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The ultimate goal for the treatment of autoimmunity is to restore
immunological tolerance. Regulatory T cells (Treg) play a central
role in immune tolerance, and Treg functional abnormalities have
been identified in different autoimmune diseases, including rheu-
matoid arthritis (RA). We have previously shown that natural Treg
from RA patients are competent at suppressing responder T cell
proliferation but not cytokine production. Here, we explore the
hypothesis that this Treg defect in RA is linked with abnormalities
in the expression and function of CTLA-4. We demonstrate that
CTLA-4 expression on Treg from RA patients was significantly
reduced compared with healthy Treg and is associated with an
increased rate of CTLA-4 internalization. Regulation of T cell
receptor signaling by CTLA-4 was impaired in RA Treg and associ-
ated with delayed recruitment of CTLA-4 to the immunological
synapse. Artificial induction of CTLA-4 expression on RA Treg
restored their suppressive capacity. Furthermore, CTLA-4 blockade
impaired healthy Treg suppression of T cell IFN-� production, but
not proliferation, thereby recapitulating the unique Treg defect in
RA. Our results suggest that defects in CTLA-4 could contribute to
abnormal Treg function in RA and may represent a target for
therapy for inducing long-lasting remission.

autoimmunity � Foxp3 � IL-17

Regulatory T cells (Treg) are responsible for controlling
immune responses to self-antigens and promoting tolerance.

Deficiencies in Treg function have been identified in a wide
variety of human autoimmune disorders, including rheumatoid
arthritis (RA) (1–3). We have previously shown that Treg
isolated from patients with active RA are competent at sup-
pressing conventional T cell proliferation but not cytokine
production (2). Both in health and disease, numerous mecha-
nisms of Treg-mediated suppression have been proposed, but it
is unclear whether abnormalities in these processes account for
the Treg defects found in autoimmunity. The identification of
the molecular basis for the Treg defect in RA would be critical
in manipulating Treg for therapy in autoimmune disorders.

Recently, we have demonstrated that anti-TNF therapy can
induce a potent population of Treg in patients with RA, but the
natural Treg defect persists in responding patients after anti-
TNF treatment (4). Although TNF blockade in RA patients has
been a major advance in therapy, these drugs do not provide a
cure because disease returns if treatment is discontinued. The
natural Treg defect, which remains after anti-TNF therapy,
could provide an explanation for disease flare after cessation of
therapy. Here, we explore the hypothesis that this persisting
natural Treg defect in RA is linked with abnormalities in
CTLA-4, a marker for Treg (5) and a candidate susceptibility
gene for RA (6). CTLA-4 has been extensively investigated in
conventional T cells as a pivotal negative regulator of T cell
signaling but much less is known about how CTLA-4 modulates
T cell signaling in Treg. Indeed, the focus of investigation in the
context of Treg has been whether CTLA-4 has a functional role
in suppression of responder T cells (Tresp), rather than as an
intrinsic regulator of T cell receptor (TCR) signaling. However,
these 2 roles could be complementary with CTLA-4-driven
changes in Treg signaling influencing suppression of target cells.

The analytical tools available to define Treg have been called
into question in a number of human studies. In particular, Foxp3
expression increases upon TCR stimulation of human Tresp in
vitro (7–9). This up-regulation in Foxp3 expression is accompa-
nied by substantial production of IL-2 by the CD4�Foxp3� cells
themselves. In an inflammatory environment, these in vitro
phenomena may be reflected in vivo by increased numbers of
Foxp3�‘‘Treg’’ expressing IL-2 and IFN-�. For the current study
we have assayed Il-2 and IFN-� production by Foxp3� T cells as
an aid in the identification of bona fide Treg.

In this study we have identified reduced expression and
functional abnormalities in Treg-associated CTLA-4, which
could account for the Treg defect in patients with RA. Ligation
of CTLA-4 reduced the downstream signaling events after
activation of Treg from healthy individuals, but not Treg from
patients with RA. The observation that induced accumulation of
CTLA-4 at the membrane of RA Treg by phorbol 12-myristate
13-acetate (PMA) restored their suppressive activity raises the
possibility that targeted manipulation of CTLA-4 expression
could represent a therapeutic strategy for patients with RA.

