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Abstract
Purpose Adenosine (ADO) can enhance and inhibit mast cell
degranulation. Potentiation of degranulation occurs at rela-
tively low concentrations of ADO (10−6–10−5 M) through
triggering of A3AR, whereas, inhibition occurs at higher
concentrations of ADO reportedly through triggering of
A2aAR. However, the discrepancy in the concentration of
ADO that inhibits degranulation and that required to trigger
ADORs suggests a different mechanism. The purpose of this
study is to determine the mechanism by which ADO inhibits
human mast cell degranulation.
Methods We compare the effectiveness of A2aAR specific
antagonist ZM241385 and equilibrative nucleoside transport-
er inhibitors Dipyridamole and NBMPR in preventing ADO-
mediated inhibition of FcεRI-induced degranulation of human
skin mast cells (hSMCs). Western blotting is done to analyze
the effect of ADO on FcεRI-induced Syk phosphorylation.
Results Dipyridamole and NBMPR completely and dose-
dependently prevented ADO from inhibiting FcεRI-induced
degranulation in all hSMC preparations. In contrast,
ZM241385 at 10−5 M was effective in only 3 of 10 hSMC
preparations. Moreover, NBMPR was effective even in those

hSMC preparations not responsive to ZM241385. ADO
inhibited degranulation induced by FcεRI crosslinking, but
not that induced by complement component 5a (C5a), Sub-
stance P or calcium ionophore. Accordingly, ADO significant-
ly attenuated FcεRI-induced phosphorylation of Syk at the
critical activating tyrosine (Y525).
Conclusion Blocking the influx of ADO, but not A2aAR
signals, is necessary and sufficient to prevent ADO from
inhibiting FcεRI-induced mast cell degranulation. Thus,
ADO specifically inhibits FcεRI-induced degranulation of
hSMCs primarily by an intracellular mechanism that requires
its influx via equilibrative nucleoside transporter 1 (ENT1).

Keywords Adenosine . mast cells . equilibrative nucleoside
transporter . adenosine receptors . syk . degranulation

Introduction

Adenosine, a purine nucleoside, is produced when the ecto-
nucleotidases ecto-nucleoside triphosphate diphospho-
hydrolase (E-NTDPase) (CD39) and ecto-5′-nucleotidase
(CD73) sequentially dephosphorylate adenosine triphos-
phate (ATP) [1]. The dephosphorylation of ATP, which is
produced in all cell types including mast cells, generates the
energy required to propel cellular activities. Therefore,
ADO production is intimately related to cellular metabo-
lism. Accordingly, ADO concentrations are higher when
cellular metabolism is increased, as with inflammation or
hypoxia [2]. Whereas the concentration of circulating ADO
in plasma is <1 μM under normal conditions, plasma levels
in patients with sepsis have been reported to approach
10 μM [3]. In tissues, ADO levels in the range of 10–
100 μM were found in synovial fluid from rheumatoid
arthritis patients [4, 5], and near 200 μM in the epithelial
lining fluid of asthmatic lungs [6]. Once produced, ADO
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can traverse plasma membranes through bi-directional e-
quilibrative nucleoside transporters (ENTs, SLC29 gene
family) and concentrative nucleoside transporters (CNTs,
SLC28 gene family) [7, 8]. Whether in the extracellular or
intracellular space, ADO is rapidly converted to inosine by
adenosine deaminase (ADA), or phosphorylated intracel-
lularly by adenosine kinase to re-enter the energy cycle
[1, 9]. Extracellular ADO can also interact with four
known G protein-coupled ADO receptors (ADORs)
(A1AR, A2aAR, A2bAR and A3AR) to exert its phys-
iological effects [9].

ADO modulates mast cell degranulation. Marquardt,
et al. [10] first demonstrated that ADO could potentiate
the degranulation of immunologically activated rodent
mast cells. In studies with human mast cells from lung
and skin, ADO at 10−6–10−5 M enhanced IgE-dependent
degranulation, but inhibited it at 10−5–10−3 M [11–15].
Thus, IgE-dependent mast cell degranulation is enhanced
by ADO at low concentrations, but inhibited with higher
concentrations. Because administered ADO induces mast
cell mediated (histamine-dependent) bronchospasm in asth-
matics (but not non-asthmatics) [16, 17], identification of
the ADORs involved in potentiating the release of allergic/
inflammatory mediators has been intensely studied. In mice
and humans, A3AR has clearly been identified as a poten-
tiating ADOR of mast cell degranulation [11, 18, 19], and is
likely involved in ADO-mediated bronchoconstriction
[20]. Interestingly, the inhibitory effect of ADO at higher
concentrations appears to be a more consistent and robust
observation than potentiation. For example, Peters et al.
[13] reported a mere 19±3 % increase in histamine release
from 1 to 8 % pure human lung mast cells treated with
10 μM ADO, and, similarly, we found a maximal increase
of 25±9 % in β-hexosaminidase release from purified
hLMCs treated with 1 μM ADO [11]. In another study,
ADO completely failed to enhance, but dramatically
inhibited, IgE-induced degranulation of hLMCs [14]. The
inhibitory effect of ADO on mast cell degranulation has
been attributed to A2aAR signals [14, 21]. Indeed, most
anti-inflammatory actions of ADO are attributed to inhibi-
tory signals from A2aAR. However, the concentrations of
ADO required to inhibit IgE-dependent degranulation is
reportedly much higher than that needed to trigger ADORs,
including A2aAR; thus, suggesting that other mechanisms
may be involved.

Herein, we investigate the inhibition of IgE-dependent
mast cell degranulation by ADO. We show that ADO
inhibits degranulation of hSMCs through an intracellular
mechanism requiring its influx via equilibrative nucleo-
side transporter 1 (ENT1), rather than signaling through
surface-expressed ADORs. We demonstrate that ADO
inhibits FcεRI-induced degranulation, but not that in-
duced by Complement Factor 5a (C5a), Substance P, or

the calcium ionophore A23187. Thus, ADO -mediated
inhibition of degranulation is specific for early FcεRI
signals. Accordingly, we show that FcεRI-induced tyro-
sine phosphorylation of spleen tyrosine kinase (Syk) at
the activation residue Y525, an essential step in IgE-
dependent mast cell degranulation, is strongly attenuated
in ADO -treated hSMCs. Together, these findings dem-
onstrate a novel inhibitory role for intracellular ADO in
the regulation of IgE-dependent degranulation of human
mature mast cells.

