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Abstract

Genetic differences between individuals that affect drug action form a challenge in drug
therapy. Many drugs target G protein-coupled receptors (GPCRs), and a number of receptor
variants have been noted to impact drug efficacy. This, however, has never been addressed
in a systematic way, and, hence, we studied real-life genetic variation of receptor function in
personalized cell lines. As a showcase we studied adenosine Axa receptor (AaR) signaling in
lymphoblastoid cell lines (LCLs) derived from a family of four from the Netherlands Twin
Register (NTR), using a non-invasive label-free cellular assay. The potency of a partial agonist
differed significantly for one individual. Genotype comparison revealed differences in two
intron SNPs including rs2236624, which has been associated with caffeine-induced sleep
disorders. While further validation is needed to confirm genotype-specific effects, this set-
up clearly demonstrated that LCLs are a suitable model system to study genetic influences

on A AR response in particular and GPCR responses in general.
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Introduction

The majority of therapeutic drug targets to date are within the G protein-coupled receptor
(GPCR) superfamily, a class of membrane-bound proteins [1, 2]. As such, GPCRs have been
widely and intensively studied for the development of new therapeutics. Among the most
well-studied members of this group are the adenosine receptors, a family comprising of 4
different subtypes: A;, Aza, Azs and As [3]. The various subtypes have been implied in a broad
range of diseases and (patho)-physiological conditions, such as a variety of respiratory and
inflammatory conditions for the A,a or cardiovascular disorders for the A; [4]. Likewise, a
wide variety of compounds selectively activating, inhibiting or modulating these receptors
are available to date [3, 4]. Some of these have even been or are currently in clinical trials [3,
4]. Adenosine itself has been long approved for treatment of supraventricular tachycardia [3]
and one AaR antagonist, istradefylline, has made it to the market as adjuvant drug therapy
for Parkinson’s disease in Japan [5].

In the emerging era of personalized medicine, it is paramount for drug development to
better understand the effects of a drug not only in the overall population, but in the individual
patient as well [6]. Genetic differences between individuals can affect drug action.
Accordingly, several examples linking GPCR polymorphisms to diseases and drug response
variation already exist [7-11], which include many commonly targeted GPCRs [11] such as
purinergic [12, 13], cannabinoid [9, 10] and adenosine [14-16] receptors. Specifically for the
adenosine A2A receptor, Single Nucleotide Polymorphisms (SNPs) have been associated with
for instance anxiety [17, 18], caffeine intake [17], or vigilance and sleep [14]. Despite these
examples of statistical association of genotype and condition, as well as extensive mutational
characterization of the adenosine receptors, little is known about the direct functional effect
of receptor polymorphisms or SNPs. Therefore, an ideal set-up would be to use patient-
derived material as a model system to study the influence of polymorphisms on receptor
response.

Lymphoblastoid cell lines (LCLs) are one of the most common choices for storing a
person’s genetic material [19, 20] and can be used to study GPCR function as has been shown
in Chapter 3. For example, Morag, Kirchheiner [21] studied the influence of a few GPCR
antagonists on LCL growth. We recently published an even more direct way of measuring
receptor function, including agonist and antagonist concentration-effect curves (Chapter 3).
Using a newly developed, highly sensitive label-free cellular assay technology [22, 23], we
have shown in Chapter 3 that it is possible to measure an individual’s GPCR response in LCLs

using the cannabinoid receptor 2 as example . In such label-free assays one can monitor drug
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effects on an intact cell in real-time, rather than being limited to a static, one-molecule-
detection of ligand binding or second messenger accumulation, as is usually employed in
GPCR and adenosine receptor research [3, 22-24].

In the current study we have applied this label-free methodology to assess personal
adenosine Aya receptor function in LCLs. We characterized A,aR signaling with various types
of ligands including endogenous and synthetic agonists, partial agonist and antagonists,
among which istradefylline. To allow conclusions about genotype in relation to receptor
response, we compared responses between the individuals of a family of four from the
Netherlands Twin Register [25]. This family consisted of two genetically unrelated individuals,
the parents, as well as their children, which were monozygotic twins. Confirming the
comparability of monozygotic twins’ responses is one of the standard ways to control for
genotype-unrelated effects, and thereby assess a system’s suitability for genetic studies [25,
26].

