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Abstract For many years, the central nervous system and
the immune system were considered two autonomous
entities. However, extensive research in the field of neu-
roimmunomodulation during the past decades has demon-
strated the presence of different neuropeptides and their
respective receptors in the immune cells. More impor-
tantly, it has provided evidence for the direct effects of
neuropeptides on the immune cell functions. Neuropeptide
Y (NPY) is generally considered the most abundant peptide
in the central and peripheral nervous system. However, it is
also distinguished by exhibiting pleiotropic functions in
many other physiological systems, including the immune
system. NPY affects the functions of the cells of the
adaptive and innate immunity. In this respect, NPY is
known to modulate immune cell trafficking, T helper cell
differentiation, cytokine secretion, natural killer cell
activity, phagocytosis and the production of reactive oxy-
gen species. The specific Y receptors have been found in
immune cells, and their expression is amplified upon
immune stimulation. Different Y receptor subtypes may
mediate an opposite effect of NPY on the particular func-
tion, thus underlining its regulatory role. Since the immune
cells are capable of producing NPY upon appropriate
stimulation, this peptide can regulate immune cell func-
tions in an autocrine/paracrine manner. NPY also has
important implications in several immune-mediated disor-
ders, which affirms the clear need for further investigation
of its role in either the mechanisms of the disease
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development or its possible therapeutic capacity. This
review summarises the key points of NPY’s mission
throughout the immune system.
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Introduction

Neuropeptide Y (NPY) is a 36-amino acid C-terminally
amidated neurotransmitter peptide with relatively high
tyrosine content in the molecule. Thus, it is designated as
a peptide with a capital Y. NPY, together with its natural
homologues such as peptide YY (PYY) and pancreatic
polypeptide (PP) and their truncated forms NPY2-36,
NPY3-36 and PYY3-36, belongs to a family of peptides
with a unique amino acid backbone that forms a hairpin
turn called the PP-fold. This means that the N-terminal
part of the molecule (residues 1-8) adopts a polyproline
type II helical conformation, and residues 9-13 form a
loop that enables the polyproline helix to fold back onto
an o-helix, encompassing residues 14-31 (Blundell et al.
1981).

NPY is cleaved from its precursor prepro-NPY (97 and
98 amino acid residues in humans and rats, respectively)
by combined and successive actions of signal peptidase
(Higuchi et al. 1988), prohormone convertases PC1/3 and
PC2, and carboxypeptidase E (Fricker 1988). Novel find-
ings show that cathepsin L participates as a key proteolytic
enzyme for NPY production in secretory vesicles, gene-
rating peptide intermediates with basic residue extensions
at N- and C-termini, which will then be removed by
aminopeptidase B and carboxypeptidase E, respectively
(Funkelstein et al. 2008). Finally, the molecule is amidated
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by peptidylglycine o-amidating mono-oxygenase at the
C-terminal end (Bradbury et al. 1982) to form biologically
active NPY.

NPY is one of the most evolutionary conserved peptides
among species. Namely, only two of 36 amino acids of
NPY are variable in mammals and only three differ from
shark NPY. In both humans and rats, average NPY plasma
concentrations were found to be in the picomolar range
(Grouzmann et al. 1989, 2001; Reich et al. 2007,
Thompson et al. 1995) with a half-life of approximately
12 min. It should be noted, however, that in rats, platelet
release could be a major source of circulating peptides in
this species (Myers et al. 1988).

In mammals, members of the NPY peptide family bind
to several different Y receptor subtypes (Y1, Y2, Y3, Y4,
Y5 and y6) (Berglund et al. 2003; Michel et al. 1998). All
Y receptors have been cloned, except Y3, while y6 is
functional only in a few species. Y receptors have all been
shown to couple to inhibitory G-proteins and thus mediate
the inhibition of cAMP synthesis. Additional mechanisms
of cell signalling involve phospholipase C activation and
mobilisation of Ca** from intracellular stores (Herzog
et al. 1992; Mullins et al. 2002). Different Y receptor
subtypes show extreme structural heterogeneity (Larham-
mar et al. 2001) and diverse affinity for NPY and related
peptides (Michel et al. 1998). It is noteworthy that
N-terminally truncated derivatives of the NPY and PYY
(NPY2-36, NPY3-36 and PYY3-36), as a consequence of
degradation by endogenous enzymes (Gorrell 2005;
Mentlein and Roos 1996; Mentlein 1999), lose their effi-
cacy at the Y1 receptor but remain active, especially
toward the Y2 receptor. Dipeptidyl peptidase 4 (DP4,
CD26), belonging to a serine protease enzyme, is the pri-
mary peptidase involved in the N-terminal truncation of the
NPY and PYY, leading to the formation of NPY3-36 and
PYY3-36 (Mentlein 1999; Gorrell 2005). It is well known
that most DP4/CD26 activity is membrane expressed,
mainly located on the vasculature/endothelial cells and on
hepatocytes. However, there is also a strong circulating
DP4-like activity. Aminopeptidase P from smooth muscle
cells removes the terminal amino acid from the NPY,
therefore generating NPY 2-36 (Mentlein and Roos 1996).

