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Adenosine Deaminase 1 and Concentrative Nucleoside Transporters 2 and 3
Regulate Adenosine on the Apical Surface of Human Airway Epithelia:
Implications for Inflammatory Lung Diseases

Andrew J. Hirsh, Jaclyn R. Stonebraker, Catja A. van Heusden, Eduardo R. Lazarowski, Richard C. Boucher, and
Maryse Picher*

Cystic Fibrosis/Pulmonary Research and Treatment Centeryeédsity of North Carolina, Chapel Hill, North Carolina 27599
Receied May 19, 2007; Resed Manuscript Receéd July 7, 2007

ABSTRACT. Adenosine is a multifaceted signaling molecule mediating key aspects of innate and immune
lung defenses. However, abnormally high airway adenosine levels exacerbate inflammatory lung diseases.
This study identifies the mechanisms regulating adenosine elimination from the apical surface of human
airway epithelia. Experiments conducted on polarized primary cultures of nasal and bronchial epithelial
cells showed that extracellular adenosine is eliminated by surface metabolism and cellular uptake. The
conversion of adenosine to inosine was completely inhibited by the adenosine deaminase 1 (ADAL) inhibitor
erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA). The reaction exhibited and Vmax values of 24uM

and 0.14 nmomin~t-cm™2. ADA1 (not ADA2) mMRNA was detected in human airway epithelia. The
adenosine/mannitol permeability coefficient ratio (18/1) indicated a minor contribution of paracellular
absorption. Adenosine uptake wasN#ependent and was inhibited by the concentrative nucleoside
transporter (CNT) blocker phloridzin but not by the equilibrative nucleoside transporter (ENT) blocker
dipyridamole. Apparerim, andVmaxvalues were 1ZM and 7.2 nmolmin—1-cm2, and transport selectivity

was adenosine= inosine= uridine > guanosine= cytidine > thymidine. CNT3 mRNA was detected
throughout the airways, while CNT2 was restricted to nasal epithelia. Inhibition of adenosine elimination
by EHNA or phloridzin raised apical adenosine levelsA8+fold and stimulated 1L-13 and MCP-1 secretion

by 6-fold. These responses were reproduced by the adenosine receptor dg\isttylcarboxamido)-
adenosine (NECA) and blocked by the adenosine receptor antagonist, 8-(p-sulfophenyl) theophylline (8-
SPT). This study shows that adenosine elimination on human airway epithelia is mediated by ADA1,
CNT2, and CNT3, which constitute important regulators of adenosine-mediated inflammation.

In human airways, extracellular adenosine is normally animal models, including airway inflammation and remodel-
considered beneficial as it regulates mucociliary clearance,ing (10). Excess adenosine exacerbates lung inflammation
the primary defense mechanism against infectibn 3). through surface receptors expressed on immurde-15),
Activation of Ay receptors stimulates cilia beating activity epithelial (L6), and smooth musclel{) cells. These studies

(4) and maintains the airway surface liquid (ASUayer suggest that abnormalities in airway adenosine regulation
through the ion transport activity of the cystic fibrosis contribute to inflammatory lung diseases.

transmembrane regulator (CFTR}~(8). However, high  agenosine triphosphate constitutes the main source of
adgnosme levels in bronchoalveolar fluid pf a}sthmatl.c airway adenosinel@). Continuously released by the epi-
patients §) reproduce several features of this disease in ihejiym under basal conditions and in response to mechanical
or hypotonic stress1@), ATP is rapidly dephosphorylated

1 This work was supported by the Cystic Fibrosis Foundation (CFF into adenosine by cell surface enzymes named ectonucle-
Picher 05GO0). otidases 18, 20). The enzymes responsible for the surface
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Carolina, 7010 Thurston-Bowles Bldg., Chapel Hill, NC 27599; phone Nhucleotidase (ecto-8NT; CD73) and nonspecific alkaline
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1 Abbreviations: ADA, adenosine deaminase; ASL, airway surface ; g ; .
liquid; CNT, concentrative nucleoside transporter; EHN#ythro-9- adenosine levels are maintained constant despite the continu

(2-hydroxy-3-nonyl)adenine; ectd-BIT, ecto-3-nucleotidase; ENT, ~ OUS release and surface metabolism of ATP suggested that
equilibrative nucleoside transporter; HPLC, high-pressure liquid chro- airway epithelia both generate and eliminate the nucleoside.

matography; IL-13, interleukin 13K, Michaelis constant; KRB, ; ; ;
Krebs—Ringers bicarbonate buffer; MCP-1, monocyte chemoattractant In human tissues, extracellular adenosine is converted to

protein 1: NECA, 5(N-ethylcarboxamido)adenosine; NS AP, nonspe- inosine by two ADA isoforms: ubiquitous ADA1 and ADA2
cific alkaline phosphatase; PCR, polymerase chain reactasi, secreted by monocytes and macrophad®s. (These two

permeability coefficientPapo, permeability coefficient of adenosine;  ~yvtosolic enzvmes are also functionallv distinauished by the
Puan, permeability coefficient of mannitol; RT-PCR, reverse tran- y y y 9 y

scriptase-polymerase chain reaction; 8-SPT, 8-(sulfophenyl)theophyl- SPeCific ADA1 inhibitor EHNA €D. Where.as both isoforms
line; Vimax, maximal velocity. are released in body fluids, only ADA1 binds to cell surface
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proteins, namely, dipeptidyl peptidase IV (CD2@p) and phosphate-buffered saline and incubated in bilateral Krebs
adenosine receptor@3—25). Extracellular adenosine is also  Ringers bicarbonate buffer (KRB; pH 7.4) containing (mil-
eliminated by cellular uptake through nucleoside/nucleobaselimolar) 140 N&, 120 CI, 5.2 K*, 1.2 C&", 1.2 M¢*t, 2.4
transporters26). Widely distributed in human tissues, they HPQO?', 0.4 HPO,~, 25 HCG~ and 5 glucose, unless
provide nucleoside salvage for cells lacking de novo ATP specified otherwise. Low-NaKRB (pH 7.4) was prepared
synthesis, such as airway epitheli&8). Two transporter by replacing NaCl and NaHCQvith N-methyl-o-glucamine,
families have been identified: high-affinity Nalependent titrated with HCIl and choline bicarbonate, respectively. The
CNTs facilitating uptake against a concentration gradient and Transwell cultures were kept in an incubator (37; 5%

