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1. ABSTRACT 
 
 Histamine influences many cell types involved in 
the regulation of innate and adaptive immune responses 
including antigen-presenting cells (APCs), Natural Killer 
(NK) cells, epithelial cells, T lymphocytes and B 
lymphocytes. These cells express histamine receptors 
(HRs) and also secrete histamine, which can selectively 
recruit the major effector cells into tissue sites and affect 
their maturation, activation, polarization and effector 
functions leading to tolerogenic or pro-inflammatory 
responses. Histamine and its four receptors represent a 
complex system of immunoregulation with distinct effects 
of receptor subtypes and their differential expression, 
which changes according to the stage of cell differentiation 
as well as micro-environmental influences. In this review, 
we discuss histamine receptor expression and differential 
activation of cells within both the innate and adaptive 
immune response and the signal transduction mechanisms 
which influence their activity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 
 The immune response is a tightly regulated 
process which normally results in protection from infection 
and tolerance of innocuous environmental antigens.  
However, in many disease states, the activated immune 
response results in a chronic pro-inflammatory state 
characterized by activated innate pathways with aberrant 
expansion and polarization of TH1, TH2, TH9, TH17 or TH22 
lymphocyte populations. Thus, the identification of 
appropriate controlling factors which augment protective 
immune responses while limiting tissue damaging immune 
responses is an essential prerequisite to the development of 
novel therapies.  Many cell metabolites influence immune 
reactivity (e.g. retinoic acid) and one factor that is receiving 
more attention as an immunomodulator is histamine (1, 2).  
Histamine, [2-(4-imidazolyl)-ethylamine], is widely 
distributed through the body. This short-acting endogenous 
amine is synthesized by a catalytic enzyme called histidine 
decarboxlase (HDC) which decarboxylates the semi-
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essential amino acid L-histidine. Histamine was discovered 
approximately 100 years ago (3, 4). The first findings 
described its ability to mimic smooth muscle-stimulating 
and vasodepressor action during anaphylaxis. Histamine 
was first isolated from liver and lung tissue in 1927 before 
isolation from other tissues succeeded and gave histamine 
its name based on the greek word “histos” which means 
tissue.  
 
 Histamine is produced by a wide variety of 
different cell types. Mast cells and basophils are the most 
well-described cellular sources of histamine, but other cell 
types, e.g. platelets, dendritic cells (DCs) and T-cells can 
also express HDC upon stimulation.  HDC activity is 
modulated by cytokines, such as IL-1, IL-3, IL-12, IL-18, 
GM-CSF, macrophage-colony stimulating factor and 
TNFalpha, in vitro (1, 5). Mast cells and basophils store 
large quantities of histamine, however, other cell types do 
not store histamine intracellularly, but secrete it 
immediately following synthesis (6-8).  While histamine is 
well known for its effects in allergic responses (i.e. 
increased vascular permeability, smooth muscle 
constriction, activation of nociceptive nerves, wheal and 
flare reaction and itch response), the clinical relevance of 
increased histamine levels at diseased sites is less well 
understood in other diseases such as Inflammatory Bowel 
Disease and Irritable Bowel Syndrome (9, 10).  Histamine 
is now recognized to influence many functions of the cells 
involved in the regulation of innate and adaptive immune 
responses including antigen presenting cells (APCs), 
Natural Killer (NK) cells, epithelial cells, T lymphocytes 
and B lymphocytes (11-14). These cells express histamine 
receptors (HRs) and also secrete histamine, which can 
selectively recruit the major effector cells into tissue sites 
and affect their maturation, activation, polarization and 
effector functions leading to tolerogenic or pro-
inflammatory responses. In this review, we discuss 
histamine receptor expression and differential activation of 
cells within both the innate and adaptive immune response 
and the signal transduction mechanisms which influence 
their activity. 
 
3. HISTAMINE RECEPTORS   
       
 The regulatory character of histamine in 
immunology is attributed to its binding to 4 subtypes of 
histamine receptors, which are named chronologically 
H1R-H4R. In 1966 there was first a differentiation between 
H1R and H2R (15) while in 1999 the third receptor was 
identified as H3R (16) and in 2000 the fourth receptor was 
designated H4R (17). All these four receptors belong to the 
rhodopsin-like family of G-protein-coupled receptors 
(GPCR), that are differentially expressed in various cell 
types and contain 7 transmembrane domains (18, 19). 
Receptor diversity is supported by pharmalogical evidence 
and by the low protein homology, which is suggestive of 
their evolution from different ancestral genes (20). For 
example H1R and H2R show about 35% homology while 
H3R and H4R are the most closely related histamine 
receptors and they have a closer phylogenetic relationship 
with peptide ligand GPCRs, while they are remotely related 

to other biogenic amine receptors, including H1R and H2R 
(21). 
 
 3.1. H1R 
 The H1R encoding intronless gene is located on 
chromosome 3p25 and contains 487 amino acids. 
Expression of this 56kDa H1R is found a broad range of 
various cell types including neurons in central nervous 
system (22), smooth muscle cells (airway and vascular), 
hepatocytes, chondrocytes, neurons of the nervous system, 
endothelial cells, DCs, monocytes, neutrophils, T- and B-
cells (23-25). Histamine activation of H1R causes 
contraction in airway and vascular smooth muscle cells 
(25) and various responses in vascular endothelial cells, 
e.g. changes in vascular permeability, synthesis of 
prostacyclin and synthesis of platelet-activating factor and 
release of von Willebrand factor and nitric oxide (26, 27). 
Typical immediate hypersensitivity responses of allergic 
reactions type I such as redness, itching and swelling are 
mainly caused by H1R activation. Rhinorrhea, 
bronchoconstriction, anaphylaxis, conjunctivitis and 
urticaria are associated with peripheral H1R mediated 
effects, while food and water intake, convulsion, attention 
and sleep regulation are central-mediated H1R effects. 
H1Rs are also described to mediate bronchoconstriction 
and enhanced vascular permeability in the lung (23, 27). 
Furthermore histamine excites neurons in the most brain 
regions via H1R (28). H1R signaling is known to oppose or 
amplify H2R mediated responses depending on the time 
and context of receptor activation (29, 30). A global loss of 
H1R in mice results in immunological (impairment of T- 
and B-cell responses), metabolic and behavioral 
abnormalities (31-33). Both IL-4 and histamine can up-
regulate gene expression of the H1R (34). 
 
3.2. H2R 
 The human H2R is a 40kDa 359 amino acid 
protein with its intronless gene located on chromosome 
5q35.5 and shows a high sequence homology (83-95% 
identity) to other species (guinea pig, mouse, rat, and dog) 
(35, 36). Expression of H2R is found in a variety of tissues 
and cells similar to H1R, including brain, gastric parietal 
cell, smooth muscle cells, T- and B-cells, DCs, and cardiac 
tissue.  H2R is able to exhibit spontaneous and constitutive 
activity (37). In contrast to H1R, the absence of histamine 
can result in a down-regulation of H2R in a tissue specific 
manner (38). Interestingly, H1R antihistamine treatment 
(levocetirizine) blocked the expected decrease in H1R:H2R 
ratio in vivo that is usually observed in ultrarush honeybee 
venom immunotherapy patients(39). As mentioned above, 
H2R has a number of opposing effects to H1R, for example 
H2R is responsible for relaxation of smooth muscle cells in 
the blood vessels, the uterus and in airways. Furthermore 
H2R is described to inhibit a range of immune system 
activities such as the negative regulation of mast cell 
degranulation, inhibition of antibody synthesis, cytokine 
production and T-cell proliferation (13, 40). Mice deficient 
in H2R are known to have defects in gastric and immune 
functions (41) as well as selective cognitive defects with an 
impairment in hippocampal LTP (42) and abnormalities in 
nociception (43).  
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3.3. H3R  
 The third histamine receptor H3R, a 70kDa 445 
amino acid protein located on chromosome 20q13.33 
containing 4 exons was discovered by a group in Paris (44). 
The cloning of this receptor was successful in 1999 (16). 
Initially this receptor was identified for its ability to control 
histamine release or release of other neurotransmitters and 
therefore was classified as a pre-synaptical autoreceptor in 
the peripheral and central nervous system (45). An unusual 
feature of the H3R is its high degree of constitutive activity 
in vivo (46-49). A large number of H3R splice variants 
have been identified (50, 51). The majority of naturally 
occurring splice variants have been shown to have similar 
pharmacological properties as the full-length protein, but 
splice variants with altered or loss of functionality have 
also been described (47). H3R has been reported to play a 
role in sleep-wake cycle, cognition, energy, homeostatic 
regulation and inflammation (45). Studies with H3R-KO 
mice showed a role of H3R in behavior and locomotion 
(52). Furthermore these mice display a metabolic syndrome 
with hyperphagia, late-onset obesity together with 
increased insulin and leptin levels (53, 54). Other studies 
associated knockout of H3R with an increased severity of 
neuro-inflammatory diseases and these mice show 
enhanced release of MIP-2, IP-10 and CXCR3 from 
peripheral T-cells (55). 
 
