murine macrophages with immune complexes (ICs) and 

TLR ligands leads to alternative activation. Studies on human myeloid cells, however, indicate 

that ICs induce an increased pro-inflammatory cytokine production. This study aimed to 

clarify the effect of ICs on the pro- versus anti-inflammatory profile of human polarized 

macrophages.

Methods: Monocytes isolated from peripheral blood of healthy donors were polarized for 

four days with IFN-γ, IL-4, IL-10, GM-CSF, M-CSF, or LPS, in the presence or absence of heat 

aggregated gamma-globulins (HAGGs). Phenotypic polarization markers were measured by 

flow cytometry. Polarized macrophages were stimulated with HAGGs or immobilized IgG 

alone or in combination with TLR ligands. TNF, IL-6, IL-10, IL-12, and IL-23 were measured by 

Luminex and/or RT-qPCR.

Results: HAGGs did not modulate the phenotypic polarization and the cytokine production 

of macrophages. However, HAGGs significantly altered the TLR-induced cytokine production 

of all polarized macrophage subsets, with the exception of MΦIL-4. In particular, HAGGs 

consistently enhanced the TLR-induced IL-10 production in both classically and alternatively 

polarized macrophages (M1 and M2). The effect of HAGGs on TNF and IL-6 production was 

less pronounced and depended on the polarization status, while IL-23p19 and IL-12p35 

expression was not affected. In contrast with HAGGs, immobilized IgG induced a strong 

upregulation of not only IL-10, but also TNF and IL-6.

Conclusion: HAGGs alone do not alter the phenotype and cytokine production of in vitro 

polarized human macrophages. In combination with TLR-ligands, however, HAGGs but not 

immobilized IgG shift the cytokine production of distinct macrophage subsets toward IL-10.
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INTRODUCTION
Macrophages play an important role in a wide variety of physiological and pathological 

processes including host defence, acute and chronic inflammation, and tissue homeostasis 

and remodelling. These pleiotropic cells can scavenge debris, sense microbial dangers 

signals, process and present antigens, and produce an array of pro- and anti-inflammatory 

mediators. Macrophage function, including the production of key cytokines such as TNF 

and IL-10, is not only determined by their activation but also by previous exposure to 

cytokines, growth factors, and other mediators during their differentiation from monocyte 

to macrophage. This so-called polarization process was originally proposed to distinguish 

classically activated macrophages (M1), which drive pro-inflammatory responses, from 

alternatively activated macrophages (M2), which steer immunoregulation and/or tissue 

remodelling [1-4]. Subsequent studies with mice and, to a lesser extent, human myeloid 

cells have lead to several more complex polarization models [5–7]. Using here the 

nomenclature proposed by Mantovani et al [5], the best characterized subsets are M1, M2a 

and M2c, which are induced by IFN-γ, IL-4 or IL-10, respectively. Functional differences are 

accompanied by distinct phenotypic profiles, and we recently validated in vitro a number of 

specific phenotypic markers for each of these three macrophage subsets [8].

Of particular interest in the model proposed by Mantovani [5], are the so-called M2b 

macrophages, which result from polarization with ICs in combination with TLR ligands, such 

as LPS. Original studies showed that stimulation of mouse macrophages with ICs resulted 

in enhanced production of IL-10 and prostaglandins, especially PGE2 [9], while IL-6, IL-1 

and TNF levels were not affected [10-12]. Polarization of mouse bone-marrow derived 

macrophages (BMDMs) with IFN-γ, followed by stimulation with ICs and LPS resulted 

also in an increased IL-10 production, which led to the conclusion that ICs modulate the 

macrophage cytokine production profile towards alternative activation, in a similar fashion 

as IL-10, TGF-β or glucocorticoids [5,7,13-15].

Although this model has been confirmed by several studies, two important aspects remain 

incompletely understood. Firstly, it is unclear whether ICs induce macrophage polarization 

to a distinct subset or rather modulate the function of polarized macrophages. The 

previously mentioned experiments using IFN-γ polarized BMDMs could suggest namely 

either that M1 polarization can be reversed by ICs, or that ICs modulate the function of 

macrophages irrespective of their polarization status. Secondly, most of these experiments 

were performed in mice and only few studies analyzed the effects of ICs on human myeloid 

cells. In human monocytes, cross-linking of FcγRs decreased IL-12 and increased IL-1ra, IL-

10 and PGE2 production, which is in agreement with the M2 profile in mice [16,17]. The 

increased IL-10 production was not only observed after monocyte stimulation with artificial 
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ICs, but also with ICs from SLE sera [18]. At the same time, however, the production of 

pro-inflammatory factors such as TNF, GM-CSF, IL-6, IL-8, and IL-1β by monocytes was also 

increased by FcγR cross-linking [19-24]. This was not only observed in human monocytes, 

since we demonstrated previously that costimulation of human monocyte-derived DCs with 

ICs and TLR ligands leads to increased production of TNF and IL-6 [25]. Similarly, stimulation 

of M-CSF polarized human macrophages (MΦM-CSF) with immobilized HAGGs (iHAGGs) or 

ACPA-containing ICs induced higher TNF production [26,27].

In order to clarify the effect of ICs on human macrophages and to assess whether the existing 

discrepancies in the literature are due to interspecies differences or to specific polarization 

conditions, we systematically studied the effect of HAGGs in the presence or absence of TLR 

stimuli on the phenotype and cytokine production of human polarized macrophages.

MATERIALS AND METHODS
Ethics statement
This study was conducted with the approval of the Medical Ethical Committee of the 

Academic Medical Center/University of Amsterdam and all blood donors gave their written 

informed consent.

Monocyte isolation and in vitro polarization
Monocyte isolation and in vitro polarization were performed as previously described [8]. 

Briefly, monocytes from peripheral blood of healthy volunteers were isolated by gradient 

centrifugation with Lymphoprep (Axis-Shield PoPAS, Oslo, Norway) and, subsequently, 

Percoll gradient separation (GE Healthcare, Uppsala, Sweden). Monocytes were cultured at 

a concentration of 0.5×106/ml in Iscove’s Modified Dulbecco’s Medium (Invitrogen, Breda, 

The Netherlands) supplemented with 10% fetal calf serum (FCS) (PAA Laboratories, Cölbe, 

Germany) in 6 well culture plates (Corning Incorporated, New York, NY, USA). Cells were 

cultured in medium alone or polarized with human recombinant IFN-γ (50 ng/ml; R&D 

Systems, Abingdon, UK), IL-4 (40 ng/ml; Miltenyi Biotec, Bergisch Gladbach, Germany), 

IL-10 (50 ng/ml; R&D Systems), GM-CSF (50 ng/ml, R&D Systems) or M-CSF (50 ng/ml, 

R&D Systems) for 4 days. Polarization with LPS (100 ng/ml, E. coli 0111:B4; Sigma Aldrich, 

Zwijndrecht, The Netherlands) was additionally used for the phenotypic experiments. 

Human HAGGs (50 µg/ml), prepared as previously described [28], were added to each 
polarizing condition.

Flow cytometric analysis
Cultured macrophages were recovered by scraping of the plate. Surface marker expression 
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was analyzed by flow cytometry (BD FACS Calibur Flow Cytometer, Erembodegem, Belgium) 

using fluorochrome-labeled monoclonal antibodies against CD14 (clone 61D3, eBioscience, 

San Diego, CA), CD16 (clone DJ130c, AbD Serotec, Düsseldorf, Germany), CD32 (clone AT10, 

abcam, Cambridge, UK), CD64 (clone 10.1, BioLegend, Uithoorn, The Netherlands), CD80 

(clone L307.4, BD Pharmingen, Breda, Nederland), CD163 (clone GHI/61, BD Pharmingen), 

CD200R (clone OX108, AbD Serotec), TLR2 (clone T2.5, abcam) and TLR4 (clone 76B357.1, 

abcam). Equivalent concentrations of matched isotype controls were included in all 

experiments. Before staining, Fc receptors were blocked with 10% human serum (Lonza, 

Cologne, Germany). Data were analyzed with Flow Jo Flow Cytometry Analysis software 

(Tree Star, Ashland, OR) after gating on the myeloid population in the FSC/SSC window. 

Values were expressed as the ratio of the geometric mean fluorescence intensity (gMFI) of 

the marker of interest over the gMFI of the isotype control.

Cytokine production
To assess the cytokine production of polarized macrophages, the in vitro polarized 

cells were harvested and extensively washed at day 4. Macrophages were subsequently 

activated with HAGGs (50 µg/ml) and/or the following TLR ligands: LPS (100 ng/ml; Sigma 

Aldrich), Pam3CSK4 (5 µg/ml; EMC microcollections, Tübingen, Germany) or R848 (2 µg/

ml; InvivoGen, San Diego, CA). In order to study the effect of immobilized IgG, macrophages 

were also cultured on IgG coated plates (96-well plate, Corning). The supernatant of these 

cultures was recovered after 20 hours of stimulation and analyzed using commercially 

available Luminex kits (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s 

instructions. Cytokine levels of TNF, IL-6 and IL-10 were measured and analyzed with the Bio-

Plex system (Bio-Rad). The sensitivity of the cytokine assay was <5 pg/ml for all measured 

cytokines.

Quantitative real-time PCR
Total RNA was isolated from in vitro polarized macrophages using GenElute™ Mammalian 

Total RNA Miniprep Kit (Sigma Aldrich) and reverse transcribed using RevertAid™ H Minus 

First Strand cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany). RNA concentration was 

determined with the Nanodrop (Nanodrop Technologies, Wilmington, DE). Quantitative real-

time PCR was performed using StepOnePlus™ Real-Time PCR System (Applied Biosystems, 

Foster City, CA). Each 12 µl reaction was performed in a 96-well format with 5 ng of cDNA, 

10 µl of SYBR green PCR Master Mix (Applied Biosystems) and a concentration of 50 nmol of 

each primer. The primers comprised IL-10 (forward 5′-GATGCCTTCAGCAGAGTGAA, reverse 

5’-CCCAGGTAACCCTTAAAGTCC), IL-23p19 (forward 5′-TTCTCTGCTCCCTGATAGCC, reverse 
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5′-CCTCAGGCTGCAGGAGTT) and IL-12p35 (forward 5′- ACCAGGTGGAGTTCAAGACC, reverse 

5′-TGGCACAGTCTCACTGTTGA), respectively. All reactions were performed in duplicate. 

The mRNA expression levels were normalized to those of the human housekeeping gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Oligonucleotide primers were 

designed using the online tool for Real-time PCR (TaqMan) Primer Design (Genscript) and 

obtained from Invitrogen.

Statistics
Statistical analysis was performed using Prism software (GraphPad, La Jolla, CA). Data 

were expressed as mean ± SEM. ANOVA followed by Bonferroni post test were used for 

comparisons between more than 2 groups. For comparisons between 2 groups (stimulation 

with and without HAGGs) we used the Wilcoxon matched pair test. A P value of less than 

0.05 was considered to be statistically significant.

RESULTS
Soluble ICs do not alter phenotypic polarization of human macrophages
Several reports indicate that stimulation of murine macrophages with ICs in combination 

with TLR ligands induces alternative macrophage polarization [7,10,12-14,29]. Therefore, 

our first aim was to investigate whether HAGGs had a similar polarizing effect on human 

macrophages. We tested whether the expression of phenotypic markers for specific 

polarized macrophage subsets was altered by HAGGs alone, in combination with LPS, or in 

combination with IFN-γ, IL-4 or IL-10 as major polarizing cytokines [5,7]. IFN-γ polarization 

resulted in upregulation of CD80 (p<0.05 compared to medium, IL-4 and IL-10) and CD64 

(p<0.05 compared to IL-10, and p<0.01 compared to medium, IL-4 and LPS), IL-4 upregulated 

CD200R (p<0.01 for all comparisons) and downregulated CD14 (p<0.05 compared to IFN-γ 

and IL-10, and p<0.01 compared to LPS), while IL-10 induced a higher expression of CD163 

(p<0.05 for all comparisons), CD16 (p<0.05 for all comparisons) and CD32 (p<0.05 compared 

to IFN-γ, and p<0.01 compared to medium, IL-4 and LPS), respectively [8] (Figure 1). LPS 

used as polarizing stimulus strongly increased the expression of CD14 (p<0.01), as described 

previously [30]. Stimulation with HAGGs alone or in combination with LPS did not lead to 

upregulation of specific phenotypic markers, in particular those associated with IL-4 and IL-

10 polarization (Figure 1). Additionally, HAGGs did not influence the phenotypic effects of 

IFN-γ, IL-4 or IL-10, with the exception of CD32 downregulation on MΦIL-10 (p<0.01) (Figure 

1). Taken together, these experiments did not show any polarizing effect of HAGGs on the 

phenotype of human macrophage subsets.
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Macrophage polarization determines the TLR-induced production of pro- 
and anti-inflammatory cytokines
Numerous reports indicate that, besides phenotype, a main difference between distinct 

polarized macrophage subsets is the production of key cytokines such as TNF, IL-6, IL-10, 

IL-12 and IL-23 upon activation [5,7,13,15,31-33]. Before evaluating the effect of HAGGs on 

the cytokine production of polarized human macrophages, we first determined the cytokine 

production profile of MΦIFN-γ, MΦIL-4 and MΦIL-10 upon TLR stimulation. As depicted in Figure 

2, the production of TNF, IL-6 and IL-10 was very low for all macrophage subsets in the 

absence of TLR stimulation. In these basal conditions, MΦIL-10 produced significantly more IL-

10 than all other macrophage subsets (p<0.01). Following TLR stimulation, MΦIFN-γ produced 

Figure 1. Expression of phenotypic markers on in vitro polarized human macrophages. Healthy 
peripheral blood monocytes were cultured for 4 days in medium or in medium supplemented with 
IFN-γ, IL-4, IL-10 or LPS in the absence (white bars) or presence (black bars) of HAGGs. Expression 
of MΦIFN-γ markers CD80 and CD64, MΦIL-4 markers CD200R and CD14 and MΦIL-10 markers CD163, 
CD16 and CD32 was measured by flow cytometry. Bars represent the mean ± SEM of 4 independent 
experiments. *p<0.05, **p<0.01, #p<0.01.
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more IL-6 than all other macrophage subsets (p<0.001 for the P3C and R848 stimulations, 

and p<0.01 for the LPS stimulation). There was a similar albeit less pronounced trend for 

TNF (p<0.05 versus MΦIL-10 for the LPS stimulation), which was partially due to the fact that 

MΦIL-4 also produced more TNF, especially after LPS and R848 stimulation. IL-10 levels were 

similar in all polarized subsets, with the exception of a higher production by MΦIL-4 versus 

MΦIFN-γ after LPS stimulation (p<0.05). Despite the fact that some comparisons did not reach 

statistical significance, these findings confirm previous reports of a pro-inflammatory profile 

of MΦIFN-γ versus a more neutral to anti-inflammatory profile for MΦIL-4 and MΦIL-10 upon 

TLR stimulation [5,7,13,15].

Soluble ICs enhance the TLR-induced IL-10 production by polarized 
macrophages
Since ICs were described to induce an immunoregulatory function in mouse macrophages 

[10,18,29,34,35], we next investigated whether HAGGs alter the pro- versus anti-inflammatory 

cytokine production of differentially polarized human macrophages. In the absence of TLR 

stimulation, HAGGs did not alter the low basal production of TNF, IL-6 and IL-10 by any of 

Figure 2. TLR-induced production of TNF, IL-6, and IL-10 by MΦIFN-γ, MΦIL-4 and MΦIL-10. Healthy 
peripheral blood monocytes were cultured for 4 days in medium or in medium supplemented with 
IFN-γ, IL-4 or IL-10. Polarized macrophages were not stimulated, or stimulated for 20 hours with P3C, 
LPS or R848. Bars represent the mean ± SEM of 6 independent experiments. *p<0.05, **p<0.01, 
***p<0.001. 
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the macrophage subsets (Figure 3). Using P3C as prototypical TLR stimulation, costimulation 

with HAGGs had variable effects on the production of pro-inflammatory cytokines, with 

a decrease in TNF production by unpolarized macrophages and MΦIL-10, and an increased 

IL-6 production by MΦIFN-γ (p<0.05 compared to P3C alone for all 3 comparisons) (Figure 

3). In contrast, HAGGs consistently enhanced IL-10 production by all macrophage subsets, 

with the exception of MΦIL-4 (p<0.01 for all comparisons) (Figure 3). In particular, HAGGs 

almost doubled the IL-10 secretion by MΦIFN-γ. These data were confirmed by repeating the 

experiments with other TLR stimuli. HAGGs together with LPS or R848 induced a modest and 

variable effect on TNF and IL-6 production (data not shown), but a consistent and significant 

increase in IL-10 production by all macrophage subsets, with the exception of MΦIL-4 (p<0.05 

compared to TLR stimulation without HAGGs) (Figure 4). Thus, costimulation of in vitro 

polarized human macrophages with HAGGs and TLR ligands resulted in an increased IL-10 

production by all polarized macrophage subsets, excepting MΦIL-4.

Figure 3. TNF, IL-6 and IL-10 production by MΦIFN-γ, MΦIL-4 and MΦIL-10 after stimulation with HAGGs 
and P3C. Healthy peripheral blood monocytes were cultured for 4 days in medium or in medium 
supplemented with IFN-γ, IL-4 or IL-10. Polarized macrophages were not stimulated, or stimulated 
for 20 hours with P3C, in the presence or absence of HAGGs. Bars represent the mean ± SEM of 9 
independent experiments. *p<0.05, **p<0.01.
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Effect of soluble ICs on the IL-10 production by MΦM-CSF and MΦGM-CSF

Both phenotypic analyses and cytokine profiling indicated that GM-CSF polarized 

macrophages (MΦGM-CSF) tend to resemble MΦIFN-γ, whereas M-CSF mimics the effects of 

alternative polarization stimuli, in particular IL-10 [8,32,33,36]. We therefore investigated 

whether stimulation with HAGGs also modulated the IL-10 production of MΦGM-CSF and 

MΦM-CSF. HAGGs alone did not have any effect on the IL-10 production. However, after co-

stimulation with TLR ligands, HAGGs induced an increased IL-10 production by MΦM-CSF but 

not MΦGM-CSF (p<0.05 for P3C, and p<0.01 for R848) (Figure 5). Concluding, MΦM-CSF showed 

a higher TLR-induced IL-10 production after stimulation with HAGGs.

Increased LPS-induced IL-10 versus IL-23 and IL-12 expression after 
stimulation with soluble ICs
In order to confirm the increase in TLR-induced IL-10 production by polarized macrophages 

after stimulation with HAGGs, we measured the mRNA expression of IL-10 by each 

macrophage subset after 7 hours of stimulation with LPS, in the presence or absence of 

HAGGs. As shown in figure 6, HAGGs increased the expression of IL-10 in all macrophage 

subsets (p<0.05 for MΦIFN-γ and MΦIL-10). As IL-23 and IL-12 protein levels were undetectable 

in the supernatants of the previous experiments, we investigated the effect of HAGGs on 

these cytokines at mRNA level. In contrast with IL-10, we did not observe any significant 

Figure 4. IL-10 production by MΦIFN-γ, MΦIL-4 and MΦIL-10 after stimulation with HAGGs and LPS, 
or R848. Healthy peripheral blood monocytes were cultured for 4 days in medium or in medium 
supplemented with IFN-γ, IL-4 or IL-10. Polarized macrophages were not stimulated, or stimulated for 
20 hours with LPS or R848, in the presence or absence of HAGGs. Bars represent the mean ± SEM of 6 
independent experiments. *p<0.05.
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effect of HAGGs on IL-23p19 and IL-12p35 mRNA expression. Taken together, these data 

confirm the specific increase in IL-10 expression after costimulation with HAGGs and TLR 

ligands, with the strongest effects observed in MΦIFN-γ and MΦIL-10.

