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Abstract. Tumor necrosis factor- (TNF) stimulated gene-6 (TSG-6)1 is an inflammation-associated 

secreted protein that has been implicated as having important and diverse tissue protective and 

anti-inflammatory properties, e.g. mediating many of the immunomodulatory and beneficial 

activities of mesenchymal stem/stromal cells. TSG-6 is constitutively expressed in some tissues, 

which are either highly metabolically active or subject to challenges from the environment, perhaps 

providing protection in these contexts. The diversity of its functions are dependent on the binding 

of TSG-6 to numerous ligands, including matrix molecules such as glycosaminoglycans, as well as 

immune regulators and growth factors that themselves interact with these linear polysaccharides. It 

is becoming apparent that TSG-6 can directly affect matrix structure and modulate the way 

extracellular signalling molecules interact with matrix. In this review, we focus mainly on the 

literature for TSG-6 over the last 10 years, summarizing its expression, structure, ligand-binding 

properties, biological functions and highlighting TSG-6’s potential as a therapeutic for a broad 

range of disease indications. 

Keywords (6): TSG-6, hyaluronan, matrix reorganisation, chemokines, MSCs, inflammation.

1Abbreviations. AHR: airway hyperresponsiveness; AM: amniotic membrane; BAL: bronchoalveolar 

lavages; BMP: bone morphogenetic protein; COC: cumulus-oocyte complex; CS: chondroitin 

sulphate; DCs: dendritic cells; DS: dermatan sulphate; ECs: endothelial cells; FN: fibronectin; 

GAG: glycosaminoglycan; GFAP: glial fibrillary acid protein; HA: hyaluronan; HC: heavy chain 

(also known as SHAP: serum-derived HA-binding protein); HC•HA: HA chain with HCs covalently 

attached; HC•TSG-6: covalent complex of HC with TSG-6; HS: heparan sulfate; II: inter--

inhibitor; IL: interleukin; LPS: lipopolysaccharide; MSCs: mesenchymal stem/stromal cells; OA: 

osteoarthritis; PI: pre--inhibitor; PG: proteoglycan; PTX3: pentraxin-3; RA: rheumatoid arthritis; 

T1D; Type-1 diabestes; TGF tumor growth factor-; TNF: tumor necrosis factor; TK: tissue 

kallikrein; TSG-6: TNF-stimulated gene-6 (also known as TNFAIP6: TNF-induced protein-6); 

TSP: thrombospondin.
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1. Introduction

TSG-6 is the secreted protein product of the TNF-stimulated gene-6 [1] that while constitutively 

expressed in a few tissues is generally upregulated wherever there is inflammation. For the most 

part TSG-6 exhibits anti-inflammatory and tissue protective properties, but has been implicated as 

sometimes playing a role in disease pathology, for example, in the lung. While being made by a 

broad range of cell types, it was the finding that TSG-6 is produced by mesenchymal stem/stromal 

cells (MSCs) in response to inflammatory signals [2], and that it mediates many of their 

immunomodulatory and reparative activities [3], which has led to a wealth of publications on the 

therapeutic effects of this intriguing molecule across a wide range of disease models. 

TSG-6 is a relatively small protein, with a molecular mass of only ~35-38 kDa, being mainly 

composed of two modular domains (Figure 1). Given TSG-6’s size, it has a surprisingly large 

number of activities, including the modulation of immune and stromal cell function and its 

contribution to extracellular matrix formation, mechanics and remodelling (Figure 2). It is the ability 

of TSG-6 to regulate matrix organization, and to control the association of matrix molecules with 

cell surface receptors and with extracellular signalling factors (e.g. chemokines), that likely 

underlies its diverse functional repertoire. In this regard, TSG-6 interacts with a large array of 

ligands (Table 1), such as glycosaminoglycans (GAGs), proteoglycan (PG) core proteins and other 

matrix components, and binds directly to multiple chemokines and bone morphogenetic proteins 

(BMPs). One particularly unusual function of TSG-6 is its role as an enzyme that catalyses the 

covalent modification of the non-sulfated GAG hyaluronan (HA) with so-called heavy chains (HCs) 

from the inter--inhibitor (II) family of proteoglycans. This TSG-6-mediated process, which results 

in the formation of HC•HA complexes, is essential for mammalian ovulation and fertilisation, and 

also occurs in many other contexts (e.g. inflammation) where HC•HAs either confer tissue 

protection or contribute to pathological processes.  

In this review article we will cover recent insights into the sites and contexts of TSG-6 expression, 

its structure and ligand-binding properties, and how these together underpin its diverse biology and 

therapeutic potential at a molecular and cellular level. Here we will mostly focus on publications 

from the last 10 years, where earlier literature is covered in detail in our previous reviews [4–6]. 
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2. TSG-6 Expression in Physiology and Pathology

2.1 Constitutive TSG-6 expression

While it is well established that TSG-6 expression is upregulated during inflammation [4,5,7], there 

are a number of locations where TSG-6 is now known to be expressed constitutively (Table 2), 

including amniotic membrane (AM) [8], brain and the central nervous system [9], lung [10], 

endocrine pancreas [11–14], spleen [13] and skin [15]. These tissues fall into two broad 

categories: those where there is a high basal level of metabolic activity (e.g. brain and the islets of 

Langerhans in pancreas) or those that provide a barrier to the environment (i.e. being constantly 

bombarded with exogenous challenges) and/or play a role in host immune defence (e.g. AM, lung, 

skin). This is consistent with TSG-6’s role as an endogenous protector of tissues, which to date 

has been studied mostly in the context of inflammation and disease processes.

In the case of human AM, TSG-6 immunostaining is associated with epithelial cells, stromal cells 

and the stromal matrix, and there is also strong evidence that II and HA are both present in AM 

[8], thus providing an explanation for the formation of HC•HA complexes shown previously to be 

constitutively present in this location [16]. Recently it has been found that TSG-6 is constitutively 

expressed by MSCs obtained from AM, where the TSG-6 protein was able to reduce the 

production of neutrophil extracellular traps by bone marrow derived neutrophils [17]; this may 

contribute to the anti-inflammatory functions of AM [18]. 

TSG-6 is expressed by CD44+/GFAP+ astrocytes in the brains and spinal cords of mature rats but 

not during embryonic development [9]. In this context TSG-6 has been implicated in astrocyte 

maturation since there are fewer astrocytes in the brains of TSG-6 null mice. There is considerable 

upregulation of TSG-6 expression following spinal cord injury, where the protein is associated with 

the glial scar, potentially playing a role in formation and stabilization of this HA-rich matrix. 

TSG-6 is present at low levels in human airway secretions, but is significantly increased in 

smokers, likely due to smoke-induced inflammation [10]; TSG-6 is also present in the 

bronchoalveolar lavages (BAL) of asthma patients being further upregulated in response to 

allergen challenge. Recent work has strongly implicated TSG-6 in the development of ozone-

induced airway hyperresponsiveness (AHR) in the mouse, where the TSG-6 knockout mouse is 

protected from the detrimental effects of ozone exposure [19]. However, in other contexts TSG-6 
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has been shown to mediate protective effects in the lung; e.g. lipopolysaccharide- (LPS) and 

bleomycin-induced lung injury [20–22].

There is constitutive expression of TSG-6 in the islets of Langerhans in human and murine 

pancreas, where it is produced by the pancreatic  and  cells [12,13] and perhaps stored in 

secretory granules [13]. Interestingly, there is a progressive loss of TSG-6 expression in animal 

models of type-1 diabetes (T1D) during disease progression [11,14], and TSG-6 is also decreased 

in human diabetic islets during development of T1D and during autoimmune insulitis [13]. While 

there is a reduction of TSG-6 expression by endocrine cells during diabetes/insulitis there is TSG-6 

production by infiltrating CD3+ and CD11c+ leukocytes [11,13]. However, these descriptive data 

provide little insight into whether the loss of TSG-6 contributes directly to the progression of T1D 

and further work is necessary to determine if TSG-6 deficiency predisposes to diabetes.

TSG-6 is also constitutively expressed in human skin with TSG-6 immunoreactivity being much 

more intense in the epidermis compared to the dermis [15]; TSG-6 staining was also seen in hair 

follicles and sebaceous glands. The amount of TSG-6 was significantly reduced in the epidermis of 

keloid scars compared to unscarred skin. TSG-6 mRNA has been found to be constitutively 

expressed by human dermal fibroblasts in culture [23]. In this study there was a decrease in both 

constitutive TSG-6 expression, and after tumor growth factor- (TGF) stimulation, with increasing 

donor age; this led to reduced fibroblast to myofibroblast differentiation which would be expected to 

give rise to impaired wound healing.

