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Abstract

Substance P is a peptide mainly secreted by neurons and is involved in many biological processes,
including nociception and inflammation. Animal models have provided insights into the biology of
this peptide and offered compelling evidence for the importance of substance P in cell-to-cell
communication by either paracrine or endocrine signaling. Substance P mediates interactions
between neurons and immune cells, with nerve-derived substance P modulating immune cell
proliferation rates and cytokine production. Intriguingly, some immune cells have also been found
to secrete substance P, which hints at an integral role of substance P in the immune response.
These communications play important functional roles in immunity including mobilization,
proliferation and modulation of activity of immune cells. This Review summarizes current
knowledge of substance P and its receptors, as well as its physiological and pathological roles. We
focus on recent developments in the immuno-biology of substance P and we discuss the clinical
implications of its ability to modulate the immune response.
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1. Introduction

Substance P (SP) is a highly conserved peptide that was originally discovered in 1931 by
Von Euler and Gaddum in the equine brain and gut extracts -- distinct from acetylcholine --
capable of inducing hypotension and muscle contraction (US & Gaddum, 1931). This
substance was purified and dried in powder form (hence the name substance P) (Chang &
Leeman, 1970); highly conserved homologues were later identified in mice, rabbits and
humans (Figure 1a). SP is encoded by the 7ACZ gene (located on chromosome 7 in humans)
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and is a member of the tachykinin peptide hormone family (Severini et al, 2002) (Figure 1b);
the family also contains three other neuropeptides, also encoded by 7ACZ, namely
neurokinin A, neuropeptide K, and neuropeptide -y (Krause et al, 1987; Nawa et al, 1983).
SP is expressed by many cell types including neurons (Ansel et al, 1996; Hokfelt et al, 1980;
Holzer, 1988; Pickel et al, 1977), astrocytes (Barker & Larner, 1992; Michel et al, 1986),
microglia (Lai et al, 2000), epithelial cells (Watanabe et al, 2002), and endothelial cells
(Milner et al, 2004). Immune cells, such as T cells (Lai et al, 1998), macrophages (Ho et al,
1997; Marriott & Bost, 2000), dendritic cells (Lambrecht et al, 1999), or eosinophils
(Weinstock et al, 1988) also display significant levels of SP expression (Ho et al, 1997; Lai
et al, 1998; Metwali et al, 1994). SP is also expressed by some stem cells and progenitor
cells (Li et al, 2000), including immunomodulatory mesenchymal stem cells (MSC) (Cho et
al, 2005). Such widespread expression of SP in diverse cell types may suggest its
participation in a wide variety of physiological and pathophysiological functions, by
activating a multitude of signaling pathways.

1.1. Structure

Physico-chemical properties of substance P underlie its function. The SP peptide is
comprised of 11-amino acids (RPKPQQFFGLM-NH2) (Chang et al, 1971) with a net
positive charge at physiologic pH. Positively charged residues are located on the N-terminus
while the C-terminus contains hydrophobic residues; this separation renders SP as an
amphiphilic peptide (Figure 1b). The amphiphilic nature of substance P governs its direct
interaction with lipid bilayer membranes, but the functional importance of this interaction is
not clear. Importantly, SP mediates its functions by interacting specifically with surface
receptors, i.e. members of the neurokinin (NK) family of G protein—coupled receptors
(Figure 1c).

Substance P is stable in plasma but has a short half-life in tissues. The half-life of SP is
defined by the kinetics of chemical or enzymatic degradation in the extra cellular
environment, by binding to cells, and by the dynamics of cellular internalization. Reported
values for SP half-life are in the range of seconds to tens of minutes in tissues and blood,
while in extracted blood plasma, SP is stable on the timescale of hours (McGregor & Bloom,
1983; Rameshwar et al, 2001a; Skidgel et al, 1984).

1.2. Neurokinin receptors

NK receptors are of three canonical types, namely NK1R, NK2R and NK3R, often co-
expressed by the same cell. Among these, NK1R, which typically localizes to lipid rafts
(Monastyrskaya et al, 2005), is a G-protein coupled receptor and displays the highest affinity
for substance P. This receptor has two isoforms with differing affinities: a high affinity
receptor, NK1R-F (407 residue-long full length version) and the low affinity NK1R-T (311
residue-long truncated version) (Fong et al, 1992; Lai et al, 2006; Lai et al, 2008). The full-
length NK-1R (NK1R-F) is the predominant form expressed at certain sites in the human
brain, whereas the truncated NK-1R (NK1R-T) is widespread throughout the central nervous
system and in peripheral tissues (Caberlotto et al, 2003). The activation of NK1R by SP
depends on the microarchitecture and the composition the plasma membrane. For example
when cholesterol is depleted, the NK1R-mediated signaling is abolished (Monastyrskaya et
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al, 2005). The NK1R receptor isoforms are expressed by neurons (Marshall et al, 1996;
Todd et al, 2000), epithelial (Bockmann, 2002), endothelial (Greeno et al, 1993), smooth
muscle cells (Maghni et al, 2003), as well as fibroblasts (Liu et al, 2006). Intriguingly, some
immune cells including T and B lymphocytes (Lai et al, 1998), natural killer cells
(Feistritzer et al, 2003), dendritic cells (Marriott & Bost, 2001), monocytes/macrophages
(Germonpre et al, 1999; Ho et al, 1997), microglia and astrocytes (Chauhan et al, 2008),
eosinophils and mast cells, express NK1R (van der Kleij et al, 2003). It remains unclear why
cells express three different classes of NK receptor family with varying affinities, and what
benefit this complexity confers to cells.

