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Abstract

Beta-adrenergic receptors (S-ARs) play a critical role in many diseases. Quantification of S-AR
density may have clinical implications in terms of assessing disease severity and identifying
patients who could potentially benefit from beta-blocker therapy. Classical methods for S-AR
quantification are based on labor-intensive and time-consuming radioligand binding assays. Here,
we report optimization of a flow cytometry-based method utilizing a biotinylated S-AR ligand
alprenolol as a probe and use of this method to quantify relative receptor expression in healthy
controls (HC). Quantum™ MESF beads were used for quantification in absolute fluorescence
units. The probe was chemically modified by adding a spacer moiety between biotin and
alprenolol to stabilize receptor binding, thus preventing binding decay. Testing of three different
standard cell fixation and permeabilization methods (formaldehyde fixation and saponin,
Tween-20, or Triton-X 100 permeabilization) showed that the formalde-hyde/Triton-X 100 method
yielded the best results. S-AR expression was significantly higher in granulocytes compared to
mononuclear cells. These data show that flow cytometric quantification of relative S-AR
expression in circulating leukocytes is a suitable technology for large-scale clinical application.
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BeTa -adrenergic receptors (S-ARs) belong to a family of transmembrane G-protein coupled
proteins that are physiologically activated by epinephrine and norepinephrine. Three
subgroups of S-ARs—pi, B, and Bz—are distinguished based on differences in interactions
with agonists. Stimulation of S-AR activates adenylyl cyclase, resulting in increased
intracellular levels of the second messenger cyclic adenosinemonophosphate (cAMP) that
signals via cAMP-dependent protein kinase A (PKA) to orchestrate downstream intracellular
events (1).

B-ARs, particularly B,-ARs, are expressed on virtually all peripheral blood cells(2).
Growing evidence suggests that the sympathetic nervous system interacts with the immune
system through the neurotransmitters norepinephrine and epinephrine that are released from
noradrenergic nerve endings in primary and secondary lymphoid organs. This cross-talk
leads to stimulation of S-ARs on mononuclear cells, which inhibits T-cell proliferation,
decreases cytotoxic-T-cell and natural killer cell activity, and regulates immune cell
maturation and lymphocyte homing (3-5). Therefore, it is not surprising that many
autoimmune diseases have been shown to be associated with g-AR dysregulation. For
example, juvenile type 1 diabetes mellitus is characterized by autoimmune destruction of the
insulin-producing beta cells in the pancreas and is associated with decreased g-AR
expression on granulocytes (6). Multiple sclerosis, an auto-immune disease characterized by
axonal loss and demyelination in the central nervous system, is associated with increased
cell surface expression of B,-AR in peripheral blood mononuclear cells (7,8). Given the
increased expression of B-ARs in multiple sclerosis, 8>-AR agonist salbutamol has been
considered as a potential therapeutic option(9). Rheumatoid arthritis, another autoimmune
disease, is associated with a downregulation of SB,-AR on peripheral blood mononuclear
cells that has been correlated to favorable outcomes (10,11). Other autoimmune diseases
associated with decreased S-ARs include Crohn’s disease, systemic lupus erythematosus,
and myasthenia gravis (12-14).

Additionally, 8-ARs have also been suggested to play role in the pathogenesis of several
cardiac diseases such as chronic heart failure, coronary artery by-pass grafting, and ischemic
heart disease (15,16). The heart possesses high numbers of both £; and B,-ARs that mediate
myocardial contractility and heart rate. In heart failure, the sympathetic system is activated,
and beta-blockers (B-receptor antagonists) are used in treatment. As the function of S-ARs
on lymphocyte and myocardium has shown to be comparable, quantification of 5-ARs on
lymphocytes may useful to monitor therapeutic responses to S-receptor antagonist (17,18).
However, such analysis is lacking.

Quantification of S-AR expression has the potential to become an important clinical measure
in the evaluation of treatment responses, disease activity, and prognosis of several diseases
involving beta receptor dysfunction. Fast and easy-touse methods could make S-AR
expression assessment accessible for incorporation into routine clinical practice and aid in
shedding light on S-AR dysregulation in disease. The current technique to assess S-AR
expression is time-consuming and labor-intensive radioligand binding assays (19-23). The
B-AR agonist alprenolol is a useful probe to quantify the receptor, but the technique has not
been optimized for processing of large-scale clinical samples (19,24). Here, we describe an
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optimized method that will allow for large-scale flow cytometric quantification of relative s
AR expression on peripheral blood cells in MESF units.

