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Immunomodulatory role of histamine H4 receptor in
breast cancer
Helena A. Sterle1, Melisa B. Nicoud2,3, Noelia A. Massari4, Mónica A. Táquez Delgado2, María V. Herrero Ducloux5,
Graciela A. Cremaschi1,3 and Vanina A. Medina2,3

BACKGROUND: Although the role of histamine H4 receptor (H4R) in immune cells is being extensively investigated, its
immunomodulatory function in cancer is completely unknown. This study aimed to investigate the role of H4R in antitumour
immunity in a model of triple-negative breast cancer.
METHODS: We evaluated growth parameters, histological characteristics and the composition of tumour, splenic and tumour
draining lymph node (TDLN) immune subsets, in a syngeneic model, developed orthotopically with 4T1 cells in H4R knockout
(H4R-KO) and wild-type mice.
RESULTS: Mice lacking H4R show reduced tumour size and weight, decreased number of lung metastases and percentage of CD4+

tumour-infiltrating T cells, while exhibiting increased infiltration of NK cells and CD19+ lymphocytes. Likewise, TDLN of H4R-KO mice
show decreased CD4+ T cells and T regulatory cells (CD4+CD25+FoxP3+), and increased percentages of NK cells. Finally, H4R-deficient
mice show decreased Tregs in spleens and non-draining lymph nodes, and a negative correlation between tumour weight and the
percentages of CD4+, CD19+ and NK splenic cells, suggesting that H4R also regulates antitumour immunity at a systemic level.
CONCLUSIONS: This is the first report that demonstrates the participation of H4R in antitumour immunity, suggesting that H4R
could be a target for cancer treatment.
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INTRODUCTION
Cancer is a major public health issue, representing one of the main
causes of death in the world. Breast cancer is the neoplasm with
the highest incidence among women both in developed countries
and in developing ones.1 During carcinogenesis, the transformed
cells interact with their microenvironment comprising stromal and
immune cells.2

A large body of data revealed the importance of the leukocyte
infiltrate in controlling the clinical progression of various types of
epithelial cancers.3 Cells of immune system are key constituents of
the tumour microenvironment and may promote or inhibit the
development and progression of cancer.4 One of the common
features of most tumour processes is the inflammation that can
contribute to proliferation and survival of malignant cells, promote
angiogenesis and metastasis, altering the responses to hormones
and chemotherapeutic agents.2 On the other hand, the immune
system through tumour immune surveillance, is also responsible
for the removal of nascent tumour cells, preventing tumour
progression and formation of micrometastases.2,5 There are also
immunosuppressive mediators in the tumour microenvironment
that regulate the activity and efficiency of cells with antitumour

capacity, thus controlling the elimination of tumour cells. In this
regard, immunotherapy has emerged as a useful therapeutic
approach for the treatment of many cancers as it stimulates the
immune system to detect and eradicate tumour cells.
Breast cancer was traditionally considered poorly immunogenic

and therefore, immunotherapeutic approaches were not considered
appropriate for its treatment. However, recent studies have shown
that the presence of tumour-infiltrating lymphocytes (TILs) is a
prognostic marker for higher responses to neoadjuvant chemother-
apy and better survival, particularly in triple-negative breast cancer
(TNBC).6 Breast carcinomas are frequently infiltrated by inflamma-
tory cells, mainly macrophages and T lymphocytes, whose
significance has not yet been fully elucidated.7 Several studies
agree, however, that the number of infiltrating CD8+ cells correlates
with better patient survival and response to chemotherapeutic
treatments.8 B cells have also been associated with a favourable
prognosis in breast cancer, although its mechanism of action in
cancer is still under debate.9 In contrast, CD4+ T lymphocytes, which
include regulatory T cells (Treg) and tumour associated macro-
phages, are associated with poorer clinical outcomes. Thus, the
analysis of the tumour infiltrating leukocytes and the study of
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different agents with the ability to modulate the immune response
are currently under consideration, mainly for the treatment of triple
negative breast cancer, that is not only unresponsive to targeted
therapies but also less responsive to conventional therapeutics.6,10

