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CCR2 enhances CD25 expression by FoxP3™ regulatory
T cells and regulates their abundance independently of
chemotaxis and CCR2" myeloid cells
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A wide array of chemokine receptors, including CCR2, are known to control Treg migration. Here, we report that CCR2 regulates
Tregs beyond chemotaxis. We found that CCR2 deficiency reduced CD25 expression by FoxP3™ Treg cells. Such a change was also
consistently present in irradiation chimeras reconstituted with mixed bone marrow from wild-type (WT) and CCR2—/— strains. Thus,
CCR2 deficiency resulted in profound loss of CD25™ FoxP3" Tregs in secondary lymphoid organs as well as in peripheral tissues.
CCR2—/— Treg cells were also functionally inferior to WT cells. Interestingly, these changes to Treg cells did not depend on CCR2™*
monocytes/moDCs (the cells where CCR2 receptors are most abundant). Rather, we demonstrated that CCR2 was required for TLR-
stimulated, but not TCR- or IL-2-stimulated, CD25 upregulation on Treg cells. Thus, we propose that CCR2 signaling can increase the
fitness of FoxP3™ Treg cells and provide negative feedback to counter the proinflammatory effects of CCR2 on myeloid cells.
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INTRODUCTION
CCR2 is a chemokine receptor known for its role in monocyte
chemotaxis. It is most abundant on proinflammatory monocytes
and monocyte-derived dendritic cells (moDCs).'™* Not surprisingly,
without CCR2 (or with the loss of CCR2-expressing monocytes),
immunity to many bacterial and fungal pathogens is reduced.'™
Similarly, without CCR2, the severity of experimental autoimmune
diseases (including induction of pathogenic Th17 responses) is
reduced.** In contrast, CCR2 deficiency has also been found to
exacerbate experimental autoimmune arthritis, particularly with
regards to its progression.®” A plausible explanation for the
opposing roles of CCR2 in immune regulation is that CCR2 may
also be essential for negative regulatory mechanisms such as
those involving T regulatory cells (Tregs), which are key to
maintaining immune tolerance.®® These opposing roles may
explain the disappointing results of the treatment of rheumatoid
arthritis and multiple sclerosis with CCR2 antagonists."®
Although less abundant than on monocytes/moDCs, CCR2 is
also expressed on Tregs and some activated/memory T cells.'' '3
Compared to conventional T cells, Tregs, particularly adipose
tissue Tregs, express more CCR2 mRNA.'* Analysis of cell surface
expression also indicates that a higher proportion of Tregs,
particularly CD62L FoxP3™ T cells in lymph nodes, express CCR2
than conventional T cells.'’ Cell transfer studies have demon-
strated that Tregs require CCR2 to migrate to inflamed tissues as
well as to migrate from tissues to draining lymph nodes.” Apart
from its well-known roles in chemotaxis, CCR2 is also involved in
direct cell signaling.'”> When CD4" T cells are activated by a
cognate antigen or anti-CD3, addition of CCL2 increases IL-4

production by T cells. Beyond chemotaxis, no other role has been
ascribed to CCR2 in Tregs. Notably, CCR2-deficient Tregs locally
transferred to tissue sites are less capable of suppressing
alloimmunity than WT Tregs, despite the fact that both are
present at graft sites in similar numbers.® This finding suggests
that CCR2 deficiency might impact Tregs independently of cell
trafficking.

Treg homeostasis is subject to regulation by myeloid cells,
including dendritic cells (DCs). For example, moDCs, but not
conventional DCs, have been shown to expand Tregs in vitro and
in vivo.'® Indeed, GM-CSF-differentiated DCs, which are akin to
moDCs,'” can produce IL-2 to regulate the size of the Treg niche.'®
Given that moDCs express high levels of CCR2, it is possible that
CCR2 deficiency or antagonism may affect Treg homeostasis and
hamper Treg-mediated immune regulation via moDCs.

Although CCR2 clearly participates in Treg homing,” additional
roles for CCR2, either direct or indirect, in the regulation of Treg
homeostasis are less clear. Here, we examined how CCR2 might
influence Tregs beyond cell homing. In a CCR2-DTR mouse model
in which the primate diphtheria toxin receptor is expressed under
the control of the CCR2 promoter,> we found that deletion of
CCR2" monocytes/moDCs did not reduce Treg abundance.
Comparisons  between CCR2—/— mice and WT mice
revealed a selective and profound reduction in CD25MFoxP3*
Tregs in CCR2—/— mice, while the number of CD25'°FoxP3 " Tregs
in lymphoid organs was only mildly affected. The reduction in
CCR2—/— Tregs was more pronounced in CCR2—/—:WT mixed
bone marrow chimeras (which would equalize any impact by
CCR2" myeloid cells). Moreover, the remaining Tregs (largely

