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Abstract

Neuropeptides represent an important category of endogenous contributors to the establishment
and maintenance of immune deviation in immune privileged organs such as the CNS, and in the
control of acute inflammation in the peripheral immune organs. Vasoactive intestinal peptide
(VIP) is a major immunoregulatory neuropeptide widely distributed in the central and peripheral
nervous system. In addition to neurons, VIP is synthesized by immune cells which also express
VIP receptors. Here we review the current information on VIP production and VIP receptor
mediated effects in the immune system, the role of endogenous and exogenous VIP in
inflammatory and autoimmune disorders, and present and future VIP therapeutic approaches.
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Immune privileged organs such as the CNS, eyes, testis and the feto-maternal interface are
protected from potentially damaging robust inflammation that could lead to cell death and
loss of function (Kanellopoulos-Langevin et al., 2003, Lampron et al., 2013, Stein-Streilein
and Caspi, 2014, Zhao et al., 2014). In the CNS, although perivascular macrophages (M®)
and meningeal dendritic cells (DC) are located at the blood/brain interface and small
numbers of activated T cells recirculate, the parenchyma is guarded primarily through innate
immune responses mediated by resident microglia (MG) in the absence of proinflammatory
adaptive immune responses [reviewed in (Lampron et al., 2013, Ousman and Kubes, 2012,
Ransohoff and Brown, 2012]. Several mechanisms, including the existence of the blood-
brain barrier (BBB), low expression of MHC molecules, lack of draining lymphatics,
predominant presence of anti-inflammatory, repair-prone M2 type MG and M®, presence of
regulatory T cells (Treg) and tolerogenic dendritic cells (tDC), and prevalence of IL-10,
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TGFB, thrombospondin, and neuropeptides, all contribute to the maintenance of a relative
anti-inflammatory environment in the immune privileged organs (Fig. 1).

The immunoregulatory activity of neuropeptides occurs not only in the immune privileged
organs, but also in peripheral lymphoid organs upon release from the innervation and from
the immune cells themselves. Both immune and non-immune cells express neuropeptide
receptors which initiate specific signaling pathways leading to regulatory effects on gene
expression. An expanding humber of studies characterized the effects of neuropeptides on
various parameters of the innate and adaptive immune response [reviewed in (Ganea, 2013].
With few exceptions, neuropeptides suppress the production of proinflammatory cytokines
and chemokines from innate immune cells and inhibit differentiation of T cells into the
proinflammatory Th1 subset, while promoting Treg differentiation and/or activity. In this
review we will focus on the vasoactive intestinal peptide (VIP), a neuropeptide found in
abundance in the CNS and lymphoid organs, synthesized and released by both the
parasympathetic innervation and by activated T cells. We will address its role in M®, DC
and MG activation and T cell differentiation, its effects in models of inflammatory and
autoimmune diseases, and discuss its potential for therapeutic development.

General characteristics of endogenous VIP

The twenty eight aminoacid VIP is structurally related to the secretin/glucagon family of
peptide hormones, sharing 70% sequence identity with the neuropeptide pituitary adenylate
cyclase-activating polypeptide (PACAP) (Fig. 2). The superfamily is thought to have been
generated through an initial duplication of a common ancestral gene followed by extensive
divergence. The VIP secondary structure consists of two N-terminal $-turns followed by two
helical segments connected by a region of undefined structure conferring mobility (Fry et
al., 1989). The precursor molecule preproVIP is processed to mature VIP and the related
peptide PHM (peptide with N-terminal histidine and C-terminal methionine amide) in
humans or PHI (peptide with N-terminal histidine and C-terminal isoleucine amide), in other
mammalian species. There is not consistent expression of both VIP and PHI/PHM in the
same cell, suggesting differential protein processing.

VIP is produced by neurons, endocrine and immune cells, and is present in most organs
including the CNS, heart, lung, thyroid, kidney, urinary and gastrointestinal tracts, genital
organs and the immune system (Henning and Sawmiller, 2001). The widespread VIP
distribution supports its biological functions, including increased cardiac output,
bronchodilation, smooth muscle relaxation, regulation of secretory processes and motility in
the GI tract.As a secretagogue, VIP promotes the release of prolactin, luteinizing hormone,
and growth hormone from the pituitary gland, and regulates insulin and glucagon release.
VIP also promotes analgesia, hyperthermia, learning and behavior, has neurotrophic effects
and regulates bone metabolism, circadian rhythms and embryonic development.