MATERIALS AND METHODS

Study Population

This study was approved by the Cleveland Clinic Institutional Review Board and conducted
in accordance with the Declaration of Helsinki. Healthy participants who did not have a
history of chronic disease or medication use were enrolled in the study. Peripheral venous
blood was drawn into a 5 ml tube containing EDTA as an anticoagulant from all participants
and processed within 2 h after collection. Basic demographic and clinical information were
retrieved from electronic medical records.

HEK 293 Cells

HEK 293 cells (CRL-1573™) were obtained from American Type Culture Collection
(ATCC) (Manassas, VA), and HEK 293 cells stably overexpressing £2-AR were generated
in house as previously described (25). [1251-cyanopindalol-binding was performed as
reported (25). Cells were cultured in MEM supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin and processed for staining as described below. Cell
viability was >95% as determined by trypan blue exclusion test after harvesting the cells
using accutase (Sigma-Aldrich). Alprenolol staining for flow cytometry was performed after
fixation and permeabilization using 10% formaldehyde and 0.2% Triton X100 as described
for peripheral blood cells.

Processing of Peripheral Blood Samples

To optimize the quantification of 8-AR expression, different fixation and permeabilization
methods were tested. In the first method, cells were fixed with 10% formaldehyde before
Triton X-100 was used at a concentration of 0.2% to lyse red blood cells and permeabilize
cells in a single step (26,27). Two other methods were tested, each starting with lysis of red
blood cells using ammonium chloride (8.3 g/l) followed by fixation using 4% formaldehyde.
Cells were permeabilized by including either saponin (1 mg/ml) or Tween-20(0.05% by
volume) in the buffers used throughout the flow staining process, including washing steps.
After a series of final washes with 4% FBS in phosphate buffered saline (PBS), peripheral
blood cells were divided into aliquots of approximately 10 x 108 cells and frozen at -80°C
in freezing medium consisting of 10% glycerol and 20% FBS in RPMI 1640.

Alprenolol Staining

Labeling was performed by thawing fixed/permeabilized cells at room temperature followed
by addition of 3 ml saline and centrifugation at 900g for 5 min to pellet the cells. Following
aspiration of supernatants, 2-5 x 10° cells were resuspended in 250 pl Streptavidin blocking
buffer (10 ug/ml unconjugated streptavidin in PBS) and incubated for 20 min in the dark.
After two washes with dilution buffer (1% bovine serum albumin (BSA)in PBS), cells were
aliquoted into two tubes named test and secondary only. Cells in the test tube were stained
with 100 pl alprenolol biotin probe (1:200 in dilution buffer, final concentration 25 pg
alprenolol/ml), while cells in secondary only tube were resuspended in 100 pl dilution
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buffer. Both tubes were then covered and incubated on a plate shaker for 40 min at room
temperature. After two washes with dilution buffer, 100 ul streptavidin-PE (1:100 in dilution
buffer, final concentration 1 pg/ml) were added to both tubes and incubated for 25 min in
dark. As a final step, cells were washed and resuspended in 300 pl FACSflow. 100,000
events were acquired for each tube using an LSR Il flow cytometer that has five lasers (355
nm, 405 nm, 488 nm, 532 nm, 639 nm; Becton Dickinson, Franklin Lakes, New Jersey).
Light scatter and PE fluorescence signals (PE excitation: Green laser (532 nm), filter: 575/26
(emission range: 562-588 nm)) were collected. Data were stored in ListMode files. For
confocal microscopy, DyLight 488 streptavidin (1/1,000, final concentration 1 pug/ml) was
used a secondary reagent instead of streptavidin-PE due to rapid PE fluorophore photo-
bleaching in microscopy. Cells were stained in suspension as described above. A quantity of
50 pl was pipetted onto a Cyto-spin slide and covered with a cover slip. Images were
collected with a Leica SP8 confocal microscope ((Leica Microsystems, GmbH, Wetzlar,
Germany) using an HC Pl Apo CS2 63x/1.40 oil immersion lens at a zoom of 1.5. Two
fluorescence channels were imaged sequentially to eliminate any crosstalk between them.
DAPI-stained nuclei were imaged using the 405 nm laser with emitted light collected
between 410 and 480 nm. DyL.ight 488 streptavidin-labeled probe was excited at 488 nm
with emission collected between 500 and 550 nm.

