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The immune system must distinguish not only between self and
non-self, but also between innocuous and pathological foreign
antigens to prevent unnecessary or self-destructive immune
responses. Unresponsiveness to harmless antigens is established
through central and peripheral processes1. Whereas clonal de-
letion and anergy are mechanisms of peripheral tolerance2,3,
active suppression by T-regulatory 1 (Tr1) cells has emerged as
an essential factor in the control of autoreactive cells4. Tr1 cells
are CD41 T lymphocytes that are defined by their production of
interleukin 10 (IL-10)5 and suppression of T-helper cells6; how-
ever, the physiological conditions underlying Tr1 differentiation
are unknown. Here we show that co-engagement of CD3 and the
complement regulator CD46 in the presence of IL-2 induces a
Tr1-specific cytokine phenotype in human CD41 T cells. These
CD3/CD46-stimulated IL-10-producing CD41 cells proliferate
strongly, suppress activation of bystander T cells and acquire
a memory phenotype. Our findings identify an endogenous
receptor-mediated event that drives Tr1 differentiation and
suggest that the complement system has a previously unappre-
ciated role in T-cell-mediated immunity and tolerance.

Control of self-reactive T lymphocytes by regulatory T cells has
been proposed to mediate anergy and thereby peripheral tolerance
and prevention of autoimmunity7. Such cells suppress immune
responses through either direct cell–cell interactions or the release
of inhibitory cytokines such as IL-10 and transforming growth
factor-b (TGF-b)6,8–11. The differentiation of CD4þ lymphocytes
into Tr1 cells is poorly defined, in part because of difficulties in
inducing and culturing such cells. Only after the stimulation of

human CD4þ T cells with allogeneic monocytes or murine CD4þ

T lymphocytes with antigen were some Tr1 clones generated;
however, these cells had weak proliferative capacities and required
the presence of IL-10 (ref. 5). Tr1 cell differentiation has also been
induced by incubating CD4þ T cells with dexamethasone and
vitamin D3 (ref. 12).

Defining the stimuli that drive differentiation of these cells would
significantly enhance our understanding of their ontogeny and
capabilities. Here we identify the complement regulatory protein
CD46 as a physiological inducer of Tr1 cell development. CD46 is
a widely expressed transmembrane glycoprotein that inhibits com-
plement activation on host cells13,14. CD46 is also used as a receptor
by several human pathogens, including measles virus, herpesvirus 6
and two groups of pathogenic bacteria15–19. Crosslinking CD46
through its physiological or pathogenic ligands initiates signalling
events in several types of human cell20–23 and in cells derived from
CD46 transgenic mice24.

We stimulated purified human CD4þ lymphocytes with immobi-
lized monoclonal antibodies and assessed their cytokine profile
(Fig. 1). Cells stimulated with CD3 and CD46 (CD3/CD46) syn-
thesized small amounts of IL-2, large amounts of IL-10 and
intermediate amounts of TGF-b. By contrast, CD3/CD28 activation
induced large amounts of IL-2, no IL-10 and barely detectable
amounts of TGF-b. Neither stimulatory condition induced IL-4,
but both led to the expression of similar quantities of IL-12 and
interferon-g (IFN-g). Thus, CD3/CD46-stimulated cells have a
cytokine profile that is distinct from that induced by stimulation
with antibodies to CD3 and CD28 but similar to that of Tr1 cells5.
IL-12 in the cultures suggests the presence of antigen-presenting

Figure 1 CD3/CD46 stimulation induces IL-10 production in human peripheral blood

CD4þ T lymphocytes. a, Cytokine profile of stimulated T cells. Supernatants were

collected at day 3. The same cytokine profile was observed with a second monoclonal

antibody to CD46 (TRA-2-10). b, Effect of IL-12 neutralization. Cells were incubated with

the indicated monoclonal antibodies in the presence (black bars) or absence (grey bars) of

a neutralizing monoclonal antibody to IL-12. In all figures, values shown are the

mean ^ s.d. of at least three experiments. **P , 0.005, ***P , 0.01.
{ Present address: School of Medicine, 660 South Euclid Avenue, Campus Box 8045, St Louis, Missouri

63110, USA.
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cells (APCs). Consistent with this observation, neutralization of this
IL-12 completely blocked the synthesis of IFN-g and reduced IL-10
and TGF-b production by about 40% (Fig. 1b). Thus, CD3/CD46
activation seems to be sufficient for induction of IL-10, but its
production can be modulated by factors from other cells.

