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Rheumatoid arthritis (RA) is a complex and heterogenous disease; what differentiates patients with RA are the

number of affected joints, antibodies and serum cytokines levels, and the severity of joint destruction. TNF (tumor

necrosis factor) is a proinflammatory cytokine which exerts multiple biological activities in RA. Blocking TNF with

antibodies became a standard of modern RA therapy in patients not responding to conventional synthetic disease-

modifying antirheumatic drugs (csDMARDs), e.g., methotrexate.
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1. Introduction

Rheumatoid arthritis (RA) is a complex and heterogenous disease; what differentiates patients with RA are the

number of affected joints, antibodies and serum cytokines levels, and the severity of joint destruction . TNF

(tumor necrosis factor) is a proinflammatory cytokine which exerts multiple biological activities in RA. Blocking TNF

with antibodies became a standard of modern RA therapy in patients not responding to conventional synthetic

disease-modifying antirheumatic drugs (csDMARDs), e.g., methotrexate. TNF inhibitors include infliximab,

adalimumab, etanercept, golimumab, and certolizumab pegol, each having a similar efficacy in RA. TNF inhibitors

remain the most practically useful biological drugs in RA, but their effectiveness is diverse in individual cases,

which reflects the heterogeneity of RA.

2. The Pivotal Importance of TNF in RA

TNF is a pleiotropic proinflammatory cytokine which is produced mainly by activated monocytes and macrophages

and, to a lesser extent, by T-lymphocytes. The T cell-derived response is thought to be of particular importance in

triggering TNF efflux by synovial macrophages . Citrullination of proteins at sites of inflammation is a key process

leading to the activation of macrophages in RA. Citrulline-specific T cells display predominately Th1 and Th17

phenotypes, and their effector cytokines are interferon gamma (IFN-γ) and interleukin (IL)-17, which activate

macrophages. Macrophages can be also activated by direct contact with T cells . Anti-citrullinated protein

antibodies (ACPAs) are implicated in immune complex formation. Sokolove et al. demonstrated that ACPA-IC is an

inducer of TNF production by triggering the innate immune receptor Toll-like receptor (TLR) 4- and the

crystallizable fragment gamma receptor (FcγR)-dependent signaling in macrophages . In addition, ACPAs

selectively activate extracellular signal-regulated kinase 1/2 (ERK1/2) and c-jun N-terminal kinase (JNK), facilitating

nuclear factor κB (NFκB) pathways and TNF production . ACPAs can also suppress the expression of microRNA

let 7a, which also contribute to enhancing TNF expression . TNF exists in transmembrane and soluble forms
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which have different biological functions. The soluble TNF (sTNF) is cleaved from transmembrane TNF (tmTNF) by

metalloprotease TNF-alpha-converting enzyme (TACE). The effects of TNF are mediated through two distinct

receptors: TNF receptor 1 (TNFR1), expressed ubiquitously, and TNFR2, expressed primarily in immune cells,

neurons and endothelial cells. TNFR1 is activated by both sTNF and tmTNF, whereas TNFR2 has a high affinity to

only membrane-bound forms . Stimulation of TNFR1/2 exerts distinct cellular responses. TNF signaling through

both TNFR 1 and TNFR2 leads to the expression of NF-κB and activator protein 1 (AP-1) target genes associated

with cell survival. Activation of TNFR1 is thought to primarily induce proinflammatory responses, whereas TNFR2

mostly mediates local homeostatic signals. TNFR1 is also capable of inducing cell death responses, including

apoptosis (programmed cell death) and necroptosis (uncontrolled cell death). Apoptosis, mediated by the caspase-

8 activation pathway, is thought to induce paradoxical anti-inflammatory and immunosuppressive responses. In

contrast, necroptosis triggers local inflammation . The factors determining whether the pathway leading to cell

survival, apoptosis or necrosis is activated, is not well understood. Nevertheless, the ubiquitination status of

receptor-interacting serine/threonine protein kinase 1 (RIPK1) seems to be crucial. The ubiquitylated RIPK1 leads

to pro-survival signaling, whereas non-ubiquitylated RIPK1 induces either apoptosis or necroptosis. The long form

of the FLICE-inhibitory protein, also known as c-FLIP(L), is another important regulator of both apoptosis and

necrosis pathways. c-FLIP(L) is a major apoptosis inhibitor, similar in structure to caspase-8, which is also capable

of forming a proteolytically active complex with caspase-8, which cleaves RIPK1 and RIPK3, and blocks

RIPK1/RIPK3/MLKL-dependent necroptosis .

