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Identification of the factors that regulate the immune tolerance and control the appearance of exacerbated
inflammatory conditions is crucial for the development of new therapies of autoimmune diseases. Some
neuropeptides and hormones have emerged as endogenous agents that participate in the regulation of the
processes that ensure self-tolerance. Among them, the vasoactive intestinal peptide (VIP), a well-characterised
endogenous anti-inflammatory neuropeptide, has shown therapeutic potential for a variety of immune
disorders. Here we examine the latest research findings, which indicate that VIP participates in maintaining
immune tolerance in two distinct ways: by regulating the balance between pro-inflammatory and anti-
inflammatory factors, and by inducing the emergence of regulatory T cells with suppressive activity against
autoreactive T cell effectors.

T
he successful elimination of most pathogens requires
crosstalk between the innate and adaptive arms of the
immune system. The innate immune system recognises

pathogen-associated molecular patterns through pattern-recog-
nition receptors, such as toll-like receptors (TLRs), which
induce the release of pro-inflammatory cytokines, chemokines
and free radicals, recruitment of inflammatory cells to the site
of infection, and lysis of infected host cells by natural killer cells
and cytotoxic T lymphocytes. However, further damage can
arise from potential autoimmune responses occurring during
the inflammatory response, in which the immune cells and
molecules that respond to pathogen-derived antigens also react
to self-antigens. Therefore, in an inflammatory and autoim-
mune disease like rheumatoid arthritis, the initial stages
involve multiple steps that can be divided into two main
phases: early events associated with initiation and establish-
ment of autoimmunity to joint components in peripheral
lymphoid organs, and later events associated with the evolving
immune and destructive inflammatory responses in the joint
(fig 1).1 Progression of the autoimmune response involves the
development of self-reactive T helper 1 (Th1) cells, their entry
into the joint, release of pro-inflammatory cytokines and
chemokines, subsequent recruitment and activation of inflam-
matory cells (macrophages, neutrophils and mast cells) and
synovial pannus formation. Production of inflammatory med-
iators, such as cytokines, matrix-degrading enzymes and free
radicals by infiltrating cells and resident synovial cells
(fibroblasts and osteoclasts) damages cartilage and bone. In
addition, Th1-mediated production of autoantibodies by B cells,
which form immune complexes and activate complement and
neutrophils, contribute to autoimmune pathology and disease
propagation.

Therefore, safe induction of antigen-specific long-term
tolerance is critical for the control of autoreactive T cells on
autoimmune diseases. In addition, although critical for control
of infection, the inflammatory process needs to be limited, since
excessive responses result in severe inflammation and collateral
tissue damage. In general, inflammatory responses are self-
controlled by anti-inflammatory mediators secreted by host
innate immune system during the ongoing process, and the
ability to control an inflammatory state depends on the local
balance between pro-inflammatory and anti-inflammatory
factors. Moreover, the adaptive immune system also helps to

maintain immune tolerance during infection-induced immu-
nopathology.2 In addition to the intrinsic control of lympho-
cytes, for example, clonal deletion of self-reactive T cells in the
thymus via apoptosis of immature self-reactive lymphocytes
upon exposure to self-antigen or activation-induced cell death
of mature effector cells, the generation of antigen-specific
regulatory T cells (Treg) plays a critical role in the induction of
peripheral tolerance (fig 1). For example, depletion of CD4
CD25+ Treg cells produces autoimmune disease in otherwise
normal animals, and their reconstitution prevents disease.2–4

Importantly, Treg cells have been shown to be deficient in
patients with rheumatoid arthritis, multiple sclerosis, type-1
diabetes and other autoimmune diseases.5–7 Moreover, numer-
ous studies have demonstrated the therapeutic use of antigen-
specific Treg cells in various models of autoimmune disorders.2–4

