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Specific, Sensitive, and Stable Reporting of Human
Mesenchymal Stromal Cell Chondrogenesis
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Chondrogenesis is critical to the development and repair of not only articular cartilage but also bone. Preclinical
studies suggest that defects in both tissues can be repaired using culture-expanded chondroprogenitor cells, such
as mesenchymal stem/stromal cells (MSCs), but directing efficient chondrogenesis by candidate cell popula-
tions is an ongoing bottleneck to their clinical application. The goal of this study was to describe a method for
the molecular reporting of chondrogenic activity by primary stem/progenitor cells that can complement more
labor-intensive destructive measures. A chondrogenesis-responsive promoter was generated, consisting of four
repeats of a SOX9-binding enhancer sequence from the first intron of COL2A1 positioned upstream of the core
COL2A1 promoter. This promoter was inserted into a lentiviral expression plasmid containing reporter genes
copepod green fluorescent protein (copGFP) and firefly luciferase (fLuc), and the resulting lentiviral vector
(LV) was used to transduce human MSCs derived from intramedullary reamings. To determine the specificity
and stability of reporter expression, MSCs were differentiated in pellet culture for up to 4 weeks. To assess the
sensitivity of reporter detection in vivo, undifferentiated and predifferentiated MSC pellets were implanted into
osteochondral defects made in immune-suppressed rats. Chondrogenic differentiation of LV-transduced MSCs
in pellet culture led to a strong upregulation of both copGFP and fLuc. Robust reporter activity was achieved
using LV doses that did not compromise MSC chondrogenesis. Specific reporter induction was sustained over
several passages post-transduction. Reporter expression levels were dependent on both pellet culture duration
and TGF-b1 dose. When predifferentiated pellets were implanted into rat osteochondral defects, reporter
activity was initially diminished but recovered over the following 2 weeks, suggesting acute postsurgical
inflammation suppressed reporter expression. This hypothesis was supported by potent cytokine inhibition of
reporter levels and glycosaminoglycan deposition within additional pellets in vitro. When combined with
lentiviral transgene integration, the COL2A1-based promoter allowed specific, sensitive, and stable reporting of
MSC chondrogenic activity. This promoter can be used with the extensive selection of reporter vectors now
available to study different chondroprogenitor cells with promise for cartilage and bone tissue engineering and
regenerative medicine.
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Impact Statement

The promoter characterized in this study has been made accessible as a resource for the skeletal tissue engineering and
regenerative medicine community. When combined with suitable reporter vectors, the resulting tools can be used for
noninvasive and/or high-throughput screening of test conditions for stimulating chondrogenesis by candidate stem/
progenitor cells. As demonstrated in this study, they can also be used with small animal imaging platforms to monitor the
chondrogenic activity of implanted progenitors within orthotopic models of bone and cartilage repair.

Introduction

Chondrogenesis is a critical process for both skeletal
development and repair.1,2 Within synovial joints, the

formation and maintenance of hyaline cartilage are neces-
sary for joint articulation and load distribution.3 The long
bones of the appendicular skeleton develop, in part, through
the process of endochondral ossification, which initially in-
volves formation of a cartilage anlage4; moreover, fractures to
these bones can be successfully repaired through the formation
and osseous remodeling of a cartilaginous callus.5 These ex-
amples of cartilage formation all involve the condensation of
mesenchymal cells that then differentiate into chondrocytes,
as regulated by the transcription factor sex-determining region
Y like high mobility group box (SOX)9.6 SOX9 controls as-
sociated expression of cartilage matrix proteins like type II
collagen.7,8 One key difference between the cartilages formed
during endochondral ossification versus articular cartilage
development involves the hypertrophic maturation of chon-
drocytes during the former process.2

Clinical options for treating bone and cartilage defects
remain inadequate, prompting ongoing research into stimu-
lating chondrogenesis for the repair of both defect types.9,10

Because chondrocyte sources are limited, much of these
efforts are focused on applying culture-expanded chondro-
progenitor cells, including adult mesenchymal stem/stromal
cells (MSCs) from various tissue sources, embryonic stem
cells, and induced pluripotent stem cells (iPSCs). A current
bottleneck to this strategy concerns how to direct these
candidate chondroprogenitor cells to form functional carti-
lage, either in vitro or directly within skeletal defects. For
cartilage engineering in vitro, essential cues must be deter-
mined for efficient commitment of progenitors to the chon-
drogenic lineage and timely deposition of a functional matrix.
To direct chondrogenesis in situ, which could bypass the
complexity and cost of in vitro cartilage engineering,11 a
better understanding is required of how the defect envi-
ronment influences the chondrogenic activity of implanted
chondroprogenitors. For example, pro-inflammatory cyto-
kines known to be upregulated after joint injury and post-
traumatic osteoarthritis have been shown to directly inhibit
the chondrogenic differentiation of MSCs.12,13

The study of cell-based skeletal tissue repair in vivo has
been advanced by the ability to genetically modify progenitor
cells to express molecular reporters.14 Among the available
reporters, the luciferases (e.g., firefly, Renilla, Gaussia, and
Metridia) have been particularly valuable tools, catalyzing
strong bioluminescent reactions that can be measured quan-
titatively. Commercial imaging platforms have been devel-
oped to detect bioluminescence noninvasively in rodents;
these platforms are now a standard tool at research institu-
tions. Bioluminescence has been used to study candidate stem
cells within a variety of skeletal tissue repair models.15–19

This typically involves the genetic modification of candidate

stem cell populations ex vivo before their delivery within
skeletal defects. Recombinant lentiviral vectors (LVs) are
commonly used for this purpose, due to their broad tropism
and efficient integration of transgenic DNA into the genome
of primary cells, including MSCs.20

Exploiting the postnatal specificity of type II collagen
expression within cells of the chondrogenic lineage, regu-
latory sequences from COL2A1, the gene encoding the alpha
1 chain of type II collagen, were used to develop a reporter
construct for nondestructive monitoring of chondrogenic
commitment by candidate repair cells. Although the re-
porting strategy described in this study can be applied to
multiple chondroprogenitor cell populations, this study fo-
cused on human MSCs from bone marrow stroma, one of
the best characterized populations with chondrogenic po-
tential.21,22 Specific, sensitive, and stable reporter expres-
sion by LV-modified MSCs was demonstrated in tissue
culture and within rat osteochondral defects.

