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Regulatory T cells play an essential role in preventing fetal rejec-
tion by the maternal immune system. Here we show that, based on
the expression of CCR5, regulatory T cells can be divided into a
highly suppressive CCR5� and a far less suppressive CCR5� sub-
population, suggesting that the former represent the effector arm
of regulatory T cells. Although regulatory T cells from CCR5�/�

gene deletion mutants still suppress, they are less effective medi-
ators of maternal–fetal tolerance. The accumulation of CCR5�

regulatory T cells at this site appears to be enhanced by alloanti-
gen. This finding is in stark contrast to the systemic expansion of
regulatory T cells during pregnancy, which appears to be alloantigen-
independent. The fact that CCR5� regulatory T cells preferentially
accumulate in the gravid uterus and that expression of CCR5 on
regulatory T cells can be induced by activation lead us to propose
that CCR5 is responsible for the accumulation of those regulatory
T cells that have been activated by paternal antigens.

effector T cells � pregnancy � tolerance � chemokine receptor

Regulatory T cells (TR cells) play an important role in the
maintenance of peripheral tolerance and the prevention of

autoimmunity (1). Where TR cells exert their suppressive function
and what attracts them to and retains them at their site of action is
poorly understood. Inducible TR cells (Tr1-like cells) have a pref-
erence for skin homing (2), whereas naturally occurring Foxp3� TR
cells can be found in all lymphoid organs (3, 4). The CD103�

subpopulation of TR cells has been shown to home to the site of
inflammation (5); however, the mechanism by which this occurs
remains elusive.

Previously, we have demonstrated that naturally occurring TR
cells mediate maternal tolerance to the fetus and can be found in
the uterus during pregnancy (6). Although the uterine accumula-
tion of macrophages (7), natural killer cells (8, 9), and eosinophils
(10) has been extensively studied, there has been no insight on how
TR cells find their way to the gravid uterus.

Upon activation, professional antigen-presenting cells express
the chemokine CCL4, which leads to the recruitment and/or
retention of TR cells (11). Although it remains unclear which
chemokine receptor is responsible for the CCL4-mediated effects
on TR cells, biochemical studies have shown CCL4 to bind to the
chemokine receptor CCR5 (12). Expression of CCR5 on T cells has
been associated with both proinflammatory and antiinflammatory
T cell function in mouse and human. CCR5 is thought to be
expressed on antigen-experienced, effector T cells that home
toward sites of inflammation outside the secondary lymphoid
organs (13–15). CCR5� T cells have been shown to infiltrate
inflamed sites such as the synovium of rheumatoid arthritis patients
(16, 17) and the central nervous system of mice with experimental
autoimmune encephalomyelitis (18). Expression of CCR5 in pan-
creatic islets correlates with increased severity of diabetes in mice
(19), and CCR5 is thought to mediate T cell migration to the islets
(20). Deficiency in CCR5 leads to a reduced T cell infiltration to
sites of Trypanosoma cruzei (21), Toxoplasma gondii (22), and viral
infections (23). CCR5 also mediates infiltration of allografts (24–
27) by proinflammatory, IFN�-producing T helper (TH) 1-biased

cells (17, 26) and macrophage infiltration at sites of inflammation
(28, 29).

However, under certain conditions, mice receiving allografts of
CCR5-deficient cells displayed accelerated and more severe graft-
versus-host disease (30, 31). This suggests an antiinflammatory role
of CCR5� cells. Support for this notion comes from the fact that
mice lacking CCR5 show increased delayed-type hypersensitivity
responses (32). Indeed, CCR5 have been shown to be up-regulated
upon activation on TR cells (33). Thus, it appears that CCR5 is
present on both antiinflammatory and proinflammatory T cells.

Here we show that expression of CCR5 defines the effector arm
of TR cells carrying most of the suppressive activity. Lack of CCR5
on TR cells leads to an impairment of maternal–fetal tolerance
despite their finding their way to the uterus. We present data
suggesting that this is due to a lack of CCL4-mediated accumulation
of those TR cells that have been activated by paternal alloantigen.

