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CD4"CD25" regulatory T cells suppress contact
hypersensitivity reactions through a CD39, adenosine-

dependent mechanism

Sabine Ring, PhD,? Stephen J. Oliver, MD,” Bruce N. Cronstein, MD,” Alexander H. Enk, MD,? and Karsten Mahnke,

PhD?® Heidelberg, Germany, and New York, NY

Background: Injection of regulatory T (Treg) cells into
sensitized mice abrogates the elicitation phase of contact
hypersensitivity (CHS) reactions by blocking the adherence of
leukocytes to vascular endothelium.

Objective: We set out to analyze whether adenosine, a
suppressive factor recently described as produced by Treg
cells, can account for the suppression of the effector
T-cell-endothelial cell (EC) interaction.

Methods: T cells and ECs were cultured in the presence of
adenosine, and expression of adhesion molecules and adhesion
of T cells to ECs under shear stress were assessed. Furthermore,
we injected Treg cells derived from ectonucleotidase-deficient
(CD397'7) mice into sensitized mice and analyzed the sticking
and rolling of leukocytes during a CHS response using intravital
microscopy.

Results: Adenosine or Treg cells, respectively, abrogated the
adherence of effector T cells to ECs in vitro. Likewise, injection
of adenosine and Treg cells abrogated the ear-swelling reaction,
indicating a role of adenosine during Treg cell-induced
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suppression of CHS responses. As a source for Treg cell-derived
adenosine, we identified the ectonucleotidase CD39 because
CD39-deficient Treg cells did not prevent adhesion of leukocytes
to the endothelium. Furthermore, we show that the impaired
adhesion of effector T cells to inflamed endothelium was
induced by adenosine-mediated downregulation of expression of
E- and P-selectin on the vascular endothelium.

Conclusion: Adenosine release by Treg cells is essential to block
leukocyte adhesion to endothelium, providing a novel
mechanism by which Treg cells mediate immune suppression
in vivo. (J Allergy Clin Immuno] HEEE; EEE: ENE-EEN,)

Key words: Contact hypersensitivity, regulatory T cells, adenosine,
endothelial cells, skinfold chamber

Naturally occurring CD4*"CD25" regulatory T (Treg) cells
have the capacity to suppress proliferation of effector T cells
and are essential for the maintenance of peripheral tolerance.
When studied in vitro, Treg cells require cell-to-cell contact
with effector T cells to convey suppressive action.'> However,
under in vivo conditions, soluble factors seem to play a role in
which release of IL-10 and IL-35 and secretion of TGF-f3 are
crucially attributed to the suppressive effects.””

Hapten-induced contact hypersensitivity (CHS) in mice has
long served as a model for allergic skin reactions in human
subjects. Using this model, we have previously shown that Treg
cell injection suppressed the ear-swelling reaction that is induced
after reapplication of the sensitizing hapten onto the ear (ie, the
elicitation phase).® During the elicitation phase, local antigen-
presenting cells (APCs) recruit proinflammatory lymphocytes
from the blood to the tissue. Analysis of the function of regulatory
cells in this sequence of events has shown that Treg cells and the
tissue culture supernatant thereof blocked the adherence of leuko-
cytes to vascular endothelium.” Others have described that Treg
cells secrete the immunomodulatory factors TGF-f3, IL-10, and
adenosine.>*'° To investigate whether adenosine is involved in
regulating the effector T-cell-endothelial cell (EC) interaction,
we set up cocultures of ECs and effector T cells. Using this
system, we show that adenosine and Treg cells were indepen-
dently able to potently suppress the adhesion of effector T cells
to EC monolayers in vitro and to suppress the elicitation of an
ear-swelling response. To further study how adenosine might
mediate Treg cell-suppressive effects, we used in vivo
microscopy to directly observe leukocyte adherence to inflamed
vascular endothelium in a mouse model. Within this system, we
further observed that injection of Treg cells derived from ectonu-
cleoside triphosphate diphosphohydrolase 1-deficient (CD39 /")
mice,11 which have impaired adenosine production, did not
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Abbreviations used
AMP: Adenosine monophosphate
APC: Antigen-presenting cell
ATP: Adenosine 5'-triphosphate disodium salt
CHS: Contact hypersensitivity
EC: Endothelial cell
NECA: 5’-(N-ethylcarboxamide) adenosine
TNCB: 2,4,6-Trinitro-1-chlorobenzene
Treg: Regulatory T
WT: Wild-type

prevent adhesion and extravasation of leukocytes. The suppres-
sive effects of Treg cells were induced by adenosine-mediated
downregulation of E- and P-selectin expression on the vascular
endothelium, thus blocking adherence of effector T cells.'? In ag-
gregate, our data indicate that Treg cell release of adenosine is es-
sential for preventing leukocyte adhesion to vascular endothelium
and might provide a novel means by which Treg cells mediate
immune suppression.

METHODS
Mice

BALB/c and C57BL/6 mice originally purchased from Charles River
(Sulzfeld, Germany) were housed at the central animal facility of the
University of Heidelberg and cared for in accordance with the institutional
guidelines for animal welfare. CD39 '~ mice were housed in the animal facil-
ity of New York University according to respective institutional guidelines.

