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ABSTRACT

Rheumatoid arthritis (RA) is a systemic autoimmune disease with unknown etiology where tumor
necrosis factor-� (TNF�) plays a critical role. Etanercept, a recombinant fusion protein of human
soluble tumor necrosis factor receptor II (hsTNFR) linked to the Fc portion of human IgG1, is used to
treat RA based on the rationale that sTNFR binds TNF� and blocks TNF�-mediated inflammation.
We compared hsTNFR protein delivery from genetically engineered humanmesenchymal stem cells
(hMSCs) with etanercept. Blocking TNF�-dependent intercellular adhesion molecule-1 expression
on transduced hMSCs and inhibition of nitric oxide production from TNF�-treated bovine chondro-
cytes by conditioned culture media from transduced hMSCs demonstrated the functionality of the
hsTNFR construction. Implanted hsTNFR-transduced mesenchymal stem cells (MSCs) reduced
mouse serum circulating TNF� generated from either implanted TNF�-expressing cells or lipopoly-
saccharide induction more effectively than etanercept (TNF�, 100%; interleukin [IL]-1�, 90%; and
IL-6, 60% within 6 hours), suggesting faster clearance of the soluble tumor necrosis factor receptor
(sTNFR)-TNF� complex from the animals. In vivo efficacy of sTNFR-transducedMSCs was illustrated
in two (immune-deficient and immune-competent) arthritic rodentmodels. In the antibody-induced
arthritis BalbC/SCID mouse model, intramuscular injection of hsTNFR-transduced hMSCs reduced
joint inflammation by 90% compared with untransduced hMSCs; in the collagen-induced arthritis
Fischer rat model, both sTNFR-transduced rat MSCs and etanercept inhibited joint inflammation by
30%. In vitro chondrogenesis assays showed the ability of TNF� and IL1�, but not interferon �, to
inhibit hMSC differentiation to chondrocytes, illustrating an additional negative role for inflamma-
tory cytokines in joint repair. The data support the utility of hMSCs as therapeutic gene delivery
vehicles and their potential to be used in alleviating inflammation within the arthritic joint. STEM
CELLS TRANSLATIONAL MEDICINE 2013;2:000–000

INTRODUCTION

Tumor necrosis factor-� (TNF�) is a central media-
tor in a wide spectrum of physiological functions
with differential effects on immune and nonim-
mune cells inmediating normal homeostaticmam-
malian processes [1, 2]. TNF� is producedprimarily
as a type II transmembrane protein and is cleaved
by the metalloprotease TNF�-converting enzyme
to the soluble form [3, 4]. TNF� can activate and
inducemany cytokines, including interleukin (IL)-1,
IL-6, IL-8, and granulocyte-macrophage colony-
stimulating factor, and upregulate adhesion mole-
cules on endothelial cells leading to leukocyte ex-
travasation [5, 6]. Some of these molecules are
presentlybeing testedaspotential surrogatemark-
ers for disease activities [7]. Within joint cavities,
the TNF�-induced cytokine cascade originating

from activated macrophages, T lymphocytes, and
neutrophils, causes inflammation and joint de-
struction. The concept that TNF� is amajormedia-
tor of the inflammatory response in the affected
joints of rheumatoid arthritis (RA) patients came
from in vivo animal models where recombinant
soluble TNF� receptors improve clinical symp-
toms and prevent joint destruction [8, 9], in ad-
dition to the observation that expression of an
mRNA-stabilized TNF� gene leads to an RA con-
dition that is preventedby administration of anti-
TNF antibody [10]. More recently, a DNase II-null
mousemodel showed similar dependence on cy-
tokine expression to induce arthritis and was re-
versed by anticytokine therapies [11]. The sug-
gestive data from animal models on the central
role of TNF� in RA have been substantiated in
clinical trials [12, 13].

CELL-BASED DRUG DEVELOPMENT, SCREENING, AND
TOXICOLOGY
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Signal transduction occurs when TNF� in a trimeric structure
binds to one of its two receptors: p55 (TNF receptor I) or p75
(TNF receptor II) on the cell surface [14]. Although TNF� produc-
tion is restricted to a small subset of cells, the two receptors are
almost ubiquitously expressed. TNF� inhibitors containing the
truncated form of the extracellular region of these receptors are
naturally occurring in RA disease tissue and fluids where their
presence correlates with disease activities [15]. One of these
monomeric soluble receptors, p75 TNF receptor (TNFR), is a di-
mericmolecule linked to the immunoglobin Fc fragment (soluble
tumor necrosis factor receptor [sTNFR]:Fc): etanercept (Enbrel;
Immunex Corp., Thousand Oaks, CA, http://www.enbrel.com/
HCP). This Ig-fusion molecule along with two monoclonal anti-
bodies: infliximab (Remicade [Janssen Biotech, Inc., Horsham,
PA, http://www.remicade.com], a murine monoclonal antibody
linked to the constant domains of human kappa and immuno-
globulin) and adalimumab (Humira [Abbott Laboratories, North
Chicago, IL, http://www.humira.com], a human recombinant
IgG1 monoclonal antibody) are currently the three TNF� inhibi-
tors approved in the United States [16]. Other licensed TNF�
blockers currently in use are certolizumab pegol (a PEGylated
humanized monoclonal anti-TNF� Fab fragment) and goli-
mumab (a humanized monoclonal anti-TNF� antibody). The
pharmacologies of these agents differ in their binding properties
of the soluble monomeric/trimeric andmembrane-bound forms
of TNF�with respect to ligand affinity, release, complex stability,
and binding ratios [17, 18].

Although the current TNF� inhibitors are closemimics to the
natural molecule, they are not targeted to their site of action
within the body. In RA, these biologics are systemically delivered,
requiring higher amounts of these inhibitors to treat affected
arthritic joints and tissues in addition to affecting processes that
are unintended cellular targets within the hematopoietic lin-
eage. These unintended complications affect successful progen-
itor engraftment [19], augmentation of human T lymphopoiesis
[20], immunity toward bacterial pathogens [21, 22], and antitu-
mor immunity [23]. These side effects result in defective hu-
moral immune responses [24] and regulatory T-cell function [23]
that are reminiscent of toxicities found with traditional small
molecule drugs. Moreover, biologics in general require intense
development and manufacturing processes that are challenging
for reproducibility, even within the same company (see [25] and
[26] on the reformulation of EPREX in Europe).

Vehicles have been devised to target the biologics to specific
areas. These include synthetic polymers, in addition to viruses
and cells. However, synthetic polymer/nanotechnology [27] ap-
proaches often require biological molecules, raising concerns on
immunogenicity and comparability. Viruses for gene therapy/
gene delivery require infection and integration that can lead to
insertional mutagenesis (murine leukemia virus [MuLV], lentivi-
rus), immunogenicity (adeno-associated virus [AAV]), cytotoxic-
ity (herpes simplex virus), and promoter inactivation. Cells, espe-
cially mesenchymal stem cells (MSCs), with their ability to
differentiate into cartilage/bone,may have the best potential for
arthritis treatment. These cells can be genetically modified with-
out loss of differentiation capability [28] and with intrinsic im-
mune suppressive behavior, which allows allogeneic transplan-
tation [29, 30].

In this report, we furthered the development and character-
ization of an alternative approach to recombinant protein ther-
apy using humanmesenchymal stem cell (hMSC)-based delivery.

