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Introduction

Summary

We have previously demonstrated that CD4* CD25* natural regulatory
T cells (Treg cells) induce down-modulation of CD80 and CD86 (B7)
molecules on dendritic cells (DCs) in vitro. In this report we show that
the extent of down-modulation is functionally significant because Treg-
cell conditioned DCs induced poor T-cell proliferation responses. Further,
we report that down-modulation was induced rapidly and was inhibited
by blocking cytotoxic T lymphocyte antigen-4 (CTLA-4), which is consti-
tutively expressed by the Treg cells. Even though Treg cells have previ-
ously been reported to kill antigen-presenting cells, the down-modulation
was not due to selective killing of DCs expressing high level of the costim-
ulatory molecules. We propose that Treg cells down-modulate B7-mole-
cules on DCs in a CTLA-4-dependent way, thereby enhancing suppression
of T-cell activity.

Keywords: co-stimulation/costimulatory molecule; dendritic cells; regula-
tory T cells

vides further evidence for the cell-contact dependency
of suppression.’

CD4" CD25" natural regulatory T cells (Treg cells) were
first described by Sakaguchi and coworkers." These cells
have during the last few years been extensively studied
both in the mouse and in man. Natural Treg cells were
initially described as anergic cells that suppress T-cell
proliferation in vitro. Recent evidence has shown, how-
ever, that natural Treg cells proliferate extensively
in vivo (reviewed in 2) and also in vitro provided that
interleukin-2 (IL-2) is present in culture.® The effector
function of natural Treg cells is cell-contact dependent
because these cells fail to suppress their target T cells
when physically separated.”® The observation that nat-
ural Treg cells fail to suppress B7-deficient T cells pro-

The effector mechanism of natural Treg cells has
remained elusive. Some data suggest that the regulatory
function in vitro is transforming growth factor-B (TGF-f)
dependent,® although this issue is controversial.” Another
proposed function of the Treg cells is competition for
IL-2,*? which would be consistent both with their consti-
tutive expression of the IL-2 receptor and the contact-
dependence of their mechanism of suppression. However,
the observation that Treg unresponsive to IL-2 effectively
suppress T-cell proliferation indicates that competition
for IL-2 is not essential for suppression.'’

Early studies suggested that antigen-presenting cells
(APC) would play only a minor role in suppression

Abbreviations: BM, bone marrow; GeoMFI, geometric mean fluorescence intensity; IDO, indoleamine 2,3-dioxygenase; iNOS,
inducible nitric oxide synthase; L-Nil, L-N°-(1-iminoethyl)lysine hydrochloride; 1-MT, 1-methyl tryptophan; SA, streptavidin.
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in vitro, because APCs could be fixed with aldehydea’4
and also be replaced by antibody-coated plastic beads."'
However, more recent evidence indicates that natural
Treg cells do communicate with APCs and in particular
dendritic cells (DC). Thus, in vitro coculture of DC with
natural Treg cells modulates DC function causing the
induction of tolerogenic immune responses.'*™* During
coculture, natural Treg cells induce the expression of the
tryptophan-degrading enzyme indoleamine 2,3-dioxyge-
nase (IDO) in DCs, generating an immunosuppressive
milieu that induces abortive immune responses.'?> The
induction of IDO was shown to be cytotoxic T lympho-
cyte antigen-4 (CTLA-4) dependent'? and may involve an
interaction between CTLA-4 on the Treg cells and CD80-
molecules on the DCs.'> Further, DCs have been implica-
ted in the expansion of natural Treg cells.'®'” Recently it
was shown that Treg-mediated suppression in vivo
involves prolonged Treg/DC interactions but only tran-
sient Treg/T-cell interactions.'® Studies performed in a
mouse model for asthma also provided evidence suggest-
ing an in vivo role of Treg as regulators of DC activa-
tion."” Thus, interaction with DCs is an emerging
function of Treg in suppression in vivo.

Our previous work provided evidence that Treg cells
may interfere with DC function.”” We showed that nat-
ural Treg cells induced down-modulation of B7-molecules
on cocultured DCs. In this report we have further investi-
gated this mechanism. Our data show that down-modula-
tion occurs rapidly, within the first hrs of coculture.
Importantly, we show that this mechanism is CTLA-4-
dependent indicating that the CTLA-4/B7 interaction
between natural Treg cells and DCs apart from inducing
IDO-activity also influences the costimulatory capacity of
the DCs.

Materials and methods

Mice

BALB/c and C57BL/6 female mice were obtained from
M & B, Ry, Denmark and were used for experiments at
6-12 weeks of age. Cd28”~ mice on C57BL/6 background
were used for experiments at 6-8 weeks of age while
Ctla-47~ and wild type control mice on C57BL/6 back-
ground were used for experiments at 7-12 days of age.