Materials and Methods

Isolation and Purification of hSMCs

Fresh surgical samples of discarded human skin were ob-
tained from the Department of Pathology at Virginia Com-
monwealth University, Cooperative Human Tissue Net-
work of the National Cancer Institute or the National Dis-
ease Research Interchange, as approved by the Human
Studies Internal Review Board at Virginia Commonwealth
University. The tissues were digested at 37 °C with colla-
genase and hyaluronidase (Sigma, St. Louis, MO) 3×1 h in
HBSS buffer (1X HBSS, 0.04 % NaHCO3, 1 % fetal bovine
serum, 1 % HEPES, 0.1 % CaCl2) containing amphotericin
B and Antibiotic/Antimycotic solution. After digestion, the
samples were filtered through 70 μm and 40 μm nylon cell
strainers, washed and separated on a Percoll gradient. The
cells at the buffer/Percoll interface were collected, washed
and re-suspended at 5×105 cells/ml in serum-free X-VIVO
15 medium (Lonza, Walkersville, MD)(also free of adeno-
sine deaminase per manufacturer) containing stem cell fac-
tor (SCF) (100 ng/ml; a gift from Swedish Orphan
Biovitrum, Stockholm, Sweden) in 24-well plates with
weekly medium changes. Purity was assessed cyto-
chemically by metachromatic staining with acidic toluidine
blue and by flow cytometry with the anti-FcεRIα mAb,
22E7 (a gift from J. P. Kochan (Hoffman-LaRoche, Nutley,
NJ) [22]. Typically, mature hSMCs were of 95–100 %
purity by 6 weeks of culture and used experimentally be-
tween 8 and 12 weeks.

Mast Cell Activation

hSMCs (106 cells/ml) were activated by cross-linking FcεRI
with the monoclonal antibody 22E7 (100 ng/ml unless other-
wise indicated), which recognizes and binds the alpha subunit
of FcεRI, at 37 °C for 30 min in Tyrode’s Buffer (135 mM
NaCl, 1 mM MgCl2, 20 mM Hepes, 5 mM KCl, 1.8 mM
CaCl2, 5.6 mM glucose; pH 7.4) containing 0.05 % bovine
serum albumin. Mast cell activation was also induced with
complement factor 5a (C5a) (100 ng/ml) (Calbiochem,
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Gibbstown, NJ), Substance P (1 μM) or the calcium iono-
phore A23187 (1 μM) (both from Sigma-Aldrich, St. Louis,
MO). Unless otherwise indicated, mast cells were pre-
incubated for 10 min with ADO (Sigma-Aldrich, St. Louis,
MO) before activation. ZM241385 (4-(2-[7-Amino-2-(2-
furyl)[1, 2, 4]triazolo[2,3-a][1, 3, 5]triazin-5-ylamino]
ethyl)phenol), MRS1220 (N-[9-Chloro-2-(2-furanyl)[1, 2, 4]-
triazolo[1,5-c]quinazolin-5-yl]benzene acetamide), PSB1115
(4-(2,3,6,7-Tetrahydro-2,6-dioxo-1-propyl-1H -purin-8-yl)-
benzenesulfonic acid potassium salt), Dipyridamole (2,6-
bis (Diethanolamino)-4,8-dipiperidinopyrimido[5,4-d ]pyrimi-
dine), or NBMPR (nitrobenzylmercaptopurine riboside)(all
from Tocris-Cookson, Ellisville, MO) was added to the cells
15 min prior to ADO. Vehicle was DMSO (Sigma-Aldrich, St.
Louis, MO).

Degranulation Assay

After the activation period, the mast cells and medium were
separated by centrifugation. The cells were lysed with 1 %
Triton X-100 and degranulation was assessed by measuring
the secretion of β-hexosaminidase activity as described [23].
Absorbance values were read at 405 nm with a SpectraMax
384 Plus UV–VIS plate reader (Molecular Devices Corpora-
tion, Chicago, IL). Percent release values were calculated
using the formula:

%Release ¼ A405 Releasateð Þ
A405 Releasateð Þ þ A405 Lysateð Þ � 100

Syk Immunoblotting

hSMCs (106/ml) were pre-incubated without and with
ADO (250 μM) for 10 min in Tyrode’s buffer, and then
activated with 22E7 (100 ng/ml) for 5 min. The mast cells
were then lysed with 2X SDS sample buffer containing
Na3VO4 and β-mercaptoethanol and boiled for 5 min.
Whole cell extracts were separated by SDS-PAGE, and
then transferred onto nitrocellulose membranes. The mem-
branes were blocked with 5 % non-fat dry milk in 25 mM
Tris, pH7.4, containing 0.15 M NaCl and 0.1 % Tween-20
(TNT buffer) for 1 h at RT, and then incubated overnight
at 4 °C with a rabbit polyclonal antibody against total Syk
(Cell Signaling Technology, Danvers, MA) or a mouse
monoclonal antibody against human phosphoY525 Syk
(R&D Systems, Minneapolis, MN) in 5 % milk/TNT.
The blots were washed then incubated with HRP-
conjugated goat anti-rabbit IgG (Cell Signaling Technolo-
gy, Danvers, MA) or goat anti-mouse IgG (R&D Systems,
Minneapolis, MN) in 5 % milk/TNT for 1 h at RT. After
washing, the blots were incubated for 5 min in SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific,

Rockford, IL), exposed to BIO-MAX XAR film (Sigma-
Aldrich, St. Louis, MO) and developed. Densitometry was
performed with a Molecular Imager FX (Bio-Rad,
Hercules, CA).

Intracellular Staining

hSMCs (2×105) were fixed and permeabilized with the stain-
ing buffer kit from eBiosciences (San Diego, CA) according
to manufacturer’s protocol. Permeabilized mast cells were
resuspended in 200 μl of permeabilization buffer containing
1 % human serum (Sigma-Aldrich, St. Louis, MO), and
incubated for 10 min on ice with human FcR Blocking Re-
agent (Miltenyi Biotec, Auburn, CA). Rabbit anti-ENT-1 IgG
or a rabbit polyclonal IgG isotype control (400 ng) (Santa
Cruz Biotechnologies, Santa Cruz, CA) was added to the
samples, which were then incubated an additional 30 min on
ice. Labeled mast cells were washed, resuspended in 200 μl of
permeabilization buffer containing 500 ng of DyLight488-
conjugated Donkey anti-rabbit IgG (Biolegend, San Diego,
CA), incubated for 30 min on ice, washed and resuspended in
PBS containing 1 % BSA. Flow cytometry was performed on
a FacsCantoII (BD Biosciences).