Results
Foxp3 Efficiently Suppresses Cytokine Production in Healthy and RA
Treg. Given that expression of Foxp3 has been associated with
activated, rather than regulatory, T cells in humans (7–9), we
assayed IL-2 and IFN-� production by Foxp3� Treg from RA
patients and healthy controls. The vast majority of IL-2 and
IFN-� was produced by conventional CD4�Foxp3� T cells,
isolated from both healthy individuals and patients with active
RA (Fig. 1A). Indeed, there was a significant increase in IL-2
detected in the CD4�Foxp3� T cell population from RA pa-
tients compared with those isolated form healthy individuals.
However, very little IL-2 or IFN-� was detected in the
CD4�Foxp3� population from Treg from healthy controls or
RA patients. A small, but distinct, subset (�0.5%) of
CD4�Foxp3lo from both healthy individuals and RA patients
expressed IL-2 or IFN-�, but production of both of these
cytokines was negligible in the Foxp3hi population (Fig. 1 A). A
number of groups, including our own, have found similar num-
bers of Treg in patients with established active RA compared
with healthy individuals (2, 3, 10). We confirmed this finding
when enumerating Treg defined as CD4�Foxp3hi (Fig. 1B).
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CTLA-4 Expression Is Diminished on Treg from Patients with RA. We
next measured CTLA-4 expression in the CD4�Foxp3hi subset
from patients with RA, psoriatic arthritis (PsA), and healthy
controls. There was a significant reduction in CTLA-4 expres-
sion in Treg from patients with RA compared with Treg from
healthy individuals (Fig. 2A). In contrast, CTLA-4 expression in
Treg from PsA patients was normal. Confocal microscopy
confirmed a marked reduction in CTLA-4 expression in the
Foxp3� Treg compartment from patients with RA compared
with healthy controls (Fig. 2B). Reduced CTLA-4 expression
was also confirmed when Treg were defined as
CD4�CD25�CD127� (Fig. 2C) (11), thereby facilitating their
purification and further analysis. Interestingly, anti-TNF (inflix-
imab) therapy did not normalize CTLA-4 expression on Treg
(Fig. 2 A and C). CTLA-4 and CD28 have opposing actions on
T cell activation and compete for the same ligands (5, 12).
Therefore, we assessed CD28 expression on Treg from RA
patients. Flow cytometry analysis of Foxp3hi Treg from healthy
controls and RA patients showed similar levels of CD28 expres-
sion (Fig. S1 A). This finding would be in accord with evidence
that CD28, unlike CTLA-4, although important for the devel-
opment of Treg, is not directly involved in Treg function (5).
Comparable expression of CD28 (Fig. S1 A) and CTLA-4 (Fig.
S1B) was noted in Tresp from healthy controls and patients with
RA. Moreover, the kinetics of CTLA-4 expression in activated
Tresp from both healthy controls and patients with RA were very
similar (Fig. S1 C and D), indicating that abnormalities in
CTLA-4 expression are confined to Treg in RA.

CTLA-4 expression at the cell surface of Tresp is regulated by
exocytosis–endocytosis and once internalized is targeted to
lysosomes for degradation (13, 14). Given the reduction in
CTLA-4 expression in RA Treg, we investigated whether this
change is accompanied by alterations in CTLA-4 recycling. PMA
has been shown to markedly increase the migration of CTLA-4
to the plasma membrane via a phospholipase D-dependent
mechanism and can be used to study the dynamics of CTLA-4
internalization (13). Confocal microscopy analysis indicated
intense staining for CTLA-4 localized at or close to the plasma
membrane in both healthy and RA Treg after exposure to PMA
(Fig. 3A). These areas of CTLA-4 aggregation persisted in
PMA-treated Treg from healthy controls, but not from RA
patients, suggesting an increased rate of internalization in the
latter. FACS analysis confirmed an increased rate of CTLA-4

internalization in RA Treg compared with Treg from healthy
controls (Fig. 3B), which could account for its decreased ex-
pression on RA Treg.