Materials and Methods

Promoter design and cloning

A chondrogenesis-responsive promoter (4eCOL2A1;
Fig. 1A) was made based on previously described
constructs7,8,23–25—particularly one used to generate an
ATDC5-based reporter line.26 The promoter sequence con-
sisted of four repeats of a SOX9 binding motif from the first
intron of COL2A1 (+2126 to +2174) placed upstream of the
core COL2A1 promoter (-164 to +37). These regulatory
sequences were flanked by restriction sites for SpeI (5¢ end)
and BamHI (3¢ end). In addition, an NheI site was placed
between the four enhancer repeats and the core promoter,
allowing for substitution of either the enhancer or promoter
sequences. For example, longer 5¢ sequences of the COL2A1
promoter could be used in place of the 200-bp sequence
described in this study, to more closely reflect endogenous
COL2A1 regulation.27 Alternatively, reporter signal strength
could potentially be boosted by doubling the number of
enhancer repeats26: the four repeats could be removed from
a donor vector by SpeI and NheI digestion and inserted into
a destination vector containing the basal promoter, follow-
ing a single cut with NheI (note that SpeI and NheI diges-
tions produce compatible overhanging ends).

To generate a plasmid for efficient cloning of the
4eCOL2A1 sequence and transferring it to different ex-
pression vectors, the 4eCOL2A1 sequence was synthesized
by GenScript (Piscataway, NJ) with protective bases added
to both ends and then inserted into the EcoRV site of
cloning vector pUC57. The resulting construct, pUC57-
4eCOL2A1, has since been sequenced and deposited with
Addgene (ID# 97211).

The 4eCOL2A1 promoter was next inserted in place of a
truncated, ‘‘minimal’’ cytomegalovirus (mCMV) promoter

REPORTING MSC CHONDROGENESIS IN VITRO AND IN VIVO 177



within the third-generation lentiviral reporter construct
pGreenFire1-mCMV (pTRH1-mCMV-dscGFP-T2A-Fluc;
System Biosciences, Mountain View, CA). The mCMV
sequence was removed from pGreenFire1-mCMV by SpeI
and BamHI digestion, and the 4eCOL2A1 sequence (re-
moved from pUC57-4eCOL2A1 by the same restriction
digests) was ligated into this expression vector. For the re-
sulting reporter construct (pGF-4eCOL2A1; Fig. 1B), co-
pepod green fluorescent protein (copGFP) and firefly
luciferase (fLuc) are coexpressed using the Thosea asigna
virus 2A (T2A) self-cleaving peptide.28 The sequence of
pGF-4eCOL2A1 has been confirmed and the construct de-
posited with Addgene (ID# 97210).

LV generation

Replication-deficient lentivirus (LV.COL2-GF) was gen-
erated using pGF-4eCOL2A1 and a third-generation pack-
aging system from the Didier Trono laboratory.29 Packaging
plasmids pMDLg/pRRE (ID# 12251), pRSV-Rev (ID#
12253), and pMD2.G (ID# 12259) were all acquired from
Addgene. The expression vector and three packaging plas-
mids were cotransfected into 293T cells using TurboFect
reagent (Thermo Fisher Scientific). For each 100-mm dish
containing subconfluent 293T cells (i.e., seeding 2.8 · 106

cells/dish the prior day), 7.5 mg pGF-4eCOL2A1 was com-
bined with 6.5 mg pMDLg/pRRE, 2.5 mg pRSV-Rev, and
3.5 mg pMD2.G in serum-free Dulbecco’s modified Eagle’s
medium (DMEM), and the TurboFect manufacturer’s pro-
tocol was followed. The plasmid/TurboFect mixture (2 mL)
was then added dropwise to each dish of cells in 10 mL fresh
high-glucose DMEM (Gibco) with 10% fetal bovine serum

(FBS; HyClone, Logan, UT) and 1% antibiotic/antimycotic
(Ab/Am) cocktail (Gibco). The next morning, 293T mono-
layers were gently rinsed with phosphate-buffered saline
(PBS; Gibco) to remove excess extracellular plasmid, and
conditioned media were harvested at 48 and 72 h post-
transfection. Media from multiple dishes were pooled at
each collection timepoint, detached cells were removed
from the media by centrifugation at 400 g for 10 min, and
the media were filtered using polyethersulfone 0.45 mm fil-
ters (Whatman) and aliquoted for long-term storage at
-80�C. In addition to LV.COL2-GF, additional control
lentivectors for nonspecific (LV.mCMV-GF) and constitu-
tive (LV.CMV-GF) reporter expression were generated
using System Biosciences vectors pGF1-mCMV and pGF1-
CMV, respectively. Total titers were estimated by detection
of HIV p24 capsid protein in conditioned media lysates
using the Lenti-X p24 Rapid Titer Kit (Clontech). Titers of
1.1–2.5 · 105 pg p24 per milliliter 293T supernatant were
obtained. Viral doses are reported as viral particles (vp) per
cell using a conversion factor of 12,500 vp/pg p24.

MSC isolation and transduction

In accordance with a protocol approved by the local in-
stitutional review board, MSCs were isolated from in-
tramedullary reamings collected from four patients (one
male, three female; ages 71–78) that underwent hip hemi-
arthroplasty. As previously described,30,31 intramedullary
reamings generated using a Reamer Irrigator Aspirator
(Synthes, Paoli, PA) were filtered of osseous particles, and
the saline-diluted filtrate was collected in a sterile vessel.
Stromal cells within the red blood cell-depleted fraction of

FIG. 1. Chondrogenic reporter construct. (A) The chondrogenic promoter sequence, consisting of four repeats of a sox9
binding motif from the first intron of COL2A1 placed upstream of the core COL2A1 promoter. These regulatory sequences
were flanked by restriction sites for SpeI (5¢ end) and BamHI (3¢ end). An NheI site was placed between the four enhancer
repeats and the core COL2A1 promoter, to allow for substitution of either the enhancer or promoter sequences. (B) The
promoter sequence from (A) was subcloned into a third-generation, self-inactivating lentiviral expression plasmid. In the resulting
reporter construct, pGF-4eCOL2A1, copGFP, and firefly luciferase are coexpressed using a T2A sequence. This construct
was used to produce lentivector LV.COL2-GF. copGFP, copepod green fluorescent protein; T2A, Thosea asigna virus 2A.
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this filtrate were isolated by plastic adherence in low-
glucose DMEM supplemented with 10% FBS and 1% Ab/
Am. The lot of FBS used was preselected for enhanced
proliferation and osteochondral differentiation of human
MSCs. Nonadherent cells were removed after 4 days. After
2 weeks in primary culture, adherent colonies were recov-
ered using 0.05% trypsin and 0.5 mM EDTA buffer (In-
vitrogen), and MSCs were further expanded in growth
medium containing 5 ng/mL recombinant human fibroblast
growth factor-2 (PeproTech, Rocky Hill, NJ).32 The im-
munophenotype and multipotency of MSCs isolated using
this approach—including data from some of the same do-
nors used in this study—have been previously reported.31,33

