
Allogeneic Murine Mesenchymal Stem Cells:
Migration to Inflamed Joints In Vivo and Amelioration

of Collagen Induced Arthritis When Transduced
to Express CTLA4Ig

Catherine Sullivan,1 Frank Barry,1 Thomas Ritter,1 Cathal O’Flatharta,1 Linda Howard,1

Georgina Shaw,1 Ignacio Anegon,2 and Mary Murphy1

Despite the immunosuppressive, homing, and regenerative capabilities of mesenchymal stem cells (MSCs), their
ability to migrate to arthritic joints and influence the course of arthritis in vivo remains poorly understood. The
objective of this study was to determine if allogeneic MSCs migrate to inflamed joints in vivo and to determine if
MSCs expressing the costimulation blocker cytotoxic T lymphocyte associated antigen-4 coupled to immuno-
globulin-G (CTLA4Ig) could be used to ameliorate collagen induced arthritis (CIA). The migration of systemi-
cally delivered inbred mouse strain (FVB) MSCs to migrate to inflamed joints in CIA was studied using real-time
quantitative polymerase chain reaction. Furthermore, the effect of BALB/c MSCs modified with an adenoviral
vector to express CTLA4Ig, on T cell function in vitro and on CIA in vivo was assessed. After systemic delivery
of FVB MSCs, eGFP DNA was detectable in the joints of mice with CIA confirming that some MSCs had reached
to inflamed joints. BALB/c MSCs suppressed the secretion of both TNFa and IFNg, and reduced the ratio of
Th1:Th2 cytokine expression, by DBA/1 T cells in vitro irrespective of viral modification. The expression of
CTLA4Ig did not augment this effect. Despite a worsening of disease scores after infusion of BALB/c MSCs
in vivo, BALB/c MSCs expressing CTLA4Ig significantly delayed the onset of inflammatory arthritis in CIA.
These data demonstrate that allogeneic MSCs can migrate to the inflamed joints of CIA in vivo and that
genetically modified allogeneic MSCs may be considered for development of gene therapy strategies for in-
flammatory arthritis

Introduction

Rheumatoid arthritis (RA) is an inflammatory joint
disease with the synovium as the principle site of pa-

thology. Inflammation is facilitated by a complex network of
cytokines, predominantly TNFa, IFNg, and IL-17, mediated
by macrophage, B lymphocyte, and T lymphocyte activation
[1,2]. Strategies used to treat RA now include biologic thera-
pies, which target TNFa, B cells, T cells, and IL-6 [3–6]. Despite
recent advances, a proportion of patients remain refractory to
treatment and the need for new targeted therapies remains.

Mesenchymal stem cells (MSCs) have the potential to
modulate T cell mediated immune responses, as well as fa-
cilitate repair and regeneration of injured tissues [7,8]. As
MHC II and costimulatory molecules are not expressed on
MSCs it is hypothesized that allogeneic MSCs may be of use
in the treatment of inflammatory conditions, such as RA [9–

11]. Furthermore, evidence suggests that MSCs may prefer-
entially migrate to sites of tissue injury, such as bone frac-
tures and metastatic disease in vivo [12,13]. Despite this, it
has not been consistently demonstrated that MSCs have a
therapeutic role in murine models of inflammatory arthritis.
MSCs have been reported to ameliorate disease in some
studies [14–17], while in other reports there is either no effect,
or indeed a deleterious effect, on disease progression [18–22].
There is evidence to suggest that the inflammatory milieu of
arthritis may impact on the immunosuppressive functions of
MSCs in mouse collagen induced arthritis (CIA) model, rat
adjuvant induced arthritis (AIA), and spontaneous severe
erosive arthritis (SSEA) in K/BxN mice [18,23]. In SSEA and
AIA, the genetic background of the MSC did not appear to
affect in vivo function, while in the more commonly used
CIA model allogeneic MSCs significantly exacerbated dis-
ease progression [18,23]. Despite these conflicting results,
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MSCs have been used successfully as vehicles for delivery of
gene therapy in experimental CIA, with successful disease
suppression using transforming growth factor b and Il-10
transduced syngeneic MSCs [22,24]. Taking these gene
therapy results, together with the finding that abrogation of
the inflammatory milieu with a protease inhibitor facilitated
suppression of AIA and SSEA with allogeneic MSCs [23], we
sought to determine if these cells expressing the T cell cost-
imulation blocker cytotoxic T lymphocyte associated anti-
gen-4 coupled to immunoglobulin-G (CTLA4Ig) would
suppress disease activity in CIA when delivered in early
disease. CTLA4 is a homologue of CD28, which binds com-
petitively to the B7 complex on antigen presenting cells
thereby preventing the costimulation of activated T cells and
resulting in T cell anergy [25]. MSCs do not express the B7
complex and indeed can prevent the proliferation of T cells
stimulated via the CD28 pathway [26]. In addition to this,
MSCs inhibit the proliferation of CD4 + and CD8 + T cells
with reduced expression of activation markers [9,27] and can
mediate decreased Th2 cell production of IFNg [28,29]. Ta-
ken together, MSCs and CTLA4Ig may work synergistically
to abrogate the inflammatory cascade mediated by the T cells
which populate the inflamed synovium.

