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Abstract

The pathogenesis of osteoarthritis is mediated in part by inflammatory cytokines including

interleukin-1 (IL-1), which promote degradation of articular cartilage and prevent human

mesenchymal stem cell (MSC) chondrogenesis. In this study, we combined gene therapy and

functional tissue engineering to develop engineered cartilage with immunomodulatory properties

that allow chondrogenesis in the presence of pathologic levels of IL-1 by inducing overexpression

of IL-1 receptor antagonist (IL-1Ra) in MSCs via scaffold-mediated lentiviral gene delivery. A

doxycycline-inducible vector was used to transduce MSCs in monolayer or within 3D woven PCL

scaffolds to enable tunable IL-1Ra production. In the presence of IL-1, IL-1Ra-expressing

engineered cartilage produced cartilage-specific extracellular matrix, while resisting IL-1-induced

upregulation of matrix metalloproteinases and maintaining mechanical properties similar to native

articular cartilage. The ability of functional engineered cartilage to deliver tunable anti-

inflammatory cytokines to the joint may enhance the long-term success of therapies for cartilage

injuries or osteoarthritis.
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Introduction

Arthritis is the leading cause of disability in the United States and affects an estimated 50

million people, with over half of these patients suffering from osteoarthritis (OA) [1]. Risk

factors for OA include age, obesity, altered biomechanics, and joint injury, including focal

articular cartilage defects [2, 3]. The progressive cartilage degeneration that occurs with OA

frequently progresses such that total joint replacement is required, as there are currently no

disease-modifying treatments [2]. Because articular cartilage lacks a natural ability to self-

repair, tissue engineering strategies may provide solutions for both the repair of focal

cartilage defects and the more extensive cartilage degeneration in OA [4, 5]. Typically,

engineered cartilage constructs are either grown in vitro and implanted or formed in situ

from a combination of cells, biomaterials, and bioactive stimuli [4, 6]. We have previously

shown that a three-dimensionally (3D) woven, porous, biomimetic scaffold made from

poly(ε-caprolactone) (PCL) mimics the nonlinear, anisotropic, compressive, and

inhomogeneous mechanical properties of articular cartilage and supports chondrogenesis

and extracellular matrix deposition by human mesenchymal stem cells (MSCs) [7–9].

Despite major advances in the control of biomechanical and biochemical properties of

engineered tissues, there remains a lack of clinical success with engineered cartilage

replacements [5].

One challenge in the ultimate clinical success of these technologies is the potential

detrimental influence of the inflammatory environment of the diseased joint [10]. The

pathogenesis of OA and post-traumatic arthritis following joint injury is mediated in part by

the action of pro-inflammatory cytokines such as interleukin-1 (IL-1), which are found at

elevated concentrations in the synovial fluid of OA joints [11–13]. IL-1 promotes catabolic

and anti-anabolic signaling in articular chondrocytes by inducing release of other pro-

inflammatory factors such as matrix metalloproteinases (MMPs) and nitric oxide (NO) and

down-regulating gene expression of primary extracellular matrix (ECM) components

including type II collagen and aggrecan [11, 12]. IL-1 has been shown to inhibit integrative

repair of the meniscus in vitro by upregulating MMPs and decreasing cellular proliferation

[14–16]. More recent in vitro evidence shows that IL-1 also prevents MSC chondrogenesis

and matrix accumulation in pellet culture [17, 18] and within biomaterial scaffolds [19, 20].

In this regard, in vivo implantation of MSCs for articular cartilage repair can be associated

with a loss of chondrogenic potential as well as a shift toward a more hypertrophic

phenotype, which may result in endochondral ossification of the implant [21, 22]. There is

growing evidence that the inflammatory environment within the joint may be in part

responsible for this altered MSC differentiation [21, 23, 24]. Thus, inflammatory signaling

mediated by IL-1 within the OA or injured joint may inhibit the development and

homeostasis of tissue-engineered cartilage while continuing to advance the degradation of

the native tissue.

IL-1 receptor antagonist (IL-1Ra) is a natural inhibitor of IL-1 that competes with IL-1 in

binding to the IL-1 receptor [25]. Daily systemic injection of recombinant human IL-1Ra

(anakinra) is approved for treatment of rheumatoid arthritis and has been explored in OA

treatment, but its efficacy is limited by its short half-life of only a few hours [26]. Intra-

articular gene delivery of IL-1Ra, or delivery of cells which have been transduced ex vivo,
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has been studied extensively in animal models and has progressed to clinical trials (reviewed

in [27]). To date, IL-1Ra gene therapy strategies for OA have employed constitutive

expression cassettes, which lack regulation of transgene expression. Since IL-1-mediated

inflammation may be necessary for early stages of tissue repair such as bone remodeling

during fracture healing [28, 29], the ability to directly regulate transgene expression could be

of great value in the controlled delivery of anti-cytokine therapies. Advances in doxycycline

(dox)-inducible expression systems [30, 31] that facilitate tunable control of transgene

expression via oral administration of a chemical inducer have yet to be explored for the

regulation of OA gene therapy.

Previous approaches for IL-1Ra gene therapy [27, 32–34] have been designed to protect

joints from further arthritic degeneration, but are not designed to provide a functional

replacement for severely damaged cartilage, which may limit their efficacy in OA treatment.