Defective CTLA-4 Mediated Inhibition of TCR-Associated Signaling in
RA Treg. Next, we investigated whether we could detect an altered
signaling response to CTLA-4/TCR coligation between Treg
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Fig. 1. Foxp3 suppresses cytokine production in RA Treg. (A) Ex vivo PBMC
from healthy controls and patients with active RA were stained for CD4, Foxp3,
and IL-2 or IFN-�. Representative FACS plots for IL-2 and IFN-� production are
shown. The bar graph shows the cumulative data of cytokine levels in healthy
and RA Foxp3high (hi), low (lo), and negative (neg) cells (gated on CD4� T
cells). (B) Percentage of Foxp3hi and Foxp3lo CD4 T cells in healthy controls and
patients with active RA is shown. *, P � 0.05
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Fig. 2. Reduced expression of CTLA-4 in Treg from RA patients. (A) PBMC
were surface-stained for CD4 followed by intracellular staining for Foxp3 and
CTLA-4. Representative histograms [mean fluorescence intensity (MFI) indi-
cated] and cumulative data for CTLA-4 MFI in (ex vivo) CD4�Foxp3hi cells from
healthy individuals, RA, anti-TNF-treated RA patients and PsA patients; 10
healthy controls and 10 patients in each disease group were studied. (B) Ex vivo
CD4� cells were fixed/permeabilized, stained for Foxp3 (green) and CTLA-4
(blue) and analyzed by confocal microscopy. Merged pictures show combined
staining for Foxp3 and CTLA-4. Images are representative of at least 25 cells
from 5 healthy controls and 5 patients with RA. (Magnification: 63�.) (C)
Representative histograms and cumulative data for CTLA-4 MFI in ex vivo
healthy, RA, and PsA Treg defined as CD4�CD25�CD127�; 10 healthy controls
and 10 patients in each disease group were studied. *, P � 0.05; **, P � 0.01.
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Fig. 3. Increased internalization rates of CTLA-4 in RA Treg. (A) FACS-sorted
Treg (CD4�CD25�CD127�) were treated with 10 ng/ml PMA to induce CTLA-4
accumulation at the cell membrane, stained for CTLA-4, and then incubated
for 5 min to allow internalization of CTLA-4. Confocal microscopy analysis
showed areas of CTLA-4 aggregation in healthy Treg (arrow) compared with
a diffuse staining pattern in RA Treg. Pictures are representative of Treg-
sorted samples derived from 4 healthy controls and 4 RA patients. (Magnifi-
cation: 63�.) (B) CTLA-4 internalization after treatment with 10 ng/ml PMA for
1 h at 37 °C was determined by FACS and expressed as percentage of CTLA-4
internalization. Results represent the mean � SE of 4 healthy controls and 6
patients with active RA. *, P � 0.05.
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isolated from RA patients and healthy individuals. Initially,
using phospho-site-specific mAbs, we noted similar levels of
phosphorylation of CD3�, Lck, and ERK after CD3/CD28
ligation in Tresp purified from either healthy individuals or RA
patients (Fig. 4A). The response of Treg to CD3/CD28 triggering
was diminished 2- to 3-fold compared with Tresp with respect to
CD3� and Lck phosphorylation. However, there were no signif-
icant differences in the signaling pattern in response to CD3/
CD28-mediated activation between Treg from RA patients and
healthy controls (Fig. 4B). Having shown a normal response of
RA Treg to CD3/CD28 stimulation, we tested the effects of
CTLA-4 cross-linking. Whereas CTLA-4 engagement signifi-
cantly reduced the CD3/CD28-induced phosphorylation of
CD3�, Lck, and ERK in Treg from healthy controls, no such
effect was apparent in Treg from RA patients (Fig. 4B). We
confirmed these observations by studying the induction of
phosphorylation of the CD4�Foxp3hi population in fresh pe-
ripheral blood mononuclear cells (PBMC), thereby avoiding any
variation introduced by cell purification. Fig. 4C shows that
CTLA-4 engagement did not alter the induction of phosphory-
lation in RA Treg after TCR stimulation, whereas there was a
significant reduction in the induction of phosphorylation in
healthy Treg. Moreover, Treg from PsA patients exhibited a
similar response to CTLA-4 ligation compared with healthy
Treg, consistent with their normal CTLA-4 expression (Fig. 2 A).