Enrichment of cell populations

Single cell suspensions were prepared from pooled spleens
and lymph nodes, the erythrocytes lysed and B cells were
removed by panning on anti-mouse immunoglobulin-
coated plates.”® Two different protocols were used to
enrich for CD4" CD25 and CD4" CD25" T cells. 1) Total
CD4" T cells were labelled with anti-CD4-fluoroscein
isothiocyanate (FITC; Pharmingen, San Diego, CA) and
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were thereafter positively isolated using an anti-FITC
Multisort Kit (magnetic-activated cell sorting; Miltenyi
Biotec, Bergisch Gladbach, Germany). This procedure
yielded >95% pure CD4" T cells. To further divide CD4"
T cells into CD4" CD25~ and CD4" CD25" T cells, the
isolated CD4" T cells were released from the beads. Sub-
sequently the cells were incubated with biotin-conjugated
CD25 antibodies (Pharmingen) followed by SA-micro-
beads (Miltenyi Biotec) and separated into CD4" CD25~
and CD4" CD25" T cells, yielding >95% pure CD4"
CD25" T cells. 2) Alternatively, the pooled spleen and
lymph node cells were directly incubated with biotin-
conjugated CD25 antibodies (Pharmingen) followed by
SA-microbeads (Miltenyi Biotec) and separated into
CD25™ cells and CD4" CD25" T cells as CD25" cells are
almost exclusively found among CD4" T cells. CD4"
CD25™ T cells were subsequently isolated from the CD25~
fraction using anti-CD4-conjugated magnetic microbeads
(Miltenyi Biotec). We observed no functional differences
between T cells prepared with these two protocols.
To obtain more potent regulatory T cells purified
CD4* CD25% T cells were cultured (1 x 10%ml) in
24-well plates (Falcon, BD) and stimulated by 10 pg/ml
plate bound anti-CD3 (145.2C11) and 200 ng/ml recom-
binant mouse IL-2 (R & D Systems Inc., Minneapolis,
MN) for 3 days.

DC were obtained by culturing total bone marrow
(BM) cells in medium containing recombinant granulo-
cyte—-macrophage colony-stimulating factor, as previously
described in detail.*® DC were subsequently isolated with
anti-CD11c conjugated magnetic microbeads (Miltenyi
Biotec) yielding approximately 95% of CD11c¢” MHC I1I"
(major histocompatibility complex II) cells, when ana-
lysed by flow cytometry. Alternatively, DCs were directly
isolated from collagenase type IV (Sigma-Aldrich Inc.,
Sweden AB; 1-6 mg/ml, 30 min, 37°) treated spleens using
anti-CD11c-conjugated microbeads (Miltenyi Biotec) and
then resuspended in medium and left to adhere on plastic
for 2 hr and after removal of non-adherent cells cultured
for an additional 12 hr in medium or where indicated in
the presence of 0-5 pg/ml of lipopolysaccharide (LPS)
(Difco, Detroit, MI) to induce maturation. Alternatively,
DCs were matured by 5 hr preculture in vitro. DCs
that had been cocultured with either CD4" CD25~
or CD4" CD25" T cells were purified using anti-CD11c-
conjugated microbeads and then used for further cell
cultures.

Cell cultures

Proliferation assays were performed in 200 pl cultures in
round bottom 96-well plates (Costar, Cambridge, MA).
T cells were polyclonally stimulated by the addition of
1 pg/ml of anti-CD3 antibodies (145-2C11) or 2-5 pg/ml
concanavalin A (Con A; Amersham Pharmacia, Uppsala,
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Sweden) to the cultures. Cells were cultured in RPMI
medium (Gibco BRL, Grand Island, NY) supplemented
with 50 pm 2-mercaptoethanol, antibiotics, 10% fetal calf
serum, 1 mM sodium pyruvate and 10 mm HEPES buffer
(all supplements from Gibco) at 37° and 5% CO,.
Thymidine incorporation was measured on day 3 of
culture after a 4 hr pulse with 1 pCi [*H]-thymidine
(Amersham, Biosciences, Uppsala, Sweden). DCs were
fixed with 1% paraformaldehyde. For flow cytometric
analyses, DCs were cultured for the time indicated either
in medium alone, or cocultured with anti-CD3 (1 pg/ml)
stimulated CD4* CD25™ and/or CD4" CD25" T cells, at
the indicated ratios. IDO and inducible nitric oxide syn-
thase (iNOS) activity was inhibited using 300 pm
1-methyl-p,L-tryptophan  (1-MT;  Sigma-Aldrich) and
300 um L—N6—(1—iminoethyl)lysine hydrochloride (L-NIL;
Sigma-Aldrich), respectively.