Figure 5. IL-10 production by MΦGM-CSF and MΦM-CSF after stimulation with HAGGs and TLR ligands. 
Healthy peripheral blood monocytes were cultured for 4 days in medium supplemented with GM-CSF 
or M-CSF. MΦGM-CSF and MΦM-CSF were not stimulated, or stimulated for 20 hours with P3C, LPS or R848, 
in the presence or absence of HAGGs. Bars represent the mean ± SEM of 6 independent experiments. 
*p<0.05, **p<0.01.

Figure 6. mRNA expression of IL-10, IL-23p19 and IL-12p35 after macrophage stimulation with HAGGs 
and LPS. Healthy peripheral blood monocytes were cultured for 4 days in medium or in medium 
supplemented with IFN-γ, IL-4 or IL-10. Polarized macrophages were stimulated for 7 hours with LPS, 
in the presence or absence of HAGGs. mRNA expression levels were measured by quantitative RT-PCR 
and were normalized to those of the human housekeeping gene GAPDH. Bars represent the mean ± 
SEM of 6 independent experiments. *p<0.05.
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Immobilized IgG enhances the cytokine production of polarized 
macrophages without shifting the balance towards IL-10
As the consistent increase in IL-10 production by HAGGs in our experiments contrasted 

with previously published data on increased TNF production by human macrophages upon 

stimulation with iHAGGs or immobilized IgG [26,27,37], we next investigated the effect of 

immobilized IgG on the cytokine production of differentially polarized macrophages. In 

contrast with HAGGs, even in the absence of P3C stimulation, immobilized IgG increased 

the production of TNF (p<0.05 in unpolarized macrophages, p<0.01 in MΦIL-10 and p<0.001 in 

MΦIFN-γ), IL-6 (p<0.05 in MΦIL-10) and IL-10 (p<0.05 in MΦIL-10) (Figure 7). Similarly, immobilized 

IgG strongly augmented the TLR-induced production of TNF (p<0.05 in MΦIL-4, p<0.01 in 

unpolarized macrophages and p<0.001 in MΦIL-10), IL-6 (p<0.05 in MΦIL-4 and MΦIL-10) and 

IL-10 (p<0.05 in MΦIL-10 and p<0.01 in MΦIL-4). Comparable results were obtained when 

using LPS or R848 as TLR stimuli (data not shown). These data indicate that immobilized IgG 

augments the spontaneous, as well as the TLR-induced cytokine production of polarized 

macrophages, without shifting the balance from pro-inflammatory cytokines to IL-10.

Figure 7. TNF, IL-6, and IL-10 production by MΦIFN-γ, MΦIL-4 and MΦIL-10 after stimulation with 
immobilized IgG and P3C. Healthy peripheral blood monocytes were cultured for 4 days in medium 
or in medium supplemented with IFN-γ, IL-4 or IL-10. Polarized macrophages were not stimulated, or 
stimulated for 20 hours with P3C, in the presence or absence of immobilized IgG. Bars represent the 
mean ± SEM of 3 independent experiments. *p<0.05, **p<0.01, ***p<0.00
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DISCUSSION
ICs in combination with TLR ligands have been described to increase the IL-10 production of 

mouse macrophages, leading to a distinct alternative macrophage activation type (M2b) [5]. 

ICs also stimulated the in vivo IL-10 production in different animal models, which induced 

immune regulation [34,38]. In host defence, this mechanism could represent a physiological 

feed-back loop, contributing to the down-regulation of innate tissue inflammation at the 

moment that microorganisms are cleared by the adaptive immune system. The effect of 

ICs on human myeloid cells, however, is less clearly defined, as several reports indicate 

that they do not only increase the production of anti-inflammatory mediators such as IL-10 

[16,18], but also strongly upregulate pro-inflammatory mediators [19,27]. This discrepancy 

may be related to differences between species, cell types (monocytes versus macrophages, 

or dendritic cells) or macrophage polarization conditions. In this study we show that HAGGs 

in the absence of TLR stimuli do not alter the phenotype and cytokine production of in 

vitro polarized human macrophage subsets. Costimulation with HAGGs and TLR ligands, 

however, resulted in markedly increased IL-10 production in most macrophage subsets, 

while the modulation of TNF and IL-6 production was more discrete and dependent on the 

macrophage polarization status. As previously shown in mouse macrophages [10,12,13,29], 

costimulation with ICs and TLR ligands also augmented the IL-10 production of human 

MΦIFN-γ, which are prototypical pro-inflammatory cells.

These findings raise the critical issue of the exact relationship between polarization, 

phenotype and function of human macrophages. The macrophage polarization models 

originally refer to the production of pro- versus anti-inflammatory mediators to define 

classically (M1) versus alternatively activated macrophages (M2) [1-3,5-7]. Macrophage 

polarization is also associated with the expression of specific phenotypic markers [4,8,39-

41]. Our experiments confirm that polarization affects both the phenotype and the 

function of macrophages, as exemplified by the distinct cytokine production of MΦIFN-γ, 

MΦIL-4 and MΦIL-10 upon TLR stimulation. Concerning the effect of ICs, we show that HAGGs 

can modulate the TLR-mediated cytokine production of human polarized macrophages, 

despite the lack of phenotypic alterations. The capacity of so-called ‘pro-inflammatory’ 

macrophages to produce significant amounts of IL-10 upon costimulation with HAGGs and 

TLR ligands illustrate the functional plasticity of these cells. Furthermore, our data indicate 

that the production of pro- versus anti-inflammatory mediators by macrophages is not only 

related to their polarization, but also to the type of activation and that, as a consequence, 

phenotypic polarization markers do not fully correlate to the macrophage function.

An important aspect in this context is the expression of FcγRs on polarized macrophage 

subsets. Studies using different IgG subtypes, specific FcγR blocking antibodies, or FcγR 
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knockout animals demonstrated that the differential expression of the activating versus 

inhibitory FcγRs on immune cells influences their response to ICs [23,28,37,42-45]. We 

previously confirmed that the high affinity FcγRI (CD64) was upregulated on MΦIFN-γ, while 

the low affinity FcγRII (CD32) and FcγRIII (CD16) were specifically expressed by MΦIL-10. 

Furthermore, the activating and inhibitory isoforms of CD32 (CD32a and CD32b, respectively) 

were differentially expressed on the 3 macrophage subsets, with a lower CD32a/CD32b ratio 

on MΦIL-4 versus MΦIL-10 and MΦIFN-γ [8]. A shifted FcγR balance towards FcγRIIb on IL-4 primed 

human monocytes in comparison to IFN-γ, TNF, and IL-10 primed monocytes was previously 

related to the failure of these cells to upregulate TNF after crosslinking by IgG [37]. Finally, 

also the expression of TLR2 and TLR4 was differentially modulated by polarization, with 

lower expression levels on MΦIL-4 versus MΦIL-10 and MΦIFN-γ (Figure S1). Although it is beyond 

the scope of this study to investigate the exact signal transduction in these conditions, the 

low expression of activating FcγRs, TLR2 and TLR4 on MΦIL-4 could at least partially explain 

their poor responsiveness to HAGGs.

In an attempt to clarify the discrepancy between our findings and reports indicating increased 

TNF production by monocytes and macrophages upon stimulation with immobilized IgG 

[26,27,37], we used immobilized IgG in the same experimental conditions and observed 

a number of differences with soluble HAGGs. Firstly, immobilized IgG, but not HAGG was 

able to stimulate cytokine production by polarized macrophages in the absence of TLR 

co-stimulation. Secondly, whereas MΦIL-4 appeared to be poorly responsive to HAGGs, all 

polarized macrophage subsets reacted strongly upon stimulation with immobilized IgG. 

Finally and most importantly, HAGGs consistently augmented IL-10 production, whereas 

immobilized IgG upregulated the production of TNF, IL-6 and IL-10. These data are consistent 

with previous reports in which prevention of IC phagocytosis by using immobilized IgG was 

shown to induce persistent ERK signaling and high TNF production by both monocytes 

and macrophages [26,46,47]. Furthermore, the TLR-induced IL-10 production by human 

monocytes was higher after immobilized IgG versus HAGG stimulation, and immobilized 

IgG was able to induce IL-10 production even in the absence of TLR ligands [48]. This data 

emphasize that, besides many other factors such as IgG isotype, monomeric versus polymeric 

IgG, antigen-antibody ratio and natural versus artificial ICs, the capacity to internalize ICs 

is a key determinant of the functional outcome of IC stimulation of macrophages [16,18-

23,42,49].

The differential effects of soluble versus immobilized IgG do not only emphasize 

the functional plasticity of polarized macrophages, but may also be relevant for our 

understanding of specific pathological and therapeutic conditions. In autoimmune diseases, 

ICs are thought to contribute to chronic tissue inflammation when deposited in tissues, 
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with as prototypical examples lupus nephritis and rheumatoid synovitis. In this immobilized 

form, ICs may promote mainly pro-inflammatory over anti-inflammatory responses by tissue 

macrophages. Moreover, IC binding to myeloid cells in these conditions was also reported to 

inhibit their responsiveness to IL-10 [50,51]. In sharp contrast, intravenous administration 

of soluble immunoglobulins (IVIg) has been used for a long time in the treatment of 

diverse autoimmune diseases [52,55]. The immunosuppressive effect of macrophage FcγR 

ligation has been attributed to blocking of the activating FcγRs, stimulation of FcγRIIb, and 

increased anti- versus pro-inflammatory cytokine production [10,12,16,18,45,56]. Our in 

vitro data thus support the hypothesis that soluble ICs shift the balance of pro- towards 

anti-inflammatory cytokine production. Interestingly, this effect may be important not only 

for the therapeutic efficacy of IVIg, but also of targeted biological therapies. It was indeed 

recently demonstrated that anti-TNF antibodies induce IL-10 producing macrophages in 

an Fc-dependent manner and that these immunoregulatory macrophages are involved in 

mucosal healing in inflammatory bowel disease [56,57]. These studies reveal that monoclonal 

antibody therapy can drive anti-inflammatory responses by Fc region-dependent and target-

independent modulation of macrophage function.

In conclusion, we showed here that distinct polarized macrophage subsets retain an 

important functional plasticity despite maintenance of their specific phenotype. In 

particular, we demonstrated that soluble ICs, but not immobilized IgG shifted the balance of 

human macrophage cytokine production towards IL-10. These findings raise the possibility 

of therapeutic modulation of macrophage function in the context of chronic tissue 

inflammation.
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Supplemental figure

Figure S1. Expression of TLR2 and TLR4 on MΦIFN-γ, MΦIL-4 and MΦIL-10. Healthy peripheral blood 
monocytes were cultured for 4 days in medium or in medium supplemented with IFN-γ, IL-4 or IL-
10. Expression TLR2 and TLR4 was measured by flow cytometry. Bars represent the mean ± SEM of 4 
independent experiments. *p<0.05, **p<0.01
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ABSTRACT
Background: Angiopoietin (Ang)-1 and Ang-2, and their shared receptor Tie2, are expressed 

in rheumatoid arthritis (RA) synovial tissue, but the cellular targets of Ang signalling and the 

relative contributions of Ang-1 and Ang-2 to arthritis are poorly understood.

Objectives: To determine the cellular targets of Ang signalling in RA synovial tissue, and 

the effects of Ang-2 neutralisation in murine collagen-induced arthritis (CIA).

Methods: RA and psoriatic arthritis (PsA) synovial biopsies were examined for expression 

of Tie2 and activated phospho (p)-Tie2 by quantitative immunohistochemistry and 

immunofluorescent double staining. Human monocyte and macrophage Tie2 expression 

was determined by flow cytometry and quantitative PCR. Regulation of macrophage 

intracellular signalling pathways and gene expression were examined by immunoblotting 

and ELISA. CIA was assessed in mice treated with saline, control antibody, prednisolone or 

neutralising anti-Ang-2 antibody.

Results: Expression of synovial Tie2 and p-Tie2 was similar in RA and PsA. Tie2 activation 

in RA patient synovial tissue was predominantly localised in synovial macrophages and 

was expressed by human macrophages. Ang-1 and Ang-2 stimulated activation of multiple 

intracellular signalling pathways, and cooperated with tumour necrosis factor to induce 

macrophage interleukin 6 and macrophage inflammatory protein 1α production. Ang-2 

selectively suppressed macrophage thrombospondin-2 production. Ang-2 neutralisation 

significantly decreased disease severity, synovial inflammation, neo-vascularisation and 

joint destruction in established CIA.

Conclusion: The authors identify synovial macrophages as primary targets of Ang 

signalling in RA, and demonstrate that Ang-2 promotes the pro-inflammatory activation of 

human macrophages. Ang-2 makes requisite contributions to pathology in CIA, indicating 

that targeting Ang-2 may be of therapeutic benefit in the treatment of RA.
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INTRODUCTION
Angiogenesis of new vessels from existing vessels plays a pivotal role in mammalian 

development, and in the initiation and maintenance of chronic inflammatory diseases and 

tumour growth [1]. Receptor tyrosine kinase Tie2 ligation by angiopoeitin 1 (Ang-1) and 

Ang-2 makes contributions to angiogenesis and blood vessel remodelling which are critically 

distinct from vascular endothelial growth factor receptor ligation [2]. Like vascular endothelial 

growth factor, Ang-1 and Tie2 are required for embryonic angiogenesis [3,4]. Initial studies 

indicated that Ang-2 may act as an endogenous antagonist of Ang-1 during development, 

but these cytokines play distinct roles in promoting vasculature remodelling [5,6]. In 

mice, stable systemic Ang-1 levels maintain vascular stability and suppress inflammation-

induced vascular permeability and oedema [7]. By contrast, Ang-2 is up-regulated during 

inflammation, and promotes recruitment of neutrophils by activated endothelial cells (ECs) 

[8].

Infiltration of solid murine and human tumours by Tie2-expressing monocytes/macrophages 

(TEMs) is critical in cancer establishment and growth [9-11]. Ang2 stimulation of TEMs 

potentiates tumour growth, in part by promoting immunosuppressive properties of TEMs, 

including interleukin 10 (IL-10) secretion [11-13]. Tie2 signalling is also thought to be 

important in chronic inflammatory diseases. In patients with rheumatoid arthritis (RA) and 

other forms of inflammatory arthritis, such as psoriatic arthritis (PsA), increased vascularity 

and new blood vessel formation promotes destruction of the affected joints by facilitating 

the influx of nutrients and inflammatory cells [14,15]. Histological changes in the synovial 

microvasculature precede local inflammation in patients presenting with mono-arthritis 

prior to fulfilment of classification criteria for RA, and in both RA and PsA, expression of 

angiogenic factors and EC activation markers are closely associated with, and suggested 

to be prognostic for disease activity and joint destruction [16-18]. Successful treatment of 

inflammatory arthritis is closely associated with decreases in systemic and local expression 

of angiogenic factors and endothelial activation markers [19-22]. This has indicated that 

modulation of angiogenesis may be useful in the treatment of RA, and direct targeting 

of newly formed blood vessels in animal models of RA prevents inflammation and joint 

destruction [23]. In addition, specific blockade of Tie2 signalling in vivo prevents angiogenesis 

and joint destruction in the murine CIA model of RA [24,25]. However, it is unclear whether 

Ang-1 and Ang-2 make independent contributions to pathology in inflammatory arthritis.

Ang-1, Ang-2 and Tie2 are readily detected in the synovial tissues of patients with RA and 

PsA [17,26-29]. Tie2 expression in synovial tissue is detected on ECs, stromal fibroblast-like 

synoviocytes (FLS) and macrophages, and in vitro, tumour necrosis factor (TNF) can induce 

EC Tie2 expression.24 Ang-1 and Ang-2 are produced in situ by RA FLS, macrophages and 

PS Calibri Carmen_FIN_Maandag.indd   103 30-10-12   10:06



104

  6

ECs [17,27-29]. Ang-1 stimulation of Tie2 expressed on ECs and FLS can promote synovial 

angiogenesis and cartilage destruction in synovial tissue, respectively [24,30]. Effects of 

Ang-2 on RA synovial cells have not been examined, but a role for Ang-2 in the pathology of 

human inflammatory arthritis is suggested by observations that synovial tissue and synovial 

fluid Ang-2 levels are highly elevated compared with Ang-1 in patients with RA and PsA 

[17,18]. In addition, serum Ang-2 levels are associated with disease activity in recent onset 

of RA [31]. Here, we examined the potential role of myeloid Tie2 signalling in RA, and the 

consequences of Ang-2 blockade in murine CIA.

MATERIALS AND METHODS
Patients, synovial biopsy acquisition and synovial tissue analysis
Synovial biopsies were obtained by needle arthroscopy as previously described from clinically 

active joints of RA (n=20) and PsA (n=19) patients who fulfilled the American College of 

Rheumatology criteria for RA and the classification criteria for psoriatic arthritis, respectively 

[32-34]. Patient characteristics for both cohorts have been previously described in detail 

[35]. All patients gave their written informed consent prior to inclusion, and this study was 

approved by the Medical Ethics Committee of the Academic Medical Center, University of 

Amsterdam. Sections were processed for immunohistochemical and immunofluorescent 

analyses as previously described [36-37].

Monocyte purification, macrophage differentiation and analysis
Human peripheral blood mononuclear cells were isolated from blood of healthy volunteer 

donors and RA patients by Ficoll, and monocytes were either used immediately or 

differentiated in to macrophages as previously described [38]. Full details of monocyte 

isolation, macrophage culture, differentiation, characterisation by flow cytometry 

and stimulation and analysis by immunoblotting and ELISA are described in the online 

supplementary material.

Animals, and induction and assessment of CIA
DBA/1 male mice were purchased from either Harlan (Horst, The Netherlands) or Jackson 

Laboratory (Bar Harbor, Maine, USA). Animals were housed in specific pathogen-free 

conditions at Alderley Park, Astra Zeneca, in compliance with Home Office Regulations 

(UK). All animal experiments were approved by the Animal Welfare and Ethics Committee 

(Alderley Park). Mice (males, 6–7 weeks of age) were immunised by tail base injection 

on day 0 with an emulsion of rat type II collagen (100 µg, MD Biosciences Gmbh, Zurich, 

Switzerland) and complete freund’s adjuvant (1 mg/ml, Difco), followed by boosting with 
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Staphylococcus enterotoxin B (SEB; 30 µg, Toxin Technology) in incomplete freund’s adjuvant 

(Sigma Aldrich, St. Louis, MO) on day 21. The mice were examined daily from day 22 until 

sacrifice for clinical signs of arthritis. Arthritis severity was assessed in a blinded manner, 

using a semiquantitative scoring system: 0– normal; 1– one digit affected, or erythema of 

paw; 2– slight swelling and/or erythema; 3– pronounced swelling; 4– immobilisation of paw/

ankylosis. Each limb was scored independently, allowing for a cumulative maximal score of 

16 for each mouse. A clinical score of two on a single paw (minimally) triggered treatment. 

Vehicle (PBS, Sigma Aldrich), human IgG1 isotype control antibody at 10 mg/kg (Sigma 

Aldrich) and anti-Ang-2 antibody (Clone 3.19.3) at 0.1, 1 and 10 mg/kg were administered 

intraperitonially every three days, and prednisolone was administered orally once daily at 3 

mg/kg (Sigma Aldrich) (n=10 mice per treatment group).

Statistical analyses
For in vivo studies, analysis was performed using analysis of variance (ANOVA) with post 

hoc Dunnetts analysis on Windows Graphpad Prism 4. For in vitro experiments, analysis 

was performed using Windows Graphpad Prism 5 (GraphPad Software). Flow cytometry and 

ELISA results were expressed as the mean ± SEM. Potential differences between samples or 

scores were analysed by Student’s t-test or non-parametric Mann–Whitney U or Kruskal–

Wallis tests, as appropriate. p Values ≤0.05 were considered significant.

