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ABSTRACT

In the present review we will discuss the recent advances in the understanding of the role of
histamine -and histamine receptors in cancer biology. The controversial role of the
histaminergic system in different neoplasias including gastric, colorectal, oesophageal, oral,
pancreatic, liver, lung, skin, blood and breast cancers will be reviewed. The expression of
histamine receptor subtypes, with special emphasis in histamine H4 receptor (H4R), in
different cell lines and human tumours, the signal transduction pathways and the associated
biological responses as well as the in vivo treatment of experimental tumours with
pharmacological ligands will be described. The presented evidence demonstrates that
histamine regulates cancer-associated biological processes during cancer development in
multiple cell types, including neoplastic cells and cells of tumour microenvironment. The
outcome will depend on tumour cell type, histamine receptors expression, signal transduction
associated to those receptors, tumour microenvironment and histamine metabolism,
supporting the complexity of cancer disease. Findings show the pivotal role of H4R in the
development and progression of many types of cancers, and considering its
immunomodulatory properties, H4R arises as the most promising molecular therapeutic
target for cancer treatment within histamine receptor family. Furthermore, H4R is
differentially expressed in tumours compared with normal tissues and in most cancer types in
which data was available, H4R expression is associated to clinicopathological characteristics,

suggesting that H4R might represent a novel cancer biomarker.
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ABBREVIATIONS: ALL, acute lymphocytic leukaemia; AML, acute myeloid leukaemia;
AOM azoxymethane; Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma extra-large;
BNCT, boron neutron capture therapy; bw, body weight; CCA, Cholangiocarcinoma; Cdc,
cell division cycle; CDK, cyclin-dependent kinase; CML, acute myeloid leukaemia; CNS,
central nervous system; COX-2, cyclooxygenase; CRC, colorectal cancer; CRE, cAMP
responsive elements; DAG, 1, 2-diacylglycerol; DAO, diamine oxidase; DPH,
diphenhydramine; DSS, dextran sodium sulphate; ECL, human enterochromaffin-like cells;
ECM, extracellular matrix; EGF, epidermal growth factor; EGFR, epidermal growth factor
receptor; ER, oestrogen receptor; ERK1/ERK2, extracellular signal-regulated kinases
(ERK1/2); ESCC, oesophageal squamous cell carcinoma; ETM, epithelial to mesenchymal
transition; Ets-1, v-ets erythroblastosis virus E26 oncogene homolog; FBLN5, matrix protein
fibulin-5; GC, Gastric carcinoma; GI, Gastro-intestinal; GRK2, G protein-coupled receptor
kinase 2; HCC, hepatocellular carcinoma; HD, Hodgkin's disease; HDC, L-histidine
decarboxylase; HER 2, human epidermal growth factor 2 receptor; H4R, histamine
H4 receptor; H4R-KO, H4R knockout; HNMT, histamine N-methyltransferase; HNSCC,
head and neck squamous cell carcinoma; H3R, histamine H3 receptor; H1R, histamine
H1 receptor; H2R, histamine H2 receptor; IBS, irritable bowel syndrome; IL, Interleukin;
IFNa, interferon-alpha; IFNy, interferon-gamma; IGF-1IR, insulin-like growth factor II
receptor; ip, intraperitoneal; KO, knockout; LLC, Lewis lung carcinoma; MAPK, mitogen-
activated' protein kinase; MMP, matrix metalloproteinase; MDSC, myeloid derived
suppressor cells; MRPs, multidrug resistance-associated proteins; NOX-2, NADPH oxidase
2; - NHL, non-Hodgkin lymphomas; NK, natural killer; NMU, N-nitro-N-methylurea;
NSCLC, Non-small cell lung cancer; ODC, Ornithine decarboxylase; OSCC, oral squamous

cell carcinoma; OS, overall survival, OTSCC, oral tongue squamous cell carcinoma; PCNA,
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proliferating cell nuclear antigen; PKC, protein kinase C; PLC, phospholipase C; ROS,
reactive -oxygen species; sc, subcutaneous; TCGA, The Cancer Genome Atlas; TDLN,
tumour draining lymph nodes; TGFp, transforming growth factor-beta; TILS, tumour
infiltrating lymphocytes; TNBC, triple negative breast cancers; TNFa, tumour necrosis
factor-alpha; TNM, tumour-nodes-metastasis; tpm, transcripts per million; Tregs, regulatory

T cells; VEGF, vascular endothelial growth factor

INTRODUCTION

Cancer is a main public health concern, representing a leading cause of death in both more
and less economically developed countries (Ferlay et al., 2015; Torre et al., 2015). Although
advances in cancer research over the last decades lead to novel and improved anti-neoplastic
drugs, anticancer therapy continues to have detrimental outcomes, including both poor
response-and severe toxicity. To overcome the complexity of the oncological disease, future
anti-cancer treatments should target the different cellular and molecular participants
encompassed in a tumour and its microenvironment, as well as their specific interactions to

increase therapeutic efficacy.

Cell proliferation is critical for tumour development and progression, and histamine is a
main mediator of this biological process in different types of cancers (Medina and Rivera,
2010). Histamine [2-(4-imidazolyl)-ethylamine] is an endogenous biogenic amine widely
distributed throughout the body and it is involved in numerous physio-pathological
conditions. Histamine performs its functions via four histamine receptors subtypes that
belong to the family of G protein coupled receptors (Panula et al., 2015). The H1 receptor
(H1R) was the first receptor subtype to be discovered and to be targeted for clinical use, as its

antagonists are used for the treatment of allergic inflammation. HIR is a Gag/11-coupled
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protein, which stimulates phospholipase C (PLC) to generate inositol 1, 4, 5-triphosphate and
1, 2-diacylglycerol (DAG) leading to an increase in cytosolic Ca2+. In addition, CAMP
accumulation is stimulated via GBy subunits of Gq (Hill et al., 1997; Panula et al., 2015).
Histamine H2 receptor (H2R) was the second histamine receptor subtype discovered.
Numerous H2R antagonists are clinically used to block histamine-induced gastric acid
secretion. H2R is both coupled to adenylate cyclase and to phosphoinositide second
messenger systems via separate GTP-dependent mechanisms. Several studies have shown
that histamine induced H2R-dependent effects were predominantly mediated through the
accumulation of CAMP in various cells (Johnson, 1982; Dy et al., 2004; Panula et al., 2015).

The third histamine receptor was reported in 1983 by a traditional pharmacological approach.

Histamine H3 receptor (H3R) belongs to the G-protein-coupled receptors (Gai/o) and its
activation leads to inhibition of CAMP formation, accumulation of Ca2+ and stimulation of
mitogen-activated protein kinase (MAPK) pathway (Dimitriadou et al., 1994; Shahid et al.,
2009). HRH3 gene counts with three introns, showing significant splice variance (Shahid et.
al.; 2009) and H3R blocking ligands are in the search for the treatment of central nervous
system (CNS) disorders (Kantor, 2006; Dauvelliers et al., 2013; Kasteleijn-Nolst et al., 2013;

Amini, et al., 2015; Szakacs et. al., 2017).

Histamine_H4 receptor (H4R) is the latest histamine receptor described of this family.
H4R is a Gai/o coupled receptor, and its agonists-induced stimulation leads to an inhibition
of adenylyl cyclase (AC) and downstream cAMP responsive elements (CRE) as well as
activation of MAPK and PLC with calcium mobilization (Shahid et al., 2009; Panula et al.,
2015). The main characteristics of histamine receptors and compounds used in their
investigation are summarised in Table 1. Approved antagonists of all histamine receptors are

used clinically (Panula et al., 2015) and the recent data from ongoing clinical trials are
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described in Table 2. It is important to highlight that all four histamine receptors are

identified.in several human tumours.

The purpose of this review is to address the most recent research on the involvement of
histamine and histamine receptors in the complex cancer biology, considering tumour cells
and the interaction with their microenvironment, emphasizing the remarkable role of the
latest histamine receptor subtype, the H4 receptor (H4R). Presented data contribute to the

identification of potential molecular targets for effective anti-cancer therapies.

Histamine receptors and gastrointestinal cancers

Gastro-intestinal (GI) cancer is one of the most common forms of neoplasia and refers to a
group of cancers that affects the digestive system organs, including oesophagus, gallbladder,

liver, pancreas, stomach, small intestine, colon and rectum (Torre et al., 2015).

Histamine producing cells and the four histamine receptors subtypes are widely distributed
throughout the digestive system. Histamine is involved in several physiological responses
such as vascular contraction and permeability, parietal cell acid secretion, gastric mucosal
defence and immune modulation through the H1R, H2R, H3R and H4R, respectively
(Bertaccini & Coruzzi, 1992; Coruzzi et al., 2012; Deiteren et al., 2015). In addition,
histamine and its receptors are involved in GI disorders, such as allergic enteropathy,
inflammatory bowel disease, irritable bowel syndrome (IBS) and cancer (Chandra &
Ganguly, 1987; Reynolds et al., 1997; Masini et al., 2005; Coruzzi et al., 2012; Kennedy et
al., 2012). In this section we will review the most relevant data of the functional role of

histamine receptors in GI cancers.
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Histamine receptors and colorectal cancer

Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide, with
extensive geographical variation in incidence and mortality (Ferlay et al., 2015; Torre et al.,

2015; Pilleron et al., 2018).

Rectal cancers, which account for one-third of CRCs, have particular biological hallmarks
(Tamas et al., 2015). Surgery remains the mainstay of treatment for colon cancer but use of
laparoscopic approaches varies widely despite demonstrated short- and long-term benefits
(Ratnapradipa et al., 2017). Immunotherapy is a hovel promising approach for CRC (Gutting

et al.; 2018).

Both high activity of L-histidine decarboxylase (HDC) and low activity of histamine
catabolizing enzymes are observed in carcinoma or adenoma compared to normal mucosa,
supporting the hypothesis that histamine could be involved in colon carcinogenesis (Reynolds
et al,, 1997; Garcia-Caballero et al., 1988; Cianchi et al., 2005; Kuefner et al., 2008).
However, determination of histamine levels in whole blood of CRC patients indicates a
significant histamine reduction when compared to controls (Burtin et al., 1983; Previati et al.,

2002).

CRC patients with lymph node invasion had a particularly higher density of HDC-positive
microvessels and show high proliferative activity. These results suggest that apart from mast
cells, vessels could be additional sources of histamine, which may promote angiogenesis in
human CRC (Cui et al., 2013). On the other hand, it is important to highlight that chemically
induced carcinogenesis developed in HDC knockout (KO) mice shows enhanced
inflammation and higher tumour burden (intestine and skin) compared to wild type animals.
These effects were reversed by histamine administration (Yang et al., 2011). In addition,

histamine-producing probiotic (hdc+ Lactobacillus reuteri) decreased the number and size of
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colon tumours, reducing the gene expression of proinflammatory cancer-associated cytokines
(keratinocyte chemoattractant, interleukin (IL)-22, 1L-6, tumour necrosis factor (TNF), and
IL-1a gene expression) in the colonic mucosa and reduced the amounts of proinflammatory
mediators, cancer-associated cytokines, keratinocyte chemoattractant, 1L-22 and IL-6 in
plasma, indicating that histamine suppresses colorectal tumorigenesis and severity of
inflammation-associated colon cancer in HDC KO mice. Histamine-generating L. reuteri also
decreased the relative numbers of splenic CD11b+Gr-1+ immature myeloid cells.
Furthermore, an isogenic HDC-deficient L. reuteri mutant that was unable to generate
histamine did not suppress carcinogenesis, indicating a significant role of the cometabolite,
histamine, in suppression of chronic intestinal inflammation and colorectal tumorigenesis. In
this connection, elevated HDC gene expression is associated with improved survival
outcomes in CRC patients (Gao et al.,, 2017). Moreover, it was demonstrated the
immunohistochemical expression of HIR, H2R, H3R and H4R in adenocarcinoma cells
(Tanaka-et al., 2016a) and that all histamine receptor subtypes are involved in cancer

(Kennedy et al., 2012).

Loratadine effectively inhibited growth of tumours derived from human colon cancer
cells (COLO 205) in vivo. In vitro studies demonstrated that this H1R antagonist induced a
cell division cycle (Cdc) 2-associated G2/M cell cycle arrest and apoptosis by interfering
with the activity of regulatory proteins involved in cell cycle progression, more precisely,
with checkpoint kinase 1-mediated phosphorylation of Cdc25C signalling (Chen et al., 2006).
In addition, treatment with loratadine inhibited growth and enhanced the effect of radiation of
human CRC cell lines. According to the results presented, H1R signalling could interfere
with ionising radiation at different levels, enhancing DNA damage and activating Chk1 and
therefore_inducing G2/M arrest, the most radiosensitive phase associated to increase in

radiation-induced DNA damage (Soule et al., 2010).
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In line with these results, it was shown that the H1R antagonist meclizine, dose-
dependently induced apoptosis in human colon cancer cell lines (COLO 205 and HT 29
cells), down regulating Bcl-2 protein. However, the effects of this compound differ from the
effects of loratadine because it induced GO/G1 cell cycle arrest associated to an upregulation
of p53 and p21 and a reduced kinase activities of cyclin-dependent kinase 2 (CDK2) and

CDK4 (Lin et al., 2007).

In addition, earlier studies demonstrated that in vitro and in vivo histamine-induced cell
proliferation was blocked by H2R antagonists (Adams et al., 1994; Cianchi et al., 2005).
These compounds suppressed the growth of murine tumour implants by inhibiting
angiogenesis via reducing VEGF expression (Tomita et al., 2003; Natori et al., 2005). These
effects also could be associated with the reduction of inflammatory cytokines and enzymes in
tumour microenvironment (Takahashi et al., 2001; Tomita and Okabe, 2005). In agreement
with these results, clinical trials employing H2R antagonists/inverse agonists (e.g. cimetidine,
ranitidine) show significant improvement in overall survival when used as adjuvant therapy
in patients having curative-intent surgery (Nielsen et al., 2002; Kapoor et al., 2005; Deva and
Jameson, 2012). On the other hand, it was recently reported that increased H2R gene
expression is rassociated with enhanced survival in CRC patients (Gao et al., 2017).
Interestingly, a 30-year old work shows a marked clinical improvement and increased median
survival with a daily combination treatment of subcutaneous histamine and oral H2R
antagonists in a randomized study with 31 patients with advanced cancer disease and
refractory to classical anticancer treatments compared with 34 non-treated patients with

similar advanced cancer (Burtin et al., 1988).

Considering the key role of histamine during inflammation and carcinogenesis, Tanaka et
al. (2016a) determined the effects of HLR-H3R antagonists on inflammation-associated CRC

model induced by azoxymethane (AOM, 10 mg kg™ bw, ip) and 1.5% dextran sodium
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sulphate (DSS, drinking water for 7 days). Terfenadine was not able to affect tumour growth.
However, the H2R antagonist (cimetidine) and the H3R antagonist and H4R agonist

(clobenpropit) significantly inhibited colorectal carcinogenesis.

More recently, it was demonstrated the expression of H4R in CRC cell lines and in human
colon, in ' which a reduced H4R expression observed in tumour samples compared to normal
colonic tissue was demonstrated (Boer et al., 2008). In line with these results, using genomics
data from The Cancer Genome Atlas (TCGA) project and UALCAN interactive web resource
(Chakravarthi et al., 2017), we demonstrate that HRH4 gene expression in patient samples is
significantly reduced in primary colon adenocarcinoma compared with normal colon tissue
(Figure 1A). Interestingly, H2R and H4R antagonists blocked the cell growth-promoting
activity of histamine in three colon cancer cell lines without affecting the basal growth of the
cells. Combination treatment with both compounds showed an additive effect on reducing the
histamine-induced VEGF production and histamine-stimulated proliferation (Cianchi et al.,
2005). On the other hand, Fang et al. demonstrated that H4R inhibition resulted in reduced

tumour growth and progression in CRC (Fang et al., 2011).