VIP and the immune system

Lymphoid organs exhibit two VIP sources, the nerve endings and immune cells themselves.
VIPergic nerve fibers are present in thymus, spleen, lymph nodes and mucosal-associated
lymphoid tissue, functioning as the CNS-immune system anatomical link (Bellinger et al.,
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1996). The fact that autonomic denervation of thymus and spleen did not affect their VIP
content (Bellinger et al., 1997), strongly suggested a second VIP source in the immune
organs. Both CD4 and CD8 T cells were shown to express VIP mRNA, to process
preproVIP, and to secrete VIP during inflammation or antigenic stimulation (Leceta et al.,
1994). Moreover, we reported that Th2 CD4 and T2 CD8 T cells produce considerable
amounts of VIP following antigen stimulation (Delgado and Ganea, 2001a).

Endogenous immune VIP plays a critical immunoregulatory role. Analysis of Th1/Th2 cell
differentiation in cultures depleted of VIP through use of VIPase determined that VIP
generated by T cells promoted the development of Th2 cells and inhibited Thl
differentiation (Voice et al., 2004). The in vivo immunoregulatory role of endogenous VIP
generated by hematopoietic cells was confirmed by the higher numbers of anti-viral CD8 T
cells observed in wild-type (wt) chimeras receiving bone marrow cells from VIP-deficient
mice. Since the bone marrow chimeras produced normal levels of neuronal VIP, the
increased anti-viral response was attributed to the lack of hematopoietic VIP (Li et al.,
2011). The immunosuppressive role of endogenous VIP is supported by the fact that patients
with autoimmune diseases such as lupus, autoimmune thyroiditis, MS and RA have low
levels of VIP in serum, associated in some cases with high levels of VIPase autoantibodies
(Bangale et al., 2003, Andersen et al., 1984, Martinez et al., 2014, Sharpless et al., 1984).

VIP receptors in immune cells

The pleiotropic effects of VIP are mediated through receptors widely distributed in CNS and
peripheral tissues [reviewed in (Dickson and Finlayson, 2009). Three types of G protein-
coupled VIP/PACAP receptors have been cloned and classified as VPAC1, VPAC2 and
PAC1. VIP binds with high affinity (Kd ~ 1 nM) to VPAC1 and VPAC2, and with low
affinity (Kd > 500 nM) to PAC1. In immune cells, VPACL is constitutively expressed in
lymphocytes, macrophages, monocytes, dendritic cells, microglia and mast cells, whereas
VPAC?2 is induced following stimulation, especially in T cells [reviewed in (Delgado et al.,
2004b]. Studies using receptor agonists and antagonists initially identified VPAC1 as the
major mediator for the immunoregulatory role of VIP (Delgado et al., 2004b, Gonzalez-Rey
and Delgado, 2007). However, later studies using VPAC2- and PAC1-deficient mice
showed increased susceptibility to inflammatory disorders, suggesting the participation of
VPAC2 and PAC1 in immune regulation (Goetzl et al., 2001, Martinez et al., 2002,
Lauenstein et al., 2010, Samarasinghe et al., 2011, Lauenstein et al., 2011). In comparison to
healthy controls, immune cells from patients with ankylosing spondylitis, rheumatoid
arthritis and osteoarthritis express less VPACL1 and respond poorly to VIP (Delgado et al.,
2008a, Juarranz et al., 2008, Paladini et al., 2008, Sun et al., 2006). Also, a polymorphism in
the 3’UTR region of the VPAC1 gene was identified in RA (Delgado et al., 2008a, Paladini
et al., 2008). In Sjogren syndrome patients, monocytes exhibit increased VPAC2 expression
and are deficient in phagocytosis of apoptotic cells (Hauk et al., 2014). In contrast, reduced
VPAC?2 expression and a distinct DNA footprinting pattern in the VPAC2 promoter were
observed in Thl cells of MS patients (Sun et al., 2006). These findings suggest that defects
in the VIP receptor/signaling system could predispose to autoimmunity.
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In immune cells, VPAC1, VPAC2 and PAC1 activate adenylate cyclase and protein kinase
A (PKA). In addition, PACL also activates phospholipase C and protein kinase C (PKC) in
monocytes (Mo) and M® [reviewed in (Delgado et al., 2004b]. The cAMP/PKA pathway
acts as the major anti-inflammatory signaling pathway in M®, Mo, DC and MG, and in T
cell differentiation. For the time being the involvement of PAC1 and PKC has been limited
to VIP stimulation of IL-6 expression in resting macrophages (Martinez et al., 1998).