Reagents and antibodies

The CD4"CD25" Regulatory T Cell Isolation Kit and CD8 MicroBeads
were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany); adeno-
sine 5'-triphosphate disodium salt (ATP), adenosine, 8-(p-Sulfo-phenyl)theo-
phylline, 5'-(N-ethylcarboxamide) adenosine (NECA), the PKH26 red
fluorescent cell linker kit, and 2,4,6-trinitro-1-chlorobenzene (TNCB) were
from Sigma-Aldrich (Taufkirchen, Germany). Monoclonal antibodies for flow
cytometry were purchased from BD Biosciences (Heidelberg, Germany) and
from Santa Cruz Biotechnology (Santa Cruz, Calif), and the fluorescein isothi-
ocyanate forkhead box protein 3 staining set was from eBioscience (San Diego,
Calif). Cell culture medium consisted of RPMI 1640 supplemented with 10%
heat-inactivated FCS (both from PAA Laboratories GmbH, Colbe, Germany).

Purification of Treg T-cell subpopulations

CD4*CD25" Treg cells were always isolated from peripheral lymph nodes
and spleens of naive mice by using magnetic bead separation (MACS, Milte-
nyi Biotec). The negatively selected CD4 " cells (average purity, >97%) were
incubated with anti-CD25—phycoerythrin mAb followed by anti-phycoery-
thrin Microbeads. The CD4"CD25" T-cell subpopulation was positively se-
lected according to the manufacturer’s instructions (average purity, >90%).
The CD8™ T cells were isolated by using CD8-specific MicroBeads (average
purity, >95%).

CHS

Mice were sensitized by painting 15 pL of 1% TNCB dissolved in acetone/
olive oil (4:1) on the shaved abdomen on day 0. On day 5, ear thickness was
measured by using microcalipers (Oditest, Kroeplin, Germany), followed by
the epicutaneous application of 0.5% TNCB solution, 10 wL on each side of
one ear. The other ear was treated with solvent only. After 24 hours, the ear
thickness was measured again, and the difference was calculated as the change
in ear response in millimeters X 10~2 = SD. The number of mice per group is
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depicted in the figure legends as “n.” For Treg and CD4"CD25™ cell treat-
ment: 3 X 10° Treg cells were intravenously injected 15 minutes before chal-
lenge. For adenosine treatment, 1.25 mg adenosine/kg body weight was
intravenously injected 15 minutes before challenge. For theophylline treat-
ment, 30 mg of theophylline/kg body weight was intravenously injected
1 hour before injection of Treg cells.

In vitro proliferation assays

Freshly isolated CD4"CD25™ T cells (2 X 10°/well/200 wL) were stimu-
lated with anti-CD3/anti-CD28 (0.5 pg/mL each) or allogeneic bone marrow—
derived dendritic cells (1:100) in the presence of adenosine (10 wmol/L) or the
agonist NECA (10 pwmol/L). Bone marrow—derived dendritic cells were pre-
pared according to standard methods."> Briefly, bone marrow cells of mice
were cultured for 6 days in complete RPMI supplemented with GM-CSF
and IL-4 (100 U/mL; Promocell, Heidelberg, Germany) with intermittent
washes. In functional assays freshly isolated Treg cells were added to the
anti-CD3/anti-CD28-stimulated CD4*"CD25~ T-cell cultures in different
concentrations. Cell proliferation was determined by measuring tritiated thy-
midine incorporation.

Flow chamber

The murine EC line (bEND.3; ATCC, Berlin, Germany) was cultured on
collagen-coated coverslips and stimulated with TNF-a (1 pwg/mL medium)
alone or together with adenosine (10 wmol/L) or Treg cells (5 X 10°/mL me-
dium). Treg cells were activated with anti-CD3/anti-CD28 before addition to
the ECs. After 24 hours, the coverslips with the differently treated ECs were
placed into a heated flow chamber (Chromaphor, Ascheberg, Germany) and
superfused with fluorescent dye (PKH-PE; Sigma, Deisenhofen, Germany)—
labeled effector CD4"CD25~ T cells or CD8™ T cells, respectively. The num-
ber of rolling and adherent cells per visible field was determined by using
video microscopy.

Analysis of ECs by means of flow cytometry

The murine EC line bEND.3 was cultured in tissue flasks and stimulated
with TNF-a (1 pg/mL medium) alone or together with adenosine (10 pmol/L)
or Treg cells (5 X 10°/mL medium). Unstimulated ECs served as negative con-
trols. After 4 hours in culture, ECs were washed and analyzed by means of flow
cytometry for E- and P-selectin expression.

Detection of adenosine by means of HPLC

A high-pressure liquid chromatograph (Dionex ICS-300; Dionex, Frank-
furt, Germany) equipped with an Acclaim 120 C-18 reversed-phase column
(Dionex) was used to measure adenosine. Standard adenosine and all other
reagents were purchased from Sigma. Twenty-microliter aliquots of the
samples were measured with a 0% to 7% acetonitrile/H,O gradient mobile
phase (1 mL/min over 15 minutes), and absorption was measured at 260 nm.

Skinfold chamber

For intravital microscopy, we used the dorsal skinfold chamber preparation,
as described previously.” Mice were injected with Rhodamine 6G (Sigma-Al-
drich) to visualize endogenous leukocytes. When mice had recovered from the
anesthesia, intravital microscopic images were recorded with the high-resolu-
tion black-and-white camera Spot RT KE Monochrome w/o IR Filter (Visi-
tron, Munich, Germany) and analyzed with Spot software. Sequences of
1 minute were recorded in defined microvessel segments per chamber at base-
line (ie, before antigen re-exposure) and 30, 60, 120, and 240 minutes after
challenge with 10 pL of 0.1% TNCB dissolved in acetone/oil (1:4) on the
skin on the back site of the observation window.