Material and methods

Chemicals and reagents

Fibronectin from bovine plasma, Roswell Park Memorial Institute (RPMI) 1640 cell culture
medium (25 mM HEPES and NaHCO3), NECA, adenosine and ATP were purchased from Sigma
Aldrich (Zwijndrecht, The Netherlands). CGS21680, ZM241385 and CCPA were purchased
from Abcam Biochemicals (Cambridge, United Kingdom), CI-IB-MECA from Tocris Bioscience
(Bristol, United Kingdom) and istradefylline from Axon Medchem (Groningen, The
Netherlands). BAY60-6583 was synthesized in-house. LUF compounds were synthesized as
described by van Tilburg, von Frijtag Drabbe Kunzel [27] for LUF5448 and LUF5631, van
Tilburg, Gremmen [28] for LUF5549 and LUF5550 and Beukers, Chang [29] for LUF5834. All
other chemicals and reagents were of analytical grade and obtained from commercial

sources, unless stated otherwise.

Lymphobilastoid cell line generation

The lymphoblastoid cell lines (LCLs) were generated from participants of the Netherlands
Twin Register (NTR, VU, Amsterdam, The Netherlands) [25]. The LCLs were generated by the
Rutgers Institute (Department of Genetics, Piscataway, NJ, USA) using a standard
transformation protocol [25], as previously mentioned in Chapter 3. Peripheral B-
lymphocytes were transformed with Epstein—Barr Virus (EBV) by treatment with filtered

medium from a Marmoset cell line in the presence of phytohemaglutinin (PHA) during the
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first week of culture [19, 20, 30]. Cultures were maintained for 8-12 weeks to expand the

EBV transformed lymphocytes and subsequently cryopreserved.

Cell culture

LCLs from a family of four individuals, two parents (genetically unrelated; called Parent 1 and
Parent 2) and their monozygotic twin (genetically equal; called Twin 1 and Twin 2), were used
for the experiments presented in this manuscript. According to culture conditions described
in Chapter 3, cryopreserved cells were thawed and resuscitated. LCLs were grown as
suspension cells in RPMI 1640 (25 mM HEPES and NaHCO3) supplemented with 15% FCS, 50
mg/ml streptomycin, 50 IU/ml penicillin, at 37 °C and 5% CO2 and were subcultured twice a
week at a ratio of 1:5 on 10 cm @ plates. LCLs were disposed of after maximally 120 days in

culture.

gPCR

RNA from LCLs was isolated using RNeasy Mini kit (QIAGEN, Venlo, The Netherlands). The
RNA was treated with optional on column DNase digestion using DNase | (QIAGEN) and
converted to cDNA using Superscript Il (Invitrogen, Bleiswijk, The Netherlands). cDNA was
run on custom designed 384 well gPCR plates from Lonza (Copenhagen, DK), in accordance
with a previous publication [31]. These plates contained primers for 379 GPCRs as well as 3
RAMPs, together with primers for Rn18s and genomic DNA (Primers are listed in Engelstoft
et al. [31]). Genomic DNA sample was used as calibrator and the relative copy number was

calculated as stipulated previously [31].

Label-free whole-cell analysis (xCELLigence RTCA system)

Instrumentation principle

Cellular assays were performed using the xCELLigence RTCA system [22] in accordance with
previously published protocols (Chapter 3, [32]). Briefly, the real-time cell analyzer (RTCA)
measures the whole-cell responses using a detection system based on electrical impedance.
Impedance is generated through cell attachment to gold electrodes embedded on the
bottom of the microelectronic E-plates, which changes the local ionic environment at the
electrode-solution interface. Relative changes in impedance (Z) are recorded in real-time and
summarized in the so-called Cell Index (Cl), a dimensionless parameter. The Cl at any given
time point is defined as (Z; - Zo) Q/15 Q, where Z; is the impedance at each individual time
point. Zo represents the baseline impedance in the absence of cells, which is measured prior

to the start of the experiment and defined as 0. As cells adhere to the electrodes, impedance
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and the corresponding Cl increase proportionally. Changes in cell number and degree of
adhesion, as well as cellular viability and morphology are directly reflected in the impedance
profile [22, 23]. Such cellular parameters are also affected upon activation of GPCR signaling,

thereby allowing real-time monitoring of cellular signaling events [22].