Western blot analysis of global protein-tyrosine phosphory-
lation confirmed impaired function of CTLA-4 in RA Treg (Fig.
4D). Upon TCR-mediated stimulation, both healthy and RA
Treg increased overall tyrosine phosphorylation. Cross-linking
of CTLA-4 down-regulated the TCR-induced tyrosine phos-
phorylation of proteins with molecular masses of 60–75 and
120–150 kDa in Treg from healthy individuals, but not in Treg
from patients with RA. It has been recently shown that reduced
phosphorylation of Akt is required for the functional activity of
Treg (15). Importantly, CTLA-4 signaling inhibits Akt phos-
phorylation in Tresp (16). We found a CTLA-4-mediated inhi-
bition of Akt phosphorylation in Treg from healthy controls, but
not in RA Treg (Fig. 4D). FACS analysis confirmed a reduction
in Akt phosphorylation after CTLA-4 ligation in Treg from
healthy controls and PsA patients, but not in RA Treg (Fig. 4E).

We also determined the pattern of CTLA-4 recruitment to the
immunological synapse, which could impact the suppressive
capacity of Treg. Confocal microscopy of conjugates of Treg and
TCR-stimulating beads showed an accumulation of CTLA-4 at
the immunological synapse in healthy Treg but not in RA Treg
at 10 min (Fig. 4F). The lack of CTLA-4 at the synapse provides
an anatomical basis for the failure of RA Treg to efficiently
suppress Tresp. Collectively, these results indicate the presence
of a CTLA-4-mediated attenuation of CD3/CD28 signaling in
healthy Treg, which is lost in Treg derived from RA patients with
active disease.

Restoration of RA Treg Function Through Manipulation of CTLA-4
Expression. We next tested whether an increase in CTLA-4
expression could restore the function of RA Treg. We used the
distinct properties of PMA in driving CTLA-4 to the plasma
membrane (13). Thus, purified Treg were treated with PMA,
which significantly increased surface CTLA-4 expression (Fig.
5A), and subsequently fixed with paraformaldehyde. Paraform-
aldehyde-fixed Treg show similar regulatory capacity to their
viable counterparts (17). We confirmed our previous finding
that Treg from healthy donors, but not from patients with RA,
suppressed the production of IFN-� by Tresp (Fig. 5B) (2). PMA
treatment of Treg from RA patients restored their suppressive
capacity, whereas the suppressive ability of similarly treated Treg
from healthy individuals was unaffected. The use of a blocking
F(ab�)2 anti-CTLA-4 antibody demonstrated the specific role of
CTLA-4 in Treg suppression of IFN-� production in both
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Fig. 4. CTLA-4-mediated regulation of TCR-associated signaling is impaired
in RA Treg. (A) FACS-sorted Tresp (CD4�CD25�CD127�) from healthy controls
and RA patients were sorted and stimulated with anti-CD3 (1 �g/106 cells)/
CD28 (1 �g/106 cells) antibodies for 10 min at 37 °C. Results represent the
mean � SE from 6 healthy individuals and 6 patients with RA. (B) FACS-sorted
Treg (CD4�CD25�CD127�) were stimulated with anti-CD3 (1 �g/106 cells)/
CD28 (1 �g/106 cells) � anti-CTLA-4 (5 �g/106 cells) antibodies for 10 min.
Phosphorylation of signaling molecules was evaluated by flow cytometry after
intracellular staining with phosphospecific antibodies. Shown are percentage
increases in protein tyrosine-phosphorylation (p) levels of TCR-associated
signaling proteins in stimulated Treg. Results represent the mean � SE from 6
healthy individuals and 6 patients with RA. (C) PBMC were stimulated as in B
and the induction of phosphorylation was evaluated in the CD4�Foxp3hi

subset. Results represent the mean � SE from 6 healthy individuals, 6 patients
with RA, and 6 patients with PsA. (D) Analysis of total protein-tyrosine
phosphorylation in Treg from patients with RA and healthy controls. FACS-
sorted Treg were stimulated for 10 min at 37 °C with anti-CD3 (1 �g/106