In addition to the constitutive expression of TSG-6 by stromal cells, it is also constitutively present 

in the secretory granules of human neutrophils and mouse mast cells [24,25]. In non-activated 

neutrophils there is TSG-6 mRNA production and storage of the protein in lactoferrin-positive 

‘specific’ granules, along with the TSG-6 ligand pentraxin-3 (PTX3), where TSG-6 protein is 

released (and its expression upregulated) in response to LPS. Mast cells also contain TSG-6, 

which is present in heparin-containing secretory granules, being released on mast cell 

degranulation [25]; the TSG-6 is stored in association with the tryptases mMCP-6 and mMCP-7, 

where these likely form ternary complexes with TSG-6 and heparin. In vitro experiments indicated 

that ternary complexes could also be formed between TSG-6, the tryptases and HA. Whether 

TSG-6 inhibits tryptase enzymatic activity is not known.
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2.2 Inducible TSG-6 expression

With the exception of the cells and tissues described above TSG-6 is not in general constitutively 

expressed in ‘normal’ adult tissues, being induced during some physiological processes (such as 

ovulation and cervical ripening), or in response to inflammatory mediators.

2.2.1 TSG-6 expression in ovulation

TSG-6 is expressed during murine ovulation by the cumulus cells that surround the oocyte [26], 

having a critical role in forming the HA-rich cumulus matrix that is required for successful ovulation 

and fertilisation [27–29]; a process called cumulus-oocyte complex (COC) expansion. Here TSG-6 

expression is induced by prostaglandins, and mice that are deficient in cyclooxygenase-2 or the 

prostaglandin E2 receptor are infertile [30]. Moreover, deletion of the TSG-6 gene or the 

inhibition/disruption of TSG-6-mediated HC•HA formation leads to infertility due to defective 

expansion of the cumulus matrix [27–29]. A recent study found that a high fat diet in both lean and 

obese mice led to an impairment in the estrous cycle and reduced expression of TSG-6 along with 

other genes that are critical to normal ovulation [31]. There is also evidence that TSG-6 is 

expressed during ovulation in other mammals (e.g. cows, horses, pigs and sheep), but here it is 

less clear whether TSG-6’s transferase activity is essential or not [32–35].

2.2.2 TSG-6 expression by MSCs

One of the most exciting findings on TSG-6 over the last 10 years is that it is expressed by MSCs 

and mediates many of their immunomodulatory and tissue protective properties. This was 

discovered by Darwin Prockop’s group when human bone marrow-derived MSCs were injected 

systemically in murine myocardial infarction, showing that TSG-6 expression was upregulated by 

the cells that became trapped in microemboli in the lung, i.e. in response to the inflammatory milieu 

present in this disease model [2]. Treatment with MSCs significantly reduced the infarct size, even 

though they did not engraft into the heart tissue. TSG-6 secreted by the MSCs was shown to be 

mediating this therapeutic effect, since it was abolished by siRNA knockdown in the MSCs and 

because intravenous administration of rhTSG-6 protein was almost as effective. Following on from 

this discovery, TSG-6 expressed by MSCs and recombinant TSG-6 have been found to be 

efficacious in a wide range of disease models (see Section 5 and Table 3).
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MSCs in monolayer culture do not constitutively express TSG-6 but mRNA is greatly upregulated 

in response to TNF [2], whereas when the MSCs are in 3D spheroids they express TSG-6 (mRNA 

and protein) at very high levels in the absence of stimulation [36]. In addition to bone marrow 

derived MSCs, TSG-6 is also expressed by adipose-derived MSCs [37–39], dedifferentiated fat 

cells [40] and umbilical cord perivascular cells [41–43], mediating their protective effects (see 

Table 2). 

2.2.3 TSG-6 expression in response to inflammation and injury

TSG-6 production is induced by inflammatory mediators (e.g. interleukin-1 (IL-1), LPS, TGF and 

TNF) in a wide range of leukocytes, stromal cells and tissues (covered in [4–6] for papers up to 

2007); however, which pro-inflammatory factor(s) induces expression is highly cell-type dependent. 

In addition to neutrophils (see above), TSG-6 is also expressed by other leukocytes, including 

monocyte-derived dendritic cells (DCs) in response to LPS [24], and there is a marked 

upregulation of TSG-6 mRNA (>500-fold) on phorbol ester-induced differentiation of THP1 

monocytes to macrophages [44]; macrophages also express TSG-6 in response to LPS [24] and 

TNF [45]. As described in Section 4.5, TSG-6 is induced by IL-1, IL-6 and TNF in osteoclasts and 

their monocytic precursors, acting as an autocrine regulator to supress bone breakdown [45].

As described previously, TSG-6 is upregulated by inflammatory cytokines in many different stromal 

cell types including endothelial cells (ECs), airway and kidney epithelial cells, fibroblasts and 

vascular smooth muscle cells (VSMCs) [4–6]. More recently TSG-6 expression has been found to 

be induced in human airway submucosal gland cells by IL-1 and TNF [10] and TSG-6 protein is 

associated with VSMCs and perivascular cells in human abdominal aortic aneurysms [46]. TSG-6 

mRNA is also expressed by human endometrium during the proliferative and secretory phases of 

the menstrual cycle [47] and during endometriosis [48]. 

TSG-6 is well established to be associated with human arthritis, where it is produced by 

chondrocytes and synoviocytes (see [4]). The protein has been quantitated in the synovial fluids of 

patients with rheumatoid arthritis (RA) and osteoarthritis (OA) as well as other arthritides (e.g. 

pyrophosphate arthritis) [45]; TSG-6 levels in synovial fluid appear to correlate with disease 

progression in human OA [49] and in experimental murine RA [25]. In OA, TSG-6 is upregulated in 

chondrocytes in areas of damaged articular cartilage [50–53], and based on studies in the mouse it 
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is very rapidly induced in the joint after surgical destabilisation [54]; consistent with this TSG-6 is 

detectable in synovial fluid after joint trauma in humans [55]. At present it is unclear whether TSG-

6 production is good or bad in the context of OA (and other musculoskeletal pathologies). 

However, TSG-6-/- mice, while having no obvious phenotype in the absence of challenge, get much 

more severe joint damage in a model of inflammatory arthritis, which is due in part to the loss of 

TSG-6’s anti-inflammatory effect on neutrophil migration [56]. 

Considering the beneficial effects of TSG-6 treatment in many disease models (Section 5), it 

seems reasonable to suggest that the upregulation of TSG-6 expression during acute inflammation 

serves to protect tissues from the damaging and unwanted side effects of the immune response. 

However, in some chronic inflammatory settings, it is probable that TSG-6 production contributes 

to pathology. Further research is clearly needed to understand the role of endogenous TSG-6 

expression during disease processes.

3. TSG-6 Domain Organization and Structural Information

The TSG-6 protein is composed of a short N-terminal segment, followed by contiguous Link and 

CUB modules, and a C-terminal region (Figure 1); the amino acid sequence is very highly 

conserved between vertebrate species, for example, with human and mouse TSG-6 having ~93% 

identity. While there is no structural information available for the N- or C-terminal regions the 

tertiary structures of the Link and CUB modules have both been determined (Figure 1). The 

structure of the human Link module (Link_TSG6), a domain also found in the HA receptor CD44, 

was first elucidated by nuclear magnetic resonance (NMR) spectroscopy in the mid 1990s [57]. 

This was followed by a better quality solution structure in 2003, where the Link module 

conformation was determined in the absence and presence of an HA octasaccharide (HA8), 

demonstrating that there is a considerable conformational change in the protein on HA binding 

[58], as well as a stabilisation of the Link module fold [59]. The HA-bound conformation was then 

used in combination with other data to generate a experimentally validated model of the Link 

module in complex with HA8 [60,61]. This is illustrated in Figure 3A, showing how the HA threads 

through a shallow groove and wraps round two faces of the Link module domain [61]; as described 

below this contributes to TSG-6’s ability to profoundly alter the conformation of HA [62]. 
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Comparison of the model for the Link_TSG6/HA8 complex with the CD44/HA8 crystal structure [63], 

reveals that although the HA is bound at a common binding site on the Link modules of these two 

proteins, the molecular details of the interactions are quite distinct [61,64]. The binding of TSG-6 to 

HA is mediated by a combination of ionic and aromatic ring stacking interactions [58,60,61,64], 

whereas the CD44-HA interaction is mediated by hydrogen bonds and van der Waal’s forces [63]; 

whilst there are two specificity pockets that accommodate HA’s N-acetyl groups in the TSG-6 Link 

module there is only one in CD44. Together these differences likely explain the higher affinity of 

Link_TSG6 for HA compared to the HA-binding domain of CD44 [61]. Recently an NMR structure 

has also been determined for Link_TSG6 in complex with an oligosaccharide of chondroitin-4-

sulfate (C4S), revealing that C4S binds to the same site as HA on TSG-6 [65], explaining how C4S 

and HA can compete for each other’s binding [66,67]. Surprisingly, although there is no steric 

reason why chondroitin-6-sulfate could not also be accommodated within the HA-binding groove, 

this isoform of CS binds much more poorly than C4S to Link_TSG6 (see [65]).

4. The ligand-binding properties of TSG-6 and related functional activities

As illustrated in Figure 2, TSG-6 has been implicated as having a broad-range of functions, where 

these are underpinned by its interaction with diverse ligands, including GAGs, CSPG core proteins, 

other matrix molecules, components of II and the related pre--inhibitor (PI), chemokines and 

growth factors. Here we will focus on ligands for which there is information that relates the 

interaction directly to TSG-6 function; for ligands not covered in detail in the text, further 

information and references can be found in Table 1.