Reverse-Transcriptase PCR

RNA from resting mast cells was isolated with the
RNeasy Miniprep kit (Qiagen, GmbH, Germany), and
cDNA was synthesized using the SuperScript™ III First-
Strand Synthesis System from Invitrogen (Carlsbad, CA)
according to the manufacturer’s protocol. For PCR, 2 μl
of cDNA was combined with 1 μl each of sense and
antisense primers (10 μM each) and 12.5 μl of SYBR
Green Supermix from the iScript™ SYBR Green RT-
PCR kit (Bio-Rad, Hercules, CA) in a final volume of
25 μl. A hot-start protocol (95 °C for 5 min, (95 °C for
30 s, 55 °C for 30 s, 72 °C for 30 s) x 35 cycles, 95 °C
for 1 min, 55 °C for 1 min) was run on a CFX96 Real Time
System from Bio-Rad (Hercules, CA). Oligonucleotide
primers: ENT1/SLC29A1 (NM_001078177; 5′-gactgggg
actggggactgccg-3′; 5′-ccttgtccacgggctccagatcgat-3′) and
GAPDH (NM_002046.3; 5 ′-caatgaccccttcattgacc-3′;
5′-ttgattttggagggatctcg-3′). PCR products were electropho-
resed in a 1.5 % agarose gel with Tris-Borate-EDTA buffer.
The stained gels were visualized on a Bio-Rad Molecular
Imager FX.

Statistical Analysis

Statistical analysis was performed by one-way ANOVAwith
Bonferroni post test as described in figure legends using
GraphPad Prism version 5.04 for Windows, GraphPad Soft-
ware, San Diego, CA, USA; www.graphpad.com.
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Results

ADO Inhibits but Does not Potentiate FcεRI-Induced
Degranulation of hSMCs

To confirm our earlier observation that ADO does not poten-
tiate IgE-dependent degranulation of hSMCs [11], we assessed
degranulation by the release of β-hexosaminidase from
hSMCs activated with the anti-FcεRIα mAb 22E7 in the
absence or presence of ADO under different conditions. As
Fig. 1 shows, ADO has no potentiating effect on hSMC
degranulation. In contrast to earlier reports [15, 24, 25], the
timing of exposure to ADO was inconsequential to the overall
effect since ADO failed to potentiate degranulation regardless
of whether it was added 10min before (A), 10 min after (B), or
simultaneously with (C) 22E7 (100 ng/ml). The strength of the
primary activating signal also was irrelevant since ADO
(added 10 min prior) did not enhance the degranulation of
hSMCs activated with a suboptimal concentration (10 ng/ml)
of 22E7 (D). However, ADO at concentrations ≥10−4 M
significantly inhibited FcεRI-induced degranulation of
hSMCs when added 10 min before (A and D) or simulta-
neously with (C) 22E7. As expected, given that degranulation
is essentially completed within minutes of FcεRI cross-
linking, β-hexosaminidase release was not inhibited when
ADO was added 10 min after 22E7 (100 ng/ml) (B), and
ADO alone did not induce β-hexosaminidase release (E). Im-
portantly, prolonged exposure to ADO also did not potentiate
degranulation of hSMCs, but resulted in a 10-fold increase
in sensitivity to ADO. Whereas, 10−4 M ADO inhibited

degranulation of hSMCs when incubated for 10 min (A), only
10−5 M ADO with 1 h incubation was required for significant
inhibition (F). Altogether, these data confirm that ADO has no
potentiating effect on FcεRI-induced degranulation of hSMCs,
but potently inhibits mediator release. Therefore, we used
hSMCs as a model to investigate the inhibitory effect of ADO
on degranulation without interference from potentiating signals.

Inhibition of FcεRI-Induced Degranulation by ADO is not
due to Acute Toxicity

To determine if the inhibition of degranulation by ADO was
due to toxicity, we incubated hSMCs in serum- and ADA-free
culture media (containing SCF)±0.125, 0.25, 0.5, 1, 1.25 and
12.5 mM ADO for 3 days and assessed membrane integrity
daily by trypan blue exclusion (Fig. 2). Mean viabilities were
≥97 % at each time-point in the absence of ADO (day 1, 97.9
±0.3 %; day 2, 97.4±0.5 %; day 3, 97.7±0.4 %), and
remained essentially unchanged in mast cells cultured with
0.125, 0.25 and 0.5 mM ADO. However, a gradual decrease
in % viability was apparent with 1, 1.25 and 12.5 mM ADO,
respectively, at each time-point: day 1 (93±1%, 95±1%, 80±
3 %); day 2 (81±2 %, 61±6 %, 18±4 %); day 3 (69±2 %, 41
±5 %, 3±1 %). Thus, hSMCs cultured with ADO at concen-
trations up to 500 μM remained completely viable as
evidenced by the lack of appreciable loss in membrane integ-
rity over 3 days. Based on these findings, we conclude that the
inhibitory effect of ADO at concentrations shown to inhibit
FcεRI-induced degranulation (up to 500 μM) was not due to
acute cytotoxicity.

Fig. 1 ADO inhibits, but does not potentiate, FcεRI-induced degranula-
tion of hSMCs. Percent release of β-hexosaminidase ± S.E.M. from
hSMCs activated with 100 ng/ml (a , b , c , f) or 10 ng/ml (d) of the
anti-FcεRIαmAb 22E7 when ADO was added 10 min before (a , n =10;
d , n =5), 10 min after (b , n=4), at the same time as (c , n =4), or 1 h
before (f , n=3) 22E7. Capacity for degranulation was demonstrated by

activating the mast cells with the calcium ionophore A23187 (1 μM).
ADO alone did not induce β-hexosaminidase release (e, n=3). *, p<0.05;
**, p<0.01; ***, p<0.001; and #, p<0.0001 by one-way ANOVA with
Bonferroni post-test comparing to % release values induced by 22E7 alone
(a , b, c , d, f) or those from the buffer control (e). Independent experiments
were carried out with mast cells isolated from skin of different donors

1352 J Clin Immunol (2013) 33:1349–1359



A2aAR Signals are not Solely Responsible for ADO-Induced
Inhibition of FcεRI-Mediated Degranulation

To determine if the inhibition of FcεRI-mediated mast cell
degranulation by ADO was due to A2aAR signals as had been
reported [14, 21], we analyzed the effect of the A2aAR-specific
antagonist ZM241385 on this process (Fig. 3). In independent
experiments, hSMCs from 10 different skin tissue preparations
from different donors were pre-treated with 10−7, 10−6 and 10−5

