
Cell migration is critical for numerous physiological and 
pathophysiological processes, including embryogen-
esis, tissue morphogenesis, immune surveillance and 
inflammation, wound healing and cancer metastasis1. 
The efficacy and mode of migration are governed by a 
multifaceted set of biochemical and biophysical factors 
that are dependent on both cellular and extracellular 
matrix (ECM) properties. Although the mechanisms of 
migration have been studied extensively on planar sub-
strates, these 2D systems might not reflect the in vivo 
environment, where most cells exist within a complex, 
interactive and a sometimes physically confining 3D 
matrix2–4. These characteristics introduce several addi-
tional factors that might affect cell locomotion, such as 
ECM composition, stiffness and structure. Cells can 
dynamically respond to these factors by adapting their 
shape, cytoplasmic or nuclear properties, actomyosin 
machinery and migration strategy5. Furthermore, cells 
are sensitive to mechanical and biochemical gradients in 
their microenvironment, which can potentiate motility 
and directed movement6,7.

Understanding the mechanisms that control cell 
migration in native tissue environments might provide 
important insights for the development of new strate-
gies for treating immune-​mediated disease or enhancing 

tissue repair and regeneration in synovial joints. In the 
first two sections of this Review, we independently con-
sider the basic cellular and environmental factors that 
affect 3D migration in connective tissues. In the third 
section, we discuss factors that affect interstitial migra-
tion during rheumatic diseases, such as rheumatoid 
arthritis (RA) and osteoarthritis (OA), and dense con-
nective tissue repair in the synovial joint. For example, 
signalling pathways that promote and sustain leukocyte 
and synovial cell migration might indirectly contribute 
to the destruction of intra-​articular tissues and could 
be promising therapeutic targets. Conversely, damaged 
dense connective tissues might require interventions to 
enhance endogenous cell migration to expedite repair. 
Finally, current methods of modulating cell migration 
into biomaterial scaffolds are discussed with an empha-
sis on the implications of the material design of such 
scaffolds for musculoskeletal tissue engineering and 
regenerative medicine.

Cellular factors affecting migration
Interstitial migration involves the coordinated orches-
tration of various processes including cellular adhesion, 
dynamic rearrangement of the cytoskeleton, deforma-
tion of the cell body and its intracellular constituents and  
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matrix remodelling (Box 1). Furthermore, cells of mes-
enchymal origin (for example, fibroblasts) or haemato-
poietic origin (for example, leukocytes) migrate using 
different strategies (Box 2).

Cell adhesion and mechanotransduction. Cell adhe-
sion to the ECM occurs when transmembrane recep-
tors such as integrins engage with ECM components. 
Integrins are a family of heterodimeric transmembrane 
receptors that consist of α and β subunits, which bind 
to various ligands in the ECM and can function as both 
mechanosensors (Box 3) and bi-​directional signalling 
receptors8. When integrins bind to their respective lig-
ands, various structural and signalling molecules are 
recruited to the cell membrane to form focal adhesions 
that join with actin filaments to mechanically link the 
ECM and cytoskeleton (Box 1). Focal adhesions anchor 
the cell to its environment, enabling the transmission of 
mechanical forces from the ECM to the cell. Activation 
of the RHOA–RHO-​associated protein kinase (ROCK) 
pathway facilitates the formation of stress fibre bun-
dles and modulates myosin motor activity, leading to 
stress fibre contraction (via the sliding of non-​muscle 
myosin II and the actin filaments) to increase cytoskel-
etal tension9. This tension is transmitted to the ECM to 
pull the cell forward. In addition, stress fibre contrac-
tion can reinforce focal adhesions by recruiting pro-
teins such as vinculin, which anchors actin filaments 
to integrins. Blocking integrin-​mediated adhesion or 
ROCK-​mediated phosphorylation of the downstream 
effector myosin light chain reduces migration speed 
in a dose-​dependent manner10. Indeed, the actomyo-
sin machinery is so important for embryonic develop-
ment that total knockout of proteins related to the actin 
cytoskeleton (such as actin or myosin II), integrins (such 
as either the α or β subunit) or focal adhesions (such as  
vinculin, paxillin, talin or focal adhesion kinase) results 
in embryonic or early postnatal death11.

In contrast to mesenchymal cells, leukocytes such as 
neutrophils, T cells, B cells, monocytes and dendritic 
cells can also use amoeboid locomotion, which is char-
acterized by a high migration speed, diffuse cytoskel-
etal organization and minimal interaction with the 
surrounding substrate12,13. Cells employing amoeboid 
motility lack discrete focal adhesions and instead uti-
lize low-​affinity binding to form transient adhesions12,13. 
Indeed, the migration velocity of CD4+ T cells is largely 
independent of β1 integrin-​mediated adhesion and focal 

adhesion kinase, molecules that are important for the 
formation of focal adhesions13. Unlike the focal contact-​
dependent, adhesive migration mode of mesenchymal 
fibroblast-​like cells, the amoeboid migration strategy 
enables immune cells to quickly adapt to different 
microenvironments to reach the site of inflammation. 
Interestingly, mesenchymal cells can transition to using 
the amoeboid migration strategy in states of low cell 
adhesion14 or high cortical contractility15, potentially 
facilitating the rapid migration of mesenchymal cells 
during embryogenesis and/or cancer metastasis. In an 
alternative model of cell propulsion, the nucleus might 
act as a piston to compartmentally increase hydrostatic 
pressure, pushing the cell forward16. Similarly, localized 
water permeation can lead to cell movement, even in the 
absence of cytoskeletal contraction17.

Cell-​mediated matrix degradation. The native ECM 
provides shape and structure to tissues, offers binding 
sites for cells and growth factors and regulates cell behav-
iour, intercellular communication and mechanical load 
transmission18. Interstitial migration through dense or 
impenetrable matrices is often made possible by cell-​
produced matrix metalloproteinases (MMPs), which 
cleave ECM molecules at specific peptide sequences to 
generate gaps that are wide enough for the cell to pass 
through19. Cells can remodel the matrix by contact-​
dependent, membrane-​bound MMPs or by the secretion 
of MMPs into the pericellular space20. Localization of 
MMPs to the cell surface, which is common for MMP2, 
MMP9 and membrane-​type MMPs, restricts proteol-
ysis to the cell periphery such that tube-​like trails are 
generated behind the migrating cell21. By contrast, the 
secretion of other MMPs results in a diffuse proteolysis 
that reduces biophysical matrix resistance at distances 
beyond the cell membrane, functioning to soften the tis-
sue around pre-​existing gaps in the ECM to facilitate cell 
deformation during passage. This method is commonly 
used in large-​scale tissue remodelling events, such as 
morphogenesis and wound healing, although dysregu-
lated overexpression of matrix-​degrading enzymes can 
lead to the catabolic breakdown of articular cartilage in 
RA and OA22.