ENTSs acting as low-affinity facilitated carrier proteirgj. CO,—95% ) during the experiment and retrieved for
While ENTs are ubiquitous, CNTs are generally restricted sample collection.
to the apical surface of polarized epithelr). Characterization of Adenosine Eliminatiodasal cultures

This study identifies and characterizes the mechanismswere incubated in KRB (0.04 mL/0.5 mL apical/basolateral)
responsible for the elimination of airway adenosine and and apical reactions were initiated withl [3H]adenosine
establishes their contribution to adenosine-mediated inflam- (1 «Ci). Buffer samples (%L) collected over 60 min were
matory responses. Functional and expression assays wereransferred to 15QL of ice-cold 5 mM EDTA, boiled 3
conducted on polarized primary cultures of human nasal andmin, filtered, and analyzed by HPLC, as previously described
bronchial epithelial cells maintained in aiiquid interface (20).
conditions. Adenosine elimination was measured by liquid  kinetic Properties of ADA1The reactions were initiated
scintillation counting and high-pressure liquid chromatog- i, KRB (0.35 mL/0.5 mL apical/basolateral) by the addition
raphy (HPLC). Airway ADA isoforms were identified on ¢ [*H]adenosine (0.0031 mM; 14Ci) to the apical surface.
the basis of pharma_cological and ki_neti_c properties, as well g ¢er samples (10cL), collected over incubation periods
as mRNA expression. The contribution of paracellular jiniing substrate deamination t10%, were processed for
diffusion was tested in Ussing chambers by comparing the jp| ¢ analysis as indicated above. The assays were repeated
permeability coefficients of adenosine and mannitol. The 4, the same cultures after a 30 min preincubation with apical
functional expression of C'NT_s .and ENT; was investigated 10 «M EHNA to inhibit ADA1 (21). ADA1 activity was
by use of the broad-range inhibitors phloridz#8¢-30) and calculated from the difference between adenosine elimination
dipyridamole 81, 32), respectively. The CNT isoforms were 5165 measured in the absence and presence of EHNA.
identified by competition assays, kinetic properties, and \jichaelis constants,) and maximal velocities\na) were
mRNA expression. Finally, we tested the impact of each .giculated from the slope and ordinate of a Weolf
component on the regulation of ASL adenosine levels and 5 qustinson Hoftsee transformation. Catalytic efficiency was

ad_enogine—mediated cytqkine re]ease from hum.a'n airway -aiculated from the velocityp) at K divided byKi (34).
epithelia. This study provides evidence for the critical role Unidirectional Permeability CoefficientsVasal cultures

of epithelial ADA1 and CNTs in the regulation of adenosine- . )
P 9 seeded on Snapwells were mounted in Ussing chambers

mediated airway inflammation. (Physiologic Instruments Inc., San Diego, CA) and voltage-
MATERIALS AND METHODS clamped. The epithelium was bathed on both sides with 5
mL of KRB (37 °C; pH 7.4) circulated by gas lift (95% £

Cell Culture Human nasal and bronchial epithelial cells 5% CQ). Measurements of apical-to-basolateral permeability
were provided by the Tissue Culture Core of the Cystic began 45 min after the addition oH]adenosine (kM; 1
Fibrosis Center (UNC-CH) under the auspices of protocols uCi) and [“C]mannitol (0.2«4Ci) to the apical bath. Buffer
approved by the Institutional Committee on the Protection samples were collected from the apical bath every 60 min
of the Rights of Human Subjects. Polarized primary cultures (50 u4L; source) and from the basolateral bath every 30 min
were prepared as previously describ8@)( In brief, nasal (500uL, sink, replaced by 50aL of KRB) for scintillation
turbinate and main bronchus sections were harvested fromcounting (Beckman LS 6500 counter). The permeability
donors and as excess tissue during lung transplant, respeceoefficients of adenosind®{po) and mannitol Puan) were
tively. They were incubated (2C; 24 h) in MEM medium calculated from the equatidPoer = (AQ/AU/SA whereAQ/
containing 0.1% protease (Sigma type XIV) andid/mL At is the steady-state rate of appearance of radiotracer in
DNase. The epithelial cells were sedimented (5 min;gp00 the sink (counts per minute per secon8)s the source of
and seeded (0.2% 10%/cn?) on collagen-coated (human radioactivity (counts per minute per cubic centimeter), and
placenta type VI) porous Transwell or Snapwell membranes A is the surface area (square centimeter3).( Puan
(12 mm; 0.4um pore size) for Ussing chamber experiments. constitutes a measure of paracellular permeability.

The cultures were kept at aifiquid interface in serum-free Kinetic Properties of Apical Adenosine Uptaksasal
medium (50:50 mixture of LHC basal and DMEM-H) cultures were preincubated 30 min in KRB (0.04 mL/0.5 mL
Containing 50 nM retinoic aCid, 0.8% bovine pItUItary extract, apica|/baso|atera|) Containing W EHNA. The reactions
10 ug/mL insulin, 1M hydrocortisone, 30 nM triiodothy-  ere initiated by the addition ofifiladenosine (0.£100
ronine, 5ug/mL transferrin, 3.8ug/mL endothelial cell mM; 1 uCi) to the apical surface. Buffer samples 41)
growth factor, 25 ng/mL epidermal growth factor, 50 units/  yere transferred to ice-cold 5 mM EDTA containing A/
mL penicillin, and 50ug/uL streptomycin 83). After 4 EHNA, and PH]adenosine concentration was measured by
weeks of confluence, the polarized cultures exhibited tran- |iquid scintillation counting. The passive diffusion component
sepithelial resistance 200 Q-cn. of adenosine uptake was measured in low-K&B—EHNA
Incubation ConditionsAll functional assays were con- and 2 mM phloridzin. The kinetic parameters, corrected for
ducted on nasal or bronchial cultures washed )(3vith passive diffusion, were calculated as for ADA
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Table 1: Specific Primers for ADA and CNT Isoforms, IL-13, and Measurements of IL-13 and MCP-EpIthellaI cultures
MCP-1 were incubated for 1 or 24 h with 10M EHNA, 2 mM
fragment phloridzin, 0.0+0.1 uM NECA, and/or 0.1 mM 8-SPT
strand sequence position size (bp) added to the apical surface in a final volume maintaining
ADAL Accession No. NM_000022 air—liquid culture condlt_lons. The ASL was col!ected by a
S CCTACCAGGAGGCTGTGAAG 727 181 0.1 mL KRB wash and filtered to eliminate mucin, and then
AS1 TCGAAGTGCATGTTTTCCTG 907 IL-13 and MCP-1 concentrations were determined by cy-
AS2 GTGGCATCCCATAGGCTTTA 1191 tokine BioPlex assays (Biorad Laboratories, CA) according
ADAZ2, Accession No. NM_017424 to the manufacturer's recommendations. The assays were
S CTG GAT GCT CTG ATG CTG aac 468 167 conducted in 96-well plates and cytokine concentrations were