1.3. Regulatory mechanisms

Interaction of substance P with its receptors leads to internalization and recycling of the
receptor, a process that regulates the sensitivity of the cell to SP. Desensitization is mediated
by two proteins, a kinase and B-arrestin and is followed by rapid internalization
(McConalogue et al, 1998). Resensitization involves pH-induced dephosphorylation and
recycling of NK1R (Figure 2, right panel) (Grady et al, 1995). Activation of NK1R
stimulates translocation of G-protein-coupled-receptor kinases (GRKSs) from the cytosol to
the plasma membrane where they specifically phosphorylate SP-occupied NK1R molecules
(Figure 2, right panel) (Nishimura et al, 1998). p-arrestins also translocate to the plasma
membrane, where they interact with the phosphorylated NK1R (McConalogue et al, 1999).
The SP/NK1R- B-arrestin complex is rapidly internalized and subsequently exposed to an
acidic environment, which hydrolyzes phosphate groups from NK1R. Substance P is then
detached from NK1R and degraded by proteolytic enzymes; in turn, NK1R recycles to the
cell surface, leading to resensitization (Grady et al, 1995). The process of de/re-sensitization
typically (but not always) involves internalization and recycling and is tightly regulated. The
phosphorylation of NK1R by GRKSs depends on the concentration of available SP. NK1R
undergoes extensive phosphorylation and prolonged association with p-arrestins for hours
following exposure to high concentrations of SP (>10 nM). In contrast, minimal
phosphorylation is seen after exposure to low concentrations of SP(<1 nM) (Roosterman et
al, 2004; Vigna, 1999). Transforming growth factor § (TGF-p) delays SP-induced NK1R
internalization and thus enhances the activity of NK1R in T cells (Beinborn et al, 2010),
whereas inflammatory cytokines typically promote upregulation of NK1R (Blum et al, 2001;
Weinstock et al, 2003a). Resensitization is regulated at a number of levels. An intracellular
enzyme, endothelin-converting enzyme-1, controls the translocation of the receptors back to
the surface; the enzyme is in turn subject to post-translational regulation (Pelayo et al, 2011,
Whyteside et al, 2014). Recycling of NK1R depends on its ubiquitination state, which
determines whether the internalized receptor is degraded or returns to the cellular
membrane. Further, re-sensitization critically depends on Ras-related proteins (RABS),
including RAB4a, RAB5a and RAB11a (Roosterman et al, 2004). RABs are themselves
subject to a number of regulatory mechanisms (Lo et al, 2012; Mukherjee et al, 2011).
Above, we mentioned that NK1R-F shows higher affinity to SP than NK1R-T, potentially
due to the role of the C-terminal domain in NK1R folding (Tuluc et al, 2009). Interestingly,
the relatively lower affinity of the NK1R-T to SP might impair its desensitization and
internalization leading to more persistent responses after receptor-ligand interactions
(Reviewed in Tuluc et al, 2009). Finally, while in the majority of cases NK1 receptors are

Cell Mol Life Sci. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mashaghi et al. Page 4

recycled via the mechanisms explained above, for a subpopulation of NK1 receptors,
desensitization and resensitization may take place without receptor internalization and
surface return, respectively (Murphy et al, 2011).

1.4. Signaling pathways

Interaction of substance P with NK1 receptors signals to several intracellular pathways
(Figure 2a). These pathways involve second messengers, such as diacyl-glycerol (DAG),
inositol trisphosphate (IP3), and cyclic adenosine monophosphate (CAMP), which control
expression of cytokines, and modulate ion channel activities. SP-NK1R coupling activates
phospholipase C and adenylate cyclase to generate DAG/IP3 and cAMP respectively, and
eventually signals to mitogen-activated protein kinases (known as MAPKK or MEKS).
MEK:Ss activate extracellular signal-related kinases 1/2 (ERK1/2), which translocates into the
nucleus and mediates the expression of cytokines through the serine/threonine protein
kinase, mammalian target of rapamycin (mTOR), as well as the transcription factors, such as
AP-1, and NF-xB. Figure 2a highlights pathways that regulate expression of several
cytokines, including the balance of anti-inflammatory interleukin (IL)-10 and pro-
inflammatory IL-12. Importantly, NK1R regulates chemokines like CCL2, CCL4, CXCL2,
and IL-8 via NF-xB, thereby recruiting immune cells to sites of inflammation (Christian et
al, 1994; Derocq et al, 1996; Fiebich et al, 2000; Foldenauer et al, 2013; Guo et al, 2002;
Koizumi et al, 1994; Koon et al, 2005; Lieb et al, 1997; Quinlan et al, 1999; Sun et al,
2008b; Zhao et al, 2002).

1.5. Pathophysiology

SP exerts a wide range of physiological as well as pathological effects. The most widely
known roles of SP are in nociception and neurogenic inflammation (Cao et al, 1998; De
Felipe et al, 1998; Lembeck & Holzer, 1979; Xanthos & Sandkuhler, 2014), both primarily
mediated by the NK1R receptor. However, the diverse expression of NK1R on various non-
neuronal cell types (Ho et al, 1997; Lai et al, 1998) suggests other functions in addition to its
role in pain, including growth-promoting effects on smooth muscle cells (Nilsson et al,
1985; Payan, 1985), skin fibroblasts (Nilsson et al, 1985), and synoviocytes (Lotz et al,
1987); regulating the integrity of extracellular matrix by controlling the expression of matrix
metalloproteinases and tissue inhibitors of metalloproteinase in fibroblasts (Cury et al,
2008); regulating angiogenesis and vasodilation by controlling the release of nitric oxide
(Bull et al, 1996; Ziche et al, 1994) (Ziche et al, 1990); and regulating bone metabolism (Liu
et al, 2007). SP is known to be involved in bone marrow fibrosis (Rameshwar et al, 2001a),
tumor cell proliferation (Castagliuolo et al, 2000; Luo et al, 1996), and inflammatory
processes (O’Connor et al, 2004). Neurogenic inflammation plays a major role in
rheumatoid arthritis (RA). SP is significantly increased in synovial fluid in RA patients
(Pavlova et al, 1976). Elevated levels of SP and upregulated NK-1R expression are seen in
the rectum and colon of patients with inflammatory bowel disease (IBD), and well correlate
with disease activity (O’Connor et al, 2004). SP is a part of a immune regulatory mechanism
that amplifies inflammation at intestinal mucosal surfaces in the acute phase of IBD
(Weinstock, 2015). In particular, the ability of human mesenteric preadipocytes from IBD
patients to release IL-17A increases in response to SP. In psoriasis, a disease that is
characterized by hyper-proliferation of keratinocyte, elevated amounts of SP is seen in the

Cell Mol Life Sci. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mashaghi et al.