M ZM241385 for 15 min followed by a 10 min incubation
period with 250 μM ADO (the IC50 for inhibition at 10 min),
and then activated with 22E7 (100 ng/ml). No statistically
significant effect of ZM241385 on inhibition of degranulation

by ADO was observed or calculated when the data from the 10
different hSMC preparations was analyzed collectively (graph
not shown). However, analysis of individual experiments re-
vealed that hSMCs from 3 of the 10 different skin preparations
were, in fact, somewhat responsive to ZM241385, whereas 7 of
the 10 hSMC preparations were completely non-responsive to
ZM241385. To demonstrate this, the degranulation data from
both groups, which we termed “ZM-Responsive” and “ZM-
Non-Responsive”, was plotted separately as shown in Fig. 3a
(n =3) and Fig. 3b (n=7). As demonstrated in Fig. 3a, 22E7-
induced β-hexosaminidase release from the “ZM-Responsive”
group of hSMCs pre-treated with 10−5 M ZM241385 and
exposed to 250 μM ADO was not statistically different
(p>0.05) from that of control cells activated with 22E7 alone
(63±5%), indicating that 10−5M ZM241385 effectively blocked
the inhibitory effect of ADO. In contrast, ZM241385 at 10−7 M
and 10−6M concentrationswas statistically ineffective at blocking
the ADO-induced inhibition since the degranulation values were
statistically different (p<0.05) from control cells activated in the
absence of ADO, although a slight preventative pattern is appar-
ent. Mean % release of β-hexosaminidase ± S.E.M. values from
the “ZM-Responsive” group of hSMCs treated with 10−7, 10−6,
and 10−5 M ZM241385, respectively, were 40±2 %, 45±2 %,
and 53±4 %. In contrast, 22E7-induced β-hexosaminidase re-
lease from all “ZM-Non-Responsive” group samples treated with
ZM241385 and ADO was significantly different than that from
control hSMCs (Fig. 3b). Importantly, the ability to degranulate in
response to 22E7 by the “ZM-Responsive” group was

Fig. 2 Effect of ADO on viability of hSMCs. Trypan blue exclusion
analysis of hSMCs cultured in serum- and ADA-free medium±12.5,
1.25, 1, 0.5, 0.25 and 0.125 mM ADO for 1, 2 and 3 days (n =6). Best-
fit curves were determined by non-linear regression analysis of data from
independent experiments carried out with mast cells isolated from skin of
different donors. **, p <0.01; #, p <0.0001 by one-way ANOVA with
Bonferroni post-test comparing to values of mast cells cultured without
ADO at the same time-point

Fig. 3 ZM241385, an A2aAR-specific antagonist, blocks the inhibitory
effect of ADO on some hSMC preparations but not others. β-Hexosa-
minidase release from hSMCs pre-incubated without and with antago-
nists specific for A2aAR (ZM241385) (a , n =3 and b , n=7), A2bAR
(PSB1115, n =3) (c ), or A3AR (MRS1220, n =3) (d ) ±adenosine
(250 μM) then activated with 22E7 (100 ng/ml). ZM241385 at 10−5 M
blocked the inhibitory effect of ADO in 3 of 10 hSMC preparations (a),

whereas the other 7 preparations were completely non-responsive (b).
Accordingly, these groups were termed “ZM-responsive” and “ZM
non-responsive”. PSB115 and MRS1220 were completely ineffective.
**, p <0.01; ***, p <0.001; and #, p<0.0001 by one-way ANOVAwith
Bonferroni post-test comparing to % release values induced by 22E7
alone
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comparable to that of the “ZM-Non-Responsive” group (63±5%
compared to 66±2%, respectively), and both groups were equal-
ly susceptible to ADO-mediated inhibition as indicated by the
comparable 22E7-inducedmean%degranulation values obtained
in the presence of 250 μMADO (36±1 % and 40±2 %, respec-
tively). Spontaneous release was 8±2 % from “ZM-Responsive”
hSMCs, and 8±1 % from the “ZM-Non-Responsive” group.
Moreover, ZM241385 alone (10−5 M) did not inhibit 22E7-
induced degranulation, or affect spontaneous release. To deter-
mine if other ADORs could be involved, we performed similar
independent experiments with different hSMC preparations
(n =3) using antagonists specific for A2bAR (PSB1115) and
A3AR (MRS1220) (Fig. 3c and d, respectively), but found no
effect on ADO-mediated inhibition. These data indicate that
A2aAR signals can contribute to ADO-mediated inhibition of
degranulation in some cases, but does not account for the
observed inhibition in the majority of cases.

Facilitated Influx of ADO via ENT1/SLC29A1 is Necessary
and Sufficient for the Inhibition of FcεRI-Mediated
Degranulation

The finding that ZM241385 was ineffective at blocking the
inhibition byADOof FcεRI-induced degranulation in amajority

of hSMC preparations suggested the involvement of a mecha-
nism other than A2aAR signals. To investigate the possibility
that ADO was acting intracellularly, hSMCs (n=5 preparations)
were pre-treated with the non-specific inhibitor of nucleoside
transporters Dipyridamole (10 μM) for 15 min, then incubated
with 250μMADO for 10min, and activatedwith 22E7 (100 ng/
ml). ADO significantly inhibitedβ-hexosaminidase release from
control samples activated with 22E7 alone, as expected, but
failed to do so in the presence of Dipyridamole (Fig. 4a). Mean
% release of β-hexosaminidase ± S.E.M. values from hSMCs
activated with 22E7 alone and 22E7+ADO without
Dipyridamole, respectively, were 59±4 % and 33±4 %; where-
as, with Dipyridamole those values were 52.8±5 % and 48.4±
6.1 %. Dipyridamole alone had no influence on spontaneous or
22E7-induced degranulation. Thus, blocking the influx of ADO
significantly prevented the inhibition of FcεRI-induced degran-
ulation induced by a high concentration of added ADO.