3.4. H4R 
 A gene containing three exons and two large 
introns on chromosome 18q11.2 encodes the 390 amino 
acid human H4R. Cloning of mouse, rat and guinea pig 
H4R showed a 68, 69 and 65% homology respectively to 
its human counterpart. Human and guinea pig H4R showed 
higher affinity for histamine than rat and mouse (56). H4R 
exhibits molecular and pharmacological similarities to 
H3R.  The overall percentage of homology between H3R 
and H4R is 37-45% while in transmembrane regions there 
is 58% homology((57, 58). However, in contrast to H3R, 
distribution of H4R has been described in bone marrow and 
leukocytes, neutrophils, eosinophils, mast cells, dendritic 
cells, T-cells, basophils with a low expression rate in heart, 
lung, small intestine, spleen, brain and thymus (57, 59). 
Recent studies suggest that H4R plays a major role in 
chemoattraction of immunological relevant cells such as 
eosinophils, mast cells, neutrophils, T-cells and DCs as 
well as influencing cytokine production by these cells((60-
67). Furthermore H4R is important in nociception, 
autoimmune disorders, colon and breast cancer as well as in 
allergy (68-70). Animal models of asthma, arthritis, colitis 
and puritis with H4R antagonists have all suggested a role 
for this receptor in inflammatory responses (62, 71).  
 
4. INNATE IMMUNITY 
 
4.1. Antigen-presenting cells   
      
 DCs are potent antigen-presenting cells that are 
present at all mucosal surfaces and are central players in 
initiating and regulating adaptive immune responses.  DC 
activation, maturation and polarization are largely 
influenced by local factors within their micro-environment 
such as microbial components, cytokines and metabolic 

products.  DCs shape the functional differentiation of the 
dividing T-cells into TH1, TH2, TH9, TH17 and Treg 
responses by producing cytokines such as IL-12, IL-18, IL-
23, IL-11, IL-10 or TGFbeta.  The selection of an 
appropriate cytokine secretion pattern by DCs is dependent 
on a number of factors, but is significantly influenced by 
the binding of microbial ligands, termed pathogen-
associated molecular patterns (PAMPs), to pattern 
recognition receptors (PRRs) such as toll-like receptors 
(TLRs) and C-type lectin receptors (CLRs).  DCs are often 
found in close proximity to degranulated mast cells and can 
secrete histamine following activation.  While DCs have 
been shown to express H1R, H2R, H3R and H4R, it is not 
definitively described if the level of HR expression is 
altered during maturation or if different DC subsets (e.g. 
myeloid or plasmacytoid DCs) preferentially up-regulate 
individual HRs under specific micro-environmental 
influences.  DCs exposed to histamine have been shown to 
up-regulate antigen-presenting capacity and TH1 
polarisation via the H1R and H3R while activation of the 
H2R on DCs preferentially drives IL-10 secretion and TH2 
polarisation (72-74)(Figure 1).  H2R activation on human 
plasmacytoid DCs leads to a significant down-regulation of 
IFNalpha and TNFalpha release following CpG stimulation 
(75).  In addition, accumulation of plasmacytoid DCs and 
CD11b+ DCs, but not CD8+ DCs, in draining lymph nodes 
is H2R dependent (76). Histamine was found to reduce or 
inhibit the production of NADPH-oxidase-derived oxygen 
radicals by several types of myeloid cells, an effect 
mediated by H2R (77). In contrast to other DC subsets, 
Langerhans cells found within the epidermis do not express 
H1R or H2R (78).  Stimulated DCs express a functionally 
active H4R, which can down-regulate secretion of CCL2 
and IL-12 (79). In murine studies, inhibition of H4R on 
DCs lead to decreased cytokine and chemokine production, 
which limited their ability to induce TH2 responses (61). 
Interestingly, certain bacterial strains express the HDC 
gene and histamine release by these bacteria in vivo could 
impact immunological function and the DC response to the 
bacterial strain (80).   
 

TLR stimulation of monocytes is altered by 
histamine co-incubation as secretion of pro-inflammatory 
cytokines such as TNFα, IL-12 and IL-18 is attenuated, 
while IL-10 secretion is enhanced.  This histamine effect is 
mediated by the H2R (81, 82). Histamine also down-
regulates CD14, ICAM-1 and CD80 expression via H2R on 
human monocytes. In addition to TLR activation, 
monocytes stimulated by advanced glycation end products 
up-regulate adhesion molecule expression and this effect is 
inhibited by the H2R (83). Macrophages purified from 
human lung tissue, monocyte-derived macrophages 
(MDMs) and DCs express higher levels of the H1R 
compared to precursor monocytes. Monocyte 
differentiation into macrophages is also associated with 
down-regulation of the H2R, whereas differentiation into 
DCs has no significant influence on H2R expression (84). 
 
4.2. Epithelial cells 
 Human intestinal epithelial cells have been 
shown to express H1R, H2R and H4R (85).  Intestinal 
epithelial cells exposed to histamine have lower numbers of 
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Figure 1.  Antigen-presenting cell modulation of T cell polarisation is Influenced by Histamine Receptor Activation.  Differential 
triggering of histamine receptors leads to altered TH1, TH2 or Treg polarization due, in part, to altered cytokine secretion. 
 
invasive intracellular pathogens in vitro, which was 
mediated in part by the H1R (86).  In contrast, co-culture 
experiments with gastrointestinal epithelial cells and mast 
cells suggested that TLR2/NOD2 activated mast cells 
secrete histamine which reduces epithelial barrier function 
(87, 88). Modulation of conjunctival and nasal epithelial 
cell adhesion molecule expression (e.g. ICAM1) by H1R 
antagonists suggests that the H1R is directly or indirectly 
involved in epithelial up-regulation of adhesion molecules 
expression following allergen exposure (89). In addition to 
their essential role in maintaining barrier function, 
epithelial cells respond to the presence of various microbes 
due to the expression of PRRs.  H1R activation on 
pulmonary epithelial cells enhanced expression of TLR3 
and stimulation of these cells with the TLR3 ligand poly 
(I:C) in the presence of histamine resulted in enhanced IL-8 
secretion and NF-kappaB phosphorylation (90).  However, 
it is unknown if HRs activation alters the epithelial cell 
cytokine response to other PRR ligands or adherent 
microbes. 
 
4.3. Natural killer cells 
 NK cells are large granular lymphocytes that use 
a battery of activating and inhibitory receptors to 

distinguish normal cells that are to be spared from aberrant 
cells that are to be eradicated. Thus, activating receptors on 
NK cells, such as the family of natural cytotoxicity 
receptors (NCRs) and NKG2D bind their corresponding 
ligands on target cells to activate NK cells, while inhibitory 
receptors, such as killer cell immunoglobulin-like receptors 
KIR interact with specific MHC class I molecules on target 
cells, with subsequent NK cell inactivation (91).  NK 
cells express the H4R, which mediates chemotaxis of 
NK cells to histamine (92). Interestingly, histamine in 
combination with IL-2 is being assessed as a possible 
immunotherapy for maintaining remission in patients 
with cancer.  It is thought that histamine inactivation of 
the NADPH-oxidase system (via H2R) protects NK cells 
from inactivation and thereby allows effector 
lymphocytes to respond to IL-2 stimulation. In the 
presence of radical-producing myeloid cells, the 
combination of histamine and IL-2 was shown to trigger 
efficient NK cell-mediated killing of several types of 
leukemic cells, including freshly recovered human AML 
blasts, whereas IL-2 alone was ineffective (93). In 
addition, post-consolidation immunotherapy with 
histamine and IL-2 is superior to IL-2 alone in the 
prevention of relapse in AML patients (94).   
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Invariant NK T (iNKT) cells constitute a 
distinctive population of mature T lymphocytes positively 
selected by the nonpolymorphic MHC class-I-like molecule 
CD1d.  These cells are both numerically and functionally 
impaired in histamine-deficient mice with diminished 
secretion of IL-4 and IFNgamma following stimulation 
with alpha-galactosylceramide (95).  These authors further 
demonstrated that histamine activation via the H4R is 
critical for iNKT cytokine secretion. 
 
4.4. Granulocytes 
 There are three types of granulocytes, namely 
neutrophils, eosinophils and basophils.  Histamine regulates 
granulocyte accumulation to tissues in a number of ways. 
Allergen-induced accumulation of eosinophils in the skin, 
nose and airways is potently inhibited by H1R antagonists 
(96). The effect of histamine on eosinophil migration is 
different depending on the dose. High histamine levels 
inhibit eosinophil chemotaxis via H2R, while low doses 
enhance eosinophil chemotaxis via H1R (97).  In addition, 
eosinophil recruitment is also mediated by H4R (66). 
Relative to other chemoattractive substances such as the 
CCR3-binding chemokines, the chemoattractive effect of 
histamine is weaker (60, 64, 66, 97). However, histamine, 
upon activation of the H4R induces enhanced migration of 
eosinophils towards eotaxin and eotaxin 2 (60, 64). In 
addition, the potential for histamine to act as an eosinophil 
chemoattractant in vivo might be augmented by other 
factors, such as growth factors or cytokines like IL-5, 
which is the specific cytokine for the differentiation, 
activation and survival of eosinophils (66). Triggering of 
H4R also induces chemotaxis of mast cells (65). 
Experiments in mice showed that mast cells from wild-type 
and H3R-deleted mice migrated in response to histamine, 
while mast cells from the H4R-deleted mice did not. Thus, 
chemotaxis of eosinophils and mast cells via histamine is 
triggered mainly through the H4R. Combination therapies 
with H4R and H1R antagonists may provide additional 
efficacy in dampening the pro-inflammatory effects of 
histamine.  Histamine inhibits neutrophil chemotaxis due to 
H2R triggering, while neutrophil activation, superoxide 
formation and degranulation is also suppressed via 
histamine binding to H2R (84).  
 