RESULTS
Tie2 is activated in RA synovial tissue macrophages
We first examined the expression and activation status of Tie2 in RA and PsA synovial tissue. 

Specific reactivity of anti -Tie2 and p-Tie2 antibodies was readily detected in both RA and 

PsA synovial tissue, while negative control antibodies failed to stain synovial tissue (figure 

1A). Staining with Tie2 and p-Tie2 antibodies was prominently observed in the intimal lining 

layer, perivascular regions and synovial sublining cellular infiltrates (figure 1A). Similar levels 

of both Tie2 and p-Tie2 expression were observed in RA and PsA synovial tissue, as measured 

by digital imaging analysis (figure 1B). Immunofluorescent double-staining experiments 

demonstrated that Tie2 was not expressed in CD3+ T lymphocytes in RA synovial tissue, but 

was occasionally detectable on VWF+ ECs and CD55+ FLS (figure 1C, left panels). However, 

the most prominent expression of Tie2 was observed in CD68+ and CD163+ synovial 

macrophages. Remarkably, p-Tie2 staining was almost exclusively restricted to CD68+ and 

CD163+ macrophages infiltrating RA synovial tissue, and was seldom observed in ECs or FLS 

(figure 1C, right panels).
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Figure 1. Tie2 is expressed and activated in rheumatoid arthritis (RA) synovial tissue macrophages. 
(A) Immunohistochemical analyses of RA synovial tissue stained with control rabbit antibodies, anti-
Tie2 antibodies, normal rabbit serum and anti-p-Tie2 hyperimmune serum. Original magnification, 
×100 (upper and middle panels) and ×400 (lower panels). (B) Quantitative analysis of Tie2 and p-Tie2 
staining in synovial tissue. Synovial sections from 20 RA and 19 psoriatic arthritis (PsA) patients were 
stained with antibodies against Tie2 and p-Tie2 antibodies as above, and the integrated optical density 
(IOD)/mm2 corrected for cellularity calculated by digital image analysis. Data is presented as box plots, 
where the boxes represent the 25th–75th percentiles, the lines within the box mark the median value, 
and lines outside the boxes denote the 10th and 90th percentiles. (C) Immunofluorescent staining of 
RA synovial tissue with anti-Tie2 (green, left panels) and anti-phospho (p)-Tie2 Ab (green, right panels) 
in combination with anti-CD3, -CD55, -CD68, -CD163 and -VWF Abs (all red). Colocalisation is visualised 
in yellow. Original magnification, ×100. All stainings are representative of stainings performed on 
synovial tissue from 5 RA patients.
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Figure 2. Tie2 is expressed by human peripheral blood-derived monocytes and macrophages. 
(A) Viable monocytes (upper panels) and macrophages (lower panels) were gated based on side 
scatter (SSC) and forward scatter (FSC) (left panels) by flow cytometry and stained with CD14 and 
either isotype-matched control IgG (middle panels) or Tie2 Abs (right panels). Dot blots shown are 
representative of experiments performed on 6 individual blood donors. (B) Staining of monocytes and 
macrophages with control IgG (gray) and Tie2 (empty) Abs shown in A presented as histograms. (C) 
Quantification of relative Tie2 surface expression (geomean, upper panel) and mRNA expression (lower 
panel) in monocytes and macrophages. Surface expression values are mean ± SEM. *p<0.05 versus 
monocytes. For quantitative analysis of Tie2 mRNA expression in human macrophages, monocytes, 
RA fibroblast-like synoviocytes (FLS) and human umbilical vein endothelial cells (HUVEC), data are 
assessed as the ratio of mRNA expression of Tie2 to mRNA expression of glyceraldehydes-3-phosphate 
dehydrogenase and expressed as the fold difference relative to macrophages. Values for macrophage 
mRNA expression are normalised to 1. Bars represent the mean ± SEM of 3–5 independent samples 
of each cell type. (D) Comparative surface expression of Tie2 in healthy donor (HD) and RA patient 
peripheral blood CD14+ monocytes and differentiated macrophages. Data are presented as in C.
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Tie2 is functionally expressed on human macrophages
Consistent with published studies, Tie2 was readily detected on the surface of freshly 

isolated human CD14+ peripheral blood mononuclear cells, and on peripheral blood-

derived human macrophages (figure 2A, B). Macrophage Tie2 surface expression was 

reduced by approximately 25% in comparison with monocytes (p<0.05) (figure 2C, upper 

panel), again in agreement with published studies.11 Tie2 mRNA expression was highest 

in human umbilical vein ECs and RA FLS, followed by monocytes and macrophages (figure 

2C, lower panel). No differences were observed in Tie2 surface expression when comparing 

monocytes and macrophages obtained from healthy donor or RA patient peripheral blood 

(figure 2D).

Despite the relatively low levels of Tie2 expression on macrophages, Ang-1 and Ang-2 

stimulation could generate cellular response, as evidenced by activation of macrophage 

intracellular signalling pathways and gene expression. Ang-1 stimulation transiently 

increased phosphorylation of ERK-1/2, p38 and JNK mitogen-activated protein kinases, and 

PKB (figure 3A). Ang-2 activated the same signalling pathways, albeit with delayed kinetics 

and decreased magnitudes of activation. In particular, JNK activation was barely detectable 

following Ang-2 stimulation. Ang-1, but not Ang-2, also induced transient phosphorylation 

of IκBα.

Stimulation with either Ang-1 or Ang-2 alone failed to induce macrophage IL-6 production 

compared with unstimulated macrophages (figure 3B). However, in the presence of TNF 

(10 ng/ml), Ang-1 (200 ng/ml) significantly increased IL-6 production compared with TNF 

treatment alone (p<0.05). Similar enhancing effects were observed with Ang-2 (p<0.01), 

although lower concentrations of Ang-2 (20 ng/ml) also significantly enhanced IL-6 

production. The effects of Ang-1 and Ang-2 on TNF-induced IL-6 production were selective, 

Figure 3. Macrophage Tie2 stimulation activates intracellular signalling pathways and enhances 
tumour necrosis factor (TNF) induced interleukin 6 (IL-6) production. (A) Immunoblot analyses of 
cellular lysates obtained from macrophages stimulated for the indicated times (min) with Ang-1 (left 
panels) or Ang-2 (right panels) for expression and phosphorylation (p) of the indicated signalling 
proteins. All data shown are from independent immunoblots performed on macrophage lysates 
obtained from a single donor and are representative of three individual experiments. (B) IL-6 production 
in macrophage tissue culture supernatants (n=6) was determined 24 h after stimulation with Ang-
1 or Ang-2 (0–200 ng) in the absence or presence of TNF (10 ng/ml) or lipopolysaccharide (LPS) (1 
µg/ml) as determined by ELISA, or (C) macrophages stimulated in the presence of 200 ng/ml Ang-1 
(upper panel) or Ang-2 (lower panel) in the presence of increasing concentrations of TNF (n=6). (D) IL-6 
production in macrophage tissue culture supernatants (n=4) following stimulation with Ang-1 (200 ng/
ml) and TNF (1 ng/ml) in the absence or presence of 1 h pre-incubation with inhibitors of NF-κB (BAY 
11-7082), PKB (Akt inhibitor VIII), JNK (JNK inhibitor II), p38 (SB23580) or MEK (U0126). Bars represent 
means and SEM of independent experiments. Data is presented as the mean and SEM compared 
with macrophages treated with TNF and Ang-1 alone, normalised to 100%. *p<0.05, **p<0.01 versus 
macrophages cultured in the absence of Ang-1 or Ang-2 (C) or pharmacological inhibitors (D).
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as both failed to influence LPS-induced IL-6 production. When lower concentrations 

of TNF were used, Ang-1 synergistically enhanced IL-6 production (p<0.01), while only a 

trend towards enhanced IL-6 production was observed with Ang-2 (figure 3C). Ang-1 co-

stimulation with 1 ng/ml TNF created a biological window in which to identify specific Tie2 

signalling pathways contributing to IL-6 production. Pre-incubation of macrophages with 

pharmacological inhibitors of NF-κB (BAY 11-7082) and MEK/ERK (U0126) but not PKB, JNK 

or p38 (SB23580) significantly reduced the capacity of Ang-1 to enhance IL-6 production 

(figure 3D). Under these experimental conditions, Ang-1 and TNF cooperatively enhanced 

macrophage NF-κB, ERK and PKB activation (supplemental figure 1).

Ang-1 and Ang-2 differentially regulate macrophage angiogenic factor 
expression
Supernatants from experiments shown in figure 3 were pooled and screened using a 

proteomic array detecting defined secreted angiogenic factors (data not shown). In 

independent validation ELISA experiments, MIP-1α and IL-8 were not directly induced by 

stimulation with Ang-1 or Ang-2 alone (figure 4A). However, both Ang-1 and Ang-2 cooperated 

with TNF to stimulate MIP-1α production (p<0.01). Ang-1 (p<0.01) and Ang-2 (p<0.05) also 

synergised with lipopolysaccharide (LPS) to induce MIP-1α production. By contrast, IL-8 

production in response to TNF or LPS was unaffected by Tie2 signalling. Constitutive matrix 

metalloproteinase (MMP)-1 (data not shown), MMP-9 and TIMP-1 production (figure 4B) 

were unchanged following TNF or LPS stimulation, alone or in combination with Ang-1 or Ang-

2, as was secretion of TSP-1 (figure 4C). However, Ang-2 selectively suppressed spontaneous 

TSP-2 production, and TNF- and LPS-induced TSP-2 production (p<0.05). Together, these 

results indicate that macrophage Tie2 signalling, particularly following engagement by Ang-

2, can promote a pro-inflammatory environment by enhancing cytokine and chemokine 

production while suppressing constitutive production of TSP-2, a natural inhibitor of MMPs 

and tissue retention of inflammatory cells.

Neutralisation of Ang-2 is protective in murine CIA
To determine the therapeutic potential of blocking Ang-2 function in inflammatory arthritis, 

we evaluated a neutralising, high affinity, fully humanised anti-Ang-2 antibody, 3.19.3, which 

prevents human and murine Ang-2 signalling to Tie2 in the murine CIA model of RA [39]. 

Treatment of mice was initiated 24 h after the clinical onset of arthritis by administration 

of saline, increasing dosages of 3.19.3, isotype-matched control antibody (10 mg/kg), or 

prednisolone. Mice treated with isotype-matched control antibody and saline showed no 

significant differences in disease severity throughout the course of the experiment (figure 

PS Calibri Carmen_FIN_Maandag.indd   110 30-10-12   10:06



111

Angiopoietin-2 promotes inflammatory activation of human macrophages

  6

5A). However, clear clinical improvements were observed in mice treated with 1.0 and 10 

mg/kg 3.19.3 and prednisolone. Analyses of the area under the curve (AUC) for clinical 

scores for the course of the experiment demonstrated significant suppression of disease 

severity in mice treated with 1 (53±7% suppression, p<0.05), 10 mg/kg (44±9% suppression, 

Figure 4. Macrophage Tie2 stimulation regulates production of angiogenic factors. Analyses of (A) 
MIP-1α and IL-8, (B) matrix metalloproteinase (MMP)-9 and TIMP-1, and (C), and TSP-1 and TSP-2 
production in tissue culture supernatants of granulocyte macrophage colony-stimulating factor 
(GM-CSF)-differentiated macrophages after 24 h incubation in medium alone, TNFα (10 ng/ml) or 
lipopolysaccharide (LPS) (1 µg/ml) in the absence (white bars) or presence of Ang-1 (200 ng/ml, 
gray bars) or Ang-2 (200 ng/ml, black bars). Bars represent the means and SEM of 6 independent 
experiments. *p<0.05, **p<0.01 versus cells not exposed to Ang-1 or Ang-2.
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Figure 5. Ang-2 neutralisation prevents pathology in collagen-induced arthritis. (A) Daily global 
arthritic scores of mice treated every three days intraperitoneally with control phosphate buffered 
saline vehicle (☐), 10 (•), 1 (▲), or 0.1 mg/kg Ab 3.19.3 (■), 10 mg/kg isotype control IgG (Δ), or daily 
by oral administration of prednisolone (°) following initiation of arthritis. (B) Representative images 
of joint pathology in indicated treatment group visualised by H&E staining. Representative areas of 
synovial cellular infiltration (dotted line), cartilage erosion (black arrowhead) and osteolysis (open 
arrow) are noted. (C) Global histopathology scores of mice in each treatment group. Data are mean 
± SEM for each group (n=10 animals per group). Statistical analysis was performed using one-way 
ANOVA with Dunnetts post-test for isotype control versus 3.19.3 and prednisolone treatment groups. 
***p<0.001.
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p<0.05) and prednisolone (78±7% suppression, p<0.05).

Histological analyses of the hind paws of mice were performed to gain insight into the 

cellular mechanism(s) by which Ang-2 blockade protected against arthritis. H&E staining of 

joints revealed that 3.19.3 reduced multiple histopathological parameters of disease in the 

CIA model, including synovial infiltration and cartilage erosion (figure 5B). Semiquantitative 

analyses demonstrated that 3.19.3 administration conferred improvements in synovitis, 

synovial hyperplasia, synovial fibrosis, pannus formation (periosteal infiltration) and 

periostitis (supplemental figure 2). Using a global combined histological score, an inhibition 

Figure 6. Ang-2 neutralisation during collagen-induced arthritis inhibits synovial neo-vascularisation 
and lymphangiogenesis. (A) Representative images of microvessel density from mice treated 
with isotype control antibody and the indicated dosages of 3.19.3 Ab as in figure 5, visualised by 
immunohistochemical staining with anti-CD31 antibody. (B) Quantification of the number of CD31-
positive cells per mm2 in synovial tissue of mice treated with isotype control Ab, increasing dosages of 
3.19.3 Ab, and prednisolone. (C) Quantification of the number of LYVE-1-positive microvessels per ×400 
magnification field in synovial tissue of mice from indicated treatment groups. (D) Semiquantitative 
analysis of macrophage cellularity of synovial tissue of mice in indicated treatment groups. ND, not 
detectable. (B) Data for individual mice are shown and horizontal bars represent the mean. (C and 
D) Data are mean ± SEM for each group (n=10 animals per group). Statistical analysis was performed 
using one-way analysis of variance with Dunnetts post-test for isotype control versus antibody and 
prednisolone-treated groups. ***p<0.001.
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of arthritic pathology was observed which mirrored improvements in clinical scores (figure 

5C).

Tissues were stained with anti-CD31 Abs to visualise the presence of newly formed blood 

vessels (figure 6A). At dosages of 1 and 10 mg/kg, 3.19.3 reduced microvessel density by 

approximately 50% (p<0.005) (figure 6B). Joint sections were also assessed for lymphatic 

microvessel density by immunohistochemical staining with anti-LYVE-1 Ab followed by 

counting of microvessel LYVE-1 aggregates. Compared with isotype control antibody, 3.19.3 

significantly reduced lymphatic microvessel density by >80% at all dosages tested (p<0.005) 

(figure 6C). A significant reduction in macrophage cellularity was observed at 1 and 10 mg/

kg 3.19.3, although no inhibition was observed at either 0.1 mg/kg 3.19.3 or 10 mg/kg 

isotype control antibody (figure 6D).

DISCUSSION
In this study, we demonstrate that Tie2 is functionally expressed on activated pro-

inflammatory macrophages, and identify synovial macrophages as primary targets of Tie2 

signalling in RA. Ang-2, alone, or in combination with TNF, can contribute to the inflammatory 

activation of macrophages, and as demonstrated by in vivo neutralisation experiments, 

Ang-2 is required for pathology in murine CIA. Our observation that Tie2 activation in RA 

synovial tissue is largely restricted to infiltrating macrophages is striking, as it necessitates 

reassessment of the interplay between angiogenic factors, innate immunity and pathology 

in chronic inflammatory disease. Consistent with previous studies, we observed that Tie2 

was expressed by ECs, FLS and macrophages in RA synovial tissue [27]. However, ECs and 

FLS expressing p-Tie2 were only rarely detected. By contrast, p-Tie2 was observed in the 

majority of RA synovial macrophages. Preferential activation of macrophages may arise 

from differential proximity of this cell population to other synovial cells producing Ang-1 and 

Ang-2, which requires further experimental consideration, other cell populations in synovial 

tissue may express relatively higher levels of inhibitory Tie1, or macrophages might differ 

from other synovial cell populations in their sensitivity or exposure to soluble inhibitory Tie1 

splice variants in vivo [40].

Direct and critical integration of angiogenic signalling with innate immune response 

components has recently been identified in tumour biology [9,10]. Here, recruitment of 

TEMs, suggested to represent a distinct myeloid lineage commitment, is necessary for the 

establishment and growth of murine and human solid tumours [11,41]. Prominent secreted 

gene products expressed by TEMs include cathepsin B, MMP-9 and IL-10, and expression 

of these factors, important for angiogenesis and immune regulation, is reinforced by Ang-2 

stimulation [12]. Our studies demonstrate that Tie2 expression on differentiated human 
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macrophages can also contribute to pro-inflammatory activation of these cells via induction 

of IL-6 production, which pleiotropically supports cellular activation and survival in RA. 

Macrophage Tie2 stimulation also enhances production of MIP-1α, a chemokine expressed 

at high levels in the RA synovium and shown to play an essential inflammatory role in animal 

models of RA [42]. Ang-1 or Ang-2 stimulation alone was unable to generate macrophage 

IL-6 or MIP-1α expression, but instead synergised with TNF (and in the case of MIP-1α, also 

LPS) to support gene expression, a co-stimulatory property strikingly similar to the combined 

effects of Tie2 ligation and TNF stimulation during EC activation [8]. This is reinforced by our 

observation that Ang-1, and to a lesser extent Ang-2, can increase IL-6 production in the 

presence of low concentrations of TNF.

Lastly, we observe a specific role for Ang-2 in dampening both constitutive and agonist-

induced macrophage TSP-2 production. TSP-2 broadly orchestrates angiogenic remodelling, 

via the promotion of EC apoptosis, interference with integrin ligand binding, and inhibition 

of MMPs [43]. In mice lacking TSP-2, defects are observed in extracellular matrix remodelling 

during angiogenesis, associated with increased MMP-9 deposition and gelatinase activity 

[44]. Overexpression of TSP-2 inhibits vascularisation, inflammation and lymphocyte 

accumulation in the human RA-severe combined immunodeficiency model of RA [45]. The 

ability of Ang-2 to stimulate macrophage chemokine production, while simultaneously 

suppressing TSP-2 output, may promote inflammatory leucocyte recruitment and retention, 

and facilitate MMP-driven tissue destruction in RA.

