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Engineering Inflammation-Resistant Cartilage: Bridging
Gene Therapy and Tissue Engineering

Angela Bonato, Philipp Fisch, Simone Ponta, David Fercher, Mikko Manninen,

Daniel Weber, Kari K. Eklund, Goncalo Barreto,* and Marcy Zenobi-Wong*

Articular cartilage defects caused by traumatic injury rarely heal

spontaneously and predispose into post-traumatic osteoarthritis. In the

current autologous cell-based treatments the regenerative process is often

hampered by the poor regenerative capacity of adult cells and the

inflammatory state of the injured joint. The lack of ideal treatment options for

cartilage injuries motivated the authors to tissue engineer a cartilage tissue

which would be more resistant to inflammation. A clustered regularly

interspaced short palindromic repeats (CRISPR)-Cas9 knockout of

TGF-𝜷-activated kinase 1 (TAK1) gene in polydactyly chondrocytes provides

multivalent protection against the signals that activate the pro-inflammatory

and catabolic NF-𝜿B pathway. The TAK1-KO chondrocytes encapsulate into a

hyaluronan hydrogel deposit copious cartilage extracellular matrix proteins

and facilitate integration onto native cartilage, even under proinflammatory

conditions. Furthermore, when implanted in vivo, compared to WT fewer

pro-inflammatory M1 macrophages invade the cartilage, likely due to the

lower levels of cytokines secreted by the TAK1-KO polydactyly chondrocytes.

The engineered cartilage thus represents a new paradigm-shift for the creation

of more potent and functional tissues for use in regenerative medicine.

1. Introduction

Articular cartilage has limited potential for self-repair after in-
jury, and cartilage injuries that result in defects are often ac-
companied by inflammation.[1] Although an injury’s acute phase
can resolve spontaneously, the underlying inflammation often
persist for longer periods and frequently results in the onset of
arthropathies such as osteoarthritis (OA).[2] Inflammation in a
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joint is one of the main factors associ-
ated with the progression of cartilage loss,
caused by the presence of proinflammatory
mediators such as interleukin-1𝛽 (IL-1𝛽)
and tumor necrosis factor 𝛼 (TNF𝛼) origi-
nating from the synovium of post-traumatic
joint injury patients.[3,4] Repair of the car-
tilage defect by surgical intervention is of-
ten necessary in order to restore joint func-
tion and mobility.[5] Cell-based cartilage re-
generation approaches usually rely on chon-
drogenic cell implantation, as is commonly
done in autologous chondrocyte (ACI) or
matrix-assisted autologous chondrocyte im-
plantation (M-ACT, Codon). However, these
techniques often result in the formation of
lower-quality cartilage or fibrocartilage, that
predispose to long-term deterioration.[6,7]

The two-stage surgical procedures requir-
ing good manufacturing practices (GMP)
cell processing are very expensive.[8,9] Fur-
thermore, the limited number of cells that
can be harvested from the patient necessi-
tates an expansion phase that can result in
dedifferentiated chondrocytes with reduced

chondrogenic potential.[10] Using an allogeneic cell source for de-
fect repair is a suitable alternative. It allows a one-stage surgical
repair, reduces cost and above all, may have the potential of im-
proving the quality of the repaired cartilage.
Finger joints removed from young polydactyly patients are a

promising, novel, allogeneic source of human chondrocytes.[11]

These cells possess an enhanced ability to produce cartilage extra-
cellular matrix (ECM) compared to adult chondrocytes; they can
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Figure 1. Overview of the inflammation pathways in cartilage injuries and schematic of the methodology used. A) Illustration of the NF-𝜅B pathway in
the injured joint. Activation of the pathway by IL-1𝛽, TNF𝛼, and LPS or DAMPS leads to phosphorylation of NF-𝜅B inhibitory protein (IKK𝛼/𝛽) and NF-𝜅B
translocation to the nucleus, that activates the transcription of proinflammatory genes as IL-1𝛽 and IL-6 andmatrix remodeling enzymes as MMP-13 and
ADAMTS-5. B) Schematic of our methodology. Chondrocytes are collected by corrective surgeries; TAK1 KO is generated by a single-step electroporation
and can be then encapsulated into a hydrogel for future cartilage defect treatments.

proliferate faster and retain their chondrogenic potential even
after sustained passaging.[11–13] Furthermore, they lack the ma-
jor histocompatibility complex (MHC) Class II antigens and B7-
1 and B7-2 costimulatory molecules and therefore do not stim-
ulate allogeneic T cells in vitro.[14] These chondrocytes possess
immune-suppressive properties, as demonstrated by the inhibi-
tion of interferon 𝛾 secretion in activated CD4+ T cells during
coculture.[11] They have already purportedly been used in a clini-
cal trial,[15] although the origin of those cells ultimately remains
unclear.[16] Polydactyly chondrocytes were therefore chosen for
this study, due to their promise as a source for off-the-shelf treat-
ments.
One of the main challenges of regenerating cartilage after

trauma is overcoming the inflammatory environment of the
joint, which promotes cartilage degradation and inhibits the
chondrogenic potential of the transplanted cells.[5,17] The acute
phase after injury is marked by recruitment and activation of
mononuclear cells into the synovial membrane as macrophages.
These immune cells react by secreting proinflammatory me-
diators and chemokines.[18] The nuclear factor kappa-B (NF-
𝜅B) pathway plays a central role in regulating the inflamma-
tory signals in chondrocytes. The activation of canonical NF-𝜅B
(p65/p50) signaling in chondrocytes results in the expression of
catabolic factors such as matrix metalloproteases (MMPs) and
a disintegrin and metalloproteinase with thrombospondin do-
mains (ADAMTSs), in addition to other such proinflammatory
cytokines and chemokines as IL-1𝛽, TNF𝛼, IL-6, IL-17 and IL-
8.[18–20] Chondrocytes can sense both pathogen-associatedmolec-
ular patterns (PAMPs) such as lipopolysaccharide (LPS) or other
bacterial components, and damage-associated molecular pat-
terns (DAMPs) through their toll-like receptors (TLRs).[21] TLR4
is known to be particularly upregulated in OA cartilage,[22] and

it specifically recognizes degraded fibronectin,[23] fibrinogen[23]

and hyaluronic acid,[24] among others. There is evidence of bac-
terial LPS presence in the synovial fluid of OA patients,[25] a fac-
tor that could contribute to the M1 polarization of macrophages
and progression towardOA.[26] TLR4 activation ultimately results
in the recruitment of MAP kinases (MAPKs) and activation of
NF-𝜅B.[27] Activation of the NF-𝜅B pathway requires a cascade of
stimulated MAP kinases that results in the ubiquitination of the
NF-𝜅B inhibitory protein IKK𝛼/𝛽, followed by the translocation
of NF-𝜅B to the nucleus, where it can promote the expression of
catabolic genes[28] (Figure 1A).
The presence of inflammation can be detrimental to suc-

