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Abstract: Cross-talk between the sympathetic nervous system (SNS) and immune system
is vital for health and well-being. Infection, tissue injury and inflammation raise firing rates
of sympathetic nerves, increasing their release of norepinephrine (NE) in lymphoid organs
and tissues. NE stimulation of fBz-adrenergic receptors (ARs) in immune cells activates the
cAMP-protein kinase A (PKA) intracellular signaling pathway, a pathway that interfaces
with other signaling pathways that regulate proliferation, differentiation, maturation and
effector functions in immune cells. Immune—SNS cross-talk is required to maintain
homeostasis under normal conditions, to develop an immune response of appropriate
magnitude after injury or immune challenge, and subsequently restore homeostasis.
Typically, B2-AR-induced cAMP is immunosuppressive. However, many studies report
actions of P2-AR stimulation in immune cells that are inconsistent with typical
cAMP-PKA signal transduction. Research during the last decade in non-immune organs,
has unveiled novel alternative signaling mechanisms induced by 2-AR activation, such as
a signaling switch from cAMP-PKA to mitogen-activated protein kinase (MAPK)
pathways. If alternative signaling occurs in immune cells, it may explain inconsistent
findings of sympathetic regulation of immune function. Here, we review [2-AR signaling,
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assess the available evidence for alternative signaling in immune cells, and provide insight
into the circumstances necessary for “signal switching” in immune cells.

Keywords: Neural-immune interactions; stress; B2-adrenergic receptor signaling; GRK;
B-arrestin; PKA; ERK1/2; receptor regulation; innate and adaptive immunity

1. Introduction

The sympathetic nervous system (SNS) communicates with all cells of the immune system and
supporting stromal cells. Communication with immune cells occurs directly by neurotransmitter
release from sympathetic nerves that bind to postsynaptic receptors expressed on immune cells.
Indirect effects of sympathetic activity may occur by regulating cytokine release or stromal cell
function. The purpose of SNS—immune communication is to maintain immune homeostasis under
basal conditions, augment host defense to eliminate pathogens, promote healing after tissue injury, and
restore homeostasis after pathogen elimination or tissue repair. The SNS-immune pathway also
provides “hardwired” circuitry through which psychological and social factors can profoundly adapt
host immunity and healing. Sympathetic—-immune regulation is mediated largely by stimulated release
of its major neurotransmitter, norepinephrine (NE) and subsequent intercellular signaling via
postsynaptic adrenergic receptors (ARs) expressed in closely apposed immunocytes (i.e., T and B
lymphocytes, antigen-presenting cells, stromal cells, granulocytes, macrophages, and mast cells).

Under normal physiological conditions, SNS—immune regulation is adaptive, influencing the
normal immune response to injury or foreign antigens/toxins/infectious agents, with subsequent
restoration of homeostasis and recovery to a healthy state [1,2]. Importantly, resolution and return to
homeostasis requires that the SNS can up-regulate and down-regulate cellular expansion,
differentiation and effector cell functions at appropriate times during the immune response. In order for
the SNS to appropriately regulate the immune system across all of these settings, it must be highly
adaptive in two respects. First the signaling pathways it uses must be able to up- and down-regulate
diverse target cell functions across time (i.e., expansion, differentiation, apoptosis, and cytokine
secretion), and secondly, its signaling pathways must be able to intersect with the diverse signaling
pathways that mediate these cellular functions. This notion is consistent with a confusing literature
documenting that the SNS can increase or decrease most immune measures. Recent findings begin to
unravel the cellular mechanisms that may explain this duality in function under normal and pathologic
conditions. Moreover, prolonged or inappropriate activation of either the SNS or immune system can
result in the failure of the immune and sympathetic nervous systems to shut-off immune responses and
to re-establish immune system homeostasis within normal physiological ranges. Under such conditions
the immune system and/or SNS can promote pathological and lethal effects, including chronic
inflammation, toxic shock, tissue damage, immune deficiency, autoimmunity and cancer.

New information has emerged regarding mechanisms through which intercellular communication
occurs between sympathetic nerves and its AR-expressing target cells that may explain the ability of
the SNS to both inhibit and enhance immune responses depending upon the context of the immune
response. Much of the new understanding of how these G protein-coupled receptors (GPCRs) activate
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both inhibitory and stimulatory signaling pathways has not yet been extended to understanding SNS
regulation of functions in immune cells. Most research regarding sympathetic regulation of immune
cell functions has focused on regulation via B2-ARs, thus, we will focus this review on this receptor
subtype. Historically, f2-ARs were thought to exert largely inhibitory signals to cells of the immune
system by inducing cAMP and protein kinase A (PKA). It is now clear that signaling via B2-ARs is
much more complex and can, in addition to their traditional signaling pathway, activate multiple signal
transduction pathways to exert inhibitory and/or enhancing effects on cell functions. These receptors,
like other GPCRs, are now viewed as complex, multidimensional activators of a variety of potential
signaling cascades rather than simply activating binary inhibitory or stimulatory signaling pathways
via coupling to G proteins. In this paper, we review current information on P2-AR traditional
(canonical) and nontraditional (non-canonical) signal transduction pathways, then discuss the
possibility that nontraditional signal pathways identified for B2-ARs are involved in sympathetic
regulation of immune cell functions.

Over the past decade, it has become clear that ARs and other GPCRs can activate non-traditional
signal transduction pathways in addition to their traditional signaling pathways [3—6]. This
non-traditional signaling occurs in a cell type-dependent and G protein-independent manner [3—6].
Most studies demonstrating activation of non-traditional signaling by ARs have been done using
in vitro methods with various cell lines and have largely focused on B2-ARs in non-immune cells. The
extent to which activation of non-canonical signaling pathways via P2-ARs is physiologic or
pathologic or whether they are functional signaling pathways in immune cells is not clear. Here, we
review the current information on the traditional and non-traditional mechanisms through which
B2-ARs signal, how P2-AR functions are regulated by SNS nerve firing (SNS activity) and cross-talk
with other signaling pathways activated by immune challenge, and the existing evidence for
non-canonical signaling via B2-AR in immune cells. Recent findings from our group and others do
support that a “switch” in signal from canonical to non-canonical pathways for B2-AR can occur in
immune cells under inflammatory conditions. Further, the functional implications for signaling via
non-canonical pathways with regard to immune functions and the clinical relevance of understanding
how B2-ARs are regulated are discussed.