Results
CCR5� Effector TR Cells. CCR5 appears to be the only cognate
receptor for CCL4 (12). Given the previously shown role of CCL4
in the trafficking of TR cells (11), we examined their expression of
CCR5. We purified the cells from nonimmunized mice kept under
specific pathogen-free conditions; thus, the CD25� subpopulation
of CD4� cells consists almost entirely of TR cells (34). Our analysis
revealed that CCR5 is expressed on �20% of all CD4�CD25� cells
in the spleen (Fig. 1a). Because virtually all CD4�CCR5� cells were
CD25�, the CCR5� cells represent a subpopulation fully contained
within the pool of CD25� cells (Fig. 1b). Similar results were
obtained for cells from blood and lymph nodes (data not shown).
Both the CCR5� and CCR5� subpopulations of TR cells express
Foxp3, although the latter do so at a slightly lower level (Fig. 1c).

Expression of CCR5 has been mostly associated with proinflam-
matory effector memory T cells (13). Upon activation, naı̈ve CD4�

T cells start to express CD25, a subpopulation of which also
expresses CCR5. The conversion from CCR5� to CCR5� TH cell
is enhanced in the presence of proinflammatory cytokines, in
particular IL-12 (35). Similarly, expression of CCR5 can be induced
in CCR5�CD4�CD25� TR cells by activation, in particular in the
presence of IL-2 (33). However, unlike the CCR5� cells present in
the pool of CD4�CD25� TR cells, the CCR5� cells purified from
activated TH cells [CD4�CD25� activated for 48 h with plate-bound
anti-CD3 (2 �g/ml) in the presence of IL-12 (10 ng/ml) and then
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sorted into CCR5-enriched and CCR5-depleted populations] do
not express Foxp3 (Fig. 1d).

Given the distinct origin of these two CCR5� cell populations,
one would expect them to have a diametrically opposed effect on
the proliferation of naı̈ve T cells. To address this we performed
coculturing experiments (Fig. 1e). CD4�CD25� cells were activated
by cross-linking with anti-CD3. Addition of CCR5� cells (at a 1:10
ratio) purified from activated CD4�CD25� cells resulted in a 110%
increase in proliferation of the target cells, confirming their proin-
flammatory effector cell status. In contrast, addition of the same
number of CCR5� cells purified from CD4�CD25� TR cells
resulted in a 62% inhibition of proliferation. These results con-
firmed that the two CCR5� cell populations are functionally
opposed.

Because CCR5� proinflammatory T cells are effector cells we
wondered whether the same applies to CCR5� TR cells. Indeed,
direct comparison of the CCR5� and CCR5� subpopulations of
TR cells revealed that the vast majority of the regulatory activity
resides in the CCR5� cells. In coculturing experiments using
CD4�CD25� target cells, CCR5� cells led to marked reduction
(P � 0.02; t test) of the target cell proliferation at a 1:50 ratio
(Fig. 1f ), even in the absence of antigen-presenting cells. The
same number of CCR5� cells had no inhibitory effect. Only
when we substantially increased the number of CCR5-depleted
TR cells, we observed a slight increase in inhibition; however, this
was not statistically significant. Notably, most ‘‘coculturing sup-
pression experiments’’ described in the literature include irra-
diated antigen-presenting cells (36). These cells are likely to
provide the costimulatory signals that facilitate the conversion of
TR cells into effector cells. The presence of CCR5� TR cells in
naı̈ve animals may be an indication of a baseline activation in
response to self-antigens.