Additionally, injection of virus directly into the joint does not provide control over which

cell types are transduced, and it has been shown that most of the transduction occurs in the

synovium rather than in articular cartilage [32], although recent studies have shown that

AAV-based transduction of native chondrocytes is possible [35, 36]. Biomaterial-mediated

gene delivery from a tissue-engineering scaffold may address these shortcomings by

providing spatially-defined control of cell transduction in situ and localizing production of

the therapeutic protein to the engineered repair tissues. We recently established a technique

using poly-L-lysine (PLL) to immobilize lentivirus (LV) encoding constitutively expressed

morphogenetic transgenes to a 3D woven PCL scaffold [37]. MSCs seeded onto these

scaffolds were efficiently engineered to express these transgenes, leading to robust

chondrogenic differentiation without the need to supplement cultures with exogenous

growth factors. Scaffold-mediated transduction with LV enables spatially-defined and

sustained transgene expression that may potentially direct tissue development in vivo. The

ability to inhibit the catabolic effects of IL-1 on engineered cartilage while maintaining

structural and functional properties that match native cartilage may enhance the long-term

success of tissue engineering approaches to cartilage repair.

The goal of this study was to combine a gene therapy approach for inducible and tunable

anti-cytokine therapy with functional cartilage tissue engineering to create a cartilage

construct capable of supporting chondrogenesis in the presence of the catabolic mediator

IL-1. We employed scaffold-mediated LV gene delivery of a dox-inducible IL-1Ra

expression vector to MSCs to engineer cartilage constructs with tunable IL-1Ra

overexpression. We investigated the magnitude and duration of MSC overexpression of

IL-1Ra in monolayer cultures as well as in developing cartilage constructs. Furthermore, we

characterized the ability of IL-1Ra-expressing constructs to inhibit the detrimental effects of

IL-1 on the development of in vitro engineered cartilage by analyzing histology,

biochemical composition, release of inflammatory factors, and mechanical properties.

Materials and Methods

Lentivirus production

The dox-inducible lentiviral vector (TMPrtTA, provided by the Danos Lab) is a single “tet-

on” vector that constitutively co-expresses an improved reverse tetracycline-controlled
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transcriptional activator [30, 31, 38]. The dox-inducible vector was modified to include an

IRES-puromycin expression cassette. IL-1Ra and enhanced green fluorescence protein

(eGFP) coding sequences were cloned into the modified TMPrtTA vector [30] or a

constitutive lentiviral vector with the EF-1α promoter (Addgene 12250) [39] (Fig. 1A).

HEK293T/17 (ATCC CRL-11268, Manassas, VA) were co-transfected with the appropriate

expression transfer vector (20 μg), packaging plasmid (psPAX2, Addgene 12259, 15 μg),

and envelope plasmid (pMD2.G, Addgene 12260, 6 μg) via calcium phosphate precipitation

to produce VSV-G pseudotyped LV as previously described [40]. LV was concentrated ~80

fold via centrifugation in 100 kDa MWCO filters (Millipore, Cork, Ireland) and frozen at

−80°C. Biological titration of eGFP LV was performed in HeLa (ATCC CCL-2, Manassas,

VA) using the Accuri flow cytometer (BD Biosciences, Franklin Lakes, NJ), to obtain the

functional titer in transducing units/mL as previously described [40].

MSC isolation and expansion

MSCs were isolated from human bone marrow waste from three adult bone marrow

transplant donors at Duke University Medical Center. Non-adherent cells were removed by

the end of the first passage. MSCs from each donor were combined in equal numbers into a

superlot and expanded for 4 passages prior to use in experiments. Expansion medium

consisted of DMEM-LG (Gibco, Life Technologies, Carlsbad, CA), 10% lot-selected FBS

(Hyclone, Thermo Scientific, Waltham, MA), 1% pen/strep (Gibco), and 10 ng/mL basic

fibroblast growth factor (bFGF) (Roche, Basel, Switzerland).

LV transduction and optimization of doxycycline concentration in monolayer culture

MSCs were plated on tissue culture plastic 1 day prior to transduction (100 cells/mm2). For

transduction, MSC culture medium was replaced with concentrated constitutive or inducible

IL-1Ra LV that was resuspended in MSC expansion medium to a final biological titer of 7.6

× 105 transducing units / mL with 4 μg/mL polybrene (Sigma-Aldrich, St. Louis, MO).

Medium was replaced after 16 hours, and this day was defined as day 0. Control MSCs were

not transduced. MSCs were treated with various concentrations of dox (Sigma-Aldrich).

Conditioned medium was collected and frozen at −20°C and replaced every 3 days. MSCs

were passaged into new wells every 6 days at the same density as initial plating and cultured

for 30 days following transduction. Conditioned medium was assayed for IL-1Ra production

via human IL-1Ra ELISA, according to the manufacturer’s protocol (R&D Systems, Cat.

No. DY280).

3D woven PCL scaffold production

Scaffolds were woven from multifilament PCL yarns (EMS-Griltech, Domat, Switzerland)

using a custom-built weaving machine, as previously described [7]. For this study, 7 layers

of yarns were axially oriented in alternating x and y directions with a third set of fibers

passing through the thickness of the structure (z-direction). Total void space within the

scaffold was ~61% with interconnected rectangular pores measuring approximately 350 μm

× 250 μm × 100 μm. Scaffolds were treated with 4N NaOH for 16 hours to increase surface

hydrophilicity, rinsed in DI H2O, and dried. Scaffolds were subsequently heat set for 10 min

at 57°C in DI H2O. Dried scaffolds were then punched using a trephine to obtain uniform 5

mm disks. For scanning electron microscopy, disks were mounted, sputter-coated with gold,
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and imaged with a scanning electron microscope (FEI XL30 SEM-FEG, Eindhoven,

Netherlands). For tissue engineering experiments, disks were ethylene-oxide sterilized in 24

well ultra-low attachment plates (Corning, Corning, NY) prior to use.

MSC transduction via immobilization of LV on 3D woven PCL scaffolds

Scaffold disks were incubated with 0.002% PLL (Sigma-Aldrich) overnight to facilitate

non-covalent association of viral particles with the scaffold surface through charge

interaction between the positively charged PLL and negatively charged LV[37, 41, 42].