We demonstrated by comparison with recombinant protein in-
jections (benchmarked to etanercept) that a single intramuscu-
lar injection of sTNFR-transduced hMSCs can result in a faster
clearance of lipopolysaccharide (LPS)-induced TNF� and associ-
ated cytokine cascade in mice, resulting in 100% removal of
TNF�, 90% of IL-1�, and 60% of IL-6 within 6 hours of the LPS
insult. Efficacy models in mice showed that sTNFR-expressing
hMSCs protected the animals against antibody-induced arthritis
compared with nonmodified hMSCs and in rats showed compa-
rable reduction to etanercept in paw inflammation caused by
collagen-induced arthritis.

METHODS AND MATERIALS

Isolation and Cultivation of Primary hMSCs
The procedures for isolation and cultivation of primary hMSCs
were described previously [31–33]. The hMSCs (154, 219, and
225) used in these studies were collected from three healthy
human donors (age 28–46 years) at the Johns Hopkins Oncology
Center under an institutional review board-approved protocol.

Generation of Human sTNFR Retroviral Vectors,
Packaging Cell Lines, and Transduction of hMSCs
The human soluble tumor necrosis factor receptor type II
(hsTNFR)was obtained using specific oligonucleotide primers (O-
OT2065 [5�-ctcgagCCCCGCCCGCACCCatgGCGCCCGTCGCCGTC]
containing an XhoI site and O-OT3111 [5�-GATCggatccGTCGC-
CAGTGCTCCCTTCAGCTGGGGGGCTGGG] containing a BamHI
site) and reverse transcription-polymerase chain reaction (PCR)
amplification from poly(A�) human kidney RNA (Clontech,
Mountain View, CA, http://www.clontech.com). The amplified
product was cloned into pCR2.1-TOPO (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com) and sequenced to confirm identity,
resulting in the plasmid pOT109B. The human IgG Fc domainwas
PCR-amplified from plasmid pcDNA3 (Invitrogen) using O-OT490
(5�-GAGAgtcgacTCATTTACCCGGAGACAG) containing a SalI site
and O-OT489 (5�-GAGAggatccGGTGGTGGTGGTTCTTCTTCTTGT-
GACAAAACTCACAC) containing a BamHI site and then subcloned
into pJM573Neo [31] to form pOT52. The constructed hsTNFR
sequence was removed from pOT109B by digestion with XhoI
and BamHI and then subcloned into the pOT52 XhoI and BamHI
sites to form pOT110. The plasmid (pOT110) containing the cod-
ing region for the hsTNFR together with human IgG Fc domain (a
1.5-kilobase [kb] fragment) was digested with restriction en-
zymes XhoI and SalI, and the purified hsTNFR-Ig fragment was
inserted into the retroviral vector pLiG at the unique XhoI site
(pLiG; providedbyDr. Gabor Veres; Novartis International, Basel,
Switzerland, http://www.novartis.com). The pLiG vector con-
tains the enhanced green fluorescent protein (eGFP) behind an
internal ribosome entry sequence (IRES). The resulting retroviral
vector construction, pOT298 (Fig. 1A), was cotransfected to-
gether with pCIGP (provided by Dr. Richard Rigg, Norvartis, a
plasmid encoding the Moloney murine leukemia virus gag/pol
gene); and pCIGL (a plasmid encoding the vesicular stomatitis
virus G glycoprotein envelope) using the FuGENE 6 transfection
reagent into 293 cells, and the supernatant virus made from this
transient transfection was used to transduce the ProPak-A pack-
aging cell line [34]. Flow cytometric analysis of the transduced
ProPak-A cell line revealed a 5% green fluorescent protein (GFP)-
positive population. This populationwas enriched by two rounds
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of cell sorting to produce a greater than 90% eGFP-positive cell
population. The ProPak-pOT298 producer cell line was cultured,
and retroviral supernatants were collected for hMSC transduc-
tion; transduction efficiency was assessed on NIH3T3 cells for
eGFP flow cytometry and sTNFR expression. Transduction of
hMSCs was performed according to the standard protocol of
centrifugation as described previously [28, 31]. Transduced
hMSCs were analyzed by Northern blot analysis (Fig. 1B) and
tested for their ability to undergo osteogenic, adipogenic, and
chondrogenic differentiation (Fig. 1C).

Functional In Vitro Characterization of
hsTNFR-Transduced hMSCs

Northern Blot Analysis
Poly(A�) RNA was isolated from untransduced and hsTNFR-
transduced hMSCs using the Oligotex mRNA isolation kit (Qia-
gen, Hilden, Germany, http://www.qiagen.com) according to
the manufacturer’s protocol. Poly(A�) RNA (3 �g) was analyzed
by electrophoresis on 1% agarose/formaldehyde gels, trans-
ferred to nylon membranes, and hybridized with a hsTNFR-spe-

cific random priming labeled probe. The filters were washed for
several hours at 65°C in 0.2� standard saline citrate/0.5% SDS
and exposed to XAR-5 film (Kodak, Rochester, NY, http://www.
kodak.com) at �80°C.

Adult Stem Cell Differentiation Assays
Cell proliferation was measured in cultures using a modification
of the crystal violet dye-binding method. The osteogenic differ-
entiation assay was performed as previously reported [35]. Cal-
cium deposition wasmeasured after 2 weeks of culture in osteo-
genic-supplemental medium. Calcium was extracted from cells
by shaking for 4 hours at 4°C and then centrifugation at 1,000g
for 5 minutes. The supernatant was used for calcium determina-
tion according to the manufacturer’s instructions contained in
Sigma Kit 587 (Sigma-Aldrich, St. Louis, MO, http://www.
sigmaaldrich.com). The adipogenic differentiation assay was
performed as previously reported [36]. The accumulation of in-
tracellular triglyceride droplets was visualized by staining with
Oil RedO and quantified by Nile Red fluorescence. The cells were
grown in six-well plates, fixed in 10%neutral buffered formalin at

Figure 1. Vector construction/expression and cellular differentiation potential for transduced humanmesenchymal stem cells (hMSCs). (A):
Schematic representation of the retroviral vector LTNFRiG. Transcription of the hsTNFR-Fc gene is initiated from the 5� LTR indicated by an
arrow. The packaging signal (�) is indicated. Translation of the eGFP is directed by IRES. The vector is not drawn to scale. (B): Northern blot
analysis of transgene hsTNFR integration. Equal amounts of total RNA from mock or hsTNFR-transduced hMSCs (two donors, 154 and 225)
were analyzed with a radiolabeled hsTNFR-specific probe. The migration of 28 and 18 S rRNA is shown on the right. (C): hsTNFR-transduced
hMSCs retain the capacity for osteogenic, adipogenic, and chondrogenic differentiation. For osteogenic differentiation, untransduced and
hsTNFR-transduced hMSCs (donor 225, p4) were cultured in control (�) or osteogenic (�) medium. Calcium deposition in triplicate wells was
assayed after 18 days. The average and the standard error of themean are presented for each culture condition. Similar results were obtained
for hMSC donor 154. For adipogenic differentiation, untransduced and hsTNFR-transduced hMSCs were cultured in control or adipogenic
medium. Nile Red retention fluorescence in each well was assayed in triplicate. For chondrogenic differentiation, untransduced and hsTNFR-
transduced hMSCswere cultured in control (�) or chondrogenic (�) medium. GAG productionwas assayed in triplicate after 21 days in pellet
culture. The average and the standard deviation are presented for each culture condition. Thedata shownare for donor 225, P4; similar results
were obtained for hMSC donor 154. Abbreviations: eGFP, enhanced green fluorescent protein; GAG, sulfated glycosaminoglycans; hsTNFR,
human soluble tumor necrosis factor receptor II; IRES, internal ribosome entry sequence; LTR, long terminal repeat; MuLV, murine leukemia
virus.
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room temperature, and incubated for 15 minutes with 0.2% sa-
ponin, 8 �g/ml 4�,6-diamidino-2-phenylindole, and 1 �g/ml Nile
Red in phosphate-buffered saline (PBS) at room temperature.
Fluorescencewasmeasuredwith a fMAX FluorescentMicroplate
Reader (Molecular Devices Corp., Union City, CA, http://www.
moleculardevices.com) using 355/460- and 485/538-nm filter
sets. The chondrogenic differentiation assay was performed as
previously reported [37]. The accumulation of sulfated glycos-
aminoglycans (s-GAGs) in chondrogenic pelletswasmeasured by
a dye-binding method using dimethylmethylene blue. To nor-
malize the values of s-GAG, the amount of DNA in the chondro-
genic pellets was determined with Picogreen fluorescent dye
(Molecular Probes, Eugene, OR, http://probes.invitrogen.com)
according to the manufacturer’s instructions. Histological evalu-
ation of the pellets were performed by staining proteoglycans in
the pellet with Safranin-O and type II collagenwith amonoclonal
antibody (C4F6). Human MSCs were either left untreated or
treated with 10 �g/ml TNF�, 10 �g/ml IL-1�, or 10 �g/ml inter-
feron (IFN) � for 24 hours before pelleting for the chondrogenic
differentiation assay and histological evaluation.

