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Regulatory T cells (Tregs) can suppress a wide range of immune
cells, making them an ideal candidate for the treatment of auto-
immunity. The potential clinical translation of targeted therapy
with antigen-specific Tregs is hampered by the difficulties of
isolating rare specificities from the natural polyclonal T cell reper-
toire. Moreover, the initiating antigen is often unknown in auto-
immune disease. Here we tested the ability of antigen-specific
Tregs generated by retroviral gene transfer to ameliorate arthritis
through linked suppression and therefore without cognate recog-
nition of the disease-initiating antigen. We explored two distinct
strategies: T cell receptor (TCR) gene transfer into purified
CD4�CD25� T cells was used to redirect the specificity of naturally
occurring Tregs; and co-transfer of FoxP3 and TCR genes served to
convert conventional CD4� T cells into antigen-specific regulators.
Following adoptive transfer into recipient mice, the gene-modified
T cells engrafted efficiently and retained TCR and FoxP3 expres-
sion. Using an established arthritis model, we demonstrate antigen-
driven accumulation of the gene modified T cells at the site of joint
inflammation, which resulted in a local reduction in the number of
inflammatory Th17 cells and a significant decrease in arthritic bone
destruction. Together, we describe a robust strategy to rapidly gen-
erate antigen-specific regulatory T cells capable of highly targeted
inhibition of tissue damage in the absence of systemic immune
suppression. This opens the possibility to target Tregs to tissue-
specific antigens for the treatment of autoimmune tissue damage
without the knowledge of the disease-causing autoantigens recog-
nized by pathogenic T cells.

autoimmunity � gene therapy � T-cell receptor

To exert their suppressive activity, Tregs require TCR ligation.
While the exact nature of Treg TCR recognition remains

unknown, the importance of antigen-specificity in successful
disease treatment by Treg adoptive transfer is becoming increas-
ingly clear. For example, while polyclonal Tregs can prevent the
onset of diabetes in NOD mice (1), reversion of disease can only
be demonstrated when using Tregs specific for pancreatic anti-
gens (2, 3). In the preventative setting, the antigen-specific Tregs
were 100-fold more efficacious in controlling diabetes when
compared to polyclonal Tregs. Similarly, antigen-specific Tregs
derived from TCR-transgenic mice were more effective than
polyclonal Tregs in controlling murine models of autoimmune
gastritis (4) and multiple sclerosis (5). In the transplantation
setting, Tregs with specificity for indirectly presented alloanti-
gens were effective in suppressing chronic graft rejection, while
Tregs with direct alloantigen specificity were required for con-
trol of acute transplant rejection (6). Thus, Treg specificity can
be exploited to selectively suppress a particular component of an
ongoing immune response.

Ectopic expression of the regulatory transcription factor,
FoxP3, has been used to convert conventional CD4� T cells into
T cells with regulatory function. The importance of antigen-

specificity of converted CD4� T cells has been demonstrated
using the NOD diabetes model in a similar manner to that
described above (7). At present, it is unclear whether the ability
of antigen-specific converted CD4� T cells to suppress immune
responses in vivo is equivalent to the suppressive activity of
antigen-specific natural Tregs.

In this study, we tested two TCR gene transfer strategies to
generate primary T cells with defined antigen-specific regulatory
activity: the first involved retroviral TCR gene transfer into a
primary Treg population; while the second explored the possi-
bility of converting primary CD4� T cells into antigen-specific
regulators by retroviral transfer of TCR and FoxP3 genes. We
designed in vivo experiments to test whether antigen-specificity
could be used to direct regulatory T cell function to selective sites
in vivo, and whether this would result in local suppression of
tissue damage caused by pathogenic effector T cells of unrelated
specificity.