Histamine receptors and oesophageal and oral cancer

Oesophageal cancer, including both adenocarcinoma and oesophageal squamous cell
carcinoma (ESCC) subtypes, is the eighth most frequent cancer worldwide and the sixth most
common cause of death from cancer. Incidence and mortality are higher in less developed
regions compared to more developed ones (Ferlay et al., 2015; Torre et al., 2015). Surgery
and chemotherapy are the mainstay treatment for ESCC, which are still associated with

recurrence (Kato and Nakajima, 2013).
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Little is known about the participation of histamine and histamine receptors in ESCC.
Previously, it was shown a significantly increased HDC-positive microvessels density in
ESCC as compared with normal controls. Most of these HDC-positive cells were CD34-
positive endothelial cells in microvessels with an increased proliferative capacity, suggesting
that non-mast cell histamine produced in endothelial cells might play a role in regulating
angiogenesis in ESCC (Li et al., 2008). Recently, the expression of H4R was demonstrated in
ESCC, which was closely associated with clinicopathological features, including histological
grade, primary tumour size, lymph node metastasis, and patient survival. Consistently, H4R
overexpression was also observed in ESCC cell lines, in which H4R activation not only
blocked the cell cycle and reduced their proliferation in vitro but also decreased xenograft
tumour growth in vivo. Authors proposed that the underlying mechanism involved in the
inhibitory effect of H4R agonist on proliferation and invasion was the inhibition of TGF-p1
signalling via both a metabolic pathway (acetyl-coenzyme A synthetase 2) and a non-
metabolic pathway (mitogen-activated protein kinase, MAPK) (He et al., 2018). Accordingly
and using TGCA data, HRH4 gene expression level was significantly higher in tumours

compared to normal oesophageal tissue (Figure 1 B).

Oral cancer: is the most common form of head and neck cancer and it is associated to high
mortality. rate due to late diagnoses and early metastases. Among oral cancers, oral tongue
squamous cell carcinoma (OTSCC) is the most frequent type and it is characterised by high

metastatic potential (Ferlay et al., 2015, Salem et al., 2017b).

H1R was expressed in oral squamous cancer cell carcinoma (OSCC) cell lines (BICR56
and BICR3). In patient samples, HIR was rarely expressed but significantly related with
advanced tumour stages. Following univariate analysis, patients with H1R expression showed
a significantly poorer prognosis, suggesting that H1R activation may promote carcinogenesis

in OSCC (Grimm et al., 2013).

This article is protected by copyright. All rights reserved.



On the other hand, earlier studies show that H2R is over-expressed in OSCC developed in
hamster cheek pouch. In this model and in oral cancer cell lines histamine conjugation to
chlorin p6 (Cp6-histamine conjugate) improved cellular uptake and photo-toxicity of Cp6 for
photodynamic treatment, producing the complete regression of large tumours and therefore
improving efficacy of this treatment modality (Parihar et al., 2011, 2013). In this regard,
searching for more effective and selective therapies for head and neck cancer, it was
demonstrated that histamine treatment (1 mg kg™ bw, sc) improved the therapeutic effect of
boron neutron capture therapy (BNCT) to treat oral cancer in the hamster cheek pouch model,

reducing the BNCT-induced severe mucositis (Monti Hughes et al., 2015).

Considering that gastroesophageal reflux might play a role in the aetiology of head and
neck squamous cell carcinomas (HNSCC) and also contribute to complications after surgery
or during radiotherapy, Papagerakis and coworkers reported in a large cohort study that
routine use of anti-acid medications, including H2R antagonists, may have significant

therapeutic benefit in patients with HNSCC (Papagerakis et al., 2014).

Interestingly, H4R is uniformly expressed in oral epithelial cells and its
immunoexpression is downregulated together with an alteration of histamine metabolism in
the oral lichen planus, a premalignant lesion (Salem et al., 2015, 2017a). Recently, it was
reported that H4R protein staining is reduced in oral epithelial dysplasia and in all the
pathological grades of OTSCC compared with the normal oral epithelium (Salem et al.,
2017b). Samples with the highest histopathological grade and increased mast cell counts
exhibited the weakest H4R immunostaining. Consistently, expression of H4R in HSC-3
OTSCC cell line is reduced compared with the expression in normal human oral
keratinocytes. Mast cells are key components of tumour microenvironment, which are
implicated not only in immune modulation but also in cancer progression. In this context,

authors demonstrated that mast cells release factors regulate the expression of oncogenes,
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increasing the gene expression of epidermal growth factor (EGF) and epidermal growth
factor receptor (EGFR) while down-regulating the expression of the anti-apoptotic genes, B-
cell'lymphoma 2 (Bcl-2) and B-cell lymphoma extra-large (Bcl-xL) in normal keratinocytes

(Salem et al., 2017b).

Histamine receptors and pancreatic cancer

Pancreatic. carcinoma is characterised by its silent nature of the disease and its poor
prognosis.. HDC expression and histamine production was reported in pancreatic cancer
(Tanimoto et al., 2004) and the four histamine receptor subtypes were described in pancreatic
carcinoma Panc-1 cells. Proliferation studies showed that they are involved in pancreatic
carcinoma cell growth, being proliferation augmented through H3R and diminished by H1R,
H2R and H4R. H2R reduced proliferation through GO/G1 phase arrest, effect that was
associated with a decrease in phosphoactivated extracellular signal-regulated kinase
ERK1/ERK2 and involved the modulation of the Bcl-2 family proteins (Cricco et al., 2004;

2006; 2008).

More recently, other authors confirmed the presence of H4R in Panc-1 and other 2
pancreatic cancer cell lines (MiaPaCa-2 and AsPC-1) but they were unable to detect the H3R.
In these cell lines, clobenpropit inhibited cell proliferation and cell migration, disrupting
epithelial to mesenchymal transition (ETM). Its combined effect with gemcitabine increased
apoptosis of pancreatic cancer cells. In agreement with the in vitro results, combined therapy
induced a reduction of tumour growth and enhanced apoptosis in vivo, in Panc-1 xenograft

induced in mice (Pail et al., 2014).
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Histamine receptors and liver cancer

Hepatocellular carcinoma (HCC) is a leading cause of cancer death worldwide and its
development is associated with inflammation, viral hepatitis, alcohol abuse and liver
cirrhosis. Studies performed in HCC cells lines show that histamine produced dual effects on
cell growth, decreasing proliferation in HuH-6 cell line through the H1R, which mediated the
down regulation of B-catenin, COX-2, and survivin expression and increased apoptosis. In
contrast, in HA22T/VGH cells histamine induced a weak increase in cell growth mediated
through the H2R (Lampiasi et al., 2007; Kennedy et al., 2012). In other study, cimetidine
blocked EGF-induced cellular proliferation and migration in HCC cell lines (Hep3B, HLF,
SK-Hep-1, JHH-2, PLC/PRF/5 and HLE) by decreasing cCAMP concentration (Fujikawa et

al., 2007). Recently, it was reported that an H1R antagonist, cyproheptadine, reduced

proliferation of HepG2 and Huh-7 HCC cells by blocking cell cycle progression through the

activation of P38 MAPK, with minimal toxicity in normal hepatocytes (Feng et al., 2015).

H3R is also expressed in McA-RH7777 hepatoma cells and histamine activation produced
antiproliferative effects (Davenas et al., 2008). To the best of our knowledge, no description
of H4R in HCC cells was yet published. In the present work, using the TGCA database we
show that HRH4 gene is expressed in HCC primary tumours (n=371) and its expression is

slightly increased compared to normal tissue (n=50) (Figure 1 C).

Cholangiocarcinoma (CCA) is a biliary cancer arising from damaged bile ducts and is the
second most common type of cancer in the liver after HCC. When possible, is treated by

surgical resection (Blechacz et al., 2009).

It was demonstrated the expression of the four histamine receptor subtypes in numerous
CCA cell lines, with an up regulation of HRH3 (Onori et al., 2010). On one side, long-term

treatment with histamine increased proliferation and VEGF expression with no changes in
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angiogenesis in human CCA developed in nude mice that were blocked by HDC inhibitor and

the H1Rantagonist (Francis et al., 2012).

On the other side, H3R stimulation by binding to its agonist [(R)-(a)-(=)-methylhistamine]
activated the PKCa-dependent pathway, leading to inhibition of CCA growth in vitro and in
vivo. In this study, it was demonstrated that H3R signals via Ga/0 and induces an increase in
intracellular 1P3 but not cCAMP signalling (Francis et al., 2009). The antiproliferative effects

induced by H3R were associated with a decrease in VEGFA/C and VEGF-R2/3 expression.

In line with the results in the CRC and pancreatic cancer models, clobenpropit suppressed
human CCA progression, decreasing tumour invasion and growth through disruption of the
epithelial-mesenchymal transition (EMT) using in vitro and in vivo model systems. The
effects of clobenpropit were mediated via a Ca2+-dependent mechanism and altered
morphological development and invasion. Meng and coworkers show that H4R expression
levels were increased in CCA in comparison with non-malignant tissues (Meng et al., 2011).
Likewise, analyses of TCGA cancer genomics data show a modest significant increase in the
median of HRH4 expression levels in CCA primary tumours compared with normal tissue

(Figure 1 D).

Histamine receptor and gastric cancer

Gastric carcinoma (GC) is the fourth most common malignancy and remains the second
cause of death worldwide. Approximately 90% of GCs are adenocarcinomas, which arise

from the glands of gastric mucosa (Sitarz et al., 2018).
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Regulation of acid secretion by the parietal cell is the pivotal function of histamine in the
stomach,.demonstrated by the well-known clinical efficacy of H2R antagonists in various

gastric clinical conditions (Coruzzi et al., 2012).

Human enterochromaffin-like cells (ECL) and GC cells expressed high levels of HDC
where it is regulated by gastrin (Hocker et al., 1996). Previous studies show that histamine
modulates proliferation of numerous gastric tumour cell lines through H2R (Emani et al.,
1983; Hahm et al., 1996). In this line, cimetidine induces apoptosis in GC cells and inhibits

tumour growth in vivo (Jiang et al., 2010).

Previous clinical trials showed moderate survival benefit of gastric cancer patients after
treatment with some H2R antagonists (Kubecova et al., 2011; Kennedy et al., 2012). In
addition, it was shown the efficacy of lafutidine, H2R antagonist, in reducing gastrointestinal
toxicities during adjuvant chemotherapy with oral 5-fluorouracil for GC (Namikawa et al.,
2014). On the other side, acid suppressive drugs such as H2R antagonists are associated with
an increased risk of GC (Ahn et al., 2013). Recently, associations between common genetic
variant of HRH2 (-1018 GG) homozygosity and GC risk were reported (Arisawa et al.,

2012).

Regarding H4R, it showed a reduced expression level in GC compared to the adjacent
normal-tissue. In addition, both histamine and clobenpropit were able to induce GO/G1 cell
cycle arrest in AGS cell line (Coruzzi et al., 2012; Zhang et al., 2012). Zhang et al. (2012)
demonstrated that deletion of HRH4 gene is present in GC cases and is closely correlated

with attenuated gene expression, which was associated with tumour progression.
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Histamine receptors and skin cancer

Skin cancers are the most common neoplasias worldwide. They are classified as melanoma
and non-melanoma skin malignancies. Non-melanoma skin cancer includes basal cell
carcinoma and squamous cell carcinoma (Linares et al., 2015). The incidence and mortality
of cutaneous melanoma, the deadliest form of skin malignancies, is progressively increasing

worldwide, especially among white population (Ingraffea, 2012).

Oncogene-targeted therapy and immune checkpoint blockade have shown some clinical
efficacy in a subset of melanoma patients. These therapeutic approaches exhibit high toxicity,
elevated costs and show a disease-free interval of only a few months. Therefore, the study of
new therapeutic targets is urgently needed (Block et al., 2015; Marzuka et al., 2015;

Bernatchez et al., 2016; Prieto et al., 2016).

A large body of evidence suggests that histamine regulates physiological and pathological
conditions of skin (Gutzmer et al., 2011; De Benedetto et al., 2015). There are many studies
describing the role of histamine as a modulator of proliferation in tumours, but in malignant
melanoma results are somehow controversial (Massari et al., 2011, 2013; Medina et al.,

2013).

Melanoma cells but not normal melanocytes contain large amounts of histamine,
suggesting that the level of HDC is strongly associated with malignancy in the skin (Haak-
Frendscho et al., 2000; Pos et al., 2004). Melanoma cells release a detectable amount of
histamine into the medium without external stimuli, suggesting a possible autonomous
histamine metabolism in melanoma cells. HDC activity was detected in WM35 and WM983
cell lines, while detectable HNMT activity was measured in WM983, M1 and HT168 lines
and DAO catabolic enzyme showed very low activity in melanoma cell lines (Darvas et al.,

2003). In this line, the use of specific antisense oligonucleotide designed to inhibit HDC
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protein synthesis, decreased the proliferation rate of human melanoma cells (WM?938/B,
HT168/91, WM35 and M1/15), indicating that endogenous histamine may produce autocrine
regulation of proliferation (Hegyesi et al., 2001). In addition, in a mouse melanoma model,
over-expression of HDC enhanced tumour growth and increased metastatic potential (Pos et
al.; 2005). In agreement with these results, murine B16F10 melanoma cells showed an up-
regulated histaminergic system compared to non-cancerous melanocytes (Davis et al., 2011).

Recently, it was demonstrated that diphenhydramine (DPH), an H1R antagonist, induced

apoptosis in melanoma cell lines while sparing normal melanocytes. It also suppressed
tumour growth and prolonged survival of mice bearing B16F10 melanoma (Or et al., 2016).
Additionally, it was demonstrated that locally produced histamine, acting through paracrine
and autocrine loops, could increase the expression of the protooncogen transcription factor
Ets-1 (v-ets erythroblastosis virus E26 oncogene homolog 1) in melanoma cells via the H2R
(Hegyesi et al., 2005). Ets-1 regulate the expression of several genes involved in extracellular
matrix (ECM) remodelling, angiogenesis, cell migration and tumour invasion, such as matrix

metalloproteinase (MMP)-1, MMP-3 and integrin B3 (Rothhammer et al., 2004).

In addition, histamine may modulate the immune system in the local tumour
microenvironment. It was suggested that melanoma-derived histamine may participate in a
bi-directional interaction between the tumour cells and infiltrating tumour lymphocytes,

shifting the local T-cell polarization towards predominance of Th2 cells (Mohammad, 2009).

Supporting the ability of histamine to modulate immune system, histamine
dihydrochloride inhibits the formation of reactive oxygen species (ROS) from
monocytes/macrophages by suppressing the activity of NADPH oxidase (NOX2) via H2R,
and thus preventing the inactivation of T cells and NK cells (Blaya et al., 2010; Hellstrand et
al., 2010). In this regard, histamine is being administered in clinical trials as an adjuvant to

immunotherapy with IL-2 for the treatment of metastatic melanoma and acute myeloid
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leukaemia, showing clinical benefits (Agarwala et al., 2002; Perz et al., 2008; Rydstrom et
al., 2017). Treatment of patients with stage IV melanoma with the combination of histamine
and IL-2 increases type 1 T-cell responses, promoting the induction of melanoma-specific T
cells. These effects provide a potential mechanism for the clinical efficacy of the combination
therapy and encourage the study of histamine as an adjuvant to immunotherapy for other
cancers (Asemissen et al., 2005). In addition, histamine significantly increases cytotoxic
activity of IL-2-stimulated NK cell-enriched splenocytes admixed with macrophages against
B16F10 melanoma cells and YAC-1 cells. This effect is associated with production of high
levels of IFN-y and TNF-a (Kozhar et al., 2002). In the same line, in haematogenous
metastatic models of melanoma developed by intravenous inoculation of B16F1 or B16F10
melanoma cells, lung metastasis formation was reduced in genetically NOX2-deficient mice
and also with systemic treatment with histamine dihydrochloride, which enhanced the
infiltration of IFNy-producing NK cells into lungs of wild type but not of NOX2-KO mice.
The clear participation of IFNy in the antimetastatic effect of histamine was demonstrated
using IFNy-deficient B6.129S7-1fngtm1Ts /J mice, which have increased susceptibility to
develop melanoma metastases and did not respond to the in vivo treatment with histamine

(Aydinetal., 2017).

Furthermore, literature suggests that those with allergy have a reduced risk of developing
cancer versus the general population (Engkilde et al., 2011) and that a history of asthma may
be a protective factor in cutaneous melanoma (Hajdarbegovic et al., 2014). On the other
hand, other investigators suggest that allergies are permanent states of inflammation
associated with the release of several inflammation mediators, such as cytokines that increase

the risk of cancer development (Faustino-Rocha et al., 2017).