AS1 GCTACAGGGTGGTTCCTC aag 634
AS2 CCT CAT AGA AAT CAT AGG aca 726

CNT1, Accession No. NM_004213

qguantified against standard curves by use of a Luminex-100
(XMAP Technology).

s CCT CGA GAC GAA GAG AGT cca 216 115 Materials. [2-*H]Adenosine (1.0 mCi/mL) was from
AS1 CTC AAG TCA CTC CTA GGG agc 330 Amersham Biosciences (Piscataway, NJ), and*Cman-
AS2  CTC GCT CCAGCT GCT CCT 361 nitol (0.1 mCi/mL) was from Perkin-Elmer Life Sciences

CNT2, Accession No. NM_004212 (Wellesley, MA). Culture media, bovine serum albumin, fetal
§31 ggﬁ %TC%&CG:%GT?; Gc(éﬁ ggﬁ gtc 32; 138 bovine serum, bovine pituitary extract, epidermal growth
AS2?  TOA CCA AGC AGG TGA TGA caa 402 factor, penicillin, retinoic aC|d,. DNase, humalj placenta

CNT3, Accession No. NM 022127 collagen VI', 'NEC.A, §treptomycm, EHNA,' phloridzin, ad.-

S TTG ATG AGA TGC TGT CTC ctg 556 118 enosine, _urldlne, inosine, guanosine, thymine, hypo?(anthlne,
AS1 GCA GTG TCA AAG GCC AAC 673 and cytidine were from Sigma Chemical Co. (St. Louis, MO).
AS2 TAC ATT ATG AGC CCA CCG aag 721 Salts and solvents were of analytical grade.

IL-13, Accession No. NM_002188 Data AnalysisAll experiments were performed on nasal
§31 %é ggé %ﬁg Xgﬁ I;I;% (%i Zgg 216 or bronchial cultures fronz3 donors. HPLC chromatograms
AS?  CTC AGG ATC CTC TGG GTC tic 316 were analyzed with the software Flo-One (Perkin-Elmer,

MCP-1, Accession No. NM_002982 Bos?or.], MA). AII values were expressed as meaisEM.
s GCT CAT AGC agc cac cttcat 93 201 Statistical S|gn|f[cance was tested by unpairéests for two
AS1 TCT CCT TGG CCA CAA TGG 293 data sets from different cultures. Multiple sets were compared
AS2 TCCTGAACCCACTTCTGC 327 by one-way analysis of variance followed by a post-hoc

a3, sense strand; AS1, inner antisense strand; AS2, outer antisenséNewman Keuls test. Differences were significarp at 0.05.
strand.

RESULTS

Specificity of Nucleoside Transportefsl reactions were
initiated in KRB (0.04 mL/0.5 mL apical/basolateral) con-  Airway Epithelia Eliminate Extracellular Adenosinghe
taining 10uM EHNA by the apical addition of kM [3H]- regulation of airway adenosine was investigated in well-
adenosine (LCi) and excess (100M) competitor (uridine, differentiated polarized primary cultures of human nasal
cytidine, guanosine, inosine, thymidine, or hypoxanthine) or epithelial cells. While we previously showed that ASL
2 mM phloridzin. Apical samples (5L) were collected over ~ adenosine is produced by dephosphorylation of released ATP
60 min and processed for HPLC analysis, as previously (18), this work addresses mechanisms regulating adenosine
described 20). elimination. Nasal cultures, incubated in bilateral KRB

Adenosine and ATP Concentratiofifie impact of 1Q:M buffer, were tested via a physiologic&HJadenosine con-
EHNA and/or 2 mM phloridzin on ASL adenosine and ATP  centration («M) added to the apical surface. HPLC analysis
levels was determined on primary cultures of nasal epithelial Of apical buffer samples indicated that adenosine concentra-
cells. After an incubation of 1 or 24 h [0.3 mL of apical tions decrease over time, as inosine and hypoxanthine
Hanks’ basal salt solution (HBSS) containing the inhibitor- accumulate (Figure 1A). The presence of inosine supported
(s)/0.3 mL of basolateral ALI culture medium], 0.2 mL of the involvement of a cell surface ADA activity. On the other
apical HBSS was collected to be processed by ethenyl hand, the rate of adenosine decay was found to be signifi-
derivatization and HPLC analysis, as previously described cantly higher than the rate of inosiné hypoxanthine
(5). accumulation (Figure 1B), suggesting that airway epithelia