Although the idea of Treg cells with a suppressive activity on
immune responses has been around for more than two decades,
the characterisation of diverse Treg populations with different
developmental, phenotypical or functional characteristics has
been quite recent. From a developmental point of view, it is
accepted that two populations of Treg cells exist: natural (or
constitutive) and inducible (or adaptive) Treg cells (table 1).
Natural Treg cells develop and migrate from the thymus and
constitute 5–10% of peripheral T cells in normal mice and
humans. These CD4 CD25+ Treg cells express the transcriptional
repressor FoxP3 and cytotoxic T-lymphocyte antigen 4 (CTLA4).
Natural Treg cells suppress clonal expansion of self-reactive T
cells through a mechanism that is cell–cell contact mediated by
CTLA4, which interacts with CD80 and/or CD86 on the surface
of the antigen-presenting cells (APCs) and delivers a negative
signal for T cell activation. In vivo, but not in most studies in
vitro, a role for cytokines such as IL10 and TGFb in the function
of natural Treg cells has been also defined.2–4 Other populations
of antigen-specific Treg cells can be induced from CD4 CD25– or
CD8 CD25– T cells in the periphery under the influence of
tolerogenic semi-mature dendritic cells and/or various soluble
factors such as IL10, TGFb1 and interferon a. The inducible
Treg populations consist of distinct subsets: T regulatory 1 (Tr1)
cells, which secrete high levels of IL10 and probably TGFb1; T

Abbreviations: APCs, antigen-presenting cells; DCs, dendritic cells; PKA,
protein kinase A; TLRs, toll-like receptors; Treg, T regulatory; Tr1, T
regulatory 1; VIP, vasoactive intestinal peptide
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helper 3 (Th3) cells, which secrete high levels of TGFb1; and
CD8 Treg cells, which secrete IL10. These immunosuppressive
cytokines inhibit the proliferation of and cytokine production
by effector T cells, as well as the cytotoxic activity of CD8 T cells,
either directly or through their inhibitory action on the
maturation/activation of APCs. In addition, CD8 Treg cells
induce the expression of the immunoglobulin-like transcripts
ILT3 and ILT4 in APCs, which downmodulate APC func-
tion. These suppressive responses can be beneficial to restore
the immune homeostasis of the host, suppressing the auto-
reactive Th1 responses involved in the destruction of the
target tissue in autoimmune diseases, or inhibiting host CD4
and CD8 T cells that react to alloantigens that cause transplant
rejection. However, these suppressive responses of Treg cells
can also be detrimental because effective immune responses
to infective pathogens and autologous tumour cells can be
impaired.

From a therapeutic point of view, the fact that the
appearance of exacerbated inflammatory and autoimmune
diseases is a consequence of an imbalance in pro-inflammatory
factors versus anti-inflammatory cytokines, or in self-reactive
Th1 cells versus Treg cells, it becomes critical to identify agents
that help bring these disequilibriums back to normal. One could
think that endogenous factors might be produced by the
immune cells during the autoimmune response in an attempt
to maintain it under control. Numerous researchers have
concentrated their efforts investigating traditional immuno-
suppressive cytokines, such as IL10, IL13 and TGFb1.8 However,
others have focused their search on neuropeptides and
hormones, classically considered as neuroendocrine mediators,
but which are also produced by immune cells, especially under
inflammatory conditions.9 10 Among them, vasoactive intes-
tinal peptide (VIP) has lately emerged as a potential candidate
for the treatment of the unwanted immune responses that
occur in inflammatory and autoimmune disorders. The
therapeutic effects of VIP on immune disorders have been
classically attributed to its dual capacity to downregulate the
inflammatory response and to inhibit antigen-specific Th1-
driven responses.11 Furthermore, recent data suggest that
VIP might facilitate immune homeostasis through a newly
discovered mechanism involving the generation of Treg cells.
Here we examine the most recent developments regarding the
effects of VIP on immune tolerance, and the effectiveness
of using this neuropeptide in treating several autoimmune
diseases.

VIP AND IMMUNE TOLERANCE
VIP is a 28-aminoacid peptide of the secretin/glucagon family
that was firstly isolated from the gastrointestinal tract by its
capacity as a vasodilator.12 VIP was immediately identified in
the central nervous system and peripheral nerves, and was
recognised as a widely distributed neuropeptide, acting as a
neurotransmitter in many tissues. The widespread distribution
of VIP correlates with its involvement in a wide variety of
biological activities including vasodilation, bronchodilation,
hyperglycaemia and hormonal regulation. From an immunolo-
gical point of view, VIP has certain characteristics that make it
attractive for immune tolerance. First, VIP is produced by
immune cells, mainly Th2 cells and type 2 CD8 T cells,
especially under inflammatory conditions, or following anti-
genic stimulation.13 Second, VIP exerts its biological actions
through various G-protein-coupled receptors (VPAC1, VPAC2
and PAC1), that are expressed on various immune cells, such as
T cells, macrophages, monocytes, dendritic cells (DCs) and
neutrophils.11 Third, VIP signalling involves the activation of
the cAMP/protein kinase A (PKA) pathway that is considered
as an immunosuppressive signal.14