The four histamine receptor subtypes were previously described in human melanoma cell

lines (Hegyesi et al., 2005; Pés et al., 2005; Massari et al., 2011). Histamine produces a dual

This article is protected by copyright. All rights reserved.



effect on proliferation, decreasing it through the H1R via PLC activation and its subsequent
intracellular calcium mobilization, whereas it increases growth when acting through the H2R
and cAMP production (Léazar-Molnar et al., 2002). In contrast, histamine induced
melanogenesis via H2R and growth-differentiation factor-15 in other melanoma cell lines
(SK-MEL-2, B16F10 and Melan-a) (Lee et al., 2012). H1R activation suppressed mRNA
expression levels of the tumour suppressor insulin-like growth factor Il receptor (IGF-IIR)

and the antiangiogenic matrix protein fibulin-5 (FBLN5) (Poz et al., 2008).

Furthermore, H1R antagonists (DPH, triprolidine, astemizol, and terfenadine) induced

apoptosis-in four melanoma cell lines but not in normal melanocytes or mouse embryonic
fibroblasts. However, terfenadine induced DNA damage and apoptosis through the
modulation of calcium homeostasis and tyrosine Kkinase activity, effects that were
independent of the H1R signalling pathway (Blaya et al., 2010). In vivo terfenadine treatment
inhibited tumour growth in murine models (Paoluzzi et al., 2009; Blaya et al., 2010; Jiang et
al;, 2010; Soule et al., 2010). Furthermore, H1R antagonists (terfenadine, astemizol and
triprolidine) induce apoptosis through caspase-2-dependent pathway in human melanoma

cells but not in normal melanocytes and embryonic murine fibroblasts (Jangi et al., 2006).

H3R activation was not able to modulate proliferation in human melanoma cells (Hegyesi
et al., 2005). On the other hand, H4R is functionally expressed in human melanoma cells and
the use .of agonists, antagonists and siRNA demonstrated that the inhibitory effect of
histamine on proliferation was in part mediated through the stimulation of the H4R with the
induction of GO/G1 phase of the cell cycle arrest, accelerated cell senescence and
melanogenesis (Massari et al., 2011; 2013; 2017). Interestingly, in vivo treatment with
histamine and also a specific H4R agonist, JNJ28610244, not only demonstrated a reduction
in human 1205Lu tumour growth developed in nude mice, but also reduced the metastatic

spread and angiogenesis (Massari et al., 2017).
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It is important to highlight that the presence of H4R was demonstrated in benign and
malignant lesions of melanocytic lineage emphasizing the potential clinical use of histamine
receptor ligands for the treatment of melanoma. H4R expression level in benign lesions was
significantly higher than in malignant tissues. In tumours, H4R receptor expression was
inversely correlated with PCNA expression and mitotic index, both proliferation and
prognostic markers (Massari et al., 2017). Further studies are needed to corroborate the

potential of H4R as a target for the treatment of this disease.

Despite melanoma has conventionally been considered as a radioresistant cancer (Khan et
al., 2011), combined radiotherapy and targeted therapies or immunotherapy has led to
resurgence of radiotherapy (Fort et al., 2016). In this regard, recent results indicate that
histamine enhances the response against ionising radiation of 1205Lu melanoma cells in vitro
and in vivo. Histamine produced a G2/M cell cycle arrest, increased apoptosis, DNA damage

and lipid peroxidation in irradiated 1205Lu melanoma cells (Massari et al., 2017).

Histamine receptors and breast cancer

Breast cancer is the most frequently diagnosed neoplasia in women worldwide. This is a
heterogeneous disease in terms of presentation, molecular profile and clinical response to
therapy, and represents the second and first leading cause of cancer death among females in

more and less developed countries, respectively (Ferlay et al., 2015; Torre et al., 2015).

In particular, triple-negative breast cancer (TNBC) characterized by the lack of expression

of the oestrogen receptor (ER), progesterone receptor and human epidermal growth factor 2

receptor (HER?2) proteins, accounts for approximately 15% of breast cancers. This breast
cancer subtype exhibits poor prognosis and represents an important area of research for novel

specific targeted therapy (Sotiriou et al., 2003; Cleator et al., 2007; Brouckaert et al., 2012).
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Histamine plays a critical role in the (patho)physiological conditions of the mammary
gland (Davio et al., 1994; Pos et al., 2004; Medina and Rivera, 2010; Medina et al., 2013).
Higher histamine concentration was observed in human breast tumours, human cell lines and
N-nitroso-N-methylurea (NMU)-induced rat mammary adenocarcinomas compared with their
normal counterparts, which leaded to increased histamine levels in plasma derived from
ductal breast cancer patients compared to healthy group, suggesting a direct correlation of
endogenous histamine levels with malignancy of breast cancer (Rivera et al., 2000; Sieja et
al., 2005; Medina et al., 2006; von Mach-Szczypinski et al., 2009; Medina et al., 2013).
Recent findings in Chinese Han population showed that polymorphisms of HDC gene, but
not of histamine N-methyltransferase (HNMT) gene, were associated with breast cancer

further highlighting the importance of HDC in this disease (He et al., 2014).

The regulatory role of HIR and H2R on breast cancer proliferation has been extensively
investigated in different animal models (Medina et al., 2013; Martinel Lamas et al., 2017). In
NMU-induced experimental mammary carcinomas, astemizole (H1R antagonist) treatment
increased-the number of tumours per rat while treatment with H2R antagonists (ranitidine or
cimetidine) decreased tumoural incidence (Rivera et al., 1993; 2000; Davio et al., 1995). The
histamine-induced proliferation was mediated through H2R via the PLC-dependent pathway,
while its_inhibitory effect was associated to cAMP-dependent mechanism through the

activation of the H1R (Rivera et al., 1993; Davio et al., 1995).

The presence of HIR and H2R in human normal and malignant breast cancer tissues and
cell lines was further described (Davio et al., 1993; 2002; Lemos et al., 1995; Medina et al.,
2013). H2R produced an increase in CAMP levels while H1R was coupled to PLC activation
in benign lesions. On the other hand, H1R was invariably linked to PLC pathway but H2R

stimulated both signalling pathways in carcinomas (Davio et al., 1993).
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It was recently reported that H1R is up-regulated in basal and HER2-enriched human
breast tumours, in which its expression correlated with a worse prognosis. Terfenadine
inhibited proliferation, activated ERK signalling, initiating the mitochondrial apoptotic
pathway in vitro. Moreover, in vivo studies demonstrated that terfenadine administration
reduced the tumour growth of basal and trastuzumab-resistant breast cancer cells (Fernandez-
Nogueira et al., 2018). In addition, another H1R antagonist, astemizole, combined with
histamine induced autophagy and apoptosis targeting p53-dependent crosstalk in human

MCF-7 breast cancer cells (Jakhar et al., 2016).

Oral ranitidine treatment decreased the monocytic myeloid derived suppressor cells
(MDSC) population in the spleen and bone marrow in the context of orthotopic murine breast
tumour models, which affects breast tumour development and progression. It inhibited lung
metastasis in the 4T1 model and decreased primary tumour growth in E0771 model (Vila-
Leahey et al., 2016a). In addition, oral ranitidine treatment was associated with the
development of enhanced antitumor antibody responses in EQ771-GFP orthotopic tumour-
bearing mice, modulating B cell populations. In agreement with these results, ranitidine was
not able to decrease primary tumour growth in B cell-deficient animals, highlighting the
importance of this commonly used H2R antagonist as modulator of antitumour immunity in

breast cancer (Rogers et al., 2018).

However, ranitidine administration failed to reduce tumour growth in the B16F10

melanoma, LLC1 lung cancer and EL4 lymphoma models (Vila-Leahey et al., 2016b).

Despite promising preclinical data, the clinical trials carried out with H2R antagonists lead
to inconclusive results for breast cancer patients (Bowrey et al., 2000; Parshad et al., 2005).
In addition, it was recently showed that the use of H2R blockers overall, cimetidine and

famotidine was not associated with an increased risk of breast cancer, while current users of
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ranitidine had a 2.2-fold increased risk of developing ductal carcinoma (Mathes et al., 2008).
No_significant associations of rs2067474 polymorphism of human HRH2 with breast cancer
risk or with related clinicopathological parameters were observed in Chinese Han population
(Cai et al., 2015). According to the evidence, the treatment with H2R antagonists seems not

to be useful from a therapeutically point of view.

It is important to point out that the H3R is also expressed in human cell lines and biopsies
of benign lesions and breast carcinomas, being the level of its expression significantly higher
in carcinomas, where its expression is highly correlated with proliferation and histamine
production (Medina et al., 2008; He et al., 2014). In vitro studies showed that histamine
modulated the proliferation of the TNBC cell line MDA-MB-231, in a dose-dependent
manner, reducing cell growth mainly through the H4R and slightly increasing it via H3R,
acting on the CAMP pathway (Medina et al., 2006; 2008; 2011). In line with these results, it
was recently shown that the H3R antagonist OUP-186 potently suppressed proliferation and

induces caspase-dependent apoptosis in breast cancer cells (Tanaka et al., 2016b).

The antiproliferative effect of histamine in MDA-MB-231 and MCF-7 cells was
associated with the induction of cell cycle arrest, cell differentiation and apoptotic cells with
modulation of ROS levels (Medina et al., 2006; 2008). In line with in vitro data, in vivo
administration of the JNJ10181457 (H3R antagonist), produced a decrease in the volume of
MDA-MB-231 xenograft tumours established in immune deficient nude mice (Martinel

Lamas et al., 2013).

The discovery of the human H4R more than a decade ago has helped refine our
understanding of histamine functions in cancer development and progression (Medina and
Rivera, 2010). It was shown that H4R protein is expressed in malignant lesions derived from

the human mammary gland and also is expressed in MDA-MB-231 and MCF-7 breast cancer
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cell lines (Medina et al., 2006; 2008). Accordingly, using TCGA data we show, in a large
number of human samples, that HRH4 gene expression is significantly reduced in primary
tumours compared with normal tissue (Figure 2 A). Furthermore, the presence of
polymorphisms of the HRH4 gene in variants of rs623590, rs11662595 and rs1421125
genotypes of HRH4 gene were associated with the risk and malignant degree of breast cancer
in Chinese Han population (He et al., 2013), supporting the hypothesis of the importance of
H4R in breast cancer development and progression. By means of the use of pharmacological
and genetic tools, it was demonstrated that the main receptor subtype involved in the
histamine-induced inhibitory response on proliferation was the H4R (Medina et al., 2008;
2011; Martinel Lamas et al., 2013). H4R agonists induced cell cycle arrest, augmenting the
number-of apoptotic and senescent cells (Medina et al., 2011; Martinel Lamas et al., 2013).
In line with in vitro results, in vivo histamine and an H4R agonist (JNJ28610244)
administration diminished the proliferation of MDA-MB-231 tumours developed in nude
mice. Histamine was able to increase median survival and tumoural apoptosis (Martinel

Lamas et al., 2013).

It is important to highlight that histamine not only exhibits an anti-tumoural action but it is
also able to potentiate the effects of conventional therapies such as ionizing radiation and

doxorubicin chemotherapy in breast cancer in vitro and in vivo models.

Histamine produces a radiosensitising action involving enhanced radiation-induced
oxidative DNA damage, DNA double-strand breaks, apoptosis and senescence, effects that
were related to an increased production of ROS through the inhibition of
catalase, glutathione peroxidase and superoxide dismutase activities in MDA-MB-231 cells
(Medina et al., 2006; Martinel Lamas et al., 2015a). In these cells, histamine pre-treatment
prevented the radiation-induced mesenchymal changes (e.g. decrease in the epithelial marker

E-cadherin, increase in the mesenchymal marker vimentin and Slug and MMP-2 activity) and
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reduced the migratory behaviour of irradiated cells decreasing phospho-Src levels (Galarza et
al., 2016). Furthermore, histamine was able to enhance the effect of gamma radiation in vivo,
augmenting the exponential tumour doubling time of TNBC developed in nude mice (Medina
et al., 2006; Martinel Lamas et al., 2015a). Importantly, in vivo studies show that histamine
was also safely used in different experimental models as a radioprotective agent of normal
radiosensitive tissues, including small intestine, salivary glands and bone marrow (Medina et
al., 2007, 2010, 2011; Carabajal et al., 2012). In this regard, it was recently reported that
histamine exhibits chemoprotective effects against doxorubicin-induced cytotoxic and
oxidative damage in heart and liver, without compromising the anti-tumour activity of

doxorubicin (Martinel Lamas et al., 2015b, 2015c).

In the context of the complexity of cancer disease, future anti-cancer treatments should
consider the tumour and the interactions with its microenvironment. In this regard,
conditioned media derived from fibroblasts induced EMT phenotypic changes in MCF-7 and
MDA-MB-231 breast cancer cells, effects that were reversed with histamine treatment

(Porretti et al., 2014).

It is well known that histamine is an important mediator of immunologic reactions (Jutel et
al., 2009; Stark 2013). Previous data demonstrated that histamine can modulate antigen-
specific T helper (Th) cells by changing the cytokine production from a Thl to a Th2 pattern
(Shankaran et al., 2001, Holger 2013). On the one hand, in a HDC KO model, endogenous
histamine contributed to the growth of murine LM2 breast tumour by suppressing the
antitumor immunity (Hegyesi et al., 2007). On the other hand, histamine treatment stimulates
the maturation of dendritic cells from monocytes, reducing the growth of murine lymphoma
developed with EL-4 cells (Martner et al., 2015). A recent work shows for the first time the
role of H4R in antitumor immunity in a model of TNBC developed orthotopically with 4T1

cells in H4R KO compared with wild type mice. Mice lacking H4R show reduced tumour
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growth, decreased number of lung metastases and percentage of CD4" tumour-infiltrating T
cells while they show increased infiltration of natural killer (NK) cells. In addition, tumour
draining lymph nodes show decreased CD4" T cells and T regulatory cells (Tregs)
(CD4"CD25"FoxP3") (Sterle et al., 2018). Therefore, different histamine metabolism, distinct
tumour -microenvironment and the availability of histamine receptors, may determine the

histamine receptor ligand-induced outcome.

Histamine receptors and lung cancer

Lung cancer was the most frequently diagnosed cancer and the leading cause of cancer death
among males in 2012. Among females, lung cancer was the leading and the second leading
cause of cancer death in more developed countries and in less developed countries,
respectively (Ferlay et al., 2015; Torre et al., 2015). Non-small cell lung cancer (NSCLC) is
the 'most common form of lung cancer and is characterized by a chronic inflammatory
process, which is associated with high mast cell infiltration and reduced survival rate
(Stoyanov et al., 2012). Previous data suggest that histamine is involved in the pathogenesis
of 'lung cancer, considering that a significant decrease in histamine plasma levels was
observed in patients with lung cancer compared to the healthy subjects. Interestingly,
smoking significantly reduced the histamine plasma levels just in cancer patients (Della

Rovere et al., 2006).

In experimental models, it was found a dual effect of mast cell infiltrate and histamine in
lung tumours. On the one hand, mast cells and histamine increased human alveolar basal
adenocarcinoma (A549) and mouse Lewis lung carcinoma (LLC) cell proliferation in vitro,

via H1R, H2R and H4R and ERK phosphorylation. On the other hand, mast cells resulted in
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antitumoural effects in the in vivo mouse LLC model (Stoyanov et al., 2012). In addition,
combination of astemizole-gefitinib reduced proliferation while increased apoptosis in A549
cells (Chavez-Lopez et al., 2017). In line with these results, antihistamines induced lysosomal
cell death of NSCLC cells and sub-micromolar concentrations of loratadine and astemizole
sensitised NSCLC cells to chemotherapy and reversed multidrug resistance. A cohort study
on the effect of widely used antihistamine drugs on mortality of patients diagnosed with non-
localised cancer in Denmark show that loratadine use was associated with significantly
reduced all-cause mortality among patients with non-localised NSCLC (Ellegaard et al.,

2016).

As it was reported in other tumour subtypes, cimetidine inhibited growth of murine 3LL
lung tumours. Although cimetidine showed no antitumoural effects in vitro, it reduced
CD11b*Gr-1"MDSC accumulation in spleen, blood and tumour tissue of tumour-bearing

mice (Zheng et al., 2013).