The use of modified MSCs to ameliorate disease has been
studied in both models of arthritis and malignancy [30–32].
To date, syngeneic MSCs have been successfully used to
deliver either IL-10 or TGFb to DBA/1 mice with CIA
[22,24]. The use of allogeneic cells would increase the po-
tential use of this therapy and therefore, the use of MHC
mismatched MSCs [18] was used to determine migration to
the joint in vivo and the impact of allogeneic MSCs secreting
CTLA4Ig on disease progression in CIA in DBA/1 mice.
CTLA4Ig is currently licensed for clinical use in RA and
MSCs expressing CTLA4Ig have been shown to be of ther-
apeutic benefit in animal models of graft versus host disease
[33] and autoimmune thyroiditis [34]. The cotransfection of
MSCs may also be used to facilitate other gene therapy
strategies. MSCs transduced to express BMP2 with an ade-
noviral construct had been shown to stimulate osteogenesis;
however, effects were limited by immune reactions against
the viral construct. Cotransfection of MSCs with adenoviral
vectors expressing CTLA4Ig and BMP2 resulted in stimula-
tion of osteogenesis in vitro with a blunting of the immune
response against the adenoviral vector demonstrated in
mixed lymphocyte reactions [35].

Materials and Methods

MSC isolation and characterization

Bone marrow MSCs were isolated from 8–10 week old
BALB/c (Harlan Labs.) and FVB.Cg-Tg(GFPU)5Nagy/J
(FVB-GFP); ( Jackson Labs.) mice [18]. Briefly, cells from two
femurs were removed by centrifugation and cultured in a T-
175 flask under standard culture conditions. After formation
of colonies, cells were replated in complete expansion me-
dium (CEM; Iscove’s modified eagle’s medium, 9% horse
and 9% fetal bovine serum, 1% penicillin and streptomycin,
1% L-glutamine) at a density of 50 cells/cm2 and subse-
quently at 4,500 cells/cm2. Cell surface antigens CD73,
CD34, CD31, Sca1, CD105, CD44, and CD31, were assessed
by flow cytometry as previously described [18].

Differentiation of MSCs

Adipogenesis, osteogenesis, and chondrogenesis were in-
duced in murine MSCs [18]. Adipogenesis was demonstrated
by staining of lipid vacuoles with Oil Red O. In osteogenic
cultures, calcium content was quantified using the Calcium
Liquicolour Kit (StanBio, Texas USA) and von Kossa staining
was used to demonstrate Calcium deposition. MSCs were
incubated in 3% silver nitrate solution in the dark for 10 min
before rinsing with deionised water three times. The last
rinse was left on the cells and they were exposed to bright
warm light for 15 min. Cells were rinsed again and photo-
graphed on an Olympus IX71 inverted microscope camera
utilising CellIP imaging software (Olympus). A silver black
color confirmed the presence of calcium deposits. Chon-
drogenesis assays were carried out using a pellet culture
system. After digestion with papain, the dimethymethylene
blue assay was used to demonstrate glycosaminoglycan
(GAG) content, while formalin fixed pellets were sectioned
and stained for GAG with toluidine blue.