Analysis of mouse ears
Ear cells were obtained from mouse ear halves by means of trypsinization
for 30 minutes at 37°C. Isolated cells were analyzed by means of flow
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FIG 1. Adenosine (ADO) blocks the elicitation phase of CHS and abrogates
T-cell proliferation in vitro. A, Control mice were sensitized and challenged
with TNCB. The other experimental groups were additionally treated with
CD4"CD25 cells, Treg cells, adenosine, or Treg cells and theophylline.
Shown is the mean increase of ear thickness = SD of 3 independent exper-
iments (n = 5; *P < .005). B, Proliferation of CD4"CD25™ T cells (CD4) stim-
ulated with anti-CD3/anti-CD28. C, Proliferation of CD47CD25~ T cells (CD4)
stimulated with allogeneic dendritic cells (DC). Data in Fig 1, Band C, show
the mean counts per minute + SD from a typical experiment carried out in
triplicates.

cytometry. Thin tissue sections from mouse ears of the different experimental
groups were saturated with 20% sucrose mounted in Tissue-Tek mounting-
freezing media (Miles, Torrance, Calif) and sectioned with a cryostat (Leica,
Wetzlar, Germany). Sections were either stained with hematoxylin and eosin
for morphologic evaluation or with fluorochrome-conjugated antibodies
(Caltag Laboratories, Burlingame, Calif) for immunofluorescence analysis.

RESULTS
Adenosine blocks the ear-swelling reaction in vivo
and abrogates T-cell proliferation in mixed
leukocyte reactions in vitro

Because we and others have shown that Treg cells suppress the
challenge phase of CHS reactions, we set out to investigate
whether adenosine is involved in this process. During initial
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experiments, we injected Treg cells or adenosine into TNCB-
sensitized mice before challenge and found that Treg cells and
adenosine were independently able to suppress the ear-swelling
reaction induced by challenge (Fig 1, A). Moreover, theophylline,
an adenosine receptor antagonist, prevented the suppressive ca-
pacity of the Treg cell (Fig 1, A). This further supports our notion
that adenosine is involved in the Treg cell-mediated suppression
of the ear-swelling response.

To test the direct effects of adenosine on T-cell proliferation
in vitro, we stimulated CD4"CD25™ T cells with anti-CD3/anti-
CD28 antibodies (Fig 1, B) or allogeneic APCs (Fig 1, C) in the
presence of adenosine or the adenosine receptor agonist NECA.
Here we show (Fig 1, B) that neither adenosine nor NECA was
able to block proliferation of anti-CD3/anti-CD28-stimulated
T cells. In contrast, NECA, as well as adenosine, significantly re-
duced T-cell proliferation when added to T-cell-dendritic cell
cocultures (Fig 1, C). These results are in line with previous ob-
servations showing that the adenosine-suppressive effects present
in APC-T-cell cocultures are overridden when effector T cells are
directly activated through their CD3 and CD28 receptors.

Adenosine and Treg cells block adherence of
effector T cells to activated ECs in vitro

Because Treg cells suppress the ear-swelling responses in a
murine CHS model by inhibiting the adherence of effector T cells
to vascular endothelium,’ we next set out to investigate whether
Treg cell-derived adenosine is involved in this process. Therefore
we set up in vitro cultures of the EC line bEND.3 and investigated
the effects of Treg cells and adenosine on adherence of effector
T cells to these stimulated ECs under shear-force conditions.

bEND.3 cells were cultured on collagen-coated coverslips;
pretreated with TNF-o, adenosine, preactivated Treg cells, or
combinations thereof as indicated; and placed in a heated flow
chamber. Thereafter, the ECs were superfused with fluorescent
dye—labeled effector T cells under constant observation by using
video microscopy. Individual movies were later analyzed to
determine the number of rolling and adherent cells per visible field.

As shown in Fig 2, A and B, CD4"CD25 effector T cells ad-
here to TNF-a—stimulated ECs in significantly greater numbers
compared with unstimulated ECs. Addition of adenosine or
Treg cells, respectively, reduced CD4 " CD25 ~ effector T-cell ad-
herence to control levels (see videos E1-E4 in this article’s Online
Repository at www.jacionline.org). Because CD8™ T cells are the
main effector cells in the murine CHS model, we also performed
flow-chamber experiments by using fluorescent dye-labeled
CD8™ T cells. Similar to CD4"CD25™ T cells, the adherence
of CD8™ T cells on TNF-a—stimulated ECs was significantly di-
minished by pretreatment of the ECs with Treg cells or adenosine,
respectively (Fig 2, C and D). Thus these data indicate that
adenosine or Treg cells suppress adhesion of CD4"CD25~ and
CD8" T cells to the EC monolayer, supporting the conclusion
that Treg cell-derived adenosine might be a key factor mediating
suppression of CHS responses.

Treg cells produce adenosine through CD39
ectonucleotidases

To determine the source of adenosine, we next tested Treg cells
for surface expression of CD39 and CD73, 2 ectoenzymes that
serially dephosphorylate ATP to adenosine monophosphate
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FIG 2. Adenosine (ADO) and Treg cells preactivated with anti-CD3/anti-CD28 block adherence of T cells to
ECs in vitro. A and C, Merged pictures of flowing CD4"CD25" T cells (Fig 2, A) and CD8" T cells (Fig 2, C)
after 10 minutes (red) and 11 minutes (green) of flow. Nonmoving adherent cells appear yellow. B and D,
Number of adherent CD4*CD25™ T cells (Fig 2, B) and CD8™" T cells (Fig 2, D) on the ECs after 20 minutes
of flow. Data show the fold increase of adherent cells on stimulated bEND.3 cells in comparison with that

seen on unstimulated bEND.3 cells (**P < .001).

