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. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease
xhibiting chronic inflammation in the synovia of the joints that
eads to progressive destruction of articular tissue. In RA-patients
he balance between expression of pro-inflammatory cytokines
nd their inhibitors has shifted to that of an aggressive pro-
nflammatory response. In addition, extensive studies in animal

odels indicate that tissue antigen (cartilage)-specific CD4+ T
ells are pivotal in the pathogenesis of arthritis (Glant et al.,
003; Brand et al., 2003). Moreover, human studies have shown
hat T cells from patients with RA respond to cartilage antigens
ike proteoglycan (PG) (Goodstone et al., 1996; Guerassimov et
l., 1998; Li et al., 2000; ter Steege et al., 2003). Thus, T cell
mmunity in RA seems dominated by a Th1 response that may
ave escaped immune regulation by Treg or counteracting Th2
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gents that neutralize or antagonize Th1-mediated pro-inflammatory
ted to ameliorate inflammation in chronic autoimmune disease. However,
h immunosuppressive biologicals causes serious side effects and has only
ese side effects, autoantigen-specific lymphocytes have been proposed as
pressive agents to sites of inflammation. Here we studied the effects of

-specific CD4+ T cells that were transduced using an efficient method of
enes encoding IL-1� receptor antagonist, soluble TNF-� receptor-Ig, IL-4
n-induced arthritis in mice. This is the first study describing such gene
cells in a chronic arthritis. Moreover, the impact of proteoglycan-specific
tudied. Although proteoglycan-TCR transgenic CD4+ T cells can transfer
nts, none of the proteoglycan-TCR transgenic T cell phenotypes that were
hritis in wild type hosts. Proteoglycan-specific T cells ameliorated arthritis
d IL-10 gene, and not when expressing the other transgenes/phenotypes.
gicals can suppress in a wide range of different inflammatory disorders,

re serve as a promising candidate to be used in cellular gene therapy for

© 2008 Elsevier Ltd. All rights reserved.
responses (Skapenko et al., 2005). Synovial inflammation is dom-
inated by high concentrations of TNF-� and IL-1� (McInnes and
Schett, 2007) produced by synovial fibroblasts, mediating joint
inflammation and destruction by production of catabolic metallo-
proteinases.

Biological agents neutralizing activity of pro-inflammatory
cytokines such as IL-1 receptor antagonist (IL-1RA), anti-TNF-�
antibody and soluble TNF-� receptors can exert considerable ben-
eficial clinical effects in patients (van de Loo et al., 2004). In
addition, treatment with cytokines like IL-4 and IL-10 that are
known to down-regulate Th1 responses has been proven benefi-
cial in several models of RA (van de Loo et al., 2004; Finnegan et al.,
1999). However, alleviation of clinical disease outcome by systemic
administration of such agents is accompanied by a high risk for
adverse reactions. A major problem is the increased susceptibility to
serious infection due to systemic immunosuppression (Weisman,
2002). To avoid such unwanted effects, vectors that target immuno-
suppressive drugs to the site of the autoantigen-specific response
may be a useful alternative for the treatment of autoimmune medi-
ated disease.

http://www.sciencedirect.com/science/journal/01615890
mailto:F.Broere@uu.nl
dx.doi.org/10.1016/j.molimm.2008.05.008
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Because CD4+ T cells carry an antigen specific TCR, they have the
ability to recognize antigens and interfere with certain immune
responses in an antigen-specific manner. For this reason CD4+ T
cells that recognize tissue-specific autoantigens have been pro-
posed as vectors that can be deployed to specifically target the
pro-inflammatory autoimmune response with immunomodula-
tory agents (Robbins et al., 2003; Tarner et al., 2003). This concept
was first successfully demonstrated in experimental autoimmune
encephalomyelitis, a model for multiple sclerosis, in which a
myelin-specific T cell line transduced with a gene encoding nerve
growth factor exerted anti-inflammatory effects (Kramer et al.,
1995). Promising possibilities of this so-called adoptive T-cell-
based gene therapy have now become demonstrated for a wide
range of different molecules in several models of autoimmunity
and also of allergy (Robbins et al., 2003; Tarner et al., 2003; Oh et
al., 2002).

In many studies either T cell hybridoma’s or T cells with rather
undefined antigen-specificities were used as carriers. The study
presented here describes for the first time T-cell-based gene ther-
apy with immunosuppressive proteins expressed by primary CD4+

T cells with a defined specificity for cartilage-derived antigen in
a chronic model of RA. We transduced proteoglycan-specific CD4+

cells from a TCR-transgenic mouse (Berlo et al., 2006, 2005) with
TNF-� receptor-Ig, IL-1 receptor antagonist, IL-4 or IL-10 and tested
the immunomodulatory capacities of these CD4+ cells in cartilage
proteoglycan-induced arthritis (PGIA). The progressive inflamma-
tion in PGIA is caused by Th1 immunity (Finnegan et al., 1999; Hollo
et al., 2000; Kaplan et al., 2002), depends on B cells (O’Neill et al.,
2005) and bears similarities with clinical features and genetics of
RA as reviewed in Glant et al. (2003). In addition to transduction
with modulatory genes, PG-specific T cells were forced to differen-
tiate into either Th1 or Th2 cells ex vivo in the presence of immune
deviating cytokines and then transferred to test their impact on
PGIA. Although PG-specific T cells are arthritogenic (Berlo et al.,
2006, 2005; Buzas et al., 1995) in lymphopenic hosts, naı̈ve or Th1
PG-specific T cells, as well as the other phenotypes that were tested,
did not add to severity of arthritis when transferred in PGIA in wild
type hosts. Surprisingly, most T cells expressing the different trans-
genes encoding well known immunosuppressive agents did not
suppress arthritis. However, PG-specific T cells transduced with the
active IL-10 gene significantly reduced both arthritis severity and
arthritis incidence, indicating IL-10 as a very powerful immuno-
suppressive cytokine to be used in (adoptive gene) therapy.
2. Materials and methods