MSC viral transduction

Optimization of viral transduction was carried out using
first generation E1/E3-deleted type V adenovirus encoding
green fluorescent protein under a cytomegalovirus promoter
(AdGFP) [36]. Cells were plated at 5 · 104 cells per well in a
12-well plate in CEM and allowed to adhere for 24 h after
which medium was removed and 300mL of CEM containing
AdGFP was added to appropriate wells. In initial experi-
ments, virus was added to the cells at a multiplicity of in-
fection (MOI) of 1,000, 500, or 100. Control wells had 300mL
of CEM alone added. Cells were either incubated at 37�C and
5% CO2 for 90 min or centrifuged at 2,000 g at 37�C for
90 min. After this, medium was replaced with 2 mL CEM.
Cells were incubated for 48 h at 37�C, 5% CO2 before
washing with phosphate buffered saline (PBS) and trypsini-
sation. Cells were stained with 7-aminoactinomycin D (7-
AAD) to identify dead cells and fixed in paraformaldehyde.
Both 7-AAD and GFP expression were analyzed on a Guava
Flow Cytometer using eXpress Plus� software and GFP
transduction was recorded as the percentage GFP expression
in the cell population.

Using the centrifugation method described above, MSCs
were transduced with a type V adenovirus expressing
CTLA4Ig (AdCTLA4Ig) [37] at MOI 500. Medium (500 mL)
was collected every 24 h for 15 days from transduced and
control wells. After each collection, the medium was re-
placed with fresh CEM. An ELISA for human IgG (Ser-
azym�Human IgG; Seramun Diagnostica GmbH) was
performed on the stored supernatants according to the
manufacturer’s instructions. Absorbance was read at 450 nm
using Wallac� workstation software.

In vitro T cell stimulation studies

Submandibular lymph nodes and spleen were recovered
from DBA/1 mice and shredded before passing through a
70 mm mesh to form a single cell suspension. CD4 + T cells
were isolated and stimulated with anti-CD3/anti-CD28
beads as previously described [18]. Briefly, CD4 Dynabeads
(Miltenyi Biotech) were used to positively select CD4 + cells
on an octoMACS separator (Miltenyi Biotech). T cells were
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activated with beads at a 1:1 ratio for 24 h and subsequently
plated with adherent BALB/c MSCs at either a 1:10 or 1:1
ratio (ratio of MSC:T cells). MSCs were either untransduced
or transduced with an Adnull vector or AdCTLA4Ig as de-
scribed. Control wells included MSC cultures alone and
unstimulated CD4 + T cells. Culture supernatants were col-
lected at 24 and 72 h and stored at - 20�C. The concentration
of cytokines in the supernatants was determined using
eBioscience� Mouse Th1/Th2 and Mouse TNFa Ready-SET-
Go! ELISA as per the manufacturer’s instructions.

Collagen induced arthritis

Approval from the local Institutional Animal Care and
Use Committee was provided for all animal work and mice
were housed in groups of two to three at room temperature
and with a ready supply of food and water. Inflammatory
arthritis was induced in male DBA/1 mice aged 7–9 weeks
as described [18]. Briefly, mice were immunized with an
intradermal injection of bovine type II collagen (50mL; MD
BioSciences) emulsified in complete (Freund’s adjuvant
(50 mL; MD Biosciences). This was followed by a booster in-
jection of type II collagen in incomplete Freund’s adjuvant
(MD Biosciences) after 21 days. For homing experiments,
1 · 106 passage 5 FVB-GFP MSCs in 100 mL PBS were deliv-
ered intravenously (iv) on day 21 or 32 allowing quantifi-
cation of the MSCs by quantitative real-time–polymerase
chain reaction (qRT-PCR). In subsequent experiments, ap-
propriate groups had 100mL of PBS containing 1 · 105 MSCs,
MSCs Adnull or MSCs AdCTLA4Ig injected into the lateral
tail vein at the time of booster immunization. Control groups
received PBS only and all cells were used within 30 min of
harvesting. The clinically approved human drug CTLA4Ig
(Abatacept; Bristol Myers Squibb) was delivered intraperi-
toneally (ip) as a positive treatment control; five doses at 72 h
intervals, starting on day 21, were administered to the ani-
mals. A clinical score was based on swelling across the me-
tatarsophalangeal joints (measured using a digital caliper)
and the presence of dactylitis. The scoring system was de-
signed to ensure that dactylitis was included in the assess-
ment and to avoid reliance on subjective measures, such as
erythema and increments in paw swelling of < 1 mm which
may be unreliable. The score was recorded as follows
paw < 2 mm = 0 points, paw 2–3 mm = 2 points, paw 3–
4 mm = 3 points, paw 4–5 mm = 4 points, paw 5–6 mm = 5
points, swollen wrist or ankle = 3 points, swollen digit = 1
point.