Recently, it was suggested that H4R may have an important role in preventing EMT

progress-in NSCLC (Cai et al., 2014). Treatment with 4-methylhistamine increased the

expression of the epithelial marker E-cadherin and decreased the expression of the
mesenchymal marker vimentin, in both NSCLC cell lines and xenograft tumours. This effect
was reversed with a pre-treatment with the H4R antagonist JNJ7777120 or by HRH4 gene
silencing.(Cai et al., 2014). Moreover, recent investigations suggested that genetic variations
of HRH4 gene affected H4R function, which could lead to predisposition to H4R-related
diseases. Cai et al. (2017) demonstrated that the loss-of-function polymorphism rs11662595
significantly decreased the ability of H4R to activate Gi protein, which resulted in cell
proliferation, facilitation of EMT progress, and invasion behaviour in vitro. In a prospective
cohort study among 624 NSCLC patients, the investigators proved that rs11662595 was

responsible for the prognosis, degree of malignancy and metastasis of NSCLC (Cai et al.,
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2017). Accordingly, and further supporting the relevance of the H4R in lung cancer, genomic
data from TCGA show that HRH4 gene expression is significantly reduced in tumours in

relation to normal tissue samples (Figure 2 B).

Histamine receptors and haematological malignancies

A ‘haematological malignancy is a collective term for a cancer of the haematopoietic and
lymphoid  tissues, with clinical presentation as leukaemia, lymphoma, or myeloma.
Approximately every 10 minutes, someone in the US dies from a blood cancer while an
estimated of more than a million people in the US are living with, or are in remission from,

these neoplastic diseases (Cancer Facts & Figures, 2012).

It is well established the participation of histamine in the regulation of haematopoiesis and
also in-haematological malignancies (Byron, 1977; Medina et al., 2013). Interestingly, it was
demonstrated that HDC KO exhibited an increased rate of colon and skin carcinogenesis
compared to wild type mice, associated to a reduced histamine-induced differentiation of

immature myeloid cells (Yang et al., 2011).

The histamine levels were higher in lymph nodes of patients with malignant lymphomas,
Hodgkin’s disease (HD) or non-Hodgkin lymphomas (NHL) when compared with control
individuals (Belcheva and Mishkova, 1995). In addition, acute lymphocytic leukaemia (ALL)
cells exhibited histamine content and H1R antihistamines inhibited their clonogenic growth
(Malaviya et al., 1996). It was suggested that the proapoptotic effect of H1R antagonist
(e.g.diphenhydramine) could be associated with the inhibition of voltage-gated proton

channels (Hv1) that induced intracellular acidification and reduction of leukaemic Jurkat T
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cells viability (Asuaje et al., 2018). Furthermore, the promonocytic U-937 cell line, derived
from-a histiocytic lymphoma, show a switch of histamine receptor expression from H2R to
H1R during differentiation of monocytes into macrophages (Wang et al., 2000). Histamine or
H2R agonists, which increased cCAMP levels, failed to promote differentiation of U-937 cells
due to rapid homologous and GRK2 dependent desensitization of H2R (Fernandez et al.,
2002). In addition, in U937 and other acute myeloid leukaemia (AML) cell lines, amthamine
(H2R agonist), augmented intracellular cAMP levels with a concomitant increase in the
efflux regulated by multidrug resistance-associated proteins (MRPSs), particularly MRP4
(Copsel et al., 2011). Martnet et al., (2015) further highlights the involvement of histamine in
lymphoma progression. Histamine treatment induced intratumoural accumulation of
maturated dendritic cells, reducing the growth of murine lymphoma developed with EL-4

cells (Martner et al., 2015).

Most patients with AML achieve complete remission after induction chemotherapy.
However, a large number of patients will experience relapses with poor prospects of long-
term survival. IL-2 and interferon-alpha (IFNa) are effective activators of lymphocytes with
anti-neoplastic properties, such as T-cells or NK cells. In vitro data suggest that those
immunotherapeutic cytokines only weakly activate T cells or NK cells in a reconstituted
environment of oxidative stress. As previously indicated, numerous clinical trials were
performed with IL-2 immunotherapy for solid neoplastic diseases and haematopoietic cancers
supplemented with histamine dihydrochloride. The reason of the combination was to
counteract the immunosuppressive signals from monocytes/macrophages, inhibiting the
formation of ROS that suppresses the activation of T cells and NK cells, through reducing the
activity of NADPH oxidase via H2R. This combination improved leukaemia-free survival but
lacked power to detect an overall survival (OS) difference in AML patients (Hellstrand et al.,

2000; Brune et al., 2006; Martner et al., 2010; Berry et al., 2011; Buyse et al., 2011; Yang &

This article is protected by copyright. All rights reserved.



Perry, 2011). Aurelius et al. (2012) demonstrated that leukaemia-free survival was strongly
improved. in M4/M5 (myelomonocytic/monocytic) but not in M2 (myeloblastic) leukaemia.
M4/MS cells, but not M2 cells, expressed H2R and produced ROS that triggered apoptosis in
adjacent NK cells. Both effects were inhibited by histamine dihydrochloride, suggesting that
H2R expression on different types of human AML cells could influence the effectiveness of
histamine-based immunotherapy (Aurelius et al., 2012). In line with these results, it was
recently described a direct therapeutic benefit of histamine treatment on NOX2+ human
monocytic leukaemia cells. These cells increased expression of maturation markers along
with reduced cell proliferation after exposure to histamine in vitro, effects that were absent in
corresponding leukaemia cells genetically depleted of NOX2 (NOX2-/-). Histamine
additionally modulated gene expression involved in differentiation and cell cycle progression,
inducing differentiation of AML cells and also of primary monocytic, but not non-monocytic
AML cells in vitro. Importantly, histamine treatment reduced the in vivo expansion of
NOX2+/+, but not of NOX2-/- human monocytic AML cells (Kiffin et al., 2018).
Histamine/IL-2 immunotherapy implied the induction of immunosuppressive Tregs cells that
may be targeted for improving the therapeutic efficiency of the combined therapy (Sander et
al;, 2017). It is worth noting that histamine dihydrochloride administration has been approved
in Europe for the treatment of adults with AML, used in combination with IL-2. A recent
study in-Chinese healthy volunteers shed light in the safety profile and pharmacokinetic
properties of a single dose of histamine (0.5 mg or 1 mg), showing that both single doses
were well tolerated (Li et al., 2015). Approval of this therapeutic combination was based on
phase 1 trial results that showed significantly reduced relapse risk in patients who received
the combined therapy. In an international phase IV trial, 84 patients with AML in first

complete remission received immunotherapy with histamine dihydrochloride and low-dose
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IL-2. Myeloid cell counts and expression of activation markers correlated with clinical

outcome-in terms of relapse risk and survival (Rydstrom et al., 2017).

Further studies are needed to better understand role of histamine in blood cancers aiming

to improve cancer immunotherapy efficacy.

Mast cells, basophils and histamine in cancer

Information on the immunomodulatory role of histamine on different immune cell subsets is
vast and growths exponentially and therefore this issue will be the focus of another topic
review. Considering the important role of histamine producing immune cells in the tumour
microenvironment affecting the development, progression of cancer and even though the
response to therapy, in this section we aim to briefly summarise the controversial role of the
major sources of histamine, mast cells and basophils. Mast cells and basophils play a key role
in type | allergy, as well as in innate and adaptive immune responses (Ennis et al., 2013;
Stark 2013; Varricchi et al., 2018). Both immune cell types have morphological similarities
and functions however, basophils mature and are released into the blood from bone marrow
while mast cells originate from myeloid precursors that usually mature in tissues, including
skin, lung and gastrointestinal tract. Allergen-induced activation of mast cells and basophils
results in the release of numerous inflammatory mediators, including histamine (reviewed in
Ennis et al., 2013; Varracchi et al., 2018). Histamine modulates, in an autocrine way, the
function_of mast cells and basophils, including their ability to further degranulate. Both
granulocytic immune cells expressed H1IR, H2R and H4R. H4R activation produces calcium

mobilization, actin polymerization, and cell shape change, inducing chemotaxis and
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modulating the release of cytokines and chemokines (Ennis et al., 2013; Mommert et al.,
2016; Varricchi et al., 2018). Mast cell infiltration has been shown in several types of human
tumours and in animal cancer models, associated either to good or poor prognosis depending
on tumour type, tissue localization and the ability of mast cells to interact with extracellular
matrix, tumour cells and immune cells (reviewed in Faustino-Rocha et al. 2017; Kennedy et
al.; 2012, Rigoni et al., 2015). Histamine and other secreted mediators such as heparin, serine
proteases and prostaglandins among others, with modulatory functions, could promote
invasion and angiogenesis by increasing capillary permeability and inducing remodelling of
the adjacent stroma (Rigoni et al., 2015). Data are contradictory, there are numerous reports
supporting the protumoural (promotion of tumour growth, angiogenesis, immunosuppression
and tumour invasion) and also the antitumoral (inhibition of the tumour growth and
metastasis, induction of apoptosis, stimulation of inflammation) roles of mast cells and
basophils, depending on the different clinical or experimental context and different type of
tumour (Ribatti and Crivellato, 2012; Faustino-Rocha et al., 2017). Some authors correlated
the increase in mast cells number with poor prognosis in human melanoma, OSCC and
prostate cancer. In addition, a positive correlation between mast cells number and
microvessel density was also reported in ESCC, GC, CRC, HCC, OSCC and melanoma
(Elpek et al., 2001; Ch'ng et al., 2006; Faustino-Rocha et al., 2017). Particularly, in breast
cancer, their function is still under evaluation. On the one hand, in vitro and in vivo studies
show a protumour activity through promotion of lymphatic and blood vessel formation,
tumour growth, and metastasis. On the other hand, clinical data demonstrated that the higher
the level of mast cells the greater survival and favourable prognosis (reviewed in Aponte-

Lopez etal., 2018).

This article is protected by copyright. All rights reserved.



Less information describing basophils role in cancer is available. Marked basophilia
represents a relevant independent prognostic variable in chronic myeloid leukaemia (CML).
Basophils are unique sources of inflammatory, angiogenic and fibrogenic mediators. In
addition, basophils may produce autocrine growth factors for myeloid cells. The better
understanding of the role of basophils in CML could help to support the development of more
effective treatment concepts (Valent et al., 2018).

Further research is necessary to fully understand the role of mast cells and basophils in
cancer, which may help to define whether a new target on these cells could be used for the
adjuvant treatment of tumours by inhibiting angiogenesis, tissue remodelling and tumour

growth.

Polyamines and histamine in cancer. Brief commentary

The polyamines are organic polycationic alkylamines derived from aromatic or cationic
amino acid, which together with histamine are widely distributed in mammalian cells and
play essential roles in many relevant physiological processes (Pegg et al., 2011; Medina et
al.,~2003). Polyamine biosynthesis begins with the hydrolysis of arginine by arginase to
produce putrescine by the decarboxylation of the amino acid ornithine by ornithine
decarboxylase (ODC). Subsequent addition of an aminopropyl group to putrescine leads to
the synthesis of spermidine and further addition of another aminopropyl group forms
spermine (Russell et al., 2001; Ennis et al., 2013). Polyamines contribute to mast cell granule

conformation together with other biogenic amines such as histamine and serotonin.

Therefore, mast cell is an excellent model to investigate the physio/pathological interplay
among biogenic amines. In these immune cells and other mammalian cells, opposite

activation patterns were shown among biosynthetic pathway of both histamine and
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polyamines (Garcia-Faroldi et al., 2009; Ennis et al., 2013). Newly synthesised histamine
produced.an inhibitory effect on both growth-related polyamine biosynthesis and cell cycle
progression of non-fully differentiated mammalian cells (HEK-293 cells) (Abrighach et al.,

2010; Caro-Astorga et al., 2014).

Polyamines are involved in several cellular functions from DNA stabilization, and
regulation of gene expression to ion channel function and, principally, cell proliferation in
rapidly dividing cells (e.g. immune system and digestive tract). For that reason, polyamines
are also involved in the carcinogenic process (Ramani et al., 2014; reviewed in Fernandez-
Reina et al., 2018). Multiple abnormalities in the control of polyamine metabolism and
uptake might be responsible for increased levels of polyamines in cancer cells as compared to
that of normal cells. In cancer, polyamine metabolism is frequently dysregulated, indicating
that elevated polyamine levels are necessary for tumour development, progression and
maintenance of the neoplastic phenotype, mainly through an up-regulation of polyamine
biosynthetic enzymes (Thomas et al., 2003; Murray-Stewart et al., 2013; Cervelli et al.,
2014; Ramani et al., 2014). Breast cancer patients show higher expression of ODC in breast
cancer tissue compared with that of the normal tissue, being the expression of ODC
positively correlated with TNM stages (Deng et al., 2008). Another example of the
participation of polyamines in cancer is their role in CRC. Polyamines are involved in almost
all the steps of colorectal tumorigenesis and consequently, their biosynthesis and catabolism
can be considered as promising targets for cancer chemoprevention (reviewed Linsalata et al.,

2014; Fernandez-Reina et al., 2018).

Interestingly, many findings reveal a link between the polyamines/histamine metabolic
interplay and the development of cancer pathology (Medina et al., 1999; Garcia-Faroldi et
al., 2009; Fernandez-Reina et al., 2018). For instance, polyamine and histamine-related

metabolites are differently detected in breast cancer cells compared with their normal
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counterparts. In this light, to further improve therapeutic strategies for cancer treatment, the
role of the polyamine/histamine metabolic interaction in each cancer type should be precisely

investigated.

CONCLUSIONS AND PERSPECTIVES

In the present review, we have presented major findings of the most recent research on
histamine and histamine receptors in cancer. From cell lines, to animal models and human
clinical trials, there is now overwhelming evidence supporting the significance of histamine
receptors in cancer formation and spread, producing protumoural or antitumoural effects

(Figure 3).

Different histamine metabolism, distinct tumour microenvironment and the histamine
receptor that is involved together with its associated signalling pathway, may determine the
outcome in diverse types of cancer. Present findings demonstrate that histamine through H4R
plays important roles at a variety of stages during tumour development and in multiple cell
types including cancer cells and cells of tumour microenvironment (Figure 3). Future efforts
are needed to better understand the molecular pathways triggered by H4R in tumour cells in
interaction with the tumour microenvironment, in order to refine the knowledge of H4R that
could open new perspectives in histamine pharmacology research that aims to develop a new

generation of ligands targeting the H4R for advances in the treatment of cancer.

In most cancer types including CRC, OTSCC, GC, melanoma, breast cancer, LSCC, and
also bladder urothelial carcinoma (Figure 2 C) and uterine corpus endometrial carcinoma
(Figure 2 D), H4R gene and/or protein expression is significantly reduced in tumours in

comparison with normal tissue. In addition, H4R expression was associated to
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clinicopathological characteristics and possibly to the degree of cancer cell differentiation
and-tumour progression, suggesting that H4R might represent novel potential prognostic

biomarker.

It is important to highlight that histamine is able to enhance conventional antitumour
therapies in different cancer types, supporting the rationale for the use of combination therapy
with histamine in clinical settings. In this connection, both histamine and numerous histamine
receptor ligands are approved for use in humans, reducing the gap between experimental

work and-potential clinical application.

After one century of Sir Henry Dale discovery, histamine continues offering new functions

and contributing to the identification of potential targets for cancer treatment.

NOMENCLATURE OF TARGETS AND LIGANDS

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS
Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017).

ACKNOWLEDGEMENTS

We thank the National Cancer Institute of Argentina and the National Agency for Scientific

and Technological Promotion for financial support.

CONFLICT OF INTEREST

The authors have no conflict of interest to declare.

This article is protected by copyright. All rights reserved.



FOUNDING
This work has been supported by grants from National Cancer Institute, Argentina (VAM),
National Agency for Scientific and Technological Promotion PICT2015-0863 (VAM),

CYTUNPSJB 80020170200043UP (NAM).

REFERENCES

Abrighach H, Fajardo I, Sanchez-Jiménez F, Urdiales JL. (2010). Exploring polyamine
regulation’ by nascent histamine in a human-transfected cell model. Amino Acids. 2010

Feb;38(2):561-73.

Adams WJ, Lawson JA, Morris DL (1994). Cimetidine inhibits in vivo growth of human
colon cancer and reverses histamine stimulated in vitro and in vivo growth. Gut 35(11):1632-

6.

AhnJS, Eom CS, Jeon CY, Park SM (2013). Acid suppressive drugs and gastric cancer: a

meta-analysis of observational studies.World J Gastroenterol 19(16):2560-8.

Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman JL, Spedding M, et al.
(2015). The Concise Guide to PHARMACOLOGY 2015/16: G Protein-Coupled Receptors.

Br J Pharmacol 170; 1459-1581.

Amini A, Heidari K, Kariman H, Taghizadeh M, Hatamabadi H, Shahrami A, et al. (2015).
Histamine Antagonists for Treatment of Peripheral Vertigo: A Meta-Analysis. J Int Adv Otol

11(2):138-42.