2.1. Mice and antigens

Retired breeder BALB/c mice (Charles River Laboratories, Maas-
tricht, The Netherlands) were kept at the animal facility of the
University of Utrecht; “Gemeenschappelijk Dierenlaboratorium”
(GDL) under standard conditions in filtertopped cages. TCR-5/4E8-
g BALB/c (PG-TCR Tg) mice (Berlo et al., 2006, 2005) and DO11.10

mice were bred and kept at the GDL under specific pathogen
free conditions. Human PG (hPG) and were prepared as described
elsewhere (Hanyecz et al., 2004). All animal experiments were
approved by the Animal Experimental Committee of the Veterinary
Faculty of the University of Utrecht.

2.2. Generation of retroviral constructs

DNA sequences encoding IL-10, IL-4, TNF� receptor Ig, and IL-1�
receptor antagonist were generated as described below and cloned
into the MSCV2.2 plasmid. mRNA was isolated from Balb/c cells and
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reversely transcribed to the cDNA that was used as template for all
specific amplifications with PCR.

Murine IL-10 cDNA was amplified using primers F 5′-AGA TCT
TTG CAG AAA AGA GAG CTC CA-3′ and R 5′-GTC GAC TGG AGT CCA
GCA GAC TCA AT-3′, murine IL-4 cDNA was amplified using the
primers F 5′-ACG GCA CAG AGC TAG TGA TG-3′ and R 5′-GTC GAC
AAG TTA AAG CAT GGT GGC TCA-3′. Murine IL-1�RA was ampli-
fied using primers F 5′-CTC GGG ATG GAA ATC TGC T-3′ and 5′-GTC
GAC TTA TTA CAG GCC TCG GCA GT-3′, TNFR cDNA was amplified
using primers F 5′-GCG GCC GCC AAT GGG GGA GTG AGG-3′ and
R 5′-TCT AGA GGG GTT TGT GAC ATT TGC AAG C-3′. The amplified
TNFR cDNA was BAMHI/SalI restricted and cloned into pEDMIgG2a
mut + L to generate the TNFRIgG sequence. Amplified products were
sequenced to confirm sequences.

2.3. Production of retrovirus

Ecotropic replication-deficient retrovirus was produced with a
Phoenix-Eco packager cell line. Packager cells were cultured per
3 × 106 cells in 10 ml complete DMEM (Gibco Life Technologies,
Breda, The Netherlands) at 37 ◦C. The next day the culture medium
was refreshed and 500 �l of 0.25 M CaCl2 containing 20 �g MSCV-
plasmid + 5 �g PCL-Eco plasmid was mixed with an equal volume
HBS buffer pH 7.02 and added to the cells. At 20 h after transfection
supernatant was replaced with fresh medium. After 24 and 48 h,
supernatant containing the retrovirus was harvested, filtered with
a 0.45 �M filter and stored frozen until use. Prior to T cell trans-
ductions, retroviral activity was tested on NIH3T3 cells using the
protocol that was used for T cell transfection 1 day after seeding
the 3T3 cells at a concentration of 3 × 104 ml−1 in supplemented
DMEM.

2.4. Stimulation, retroviral transduction and transfer of
transduced CD4+ T cells

CD4+ T cells were isolated from pooled spleens and lymph nodes
of TCR-5/4E8-Tg BALB/c with anti-CD4 (L3T4) magnetic microbeads
using the manufacturer’s protocol (MACS, Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany) and stimulated with magnetic M-
450 Tosylactivated Dynabeads (Dynal Biotech ASA, Oslo, Norway)
coated with anti-CD3 (145-2C11) and anti-CD28 (PV-1) mAbs in a
1:10 ratio. Anti-CD3/anti-CD28 mAb-coated beads were added to
1 × 106 CD4+ T cells (in a 2:1 ratio). After 48 h of culturing, 750 �l
of the culture supernatant was replaced with 1 ml of retroviral

supernatant supplemented with 8 �g/ml hexadimethrine bromide
(Sigma–Aldrich Chemie BV, Zwijndrecht, The Netherlands) for
retroviral infection. Plates were then centrifuged at 930 × g at
20 ◦C for 2 h. Subsequently, 1 ml of supernatant was replaced with
fresh medium and cells were cultured for another 48 h. Cells were
removed from the stimulating beads and transduced cells were
sorted by GFP expression with a FACSVantage SE (Becton Dickin-
son) before transfer. Per recipient 1 × 106 transduced CD4+ cells
were injected i.p. in PBS.

2.5. Differentiation of Th1 and Th2 cells

CD4+ T cells from pooled spleens and lymph nodes of TCR-5/4E8-
g BALB/c were isolated and activated as described for retroviral

transduction. For differentiation to a Th1-phenotype 10 ng/ml
recombinant mouse IL-12p70 (BD Pharmingen) and 10 �g/ml anti-
IL-4 mAb (11B11) were added to the culture. For differentiation to
a Th2-phenotype 20 ng/ml recombinant mouse IL-4 (BD Pharmin-
gen) and 10 �g/ml anti-IFN-� mAb (XMG1.2) were added to the
culture. After 4 days of stimulation, cells were removed from the
stimulating beads and prepared for phenotyping by flow cytome-
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try or washed for transfer as described for transduced cells. After
Th1- or Th2-differentiation protocols blastoid cells were gated as
was done for sorting of transduced cells and sorted for transfer. Per
recipient 1 × 106 CD4+ cells were injected i.p. in PBS.