DNA isolation and real-time PCR

Mice were sacrificed either 5 or 14 days after iv injection of
FVB-GFP MSCs and lung, liver, knees and paws were re-
moved. Harvested tissues were digested with 5% proteinase
K (Qiagen) in lysis buffer (Qiagen) at 55�C. The digested
tissue was centrifuged in high density phase lock gel tubes
with phenol chloroform isoamyl alcohol and the resulting
aqueous phase was incubated with isopropanol on ice. After
further centrifugation the DNA pellet was collected, re-
suspended in 100% alcohol. and 3 M sodium acetate, and
stored at - 20�C for 24 h before a final wash in cold 70%
alcohol and resuspension in distilled water. The concentra-
tion of DNA per sample was calculated using the quanti-iT�

PicoGreen double stranded DNA assay (Molecular Probes).
For qRT-PCR, DNA samples were resuspended in sterile
H2O at a concentration of 2 ng/mL. Each reaction consisted of
10 ng DNA, 1 · Sybergreen Mastermix (Qiagen), 2.5 mL of
eGFP or murine GAPDH primer pairs (Qiagen gene globe
QT01171611 and QT00309099) to a final volume of 25mL
with sterile H2O. No template controls were included in all
experiments. Standard curves were included in all PCR runs
which were carried out on the Applied Biosciences StepO-
nePlus� instrument (Applied Biosystems). The amount of
eGFP DNA present was expressed as a percentage of the
GAPDH as read from the standard curve. The sizes of the
PCR products were confirmed by electrophoresis of PCR
products on a 1.5% agarose gel with 2.5 mL of Sybersafe
(Invitrogen).

Statistical analysis

Statistical analysis was carried out using StatsDirect�

software. A normal ditribution of data was confirmed using
the Shapiro Wilks test. For comparison between groups, a
two way analysis of variance (ANOVA) with post hoc Tukey
analysis was used. P values of < 0.05 were considered sig-
nificant and results are shown as the mean and standard
deviation.

Results

MSC isolation, characterization and transduction

MSCs were isolated from the bone marrow of BALB/c
MSCs and were plastic adherent with a fibroblastic mor-
phology. All cells were successfully stimulated to undergo
adipogenesis, osteogenesis, and chondrogenesis and this dif-
ferentiation potential was maintained after transduction with
adenoviral constructs (Fig. 1E–G). Cell surface characteriza-
tion showed them to be strongly positive ( > 95%) for CD29,
CD44, and CD105, weakly positive for Sca1 and CD73 (53%
and 17%), and negative for CD45, CD34, and CD31 [18].

To optimize MSC transduction with an adenoviral vector,
simple incubation was compared to a 90 min centrifugation
of MSCs with shallow volume medium containing AdGFP at
MOI 100, 500 and 1,000. Viral transduction across all con-
centrations was superior in cells, which were subjected to
centrifugation, P < 0.005, confirming results found in rat and
goat MSCs [38,39] (Fig. 1A). Within the centrifugation
groups, an MOI of 500 was found to be superior with be-
tween 80 and 100% of cells expressing GFP and MSC mor-
phology preserved (Fig. 1B). Staining for 7-AAD was
minimal ( < 1%) across all groups (result not shown).

BALB/c MSCs at passage 5 to 7 were transduced with
AdCTLA4Ig at an MOI of 500 and 90 min centrifugation.
Culture supernatants were collected every 24 h and stored at
- 20�C. ELISAs for human IgG were carried out on all su-
pernatants after thawing. High levels of IgG were demon-
strated after the first 24 h with maximal levels seen at day 4.
IgG remained relatively high until day 7 and was detectable
until day 14 post-transduction (Fig. 1D).