Page 5

skin. Importantly, SP stimulates mast cells to generate IL-1 family cytokines, which in turn
stimulate keratinocyte proliferation (Taracanova & Theoharides, 2015). Finally, current
models suggest that SP generated by immune cells stimulates Th1 and Th17 autoreactive
cells that migrate to the CNS where they target nerves (Vilisaar et al, 2015). These and other
evidences together indicate that SP is a significant player in autoimmunity.

Finally, expression of SP receptors is markedly increased during infection, especially on
lymphocytes and macrophages. In human immunodeficiency virus (HIV) infection,
activation of NK1R by SP contributes to increased HIV-1 infection in macrophages (Tuluc et
al, 2014). In the following sections we elaborate on the immunobiology of SP and provide
insights into the immunomodulatory roles of SP in disease processes.

2. Immunobiology of Substance P

The immune system provides protection from a wide range of pathogens. One component of
immunity, the phylogenetically ancient innate immune response, fights infections from the
moment of first contact and is the fundamental and generic defensive weapon of both uni-
and multi-cellular organisms (Kimbrell & Beutler, 2001). An essential element of an
immune response is the communication between cells. For example, after injury or infection
tissue resident cells such as nerves, vascular cells and immune cells actively interact in a
paracrine or contact dependent manner. These communications precede recruitment of non-
resident immune cells and may lead to development of adaptive immune responses
(Gasteiger & Rudensky, 2014; lwasaki & Medzhitov, 2015). Adaptive immunity provides
specific defense tools in vertebrates that are critical for elimination of alloantigens. Cells of
both the innate and adaptive immune system contribute to the generation of substance P and
are also targets to this neuropeptide (Ho et al, 1997; Lai et al, 1998). In the following
sections we discuss how substance P controls the immune responses at multiple levels
ranging from recruitment and proliferation to modulation of immune cell activation (Table
1).

2.1. Immune cell migration

Substance P is a key player in cellular migration and exerts this function either directly or
via induction of a number of chemokines, their receptors, and adhesion molecules.
Substance P participates in migration of several innate immune cells, such as neutrophils.
For example, neutrophils show an attenuated chemotactic response to exogenous IL-1f in
NK1R deficient mice (Ahluwalia et al, 1998). SP can also augment leukocyte recruitment
indirectly via inducing expression of chemokines, such as macrophage inflammatory
proteins (MIP-1p or CCL4 (Guo et al, 2002); MIP-2 or CXCL2 [49]), monocyte
chemoattractant protein-1 (MCP-1 or CCL2) (Castellani et al, 2009; Sun et al, 2008b),
CCLS5 (Chernova et al, 2009), and IL-8 (Tran et al, 2000). SP stimulates human corneal
(Tran et al, 2000) and epithelial cells (Koon et al, 2005; Zhao et al, 2002) as well as
neutrophils (Serra et al, 1994), mast cells (Okayama et al, 1998), and fibroblasts to produce
IL-8 (Figure 2a) (Huang et al, 2008), a powerful neutrophil chemotactic protein. In activated
human T lymphocytes, SP significantly upregulates the expression of MIP-1p, a p-
chemokine that mediates the migration of lymphocytes and monocytes to the site of
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inflammation. This process is mediated by NF-kB and is abrogated by the specific NK1R
antagonist CP-96,345 (Guo et al, 2002). SP can also regulate the movement of dendritic
cells toward lymph nodes via modulating the expression of chemokine receptors and
adhesion molecules. For example, SP upregulates the expression of chemokine receptor
CCRY (Forster et al, 2008; Takashima, 2013) as well as the adhesion molecule,
Macrophage-1 antigen (Mac-1, CD11b/CD18), and its ligand, ICAM-1 (CD54) on NK1R*
dendritic cells, all facilitating the direction of these cells toward lymph nodes (Janelsins et
al, 2013; Mathers et al, 2007; Takashima, 2013). Substance P acts as a potential determinant
of endothelial-leukocyte interactions by inducing the expression of an endothelial-leukocyte
adhesion molecule (ELAM-1) by the microvascular endothelium (Matis et al, 1990).
Immune cell recruitment by SP is fundamental to neurogenic inflammation, which is a
critical component of a number of pathologies. For example, substance P recruits leukocytes
to the peripheral terminals of nociceptors, where they release neuroactive mediators that
contribute to neuropathic pain (Ren & Dubner, 2010). In summary, SP appears to play a key
role in regulating immune cell migration typically via regulating the expression of
chemokines and adhesion molecules.

2.2. Immune cell proliferation

Cells proliferate by division into daughter cells, a process that lies at the heart of
immunology (Kan & Hodgkin, 2014; Mashaghi & Dekker, 2014). Substance P regulates the
proliferation of lymphocytes, bone marrow cells, and vascular endothelial cells. Studies
show that substance P stimulates human T cell proliferation in vitro, probably through
upregulation of IL-2 expression (Calvo et al, 1992; Nio et al, 1993; Payan et al, 1983;
Rameshwar et al, 1993; Scicchitano et al, 1988). NK1R™~ mice have reduced proliferative
response of T cells, suggesting that SP modulates proliferation of T cells (Lambrecht et al,
1999). Human bone marrow mononuclear cells and fibroblasts also proliferate in response to
substance P (Rameshwar et al, 2001b). Furthermore, it has been shown that SP could
enhance proliferation of bone marrow stem cells (Mei et al, 2013).