(AMP) and then to adenosine, respectively. Using flow cytometry,
we show that Treg cells constitutively express both enzymes (Fig
3, A), with further enhanced expression after stimulation. In con-
trast, conventional CD4"CD25~ T cells did not express CD39 in
a resting state, and activation by anti-CD3/anti-CD28 resulted in
only modest CD39 expression. Similarly, CD73 was expressed at
low levels in resting CD4"CD25™ T cells, with no change after
activation. We next directly investigated Treg cell generation of
adenosine by analyzing the tissue culture supernatant by means
of HPLC. Our results demonstrate that Treg cells are indeed
able to produce adenosine (Fig 3, C). When the cells were cul-
tured in the presence of ATP, which is the substrate for adenosine
production through the CD39/CD73 cascade, increased amounts
of adenosine were noted that corresponded to the concentrations
of ATP added to the cultures (Fig 3, D). These data indicate
that Treg cells are capable of producing adenosine through the
CD39/73 ectonucleotidase pathway.

Treg cells deficient in CD39 expression do not
suppress the ear-swelling response in CHS
reactions in vivo

To verify that CD39-derived adenosine production by Treg
cells mediates suppression of CHS reactions in vivo, we injected

wild-type (WT) mice before challenge with Treg cells isolated
from CD39-deficient (CD39 ") mice and measured the ear
thickness 24 and 48 hours later. These previously described
mice lack the production of adenosine through the CD39 ectonu-
cleotidase pathway.'®!!

We found that Treg cells derived from CD39 /™ mice were un-
able to suppress the ear-swelling reaction in contrast to their WT
counterparts (Fig 4, A). Moreover, this effect was only apparent
in vivo, in contrast to the comparable in vitro T-cell suppression
induced by Treg cells derived from WT and CD39~'~ mice
(Fig 4, B). Thus these findings support our results obtained with
adenosine agonists depicted in Fig 1 and indicate that adenosine
does not directly affect anti-CD3/anti-CD28-induced prolifera-
tion of T cells in vitro. Instead, in vivo ECs are a possible target
for Treg cell-derived adenosine.

To further investigate the in vivo relevance of our in vitro data
shown in Fig 2, we used the skinfold chamber model. In this
model we are able to visualize T-cell adherence to inflamed endo-
thelium in vivo directly at the site of antigen challenge.

When sensitized mice were challenged with hapten, we ob-
served substantially increased numbers of rolling and adhering
effector T cells at the site of the inflamed endothelium (Fig 4, C and
D, and see videos E5-ES in this article’s Online Repository at
www.jacionline.org). This adherence is abrogated when Treg cells
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FIG 3. CD39"CD73" Treg cells produce adenosine after activation with ATP. A, Expression of CD39 and
CD73 on either freshly isolated or activated (anti-CD3/anti-CD28 0.5 wg/mL each, 24 hours) CD4*CD25" fork-
head box protein 3 (Foxp3)" Treg cells. PE, Phycoerythrin; FITC, fluorescein isothiocyanate. B, Expression of
CD39 and CD73 on CD4"CD25 Foxp3™~ T cells. C, Analysis of adenosine (ADO) in culture supernatants. The
chromatogram shows overlay of one typical experiment. Lane 1, Treg cells; lane 2, Treg cells cultured with
1.25 mmol/L ATP; lane 3, spiking sample no. 2 with 200 umol/L adenosine. D, Adenosine measured in the
tissue culture supernatant of differently treated Treg cells.

were injected 15 minutes before antigen challenge. In contrast,
Treg cells derived from CD39 '~ mice did not suppress adherence
of effector T cells to vascular endothelium in vivo, thus indicating
that Treg cell-derived adenosine generated through the CD39 ecto-
nucleotidase pathway is essential for mediating the suppressive
effects on effector T-cell-endothelium interaction.

Treg cells and adenosine downregulate E- and
P-selectin on the surface of ECs

Our data indicate that Treg cell-derived adenosine targets the
vascular endothelium, leading to downregulation of molecules

crucial for effector T-cell adherence and diapedesis into the
inflamed tissues. ECs were stimulated with TNF-a in the presence
of either adenosine or preactivated Treg cells and analyzed for
adhesion molecule expression by means of flow cytometry to
investigate possible targets among adhesion molecules. Among
the molecules investigated, we identified significant effects on
E- and P-selectin expression (Fig 5, A and B) in which addition of
either Treg cells or adenosine blocked both E- and P-selectin up-
regulation in TNF-a—stimulated ECs. Thus these data indicate
that Treg cell-derived adenosine downregulates E- and P-selectin
on endothelial surfaces, consequently leading to abrogation of
adherence and extravasation of effector T cells.
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Treg cells and adenosine suppress E- and P-selectin
expression on ECs in vivo

To verify that Treg cells affect modulation of adhesion mol-
ecules in vivo, we first prepared single-cell suspensions of ears
from WT mice that had been sensitized and challenged with or
without prior injection of Treg cells or adenosine. Flow cytomet-
ric analysis of cell-surface marker expression revealed upregula-
tion of E- and P-selectin on CD31* ECs in the ears of challenged
mice compared with that seen in unchallenged control mice (Fig
6, A). However, upregulation of E- and P-selectin was attenuated
in WT mice receiving Treg cells or adenosine before challenge.
Similar results were apparent when analyzing surface marker ex-
pression by using immunofluorescence staining (Fig 6, B). Here
also the downregulation of E- and P-selectin expression was de-
tectable in mice injected with Treg cells or adenosine compared
with that seen in uninjected control animals.