2. Canonical Intracellular Signaling by B2-Adrenergic Receptors (ARs)
2.1. cAMP: The Second Messenger in the f-AR Signaling Pathway

In the canonical pathway, B2-ARs are coupled to Gas, which activates cAMP-PKA-mediated
intracellular signaling (Figure 1) [7-10]. Briefly, NE binds to B2-ARs expressed in immune cells
(Figure 1, #1-2). Ligand binding induces the guanosine diphosphate—guanosine triphosphate (GDP—GTP)
exchange, and Gos and GBy (G protein alpha (s subtype) and beta/gamma subunits, respectively)
dissociation from each other (Figure 1, #3). GTP-Gaos is recruited to the membrane-associated lipid
raft, and subsequently activates adenylate cyclase (AC) present in distinct subdomains of the plasma
membrane and cytoplasm (Figure 1, #4). AC catalyzes the conversion of ATP to cAMP (Figure 1, #5) [11],
the second messenger for B2-ARs [12,13]. Cyclic-AMP activates and regulates PKA, of which there
are two isoforms that differentially localize to either the cell membrane (PKA-I) or intracellularly
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(PKA-II) (Figure 1, #6; discussed further below). PKA mediates most of the resulting gene
transcription (Figure 1, #7). However, cAMP can activate gated ion channels, and exchange proteins
activated by cAMP (exchange protein directly activated by cAMP (Epac); not shown) [14]. Signal
transduction is terminated by degradation of cAMP by phosphodiesterases (PDE) (Figure 1, #8).
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Figure 1. The canonical B2-adrenergic receptor (AR) signaling pathway is illustrated here.
In target tissues, activated sympathetic nerves release the neurotransmitter, norepinephrine
(NE) from “boutons en passage”. NE and epinephrine from the circulation are the natural
ligands (L) for the B2-AR. B2-ARs couple with stimulatory Gos subunit to modulate the
activity of adenylate cyclase (AC). Receptor activation causes dissociation of Gas from the
Gy subunit complex of the Gs protein, which results in AC-mediated production of cAMP
from ATP. Next, cCAMP activates either protein kinase A-I (PKA-I) or -II. PKA activation
leads to the activation of transcription factors such as cAMP response element-binding
(CREB) protein to regulate gene transcription.

There are nine different membrane-bound isoforms and one soluble isoform of class III AC, all of
which are activated by Gs. Each isoform is differentially expressed depending on the specific type of
cell. For example, immune cells express high amounts of the AC7 isoform and low amounts of AC3,
6 and 9 [15]. Each AC isoform alters cell function in a specific manner, in part due to where they
reside in the cell. For instance, Ca**-insensitive AC7 is excluded from lipid rafts [16], but not
Ca®"-sensitive AC3 and AC6 [7-9]. This leads to location-restricted pools of cAMP that can
selectively target molecules to mediate distinct physiological outcomes. This may explain, in part, the
many varied responses of the large number of GPCRs that are coupled to cAMP. Interestingly, current
evidence indicates the B2-AR resides outside lipid rafts, while Gs and AC can reside either within or
outside lipid rafts. At present the functional link between the receptor and the segregation of its
signaling molecules in regulation of P2-AR function is poorly understood. However, existing data
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indicate that segregation of these signaling molecules within lipid rafts restrain B2-AR activity and
function to regulate receptor responsiveness [17]. AC7, an AC excluded from lipid rafts, is the major
isoform that regulates cAMP synthesis in macrophages and T and B lymphocytes [18]. Studies using
mice deficient in AC7 indicate that this isoform is required for optimal macrophage and T and B
lymphocyte functions during innate and adaptive immunity [15].

2.2. Intracellular Protein Kinase A (PKA) Localization Determines Specificity of Response

PKA is composed of a regulatory subunit dimer (R), which is bound to a catalytic subunit (C)
(Figure 2). Two major types of regulatory subunits occur in mammals, designated PKA RI and RII
(four isoforms, Rla, RIP, Rlla, and RIIP, have been identified). The regulatory subunits bind cAMP,
an event that releases the catalytic subunits. The catalytic subunits, once released from the regulatory
subunits, catalyze the transfer of ATP terminal phosphates to serine, or threonine residues in target
proteins. Phosphorylation of the targeted protein changes its functional state (resting/activated). The
regulatory subunit is also critical for localizing PKA within specific intracellular compartments;
PKA-RI and PKA-RII localizes to the plasma or organelle membranes and cytosol, respectively
(Figure 2; PKA-I left panel, PKA-II right panel). Localization of PKA to specific compartments within
the cell allows for the specific targeting of PKA substrates to be regulated by PKA-mediated
phosphorylation. Specifically, the regulatory subunits of PKA bind to a structurally diverse group of
A-kinase anchor proteins (AKAPs) that direct the intracellular location of PKA (e.g., plasma
membrane, cytosolic or nuclear compartments.) [19—21]. Lymphocytes express all four PKA isoforms,
however, the Rla types are the predominant isotypes expressed in T cells and in the spleen and
thymus [22]. The Rla PKA isoform is required for normal immune functions [22-24]. In contrast,
immune functions are normal in Rlla-knockout mice [22]. AKAPs also tether AC to PKA, gated-ion
channels, or Epac. Most f2-AR-mediated effects in immune cells are attributed to activation of PKA.
Much less is known regarding AR signaling through cAMP-induced Epac regulation of immune cells.
This topic was recently reviewed by Shirshev [14] and will not be covered in this review.
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Figure 2. Illustration of the structure and current nomenclature for protein kinase A (PKA)
Isoforms. Isoforms of PKA differ in the regulatory proteins (R) they express, either
regulator protein I (RI) or II (RII) for PKA-I or II isoforms. PKA-I associates with the
plasma membrane, whereas PKA-II localizes to cytosol and the membranes of cell
organelles. Proteins called A-kinase anchor proteins (AKAPs) that bind PKAs are
responsible for the site-specific localization of PKA isoforms.
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2.3. Regulation of Canonical f2-AR Signaling