Role of VIP in innate immunity: anti-inflammatory effect
Numerous evidence demonstrate that VIP is a potent anti-
inflammatory agent in vitro and in vivo that acts at different
levels. It inhibits phagocytic activity, free radical production,
adherence and migration of macrophages.15 It reduces the
production of inflammatory cytokines (TNFa, IL12, IL6 and
IL1b) and various chemokines and downregulates the expres-
sion of inducible nitric oxide synthase and the subsequent
release of nitric oxide by macrophages, DCs and microglia.11 It
stimulates the production of anti-inflammatory cytokines such
as IL10 and IL1Ra.16 It decreases the co-stimulatory activity of
APCs for antigen-specific T cells by downregulating the
expression of the co-stimulatory molecules CD80 and CD86.17

It inhibits the degranulation of mast cells.18 It also reduces the
expression of TLRs and associated molecules.19 20 The definitive
establishment of VIP as a natural anti-inflammatory factor has
been supported by two recent works reporting that mice that
lack VIP or the PAC1 receptor show higher systemic inflam-
matory responses and are more susceptible to die by septic
shock.21 22

Role of VIP in adaptive immunity: suppressive effect on
Th1 responses
Although the differentiation into Th1 or Th2 effector cells
mainly depends on the nature of the APCs and the cytokine
microenvironment, the involvement of other endogenous
factors, such as VIP, in the regulation of the Th1/Th2 balance
has been recently proposed. Macrophages and DCs treated in
vitro with VIP induce Th2-type cytokines (IL4 and IL5) and
inhibit Th1-type cytokines (IFNc, IL2) in antigen-primed CD4 T
cells.17 23 In addition, VIP administration to immunised mice
resulted in a decreased number of IFNc-secreting cells and an
increased number of IL4-secreting cells.23 Correspondingly, VIP
receptor-deficient mice have increased Th1-type responses (ie,
delayed-type hypersensitivity), whereas mice that overexpress
VIP receptors show eosinophilia, high levels of IgE and IgG1, and
increased cutaneous anaphylaxis (typical Th2-type responses).24 25

In addition, it has been demonstrated that the endogenous Th2-
cell-derived VIP maintains the Th2 bias, in a positive feedback.26

Although the precise mechanisms remain to be elucidated,
VIP appears to regulate the Th1/Th2 balance in several ways.
First, VIP inhibits the production of the Th1-associated cytokine
IL12.27 Second, VIP induces CD86 expression in resting murine
DCs, which is important for the development of Th2 cells.17 23

Third, VIP has been shown to promote specific Th2-cell
recruitment by inhibiting CXC-chemokine ligand 10
(CXCL10) production and inducing CC-chemokine ligand 22
(CCL22) production, two chemokines that are involved in the
homing of Th1 cells and Th2 cells, respectively.28 29 Fourth, VIP
inhibits CD95 (FasL)-mediated and granzyme B-mediated
apoptosis of mouse Th2 but not of Th1 effector cells.30 31

Finally, VIP induces the Th2 master transcription factors c-
MAF, GATA-3 and JUNB in differentiating murine CD4 T cells,
and inhibits T-bet, which is required for Th1 cell differentia-
tion.32 33 Thus VIP regulates the Th1/Th2 balance by acting
directly on differentiating T cells and indirectly via the
regulation of APC functions.