Following the isolation of NPY from the porcine brain
(Tatemoto et al. 1982) and the finding that NPY is a pep-
tide with the highest distribution in the central nervous
system, intensive research of its role in central nervous
system functioning commenced. This resulted in numerous
comprehensive appraisals. It is now known that NPY is
involved in the complex network within the hypothalamus.
By projecting from an arcuate nucleus toward other
hypothalamic areas and receiving reciprocal inputs from
the brainstem and cortical areas and reward pathways,
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it regulates food intake and energy balance (Simpson et al.
2009). NPY neurons are also involved in regulating energy
metabolism. They can communicate with the hypotha-
lamic-pituitary—gonadal axis and can operate as neuroen-
docrine integrators, linking perturbations in energy balance
and alterations in the activity of the reproductive axis (Hill
et al. 2008). In the hippocampus, NPY is mainly produced
and released by inhibitory interneurons that hinder gluta-
matergic neurotransmission in the excitatory circuits. They
consequently restrain the spread of excitability into other
brain structures (Xapelli et al. 2006). Decreased expression
of NPY in the central amygdala may be one of the common
molecular mechanisms for the comorbidity of anxiety and
alcoholism (Pandey et al. 2005), while the abundant
expression of NPY and/or its receptors in the brain regions
is associated with stress response, mood disorders and
sleep regulation. This also points to the involvement
of NPY in these activities (Morales-Medina et al. 2010;
Dyzma et al. 2010).

In the periphery, NPY has a potent mitogenic activity
and is chemotactic for vascular smooth muscle cells
and endothelial cells, and also stimulates angiogenesis
(Zukowska-Grojec et al. 1998). It is also a strong vaso-
constrictor and cardio-depressant (Zukowska-Grojec and
Vaz 1988). NPY is co-localised and co-released with nor-
epinephrine from nerve fibres upon stimulation, and it
modulates the effects of norepinephrine at both high and
low levels of sympathetic nerve activity (Han et al. 1998).
Moreover, NPY originating from the adrenal medulla
locally enhances the secretion of catecholamines (Cavadas
et al. 2001). Similarly to PYY in the gut, NPY is a potent
inhibitor of intestinal fluid secretion (Souli et al. 1997).

NPY fulfills the classical criterion set for nerve-immune
transmitter, as proposed by Bedoui et al. (2003a). First,
NPY is synthesised in postganglionic nerves innervating
the lymphoid organs and is released upon neuronal stim-
ulation (Romano et al. 1991). Second, the close proximity
between NPY-positive nerve fibres and immunocompetent
cells has been demonstrated in the spleen (Meltzer et al.
1997) and in inflamed mucosa. This results in a direct
effect of nerve-derived NPY on the immune cells. Finally,
the expression of specific Y receptors in the immune cells
and the ability of different Y receptor antagonists to pre-
vent NPY-induced immune perturbation have been shown
in numerous studies. In turn, immune stimulation can
change the NPY content in the nervous system. Systemic
immune stimulation with lipopolysaccharide (LPS)
decreases the expression of NPY in the rat hypothalamus
(Kim et al. 2007), whereas experimental sepsis increases it
(Carlson et al. 2009). Therefore, endogenous NPY might
be considered a regulator of both nervous and immune
system functions.
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NPY and the immune system
Y receptors on the cells of the immune system

The presence of Y receptors in immune cells has been
verified at the molecular level (at both transcription and
translation) via identifying receptor mRNA by PCR. In
humans and rodents, Y1 receptor mRNA has been detected
in every immune cell type examined so far (Table 1). In
addition, the Y1 receptor subtype is the first Y receptor
cloned from rat splenocytes (Petitto et al. 1994). Although
the Y1 receptor from lymphocytes has been found to have
an identical nucleotide sequence as the Y1 receptor in the
brain, the level of its expression in the spleen was signifi-
cantly lower compared to the expression level in the brain.
Differences in the levels of Y1 receptor mRNA detected
have been noticed in various immune cell types (Wheway
et al. 2005), whereas increased levels were detected upon
immunisation or inflammatory reaction (Bedoui et al.
2003b; Rethnam et al. 2010). Y2 receptor mRNA tran-
scription in inflammatory cells can be induced by in vitro
stimulation with LPS (Nave et al. 2004) or N-formyl-
methionine-leucine-phenylalanine (fMLP) (Bedoui et al.
2008). Human neutrophils contain mRNA encoding all
cloned receptor subtypes such as Y1, Y2, Y4 and Y5, with
the Y4 receptor being dominant in comparison with the
other three subtypes (Bedoui et al. 2008). Additionally,
immunolabeling with specific antibodies revealed Y1, Y2
and Y5 membrane receptors expression on rat inflamma-
tory granulocytes (Dimitrijevi¢ et al. 2010; Miti¢ et al.
2011). Furthermore, Y receptors have been detected on a
subpopulation of granulocytes, ranging from 5 to 20% of
HIS48+ cells, depending on the inflammatory agent used

for their activation, for example, LPS or carrageenan. The
occasional Y receptor-positive granulocytes have been
detected in the rat peripheral blood by immunocytochem-
ical staining (Miti¢ et al. 2011). However, further studies
are needed to confirm the presence of Y receptors on
immune cells in mice where the use of Y1 receptor-defi-
cient (Y1—/Y1—) mice can be of great help as a negative
control for the specificity of Y receptor antibodies used for
immunolabeling. Another important issue is to test whether
different Y receptor subtypes are expressed on a single cell,
and if so, to examine the implication of their co-expression
on the cell functioning. Nevertheless, pharmacological
manipulations with receptor-specific agents have proven
the functional capacity of the expressed Y receptors in
immune cells. The most commonly used agonists specific
for different Y receptors are shown in Fig. 1.