Accumulation of CCR5� TR Cells in the Gravid Uterus. Proinflamma-
tory effector T cells home to sites of infection outside the

secondary lymph organs (21). In analogy one might expect a
similar directed accumulation of CCR5� effector TR cells to the
sites where their action is required. In the case of pregnancy, the
site of implantation poses clearly a main target of effector TH
cells (35). Similarly, we have shown that significant number of TR
cells can be detected in the gravid uterus at the maternal–fetal
interface (6). We therefore reexamined the accumulation of TR
cells that migrate to the gravid uterus with respect to their
expression of CCR5 (Fig. 2). We found that �70% of
CD4�CD25� cells in the gravid uterus and placenta expressed
CCR5 (Fig. 2 e and f ). In contrast, the frequency of CCR5� cells
in the spleen, blood, and other secondary lymphoid organs was
significantly lower (P � 0.005; t tests for individual tissues) and
in all cases �30% of all TR cells within the tissue (Fig. 2 a–d).
Virtually all of these CD4�CD25� cells were Foxp3� (Fig. 2 g
and h). Interestingly, the iliac and lumbar lymph nodes (Fig. 2c),
which drain the uterus, do not show the same elevation of CCR5
expression as the uterus itself.

Chemokine Expression in the Gravid Uterus. CCR5 is a promiscuous
chemokine receptor binding several chemokines. Its ligands
CCL3 (37–39), CCL4 (8), and CCL5 (40) have been reported to
be expressed by a variety of cells in the human endometrium. To
assess their role in the accumulation of TR cells to the gravid
uterus, we compared the levels of Foxp3 mRNA with those of
CCL3, CCL4, and CCL5 in whole uterine tissue in the pregnant
and nonpregnant state by quantitative RT-PCR (Fig. 3 a–d). The
uterine levels of Foxp3 mRNA (Fig. 3a) were significantly
elevated in pregnant mice (P � 0.0001; t test). Similarly, CCL4
mRNA levels (Fig. 3d) were significantly elevated in the gravid
uteri (P � 0.0001; t test), whereas CCL3 and CCL5 mRNA levels
(Fig. 3 b and c) did not show any statistically significant change
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Fig. 1. CCR5� effector TR cells. (a) CD4� cells were gated for the expression
of CD25. CCR5 staining on total CD4� cells (black) and on CD4�CD25� cells
(red) is shown. (b) CD4� cells were gated for the expression of CCR5. CD25
staining on total CD4� cells (black) and CD4�CCR5� cells (red) is shown. (c)
Relative expression of Foxp3 in CD4� cells comparing the total population
with the CD25�, CD25�CCR5�, and CD25�CCR5� subpopulations. (d) Relative
expression of Foxp3 normalized to HPRT in CD4�CCR5� and CD4�CCR5� cells
originating from CD25� or CD25� cells by activation. (e) Effect of CCR5� cells
originating from CD25� or CD25� on the proliferation of CD4�CD25� target
cells. ( f) CFSE-labeled CD4�CD25� target cells were cocultured with
CD4�CD25� CCR5� (CCR5�) or with increasing numbers of CCR5-depleted
CD4�CD25� cells (CCR5�) and activated by anti-CD3 cross-linking. The prolif-
eration of target cells (increase in the number of CFSE-labeled cells) was
analyzed by FACS on day 3.
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Fig. 2. Distribution of CCR5� TR cells in pregnant mice. Lymphocytes were
isolated from allogeneically mated C57BL/6 mice at E10.5 (mid-gestation) and
analyzed by FACS for the surface expression of CD4, CD25, and CCR5. Plots
show CD25 and CCR5 surface expression for CD4� gated cells from spleen (a),
blood (b), iliac and lumbar lymph nodes (c), inguinal lymph nodes (d), uterus
(e), and placenta ( f). A representative sample is shown (n � 3). The number in
the top right corner of each plot denotes the percentage of CCR5� cells among
CD4�CD25� cells. (g and h) Intracellular Foxp3 stain of CD4�CD25� (green) or
CD4�CD25� (red) cells from spleen (g) and uterus (h) at E10.5.
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(P � 0.85 and P � 0.28 respectively; t test). These results show
a strong correlation between uterine CCL4 expression and the
number of TR cells present in the tissue.