Fluorescence-Activated Cell Sorting Analysis
Cell sorting (ProPak-A) was performed on a Coulter EPICS flow
cytometer (Beckman Coulter, Fullerton, CA, http://www.
beckmancoulter.com) equipped with a 488-nm argon laser. The
gates were set based on forward and side scatter (cell size and
granularity) and for viability based on the exclusion of propidium
iodide. Positive events for the emission of eGFP were collected
using a 525-nm band pass filter. Analysis of eGFP fluorescence of
transduced hMSCs was performed by flow cytometry as previ-
ously reported [33]. Briefly, the transduced cells were washed
twice with Dulbecco’s phosphate-buffered saline (D-PBS) and
detached from the culture vessels by incubationwith 0.05% tryp-
sin-EDTA (Life Technologies, Rockville, MD, http://www.lifetech.
com). The cells were recovered by centrifugation and washed
twicewith D-PBS. Then the cells were resuspended in D-PBSwith
1% paraformaldehyde (Electron Microscopy Sciences, Fort
Washington, PA, http://www.emsdiasum.com) immediately be-
fore being analyzed. Nonspecific fluorescence was determined
using untransduced hMSCs. The samples were analyzed by col-
lecting 10,000 events on a Vantage instrument using Cell-Quest
software (Becton, Dickinson and Company, Franklin Lakes, NJ,
http://www.bd.com).

Cytokine and sTNFR Measurements
Conditioned medium was collected from cultures of either un-
transduced or hsTNFR-transduced hMSCs. For detection at each
cell passage, 1� 106 cells were seeded into T-185 flasks in 30ml
of medium. A 1-ml aliquot of conditioned mediumwas removed
after 24 hours and assayed for hsTNFR by enzyme-linked immu-
nosorbent assay (ELISA; R&D Systems Inc., Minneapolis, MN,
http://www.rndsystems.com). For in vitro and in vivo hsTNFR
secretion, ELISA analysis was performed on transduced cell cul-
ture medium or mouse plasma using hsTNFR, mouse TNF�,
mouse IL-1�, and mouse IL-6 ELISA kits from R&D Systems. The
standard supplier’s protocols were followed, and absorbance at
450 nm with 570-nm reference was analyzed by software Ther-
moMax with a ThermoMax microplate reader (Molecular De-
vices). All of the samples were analyzed in duplicate. The sample
average (pg/ml) was determined based on a standard curve gen-
erated for each assay.

Nitric Oxide Release From Human TNF�-Treated Bovine
Chrondrocytes
This assay was performed using human TNF� and IL-1� as the
nitric oxide (NO)-stimulating agent as previously described [38]
in undiluted hsTNFR-transduced hMSC conditioned medium.
Briefly, bovine articular chondrocytes (BACs) were cultured 5
days before untransduced or hsTNFR-transduced hMSCs culture
supernatant was added to BAC together with 10 ng/ml of human
TNF�or 10ng/ml of IL-1�. Conditionedmediumwas collected 24
hours later and tested for NO production by a commercially
available total NO kit from R&D Systems.Media from four differ-
ent donor MSCs were tested.

Human TNF�-Dependent Surface Intercellular Adhesion
Molecule-1 Expression
Two hundred thousand untransduced or hsTNFR-transduced
hMSCs were seeded into six-well plates and cultured overnight.
Newmedia plus 0, 1, 5, 50, 100, and 200 units/ml of human TNF�
(R&D Systems) were added to each well, and the cultures were
incubated for 3 days. The cells were harvested from the plates
with 0.05% trypsin and washed twice with D-PBS. The cells were
then resuspended in 200�l of D-PBS containing anti-intercellular
adhesion molecule (ICAM)-1 monoclonal antibody conjugated
with phycoerythrin purchased from Pharmingen (San Diego, CA)
and incubated in the dark for 30 minutes. After two washes with
D-PBS, the ICAM-1 positive cells were quantified by fluores-
cence-activated cell sorting (FACS).

Functional In Vivo Characterization of
hsTNFR-Transduced hMSCs

Matrix and Nonmatrix Implantation of hMSCs Into
NOD/SCID mice
All animal experimentationwas conducted under an institutional
review board-approved protocol. NOD/SCIDmicewere obtained
(Jackson Laboratory, Bar Harbor, ME, http://www.jax.org), and
colonies were established in-house. The cells were delivered un-
attached by i.m. or s.c. routes, or attached to various matrices,
for example, polyglycolide (PGA) felt pads, CultiSpher G beads,
hydroxyapatite (HA)/�-tricalcium phosphate (TCP) (65:35%) ce-
ramic cubes, and alginate disks and then implanted i.m. or s.c.
Nonconditioned animals were anesthetized with Nembutal (1.5
mg per mouse, i.p.) in preparation for hMSC implantation. For
i.m. or s.c. injections of cells alone, hMSCs were injected using a
1-ml syringe with a 27-gauge needle. The cells (2 � 106) were
resuspended in 100�l of serum-free Opti-MEM, and 50�l of the
cell suspension was injected into either the quadriceps on each
thigh of the animal or just under the skin in the back. For PGA felt
pad (Albany International Research Comp., Inc., Mansfield, MA,
http://www.albint.com) implantation, thematerial was sliced to
a size of 5 mm2. The sliced PGA pieces were first soaked in 100%
ethanol for 30 minutes; then rehydrated for 5–10 minutes
through 100%, 75%, 50%, and 25% ethanol/PBS serials; and fi-
nally soaked for 30 minutes in serum-free Opti-MEM (Life Tech-
nologies) twice before being dried on sterile gauze pads. Human
MSCs were resuspended in 100�l of Opti-MEM and loaded onto
PGA. Loaded pads were transferred to a Petri dish and incubated
for 1 hour at 37°C with 10% CO2. Prior to transplantation, the
mice were shaved on their lower back, and the cell-loaded pads
were implanted after a 1-cm incision was made along the dor-
sum according to aseptic surgical techniques. Blunt dissection
was then used to separate the cutaneous tissues to form a
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pocket under the skin into which the felt pads were implanted.
After implantation, the skin incision was passively closed with
stainless steel skin staples around the implants. CultiSpher G
beads (DG-0001-00; HyClone, Logan, UT, http://www.hyclone.
com), collagen-based macroporous microcarriers, were pre-
pared according to the manufacturer’s recommendations.
Briefly, 0.1 g (dry weight) of microcarriers were rehydrated in 5
ml of Ca2�- and Mg2�-free PBS for 1 hour and sterilized by au-
toclaving. Sterilizedmicrocarriers werewashedwith PBS and cell
culture medium and then stored at 4°C in the cell culture me-
dium. For cell seeding, the microcarriers were prewarmed to
37°C and incubated with medium-washed detached trypsinized
cells for 1 hour; microcarrier attached cells were collected by
allowing the carriers to settle for 15 minutes in a 15-ml conical
tube. For 200–450-�m mean pore size HA/TCP ceramic cubes
(provided by Zimmer, Warsaw, IN, www.zimmer.com), hMSCs
were attached as described [39]. Briefly, HA/TCP ceramic cubes
(3 � 3 � 3 mm) were sterilized by baking at 250°C overnight
followed by incubations with fibronectin (200 �g/ml) for 16
hours at 4°C. The coated cubes were first dried at room temper-
ature and then combined with harvested hMSCs in Dulbecco’s
modified Eagle’s medium with low glucose (2.5 � 106 cells per
milliliter) at 37°C for 4 hours with occasional shaking. The num-
ber of cells per ceramic cube is estimated at 0.5 � 106 cells per
cube as determined by the number of cells remaining in suspen-
sion. Lastly, cell attached alginate disks (Keltone LCVR; Kelco
Corp., San Diego, CA, http://www.cpkelco.com; two or three 10-
mm-diameter disks) were surgically implanted s.c.

