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Abstract Vasoactive intestinal peptide (VIP), a 28-amino

acid neuropeptide/neurotransmitter, is widely distributed in

both the central and peripheral nervous system. VIP is

released by both neurons and immune cells. Various cell

types, including immune cells, express VIP receptors. VIP

has pleiotropic effects as a neurotransmitter, immune reg-

ulator, vasodilator and secretagogue. This review is

focused on VIP production and effects on immune cells,

VIP receptor signaling as related to immune functions, and

the involvement of VIP in inflammatory and autoimmune

disorders. The review addresses present clinical use of VIP

and future therapeutic directions.
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Introduction

The 28-amino acids vasoactive intestinal peptide (VIP) was

initially isolated from the intestine (Said and Mutt 1970)

and identified soon thereafter as a neuropeptide localized

both in the central and peripheral nervous system (Said and

Rosenberg 1976). VIP belongs to a family of structurally

related neuropeptides and hormones that include secretin,

glucagon, growth hormone releasing factor, glucagon-like

peptide-1 and -2, helodermin, gastric inhibitory peptide and

the closely related pituitary adenylate cyclase-activating

polypeptide (PACAP) [reviewed in (Vaudry et al. 2009)].

Presumably, the peptide superfamily resulted from an

extensively diverged common ancestral gene. VIP is

expressed by neurons in various brain areas, and stored and

released from nerve fibers innervating numerous organs,

including heart, lung, thyroid, kidney, urogenital and gas-

trointestinal tracts, and immune organs such as spleen, thy-

mus, bone marrow and lymph nodes (Henning and

Sawmiller 2001). Although the neuronal source of VIP has

been firmly established, immune and endocrine cells have

been also reported to express and secrete VIP [reviewed in

(Delgado et al. 2004b). VIP is synthesized as preproVIP

which contains the VIP sequence and the related peptide

called PHM (peptide with N-terminal histidine and C-ter-

minal methionine amide) in humans, or PHI (peptide with

N-terminal histidine and C-terminal isoleucine amide) in

other species [reviewed in (Fahrenkrug 2010)]. The fact that

VIP and PHI/PHM are not always found in the same cell

suggests alternative RNA or differential protein processing.

The secondary structure of mature VIP is characterized by

two b-turns containing the initial N terminus eight-amino

acid residues, followed by two helices (residues 7–15 and

19–27) connected by a region of undefined structure that

presumably confers molecular flexibility (Fry et al. 1989).

Its wide distribution reflects VIP’s pleiotropic effects as a

neurotransmitter, immune regulator, vasodilator and secre-

tagogue. In the CNS, VIP has been shown to affect learning

and behavior and to have neurotrophic effects [reviewed in

(Gozes et al. 2003; Hill 2007; Masmoudi-Kouki et al. 2007;

Passemard et al. 2011a)]. VIP affects cardiac output,

bronchodilation, smooth muscle contraction and gastroin-

testinal motility [reviewed in (Dickson and Finlayson 2009;

Snoek et al. 2010; Moody et al. 2011)]. As a secretagogue,
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VIP induces release of prolactin, luteinizing hormone and

growth hormone from the pituitary, and regulates the

release of insulin and glucagon in the pancreas (Mazzocchi

et al. 1998; Winzell and Ahren 2007). In addition, VIP

regulates bone metabolism, circadian rhythms and embry-

onic development, and plays an important role as immune

modulator [reviewed in (Piggins and Cutler 2003; Jones

et al. 2004; Ganea et al. 2006; Gonzalez-Rey et al. 2007;

Vosko et al. 2007; Smalley et al. 2009; Passemard et al.

2011b)]. Although VIP has multiple physiological func-

tions, its translation to the clinic occurred only recently. To

date, VIP has been successfully applied to treatment of

erectile dysfunction, pulmonary hypertension and sarcoid-

osis. Invicorp (Plethora Solutions, UK), a combination of

VIP and phentolamine mesylate with complementary

effects on arterial blood flow and veno-occlusion, has been

used for the management of moderate to severe erectile

dysfunction with high success rate and low to negligible

side effects (Dinsmore et al. 1999). In idiopathic pulmonary

arterial hypertension, VIP inhalations resulted in the

reduction of pulmonary arterial pressure, temporary pul-

monary vasodilation, improved stroke volume and mixed

venous oxygen saturation, and reduction in pulmonary

vascular resistance (Petkov et al. 2003; Leuchte et al. 2008).

Nebulized VIP also reduced inflammatory markers in

bronchoalveolar lavage fluid of patients with chronic sar-

coidosis in a phase II clinical trial (Prasse et al. 2010).