To characterize the requirement for facilitated transport of
ADO for the inhibition of degranulation, we analyzed the
sensitivity of this process to nitrobenzylmercaptopurine
riboside (NBMPR), a specific inhibitor of equilibrative nucle-
oside transporter 1 (ENT1/SLC29A1) (8). First, it was impor-
tant to demonstrate that hSMCs express ENT1. Therefore, we
used RT-PCR and flow cytometry to show the expression of

Fig. 4 Nucleoside transporter inhibitors Dipyridamole and NBMPR
block ADO-mediated inhibition of FcεRI-induced hSMC degranulation.
Effect of the non-specific nucleoside transporter inhibitor Dipyridamole
(10 μM, n =5) (a), and ENT1/SLC29A1-specific inhibitor NBMPR
(10−5 M–10−12 M, n =11) (c), on % release of β-hexosaminidase ±
S.E.M. from hSMCs activated with 22E7 (100 ng/ml)±adenosine
(250 μM). **, p <0.01; ***, p <0.001; and #, p<0.0001 by one-way
ANOVA with Bonferroni post-test comparing to % release values from

hSMCs activated with 22E7 alone. Independent experiments were carried
out with mast cells isolated from skin of different donors. b Expression
analysis of ENT1/SLC29A1 in hSMCS. Flow cytometric analysis of
ENT1/SLC29A1 protein (open histogram) compared to isotype control
(shaded histogram) in permeabilized hSMCS. Results representative of 3
separate experiments with mast cells isolated from skin of 3 different
donors. RT-PCR products from RNA of resting hSMCs from 3 different
skin preparations (insert)
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ENT1 in hSMCs from 3 different preparations of skin from
individual donors (Fig. 4b). For functional analysis, hSMCs
from 11 different skin tissue preparations (including the 10
preparations used in Fig. 3) were pre-treated with
10−12–10−5 M NBMPR for 15 min, then exposed to 250 μM
for 10 min, and activated with 22E7 (100 ng/ml). As demon-
strated in Fig. 4c, the inhibitory effect of ADO was prevented
by NBMPR in a dose-dependent manner with 10−7 M con-
centrations and greater being most effective. The mean %
release of β-hexosaminidase ± S.E.M values from hSMCs
treated with 10−12 M–10−8 M NBMPR+ADO were signifi-
cantly lower than that of hSMCs activated with 22E7+
NBMPR (10 μM) (58.9±2.9 %), whereas those of hSMCs
treated with 10−7 M, 10−6 M and 10−5 M NBMPR+ADO
(51.1±3 %, 54.1±2.6 % and 52.5±3 %, respectively) were
statistically similar. Noteworthy, NBMPR (10 μM) alone had
no effect on 22E7-induced degranulation, or spontaneous
release. Thus, NBMPR is highly effective at preventing
ADO-mediated inhibition of FcεRI-induced degranulation.

To investigate further, we separated the NBMPR response
data from Fig. 4c according to responsiveness of the hSMCs
to ZM241385. As the graphs reveal, NBMPR was effective at
blocking the ADO-mediated inhibition of degranulation in
both “ZM-Responsive” and “ZM-Non-Responsive” groups
(Fig. 5); thus, revealing a key role for ENT1 in this process.
Overall, these data reveal that the influx of ADO via ENT1 is
necessary and sufficient to inhibit FcεRI-mediated degranula-
tion, whereas A2aAR signals are not necessarily required but
could contribute to the overall inhibitory effect. Therefore, we
conclude that ADO inhibits IgE-dependent degranulation of
hSMCs primarily through an intracellular mechanism.

Intracellular ADO Specifically Inhibits Degranulation
Induced by FcεRI Crosslinking

Although allergic responses are generally associated with
FcεRI cross-linking, mast cell degranulation can be triggered

by a variety of agents, including complement anaphylatoxins
C5a and C3a [26, 27], neuropeptides [28] and calcium iono-
phores [29]. We questioned whether the inhibitory action of
intracellular ADO was a global response, or if it was restricted
to degranulation initiated by FcεRI. To address this, we ana-
lyzed the effect of ADO on degranulation induced with C5a,
Substance P, or the calcium ionophore A23187 (Fig. 6). As a
positive control, hSMCs were activated with 22E7 (100 ng/ml)
±ADO (250 μM). As expected, ADO significantly inhibited
FcεRI-induced degranulation in all experiments. In contrast,
ADO failed to inhibit degranulation induced with C5a (100 ng/
ml), Substance P (1 μM), and A23187 (1 μM). The mean %
release of β-hexosaminidase ± S.E.M. induced by the various
stimuli in the absence and presence of ADO, respectively, was:
C5a (35±3 % and 33±2 %; n =3); Substance P (59±3 % and
55±1 %; n =3); calcium ionophore A23187 (61±7 % and 60±
8 %; n =3). Noteworthy, these findings showing that hSMCs
treated with high concentrations of ADO are functionally re-
sponsive to C5a, Substance P and calcium ionophore further
support our conclusion that the inhibition of degranulation by
ADO is not due to acute toxicity. Moreover, they demonstrate
that the inhibitory effect of intracellular ADO is specific for
degranulation induced by FcεRI crosslinking.

Intracellular ADO Inhibits FcεRI-Induced Syk Activation

The finding that intracellular ADO inhibits the degranulation
of hSMCs activated by FcεRI cross-linking, but not degranu-
lation induced through receptors for Substance P, C5a, or by
calcium ionophore revealed a specificity of ADO for FcεRI
pathways. In addition, the fact that artificially-induced degran-
ulation with calcium ionophore was not affected by ADO
suggested that a membrane-proximal event rather than one
downstream and common to multiple pathways could be
targeted by intracellular ADO for inactivation. Therefore,
early signaling events were examined as potential targets of
intracellular ADO.Among the earliest events following FcεRI

Fig. 5 NBMPR blocks ADO-mediated inhibition of FcεRI-induced
degranulation of “ZM-responsive” and “ZM-non-responsive” hSMCs.
hSMCs used in Fig. 4c were also used for Fig. 3 (a and b); therefore,
we separated and plotted the NBMPR data from Fig. 4c according to
responsiveness of hSMCs to ZM241385. Shown is the effect of NBMPR
on%β-hexosaminidase release ± S.E.M. from “ZM-responsive” (a , n=3)

and “ZM-non-responsive” (b , n=7) hSMC groups. Independent ex-
periments were carried out with mast cells isolated from skin of different
donors. The plots show that the inhibitory effect of ADO was blocked by
NBMPR in both groups. *, p <0.05; **, p <0.01; ***, p<0.001; and #, p
<0.0001 by one-way ANOVAwith Bonferroni post-test comparing to %
release values induced by 22E7 alone
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cross-linking is activation of spleen tyrosine kinase (Syk), a
critical component of FcεRI-initiated mast cell degranula-
tion [30–32]. To determine if Syk activation is affected by
ADO, we analyzed the phosphorylation status of Syk in
hSMCs activated with 22E7±ADO (250 μM) (Fig. 7). Sig-
nificantly lower amounts of Syk phosphorylated at Y525 in
the activation loop were detected in hSMCs activated in the
presence of ADO. Based on density values of Western blot
bands, the ratio of pY525 Syk to total Syk was: 0.2±0.1
(non-treated), 0.2±0.1 (ADO alone), 0.8±0.2 (22E7 alone),
and 0.3±0.1 (22E7+ADO). Thus, FcεRI-induced Y525
phosphorylation (activation) of Syk in hSMCs is signifi-
cantly inhibited by intracellular ADO.