Sera Collection From NOD/SCID Mice
Because of the fragility and size of the NOD/SCID mouse, each
week, 100–150 �l of blood was collected following an institu-
tional animal care and use committee-approved animal protocol
by retro-orbital puncture into heparinized capillary tubes (Bec-
ton Dickinson; catalog no. 420317) fromNembutal-anesthetized
(2 mg per mouse) animals; plasma from five animals was pooled
together for the hsTNFR and cytokine ELISAs.

Expression and Neutralization of Human TNF� in
NOD/SCID Mice
Human MSCs were transduced with a retroviral vector express-
ing human TNF� and an IRES-neomycin selectable marker
(pOT138). Human TNF� transduced hMSCs (5 � 106 cells) were
injected i.p. into 10 animals and compared with 10 animals in-
jected i.p. with untransduced hMSCs. Each groupwas split in half
(five animals each) and injected s.c. (5 � 106 cells) with either
hsTNFR-transduced hMSCs or untransduced hMSCs. This re-
sulted in four groups with five animals each. TNF� and hsTNFR
concentrations in the sera of the animals were determined as
described above.

LPS Induction and Modulation of Mouse Cytokines
LPS (Sigma-Aldrich) was suspended in double-distilled H2O to a
concentration of 2.5 mg/ml and stored at 4°C. Two or three
weeks before LPS challenge, NOD/SCID mice (Jackson Labora-
tory; 8 weeks old, approximately 25 g) were implanted with PGA
loaded with control or hsTNFR-transduced hMSCs (4 � 106 cells
per mouse). The mice were i.p. injected with a sublethal dosage
of LPS (20 mg/kg). Five to ten mice from each group were sacri-
ficed prior to LPS challenge or at 1 and 6 hours post-LPS chal-
lenge. Total blood was collected by cardiac puncture. Briefly, the
mice were euthanized with CO2, the heart was exposed, and a

1-ml syringewith a 25-gauge needle (rinsedwith 10,000 units/ml
heparin) was inserted directly into the heart. Blood was with-
drawn into the syringe and transferred into a 1.5-ml microcen-
trifuge tube. The plasma was collected after centrifugation (4
minutes, 6,000 rpm) and aliquot and stored at �80°C for
hsTNFR, mouse TNF�, mouse IL-1�, and mouse IL-6 ELISAs.

Arthritic Rodent Models

Antibody-Induced Arthritis
Young BalbC/SCID mice (Jackson Laboratory; 6–7 weeks old, ap-
proximately 20 g) were i.m. injected with control or hsTNFR-
transduced hMSCs as described above. Four days later, the mice
were i.v. infused with 300 �l (3 mg total) of anti-type II collagen
monoclonal antibody cocktail (Chondrex, Redmond, WA, www.
chondrex.com) by tail vein injection. Within 24–48 hours, the
mice were administered 50 �g of LPS (in 200 �l) i.p. The mice
were monitored daily. Arthritic symptoms appeared approxi-
mately 4 days after monoclonal antibody cocktail infusion. Both
mouse hind pawsweremeasured by an electronic calibrator two
to three times per week. At termination, the mice were eutha-
nized with CO2, and blood was collected by heart puncture as
described above. The mouse paws were isolated by cutting the
whole paws off and fixing them in 10% formalin for 24 hours and
then in 70% ethanol before embedding in methyl methacrylate
plastic. Goldner’s staining and counting of infiltrating cells were
performed by Charles River Laboratories International, Inc.
(Frederick, MD, http://www.criver.com).

Collagen-Induced Arthritis
Fischer rats (Jackson Laboratory; 10 weeks old) were first immu-
nized with mouse collagen II (0.5 mg) injected s.c. After immuni-
zation, either untransduced hMSCs, hsTNFR-transduced hMSCs
(4 � 106 cells each), or dexamethasone (0.25 �g) was injected
i.p. Arthritis was elicited by injecting 0.5 mg of mouse collagen II
in 50 �l of sterile phosphate-buffered saline on day 7 directly
into the right knee joint cavity. The same volume of phosphate-
buffered saline was injected into the left knee as an intraindi-
vidual control. Joint swelling was measured at 2-, 4-, and 7-day
intervals and reported as a ratio of right knee divided by left knee
values.

RESULTS

Mesenchymal Stem Cells Expressing hsTNFR:
Characterization, Expression, and Differentiation
Human MSCs were transduced with a replication-defective
MuLV vector expressing a fusion protein of hsTNFR linked with
the human IgG1 Fc domain with an internal ribosome-binding
site initiating the translation of eGFP froma single RNA transcript
(Fig. 1A). We compared transduction efficiency after static and
centrifugation methods [28]. Transduction efficiency was deter-
mined by FACS analysis of eGFP-positive cell populations and
mean fluorescence intensity (MFI). Table 1 shows thatwhen cen-
trifugation was used during MuLV transduction, more than 90%
of hMSCs were eGFP-positive, whereas without centrifugation,
70% cells were eGFP-positive. Centrifugation also increased MFI
as shown in Table 1 (donor 154, 1,395 [centrifugation] versus 385
[static]). Secretion of transgene hsTNFR into the cultured me-
dium was assayed as described. Expression correlated with the
percentage of eGFP-positive cells and MFI; the percentage of
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eGFP-positive cells was stable over cell passage (Table 1; see
donor 219, P1 and P6). Similar to hMSCs, rat MSCs also express
hsTNFR when transduced with the MuLV vector but to a lesser
extent. The data suggest that reduced expression from rat MSCs
compared with hMSCs is due to the fact that only hMSCs were
optimized for transgene expression using amphotropic retroviral
vectors.