Results
We used the OTII-TCR, which is specific for a peptide derived
from ovalbumin (Ova) presented by the Ab MHC class II
molecules. We generated retroviral vectors containing only the
TCR � and � genes, or the TCR genes plus the gene encoding
FoxP3 (Fig. S1). In an attempt to maximize gene expression and
TCR assembly, all gene sequences were codon optimized and an
additional disulfide bond was introduced into the OTII-TCR �
and � constant domain to reduce mispairing with endogenous
TCR chains (8). As previous attempts at TCR transduction into
primary Tregs had been unsuccessful (9) and T cell proliferation
is essential for retroviral infection, we established that stimula-
tion of purified primary murine Tregs with anti-CD3/CD28
antibody and IL-2 triggered robust proliferation comparable to
that seen with conventional CD4� T cells (Fig. 1A). Thus,
purified Tregs and CD4� T cells were transduced with retroviral
vectors 1–2 days after polyclonal stimulation, followed by phe-
notypic and functional analyses after an additional 1–3 days. The
majority of freshly transduced Tregs and CD4� T cells co-
expressed the V�2 and V�5 chains of the introduced OTII-TCR
(Fig. 1B). Further analysis revealed high levels of FoxP3 in the
TCR-transduced Tregs and in the FoxP3�TCR-transduced
CD4� T cells, while control CD4� T cells that were transduced
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with only the OTII-TCR were largely negative for FoxP3 ex-
pression (Fig. 1B). We analyzed the expression of CD25,
CTLA-4 and GITR markers that are typically expressed at
elevated levels in natural Tregs (10–12) and in T cells expressing
FoxP3 ectopically (13, 14). Both TCR-transduced Tregs and
FoxP3�TCR-transduced CD4� T cells expressed higher levels
of these markers compared to the control transduced CD4� T
cells (Fig. S2 A).

We tested whether the gene engineered T cells were antigen-
responsive or whether they displayed the anergic phenotype that
is associated with Tregs in vitro (15). Stimulation of the engi-
neered T cells with dendritic cells loaded with Ova peptide
revealed that OTII-TCR-transduced Tregs did not proliferate
(Fig. 2A). In contrast FoxP3�OTII-TCR-transduced CD4� T
cells displayed low levels of Ova-specific proliferation. Neither
TCR-transduced Tregs nor TCR�FoxP3-transduced T cells
produced detectable levels of IL-2. Finally, we assessed the
ability of the gene-modified T cells to suppress antigen-specific
proliferation of third-party responder T cells. Responder T cells,
specific for the nucleoprotein (NP) of the influenza virus, were
stimulated with dendritic cells that were coated with NP peptide
only, or with NP as well as Ova peptide. Fixed numbers of
NP-specific responder T cells were stimulated along with in-
creasing numbers of Tregs transduced with the OTII-TCR, or
CD4� T cells transduced with FoxP3�OTII-TCR. Both TCR-
transduced Tregs and FoxP3�TCR-transduced CD4� T cells
displayed Ova-dependent suppression of the proliferative re-
sponse by the NP-specific T cells. As expected some Ova-
independent suppression of proliferation was observed at high
ratios of regulatory:responder T cells. However, the suppressive
activity was clearly enhanced in the presence of the Ova peptide
that is recognized by the TCR expressed by the gene-modified
T cells (Fig. 2B). Consistently the antigen-dependent suppres-

sion mediated by the TCR-transduced Tregs was more profound
than that mediated by the FoxP3�TCR-transduced CD4� T
cells. Together these in vitro experiments indicated that retro-
viral gene transfer was effective in redirecting the specificity of
Tregs, and converting conventional CD4� T cells into FoxP3-
expressing cells with phenotypic and functional properties sim-
ilar to that of Tregs.

