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Abstract
Regulatory T cells (Tregs) migrate into peripheral sites of inflammation such as allografts
undergoing rejection, where they serve to suppress the immune response. In this study, we find
that ~30–40% of human CD25hi FOXP3+ CD4+ Tregs express the peripheral CXC chemokine
receptor 3 (CXCR3) and that this subset has potent immunoregulatory properties. Consistently, we
observed that proliferative responses as well as IFN-γ production were significantly higher using
CXCR3-depleted versus undepleted responders in the mixed lymphocyte reaction, as well as
following mitogen-dependent activation of T cells. Using microfluidics, we also found that
CXCR3 was functional on CXCR3pos Tregs, in as much as chemotaxis and directional persistence
towards interferon-c-inducible protein of 10 kDa (IP-10) was significantly greater for CXCR3pos

than CXCR3neg Tregs. Following activation, CXCR3-expressing CD4+ Tregs were maintained in
vitro in cell culture in the presence of the mammalian target of rapamycin (mTOR) inhibitor
rapamycin, and we detected higher numbers of circulating CXCR3+ FOXP3+ T cells in adult and
pediatric recipients of renal transplants who were treated with mTOR-inhibitor
immunosuppressive therapy. Collectively, these results demonstrate that the peripheral homing
receptor CXCR3 is expressed on subset(s) of circulating human Tregs and suggest a role for
CXCR3 in their recruitment into peripheral sites of inflammation.
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Introduction
Regulatory T cells (Tregs) are essential for the suppression of immune responses to foreign
antigens, including alloantigens, and they are well established to function in the
development and maintenance of self-tolerance [1, 2]. Forkhead box P3 (FOXP3) has
emerged as the master regulator of the development and function of Tregs in both mice and
humans [3–5]. Furthermore, expansion of CD4+FOXP3+ T-cell subsets is generally
considered to be critical for tolerance induction and for the suppression of a wide range of
immune-mediated diseases [6].

Tregs utilize multiple mechanisms to suppress effector cell expansion and to mediate
immunoregulation [1, 7]. These include cell–cell contact-dependent suppression [8],
secretion of immunosuppressive cytokines including IL-10 [9, 10], TGF-β [11, 12] and
IL-35 [13], and the consumption of IL-2 produced by responder T cells [14]. Furthermore,
Tregs may function via the generation of pericellular adenosine catalyzed by CD39 and
CD73 [15] and/or the modification of APCs via the delivery of negative/apoptotic signals
[7]. In addition, several studies have indicated that the in vivo function of Tregs is dependent
on their migration into sites of inflammation [16–19]. Although compartmentalization of
Tregs is not a new phenomenon [20], the concept that Tregs migrate into allografts and
inhibit rejection is a very recent observation [16–18, 21]. An emerging model is that
tolerance to alloantigens can only be achieved if Tregs are allowed to migrate in an
appropriate pattern within allografts and within lymph nodes [16, 18].

It has been reported that Tregs express multiple chemokine receptors [22]; some studies
have identified that the majority of human Tregs express CD62L [23], CCR4 [22, 24] and
CCR7 [25]. These combinations should allow Tregs to migrate into lymph nodes and into
the periphery. Nevertheless, most studies have been performed in rodents [18, 20, 24], and
few studies have evaluated expression of these receptors in human Treg subsets.

The CXC chemokine receptor 3 (CXCR3) is classically expressed on activated human CD4+

T cells, and is well established to mediate effector cell trafficking [26–28]. Consistent with
these findings, the expression of CXCR3 [28–30] and its chemokine ligands, monokine
induced by IFN-γ (Mig or CXCL9), IFN-γ-inducible protein of 10 kDa (IP-10 or CXCL10)
and IFN-γ-inducible T-cell α-chemoattractant (or CXCL11) have been reported to be
associated with both cardiac and renal allograft rejection [28, 30–37]. However,
paradoxically, some recent studies have suggested that CXCR3 may also be expressed on
Tregs [22, 38–41], and blockade of CXCR3 is reported to have variable functional effects in
different animal models [32, 42, 43]. Nevertheless, little is known about its expression
pattern or its association with Treg subsets and their immunoregulatory function(s).

In this study, we characterized the expression of CXCR3 on human CD25hi FOXP3+ CD4+

T regulatory cells, and we demonstrate that CXCR3hi Tregs are functional to suppress
effector alloimmune responses. Furthermore, we demonstrate that levels of CXCR3 increase
on Tregs following activation, and that CXCR3hi Tregs are enriched in cell culture in the
presence of rapamycin.