Conjugation of fusion-proteins to latex beads

Latex beads (Interfacial Dynamics, Portland, OR) were
conjugated with anti-CD3 (145.2C11) and CD80-Fc or
CD86-Fc (both bought from R & D Systems Inc., Abing-
don, UK) as previously described.'' The beads were
counted under a microscope before use in in vitro cell
cultures.

Antibodies and flow cytometry

The following antibodies and fluorochrome-conjugated
reagents were used for flow cytometry experiments:
phycoerythrin (PE)-conjugated anti-CD86 (clone GL1,
BD Biosciences, Pharmingen), biotin-conjugated anti-
CD80 (clone 1610-A, Pharmingen) and PE-conjugated
immunglobulin G1 (IgGl; Pharmingen), biotin-conju-
gated IgGl (Pharmingen) as isotype controls, peridinin
chlorophyll protein (PerCP)-conjugated anti-CD4 (clone
RM4-5, Pharmingen), PE-conjugated anti-CD4 (clone
L3T4, Pharmingen), Annexin V FITC (Molecular
Probes, Leiden, Holland), 2 pg/ml 7-amino-actinomycin
D (7AAD) (Sigma-Aldrich), FITC-conjugated anti-CD8a
(clone YTS 169-41), Cy-5 conjugated anti-CD11c (clone
N418), Cy-2 conjugated anti-CD4 (clone GK1.5), biotin-
conjugated anti-D? (clone HB102) (all prepared in our
laboratory). Binding of biotin-conjugated CD80 was
revealed in a second step using streptavidin (SA) Alexa
Fluor 488 (Molecular Probes), SA-Cy5 (prepared in our
laboratory), SA-Red 613 (Gibco) or SA-PE (Pharmingen).
Intracellular staining of CTLA-4 was performed using fix-
ation and permeabilization buffers, Cytofix/Cytoperm and
Perm/Wash (Pharmingen), PE-conjugated anti-CTLA-4
(clone UC10-4F10-11, Pharmingen) and PE-conjugated
IgGl (Pharmingen) as isotype control. Stained cells were
analysed with a FACSCalibur flow cytometer (Becton
Dickinson, San José, CA). For cell culture experiments
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the following antibodies were used: anti-CD3 (145.2C11),
anti-CD28 (37.51), anti-CD80 (1610-A), anti-CD86 (GL1)
and 2.4G2 and all prepared in our laboratory. Puri-
fied anti-CTLA-4 (UC10-4F10-11) was purchased from
Pharmingen.

Measurement of iNOS and IDO activity

NO production was measured as nitrite concentration
using the Griess assay. Griess reagent was added (v/v) to
cell culture supernatants or serial dilutions of standard
(NaNO,) in microplates. Plates were incubated for
10 min at room temperature and absorbance measured
at 550 nm in an enzyme-linked immunosorbent assay
reader. IDO activity was measured by quantifying
tryptophan consumption and kynurenine production in
tissue culture supernatants using a previously described
method.”!

Results

Rapid down-modulation of CD80 and CD86

We have previously shown that ex vivo Treg cells down-
modulate the expression levels of both CD80 and CD86
on cocultured BM-derived DCs.** Similar down-modula-
tion of CD80 and CD86 is also seen on splenic DCs
in suppression cultures, where Treg cells in parallel inhib-
ited the proliferation of CD4"CD25™ responder T cells
(Fig. 1a). We next studied the kinetics of down-modula-
tion by analysing the expression of B7-molecules on DCs
at various time points of coculture with natural Treg cells.
Down-modulation occurred within the first few hours of
coculture and the reduced levels were maintained
throughout the culture period (Fig. 1b). In contrast,
B7-molecules were up-regulated on DCs cocultured with
conventional CD4" CD25™ T cells.

