Cellular & Molecular Immunology (2015) 12, 107-112
© 2015 CSl and USTC. All rights reserved 1672-7681/15 $32.00

www.nature.com/cmi

BRIEF REPORT

The plant hormone zeatin riboside inhibits T lymphocyte
activity via adenosine A,, receptor activation

Courtney M Lappas

Cytokinins are plant hormones that play an integral role in multiple aspects of plant growth and development. The

biological functions of cytokinins in mammalian systems are, however, largely uncharacterized. The naturally occurring
cytokinin zeatin riboside has recently been demonstrated to activate the mammalian adenosine A,, receptor, which is
broadly expressed by various cell types including immune system cells, with the activation of the A,5R playing arole in the

regulation of cells involved in both innate and adaptive immunity. We show for the first time that zeatin riboside
modulates mammalian immune system activity via an A,,R-dependent mechanism. Specifically, zeatin riboside
treatment induces the production of cyclic adenosine monophosphate (cAMP) by T lymphocytes and inhibits the
production by CD3*CD4™* T cells of interferon (IFN)-y, IL-2, tumor-necrosis factor (TNF)-a, IL-4 and IL-13, and the
production by CD3"CD8™ T cells of IFN-y, IL-2 and TNF-a. Additionally, the upregulation of CD25, CD69 and CD40L by
activated T lymphocytes is modulated by zeatin riboside. Zeatin riboside treatment also potently inhibits
thioglycollate-induced peritoneal leukocytosis. The immunomodulatory activities of zeatin riboside are blocked by
co-treatment with the selective A,,R antagonist ZM241385. These data suggest that zeatin riboside possesses
therapeutic potential as a mammalian immunomodulatory agent.
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INTRODUCTION

Cytokinins are a class of phytohormones that are involved in
multiple aspects of plant growth and development.' Naturally
occurring cytokinins are predominantly adenine derivatives,
and almost all cytokinins exist in plants as both a free base
and corresponding nucleosides and nucleotides. Although
cytokinin-binding proteins have been identified in mammalian
sera, the biological functions of cytokinins and underlying
mechanisms of action in mammalian systems remain largely
uncharacterized.”™* Interestingly, the cytokinin zeatin riboside
has been shown to activate adenosine A, receptor signaling in
a mammalian neuronal cell line.” Although the expression of
the Gs-coupled A, 4R varies widely by mammalian cell type, it is
known to be broadly expressed by immune system cells, with
the activation of the A, 4R playing a role in terminating inflam-
mation via the regulation of cells involved in innate and adap-
tive immunity.® Given the adenosine-based structure of zeatin
riboside, its activity as an AR agonist is not entirely surpris-
ing; however, it does endow the compound with significant
therapeutic potential. We show for the first time that zeatin

riboside modulates mammalian T lymphocyte activity in an
AjaR-dependent manner via the inhibition of pro-inflamma-
tory cytokine production and activation marker expression by
CD4" and CD8™ T lymphocytes.

MATERIALS AND METHODS

Mice

Eight- to tweleve-week-old female C57BL/6] mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME, USA).
All animal studies were approved by the Lebanon Valley
College Animal Care and Use Committee.

T lymphocyte isolation and activation

Mice were killed and the spleens were removed. Splenocytes
were passed through a 40 pM nylon cell strainer (BD Bio-
sciences, Franklin Lakes, NJ, USA) and collected in phosphate-
buffered saline. Red blood cells were removed with lysing buffer
(Sigma-Aldrich, St. Louis, MO, USA), and cD3tCD4t T lym-
phocytes were isolated via negative selection with mouse CD4
column kits and CD3"CD8™ T lymphocytes were isolated via
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negative selection with mouse CD8 column kits (R&D Systems,
Minneapolis, MN, USA). Purified cells were resuspended at a
concentration of 100 000 cells per 100 pl in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum and
1% antibiotic-antimycotic (Invitrogen Life Technologies, Grand
Island, NY, USA). T cells were activated by incubation on 2—
10 pg/ml immobilized anti-CD3 monoclonal antibody (mAb)
(BD Biosciences) for 24 h (or 6 h for the measurement of
CD69 expression) at 37 °C in 5% CO,. Cells were cocultured
with 31.25-1000 uM zeatin riboside, 1 uM CGS21680, or vehicle
control and with 10 puM ZM241385 or vehicle control.

