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tors lead to changes in susceptibility to inflammatory and 

autoimmune diseases. Recently, we found that some neuro-

peptides also have antimicrobial and antiparasitic actions, 

suggesting that they could act as primary mediators of in-

nate defense, even in the most primitive organisms. In this 

review, we use the vasoactive intestinal peptide as example 

of an immunomodulatory neuropeptide to summarize the 

most relevant data found for other neuropeptides with sim-

ilar characteristics, including adrenomedullin, urocortin, cor-

tistatin and ghrelin.  Copyright © 2011 S. Karger AG, Basel 

 Immune Homeostasis: The Daunting Job of the 

Immune System 

 The immune system is perfectly designed to recognize 
and respond to a wide variety of pathogens and injuries. 
Once the immune response is triggered, cooperation be-
tween innate and adaptive immunity results in the acti-
vation of different cell types and immune molecules, 
which work together to eliminate the damage  [1]  ( fig. 1 ).

  Whereas the inflammatory response plays an essential 
role in health, disease and survival in all multicellular 
organisms, its intensity and duration have to be strictly 
controlled to re-establish immune homeostasis and avoid 
extensive tissue damage. An insufficient response could 
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 Abstract 

 Although necessary to eliminate pathogens, inflammation 

can lead to serious deleterious effects in the host if left un-

checked. During the inflammatory response, further dam-

age may arise from potential autoimmune responses occur-

ring when the immune cells and molecules that respond to 

pathogen-derived antigens also react to self-antigens. In this 

sense, the identification of endogenous factors that control 

exacerbated immune responses is a key goal for the devel-

opment of new therapeutic approaches for inflammatory 

and autoimmune diseases. Some neuropeptides that are 

produced during the ongoing inflammatory response have 

emerged as endogenous anti-inflammatory agents that 

could collaborate in tuning the balanced steady state of the 

immune system. These neuropeptides participate in main-

taining immune tolerance through two distinct mecha-

nisms: by regulating the balance between pro-inflammatory 

and anti-inflammatory factors, and by inducing the emer-

gence of regulatory T cells with suppressive activity against 

autoreactive T cell effectors. Indeed, a functioning neuro-

peptide system contributes to general health, and altera-

tions in the levels of these neuropeptides and/or their recep-
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compromise the viability of the organism, but an exces-
sive response, due to a shortcoming in the deactivation 
mechanisms of the process, could cause acute or chronic 
inflammatory diseases  [2, 3] .

  In these conditions, the immunostimulatory environ-
ment created by the release of cytokines could favor the 
recruitment and activation of professional antigen-pre-
senting cells and autoreactive T cells. These T cells re-
main in the periphery as cells ignorant to self in normal 
conditions. However, if the inflammatory process is left 
unchecked, autoreactive T cells can become activated and 
fail to discriminate between self and non-self. As a con-
sequence, loss of tolerance and the destruction of self-
tissues occur. This can cause a variety of chronic syn-
dromes that Ehrlich termed ‘horror autotoxicus’ – now 
named autoimmune diseases  [4] .

  Several autoimmune diseases resolve themselves, dem-
onstrating the potential of the immune system to main-
tain tolerance to self-tissues through different mecha-
nisms that operate at multiple and successive layers of
regulation. For example, inflammatory responses are self-
controlled by anti-inflammatory mediators secreted by 
the host’s innate immune system during the ongoing pro-
cess  [5] . Moreover, the adaptive immune system also helps 
to maintain immune tolerance during infection-induced 
immunopathology  [6] . There are different mechanisms 
for the intrinsic control of lymphocytes, including differ-
entiation of T helper 2 cells (Th2) and central clonal dele-
tion of self-reactive T cells in the thymus. Even if these 
self-reactive lymphocytes that escape central tolerance 
encounter their antigens, they may be inactivated in the 
periphery through the induction of anergy or by the ac-
tion of regulatory T cells (Treg). These T cells have sup-
pressive activity on immune responses, playing a critical 
role in immune homeostasis. Depletion of Treg cells in 
normal animals results in autoimmune disorders, and 
their reconstitution prevents disease. In fact, various au-
toimmune diseases (including multiple sclerosis, myas-
thenia gravis, rheumatoid arthritis, lupus erythematosus 
and type 1 diabetes) have shown defects in the function 
and number of Treg cells  [6–8] . Moreover, the therapeutic 
use of antigen-specific Treg cells in models of autoim-
mune disorders has been demonstrated  [9, 10] .