Discussion

Herein, we identified a negative regulatory role for intracellu-
lar ADO in IgE-dependent mast cell degranulation. We show
that high concentrations of, or prolonged exposure to, ADO
inhibits FcεRI-induced degranulation of hSMCs by a mecha-
nism that requires the influx of ADO from the extracellular
space via ENT1/SLC29A1. We demonstrate that the inhibito-
ry effect of ADO is specific for FcεRI-induced degranulation,
and that it targets early FcεRI proximal signals. Moreover, we
show that A2aAR signals can contribute to the overall inhib-
itory effect, but are not absolutely required for ADO to inhibit.
Overall, this study demonstrates a potentially anti-allergic
effect of intracellular ADO that is due to specific inhibition
of FcεRI-proximal signaling events.

The finding that the influx of ADO from the extracellular
space was required for ADO to inhibit mast cell degranulation
was somewhat unexpected because of reported findings show-
ing that A2aAR was responsible for inhibiting FcεRI-induced
degranulation of human basophils and lung mast cells [14, 21,
33]. We demonstrate here, however, that signals from A2aAR
(or other ADORs) are not required for ADO to inhibit degran-
ulation but may contribute to the inhibitory response since
only a minority (3 of 10) of hSMCs preparations responded to
ZM241385. On the other hand, we show that the influx of

Fig. 6 ADO does not inhibit degranulation of hSMCs activated with
C5a, Substance P or calcium ionophore A23187. hSMCswere pre-treated
with ADO (250 μM) and activated with C5a (100 ng/ml) (a , n =7),
Substance P (100 ng/ml) (b , n =4) or A23187 (1 μM) (c , n =3). hSMCs
activated with 22E7 (100 ng/ml)±ADO served as a positive control for
each independent experiment. Independent experiments were carried out
with mast cells isolated from skin of different donors. ***, p <0.001; #, p
<0.0001 by one-way ANOVAwith Bonferroni post-test comparing to %
release values induced by 22E7, C5a, Substance P or calcium ionophore
in the absence of ADO

Fig. 7 ADO inhibits FcεRI-induced phosphorylation of Syk. hSMCs
were pre-treated for 10 min with ADO (250 μM) then activated for 1 min
with 22E7 (100 ng/ml) and Syk phosphorylation was analyzed. a Rep-
resentative Western blot of the effect of ADO on FcεRI-induced Y525
phosphorylation of Syk (n=4). b Ratio of Y525-phosphorylated Syk to
total Syk based on densitometry values of band intensities from Western
blots represented in (a). Independent experiments were carried out with
mast cells isolated from skin of different donors. *, p <0.05 (n =4) by one-
way ANOVA with Bonferroni post-test comparing to values from non-
activated hSMCs
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ADO was necessary and sufficient for inhibition of hSMC
degranulation. Why mast cells from some skin preparations
but not others are responsive to ZM241385 is not known. One
possible explanation is that the “ZM-Responsive” hSMCs
express greater amounts of A2aAR than the “ZM-Non-Re-
sponsive” mast cells. Quantitative variability in A2aAR ex-
pression in hSMCs from different skin preparations was
shown previously [11]. It is also interesting to speculate on
whether the disparate response to A2aAR antagonism is relat-
ed to allergic or atopic status of the skin donors. Unfortunate-
ly, specific donor information is not available for us to be able
to correlate responsiveness to ZM241385 and atopy in this
study. Further arguing against A2aAR signaling as the inhib-
itory mechanism is that the reported concentrations of ADO
required to inhibit IgE-dependent degranulation, including
those in the present study, are much greater than that required
to trigger A2aAR. Therefore, if A2aAR activation were solely
responsible for inhibiting degranulation, the inhibitory effect
would be expected to occur at significantly lower concentra-
tions of ADO. Moreover, if the inhibitory effect of ADO on
degranulation was due to broad-based effects like elevated
cAMP or closing of K+ channels [14, 33], consequent to
A2aAR signaling, ADO would be expected to impact many
different degranulation-inducing signaling pathways. To the
contrary, we demonstrate that ADO specifically inhibits de-
granulation induced by FcεRI stimulation, and has no effect
on that induced by other receptors. These observations, to-
gether with our finding that blockade of ADO influx, but not
A2aAR signaling, was sufficient and necessary to prevent the
inhibition by ADO of FcεRI-induced degranulation by
hSMCs supports our conclusion that ADO inhibits degranu-
lation predominantly by an intracellular mechanism.

Our finding that ADO specifically inhibits degranulation
induced through FcεRI suggests that the intracellular targets
of ADO are specific to FcεRI signaling pathways. Moreover,
the fact that ADO has no effect on degranulation induced
artificially with calcium ionophore, a downstream activator
that bypasses the requirement for receptor stimulation, sug-
gests that the target(s) of intracellular ADO are signaling
molecules proximal to FcεRI. Supporting this notion is our
finding that FcεRI-induced activation (phosphorylation) of
Syk kinase, a key element in FcεRI-induced mast cell degran-
ulation [30, 32, 34], is significantly attenuated in ADO-treated
hSMCs. It is interesting to speculate on how intracellular
ADO might inhibit Syk activation. One possibility is that
ADO somehow induces changes at the membrane level that
could inhibit the recruitment of Syk to phosphorylated γ chain
ITAMs of FcεRI; thereby, preventing the formation macro-
molecular signaling complexes. Interestingly, increased lipid
methylation was reportedly associated with IgE-dependent
degranulation of mast cells and basophils [35–39], and it has
been postulated that ADO prevents IgE-dependent degranu-
lation by inhibiting S-adenosylmethionine-dependent

transmethylation of phospholipids [40]. Experiments are
planned to determine if ADO treatment results in altered
distribution of critical signaling molecules in membranes of
hSMCs. Another possibility is that attenuation of Syk activa-
tion is an indirect consequence of other metabolic effects of
intracellular ADO. For example, adenosine deaminase (ADA)
deficiency in which ADO levels are elevated is associated
with accumulation of dATP. dATP is a negative feedback
regulator of ribonucleotide reductase, and it is believed to
cause the lymphotoxic phenotype of adenosine deaminase-
severe combined immunodeficiency (ADA-SCID) in humans
[41]. However, studies have shown that high concentrations of
ADO under conditions of ADA deficiency have no effect on
ribonucleotide reductase in an in vitro system [42], and con-
centrations of ADO that inhibit degranulation are not toxic to
hSMCs (Fig. 2). Therefore, the observed attenuation in Syk
phosphorylation in the presence of ADO is not likely due to
cytotoxic effects of accumulated dATP or impaired ribonucle-
otide reductase. Nevertheless, the possibility exists that other
metabolic effects of high concentrations of intracellular ADO
could be the cause of impaired signaling in mast cells.