The effects of NPY on the cells of the immune system
Lymphocytes

Sympathetic innervation of lymphoid organs (Muller and
Weihe 1991; Romano et al. 1991; Stevens-Felten and
Bellinger 1997) and mucosal-associated lymphoid tissues
(Nohr and Weihe 1991; Sipos et al. 2006) enables the close
contact between nerves and lymphocytes and macrophages,
thus also exposing the cells to NPY. These findings suggest
the involvement of NPY in immune cell recruitment.
Indeed, NPY has been shown to augment the f1 integrin-
mediated adhesion of resting human T cells to fibronectin,
a major glycoprotein component of the extracellular matrix
(Levite et al. 1998). Although NPY did not alter the
expression of a4f1 and «5f1 integrins, it might facilitate

Table 1 The Y receptors on

immune cells Receptor  Cell type Tissue References
Rat
Y1 Lymphocytes Spleen Petitto et al. (1994)
Y1 Monocytes Peripheral blood cells Bedoui et al. (2002)
Y2 (LPS-induced) Nave et al. (2004)
Y1,2,5 Granulocytes Air-pouch Dimitrijevi¢ et al. (2010),
inflammation Miti¢ et al. (2011)
Mice
Y1 Lymphocytes Lymph nodes from Bedoui et al. (2003b)
immunised mice
Y1 T cells Spleen
Y1 Dendritic cells, NK cells, T cells, B Spleen Wheway et al. (2005)
cells, macrophages
Human
Y1,4,5 Neutrophils Peripheral blood cells Bedoui et al. (2008)
Y2 (fMLP-induced)
JMLP N-formyl-methionine- Y1 T cells Inflamed gingiva Rethnam et al. (2010)
leucine-phenylalanine, LPS Y1 Granulocytes

lipopolysaccharide
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Fig. 1 The agonists most commonly used for the testing of functional
capacity of Y receptors expressed in the immune and inflammatory
cells. Note the striking structural similarities among different Y
receptor agonists, most of them having tyrosine on both the C- and
N-terminal end. Substitution of the two amino acids in the NPY
molecule is sufficient to modify the specificity for a certain Y receptor

the extravasation of T cells by increasing their affinity to
fibronectin. More importantly, the proadhesive action of
NPY was mediated in a receptor-specific manner, partic-
ularly via the Y2 receptor. NPY in vitro at both physio-
logical and pharmacological concentrations (ranging from
107" to 107® M) enhanced the fMLP-stimulated migra-
tion of lymphocytes in mice (De la Fuente et al. 1993).
Conversely, a rather high concentration of NPY in vitro
was ineffective in stimulating the migration of human T
cells into a collagen matrix (Talme et al. 2008). It has been
reported that cell migration on the two-dimensional test
systems, for example plastic, essentially differs from the
migration to three-dimensional structures such as collagen
matrices. While both test systems measure cell migration,
only migration and penetration to collagen reflects the
cells’ ability to infiltrate certain tissues (Talme et al. 2008).
Thus, NPY appears to be capable of intensifying the
recruitment of lymphocytes by affecting both the chemo-
taxis and adhesiveness of these cells. However, it does not
stimulate their capacity to penetrate the tissue, emphasising
the importance of the tissue microenvironment in shaping
recruitment.

Numerous studies have shown the suppressive effect of
NPY (10'?-10~% M) in vitro on lymphocyte proliferation
following stimulation with mitogens such as concanavalin
A and phytohemagglutinin (Soder and Hellstrom 1987;
Medina et al. 1999, 2000a; Puerto et al. 2005), or anti-CD3
antibody (Wheway et al. 2007). Reduced proliferative
capacity of mitogen-stimulated lymphocytes following
NPY treatment in vitro is probably a consequence of
decreased IL-2 production (Puerto et al. 2005). Moreover,
the inability of NPY to suppress lymphocyte proliferation
in aged mice was accompanied by its inability to diminish

@ Springer

subtype. Specific Y receptor antagonists such as BIBO 3304 (Y1),
PD160170 (Y1), BIIE 0246 (Y2), and L 152804 (Y5) also supported
the functionality of the Y receptors in the immune cells (Bedoui et al.
2008; Dimitrijevi¢ et al. 2005, 2006, 2008, 2010; Nave et al. 2004;
Mitié et al. 2011; Zhou et al. 2008)

IL-2 production, which also declines with age. Concanav-
alin A weakly stimulated lymphocytes from mature and old
animals to proliferate and produce IL-2, but strongly
affected cells from young, and to a lesser extent, from adult
mice (Medina et al. 1999, 2000a; Puerto et al. 2005). Thus,
the level of cellular activation interferes with the effect of
NPY on lymphocyte proliferation. However, NPY did not
suppress the proliferation of unstimulated mouse lympho-
cytes (Medina et al. 1999).

The physiological implications of NPY-induced sup-
pression of T lymphocyte proliferation are probably to
restrain redundant immune response. It is noteworthy that
the proliferative capacity of anti-CD3 antibody-stimulated
lymphocytes was only suppressed by the nanomolar con-
centration of NPY if it was delivered at the time of cell
stimulation. However, it had no influence on already
activated cells, thus suggesting that this peptide interferes
with the early phases of T cell priming (Wheway et al.
2007).