VIP receptors: characterization and signaling

General characterization

In agreement with their high degree of structural similarity,

VIP and PACAP bind to a subset of G protein-coupled

plasma membrane receptors, which share a common

molecular architecture consisting of seven transmembrane

domains linked through three extracellular (EC1, EC2, and

EC3) and three intracellular (IC1, IC2, and IC3) loops, a

long N-terminal extracellular domain and an intracellular

C-terminal domain. To date, three types of VIP/PACAP

receptors have been cloned and classified as VPAC1,

VPAC2 and PAC1 (Harmar et al. 1998). VPAC1 and 2

bind VIP and PACAP with equal affinitiy (Kd & 1 nM)

and activate primarily the adenylate cyclase pathway.

PAC1 is a PACAP-preferring receptor, with high affinity

for PACAP (Kd & 0.5 nM) and low affinity for VIP (Kd

[500 nM). PAC1 activates both adenylate cyclase and

phospholipase C and consists of eight variants that result

from alternative splicing of a single transcript and inclusion

or exclusion of the so-called hip and hop cassettes

[reviewed in (Langer and Robberecht 2007; Dickson and

Finlayson 2009; Vaudry et al. 2009)].

There are differences in the localization of the three VIP/

PACAP receptors. VPAC1 is expressed in brain (cerebral

cortex and hippocampus) and in peripheral tissues such as

liver, lung and intestine, as well as immune cells (see below).

VPAC2 is expressed in the CNS (primarily in thalamus and

suprachiasmic nucleus, and at lower levels in hippocampus,

brainstem, spinal cord and dorsal root ganglia) and in a

number of peripheral tissues, including the pancreas, skel-

etal muscle, lung, heart, kidney, adipose tissue, testis,

stomach, blood vessels, the GI and reproductive tract. PAC1

is present predominantly in brain (olfactory bulb, thalamus,

hypothalamus, dentate gyrus of the hippocampus and cere-

bellum) and in the adrenal medulla. The wide distribution of

these receptors indicates that VIP/PACAP affect many dif-

ferent targets, both in the CNS and in the periphery.

VIP receptors in the immune system

The identification of VIP receptors in immune cells was the

first indication of specific, receptor-mediated effects of VIP

on the immune response. The expression of fully functional

VIP receptors in the immune system was first described in

human peripheral blood lymphocytes through 125I-VIP

ligand binding and measurements of cAMP induction

(Guerrero et al. 1981; O’Dorisio et al. 1981). The binding

studies indicated either a single class of high-affinity

binding sites, or two classes, i.e., a low number of high-

affinity and a high number of low-affinity binding sites,

depending on cell type and activation stage. Following

cloning of the VIP/PACAP receptors, studies focusing on

the expression of the three types of receptors showed that

VPAC1 was constitutively expressed in lymphocytes

(including thymocytes, CD4 and CD8 T cells), macro-

phages, monocytes, dendritic cells (DCs), microglia and

mast cells, and that VPAC2 was expressed at low levels in

naı̈ve or resting cells, but could be induced following

stimulation [reviewed in (Delgado et al. 2004b)]. More

recently, expression of VPAC2 receptors in macrophages

was reported to be regulated by TLR2 and TLR4 ligands,

but not by TLRs specific for bacterial or viral nucleic acids

(Herrera et al. 2009) PAC1 was found to be expressed in

cells of the macrophage/monocyte lineage, and had equal

affinity for VIP and PACAP, in contrast to the PAC1

receptors found in the CNS. The presence of VIP receptors

on neutrophils is still controversial. The VIP-induced

cAMP production in human neutrophils (Palermo et al.

1996) might be mediated through non-receptor mecha-

nisms (Pedrera et al. 1994).

Initial studies using specific VIP/PACAP receptor ago-

nists and antagonists established VPAC1 as the major

mediator for the immunomodulatory effects of VIP

(Delgado et al. 2004b; Gonzalez-Rey and Delgado 2007).

However, later studies using VPAC2- and PAC1-deficient
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mice showed increased susceptibility for inflammatory

disorders, suggesting that these receptors also participate in

immune regulation (Goetzl et al. 2001; Martinez et al.

2002; Lauenstein et al. 2010; Samarasinghe et al. 2011). A

critical immunoregulatory role for VPAC1 has been

reported in humans. Immune cells of patients with auto-

immune/inflammatory diseases such as ankylosing spon-

dylitis, rheumatoid arthritis and osteoarthritis were reported

to express lower VPAC1 levels and to respond poorly to

VIP (Sun et al. 2006; Delgado et al. 2008a; Juarranz et al.

2008; Paladini et al. 2008). Interestingly, reduced expres-

sion of VPAC1 in patients with rheumatoid arthritis is

associated with a polymorphism in the 30 UTR region of

the VPAC1 gene (Delgado et al. 2008a; Paladini et al.

2008). A decrease in VPAC2 expression in Th1 cells of

patients with multiple sclerosis has been also described,

although no associations with genetic polymorphisms were

reported (Sun et al. 2006). These findings suggest that

defects in the VIP receptor/signaling system might be a

predisposing factor in the development of autoimmune

diseases.

