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The Cholangiocyte Adenosine-IL-6 Axis Regulates Survival
During Biliary Cirrhosis
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Epithelial response to injury is critical to the pathogenesis of biliary cirrhosis, and IL-6 has been suggested as a
mediator of this phenomenon. Several liver cell types can secrete IL-6 following activation by various signal-
ing molecules including circulating adenosine. The aims of this study were to assess whether adenosine can
induce IL-6 secretion by cholangiocytes via the A2b adenosine receptor (A2bAR) and to determine the effect
of A2bAR-sensitive IL-6 release on injury response in biliary cirrhosis. Human normal cholangiocyte H69 cells
were used for in vitro studies to determine the mechanism by which adenosine and the A2bAR induce release
of IL-6. In vivo, control and A2bAR-deficient mice were used to determine the roles of A2bAR-sensitive IL-6
release in biliary cirrhosis induced by common bile duct ligation (BDL). Additionally, the response to exog-
enous IL-6 was assessed in C57BL/6 and A2bAR-deficient mice. Adenosine induced IL-6 mRNA expression
and protein secretion via A2bAR activation. Although activation of A2bAR induced cAMP and intracellular
Ca™ signals, only the Ca®" signals were linked to IL-6 upregulation. After BDL, A2bAR-deficient mice have
impaired survival, which is further impaired by exogenous IL-6; however, decreased survival is not due to
changes in fibrosis and no changes in inflammatory cells. Exogenous IL-6 is associated with the increased
presence of bile infarcts. Extracellular adenosine induces cholangiocyte IL-6 release via the A2bAR. This sig-
naling pathway is important in the pathogenesis of injury response in biliary cirrhosis but does not alter fibrosis.
Adenosine upregulates IL-6 release by cholangiocytes via the A2bAR in a calcium-sensitive fashion. Mice
deficient in A2bAR experience impaired survival after biliary cirrhosis induced by common bile duct ligation

independent of changes in fibrosis.
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INTRODUCTION

The liver is unique in its capacity for regeneration.
While regeneration can restore function after acute liver
injury or removal of parenchyma, regeneration is also a
critical component of cirrhosis'”. Few signals have been
linked to both regenerative injury response and cirrhosis
progression; however, published data suggest that inter-
leukin-6 (IL-6) may act as one such signal**.

IL-6 is a cytokine released following inflammation or
tissue damage. IL-6 has potent pro- and anti-inflammatory
effects mediated by the activation of both transmembrane
(IL-6R and gp80) and soluble (sIL-6R) receptors™. In
the liver, IL-6 is known to be an activator of acute phase
response genes’ and a promoter of hepatocyte®® and cho-
langiocyte’ proliferation.

Several lines of evidence suggest that IL-6 is impor-
tant in liver regeneration. The serum concentration of

IL-6 increases following partial hepatectomy (PH)'®'.

Also, IL-6-deficient mice that underwent PH have higher
death rates and decreased hepatocyte proliferative indi-
ces compared to wild-type animals'>"*. That phenotype
can be completely reversed when exogenous IL-6 is
given to IL-67" mice prior to PH"', On the other hand,
IL-6 may actually ameliorate injury in biliary cirrhosis.
Animals deficient in IL-6 develop higher total serum bili-
rubin levels and have higher mortality rates than wild-type
counterparts, when subjected to bile duct ligation for up
to 12 weeks".

In the liver, the major sources of IL-6 are Kupffer
cells'®", liver sinusoidal endothelial cells'®, and cholan-
giocytes™*?'. IL-6 secretion may be induced by factors
such as lipopolysaccharide (LPS), tumor necrosis factor-o
(TNF-o), IL-1B,*’ or estrogen®. Most relevant to the
studies shown in this article, extracellular adenosine can
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activate IL-6 release via the activation of the A2b adeno-
sine receptor (A2bAR)>™

The circulating nucleoside adenosine derives primarily
from the degradation of the nucleotide adenosine triphos-
phate (ATP), which is released in the extracellular environ-
ment both in regulated fashion™ and after plasma membrane
disruption due to cell injury or death®*. Sequential hydro-
lysis of extracellular ATP to adenosine is catalyzed by a
number of cell surface enzymes, including ectonucleo-
side triphosphate diphosphohydrolases®™ and ecto-5’-
nucleotidase®. Once generated, extracellular adenosine
may activate the four members of the adenosine seven-
transmembrane domain receptor (AR) family: Al, A2a,
A2b, and A3AR”. A1AR, A2aAR, and A3AR are high-
affinity receptors that respond to low concentrations
(>10 nM) of extracellular adenosine, while A2bAR
(>1 uM) is a low-affinity receptor that will only be acti-
vated in pathological conditions®™. A2bAR is also unique
in its signal transduction, since it is linked to both Gq—
and G-coupled second messengers™.

Since the enzymes necessary for the biochemical
conversion of ATP to adenosine are expressed in the
liver” and regulated by injury, we tested the hypoth-
esis that extracellular adenosine activates A2bAR sig-
naling pathways within cholangiocytes, mediating IL-6
secretion, which is ultimately relevant to injury response
in the setting of biliary fibrosis/cirrhosis. In this article,
we examined this concept via a series of in vitro and in
vivo experiments.