Thioglycollate-induced peritonitis

Two milliliters of a sterile 4% thioglycollate solution (in phos-
phate-buffered saline) or sterile saline was injected into the
intraperitoneal cavities of C56BL/6 mice. Animals received
either a 1 pg/kg i.p. bolus of CGS21680, a 1 mg/kg i.p. bolus
of zeatin riboside or an equal volume i.p. bolus of vehicle
immediately after thioglycollate injection, 1.5 h after injection
and 3 h after injection. Mice were euthanized 5 h after initial
thioglycollate injection and intraperitoneal cells were harvested
via intraperitoneal wash with 6 ml cold phosphate-buffered
saline.

Measurement ofcytokine production, cell surface markers
and cell viability

Interferon (IFN)-y, IL-2, tumor-necrosis factor (TNF)-a, 1L-4
and IL-13 concentrations in supernatants of T-cell cultures were
measured by ELISA according to the manufacturer’s protocol
(eBioscience, San Diego, CA, USA). Cell surface marker express-
ion was measured via flow cytometry with fluorochrome-labeled
anti-mouse CD3 (clone eBio500A2), anti-mouse CD4 (clone
GK1.5), anti-mouse CD8 (clone eBioH35-17.2), anti-mouse
CD25 (clone PC61.5), anti-mouse CD69 (clone H1.2F3) and/
or anti-mouse CD40L (clone MR1) (eBioscience). All mAbs
were utilized at a concentration of 0.5 pg/mL. Cell viability
was measured via flow cytometry by labeling with Alexa Fluor
488 annexin V and propidium iodide. For all flow cytometry
experiments, the fluorescence intensity was measured with a
dual laser benchtop flow cytometer (FACSCalibur; Becton
Dickinson, Franklin Lakes, NJ, USA) with a minimum of
20 000 events being collected. Analysis was performed with
FlowJo software (Tree Star, Inc., Ashland, OR, USA).

Measurement of cyclic adenosine monophosphate (cAMP)
production

Purified CD3™ T cells were resuspended at a concentration of
500 000 cells per 160 pl in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum and 1% anti-
biotic-antimycotic (Invitrogen Life Technologies). Cells were
treated with 1000 uM zeatin riboside, 1 pM CGS21680 or
vehicle control for 30 min, after which total cellular cAMP
levels were measured by enzyme immunoassay according to
the manufacturer’s protocol (GE Healthcare, Pittsburgh, PA,
USA).
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Statistical analysis

Prism software (GraphPad, San Diego, CA, USA) was used for
all statistical analyses. One-way analysis of variance (ANOVA)
with post-hoc Dunnett’s multiple comparison or unpaired #-test
(for single comparisons) was used.

RESULTS

The anti-inflammatory activity of zeatin riboside is
mediated by adenosine A,, receptor activation

Treatment with 1000 pM of zeatin riboside induced the pro-
duction of cAMP by purified CD3™ T lymphocytes to levels
significantly above vehicle treated controls; cAMP production
elicited by zeatin riboside exposure was similar to that induced
by treatment of purified T cells with 1 uM of the well charac-
terized, selective A;sR agonist, CGS21680 (Figure 1la). The
intraperitoneal injection of sterile thioglycollate induces non-
infectious peritonitis, with peritoneal exudates composed of
neutrophils, lymphocytes and macrophages. Peritoneal leuko-
cytosis elicited in C57BL/6 mice by thioglycollate challenge was
significantly inhibited by the treatment with a 1 mg/kg i.p.
bolus of zeatin riboside administered immediately after thio-
glycollate injection, 1.5 h after injection and 3 h after injection,
with an approximate 60% decrease in white blood cell number
in the peritoneal exudates of zeatin riboside treated mice as
compared to vehicle-treated controls (Figure 1b). Treatment
with a 1 pg/kg i.p. bolus of CGS21680 according to the same
administration schedule as zeatin riboside treatment also
reduced the number of white blood cells in the peritoneal cavi-
ties of thioglycollate challenged mice (with an approximate
33% reduction in white blood cell number in peritoneal exu-
dates as compared to vehicle-treated mice), but the inhibition
did not reach statistical significance (Figure 1b).