  Therefore, the success of the immune system is based 
on its ability to defend against foreign antigens and keep 
tolerance towards self. The appearance of inflammatory 
and autoimmune diseases reveals an imbalance in pro-
inflammatory factors versus anti-inflammatory media-
tors, or, in self-reactive Th1/Th17 cells, versus Th2/Treg 
cells ( fig. 1 ). From a therapeutic point of view, it is critical 

to identify agents able to regulate both components of the 
immune response: inflammation and autoimmunity.

  As maintenance of immune tolerance is essential for 
survival, it is plausible to suppose that immune cells 
might produce endogenous factors during the inflam-
matory/autoimmune response in an attempt to keep it 
under control. Traditional anti-inflammatory and/or im-
munosuppressive cytokines have been the immediate 
candidates. In fact, treatments with anti-inflammatory 
cytokines, neutralizing antibodies for inflammatory cy-
tokines, and agents preventing gene activation of inflam-
matory mediators – such as corticosteroids and non-ste-
roidal anti-inflammatory drugs – have been used to block 
the immune response at different levels  [11, 12] . However, 
the multistep nature of the inflammatory process has 
yielded controversial results. In the last decade, research-
ers have focused on investigating neuropeptides and hor-
mones – classically considered as neuroendocrine media-
tors, but which are also produced by immune cells, espe-
cially under inflammatory conditions. Some of these 
neuropeptides have been included in the list of potential 
candidates to treat inflammatory and autoimmune dis-
orders. In this review, we summarize the most recent data 
regarding the effects of endogenous neuropeptides on the 
regulation of the immune response, using the vasoactive 
intestinal peptide (VIP) as an example of immunomodu-
latory neuropeptides.

  Neuroendocrine and Immune Systems Talk to Each 

Other: Use of a Bidirectional and Common Language 

 Restoration of immune homeostasis forms part of the 
corporal homeostatic equilibrium where there is a con-
trolled balance between the physiological systems that 
modulate the internal environment of the organism. Con-
siderable evidence indicates that an immune response is 
not solely determined by antigenic stimulation of an au-
tonomous immune system. Relationships between the en-
docrine, nervous and immune systems are mediated by 
complex networks of primary and accessory cells and spe-
cific agents, which are in constant communication to de-
velop a variety of coordinated responses to danger  [13, 14] . 
This biological dialogue implies that the immune system 
informs the neuroendocrine system when a systemic im-
mune/inflammatory response to infection or tissue injury 
is occurring. The nervous system responds to this infor-
mation with the orchestration of the febrile response and 
its subsequent effects on behavior, including sleep, mat-
ing, locomotion and feeding  [15] . Conversely, the immune 
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system is regulated by the nervous system. Both stress and 
immune stimuli activate various neuronal groups in the 
hypothalamus that trigger some important molecular 
pathways, in general anti-inflammatory and immuno-
suppressive, to limit the immune response. The activation 
of the hypothalamus-pituitary-adrenal axis and the secre-
tion of glucocorticoids is the best example  [13] . Besides 
corticoids, estrogens and catecholamines are also induced 
and released under these conditions. All of these are well-
known anti-inflammatory and immunosuppressive 
agents, widely used in clinics to harness the immune re-
sponses  [13, 15] . The an tinociceptive and anti-inflamma-
tory effect of opioids  released during neurogenic inflam-
mation is another example  [16] . Furthermore, various 

neuropeptides are released at the peripheral endings of 
sensory and efferent nerves in close proximity to immune 
cells in response to various invasive and inflammatory 
stimuli. This interaction between immune and neuroen-
docrine systems is bidirectional, and is maintained 
through a mutual biochemical language, in which cyto-
kines/interleukins produced by immune cells are recog-
nized by receptors expressed on neuroendocrine cells, 
and, vice versa, cells of the immune system recognize neu-
rotransmitters, neuropeptides and hormones produced 
by the nervous and endocrine systems. Interestingly, im-
mune cells can also produce neuropeptides in response to 
antigenic and inflammatory signals, and these neuropep-
tides can act in an autocrine/paracrine manner through 