There is an increasing evidence that supports the immunomo-
dulatory roles of histamine under different cytokine environ-
ments11 and it was also described as an important modulator of
haematopoiesis.12 Histamine is a biogenic amine and is one of the
most general biological mediators of mammals, presenting
numerous physiological and pathophysiological functions, which
it exerts through the activation of four different receptor subtypes
H1, H2, H3 and H4 receptors (H1R, H2R, H3R and H4R), which
belong to the family of seven transmembrane domain G-protein-
coupled receptors.12,13 Histamine treatment stimulates the
maturation of dendritic cells from monocytes and promotes the
intratumoural accumulation of these cells, reducing the growth of
murine lymphoma developed with EL-4 cells.14 However, in a
histidine decarboxylase knockout model, endogenous histamine
contributed to the growth of a breast tumour by suppressing the
antitumour immunity.15 Therefore, different histamine metabo-
lism, distinct tumour microenvironment and the histamine
receptor that is involved, may determine the outcome.
H4R is the last discovered member of the histamine receptor

family and is mainly expressed in cells of the immune system, such
as mast cells, eosinophils, monocytes, dendritic cells, T lympho-
cytes and Natural Killer (NK) cells. In peripheral tissues such as the
spleen, thymus and bone marrow its levels of expression are
altered in response to inflammatory stimuli.16 Several lines of
evidence indicate that the H4R plays a key role in both pulmonary
and intestinal inflammatory diseases (asthma, colitis), pruritus,
allergies and other immunological disorders, which has led to the
therapeutic development of novel H4R ligands. This is supported
by results obtained in different experimental models of inflamma-
tion including hepatic ischaemia-reperfusion, colitis, atopic derma-
titis, in which H4R antagonists (JNJ7777120, JNJ10191584,
thioperamide) produce anti-inflammatory effects with reduced
neutrophil recruitment and release of cytokines, improving the
outcome of the pathology.17,18 In some of these models
H4R antagonists produce the same phenotype observed in H4R
knockout mice. Recent clinical trials show that selective H4R
antagonists reduce pruritus in patients with atopic dermatitis
and improve allergic rhinitis, validating preclinical results.17,18

Although the role of H4R in immune cells during inflammatory
disorders is being extensively investigated, its immunomodulatory
function in cancer is completely unknown. This study aimed to
investigate the role of H4R in antitumour immunity in a model of
TNBC. We evaluated growth parameters, histological character-
istics of tumours and the composition of tumour, splenic
and tumour draining lymph node (TDLN) immune subsets in a
syngeneic model of TNBC developed orthotopically with 4T1 cells
in H4R knockout (H4R-KO) and wild-type (WT) mice.
Results show an interplay between H4R expressing immune

cells in tumour microenvironment and cancer cells, which has
implications in breast cancer progression.

MATERIALS AND METHODS
Cell culture
The tumour cell line 4T1 (ATCC CRL-2539) was cultured and was
maintained in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% (v/v) FBS, 0.3 g/l glutamine, 100 µg/ml
streptomycin, and 100 U/ml penicillin (all from Gibco BRL, Grand
Island, NY, USA). Cells were maintained at 37 °C in a humidified
atmosphere containing 5% CO2.

H4R expression
H4R expression in 4T1 cells was determined by RT-PCR and
immunostaining. The retrotranscription reaction and RT-PCR were

performed as previously described.19 Negative controls were
performed with water instead of cDNA and cDNA of H4R-KO mice
spleen. H4R primers and PCR conditions were as followed: H4R-F:
GGC CAA GTG GAT CTC CTG TA, H4R-R: GCT CTG AAA GCA ACC
TAA CTG TG, 500 bp; 3 min 94 °C, 35 cycles of 30 s 94 °C, 30 s 62 °C,
30 s 72 °C. β-actin was used as load control. PCR products were
subjected to gel electrophoresis and visualised using BioDoc-It
Imaging System (USA).
Immunostaining was done as reported.19 Briefly, cells grown on

coverslips were fixed and then incubated overnight in a
humidified chamber at 4 °C with primary goat anti-H4R (1:100,
catalogue number SC-33967, Santa Cruz, USA). After washing, cells
were incubated with FITC-conjugated anti-goat (1:400), and nuclei
were counterstained with Dapi (Sigma Chemical Co., USA) at room
temperature. Coverslips were mounted with FluorSaveTM Reagent
(Calbiochem, USA) and fluorescence was evaluated by using a
Axiovert 200 microscope (Carl Zeiss, Germany).

Animal models
Female histamine H4 receptor knockout (H4R-KO) were generated
as previously described20 and were provided by Janssen Research
& Development, LLC La Jolla, CA, USA and back crossed to BALB/c
background. These animals and the corresponding female wild-
type (WT) mice (BALB/c) were bred and kept in ventilated cages at
our animal health care facility at 22–24 °C and 50–60% humidity
on a 12 h light/dark cycle with food and water available ad libitum.
Animals with an age of 6–8 weeks and an average weight of
20–25 g were used. All animal protocols were supervised and
managed by qualified trained personnel and were in accordance
with recommendations from the National Institute of Health Guide
for the Care and Use of Laboratory Animals (NIH Publications No.
8023) and the Guidelines for the welfare and use of animals in
cancer research. All procedures involving animals were reviewed
and approved by the Institutional Committee for the Care and Use
of Laboratory Animals, BIOMED.