General signaling pathways for VIP receptors

in immune cells

Specific signaling pathways mediating VIP effects on

various types of immune cells are discussed in detail in the

sections below. Here, we address only the general char-

acteristics for VIP/PACAP signaling described in various

biological systems. Similar to other tissues and cells,

VPAC1, VPAC2 and PAC1 are coupled to adenylate

cyclase activation and subsequent activation of the protein

kinase A (PKA) in immune cells [reviewed in (Delgado

et al. 2004b)]. PAC1 also activates phospholipase C and

protein kinase C (PKC) in macrophages and monocytes.

The cAMP/PKA pathway appears to be the major signaling

pathway for the anti-inflammatory action of VIP in mac-

rophages, monocytes, DCs and microglia (Fig. 1a), and in

the regulation of the T lymphocyte response (Fig. 1b).

However, a second, PKA-independent pathway also par-

ticipates in the inhibitory effect of VIP on macrophages

and monocytes, resulting in the inhibition of NFjB nuclear

translocation (Fig. 1a) [reviewed in (Delgado et al.

2004b)]. In contrast to VPAC1/VPAC2 signaling, the

involvement of PAC1 and PKC has been limited to VIP-

induced stimulation of IL-6 production in resting macro-

phages (Martinez et al. 1998).

VIP effects on immune cells

VIP affects both innate and adaptive immune responses

and acts as a major anti-inflammatory factor in animal

models of inflammatory and autoimmune diseases, sug-

gesting that the VIP/VIP receptor system could serve as a

target for new therapeutic strategies in immune disorders.

The in vitro studies were performed in general with native

VIP at an effective dose range of 1–10 nM, which corre-

sponds to the Kd of the VIP receptors expressed on

immune cells. In the absence of other stimuli, VIP did not

have significant effects, and the highest efficacy was

obtained when VIP was administered together or immedi-

ately after stimuli. Most of the in vivo experiments were

performed in mice with VIP doses of 1–5 nmol (2–15 lg/

mouse) administered intraperitoneally (i.p.). Although they

showed improved stability, specific VIP receptors agonists

had efficacies similar to VIP, suggesting the involvement

of multiple receptors.

Effects of VIP on the innate immune response

VIP as a ‘‘deactivator’’ of macrophages, microglia

and dendritic cells (DCs)

To eliminate invading pathogens, the immune system

mounts two interconnected responses, i.e., innate and

adaptive immunity. The innate immune response, charac-

terized by phagocytosis/endocytosis, release of oxygen and

nitrogen radicals, and production of proinflammatory

cytokines and chemokines, occurs following ligation of

pattern-recognition receptors (PRRs) by foreign molecular

patterns shared by groups of pathogens. The major cell

types involved are neutrophils, macrophages and DCs in the

periphery, and microglia in the CNS. Following interaction

with pathogens, macrophages, microglia and especially

DCs have the capacity to initiate an adaptive immune

response, by presenting processed antigens to naı̈ve T cells

bearing the appropriate T cell receptors (TCR). An uncon-

trolled inflammatory response can lead to tissue damage,

organ failure and death, and endogenous anti-inflammatory

factors such as glucocorticoids, lipid mediators, anti-

inflammatory cytokines and neuropeptides such as VIP are

essential in controlling the inflammatory response.

Activated macrophages, DCs and microglia secrete

proinflammatory cytokines and chemokines. VIP was

shown to inhibit the production of TNF, IL-6 and IL-12,

the induction of iNOS, and to stimulate the production of

the anti-inflammatory cytokine IL-10 in LPS-stimulated

macrophages and microglia primarily through VPAC1

(Fig. 2) [reviewed in (Delgado et al. 2004b)]. Recent

reports indicate that VIP inhibits COX2 expression in

activated macrophages, DCs and microglia, downregu-

lates macrophage-derived high mobility group box-1

(HMGB1), a late-occurring cytokine involved in lethal

endotoxemia and sepsis, and suppresses the inflammatory

response of microglia exposed to beta-amyloid fibrils or
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to the neurotoxin MPTP in a model of Parkinson’s disease

(Delgado and Ganea 2003a, b, c; Chorny and Delgado

2008; Delgado et al. 2008c). Local i.c.v. administration of

VIP prevents LPS-induced neurodegeneration and microg-

lia activation in vivo in models of neuroinflammation

(Kim et al. 2000; Delgado and Ganea 2003a, b, c).

Accumulation of immune cells at the inflammatory site

is mediated primarily through chemokines. VIP inhibits the

expression of several proinflammatory chemokines, i.e.,

CXCL1/KC, CXCL2, CCL2, CCL3, CCL4 and CCL5 in

mouse macrophages and microglia, and IL-8 in human

peripheral blood monocytes activated with LPS (Delgado

and Ganea 2001a, b, c, 2003a, b, c; Delgado et al. 2002a).

In a model of acute peritonitis, VIP reduced neutrophil,

macrophage and lymphocyte recruitment to the peritoneal

cavity (Delgado and Ganea 2001a, b, c).