DCs conditioned by Treg cells are poor APC

Next we asked whether Treg cells influenced the func-
tional capacity of DCs. To address this question, DCs
were cocultured with natural Treg cells, purified and
tested for their ability to induce proliferation of
CD4" CD25" T cells in secondary cultures. However,
when re-cultured with CD4" CD25™ T cells in the absence
of Treg cells the conditioned DCs regained their expres-
sion of the CD80 and CD86 molecules and effectively
induced responder T-cell proliferation (data not shown).
This may explain why Chai et al. failed to see any func-
tional defect in DCs preconditioned with Treg cells
in vitro.** Therefore, to preserve their ‘conditioned” state
we fixed the precultured DCs with paraformaldehyde
before testing their ability to support anti-CD3 induced
CD4" T-cell proliferation.
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Figure 1. Correlation between suppression and down-modulation. (a) Splenic DCs were precultured for 5 hr in vitro in medium before
re-culture (25 x 10*/ml) with anti-CD3 and CD4* CD25™ T cells (1 x 10°/ml) in the absence or in the presence of CD4" CD25" T cells at the
various ratios as indicated. T-cell proliferation was analysed after 72 hr and CD80 (open symbols) or CD86 (closed symbols) expression by
CDI11c" cells was analysed in parallel cultures after 12 hr. Rapid down-modulation of CD80 and CD86 on DCs. (b) BM-derived DCs (5 x 10°/ml)
were cultured either with CD4" CD25™ T cells (1 x 10°/ml) or CD4* CD25% T cells (2 x 10%ml) and stimulated with anti-CD3. The cocul-
tures were harvested and the DCs analysed for cell surface expression of CD80 and CD86 at various time points as indicated. The results are
presented as the percentage of the geometric mean fluorescence activity (GeoMFI; CD80 = 247 and CD86 = 816) obtained from analysis of
DCs at the start of the experiment. Regulatory T cell-induced down-modulation of B7-molecules is functionally important. (c) BM-derived
DCs (0-5x 10%ml) were cultured for 48 hr in medium alone, or cocultured with anti-CD3-stimulated CD4" CD25~ (1 x 10%ml) or
CD4" CD25" T cells (2 x 10%ml). The DCs were thereafter isolated from the cultures, fixed with 1% paraformaldehyde and used as APCs
(1 x 10*/well) in triplicate cultures with fresh responder CD4* CD25" T cells (25 x 10%/well) stimulated with anti-CD3 or with anti-
CD3 + anti-CD28 (5 pg/ml). Proliferation was assayed after 72 hr of culture and the data are presented as the percentage of responder T cell
proliferation induced by DCs precultured without T cells. Costimulation counteracts suppression. (d) CD4" CD25™ T cells (2-5 x 10°/ml) were
cultured alone or in the presence of CD4* CD25" T cells (8-3 x 10*/ml) in cultures containing an equal number (2-5 X 10°/ml) of latex beads
coated with various concentrations of Fc-CD80 or Fc-CD86 and anti-CD3 (0-5 pg/ml) as indicated. Proliferation was assayed after 72 hr.
Results from one experiment out of four (c) three (a and d) or two (b) with similar results are shown.

The fixed Treg-cell conditioned DCs induced poor
CD4" T-cell proliferation (Fig. 1c). Importantly, addition
of anti-CD28 antibodies restored the proliferation, sug-
gesting that suboptimal CD28-signalling might be the
cause for the poor proliferation. Co-culture with
CD4" CD25™ T cells increased the level of CD80 and
CD86 on DCs (Fig. 1b) and DCs conditioned by these T
cells, even after fixation, induced a robust proliferation
response. These data demonstrate that DCs conditioned
by Treg cells and CD4" CD25™ T cells on a per cell basis
are distinctly different in their ability to induce responder
T-cell proliferation.

An increase in costimulatory signals circumvents sup-
pression.”*'"**> Consequently, reduced expression of co-
stimulatory molecules on DCs would be expected to
promote suppression. Fixation of the DCs prevents mem-
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brane movements but allows costimulation-dependent,
albeit less efficient, induction of T-cell proliferation (data
not shown). To mimic this situation, latex beads were
coated with anti-CD3 and various concentrations of
recombinant CD80 or CD86 proteins and used as surro-
gate APCs in suppression cultures." As shown in
Fig. 1(d), increased concentration of CD80 or CD86
resulted in increased responder T-cell proliferation. In
suppression cultures, however, Treg cells inhibited
responder T-cell proliferation most efficiently when sti-
mulated with beads conjugated either with anti-CD3
alone or with anti-CD3 and low concentrations of CD80
or CD86. These data support the hypothesis that a reduc-
tion in B7-expression on Treg cell conditioned DCs is the
cause for their poor capacity to stimulate T-cell prolifer-
ation (Fig. 1d).
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Taken together, the present and the previous
data®®'' suggest some common denominators of live
APCs, fixed APCs and antibody-coated beads. First,
they provide a surface where regulatory and responder
T cells can interact and receive T-cell receptor (via
anti-CD3) and costimulatory signals (via CD80/CD86).
Second, in all these cases suppression is more efficient
when the responder T cells are exposed to a low level
of costimulatory signals. In fact as suggested by previ-
ous reports”®'' and supported by the data here
(Fig. 1d), increasing the costimulatory signals inhibits
the suppression, which in the effector phase involves
direct regulatory/responder T-cell interactions.”* We
propose therefore that the main functional impact of
down-modulation of the B7-molecules on APCs is to
enhance suppression mediated by direct Treg cell/
responder T-cell interactions.