  Fig. 1.  The time course of the inflamma-
tory response. Once the immune system is 
activated, different cell types and immune 
mediators are induced. After recognizing 
molecular patterns present in pathogens, 
the innate response provides the first line 
of defense, and induces the release of pro-
inflammatory cytokines, chemokines and 
free radicals. Later, the adaptive response, 
which involves the activation of T and B 
lymphocytes, will lead to a memory being 
formed for a specific antigen. If the im-
mune response is not controlled, it could 
lead to chronic inflammation, in which 
immune cells and molecules that respond 
to pathogen-derived antigens can also re-
act to self-antigens. This immune autore-
activity together with a genetic predisposi-
tion and environmental factors could gen-
erate a variety of autoimmune diseases. 
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specific receptors expressed on immune cells  [17–19] . Re-
garding neuropeptides with an immunomodulatory ac-
tion, most show an anti-inflammatory profile, while few-
er modulate the acquired immune response. Even more 
restricted is the number of neuropeptides with a promi-
nent role in the regulation of immune tolerance. Here, we 
will focus on those neuropeptides known to dampen un-
wanted immune responses typical of inflammatory and 
autoimmune disorders.

  Endogenous Anti-Inflammatory Neuropeptides with 

an Immunomodulatory Role 

 VIP, pituitary adenylate cyclase-activating polypep-
tide (PACAP), urocortin (UCN), adrenomedullin (AM), 
cortistatin (CST) and ghrelin (GHR) are neuropeptides 
produced by different cells and tissues and are associated 
with distinct physiological functions. Also, they belong 
to non-related families of peptides  [20–24] . Although 
these neuropeptides look very different, they share cer-
tain characteristics that make them attractive for modu-
lating immune tolerance: they are produced by immune 
cells, generally in response to inflammation, injury or an-
tigen stimulation  [25–27]  ( table 1 ); they bind to G-pro-
tein-coupled receptors expressed on different immuno-
competent cells  [28–30]  ( table 1 ); and these receptors are 
coupled to the activation of the cAMP/PKA pathway, 
which is related to downregulation of several transduc-
tion pathways associated with transcription of inflam-
matory mediators  [31–33] .

  Studies with different experimental models have ex-
amined the role of these neuropeptides in inflammatory 
and autoimmune disorders. Treatment with VIP, PACAP, 
UCN, AM, CST or GHR delays the onset, increases sur-
vival and reduces the severity of various experimental 
models of sepsis  [34–38] , collagen-induced arthritis  [39–
42] , inflammatory bowel disease  [43–46] , multiple scle-
rosis  [47–49] , type I diabetes mellitus  [50] , Sjögren’s syn-
drome  [51] , pancreatitis  [52, 53]  and uveoretinitis  [54, 55]  
( table 1 ). The therapeutic effect of these neuropeptides is 
associated with the reduction of the two main phases of 
these diseases. They downregulate early events that are 
associated with the initiation and establishment of auto-
immunity to self-tissue components, as well as later phas-
es that are associated with the evolving immune and de-
structive inflammatory responses. These neuropeptides 
impair the development of self-reactive Th1 cells, their 
entry into the target organ, the release of inflammatory 
cytokines and chemokines, and the subsequent recruit-

ment and activation of macrophages and neutrophils. 
This results in a decreased production of destructive in-
flammatory mediators (cytokines, nitric/oxygen radicals 
and matrix metalloproteinases) by infiltrating and resi-
dent inflammatory cells. Most data coming from studies 
using VIP have demonstrated that the mechanisms in-
volved in the suppressive effects of the neuropeptides in-
clude the regulation of various levels of the immune re-
sponse ( fig. 2 ).

  Regarding innate immunity, VIP, PACAP, AM, UCN, 
CST and GHR reduce the production of inflammatory 
cytokines and chemokines while stimulating the produc-
tion of anti-inflammatory cytokines such as IL-10 and 
IL-1Ra  [25, 30, 34, 35, 43, 44, 56, 57]  (see  table 1  for spe-
cific effects). VIP, PACAP, UCN and CST also downregu-
late the expression of other inflammatory mediators, 
such as inducible nitric oxide synthase and cyclooxygen-
ase 2 (COX2), and the subsequent release of nitric oxide 
and prostaglandin E2 by macrophages, dendritic cells 
(DCs) and microglia  [58–61] . Specifically, VIP and GHR 
regulate the activation of peritoneal macrophages, by in-
hibiting their phagocytic activity, and modulate free rad-
ical production, adherence and migration  [62, 63] . In the 
same way, VIP and UCN induce apoptosis of macro-
phages under inflammatory conditions which affects its 
subsequent activation  [62, 64] .