Gene therapy strategies delivering local expression of soluble Tie2 inhibit both angiogenesis 

and pathology in CIA [24,25]. Using 3.19.3, a neutralising Ang-2 antibody, we demonstrate 

a specific and critically important pro-inflammatory role for Ang-2 in disease progression of 

established clinical arthritis in murine CIA. Ang-2 neutralisation blocked not only new vessel 

formation, but also reduced the number of inflammatory cells infiltrating arthritic joints, 

both of which are processes pivotal to the development of arthritis [1,46]. The clinical, 

histological and radiological protection provided by Ang-2 blockade closely recapitulates 

effects observed following adenoviral delivery of soluble Tie2 receptor during murine CIA 

[25]. That synovial macrophages are primary targets of Ang signalling in RA is noteworthy 

from the perspective of therapeutic application. Synovial macrophage numbers and 

cytokine production are tightly associated with disease activity, and decreases in synovial 

sublining CD68+ macrophages precede and predict effective clinical responses to therapy 

[47,48]. Therefore, therapies specifically targeting macrophage retention and activation in 

the synovium are thought to be of future clinical benefit [46]. The capacity of Ang-2 to 

support both these features, and recent findings that serum levels of Ang-2 are associated 

with inflammation and disease activity in recent onset RA, warrants further assessment of 
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the unique contributions of macrophage Tie2 signalling to RA, and comparative analysis of 

Ang-1 blockade in inflammatory arthritis [17,27,29,31].
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Supplemental figures

Supplemental Figure 1. Ang-1 
cooperates with TNF to activate 
intracellular signaling pathways 
in macrophages. Immunoblot 
analyses of cellular lysates obtained 
from macrophages stimulated 
for the indicated times (min) 
with medium alone, or TNF alone 
or in combination with Ang-1 
(200 ng/ml) for expression and 
phosphorylation (p) of the indicated 
signaling proteins. All data shown 
are from independent immunoblots 
performed on macrophage lysates 
obtained from a single donor and 
are representative of 3 individual 
experiments.

Supplemental Figure 2. Individual 
histopathological parameters of 
disease activity during CIA in each 
treatment group. Semi-quantitative 
scores for each parameter were 
established based on criteria 
detailed in Materials and Methods. 
Data are mean ± SEM for each group 
(n = 10 animals per group).
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ABSTRACT 

Objective: Spondyloarthritis (SpA) synovitis is characterized by altered macrophage 

phenotype and cytokine production. In experimental settings, misfolding of HLA-B27 in the 

endoplasmic reticulum (ER) can induce an unfolded protein response (UPR) and increase 

pro-inflammatory cytokine production. Therefore, we investigated the role of ER stress in 

macrophage polarization and cytokine production in HLA-B27+ human SpA.

Methods: Peripheral blood-derived macrophages (PBDMs) from healthy donors (HD) 

were stimulated with thapsigargin (TG), polarized by IFN-γ (MΦIFN-γ) or IL-10 (MΦIL-10), and 

phenotyped by flow cytometry. Polarized PBDMs from HD, HLA-B27- and HLA-B27+ SpA 

patients, and rheumatoid arthritis (RA) patients were stimulated with TG and/or LPS. ER 

stress markers (BiP, CHOP, ERdj4) and cytokines (IL-23, IL-12, TNF, IL-10) were measured by 

qRT-PCR and/or Luminex.

Results: ER stress induced by TG in vitro impaired macrophage polarization towards a 

MΦIL-10 phenotype. TG also impaired the LPS-induced production of TNF (p < 0.05) and to a 

lesser extent IL-23, IL-12 and IL-10 by MΦIFN-γ but strongly increased the TNF production by 

MΦIL-10 (p < 0.01). Polarized PBDMs of HLA-B27+ SpA did not show elevated expression of ER 

stress markers. Ex vivo LPS stimulated MΦIFN-γ from HLA-B27+ SpA patients tended to express 

more IL-23p19 versus IL-10 than MΦIFN-γ from HLA-B27- SpA (p = 0.09) and RA patients (p 

= 0.07). MΦIL-10 expressed less IL-10 in HLA-B27+ versus HLA-B27- SpA patients upon LPS 

stimulation (p < 0.05). 

Conclusion: These data question the relevance of HLA-B27-induced ER stress for the 

cytokine production of polarized macrophages in SpA, since the in vitro TG data do not 

correspond with ER stress marker and cytokine profiles of HLA-B27+ SpA PBDMs. The latter 

are mainly characterized by decreased IL-10 expression. 
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INTRODUCTION
Spondyloarthritis (SpA) displays a strong familial aggregation, which is related to the genetic 

background of the disease [1]. Among these genes, HLA-B27 is responsible for approximately 

40% of the inherited risk of developing ankylosing spondylitis (AS), which is the prototype of 

SpA, and plays also a dominant role in the other SpA subtypes [2,3]. Originally, HLA-B27 has 

been proposed to contribute to the disease pathogenesis by presenting bacterial antigens 

and/or cross-reactive autoantigens to CD8+ T lymphocytes [4]. However, depletion of CD8+ 

cells did not prevent disease in the HLA-B27/ human β2m (B27/hβ2m) transgenic rat model 

of SpA [5,6]. More generally, the absence of common autoimmune genetic risk factors, 

female predominance, autoantibodies, and response to T or B cell targeted therapies 

questioned the role of autoimmune lymphocytes in the pathogenesis of the disease [7]. 

Several lines of evidence indicate a prominent role of innate immune cells rather than 

lymphocytes in SpA [1,7–9]. Among these, immunopathological analysis indicated an altered 

macrophage polarization and cytokine production in SpA synovitis [10–13]. This concept was 

supported by the shifted TNF/IL-10 balance in innate immune cells from HLA-B27 transgenic 

rats [14], as well as by the reverse IFN-γ signature [15] and increased LPS-induced IL-23 

production by human AS monocyte-derived macrophages [16]. 

Several mechanisms, including changes in TLR expression [14,17], may contribute to the 

altered macrophage function in SpA. Of particular interest is the role of HLA-B27 in this 

process, since this molecule has a tendency to misfold in the endoplasmic reticulum (ER) 

and thereby generate ER stress [18,19]. ER stress can inhibit protein translation, upregulate 

ER chaperone molecules such as BiP and ERdj4, and activate transcription factors like CHOP. 

In combination with TLR stimuli, chemical induction of this so-called unfolded protein 

response (UPR) leads to a specific increase in IL-23 production by both rat bone marrow-

derived macrophages (BMDMs) [20] and human monocyte-derived dendritic cells (DCs) 

[21]. Furthermore, an UPR as a result of HLA-B27 overexpression was shown in the B27/

hβ2m rats [22,23] and was characterized by a predominant increase in IL-23 production and 

Th17 activation [20]. Taken together, these data suggest that HLA-B27-induced UPR may 

contribute to the altered macrophage polarization and function in SpA. 

In contrast with these experiments using either strong chemical induction of ER stress or 

non-physiological HLA-B27 overexpression, however, the recent study by Zeng at al could not 

correlate the altered LPS-induced cytokine production of AS macrophages with significant 

induction of UPR [16]. Therefore, this study aimed to investigate in more detail whether 

the link between UPR and altered macrophage function, which has been well established 

in experimental setting, could also explain the aberrant macrophage polarization and 

cytokine production in HLA-B27+ SpA. Since our previous work suggested an IL-10 polarized 
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macrophage (MΦIL-10) signature (alternative macrophage activation) in SpA versus an IFN-γ 

polarized (MΦIFN-γ) signature (classical macrophage activation) in rheumatoid arthritis (RA) 

[10–13], we studied the effects of ER stress in these two macrophage subsets. 

MATERIALS AND METHODS
Patients 
Peripheral blood samples were obtained from 6 healthy controls (HCs), 17 SpA and 9 RA 

patients. SpA and RA patients fulfilled the criteria of the European Spondyloarthropathy 

Study Group (ESSG) [24] and the ACR classification criteria for RA [25], respectively. The 

demographic and clinical data of the patients are shown in Table 1. All patients had active 

disease as defined by at least one swollen joint and/or inflammatory back pain and none 

of the patients was treated with biologicals. All patients gave written informed consent to 

participate to the study, as approved by the Medical Ethics Committee of the Academic 

Medical Centre/University of Amsterdam. 

Table 1. Demographic and clinical features of healthy donors, spondyloarthritis (SpA) and rheumatoid 
arthritis (RA) patients. Unless indicated otherwise, data are represented as mean (standard deviation). 
NA = not applicable. CRP = C-reactive protein. ESR = erythrocyte sedimentation rate. BASDAI = Bath 
Ankylsoing Spondylitis Disease Activity Index. DMARD = Disease Modifying Anti-Rheumatic Drugs.

Monocyte isolation and in vitro polarization and stimulation
Monocytes were isolated from peripheral blood by gradient centrifugation as previously 

described [26]. For the analysis of cell phenotype, we stimulated freshly isolated monocytes 

with TG 0,01 uM for 1 h, followed by washing of the medium and 4 days polarization in the 

presence of human recombinant IFN-γ (50 ng/ml; R&D Systems, Abingdon, UK) or IL-10 

(50 ng/ml; R&D Systems). In the experiments investigating the effect of TG on the ER stress 

marker and cytokine expression, we first generated MΦIFN-γ and MΦIL-10 and subsequently 

stimulated them with TG 0,01 uM for 2 h, in the presence or absence of LPS 500 ng/ml or 10 

ng/ml for an additional 4 h. 

HD
(n=6)

SpA
(n=17)

RA
(n=9)

Number of men/women 2/4 11/6 3/6
Age (years) 31 (2) 47 (15) 52 (15)
Disease duration (years) NA 8 (11) 7 (6)
Swollen joint count NA 1,5 (2,6) 4,3 (2,8)
CRP, mg/L - 11 (18) 7 (9)
ESR, mm/hour - 12 (13) 19 (16)
HLA-B27 positivity, % 0 53 0
BASDAI NA 4,8 (1,9) NA
DMARDs, % 0 29 100
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Flow cytometry
Cell viability after TG/LPS stimulation was measured by flow cytometry (BD FACS Calibur 

Flow Cytometer, Erembodegem, Belgium) using TO-PRO®-3 stain (Invitrogen, Bleiswijk, 

The Netherlands) and was circa 90%. Phenotypic marker expression on in vitro polarized 

macrophages was measured using fluorochrome-labeled monoclonal antibodies against 

CD32 (clone AT10, abcam, Cambridge, UK), CD64 (clone 10.1, BioLegend, Uithoorn, The 

Netherlands), CD80 (clone L307.4, BD Pharmingen, Breda, The Netherlands) and CD163 

(clone GHI/61, BD Pharmingen), as previously described [26]. Values were expressed as the 

ratio of the geometric mean fluorescence intensity (gMFI) of the marker of interest over the 

gMFI of the isotype control. 

Quantitative real-time PCR
Total RNA isolation from in vitro polarized macrophages and RNA concentration 

measurement was done as previously described [27]. The primer sequences are shown in 

Table 2. The mRNA expression levels were normalized to those of the human housekeeping 

gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Oligonucleotide primers were 

designed using the online tool for Real-time PCR (TaqMan) Primer Design (Genscript) (IL-10, 

IL-12, IL-23 and TNF) and the online tool qPrimerDepot of the National Institutes of Health 

(NIH) (BiP, CHOP and ERdj4) and obtained from Invitrogen.

Multiplex immunoassay
Supernatants from the TG and/or LPS stimulated MΦIFN-γ and MΦIL-10 were collected and 

analyzed using a multiplex immunoassay as previously described [28].

Table 2. qPCR primer sequences for BiP, CHOP, ERdj4, IL-10, IL-12p35, IL-12/-23p40, IL-23p19 and 
TNF. 

Forward Reverse
BiP CATCACGCCGTCCTATGTCG CGTCAAAGACCGTGTTCTCG
CHOP AGCCAAAATCAGAGCTGGAA       TGGATCAGTCTGGAAAAGCA
ERdj4 AATGCAGATTGCAAAGATGAAA CAGCTCTGTGGAGGAGCAG  
IL-10 GATGCCTTCAGCAGAGTGAA CCCAGGTAACCCTTAAAGTCC
IL-12p35 ACCAGGTGGAGTTCAAGACC TGGCACAGTCTCACTGTTGA
IL-12/-23p40 AAGGAGGCGAGGTTCTAAGC TGGGTTCTTTCTGGTCCTTT
IL-23p19 TTCTCTGCTCCCTGATAGCC CCTCAGGCTGCAGGAGTT
TNF CCCATGTTGTAGCAAACCCT TGAGGTACAGGCCCTCTGAT
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Statistics
Statistical analysis was performed using Prism software (GraphPad, La Jolla, CA). Data 

were expressed as mean ± SEM, or median ± interquartile range. Paired t test (for the 

TG experiments) and Mann-Whitney test (for the experiments with PBDMs from HD and 

patients) were used for comparisons between 2 groups. One-way Anova followed by 

Bonferroni posttest (for the TG experiments) and Kruskal-Wallis followed by Dunn’s posttest 

(for the experiments with PBDMs from HD and patients) were used for comparisons between 

more than 2 groups. A P value of less than 0.05 was considered to be statistically significant.

RESULTS
TG-induced ER stress does not selectively promote polarization towards MΦIL-10

Previous immunopathological studies suggested that SpA is characterized by a MΦIL-10 

signature compared to the MΦIFN-γ signature in RA [10,11,13,15]. To assess whether ER 

stress promotes MΦIL-10 polarization, we stimulated HD peripheral blood monocytes with 

TG before polarizing them with IFN-γ or IL-10 and subsequently measured the expression 

of polarization markers CD80 and CD64 for MΦIFN-γ and CD163 and CD32 for MΦIL-10 [26]. TG 

alone did not upregulate any of the polarization markers (data not shown). IFN-γ induced 

up-regulation of CD80 independently of exposure to TG (Figure 1A) but failed to upregulate 

CD64 after exposure to TG (p < 0.05 in comparison with cells without TG) (Figure 1B). As 

to IL-10 polarization, pre-incubation with TG prevented the up-regulation of both MΦIL-10 

markers CD163 and CD32 (p < 0.05 in comparison with cells without TG) (Figure 1C and D). 

These results indicate that TG-induced ER stress does not selectively promote but, on the 

contrary, impairs MΦIL-10 polarization as assessed by phenotypical markers.

TG impairs LPS-induced cytokine production by MΦIFN-γ

TG-induced ER stress was reported to strongly induce IL-23 transcription and induction in 

M-CSF differentiated bone marrow-derived rat macrophages and human monocyte-derived 

DCs [20,21]. As MΦIFN-γ are the major producers of pro-inflammatory cytokines upon TLR 

ligation in comparison with other macrophage subsets in humans [27], we first assessed 

whether TG also augmented IL-23 production in this human macrophage subset. Analysis of 

cytokines secreted in the supernatant indicated that TG alone did not affect IL-23, IL-12, TNF 

and IL-10 secretion (Figure 2A-D). As expected, LPS stimulation significantly upregulated all 

investigated cytokines (p < 0.001 for TNF, p < 0.01 for IL-23 and IL-12, p < 0.05 for IL-10) (Figure 

2A-D). The combination of TG and LPS, however, decreased the LPS-induced production of 

TNF (p < 0.05) and to a lesser extent IL-23, IL-12 and IL-10 in comparison to LPS alone (Figure 

2A-D). We performed 3 additional sets of experiments to confirm these data. Firstly, we 
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Figure 1. Expression of MΦIFN-γ and MΦIL-10 phenotypic markers after TG stimulation. Monocytes from 
peripheral blood of healthy donors were stimulated with TG for 1h, followed by polarization in the 
presence of IFN-γ or IL-10. The membrane expression of MΦIFN-γ markers CD80 (A) and CD64 (B) and 
MΦIL-10 markers CD163 (C) and CD32 (D) in the presence (black bars) or absence of TG (white bars) was 
measured by flow cytometry. Bars represent the mean (SEM) of 4 HDs. *p < 0.05

Figure 2. Cytokine protein and mRNA expression by MΦIFN-γ after stimulation with TG and/or LPS. 
Graphs represent IL-23, IL-12, TNF and IL-10 production after stimulation with TG and/or LPS 500 ng/
ml, measured by Luminex (A-D) and IL-23p19, IL-12p35, TNF, IL-10 and IL-12/-23p40 mRNA expression 
after stimulation with LPS ± TG, measured by qRT-PCR and normalized to the expression of the human 
housekeeping gene GAPDH (E-I). mRNA levels are expressed as fold increase induced by LPS ± TG 
compared to no stimulus. Bars represent the mean (SEM) of 6 HDs. *p < 0.05, **p < 0.01, ***p < 0.001
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confirmed that TG did genuinely induce ER stress in our experiments by demonstrating an 

upregulation of BiP (2-fold), CHOP (7-fold) and ERdj4 (7-fold) in TG-exposed versus resting 

MΦIFN-γ (data not shown). Secondly, we repeated these experiments with lower doses of LPS 

(10 ng/ml instead of 500 ng/ml) and obtained similar findings (data not shown). Thirdly, 

we assessed the cytokine expression by qPCR in order to exclude that a toxic effect of TG 

on macrophages may cause the lower cytokine secretion in LPS+TG versus LPS stimulated 

MΦIFN-γ. Also at mRNA level, TG alone failed to upregulate any of the investigated cytokines 

(data not shown). In contrast, LPS strongly upregulated the transcription of all cytokines but 

this was again tempered by addition of TG, with a trend towards statistical significance for 

IL-23p19 (p = 0.07) and TNF (p = 0.08) (Figure 2E-I). Taken together, these data indicate that 

TG-induced ER stress does not augment but, on the contrary, tends to impair the production 

of TNF, IL-23 and other cytokines by human MΦIFN-γ. 

TG potentiates LPS-induced TNF production by MΦIL-10

We next performed similar assays using MΦIL-10 as, despite being poor cytokine producers 

in vitro [27], the presence of MΦIL-10-like cells strongly correlates with disease activity in 

vivo in SpA [29,30]. In contrast to MΦIFN-γ, MΦIL-10 secreted very low amounts of IL-23, IL-12, 

TNF and IL-10 in resting conditions as well as upon LPS stimulation (both 500 and 10 ng/ml) 

(data not shown). TG alone had no influence on the cytokine secretion (data not shown). 

Combination of TG with LPS, however, strongly upregulated the production of TNF (p < 0.01) 

but not of other studied cytokines in comparison to LPS stimulation alone (Figure 3A). The 

TNF levels in TG+LPS stimulated MΦIL-10 (9.7 ± 2.2 ng/ml) were even comparable to those 

produced by TG+LPS stimulated MΦIFN-γ (10.7 ± 2.8 ng/ml). In the same manner as in the 

experiments with MΦIFN-γ, we confirmed these data by a) demonstrating that TG induced 

the UPR-related gene BiP in MΦIL-10 (data not shown), b) obtaining similar results with lower 

doses of LPS (10 ng/ml) (Figure 3B) and c) showing a similar albeit not statistically significant 

trend at the transcript level (Figure 3C). These data indicate that TG-induced ER stress has a 

differential effect on cytokine production by MΦIFN-γ and MΦIL-10 and, in particular, strongly 

potentiates TNF secretion by MΦIL-10. 

ER stress markers are not increased in peripheral blood-derived 
macrophages from HLA-B27+ SpA patients
All previous experiments were performed with TG-induced ER stress in macrophages from 

HD. We next investigated if a similar mechanism may be operative in SpA macrophages 

under influence of HLA-B27 misfolding. We first assessed whether we could detect an 

increased expression of ER stress-induced genes in PBDMs from HLA-B27+ SpA patients in 
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Figure 3. TNF protein and mRNA expression by MΦIL-10 after stimulation LPS ± TG. Graphs represent 
TNF production after stimulation with LPS 500 ng/ml (A) or 10 ng/ml (B), measured by Luminex and TNF 
mRNA expression measured by qRT-PCR and normalized to the expression of the human housekeeping 
gene GAPDH (C). mRNA levels are expressed as fold increase induced by LPS ± TG compared to no 
stimulus. Bars represent the mean (SEM) of 6 HDs. **p < 0.01

Figure 4. Expression of IL-23p19 and IL-10 by LPS-stimulated MΦIFN-γ derived from peripheral blood 
of HD, SpA and RA patients. Graphs represent mRNA expression of IL-23p19 (A) and IL-10 (B) by 
MΦIFN-γ from HD, SpA and RA patients, mRNA expression of IL-23p19 (C) and IL-10 (D) by MΦIFN-γ from 
HLA-B27- versus HLA-B27+ SpA patients and IL-23p19/ IL-10 ratio in HD, HLA-B27- and HLA-B27+ SpA 
and RA patients (E). mRNA levels were measured by qRT-PCR, normalized to the expression of the 
human housekeeping gene GAPDH and expressed as fold increase induced by LPS compared to no 
stimulus. Bars represent the median (interquartile range) of the donors depicted in Table 1.
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comparison with HD, HLA-B27- SpA and RA patients. MΦIFN-γ and MΦIL-10 from HD, SpA and 

RA patients expressed similar BiP mRNA levels, both in the absence and in the presence of 

LPS stimulation (data not shown). There was also no difference in BiP expression between 

HLA-B27+ and HLA-B27- SpA (data not shown). Since IFN-γ is known to up-regulate the 

expression of HLA-B27, thus increasing the risk for ER stress, we additionally measured the 

mRNA levels of CHOP and ERdj4 in LPS-stimulated MΦIFN-γ en again found no differences 

between SpA and RA samples or between HLA-B27+ and HLA-B27- SpA (data not shown). In 

conclusion, ER stress markers were not increased in polarized macrophages from HLA-B27+ 

SpA patients compared to controls, even after LPS stimulation. 