Results
Human CD4+CD25hiFOXP3+ T cells express CXCR3

We initially analyzed the co-expression of CXCR3 and CD25 on CD4+ T cells by four color
flow cytometry. Consistently, we observed two subpopulations of CD25hi cells that were
either CXCR3hi or CXCR3lo/neg (Fig. 1A). As illustrated in Fig. 1B and C, we also found
that FOXP3 was expressed within both populations and, further, that the level of FOXP3
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expression in each subset was similar. We gated on CD25hi, CD25int/lo and CD25neg CD4+

T-cell subsets, and we assessed the relative expression of CXCR3 on each population. As
illustrated in Fig. 2A, we found that CXCR3 is expressed by all subsets, irrespective of
CD25 expression; but notably, double positive CXCR3+CD25hi populations co-express
significant levels of FOXP3.

To determine whether CXCR3 expression is representative of Tregs in different states of
activation, we sorted CD25hiCXCR3neg cells and CD25hiCXCR3pos cells, and we stimulated
each subset for 5 days with immobilized anti-CD3 and soluble anti-CD28 in the presence of
IL-2 (Fig. 2B). Prior to activation, both subsets were found to express high levels of FOXP3
at the mRNA and protein levels (Fig. 2B, and data not shown). As illustrated, we found that
the expression of CXCR3 was maintained on activated CXCR3pos Tregs (Fig. 2B).
Furthermore, following activation, we found that CXCR3 was induced in expression on a
subset of CXCR3neg cells, suggesting that differences in CXCR3 expression on each Treg
subset may in part relate to their state of activation.

We also performed additional phenotypic profiling of CXCR3pos Tregs by evaluating co-
expression of CXCR3 with cytotoxic T-lymphocyte antigen 4 (CTLA-4) and CD39, well-
established markers of Tregs [15, 44]. As summarized in Fig. 3A–C, we found that CXCR3
is expressed at similar levels on both FOXP3+ and CTLA-4+ CD4+ T-cell subsets. In
addition, we observed that up to half of FOXP3+CTLA-4+ or FOXP3+CD39+ double
positive Tregs co-express CXCR3 (Fig. 3D and E). Since these markers tend to be expressed
on activated cells, this finding is again consistent with the interpretation that levels of
CXCR3 expression on Tregs are in part reflective of their state of activation.

Finally, we compared the expression of Tbet in CXCR3pos and CXCR3neg Tregs. Tbet is
reported to identify a subset of Tregs that control Th1-type inflammation in murine models
[45]. As illustrated in Fig. 3F, we found that Tbet mRNA expression was higher in
CXCR3pos Tregs as compared with CXCR3neg subsets, regardless of their state of
activation. Collectively, these observations indicate that CXCR3 is expressed on subsets of
Tregs, most notably on recently activated cells.

Subsets of CXCR3-expressing CD4+ T cells are immunoregulatory
To next determine the immunoregulatory function(s) of CXCR3-expressing CD4+ T cells,
pooled populations or CXCR3-depleted populations of CD4+ T cells were used as
responders in alloantigen- (Fig. 4A and B) and mitogen- (Fig. 4C and D) induced assays.
CD25-depleted CD4+ T-cell responders were used as a control. As illustrated in Fig. 4A and
B, we found that proliferation and IFN-γ production (as assessed by ELISPOT) was greater
(p<0.01) in CXCR3-depleted responders, compared with undepleted cells, in the mixed
lymphocyte reaction. Also, following mitogen-dependent activation, proliferation (Fig. 4C)
and IFN-γ production (Fig. 4D) was significantly greater (p<0.001 and p<0.05 respectively)
in cultures using CXCR3-depleted responders. The increased proliferation and production of
IFN-γ in CXCR3-depleted responder cultures was similar to that observed in control
cultures when CD25-depleted CD4+ cells were used as responders (Fig. 4A–D). IL-2
production was also increased when CXCR3-depleted responders were used in mitogen-
induced assays (p<0.05, data not shown). Finally, to confirm the suppressive function of
CXCR3-expressing T cells, we repleted responders with sorted populations of CXCR3+

CD25hi T cells in a standard in vitro suppression assay. As illustrated in Fig. 4E, the
addition of CXCR3+ CD25hi cells into the cultures in increasing ratios suppressed
proliferative responses to baseline. Taken together, these observations indicate that subset(s)
of CXCR3-expressing T cells have potent immunoregulatory properties.
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Migration of CXCR3+ Treg subsets to IP-10
We next evaluated the functional implications of CXCR3 expression on Tregs for IP-10-
dependent chemotaxis. Leukocyte migration was measured using a microfluidic technique
that allows for precise and robust measurements of leukocyte migration at single-cell
resolution [46]. Purified CD4+CD25+CD127dim/− Tregs were FACS-sorted into CXCR3pos