MATERIALS AND METHODS
Materials

Cell culture reagents and media were obtained from
Invitrogen (Life Technologies Corporation, Grand Island,
NY, USA). Antibodies used in this study are as follows:
polyclonal rabbit anti-Ki-67 antibody (Abcam, Cambridge,
MA, USA), polyclonal rabbit anti-A2bAR antibody
(Alomone Labs, Jerusalem, Israel), monoclonal rat anti-
mouse neutrophil antibody (NIMP-R14; Abcam), mono-
clonal rat anti-mouse F4/80 (Cl:A3-1; Bio-Rad Labora-
tories, Hercules, CA), and monoclonal rabbit anti-CD3
(SP7; Abcam). The monoclonal rat anti-cytokeratin-19
(CK19) antibody (TROMA-III) developed by Rolf Kemler
(Max-Planck Institute, Freiburg, Germany) was obtained
from the Developmental Studies Hybridoma Bank devel-
oped under the auspices of the NICHD and maintained
by the Department of Biology, University of lowa (Iowa
City, 1A, USA).

Animal Use

All procedures were performed in agreement with the
guidelines approved by the Institutional Animal Care and
Use Committee of the University of Arkansas for Medical
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Sciences (UAMS). A2bAR™ mice’” were provided by
Dr. Katya Ravid (Boston University School of Medicine,
Boston, MA, USA). C57BL/6 mice were obtained from
the Charles River Laboratory (Oak Forest, AR, USA).
Age-matched male A2bAR™" and C57BL/6 mice (8 to
14 weeks old) were used in all experiments. All mice
that underwent survival surgery were given subcutane-
ous injection of buprenorphine (0.1 mg/kg) every 12 h for
the next 48 h as needed. In addition, ibuprofen (Perrigo,
Allegan, MI, USA) was given ad libitum in the drinking
water for 48 h following surgery.

Bile Duct Ligation (BDL)

BDL surgeries were performed as previously described™.
For some experiments, A2bAR™ and C57BL/6 mice were
injected subcutaneously with 250 ng/g of body weight
of mouse recombinant IL-6 (recmIL-6; BioLegend, San
Diego, CA, USA) or vehicle 15 min prior to the surgery
and once a week for the duration of the experiments.

At the end of the experiments, mice were anesthetized
with ketamine/xylazine before blood samples were col-
lected from the vena cava for serum collection following
centrifugation, and livers were resected. One lobe was
fixed in 10% neutral-buffered formalin and embedded in
paraffin for histological analysis. Sections of liver were
flash frozen in dry ice-cooled isopentane for protein iso-
lation or placed in RNAlater solution (Live Technology)
for RNA isolation.

Cell Culture, Transfection, and Stimulation

Immortalized human normal cholangiocyte H69 cells
were provided by Dr. Doug Jefferson (Tufts University
School of Medicine, Boston, MA, USA) and cultured as
previously described”. For siRNA experiments, H69 cells
were plated at 300,000 cells in T25 flasks the day before
transfection. The cells were transfected with 250 pm of
nontargeting (scramble control) or targeting (specific)
human A2bAR On-TARGET plus siRNA smartpools
(GE Healthcare Dharmacon, Lafayette, CO, USA) with
Lipofectamine 2000 (Life Technologies, Carlsbad, CA,
USA) following the manufacturer’s instructions. When
required, cells were trypsinized 24 h posttransfection and
counted before plating in appropriate multiwell plate
format for further experiments. Transfected and non-
transfected cells were stimulated with adenosine (Tocris
Bioscience, Minneapolis, MN, USA) and 5’-N-ethylcar-
boxamidoadenosine (NECA™; Tocris Bioscience) for
2 h (qPCR and cAMP ELISA) or 4 h (IL-6 ELISA) +/—:
selective A2bAR antagonist MRS-1754 (1 uM*'; Tocris
Bioscience), calcium chelator BAPTA/AM (50 uM; Life
Technologies) cyclic AMP analog acting as an inhibi-
tor of cAMP-dependent protein kinase, (R)-adenosine,
cyclic 3,5’-(hydrogenphosphorothioate) triethylammonium
(cAMPS-RP; 100 uM; Tocris Bioscience). H69 cells were
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Table 1. List of the Semiquantitative Primer Sequences Used in the Study

Genes

Sequences 5-3’

Human ADORA1 (Accession No. NM_000674)
Human ADORA2a (Accession No. NM_000675)

Human ADORAZ2b (Accession No. NM_000676.2)

Human ADORAZ3 variants 1 and 3 (Accession No. NM_0020683

and NM_001081976)
Human ADORAZ3 variant 2 (Accession No. NM_000677)

Human ACTB (Accession No. NM_001101.3)

Human GAPDH (Accession No. NM_002046.5)

Forward: CCT CCATCT CAG CTT TCC AG
Reverse: AGT AGG TCT GTG GCC CAATG
Forward: AAC CTG CAG AAC GTC ACC AA
Reverse: GTC ACC AAG CCATTG TAC CG
Forward: GAG ACA CAG GAC GCG CTGTACG
Reverse: CGG GTC CCC GTGACCAAACT
Forward: GAC ACA GGG AAC CAG CTC AT
Reverse: TGC AGC TTC TGG TTT TGT TG
Forward: TGT TTG GCT GGA ACA TGA AA
Reverse: ATA GAT GGC GCA CAT GAC AA
Forward: GCG AGA AGA TGA CCCAGATC
Reverse: CCA GTG GTA CGG CCA GAG G
Forward: TCA CCATCT TCC AGG AG
Reverse: GCT TCA CCACCTTCT TG

also stimulated with the exchange protein directly acti-
vated by cAMP (EPAC) activator 8-(4-chlorophenylthio)-
2’-0-methyladenosine-3",5"-cyclic monophosphate ace-
toxymethyl ester (8-pCPT-2-O-Me-cAMP-AM; Tocris
Bioscience). For pharmacological inhibition, cells were
preincubated for 30 min with the antagonist(s) before
changing media for agonist-containing media. Cells were
used for analysis 72 h after siRNA transfection. RNA
was extracted from transfected cells, and A2bAR down-
regulation was confirmed by qPCR as described below.