Breast cancer model
To generate solid tumours, 6 to 8-week-old mice were inoculated
orthotopically in the abdominal mammary gland with 1 × 105

syngeneic 4T1 cells in serum-free PBS, as described.21,22 Tumour
length and width were measured every 2 days using callipers, and
tumour volume was calculated as V= π/ 6 × length × width.2,23

After 21 or 28 days, mice were sacrificed, and tissues were
removed and weighted. When indicated, WT mice were daily
treated with subcutaneous injections of JNJ28610244 (JNJ28,
5 mg/kg b.w.), (Janssen Research & Development, San Diego, USA)
for the last 14 days.

Preparation of single-cell suspensions from lymph nodes, spleens
and tumours
After removal, lymphoid organs were disrupted through a 1-mm
metal mesh. Tumours were minced and digested with 2 mg/ml
collagenase type I (Gibco) in serum-free DMEM for 30min at 37 °C.
After centrifugation, the red blood cells from the resulting cell
suspensions were lysed using a buffer containing 150mM NH4Cl,
10 mM K2CO3 and 0.1 mM EDTA and then filtered through a
40-µm cell strainer (BD Biosciences, San José, CA, USA) and
resuspended in PBS.22,23

Flow cytometry for immunophenotyping
Single-cell suspensions obtained from tumours, tumour draining
(TDLN) and non-draining lymph nodes and spleens were stained
with antibodies against various cell surface markers using
standard staining methods, as previously described.22,23 The
following panel of commercially available and fluorochrome
conjugated anti-mouse monoclonal antibodies were used in the
study: FITC-anti-mouse CD3 (BDB-561798), FITC-anti-mouse CD4
(BDB-557307), PE-anti-mouse CD4 (BDB-557307), PE-anti-mouse
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CD8 (BDB-553032), PE-anti-mouse CD19 (BDB-557399), FITC-anti-
mouse Gr1 (BDB-553126), PE-anti-mouse CD11b (BDB-557397),
FITC-anti-mouse CD49 (BDB-561066), FITC-anti-mouse CD44 (BDB-
561859) and APC-anti-mouse CD25 (BDB-558643), all purchased
from BD Biosciences (BDB; San José, CA, USA). Samples were run
on a BD Accury C6 flow cytometer (BDB) and data were analysed
using the BD Accury C6 software (BDB).

Intracellular staining
Single cell suspensions, prepared as described above, were used
for intracellular staining. After surface staining, cells were fixed
with Mouse Fixation Buffer (BD, 51-9006124) and permeabilised
with Mouse Foxp3 Permeabilization Buffer (BDB, 51-9006125),
following manufacturers’ instructions. Cells were then incubated
with the FITC-anti-mouse-FoxP3 antibody (BDB-560408) for
40min. After washing with PBS, cells were analysed by flow
cytometry as described above.

Cytokine determination
Tumours, TDLN and spleens were obtained from mice 28 days
post-tumour inoculation (p.i.). Lymphoid organs were disrupted
through a 1-mm metal mesh and seeded at a final concentration
of 1 × 107 cells/ml in complete RPMI medium. Tumours were cut
in small pieces and equal quantities of tissue were incubated in
complete RPMI medium. After 24 h, the conditioned medium was
obtained. Mice interferon (IFN)-γ (BDB-558473), tumour necrosis
factor (TNF)-α (BDB-558480) and IL-10 (BDB-558300) CBA Flex
Sets (BD Biosciences) were used to analyse specific cytokines in a
BD Accury C6 flow cytometer, following the manufacturers’
instructions. Results were analysed with FCAP Array Software
v3.0 (BDB).

Histochemistry and immunostaining
Tumours and tissues were excised, fixed in 4% (v/v) formaldehyde
in PBS (formalin), paraffin embedded and sliced into 3–4-μm-thick
sections to evaluate the histological characteristics on
haematoxylin–eosin (H&E) stained specimens (Biopur diagnostic,
Buenos Aires, Argentina) as previously described.19

Cell proliferation was assessed by histochemical determination
of PCNA (1:100, clone PC10, Dako Cytomation, Denmark)
expression and by mitotic index (MI), as the number of cells with
visible chromosomes in ×400 magnification fields. Intratumoural
vascularity was evaluated by counting vessels at ×200 magnifica-
tion in 10 random fields. The fragmented DNA was detected using
ApoptagTM plus peroxidase in situ apoptosis Detection Kit
(Millipore, MA, USA) according to the manufacturer’s instructions.
These procedures were described in detail previously.19

Metastatic spread analysis was performed over cuts of excised
organs after staining with H&E. Visualisation was performed with
an optical microscope (Axiolab Carl Zeiss, Germany) and photo-
graphs were taken at ×200 or ×630 magnification with Canon
Power Shot G5 camera (Japan). The immunostaining assessment
was blinded performed by consensus agreement of two observers.