or CXCR3neg subsets and were introduced into the main channel of the microfluidic device
(Fig. 5A). Subsequently, images of live-time cell migration toward the chemokine IP-10
were captured using time-lapse imaging, as described in Materials and methods. In the
absence of a chemoattractant stimulus, we found minimal migration of T cells into the 6 × 6
μm side channels, and cells that entered the channels appeared to move at random.
However, as illustrated in Fig. 5B and C, we found that CXCR3+ Tregs had a marked
chemotactic response toward IP-10, and their directional persistence was significantly
greater (p<0.01) than that observed for CXCR3neg Tregs (Fig. 5D). CXCR3neg subsets were
found to move in a random manner, some cells entered the channel and returned to baseline,
and some migrated toward IP-10. In general, the directional persistence of CXCR3neg

subsets was limited (Fig. 5D). We also observed that the velocity of CXCR3pos cells during
persistent directional migration was consistently slower than the velocity of random
migrating CXCR3neg Tregs (but this difference did not reach statistical significance, data not
shown). Collectively, these studies demonstrate that CXCR3 is functional to elicit
chemotaxis in CXCR3-expressing Tregs.

Co-expression of additional trafficking receptors on CXCR3-expressing Tregs
We next wished to evaluate the co-expression of CXCR3 with well-established lymphoid
and peripheral homing receptors on FOXP3+ Tregs. We stained PBMC for CD4, CD25,
FOXP3 and either CXCR3, CD62L, CCR4, CCR5 and CCR7, established to be expressed
on Tregs [22–26]. We also evaluated the co-expression of CXCR3 with Treg-associated
homing receptors. Illustrated in Fig. 6A and B, we found comparable levels of CXCR3 and
CD62L expression on both CD25hiFOXP3+ Tregs and CD25loFOXP3− Teff subsets.
However, among chemokine receptors, we found lower levels of expression of CCR7 and
higher levels of CCR4 and CCR5 on FOXP3+ Tregs versus Teff subsets. Also, we observed
that CXCR3 is co-expressed with CD62L on ~30% of FOXP3+ Tregs, while only ~12%
Tregs co-express CCR7 and CXCR3; and ~20% CXCR3pos Tregs co-express CCR4 or
CCR5 (Fig. 6B). These observations indicate that lymphoid and peripheral homing receptors
are co-expressed by human FOXP3+ Tregs and further that CXCR3 is a major peripheral
homing receptor expressed on high numbers of human Tregs.

Effect of rapamycin on CD25+FOXP3+CXCR3hi T-cell subsets
We also examined the effect of immunosuppressants on the survival and expansion of
CXCR3-expressing Tregs. Inactivation of the mammalian target of rapamycin (mTOR)
kinase and its signaling pathway in T cells has been reported to inhibit activation-induced
expansion of CD4+CD25lo effector T cells in vitro and in vivo, while enabling the
preferential expansion of Tregs [47, 48]. Furthermore, Tregs that expand in the presence of
mTOR inhibitors have been found to possess immunoregulatory activity [48]. We stimulated
purified populations of CD4+ T cells with immobilized anti-human CD3, soluble anti-human
CD28 and IL-2 in the presence of rapamycin or cyclosporine. As expected [47, 48],
CD4+CD25+FOXP3+ Tregs expanded after 5 days of culture in the presence of rapamycin
(10 ng/mL). In contrast, culture in the presence of cyclosporine A (CsA) (0.1 μg/mL)
inhibited Treg cell expansion (Fig. 7A). By FACS, CXCR3 was expressed at high levels on
FOXP3+ Tregs following mitogen-dependent activation both in the absence and in the
presence of rapamycin (1 and 10 ng/mL, Fig. 7B and C). However, culture in the presence
of CsA (0.1 and 1 μg/mL) inhibited CXCR3 expression on surviving CD25+FOXP3+ cells
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(p<0.01, Fig. 7B and C). We interpret these observations to indicate that FOXP3+ T cells
that expand in the presence of mTOR inhibitors express CXCR3.

CXCR3 expressing CD4+FOXP3+ Tregs in renal transplant recipients treated with
rapamycin