Data Analysis

Data analysis was performed using FlowJo software(vX.0.7, Tree Star, OR). Quantum PE
MESF (Molecules of Equivalent Soluble Fluorochrome) microsphere kit (Bangs Laboratory,
Fishers, IN) was used for absolute fluorescence quantification according to the
manufacturer’s instructions. Quantum PE MESF beads were run with each sample batch at
identical instrument settings as the probe-labeled samples. The microspheres contained five
different intensity peaks, and each peak was gated on a PE histogram. The median
fluorescence value of each peak corresponds to a specific PE MESF value provided by the
manufacturer in a QuickCalVR Excel template. Entering the median fluorescence value of
each peak automatically generated a calibration curve. The PE median fluorescence values
derived from the samples were then entered into the Excel spreadsheet and accordingly
converted into PE MESF. An example of the QuickCal worksheet is shown in Supporting
Information figure 1. MESF units of the samples were obtained for both test (MESFt) and
secondary only (MESFsg) tubes. Background MESFg was subtracted from MESF+ to obtain
MESF corresponding with actual 8 AR binding.

Two-tailed Student’s t test was used for statistical analysis using JMP software (JMP,
Version 13. SAS Institute, Cary, NC). Data are expressed as mean (+SE) values.

RESULTS

Stabilization of Biotinylated Alprenolol Probe S-AR Binding by Addition of a Linker Amino
Acid
We published previously that biotinylated alprenolol is a S-AR specific probe for flow
cytometric detection of S-AR expression on circulating cells. However, instability of binding
resulted in significant decay within minutes after labeling of the cells (24). In Figure 1A, we
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show the chemical structure of the improved probe containing an amino acid linker molecule
between the alprenolol and biotin. Comparison of the previous probe and the improved
probe showed that the addition of a spacer molecule stabilized binding of biotinylated
alprenolol to S-AR (Fig. 1B). The data showed that a linker amino acid between the
alprenolol and biotin improved the binding kinetics. Optimal binding concentration of the
old probe was 25 pg/ml (24). Similarly, the optimized probe gave the best resolution
between mononuclear cells and granulocytes at an optimal binding concentration of 25
ug/ml (Fig. 1C). Both probes were titrated in parallel demonstrating that stabilization of the
alprenolol probe did not affect the optimal working concentration (Fig. 1D). Specificity of
alprenolol probe binding to S-AR was previously demonstrated by competitive inhibition of
receptor binding using isoproterenol, another beta-adrenergic receptor ligand (24). As an
additional control, wild type HEK 293 cells and HEK 293 cells overexpressing 8 AR stained
with the optimized probe at the optimal binding concentration of 25 pg/ml showed that at
this concentration, the probe was able to distinguish cells with low (wild type) and high
(overexpressing) S-AR (Fig. 1E). To further validate that HEK 293 cells specifically
overexpress B»-AR, we performed a radioligand binding assay, the gold standard in
assessing cell surface receptors. Plasma membranes were isolated, and radioligand binding
was performed on them to determine the quantitative receptor expression. The studies were
performed with a saturating concentration of [125]-] cyanopindalol (25), and its specificity
was assessed by displacement to SB,-AR-specific antagonist ICI 118 551. Data shown in
Figure 1F confirmed that S-AR were higher in HEK 293 cells overexpressing the receptor.
Binding of the old vs.new probes to same HC subjects showed an improved binding of the
optimized probe (Fig. 1G) (median fluorescence intensity x 103: old probe 17.7 + 0.3; new
probe 96.6 = 0.5; < 0.001, n=4).

Comparison of Different RBC Lysis, Fixation, and Permeabilization Strategies to Quantify
B-AR Expression in White Blood Cells

Three different methods were compared to determine the most effective fixation/
permeabilization strategy for the quantification of total (cell surface and intracellular) S-AR
expression. Triton X-100 and saponin permeabilization gave better results than Tween-20.
Median Fluorescence Intensity per cell: saponin 40,791 + 938; Triton X-100: 39,964 + 574;
Tween-20: 15,759 + 163, ANOVA P< 0.001 (n7=4). Because the Triton X-100 method is a
one-step RBC-lysis/fixation/permeabilization, in contrast to the saponin method that requires
separate RBC-lysis, fixation, and permeabilization steps, we choose the Triton X-100
protocol for our pilot study of HC samples. Confocal microscopy imaging showed that the
alprenolol probe penetrated the cell using this method (Fig. 2).