Conversely, NPY (107'°-107° M) indirectly enhanced
the mitogen-stimulated proliferation of human colonic
lamina propria lymphocyte by increasing the production of
IL-1p in monocytes (Elitsur et al. 1994; Hernanz et al.
1996). The ability of NPY at a physiological concentration
to augment gut lymphocyte proliferative capacity has been
evident following the stimulation of cells with either
phorbol esther, which activates membrane protein kinase C
(Nishizuka 1984), or concanavalin A, which activates
membrane Toll-like receptors 2 and 6 (Unitt and Hornigold
2011). Considering that gut-associated lymphoid tissue is
the first line of defense against intestinal bacteria, the
stimulative effect of NPY on mucosal lymphocytes prob-
ably facilitates a prompt anti-bacterial response.
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The modulation of cytokine production, especially those
related to a shift toward Thl or Th2 immune response, is
certainly the most significant action of NPY on immune
cell functions. NPY greatly enhanced IL-4 production and
inhibited IFN-y in mouse splenocytes upon stimulation
with an anti-CD3 antibody and in mouse helper T cell
clones stimulated with an antigen in vitro (Kawamura et al.
1998), thus supporting Th2 immune response. NPY
(10~® M) has also been shown to induce the secretion of
cytokines from antigen-specific Thl and Th2 cell lines
without additional antigen stimulation (Levite 1998, 2000).
Unexpectedly, NPY stimulated the secretion of both Thl
(IL-2 and IFN-y) and Th2 (IL-4) cytokines from the Th1 T
cell clone. NPY also directly stimulated a Th2 T cell clone
to secrete IFN-y.

Regarding cytokine secretion following antigen stimu-
lation of T cell clones, it has been shown that NPY in vitro
is capable of breaking the commitment of single Thl and
Th2 cells already engaged in a distinct pattern of cytokine
secretion (Levite 1998, 2000). Specifically, NPY (1078 M)
increased IL-4, IL-2 and IFN-y, in the antigen-stimulated
Th1 clone and Th2 clone, respectively. Taken as a whole,
NPY could play a substantial role in the regulation of the
adaptive immune response by modulating T cell migration,
proliferation and cytokine secretion. Despite the proven
existence of mRNA for the Y1 receptor in T cells and B
cells (Bedoui et al. 2003b; Petitto et al. 1994; Wheway
et al. 2005), the potential role of other Y receptor subtypes,
as well as their interaction with the Y1 receptor in the
NPY-induced modulation of lymphocyte functions, has not
been investigated so far.

NK cells

NK cells survey host tissues for signs of infection, trans-
formation or stress and kill target cells that have become
useless or are detrimental to the host. Evidence has been
provided for the immunosuppressive effects of both
exogenous and endogenous NPY on NK cell activity. In
particular, NPY in vitro (107'>-107° M) significantly
suppressed the NK activity of human peripheral blood
lymphocytes (Nair et al. 1993); intravenous NPY admin-
istration produced a dose-dependent inhibition of rat sple-
nic NK activity (Saurer et al. 2006); and stress-induced
elevation of plasma levels of NPY has been associated with
the suppression of NK cell activity (Irwin et al. 1992).
Considering the major input of NK cells in the MHC-
unrestricted recognition of virally infected cells and
tumours, the NPY-induced suppression of NK activity
under stress may increase susceptibility to viral infections
and cancer. However, comprehensive analysis of the
modulatory capacity of NPY on NK activity revealed a
lymphoid tissue compartment- and age-dependent pattern

of alterations (De la Fuente et al. 2001b; Puerto et al.
2005). Specifically, NPY in vitro increased and decreased
NK activity of peritoneal leukocytes from adult and aged
rats, respectively.

Considering that basal NK activity declines with age,
NPY might be one of the mediators that, in addition to
catecholamines, diminishes NK activity due to heightened
sympathetic activity, or expands catecholamine-induced
NK suppression in the aged. The opposing effects of NPY
on NK activity of cells originating from different lymphoid
organs may be a consequence of different functional subsets
of NK cells. In humans, the more mature CD56dim popu-
lation is potently cytotoxic, whereas CD56bright NK cells
have low cytotoxicity, produce much greater amounts of
cytokines and express homing molecules for the secondary
lymphoid organs and sites of inflammation (Cooper et al.
2001). Identification of NK cell subsets in mice revealed
more reactive CD27+ NK cells in terms of natural cyto-
toxicity, cytokine production and proliferation (Hayakawa
and Smyth 2006). Further studies should address the com-
plex issue regarding the regulatory role of NPY on different
subpopulations of NK cells.

Monocytes and macrophages

NPY has been shown to modulate the recruitment of
monocytes and macrophages by acting as a chemoattrac-
tant itself at a physiological concentration (10~'' M)
(Straub et al. 2000) and by increasing their adherence
capacity at both physiological and pharmacological con-
centrations (De la Fuente et al. 2000; Medina et al. 2000b;
Nave et al. 2004). It has been suggested that NPY can
reduce tissue immigration of monocytes under endotoxe-
mic conditions by increasing their adhesiveness (Nave
et al. 2004). The proadhesive effect of NPY in vitro on
LPS-stimulated rat peritoneal macrophages was mediated
via Y2 receptors (Nave et al. 2004), as it has been previ-
ously demonstrated for lymphocytes (Levite et al. 1998).
The involvement of Y1 receptors in the NPY-induced
potentiation of adhesion of rat peripheral blood monocytes
stimulated with LPS has been recently demonstrated
(Miti¢ et al. 2011). NPY at the micromolar concentration
increased the adherence capacity of thioglycollate-elicited
rat peritoneal macrophages without the additional in vitro
activation of cells with LPS (Stanojevi¢ et al. 2007).
Although NPY undoubtedly exhibited a proadhesive
effect on monocytes and macrophages, it was ineffective in
aged mice that already exhibited an increased adherence
capacity (De la Fuente et al. 2000; Medina et al. 2000b).
Likewise, the pharmacological concentration of PYY of
107° M stimulated the macrophage adherence capacity in
adult rats, but had no influence in aged rats (Stanojevié
et al. 2006). The absence of the proadhesive effect of NPY
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on inflammatory cells is beneficial in advanced age, as it
can restrain the inflammatory reaction. This might also
account for the stress situation, as the previous exposure of
rats to stress prevented the in vitro proadhesive influence
of NPY on inflammatory macrophages (Stanojevic et al.
2007).