Altered IL-23/IL-10 expression by MΦIFN-γ from HLA-B27+ SpA patients
As the expression of ER stress-induced genes may not be sensitive enough to detect low 

grade UPR, we next measured the expression of cytokines by PBDMs of HLA-B27+ SpA 

patients versus controls to assess whether these cells display the same cytokine patterns as 

observed with TG in vitro. MΦIFN-γ from HD, SpA and RA patients expressed similar levels of 

IL-12p35, IL-12p40, and TNF mRNA upon LPS stimulation (data not shown). Also the levels 

of IL-23p19 and IL-10 were not statistically different (Figure 4A and B) but upon stratification 

of SpA according to HLA-B27 status, HLA-B27+ SpA tended to express more IL-23p19 (Figure 

4C) and less IL-10 (Figure 4D) than HLA-B27- SpA (p = 0.09). Accordingly, the ratio of IL-

23p19 to IL-10 was shifted in HLA-B27+ SpA versus HLA-B27- SpA (8-fold, p = 0.09), RA (9-

fold, p = 0.07) and HC (11-fold, p = 0.43) (Figure 4E). 

Impaired IL-10 expression by MΦIL-10 from HLA-B27+ SpA patients
We performed a similar analysis in LPS-stimulated MΦIL-10 from HD, SpA and RA patients. 

In contrast to MΦIFN-γ, LPS failed to induce IL-23p19 expression in MΦIL-10 (Figure 5A). IL-10 

expression was similar in all diseases (Figure 5B). Stratification of SpA according to HLA-B27 

status showed no differences for IL-23p19 (Figure 5C) but a significant decrease in IL-10 

expression in HLA-B27+ versus HLA-B27- SpA (p < 0.05) (Figure 5D). In contrast with the in 

vitro experiments with TG indicating that ER stress potentiates LPS-induced TNF production 

by MΦIL-10, TNF production by LPS-stimulated MΦIL-10 in HLA-B27+ SpA was similar or even 

slightly lower than in HLA-B27- SpA, RA or HD (data not shown). 

DISCUSSION
In this study, we aimed to assess the potential impact of ER stress on pro-inflammatory 

cytokine production by macrophages in SpA. Experimental studies have indicated that 

HLA-B27 misfolding can lead to ER stress and thereby lead to altered TLR-induced pro-
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upregulation of IL-23 as the genetic association of AS with IL-23R polymorphisms [31–33], the 

development of enthesitis in IL-23 overexpressing mice [34], and the beneficial effects of IL-

12/-23p40 blockade in PsA and Crohn’s disease [35,36] suggest that aberrant IL-23 signalling 

plays a key role in the pathogenesis of SpA [37]. A recent study, however, questioned the 

relevance of ER stress-induced IL-23 production in human AS macrophages as a) not only IL-

23 but also other pro-inflammatory and anti-inflammatory cytokines (including IL-10) were 

upregulated in comparison with healthy controls and b) there was no correlation between 

this altered cytokine production and ER stress [16]. This observation urged us to investigate 

in more detail the impact of ER stress on human macrophages and the relevance of this 

process to human SpA.

A first key finding of the present study is that the effect of ER stress on myeloid cells is 

highly dependent on the exact cell type. Using two different types of macrophages, MΦIFN-γ 

and MΦIL-10, derived from the same healthy controls and processed in parallel we observed 

Figure 5. Expression of IL-23p19 and IL-10 by LPS-stimulated MΦIL-10 derived from peripheral blood 
of HD, SpA and RA patients. Graphs represent mRNA expression of IL-23p19 (A) and IL-10 (B) by MΦIL-

10 from HD, SpA and RA patients and mRNA expression of IL-23p19 (C) and IL-10 (D) by MΦIL-10 from 
HLA-B27- versus HLA-B27+ SpA patients. mRNA levels were measured by qRT-PCR, normalized to the 
expression of the human housekeeping gene GAPDH and expressed as fold increase induced by LPS 
compared to no stimulus. Bars represent the median (interquartile range) of the donors depicted in 
Table 1.*p < 0.01
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marked differential effects of TG-induced ER stress on macrophage cytokine production 

after TLR stimulation. In particular, TG suppressed TNF production by MΦIFN-γ but selectively 

potentiated TNF production by MΦIL-10. These effects in MΦIFN-γ and MΦIL-10 are also clearly 

different from the selective upregulation of IL-23 in human DCs [21]. Taken together, these 

data strengthen the concept that macrophage polarization has an important impact on their 

subsequent functional behaviour, not only as a response to TLR ligation [27], but also to ER 

stress induction and thus plead for careful analysis and description of the exact myeloid cell 

subtype used in different in vitro studies.

The most striking observation of the in vitro assays with TG was the marked enhancement 

of TNF production by MΦIL-10. MΦIL-10 were originally classified as alternatively activated 

macrophages with immunoregulatory properties, as reflected by their steady state production 

of IL-10 [27,38]. MΦIL-10 are also known as deactivated macrophages since, in contrast to 

MΦIFN-γ and MΦIL-4, they fail to produce significant amounts of pro- and anti-inflammatory 

cytokines upon TLR stimulation [27,39]. Our data indicate that this concept is probably not 

correct as, after ER stress induction, they produce similar levels of TNF as MΦIFN-γ upon LPS 

stimulation. Intriguingly, this effect seems to be specific for TNF and is not observed for IL-

23 and IL-12, raising the question of the underlying molecular mechanisms. One hypothesis 

which deserves further research is that ER stress counteracts the immunomodulatory 

effects of IL-10, as suggested by the fact that TG-exposed macrophages failed to upregulate 

phenotypic MΦIL-10 markers. A cross-regulation between ER stress and IL-10 has been 

described previously in intestinal inflammation [40] and would fit with the observation that 

alleviation of HLA-B27-induced ER stress by beta2-microglobulin overexpression allowed 

to dissociate arthritis from colitis (which is very sensitive to IL-10 immunoregulation) in 

HLA-B27 transgenic rats [41].

The key question of the present study was whether these in vitro effects of TG-induced ER 

stress are relevant to the altered cytokine production by macrophages in HLA-B27+ SpA. Our 

ex vivo data with MΦIFN-γ and MΦIL-10 could not completely reproduce the findings of Zeng 

et al in MΦM-CSF [16] as our data indicate a modest but selective increase in IL-23 expression 

in HLA-B27+ SpA MΦIFN-γ rather than a global increase of a broad panel of pro- and anti-

inflammatory cytokines, including IL-23 and IL-10. This discrepancy, however, may relate to 

the previously highlighted functional difference between different polarized macrophage 

subsets used in these studies. More striking than the upregulation of IL-23, however, was 

the selective decrease in IL-10 expression in HLA-B27+ SpA macrophages. This decreased 

IL-10 production was found in both MΦIFN-γ and MΦIL-10 and may thus reflect a more robust 

and general biological phenomenon in SpA. 

Interestingly, the ex vivo cytokine profile alterations of HLA-B27+ SpA macrophages (increase 
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in IL-23 in MΦIFN-γ and decrease in IL-10 in both subsets) did not correspond with the in vitro 

effects of TG-induced ER stress on the same polarized macrophage subsets. In agreement 

with the findings by Zeng et al [16], these data suggest that the altered cytokine production 

by HLA-B27+ SpA macrophages is not primarily related to the presence of ER stress. Again 

in agreement with the findings of Zeng et al, we could not find clear evidence of enhanced 

ER stress in HLA-B27+ SpA macrophages as measured by the expression of BiP, CHOP, and 

ERdj4. These data should be interpreted with caution, however, as we cannot exclude that 

this approach is not sensitive enough to detect discrete levels of HLA-B27-induced ER stress 

and/or that other signals besides HLA-B27 are required to lead to significant ER stress. It 

can also be envisaged that these additional signals are present in specific target tissues but 

not in peripheral blood macrophages of SpA. We previously proposed that several stress-

signals (including but not restricted to HLA-B27 misfolding) might integrate at the level of 

CHOP to regulate pro-inflammatory cytokine production [37]. Further research to test this 

hypothesis should thus include functional analysis of macrophages recovered from inflamed 

joints and/or gut mucosa.

In conclusion, we demonstrate here that ER stress strongly influences the production of 

pro-inflammatory cytokines by specific human polarized macrophage subtypes in vitro and, 

in particular, potentiates the LPS-induced production of TNF by MΦIL-10. We hypothesize 

that ER stress may impair the responsiveness of macrophages to the immunomodulatory 

effects of IL-10. LPS stimulated PBDMs of HLA-B27+ SpA patients, however, do not display 

transcriptional or functional signs of increased ER stress compared to the controls, but 

consistently show impaired IL-10 expression. A combination of ER stress and impaired IL-

10 expression in specific target tissues such as the gut or the joint may thus contribute to 

macrophage-mediated inflammation in SpA. 
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ABSTRACT
Objective: Peripheral spondylarthritis (SpA) is characterized by macrophages that 

express CD163, a marker of alternative activation (M2). The purpose of this study was to 

assess whether this differential infiltration with macrophage subsets was associated with 

a different local inflammatory milieu in SpA as compared with rheumatoid arthritis (RA).

Methods: The effect of SpA and RA synovial fluid (SF) on macrophage polarization was 

tested in vitro on normal peripheral blood monocytes. SF levels of classically activated 

macrophage (M1)–derived and alternatively activated macrophage (M2)–derived mediators 

were analyzed by enzyme-linked immunosorbent assay and multiparameter Luminex bead 

assay in 47 patients with non-psoriatic SpA, 55 with RA and 15 with psoriatic arthritis (PsA). 

Paired synovial biopsy samples were analyzed histologically.

Results: SF from SpA patients promoted preferential expression of the M2 markers CD163 

and CD200R in vitro, even if SF levels of the prototypical M2-polarizing factors (interleukin-4 

[IL-4], IL-13, and IL-10) were not increased as compared with those in RA SF. Despite a 

similar degree of overall joint inflammation in SpA and RA, SpA synovitis displayed strongly 

reduced SF levels of M1-derived, but not M2-derived, mediators, such as tumor necrosis 

factor α (TNFα), IL-1β, IL-12p70 and interferon-γ–inducible protein 10. SF levels of M1-

derived mediators correlated well with peripheral joint inflammation in RA, but neither 

these mediators nor IL-1α and IL-17 did so in SpA. Of interest, the SF cytokine profile in PsA, 

a more destructive subtype of SpA, was similar to that in non-psoriatic SpA.

Conclusion: The local inflammatory milieu is clearly different in SpA as compared with 

RA peripheral arthritis. Synovitis in SpA, including that in PsA, is characterized by a selective 

decrease in M1-derived proinflammatory mediators, such as TNFα and IL-1β.
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INTRODUCTION
Prominent swelling and inflammation of peripheral joints is a hallmark of both rheumatoid 

arthritis (RA) and spondylarthritis (SpA), with a preference for large joints of the lower 

extremities in SpA. A major source of proinflammatory cytokines in the joint are the 

synovial macrophages, a prominent synovial cell population that correlates well with the 

degree of inflammatory disease activity in RA [1]. It has become increasingly clear that 

macrophages are not a homogenous population but one that can be divided into specific, 

although overlapping, subsets according to their polarization requirements, phenotype, 

and function [2,3]. Classically activated macrophages (M1) are the main source of soluble 

proinflammatory cytokines, such as tumor necrosis factor α (TNFα) and interleukin-

1β (IL-1β), whereas alternatively activated macrophages (M2) have been implicated in 

immune regulation, phagocytosis, and tissue remodeling. Of interest, the total number 

of macrophages is similar in RA and SpA synovitis, but the subset expressing the M2 

surface marker, CD163 [4,5], is clearly increased in the latter [6-8]. Moreover, this specific 

macrophage subset, but not the total number of macrophages, is correlated with disease 

activity and reflects response to treatment in SpA [9-11].

These data led to the hypothesis that macrophages expressing the M2 marker CD163 

dominate in SpA synovitis, in contrast to the dominance of M1 macrophages in RA. To 

confirm this hypothesis and to test whether the presence of distinct macrophage subsets 

in both diseases is associated with different local inflammatory milieus, we studied 

macrophage-polarizing factors and M1-derived proinflammatory mediators in the inflamed 

joints of patients with non-psoriatic SpA and psoriatic arthritis (PsA) and compared the 

findings with those in the joints of patients with RA.

PATIENTS AND METHODS
Patients and samples
The study included 55 patients with RA who fulfilled the American College of Rheumatology 

(formerly, the American Rheumatism Association) criteria [12] and 47 patients with SpA who 

fulfilled the European Spondylarthropathy Study Group criteria [13], but excluding patients 

with PsA. Although the SpA patients were primarily selected according to the presence of 

peripheral disease, 32 of the 47 patients had inflammatory back pain and 15 of the 47 

patients clearly had sacroiliitis according to conventional radiographs. A separate cohort of 

15 patients with PsA according to the ClASsification of Psoriatic ARthritis criteria [14] was 

also studied. All patients had active disease with effusion of at least 1 knee joint, which was 

punctured to obtain synovial fluid (SF). The demographic and clinical characteristics are 

given in Table 1. None of the patients was treated with a biologic agent. All patients gave 
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written informed consent before inclusion in the study, and the study was approved by the 

Local Ethics Committee of the Academic Medical Center, University of Amsterdam.

In vitro M2 macrophage polarization

Monocytes from healthy volunteers were isolated from peripheral blood by Ficoll gradient 

centrifugation and plastic adhesion, and subsequently cultured at a concentration of 0.5 × 

106/ml in Iscove’s modified Dulbecco’s medium supplemented with 10% fetal calf serum. 

Purity was >95%, as assessed by CD14 staining. Cells were stimulated with increasing 

concentrations of pooled SF from either 20 RA samples or 20 SpA samples in the presence 

or absence of exogenous recombinant IL-10 (50 ng/ml; R&D Systems) as a prototypical M2-

polarizing factor. After 4 days of culture, the myeloid cells were recovered and analyzed 

by flow cytometry using fluorochrome-labeled monoclonal antibodies against CD163 (BD 

PharMingen, San Jose, CA) and CD200R (Serotec, Oxford, UK). Annexin V staining showed 

20–35% apoptotic cells in the higher SF concentrations, but without differences between 

SpA and RA SF.

All experiments were repeated independently with peripheral blood monocytes from 3 

different healthy donors. Similar experiments were also performed with single, rather than 

pooled, SF samples.

Histologic assessment of the synovial tissue

Synovial tissue samples (n=6-8 per patient) were obtained by needle arthroscopy from the 

inflamed knee joint of 26 SpA and 33 RA patients, as described previously [15]. Paraffin-

embedded tissue sections were stained with hematoxylin and eosin. Global cellular 

Table 1. Demographic and clinical characteristics of the RA, non-psoriatic SpA and PsA patients*
*RA = rheumatoid arthritis; SpA = spondylarthritis; PsA = psoriatic arthritis; CRP = C-reactive protein; 
ESR = erythrocyte sedimentation

RA
(n=55)

SpA
(n=47)

PsA
(n=15)

Age, mean ± SD years 54 ± 14 37 ± 14 42 ± 13
Sex, no. male/female 17/38 28/19 11/4
Disease duration, mean ± SD years 5.2 ± 5.2 4.4 ± 7.6 5.1 ± 6.3
Swollen joint count, mean ± SD 8.8 ± 5.7 2.8 ± 3.3 2.9 ± 3.8
CRP, mean ± SD mg/liter 48 ± 56 47 ± 65 26 ± 27
ESR, mean ± SD mm/hour 46 ± 26 43 ± 29 32 ± 29
No. taking NSAIDs 31/55 32/47 5/15
No. taking corticosteroids 14/55 3/47 1/15
 No. taking DMARDs 34/55 16/47 10/15
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infiltration, vascularity, and synovial lining hyperplasia were assessed by semiquantitative 

scoring (scale of 0-3 for each feature) by 2 independent observers (BV and DB) who were 

blinded to the diagnosis and clinical data, as extensively described and validated previously 

[6-11]. The scores assigned by the 2 observers never differed by >1 point. In cases of 

conflicting scores, the mean of the 2 observers’ scores was used.

SF analysis

The levels of the following cytokines were determined by enzyme-linked immunosorbent 

assay according to the manufacturer’s instructions: IL-1β, IL-1 receptor type II (IL-1RII), IL-6, 

interferon-γ–inducible protein 10 (IP-10), CCL18, TNFα, and transforming growth factor β1 

(TGFβ1) (all from R&D Systems, Abingdon, UK). A multiparameter Luminex bead assay was 

used to assess SF levels of IL-1α, IL-4, IL-10, IL-12p70, IL-13, IL-17, granulocyte–macrophage 

colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF), and 

interferon-γ (IFNγ) as indicated by the manufacturer (Invitrogen, Leek, The Netherlands).

Statistical analysis

Data are expressed as the mean ± SEM and were analyzed with the parametric Student’s t-test. 

Correlations between synovial histologic features and SF cytokine levels were calculated by 

the nonparametric Spearman’s correlation coefficient, since the semiquantitative histologic 

score was not normally distributed. P values less than 0.05 were considered statistically 

significant.

RESULTS
Induction of M2 macrophage markers by SpA SF
We previously reported a selective increase in macrophages expressing the alternative 

activation marker CD163 in the inflamed joints of patients with SpA as compared with 

patients with RA [6-8]. Since this preferential polarization in SpA may be due to local factors 

rather than intrinsic alterations of macrophage differentiation, we first analyzed the effect 

of SF from SpA patients compared with SF from RA patients on the polarization of healthy 

donor peripheral blood monocytes in vitro. Data from a representative experiment are 

shown in Figure 1.

SpA SF consistently induced a dose-dependent up-regulation of the M2 surface marker 

CD163 (Figures 1A and B). Conversely, RA SF abrogated the expression of CD163, even in the 

presence of the M2-polarizing factor IL-10 (Figures 1A and B). These data were confirmed 

by the expression pattern of CD200R, an inhibitory macrophage receptor that is down-

regulated during classic macrophage activation [16,17]. The expression of CD200R was up-
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regulated by SpA SF but suppressed by maturation in the presence of RA SF (Figure 1C). The 

down-regulation of CD200R expression by RA SF could not be rescued by exogenous IL-10 

(Figure 1D).

Since these experiments were performed with pooled SF (n = 20 patients per disease group), 

we performed similar experiments with individual SF samples to exclude the possibility that 

a few outliers among the individual SF samples biased the results obtained with the pool. 