Scaffolds were then rinsed in PBS (Gibco) and incubated with concentrated LV for 1.5

hours, rinsed again, and seeded with 465K MSCs (16.7e6 cells/mL) at the end of passage 4

[37]. The biological titer of concentrated LV for all scaffold-mediated transduction

experiments was measured as 1.6 × 107 transducing units/mL. MSCs were also seeded

directly onto rinsed, PLL-coated scaffolds to produce non-transduced (NT) MSC constructs.

One hour after seeding, expansion medium was added to each sample.

Transgene expression analysis of transduced MSCs in engineered cartilage constructs

To evaluate transduction efficiency during scaffold-mediated transduction, MSCs were

seeded and transduced as above with either constitutive or inducible eGFP LV (n=3) or

remained non-transduced (n=2). Two days following transduction, all constructs were given

1 μg/mL dox. Six days after transduction, constructs were digested in Pronase (Calbiochem,

San Diego, CA) and Collagenase type II (Worthington, Lakewood, NJ) and minced to

isolate MSCs for flow cytometry, as previously described [37].

To assess the extent to which IL-1Ra production with the dox-inducible vector was tunable

and repeatable during development of engineered cartilage constructs, MSCs were seeded

and transduced as described above with inducible IL-1Ra LV or inducible eGFP LV. After

11 days of pre-culture in expansion medium to allow the seeded cells to proliferate and fill

the pores within the scaffold, constructs were switched to chondrogenic medium for 36 days

and subjected to different treatment courses of 1 μg/mL dox (n=4/group). Chondrogenic

medium consisted of DMEM-HG (Gibco), 1% pen/strep (Gibco), 1% ITS+, 100 nM

dexamethasone (Sigma-Aldrich), 50 μg/ml L-ascorbic acid (Sigma-Aldrich), 40 μg/ml L-

proline (Sigma-Aldrich), and 10 ng/mL rhTGF-β3 (R&D Systems, Minneapolis, MN).

Medium was collected and replaced every 3 days.

In vitro inflammatory challenge during development of engineered cartilage constructs

MSCs were transduced and seeded as described above, onto scaffolds with either

immobilized inducible IL-1Ra LV, inducible eGFP LV, or without LV. Some constructs

were harvested immediately after addition of expansion medium and frozen at −20°C for

biochemical and biomechanical analyses (Day −11, n=5/group). MSCs were allowed to

proliferate in expansion medium for 11 days, and constructs were harvested immediately

prior to chondrogenic induction and frozen at −20°C (Day 0, n=5/group). Dox (1 μg/mL)

was added to medium for all samples starting 3 days prior to chondrogenic induction.

Beginning 3 days after chondrogenic induction (Day 3), constructs were either treated with

0.1 or 1 ng/mL rhIL-1α (R&D Systems) or left untreated (n=7/group). Half of the

conditioned culture medium for each sample was collected, frozen at −20°C, and replaced
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every 3 days (n=5) to measure secretion of IL-1Ra, inflammatory mediators, and

glycosaminoglycans (GAGs). After 27 days of chondrogenesis, samples were either frozen

at −20°C (n=5/group) or fixed for histological processing (n=2/group) to be evaluated for

production of cartilage-specific ECM and mechanical properties.

Histology

Constructs were fixed in 4% paraformaldehyde with 100 mM sodium cacodylate overnight.

Subsequently, constructs were dehydrated through a series of ethanol washes, cleared in

xylenes, embedded in paraffin, and sectioned at 8 μm per section. Sections from each sample

were stained for GAGs with 0.1% aqueous Safranin-O, collagen with 0.02% aqueous fast

green, and stained for cell nuclei with hematoxylin. Immunohistochemistry was performed

with monoclonal antibodies to type I collagen (ab90395; Abcam, Cambridge, MA), type II

collagen (II-II6B3; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City,

IA), or type X collagen (C7974; Sigma-Aldrich). For all IHC, slides with sections of each

sample were cleared, rehydrated, and digested with pepsin for epitope retrieval (Digest-All,

Invitrogen). After probing with appropriate primary antibodies, all samples were probed

with the same biotinylated anti-mouse secondary antibody (ab97021; Abcam), treated with

HRP conjugate (Invitrogen), and finally incubated with chromagenaminoethylcarbazole

(AEC) single solution (Invitrogen). Human osteochondral plugs were used as positive

controls for each antibody and for the general histological stain. Negative controls without

primary antibody were also prepared for each slide.

Biochemical and mechanical analyses

Constructs (n=5/group) were thawed from −20°C and a core was harvested from the center

of the construct using a trephine to create a uniformly sized 3 mm sample for biomechanical

analyses. Compression testing was performed using the ELF 3100 series (Bose,

Framingham, MA). Unconfined testing was performed by applying sequential strains of 4, 8,

and 12% to the constructs in a PBS bath after equilibration of a 4 gf tare load. At each strain

step, constructs were allowed to equilibrate for 900 seconds and EY was calculated as the

slope of a linear regression of the equilibrium stress-strain plot. Confined compression

testing was performed by press-fitting the sample into a cylindrical chamber of the same

diameter and applying force with a piston onto a rigid porous platen (porosity of 50%, pore

size of 50–100 mm). Following equilibration of a 10 gf tare load, a step 30 gf load was

applied and samples were allowed to creep to equilibrium over 800 seconds, and HA was

determined [43].