Down-modulation is CTLA-4-dependent

Natural Treg cells, but not CD4" CD25™ T cells, express
CTLA-4 constitutively” and CTLA-4 has previously
been implicated in the function of Treg cells.**® Further,
Treg cells induce IDO activity in DCs through a CTLA-4-
dependent mechanism, implicating this molecule in Treg
cell/DC interactions.'> CTLA-4 therefore appeared as a
likely candidate for a molecule mediating the rapid
down-modulation of B7-molecules on the APCs.

To address this possibility we performed antibody-
blocking experiments. As shown in Fig. 2(a), natural Treg
cells either when cultured with DCs alone or when cocul-
tured with responder T cells and DCs, decreased the
expression of CD80 and CD86 on DCs. When a high
concentration of anti-CTLA-4 antibody was added into
such cultures, the down-modulation of both CD80 and
CD86 was reversed. To avoid cross-linking by anti-CTLA-
4, a saturating concentration of anti-Fc receptor antibody
was added into the cultures.” Importantly, CTLA-4-
blocking also interfered with suppression of proliferation,
because the proliferation of responder T cells recovered to
almost normal level in cocultures (Fig. 2b), confirming
previous results.””?® It should be noted that CTLA-4-
blocking did not significantly influence responder T-cell
proliferation in the absence of natural Treg cells, indica-
ting that the blocking indeed inhibited the performance
of the Treg cells in the cocultures.

To address the involvement of CTLA-4 in the down-
modulation in an independent way, we used CD4"
CD25" T cells from Ctla-4-deficient mice. Because these
mice develop a lymphoproliferative disease at about
2 weeks of age’®? we used cells from 7-12 day-old mice.
Even though the CD4" CD25" T cells from Ctla-4-defici-
ent mice express Foxp3*® and were anergic (Fig. 2c), sim-
ilar to Treg cells from age-matched control mice, they
consistently failed to down-modulate CD80 and CD86 on
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Figure 2. Down-modulation of B7-molecules and suppression of
T-cell proliferation is CTLA-4-dependent. (a) BM-derived DCs
(0-5 x 10%ml) were cultured either in medium alone, or with wild
type CD4" CD25" T cells (2 x 10%ml) (CD25"), CD4" CD25" T
cells (CD257), or a 1: 1 mixture of T cells (CD25™7) (2 x 10%/ml)
and Con A (2-5 pg/ml). Where indicated, anti-CTLA-4 (100 pg/ml)
together with Fc-receptor blocking antibody 2.4G2 (25 pg/ml) were
included in the cultures. The cultures were harvested and the DCs
analysed for cell surface expression of CD80 and CD86 after 48 hr of
culture. The results are presented as percentage of the GeoMFI
(CD80 = 534 and CD86 = 581) obtained from analysis of DCs
grown in the absence of T cells. (b) Parallel cultures to those in (a)
were assayed for proliferation after 48 hr of culture. Ctla-4-deficient
CD4" CD25" T cells are anergic but do not down-modulate B7-
molecules on DCs. (¢) CD4" CD25% T cells (2-5 x 10*/well) from
Ctla-4-deficient and normal (wild type) mice were cultured with
DCs (1 x 10%well) and anti-CD3 (1 pg/ml) or anti-CD3 + anti-
CD28 (5 pg/ml) and proliferation assayed after 72 hr (d) DCs
(0-5 x 10%/ml) were cultured for 48 hr either in medium alone or
with anti-CD3 stimulated (1 pg/ml) CD4* CD25" T cells (2 x 10°/ml)
either from wild type, Cd28-deficient or Ctla-4-deficient mice. Cells
were harvested, stained and CD11c" cells were analysed for CD80
and CD86 cell surface expression by flow cytometry. The results
are presented as percentage of the GeoMFI (CD80 = 402 and
CD86 = 2184) obtained from analysis of DCs grown in the absence
of T cells. In (d) only age-matched wild type controls for the Ctla-
4-deficient mice are shown, because the adult controls for the
Cd28-deficient mice gave similar results. The data shown are repre-
sentative of two to four independent experiments.

cocultured APCs (Fig. 2d). This further supports the
observation that down-modulation is CTLA-4 dependent.
Natural Treg cells from Cd28-deficient and normal mice
down-modulated B7-molecules to a similar extent.