This article is protected by copyright. All rights reserved.



Aponte-Lopez A, Fuentes-Panana EM, Cortes-Mufioz D, Mufioz-Cruz S. (2018) Mast cell,
the neglected member of the tumor microenvironment: Role in breast cancer. J Immunol Res

2018:2584243. eCollection 2018.

Arisawa T, Tahara T, Ozaki K, Matsue Y, Minato T, Yamada H, et al. (2012). Association
between common genetic variant of HRH2 and gastric cancer risk. Int J Oncol 41(2):497-

503.

Artuc M, Guhl S, Babina M, Unger T, Steckelings UM, Zuberbier T. (2011). Mast cell-
derived TNF-a and histamine modify IL-6 and IL-8 expression and release from cutaneous
tumor cells. Exp Dermatol 20(12):1020-1022.

Asemissen AM, Scheibenbogen C, Letsch A, Hellstrand K, Thorén F, Gehlsen K, et al.
(2015). Addition of histamine to interleukin 2 treatment augments type 1 T-cell responses in
patients with melanoma in vivo: immunologic results from a randomized clinical trial of

interleukin 2 with or without histamine (MP 104). Clin Cancer Res 1;11(1):290-7.

Asuaje A, Martin P, Enrique N, Zegarra LAD, Smaldini P, Docena G, et al. (2018)
Diphenhydramine inhibits voltage-gated proton channels (Hv1) and induces acidification in
leukemic Jurkat T cells- New insights into the pro-apoptotic effects of antihistaminic drugs.

Channels (Austin) 12(1):58-64.

Aurelius J, Martner A, Brune M, Palmgvist L, Hansson M, Hellstrand K, Thoren FB. (2012).
Remission maintenance in acute myeloid leukemia: impact of functional histamine H2

receptors expressed by leukemic cells. Haematologica 97: 1904—-1908.

Aydin E, Johansson J, Nazir FH, Hellstrand K, Martner A. (2017). Role of NOX2-Derived
Reactive Oxygen Species in NK Cell-Mediated Control of Murine Melanoma Metastasis.

Cancer Immunol Res 5(9):804-811.

This article is protected by copyright. All rights reserved.



Belcheva A, Mishkova R. (1995). Histamine content in lymph nodes from patients with

malignant lymphomas. Inflamm Res 44(1), S86-S87.

Bernatchez C, Cooper ZA, Wargo JA, Hwu P, Lizée G. (2016). Novel Treatments in

Development for Melanoma. Cancer Treat Res 167:371-416.

Berry SM, Broglio KR, Berry DA. (2011). Addressing the incremental benefit of histamine
dihydrochloride when added to interleukin-2 in treating acute myeloid leukemia: a Bayesian

meta-analysis. Cancer Invest 29(4):293-9.

Bertaccini, G, Coruzzi, G. (1992). Histamine receptors in the digestive system. In: Schwartz,

JC, Haas, HL. (Eds.), The histamine receptor. Wiley Liss, New York, pp. 193-230.

Blechacz B, Gores GJ. (2008). Cholangiocarcinoma: advances in pathogenesis, diagnosis,

and treatment. Hepatology 48:308-21.

Block KI, Gyllenhaal C, Lowe L, Amedei A, Amin AR, Amin A, et al. (2015). Designing a
broad- spectrum integrative approach for cancer prevention and treatment. Semin Cancer Biol

35:5276-304.

Boer K, Helinger E, Helinger A, Pocza P, Pos Z, Demeter P, et al. (2008). Decreased
expression of histamine H1 and H4 receptors suggests disturbance of local regulation in

human colorectal tumours by histamine. Eur J Cell Biol 87: 227-236.

Bowrey P, King J, Magarey C, Schwartz P, Marr P, Bolton E, Morris D. (2000). Histamine,
mast cells and tumour cell proliferation in breast cancer: does preoperative cimetidine

administration have an effect?. Br J Cancer 82, 167-170.

Brouckaert O, Wildiers H, Floris G, Neven P. (2012). Update on triple-negative breast

cancer: prognosis and management strategies. Int J Womens Health 4, 511-520.

This article is protected by copyright. All rights reserved.



Brune M, Castaigne S, Catalano J, Gehlsen K, Ho AD, Hofmann WK, et al. (2006).
Improved. leukemia-free survival after postconsolidation immunotherapy with histamine
dihydrochloride and interleukin-2 in acute myeloid leukemia: results of a randomized phase 3

trial. Blood 108(1):88-96.

Burtin C, Noirot C, Paupe J, Scheinmann P. (1983). Decreased blood histamine levels in

patients with solid malignant tumours. Br J Cancer 47(3):367-72.

Burtin C, Noirot C, Scheinmann P, Galoppin L, Sabolovic D, Bernard P. (1988). Clinical
improvement in advanced cancer disease after treatment combining histamine and H2-
antihistaminics (ranitidine or cimetidine). Eur J Cancer Clin Oncol 24(2):161-7.
Buyse M, Squifflet P, Lange BJ, Alonzo TA, Larson RA, Kolitz JE, et al. (2011). Individual
patient data meta-analysis of randomized trials evaluating IL-2 monotherapy as remission

maintenance therapy in acute myeloid leukemia. Blood 117(26):7007-7013.

Byron JW. (1977). Mechanism for histamine H2-receptor induced cell-cycle changes in the
bone marrow stem cell. Agents and Actions, 7(2), 209-213.

Cal WK, Hu J, Li T, Meng JR, Ma X, Yin SJ, et al. (2014). Activation of histamine H4
receptors decreases epithelial-to-mesenchymal transition progress by inhibiting transforming
growth factor-B1 signalling pathway in non-small cell lung cancer. Eur J Cancer 50(6):1195-

206.

Cai WK, Zhang JB, Chen JH, Meng JR, Ma X, Zhang J, et al. (2017). The HRH4 rs11662595
mutation is associated with histamine H4 receptor dysfunction and with increased epithelial-
to-mesenchymal transition progress in non-small cell lung cancer. Biochim Biophys Acta

1863(11):2954-2963.

This article is protected by copyright. All rights reserved.



Cai WK, Zhang JB, Wang NM, Wang YL, Zhao CH, Lu J, He GH. (2015). Lack of
Association between rs2067474 Polymorphism in Histamine Receptor H2 Gene and Breast

Cancer in Chinese Han Population. ScientificWorldJournal 2015:545292.

Cancer Facts & Figures 2012 (2012). NY: Leukemia and Lymphoma Society.

Carabajal E, Massari N, Croci M, Martinel Lamas DJ, Prestifilippo JP, Bergoc RM, et al.
(2012). Radioprotective potential of histamine on rat small intestine and uterus. Eur J
Histochem 56(4): e48.

Caro-Astorga J, Fajardo I, Ruiz-Pérez MV, Sanchez-Jiménez F, Urdiales JL. (2014). Nascent
histamine induces a-synuclein and caspase-3 on human cells. Biochem Biophys Res

Commun 451(4):580-6.

Cervelli M, Angelucci E, Germani F, Amendola R, Mariottini P. (2014). Inflammation,
carcinogenesis and neurodegeneration studies in transgenic animal models for polyamine

research:*Amino Acids 46:521-530.

Ch'ng S, Wallis RA, Yuan L, Davis PF, Tan ST. (2006). Mast cells and cutaneous

malignancies. Mod Pathol 19(1):149-59.

Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Rodriguez IP,
Chakravarthi BVSK, et al. (2017). UALCAN: A portal for facilitating tumor subgroup gene

expression and survival analyses. Neoplasia 19(8):649-658.

Chandra R, Ganguly AK. (1987). Diamineoxidase activity and tissue histamine content of

human skin, breast and rectal carcinoma. Cancer Lett 34: 207-212.

Chéavez-Lopez MG, Zaiiga-Garcia V, Hernandez-Gallegos E, Vera E, Chasiquiza-Anchatufia
CA, Viteri-Yanez M, et al. (2017). The combination astemizole-gefitinib as a potential

therapy for human lung cancer. Onco Targets Ther 10:5795-5803.

This article is protected by copyright. All rights reserved.



Chen JS, Lin SY, Tso WL, Yeh GC, Lee WS, Tseng H, et al. (2006). Checkpoint kinase 1-
mediated. phosphorylation of Cdc25C and bad proteins are involved in antitumor effects of
loratadine-induced G2/M phase cell-cycle arrest and apoptosis. Mol Carcinog 45(7):461-78.
Cianchi F, Cortesini C, Schiavone N, Perna F, Magnelli L, Fanti E, et al. (2005). 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: 6807—6815.

Cleator W, Heller R. (2007). Coombes: Triple negative breast cancer: therapeutic options.

Lancet Oncol 8, 235-244.

Copsel, S, Garcia, C, Diez, F, Vermeulem M, Baldi A, Bianciotti LG, et al. (2011). Multidrug
Resistance Protein 4 (MRP4/ABCC4) Regulates cCAMP Cellular Levels and Controls Human
Leukemia Cell Proliferation and Differentiation. Journal of Biological Chemistry, 286(9),

6979-6988.

Coruzzi “G, Adami M, Pozzoli C. (2012). Role of histamine H4 receptors in the
gastrointestinal tract. Front Biosci (Schol Ed). 1;4:226-39.

Collart Dutilleul P, Ryvlin P, Kahane P, Vercueil L, Semah F, Biraben A, et al. (2016).
Exploratory Phase Il Trial to Evaluate the Safety and the Antiepileptic Effect of Pitolisant
(BF2.649) in Refractory Partial Seizures, Given as Adjunctive Treatment During 3 Months.

Clin Neuropharmacol 39(4):188-93.

Cricco G, Martin G, Labombarda F, Cocca C, Bergoc R, Rivera E. (2000). Human pancreatic
carcinoma cell line Panc-1 and the role of histamine on cell growth. Inflamm Res 49 (Suppl.

1): S68-S69.

Cricco GP, Davio CA, Fitzsimons CP, Engel N, Bergoc RM, Rivera ES. (1994). Histamine as

an autocrine growth factor in experimental carcinomas. Agents Actions 43: 17-20.

This article is protected by copyright. All rights reserved.



Cricco GP, Martin GA, Medina VA, Nuanez M, Gutiérrez AS, Cocca C, et al. (2004).
Histamine regulates the MAPK pathway via the H2 receptor in PANC-1 human cells.

Inflamm Res 53 (Suppl. 1): S65-S66.

CuiJ, Xu G, Liu J, Pang Z, Florholmen J, Cui G. (2013). The expression of non-mast
histamine in tumor associated microvessels in human colorectal cancers. Pathol Oncol Res
19(2):311-6.

Darvas Z, Sakurai E, Schwelberger HG, Hegyesi H, Rivera E, Othsu H, et al. (2003).
Autonomous histamine metabolism in human melanoma cells. Melanoma Res 13(3):239-46.
Dauvilliers Y, Bassetti C, Lammers GJ, Arnulf I, Mayer G, Rodenbeck A, et al. (2013).
Pitolisant versus placebo or modafinil in patients with narcolepsy: a double-blind,

randomised trial. Lancet Neurol. 12(11):1068-75.

Davenas E, Rouleau A, Morisset S, Arrang JM. (2008). Autoregulation of McA-RH7777

hepatoma cell proliferation by histamine H3 receptors. J Pharmacol Exp Ther 326(2):406-13.

Davio C, Cricco G, Andrade N, Bergoc R, Rivera E. (1993). H1 and H2 histamine receptors

in human mammary carcinomas. Agents Actions 38, C172-C174.

Davio C, Cricco G, Bergoc R, Rivera E. (1995). H1 and H2 histamine receptors in
experimental carcinomas with an atypical coupling to signal transducers. Biochem Pharmacol

50, 91-96.

Davio C, Cricco G, Martin G, Fitzsimons C, Bergoc R, Rivera E. (1994). Effect of histamine

on growth and differentiation of the rat mammary gland. Agents Actions 41, C115-C117.

Davio C, Mladovan A, Lemos B, Monczor F, Shayo C, Riveraet E, Baldi A. (2002). H1 and
H2 histamine receptors mediate the production of inositol phosphates but not cAMP in

human breast epithelial cells. Inflamm Res 51, 1-7.

This article is protected by copyright. All rights reserved.



Davis SC, Clark S, Hayes JR, Green TL, Gruetter CA. (2011). Up-regulation of histidine
decarboxylase expression and histamine content in B16F10 murine melanoma cells. Inflamm

Res 60(1):55-61.

De Benedetto A, Yoshida T, Fridy S, Park JE, Kuo IH, Beck LA. (2015). Histamine and Skin
Barrier: Are Histamine Antagonists Useful for the Prevention or Treatment of Atopic

Dermatitis. J Clin Med 4:741-755.

Della Rovere F, Granata A, Familiari D, Zirilli A, Cimino F, Tomaino A. (2006). Histamine
and selenium in lung cancer. Anticancer Res 26(4B):2937-42.
Deng W, Jiang X, Mei Y, Sun J, Ma R, Liu X, et al. (2008). Role of ornithine decarboxylase

in breast cancer. Acta Biochim Biophys 40:235-243.

Deva S, Jameson M. (2012). Histamine type 2 receptor antagonists as adjuvant treatment for

resected colorectal cancer. Cochrane Database Syst Rev 15;(8):CD007814.

Dimitriadou V, Rouleau A, Dam Trung Tuong M, et al. (1994). Functional relationship
between mast cells and C-sensitive nerve fibres evidenced by H3-receptor modulation in rat

lung and spleen. Clin Sci 87: 151-63.

Dy M, Schneider E. (2004). Histamine-cytokine connection in immunity and hematopoiesis.
Cytokine Growth Factor Rev 15: 393- 410.

Ellegaard. AM, Dehlendorff C, Vind AC, Anand A, Cederkvist L, Petersen NHT, et al.
(2016). Repurposing Cationic Amphiphilic Antihistamines for Cancer Treatment.

EBioMedicine 9:130-139.

Elpek GO, Gelen T, Aksoy NH, Erdogan A, Dertsiz L, Demircan A, et al. (2001). The
prognostic: relevance of angiogenesis and mast cells in squamous cell carcinoma of the

oesophagus.J Clin Pathol 54(12):940-4.

This article is protected by copyright. All rights reserved.



Ennis M, Ciz M Dib K Friedman S, Roopesh SG, Gibbs BF, et al (2013). Histamine
Receptors and Inflammatory Cells. In: Histamine H4 receptor: A novel drug target in

immunoregulatory and inflammatory diseases. Ed: H. Stark. Versita, London.

Emami S; Gespach C, Forgue-Lafitte ME, et al. (1983). Histamine and VIP interactions with
receptor cyclic AMP systems in the human gastric cancer cell line HGT-1. Life Sci 33:415-

23.

Engkilde K, Thyssen JP, Menné T, Johansen JD. Association between cancer and contact

allergy: a linkage study. BMJ Open. 2011; 1:e000084.

Falus A, Gilicze A. (2014). Tumor formation and antitumor immunity; the overlooked

significance of histamine. J Leukoc Biol 96(2):225-231.

Fang Z, Yao W, Xiong Y, Li J, Liu L, Shi, L, et al. (2011). Attenuated expression of HRH4
in colorectal carcinomas: a potential influence on tumor growth and progression. BMC
Cancer 11:195:1-11.

Faustino-Rocha Al, Ferreira R, Gama A, Oliveira PA, Ginja M. (2017). Antihistamines as

promising drugs in cancer therapy. Life Sci 172:27-41.

Feldman M, Burton ME. (1990b). Histamine 2-receptor antagonists. Standard therapy for

acid-peptic diseases. N Engl J Med 323: 1749 — 1755.

Feng YM, Feng CW, Chen SY, Hsieh HY, Chen YH, Hsu CD. (2015). Cyproheptadine, an
antihistaminic drug, inhibits proliferation of hepatocellular carcinoma cells by blocking cell

cycle progression through the activation of P38 MAP kinase. BMC Cancer 17;15:134.

Ferlay J, Soerjomataram |, Dikshit R, Eser S, Mathers C, Rebelo M, et al. (2015). Cancer
incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN

2012. Int J Cancer, 136(5):E359-86.

This article is protected by copyright. All rights reserved.



Fernandez N, Monczor F, Lemos B, Notcovich C, Baldi A, Davio C, et al. (2002). Reduction
of G protein-coupled receptor kinase 2 expression in U-937 cells attenuates H2 histamine

receptor desensitization and induces cell maturation. Molecular Pharmacol, 62(6),1506-1514.