In terms of signaling pathways, VIP affects the

expression of pro- and anti-inflammatory factors in LPS-

and LPS ? IFNc-stimulated macrophages and microglia

by regulating the expression and/or transactivating activity

of a number of transcription factors such as AP-1, NFjB,

CREB and IRF-1 (Fig. 1) (Delgado et al. 1998; Delgado

and Ganea 2000a, b, 2001a, b, c; Delgado 2002). In addi-

tion to the inhibition of these downstream signaling
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pathways, VIP also prevents the upregulation of toll-like

receptors (TLRs), reducing the capacity of monocyte/

macrophages to respond to endogenous and exogenous

ligands. Daily administration of VIP in experimental colitis

was reported to inhibit TLR-2 and TLR-4 expression in

colonic extracts and on macrophages, DCs and lympho-

cytes from mesenteric lymph nodes (Gomariz et al. 2005;

Arranz et al. 2008). In addition, VIP was shown to reduce

LPS-induced upregulation of TRL-4 in human rheumatoid

synovial fibroblasts through the inhibition of PU.1

(Gutierrez-Canas et al. 2006; Foster et al. 2007).

VIP induces tolerogenic DCs

Although DCs are essential for the stimulation of antigen-

specific T cells, they also function to establish and maintain

tolerance by inducing T cell anergy or generating regulatory

T cells (Treg). The tolerance inducing DCs i.e., tolerogenic

DCs (tDC), are rather heterogenous, including immature,

semi-mature and in some cases even mature DCs (Maldo-

nado and von Andrian 2010). tDC are of major therapeutic

interest, since they can be induced with biological and

pharmacological agents and manipulated to present specific

autoantigens. Together with galectin 1, vitamin D3, IL-10

and TNF, VIP belongs to the group of biological agents that

induce tDC (Maldonado and von Andrian 2010).

In our laboratory, differentiation of murine bone mar-

row-derived DC (BMDC) in the presence of VIP led to the

development of DC with a tolerogenic phenotype, i.e., low

expression of CD40/80/86, reduced production of TNF and

IL-12, and increased the secretion of IL-10 following LPS

stimulation (Fig. 2). In vitro and in vivo generated DCVIP

induced IL-10-producing CD4?Foxp3? Treg, which

inhibited the proliferation of allogeneic or syngeneic

Ag-specific T cells and were able to transfer tolerance to

naı̈ve recipients (Chorny et al. 2005; Delgado et al. 2005).

More recently, BMDC transduced during differentiation

with a lentiviral vector expressing VIP exhibited a tolero-

genic phenotype (Toscano et al. 2010). Similar results were

obtained with human blood monocyte-derived DC differ-

entiated in the presence of VIP. VIP led to the generation

of human tDC, which in turn induced IL-10 producing

human CD4 and CD8 Treg. Both types of human Treg

suppressed the proliferation/activation of antigen-specific

Th1 cells (Gonzalez-Rey et al. 2006a).

Effects of VIP on T cells

VIP inhibits the capacity of antigen-presenting cells

(APCs) to initiate adaptive immunity

The link between innate and adaptive immunity is built on

the capacity of APCs, primarily DCs, to present processed

antigen to naı̈ve CD4 T cells and induce T cell proliferation

and differentiation. In addition to TCR signaling, optimal T

cell stimulation requires costimulatory signals, provided by

CD40, CD80 and CD86 expressed and upregulated fol-

lowing APC stimulation. VIP prevents CD80 and CD86

upregulation in activated macrophages and DCs, reducing

the stimulation of CD4 T cells in vivo and in vitro (Del-

gado et al. 1999b, 2004c). VIP also directly inhibits IL-2

gene expression and proliferation in activated CD4 T cells

primarily through cAMP-dependent effects on NFAT and

AP-1 (Wang et al. 2000) (Fig. 1).

VIP inhibits Th1 and promotes Th2 differentiation, survival

and migration

Activated CD4 T cells differentiate into effector cells,

which differ in their cytokine profile. The best

Fig. 1 VIP tunes immune and inflammatory response by regulating

multiple signaling pathways. a VIP signaling during inflammatory

response (macrophage, microglia and DCs). Binding of VIP to its

receptor induces cAMP, activates PKA and exerts several effects: (1)

inhibition of IFNc-induced Jak1/Jak2 phosphorylation, STAT1 acti-

vation and subsequent expression of IRF-1, which is critical for gene

activation of various inflammatory genes (CD40, CXCL10, iNOS,

COX2); (2) inhibition of various MAPK cascades, initiated by

suppression of MEKK1/MEK4 and of MEKK1/MEK6 and subse-

quent inhibition of Jun-kinase (JNK) and p38 MAPK, respectively.

This results in a change in the composition of the transcription factor

AP-1 with c-Jun being replaced by JunB, and inhibition of

phosphorylation/activation of TATA-box binding protein (TBP).