For lentiviral transduction, MSCs were seeded into six-
well plates, and the culture media was replaced with 3 mL/
well growth medium containing 293T supernatants (LV dose
range of 500–10,000 vp/cell, with specific doses detailed in
individual figure legends) and 8mg/mL hexadimethrine
bromide (Polybrene; Sigma). To enhance transduction effi-
ciency, the cells were then ‘‘spinoculated’’ with the virus at
1200 g for 45 min at 32�C.34,35 The media was changed the
following day, and the cells were passaged for pellet culture
within 48–72 h of transduction. For some experiments, 24 h
following lentiviral transduction, MSCs were additionally
transduced with an adenoviral vector encoding human TGF-
b1 (Ad.TGF-b1; 100 vp/cell) as previously described.36,37

Unless stated otherwise, passage 4–6 MSCs were used for
chondrogenesis experiments.

Pellet culture

MSCs were cultured as pellets and induced along the
chondrogenic lineage as previously described.13,22,38 MSCs
were seeded at 2 · 105 cells per well into polypropylene, v-
bottom 96-well plates (Corning). The plates were spun at 400 g
for 5 min, and the supernatant was aspirated and replaced with
chondrogenic medium consisting of high-glucose DMEM
(containing l-glutamine and sodium pyruvate; Corning) with
1% Ab/Am cocktail, 1% ITS+Premix (BD Biosciences), 40mg/
mL l-proline, 50mg/mL ascorbic acid-2-phosphate, and
100 nM dexamethasone (all from Sigma). Subgroups of pellets
received recombinant human growth factors (TGF-b1) and/or
cytokines (IL-1, TNF-a), all from PeproTech, at the concen-
trations specified in the figure legends. Within the first 24 h of
culture, the cells formed free-floating aggregates (Fig. 2A).
Media were changed the next morning and every other day
thereafter. Pellets or pellet-conditioned media were collected at
those timepoints detailed in the figure legends. For pellets
transduced with Ad.TGF-b1, transgene levels in conditioned
media were measured using a human TGF-b1 DuoSet Kit
(R&D Systems).

Luciferase activity

To control for treatment effects on cell viability, lucif-
erase activities from LV.COL2-GF pellets were normalized
by either (i) the activity from pellets transduced in parallel
with LV.CMV-GF and cultured under the same treatment
conditions or (ii) the DNA content of the pellet lysate.

At the timepoints indicated in the figure legends, pellets
were rinsed with PBS. When pellet DNA content was not to
be measured, the pellets were directly transferred to white,
round-bottom 96-well plates (Corning) containing 50mL/

well Glo Lysis buffer (Promega). The well plates were ag-
itated on an orbital plate shaker for 30 min at room tem-
perature to release luciferase from the pellets. Luciferase
activities were determined using the Bright-Glo Luciferase
Assay System (Promega), adding 50 mL of Bright-Glo

FIG. 2. Reporter activity in 4-week MSC pellets. (A) When
seeded into polypropylene 96-well plates, MSCs aggregate into
spherical pellets (200,000 cells). Inset shows individual pellets
the day after seeding, by which time they had detached from the
nonadherent plastic surface. (B) The translucent v-bottom wells
permit noninvasive monitoring of copGFP expression with
time during pellet culture. Representative fluorescence or PhC
micrographs are shown after 4 weeks of culture without TGF-
b1, with 10 ng/mL TGF-b1 alone, or co-stimulation with TGF-
b1 and 1 ng/mL IL-1b (the latter added during the final 14 days
of culture). Scale bar = 1 mm. (C) Top: After fluorescent im-
aging, pellets were lysed and luciferase levels measured. Sig-
nificance notations: d, compared to mCMV-GF; f, compared
to COL2-GF; o, compared to no-TGF control; y, compared to
TGF-b1 alone. Bottom: Additional pellets were incubated in
0.5 mg/mL d-luciferin, and bioluminescence flux was mea-
sured using an IVIS station. The heat map represents radiance
values from 10 to 375 · 106 photons/s/cm2/sr. MSC, mesen-
chymal stem/stromal cell; PhC, phase contrast.

REPORTING MSC CHONDROGENESIS IN VITRO AND IN VIVO 179



substrate to 50 mL of pellet lysate. After 5 min incubation,
luminescence was measured (integration time = 0.8 s/well)
on a Synergy MT microplate reader (BioTek).

For those pellets where DNA content was also to be
measured, each rinsed pellet was transferred to 100mL Glo
Lysis buffer in a 2 mL round bottom, snap cap micro-
centrifuge tube (Qiagen) containing a 5-mm stainless steel
bead (Qiagen). The pellet was then homogenized by shaking
the tube at 25 Hz for 30 s using a TissueLyser II (Qiagen). A
50-mL aliquot of homogenate was transferred to the white,
round bottom plates for luciferase assay, as described above.
The remaining homogenate was used for DNA assay, as
described below.

DNA and glycosaminoglycan content

PBS-rinsed pellets were either homogenized in Glo Lysis
buffer, as described above, or digested overnight at 60�C
using 0.3 mg/mL papain in 50 mM sodium phosphate (pH
6.8), 5 mM EDTA, and 2 mM dithiothreitol (all from Sig-
ma). Pellet DNA content was determined using a Quant-iT
PicoGreen dsDNA Assay Kit (Molecular Probes). Samples
were diluted 10-fold in Tris-EDTA buffer and combined
with an equal volume of PicoGreen dye in Tris-EDTA
buffer within black 96-well plates (Corning). After 5 min,
fluorescence intensities were measured on the Synergy MT
microplate reader. DNA concentrations were determined
from a standard curve of calf thymus DNA.

Papain digests were analyzed for glycosaminoglycan
(GAG) content using the dimethylmethylene blue (DMMB)
dye binding assay.39 Aliquots of pellet digests, serially di-
luted in digest buffer without papain, were combined with
DMMB solution (pH 3), and sample absorbance was mea-
sured at 595 nm. Sample GAG concentrations were inter-
polated from a standard curve of chondroitin sulfate from
bovine trachea (Sigma), and pellet GAG content was nor-
malized by DNA content in the papain digests.