VIP: a regulator of innate and adaptive immunity

VIP inhibits macrophage and microglia activation

Following stimulation through Toll-like receptors M®, Mo and MG release
proinflammatory cytokines and chemokines. Although acute inflammation is a requirement
for the elimination of pathogens, an exacerbated and/or prolonged inflammatory response
leads to tissue damage, organ failure, and death. Endogenous molecules such as anti-
inflammatory cytokines, glucocorticoid hormones, pro-resolving lipid mediators, and
neuropeptides such as VIP dampen inflammation acting on innate immune cells. VIP was
shown to inhibit production of proinflammatory cytokines such as TNFa, IL-6, IL-12, iINOS
induction, and to promote IL-10 expression in LPS-stimulated M®, Mo and MG. These
effects are mediated primarily through VPACL1 (Fig. 3A) [reviewed in (Delgado et al.,
2004b]. Recently VIP was reported to also downregulate high mobility group box-1
(HMGB1), a late-occurring cytokine involved in lethal endotoxemia and sepsis, and to
suppress the inflammatory response in MG treated with beta-amyloid fibrils or neurotoxins
(Chorny and Delgado, 2008, Delgado and Ganea, 2003a, Delgado et al., 2008c). In vivo,
VIP prevented neurodegeneration and MG activation in models of neuroinflammation
(Delgado and Ganea, 2003c, Kim et al., 2000). The VIP anti-inflammatory activity is also
exerted through inhibition of chemokine release from M® and MG (Delgado and Ganea,
2001b, Delgado and Ganea, 2003b, Delgado et al., 2002a), and reduced recruitment of
neutrophils, M®, and lymphocytes in models of acute peritonitis (Delgado and Ganea,
2001b).

In terms of signaling pathways, VIP affects the expression of proinflammatory factors in
LPS-and LPS+IFNy-stimulated M® and MG by affecting the transcription factors (TF)
AP-1, NFxB, CREB, and IRF-1 (Fig. 4) [reviewed in (Delgado et al., 2004b]. Effects on
NFkB, an ubiquitous TF involved in the expression of proinflammatory genes, explains the
inhibitory effect of VIP on a wide range of cytokines and chemokines. VIP affects NFkB
through sveral signaling signaling pathways. A cAMP-independent pathway inhibits IKK,
stabilizing IkB and maintaining the p65/p50/1kB complex in the cytoplasm. A cAMP-
dependent pathway leads to PKA-mediated activation of CREB, its nuclear translocation
and subsequent sequestration of the co-activator CBP. As a result, the transcriptional activity
of NFkB is severely impaired. cCAMP-dependent signaling which inhibits JAK1/STAT1
phosphorylation is also involved in the reduction of IRF-1, a TF required for optimal
expression of iINOS and IL-12p40. In addition, VIP acts through a cAMP-dependent
MEKK1/MEK4/IJNK pathway to replace c-Jun with JunB in AP-1 complexes leading to a
reduction in AP-1 binding to the TNFa promoter. Moreover, VIP reduces TATA-box
binding protein (TBP) phosphorylation through inhibition of the MEKK1/MEK3/6/p38

Acta Physiol (Oxf). Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganea et al.

Page 5

pathway (Delgado, 2002, Delgado and Ganea, 2001c, Delgado and Ganea, 2000, Delgado et
al., 1998). In a model of experimental colitis, VIP was reported to also inhibit TLR-2 and
TLR-4 expression in M®, DC and lymphocytes, and to reduce TLR-4 upregulation in
human rheumatoid synovial fibroblasts (Arranz et al., 2008, Foster et al., 2007, Gomariz et
al., 2005, Gutierrez-Canas et al., 2006).