  Recent studies have shown that VIP, GHR and UCN 
reduce the secretion of the critical factor high-mobility 
group box-1, which is a late mediator of inflamma-
tion that also plays an important role in autoimmunity 
 [65, 66] .

  Neuropeptides also modulate inflammatory respons-
es through the regulation of different functions of mast 
cells, such as degranulation  [38, 67–69] .

  On the other hand, AM and GHR induce the peroxi-
some proliferator-activated receptor- � , a transcription 
factor that plays a critical role in the regulation of inflam-
mation  [70, 71] .

  At the level of adaptive immunity, most data coming 
from VIP studies show that neuropeptides may regulate 
the Th1/Th2/Treg balance through different non-exclu-
sive mechanisms ( table 1 ). Thus, they directly reduce the 
proliferation of activated Th1 cells, inhibit the produc-
tion of the Th1-associated cytokines IL-2, IFN and IL-17, 
and impair the recruitment of Th1 cells by inhibiting the 
secretion of specific chemokines  [40–46, 72, 73] . Recent 
in vivo studies have shown that VIP, UCN, AM and CST 
reduce the presence of Th17 cells in inflamed tissues and 
lymph nodes  [40–43, 46, 49] . However, it is not clear 
whether this effect is a consequence of reduced infiltra-
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tion of immune cells, or a direct effect of Th17 differen-
tiation and/or migration. The action of neuropeptides on 
the responses mediated by Th17 cells needs to be further 
investigated.

  The inhibition of self-reactive Th1 cell responses af-
fects B cells indirectly as it results in decreased levels of 
autoantibodies (especially IgG2a antibodies)  [22, 23, 25–

27, 34] . This could contribute to the amelioration of the 
destructive responses on the target tissue because this 
isotype of antibodies is involved in complement and neu-
trophil activation. Recent reports have also demonstrated 
that VIP acts directly on the mucosal immune system 
where it increases the synthesis of IgA, suggesting a crit-
ical role for VIP in the induction of oral tolerance  [74] .

Table 1.  Neuropeptides with immunomodulatory actions: immune source, receptors, functions and therapeutic effects

Neuropeptide Immune
sourcea

Receptor: immune cellb Immune functionc Therapeutic 
effectsd

VIP/PACAP CD4 Th2, VPAC1: T, M�, Mo, DC, PMNC f inflammatory cytokines sepsis

CD8 T2, VPAC2: T, M� (inducible) f chemokines pancreatitis
PMNC, PAC1: M�, Mo f costimulation macrophages and DCs RA
mast cells d IL-10, TGF-� EAE

f T cell proliferation EAU
f Th1 response: IL-2 and IFN-� production, and differentiation IBD
f Th1 recruitment T1DM
f Th2 apoptosis SD
f Th2 response and recruitment
d Treg cells
d generation tolerogenic DCs
d IgA production by B cells

UCN T, B, CRFR2: T, M�, Mo, DC, PMNC f inflammatory factors sepsis

M�, Mo, f chemokines IBD
mast cells d IL-10/TGF-�1 production RA

f T cell proliferation EAE
f Th1 response: IL-2 and IFN-�
d Treg cells

AM M�, Mo CRLR-RAMP2/3: T, M�, Mo, DC f inflammatory factors sepsis
f chemokines IBD
d IL-10/TGF-� production RA
f T cell proliferation
f Th1 response: IL-2 and IFN-�
d Treg cells

CST T, Mo, M� SST1–5: T, M�, Mo, DC f inflammatory factors sepsis

GHSR: T, M�, Mo f chemokines RA

d IL-10/TGF-�1 production IBD
f T cell proliferation
f Th1 response/differentiation
d Treg cells

GHR Mo, M� GHSR: T, M�, Mo, DC f inflammatory cytokines sepsis
f chemokines EAE
d IL-10/TGF-�1 production IBD
f T cell proliferation RA
f Th1 response: IL-2 and IFN-� production
d Treg cells