4.1 Interactions with glycosaminoglycans

TSG-6 is unusual in that it binds to both sulfated and non-sulfated GAGs including chondroitin [61], 

C4S [65–68], dermatan sulfate (DS) [68], HA [61,62], heparan sulfate (HS) [69] and heparin [68,69] 

(Table 1). Of these interactions the best characterized is with HA.

4.1.1 Hyaluronan

As described above (Section 3), we have detailed information on how HA binds to Link_TSG6, i.e. 

the isolated Link module domain of TSG-6 (see [61]). However, whilst this 1:1 interaction is non-

cooperative in nature, binding of HA to the full-length protein is cooperative (and consequently of 
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higher affinity) and leads to the HA-induced oligomerization of TSG-6, where dimers and larger 

oligomers (likely tetramers) can directly cause crosslinking of individual HA stands (Figure 3B,C; 

Table 1) [62]. Here the use of surface-sensitive techniques has demonstrated that TSG-6 binding 

to HA has a dramatic effect on HA structure, collapsing and stiffening the HA network (Figure 3D). 

This structural perturbation of HA is likely due to the combined effect of crosslinking [62] and the 

conformational change in HA induced by TSG-6 binding (Figure 3A) [61]. This is anticipated to be 

of biological importance since TSG-6 has the potential to collapse/organize HA-rich matrices (in a 

concentration-dependent manner [62,64]), and thereby alter the mechanical properties and 

hydration state of tissues. For example, this could be relevant to HA-rich provisional matrices 

formed during wound healing [70]. Interestingly, the interaction of II with TSG-6 has been found to 

abolish TSG-6’s HA-binding activity and reverse the TSG-6-mediated condensation of HA [71]; the 

formation of HC•HAs (and their crosslinking, e.g. by PTX3) leads to a much more hydrated and 

expanded HA network compared to complexes of TSG-6 and HA [72]. As described above, TSG-6 

is expressed prior to ovulation where it and HA are both produced by the cumulus cells 

surrounding the oocyte. Thus in the early stages of ovulation TSG-6 could potentially package the 

HA into a dense pericellular matrix, which could then expand following II’s entry into the ovarian 

follicle and diffusion into the COC where the TSG-6/HA complexes are located. As described in 

Section 4.2 the interaction of TSG-6 with II also leads to HC•HA formation, where TSG-6 

associated with a crosslinked HA matrix retains its transferase activity [71,72].  In addition, given 

that matrix stiffness has a well-established role in cell regulation [73], TSG-6 expression (and II 

ingress), for example, during inflammation, could be involved in tuning the rigidity of HA-containing 

tissues thereby influencing cellular phenotype [62]. 

The association of TSG-6 with HA can also directly affect the interaction of the polysaccharide with 

its cell surface receptors, increasing the binding of HA to CD44 [71,74] (Figure 3D) and the lymph 

vessel endothelial receptor LYVE1 [75]. Both rhTSG-6 and Link_TSG6 (albeit more weakly) can 

enhance HA binding to CD44, whereas in the case of LYVE1 the full-length TSG-6 protein has a 

considerably more potent effect. This is probably due to the different crosslinking potential of 

rhTSG-6 and Link_TSG6 and their differential effects on HA structural perturbation [62], and 

because LYVE1 is very sensitive to how HA is presented [75]. LYVE1 on lymph vessel endothelial 
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cells exhibits essentially no binding to HA unless the polysaccharide is in a crosslinked state. This 

is because LYVE1 must be in the form of a covalent dimer to bind HA, where the individual LYVE1 

molecules in the dimer are thought to bind to different HA chains [76]. It is anticipated that this 

crosslinking mechanism of TSG-6 will also regulate the binding of HA to other receptors, such as 

layilin [77], but as yet this has not been studied.

These findings also illustrate that the composition of HA/protein complexes dictate whether HA-

receptor interactions occur and likely determine the outcome of cellular responses. In this regard, 

some of TSG-6’s anti-inflammatory effects (on antigen-presenting cells, macrophages and T cells) 

have been shown to be dependent on CD44 [78,79], and given that there is no published evidence 

that TSG-6 and CD44 interact directly it is reasonable to suggest that these are mediated through 

the enhancement of the HA-CD44 interaction. Moreover, TSG-6 can also regulate CD44-mediated 

rolling of leukocytes via its interaction with HA [74].

4.1.2. Heparan sulfate and heparin

TSG-6 interacts with heparin and HS though its Link module domain (Table 1), where the binding 

of Link_TSG6 and the full-length protein appear similar [69]; 2-O- and 6-O- sulfates play a more 

important role than N-sulfates in the interaction [68]. The binding site for heparin/HS is on a 

different face of the Link module from where HA binds, and although there is no overlap in their 

interaction surfaces, heparin and HA can compete for binding. This is likely due to an allosteric 

effect, since the association with HA alters the Link module conformation [58] and affects the 

dynamics of amino acids implicated in the interaction with heparin [59,80]. Heparin also induces 

the dimerization of Link_TSG6 [69] (unlike HA that only promotes the oligomerization of the full-

length protein [62]) and recent biophysical work indicates that Link_TSG6 can crosslink heparin 

chains and lead to the condensation of a heparin film ([81], HL Birchenough, TA Jowitt and AJ 

Day, unpublished data). This may partially explain how Link_TSG6 is able to inhibit the binding of 

chemokines to HS on ECs, in addition to its direct protein-protein interactions with these immune 

regulators [82]; see Section 4.4. Overall, these findings suggest that TSG-6 may be able to 

modulate HS structure in tissues and thereby the binding of other HS-binding proteins, and that the 

composition of the matrix or pericellular environment is likely important in determining, for example, 

the relative amounts of TSG-6/HA and TSG-6/HS complexes.
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TSG-6 has been found to potentiate the anti-plasmin activity of bikunin [83], a CSPG that forms 

part of II and PI (Figure 4), where this is mediated entirely by its Link module domain [84]; here 

Link_TSG6/rhTSG-6 may interact with both bikunin and the CS chain [69,85]. The binding of TSG-

6 to heparin (e.g. in the context of Link_TSG6) enhances its potentiation with evidence that this 

occurs via the formation of a ternary complex between TSG-6, heparin and bikunin [69]. These 

anti-plasmin activities of TSG-6 have been implicated in mediating some of its tissue protective 

effects, e.g. in a mouse model of myocardial infarction [2].

4.1.3. Chondroitin sulfate and CSPG core proteins

 As described in Section 3, TSG-6 binds to C4S via its Link module domain, where the binding 

leads to dimerization of the recombinant Link_TSG6 protein [65]; while it is not yet known whether 

this is also a feature of the full-length TSG-6 (see Table 1), this is certainly feasible based on 

modelling. In addition to the C4S binding site described above (where the sugar interacts with the 

HA-binding groove), there is also a lower affinity interaction surface on the heparin-binding face of 

the Link module. This means that in a TSG-6 dimer there would be 4 different binding surfaces, 

which could lead to crosslinking of individual C4S chains and potentially a major structural 

reorganisation of the polysaccharide e.g. when TSG-6 is bound along a single C4S chain. This 

could serve to collapse CSPGs in tissues and contribute to matrix remodelling. In this regard, TSG-

6 can also bind through its Link module to the G1-domain of aggrecan, via a protein-protein 

interaction, and compete for the binding of aggrecan to HA [53,86]. While it has been suggested 

that this could block matrix assembly in OA [53] where TSG-6 is expressed [50,52,53,87], another 

possibility is that the inhibition of aggrecan-HA binding and the collapse of its CS chains could 

package the aggrecan allowing it to diffuse away from the chondrocyte surface. This would 

promote matrix formation/repair in the cartilage interterritorial matrix; here pH gradients present in 

cartilage could further regulate this process [67,88]. Interestingly, there is evidence that TSG-6’s 

competition of the aggrecan-HA interaction is regulated by HC•HA at the articular surface in OA 

[53], where these complexes are not  present in the deeper zones of the tissue [53,89].

4.2 The role of TSG-6 in HC•HA formation

4.2.1 The structural and functional diversity of HC•HAs
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TSG-6 has an important enzymatic function, transferring HCs from members of the II family onto 

HA (Figure 4); while chondroitin also acts as a (weaker) substrate, TSG-6 is not thought to transfer 

HCs onto DS, or HS [90,91]. However, CS chains, including those of versican [92], amyloid 

precursor like protein 2 (APLP2) [44], and bikunin [93], can become modified with HCs. To date 

TSG-6 is the only HC transferase to have been described and therefore may have a non-

redundant role in the transfer of HCs onto HA and chondroitin/CS. This activity of TSG-6 (Figure 2) 

has been suggested to be evolutionarily conserved in vertebrates, where, for example, the role of 

HC•HA complexes in inflammatory processes predates their function in stabilising the cumulus 

matrix during ovulation [94]. It is important to note that, given TSG-6’s catalytic activity [71,95], 

even low levels of TSG-6 production could lead to significant amounts of HC•HA formation over 

time, i.e. in biological contexts where HA and II are also present.