The role of nerve-derived SP in hematopoiesis has been supported through its local and
systemic effects on NK1R expressing bone marrow stem cells (BMSCs). Substance P exerts
the hematopoietic effect through induction of IL-1 and stem cell factor (SCF) in bone
marrow stroma (Rameshwar & Gascon, 1995). This effect arises from direct contact of SP
generating-nerve endings with the bone marrow stroma. Systemically delivered SP may also
affect hematopoietic stem cells (HSCs), such as promoting the generation of colony-forming
units in the peripheral blood (Hong et al, 2009).

Substance P targets immune cells to promote angiogenesis (Ziche et al, 1990). Substance P
may regulate angiogenesis directly by inducing endothelial cells to produce nitric oxide
(Ziche et al, 1994), or indirectly via its interactions with mast cells and granulocytes.
Substance P enhances the expression of vascular endothelial growth factor (VEGF) in mast
cells, an action augmented by IL-33 (Shaik-Dasthagirisaheb et al, 2013), but VEGF
blockade does not abolish the proangiogenic property of SP (Katsanos et al, 2008). SP may
also modulate angiogenesis by enhancing migration, adhesion, and expression of angiogenic
genes by granulocytes. This property of substance P has been exploited to induce
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angiogenesis at the site of implants (Kohara et al, 2010). Finally, we note that angiogenesis
induced by factors like SP can in turn promote immune response by facilitating trafficking of
immune cells to tissues. For instance, in healthy cornea angiogenesis is actively suppressed
which leads to corneal immune privilege. Breakdown of angiogeneic privilege is a major
risk factor for corneal transplant rejection. Interestingly, inhibition of NK1R by Lanepitant
(an NK1R antagonist) significantly reduces corneal angiogenesis (Bignami et al, 2014).

2.3. Immune cell activation

Substance P modulates the activity of innate and adaptive immune cells via a number of
intracellular pathways (examples are shown in Figure 2a). A critical role of substance P lies
in its ability to modulate the production of various cytokines by a wide range of immune
cells (Table 1). These include cytokines with pro-inflammatory (e.g. I1L-1),
immunomodulatory (e.g. IL-10), and chemotactic properties (e.g. IL-8). Cytokines in turn
may modulate the effect of substance P; IL-12, IL-18, and TNFa induce NK1R expression
in T cells (Blum et al, 2001; Weinstock et al, 2003a), whereas 1L-10 and TGF-f prevent
NK1R expression (Beinborn et al, 2010; Weinstock et al, 2003b). Moreover, IL-1, IL-4, and
IFN-v induce NK1R expression in macrophages (Marriott & Bost, 2000; Simeonidis et al,
2003).

Substance P modulates the activation of various innate immune cells (e.g. phagocytosis and
secretion of cytokines), and promotes the survival of innate immune cells such as natural
killer cells, macrophages, dendritic cells, neutrophils, mast cells, and eosinophils. Substance
P enhances the cytotoxicity of human natural killer cells by up-regulating their production of
cytotoxic-associated molecules (perforin, granzyme) and natural cytotoxicity receptors
(NCR) (Fu et al, 2011). SP enhances phagocytosis in both neutrophils and macrophages. In
human neutrophils, SP potentiates phagocytosis via stimulating respiratory burst, and
production of reactive oxygen intermediates (ROIs) (Serra et al, 1988; Wozniak et al, 1989).
These processes are fundamental to many pathologies, such as migraine where substance P
degranulates dural mast cells (Ottosson & Edvinsson, 1997). Substance P also enhances
phagocytosis in murine peritoneal macrophages via its N-terminus (Bar-Shavit et al, 1980),
induces oxidative burst, and stimulates synthesis and release of arachidonic acid metabolites
(e.g. PGE2,TXB2) and toxic oxygen radicals (Hartung & Toyka, 1983; Murris-Espin et al,
1995). In addition, substance P enhances the survival of dendritic cells by promoting Bcl-2
expression and subsequent decrease in caspase 3 (Janelsins et al, 2009). In human and
murine mast cells, SP induces degranulation and subsequent release of histamine and
serotonin (Ansel et al, 1996) and up-regulates Toll-like receptor (TLR)-2, thereby promotes
its activation (Tancowny et al, 2010). Moreover, SP increases the expression of
corticotropin-releasing hormone receptor-1 (CRHR-1) by human mast cells, the activation of
this receptor leads to secretion of IL-8, TNF-a, and VEGF, while CRH itself induces the
expression of the truncated NK1R (NK1R-T) (Asadi et al, 2012). Finally SP stimulates
activation, degranulation and release of O2- and TXB2 from eosinophils (Kroegel et al,
1990).

Substance P also plays a critical role in activation of adaptive immune cells. SP enhances
immunoglobulin secretion in murine Peyer’s patches, splenic lymphocytes and mesenteric
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lymph nodes in an isotype-specific manner (particularly IgA). In certain B cell lymphoma
clones, substance P directly stimulates secretion of IgA, but not of IgM. However, in the
presence of lipopolysaccharide (LPS), substance P stimulates a three-fold increase in IgM
secretion (Pascual et al, 1991), indicating a cross-talk between NK1R and TLR4. Depletion
of substance P in rodents by capsaicin administration or treatment with a substance P
antagonist, decreases the number of antibody-secreting cells (Eglezos et al, 1990).