Next we explored the in vivo properties of redirected Tregs
and FoxP3-converted CD4� T cells in adoptive transfer exper-
iments. C57BL/6 mice (Thy1.2) were partially lymphodepleted
using 6 Gy total body irradiation, followed by i.v injection of
1.5 � 106 redirected Tregs, FoxP3-converted CD4� T cells or
control CD4� T cells transduced with only the OTII-TCR. The
lymphodepletion regime was utilized to facilitate engraftment
and hence detection of the relatively small number of transferred
cells. The transduced T cells were from congenic Thy1.1 mice,
enabling tracking of the injected cells. Blood samples were taken
at weeks 2 and 4, and after 6 weeks, animals were killed for
detailed phenotypic and functional analysis. Flow cytometric
analysis at weeks 2 and 4 demonstrated efficient engraftment of
Thy1.1-positive donor T cells in the blood of recipient mice (Fig.
3A). In all animals the relative proportion of Thy1.1 cells was
highest at week 2, which is most likely related to low numbers of
endogenous T cells at this early time point after the lymphode-
pleting conditioning. At week 6, the transferred Thy1.1 T cells
were readily detectable in the spleen of recipient mice, and the
phenotypic profile of the engrafted cells was similar to that of the
injected T cell populations (Fig. 3A). For example, the analysis
of mice that received transduced Tregs or FoxP3-converted
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Fig. 1. Generation of Ag-specific regulatory T cells by TCR transduction. (A)
CD4 sorted T cells (open squares) and CD4�CD25� sorted Tregs (open trian-
gles) were stimulated with antiCD3/CD28 activation beads and IL-2, prolifer-
ation was monitored for 24 h each day over a 7-day period. (B) Purified Tregs
and CD4� T cells were transduced with the OTII-TCR (V�2, V�5) or FoxP3�OTII-
TCR, respectively. Control CD4� T cells were transduced with OTII-TCR only.
Transduced cells were stained for TCR � and � expression (top, gated on
lymphocytes) and FoxP3 expression (bottom, gated on TCR positive cells;
representative of eight separate experiments).
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Fig. 2. TCR transduced Tregs and FoxP3-converted T cells are anergic and can
suppress a by-stander response in vitro. (A) OTII-TCR transduced CD4�CD25�
Tregs (black), FoxP3�OTII-TCR transduced CD4� T cells (hatched) and OTII-TCR
only transduced CD4� T cells (white) were generated by retroviral transduc-
tion. Transduced cells were stimulated with irrelevant or Ova peptide pulsed
DCs and proliferation and IL-2 secretion was measured (presented as mean �
SEM of triplicates, representative of four independent experiments). (B) In in
vitro suppression assays, fixed numbers of responder Flu-NP-specific CD8� T
cells were mixed with titrated amounts of OTII-TCR-transduced Tregs (left) or
FoxP3�OTII-TCR-transduced CD4� T cells (right). Cells were stimulated with
DC pulsed with Flu-NP peptide plus irrelevant peptide (white bars) or Flu-NP
plus Ova peptide (black bars). Data presented as proliferation index calculated
based upon responder T cells stimulated with irrelevant peptide pulsed DCs
(left plot, TCR transduced Tregs P � 0.04 at ratio 1:1, P � 0.001 at ratio 64:1;
right plot, FoxP3�OTII-TCR-transduced T cells P � 0.024 at ratio 1:1 and P �
0.0036 at ratio 32:1 with n � 3 for both).

Wright et al. PNAS � November 10, 2009 � vol. 106 � no. 45 � 19079

IM
M

U
N

O
LO

G
Y

http://www.pnas.org/cgi/data/0907396106/DCSupplemental/Supplemental_PDF#nameddest=SF2


CD4� T cells showed that the percentage of FoxP3�TCR� cells
amongst the engrafted Thy1.1 was similar to the percentage
present in the populations used for injection. This indicated that
both TCR and FoxP3 expression was stable, and that T cells
expressing both molecules engrafted at similar efficacy as T cells
lacking TCR or FoxP3 expression. Further analysis of the
engrafted TCR� Tregs and TCR�FoxP3� T cells revealed that
they retained increased expression of CD25, CTLA4 and GITR,
while the level of CD127 expression was reduced, a phenotype
that is characteristic of Tregs (16) (Fig. S2B). Finally, ex vivo
functional analysis of the engrafted T cells revealed that the
TCR-transduced Tregs and the FoxP3�TCR-transduced CD4�

T cells were anergic in response to Ova peptide stimulation,
while TCR-transduced control CD4� T cells showed Ova-
specific proliferation and IL-2 production (Fig. 3B). Together,
these experiments showed that the anergic phenotype observed

in vitro was stably maintained upon adoptive transfer into
lymphopenic hosts.