"The Walter & Eliza Hall Institute of Medical Research, Parkville, VIC 3052, Australia; Department of Medical Biology, University of Melbourne, Parkville, VIC 3010, Australia;
3Guangzhou Institute of Paediatrics, Guangzhou Women and Children’s Medical Centre, Guangzhou Medical University, 510623 Guangzhou, Guangdong, China and *Department
of Microbiology and Immunology, Peter Doherty Institute for Infection and Immunity, University of Melbourne, Parkville, VIC 3010, Australia

Correspondence: Yifan Zhan (zhan@wehi.edu.au)

Received: 9 April 2018 Accepted: 15 November 2018
Published online: 11 December 2018

© CSl and USTC 2018

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41423-018-0187-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41423-018-0187-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41423-018-0187-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41423-018-0187-8&domain=pdf
http://orcid.org/0000-0001-6974-0486
http://orcid.org/0000-0001-6974-0486
http://orcid.org/0000-0001-6974-0486
http://orcid.org/0000-0001-6974-0486
http://orcid.org/0000-0001-6974-0486
http://orcid.org/0000-0001-7623-1858
http://orcid.org/0000-0001-7623-1858
http://orcid.org/0000-0001-7623-1858
http://orcid.org/0000-0001-7623-1858
http://orcid.org/0000-0001-7623-1858
http://orcid.org/0000-0002-0020-6637
http://orcid.org/0000-0002-0020-6637
http://orcid.org/0000-0002-0020-6637
http://orcid.org/0000-0002-0020-6637
http://orcid.org/0000-0002-0020-6637
mailto:zhan@wehi.edu.au
www.nature.com/cmi

CCR2 regulates Tregs independent of cell migration
Y Zhan et al.

124

CD25") from CCR2—/— mice were less suppressive in vitro than
WT Tregs. In vitro exploration revealed that the effect of CCR2 was
mediated through direct reductions in CD25 expression in Tregs in
response to TLR stimulation. Thus, we propose that in addition to
its chemotactic function, CCR2 plays a signaling role in regulating
the fitness of FoxP3™ Tregs.

MATERIALS AND METHODS

Mice

All mice had a C57BL/6 background. Wild-type (WT), CCR2.DTR/
CFP mice? (expressing the primate diphtheria toxin receptor and
cyan fluorescent protein under the control of the CCR2 promoter),
and B6.FoxP3-GFP mice® (expressing green fluorescent protein
under the control of the FoxP3 promoter) were bred under
specific pathogen-free conditions in the animal facility of WEHI.
CCR2—/— mice'® were obtained from Jackson Laboratory and
maintained in the animal facility of the Peter Doherty Institute
together with matched WT mice. Experiments were performed
according to the guidelines of the Institute’s Animal Ethics
Committee (Ethics numbers 2011.015 and 2013.015).

Flow cytometry and antibodies

Single-cell suspensions were stained with antibodies against CD3
(KT3), CD4 (RM4-5), CD8 (53.67), FoxP3 (FJK-16s) (eBioscience, San
Diego, CA), CCR2 (Clone # 475301) (R&D Systems, Minneapolis,
MN), Gr-1 (RB6-8CS), CD45.1 (A20) and CD45.2 (104), CD11c (HL3),
Siglec H (eBio440c) (eBioscience), CD11b (M1/70), MHC class Il I-A/
I-E (M5/114.15.2), Ly6C (AL-21), Ly6G (IA8), and CD19 (ID3). All Abs
other than those designated otherwise were from BD Biosciences
(San Jose, CA). Intracellular FoxP3 protein was detected using a
staining kit from eBioscience. Analysis was performed on a BD
LSRFortessa and FACSverse, and sorting was performed on BD
FACSAria and BD Influx. The data were analyzed using FlowJo
software (TreeStar, Ashland, OR).

Mixed bone marrow chimera

Recipient mice were irradiated with two doses of 550rad. The
iradiated mice were then injected with 2x10° cells from a 1:1
mixture of bone marrow cells from WT (Ly5.1) and CCR2—/—
(Ly5.2) mice. The irradiated mice were also given i.p. injection of
anti-Thy-1 Ab (T24) to deplete irradiation-resistant host T cells.
Immune reconstitution was verified 8 weeks later.

Diphtheria toxin (DT) treatment

To deplete CCR2™" cells, CCR2.DTR mice and mixed BM chimeras
were given 20 ng/g body weight DT (Sigma).* The mice were
treated four times (CCR2.DTR) over 1 week. The organs were
harvested 1 day after the last dose for analysis.