Statistical analysis
Representative results are presented as means ± standard error
of the mean (SEM). Statistical evaluations were made by unpaired
t-test or analysis of variance (ANOVA) that was followed by
Newman–Keuls Multiple Comparison Test. Pearson’s r correlation
coefficient and two-tailed significances were determined when
appropriate. All statistical analyses were performed with GraphPad
Prism version 6.00™ (CA, USA).

RESULTS
H4R-KO mice exhibit reduced tumour growth and metastasis
In agreement with previous studies in human breast cancer cell
lines,24,25 the expression of H4R in 4T1 cells was demonstrated by

RT-PCR and immunostaining (Fig. 1a, b). To investigate the
effect of the H4R-expressing cells in tumour microenvironment
on breast cancer development and progression, H4R-KO and
WT mice were injected orthotopically with 4T1 cells. Both sets of
mice developed tumours, although H4R-KO mice displayed
significantly reduced endpoint tumour size and weight compared
to WT mice (Fig. 2a, b). Histopathological analysis revealed
that H4R-KO mice exhibited areas of tubular differentiation
and reduced nuclear pleomorphism together with decreased
mitotic index and PCNA proliferation marker expression, whereas
WT mice exhibited higher undifferentiation (Fig. 2c, e, f).
Consistent with these results, tumours developed in H4R-KO
mice showed increased apoptosis and decreased vascularisation
along with a reduced number and size of lung micrometastasis
compared to tumours of WT animals (Fig. 2d, g, h, j). In addition,
a positive correlation between tumour weight and the number
of lung metastases was observed in both WT and H4R-KO
mice (Fig. 2i).
Considering the pivotal role of immunity in tumour micro-

environment and that H4R is primarily expressed on immune cells,
the inflammatory infiltrate was next investigated. Tumour-
infiltrating lymphocytes (TILs) were evaluated by FACS. Although
not significant, a higher percentage of TILs was observed in
tumours of H4R-KO mice, whereas no correlation was observed
between TILs and tumour weight (Fig. 3a, b). The analysis of the
distribution of the tumour-infiltrating immune cell subsets was
performed 21 and 28 days post-tumour inoculation and it showed
decreased CD3+ tumour-infiltrating lymphocytes in H4R-KO mice.
However, no changes in the CD8+ T cell subset were detected, but
a decreased percentage of CD4+ T cells in this group lead to a
reduced CD4+/CD8+ ratio. This was accompanied by increased
percentages of NK cells from day 21 in tumours of H4R-KO
compared to WT mice. Also increased CD19+ lymphocytes were
detected in these tumours that became evident only at day 28
(Fig. 3a, c).
CD44 is a marker of T cell activation and its high expression is

one of the most reliable markers for both CD4+ and CD8+

memory T cells in mice.26 No significant differences were
observed in the percentage of CD4+CD44+ (Fig. 3d) or
CD8+CD44+ T lymphocytes (data not shown) in both groups
of animals. Interestingly, further correlation analysis demonstrated
a positive association of CD8+ lymphocytes with tumour
weight, exclusively in H4R-KO mice (Supplementary Table 1).
The analysis of cytokine production in the conditioned medium
of tumours showed no differences in the levels of IFNγ, but a non-
significant increase in TNFα levels in tumours of H4R-KO
mice (Fig. 3e).