S ST1–5 = Somatostatin receptors 1–5; GHSR = ghrelin receptor;
CRLR = calcitonin-related ligand receptor; CRFR = CRH receptor; CST = 
cortistatin; VPAC = VIP/PACAP receptor; PAC =PACAP receptor; VIP = 
vasoactive intestinal peptide; AM = adrenomedullin; UCN = urocortin; 
PACAP = pituitary adenylate cyclase-activating polypeptide; RAMP = re-
ceptor-activity-modifying proteins; T = T cell; M� = macrophage; Mo = 
monocyte; DC = dendritic cell; PMNC = polymorphonuclear cell; B = B 
cell; EAE = experimental autoimmune encephalomyelitis; RA = rheuma-

toid arthritis; EAU = experimental autoimmune uveitis; IBD = inflamma-
tory bowel disease; T1DM = type 1 diabetes mellitus; SD = Sjögren’s dis-
ease; Th = T helper cell.

a Immune cells producing neuropeptides. b Immune cells expressing 
neuropeptide receptor subtypes. c Major roles of the neuropeptides related 
with autoimmune response. d Beneficial effects of neuropeptides in various 
experimental models of inflammation and autoimmunity. d = Stimulation; 
f = inhibition.
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  On the other hand, considerable evidence indicates that 
the generation of Treg cells plays a major role in the ben-
eficial effect of these neuropeptides in autoimmunity  [40–
42, 46, 75–77] . VIP, UCN, CST, AM and GHR induce the 
peripheral expansion of new antigen-specific CD4+ 
CD25+ Treg cells that express forkhead box P3 (FOXP3)+, 
a master gene of Treg cells. The suppression of self-reactive 
effector T cells by the Treg cells generated by these neuro-
peptides suppress self-reactive effector T cells through a 
mechanism that depends on direct cellular contacts and 
on the expression of immunosuppressive mediators such 
as the cytotoxic T-lymphocyte-associated protein 4 
(CTLA4) and the cytokines IL-10 and/or TGF- �   [75–77] .

  In addition, VIP induces the differentiation of tolero-
genic DCs (tolDCs) from bone marrow precursors or 
monocytes  [78–80] . The VIP-induced tolDCs have the 
ability to generate antigen-specific Treg cells with sup-
pressive actions on effector T cells and to transfer anti-
gen-specific tolerance in vivo.

  Taken together, these results indicate that neuropep-
tides can target a wide spectrum of inflammatory media-
tors, regulating the immune response at different levels. 
This is probably the most relevant advantage of neuro-
peptide treatment over current therapies. The key to the 
potent spectrum of action of these neuropeptides is their 
high-affinity binding to specific receptors that are cou-

  Fig. 2.  Mechanisms involved in the im-
munomodulatory effect of neuropeptides.  
 VIP, AM, UCN, CST and GHR are re-
leased in the context of an immune re-
sponse from different sources: nerves ter-
minals, lymphocytes (mainly Th2 CD4 
and T2 CD8 cells) and blood. Together 
with the recently discovered bactericidal 
and trypanolytic effect, these neuropep-
tides have an immunomodulatory role. 
They impair the inflammatory response 
by inhibiting the production of inflamma-
tory mediators and by inducing the pro-
duction of anti-inflammatory cytokines. 
In addition, they decrease the co-stimula-
tory activity of antigen-presenting cells on 
effector T cells, inhibiting subsequent 
clonal expansion. Moreover, neuropep-
tides regulate the balance between Th1/
Th17/Th2 and Treg cells. As a conse-
quence, the effects of the neuropeptides on 
the innate and adaptive immune respons-
es result in diminished inflammation and 
organ-specific autoimmunity, avoid unde-
sired immunopathologies resulting from 
infection, and restore immune toler -
ance. Red lines indicate inhibition. Blue 
dashed lines indicate positive stimulation. 
CTLA4 = Cytotoxic T-lymphocyte-associ-
ated protein 4; TCR = T cell receptor. 