5. ADAPTIVE IMMUNITY 
 
5.1. T cells      
    
 In addition to the effects of histamine on cytokine 
secretion by APCs, which would result in altered T-cell 
polarization, T-cells themselves express histamine 
receptors and respond differently to histamine stimulation 
depending on the receptors that they express.  TH1 cells 
express high levels of H1R while TH2 cells show increased 
expression of H2R. IL-3 stimulation significantly increases 
H1R expression on TH1, but not on TH2 cells (12). 
Histamine enhances TH1-type responses by triggering the 
H1R, whereas both TH1- and TH2-type responses are 
negatively regulated by HR2, due to activation of different 
biochemical intracellular signals (12).  Histamine dose-
dependently enhanced TGF-beta-mediated suppression of 
CD4+ T cells which was mediated by H2R and was 

cAMP/PKA dependent (98). This pathway is activated by 
the H2R, which is preferentially expressed on Th2 cells.It 
has also been shown that histamine stimulation induced IL-
10 secretion from T-cells through HR2 (99). Increased IL-
10 production by T-cells may account for an important 
regulatory mechanism in the control of inflammatory 
responses through histamine. On the other hand, inhibition 
of H2R in vaccination models resulted in a more robust 
CD4+ T-cell antigen-specific secretion IL-4 and 
IFNgamma while CD8+ T-cells secreted significantly more 
IFNgamma suggested that vaccination against certain 
infectious organisms may be improved by H2R inhibition 
(100). In mice, deletion of HR1 specifically results in the 
suppression of IFNgamma and dominant secretion of TH2 
cytokines (IL-4 and IL-13). HR2-deleted mice show up-
regulation of both TH1 and TH2 cytokines.  HR1-deleted 
mice showed delayed disease onset and decreased disease 
severity when immunized to develop experimental allergic 
encephalomyelitis (101).  In addition, H1R signaling at the 
time of TCR ligation was required for activation of p38 
MAPK, a known regulator of IFNgamma expression. 
Importantly, selective re-expression of H1R in CD4+ T-
cells fully complemented both the IFNgamma production 
and the EAE susceptibility of H1R-deficient mice. These 
data suggest that the presence of H1R in CD4+ T-cells and 
its interaction with histamine regulates early TCR signals 
that lead to TH1 differentiation and autoimmune disease 
(102). In addition, histamine functions as a T-cell 
chemotactic factor which is a H1R mediated effect (103). 
T-cells isolated from the peripheral blood of allergic 
asthma patients had increased expression of both H1R and 
H2R on CD4 and CD8 positive T-cells.  Incubation of these 
cells with histamine decreased the percentage of T-cells 
staining positive for IL-4, IL-13 and IFNgamma, an effect 
that was not blocked by an H1R antagonist suggesting that 
the H2R may play a role in this inhibitory effect (104).  
However, histamine stimulation of peripheral blood cells 
from allergic rhinitis patients did not result in suppression 
of IL-4 and IL-13 production.  T regulatory cells express 
H1R and activation of the H1R by histamine decreases T 
regulatory cell suppressive function which was associated 
with decreased expression of CD25 and the transcription 
factor Foxp3 (105). H4R is expressed by CD4 T-cells but it 
is unknown if there is differential expression between 
polarized T-cell subsets.  H4R or H2R stimulation of CD8 
T-cells induced production of the T-cell chemoattractant 
IL-16 and selective activation of the H4R in murine models 
induced the migration of CD25+Foxp3+ T regulatory cells 
(106, 107).  In vivo, the rapid promotion of antigen-specific 
T regulatory cells is thought to be a key feature protecting 
the host from allergic disease.  This was clearly shown in 
beekeepers who during the bee season (associated with 
multiple bee stings) had increased numbers of allergen-
specific IL-10+ T-cells with reduced numbers of allergen-
specific IL-4+ or IFNgamma+ T-cells.  This situation was 
reversed out of season (i.e. no bee stings) with higher levels 
of IL-4+ and IFNgamma+ T-cells and reduced IL-10+ T-
cells (108). H2R gene expression increased in allergen-
specific T-cells during the bee season while H1R and H4R 
expression did not change.  This increase in H2R was 
localized to IL-4+ T-cells and stimulation of these cells 
with histamine resulted in decreased secretion of IL-4 and 
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increased secretion of IL-10 which was H2R dependant 
(108).  This study strongly supports a growing body of 
evidence that the H2R represents an essential receptor that 
participates in peripheral tolerance to allergens by the 
induction of IL-10 and direct suppression of the 
proliferation of allergen-specific T-cells in vivo. The 
histamine receptor profile of recently described T-cell 
lineages such as TH9, TH17 and TH22 cells is currently 
unknown. 
 
5.2. B cells 
 The impact of histamine on B-cell 
immunoglobulin secretion depends on the requirement for 
T-cell help.  For T-cell-independent antigens (e.g. TNP-
Ficoll), antibody levels are decreased in H1R KO mice 
(109).  In addition, histamine enhanced anti-IgM-induced 
proliferation of B-cells, which was abolished in H1R-
deleted mice suggesting an important role of H1R signaling 
in responses triggered from B-cell receptors. In contrast, 
antibody responses to T-cell-dependent antigens (e.g. 
Ovalbumin) show a different pattern(109). H1R KO mice 
produced higher levels of OVA-specific IgG1 and IgE in 
comparison with wild-type mice while H2R KO mice 
showed decreased serum levels of OVA-specific IgE in 
comparison with wild-type mice and H1R KO mice. In 
addition, mice lacking H1R displayed increased specific 
antibody response with increased IgE, IgG1, IgG2b and 
IgG3 compared with mice lacking H2R (21). Thus, 
differential activation of H1R or H2R on T-cells plays a 
dominant role in the suppression or activation of the 
humoral immune response. 
 
6. HISTAMINE RECEPTOR SIGNALLING   
     
 The key to developing more effective 
immunotherapeutic strategies for the manipulation of HRs 
is to elucidate the signaling pathways which are triggered 
and their molecular interactions with other cellular targets.  
H1R – H4R are G protein-coupled receptors (GPCRs) 
which are also know as seven-transmembrane domain 
receptors (7TM receptors), heptahelical receptors, 
serpentine receptors, and G protein-linked receptors 
(GPLR) of which over 800 different receptors have been 
described (110, 111). These receptors are characterized by 
an extracellular N-terminal domain followed, as the name 
suggests, by 7 transmembrane domains (alpha-helices) 
connected by three intracellular and three extracellular 
domains. These receptors are expressed in eukaryotes, 
including yeast, choanoflagellates and animals. G protein 
means a protein able to bind guanyl nucleosides and act as 
an exchanging factor by catalyzing replacement of the 
bound guanosine diphosphate (GDP) by guanosine 
triphosphate (GTP). The ligands, varying in size from small 
molecules to even large proteins, for these GPCRs include 
a broad range of different types of substances, e.g. light-
sensitive compounds, pheromones, hormones and 
neurotransmitters.  GPCRs are the target of nearly 30% of 
modern medical drugs because these receptors are involved 
in so many different disease processes (112). 
 