MW C-4T1 KO H4R Dapi

H4R

a b

B-actin

Fig. 1 H4R expression was evaluated in 4T1 cells by RT-PCR (a) and
immunostaining (b). a Lanes: MW, DNA ladder molecular size
marker; C- water replace cDNA, 4T1: cDNA of 4T1 cells, KO: spleen
cells of H4R-KO mice were used as negative control. β-actin (521 bp)
was used as load control. b Immunofluorescence (green) of H4R
in 4T1 cells. Nuclei were counter-stained with Dapi (blue). Scale
bar= 20 µm
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cells per field and (g) number of TUNEL-positive cells per field at ×400 magnification in 10 random fields. h Number of microscopic metastatic
foci covering lungs. Error bars represent the means ± SEM of three independent experiments (T-Test, *P < 0.05, **P < 0.01 vs. WT). i Pearson’s
correlation between the number of lung metastases and the tumour weight (correlation coefficient, r: 0.6851, **P= 0.0098 in WT mice.
r: 0.5976, *P= 0.0402 in KO mice)
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H4R is involved in the regional and systemic antitumour immunity
We next evaluated the role of the H4R in the regional and
systemic immune response by analysing, in WT and H4R-KO
mice, the distribution of immune cells in tumour-draining lymph
nodes (TDLN) and non-draining lymph nodes (LN), respectively.
No significant differences were observed in the percentage of
T (CD3+), B (CD19+) or NK (CD3-CD49+) cells in LN in both groups
(Fig. 4a–f). However, TDLN of WT and H4R-KO mice showed
significant differences in the percentage of these immune cell
subsets. At day 21 p.i., TDLN of H4R-KO mice showed a decreased
percentage of CD3+ lymphocytes. A reduction of CD4+ cells
and increased percentage of NK cells compared to WT mice
became evident at day 28 p.i. of 4T1 cells, while no differences
in the proportion of CD8+ T or CD19+ B lymphocytes were
observed (Fig. 4a–f). However, the percentage of CD4+ activated
T lymphocytes was increased in TDLN of H4R-KO mice, as it
could be determined through CD44 staining in these cells
(Fig. 4g). H4R-KO mice also showed a reduced percentage of
CD4+CD25+FoxP3+ Treg cells in both TDLN and LN when
compared with WT mice (Fig. 4g).
Interestingly, a reduced percentage of CD4+ T lymphocytes and

increased CD19+ B lymphocytes and NK cells were observed in
TDLN compared to non-draining nodes in both WT and H4R-KO
mice (Fig. 4a–f).
As it was observed in tumours, a positive correlation between

the percentage of CD8+ T lymphocytes in TDLN and tumour
weight was detected. On the other hand, a negative association
between the percentage of NK and CD19+ lymphocytes in TDLN
and tumour weight was observed exclusively in H4R-KO mice
(Supplementary Table 2). Additionally, increased levels of TNFα
were measured in conditioned medium of TDLN from H4R-KO
mice, compared to WT, while IFNγ levels were under detection
limits (Fig. 4h).
Spleen regulates innate and adaptive immune responses,

being an essential organ in the systemic antitumour immunity.27

Therefore, the spleens from tumour-bearing animals were further
examined. In line with previous literature,28 a significant increase
in spleen size and weight was observed in 4T1 tumour bearing
animals (Table 1) compared to spleens of mice without tumours
(WT: 0.09 ± 0.01 g, KO: 0.10 ± 0.01 g). Splenomegaly develops
in response and is directly correlated to tumour growth.28 In
agreement with this statement, spleens of tumour-bearing H4R-
KO mice demonstrated a reduced weight in comparison with
the ones of WT mice (Table 1). Similar histologic characteristics,
including red and white pulp areas, were observed in spleens
derived from tumour-bearing H4R-KO and WT mice. Red pulp
areas revealed prominent megakaryocytes and granulocytes
(data not shown).
Furthermore, the distribution of splenic immune cell subsets

was determined in the spleens of 4T1 tumour-bearing WT and
H4R-KO mice. In spite of the negative correlations between
the tumour weight and the percentages of CD3+ T, CD4+ T and
CD19+ B lymphocytes and NK cells in spleen that were found only
in H4R-KO mice at day 28 p.i. (Supplementary Table 3), no
differences were found in the percentages of CD4+ T or CD8+ T,
CD19+ B, NK cells in spleens of tumour bearing H4R-KO mice
compared to WT mice (Table 1). However, splenic Tregs were
decreased in H4R-KO mice (Table 1). Both TNFα and IFNγ levels in

conditioned medium of spleens were found undetectable
(data not shown).

H4R stimulation enhances immunosuppression in 4T1 breast
tumours
To further investigate the immunosuppressive role of H4R, WT
mice were treated with the H4R agonist JNJ28. Even though
the treatment had no effect on the distribution of total CD4+

lymphocytes in TDLN, the percentage of CD4+CD25+FoxP3+ Treg
cells was increased in treated mice (Fig. 5a). Moreover, increased
levels of interleukin (IL)-10 were detected in tumours of treated
mice (Fig. 5b), that were accompanied by decreased levels of IFNγ
(Fig. 5b).