cessful maturation and integration of tissue-engineered grafts
into native cartilage.[29] To date, several TE strategies have
been developed to overcome this problem. Some hydrogel for-
mulations, such as heparin/heparan sulfate[30] and sulfated
alginate,[31] can capture IL-1𝛽, lowering inflammation. The use
of anti-inflammatory cytokine-loaded hydrogels provides a lo-
cal delivery of potent signals such as IL-4 or IL-10, polariz-
ing macrophages toward the anti-inflammatory M2 phenotype
and lowering inflammation.[32,33] Other approaches include in-
corporation of anti-inflammatory drugs, such as dexamethasone
or celecoxib, in the hydrogel, to lower inflammation and pro-
mote chondrogenesis.[34–37] However, the use of biomaterial-
loaded drug depots has a limited temporal window (weeks)[38]

compared to the long process required for cartilage to heal in
vivo (months).[39] Longer-lasting effects are thus needed and can
be achieved with genome engineering. For that reason, many
groups have focused on modifying the genes associated with in-
flammation. Targeting of IL-1 receptor either by exogenous ex-
pression of IL-1 receptor antagonist (IL-1Ra)[40,41] or by knock-
out of IL-1R[42] provides protection against the most potent in-
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Figure 2. Characterization of the KO by sequencing and protein levels reveals high editing efficiency and low residual levels of TAK1 protein. A) Sanger
sequencing of WT and KO samples from 3 different donors, with percentage of off-frame sequences per total number of alleles (n = 3). B) Sanger
sequencing of KO populations for three passages after electroporation from 3 different donors (n = 3). C) Western Blot and D) quantification of TAK1 in
WT and KO cells of 3 donors, normalized to GAPDH protein levels. F) Percentages of editing at the 8 most probable off-target sites by Sanger sequencing
(n = 3). Error bars represent SD. OT: off-target.

flammatory cytokine, IL-1𝛽. However, IL-1𝛽 signaling is only one
of the many catabolic pathways that impede cartilage regenera-
tion, and a broader, long-lasting strategy is needed. Transform-
ing growth factor-𝛽-activated kinase 1 (TAK1, alias MAP3K7) has
been shown to play a fundamental role in the transmission of
the proinflammatory signals and the activation of the NF-𝜅B
pathway[43] and has been found to be upregulated upon injury in
chondrocytes.[44] Inhibition of TAK1 by the small molecule 5Z-7
oxozeaenol in a destabilization of the medial meniscus (DMM)
OA rat model proved effective in preventing the disease and in-
creasing ECMdeposition.[45] As a critical intersection point of the
IL-1𝛽, TNF𝛼 and TLR4 signaling pathways,[46] TAK1 represents
an interesting therapeutic target to abrogate the major molecular
mechanisms driving cartilage destruction following trauma and
OA onset.
In this study, we combined the promising properties of poly-

dactyly chondrocytes with the inflammation resistance by TAK1
gene editing and a hyaluronan-based hydrogel to produce a
novel off-the-shelf treatment for cartilage defects (Figure 1B). Our
aim/goal was to obtain robust articular cartilage able to withstand
the mechanical compression and inflammatory challenges typ-
ical for trauma or OA. To produce the KO, we used the Clus-
tered Regularly Interspaced Short Palindromic Repeats/Crispr
associated 9 (CRISPR/Cas9) system delivered as a ribonucleo-
protein (RNP) which consisted of Cas9 protein and the single
guide RNA (sgRNA) targeting TAK1. The system yielded a high
efficiency in production of genome-edited cells across several
donors, which was superior to previous attempts.[47–49] Next, we
characterized the gene expression and matrix deposition of the
TAK1-KO chondrocytes exposed to inflammatory stimuli. Then
the ability of TAK1-KO chondrocytes to produce good quality car-
tilage in a hydrogel when exposed to an inflamed environment
was assessed. Finally,TAK1-KO chondrocytes encapsulated in hy-
drogels were subcutaneously implanted in rats to study the in
vivo cartilage maturation and the relationship between the con-
struct and the innate immune system. The addition of gene edit-
ing to tissue engineering approaches can revolutionize the regen-
erative medicine field, given the limitations of autologous regen-
eration.

2. Results

2.1. Efficient TAK1 Editing of Primary Chondrocytes

Because primary chondrocytes undergo dedifferentiation as the
number of passages increases,[10] selecting genome-edited cells
by single clone expansion method would lead to cells that are
unable to produce a structurally viable cartilage matrix. In this
study, we developed CRISPR-edited cells with an RNP delivery
strategy[50] to achieve high editing efficiency in a single step. Four
sgRNAs were designed to target the first 5 exons of the TAK1

gene, inducing both a disruption of the reading frame and a pre-
mature stop codon. All guides were screened to test their ability
to produce indels at the cut site (Figure S1A,B, Supporting In-
formation), with the one targeting TAK1 exon 3 giving the high-
est percentage of edited cells. Sequencing of the cell population’s
DNA revealed that 94.0 ± 0.8% of sequences were edited (Fig-
ure 2A), with the majority of indels in +1 nucleotide insertions
and −1 and −2 nucleotide deletions (Figure S1C, Supporting In-
formation). The high editing efficiency with the selected sgRNA
was comparable across multiple donors, which demonstrates the
method’s reproducibility.

2.2. Low Expression of TAK1 Protein Is Maintained over Multiple
Passages

Since TAK1 is reported to be involved in cell proliferation,[51] it
was critical to assess whether edited cells can proliferate at the
same rate as non-edited ones. Sequencing of edited cell pop-
ulation over 3 passages showed that the edited percentage of
the cell population did not change over time, likely indicating
that the KO-cell pool was homogenous and stable for the sev-
eral passages of expansion required for cartilage tissue engineer-
ing applications[52] (Figure 2B). While the sequencing reveals the
proportion of alleles that were edited in the population, protein
expression levels can still be high due to compensation mech-
anisms in cells that retain one unedited gene copy.[53] Residual
levels of TAK1 protein in edited cells were 12.4 ± 3.3% compared
to WT, which is in line with sequencing results (Figure 2C,D).
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Figure 3. NF-𝜅B levels and activity are reduced in TAK1-KO cells. A) qPCR-based gene expression levels of NF-𝜅B inWT, oxozeaenol-treatedWT (WToxo),
and KO cells treated with inflammatory stimuli for 16 h (n = 9 from 3 donors). B) qPCR-based gene expression levels of TLR4 in adult chondrocytes
derived from joint injury reconstruction (jiCh) and infant chondrocytes (iCh) treated with LPS (n = 3). C) Western Blot and D) quantification of Ser-536
phosphorylated NF-𝜅B protein in 30 min-treatment cells compared to GAPDH levels (n = 3 from 3 donors). E) Immunofluorescence of NF-𝜅B to detect
its translocation to the nuclei after 30 min stimulation with inflammatory signals (yellow arrows indicate the positively stained nuclei) and F) percentage
of the nuclei that stained strongly (n = 9 from 3 donors). Error bars represent SD. ***p < 0.001, ****p < 0.0001.

2.3. TAK1-KO Does Not Result in Gene-Associated Off-Targets

One of the main concerns about the use of CRISPR/Cas9 tech-
nology is the possibility of unintended, non-specific edits in other
parts of the genome.[54] To address this issue, the eightmost prob-
able off-targets were selected for further screening (Table S1, Sup-
porting Information). Sequencing revealed an off-target cleavage
only at the first predicted sequence in 60% of the sequences; how-
ever, the cut was not in a coding region of the genome (Figure 2E,
and Table S1, Supporting Information). This result suggests a
minimal risk for unintended off-target effects using this specific
sgRNA together with the RNP approach.