General protocol

xCELLigence assays on LCLs were performed in accordance with a protocol previously
described in Chapter 3 with minor modifications. Briefly, cells were seeded onto fibronectin-
coated E-plates (10 ug/ml) at 80,000 cells/well. All cell counts were performed using Trypan
blue staining and a BioRad TC10 automated cell counter. E-plates were placed into the
recording station situated in a 37 °C and 5% CO2 incubator and impedance was measured
overnight. After 18 h, cells were stimulated by a GPCR ligand or vehicle control in 5 pl, unless
specified otherwise. As compound solubility required addition of dimethylsulfoxide (DMSO),
the final DMSO concentration upon ligand or vehicle addition was kept at 0.25% DMSO for
all wells and assays.

For agonist screening purposes, cells were stimulated with agonist concentrations
corresponding to 100 x K value for their respective receptors [4]. For the partial agonist
screen, all partial agonists as well as reference agonist CGS21680 were tested at a
concentration of 1 uM.

Agonist concentration—response curves were generated by stimulating cells with
increasing concentrations of the respective agonist. For antagonist assays, cells were pre-
incubated for 30 min with 5 pl of vehicle control or the respective antagonist at increasing
concentrations. Subsequently, cells were challenged with a submaximal agonist
concentration of CGS21680 that was equal to the agonist’s ECgo value (100 nM) or vehicle
control. Generally, compound dilutions for concentration—response curves were generated

using the digital TECAN dispenser (Tecan Group, Mannedorf, Switzerland).

Data analysis

Data were analyzed as stipulated in the previous protocol in Chapter 3. Briefly, experimental
data were obtained with RTCA Software 1.2 (Roche Applied Science). Ligand responses were
normalized to A cell index (A Cl) and exported to GraphPad Prism 6.0 (GraphPad Software
Inc., San Diego, CA, USA) for further analysis. Vehicle control was subtracted as baseline to
correct for any agonist-independent effects. Peak responses were defined as highest A Cl
(Max ACI) observed within 60 min after compound addition. When stipulated, area under

the curve (AUC ACI) within those 60 min was used as an additional parameter to analyze
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response height. Peak values and experimental A Cl traces were used for construction of bar
graphs or concentration—effect curves by nonlinear regression and calculation of ICso, ECsg
and ECgp values. Ki values for antagonists were calculated using the Cheng—Prusoff equation
[33] using the concentration of the agonist (CGS21680, 100 nM) and ECso value
corresponding to each cell line.

All values obtained are means of at least three independent experiments performed in
duplicate, unless stated otherwise. Statistical significance was determined by comparison of
the means of multiple data sets by a one-way ANOVA, followed by Tukey’s post hoc test for
comparison of all columns or a Dunnett’s post hoc test when comparing to control or

reference compound.

Processing of SNPs and genetic data

SNP data for the four individuals were obtained from the Genomes of the Netherlands
consortium (http.//www.nlgenome.nl/) of which the Netherlands Twin Register is part of and
analyzed in-house using PLINK, an open-source whole genome association analysis toolset
[34, 35].

Results

Label-free assays enable detection of adenosine Axa receptor signaling in LCLs

The standard applications of label-free technologies such as the xCELLigence for GPCRs
generally require adherent cell systems [22, 23, 32]. LCLs are suspension cells for which we
have developed a protocol in which fibronectin coating of the plate wells allowed the LCLs to
adhere (Chapter 3). With this approach we confirmed the presence or absence of adenosine
receptor subtypes by testing selective agonists using LCLs of one individual as example
(parent 2). These agonists included selective ligands such as CCPA for hA;aR, CGS21680 for
hA2.AR, BAY60-6583 for hA,sAR, Cl-IB-MECA for hAsaR and the unselective agonist NECA. To
ensure full receptor occupancy, we tested the compounds at concentrations corresponding
to 100 x K; value for their respective receptor [4]. An example of resulting xCELLigence traces
is provided in Fig. 1. Addition of the compounds induced changes in cellular morphology that
were recorded in real-time. Typically, agonist addition resulted in an immediate increase of
impedance to a peak level which gradually decreased toward a plateau within 30 min.
Responses were normalized to the subtype unselective agonist NECA for reference. Overall,
hA2.AR selective agonist CGS21680 gave the highest response which was close to the