In addition to the significant impact of NPY in vitro on
leukocytes chemotaxis and adhesion, NPY in vivo evi-
dently modulates the trafficking of peripheral blood
monocytes in the rat (Bedoui et al. 2001). In particular, a
high dose of intravenous NPY increased blood leukocyte
numbers in rats via the mobilisation of different cell sub-
sets, including CD9+ monocytes. However, the stimulat-
ing effects of NPY on leukocytes mobilisation were
mediated via the Y5 receptor on non-immune cells (Bedoui
et al. 2002).

Several studies showed that NPY also stimulated cyto-
kine secretion from monocytes and macrophages. Specifi-
cally, NPY (10_10 M) increased the secretion of IL-1f in
human peripheral blood monocytes (Hernanz et al. 1996)
and mouse peritoneal macrophages (De la Fuente et al.
2001a; Puerto et al. 2005) following the in vitro activation
of cells with concanavalin A. The findings show that NPY
decreased macrophage production of the proinflammatory
cytokine TNF-o following stimulation with LPS (Puerto
et al. 2005). It also increased the production of anti-
inflammatory cytokine TGF-f1 in macrophage cell line
Raw 264.7 (Zhou et al. 2008), thus revealing NPY’s ability
to diminish inflammatory reaction.

NPY has a significant impact on macrophage effector
functions, especially by modulating the phagocytosis of
foreign particles and the production of hydrogen peroxide
and nitric oxide. NPY (107?-107® M) stimulated the
phagocytosis of latex beads in resident peritoneal macro-
phages derived from mice (De la Fuente et al. 1993, 2000,
2001a). At a similar concentration range ( 1071221071 M),
it also suppressed the phagocytosis of zymosan in resident
and thioglycollate-elicited peritoneal macrophages from
the rat via Y2 and Y5 receptors (Dimitrijevi¢ et al. 2005;
Stanojevi¢ et al. 2007). The observed differences are
probably due to the nature of stimuli used in these studies.
The phagocytosis of zymosan is an inflammatory event
mediated by NFxB activation (Friedland et al. 2001).
In macrophages, zymosan-induced responses include
the induction of proinflammatory cytokines, arachidonate
mobilisation, protein phosphorylation, and inositol phos-
phate formation. The phagocytosis of zymosan is mediated
via its binding to complement receptor CR3 (also known as
Mac-1 or CD11b/CD18) and Toll-like receptor 2 (Burton
et al. 2010). Latex beads are immunologically inert parti-
cles phagocytosed via scavenger receptors (Kobzik 1995).
However, in comparison with zymosan, they induce a
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significantly lower production of proinflammatory cyto-
kines such as IL-8 (Friedland et al. 2001).

NPY also suppressed the phagocytic and leishmanicidal
capacities of macrophage cell line Raw 264.7, but at higher
doses of the peptide (10™'°-107> M, Ahmed et al. 2001). It
is interesting that NPY potentiated an oxidative burst ini-
tiated by either zymosan (Miti¢ et al. 2011) or phorbol
myristate acetate, which involves the non-receptor direct
activation of membrane protein kinase C (Dimitrijevié
et al. 2005; Stanojevi¢ et al. 2007). The former was med-
iated by Y1 receptor on rat peripheral blood monocytes
(Miti¢ et al. 2011) and the latter by macrophage Y1 and Y2
receptors (Dimitrijevi¢ et al. 2005). The finding that a
specific agonist of the Y5 receptor significantly suppressed
oxidative burst in phorbol myristate acetate-stimulated
macrophages indicated the Y1/Y2 and Y5 receptor inter-
play in the modulation of macrophage hydrogen peroxide
production. In addition, NPY increased nitric oxide pro-
duction by the LPS-activated resident peritoneal macro-
phages, and its stimulatory effect was also mediated via Y1
and Y2 receptors (Dimitrijevi¢ et al. 2008). Although the
NPY-induced suppression of phagocytosis and the poten-
tiation of reactive oxygen species production may be
considered anti-inflammatory and proinflammatory actions,
respectively NPY generally seems to assist in the elimi-
nation of pathogens and/or transformed cells by supporting
the mechanisms for their destruction.