The role of Substance P in T cell activation and differentiation of helper T cell subsets has
been investigated in several studies, although few of them achieved remarkable results. For
example, during the inflammatory response caused by murine schistosomiasis, SP binds to
NK1R on T cells and induces the production of IFN-y, a Thl signature cytokine, while it
has no effect on the secretion of Th2 cytokines, such as IL-4 and IL-5 [36]. In a murine
colitis model, it was shown that expression of NK1R in mucosal T cells in IL-10 deficient
mice was associated with Th1-mediated intestinal inflammation (Weinstock et al, 2003b). In
addition, via binding to NK1R on DCs, SP can induce a Thl and T cytotoxic (CTL)-1 bias
of effector T cells in mice [79]. In another murine study, NK1R signaling in DCs caused an
inhibition of IL-10 synthesis and secretion without affecting on 1L-12 production. However,
after cutaneous administration of these NK1R-signaled DCs, IL-12 was upregulated in host
DCs resulting in a remarkable Th1 immune response [78]. Regarding Th17 immunity, one
study showed that SP promoted the generation of human memory Th17 cells from non-
Th17-committed CD4* memory T cells, but not from naive CD4" T cells. They also showed
that the other members of the tachykinin family, neurokinins A and B, had no effect on the
differentiation of naive and memory T cells (Cunin et al, 2011). Finally, administration of
substance P during the primary immune response amplifies the secondary immune response
by activating CD8+ T lymphocytes (Ikeda et al, 2007).

Substance P affects immunomodulatory capacity of mesenchymal stem cells (MSC).
Evidence suggests that SP treatment may recover the immunosuppressive function of late
passage MSCs by potentiating their ability to secrete TGF-p1, which can enhance the
therapeutic activity of ex vivo expanded MSCs in long-term culture. Using an NK1R
anagonist, the restoration of the weakened activity of MSCs could be abolished (Jin et al,
2015).

It is important to note that the two NK1 receptor isoforms mediate different immunological
effects when activated by SP (Tuluc et al, 2009). For example, SP upregulates NF-xB and
IL-8, and stimulates PKCS, via NK1R-F but not NK1R-T in certain human cells. There are
also differences in the timing of SP-induced ERK activation in cells expressing the two
different forms of the receptor. ERK activation via NK-1R-F is more rapid than via NK1R-T.
These data suggest the role of the carboxyl terminus of NK1R in activation of downstream
signaling pathways (Lai et al, 2008). On the other hand, Chernova et al. reported that human
peripheral blood monocytes express NK1R-T but not NK1R-F; however, SP interactions
with NK1R-T do not lead to calcium (Ca2+) mobilization. When NK1R-F is transfected into
monocytes, SP can mobilize Ca2+. Furthermore, via NK1R-T, SP can enhance the CCR5
ligand CCL5-¢elicited Ca2+ mobilization leading to chemotaxis, indicating that even the
NK1R-T can be functional in monocytes. From these results, we can conclude that in human
monocytes, NK1R-T activates selected signaling pathways and mediates chemotaxis
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(Chernova et al, 2009). Concurrently, Lai et al. showed that a human monocyte/macrophage
cell line expresses only NK-1R-T, which can not trigger a Ca?* response upon addition of
SP, although SP increases the CCR5-preferring ligand RANTES (CCL5)-mediated Ca2*
increase in these cells. When these cells differentiate to a macrophage-like phenotype, they
express NK-1R-F, which led to an SP (106 M)-induced Ca?* response (Lai et al, 2006).
Taken together, both truncated and full length NK-1R are functionally active in innate
immune cells and their functional roles seemingly depend on the cell type and may differ
between primary cells and cell lines.

2.4. Immunopharmacology of Substance P

The list of NK1R antagonists (NKASs) is growing. NKAs are of two types, peptide
antagonists and non-peptide antagonists. An example of the former group is spantide, a
therapeutic peptide which can treat corneal infection (Hazlett et al, 2007). The most well
known non-peptide antagonist is aprepitant, a morpholine derivative used as an anti-emetic,
anti-depressant, anxiolytic, and anti-tumor drug (Kramer et al, 1998; Kramer et al, 2004;
Munoz & Rosso, 2010; Rupniak & Kramer, 1999). Several studies have reported the effect
of NKAs on innate and adaptive immune responses, including the modulation of cytokine
production, immune cell proliferation, and immune cell migration. Spantide I, for example,
enhances proinflammatory (e.g. IL-1p and TNF-a) and anti-inflammatory cytokines (e.g.
IL-10), and suppresses Thl-associated cytokines (e.g. IL-18, IL-12 and INFvy) (Hazlett et al,
2007). Spantide suppresses IL-2 production by human and murine T cells, and thus may
suppress T cell proliferation (Rameshwar et al, 1993). Spantide antagonizes the role of SP in
immune cell recruitment; for example, it decreases the influx of neutrophils and CD4+ T
cells in the corneal lesions. When treated with spantide I, corneal IL-6 and CCL3 production
was reduced in animal models (Twardy et al, 2011). Similar functions have been reported for
other NK1R antagonists as well. Lanepitant suppresses leukocyte infiltration, and lymph-
and hemangiogenesis in the cornea (Bignami et al, 2014). Spantide also suppresses secretion
of immunoglobulins from B cells in rats (Eglezos et al, 1990). Finally, NKAs can suppress
hemangiogenesis by decreasing stem cell factor (SCF), IL-1, IL-3, and GM-CSF
(Rameshwar et al, 1994; Rameshwar & Gascon, 1995). Taken together, these results indicate
that major advances in our understanding of the mechanism of action of SP have emerged in
the past decade via pharmacologic blockade of SP in animal models.

There are few clinical trials using the SP antagonist, aperpitant, in HIV-infected patients. In
a clinical trial conducted by Pablo Tebas, Steven D. Douglas and colleagues in HIV-infected
patients, aprepitant did not show significant antiviral activity, although aprepitant-treated
patients showed decreased numbers of CD4+PD1+ T-cells, so-called exhausted T-cells, and
decreased plasma levels of substance P and soluble CD163, suggesting that blockade of the
NK1R pathway plays a role in regulating monocyte activation in HIV infection (Tebas et al,
2015).
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3. Immunomodulatory role of the substance P in disease

In this section we briefly discuss the clinical implications of SP immunobiology for
neurology, and ophthalmology, with particular focus on SP and ocular surface diseases,
where neuropeptide research is on the rise (see Table 2).