Osteochondral defect model

Animal studies were conducted as preapproved by the
Institutional Animal Care and Use Committee at Beth Israel
Deaconess Medical Center. For implantation and imaging of
human MSCs in vivo, 14-week-old male Fischer-344 rats
were used that received an immune-suppressive cocktail of
3.3 mg/mL FK-506 and 1.7 mg/mL SEW2871 (both from
Cayman Chemicals), to prevent rejection of the xenograft.40

As a modification to this protocol, the cocktail (200mL) was
delivered by a model 2002 ALZET osmotic pump (Durect
Corp.) that releases its reservoir content at a continuous rate
of 0.5mL/h over 14 days, resulting in continuous delivery of
FK-506 (*0.15 mg/kg/day) and SEW2871 (*0.075 mg/kg/
day). The pump was implanted subcutaneously within a
dorsal flank during osteochondral defect generation. These
rats received bilateral osteochondral defects in the patellar
grooves of both knees, based on previously described mod-
els.41,42 After medial arthrotomy and lateral dislocation of the
patella, 1.0 mm defects were made using a sterile biopsy
punch (Robbins Instruments, Chatham, NJ) to a depth of
*1.0 mm. After flushing the defect with saline, MSC pellets
(cultured for either 3 or 28 days) were press fit into each
defect, randomly assigning one knee a COL2-GF pellet and
the other knee a CMV-GF pellet.

Bioluminescence imaging

At days 2, 7, and 14 postimplantation, rats underwent
bioluminescence imaging (BLI) at the Longwood Small
Animal Imaging Facility. Rats were anesthetized with iso-
flurane, the fur over the knee joint capsule was shaved, and
the injection site swabbed with ethanol. Each knee was in-
jected with 50 mL of 0.5 mg/mL d-luciferin (Caliper Life
Sciences, Hopkinton, MA) in PBS (total dose = 25mg/joint)
using an insulin syringe, inserting the needle through the
patellar tendon into the intra-articular space.43 After flexing
and extending the knees several times to help distribute the
luciferin, rats were positioned in an IVIS-50 imaging station
(Caliper Life Sciences) so that the knees faced a charge-
coupled device camera. Five minutes after injection, photon
emissions from both knees were collected for an additional
5 min, after which the rats were returned to their cages to
recover from anesthesia. Bioluminescent signal was super-
imposed over a photograph of the rat, and the flux within a
circular region of interest encircling each knee was quanti-
fied using Living Image software (Caliper Life Sciences). At
day 14, rats were euthanized at least 2 h after in vivo im-
aging. The distal femora with defects were quickly ex-
planted, rinsed in PBS, and bathed in 12-well plates
containing 0.5 mg/mL d-luciferin for 10 min. The plate was
then imaged in the IVIS-50 station, using an exposure time
of 30 s. After imaging, the femora were rinsed again in PBS
and fixed for 2 days with 4% paraformaldehyde (PFA) in
PBS (pH 7.4).

Histology and immunohistochemistry

Pellets were fixed for 30 min with 4% PFA, encapsu-
lated in 0.5% agarose in PBS for better handling, and
then processed for embedding in paraffin. For detection of
proteoglycans in the extracellular matrix, 5-mm sections
through the center of MSC pellets were stained with 1.0%
Toluidine blue. Distal femora explants were decalcified
with 15% EDTA in PBS (pH 7.4) before paraffin embed-
ding. Transverse sections (5 mm) through the center of
osteochondral defects were stained with 1.0% Safranin O,
0.05% Fast Green, and Weigert’s iron hematoxylin (all
dyes from Sigma).44

For immunohistochemistry, endogenous peroxidases were
quenched with 3% hydrogen peroxide for 10 min. Antigen
retrieval for detecting type II collagen was achieved using
0.1% hyaluronidase (Sigma) and 0.1% pronase (Sigma) in
PBS for 30 min at 37�C, while heat-induced epitope re-
trieval in 0.1 M sodium citrate buffer (pH 6) overnight at
60�C was used for detecting human mitochondria. After
blocking with 1% BSA and 10% normal horse serum (Vector
Laboratories, Burlingame, CA) in PBS for 1 h, slides were
incubated overnight (4�C) with 1 mg/mL mouse anti-type II
collagen IgG1 (clone II-II6B3; Developmental Studies
Hybridoma Bank, University of Iowa) or 5 mg/mL mouse
anti-human mitochondria IgG1 (ab92824; Abcam) in
blocking buffer. Antigens were visualized using a VEC-
TASHIELD Elite ABC Kit (Vector Laboratories), using
3,3¢-diaminobenzidine (ImmPACT DAB; Vector Labora-
tories) as the substrate. Immunostained slides were then
rinsed and counterstained with Gill No. 2 hematoxylin
(type II collagen) or 0.5% Methyl Green (human mito-
chondria).
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Statistical analysis

In vitro experiments were repeated at least thrice using
cells from different donors. While the reported trends were
reproduced among all donors, variation in chondrogenic re-
sponse to test factors did not permit pooling of data from
multiple donors. Accordingly, representative data from one
donor are shown in each figure (mean – standard deviation).
For in vitro pellet culture assays, statistical significance be-
tween individual treatment groups (3-5 pellets per group) was
determined by two-tailed unpaired t-tests, while differences
in BLI signal (5-6 knees per group) within the rat model were
determined by Mann–Whitney U test. Within the figures,
statistical significance is denoted for p-values <0.05.

Results

Initial reporter characterization

Lentiviral doses used for MSC transduction were based
on total particle titer, as determined by p24 content of 293T
conditioned media. Because the lentiviral expression con-
structs used here did not include constitutive expression of a
selectable marker, reporter activity represents a subpopula-
tion of MSCs in pellet culture. For initial reporter charac-
terization, a dose of LV.CMV-GF was used that resulted in
>70% of MSCs transduced, as determined by fluorescence
microscopy and flow cytometry (data not shown). Similar
total titers of LV.COL2-GF and LV.mCMV-GF were used
for this initial characterization.

