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Introduction

Osteoarthritis (OA) is a progressive joint disease character-
ized by changes in multiple joint tissues, leading to pain, 
stiffness, and loss of function.1 Cartilage, bone, and syno-
vial tissue show prominent structural changes in OA, and 
pain is the most important symptom and the reason for 
patients with OA to seek medical assistance. An ideal OA 
treatment not only reduces symptoms but also prevents fur-
ther structural damage by combining chondroprotective, 
anti-inflammatory, and analgesic effects all in 1 disease-
modifying OA drug (DMOAD). None of the current poten-
tial DMOADs have yet been approved for the treatment of 
OA by regulatory authorities worldwide. As criteria for 
approval of a DMOAD, a drug needs to provide both struc-
tural and clinical improvement.2,3 The persisting effort over 
the past years into development of new DMOADs has gen-
erated promising leads and candidate therapies. One of 

these promising approaches is the usage of anabolic 
stimuli.

Regulatory cytokines such as interleukin (IL)-4 and IL-10, 
well known for their anti-inflammatory activity, are also ana-
bolic stimulating cytokines that are produced by a variety of 
immune cells. IL-4 acts via 2 types of heterodimeric IL-4 
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Abstract
Objective. a fusion protein of interleukin-4 and interleukin-10 (il4-10 FP) was developed as a disease-modifying osteoarthritis 
drug (DMOaD), and chondroprotection, anti-inflammation, and analgesia have been suggested. to better understand the 
mechanisms behind its potential as DMOaD, this systematic narrative review aims to assess the potential of il-4, il-10 and 
the combination of il-4 and il-10 for the treatment of osteoarthritis. it describes the chondroprotective, anti-inflammatory, 
and analgesic effects of il-4, il-10, and il4-10 FP. Design. PubMed and embase were searched for publications that were 
published from 1990 until May 21, 2021 (moment of search). Key search terms were: Osteoarthritis, interleukin-4, and 
interleukin-10. this yielded 2,479 hits, of which 43 were included in this review. Results. il-4 and il-10 showed mainly 
protective effects on osteoarthritic cartilage in vitro and in vivo, as did il4-10 FP. Both cytokines showed anti-inflammatory 
effects, but also proinflammatory effects. Only in vitro il4-10 FP showed purely anti-inflammatory effects, indicating that 
proinflammatory effects of one cytokine can be counteracted by the other when given as a combination. Only a few 
studies investigated the analgesic effects of il-4, il-10 or il4-10 FP. In vitro, il-4 and il4-10 FP were able to decrease pain 
mediators. In vivo, il-4, il-10, and il4-10 FP were able to reduce pain. Conclusions. in conclusion, this review describes 
overlapping, but also different modes of action for the DMOaD effects of il-4 and il-10, giving an explanation for the 
synergistic effects found when applied as combination, as is the case for il4-10 FP.
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receptors (IL-4R), expressed on numerous cell types, both 
immune and nonimmune cells. Type 1 consists of the IL-4Rα 
subunit and the common γ chain (γc), whereas type 2 consists 
of IL-4Rα and IL-13Rα1 chains.4,5 The IL-10 receptor is 
composed of 2 subunits, IL-10R1 and IL-10R2,5 and is also 
expressed on immune and nonimmune cells. In the osteoar-
thritic joint, increased expression of both IL-4 and IL-10 
receptors has been demonstrated. For example chondrocytes 
express the IL-10R6,7 and both types of IL-4R.4,7 An over-
view of the expression of IL-4, IL-10, and their receptors (IL-
4R and IL-10R) in the healthy and osteoarthritic joint is 
provided in Figure 1.

Importantly, IL-4 and IL-10 have chondroprotective 
effects. In vivo, IL-4 influences proteoglycan metabolism 
by inhibition of matrix metalloproteinases (MMPs) and pre-
vents apoptosis of chondrocytes and fibroblast-like synovi-
ocytes.5 IL-10 stimulates the synthesis of collagen type II 

and aggrecan, 2 important proteins in the extracellular 
matrix (ECM) of cartilage; affects proteoglycan metabo-
lism; reduces MMPs; and, like IL-4, prevents apoptosis of 
chondrocytes.5

IL-4 and IL-10 have been tested for their anti-inflamma-
tory and chondroprotective effects for the treatment of rheu-
matoid arthritis (RA); however, results were inconsistent. 
IL-10 has some proinflammatory properties, including 
stimulation of B-cell activity and upregulation of Fc recep-
tors on antigen-presenting cells that in certain conditions 
could counteract its strong anti-inflammatory properties. 
This along with the short half-life of IL-10 has been sug-
gested as potential explanations for the somewhat disap-
pointing results. Both in vitro and in vivo, IL-10 was shown 
to increase Fc receptors on myeloid cells in the circulation 
of RA patients treated with IL-10.12 Nonetheless, in experi-
mental in vitro and in vivo models, IL-10 (and IL-4) strongly 

Figure 1. expression of il-4, il-10, and their receptors (il-4r and il-10r) in the healthy and osteoarthritic joint. Created by 
Biorender.com. in healthy joints, il-4, il-10, and their receptors il-4r and il-10r are found in multiple joint tissues.4,7-9 in Oa, 
chondrocytes express more il-10 and receptors for il-10 and il-4 (il10r, il4r).6,7 in contrast, the expression of il-4 is less in Oa 
cartilage compared with normal cartilage.10 the Oa synovium is infiltrated by multiple inflammatory cells, increasing the expression 
of il-4 (e.g., produced by th2 cells)5 and il-10 (e.g., produced by B-cells),11 and il-4r is found in lymphocyte aggregates.9 il-4 = 
interleukin-4; il-10 = interleukin-10; il-4r = il-4 receptor; il-10r = il-10 receptor; Oa = osteoarthritis.
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prevented inflammation-induced cartilage degeneration, 
with combining both cytokines having additive effects. 
IL-10 also directly stimulated proteoglycan synthesis in 
cartilage explants.13 Moreover, in psoriatic arthritis, signifi-
cant immune modulation was found after subcutaneously 
administered IL-10; however, no beneficial effects were 
found on clinical manifestations.14

Recently, the interest in IL-4 and IL-10 as therapeutics 
has been fueled by the development of a fusion protein of 
IL-4 and IL-10 (IL4-10 FP) to promote efficacy of the indi-
vidual cytokines by facilitating synergy, promoting unique 
signaling15 and enhanced bioavailability.16

Since its development, the effects of IL4-10 FP have 
been evaluated in multiple studies and joint diseases. IL4-
10 FP reversed persistent inflammatory pain in multiple 
mouse models,16 protected against blood-induced cartilage 
damage and inhibited production of proinflammatory cyto-
kines in vitro,17,18 attenuated cartilage damage but not syno-
vial inflammation in a mice model of hemophilic 
arthropathy,17 and reduced disease severity in established 
experimental arthritis in mice.18

Compared with healthy cartilage, OA cartilage expresses 
increased levels of IL-4R and IL-10R,7 indicating OA carti-
lage may become more responsive for the effects of IL4-10 
FP. Studies evaluating the efficacy of IL4-10 FP in OA 
indeed show promising results. IL4-10 FP has chondropro-
tective and anti-inflammatory effects in OA cartilage 
explants7 and chondroprotective and analgesic effects in a 
canine OA model, as well as in a rat OA model.19,20

This systematic narrative review aims to assess the 
potential of IL-4, IL-10, and the combination of IL-4 and 
IL-10 for the treatment of OA. It describes the chondropro-
tective, anti-inflammatory, and analgesic effects of IL-4, 
IL-10, and IL4-10 FP to better understand the mechanisms 
behind its potential as a DMOAD.