Following exposure to pathogens, innate immune cells, DC in particular, have the capacity
to act as antigen-presenting cells (APCs), inducing the proliferation and differentiation of
antigen-specific CD4 T cells. In agreement with its anti-inflammatory effects, VIP reduces
the capacity of DC and M® to activate CD4 T cells, primarily by preventing the
upregulation of the costimulatory molecules CD40, CD80 and CD86, leading to reduced
CD4 T cell proliferation in vivo and in vitro (Delgado et al., 2004c, Delgado et al., 1999).

VIP shifts the Th1/Th2 balance during CD4 T cell differentiation in favor of Th2 cells

Following activation, CD4 T cells differentiate into effector cell subsets, i.e. Thl, Th2, Th17
and Treg with different functions based primarily on their cytokine profile. VIP inhibits Thl
and favors Th2 differentiation both in vivo and in vitro (Fig. 3B) [reviewed in (Ganea et al.,
2003]. Th2 preferential differentiation was also observed in vivo in transgenic mice
overexpressing VPAC2. In contrast, VPAC2-deficient mice exhibited a predominant Thl
response (Goetzl et al., 2001, Voice et al., 2003). This confirmed that VIP affected the
Th1/Th2 balance in vivo primarily through VPAC?2. Several non-excluding mechanisms
contribute to the VIP-induced Th2 bias:

a. IL-12is an essential factor for Thl differentiation. VIP inhibits IL-12 production in
activated APCs, and blocks IL-12 signaling in T cells by inhibiting JAK2/STAT4
phosphorylation and by inducing c-Maf and JunB (Liu et al., 2007, Voice et al.,
2004).

b. VIP supports Th2 survival in vivo and in vitro through inhibition of FasL and
granzyme B expression in Th2 cells (Delgado et al., 2002b, Sharma et al., 2006).

c. VIP promotes Th2 while inhibiting Th1 migration, through the induction of DC-
derived CCL22, a Th2-attracting chemokine, and inhibition of the Thl-attracting
chemokine CXCL10. Accordingly, in vivo administration of VIP-treated DC
results in preferential accumulation of Th2 effectors (Delgado et al., 20044, Jiang et
al., 2002).

VIP and Th17 differentiation: inhibition or stimulation?

Th17 cells play a major role in autoimmunity, dominating the inflammatory response in RA,
MS, psoriasis, and Crohn’s disease (Bovenschen et al., 2011, Ferraccioli and Zizzo, 2011,
Fujino et al., 2003, Kebir et al., 2007). The effect of VIP on Th17 differentiation and
function is controversial. In experimental models of type | diabetes and collagen-induced
arthritis, VIP administration resulted in delayed disease onset, and reduced expression of
IL-17, RORyt and IL-22, suggesting an inhibitory effect on Th17 differentiation or function
(Deng et al., 2010, Jimeno et al., 2010). In contrast to the in vivo data, increased numbers of
IL-17* T cells were observed in vitro in the presence of TGFp and VIP, following exposure
to VIP-treated Langerhans cells, or during differentiation of human Th17 cells (Ding et al.,
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2012, Yadav et al., 2008, Jimeno et al., 2014). Whether VIP induction of Th17 also occurs
in vivo, and whether VIP-induced Th17 cells express the recently described pathogenic
signature (Lee et al., 2012), remains to be determined.

tolerogenic DC (tDC) and regulatory T cells (Treg)

Regulatory T cells (Treg), including natural and induced Treg, play an essential role in
maintaining tolerance. Deficiencies in Treg were documented in autoimmune diseases, and
various experimental models. The majority of the anti-inflammatory neuropeptides have
been reported to induce Treg (Ganea, 2013). However, VIP is presently the only
neuropeptide reported to induce antigen-specific Treg through the generation of tolerogenic
DC (tDC) pulsed with specific antigens. Biological and pharmacological agents can induce
tDC which can be then manipulated to present specific autoantigens. Representative tDC-
inducing biological agents include galectin 1, vitamin D3, IL-10 and TNFa, and more
recently VIP (Maldonado and von Andrian, 2010). Exposure to VIP during differentiation of
bone marrow- or monocyte-derived DC leads to the development of tolerogenic VIP-
generated DC (DCyp), which further induce CD4*Foxp3* Treg (Fig. 3C). Treg induced by
antigen-pulsed DCyp inhibit the proliferation of antigen-specific T cells and transfer
tolerance to naive recipients [reviewed in (Gonzalez-Rey et al., 2010].