Six HCs have been described, where only HC4 is unlikely to be able to be transferred onto HA 

[96]. There is growing evidence that the composition of HC•HA complexes is highly tissue and 

context dependent, where this likely correlates with whether they play a physiological/protective 

function or contribute to disease progression.

HC1 and HC2 (from II), and HC3 (from PI), are transferred onto HA during murine COC 

expansion [26] and in the synovial fluids of RA and OA patients [97–99], where TSG-6 is 

expressed (Section 2 and Table 2). In the periovulatory period, HC•HA complexes are crosslinked 

through their interactions with PTX3, an octameric protein [100,101] essential for stabilising the 

cumulus matrix [102], via its interactions with multiple HA-bound HCs [100,103]. Direct evidence 

for crosslinking has been obtained by biophysical experiments in HA films, which have also 

revealed that the formation of HC•HA complexes and their binding to PTX3 are likely coupled and 

very tightly regulated [72]. While it was suggested previously that the interaction of TSG-6 with 

PTX3 could also serve to crosslink HA chains [102], this does not occur in the context of the full-

length TSG-6 protein [72]; Link_TSG6, which was used in the original experiments [102] is able, 

however, to bind simultaneously to PTX3 and HA [72]. Furthermore, our recent work has shown 

that cumulus expansion relies primarily on the transferase activity of TSG-6, and that its HA-

binding function likely only plays a minor role [29]. 
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Whilst the same 3 heavy chains (HC1, HC2 and HC3) are transferred onto HA during arthritis [97], 

the functions of the HC•HA complexes in this context are less certain. What is known is that the 

overall levels of HCs in synovial fluids correlate with RA disease severity [98], and that TSG-6’s 

transferase activity (as a surrogate for TSG-6 levels) is prognostic of the need for joint replacement 

surgery in OA [49]. However, it is not clear in these contexts whether TSG-6-mediated formation of 

HC•HA is driving disease pathology or if this in fact counteracts disease processes/progression. In 

rheumatoid synovial fluids it has been found that between 3-5 HCs become attached to a single ~2 

MDa HA chain and that the HC•HA complexes are more aggregated (i.e. crosslinked) compared to 

unmodified HA, potentially via direct interactions between HCs [99]; whether PTX3 is present or 

not in the complexes has not been fully established. One possibility is that crosslinking of HC•HA 

(whatever the mechanism) may preserve the hydrodynamic properties of the synovial fluid HA, 

which becomes fragmented and diluted during arthritis, and thus have a beneficial effect [104]. 

Interestingly, the HC•HA complexes from RA patients are more adhesive for CD44 on leukocytes 

compared to free HA, and thereby might support leukocyte infiltration into the inflamed synovium 

[105]. Although, the enhancement of leukocyte binding could clearly contribute to pathology, it is 

also possible that HC•HA might communicate anti-inflammatory signals, as is the case for HC•HAs 

produced in other contexts.

HC•HA from AM has been found to be potentially anti-angiogenic, anti-fibrotic and anti-

inflammatory [16,106–108]; for example being able to polarise macrophages to an M2 phenotype 

[107]. In this context, II and TSG-6 are constitutively expressed leading, rather surprisingly to an 

HC•HA that contains only HC1 [8]; based on the mechanism in Figure 5, it is not apparent how just 

HC1 can be transferred from II. PTX3 is also constitutively expressed in AM, where the formation 

of HC1•HA/PTX3 complexes is thought to play a protective role during fetal development [109]; 

moreover, the presence of PTX3 enhances the anti-inflammatory activity of the complex. The 

mechanism underlying the protective properties of this type of HC•HA has only been partially 

elucidated [18].

Constitutive HC•HA formation is associated with murine airway epithelial cells (AECs) and human 

renal proximal tubular ECs, both of which make HC3•HA, through constitutively expressing PI 

and TSG-6 [110]. AECs in culture assemble the HC3•HA complexes into raft-like structures on 
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their ciliated apical surface that can capture and entrap leukocytes. Such leukocyte adhesive 

structures were also identified in the BAL fluids and on the ciliated airway epithelium of naive mice, 

where they have been hypothesized to play a role in host defence. 

However, in other contexts, HC•HAs have been implicated as contributing to lung pathology, e.g. in 

cystic fibrosis [111] and in a mouse model of AHR [19]. Cystic fibrosis patients exhibited aberrant 

degradation of HA, which may be due to HC-mediated crosslinking, and there was also increased 

infiltration of leukocytes that correlated with sites where there were high levels of HC•HA [111]. In 

murine AHR, TSG-6 null animals were protected from the effects of ozone treatment, where this 

was attributed to an absence of TSG-6-mediated HC transfer [19]; TSG-6-/- mice also had 

attenuated AHR in a model of acute allergic pulmonary inflammation, with reduced numbers of 

airway eosinophils, leading to the suggestion that TSG-6’s transferase activity may contribute to 

the development of asthma [112]; however, data from human asthma do not fully support this 

conclusion [113]. In all of these contexts, while it is likely that HA is modified with HC1, HC2, and 

HC3, further information on the compositions of the HC•HA formed (and the absence/presence of 

accessory proteins, such as PTX3) would be helpful in understanding how these complexes 

contribute to lung pathology. In this regard, while HC•HA from RA synovial fluid was pro-adhesive 

for leukocytes [105] HC•HA made in vitro from II (and HA and TSG-6) was not [71], providing 

clear evidence that the composition of HC•HA complexes and the context of their production is 

important in determining their biological activities. It is also intriguing why TSG-6 should contribute 

to lung disease in certain contexts [19,111,112,114], but be highly protective in others [20–22].

TSG-6 has been found to be essential for TGF1-induced differentiation of fibroblasts to 

myofibroblasts, supporting the formation of a HA-rich pericellular matrix [96]. Here the production 

of HC•HA was implicated in stabilizing the HA coat and promoting the association of CD44 with the 

epidermal growth factor receptor, an interaction shown previously to occur in lipid rafts in an HA-

dependent manner [115]. HC5 (and bikunin) expression was strongly upregulated by TGF1 and, 

this along with other data, indicate that HC5 is likely to form a complex with CS•bikunin as is the 

case for HCs1-3 in II/PI [96]. Furthermore, TSG-6 was required for the incorporation of HC5 into 

the HA pericellular matrix, suggestive of the generation of a HC5•HA complex.

4.2.2 The molecular basis of TSG-6-mediated HC•HA formation
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Figure 5 shows a schematic representation of TSG-6’s role in HC•HA formation, based on the 

available literature (recently summarized in [29]), consisting of two sequential transesterification 

reactions, which are both dependent on divalent cations [95]. This is best characterised for II, 

where the determination of the TSG-6 CUB module structure (Figure 5), along with other 

biophysical and functional analysis, has clarified the role of metal ions in mediating the formation of 

HC•TSG-6 (intermediates in the transfer of HCs onto HA) in a two step, Ca2+- and Mg2+/Mn2+-

dependent process [29]. However, many molecular details are still missing, including, how the 

initial non-covalent II/TSG-6 complexes convert into covalent HC1•TSG-6 and HC2•TSG-6 

complexes and the location of the catalytic site within TSG-6 [29]. The role of TSG-6’s interaction 

with the CS chain of II is also unclear, however, it is likely to play some part in the formation of 

HC•TSG-6 [85], especially since the sulfation state of the tetrasaccharide linkage region (attaching 

the CS to bikunin) regulates TSG-6’s transferase activity [116]. Moreover, how HA binds in the 

context of the HC•TSG-6 intermediates to effect transfer of HC onto HA is poorly understood. What 

is apparent is that the HA-binding groove utilised in free TSG-6 (see Section 3) is not used in its 

entirety for HA recognition by HC•TSG-6 [29,61]; while Y47 is involved, other critical HA-binding 

residues (i.e. Y94 and Y113 that mediate aromatic ring stacking interactions [58,60,61]), are not 

[29]. This is consistent with the finding that the interaction of II with TSG-6 effectively abolishes 

HA binding [71], suggesting that in HC•TSG-6 a new ‘composite’ binding site for HA is formed [29]. 

In addition to TSG-6 mediating the transfer of HC1 and HC2 from II onto HA, it can also 

dynamically shuffle HCs between GAGs [117]. However, the transfer of HCs onto HA 

oligosaccharides (HA8-HA21) [118] or chondroitin [91] is irreversible. This may provide a 

mechanism for how HCs can be removed from high molecular weight HA [118], i.e. in the context 

of endogenous production of HA oligomers, and with potential therapeutic applications.

The molecular basis of the transfer of other HCs (e.g. HC3 and HC5) onto HA is less well 

characterized. However, there is evidence that II or HC2•bikunin containing species are required 

in addition to PI and TSG-6 in the transfer of HC3 onto HA [119]. This, however, appears to be in 

conflict with findings in [110] since in this latter study HC3•HA could be formed in the absence of 

HC1 and HC2.
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As shown in Figure 5, one consequence of TSG-6-mediated HC transfer is the production of 

HC•CS•bikunin byproducts [95,120], which degrade over time (probably by hydrolysis) to 

CS•bikunin and free HC [10]. This unmasks the tissue kallikrein (TK) inhibitory activity of bikunin, 

which is essentially inactive in the context of II [10]. TK is a serine protease involved in the airway 

inflammatory response, and bikunin was found to account for a significant proportion of the anti-TK 

activity in BAL from asthma sufferers after allergen challenge. Thus, this is a different mechanism 

by which TSG-6 can potentiate the activity of a serine protease inhibitor (distinct from that 

described above for plasmin [69]) and another way in which TSG-6 can mediate a protective effect. 