In vitro suppression by Tregs

GITRTCD4™" cells were purified by flow sorting from the spleens of
WT and CCR2—/— mice. The cells were labeled with Cell Trace
Violet (CTV; Thermo Fisher Scientific). For Treg cell functional
assays, 5x10% CTV-labeled CD44°CD4" T cells, used as responder
cells, were cultured with or without 5x10* GITR*CD4™ cells as
Tregs in a V-bottom 96-well plate. The cells were stimulated for 96
h with 40,000 anti-CD3/CD28 beads/well (Dynabeads, Thermo
Fisher Scientific). Proliferation of effector cells was measured by
flow cytometric analysis of CTV dilution. PE-conjugated calibration
beads (BD Biosciences) were included to determine the total cell
numbers. A division index (DI) was derived using FlowJo software.
Suppression by Tregs was calculated as 100 — [(DI with Treg/DI
with responders only) x 100].

In vitro stimulation with CpG, IL-2 and anti-CD3/anti-CD28

Spleen cells (2 x 10°/well) were cultured in 96-well round-bottom
plates with or without graded doses of CpG (ODN 1826; Sigma
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Genosys, Castle Hill, NSW, Australia), IL-2 (100 U/ml) or 5 pg/ml
soluble anti-CD3 Ab (clone 145-2C11) plus 2 pg/ml anti-CD28 Ab
(clone 37.58) for 20 or 44 h. A CCR2 inhibitor (R5102895, Sigma, St
Louis, MO) was included in some cultures. For cells from FoxP3-
reporter mice, the cells were harvested and stained for surface
markers. For cells from WT and CCR2—/— mice, the harvested cells
were stained for surface markers and then stained intracellularly
for FoxP3. In some cell cultures, the cells were preincubated with
various concentrations of anti-CCR2 Abs or control rat IgG2b and
were then incubated with anti-rat Ig. The cells were cultured and
then stimulated with CpG for 20 h before analysis.

Preparation of lymphocytes from tissue

Lungs and livers were collected from matched WT and CCR2—/—
mice. The lung tissues were finely cut and suspended in 0.025%
collagenase type IV (Thermo Fisher, Waltham, MA). The suspension
was incubated for 90 min at 37 °C in a shaker, then diluted tenfold
with phosphate-buffered saline containing 2% fetal calf serum and
spun at 800x g for 15 min at 4°C. The livers were minced and
passed through cell strainers. The cell pellets were further purified
to obtain lymphocytes through Histopaque (Sigma) density
separation.

Statistical analysis

Mean and SEM values were calculated and two-tailed unpaired t
tests were performed with GraphPad Prism software. In some
circumstances, such as when cells of two genotypes from the
same mouse were analyzed, paired t tests were used. The data
presented are from a single study of 3-4 repeated experiments. *P
<0.05, **P<0.01, ***P<0.001, and ****P<0.0001; n.s.=not
statistically significant.

RESULTS

CD25"FoxP3* T cells are selectively reduced in CCR2—/— mice
CCR2 has previously been shown to be required for Treg cell
migration into inflamed tissues but not into secondary lymphoid
organs.” When we examined the Tregs in CCR2—/— mice, we
found that FoxP3™ cells in the spleen, thymus, lymph nodes,
blood, lungs and liver expressed significantly lower levels of CD25
than WT cells, resulting in a significant reduction in CD25"FoxP3™*
CD4" cells (Fig. 1a—d). On the other hand, there were no
significant differences in total FoxP3" CD4" cells among the
different tissues (Fig. 1e, f). Furthermore, the total number of
recovered spleen cells was not significantly different between WT
and CCR2—/— mice (20.7 £ 1.0 x 10% in WT mice (n=5) vs. 21.9%
1.0 x 10° in CCR2—/— mice (n = 5)). Together, these data suggest
that CCR2 plays a role in Treg homeostasis that may extend
beyond its previously demonstrated function in cell homing.’

As expected, CCR2 deficiency caused a profound reduction in
Ly6C™ monocyte numbers in the blood and spleen but not in the
bone marrow, while CCR2 deficiency had little effect on
granulocyte numbers (Supplemental F1). As Treg numbers have
previously been shown to be affected by DCs,'®'® we wondered
whether the reduction in Tregs was secondary to a reduction in
monocytes/moDCs. One way to investigate this possibility and to
determine whether the effect of CCR2 on Tregs was cell intrinsic
was to generate mixed irradiation chimeras using both WT (Ly5.1)
and CCR2—/— (Ly5.2) bone marrow. Despite the presence of WT
Tregs and monocytic cells, defects in CD25"CD4™ T cells as well as
Ly6C*CD11b™ monocytic cells among CCR2—/—-derived cells
were observed (Supplemental F2A and B). Unlike in intact CCR2
—/— mice, the reduction in FoxP3* was not limited to the CD25™
cohort in the mixed chimeras, as we observed a five- to tenfold
reduction in the total number of FoxP37CD4" cells in secondary
lymphoid organs such as the spleen and lymph nodes (Fig. 2a, ).
Compared to that in cells from intact CCR2—/— mice, the
reduction in CD25 expression by the CCR2—/— FoxP3™ cells from
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Fig. 1 CCR2 deficiency leads to reduced CD25 expression and loss of CD25% FoxP3™ Tregs. Tissues were harvested from WT and CCR2—/—
mice (five each; 9-week-old male mice) for analysis. a Representative plots showing the expression of FoxP3 and CD25 on gated CD4™" T cells
from different tissues. b Representative plots showing the expression of FoxP3 and CD25 on gated FoxP3'CD4" T cells from different tissues.
¢ Bar graphs showing the levels of CD25 expression (as the mean fluorescence index (MFI)) by gated FoxP3™ T cells. d Bar graphs showing the
percentages of cells with high CD25 expression among FoxP3™ T cells. e, f. Bar graphs showing the percentages and numbers of FoxP3* cells.
The data shown are the mean + SEM of four individual animals. All data were analyzed using two-tailed Student’s t test. *P < 0.05, **P < 0.01,
***p < 0.001, and ****P<0.0001. Five repeated experiments showed similar results