response to NECA itself, as would be expected from the expression data which showed that
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Figure 1. Adenosine receptor agonist screen. Cells were seeded onto fibronectin-coated wells
(10 pg/ml) at 80,000 cells/well. After 18 h of growth, cells were stimulated with AR ligands at
concentrations corresponding to 100 x K; value for their respective receptor [4]. CCPA (83 nM) for
hA1AR at, CGS21680 (2.7 uM) for hA;aAR, BAY60-6583 (36 uM) for hA,sAR and CI-IB-MECA (140 nM)
for hAsAR were compared to the unselective hAR agonist NECA. Unselective NECA was tested a
concentration of 14 uM which is at least 100 x K; or more for all ARs. Representative xCELLigence traces
of a baseline-corrected ligand response are given of one individual (parent 2), where time point 0
represents the time of ligand addition. Data are from at least three separate experiments performed
in duplicate. Statistical differences of compound responses to NECA were analyzed using a one-way
ANOVA with Dunnett’s post hoc-test. “p<0.05, “p<0.01, *“p<0.001, “"*p<0.0001. Response
heights normalized to NECA (100 + 1%) were for CCPA: 35+ 5% , CGS21680: 67 + 11%, BAY60-6583:
40+ 14% and Cl-IB-MECA: 39+ 10% .

hA24AR is the highest expressed in LCLs while the other three subtypes were expressed to a
much lower extent (receptor expression family mean + SEM was hA,pAR 21.87 + 5.41, hA1aR
1.35+0.85, hA;3AR 0.88 + 0.35 and hA3AR 0.40 + 0.37, calculated using a normalization factor
derived from all genes expressed above genomic DNA levels, in accordance with a previous
publication by Engelstoft et al. [31]). In fact, CGS21680 was the only compound whose
response did not differ significantly from NECA. CCPA, the hA;4R agonist, and hAsAR agonist
CL-IB-MECA gave small responses (Fig. 1), most likely caused by a modest activation of AR
at the concentrations used. While all other agonists displayed a positive impedance
response, BAY60-6583 gave a small positive peak followed by a decline to a negative
impedance plateau. Responses to all agonists from LCLs of a second individual, parent 1, gave

comparable results in terms of conclusion of receptor subtype presence (data not shown).

AzaR agonist and antagonist responses compare well between monozygotic twins and their
parents

Subsequently, the label-free methodology was applied to compare adenosine Aareceptor
related responses between LCLs derived from the four different individuals. We
characterized A,aR signaling with various types of ligands, including the endogenous agonist

adenosine as well as the synthetic non-selective agonist NECA and A,aR selective agonist
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Figure 2. Characterization of full agonist responses in LCLs from a family of four from the NTR. The family
consists of two genetically unrelated individuals, parent 1 and 2, and their children which are a
monozygotic twin (twin 1 and twin 2). Cell lines were stimulated with endogenous agonist adenosine
[1 nM-=100 uM], synthetic agonists NECA or CGS21680 [100pM-1puM] 18 h after seeding
(80,000 cells/well). Representative example of a baseline-corrected concentration-dependent
CGS21680 response (A). Concentration—response curves for CGS21680 (B), NECA (C) and adenosine (D)
were derived from peak A cell index (A Cl) within 60 min after agonist addition (see Methods). Data in
B-D represent the means + SEM of at least three separate experiments performed in duplicate.

CGS21680. All three agonists displayed a similar shape of and height in response, both within
each cell line and between individuals. An example of such a response is depicted in Fig. 2A.
The corresponding concentration—response curves are shown in Fig. 2B-D. In a similar
manner, concentration-inhibition curves for AsaR antagonists ZM241385 and istradefylline
were obtained. An example trace of such an agonist/antagonist experiment is in Fig. 3A while
the concentration-inhibition curves are represented in Fig.3Band C. AllpECsoand
plCso values for the LCLs of the four individuals are summarized in Table 1. From the
plCso values we derived affinity (pkKi) values for both antagonists using the Cheng—Prusoff
equation. For ZM241385 these values were 8.29+0.11, 9.00+0.09, 8.88 + 0.05 and
9.08 + 0.08 for parent 1, parent 2, twins 1 and 2. pK; values for istradefylline were 6.84 + 0.17,
7.67 £0.07, 7.47 £ 0.05 and 7.88 + 0.07, respectively.