2.6. Analysis of transgene expression

Anti-TNF-� activity of TNF�R-Ig was assessed using the WEHI-
164 cytotoxicity bioassay as previously described (Espevik and
Nissen-Meyer, 1986). Alamar Blue was used to assess cell via-
bility at OD 550/595. Activity of IL-1RA was assessed using a
NF-�B-luciferase bioassay (Smeets et al., 2005). IL-4 and IL-10
were measured using fluoresceinated microspheres coated with
ELISA capture antibodies (BD Pharmingen) as described elsewhere
(Berlo et al., 2006) with a Luminex model 100 (Luminex, Austin,
TX).

2.7. In vitro testing for immunosuppression

To generate dendritic cells (DC), bone marrow cells from wild
type Balb/c mice were seeded at 2 × 106 per 100 mm suspension
dish (Corning) in 10 ml supplemented IMDM (Gibco) with 20 ng/ml
rGM-CSF (Cytocen, Utrecht). At day 3, 10 ml supplemented IMDM
with 20 ng/ml rGM-CSF was added. At day 6, 10 ng/ml rGM-CSF was
added. At day 8 the non-adherent cells were harvested, washed and
either used as APC for T cells in a proliferation assay or stimulated
with LPS (Sigma–Aldrich) to determine IL-12p70 production. OVA-
specific CD4+ responder cells were isolated from pooled spleen
and lymph node cells of DO11.10 mice by negative selection with
Dynabeads (Dynal) using an excess of anti-B220 (RA3-6B2), anti-
CD11b (M1/70), anti-MHC class-II (M5/114) and anti-CD8 (YTS169)
mAbs and were labelled with CFSE (Molecular Probes, Leiden,
The Netherlands). The proliferation assays were done in 96-well
flat bottom plates (Corning) with 2 × 105 CFSE-labelled DO11.10
CD4+ cells and 2.5 × 104 bone marrow-derived BALB/c DCs cul-
tured in the presence of 0.32 �g/ml OVA323–339 peptide in 200 �l
supplemented IMDM during 4 days. Intracellular IL-12p70 pro-
duction by DC was analyzed after 24 h of stimulation with LPS.
Brefeldin A was present during the final 4 h of LPS-stimulation
to allow cytokine detection by flow cytometry. To analyze the
suppressive activity of culture supernatant, 50 �l of the final cul-
ture medium consisted of conditioned supernatant taken from
transduced T cells. Blocking of IL-10 activity was done by adding
100 �g/ml of a neutralizing anti-IL-10 mAb (JES-2A5) to the cell

cultures.

2.8. Flow cytometry

For flow cytometry of surface marker and GFP expression, cells
were washed and stained with allophycocyanin (APC) or phycoery-
thrin (PE)-conjugated anti-CD4 mAb (BD Pharmingen), thoroughly
washed with PBS/2% FCS and fixed in 4% paraformaldehyde (PFA;
Sigma–Aldrich Chemie BV). For analysis of intracellular IFN-�
and IL-4 in T cells, the cells were washed and stimulated prior
to staining as described in Openshaw et al. (1995) at 106 ml−1

with 50 ng/ml PMA (Sigma–Aldrich Chemie BV) and 500 ng/ml
ionomycin (Sigma–Aldrich Chemie BV) for 4 h with Brefeldin A
(Sigma–Aldrich Chemie BV) added at 10 �g/ml after the first 2 h
of stimulation. Before staining for intracellular cytokines cells
were washed thoroughly, fixed in 4% PFA and washed again.
Then cells were permeabilized with PBS/2% FCS/0.5% saponin and
stained for intracellular cytokines with Fluorescein isothyocyanate
(FITC)-conjugated anti-IL-4 mAb and PE-conjugated IFN-� mAb
(BD Pharmingen) or PE-conjugated IL-12p70 mAb (BD Pharmin-
gen) in PBS/2% FCS/0.5% saponin (Sigma–Aldrich Chemie BV). After
nology 45 (2008) 3526–3535

3 washes cells were analyzed with a FacsCalibur flowcytometer
(Becton Dickinson). Data were analyzed with Flow-Jo software.

2.9. Induction and assessment of arthritis

Arthritis was induced by i.p. injections of 2 mg hPG (crude
extract) emulsified in 2 mg of the synthetic adjuvant dimethyl-
dioctadecyl-ammoniumbromide (DDA) (Sigma) in PBS (total
volume of 200 �l) on day 0 and day 21 as described elsewhere (Berlo
et al., 2006; Hanyecz et al., 2004). Paws were examined three times
per week in a blinded set-up to determine onset and severity of
arthritis using a standard visual scoring system based on swelling
and redness of the paws.

2.10. Analysis of regulatory markers in IL-10 transduced T cells in
PG-induced arthritis

IL-10 transduced CD4+ T cells, or (GFP-transduced) control CD4+

T cells, were isolated from recipient, PG-immunized mice with a
FACS Vantage (Becton Dickinson) by sorting the GFP+CD4+ cell pop-
ulation from spleens after staining single cells with APC-conjugated
CD4 mAb (BD Pharmingen). mRNA was extracted from these sorted
cells (RNAeasy kit, Qiagen), DNAse-digested (Qiagen), and reversely
transcribed to cDNA (iScript cDNA synthesis, Biorad). Using this
cDNA as template, analysis of Foxp3, TGF-�1 and HPRT mRNA
expression was done by quantitative real-time PCR. This PCR was
performed in a total volume of 25 �l using iQTM SYBR Green® Super-
mix (Bio-Rad) with a Bio-Rad MyiQ iCycler (Bio-Rad) using the
following primers: Foxp3 (5′-CCC AGG AAA GAC AGC AAC CTT-3′

and 5′-TTC TCA CAA CCA GGC CAC TTG-3′), TGF-�1 (5′-GCC CTG
TAT TCC GTC TCC TCC TTG-3′ and 5′-CGT AAC CGG CTG CTG ACC-3′)
and HPRT (5′-CTG GTG AAA AGG ACC TCT CG-3′ and 5′-TGA AGT
ACT CAT TAT AGT CAA GGG CA-3′). Expression of Foxp3 and TGF-
�1 mRNA was normalized to HPRT expression for quantification in
different samples.