Qualitative and Quantitative RT-PCR

H69 cholangiocyte RNA was extracted with the
RNeasy Plus Extraction Kit according to the manufac-
turer’s instructions (Qiagen, Valencia, CA, USA). RNA
concentration was determined with the Qubit system fol-
lowing the manufacturer’s instruction (Life Technolo-
gies). RNA (1 pg) was treated with DNasel (Ambion,
Life Technologies) before reverse transcription with the
iScript Reverse Transcriptase Kit (Bio-Rad Laboratories).
gDNA contamination was assessed by examining -actin
(ACTB) or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) PCR on the no-reverse transcriptase reaction.
RT-PCRs were performed with the TopTaq PCR Master
Mix (Qiagen). PCR conditions were as follows: initial-
ization at 94°C for 2 min followed by 35 cycles of 30 s of
denaturation at 94°C, 30 s of annealing at 60°C (ACTB or
GAPDH) or 62°C (adenosine receptors), and 30 s of elon-
gation at 72°C; the amplification was then completed with
a 10-min final elongation at 72°C using an S1000 Thermal
Cycler (Bio-Rad). All primer sequences used in the study
are listed in the Table 1. For qRT-PCR, ADORA2b, IL-6,
mRNA expression was quantified by relative quantitative
real-time PCR (qPCR) using the CFX96 thermocycler
(Bio-Rad) with the SSoFast or SSoAdvance qPCR mas-
ter mixes (Bio-Rad). B-2-microglobulin (B2M), GAPDH,

and hypoxanthine rhosphoribosyl transferase-1 (HPRT1)
were used as genes of references. Gene-specific probes
(PrimeTime qPCR assay, see Table 2 for probe reference
number) were obtained from Integrated DNA Technology
(Coralville, TA, USA).

ELISA

cAMP. Cells were stimulated in 96-well plates as
described above. Intracellular cAMP was measured using
the Amersham cAMP Biotrack enzyme immunoassay
(EIA) system (GE Healthcare Life Sciences, Piscataway,
NJ, USA) according to the manufacturer’s instructions.

Human IL-6. Cells were stimulated in 48-well plates
as described above. Supernatants were collected, cen-
trifuged to removed cell debris, and kept at —80°C for
further analysis. IL-6 concentrations were determined
by ELISA using the Human IL-6 Quantikine ELISA Kit
(R&D Systems, Minneapolis, MN, USA) according to
the manufacturer’s instructions.

Mouse IL-6. Sera were collected as described above.
Serum IL-6 concentrations were determined by ELISA

Table 2. List of the gPCR Probes Used in the Study

Genes Accession Nos. IDT Probe Nos.

ADORA2b  Human: NM_000676 Hs.PT.47.4289481

IL-6 Human: NM_000600 Hs.PT.53a.3074634
Mouse: NM_031168 Mm.PT.56a.10005566

GAPDH Human: NG_007073.2  Hs.PT.39a.22214836
Mouse: NM_008084 Mm.PT.39a.1

B2M Human: NM_004048 Hs.PT.39a.22214845
Mouse: NM_009735 Mm.Pt.39a.22214835

HPRT Human: NM_000194 Hs.PT.39a.22214821
Mouse: NM_013556 Mm.PT.39a.22214828
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using the mouse IL-6 quantikine ELISA kit (R&D Sys-
tems) according to the manufacturer’s instructions.

Immunofluorescence

H69 cholangiocytes were plated on glass coverslips
before staining. Following fixation with 4% paraformal-
dehyde for 15 min at room temperature, cells were blocked
in a solution of 7% (v/v) goat serum and 0.5% (w/v)
bovine serum albumin (BSA) in Ix phosphate-buffered
saline (PBS) buffer and incubated overnight with a poly-
clonal rabbit anti-human A2bAR antibody (dilution 1:100
in blocking solution; Alomone Laboratories) followed by
a 1-h incubation with an Alexa Fluor 488-conjugated goat
anti-rabbit IgG secondary antibody (dilution 1:1,000; Life
Technologies). After the final washing steps with 1x PBS
and water, coverslips were mounted on glass slides with
ProLong gold with DAPI (Life Technologies).

Confocal Video Microscopy

For intracellular Ca>* mobilization imaging, H69 cho-
langiocytes were plated on glass coverslips and loaded
with the cell-permeant Ca**-sensitive fluorophore Fluo-
4/AM (Life Technologies). Coverslips were transferred
into a specially designed apparatus allowing perifusion
with buffer onto the stage of a Zeiss LSM Meta 510 micro-
scope (Zeiss, Thornwood, NY, USA). Initially, cells were
perifused to equilibrium at a constant rate with 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES)
buffer (130 mM NaCl, 19.7 mM HEPES, 5 mM glucose, 5
mM KCl, 1.25 mM CaCl,, 1.2 mM KH,PO,, 1 mM MgSO,)
and then with HEPES buffer supplemented with adenosine
(500 uM) or ATP (100 uM). Dynamic changes in fluores-
cence intensity of perifused cells were live recorded using
a40x water objective. NIH Image]J software** was used for
post hoc analysis of live cell image series.