As previously reported”’” we found that Cd28-deficient
Treg cells also suppressed responder T-cell prolifer-
ation (data not shown). In our hands, the ability of

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 240-249
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Figure 3. Activated Treg cells express elevated levels of CTLA-4 and are potent suppressor cells. (a) CD4" CD25" responder T cells were cultured
(2:5 x 10°/ml) either in medium alone (None), or at various ratios with either ex vivo, or IL-2-activated Treg cells, splenic DCs (2-5 X 10*/ml)
and anti-CD3 (1 pg/ml). Proliferation was assayed after 72 hr of culture. (b) Ex vivo or IL-2-activated Treg cells were stained with anti-CD4 and
anti-CD25 and with anti-CTLA-4 (filled line) or isotype control antibody (dotted line) after permeabilizing the cells. GeoMFI of CTLA-4 is indi-
cated in the histograms. Down-modulation of B7-molecules does not depend on apoptosis of, or selection for DC subpopulations. (c) Splenic
DCs were cultured (2:5 x 10°/ml) either in medium alone (None), or in the presence of activated Treg cells at the indicated ratios. Cells were
stained with anti-CD11c and anti-CD80, anti-CD86 (or isotype controls for anti-CD80 and anti-CD86) and 7AAD and Annexin V both at the
start of culture (0 hr) and at 3 hr and 20 hr of culture, respectively. CD80 and CD86 expression (open histograms; Geo MFI is indicated) or iso-
type controls (filled histograms) on CD11c" cells and (d) the percentage of 7AAD™ Annexin V7, i.e. live cells among CD11c" cells was determined
by fluorescence-activated cell sorting (FACS). Data from one of four experiments with similar results are shown. (e) Splenic DCs were cultured
(2-5 x 10°/ml) for 12 hr, either in medium alone, or with ex vivo CD4" CD25™ T cells or IL-2-activated Treg cells and anti-CD3 (1 pg/ml), at
1: 2 ratio between DCs and T cells. Thereafter cells were stained with anti-CD11c, anti-CD4 and anti-CD8 and analysed by FACS. Subset com-
position of CD11c" cells is indicated in percent in the plots. Data from one of two experiments with similar results are shown.

Ctla-4-deficient CD4" CD25" T cells to suppress respon-
der T-cell proliferation®®>* was variable. In some experi-

suppression was bimodal with initial inhibition at low
CD4" CD25"%/responder T-cell ratios followed by recovery

ments these cells inhibited T-cell proliferation similarly to
normal control Treg cells, while in other experiments

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 240-249

of proliferation at high ratios (data not shown). Taken
together, the results from both these approaches indicate
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that down-modulation of B7-molecules on DC is CTLA-4
dependent.

Activated Treg cells potently down-modulate
B7-expression but do not reduce DC survival

Natural Treg cells were initially described as anergic
cells, but divide extensively in vitro when activated in
the presence of IL-2.*** Such in vitro activated Treg
cells efficiently suppressed T-cell proliferation in secon-
dary cultures (Fig. 3a) and expressed an increased level
of CTLA-4 (Fig. 3b). Furthermore, the activated cells
efficiently down-modulated B7-expression on DCs
(Fig. 3c).

It has been reported that both human and mouse Treg
cells can kill APCs such as DCs and B cells,”® suggesting
that the down-modulation of B7-molecules could be the
consequence of selective death of DCs expressing high
level of these molecules. To address this possibility, we
determined the fraction of apoptotic DCs in cocultures
with activated Treg cells. Down-modulation of B7-mole-
cules was detectable in DC cocultured with Treg cells for
3 hr (Fig. 3c), confirming the data obtained using BM-
derived DCs and ex vivo Treg cells (Fig. 1b). As shown in
Fig. 3(d), there was no increase in apoptotic DCs at 3 hr
of culture as compared to DCs analysed at the start of the
culture or compared to control DCs cultured in the
absence of Treg cells. The down-modulation was more
pronounced at 20 hr of coculture. The reduced survival
observed in these DCs, was Treg-independent since it was
also observed in DCs grown in their absence. Co-culture
with the activated Treg cells did not change the composi-
tion of the DC population (Fig. 3e). The increased fre-
quency of CD4" CD8a" DC observed in coculture with
activated Treg cells as well as with CD4" CD25 T cells
may represent uptake of T-cell membrane by the CD8a"
DCs, as previously demonstrated.”” Thus, we could
exclude that down-modulation was caused by selective
survival of DCs expressing low level of B7-molecules.