2.11. Statistics

Statistical analysis was done for comparison of T cell-recipients
with the PBS-control group with a two-tailed t-test. p-Values less
than 0.05 were considered significant. Unless stated otherwise,
variation was shown as standard error of the means (S.E.M.).

3. Results
3.1. Generation of genetic constructs and transduction of CD4+

cells

To generate genetically modified cartilage antigen-specific
CD4+ T cells, CD4+ cells from mice expressing a PG-specific
TCR were retrovirally transduced with different genes encoding
immunomodulatory proteins. PG-specific CD4+ cells were isolated
from TCR-5/4E8-Tg BALB/c mice. In all experiments >90% of the
CD4+ cells express the V�4 chain, which is part of the PG-specific
5/4E8-Tg TCR. Wild type littermates express V�4-chains on only
6% of the CD4+ T cells (Berlo et al., 2006). Constructs that were
designed for T cell transduction were generated by PCR on murine
cDNA and cloned into the murine stem cell virus (MSCV) plas-
mid. Ecotropic replication deficient retrovirus was produced from
transiently plasmid-transfected Phoenix-Eco producer cells that
pack the designed construct into retroviral particles. The construct
encodes the following sequence: LTR-cloning site-IRES-GFP-LTR
(Fig. 1A). The LTR sequence enables stable genomic integration and
contains promoter and enhancer activity for constant expression
of cloned transgenes. Green fluorescent protein (GFP) allows for
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CD4+

in fro
Th1-b
ith the
Fig. 1. Retroviral constructs containing the different transgenes used to transduce
inflammatory activity of IL-1� and TNF-� were inserted into the MSCV-GFP vector
Alternatively, genes encoding murine IL-4 or IL-10, which are known to modulate
mice were activated with anti-CD3 + anti-CD28 mAbs and retrovirally transduced w

using the sort gates indicated. Left panel of figure B shows CD4+ cells without transduction

selection of transduced cells and is translated into a separate pro-
tein that is not conjugated to the immunomodulatory proteins due
to the interribosomal entry site (IRES).

T cells must be in division to enable retroviral transduction
(Costa et al., 2000) and were therefore activated in vitro to induce
proliferation. To effectively induce T cell proliferation without the
need for antigenic peptides and to circumvent the need to separate
T cells from antigen presenting cells after stimulation and trans-
duction we choose an APC-free T cell stimulation system. For this
we used magnetic beads coated with anti-CD3 mAb and superag-
onistic anti-CD28 mAb as described earlier (Broeren et al., 2000).
Using this protocol, numbers of T cells that were transduced ranged,
depending on the transgene, from 55-80% of the T cells as ana-
lyzed by flow cytometry of GFP expression (Fig. 1B). Transduction
efficiencies for different transgenic constructs are listed in Table 1.
CD4+ purity after 4 days of culturing was usually >95%. Transduced
cells were sorted by GFP expression, especially those in the blas-
toid fraction observed in the forward scatter/side scatter (FSC/SSC)

Table 1
Transgene expression by transfected cells and transduction rates of TCR transgenic
CD4+ T-cells

Transgene
from MSCV
vector

Transgene expression
(secreted protein)
(ng/ml)

%Transduction
(GFP+) of CD4+

cells (%)

MFI of GFP in
transduced CD4+

cells

IL-1RA 20 86 627
TNF-�RIg 147 55 70
IL-4 16 78 457
IL-10 11 73 370
GFP (control) – 80 1216
T cells. (A) Genes encoding murine IL-1RA, TNF-�RIg that are known to block pro-
nt of the IRES sequence, enabling bicistronic translation of inserted genes and GFP.
iology, were inserted into the MSCV-GFP vector. (B) CD4+ cells from 5/4E8 TCR-Tg
constructs described in Fig. 1A. Transduced cells were sorted by expression of GFP

, right panel of figure B shows CD4+ cells after transduction with MSCV-IL-10 (GFP).

plots. These sorted transduced cell populations used for transfer
were >99.5% GFP+. Altogether, these results show that stimulation
via the CD3/TCR-complex plus CD28-mediated co-stimulation with
mAbs is a very efficient means to stimulate T cells for retroviral
transduction.

3.2. Expression of transgenes

In order to show that proteins encoded by the constructed

transgenes were secreted and biologically active, culture super-
natant of transfected cells was analyzed for the presence of
these proteins (Table 1). To analyze for the presence of func-
tional IL-1RA, neutralizing IL-1RA activity was measured with a
luciferase-reporter assay for IL-1RA activity. Active IL-1RA was
found at a concentration of 20 ng/ml, indicating that biologically
active IL-1RA was expressed from the MSCV-IL-1RA construct.
Neutralizing activity of the constructed TNF-�RIg was analyzed
with a TNF-�-sensitive WEHI-164 celline cultured with differ-
ent concentrations of murine TNF-� inducing different levels of
apoptosis of the WEHI-164 cells. Supernatant of MSCV-TNF-�RIg-
GFP-transfected cells contained a blocking activity of 147 ng/ml
murine TNF-� per milliliter compared with MSCV-GFP-transfection
supernatant. Thus, the constructed TNF-�RIg encoded biologi-
cally active TNF-�RIg. To analyze expression of the cytokines
IL-10 and IL-4, concentrations were measured in cell culture
supernatant with a multiplex assay for quantification of protein
expression. The concentrations of IL-4 and IL-10 secreted were
about the same level (16 and 11 ng/ml) as IL-1RA. Altogether, these
results show that all transgenes constructed were expressed and
secreted.
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3.3. Th1/Th2-differentiation