Next we explored whether TCR-transduced Tregs and
FoxP3�TCR-transduced CD4� T cells were capable of prevent-
ing T cell mediated tissue damage in vivo. To address this we
used a well-established antigen-induced arthritis (AIA) model in
which mice are immunized with methylated BSA (mBSA)
followed by intra-articular knee rechallenge with mBSA to
induce T cell-mediated tissue damage. Engineered Tregs or
FoxP3-converted CD4� T cells (1.5 � 106) were adoptively
transferred before mBSA rechallenge. Recipient mice did not
receive any lymphodepleting conditioning to avoid possible
damage to the previously primed mBSA-specific pathogenic T
cells. To test whether the transferred T cells were able to home
to the appropriate site, suppress in an antigen-specific fashion,
and consequently control joint inflammation locally, each ani-
mal was challenged in one knee with mBSA and Ova, and in the
contralateral control knee with mBSA alone. Thus, only one
knee contained the Ova antigen recognized by the gene-
modified Tregs, while both knees contained the mBSA antigen
recognized by the arthritis-inducing T cells.

The results showed that the adoptively transferred engineered
T cells substantially decreased inflammatory knee swelling when
Ova was present, but had no effect in the control knee that was
injected with mBSA only (Fig. 4 A–C). Using the congenic
Thy1.1 marker the TCR-transduced Tregs and FoxP3�TCR-
transduced T cells harvested from left and right lymph nodes
were analyzed by flow cytometry. The transferred cells in both
groups of mice retained high levels of the introduced TCR and
FoxP3 (Fig. 4D). A relative accumulation of TCR-transduced T
cells was detectable in the lymph node draining the Ova-injected
knee compared with the contralateral control knee (Fig. 4E). To
explore a possible mechanism for the therapeutic effect of
engineered T cells we monitored the number of Th17 cells, which
have been shown to play a pathogenic role in this and other
arthritis models (17, 18) as well as in human rheumatoid arthritis
(19). Compared to PBS-treated controls, mice treated with
TCR-transduced Tregs showed a significant reduction of Th17
cells in the lymph nodes draining the Ova challenged knee (Fig.
4F). In contrast, no significant reduction in Th17 cells was
observed in animals that were treated with FoxP3�TCR-
transduced CD4� T cells. All mice showed similar numbers of
Th17 cells in the lymph nodes draining the control knee,
indicating that suppression of Th17 numbers required the pres-
ence of the Ova antigen recognized by the engineered regulatory
T cells (Fig. 4F). It remains unclear whether the reduction in
Th17 cells within the draining lymph node is a consequence of
Treg mediated suppression of Th17 differentiation/function or a
function of reduced inflammatory cell accumulation in the
lymph node. A number of studies have indicated that Tregs are
inefficient suppressors of Th17 cells (20, 21), although they are
capable of limiting the detrimental effects of Th17 cells by
reducing accumulation at the site of inflammation and in the
draining lymph nodes (22). In support of this model, we did note
a reduction in absolute numbers of Th17 cells in the lymph node
draining the Ova challenged knee of Treg treated mice. The
ability to suppress the numbers of Th17 cells and swelling
correlated with the ability to reduce joint inflammation and bone
destruction as judged by histopathology of tissue sections (Fig.
5A). We observed significant reductions in the scores for tissue
destruction and arthritis with engineered Tregs in the knee
containing the Ova antigen but not in the contralateral control
knee (Fig. 5B). Together, these experiments clearly demonstrate
that adoptive therapy with gene modified primary T cells can
suppress immunopathology in vivo in an antigen-dependent
fashion. The results also indicate that engineered primary Tregs
are more effective than converted CD4� T cells in suppressing
pathology in vivo.
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Fig. 3. TCR-transduced Tregs and FoxP3�TCR-transduced T cells retain
TCR/FoxP3 expression and Treg phenotype in vivo. TCR-transduced Tregs,
FoxP3�TCR-transduced CD4� T cells and TCR only transduced CD4� T cells
were transferred i.v into 6Gy-lymphodepleted C57BL/6-Thy1.2 mice. (A) Be-
fore injection transduced cells were analyzed for TCR-V�2 and FoxP3 expres-
sion (top row). Transferred cells (Thy1.1) were detected in tail blood samples
at 2 and 4 weeks posttransfer and in the spleen after sacrifice at week 6 (gated
on CD4�, middle panels). The TCR-V�2 and FoxP3 staining profile of the gated
Thy1.1� T cells was assessed a week 6 (bottom row). FACS plots are represen-
tative of four separate mice in each group. (B) Splenocytes from mice (6 weeks
post-T-cell transfer) were stimulated ex vivo with Ova or control peptides and
prolifertion and IL-2 secretion was measured. Chart represents measurements
in triplicate from three mice presented as mean � SEM.
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Discussion
We found that TCR-transduced Tregs as well as FoxP3�TCR-
transduced CD4� T cells selectively accumulated in the draining
lymph nodes of the Ova-challenged knee, indicating that both
were able to respond to Ova antigen in vivo. Compared to
PBS-treated control mice, there was no increase in Th17 cells in
the T cell-treated mice, indicating that in the in vivo environment
of inflammatory arthritis neither the engineered Tregs nor the
engineered CD4� T cells converted into Th17 cells. Conversion
of Tregs into pro-inflammatory Th17 cells has been described in
certain experimental settings (23) and could potentially enhance
immunopathology if adoptively transferred regulatory T cells
converted into pro-inflammatory Th17 cell in vivo.