DISCUSSION
During carcinogenesis, the interaction between cancer cells and
immune system remodels the tumour microenvironment to
impair the host immune response, which is recognised as one
of the hallmarks in cancer.2 The identification of the molecular
pathways involved in the dysregulation of tumour immunity is of
outmost importance for the improvement of cancer therapy.
The H4R is the latest characterised histamine receptor and it is

mainly expressed on cells of the haematopoietic lineage.29,30 In
this regard, H4R modulates important immune functions in both
innate and adaptive immune responses.31–33 Reports on the H4R
in mast cells, NK, eosinophils, T cells, monocytes and dendritic
cells demonstrated numerous immune modulating physiological
functions of this receptor, including chemotaxis and pro-
inflammatory cytokine and chemokine release.20,30,34–38

Fig. 4 Distribution of immune cell subsets in tumour draining (TDLN) and non-draining lymph nodes (LN) of 4T1-tumour bearing Balb/c mice.
Cell suspensions from lymph nodes obtained from 21- or 28-day-tumour bearing mice were labelled with specific antibodies: a CD4-FITC:
T helper lymphocytes marker, b CD8-PE: T cytotoxic lymphocytes marker, c CD3-FITC: T lymphocytes marker, d ratio CD4+/CD8+, e CD19-PE:
B lymphocytes marker, f CD49-PE and CD3-FITC: NK markers, g CD44-FITC: activated T lymphocyte marker; CD4-FITC, CD25-APC, FoxP3-PE:
Treg markers. Error bars represent the means ± SEM of three independent experiments (ANOVA and Newman–Keuls Multiple Comparison
Test. *P < 0.05 vs. WT; T-test, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. LN). h TNFα concentration in TDLN-conditioned medium. Error bars represent
the means ± SEM of two independent experiments (T-test, *P < 0.05)

Table 1. Distribution of splenic immune cell subsets and spleen
weight of 4T1 tumour-bearing WT and H4R-KO mice

WT KO

% CD3+ 13.5±1.3 14.3±1.0 P>0.05

% CD4+ 8.8±0.7 9.1±0.4 P>0.05

% CD8+ 6.4±0.6 6.5±0.3 P>0.05

% CD3-CD49+ 2.8±0.4 3.0±0.1 P>0.05

% CD19+ 24.6±2.2 26.5±1.6 P>0.05

% CD4+/CD8+ 1.5±0.3 1.6±0.3 P>0.05

% CD44+ of CD4+

(% CD4+CD44+)
30.0 ± 3.4
(3.9 ± 0.7)

31.5±3.9
(3.8±1.0)

P > 0.05
(P > 0.05)

% CD25+FoxP3+ of CD4+

(% CD4+CD25+FoxP3+)
2.4 ± 0.4
(0.34 ±
0.09)

1.1 ± 0.1
(0.09
±0.02)

P=0.0793
(P=0.0792)

Spleen weight
(g)

0.61
±0.06

0.43±0.03 P=0.0170

Splenic cell suspensions were obtained from 28-day tumour-bearing mice
and were labelled with specific antibodies: CD3-FITC: T lymphocytes
marker, CD4-FITC: T helper lymphocytes marker, CD8-PE: cytotoxic
T lymphocytes marker, CD49-PE and CD3-FITC: NK markers, CD19-PE:
B lymphocytes marker, CD44-FITC: activated T lymphocyte marker,
CD4-FITC, CD25-APC, FoxP3-PE: Treg markers. Error bars represent the
means ± SEM of three independent experiments (T-Test)
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Accordingly, the receptor is implicated in the pathology of various
immune system-associated diseases such as autoimmune dis-
orders, bronchial asthma and pruritus,39 which highlights the
therapeutic potential of H4R ligands in inflammatory and
autoimmune disorders,40,41 and some of them have reached
clinical scenarios for the treatment of atopic dermatitis and
pruritus.18

The expression of H4R and histamine-induced modulation of
proliferation in different types of tumours has been previously
reported.12,42,43 Functional expression of H4R has been demon-
strated in human breast cancer tissues and cell lines, exhibiting a
key role in histamine-mediated biological processes associated
with cancer progression. In vivo treatments with histamine or H4R
agonists diminished the growth rate of human TNBC developed
in immune-deficient nude mice with MDA-MB-231 cells.43,44

In agreement with these results, the H4R agonist
4-methylhistamine significantly decreased the tumour volume
and increased the survival of mice bearing xenograft non-small
cell lung cancer tumours.45 In addition, H4R agonists significantly
increased the median survival and decreased the tumour volume
in vivo in two human melanoma experimental models.19,42