Homing of MSCs to inflamed joints

CIA was induced in DBA/1 mice; four mice had FVB-
GFP MSCs delivered by iv injection on day 21 (at the time of
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the booster immunization) and four on day 32 (Fig. 2A). In
each group two mice were sacrificed at 5 and 14 days
postimmunization. The four control mice had a sham de-
livery of PBS and were sacrificed on day 26 and 35 (n = 2 per
group). GAPDH and eGFP PCR products were confirmed
by gel electrophoresis as shown in Fig. 2B. When MSCs
were delivered to mice without arthritis eGFP was detected
in the lung and liver 5 and 14 days after infusion. In arthritic
mice, eGFP DNA was detected in both of these organs but
to a greater extent in the liver after day 32 delivery of MSCs.
GFP DNA was also identified in the knees and paws at both
time points after delivery. This was most marked in the

knee joints of arthritic mice 5 days after the injection of
MSCs during a period of overt clinical disease that is, day
32 (Fig. 2C).

Effect of transduced MSCs on T cell cytokine
secretion in vitro

DBA/1 CD4 + T cells were isolated and stimulated with
anti-CD3 and CD28 beads. T cells were cultured with un-
transduced BALB/c MSCs, MSCs Adnull or MSCs Ad-
CTLA4Ig at ratios of 1:10 or 1:1 (MSC:T cell ratio). Culture
supernatants were collected at 24 and 72 h and assayed by

FIG. 1. Adenoviral transduction of BALB/c MSCs. (A) At all MOIs, the use of high speed centrifugation (white box)
enhanced the viral transduction of BALB/c MSCs compared to incubated controls (black box). Transduction at MOI 500 was
superior to that at MOI 100 and MOI 1000. Transduced cells retained their fibroblastic morphology under bright field
microscopy (B, C), GFP positive cells were also demonstrated by fluorescent microscopy. (D) IgG in the supernatant of MSCs
transduced with AdCTLA4Ig was detected at 24 h and peaked at day 4. Levels fell to a plateau at day 9 but remained
detectable until day 15. (E) There was no difference in chondrogenesis as measured by GAG per pellet between untransduced
MSCs (MOI 0) and MSCAdCTLA4Ig (MOI 500). (F) Both naı̈ve and transduced MSCs underwent adipogenesis and osteo-
genesis as demonstrated by Oil Red O and von Kossa staining, respectively. All experiments were carried out three times and
assayed in triplicate, *P < 0.05, **P < 0.01 (two-way ANOVA). Data represents mean – SD. ANOVA, analysis of variance;
CTLA4Ig, cytotoxic T lymphocyte associated antigen-4 coupled to immunoglobulin-G; GAG, glycosaminoglycan; MOI,
multiplicity of infection; MSCs, mesenchymal stem cells; SD, standard deviation.
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ELISA for pro- and anti-inflammatory cytokines. Neither
MSCs alone nor unstimulated T cells produced the assayed
cytokines (results not shown).

It was demonstrated that coculture with BALB/c MSCs
resulted in suppression of TNFa secretion by stimulated
DBA/1 T cells at both 24 and 72 h irrespective of viral
modification. This effect was seen at both ratios of MSCs to T
cells (Fig. 3A). A similar suppression of IFNg secretion was
seen at the ratio of 1:10; however, at the ratio of one MSC to
one T-cell, only MSCs expressing CTLA4Ig suppressed IFNg
secretion at both time points (Fig. 3B). At 24 h, there was a
suppression of IL-4 production when MSCs were cultured
with CD4 + T cells at a ratio of 1:10 with no significant
change in IL-4 demonstrated with higher numbers of MSCs.
At 72 h this suppression was lost and there was a highly
significant augmentation of IL-4 secretion in all groups cul-
tured with MSCs at 1:1 (Fig. 3C). A transient small sup-
pression of IL-10 secretion at 24 h was noted which was not
sustained at 72 h (Fig. 3D). The ratio of IFNg to IL-4 was
taken to represent the ratio of Th1 to Th2 cytokines. After
24 h, there was no difference in this ratio between culture
groups; however, after 72 h of incubation stimulated T cells
cultured with allogeneic MSCs at a ratio of 1:1 had a sign-

ficantly reduced Th1:Th2 ratio suggesting a shift towards a
more favourable Th2 cytokine profile (Fig. 4).