Reverse TranscriptasePolymerase Chain Reactiofotal are permeable to nucleosides and/or nucleobases. Altogether,
RNA from primary cultures of human nasal and bronchial these results suggested that adenosine elimination is regulated
epithelial cells was extracted with an RNeasy RNA extraction by metabolic and transport activities on the apical surface
kit (Qiagen, Valencia, CA). The RT-PCR reactions (melting ©f human airway epithelia.
points 58-61 °C) used specific primer sets for ADA1, Identification of the Airway Adenosine Deaminase(s)o
ADA2, CNT1, CNT2, CNT3, IL-13, and MCP-1 spanning ADA isoforms have been identified in human body fluids
exon—intron boundaries (Table 1), as previously described and tissues: ADA1 and ADA22(l). While specific ADA2
(18). The PCR products, visualized on a 2% agarose gel, inhibitors remain unavailable, the contribution of ADA1 to
were extracted and the identity was verified by sequence total ADA activity is classically measured by use of EHNA
analysis. Positive RT-PCR controls were commercially (21). Dose-response curves constructed on the apical surface
available for total RNA from kidney, colon, and lung of nasal cultures with 10@M adenosine showed that 10
parenchyma (Clontech, Palo Alto, CA). Negative PCR «M EHNA completely inhibits the cell surface conversion
control reactions were performed without cDNA. of adenosine to inosine (Figure 2A). The ADA isoform
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Ficure 1: Adenosine elimination on the apical surface of human
nasal epithelia. (A) Representative HPLC traces for buffer (KRB,

Serosal radioactivity
(% of control)
-
)

pH 7.4) samples collected 0 or 30 min after addition @M [3H]- 20 = =
adenosine to the apical surface. (B) Linear regression comparing 0 C pem P
the rates of adenosine eliminatio®)(and inosinet hypoxanthine ) - )
accumulation®) over 30 min R = 0.99). ADO, adenosine; INO, FIG.URE.3: Adenos!ne uptake on the apical surface of human airway
inosine; HYPO, hypoxanthind\(= 3—5). epithelia. (A) Ussing chamber measurements of paracellular dif-
fusion across cultured nasal epithelia. Reactions were initiated in
A bilateral KRB-EHNA (pH 7.4) with apicaPH]adenosine (0.04Ci/

uL; 10 uM) and E“Clmannitol (0.2uCi/ul). Basolateral buffer
samples were collected over 120 min to calculate the permeability
coefficients Pcoer) Of [3H]adenosine (ADO) and{C]mannitol
(MAN). (B) Dose-dependent inhibition by the CNT inhibitor
phloridzin. Nasal cultures were preincubated for 30 min in bilateral
KRB (pH 7.4) with 0-2 mM phloridzin and then assayed on the
apical surface with®H]adenosine (0.04Ci/uL; 10 uM). Adenosine
uptake was measured by the rate of apical radioactivity decay. (C)
0 01 1 5 10 Contribution of CNTs to apical adenosine uptake. Nasal cultures
EHNA (uM) in Ussing chambers were preincubated in KRB-EHNA (C), KRB-
‘ : EHNA-low Na* (—Na"), or KRB-EHNA + 2 mM phloridzin (P)
and then incubated with apicdHJadenosine (0.0&Ci/uL; 10 uM).
Basolateral radioactivity was measured after 120 min«3—5;
* p < 0.01).

_ porters and passive diffusion. The permeability coefficients
+=- + - + -

of [®H] adenosine and{C]mannitol were measured by
Na Br Lu Ussing chamber experiments conducted in the presence of
FiGURe 2: Identification of the airway adenosine deaminase (ADA) 10uM EHNA to inhibit ADA activity (Figure 2A). Figure

isoforms. (A) Dose-dependent inhibition by the ADAL inhibitor 3A shows thatPapo was 18 times higher tha®yan,
EHNA. Nasal epithelial cultures were preincubated 30 min in ; i i 05) i i iffu-
bilateral KRB (pH 7.4) with 6-10 xM EHNA and then assayed suggesting a minimal{5%) involvement of passive diffu

on the apical surface with 0.1 mM adenosine. Total ADA activity SION. On the other hand, two families of nucleoside/
was measured by the rate of inosine production. (B) Messengernucleobase transporters have been identified in human

RNA distribution of the ADA isoforms. Representative agarose gels tissues: Na-independent ENTs and Nalependent CNTs
show RT-PCR products generated with primers specific to ADA1 ] S P
or ADA2 and total RNA from nasal and bronchial epithelial (26). The broad-range ENT inhibitor dipyridamole had no

cultures. Tissue control: human lung parenchyma. Negative controlsSignificant effect on adenosine uptake at concentrations used
(—): PCRs in the absence of cDNA(= 4; *, p < 0.05). in other tissues (£2100uM) (31, 32). In contrast, the CNT
expressed by human airway epithelia was confirmed at theinhibito_r’ phloridzin, _induced a dos_e-depeno!en_t decrease in
mRNA level by RT-PCR. Figure 2B shows that ADA1 (not a_ldenosme uptake (Figure 3B). thlmal phloridzin concentra-
ADA?) is expressed by nasal and bronchial epithelia. The ion (2 mM) reduced adenosine uptake by 80%. The
detection of both ADA isoforms in lung parenchyma is importance of CNTs was furt_her demonstrated in Ussing
consistent with their reported coexpression in monocytes andchambers by measuring the apical-to-basolateral permeability
macrophages2(l, 36, 37). These functional and expression Of [®H]adenosine. Since nucleosides and nucleobases leave
data demonstrate that ADA1 is responsible for the metabolic passively airway epithelia on the basolateral side through
elimination of ASL adenosine. ENTs 38), we further addressed the identity of apical CNTs
Airway Epithelia Are Permeable to Adenosin&he by measuring the accumulation of radiolabeled compounds
permeability of the epithelial barrier to ASL adenosine was in the basolateral bath following the addition of apici]F
investigated to determine the relative contribution of trans- adenosine. Basolateral radioactivity was reduced by 85% in

100

Inosine production
(% from control)

o~

ADAI1

ADA2
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Ficure 4: Identification of the CNTs expressed by human airway
epithelia. (A) Competitive inhibition of adenosine uptake. Primary
nasal cultures were preincubated in bilateral KRB-EHNA and then
assayed with ®H]adenosine (0.0uCi/uL; 1 uM) and 100uM
competitor (cytidine, C; thymidine, T; inosine, I; hypoxanthine, H;
guanosine, G; uridine, U) or 2 mM phloridzin (P). Adenosine uptake
was quantified by HPLC from apical buffer samples collected over
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*
60 min. (B) Representative agarose gels for RT-PCR products C E P EP D