AxaR partial agonist responses are measurable in LCLs

Finally, we tested a number of partial agonists synthesized in house, all at a concentration of
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Figure 3. Characterization of AzaR antagonist responses in LCLs from a family of four from the NTR. The
family consists of two genetically unrelated individuals, parent 1 and 2, and their children which are a
monozygotic twin (twin 1 and twin 2). For antagonist curves, cell lines were pre-incubated for 30 min
with increasing concentrations of ZM241385 [10 pM—10 puM] before stimulation with CGS21680 [ECso:
100 nM] 18 h after seeding (80,000 cells/well). Representative example of a baseline-corrected
concentration-dependent response to ZM241385 (A). Concentration—response curves for ZM241385
(B) and istradefylline (C) were derived from peak A cell index (A Cl) values within 60 min after agonist
addition. Data in B and C represent the means + SEM of at least three separate experiments performed
in duplicate.

1 uM. An example trace of partial agonist and CGS21680 responses for LCLs of one individual
is in Fig. 4A. Some partial agonists (LUF5549 and LUF5631) displayed high efficacy in this cell
system, as their maximum response almost equaled that of the full agonist CGS21680 with
112 £ 9% and 95 £ 11%, respectively. LUF5448 and LUF5550 however showed robust partial
agonistic behavior of 64 +5% and 40 + 5% of maximal efficacy (Fig. 4A). Partial agonist
LUF5834 gave a different shape of response, which was marked by a negative peak followed
by a negative impedance plateau, which differed significantly from any other partial agonist
or reference full agonist CGS21680 (Fig.4A). Its maximum response was therefore at
17 £ 8%.

Aga partial agonist response differs between individuals

In order to further demonstrate the sensitivity of the label-free technology combined with

LCLs, one partial agonist was chosen to obtain concentration—response curves. LUF5448 was
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Figure 4.AxaR partial agonist responses in LCLs. Cells were stimulated 18 h after seeding
(80,000 cells/well) with AaR partial agonists as well as full agonist CG521680 [all at 1 uM] for reference.
(A) Representative example of a baseline-corrected response is given from one individual (parent 2).
Maximal responses of partial agonists compared to CGS21680 were 112 + 9% for LUF5549, 95+ 11%
for LUF5631, 64 + 5% for LUF5448, 40 +5% for LUF5550 and 17 +8%  for LUF5834. Statistical
differences from CGS21680 were assessed with a one-way ANOVA with Dunnett’s post hoc
test. “p < 0.05, ""p < 0.01,""p < 0.001, *""p <0.0001. (B) Representative example of a baseline-
corrected response of A;aR partial agonist LUF5448 [10 pM—1 uM] for one individual (parent 2). (C)
Concentration—response curves for all four individuals were derived from peak A cell index (A Cl) within
60 min after agonist addition, normalized to CGS21680 as reference. Data are representative examples
or means + SEM of at least three separate experiments performed in duplicate.

Hkk

chosen as a suitable candidate as it displayed robust partial agonistic behavior with a
maximum effect of approx. 50% of the reference full agonist CGS21680. An example
xCELLigence trace is provided in Fig. 4B while the corresponding concentration—response
curves for the four individuals are summarized in Fig. 4C. Interestingly, while three of the
individuals gave very comparable curves and pECsy values, one of the parents differed
significantly from all (Table 1), with an approx. tenfold higher potency (pECso value). LUF5448
behaved as a typical partial agonist on all cell lines with a % Max ACI of CGS21680 of 66 + 7%
for parent 1, 70 + 2% for parent 2 and 67 + 2% and 54 + 4% for twins 1 and 2, respectively.
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Table 1. Overview of the pECsp and plCso values of Adenosine, NECA, CGS21680, ZM241385, istradefylline
and LUF5448 for the tested individuals’ LCLs. Data represents the means of at least three separate
experiments performed in duplicate. Statistical analysis was performed with one-way ANOVA with
Tukey post-hoc test. Asterisks highlight statistical differences to the other individuals (P1 = parent 1; P2
=parent 2; T1 = Twin 1; T2 = twin 2). * p<0.05, ** p<0.01,*** p<0.001.