The annulus of each construct was lyophilized and digested in papain buffer (125 mg/mL

papain (Sigma-Aldrich), 100 mM phosphate buffer, 10mM cysteine, and 10mM EDTA, pH

6.3) overnight at 60°C for biochemical analyses. The Quant-iT™ PicoGreen® dsDNA Assay

Kit (Invitrogen) was used to measure dsDNA content, according to manufacturer’s

instructions. GAG content was assessed with the dimethylmethylene blue (DMMB) assay,

using chondroitin sulfate A from bovine trachea (Sigma-Aldrich) as a standard, and reading

the plate at 525 nm [44]. Collagen content in each sample was determined via the

orthohydroxyproline assay, using trans-4-hydroxyproline-L (Sigma) as a standard (with 1 μg

of OHP equivalent to 7.46 μg collagen), and reading the plate at 540 nm [45].
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Culture Media Analyses

Human IL-1Ra ELISA (R&D Systems, Cat. No. DY280) was performed for all

quantifications of IL-1Ra secretion into culture media, following the manufacturer’s

protocol. Human PGE2 secretion was also quantified via ELISA (R&D Systems, Cat. No.

SKGE004B). Total specific MMP activity was assayed by measuring quenching of a

fluorescent substrate (Dab-Gly- Pro-Leu-Gly-Met-Arg-Gly-Lys-Flu, Sigma-Aldrich) as the

substrate is cleaved mostly by MMP-13, but also by MMP-1,-2,-3, and -9 in the sample

culture media [14]. The total specific MMP activity in each sample is measured as the

difference in fluorescence between replicates incubated with a broad-spectrum MMP

inhibitor, GM6001 (EMD Biosciences Inc, San Diego, CA), and a scrambled negative

control peptide (EMD Biosciences Inc). Values for all samples were above those of

unconditioned culture media. GAG release in the culture media was assayed with the

DMMB assay mentioned above, with the standards prepared in culture media rather than in

papain.

Statistical analysis

For all assays, the lower limit of detection was calculated conservatively as the average of

the blank replicates plus two standard deviations. All assays were run in duplicate. Two-

factor ANOVA with Fisher’s LSD post-hoc and α=0.05, performed with SPSS Statistics

software was used in all statistical analyses.

Results

Tunable IL-1Ra secretion in MSCs

We first examined the dynamic range of inducible and IL-1Ra production in MSCs

transduced in monolayer culture, and compared it to constitutive IL-1Ra production.

Following treatment with concentrations of dox ranging from 0 to 10 μg/mL, transduced

MSCs produced tunable levels of IL-1Ra peaking 2–3 orders of magnitude above the

baseline in the absence of dox (Fig. 1B). Non-transduced (NT) MSCs did not produce

detectable levels of IL-1Ra, whereas transduced cells produced approximately 1 ng/mL

IL-1Ra in the absence of dox, indicative of low levels of leaky IL-1Ra expression. IL-1Ra

secretion was measured for up to 27 days in MSCs transduced with the constitutive or

inducible vector and cultured with dox doses of 0, 0.1, or 1 μg/mL (Fig. 1C). MSCs

transduced with the inducible vector and treated with 1 μg/mL of dox produced significantly

higher levels of IL-1Ra than all other conditions for the duration of the experiment (~100–

1000 ng/mL IL-1Ra, p<0.05 at all time points), and thus this vector and dox dose was used

for all subsequent tissue engineering experiments.

Scaffold-mediated transduction of MSCs produces robust and tunable transgene
expression

Next, we determined the efficiency of scaffold-mediated transduction of inducible or

constitutive eGFP LV six days following seeding of MSCs on 3D woven PCL scaffolds [8]

(Fig. 2A). MSCs were seeded and transduced uniformly across the scaffold as visualized by

fluorescence imaging of eGFP+ cells infiltrating pores in the woven structure and between
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the fibers in a bundle (Figs. 2B& 2C). The percentage of eGFP+ cells was determined by

flow cytometry following enzymatic isolation of the cells from the constructs (Fig. S1). The

percentages of eGFP+ MSCs in the constitutive and inducible eGFP-expressing constructs

were 89.8% and 84.5%, respectively (Fig. 2D).

We then sought to develop an engineered cartilage construct capable of producing IL-1Ra at

therapeutic concentrations, i.e. ~2–3 orders of magnitude higher than pathophysiologic IL-1

levels [13, 46], under dox-inducible control. To investigate the dynamics of IL-1Ra

expression during development of cartilage tissue constructs following scaffold-mediated

transduction, we prepared inducible IL-1Ra-expressing or eGFP-expressing constructs and

monitored transgene expression during 36 days of chondrogenesis with different treatment

courses of 1 μg/mL dox: (1) constant treatment, (2) intermittent treatment alternating every

nine days, or (3) no treatment. Dox-induced IL-1Ra production exceeded 100 ng/mL for 36

days of culture with constant dox induction and was reproducibly switched on and off with

dox addition or removal (Fig. 2E). Baseline levels in the absence of dox ranged from 0.3 – 3

ng/mL IL-1Ra over the course of the experiment. IL-1Ra production decreased gradually to

baseline over the nine-day periods of dox withdrawal. Upon re-introduction of dox, IL-1Ra

production increased rapidly to levels matching the group receiving constant dox treatment.

Enhanced GAG production by IL-1Ra-expressing constructs in inflammatory conditions

We next explored the ability of the inducible IL-1Ra-expressing constructs to undergo

chondrogenesis during an in vitro inflammatory challenge with pathophysiologic levels of

IL-1α. Three days after chondrogenic induction, constructs transduced with no LV, eGFP

LV, or IL-1Ra LV were treated with 0.1 or 1 ng/mL IL-1α for the duration of the study or

left untreated. IL-1Ra secretion was not affected by addition of IL-1 to culture media and

exceeded 100 ng/mL for 27 days in chondrogenic culture conditions (Fig. S2). NT and

eGFP-expressing constructs did not produce detectable levels of IL-1Ra in any media

condition. DNA content in the engineered cartilage constructs approximately tripled during

the expansion phase and subsequently doubled during chondrogenesis (Fig. S3).