Moreover, through a PKA-independent mechanism, VIP inhibits

IjB-kinase (IKK) activity and suppresses nuclear translocation and

activation of the transcription factor NFjB. AP1, TATA-box protein

and NFjB act in concert to activate gene transcription of most of

inflammatory cytokines and chemokines, as well as costimulatory

molecules. Moreover, in a PKA-dependent manner, VIP stimulates

cAMP-responsive element binding (CREB) factor to compete with

NFjB for coactivators, such as p300-CBP, required for transcription

of inflammatory genes. b VIP signaling in T lymphocytes. Binding of

VIP to its receptors activates the cAMP/PKA pathway, which

regulates cell cycle and activation of T lymphocytes at multiple

levels. First, VIP downregulates the PI3K-Akt pathway and, conse-

quently, the activity of cdk4-cyclin D complexes, which induce genes

involved in DNA replication and progression through the S phase.

VIP also inhibits the expression of cyclin D3. In parallel, VIP

increases the levels of the cdk-inhibitor p27kip1 by inhibiting the Akt-

mediated phosphorylation/degradation of p27kip1 and by inducing

p27kip1 gene expression. Thus, VIP promotes the p27kip1-mediated

inactivation of the cyclin E-cdk2 complexes that result in cell cycle

arrest in the G1 phase. Second, VIP inhibits signaling through the

Ras–Raf1–MEK1–ERK cascade by reducing Ras activity and by

impairing Raf1–Ras interaction. This deactivates AP-1 and reduces its

binding to the IL-2 promoter. Moreover, VIP decreases the nuclear

translocation of NFjB and NFAT, also required for IL-2 transcrip-

tion. As a critical growth factor for T cells, inhibition of IL-2 by VIP

reduces T cell proliferation and induces anergy. Third, VIP increases

the expression of both soluble and membrane forms of CTLA4, which

are critically involved in the induction of Foxp3 expression and of

suppressor activity in T cells. Arrows indicate activation. Dotted-end
lines indicate inhibition

b
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characterized effectors are Th1, Th2 and the more recently

described Th17 cells. Both in vivo and in vitro VIP inhibits

Th1 and favors Th2 differentiation (Fig. 2) [reviewed in

(Ganea et al. 2003)]. A similar Th2 preference was evident

in vivo in transgenic mice overexpressing VPAC2 in CD4

T cells, whereas the Th1 response prevailed in VPAC2-

deficient mice (Goetzl et al. 2001; Voice et al. 2003). These

studies confirm that VIP affects the Th1/Th2 balance in

iDC

tDC

CD4

Th2

iTreg

Th17

Macrophage

Microglia

Neutrophil

Mast cells

mDC
LPS

VIP

VPAC1

VPAC2

PAC1

LEGENDS

Ag
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stimulation

inhibition

-During differentiation: generation of tolerogenic DC (tDC) able to 
induce iTreg  with suppressive activity.
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inflammatory cytokines (TNF, IL12) and modulation of chemokines 
(increase in CCL22,  decrease  in CXCL10).  
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-Inhibition of degranulation.

Microglia

-Anergy/cell cycle arrest.
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-Induction of memory Th2
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IL6, IL12, COX2, iNOS, HMGB1, CKs.
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TNF, IL6, IL12, COX2, 
iNOS, CKs.
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molecules .
-

-Stimulation of degranulation.
-Stimulation of phagocytosis.?
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?
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Fig. 2 Effects of VIP on immune cells. VIP is released in the context

of an immune response by CD4 and CD8 lymphocytes (especially,

Th2 CD4 and Tc2 CD8 cells), and by mast cells and neutrophils.

Various immune cells differentially express the three VIP receptors

(VPAC1, VPAC2 and PAC1), whose expression is modulated by

antigenic and inflammatory stimuli. VIP acts on macrophages and

microglia inhibiting the production of inflammatory mediators, such

as cytokines, chemokines (CKs), lipids (PGE2 by inhibiting cyclox-

ygenase 2, COX2) and free radicals (nitric oxide by inhibiting the

inducible form of NO synthase, iNOS), and by stimulating the

production of anti-inflammatory cytokines (IL-10 and IL-1Ra). In

addition, VIP reduces costimulatory molecule expression in

macrophages and mature dendritic cells (mDCs), limiting the clonal

expansion of Th1 cells under inflammatory conditions. VIP modulates

the adaptive response in different ways. First, VIP inhibits the

differentiation of Th1 cells and favors the expansion of Th2 cells

through various non-excluding mechanisms that involve regulation of

DC functions, Th1-differentiating factors, chemokines and apoptosis.

Second, VIP induces the emergence of Treg cells (iTreg) through

direct effects on naı̈ve T cells and indirectly through the generation of

tolerogenic DCs (tDCs). The effect on Th17 differentiation is

controversial. VIP impairs mast cell degranulation, whereas the

antimicrobial functions of neutrophils appear to be stimulated by VIP
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vivo and indicate the prevalent role of VPAC2. A number

of nonexcluding mechanisms contribute to the VIP-induced

Th2 bias (Fig. 2). VIP affects Th1/Th2 generation indi-

rectly by inhibiting IL-12 production in activated APCs,

and directly by blocking IL-12 signaling through the

inhibition of JAK2/STAT4 phosphorylation and by

inducing c-Maf and JunB (Voice et al. 2004; Liu et al.