Whereas none of the RA SF samples induced CD163 up-regulation, most, but not all, SpA 

SF samples promoted M2 differentiation (data not shown). Taken together, these data 

demonstrate that, despite interindividual variability, soluble factors differentially present in 

SpA SF as compared with RA SF strongly promote the expression of M2 markers.

We therefore next assessed whether this finding could be explained by higher SF levels of 

the prototypical M2-polarizing factors IL-13, IL-4 and IL-10 [18]. The mean ± SEM SF levels 

of IL-13 were similar in SpA (9.2 ± 2.9 pg/ml) and RA (6.7 ± 1.9 pg/ml), whereas the mean ± 

SEM SF levels of IL-4 (2.4 ± 0.9 pg/ml versus 31.6 ± 15.9 pg/ml; P = 0.092) and IL-10 (2.8 ± 

1.1 pg/ml versus 11.4 ± 2.8 pg/ml; P = 0.006) were even lower in SpA. Alternative activation 

of macrophages can also be inhibited by exposure to M1-polarizing factors, such as IFNγ 

and GM-CSF [18]. However, the mean ± SEM SF levels of GM-CSF were not significantly 

Figure 1. Comparison of the effect of synovial fluid (SF) samples from rheumatoid arthritis (RA) 
and spondylarthritis (SpA) patients on macrophage polarization in vitro. Peripheral blood monocytes 
from healthy donors were cultured for 4 days in the presence of increasing concentrations of SF either 
alone (A and C) or in combination with 50 ng/ml of exogenous recombinant human interleukin-10 
(IL-10) (B and D). Expression (represented as the mean fluorescence intensity) of the surface markers 
of alternatively activated macrophages CD163 (A and B) and CD200R (C and D) was measured by 
flow cytometry. Results are shown for a representative experiment. Similar data were obtained in 
independent experiments.
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different between SpA (9.6 ± 6.0 pg/ml) and RA (13.9 ± 5.9 pg/ml) patients, whereas IFNγ 

was undetectable in almost all SF samples irrespective of the diagnosis. Therefore, either 

low paracrine levels of IFNγ or other as-yet-unidentified soluble factors contribute to 

preferential M2 polarization in SpA synovitis.

Similar levels of local inflammation in RA versus SpA synovitis
In order to investigate whether the differences in macrophage phenotype in SpA were related 

to a distinct inflammatory microenvironment in SpA versus RA peripheral joint inflammation, 

we first ascertained that the global degree of joint inflammation was comparable in both 

groups. Parameters of systemic inflammation, such as the C-reactive protein (CRP) level 

and the erythrocyte sedimentation rate (ESR), were similar in both cohorts (Table 1). More 

importantly, histologic analysis of synovial biopsy samples obtained from the same joint as 

the SF samples showed that the level of synovial infiltration with inflammatory leukocytes 

was similar in both groups (mean ± SEM inflammatory cell infiltration score 1.73 ± 0.19 in 

SpA versus 1.68 ± 0.17 in RA) (Figure 2A). This was confirmed by the fact that the SF levels 

Figure 2. Comparison of the local inflammatory milieu in the inflamed peripheral joint of rheumatoid 
arthritis (RA) patients compared with non-psoriatic spondylarthritis (SpA) patients. A–C, Parameters 
of global inflammation, consisting of the degree of cellular infiltration in synovial tissue as assessed 
histologically (A), the levels of interleukin-6 (IL-6) in synovial fluid (SF) (B) and the levels of granulocyte 
colony-stimulating factor (G-CSF) in SF (C). D–F, SF levels of the classically activated macrophage 
(CAM)–derived factors tumor necrosis factor α (TNFα) (D), IL-1β (E) and interferon-γ–inducible 
protein 10 (IP-10) (F). G–I, SF levels of the alternatively activated macrophage (AAM)–derived factors 
transforming growth factor β1 (TGFβ1) (G), soluble IL-1 receptor type II (sIL-1RII) (H) and CCL18 (I). 
Values are the mean and SEM.
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of IL-6, which have been shown to reliably reflect the local degree of joint inflammation 

[19], were similar in SpA (mean ± SEM 9.7 ± 3.8 ng/ml) and RA (11.7 ± 2.1 ng/ml) patients 

(Figure 2B). Measurement of a prototypical mediator not directly related to macrophage 

polarization, G-CSF, also showed similar levels in SF from SpA (mean ± SEM 415.2 ± 46.6 pg/

ml) and RA (473.4 ± 73.7 pg/ml) patients (Figure 2C). Taken together, these data indicate 

that the degree of local inflammation was similar in the two cohorts.

Low levels of M1-derived, proinflammatory cytokines in SpA synovitis
M1 macrophages secrete large amounts of the key proinflammatory cytokines TNFα and 

IL-1β [20]. Despite the similar degree of global joint inflammation, the SF levels of TNFα 

(mean ± SEM 5.9 ± 1.3 pg/ml versus 19.9 ± 4.4 pg/ml; P = 0.005) (Figure 2D) and IL-1β (mean 

± SEM 3.2 ± 1.0 pg/ml versus 24.1 ± 5.3 pg/ml; P < 0.001) (Figure 2E) were markedly lower 

in SpA than RA. A similar difference was observed for the prototypical M1 cytokine IL-12p70 

in SpA versus RA synovitis (mean ± SEM 5.5 ± 1.7 pg/ml versus 15.2 ± 6.6 pg/ml; P = 0.090) 

[21]. This was not restricted to cytokines, since the IFNγ-driven chemokine IP-10 produced 

by M1 [22] was also lower in SpA (mean ± SEM 7.0 ± 1.6 ng/ml versus 14.9 ± 2.2 ng/ml in 

RA; P = 0.006) (Figure 2F).

Table 2. Correlation between SF levels of inflammatory cytokines produced by classically activated 
macrophages and the degree of local joint inflammation, as reflected by SF IL-6 levels and synovial 
tissue cellular infiltration, in RA and SpA patients*
*SF = synovial fluid; IL-6 = interleukin-6; RA = rheumatoid arthritis; SpA = spondylarthritis; TNFα = 
tumor necrosis factor α; NS = not significant; IP-10 = interferon-γ–inducible protein 10.

RA SpA
SF IL-6 Cellular infiltration SF IL-6 Cellular infiltration

TNFα

r2

P

0.293

0.043

0.523

0.006

-0.084

ns

-0.165

ns
IL-1β

r2

P

0.409

0.003

0.407

0.043

-0.040

ns

0.163

ns
IL-12 p70

r2

P

0.342

0.035

0.420

0.033

-0.085

ns

-0.368

ns

IP-10

r2

P

0.542

p<0.001

0.413

0.050

-0.001

ns

-0.047

ns
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In contrast, there were no significant differences in the levels of mediators produced mainly 

by M2 macrophages, such as TGFβ1 (mean ± SEM 3,500 ± 1,378 pg/ml versus 2,973 ± 823 

pg/ml) (Figure 2G), the soluble decoy IL-1RII (mean ± SEM 9,254 ± 939 pg/ml versus 9,522 ± 

1,210 pg/ml) (Figure 2H), or the chemokine CCL18 (mean ± SEM 232.7 ± 27.0 ng/ml versus 

237.8 ± 27.9 ng/ml) (Figure 2I), between SpA SF and RA SF. These SF cytokine profiles were 

not influenced by age, sex, disease duration, or concurrent medication (data not shown). 

Thus, SpA synovitis was characterized by a selective decrease in proinflammatory mediators 

mainly produced and secreted by M1 macrophages.

Correlation of M1-derived cytokines with the degree of local joint 
inflammation in RA, but not SpA
The absence of high levels of M1-derived cytokines calls into question the degree to which 

these mediators are the primary drivers of local synovial inflammation in peripheral SpA. 

Therefore, we assessed the correlations between SF levels of TNFα, IL-1β, IL-12p70, and IP-

10 and the degree of local synovial inflammation, as reflected by SF IL-6 levels and by the 

degree of infiltration of the synovial membrane by inflammatory leukocytes. As expected, 

there was a significant correlation between all 4 M1-derived mediators and IL-6 levels in 

the SF as well as cellular infiltration in the synovial membrane of samples obtained from 

RA patients (Table 2). In sharp contrast, these correlations were completely lost in samples 

from patients with SpA (Table 2).

Since these data suggest that the synovitis of SpA may be primarily related to other mediators, 

we also measured 2 other inflammatory cytokines that were proposed to be involved in SpA 

based on the findings of large genetic studies. Polymorphisms in the gene encoding IL-1α, 

which is mostly a cell-associated cytokine but can also be found in the extracellular space, 

has been reported to show a strong association with SpA [23,24]. Whereas this cytokine was 

clearly detectable in RA SF, it was almost completely absent from SpA SF (mean ± SEM 0.3 ± 

0.2 pg/ml in SpA versus 67.9 ± 34.1 pg/ml in RA; P < 0.001). Another inflammatory cytokine 

that recently became a focus of new interest in SpA based on the genetic association with 

the IL-23 receptor is IL-17 [25]. SF levels of IL-17 were significantly lower in SpA patients 

(mean ± SEM 5.4 ± 3.6 pg/ml) than in RA patients (37.9 ± 16.4 pg/ml; P = 0.047) and did not 

correlate with either the SF levels of IL-6 or the degree of cellular infiltration of synovial 

tissue. Thus, these data indicate that the degree of peripheral joint inflammation in SpA is 

related neither to M1-derived cytokines nor to IL-1α and IL-17.

Similar findings in PsA and SpA, but not in PsA and RA
Since there was a highly significant difference in M1-derived SF cytokine levels between 
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non-psoriatic SpA patients and RA patients, we next investigated whether these mediators 

would allow us to define specific subgroups within SpA. As indicated above, SF levels of 

TNFα, IL-1β, IL-12p70, and IP-10 correlated with neither the clinical features, such as age, 

sex, disease duration, and use of corticosteroids or disease-modifying antirheumatic drugs 

(data not shown), nor the measures of local disease activity (Table 2). They were also not 

related to systemic disease activity, as assessed by the number of swollen joints, the CRP 

level and the ESR, or to SpA subtypes (ankylosing spondylitis [AS] versus undifferentiated 

SpA, presence or absence of axial disease) (data not shown).

To assess whether PsA is similar to other SpA subtypes in terms of the local inflammatory 

milieu in the peripheral joint, we also analyzed a separate cohort of SF samples from 15 

patients with PsA. Whereas PsA SF again showed levels of IL-6 (13.5 ± 4.3 ng/ml) similar to 

those in SpA and RA SF, the levels of prototypical M1-derived cytokines TNFα, IL-1β, and 

IL-12p70, as well as the levels of other differentially expressed cytokines, such as IL-10, IL-

1α and IL-17, were consistent with those in SpA SF rather than RA SF (Figures 3A–F). Taken 

together, these results indicate that the local inflammatory milieu in the inflamed peripheral 

SpA joint is similar in all clinical subtypes of SpA investigated in this study, including PsA.

Figure 3. Analysis of the local inflammatory milieu in inflamed peripheral joints of patients with 
psoriatic arthritis (PsA) as compared with that in patients with rheumatoid arthritis (RA) and 
patients with non-psoriatic spondylarthritis (SpA). Shown are synovial fluid levels of tumor necrosis 
factor α (TNFα) (A), interleukin-1β (IL-1β) (B), IL-12p70 (C), IL-10 (D), IL-1α (E) and IL-17 (F). Values are 
the mean and SEM.
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DISCUSSION
Despite the progress in targeted anticytokine treatments for SpA, the inflammatory cytokine 

milieu of this disease has not yet been fully characterized [26]. Most studies have focused 

on T helper cytokines, consistently demonstrating an impaired IFNγ signature in SpA T cells 

[27-30]. With regard to macrophage-derived mediators, only a limited number of studies 

have analyzed serum levels of proinflammatory cytokines in SpA, indicating an increase 

in IL-6 and TNFα, but not IL-1β, in SpA patients as compared with healthy controls [31-

33]. Of interest, this profile appeared to be more pronounced in patients with peripheral 

arthritis than in those with pure axial SpA [26]. Based on the fact that IFNγ is an important 

determinant of M1 polarization [2,3,20-22] and on the association of synovial CD163+ M2 

macrophages, but not T lymphocytes, with disease activity in peripheral SpA [9], the present 

study examined in more detail whether the presence of distinct macrophage subsets in 

both diseases is associated with different local inflammatory milieus.

Since our previous histologic findings in SpA synovitis suggested an impaired polarization of 

myeloid cells toward macrophages that express the alternative activation marker CD163 [6-

8], we first aimed to confirm this concept in vitro and to analyze whether this polarization is 

related to local polarizing factors. The main driver of M1 polarization is IFNγ, a Th1 cytokine 

that has been reported to be decreased in SpA synovitis, including HLA–B27+ reactive 

arthritis [27,34]. Consistent with this, macrophages derived from the peripheral blood 

monocytes of AS patients were reported to have an impaired IFNγ signature as compared 

with that in healthy controls, which could be restored in vitro by incubation with IFNγ [35]. 

Macrophages isolated from RA SF were reported to have an opposite profile, with a strong 

IFNγ signature and a broad resistance to the effects of IL-10, one of the major factors for 

M2 polarization [36,37].

Extending these observations, we demonstrated in the present study that in contrast to RA 

SF, SpA SF drives the preferential expression of CD163 and CD200R, markers of M2 versus 

M1 polarization, in vitro. We could not relate this effect to higher levels of prototypical 

M2-polarizing factors, such as IL-10, IL-4 or IL-13, in SpA SF, but it is not impossible that 

this effect is at least partly related to lower levels of the main M1-polarizing factor IFNγ 

in SpA [35]. Even though we could not detect IFNγ levels in SF samples from either RA or 

SpA patients, this cytokine has very potent paracrine effects at low concentrations. The 

effects of exogenous IFNγ on SF-induced macrophage polarization, as well as the intrinsic 

propensity of SpA monocytes to differentiate into a specific macrophage subset, are 

currently under further investigation in order to understand mechanistically why peripheral 

SpA is characterized by CD163+ macrophage infiltration.

Independently of these mechanistic aspects, the main finding of the present study was that 
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soluble M1-derived mediators, such as TNFα, IL-1β, IL-12p70 and IP-10, were 2–5-fold lower 

in SpA synovitis than in RA synovitis, despite similar levels of overall local inflammation. 

These data confirm and extend the observations reported by Cañete et al [27], who found 

similar levels of IL-6, but lower levels of TNFα and IL-1β, in SF samples from 14 SpA patients 

as compared with those from 11 RA patients [27].

An important issue here is that these cytokines and chemokines are not produced exclusively 

by M1, and analysis of SF cannot formally identify the cellular source. However, a number of 

observations support the notion that the observed differences in SF mediators are related 

to impaired M1 polarization rather than to alterations of other cellular subsets. First, these 

data are consistent with the previously reported selective increase in the CD163+ subset 

in patients with SpA synovitis [6-8], as well as with our in vitro polarization experiments. 

Second, there was a selective decrease in M1 products rather than a global impairment of 

macrophage function, since we did not observe differences in M2 products between SpA 

and RA patients. Finally, previous studies failed to detect clear differences in fibroblast-

like synoviocyte products, such as matrix metalloproteinases and tissue inhibitors of 

metalloproteinases in patients with SpA versus RA synovitis [38]. Taken together, these 

data indicate a clearly distinct local inflammatory milieu in SpA versus RA synovitis that 

seems to be at least partly related to preferential expression of the alternative activation 

markers, such as CD163, in patients with peripheral SpA.

The low levels of M1-derived cytokines in SF samples raise the question about the 

extent to which these mediators drive and/or perpetuate synovitis. Obviously, the mere 

concentration of inflammatory cytokines in SF does not necessarily reflect their functional 

contribution, since mediators such as TNF can be expressed and function as membrane-

bound, rather than soluble, cytokines and because the functional outcome results from 

the balance with the level of antiinflammatory mediators, such as IL-10. TNFα is clearly 

important in peripheral SpA despite the relatively low SF levels, since TNF blockade has 

been shown to dramatically improve synovial inflammation [39-41]. In contrast with RA, 

however, successful TNF blockade in SpA fails to completely abrogate synovial infiltration by 

B cells and plasma cells [40,41] or to induce genuine long-lasting remission in SpA because 

interruption of treatment leads to rapid relapse [42].

Together with the present finding that soluble TNFα and other M1-derived mediators were 

clearly correlated with local synovial inflammation in RA but not in SpA, these data suggest 

that M1 macrophages are neither the only nor the major drivers of synovial inflammation in 

SpA. Many other cell types, including M2 macrophages [43], and other soluble mediators, 

such as IL-7 and neurotrophins [44,45], have been proposed to play a pathogenic role, but 

direct functional evidence is still lacking. This also holds true for the new T helper cell subset–
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secreting IL-17, since we failed to detect increased levels of this cytokine in SF from SpA 

patients. Of particular interest in this context is the fact that IL-1α was undetectable in SpA SF, 

leading to the novel hypothesis that the genetic association between SpA and IL-1α [23,24] 

may thus relate to a decrease, rather than an increase, in this proinflammatory cytokine.

A final important issue is how the distinct inflammatory milieu in the inflamed SpA joint 

translates into differences in phenotype and disease progression as compared with that 

in the inflamed RA joint. In RA, TNFα and IL-1β are important drivers of bone and cartilage 

damage [46-50]. Although lower levels of these cytokines in the inflamed SpA joint may 

contribute to the preservation of tissue integrity, no clear differences in downstream 

destructive processes have yet been demonstrated between SpA and RA [34,46,51]. 

Alternatively, rather than protecting from tissue destruction, low levels of M1-derived 

cytokines in SpA may contribute by allowing tissue repair [50,52]. Although it is beyond 

the scope of the present study to assess the relationship between the inflammatory milieu 

and tissue remodeling in SpA, since that would require prospective and longitudinal data 

in larger cohorts, our analysis of PsA is of particular interest in this context. Whereas 

tissue destruction is modest in SpA as compared with RA, PsA can display both extensive 

destructive features and marked signs of repair [53]. If the differing structural phenotype 

between RA and SpA is mainly due to differences in the local inflammatory milieu, one may 

expect this inflammatory milieu to also be different in PsA. However, all of the cytokines 

and chemokines tested and the M1-derived proinflammatory factors in particular were 

similar in PsA and other SpA subtypes. These data confirm our previous histologic findings 

that PsA resembles non-psoriatic SpA [54] and indicate that other factors contribute to the 

regulation of inflammation-driven tissue destruction and repair.

In conclusion, SF cytokine profiling revealed clear differences in the local inflammatory milieu 

in patients with SpA compared with patients with RA peripheral synovitis, despite similar 

levels of joint inflammation. In particular, the low levels of M1-derived mediators confirmed 

a functional impairment of this macrophage subset in SpA. How this may contribute to the 

pathogenesis and structural outcome of peripheral SpA is currently under investigation.
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INTRODUCTION
The objective of this thesis was to investigate the characteristics and role of macrophages 

in spondyloarthritis (SpA) by using an in vitro model for macrophage polarization (Figure 

1). As discussed in chapter 2, the current knowledge points towards an autoinflammatory 

pathogenesis of SpA [1]. Autoinflammatory disorders are caused by a malfunctioning innate 

immune system, in comparison to autoimmune disorders, such as rheumatoid arthritis (RA) 

of systemic lupus erythematosus (SLE), which are caused by aberrant self-reactive adaptive 

immune responses [2].

Macrophages are a key component of the innate immunity and play a pivotal role in 

chronic inflammatory conditions, such as SpA, RA, Crohn’s disease, atherosclerosis and 

diabetes [3,4]. Macrophage biology was extensively studied in the last decades in terms of 

phenotype, function, signalling pathways and epigenetic mechanisms. However, the exact 

in vivo features of this highly heterogeneous cell population in diverse disorders remain 

largely unknown.