CCL4 Preferentially Attracts CCR5� TR Cells. The fact that naı̈ve TR
cells can be distinguished from activated, effector TR cells based
on the expression of CCR5 suggests a difference in their
migratory behavior. To study this difference in an unbiased
fashion, we examined the migration of total splenocytes toward
a range of CCL4 concentrations (0–500 ng/ml) in transwell
migration assays (Fig. 3 e and f ). The number of CD4�CCR5�

cells in the input and migrated cell populations was determined
by FACS. We found that the vast majority of cells that migrated
toward CCL4 expressed CCR5. Only 1.8% of CD4� cells (Fig.
3e, black) in the input population expressed CCR5. In contrast,
61.8% of CD4� cells (Fig. 3e, red) that had migrated toward
CCL4 were CCR5�. The migration index (Tm � Cm/Ci, where Tm
is the number of migrated cells, Cm is the number of migrated
cells expressing the cognate marker, and Ci is the number of
input cells expressing the marker) is an accurate indicator of both
the potency and specificity of a chemokine. CD4�CCR5� cells
exhibited a migration index of 64 for migrations to 500 ng/ml
CCL4 (Fig. 3f ). These results demonstrate that, at least in vitro,
CCL4 preferentially accumulates CCR5� effector TR cells.

The Role of CCR5 on TR Cells in Pregnancy. CCR5�/� gene deletion
mutant mice as such have an unremarkable phenotype (25) and
display a normal pregnancy outcome in allogeneic matings. Both
proinflammatory and antiinflammatory effects are reported
when using T cells from these mice, depending on the experi-
mental model used (30, 41). These observations may be due to
the fact that both proinflammatory effector TH cells and effector
TR cells express CCR5. Thus, any impairment of TR cells caused
by the lack of CCR5 (30) might be compensated by an opposing
effect caused by lack of CCR5 on activated TH cells (41),
resulting in an immunological stalemate. Indeed, both CCR5-
deficient TR (33) and TH (25, 33) cells are impaired in their
migration toward CCL4. This could explain why successful
allogeneic pregnancies are possible in these mice, because the
lack of CCR5 will affect both aggressors and regulators.

Thus, it is necessary to examine the mutant cells in the context
of a wild-type immune system to reveal the effect of CCR5
deficiency on TR cells in pregnancy. We adoptively transferred
wild-type CD25-depleted splenocytes reconstituted with CD25�

cells prepared from either CCR5-deficient or wild-type mice
at a 15:1 ratio into F5�Rag1�/� female recipients (semilym-
phopenic, lacking CD4� T cells). Both donor mice and recipient
mice were of the same genetic background (H-2b). The mice
were then allogeneically mated (BALB/c males, H-2d). The
homeostatic expansion after transfer of 1.5 � 107 cells into
lymphopenic animals is minimal (42) and further minimized by
using semilymphopenic recipients. Intact and resorbing fetuses
were scored blindly at mid-gestation (Fig. 4a). C57BL/6 control
females had an average litter size of 8 (n � 8) and 1% resorbing
fetuses. F5�Rag1�/� recipients that had received CD25-
depleted cells reconstituted with wild-type CD25� cells had an
average litter size of 7 (n � 8) and 2% resorbing fetuses. Neither
the average litter size (number of intact fetuses, P � 0.33; t test),
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nor the number of resorbing fetuses (P � 0.72; nonparametric
test) between the control and the experimental group that had
received CD25� cells from wild-type mice shows a statistically
significant difference. In contrast, F5�Rag1�/� recipients,
which had received CD25-depleted cells reconstituted with
CCR5-deficient CD25� cells, had an average litter size of 6.8
(n � 8) and 17% resorbing fetuses. The percentage of resorbing
fetuses was significantly higher than that observed in both the
control (P � 0.01; nonparametric test) and the experimental
group that received wild-type CD25� T cells (P � 0.02; non-
parametric test). These data demonstrate an impairment of
CCR5-deficient TR cells in the sustenance of maternal–fetal
tolerance, albeit not a complete loss of function. The inability of
CCR5-deficient TR cells to fully protect against fetal loss could
be due to impaired function and/or accumulation of these cells.
In the case of proinflammatory effector T cells, CCR5 alters the
length of their interaction with antigen-presenting cells, leading
to enhanced T cell activation (43). To assess whether CCR5 is
required for the suppressive activity of TR cells, we performed
coculturing experiments with CD25� cells prepared from either
wild-type mice or CCR5�/� gene deletion mutants. We found
that CD25� cells prepared from CCR5-deficient mice clearly
suppressed the proliferation of CD4�CD25� target cells in vitro
(P � 0.009; nonparametric test). However, they were slightly less
(P � 0.04; nonparametric test) suppressive than wild-type TR
cells (Fig. 4b).