Nuclear mechanics. In confined passages, cells must 
physically deform to move forward. Although cells can 
rapidly remodel their cytoskeleton, the nucleus is the 
rate-​limiting organelle in cell migration because of its 
large size and stiffness, the latter of which is 2–4 times 
higher than the surrounding cytoplasm23. When the  
nuclear cross-​sectional area is >4-fold the area of  
the constriction, cells stall, and the overall migration 
speed considerably declines24,25. The nucleus can reduce 
in diameter to 10% of its original cross-​sectional area10, 
with some cells achieving a minimal diameter of 3 μm26. 
Indeed, cell translocation is severely limited when the 
constriction area is <25 μm2 (refs10,26–28). This limitation 
is partly a function of the chromatin structure, such that 
a high degree of chromatin condensation reduces nuclear 
deformability25,29. Of equal importance in determin-
ing nuclear deformability are lamins, which are type V  
intermediate filament proteins that provide structure 

Key points

•	Interstitial cell migration in the fibrous microenvironments of intra-​articular tissues 
is regulated by biophysical and biochemical factors.

•	Immune cells are recruited to and retained within the synovium by inflammatory 
cytokines and chemokines in rheumatic disorders.

•	High matrix density and stiffness of adult dense connective tissues restrict the mobility 
of endogenous cells, impeding wound healing after injury.

•	Early cell migration into biomaterial scaffolds is a critical but challenging step 
towards engineering functional musculoskeletal tissues.

•	Targeted strategies that limit inflammatory cell invasion while promoting the 
migration of endogenous reparative cells might enhance joint tissue formation 
and regeneration.

Stress fibre
Contractile bundles in non-​
muscle cells composed of actin 
filaments and non-​muscle 
myosin II; myosin motor 
activity results in contraction  
of the actomyosin bundles.

www.nature.com/nrrheum

R e v i e w s

168 | MARCH 2019 | volume 15	



and stability to the nuclear envelope; in particular, 
lamins A and C (lamin A/C) are major contributors 
to nuclear mechanics in cells of mesenchymal origin30. 
Hence, the nuclear deformability of these cells can be 
modulated by controlling the expression of lamin A/C. 
For example, the overexpression of lamin A hinders the 
migratory capacity of a cell24,28,31, whereas knockdown of 
lamin A expression increases 3D cell migration through 
small pores27,32. However, lamin depletion can also lead 
to stress-​induced cell death, whereby the act of squeez-
ing the nucleus through a narrow (≤3 μm wide) con-
striction results in nuclear envelope rupture and DNA 
damage26,27. In tumour cells, nuclear confinement can 
also trigger a nuclear–cytoskeletal feedback mechanism 
that ultimately leads to pericellular proteolysis to widen 
the small pores in the ECM ahead of the cell33.

Although cells with stiff nuclei have limited mobility 
inside dense collagen gels, cells with compliant nuclei 
with low levels of lamin A/C remain highly mobile10,25,28. 
Some leukocytes, such as mononuclear CD4+ T lympho-
blasts and polynuclear neutrophils, can navigate through 
small interstitial spaces (pores ranging from 2 µm2 to  
5 µm2) in collagen lattices by deforming the nucleus 
to match the pore size of the matrix10. By comparison, 
nuclear deformation is more difficult, and passage 
through in vitro microfluidic constrictions is slower for 
leukocytes that contain higher levels of lamin A/C, such 
as macrophages34,35. In addition, the lobulated shape 
of the neutrophil nucleus enables reversible geometric 
changes, such as compact configurations or pearl chain-​
like unfolding, permitting further nuclear flexibility5. 
Although the nucleus might physically hinder mobility, 
removing the nucleus greatly reduces the ability of the 
cell to generate traction stress and consequently migra-
tion speed, indicating that the nucleus is an integral 
component of the cellular migration machinery36.

Environmental factors affecting migration
Within the complex 3D environment of connective 
tissues, cells must translate extracellular stimuli into 
intracellular signals that ultimately affect downstream 
behaviours, including migration. Insoluble and soluble 
biochemical cues, such as adhesive and chemotactic 
signals, are essential for cell homing and directional 
migration, as in the case of immune cell infiltration. 
Biophysical properties, such as matrix micromechanics 
and microstructure, affect dense connective tissue 
function, injury and repair.

Biochemical cues. The ECM contains an array of com-
ponents (Box 4) including insoluble signalling molecules. 
Of the insoluble signalling molecules, the most impor-
tant for mesenchymal migration are adhesive ligands 
found on matrix molecules such as fibronectin and 
collagens; integrins on the cell surface bind to ligands 
in these molecules via adhesive peptide motifs, which 
enables direct coupling of the cytoskeleton to the envi-
ronment. In general, cell adhesion and contractility are 
higher and 3D cell migration speed is lower in the ECMs 
of high adhesive ligand density than in the ECMs of 
intermediate adhesive ligand density24,37. Conversely, too 
low an adhesive ligand density in the ECM promotes cell 
detachment and hinders contractile force generation, 
leading to even slower migration by mesenchymal cells. 
The most prevalent adhesive peptide motif in the ECM 
is arginine–glycine–aspartic acid (RGD)8. However, 
damaged ECM molecules can also expose previously 
hidden epitopes. For example, proteolytic degradation 
of collagen exposes RGD sequences that can bind integ-
rins38. Similarly, fragmented fibronectin in degenerated 
cartilage might bind to integrins on chondrocytes and 
synovial fibroblasts, resulting in upregulated production 
of pro-​inflammatory cytokines (for example, IL-1, IL-6 

Micromechanics
The mechanical properties of 
a material assessed at a local 
level (that is, at the micrometre 
scale). This approach can 
identify heterogeneities in 
materials or tissues that are 
indicative of the constituent 
materials and their properties 
at that location.

Microstructure
The microscopic structure of a 
material or tissue.

Box 1 | Mechanisms of cell migration

Cell migration relies on an internal molecular assembly to generate force and motion. A net protrusive force generated 
by cytoskeletal contraction enables the cell to overcome the frictional and adhesive resistance of the surrounding 
environment and move forward20.