2.4. TAK1-KO Reduces Activation of NF-𝜿B and its Downstream
Targets

Activation of the TAK1 pathway by inflammatory stimuli results
in the degradation of IKK𝛼/𝛽 and nuclear translation of NF-𝜅B.
Cells lacking TAK1 are therefore unable to convey the inflam-
matory signals from the cell membrane to the nucleus, thus ex-
pressing fewer inflammatory cytokines and matrix-remodeling
enzymes. Cells were treated with LPS, TNF𝛼 or IL-1𝛽, factors
known to activate the pathway, using the TAK1 inhibitor 5Z-7

oxozeaenol as a pharmacological control. qPCR of the treated
cells shows that NF-𝜅B mRNA remained at the same level in
KO-chondrocytes in all the conditions, whereas it increased in
WT cells, especially in TNF𝛼 and IL-1𝛽-treated conditions (Fig-
ure 3A). Interestingly, LPS treatment did not cause any change
in NF-𝜅B expression in WT cells, even though it is a known ac-
tivator of the pathway. We therefore investigated whether infant
chondrocytes express TLR4 receptor. Expression levels of TLR4
are lower in infant chondrocytes (iCh) when compared to adult
ones isolated from a joint injury (jiCh). When treated with LPS,
TLR4 levels are overexpressed in jiCh but remain unchanged in
iCh in 2D culture (Figure 3B). This result suggests that infant
chondrocytes are less sensitive to TLR4-mediated signaling and
represent an even more favorable choice for cartilage cell-based
therapies.
Activation of NF-𝜅B by Ser-536 phosphorylation was observed

only in IL-1𝛽-treated WT cells, but notably did not change with
TNF𝛼 treatment (Figure 3C,D), which is known to act pre-
dominantly on Ser-903 and Ser-907.[55] Nuclear translocation of
NF-𝜅B was observed through immunofluorescence with TNF𝛼
(only WT) and IL-1𝛽 (both WT and oxozeaenol-treated WT) (Fig-
ure 3E,F). These findings confirm that the TAK1-KO can effi-
ciently block NF-𝜅B activation in the presence of inflammatory
stimuli.
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Figure 4. Expression of inflammatory genes is lower in TAK1-KO cells after induction of inflammation. A) qPCR analysis of indicated genes of WT,
oxozeaenol-treated WT (WToxo), and KO cells (n = 9 from 3 donors). B) Diffused IL-6, TNF𝛼, and MMP13 protein quantification (n = 9 from 3 donors).
C) Hierarchical clustering of inflammation-related genes of WT and KO cells treated with IL-𝛽; differential gene expression analysis and volcano plot of
D) WT and E) KO cells treated with IL-1𝛽 by nSolver (n = 3). Error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

2.5. TAK1-KO Cells Express Fewer Pro-Inflammatory and
Catabolic Factors

Activation of the NF-𝜅B pathway in chondrocytes is known to
cause the upregulation of pro-inflammatory genes such as IL-1𝛽,
IL-6 and TNF𝛼 and proteases such as MMP-13 and ADAMTS5,
resulting in increased degeneration of the joint cartilage.[18–20]We
investigated the mRNA expression of these genes and observed
a statistically significant reduction of their expression in TAK1-
KO cells under almost all conditions when treated with inflam-
matory stimuli compared to WT cells (Figure 4A). At the protein
level, low amounts of IL-6 and TNF𝛼 weremeasured in TAK1-KO
chondrocytes compared toWT cells. On the other hand, MMP-13
protein expression was not changed across samples (Figure 4B).
As IL-1𝛽 is a key molecular player driving OA disease

pathogenesis,[56] we decided to further investigate its effects on
the TAK1-KO chondrocytes through gene multiplexing analysis
(full data available in Table S2 and Figure S2, Supporting Infor-
mation). When looking at the broad activation of inflammation-
associated genes, results showed that KO, IL-1𝛽-stimulated cells
cluster first with KO non-treated cells, and then with WT non-
treated cells for most genes (Figure 4C). Upon IL-1𝛽 treat-
ment, differential expression analysis of inflammatory markers
revealed that 37 genes are upregulated in WT cells (Figure 4D),
whereas only 8 are upregulated in KO cells (Figure 4E, and Table

S3, Supporting Information). Taken together, these results sug-
gest that edited cells do not transfer the inflammatory signal to
the nucleus at the same level as WT cells due to inactive TAK1
protein, resulting in cells that we hypothesize are less prone to
inflammation and active degradation of cartilage ECM.

2.6. TAK1-KO Chondrocytes Deposit and Retain ECM in an
Inflamed 3D Pellet Environment

TAK1 has been shown to play a fundamental role in the matura-
tion of cartilage during limb development,[57] so, it is essential to
assess the ability of the edited cells to synthesize cartilage ECM
when cultured in pellet form. When WT and KO cells were pel-
leted and cultured in chondrogenicmedium for 21 days they both
deposited collagen 2 and low amounts of collagen 1 at a similar
rate. KO-chondrocytes secreted higher amounts of glycosamino-
glycans (Figure 5A,B).
Due to the increased expression of catabolic enzymes in re-

sponse to inflammatory stimuli, we then tested the cells’ abil-
ity to preserve the deposited ECM in an inflamed environment.
Pellets were stimulated with LPS, TNF𝛼 or IL-1𝛽 during the last
week of chondrogenesis, with the addition of 5Z-7 oxozeaenol to
WT cells as control (Figure 5C). We chose supraphysiological cy-
tokines’ concentrations to over-activate the receptors and stress
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Figure 5. Cartilage ECM deposition is not impeded in TAK1-KO cells and is enhanced in highly inflamed environment. A) Safranin O (GAGs), collagen
2 and 1 immunostaining of WT and KO pellets and B) quantification of the staining intensity (paired t test, n = 9 from 3 donors). Scale bar, 500 μm. C)
Safranin O (GAGs), collagen 2 and 1 immunostaining of WT, oxozeaenol-treated WT and KO pellets cultured with inflammatory stimuli in the last week
of culture and D) quantification of the intensity (two-way ANOVA, n = 9 from 3 donors). Scale bar, 200 μm. Error bars represent SD. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.

the ability of TAK1-KO chondrocytes to retain their ECM. Under
inflammatory conditions, pellets made from KO cells were able
to produce more GAGs and collagen 2, and less collagen 1 com-
pared to WT (Figure 5C,D). Especially in IL-1𝛽 and TNF𝛼 stim-
ulated WT pellets, the loss of ECM is visible and consistent with
the increased expression of catabolic MMP-13 and ADAMTS5.
In the KO-chondrocytes pellets, evidence of degradation was not
found, as the staining for ECM components was at similar levels
to control. Significantly, TAK1-KO could protect from ECM loss
better than oxozeaenol-treated WT samples.