Chondrogenic differentiation of human MSCs was per-
formed using a well-established pellet culture model,22

forming and cultivating pellets within nonadherent, v-bottom
plates (Fig. 2A).38 While these well plates are not amenable
to phase contrast imaging, their translucence allows assess-
ment of copGFP expression during culture using a fluores-
cence microscope. As shown in Figure 2B, MSCs cultured
for 28 days in chondrogenic medium containing 10 ng/mL
TGF-b1 produced larger pellets compared to those cultured
in basal chondrogenic medium. For MSCs transduced with
LV.COL2-GF, TGF-b1 treatment enhanced pellet fluores-
cence captured with a FITC filter, indicative of copGFP
expression. Some background fluorescence was observed in
COL2-GF pellets cultured in no-TGF-b1 medium relative to
similarly-treated mCMV pellets. In contrast, CMV-GF pel-
lets displayed robust GFP fluorescence, regardless of TGF-
b1 supplementation. For each transduction group, some of
the TGF-b1-treated pellets received 1 ng/mL IL-1b during
the last 2 weeks of culture, after MSCs would have com-
mitted to the chondrogenic lineage45,46: this cytokine has
been shown to inhibit reporter activity in human chon-
drocytes transfected with a plasmid containing *4 kb of the
5¢ flanking sequence of COL2A1.47,48 In the presence of IL-
1b, COL2-GF pellets displayed reduced fluorescence com-
pared to TGF-b1 alone; in contrast, IL-1b did not alter
visibly the fluorescence of CMV-GF pellets.

After evaluating GFP expression, some pellets were
placed in lysis buffer with agitation to release fLuc, and
luciferase activity was measured by commercial assay. As
shown in Figure 2C, quantitative measures of luciferase
activity reflected the qualitative trends in copGFP fluores-
cence. In basal chondrogenic medium, COL2-GF reporter
levels were significantly higher than in mCMV-GF pellets

but lower than in CMV-GF pellets. Addition of TGF-b1 to the
differentiation medium increased total luciferase activity for
COL2-GF pellets by more than 100-fold at the day 28 endpoint.
When IL-1b was added over the final 14 days, COL2-GF ac-
tivity was about 10-fold lower than in TGF-b1-only pellets,
whereas CMV-GF levels were not significantly altered.

A final set of pellets were incubated in 0.5 mg/mL
d-luciferin and then imaged on an IVIS bioluminescence
station. Bioluminescence signal was readily detected, par-
ticularly from COL2-GF and CMV-GF pellets, with trends
in flux similar to that shown for the destructive luciferase
assay and GFP fluorescence.

Transgene silencing of the CMV promoter has been re-
ported with extended culture following stable transgene in-
tegration.49,50 To assess the stability of reporter activity with
passage, transduced MSCs were cultured for up to 12 total
passages—well beyond the passage in which they are typi-
cally used for study—then cultured as pellets for 28 days with
TGF-b1 and/or IL-1b. Pellet reporter levels were generally
stable over several passages, as was the inhibition of COL2-
GF levels by IL-1b. For the MSCs shown in Supplementary
Figure S1, COL2-GF but not CMV-GF luciferase activity
decreased at passage 12, such that the ratio of COL2:CMV
levels was significantly reduced (Supplementary Fig. S1D).

Detailed in vitro characterization

The influence of lentiviral dose on luciferase activity and
chondrogenic induction was examined. Detectable COL2-GF
luciferase activity was measured at day 28 using viral doses
as low as 500 vp/cell (Fig. 3A). As expected, LV.CMV-GF
transduction at the same approximate dose as LV.COL2-GF
produced significantly higher luciferase activity. When nor-
malized by DNA content, COL2-fLuc activity increased
viral dose dependently up to 5000 vp/cell, but did not in-
crease further at 10,000 vp/cell. To assess relative chon-
drogenic induction, GAG and DNA levels were measured in
additional pellets made from the same transduction batches.
GAG content was significantly reduced at 5000 and 10,000
vp/cell LV.COL2-GF compared to lower doses (Fig. 3B).
These quantitative changes were associated with slightly
smaller pellets that displayed reduced proteoglycan staining
by Toluidine Blue (Fig. 3D). DNA content was also reduced
with more than 2500 vp/cell LV.COL2-GF (Fig. 3C). At
lower virus doses, DNA levels were not significantly dif-
ferent between COL2-GF and CMV-GF pellets.

The time course of chondrogenic gene expression for
human MSC pellets induced by TGF-b is well estab-
lished.45,46 Because COL2A1 is a highly specific marker of
chondrogenic commitment, the 4eCOL2A1 promoter (Fig. 1)
was predicted to be time-dependently activated for MSC
pellets cultured in the presence of TGF-b1. To test this
prediction, pellets were analyzed at multiple timepoints dur-
ing the course of pellet maturation (Fig. 4). To better ex-
amine the pellets under fluorescence microscopy, they were
briefly transferred to 48-well plates for GFP imaging
(Fig. 4A). Little signal was observed throughout the 4-week
culture period in COL2-GF pellets cultured without TGF-b1.
In the presence of 10 ng/mL TGF-b1, by day 4 there was a
significant increase in COL2-GF reporter levels; these levels
further increased between weeks 1 and 2 after TGF-b1 in-
duction. In contrast, CMV-GF levels were initially strong
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but declined with time in pellet culture, both in the presence
or absence of TGF-b1. This general decline can be partly
explained by the overall decline in pellet cell number with
time (data not shown), as observed previously with TGF-b1-
treated human MSC pellets.46,51 Of note, CMV-GF levels
were uniformly increased in the presence of TGF-b1, which
is partly explained by increased pellet cell number in the
presence of TGF-b1 stimulation (data not shown). Total
luciferase activities (Fig. 4B) reflected observed trends in
GFP fluorescence (Fig. 4A). A slight reduction in COL2-GF
activity was measured between weeks 2 and 4 in the pres-
ence of TGF-b1: while this reduction might be explained by
declining pellet cell number, it is also possible that SOX9

activity declined as MSC-derived chondrocytes underwent
hypertrophic maturation.22,52 When luciferase levels were
reported as fold inductions over no-TGF-b1 controls, it
became apparent that the induction of CMV-GF by TGF-b1
treatment (*5-fold) was not time dependent, while induc-
tion of COL2-GF increased to about 25-fold by 2 weeks of
culture and remained steady thereafter (Fig. 4C). The ratio
of COL2-GF to CMV-GF reporter levels sharply increased
with TGF-b1 stimulation after the first week of culture,
continuing to increase throughout the culture period studied
(Fig. 4D). This ratio also significantly increased for no-
TGF-b1 cultures—although it remained substantially lower
than for TGF-stimulated cultures.