Induction of Treg in vivo by VIP has been demonstrated in several experimental systems.
Inoculation of VIP and antigen (low dose) increased the numbers of CD4*CD25*Foxp3™*
Treg which were capable of inhibiting effector T cell proliferation, transferring suppression,
and inhibiting in vivo Th1 responses (Delgado et al., 2005a, Delgado et al., 2005b). VIP
administration generated Treg and suppressed Th17 in collagen-induced arthritis, murine
type | diabetes and EAE (Chen et al., 2008, Delgado et al., 2005a, Delgado et al., 2005b,
Deng et al., 2010, Fernandez-Martin et al., 2006, Jimeno et al., 2010). When Treg from VIP-
treated arthritic mice were transferred to mice with established disease they ameliorated
clinical symptoms and prevented disease progression (Gonzalez-Rey et al., 2006a). Disease
amelioration, reduced inflammation and induction of CD4+*CD25*Foxp3* Treg occurred
upon delivery of a VIP-expressing viral vector to arthritic mice (Delgado et al., 2008b). In
humans, administration of nebulized VIP to patients with sarcoidosis led to increased
numbers of CD4* CD25* Foxp3* Treg in the bronchoalveolar lavage (Prasse et al., 2010).

Recently, an apparent contradiction was reported regarding the effects of VIP in EAE.
Exogenous VIP administration in active EAE models attenuated disease and induced
CD4+CD25+Foxp3+ Treg which inhibited the proliferation of encephalitogenic Th1/Th17
cells (Fernandez-Martin et al., 2006, Gonzalez-Rey et al., 2006b). Similar effects were
observed for the related neuropeptide PACAP. The PACAP protective effect was confirmed
in PACAP-deficient mice which developed more severe EAE. These mice had decreased
Foxp3 expression in spinal cord and lower numbers of Treg in draining lymph nodes (Tan et
al., 2009). In contrast, VIP-deficient mice were EAE resistant, although they developed a
robust Th1/Th17 response as expected. The explanation for their resistance to EAE resides
in the fact that although CD4+ T cells migrated to the meninges, they failed to enter brain
parenchyma (Abad et al., 2010). This suggests that VIP may play a dual role, reducing Th1/
Th17 differentiation as already reported, but also promoting immune cell infiltration in the
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CNS, presumably through effects on endothelial cells. This issue has significant impact in
terms of potential therapeutic use of VIP in MS, and clarification of the mechanisms
involved requires the development of conditional, tissue-specific VIP receptor knock-outs.

Cellular therapy using DCyp

The goal to generate long-term Ag-specific Treg in vivo through use of Ag-pulsed DCyp is
supported by several encouraging developments. For example, in vivo administration of
DCyp led to the generation of Ag-specific Treg capable of transferring specific tolerance to
naive recipients (Delgado et al., 2005b). Cellular therapy with DCy,p pulsed with collagen I1
stopped disease progression and reduced T cell proliferation in the CIA arthritis model in an
Ag-specific manner (Chorny et al., 2005). DCy/jp generated Treg and prevented GVHD
while maintaining the graft-versus tumor response (Chorny et al., 2006). In a more recent
development, we transduced immature DC with lentiviral vectors expressing preproVIP and
generated lentiVIP- DC which secreted VIP, had a tolerogenic phenotype, and were
therapeutic in EAE and sepsis models (Toscano et al., 2010). Future developments include
the generation and use of tolerogenic VIP-expressing human monocyte-derived DC loaded
with relevant autoantigens for the treatment of chronic autoimmune diseases.