Histology and Fibrosis Scoring

A liver lobe of each animal was fixed overnight with
10% neutral-buffered formalin, dehydrated with 100%
ethanol, and embedded in paraffin. Liver sections (5 pm
thick) were further processed for deparaffinization. Hema-
toxylin and eosin, Pico Sirius red, and Masson trichrome
staining procedures were performed by the Experimental
Pathology Core Laboratory at UAMS. Low-power field
(LPF) images (20x) were taken using a BX51 Olympus
microscope (Olympus). Liver fibrosis stages were assessed
using the METAVIR fibrosis scoring system® in a blinded
manner.

Immunohistochemistry, Ki-67 Proliferation Index,
Apoptosis Detection, and CK19* Cell Count

A liver lobe from each animal was fixed overnight
with 10% neutral-buffered formalin, dehydrated with
100% ethanol, and embedded in paraffin. Liver sections
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(5 um thick) were further processed for deparaffinization
and subjected to heat-induced antigen retrieval with cit-
rate buffer (pH 6.0) before permeabilization with 0.1%
Triton X-100 in 1x PBS for 10 min. Nonspecific bind-
ing was prevented by incubation with a blocking solution
of 7% horse serum and 0.5% BSA in 1x PBS for 1 h.
Primary antibodies were diluted in the blocking solution
for overnight incubation at 4°C. The next day, endog-
enous peroxidase/avidin/biotin blocking steps were per-
formed prior to the addition of a biotin-conjugated donkey
anti-rabbit or anti-rat IgG secondary antibody (Jackson
Immunoresearch, West Grove, PA, USA) incubated at
room temperature for 1 h. Detection was performed using
the Vectastain Elite ABC System (Vector Laboratories,
Burlingame, CA, USA) with the InmPACT DAB per-
oxidase substrate (Vector Laboratories) according to the
manufacturer’s instructions. Sections were counterstained
with aqueous hematoxylin (Accurate Chemical and Scien-
tific Corporation, Westbury, NY, USA) and mounted with
a Mowiol-based mounting media.

Apoptotic cells were detected using the TACS-XL
In Situ Apoptosis Detection Kit-DAB following the
manufacturer’s instruction (Trevigen Inc., Gaithersburg,
MD, USA).

Sections were imaged with an Axiovert Imager Z1
(Zeiss) or a BX51 Olympus microscope (Olympus).
Ki-67" staining was determined on five random fields
(100x) per tissue section using the NIH’s ImageJ soft-
ware and expressed as percentage of positive pixels per
field. CK19* structures were counted on five random
fields (100x) per tissue sections.

Statistical Analysis

Data are presented as the mean+SEM. One-way
ANOVA with the Bonferroni post hoc test was used for
statistical analysis.

RESULTS

Normal H69 Cholangiocytes Express Functional
A2bAR mRNA and Proteins

The first step to establish whether extracellular aden-
osine can modulate cholangiocyte physiology was to deter-
mine the expression profile of adenosine receptor(s) in
H69 cholangiocytes, which physiologically mimic nor-
mal cholangiocytes. RT-PCR experiments using specific
sets of primers (see Table 1) for each adenosine recep-
tor were performed. As seen in Figure 1A and previously
reported by our group, H69 cholangiocytes primarily
express ADORA2b mRNA. Weak mRNA expression of
ADORAI, ADORA2a, and ADORA3, splice variants 1 or
3, can also be observed. Only ADORA3 variant 2 was not
expressed (data not shown). Immunofluorescence experi-
ments using a specific antibody against human A2bAR
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Figure 1. Adenosine induced interleukin-6 (IL-6) expression and secretion via the A2b adenosine receptor (A2bAR) in H69 cholan-
giocyte cells. (A) Reverse transcription polymerase chain reaction (RT-PCR) experiments were performed on complementary DNA
(cDNA) extracted from H69 cholangiocyte cells using specific primers for each adenosine receptor isoforms (as listed in Table 1).
Agarose gel (2%) electrophoresis with ethidium bromide staining was used to visualize the PCR products. Human liver cDNA was used
as a positive control. The expected molecular weight PCR products were observed in the positive control. (B) Immunofluorescence
staining of H69 cells with human A2bAR-specific antibody (anti-A2bAR) or anti-rabbit secondary antibody as negative control (anti-
rabbit) confirmed that H69 cells express A2bAR at the protein level (green). Nuclei were stained with DAPI (blue). (C, D) H69 cells
(150,000 cells per well in six-well plates) were stimulated with 100 uM adenosine for 2 h in complete media (C) in the presence of
A2bAR antagonist MRS-1754 (1 uM; n=6) or (D) 72 h after transfection with A2bAR-specific siRNA (n=5). RNA was extracted,
and IL-6 expression was assessed by qPCR using a specific probe for human IL-6 gene. B-2-microglobulin was used as a reference
gene. #Significant when compared to the control without agonist; *significant when compared to vehicle (C) or nontarget siRNA (D).
(E) H69 cells (30,000 cells per well in 48-well plates) were stimulated with 100 uM ADO for 4 h in 48-well plates in complete media
72 h after transfection with an A2bAR-specific siRNA. Supernatants were collected, centrifuged, and analyzed for IL-6 contents by
ELISA. #Significant compared to the media alone; *significant compared to nontarget siRNA (n=4, performed in triplicate). (F) H69
cells were transfected with nontarget siRNA or A2bAR-specific siRNA with Lipofectamine 2000 for 72 h. RNA was extracted, and
A2bAR expression was analyzed by qPCR using a human ADORA2b-specific probe. B-2-microglobulin was used as the gene of refer-
ence. *Significant when compared to nontarget siRNA (n=8).
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confirmed that H69 cholangiocytes do express A2bAR
at the protein level (Fig. 1B).