Granulocytes

The ability of NPY in vitro to modulate granulocyte func-
tions largely depends on the NPY concentration, cell acti-
vation and species. NPY significantly increased and
decreased phagocytosis of Escherichia coli by human
peripheral blood granulocytes at physiological (10~'% M)
and pharmacological concentrations (107°-=107° M),
respectively (Bedoui et al. 2008). However, in rats, NPY
decreased (107® M) the phagocytosis of zymosan by
granulocytes isolated from a sterile inflammation site, for
example, carrageenan-elicited cells from the air-pouch
(Dimitrijevi¢ et al. 2006), and increased (107° M) phago-
cytosis of zymosan by granulocytes isolated from peripheral
blood (Miti¢ et al. 2011). The NPY-induced modulation of
phagocytic capacity of rat granulocytes was mediated via
Y1 receptors (Dimitrijevic et al. 2006; Miti¢ et al. 2011). In
addition to the Y1 receptor, Y2 receptors also mediated
suppression of the phagocytic capacity of human granulo-
cytes by NPY in vitro (Bedoui et al. 2008). The phar-
macological concentration of NPY (1078-107° M)
significantly intensified the fMLP-stimulated respiratory
burst in human granulocytes, and this effect was mediated
by the Y5 receptor (Bedoui et al. 2008).
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In contrast to the above, pharmacological doses of
NPY in vitro induced a considerable decrease in rat
granulocyte peroxide production, mediated by activation
of the Y2 and Y5 receptors (Dimitrijevi¢ et al. 2006).
NPY increases LPS-stimulated nitric oxide production in
rat granulocytes via the Y1 receptor (Dimitrijevi¢ et al.
2006). Besides, this recent study demonstrated the
involvement of Y1 receptors in the NPY-induced poten-
tiation of the adhesion of rat peripheral blood granulo-
cytes stimulated with LPS (Miti¢c et al. 2011). In
summary, the stimulatory effects of NPY on granulocyte
functions are regularly mediated via Y1 receptors,
whereas the suppressive effects of NPY utilise different Y
receptor subtypes. Depending on the peptide concentra-
tion and specific Y receptor subtype(s), NPY can direct
human granulocytes activity towards better phagocytosis
or improved killing ability, but in both circumstances, it
facilitates the elimination of pathogens. The contribution
of different Y receptor subtypes in the modulation of
immune cells functions by NPY, as revealed by the in
vitro studies with the Y specific agonists and antagonist,
is summarised in Table 2.

The production of NPY by the cells of the immune
system

Chemical sympathectomy did not change the spleen con-
tent of NPY (Lundberg et al. 1985), and denervation
retained high levels of NPY expression in leukocytes iso-
lated from the renal grafts (Holler et al. 2008). This is
suggestive of NPY production by some immune cells
independently from neurons. Furthermore, the presence of
both NPY mRNA and NPY peptide was detected in rat and
mouse spleen, bone marrow, and peripheral blood cells, the
amount of NPY mRNA being in the range of those found in
human and rat nervous tissue (Lundberg et al. 1983; Beck
et al. 1993). However, genes controlling the production of
NPY and related peptides are inducible, rather than con-
stitutively expressed in the immune system (Schwarz et al.
1994). Human lymphocytes produce NPY only after
additional in vitro cell activation (Bracci-Laudiero et al.
1996a) or in chronic inflammation (Sipos et al. 2006).
Conversely, strong NPY mRNA and NPY peptide
expression was seen in resting peripheral blood leukocytes
in the rat (Holler et al. 2008). Nevertheless, immune cells

Table 2 The participation of Y
receptors in the modulation of
immune cells functions

h human, m mice, NO nitric
oxide, r rat, ROS reactive
oxygen species

Effect

Cell (species)

References

Y1 receptor
TAdherence capacity

|Adherence capacity
1TGF-f1 production
|TFN-y production
TPhagocytosis

|Phagocytosis and TROS
production

TROS production
TNO production

Y2 receptor
TAdherence capacity

|Phagocytosis and TROS
production

IROS production
TNO production
Y5 receptor

|Phagocytosis and |ROS
production

|ROS production

Air-pouch granulocytes (r)
Monocytes and granulocytes (r)
Macrophages (1)

Raw 264.7 cells

Splenocytes (m)

Macrophages (1)

Monocytes and granulocytes (r)

Air-pouch granulocytes (r) and
granulocytes (h)

Macrophages (r)

Macrophages (r) and air-pouch
granulocytes (r)

T cells
Macrophages (r)

Macrophages (r) and granulocytes (h)

Air-pouch granulocytes (r)
Macrophages (r)

Macrophages (r)

Air-pouch granulocytes (r)

Dimitrijevi¢ et al. (2010)
Miti¢ et al. (2011)
Stanojevic et al. (2006)
Zhou et al. (2008)
Bedoui et al. 2003b
Dimitrijevi¢ et al. (2005)
Miti¢ et al. (2011)

Dimitrijevi¢ et al. (2006,
2010) Bedoui et al.
(2008)

Dimitrijevi¢ et al. (2005)

Dimitrijevic et al. (2006,
2008)

Levite et al. (1998)
Nave et al. (2004)

Dimitrijevi¢ et al. (2005),
Bedoui et al. (2008)

Dimitrijevi¢ et al. (2006)
Dimitrijevié¢ et al. (2008)

Dimitrijevi¢ et al. (2005)

Dimitrijevi¢ et al. (2006,
2010)

@ Springer



48

M. Dimitrijevié, S. Stanojevic¢

capable of producing NPY encompass monocytes, B lym-
phocytes and dendritic cells (Lambert et al. 2002; Schwarz
et al. 1994).