 Neuropeptides and Inflammation Neuroendocrinology 2011;94:89–100 95

pled to the cAMP-PKA pathway ( fig. 3 ). Activation of this 
intracellular pathway leads to the downregulation of 
most of the transcription factors involved in the gene ex-
pression of inflammatory cytokines, chemokines and co-
stimulatory factors, including nuclear factor-�B, mito-
gen-activated protein kinases, interferon regulatory fac-
tor 1 and activator protein 1  [17, 25, 31–33] . Recent reports 
have also indicated that neuropeptides such as VIP and 
PACAP could also affect common upstream elements lo-
cated in the early stages of these signaling pathways, such 
as inhibition of the expression of Toll-like receptors and 
associated proteins (i.e. endotoxin binding factor CD14) 
 [81, 82] . Although most of these findings have been re-

ported for VIP, studies in other cell types have demon-
strated that UCN, AM and GHR regulate several of the 
pathways described, suggesting that they could also be 
involved in their immunosuppressive effects. Further ex-
periments will determine whether the regulation of these 
pathways by neuropeptides could be extended to other 
cells participating in the inflammatory response, such as 
DCs or polymorphonuclear cells. The differential expres-
sion and signaling of these receptors in immune cells, 
their dimerization with other receptors and their asso-
ciation with certain receptor-activity-modifying proteins 
have also shed light on the existing controversy about the 
emergence of new anti-inflammatory neuropeptides, 

a b

  Fig. 3.  Molecular mechanisms and transcription factors involved 
in the VIP signaling in immune cells.  a  VIP signaling during in-
flammatory response (macrophage, microglia and DCs). Binding 
of VIP to VPAC 1  induces cAMP and activates PKA, and exerts 
several effects: (1) inhibition of IFN- � -induced Jak1/Jak2 phos-
phorylation, STAT1 activation and binding of IRF1 to promoters 
of inflammatory genes; (2) inhibition of various mitogen-activat-
ed protein kinase (MAPK) cascades, and subsequent inhibition 
of Jun kinase (JNK) and p38 MAPK activities; (3) stimulation of 
cAMP-responsive element binding (CREB) factor to compete 
with NF � B for coactivators. Moreover, through a PKA-indepen-
dent mechanism, VIP-VPAC1 interaction inhibits I � B-kinase 
activity and suppresses nuclear translocation and activation of 
the transcription factor NF � B. All these pathways act in concert 
to activate gene transcription of most inflammatory mediators.
LPS = Bacterial lipopolysaccharide.  b  VIP signaling on T lym-
phocytes. VIP binding to VPAC (mainly VPAC1) increases 

cAMP and activates PKA, which could regulate T cell cycle and 
activation at multiple levels: (1) VIP downregulates the PI3K-Akt 
pathway, and consequently, the activity of different cdk-cyclin 
complexes, affecting DNA replication and progression through 
S phase of cell cycle; (2) VIP also increases the levels of the cdk-
inhibitor p27 kip1  which binds/inactivates the cyclin E-cdk2 com-
plexes resulting in arrest of the cell in G1 phase; (3) VIP inhibits 
signaling through the Ras-Raf1-MEK1-ERK1 and decreases the 
nuclear translocation of NF � B and NFAT, all required for IL-2 
transcription; (4) VIP increases the expression of both soluble 
and membrane forms of CTLA4, which are critically involved in 
the induction of transcription factor FoxP3 and in the regulatory/
suppressive activity of the VIP-treated T cells. Finally, by de-
creasing NFAT and NF � B signaling, VIP inhibits FasL expres-
sion in activated T cells and subsequent apoptosis induced by 
FasL-Fas interaction. Red-crossed black arrows represent inhibi-
tory signals. 
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such as UCN, AM and CST, which show more potent, and 
in some cases opposite, actions on immune tolerance 
compared with their respective structurally related
peptides (corticotrophin-releasing hormone, calcitonin 
gene-related peptide and somatostatin).

  Functional Neuropeptide Network Is Crucial for 

Maintaining a Healthy State 

 In view of this plethora of actions mediated by some 
neuropeptides, an important issue relates to the physio-
logical role played by endogenous neuropeptides in the 
maintenance of immune homeostasis. Animals deficient 
in one of these neuropeptides or their receptors have high-
lighted the relevance of alterations in their endogenous 
levels and their association with the onset of certain auto-
immune and inflammatory processes. The deficiency of 
VIP, AM, VIP/PACAP receptors or UCN results in higher 
susceptibility to endotoxemia, lung inflammation and 
Th1-mediated responses in vivo  [83, 84] . Low endogenous 
levels of GHR in endotoxemia, arthritis and infection 
with  Helicobacter pylori  increased the inflammatory 
damage caused in each of these diseases  [85, 86] . Recently, 
the results obtained with PACAP-KO mice have support-
ed these findings in an autoimmune environment.
PACAP-KO mice show higher incidence and severity of 
experimental autoimmune encephalomyelitis (EAE), in-
creased inflammatory and Th1-encephalitogenic cells, 
and decreased antigen-specific Treg cells  [87] . Interest-
ingly, the response of VIP-KO mice to EAE results in a 
delayed onset and mild clinical profile  [88] . Although 
VIP-KO mice exhibited robust Th1/Th17 cell inductions 
and cytokine responses, showing their increased EAE 
profile, VIP loss seemed to be involved in the immune in-
filtration of the nervous parenchyma. Other studies have 
described that mice deficient in GHR/GHSR have reduced 
thymic output, increased thymic adiposity and alterations 
in the thymic stromal environment  [89] . This could affect 
the generation and selection of the different T cell subsets.