Under inflammatory conditions, proinflammatory cytokines act in the hypothalamus to increase
SNS tone in relevant tissues/organs. Increased NE release from sympathetic nerves in target tissue, and
subsequent spillover into the circulation coordinates the localized and systemic immune responses,
respectively [1]. Neuroendocrine release of epinephrine from the sympathoadrenal axis contributes to
the systemic response. Increases or decreases in local NE concentrations dynamically down- or up-regulate
B2-AR expression, respectively, which affects receptor function. Chronic stimulation or high NE
concentrations activate the f2-AR and induce receptor desensitization and down-regulation in target
cells, including cells of the immune system. Receptor desensitization and down-regulation result from
B2-AR phosphorylation by PKA and transiently by G protein-coupled kinases (GRKSs), specifically
GRK2. PKA and GRK2-mediated phosphorylation target different serine sites on the carboxy tail of
the B2-AR [25-30]. Enzyme-mediated phosphorylation determines the receptor responsiveness, as well
as, their numbers expressed on the cell surface [31]. An overview of this process is shown in Figure 3.
PKA-receptor phosphorylation (Figure 3, #1), which dissociates GBy from Gas (Figure 3, #2)
facilitates GRK2-receptor phosphorylation at a different serine site by allowing GRK2 to bind with the
GPy subunit (Figure 3, #3). Thus, desensitization involves a multi-step process, in which Gs signaling
is “turned off”, and Gi transiently couples to the receptor via the Gy subunit (not shown; discussed
below). Recruitment of the scaffolding protein, B-arrestin-1 to the receptor (Figure 3, #4) then induces
receptor internalization (Figure 3, #5). Internalized receptors are either dephosphorylated and returned
to the membrane (Figure 3, #6) or transported to lysosomes for degradation. These kinase-mediated
actions on the P:2-AR are the basic mechanisms regulating receptor function, expression, and
localization in all cells that have been examined, including immune cells, and are essential for
homeostatic regulation. This process is discussed in greater detail in the following subsection.

2.3.1. B2-AR Desensitization

GRKSs play a crucial role in agonist-induced desensitization of the B2-AR after canonical signaling.
Seven GRKs (GRK1-7) comprise the currently known subtypes of this family of kinases [32]. GRK2
phosphorylates specific serines of the B2-AR, which creates a binding site for B-arrestin [29,33-35].
Phosphorylation of the P2-AR by GRK2 changes the conformation of the receptor, which allows
B-arrestin to bind to the carboxy-terminal tail of the receptor [30,36,37]. The B-arrestin binding further
alters the conformation of the f2-AR, which impedes Gs protein coupling to the receptor, and prevents
receptor signaling via cAMP. This process is referred to as f2-AR desensitization [30].

2.3.2. B2-AR internalization and Functional Consequences

As a consequence of B2-AR phosphorylation and subsequent B-arrestin binding, the agonist-bound
B2-ARs are internalized [38,39] (Figure 3). Internalized f2-ARs undergo one of two fates. They may be
dephosphorylated and recycled to the plasma membrane (Figure 3, #6), or degraded (Figure 3, #7), the
latter being responsible for receptor down-regulation [40]. Receptor desensitization, degradation and
recycling are important for maintaining homeostasis and ensuring fine tuning of the response being
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modulated. Malfunction of the B2-AR desensitization process has been linked to various diseases,
including heart failure [41-43], asthma [44], and autoimmune diseases [45,46].
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Figure 3. Receptor responsiveness to 2-AR ligands is regulated by protein kinases that
phosphorylate the receptor. PKA that is activated after f2-AR activation by ligand (L)
subsequently phosphorylates the receptor (#1), which uncouples Gos from the Gy subunit,
this results in an uncoupling of Gos from the receptor (#3), thus terminating receptor
signaling. Phosphorylation of the receptor by PKA also facilitates receptor phosphorylation
by GRK2 (#2), which further drives receptor desensitization (#3). GRK2 recruits p-arrestin-1
to the receptor (#4), a step that leads to receptor internalization (#5). The internalized
B2-AR is then transported to lysosomes for degradation (#7), receptor down-regulation or
dephosphorylation and recycled to the cell membrane (#5—6). Chronic stimulation of the
receptor or high ligand concentrations promote the transport of the receptor to lysosomes
for degradation, resulting in receptor down-regulation. Red lightning bolts indicate
increased sympathetic nerve firing.

2.3.3. PKA Phosphorylation Induces a 2-AR Switch in Coupling from Gs to Gi Protein

As indicated above, B2-AR phosphorylation by PKA (pB2-ARpka) alters the receptor conformation,
which impairs Gs binding to the B2-AR (Figure 4, #1), but enhances f2-AR coupling to Gi protein
(Figure 4, #2). Both of these events prevent the production of cAMP (Figure 4, #3). In human
embryonic kidney (HEK)-293 cells, Gi coupling to the receptor (Figure 4, #2) induces transient
signaling through mitogen-activated protein kinase MAPK pathways (Figure 4, #4) [47,48]. Whether
transient activation of Gi-mediated MAPK pathways occurs in cells of the immune is not known.
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Three MAPK subgroups—extracellular signal-regulated protein kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38 MAPK—phosphorylate many transcription factors and other kinases that are
important regulators for gene expression [49-52], including the activation of critical genes that drive
innate [53-55] and adaptive immunity [55-59].
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Figure 4. Phosphorylation of B:-ARs by PKA induces a conformational change that
impairs Gs binding (#1), but enhances Gi binding (#2) to the receptor. This transient shift
in receptor coupling prevents activation of AC and thus, inhibits signaling via cAMP (#3).
Coupling of Gi to the receptor results in activation of mitogen-activated protein kinase
(MAPKs) (#4). MAPKs subsequently phosphorylate transcription factors that regulate
gene expression, including the activation of critical genes that drive innate and adaptive
immunity. Binding of B-arrestin to the PKA and G-protein coupled receptor kinase 2
(GRK2)-phosphorylated receptor recruits phosphodiesterase (PDE) 4 to the receptor (#5).
PDE4 degrades cAMP (#6), resulting in a reduction of local levels of cAMP, thus
terminating cAMP activation of PKA (#7).

2.3.4. Terminating cAMP Signal Transduction

Binding of B-arrestin to the f2-AR recruits cyclic nucleotide PDE to the receptor-B-arrestin complex
(Figure 4, #5) [60-64]. PDEs are a family of enzymes that hydrolyze cAMP to nucleotide
5'-monophosphate (5'-AMP) by degrading the phosphodiester bond (Figure 4, #6). Thus, when PDE is
recruited to the receptor, it reduces local levels of cAMP and terminates second messenger signaling
from the previous P2-AR stimulation. Hydrolyzing cAMP “shuts off” its ability to transduce
downstream signaling (Figure 4, #7). Thus, PDE regulates intracellular cAMP (cAMP;) levels, and
therefore, the amplitude and duration of the second messenger response. PDE also establishes
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gradients within localized subcellular compartments or domains particularly in compartments where
PDE concentrations are high [18].