DISCUSSION

In this study we found that Treg cell-derived adenosine plays a
major role in preventing the elicitation of CHS reactions by
blocking the interaction of effector T cells with the vascular
endothelium. The well-documented anti-inflammatory effects of
adenosine have earned it the description of “retaliatory metab-
olite,”'* with reported suppressive effects, including direct inhibi-
tion of colitis and ileitis,>'® amelioration of type I diabetes,'’
stimulation of IL-10 release by macrophages,'® and blockade of
T-cell activation.'® Moreover, numerous studies have demon-
strated that the anti-inflammatory effects of methotrexate, a com-
monly used and effective agent for the treatment of rheumatoid
arthritis, are mediated by extracellular adenosine production.zo’21
Conversely, eliminating adenosine-mediated suppression blocked
the anti-inflammatory effects of methotrexate in experimental
arthritis and led to increased antitumor immunity in a murine
lymphoma model.>'**

Although adenosine can be produced intracellularly and
released through gap junctions or specialized transponers,23 an
equally efficient mechanism of adenosine production is the extra-
cellular conversion of adenine nucleotides to adenosine by ecto-
nucleotidases. In this pathway ATP is first degraded by CD39 to
adenosine diphosphate and then to AMP, which is then dephos-
phorylated by CD73 to adenosine. Conventional T cells have
only a low basal expression of CD39,** which is in stark contrast
to our demonstration that Treg cells are strongly positive for cell-
surface expression of CD39 and CD73. Moreover, Treg cells
further upregulated CD39 expression after activation, and this
activation is a prerequisite for Treg cells to acquire their suppres-
sive capacity. Thus this functional connection of acquiring immu-
nosuppressive functions and augmented expression of CD39
further strengthens the role of adenosine as a soluble mediator
of suppression conveyed by Treg cells. Other soluble factors,
such as IL-10 and TGF-f3, are also released by activated Treg cells
and predominantly mediate suppression in vivo. Treg cell-derived
IL-10, in particular, is crucial to (1) prevent colitis,* (2) prevent
allergic reactions in the lung and skin,”? and (3) prevent the

interaction 30 minutes after challenge. Arrows indicate examples of leuko-
cytes attached to the vessel wall. Arrowheads indicate free-flowing leuko-
cytes and vessel walls devoid of attached leukocytes. D, Amount of
adherent cells over a period of 4 hours after challenge (mean += SD, n =
3, *P < .005).
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FIG 5. Prevention of upregulation of adhesion molecules on ECs by preactivated Treg cells and adenosine
(ADO) in vitro. A, Expression of CD31 and the adhesion molecules P- and E-selectin were detected by means
of flow cytometry. FITC, Fluorescein isothiocyanate; APC, allophycocyanin. B, Mean fluorescence intensity

(MFI) of CD31 and percentages of P- and E-selectin in

effective clearance of pathogens from the body.”**’ IL-10 and
adenosine might also interact with each other. For example, it
has been shown that adenosine stimulates the release of IL-10
by macrophages.'” Conversely, our own preliminary results indi-
cate (data not shown) that IL-10 augments adenosine production
by Treg cells. Therefore both adenosine and IL-10 might act syn-
ergistically to augment the suppressive effects of Treg cells by dif-
ferent means.

In the CD39/CD73 ectonucleotidase cascade, ATP is the
crucial substrate for adenosine production, and therefore access
of Treg cells to ATP at inflamed tissue sites is mandatory. Indeed,
ATP is released during inflammation, and it is considered a sign
for “dangerous” invasion.”® The resulting increased levels of ATP
and adenine nucleotides present in inflamed tissues can thus serve

percentages of CD31" cells = SD (n = 5, **P < .001).

as substrates for Treg cell-associated ectonucleotidases. ATP has
both direct Treg cell-activating capacities24 and proinflammatory
activities, including stimulation of IL-13 release by ECs? and
maturation induction of dendritic cells,”® which are critical for
stimulating immune responses.

In aggregate, the Treg cell-ATP-adenosine pathway might be
crucial for the downregulation of inflammation through several
means. First, ATP activates Treg cells at the site of inflammation.
Second, ATP provides the substrate for the production of Treg
cell-derived immunosuppressive adenosine. Third, CD39/CD73-
expressing Treg cells degrade and clear the proinflammatory
agent ATP from the site of inflammation. In addition to Treg cells,
other cells residing in the skin might also contribute to the
adenosine generation. For example, it has been shown that
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magnifications.

isothiocyanate—labeled secondary reagents.

Inserts show high-power
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Langerhans cells and ECs®' also express CD39, and keratinocytes
sequester ATP in response to skin irritants.*? Thus Treg cells, to-
gether with other tissue-resident cells, might produce sufficient
adenosine to prevent exacerbated tissue damage during ongoing
immune reactions.