CCR5-Mediated Accumulation of TR Cells. To test whether CCR5
deficiency leads to an impairment in the accumulation of TR cells
in the gravid uterus, we compared uterine Foxp3 mRNA levels
in wild-type and CCR5�/� gene deletion mutant mice at em-
bryonic day 10.5 (E10.5) (Fig. 4c). We detected equivalent levels
of Foxp3 in both lines of mice (P � 1; nonparametric test)
revealing that CCR5-deficient TR cells still find their way to the
gravid uterus. This suggests that the recruitment of TR cells to
the gravid uterus itself can be achieved independent of CCR5.
However, this does not rule out a role for CCR5 in the
preferential accumulation of activated effector TR cells, com-
peting against nonactivated TR cells for the same niche. To test
this hypothesis we performed in vivo competition experiments
between wild-type TR cells, CCR5-deficient TR cells, and TR
cells expressing CCR5 ectopically.

TR cells prepared from either wild-type mice or CCR5 gene
deletion mutant mice were transduced with a retroviral vector
carrying a constitutively expressed GFP gene. This allowed us to
follow these cells after adoptive transfer into wild-type females.
The recipients were allogeneically mated. At E10.5 we deter-
mined the number of GFP-tagged TR cells in the uterus (Fig. 5a)
and spleen (Fig. 5b).

In the uterus we found only half as many CCR5-deficient TR
cells as we did find wild-type TR cells (P � 0.048; t test). In
contrast, there was no significant difference (P � 0.80; t test) in
the number of GFP-tagged CCR5-deficient and wild-type cells
in the spleen of the recipients. This indicates that CCR5 is not
only a marker for TR cells that accumulate in the uterus, but is
functionally involved in the accumulation itself. The TR cells
used in the experiment were prepared from the spleens of
nonpregnant mice, and only �20% of them expressed CCR5. In
addition, paternal alloantigen and fetal antigens might lead to
activation and thus CCR5 expression on some of the cells.
However, it is clear that only a subpopulation of cells will express
CCR5. One would predict that constitutive expression of CCR5
in the TR cells transferred would lead to a further increase in
their uterine accumulation, because in this scenario all trans-
ferred cells have the potential to accumulate. Indeed, we found
that TR cells transduced with a retroviral vector carrying a
constitutively expressed CCR5 gene accumulated with almost
twice the efficiency (P � 0.01; t test) in the uterus (Fig. 5a).

Interestingly, we found significantly fewer (0.64�) of these cells
in the spleen (P � 0.012; t test) (Fig. 5b). These results show that
expression of CCR5 on TR cells has a direct effect on their
selective accumulation in the gravid uterus.