2007). VIP also supports Th2 survival in vivo and in vitro

(Delgado et al. 2002b). The in vitro preferential survival of

Th2 effectors was due to the VIP-induced inhibition of

FasL and granzyme B expression, and correlated with

higher levels of VPAC1/2 expression in Th2 cells (Sharma

et al. 2006).

In addition, VIP also affects Th1/Th2 migration in a

differential manner, by promoting Th2 and inhibiting Th1

migration under inflammatory and antigenic stimulation.

This is due to the effect of VIP on promoting DC expres-

sion and release of CCL22, a Th2-attracting chemokine and

inhibiting the release of the Th1-attracting chemokine

CXCL10 (Jiang et al. 2002). In agreement with the in vitro

studies, i.p. administration of VIP-treated DC led to the

preferential accumulation of Th2 effectors in the peritoneal

cavity (Delgado et al. 2004a).

Effects of VIP on Th17 differentiation

The recently discovered Th17 cells play a major role in

autoimmunity, dominating the inflammatory response in

rheumatoid arthritis, multiple sclerosis, psoriasis and Cro-

hn’s disease (Fujino et al. 2003; Kebir et al. 2007;

Bovenschen et al. 2011; Ferraccioli and Zizzo 2011). The

effect of VIP on Th17 differentiation and function is con-

troversial. In vitro, increased numbers of IL-17? T cells

were observed in the presence of TGF b and VIP. The TGF

b/VIP-induced Th17 secrete IL-17A, but differ from clas-

sical Th17 generated in the presence of TGF b and IL-6 by

not producing IL-21 (Yadav et al. 2008). The biological

relevance of the VIP-induced Th17 is not clear at the

present time. In contrast to the in vitro data, several in vivo

reports indicate that VIP suppresses Th17 differentiation.

In a model of type I diabetes, VIP administration to NOD

mice resulted in delayed disease onset and reduced pan-

creatic expression of IL-17 and IL-22, suggesting an

inhibitory effect on Th17 differentiation or function

(Jimeno et al. 2010). Similar results were reported in a rat

model of collagen-induced arthritis where VIP reduced the

percentage of splenic IL-17? T cells and the expression of

STAT3 and ROR c t (Deng et al. 2010). The in vivo effect

of VIP on Th17 differentiation could be indirect, through

the induction of antigen-specific Treg (see below). Indeed,

VIP administration at the time of immunization with

nitrated a-synuclein in a model of Parkinson’s disease

resulted in nitrostriatal protection through the induction of

antigen-specific Treg, which in turn abrogated the devel-

opment of the neurodegenerative Th17 response (Reynolds

et al. 2010).

VIP induces Treg

Both natural and inducible regulatory T cells (Treg) play an

essential role in maintaining tolerance and preventing

immune attacks against self-antigens. Deficiencies in Treg

were reported in several human autoimmune diseases and

have been documented in experimental autoimmune

models (Buckner 2010; Sakaguchi et al. 2010). VIP indu-

ces Treg through the generation of tDCs (Fig. 2). However,

VIP also induced Treg directly in cultures of CD3/CD28-

stimulated human CD4 T cells (Pozo et al. 2009; Anderson

and Gonzalez-Rey 2010). Interestingly, VIP-treated human

trophoblast cells co-cultured with maternal peripheral

blood mononuclear cells also induced high numbers of

Foxp3?CD4?CD25? T cells, which might represent a

direct effect of autocrine VIP on fetal survival (Fraccaroli

et al. 2009). Recently,. it has been reported that nebulized

VIP administered to patients with sarcoidosis resulted in

increased numbers of CD4?FoxP3?CD127-CD25? Treg

in the bronchoalveolar lavage (Prasse et al. 2010).

VIP administration has been also reported to induce Treg

in experimental models of collagen-induced arthritis, murine

type I diabetes and experimental autoimmune encephalo-

myelitis (EAE) (Fernandez-Martin et al. 2006; Chen et al.

2008; Deng et al. 2010; Jimeno et al. 2010). Upon transfer

into mice with established disease, the Treg from VIP-treated

arthritic mice suppressed and ameliorated disease progres-

sion in the recipients (Gonzalez-Rey et al. 2006b, c). Along

the same lines, in vivo delivery of a VIP-expressing lentiviral

vector to arthritic mice at different phases of the disease

resulted in significant disease amelioration, which correlated

with the induction of CD4?CD25?Foxp3? Treg in the

draining lymph nodes (Delgado et al. 2008b).