2.7. KO Chondrocytes Form Mechanically Robust
Inflammation-Resistant Neocartilage that Adheres to Mature
Cartilage

The main clinical application we foresee for the genome-edited
neocartilage is the integration into cartilage defects in an in-

flamed joint. To model this situation, bovine cartilage rings were
filled with a cell-laden hyaluronan-based hydrogel and cultured
in chondrogenic media with or without LPS, TNF𝛼, or IL-1𝛽
for 6 weeks (Figure 6A). To assess ECM deposition quality, the
Bern score[58] was used to grade the repair tissue. This score was
specifically developed to assess cartilage quality in tissue engi-
neering, since conventional scores take into consideration also
other anatomical features. KO-chondrocytes retained a normal
morphology in the IL-1𝛽 condition, whereas WT cells showed
poor ECM deposition and spindle-shaped morphology in all
samples (Figure 6B). TNF𝛼 treatment demonstrated a trend in
improved cartilage quality score in KO chondrocytes versus WT,
albeit the latter was not statistically significant. As expected, LPS
treatment did not change the quality of the constructs in both
WT and KO conditions, confirming that these cells do not react
to it. Histologically, both WT and KO chondrocytes produced
cartilage which could efficiently produce ECM throughout the
entire defect under control conditions (Figure 6C–H). However,
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Figure 6. TAK1-KO cells produce high quality ECM when embedded in a hyaluronan-based hydrogel in inflamed conditions. A) Schematic of the exper-
iment. Rings were formed from bovine cartilage and filled with hydrogel and cells, then cultured for 6 weeks in the presence of indicated inflammatory
stimuli before proceeding with the analysis. B) Bern score to assess the quality of the samples maturation (two-way ANOVA, n = 9 from 3 donors).
C,E,G) Histology of the samples by Safranin O, collagen 2 and 1 immunostaining and D,F,H), Quantification of the staining intensity (two-way ANOVA,
n = 9 from 3 donors). Bovine cartilage ring dimensions: outer diameter, 8 mm, inner diameter 4 mm; hydrogel diameter: 4 mm, 1 mm thick. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

ECM deposition differed greatly between WT and KO cells
during IL-1𝛽 stimulation. Based on the staining quantification
of GAGs produced by KO chondrocytes, these cells were better at
regenerating cartilage tissue (Figure 6C,D). Collagen 2 staining
was also more intense in KO samples compared to WT ones
(Figure 6E,F), and collagen 1 was more present in IL-1𝛽 treated
KO samples compared to WT ones (Figure 6G,H).
The cultured tissue construct achieved a compressive modu-

lus of more than 600 kPa when either WT (636.7 ± 90.0 kPa)
or KO (728.5 ± 157.3 kPa) chondrocytes were used (Figure 7A).
This stiffening of this cell-laden hydrogel is in line with what has
been reported in the literature[59–61] and demonstrates the abil-
ity of the KO-chondrocytes to secrete ECM at the level of WT
cells. On the other hand, the ability of WT cells to produce func-
tional cartilage was extremely compromised when cultured with
inflammatory cytokines, particularly IL-1𝛽, where a modulus of

48.9 ± 57.7 kPa (87.7% reduction) was measured. Remarkably,
when KO samples were treated with IL-1𝛽, the samples achieved
a modulus of 448.3 ± 222.8 kPa, with a 9.2-fold change increase
in stiffness with respect to IL-1𝛽-treatedWT samples (Figure 7A).
TNF𝛼-treated samples showed a similar trend (317.8± 149.8WT;
535.0 ± 186.5 KO), revealing that KO samples developed better
mechanical-resilient cartilage than WT.
Histologically, both WT and KO neocartilage samples inte-

grated into native bovine cartilage with a strongmatrix deposition
at the interface in the control condition (Figure 7B). Based on
collagen staining, the interface was predominantly composed
of collagen type I and less of collagen type II in all samples,
apart from IL-1𝛽-treated WT samples (Figure S3A, Supporting
Information). Overall, collagen fibers are shown to be aligned
along the surface of bovine cartilage based on polarized light
microscopy (Figure S3B, Supporting Information). Interestingly,

Adv. Healthcare Mater. 2023, 12, 2202271 2202271 (7 of 14) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

 2
1
9
2
2
6
5
9
, 2

0
2
3
, 1

7
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ad

h
m

.2
0
2
2
0
2
2
7
1
 b

y
 U

n
iv

ersitaet Z
u
erich

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

3
/0

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n

s L
icen

se



www.advancedsciencenews.com www.advhealthmat.de

Figure 7. TAK1-KO cells-derived neocartilage strongly integrates into mature cartilage and presents high stiffness in inflamed environment. A) Com-
pressive modulus of the formed neocartilage after 6 weeks in culture with or without indicated inflammatory stimuli, normalized by samples’ diameter
(two-way ANOVA, n = 6 from 2 donors). B) Close-up on the interface between native bovine cartilage (left) and newly formed cartilage (right) from WT
or KO cells. Scale bar, 50 μm. C) Representation of the pushout test for integration assessment and D) pushout test representing the bond strength of
the samples to bovine cartilage (two-way ANOVA, n = 9 from 3 donors). Bovine cartilage ring dimensions: outer diameter, 8 mm, inner diameter 4 mm;
hydrogel diameter: 4 mm, 1 mm thick. *p < 0.05, ***p < 0.001, ****p < 0.0001.

WT samples showed no collagen deposition in IL-1𝛽-treated
samples, whereas KO samples show collagen presence and
alignment at the interface, correlating with push-out results.
TNF𝛼-treated WT samples show a random orientation of colla-
gen fibers, while KO samples showed consistent collagen content
and alignment by polarized light at the interface between the
sample and the bovine cartilage. No gaps were observed between
the sample and the bovine cartilage in all samples, and some
human cells were observed to remodel and infiltrate the bovine
cartilage in all conditions (Figure S3C, Supporting Information).
WT samples showed fibrotic behavior at the interface when
treated with IL-1𝛽, possibly indicating a worse integration.
To quantify the strength of the binding between engineered
constructs and native cartilage, we displaced the samples with a
push-out test[11] (Figure 7C). Under IL-1𝛽 stimulating conditions
the differences were striking, where the WT chondrocytes pro-
duced cartilage which failed to integrate into the bovine cartilage
ring and had low resistance to the applied pushout force (95.6 ±
93.1 kPa WT versus 360.3 ± 118.1 kPa KO) (Figure 7D).