•	Integrin engagement with extracellular matrix (ECM) ligands results in the formation of focal adhesions, enabling the 
cell to generate traction

•	The assembly of filamentous actin (F-​actin) from actin monomers (globular actin (G-​actin)) results in the formation 
of actin-​rich protrusions at the leading edge and cell polarization

•	Force on the focal adhesion activates the RHOA–RHO-​associated protein kinase (ROCK) pathway, whose 
downstream effectors function to promote stress fibre formation and increase contractility by modulating non-​muscle 
myosin II activity9

•	Contraction of the actomyosin cytoskeleton (stress fibres) at the leading edge produces tension between the leading 
and trailing edges, resulting in the detachment of adhesions and forward movement

Cell–matrix adhesion Cytoskeletal contraction Forward movement

Leading edge
protrusion

Stress fibres

Focal adhesion
G-actin

F-actin filament
Non-muscle myosin II

Contractile force
ECM
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and TNF) and various MMPs39. Indeed, the increased 
levels of expression of adhesive ligands and integrins 
during RA might contribute to enhanced adhesion and 
infiltration of immune and synovial cells38.

Matrix components also interact with soluble signal-
ling molecules that are produced by cells and embedded 
within the matrix over the course of tissue formation, 
which can modulate the bioavailability and concentra-
tion gradients of the signalling molecules. For exam-
ple, fibronectin and small leucine-​rich proteoglycans 
(SLRPs) sequester a number of chemoattractive growth 
factors, including latent transforming growth factor-​β1  
(TGFβ1), platelet-​derived growth factor (PDGF), 
insulin-​like growth factor (IGF) and fibroblast growth 
factor 2 (FGF2)40–42. In addition, SLRPs can immo-
bilize the pro-​inflammatory cytokine TNF43. The 
rapid release of soluble factors from the ECM during 
matrix degradation, inflammation and/or injury might 
induce chemotaxis44. Directional sensing is accomplished 
via binding of the soluble chemoattractant to cell surface 
receptors on one side of the cell, which activates signal-
ling pathways that promote cell polarization and the for-
mation of protrusions, adhesions and contractile forces 
in a particular direction. Cells might also preferentially 
migrate towards a matrix-​bound gradient (for example, 
fibronectin45) in a phenomenon known as haptotaxis. 
In this manner, both soluble and insoluble biochemical 
signals in the ECM can modulate cell adhesion, motil-
ity and recruitment towards a target location and are 
especially important for directing collective migration 
during embryonic development7,11,44. Chemotaxis is 
critical for immune system function, especially for 
leukocyte recruitment to the site of disease or injury. 
Pro-​inflammatory cytokines, including IL-1, IL-6 and 
TNF, activate specific cell populations (for example, 

neutrophils, monocytes and/or macrophages, T cells, 
B cells and fibroblasts), which in turn produce chemo
kines to recruit additional cells. For example, in response  
to microbial infection, the upregulation of TNF induces 
chemokine expression and migration by lympho-
cytes46. Unfortunately, autoimmune dysregulation 
might lead to undesirable accumulation of immune 
cells in otherwise healthy tissues. Indeed, migration 
of leukocytes into the synovium is an important con-
tributor to the pathogenesis and persistence of RA 
and OA. Likewise, overstimulation of the foreign body 
response by a biomaterial scaffold might promote col-
onization by immune cells rather than regenerative cell 
types, leading to implant failure. Therefore, immune 
cell migration could be an important therapeutic tar-
get for both chronic inflammatory diseases and tissue 
engineering applications.

Matrix micromechanics. The biochemical composition 
and organization of ECM molecules in different tissues 
are linked to the biological and mechanical functions 
of the tissue. For example, joint tissues range from 
thin, loose vascular connective tissue lining the intra-​
articular space that serves as a host for cells (such as the 
synovium and fat pad) to dense irregular connective tis-
sue surrounding the joint that functions as a structural 
element (such as the fibrous capsule) to dense regular 
connective tissues with highly organized collagen fibres 
that are designed to withstand mechanical stress (such 
as cartilage, menisci, tendons and ligaments) (Fig. 1). 
The mechanical properties (such as the tensile modulus, 
compressive modulus and shear modulus) of these tissues 
vary because of the heterogeneity and hierarchical nature 
of the tissue building blocks. In general, increasing the 
concentration, density and/or degree of alignment of 
collagen increases the load-​bearing capacity of a tissue 
and results in higher ECM mechanical properties (that 
is, the Young’s modulus)47,48. Because of the heterogene-
ity in tissue mechanical properties, more homogeneous 
collagen-​based hydrogels or synthetic hydrogels have 
most often been used to assess cell migration in different 
3D microenvironments.

Cells can sense the matrix mechanical properties of 
their surrounding environment via integrin-​mediated 
adhesions. In stiff environments, integrin-​mediated sig-
nalling results in the generation of high traction forces 
by the actomyosin contractile machinery (Box 3), which 
might promote cell migration49. However, if the matrix 
stiffness is too high, cells cannot deform the surrounding 
ECM and so cannot pass through the confined spaces in 
the microenvironment (for example, between collagen 
fibres). Cells can partly overcome the steric hindrance of 
stiff environments by cell body deformation and/or by 
degrading the surrounding matrix via MMP secretion. 
Similar to 2D cell migration50, a bimodal relationship 
exists between matrix stiffness and 3D cell migration, 
such that maximal migration speed is achieved in envi-
ronments of intermediate stiffness37,51–53, although the 
exact level of stiffness required for maximal speed is 
affected by the level of cell–ECM adhesion37,51 and matrix 
pore size52,53. Nonetheless, decoupling the effect of ECM 
stiffness on cell migration from that of pore size and/or 

Chemotaxis
Directional cell movement 
along a soluble biochemical 
gradient.

Haptotaxis
Directional cell movement 
along a substrate-​bound 
insoluble gradient.

Collective migration
The process by which a group 
of cells move together while 
maintaining cell–cell contact.

Tensile modulus
Young’s modulus of a material 
evaluated in tension (that is, 
a measurement of tensile 
strength, which is the ability of 
a material to withstand being 
stretched).

Compressive modulus
Young’s modulus of a material 
evaluated in compression  
(that is, a measurement of 
compressive strength, which 
is the ability of a material to 
withstand being compressed).

Shear modulus
Young’s modulus of a material 
evaluated in shear (that is, 
a measurement of the shear 
strength, which is the ability of 
a material to withstand forces 
that can cause the internal 
structure of the material to 
slide against itself).

Box 2 | Modes of cell migration

The mode of migration is classically based on cell morphology and is primarily dictated 
by the cell type. However, multiple cellular and extracellular factors interdependently 
determine the migration strategy of an individual cell5.

•	Mesenchymal movement, used by spindle-​shaped cells with stiff nuclei, (such as 
fibroblasts), is associated with a slow migration speed, is dependent on focal 
adhesions and contractile stress fibres and generates a high traction force

•	Amoeboid movement, used by ellipsoid-​shaped cells with highly deformable nuclei, 
(such as leukocytes), is associated with a rapid migration speed, involves transient 
adhesion and low contractility and generates a low traction force

•	Alternative migration mechanisms include the nuclear piston16 and water permeation 
(osmotic engine) models17

ECM, extracellular matrix. Part of this figure has been adapted from ref.25.