The effect of BALB/c MSCs on the course of CIA

CIA was induced in DBA/1 mice as described. At the time
of the booster injection, 1 · 105 MSCs were delivered iv; cells
were either unmodified or transduced with Adnull or Ad-
CTLA4Ig (Fig. 5A). All immunized mice developed clinical
signs of arthritis and were scored using the method outlined
above. In the group treated with vehicle only, signs of ar-
thritis were evident 24 to 48 h after delivery of the booster
immunization and mean disease score at sacrifice was 25.
Mice that received a systemic injection of BALB/c MSCs also
developed signs of arthritis 24 to 48 h postbooster and by 7
days disease scores in this group were approximately twice
that of mice receiving vehicle alone (P < 0.05). The MSC
treated group continued to have higher scores until the end
of the experiment at which stage the mean disease score was
32.5. This did not reach statistical significance compared to
the mice treated with vehicle alone. The group which re-
ceived MSCs Adnull had similar disease scores to the control
group (Fig. 5B).

FIG. 2. Migration of MSCs
to joints of mice with CIA. (A)
CIA was induced in DBA/1
mice as described. MSCs were
delivered intravenously on
day 21 or 32. Mice were sacri-
ficed 5 and 14 days after de-
livery of cells and organs were
harvested for DNA isolation
and PCR analysis. (B) PCR
products after amplification of
positive controls were run on
agarose gel to confirm the
product sizes of eGFP and
GAPDH [base pair (bp)]. The
detection of eGFP was used to
determine the presence of
DNA from MSCs isolated
from eGFP transgenic mice on
an FVB background. (C, D)
Only trace amounts of eGFP
DNA were detected in the
joints of mice with no arthritis.
When MSCs were delivered
intravenously to symptomatic
mice at day 21 or 32 they were
detected predominantly in the
knee 5 and 14 days later and to
a lesser extent in the paw. (D)
eGFP was also detected in the
lung and the liver 5 and 14
days after injection. The high-
est levels were found in the
liver of mice who had MSCs
injected during the period of
overt clinical disease (day 32).
Results shown are mean val-
ues with two mice per treat-
ment group. CIA, collagen
induced arthritis; FVB, unbred
mouse strain.
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FIG. 3. Effect of BALB/c MSCs, unmodified or transduced to express CTLA4Ig, on cytokine secretion by stimulated DBA/1
CD4 + T cells. CD4 + DBA/1 T cells were isolated, stimulated with anti-CD3 and CD28 beads, and cocultured with BALB/c
MSCs, MSCs Adnull or MSC AdCTLA4Ig at a ratio of 1:10 or 1:1 (MSC:T cells). Supernatants were collected at 24 and 72 h for
cytokine analysis and T cells stimulated in the absence of MSCs served as controls. (A) At both 24 and 72 h, there was
significant suppression of TNFa secretion by T cells cultured with MSCs compared to controls; this was independent of viral
modification. (B) A decrease in IFNg production was also noted. This was seen in all groups but was most notable at a ratio of
1:10 after 72 h incubation. At the ratio of 1:1 only MSCs transduced with CTLA4Ig reduced IFNg production. (C) IL-4
secretion by DBA/1 CD4 + T cells was initially suppressed by MSCs at a ratio of 1:10; however, at 72 h and at a ratio of 1:1
there was a significant augmentation in IL-4 production. All 1:1 MSC groups secreted elevated levels of IL-4 compared to non
MSC controls; however, the MSCAdCTLA4Ig group secreted significantly less IL-4 than the other two MSC groups at this
timepoint. (D), MSCs had a transient effect on IL-10 production at 24 h, which was not sustained at 72 h. All experiments were
carried out three times and assayed in triplicate, *P < 0.05, **P < 0.01 (two-way ANOVA). Data represents mean – SD.
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The repeated administration of ip CTLA4Ig resulted in a
sustained suppression of disease score with a maximum
mean score of 8.1. The delivery of MSCs AdCTLA4Ig at day
21 resulted in almost complete disease suppression for 6
days with mean disease scores ranging from 1.3 to 1.6. This
was less that than scores measured in mice treated with ip
CTLA4Ig during this time period (3.9–5.6) and significantly
less than disease scores in the vehicle alone group (4.2–8.1)
(P < 0.05) and correlated with the duration of gene expression
demonstrated in vitro. The scores in this group increased
slowly to intercept the scores of the vehicle alone group *11
days after cell delivery (Fig. 5C).