Ferndndez-Nogueira P, Noguera-Castells A, Fuster G, Recalde-Percaz L, Moragas N, Lépez-
Plana A, et al. (2018). Histamine receptor 1 inhibition enhances antitumor therapeutic
responses through extracellular signal-regulated kinase (ERK) activation in breast cancer.

Cancer Lett 424:70-83.

Fernandez-Reina A, Urdiales JL, Sanchez-Jiménez F. (2018). What We Know and What We
Need to Know about Aromatic and Cationic Biogenic Amines in the Gastrointestinal Tract.

Foods 7(9). pii: E145

Fort M, Guet S, Husheng S, Calitchi E, Belkacemi Y; AROME (Association of Radiotherapy
& Oncology of the Mediterranean arEa; www.aromecancer.org); TRONE (Transatlantic
Radiation Oncology NEtwork). (2016). Role of radiation therapy in melanomas: Systematic

review and best practice in 2016. Crit Rev Oncol Hematol 99:362-375.

Francis H, DeMorrow S, Venter J, Onori P, White M, Gaudio E, et al. (2012). Inhibition of
histidine decarboxylase ablates the autocrine tumorigenic effects of histamine in human

cholangiocarcinoma. Gut 61(5):753-64.

Francis H, Onori P, Gaudio E, Franchitto A, DeMorrow S, Venter J, et al. (2009). H3
histamine receptor-mediated activation of protein kinase Calpha inhibits the growth of

cholangiocarcinoma in vitro and in vivo. Mol Cancer Res 7:1704-13.

Fujikawa T, Shiraha H, Nakanishi Y, Takaoka N, Ueda N, Suzuki M, et al. (2007).
Cimetidine inhibits epidermal growth factor-induced cell signaling. J Gastroenterol Hepatol.

22(3):436-43.

This article is protected by copyright. All rights reserved.



Galarza TE, Mohamad NA, Taquez Delgado MA, Vedoya GM, Crescenti EJ, Bergoc RM, et
al. (2016). Histamine prevents radiation-induced mesenchymal changes in breast cancer cells.

Pharmacol Res 111:731-739.

Gao C, Ganesh BP, Shi Z, Shah RR, Fultz R, Major A, et al. (2017). Gut Microbe-Mediated
Suppression of Inflammation-Associated Colon Carcinogenesis by Luminal Histamine

Production.Am J Pathol 187(10):2323-2336.

Garcia-Caballero M, Neugebauer E, Campos R, Nunez de Castro I, Vara-Thorbeck C. (1988).
Increased histidine decarboxylase (HDC) activity in human colorectal cancer: results of a

study on ten patients. Agents Actions 23: 357-360.

Garcia-Faroldi G, Sanchez-Jiménez F, Fajardo I. (2009). The polyamine and histamine
metabolic interplay in cancer and chronic inflammation. Curr Opin Clin Nutr Metab Care

12(1):59-65.

Grimm M, Krimmel M, Alexander D, Munz A, Kluba S, Keutel C, et al. (2013). Prognostic
value of histamine H1 receptor expression in oral squamous cell carcinoma. Clin Oral

Investig 17(3):949-55.

Gutzmer R, Gschwandtner M, Rossbach K, Mommert S, Werfel T, Kietzmann M, et al.
(2011). Pathogenetic and therapeutic implications of the histamine H4 receptor in

inflammatory skin diseases and pruritus. Front Biosci 3:985-994.

Haak-Frendscho M, Darvas Z, Hegyesi H, Karpati S, Hoffman RL, LaszIdV, et al. (2000).

Histidine decarboxylase expression in human melanoma. J Invest Dermatol 115:345-352.

Hahm KB, Park IS, Kim HC, Lee KJ, Kim JH, Cho SW, et al. (1996). Comparison of

antiproliferative effects of 1-histamine-2 receptor antagonists, cimetidine, ranitidine, and

This article is protected by copyright. All rights reserved.



famotidine, in gastric cancer cells.Int J Immunopharmacol. 18(6-7):393-9.

Hajdarbegovic E, Atiq N, van der Leest R, Thio B, Nijsten T. (2014). Atopic dermatitis is not

a protective factor for melanoma but asthma may be. IntJ Clin Oncol 19:708-711.

Harding SD, Sharman JL, Faccenda E, Southan C, Pawson AJ, Ireland S et al. (2018). The
IUPHAR/BPS Guide to PHARMACOLOGY in 2018: updates and expansion to encompass

the new guide to IMMUNOPHARMACOLOGY. Nucl Acids Res 46: D1091-D1106.

He G, Lin J, Cai W, Xu W, Yu Z, Yin S, Zhao C, Xu G. (2014). Associations of
polymorphisms in histidine decarboxylase, histamine N-methyltransferase and histamine

receptor H3 genes with breast cancer. PLoS One 9(5), e97728.

He G, Lu J, Shi P, Xia W, Yin S, Jin T, et al. (2013). Polymorphisms of human histamine
receptor H4 gene are associated with breast cancer in Chinese Han population. Gene 519,

260-265.

He GH, Ding JQ, Zhang X, Xu WM, Lin XQ, Huang MJ, et al. (2018). Activation of
histamine H4 receptor suppresses the proliferation and invasion of esophageal squamous cell
carcinoma via both metabolism and non-metabolism signaling pathways. J Mol Med

96(9):951-964.

Hegyesi H, Colombo L, Pallinger E, Toth S, Boer K, Molnar V, et al. (2007). Impact of
systemic histamine deficiency on the crosstalk between mammary adenocarcinoma and T

cells. J Pharmacol Sci 105: 66—73.

Hegyesi H, Horvath B, Pallinger E, P6s Z, Molnar V, Falus A. (2005). Histamine elevates the
expression of Ets-1, a protooncogen in human melanoma cell lines through H2 receptor.

FEBS Lett. 579:2475-2479.

This article is protected by copyright. All rights reserved.



Hellstrand K, Brune M, Naredi P, Mellgvist UH, Hansson M, Gehlsen KR, Hermodsson S.

(2000). Histamine: a novel approach to cancer immunotherapy. Cancer Invest 18:347-355.

Hill SJ, Ganellin CR, Timmerman H, Schwartz JC, Shankley NP, Young JM, et al. (1997).
International Union of Pharmacology. XIII. Classification of histamine receptors. Pharmacol

Rev 49(3):253-78.

Hocker M, Zhang Z, Koh TJ, et al. (1996). The regulation of histidine decarboxylase gene

expression. Yale J Biol Med 69:21-33.

Ingraffea A (2013). Melanoma. Facial Plast Surg Clin North Am 21(1):33-42.

Jakhar R, Paul S, Bhardwaj M, Kang SC. (2016). Astemizole-Histamine induces Beclin-1-
independent autophagy by targeting p53-dependent crosstalk between autophagy and

apoptosis.Cancer Lett 372(1):89-100.

Jeong HJ, Oh HA, Nam SY, Han NR, Kim YS, Kim JH, et al. (2013). The critical role of
mast cell-derived hypoxia-inducible factor-1a in human and mice melanoma growth. (Int J
Cancer 132(11):2492-2501.

Jangi SM, Diaz-Pérez JL, Ochoa-Lizarralde B, Martin-Ruiz I, Asumendi A, Pérez-Yarza G,
et al. (2006). H1 histamine receptor antagonists induce genotoxic and caspase-2-dependent

apoptosis in human melanoma cells. Carcinogenesis 27(9):1787-96.

Jiang CG, Liu FR, Yu M, et al. (2010). Cimetidine induces apoptosis in gastric cancer cells in

vitro and.inhibits tumor growth in vivo. Oncol Rep 23:693-700.

Johnson CL. (1982). Histamine receptors and cyclic nucleotides, in Pharmacology of
Histamine Receptors. In: Ganellin R, Parsons M, Eds. Wright & Bristol, England; pp. 146-

216.

This article is protected by copyright. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Hill%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=9311023
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ganellin%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=9311023
https://www.ncbi.nlm.nih.gov/pubmed/?term=Timmerman%20H%5BAuthor%5D&cauthor=true&cauthor_uid=9311023
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwartz%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=9311023
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shankley%20NP%5BAuthor%5D&cauthor=true&cauthor_uid=9311023
https://www.ncbi.nlm.nih.gov/pubmed/?term=Young%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=9311023
https://www.ncbi.nlm.nih.gov/pubmed/9311023
https://www.ncbi.nlm.nih.gov/pubmed/9311023

Kantor I, Jurkiewicz D. (2006). Assessment of betahistine dihydrochloride effectiveness in
the treatment of vertigo of a different aetiology based on videonystagmography test results.

Pol Merkur Lekarski 20: 318-21.

Kapoor S, Pal S, Sahni P, Dattagupta S, Kanti Chattopadhyay T. (2005). Effect of pre-
operative short course famotidine on tumor infiltrating lymphocytes in colorectal cancer: a

double blind, placebo controlled, prospective randomized study. J Surg Res 129: 172-175.

Kato H1, Nakajima M. (2013). Treatments for esophageal cancer: a review. Gen Thorac

Cardiovasc Surg 61(6):330-5.

Kasteleijn-Nolst Trenité D, Parain D, Genton P, Masnou P, Schwartz JC, Hirsch E. (2013).
Efficacy of the histamine 3 receptor (H3R) antagonist pitolisant (formerly known as
tiprolisant; BF2.649) in epilepsy: dose-dependent effects in the human photosensitivity

maodel. Epilepsy Behav 28(1):66-70.

Kennedy L, Hodges K, Meng F, Alpini G, Francis H. (2012). Histamine and histamine

receptor regulation of gastrointestinal cancers.Transl Gastrointest Cancer (3):215-227.

Khan MK, Khan N, Almasan A, Macklis R. (2011). Future of radiation therapy for malignant
melanoma in an era of newer, more effective biological agents. Onco Targets Ther 4:137—

148.

Kiffin R, Grauers Wiktorin H, Nilsson MS, Aurelius J, Aydin E, Lenox B, et al. (2018). Anti-
Leukemic Properties of Histamine in Monocytic Leukemia: The Role of NOX2. Front Oncol

18:;8:218.

Kollmeier AP, Barnathan ES, O'Brien C, Chen B, Karen Xia Y, Zhou B, et al. (2018). A
Phase 2a Study of Toreforant, a Histamine H4 Receptor Antagonist, in Eosinophilic Asthma.

Ann Allergy Asthma Immunol pii: S1081-1206(18)30632-X.

This article is protected by copyright. All rights reserved.



Kozar K, Kaminski R, Giermasz A, Basak G, Zagozdzon R, Rybczynska J, et al. (2002). IL-
12 or IL-15, unlike IL-2, does not interact with histamine in augmenting cytotoxicity of
splenocytes against melanoma cells and YAC-1 cells. Oncol Rep 9(2):427-31.
Kubecova M, Kolostova K, Pinterova D, Kacprzak G, Bobek V. (2011). Cimetidine: an

anticancer drug. Eur J Pharm Sci. 42(5):439-44.

Kuefner MA, Schwelberger HG, Hahn EG, Raithel M. (2008). Decreased histamine

catabolism in the colonic mucosa of patients with colonic adenoma. Dig Dis Sci 53: 436-442.

Lampiasi N, Azzolina A, Montalto G, Cervello M. (2007). Histamine and spontaneously
released mast cell granules affect the cell growth of human hepatocellular carcinoma cells.

Exp Mol Med 39(3):284-294.

Lazar-Molnar E, Hegyesi H, Pallinger E, Kovacs P, Téth S, Fitzsimons C, et al. (2002).
Inhibition of human primary melanoma cell proliferation by histamine is enhanced by

interleukin-6. Eur J Clin Invest 32(10):743-9.

Lee HJ, Park MK, Lee EJ, Kim YL, Kim HJ, Kang JH, et al. (2012). Histamine receptor 2-
mediated growth-differentiation factor-15 expression is involved in histamine-induced

melanogenesis. Int J Biochem Cell Biol. 44(12):2124-8.

Lemos B, Davio C, Gass H, Gonzales P, G. Cricco G, Martin G, et al. (1995). Histamine
receptors.in human mammary gland, different benign lesions and mammary carcinomas.

Inflamm Res 44, S68-S69.

Leurs R, Smit MJ, Timmerman H. Molecular pharmacological aspects of histamine receptors.

Pharmacol Ther 1995; 66: 413-63.

This article is protected by copyright. All rights reserved.



Li J, Huang X, Wang Q, Jing S, Jiang H, Wei Z, et al. (2015). Pharmacokinetic properties
and safety profile of histamine dihydrochloride injection in Chinese healthy volunteers: a

phase I, single-center, open-label, randomized study. Clin Ther 1;37(10):2352-64.

Li Z, LiuJ, Tang F, Liu Y, Waldum HL, Cui G. (2008). Expression of non-mast cell histidine
decarboxylase in tumor-associated microvessels in human esophageal squamous cell

carcinomas. APMIS 116(12):1034-42.

Lin JC, Ho YS, Lee JJ, Liu CL, Yang TL, Wu CH. (2007). Induction of apoptosis and cell-

cycle arrest in human colon cancer cells by meclizine. Food Chem Toxicol 45(6):935-44.

Linares MA, Zakaria A, Nizran P. (2015). Skin Cancer. Prim Care. 42(4):645-59.

Linsalata M, Orlando A, Russo F. (2014). Pharmacological and dietary agents for colorectal
cancer chemoprevention: effects on polyamine metabolism (review). Int J Oncol 45(5):1802-

12.

Malaviya R, Morrison AR, Pentland AP. (1996). Histamine in human epidermal cells is

induced by ultraviolet light injury. J of Invest Dermatol 106(4), 785-789.

Martinel Lamas D, Croci M, Carabajal E, Crescenti E, Sambuco L, Massari N, et al. (2013).
Therapeutic potential of histamine H4 receptor agonists in triple-negative human breast

cancer experimental model. Br J Pharmacol 170, 188-199.

Martinel Lamas DJ, Cortina JE, Ventura C, Sterle HA, Valli E, Balestrasse KB, et al.
(2015a). Enhancement of ionizing radiation response by histamine in vitro and in vivo in

human breast cancer. Cancer Biol Ther 16(1): 137-148.

This article is protected by copyright. All rights reserved.



Martinel Lamas DJ, Nicoud MB, Sterle HA, Carabajal E, Tesan F, Perazzo JC, Cremaschi
GA, et al. (2015b). Selective cytoprotective effect of histamine on doxorubicin-induced

hepatic and cardiac toxicity in animal models. Cell Death Discov 1:15059.

Martinel~ Lamas DJ, Nicoud MB, Sterle HA, Cremaschi GA, Medina VA. (2015c).
Histamine: a potential cytoprotective agent to improve cancer therapy? Cell Death Dis

6:2029.

Martner, A, Thorén, FB, Martner A, Thorén FB, Aurelius J, Soderholm J, et al. (2010).
Immunotherapy with histamine dihydrochloride for the prevention of relapse in acute

myeloid leukemia. Expert Rev of Hematol, 3(4), 381-391.

Martner A, Thorén FB, Aurelius J, Hellstrand K. (2013). Immunotherapeutic strategies for

relapse control in acute myeloid leukemia. Blood Rev 27: 209-216.

Martner A, Wiktorin HG, Lenox B, Ewald Sander F, Aydin E, Aurelius J, et al. (2015).
Histamine promotes the development of monocyte-derived dendritic cells and reduces tumor

growth by targeting the myeloid NADPH oxidase. J Immunol 194(10):5014-21.

Marzuka A, Huang L, Theodosakis N, Bosenberg M. (2015). Melanoma Treatments:

Advances and Mechanisms. J Cell Physiol 230:2626-2633.

Masini-M, Campani D, Boggi U, Menicagli M, Funel N, Pollera M, et al. (2005). Hepatitis C

virus infection and human pancreatic beta-cell dysfunction. Diabetes Care. 28(4):940-1

Massari NA, Medina VA, Martinel Lamas DJ, Cricco GP, Croci M, Sambuco L, et al.
(2011). Role of H4 receptor in histamine-mediated responses in human melanoma.

Melanoma Res 21:395-404.

Massari NA, Medina VA, Cricco GP, Martinel Lamas DJ, Sambuco L, Pagotto R, et al.

This article is protected by copyright. All rights reserved.



(2013). Antitumor activity of histamine and clozapine in a mouse experimental model of

human melanoma. J Dermatol Sci 72:252—-262.