Maintenance of Treg cells has been reported to be
dependent on CD40-L/CD40 interactions'”*® and activa-
ted CD4" T cells induce expression of iNOS in DCs via
CD40-L/CD40 interactions.”® Further, Treg cells induce
IDO expression in DCs via CTLA-4/B7 interactions. We
therefore investigated whether these pathways might be
involved in the Treg cell-mediated down-modulation of
B7 molecules on DCs. Addition of pharmacological inhib-
itors of these pathways to cocultures of activated Treg
cells and DCs did not reduce the down-modulation
(Fig. 4). Control experiments confirmed that the inhibi-
tors inhibited LPS-induced NO-production by peritoneal
cells and kynurenine production by LPS + interferon-y-
activated spleen-derived DCs (data not shown). We con-
clude therefore that the iNOS and IDO pathways are not
involved in the down-modulation mechanism.
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Figure 4. Down-modulation of B7-molecules is independent of IDO
activity and NO production. (a) Splenic DCs were cultured
(2-5 x 10°/ml) for 20 hr in medium alone (None) or at the indicated
ratios with IL-2-activated Treg cells and anti-CD3 (1 pg/ml), either
in the presence of the IDO inhibitor 1-MT (300 pum) or of the NO
inhibitor L-NIL (300 pm). Cells were thereafter stained with anti-
CDl1lc, anti-CD80 and anti-CD86 and the GeoMFI of CD80 and
CD86 on CD11c" cells was determined by FACS. Data from one of
three experiments with similar results are shown.
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Figure 5. LPS does not render DCs refractory to modulation by reg-
ulatory T cells. Splenic DCs were precultured for 12 hr (2 x 10%/ml)
in medium or in the presence of LPS (0-5 pg/ml) and re-cultured
(2:5 x 10°/ml) for 20 hr either in medium alone (None), or at the
indicated ratios with IL-2-activated Treg cells and anti-CD3 (1 pg/ml).
Cells were stained with anti-CD11¢, anti-CD80 and anti-CD86 and
the GeoMFI of CD80 and CD86 on CDI11c" cells was determined
by FACS at the start of the second culture (0 hr) and at 20 hr of
culture. Data from one of three experiments with similar results
are shown.

The above data demonstrated that Treg cells down-
modulated B7-molecules on both bone marrow-derived
DCs and splenic DCs. It is well established that activation
of DCs with bacterial components induces both func-
tional and phenotypic changes in these cells. However,
activated Treg cells down-modulated B7-expression
equally efficiently on DCs matured in vitro in the pres-
ence or absence of LPS (Fig. 5) further supporting the
generality of the mechanism.

Discussion

We have previously reported that ex vivo Treg cells
down-modulate B7-molecules on cocultured DCs in a
cell-contact dependent way.”® In this report we have
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addressed the functional significance and the mechanism
responsible for the down-modulation. We show that the
down-modulation occurred within the first few hours of
in vitro culture and that it was functionally significant
because Treg-cell conditioned DCs induced poor T-cell
proliferation responses compared to DCs conditioned by
conventional CD4" T cells. We provide evidence support-
ing the view that reduced expression of B7-molecules cau-
ses that deficiency. The mechanism is selective for some
membrane molecules as MHC II molecules were not
down-modulated in the same way.** Certain anergic Treg
cells on the other hand can by an unknown mechanism
down-modulate both B7- and MHC II molecules.*'

Activation of Treg cells in the presence of exogenous
IL-2 increases their regulatory function.*” Our previous
data demonstrated that in vivo superantigen-activated
Treg cells, as compared to ex vivo Treg cells, were more
efficient both in down-modulating B7-molecules on DCs
and in inhibiting T cell proliferation.** We show here that
in vitro activated Treg cells did not selectively kill DCs
expressing high level of B7-molecules nor did they detec-
tably select for certain DC populations. Thus, the down-
modulation is most likely caused by a direct effect on the
cocultured DCs and not caused by changing the composi-
tion of the DC population.

The in vivo superantigen-activated Treg cells in our
previous report*’ and the in vitro-activated Treg cells used
in the present report, both expressed high level of CTLA-
4 as compared to ex vivo Treg cells. This protein has
been implicated in Treg cell function both in vivo and
in vitro,">*®*” although its role in Treg cell-mediated
suppression of T-cell proliferation in vitro still is contro-
versial.*”*®>>* Tt has been shown that Ctla-4-deficient
Treg cells can suppress T-cell proliferation in vitro.”®>
However, this suppression was partially TGF-B1 depend-
ent and might represent a compensatory mechanism, as
suppression by Ctla-4-sufficient Treg cells was shown to
be TGE-BI independent.?®