Purified CD4þ T lymphocytes were sorted for naive (CD45RAþ-
CD45RO2) and memory (CD45RA2CD45ROþ) cells. Naive and
memory T cells constitute 20–40% of the CD4þ population of most
donors. We also analysed the cell population with a CD45RAþ-
CD45ROþ phenotype, because these cells also constitute about a
third of peripheral blood CD4þ T cells. These three T-cell subpopu-
lations expressed nearly the same quantities of CD3 and CD46 on
their surface, as determined by fluorescence-activated cell sorting
(FACS; data not shown). The sorted cell populations were activated
in the presence or absence of IL-2 (Fig. 2). Memory CD4þ T cells
produced IL-2 on CD3/CD28 activation but did not express IL-10
under any of the activation conditions (data not shown).

By contrast, CD45RAþCD45ROþ and naive CD4þ T cells both
synthesized IL-10 after activation with CD3/CD28/CD46 or CD3/
CD46 plus IL-2 (results with naive CD4þ T cells after primary and
secondary activation are shown in Supplementary Fig. I). The
CD45RAþCD45ROþ subpopulation (high-responding cells)
responded more robustly (Fig. 2a, c) in that they produced IL-10
earlier and in greater quantities (about 3–8-fold more than naive
T cells). Neither naive (Supplementary Fig. Ia) nor high-responding
(Fig. 2a) cells produced IL-4 or IL-12; however, both cell popu-

lations secreted moderate quantities of IFN-g. Expression of TGF-b
was more variable, with small quantities detectable in four out of
seven donors. The ability of CD46 to induce IL-10 in isolated CD8þ

T cells, natural killer cells, dendritic cells, monocytes or B lympho-
cytes was also examined. None of these cell populations produced
IL-10 after activation with CD3/CD28/CD46 or CD3/CD46 plus
IL-2 (data not shown).

The above data established that primary activation of naive or
high-responding CD4þ T cells with CD3/CD46 in the presence of
IL-2 generates a Tr1 phenotype. To determine whether these cells are
then committed to maintain this phenotype, we analysed the
properties of these CD4þ T cells on secondary stimulation. Sorted,
high-responding CD4þ T cells were initially stimulated for 3 d
(Fig. 2b) and subsequently expanded for 6 d in media supplemented
with IL-2. The cells were then subjected to secondary stimulation,
and IL-10 production was measured after 2 d. High-responding
CD4þ T cells, first activated with either CD3/CD28/CD46 or
CD3/CD46 plus IL-2, produced large amounts of IL-10 on second-
ary stimulation (Fig. 2b). Supplementation with IL-2 during sec-
ondary stimulation enhanced IL-10 secretion by about 30%
(Fig. 2b). The addition of a neutralizing monoclonal antibody to
IL-2 abrogated IL-10 production (data not shown), showing that
IL-10 production is dependent on IL-2 for both primary and
secondary CD46-activated responses.

By contrast, CD4þ T cells initially activated without CD46
crosslinking produced minimal amounts of IL-10 on secondary

Figure 2 Sorted CD3þCD4þCD45RAþCD45ROþ T cells respond to primary and

secondary activation with IL-10 production. a, Cytokine profile of primary-stimulated

cells. Cells were stimulated for 3 d (with or without IL-2). Arrow indicates the detection of

added recombinant IL-2. b, Production of IL-10 on secondary stimulation. After primary

stimulation for 3 d, cells were expanded and subjected to secondary stimulation in the

presence (black bars) or absence of IL-2 (white bars). IL-10 secretion was measured at

day 2. c, Kinetics of IL-10 production. Left, IL-10 synthesis after primary stimulation.

Controls, incubation with monoclonal antibodies to CD3 plus CD28, CD3 plus CD46, CD3

plus isotype control monoclonal antibody, or CD3 plus CD46 plus isotype control. Right,

after primary activation with CD3/CD46 plus IL-2, cells were expanded and then

subjected to secondary stimulation with the indicated monoclonal antibodies. Controls,

incubations with monoclonal antibodies to CD28 or CD46 or with IL-2 alone.
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stimulation with CD3/CD46. Therefore, primary stimulation
through CD46 is required for IL-10 production in restimulated
cells. Notably, with a secondary stimulation, the activation of CD3
alone becamesufficient for the induction of IL-10 synthesis (Fig. 2b, c),
indicating transition to a memory IL-10-producing phenotype. In
addition, IL-10 secretion during secondary activation began and
peaked earlier, and was of greater magnitude than that induced
by primary activation. Restimulated cells did not produce IL-4 or
IL-12, but synthesized small amounts of IL-2 and moderate
amounts of IFN-g (data not shown). In this same set of experi-
ments, naive CD4þ T cells responded in a comparable fashion
(Supplementary Fig. I).