There are eleven families of PDEs, of which three specifically hydrolase cAMP—PDE4, 7 and 8 [65,66].
PDEs 5, 6 and 9 selectively hydrolyze cGMP. PDEs 1-3, 10 and 11 degrade both cAMP and cGMP,
providing a means for cross-regulation between pathways that use these second messengers. Selective
inhibitors of phosphodiesterases have been identified that target cAMP and/or cGMP. These inhibitors
prevent cyclic nucleotide breakdown, and therefore prolong the activity of cAMP and/or cGMP.
Selective PDE inhibitors of cAMP mimic sympathetic activation. This is an indirect route in which
PDE inhibitors could be used to regulate immune function. PDE4 is the major PDE family member
expressed in inflammatory and immune cells, providing a second, more direct target for selective
PDE4 inhibitors to drive anti-inflammatory processes [60]. Currently, these inhibitors are used in the
treatment of chronic inflammatory disorders, in addition to their use as research tools to block the
breakdown of cyclic nucleotides in immune cells after stimulation with GPCRs in vitro [67].

The regulation of B2-ARs by GRKs and B-arrestins plays essential roles in maintaining the normal
functions of cells and tissues, including the immune cells. Cells of the immune system express
high levels of GRK2, exceeding levels in the heart by 4-5-fold [68]. In addition to GRK2, immune
cells also express GRKs 3, 5, and 6 [68—70], but these GRKs are less well studied than GRK2.
Down-regulation and desensitization of the B2-AR is observed in many diseases where net SNS firing
rate (activity) is chronically elevated and robust/chronic inflammation ensues, including hypertension [71],
sepsis [72—74], rheumatoid arthritis (RA) [75-77], and asthma [78—80]. For hypertension, changes in
lymphocyte B2-AR density and poorer responsiveness are significant predictors of cardiovascular
mortality and myocardial infarction [71]. In fact, treatment of rats with a B2-AR agonist for 2 weeks
equally enhances expression of cardiac and lymphocyte expression of GRK2 mRNA in the heart
and lymphocytes [81]. This report is consistent with a previous one demonstrating that an increase
in GRK2 expression occurs in peripheral blood mononuclear cells (PBMCs) from hypertensive
patients [82].

Reduced GRK2 levels are also observed in PBMCs from patients with RA [83] and multiple
sclerosis (MS), as well as in animal models of these autoimmune diseases like adjuvant-induced
arthritis (AA) [83] and experimental autoimmune encephalomyelitis (EAE) [84]. In contrast to RA, it is
interesting that MS patients have a different signaling profile. In patients with relapsing-remitting MS,
the B2-AR density and its capacity to produce cAMP in PBMCs are increased, not shut-off as in RA.
These findings in MS patients strongly correlate with disease activity [85-87]. Mechanistically,
these data support chronic B2-AR up-regulation, deficient GRK2 expression, and increased cAMP
production as a consequence of PKA-mediated B2-AR phosphorylation in MS. Consistent with these
findings, GRK2(+/—) mice, which express reduced GRK2, do not develop relapsing and remitting EAE
that is observed in the wild-type EAE mice [84]. The absence of relapses in GRK2 (+/—) mice is
associated with a marked reduction in inflammatory infiltrates in the central nervous system (CNS).
These examples indicate the need for additional research to further our understanding of f2-ARs and
other GPCR signaling, and their regulation by GRK2 in autoimmunity.
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3. Non-Canonical Intracellular Signaling by B2-ARs: G Protein-Independent Signaling

While 2-AR internalization is well recognized to homeostatically attenuate receptor responsiveness,
there is mounting evidence that the endocytic pathway can also generate receptor-initiated signals that
are G protein-independent. These studies reveal that GRKs are involved in initiating a GPCR-mediated,
B-arrestin-dependent, G protein-independent signaling pathway, including f2-ARs. This B-arrestin-dependent
signaling pathway induces physiological responses that differ from the canonical G protein-mediated
responses [88—90]. In non-canonical GPCR signaling, the carboxy-terminus of the P2-AR is serine/
threonine-specifically phosphorylated by different GRK subtypes. Non-canonical signaling induces
the activation of alternative signaling pathways that typically oppose canonical signaling by P2-ARs.
Site-specific phosphorylation by specific subtypes of GRKs determines whether the GPCR undergoes
desensitization or signals via an alternative pathway [91]. Nobles and coworkers [91] find that the
subtype of GRK that phosphorylates the receptor determines the functional role of B-arrestin.
Phosphorylation by GRK2 induces B-arrestin-mediated desensitization, whereas phosphorylation by
GRKS or 6 results in B-arrestin-mediated signaling. Phosphorylation of the B2-AR by GRK2 or 5/6
is dependent on the concentration of the agonist [27,92,93]. High agonist concentrations induce
GRK-5/6- rather than GRK-2-mediated phosphorylation of the B2-AR.

Over the last decade, it has been repeatedly demonstrated in various cell types that f2-ARs can signal
via G protein-independent, P-arrestin-mediated non-canonical signaling pathways. Four arrestin
subtypes are identified, arrestins 1-4. Of these, B-arrestin 1 and 2 are present in all mammalian cells
examined [94]. Both B-arrestin 1 and 2 can induce B2-ARs desensitization and internalization [95].
However, B-arrestin 1 is linked to cAMP-PKA signaling, while B-arrestin 2 couples GPCRs to MAPK
pathways [96]. Signaling of B2-ARs through B-arrestin 2 induces sustained ERK1/2 rather than the
traditional cAMP-PKA signaling [29,31,38,48,92].

Similar to GRK-2-induced B-arrestin 1 binding to B2-ARs, B-arrestin 2 binds to the B2-AR after its
phosphorylation by GRK 5/6 (Figure 5, #1), but in a manner that sets up a scaffolding for MAPK
activation (Figure 5, #2-3) [48,91,96-99]. MAPK activation induces the activation of transcription
factors, which travel to the nucleus to alter gene transcription (Figure 5, #4-5). In this manner,
high agonist concentrations can induce sustained ERK activation independent of the G protein
pathways [48,100,101]. Therefore, chronically elevated sympathetic tone may provide conditions
for differential phosphorylation of P2-AR that result in sustained P2-AR-induced ERK1/2 signaling.
Thus, signal transduction via ERK1/2 may explain why B2-AR stimulation can up- or down-regulate
certain responses like lymphocyte proliferation or production of certain cytokines in an immune
context-dependent manner, particularly during conditions of high SNS tone.
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Figure 5. Phosphorylation of P2-AR by GRK-2, -5, and -6 occurs in an agonist
concentration-dependent manner to induce different receptor functions. High sympathetic
firing activity (red lightning bolts) drives the P2-AR-Gs-independent (non-canonical)
pathway by flooding the extracellular space with ligand (L, i.e. NE). Chronic receptor
activation induces not only PKA-mediated phosphorylation of the receptor, but also
phosphorylation by GRKS5/6 (#1) instead of GRK2. Receptor phosphorylation by PKA and
GRKS5/6 promote receptor desensitization and internalization by recruiting B-arrestin 2
(B-ARR-2) to the receptor (#2). Once bound to the receptor, B-arrestin-2 acts as a scaffold
for the sustained activation of the MAPK, ERK 1/2 (#3). Beta-arrestin activation of ERK1/2
MAPK, in turn, increases the translocation of transcription factors (#4) into the nucleus to
influence gene transcription (#5).