Massari NA, Nicoud MB, Sambuco L, Cricco GP, Martinel Lamas DJ, Herrero Ducloux MV,
et al. (2017). Histamine therapeutic efficacy in metastatic melanoma: Role of histamine H4
receptor agonists and opportunity for combination with radiation.Oncotarget 8(16):26471-

26491.

Mathes R, Malone K, Daling J, Porter P, Li C. (2008). Relationship between histamine2-
receptor antagonist medications and risk of invasive breast cancer. Cancer Epidemiol

Biomarkers Prev 17, 67-72.

Medina MA, Quesada AR, Nufiez de Castro I, Sanchez-Jiménez F. (1999). Histamine,

polyamines, and cancer. Biochem Pharmacol ;57(12):1341-4.

Medina MA, Urdiales JL, Rodriguez Caso C, Ramirez FJ, Sanchez-Jiménez F. (2003).
Biogenic Amines and Polyamines: Similar Biochemistry for Different Physiological Missions

and Biomedical Applications. Crit Rev Biochem Mol Biol 38(1):23-59.

Medina V, Coruzzi G, Martinel Lamas D, Massari N, Adami M, Levi-Schaffer F, et al.
(2013). Histamine in cancer. In: Histamine H4 receptor: A novel drug target in

immunoregulatory and inflammatory diseases. Ed: H. Stark. Versita, London.

Medina V, Brenzoni P, Martinel Lamas D, Massari N, Mondillo C, Nunez M, et al. (2011).

Role of histamine H4 receptor in breast cancer cell proliferation. Front Biosci 3:1042-1060.

Medina V, Cricco G, Nufiez M, Martin G, Mohamad N, Correa-Fiz F, Sanchez-Jimenez F,
Bergoc R, Rivera E. (2006). Histamine-mediated signaling processes in human malignant

mammary cells. Cancer Biol Ther 5, 1462-1471.

This article is protected by copyright. All rights reserved.



Medina V, Croci M, Crescenti E, Mohamad N, Sanchez-Jiménez F, Massari N, et al. (2008).
The role-of histamine in human mammary carcinogenesis: H3 and H4 receptors as potential

therapeutic targets for breast cancer treatment. Cancer Biol Ther 7: 28-35.

Medina VA, Croci M, Carabajal E, Bergoc RM, Rivera ES. (2010). Histamine protects bone
marrow against cellular damage induced by ionising radiation. Int J Radiat Biol 86(4): 283-

290.

Medina VA, Croci M, Mohamad NA, Massari N, Garbarino G, Cricco GP, et al. (2007).
Mechanisms underlying the radioprotective effect of histamine on small intestine. Int J Radiat

Biol 83(10): 653-663.

Medina VA, Prestifilippo JP, Croci M, Carabajal E, Bergoc RM, Elverdin JC, et al. (2011).
Histamine. prevents functional and morphological alterations of submandibular glands

induced by ionising radiation. Int J Radiat Biol 87(3): 284-292.

Medina VA, Rivera ES. (2010). Histamine receptors and cancer pharmacology. Br J

Pharmacol 161(4):755-67.

Meng F, Han Y, Staloch D, Francis T, Stokes A, Francis H. (2011). The H4 histamine
receptor agonist, clobenpropit, suppresses human cholangiocarcinoma progression by
disruption of epithelial mesenchymal transition and tumor metastasis. Hepatology

54(5):1718-28.

Meskanen K, Ekelund H, Laitinen J, Neuvonen PJ, Haukka J, Panula P, et al. (2013).
Randomized clinical trial of histamine 2 receptor antagonism in treatment-resistant

schizophrenia. J Clin Psychopharmacol 33(4):472-8.

This article is protected by copyright. All rights reserved.



Mommert S, Kleiner S, Gehring M, Eiz-Vesper B, Stark H3, Gutzmer R, et al. (2016) Human
basophil-chemotaxis and activation are regulated via the histamine H4 receptor. Allergy

71(9):1264-73.

Monti Hughes A, Pozzi E, Thorp S, Curotto P, Medina VA, Martinel Lamas DJ, Rivera ES4,
et al. (2015). Histamine reduces boron neutron capture therapy-induced mucositis in an oral

precancer model. Oral Dis 21(6):770-7

urata Y, Song M, Kikuchi H, Hisamichi K, Xu XL, Greenspan A, et al. (2015). Phase 2a,
randomized, double-blind, placebo-controlled, multicenter, parallel-groupstudy of a H4 R-
antagonist (JNJ-39758979) in Japanese adults with moderate atopic dermatitis. J Dermatol
42(2):129-39.

Murray-Stewart TR, Woster PM, Casero RA Jr. (2016). Targeting polyamine metabolism for

cancer therapy and prevention. Biochem J 473, 2937-2953.

Nagano H, Sanai H, Muraoka M, Takagi K. (2012). Efficacy of lafutidine, a histamine H2-
receptor antagonist, for taxane-induced peripheral neuropathy in patients with gynecological
malignancies. Gynecol Oncol 127(1):172-4.
Namikawa T, Munekage E, Maeda H, Kitagawa H, Kobayashi M, Hanazaki K. (2014).
Feasibility study of supportive care using lafutidine, a histamine H2 receptor antagonist, to
prevent gastrointestinal toxicity during chemotherapy for gastric cancer. Anticancer Res

34(12):7297-301.

Natori T, Sata M, Nagai R, Makuuchi M. (2005). Cimetidine inhibits angiogenesis and

suppresses tumor growth. Biomed Pharmacother 59(1-2):56-60.

Nielsen HJ, Christensen 1J, Moesgaard F, Kehlet H; Danish RANXO5 Colorectal Cancer

Study Group. (2002). Ranitidine as adjuvant treatment in colorectal cancer. Br J Surg

This article is protected by copyright. All rights reserved.



89(11):1416-22.Nowotarski SL, Woster PM, Casero RA Jr. (2013) Polyamines and cancer:

implications for chemotherapy and chemoprevention. Expert Rev Mol Med 15:e3.

Onori P, Gaudio E, Franchitto A, Alpini G, Francis H. (2010). Histamine regulation of
hyperplastic and neoplastic cell growth in cholangiocytes. World J Gastrointest Pathophysiol.

1(2):38-49.

Or CR, Su HL, Lee WC, Yang SY, Ho C, Chang CC. (2016). Diphenhydramine induces
melanoma cell apoptosis by suppressing STAT3/MCL-1 survival signaling and retards B16-

F10 melanoma growth in vivo. Oncol Rep 36(6):3465-3471.

Ohsawa Y, Hirasawa N. (2014). The role of histamine H1 and H4 receptors in atopic
dermatitis: from basic research to clinical study. Allergol Int 63(4):533-42.
Paik WH, Ryu JK, Jeong KS, Park JM, Song BJ, Lee SH, et al. (2014). Clobenpropit.
Clobenpropit enhances anti-tumor effect of gemcitabine in pancreatic cancer. World J

Gastroenterol 20(26):8545-57.

Panula P, Chazot PL, Cowart M, Gutzmer R, Leurs R, Liu WL, et al. (2015). International
Union of Basic and Clinical Pharmacology. XCVIII. Histamine Receptors. Pharmacol Rev.

67(3):601-55.

Paoluzzi L, Scotto L, Marchin E, Seshan VE, O Connor OA. (2009). The Anti-histamine
cyproheptadine synergizes the antineoplastic activity of bortezomib in mantle cell lymphoma

through its effects as a histone deacetylase inhibitor. Br. J. Haematol 146, 656.

Papagerakis S, Bellile E, Peterson LA, Pliakas M, Balaskas K, Selman S, et al. (2014).
Proton pump inhibitors and histamine 2 blockers are associated with improved overall
survival-in patients with head and neck squamous carcinoma. Cancer Prev Res (Phila).

7(12):1258-69.

This article is protected by copyright. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Onori%20P%5BAuthor%5D&cauthor=true&cauthor_uid=21607141
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gaudio%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21607141
https://www.ncbi.nlm.nih.gov/pubmed/?term=Franchitto%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21607141
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alpini%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21607141
https://www.ncbi.nlm.nih.gov/pubmed/?term=Francis%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21607141
https://www.ncbi.nlm.nih.gov/pubmed/?term=Onori+P%2C+Gaudio+E%2C+Franchitto+A%2C+et+al.+Histamine+regulation+of+hyperplastic+and+neoplastic+cell+growth+in+cholangiocytes.

Parihar A, Dube A, Gupta PK. (2013). Photodynamic treatment of oral squamous cell
carcinoma in hamster cheek pouch model using chlorin p6-histamine conjugate.

Photodiagnosis Photodyn Ther 10(1):79-86.

Parihar A, Dube A, Gupta PK. (2011). Conjugation of chlorin p(6) to histamine enhances its

cellular uptake and phototoxicity in oral cancer cells. Cancer Chemother Pharmacol 359-69

Parshad R, Hazrah P, Kumar S, Gupta S, Ray R, Bal S. (2005). Effect of preoperative short

course famotidine on TILs and survival in breast cancer. Ind J Cancer 42, 185-190.

Pegg AE. & Casero RA Jr. (2011). Current status of the polyamine research field. Methods

Mol Biol 720, 3-35.

Perz JB, Ho AD. (2008). Histamine dihydrochroride for the treatment of acute myeloig

leukaemia, malignant melanoma and renal cell carcinoma. Future Oncol 4, 1609.

Porretti J, Mohamad N, Martin G, Cricco G. (2014). Fibroblasts induce epithelial to
mesenchymal transition in breast tumor cells which is prevented by fibroblasts treatment with

histamine in high concentration. Int J Biochem Cell Biol 51C, 29-38.

Pds Z, Hegyesi H, Rivera E (2004). Histamine and cell proliferation. In: Falus A, editor.

Histamine biology and medical aspects. Hungary: Spring Med Publishing; pp. 199-217.

Po6s Z, Safrany G, Miiller K, Téth S, Falus A, Hegyesi H. (2005). Phenotypic pro ling of
engineered mouse melanomas with manipulated histamine production identi es histamine H2
receptor and rho-C as histamine-regulated melanoma progression markers. Cancer Res

65:4458-4466.

This article is protected by copyright. All rights reserved.



Previati M, Raspadori A, Bertolaso L, Parmeggiani A, Bindini D, Vitali C, et al. (2002)
Determination of histamine in the whole blood of colon cancer patients. J Chromatogr B

Analyt Technol Biomed Life Sci 25;780(2):331-9.

Prevoo ML, van 't Hof MA, Kuper HH, van Leeuwen MA, van de Putte LB, van Riel PL.
(1995). Modified disease activity scores that include twenty-eight-joint counts. Development
and validation in a prospective longitudinal study of patients with rheumatoid arthritis.

Arthritis Rheum. 38(1):44-8.

Prieto PA, Reuben A, Cooper ZA, Wargo JA. (2016). Targeted therapies combined with

immune checkpoint therapy. Cancer J 22:138-146.

Ramani D, De Bandt JP, Cynober L. (2014). Aliphatic polyamines in physiology and

diseases. Clin Nutr 33(1):14-22.

Ratnapradipa KL, Lian M, Jeffe DB, Davidson NO, Eberth JM, Pruitt SL, et al. (2017).
Patient, Hospital, and Geographic Disparities in Laparoscopic Surgery Use Among
Surveillance, Epidemiology, and End Results-Medicare Patients With Colon Cancer. Dis

Colon Rectum. 60(9):905-913.

Reynolds JL, Akhter J, Adams WJ, Morris DL. (1997). Histamine content in colorectal
cancer. Are there sufficient levels of histamine to affect lymphocyte function? Eur J Surg

Oncol 23: 224-227.

Ribatti D1, Crivellato E. (2012). Mast cells, angiogenesis, and tumour growth. Biochim

Biophys Acta. 1822(1):2-8.

Rigoni A., Colombo MP and Pucillo C. (2015). The Role of Mast Cells in Molding the

Tumor Microenvironment. Cancer Microenviron 8(3): 167-176.

This article is protected by copyright. All rights reserved.



Rivera E, Cricco G, Engel N, Fitzimons C, Martin G, Bergoc R. (2000): Histamine as an
autocrine. growth factor: an unusual role for a widespread mediator. Semin Cancer Biol 10,

15-23.

Rivera E; Davio C, Cricco G, Bergoc R. (1993). Histamine regulation of tumour growth. Role
of H1 and H2 receptors. In: Histamine in normal and cancer cell proliferation. Eds: M.

Garcia-Caballero, L. Brandes, S. Hosoda. Adv. in Bioscience, Pergamon Press, Oxford.

Rogers D, Vila-Leahey A, Pesséa AC, Oldford S, Marignani PA, Marshall JS. (2018).
Ranitidine Inhibition of Breast Tumor Growth Is B Cell Dependent and Associated With an

Enhanced Antitumor Antibody Response. Front Immunol. 15;9:1894.

Rothhammer T, Hahne JC, Florin A, Poser I, Soncin F, Wernert N. (2004). The Ets-1
transcription factor is involved in the development and invasion of malignant melanoma.

Cell. Mol. Life Sci 61, 118-128.

Russell DH, Thomas T, Thomas TJ. (2001). Polyamines in cell growth and cell death:

molecular mechanisms and therapeutic applications. Cell Mol Life Sci 58: 244-258.

Rydstrom A, Hallner A, Aurelius J, Sander FE, Bernson E, Kiffin R, et al. (2017). Dynamics
of myeloid cell populations during relapse-preventive immunotherapy in

acute myeloidleukemia. J Leukoc Biol. 102(2):467-474

Sakurada T, Kawashima J, Ariyama S, Kani K, Takabayashi H, Ohno S, et al. (2012).
Comparison of adjuvant therapies by an H2-receptor antagonist and a proton pump inhibitor
after endoscopic treatment in hemostatic management of bleeding gastroduodenal ulcers. Dig

Endosc 24(2):93-9.

Salem A, Almahmoudi R, Listyarifah D, Siponen M, Maaninka K, Al-Samadi A, et al.

(2017b). Histamine H4 receptor signalling in tongue cancer and its potential role in oral

This article is protected by copyright. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Rydstr%C3%B6m%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28235771
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hallner%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28235771
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aurelius%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28235771
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sander%20FE%5BAuthor%5D&cauthor=true&cauthor_uid=28235771
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bernson%20E%5BAuthor%5D&cauthor=true&cauthor_uid=28235771
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kiffin%20R%5BAuthor%5D&cauthor=true&cauthor_uid=28235771
https://www.ncbi.nlm.nih.gov/pubmed/28235771

carcinogenesis - a short report. Cell Oncol (Dordr). 40(6):621-630.

Salem A, Al-Samadi A, Stegajev V, Stark H, Hayrinen-Immonen R, Ainola M, et al. (2015).

Histamine H4 receptor in oral lichen planus. Oral Dis 21, 378-385.

Salem A, Rozov S, Al-Samadi A, Stegajev V, Listyarifah D, Kouri VP, et al.
(2017a)Histamine metabolism and transport are deranged in human keratinocytes in oral

lichen planus. Br J Dermatol 176, 1213-1223

Sander FE, Nilsson M, Rydstrém A, Aurelius J, Riise RE, Movitz C, et al. (2017). Role of
regulatory. T cells in acute myeloid leukemia patients undergoing relapse-preventive

immunotherapy. Cancer Immunol Immunother 66(11):1473-1484.

Sarchio SN, Kok LF, O'Sullivan C, Halliday GM, Byrne SN. (2012). Dermal mast cells affect
the development of sunlight-induced skin tumours. Exp Dermatol 21(4):241-248.

Shahid M, Tripathi T, Sobia F, Moin S, Siddiqui M, Ali Khan R. (2009). Histamine,
Histamine Receptors, and their Role in Immunomodulation: An Updated Systematic Review

The Open.Immunology Journal 2, 9-41 9.

Shankaran V, lkeda H, Bruce A, White JM, Swanson PE, Old LJ, et al. (2001): IFNy and
lymphocytes prevent primary tumour development and shape tumour immunogenicity.

Nature 410, 1107-1111.

Sieja K, Stanosz S, von Mach-Szczypinski J, Olewniczak S, Stanosz M. (2005).
Concentration of histamine in serum and tissues of the primary ductal breast cancer in

women. Breast 14, 236-241.

Sitarz R, Skierucha M, Mielko J, Offerhaus GJA, Maciejewski R, Polkowski WP. (2018).
Gastric cancer: epidemiology, prevention, classification, and treatment. Cancer Management

and Research 10:239-248.