Methods

Study Selection

PubMed and Embase were searched for publications that 
were published from 1990 until May 21, 2021 (moment of 
search). Key search terms were: Osteoarthritis, Interleukin-4, 
and Interleukin-10 (for full search strategies, see supple-
mentary file 1). Duplicates were removed and the remain-
ing articles were screened based on title and abstract by 2 
reviewers (E.H. and E.M.H.). Disagreements between 
reviewers were resolved by consensus including a third 
reviewer (S.C.M.). Eligibility criteria were English lan-
guage and availability of full text. All study types, describ-
ing direct effects of IL-4, IL-10 or IL4-10 FP on OA joint 
tissues or patient-reported outcome measures, were 
included. Reviews were excluded, but their reference lists 
were checked for additional articles.

Data Collection

Full texts of included articles were screened by 2 authors 
(E.H. and E.M.H.) to extract information on (1) cytokine of 
interest, (2) experimental setup, and (3) chondroprotective, 
anti-inflammatory, and/or analgesic effects described. 
Remaining articles were grouped and described per 
DMOAD characteristic (chondroprotective, anti-inflamma-
tory, and analgesic).

Results

The initial search yielded 2,479 results. After removal of 
duplicates (n = 788), 1,691 articles remained. Selection on 
title/abstract led to an additional 1,387 exclusions for sev-
eral reasons: not written in English (n = 51), no full text 
available (n = 94), wrong publication type (e.g., review, 
letter to the editor, commentary on original article, n = 
210), not about OA or OA only used as control group (n = 
654), and IL-4, IL-10, or IL4-10 FP not used as intervention 
(only as outcome measurement) (n = 378). Reference lists 
of excluded reviews fetched two more articles eligible for 
inclusion, which led to a total of 306 articles for screening 
of full text. Of the 306 articles, 263 did not describe an 
effect of IL-4 or IL-10 on OA joint tissues or patient-
reported outcome measures and were excluded. The remain-
ing 43 articles were included in this review (Fig. 2). See 
supplementary file 2 for an overview of included articles 
and their main findings (also in Figs. 3-5).

Chondroprotective effects

A total of 26 articles investigated the chondroprotective 
effects of either IL-4 or IL-10 or a combination of both.

In unstimulated human OA cartilage explants, IL-4 had 
no effect on glycosaminoglycan (GAG) release or on 
expression of enzymes that can induce GAG release (A 
desintegrin and metalloproteinase with thrombospondin 
motifs [ADAMTS] 4 and 5).21 Similarly, macrophage-con-
ditioned medium (MCM) of human monocyte–derived 
macrophages stimulated with IL-4 (M(IL-4)) did not affect 
GAG release and expression of ADAMTS-4 and 
ADAMTS-5, COL2A1, MMP-1, or MMP-13.22

In chondrocytes stimulated with inflammatory cytokines, 
IL-4 treatment had positive effects on collagen levels. IL-4 
reduced collagenase production,8,23 increased the messenger 
RNA (mRNA) expression of collagen type II,24-26 and low-
ered the release of total collagen.25 This was confirmed by 
immunohistochemistry.24 In addition, IL-4 increased the 
expression of proteoglycans24 by enhancing synthesis27 and 
reducing release.25 More specifically, IL-4 normalized the 
IL-1β and tumor necrosis factor-alpha (TNFα)-induced 
reduction of aggrecan mRNA expression,24,25 reduced mRNA 
expression of cathepsin B after cyclic tensile stress,28 and 
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reduced ADAMTS-4 mRNA expression, but without effect 
on protein expression.10 IL-4 also reduced the synthesis of 
MMPs at mRNA and protein levels,8,24,26,10,29-32 and induced 
CBP/P300-interacting transactivator 2 (CITED2), which 
downregulates MMP-13.31 Knockdown of IL-4 in 

IL-1β-stimulated chondrocytes decreased cell viability and 
increased apoptosis,33 indicating an essential role of IL-4 in 
regulating survival of chondrocytes. IL-4 reduced IL-1β-
induced proliferation of dedifferentiated chondrocytes, but 
not primary chondrocytes.8,27

Figure 2. Selection process. Oa = osteoarthritis; il-4 = interleukin-4; il-10 = interleukin-10.
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Figure 3. DMOaD effects of il-4. Created by Biorender.com. ↓ = reduction; ↑ = increase; ↓/↑ = different results; C2C = 
collagen type ii C-terminal cleavage neoepitope; DMOaD = disease-modifying osteoarthritis drug; aDaMtS = a desintegrin and 
metalloproteinase with thrombospondin motifs; MMP = matrix metalloproteinase; CiteD-2 = Cbp/P300 interacting transactivator 
with glu/asp-rich carboxy terminal domain 2; COMP = cartilage oligomeric matrix protein; Pge2 = prostaglandin e2; tNFα = tumor 
necrosis factor-alpha; COX-2 = cyclooxygenase-2; mPgeS-1 = microsomal prostaglandin e synthase-1; NO = nitric oxide; NOS2 = 
nitric oxide synthase-2; il = interleukin; iFNγ = interferon gamma; igF-1 = insulin growth factor-1; tgFβ = tumor growth factor-
beta; CCl = chemokine (C-C motif) ligand; iCaM-1 = intercellular adhesion molecule-1; MCP-1 = monocyte chemoattractant 
protein-1; Scn3a = sodium voltage–gated channel alpha subunit 3 coding gene; trpv1 = transient receptor potential cation channel 
subfamily V member 1 coding gene; PWt = paw-withdrawal threshold.
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Figure 4. DMOaD effects of il-10. Created by Biorender.com. ↓ = reduction; ↑ = increase; ↓/↑ = different results; aDaMtS = 
a desintegrin and metalloproteinase with thrombospondin motifs; DMOaD = disease-modifying osteoarthritis drug; MMP = matrix 
metalloproteinase; SOX9 = transcription factor sox 9 coding gene; Pge2 = prostaglandin e2; tNFα = tumor necrosis factor-alpha; 
COX-2 = cyclooxygenase-2; NO = nitric oxide; NOS2 = nitric oxide synthase-2; il = interleukin; iFNγ = interferon gamma; (s)
Hla-g = (soluble) human leukocyte antigen g; tgFβ = tumor growth factor-beta; SOCS = suppressor of cytokine signaling; PWl 
= paw-withdrawal latency; PWt = paw-withdrawal threshold; Drg = dorsal root ganglia.
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Figure 5. DMOaD effects of il4-10 fusion protein. Created by Biorender.com. ↓ = reduction; ↑ = increase; ↓/↑ = different 
results; DMOaD = disease-modifying osteoarthritis drug; MMP = matrix metalloproteinase; il = interleukin; tNFα = tumor 
necrosis factor-alpha; VegF = vascular endothelial growth factor; igF = insulin growth factor; PWt = paw-withdrawal threshold.
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In human OA cartilage explants that were exposed to 
mechanical compression, IL-4 protected the explants 
against histological degeneration and it increased the num-
ber of transcription factor SOX9-expressing chondrocytes 
compared with uncompressed cartilage explants. IL-4 did 
not affect SOX9 mRNA expression.21 This protective effect 
of IL-4 was confirmed in rat chondrocytes exposed to cyclic 
tensile stress, where IL-4 decreased the MMP-13 synthesis 
after mechanical loading.28 Furthermore, neutralizing IL-4 
antibodies blocked the positive effects of mechanical stimu-
lation (increased aggrecan and decreased MMP-13) in nor-
mal chondrocytes but not in OA chondrocytes, suggesting 
an important role of IL-4 in the anabolic response to 
mechanical stimulation in healthy cartilage, but not in dis-
eased cartilage.34