3. Diverse Influence of TNF on Target Cells in RA

3.1. Fibroblast-like Synoviocytes

TNF is an extraordinarily pleiotropic cytokine influencing different types of cells (Figure 1). Synovium is the

principal site of immune disorders and inflammation in RA, and consists of the continuous surface layer of cells

(intima) and the underlying tissue (subintima). The healthy synovial membrane contains relatively few cells and is

predominantly composed of two types of synoviocytes, forming one to two cells per layer: type A are macrophage-

like synoviocytes (MLS), originating in the bone marrow, capable of phagocytosis, whereas type B, also known as

fibroblast-like synoviocytes (FLS), are responsible for synthesis of the synovial fluid hyaluronan . In healthy

synovium, type A and type B synoviocytes exist in relatively equal proportions. The extension of synoviocytes in RA

form the locally invasive synovial tissue, called the pannus . The synovial lining is greatly hypertrophied, and

both types of synoviocytes proliferate, but MLS are more abundant . The role of MLS in RA is not entirely clear,

but presumably MLS induce invasiveness of FLS via the secretion of proinflammatory cytokines, including TNF,

which mostly contribute to joint destruction.
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Figure 1. TNF is a pleiotropic cytokine, which is implicated in function of different cells which are important for RA

pathogenesis. TNF promote expression of proinflammatory genes in fibroblast-like synoviocytes and macrophages.

It has a large impact on T cells by expansion of Th17 lymphocytes subset, transition of Th17 to the non-classic Th1

subset in inflammatory sites, as well as decreasing Tregs levels, and it also enhances leukocyte influx to sites of

inflammation. In addition, TNF stimulates neutrophils to delay apoptosis, induce respiratory burst, and upregulate

cytokine production. TNF is of key importance in osteoclastogenesis and RA-associated bone loss. The figure was

created using the Servier Medical Art template; https://smart.servier.com, accessed on 21 January 2022.

TNF-mediated signaling in FLS is presumably crucial for arthritis initiation . FLS are a major source of

multiple proinflammatory cytokines and chemokines, which lead to recruitment of more immune cells. At the

transcriptional level, TNF in RA regulates the expression of proinflammatory genes in a cell type-specific manner.

The TNF-inducible proinflammatory genes exhibit unremitting expression in FLS. The sustained expression in FLS

is presumably a result of an alteration of the chromatin structure in regulatory elements of the genes, resulting in

the continuous upstream activation of NF-κB and MAPK signaling.

3.2. Macrophages

In macrophages, in contrast to FLS, the proinflammatory genes are only transiently expressed in response to TNF

. Moreover, on a prolonged exposure to TNF, macrophages display tolerance induction . However, such

desensitization may be blocked by type I interferons. TNF and type I IFNs presumably cooperatively regulate

chromatin accessibility at inflammatory gene promoters, facilitating robust transcriptional responses to weak

signals . In addition, in macrophages and endothelial cells, TNF induce the IFN-β autocrine loop via activation of

interferon regulatory factor 1 (IRF1) and interferon regulatory factor 3 (IRF3) . Treatment with anti-TNF
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antibodies strongly modulate functions of macrophages in inflammatory conditions. The process is IL-10/STAT3

pathway–dependent. Upon anti-TNF blocking, the surface expression of pro-inflammatory markers (CD40 and

CD60) is downregulated, whereas expression of phagocytic receptors (CD16, CD163, MER proto-oncogene

tyrosine kinase) is increased. In addition, anti-TNF agents also suppress production of pro-inflammatory cytokines

(IL-6, IL-12, TNF) in macrophages .

3.3. Bone Marrow Stromal Cells and Osteoclastogenesis

RA-associated bone loss is a result of the disturbance between bone formation and bone resorption.

Proinflammatory cytokines, including TNF, are essential for osteoclastogenesis. TNF stimulate the expression of

receptor activator of NF-κB ligand (RANKL) by bone marrow stromal cells, mainly fibroblasts and activated synovial

T cells. RANKL is crucial for propagating osteoclasts maturation. TNF can also stimulate osteoclast precursors

directly through TNFR1 signalling. The soluble TNF is responsible for mobilizing osteoclasts from the bone marrow

. In addition, TNF is a potent inhibitor of osteoblast differentiation . In contrast, TNFR2-dependent

signalling inhibits osteoclastogenesis .

3.4. Neutrophils

In RA, TNF exposure on neutrophils up-regulates several genes involved in the NF-κB signaling pathway,

particularly TNF itself. In addition, TNF induces expression of anti-apoptotic genes, e.g., TNFAIP3 (A20), BCL2A1,

CFLAR (FLIP), and FAS, while expression of some pro-apoptotic genes, including APAF1, CASP8, CASP10,

FADD, TNFRSF1A and TNFRSF1B, is down-regulated. These transcriptional changes allow neutrophils to delay

apoptosis and thereby enhance inflammation. Interestingly, these effects of TNF on human neutrophils seem to be

concentration-dependent, since high concentrations may paradoxically promote apoptosis. During continuous

exposure to TNF, desensitization of TNF-inducible expression in neutrophiles occurs, which is presumably a result

of a down-modulation of both TNFR1 and TNFR2 receptors .