Antigen-Induced Accumulation of TR Cells. Not all TR cells will have
antigen specificities suitable to the recognition of paternal/fetal
antigens, and only the antigen-activated TR cells, which will
express CCR5, will have to be retained. Obviously, in the case
of the CCR5-deficient mice this selective retention would be
irrelevant because the antipaternal/fetal proinflammatory TH
cells would be likewise impaired by the CCR5 deficiency. If
maternal–fetal tolerance requires the selective accumulation of
alloantigen-specific effector TR cells one would expect fewer
CCR5� T cells in the uterus of syngeneic pregnancies. Because
there is no paternal alloantigen, activation of TR cells is restricted
to fetal antigens (e.g., male antigens, carcinoembryonic antigens,
etc.) (44), resulting in fewer activated CCR5� cells. As demon-
strated above this would lead to a reduction in the number of
CCR5� cells accumulating in the uterus. To test this hypothesis,
we compared the relative abundance of CCR5� TR cells among
total uterine cells recruited to the uterus of syngeneic versus
allogeneic pregnancies at E10.5 (Fig. 5c). We found that the
number of CD4�CD25�CCR5� cells in the uteri of allogeneic
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pregnancy. Wild-type female recipients were injected with CD25� cells pre-
pared from CCR5-deficient mice (CCR5�/�mut., n � 4) or wild-type mice (n �
11) transduced with a retroviral vector constitutively expressing GFP. Alter-
natively, wild-type CD25� cells were transduced with a retroviral vector ec-
topically expressing CCR5 and GFP (ect.CCR5�, n � 7). Successfully mated
females were analyzed by FACS at E10.5 for the number of GFP� cells among
CD4� cells in the uterus (a) and spleen (b). (c and d) Cells from C57BL/6 females
at E10.5 of gestation after syngeneic or allogeneic mating were analyzed by
FACS. Graphs show the percentage of CD4�CD25�CCR5� cells among all cells
in the uterus (c) and spleen (d). Each point corresponds to one animal. (e)
Model of the recruitment and retention of TR cells in the gravid uterus.
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pregnancies was significantly (P � 0.0096; t test) higher (0.041%
of all uterine cells) than that in the uteri of syngeneic pregnancies
(0.03% of all uterine cells). In contrast, there was no significant
difference (P � 0.16; t test) in the spleens (Fig. 5d) of the animals
compared. Therefore, the selective accumulation of CCR5� TR
cells in the gravid uterus is affected by antigen.

We conclude not only that TR cells migrate to the uterus, but that
the antigen-activated CCR5� effector TR population accumulates
in this tissue. Given the concurrent expression of CCL4, this may
be based on a CCL4-mediated mechanism and could be due to
either preferential recruitment of CCR5� cells or preferential
retention of CCR5� effector TR cells that have been recruited by
a CCR5-independent mechanism.

Discussion
The effector arm of proinflammatory T cells is characterized by
three main criteria (13–15, 26): (i) effector function manifested in
the increased production of proinflammatory cytokines such as
IFN�, (ii) migration to inflamed tissue, and (iii) the expression of
CCR5. Similarly, individual effector features have been ascribed to
TR cells. Activation of TR cells has been shown to result in increased
suppressive potential (45) and to lead to up-regulation of CCR5
(33). Furthermore, the CD103� subpopulation of TR cells is
thought to migrate into inflamed sites where it appears to exert its
suppressive function (5). Here we show that the CCR5� subpopu-
lation of TR cells carries most of the suppressive capacity within the
pool of TR cells. This effector function can be shown for both
CCR5� cells isolated from nonimmunized mice and those induced
by de novo activation of CCR5� TR cells. We therefore propose that
these CCR5� cells constitute the effector arm of TR cells.