Cellular & Molecular Immunology (2020) 17:123 - 132 SPRINGER NATURE



CCR2 regulates Tregs independent of cell migration
Y Zhan et al.

126

Lymph nodes
Total CD4*

17.2

@
o)
o
Foxp3
B Thymus Spleen Lymph node
so004 FOXP3* 2500 FoxP3* 4000 FoxP3*
Lymph node
*% *kkk *kkk
4000 — 2000 S— 3000 —
5 o o ™
2 S 3000 = 1500 s
£ [Te) 0 6 2000
2 8 2000 1000 S
= o [S) o
2 1000 500 1000
[
2
£ , . . —\ ; Ty
3 %\@& & R R
3 o - O
=) *o;l’ (A \,*63 oV
% ) S
C »
© 15 15 T4 20
g o 8 1= 4 o - 5
E 8 . 9@ c fa} 830 Q15
= a 10 Q10 o (5]
E S o = € =
o = o i 520 © 10
@D 4 b = x £ X
< G 5 o5 s, o
8 , 3 a) w - 210 £ s e
(.c)’ (s o X e & X -
R xR x Qo
o] e o (&) \
< N X X X & )
R R & ow & W S
: (¢} 5 < 4 o
$ oo F o,ﬂro F (,;}o S (,;}o NN
3 > 3 > >
D E. " I
[ved [5e
B Thymus . Spleen 100, Lymph node & 60000 Thymus & 400000 Spleen §80000Lymph node
o e o ) o L2
Q 8o s 080 EX e o £
% S . % = =7 300000 i 60000.
i w o O 40000 o I
L 60 = &60 N o a
z s 5 o) § 200000 O 40000
o 40 N 40 - — ‘s
a [a) o S 20000 S o
O 20 [$) 020 e i 100000 %5 20000
2 ® R 2 2 € o
¥ N 5 N 3 N 2 & X
r\$& & \\$& & z \\$« CJQ:L = '\@« & = S o
& o o *('3 {Lo o P o O {,_, "1/0
d o;.l/ \;\ c;)/ a2 o d 9;.1' \7\ (,;.1’ v o
=) 5 W O &) =
Spleen Lun Liver G Spleen Lung Liver
1500 500 9 600 80 60 80
Fkk *
Fkk 400 S & & — o &
i 1000 Y i 400 &% 60 \ X410 § 60
[T
= \8 = 300 = € '\O £ K@ <
0 0 0 Z 40 & % 40
N I N 0 re] [Te)
200 N N
8 s00 \\g 5 %é 5 200 a 020 ‘\O a
100 O 20 © O 20
xX X X
0 T T 0 T T 0 T T 0 0 0
5 = < v PRI . v . —
\\Yé OQ- \\<\ Qg' \$ GQIJ/ \$ OQS, \$& QQ:L Qﬂ'
KON o & o ° o .0 o .0 o &
SRS S W o N N NN
> S =) =) = >