The reason why the engineered Tregs but not the FoxP3�TCR-
transduced CD4� T cells suppressed Th17 cell in vivo is currently
not known. Reduced levels of FoxP3 expression are unlikely to
account for the observed difference as the expression of the
introduced FoxP3 in CD4� T cells was at least as high as the
endogenous FoxP3 in Tregs. While FoxP3 is widely described as a
‘‘master-switch’’ for Treg development, several studies have now
shown that FoxP3 is not the only factor involved in Treg phenotype
and function (24). Gene array studies have shown that although
ectopic FoxP3 expression upregulated a large number of Treg
associated genes, substantial differences in the gene expression
profile of FoxP3-converted T cells and natural Tregs were detect-
able (25, 26). The elucidation of the molecular mechanisms that
empower antigen-specific Tregs with more efficient suppressive
activity compared to FoxP3 converted T cells will require further
functional analysis of candidate genes that are differentially ex-
pressed in these T cell populations. It is likely that FoxP3-converted

T cells are more comparable to inducible (FoxP3�) Tregs, a
population of regulatory T cells generated from conventional
CD4� T cells by stimulation in the presence of TGF� and IL-2/
retanoic acid (27, 28). In fact, recent experiments with TGF�-
induced polyclonal Tregs suggested that they were less effective
than natural Tregs in ameliorating autoimmune gastritis (29).
Although Ag-specific FoxP3-converted T cells failed to ameliorate
arthritis to the same degree as natural Ag-specific Tregs in our
hands, it is worth noting that studies carried out using a similar
FoxP3-conversion technique in CIA demonstrated a significant
suppression of arthritis progression (30). Furthermore, these stud-
ies identified a reduction in IL-17 transcripts within the arthritic
paws of mice treated with Ag-specific FoxP3-converted T cells,
however, in agreement with the data presented here, found no
reduction in the draining lymph nodes. The difference in these
results and ours could be attributable to differences in the disease
model or the target Ag. Whereas we targeted a non-disease-
inducing-Ag, the study described above utilized a TCR specific for
type II collagen, the primary immunising Ag in the CIA model.
While this type of targeting approach is clearly efficacious it is
debatable as to how relevant it is to human autoimmune disease,
where the initiating-Ag is rarely known.