To specifically investigate the effects of zeatin riboside on
T lymphocyte activity, T cells (>91% pure CD3"CD4" or
CD3"CD8™" T-cell populations) were incubated on anti-CD3
mAb for 24 h, resulting in the production of pro-inflammatory
THI1 and TH2 cytokines. The activation of purified CD4 " T cells
and CD8" T cells in the presence of zeatin riboside resulted in
dose-dependent inhibitions of T-cell receptor-mediated IFN-y
(Figure 1c and h), IL-2 (Figure 1d and i), TNF-a (Figure le and
j), IL-4 (Figure 1f) and IL-13 (Figure 1g) production. Zeatin
riboside inhibited IFN-y production by CD4* and CD8™ T cells
with ECs, values of 20.4£10.29 and 49.88+24.2 pM, respec-
tively; IL-2 production by CD4" and CD8" T cells with ECs,
values of 81.72+32.44 and 38.84+28.59 UM, respectively; TNF-
o production by CD4" and CD8" T cells with ECs, values of
24.84+4.57 and 98.78+19.19 pM, respectively; IL-4 produc-
tion by CD4" T cells with an ECs, value of 98.27+49.65 pM;
IL-13 production by CD4" T cells with an ECs, value of
226.198.58 UM (ECs, values were sometimes obtained from
extrapolation of data curves). Zeatin riboside doses of 5 M or
less were found to have no significant inhibitory effects on
CD4" or CD8" T-cell cytokine production. In all cases, the
maximum inhibitory activity of zeatin riboside to block pro-
inflammatory cytokine production by purified T cells was
comparable to the inhibitory activity of 1 uM of the selective
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Figure 1 The anti-inflammatory activity of zeatin riboside is mediated by adenosine A,a receptor activation. (a) Purified CD3™ T lymphocytes
(500 000 per well) were treated with 1 uM CGS21680, 1000 puM zeatin riboside or vehicle for 30 min. Total cellular cAMP was measured by enzyme
immunoassay. *P<0.05 vs. vehicle-treated control as assessed by one-way ANOVA followed by Dunnett’s multiple comparison test. (b) C57BL/6
mice were subjected to thioglycollate challenge via intraperitoneal injection. Animals received a 1 pg/kg i.p. bolus of CGS21680, a 1 mg/kg i.p.
bolus of zeatin riboside or an equal volume i.p. bolus of vehicle immediately after thioglycollate injection, 1.5 h after injection and 3 h after injection.
Mice were euthanized 5 h after thioglycollate injection and intraperitoneal cells were harvested. * P<0.05 vs. vehicle-treated control as assessed by
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one-way ANOVA followed by Dunnett's multiple comparison test. (c—j) Purified CD37CD4" or CD3"CD8™ T cells (200 000 per well) were
incubated on immobilized anti-CD3 mAb in the presence of 1 pM CGS21680 (CGS) or varying concentrations of zeatin riboside (or vehicle control)
with 10 uM ZM241385 (or vehicle control). Supernatants were collected after 24 h and IFN-y (c and h), IL-2 (d and i), TNF-a (e and j), IL-4 (f) and
IL-13 (g) concentrations were measured by ELISA. Data are shown as the mean=*s.e.m. from three independent experiments performed in
quadruplicate. *P<0.05 vs. double vehicle-treated control (treated with neither zeatin riboside nor ZM241385) as assessed by one-way ANOVA
followed by Dunnett's multiple comparison test. #P<0.05 vs. corresponding single vehicle samples (treated with equivalent concentrations of
zeatin riboside, but no ZM241385) as assessed by unpaired t-test. ANOVA, analysis of variance; cAMP, cyclic adenosine monophosphate; IFN,
interferon; mAb, monoclonal antibody; TNF, tumor-necrosis factor.
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Figure 2 Zeatin riboside inhibits activation marker expression by CD4 " and CD8™ T cells; T-cell viability is unaffected by zeatin riboside exposure.
Purified CD37CD4™ or CD3"CD8™ T cells (200 000 per well) were incubated on immobilized anti-CD3 mAb for 6 (band e) or 24 (a, cand d) h in the
presence of 1 uM CGS21680 (CGS) or varying concentrations of zeatin riboside (or vehicle control) and 10 uM ZM241385 (or vehicle control). Cell
surface expression of CD25 (a and d), CD69 (b and e) and CD40L (c) was assessed by FACS. CD3* T cells were gated on for analysis. Data are
shown as the mean=s.e.m. from three independent experiments performed in quadruplicate. * P<0.05 vs. double vehicle-treated control (treated
with neither zeatin riboside nor ZM241385) as assessed by one-way ANOVA followed by Dunnett’s multiple comparison test. #P<0.05 vs.
corresponding single vehicle samples (treated with equivalent concentrations of zeatin riboside, but no ZM241385) as assessed by unpaired t-
test. Viability of cells treated with 0, 31.25, 62.5, 125, 250, 500 or 1000 uM zeatin riboside was assessed via staining with Alexa Fluor 488 annexin V
and propidium iodide (f and g); viable cells are defined as annexin V-negative/Pl-negative cell populations. Data are shown as the mean+s.e.m.
from three independent experiments; one representative dot plot for each cell subset is included to illustrate characteristic fluorescence intensity
levels. ANOVA, analysis of variance; mAb, monoclonal antibody; PI, propidium iodide.
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A;AR agonist, CGS21680; comparable doses of CGS21680 have
been previously shown to potently inhibit multiple manifesta-
tions of T-cell activation.”'® The zeatin riboside (and
CGS21680)-mediated inhibition of proinflamamtory cytokine
production by both CD4" and CD8" T lymphocytes was
potently blocked by cotreatment with 10 pM of the selective
A,AR antagonist, ZM241385. Similar doses of ZM241385 have
previously been established to inhibit A,,R-mediated effects in
T lymphocytes.”'> These data suggest that zeatin riboside
modulates T-cell production of TH1 and TH2 cytokines via
an adenosine A,,R-specific mechanism.