Adenosine Stimulation of A2bAR Induces
IL-6 Expression and Secretion in Normal H69
Cholangiocytes

Because A2bAR is a low-affinity receptor for adeno-
sine®, H69 cholangiocytes were stimulated with 100 uM
of adenosine, a concentration known to activate A2bAR.
Analysis of /L-6 mRNA expression by qPCR shows an
upregulation of 6.279+0.796-fold following a 2-h stim-
ulation of H69 cholangiocytes with adenosine ligand
(Fig. 1C). To confirm that the observed effect of adeno-
sine was mediated by A2bAR, cells were also stimulated
in the presence of MRS-1754, a selective A2bAR antago-
nist*. In the presence of MRS-1754, adenosine-induced
IL-6 mRNA upregulation was significantly reduced to
3.091£0.447 from 6.279£0.796-fold. H69 cholangi-
ocytes were also transfected with specific A2bAR siRNA
pools. A2bAR siRNAs downregulated the expression
of the receptor by 77.52+3.241% after 72 h (Fig. 1F).
In cells pretransfected with A2bAR siRNAs as seen in
Figure 1D, no significant /L-6 mRNA upregulation was
observed following adenosine stimulation (1.108£0.197-
fold), confirming that adenosine stimulation of the A2bAR
mediates IL-6 mRNA upregulation in H69 cholangi-
ocytes. Similar results were also obtained following stim-
ulation of H69 cholangiocytes with 20 uM of NECA, a
nonhydrolyzable and nonselective adenosine receptor ago-
nist* (data not shown).

We then determined IL-6 protein release in response
to adenosine (100 uM) in the supernatant of H69 cho-
langiocytes by ELISA. After 4 h of incubation with
adenosine, 89.57+9.699 pg/ml of IL-6 was released.
A specific A2bAR siRNA pool limited the IL-6 secre-
tion to 47.23+10.63 pg/ml (Fig. 1E), confirming that this
effect was mediated by A2bAR. Corresponding effects
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were observed with the A2bAR selective antagonist MRS-
1754 (data not shown).

Pharmacological Analysis of A2bAR-Mediated
Intracellular Signaling Pathways in Normal
H69 Cholangiocytes

A2bAR is the only adenosine receptor known to sig-
nal via two distinct second messenger pathways, increas-
ing cAMP concentration and mobilizing intracellular
Ca™ via G, and G, coupling, respectively*’. Thus, we inves-
tigated which of these pathways is active in H69 cholan-
giocytes. Stimulation of H69 cholangiocytes by the AR
receptor agonist adenosine activates the classic cAMP
pathway, inducing an intracellular cAMP accumulation.
A large decrease in cAMP accumulation was observed
when H69 cholangiocytes are stimulated in the presence
of the A2bAR selective antagonist MRS-1754, from
0.786x0.088 to 0.134+0.060 pmol/ml (Fig. 2A). Similar
reductions were observed when H69 cells were pretrans-
fected with an A2bAR siRNA (0.706%0.111 to 0.226+
0.042 pmol/ml, respectively) (Fig. 2B), demonstrating that
activation of A2bAR induced cAMP increases.

To assess the intracellular Ca** (Caz"i) second messen-
ger pathway, H69 cholangiocytes were preloaded with the
calcium indicator fluorophore fluo-4/AM and perifused
with adenosine (500 uM) in HEPES buffer. The result of
a representative experiment is shown in Figure 2C and D.
Adenosine induced a transient low-amplitude Ca™, mobi-
lization in H69 cells, in comparison with the more potent
and long-lasting ATP mobilization, used as positive con-
trol. The peak intensity of the adenosine-induced intracel-
lular Ca® mobilization varied from cell to cell compared
to the effect of ATP (Fig. 2D). Taken together, these data
show that both cAMP and Ca’*, A2bAR signaling path-
ways are functional in H69 cholangiocytes.

The next sets of experiments were performed to
identify the pathway(s) involved in the modulation of