Role of VIP in Treg cells: generation of a mixture of Treg
cells
Recently, various reports have shown that VIP promotes
tolerance by inducing the peripheral expansion of antigen-
specific Treg cells. We found that the administration of VIP
together with specific antigen to T cell receptor-transgenic mice
results in the expansion of the CD4 CD25+ FoxP3+ T cells, which
inhibit responder T cell proliferation through direct cellular
contact.34 In addition, to increase the number of CD4 CD25+
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Figure 1 VIP restores tolerance in autoimmune disorders by acting at multiple levels. Loss of immune tolerance compromises immune homeostasis and
results in the onset of autoimmune disorders. This figure illustrates one scenario depicting the stepwise progression of the development of rheumatoid
arthritis. The initial stages of the disease take place in peripheral lymphoid organs, are associated with the initiation and establishment of autoimmunity to
joint components, and involve the development of self-reactive T helper 1 (Th1) cells by dendritic cells (DCs) presenting self-antigens. In addition, Th1 cells
induce the production of IgG2 autoantibodies by autoreactive B cells and the deposition of immune complexes in the joint. Progression of the autoimmune
response involves the entry of autoreactive Th1 cells into the joint, release of pro-inflammatory cytokines (TNFa and interferon c) and chemokines, and
subsequent recruitment and activation of inflammatory cells (macrophages and neutrophils). In addition, autoantibodies activate complement, neutrophils
and mast cells. Later events are associated with the evolving immune and destructive inflammatory responses. Inflammatory mediators, such as cytokines,
nitric oxide (NO), free radicals and metalloproteinases (MMP), which are produced by infiltrating cells and resident synovial cells, have a crucial role in
cartilage and bone destruction. Naturally occurring CD4 CD25+ T regulatory (Treg) cells or induced regulatory T cells are key players in maintaining
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Treg cells, VIP induces more efficient suppressors on a per-cell
basis. Transfer of these Treg cells expanded by VIP induces
antigen-specific suppression to naive hosts, inhibiting delayed-
type hypersensibility and antibody production.34 The VIP-
induced generation of Treg cells is especially evident under
autoimmune conditions. Thus, VIP treatment of experimental
autoimmune encephalomyelitis (EAE) and arthritic mice
results in a significant increase in CD4 CD25+ T-cell numbers
in draining lymph nodes, brain and joints.35 36 The VIP-induced
CD4 CD25+ cells exhibit an activated Treg cell phenotype, that
is, CD45RBlow CD62Lhigh CD69high FoxP3high CTLA4high and
produce high levels of IL10 and TGFb1 as suppressive
molecules.35 36 We now should ask about the type(s) of Treg
cells induced by VIP, and the mechanism involved in such
induction. According to table 1, a variety of possibilities exists.
VIP could induce the de novo generation of natural CD4 CD25+

Treg cells in the thymus, or of some type(s) of inducible Treg
cells (Tr1, Th3 or CD8) from naive peripheral T cells.
Alternatively, VIP could promote the peripheral expansion of
already existing natural and/or inducible Treg cells. Several
pieces of evidence indicate that VIP induces the new generation
in the periphery of a mixture of Treg cells. Interestingly, the in
vivo VIP-induced CD4 CD25+ Treg cells mediate their suppres-
sive action on autoreactive T cells by secreting suppressive
soluble factors, such as IL10 and TGFb1, and through direct
cellular contact that is mainly dependent on CTLA4.34–36 This
distinguishes the VIP-induced Treg cells from the classical Tr1
or Th3 cells, whose suppressive mechanism is cytokine-
dependent,2–4 and from the natural CD4 CD25+ Treg cells or
the CD4 CD25+ Treg cells generated from the peripheral CD4
CD25– T-cell population, which are contact-dependent and
cytokine-independent suppressors (table 1). This suggests that
the Treg population induced by VIP in vivo could be a novel
population, or that VIP induces or activates different types of
the previously described Treg subsets which cooperatively act in
the suppressive response. The latter seems to be the most

plausible possibility, and VIP could induce in vivo at least two
Treg populations: a major population of FoxP3+ CTLAhigh CD4
CD25+ Treg cells that resembles the reported CD25+ T cell
recruited from the peripheral CD25– T cell population by IL2
and TGFb-activated CD4 CD25+ T cells,37 and a minor
population of IL10/TGFb-producing Treg cells that phenotypi-
cally resembles Tr1 cells induced by tolerogenic DCs differ-
entiated with various immunosuppressive factors.38 39 Recent
studies have shown that VIP promotes the generation of
tolerogenic DCs in vitro and in vivo,40–43 which induce antigen-
specific tolerance by generating Tr1-like cells.