Adenosine decay
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generated with primers specific for CNT1, CNT2, and CNT3 and . . _—
total RNA from primary cultures of human nasal (Na) or bronchial FIGURE 5: Relative contribution of ADA1 and CNTs to the

(Br) epithelial cells. Tissue controls: human lung parenchyma (Lu), elimination of adenqsine on nasal epithelia. (A) Represe.ntat.ive
kidney (Ki), and colon (Co). Negative controls: PCRs in the HPLC traces for apical buffer samples collected from epithelial
absence of cDNAN = 3; *, p < 0.05). cultures preincubated for 30 min without (C; control) or with 10

uM EHNA (E; ADAL inhibitor), 2 mM phloridzin (P; CNTs
inhibitor) or 104M dipyridamole (D; ENT inhibitor) and then for
low Nat buffer or by 2 mM phloridzin (Figure 3C). 60 min with apical fH]adenosine (0.0kCi/uL; 1 uM). ADO,

. . . adenosine; INO, inosine; HYPO, hypoxanthine. (B) Quantification
Collectively, these functional assays suggest that adenosmeof adenosine decay, based on the HPLC traces, and expressed as

uptake occurs primarily through Nadependent CNTs on  percent adenosine elimination rate from control (C) conditidhs (
the apical surface of human nasal epithelia. = 4;* p < 0.05).

The nucleoside transporter activities were also character-
ized by competition assays on nasal epithelia. Adenosineinosine and JH]hypoxanthine (Figure 5A). The ADA1l
uptake was monitored on EHNA-pretreated cultures by inhibitor, EHNA, completely inhibited inosine formation
HPLC analysis of apical buffer samples collected over 60 without preventing the loss of total HPLC counts. In contrast,
min after simultaneous addition ofudM [3H]adenosine and  the CNT inhibitor maintained total HPLC counts without
excess (10@M) competitor. Whereas adenosine uptake was affecting ADAL activity. Simultaneous exposures to EHNA
not affected by hypoxanthine, all other competitors signifi- and phloridzin generated HPLC traces similar to those at
cantly reduced adenosine uptake in the following order: the onset of experiment. Quantitative analysis of the HPLC
inosine = uridine > cytidine = guanosine> thymidine traces showed that ADA1 and CNTs account for 40%
(Figure 4A), consistent with CNT2 and/or CNT3 activities (EHNA-sensitive) and 60% (phloridzin-sensitive) of the
(39—44). The identity of the CNT isoforms was confirmed decay rate of kM adenosine on nasal epithelia (Figure 5B).
by RT-PCR using total RNA from nasal and bronchial Simultaneous exposure to both inhibitors reduced adenosine
epithelial cultures. The kidney isoform, CNT1, was not elimination by >90%. In contrast, the ENT inhibitor, 100
detected in nasal or bronchial epithelia (Figure 4B). In uM dipyridamole @1, 32), had no effect on adenosine decay.
contrast, CNT2 was highly expressed in nasal epithelia but These experiments demonstrate that two mechanisms con-
not in bronchial epithelia or lung parenchyma. Strong signals tribute significantly to the elimination of ASL adenosine on
were obtained for CNT3 in nasal and bronchial epithelia and nasal epithelia: surface metabolism by ADA1 and cellular
weaker bands in lung parenchyma. These data suggest thatptake by CNTSs.
CNT2 and CNT3 mediate apical adenosine uptake on airway The relative efficiency of CNTs and ADAL in regulating
epithelia. physiological or pathological adenosine concentrations de-

Relatie Contributions of ADA and CNTs to ASL Adenos- pends on their kinetic properties, we determined on nasal
ine RegulationThe impact of cell surface metabolism and epithelia. The EHNA-sensitive rate of adenosine decay,
cellular uptake on ASL adenosine elimination was investi- measured over a wide range of substrate concentrations,
gated on nasal epithelial cultures by HPLC analysis with a generated a saturable Michaeliglenten relationship for
physiological adenosine concentrationu{dl [*H]adenosine), ADA1 activity (Figure 6A). The Ky and Vyax values

and optimum concentrations of EHNA (1MM; Figure 2A) calculated from a Woolf Augustinson Hoftsee transforma-
and phloridzin (2 mM; Figure 3B). Analysis of apical buffer tion were 24.14 3.5uM and 0.144+ 0.04 nmoimin~t-cm2.
samples, collected 60 min after the addition gfMl [3H]- On the other hand, uptake measurements fodd0 uM

adenosine, showed that the nucleoside is replacedHly [ adenosine, in EHNA-pretreated nasal cultures, generated a
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Ficure 6: Kinetic properties of ASL adenosine metabolism and
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50 of airway adenosine. Measurements of endogenous (A) adenosine
and (B) ATP concentrations on the apical surface of nasal epithelial
cultures afte 1 h (solid bars) or 24 h (open bars) pretreatments
without (C; control) or with 1«M EHNA (E; ADAL inhibitor), 2

mM phloridzin (P; CNTSs inhibitor), or both are shown. Apical

and then washed and re-assayed following a 30 min preincubation
with 10 uM EHNA (ADAL1 inhibitor). ADAl activity was
calculated at each adenosine concentration from the difference
between these two assays. (Inskt) (24 uM) and Vmax (0.14
nmokmin~1-cm?) calculated from the slope and ordinate of a
Woolf—Augustinson Hoftsee transformation. (B) Michaelis
Menten saturation curve for apical adenosine uptake. All assays

adenosine and ATP concentrations were determined by ethenyl
derivatization and HPLC analysidN(= 4; *, p < 0.05 for
differences between control and treatments).

epithelia, whereas ADAL activity plays a key role in
regulating ASL adenosine in the lower airways.
Impact of ADA and CNTs on Adenosine-Mediated Inflam-

were initiated with fH]adenosine in KRB-EHNA®) or in low-
Na" KRB containing 2 mM phloridzin to calculate passive diffusion
(O). (Inset) Woolf-Augustinson Hoftsee transformation providing
Km andVmax values of 17uM and 7.2 nmoimin=1-cm~2, corrected
for passive diffusion. (C;—D) Dose-response curves of ADA1
and CNT activities on nasal and bronchial epithelld.= 3—5;
error bars< symbols).