In an in vivo rat model for OA, induced by anterior cruci-
ate ligament tear and medical meniscectomy, IL-4-
transfected spheroids of mesenchymal stem cells (MSCs) 
reduced chondrocyte apoptosis, signs of histological carti-
lage degeneration, and MMP-13 expression in cartilage tis-
sue.26 In an IL-4 knockout mice model exposed to treadmill 
running, CITED2 mRNA and protein levels in cartilage tis-
sue were lower compared with wild-type mice, while MMP-
13 levels were slightly higher,31 confirming that CITED2 is 
a pivotal downstream molecule in IL-4-mediated MMP-13 
reduction. Finally, intra-articular injection with IL-4 inhib-
ited cartilage destruction in 2 surgically induced OA 
models.31,35

In conclusion, IL-4 showed no chondroprotective effects 
in unstimulated OA cartilage explants. However, IL-4 has 
chondroprotective effects on cytokine-stimulated chondro-
cytes, mechanically stimulated human cartilage explants, 
and multiple in vivo animal models.

In unstimulated chondrocytes, IL-10 did not affect 
MMP-13 (which cleaves collagen type II and was measured 
by collagenase 3) levels,23 but an adenoviral vector overex-
pressing IL-10 slightly increased MMP-13 expression.36 In 
addition, in unstimulated human OA cartilage explants, 
M(IL-10) MCM had no effect on COL2A1 expression.22 In 
line with this, overexpression of IL-10 in bone marrow 
mesenchymal stem cells (BM-MSCs) with Adeno-
Associated Virus (AAV) IL-10 did not affect GAG release 
or content.32

In contrast, BM-MSCs reduced MMP-13 expression in 
IL-1β/TNFα-stimulated cartilage explants, but BM-MSCs 
transduced with AAV null had the same effect, suggesting 
that the positive effect is not related to IL-10 expression.32 
Nevertheless, in isolated chondrocytes stimulated with 
inflammatory cytokines, IL-10 overexpression (using an 
adenovirus or lentivirus, respectively) upregulated collagen 
type II and aggrecan,36,37 and downregulated collagen type 
X37 mRNA and MMP-13 expression.36 Recombinant (r)
IL-10 also impaired MMP-13 expression, but had no effect 
on TNFα-mediated aggrecan expression.36

IL-10 reduced injury-induced chondrocyte apoptosis, 
COL10A1 and COL1A1 expression, GAG release, MMP-
13 synthesis, and ADAMTS-4 mRNA expression.38,39 In 
addition, IL-10 restored COL2A1 expression and increased 
GAG content and mRNA expression of aggrecan and tran-
scription factor SOX9.39

In vivo, in a murine collagenase-induced OA model, 
human MSCs overexpressing viral IL-10, a product of 
Epstein-Barr virus that exhibits 84% amino acid sequence 
homology with human IL-10, reduced the percentage of 
cluster of differentiation (CD)4+ and CD8+ T-cells in pop-
liteal lymph nodes; however, histologically, no effects on 
cartilage were found.40 In a rabbit model, the combination 
of IL-10 and IL-1Ra gene therapy markedly reduced carti-
lage pathology and decreased proteoglycan loss, and had 
greater chondroprotective effects than either of these cyto-
kines alone.41

These data indicate that like IL-4, IL-10 had no effect in 
unstimulated chondrocytes and explants, with one study 
reporting an increase in MMP-13 expression after treatment 
with an adenoviral vector overexpressing IL-10. However, 
IL-10 had chondroprotective effects in cytokine-stimulated 
chondrocytes and cartilage explants, and apoptosis of 
injury-induced chondrocytes.

Studies in which the fusion protein of both cytokines 
(IL4-10 FP) was used revealed that IL4-10 FP normalized 
the OARSI cartilage structural damage score that was 
increased in the canine or rat OA Groove model.19 Moreover, 
IL4-10 FP increased proteoglycan synthesis and reduced 
proteoglycan release in OA cartilage explants,7,19 and nor-
malized the reduced proteoglycan content in an in vivo 
canine OA model.19,20 IL4-10 FP reduced MMP-3 expres-
sion, but slightly increased MMP-1 expression in OA chon-
drocytes, whereas in synovial fibroblasts both were reduced. 
The release of tissue inhibitor of metalloproteinases (TIMP-
1, which inhibits MMPs) was not affected by IL4-10 FP.7

Anti-inflammatory effects

Even more articles (n = 35) reported on anti-inflammatory 
effects of both cytokines in OA models on multiple levels.

IL-4 may exert anti-inflammatory action because it is able 
to compromise the binding of TNFα to its cell-surface recep-
tors in synovial fibroblasts. IL-4 mildly upregulated cell-sur-
face TNFR, but in addition increases the level of soluble 
TNFR-75, competing with cell-surface TNFR for binding of 
TNFα.42 IL-4 increased IL-643 and chemokine (C-C motif) 
ligand (CCL2) production44 in OA synovial fibroblasts, indi-
cating some proinflammatory effects in OA tissue. However, 
IL-4 also antagonized interferon gamma (IFNγ)-induced 
expression of intercellular adhesion molecule 143 and pro-
moted the expression of the anti-inflammatory cytokine 
IL-1Ra.44 Besides, IL-4 inhibited expression of cyclooxygen-
ase 2 (COX-2), the main enzyme for prostaglandin (PGE) E2 
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production after TNFα stimulation,42 and inhibited IL-1β-
induced proliferation8 and PGE2 production44 of synovio-
cytes. IL-4 reduced IL-1β and TNFα production in 
lipopolysaccharide (LPS)-stimulated45 or leukotriene B4 
(LTB4)-stimulated OA synovium,46 but had no effect on these 
cytokines in unstimulated tissue.46

Next to cells from the synovial tissue, chondrocytes are 
able to produce inflammatory mediators as well. In unstim-
ulated human OA chondrocytes, IL-4 had no effect on lev-
els of arachidonic acid, phospholipase A2 (PLA2), COX-2, 
microsomal PGE synthase (mPGES)-1, or PGE2 expres-
sion,47-49 suggesting a PLA2 and eicosanoid-independent 
mechanism of action.48 Indeed, addition of the nitric oxide 
synthesis (NOS) inhibitor ι-NIO abolished the effects of 
IL-4, suggesting an NO-dependent mechanism of IL-4 in 
the downregulation of IL-1β-induced PGE2,

27 but no direct 
effect of IL-4 on NO production was found in primary 
human OA chondrocytes.8

IL-4 inhibits NO production in chondrocytes stimulated 
with proinflammatory cytokines,8,24-27,30,50 although no 
effect was found on the IL-17-induced NO production in 
human OA chondrocytes.51 IL-4 inhibited CCL5, CCL3, 
and CCL4 mRNA and protein expression, but did not affect 
C-X-C motif chemokine (CXCL) 1 and CXCL8 expres-
sion.10 Knockdown of IL-4 led to an increase in TNFα, 
IFNγ, and IL-6 in IL-1β-stimulated chondrocytes.33

Pretreatment of rat chondrocytes with IL-4 reduced 
mechanical stress–induced expression of IL-1β.28 Similarly, 
rIL-4 suppressed the mechanical stress–induced iNOS 
mRNA and NO expression in rat chondrocytes.35