Regarding the major Treg population induced by VIP,
although the mechanisms involved in its generation or
expansion are not fully understood, our hypothesis is that
VIP induces the peripheral generation of new Treg cells from
the CD4 CD25– T cell repertoire. Recent evidence supports this
hypothesis. First, VIP administration prevents disease progres-
sion in CD25-depleted arthritic and EAE mice by inducing the
emergence of peripheral CD4 CD25+ Treg cells.35 36 Second, VIP
generates in vitro CTLA4+ FoxP3+ CD4 CD25+ Treg cells from
CD4 CD25– T cells isolated from arthritic mice.36 In any case, we
cannot rule out that VIP participates in the generation of
natural thymic Treg cells, without affecting their peripheral
expansion. It is still unknown whether VIP induces the
generation of FoxP3+ CD4 CD25+ Treg cells from all the CD4
CD25– T cell repertoire, or whether it specifically affects only a
proportion of them which are already committed to generate
Treg cells. If this is the case, VIP could be simply expanding this
Treg-committed CD4 CD25– T population.

Finally, whether VIP is able to induce CD8 Treg cells is still
unknown. However, we have found that, similarly to activated
plasmacytoid cells,44 the tolerogenic DCs generated with VIP
from human monocytes induce antigen-specific IL10-producing
CD8 CD28– CTLA4+ Tr1-like cells in vitro,43 suggesting that VIP
could induce CD8 Treg cells in vivo, at least indirectly through
tolerogenic DCs.

Table 1 Types of regulatory T cells involved in immune tolerance: phenotype, function and
origin

Treg cell type Origin Phenotype Suppressive mechanism

Natural Treg cells Thymus CD4 CD25high FoxP3+ GITR+

CTLA4high CD45RBlow CD127low
Cell-contact (CTLA4) dependent
(most studies) and IL10/TGFb1 (in
vivo studies)

Expanded natural
Treg cells

Expansion of natural
Treg cells in periphery

CD4 CD25high FoxP3+ CD69+ Cell-contact (CTLA4) dependent

Th3 cells Periphery CD4 FoxP3+/- TGFb1
Induced Treg cells Generation and/or

expansion of non-
regulatory CD4 T cells

CD4 CD25high FoxP3+ GITR+

CTLA4high CD45RBlow
Cell-contact (CTLA4) dependent
and in some cases TGFb1

Tr1 cells Induced by tolerogenic
DCs in the periphery

CD4 CD25+FoxP3+/- IL10 and/or TGFb1

CD8 Treg cells Induced by tolerogenic
DCs in the periphery

CD8 CD28+/– IL10, cell-contact dependent, ILT3
and ILT4

For simplicity, a consensus of the most widely accepted characteristic of Treg cells is shown.
CTLA4, cytotoxic T-lymphocyte antigen 4; DCs, dendritic cells; GITR, glucocorticoid-induced tumour necrosis factor
receptor-related protein; ILT, immunoglobulin-like transcript; TGFb1, transforming growth factor b1; Tr1, T regulatory 1.

tolerance by their suppression of self-reactive Th1 cells. Imbalance of regulatory T cells versus Th1 cells, or of anti-inflammatory cytokines vs pro-
inflammatory factors, are the cause of autoimmune disorders. VIP induces immune tolerance and inhibits the autoimmune response through different non-
excluding mechanisms. (A) VIP decreases Th1 cell functions through direct actions on differentiating T cells, or indirectly by regulating DC functions. The
inflammatory and autoimmune responses are impaired because the infiltration/activation of neutrophils and macrophages and deposition of immune
complexes are avoided. (B) VIP inhibits the production of inflammatory cytokines, chemokines and free radicals by macrophages and synoviocytes, avoiding
the inflammatory response and its cytotoxic effect against joint components. (C) VIP induces the new generation of peripheral Treg cells that suppress
activation of autoreactive T cells through a mechanism that involves production of interleukin 10 (IL10) and transforming growth factor-b (TGFb), and/or
expression of the cytotoxic T lymphocyte-associated antigen 4 (CTLA4). In addition, VIP indirectly generates Treg cells through the differentiation of
tolerogenic DCs. Arrows indicate a stimulatory effect. Back-crossed lines indicate an inhibitory effect.
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Therapeutic effect of VIP on autoimmunity
The capacity of VIP to regulate a wide spectrum of inflamma-
tory factors and to switch the Th1/Th2 balance in favour of Th2
immunity make it an attractive therapeutic candidate for the
treatment of inflammatory disorders and/or Th1-type auto-
immune diseases. Indeed, administration of VIP delays the
onset, decreases the frequency and reduces the severity of
various experimental models of sepsis,18 45 rheumatoid arthri-
tis,46–49 Crohn’s disease,50 type-1 diabetes,32 51 multiple sclero-
sis,52 53 Sjogren’s syndrome,54 pancreatitis,55 keratitis56 and
uveoretinitis.57 The therapeutic effect of VIP is associated with
the reduction of the two main phases of these immune
disorders. VIP treatment impairs early events that are asso-
ciated with the initiation and establishment of autoimmunity
to self-tissue components, as well as later phases that are
associated with the evolving immune and destructive inflam-
matory responses. VIP reduces the development of self-reactive
Th1 cells, their entry into the target organ, the release of pro-
inflammatory cytokines (mainly TNFa and IFNc) and chemo-
kines, and the subsequent recruitment and activation of
macrophages and neutrophils (fig 1). This results in a decreased
production of destructive inflammatory mediators (cytokines,
nitric oxide, free radicals and matrix metalloproteinases) by
infiltrating and resident (ie, microglia or synoviocytes) inflam-
matory cells. In addition, the inhibition of the self-reactive Th1-
cell response by VIP gives a decreased titre of IgG2a
autoantibodies, which activate complement and neutrophils
and contribute to tissue destruction. Induction of Treg cells by
VIP is the latest piece added to this puzzle. The involvement of
these Treg cells in the beneficial effect of VIP on autoimmunity
is supported by the fact that the in vivo blockade of the Treg cell
mediators CTLA4, IL10 and TGFb1, but not the Th2-type
cytokine IL4, significantly reversed the therapeutic action of
VIP.35 36 Therefore, the generation of Treg cells by VIP could
explain the selective inhibition of Th1 immune responses once
T cells have completed differentiation into Th1 effector cells, as
evidenced by the therapeutic effect of delayed administration of
VIP in established arthritis, EAE and diabetes.46 51 52