Highly purified high-responding or naive CD4þ T cells, after
primary activation with CD3/CD46, required the presence of a
monoclonal antibody to CD28 or the addition of exogenous IL-2 to
produce IL-10. Neutralization of IL-2 abrogated IL-10 production
(Fig. 3a). Because CD3/CD46 stimulation is not sufficient to induce
production of IL-2, the IL-10 secretion observed in non-sorted
CD4þ T cells on stimulation with CD3/CD46 alone (Fig. 1a) is

probably due to engagement of CD28 by endogenous B7 expression
of APCs in the culture. The primary role of CD28 in the induction of
IL-10 may be to provide IL-2.

Because Tr1 cells are characterized by release of IL-10 without
concurrent production of IL-2, we examined whether naive and
high-responding CD4þ T cells synthesize IL-10 and/or IL-2 by
intracellular cytokine staining (Fig. 3b). Cell cultures activated with
CD3/CD28/CD46 for 12 h contained mostly non-overlapping
populations of IL-10- and IL-2-producing cells. Activation of
cells with CD3/CD46 alone did not lead to the production of
either cytokine, whereas supplementation with recombinant IL-2
generated only a population of IL-10-expressing cells (Fig. 3b).

CD45RA, CD45RO and CD25 are cell-surface markers that assess
the activation state of T cells, specifically their switch from naive
(CD45RAþCD45RO2CD252) to memory (CD45RA2CD45ROþ-
CD25þ) phenotype after CD3/CD28 activation. To determine
whether CD3/CD46 activation induces similar changes, we analysed
expression of these markers by sorted CD4þ T-cell populations
(Fig. 3c, d). Indeed, CD46-activated cells did acquire a memory

  

Figure 3 Characteristics of CD3/CD46-activated, sorted CD3þCD4þCD45RAþCD45ROþ

T cells. a, CD3/CD46-induced IL-10 production is IL-2 dependent. T cells were incubated

with the indicated immobilized monoclonal antibodies with or without a monoclonal

antibody to IL-2. Supernatants were collected at day 3. b, IL-10-producing cells do not

express IL-2. T cells were stimulated for 12 h and intracellular cytokine staining was

carried out. c, CD3/CD46-activated T cells acquire an CD45RA2CD45ROþ phenotype

after primary stimulation. T cells were stimulated with the indicated immobilized

monoclonal antibodies. Surface expression of CD45RA and CD45RO was monitored at

day 3. d, CD3/CD46-activated T cells upregulate CD25 after primary stimulation. T cells

were stimulated as indicated for 24 h and expression of CD25 was analysed.
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phenotype, because the high-responding, as well as the naive, CD4þ

T cells became nearly 100% CD45RA2CD45ROþCD25þ. This
phenotype was not altered after secondary stimulation (data not
shown).

We next addressed whether the supernatant from CD3/CD46-
activated T cells suppresses proliferation of bystander T cells. At
day 3, supernatants from the activated cell populations were
transferred to freshly purified CD4þ T cells. These cells were then
activated with CD3/CD28 and proliferation was measured at day 7.
The supernatants from CD4þ T cells activated by both CD3/CD46

plus IL-2 and CD3/CD28/CD46 inhibited proliferation of bystander
CD4þ T cells (Fig. 4a, top). This inhibition was not observed when a
neutralizing monoclonal antibody to IL-10 was added (Fig. 4a,
bottom). Supernatants derived from sorted, naive CD4þ T cells,
from non-sorted CD4þ T cells and from secondary-stimulated
CD4þ T cells also inhibited proliferation of bystander T cells
(data not shown). As expected, supernatants from CD3/CD28-
activated CD4þ T cells did not inhibit proliferation of T cells.

Tr1 cells, derived in vitro by stimulation of human CD4þ cells in
the presence of IL-10, proliferate poorly on antigenic stimulation5,11.
By contrast, activation of CD46 induces IL-10 (as shown above)
and, as previously reported22, is a potent costimulator of CD4þ

T-cell proliferation. CD3/CD46-activated CD4þ T cells showed a
stronger and more sustained proliferative response as compared
with CD3/CD28-activated cells (Fig. 4b). Specifically, CD28/CD3-
activated cells ceased proliferating by day 7, whereas CD3/CD46-
stimulated cells expanded until at least day 11.