3.1. Neurologic diseases

The immunomodulatory role of SP in neurologic conditions has been widely recognized.
Substance P exerts its immunomodulatory role within the central nervous system (CNS)
through its ability to bias the inflammatory response towards Th17 immunity, as well as
through its ability to regulate Th1/Th2 balance towards either Thl or Th2 response
depending on the nature of antigens (Cunin et al, 2011; Levite, 1998). In addition to
regulating Thl and Th2 cells, SP can bias the inflammatory response towards Th17
immunity (Cunin et al, 2011), which is implicated with the pathogenesis of multiple
sclerosis/experimental autoimmune encephalomyelitis (EAE). In this way, SP may
contribute to the maintenance of CNS inflammation during the chronic phase of EAE
(Reinke et al, 2006). NK1R antagonists, such as CP-96,345 stabilize the blood-brain-barrier
and down-regulate Th1 type cytokines (Nessler et al, 2006).

SP has a well-recognized role in nociceptive neurotransmission (De Felipe et al, 1998). SP
may recruit CNS glial cells under pathological pain conditions (Grace et al, 2014). For
example, bone fracture pain is associated with increased expression of glial activation
markers, which can be attenuated with an NK1R antagonist (Li et al, 2015). It is not yet
clear whether these effects are direct, as inhibition of nitric oxide can attenuate the pro-
inflammatory effects of SP (Guo et al, 2007). Given the ability of microglia and astrocytes to
oppose opioid analgesia (Grace et al, 2015), it is notable that co-administration of an NKR1
antagonist with morphine for six days attenuates hyperalgesia and expression of glial
activation markers (Tumati et al, 2012).

In Parkinson’s disease, CNS immune cells such as microglia and astrocytes are activated and
release pro-inflammatory cytokines (Depino et al, 2003; McGeer & McGeer, 2008; Mosley
et al, 2006; Thornton & Vink, 2012). Substance P has been found to mediate this
inflammatory response, which can be suppressed using NK1R antagonists. These
observations suggest possible use of NK1R antagonists for neuroprotection in Parkinson’s
disease (Thornton & Vink, 2012). Finally, SP can enhance blood-brain barrier permeability
by disrupting tight junction proteins (Lu et al, 2008), which facilitates edema (leading to
increased pressure in the cranium or spinal canal) following traumatic brain injury, spinal
cord injury and stroke (Lewis et al, 2013). Accordingly, NK1Rs are therapeutic targets for
these conditions (Vink & van den Heuvel, 2010).

3.2. Ocular diseases

Neuropeptides are generated by a number of cells in the eye. For example, sensory nerves of
the eye generate substance P, while vasoactive intestinal polypeptide and neuropeptide Y are
secreted by parasympathetic and sympathetic innervations of the eye, respectively (Jones &
Marfurt, 1998; Miller et al, 1981). In the retina, the principal SP localizations are amacrine
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cells in the proximal inner nuclear layer and displaced amacrine cells in the ganglion cell
layer (Brecha et al, 1989; Fukuda et al, 1981; Zhang & Yeh, 1992). Involvement of SP has
been described in a few inflammatory and pathological conditions of the retina. Amacrine-
derived SP has been reported to be involved in the loss of immune privilege post retinal laser
burn through its potential to promote an inflammatory environment that in turn activates
resident macrophages and microglia. NK1R antagonists could prevent or curb inflammation
post ocular trauma (Lucas et al, 2012). On the other hand, there are reports on anti-
inflammatory effects of SP in the retina. SP can reportedly prevent laser-induced retinal
degeneration in vivo, by suppressing inflammation and reducing neovascularization. Its anti-
inflammatory effects are exerted via reduction of TNF-a and increase of IL-10; the anti-
angiogenic effects are achieved via downregulation of CD31+ retinal vessels (Hong et al,
2015).

Substance P plays significant roles in corneal biology and diseases. A number of sources
have been identified for corneal SP, namely trigeminal sensory neurons, corneal epithelial
cells, stromal keratocytes, and immune cells (Lai et al, 1998; Watanabe et al, 2002). Several
reports have explored the role of SP in maintaining corneal epithelial integrity and regulating
regeneration of the corneal epithelium. The corneal epithelium is the first barrier against
bacteria and other foreign antigens, and actively interacts with other corneal cells, such as
resident immune cells and corneal nerves (Kubilus & Linsenmayer, 2010; Lai et al, 1998).
Substance P targets corneal epithelial cells via binding to NK1R receptor. Substance P
contributes to the maintenance of tight junctions in human corneal epithelial cells by
upregulating the tight junction proteins, E-cadherin (Araki-Sasaki et al, 2000) and ZO-1
(zonula occludens) (Ko et al, 2009). Corneal epithelial cells also respond to SP by increased
synthesis of IL-8 and MIP-2, which in turn lead to the recruitment of neutrophils (Tran et al,
2000). Substance P functions as an important modulator of corneal (epithelial) wound
healing by affecting the process of corneal epithelial migration via enhancing the effect of
migrating-promoting agents and modulating epithelial cell attachment to the extracellular
matrix. The synergistic effect of SP and insulin-like growth factor (IGF)-1 has recently been
reported, yet studies are needed to elucidate the exact underlying mechanism. Substance P
likely promotes corneal epithelial cell migration by IGF-1, fibronectin, and IL-6. This
sensitization is likely mediated by a signaling pathway triggered by the NK1R, one that
leads to the activation of phospholipase C, the IP3-mediated release of Ca2* from the
endoplasmic reticulum (ER) and the activation of calmodulin-dependent protein kinase |1
(CaM-PK I1). In turn, the target proteins of CaM-PK Il may stimulate signaling pathways
activated by IGF-1 (or its C domain), fibronectin, or IL-6 (Yamada et al, 2005). Additionally,
SP and IGF-1 stimulate the attachment of corneal epithelial cells to various extracellular
matrix proteins by upregulating a5p1 integrin (fibronectin receptor/integrins function as
cell-surface receptors for fibronectin, an adhesion glycoprotein which provides a temporary
matrix for epithelial migration) and inducing tyrosine phosphorylation of focal adhesion
kinase and paxillin in corneal epithelial cells (Nakamura et al, 1998a; Nakamura et al,
1998b). This synergistic effect of SP and IGF-1 improves healing of corneal epithelial
wounds and defects in individuals with neurotrophic and anhidrotic keratopathy, Riley-Day
syndrome, herpetic keratitis, and in rats with diabetic keratopathy (Brown et al, 1997;
Chikama et al, 1998; Nakamura et al, 2003; Nishida et al, 1997). Even though the
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importance of SP in corneal wound healing has been suggested, it was mainly explored in
the context of the local effect of SP on accelerated wound healing. SP may also act
systemically, recruiting CD29+stromal-like cells from the periphery to the site of injury,
resulting in accelerated wound healing (Hong et al, 2009).