 Both receptors and G proteins, are generally 
inactive if no ligand is available. Following activation, an 

association of GPCRs with the heterotrimeric G proteins, 
consisting of alpha-beta-gamma subunits, takes place and 
this leads to activation of classical and non-classical 
signaling pathways. The classical pathway involves the 
association of specific Galpha subunits (Galphaq, Galphas 
and Galphai/o) to activate distinct molecular signaling 
cascades (Figure 2). For the HRs it is known that H1R 
stimulation leads to activation of Galphaq, H2R is coupled 
to Galphas, while H3R and H4R are both activators of 
Galphai/0 (113). Although all receptors have highly 
conserved aspartate residue in the third transmembrane 
helix, they strongly differ in receptor distribution, ligand 
binding, signaling pathways and functions. Receptors 
coupled to Galphas activate adenylate cyclase which 
promotes cAMP formation and activation of protein kinase 
A (PKA).  PKA leads to CREB activation resulting in 
altered gene expression while PKA can also phosphorylate 
other protein targets with diverse effects on the cell.  In 
addition, Galphas is also able to open ion channels, e.g. 
Na+, Ca2+ and Cl- channels. In contrast to the activation of 
Galphas, initiation of Galphai/o blocks adenylate cylcase 
activity and reduces cAMP levels.  Galphaq interacting 
receptors activate phospholipase C (PLC) which cleaves 
phosphatidylinositol 4,5-bisphosphate (PIP2) into diacyl 
glycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 
diffuses through the cytosol to bind to IP3 receptors 
including calcium channels in the endoplasmic reticulum. 
This increases cytosolic calcium levels, resulting in a 
cascade of intracellular changes and activity.  In addition, 
calcium and DAG activate protein kinase C, which goes on 
to phosphorylate other molecules (114). The non-classical 
pathways are induced by betagamma subunits of G proteins 
and are described to activate mitogen-associated protein 
kinase (MAPK), extracellular signal-related kinase (Erk) 
and Jun (111).  In addition, betagamma-subunits of 
histamine-stimulated GPCRs have been shown to activate 
phosphoinositide 3-kinase (PI3K) leading to the 
phosphorylation of protein kinase B (also known as Akt) 
and the subsequent activation of phosphodiesterase (PDE), 
resulting in a decreased intracellular cAMP levels (115).  
Furthermore, Akt1 has been shown to be critical in 
mediating the histamine-induced junctional permeability 
changes in endothelial cells via interaction with the 
epithelial NO-synthase and vascular endothelial (VE)-
cadherin (116). 
 
 In addition to the pathways that are directly 
activated by histamine receptors, the resultant signaling 
cascades can interact with many other intracellular targets 
resulting in altered activation, phosphorylation and gene 
expression thus further influencing cellular maturation and 
polarisation. As described above, dendritic cells exposed to 
microbial ligands secrete IL-12p70 and IL-10 and the level 
of cytokine produced is significantly influenced by H1R or 
H2R activation by histamine (117).  Activation of cAMP 
by H2R could potentially be important for histamine 
modulation of DC function but the classical downstream 
signaling pathway from cAMP may not be involved. To 
date there are many reports describing cAMP-responsive 
genes with a broad range of functions that have been shown 
to be regulated in a PKA-independent manner. These 
include thyroglobulin (118), glial fibrillary acidic protein 
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Figure 2. Histamine receptor signal transduction. HRs are GPCRs which bind to heterotrimeric G proteins, consisting of alpha-
beta-gamma subunits, following ligand binding. The classical pathway involves the association of specific Galpha subunits 
(Galphaq, Galphas and Galphai/o) to activate distinct molecular signaling cascades. 
 
(119), vasoactive intestinal peptide (120), neuronal nitric 
oxide synthase (121),  prostaglandin G/H synthase (122), 
cyclin D1 (123), prolactin (124), proglucagon (125) and its 
transactivator Cdx-2 (126), aquaporin (127), IL-1beta, IL-6 
(128) and supressor of cytokine signaling 3 (SOCS3) (129). 
Alternative cAMP sensors, such as Epac-1 (Exchange 
protein directly activated by cAMP-1), mediate the PKA-
independent cAMP effects. For example, activation of 
adenylate cyclase promotes induction of a gene encoding 
SOCS3 in epithelial cells, resulting in a reduced ability of 
leptin and soluble IL-6 receptor a/IL-6 trans-signaling 
complex to activate the Jak/Stat pathway and this effect is 
PKA-independent. These authors demonstrated that 
EPAC1, not PKA, appeared to be necessary for promotion 
of cAMP-mediated activation of SOCS3 following the 
activation of CCAAT/enhancer binding protein family 
transcription factors (129, 130). In addition, Woolson et al. 
proposed that other PKA- and EPAC1-independent cAMP 
sensors are responsible for transient activation of ERK 
which is required for subsequent inhibition of cytokine 
receptor activation of both Jak/Stat and Erk signaling 
pathways (131). EPAC1 has also been shown to be 
involved in H3R functional effects in type I carotid cells. 

These authors  reported that activation via H3R leads to 
activation of Galphai/o and thereby blocks adenylate cyclase 
activity resulting in reduced cAMP levels. The reduced 
level of cAMP negatively regulates EPAC with an 
associated reduced level of IP3 activation finally resulting 
in inhibition of Ca2+ release which was induced by 
activation of muscarinic receptors (132). Activation of the 
H1R leads to transcription of IL-8 via NFAT (133)and 
stimulation with TNFalpha, IL-1alpha or LPS enhances IL-
8 levels if combined with histamine. This effect was 
blocked by inhibitors of MAPK, NF-kappaB and PLC, 
indicating involvement of H1R in these pathways (134). A 
recent study showed that H1R-mediated histamine 
blockade of cell proliferation involves PLC, RAC and 
JNK-dependent pathways (135). While T cells express 
different HRs, it has not been conclusively shown which 
molecular mechanism(s) are responsible for the preferential 
induction by histamine of T-bet+ TH1 cells, GATA-3+ TH2 
cells or Foxp3+ T regulatory cells.  It is likely that both 
direct and indirect mechanisms are involved, for example, 
modulation of cytokine secretion by the naïve T cell could 
be partly responsible for the histamine polarization effect 
via H1R or H2R. 
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7. CONCLUSIONS 
 
 The recent developments in histamine research 
have prompted the re-evaluation of histamine in 
influencing both the innate and adaptive immune responses.  
Histamine and its four receptors represent a complex 
system of immunoregulation with distinct effects of 
receptor subtypes and their differential expression, which 
changes according to the stage of cell differentiation as 
well as micro-environmental influences. The role for 
differential activation of histamine receptors on immune 
competent cells in chronic inflammatory diseases is 
surprisingly poorly described to date and further 
examination of this potent immunoregulatory network will 
likely lead to new advances in our understanding of these 
disorders.  In particular, determination of the molecular 
mechanisms underpinning histamine receptor cross-talk 
with immune-relevant pathways will identify novel 
therapeutic targets. 
 
8. ACKNOWLEDGEMENTS 
 
 The authors are supported by grants from the 
Swiss National Science Foundation, CK-CARE and COST 
Action BM0806 ‘Recent advances in histamine receptor 
H4R research’. 
 
9. REFERENCES      
    
  
1. Jutel M, M Akdis and CA Akdis: Histamine, histamine 
receptors and their role in immune pathology. Clin Exp 
Allergy, 39(12), 1786-800 (2009)  
 
2. Westly E: Nothing to sneeze at. Nat Med, 16(10), 1063-5 
(2010)  
 
3. Barger G and HH Dale: Chemical structure and 
sympathomimetic action of amines. J Physiol, 41(1-2), 19-
59 (1910)  
 
4. Dale HH and PP Laidlaw: The physiological action of 
beta-iminazolylethylamine. J Physiol, 41(5), 318-44 (1910)  
 
5. Yoshimoto T, H Tsutsui, K Tominaga, K Hoshino, H 
Okamura, S Akira, WE Paul and K Nakanishi: IL-18, 
although antiallergic when administered with IL-12, 
stimulates IL-4 and histamine release by basophils. Proc 
Natl Acad Sci U S A, 96(24), 13962-6 (1999)  
 
6. Saxena SP, A McNicol, LJ Brandes, AB Becker and JM 
Gerrard: Histamine formed in stimulated human platelets is 
cytoplasmic. Biochem Biophys Res Commun, 164(1), 164-8 
(1989) 
 
7. Kubo Y and K Nakano: Regulation of histamine 
synthesis in mouse CD4+ and CD8+ T lymphocytes. 
Inflamm Res, 48(3), 149-53 (1999)  
 
8. Radvany Z, Z Darvas, K Kerekes, J Prechl, C Szalai, E 
Pallinger, L Valeria, VL Varga, M Sandor, A Erdei and A 
Falus: H1 histamine receptor antagonist inhibits 

constitutive growth of Jurkat T cells and antigen-specific 
proliferation of ovalbumin-specific murine T cells. Semin 
Cancer Biol, 10(1), 41-5 (2000) 
 
9. He SH: Key role of mast cells and their major secretory 
products in inflammatory bowel disease. World J 
Gastroenterol, 10(3), 309-18 (2004)  
 
10. Buhner S, Q Li, S Vignali, G Barbara, R De Giorgio, V 
Stanghellini, C Cremon, F Zeller, R Langer, H Daniel, K 
Michel and M Schemann: Activation of human enteric 
neurons by supernatants of colonic biopsy specimens from 
patients with irritable bowel syndrome. Gastroenterology, 
137(4), 1425-34 (2009) 
 
11. Akdis CA and K Blaser: Histamine in the immune 
regulation of allergic inflammation. J Allergy Clin 
Immunol, 112(1), 15-22 (2003) 
 
12. Jutel M, T Watanabe, S Klunker, M Akdis, OA 
Thomet, J Malolepszy, T Zak-Nejmark, R Koga, T 
Kobayashi, K Blaser and CA Akdis: Histamine regulates T-
cell and antibody responses by differential expression of 
H1 and H2 receptors. Nature, 413(6854), 420-5 (2001)  
 