mation. The physiological importance of ADAL1 and CNTs
was demonstrated by testing the impact of their specific
inhibitors on ASL adenosine levels. Nasal epithelial cultures
were incubated for 1 or 24 h on the apical surface with 10
uM EHNA (Figure 2A), 2 mM phloridzin (Figure 3B), or
both, and then apical endogenous adenosine concentrations
were measured by ethenyl derivatization and HPLC. Figure
7A shows that ADAL1 inhibition raises ASL adenosine levels
by 3-fold. Similar findings were obtained with 1 and 24 h
treatments. On the other hand, the CNT blocker phloridzin
induced a 2-fold increase in surface adenosine level after 1
h but not after 24 h. Simultaneous inhibition of ADA1 and
CNTs generated additive effects on adenosine 4fte but

: ) o not 24 h. The transient response to phloridzin reiterates the
higher catalytic efficiency for CNTs over ADAL on nasal jmnortance of nucleotide salvage pathways for the mainte-
eplthehal surfaces, with values of Q.023 mirand 0.003. nance of ASL adenosine levels on airway epitheli8)(
min~*, respectively. These data predict that both mechanismsgrface adenosine and inosine are continuously returned to
conmbute significantly to adenosine gllm[nanon at phyg- the cytosol to regenerate ATP, the later being released to
ological levels (0.+1 M) on nasal epithelia, as shown in  maintain basal ASL adenosine levels through dephosphory-
Figure 1B, owing to their similar substrate affinitiey). lation by ectonucleotidase®@, 45). This hypothesis was
On the other hand, CNT uptake activities may dominate at fyrther tested by concomitant measurements of endogenous
higher adenosine levels encountered under pathologicalaATp |evels on the apical surface of the same cultures. Figure
conditions. This hypothesis was verified by comparing the 7B shows that short-term (1 h) treatments with EHNA or
activities of ADAL and CNTs at adenosine concentrations phloridzin did not significantly affect ATP. However,
encountered under basal conditiofsgnd in airway diseases  prolonged inhibition of adenosine/inosine uptake (not ADA1
(>100uM) (5, 9). Figure 6C shows that ADAL activity was  activity) resulted in a 2-fold decrease in surface ATP
higher than CNT activities for adenosine concentratis68 concentration (Figure 7B) without inhibiting cell surface
uM, while higher adenosine levels were eliminated mainly ATPase activity (data not shown). Altogether, these results
by cellular uptake. Bronchial epithelia regulated ASL ad- illustrate the role of ADA1 and CNTSs in the regulation of
enosine primarily through ADA1 activity, as CNT activities ASL adenosine, as well as ATP, through the nucleotide
accounted forx20% of total adenosine decay over the entire salvage pathway. Similar manipulations of surface adenosine
concentration range (Figure 6D). The activity of ADA1 were also reported to affect intracellular ATP concentrations
toward 200uM adenosine was 2-fold higher on bronchial on other cell types depending on the nucleotide salvage
than on nasal epithelia, whereas CNT activity was reduced pathway 46, 47).

by >10-fold, in part due to the loss of one isoform (Figure  The contribution of chronically elevated ASL adenosine
4B). These data suggest that CNTs are most effective in nasato airway inflammation was demonstrated by testing the

typical saturation carrier-mediated transport kinetic (Figure
6B). Passive diffusion, assessed in lowfN&RB containing

10 uM EHNA and 2 mM phloridzin, was linear over the
concentration range. The WoslRAugustinson Hoftsee trans-
formation of the data, corrected for passive movement,
generate, andVnax values of 17.3t 5.3uM and 7.2+

0.6 nmotmin~t-cm~2. These experiments revealed a 7-fold
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A

MCP-1 secretion. These results demonstrate the pivotal role

®

= 47 % of ADA1 and CNTs in the regulation of ASL adenosine, as
113 _ ~§n 30 well as adenosine-mediated inflammatory responses, on the
E— apical surface of human airway epithelia.
+— + =+ = £ 104 DISCUSSION
Na Br Lu S k ki _ o . . .
Co: File:. BH O Adenosine, a biologically active purine nucleoside detected
T esPT in the ASL layer of human airway epitheli&)( plays an
B ” % D 51 important role in the maintenance of epithelial functions
z S 41 essential for bacterial clearan@e-8). Chronically elevated
% < ;| adenosine, however, is implicated in airway inflammation
g 20 3 5 (9, 11-15, 17, 51-55). An imbalance in the rates of
= 3 production/elimination of ASL adenosine may contribute to
£ 10 = 11 % - : :
> i N the severity of chronic lung diseases, such_ as asttirha (
O NEGE 10° 001 0302030 010 0D 55). Our present knowledge of the mechanisms regulating
(M) EH 8-SPT EH ASL adenosine was incomplete. The main source of adenos-

8-SPT ine on apical epithelial surfaces was clearly identified as the
FiGUrRe 8: Chronically elevated airway adenosine stimulates apical dephosphorylation1@, 20) of released ATP X9), and the

cytokine secretion through adenosine receptors. (A) Representative, . cleotidases directly responsible for adenosine produc-
agarose gels for RT-PCR products generated with primers specific

for IL-13 and MCP-1 and RNA from nasal (Na) or bronchial (Br) 10N were identified as ecto-®T and NS AP 18). However,
epithelial cultures. Tissue control: human lung parenchyma (Lu). the mechanisms regulating the elimination of airway ad-
Negative controls {): PCRs in the absence of cDNA. (B) enosine remained unknown.