Finally, to investigate the pathophysiological significance of our observations, we isolated
PBMCs from renal transplant recipients who were treated with mTOR-inhibitor therapy.
Two groups of patients were evaluated. The first group consisted of 18 adult recipients of
deceased donor transplants, eight of whom were converted to mTOR-inhibitor-based
immunosuppression after 3 months of therapy with cyclosporine. The other ten patients were
maintained on cyclosporine for the first post transplant year. The second group was pediatric
recipients of living related donor transplants who received mTOR-inhibitor therapy de novo,
and were enrolled in an NIH-sponsored calcineurin inhibitor avoidance therapy study. These
patients received an immunosuppression protocol consisting of induction therapy with an
IL-2R antagonist, and maintenance with sirolimus, mycophenolate mofetil and steroids [49].
As illustrated in Fig. 8A, at 1 year post transplantation, we found that adult recipients treated
with an mTOR inhibitor had higher levels of circulating FOXP3+ Tregs than patients treated
with cyclosporine. In addition, there was an overall increase in numbers of
FOXP3+CXCR3+ cells (p<0.01) in recipients treated with mTOR inhibitors as compared
with those treated with cyclosporine (Fig. 8B). We noted a trend for association between
Treg expression of CXCR3 and better GFRs at year 2 post transplantation in this small
cohort of patients (data not shown), but this trend did not reach statistical significance. We
also evaluated CXCR3 expression on Tregs in sequential blood samples collected from four
pediatric recipients over the first post transplant year. We found that the numbers of
CXCR3-expressing FOXP3+ Tregs increased over the first 6–12 months post transplantation
in two of these patients, (Fig. 8C). In the other two, expression remained at low levels.
Although these results are observational, the two patients with higher numbers of CXCR3-
expressing Tregs had excellent renal function at 24 and 36 months post transplantation. In
contrast, both patients with low levels of CXCR3 on circulating Tregs had acute rejection
episodes within the first post transplant year, and one patient developed graft failure by 24
months post transplantation. Thus, kidney transplant recipients treated with mTOR-inhibitor
therapy have circulating CXCR3-expressing Tregs. It will be intriguing to determine
whether the patterns of expression seen in this small cohort of patients are associated with
differences in long-term graft outcome.

Discussion
In this report, we demonstrate that CXCR3 is expressed on human FOXP3+CD4+ T-cell
subsets, and that CXCR3hiCD4+ Treg subsets function as potent immunoregulatory cells to
suppress allogeneic and mitogen-induced effector T-cell activation in vitro. We also find
that CXCR3+ Tregs migrate toward their chemokine ligand IP-10, and their directional
persistence and chemotaxis response is significantly greater than that of CXCR3neg Tregs.
We interpret these observations to suggest that the expression of CXCR3 on Tregs may
facilitate their accumulation at sites of inflammation including allografts undergoing
rejection.

Understanding the compartmentalization and migration of Tregs is an area of intense study,
and is likely of great importance for tolerance induction following solid organ
transplantation [16–18]. Tregs are well established to express both adhesion and chemokine
receptors [20, 22, 23], and they have potential to suppress anti-donor immune responses
following transplantation [16–18]. The trafficking of Tregs into secondary lymphoid organs
as well as into the periphery has been proposed to be important for alloimmune tolerance
induction [16, 18], and for the prevention of chronic rejection [17]. Indeed, recently, it was

Hoerning et al. Page 5

Eur J Immunol. Author manuscript; available in PMC 2012 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



observed that effective immunoregulation in vivo was not achieved in the absence of defined
patterns of migration [18]. In these studies, we found that greater than 80% of human Tregs
express the lymph node homing receptor CD62L. Also, consistent with others [22, 24, 25],
we find that CXCR3+FOXP3+ Tregs co-express the peripheral homing receptors CCR4 and
CCR5. However, we also find notable differences in the expression of additional homing
receptors on Tregs versus T effector cells including α-integrins, β-integrins and PSGL-1
(p<0.01, p<0.05 and p<0.01 respectively, data not shown), further indicating the potential
that human Tregs have potential to traffic to lymph nodes as well as to peripheral sites of
inflammation, as observed in mouse models [16–18].

CXCR3-expressing T cells, as well as the CXCR3 chemokine ligand IP-10, have been
reported to be found within human renal and cardiac allografts in association with rejection
[28, 33–36, 50]. Our findings outlined in these studies support the possibility that local
intragraft expression of IP-10 facilitates the migration of expanded Tregs into the graft.
Consistent with our observations, CXCR3+ cells isolated from inflamed livers were found to
have suppressive function [40, 41]. Also, FOXP3+ T cells have been observed within renal
allografts in association with rejection [50]. These findings as well as others [16, 17, 51]
strongly suggest that alloactivated Tregs migrate into allografts where they have the
potential to suppress the local inflammatory response. Our observations are suggestive that
CXCR3 faciltates the peripheral migration of Tregs into allografts and that this subset has
the potential to suppress ongoing rejection.

It is well established that mTOR inhibitors augment the expansion of Tregs [47, 48] and
promote tolerance induction in vivo [48, 52, 53]. We find that the mTOR inhibitor
rapamycin also permits the expansion of CXCR3hi Tregs in vitro, and we found higher
numbers of circulating FOXP3+CXCR3+ Tregs in transplant recipients treated with mTOR
inhibitors versus those treated with calcineurin inhibitors as part of their maintenance
immunosuppressive therapy. Our studies involved small numbers of patients, but they are
suggestive that the use of mTOR-inhibitor therapy may enable the expansion of CXCR3+

Tregs in vivo, and may have an impact on long-term graft survival. Further evaluation of
this observation in a larger cohort of patients may identify if expansion of this subset, for
instance in association with the use of mTOR inhibitors, may serve as a biomarker and/or
predict long-term graft survival.