12. Jutel M, T Watanabe, M Akdis, K Blaser and CA 
Akdis: Immune regulation by histamine. Curr Opin 
Immunol, 14(6), 735-40 (2002)  
 
13. Banu Y and T Watanabe: Augmentation of antigen 
receptor-mediated responses by histamine H1 receptor 
signaling. J Exp Med, 189(4), 673-82 (1999)  
 
14. Ash AS and HO Schild: Receptors mediating some 
actions of histamine. Br J Pharmacol Chemother, 27(2), 
427-39 (1966)  
 
15. Lovenberg TW, BL Roland, SJ Wilson, X Jiang, J 
Pyati, A Huvar, MR Jackson and MG Erlander: Cloning 
and functional expression of the human histamine H3 
receptor. Mol Pharmacol, 55(6), 1101-7 (1999)  
 
16. Oda T, N Morikawa, Y Saito, Y Masuho and S 
Matsumoto: Molecular cloning and characterization of a 
novel type of histamine receptor preferentially expressed in 
leukocytes. J Biol Chem, 275(47), 36781-6 (2000)  
 
17. Dy M and E Schneider: Histamine-cytokine connection 
in immunity and hematopoiesis. Cytokine Growth Factor 
Rev, 15(5), 393-410 (2004)  
 
18. Akdis CA and FE Simons: Histamine receptors are hot 
in immunopharmacology. Eur J Pharmacol, 533(1-3), 69-
76 (2006) 
 
19. Leurs R, M Hoffmann, K Wieland and H Timmerman: 
H3 receptor gene is cloned at last. Trends Pharmacol Sci, 
21(1), 11-2 (2000)  
 
20. Nakayama T, Y Kato, K Hieshima, D Nagakubo, Y 
Kunori, T Fujisawa and O Yoshie: Liver-expressed 
chemokine/CC chemokine ligand 16 attracts eosinophils by 



Histamine receptors and immunomodulation 

48 

interacting with histamine H4 receptor. J Immunol, 173(3), 
2078-83 (2004)  
 
21. Haas H and P Panula: The role of histamine and the 
tuberomamillary nucleus in the nervous system. Nat Rev 
Neurosci, 4(2), 121-30 (2003)  
 
22. Togias A: H1-receptors: localization and role in airway 
physiology and in immune functions. J Allergy Clin 
Immunol, 112(4 Suppl), S60-8 (2003)  
 
23. Smit MJ, M Hoffmann, H Timmerman and R Leurs: 
Molecular properties and signalling pathways of the 
histamine H1 receptor. Clin Exp Allergy, 29 Suppl 3, 19-28 
(1999) 
 
24. Leurs R, MJ Smit, R Meeder, AM Ter Laak and H 
Timmerman: Lysine200 located in the fifth transmembrane 
domain of the histamine H1 receptor interacts with 
histamine but not with all H1 agonists. Biochem Biophys 
Res Commun, 214(1), 110-7 (1995)  
 
25. Akdis M, J Verhagen, A Taylor, F Karamloo, C 
Karagiannidis, R Crameri, S Thunberg, G Deniz, R 
Valenta, H Fiebig, C Kegel, R Disch, CB Schmidt-Weber, 
K Blaser and CA Akdis: Immune responses in healthy and 
allergic individuals are characterized by a fine balance 
between allergen-specific T regulatory 1 and T helper 2 
cells. J Exp Med, 199(11), 1567-75 (2004)  
 
26. Leurs R, MK Church and M Taglialatela: H1-
antihistamines: inverse agonism, anti-inflammatory actions 
and cardiac effects. Clin Exp Allergy, 32(4), 489-98 (2002)  
 
27. Haas HL, OA Sergeeva and O Selbach: Histamine in 
the nervous system. Physiol Rev, 88(3), 1183-241 (2008)  
 
28. Baudry M, MP Martres and JC Schwartz: H1 and H2 
receptors in the histamine-induced accumulation of cyclic 
AMP in guinea pig brain slices. Nature, 253(5490), 362-4 
(1975)  
 
29. Garbarg M and JC Schwartz: Synergism between 
histamine H1- and H2-receptors in the cAMP response in 
guinea pig brain slices: effects of phorbol esters and 
calcium. Mol Pharmacol, 33(1), 38-43 (1988)  
 
30. Masaki T and H Yoshimatsu: The hypothalamic H1 
receptor: a novel therapeutic target for disrupting diurnal 
feeding rhythm and obesity. Trends Pharmacol Sci, 27(5), 
279-84 (2006)  
 
31. Huang ZL, T Mochizuki, WM Qu, ZY Hong, T 
Watanabe, Y Urade and O Hayaishi: Altered sleep-wake 
characteristics and lack of arousal response to H3 receptor 
antagonist in histamine H1 receptor knockout mice. Proc 
Natl Acad Sci U S A, 103(12), 4687-92 (2006)  
 
32. Hirai T, C Okuma, C Harada, M Mio, H Ohtsu, T 
Watanabe and C Kamei: Development of amygdaloid 
kindling in histidine decarboxylase-deficient and histamine 
H1 receptor-deficient mice. Epilepsia, 45(4), 309-13 (2004)  

33. Horio S, K Fujimoto, H Mizuguchi and H Fukui: 
Interleukin-4 up-regulates histamine H1 receptors by 
activation of H1 receptor gene transcription. Naunyn 
Schmiedebergs Arch Pharmacol, 381(4), 305-13 (2010)  
 
34. Kobayashi T, I Inoue, NA Jenkins, D J Gilbert, NG 
Copeland and T Watanabe: Cloning, RNA expression, and 
chromosomal location of a mouse histamine H2 receptor 
gene. Genomics, 37(3), 390-4 (1996)  
 
35. Traiffort E, ML Vizuete, J Tardivel-Lacombe, E Souil, 
JC Schwartz and M Ruat: The guinea pig histamine H2 
receptor: gene cloning, tissue expression and chromosomal 
localization of its human counterpart. Biochem Biophys Res 
Commun, 211(2), 570-7 (1995)  
 
36. Smit MJ, R Leurs, AE Alewijnse, J Blauw, GP Van 
Nieuw Amerongen, Y Van De Vrede, E Roovers and H 
Timmerman: Inverse agonism of histamine H2 antagonist 
accounts for upregulation of spontaneously active 
histamine H2 receptors. Proc Natl Acad Sci U S A, 93(13), 
6802-7 (1996)  
 
37. Fitzsimons CP, E Lazar-Molnar, Z Tomoskozi, E 
Buzas, ES Rivera and A Falus: Histamine deficiency 
induces tissue-specific down-regulation of histamine H2 
receptor expression in histidine decarboxylase knockout 
mice. FEBS Lett, 508(2), 245-8 (2001)  
 
38. Muller UR, M Jutel, A Reimers, J Zumkehr, C Huber, 
C Kriegel, U Steiner, G Haeberli, M Akdis, A Helbling, B 
Schnyder, K Blaser and C Akdis: Clinical and 
immunologic effects of H1 antihistamine preventive 
medication during honeybee venom immunotherapy. J 
Allergy Clin Immunol, 122(5), 1001-1007 e4 (2008)  
 
39. Lichtenstein LM and E Gillespie: The effects of the H1 
and H2 antihistamines on "allergic" histamine release and 
its inhibition by histamine. J Pharmacol Exp Ther, 192(2), 
441-50 (1975)  
 
40. Teuscher C, ME Poynter, H Offner, A Zamora, T 
Watanabe, PD Fillmore, JF Zachary and E P Blankenhorn: 
Attenuation of Th1 effector cell responses and 
susceptibility to experimental allergic encephalomyelitis in 
histamine H2 receptor knockout mice is due to 
dysregulation of cytokine production by antigen-presenting 
cells. Am J Pathol, 164(3), 883-92 (2004)  
 
41. Dai H, K Kaneko, H Kato, S Fujii, Y Jing, A Xu, E 
Sakurai, M Kato, N Okamura, A Kuramasu and K Yanai: 
Selective cognitive dysfunction in mice lacking histamine 
H1 and H2 receptors. Neurosci Res, 57(2), 306-13 (2007)  
 
42. Mobarakeh JI, K Takahashi, S Sakurada, A Kuramasu 
and K Yanai: Enhanced antinociceptive effects of morphine 
in histamine H2 receptor gene knockout mice. 
Neuropharmacology, 51(3), 612-22 (2006)  
 
43. Arrang JM, M Garbarg and JC Schwartz: Auto-
inhibition of brain histamine release mediated by a novel 



Histamine receptors and immunomodulation 

49 

class (H3) of histamine receptor. Nature, 302(5911), 832-7 
(1983)  
 
44. Dimitriadou V, A Rouleau, M Dam Trung Tuong, GJ 
Newlands, HR Miller, G Luffau, JC Schwartz and M 
Garbarg: Functional relationship between mast cells and C-
sensitive nerve fibres evidenced by histamine H3-receptor 
modulation in rat lung and spleen. Clin Sci (Lond), 87(2), 
151-63 (1994)  
 