  Regarding human conditions, patients with arthritis, 
endotoxemia, gastritis and ulcerative colitis have elevated 
levels of UCN and AM. Brain samples from patients with 
degenerative disorders, such as Parkinson or Alzheimer, 
show low levels of VIP  [90, 91] . Also, VIP levels are re-
duced in patients with lupus and autoimmune thyroiditis, 
where there are significant levels of VIP autoantibodies 
 [92] . Recent studies have shown that monocytes, synovio-
cytes and T cells isolated from patients with rheumatoid 
arthritis, osteoarthritis and multiple sclerosis express less 

VIP receptors, and consequently respond less to VIP, than 
cells from healthy subjects  [93–95] . This altered expres-
sion of VIP receptors seems to be related to an aberrant 
autoreactive Th1-driven inflammatory response in these 
patients, and it is genetically associated with a functional 
polymorphism in rheumatoid arthritis and spondylitis 
 [94] . Taken together, these results suggest that a healthy 
neuropeptide system is needed, as neuropeptides are in-
trinsic modulators of the immune response, and that a 
failure in the neuropeptide/receptor signaling system af-
fects the maintenance of immune homeostasis.

  Neuropeptides Are Not Immunosuppressive Agents 

 If the main actions of these peptides in the immune 
system are directed towards deactivating the immune re-
sponse, one potential risk of their being used is a general-
ized immunosuppressive effect and a compromised re-
sponse to infections. However, contrary to the expected 
results, septic mice treated with these peptides had lower 
peritoneal bacterial counts than untreated mice. Interest-
ingly, it has been shown by ourselves and others that some 
of these neuropeptides, such as AM and GHR, are able to 
exert a direct antibacterial effect  [66, 96–98] . This is espe-
cially important in some autoimmune conditions such as 
Crohn’s disease, where the imbalance between commen-
sal and pathogenic bacteria could be one of the initiators 
of the autoimmune response against the bowel compo-
nents. Interestingly, neuropeptides are present in primi-
tive organisms and are highly conserved throughout evo-
lution. They are mainly produced by epithelial and muco-
sal surfaces under inflammatory conditions, and show an 
amino acid composition, amphipathic design and cation-
ic charge. These characteristics resemble natural antimi-
crobial peptides (i.e. defensins) that mainly seem to form 
pores on the plasma membrane of the bacteria (negatively 
charged) leading to osmotic instability and cell death. Im-
portantly, all these neuropeptides also showed significant 
antiparasitic actions against protozoa parasites (also 
showing a highly negatively charged coat). Neuropeptides 
specifically kill the bloodstream forms of  Trypanosoma 
brucei,  the causative agent of sleeping sickness, using a 
non-traditional mode of action  [99] . This involves peptide 
uptake and accumulation into intracellular vesicles, dis-
ruption of lysosome integrity and energetic metabolism 
failure that initiates an autophagic-like cell death. Inter-
estingly, fragments of neuropeptides (i.e. VIP 6–28), pro-
duced by polymorphonuclear cells and unable to signal in 
mammal cells, show parasiticidal activity  [99] . From a 
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therapeutic point of view, targeting intracellular com-
partments by neuropeptides proposes a new promising 
strategy for the treatment of parasitic diseases that over-
comes resistance. These results are also relevant for some 
autoimmune myocardial disorders associated with other 
trypanosomatids, such as  Trypanosoma cruzi . Of physio-
logical importance is the fact that the hosts respond to 
trypanosome infection by producing neuropeptides as 
part of their natural innate defense  [99] .