FACING PAGE

Figure 2. Second messenger alterations and control of IL-6 release mediated by adenosine/A2bAR. Intracellular cAMP concentra-
tions (A, B) were analyzed by ELISA. H69 cells were stimulated with 100 uM adenosine for 2 h in 96-well plates (5,000 cells per
well) in H69 complete media in the presence of A2bAR antagonist (A) MRS-1754 (1 uM; n=3, performed in triplicates) or (B) 72 h
after transfection with an A2bAR-specific siRNA (n=4, performed in triplicate). #Significant when compared to the untreated cells;
*significant when compared to vehicle (A) or nontarget siRNA (B). (C, D) Intracellular Ca* mobilization was observed by confocal
microscopy. Glass coverslip-plated, fluo-4/AM-loaded H69 cells were perifused with HEPES buffer alone or containing 500 uM
adenosine. ATP (100 uM) was used as a positive control. Changes in fluorescence intensity were recorded with a Zeiss 510 confo-
cal microscope. (C) Relative fluorescence intensity of individual cells; 29 individual cells were analyzed. (D) Representative image
of the dye intensity variation during the course of the experiment. Scale bar: 50 um. (E) H69 cells were stimulated by 100 uM of
adenosine for 2 h in six-well plates (150,000 cells per well) in H69 complete media. RNA was extracted, and IL-6 mRNA expression
was determined by qPCR. Cells were preincubated with BAPTA/AM (50 uM) or cAMPs-RP (100 uM) 30 min prior to the stimula-
tion (n=3 for cAMPs-RP and n=7 for BAPTA/AM). (F) H69 cells were stimulated by 100 uM adenosine for 4 h in 48-well plates
(30,000 cells per well) in H69 complete media. Cells were preincubated with BAPTA/AM (50 uM) or cAMPs-RP (100 uM) 30 min
prior to the stimulation. Supernatants were collected and centrifuged, and IL-6 content was analyzed by ELISA (n=3, performed in
triplicate). #Significant when compared to unstimulated cells; *significant when compared to vehicle. (G) H69 cells were stimulated
by 100 uM of 8-pCPT-2-O-Me-cAMP-AM (8-pCPT) or adenosine for 4 h in 48-well plates (30,000 cells per well) in H69 complete
media. Supernatants were collected and centrifuged, and IL-6 content was analyzed by ELISA (n=3, performed in triplicate).
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the IL-6 expression and protein secretion via a pharma-
cological approach. H69 cholangiocytes were incubated
with adenosine in the presence of BAPTA/AM, an intrac-
ellular calcium chelator®, or in presence of cAMPS-RP,
an antagonist of the protein kinase A (PKA) downstream
cAMP signaling”’. IL-6 mRNA expression and secretion
were analyzed, as shown in Figure 2E and F, respectively.
In the presence of the calcium chelator BAPTA/AM,
adenosine-induced IL-6 mRNA expression was signifi-
cantly reduced (Fig. 2E). A similar tendency was observed
for IL-6 secretion (Fig. 2F). In contrast, no effect of the
cAMP-dependent protein kinase inhibitor cAMPS-RP
was observed (Fig. 2E and F). As cAMP can also effect
downstream changes by activating EPAC, H69 cholan-
giocytes were stimulated with 8-pCPT-2-O-Me-cAMP-
AM, a specific EPAC activator, and IL-6 protein secretion
was measured. As can be seen in Figure 2G, 8-pCPT-2-O-
Me-cAMP-AM did not stimulate IL-6 secretion by H69
cells. Similar results were obtained when IL-6 mRNA
expression was analyzed (data not shown). The data
obtained strongly suggest that adenosine-mediated IL-6
expression/secretion by normal H69 cholangiocytes is
dependent on an intracellular signaling pathway involv-
ing intracellular Ca>* mobilization.

A2bAR Deficiency Increases Mortality and Alters
the Ductular Reaction But Has no Effect on
Biliary Cirrhosis Mediated by BDL

To determine the effect of A2bAR-mediated IL-6
release in biliary cirrhosis, we assessed the effect of
A2bAR deficiency after bile duct ligation or sham sur-
gery. IL-6-deficient mice were previously reported, in a
12-week BDL study, to have higher bilirubin and mortal-
ity rates than control littermates'>. We thus performed a
similar survival experiment with the A2bAR™" mice. As
observed in Figure 3A, the A2bAR™ mice were signifi-
cantly more susceptible to death after BDL than C57BL/6
control mice, with a median survival of 19 and 21.5
days, respectively. To assess whether the difference in
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mortality observed could be abolished by supplementa-
tion with exogenous IL-6, we tested mice weekly injected
before surgery and thereafter with recmlIL-6 (250 ng/g of
body weight). The exogenous injection of IL-6 had no
effect on the C57BL/6 control survival rate. However,
A2bAR™ mice injected with recmIL-6 showed markedly
worsened survival after BDL, with a median survival of
only 13 days compared to 19 days for the A2bAR™ group
injected with vehicle only. It is important to note that for
the BDL survival experiment, since no A2bAR-deficient
mice survived past 21 days, we made the decision to
observe the C57BL/6 mice for a maximum of 28 days.

Histological analyses were performed on liver sections
collected at sacrifice or shortly after the mice were found
dead to determine the fibrotic stage (Fig. 3B and C).
Masson trichrome-stained sections (Fig. 3B) were staged
blindly using the METAVIR fibrosis scoring system.
As observed in Figure 3C, A2bAR™ mice had the same
level of liver fibrosis at the time of death compared to
the control C57BL/6 mice. Moreover, recmIL-6 injection
had no effect on the fibrosis score, although there was a
trend toward increased fibrosis in control wild-type mice
receiving recombinant IL-6, and a significant difference is
observed between these animals and the A2bAR-deficient
animals that received IL-6 injection (3.250+0.366 and
1.462+0.144, respectively). These data suggest that
A2bAR deficiency and exogenous IL-6 injection do not
increase fibrosis development in BDL despite an evident
effect in survival. One interesting observation was made
in the hematoxylin and eosin low-power field staining
(not shown). A nearly significant (p=0.0514) increase in
the number of bile infarcts was observed when exogenous
IL-6 is injected to A2bAR-deficient mice (Fig. 3D).

To extend the results obtained with the survival exper-
iment, a second group of mice were subjected to sham or
BDL operation for a total of 2 weeks, since survival was
consistent at this time point. Histological staining was
performed as described above. Low-power field (20x)
representative pictures are shown in Figure 3E. Blinded