Fig. 2 The defect in CCR2—/— Tregs is cell-intrinsic. Lymphoid organs were harvested from five irradiation chimeric mice (Ly5.1/Ly5.2)
reconstituted with mixed bone marrow from Ly5.1 WT and Ly5.2 CCR2—/— mice. Single-cell suspensions were analyzed for cell composition.
a Representative plots showing CD4" T cells and CD8" T cells. The gated CD4" T cells show expression of FoxP3 and CD25. b Representative
histograms showing CD25 expression by gated FoxP3™ T cells (left). The levels of CD25 expression by FoxP3™ T cells are shown (right).
**P < 0.01 and ****P < 0.0001 by paired Student’s t tests. c—e The bars show the percentages and numbers of the indicated T-cell populations.
*P < 0.05, **P < 0.01, and ***P < 0.0001 by paired Student’s t tests. f, g CD25 expression by tissue Tregs was examined in five chimeric mice. The
scatter plots in (f) show the levels of CD25 expression (as the mean fluorescence index (MFI)) by gated FoxP3™ T cells. The scatter plots in (g)
show the percentage of cells with high CD25 expression among FoxP3™ T cells. *P < 0.05, **P < 0.01, and ***P < 0.001 by paired Student’s t
tests. Five independent experiments were performed in mixed chimeric mice with similar results
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Fig. 3 Deletion of CCR2 monocytes/moDCs has little impact on Tregs. a, b CCR2 expression by T cells and Ly6C"CD11b™ monocytes. Spleen
cells from WT mice and CCR2—/— mice were analyzed for CCR2 expression with an anti-CCR2 Ab and an isotype control. a Plots showing CCR2
expression by Tregs and non-Treg CD4" T cells from WT mice and CCR2—/— mice. b Plots showing CCR2 expression by gated Ly6C"CD11b™
monocytes. c—e CCR2-DTR mice were either untreated or treated with 200 ng DT/dose every second day over 7 days. Spleens were harvested
1 day after the last dose. Spleen cells were analyzed for T cells and CD11b* cells. ¢ The contour plots show the distribution of FoxP3 in gated
spleen CD4" T cells with or without DT treatment. The bar graphs show the percentages of the indicated T-cell populations; >4 similar
experiments were performed with similar results. d Histograms showing the expression of surface CCR2 (by Ab) and CCR2 reporter (cyan
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e Mixed bone marrow chimeras of WT and CCR2-DTR donors were either untreated or treated with 200 ng DT/dose every second day over

7 days. Spleen cells were analyzed for CD25 expression

mixed chimeras was less marked but was nevertheless consistent
and significant (Fig. 2b). Consequently, the proportion and
number of CCR2—/— FoxP3™ cells with high expression of CD25
were significantly lower than those of WT FoxP3™ cells (Fig. 2d).
Reduced expression of CD25 by FoxP3™ cells was also observed in
peripheral tissue from the lung and liver (Fig. 2f). Accordingly, the
proportion of FoxP3™ cells with high expression of CD25 was
reduced among CCR2—/— T cells (Fig. 2g). Together, these data
suggest that CCR2 has a cell-intrinsic role in regulating Tregs,
particularly in regulating the expression of CD25.

Deletion of CCR2* Mo/moDCs has minimal impact on Treg
abundance

The cell-intrinsic role of CCR2 in regulating Treg abundance
implies that Tregs express CCR2. When spleen cells from WT and
CCR2—/— mice were evaluated for the expression of CCR2, we
found that both conventional CD4 T cells and Tregs from WT

Cellular & Molecular Immunology (2020) 17:123 - 132

mice contained a fraction with appreciable expression of CCR2
(Fig. 3a). Nevertheless, T cells expressed much lower levels of
CCR2 than spleen Ly6C*CD11b* monocytes from WT mice
(Fig. 3b). To further clarify the influence of CCR2-expressing
monocytic cells (monocytes and moDCs), we employed the
CCR2-DTR mouse model, in which the primate diphtheria toxin
receptor is transgenically expressed under the CCR2 promoter.?
Previously, we found that Ly6C* monocytes and moDCs could
be readily depleted with DT treatment, while T cells, even of the
activated phenotype, were minimally affected, likely due to their
lower levels of DTR expression.” When CCR2-DTR mice were
given repeated doses of DT over 7 days, there were no overt
changes in CD4" T cells, including FoxP3™ T cells, in treated
mice (Fig. 3c), while the treatment efficiently deleted
CCR27CD11b* spleen cells (Fig. 3d). Furthermore, in mixed
bone marrow chimeras containing WT and CCR2-DTR cells,
CD257CD4" T cells were also not affected by DT treatment

SPRINGER NATURE
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Fig. 4 CCR2—/— Tregs are less suppressive in vitro. a The FACS plots shows the coexpression of GITR and FoxP3 by Tregs from WT and
CCR2—/— mice. The bars show the mean fluorescence index (MFI) of the indicated molecules on Tregs from WT and CCR2—/— mice.
***P < 0.001 by t test. B&C. GITR*CD4" Tregs were isolated from WT and CCR2—/— mice. The histograms show the levels of GITR and CD25
expression by Tregs from WT and CCR2—/— mice (b). For the functional assay (c), graded numbers of Tregs were cultured with 5%x10% CTV-
labeled naive CD4" T cells (responders) for 5 days under stimulation with beads coated with anti-CD3 and anti-CD28 Abs. The histograms
show the proliferation profiles of responders with or without Tregs (ratio of responders to Tregs: 2:1). The bar graph shows the % of
suppression (mean + SEM) from three pooled experiments. The data were analyzed using two-tailed Student’s t tests. *P<0.05

(Fig. 3e). As deficiency in CCR2" myeloid cells did not impact
Treg frequency and CD25 expression, we contend that CCR2
primarily affects Treg abundance independently of CCR2-
expressing monocytic cells.