In our study we have identified the vascular endothelium as a
possible in vivo target of the Treg cell-derived adenosine. How-
ever, other mechanisms after initial adhesion, such as leukocyte
activation or their transendothelial migration, might also be influ-
enced by adenosine. During inflammation, the endothelium acts
as a gatekeeper for inflammatory cells. In this process adenosine
has a substantial effect because it reduces vascular le:akage,33’34
downregulates several adhesion molecules on human ECs,»
blocks [3,-integrin and very late antigen 4-mediated adhesion
of neutrophils to vascular endothelium,’**” and prevents the
a4 1-vascular cell adhesion molecule interaction of monocytes
with endothelium.* In line with our notion that IL-10 and aden-
osine release might interconnect, it has been shown that IL-10
downregulates adhesion of monocytes®® and T lymphocytes to
ECs that have been activated with LPS.* Therefore adenosine
and IL-10 might have synergistic effects on the modulation of
EC expression of adhesion molecules during infection. Even un-
der physiologic conditions, adenosine plays a role in maintaining
the unobstructed circulation of blood cells. This has been demon-
strated by genetic disruption of the CD73 ectonucleotidase, which
resulted in decreased adenosine production and led to increased
leukocyte adherence to the vascular endothelium.*® Thus adeno-
sine-mediated effects on leukocyte adhesion to endothelium are
established in several experimental settings, and our results indi-
cate that Treg cells substantially contribute to increased adeno-
sine levels in the vasculature.

Our data indicate that the presence of Treg cells in the affected
skin is not required to suppress the ear-swelling response. This is
in line with other observations showing that Treg cells are able to
suppress colitis*! or allograft rejection,** although they were un-
able to accumulate in the gut, in the graft, or both, respectively.
However, others report that Treg cells can be primed to express
organ-selective homing receptors, such as E- and P-selectin lig-
and, for skin homing and o437 integrin for gut tropism.43 These
Treg cells were very efficient in entering the skin and gut, respec-
tively, but their ability to suppress delayed-type hypersensitivity
reactions in the skin or colitis in the gut was not strictly correlated
with the expression of the respective skin- or gut-homing recep-
tors.*> More recently, in the model of scurfy mice, it was shown
that skin-homing Treg cells are mandatory for maintenance of
long-term tolerance in the skin, with animals devoid of Treg cells
in the skin having spontaneous cutaneous inflammation over a pe-
riod of 3 weeks.** Thus these data might indicate that homing of
Treg cells to peripheral tissues is required for maintenance of the
basal levels of suppression required for the upkeep of peripheral
tolerance, and the production of soluble factors, such as adeno-
sine, is an immediate response to infection and inflammation.

On the whole, our data corroborate recent findings showing that
Treg cells are producers of adenosine and yet add another soluble
factor produced by Treg cells to their arsenal of inhibitory
mechanisms. This is in line with a recently developed concept
of “metabolic disruption.”’ Here mechanisms involving IL-2
consumption, transfer of cyclic AMP, and generation of pericellu-
lar adenosine are described. The functional advantages of such
suppressive means are obvious because the use of soluble factors
relieves Treg cells from the necessity to enter inflamed tissue sites
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or lymph nodes to curb T-cell proliferation. Moreover, by having
several redundant mechanisms at hand, Treg cells might be able to
“select” an appropriate suppressor mechanism for targeted sup-
pression of effector T cells. Finally, a full arsenal of different in-
hibitory mechanisms might be required to ensure that a small
population of Treg cells can adequately curb a large pool of effec-
tor T cells at different sites of the body.

We thank Mrs Marianne Tome for excellent technical help.

Clinical implications: Modification of the adenosine turnover
by Treg cells caused by specific drugs might provide a tool to

augment Treg cell-mediated immune suppression during aller-
gic and autoimmune diseases.

REFERENCES

1. Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev
Immunol 2008;8:523-32.

2. Thornton AM, Shevach EM. Suppressor effector function of CD4+CD25+ immu-
noregulatory T cells is antigen nonspecific. J Immunol 2000;164:183-90.

3. Nakamura K, Kitani A, Fuss I, et al. TGF-beta 1 plays an important role in the
mechanism of CD4+CD25+ regulatory T cell activity in both humans and
mice. J Immunol 2004;172:834-42.

4. Asseman C, Mauze S, Leach MW, Coffman RL, Powrie F. An essential role for
interleukin 10 in the function of regulatory T cells that inhibit intestinal inflamma-
tion. J Exp Med 1999;190:995-1004.

5. Powrie F, Carlino J, Leach MW, Mauze S, Coffman RL. A critical role for trans-
forming growth factor-beta but not interleukin 4 in the suppression of T helper type
I-mediated colitis by CD45RB(low) CD4+ T cells. J Exp Med 1996;183:2669-74.

6. Read S, Malmstrom V, Powrie F. Cytotoxic T lymphocyte-associated antigen 4
plays an essential role in the function of CD25(+)CD4(+) regulatory cells that
control intestinal inflammation. J Exp Med 2000;192:295-302.

7. Collison LW, Workman CJ, Kuo TT, et al. The inhibitory cytokine IL-35 contrib-
utes to regulatory T-cell function. Nature 2007;450:566-9.

8. Ring S, Thome M, Pretsch L, Enk AH, Mahnke K. Expanded murine regulatory
T cells: analysis of phenotype and function in contact hypersensitivity reactions.
J Immunol Methods 2007;326:10-21.

9. Ring S, Schafer SC, Mahnke K, Lehr HA, Enk AH. CD4+ CD25+ regulatory
T cells suppress contact hypersensitivity reactions by blocking influx of effector
T cells into inflamed tissue. Eur J Immunol 2006;36:2981-92.

10. Deaglio S, Dwyer KM, Gao W, et al. Adenosine generation catalyzed by CD39 and
CD73 expressed on regulatory T cells mediates immune suppression. J Exp Med
2007;204:1257-65.

11. Enjyoji K, Sévigny J, Lin Y, et al. Targeted disruption of cd39/ATP diphosphohy-
drolase results in disordered hemostasis and thromboregulation. Nat Med 1999;5:
1010-7.