4. Immune System—SNS “Cross-Talk”
4.1. Cross-Talk and the Canonical Pathway: Traditional Viewpoint

Chronically elevated SNS tone occurs in response to inflammatory conditions or immune
challenge [102,103]. High circulating concentrations of tumor necrosis factor-a (TNF-a), interleukin
(IL)-1 and IL-6 act at the hypothalamus to stimulate CNS pathways that drive elevated sympathetic
nerve firing rates in relevant target tissues, including secondary lymphoid tissues and at sites of
inflammation (Figure 6). Under acute inflammatory responses, sympathetic nerves increase their
release of NE in secondary lymphoid tissues and at sites of inflammation. NE activates f2-ARs, which
subsequently suppress cell-mediated immune responses and inflammation by activating the canonical
pathway. This negative feedback circuit is important for immune response resolution and restoration of
immune system homeostasis after pathogen clearance. However, whether there are physiologic or
pathologic conditions in which B2-AR activation in immune cells induces activation of non-canonical
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pathway signaling is unclear. Studies using cultured kidney, fibroblast, glioblastoma cell lines and
cardiac myocytes have shown that high agonist concentrations can shift f2-AR signaling towards the
ERK/MAPK pathway. The extent to which B2-AR in cells of the immune system can signal via ERK
under physiologic conditions such as during an inflammatory response, infection or stress, conditions
which increase SNS activity and thus high agonist concentrations, are yet to be determined. If high
agonist concentrations can shift f2-AR signaling toward ERK-mediated signaling in immune cells
(Figure 7), it would have significant clinical implications for the impact of chronic stress on human
health, particularly chronic inflammatory and cell-mediated diseases. In this concept paper, we provide
examples from the literature, and our laboratory, that support signal-shifting by P2-ARs in cells
of the immune system. Further, we describe physiologic and pathologic conditions and potential
mechanisms responsible for B2-AR signal-switching from its canonical activation of cAMP to
activation of the ERK pathway.
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Figure 6. The brain perceives immune stimuli as a stressor via both humoral and via
hardwired pathways to the central nervous system (CNS). This information, along with
other psychosocial stressors is integrated by cortical association areas, the hypothalamus,
and limbic circuits and provides a coordinated stress responses by the two major efferent
stress pathways, one of which is the sympathetic nervous system (SNS). The SNS response
influences the inflammatory state. Under conditions where the antigen is not eliminated
and there is a break in immune tolerance autoimmunity can be triggered.
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Figure 7. The hypothetical model for shifting f2-AR signaling from the canonical pathway
towards the non-canonical pathway in immune cells is illustrated. We propose that signal
transduction switching towards p-arrestin-mediated signaling occurs under conditions
of unchecked immune cell activation or chronic or severe stress, both of which increase
the firing rates of sympathetic nerves (red lightning bolts) and elevates local NE
concentrations. These conditions favor the phosphorylation of the receptor by GRK 5/6
rather than GRK 2, thus promoting p-arrestin-2-mediated signaling via the MAPK, ERK1/2.

4.2. Evidence for Non-Canonical Signaling with Context-Dependent Inflammatory Responses

The SNS regulates the functions of both innate and adaptive immune cells. In in vivo and in vitro
studies, stimulatory or inhibitory effects of NE are reported, depending upon the model system or
tissue examined, type of adrenergic receptor activated (a-AR vs B2-AR), and the immune stimuli
applied, the time point of evaluation after immune activation, and the environmental conditions of the
study. However, most studies investigating the role of NE or P2-AR agonists on inflammation and
cellular effector functions report immunosuppressive effects (reviewed in [1,2]). Still, many instances
can be found in which, B2-AR stimulation of immune cells produces a seemingly paradoxical
augmentation of inflammatory responses and cellular immunity. One explanation, at least for in vitro
studies, is that the conditions of study may not reflect physiologic conditions. However, in vivo studies
do provide support for P2-AR-induced enhancement of inflammatory and cell-mediated immune
responses that is physiologically relevant in some diseases, and in thwarting pathogens.

The immunomodulatory effect of B2-ARs is commonly studied as a co-stimulus in combination with
a known immune activator. f2-AR activation of the canonical pathway can negatively or positively
regulate the response of immune activators, such as concanavalin A, phytohemagglutinin, anti-CD3/



Int. J. Mol. Sci. 2015, 16 5648

anti-CD28, lipopolysaccharide (LPS) or phorbol 12-myristate 13-acetate (PMA), depending on the
type of immune stimulus and timing of P2-AR stimulation relative to immune activation [104—110].
For example, the P:-agonist, isoproterenol (ISO) suppresses TNF-a production in LPS-stimulated
peritoneal macrophages [104], consistent with canonical signaling and immunosuppressive effects of the
SNS (Figure 8). Interestingly, B2-AR stimulation reduces ERK1/2 and p38 MAPK activity in the
LPS-challenged macrophages [104]. In contrast, a few studies suggest that stimulation of B2-ARs in
immune cells can enhance inflammation via MAPK signaling pathways (i.e., ERKs, p38, and JNKs)
(Figure 8). For example, P2-AR stimulation is reported to enhance TNF-o, IL-12, and nitric oxide
production in murine peritoneal macrophages, human peripheral monocytes, or human myelomonocyte
leukemia cells (PLB-985) that are differentiated towards the macrophage lineage by treatment
with phorbol 12-myristate 13-acetate (PMA) [104]. These findings are not easily explained by
signaling via the canonical pathway; a few studies in non-immune cells may suggest some possible
cAMP/PKA-mediated routes under specific conditions (reviewed in [105]). These are pathways that
have not been clearly defined. More likely these findings may be explained by MAPK signaling. ISO
increases TNF-a production in macrophages stimulated with PMA [104]. The B2-AR-induced TNF-a
production is associated with an increase in ERK1/2 and p38 MAPKs expression [104], supporting
activation of non-canonical 2-AR signaling pathways. In both of these conditions, pretreatment with
the B-AR antagonist, propranolol blocks ISO-enhanced cytokine production, verifying mediation by
B-ARs [104]. The mechanisms responsible for non-canonical pathway switching in PMA-treated
macrophages are not clear. However, it is clear that the B2-AR signal transduction pathway activated
depends on the immune stimulus. Thus, it seems that the P2-AR-mediated direction of change in
inflammatory mediators produced by immune cells depends on the nature of the inflammatory stimulus,
when the SNS is activated, and the context of the stimulation [104].