One important question is whether concentrations of ADO
that inhibit FcεRI-induced degranulation are achieved in vivo.
As shown in Fig. 1, 10 μM ADO significantly inhibited
degranulation when hSMCs were incubated for 2 h, whereas
100 μM ADO was required with a 10 min incubation period.
The concentration of ADO in plasma under normal conditions
is <1 μM. However, dramatic increases in ADO under condi-
tions of high metabolic stress have been reported. For exam-
ple, plasma levels of ADO in patients with sepsis reportedly
approach 10 μM, and ADO levels in the range of 10–100 μM
were found in synovial fluid from patients with rheumatoid
arthritis [3–5]. Even more impressive, ~200 μM adenosine in
the epithelial lining fluid of asthmatic lungs was reported [6].
Given the rapid rate at which ADO is metabolized, it is likely
that actual tissue concentrations of ADO are much higher.
Therefore, the concentrations of ADO required to inhibit
FcεRI-induced degranulation reported here can be achieved
in vivo, particularly under inflammatory conditions.

To summarize, this study shows that high concentrations of,
or prolonged exposure to, ADO specifically inhibits IgE-
dependent degranulation of hSMCs by an intracellular mech-
anism that targets FcεRI-proximal signaling events. We dem-
onstrate that ADO-induced inhibition of degranulation requires
the influx of ADO via ENT1/SLC29A1, but not A2aAR
signals. Further, we show that the inhibitory action of ADO
is specific to degranulation mediated by FcεRI since it has no
effect on degranulation induced by C5a, Substance P or calci-
um ionophore. Accordingly, ADO significantly attenuates
FcεRI-dependent phosphorylation of the critical tyrosine ki-
nase Syk. Overall, these findings identify a novel role for
intracellular ADO in the negative regulation of IgE-
dependent release of allergic mediators from humanmast cells.

J Clin Immunol (2013) 33:1349–1359 1357



Acknowledgments This study was supported by National Institutes of
Health grants K01HL092581 to G.G. and U19AI077435 to L.B.S., and
Jeffress Memorial Trust grant to G.G.

References

1. Yegutkin GG. Nucleotide- and nucleoside-converting ectoenzymes:
important modulators of purinergic signalling cascade. Biochim
Biophys Acta. 2008;1783(5):673–94.

2. Sitkovsky MV, Lukashev D, Apasov S, Kojima H, Koshiba M,
Caldwell C, et al. Physiological control of immune response and
inflammatory tissue damage by hypoxia-inducible factors and aden-
osine A2A receptors. Annu Rev Immunol. 2004;22:657–82.

3. Martin C, Leone M, Viviand X, AyemML, Guieu R. High adenosine
plasma concentration as a prognostic index for outcome in patients
with septic shock. Crit Care Med. 2000;28(9):3198–202.

4. Huang L-F, Guo F-Q, Liang Y-Z, Li B-Y, Cheng B-M. Simple and
rapid determination of adenosine in human synovial fluid with high
performance liquid chromatography-mass spectrometry. J Pharm
Biomed Anal. 2004;36(4):877–82.

5. Sottofattori E, Anzaldi M, Ottonello L. HPLC determination of
adenosine in human synovial fluid. J Pharm Biomed Anal.
2001;24(5–6):1143–6.

6. Driver AG, Kukoly CA, Ali S, Mustafa SJ. Adenosine in broncho-
alveolar lavage fluid in asthma. AmRevRespir Dis. 1993;148(1):91–
7.

7. Molina-Arcas M, Casado FJ, Pastor-Anglada M. Nucleoside trans-
porter proteins. Curr Vasc Pharmacol. 2009;7(4):426–34.

8. Young JD, Yao SYM, Sun L, Cass CE, Baldwin SA. Human equil-
ibrative nucleoside transporter (ENT) family of nucleoside and
nucleobase transporter proteins. Xenobiotica. 2008;38(7–8):995–
1021.

9. Fredholm BB, IJzerman AP, Jacobson KA, Klotz KN, Linden J.
International union of pharmacology. XXV. Nomenclature and clas-
sification of adenosine receptors. Pharmacol Rev. 2001;53(4):527–
52.

10. Marquardt DL, Parker CW, Sullivan TJ. Potentiation of mast cell
mediator release by adenosine. J Immunol. 1978;120(3):871–8.

11. Gomez G, Zhao W, Schwartz LB. Disparity in FcεRI-induced de-
granulation of primary human lung and skin mast cells exposed to
adenosine. J Clin Immunol. 2011;31(3):479–87.

12. Peachell PT, Columbo M, Kagey-Sobotka A, Lichtenstein LM,
Marone G. Adenosine potentiates mediator release from human lung
mast cells. Am Rev Respir Dis. 1988;138(5):1143–51.

13. Peters SP, Schulman ES, Schleimer RP, MacGlashan DW, Newball
HH, Lichtenstein LM. Dispersed human lung mast cells. Pharmaco-
logic aspects and comparison with human lung tissue fragments. Am
Rev Respir Dis. 1982;126(6):1034–9.

14. Duffy SM, Cruse G, Brightling CE, Bradding P. Adenosine closes the
K+ channel KCa3.1 in human lung mast cells and inhibits their
migration via the adenosine A2A receptor. Eur J Immunol.
2007;37(6):1653–62.

15. Hillyard PA, Nials AT, Skidmore IF, Vardey CJ. Characterization of
the adenosine receptor responsible for the inhibition of histamine and
SRS-A release from human lung fragments. Br J Pharmacol.
1984;83(2):337–45.

16. Cushley MJ, Tattersfield AE, Holgate ST. Inhaled adenosine and
guanosine on airway resistance in normal and asthmatic subjects.
Br J Clin Pharmacol. 1983;15(2):161–5.