. PECso / pICso (M)
Ligand
Literature Parent 1 Parent 2 Twin 1 Twin 2
Adenosine 6.51 [36] 6.34 £0.32 5.59+0.13 594+0.12 5.82+0.16
Endogenous
agonist
NECA 8.60+0.02[32] 7.54 £0.07 8.06 £ 0.04 7.68 £0.04 7.92 £0.07
Full non-selective 7.59+0.33[37] *ATQ; *¥*%p2 AT, *¥**p1 *T2; **p2 *T1; ¥*P1
agonist
CGS21680 8.42 +0.05 [32] 7.61+£0.14 8.20 £ 0.09 7.76 £0.08 8.30+0.42
Full selective 8.18+0.36 [38]
agonist
ZM241385 8.80° [4] 7.52+£0.15 7.55+0.17 8.01+0.07 7.73+£0.10
Antagonist/
inverse agonist
Istradefylline 7.92%[39] 6.21£0.09 6.45+0.04 6.66 £ 0.02 6.59+£0.03
Antagonist/ *P2; **T1; *P1 **p1 *¥*p]
inverse agonist *EXT2
LUF5448 8.62+0.19 [32] 8.69+0.11 7.60+0.11 7.69+£0.08 7.76 £0.26
Partial agonist **all **p1 **p1 **p]

a. K/

Table 2. SNP genotype differences within the ADORA2A gene between the four individuals included in
this study. The heterozygous differences of parent 1 to the other individuals are underlined. Data
obtained from the NTR and analyzed in-house.

Genotype
SNP :

Parent 1 Parent 2 Twins
rs34999116 TC CccC CccC
rs5751869 AG AG GG
rs5760410 AG AG GG
rs5751870 TG TG GG
rs5751871 TG TG GG
rs9624470 AG AG GG
rs11704959 AC CccC AC
rs2298383 TC TC CccC
rs3761420 AG AG GG
rs3761422 CT CT TT
rs2267076 CT CT TT
rs11704811 TC CccC TC
rs17650801 GG AG GG
rs4822489 GT GT TT
rs2236624 CcC TC TC
rs5751876 CT CT TT
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Genotype differences between the four individuals

SNP data for the four individuals were obtained from the Genomes of the Netherlands
consortium and analyzed in-house using PLINK, an open-source whole genome association
analysis toolset [34, 35]. SNPs within the boundaries of the ADORA2A gene as defined by
human genome overview GRCh37 were selected. Based on GRCh37 and dbSNP information
(http://www.ncbi.nlm.nih.gov/SNP/), SNPs were further annotated according to position
(e.g., intron, exon) and SNP type (e.g., missense, synonymous). The genotype differences of

the individuals used in this study are summarized in Table 2.

Discussion

Itis well established that label-free technologies can be applied to investigate GPCR signaling
in heterologous as well primary adherent cell systems [22, 23, 32]. For instance, the
xCELLigence system has successfully been applied to study ligand effects on the cannabinoid
receptor 2 (CB2) and the metabotropic glutamate receptor 1 (mGIluR1) using recombinant
Chinese hamster ovary (CHO) cells [40]. Similarly, A;aR signaling has been studied in
HEK293hA,AR cells using selective agonists as well as partial agonists [32]. While only such
recombinant cell lines have been used to study A,aR signaling using label-free technology,
AzaR function has been studied in some endogenous cell types using other, more traditional
assays [38, 41, 42]. However, studying a person’s A;aR response using a personal cell line
such as the LCLs has not been possible up until now, and is therefore a translational step
further toward precision medicine.