Discussion

The role of MSCs in RA remains controversial; conflicting
reports on their efficacy in inflammatory arthritis have been
difficult to compare due to significant variations in the cell
strains used, as well as the number of cells infused, route of
administration and clinical assessment. In a rat model of
inflammatory arthritis, it was demonstrated that MSCs could
only exert a therapeutic benefit when delivered in the pre-
clinical phase of the disease [23], a practice difficult to em-
ulate in the clinical setting. We have previously
demonstrated that despite their lack of MHCII, the genetic
disparity between the systemically delivered MSC and the
host tissue impact on their ability to suppress inflammation
in vivo. We showed that allogeneic MSCs resulted in wors-
ening of biochemical, clinical, and histological parameters in
mice with CIA, which was not seen after syngeneic MSCs
infusion [18]. A recently published study suggested that al-
logeneic MSCs may in fact contribute to an early increase in
systemic inflammation through alterations in T cell profiles
and upregulation of Th17 cells by caspase-1 activation, and
that the inflammatory environment was not essential to this
deleterious effect reinforcing the theory that allogenicity may
be a key factor [40]. Despite these results, MSCs have prop-
erties, which may still be exploited in the treatment of RA. In
particular, their ability to preferentially engraft in inflamed
or ischemic tissue warrants further investigation. En-

dogenous recruitment of MSCs to inflamed joints in CIA has
been shown, as well as the mobilization of MSCs from bone
marrow to ischaemic tissue [41–43]. Additionally, systemi-
cally delivered MSCs may migrate to areas of ischaemia,
malignancy, and hyperplasia [44–46], while a recent study
demonstrated that the activation of endothelium by TNFa
facilitates extravasation of MSCs into inflamed tissue [47].

While there is evidence that infused MSCs home to in-
flamed tissue, this has not been demonstrated in models of
arthritis to date. In a study by Augello et al., MSCs were not
demonstrated in joints by immunohistochemistry; however,
the use of intraperitoneal injections may have limited the
ability of MSCs to enter the systemic circulation [14]. We
identified eGFP DNA in the lungs and liver after systemic
infusion of FVB-GFP MSCs to mice with and without ar-
thritis. MSCs have been shown to engraft to lung and liver
and this is to be expected due to the high circulating blood
volume in these organs [48–50]. During active inflammation,
hepatocytes become upregulated and increase production of
acute phase proteins [51] leading to the hypothesis that the
increased hepatocyte activity may generate chemoattractants
for MSCs. The migration of systemically delivered MSCs to
the joints of mice with arthritis in vivo has been demon-
strated for the first time. This effect was most notable in the
knees of the CIA mice but the possibility that the large vol-
ume of extra-articular material in mouse paw digests may
have limited our ability to detect eGFP in these samples
cannot be ruled out. MSCs migrated to inflamed joints when
injected during both subclinical and overt phases of inflam-
mation and persisted for at least 14 days in the host tissue.

While it has been demonstrated that syngeneic MSCs ex-
pressing TGFb may be of therapeutic benefit in CIA via the
down regulation of Th17 [24], the availability of a bank of
allogeneic MSCs expressing therapeutic proteins, which
could be used when the isolation and delivery of syngeneic
MSCs is not practical, remains a potential treatment option in
RA refractory to treatment with currently available synthetic
and biologic therapies.