Transfection of IL-1β/TNFα-stimulated canine chondro-
cytes with IL-4 gene therapy using a COX-2 or cytomega-
lovirus (CMV) promotor reduced COX-2 and mPGES-1 
expression, and with that downregulated PGE2 release25,30 
and reduced the production of IL-1β, TNFα, IL-6, and 
IL-8.24,25,29,30 Furthermore, IL-4 upregulated IL-1Ra25,30 and 
insulin-like growth factor 1 (IGF-1; responsible for de novo 
synthesis of collagen and upregulation of proteoglycan pro-
duction)25,30 and reduced the expression of binding protein 
and receptors for IGF-1.24 Besides, neutralizing IL-4 pre-
vented downregulation of NO.25

Intra-articular injection with rIL-4 in a rat OA model 
decreased the population of NT-positive chondrocytes (a 
measurement for NO mediated tissue damage).35 Intra-
articular administered IL-4 MSC spheroids reduced the 
expression of the inflammatory mediators Traf6 and Tlr4.26

Altogether, in the majority of studies, IL-4 had anti-
inflammatory effects on cartilage and synovium, yet some 
proinflammatory effects (e.g., increased IL-6 and CCL2 
production) in synovial fibroblasts were also reported. In 
unstimulated chondrocytes, IL-4 did not have any detect-
able effects, while in stimulated chondrocytes (either by 
cytokines or by mechanical stimulation) and in vivo models, 
IL4 had anti-inflammatory effects.

Two studies evaluated the effects of IL-10 on histologi-
cal synovitis. One study reported no effect of IL-10 gene 
therapy on histological synovitis in a rabbit OA model,41 
and another study reported less synovial changes in a 
murine collagenase-induced OA model after injection with 
humans MSCs overexpressing vIL-10.40

Like IL-4, IL-10 is also able to compromise the binding 
of TNFα to its cell-surface receptors in synovial fibroblasts. 
IL-10 increases the level of sTNFR-75 and reduces the 
expression of cell-surface TNFR.42 In synovial fibroblasts, 
IL-10 increased the expression of the anti-inflammatory 
human leukocyte antigen G52 and inhibited the expression 
of COX-2.42 In contrast, IL-10 had an opposing stimulatory 
effect on the expression of proinflammatory cytokines 
IL-1β and TNFα in LPS-stimulated45 or LTB4-stimulated 
OA synovium.46 In 3-dimensional synovial micromasses 
generated from primary synovial cells from OA patients 
who were stimulated with LPS, TNFα, or IL-1β, rIL-10 
induced suppressor of cytokine signaling (SOCS) 3 and 
reduced LPS-induced IL-1β and TNFα expression.53 In 
synovial fluid, IL-10 suppressed proliferation and IFNγ 
expression of autologous T-cells.11

In unstimulated OA cartilage samples, M(IL-10) MCM 
increased IL-1β and SOCS1.22 Similarly, in cartilage 
explants stimulated with IFNγ and TNFα, to simulate 
inflammation, M(IL-10) MCM increased NO production.22 
The BM-MSCs overexpressing IL-10 (using adenovirus or 
lentivirus) reduced IL-1β and IL-6 expression in IL-1β/
TNFα-stimulated cartilage explants.32 Again, BM-MSCs 
transfected with AAV null had the same effects, suggesting 
that the anti-inflammatory effect is also not mediated by 
IL-10.32 Indeed, overexpression of IL-10 using an adenovi-
ral vector did not influence IL-1β or IL-6 production, but 
did, however, increase TNFα production.36 Similar to IL-4, 
IL-10 had also no effect on levels of arachidonic acid, 
PLA2, COX-2, mPGES-1, or PGE2 expression in unstimu-
lated human OA chondrocytes.47-49

In contrast to unstimulated chondrocytes, overexpres-
sion of IL-10 reduced IL-1β and IL-6 expression in IL-1β-
stimulated chondrocytes.36,37 IL-10 had no effect on IL-1β50 
or IL-17-induced NO production in chondrocytes.51

In bovine cartilage explants, IL-10 did not affect basal 
NO expression, but it did reverse the increase in NO and 
NOS2 mRNA expression after mechanical injury.38

IL-10 gene therapy using a CXCL10 promoter reduced 
IL-1β and IL-6 expression in the previously mentioned 
synovial micromasses.53

Overall, IL-10 has some proinflammatory effects in 
synovial fibroblasts and cartilage samples, but anti-inflam-
matory effects when chondrocytes were stimulated.

The fusion protein of IL-4 and IL-10 reduced the release 
of IL-6 and IL-8 by OA synovial tissue and cartilage 
explants in vitro,7 and canine IL4-10 FP reduced TNFα pro-
duction in LPS-stimulated canine whole blood cultures.19 In 
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in vivo OA models, these effects were less clear, mainly due 
to the usage of noninflammatory OA models.19,20

Analgesic effects

Only 3 studies reported on the effects of IL-4 and/or IL-10 
on pain mediators. IL-4 could not restore vascular endothe-
lial growth factor (VEGF) expression in human cartilage 
explants,21 which was increased after compression. In a rat 
OA model, intra-articular implantation of IL-4 MSC spher-
oids reduced the expression of Scn3a and TRPV1, 2 pain-
related ion channels, in the spinal cord.26 In vitro, IL4-10 FP 
inhibited the release of VEGF and nerve growth factor, 2 
pain-related mediators, from OA synovial tissue. In OA car-
tilage, only VEGF was significantly inhibited.7

In an in vivo rat model for OA induced by anterior cruci-
ate ligament tear and medical meniscectomy, IL-4 MSC 
spheroids decreased mechanical allodynia.26 IL-10 knock-
out (IL-10−/−) mice develop stronger signs of pain such as 
thermal hyperalgesia and mechanical allodynia after chemi-
cally induced OA (monoiodoacetate model [MIA]) com-
pared with control mice. Moreover, dorsal root ganglia 
were destructed in MIA-injected IL-10−/− mice, while nor-
mal morphology was maintained in MIA-injected control 
mice. These results suggest that IL-10 deficiency exacer-
bated pain progression.54 In companion dogs with naturally 
occurring OA intra-articular injection with IL-10, encoding 
plasmid DNA decreased pain as measured by a visual ana-
logue scale.55

In animal models, joint loading is often used as a surro-
gate for pain, where more joint loading indicates less joint 
pain. In the canine Groove model, intra-articular injections 
with IL4-10 FP led to increased joint loading (i.e., less 
pain), which lasted for approximately 1 day.7,19 In the rat 
Groove model, IL4-10 FP had a transient analgesic.20

In summary, IL-4 has analgesic effects in vivo but likely 
not through VEGF, as VEGF expression in human cartilage 
explants was unaffected. IL-10 and IL4-10 FP reduced 
OA-associated pain behaviors in vivo. IL4-10 FP reduced 
the expression of 2 pain mediators (VEGF and NGF)  
in vitro.

Discussion

This systematic narrative review describes the chondroprotec-
tive, anti-inflammatory, and analgesic effects, the three pillars 
of a successful DMOAD, of the anti-inflammatory cytokines 
IL-4 and IL-10, and the IL4-10 FP. In general, both cytokines 
show promising effects on all 3 outcomes, as did the IL4-10 
FP. Regarding chondroprotection, multiple studies describe a 
lack of effect of the separate cytokines, and 1 study reported 
negative effects of rIL-10 (increased MMP-13).36 In addition, 
some studies reported proinflammatory effects, despite IL-4 
and IL-10 being anti-inflammatory cytokines. However, the 

IL4-10 FP showed purely anti-inflammatory effects, suggest-
ing that by combining both cytokines into one treatment, the 
anti-inflammatory effects of one cytokine can counteract the 
possible proinflammatory effects of the other, and vice versa. 
It was shown previously that by using the IL4-10 FP, indeed 
the adverse effects of IL-10 are prevented by IL-4.18 Also, in 
blood-induced cartilage damage, the combination of IL-4 and 
IL-10 has advantages over IL-10 monotherapy,56,57 confirm-
ing the beneficial effects of combining both cytokines.