CCR2—/— Tregs have a reduced capacity to inhibit T-cell
proliferation

CCR2—/— mice retained a cohort of Tregs with lower CD25
expression. We previously reported that CD25'°FoxP3™ T cells had
reduced regulatory capacity.?® Thus, we attempted to compare
the function of Tregs from WT and CCR2—/- mice. For functional
analysis, we used the expression of GITR as a surrogate marker for
sorting Tregs. The expression of GITR was closely related to the
expression of FoxP3 in both WT and CCR2—/— mice (Fig. 4a). GITR
levels on FoxP3™ cells were comparable in WT and CCR2—/— mice,
while expression of CD25 was lower in CCR2—/— Tregs than in WT
Tregs (Fig. 4a). To determine the ability of the Tregs to inhibit T-
cell proliferation, CD4"GITRT T cells were purified from the
spleens of WT and CCR2—/— mice. The cells had similar levels of
GITR expression but differed in their CD25 levels (Fig. 4b). When
Tregs from both sources were cocultured with naive CD4™ T cells
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that were labeled with CTV and stimulated with anti-CD3/CD28
beads, CCR2—/— Tregs were less inhibitory than WT Tregs (Fig. 4c),
although both types of Tregs caused the proliferation of
responder cells to be lower than that in cultures with responder
cells alone.

CCR2 inhibition reduces CpG-induced CD25 expression on FoxP3"
cells

Our findings above suggest that CCR2 may regulate Tregs
independently of its chemotactic role, particularly under inflam-
matory conditions. To mimic inflammation, we stimulated spleen
cells from B6.FoxP3-GFP mice® with CpG. As a control, we also
stimulated spleen cells with IL-2 or anti-CD3/anti-CD28 Abs. Using
spleen cells from FoxP3-GFP reporter mice, we found that CD25
expression on FoxP3™ T cells was upregulated with TLR-9 agonism
(CpG stimulation), but the expression of FoxP3 was not changed
(Fig. 5a). As predicted, stimulation with IL-2 or anti-CD3/anti-CD28
Abs also upregulated CD25 expression on FoxP3™ T cells (Fig. 5a).
While stimulation with anti-CD3/anti-CD28 upregulated CD25
expression on conventional FoxP3~ CD4" T cells, stimulation with
CpG or IL-2 did not (Fig. 5a). To assign a role for CCR2 in CpG-
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Fig. 6 CpG-stimulated CD25 upregulation requires CCR2 expression by FoxP3™ cells. a, b CD25'°FoxP3" cells were purified from Foxp3
reporter mice. CD25'°FoxP3+ cells (50,000 cells per well) were cocultured with 2x10° spleen cells from WT or CCR2—/— mice in the presence
or absence of CpG (1 pM) in a 96-well round-bottom plate for 20 h. The expression of CD25 by FoxP3* cells was evaluated. The histograms (a)
show CD25 expression by FoxP3™ cells with WT spleen cells or CCR2—/— spleen cells. The FACS plots (b) show the differences in myeloid cells
between WT and CCR2—/— spleen cells. ¢, d Spleen cells from five individual chimeric mice were cultured with or without CpG for 20 h. The
histograms (c) show the expression of CD25 by FoxP3" cells cultured with or without CpG. The MFI of CD25 expression is shown for CpG-
stimulated WT and CCR2—/— FoxP3™ Tregs (top), and the fold changes in CD25 expression compared to that of unstimulated Tregs are also
shown (bottom). The lines indicate data from the same mouse. **P < 0.01, ***P < 0.001, and ****P < 0.0001 by paired t tests. The data are from
one of three similar experiments