B-AR Receptor Expression in Healthy White Blood Cells

Using the improved probe and one-step RBC-lysis/fixation/permeabilization method, we
quantified B-AR expression in HC. Nine HC were included in the study. All the participants
were Caucasian, consisting of 7 females and 2 males. Average age was 46.4 years (£ 9.5,
range: 36-61). Standard light scatter gating was used to distinguish granulocytes and
mononuclear cells as reported previously (26,27). A detailed gating strategy is shown in
Figure 3. Total B-AR expression, in MESF PE units per cell, was 9.0 = 1.0 on granulocytes,
4.9 + 0.41 on mononuclear cells, and 7.6 + 0.61 on total white blood cell fraction (Table 1).
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B-AR expression was significantly higher in granulocytes compared to mononuclear cell
fraction (P< 0.0001). The S-AR number was comparable between males and females (P =
0.73 for granulocytes and 0.24 for mononuclear and total white blood cells) and did not
show any correlations with age (P= 0.63, #=-0.18 for granulocytes, = 0.68, #=-0.15
for mononuclear cells, £=0.69, £ =-0.15 for total white blood cell fraction).

DISCUSSION

The present study, for the first time, demonstrates a modern and fast flow cytometric method
to quantify relative S-AR expression on peripheral blood cells in a robust and reproducible
way that is amenable to high-throughput clinical testing. We have measured the expression
of both intracellular and membrane-bound S-ARs by rendering the cells permeable to
biotinylated alprenolol probe. Alprenolol binds to all 8-ARs and has been utilized as a probe
to quantify S-AR expression in the cell membrane fraction in radioligand assays (19-23).
We tested three different cell membrane permeabilization agents and found that Triton
X-100 was the fastest method compared to saponin and Tween-20. In contrast to saponin and
Tween-20, which requires an extra step for red blood cell lysis, Triton X-100 allows for one-
step lysis of red blood cells and white blood cell permeabilization. The formaldehyde
fixation/Triton X-100 permeabilization method allows immunophenotyping in combination
with S-AR detection (24). It is critical to test first that antibodies of interest recognize
formaldehyde-fixed and denatured antigens. Titration of antibodies using formaldehyde
fixed/Triton X-100 permeabilized samples is also important to determine the optimal
labeling concentration for this application. Intracellular S-ARs are internalized in cell
membrane vesicles that may not have been sufficiently permeabilized by Tween-20 to allow
binding of the alprenolol probe to S-ARs. We previously showed that the binding between
alprenolol probe without a spacer molecule and S-AR decays over time(24). Radioligand
binding studies showed the need for a substantial chain length between alprenolol and the
biotin moieties to preserve the affinity for S-AR (28). Based on this principle, we optimized
the alprenolol probe for flow cytometry by introducing an amino acid link between
alprenolol and biotin moie-ties, resulting in a more stable alprenolol probe allowing more
accurate determination of S-AR expression. Alprenolol binding in MESF PE per cell could
easily be converted into absolute receptor number per cell with knowledge of the correct
ratio of PE-conjugated streptavidin binding to biotin. Based on published literature, one
biotin molecule binds four streptavidin(29). However, we cannot exclude that PE
conjugation of streptavidin or thousand molecules of biotinylated alprenolol per cell may
alter the binding ratio.

To date, the radioligand-binding assay has been the most commonly used method for
receptor quantification. Although it is a sensitive method, it is labor intensive as it is
associated with multiple steps requiring a ligand labeled with a radioisotope such as tritium
[3H] or iodine [1251]. In short, the first step of the assay is the incubation of a radioligand
with the sample (either intact cells, plasma membrane, or endosome fractions) in a buffer. At
the end of the incubation, a small fraction of the radioligand binds to the specific target
receptor, while the rest of the radioligand stays free in solution or binds nonspecifically to
other receptors. The next step involves the separation of bound radioligands from free
radioligands by harvesting the sample using vacuum filtration onto special filter papers.
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Finally, the last step involves measurement of the radiation emitted from the radioisotopes
by appropriate scintillation cocktails and counters. Results are obtained as counts per minute
that are converted to disintegration per minute and later transformed into molar
concentrations. Type of receptor preparation, radioisotope and separation technique,
incubation temperature and duration, and assay conditions (e.g., pH, ions) may differ in
different assay protocols, which might account for the different results in different studies
(30).

The quantification of absolute receptor numbers may be helpful and desired in some cases
but was not the purpose of the method reported here. Absolute quantification requires very
high probe concentrations. Apart from economic cost, high concentrations increased
background staining as demonstrated by reduced resolution between mononuclear and
granulocyte subsets. To allow comparison of relative expression under different conditions,
the highest concentration with maximal resolution 25 pg/ml was chosen.

Radioligand binding is a widely accepted and well-regarded technique that allows precise
determination of membrane-bound receptor expression; however, its high cost, high levels of
radioactivity requiring careful handling, storage and disposal precautions, long duration, and
requirement for large quantities of receptor preparation make it less desirable to use in
studies and potentially in routine clinical use in the future (Table 2). Moreover, flow
cytometry also offers the possibility to assess receptor densities in different cell populations
by gating strategies based on scatter parameters. In this study, we have determined g-AR
expression in granulocytes and mononuclear cells.