Next to the advantage of counteracting each other’s pos-
sible adverse effects, the IL4-10 FP also provides the pos-
sibility of synergy between IL-4 and IL-10. Both cytokines 
act via a different intracellular pathway, leading to additive 
anti-inflammatory effects.57,58 Indeed, the IL4-10 FP was 
more effective in treating persistent inflammatory hyperal-
gesia in an in vivo mice model, compared with IL-4 or 
IL-10, as well as to the combination of both separate cyto-
kines.16 Moreover, IL4-10 FP inhibited inflammatory 
mediator-induced neuronal sensitization more effectively 
than the combination of both separate cytokines.15 
Mechanistically, IL4-10 FP clustered IL-4Ra and IL-10Ra, 
whereas the combination of cytokines did not. This unique 
receptor clustering caused activation of an signaling cas-
cade that strongly differed from that induced by the combi-
nation of cytokines, possibly explaining the superior effects 
of the IL4-10 FP.15 Moreover, by combining both cytokines 
into one molecule, the molecular weight increases, leading 
to improved bioavailability. Sialylation of the IL4-10 FP 
increased the molecular weight even further and resulted in 
higher half-life compared with the half-life of both cyto-
kines alone.59

The Food and Drug Administration (FDA) and European 
Medicines Agency (EMA) require a DMOAD to slow down 
joint space narrowing on x-rays and relieve clinical symp-
toms.2,3 Despite many attempts, leading to promising results 
in phase II and III trials,60 there is still no approved DMOAD 
available. TissueGene-C (a mixture of human allogeneic 
chondrocytes and irradiated cells engineered to overexpress 
transforming growth factor-β1) showed chondroprotective 
and analgesic effects in a rat OA model, accompanied by 
increased IL-10 expression, suggestive for anti-inflamma-
tory effects.61 In humans, intra-articular injection with 
TissueGene-C led to less structural progression.62 In addi-
tion, in a phase III trial, symptomatic benefits were found.63 
A noninferiority trial comparing diacerein (inhibitor of 
IL-1β) and celecoxib (a selective COX-2 inhibitor) showed 
that diacerein was noninferior to celecoxib regarding symp-
tomatic benefit and showed a good safety profile.64 A phase 
III trial evaluating the effects of tocilizumab in hand OA 
showed similar pain relief in the tocilizumab group com-
pared with the placebo group.65

Multiple fusion proteins are developed in the search for 
a DMOAD as well. The OSCAR-Fc protein (fusion between 
osteoclast-associated receptor and the Fc part of human 
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immunoglobulin 1) reduced cartilage damage in 2 in vivo 
mice models,66 but other pillars of a DMOAD therapy still 
need to be investigated. A fusion protein of tumor growth 
factor-β and latency-associated peptide (LAP-MMP-
mTGF-β3) showed promising results in a rat OA model.67 
This LAP has also been used for TIMP-3.68 These fusion 
proteins are developed to reduce side effects of the active 
component, rather than combining 2 active components 
(they are biologically inactive until cleavage of the LAP to 
release the therapy). This also accounts for the HB-NC4 
(heparin binding domain-N-terminal non-collagenous 
domain 4) fusion protein, which had been developed to 
overcome the main limitation of NC4 therapy, namely, tar-
geting ability.69 In contrast, the IL4-10 FP is the only fusion 
protein designed to combine the effects of 2 active signaling 
components.

The search for a successful DMOAD is continuing, and 
the Wnt/β-catenin signaling pathway inhibitor Lorecivivint, 
the bisphosphonate zoledronic acid, and multiple anti-inflam-
matory agents successful in the treatment of RA are tested in 
phase III trials in OA patients,60 and for Vitamin D, a phase 
IV trial is being conducted in OA.60 For now, the IL4-10 FP 
is one of the few compounds which has shown promising 
results on all 3 aspects of ideal DMOAD therapy in in vitro 
and in vivo animal models, although not in 1 model. Still, a 
lot of work is needed to develop the IL4-10 FP as a DMOAD, 
suitable for clinical practice. At present, in OA, the IL4-10 FP 
is envisioned to be used as intra-articular treatment, to reduce 
the possibility of systemic side effects,19,20 and with that is 
not usable for OA in smaller joints or in patients with polyar-
thritis. A major drawback of direct intra-articular application 
as applied so far is the rapid clearance out of the joint cavity 
due to their relatively low molecular weight, leading to only 
relative short transient effects and the necessity of weekly 
injections. More sustained effects on one injection, or other 
delivery routes need to become key in future studies to ensure 
clinical application.

At the same time, the concept of OA being a heteroge-
neous disease existing of multiple phenotypes is getting more 
and more attention, and future studies are needed to decide 
which patients should form the ideal target population for 
IL4-10 FP treatment (but also for other possible DMOADs). 
The canine and rat Groove model of OA mimic early post-
traumatic OA, and inflammation was too mild to evaluate 
anti-inflammatory effects.19,20 The IL4-10 FP consists of 2 
anti-inflammatory cytokines, and in that line of thought, it 
seems reasonable to assume that patients with an important 
inflammatory component as underlying mechanism for OA 
will most likely benefit from IL4-10 FP treatment.

Acknowledgments and Funding

The author(s) received no financial support for the research, 
authorship, and/or publication of this article.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Ethical Approval

This research did not contain any studies involving animal or 
human participants, nor did it take place on any private or pro-
tected areas. No specific permissions were required for corre-
sponding locations.

ORCID iD

E.M. van Helvoort https://orcid.org/0000-0003-3540-4892

References

 1. Bijlsma JW, Berenbaum F, Lafeber FP. Osteoarthritis: an update 
with relevance for clinical practice. Lancet. 2011;377(9783):2115-
26. doi:10.1016/s0140-6736(11)60243-2.

 2. Committee for Medicinal Products for Human Use, European 
Medicines Agency. Guideline on clinical investigation of 
medicinal products used in the treatment of osteoarthritis. 
London, UK: European Medicines Agency; 2010.

 3. US Food & Drug Administration. Osteoarthritis: structural 
endpoints for the development of drugs, devices, and biologi-
cal products for treatment. Guidance for industry. Rockville, 
MD: US Department of Health & Human Services; 2018.

 4. Millward-Sadler SJ, Khan NS, Bracher MG, Wright MO, 
Salter DM. Roles for the interleukin-4 receptor and associated 
JAK/STAT proteins in human articular chondrocyte mecha-
notransduction. Osteoarthritis Cartilage. 2006;14(10):991-
1001. doi:10.1016/j.joca.2006.03.013.

 5. Wojdasiewicz P, Poniatowski LA, Szukiewicz D. The role of 
inflammatory and anti-inflammatory cytokines in the pathogen-
esis of osteoarthritis. Mediators Inflamm. 2014;2014:561459. 
doi:10.1155/2014/561459.

 6. Iannone F, De Bari C, Dell’Accio F, Covelli M, Cantatore 
FP, Patella V, et al. Interleukin-10 and interleukin-10 receptor 
in human osteoarthritic and healthy chondrocytes. Clin Exp 
Rheumatol. 2001;19(2):139-45.