induced CD25 expression, we tested whether a small molecular three subpopulations were stimulated with CpG in the presence of
CCR2 antagonist (RS102895) could inhibit this CD25 upregulation spleen cells, all three populations showed increased CD25
on FoxP3™ T cells. We found that CCR2 antagonism inhibited CD25 expression. Nevertheless, CD25 expression by CD25'°CCR2™ cells
upregulation on FoxP3™ cells after CpG stimulation but had a was higher than that by CD25'°CCR2' cells after CpG stimulation
minimal effect on CD25 upregulation that was induced by IL-2 or (Fig. 5f). Without CpG, the increase in CD25 expression was less
TCR stimulation (Fig. 5b). conspicuous (Fig. 5f). Interestingly, there was no clear increase in
Notably, we also found that crosslinking CCR2 with an anti-CCR2 CCR2 expression with or without CpG stimulation (Fig. 5g).
antibody inhibited CpG-induced CD25 expression on Tregs (Fig. 5¢,
d). Without crosslinking, inhibition by the anti-CCR2 antibody was Optimal CpG-induced CD25 expression requires CCR2 signaling on
less clear (Fig. 5¢, d). We noted that purified FoxP3™ T cells showed FoxP3™" cells
little upregulation of CD25 when they were stimulated with CpG, To support the notion that CCR2 signaling on FoxP3™ Tregs is
suggesting that soluble factors or cell surface molecules of non- required for CD25 upregulation, we first cultured CD25"
FoxP3™ T cells provide the necessary signals to FoxP3™ T cells to FoxP3* cells from reporter mice with spleen cells from either
upregulate CD25. However, inclusion of the CCR2 prototype ligand WT or CCR2—/— mice under stimulation with CpG. We found that
MCP-1 did not induce overt CD25 upregulation (data not shown). CpG-stimulated CD25 upregulation on CD25"°FoxP3* cells
As shown in Fig. 3, only a portion of FoxP3™" T cells expressed occurred similarly between WT and CCR2—/— spleen cells (Fig. 6a),
intermediate levels of CCR2 relative to the high expression of suggesting that CCR2 deficiency in non-Treg cells is not sufficient
CCR2 by Ly6C"CD11b™ cells. Furthermore, CpG did not uniformly to prevent CD25 upregulation on CD25"°Foxp3* cells; ie, the
induce CD25 upregulation on all Foxp3™ T cells (Fig. 5a). We effect of CCR2 on Tregs is cell intrinsic. As predicted, the spleen
wondered whether CCR2 expression correlates with CD25 cells of CCR2—/— mice contained fewer CCR2"Ly6C*CD11b" cells
upregulation. To this end, we sorted spleen Foxp3™ T cells into than did WT spleen cells (Fig. 6b). We then cocultured WT and
three subpopulations: CD25'°CCR2™ (approximately  10%), CCR2—/— spleen cells from mixed bone marrow chimeric mice so
CD25"°CCR2'° (40%), and CD25™MCCR2'" (50%) (Fig. 5e). When the that both WT and CCR2—/— Tregs were exposed to the same
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environment. Tregs of CCR2—/— origin expressed lower levels of
CD25 than WT Tregs, while FoxP3 expression was comparable in
both cell types (Fig. 2). Upon stimulation with CpG, the increase in
CD25 expression on WT Tregs was significantly higher than that
on CCR2—/— Tregs (P <0.001, paired t test, Fig. 6c). Accordingly,
the percentage of Tregs that were CD25" under CpG stimulation
was higher in WT cells than in CCR2—/— cells (P < 0.001, paired t
test, Fig. 6d). Thus, CCR2 on Treg cells is required for the
upregulation of CD25 expression.

DISCUSSION

CCR2 is pivotal for chemotaxis of monocytic cells. A chemotactic
role of CCR2 in Treg trafficking has also been documented in a
transfer study.9 Here, we have revealed a new cell-intrinsic role for
CCR2 that is independent of cell trafficking, namely, a role in
regulating Treg abundance and function that includes upregula-
tion of CD25.

Given that CCR2 is highly expressed by monocytes and derived
dendritic cells, we initially surmised that the Treg defect in CCR2
—/— mice was secondary to a defect in monocytes/moDCs, partly
because homeostasis of Tregs has been shown to be influenced
by various types of DCs.?" It has been documented that loss of DCs
leads to a loss of Tregs and a heightened inflammatory
response.?”> Furthermore, it has been shown that moDCs, but
not conventional DCs, expand Tregs.'® However, we found two
lines of evidence that did not support the idea that the CCR2—/—
Treg defect is largely due to defects in monocytes/moDCs. First, in
mixed bone marrow chimeras in which both WT and CCR2—/-
monocytes/moDCs coresided, the defect in CCR2—/— Tregs
remained. Second, removal of CCR2T monocytes/moDCs by
injection of DT in CCR2-DTR mice over 7-10 days did not cause
a reduction in Tregs. Nevertheless, our study does not discount
some contribution of the non-Treg compartment to Treg
regulation by CCR2. Notably, the expression of CD25 by CCR2
—/— Tregs from mixed bone marrow chimeras was generally
higher than that by CCR2—/— Tregs from intact CCR2—/— mice.
Furthermore, in vitro upregulation of CD25 expression on Tregs
induced by CpG requires the presence of non-Treg cells in the
culture. Indeed, beyond the influence of CCR2, variations in CD25
expression can also be affected by the activation milieu, e.g., by
TCR activation and IL-2 (Fig. 5).

It has been reported that approximately a quarter of
CD62L FoxP3™ T cells in lymph nodes express CCR2."'?* In a
transfer study, CCR2 deficiency was found to hamper Treg
trafficking from lymph tissues to graft sites (kidney capsules) as
well as from graft sites to draining LNs.® Notably, intravenous
injection of CCR2—/— Tregs did not prevent their traffic to the
spleen and lymph nodes.’ On the other hand, we found that CCR2
deficiency resulted in reduced Treg numbers and lower CD25
expression on CD4"FoxP3™ T cells in central lymphoid organs
(thymus), peripheral lymphoid organs (spleen and lymph nodes),
and peripheral parenchyma (liver and lung), arguing against a
defect in cell trafficking underlying this effect.