Focal
adhesion

Degradative
enzyme

Lamin Cytoskeleton Transient
adhesion

ECMNucleus

Mesenchymal migration
• Fibroblasts
• Mesenchymal stem cells
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adhesivity is difficult given that hydrogel mechanics are 
often directly related to matrix density (and in the case 
of ECM-​derived materials, adhesive ligand concentra-
tion). Moreover, as the collagen concentration, stiffness 
and fibril organization of most gels used in 3D assays 
are extremely low (~100 times lower concentration than 
that of dense connective tissues47), to what extent these 
findings apply to migration in native dense connective 
tissues requires further investigation.

Matrix microstructure. The microstructure of con-
nective tissues is dependent on the composition of the 
matrix (primarily collagen composition), fibre align-
ment and inter-​fibre porosity and pore size. Cells in a 
loose ECM with large pores are generally round in shape, 
whereas cells in a dense ECM with small pores are elon-
gated and spindle-​shaped and hence have a reduced cell 
diameter47. The physical properties of the ECM might 
affect cell migration. For example, in one study, cell 
migration speed through collagen gels decreased with 
pore size, an effect that was accentuated with MMP 
inhibition10. Even a high level of cell-​mediated matrix 
deformation (50%) cannot compensate for a decrease 
in pore size below a certain limit54. The rate of cells 
translocating through nondegradable microporous 

membranes decreases with pore size10. Together, these 
results suggest that pore size, and not stiffness, is the 
true limiting physical factor. As with ECM stiffness, a 
bimodal relationship exists between pore size and cell 
migration speed24,37,52–55, although this relationship also 
depends on the concentration of adhesive ligands24,53,55. 
As contact guidance is diminished in wide channels, 
migration is optimal in environments with pore diam-
eters that match or are slightly less than the diameter 
of migrating cells5. Migrating cells can also adapt to the 
spatial confinement of their environment by travelling 
along the path of least resistance5. For example, T cells 
avoid areas of dense ECM and preferentially travel along 
fibrillar strands12. Similarly, in collagen gels, cells pref-
erentially align and migrate along fibres, and migration 
speed increases with collagen alignment47,56–58. This 
directional migration is mediated by RHOA–ROCK-​
mediated contractility, which preferentially aligns new 
cellular protrusions along the fibre length, increasing 
migration persistence57. Conversely, migration perpen-
dicular to the fibre direction is slower than migration 
parallel with the fibre59,60. Thus, given the fibrous, inter-
connected nature of most ECMs, contact guidance has 
a central role in interstitial migration.

Migration in joint disease and repair
For diseases such as RA and OA, immune cell infiltra-
tion is a pathological process stimulated by biochem-
ical cues such as pro-​inflammatory cytokines and 
chemokines (Fig. 2). In fibrous tissue repair, the migra-
tion of reparative cells to the wound site is hindered by 
biophysical barriers of the ECM. Thus, treating these 
conditions will require vastly different strategies. In the 
following section, we explore cell migration in the con-
text of immune-​mediated joint disease and fibrous tissue 
repair, with a focus on the environmental factors that 
affect cell migration.

Immune-​mediated joint disease. Synovial joints are 
affected by several immune-​mediated disorders, the 
most common being RA and OA. Although the mech-
anisms of disease progression differ considerably, both 
RA and OA are chronic inflammatory joint diseases that 
result in severe joint swelling, pain and reduced mobil-
ity, with cartilage and/or bony destruction at end-​stage 
disease. The central site of inflammation for both dis-
eases is the synovium, which includes a cellular surface 
layer of macrophages and fibroblast-​like synoviocytes 
(the synovial intima) and an underlying tissue layer 
that contains fibroblasts, blood vessels and lymphatics 
arrayed within a loose collagenous matrix (the synovial 
subintima)61. The initial stages of immune-​mediated 
joint diseases are characterized by the influx of immune 
cells, including macrophages, neutrophils, B cells and 
T cells, into the synovial compartment62–64. Local acti-
vation of these cells in the synovial vasculature enables 
their transendothelial migration into inflamed tissues, 
with leukocyte accumulation further potentiated by the 
upregulation of pro-​inflammatory cytokines, notably 
IL-1, IL-6, TNF and IFNγ, and various chemokines 
(CXCL8, CXCL10, CXCL11, CXCL12, CCL2, CCL3, 
CCL5, CCL19 and CCL21) in the synovium46,62,65–67. 

Young’s modulus
A mechanical property that 
defines the relationship 
between stress (force per unit 
area) and strain (proportional 
deformation) of a linearly 
elastic material during uniaxial 
deformation (also referred to 
as the elastic modulus; 
measured in MPa). Although 
commonly referred to as tissue 
stiffness or rigidity, these two 
terms are actually structural 
properties (that is, dependent 
on the size and shape of the 
tissue) and are not inherent 
material properties.

Contact guidance
The response of cells to 
topographic cues; the direction 
of cell alignment and migration 
is affected by geometrical 
patterns such as grooves 
or fibres.

↓ Cell contractility
↓ Collagen content
↓ Adhesion ligands

↑ Cell contractility
↑ Collagen content
↑ Adhesion ligands

Focal adhesion
G-actin

F-actin filament
Non-muscle myosin II

Contractile force
ECM

RHOA–ROCK 

Stress fibre

Soft microenvironment Stiff microenvironment

Box 3 | Cell mechanotransduction

Integrins enable cells to sense and respond to the physical forces transmitted by the 
extracellular matrix in a process known as mechanotransduction9

•	Cells in stiff microenvironments exhibit more stress fibre formation and generate 
greater contractile forces than cells in soft microenvironments

•	Cellular contractile forces feedback to reinforce focal adhesions, further activating 
downstream mechanotransduction pathways such as the RHOA–RHO-​associated 
protein kinase (ROCK) pathway

ECM, extracellular matrix; F-​actin, filamentous actin; G-​actin, globular actin.
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Blocking the inflammatory cascade with TNF inhib-
itors is a highly successful treatment for RA, but par-
tial or non-​responsiveness to this treatment, and even 
loss of treatment efficacy over time, is an issue for some 
patients46. Furthermore, various chemokines are thought 
to regulate immune cell infiltration and retention in the 
synovium68, as well as drive the production of inflam-
matory mediators in other cell populations. Thus, 
researchers have targeted immune cell migration and 
infiltration through chemokine inhibition as a potential 
RA therapy. Efforts to antagonize specific chemokines, 
such as CXCL8, CCL2 and CCL5, had promising results 
in mouse models of inflammatory disease, but so far, 
such therapies have failed in clinical trials67. The cell sur-
face expression of specific chemokine receptors on these 
immune cells might change with treatment, rendering 
the drug ineffective over time69. Furthermore, immune 
cells might express a variety of different chemokine 
receptors and respond to multiple chemokines, and 
hence, a combination of these chemokine antagonists 
might be required. As such, a better understanding of 
the mechanisms and functions of signalling pathways 
that regulate immune cell trafficking, recruitment and 
invasion is necessary for the development of effective 
therapeutics that target this aspect of rheumatic disease.