Integration of the hsTNFR transgene into the hMSC genome
was analyzed by Northern blot analysis using equal amounts of
total RNA from untransduced and hsTNFR-transduced hMSCs
from two donors. Figure 1B shows a 3.9-kb transcript in the
hsTNFR-transduced hMSCs. Overexpression of the transgene did
not alter hMSC multidifferentiation potential, as shown by their
ability to undergo osteogenesis, adipogenesis, and chondrogen-
esis (Fig. 1C). The cells were treated (as described in Methods
and Materials), and their commitment toward these different
differentiation pathwayswas analyzed for calciumdeposition for
osteogenic differentiation, Nile Red retention for adipogenic dif-
ferentiation, and s-GAG content per ng of DNA for chondrogenic
differentiation. In all cases, hsTNFR-expressing hMSCs main-
tained their ability to differentiate into the three lineage cell
types and was similar to that observed for untransduced hMSCs,
suggesting that overexpression of the transgene did not alter the
“stemness” function of hMSCs.

In Vitro Functionality of hsTNFR-Transduced hMSCs
To demonstrate the functionality of hsTNFR-transduced hMSCs,
two types of biological assayswere performed using conditioned
culture supernatants and cellular surface expression (Fig. 2). Cul-
ture supernatants were tested for bioactivity by monitoring NO
production from cytokine-treated BACs. It has been demon-
strated that the treatment of chondrocytes with either IL-1� or
TNF� induce nitric-oxide synthetase activity, resulting in NO pro-
duction [40]. BAC monolayers were prepared and stimulated
with either human TNF�or IL-1� in the presence of supernatants
collected from hsTNFR-transduced hMSCs and untransduced
hMSCs; 24 hours later, nitrite levels were measured by Griess
analysis. Whereas NO production was detected when untrans-
duced hMSC supernatants were present, NO production from
human TNF�-treated cultures, but not from those with human

IL-1� treatment, was almost completely inhibited in the pres-
ence of conditioned supernatants from four different hsTNFR-
transduced hMSC cultures (Fig. 2A). On a cellular level, hsTNFR-
transduced hMSCs failed to induce surface ICAM expression
when the cells were exposed to human TNF� (Fig. 2B). Previous
published results have demonstrated TNF�-dependent upregu-
lation of ICAM-1 on the surface of hMSCs [41]. We used this fact
to determine whether exposure to TNF� would result in ICAM-1
expression in hsTNFR-transducedMSCs compared with untrans-
duced hMSCs. Titration of human TNF� from 0 to 200 units/ml
showed a concentration-dependent induction of ICAM-1 expres-
sion on untransduced hMSCs with little to no increase on
hsTNFR-transduced hMSCs. The above results support the con-
clusion that the hsTNFRmolecule expressed from hsTNFR-trans-
duced hMSCs is biologically active and capable of binding and
neutralizing human TNF�-dependent activities.

In Vivo Functionality of hsTNFR-Transduced hMSCs

Three types of assays were used to show the expression, func-
tionality, and potential efficacy of hsTNFR-transduced hMSCs in
vivo: the effect ofmatrix biomaterial and delivery route on trans-
gene expression, neutralization of endogenous mouse TNF�

from implanted human TNF�-expressing cells, and the inhibition
of cytokine storm after LPS challenge. NOD/SCID mice were se-
lected as the model system since the absence of a functional
immune system allows the implantation of human cells [42].

Experiments were performed to detect systemic levels of
hsTNFR in vivo using various three-dimensional matrix biomate-
rial scaffolds and routes of administration. Cryopreserved
hsTNFR-transduced hMSCswere injected i.m. into the hind limbs
or s.c. to the back of the animal and comparedwith implantation
of cells adhered to various matrix biomaterials. We tested four
biomaterials: PGA; CultiSpher-G, macroporous cross-linked gel-
atin microbeads; human fibronectin-coated porous hydroxyapa-
tite/tricalcium phosphate, ceramic cubes (HA/TCP; 65% HA and
35% TCP); and alginate disks. The results summarized in Figure
3A indicate that i.m. injection of cells alone and s.c. implanted
cells seeded onto PGA felt pads gave rise to the highest systemic

Table 1. In vitro hsTNFR expression from hsTNFR-transduced human MSCs

Amount (nanograms per 106

cells per 24 hours)

Flow cytometry analysis

MSCs Donor eGFP-positive cells (%) Mean fluorescence intensity

Human, untransduced 154, P3 0
Human, hsTNFR 154, P3 108 70 (no centrif.) 385
Human, hsTNFR 154, P5 117
Human, hsTNFR 154, P3 403 93 (with centrif.) 1,395
Human, hsTNFR 154, P5 352

Human, untransduced 219, P1 0
Human, hsTNFR 219, P1 171
Human, hsTNFR 219, P2 854
Human, hsTNFR 219, P3 131 94% (with centrif.) 205
Human, hsTNFR 219, P4 60
Human, hsTNFR 219, P5 165
Human, hsTNFR 219, P6 171 99 (with centrif.) 805

Rat, untransduced 15, P3 0
Rat, hsTNFR 15, P3 �50 ND ND
Rat, hsTNFR 15, P4 23
Rat, hsTNFR 15, P5 34
Rat, hsTNFR 15, P6 48

Abbreviations: centrif., centrifugation; eGFP, enhanced green fluorescent protein; hsTNFR, human soluble tumor necrosis factor receptor II; MSC,
mesenchymal stem cell; ND, not determined; P, number of cell passages.
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hsTNFR levels (up to 750 pg/ml) within the first week post-treat-
ment (Fig. 3A). Systemic hsTNFR levels declined in the i.m. in-
jectedmice in the secondweek, resulting in systemic levels com-
parable to CultiSpher (either i.m. or s.c.), s.c. injection of cells
alone, implantation of ceramic cubes, or alginate disks. Systemic
levels of hsTNFR in mice with PGA felt pad implants plateaued
and were sustained for the entire 4-week duration of the exper-
iment. These results suggest that the level of in vivo transgene
expression from transduced hMSCs is dependent on the route of
delivery and biomaterial used; in this study, cells seeded onto
PGA felt pads sustained hsTNFR levels the best. The data suggest
that the cells adhere better to PGA felt pads and survive better;
in fact, the cells still express hsTNFR in vitro after 4 weeks upon
removal from the animals.

As an initial demonstration of efficacy, we tested the ability
of hsTNFR expressed from hMSCs to neutralize endogenous hu-
man TNF�. To accomplish this, hMSCs expressing human TNF�
were injected i.p. followed by s.c. implantation of hsTNFR-trans-
duced hMSCs seeded onto PGA felt pads (Fig. 3B). In these ex-
periments, the animals were split into four groups: implanted
with untransduced hMSCs i.p. and s.c. (control); TNF�-trans-
duced hMSCs i.p. and untransduced hMSCs s.c. (TNF� only);
TNF�-transduced hMSCs i.p. and hsTNFR-transduced hMSCs s.c.
(TNF�/sTNFR); and untransduced hMSCs i.p. and hsTNFR-trans-
duced hMSCs s.c. (sTNFR only). In each of these four groups, sera
were collected and pooled to monitor both human TNF� and
hsTNFR systemic levels. The levels for both (TNF� and sTNFR)
were low in the control group; the TNF�-only and sTNFR-only

groups illustrate the systemic level of human TNF� expression
possible from the human TNF�-transduced hMSC cell line and
the sTNFR expression possible from the hsTNFR-transduced
hMSC cell line, respectively. The combination of human TNF�
and hsTNFR expression resulted in a 60% reduction in systemic
human TNF� and a 50% reduction in systemic hsTNFR. The re-
sults suggest the removal and clearance of humanTNF� from the
systemic circulation caused by the binding to hsTNFR.