In summary, although CXCR3 is classically reported to be expressed on T effector cells,
these new findings demonstrate that it is also expressed on populations of immunoregulatory
T cells. Our findings explain the variable effects of CXCR3 blockade in allograft rejection
[32, 42], in as much as it was not previously known that CXCR3 may mediate the local
trafficking of Tregs. Thus, an important implication of our observations is that the activation
and expansion of CXCR3-expressing Tregs in vivo will facilitate the compartmentalization
of T-cell regulatory subsets within allografts.

Materials and methods
Reagents and Abs

Mouse anti-human CD4-FITC (RPA-T4), anti-human CD4-PE (RPA-T4), anti-human CD4-
PECy7 (RPA-T4), anti-human CD39-FITC (A1), anti-human CCR7-PE (3D12), anti-human
CCR5-FITC (HEK/1/85a) and anti-human FOXP3-FITC (206D) were obtained from
Biolegend (San Diego, CA). Mouse anti-human FOXP3-APC (3G3), mouse anti-human
CD62L-APC (DREG-56) and mouse anti-human CCR4-FITC were purchased from
Miltenyi Biotec (Auburn, CA), eBioscience (San Diego, CA) and R&D Systems
(Minneapolis, MN) respectively. Mouse anti-human CXCR3-PE or CXCR3-APC (1C6),
anti-human CD25-FITC or CD25-PECy7 (M-A251), anti-human CD45RO (UCHL1), anti-

Hoerning et al. Page 6

Eur J Immunol. Author manuscript; available in PMC 2012 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



human CTLA-4-APC (BNI3) and murine monoclonal subclass-specific isotype controls
were purchased from BD Biosciences (San Diego, CA). For functional assays, mouse anti-
human CD3 (HIT3a) and anti-human CD28 (CD28.2) were purchased from BD Biosciences.
For ELISPOT assays, mouse anti-human IFN-γ capture mAbs and a biotinylated anti-
human IFN-γ mAbs were purchased from Fisher Scientific (Pierce Biotechnology,
Rockford, IL); mouse anti-human IL-2 capture mAbs, biotinylated anti-human IL-2 mAbs
and recombinant IL-2 were purchased from R&D Systems. Pooled human AB serum was
purchased from Pel Freeze Biologicals (Rogers, AR). Rapamycin was gifted to the
laboratory by Wyeth-Ayest Research (Princeton, NJ) and CsA was purchased from Novartis
Pharmaceuticals (East Hanover, NJ).

Isolation of T-cell subsets
Human peripheral blood was obtained from healthy volunteers consented in accordance with
IRB approval by Children's Hospital Boston. CD4+ T cells were isolated from PMBCs using
magnetic beads (Dynal CD4 Positive Isolation Kit, Invitrogen, Carlsbad, CA) according to
the manufacturer's instructions. The purity of isolated CD4+ cells was found to be >97% by
FACS. For depletion studies, purified CD4+ T cells were incubated for 20 min with 1 μg per
106 target cells of anti-CXCR3 mAbs (1C6, BD Biosciences) or anti-CD25 mAbs (M-A251,
BD Biosciences) at 4°C, and were washed in PBS/0.5% BSA. The cells were subsequently
incubated with Pan mouse IgG magnetic beads (Dynal Cellection Kit, Invitrogen) and
CXCR3+ or CD25+ cells were removed by magnetic separation. The purity of the depleted
populations was >92% as assessed by flow cytometry. For migration assays,
CD4+CD25+CD127dim/− cells were isolated from PBMCs using magnetic beads (Miltenyi
Biotec) and were FACS-sorted (using 1C6, BD Biosciences) into CXCR3+ and CXCR3neg

populations.

Cell culture
Cell culture was performed at 37°C in 5% CO2 in RPMI 1640 media (Cambrex, Charles
City, IA) containing 10% human AB serum, 2 mM L-glutamine, 100 U/mL penicillin/
streptomycin (Gibco-Invitrogen), 1% sodium bicarbonate and 1% sodium pyruvate
(Cambrex) in 96-well, round-bottom plates (Corning Life Sciences, Lowell, MA).

Proliferation assays
Mitogen-dependent assays were performed in 96-well round bottom cell culture plates in
triplicate wells (1 × 105 T cells/well) in a final volume of 200 μL. The cells were stimulated
with either immobilized anti-CD3 mAbs (5 μg/mL) alone or with immobilized anti-CD3
mAbs in combination with soluble anti-CD28 mAbw (1 μg/mL) for 3 days. Mixed
lymphocyte reactions were performed using 2 × 105 responders and γ-irradiated PBMCs
(1700 rad) as stimulators in a ratio of 1:1. Cells were cultured in triplicate wells using either
allogeneic or autologous stimulators. Proliferation was assessed after 5 days by 3H-
Thymidine (Perkin Elmer, Boston, MA; 1 μCi/well) incorporation for the final 18 h of
culture, and data were analyzed using suppression ratios. Cells were harvested using an
automated cell harvester (Tomtec, Hamden, CT) and incorporated radioactivity was
determined by liquid scintillation (MicroBeta Trilux Liquid Scintillation Counter, Wallac,
Gaithersburg, MD). In selected experiments, rapamycin 1 or 10 ng/mL or CsA 0.1 or 1.0
mcg/mL was added into cultures containing 100 IU/mL human recombinant IL-2.