12. Tietz W, Allemand Y, Borges E, et al. CD4+ T cells migrate into inflamed skin
only if they express ligands for E- and P-selectin. J Immunol 1998;161:963-70.

13. Inaba K, Inaba M, Romani N, et al. Generation of large numbers of dendritic cells
from mouse bone marrow cultures supplemented with granulocyte/macrophage
colony-stimulating factor. J Exp Med 1992;176:1693-702.

14. Newby AC. Adenosine and the concept of “retaliatory metabolites”. Trends Bio-
chem Sci 1984;9:42-4.

15. Odashima M, Bamias G, Rivera-Nieves J, et al. Activation of A2A adenosine re-
ceptor attenuates intestinal inflammation in animal models of inflammatory bowel
disease. Gastroenterology 2005;129:26-33.

16. Naganuma M, Wiznerowicz EB, Lappas CM, et al. Cutting edge: critical role for
A2A adenosine receptors in the T cell-mediated regulation of colitis. J Immunol
2006;177:2765-9.

17. Nemeth ZH, Bleich D, Csoka B, et al. Adenosine receptor activation ameliorates
type 1 diabetes. FASEB J 2007;21:2379-88.

18. Nemeth ZH, Lutz CS, Csoka B, et al. Adenosine augments IL-10 production by
macrophages through an A2B receptor-mediated posttranscriptional mechanism.
J Immunol 2005;175:8260-70.

19. Lappas CM, Rieger JM, Linden J. A2A adenosine receptor induction inhibits IFN-
gamma production in murine CD4+ T cells. J Immunol 2005;174:1073-80.

20. Cronstein BN. Low-dose methotrexate: a mainstay in the treatment of rheumatoid
arthritis. Pharmacol Rev 2005;57:163-72.

21. Montesinos MC, Takedachi M, Thompson LF, et al. The antiinflammatory mech-
anism of methotrexate depends on extracellular conversion of adenine nucleotides



10

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

RING ET AL

to adenosine by ecto-5'-nucleotidase: findings in a study of ecto-5'-nucleotidase
gene-deficient mice. Arthritis Rheum 2007;56:1440-5.

Ohta A, Gorelik E, Prasad SJ, et al. A2A adenosine receptor protects tumors from
antitumor T cells. Proc Natl Acad Sci U S A 2006;103:13132-7.

Pastor-Anglada M, Casado FJ, Valdes R, et al. Complex regulation of nucleoside
transporter expression in epithelial and immune system cells. Mol Membr Biol
2001;18:81-5.

Borsellino G, Kleinewietfeld M, Di MD, et al. Expression of ectonucleotidase
CD39 by Foxp3+ Treg cells: hydrolysis of extracellular ATP and immune suppres-
sion. Blood 2007;110:1225-32.

Rubtsov YP, Rasmussen JP, Chi EY, et al. Regulatory T cell-derived interleukin-10
limits inflammation at environmental interfaces. Immunity 2008;28:546-58.
Jankovic D, Kullberg MC, Feng CG, et al. Conventional T-bet(+)Foxp3(—) Thl
cells are the major source of host-protective regulatory IL-10 during intracellular
protozoan infection. J Exp Med 2007;204:273-83.

Anderson CF, Oukka M, Kuchroo VJ, Sacks D. CD4(+)CD25(—)Foxp3(—) Thl
cells are the source of IL-10-mediated immune suppression in chronic cutaneous
leishmaniasis. J Exp Med 2007;204:285-97.

Bours MJ, Swennen EL, Di VF, Cronstein BN, Dagnelie PC. Adenosine 5'-triphos-
phate and adenosine as endogenous signaling molecules in immunity and inflam-
mation. Pharmacol Ther 2006;112:358-404.

Imai M, Goepfert C, Kaczmarek E, Robson SC. CD39 modulates IL-1 release from
activated endothelial cells. Biochem Biophys Res Commun 2000;270:272-8.
Idzko M, Hammad H, van Nimwegen M, et al. Extracellular ATP triggers and
maintains asthmatic airway inflammation by activating dendritic cells. Nat Med
2007;13:913-9.

. Mizumoto N, Kumamoto T, Robson SC, et al. CD39 is the dominant Langerhans

cell-associated ecto-NTPDase: modulatory roles in inflammation and immune re-
sponsiveness. Nat Med 2002;8:358-65.

Mizumoto N, Mummert ME, Shalhevet D, Takashima A. Keratinocyte ATP release
assay for testing skin-irritating potentials of structurally diverse chemicals. J Invest
Dermatol 2003;121:1066-72.

Lennon PF, Taylor CT, Stahl GL, Colgan SP. Neutrophil-derived 5’-adenosine
monophosphate promotes endothelial barrier function via CD73-mediated

34.

35.

36.

37.

39.

40.

41.

42.

43.

44.

J ALLERGY CLIN IMMUNOL
mmm 2009

conversion to adenosine and endothelial A2B receptor activation. J Exp Med
1998;188:1433-43.

Eltzschig HK, Faigle M, Knapp S, et al. Endothelial catabolism of extracellular
adenosine during hypoxia: the role of surface adenosine deaminase and CD26.
Blood 2006;108:1602-10.

Bouma MG, van den Wildenberg FA, Buurman WA. Adenosine inhibits cytokine
release and expression of adhesion molecules by activated human endothelial cells.
Am J Physiol Cell Physiol 1996;270:C522-9.

Cronstein BN, Levin RI, Philips M, et al. Neutrophil adherence to endothelium is
enhanced via adenosine Al receptors and inhibited via adenosine A2 receptors.
J Immunol 1992;148:2201-6.