FACING PAGE

Figure 3. Effect of A2bAR knockout on survival and fibrosis after bile duct ligation (BDL). BDL was performed on 10- to 12-week-
old male C57BL/6 or A2bAR™™ mice. (A-D) A group of mice received weekly subcutaneous injection of recombinant mouse IL-6
(IL-6; n=13 for both background), and the other group received vehicle only (n=8 for both background). (A) Kaplan—-Meier survival
graph. The black line represents control C57BL/6 mice, and the blue line corresponds to A2bAR™ mice. Full lines are vehicle only,
and dotted lines represent mice that received recmlL-6 injections. *Significant when compared to C57BL/6 mice; #significant when
compared to vehicle injection. (B) Mason trichrome staining representative of each group at the median time of survival. Scale bar:
100 um. (C) METAVIR fibrosis score analysis of the Mason trichrome staining performed in a blinded manner. (D) Bile infarcts were
counted on a blinded manner on low-power field hematoxylin and eosin staining of each individual mouse. (E-H) BDL or sham opera-
tion was performed on 10- to 12-week-old male C57BL/6 (n=9 and 7, respectively) or A2bAR™ mice (n=13 and 7, respectively).
Mice were sacrificed 2 weeks after surgery. (E) Representative picture of hematoxylin and eosin (H&E), Pico Sirius red (PSR), and
Mason trichrome staining for each group of mice. Scale bar: 100 um. (F) METAVIR fibrosis score analysis of the Mason trichrome
staining performed in a blinded manner. (G) Total liver RNA was extracted, and relative /L-6 mRNA was assessed by qPCR. GAPDH-
specific probe was used as control. C57BL/6 and A2bAR™" sham operated levels were, respectively, used as reference for the BDL
group. (H) Serum was obtained from sham and BDL-operated mice, and total serum IL-6 was assessed by ELISA.
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fibrosis scores, determined using the METAVIR scoring
system, are presented in Figure 3F. As seen, no differ-
ences were observed for the fibrotic score between the
A2bAR-deficient mice and the control wild-type mice
2 weeks after BDL surgery. The total liver /L-6 mRNA
level was determined by qPCR 2 weeks after BDL sur-
gery, as shown in Figure 3G. IL-6 mRNA is increased
after BDL, but no variation is observed between groups
from different genetic backgrounds. However, when
serum IL-6 was assessed by ELISA 2 weeks after BDL,
a nonsignificant reduction was observed for both sham
and BDL-operated animals (Fig. 3H) when comparing
C57BL/6 and A2bAR™".

One of the key components of the ductular reaction
in biliary fibrosis is cholangiocyte proliferation and
ductular morphogenesis. To assess this, CK19 staining
was performed on 2 week sham and BDL-operated ani-
mals that received or not weekly injection of recmIL-6.
Representative images are shown in Figure 4A. The num-
ber of mature duct (showing a clear lumen) and nonduct
(solitary or bunched cells without an organized lumen
and duct structure) CK19" cells was counted in a blinded
fashion. Two weeks after BDL, A2bAR-deficient mice
displayed significantly more mature ducts per portal area
(Fig. 4B) than control wild-type mice, 17.43+1.468 and
10.65%+0.7852, respectively. Interestingly, this significant
increase in mature ducts was abolished by exogenous
IL-6 injection, where the numbers were comparable to
the C57BL/6 control animals (11.030%1.202 ducts/portal
area). However, sham-operated A2bAR™" mice had sig-
nificantly more CK19* nonduct cells per portal area than
the control wild-type mice (14.27+1.578 vs. 4.567%
0.4988, respectively), as seen in Figure 4C. Following
bile duct ligation, the number of nonduct CK19" cells
in the deficient mice decreased to reach the level of the
control wild-type mice. The effect of exogenous IL-6
injection was surprising. As observed in Figure 4C, exog-
enous IL-6 injection significantly increased the number
of nonduct CK19" structures for the C57BL/6 sham-
operated animals (4.241£0.537 vs. 13.300+1.345, respec-
tively) but has no effect on the A2bAR™ mice. As IL-6
is known to promote cell proliferation, Ki-67 staining
was performed by immunohistochemistry, and the liver
epithelial proliferation was expressed by percentage
of positive staining analyzed with Imagel] software. As
expected, a significant proliferation increase was observed
for the C57BL/6 animals that received weekly injection
of recombinant mouse IL-6 compared to the vehicle-
injected animals (1.404£0.101 vs. 0.583+0.0813, respec-
tively). However, when the A2bAR™" mice were ana-
lyzed, no effect of exogenous IL-6 on cell proliferation
was observed.

In an attempt to better understand the effect of the
A2bAR deficiency and exogenous IL-6 observed on
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survival, staining for various inflammatory cells was per-
formed. Neutrophils, macrophages, and T lymphocytes
were stained using specific antibodies described in the
Materials and Methods section; however, no effect of
A2bAR deficiency and/or exogenous IL-6 treatment was
observed on the number of infiltrating inflammatory cells
(data not shown). In addition, a TUNEL assay performed
to detect apoptotic cells showed no effect of A2bAR defi-
ciency and/or exogenous IL-6 treatment (data not shown).

Taken together, these data suggest that the A2bAR/
IL-6 pathway is important in ductular proliferation and
morphogenesis following bile duct ligation and that this
is independent of fibrosis but affect the survival capacity
of the mice.

DISCUSSION

Cirrhosis is the end stage of chronic injury in the
liver. Although progression of fibrosis is essential to the
pathogenesis of cirrhosis, regeneration is equally neces-
sary for cirrhosis to be present”. Although elegant studies
focusing on fibrosis-regulating factors have elucidated
relevant pathways, far fewer have examined regenera-
tion, especially in the context of cirrhosis. Furthermore,
regeneration is the defining response to acute liver injury,
yet its mechanisms are similarly underevaluated in this
context. We have tried to bridge this gap via the experi-
ments performed in this article.

We focused on the mechanisms regulating IL-6
response at the cholangiocyte level for several reasons.
First, excellent studies suggest that IL-6 is particularly rel-
evant in both liver regeneration and biliary cirrhosis'*™".
Second, our preliminary data showed that cholangiocytes
release IL-6 in a regulated fashion". Third, cholangio-
cytes are critical mediators in the pathogenesis of biliary
cirrhosis®. Finally, the ectoenzyme cascade resulting in
the generation of extracellular adenosine is altered in a
fashion that favors increased extracellular adenosine con-
tent during liver fibrosis™.