While the mechanisms that are responsible for different f2-AR functions are not known, we are
hypothesizing that the different signaling pathways activated by LPS and PMA can lead to f2-AR
modifications that alter f2-AR signaling (Figure 8). We propose that this cross-talk between mediators
that activate monocytes/macrophages then results in an appropriate context-dependent 2-AR signaling
response. While no studies have directly tested this hypothesis, published findings do lend support
to this concept. LPS induces an inflammatory response via binding to the receptor-complex of
CD14—toll-like receptor 4 (TLR4) expressed on macrophages. LPS stimulation of the TLR4 complex
induces activation of both nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and
MAPK pathways (ERK1 and 2, and p38) [111]. Activation of these pathways results in transcription of
many genes that encode inflammatory mediators, including TNF-a, IL-12 and inducible nitric oxide
synthase genes. More recently, LPS activation of these pathways has been shown to regulate many of
the regulators that determine the functions of B2-ARs. LPS promotes adenylyl cyclase activity [112],
suppresses the translocation of GRK2 to the membrane [113], and reduces the expression of GRKs
5 and 6 [114]. These effects are expected to increase f2-AR signaling via the cAMP-PKA canonical
pathway (Figure 8). LPS-induced effects on GRK expression are mediated by NF-xB
activation [114]. These findings provide a mechanism by which LPS, in addition to NE and
epinephrine concentration-dependent regulation, can impact 2-AR functions.
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Figure 8. The presence of a P2-AR ligand during lipopolysaccharide (LPS) or phorbol

12-myristate 13-acetate (PMA)-induced macrophage activation causes reduced or
increased production of TNF-a, IL-12 and nitric oxide respectively. The B2-AR-induced
immunosuppression in LPS-treated macrophages is consistent with the activation of
adenylyl cyclase (AC), and subsequently PKA. LPS promotes adenylyl cyclase activity,
suppresses translocation of GRK?2 to the membrane, and reduces the expression of GRKs 5
and 6. These LPS-induced effects are expected to increase PB2-AR signaling via the
cAMP-PKA canonical pathway. In contrast, the f2-AR-induced immune enhancement in
PMA-treated macrophages is not consistent with receptor activation of the cAMP-PKA
pathway. Instead, we propose that the responsible mechanism is a shift in receptor
signaling from the canonical to the non-canonical pathway.

Unfortunately, how phorbol esters, such as PMA, alter f2-ARs in a manner that causes them to
stimulate, rather than inhibit TNF-a production remains unclear. Szenlenyi and coworkers [104]
attribute the opposing modulatory effects of f2-AR stimulation on LPS and PMA -induced TNF-a
production to differences in the kinetics of MAPK activation by the immune stimulus. Activation of
MAPK occurs more rapidly and robustly after treatment with PMA than with LPS. In addition, LPS
treatment also induces a more sustained activation of ERK and p38 than PMA. How differences in the
kinetics and/or magnitude of MAPK (pERK and p38) production result in the opposing 2-AR agonist
induced effects on TNF-a production, and the extent that this mechanism is responsible for the
difference in receptor function, remains unclear. Alternatively PMA is also an activator of protein
kinase C (PKC). In other non-immune cell types, PKC modulates 2-AR functions in several ways.
Like PKA, this kinase can directly phosphorylate the B2-AR to promote receptor desensitization, albeit
with less efficacy than PKA [27,115,116]. Further, PMA-induced PKC impairs adenylyl cyclase
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activity in prostate cells stimulated with a B-AR agonist [117], an effect expected to reduce cAMP and
thus, PKA production. PKC also inhibits the activity of GRK2 and promotes GRK2 translocation to
the membrane [118-120], effects expected to promote receptor desensitization. PMA-induced PKC
also rapidly phosphorylates GRKS in the simian fibroblast-like COS-1 (an abbreviation for CV-1 in
Origin with SV40 genes) cell line, an event that reduces GRKS activity [121]. However, these
PMA-mediated changes in kinases that regulate B2-AR signaling either promote or reduce B2-AR
signaling via cAMP. They do not explain the P2-AR-induced increase in TNF-a production in
PMA-activated macrophages.

One possible mechanism for B2-AR potentiation of PMA-induced macrophage production of TNF-a
is by regulating NF-xB (Figure 9). NF-xB is an inducible transcription factor that regulates gene
expression of several inflammatory cytokines, including TNF-a [122]. Recently it was reported that
PMA can phosphorylate IkBa, disinhibiting NF-kB nuclear translocation, and subsequent DNA
binding [123,124]. Interestingly, a potential NF-kB binding site is present in the promoter region of
GRKS. PMA increases the levels of GRKS in myocytes [125], whereas treatment of these cells with an
inhibitor of either NF-kB, or inhibitor of kappa B (IkB) kinase 2 decreases GRKS [125]. These findings
provide a potential mechanism to explain increases in TNF-a production by PMA-differentiated
monocytes in the presence of a B2-AR agonist [104]. A PMA-induced increase in GRKS5 could result in
B2-AR phosphorylation by GRKS, which would promote signaling via B-arrestin-mediated ERK1/2
activation, and thus amplify TNF-a production. This hypothesis, as well as, GRK5—mediated B-arrestin
recruitment to the B2-AR, should be examined in future studies.

Figure 9. A possible mechanism for B2-AR-induced increases in TNF-a production in
PMA-treated macrophages is by increasing gene transcription of GRK 5 or 6. PMA
induces an increase in protein kinase C (PKC), which activates NF-xB by phosphorylating
IxBa. Phosphorylation of IkBa releases NF-kB for nuclear translocation, and subsequent
DNA binding. NF-xB increases gene expression of both TNF-o and GRKS. Increased
GRKS promotes signaling of P2-ARs in a [-arrestin-dependent manner, leading to
activation of ERK1/2. ERK1/2 activates transcription factors that further promote TNF-a
gene transcription to increase the production of TNF-a.
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Another study provides supports for P2-AR-B-arrestin-dependent signaling in macrophages.
Tan et al. [126] report that salmeterol, a longer-lasting B2-AR agonist than ISO, increases IL-1f and
IL-6 mRNA and protein levels in a number of unstimulated murine and human monocyte and
macrophage cell lines. The effect of salmeterol on cytokine transcription was not mediated by PKA,
but could be completely blocked by inhibitors of either the ERK1/2 and p38 MAPK pathway. These
findings are consistent with other observations that identify salmeterol as a P2-AR agonist with
[B-arrestin “biased” signaling [127,128].