An additional demonstration of efficacy was shown through
the inhibition of cytokine storm after LPS challenge. LPS acts as
the prototypical endotoxin that binds the CD14-TLR4-MD2 re-
ceptor complex, promoting the secretion of proinflammatory cy-
tokines. Figure 4A shows the experimental outline. These exper-
iments included a group treated with etanercept (hsTNFR) for
comparison with the hMSC-delivered form. It was shown that a
sublethal dose of LPS rapidly elevated mouse TNF� levels,
peaked in 60–90 minutes and returned to baseline by 24 hours
after exposure [43, 44]. TNF� expression induced IL-1� and IL-6
expression. In the experiments summarized in Figure 4, 2 weeks
before LPS administration the animals were either s.c. implanted
with 4� 106 hsTNFR-transduced or untransduced hMSCs loaded
on PGA felt pads or treated with etanercept twice per week at 4
mg/kg. Mice from untransduced hMSCs (naïve), etanercept, and
hsTNFR-transduced hMSCs groups were sacrificed at 0, 1, 6,
and 24 hours post-LPS challenge. Mouse sera were harvested
and analyzed for the levels of mouse TNF�, mouse IL-1�, mouse
IL-6, and hsTNFR as described. Figure 4B shows that the injection
of LPS into untransduced hMSC-implanted mice or mice treated

Figure 2. In vitro biological assays show functional hsTNFR activity in hsTNFR-transduced hMSCs. (A): hsTNFR-transduced hMSC conditioned
medium inhibits hTNF�-mediated nitric oxide release from bovine articular chondrocytes. Griess analysis was done of bovine articular
chondrocytes incubatedwith human TNF� (10 ng/ml) or IL-1� (10 ng/ml) plus conditioned supernatant fromhsTNFR-transduced hMSCs (four
different donors). Error bars indicate standard deviation (n � 4). (B): Expression of hsTNFR prevents human TNF� induction of ICAM-1. The
indicated amounts of TNF� were added to untransduced or hsTNFR-transduced hMSCs. The cells were harvested 3 days post-treatment, and
the percentage of ICAM-1-positive cells was analyzed using fluorescence-activated cell sorting. Analysis was done on a single culture (onewell
of a six-well panel). Similar results were obtained from hMSC donors 225 and 310. Abbreviations: hMSC, human mesenchymal stem cell;
hsTNFR, human soluble tumor necrosis factor receptor II; ICAM, anti-intercellular adhesion molecule; IL, interleukin; NO, nitric oxide; TNF�,
tumor necrosis factor-�.
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with etanercept caused a rapid increase in mouse TNF� ranging
from 3,000 to 5,000 pg/ml in circulation 1 hour post-LPS expo-
sure. The level of mouse TNF� was reduced by 40%–60% in the
animals implanted with hsTNFR-transduced hMSCs (reduced to
less than 2,000 pg/ml mouse TNF�). At 6 hours post-LPS chal-
lenge,mouse TNF� levels fromboth theuntransducedhMSCand
transduced hMSC implanted mice decreased to less than 30 pg/
ml, but elevated mouse TNF� (7,000–8,000 pg/ml) was seen in
the etanercept-treated mice. The levels of mouse IL-1� and
mouse IL-6 were not detected at 1 hour (not shown), but at 6
hours post-LPS challenge, significantly less mouse IL-1� and
mouse IL-6 were noted in animals implanted with hsTNFR-trans-
duced hMSCs (Fig. 4B, open bars). Etanercept injections reduced
mouse IL-1� and mouse IL-6 by 20%, compared with 90% and
50% reduction of mouse IL-1� and mouse IL-6, respectively, by
hsTNFR-transduced hMSCs. Measurement of hsTNFR showed
a concomitant decrease (450 to 100 pg/ml) in hsTNFR levels in
animals receiving hsTNFR-transduced hMSCs, whereas in the
etanercept-treated group, similar hsTNFR levels were main-
tained over the entire 24-hour period (�20,000 pg/ml). No
hsTNFR was observed in the naïve group. These data suggest

that the reduction in both systemic mouse TNF� and hsTNFR
in the animals implanted with hsTNFR-transduced hMSC was
due to the binding of these two molecules and clearance of
the complex from the circulation; by blocking the in vivo
mouse TNF� biological activity, the levels of other proinflam-
matory cytokines were reduced. In the case of the etanercept
treatment, it appears that the mouse TNF�-hsTNFR immuno-
complex remains in the circulation. This is in contrast to the
complete removal and clearance of TNF� at 6 hours when
hsTNFR was expressed from hMSCs. The differential between
the amount of mouse TNF� in the naïve and hsTNFR/hMSC
groups compared with etanercept-treated group was surpris-
ing and suggests that in the etanercept-treated animals, even
though TNF� is bound to hsTNFR, the complex is not removed
from the circulation and remains longer in the animal’s body
than TNF� bound to the hsTNFR released from the hMSCs.
Whether differential glycosylation or other post-translational
modifications are responsible for this difference in clearance
is presently not known and requires more analysis. Biocore
analysis confirmed the ability of hsTNFR to bind mouse TNF�
similar to human TNF� (data not shown).

Figure 3. In vivo expression and efficacy of hsTNFR-transduced hMSCs in NOD/SCID mice. (A): Systemic hsTNFR level of NOD/SCID mice
implanted with hsTNFR-transduced hMSCs. Cryopreserved hsTNFR-transduced hMSCs (donor 154) were carefully thawed and either loaded
onto PGA and s.c. implanted (PGA s.c., open diamonds); directly injected into themuscle of the hind limbs (Cells alone (IM), closed triangles);
bound to CultiSpher and i.m. implanted (CultiSpher (IM), open triangles); bound to CultiSpher and s.c. implanted (CultiSpher (SQ), closed
squares); directly injected s.c. (Cells alone (SQ), open squares); bound to ceramic cubes (HA-TCP, closed circles); or bound to alginate and s.c.
implanted (Alginate (SQ), open circles). Blood was collected weekly by retro-orbital puncture. Plasma from each mouse within the same
experimental group was pooled and tested for systemic hsTNFR level as described. (B):H&E staining of hMSCs on PGA felt pads. (C): Ability of
hsTNFR-transduced hMSCs to remove systemic human TNF� in NOD/SCID mice. Human TNF�-expressing hMSCs were implanted into
NOD/SCIDmice followed by the implantation of hsTNFR-transduced hMSCs. Serawere collected frommice on day 3 after hsTNFR-transduced
hMSC implantation. Abbreviations: HA, hydroxyapatite; H&E, hematoxylin and eosin; hMSC, humanmesenchymal stem cell; hsTNFR, human
soluble tumor necrosis factor receptor II; IL, interleukin; IM, intramuscular; PGA, polyglycolide; SQ, subcutaneous; sTNFR, human soluble
tumor necrosis factor receptor; TCP, �-tricalcium phosphate; TNF�, tumor necrosis factor-�.