In the experiments described here the same dose of TCR-
transduced Tregs and FoxP3�TCR CD4� T cells were used for
the adoptive T cell therapy of arthritis. Although the Tregs were
more effective, it is likely that increasing the dose of converted
CD4� T cells would improve their therapeutic efficacy. As
primary CD4� T cells are readily purified in large numbers,
high-dose therapy with freshly transduced CD4� T cells is easily
achievable. Possible therapeutic application of this approach is
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Fig. 4. TCR-transduced Tregs and FoxP3�TCR-transduced CD4� T cells ameliorate antigen-induced arthritis. BSA-immunized mice were treated with
Ova-specific TCR-transduced Tregs or FoxP3�TCR-transduced T cells before intra-articular re-challenge (BSA�Ova � right knee, BSA only � left knee). Swelling
was compared in right knees of mice treated with (A) TCR-transduced Tregs (day 2 P � 0.0009 and day 3 P � 0.0097 n � 10) and (B) FoxP3�TCR-transduced T
cells (day 2 P � 0.015 and day 6 P � 0.046 n � 10) with PBS-only transferred mice. (C) No difference in swelling between groups was seen in the left (control)
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indicated above plot–representative of 5 mice). (E) Proportion of transferred cells within the CD4� T cell compartment of the draining lymph nodes was
determined by Thy1.1 staining (P � 0.0039 and P � 0.0034, n � 5). (F) Proportion of Th17 cells was determined by IL-17 staining, presented as percentage of the
CD4� gated T cells isolated from the draining lymph node (P � 0.017, n � 5).
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supported by recent data indicating that human CD4� T cells can
be successfully converted into stable suppressive cells when the
FoxP3 is expressed under an activation state independent pro-
moter (31). In contrast to the abundance of conventional T cells,
Tregs represent fewer than 2% of the peripheral blood lympho-
cytes and their isolation to high purity is challenging, as there are
no markers that are strictly specific for this cell type. In vitro
expansion of the purified Tregs would be an option to increase
their numbers before adoptive transfer. However, a major goal
of this study was to shorten the culture period of primary T cells,
as extended in vitro stimulation of Tregs may allow for the
out-growth of the contaminating non-Treg population (32).
Furthermore, prolonged culture of ‘conventional’ T cells is

associated with increased T cell differentiation resulting in
decreased in vivo T cell survival following adoptive transfer (33).
Thus, it is possible that extended in vitro expansion of purified
Tregs may impair their in vivo survival and function.

We used a retroviral transduction protocol that allowed us to
redirect the specificity of primary Tregs and CD4� T cells without
the need for lengthy in vitro culture. Within 3 days, redirected Tregs
and converted CD4� T cells were available for adoptive transfer
into recipient mice, where they engrafted efficiently, maintained
their phenotype, and suppressed arthritic joint inflammation in an
antigen-dependent fashion. In the described experiments, previ-
ously primed T cells were responsible for the joint damage, an
indication that the engineered regulatory T cells were able to
suppress the pathogenic potential of existing memory/effector T
cells. Furthermore, suppression of arthritis occurred when the
regulatory T cells and the pathogenic T cells recognized two distinct
antigens. This feature of linked suppression provides an opportu-
nity to treat autoimmune conditions without any knowledge of the
specificity of disease-causing autoreactive T cells. The presented
data suggests that redirecting the specificity of Tregs to tissue-
specific antigens expressed in the target organs of autoimmune
disease may lead to selective Treg accumulation and activation
leading to local suppression of pathogenic T cells irrespective of
their antigen specificity. The combination of selective homing and
local immune suppression provides opportunities to develop highly
targeted Treg therapy for the effective control of autoimmune
mediated tissue damage without impairment of systemic immunity.