Studies have shown that many different factors can affect the absolute number of S-ARs in
various cells of the human body. For instance, several studies have proposed that the number
of B-ARs correlates with age (20,22). However, our study showed no correlation between
age and S-AR number. Comparisons of physically active and inactive persons have shown
differences in the number of g-ARs, with active persons having fewer g-ARs on
lymphocytes as well as higher levels of adrenaline (22). Other studies propose that the
number of S-ARs shows not only individual differences but also within-person changes
depending on the time of the day and physical activity level. Anstead et al. questioned this
variability further by investigating whether it was related to the differential distribution of 5
ARs in different lymphocyte subsets(31). It is well known that CD41 T cells have lower
expression of S, ARs than CD81 T cells. This study showed that 5-AR expression had a
positive correlation with CD81 lymphocyte count and negative correlation with CD41
lymphocyte count, which means that higher S-AR expression may be simply due to lower
CD41/CD81 lymphocyte ratio (31). Absolute number of S-ARs reported in the literature
ranges from 680 to 14,000 per cell, which might be explained by differences in the assay
protocol, timing of blood draw, and characteristics of the study population such as age,
physical activity, and lymphocyte subset differential (Table 3) (19-21). We measured both
intracellular and cell surface levels of S-AR rather than only membrane-bound 8-ARs
measured the radioligand binding assays. Furthermore, we quantified expression of 5-AR
not only on mononuclear cells but also on granulocytes. Similar to the findings of the
previous studies, granulocytes had a significantly higher number of 8-ARs than
mononuclear cells(32). This may be attributed to the unique role of granulocytes in the first
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line of host defense against bacterial, fungal, and parasitic infections as part the innate
immune system, which necessitates a large number of intracellular granules and cell surface
receptors to recognize pathogens, play pivotal role in inflammatory response, and activate
the adaptive immune response.

In conclusion, dysregulation of S-AR has been shown to play roles in the pathobiology of a
variety of autoimmune and cardiovascular diseases including diabetes mellitus, multiple
sclerosis, and congestive heart failure. Modern, fast, and effective tools are needed to
measure S-AR expression to further scrutinize the role of S-AR in these diseases for
research purposes as well as for routine clinical testing. The present study has demonstrated,
for the first time, the use of flow cytometry in relative quantification of S-AR expression of
peripheral blood cells. This method using flow cytometry has many advantages over
conventional radioligand binding assay techniques and would allow for facile, high-
throughput testing in both research and clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Optimization of Aprenolol Probe. Molecular structure of the new alprenolol probe is

depicted in (A). This optimized probe was obtained by adding an aminoacid linker between
alprenolol and biotin. Graph comparing the decaying times of old and new alprenolol probes

is shown in (B). The decay times of the new alprenolol probe is significantly less over time
compared to the old probe. Mean = SE values of 4 independent experiments are shown. *
indicates A< 0.001. (C). Granulocyte/mononuclear median fluorescence intensity ratio
illustrating best separation between the two subsets at 25 pug/ml. (D) Titration curves of the
old and new alprenolol probes. (E) Ability of the optimized probe to distinguish between
cells with low and high B-AR expressing cells at the optimal binding concentration of 25

pg/ml. (F) Quantification of S-AR levels in HEK 293 cells using radioligand binding assay
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(n=13). (G) Comparison of the old vs.new probe binding on leukocytes in HC subjects
showed improved binding of the optimized probe. Mean and SE bars are shown.
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DAPI Alprenolol-biotin + Alexa 488
Streptavidin

DAP' -

Figure 2.
Imaging of Alprenolol Probe Binding. Confocal microscopy was used to image peneration

and intracellular binding of the alprenolol probe. Upper panels show images obtained from
DAPI and alprenolol probe channels and both channels merged. Inset shows a high-power
image of a cell. Lower panels show staining with DAPI and secondary reagent only. Scale
bar =10 ym.
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Figure 3.
Gating Strategy. Time gating was performed to evaluate fluidic disturbances in the flow cel.

Aggregates were excluded on an FSC-A/ FSC-H dot plot, followed by cell debris exclusion
on an FSC-A/SSC-A dot plot. Granulocytes and mononuclear cells were gated based on
standard light scatter characteristics (26,28), and median fluorescence intensity of each
subset was determined using the statistics tool in FlowJo. Histograms show staining with
alprenolol probe (black) and secondary reagent only (gray).
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