 7. Steen-Louws C, Popov-Celeketic J, Mastbergen SC, Coeleveld 
K, Hack CE, Eijkelkamp N, et al. IL4-10 fusion protein has 
chondroprotective, anti-inflammatory and potentially analgesic 
effects in the treatment of osteoarthritis. Osteoarthritis Cartilage. 
2018;26(8):1127-35. doi:10.1016/j.joca.2018.05.005.

 8. Guicheux J, Palmer G, Relic B, Mezin F, Caverzasio J, 
Apostolides P, et al. Primary human articular chondrocytes, 
dedifferentiated chondrocytes, and synoviocytes exhibit dif-
ferential responsiveness to interleukin-4: correlation with the 
expression pattern of the common receptor gamma chain. J 
Cell Physiol. 2002;192(1):93-101. doi:10.1002/jcp.10121.

 9. Demaziere A, Leek R, Athanasou NA. Histological distri-
bution of the interleukin-4 receptor (IL4R) within the nor-
mal and pathological synovium. Rev Rhum Mal Osteoartic. 
1992;59(3):219-24.

 10. Assirelli E, Pulsatelli L, Dolzani P, Platano D, Olivotto E, 
Filardo G, et al. Human osteoarthritic cartilage shows reduced 

https://orcid.org/0000-0003-3540-4892


12 CARtIlAge  

in vivo expression of IL-4, a chondroprotective cytokine that 
differentially modulates IL-1beta-stimulated production of 
chemokines and matrix-degrading enzymes in vitro. PLoS 
ONE. 2014;9(5):e96925. doi:10.1371/journal.pone.0096925.

 11. Sun H, Zhang Y, Song W, Yin L, Wang G, Yu D, et al. 
IgM(+)CD27(+) B cells possessed regulatory function 
and represented the main source of B cell-derived IL-10 in 
the synovial fluid of osteoarthritis patients. Hum Immunol. 
2019;80(4):263-9. doi:10.1016/j.humimm.2019.02.007.

 12. van Roon J, Wijngaarden S, Lafeber FP, Damen C, van de 
Winkel J, Bijlsma JW. Interleukin 10 treatment of patients 
with rheumatoid arthritis enhances Fc gamma receptor expres-
sion on monocytes and responsiveness to immune complex 
stimulation. J Rheumatol. 2003;30(4):648-51.

 13. van Roon JA, van Roy JL, Gmelig-Meyling FH, Lafeber FP, 
Bijlsma JW. Prevention and reversal of cartilage degradation 
in rheumatoid arthritis by interleukin-10 and interleukin-4. 
Arthritis Rheum. 1996;39(5):829-35.

 14. McInnes IB, Illei GG, Danning CL, Yarboro CH, Crane M, 
Kuroiwa T, et al. IL-10 improves skin disease and modu-
lates endothelial activation and leukocyte effector function in 
patients with psoriatic arthritis. J Immunol. 2001;167(7):4075-
82. doi:10.4049/jimmunol.167.7.4075.

 15. Prado J, Westerink RHS, Popov-Celeketic J, Steen-Louws 
C, Pandit A, Versteeg S, et al. Cytokine receptor cluster-
ing in sensory neurons with an engineered cytokine fusion 
protein triggers unique pain resolution pathways. Proc Natl 
Acad Sci U S A. 2021;118(11):e2009647118. doi:10.1073/
pnas.2009647118.

 16. Eijkelkamp N, Steen-Louws C, Hartgring SA, Willemen 
HL, Prado J, Lafeber FP, et al. IL4-10 fusion protein is a 
novel drug to treat persistent inflammatory pain. J Neurosci. 
2016;36(28):7353-63. doi:10.1523/jneurosci.0092-16.2016.

 17. van Vulpen LFD, Popov-Celeketic J, van Meegeren MER, 
Coeleveld K, van Laar JM, Hack CE, et al. A fusion protein 
of interleukin-4 and interleukin-10 protects against blood-
induced cartilage damage in vitro and in vivo. J Thromb 
Haemost. 2017;15(9):1788-98. doi:10.1111/jth.13778.

 18. Steen-Louws C, Hartgring SAY, Popov-Celeketic J, Lopes 
AP, de Smet MBM, Eijkelkamp N, et al. IL4-10 fusion 
protein: a novel immunoregulatory drug combining activi-
ties of interleukin 4 and interleukin 10. Clin Exp Immunol. 
2019;195(1):1-9. doi:10.1111/cei.13224.

 19. van Helvoort EM, Popov-Celeketic J, Eijkelkamp N, 
Coeleveld K, Tryfonidou MA, Wijne CD, et al. Canine 
IL4-10 fusion protein provides disease modifying activity 
in a canine model of OA; an exploratory study. PLoS ONE. 
2019;14(7):e0219587. doi:10.1371/journal.pone.0219587.

 20. van Helvoort EM, de Visser HM, Lafeber F, Coeleveld K, 
Versteeg S, Weinans HH, et al. IL4-10 fusion protein shows 
DMOAD activity in a rat osteoarthritis model. Cartilage. 
2021;13:1155S-1164S. doi:10.1177/19476035211026736.

 21. Dolzani P, Assirelli E, Pulsatelli L, Meliconi R, Mariani E, Neri 
S. Ex vivo physiological compression of human osteoarthritis 
cartilage modulates cellular and matrix components. PLoS ONE. 
2019;14(9):e0222947. doi:10.1371/journal.pone.0222947.

 22. Utomo L, Bastiaansen-Jenniskens YM, Verhaar JA, van Osch 
GJ. Cartilage inflammation and degeneration is enhanced 

by pro-inflammatory (M1) macrophages in vitro, but not 
inhibited directly by anti-inflammatory (M2) macrophages. 
Osteoarthritis Cartilage. 2016;24(12):2162-70. doi:10.1016/j.
joca.2016.07.018.

 23. Tardif G, Pelletier JP, Dupuis M, Geng C, Cloutier JM, 
Martel-Pelletier J. Collagenase 3 production by human osteo-
arthritic chondrocytes in response to growth factors and 
cytokines is a function of the physiologic state of the cells. 
Arthritis Rheum. 1999;42(6):1147-58. doi:10.1002/1529-
0131(199906)42:6<1147::Aid-anr11>3.0.Co;2-y.

 24. Manning K, Rachakonda PS, Rai MF, Schmidt MF. 
Co-expression of insulin-like growth factor-1 and inter-
leukin-4 in an in vitro inflammatory model. Cytokine. 
2010;50(3):297-305. doi:10.1016/j.cyto.2010.01.010.

 25. Rai MF, Graeve T, Twardziok S, Schmidt MF. Evidence 
for regulated interleukin-4 expression in chondrocyte-scaf-
folds under in vitro inflammatory conditions. PLoS ONE. 
2011;6(10):e25749. doi:10.1371/journal.pone.0025749.

 26. Song SY, Hong J, Go S, Lim S, Sohn HS, Kang M, et al. 
Interleukin-4 gene transfection and spheroid formation 
potentiate therapeutic efficacy of mesenchymal stem cells 
for osteoarthritis. Adv Healthc Mater. 2020;9(5):e1901612. 
doi:10.1002/adhm.201901612.

 27. Chowdhury TT, Bader DL, Lee DA. Anti-inflammatory 
effects of IL-4 and dynamic compression in IL-1beta stim-
ulated chondrocytes. Biochem Biophys Res Commun. 
2006;339(1):241-7. doi:10.1016/j.bbrc.2005.11.016.