4.3 Interactions with matrix proteins

In addition to the CSPGs aggrecan [86], bikunin [69] and versican [121], TSG-6 binds to several 

other matrix proteins, i.e. fibronectin (FN) [122], PTX3 [102,123], thrombospondin-1 (TSP1) and 

TSP2 [124]; see Table 1.

TSG-6 has been reported to interact with both the cell-binding and heparin-binding regions of 

human FN [122]; while these interactions had no effect on integrin-mediated cell adhesion, TSG-6 

was found to promote FN fibrillogenesis and the interaction of FN with TSP1 (see below). This 

shows that TSG-6’s matrix reorganising function is not limited to just GAGs. The binding of TSG-6 

to FN was reported to be mediated by its CUB_C domain, where the Link module was not thought 

to be significantly involved (based on microtiter plate interaction assays). However, more recent 

studies using surface plasmon resonance have discovered that the high affinity association of 

TSG-6 to the cell/integrin-binding region of FN is mediated entirely through TSG-6’s Link module 

domain ([81], HL Birchenough, TA Jowitt and AJ Day, unpublished data); the Link module also 

contributes to the interaction with the heparin-binding region of FN, but in this case the CUB_C 

domain may also be involved (Table 1). Given that CUB_C_TSG6, like rhTSG-6, was able to 

promote the assembly of a FN-rich matrix by fibroblasts [122], it does seem likely that this region of 

TSG-6 plays some role.

The Link module of TSG-6 mediates the interaction with the N-terminal domains of TSP1 and 

TSP2 [124]. The TSG-6-TSP1 interaction was strongly inhibited by heparin, even for mutants of 

Link_TSG6 that have greatly impaired heparin-binding activity, indicating that TSG-6 binds to the 

heparin-binding surface on TSP1. As noted above, TSG-6 enhances the binding of TSP1 with FN 
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[122]; in this case only the full-length TSG-6 exhibited this interaction, with neither the recombinant 

CUB_C_TSG6 or Link_TSG6 having any effect. These findings indicate that TSG-6 can directly 

crosslink FN and TSP1 (i.e. via non-overlapping binding sites on TSG-6), which may be important 

in the regulation of matrix assembly at tissue locations where TSP1 is expressed, e.g. during 

inflammation and wound repair. Interestingly, TSP1 was also found to be a positive regulator of 

TSG-6’s HC transferase activity, such that this protein could serve to enhance HC•HA production 

(and HA crosslinking) at sites of inflammation [124]. Given that TSP1 is a trimeric protein it is also 

possible that complexes of TSP1 and TSG-6 could directly crosslink HA by an alternative 

mechanism [104], however, there are no data currently to support this.

As described above, although Link_TSG6 can interact simultaneously with PTX3 and HA the full-

length protein (rhTSG-6) doesn’t support the crosslinking of HA [72]. TSG-6 binds to the N-terminal 

domain of PTX3, which is also the site where fibroblast growth factor-2 (FGF2) binds with similar 

affinity [123]. FGF2 is a potent inducer of angiogenesis, where this is inhibited by PTX3. TSG-6 

was found to inhibit the interaction between FGF2 and PTX3, restoring FGF2’s pro-angiogenic 

activity [123]; while this is likely mediated through the binding of TSG-6 to PTX3, the interaction of 

TSG-6 with FGF2 (A Inforzato and AJ Day, unpublished data) may also be involved. It should be 

noted that although TSG-6 is not a promoter of angiogenesis per se, it does inhibit the inhibition of 

this process. In this regard, TSG-6 has been suggested to act as a biological rheostat to tune the 

level of neovascularization [123], e.g. at inflammatory sites where TSG-6 and PTX3 are both 

expressed.

4.4 Interactions with chemokines

An important recent discovery is that TSG-6 can bind to a broad range of chemokines, making 

TSG-6 the first soluble chemokine-binding protein to be identified in mammals [82,125]. To date, 

TSG-6 has been found to interact with 10 chemokines (mediated via a direct protein-protein 

interaction) including members of both CC and CXC chemokine sub-families. As summarized in 

Table 1, available data indicate that TSG-6 has a general role in inhibiting the binding of 

chemokines to HS, thus regulating their presentation on ECs and their interactions with matrix 

HSPGs, as well as to other matrix molecules such as type-1 collagen [125]. Here TSG-6 binds to 

the heparin/HS-binding site on the chemokines, blocking their interactions with GAGs, which is 
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mediated by the Link module of TSG-6 using an interaction surface (yet to be defined) that does 

not overlap with its own heparin/HS binding function.

The interaction of CXCL8 with TSG-6, and the inhibition of its binding with endothelial HS, has 

provided a mechanism [125] that explains the potent inhibitory activity of TSG-6 on neutrophil 

transendothelial migration [83,84,126]; where the full-length rhTSG-6 and Link_TSG6 have 

essentially identical activities [84]. This anti-inflammatory function has been implicated as 

contributing to the protective or efficacious therapeutic effects of TSG-6 in numerous in vivo 

models of disease [2,56,78,127–132]; see Table 3. 

Given that TSG-6 binds to other chemokines [82,125], which have receptors on a wide range of 

different white blood cell populations, it is reasonable to speculate that TSG-6 will likely play an 

important role in regulating the migration and activity of many different types of  leukocyte subsets; 

e.g. CCR5-, CCR7- and CXCR4-mediated transendothelial migration [82]. In this regard, TSG-6 

has already been implicated in the regulation of dendritic cells, macrophages, monocytes, and T 

cells [2,22,42,79,128,133,134]. Here it should be noted that while TSG-6 inhibited chemotaxis of 

neutrophils, albeit much more weakly than its effect on transendothelial migration [125], there was 

no such effect for the other chemokines investigated (i.e. CCL5, CCL19, CCL21 and CXCL12) 

[82]. Thus, TSG-6 may not modulate chemokine-receptor interactions, but rather the availability of 

chemokines at the EC surface or in the matrix. 

4.5 Interactions with bone morphogenetic proteins and RANKL

As shown in Table 1, TSG-6 interacts with 7 different BMPs and with RANKL [135–137], where 

these proteins have a role in osteogenesis or bone breakdown, respectively. Of the BMPs, the 

functional consequences of their interaction with TSG-6 have only been investigated for BMP2, i.e. 

where TSG-6 inhibits the BMP2-mediated differentiation of MSCs to osteoblasts [136,137]. 

Consistent with this, TSG-6-/- mice were found to have significantly higher bone density than 

controls, suggestive of a role for TSG-6 in bone homeostasis [137]. Interestingly, TSG-6 has 

recently been found to be secreted by MSCs in response to BMP2, where this suppresses MAPK-

dependent inflammatory signalling in a macrophage cell line [138]. There is somewhat conflicting 

data on what region of TSG-6 mediates the interaction with BMP2. The studies in [136] showed 

that when the Link module was deleted the TSG-6 protein was no longer able to inhibit 



20

osteoblastogenesis, whereas deletion of the CUB module had a less deleterious effect, implicating 

the Link module as the major mediator of the interaction. However, comparisons of rhTSG-6, 

CUB_C_TSG6 and Link_TSG6 indicated that both the CUB_C and Link module domains are likely 

involved in the interaction with BMP2 [137]; similar data were obtained for BMP13 and BMP14. 

Further work is needed to explore this further.

In the case of RANKL, a composite binding site involving both Link and CUB_C domains seems 

likely [137]. Importantly, TSG-6 inhibits RANKL-induced osteoclast-mediated bone resorption, 

where TSG-6 affects osteoclast activity rather than osteoclast differentiation [45,137]. These 

findings suggest that TSG-6 is not acting simply as a decoy receptor (i.e. like osteoprotegerin), 

since if this were the case then osteoclastogenesis would also be inhibited; furthermore, 

osteoprotegerin and rhTSG-6 (but not Link_TSG6) are synergistic in their anti-resorptive activities 

[45]. Thus it is not clear whether TSG-6’s inhibitory activity is dependent on the RANKL-TSG-6 

interaction. As noted in Section 2, TSG-6 is expressed by both pre- and mature osteoclasts in 

response to IL-1, IL-6 or TNF, identifying TSG-6 as an autocrine regulator of osteoclast function; 

TSG-6 also suppresses the resorptive activity of osteoclasts differentiated from synovial fluid 

macrophages following TNF treatment, where this also induces TSG-6 expression.