CCR5� cells can be found at the site of antigenic insult such as
infection (22) and organ transplants (46). Furthermore, they have
been found at sites of organ-specific autoimmunity (16, 47) and in
the proximity of tumors (48). In most cases this is thought to be an
influx of proinflammatory effector T cells. However, at least in
some cases, CCR5� TR cells have been shown to contribute to this
population (33). We propose that the equilibrium of these two
effector cell populations with diametrically opposed functions can
determine the outcome of immune responses. We show that during
pregnancy CCR5� TR cells accumulate in the uterus, interference
with which causes a significant increase in fetal resorptions. A
similar increase in fetal loss can be induced by injection of ‘‘TH1-
educated’’ CCR5� proinflammatory effector TH cells, which also
home into the uterus (35). In normal pregnancy, dominance of the
effector TR cells leads to tolerance (6). If, however, this dominance
of effector TR cells is broken, be it experimentally by interference
with effector TR cell recruitment, by injection of proinflammatory
effector TH cells (35), or naturally by a uterine infection (44, 49), the
balance can quickly tip toward an aggressive immune response. In
the case of pregnancy this rapidly inducible flexibility might be of
advantage. Uterine infections are likely to spread to the fetus. In this
scenario it is better for the maternal immune system to sacrifice a
fetus that is likely to be damaged rather than risk both the mother’s
life and that of her unborn offspring (44).

CCR5 has multiple ligands, among them CCL4 (12), which is
involved in the modulation of the recruitment/retention of TR cells
to activated antigen-presenting cells (11). We build on this finding
by demonstrating that in transwell migration assays CCL4 predom-
inantly acts on CCR5� effector TR cells rather than on the TR cell
population as a whole. This makes CCL4 a likely candidate for the
recruitment of effector T cells to the uterus. Indeed, we observed
a strong correlation between the expression of CCL4 and the
accumulation of TR cells, but not with that of the other CCR5
ligands CCL3 and CCL5. Yet, the lack of a detectable difference in
uterine Foxp3 mRNA levels between wild-type and CCR5 gene
deletion mutant mice shows that CCR5-deficient TR cells still find
their way to the uterus. Although we cannot formally exclude
compensatory mechanisms in the gene deletion mutants, we think

it is more likely that there are CCR5/CCL4-independent mecha-
nisms of TR cell recruitment. This, however, does not rule out a
function for CCR5 in the accumulation of effector TR cells.

A hint comes from the fact that in the case of allogeneic
pregnancies more CCR5� cells accumulate in the uterus than in
syngeneic pregnancies. The only difference between the two sce-
narios is the presence or absence of paternal alloantigen. We have
previously demonstrated that the expansion of TR cells during
pregnancy is independent of paternal alloantigen (6), yet we find
this alloantigen-dependent difference in the number of CCR5�

cells in the uterus. Given that activation of TR cells can induce
CCR5 expression, it is not too far-fetched to speculate that the
CCR5� cells found in the uterus are likely to be antigen-
experienced or even alloantigen-induced effector TR cells. The fact
that, in contrast to wild-type TR cells, CCR5-deficient TR cells are
not able to completely prevent fetal loss highlights that the accu-
mulation of CCR5� effector TR cells is of biological importance.
Pregnancy is clearly not the only scenario in which the antigen-
specificity of the recruited TR cell appears to be essential. In a
TetTNF�/CD80 inducible diabetes model those TR cells that can
prevent the onset of disease preferentially accumulate in the
pancreatic lymph nodes and islets (50). The accumulation of
antigen-specific TR cells appears not to be restricted to self-
antigens, because it also can be observed in chronic Leishmania
major infections (51). Recently, Yurchenko et al. (52) examined the
migration of TR cells to sites of L. major infection and demonstrated
that CCR5 has an important role in the homing and presence of TR
cells at their site of action, interference with which dramatically
affects the outcome of the infection. In another study, tracking of
CCR5� TR cells revealed their long-term accumulation in graft-
versus-host disease target organs, whereas CCR5-deficient TR cells
were impaired in this accumulation, leading to decreased survival
of the graft recipients (33). These findings are in agreement with
our interpretation that CCR5� TR cells are antigen-specific effector
TR cells.

Furthermore, we were able to demonstrate that CCR5-deficient
TR cells are handicapped in their accumulation in the gravid uterus
when adoptively transferred into a wild-type animal. In contrast, TR
cells constitutively expressing a CCR5 transgene appear to have a
competitive advantage. In summary (Fig. 5e), we propose that
CCR5 is responsible for an enhanced recruitment and/or retention
of those TR cells that have already been activated by antigen in the
periphery. In addition, TR cells that have migrated into the uterus
in a CCR5-independent manner might become activated and
possibly expand within the uterus itself. These cells are likely to be
retained, in preference over those that have not been activated and
thus do not express CCR5.