An interesting difference between the role of VIP and

PACAP in EAE became apparent recently in VIP- or

PACAP-deficient mice. Initial studies using exogenous VIP

administration established quite clearly that VIP has a

beneficial effect in EAE associated, at least partially, with

the generation of CD4?CD25?Foxp3? Treg (Fernandez-

Martin et al. 2006; Gonzalez-Rey et al. 2006b, c). Similar

effects were reported with PACAP, a structurally related

neuropeptide. The protective effect of PACAP in EAE was

confirmed in PACAP-deficient mice, which developed a

more severe disease associated with decreased expression

of Foxp3 in the spinal cord, and lower numbers of

CD4?CD25?Foxp3? Treg in draining lymph nodes (Tan

et al. 2009). In contrast, VIP-deficient mice were almost

completely resistant to EAE. In agreement with the pre-

viously reported anti-inflammatory effect of exogenous
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VIP, the VIP-deficient mice developed a robust Th1/Th17

response. However, although CD4 T cells entered the

meningeal and perivascular areas, their infiltration in spinal

cord parenchyma was severely impaired (Abad et al. 2010),

suggesting that VIP plays a dual role, affecting T cell

differentiation as previously reported but also promoting

immune cell infiltration in the central nervous system.

VIP expression in immune cells and the role

of endogenous VIP

Two different sources of VIP have been described in

lymphoid organs, i.e., the local innervations and immune

cells themselves. VIPergic nerve fibers were identified in

both central (thymus) and peripheral (spleen, lymph nodes

and mucosal-associated lymphoid tissue) lymphoid organs

establishing an anatomical link between the CNS and the

immune system (Bellinger et al. 1997). However, auto-

nomic denervation of thymus and spleen did not change the

content of VIP in these organs (Bellinger et al. 1997),

suggesting that resident immune cells function as the major

source of VIP within the lymphoid organs. Indeed, immune

cells and especially CD4 and CD8 T cells were shown to

express VIP mRNA, to process preproVIP and to secrete

the mature peptide (Fig. 2). The highest VIP producers are

CD4 Th2 and CD8 T2 cells, responding to antigen stimu-

lation (Delgado and Ganea 2001a, b, c). Interestingly,

neutrophils and mast cells secrete VIP fragments (VIP6–28

and VIP10–28) that fail to signal through the VIP receptors,

but have been found recently to exhibit antimicrobial

activities (El Karim et al. 2008; Delgado et al. 2009).

Fig. 3 VIP reinstates tolerance in inflammatory and autoimmune

disorders. In general, autoimmunity is initiated by aberrant immune

responses against self antigens (self-Ag) and is the result of the

progression from acute to chronic inflammation. Regulatory T cells

(Treg) are key players in maintaining tolerance by their suppression

of self-reactive Th1 and Th17 cells. VIP has the capacity to reinstate

tolerance through various mechanisms. (1) VIP inhibits the produc-

tion of a plethora of inflammatory cytokines, chemokines and free

radicals by macrophages and resident cells (i.e., microglia), avoiding

the perpetuation/dissemination of the inflammatory response and its

cytotoxic effect against self-tissue components. (2) If autoimmune

responses occur, VIP can decrease Th1/Th17 cell functions through

direct actions on differentiating T cells, or indirectly by regulating DC

functions in the peripheral lymphoid organs and locally in the affected

tissue. As a consequence, infiltration/activation of neutrophils and

macrophages is reduced and deposition of immune complexes (self-

Ab) is avoided. (3) VIP induces the generation of peripheral iTreg that

suppress activation of self-reactive T cells, both directly and through

the generation of tDCs. COPD, chronic obstructive pulmonary

disease; SCI, spinal cord injury; SIRS, systemic inflammatory

response syndrome
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The endogenous VIP generated by immune cells appears

to play an important regulatory role. Early studies showed

increased VIP levels in inflammatory and autoimmune

conditions such as sepsis and rheumatoid arthritis, pre-

sumably as an attempt to downregulate the immune

response (Brandtzaeg et al. 1989; Arnalich et al. 1994). In

patients with lupus and autoimmune thyroiditis, there are

high levels of VIPase autoantibodies and low levels of VIP,

suggesting that the low VIP levels might promote or

exacerbate disease (Bangale et al. 2003).

More definite answers regarding the role of endogenous

VIP were provided recently by VIP-deficient mice. These

mice were more susceptible to LPS-induced septic shock

and more prone to develop bronchial asthma and pul-

monary hypertension, had higher numbers of infiltrating

immune cells, and higher levels of proinflammatory cyto-

kines in bronchoalveolar lavage fluid (Hamidi et al. 2006;

Szema et al. 2006). This is in agreement with the previous

finding that exogenous VIP deactivates innate immune

cells, particularly macrophages, reducing the production of

proinflammatory cytokines and chemokines. A recent study

using VIP-deficient mice showed improved survival after

viral infections associated with a marked increase in

MHCII and CD80, increased Th1/Tc1 cells and fewer

IL-10 producing T cells (Li et al. 2011). This is also in

agreement with reports showing that exogenous VIP

inhibits MHCII and costimulatory molecule expression in

DCs and shifts T cell differentiation from Th1 to Th2/Treg.