In SpA, peripheral synovitis is characterized by similar levels of inflammation and infiltration 

with immune cells as in RA [5–8]. Interestingly, immunopathologic studies showed that 

synovial CD163-expressing macrophages are significantly higher in SpA compared to RA 

[5–8]. CD163 functions as a receptor for haemoglobin-haptoglobin complexes and was 

Figure 1: Conceptual design of this thesis. In this thesis we analysed the correlation between the 
phenotype and function of in vitro polarized human macrophages and the phenotype and function of 
synovial macrophages in SpA. Ang-2, angiopoietin-2; CIA, collagen-induced arthritis; ER, endoplasmic 
reticulum; ICs, immune complexes; TEMs, Tie-2-expressing macrophages; TLR, Toll-like receptor.
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also reported to bind Gram-positive and -negative bacteria [9]. Furthermore, CD163 is 

upregulated in vitro by IL-10, corticosteroids and M-CSF [10,11] and was shown to have 

an immunomodulatory role [12-14]. The predominance of CD163+ macrophages in SpA 

synovitis suggests that this macrophage subset plays an important, as yet unelucidated role 

in the disease pathogenesis.

The concept of macrophage polarization
Early studies reported that specific mediators were able to differentially shape macrophage 

morphology, phenotype and function [15,16]. The combination of phenotypic changes 

and functional skewing was called macrophage polarization and led – after activation – 

to two main subsets, based on their pro- versus anti-inflammatory functions: classically 

activated macrophages (M1) and alternatively activated macrophages (M2) (Table 1). M1 

were mainly induced by IFN-γ (MΦIFN-γ), while M2 were later subdivided into IL-4- (MΦIL-4), 

as prototype for wound-healing macrophages, and IL-10-polarized macrophages (MΦIL-10), 

which represented the regulatory macrophages [3,17-19]. Several other molecules besides 

cytokines, such as lipids [20] and apoptotic cells [21] were also described to modulate 

macrophage phenotype and function [22] (Figure 2). Importantly, early studies reported 

Figure 2: Integration of different in vitro models for the concept of macrophage polarization. IFN-γ, 
TNF, TLR ligands and GM-CSF were reported to induce classically activated macrophages (M1). IL-4, 
IL-10, TGF-β, corticosteroids, M-CSF, lipids, apoptotic cells, prostaglandins and cAMP analogues were 
reported to induce alternativelly activated macrophages (M2) [3,17-21,27-29,88].
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significant interspecies discrepancies in polarized macrophage subsets [23,24], thereby 

indicating that not all properties described in mouse macrophages can be extrapolated to 

human cells [25,26].

Macrophage phenotype in vitro
In chapter 3 of this thesis we validated phenotypic markers for in vitro polarized human 

macrophages. We showed that CD80 is the most robust phenotypic marker for MΦIFN-γ, 

CD200R was upregulated and CD14 was specifically downregulated on MΦIL-4, while CD163 

and CD16 were specific markers for MΦIL-10. 

Since GM-CSF and M-CSF were also described to induce M1 versus M2 polarization [27–

30], we also compared the phenotype of MΦIFN-γ, MΦIL-4 and MΦIL-10 with that of GM-CSG 

Table 1: Classical (M1) versus alternative (M2) activation of macrophages. M1 and M2 were 
reported to be different in terms of polarizing cytokines, production of cytokines, chemokines and 
killer molecules, transcription factors and functions [19,86,87]. IRF, interferon-regulatory factor; 
RNI, reactive nitrogen species; ROI, reactive oxygen species; STAT, signal transducer and activator of 
translation; TLR, Toll-like receptor.

M1 M2

Polarization 
and activation

Th1 cytokines
TLR ligands

Th2 cytokines
ICs and TLR ligands

Cytokines
IL-12, IL-23, TNF, IL-1, IL-6, 
IL-8

IL-10, IL-1Ra, TGF-β

Chemokines CCL2, CCL4 CCL18

Receptors FcγR, TLR2, TLR4, CD80, CD86 MR, SRI, CD163, CD14 

Killer 
molecules

ROI, RNI polyamines

Transcription 
factors

STAT1, IRF5 STAT3, STAT6, IRF4

Functions

acute inflammation
tissue destruction
killing intracellular pathogens
tumor suppression

chronic inflammation
tissue repair 
angiogenesis scavanging debris 
immunoregulation 
tumor promotion
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(MΦGM-CSF) and M-CSF-differentiated macrophages (MΦM-CSF). M-CSF failed to upregulate 

the MΦIL-4 marker CD200R, while GM-CSF did not upregulate the MΦIFN-γ marker CD64 and 

was previously shown to induce the MΦIL-4 marker CD206 [31]. These observations suggest 

that, despite sharing a functional M1 signature (IL-23highIL-12highIL-10low) [27,32], MΦGM-CSF 

and MΦIFN-γ display clear phenotypic differences. Among the M2 cells (IL-23lowIL-12lowIL-

10high), MΦM-CSF seemed to phenotypically mimic MΦIL-10 rather than MΦIL-4, since both 

subsets specifically upregulated CD163 and CD16. We also reported phenotypic differences 

between human and mouse macrophages. For instance the mannose receptor (CD206), 

which was first described as a MΦIL-4 marker in the mouse [16,33], was in our experiments 

more potently upregulated by GM-CSF than by IL-4. Concerning the human MΦIL-4 marker 

CD200R, a previous report showed that CD200R expression in mice is not dependent on 

IL-4 [31].

Finally, we assessed in vitro whether polarization leads to an irreversible phenotypic skewing 

or is, at least partially, reversible when the cytokine environment changes. Since changes 

in macrophage phenotype after renewed exposure to cytokines in vitro were previously 

reported [34-37], in chapter 3 we addressed macrophage plasticity by ‘re-polarizing’ MΦGM-

CSF and MΦM-CSF in the presence of IFN-γ, IL-4 and IL-10. We observed that IL-10-polarized 

MΦGM-CSF upregulated MΦIL-10 markers CD163 and CD16, while IFN-γ-polarized MΦM-CSF 

selectively expressed MΦIFN-γ markers CD80 and CD64. Furthermore, the phenotypic 

plasticity of MΦM-CSF seemed to be higher than that of MΦGM-CSF, which is in line with the 

hypothesis that MΦM-CSF represent homeostatic steady-state macrophages [38].

Soluble immune complexes (ICs) were also described to induce an M2 profile in mouse 

macrophages after TLR ligation [3,19,39-41]. As this was defined by the cytokine profile 

(IL-12lowIL-10high) of the cells, it remained unclear whether ICs really polarize macrophages 

or rather induce a specific activation of already polarized cells. This issue relates to the 

central question whether the function (studied in this thesis solely by assessing cytokine 

profiles) of macrophages is mainly determined by their polarization of by the exact type 

of activation. Therefore, in chapter 5 we investigated whether soluble ICs could modulate 

the phenotype and/or function of human macrophages. In our experiments, ICs alone or 

in combination with IFN-γ, IL-4, IL-10 or LPS did not alter the expression of the previously 

validated phenotypic markers for human polarized macrophage subsets.  However, ICs and 

TLR ligands induced a distinct cytokine production profile in comparison with TLR ligands 

alone in different polarized cell subsets. These data thus question the existence of a separate 

M2 subtype induced by LPS and ICs in the human system. 
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Macrophage phenotype in vivo
In chapter 4 we correlated the in vitro macrophage phenotype with the phenotype of 

synovial macrophages in SpA. We first investigated whether the preferential CD163 

expression by SpA synovial macrophages was due to intrinsic properties of the myeloid 

cells or to extrinsic factors. Based on the lack of phenotypic differences in monocytes and 

monocyte-derived macrophages from SpA and RA patients and healthy donors, we find 

no evidence for intrinsic biases in macrophage polarization in SpA and propose that local 

mediators are probably responsible for the phenotypic differences between SpA and RA 

synovial macrophages. 

We next measured the expression of earlier validated phenotypic markers for MΦIFN-γ, MΦIL-

4 and MΦIL-10 on synovial macrophages and confirmed the higher expression of CD163 in SpA 

compared to RA. However, the expression of M1 and other M2 (MΦIL-4 or MΦIL-10) markers 

was similar in both diseases. Furthermore, intimal lining layer macrophages specifically 

expressed the MΦIL-10 markers CD163 and CD32 in both SpA and RA, whereas synovial 

sublining macrophages co-expressed MΦIFN-γ and MΦIL-10 markers. These findings do not 

support an overall M2 versus M1 polarization in SpA synovitis, but rather a specific up-

regulation of CD163 on synovial macrophages in SpA. Moreover, the synovial sublining data 

indicate that the phenotype of tissue macrophages can not easily be classified according 

to the in vitro polarization models. These data are in agreement with immunopathologic 

studies in adipose tissue, atherosclerotic plaque and tumors revealing a similar overlap in 

phenotypic but also functional properties of tissue macrophages [42-46]. These observations 

raise a number of questions. A first question is whether in vitro defined phenotypic markers 

can be used to discriminate between macrophage subsets in vivo [4]. In vivo polarization 

models and transcriptional profiling were suggested to be more accurate in capturing 

the complexity of tissue macrophage polarization [32,47,48]. A next question is whether 

tissue macrophages are composed of distinct but stable subpopulations or represent a 

homogenous population, which rapidly changes its phenotype and function in response to 

polarizing or activating signals. The latter hypothesis is supported by the in vivo phenotypic 

switch that accompanies functional modulation of macrophages in inflammatory and 

malignant diseases [34,43,49,50]. Finally, it still needs to be elucidated whether the 

phenotypic differences between intimal lining layer and synovial sublining macrophages in 

chronic arthritis are related to different origins and functions of these cells. Previous studies 

hypothesized the preferential localization of mature resident macrophages in the intimal 

lining layer, and the infiltration of synovial sublining with monocyte-derived macrophages, 

which are associated with disease activity and decrease in number as response to therapy 

[51-54]. 
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Macrophage function in vitro
In chapter 5 we studied the cytokine production of MΦIFN-γ, MΦIL-4 and MΦIL-10 and the in vitro 

effect of ICs on human macrophages, since previous publications reported an enhanced 

production of IL-10 and prostaglandins after co-stimulation of mouse macrophages with 

ICs and TLR ligands [3,19,39-41]. As indicated before, we could not find any phenotypic 

evidence that ICs induce a distinct polarization and thus hypothesized that ICs rather 

induced a distinct type of macrophage activation. In the absence of TLR ligands polarized 

macrophages produced very low levels of cytokines, which is consistent with the concept 

that macrophage polarization represents mere priming, in the absence of activation. Upon 

TLR binding, MΦIFN-γ secreted significant amounts of TNF and IL-6, MΦIL-10 did not respond 

to activation, and MΦIL-4 showed an intermediate cytokine production pattern, depending 

on the particular TLR stimulation. Soluble ICs represented by heat-aggregated gamma-

globulins (HAGGs) did not induce cytokine production of polarized macrophages in the 

absence of TLR ligation. However, co-stimulation with HAGGs and different TLR ligands lead 

to an increased production of IL-10 by both MΦIFN-γ and MΦIL-10. There was no increase in 

TNF and IL-6 production, or in IL-12 and IL-23 mRNA levels. The anti-inflammatory role of 

soluble ICs was recently also highlighted by studies reporting induction of IL-10 producing 

macrophages by Fc receptor-dependent binding of anti-TNF antibodies, such as infliximab 

[55]. Interestingly, we observed that immobilized IgG induced a robust increase in TNF, IL-6 

and IL-10 production even in the absence of TLR co-stimulation, which confirms previous 

reports on the induction of pro-inflammatory cytokines by immobilized HAGGs of IgG [56-

58]. The importance of these results consists in the observation that cytokine production 

is not only determined by macrophage polarization and activation by TLRs, but that other 

factors act as co-activators and thereby determine the cytokine profile of the macrophages. 

The exact type of co-activator, in this case soluble versus immobilized ICs, seems to be 

crucial for the functional outcome as, for example, so-called pro-inflammatory MΦIFN-γ can 

be turned into strong IL-10 producers. 

Another example of co-activation is the effect of angiopoietins (Ang) on the production of 

cytokines and angiogenic factors by in vitro differentiated human macrophages. In chapter 

6 we showed that Ang-1 or Ang-2 alone failed to modulate macrophage IL-6, IL-8 or MIP-1α 

production. Interestingly, both angiopoietins significantly upregulated the TNF-induced but 

not the LPS-induced IL-6 production, while they both synergized with TNF and LPS for the 

production of MIP-1α. This example emphasizes that the panel of extracellular co-activators 

extends beyond FcR ligation and that the functional effect is specifically dependent on the 

combination of stimuli. 

In chapter 7 we studied whether not only extra-cellular signals (such as TLR, FcR and Tie-2 
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ligation) but also intracellular signals can modulate the function of polarized macrophages 

and thus act as co-activators. In particular, we focused on endoplasmic reticulum (ER) 

stress in human macrophages as a) ER stress was reported to increase IL-23 production 

by dendritic cells and b) the induction of an unfolded protein response (UPR) as a result 

of HLA-B27 misfolding in the ER was hypothesized to underlie SpA pathogenesis [59,60]. 

Chemical induction of ER stress by thapsigargin (TG) impaired macrophage polarization 

towards a MΦIL-10 phenotype but did not modulate the cytokine production of MΦIFN-γ and 

MΦIL-10. In combination with TLR ligation, however, TG impaired the production of TNF as 

well as other cytokines by MΦIFN-γ but strongly increased the TNF production of MΦIL-10. These 

data illustrate the complexity of macrophage function as additional stimuli (in this case ER 

stress) can strongly bias the response of polarized macrophages to TLR ligands, whereas 

the same stimuli (TG + LPS) can have opposite effects on different polarized macrophage 

subsets (impairing TNF production in MΦIFN-γ versus upregulating TNF production in MΦIL-10). 

In conclusion, it appears that the functional cytokine profile of macrophages is determined 

by polarization as well as by the combination of different types of activation (extracellular 

or intracellular).

In contrast with the in vitro data, ER stress markers were not increased in polarized 

macrophages from HLA-B27+ SpA patients compared to controls, even after LPS stimulation. 

Furthermore, LPS-stimulated MΦIFN-γ from HLA-B27+ SpA patients tended to express more 

IL-23p19 versus IL-10 than MΦIFN-γ from HLA-B27- SpA and RA patients. On the contrary, LPS-

stimulated MΦIL-10 expressed less IL-10 in HLA-B27+ versus HLA-B27- SpA patients. These 

findings do not support HLA-B27-induced ER stress as a mechanism for the aberrant cytokine 

production in SpA and are in line with previous reports on enhanced IL-23 production by 

macrophages from AS patients, in the absence of enhanced ER stress [61]. 

Macrophage function in vivo 
In chapter 6 we did not only demonstrated that Ang-2 promoted a pro-inflammatory 

macrophage profile in vitro, as discussed previously, but also studied the role of Ang-2 in 

vivo in experimental arthritis. Tie-2-expressing macrophages (TEMs) were described to be 

the primary targets of Ang-2 in the synovium [62] and blocking Tie-2 signaling in a collagen-

induced arthritis (CIA) model significantly ameliorated clinical disease [63,64]. We used a 

CIA model to demonstrate that Ang-2 neutralization significantly reduces disease severity, 

synovial inflammation, neo-vascularization and synovial macrophage infiltration. These 

experiments suggest that, despite major differences between in vitro polarized macrophages 

and tissue macrophages, clear in vitro pro-inflammatory effects, as observed here with Ang-

2, do correlate with disease-promoting effects in vivo in experimental arthritis.  
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Finally, in chapter 8 we attempted to study macrophage polarization and function directly 

in the human disease by assessing the local macrophage-derived cytokine milieu in SpA 

and RA. We found lower levels of M1-derived cytokines (TNF, IL-1β, IL-12 and IFN-γ-

inducible protein 10), but similar levels of M2-derived cytokines (IL-10, IL-4 and IL-13) in SpA 

compared to RA synovial fluid. Furthermore, the synovial fluid levels of these M1-derived 

mediators correlated with joint inflammation in RA, but not in SpA. Accordingly, adding 

pooled synovial fluid to healthy donor peripheral blood-derived macrophages resulted in an 

up-regulation of CD163 and CD200R in the presence of SpA compared to RA synovial fluid. 

These findings suggest the absence of a M1-signature in SpA compared to RA synovitis. 

Surprisingly, despite similar levels of M2-derived cytokines, SpA but not RA synovial 

fluid induced upregulation of MΦIL-4 and MΦIL-10 markers on healthy macrophages, which 

suggests either the existence of other polarizing mediators besides IL-4 or IL-10 in the SpA 

inflammatory milieu and/or the presence of M1 polarizing factors in RA synovial fluid which 

counteract a ‘default’ M2 polarization. The latter hypothesis would fit with the reverse IFN 

signature described in SpA peripheral blood monocytes [65]. 

Concluding remarks and future directions
In this thesis we showed that CD163 is indeed a specific marker for MΦIL-10 in vitro but 

that the predominance of CD163+ macrophages in the inflamed SpA synovium does not 

solely reflect altered polarization, since these CD163+ macrophages did not display other 

phenotypic characteristics of MΦIL-10. Moreover, we demonstrated in vitro that polarization 

is reversible and that macrophage cytokine production is only partially dependent on the 

polarization status. Indeed, a major conclusion of this thesis is that cytokine production by 

in vitro polarized human macrophage subsets is highly dependent on so-called co-activators 

(ICs, Ang-2, ER stress) in combination with TLR ligands. Our ex vivo data indicate that 

macrophage polarization is not intrinsically biased in SpA but suggest that local factors may 

lead to altered macrophage cytokine production. Taken together, the data presented here 

illustrate that macrophage polarization and activation in vivo is a complex and dynamic 

process, which often exceeds the limitations of in vitro models. 

It is crucial, however, to realize that we studied only a small part of the macrophage 

functional roles. Firstly, in this thesis we analysed a limited selection of well-known 

pro- and anti-inflammatory cytokines, which have been involved in the pathogenesis of 

arthritis. Obviously, many more macrophage-derived cytokines may be involved in SpA 

pathogenesis. An important example is the IL-12 family member IL-27, which was shown to 

induce Th1. At the same time IL-27 stimulates IL-10 production by Th2 cells and suppresses 

Th17 differentiation, hereby counteracting the effect of IL-23 [66]. Furthermore, IL-27 
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ameliorated inflammation in CIA [67,68] and represents a potential therapeutic agent in 

arthritis. Among the cytokines studied in this thesis, TNF deserves a special attention, since 

genetic association studies revealed a link between SpA and molecules involved in TNF 

signalling [69,70]. Furthermore, TNF blocking agents are very effective for the treatment of 

SpA. However, it is still not known which type of TNF (soluble versus transmembrane) and 

which TNF receptor is crucial in the disease process, or how TNF-mediated inflammation 

can lead to distinct structural phenotypes in SpA compared to RA. As both CD163 and 

TNF can be cleaved from the cell membrane by TNF-alpha-converting enzyme (TACE), 

we hypothesized that increased CD163 expression on synovial tissue macrophages is 

paralleled by an increased transmembrane (tmTNF) versus soluble TNF (sTNF) ratio in SpA. 

Recently, we found support for an altered balance between tmTNF and sTNF on polarized 

macrophages in vitro and in the inflamed SpA joint in vivo. Additionally, we demonstrated 

the spontaneous development of SpA-like axial and peripheral joint inflammation and new 

bone formation in tmTNF transgenic mice (manuscript in preparation). 