ELISPOT assays
Multiscreen-IP 96-well microtiter plates (Millipore, Bedford, MA) were coated with a
mouse anti-human CD3 mAbs (2 μg/mL) and mouse anti-human IFN-γ capture mAbs (4
μg/mL). Freshly isolated T cells (1 × 105 cells/well in 200 μL) were cultured for 36 h,
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isolated, washed and incubated with a biotinylated mouse anti-human IFN-γ mAbs (2 μg/
mL). After washing, HRP-labeled streptavidin (DAKO, Carpinteria, CA) was added for 1 h
and subsequently the spots were developed with AEC substrate (Sigma-Aldrich, St. Louis,
MO) and analyzed in an ImmunoSpot analyzer (Cellular Technology, Shaker Heights, OH).
Cytokine secretion is expressed as spots/well.

Flow cytometry and cell sorting
CD41 T cells were stained with up to four directly conjugated fluorescent antibodies or
control antibodies for 30 min at 4°C. After extensive washing the cells were fixed and
permeabilized using the Fixation & Permeabilization kit (eBioscience), and intracellular
staining of FOXP3 and CTLA-4 was performed according to the manufacturer's
recommendations. Data were acquired on a FACsCalibur (BD Biosciences, San Jose, CA)
and analyzed using FlowJo software (Tree Star, Ashland, OR). For cell sorting experiments,
CD4+ cells stained for desired cell surface markers were isolated using a FACSAria or
FACSVantage (BD Biosciences) apparatus.

Real-time PCR
PCR was performed using the TaqMan Gene Expression Assay Kit (TaqMan, MGC probes,
Applied Biosystems, Foster City, CA) and the 7300 real-time PCR system. Gene-specific
primers for the analysis of human Tbet and GAPDH by real-time PCR were obtained from
Applied Biosystems.

Lymphocyte migration assays
Migration of lymphocyte subpopulations in response to IP-10 (CXCL10) was quantified at
single-cell resolution using microfluidic devices and time-lapse microscopy, as described
previously [46]. Briefly, photoresist (SU8, Microchem, Newton, MA), was patterned within
silicon wafers, which were used as a mold to produce a PDMS (Fisher Scientific, Fair Lawn,
NJ) device, which was then bonded onto standard 1 × 3 in. glass slides (Fisher Scientific).
The microfluidic network inside each device consisted of an array of up to 450 parallel
channels (6 × 6 μm cross-section and 800 μm long) connected to one main channel, (50 μm
tall, 400 μm wide and 10 mm long) with inlets and outlets. The devices were first primed
with a solution of IP-10 (100 nM) and fibronectin (250 nM) for 15 min. After priming,
sorted populations of either CXCR3+ or CXCR3− CD4+CD25+CD127dim/−Tregs (~1 × 105/
condition) suspended in 15 μL of media were introduced into the main channel through
tubing connected to the main inlet. The cells were flushed through the main channel until
media was seen to emerge from the main outlet. Immediately after loading, the inlet and
outlet were sealed and the device was placed on a Nikon Ti microscope fitted with an
environmental chamber, motorized stage and Nikon Elements software for time-lapse
imaging. At least 20 fields were imaged every 90 s, such that one frame equals 1.5 min for
each condition.

Cell migration was manually tracked from time-lapse microscopy images using ImageJ
(NIH). One-dimensional trajectories were analyzed for the following quantitative metrics: (i)
total displacement (the difference between the initial and the final cell position within the
device), (ii) total integrated distance (the sum of the distances traveled in successive
images), and (iii) directional persistence (the nondimensional ratio of total displacement to
total integrated distance. This parameter was designated as equal to zero for completely
random motion, where the cell travels distances but ultimately returns to its initial position.
Conversely, the parameter was designated as equal to one for directed motion where the cell
travels toward its final position along the chemokine gradient and ends up at its destination.
Thus, if cell motion is directed toward a chemokine, but then reverses toward its initial
position the final designation will be less than one.) Average velocity (the total integrated
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distance divided by the duration of the trajectory) was also calculated as a quantitative
metric.