2.8. Inflammation-Resistant Cartilage Is Stiffer In Vivo and
Recruits Few Macrophages

To investigate the performance of TAK1-KO hydrogels in vivo,
WT and KO chondrocytes were encapsulated in the hyaluronan-
based hydrogel and subcutaneously implanted into nude rats af-
ter three weeks of preculture to allow neocartilage development
(Figure 8A). Six-weeks post-implantation, samples were recov-
ered and tested for their mechanical properties. In vivo KO sam-
ples developed into significantly stiffer constructs (476.3± 277.9)
compared toWT samples (203.4± 274.1) (Figure 8B), a trend that
is observable also in vitro (KO 602.8 ± 300.3; WT 356.6 ± 228.2)
(Figure 8C).
Monocytes and macrophages are recruited upon joint in-

jury and can differentiate into a pro-inflammatory phenotype,
making them pivotal mediators of joint destruction and OA
progression.[62,63] Based on gene expression analysis, WT chon-
drocytes treated with IL-1𝛽 express more macrophage-attracting
chemokines (Figure 8D). We then asked if the recruitment
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Figure 8. TAK1-KO cells-derived neocartilage develops into stiff matrix in vivo and recruits less M1 macrophages than WT-derived one. A) Schematic of
the experiment.WT and KO cells were encapsulated, samples were cultured for 3 weeks before subcutaneous implantation into nude rats and explanted or
cultured in vitro after further 6 weeks. Sample diameter and thickness were 4 and 1 mm, respectively. C = compression, H = histology. B,C) Compressive
modulus of in vivo (B) and in vitro (C) WT and KO samples at 3 and 9 weeks (two-way ANOVA, 3 donors, n = 6). D) Gene expression analysis of
main chemokines by multiplexing of WT and KO cells ± IL1𝛽 (n = 3). E) Immunofluorescence of macrophages infiltration in in vivo samples. External
part of the construct above the dotted line, construct below. The pro-inflammatory M1 macrophages were identified with double positivity for CD68
(pan-macrophage marker) and CD80 (M1 marker). Red: CD68, green: CD80, grey: Hoechst. Orange arrows pointing to double positive cells for CD68
and CD80. Scale bar, 50 μm. F) CD68–CD80 double positive cells per region of interest (ROI) (Unpaired t test, 3 donors, n = 12). ns: non-significant.
Error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001.

of macrophages in vivo would also be affected by the KO:
pro-inflammatory M1 macrophage count confirmed this be-
havior. M1 macrophages were identified with a double stain-
ing for CD68, a pan-macrophage marker, and CD80, an M1-
specific marker. WT samples showed a higher infiltration of M1
macrophages in the samples compared to KO ones (Figure 8E,F).

3. Conclusion

Current autologous cell-based strategies for regenerating defec-
tive cartilage are still not optimal treatments, because they of-
ten result in fibrocartilage deposition[6] and may lead to post-
traumatic OA.[2] This effect may be due to the persistence of
inflammatory molecules in the synovium.[5,17] Our promising
method combines immune-privileged chondrocytes with gene
editing to produce an off-the-shelf treatment for cartilage defects
that overcomes current limitations.
The two main contributors to cartilage graft failure are the

dedifferentiation of adult cells due to their in vitro expansion
and the inflammatory signals that promote ECM degradation.
Polydactyly-derived chondrocytes show increased ECM deposi-
tion compared to adult cells[11–13] and are thought to avoid the
activation of autoimmunity due to their immune-evading and -
suppressive properties.[11,14] In this study, we demonstrated that
they are naturally protected from damage-associated molecular
patterns (DAMPs)- and pathogen-associated molecular patterns
(PAMPs)-signaling due to their lower expression levels of TLR4
compared to adult cells. We further engineered this promising
cell type to achieve a higher resistance to the inflammatory stim-

uli that normally lead tomatrix degradation and fibrocartilage de-
position. By using a single-step, RNP-based CRISPR/Cas9 trans-
fection method, we demonstrated that we could obtain an un-
precedentedly high gene editing efficiency in a chondrocyte cell
population pool. Previous gene editing efforts in primary chon-
drocytes reported a lower gene editing efficiency, reaching 74%
efficiencywithMMP13 to reduce ECMdegradation,[47] or 60% for
cell cycle inhibitor p21 to increase ECM deposition,[49] of which
only 16% of colonies showed a homozygous deletion. Similar
efficiency has only been demonstrated in a recent work target-
ing miR-140, where 90–98% of editing was reached;[48] yet that
required two sgRNAs and double transfection, conditions that
might enhance post-transfection cell toxicity and off-target prob-
ability, even if not observed by T7E1 assay. In our editing, we
observed a 60% deletion of the first predicted off-target. Even
though the deletion occurred in a region that does not code for
any gene and thus is not supposed to cause damage, this is a
limitation in our approach that might be avoided with the use of
high-fidelity Cas9 proteins.[64]

TAK1 is a gene involved in the proliferation of cells.[51] We an-
alyzed the percentage of edited sequences over three passages
after transfection and showed that the proportion of intact TAK1
alleles remained the same, indicating that the edited cells match
the proliferation rate of the non-edited ones. TAK1 also has a cru-
cial role in the development of chondrocytes and cartilage, with
TAK1-deficient mice showing neonatal lethality, decreased limb
size, and defects in cartilage.[57] However, effects of TAK1 dele-
tion vary according to the developmental stage when they are per-
formed. Deletion of TAK1 specifically in limb mesenchyme in
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Prx1Cre transgenic mice results in joint fusion and delayed mat-
uration toward hypertrophic cartilage, whereas TAK1 deletion in
Col2Cre transgenic mice showed delayed chondrocyte matura-
tion and proliferation and prenatal lethality.[57] It is interesting
to note that another study where Col2Cre mice were generated
to specifically delete TAK1 in mice showed similar effects but
mutants could survive for 2 to 3 weeks postnatally.[65] These pre-
vious studies indicate that TAK1 is crucial during development,
with different effects based on the developmental stage. Another
study that pharmacologically blocked TAK1 in human OA chon-
drocytes showed instead an increased expression of aggrecan,
collagen type II and Sox9, and no differences in proliferation.[45]

Taken together, these studies suggest that while TAK1 is neces-
sary during development, its deletion does not impair the TGF𝛽-
associated deposition of ECM or proliferation once cells have
reached the differentiation into chondrocytes, as it is also con-
firmed by our results.
As suggested by Cheng et al., TAK1 inhibition by 5Z-7 ox-

ozeaenol may prevent the in vivo destruction of cartilage by the
inflammatory environment.[45] TAK1 editing is indeed associated
with lower activation of the NF-𝜅B pathway in inflammatory con-
ditions and with lower expression of inflammation-associated
gene expression. Interestingly, 5Z-oxozeanol proved to be inef-
fective at preventing ECM loss after several days of sustained in-
flammation. A possible explanation could be the dose-dependent
cytotoxicity of 5Z-7 oxozeaenol and its lack of specificity to TAK1,
which could thus negatively affect other cellular pathways and
impair ECM deposition.[66,67] Another discrepancy that we ob-
served in our data is MMP-13 expression in qPCR data and pro-
tein secretion after maturation. While being overexpressed af-
ter short-term stimulation in monolayer culture in WT samples,
there seems to be little difference between samples after 3D cul-
ture maturation. Since histology shows ECM loss in pellets, it is
thus probable that most of the MMP-13 protein is not secreted
into the medium but rather entrapped in the pellet, where it is
responsible for differences in maturation.
Interestingly, while LPS-treated 2D cell culture gene expres-

sion remained unchanged compared to controls, a significant
difference in matrix deposition was observed in LPS-treated 3D
chondrogenic pellets. A likely contributing factor to such an effect
is the known differential expression of TLR4 during chondrocyte
differentiation.[68]