Inflammatory mediators of the arthritic joint envi-
ronment also activate resident synovial fibroblasts, which 
secrete pro-​inflammatory cytokines and other factors 
that contribute to tissue degradation70. For example, TNF 
and IL-18 (secreted by leukocytes) stimulate the produc-
tion of IL-1 (ref.46), and CXCL12 and CCL2 (chemokines 
involved in leukocyte homing)71, respectively, by synovial 
fibroblasts. Furthermore, exposure of synovial fibroblasts 
to IL-18, CCL19 and CCL21 increases the secretion of 
vascular endothelial growth factor (VEGF), which might 
promote angiogenesis in the synovial tissue and exac-
erbate immune infiltration71,72. Synovial fibroblasts also 
respond to the chemokines CXCL12 and CCL2, which 
promote their proliferation and migration73, as well as 

their production of IL-6 and IL-8 (ref.74). An enhanced 
proliferative and migratory state of synovial fibroblasts in 
RA might result in synovial hyperplasia and synovial cell 
infiltration into adjacent intra-​articular tissues as well as 
the formation of a fibrovascular pannus that damages the 
articular surface. The highly invasive nature of synovial 
fibroblasts correlates with their expression of growth 
factors75 and proteases, including MMP1, MMP3 (also 
known as stromelysin-1) and MMP10 (also known as 
stromelysin-2)76 and a disintegrin and metalloprotein-
ase domain-​containing protein 10 (ADAM10)77, indi-
cating that cell-​mediated matrix degradation might 
be an important facilitator of synovial cell migration. 
By-​products of matrix degradation, including ECM 
components and matrix-​bound growth factors (such 
as TGFβ), increase synovial fibroblast adhesion to car-
tilage, further enabling cell migration across the joint 
surface75. Notably, the degree of synovial cell invasive-
ness correlates with the severity of joint destruction in 
RA78. Such a pro-​inflammatory state might also directly 
contribute to bone resorption and heterotopic ossification 
that occurs with osteophyte formation in ankylosing 
spondylitis (AS)79. For instance, IL-22, a cytokine that is 
increased in patients with inflammatory arthritis or AS, 
promotes the proliferation, migration and osteogenic dif-
ferentiation of mesenchymal stem cells (MSCs)79,80. High 
levels of CCL19 and CCL21 induce expression of bone 
markers in fibroblasts81 and promote the migration and 
bone resorption activity of osteoclasts82. Exposed to this 
chronically inflamed environment, other intra-​articular 
tissues are at risk of degeneration in joint diseases, such 
as the articular cartilage83, meniscus83–85, tendons of the 
rotator cuff (shoulder)86 and stabilizing ligaments of  
the upper cervical spine87,88. Therefore, an additional 
target for treating joints affected by rheumatic diseases 
might involve fibrous tissue repair.

Fibrous tissue repair. Understanding fibrous tissue 
repair is important for considering how to regenerate tis-
sues of the joint that have been damaged owing to trauma 
or secondary to immune-​mediated disease. In the case 
of an acute traumatic injury, effective migration is crit-
ical for the initial inflammatory phase (hours to days), 
during which immune cells clear dead cells, pathogens 
and debris from the site of injury. Effective migration is 
also important for the later proliferative phase, wherein 
reparative cells actively divide and migrate into the 
wound bed to deposit a disorganized provisional matrix 
tissue and promote wound contraction (days to weeks)89. 
This stage is followed by a period of matrix remodelling 
(weeks to months), during which the tissue is organ-
ized into mature, crosslinked type I collagen fibres.  
In most adult tissues, this newly formed tissue does not 
match the native tissue in terms of the matrix content or 
mechanics but rather represents scar tissue. In the case of 
repairing an immune-​mediated or degenerative injury, 
overcoming the pro-​inflammatory environment is cru-
cial, as cytokines such as IL-1 and TNF might inhibit 
matrix synthesis and tissue repair90,91.

Although tissues with a well-​established vascular sup-
ply might partly depend on circulating progenitor cells 
to promote repair mechanisms, most dense connective 

Pannus
An abnormal layer of 
fibrovascular tissue, which can 
occur in rheumatoid arthritis.

Heterotopic ossification
The presence of bone in soft 
tissue where bone does not 
normally exist.

Scar tissue
Dense fibrous tissue that 
replaces original tissue during 
wound healing; the scar tissue 
is generally disordered and 
does not match the original 
tissue in terms of the 
biochemical content or 
mechanical properties.

Box 4 | Extracellular matrix components

Structural components in the extracellular matrix (ECM) of joint tissues are important 
for load bearing on the macroscale and for cell migration on the microscale. Although 
this structure–function relationship is essential for resisting cyclic loads within the 
musculoskeletal system, the microenvironment of connective tissues, especially dense 
regular connective tissues, might pose a challenging barrier to migrating cells.

•	Collagen fibres: the mechanical properties of dense connective tissues are dictated 
by the concentration and organization of their ECM (primarily type I collagen, 
although type II collagen is also prevalent in articular cartilage and the inner  
region of the meniscus), such that the density and degree of alignment of collagen  
fibres correlate with increased tensile strength but decreased pore size that can 
impede migration47,106.

•	Glycosaminoglycans (such as chondroitin sulfate) and proteoglycans (such as 
aggrecan): these molecules contain hydrophilic polysaccharides with a high density 
of negative charges, resulting in osmotic swelling of the tissue that imparts resistance 
to compressive forces along with impediments to migration at the microscale8.

•	Small leucine-​rich proteoglycans (such as decorin and biglycan): these proteoglycans 
regulate collagen fibrillogenesis, assembly and organization and are important 
for growth factor sequestration41,42.