  Are Neuropeptides Ready for the Clinic?

Advantages versus Pitfalls 

 The immunomodulatory and pleiotropic actions of 
neuropeptides in the control of autoimmune/inflamma-
tory and infectious diseases should provide insight into 
therapeutic approaches. However, as with most studies 
that use animal models, precautions should be taken 
when considering human diseases. The potential side ef-
fects derived from the general actions of these neuropep-
tides in the body should be considered, such as hypoten-
sion, decreased gut motility and diarrhea. It is important 
to note that some of these neuropeptides have already 
been administered systemically and locally to humans 
for the treatment of specific immune disorders, without 
such complications  [100, 101] . In contrast to existing anti-
inflammatory drugs, neuropeptides are not associated 
with dramatic side effects because, being physiological 
compounds, they are intrinsically nontoxic. Neuropep-
tides are small and hydrophilic molecules, which enable 
rapid access to the site of inflammation, and they are rap-
idly cleared from the body through natural hepatic de-
toxification mechanisms and renal excretion. Moreover, 
other cytokines, neuropeptides and hormones often 
counterbalance their actions, and the homeostasis of nor-
mal tissues is not perturbed. Despite these advantages, 
several obstacles remain to the translation of neuropep-
tide-based treatment into viable clinical therapies. Due to 
their nature as peptides, they are highly unstable and ex-
tremely sensitive to peptidases present in most tissues. 
Therefore, pharmaceutical companies are currently fo-
cusing on the development of metabolically stable ana-
logs. However, in the case of the type 2 G-protein-coupled 
receptors (i.e. receptors for VIP, UCN and AM), the phar-
maceutical industry has so far failed to generate effective 
specific non-peptide agonists  [102] . Understanding the 
structure-function relationship of these neuropeptides 
and their specific receptors – including receptor signal-
ing, internalization, and homo- and heterodimerization 

in physiological and pathologic situations – will facilitate 
the development of novel pharmacological agents. Mean-
while, we should focus on developing new strategies to 
allow the direct use of natural peptides, increasing neu-
ropeptide half-life and improving their targeted tissue 
delivery, especially in long-term treatments [for a review, 
see  103 ]. For example, modifications in the sequence or 
cycling of the structure increase the stability of these pep-
tides. Improving neuropeptide delivery to target tissues 
and cells while protecting them against degradation in-
cludes strategies based on neuropeptide gene delivery, the 
insertion into micelles or nanoparticles, or combining 
neuropeptide treatment with endopeptidase inhibitors. 
Alternatively, administration of serum-specific neuro-
peptide-binding proteins might protect them from pep-
tidases and enhance their delivery in the proximity of 
their receptors in the inflamed tissue. Finally, other com-
bined treatments aim to take advantage of the knowledge 
that activation of the cAMP/protein kinase A pathway 
appears to be the major signal involved in the immuno-
modulatory effect of these neuropeptides. Thus, combin-
ing neuropeptides with inhibitors of phosphodiesterases 
(enzymes involved in the degradation of cAMP) has been 
found to be therapeutically attractive in the treatment of 
some immune disorders.

  Beside their use as drugs, neuropeptides could be used 
in a second potential translational strategy by inducing 
the expansion and/or generation of Treg cells in vivo or 
ex vivo, or through the capacity of neuropeptide-induced 
tolDCs pulsed with self-antigens to induce antigen- 
specific Treg cells  [8] . One of the most important issues 
that needs to be solved for this cell-based therapy is to 
identify the antigen specificity in various autoimmune 
disorders. Whereas polyclonal Treg cells might function 
in allograft transplantation and in autoimmunity in lym-
phopenic (i.e. systemic lupus erythematosus) or inflam-
matory bowel diseases, in other autoimmune disorders, 
antigen-specific Treg cells are most effective  [8] . In addi-
tion, this individualized cell-based therapy will require 
ex vivo manipulation of the blood cells of patients. There-
fore, it is urgent to determine whether the neuropeptide-
induced Treg cells or tolDCs ex vivo show the same sup-
pressive efficacy, reliability, homing capacity and surviv-
al in vivo compared to those obtained from animals or 
healthy individuals, since there is considerable variability 
between patients.

  Collectively, the findings described here show the tre-
mendous plasticity of these neuropeptides for the clinical 
translation to human immune and/or infectious disor-
ders.
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