cells)/CD28 (1 �g/106 cells) � anti-CTLA-4 (5 �g/106 cells). Samples from 3
different healthy individuals or 3 different RA patients (matched for disease
activity score) were pooled before loading onto gels for protein phosphory-
lation analysis by Western blot. The lower gels show incubation of membranes
with anti-S 473-Akt and anti-�-actin antibodies. Also indicated are the phos-
pho Akt/�-actin ratios obtained from densitometry analysis. (E) Induction of
phosphorylation of Akt in CD4�Foxp3hi T cells, PBMC stimulated as in B. Results
represent the mean � SE from 6 healthy individuals, 6 patients with RA, and 6
patients with PsA. (F) Purified Treg were mixed with beads coated with anti-CD3/
CD28 antibodies. Activation was stopped at 10 min with 2% paraformaldehyde,
and cells were stained for Foxp3 and CTLA-4. Recruitment of CTLA-4 (blue) to the
immunological synapse (beads:Foxp3� cell depicted) is indicated (arrow). Confo-
cal microscopy images are representative of at least 25 conjugates from 4 healthy
controls and 4 patients with RA. (Magnification: 63�.) *, P � 0.05.
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PMA-treated RA Treg and healthy controls. Interestingly,
blockade of CTLA-4 did not abrogate Treg-mediated inhibition
of Tresp proliferation in either healthy controls or RA patients
(Fig. 5C). The anti-CTLA-4 F(ab�)2 antibody did not affect
proliferation of Tresp cultured alone (data not shown). Further-
more, we found that CD80, but not CD86 (data not shown), was
expressed by Tresp at early time points after activation (Fig. 5D),
supporting the possibility of a CTLA-4/CD80 interaction be-
tween Treg and Tresp (18).

Given that Th17 is an important effector population in
inflammation (19), we examined the capacity of Treg to suppress
IL-17 production as a prelude to defining the role of CTLA-4 in
this context. The data in Fig. 5E reveal that Treg from healthy
individuals or RA patients were unable to suppress CD4� IL-17
production. Indeed there was a modest increase in IL-17 pro-
duction when Treg were cultured with Tresp. Incubation of these

cocultures with anti-CTLA-4 antibody did not influence this lack
of suppression.

Discussion
The role of CTLA-4 in immunoregulation has been extensively
investigated. Despite its constitutive expression on Treg, its
precise contribution to their suppressive function has not been
fully defined. In this study, we have identified abnormalities in
the expression and function of CTLA-4 in Treg isolated from
patients with active RA.

In addition to a reduction in CTLA-4 expression and function,
2 other strands of evidence support the notion that CTLA-4
could be responsible for Treg abnormalities in RA patients.
First, when CTLA-4 is artificially driven to the membrane
surface of RA Treg by PMA, their suppressive function is
restored. This restoration in function can be reversed by CTLA-4
blockade, further supporting its role in both Treg function and
the defect identified in RA Treg. Second, targeting CTLA-4
impairs the ability of Treg from healthy individuals to suppress
IFN-� production while sparing suppression of T cell prolifer-
ation. This result parallels our previous findings showing that
Treg isolated from patients with active RA, although competent
at suppressing T cell proliferation, lack the capacity to suppress
cytokine production by Tresp (2).

The balance of evidence in the literature implicates CTLA-4
as a mediator of the suppressive effects of Treg. For instance,
using murine models of disease, blockade of CTLA-4 abrogates
the suppressor function of WT Treg (20, 21). It is likely that
CTLA-4 participates in multiple mechanisms to empower Treg
with suppressive properties. One mechanism that has been
proposed involves a direct interaction with CD80/CD86 ex-
pressed on activated Tresp (18, 22). However, a later publication
(23) that refuted this model demonstrated that WT Treg were
efficient suppressors of conventional T cell proliferation from
CD80/CD86-deficient mice, but were impaired in their ability to
inhibit IFN-� production. Our results parallel this dissociation
between inhibition of proliferation and cytokine production in
CD80/CD86-deficient mice. Additional work is needed to ex-
plore the potential differences in the pathways used by Treg to
suppress proliferation as compared with cytokine production in
healthy Treg. Nevertheless, our data implicating CTLA-4 may
afford some mechanistic insight into the Treg defect found in
RA patients.