VIP related genetic models

VIP transgenics and deficient mice

VIP overexpression—Selective overexpression of the human VIP gene in pancreatic -
cells enhanced glucose-induced insulin secretion and abolished glucose intolerance in mice
with reduced functional pancreatic islet cell mass (Kato et al., 1994), suggesting possible
therapeutic use of VIP in type | diabetes.

VIP deficiency

a. Partial (20% reduction in brain VIP) caused learning impairment especially in
memory acquisition, and reduced sexual activity in males (Gozes et al., 1993).

b. Global VIP KO are fertile and generally healthy but exhibit disrupted circadian
rhythm, a higher risk of death from gut stenosis, and enhanced susceptibility for
pulmonary hypertension and asthma (Aton et al., 2005, Colwell et al., 2003,
Hamidi et al., 2006, Lelievre et al., 2007). The role of VIP in the generation of Treg
is supported by the fact that VIP KOs have reduced numbers of Foxp3+Treg in
thymus and spleen (Szema et al., 2011). Whether VIP KO exhibit an altered
susceptibility to endotoxemia is still debatable, with reports of both increased and
decreased susceptibility (Abad et al., 2012, Hamidi et al., 2006). The difficulty of
interpreting some of the findings from global VIP deficient mice is illustrated by
their resistance to EAE (Abad et al., 2010). The opposite was expected based on the
beneficial effect of VIP administration to wild-type (wt) mice. A careful analysis
showed that encephalitogenic Th1/Th17 develop and migrate to the perivascular
and meningeal space in both wt and VIP KO mice. However, in contrast to wt
mice, T cells do not enter the spinal cord parenchyma in VIP KO, which is most
probably the reason for their resistance to develop EAE. Indeed, in an EAE transfer
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model, wt encephalitogenic Th1/Th17 cells transferred to VIP KO mice also lose
the ability to migrate into the parenchyma and to cause clinical symptoms (Abad et
al., 2010). This suggests that VIP acts on cells other than T cells to promote
migration into the CNS and emphasizes the need for future studies using cell-
specific, conditional VIP deficient mice.

VPAC2 transgenics and KO—Muice overexpressing human VPAC2 showed changes in
circadian rhythm, supporting the role of VPAC?2 in controlling circadian cycles (Shen et al.,
2000). Transgenic mice overexpressing hVPAC?2 in T cells exhibited an increased Th2/Th1l
ratio (Voice et al., 2001). In contrast, VPAC2 global KO developed a predominant Thl
response, and more severe DSS colitis with increased expression of proinflammatory factors
such as IL-1p, IL-6, MMP9, and MPO (Goetzl et al., 2001, Yadav et al., 2011). These
results confirmed previous conclusions regarding the anti-inflammatory effect of VVIP and
the role of VPAC2 receptors.

Studies related to the role of VPAC1 have been limited to the use of specific antagonists,
since global homozygous VPAC1 KO mice exhibit prenatal lethality associated with severe
neonatal growth failure, enlarged cecum, intestinal hemorrhage, and enterocyte
hyperproliferation in addition to disorganized islets and impaired glucose homeostasis in
surviving mice (Jackson Labs, Mouse Genome Informatics; http://www.informatics.jax.org/
marker/MGI:109272). Future studies in cell specific, conditional VPAC1 and VPAC2 KO
are required to dissect their roles in the immune system.