GAG deposition normalized to DNA content (GAG/DNA) in constructs without IL-1

treatment was similar for all three groups (NT, eGFP, IL-1Ra) at 40 μg/μg at day 27 (Fig.

3A). IL-1 treatment significantly reduced GAG/DNA deposition in NT and eGFP-

expressing constructs, to ~7.3 μg/μg with 0.1 ng/mL IL-1 and ~5.5 μg/μg with 1 ng/mL IL-1

(p<0.05). However, IL-1Ra-expressing constructs contained significantly higher GAG/DNA

than NT or eGFP-expressing constructs when cultured in the presence of IL-1 at either 0.1

ng/mL (~32.5 μg/μg) or 1 ng/mL (~15.4 μg/μg) (p<0.05), demonstrating the ability of the

IL-1Ra-expressing constructs to antagonize IL-1 signaling in a dose-dependent manner.

Similar results were seen for total GAG content per construct without normalizing to DNA

(Fig. S4). Safranin-O red staining for GAG in histological sections also showed robust GAG

production in untreated constructs (Fig. 3B). In both IL-1 treatment groups, there was very

little GAG staining present in the NT and eGFP-expressing constructs. IL-1Ra-expressing

constructs maintained rich GAG staining at 0.1 ng/mL IL-1 and reduced staining was

observed at 1 ng/mL IL-1, corroborating the quantitative biochemical results that show
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IL-1Ra overexpression markedly improves GAG deposition in engineered cartilage

constructs exposed to IL-1.

Enhanced collagen production in IL-1Ra-expressing constructs in inflammatory conditions

In the absence of IL-1, engineered cartilage constructs harvested at day 27 accumulated total

collagen normalized to DNA (collagen/DNA) of ~50 μg/μg (Fig. 4A). Collagen was not

detectable at seeding or at the time of chondrogenic induction. Treatment with IL-1

significantly reduced collagen deposition in NT and eGFP-expressing constructs by ~2-fold

(p<0.05), with similar levels observed at both doses of IL-1. IL-1Ra-expressing constructs

were protected from IL-1-mediated reduction of collagen content, showing similar total

collagen deposition to that of constructs in the absence of IL-1. Similar trends were observed

for total collagen content per construct without normalizing to DNA (Fig. S5). Furthermore,

immunohistochemistry (IHC) was performed to examine the deposition of cartilage-specific

types of collagen. Type II collagen is the most abundant collagen found in articular

cartilage, and IHC revealed strong type II collagen staining in untreated constructs, which

was maintained in IL-1Ra-expressing constructs treated with IL-1 (Fig. 4B). Type I collagen

staining was strong in constructs not treated with IL-1, but was greatly reduced in NT and

eGFP-expressing constructs treated with IL-1 at either dose (Fig. 4C). A slight reduction in

type I collagen staining intensity was observed in IL-1Ra-expressing constructs treated with

IL-1 at either dose. Type X collagen staining was detectable but low in all constructs and

levels of this ECM protein did not appear to be affected by IL-1 treatment (Fig. 4D).

Release of inflammatory mediators in response to IL-1

The release and activity of inflammatory mediators in the conditioned medium from

engineered cartilage constructs was quantified at various time points in the course of

chondrogenesis. Samples collected at three days post-chondrogenic induction were assayed

to determine baseline cell activity before initiation of IL-1 treatment. IL-1 stimulated the NT

and eGFP-expressing constructs to secrete MMPs at day 9 through day 27 post-

chondrogenic induction (Fig. 5A). The conditioned medium of IL-1Ra-expressing constructs

treated with 0.1 ng/mL IL-1 showed similar MMP activity to that of constructs cultured

without IL-1 at days 9, 18, and 27. IL-1Ra-expressing constructs demonstrated significantly

less MMP activity than the other two groups at 1 ng/mL IL-1 at days 9 and 18 (p<0.05),

with a trend toward reduced MMP activity at day 27.

We measured levels of the inflammatory mediator prostaglandin E2 (PGE2) because PGE2

is upregulated in articular cartilage in response to cytokines such as IL-1 or tumor necrosis

factor (TNF) [11] and is implicated in the immunomodulatory abilities of undifferentiated

MSCs [47, 48]. During chondrogenesis, MSCs in engineered cartilage constructs produced

PGE2 at physiologically relevant concentrations [49] by day 9 (Fig. 5B). IL-1 treatment

inhibited PGE2 secretion in NT and eGFP-expressing constructs at days 9, 18, and 27, with

undetectable levels at days 18 and 27 at both IL-1 doses. IL-1Ra-expressing constructs

treated with 0.1 ng/mL IL-1 showed significantly higher PGE2 levels than NT and eGFP-

expressing constructs at days 9, 18, and 27 (p<0.05), although levels remained below those

of constructs without IL-1 at days 9 and 27. With 1 ng/mL IL-1 treatment, PGE2 secretion in
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IL-1Ra-expressing constructs was not significantly higher than control constructs except at

day 27 (p<0.05).

GAG release into conditioned medium increased over the course of the study in all

chondrogenic constructs without IL-1 treatment (Fig. 5C). Through day 18, there were no

significant differences in GAG release into the culture media. By day 27, the conditioned

medium of constructs cultured without IL-1 contained significantly more GAG than all of

the IL-1-treated constructs (p<0.05). However, the IL-1Ra-expressing constructs treated

with both IL-1 doses produced significantly more GAG in the media than IL-1-treated NT

and eGFP-expressing constructs (~2.1 and 1.7-fold higher, respectively, p<0.05).