FIG. 3. Lentiviral dose response. (A) Luciferase activities, normalized by DNA content, of 4 week pellets are shown for
MSCs transduced with variable doses of LV.COL2-GF or LV.CMV-GF. (B, C) Total GAG and DNA contents (mg/pellet) of
additional pellets for the dose groups tested in (A). Significance notations: d, compared to 0 vp/cell; f, compared to 625 vp/
cell; o, compared to 1250 vp/cell; y, compared to 2500 vp/cell; *, compared to 625 vp/cell COL2-GF; {, compared to 625
vp/cell CMV-GF. (D) Toluidine Blue staining of sections from representative pellets for select test doses shown in (A–C).
Scale bars = 500 mm. GAG, glycosaminoglycan; vp, viral particles.
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The induction of human MSC chondrogenesis by TGF-b1
is dose dependent. To determine whether the COL2-GF
reporter would reflect this TGF-b1 dose response, trans-
duced pellets were cultured for 4 weeks with various doses
of TGF and then harvested for either luciferase or GAG/
DNA measurements (Fig. 5A, B). Both luciferase activity
and GAG content were enhanced by TGF-b1 concentrations
of 2.5 ng/mL, but not 1.25 ng/mL; both measures dose-
dependently increased with TGF-b1 concentrations up to
10 ng/mL. At the day 28 endpoint, there was a significant
linear correlation (R2 = 0.92; p = 0.010) between COL2-GF
activity and GAG/DNA content (Fig. 5C).

Evaluation of in vivo reporting

In addition to monitoring chondrogenesis in vitro, the
selection of luciferase as a reporter gene presents the op-

portunity to monitor chondrogenesis noninvasively in rodents
using BLI. One preclinical model for evaluating treatment
strategies for promoting chondrogenesis in vivo is the rat
osteochondral defect model.53 To determine whether a
LV.COL2-GF dose shown not to interfere with chon-
drogenesis (Fig. 3) was sufficient for noninvasive detection
by BLI, MSCs were transduced with 1250 vp/cell LV.COL2-
GF or LV.CMV-GF. To stimulate chondrogenesis both be-
fore and after pellet implantation into defects, MSCs were
additionally transduced with an adenoviral vector encoding
human TGF-b1.36 The cells were then formed into pellets
and cultured for either 3 (undifferentiated) or 28 (pre-
differentiated) days (Fig. 6A). On the day of their implanta-
tion, pellets were imaged for GFP expression by fluorescence
microscopy, confirming the activation of COL2-GF reporter
activity in predifferentiated but not undifferentiated pellets.
Pellets were then implanted into 1-mm defects made in the

FIG. 4. Time course of reporter activity
during pellet culture. (A) During culture,
pellets were periodically transferred to 48-
well culture plates (for more clear imaging
compared to their home v-bottom plates).
Fluorescence micrographs are shown next to
the pellet silhouette captured by phase
contrast imaging. Scale bar = 1 mm. (B)
Luciferase activities were measured in lysed
pellets collected at multiple timepoints dur-
ing pellet culture. Significance notations: *,
compared to no-TGF condition; d, compared
to day 4; f, compared to day 8; o, compared
to day 14. (C) Fold increases in luciferase
activity for TGF-b1-treated pellets over no-
TGF controls are shown for each reporter
vector at different pellet culture timepoints.
Significance notations: *, compared to
CMV-GF; d, compared to day 4. (D)
COL2:CMV luciferase activity ratios are
shown as a function of time. Significance
notations: *, compared to no-TGF control; d,
compared to day 4; f, compared to day 8; o,
compared to day 14.
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patellar groove of immune-compromised rats (Fig. 6B, left),
implanting one CMV-GF and one COL2-GF pellet into the
contralateral knees of each animal.

BLI was performed on the rats at days 2, 7, and 14 after
defect implantation (Fig. 6B). Signal from CMV-GF knees
was initially much stronger than for COL2-GF knees, re-
gardless of differentiation status; this corresponded with
much stronger GFP expression at the time of implantation

(Fig. 6A). Unlike with preimplantation expression, however,
at day 2 there was not a significant difference in COL2-GF
signal between predifferentiated and undifferentiated pellets
(Fig. 6E). From day 2 to 7, there was a trend toward in-
creased COL2-GF signal from predifferentiated pellets,
while there was no change in undifferentiated pellets. Dur-
ing this time there was a trend toward decreased signal in
CMV-GF knees for both predifferentiated and undifferen-
tiated pellets (Fig. 6E). From day 7 to 14, there was a trend
toward decreased COL2-GF signal for both differentiation
groups and significant decreases in CMV-GF signal for both
groups. At day 14, the distal femora with patellar defects
were removed from the rats, and those explants underwent
BLI for more sensitive measurement of reporter activity
(Fig. 6C). Specific signal was detected in nearly all explants,
including those from COL2-GF knees that did not yield
signal when measured noninvasively just hours earlier. The
ratios of COL2-GF to CMV-GF signal were calculated for
pellets immediately before implantation, during noninvasive
BLI, and for distal femur explants (Fig. 6F). A significant
decrease in the ratio of COL2:CMV activities was observed
for day 2 BLI compared to pellets just before implantation.
This ratio significantly increased by day 7 compared to day
2. There was a further increase by day 14 that was not
significantly different from day 7. While the ratio for day 14
explants was lower compared with knees measured non-
invasively the same day, this difference was not statistically
significant ( p = 0.15).

After imaging, the distal femora were sectioned in the
transverse plane for assessment of the repair tissue at the day
14 endpoint (Fig. 6D). Safranin O/Fast Green staining
revealed low GAG content within defects implanted with
either undifferentiated or predifferentiated pellets: repair
tissue stained with less intensity than intact articular carti-
lage proximal to the defect. In contrast, immunostaining for
type II collagen was stronger in those defects implanted with
predifferentiated pellets. Type II collagen immunostaining
generally correlated with the higher COL2-GF signal for
predifferentiated pellets and was focused within the core of
the defect, suggesting that it was of donor cell origin. This
was confirmed by colocalized immunostaining for human
mitochondria (Fig. 6D). Significant numbers of donor cells
were present in both defect groups at the endpoint. In two
knees, type II collagen immunostaining was associated with
calcified cartilage or bone throughout the full depth of repair
tissue (Supplementary Fig. S2A), suggesting the pre-
differentiated pellet implant stimulated endochondral bone
formation. For the defect that was implanted with a COL2-
GF pellet, there was no luminescent signal from the femoral
explant (Supplementary Fig. S2B).