 28. Doi H, Nishida K, Yorimitsu M, Komiyama T, Kadota Y, 
Tetsunaga T, et al. Interleukin-4 downregulates the cyclic 
tensile stress-induced matrix metalloproteinases-13 and 
cathepsin B expression by rat normal chondrocytes. Acta Med 
Okayama. 2008;62(2):119-26. doi:10.18926/amo/30956.

 29. Lang A, Neuhaus J, Pfeiffenberger M, Schröder E, Ponomarev 
I, Weber Y, et al. Optimization of a nonviral transfection sys-
tem to evaluate Cox-2 controlled interleukin-4 expression for 
osteoarthritis gene therapy in vitro. J Gene Med. 2014;16(11-
12):352-63. doi:10.1002/jgm.2812.

 30. Rachakonda PS, Rai MF, Schmidt MF. Application of inflam-
mation-responsive promoter for an in vitro arthritis model. 
Arthritis Rheum. 2008;58(7):2088-97. doi:10.1002/art.23598.

 31. He Z, Leong DJ, Xu L, Hardin JA, Majeska RJ, Schaffler 
MB, et al. CITED2 mediates the cross-talk between mechani-
cal loading and IL-4 to promote chondroprotection. Ann N Y 
Acad Sci. 2019;1442(1):128-37. doi:10.1111/nyas.14021.

 32. Cameron AD, Even KM, Linardi RL, Berglund AK, Schnabel 
LV, Engiles JB, et al. Adeno-associated virus-mediated over-
expression of interleukin-10 affects the immunomodulatory 
properties of equine bone marrow-derived mesenchymal 
stem cells. Hum Gene Ther. 2021;32:907-18. doi:10.1089/
hum.2020.319.

 33. He Q, Sun C, Lei W, Ma J. SOCS1 regulates apoptosis 
and inflammation by inhibiting IL-4 signaling in IL-1β-
stimulated human osteoarthritic chondrocytes. Biomed Res 
Int. 2017;2017:4601959. doi:10.1155/2017/4601959.

 34. Millward-Sadler SJ, Wright MO, Davies LW, Nuki G, Salter 
DM. Mechanotransduction via integrins and interleukin-4 
results in altered aggrecan and matrix metalloproteinase 3 
gene expression in normal, but not osteoarthritic, human 



Helvoort et al. 13

articular chondrocytes. Arthritis Rheum. 2000;43(9):2091-
9. doi:10.1002/1529-0131(200009)43:9<2091::Aid-anr21> 
3.0.Co;2-c.

 35. Yorimitsu M, Nishida K, Shimizu A, Doi H, Miyazawa S, 
Komiyama T, et al. Intra-articular injection of interleukin-4 
decreases nitric oxide production by chondrocytes and amelio-
rates subsequent destruction of cartilage in instability-induced 
osteoarthritis in rat knee joints. Osteoarthritis Cartilage. 
2008;16(7):764-71. doi:10.1016/j.joca.2007.11.006.

 36. Müller RD, John T, Kohl B, Oberholzer A, Gust T, Hostmann 
A, et al. IL-10 overexpression differentially affects cartilage 
matrix gene expression in response to TNF-alpha in human 
articular chondrocytes in vitro. Cytokine. 2008;44(3):377-85. 
doi:10.1016/j.cyto.2008.10.012.

 37. Yu LK, Zhang J, Sun ZY, Ruan CL, Li H, Ruan XJ. Coculture 
with interleukin-10 overexpressed chondrocytes: a cell ther-
apy model to ameliorate the post-traumatic osteoarthritis 
development. J Biol Regul Homeost Agents. 2021;35(2):593-
603. doi:10.23812/21-40-a.

 38. Behrendt P, Preusse-Prange A, Klüter T, Haake M, Rolauffs 
B, Grodzinsky AJ, et al. IL-10 reduces apoptosis and 
extracellular matrix degradation after injurious compres-
sion of mature articular cartilage. Osteoarthritis Cartilage. 
2016;24(11):1981-8. doi:10.1016/j.joca.2016.06.016.

 39. Behrendt P, Feldheim M, Preusse-Prange A, Weitkamp JT, 
Haake M, Eglin D, et al. Chondrogenic potential of IL-10 
in mechanically injured cartilage and cellularized collagen 
ACI grafts. Osteoarthritis Cartilage. 2018;26(2):264-75. 
doi:10.1016/j.joca.2017.11.007.

 40. Farrell E, Fahy N, Ryan AE, Flatharta CO, O’Flynn L, 
Ritter T, et al. vIL-10-overexpressing human MSCs modu-
late naive and activated T lymphocytes following induction 
of collagenase-induced osteoarthritis. Stem Cell Res Ther. 
2016;7(1):74. doi:10.1186/s13287-016-0331-2.

 41. Zhang X, Mao Z, Yu C. Suppression of early experimental 
osteoarthritis by gene transfer of interleukin-1 receptor antag-
onist and interleukin-10. J Orthop Res. 2004;22(4):742-50. 
doi:10.1016/j.orthres.2003.12.007.

 42. Alaaeddine N, Di Battista JA, Pelletier JP, Kiansa K, Cloutier 
JM, Martel-Pelletier J. Inhibition of tumor necrosis factor alpha-
induced prostaglandin E2 production by the antiinflammatory 
cytokines interleukin-4, interleukin-10, and interleukin-13 in 
osteoarthritic synovial fibroblasts: distinct targeting in the signaling 
pathways. Arthritis Rheum. 1999;42(4):710-8. doi:10.1002/1529-
0131(199904)42:4<710::Aid-anr14>3.0.Co;2-4.

 43. Schlaak JF, Schwarting A, Knolle P, Meyer zum Büschenfelde 
KH, Mayet W. Effects of Th1 and Th2 cytokines on cyto-
kine production and ICAM-1 expression on synovial fibro-
blasts. Ann Rheum Dis. 1995;54(7):560-5. doi:10.1136/
ard.54.7.560.

 44. Seitz M, Loetscher P, Dewald B, Towbin H, Ceska M, 
Baggiolini M. Production of interleukin-1 receptor antago-
nist, inflammatory chemotactic proteins, and prostaglandin E 
by rheumatoid and osteoarthritic synoviocytes--regulation by 
IFN-gamma and IL-4. J Immunol. 1994;152(4):2060-5.

 45. Bendrups A, Hilton A, Meager A, Hamilton JA. Reduction 
of tumor necrosis factor α and interleukin-1β levels in 
human synovial tissue by interleukin-4 and glucocorticoid. 
Rheumatol Int. 1993;12(6):217-20.

 46. He W, Pelletier JP, Martel-Pelletier J, Laufer S, Di Battista JA. 
Synthesis of interleukin 1beta, tumor necrosis factor-alpha, 
and interstitial collagenase (MMP-1) is eicosanoid depen-
dent in human osteoarthritis synovial membrane explants: 
interactions with antiinflammatory cytokines. J Rheumatol. 
2002;29(3):546-53.

 47. Fernandez P, Guillen MI, Gomar F, Alcaraz MJ. Expression 
of heme oxygenase-1 and regulation by cytokines in 
human osteoarthritic chondrocytes. Biochem Pharmacol. 
2003;66(10):2049-52. doi:10.1016/s0006-2952(03)00543-4.

 48. Leistad L, Feuerherm AJ, Faxvaag A, Johansen B. Multiple 
phospholipase A2 enzymes participate in the inflamma-
tory process in osteoarthritic cartilage. Scand J Rheumatol. 
2011;40(4):308-16. doi:10.3109/03009742.2010.547872.