The edited cells showed that they can efficiently deposit high
quality articular cartilaginous ECM even when exposed to high
levels of inflammatory cytokines as IL-1𝛽 and TNF𝛼. Interest-
ingly, edited cells showed higher levels of GAG deposition com-
pared toWT cells in the control condition of pellet culture, where
no inflammation was present. Although cytokines are not added
to the medium, the in vitro culture conditions are far from be-
ing physiological and could stress the differentiating chondro-
cytes. Normoxic chondrocyte culture is associated with increased
MMP expression[69,70] compared to articular hypoxic conditions,
and osmolarity commonly present in cell culture conditions is
associated with lower ECM deposition compared to physiological
values.[71,72] The absence of TAK1 protein in normoxic conditions
could therefore be beneficial for ECM deposition and could be as-
sociated with increased chondrogenesis by the activation of other
pathways unrelated to inflammation. Additionally, TAK1 was as-
sociated with the activation of cellular senescence programs,[73]

implying that TAK1-deficient cells could retain a younger pheno-
type. Further research is needed to confirm these concepts.
One challenge in cartilage defect repair is the efficient in-

tegration of the graft into cartilage.[74] Here we show that our
inflammation-resistant neocartilagewas able to efficiently restore
the defect and integrate it into mature cartilage in highly in-
flamed conditions. Furthermore, we were able to achieve high
integration strengths for a tissue-engineered construct in inflam-
matory conditions (360 kPa in IL-1𝛽-treated KO samples) that
are higher than the clinically available fibrin glue (40–50 kPa un-
der ideal conditions)[75] and other literature values.[76,77] Never-
theless, the values are still an order of magnitude lower than
the ones reached when articular cartilage was tested in the same
push-through settings (8.8 ± 0.52 MPa in intact human articular
cartilage).[78] It should be noted that the results are representa-
tive of a rather short period of maturation (6 weeks), and longer
cultivation periods have been shown to be beneficial for stiff-
ness improvement, therefore potentially resulting in improved
integration.[79] The highly aligned collagen network present at
the interface is likely responsible for the strong adhesion of the
samples to the native cartilage. The strong polarized light signal
is observed in all conditions in the KO samples. In the WT sam-
ples, the signal was absent with IL-1𝛽 treatment and less aligned
with TNF𝛼 treatment, which reflects the results obtained in the
pushout test. Additionally, chondrocyte migration from the sam-
ple into the mature cartilage suggests a successful integration of
the graft. The increased stiffness observed in KO samples reflects
the higher ECM content observed in histology. Higher produc-
tion and retention of GAGs and collagen type II in KO samples
under inflamed conditions, although quantified only by staining
intensity, is indicative of the reduced susceptibility of KO cells
to cytokines. The retention of ECM components in turn results
in higher stiffness of the samples found in the mechanical anal-
ysis. The remarkable stiffnesses obtained in KO samples after 6
weeks of maturation in control condition (728.5± 157.3 kPa) and
in IL-1𝛽-treated condition (448.3± 222.8 kPa) are higher than the
ones observed in WT samples (636.7 ± 90.0 kPa control; 48.9 ±

57.7 kPa IL-1𝛽). Even in inflamed conditions, KO samples could
reach a higher stiffness with respect to current tissue engineering
approaches performed in control conditions, if polycaprolactone-
reinforced hydrogels are excluded.[80,81] Both in vitro and in vivo,
KO samples showed a high stiffness and less infiltration of M1
macrophages thanWT samples. This outcome is due to the lower
secretion of chemokines by KO cells, and it prevents the wors-
ening of inflammation and matrix degradation by MMPs and
ADAMTSs secreted by M1 macrophages.[82]

In our study, we showed the beneficial effects of TAK1-KO on
chondrocytes in inflammatory conditions and showed their abil-
ity to secrete cartilage ECM and integrate into 1mm thickmature
bovine cartilage rings when encapsulated in a hydrogel. Further
optimization is required to translate our approach to clinically rel-
evant sizes and thicknesses, as human knee cartilage thickness
ranges from 1.65 to 2.98 mm.[83]

The future application of this technique remains to be ex-
plored. While the use of injectable hydrogels is preferred for its
ease of use and minimal invasiveness, it poses some limitations.
The use of enzymatically-crosslinked, injectable hydrogels as in
our study is preferred for cells and mature tissues with respect to
chemical crosslinking methods, being effective at physiological
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pH and temperature.[84] However, maturation of the constructs
and successful integration achieved by injectable hydrogels rarely
match the ones of pre-cultured samples.[85,86] For this reason, we
envision future applications of our technique as a pre-cultured
graft to be press-fit into the defect area, with the possibility of us-
ing the same hydrogel for additional sealing. Additionally, grafts
can be prepared with the desired shape in less time with respect
to ACI or MACI, due to the use of ready-to-use availability of al-
logeneic polydactyly chondrocytes. Given the high occurrence of
polydactyly in population (0.3-3.6/1000 live births),[87] the higher
cellularity of infant cartilage[88] and the robust chondrogenesis
even at higher passage number of polydactyly chondrocytes,[11]

we are confident that sufficient cell numbers for clinical appli-
cations could be made available. In summary, we described a
single-step gene editing method to suppress inflammatory reac-
tions in immune-privileged chondrocytes. Our findings on their
chondrogenic potential in a highly inflamed environment con-
firm that KO chondrocytes laden in a hyaluronan-based hydrogel
produce superior cartilage quality respect to existing methods.
Future large animal studies are required to prove the effective-
ness of the method in a cartilage defect model. With the advanc-
ing translation of genome-editing technologies into clinical prac-
tice, our method will provide an effective ready-to-use, off-the-
shelf engineered tissue for the treatment of cartilage defects.

4. Experimental Section

Study Design: This study was performed to evaluate a novel approach
for cartilage defects treatment that uses a combination of cells, hydrogel
and gene editing to avoid detrimental responses to an inflamed environ-
ment. To achieve this goal, i) TAK1 gene was knocked out in ii) infant chon-
drocytes, known to be chondrogenic for more passages than adult cells
and do not pose immunological problems for allogeneic treatments. Fur-
thermore, iii) they were encapsulated into a hyaluronan-based hydrogel
developed in the authors’ group to provide them a scaffold to efficiently
fill the defect while secreting cartilaginous ECM. All experiments were per-
formed with multiple cells’ donors to take into account donor to donor
variability, with biological replicates. The exact n numbers of each experi-
ment are indicated in the respective figure legends.

Primary Infant Chondrocytes: Human chondrocytes were acquired
from corrective surgeries in six polydactyly patients aged 8–27 months,
as previously described.[11] Informed consent was obtained from the legal
guardians of polydactyly patients, and experiments were approved by the
Ethical Committee of Canton Zürich (Kantonale Ethikkommission, Kan-
ton Zürich, license PB_2017-00510). Briefly, articular cartilage was col-
lected from the joint, washed with PBS containing 1% v/v antibiotic-
antimycotic (Anti-Anti, Gibco) and then digested in collagenase solution
(DMEM [Gibco], 0,1% w/v of collagenase from Clostridium Histolyticum
[Sigma Aldrich], 10% v/v fetal bovine serum [FBS, Gibco] and 1% v/v Anti-
Anti) at 37 °C overnight under gentle stirring. The following day, cells were
plated at a density of 10 000 cells/cm2 in cell culture flasks with DMEM
GlutaMAX (Gibco), 10% FBS, 5 ng mL−1 of FGF2 (Peprotech), and 10
μg mL−1 gentamicin (Invitrogen) at 37 °C, 5% CO2. When cells reached
95% confluence, they were trypsinized and used for transfection. All ex-
periments were performed with n = 3 donors in triplicate up to passage 4.