Sullivan GW, Lee DD, Ross WG, et al. Activation of A2A adenosine receptors
inhibits expression of alpha 4/beta 1 integrin (very late antigen-4) on stimulated
human neutrophils. J Leukoc Biol 2004;75:127-34.

. Mostafa ME, Chollet-Martin S, Oudghiri M, et al. Effects of interleukin-10 on

monocyte/endothelial cell adhesion and MMP-9/TIMP-1 secretion. Cardiovasc
Res 2001;49:882-90.

Lisinski TJ, Furie MB. Interleukin-10 inhibits proinflammatory activation of
endothelium in response to Borrelia burgdorferi or lipopolysaccharide but not
interleukin-1 beta or tumor necrosis factor alpha. J Leukoc Biol 2002;72:
503-11.

Koszalka P, Ozuyaman B, Huo Y, et al. Targeted disruption of cd73/ecto-5'-nucle-
otidase alters thromboregulation and augments vascular inflammatory response.
Circ Res 2004;95:814-21.

Denning TL, Kim G, Kronenberg M. CD4+CD25+ regulatory T cells im-
paired for intestinal homing can prevent colitis. J Immunol 2005;174:
7487-91.

Ochando JC, Yopp AC, Yang Y, et al. Lymph node occupancy is required for the
peripheral development of alloantigen-specific Foxp3+ regulatory T cells. J Immu-
nol 2005;174:6993-7005.

Siewert C, Menning A, Dudda J, et al. Induction of organ-selective CD4+ regula-
tory T cell homing. Eur J Immunol 2007;37:978-89.

Dudda JC, Perdue N, Bachtanian E, Campell DJ. FoxP3+ regulatory T cells main-
tain immune homeostasis in the skin. J Exp Med 2008;205:1559-65.



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

METHODS
Mice

C57BL/6 mice purchased from Charles River were housed at the central
animal facility of the University of Heidelberg and cared for in accordance
with the institutional guidelines for animal welfare. CD39 ™'~ mice were
housed in the animal facility of New York University, according to the respec-
tive institutional guidelines.

Detection of the interaction between effector cells

and ECs under shear-stress conditions

The murine EC line (bEND.3, ATCC) was cultured on collagen-coated
coverslips and stimulated with TNF-a (1 pg/mL medium) alone or together
with adenosine (10 pmol/L) or Treg cells (5 X 10°/mL medium). ECs were left
unstimulated as a control. ECs were washed after 4 hours, placed into a heated
flow chamber (Chromaphor, Ascheberg, Germany), and superfused with fluo-
rescent dye—labeled, activated, effector CD4™ T cells. Video microscopy was
used to determine the number of rolling and adherent effector T cells.

Skinfold chamber
For intravital microscopy, we used the dorsal skinfold chamber prepa-
ration, as described previously.®' Mice were sensitized with 15 pL of 1%
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TNCB on day 0, and 5 days later, the skinfold chambers were implanted.
After 24 hours, the mice were treated directly on the skinfold chamber
with either vehicle only, with 10 wL of 0.1% TNCB dissolved in acetone/
olive oil (1:4), with 3 X 10° Treg cells followed by TNCB application, or
with 1.25 mg adenosine/kg body weight 15 minutes before challenge.
Mice were injected with Rhodamine 6G (Sigma-Aldrich) to visualize endog-
enous leukocytes. When mice had recovered from anesthesia, intravital mi-
croscopic images were recorded with the high-resolution black-and-white
camera Spot RT KE Monochrome w/o IR Filter (Visitron) and analyzed
with Spot software. Blood flow was analyzed immediately thereafter for
1 hour by means of fluorescence video microscopy. Shown is a video se-
quence depicting leukocyte-endothelium interactions in the vessels 30
minutes after challenge.

REFERENCE
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T cells suppress contact hypersensitivity reactions by blocking influx of effector
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10.e2 RING ET AL

VIDEO E1. Effector T cells do not adhere to nonactivated ECs in vitro.
Shown are the rolling and adherent red-labeled CD4™ T cells 30 minutes af-
ter starting a constant flow.

VIDEO E2. Effector T cells adhere to TNF-a-activated ECs in vitro. Shown
are the rolling and adherent red-labeled CD4™" T cells 30 minutes after start-
ing a constant flow.

VIDEO E3. Adenosine blocks adherence of effector T cells to TNF-
a-activated ECs in vitro. Shown are the rolling and adherent red-labeled
CD4" T cells 30 minutes after starting a constant flow.

VIDEO E4. Treg cells block adherence of effector T cells to TNF-a-activated
ECs in vitro. Shown are the rolling and adherent red-labeled CD4" T cells 30
minutes after starting a constant flow.
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VIDEO E5. Leukocytes do not adhere to the endothelium after application
of solvent. Shown is a video sequence depicting leukocyte-endothelium
interactions in the vessels 30 minutes after challenge.

VIDEO E6. Leukocytes adhere to the endothelium after challenging with
TNCB. Shown is a video sequence depicting leukocyte-endothelium inter-
actions in the vessels 30 minutes after challenge.

VIDEO E7. Injection of WT Treg cells prevents adherence of leukocytes to
the endothelium after challenge with TNCB. Shown is a video sequence
depicting leukocyte-endothelium interactions in the vessels 30 minutes
after challenge.

VIDEO E8. Injection of CD39 '~ Treg cells does not suppress adherence of
leukocytes to the endothelium after challenge with TNCB. Shown is a video
sequence depicting leukocyte-endothelium interactions in the vessels 30
minutes after challenge.
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