Secondly, in this thesis we did not discuss other macrophage-derived products than 

cytokines.  As an example, S100 calcium-binding protein A8/A9 (calprotectin) produced by 

macrophages and in particular by MΦIL-10 [Eikmans, unpublished observations] was shown 

to play an important regulatory role in many inflammatory diseases [71]. Calprotectin is 

already used as a biomarker for IBD [72] and seems to be a better marker for inflammation 

in SpA than CRP [51,73 and Turina, unpublished observations].

Thirdly, besides the production of various mediators, macrophages are involved in 

phagocytosis of pathogens and debris, antigen presentation and matrix remodelling. Among 

these functions, regulation of matrix metalloproteinases and production of profibrotic 

mediators and chemokines by macrophages requires further research in the light of 

the disease-specific stromal signature that we recently demonstrated in SpA synovitis 

[Yeremenko et al, Arthritis Rheum, in press]. 

A fourth issue is the involvement of other innate immune cells in SpA pathogenesis. As 

discussed in chapter 2, the IL-23/STAT3/IL-17 axis plays a key role in the pathogenesis of 

SpA [74]. It was recently shown that not Th17 cells but mast cells and neutrophils were 

the main IL-17-expressing cells in both peripheral and axial SpA [8,75-77]. Macrophages, 

mast cells and neutrophils have common functions, such as phagocytosis, release of 

toxic molecules, cytokines and chemokines, or matrix remodelling, but it is the complex 

crosstalk between these innate immune cells which modulates the functions of adaptive 

immune cells, fibroblasts, smooth muscle cells or osteoblasts in the inflamed joint. Further 

fundamental and clinical research on the role of mast cells in SpA synovitis is ongoing.

Finally, due to the difficulty of obtaining samples from the inflamed spine or sacroiliac 
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joints, we focused our research on peripheral arthritis in SpA. A systematic comparison 

between axial and peripheral inflammation represents an important challenge for future 

studies. Furthermore, there is a very limited number of studies which address enthesitis 

by collecting biopsies from inflamed entheses of SpA patients and more research is needed 

to unravel the relationship between inflammation and bone formation in SpA [78,79]. 

Another essential feature of SpA, which is not analysed in this thesis, is the link with gut 

inflammation. Besides the shared genetic background, such as the association with IL-23R 

polymorphisms [80-82], histopathologic studies showed that gut mucosa of both SpA and 

Crohn’s disease patients displays an increased number of CD163+ macrophages [5,83], 

which points towards common pathogenic pathways.

The studies included in this thesis are relevant for the concept of macrophages as a highly 

dynamic innate immune cell population, which can be reversibly polarized and differentially 

activated by a large variety of mediators (Figure 3). Taking into account the limitations of 

Figure 3: Macrophage polarization and activation. Monocytes are recruited from the blood into the 
inflamed tissue, where they differentiate into macrophages and are polarized by various mediators, 
such as IFN-γ, IL-4 or IL-10. Subsequently, macrophages can be activated by TLR ligands, in the absence 
or presence of co-activators, such as immune complexes (ICs) or angiopoietins (Ang). There is not 
much known about the differential involvement of monocyte-derived and resident macrophages in 
this process.
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in vitro and animal models, one future line of research is the transcriptional profiling of 

human macrophages sorted from the inflamed tissue. Furthermore, the already existing 

single-cell microarray technology would allow us to investigate macrophage heterogeneity 

at tissue level [84]. Since macrophages are characterized by a high plasticity, and not by a 

default functional program, modulating macrophage polarization and activation could bring 

more therapeutic benefits than depleting macrophage number or blocking the signaling 

of one specific cytokine. A number of drugs, which are currently used for the treatment 

of arthritis, diabetes, atherosclerosis, asthma and different types of cancer, were already 

shown to target macrophage polarization [55,85].
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SUMMARY
Background
Spondyloarthritis (SpA) is after rheumatoid arthritis (RA) the most frequent type of chronic 

inflammatory arthritis and affects circa 1% of the world population. In comparison to 

autoimmune diseases, such as RA, B and T cells do not play a central role in SpA pathogenesis. 

SpA was hypothesized to be an autoinflammatory disease, which implies that chronic 

inflammation is mainly driven by innate immune cells, such as mast cells and macrophages.

Macrophages play a major role in phagocytosis of micro-organisms and debris, antigen 

presentation, production of cytokines and other inflammatory mediators and tissue repair. 

Prior to activation by – for instance – pathogens, macrophages are primed or polarized by 

local mediators, such as cytokines produced by Th1 or Th2 cells. Polarization consists of 

changes in the expression of membrane receptors and functional skewing of macrophages.

Chronically inflamed tissue is densely infiltrated with macrophages. Synovial macrophage 

numbers in chronic arthritis correlate with clinical disease activity and decreases after 

efficient therapy. Interestingly, previous studies showed that despite similar numbers of 

synovial macrophages in SpA and RA, SpA synovitis is characterized by a selective increase 

in CD163+ macrophages.  CD163 is the receptor for haemoglobin-haptoglobin complexes, 

it is upregulated in vitro by IL-10, corticosteroids and M-CSF and was reported to have anti-

inflammatory functions. However, the specific role of CD163+ macrophages in SpA synovitis 

is not yet elucidated.

In order to better understand macrophage function in vivo, we made use of an in vitro 

polarization model. According to this model, macrophages can be classically activated (M1), 

with IFN-γ-induced macrophages (MΦIFN-γ) as prototype, or alternatively activated (M2), 

with IL-4- (MΦIL-4) and IL-10-polarized macrophages (MΦIL-10) as main subsets.

Findings
In chapter 2 we discussed the current knowledge on the pathogenesis of SpA, which pleads 

for an anti-inflammatory versus autoimmune mechanism of disease.

In chapter 3 we analyzed the phenotype of in vitro polarized human macrophages and 

validated CD80 as the most robust marker for MΦIFN-γ, CD200R for MΦIL-4 and CD163 and 

CD16 for MΦIL-10. We also addressed macrophage plasticity, which consists of phenotypic 

changes as a result of macrophage exposure to new polarizing stimuli. In this experiment 

we polarized GM-CSF- and M-CSF-differentiated macrophages in the presence of IFN-γ, IL-4 

and IL-10.

In chapter 4 we measured the expression of the validated phenotypic markers on monocytes 

and monocyte-derived macrophages from peripheral blood of SpA, RA and healthy donors. 
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Based on the lack of phenotypic differences between the three groups, we concluded that 

the differences between SpA and RA synovial macrophages were caused by local and not 

systemic factors. We next performed immunohistochemical stainings of the phenotypic 

markers on synovial tissue of SpA and RA patients. Synovial macrophages displayed a higher 

expression of CD163 and a similar expression of other MΦIFN-γ, MΦIL-4 and MΦIL-10 markers in 

SpA compared to RA. In both diseases, intimal lining layer macrophages showed a MΦIL-10-

like phenotype, whereas synovial sublining macrophages co-expressed MΦIFN-γ and MΦIL-10 

markers.

In chapter 5 we studied the function of polarized macrophages in vitro. We measured the 

cytokine production of MΦIFN-γ, MΦIL-4 and MΦIL-10 after stimulation with TLR ligands and/or 

immune complexes. As previously described, we observed that MΦIFN-γ produced high levels 

of pro-inflammatory cytokines, MΦIL-4 were able to produce both pro- and anti-inflammatory 

cytokines and MΦIL-10 did not respond to TLR stimulation. Soluble immune complexes did not 

modulate the phenotype and cytokine production of polarized macrophages. However, co-

stimulation with immune complexes and TLR ligands increased the IL-10 production of both 

MΦIFN-γ and MΦIL-10. Interestingly, immobilized IgG increased the production of IL-10 but also 

TNF and IL-6 by all macrophage subsets, even in the absence of TLR stimulation.

In chapter 6 we evaluated whether other stimuli besides TLR ligands and immune complexes 

on tissue macrophages can influence the function of polarized macrophages. Angiopoietin-2 

(Ang-2) binds to Tie-2-expressing synovial macrophages and promotes angiogenesis and 

inflammation. We first showed that Ang-2 induced a pro-inflammatory macrophage profile 

in vitro. Next we used a mouse model of arthritis to demonstrate that Ang-2 neutralization 

inhibits inflammation by reducing macrophage number and angiogenesis.

In chapter 7 we studied the correlation between ER stress and cytokine production by 

polarized macrophages in HLA-B27+ SpA versus healthy donors, HLA-27- SpA and RA. 

In LPS stimulated macrophages from healthy donors, ER stress led to a decreased pro-

inflammatory cytokine production by MΦIFN-γ and specifically induced TNF production by 

MΦIL-10. Ex vivo LPS stimulated MΦIFN-γ from HLA-B27+ SpA patients tended to express more 

IL-23 versus IL-10, whereas MΦIL-10 expressed significantly lower IL-10 levels than polarized 

macrophages from the control groups. These findings, together with a similar expression of 

ER stress markers in all studied groups, do not support the hypothesis of a HLA-B27-induced 

ER stress as mechanism for the altered cytokine levels in SpA.

Finally, in chapter 8 we evaluated synovial macrophage function in vivo by measuring the 

levels of cytokines in synovial fluid from SpA and RA patients. M1-derived cytokines, such 

as TNF, IL-1β and IL-12 were lower in SpA compared to RA synovial fluid, while M2-derived 

cytokines showed similar levels in both diseases.
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In summary, the studies presented in this thesis investigated the correlation between the 

phenotype and function of in vitro polarized human macrophages and the phenotype and 

function of synovial macrophages in SpA. We concluded that macrophage phenotype in 

vivo cannot be easily defined by using in vitro validated phenotypic markers. Furthermore, 

macrophage cytokine production in vitro depends on both specific macrophage polarization 

and activation type (TLR ligands, soluble or immobilized immune complexes, angiopoietins, 

ER stress). In the light of these observations, MΦIFN-γ are not always pro-inflammatory, but 

can also secrete important amounts of IL-10, while MΦIL-10 are not always deactivated, but in 

certain conditions are able to predominantly produce TNF.  The challenge for future studies 

is to fine-tune the correlation between in vitro models and in vivo macrophage polarisation.
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NEDERLANDSE SAMENVATTING
Achtergrond
Spondyloartritis (SpA) is na reumatoide artritis (RA) het meest voorkomende subtype van 

chronische inflammatoire artritis en komt voor bij ongeveer 1% van de wereldbevolking. 

In tegenstelling tot RA lijkt SpA geen autoimmuunziekte te zijn en is de rol van T en B 

lymphocyten beperkt. Wij en anderen hebben voorgesteld dat SpA een auto-inflammatoire 

ziekte is waardoor chronische ontsteking primair wordt gedreven door cellen van het 

aangeboren immuun systeeem zoals mest cellen en macrofagen.

Macrofagen zijn immuun-cellen die direct in actie komen in geval van weefselschade om 

micro-organismen te verwijderen en weefselschade te herstellen. Ook sturen ze signalen naar 

andere immuun-cellen via het uitscheiden van eiwitten, zogenaamde cytokines. In geval van 

chronische ontsteking blijven macrofagen langdurig actief in het ontstoken weefsel. Voordat 

macrofagen volledig geactiveerd worden, door  bijvoorbeeld een micro-organisme, worden 

ze gepolariseerd door bepaalde factoren die aanwezig zijn in het weefsel. Bij SpA betreft 

dit ondermeer het synoviale weefsel van het gewricht (het synovium). Gepolariseerde 

macrofagen brengen specifieke receptoren tot expressie op het membraan en kunnen 

verschillend reageren op dezelfde stimulus. 

Eerdere studies hebben aangetoond dat het totale aantal macrofagen in het synovium van 

SpA en RA patienten vergelijkbaar is, maar het aantal macrofagen dat het eiwit CD163 tot 

expressie brengt is hoger bij patiënten met SpA. CD163 is een receptor die opgereguleerd 

wordt door IL-10, corticosteroiden en M-CSF. Dit suggereert dat, ondanks het vergelijkbare 

totale aantal macrofagen in SpA en RA, het synovium van SpA patiënten een macrofaag-

subset bevat met specifieke, maar nog niet opgehelderde functies.

Om de functie van macrofagen in het weefsel (in vivo) te doorgronden, hebben we 

gebruik gemaakt van een celkweek polarisatiemodel (in vitro). Volgens dit model kunnen 

macrofagen klassiek geactiveerd zijn (M1), zoals IFN-γ-geinduceerde macrofagen (MΦIFN-γ), 

of alternatief geactiveerd zijn (M2), zoals IL-4-geinduceerde (MΦIL-4) en IL-10-geinduceerde 

macrofagen (MΦIL-10). In dit model wordt voorgesteld dat M1 zorgen voor het bevorderen 

van ontsteking, terwijl M2 een ontstekingsremmend effect hebben.

Bevindingen
In hoofdstuk 2 wordt de pathogenese van SpA besproken waarbij er verschillende 

argumenten genoemd worden die suggereren dat het aangeboren immuunsysteem een 

grotere rol speelt dan het verworven immuunsysteem in het ontstaan van de ziekte.

In hoofdstuk 3 analyseren we in vitro het fenotype (expressie van membraanreceptoren 

of markers) van drie gepolariseerde macrofaag-subsets: MΦIFN-γ, MΦIL-4 en MΦIL-10. We 
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beschrijven een aantal merkers die deze macrofaag-subsets duidelijk kan onderscheiden. 

Het fenotype kan tevens opnieuw veranderen door het blootstellen van macrofagen aan 

andere polariserende stoffen, een eigenschap dat bekend staat als plasticiteit. Dit hebben 

we aangetoond door GM-CSF- en M-CSF-gedifferentieerde macrofagen te polariseren met 

IFN-γ, IL-4 en IL-10.

In hoofdstuk 4 kijken we naar de expressie van deze fenotypische markers op monocyten 

en gepolariseerde macrofagen van patiënten met SpA, RA en gezonde donoren ex vivo (uit 

perifeer bloed). Het ontbreken van fenotypische verschillen tussen de drie groepen leidde 

tot de conclusie dat fenotypische verschillen tussen weefselmacrofagen in SpA en RA een 

gevolg zijn van lokale en niet systemische factoren. Vervolgens hebben we de expressie van 

fenotypische markers gemeten op de macrofagen in het synoviale weefsel door middel van 

immuunohistochemische kleuringen. Synoviale macrofagen toonden een hogere expressie 

van CD163 in SpA vergeleken met RA, terwijl er geen verschillen waren in de expressie van 

andere MΦIFN-γ, MΦIL-4 and MΦIL-10 markers. In beide ziektes is het fenotype van macrofagen 

uit de oppervlakkige synoviale lijning laag vergelijkbaar met MΦIL-10 . 

In hoofdstuk 5 bestuderen we de functie van gepolariseerde macrofagen in vitro. Met name 

analyseren we de cytokine productie van de verschillende subsets (MΦIFN-γ, MΦIL-4 en MΦIL-10) 

na stimulatie met TLR liganden en/of immuuncomplexen. Zoals eerder beschreven, vinden 

we dat MΦIFN-γ veel pro-inflammatoire cytokines maken en MΦIL-10 nauwelijks reageren op 

TLR liganden. MΦIL-4 , oorspronkelijk beschreven als alternatief geactiveerde macrofagen 

die immuno-regulatoir zijn, blijken echter ook veel pro-inflammatoire cytokines te kunnen 

aanmaken. Oplosbare immuuncomplexen hadden geen effect op het fenotype en de 

cytokine productie van gepolariseerde macrofagen, maar in combinatie met TLR liganden 

leidden deze tot een verhoogde IL-10 productie door zowel MΦIFN-γ als MΦIL-10. Daarentegen 

leidde incubatie van gepolariseerde macrofagen in de aanwezigheid van geimmobiliseerde 

IgG tot een verhoogde productie van IL-10, maar ook TNF en IL-6 door alle macrofaag-

subsets, zelfs zonder aanvullende TLR stimulatie. 

In hoofdstuk 6 kijken we naar de rol van andere stimuli dan TLR liganden of immuuncomplexen 

op weefselmacrofagen bij chronische ontsteking. Synoviale macrofagen die Tie-2 tot 

expressie brengen binden angiopoietine-2 (Ang-2), met als gevolg het bevorderen van 

angiogenese en ontsteking. We hebben aangetoond dat Ang-2 een pro-inflammatoir effect 

heeft op macrofagen in vitro. Vervolgens hebben we een muismodel van artritis gebruikt om 

aan te tonen dat Ang-2 neutralisatie een ontstekingsremmend effect heeft, met afname van 

het aantal macrofagen en van de angiogenese.

In hoofdstuk 7 hebben we de correlatie onderzocht tussen endoplasmisch reticulum (ER) 

stress en de cytokine productie van gepolariseerde macrofagen van HLA-B27 positieve 
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SpA vergeleken met gezonde donoren, HLA-B27 negatieve SpA en RA patiënten. In LPS 

gestimuleerde macrofagen van gezonde donoren, ER stress leidde to een afname van 

de cytokine productie in MΦIFN-γ en een toename van TNF productie in MΦIL-10. In LPS 

gestimuleerde MΦIFN-γ van HLA-B27 positieve SpA patiënten hebben we een neiging gevonden 

tot meer IL-23 dan IL-10 expressie, terwijl de expressie van IL-10 in MΦIL-10 significant lager 

was dan in de andere groepen. Samen met de vergelijkbare expressie van ER stress merkers 

in alle groepen, kunnen deze bevindingen de hypothese van een HLA-B27-geinduceerde ER 

stress in SpA niet ondersteunen.

Ten slotte, in hoofdstuk 8 hebben we de functie van synoviale macrofagen in vivo 

geëvalueerd door cytokine spiegels te meten in synoviaal vocht van SpA en RA patiënten. 

De spiegels van M1-geinduceerde cytokines, zoals TNF, IL-1β en IL-12 waren lager in SpA 

dan in RA synoviaal vocht, maar de M2-geinduceerde cytokines IL-10, IL-4 en IL-13 toonden 

vergelijkbare spiegels. 

In deze studies hebben we dus onderzocht hoe het fenotype en de functie van in vitro 

gepolariseerde humane macrofagen correleert met het fenotype en de functie van 

weefselmacrofagen in SpA. We concluderen dat het fenotype van macrofagen in vivo 

moeilijk te categoriseren valt onder de wel omschreven in vitro fenotypsiche subsets. 

Bovendien bepalen zowel polarisatie als het exacte type activatie (TLR liganden, oplosbare 

of geïmmobiliseerde immuuncomplexen, angiopoietines, ER stress) het cytokine profiel 

van macrofagen in vitro. Belangrijk hierbij is dat MΦIFN-γ niet steeds pro-inflammatoir zijn 

maar ook beduidende hoeveelheden IL-10 kunnen produceren, terwijl MΦIL-10 niet steeds 

gedesactiveerd zijn maar in bepaalde omstandigheden sterke TNF productie kunnen 

vertonen. Tenslotte blijft de grootste uitdaging om de functie van macrofagen in vivo 

adequaat te analyseren.
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mulţumesc pentru tot ce m-aţi învătat şi pentru că mă acceptaţi şi susţineţi necondiţionat. 

Şi surorii mele iubite Simona îi sunt recunoscătoare pentru anii mulţi pe care i-am petrecut 

împreună, cu toate jocurile şi secretele noastre şi pentru relaţia stransă pe care o avem în 

ciuda distanţei.

Mijn liefste Carolien, je houdt niet van grote woorden, maar nu kan ik er niet meer omheen. 

Je hebt mijn strijd, inspanningen en de geboorte van dit boek van zeer dichtbij meegemaakt. 

Met jou naast mij wordt het behalen van onmogelijke deadlines een “kleine moeite”, alsof 

ik ineens titanische krachten bezit. Hoewel wetenschappelijk niet bewezen, magie bestaat 

dus wel. Je maakt me eindeloos gelukkig.
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