However, all these studies were performed in immunodeficient
hosts, where the role of the immune system in the response to
anti-cancer treatments and tumour progression could not be
evaluated and therefore, they may not mimic the real clinical
situation.
Although it is well established that the immune tumour

microenvironment is a major participant in cancer cell prolifera-
tion, invasion and metastasis; the role of H4R in the antitumour
immunity is completely unknown. In the present study we aimed
to investigate the immunomodulatory role of H4R in breast
cancer, evaluating growth parameters and the composition of
tumour, splenic and TDLN immune subsets in a syngeneic model
of TNBC developed orthotopically with 4T1 cells in H4R-KO and

WT mice. The 4T1 tumour model in immunocompetent mice
resembles human TNBC as it leads to metastasis formation in
various organs, including the lung, brain and bone and is widely
used for the preclinical determination of antitumour therapies to
evaluate the role of the immune system in the tumour
development and progression.22,46

Results show that H4R selectively affects the distribution of
different immune cell populations in the tumour microenviron-
ment, modulating the local and systemic immune responses.
Hosts with H4R deficiency exhibited reduced tumour growth that
was correlated with a reduced number of lung metastasis. This
fact could determine the disease outcome, as metastasis is the
primary cause of death in breast cancer patients. Metastasis
formation is regulated not only by the tumour cells but also by
unique molecular signals from the tumour microenvironment47

and the immune response induced by the primary tumour, which
plays important roles in all steps of the metastatic cascade.48

The reduced tumour growth was associated with a decreased
angiogenesis and different immune cell infiltration. It is well
documented that tumour growth is strongly related to neovascu-
larisation. In this work, a reduced number of intratumoural vessels
was observed in H4R-KO mice, which could contribute to the
decreased size and proliferation of these tumours. In line with this
study, laser choroidal neovascularisation volume was reduced in
H4R-KO mice.47 On the other side, other reports demonstrated
that H4R may negatively regulate angiogenesis, since H4R
agonists attenuate angiogenesis in Leydig tumours48 and
melanoma.44 The study of the exact role of H4R in tumour
angiogenesis is still unexplored and deserves further investigation.
On the other hand, the outcome of the antitumour immunity is

determined by the type of the developed immune response and
TILs, including NK and cytotoxic CD8+ T cells, are known to protect
against tumour development and progression.49 In this regard,
TILs in human biopsies are emerging as a positive prognostic
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factor in different solid tumours, including breast cancer.50 In
addition, TDLN are used as prognostic markers in breast cancer.
They have a dual role in tumour development, as they can induce
antitumour immune responses but they can also act as routes for
malignant cells towards distant organ metastasis in response to
different factors released by tumours.51

Our results show a decreased ratio of CD4+/CD8+ lymphocytes
in tumours and TDLN of H4R-KO mice that could contribute for the
slower growth rate of these tumours. In fact, CD8+ T-cell infiltrates
are generally associated with better prognosis while CD4+ T cells,
which include T-regulatory cells, have been associated with worse
outcomes.8 Immunohistochemical analysis of tissue microarrays
derived from 179 treatment-naive breast tumours revealed that
high levels of CD4+ T cells correlated with reduced overall survival
(OS), while high levels of CD8+ T cells combined with low levels of
CD4+ T cells correlated with increased OS.52

It is known that T lymphocytes express H4R and that its
expression is higher in resting than in activated T cells.53 However,
very little is known about the role of this receptor in T cells.
Gantner et al.11 described that H4R, together with H2R, are
involved in the control of IL-16 release from human CD8+ T cells.11

IL-16 is believed to play an important role in the recruitment of
CD4+ T cells mainly in inflammatory diseases, but it is also
involved in breast cancer and other tumours.54–56 In a murine
model of allergic inflammation, H4R-KO mice showed reduced
lung infiltrating T cells accompanied with decreased Th2
responses.57 Moreover, in a chronic model of atopic dermatitis,
H4R-KO mice showed amelioration of the skin lesions and
displayed a reduced number of splenocytes and lymph node
cells with a decreased number of CD4+ T cells.58 In this model,
the H4R also modulated the cytokine secretion of CD4+ T cells
and splenocytes and altered the cellular profile in the lymph
nodes. Additionally, the treatment with the H4R agonist
4-methylhistamine in a murine model of chronic stress has been
shown to increase the number of CD4+ cells and the production
of Th1 cytokines in whole blood.59