4.3. Evidence for 2-AR Non-Canonical Signaling in Adaptive Immune Responses

The possibility of B2-AR signaling via both cAMP-PKA and -arrestin also extends to cells of
adaptive immunity. The role of the SNS in regulating T lymphocyte functions has been best studied in
CD4+ T cells, which orchestrate many aspects of adaptive immune responses, particularly for
promoting either a cellular or humoral immune response. Naive CD4+ T (T helper (Th) 0) cells can
differentiate into either Thl or Th2 cells, which drive cellular or humoral immune responses,
respectively [129]. The SNS regulates the differentiation of ThO cells to Th1 and Th2 cells; however,
the latter occurs indirectly via effects on cytokine production by Thl cells that suppress Th2 cell
differentiation. This is consistent with the expression of B2-AR on ThO and Th1 cells and their absence
on Th2 cells. Cellular immune responses are directed by Thl cells through their production of IL-2,
which enhance proliferation and expansion of activated naive CD4+ T cells and their production of
interferon (IFN)-y that promote Th1 cell but suppresses Th2 cell differentiation. Treatment of cultured
naive CD4+ T lymphocytes with NE or selective B2-AR agonists reduces IL-2 and IFN-y (reviewed
in [129]). This limits the ability of ThO cells to proliferate and to generate CD4+ Thl cells. These
findings are consistent with B2-AR activation of cAMP and the general view that the SNS suppresses
cellular immunity.

When naive CD4+ ThO cells are activated by an antigen or by anti-CD3/CD28 costimulation with
or without NE or a f2-AR agonist, B2-AR stimulation increases ThO cell production of IFN-y [130]. In
this scenario, the increased production of IFN-y enhances Thl cell proliferation and differentiation,
promoting rather than inhibiting cellular immunity [130]. So, stimulation of B2-ARs prior to antigen
activation decreases IFN-y synthesis, while B2-agonist stimulation after antigen stimulation increases
IFN-y production. Despite the fact that these findings are over a decade old, the mechanisms by which
B2-ARs induce activation of signaling pathways that increase in IFN-y remains a mystery.

Clues to the underlying mechanisms for f2-AR-mediated increases in IFN-y may be gained from the
ThO cell activation conditions in which this occurs. Antigen activation of T cell receptors (TCRs) on
ThO cells induces synthesis of IFN-y by activating the p38 MAPK pathway [131,132] (Figure 10).
Interestingly, antigen stimulation of TCRs activates many intracellular signal pathways, including
MAPKSs (p38, ERK, and JNK), PKC, and increased intracellular calcium. These pathways activate the
intracellular transcription factors, activating transcription factor 2 (ATF-2), nuclear factor of activated
T cells (NFAT), activator protein 1 (AP-1), and NF-kB. As indicated previously, a potential NF-xB
binding site is present in the promoter region of GRKS, at least in myocytes [125]. If this is true for
CD4+ ThO cells, this could provide a mechanism to explain the observed increase in IFN-y production
when ThO cells are treated with a f2-AR agonist after antigen challenge. If so, antigen challenge could
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result in an increase in GRKS expression and subsequent GRKS phosphorylation of f2-ARs to induce
G protein-independent signaling via B-arrestin to increase production of IFN-y. Obviously, future
studies are needed to test this hypothesis.
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Figure 10. A proposed mechanism for f2-AR-mediated increases in IFN-y in ThO cells
after antigen challenge is illustrated. T cell receptor (TCR) signal transduction is induced
by the recognition of the antigen that is presented to the T cell by an antigen-presenting
cell (APC). Antigen presentation can induce TCR activation of the signal transduction
pathways, calcineurin, MAPK (ERK), and/or IKK, each with specific downstream signal
cascades that lead to nuclear translocation of activator protein 1 (AP-1), nuclear factor of
activated T cells (NFAT) and/or NF-kB, respectively. These transcription factors regulate
gene transcription of cytokines, like IFN-y. Additionally, NF-xB can up-regulate gene
expression of GRKS5/6, which can subsequently phosphorylate the activated P2-AR.
GRKS5/6 phosphorylation of the B2-AR recruits B-arrestin to the receptor leading to
B-arrestin-mediated receptor desensitization, and possibly the activation of ERKI1/2
MAPK. ERK1/2 is proposed to drive greater gene expression of IFN-y.

Recent findings from our laboratory provide evidence for a shift in f2-AR signaling from cAMP to
MAPK pathways in lymphocytes from rats with AA, a model of RA [46,133]. In these studies, f2-AR
agonist treatment was started at disease onset and continued until severe disease. The lymph nodes that
drain (DLNSs) the arthritic joints and the spleens were harvested to assess sites where arthritogenic T
cells develop. Mesenteric lymph nodes (MLNs) were examined as a site where T lymphocytes that do
not transfer the disease to naive animals reside. Interestingly, arthritic animals treated with the f2-AR
agonist, terbutaline altered IFN-y production differently in each lymphoid organ examined, increasing
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IFN-y in DLN cells, having no effect on IFN-y in splenocytes, and inhibiting IFN-y in MLN
cells [133]. Reduced IFN-y concentrations in MLN cells is consistent with the well-known ability of
B2-AR stimulation to reduce IFN-y production by increasing cAMP levels. Findings in the spleen
indicate B2-AR desensitization and down-regulation induced by chronic agonist stimulation as -AR
density and cAMP production are reduced in splenocytes from these rats [46] (illustrated in
Figure 11A). However, the f2-AR-mediated increases in IFN-y observed in DLN cells cannot be
explained by the canonical signaling pathway for B2-ARs or a loss of receptor numbers or activity.