As we have previously demonstrated, in vitro T cell test-
ing confirmed the potential for allogeneic BALB/c MSCs to

FIG. 4. Effect of BALB/c
MSCs on the profile of cyto-
kine secretion by stimulate
DBA/1 T cells. (A) The ratio
of IFNg to IL-4 was taken to
represent the ratio of Th1 to
Th2 cytokines. The addition
of MSCs to stimulated T cells
did not affect this ratio com-
pared to controls at 24 h. (B)
After 72 h there was evidence
of a significant shift in favour
of Th2 cytokine production
when MSCs were cultured
with stimulated T cells at a
ratio of 1:1. All experiments
were carried out three times
and assayed in triplicate,
**P < 0.01 (two-way ANOVA).
Data represents mean – SD.
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suppress T cell response with significant suppression of
TNFa and IFNg production and an associated augmentation
in the secretion of IL-4 [18]. In this study, we see significant
suppression of IFNg when MSCs expressing CTLA4Ig are
cultured with T cells at both 24 and 72 h. This reflects the
known effects of MSCs on suppressing IFNg production and
the reported reduction in systemic IFNg post-CTLA4Ig
therapy in RA patients [52]. It is also known that MSCs ex-
pressing CTLA4Ig may be used to alter the Th1:Th2 cytokine
profile to favour Th2 cytokine production and ameliorate
experimental autoimmune thyroiditis [34]. It is likely that
MSCs and CTLA4Ig act syngertistically to alter suppress T
cell activation, reduce production of IFNg and cause a shift
towards a Th2 cytokine response in inflammatory arthritis. A
predominant Th2 cytokine response is known to be associ-
ated with clinical remission in RA and CIA [53]. Ad-
ditionally, it has been shown that adenoviral modification of
MSCs does not affect the ability of MSCs to suppress T cell
responses in vitro nor to affect immune cell population
in vivo and therefore, may be considered a suitable gene

vector for MSC studies [36]. In view of the possibility of
eGFP promoting an immune response in vivo we opted to
continue in vivo experiments with BALB/c MSCs. MSCs
have broadly similar characteristics across species [54] and it
is likely that BALB/c MSCs may migrate to inflamed joints
in a similar manner to FVB MSCs. Consistent with data from
our group and others, and supported by the hypothesis that
MSCs may contribute to disease chronicity, we saw a
worsening of clinical disease after treatment with allogeneic
BALB/c MSCs. Despite these data, it was demonstrated that
MSCs expressing the transgene CTLA4Ig had the ability to
significantly suppress disease activity for the duration of
maximum transgene expression in vitro. For up to 6 days
postdelivery, disease scores in this group remained close to
zero, representing complete disease suppression. It may be
that expression of CTLA4Ig had a therapeutic benefit on
clinical inflammation and suppressed the potentially delete-
rious effect of allogeneic MSCs or that the very low disease
scores seen soon after delivery may reflect homing of the
MSCs to sites of inflammation.

FIG. 5. The effect of BALB/
c MSCs transduced to express
CTLA4Ig on the clinical
course of CIA in DBA/1
mice. (A) Male DBA/1 mice
were immunized with type II
collagen and a booster im-
munization 21 days later. At
the time of the booster mice
received PBS, MSCs, MSC
Adnull, and MSC Ad-
CTLA4Ig by intravenous in-
jection (see arrow). CTLA4Ig
was delivered intraperitone-
ally. Mice receiving un-
transduced allogeneic MSCs
had deterioration in disease
scores, which was significant
at 1 week and remained ele-
vated until 18 days postinfu-
sion. (B) MSCs expressing
CTLA4Ig significantly de-
layed the onset of active in-
flammation compared to
controls (PBS treatment
group). Scores in mice treated
with MSCAdCTLA4Ig re-
mained near zero for 6 days
indicating no disease activity.
(C) Repeated injections of in-
traperitoneal CTLA4Ig con-
firmed the efficacy of this
treatment in CIA. Results are
presented as the mean – SD
with n = 10 per group,
*P < 0.05 (two-way ANOVA).
PBS, phosphate buffered sa-
line.
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Conclusion

We have shown for the first time that systemically in-
fused MSCs reach the inflamed joint in mice with CIA. Also,
notwithstanding its limitations, this study demonstrates
that despite some initial negative results, allogeneic MSCs
may have potential as gene therapy vectors for the treat-
ment of inflammatory arthritis, and that MSCs expressing
CTLA4Ig may have a profound effect on T cell responses.
Further analysis using a lentiviral vector to prolong trans-
gene expression, with serum measurements of that trans-
gene, would allow further evaluation of this therapeutic
strategy.
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