The described adoptive therapy with engineered T cells was
effective as mono-therapy and there was no requirement for
lymphodepleting conditioning, which is required to achieve
therapeutic efficacy after adoptive T cell therapy of malignancies
(34). Previous studies with a redirected Treg cell-line showed
that the in vivo suppressive activity of these cells required
co-treatment with other immunosuppressive drugs (9). The
observation that engineered primary T cells used here can be
effective without any additional therapy is in agreement with
studies using antigen-specific Treg populations isolated from
TCR-transgenic mice. This suggests that the in vivo potency of
engineered primary T cells is similar to that of antigen-specific
Tregs isolated from transgenic mice.

In summary, we describe an effective strategy to rapidly
convert primary T cells into antigen-specific regulatory cells for
adoptive therapy to achieve targeted immune suppression. The
adoptively transferred cells can be effective as mono-therapy,
and they prevent tissue damage by previously activated T cells
with unrelated specificity. Thus, engineered primary regulatory
T cells are promising reagents for the treatment of autoimmunity
without any knowledge of the initiating autoantigens.

Methods
Mice. C57Bl6 mice were purchased from Harlan; Thy1.1 C57BL/6 and F5-TCR
transgenic (C57BL/6) were bred in house at the animal facility at University
College London. All procedures were carried out in accordance with United
Kingdom Home Office regulations.

Flow Cytometry and Cell Sorting. Further antibody information is contained
within the SI Materials and Methods. CD4�CD25� T cells were sorted using
CD4� negative selection CD25 positive selection kit (Miltenyi Biotech) as per
the supplied protocol. Typical purity varied between 89–94%. CD11c� DCs
were sorted using anti-CD11c MACs beads (Miltenyi Biotech) from type IV
Collaginase (Worthington–46E8824) digested spleen. Typical purity varied
between 91–96%. CD4 or CD8 positive T cells were sorted using anti-CD4 or
anti-CD8� MACs beads (Miltenyi Biotech) as per the supplied protocol.

Retroviral Transduction. Retroviral vectors pMX-OTII�.IRES.OTII�, pMP71-
OTII�.P2A.OTII�, and pMP71-FoxP3.F2A.OTII�.P2A.OTII� were generated.
Further information on vectors can be found within the SI Materials and
Methods. Phoenix-Ecotropic packaging cells (Nolan Lab, Stanford University,
CA) were transfected with either vector along with pCL-Ecotropic vector using
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Fig. 5. Treatment with TCR-transduced Tregs ameliorates joint destruction.
On day 7 following arthritis induction knees were removed, sectioned, stained
with H&E and Safranin O, and scored blind for lymphocyte infiltration and
joint destruction. (A) Representative photomicrographs (40�) of right knee
joints show areas of lymphocyte infiltration and bone erosion. H and E staining
of sections of the right knee from a PBS-treated mouse (top row) show
considerable cellular infiltration (yellow arrows) over large proportions of the
joint surface including two areas of loss of surface integrity (red arrows) and
cellular accumulation in the joint space (green arrows). Safranin O staining
reveals loss of cartilage (black arrows) over large areas of joint surface of both
bones. H&E staining of sections from the right knee of a FoxP3 treated mouse
(middle row) show a moderate degree of cellular infiltration but no loss of
bone integrity. Safranin O staining shows loss of cartilage, mainly restricted to
one bone-surface of the joint. H&E and Safranin O staining of sections of the
knee from a TCR-transduced Treg treated mouse (bottom row) shows normal
knee architecture with a small-contained area of cellular infiltration and an
area of limited cartilage thinning. (B) Mean scoring for both knees from all
mice is presented (white bars � left, black bars � right–P � 0.0041 and P �
0.013 respectively, n � 5, mean � SEM).
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calcium phosphate precipitation and retrovirus-containing supernatant was
collected on day 1 for 24 h. Conventional T cells were activated for 24 h with
Con A (2 �g/mL final concentration) and CD4�CD25� T cells were activated
for 48 h using anti-CD3/CD28 beads (1:2 cell:bead-T cell Expander, Dynal,
Invitrogen) and rIL-2 (500 U/mL–Chiron). After 24 or 48 h (conventional T cells
or CD4�CD25� T cells), cells were incubated with retroviral supernatant for a
further 24 h. For in vivo studies cells were adoptively transferred i.v. in PBS
immediately, for in vitro studies cells were rested for a further 76 h. When
required cells were maintained in complete RPMI-1640 culture media supple-
mented with rIL-2 (500 U/mL–Chiron) at 1 � 106 cells/mL with media replaced
daily. Viable cells were obtained before in vitro assays by lympho-prep (Ficoll
Axis shield).