5. The immunomodulatory and tissue protective activities of TSG-6

The discovery in 2009 that TSG-6 is secreted by MSCs [2] has given rise to a large number of 

publications demonstrating that this protein mediates many of the immunomodulatory and 

reparative effects of these stem/stromal cells [3]. Here, rather than providing a comprehensive 

review of the literature, we have identified representative studies to illustrate the range of disease 

models in which TSG-6 has been found to mediate a therapeutic effect; summarized in Table 3. In 

this regard, TSG-6 has been found to be efficacious in cardiovascular disease (e.g. 

atherosclerosis/restenosis [139–141] and myocardial infarction [2]), dermatology and wound 

healing (e.g. burn-induced inflammation [42], hypertrophic scaring [142] and gingival wounding 

[143]), eye indications (e.g. corneal allogenic transplant rejection [128], corneal wounding [127], 

and age-related macular degeneration [134,144]), gastroenterology (e.g. colitis [39,131] and 

peritonitis [78]), metabolic disease (e.g. liver disease [145] and type-1 diabetes [79]), 
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musculoskeletal conditions (e.g. rheumatoid arthritis [146,147]), neurology (e.g. traumatic brain 

injury [130,148]) and respiratory disease (e.g. acute lung injury [21,22,149,150]). Many of these 

studies follow the same experimental rationale as in [2], such that the efficacies of MSCs are 

shown to be diminished/abolished by siRNA knockdown of TSG-6 and/or that treatment with the 

recombinant full length protein has a similar (or least significant) therapeutic activity. Importantly, 

the level of TSG-6 production has been identified as a biomarker that can be used to predict the 

efficacy of human MSCs as modulators of sterile inflammation [149].

The effects of TSG-6 are broad ranging (see Table 3) where these include the suppression of 

inflammation, the reduction of tissue injury and disease indices, and the enhancement of healing 

and repair processes. For instance, TSG-6 enhanced autophagy and reduced apoptosis of 

hepatocytes in a model of chronic liver damage [151] and had anti-fibrotic activities in acute liver 

injury [145], cutaneous wound healing [133] and following vein graft surgery where it limited 

restenosis [141]. Moreover, TSG-6 inhibited collagen expression and hypertrophic scaring in a 

rabbit ear model [142], but, conversely increased the production of collagens in atherosclerotic 

plaques of ApoE null mice [140], where it has been suggested to lead to plaque stabilization, e.g. 

protecting against stroke [139,140]. TSG-6 also modulates matrix turnover by supressing MMP 

production [130,131], where this is likely mediated through TSG-6’s anti-inflammatory effects. For 

example, it reduced MMP9 expression by ECs and neutrophils in a murine model of traumatic 

brain injury, thereby protecting the blood-brain barrier; in this study TSG-6 protein administration 

improved memory function [130].  

In addition to affecting the activity of stromal cells in tissues TSG-6 also has many 

immunomodulatory functions. For example, TSG-6 has a potent inhibitory effect on the migration of 

neutrophils that has been observed in numerous model systems [2,56,78,127–132]; see Table 3. 

As described in Section 4.4., the mechanism of action has been identified, where TSG-6 binds to 

the neutrophil chemoattractant, CXCL8, and regulates its binding to HSPGs on ECs [125]. TSG-6 

also mediates immunosuppressive effects on other cells of the innate immune system. For 

example, it inhibits TNF secretion by activated macrophages [36,133], where it has been 

demonstrated to downregulate the NF-B pathway [78,79]; it also polarises macrophages to an 

anti-inflammatory M2 phenotype [22]. Furthermore, TSG-6 increased the production of regulatory T 
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cells (Tregs) [79,131], e.g. via the promotion of a tolerogenic phenotype in antigen presenting cells, 

and supressed the development of a Th1-mediated immune response [79]. In this regard, TSG-6 

delayed the onset of type-1 diabetes in a spontaneous mouse model. However, the role of TSG-6 

in regulating immune crosstalk and the underlying molecular mechanisms are yet to be fully 

explored.

As noted above (Section 4.1.1.) some of the effects of TSG-6 are likely to be mediated via its 

regulation of CD44-HA interactions [78,79,152–154]. However, TSG-6’s activity as a 

multifunctional chemokine-binding protein (Section 4.4. [82,125]) and its role in HC•HA formation 

(Section 4.2), where these complexes mediate therapeutic effects [18], might also be important in 

many of these contexts. Further work is needed to determine how the various ligand-binding 

activities of TSG-6 (Table 1) contribute to its anti-inflammatory and tissue protective effects.

The wealth of data on the therapeutic potential of TSG-6 in experimental models (Table 3) opens 

up significant opportunities for the use of TSG-6 in the treatment of human disease. Much work is 

needed to translate these exciting findings to the clinic.

Figure Legends.

Figure 1. TSG-6 domain organization and structure. Amino acid numbering is shown for the 

human protein, where the domain organization is based on the structural information available for 

the Link and CUB modules [29,58,59]. Recombinant human TSG-6 (rhTSG-6), made in a 

Drosophila expression system [155], corresponds to the mature protein sequence. CUB_C_TSG6 

(made as a recombinant protein in E. coli [122]) corresponds to the human CUB module along with 

the 28 amino acid C-terminal segment (‘C’ in schematic). Recombinant human Link_TSG6 (also 

expressed in E. coli) corresponds to the Link module domain and a 4-amino acid sequence from 

the N-terminus of the CUB module. Structures are depicted as ribbon diagrams for the Link (left) 

and CUB (right) modules, which are colored from blue (N-terminus; NH2) to red (C-terminus; 

COOH). The structure shown for the Link module (left) was determined by NMR spectroscopy on 

Link_TSG6 (pdb 107b [58]) and is composed of 2 -helices and 2 -sheets (each made of 3 -

strands), where the 4 conserved cysteine residues form 2 disulfide bonds. The CUB module 

structure (right) was derived from X-ray crystallography on CUB_C_TSG6 (pdb 2WNO [29]) and 
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has a Jelly Roll fold based on 2 -sheets formed from 4 or 5 -strands. This structure belongs to 

the metal ion-binding subtype of CUB modules [156], where it contains a single Ca2+ ion (cyan 

sphere) and two conserved disulphide bridges [29]. While the C-terminal peptide of the CUB_C 

domain was present in the crystals, this part of the structure was not visible, presumably because it 

is conformationally flexible. There are no structural data for the N-terminal segment (labelled ‘N’ on 

schematic).

Figure 2. TSG-6 is a multi-functional protein. The functional properties of TSG-6 can be grouped 

into 4 main categories (red ovals): cell regulation; immune regulation; matrix organization, and the 

formation of HC•HA complexes. Each of these can be further subdivided into specific properties 

(green ovals); see text for details and supporting references.

Figure 3. TSG-6 modulates HA structure and receptor binding. A) The refined model of the 

Link_TSG6/HA8 complex showing how the HA chain bends round the Link module [61]. B) Model 

of a TSG-6/HA8 complex based on small angle X-ray scattering of rhTSG-6 in the presence of an 

HA octasaccharide [62]; the binding of rhTSG-6 to HA via its Link module domain (blue) induces 

dimerization of TSG-6 (and the formation of higher oligomers), which is thought to be mediated via 

a protein-protein interaction between CUB_C domains (green) [62]. C) Schematic showing how 

HA-induced dimerization of TSG-6 could result in crosslinking of the HA polysaccharide, where 

multiple HA chains are linked together by TSG-6. D) Biophysical experiments have demonstrated 

that rhTSG-6, and to a lesser extent Link_TSG6 (not shown), causes the condensation (and 

stiffening) of HA films, i.e. where HA chains are grafted onto a sensor chip through their reducing 

termini [62]. E) The binding of rhTSG-6 (and Link_TSG6; not shown) to HA enhances the 

interaction of HA with cell surface CD44 (as determined by flow cytometry with CD44+ cells), which 

is presumed to be through the crosslinked HA promoting CD44 clustering and receptor activation 

[71,74]. Data in (D) and (E) are taken from [62] and [71], respectively.

Figure 4. TSG-6 mediates covalent transfer of heavy chains onto HA. II is an unusual PG 

composed of the bikunin core protein to which a CS chain is attached (via a standard 

tetrasaccharide linker) and where 2 heavy chains (HC1 and HC2) are covalently linked to the CS 

via ester bonds (red circles); see references in [29]. PI is a related PG that has a single HC (HC3) 

attached to the CS [157]. The HCs from II and PI (HCs 1-3) are transferred onto HA (a GAG 
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composed of a repeating disaccharide of glucuronic acid (diamonds) and N-acteylglucosamine 

(squares)) in a process that is mediated by TSG-6 [27,29,95]. Here the HCs become linked via 

ester bonds to the HA chain to form covalent HC•HA complexes [97]. Two additional HCs (HC5 

and HC6) are also likely to be transferred onto HA [96], however, it is not known whether they are 

linked to bikunin (although this seems probable for HC5) or another PG and, thus, what member of 

the II family they belong to (denoted by ‘?’s). It is, however, presumed that they are attached to a 

CS chain via an ester bond during biosynthesis, which is thought to be a prerequisite for transfer 

[95]. While there is evidence that HC5•HA is formed (via the action of TSG-6) [96], there are no 

data for HC6. It should be noted that while all 5 HCs are shown bound to a single HA chain, this is 

unlikely to happen in vivo, where HC•HA complexes with different compositions will be formed in 

different tissue contexts; see text for details.