The CD3/CD46-mediated induction of cell proliferation and of
IL-10 production might be independently triggered events. To
analyse whether IL-10-secreting cells are also proliferating, we
stained activated cells intracellularly for IL-10 and for proliferating
cell nuclear antigen (PCNA). Roughly 60% of the IL-10-secreting
cells proliferated strongly, and this response was comparable to
that of non-IL-10-producing, CD3/CD46-activated CD4þ T cells
(Fig. 4c). Thus, CD3/CD46-activated cells proliferate strongly
despite the presence of high amounts of IL-10, whereas CD3/
CD28-activated cells cease proliferation in the presence of IL-10.
A possible explanation for this observation might be that CD46
signalling downregulates IL-10 receptor expression. We therefore
analysed IL-10 receptor expression of CD3/CD46-activated (IL-10-
producing) and CD3/CD28-activated (IL-2-producing) cells. There
was no difference in receptor expression (data not shown),
suggesting that Tr1 cells evade the inhibitory effects of IL-10 by
another mechanism.

To assess whether a physiological ligand of CD46 can also induce
IL-10, we activated high-responding CD4þ T cells with CD3, CD28
and C3b dimers (in place of monoclonal antibodies to CD46).
Activation with CD3/CD28/C3b dimers resulted in IL-10 secretion
comparable to that of CD3/CD28/CD46 (Supplementary Fig. II),
thus providing a mechanism for CD46 crosslinking by antigens
coated with complement fragments during antigen presentation
(Supplementary Fig. III).

In summary, signalling events mediated by CD46 activation
induce the development of CD4þ T cells to a Tr1 phenotype. This
suggests a role for CD46 in human T-cell regulation and establishes
a link between the complement system and adaptive immunity25–27.
Tr1 cells are essential for maintaining peripheral tolerance and
preventing autoimmunity5,11. They may also modulate the host’s
immune response to many pathogens28. This putative role of CD46
in regulating cellular immune responses might also explain why
several human pathogens have chosen CD46 as their receptor24. Our
identification of CD46 as a physiological stimulus for Tr1 cell
differentiation and proliferation should facilitate further character-
ization of suppressor cell populations and might provide a thera-
peutic strategy for generating such cells to ameliorate T-cell-
mediated pathology. A

Methods
Media and antibodies
We obtained media and supplements from the tissue-culture facility at Washington
University School of Medicine. Cells were maintained in RPMI medium with 10% fetal
calf serum and 200 mM L-glutamine in the presence or absence of recombinant human
IL-2 (BioSource International). The monoclonal antibody GB24 to human CD46 binds to
complement control protein repeats 3 and 4 (ref. 29). The other monoclonal antibody to
CD46 that we used, TRA-2-10, recognizes an epitope in the first repeat29. The monoclonal
antibodies to human CD3 (HIT3a) and CD28 (CD28.2), and the function-neutralizing
monoclonal antibodies to human IL-10 (JES3-9D7), IL-2 (MQ1-17H12) and IL-12 (C8.6)
were purchased from BD PharMingen. Fluorescein isothiocyanate (FITC)- or

Figure 4 Suppressive and proliferative properties of CD3/CD46-activated CD4þ T cells.

a, CD3/CD46-stimulated T cells inhibit the proliferation of bystander CD4þ T cells through

IL-10. Top, sorted CD3þCD4þCD45RAþCD45ROþ T cells were stimulated for 3 d with

the indicated antibodies. Supernatants were transferred to freshly purified CD4þ

lymphocytes and the mixture was incubated with the indicated immobilized antibodies.

Proliferation was measured at day 7. Bottom, as above but with the addition of a

neutralizing monoclonal antibody to IL-10. b, CD46 induces a sustained proliferative

response. Purified CD4þ T cells were activated with immobilized antibodies and

proliferation was measured. c, CD3/CD46-stimulated IL-10-producing cells proliferate.