45. Gbahou F, A Rouleau, S Morisset, R Parmentier, S 
Crochet, JS Lin, X Ligneau, J Tardivel-Lacombe, H Stark, 
W Schunack, CR Ganellin, JC Schwartz and JM Arrang: 
Protean agonism at histamine H3 receptors in vitro and in 
vivo. Proc Natl Acad Sci U S A, 100(19), 11086-91 (2003)  
 
46. Leurs R, RA Bakker, H Timmerman and IJ de Esch: 
The histamine H3 receptor: from gene cloning to H3 
receptor drugs. Nat Rev Drug Discov, 4(2), 107-20 (2005)  
 
47. Stark H, JM Arrang, X Ligneau, M Garbarg, CR 
Ganellin, JC Schwartz and W Schunack: The histamine H3 
receptor and its ligands. Prog Med Chem, 38, 279-308 
(2001)  
 
48. Moreno-Delgado D, A Torrent, J Gomez-Ramirez, I de 
Esch, I Blanco and J Ortiz: Constitutive activity of H3 
autoreceptors modulates histamine synthesis in rat brain 
through the cAMP/PKA pathway. Neuropharmacology, 
51(3), 517-23 (2006)  
 
49. Wiedemann P, H Bonisch, F Oerters and M Bruss: 
Structure of the human histamine H3 receptor gene (HRH3) 
and identification of naturally occurring variations. J 
Neural Transm, 109(4), 443-53 (2002)  
 
50. Hancock AA, TA Esbenshade, KM Krueger and BB 
Yao: Genetic and pharmacological aspects of histamine H3 
receptor heterogeneity. Life Sci, 73(24), 3043-72 (2003)  
 
51. Toyota H, C Dugovic, M Koehl, AD Laposky, C 
Weber, K Ngo, Y Wu, DH Lee, K Yanai, E Sakurai, T 
Watanabe, C Liu, J Chen, AJ Barbier, FW Turek, WP 
Fung-Leung and TW Lovenberg: Behavioral 
characterization of mice lacking histamine H(3) receptors. 
Mol Pharmacol, 62(2), 389-97 (2002)  
 
52. Tokita S, K Takahashi and H Kotani: Recent advances 
in molecular pharmacology of the histamine systems: 
physiology and pharmacology of histamine H3 receptor: 
roles in feeding regulation and therapeutic potential for 
metabolic disorders. J Pharmacol Sci, 101(1), 12-8 (2006)  
 
53. Yoshimoto R, Y Miyamoto, K Shimamura, A Ishihara, 
K Takahashi, H Kotani, AS Chen, HY Chen, DJ Macneil, 
A Kanatani and S Tokita: Therapeutic potential of 
histamine H3 receptor agonist for the treatment of obesity 
and diabetes mellitus. Proc Natl Acad Sci U S A, 103(37), 
13866-71 (2006)  
 
54. Teuscher C, M Subramanian, R Noubade, JF Gao, H 
Offner, JF Zachary and EP Blankenhorn: Central histamine 

H3 receptor signaling negatively regulates susceptibility to 
autoimmune inflammatory disease of the CNS. Proc Natl 
Acad Sci U S A, 104(24), 10146-51 (2007)  
 
55. Liu C, SJ Wilson, C Kuei and TW Lovenberg: 
Comparison of human, mouse, rat, and guinea pig 
histamine H4 receptors reveals substantial pharmacological 
species variation. J Pharmacol Exp Ther, 299(1), 121-30 
(2001)  
 
56. Nakamura T, H Itadani, Y Hidaka, M Ohta and K 
Tanaka: Molecular cloning and characterization of a new 
human histamine receptor, HH4R. Biochem Biophys Res 
Commun, 279(2), 615-20 (2000)  
 
57. Gbahou F, L Vincent, M Humbert-Claude, J Tardivel-
Lacombe, C Chabret and JM Arrang: Compared 
pharmacology of human histamine H3 and H4 receptors: 
structure-activity relationships of histamine derivatives. Br 
J Pharmacol, 147(7), 744-54 (2006)  
 
58. Zhu Y, D Michalovich, H Wu, KB Tan, GM Dytko, IJ 
Mannan, R Boyce, J Alston, LA Tierney, X Li, NC Herrity, 
L Vawter, HM Sarau, RS Ames, CM Davenport, JP Hieble, 
S Wilson, DJ Bergsma and LR Fitzgerald: Cloning, 
expression, and pharmacological characterization of a 
novel human histamine receptor. Mol Pharmacol, 59(3), 
434-41 (2001)  
 
59. Ling P, K Ngo, S Nguyen, RL Thurmond, JP Edwards, 
L Karlsson and WP Fung-Leung: Histamine H4 receptor 
mediates eosinophil chemotaxis with cell shape change and 
adhesion molecule upregulation. Br J Pharmacol, 142(1), 
161-71 (2004)  
 
60.  Dunford PJ, N O'Donnell, JP Riley, KN Williams, L 
Karlsson and RL Thurmond: The histamine H4 receptor 
mediates allergic airway inflammation by regulating the 
activation of CD4+ T cells. J Immunol, 176(11), 7062-70 
(2006)  
 
61. de Esch IJ, RL Thurmond, A Jongejan and R Leurs: 
The histamine H4 receptor as a new therapeutic target for 
inflammation. Trends Pharmacol Sci, 26(9), 462-9 (2005)  
 
63. Gutzmer R, C Diestel, S Mommert, B Kother, H Stark, 
M Wittmann and T Werfel: Histamine H4 receptor 
stimulation suppresses IL-12p70 production and mediates 
chemotaxis in human monocyte-derived dendritic cells. J 
Immunol, 174(9), 5224-32 (2005)  
 
64. Buckland KF, TJ Williams and DM Conroy: Histamine 
induces cytoskeletal changes in human eosinophils via the 
H(4) receptor. Br J Pharmacol, 140(6), 1117-27 (2003)  
 
65.Hofstra CL, PJ Desai, RL Thurmond and WP Fung-
Leung: Histamine H4 receptor mediates chemotaxis and 
calcium mobilization of mast cells. J Pharmacol Exp Ther, 
305(3), 1212-21 (2003)  
 
66.  O'Reilly M, R Alpert, S Jenkinson, RP Gladue, S Foo, 
S Trim, B Peter, M Trevethick and M Fidock: 



Histamine receptors and immunomodulation 

50 

Identification of a histamine H4 receptor on human 
eosinophils--role in eosinophil chemotaxis. J Recept Signal 
Transduct Res, 22(1-4), 431-48 (2002)  
 
67. Thurmond RL, PJ Desai, PJ Dunford, WP Fung-Leung, 
CL Hofstra, W Jiang, S Nguyen, JP Riley, S Sun, KN 
Williams, JP Edwards and L Karlsson: A potent and 
selective histamine H4 receptor antagonist with anti-
inflammatory properties. J Pharmacol Exp Ther, 309(1), 
404-13 (2004)  
 
68. Varga C, K Horvath, A Berko, RL Thurmond, PJ 
Dunford and BJ Whittle: Inhibitory effects of histamine H4 
receptor antagonists on experimental colitis in the rat. Eur J 
Pharmacol, 522(1-3), 130-8 (2005)  
 
69. Cianchi F, C Cortesini, N Schiavone, F Perna, L 
Magnelli, E Fanti, D Bani, L Messerini, V Fabbroni, G 
Perigli, S Capaccioli and E Masini: The role of 
cyclooxygenase-2 in mediating the effects of histamine on 
cell proliferation and vascular endothelial growth factor 
production in colorectal cancer. Clin Cancer Res, 11(19 Pt 
1), 6807-15 (2005)  
 
70. Maslinska D, M Laure-Kamionowska, KT Maslinski, K 
Deregowski, G Szewczyk and S Maslinski: Histamine H(4) 
receptors on mammary epithelial cells of the human breast 
with different types of carcinoma. Inflamm Res, 55 Suppl 1, 
S77-8 (2006)  
 
71. Daugherty BL: Histamine H4 antagonism: a therapy for 
chronic allergy? Br J Pharmacol, 142(1), 5-7 (2004)  
 
72. Caron G, Y Delneste, E Roelandts, C Duez, N Herbault, 
G Magistrelli, JY Bonnefoy, J Pestel and P Jeannin: 
Histamine induces CD86 expression and chemokine 
production by human immature dendritic cells. J Immunol, 
166(10), 6000-6 (2001)  
 
73. Mazzoni A, HA Young, JH Spitzer, A Visintin and DM 
Segal: Histamine regulates cytokine production in maturing 
dendritic cells, resulting in altered T cell polarization. J 
Clin Invest, 108(12), 1865-73 (2001)  
 
74. van der Pouw Kraan TC, A Snijders, LC Boeije, ER de 
Groot, AE Alewijnse, R Leurs and LA Aarden: Histamine 
inhibits the production of interleukin-12 through interaction 
with H2 receptors. J Clin Invest, 102(10), 1866-73 (1998)  
 
75. Mazzoni A, CA Leifer, GE Mullen, MN Kennedy, DM 
Klinman and DM Segal: Cutting edge: histamine inhibits 
IFN-alpha release from plasmacytoid dendritic cells. J 
Immunol, 170(5), 2269-73 (2003)  
 