IL-2 and its receptor CD25 are critical in Treg homeostasis.
addition to IL-2 and TCR stimulation, we found that the TLR ligand
CpG can also stimulate CD25 expression on Tregs. Upregulation of
CD25 by CpG stimulation, but not by IL-2 and TCR stimulation,
could be inhibited by a CCR2 antagonist in vitro, suggesting that
CCR2 signaling is required. Coculture of WT and CCR2—/— Tregs
showed that upregulation of CD25 by CpG was more prominent in
WT Tregs than in CCR2—/— Tregs, suggesting that direct signaling
of CCR2 may be required for upregulation of CD25. Furthermore,
WT Tregs had high CD25 expression and hence responded
strongly to IL-2, which in turn upregulated CD25. Thus, in CCR2
—/— Tregs, this virtuous circle was defective, and this alone could
explain the outcome of reduced Treg abundance. The reduced
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fitness of CCR2—/— Tregs was also evident by their lower
regulatory function. We observed that CCR2—/— Tregs were not
optimal in suppressing the proliferative response of naive T cells.
This reduced regulatory function of CCR2—/— Tregs is in accord
with what we and others have reported previously: that Tregs with
low CD25 expression are functionally inferior®® and that CD25 on
Tregs behaves as an IL-2 “sink” to induce cytokine deprivation of
effector T cells.”® Notably, although CCR2—/— Tregs locally
transferred to graft sites are retained in the tissue, they are less
capable of suppressing alloimmunity compared to WT Tregs.’
Interestingly, the proportion of Tregs that bear CCR2 increases
during tumor development (21% in draining lymph nodes and
50% in tumors),?® implying that CCR2 deficiency might impact
Treg function in vivo.

Under CpG stimulation, the expression of CD25 on FoxP3™
cells became much higher. This upregulation was reduced by
CCR2 antagonism and CCR2 deficiency. There are at least two
explanations for these findings. The first is that CpG stimulates
the production of CCR2 ligands in culture. Such CCR2 ligands
then enhance CCR2 signaling on Tregs to increase CD25. In
support of this possibility, we found that CpG did not stimulate
the overt upregulation of CD25 when FoxP3' T cells were
isolated and cultured alone. A previous study reported that the
classic CCR2 ligand, CCL2, costimulates T cells.'”” Transgenic
CCL2 expression in the central nervous system results in
preferential local accumulation of Treg,”® although it is not
clear whether CCL2 increases Treg via recruitment or direct
signaling. We found that CCL2 alone did not robustly stimulate
CD25 upregulation on Tregs. Apart from CCL2, there are many
ligands, such as CCL7, CCL8, CCL12, and CCL16, that can bind
CCR2. It remains to be tested whether any or the sum of these
are required to orchestrate the response. The second explana-
tion is that CpG stimulates CCR2 expression on Tregs, either
directly or indirectly. Tregs can express various TLRs, including
TLR9, and can be stimulated directly by CpG.?” However, we did
not detect a strong induction of CCR2 on highly purified FoxP3™
cells after CpG stimulation.

The impact of CCR2 on Tregs, either via well-known chemotactic
functions or the nonchemotactic functions revealed in this study,
may offer an immunological explanation for the failure of CCR2
antagonism (mainly aimed at monocytic cells) in interventions for
inflammatory diseases.'® Notably, there are reports showing that
CCR2 deficiency can exacerbate experimental autoimmune
arthritis,®*® suggesting a protective role for CCR2 in autoimmune
diseases. In CCR2—/— mice with arthritis, the levels of Th17 cell
cytokines are increased. These studies did not address how a
protective effect of CCR2 was achieved. Our findings suggest that
the effect of CCR2 may be due to an effect on Tregs. CCR2 is also
expressed on some activated/memory T cells,'>'® but we noted
that CCR2 deficiency has less impact on conventional T cells in
lymphoid organs and adipose tissue than on Tregs. Perhaps the
differential impact reflects the difference in CCR2 expression.
FoxP3™ T cells, even CD62L" ones (activated T cells), contained a
smaller cohort expressing CCR2 than Tregs.''

In summary, in addition to its likely role in cell migration, CCR2
may be required for optimal CD25 expression in Tregs and for the
fitness of Tregs in general. The finding that Tregs use the same
chemokine axis to constrain the proinflammatory effect of such an
interaction on monocytic cells during inflammation may represent
a novel negative feedback mechanism. The precise signaling
events mediated by CCR2 that impact Tregs remain to be defined.
Our findings suggest that the development of CCR2 antagonism
for the treatment of autoimmune diseases should take into
account the protective role of CCR2 in immune regulation. The
significance of CCR2-mediated Treg regulation under steady-state
and inflammatory conditions, particularly in human diseases, also
beckons to be explored.
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