•	Glycoproteins (such as fibronectin): these proteins reinforce the structural ECM 
network and provide a connection between cells and the ECM by binding to  
cellular integrins8.
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tissues in the mature state are hypovascular92,93 and thus 
must rely on cells intrinsic to the tissue and/or from 
nearby extrinsic sources to regulate repair (Fig. 2). For 
example, in tendon injuries, both tenocytes from the 
endotenon and epitenon and fibroblasts from the tendon 
sheath and synovium contribute to the proliferative and 
remodelling phases94. Although intrinsic repair by native 
tenocytes results in superior functional outcomes, extrin-
sic cells often dominate the repair process, leading to scar 
tissue and adhesion formation95,96. Cells derived from the 
peritenon migrate more quickly than those derived from 
the tendon core, suggesting that an enhanced ability to 
reach the wound site might increase the propensity of a 
cell for extrinsic repair97. This concept suggests that reg-
ulation of the ability of endogenous and extrinsic cells to 
reach the wound interface could be a potential therapeu-
tic approach. In addition to endogenous primary cells, 
the adult knee meniscus harbours a stem cell-​like popu-
lation that is capable of migration and fibrochondrogen-
esis in vitro98,99. However, degenerative tears in the inner 
avascular meniscus of the knee remain hypocellular and 
fail to self-​repair in the long term100. Although a thin 
fibrovascular scar, likely produced by migrating syno
vial fibroblasts101, might eventually physically bridge the 
wound gap in the meniscus, this type of scar is mechan-
ically inferior to native tissue and prone to re-​injury102. 
Therefore, strategies that enhance the interstitial migra-
tion and proliferation of resident differentiated cells  
and/or tissue-​specific progenitors are needed.

Several age-​related factors might exacerbate healing 
of adult joint tissues. During development, the colla-
gen concentration and degree of collagen alignment in 
the ECM increase with load-​bearing use of the joint, 
whereas endogenous cell density declines103–105, result-
ing in higher mechanical properties (such as the Young’s 
modulus) on the microscale47,105,106 and at bulk tissue 
level107. The compressive forces on the inner meniscus 
that occur during normal joint load bearing also lead to 
substantial accumulation of proteoglycans, most notably 
of aggrecan, with age107–109. The dense network of aligned 
collagen bundles of the mature meniscal ECM, coupled 
with a highly pressurized, proteoglycan-​rich inner zone, 

probably prevents a sufficient population of endogenous 
progenitor cells from migrating to an injury site to ini-
tiate repair110. As the ECM becomes stiffer and denser, 
cells become deformed (elongated and flattened) within 
the narrow spaces between adjacent collagen bundles96. 
In addition to reducing ECM porosity and pore size, the 
densely packed collagen might also increase the con-
centration of adhesive ligands, resulting in overly strong 
adhesive and contractile forces that impede forward 
movement. To study this phenomenon, investigators 
have developed an ex vivo platform to examine inter-
stitial cell migration through native meniscal tissue47,111.  
Results using this platform indicate that the micro
mechanics and microstructure of the adult meniscus ECM  
sterically hinder meniscal cell mobility47 and that modu-
lation of these ECM attributes via an exogenous matrix-​
degrading enzyme permits cell migration through this 
otherwise impenetrable network111,112. Similarly, enzy-
matic digestion of proteoglycans on the surface of defects 
in articular cartilage transiently enhanced the areas that 
could be reached by endogenous repair cells (probably 
chondrocytes from the surface zone) in a rabbit model113. 
Thus, by addressing the inherent limitations to repair 
imposed by the mature ECM, these studies might define 
new clinical strategies to promote repair of damaged  
dense connective tissues in adults.

Migration in engineered materials
Tissue engineering is a rapidly growing field in which 
cells, scaffolds and biochemical and/or mechanical sig-
nals are used to generate functional tissue replacements 
as a therapeutic approach to restore irreversibly dam-
aged intra-​articular tissues. Biomaterial scaffolds can 
provide 3D templates for tissue regeneration, directing 
cell ingress, proliferation and differentiation into a phe-
notype that culminates in the formation of a neo-​tissue. 
Achieving sufficient cell density and a homogeneous 
distribution within the scaffold is a challenging but 
vital step towards this goal114–116. Similarly, attracting 
the correct cell type (for example, endogenous pro-
genitor cells) while restricting immune cell infiltra-
tion might be required for long-​term implant survival.  

Loose connective tissue
• Synovium
• Fat pad
• Lymph node

Dense irregular connective tissue
• Joint capsule
• Periosteum
• Dermis

Dense regular connective tissue
• Meniscus
• Tendon
• Ligament

ECM
Cross sections
of fibres

Mesenchymal
cells

Fig. 1 | Connective tissue type and migration capacity. Fibrous tissues can be grouped into three major categories: 
loose connective tissue, dense irregular connective tissue and dense regular connective tissue.  Steric barriers to 
migration increase with matrix density and organization, such that mesenchymal cell mobility becomes severely restricted 
in dense regular connective tissues. ECM, extracellular matrix.

Adhesion
Abnormal formation of scar 
tissue after injury that connects 
normally separated tissues and 
impedes joint motion.
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In the remainder of this section, we focus on techniques 
that can enhance cell migration into scaffolds, either 
after cell seeding in vitro or implantation in vivo, by 
modulating biochemical and biophysical cues (Box 5; 

Fig. 3). Furthermore, biomaterial-​mediated strategies to 
modulate the immune system are explored.

Biochemical cues. Cellular sensing of the biochemical 
and mechanical microenvironment depends on the 
ability of the cell to adhere to and exert forces on its 
surroundings. Ligands present within the microenviron
ment enable cells to adhere to and probe the micro
environment and can initiate signalling cascades, the 
strength and types of which are dependent on the ligand 
type and concentration. Small oligopeptide sequences 
within ECM proteins (such as RGD) can be conjugated 
to the backbone molecules of a scaffold and can func-
tion as adhesive ligands within the 3D matrix, as well 
as generate haptotactic gradients to encourage cell infil-
tration117. Chemoattractants can also be incorporated 
into the biomaterial scaffold to affect directional cell 
movement. Cells isolated from the meniscus118, tendon119 
and ligament120 can migrate towards a wide variety of 
soluble chemical gradients, including PDGF-​AB and 
PDGF-​BB118–120, hepatocyte growth factor (HGF)118,120, 
bone morphogenetic protein 2 (BMP2)118,120 and IL-1 
(ref.118). Additionally, meniscal progenitors98 and 
MSCs121 home towards CXCL12. Although immobilized 

chemoattractants can increase cell infiltration into scaf-
folds122, this method limits gradient sensing to cells that 
are already in contact with the scaffold. By contrast, 
biomaterial-​mediated delivery of soluble chemoattract-
ants into the surrounding tissue can affect cells farther 
afield. The large surface area-​to-volume ratio of scaffolds 
that have nanoscale features is particularly well suited for 
providing an initial burst delivery of incorporated bio-
molecules followed by sustained release as the material 
degrades over time (as the release of such molecules is 
proportional to the surface area). For instance, in one 
study, interstitial migration of meniscal cells into nano-
fibrous scaffolds was higher in scaffolds engineered 
to release PDGF-​AB than in scaffolds containing no 
PDGF-​AB111; in such scaffolds, PDGF-​AB was deliv-
ered in a sustained fashion over a course of 6 weeks with 
degradation of the hyaluronic acid (HA) nanofibres to 
improve in vivo migration.