One possible explanation for the P2-AR agonist-induced increase in IFN-y is a switch from
cAMP-PKA signaling to the ERK-MAPK pathway, a pathway which is well known to increase
IFN-y [131,132] (Figure 11B). Support for this hypothesis is found from assessing phosphorylation of
B2-ARs by PKA and GRK in DLN cells from adjuvant-induced arthritic rats [46]. Phosphorylation of
B2-AR by PKA rises during severe disease, but falls during chronic disease, whereas phosphorylation
of P2-AR by GRKs increases during both stages of disease [46]. This pattern is consistent with a
GRK-dominant role in receptor signal transduction. GRK-coupled P2-AR signaling linked to elevated
IFN-y production in the DLNSs is consistent with GRK-induced B-arrestin-mediated signaling via ERK
pathways. Future studies are required to determine if this response is mediated by GRKS or 6-induced
B2-AR phosphorylation, recruitment of B-arrestin-2 to the receptor and increased production of
ERK1/2. Interestingly, a similar 2-AR phosphorylation pattern in DLN cells occurs in rats challenged
with the mycobacterial cell wall suspended in saline, indicating that pattern recognition receptors (i.e.,
toll-like receptors) are important for GRK-mediated B2-AR phosphorylation in DLN cells.

In contrast to our findings in DLN cells, elevated B2-AR phosphorylation by GRK in splenocytes
was restricted to the chronic disease phase [46]. This, coupled with the inability of B2-AR agonists to
increase cCAMP or to alter IFN-y, is consistent with PKA and GRK2-phosphorylation of the receptor,
recruitment of B-arrestinl and subsequent desensitization (Figure 11A). Future studies are needed to
determine if GRK2 or 6 and ERK1/2 are elevated differentially in DLN and spleen cells during severe
and chronic disease, and whether P2-agonist-induced increases in IFN-y in DLN cells can be blocked
by inhibitors of the ERK1/2 pathway.

It is intriguing that f2-ARs function differently in DLN and spleen cells in the adjuvant-induced
arthritis model of RA. One possible explanation to be pursued in future studies is the possibility that
the local environment of the DLN and spleen, with regard to the concentration and kinds of
inflammatory mediators, differs dramatically. The DLN receive lymphatic drainage from the inflamed
arthritic joints, whereas the spleen filters the blood. Thus, the concentrations of inflammatory
cytokines, such as IL-1 and TNF-a are likely to be much greater in DLN than in the spleen, as these
mediators would be diluted after entering the blood. The activity and levels of GRKs are dynamically
influenced by inflammatory mediators (reviewed in [134]). Given that inflammatory mediators can
induce expression of GRK2 or GRK5/6 depending upon the mediator, and that the different GRKs
regulate receptor function (reviewed in [4]), the differences in PB2-AR sensitivity, signaling and
down-regulation between different immune organs could be due to differences in the local
inflammatory environment.

Dramatic changes in the expression of GRK2 and 6 in peripheral blood mononuclear cells are
observed in RA patients [83—85] and in immune organs from rats with experimental adjuvant-induced
arthritis [135]. However, GRKs were not examined in DLNs of adjuvant-induced arthritic rats in the
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latter study. Interestingly, changes in GRKs were only observed in immune cells subsets that are
critically involved in disease pathology, CD4+ T cells and B cells, but not in CD8+ T cells [135].
Similar down-regulation of GRK2 and GRK6 expression is reported in in PBMC of patients with
MS [84,85] and in immune organs from rats with chronic relapsing EAE [84].
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Figure 11. Findings from our laboratory using an animal model of the autoimmune disease,
RA, reveal disease-related changes in f2-AR signaling that are dependent upon the lymphoid
tissue examined. Here, we illustrate our proposed model to explain the different receptor
signaling in spleen (A) and lymph nodes that drain the arthritic hind limbs (DLN) (B).
(A) In the spleen, classical signaling via cAMP-PKA (shown on left side) is abolished and
B2-AR agonists fail to inhibit the production of IFN-y. High SNS tone caused by high levels
of circulating inflammatory cytokines, results in PKA and GRK2 phosphorylation of 32-ARs
in Thl cells (shown on right side). Phosphorylation by PKA and GRK2 then induces
receptor desensitization, thus P2-AR agonists fail to decrease IFN-y production. For
comparison, the canonical signaling pathway for 2-ARs is shown on the left. (B) In the
DLN of arthritic rats, B2-AR agonists increase the production of IFN-y. This finding supports
a shift in receptor signaling away from the classical pathway (left side) towards the
non-canonical pathway (right side). In the proposed model, high SNS nerve firing in the
DLN coupled with high local levels of inflammatory cytokines induces f2-AR
phosphorylation by PKA and is phosphorylated byGRKS5/6. Phosphorylation by GRKS5/6
leads to the recruitment of B-arrestin-2 to the receptor. Beta-arrestin-2 then switches receptor
signaling to a B-arrestin-dependent activation of ERK1/2. ERK1/2 is well known to promote
IFN-y production.
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What are the implications of altered SNS signaling via B2-ARs in immune cells? The SNS regulates
all aspects of innate and adaptive immune functions as part of its major role in integrating body
functions to maintain homeostasis [1]. Cross-talk between these two regulatory systems is essential,
and takes place in part via circulating cytokines acting at the hypothalamus, as well as, locally
activated sensory nerves at inflamed sites. Activation of these afferent pathways induces greater
activation of efferent sympathetic nerves in immune organs and the inflammatory sites. The immune
activating stimulus in conjunction with the change in activity of sympathetic nerves and NE
availability collectively direct how P2-ARs signal intracellularly. Data support that inflammatory
cytokines, regulate both P2-AR expression and signal transduction by increasing the expression of
intracellular GRKs. The exciting discovery that f2-AR can activate ERK1/2 by a Gs-independent,
B-arrestin-dependent pathway raises many questions regarding SNS regulation of innate and adaptive
immune functions in health and disease. Whether such signaling occurs in immune cells has not been
determined. However, there are many cases in the literature where B2-ARs induce changes in cytokine
responses in directions not explained by increases in cAMP, and that are blocked by f2-AR
antagonists. Such responses could be explained via B2-AR-induced increases in ERK1/2. It is also
unclear if this alternate signaling pathway represents normal physiological regulation of immune
functions that are adaptive or are strictly pathologic. There is data to support the latter, as GRK6
expression, which would drive B2-AR signaling via ERK, is increased in MRL/Ipr mice, a murine
model of systemic lupus erythematosus (SLE), and in spleens upon autopsies of SLE patients [136].
Further, loss of GRK6 in knockout mice is associated with altered functions of other GPCRs that
contribute to tumor progression [137], hyperalgesia [138,139], and Parkinson’s disease [140]. Chronic
and severe stressors that elevate SNS activity, a condition that seems to be required to shift f2-AR
signaling, are linked to many diseases. Thus, it will be important to understand how P2-AR signaling
via ERK pathways is involved in susceptibility, development and progression of diseases mediated by
the immune system.
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