In order to stimulate differentiation of PG-specific T cells into
Th1 or Th2, freshly isolated TCR-5/4E8-Tg CD4+ cells were stimu-
lated with anti-CD3 and anti-CD28 mAbs in vitro. For differentiation
into Th1 cells, CD4+ cells were stimulated in the presence of IL-
12p70 and anti-IL-4 mAb. To stimulate differentiation into Th2 cells,
PG-specific CD4+ cells were stimulated in the presence of IL-4 and
anti-IFN-� mAb. After 4 days of stimulation, cells within the blas-
toid population, as selected by the FSC/SSC profile of these cells,
were sorted and transferred in PGIA as described later on. This
was done in order to select for the stimulated cells from the in
vitro culture, thus to avoid transfer of undifferentiated cells. Num-
bers of CD4+ cells expressing IFN-� (18.2%) exceeded the number of

IL-4 producers (8.6%) after anti-CD3/anti-CD28 stimulation in the
absence of exogenous cytokines or cytokine-antibodies as analyzed
at the cellular level by flow cytometry. The Th1-skewing factors
almost completely reduced this number of cells producing IL-4
(0.8%), while the number of IFN-�-producers had doubled (34.6%).
In the presence of Th2-differentiation factors the number of cells
producing IFN-� (8.2%) was reduced, while the number of IL-4 pro-
ducers had increased more than three-fold (29.6%).

3.4. Pro-inflammatory effects of PG-specific T cells in PGIA

Arthritis is dominated by autoantigen-specific CD4+ T cells
which are characterized by a Th1 phenotype. The arthritogenic
role for cartilage antigen-specific T cells was demonstrated also
by an increased susceptibility for arthritis in transgenic mice that
express a PG-specific TCR on their T cells (Berlo et al., 2006). There-
fore, we hypothesized that adding PG-specific CD4+ T cells to the
endogenous pool of cartilage antigen-specific CD4+ T cells might
exacerbate PGIA in wild type mice. This potential pro-inflammatory
effect of PG-specific T cells in PGIA was assessed in two sets of

Fig. 2. Effects of PG-specific CD4+ T cells with different phenotypes on arthritis severity
received either 1 × 106 naive CD4+ cells (n = 5), Th2 cells (n = 5) (left panel) or IL-4 transd
5/4E8 TCR-Tg mice or PBS instead of cells (n = 4) (right panel) on day 20. (B) In another
IL-1RA transduced (n = 5), TNF-�RIg transduced (n = 5), GFP-only transduced CD4+ cells (n
severity was scored by redness and swelling of the joints and the mean cumulative arthri
nology 45 (2008) 3526–3535

experiments. In a first experiment 1 × 106 naı̈ve PG-specific CD4+

cells were transferred in PGIA. A group of mice receiving only PBS
was used as untreated control. Also, CD4+ cells that were trans-
duced with MSCV-GFP (TGFP), thus without any gene encoding an
immunosuppressive molecule, were transferred in PGIA. These TGFP
cells were used as a control for T cells that were transduced to
express immunosuppressive proteins as described later on. In a sec-
ond experiment, Th1-differentiated and TGFP cells were transferred
to test for any additive pro-inflammatory, arthritogenic effect. On
day 20, the day before the second arthritogenic PG-immunization,
1 × 106 T cells were transferred to each mouse.

Six days after transfer, the earliest clinical symptoms of arthritis
were observed. Neither 1 × 106 naive PG-specific T cells (Fig. 2A,

6
left panel) nor 1 × 10 PG-specific TGFP cells (Fig. 2A, right panel)
induced exacerbation of arthritis severity during the course of dis-
ease and also the day of arthritis onset and the maximum arthritis
severity observed during the experiment were not affected by these
T cells. Moreover, PG-specific Th1 cells did not worsen inflamma-
tion either as shown in a second experiment (Fig. 2B, left panel and
Table 2). In addition, these naive T cells, TGFP cells or Th1 cells did
not induce a higher incidence of arthritis (Fig. 3).

3.5. Disease-suppressing effects of PG-specific transduced T cells
and Th2 cells in PGIA

The potential anti-inflammatory effect of PG-specific T cells that
were either transduced to express immune modulatory agents or
differentiated into a Th2 phenotype, was assessed in PGIA similar
to testing of the Th1 and naı̈ve PG-specific T cells described above.
PG-specific CD4+ T cells were either transduced with IL-1RA, TNF-
�RIg, IL-4 or differentiated to Th2 cells in vitro and 1 × 106 of these
T cells were transferred in PGIA. Although they were expected to
counteract the arthritogenic Th1 response, Th2 cells or T cells trans-
duced with the gene expressing the Th2 characteristic cytokine IL-4

. (A) Mice were immunized with PG on day 0 and day 21 to induce arthritis and
uced (n = 5), IL-10 transduced (n = 4), GFP-only transduced CD4+ cells (n = 4) from
experiment either 1 × 106 Th1 cells (n = 5) (left panel) or IL-10 transduced (n = 8),
= 6) from 5/4E8 TCR-Tg mice or PBS instead of cells (n = 5) were transferred. Arthritis
tis score is shown. *p < 0.05 for groups compared with the PBS control group.
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Table 2
Arthritis onset, arthritis incidence and maximum arthritis severity

PBS GFP

Th1-modulating cytokines
Day of onset 11 (±3.4) 13.5 (±1.0)
Maximum severity 9.8 (±1.4) 8.4 (±0.9)

PBS GFP

Blocking cytokines
Day of onset 9.8 (±1.0) 13.4 (±3.12)
Maximum severity 4.0 (±1.1) 4.9 (±2.43)

Day of arthritis onset (shown as mean of day from transfer ± S.E.M.) and maximu
cytokines modulating Th1 cells (IL-4, IL-10) were tested, arthritis was analyzed up to

were tested, arthritis was analyzed up to day 44. PG-specific T cells, or PBS as a control,
induce arthritis.

a p < 0.05.