Materials and Methods
Experimental animals, FACS analysis, quantitative real-time
RT-PCR, and adoptive transfers are described in detail in
supporting information (SI) Materials and Methods.

Preparation of Uterine Tissue. Uteri (implanted and nonimplanted
segments) were separated from surrounding tissue (including
fetuses/placenta), immersed in liquid nitrogen, pulverized, and
resuspended in RNA lysis buffer. Total RNA was prepared by
using the RNeasy kit (Qiagen, Crawley, U.K.) including on-
column DNase digestion, as per the manufacturer’s instructions.
For FACS analysis uterine tissue was collagenase A (Roche
Diagnostics, Burgess Hill, U.K.) digested for 15 min.

Cell Purifications and Proliferation Assays. Lymphocytes were iso-
lated from single-cell suspensions by using Lympholyte M or
Mammal (Cedarlane, Ontario, Canada). CD4� cells were iso-
lated by depletion with anti-CD11b, anti-CD11c, anti-GR1,
anti-CD19, and anti-CD8 antibodies (Becton Dickinson, Oxford,
U.K.). CCR5 and CD25 subpopulations were isolated by positive
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selection by using an autoMACS (Miltenyi Biotec, Bisley, U.K.).
For each step, the purity was �99.5% except for CCR5�, where
experimental limitations allowed only 40% purity. To avoid cell
density-dependent effects, the total cell number was kept con-
stant. Cell counts were verified by FACS using CaliBRITE beads
(Becton Dickinson). Effector cell suppression assays were per-
formed by using CFSE-labeled target cells. A total of 2 � 104

CFSE�CD4�CD25� target cells were plated on U-bottom 96-
well plates (Corning, Schipol-Rijk, The Netherlands) with 2
�g/ml plate-bound anti-CD3 (Becton Dickinson). To these
either 2 � 104 freshly isolated CCR5-enriched cells or CCR5-
depleted CD4�CD25� cells or CD4�CD25� CCR5-enriched
cells isolated from CD4�CD25� cells that had been activated for
24 h with 2 �g/ml anti-CD3 and 10 ng/ml IL-12 (R & D Systems,
Abingdon, U.K.) were added. After 72 h, the cells were analyzed
by FACS by using CaliBRITE beads for volume-independent
quantification. In some cases, [3H]thymidine incorporation was
used (6).

Migration Assays. Transwell migration assays were performed as
described previously (11). CCL4 was used at 0–500 ng/ml.
Migrated and input cells were analyzed by FACS.

Retroviral Transfection and Analysis of Transduced TR Cells. The
MLV-based retroviral plasmid m6pgfp carrying GFP and either
CCR5 m6pgfp[CCR5] or blasticidine-S-deaminase m6pgfp[Blast]
(control) were cotransfected with pCl-Eco packaging plasmid into
293TEBNA cell line by using CaPO4 precipitation. After 42 h, the
supernatant was collected and used immediately. Freshly purified
CD25� T cells were activated by using plate-bound anti-CD3� and
murine IL-2 (20 ng/ml). After 36 h of activation, TR cells were
transduced by using a 1:3 dilution of viral supernatant supple-
mented with 8 �g/ml polybrene, followed by centrifugation for 2 h
at 450 � g and incubation at 37°C for 4 h. Transduced cells were
cultured 36 h in medium containing murine IL-2 (10 ng/ml).
Matching transduction efficiencies were confirmed by FACS. Fe-
male mice received 7.5 � 105 transduced cells i.v. and were
allogeneically mated 48 h after transfer. Uterine and splenic
lymphocytes were analyzed at E10.5 by FACS.
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