IS VIP READY FOR THE CLINIC?
The findings reviewed above indicate that VIP acts in a
pleiotropic and in many cases redundant manner to regulate
the balance between pro-inflammatory and anti-inflammatory
factors, and between autoreactive Th1 cells and Treg cells
(fig 1). Based on these characteristics, VIP appears to represent
an exciting prospect as a therapeutic agent for the treatment of
immune diseases, such as rheumatoid arthritis, type-1 diabetes,
multiple sclerosis, Crohn’s disease and other diseases char-
acterised by both inflammatory and autoimmune components.
Whereas VIP strongly ameliorates all these organ-specific
autoimmune disorders, the effect of VIP on systemic auto-
immune diseases has still not been investigated. However,
autoantibodies against VIP have been found in animals and
patients with systemic lupus erythematosus,58 suggesting that
the depletion of VIP by specific antibodies in this systemic
autoimmune disease may exacerbate autoreactive responses.

Induction of Treg cells by VIP has not only been crucial to a
better understanding of the immunomodulatory action on VIP,
but has also supported the proposal of a new cell-based strategy
for the treatment of immune disorders where tolerance
restoration is needed. Considerable effort has recently been
focused on the use of antigen-specific Treg cells generated ex
vivo for the treatment of autoimmune diseases, transplantation
and asthmatic disorders.3 The ability to translate important
biological findings about Treg cells to the clinic has been limited
by several issues, including the low frequency of these cells and
the potential for pan immunosuppression. A potential solution

to this problem could be expanding Treg cells and making them
antigen-specific using selected antigens and peptides. However,
although Treg cells replicate relatively efficiently in vivo, they
are anergic and refractory to stimulation in vitro.4 59 60

Therefore, protocols that efficiently expand Treg populations
in vitro while maintaining their immunoregulatory properties
in vivo should be based in the conditions that allow their
expansion in vivo, including T cell receptor (TCR) occupancy,
crucial co-stimulatory signals and selective growth factors. VIP
could be one of the endogenous growth factors involved in the
generation/expansion of Treg cells. In fact, VIP induces the
generation of self-peptide-specific Treg cells from otherwise
conventional T cells in vitro.35 35 61 These cells prevent very
efficiently the progression of experimental autoimmune dis-
eases by suppressing the systemic autoantigen-specific T and B
cell responses and the tissue-localised inflammatory
response.35 36 On the other hand, the capacity of certain classes
of DCs to induce Treg cells makes them attractive for the
expansion/generation of antigen-specific Treg cells ex vivo, or
alternatively, for their use in vivo as therapeutic cells that
restore immune tolerance by inducing Treg cells in the host.38 39

In this sense, VIP-induced tolerogenic DCs pulsed with self-
antigens have been shown to ameliorate the progression of
rheumatoid arthritis, EAE and inflammatory bowel disease.40 41

This effect is mainly mediated through the generation of
antigen-specific Tr1-like cells in the treated animal.