Endogenous NPY has been related to the autocrine/
paracrine regulation of macrophage functions. For
instance, the addition of the Y1 receptor antagonist, or Y1
receptor deficiency, reduced the production of cytokines
IL-12 and TNF-o in cultured activated macrophages
(Wheway et al. 2005). This indicates that NPY produced
by the activated macrophages is required for their normal
proinflammatory cytokine production. In addition, both Y1
and Y2 receptor antagonists suppressed oxidative burst in
rat macrophages, sustaining the involvement of endoge-
nous NPY in the tonic regulation of cellular oxidative
metabolism (Nave et al. 2004; Dimitrijevi¢ et al. 2005).

NPY and immune-mediated pathological conditions
Infection

It has been shown that increased NPY protein expression in
neurons in the vicinity of cells infected with a neuroviru-
lent retrovirus plays a protective role during retroviral
pathogenesis in the central nervous system (Du et al. 2010).
Conversely, an increased concentration of NPY in cere-
brospinal fluid and plasma positively correlated with the
degree of HIV encephalopathy, suggesting involvement in
the pathogenesis of HIV-related neurological dysfunction
(Malessa et al. 1996). The rabies virus did not increase the
expression of NPY in neurons, but NPY-expressing neu-
rons were not infected with this virus (Weihe et al. 2008).

Concerning bacterial infection, circulating concentra-
tions of immunoreactive NPY were shown to be markedly
raised above the normal range in patients with septic shock
(Watson et al. 1988). It has been reported that NPY exerted
direct antimicrobial activity against Escherichia coli,
Enterococcus faecalis, Pseudomonas aeruginosa, Strepto-
coccus mutans and Lactobacillus acidophilus (El Karim
et al. 2008b). The antimicrobial properties of NPY are
known to be enhanced by N-terminal truncation (Shimizu
et al. 1998). NPY was also previously shown to have
antifungal activity against Cryptococcus neoformans,
Candida albicans, and Arthroderma simii (Vouldoukis
et al. 1996). Although the in vivo activity of antimicrobial
peptides is influenced by factors such as pH, ion concen-
tration and binding to proteins and glycosaminoglycans,
the receptor-specific modulatory effect of NPY on bacte-
rial-induced inflammation is also suggested. Oral diseases
such as dental caries and pulp inflammation are driven by
the host response to various bacterial species, and Y1
receptors were observed on nerve fibres, blood vessels and
inflammatory cells in carious teeth. This suggests a role for
NPY via Y1 receptors in the modulation of caries-induced
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pulpal inflammation (El Karim et al. 2008a). NPY can also
modulate IgA secretion following exposure to microor-
ganisms or toxins, as LPS induced NPY production by
neurons in the vicinity of IgA-producing lymphocytes in
the mouse ileum lamina propria (Shibata et al. 2008).

Inflammation

Increased NPY concentrations were found in the colon and
brain of mice with trinitrobenzenesulfonic acid-induced
colitis, a model of inflammatory bowel disease (Baticic
et al. 2011), but also in dextran sulphate sodium (DSS)-
induced colitis, a model of ulcerative colitis (Pang et al.
2010). In spite of the increased NPY levels, segments of
proximal and distal colons from mice with DSS-induced
colitis were virtually unresponsive to its antisecretory
action, expressing less Y1 receptor mRNA and diminished
Y1 receptor protein expression in the colonic epithelium
(Klompus et al. 2010). Macrophages from Y1 receptor-
deficient mice have been shown to produce lower amounts
of TNF-o and IL-12 (Wheway et al. 2005). Considering
that the DSS model of colitis is highly dependent on the
activation of macrophages (Cooper et al. 1993), and that
NPY stimulates the proinflammatory activity of macro-
phages, it is not surprising that Y1 receptor-deficient mice
or mice treated with a specific Y1 receptor antagonist
displayed reduced clinical and histological signs of acute
colitis (Hassani et al. 2005). Y1 receptor deficiency is
accompanied by an altered incidence of different immune
cell populations in the lymphoid organs, such as an
increased number of naive CD4+ and CD8+ T cells and a
decreased number of effector T cells in the lymph nodes
(Wheway et al. 2005). Although Y1—/— mice showed
impaired Thl delayed-type hypersensitivity response and
insensitivity to DSS-induced colitis, T cells from their
lymph nodes were hyperresponsive to anti-CD3/anti-CD28
activation. These findings suggest that an additional
mechanism is responsible for the suppression of Thl
responses in Y1—/— mice. Experiments utilising the
transfer of Y1—/— lymphocytes into lymphopenic mice
revealed a defect in the antigen presenting cell function in
Y1—/— mice. This annulled the hyperactive nature of
the Y1—/— T cell compartment, and therefore protected
Y1—/— mice from Thl responses. Hindering NPY by
antagonists or the NPY antisense oligodeoxynucleotides
may be a useful therapeutic approach to treat ulcerative
colitis (Pang et al. 2010).

As a result of an augmented release of neuronal NPY,
increased plasma NPY levels have been detected in several
other inflammatory conditions such as liver cirrhosis
(Wiest et al. 2008), asthma (Groneberg et al. 2004), and
atopic dermatitis (Salomon and Baran 2008). Considering
the substantial direct effects of NPY on the activity of
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immune cells, NPY and Y receptors may be a potential
target for the modulation of immune-mediated inflamma-
tory diseases.