Mechanical properties of engineered cartilage constructs

Unconfined compression testing was performed to obtain the equilibrium Young’s modulus

(EY) of samples either one hour following seeding, at the time of chondrogenic induction, or

after 27 days of chondrogenesis with or without IL-1. EY averaged approximately 1 MPa in

all groups and was not affected by tissue production during chondrogenesis or treatment

with IL-1 (Fig. 6A). The aggregate modulus (HA) was determined using a confined

compression test, and similar values were observed at seeding, induction, and in all IL-1

treated constructs (Fig. 6B). Untreated constructs at day 27 had a significantly greater HA

than IL-1-treated constructs (p<0.05).

Discussion

Using a combined gene therapy and tissue engineering approach based on scaffold-mediated

transduction of MSCs, we developed engineered cartilage constructs capable of inducible

and tunable IL-1Ra production at therapeutically relevant concentrations, while maintaining

mechanical properties mimicking those of native cartilage. These IL-1Ra-expressing

constructs were protected from the effects of IL-1 exposure, enabling MSC chondrogenesis

and the development of functional engineered cartilage within an inflammatory

environment. This approach may provide controlled anti-cytokine delivery to the joint,

which can enhance tissue regeneration by MSCs and could potentially inhibit the deleterious

effects of IL-1 and other downstream cytokines on the native articular cartilage and other

joint tissues following injury or arthritis.

An IL-1Ra concentration of ~3 orders of magnitude greater than the IL-1α concentration is

required for effective inhibition by MSCs in vitro in a pellet culture model of

chondrogenesis [17]. Therefore we hypothesized that our constructs, which secreted 100

ng/mL IL-1Ra, would be able to fully inhibit IL-1 at the pathophysiologic concentration 0.1

ng/mL and partially inhibit IL-1 at 1 ng/mL. Physiologic levels of IL-1α induced stronger

upregulation of inflammatory mediators and tissue degradation in cartilage and meniscal

explants than did similar levels of IL-1β [46]. Although IL-1Ra should inhibit the effects of

both of these cytokines, we chose the more stringent test of IL-1α treatment for the in vitro

inflammatory challenge because of its increased potency at lower, physiologically relevant,

concentrations.
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In the presence of IL-1α at physiologic (0.1 ng/mL) and supraphysiologic concentrations (1

ng/mL), dox-inducible secretion of IL-1Ra protected engineered cartilage constructs from

the catabolic and anti-anabolic effects of IL-1 on production and retention of extracellular

matrix proteins. While these effects were not completely inhibited, IL-1Ra-expressing

constructs exposed to 0.1 ng/mL IL-1 maintained 80% of the levels of GAG/DNA that was

present in constructs cultured without IL-1 at Day 27 of chondrogenesis, while control

constructs that were not expressing IL-1Ra maintained only 18%. The loss of total

collagen/DNA induced by IL-1 was fully protected in IL-1Ra-expressing constructs at either

concentration of IL-1. Types I and X collagen are more highly expressed in bone than

cartilage, and their expression in native cartilage can indicate a transition to a hypertrophic

phenotype. However, types I and X collagen are typically upregulated during

chondrogenesis of MSCs [50, 51]. Qualitatively, we did not see an increase in types I or X

collagen with IL-1 treatment. Although IL-1 has been implicated in the progression from

chondrogenesis to endochondral ossification [21, 22], in this study NT and eGFP-expressing

constructs were treated with IL-1 beginning day 3 of chondrogenesis, which likely prevented

chondrogenesis in these samples altogether.

NT and eGFP-expressing constructs secreted MMPs in response to IL-1 exposure, similar to

native cartilage or meniscus explants [46, 52] or other engineered cartilage constructs [52,

53], which likely contributed to poor matrix accumulation in these samples. At 0.1 ng/mL

IL-1, the IL-1-induced increase in MMP activity was fully blocked in IL-1Ra-expressing

constructs. However, IL-1Ra-expressing constructs treated with 1 ng/mL IL-1 showed levels

of MMP activity similar to NT and eGFP-expressing constructs by day 27, again indicating

the IL-1Ra levels were not sufficient to fully block the effects of this higher dose of IL-1.

Interestingly, these findings do not correlate with the observation that IL-1Ra-expressing

constructs contained similar total collagen content at either dose of IL-1. However,

qualitatively, we did see a slight decrease in collagen type II IHC staining and a larger

decrease in collagen type I IHC staining in IL-1Ra-expressing constructs at 1 ng/mL IL-1

treatment. Since IL-1Ra-expressing constructs in IL-1 treatment conditions have higher

ECM retention than NT and eGFP-expressing constructs, the collagen may be cleaved by

MMPs but become entrapped rather than diffusing out of the construct. This cleaved but

entrapped collagen may be contributing to overall collagen content measured in the digested

samples. This finding may also explain why the IL-1Ra-expressing constructs treated with

IL-1 did not maintain similar aggregate modulus to those of constructs without any

inflammatory stimulus.

Nonetheless, the compressive properties of the constructs in all culture conditions were

within the range measured in native articular cartilage [54, 55]. The Young’s Modulus (EY)

was not affected by neotissue growth or the addition of IL-1, allowing constructs to maintain

controlled, predefined mechanical properties. This finding indicates that, as intended, the

compressive stiffness is dominated by the structure of the 3D woven PCL scaffold, and these

properties are maintained throughout the culture duration.

Unlike cartilage explants [46] or chondrocyte-based engineered cartilage constructs [53], our

engineered cartilage constructs with differentiating human MSCs expressed PGE2 during

chondrogenesis in the absence of IL-1. This finding is consistent with previous studies that
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showed human MSCs expressing PGE2 during chondrogenesis in pellet culture [56, 57]. In

the current study, PGE2 was undetectable at days 18 and 27 in IL-1 treated control

constructs, possibly due to the lack of chondrogenic differentiation in these samples.