Sorted CD3þCD4þCD45RAþCD45ROþ T cells were activated for 12 h with the indicated

antibodies and stained for intracellular IL-10 and PCNA.
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phycoerythrin (PE)-labelled monoclonal antibodies to IL-10, IL-2 and IL-4 (BD
PharMingen) and PCNA (Santa Cruz) were used for intracellular staining. We obtained
the mouse nonspecific isotype-matched control monoclonal antibody (MOPC 31c, IgG1)
from Sigma-Aldrich. The monoclonal antibodies to human CD14 (MoP9), CD16 (3G8),
CD8 (Leu-2b), CD19 (4G7) and HLA-DR (L243), used for purifying CD4þ cells, were
from Becton Dickinson. Monoclonal antibodies to human CD3 (HIT3a), CD4 (RPA-T4),
CD45RA (HI100), CD45RO (UCHL1) and CD25 (2A3), labelled with FITC, PE,
allophycocyanin or PerCP, were obtained from Becton Dickinson and used for cell sorting.
C3b dimers were generated as described30.

Purification and sorting of CD41 lymphocytes
CD4þ lymphocytes were purified from whole blood of healthy human donors by
separating the mononuclear cells through Ficoll-Paque Plus (Amersham Pharmacia). This
population was then incubated with a mixture of IgG monoclonal antibodies to CD8,
CD19, CD14, CD16 and HLA-DR to deplete the CD8þ T cells, B lymphocytes, monocytes/
macrophages and natural killer cells and dendritic cells, respectively. After incubation with
goat antibodies against mouse IgG coupled to magnetic microbeads (Miltenyi Biotech),
CD4þ lymphocytes were obtained by passing the cell mixture over MiniMACS magnetic
separation columns (Miltenyi Biotech) and collecting the CD4þ cells in the flow through.
For experiments with non-sorted cells, only samples with .97% CD4þ cells were used. To
isolate T-cell subpopulations from the enriched purified CD4þ T cells, we incubated cells
with combinations of fluorochrome-labelled monoclonal antibodies to CD3, CD4,
CD45RA and CD45RO, and then sorted them sterilely using a MoFlo high performance
cytometer (Cytomation). Blood from seven donors was used in this study.

Primary and secondary cell stimulation
In vitro primary stimulation was carried out in 96-well culture plates coated with
monoclonal antibodies to CD3 (10 mg ml21), CD28 (5 mg ml21), CD46 (5 mg ml21) or a
matched IgG1 isotype control antibody (5 mg ml21). The wells were washed and purified
CD4þ lymphocytes (1.5–2.0 £ 105 cells per well) were added in 150 ml of culture medium.
The plates were centrifuged at 200g for 1 min and incubated at 37 8C in 5% CO2. After 3 d
of primary stimulation, cells were washed and expanded for 6 d in media supplemented
with 40 units ml21 human IL-2. At day 7, cells were counted and subjected to secondary
stimulation under conditions similar to those of the primary activation. We carried out all
experiments at least three times and analysed each activation condition in triplicate.
Statistical significance was determined using the paired Student’s t-test.

Proliferation assays
We measured cell proliferation rates using the CellTiter 96 Aqueous One Solution Cell
Proliferation Assay (Promega). This colorimetric assay determines the number of living
cells using an MTS tetrazolium compound (Owen’s reagent). Initial experiments using
this system yielded equivalent results to those obtained by [3H]thymidine incorporation.
To analyse which cells among an activated cell population expanded, cells (1.5–2.0 £ 105

per well) were stimulated with immobilized monoclonal antibodies for 12, 24 or 48 h.
Brefeldin A (Sigma-Aldrich) was added for the last 4–8 h of culture. After appropriate
surface marker staining, cells were fixed and permeabilized for 10 min with 4%
paraformaldehyde and 0.1% saponin (Sigma-Aldrich) in Hank’s balanced salt solution
and then stained for PCNA. Experiments were done at least three times and each condition
was analysed in triplicate.

Cytokine analyses
CD4þ cells (1.5–2.0 £ 105 per well) were incubated for up to 5 d in 96-well plates coated
with monoclonal antibodies. We assessed the secretion of IL-2, IL-4, IFN-g, IL-10, TGF-b
and IL-12 in the supernatants by enzyme-linked immunosorbent assay. IL-4 and IL-12
(p40 and p70) were measured using Biotrak Cellular Communication Assay (Amersham
Pharmacia). IL-2, IFN-g, IL-10 and TGF-b were analysed using EASIA kits (BioSource
International). To assess the number of cytokine producing cells within a stimulated cell
population, cells (1.5–2.0 £ 105 cells per well) were activated with immobilized
monoclonal antibodies for 12, 24, 48 or 72 h. Brefeldin A was added for the last 4–8 h of
culture. After appropriate surface marker staining, cells were stained for intracellular
cytokines.
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