3.5. T Cells

The relationship between TNF and T cell responses is complex, since T cells both respond to and produce TNF.

TNF is of a key importance for proper T cells development. It is responsible for modulation of T cells development

in thymus, as well as generation of efficient adaptive immune responses in lymph nodes. TNF is necessary for the

activation of effector, memory, and regulatory T cells. Extensive production of TNF influence maturation of the

antigen-presenting dendritic cells, and thus recalls efficient activation of naïve T cells. In addition, TNF was

experimentally shown to promote leukocyte adhesion and diapedesis, which enable T cells invading the inflamed

tissue .

Expansion of Th17 cell subset is hypothesized to be an important mechanism of peripheral tolerance breakdown in

RA. The increase in Th17 was reported in RA peripheral blood, synovial fluid and tissue, however Th17

lymphocytes are rarely found at inflammatory sites in comparison with other T cell subsets. This is presumably due

to the rapid transition of Th17 lymphocytes to the non-classic Th1 phenotype, induced by TNF. Shifted Th17 cells
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become particularly aggressive and presumably are of particular importance in pathogenesis of inflammatory

disease, including RA .

Much knowledge about the influence of TNF on lymphocytes in RA is provided also by data from studies evaluating

the effect of treatment with anti-TNF drugs. Interestingly, in long-term observation of anti-TNF-treated patients, the

number of circulating Th1, Th2 and Th17 lymphocytes was reported to increase . Non-responders are also

associated also with higher baseline Th17 frequencies, what may be a result of the impaired peripheral tolerance

and paradoxical activation of Th1 and Th17 responses in this group of RA patients .

Dulic et al. also showed that, as compared with non-responders, anti-TNF responders in long-term observation

were characterized with lower proportions of total CD4+ T cells and higher proportion of late activation CD4+HLA-

DR+ T cells. In the same study, T cells expressing the early activation marker CD69 were indicated as promising

predictive marker of anti-TNF blocker response .

TNF appears to inhibit the suppressive functions of Tregs, which are essential in preventing autoimmunity. Tregs

prevent optimal costimulation by antigen presenting cells, and further response related to cytotoxic T cells . The

mechanism of such TNF-mediated inhibition is downmodulating the expression of the key transcription factor

FoxP3. In line with the above, the anti-TNF treatment has a potential to restore the suppressive function in Tregs.

The ratio of Th17/Treg in anti-TNF-treated patients, regardless of the effectiveness of therapy, tends to approach

the ratio observed in healthy controls . Under certain conditions, TNF may also increase Tregs differentiation

and promote immunosuppressive effects, which appears to be TNFR2-dependent. The expression of TNFR2 on

Tregs is decreased in autoimmune diseases, limiting the importance of this effect in RA. Based on these findings,

the development of new anti-TNF therapies should be focused on a more selective blockade of TNFR1-dependent

signaling .

The TNF inhibitor golimumab was shown to largely affect peripheral memory T cell responses. In long-term

observation, patients treated with golimumab displayed increased effector memory T cells and antigen-specific T

cell cytokine production .

As for B cells, conflicting results have been reported. TNF blocking with infliximab was found to increase the

frequencies of circulating memory B-cells, whereas another study with etanercept showed the opposite effect .

3.6. Effects of TNF on Angiogenesis

Formation of new capillaries from existing vessels, termed angiogenesis, is a key event in the formation and

maintenance of pannus . Proinflammatory cytokines, including TNF, stimulate synovial fibroblasts to release

vascular endothelial growth factor (VEGF). VEGF stimulates endothelial cell proliferation, and thus angiogenesis.

TNF also affects the later stage of angiogenesis by the increased production of angiopoietin 1, important for newly-

formed blood vessel stability .

3.7. Influence of TNF on Endothelial Dysfunction
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TNF contributes to the increased risk of cardiovascular comorbidities in RA patients. Vascular injury is a result of

the disruption of the endothelial barrier. TNF via TNFR1 signaling destabilizes the endothelial skeleton by actin

rearrangement and microtubule destabilization . In addition, TNF was shown to induce degradation of the

endothelial glycocalyx . TNF also impairs nitric oxide formation, which is of key significance for endothelium-

dependent vasodilatation. TNF-signalling decreases NO generation by TNFR1-dependent inhibition of endothelial

NO synthase (eNOS) expression and accumulation of the endogenous eNOS inhibitor, but also influences the

enhanced removal of NO. Moreover, TNF stimulates production of vascular reactive oxygen species (ROS) by

upregulated expression of NADPH-dependent oxidase (NOX) subunits. Upon TNF activation, ROS contribute to

TNF-induced NF-kB activation, decreased NO bioavailability and progression of atherosclerosis .
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