76. Dawicki W, DW Jawdat, N Xu and JS Marshall: Mast 
cells, histamine, and IL-6 regulate the selective influx of 
dendritic cell subsets into an inflamed lymph node. J 
Immunol, 184(4), 2116-23 (2010)  
 
77. Hellstrand K, A Asea, C Dahlgren and S Hermodsson: 
Histaminergic regulation of NK cells. Role of monocyte-

derived reactive oxygen metabolites. J Immunol, 153(11), 
4940-7 (1994)  
 
78. Ohtani T, S Aiba, M Mizuashi, ZU Mollah, S 
Nakagawa and H Tagami: H1 and H2 histamine receptors 
are absent on Langerhans cells and present on dermal 
dendritic cells. J Invest Dermatol, 121(5), 1073-9 (2003)  
 
79. Dijkstra D, H Stark, PL Chazot, FC Shenton, R Leurs, 
T Werfel and R Gutzmer: Human inflammatory dendritic 
epidermal cells express a functional histamine H4 receptor. 
J Invest Dermatol, 128(7), 1696-703 (2008)  
 
80. Coton M, A Romano, G Spano, K Ziegler, C Vetrana, 
C Desmarais, A Lonvaud-Funel, P Lucas and E Coton: 
Occurrence of biogenic amine-forming lactic acid bacteria 
in wine and cider. Food Microbiol, 27(8), 1078-85 (2010)  
 
81. Takahashi HK, H Iwagaki, S Mori, T Yoshino, N 
Tanaka and M Nishibori: Histamine inhibits 
lipopolysaccharide-induced interleukin (IL)-18 production 
in human monocytes. Clin Immunol, 112(1), 30-4 (2004)  
 
82. Morichika T, HK Takahashi, H Iwagaki, T Yoshino, R 
Tamura, M Yokoyama, S Mori, T Akagi, M Nishibori and 
N Tanaka: Histamine inhibits lipopolysaccharide-induced 
tumor necrosis factor-alpha production in an intercellular 
adhesion molecule-1- and B7.1-dependent manner. J 
Pharmacol Exp Ther, 304(2), 624-33 (2003)  
 
83. Zhang J, HK Takahashi, K Liu, H Wake, R Liu, H 
Sadamori, H Matsuda, T Yagi, T Yoshino, S Mori and M 
Nishibori: Histamine inhibits adhesion molecule expression 
in human monocytes, induced by advanced glycation end 
products, during the mixed lymphocyte reaction. Br J 
Pharmacol, 160(6), 1378-86 (2010) 84. Triggiani M, A 
Petraroli, S Loffredo, A Frattini, F Granata, P Morabito, RI 
Staiano, A Secondo, L Annunziato and G Marone: 
Differentiation of monocytes into macrophages induces the 
upregulation of histamine H1 receptor. J Allergy Clin 
Immunol, 119(2), 472-81 (2007)  
 
85. Sander LE, A Lorentz, G Sellge, M Coeffier, M Neipp, 
T Veres, T Frieling, PN Meier, MP Manns and SC 
Bischoff: Selective expression of histamine receptors H1R, 
H2R, and H4R, but not H3R, in the human intestinal tract. 
Gut, 55(4), 498-504 (2006)  
 
86. Duan L, X Chen and JW Alexander: Regulatory effect 
of histamine on the barrier function of intestinal mucosal. J 
Gastrointest Surg, 14(7), 1180-5 (2010)  
 
87. Wu L, BS Feng, SH He, PY Zheng, K Croitoru and PC 
Yang: Bacterial peptidoglycan breaks down intestinal 
tolerance via mast cell activation: the role of TLR2 and 
NOD2. Immunol Cell Biol, 85(7), 538-45 (2007)  
 
88. Feng BS, SH He, PY Zheng, L Wu and PC Yang: Mast 
cells play a crucial role in Staphylococcus aureus 
peptidoglycan-induced diarrhea. Am J Pathol, 171(2), 537-
47 (2007)  
 



Histamine receptors and immunomodulation 

51 

89. Ciprandi G, MA Tosca, C Cosentino, AM Riccio, G 
Passalacqua and GW Canonica: Effects of fexofenadine 
and other antihistamines on components of the allergic 
response: adhesion molecules. J Allergy Clin Immunol, 
112(4 Suppl), S78-82 (2003)  
 
90. Hou YF, YC Zhou, XX Zheng, HY Wang, YL Fu, ZM 
Fang and SH He: Modulation of expression and function of 
Toll-like receptor 3 in A549 and H292 cells by histamine. 
Mol Immunol, 43(12), 1982-92 (2006) 
 
91. Moretta L, C Bottino, D Pende, R Castriconi, MC 
Mingari and A Moretta: Surface NK receptors and their 
ligands on tumor cells. Semin Immunol, 18(3), 151-8 
(2006)  
 
92. Damaj BB, CB Becerra, HJ Esber, Y Wen and AA 
Maghazachi: Functional expression of H4 histamine 
receptor in human natural killer cells, monocytes, and 
dendritic cells. J Immunol, 179(11), 7907-15 (2007) 93. 
Brune M, M Hansson, UH Mellqvist, S Hermodsson and K 
Hellstrand: NK cell-mediated killing of AML blasts: role of 
histamine, monocytes and reactive oxygen metabolites. Eur 
J Haematol, 57(4), 312-9 (1996)  
 
94. Thoren FB, AI Romero, M Brune and K Hellstrand: 
Histamine dihydrochloride and low-dose interleukin-2 as 
post-consolidation immunotherapy in acute myeloid 
leukemia. Expert Opin Biol Ther, 9(9), 1217-23 (2009)  
 
95. Leite-de-Moraes MC, S Diem, ML Michel, H Ohtsu, 
RL Thurmond, E Schneider and M Dy: Cutting edge: 
histamine receptor H4 activation positively regulates in 
vivo IL-4 and IFN-gamma production by invariant NKT 
cells. J Immunol, 182(3), 1233-6 (2009)  
 
96. Fadel R, N Herpin-Richard, JP Rihoux and E Henocq: 
Inhibitory effect of cetirizine 2HCl on eosinophil migration 
in vivo. Clin Allergy, 17(4), 373-9 (1987)  
 
97. Clark RA, JA Sandler, JI Gallin and AP Kaplan: 
Histamine modulation of eosinophil migration. J Immunol, 
118(1), 137-45 (1977)  
 
98. Kunzmann S, PY Mantel, JG Wohlfahrt, M Akdis, K 
Blaser and CB Schmidt-Weber: Histamine enhances TGF-
beta1-mediated suppression of Th2 responses. FASEB J, 
17(9), 1089-95 (2003)  
 
99. Osna N, K Elliott and MM Khan: Regulation of 
interleukin-10 secretion by histamine in TH2 cells and 
splenocytes. Int Immunopharmacol, 1(1), 85-96 (2001)  
 
100. Wang R and DH Macartney: Cucurbit[7]uril host-
guest complexes of the histamine H2-receptor antagonist 
ranitidine. Org Biomol Chem, 6(11), 1955-60 (2008)  
 
101. Ma RZ, J Gao, ND Meeker, PD Fillmore, KS Tung, T 
Watanabe, JF Zachary, H Offner, EP Blankenhorn and C 
Teuscher: Identification of Bphs, an autoimmune disease 
locus, as histamine receptor H1. Science, 297(5581), 620-3 
(2002)  

102. Noubade R, G Milligan, JF Zachary, EP Blankenhorn, 
R del Rio, M Rincon and C Teuscher: Histamine receptor 
H1 is required for TCR-mediated p38 MAPK activation 
and optimal IFN-gamma production in mice. J Clin Invest, 
117(11), 3507-18 (2007)  
 
103. Bryce PJ, CB Mathias, KL Harrison, T Watanabe, RS 
Geha and HC Oettgen: The H1 histamine receptor regulates 
allergic lung responses. J Clin Invest, 116(6), 1624-32 
(2006)  
 
104. Botturi K, Y Lacoeuille, D Vervloet and A Magnan: 
Histamine induces Th2 activation through the histamine 
receptor 1 in house dust mite rhinitic but not asthmatic 
patients. Clin Exp Allergy, 40(5), 755-62 (2010)  
 
105. Forward NA, SJ Furlong, Y Yang, TJ Lin and DW 
Hoskin: Mast cells down-regulate CD4+CD25+ T 
regulatory cell suppressor function via histamine H1 
receptor interaction. J Immunol, 183(5), 3014-22 (2009)  
 
106. Gantner F, K Sakai, MW Tusche, WW Cruikshank, 
DM Center and KB Bacon: Histamine h(4) and h(2) 
receptors control histamine-induced interleukin-16 release 
from human CD8(+) T cells. J Pharmacol Exp Ther, 
303(1), 300-7 (2002)  
 
107. Morgan RK, B McAllister, L Cross, DS Green, H 
Kornfeld, DM Center and WW Cruikshank: Histamine 4 
receptor activation induces recruitment of FoxP3+ T cells 
and inhibits allergic asthma in a murine model. J Immunol, 
178(12), 8081-9 (2007)  
 