17. Drake I, Routledge PA, Richards R. Bronchospasm induced by
intravenous adenosine. Hum Exp Toxicol. 1994;13(4):263–5.

18. Ramkumar V, Stiles GL, Beaven MA, Ali H. The A3 adenosine
receptor is the unique adenosine receptor which facilitates release

of allergic mediators in mast cells. J Biol Chem. 1993;268(23):
16887–90.

19. Salvatore CA, Tilley SL, Latour AM, Fletcher DS, Koller BH,
Jacobson MA. Disruption of the A(3) adenosine receptor gene in
mice and its effect on stimulated inflammatory cells. J Biol Chem.
2000;275(6):4429–34.

20. Hua X, Chason KD, Fredholm BB, Deshpande DA, Penn RB, Tilley
SL. Adenosine induces airway hyperresponsiveness through activa-
tion of A3 receptors on mast cells. J Allergy Clin Immunol.
2008;122(1):107–13.

21. Suzuki H, Takei M, Nakahata T, Fukamachi H. Inhibitory effect of
adenosine on degranulation of human cultured mast cells upon cross-
linking of Fc epsilon RI. Biochem Biophys Res Commun.
1998;242(3):697–702.

22. Riske F, Hakimi J, Mallamaci M, Griffin M, Pilson B, Tobkes N,
et al. High affinity human IgE receptor (Fc epsilon RI). Analysis of
functional domains of the alpha-subunit with monoclonal antibodies.
J Biol Chem. 1991;266(17):11245–51.

23. Schwartz LB, Austen KF, Wasserman SI. Immunologic release of
beta-hexosaminidase and beta-glucuronidase from purified rat serosal
mast cells. J Immunol. 1979;123(4):1445–50.

24. Hughes PJ, Holgate ST, Church MK. Adenosine inhibits and poten-
tiates IgE-dependent histamine release from human lung mast cells
by an A2-purinoceptor mediated mechanism. Biochem Pharmacol.
1984;33(23):3847–52.

25. Church MK, Hughes PJ, Vardey CJ. Studies on the receptor mediat-
ing cyclic AMP-independent enhancement by adenosine of IgE-
dependent mediator release from rat mast cells. Br J Pharmacol.
1986;87(1):233–42.

26. Ali H, Panettieri RA. Anaphylatoxin C3a receptors in asthma. Respir
Res. 2005;6:19.

27. Oskeritzian CA, Zhao W, Min H-K, Xia H-Z, Pozez A, Kiev J, et al.
Surface CD88 functionally distinguishes the MCTC from the MCT
type of human lung mast cell. J Allergy Clin Immunol. 2005;115(6):
1162–8.

28. Church MK. el-Lati S, Caulfield JP. Neuropeptide-induced secretion
from human skin mast cells. Int Arch Allergy Appl Immunol.
1991;94(1–4):310–8.

29. Behrendt H, Rosenkranz U, Schmutzler W. Ultrastructure of
isolated human mast cells during histamine release induced by
ionophore A 23187. Int Arch Allergy Appl Immunol.
1978;56(2):188–92.

30. Costello PS, Turner M, Walters AE, Cunningham CN, Bauer PH,
Downward J, et al. Critical role for the tyrosine kinase Syk in
signalling through the high affinity IgE receptor of mast cells. Onco-
gene. 1996;13(12):2595–605.

31. Zhang J, Berenstein EH, Evans RL, Siraganian RP. Transfection of
Syk protein tyrosine kinase reconstitutes high affinity IgE receptor-
mediated degranulation in a Syk-negative variant of rat basophilic
leukemia RBL-2H3 cells. J Exp Med. 1996;184(1):71–9.

32. Siraganian RP, Zhang J, Suzuki K, Sada K. Protein tyrosine kinase
Syk in mast cell signaling. Mol Immunol. 2002;38(16–18):1229–33.

33. Hughes PJ, Benyon RC, Church MK. Adenosine inhibits immuno-
globulin E-dependent histamine secretion from human basophil leu-
kocytes by two independent mechanisms. J Pharmacol Exp Ther.
1987;242(3):1064–70.

34. Rivera J, Fierro NA, Olivera A, Suzuki R. New insights on mast cell
activation via the high affinity receptor for IgE. Adv Immunol.
2008;98:85–120.

35. Daëron M, Sterk AR, Hirata F, Ishizaka T. Biochemical analysis of
glucocorticoid-induced inhibition of IgE-mediated histamine release
from mouse mast cells. J Immunol. 1982;129(3):1212–8.

36. Garcia R, Sastre J, Lauzurica P, Tricas L, Gurbindo C, Lahoz C.
Transmethylation reactions in human basophils induced by anti-IgE
or specific antigen. Int Arch Allergy Appl Immunol. 1984;73(3):
237–41.

1358 J Clin Immunol (2013) 33:1349–1359



37. Ishizaka T, Hirata F, Ishizaka K, Axelrod J. Stimulation of phospho-
lipid methylation, Ca2+ influx, and histamine release by bridging of
IgE receptors on rat mast cells. Proc Natl Acad Sci U S A.
1980;77(4):1903–6.

38. Ishizaka T, Conrad DH, Schulman ES, Sterk AR, Ishizaka K. Bio-
chemical analysis of initial triggering events of IgE-mediated hista-
mine release from human lung mast cells. J Immunol. 1983;130(5):
2357–62.

39. Ishizaka T, Conrad DH, Huff TF, Metcalfe DD, Stevens RL,
Lewis RA. Unique features of human basophilic granulocytes

developed in in vitro culture. Int Arch Allergy Appl Immunol.
1985;77(1–2):137–43.

40. Morita Y, Siraganian RP. Inhibition of IgE-mediated histamine re-
lease from rat basophilic leukemia cells and rat mast cells by inhib-
itors of transmethylation. J Immunol. 1981;127(4):1339–44.

41. Sauer AV, Brigida I, Carriglio N, Aiuti A. Autoimmune dysregulation
and purine metabolism in adenosine deaminase deficiency. Front
Immunol. 2012;3:265.

42. Elford HL, Lin AL. Adenosine deaminase impairment and ribonucle-
otide reductase in human cells. Ann N YAcad Sci. 1985;451:98–112.

J Clin Immunol (2013) 33:1349–1359 1359



Copyright of Journal of Clinical Immunology is the property of Springer Science & Business Media

B.V. and its content may not be copied or emailed to multiple sites or posted to a listserv without

the copyright holder's express written permission. However, users may print, download, or email

articles for individual use.