Although genetically targeted mice have revealed that Treg
possess suppressor activity in the absence of CTLA-4, this
observation could be explained by the potential for Treg to use
alternate compensatory mechanisms, such as TGF-� production
(21, 24). After anti-TNF therapy, the expression of CTLA-4 on
Treg was not returned to normal, which is in accord with our
previous data indicating that TNF blockade does not restore
natural Treg function in patients with RA (4). Rather, anti-TNF
therapy induced a distinct Treg population, which suppresses
proinflammatory cytokine production via TGF�, as opposed to
a predominantly contact-dependent mechanism involving
CTLA-4. It is tempting to draw a parallel with CTLA-4-deficient
mice in which Treg use a TGF-�-dependent compensatory
suppressive mechanism (24). Indeed, similarly to the increased
latency-associated peptide (LAP) expression on Treg from
CTLA-4-deficient mice, Treg isolated from RA patients after
infliximab therapy also have an increase in LAP expression. The
notion that a reduction in CTLA-4 expression on RA Treg is a
consequence of the inflammatory milieu, although possible, is
unlikely given that anti-TNF therapy did not restore its expres-
sion. Moreover, there was no reduction in CTLA-4 expression on
Treg from patients with PsA.

Pertinent to the functional attributes of Treg are our obser-
vations that Treg do not suppress IL-17 production in either
healthy people or patients with RA. There has been considerable
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gate based on isotype control. Results represent the mean � SE of 6 RA
patients. (B) Cocultures of Treg (CD4�CD25�CD127�) with or without expo-
sure to 10 ng/ml PMA for 1 h, and Tresp (CD4�CD25�CD127�) (1:2) from RA
patients and healthy individuals were incubated in the presence of anti-CD3
(1 �g/ml)/CD28 (2 �g/ml) � anti-CTLA-4 (10 �g/ml). After 3 days, cocultures
were stained for IFN-�, before analysis by FACS. Results represent the mean �
SE of 6 patients and 6 healthy controls and are expressed as the percentage
inhibition of IFN-� production compared with Tresp alone. (C) Cocultures of
Treg and Tresp (1:2) were incubated in the presence of anti-CD3 (1 �g/ml)/
CD28 (2 �g/ml) � anti-CTLA-4 (10 �g/ml). Proliferation after 4 days was
determined by 3[H]Tdr incorporation, and results are expressed as percentage
inhibition of proliferation. Results represent the mean � SE of 5 healthy
controls and 5 patients with RA. (D) PBMC were stimulated with CD3 (1
�g/ml)/CD28 (2 �g/ml) antibodies for up to 24 h. The graphs show the time
course for CD80 expression in Tresp. Results represent the mean � SE of 5
healthy controls and 5 patients with RA. (E) Cocultures of Treg and Tresp (1:2)
and Tresp alone were incubated as in B. Results represent the mean � SE of 4
RA patients and 4 healthy controls and are expressed as the percentage
inhibition of IL-17 production compared with Tresp alone. *, P � 0.05.
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interest in Th17 as an effector population with strong evidence
from murine studies implicating this cytokine in inflammation
(19). However, its role in patients with RA is less clear. Although
some reports (25, 26) demonstrated increased IL-17 production
in RA synovium, others (27) have indicated that Th1 cells
secreting IFN-� rather than Th17 cells are the predominant T
cell subset. In a further study (28) an increase in Th17 cells has
been observed in patients with spondylarthritides, but not in
patients with RA. Notwithstanding the issue of a Th1 or Th17
predominance in RA, our data suggest that human natural Treg
are unable to suppress Th17 in vitro, which is consistent with
recent reports suggesting that Treg can either secrete IL-17 or
promote its production (29, 30). Moreover, in a murine model of
inflammation, natural Treg were found to be impaired in their
ability to suppress Th17 compared with Th1 (31). The fact that
healthy Treg are unable to inhibit IL-17 production, despite
normal CTLA-4 expression and function, raises the possibility
that this molecule may not be relevant in the suppression of
IL-17.