IL-1Ra-expressing constructs, in contrast, maintained similar PGE2 levels to those of

untreated constructs at 0.1 ng/mL IL-1 and still showed some PGE2 expression at 1 ng/mL

IL-1. PGE2 is postulated to be pro-anabolic in cartilage despite being upregulated by IL-1

[11, 58], and is also part of the pro-anabolic response of cartilage explants under dynamic

compression [59]. PGE2 is also important for chondrogenic commitment of progenitors

during endochondral ossification [60] and contributes to the immunomodulatory properties

of undifferentiated MSCs in vivo [47, 61]. Engineered cartilage constructs implanted in vivo

could have a similar effect, as the release of PGE2 may play an immunomodulatory role

within the joint. Alternatively, once the engineered cartilage constructs are implanted

without exogenous TGF-β3 stimulation, PGE2 secretion may be reduced.

Although with 0.1 ng/mL IL-1 treatment we measured ~1000-fold more IL-1Ra than IL-1,

we still did not see complete inhibition of IL-1 signaling. These findings suggest that MSCs

may potentially be more sensitive to IL-1 than primary chondrocytes, and that an even

greater excess of IL-1Ra may be required to fully inhibit IL-1α within the engineered

cartilage constructs. Furthermore, since IL-1 treatment was initiated early in construct

development, the exogenous IL-1 may diffuse more readily into the construct and have a

higher partition coefficient [62] before the ECM is produced, whereas the dense ECM of

cartilage explants or established pellet aggregates of differentiated stem cells may reduce the

effective concentration of IL-1 within the construct. It may be possible to increase the

expression levels of IL-1Ra in this system by increasing LV titer on the scaffold or

engineering a stronger promoter.

Alternative strategies using biomaterials to improve IL-1Ra protein delivery that have been

previously explored by others include depots of IL-1Ra-elastin-like polypeptide fusions

[63], controlled release of IL-1Ra from PLGA microspheres to nucleus pulposus in vitro

[64], and intra-articular delivery of polymer nanoparticle-IL-1Ra conjugates [65]. These

approaches showed some success in preventing IL-1-mediated tissue degradation, but may

be limited for long-term applications due to loss of IL-1Ra in the first 10–15 days [64, 65] or

reduced bioactivity of fusion proteins [63]. Sustained IL-1Ra protein delivery would still

require repeated intra-articular injections to address inflammation in the joint, whereas

biomaterial-mediated lentiviral gene delivery allows for long-term, controlled production of

IL-1Ra within the joint while also facilitating articular cartilage repair. Small molecules like

curcumin [66] and NF-κB inhibitors [67] have also shown promise for inhibiting the

catabolic effects of pro-inflammatory cytokines on MSC or iPSC-derived tissue engineered

cartilage in vitro, and may provide alternative approaches for enhancing chondrogenesis.

Biomaterial-mediated gene delivery has been previously used for various applications using

immobilization to biomaterial surfaces to spatially control transduction [68–70] or

encapsulation within a biomaterial in order to dynamically release a vector [71–73].

Scaffold-mediated viral delivery enables spatially-defined transduction while also

expediting the development of an engineered tissue by removing the monolayer culture

transduction and expansion step. However, previous biomaterial-mediated gene delivery
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strategies have primarily utilized transient gene expression, either by delivering naked

plasmid DNA [72, 73] or by delivering non-integrating viral vectors [70, 71, 74], which

have limited the transgene expression to days or months. Controllable expression levels over

longer time periods are desired for many applications, including regenerative medicine or

treatments for chronic diseases. Building on previous work, we engineered IL-1Ra-

producing cartilage constructs by coating 3D woven PCL scaffolds with PLL in order to

immobilize the LV of interest to the scaffold immediately prior to MSC seeding [37]. As an

integrating vector, LV can drive transgene expression indefinitely. We also showed high

transduction efficiencies of 85–90% of MSCs isolated from the scaffold, enabling

therapeutic levels of IL-1Ra expression of over 100 ng/mL. While IL-1 plays a major role in

OA pathogenesis [11] and in prevention of MSC chondrogenesis [17, 18], other cytokines

are likely involved as well [12, 17], and future studies may need to target other

immunomodulatory pathways. In this regard, this system could be readily adapted to include

additional therapeutic transgenes.

An important advance of this system is that the inducible expression cassette allows control

of both magnitude and duration of IL-1Ra expression via dox administration. Recent

advances in dox-inducible gene expression systems allow for fine-tuned control of transgene

expression with low promoter leakiness and sensitivity to lower levels of dox [30]. Dox does

not negatively affect MSC chondrogenesis [75] and has also been clinically tested as a

disease-modifying drug for OA [76]. Rather than controlling timing of transduction with

release of vectors from encapsulation within a biomaterial, in this study IL-1Ra secretion

following transduction is exogenously regulated by dox. The ability to switch off IL-1Ra

overexpression in cases where inflammation may play an important physiologic role, such as

during fracture healing [28, 29], provides an important means of controlling anti-cytokine

therapy.

Conclusions

This study demonstrates the potential to engineer functional implants for cartilage repair

with inducible and tunable immunomodulatory properties using a gene therapy approach.

We have shown growth and differentiation of functional engineered cartilage constructs

while producing therapeutic levels of IL-1Ra during an in vitro inflammatory challenge with

IL-1. The scaffold-mediated transduction system and the biomimetic mechanical properties

of the 3D woven PCL scaffold provide several potential advantages for enhancing articular

cartilage repair. Controlling local production of a therapeutic protein with oral or local

administration of a chemical inducer would allow exogenous regulation of dosing without

repeated local or systemic injections of high concentrations of biologic drugs. While the

efficacy of this approach remains to be tested in vivo, the controlled release of

immunomodulatory mediators may have therapeutic effects throughout the joint, in addition

to a protective effect on the engineered cartilage.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Tunable IL-1Ra expression in MSCs with a dox-inducible lentiviral vector. A. Schematic

diagram of lentiviral vectors with IL-1Ra as the representative gene of interest. On top is the

constitutive expression system driven by the elongation factor 1 alpha (EF-1α) promoter.