VIP: Therapeutic perspective

To date, VIP (Aviptadil in the clinic) has been successfully used in pulmonary hypertension
and sarcoidosis. However, VIP is a potential therapeutic agent for a wider range of
inflammatory/autoimmune diseases. VIP has the advantage of targeting both innate and
adaptive immune responses and of affecting a large number of pro-inflammatory cytokines
and chemokines through the inhibition of TF such as AP-1 and NFkB. Both innate immunity
and proinflammatory Th1/Th17 subsets play a role in autoimmune diseases such as MS, RA,
and IBD (inflammatory bowel disease), and exogenous VIP administration showed efficacy
in the corresponding experimental mouse models of EAE, collagen-induced arthritis, and
hapten (TNBS)-induced colitis. Taking into account the multiple VIP cellular and molecular
targets leading to immunosuppressive effects, direct VIP administration in inflammatory/
autoimmune disorders is a reasonable therapeutic approach. However, the issue of drug
delivery remains a significant obstacle in developing a safe and efficacious VIP therapeutic
approach. In plasma, VIP is degraded quickly through enzymatic and spontaneous
hydrolysis, including catalytic antibodies, having a half-life on only 1-2 min (Chu and
Orlowski, 1985). In addition, systemic administration of VVIP causes cardiovascular and
gastrointestinal side effects including a marked decrease in blood pressure, tachycardia,
cutaneous flushing, and watery-diarrhea syndrome (Bloom et al., 1973, Henning and
Sawmiller, 2001, Morice et al., 1983). Therefore, therapeutic use of VIP requires targeted
delivery combined with protection against degradation. Several options are presently being
investigated, such as VIP stabilization through aminoacid substitutions, use of liposomes or
nanoparticles to deliver VIP, and combined treatments using peptidase inhibitors or serum
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neuropeptide-binding proteins. Stable VIP derivatives have already been used and as
inhalable formulations in an asthma/COPD model, liposome encapsulated VIP was used in a
model of autoimmune uveoretinitis, and silver-protected VIP nanoparticles inhibited
microglia activation [reviewed in (Gonzalez-Rey et al., 2010]. VIP inhalations are used in
chronic sarcoidosis and idiopathic pulmonary arterial hypertension (Leuchte et al., 2008,
Prasse et al., 2010). VIP gene therapy using lentiviral vectors has been used successfully in
collagen-induced arthritis (Delgado et al., 2008b), and is being currently tested in
experimental models of type 1 diabetes (Sanlioglu, 2014). However, the disadvantage of this
therapeutic approach is its lack of tissue- and cell-specificity. Cellular therapies represent
another viable alternative, especially since DC generated in the presence of VIP (DCyp)
develop into tolerogenic DC capable of inducing antigen-specific Treg. The potential use of
DCyp is aimed at the in vivo generation of Ag-specific Treg and could be developed in
humans by generating DCyp in vitro from blood monocytes, loading them with specific
antigens and re-injecting them into patients. Although the identification of specific antigens
for various autoimmune conditions is a challenge, the potential in vivo generation of
antigen-specific, long-lived Treg would represent an enormous advantage. Cell-based gene
therapy offers a good alternative in terms of targeted VIP delivery. As an example,
differentiating DC transduced with a recently developed lentiviral VVIP vector proved to be
therapeutic in EAE and sepsis models (Toscano et al., 2010). VIP-producing tolerogenic DC
serve a double purpose, i.e. to suppress innate immune responses through local delivery of
VIP and to induce Treg specific for antigens acquired at the inflammation site.
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Fig. 1.
Mechanisms involved in immune privilege/immune deviation
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Aminoacid structure of the VIP/secretin peptide family
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Fig. 3. VIP effectson innate and adaptive immunity
A. VIP inhibits production of pro-inflammatory and promotes production of anti-

inflammatory factors in activated innate immune cells; B. VIP inhibits Th1 and promotes
Th2 differentiation. Inhibitory effects on Th17 were observed in vivo but not in vitro. C.
Bone marrow DC generated in the presence of VIP (DCyp) are tolerogenic and induce Ag-

specific Treg.

Acta Physiol (Oxf). Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganea et al.

Gene
Transcription

VR
@\ o

Cytokine Gene

Crs

LPS + IFNy LPS + IFNy + VIP

RF1| NFkBJ_

v RANSCRIPTION
TNFa, IL12,
Chemokines,
iNOS, COX2
CD80, CD86, CD40
V TLR2, TLR4

Fig. 4. Effects of VIP on transcription factorsin innateimmune cells
VIP inhibits NFkB transactivating activity in innate immune cells through: a. CAMP-
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independent inhibition of IkB phosphorylation and subsequent IkB stabilization; b. cAMP-
dependent phosphorylation of CREB and subsequent sequestration of the coactivator CBP;

c. c-AMP dependent inhibition of the p38 MAPK pathway and subsequent reduced

phosphorylation of the TATA-box binding protein (TBP). In addition VIP suppresses IFNy-
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induced IRF-1 expression through inhibition of JAK1/STAT1 and alters the composition of
AP-1 complexes through JunB replacement of cJun.
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