Adult Joint Injury Chondrocytes: Human chondrocytes were acquired
from corrective surgeries on joint traumatic injuries from an adult patient
(23 years old). Informed consent was obtained from the patient under ap-
proval by the Ethical committee of Canton Zürich (Kantonale Ethikkom-
mission, Kanton Zürich, license 2017-00510). Cells were isolated and cul-
tured as previously described for infant chondrocytes.

Transfection with RNPs Complexes: Cas9 protein was purchased from
Invitrogen (TrueCut Cas9 Protein v2). Guide RNAs were designed by IDT

webtool and purchased as a single guide from Synthego. Transfection was
performed with Neon Transfection System kit (Invitrogen). For the trans-
fection, the Cas9 protein was mixed with the single guide RNA (sgRNA) at
1:6 ratio, in transfection buffer for 5 μL of total volume and incubated at
room temperature for 10 min for the ribonucleoprotein complex (RNP) to
be formed. Cells at passage 1 were trypsinized and resuspended in trans-
fection buffer, according to the manufacturer’s instructions. The cells and
the RNP mix were electroporated in the Neon system, and immediately
transferred into a previously prepared flask with fresh medium. Cells elec-
troporated with Cas9 protein without sgRNA were used as a wild-type con-
trol.

Genotyping of CRISPR Editing Analysis: Cells were cultured until con-
fluence was reached and were then trypsinized. 200 000 cells were col-
lected for sequencing analysis, 1 million cells for Western Blot Analysis,
and the remaining cells were plated at a 2000 cells/cm2. For DNA isola-
tion, cells were pelleted and resuspended with 30 μL of PCR buffer with
100 μg of Proteinase K from Tritirachium album (Sigma) and incubated
for 1 h at 55 °C, to enhance proteinase activity. Proteinase was inactivated
for 15 min at 80 °C, and the mixture was directly used for PCR amplifica-
tion. GoTaq2 polymerase and PCR reagents were all from Promega. The
area surrounding the predicted cut was amplified with specific primers:
Ex3 Fw: TTCTGGGCAGTCACTTGGTATTT; Ex3 Rv: CACGGTGCTGTATTCT-
CACTATTT. Amplicons were run on an agarose gel to detect the success-
ful amplification and bands cut from the gel after imaging. PCR product
was then purified from the gel with Wizard Gel minicolumn kit (Promega).
DNA was then sequenced with the Sanger method (Microsynth AG) using
the sequencing primer TCCTTGAACTATTGGGATCACTGCT. Sequences
were then analyzed with TIDE web tool (http://shinyapps.datacurators.
nl/tide/) to screen for the efficiency of the editing. Predicted off-targets
were identified with IDT CRISPR-Cas9 guide RNA design checker (https:
//eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE), and
primers flanking the expected cut were designed (Table S1, Supporting
Information). Amplicons were sequenced as previously described and an-
alyzed with TIDE. Results were then validated with Western Blot analysis.

Immunofluorescence: For immunofluorescence analysis, 10 000
cells/96 well were plated and cultured in serum deprivation for 24 h. On
the day of the experiment, cells were treated with 10 ng mL−1 IL-1𝛽 (Pe-
protech), 10 ng mL−1 of LPS (LPS from E. coli O111:B4; L4391, Sigma), or
1 ng mL−1 of TNF𝛼 (RnD systems). Cells were treated with inflammatory
stimuli for 30 min, previously reported as the optimal timepoint to ob-
serve NF-𝜅B nuclear translocation.[89–92] Cells were fixed for 20 min with
ice cold methanol on ice, washed twice with PBS, and blocked with 2%
BSA in PBS (Sigma). Primary antibody anti NF-𝜅B (Invitrogen, 33–9900)
was applied overnight, followed by PBS washes and 2 h RT incubation
with secondary antibody Alexa 488 anti-mouse (Invitrogen, A11001) and
Hoechst (Invitrogen). Samples were imaged with Apotome 3 (Zeiss) and
positive nuclei counted manually. The experiment was performed with n
= 3 donors, in triplicate.

Western Blot: Collected cells were pelleted and resuspended in RIPA
buffer, incubated on ice for 15 min and then centrifuged for 10 min at
12 000 g to remove debris and DNA contaminants; then proteins were di-
luted at 1 mg mL−1. 30 μg of proteins from samples were mixed with 10×
reducing agent and 4× loading dye (NuPage) and then denatured for 10
min at 80 °C with 1× proteinase inhibitor (COmplete). Samples were run
in a 4–12% Bis-Tris gel (Thermo Fisher) and then transferred onto a nitro-
cellulose membrane. The chosen antibodies were rabbit anti-human TAK1
(Thermo Fisher, 28H25L68, used 1:1000), rabbit anti-human GAPDH (Cell
Signalling, 2118S, used 1:1000), and HRP-conjugated goat anti-rabbit IgG
(Abcam, 6721, used 1:3000). HRP signal was detected with BioRad DC
Protein Assay (BioRad) and Fusion Solo device. Quantification of band in-
tensity was performed by FIJI.

Pellet Culture: To induce pellet formation, 250 000 cells were resus-
pended in 200 μL of chondrogenic medium (DMEM 31 966 [Gibco] sup-
plemented with 1% ITS [Corning], 40 mg mL−1 L-proline [Sigma], 1 mL
ascorbic acid [Sigma], 1:1000 gentamicin [Gibco], and 10 ng mL−1 TGF𝛽3
[Peprotech]) and pelleted in a low attachment conical bottom 96 well plate
at 250 g for 5 min. Pellets were cultured for 21 days, and medium was
changed every second day. Pellets were stimulated with inflammatory cues
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for the last 7 days of pellet culture. They were treated with chondrogenic
medium supplemented with 10 ng mL−1 IL-1𝛽 (Peprotech), 10 ng mL−1

of LPS (LPS from E. coli O111:B4; L4391, Sigma), or 1 ng mL−1 of TNF𝛼
(RnD systems). As a control, WT pellets were also treated with 1 mm 5Z-
7-oxozeaenol (Sigma), an inhibitor of TAK1.