Patient samples for in vivo studies
PBMCs were obtained from pediatric recipients of living-donor kidney transplants (n 5 = 4)
and adult recipients of cadaveric kidney transplants, who received long-term
immunosuppression with prednisone, mycophenolate mofetil and rapamycin [49]. Adult
recipients received CsA in the initial post-transplantation period and were converted into an
everolimus-based regimen at 2 or 3 months post transplantation (n = 8) or maintained on the
calcineurin inhibitor-based regimen (CsA, n = 10). Human peripheral blood was obtained in
accordance with IRB approval at Children's Hospital Boston and the University of Dvisberg
Essen. Patient blood samples collected during the first 12 months post transplantation were
cryopreserved in cell culture medium (above) containing 10% DMSO (Sigma-Aldrich) until
analysis. Cells were carefully thawed and washed and cultured for 3 h before flow
cytometric analysis.

Statistical analysis
Statistical analyses were performed, using the Wilcoxon matched pair test, Mann-Whitney
U-test test and/or Student's t test, as indicated, for comparison of multiple groups. p-
Values<0.05 were considered statistically significant.
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Figure 1.
A subset of CXCR3+ CD4+ T cells express FOXP3. Mono-nuclear cells were isolated from
healthy volunteers and were stained with antibodies to CD4, CD25, CXCR3 and FOXP3, or
with isotype control mAbs. (A) Representative dot plot showing CD25 and CXCR3
expression, after gating on CD4+ T cells. (B) Representative FOXP3 expression (open
histograms, left panel) after gating on the CD41 CD25+CXCR3+ subset (labeled I) in (A).
(C) FOXP3 expression after gating on the CD4+CD25+CXCR3− subset (labeled II) in (A).
In both (B) and (C), the box plots on the right illustrate the median, 25th and 75th percentile
and range of FOXP3 expression in (B) CXCR3pos and (C) CXCR3neg Tregs from n = 20
subjects.
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Figure 2.
Expression of CXCR3 on CD4+ Tregs. Freshly isolated mononuclear cells were stained with
antibodies to CD4, CD25, CXCR3 and FOXP3. (A) After gating on lymphocytes, the
expression of CXCR3 was evaluated on CD25hi (I), CD25int/lo (II), and CD25neg (III) CD4+

T cells, and FOXP3 expression (histograms) was evaluated in each subset. The box plots on
the right illustrate the median, 25th and 75th percentile and range of FOXP3 expression
among the CXCR3-expressing CD4+ T-cell subsets in n = 20 subjects. (B) FACS-sorted
populations of CD25hiCXCR3neg or CD25hiCXCR3pos CD4+ T cells (as illustrated) were
stimulated with immobilized anti-CD3 and soluble anti-CD28 in the presence of IL-2 (100
IU/mL) for 5 days. The expression of CXCR3 and FOXP3 was evaluated by flow cytometry
on day 0 and on day 5 following activation. The histograms on the left illustrate
representative expression of CXCR3 and FOXP3 on sorted CXCR3neg cells before and after
activation, as indicated. The histograms on the right illustrate expression of CXCR3 and
FOXP3 on sorted CXCR3pos cells. Representative of n = 3 experiments.
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Figure 3.
Co-expression of CXCR3 with FOXP3, CTLA-4 and CD39 on CD4+ T cells. (A and B)
Representative flow cytometry plots illustrating co-expression of CXCR3 and CD25 on (A)
the CD4+FOXP3+ T-cell subset and (B) the CD4+CTLA-4+ subset. Staining with isotype
control antibodies is shown on the right of each dot plot. (C) Median, 25th and 75th
percentile and range of CXCR3 expression on CD4+FOXP3+ or CD4+CTLA-4+ subsets. (D
and E) Representative flow cytometry plots of CXCR3 expression on (D) double positive
FOXP3+CTLA-4+ cells and (E) FOXP3+CD39+ cells after gating on CD4+ cells. The box
plot on the right of each panel illustrates median, 25th and 75th percentile and range of
expression in multiple experiments. (F) Fold difference (mean1SEM) in mRNA expression
for Tbet in sorted populations of CD4+CD25hiCXCR3pos cells (white bars) or
CD4+CD25hiCXCR3neg Tregs (black bars). Expression was evaluated in unactivated Tregs
(left panel) or in Tregs following 6h activation with anti-CD3/anti-CD28 (right panel).
Representative of n = 3 experiments with similar results.
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Figure 4.
Immunoregulation by CD4+CXCR3+ T cells. CD4+ T cells were positively isolated from
PBMCs, and were subsequently depleted of CXCR3-expressing cells (labeled CXCR3−) or
CD25-expressing cells (labeled CD25−) using magnetic beads, as described in Materials and
methods. Proliferation was assessed by standard 3H thymidine incorporation, and IFN-γ
production was assessed by ELISPOT, (A and B) after allogeneic stimulation in a standard
mixed lymphocyte reaction (MLR) or (C and D) after mitogen-dependent activation with
anti-CD3/anti-CD28. In each panel, a representative experiment is illustrated in the left
graph, and the average suppression from multiple experiments (mean1SEM) is illustrated in
the graph on the right. (E) Mitogen-induced proliferation of CXCR3-depleted responders,
repleted with increasing ratio's of sorted CXCR3hi CD25+ T cells (mean+SEM,
representative of n = 3 experiments). Statistical significance was determined by ANOVA
and Bonferroni's post test, *p<0.05, **p<0.01 and ***p<0.001.