VIP shows therapeutic advantages versus agents directed
against only one component of these diseases, for which
combinatory therapies have been proposed by other research-
ers. However, most studies describing the therapeutic potential
of VIP that have been carried out so far have been performed
using animal models, and although valuable, these findings
should be extended to human diseases with caution.
Differences may be expected in terms of peptide dosage and
in the expression of specific receptors by different immuno-
competent cells. However, it is important to note that VIP has
previously been tested in humans for the treatment of sepsis
and other disorders,62 (see NCT00004494 clinical trial: http://
www.ClinicalTrials.gov], suggesting that it should be well
tolerated in humans in doses similar to those that are able to
prevent immunological diseases in animals, with no side effects
such as excessive vasodilation, effects on neural function or
hormone imbalance.

Despite these advantages, several obstacles stand between
translating VIP-based treatment into viable clinic therapies.
Due to its natural structural conformation, VIP is very unstable
and extremely sensitive to the peptidases present in most
tissues. Several strategies have been developed to increase VIP
half-life such as modification and/or substitution of certain
amino acids in the sequence or cycling the structure, which
increases the stability of the peptide.63 64 More important is
work towards improving neuropeptide delivery to target tissues
and cells while protecting it against degradation, including
neuropeptide gene delivery or the insertion of VIP into micelles
or nanoparticles.51 54 62 65 66 Other strategies combine VIP treat-
ment with inhibitors of neutral endopeptidases to reduce the
degradation of the peptide in the circulation.67 Other combina-
tory treatments aim to take advantage of the fact that activation
of the cAMP/PKA pathway appears to be the major signal
involved in the VIP immunomodulatory effect, thus combining
VIP with inhibitors of phosphodiesterases (enzymes involved in
the degradation of cAMP) has been found to be therapeutically
attractive in the treatment of some inflammatory diseases.68

Regarding the cell-based therapy proposed with VIP-induced
Treg cells or tolerogenic DCs, probably the most important issue
that needs to be resolved is to determine the necessity of anti-
gen specificity. Whereas polyclonal Treg cells might function in
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allograft transplantation and autoimmunity in lymphopaenic (ie,
systemic lupus erythematosus) or inflammatory bowel disease
settings, in other autoimmune disorders, antigen-specific Treg
cells are most effective.3 In this sense, aetiology and self-antigens
in most human autoimmune disorders are mostly unknown,
reducing the therapeutic efficiency and applicability of Treg cells.
In addition, the proposed cell-based therapy will require an ex vivo
manipulation of the blood cells of patients. Therefore, it is
necessary to determine whether VIP in vitro is able to generate
Treg cells or tolerogenic DCs with the same efficiency, reliability,
homing capacity and survival in vivo as those obtained from
animals or healthy subjects, since in contrast to mouse models, in
patients there exists considerable variability. In any case, what we
are proposing is an individualised therapy, which will involve
procedures that are likely to be expensive, but which will be
indicated to patients that are non-responsive to established
treatments.

However, the principal approach of the pharmaceutical
companies, as a prerequisite for successful clinical applications,
is the development of metabolically stable analogues.
Understanding of the structure/function relationship of VIP
and its specific receptors, including receptor signalling, inter-
nalisation and homo/heterodimerisation, will be essential for
the development of novel pharmacological agents for the
treatment of inflammatory/autoimmune disorders and opening
up new applications for VIP-derived treatments. However, in
the case of the type 2 G protein-coupled receptors (ie, receptors
for VIP, urocortin, melanocyte-stimulating hormone and
adrenomedullin), the pharmaceutical industry has so far failed
to generate effective non-peptide-specific agonists. Even where
synthetic agonists were designed specifically for VIP receptors,
they were less effective than the natural peptide as anti-
inflammatory agents.45 46 50 52 In any case, the focus on the use
of natural peptides in therapy is not new and may be a case of
history repeating itself, since naturally occurring human
compounds have often proved to have striking therapeutic
value (eg, insulin and cortisone). It is significant that the
organism responds to an exacerbated inflammatory response by
increasing the peripheral production of endogenous anti-
inflammatory neuropeptides,9 10 in an attempt to restore the
immune homeostasis.
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