Autoimmunity

The fact that the development of type 1 diabetes involves the
lymphopenia (Lyp) gene, which is closely linked to the
neuropeptide Y (Npy) gene on chromosome 4 (Jacob et al.
1992), indicates the direct involvement of NPY in autoim-
munity. It has also been recently discovered that NPY might
be a possible new minor autoantigen in diabetes mellitus type
1, as one of the secretory vesicle-associated proteins that are
targets of the autoimmune response (Hirai et al. 2008).

An abnormal concentration of NPY in different body
fluids is a hallmark of several autoimmune-mediated
chronic inflammatory diseases. For instance, increased
levels of NPY in plasma have been found in systemic lupus
erythematosus (Harle et al. 2006), and autoimmune poly-
myositis and dermatomyositis (Liu et al. 2004). Similarly,
rheumatoid arthritis and Sjogren’s syndrome are associated
with increased NPY levels in synovial fluid and saliva,
respectively (Harle et al. 2006; Santavirta et al. 1997).
However, the density of NPY-containing nerve fibres is
decreased in rheumatoid synovium (Pereira da Silva and
Carmo-Fonseca 1990). While the altered levels of NPY
expression are not responsible for the initiation of auto-
immune diseases, the involvement of NPY in the course of
the illness cannot be excluded. In an animal model for
human systemic lupus erythematosus, based on the mouse
strain that spontaneously develops similar autoimmune
aberrations, NPY is significantly increased in the spleen
and in the inflamed kidneys in parallel with the progression
of the disease (Bracci-Laudiero et al. 1998). Therefore, the
elevated local level of NPY in the spleen may be associated
with the lymphocyte activation and extensive lymphopro-
liferation during the development of systemic lupus, thus
indicating a role of NPY in maintenance of the inflam-
mation (Bracci-Laudiero et al. 1996b).

In contrast, the concentration of NPY is reduced in the
cerebrospinal fluid of patients with multiple sclerosis
(Maeda et al. 1994). The possible capacity of NPY to
modulate the autoimmune processes associated with mul-
tiple sclerosis has been investigated in an accepted experi-
mental rodent model such as experimental autoimmune
encephalomyelitis (EAE). In the susceptible rat and mouse
strains, EAE is induced either by immunisation with
encephalitogen and an adjuvant, or by the passive transfer
of CD4+ Th1 lymphocytes obtained from EAE-immunised
animals into the naive recipient. NPY in vivo in a dose-
dependent fashion ameliorated the symptoms and severity
of the disease in EAE mice (Bedoui et al. 2003b). The
beneficial effect of NPY on clinical EAE was linked with

the decreased amounts of IFN-y secreted from autoreactive
T lymphocytes when stimulated with the specific autoanti-
gen, and the elevated IgG1-IgG2a ratio of autoantigen-
specific antibodies, which is indicative of favouring the Th2
response. Additionally, NPY treatment during the inductive
phase of EAE in rats delayed the onset and reduced the
severity of clinical signs, and lowered the number of T cells
and macrophages infiltrating the brain at the disease peak
(unpublished results). Specific Y1 receptor agonists also
inhibited the induction of EAE, thus stressing the role of Y1
receptors in the suppressive effect of NPY on EAE (Bedoui
et al. 2003b). Furthermore, blocking Y1 receptor signalling
by using an antagonist to Y1 resulted in an earlier onset of
the disease. The importance of Y1 receptor signalling for
disease control is suggested in multiple sclerosis patients.
Namely, an increased expression of CD26 molecules (DP4)
on T lymphocytes in multiple sclerosis patients (Reinhold
et al. 2002) may contribute to a decreased amount of intact
NPY, and therefore reduced Y1 receptor signalling. Indeed,
the pharmacological inhibition of CD26 activity success-
fully suppresses the clinical course of EAE, including an
active TGF-f1-mediated anti-inflammatory effect on the
central nervous system (Steinbrecher et al. 2001).

Majority of studies have underlined the Y1 receptor-
mediated suppressive effects of NPY on immune functions.
However, some conflicting results require an additional
analysis of Y receptor signalling and the mechanisms behind
these discrepancies. Studies from Y1 receptor knockout
mice have helped to solve some of the controversies con-
cerning the effects of endogenous and exogenous NPY on
immune responses. Future investigations should focus more
on the involvement of different Y receptor subtypes, and
studying immune responses in mice deficient in Y receptors
other than Y1 can be of great importance.

Conclusion

Investigations across different cellular compartments
revealed that NPY stimulates lymphocyte migration, but
generally restrains their ability to proliferate and infiltrate
the tissue, and polarises toward Th2 immune activation. All
of this is advantageous in Thl-type autoimmune inflam-
matory disorders. Suppressing the macrophage secretion of
inflammatory cytokines and phagocytosis NPY postpones
inflammatory reactions. However, by increasing cellular
oxidative burst in both macrophages and granulocytes, and
by direct bactericidal activity, it facilitates the elimination of
pathogens and thus assists in the expansion/termination of
already developed inflammatory response. In contrast, NPY
reduces NK activity, disputing its overall antimicrobial
effects. In addition, endogenous NPY may promote the
production of inflammatory cytokines and thus perpetuate
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an inflammatory disease, which leads to a debate on whether
the association of its increased levels with several immune-
mediated diseases may be a result of an overly disrupted
immune balance or, alternatively, is more intimately linked
to disease initiation. Its wide distribution under physiolog-
ical conditions and close relationship with the aetiology,
pathogenesis or the possible treatment of immune-mediated
diseases have revealed NPY as a very intriguing peptide for
research in the field of neuroimmunomodulation.
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