In Vitro Functional Assays. For stimulation assays, 0.75 � 105 transduced T cells
were stimulated with 5 � 103 peptide pulsed splenic DCs for 36 h. For ex vivo
stimulation, red blood cells were lysed and peptide was added to 2 � 105

whole cell suspensions and incubated for 4 days. Further information on
peptides and DC pulsing are contained within the SI Materials and Methods.
Proliferation was measured by 3H-thymidine (1 �Ci/well) uptake over the final
24 h of stimulation. The level of IL-2 in culture supernatants at the end of
culture periods was determined by ELISA using the OptEIA system as per the
supplied protocol (BD).

For in vitro suppression assays, naïve F5 TCR transgenic splenocytes were
CD8 bead sorted and used as a responder population. CD8� F5-TCR transgenic
T cells (0.75 � 105) and 5 � 103 peptide pulsed splenic DCs (as above) were
combined with reducing titrations (as indicated) of CD4�CD25� or FoxP3-
converted T cells in a total volume of 200 �L tissue culture medium. Cells were
seeded in 96-well rounded-bottom tissue-culture-treated plates and incu-
bated for 3 days. On day 3, 1 �Ci of 3H-Thymidine was added per well and cells
were incubated for a further 24 h before being harvested and counted.

Adoptive Transfer into Lympho-Depleted Mice. C57BL/6 (Thy1.2) mice were
conditioned with 6 Gray of total body irradiation followed 24 h later by

transfer i.v with 1.5 � 106 cells. Blood samples were taken on week 2 and 4 by
superficial cut to the tail vein and on week 6, mice were killed and cells were
harvested from the spleen.

Induction of AIA. At day �10, female C57BL/6 mice were immunized s.c. at the
base of the tail with 100 �g mBSA (Sigma) emulsified in complete Freund’s
adjuvant (Difco). On day 0 mice were transferred i.v with the stated cell type
or PBS only. Arthritis was induced by intra-articular injection of 20 �g o mBSA
in 10 �L PBS in the left knee and 20 �g mBSA and 100 �g whole ovalbumin in
10 �L PBS in the right knee [adapted from (35)]. Arthritis severity was moni-
tored by measurement of knee diameter using dial gauge callipers (Kroeplin).
Increase in knee diameter was calculated based on preinjection knee diameter
for each mouse before injection on day 0. For histopathological examination,
knees were removed, fixed in 4% formalin, decalcified in EDTA, and embed-
ded in paraffin. Sections were stained with H&E and Safranin O. Histological
sections were scored in a blinded manner on a scale of 0–3 for degree of
inflammation and joint destruction. A combined score was generated from
the sum of the individual scores for inflammation and destruction (maximum
score of 6).

Statistical Analysis. Comparisons between groups (normally distributed) were
carried out using unpaired Student’s t-test (Figs. 2B and 3 A–C and F). For
comparisons between related samples (e.g., left vs. right) paired Student’s
t-test was used (Fig. 3E). N for each calculation is shown in parenthesis in figure
legends. All statistical analysis was carried out using GraphPad Prism software.
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