Applicability of this label-free technology to LCLs is, however, not entirely
straightforward due to their suspension cell nature. Nonetheless, adherence levels after
coating of the wells with fibronectin were sufficient to allow monitoring of receptor
responses, as was demonstrated by testing adenosine receptor ligands (Fig. 1). Activation of
AR receptors led to a typical increase in impedance often seen for GPCR ligands in LCLs. For
instance, P2Y receptors (Ensembl family: ENSFM00760001715026) are abundantly present
on many cell types, including LCLs [43, 44], which has made ATP a reference agonist for
testing of functional LCL responses (Chapter 3). Interestingly, both adenosine receptor
agonists and ATP display the same shape of response, which was also comparable to the
response to cannabinoid receptor 2 (CB2) agonists as seen in earlier in Chapter 3. Herein we
showed that LCL densities of 50,000 cells/well were sufficient for detection of a robust CB,
as well as P2Y receptor response. In the present chapter seeding densities were increased to

80,000 cells/well to obtain a window sufficient for A,aR partial agonist characterization.
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Itis well known that A;aR are expressed in immune cells, including lymphocytes and LCLs
[41, 45], which was confirmed in this study by both receptor expression levels in the gPCR
experiments and the responses to selective adenosine receptor agonists in the label-free
assay (Fig. 1). The results from these tests indicated that A;aR are the only adenosine
receptors highly expressed in LCLs. This was further confirmed by the comparability of the
responses of all three full agonists tested in this paper. The endogenous ligand adenosine as
well as subtype unselective NECA and A,aR selective CGS21680 had comparable responses
(Fig. 2) suggesting these were all mediated through the AzaR. Similarly, antagonist responses
were also measurable for all four different individuals (Fig. 3), strengthening the conclusion
that responses are mediated through AzaR only.

While it is straightforward to confirm that an impedance response is a specific receptor-
mediated effect with recombinant cell lines, namely by simply using the untransfected
parental cell line as negative control [32, 40], this is not possible in cell lines with endogenous
receptor expression. Therefore, for LCLs the most reliable way is to confirm overall receptor
pharmacology with receptor subtype-selective agonists and antagonists. By showing that the
AsaR selective antagonists ZM241385 and istradefylline competed with and blocked the
signal of the AR selective agonist CGS21680 (Fig. 3), we confirmed that the impedance
effects indeed originate from an AzaR response.

Overall, agonist pECso values for agonists were within a log unit from previously reported
literature values obtained with standard functional assays on heterologous cell lines (Table
1). For instance, adenosine itself is within that range as it has been reported with an ECs
value of 310 nM in a cAMP assay on hA;sAR [36]. For the antagonists, the calculated pK;
values of ZM241385 and istradefylline were also within the range of previously published
values. This calculation corrects for the fact that the same concentration of agonist was used
during the assay, corresponding to the ECgy of CGS21680, while the efficacy of this agonist
differed slightly between cell lines.

Following this characterization of full agonists and antagonists to verify the presence and
functional relevance of A;aR, a number of partial agonists were tested to demonstrate the
sensitivity of the system. The set-up was well able to measure partial agonist effects on LCLs,
quite comparable to our previous study on HEK293hA,xAR cells [32]. Interestingly, while
most agonists induced an increase in impedance with a single peak in LCLs, there were two
agonists which gave rise to a different shape of response. Both BAY60-6583 and the partial
agonist LUF5834 responses were marked by a small peak followed by a negative impedance
plateau, rather than one positive peak (Fig. 1 and Fig. 4). Interestingly, both BAY60-6583 and

LUF5834 belong to a structurally distinct class of non-ribose agonists, as opposed to all other

75 | Chapter 4



agonists tested in this paper. Hence, it seems that non-ribose agonists, while equally able to
activate the hAAR, give rise to a different cellular response than the more common ribose-
containing agonists. This was not observed in the heterologous HEK293hA,sAR cell line where
partial agonist LUF5834 had been tested previously [32], which highlights the differences of
using an unmodified human cell line when characterizing compound effects. In fact,
efficacies and signaling of ligands can differ under artificial or heterologous conditions due
to a number of factors [22, 46]. Receptor overexpression, differences in intracellular
metabolic conditions as well as products from other genes could modify cellular responses.
Unfortunately, most studies of receptor function involve artificially expressed receptors in
heterologous cell systems, such as CHO or HEK cells 3, 32]. While useful for high-throughput
screening and fundamental research, such systems are far from the real-life situation in an
individual. To move further toward the physiological situation, it is essential to study receptor
function in a more endogenous setting such as LCLs. This is especially true when attempting
to understand how polymorphisms may functionally affect the receptor and therefore the
drug response of an individual.