By modulating the balance between pro- and anti-inflammatory cytokines, SP may affect
susceptibility to corneal infections. Substance P has been shown to downregulate the mTOR
pathway, leading to decreased expression of the anti-inflammatory cytokine 1L-10 and up-
regulation of the pro-inflammatory cytokines IL-12p40 and IL-23 (Figure 2). In animal
models, this change results in increased susceptibility to corneal infection (Foldenauer et al,
2013; Xu et al, 2011). In contrast, SP regulates the IFN-y production of natural killer cells,
and thus protects against bacterial infection. Treatment with SP antagonist spantide |
significantly decreases corneal IFN-y and IL-18 protein levels, which leads to corneal
infection and perforation. 1L-18 up-regulates IFN-y production by natural killer cells
through IL-12 independent mechanisms and exerts a protective role in the cornea of infected
mice, such as after Pseudomonas aeruginosa infection (Lighvani et al, 2005).

Substance P directly stimulates corneal neovascularization, an effect which can be blocked
by NK1R antagonists(Bignami et al, 2014). Normal cornea is known to have angiogenic and
immune privilege. Breaking angiogenic privilege can lead to disruption of immune privilege
as well (Cursiefen, 2007). An increased SP level, which is seen in inflammation (Michaels et
al, 1998; O’Connor et al, 2004), could challenge the privilege by stimulating endothelial cell
proliferation. Loss of angiogenic privilege has clinical significance in corneal graft rejection
(Qazi & Hamrah, 2013).

The cornea constitutes one of the most densely innervated tissues in the human body (Muller
et al, 2003; Rozsa & Beuerman, 1982) and corneal nerve density and function is affected in
a number of corneal pathologies such as dry eye disease (Benitez del Castillo et al, 2004;
Benitez-Del-Castillo et al, 2007; Erdelyi et al, 2007; Labbe et al, 2013; Villani et al, 2007;
Villani et al, 2013; Zhang et al, 2011). In healthy cornea, SP is generated by corneal nerves
and epithelium and serves to protect epithelial integrity (Miller et al, 1981; Shimizu, 1982;
Tervo et al, 1981; Yamada et al, 2005). In dry eye disease, desiccating stress disrupts the
epithelial integrity and induces nerve loss(Stevenson et al, 2012). One expects that substance
P production increases initially by the stressed epithelium and nerve fibers as a defensive
mechanism to protect the epithelial integrity. SP then recruits immune cells via enhancing
the production of chemokines, like IL-8. As the disease progresses, nerve and epithelial loss
expectedly lead to reduced production of SP, while inflammation results in higher
production of SP by the residents and recruited immune cells. In other words, a reduction in
nerve density, such as in the chronic phase of dry eye disease, would expectedly lead to a
reduction in SP level. In contrast, inflamed nerve cells, like those seen in early dry eye
disease, would expectedly generate higher levels of SP. Corneal transplantation could be
another interesting condition: Here, we expect a sudden release of copious amount of SP in
the graft bed along with an immediate reduction in the production of nerve-derived SP in the
grafted cornea. Other sources, such as macrophages, might produce more SP at the later
stages. In high-risk setting (HR), where inflammation exists prior to transplantation(Inomata
et al, 2015), SP level is likely higher than normal even before transplantation. SP generation
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likely increases with the progression of alloimmune response and leads to increased
angiogenesis and graft rejection. These hypotheses, however, remain to be tested in specific
disease contexts.

4. Concluding remarks

Substance P represents an important component of the immune response. Despite the insight
that has been gained from /n vitro and in vivo studies, the several unresolved questions
related to the role of SP in immunobiology remain to be elucidated. For example, the
relationship between SP receptor levels of expression in different cell types and diseases is
still unknown. This presents a challenge when interpreting clinical studies, where NK1R
antagonists may need to be stratified to appropriate patient subsets. We need model systems
that are simple enough to allow elucidation of the roles and responses of different cell types
and their environment, that will help elucidate the role of SP in interactions between nerve,
immune, vascular cells, as well as connective tissue cells. The cornea is potentially an
excellent model system for such studies, as it carries the highest density of nerve cells and
has proven to be an invaluable model system for immunology and angiogenesis. The clinical
implications of such studies are potentially significant. Cornea transplants, for instance, are
the most common human tissue transplants in the United States. It is likely that several
studies related to substance P immunobiology using ocular surface disease models will
emerge in the years to come.
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a

b

Human: RPKPQQFFGLM Rat:
Mouse: RPKPQQFFGLM Chicken:
Zebrafish:  KPRPHQFIGLM Frog:

RPKPQQFFGLM

RPRPQQFFGLM
KPRPDQFYGLM

Exon 1 2 3 4 5 6 7
| | | | | ]
Neuropeptide SP NKA
NPK
T T T T NRy
acidic
Substance P: RPKPQQ-FFGLM — Dasic
Neurokinin A:  HKT S-FVGLM === hydrophobic
Neuropeptidey: HSIQGHGA KRHKT S-FVGLM = others

Neuropeptide K: A SSI' KQVALLKHRKHSIQGHGYLAKKT S-FVGLM

Figure 1.