(TIL-4 cells), did not suppress arthritis severity (Fig. 2A; left and right
panel, respectively). Also day of disease onset and maximum arthri-
tis severity observed were not affected compared to the PBS-control
group as found in experiment 1 (Table 2). Moreover, PG-specific T
cells transduced with IL-1RA/GFP (TIL-1RA cells) or TNF-�RIg/GFP
(TTNF-�RIg cells) did not have a beneficial effect on the course of
arthritis (Fig. 2B, right panel) or on the day of onset and maximum
arthritis severity observed (Table 2) as shown in the second exper-
iment. Moreover, no effect was found on the cumulative incidence
of arthritis for all of these T cells (Fig. 3).

So far, none of these transferred populations of 1 × 106 PG-
specific T cells expressing anti-inflammatory molecules were able
to suppress inflammation in PG-induced arthritis. However, when
PG-specific T cells were transduced with the IL-10 gene (TIL-10
cells), these T cells significantly reduced arthritis severity during
the course of disease in both experiments (right panels Fig. 2A
and B) compared with the PBS-control. In addition, maximum

Fig. 3. Effects of PG-specific CD4+ T cells with different phenotypes on arthritis incidence
(n = 5), Th2 cells (n = 5), IL-4 transduced (n = 5), IL-10 transduced (n = 4), GFP-only transdu
20. (B) In a second experiment 1 × 106 Th1 cells (n = 5), IL-10 transduced (n = 8), IL-1RA tra
from 5/4E8 TCR-Tg mice or PBS instead of cells (n = 5) were transferred as described in F
cumulative arthritis incidence score is shown. Graphs are split in two for convenience of
nology 45 (2008) 3526–3535 3531

IL-4 Naive Th2

(±4.9) 7.0 (±0.8) 17.4 (±5.0) 11.6 (±3.0)
(±0.9)a 6.2 (±2.9) 9.4 (±2.7) 9.3 (±2.2)

0 IL-1RA TNF-�RIg Th1

(±3.8) 9.3 (±1.0) 13.5 (±3.4) 14.6 (±2.3)
(±0.4)a 4.0 (±1.4) 4.9 (±2.4) 3.4 (±1.2)

erity (mean of maximum scores ± S.E.M.) are shown. In an experiment in which
4. Another experiment, in which agents blocking pro-inflammatory IL-1� or TNF-�

were injected i.p. on day 20. The second PG immunization was given on day 21 to

arthritis severity observed was significantly lower after transfer of
PG-specific TIL-10 cells (Table 2) and cumulative incidence was lower
(Fig. 3, right panels) in mice that received TIL-10 cells. Although PG-
specific TIL-10 cells tended to slightly delay the onset of disease, this
effect on the day of arthritis onset was not significant. Altogether,
these data indicate that IL-10 may be a very promising candidate
to be expressed by antigen-specific T cells in order to suppress
inflammation.

3.6. Characterization of IL-10 transduced T cells

To gain more insight in the differentiation and action of IL-
10 transduced T cells, we analyzed suppressive and phenotypic
characteristics of these cells. IL-12p70 is one of the key cytokines
involved in the induction pathway of arthritis (McInnes and Schett,
2007; Tarner et al., 2003). IL-12p70 is profoundly expressed by
cells that present antigens to T cells, such as professional antigen-

. (A) Mice were treated as described in Fig. 2 and received 1 × 106 naive CD4+ cells
ced CD4+ cells (n = 4) from 5/4E8 TCR-Tg mice or PBS instead of cells (n = 4) on day
nsduced (n = 5), TNF-�RIg transduced (n = 5), GFP-only transduced CD4+ cells (n = 6)
ig. 1A. Arthritis severity was scored by redness and swelling of the joints and the
understanding.
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Fig. 4. Immunosuppressive effects of factors secreted by IL-10 transduced T cells
stimulation was done in the presence of supernatant from cultured T(IL-10) cells, T(GF
properties of T cell-secreted factors. After 24 h of LPS stimulation, intracellular IL-12
CD4+ T cells were stimulated by DC presenting the cognate T cell antigen (OVA323–339

control cells (left panel) to test for anti-proliferative effects. The lower panel show
mAb.
presenting dendritic cells (DC). Therefore, we tested whether TIL-10
cells secrete factors that suppress IL-12p70 production in DC. For
this, IL-12p70 production in DC was boosted with LPS for 24 h in
the presence of supernatant derived from cultured TIL-10 cells or
control TGFP cells (Fig. 4A). Compared to supernatant from TGFP
cells, TIL-10 cells have a stronger capacity to suppress LPS-induced
IL-12p70 production in DC as analyzed by flow cytometry for intra-
cellular IL-12p70 after stimulation. However, compared to DC that
were stimulated with LPS in the absence of T cell-derived culture
supernatant, conditioned supernatant from cultured TGFP cells also
seemed to suppress IL-12p70. This may be explained by the IL-4 that
is produced during T cell culture (as described in Section 3.3) dur-
ing CD3/CD28 stimulation and is known for its effects to suppress
IL-12p70 production. In addition to suppressing IL-12p70, TIL-10
cells suppressed proliferation of OVA-specific T cells responding to
OVA-loaded DC (Fig. 4B). Supernatant from cultured TIL-10 cells sup-
pressed proliferation, indicating that TIL-10 cells suppress through
secreted factors. Since IL-10 was the most likely factor through
which suppression was mediated, a neutralizing anti-IL-10 mAb
was added to the assay to block the action of IL-10. Neutralizing IL-
endritic cells (DC) were cultured with LPS to induce IL-12 production. This LPS
trol cells or without supernatant from T cell cultures to analyze immunosuppressive

as detected in DC by flow cytometry. (B) Freshly derived OVA-specific CFSE-labelled
e presence of supernatant taken from cultured T(IL-10) cells (right panel) or T(GFP)

ll proliferation in the same setting, but in the presence of a neutralizing anti-IL-10
10 completely abrogated the immunosuppressive effect, indicating
that IL-10 is the major factor that is responsible for immunosup-
pression by TIL-10 cells.