Because there is an acute inflammatory response to the type
of injury induced by an osteochondral defect, it is possible that
pro-inflammatory cytokines upregulated during the first week
after pellet implantation dampened MSC chondrogenesis—
even in the presence of local TGF-b1 overexpression. To
determine the influence of pro-inflammatory cytokine chal-
lenge on TGF-b1-overexpressing MSCs, additional cells were
genetically modified as done for the rat study and placed in
pellet culture. The adenoviral vector used encodes for latent
human TGF-b1, such that most of the secreted transgene in
the conditioned media were in latent form; activated TGF-b1
levels between 2 and 8 ng/mL were measured throughout the

FIG. 5. TGF-b1 dose response. (A) Fold increases in lu-
ciferase activity for TGF-treated pellets over no-TGF-b1
controls are shown as a function of TGF-b1 dose given
throughout the 4-week culture. (B) GAG content, normal-
ized by DNA content, is shown for the same TGF-b1 doses
tested in (A). Significance notations: d, compared to 0 ng/
mL; f, compared to 1.25 ng/mL; o, compared to 2.5 ng/mL;
y, compared to 5 ng/mL. (C) For the doses tested in (A, B),
luciferase reporter activities are plotted versus GAG per
DNA levels. Regression analysis was performed to test for a
linear relationship (dotted trend line; R2 = 0.92; p = 0.010)
between luciferase activity and GAG content.
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FIG. 6. Bioluminescence imaging of MSC pellets within rat osteochondral defects. (A) MSCs were transduced with
LV.COL2-GF or LV.CMV-GF followed by Ad.TGF-b1 and cultured as pellets for either 3 (undifferentiated) or 28 days
(predifferentiated). Right: On the day of implantation, representative pellets were imaged by fluorescence microscopy for
copGFP expression. Scale bar = 1 mm. (B) Pellets were implanted into 1-mm osteochondral defects made in the patellar groove
of immune-compromised rats (left). Luciferase expression in the defects was imaged noninvasively using bioluminescence
imaging at days 2, 7, and 14 after pellet implantation. The heat map represents a radiance range of 2–20 · 104 photons/s/cm2/sr.
(C) After noninvasive imaging, the distal femora were removed and imaged in a bath of luciferin substrate. The heat map
represents a radiance range from 5 to 500 · 104 photons/s/cm2/sr. (D) Histology/immunohistochemistry of day 14 defects.
Transverse sections were either stained with Safranin O/Fast Green or immunostained for human mitochondria or type II
collagen. All scale bars = 500mm. (E) Luminescent flux measurements (5-6 knees/group; mean – standard error of the mean)
from defects implanted within either COL2-GF or CMV-GF reporter cells. (F) COL2:CMV activity ratios are shown for
predifferentiated pellets on the day of implantation (Implant), during noninvasive imaging of knees at days 2–14, or for imaging
of day 14 explants (Explant). Significance notations: d, compared to day 2; f, compared to day 7; *, compared to implant.
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duration of culture (Fig. 7A). Similar to the prior experiments
using recombinant TGF-b1 (Supplementary Fig. S1A), in the
presence of TGF-b1 overexpression, IL-1b reduced both
pellet size and GAG content compared to no-cytokine con-
trols. TNF-a also reduced pellet size and GAG content, but
not to the same extent as IL-1b (Fig. 7B, C). Both cyto-
kines reduced total COL2-GF and CMV-GF reporter levels
compared to no-cytokine controls. However, the degree of
reduction in total luciferase activity was greater for the
COL2-GF reporter. TNF-a led to a greater reduction in
total CMV-GF activity than did IL-1b (Fig. 7D). To ac-
count for differences in day 28 pellet cell numbers with
treatment, luciferase activity was normalized by pellet
DNA content; while normalized COL2-GF activity was
reduced by both cytokines, CMV-GF activity per cell was
slightly increased in the presence of IL-1b but not TNF-a
(Fig. 7E). The ratio of COL2:CMV activities was reduced
more by IL-1b than TNF-a (Fig. 7F)—similar to the trends
in GAG/DNA content (Fig. 7C).

Discussion

The goal of this study was to characterize a chondrogenesis-
responsive promoter that can be combined with different
molecular reporter constructs to provide a toolset for the
skeletal tissue engineering and regenerative medicine

(TERM) community. A challenge to the evaluation of
chondrogenic inductive strategies for MSCs and other can-
didate cell involves the time required to get feedback on cell
differentiation and matrix deposition. Specific markers of
chondrogenic gene expression, such as COL2A1, are not
upregulated until several days after MSC induction.45,46

Analysis of gene expression can take one or more additional
days. The promoter described in this study, which is sensi-
tive to activation by the master chondrogenic transcription
factor SOX9, resulted in specific induction of copGFP and
fLuc within a few days after TGF-b stimulation of human
MSC pellets. Both reporters can be measured nondestruc-
tively within minutes or, upon cell lysis, more quantitatively
within an hour. Luciferase levels can also be measured
nondestructively for those investigators with access to a BLI
platform. Consequently, this approach can provide rapid
feedback on the efficiency of test regimens, allowing earlier
initiation of follow-up tests while waiting on detailed mo-
lecular analysis of tissue constructs. When used with animal
models of defect repair, the reporter can provide noninva-
sive insights into repair activity by donor cells, com-
plementing destructive endpoint measures.

Because type II collagen expression is specific to chon-
drocytes within the appendicular skeleton, various promoter
and/or enhancer elements from COL2A1 have been uti-
lized for reporting chondrogenesis both in vitro and in vivo.

FIG. 7. COL2 reporter inhibition in the presence of pro-inflammatory cytokines. (A) MSC pellets were modified to
overexpress the latent form of TGF-b1. ELISA of pellet-conditioned media demonstrated that a fraction of the expressed
TGF-b1 was converted to the active form, resulting in about 5–10 ng/mL/24 h active TGF-b1 during the culture period. (B)
Images of MSC pellets after 4 weeks of TGF-b1 overexpression without cytokines or in the continuous presence of 1 ng/mL
IL-1b or 5 ng/mL TNF-a. (C) GAG content, normalized by DNA content, for the same groups shown in (B). (D) Total
luciferase activities (RLU/s) for pellets from COL2-GF or CMV-GF reporter cells. (E) Luciferase activities normalized to
pellet DNA content. (F) COL2:CMV activity ratios are shown for the groups shown in (D, E). Significance notations: d,
compared to TGF-b1 alone; f, compared to IL-1b1.
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Col2-GFP transgenic mice were generated nearly 20 years
ago, demonstrating specificity in cells of the chondrocyte
lineage54; more recently, Diekman et al. derived iPSCs from
these mice and used GFP expression to purify iPSC sub-
populations that had been predifferentiated successfully into
chondroprogenitor cells.55 Many of the reporter vectors that
have been used in vitro were derived from those plasmids
used to work out control of COL2A1 expression by SOX9
and other transcriptional regulators.7,8,47 Oberbauer et al.
used a 600-bp sequence of the proximal COL2A1 promoter
without enhancer elements in a plasmid encoding Metridia
secreted luciferase, providing a rapid screening approach for
relatively chondrogenic populations of human adipose-
derived stem cells (ADSCs).56 The authors were able to
identify donor samples with enhanced chondrogenic poten-
tial within 3 days of inducing differentiation in vitro. The
specific promoter design used in this study, consisting of 4
repeats of a conserved enhancer sequence (containing a
SOX9 binding motif) placed upstream of a relatively short
sequence encompassing the COL2A1 basal promoter, was
first validated in transfected ATDC5 cells, a murine chon-
droprogenitor line, using fLuc and red fluorescent protein
reporters.26 The present study indicates similar reporter
activation in human cells.