8 Human MSCs Expressing hsTNFR

©AlphaMed Press 2013 STEM CELLS TRANSLATIONAL MEDICINE



hsTNFR-Transduced hMSCs Prevent Arthritis in Animal
Models
Wetested theefficacyof hsTNFR-transducedhMSCs in an immune-
deficient mouse arthritic model in which an anticollagen type II
monoclonal antibody cocktail was administered, followed by a LPS
challenge. We failed to induce arthritis in NOD/SCID mice because
the animals are deficient in complement 5 (L.D. Schultz, personal
communication). This is similar to theDBA/1LacJmouse that carries
a similarmutation [45] and is resistant to collagen-induced arthritis.
Following theexperimentaloutline shown inFigure5A,arthritiswas
successfully induced in BalbC/SCIDmice. The thickness of both hind
paws was measured, and the ratio of experimental mouse paw
thickness tonaïveanimalpawthickness isplottedagainst timeupto
20 days after disease induction (Fig. 6A). Seven days prior to anti-
body administration, the animals were injected i.m. in the hind
limbs with either transduced or untransduced hMSCs followed by
the antibody cocktail injection. LPS was administered 2 days later.
The paws of BalbC/SCIDmice implantedwith untransduced hMSCs
showed significantly increased swelling and redness after disease
induction (Fig. 5A, solid circles). Histological analysis of the paws on
day 20 demonstrated a �4 severity of cartilage destruction with
95%macrophage/10%neutrophil inflammatory cell infiltration (Fig.
5A, arthritic control; untransduced hMSCs). Implantation of hsT-
NFR-transduced hMSCs on day �7 resulted in little to no (�10%)
swelling comparable to the naïve paws (Fig. 5A, compare no anti-
body-induced arthritis [AbIA; open circles] to injected hsTNFR/hM-
SCs [open triangles]). Furthermore, histological assessment showed
no or minimal chondrocyte damage and a lack of infiltrating im-
mune cells in the paws from mice implanted with hsTNFR-trans-
ducedhMSCs (Fig. 6A,hsTNFR/hMSCs). Thehistology is comparable
to naïve mice (Fig. 6A, no AbIA induction). ELISA analysis of the
mouseplasmaonday20afterdisease induction revealed248pg/ml

(	 37) of hsTNFR circulating in mice injected with hsTNFR-trans-
duced cells.

To furthershowinvivoefficacies,wetestedhsTNFR-transduced
hMSCs in an immune-competent Fischer rat arthritic model where
collagen (the antigen) was injected i.p. on day �30 followed by a
boost on day 0 directly into the right knee as shown in the protocol
outline (Fig. 5B). The rats were prophylactically treated with either
untransduced hMSC, hsTNFR-transduced hMSC, etanercept, or
dexamethasone (Dex) on day �7. Swelling in the knee was moni-
tored over 7 days by comparing the ratio of the right knee (antigen
injected, inflamed) to the left knee (no antigen injected). Rats with
untransducedhMSCs showedgreater than60%swelling in the right
knee (Fig. 5B, closed squares). A reduction of 12%–20% (1.4–1.3
swelling ratio) in swelling was observed in rats with either hsTNFR-
transduced hMSCs (Fig. 5B, open triangles) or etanercept (Fig. 5B,
closed circles) after 7 days. Dex, a potent synthetic glucocorticoid
known for its anti-inflammatory and immunosuppressant proper-
ties, reduced swelling (1.1 swelling ratio) bymore than70% (Fig. 5B,
open squares).

Results from these two animal models using both immune-
competent (Fischer rats) and immune-deficient (BalbC/SCID
mice) animals demonstrate the anti-inflammatory properties
and efficacy of hsTNFR-transduced hMSCs in arthritic models. In
addition, the current biologic, etanercept, showed a similar anti-
inflammatory/efficacy to hsTNFR-transduced hMSCs in the col-
lagen-induced arthritis (CIA) Fischer rat model. Biocore analysis
confirmed the ability of hsTNFR to bind rat TNF� similar to hu-
man TNF� (data not shown).

Inflammatory Cytokines Inhibit hMSC Chondrogenic
Differentiation
In addition to the known effects TNF� has in arthritis, we tested
the effect of human cytokine treatment on hMSC chondrocytic

Figure 4. Human sTNFR-transduced hMSCs reduce LPS-induced cytokines in NOD/SCIDmice. (A): Experimental outline. NOD/SCIDmice were s.c.
implantedwith polyglycolide loadedwith untransduced (naïve), hsTNFR-transduced hMSCs or injected s.c. twice perweekwith 4mg/kg etanercept
as described inMaterials andMethods. Twoweeks later,micewere i.p. injectedwith a sublethal dose of LPS (20mg/kg, 500�g permouse). Five to
10miceweresacrificedfromeachgroupprior toor1,6,and24hoursafterLPSchallenge.Bloodwascollectedbyheartpuncture. (B):Cytokineprofile.
Plasmawas analyzed for circulating proinflammatory cytokines:mouse TNF�,mouse IL-1�, andmouse IL-6, in addition tohsTNFRbyenzyme-linked
immunosorbent assay as described. Abbreviations: hMSC, humanmesenchymal stem cell; hr, hour; hsTNFR, human soluble tumor necrosis factor
receptor II; IL, interleukin; IP, intraperitoneal; LPS, lipopolysaccharide; TNF�, tumor necrosis factor-�; wk, week.
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differentiation.We performed differentiation assays in the pres-
ence of three cytokines: two proinflammatory cytokines, TNF�
and IL-1�, and one immunostimulatory/immunomodulatory cy-
tokine, IFN�. The cells were treated with cytokines overnight
followed by chondrogenic differentiation (proteoglycans-safra-
nin-O staining) in the absence (no differentiation) and presence
(induce differentiation) of tumor growth factor �3 (Fig. 6B). The
data clearly show chondrocytic differentiation in untreated and
IFN�-treated hMSCs, but not in TNF�- and IL-1�-treated cells.
The data support the conclusion that proinflammatory cytokines
prevent hMSC differentiation toward the chondrocytic lineage,
indicating that blockade of TNF� and IL-1� is critical for chondro-
cyte regeneration.

DISCUSSION

The discovery of soluble forms of receptor molecules during the
initial cloning of cytokine receptors in the late 1980s was surpris-
ing and unexpected [46]. However, today, extracellular coding
and receptor shedding are recognized as general regulatory
mechanisms inmany fields including development, immunology,

cell signaling, cell adhesion, and the central nervous system (see
[47] for review). The potential of using soluble receptor mole-
cules in therapeutics was rapidly realized in HIV/AIDS with solu-
ble CD4 [48, 49], in tumor angiogenesis with soluble vascular
endothelial growth factor receptor [50], and in arthritis with sol-
uble tumor necrosis factor receptor [8, 9]. However, many of
these soluble receptors exert their therapeutic function locally
but are administered systemically. Thus, it would be desirable to
target them to preferred sites, especially areas where damaged
tissue exists for tissue engineering and regeneration purposes. A
lot of supportive data exist for hMSCs “homing” to damaged
tissue, and these cells could be an ideal host for local delivery of
therapeutic molecules to damaged tissue [51–53].

As a continuing effort to compare efficacy between biologic
drugs and cellular drug delivery, we compared engineered adult
hMSCs expressing hsTNFRwith the commercially available form,
etanercept (Enbrel). The experimental data demonstrate sus-
tained expression of hsTNFR from transduced hMSCs with com-
parable efficacy to etanercept in blocking cytokine induction af-
ter LPS challenge in NOD/SCID mice and the inhibition of joint
inflammation in CIA in immune-competent Fischer rats.Whereas
both hsTNFR-transduced hMSC and etanercept treatments