Bronchial epithelial cultures incubated 24 h without (solid bars) or ; P T

with (open bars) 2 mM phloridzin and 0.01 mM EHNA. Simulta- b This Suéc.jy ?.emo?sne}tes thattASLl'adeHOZInel;Slellmlr:al'ied
neous inhibition of adenosine elimination by EHNA and phloridzin PY @ cOmbination of surface metabolism and cellular uptake.
raised ASL IL-13 and MCP-1 levels by 8-fold. (C) Bronchial We show that adenosine, added to the apical surface of nasal
cultures incubated 24 h without (Co; control) or with 2 mM  epithelia, is gradually replaced by inosine and hypoxanthine.
phloridzin (Phlo), 0.01 mM EHNA (EH), and/or a broad-range 4t is widely accepted that extracellular adenosine is eliminated

adenosine receptor antagonist (0.1 mM 8-SPT) and then assaye o S .
for apical IL-13 (solid bars) or MCP-1 (open bars). (D) Dese hrough deamination by ADA activities in human tissues

response of bronchial cultures to the stable adenosine receptof(21). The subsequent conversion of inosine to hypoxanthine
agonist NECA (24 h; 60.1 M), 0.1 uM NECA and/or 8-SPT, is generally mediated by purine nucleoside phosphorylase,

or 0.01 mM EHNA (EH). ADAL inhibition increases f_igical a cytosolic enzyme of the nucleotide salvage pathwags (
cyt<olgnoel)release through adenosine receptor activatibs ©; *, detected in various body fluid§T, 58). Incidentally, cultured
=552 A549 alveolar epithelial cells incubated with inosine were

impact of ADAL or CNTs inhibition on the secretion of two ~ SNOWn to generate extracellular hypoxanthibe)( These
markers of eosinophilic airway inflammation: I1L-13 and findings support the linear conversion of ASL adenosine to

MCP-1 @8). The presence of these cytokines in airway NoSine and inosine to hypoxanthine. _

epithelia was first verified by RT-PCR (Figure 8A). We then ~ The identity of the ADA isoform(s) responsible for the
demonstrated, for the first time, that human bronchial metabolic elimination of airway adenosine was determined
epithelia secrete IL-13 and MCP-1 on the apical surface by expression and functional assays. First, RT-PCR experi-

under basal conditions (Figure 8B). Furthermore, combined ments demonstrated that nasal and bronchial epithelia express
24 h treatments with apical 0.01 mM EHNA and 2 mM ADAL but not ADA2. These data are consistent with the

phloridzin raised IL-13 and MCP-1 concentrations b§- wide distribution of ADAL @1) and the localization of ADA2
fold. Figure 8C shows that individual 24 h exposures to limited to monocytes/macrophagexl(36, 37). Second, the
EHNA, but not phloridzin, also induced significant responses conversion of adenosine to inosine was completely inhibited
for both cytokines. The lack of effect of phloridzin is in by the ADAL inhibitor EHNA @1). Finally, theK, of airway
agreement with the small contribution of CNTs on bronchial ADA (24 uM) is in the range reported for cell surface ADA1
epithelia, compared to ADA1 (Figure 6D)8). Interestingly, ~ activities (20-50 M) (21). In contrast, thér, of ADA2 (2

the adenosine receptor antagonist 8-SBJ) &ignificantly mM) (60) is several orders of magnitude higher thankhe
reduced both basal and EHNA-induced IL-13 and MCP-1 of ADA1 and physiological adenosine concentratiods)(
secretion. The involvement of adenosine receptors was The gene encoding ADA2 was recently identified as the cat
further tested by use of the stable adenosine receptor agoniseye syndrome critical region candidate 1, member of a novel
NECA (50). Figure 8D shows that NECA induced a dose- family of growth factors §0). Altogether, these results
dependent increase in MCP-1 secretion over a concentratiordemonstrate that ASL adenosine is metabolically eliminated
range known to stimulate cilia beating activity on these cells by ADA1 on human airway epithelia.

(4). In addition, this response to NECA was completely = Comparative analysis of adenosine decay and inosine
abrogated by 8-SPT. Altogether, these data suggest thajproduction revealed that cell surface metabolism does not
EHNA stimulates cytokine secretion through increased account for the total rate of adenosine elimination from apical
availability of apical adenosine for receptor activation. The epithelial surfaces. Complete inhibition of adenosine deami-
specificity of EHNA-mediated responses for adenosine- nation by EHNA @1) was unable to prevent the disappear-
dependent mechanisms was demonstrated by the lack ofance of exogenous adenosine. These data suggested that
additivity of optimal NECA and EHNA concentrations on airway epithelia are permeable to adenosine. The contribution
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of paracellular passive diffusion across the epithelial barrier cell line exhibited mRNA for ENT2 and CNT3, although
was found to be negligible on the basis of the relatively low adenosine uptake was supported mainly by ENT2 on both
permeability of mannitol compared to adenosiBgr6/Puan surfaces §7). Similar discrepancies have been reported for
= 18:1). On the other hand, we provide evidence that intestinal epithelia between studies that used fresh prepara-
nucleoside/nucleobase transporters are responsible for theéions and cell lines. Intestinal CNT-mediated nucleoside
permeability of airway epithelia to ASL adenosine. Numer- transport activity was detected in enterocy®f) @nd brush-
ous reviews have described the properties and distributionborder vesiclesg9) but not in the IEC-6 cell line{0). It is
of two transporter families: Naindependent ENTs and Na important to mention that this cell line fails to differentiate
dependent CNTs26). The contribution of apical ENTs to  in conventional media7(). The addition of hormones and
ASL adenosine elimination was previously ruled out because growth factors to the medium allowed IEC-6 cells to
airway epithelia are unable to transport basolateral and differentiate, and CNTs became the predominant adenosine
cytosolic adenosine to the apical surfa&8)( In this work, transporters on the apical surfac&y); In this study, nasal
this finding was confirmed by the inability of the ENT and bronchial cultures were maintained in medium containing
inhibitor dipyridamole to reduce apical adenosine upt@de (  hormones and growth factors promoting differentiation and
32). In contrast, inhibition of apical CNT activities by low- the establishment of a polarized epitheliud8)( These
Na" buffer or phloridzin reduced adenosine uptake by 85%. studies, therefore, emphasize the need for a well-differenti-
Collectively, these data demonstrate that*Mependent  ated polarized epithelial barrier for the apical expression of
CNTs are responsible for the permeability of airway epithelia CNTSs.
to ASL adenosine. The relative importance of ADA1 and CNTs on nasal and
The CNT isoforms expressed on the apical surface of bronchial epithelia was determined by comparing the effects
human airway epithelia were identified on the basis of kinetic of optimal concentrations of EHNA() (10 uM; Figure 2B)
properties, substrate specificity, and mRNA expression. All and phloridzin 28—30) (2 mM; Figure 3B) on the elimina-
functional assays were conducted in the presence of EHNAtion of ASL adenosine over a concentration range including
to prevent adenosine decay by surface metabolism. Adenosbasal 6, 72, 73) and pathological ¥100 uM) (5, 9)
ine uptake, corrected for passive diffusion, exhibiteK,a conditions. We showed that ADA1 and CNT activities
(17 uM) in the range reported for CNT2 {83 uM) (61, account for 40% and 60% of the elimination of a physi-
62) and CNT3 (5-15uM) (39, 40) but significantly lower ological (1uM) adenosine concentration on nasal epithelia.
than those of ENTSs (401900uM) (26). Although originally On the other hand, the 7-fold higher catalytic efficiency of
viewed as a substrate for CNT1, adenosine was recentlyCNTs over ADAL suggested that CNTs may dominate at
identified as a blocker of the transport&3}. high adenosine levels encountered under pathological condi-
The substrate specificity of the Nalependent adenosine tions. Incidentally, we demonstrated that ASL adenosine
transporters supported the coexpression of CNT2 and CNT3concentrations<50 M are regulated more efficiently by
on the apical surface of nasal epithelia. Adenosine uptakeADAL, whereas higher adenosine levels are eliminated
was not affected by hypoxanthine, as reported for CNT2 and mainly by cellular uptake. Given the importance of lower
CNT3 (41, 42). In contrast, all other competitors inhibited airways for chronic lung diseases, we also examined ASL
adenosine transport [% inhibition: inosine (1G8)uridine adenosine regulation on bronchial epithelia. While both