Chondrogenesis-responsive promoters have also been
used with lentiviral reporter vectors for characterizing
the chondrogenic activity of human iPSCs, ADSCs, and
bone marrow-derived MSCs.17,19,25 Due to differences in
promoter sequence, cell source, and protocols for isolation,
culture, and lentiviral transduction, a direct comparison
cannot be made with those previously described promoters.
The lentiviral construct described in this study is the first
to combine COL2A1 enhancer repeats with the basal pro-
moter, potentially balancing signal strength (from multiple
enhancer repeats) with responsiveness to endogenous tran-
scriptional regulators that act on the core COL2A1 pro-
moter.27,47,48 The relative induction of luciferase activity
shown above suggests a specific and sensitive option for
reporting chondrogenic activity by stem/progenitor cells
with promise for cartilage TERM. Importantly, the con-
structs described in this study have been fully sequenced and
deposited with the nonprofit Addgene for immediate use by
the research community. In addition to primary human
chondroprogenitors, the 4eCOL2A1 promoter can likely be
used with other mammalian cells of relevance for preclinical
evaluation. For example, similar COL2-GF activity has been
observed for equine MSCs differentiated in pellet culture.57

Because a very similar sequence was used successfully in
murine ATDC5 cells,26 it is likely that the 4eCOL2A1
promoter can also be used with cells of rodent origin;
however, to date this has not been explicitly tested.

The chondrogenic potential of human MSCs was de-
scribed 20 years ago.21,22 Since that time, they have been
tested extensively as a cell source for bone and cartilage
tissue engineering.9,10 However, MSCs cultured under
chondrogenic differentiation conditions in vitro tend to
terminally differentiate into hypertrophic chondrocytes, as
opposed to forming stable articular chondrocytes.58,59 This
cell fate is associated with the ossification of MSC-derived
cartilage after implantation in vivo.52 Until strategies for
preventing this differentiation pathway in MSCs can be
identified, other chondroprogenitor cell populations may be

more suitable for the repair of articular cartilage. Instead,
MSCs may be more effective in directing endochondral
bone repair, through the formation of callus-like cartilage
tissue within bone defects.60 Recent evidence has supported
this possibility, demonstrating that conditions which pro-
mote hypertrophic maturation of MSC-derived chon-
drocytes21,61 can produce tissue constructs that act as a
template for the formation of bone de novo at ectopic and
orthotopic implantation sites.62,63 The osteochondral defect
study reported here shows that TGF-b1-overexpressing,
predifferentiated MSC pellets stimulated boney remodeling
in the osseous phase of the osteochondral defect; in one
case, calcified cartilage and bone were present in the full
depth of the repair tissue by 2 weeks postimplantation
(Supplementary Fig. S2).

Acute and chronic inflammation is detrimental to chon-
drogenesis. Pro-inflammatory cytokines and other toll-like
receptor (TLR) ligands associated with osteoarthritis, rheu-
matoid arthritis, or defect infection are known to potently
inhibit not only the anabolic activity of chondrocytes64 but
also chondrogenesis of MSCs and other chondroprogenitor
cells.12,13,65–67 The present study supports these past find-
ings by demonstrating the potent inhibition of COL2-GF
reporter activity in vitro for MSC pellets cultured in the
presence of IL-1b or TNF-a (Figs. 2 and 7). Both cytokines
are known to be upregulated during the acute inflammation
phase following a joint injury or following surgical inter-
vention associated with articular cartilage and bone defect
repair.68 Pro-inflammatory cytokine challenge may explain
the transient downregulation in bioluminescent signal dur-
ing the first week after COL2-GF pellet implantation into
rat osteochondral defects (Fig. 6F). Moreover, cytokine-
mediated GAG loss may explain the weak Safranin O
staining within defects that received predifferentiated pel-
lets, despite the residual pellets still staining for type II
collagen (Fig. 6D). This apparent discrepancy is consistent
with a prior study demonstrating GAG loss that preceded
collagen loss by nearly 2 weeks in bovine cartilage stimu-
lated with IL-1 in vitro.69 Early dampening of chondrogenic
activity may prevent or delay articular cartilage or bone
defect repair. These data support the delivery of anti-
inflammatory factors during the period when a pro-
inflammatory challenge would be expected; indeed, previous
studies have showed efficacy for anti-cytokine treatment to
promote chondrogenesis of MSCs in tissue constructs.70,71

Additional work is required to test whether such therapies
would improve MSC-based cartilage formation in vivo.

The methodology reported in this study has limitations
that can be addressed in future study. The expression vector
chosen as a test case, while coexpressing fluorescent and
luminescent reporters under control of the same promoter,
does not include constitutive expression of a selectable
marker for enriching transduced cells; consequently, not all
of the pellet MSCs were represented in reporter assays.
Moreover, by not controlling for variability in transgene
copy number, this approach did not allow for an assessment
of heterogeneity in reporter activity among individual
MSCs. To overcome these limitations, the 407 kb 4eCO-
L2A1 promoter can be inserted into alternative constructs
that incorporate selectable markers.57 A related limitation to
this approach is that it is likely more adaptable to studying
culture-expanded cells than minimally-manipulated cells
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(i.e., without culture expansion) that are also being exam-
ined for tissue repair, such as bone marrow concentrate72 or
the stromal vascular fraction of adipose tissue.73 Finally, the
use of an immune-compromised rat may have limited the
physiological relevance of the defect microenvironment on
chondrogenic activity by implanted MSCs. The results
shown in Figure 6 should be validated using syngeneic re-
porter cells, such as MSCs derived from a COL2-fLuc
transgenic rat; however, no such rat model currently exists.
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