Treg have a markedly different response to TCR engagement
compared with conventional T cells, which is likely to be
reflected in their intracellular signaling responses (15, 32, 33).
Our findings suggest that the phosphorylation of TCR signaling
responses in Treg, whether isolated from healthy individuals or
patients with RA, are muted compared with Tresp. In view of
data indicating a role for CTLA-4 in dampening proximal
signaling molecules in conventional T cells (12, 34), it is tempting
to speculate that CTLA-4 could play a similar role in altering
Treg signaling responses. Indeed, the effects of CTLA-4 cross-
linking reduced the TCR-driven response in Treg from healthy
individuals. However, Treg from RA patients were resistant to
the effects of CTLA-4 cross-linking with respect to phosphory-
lation of a number of TCR-associated signaling molecules and
global tyrosine phosphorylation. We propose that the decreased
level of CTLA-4 and its delayed recruitment to the immune
synapse could contribute to the defective regulation of protein
phosphorylation by CTLA-4 in RA Treg.

Recent evidence has linked alterations in the phosphorylation
of specific proteins with Treg function. For instance, a reduced
phosphorylation of AKT is associated with the functional activity
of Treg (15). Importantly, CTLA-4 signaling inhibits Akt phos-
phorylation in Tresp via recruitment of specific phosphatases
(16). Similarly, our data reveal that CTLA-4 mediated a reduc-
tion in Akt phosphorylation in Treg from healthy controls but
not from patients with RA. In addition to a role in dephosphor-
ylation of Akt, it is possible that phosphatases recruited by
CTLA-4 engagement might also affect its stability at the mem-
brane surface (34). If expression of CTLA-4 on the surface of
Treg is important for its function, it is tempting to speculate that
failure of CTLA-4 to recruit phosphatases could reduce CTLA-4
membrane stability and expression, thereby impairing Treg
function. Indeed, we noted an increase in CTLA-4 internaliza-
tion, which could be a direct consequence of reduced membrane
stability of CTLA-4.

The expression of Foxp3 has been associated with production
of IL-2 and IFN-� after in vitro activation, suggesting that mere
expression of Foxp3 is insufficient to confer a regulatory phe-
notype (7–9). In contrast to these in vitro studies, we found that
Foxp3, particularly at high levels of expression, effectively
abolished cytokine synthesis in healthy individuals but also in
patients with RA where T cell activation is likely to be present.
The IL-2 and IFN-� secretion by Foxp3-negative Tresp was far
higher than in the Foxp3lo subset, suggesting that even low
expression of Foxp3 has some inhibitory action upon IL-2 and
IFN-� production. In contrast to the potent intrinsic inhibition
of cytokine production by Foxp3 in RA Treg, their extrinsic
suppressive actions on conventional T cells is impaired. These
observations, taken together with our data showing abnormal-

ities in CTLA-4 function, are compatible with the notion that
CTLA-4 mediates extrinsic, as opposed to intrinsic, suppression
of cytokine production in Treg.

In summary, the data presented here suggest that abnormal
CTLA-4 biology may underlie the defect found in RA Treg. We
have provided insight into the relatively unexplored area of
CTLA-4 modulation of Treg signaling and have identified ab-
normalities in the action of CLTA-4 on the signaling pathways
in RA Treg compared with healthy Treg. Furthermore, the
demonstration that an increase in CTLA-4 expression on RA
Treg can lead to restoration of suppressor function highlights
Treg-associated CTLA-4 as a potential therapeutic target. Of
note, CTLA-4 expression on Treg from RA patients responding
to anti-TNF therapy was not restored to normal. Rather, the
improvement in disease is associated with the appearance of a
functionally and phenotypically distinct adaptive Treg popula-
tion that functions through a TGF-�-dependent mechanism (4).
Therefore, we propose that the rapid flare of patients with RA
after cessation of anti-TNF therapy could be explained by
persistent defects in the natural Treg pool, which is not corrected
by anti-TNF therapy. Our data provide a rationale for a dual
approach in the treatment of RA: blockade of inflammation
combined with manipulation of the natural Treg population.
This strategy could be extended to other autoimmune diseases
where Treg defects have been noted in a setting where inflam-
mation is a major component. This approach could result in an
enduring remission associated with restoration of tolerance.