Our in vitro experiments show that adenosine induces
IL-6 release form cholangiocytes via the A2bAR. This is
intriguing for several reasons. Unlike the other adenosine
receptors, A2bAR is a low-affinity receptor, suggesting
that it may be of particular importance in liver response
to injury, especially when massive amounts of ATP are
released after cell death™. Moreover, in cells outside the
liver, A2bAR has been linked to IL-6 release”**. Data
from our lab show that ATP-dependent IL-6 regulation
in cholangiocytes is controlled by several Ca**/cAMP
response elements (CRE) on the IL-6 promoter”. CRE
has been shown to be activated by both Ca> and cAMP
signals. While stimulation of A2bAR did induce cAMP
and Ca” signals in this study, only the Ca®" signals regu-
lated IL-6 release. This suggests that, in this context,
Ca™ and not cAMP may be the primary effector of the
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Figure 4. Bile duct staining with CK19 (A—C) and cell proliferation analysis by Ki-67 staining (D, E) were performed 2 weeks after
BDL mice. A group of mice received recombinant mouse IL-6 (IL-6) or the vehicle only (vehicle) for both sham and BDL surgeries.
(A) Representative CK19 staining image for each group. Scale bar: 50 um. (D, E) Count of CK19" duct (D; with visible lumen) and
nonduct (E; no lumen) per portal area in a blinded manner. The following were the number of animals per group: C57BL/6 sham (7),
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BDL (13), and A2bAR™ BDL + IL-6 (3). Between 3 and 5 100x magnification fields were count per animal. #Significant when com-
pared to C57BL/6 BDL vehicle; *significant when compared to A2bAR™ BDL vehicle. (D) Representative image of Ki-67 staining
for BDL-operated animal with or without recmIL-6 injection. Scale bar: 50 um. (E) Analysis of the percent of Ki-67" pixels on five
different 100X magnification fields for three animals per group. #Significant when compared to C57BL/6 BDL vehicle; *significant
when compared to C57BL/6 BDL IL-6.
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A2bAR. Of note, similar results were observed with
A2bAR-mediated IL-6 released by dendritic cells* and
by macrophages and endothelial cells’, providing sup-
port for this provocative finding.

The results obtained in vivo after bile duct ligation
were particularly surprising in light of published studies.
These studies presumed that poor survival in the absence
of IL-6 was due to differences in the rate of fibrosis/
cirrhosis progression'”. Here we show that this is not the
case. The A2bAR-deficient mice died prematurely, and
this was worsened by exogenous recmlIL-6. However, the
fibrosis scores at the time of death were unchanged in such
mice. At this time, the mechanisms increasing mortality
in these animals are unknown. However, the presence of
bile infarcts in animals with increased mortality due to
recombinant IL-6 injection (without observed changes in
inflammatory cells) suggests that epithelial repair mecha-
nisms may be of great importance. We are confident that
the mortality difference is not due to changes in fibrosis
because at the 2-week time point (when all animals were
alive) fibrosis progression was identical. In contrast, the
character of the ductular reaction was altered in A2bAR-
deficient mice. Specifically, BDL induced a greater shift
from nonduct to duct-forming cholangiocytes in mice
lacking A2bAR, suggesting that IL-6 may push cholan-
giocytes to a pluripotential, proliferative phenotype as
opposed to a secretory, reactive phenotype, as observed
by Alpini and colleagues in the setting of cholangiocyte
size—phenotype correlation”. Furthermore, observations
at the 2-week time point indicate that A2bAR-deficient
mice lack a response to recombinant IL-6 that is robust in
wild-type mice. We propose that IL-6 is relevant to repair
and ductular morphogenesis, but cholangiocytes unable
to generate IL-6 in response to extracellular adenosine
lose this regulatory mechanism. The specific cause of this
alteration is, at this time, unknown but should be investi-
gated in future studies.

Three other points are worth mentioning, although
there are insufficient data to explain them fully at this
time. First, the mechanism by which IL-6 increases mor-
tality in our model may not be due to physiological effects
of IL-6 but rather the effects of supratherapeutic adminis-
tration of IL-6. In other words, a large bolus dose of IL-6
may activate mechanisms not yet defined, which ulti-
mately impair survival. Although outside of the scope of
this article, this is worth further study. Second, although
the in vitro segment of this study was designed to exam-
ine the cholangiocyte adenosine/A2b/IL-6 axis, the in
vivo work involved whole-animal knockouts. Thus, the
specific role of cholangiocyte IL-6 release in vivo could
not be studied in isolation. The roles of other cells with
relevant adenosine/A2b pathways may have skewed our
in vivo findings. Again, future studies should address this
question. Last, the cholangiocyte adenosine/A2b axis,
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even if it does mediate regulated release of IL-6, may also
regulate release of other inflammatory mediators. We
have investigated this at a preliminary level, but the data
were equivocal. That said, since we have characterized
both cAMP and cytosolic Ca® as downstream effectors
of A2b, it is almost certain that adenosine regulates func-
tions in addition to IL-6 release in cholangiocytes. All of
these considerations are important in the evaluation of the
data presented in this article.

In summary, we describe a novel pathway that relates
regenerative injury and survival in biliary cirrhosis. This
pathway, mediated by extracellular adenosine, the A2bAR,
Ca?, and IL-6, merits further experimental study, with
hopes of generating a more complete understanding of
the response of the liver to acute and chronic injury.
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