108. Meiler F, J Zumkehr, S Klunker, B Ruckert, CA Akdis 
and M Akdis: In vivo switch to IL-10-secreting T 
regulatory cells in high dose allergen exposure. J Exp Med, 
205(12), 2887-98 (2008)  
 
109. Yanai K, LZ Son, M Endou, E Sakurai and T 
Watanabe: Targeting disruption of histamine H1 receptors 
in mice: behavioral and neurochemical characterization. 
Life Sci, 62(17-18), 1607-10 (1998)  
 
110. Fredriksson R, MC Lagerstrom, LG Lundin and HB 
Schioth: The G-protein-coupled receptors in the human 
genome form five main families. Phylogenetic analysis, 
paralogon groups, and fingerprints. Mol Pharmacol, 63(6), 
1256-72 (2003)  
 
111. Pierce KL, RT Premont and RJ Lefkowitz: Seven-
transmembrane receptors. Nat Rev Mol Cell Biol, 3(9), 639-
50 (2002)  
 
112. Overington JP, B Al-Lazikani and  AL Hopkins: How 
many drug targets are there? Nat Rev Drug Discov, 5(12), 
993-6 (2006)  
 
113. Morisset L, A Rouleau, X Ligneau, F Gbahou, J 
Tardivel-Lacombe, H Stark, W Schunack, CR Ganellin, JC 
Schwartz and JM Arrang: High constitutive activity of 
native H3 receptors regulates histamine neurons in brain. 
Nature, 408(6814), 860-4 (2000)  



Histamine receptors and immunomodulation 

52 

114. Murray F, MR MacLean and NJ Pyne: An assessment 
of the role of the inhibitory gamma subunit of the retinal 
cyclic GMP phosphodiesterase and its effect on the 
p42/p44 mitogen-activated protein kinase pathway in 
animal and cellular models of pulmonary hypertension. Br 
J Pharmacol, 138(7), 1313-9 (2003)  
 
115. Mettler SE, S Ghayouri, GP Christensen and JG Forte: 
Modulatory role of phosphoinositide 3-kinase in gastric 
acid secretion. Am J Physiol Gastrointest Liver Physiol, 
293(3), G532-43 (2007)  
 
116. Di Lorenzo A, C Fernandez-Hernando, G Cirino and 
WC Sessa: Akt1 is critical for acute inflammation and 
histamine-mediated vascular leakage. Proc Natl Acad Sci U 
S A, 106(34), 14552-7 (2009)  
 
117. Elenkov IJ, E Webster, DA Papanicolaou, TA Fleisher, 
GP Chrousos and RL Wilder: Histamine potently suppresses 
human IL-12 and stimulates IL-10 production via H2 
receptors. J Immunol, 161(5), 2586-93 (1998)  
 
118. Dremier S, V Pohl, C Poteet-Smith, PP Roger, J Corbin, 
SO Doskeland, JE Dumont and C Maenhaut: Activation of 
cyclic AMP-dependent kinase is required but may not be 
sufficient to mimic cyclic AMP-dependent DNA synthesis and 
thyroglobulin expression in dog thyroid cells. Mol Cell Biol, 
17(11), 6717-26 (1997)  
 
119. Anciaux K, K Van Dommelen, S Nicolai, E Van 
Mechelen and H Slegers: Cyclic AMP-mediated induction of 
the glial fibrillary acidic protein is independent of protein 
kinase A activation in rat C6 glioma. J Neurosci Res, 48(4), 
324-33 (1997)  
 
120. Hamelink C, HW Lee, Y Chen, M Grimaldi and LE 
Eiden: Coincident elevation of cAMP and calcium influx by 
PACAP-27 synergistically regulates vasoactive intestinal 
polypeptide gene transcription through a novel PKA-
independent signaling pathway. J Neurosci, 22(13), 5310-20 
(2002)  
 
121. Boissel JP, M Bros, A Schrock, U Godtel-Armbrust and 
U Forstermann: Cyclic AMP-mediated upregulation of the 
expression of neuronal NO synthase in human A673 
neuroepithelioma cells results in a decrease in the level of 
bioactive NO production: analysis of the signaling 
mechanisms that are involved. Biochemistry, 43(22), 7197-206 
(2004)  
 
122. Fuld S, G Borland and SJ Yarwood: Elevation of cyclic 
AMP in Jurkat T-cells provokes distinct transcriptional 
responses through the protein kinase A (PKA) and exchange 
protein activated by cyclic AMP (EPAC) pathways. Exp Cell 
Res, 309(1), 161-73 (2005)  
 
123. Datta NS, C Chen, JE Berry and LK McCauley: PTHrP 
signaling targets cyclin D1 and induces osteoblastic cell 
growth arrest. J Bone Miner Res, 20(6), 1051-64 (2005)  
 
124. Gerlo S, P Verdood, EL Hooghe-Peters and R 
Kooijman: Multiple cAMP-induced signaling cascades 

regulate prolactin expression in T cells. Cell Mol Life Sci, 
63(1), 92-9 (2006)  
 
125. Lotfi S, Z Li, J Sun, Y Zuo, PP Lam, Y Kang, M 
Rahimi, D Islam, P Wang, HY Gaisano and T Jin: Role of 
the exchange protein directly activated by cyclic adenosine 
5'-monophosphate (Epac) pathway in regulating proglucagon 
gene expression in intestinal endocrine L cells. Endocrinology, 
147(8), 3727-36 (2006)  
 
126. Chen L, P Wang, CF Andrade, IY Zhao, PE Dube, PL 
Brubaker, M Liu and T Jin: PKA independent and cell type 
specific activation of the expression of caudal homeobox gene 
Cdx-2 by cyclic AMP. FEBS J, 272(11), 2746-59 (2005)  
 
127. Umenishi F, T Narikiyo, A Vandewalle and RW Schrier: 
cAMP regulates vasopressin-induced AQP2 expression via 
protein kinase A-independent pathway. Biochim Biophys 
Acta, 1758(8), 1100-5 (2006)  
 
128. Tang KS, N Wang, A Tse and FW Tse: Influence of 
quantal size and cAMP on the kinetics of quantal 
catecholamine release from rat chromaffin cells. Biophys J, 
92(8), 2735-46 (2007)  
 
129. Sands WA, HD Woolson, GR Milne, C Rutherford and 
TM Palmer: Exchange protein activated by cyclic AMP 
(Epac)-mediated induction of suppressor of cytokine signaling 
3 (SOCS-3) in vascular endothelial cells. Mol Cell Biol, 
26(17), 6333-46 (2006)  
 
130. Yarwood SJ, G Borland, WA Sands and TM Palmer: 
Identification of CCAAT/enhancer-binding proteins as 
exchange protein activated by cAMP-activated transcription 
factors that mediate the induction of the SOCS-3 gene. J Biol 
Chem, 283(11), 6843-53 (2008)  
 
131. Woolson HD, VS Thomson, C Rutherford, SJ Yarwood 
and TM Palmer: Selective inhibition of cytokine-activated 
extracellular signal-regulated kinase by cyclic AMP via Epac1-
dependent induction of suppressor of cytokine signalling-3. Cell 
Signal, 21(11), 1706-15 (2009)  
 
132. Thompson CM and CN Wyatt: Inhibition of adenylate 
cyclase attenuates muscarinic Ca(2+) signaling by a PKA-
independent mechanism in rat carotid body Type I cells. Respir 
Physiol Neurobiol (2010)  
 
133. Boss V, KL Abbott, XF Wang, GK Pavlath and TJ Murphy: 
The cyclosporin A-sensitive nuclear factor of activated T cells 
(NFAT) proteins are expressed in vascular smooth muscle cells. 
Differential localization of NFAT isoforms and induction of 
NFAT-mediated transcription by phospholipase C-coupled cell 
surface receptors. J Biol Chem, 273(31), 19664-71 (1998)  
 
134. Minami T, T Kuroishi, A Ozawa, H Shimauchi, Y Endo and 
S Sugawara: Histamine amplifies immune response of gingival 
fibroblasts. J Dent Res, 86(11), 1083-8 (2007)  
 
135. Notcovich C, F Diez, MR Tubio, A Baldi, MG 
Kazanietz, C Davio and C Shayo: Histamine acting on H1 
receptor promotes inhibition of proliferation via PLC, 



Histamine receptors and immunomodulation 

53 

RAC, and JNK-dependent pathways. Exp Cell Res, 316(3), 
401-11 (2010) 
 
Key Words: Histamine Receptor, Innate Immunity, 
Adaptive Immunity, Immune Regulation, G protein-
coupled receptor, Review 
    
Send correspondence to: Liam O’Mahony, Swiss Institute 
of Allergy and Asthma Research, University of Zurich, 
Davos, Switzerland, Fax: 0041-814100840, Tel: 0041-
814100853, E-mail: liam.omahony@siaf.uzh.ch 
 
http://www.bioscience.org/current/vol17.htm 
 