This article is protected by copyright. All rights reserved.



Sotiriou C, Neo SY, McShane LM, Korn EL, Long PM, Jazaeri A, et al. (2003). Breast
cancer classification and prognosis based on gene expression profiles from a population-

based study. Proc Natl Acad Sci USA 100(18):10393-8.

Soule BP, Simone NL, DeGraff WG, Choudhuri R, Cook JA, Mitchell JB. (2010). Loratadine
dysregulates cell cycle progression and enhaces the effect of radiation in human tumor cell

lines. Radiat. Oncol 3, 5: 8.

Sterle H, Nicoud M, Massari N, Taquez Delgado M, Herrero Ducloux M, Cremaschi G, et.al.
(2018). Inmunomodulatory role of histamine H4 receptor in breast cancer. Br J Cancer. [In
Press]

Szakacs Z, Dauvilliers Y, Mikhaylov V, Poverennova I, Krylov S, Jankovic S, et al. (2017).
Safety and efficacy of pitolisant on cataplexy in patients with narcolepsy: a randomised,

double-blind, placebo-controlled trial. Lancet Neurol. 16(3):200-207.

Stoyanov E, Uddin M, Mankuta D, Dubinett SM, Levi-Schaffer F. (2012). Mast cells and
histamine enhance the proliferation of non-small cell lung cancer cells. Lung Cancer

75(1):38-44.

Takahashi, K.; Tanaka, S.; Ichikawa, A. (2001). Effect of cimetidine on intratumoral cytokine

expression in an experimental tumor. Biochem. Biophys. Res. Commun 281:1113-1119.

Tamas K; Walenkamp AM, de Vries EG, van Vugt MA, Beets-Tan RG, van Etten B, et al.
(2015). Hospers GA.Rectal and colon cancer: Not just a different anatomic site. Cancer Treat

Rev 41(8):671-9.

Tanaka T, Kochi T, Shirakami Y, Mori T, Kurata A, Watanabe N, et al. (2016a). Cimetidine
and Clobenpropit Attenuate Inflammation-Associated Colorectal Carcinogenesis in Male ICR

Mice. Cancers (Basel) 8(2).

This article is protected by copyright. All rights reserved.



Tanaka S, Sakaguchi M, Yoneyama H, Usami Y, Harusawa S. (2016b) Histamine H3
receptor antagonist OUP-186 attenuates the proliferation of cultured human breast cancer cell

lines.Biochem Biophys Res Commun 480(3):479-485.

Tanimoto A, Matsuki Y, Tomita T, Sasaguri T, Shimajiri S, Sasaguri Y. (2004). Histidine
decarboxylase expression in pancreatic endocrine cells and related tumors.Pathol Int.

54(6):408-412.

Terada T, Matsunaga Y. (2000). Increased mast cells in hepatocellular carcinoma and
intrahepatic cholangiocarcinoma. J Hepatol 33(6):961-966.
Thomas T, Thomas TJ. (2003). Polyamine metabolism and cancer. J Cell Mol Med Vol 7,

No 2;-pp. 113-126,

Tomita K, Izumi K, Okabe S. (2003). Roxatidine and cimetidine-induced angiogenesis
inhibition suppresses growth of colon cancer implants in syngeneic mice. J. Pharmacol. Sci

93:321-330.

Tomita K, Okabe S. (2005). Exogenous histamine stimulates colorectal cancer implant

growth via immunosuppression in mice. J Pharmacol Sci 97:116-123.

Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. (2015). Global cancer

statistics, 2012. CA Cancer J Clin 65(2):87-108.

Thurmond RL, Greenspan A, Radziszewski W, Xu XL, Miao Y, Chen B, et al. (2016)
Toreforant, A Histamine H4 Receptor Antagonist, in Patients with Active Rheumatoid
Arthritis ~ Despite  Methotrexate  Therapy: Results of 2 Phase Il  Studies.

J Rheumatol 43(9):1637-42

Valent P, Horny HP, Arock M. (2018). The underestimated role of basophils in Ph+ chronic

myeloid leukaemia. Eur J Clin Invest e13000.

This article is protected by copyright. All rights reserved.



Varricchi G, Raap U, Rivellese F, Marone G, Gibbs BF. (2018). Human mast cells and

basophils-How are they similar how are they different? Immunol Rev. 282(1):8-34.

Vila-Leahey A, Oldford SA, Marignani PA, Wang J, Haidl ID, Marshall JS. (2016a).
Ranitidine modifies myeloid cell populations and inhibits breast tumor development and

spread in mice. Oncoimmunology 5(7): e1151591.

Vila-Leahey A, Rogers D, Marshall JS. (2016b). The impact of ranitidine on monocyte

responses in the context of solid tumors. Oncotarget 7(10):10891-904.

von Mach-Szczypinski J, Stanosz S, Sieja K, Stanosz M. (2009). Metabolism of histamine in

tissues of primary ductal breast cancer. Metabolism 58, 867-870.

Wan KS, Chang YS. (2014). Efficacy of leukotriene receptor antagonist with anti-H1
receptor antagonist plus anti-H2 receptor antagonist for treatment of refractory chronic
idiopathic urticaria. J Dermatolog Treat 25(6):459-61.
Wang KY, Arima N, Higuchi S, Shimajiri S, et al. (2000). Switch of histamine receptor
expression from H2 to H1 during differentiation of monocytes into macrophages. FEBS Lett,

473(3), 345-348.

Yang XD, Ai W, Asfaha S, Bhagat G, Friedman RA, Jin G, et al. (2011). Histamine
deficiency promotes inflammation-associated carcinogenesis through reduced myeloid
maturation and accumulation of CD11b+Ly6G+ immature myeloid cells. Nat. Med. 17: 87—

95.

Yang, L.P. & Perry, C.M. (2011). Histamine dihydrochloride: in the management of acute

myeloid leukaemia. Drugs, 71(1), 109-122.

This article is protected by copyright. All rights reserved.



Zhang C, Xiong Y, Li J, Yang Y, Liu L, Wang W, et al. (2012). Deletion and down-
regulation of HRH4 gene in gastric carcinomas: a potential correlation with tumor

progression. PLoS 7(2):e31207.

Zheng Y1, Xu M, Li X, Jia J, Fan K, Lai G. (2013). Cimetidine suppresses lung tumor
growth in mice through proapoptosis of myeloid-derived suppressor cells. Mol Immunol

54(1):74-83.

This article is protected by copyright. All rights reserved.



Table 1: Main characteristics of histamine receptors

Hi receptor

H, receptor

Hs receptor

H, receptor

Location Ubiquitous: smooth | Ubiquitous: smooth | Mainly in CNS and | Mainly in
muscle, endothelial | muscle, endothelial | histaminergic hematopoietic
cells, nerve cells, | cells, nerve cells, | neurons, some | cells, leukocytes,
chondrocytes, chondrocytes, cancer cells lung, intestinal
hepatocytes, T and B | hepatocytes, T and epithelium, spleen,
lymphocytes, B lymphocytes, stomach, CNS,
monocytes, monocytes, nerves of the nasal
eosinophils, eosinophils, mucosa, enteric
neutrophils,  cancer | neutrophils, cancer neurons, cancer
cells cells cells

Number  of 487 359 445 390

Amino Acids

G protein G(lq/ll Goy, Gaig Gaip

coupling

Main 1 PLC— 1IP3+1 1 AC — 1 cAMP ICAMP; Increase in | |cAMP, Increase

signalling DAG — Increase in | =1 PKA Ca®*, TMAPK in Ca*, IMAPK

pathways Ca?*—1 PKC ’
CAMP accumulation ]T)Z]E}C: ILE:S;Z -
via GPy subunits of
Gq Ca**—1 PKC

Agonists 2-[(3- Amthamine, RMHA, VUEF 8430,

trifluoromethyl)phen Impromidine Imetit, Clobenpropit,
yl] histamine, Immepip JNJ28610244,
Histaprodifen, 4-methylhistamine,
Methylhistaprodifen ST-1006
Imetit
Pyrilamine Cimetidine Clobenpropit JNJ7777120
) Terfenadine Ranitidine JNJ5207852 Thioperamide

Antagonists / | cyproheptadine Tiotidine JNJ10181457 JNJ10191584

Inverse Loratadine Famotidine OUP-186 VUF 6002

agonists DPH Pitolisant A-987306

Triprolidine Thioperamide A-940894
Astemizol OUP-16
Chlorpheniramine

HGNC HRH1 HRH2 HRH3 HRH4

Gene Intronless Intronless Three introns Two introns

structure

Chromoso- 3p25.3 5035.2 20013.33 18q11.2

mal location
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AC, adenylate cyclase; cAMP, 3',5'-cyclic adenosine monophosphate; DAG, diacylglycerol;
DPH: Diphenhydramine; 1P3, 1,4,5- inositol triphosphate; MAPK, mitogen-activated protein
kinase; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; RMHA, R-
a-methylhistamine; SNC, central nervous system; 1, activation or formation; |, inhibition or
reduction; — induction or production.

Extracted and adapted from Shahid et al., 2009 and Panula et al., 2015.

Drugs and molecular targets conform to BJP's Concise Guide to Pharmacology (Alexander et
al,; 2015).
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Table 2: Recent clinical trials using histamine receptor ligands

Type of Compound Study Results Drug Reference
ligand Characteristics/ Indication
Pathology
Severity of pruritus 60 mg twice
H1R . Atopic dermatitis daily orally Ohsawa et
. Fexofenadine decreased compared L
antagonist (AD) - administered for al., 2014
with placebo
7 days
Doxepin,
Diphenydramine AD Beneficial effects Topical Ohsawa et
. al., 2014
Loratadine
Twenty patients with
taxane-induced High efficacy for the 20 mg daily
peripheral neuropathy
- X treatment of taxane- orally Nagano et
Lafutidine during the treatment . . L
. induced peripheral | administrated for al., 2012
of gynaecological
; - neuropathy 2-4 weeks
malignancy (pilot
study)
Prevents
gastrointestinal
toxicities during
Patients with stage 11 adjuvant 10 mg daily
chemotherapy for .
- (T1 cases excluded) or . orally Namikawa
Lafutidine . gastric cancer and L
stage Il gastric . administered for | etal., 2014
A improves
adenocarcinoma : ) 2,4 or 6 weeks
compliance with
taking oral
fluorouracil
HZtR ist anticancer drugs.
antagonis Similar effects to an
adjuvant therapy for
. . preventing 20 mg daily
- 116 pat'ems with rebleeding from injected during | Sakurada et
Famotidine bleeding 4
endoscopically the early phase al., 2012
gastroduodenal ulcers .
treated upper of bleeding
gastrointestinal
bleeding
10, 20 or 40 mg
Randomized, double- Al doses_up t0 40 mg daily of
. blind, parallel- was efficacious on |-y icant: 100 .
Pitolisant controiled trial in EDS compared with 200 or 40’0 m ' Dauvelliers
(BF2.649) - . placebo and well . 9 etal., 2013
patients with daily of
tolerated compared e
narcolepsy - L modafinil for 8
with modafinil.
weeks
Pitolisant elzzrlzdlslti?]a;;err;ts vr\::':?e Photosensitive 60 mg single l\}l(glss:[te :;{Ig;'
(BF2.649) priepsy I yp response reduction oral dose 2013 B
980 patients in the
Hg treatment of 48 mg dail Kantor et
antagonist Betahistine disturbance of balance Improvement of g y .
. - orally al., 2006;
hydrochloride system. The study was vertiginous L e
) administered for Amini et
(betaserc) based on analysis of symptoms
. 14-28 days al., 2015
doctors and patients
questionnaires
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results/or treatment of
peripheral vertigo

Randomized, double-
blind, placebo-

5 to 40 mg daily

Pitolisant controlled trial in rigfl:((::étlii:gl:)sf orally Szakacs et
(BF2.649) patients with administered for al., 2017
. cataplexy
narcolepsy and with 7 weeks
cataplexy
. 100 or 300 mg
Phase Ila study in . . .
JNJ-39758979 | patients with moderate Beneficial effe(?t in dglly orally Murata et
AD control of pruritus administered for al., 2015
6 weeks
Phase Ila study in 162 Failed to provide 30 Mg once .
. i . . daily Kollmeier
Toreforant patients with therapeutic benefit at g .
! - administration etal., 2018
eosinophilic asthma the dose tested
for 24 weeks
Reduced
signs/symptoms
. evaluated by the 28- 100 mg once
Toreforant Phai?:nltlsavf/tiltjl:j)::u:tr;\/ge(5 joint Disease daily orally Thurmond
H4R ph toid arthriti Activity Score-C- administered for | etal., 2016
antagonist rheumatold arthritis reactive (DAS28- 12 weeks
CRP#) protein
through week 12
No significant
Phase llb study in 272 improvement Ln oﬁbg%:irljggﬁy Thurmond
Toreforant Phagberzz (\)Ail (Ijtgr?ﬁ?i}/ii D.A Sﬁ 8'CIEP K administered for | etal., 2016
protein t ;c;ug wee 12 weeks

AD, Atopic dermatitis; EDS, excessive daytime sleepiness; DAS28-CRP, 28-joint Disease
Activity Score-C-reactive protein; mg, miligrams. Drugs and molecular targets conform to
BJP's Concise Guide to Pharmacology (Alexander et al., 2015).

*'The DAS28-CRP is a Disease Activity Score, part of the many scores for rheumatoid
arthritis (useful, reproducible and comparable assessment of the rheumatoid arthritis activity)
(Prevoo et al., 1995).
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Figure 1: Boxplots generated in the UALCAN interactive web resource show relative
expression of HRH4 in transcripts per million (tpm) in normal tissue (blue box) and primary
tumour (red box) samples. The samples used for the analysis are obtained from the genomic
data of The Cancer Genome Atlas (TCGA) project. Boxplot showing relative expression of
HRH4 (A) in normal tissue (n=41, median: 0.044 tpm) and colon adenocarcinoma (COAD,

n=286, median: 0.015 tpm) samples; (B) in normal tissue (=11, median: 0.016 tpm) and
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oesophageal squamous cell carcinoma (ESCA, n= 184, median: 0.027 tpm) samples; (C) in
normal tissue (n=50, median: 0.009 tpm) and liver hepatocellular carcinoma (LIHC, n= 371,
median: 0.01 tpm) samples; (D) in normal tissue (n=9, median: 0.019 tpm) and
cholangiocarcinoma (CHOL, n= 36, median: 0.022 tpm) samples. T-test was performed using
a PERL (Practical Extraction and Report Language) script with Comprehensive Perl Archive

Network (CPAN) module “Statistics:: T Test” (http://search.cpan.org/~yunfang/Statistics-

TTest-1.1.0/TTest.pm) [(UALCAN web resource: http://ualcan.path.uab.edu.; Chakravarthi

BVSK, et al. (2017)].
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Fig 2

Figure 2: Boxplots generated in the UALCAN interactive web resource show relative
expression of HRH4 in transcripts per million (tpm) in normal tissue (blue box) and primary
tumour (red box) samples. The samples used for the analysis are obtained from the genomic
data of The Cancer Genome Atlas (TCGA) project. Boxplot showing relative expression of
HRH4 (A) in normal tissue (=114, median: 0.07 tpm) and breast invasive carcinoma

(BRCA, n=1097, median: 0.025 tpm) samples; (B) in normal (n=52, median: 0.043 tpm) and
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lung squamous cell carcinoma (LUSC, n= 503, median: 0.026 tpm) samples; (C) in normal
(n=19, median: 0.032 tpm) and bladder urothelial carcinoma (BLCA, n= 408, median: 0.01
tpm) samples; (D) in normal (n=35, median: 0.027 tpm) and uterine corpus endometrial
carcinoma, UCEC (n= 546, median: 0.017 tpm) samples. T-test was performed using a PERL
(Practical Extraction and Report Language) script with Comprehensive Perl Archive Network

(CPAN) module “Statistics::T Test” (http://search.cpan.org/~yunfang/Statistics-TTest-

1.1.0/TTest.pm) [(UALCAN web resource: http://ualcan.path.uab.edu.; Chakravarthi BVSK,

etal. (2017)].
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Fig 3

Figure 3: Main protumoural @) and antitumoural effects"" ) triggered by H4R in different

types of cancer (EMT: epithelial to mesenchymal transition; KO: knock out; NK: natural

killer cells; NSCLC: Non-small cell

lung cancer).
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