The fact that VIP produced by immune cells is the major

immunoregulatory factor is supported by two very inter-

esting reports. In vitro experiments analyzing Th1/Th2

differentiation in purified T cell cultures established that T

cell-derived VIP affected T cell differentiation (Voice et al.

2003). A similar conclusion was reached in vivo where

increased anti-viral immunity was observed in both VIP-

KO and in wild-type (wt) radiation chimeras engrafted with

VIP-KO hematopoietic cells (Li et al. 2011). Since neu-

ronal VIP production was not affected in the bone-marrow

chimeras, the increased anti-viral response was attributed

to the lack of VIP production by hematopoietic cells.

Moreover, T cells were identified as the source for the

immunological active VIP using grafts consisting of wt T

cells and VIP-KO DCs and hematopoietic stem cells (Li

et al. 2011).

Involvement of VIP in inflammatory and autoimmune

diseases

The evidence reviewed in the previous sections indicates

that endogenous VIP is an important player in limiting

ongoing inflammatory and immune responses and pro-

moting resolution of inflammation. Treatment with

exogenous VIP decreases symptom frequency and severity

in various experimental models of sepsis, pancreatitis,

hepatitis, respiratory inflammatory disorders, neurodegen-

erative disorders, rheumatoid arthritis, inflammatory bowel

disease, type I diabetes, multiple sclerosis, Sjogren’s syn-

drome, and autoimmune uveoretinitis (see Table 1 for

references and details). In disorders characterized by an

exacerbated inflammatory response, the beneficial effect of

VIP appears to be exerted through the downregulation of a

wide spectrum of inflammatory cytokines, chemokines and

mediators of oxidative stress, at both systemic and local

level (Fig. 3). VIP has been proven to be also effective in

neurodegenerative diseases such as spinal cord injury

(Dickinson et al. 1999; Kim et al. 2000), brain trauma

(Delgado and Ganea 2003a, b, c; Favrais et al. 2007) and

Parkinson’s disease (Delgado and Ganea 2003a, b, c;

Chorny et al. 2006; Korkmaz et al. 2010), mainly by

inhibiting microglia activation.

In autoimmune disorders, the therapeutic effect of VIP

is associated with a downregulation of early inflammatory

events that initiate autoimmunity and of later events

associated with a chronically activated inflammatory

response. In vivo, VIP impairs the development of self-

reactive Th1 and Th17 cells, their entry into the target

organs, the release of pro-inflammatory cytokines and

chemokines, and the recruitment and activation of macro-

phages and neutrophils, and induces the generation of iTreg

(Fig. 3). The effects of VIP on T cell differentiation and

function are both direct and indirect through immuno-

modulation of DCs.

Despite the effectiveness of VIP in experimental models

of inflammation and autoimmunity, only a few clinical

trials have been initiated. A major obstacle for the trans-

lation of VIP-based treatments into viable clinic therapies

is related to its sensitivity to peptidases. Attempts to

increase VIP stability involve chemical alterations of the

native molecule, use of stable analogs or VIP receptor

agonists, VIP administration in conjunction with peptidase

inhibitor, or insertion of VIP in micelles or nanoparticles

[reviewed in (Gonzalez-Rey et al. 2010). In addition, cel-

lular approaches such as use of Treg or tDC generated ex

vivo in the presence of VIP or of VIP-expressing DCs

represent interesting options to be considered for future

clinical use, especially in autoimmune diseases and

transplantation.

The potential use of DCVIP in cellular therapy is aimed

at the in vivo generation of Ag-specific Treg and was

described for the first time in 2005 (Delgado et al. 2005).

The Treg generated in vivo were specific for the Ag carried

by the DCVIP and were able to transfer Ag-specific toler-

ance to naı̈ve recipients (Delgado et al. 2005). Cellular

therapy with DCVIP was then tested in models of inflam-

matory/autoimmune diseases. In collagen-induced arthritis,
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DCVIP pulsed with collagen II were administered to mice

with established disease and shown to stop disease pro-

gression and T cell activation in an Ag-specific manner

(Chorny et al. 2005). Inoculation of DCVIP also signifi-

cantly ameliorated clinical TNBS-induced colitis and

generated IL-10-secreting Treg, which suppressed autore-

active T cells (Gonzalez-Rey and Delgado 2006). In a bone

marrow transplantation model, DCVIP were shown to pre-

vent graft-versus-host disease while maintaining the graft-

versus tumor response through the generation of Treg

(Chorny et al. 2006). More recently, lentiVIP-transduced

DCs were shown to have a therapeutic effect on EAE and

sepsis models (Toscano et al. 2010). LentiVIP-transduced

DC have the double advantage of being tolerogenic, with

the potential to induce Treg in vivo, and of secreting VIP

locally avoiding problems associated with systemic VIP

administration. Therefore, a promising future development

for VIP therapy is the possibility to generate tolerogenic

VIP-expressing human monocyte-derived DCs that could

be loaded with relevant autoantigens and used in the

treatment of chronic autoimmune diseases.
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