 49. Kojima F, Naraba H, Miyamoto S, Beppu M, Aoki H, 
Kawai S. Membrane-associated prostaglandin E synthase-1 
is upregulated by proinflammatory cytokines in chondro-
cytes from patients with osteoarthritis. Arthritis Res Ther. 
2004;6(4):R355-65. doi:10.1186/ar1195.

 50. Park E, Hart ML, Rolauffs B, Stegemann JP, Annamalai 
RT. Bioresponsive microspheres for on-demand delivery of 
anti-inflammatory cytokines for articular cartilage repair. 
J Biomed Mater Res A. 2020;108(3):722-33. doi:10.1002/
jbm.a.36852.

 51. Martel-Pelletier J, Mineau F, Jovanovic D, Di Battista JA, 
Pelletier JP. Mitogen-activated protein kinase and nuclear 
factor kappaB together regulate interleukin-17-induced 
nitric oxide production in human osteoarthritic chondro-
cytes: possible role of transactivating factor mitogen-acti-
vated protein kinase-activated protein kinase (MAPKAPK). 
Arthritis Rheum. 1999;42(11):2399-409. doi:10.1002/1529-
0131(199911)42:11<2399::Aid-anr19>3.0.Co;2-y.

 52. Ongaro A, Stignani M, Pellati A, Melchiorri L, Massari L, 
Caruso G, et al. Human leukocyte antigen-G molecules are 
constitutively expressed by synovial fibroblasts and upmodu-
lated in osteoarthritis. Hum Immunol. 2010;71(4):342-50. 
doi:10.1016/j.humimm.2010.01.015.

 53. Broeren MG, de Vries M, Bennink MB, Arntz OJ, van Lent 
PL, van der Kraan PM, et al. Suppression of the inflammatory 
response by disease-inducible interleukin-10 gene therapy in 
a three-dimensional micromass model of the human synovial 
membrane. Arthritis Res Ther. 2016;18:186. doi:10.1186/
s13075-016-1083-1.

 54. Kwon JY, Lee SH, Na HS, Jung K, Choi J, Cho KH, et al. 
Kartogenin inhibits pain behavior, chondrocyte inflamma-
tion, and attenuates osteoarthritis progression in mice through 
induction of IL-10. Sci Rep. 2018;8(1):13832. doi:10.1038/
s41598-018-32206-7.

 55. Watkins LR, Chavez RA, Landry R, Fry M, Green-Fulgham 
SM, Coulson JD, et al. Targeted interleukin-10 plasmid DNA 
therapy in the treatment of osteoarthritis: toxicology and pain 
efficacy assessments. Brain Behav Immun. 2020;90:155-66. 
doi:10.1016/j.bbi.2020.08.005.

 56. van Meegeren ME, Roosendaal G, Jansen NW, Wenting 
MJ, van Wesel AC, van Roon JA, et al. IL-4 alone and in 
combination with IL-10 protects against blood-induced car-
tilage damage. Osteoarthritis Cartilage. 2012;20(7):764-72. 
doi:10.1016/j.joca.2012.04.002.



14 CARtIlAge  

 57. van Roon JA, Lafeber FP, Bijlsma JW. Synergistic activ-
ity of interleukin-4 and interleukin-10 in suppression of 
inflammation and joint destruction in rheumatoid arthri-
tis. Arthritis Rheum. 2001;44(1):3-12. doi:10.1002/1529-
0131(200101)44:1<3::aid-anr2>3.0.co;2-u.

 58. Powrie F, Menon S, Coffman RL. Interleukin-4 and inter-
leukin-10 synergize to inhibit cell-mediated immunity in 
vivo. Eur J Immunol. 1993;23(9):2223-9. doi:10.1002/
eji.1830230926.

 59. Steen-Louws C, Boross P, Prado J, Meeldijk J, Langenhorst 
JB, Huitema ADR, et al. Sialic acid-engineered IL4-10 fusion 
protein is bioactive and rapidly cleared from the circulation. 
Pharm Res. 2019;37(2):17. doi:10.1007/s11095-019-2744-y.

 60. Oo WM, Little C, Duong V, Hunter DJ. The development of 
disease-modifying therapies for osteoarthritis (DMOADs): 
the evidence to date. Drug Des Devel Ther. 2021;15:2921-45. 
doi:10.2147/dddt.S295224.

 61. Lee H, Kim H, Seo J, Choi K, Lee Y, Park K, et al. 
TissueGene-C promotes an anti-inflammatory micro-envi-
ronment in a rat monoiodoacetate model of osteoarthritis 
via polarization of M2 macrophages leading to pain relief 
and structural improvement. Inflammopharmacology. 
2020;28(5):1237-52. doi:10.1007/s10787-020-00738-y.

 62. Guermazi A, Kalsi G, Niu J, Crema MD, Copeland RO, 
Orlando A, et al. Structural effects of intra-articular TGF-β1 in 
moderate to advanced knee osteoarthritis: MRI-based assess-
ment in a randomized controlled trial. BMC Musculoskelet 
Disord. 2017;18(1):461. doi:10.1186/s12891-017-1830-8.

 63. Kim MK, Ha CW, In Y, Cho SD, Choi ES, Ha JK, et al. A mul-
ticenter, double-blind, phase III clinical trial to evaluate the 

efficacy and safety of a cell and gene therapy in knee osteoar-
thritis patients. Hum Gene Ther Clin Dev. 2018;29(1):48-59. 
doi:10.1089/hum.2017.249.

 64. Pelletier JP, Raynauld JP, Dorais M, Bessette L, Dokoupilova 
E, Morin F, et al. An international, multicentre, double-blind, 
randomized study (DISSCO): effect of diacerein vs cele-
coxib on symptoms in knee osteoarthritis. Rheumatology. 
2020;59(12):3858-68. doi:10.1093/rheumatology/keaa072.

 65. Richette P, Latourte A, Sellam J, Wendling D, Piperno M, 
Goupille P, et al. Efficacy of tocilizumab in patients with 
hand osteoarthritis: double blind, randomised, placebo-con-
trolled, multicentre trial. Ann Rheum Dis. 2021;80:349-55. 
doi:10.1136/annrheumdis-2020-218547.

 66. Park DR, Kim J, Kim GM, Lee H, Kim M, Hwang D, et al. 
Osteoclast-associated receptor blockade prevents articular car-
tilage destruction via chondrocyte apoptosis regulation. Nat 
Commun. 2020;11(1):4343. doi:10.1038/s41467-020-18208-y.

 67. Wu W, Dan Y, Yang SH, Yang C, Shao ZW, Xu WH, et al. 
Promotion of chondrogenesis of marrow stromal stem cells 
by TGF-β3 fusion protein in vivo. J Huazhong Univ Sci 
Technolog Med Sci. 2013;33(5):692-9. doi:10.1007/s11596-
013-1182-z.

 68. Alberts BM, Sacre SM, Bush PG, Mullen LM. Engineering 
of TIMP-3 as a LAP-fusion protein for targeting to sites 
of inflammation. J Cell Mol Med. 2019;23(2):1617-21. 
doi:10.1111/jcmm.14019.

 69. Wang Y, Li L, Wei Q, Chai R, Yao Q, Liang C, et al. Design, 
preparation, and bioactivity study of new fusion protein 
HB-NC4 in the treatment of osteoarthritis. Front Bioeng 
Biotechnol. 2021;9:700064. doi:10.3389/fbioe.2021.700064.