Once the appropriate cells have colonized the scaffold, 
the long-​term therapeutic success of engineered tissues 
is dictated by the host immune response123. Although 
infiltration by endogenous reparative cells is benefi-
cial for the formation of tissue that matches the native 
tissue, infiltration by inflammatory cells often results 
in fibrosis or immune rejection. To promote regener-
ative tissue microenvironments, the emerging field of 
immunoengineering124 seeks to design scaffolds that can 
affect cells of the immune system, such as dendritic cells,  

Development
Blood 
vessel

Disease

Joint space

Synovium
Meniscus

Injury

Synovial fibroblast
Meniscus cell
Immune cell
Intact ECM
Degraded ECM
Synthesized ECM
Chemoattractant
Inflammatory cytokine
Degradative enzyme
Direction of movement

Meniscus progenitor cell

Ligament
Cartilage

Fig. 2 | Cell migration during joint development, disease and repair. Cell migration is important during development, 
repair in response to injury and disease of various tissues in the knee joint.  Meniscus progenitor cells migrate through 
loose mesenchyme along chemotactic gradients during tissue morphogenesis. After a meniscal tear, mature meniscal 
cells migrate through dense, aligned collagen fibres to initiate repair at the wound site. In rheumatoid arthritis (RA), 
immune cells enter via the blood vessels and cross the endothelium to invade the synovium in response to inflammatory 
cytokines. Migrating cells secrete matrix-​degrading enzymes to facilitate passage, but uncontrolled enzyme production 
in RA might damage intra-​articular tissues. ECM, extracellular matrix.
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macrophages, B cells and T cells. For example, by con-
jugating protein antigens to the scaffold, these antigens 
can be delivered to T cells to tune their tolerance, mem-
ory and cytotoxic response125–127. Materials can also 
be designed to release immunomodulatory cytokines  
(for example, IL-4 and IL-10) to drive macrophage polar-
ization towards the pro-​healing M2 phenotype128–130. 
A promising approach is the combined delivery of ana-
bolic growth factors and anti-​inflammatory molecules, 
which is more effective for tissue regeneration than 
single factor delivery131,132. These techniques could be 
applied for the treatment of rheumatic diseases, where 
biomaterial-​mediated release of immunomodulatory 
factors could prevent the infiltration and retention of 
leukocytes in the joint.

Biophysical cues. Systems that enable simultaneous 
control of the scaffold micromechanics, microstructure 
and adhesivity have gained considerable interest in tis-
sue engineering. An attractive strategy for engineering 
tissues is to use scaffolds that are based on crosslinkable 
hydrogels, in which synthetic polymers, such as poly-
ethylene glycol (PEG), and natural polysaccharides, 
such as HA, are modified with functional groups to 
form hydrophilic crosslinked networks that are stable in 
physiological environments133. The mechanical proper-
ties of the scaffold (such as the tensile, compressive and 
shear moduli) depend on how many modifications are 
present along the polymer backbone and the concen-
tration of the polymer chains, both of which regulate 
how many crosslinks can form. Hydrogel-​based scaf-
folds are commonly used for cartilage tissue engineer-
ing, where resistance to compressive loading is critical. 
By contrast, fibre-​based scaffolds are better suited to 
recapitulate the structural and mechanical properties 
of dense regular connective tissues such as meniscus 
and ligaments, which are primarily subjected to tensile 
forces. The final microstructure of a scaffold can be 
engineered using micromoulding134, photolithography37,135, 
electrospinning135,136 or rapid prototyping137.

A major objective of musculoskeletal tissue engineer-
ing is to recapitulate the bulk mechanical properties of 
native tissues (for example, Young’s modulus), which 
can be up to several hundred MPa along the primary 
collagen fibre direction138–140. A widely used method for 
constructing biomimetic scaffolds is electrospinning, a 

technique that utilizes an electrical potential difference 
to draw polymers into highly aligned nanofibrous net-
works (fibre networks in which the fibres are less than 
a micrometre in diameter). The resulting material can 
replicate the organization of dense connective tissues 
that have bulk Young’s moduli typically in the MPa 
range (such as the meniscus)141. Cells sense and respond 
to microscale and nanoscale topography, such as ridges, 
grooves and channels142,143. Anisotropic features, such as 
those provided by aligned electrospun fibres, induce cell 
polarization and de novo collagen alignment along the 
fibre direction, leading to a higher tensile modulus than 
in non-​aligned scaffolds144,145.

Although these organized scaffolds promote ordered 
matrix deposition, densely packed nanofibres could 
present a formidable physical barrier to cell ingress116,144, 
limiting matrix accumulation in the interior of the scaf-
fold as well as integration of the scaffold with native tis-
sue146. Additionally, although scaffold alignment might 
increase migration speed and persistence along the fibre 
length58,60, contact guidance also hinders migration per-
pendicular to the fibre axis59. Introducing porogens such 
as salt particles147, ice crystals148 or fibres with faster 
degradative rates116,149,150, can increase porosity and cell 
infiltration. For example, a composite scaffold of aligned, 
slow-​degrading polycaprolactone fibres can be inter-
spersed with water-​soluble polyethylene oxide (PEO) 
fibres116. Rapid removal of the ‘sacrificial’ PEO fraction 
via aqueous hydration generates a highly porous scaffold 
that after long-​term cell culture results in increased col-
lagen content (via cell-​mediated matrix deposition) and 
tensile properties151. Furthermore, high porosity scaf-
folds enable more cell infiltration than scaffolds without 
PEO, which improves the integration of these scaffolds 
with the surrounding tissue111,146. Alternatively, instead of 
removing scaffold components, adding an interpenetrat-
ing collection of fibres152–154 can provide vertical avenues 
for cellular ingress into the scaffold.

3D bioprinting, a technique in which bioinks are 
deposited layer by layer in a precise manner, can build 
biomimetic systems that recapitulate the structural 
heterogeneity of native joint tissues155. Similar to elec-
trospinning, a sacrificial material can be included to 
encourage cell invasion into void channels156. By adjust-
ing the mechanical, biochemical and adhesive properties 
of the bioink material157,158 and the deposition patterns 
at the microscale, 3D bioprinting enables greater spatial 
control than electrospinning. Cells and biomolecules 
can also be incorporated into bioinks before printing 
to generate bioactive regions where factors are locally 
released to control cells within the construct. Bioprinted 
matrices have been used to study cell migration in the 
context of cancer metastasis159 and to construct complex 
musculoskeletal tissues with zonal architecture, such as 
articular cartilage155.