Figure 5. Mechanism of TSG-6-mediated heavy chain transfer. A) The formation of HC•HA is a 

multistep process, where divalent cations (M2+) are required at every stage (see [29,95] and 

references therein); here this is illustrated for the transfer of HC1 and HC2 from II onto HA since 

this is best understood. In the first step (a) a non-covalent complex forms stochastically between 

one of the HCs of II and the CUB module of TSG-6. This is dependent on a Ca2+ ion in TSG-6 

(orange asterisk) and an Mg2+ or Mn2+ ion in the HC (yellow asterisk); in these II/TSG-6 

complexes the HCs are still attached by ester bonds (red circles) to the CS chain of bikunin. This 

process is fast and is mediated by a high-affinity, M2+-dependent, interaction. In step (b) these non-

covalent II/TSG-6 complexes convert into covalent complexes where the C-terminal aspartic acid 

residue of the respective HC becomes linked by an ester bond to the N-terminal peptide of TSG-6 

[158]; i.e. to form HC1•TSG-6 or HC2•TSG-6 complexes and the HC2•CS•bikunin and 

HC1•CS•bikunin by-products, respectively [95,120]. This is a slow (rate limiting) transesterification 

reaction that transfers the ester bond linking the HC to CS onto TSG-6, and (like step a) requires 

Ca2+ and Mg2+/Mn2+ ions [95]. The HC•CS•bikunin by-products break down over time (dashed 

arrow) to release CS•bikunin [10]. The third step (c) transfers the HCs from the HC•TSG-6 

complexes onto HA, where this also requires divalent cations [95], however, it is not known if both 

Ca2+ and/or Mg2+/Mn2+ are needed. This transfers the ester bond linking the respective HCs to 
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TSG-6 onto the N-acetylglucosamine of HA. This second transesterification reaction releases 

TSG-6, which can then interact with a new II molecule; thus TSG-6 acts as the catalyst in this 

reaction [92]. B) A schematic (left) showing amino acids involved in steps a, b and c in (A). Glu183 

(E183) forms part of the cation- binding site in the TSG-6 CUB module (middle) directly chelating 

the Ca2+ ion (orange asterisk); this bidentate amino acid also mediates the non-covalent interaction 

with HCs (step a), where it is likely that it interacts with the Mg2+/Mn2+ ion in the HC [29]. E183 is 

also required for the first transesterification reaction (step b), since mutation of this amino acid to 

serine in rhTSG-6 (E183S) drastically reduces the formation of the covalent HC•TSG-6 complexes, 

as shown in the SDS-PAGE gel (right). The ester bond formed involves Ser28 (S28) of TSG-6 

[158]. The transfer of HCs onto HA (step c) requires the interaction of HA with the HC•TSG-6 

complex, where Tyr47 (Y47), a residue involved in HA binding in free TSG-6, plays a role [29].
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Table 1 – The Ligand-Binding Properties of Human TSG-6 

Ligand type Ligand Domain Functional outcome Key references
II family II HC1 aFL required Covalent HC1•TSG-6 complex; transfer of HC1 onto HA [26,95,120,158]

II HC2 FL required Covalent HC2•TSG-6 complex; transfer of HC2 onto HA [26,95,120,158]
PI HC3 FL required Covalent HC3•TSG-6 complex; transfer of HC3 onto HA [26,119]
HC5 FL required?b Transfer of HC5 onto HA; covalent HC5•TSG-6 complex? [96]

GAG Chondroitin cLink, FL? Chondroitin crosslinking? [61]
FL required HC transfer onto chondroitin [90,91]

C4S Link, FL? C4S-induced Link_TSG6 dimerisation; CS crosslinking? [65–68]
DS Link, FL? Unknown [68]
HA FL d(Link) HA crosslinking & condensation [62]

FL required HA-induced TSG-6 oligomerisation [62]
FL (Link) HA-receptor modulation (CD44 & LYVE1) [71,74,75]
FL required HC transfer onto HA; bikunin release & increased anti-TK activity [10,29,95]

Heparin FL, Link Heparin-induced Link_TSG6 dimerisation [69]
Link, FL? Heparin crosslinking & condensation [81]
FL, Link Enhancement of II/bikunin’s anti-plasmin activity [69]

HS FL, Link Modulation of HS-chemokine interactions on ECs [82]
CSPG core Aggrecan FL, Link Inhibition of aggrecan-HA binding (via G1 domain) [53,86]
 proteins eBikunin FL, Link Potentiation of bikunin’s anti-plasmin activity [69,83,84]

Versican Link, FL? Unknown [121]
Other matrix FN FL required Mediates FN-TSP1 crosslinking [122]
 proteins FL (fCUB) Promotes FN fibrillogenesis [122]

FL, Link??g Interaction with FN cell-binding domain [81,122]
FL, Link, (CUB)?? Interaction with FN heparin-binding domain [81,122]

PTX3 FL required Co-operates with II/TSG-6 to crosslink HC•HA complexes [72]
FL Modulation of PTX3’s inhibition of FGF-mediated angiogenesis [123]
Link, not FL Mediates PTX3-HA crosslinking [72]

TSP1 FL, Link Link_TSG6-TSP1 interaction inhibited by heparin [124]
FL Enhances TSG-6-mediated HC transfer onto HA [124]
FL Mediates TSP1-FN crosslinking [122]

TSP2 Link, FL? Unknown [124]
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Table 1 continued

Ligand type Ligand Domain Functional outcome Key references
Chemokines CCL2 Link, FL? Inhibits CCL2-heparin binding & CCL2-HS interaction on ECs [82] 

CCL5 Link, FL? Inhibits CCL5-HS interaction on ECs [82,125]
CCL7 Link, FL? Inhibits CCL7-heparin binding & CCL7-HS interaction on ECs [82]
CCL19 Link, FL? Inhibits CCL19-heparin binding & CCL19-mediated transmigration [82]
CCL21 Link, FL? Inhibits CCL21-HS interaction on ECs; [82]

Inhibits CCL21-mediated adhesion & transmigration; [82]
Inhibits CCL21 binding to type I collagen [82]

CCL27 Link, FL? Unknown [82]
CXCL4 Link, FL? Inhibits CXCL4-HS interaction on ECs [82]  

Inhibits CXCL4 binding to type I collagen [82]
CXCL8 FL, Link Inhibits CXCL8-heparin binding & CXCL8-HS interaction on ECs [125]

Inhibits CXCL8-mediated chemotaxis & transmigration [125]
CXCL11 FL, Link Inhibits CXCL11-heparin binding [82,125]
CXCL12 Link, FL? Inhibits CXCL12-HS interaction on ECs [82]

Inhibits CXCL12 binding to type I collagen [82]
Growth factors BMP2 FL (Link, CUB??) Inhibition of BMP2-mediated osteoblast formation [136,137]

BMP4 FL Unknown [137]
BMP5 FL Unknown [137]
BMP6 FL Unknown [137]
BMP7 FL Unknown [137]
BMP13 FL (Link, CUB) Unknown [137]
BMP14 FL (Link, CUB) Unknown [137]
RANKL FL (Link, CUB) Inhibition of RANKL-mediated osteoclast activation? [137]

Tryptases mMCP-6 FL Unknown. Stored with TSG-6 & heparin in mast cell granules [25]
mMCP-7 FL Unknown. Stored with TSG-6 & heparin in mast cell granules [25]

aFL = full-length TSG-6; ?b = data not available, but interaction with this domain would be anticipated; cLink = Link module of TSG-6 
(Link_TSG6); d() = binding or functional effect weaker than for full-length TSG-6; eBikunin = CSPG that forms part of II and PI; fCUB = 
CUB_C_TSG6; ??g = data in literature is conflicting
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Table 2 – Summary of TSG-6 Expression in Cells and Tissues

Tissue/cell type Species Constitutive expression aAltered expression (stimulus) Key references
Amniotic membrane Human bP/R; epithelial & stromal cells [8]
Brain, spinal cord Rat P/R; CD44+/GFAP+ astrocytes P/R; glial scar after spinal cord injury [9]
Lung Human P; tracheal aspirates P; tracheal aspirates from smokers [10]

P: BAL from asthma patients (allergen)
R; submucosal gland cells (IL-1, TNF)
R; airway epithelial cells (IL-1, TNF) 

Pancreas Human P; islets of Langerhans P; decreased in insultitis & T1D [13] 
P; immune cells in insulitis & T1D

Mouse P; islets of Langerhans P; decreased in prediabetes/diabetes [11]
Mouse P/R; islet  &  cells [12]
Mouse P/R; islet cells P; decreased in prediabetes/diabetes [14]

Skin Human P; epidermis, dermis P; decreased in keloid scars [15]
P; hair follicles & SG

Abnominal aorta Human P/R; VSMCs & perivascular cells in aneurysm [46]
Cumulus cells Mouse P/R; prostaglandins & FSH during ovulation [28,30]
Endometrium Human P/R; menstrual cycle (TNF) [47]

P/R; endometriosis [48]
Articular joint Human P; joint trauma [55] 