Because in vitro TIL-10 cells regulated primarily through expres-
sion and secretion of IL-10, our data indicate that the TIL-10 cells
resemble Tr1 regulatory T cells. Therefore, we further characterized
differentiation of PG-specific TIL-10 cells in PG-induced arthritis. PG-
specific TIL-10 cells or control cells were transferred as described
previously. Six days after transfer the transferred CD4+ T cells were
detected and isolated from spleens by CD4 and GFP expression with
FACS. mRNA was extracted from these cells to quantify their expres-
sion of Foxp3 (the hallmark of natural CD4+CD25+ Treg cells) and
TGF-� (hallmark of Th3 Treg cells) by RT-PCR. Both Foxp3 and TGF-�
were not propagated in the TIL-10 cells, compared to controls (Fig. 5).
Rather, expression of these molecules was suppressed, indicating
that TIL-10 cells do not acquire a natural Treg or a Th3 phenotype.
Together with the finding that expression of IL-10 mRNA was still
high in the TIL-10 cells (data not shown), and because their action
is mainly mediated through IL-10 (both characteristic for Tr1 cells),
the TIL-10 cells most closely resemble a Tr1 cell phenotype.



T. Guichelaar et al. / Molecular Immu
Fig. 5. Phenotypic analysis of expression of the regulatory markers Foxp3 and TGF-�
in IL-10 transduced T cells after transfer in PG-induced arthritis. Mice were immu-
nized with PG and received 2 × 106 IL-10 transduced PG-specific CD4+ T cells (black
bars) or PG-specific CD4+ T controls (only GFP transduced, grey bars) as described
in Fig. 2. After 6 days, mice were sacrificed and transferred T cells (CD4+GFP+) were
isolated from spleens by FACS (n = 3 per group). Expression of Foxp3 (left) and TGF-�
(right) by the isolated T cells was done by quantitative RT-PCR. Expression levels are
shown as arbitrary units normalized to expression of the house keeping gene HPRT.
*p < 0.05.

4. Discussion

Proteoglycan-induced arthritis is a chronic and progressive
model of RA (Glant et al., 2003) and is characterized by a dom-
inating Th1 response (Finnegan et al., 1999; Hollo et al., 2000;
Kaplan et al., 2002; Buzas et al., 1995; Bardos et al., 2002). The
generation of a TCR-specific mouse (Berlo et al., 2006, 2005) as a
source for PG-specific CD4+ T cells allows for studies on CD4+ T
cell-mediated functions in this arthritis model. In this study we
examined the possibility to target inflammation in PGIA with ex
vivo modulated PG-specific CD4+ T cells. Because arthritogenic and
PG-specific T cells can migrate not only to the lymphoid organs
but also to inflamed joints (Mikecz and Glant, 1994), they may
be suitable tools to deliver such anti-inflammatory agents at the
site of inflammation. Application of (genetically) modified CD4+

T cells expressing anti-inflammatory agents to successfully target
autoimmune mediated inflammation was proposed and carried out
previously (Tarner et al., 2003). However, this is the first study
which combined immunomodulatory molecules expressed by pri-
mary arthritogenic CD4+ T cells, with a well defined specificity for

a cartilage antigen, in a chronic and progressive arthritis driven by
cartilage-specific immune responses.

To genetically modify T cells using a retroviral system we acti-
vated T cells with anti-CD3/anti-CD28 mAb-conjugated magnetic
beads (Broeren et al., 2000). Rheumatic joints contain clonally
expanded T cell populations. This indicates that these cells are
specifically involved in the inflammatory auto-antigen specific
immune response and these T cells may therefore be used for
adoptive cellular gene therapy. The use of anti-CD3/anti-CD28-
stimulation by mAbs used for T cell activation is less time
consuming than use of APC as has often been done since no
APCs have to be sorted prior to and after T cell stimulation. This
method turned out to be a very efficient method to stimulate T
cells since transduction with retrovirus, which requires T cell divi-
sion, resulted in up to 80% transduced T cells. Stimulation with
anti-CD3/anti-CD28 mAbs resulted in a higher IFN-� response over
an IL-4 response, which is indicative of Th1 cells as has been
described before (Broeren et al., 2000). However, this phenotype
could be skewed to a more pronounced Th1 phenotype or to a Th2
phenotype when either IL-12p70 and anti-IL-4 mAb or IL-4 and
anti-IFN-� mAb were present during T cell activation, respectively.
nology 45 (2008) 3526–3535 3533

This indicates that further (co-)stimulatory molecules or cytokines
expressed by APCs are not crucial for T cell differentiation of IL-4 or
IFN-� responses in the presence of these cytokines, although they
may enhance this differentiation (Rogers and Croft, 1999; Dong and
Flavell, 2001).