Cell-​responsive scaffolds. Integrating cues that per-
mit enzymatic and/or mechanical remodelling of the 
microenvironment might further expedite cell infil-
tration of dense, stiff scaffolds (Fig. 3). For example, a 
common approach is to introduce hydrolysable and/or  
MMP-​sensitive moieties into the polymer backbone  

Box 5 | Considerations for scaffold design in tissue engineering

An appropriate scaffold design is critical for engineering dense connective tissues. 
Specifically, scaffolds need to support tissue function and organization.

•	Functional support: the scaffold should resist cyclic tensile, compressive and/or 
shear forces. The mechanical properties of acellular constructs are determined by 
the intrinsic material properties of the polymer, as well as the fibre geometry and 
organization within the scaffold. For example, the uniaxial tensile strength of a 
scaffold is increased when fibres are deposited parallel to the loading direction,  
as it is in native tissue141.

•	Organizational support: the scaffold should provide an instructive macrostructure 
and microstructure that fosters organized matrix deposition and maturation. 
Macroscopically, the scaffold shape dictates the boundaries of tissue formation, 
whereas microscopically, the scaffold structural framework controls cell ingress,  
neo-​tissue organization and nutrient diffusion.

Micromoulding
A technique for generating 
microstructures using moulds 
with micrometre-​scale features.

Photolithography
A technique that uses light to 
transfer geometric patterns 
from a photomask (an opaque 
plate that enables light to shine 
through in a defined pattern)  
to a light-​sensitive chemical on 
a substrate.

Electrospinning
A technique that produces 
nanofibres by charging and 
pulling a polymer solution 
through a spinneret under 
a high-​voltage electrical field.

Rapid prototyping
A group of techniques for 
constructing a 3D product 
using computer-​aided design 
(for example, 3D printing).

Anisotropic
Describes mechanical and 
physical properties that vary 
on the basis of the testing 
direction.

Porogens
Space-​filling particles used to 
create porous materials, 
which are later removed to 
generate voids.

Bioinks
Extrudable polymer solutions 
used in 3D bioprinting that 
can contain cells and/or other 
biologics that can solidify 
after printing.
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or crosslinker111,160–163. Cell secretion of proteolytic enzy
mes results in localized polymer degradation over 
time, softening the pericellular environment to enable  
cell mobility164,165. For example, cell migration is faster 
in MMP-​degradable PEG hydrogels than in MMP-​
insensitive hydrogels, a difference that is further accen-
tuated in gels of high stiffness161. As such, the presence 
of MMP-​cleavable linkages improves cell infiltration 
into stiff hydrogels in vivo161. In addition to promot-
ing migration, cell-​mediated remodelling encourages 
cell proliferation162 and matrix synthesis166 in stiff 
environments. Additional modulations to the scaffold 
that consider cell mechanosensing after ingress into 
scaffolds might also be used to direct cells towards the 
appropriate lineage. For instance, although RGD ligands 
promote MSC adhesion and migration, prolonged adhe-
sion might inhibit chondrogenic differentiation in the 
long term. Some developed hydrogels contain MMP-​
degradable sequences combined with RGD peptides, 
in which cells can self-​regulate the amount of adhesive 
ligands in the environment to support a chondrogenic 

phenotype167. An alternative strategy for promoting 
cell-​mediated remodelling of the microenvironment 
is to adjust the viscoelastic properties of the material, 
such that stress relaxation of the material occurs as the 
cells exert traction forces on it168. Notably, chondrocytes 
cultured in fast-​relaxing gels produced more intercon-
nected cartilage matrix and lower levels of inflammatory 
cytokines than those in slow-​relaxing gels169.

Finally, endogenous cells must respond to dynamic 
environmental cues in a manner that maintains a pro-​
regenerative microenvironment. Advances in genome engi-
neering, particularly the CRISPR–Cas9 genome editing  
system, have made it easier to reprogramme the intrinsic 
signalling pathways of cells. For example, mouse induced 
pluripotent stem cells can be genetically manipulated to 
not respond to cytokines such as IL-1 (ref.170) or to pro-
duce an IL-1 receptor antagonist or soluble TNF type 1  
receptor in the presence of IL-1-mediated or TNF-​
mediated inflammation, generating a rapidly responsive 
and autoregulated system to modulate the inflamma-
tory microenvironment171. This technology can be 

Stress relaxation
A time-​dependent decrease in 
stress of a material in response 
to the same level of strain.
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Fig. 3 | Designing engineered scaffolds to promote cell migration and tissue repair. a | Engineered replacements 
for intra-​articular tissues require cells and scaffolds to withstand compressive and/or or tensile forces during joint 
loading.  As such, crosslinked hydrogels (which resist compression) and aligned fibres (which resist tension) are often 
used for tissue engineering of cartilage and dense regular connective tissues such as meniscus and ligament, respectively. 
b | For all scaffolds, successful formation of functional tissues is achieved in part by considering the design of the 
biomaterial (such as the biochemical and biophysical aspects) to control cell behaviours such as adhesion, migration and 
differentiation. Furthermore, localized delivery of anti-​inflammatory molecules might reduce the foreign body response 
and promote matrix synthesis by cells within the scaffold. To fine-​tune the cellular response, biomaterials can be further 
modified to enable in situ cell reprogramming and/or cell-​mediated scaffold remodelling (cell-​responsive scaffolds).
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combined with virus-​mediated gene delivery techniques 
to manipulate cells in situ in a spatially controlled man-
ner, thereby promoting regenerative cell colonization  
while suppressing immune cell invasion172,173 (Fig. 3).

Conclusion
Cell migration has a central role in the initiation and/or  
maintenance of joint disease, repair and biomaterial-​
mediated regeneration. Interstitial migration is governed 
by a complex set of cellular and extracellular variables, 
including cell mechanics and force transduction, bio-
chemical cues and ECM properties. Importantly, sev-
eral factors that potentiate immune-​mediated disorders 
could be promising therapeutic targets and/or exploited 
to promote fibrous tissue repair and regeneration. For 
example, intra-​articular injection of small molecules 

that inhibit chemotactic cell homing could reduce syn-
ovial inflammation, whereas localized release of chemo
attractants might recruit reparative cells to the wound 
site or scaffold. Similarly, although excessive enzymatic 
activity is associated with cell infiltration and joint tis-
sue destruction in a disease context, promoting matrix 
remodelling by modulating MMP activity and/or bio-
material degradability can enhance cell migration into 
dense tissues and scaffolds. By designing smart, dynamic 
scaffolds that reflect the optimal microenvironmental 
niche for tissue growth and maintenance over time, 
we might ultimately recapitulate, and perhaps even 
augment, the natural biological cues that direct tissue 
formation to advance joint repair and regeneration.
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