Methods
Patient Population. Peripheral blood was obtained from patients with active
RA and active PsA attending the rheumatology clinic at University College
Hospital, London. All RA patients had a disease activity score (DAS28) of �5.1.
PsA patients had at least 3 swollen and tender joints. See Table S1 for drug
treatment. Some patients with RA were analyzed after 4 months of anti-TNF
therapy (infliximab) and had responded to treatment with a reduction of
DAS28 �1.2. Sex- and aged-matched healthy individuals were used as con-
trols. The study was approved by the University College London Hospital ethics
committee.

Cell Isolation. PBMC were separated on Ficoll-Hypaque (Amersham Pharmacia
Biotech), and CD4� lymphocytes were purified by negative selection with
magnetic beads (Miltenyi Biotech). Treg (CD4�CD25�CD127�) and Tresp
(CD4�CD25�CD127�) were isolated by FACSAria (BD).

Antibodies. See SI Text.

Flow Cytometry. Membrane staining for phenotyping was performed with the
relevant antibodies by using 1% FCS-PBS for 30 min at room temperature.
Intracellular staining was carried out after fixation/permeabilization. Intra-
cellular staining for IL-2 and IFN-� was carried out after incubation with 50
ng/mL PMA, 250 ng/mL ionomycin, and 2 �M monensin for 4 h at 37 °C for ex
vivo and in vitro analysis. Cells were read in a BD-LSR flow cytometer and
analyzed with FlowJo.

Confocal Microscopy. Ex vivo- and in vitro-activated cells were stained, fixed/
permeabilized, and mounted on glass slides. Pictures were taken with a 63�

objective in a Leica DMIRE2 microscope.

CTLA-4 Recycling. FACS-sorted Treg were rested for 1 h at 37 °C, and then
stimulated for 1 h at 37 °C with PMA (10 ng/mL). Cells were membrane-stained
with FITC-CTLA-4 for 1 h in ice, incubated at 37 °C for 5 min, and fixed and
mounted for confocal microscopy analysis. Alternatively, CTLA-4 recycling was
analyzed by using FACS as described (13).

Cell Signaling. Sorted Treg and Tresp were rested for 1 h in medium. Cells were
stimulated by incubating with anti-CD3/CD28 � anti-CTLA-4 for 20 min at 4 °C.
Cells were washed with ice-cold PBS followed by the addition of goat anti-
mouse IgG F(ab�)2 and incubated at 4 °C for 20 min. Cells were resuspended in
warm PBS and incubated for 10 min at 37 °C. Cells were fixed/permeabilized
and stained with the appropriate antibodies.
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Western Blot Analysis. FACS-sorted Treg were activated as described for cell
signaling above and lysed in Triton X-100 lysis buffer. Proteins samples (from
0.5 � 106 cells) were resolved by PAGE, transferred to PVDF membranes
(Millipore), and blotted with phospho-specific antibodies. Bound antibodies
were revealed with HRP-conjugated secondary antibodies by using enhanced
chemiluminescence (Amersham Pharmacia Biotech).

Treg Functional Assays. Cocultures of Treg and Tresp (1:2), or Tresp alone, were
stimulated with anti-CD3/anti-CD28 � anti-CTLA-4 F(ab�)2 antibodies. After 3
days, cells were permeabilized, stained for intracellular IFN-�, and analyzed by
flow cytometry. For proliferation assays, cocultures of Treg and Tresp, or Tresp
alone, were incubated in the presence of anti-CD3/CD28 � anti-CTLA-4 F(ab�)2

for 4 days and then pulsed with [3H]thymidine. Cultures were incubated for
16 h before harvesting and analyzed in a scintillation counter.

Statistics. All values are expressed as means � SEM. We performed analysis of
significance in Prism (GraphPad) by the Mann–Whitney test.
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