Mouse R; joint destabilisation [54]
Cartilage Human P/R; OA [50–53,87]
Synovial fluid Human P: Gout, OA, PA, PPA, RA [45,53]
MSCs (BM) Human P/R; monolayer (TNF) [2]

Human P/R; 3D spheroids [36]
MSCs (AD) Human P/R; monolayer (IL-1/TNF) [37–39]
MSCs (DFAT) Human P/R; monolayer P/R; monolayer (TNF); coculture with MSs [40]
MSCs (UCPV) Human P/R; monolayer (LPS/TNF); coculture with ICs [41,42]
Mast cells Mouse P; secretory granules P; inflammatory arthritis [25]
Neutrophils  Human P/R; secretory granules P/R; (LPS) [24]
DCs Human P/R; (LPS, LPS+IL10) [24]
Macrophages Human P/R; (LPS, TNF) [22,24,45]
Monocytes Human  R; (LPS) [24]
Osteoclasts Human P; (IL-1, IL-6, TNF) [45]
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Table 2 continued

aExpression increased, unless stated otherwise; bAbbreviations not used elsewhere in review (AD = adipose derived; DFAT = de-
differentiated fat; ICs = inflammatory cells; MCs = mesangial cells; P = protein; PA = psoriatic arthritis; PPA = pyrophosphate arthritis; R = 
mRNA; SG = sebaceous gland; T1D = type-1 diabetes; UCPV = umbilical cord perivascular).
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Table 3 – Therapeutic Effect of TSG-6 in Disease Models

System/Indication aMSC bProtein (route) Outcome & mechanism/signalling pathway Key references

Cardiovascular:
Atherosclerosis ✓ Stabilized vulnerable plaques, reduced IL-1, IL-6, TNF, cCRP [139]

rhTSG-6 (i.v.) Reduced atherosclerotic lesion & inflammation in ApoE-/- mice; [140]
reduced M1 MØ; reduced cholesterol

Myocardial infarction ✓ rhTSG-6 (i.v.) Reduced infarct size, reduced inflammation & PMN infiltration [2]
Restenosis rhTSG-6 (i.v.) Reduced MØ/SMC proliferation, fibrosis & cytokine production; [141]

inhibition of p38/JNK signaling
Eye:
AMD (dry) rhTSG-6 (i.vit) Reduced retinal lesions, reduced IL-17A [144]
AMD (wet) rhTSG-6 (i.vit) Reduced CNV, reduced VEGF, CCL2 & CCR2+ cells (e.g. MØ) [134]
Corneal allograft rejection ✓ rhTSG-6 (i.v.) Graft survival prolonged, reduced inflammation & APC activation [128]
Corneal wounding rhTSG-6 (a.c.) Reduced corneal opacity, vascularization & PMN infiltration; [127]

reduced inflammatory cytokines, chemokines & MMPs 
Dry eye rhTSG-6 (topical) Reduced epithelial lesions, inflammatory cytokines; [159,160]

in Sjogren’s (NOD.B10 mouse) suppressed Th2 immunity
Gastroenterology:
Colitis ✓ rmTSG-6 (i.p.) Reduced colitis, reduced inflammation (cytokines, PMN & [131]

CD45+ cells); increased regulatory M2 MØ & regulatory T cells
Peritonitis ✓oe rhTSG-6 (i.p.) Reduced inflammation (reduced NF-B) & TNF production by MØ [78]

Metabolic:
Acute liver injury ✓oe Improved repair; reduced inflammatory cytokines; reduced fibrosis [145]
Chronic liver damage rhTSG-6 (i.p.) Reduced liver damage; increased autophagy; decreased apoptosis [151]
Kidney transplant rejection ✓ rhTSG-6 (i.a.) Prolonged graft survival; reduced rejection; decreased T cells [37]
Pancreatitis (acute) ✓ rhTSG-6 (i.v.) Reduced pathology; reduced inflammation (e.g. IL-1, IL-6, TNF) [153]
Type-1 diabetes ✓ rhTSG-6 (i.v.) Delayed onset; inhibited T cell activation; [79]

increased Tregs & tolerogenic APCs
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Table 3 continued

System/Indication aMSC bProtein (route) Outcome & mechanism/signalling pathway Key references

Musculoskeletal:
Peridonitis ✓oe Reduced bone resorption; reduced inflammation (IL-1, TNF) [161]
Rheumatoid arthritis rhTSG-6 (i.v.) Reduced disease incidence, pannus formation & cartilage erosion [146]

rmTSG-6 (i.v.) Reduced oedema, cartilage degradation & bone erosion [147]
Neurology:
Traumatic brain injury ✓ rhTSG-6 (i.v.) Reduced lesion size & BBB leakage; increased memory & [130]

new born neurons; reduced PMNs & MMPs;
improved neurological recovery; reduced NF-B [148] 

Respiratory:
Acute lung injury:
   Bleomycin ✓ rhTSG-6 (i.p.) Reduced inflammation, reduced NF-B [149]
   Blunt trauma ✓ Reduced injury score, reduced inflammatory cytokines & cells [150]
   LPS-induced rhTSG-6 (tracheal) Increased survival of TSG-6-/- mice; switch of MØ from M1 to M2; [22]

suppression of NF-B

Wound Healing:
Cutaneous (excisional) ✓ Accelerated healing; reduced fibrosis & inflammation (TNF); [133]

switch from high to low TGF1/TGF3 ratio
Cutaneous (severe burn) ✓ rhTSG-6 (i.v.) Reduced excessive acute local & systemic inflammation; [42]

inhibited p38/JNK signaling
Diabetic corneal wounds ✓ rhTSG-6 (s.con) Improved epithelial healing & stimulation of corneal MSCs; [162]

reduced inflammation; polarized MØ to M2 phenotype [162]
Gingival wound ✓ rhTSG-6 (local) Improved repair; reduced inflammation (cytokines & PMNs) [143]
Hypertrophic scarring rhTSG-6 (i.d.) Reduced inflammation (cytokines & PMNs); [142]

reduced collagen synthesis

aMSCs with siRNA knockdown of TSG-6 had lower ameliorative effect, or increased therapeutic activity with TSG-6 overexpression (oe); 
bRoute of delivery (a.c. = anterior chamber; i.a. = intraarterial; i.d. = intradermal; i.p = intraperitoneal; i.v. = intravenous; i.vit. = intravitreal; 
s.con. = subconjunctival) for rhTSG-6 or recombinant mouse TSG-6 (rmTSG-6). cAbbreviations not used elsewhere in review (APC = 
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antigen-presenting cell; BBB = blood-brain barrier; CNV = choroidal neovascularisation; CRP = C-reactive protein; MØ = macrophage; 
PMN = polymorphonuclear cell (neutrophil). 



COOH 

Ca2+ 

NH2 

36 133 Link_TSG6 

128 CUB_C_TSG6 

rhTSG-6 

Link CUB NH2 COOH 

18 36 128 129 249 277 

N C 

COOH 

NH2 



TSG-6 

Immune  
Regulation Tissue Healing 

& Regeneration 

Angiogenesis 

Fibrosis & 
Scar Formation 

Cell 
Metabolism 

Cell Activity 

Growth Factor 
Signaling  

HA-Receptor  
Interactions HC•HA  

Formation 

Matrix  
Organization 

Cell 
Regulation 

Cell  
Differentiation 

GAG 
Crosslinking 

Protein 
Crosslinking 

Inflammatory 
Signalling 

Macrophage  
Polarisation 

Leukocyte  
Migration 

Chemokine  
Function 

Ovulation & 
Fertilisation 

Disease  
Processes 

Tissue Protection 



TSG-6 

HA8 

Link_TSG6 

HA 

A

B

C

D

E 

HA8 

TSG-6 

HA 

HA /rhTSG-6 

101 102 103 104 

log fluorescence  

0  

250 

500 

ce
ll 

co
un

t  

250 

500 
ce

ll 
co

un
t  

0  101 102 103 104 

log fluorescence  
0  

0  
 H

A 
fil

m
 th

ic
kn

es
s 

(n
m

) 

0 1 2 

rhTSG-6 in bulk solution (µM) 

0 

100 

200 

300 

400 

500 



HAn 

TSG-6 

+ PαI 

CS 

bikunin 
HC3 

IαI 

CS 

bikunin 

HC1 

HC2 

HC1 

?

HC•HA 

HC2 HC3 HC6 HC5 

? 
HC5 

? 

CS 

? HC6 

? 

CS 

bikunin 



Covalent 
 

M2+-dependent 

Covalent 
 

M2+-dependent 

Non-covalent 
 

M2+-dependent 
+ 

HC1 

HC2 

IαI 

bikunin 

bikunin 

+ HA 

HC•TSG-6 
complexes 

TSG-6 

IαI/TSG-6  
complexes 

HC Transfer to HA 
 

M2+-dependent HC•HA 

A

B

IαI 

HC•TSG-6 

WT E183S 

rhTSG-6 

* 

* 

* 

* 

* 

* * 

* 

E183 

Ca2+ 

* Link CUB 

S28 (b) 

Y47 (c) 

E183 (a,b) 

a 

b 

b 

c 

HC1 HC2 

CS 