Shown on bottom is the dox-inducible expression system. IL-1Ra is driven by the

tetracycline-regulated minimal CMV promoter (TRE-CMVmin). The human

phosphoglycerate kinase (hPGK) promoter constitutively drives expression of the tet-

responsive transactivator (rtTA2S-M2) and then, following an internal ribosomal entry site

(IRES), the puromycin resistance gene (puro) which enables selection of transduced cells.

Both vectors contain the 5′ and 3′ long-terminal repeats (LTR), psi packaging signal (Ψ), the

central polypurine tract (cPPT), central termination sequence (cTS), and the woodchuck

hepatitis virus post-transcriptional regulatory element (WPRE). B. IL-1Ra secretion tuned

by dox dose from MSCs in monolayer culture. Shown is IL-1Ra secreted over 72 hours into

culture medium on days 3, 6, and 9 following transduction (mean ± SEM, n=3). C. IL-1Ra

secretion from 3 to 27 days in monolayer culture at 3 dox doses or with constitutive

expression. Shown is IL-1Ra secreted over 72 hours into culture medium (mean ± SEM,

n=3).
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Figure 2.
Scaffold-mediated LV transduction of MSCs within 3D woven PCL scaffolds. A. Scanning

electron microscopy (SEM) image of a 3D woven PCL scaffold 5 mm disk. Scale bar =

1mm. B. Fluorescence image of constitutive eGFP-expressing MSCs on the 3D woven PCL

scaffold 6 days after seeding. Scale bar = 1 mm, 300 ms exposure. C. Fluorescence image of

constitutive eGFP-expressing MSCs on the 3D woven PCL scaffold 6 days after seeding.

Scale bar = 250 μm, 90 ms exposure. D. Scaffold-mediated transduction efficiency of MSCs

with either constitutive or inducible eGFP-LV. MSCs were isolated from constructs at day 6

and the percentage of eGFP+ cells was measured via flow cytometry (mean ± SEM, n=3, all

samples given 1 μg/mL dox). E. IL-1Ra secretion from engineered cartilage constructs into

media every 72 hours over 36 days of chondrogenesis (mean ± SEM, n=3). + Dox indicates

dox induction at 1 μg/mL for 36 days. − Dox indicates the baseline IL-1Ra expression in the

absence of dox. +/− Dox indicates that dox (1 μg/mL) was switched on and off every 9 days.

Upward arrows show time points at which dox was induced and downward arrows show the

withdrawal of dox.
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Figure 3.
IL-1Ra-expressing constructs maintain GAG content with IL-1 treatment. A. GAG per DNA

content in engineered cartilage constructs at seeding, chondrogenic induction, and after 27

days of culture in chondrogenic media with either 0, 0.1, or 1 ng/mL IL-1 (mean ± SEM,

n=5). NT indicates non-transduced constructs. IL-1Ra indicates constructs transduced with

IL-1Ra LV. eGFP indicates constructs transduced with eGFP LV. Groups with different

letters are significantly different (P<0.05) by ANOVA and Fisher’s LSD post-hoc. B.
Safranin-O red and fast green staining for GAGs and collagen, respectively. The white space

shows the location of the PCL fiber bundles. All sections 8 μm. Scale bar = 200 μm.
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Figure 4.
IL-1Ra-expressing constructs maintain collagen content with IL-1 treatment. A. Collagen

per DNA content in engineered cartilage constructs at seeding, chondrogenic induction, and

after 27 days of culture in chondrogenic media with either 0, 0.1, or 1 ng/mL IL-1 (mean ±

SEM, n=5). NT indicates non-transduced constructs. IL-1Ra indicates constructs transduced

with IL-1Ra LV. eGFP indicates constructs transduced with eGFP LV. Groups with

different letters are significantly different (P<0.05) by ANOVA and Fisher’s LSD post-hoc.

ND = nondetectable. Immunohistochemistry staining for B. Type II collagen. C. Type I

collagen. D. Type X collagen. All sections 8 μm. Scale bar = 200 μm.
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Figure 5.
Analyses of inflammatory mediators and ECM released into culture media by engineered

cartilage constructs during chondrogenesis (days 3,9,18,27) and treatment with either 0, 0.1,

or 1 ng/mL IL-1. NT indicates non-transduced constructs. IL-1Ra indicates constructs

transduced with IL-1Ra LV. eGFP indicates constructs transduced with eGFP LV. For all

analyses, groups with different letters are significantly different (P<0.05) by ANOVA and

Fisher’s LSD post-hoc (mean +/− SEM, n=5). A. Total specific activity of MMPs released

into culture media. B. Concentration of PGE2 released into culture media. c. Concentration

of GAG released into culture media.
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Figure 6.
Mechanical properties of engineered cartilage constructs at seeding, chondrogenic induction,

and after 27 days of culture in chondrogenic media with either 0, 0.1, or 1 ng/mL IL-1

(mean ± SEM, n=5). NT indicates non-transduced constructs. IL-1Ra indicates constructs

transduced with IL-1Ra LV. eGFP indicates constructs transduced with eGFP LV. A.
Equilibrium Young’s modulus (EY). No significant interaction or main effects were found

by ANOVA. B. Aggregate modulus (HA). IL-1 treatment was significantly different than no

IL-1 treatment at Day 27 (p<0.05), but no significant interaction or main effect of vector was

observed by ANOVA.
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