Figure 5. Human sTNFR-transduced hMSCs reduced joint inflammation in immunodeficient and immunocompetent arthritic rodentmodels.
(A): AbIA. BalbC/SCID mice were i.m. injected with 4 � 106 untransduced hMSCs or hsTNFR-transduced hMSCs (cellular injection IM in
schematic) 7 days before arthritic induction. To initiate arthritis, 300�l of anticollagen type II monoclonal antibody cocktail (Ab in schematic)
was i.v. infused into the mice followed 2 days later by an LPS challenge (50 �g per mouse, i.p.; LPS in schematic). The thickness of hind paws
was measured with an electronic calibrator two to three times per week, and the data were plotted as percentages of naïve, untransduced
hMSCs (n� 10). (B): CIA. Fischer rats were immunized s.c. with mouse collagen II (50mg) 30 days before the initiation of arthritis (CII Antigen
in schematic). Seven days before arthritis induction, 4 � 106 untransduced hMSCs or hsTNFR-transduced hMSCs, etanercept (4 mg/kg,
injected twice per week), or dexamethasone (0.25 mg) was i.p. injected (Treatment in schematic). Arthritic induction was initiated by the
injection of mouse collagen II (0.5 mg in 50 �l of phosphate-buffered saline [PBS]) into the right knee joint cavity (CII Antigen Inject Knee in
schematic); for an internal comparison, PBS (50 �l) was injected into the left knee joint cavity. The swelling (measured with an electronic
calibrator) of the right knee was compared with that of the left knee, and the ratio was plotted over time for each of the treatments (n� 10).
Abbreviations: Ab, antibody; AbIA, antibody-induced arthritis; CIA, collagen-induced arthritis; Cll, collagen; hMSC, humanmesenchymal stem
cell; hsTNFR, human soluble tumor necrosis factor receptor II; IM, intramuscular; LPS, lipopolysaccharide; Lt, left; Rt, right.
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showed similar efficacy in the CIA model, differences were ob-
served in LPS challenge experiments inNOD/SCID. After LPS chal-
lenge, hsTNFR expressed from hMSCs cleared mouse TNF�
faster and thereby reduced the subsequent induction of mouse
IL-1� and mouse IL-6. The data suggest that although both mol-
ecules bind and sequester TNF�, hsTNFR expressed from hMSCs
cleared the complex from the systemic circulation faster than
etanercept and at a systemic concentration 100-fold less than
that observed with etanercept (Fig. 4). We have shown a similar
comparison with erythropoietin (EPO) in that EPO expressed
from engineered hMSCs results in faster kinetics for red blood
cell generation after administration of a lethal dose of phenylhy-
drazine compared with recombinant EPO protein [54]. It is con-
ceivable thatmaintaining therapeutic protein levels by cell trans-
plantation could avoid bolus injections of therapeutic proteins
that may be associated with toxicity.

To our knowledge, this is the first report of expressing
hsTNFR in hMSCs; our initial results were published in abstract
form [55]. Our results demonstrate the importance of “condi-
tioning” the joint by the removal of TNF� preceding joint repair
and regeneration. TNF� not only causes inflammation and inhi-
bition of chrondrocytic differentiation but may also reduce the

innate immunosuppression ability of MSCs [56]. Thus, the
hsTNFR therapeutic molecule could not only prevent the cyto-
kine cascade responsible for cell proliferation and joint degrada-
tion but may also preserve the immune privilege ability of MSCs.
Our results differ from others [57–59] in that untransduced
hMSCs did not have an innate ability to inhibit paw swelling in the
mouse arthritic model. Whether this is due to the source and/or
species of MSCs used is presently not known. However, our data
agree with others [60, 61] in thatMSCs themselves cannot inhib-
it/attenuate arthritis in animal models. Only when hMSCs were
either transduced with hsTNFR (as shown here in Fig. 5) or with
IL-10 [60] is attenuation of paw swelling and normal histology
observed.

Our observation that TNF�, in addition to causing joint de-
struction, can also inhibit hMSC differentiation toward the chon-
drocytic lineage was also observed by others. Initially, observa-
tions showed reduced chondrogenesis from osteoarthritic
patients, suggesting changes in progenitor cell differentiation
[62]. Later reports showed that IL-1�, IL-1�, and TNF� inhibited
chondrogenesis in a dose-dependentmanner through activation
of NF-�B [63], which could be reversed by IL-1Ra and etanercept

Figure 6. Histology of BalbC/SCID paws and cytokine-dependent inhibition of chondrogenesis. (A): BalbC/SCID paws/carpal area. Mouse
paws (from Fig. 5A) were removed from animals and fixed with 10% formalin, followed by 70% ethanol before embedding in methyl
methacrylate plastic and stainingwithGoldner’s solution. Three panels are shown: phalange joint fromuntreated animals (noAbIA induction),
phalange joint from AbIA-treated animals that were injected i.m. with untransduced hMSCs (AbIA induction, untransduced hMSCs), and
phalange joint from AbIA-treated animals that were injected i.m. with hsTNFR-transduced hMSCs (AbIA Induction, hsTNFR/hMSCs). Two
magnifications are shown alongwith visual inspection of the severity of the lesion and percentage count of infiltrating cells. (B): Inflammatory
cytokines inhibit chondrogenesis. HumanMSCs were treated with human proinflammatory (TNF� and IL-1�) cytokines and a immunostimu-
latory/immunomodulatory (IFN�) cytokine, followed by assaying for chondrogenic differentiation. Four panels are shown: untreated and
cytokine-treated with each panel in the presence (bottom) and absence (top) of the chondrogenic inducer TGF�3. Safranin-O staining for
proteoglycans was performed on all panels as described in Materials and Methods. Abbreviations: AbIA, antibody-induced arthritis; hMSC,
human mesenchymal stem cell; hsTNFR, human soluble tumor necrosis factor receptor II; IFN�, interferon �; IL, interleukin; Mac, macro-
phages; Neut, neutrophils; TGF�3, tumor growth factor �3; TNF�, tumor necrosis factor-�.
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in chondrogenic pellet cultures of hMSCs [64]. Our observations
on cytokine-specific inhibition of chondrocytic differentiation
with proinflammatory (TNF� and IL-1�) but not immune stimu-
latory cytokines (IFN�) are in line with these previous observa-
tions. This observation further illustrates the dual role TNF� has
in joint destruction and regeneration.

HumanMSC gene delivery may also improve patient compli-
ance by convenient injection every 3–6 months compared with
injection of biologics every other day. In addition, this novel ap-
proach replaces individual protein manufacturing that in some
cases leads either to inactive proteins or to proteins that require
subsequent modifications. Human MSC-based protein delivery
has advantages over AAV and adenovirus-mediated in vivo gene
delivery, in safety and antidrug responses [65]. Other viral and
nonviral methods can be used to introduce foreign genes into
hMSCs [66]. The method we have described here, if applied to
humans, could use autologous hMSCs, minimizing potential im-
munogenicity and the possibility of rejection. However, hMSCs
are immune-privileged [29, 67–69], supporting the possibility of
using allogeneic hMSCs as anoff-the-shelf product [70, 71]. Thus,
in vivo hMSC-based protein delivery offers several potential ad-
vantages over recombinant protein and direct in vivo viral vector
delivery of therapeutic proteins. Results from future andongoing
experiments will determine the usefulness of hMSCs as vehicles
for therapeutic protein delivery and whether cell-based ap-
proaches are competitive with other protein delivery systems
such as a newly described particle-based protein delivery system
[72–74] that uses inactivated surface modified viral particles
and/or virus-like particles as scaffolds to deliver therapeutic
biologics.

CONCLUSION

We demonstrated that a single in vivo implantation of hsTNFR-
transduced hMSCs in two different arthritic animalmodels could
reverse/attenuate arthritic inflammation. The attenuation in the
rat model showed that cellular delivery of hsTNFR was compara-

ble to the commercially available biologic form. In vitro experi-
ments further substantiated the comparable efficacies between
cell-based delivery and the recombinant protein, pointing to-
ward a potential advantage of hMSC delivery in faster TNF� re-
moval from the circulation over the biologic form. If this trans-
lates into fewer side effects and/or lower compliance remains to
be seen. In either case, these results illustrate the ability of
hMSCs to deliver proteins of therapeutic value in vivo and dem-
onstrate their potential clinical utility in osteoarthritis and other
TNF�-related diseases where anti-TNF� biologic treatment has
shown promise.
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