In this report we present data indicating that the
down-modulation of B7-molecules by Treg cells is
CTLA-4-dependent. Addition of anti-CTLA-4 antibodies
to in vitro cocultures of Treg cells and DCs significantly
reduced the down-modulation of B7-molecules and also
inhibited suppression of T-cell proliferation. Treg cells
from Ctla-4-deficient mice did not down-modulate the
B7-molecules of cocultured DCs, consistent with the anti-
body blocking data. In contrast to previous reports®>>>
Ctla-4-deficient Treg cells in our laboratory did not sup-
press T-cell proliferation as reproducibly as Treg cells
from normal mice. Even though we used young mice in
these experiments we believe that the variability might be
caused by contamination of the Treg cell population by
activated conventional CD4" CD25" T cells. Such cells
might produce IL-2 and could therefore interfere with the
suppression when present in sufficiently high numbers.
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Down-modulation might be the result of internalization
of B7-molecules by the DCs or by the Treg cells them-
selves. Indeed, there is evidence that T cells can acquire
membrane molecules from APCs.*> In either of these
cases, CTLA-4 might either be directly involved in the
internalization process or alternatively in transmitting sig-
nals leading to this event. Another possibility would be
that CTLA-4 molecules, secreted or shed locally in the cell
contact area, would block the costimulatory molecules.
Putative soluble forms of the CTLA-4 molecule have been
reported in both human and in the mouse.*>**> Whatever
the role of CTLA-4 might be, its role in down-modula-
tion is specific for Treg cells, because activated con-
ventional CD4" T cells, even though they up-regulate
CTLA-4 expression upon activation®® fail to down-modu-
late B7-expression on DC (Fig. 1b). We propose that
CTLA-4 may have several functional roles in suppression.
First, as shown here, it mediates down-modulation of B7-
molecules on the DC. Second, it is involved in the activa-
tion of the tryptophan metabolism, at least in DC'.
Third, cross-linking of CTLA-4 induces production of the
immunosuppressive cytokine TGF-B1.*

Previous studies from other laboratories have suggested
that the APC has only a passive role in the in vitro sup-
pression of T-cell proliferation by Treg cells.>'"**** Fur-
ther, antibody-coated latex beads can replace APCs in
suppression.'! Our present results and those of Ermann
et al.'! indicate that even when presented on a rigid mat-
rix (latex beads) the level of B7-signals clearly influences
suppression. Thus, at a given suppressor to responder
T-cell ratio, suppression was only seen when the level of
B7-signals was low'' or in the absence of deliberate
B7-signals, as shown here. We therefore propose that the
essential role,® of both live and surrogate APCs in contact
dependent suppression of CD4" T cells, is to bring the
Treg cells and responder T cells in close physical contact
and to activate the T cells. In fact, in parallel experiments
using the same latex beads and cell concentration,
we observed suppression in round-bottom microplates
and enhanced proliferation in flat bottom microplates
(C. Oderup, unpublished data). The fact that surrogate
APCs can replace live APCs in vitro does, however, not
exclude an active role of live APCs in suppression. This
conclusion is supported by a substantial number of
reports that indicate that both natural Treg cells and aner-
gic Treg cells functionally interact with APCs.'*~'#4149-1
Recent in vivo studies provided further evidence support-
ing that Treg may regulate DC activity in vivo.'>"’

Originally natural Treg cells were described as anergic
cells, exhibiting poor proliferation when activated in vitro.
However, although these cells produce little IL-2, they
proliferate extensively when exposed to exogenous IL-2 in
culture.>** Recent reports have demonstrated that both
responder T cells and natural Treg cells divide in suppres-
sion cultures.**? Treg cells efficiently bind and consume
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IL-2 and IL-2 production by the responder T cells there-
fore becomes a critical component of in vitro suppression.
Induction of T-cell proliferation and IL-2 production are
both costimulation dependent. Consequently, the down-
modulation mechanism could potentially interfere with
T-cell activation and IL-2 production by activated respon-
der T cells in the suppression cultures. In addition, the
natural Treg cells, which constitutively express CTLA-4,
would be expected to more efficiently engage remaining
B7-molecules than the responder T cells, therefore pro-
moting suppression rather than T-cell proliferation.

In conclusion, we propose that the role of the APC in
suppression is twofold. First, it is required to establish
Treg cells to responder T-cell contact and activation. Sec-
ond, it promotes suppression by decreasing its expression
of costimulatory molecules and by producing suppressive
molecules. Because the effector phase of suppression only
requires direct interaction between the Treg cells and its
T-cell target, one can replace the APCs with various sub-
stitutes in in vitro settings, which fulfil the requirement of
both activating the regulatory T cell and bringing the two
T cells together.
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