Induction of PGIA requires a Th1 response (Finnegan et al., 1999;
Kaplan et al., 2002) and can be achieved by transfer of PG-primed
CD4+ T cells to lymphopenic hosts (Berlo et al., 2005; Buzas et
al., 1995; Bardos et al., 2002). Moreover, TCR-Tg mice expressing a
PG-specific TCR are more susceptible to PGIA (Berlo et al., 2006).
Therefore, we reasoned that transfer of PG-specific Th1 cells to
wild type recipients would exacerbate PGIA. Because in previous
studies adoptively transferred 0.5–2 × 106 CD4+ T cells transduced
with several genes have been demonstrated to sort effects in differ-
ent disease models (reviewed in van de Loo et al., 2004; Finnegan
et al., 1999; Weisman, 2002; Robbins et al., 2003; Tarner et al.,
2003), we anticipated that 1 × 106 cells would be sufficient to mod-
ulate PG-induced arthritis. However, 1 × 106 PG-specific Th1 cells
did not promote disease development. Recently, it was shown that
Th1 cells, and also Th2 cells, may block differentiation of CD4+ T
cells producing IL-17 (Th17 cells), which is a newly identified T cell
phenotype that is crucial for the induction of autoimmune dis-
orders like arthritis (Wynn, 2005). Therefore, it is possible that
PG-specific Th1 cells could prevent differentiation or activity of
pro-inflammatory Th17 cells instead of exacerbating disease. No
suppressive effect of Th1 cells on disease was observed either.
Therefore, suppression of an arthritogenic Th17 response is unlikely.
Moreover, naı̈ve PG-specific

PG-specific CD4+ T cells that were transferred from highly
arthritis susceptible TCR-Tg mice without prior ex vivo stimula-
tion/differentiation to wild type mice with PGIA, exerted no clinical
effects. Therefore, a likely explanation may be that the number
(1 × 106) of PG-specific T cells added to the already existing pool
of arthritogenic lymphocytes is not enough to exacerbate arthritis
in wild type recipients.

Neither PG-specific Th2 cells nor PG-specific IL-4-transduced
T cells suppressed arthritis, although Th2 cells and their derived
cytokines like IL-4 are well known to regulate Th1 responses in
inflammatory diseases like PGIA (Finnegan et al., 1999, 2002;
Kaplan et al., 2002). This is in contrast with studies where
only 2 × 106 OVA-specific Th2 cells could suppress disease in an
OVA-induced arthritis model (Maffia et al., 2004) or where anti-
inflammatory effects of collagen-specific TIL-4 cells have been
demonstrated in collagen-induced arthritis (CIA) (Tarner et al.,

2002). Maybe the phenotype of such T cells in our studies was
not strong enough or the number of transferred T cells not suffi-
cient to counteract on an arthritogenic immune response. Whereas
in our study 1 × 106 primary CD4+ T cells were used, in CIA and
in other models 1 × 106 CD4+ T cell hybridoma’s were used as
a source of antigen-specific T cells. Such hybridoma’s prolifer-
ate without antigenic-stimulation. Therefore, such hybridoma’s
constantly proliferate irrespective of their location and will there-
fore probably be present in larger numbers secreting higher
amounts of cytokines. Discrepancy between our findings and
previously documented findings may also be explained by dif-
ferences between models. Although both CIA and PGIA are
dominated by Th1 cells, these models may be slightly differ-
ently regulated in terms of Th1 and Th2 immunity as the natural
immunological backgrounds of the mice used for these models
differ (Glant et al., 2003). In addition, a likely explanation may
be found in the differences of CD4+ T cells used in different
studies.

IL-1� and TNF-� have prominent pro-inflammatory functions
within the joint tissue and act downstream Th1 cell-mediated
immunity (McInnes and Schett, 2007). Blocking the biological activ-
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ities of these cytokines with IL-1RA or TNF-�R respectively has
been demonstrated a successful approach to ameliorate inflam-
mation in a wide range of arthritis models and other models for
autoimmune mediated inflammation (van de Loo et al., 2004).
Agents blocking these cytokines have also been shown to suppress
arthritis when expressed by transduced cartilage antigen-specific
CD4+ T cell hybridoma’s (Smith et al., 2003) or synovial fibrob-
lasts (Bandara et al., 1993). However, in our study 1 × 106 TIL-1RA or
TTNF-�RIg cells did not suppress clinical symptoms of inflammation
in PGIA, although IL-1RA and TNF-�RIg were expressed function-
ally. Again, these contrasting findings may be explained by the use
of different models, the use of T cell hybridoma’s or the number of
T cells transferred.

IL-10 and TGF-� have been described as the major immuno-
suppressive cytokines required for different subsets of regulatory
T cells (Treg cells) to down regulate pro-inflammatory immune
responses that lead to autoimmune disease, allergy or exaggerated
responses to pathogens. Like IL-4, IL-10 has been shown to suppress
PGIA when administered systemically (Finnegan et al., 1999). The
immunosuppressive effects of such daily systemic cytokine admin-
istration ceased when administration was abrogated (Finnegan et
al., 1999). However, unlike PG-specific TIL-4 cells, one injection of
PG-specific TIL-10 cells showed significant beneficial effects on PGIA.
Although TIL-10 cells resembled Tr1 cells expressing a high amount
of IL-10, systemic levels of IL-10 protein in vivo were below detec-
tion level (data not shown). Moreover, low numbers (<0.002%) of
TIL-10 cells were found in the spleen, and also in the inflamed
joints (data not shown). Altogether these data indicate that the
T cells focus the action of IL-10 to relevant tissues over a sus-
tained period rather than providing a massive overall, systemic
increase of IL-10 expression as with systemic administration of
cytokines.

Because of all the anti-inflammatory agents tested IL-10 was
the only one that suppressed arthritis when expressed by trans-
duced PG-specific T cells, IL-10 may be a very promising cytokine
to be used in T cell mediated intervention in arthritis. Not only
transduction with the IL-10 gene, but also ways to promote IL-10
producing Treg cells have been very promising in interventions in
inflammatory diseases (Groux et al., 1997; Bluestone, 2005; Barrat
et al., 2002). Therefore, mechanisms that propagate the expression
of IL-10 to alter the autoimmune response that sustains inflam-
mation, such as production of IL-12, may be more effective than
just blocking the resulting downstream effects such as expression
of pro-inflammatory molecules that are amplified by this autoim-

mune response.
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