Histological Analysis: After 21 days of chondrogenic stimulation, pel-
lets were collected and fixed with 4% paraformaldehyde solution (Merck).
Samples were dehydrated with serial passages in ethanol and processed
with LogosJ tissue processor (Milestone Medical SRL), then embedded
in paraffin and cut in 5 μm thick slices. Samples were rehydrated with xy-
lene and ethanol cascade before staining. To detect GAGs, samples were
stained with Safranin O staining (Thermo Fisher) according to standard
protocols. Collagen type I and II immunostainings were performed af-
ter antigen retrieval for 30 min at 37 °C with 1200 U/mL hyaluronidase
(Sigma Aldrich) and 1 h blocking with 5% BSA in PBS (Sigma). Primary
antibody was added overnight at 4 °C (mouse anti collagen I, Abcam,
ab6308, 1:1000; mouse anti collagen II, DSHB, II-II6B3, 1:20) in 1% BSA
solution. Secondary HRP-conjugated goat anti-mouse (Abcam, ab6789)
were diluted 1:1000 in 1% BSA solution and incubated for 1 h at RT. De-
velopment of staining was performedwith DAB substrate kit (Abcam). Nu-
clei were counterstained with Weigert’s hematoxylin (Sigma); with subse-
quent 1% acid alcohol solution (5mLHCL 37% in 500mL 70% EtOH) and
treated with bluing agent (0.5 g sodium bicarbonate in 500mL dH2O). De-
tection of M1 macrophages was performed using the broad macrophage
marker CD68 and the M1-specific marker CD80 to specifically detect dou-
ble positive cells. Antigen retrieval was performed with Proteinase K so-
lution (20 μg mL−1 in TE Buffer, pH 8.0). Primary antibodies (rabbit anti
ph-NFKB, MA5-15160; rabbit anti rat CD80, BS-2211R; mouse anti CD68,
MA5-13324; all from Invitrogen) were applied overnight in 1% BSA at
1:200. Secondary antibodies (anti rabbit Alexa 488, A11008; anti mouse
Alexa 594, A11005; Invitrogen) were applied 1:1000 with 1:1000 Hoechst
for 1 h at RT in the dark. Imaging was performed by the digital slide scan-
ner Pannoramic 250 Flash III by 3DHistech.

Gene Expression Analysis: Cells were plated in triplicate for every con-
dition and for every donor in 24 well-plates and allowed to proliferate for
two days and were then cultivated in serum deprivation for 24 h. Inflam-
matory stimuli were added at the same concentrations as used for pellet
culture, and RNA was collected 16 h afterward with NucleoZol (Macherey
Nagel). 1 mg RNA was retrotranscribed with GoScript Reverse Transcrip-
tase kit (Promega) and diluted 1:5 with water. qPCR was performed with
GoTaq qPCR Master Mix (Promega). Measurements were from biological
triplicates from 3 different donors (n = 9), and measurement performed
on two technical duplicates. Statistical analysis was performed with a two-
way ANOVA with GraphPad Prism (Dotmatics).

Cell culture RNA isolates from WT and TAK1-KO chondrocytes were
probed with the NanoString nCounter human inflammation panel v2
(NanoString Technologies, USA), covering 249 genes associated with
inflammatory response and six housekeeping genes. Analysis was per-
formed at the Biomedicum Functional Genomics Unit (FuGU) core unit
from the University of Helsinki, according to manufacturer’s instructions.
Gene expression data analysis was normalized to the expression of 15 in-
ternal reference genes, and then the WT and TAK1-KO cells, untreated or
treated with IL-1𝛽 for 24 h were compared and cluster analysis was per-
formed using nSolver Analysis Software 4.0 according to themanufacturer
(NanoString Technologies). Data from nCounter was normalized and ad-
justed p value was calculated with the Benjamini–Hochberg method, then
plotted in the volcano plot with GraphPad Prism v.9. Cut-off values were
set at 1.3 for p value (−log10(0.05)) and 0.58 for fold change (log2(1.5))
for significance.

Secreted Protein Analysis: Cell culture supernatant was collected from
pellets at day 21 and frozen for future analysis. Analysis was performed
by Luminex device (Luminex MAGPIX, Luminex Corporation), with IL-6,
MMP-13 and TNF𝛼 ProcartaPlex detection kits (Thermo Fisher) per man-
ufacturer’s instructions. Measurements were from biological triplicates
from 3 different donors, and measurement performed on two technical
duplicates.

Bovine Cartilage Ring Studies: Cartilage from bovine knees was peeled
off the bone with a sharp microtome knife at ≈1 mm thickness; then rings

of 4 mm of internal and 8 mm of external diameter were created with
biopsy punches. The ring hole was filled with a mixture of WT or KO cells
suspended at a concentration of 20 mio/mL in a 0.5% hyaluronan, 0.25%
alginate-based hydrogel,[59,61] prepared as previously described.[79] Con-
structs were crosslinked for 30 min and then cultured in chondrogenic
medium with or without 10 ng mL−1 IL-1𝛽, 10 ng mL−1 of LPS or 1 ng
mL−1 of TNF𝛼 for 6 weeks, with biweekly medium change. Samples were
then analyzed with histology (biological triplicates from 3 donors) andme-
chanical testing.

Compression Test: Samples were punched out from the cartilage ring
to ensure homogeneous compression.Mature constructs were testedwith
a TA.XTplus Texture Analyser (Stable Microsystems) with a 500 g load cell
and a preload of 0.2 g. Samples were compressed at a loading rate of
0.01 mm s−1, reaching a final strain of 10%. The compressive modulus
was calculated as the slope of the stress–strain curve. Measurements were
from biological triplicates from 2 different donors (n = 6).

Push-Out Test: The integration of the engineered cartilage to the
bovine cartilage ring was assessed with a displacement push-out test. The
push-out test was performed using a TA.XTplus Texture Analyser, in which
compression via a 3 mm metal rod was applied to the central hydrogel at
a speed of 0.5 mm s−1 until breakage. Bond strength was calculated as
the maximum force applied before breakage of the sample, divided by the
contact area between the hydrogel and inner surface of the ring. Measure-
ments were from biological triplicates from 3 different donors (n = 9).

Animal Subcutaneous Implantation: For the in vivo experiment, 9-
week-old athymic male rats were used (Rj:ATHYM-Foxn1nu/nu from
JANVIER Labs), in accordance with the ethical license (Application No.
ZH147/2019, approved from the Zurich Cantonal Veterinarian Agency).
WT and KO cells from three donors were encapsulated in hyaluronan-
based hydrogels as previously described and cast in a polydimethyl-
siloxane (PDMS) ring of 4 mm of inner diameter. Samples (four sam-
ples/condition, two samples/animal) were precultured in chondrogenic
medium for 3 weeks and then implanted subcutaneously in the back of
the rats. Rats were anesthetized with 5% Isoflurane (Provet AG) and 2 mg
kg−1 of Meloxicam (Metacam) were used for analgesia. Anesthesia was
maintained with 1.5–3% with Isoflurane during the surgical procedure.
Two lateral incisions were performed to create the subcutaneous pockets
where samples were inserted. Incisions were closed with surgical staples,
removed after one week. After 6 weeks, animals were euthanized with CO2
and samples recovered. Samples were then evaluated histologically with
antibodies anti-CD68 and anti-CD80 (Thermofisher) and with mechanical
testing as described previously.

Statistical Analysis: All data are presented, with individual data points
on the graphs, bar plots with error bars representing mean values ± SD.
Statistical analysis was performed using the statistical analysis software
GraphPad Prism, using a two-way ANOVA with Fisher’s LSD test. For each
donor and experimental group technical duplicates or triplicates were per-
formed, as stated in the text. p values < 0.05 were considered significant.
For differentially expressed genes analysis, the nCounter dataset p value
was adjusted with the Benjamini–Hochberg method, then data were plot-
ted in a volcano plot.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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