Employing the LCLs, we investigated genotype effects on receptor response by
comparing the effects of various types of A,aR ligands between the individuals of a family of
four from the Netherlands Twin Register, which consisted of two genetically unrelated
individuals, the parents, and their children, which were monozygotic twins. Overall, the
results were comparable between all individuals. Analyzing and confirming the comparability
of results obtained in monozygotic twins is one of the standard ways in genetic studies to
control for genotype-unrelated effects, and assess a system’s suitability for genetic studies
[25, 26]. As expected, the twins did not differ significantly from each other, with exception
of their pECsp values for NECA (p < 0.05; Table 1). Interestingly, NECA was also the only ligand
for which all individuals differed significantly in their pECso values. As monozygotic twins are
genetically identical, these differences could not be related to genetic effects and therefore
precluded any further conclusion about differences between the parents. However, parent
1 showed significant differences on two occasions, when all other three individuals, including
the monozygotic twins, were comparable. This was the case with istradefylline as well as with
the partial agonist LUF5448. While with istradefylline the difference was rather marginal
within half a log unit, the potency shift (approx. tenfold higher) for LUF5448 was much more
pronounced for parent 1. Partial agonists are deemed more sensitive to system-related
differencesin receptor function, for instance in receptor expression or downstream coupling,
than full agonists or antagonists [28]. Therefore, the difference in potency possibly reflects

subtle changes introduced by the genetic differences between individuals. While none of the
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four individuals had non-synonymous SNPs in the ADORA2A gene (Table 2), there were some
heterozygous differences present in non-coding SNPs. Two SNP differences were in line with
the pECso and plCso changes, namely in which only parent 1 differed while parent 2 and the
twins showed the same genotype and response. These were rs34999116 where parent 1 is
heterozygote for the minor allele and rs2236624 where parent 1 is homozygote for the minor
allele. Interestingly, the C-allele of rs2236624, which is located in intron 4 of the ADORA2A
gene, has been associated with vigilance and sleep, while the CC genotype has been
associated with anxiety in autism patients [14-16]. The TT genotype has been associated with
pharmacotherapy-related toxicities in acute lymphoblastic leukemia [47]. Several studies
have proposed a subtle effect on receptor expression as possible mechanism, as this intron
SNP has intermediate regulatory potential [16, 47]. As we did not observe significant
differences in receptor mRNA levels in our gPCR experiments, this regulation may affect the
subsequent translation. Changes in receptor expression may affect G protein coupling
efficiency, for which a partial agonist is more sensitive than a full agonist.

Although this genetic variation does not provide causal evidence that response
differences as observed in the LCLs from these individuals are directly related to these SNPs,
the experimental results show that the chosen methodology and set-up are capable of
picking up individual differences in receptor signaling for the A;aR. Although A,aR function
has been studied in endogenous cell types [38, 41, 42], we made a further step toward both
physiologically relevant conditions and personalized medicine by enabling the study of a
person’s A;aR response using a combination of LCLs from a family of four from the NTR and
a non-invasive label-free cellular assay.

It is increasingly recognized that genetic differences between individuals form a large
challenge in drug therapy indeed. In our study of real-life genetic variation of AR signaling,
we found that partial agonist potency differed significantly for one individual with genotype
differences in two intron SNPs, one of which has previously been associated with caffeine-
induced sleep disorders. While further validation is needed to confirm genotype-specific
effects, this set-up clearly demonstrated that LCLs are a suitable model system to study
genetic influences on A;aR and GPCR responses in general. LCLs express a wide range of other
‘drugable’ GPCRs, besides the AyaR, CB, and P2Y receptors investigated in this and earlier
studies (Chapter 3, [45]). Therefore, screening receptor responses in LCLs may help to
provide the mechanistic link between polymorphisms of various GPCRs and the individual

variation in drug response.
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Data access

The LCLs used in this study were kindly provided within the framework of this
collaboration [25] and are part of the Netherlands Twin Register
(NTR; http://www.tweelingenregister.org/en/), and part of the Center for Collaborative
Genomic Studies on Mental Disorders (NIMH U24 MH068457-06). Data and biomaterials
(such as cell lines) are available to qualified investigators, and may be accessed by following
a set of instructions stipulated on the National Institute of Mental Health (NIMH) website

(https.//www.nimhgenetics.org/access_data_biomaterial.php).
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