Zeatin riboside modulates the upregulation of activation
maker expression by T cells

The incubation of purified murine T lymphocytes on immo-
bilized anti-CD3 mAb triggered the upregulation of cell surface
activation marker expression. Exposure to zeatin riboside
reduced the expression of CD25, CD69 and CD40L by activated
T cells in a dose-dependent manner. The cell surface expression
by CD4™" T cells of CD25 was reduced by zeatin riboside by as
much as 52.67%=*7.70%, the expression of CD69 was reduced
by as much as 19.0%5*2.57% and the expression of CD40L
was reduced by as much as 29.1%+2.4% (Figure 2a—c). Fur-
thermore, the cell surface expression by CD8 ™" T cells of CD25
was reduced by exposure to zeatin riboside by as much as
48.58*6.46 and the expression of CD69 was reduced by up
to 21.54%*1.76% (Figure 2d and e). The inhibitory effects
of zeatin riboside and CGS21680 on cell surface activation
marker expression were potently blocked by cotreatment with
10 pM ZM241385, again suggesting that zeatin riboside mo-
dulates the pro-inflammatory activity of T lymphocytes via an
AyaR-dependent mechanism. The maximum inhibitory activi-
ty of zeatin riboside to block activation marker expression by
purified T cells was comparable to the inhibitory activity of
1 uM of the selective A,5R agonist, CGS21680. Notably, treat-
ment with 31.25-1000 pM zeatin riboside had no significant
effect on CD4" or CD8" T-cell viability, indicating that the
zeatin riboside-generated, A;,R-mediated inhibition of TH1
and TH2 cytokine production and activation marker expres-
sion by T cells in this in vitro model represents immunomodu-
latory activity that is not simply a result of cytotoxicity
(Figure 2fand g). These data are significant in that it establishes
that zeatin riboside has a high degree of biocompatibility with
murine lymphocytes.

DISCUSSION

Selective A;5R agonists have garnered increasing attention in
recent years due to their potent anti-inflammatory activities.
Not only is the A, R broadly expressed by immune system cells,
but its expression is upregulated during periods of inflam-
mation, and A, 4R activation modulates the activity of virtually
all inflammatory cells including T lymphocytes, macrophages,
monocytes, polymorphonuclear leukocytes and platelets.>>"?
Selective A,5R agonists have been shown to inhibit multiple
manifestations of inflammatory cell activation including cyto-
kine production, chemotaxis, respiratory burst and adhesion
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molecule expression.'*!” Furthermore, AR activation limits
the severity and progression of multiple inflammatory patho-
logies, including the T lymphocyte-driven ischemia-reperfusion
injury, graft-versus-host disease and colitis.'"**° For these rea-
sons, the development and/or discovery of selective A;5R ago-
nists is of great interest. We show for the first time that the
plant-derived hormone zeatin riboside modulates mammalian
T lymphocyte activity via the activation of the A, R. Zeatin
riboside treatment induces the production of cAMP by purified
CD3" T lymphocytes, potently inhibits the production of both
THI1 and TH2 cytokines by CD4 " and CD8" T cells and limits
the expression of CD25, CD69 and CD40L. Additionally, zeatin
riboside treatment limits thioglycollate-induced peritoneal leu-
kocytosis. The A, R-mediated immunomodulatory activities of
zeatin riboside observed in these in vitro and in vivo models are
significant because they suggest that zeatin riboside may have
immunosuppressive effects that directly or indirectly modulate
both T cell-mediated and humoral immune responses. It will be
interesting to investigate the in vivoimmunomodulatory activity
of zeatin riboside, to examine its pharmacological and toxi-
cological profiles and to determine if zeatin riboside proves to
be more efficacious that other A,5R agonists in the treatment of
acute or chronic inflammatory disorders.
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