Hoerning et al. Page 16

Eur J Immunol. Author manuscript; available in PMC 2012 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Migration of CXCR3+ Tregs to the chemokine IP-10. CD4+CD25+CD127dim/− Tregs were
isolated from PBMCs using magnetic beads and were sorted into populations of CXCR3neg

or CXCR3pos cells. (A and B) Each Treg subset was introduced into the main channel of
microfluidic devices, as described in Materials and methods, and migration to IP-10 was
evaluated as a time course for 3 h. Illustrated are images of the T cells (A) following
introduction into the device and (B) at sequential times over the initial course of a
representative experiment. (C) Representative analysis of single-cell migration of seven
individual CXCR3neg cells (left) or CXCR3pos cells (right). Time-lapse microscopy images
were captured every 1.5 min, and migration was measured in μm of integrated distance
traveled in successive images (representative of a mean of 60 cells evaluated/experiment).
(D) Total displacement/integrated distance was calculated for each experiment. Directional
chemotaxis was subsequently evaluated based on parameters ranging from 0 (for random
motion) to 1 (for directed chemotaxis), as described in Materials and methods. The box plot
illustrates the median, 25th and 75th percentile and range of the chemotaxis response for a
total of 20 cells examined in the experiment illustrated in (C). As illustrated, while
CXCR3neg Tregs have a variable/random pattern of migration, CXCR3pos Tregs migrate
efficiently toward IP-10. p-Values were calculated using Student's t-test. Representative of n
= 3 experiments.
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Figure 6.
Co-expression of lymphoid and peripheral homing receptors on CXCR3+ Tregs. (A) PBMCs
were stained with antibodies to CD4, CD25, FOXP3 and either CXCR3, CD62L, CCR4,
CCR5 or CCR7. Gating was performed either on the CD4+CD25hiFOXP3+ Treg subset
(grey box plots) or on the CD25loFOXP3− T effector subset (white box plots). Illustrated is
the median, 25th and 75th percentile and range of expression of each homing receptor in
n≥6 donors, as indicated. (B) Purified populations of CD4+ T cells were stained with
antibodies to CD25, FOXP3 and CXCR3, and either the lymphoid homing receptors CD62L
and CCR7 or the peripheral homing receptors CCR4 or CCR5. After gating on
CD4+CD25hiFOXP3+ cells, co-expression of CXCR3 with CD62L, CCR7, CCR4 and
CCR5 is illustrated (representative of n = 4 with similar results).
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Figure 7.
Culture of mitogen-activated CD4+ T cells with rapamycin results in the expansion of
CXCR3-expressing Tregs. Purified populations of CD4+ T cells were stimulated with plate-
bound anti-CD3/soluble anti-CD28 and IL-2 (100 IU/mL) in the absence or presence of
rapamycin (Rapa) or CsA, as indicated, and were stained for CD25, FOXP3 and CXCR3 or
isotype controls (shaded histograms). (A) Expression of FOXP3 (open histograms) on CD4+

T cells on day 0 and day 5 following activation (representative of three independent
experiments). (B) Representative expression of CXCR3 (open histograms) on
CD4+CD25hiFOXP3+ T cells on day 0 and day 5 following activation. The box plots on the
right depict summarized data from n = 5 subjects, and illustrate the median, 25th and 75th
percentile and range of expression. (C) Expansion of CXCR3+ cells (mean±SEM) within the
CD4+ CD25+FOXP3+ population of T cells, plotted over time (n = 5).
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Figure 8.
CXCR3-expression on Tregs in renal transplant recipients. (A) Expression of FOXP3 within
the CD4+ population of T cells in adult recipients of deceased donor renal transplants who
were switched either to an mTOR inhibitor-based protocol (RPM, n = 8) or were maintained
on CsA (n = 10). (B) Expression of FOXP3 within the CXCR3+CD4+ T-cell population in
the patients identified in (A). In (A) and in (B) expression was assessed at >6 but <12
months post transplantation. The solid line represents the mean level of expression for each
cohort (**p<0.01 was determined using the Mann-Whitney U-test). (C) Expansion of
CXCR3+ among CD25hiFOXP3+ CD4+ T cells in pediatric recipients of living donor renal
transplants enrolled in the CNO1 study [49]. All these patients were treated with an mTOR
inhibitor-based immunosuppressive regimen de novo and they did not receive calcineurin
inhibitor therapy. (D) Representative histograms showing the expression of CXCR3
pretransplant and at 3, 6 and 12 months post transplantation in one of the patients illustrated
in (C).
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