Molecular properties of substance P. (a) Primary sequence of Substance P is conserved

across species. (b) TAC1 gene encodes substance P along with three other neuropeptides

with significant similarities in primary sequences. One-letter notation is used for

aminoacids. (c) Structure of NK1R bound to substance P (PDB = 2KS9).
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Figure2.

NKZ1R signaling and regulation. (left) NK1R associated signaling pathways control the
expression of cytokines and transcription factors with critical involvement in immune
regulation. (right) High concentration of SP initiates a desensitization process involving
phosphorylation of NK1R and its prolonged binding to R-arrestin. The phosphorylated
NK1R can be recycled via endocytosis and acidification within endosomes.
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Immunomodulatory effects of SP as compared to a few other neuropeptides. + indicates activation; — denotes

inhibition.

Neuropeptide Dendritic cell Lymphocyte
Macrophage Thl Th2 Treg Thil7

Substance P +(1) +(2)

+(3)

NKA +(4) +(5)

CGRP - (6) - +(8) +(9)

+(10)

a-MSH - (11) -(12) +(13)  +(14)

VIP -(15) - (16) +17)  +(18)

+(19)

(1)(Jeon et al, 1999; Kavelaars et al, 1994; Voedisch et al, 2012), (2)(Janelsins et al, 2009; Janelsins et al, 2013; Takashima, 2013), (3)(Barros et al,
2011; Cunin et al, 2011), (4)(Sun et al, 2008a), (5)(Kitamura et al, 2012), (6)(Asahina et al, 1995b; Carucci et al, 2000; Fox et al, 1997; Hosoi et al,
1993; Mikami et al, 2011; Nong et al, 1989; Rochlitzer et al, 2011; Voedisch et al, 2012), (7)(Asahina et al, 1995a; Liu et al, 2000; Mikami et al,
2011; Mikami et al, 2014), (8)(Ding et al, 2008; Mikami et al, 2011; Takashima, 2013), (9)(Takashima, 2013), (10)(Mikami et al, 2012), (11)
(Lipton & Catania, 1997; Luger et al, 2003; Star et al, 1995), (12)(Taylor et al, 2000), (13)(Takashima, 2013), (14)(Namba et al, 2002; Takashima,
2013; Taylor & Namba, 2001; Taylor, 2003; Taylor et al, 2000), (15)(Delgado et al, 2005b; Delgado et al, 1999b; Delgado et al, 2004b; Voedisch et
al, 2012), (16)(Delgado et al, 2005b; Delgado et al, 1999c; Goetzl et al, 2001), (17)(Delgado et al, 2004a; Delgado et al, 2002; Delgado et al,
1999a; Takashima, 2013; Voice et al, 2004), (18)(Delgado et al, 2005a; Gonzalez-Rey et al, 2006a; Gonzalez-Rey et al, 2006b; Takashima, 2013),
(19)(Jimeno et al, 2015; Yadav & Goetzl, 2008)
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Table 2

Immunomodulatory role of the substance P: lessens from disease models

Disease model

Administration of SP

Blockage of NK 1R/SP/NEP

system: knockout (KO) or
pharmacological blockade
(PB)

Reference

Aurthritis

Pro-inflammatory

Anti-inflammatory (KO)

(Keeble et al, 2005;
Knodell et al, 1984)

Type 1 diabetes

Reversal of diabetes
(Intrapancreatic in NOD
mice)

(Razavi et al, 2006)

Inflammatory bowel
disease

Anti-inflammatory (KN,
PB)

(Engel et al, 2012; Gad et al, 2009;
Sonea et al, 2002;
Stucchi et al, 2000)

Colitis Anti-inflammatory (PB) (Sturiale et al, 1999;
Weinstock et al, 2003b)
Psoriasis Anti-inflammatory (PB) (Ostrowski et al, 2011)

Contact dermatitis

Anti-inflammatory (PB,
KO)

(Niizeki et al, 1999;
Scholzen et al, 2004)

Asthma

Pro-inflammatory
(Intranasal)

Anti-inflammatory (PB)

(Elekes et al, 2007;
Joachim et al, 2006;
Ramalho et al, 2013)

Immune mediated liver
disease

Anti-inflammatory (PB)

(Bang et al, 2003)

Lung injury in sepsis

Anti-inflammatory (PB)

(Hegde et al, 2007)

Experimental
Autoimmune
Encephalitis (EAE)

Anti-inflammatory (PB,
KO)

(Nessler et al, 2006;
Reinke et al, 2006)

Infections

Enterocolitis

Salmonella enterica
infection

Pseudomonas
aeruginosa corneal
infection

HSV-1 corneal infection

Corneal
Neovascularization
(CNV)

-suture model
-alkali burn model

Pro-inflammatory
(Intraperitoneal)

Anti-inflammatory (KO)

Protective through
promoting IgA generation
KO

Increased susceptibility
through suppression of IL-
12 and IFN-y (PB)

Increased resistance in
susceptible mice (PB)
Increased susceptibility in
resistant mice (PB)

Anti-inflammatory (PB)
Anti-inflammatory (PB)

(Castagliuolo et al, 1998;
Kincy-Cain & Bost, 1996;
Walters et al, 2005)

(McClellan et al, 2008)
(Twardy et al, 2011)
(Bignami et al, 2014)
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