(100) > cytidine (89), guanosine (81} thymidine (60)]. mechanisms were functionally detected, adenosine was
The broad substrate specificity of nasal CNTs for purines primarily (>80%) regulated by ADAL over a wide concen-
and pyrimidines supported the expression of CNZ@.(In tration range. These findings are in agreement with the

addition, thymidine and cytidine are substrates of CNT3 but presence of only one CNT isoform in bronchial epithelia and
not CNT2 @0). On the other hand, the potency order higher ADA activity levels compared to nasal epithelia.
reflected more closely the specificity of CNT2 (adenosine These data suggest that CNTs are most effective in nasal
= guanosine> uridine) @3, 44) than CNT3 (uridine> epithelia, whereas ADAL activity plays a key role in
adenosine= guanosine)39). Incidentally, two high-affinity regulating ASL adenosine in the lower airways.
(Km ~ 10u4M) CNTs have been colocalized on renal brush- ~ This study completes the regulatory model of ASL
border membranes, displaying broad substrate specificityadenosine in human airways. The epithelium releases ATP
toward purines and pyrimidines and selectivity for purines, (5), which is dephosphorylated into AMP by ectonucleoti-
respectively §4). These data suggest that CNT2 and CNT3 dasesZ0), and then AMP is converted to adenosine by ecto-
both contribute to adenosine uptake on the apical surface of5'-NT and NS AP 18). In this work, we show that ASL
human nasal epithelia. These findings were corroborated atadenosine is eliminated by a combination of surface me-
the mMRNA level by RT-PCR. The expression of CNT2 was tabolism and cellular uptake. ADAL converts adenosine into
restricted to nasal passages, whereas CNT3 mRNA wasinosine, which are both transported to the cytosol through
detected in nasal and bronchial epithelial cells as well as CNT2 and CNT3. The fact that airway ecto¥T (K, =
lung parenchyma. These data are in agreement with thel5 uM) (18), CNTs Ky = 17 uM), and ADALl Ky = 24
previous report of CNT3 in human trachea by Northern blot xM) all exhibit similar high substrate affinities supports the
(40). Taken together, functional and expression data supportpresence of a highly integrated system for the regulation of
a major role for CNT2 and CNT3 in apical adenosine uptake ASL adenosine. On the other hand, the higher catalytic
by human airway epithelia. efficiency of ecto-5NT (0.041 min') (18) compared to
Earlier studies using cell lines suggest that ENTs regulate CNTs (0.023 min') and ADA1 (0.003 min') would
apical adenosine uptake on human airway epithelia. For maintain the basal adenosine level found to be essential for
instance, alveolar A549 cells were shown to express ENT1 the regulation of ASL height through,Areceptor-mediated
and ENT2 65, 66). The Calu-3 airway submucosal gland CFTR activity (7). In contrast, chronically elevated airway
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adenosine has been reported in asthmatic pati@ptarnd 9.

causes airway inflammation in animal modéel§)( However,

the contribution of airway epithelia in adenosine-mediated ¢
inflammation had not been addressed. In this study, we
demonstrate that a reduction in ASL adenosine elimination
dramatically enhances the apical secretion of IL-13 and
MCP-1, two markers of eosinophilic lung diseasé®)(The
involvement of adenosine receptor activation was demon-
strated by the stimulating effects of NECBQ) on cytokine
release, which was completely inhibited by the broad-range
adenosine receptor antagonist 8-SRI)( The lack of
additivity of optimum NECA and EHNA concentrations and
the lack of response of the epithelia to EHNA in the presence
of 8-SPT both support the specificity of the ADAL inhibitor
for adenosine-dependent mechanisms. The parallel increase
in apical IL-13 and MCP-1 secretion is consistent with the
reported upregulation of MCP-1 secretion induced by IL-13
in primary cultures of human bronchial epithelial cell<l),
Interestingly, IL-13 expression is strongly induced by ad-
enosine in ADA-null mice 15). Hence, the existence of
adenosine-mediated IL-13 secretion on apical surfaces sug-
gests that the epithelium contributes to the inflammatory

phenotype of asthmatic patients. On the other hand, ADA1 17.

and CNT activities in healthy airways may suppress airway
inflammation while maintaining adenosine-mediated bacterial
clearancei—8). The identification of the proteins regulating
ASL adenosine and the pharmacological tools regulating their
activities open a new field of research on the role of airway
adenosine in chronic inflammatory lung diseases.
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