A more exhaustive analysis on CD4+ cells showed no
differences in the percentage of activated CD4+ infiltrating
lymphocytes and no Tregs could be detected in tumours. On
the other hand, TDLN of H4R-KO exhibited reduced Tregs
compared to WT mice. Although TDLN of H4R-KO mice showed
a higher percentage of activated cells within CD4+ subset, total
activated CD4+ cells were similar in both groups. It is important to
highlight the increased presence of Tregs in TDLNs compared to
non-draining LN in both groups. This has been well established in
both animal models and cancer patients, where accumulation of
Tregs in TDLNs and not in tumour is correlated with disease
progression.51 In addition, treatment with a specific H4R agonist,
JNJ2828610244, significantly increased the percentage of Tregs in
TDLN of WT mice. IL-10 is a well-known immunosuppressive
cytokine, which is secreted by tumour cells and Tregs among
other immune cells and has an important role in tumour
immunosurveillance.60 On the other hand, IFNγ is a pleiotropic
molecule with antitumour effects, which is produced primarily by
cytotoxic CD8+ T lymphocytes and NK cells.61 H4R stimulation
enhanced IL-10 while decreased IFNγ levels in tumour conditioned
medium of WT mice, suggesting an immunosuppressive role of
H4R in the context of 4T1 breast cancer model.
In line with these results, it has been previously demonstrated

that H4R regulates Tregs activity. In a murine model of allergic
asthma, the treatment with the H4R agonist 4-methylhistamine
resulted in accumulation of FoxP3+ T cells with potent suppressive
activity for proliferation.62 Likewise, H4R was described to play a
critical role in determining the frequency of Tregs in secondary
lymphoid tissues in a model of allergic encephalomyelitis, as it
regulates Treg chemotaxis and suppressor activity. Moreover, the
lack of H4R leads to an impairment of an anti-inflammatory
response due to fewer Tregs in the central nervous system during

the acute phase of the disease.63 Tregs have been described to
limit NK cell numbers by direct granzyme B and perforin-
dependent killing in TDLN.64 NK cells perform several important
functions, including the regulation of the adaptive immune
response by secreting cytokines like IFNγ and producing the lysis
and destruction of tumour cells.35 NK cells constitutively express a
lytic machinery capable of killing target cells independently of
antigen presentation.65 The expression of the H4R in NK cells was
determined at the protein level35 and the stimulation of these
cells with the H4R agonist ST1006 showed increased production of
CCL366 and induced NK cell chemotaxis in vitro, which was
inhibited with the H4R antagonist JNJ7777120.67 However, our
results show an increased percentage of NK cells in tumours and
TDLN of H4R-KO mice when compared with WT mice, indicating
an increased chemotaxis to the tumour site of these cells in mice
lacking the H4R. This effect should be an early event in tumour
development, considering that the increase in NK tumour
infiltration is evident at 28 but also 21 days post 4T1 cells’
injection. These animals also showed increased levels of TNFα in
TDLN and, although no significant, in tumours, which could be
related to NK cell activity, even though no differences were
observed in the production of IFNγ.
In agreement with present results, NK cells were shown to play

important roles in tumour immune surveillance, in the prevention of
tumour progression and against metastatic dissemination in
numerous murine models.68,69 Most human tumours display low
levels of NK cells and their increased infiltration is associated with an
improved prognosis and reduction of tumour recurrence.68 Surpris-
ingly, the increase in tumour-infiltrating NK cells and the decrease
in CD4+ T cells in tumours of H4R-KO mice was followed by an
increment of CD19+ lymphocytes, that was observed at day 28 p.i.
of 4T1 cells, even if they show very low expression of H4R.55

Infiltrating CD19+ B lymphocytes have been much less evaluated as
prognostic or predictive factors in breast cancer. Their presence
within breast lesions is about 20% of total TILs, and has been
associated with more favourable prognosis due to the ability of
these lymphocytes to differentiate into granzyme B-secreting cells.6

We hypothesise that the differences observed in the percen-
tages of tumour-infiltrating B cells could be due to the interaction
of NK cells and B cells through both indirect and direct pathways.
NK cells lead to B cell activation and induce class switching of
immunoglobulins produced through CD40–CD40 ligand interac-
tion and through the production of various cytokines.70 Addition-
ally, B cell secreted antibodies may lead to antibody-dependent
cell-mediated cytotoxicity by NK cells.70 Interestingly and in line
with this, negative associations between the percentages of NK
cells and CD19+ lymphocytes and tumour weight were observed
in TDLN exclusively in H4R-KO mice.
The spleen is involved in the systemic regulation of immunity. It

has no afferent lymph vessels and collects its leukocytes directly
from blood. Besides circulating immune cells that continuously
migrate into and out of the resting spleen, different diseases can
recruit additional cells to the organ.27 Spleen weight of H4R-KO
mice was lower than the one of the WT mice, together with a
reduced tumour size of the former animals. Although no
differences were observed between groups regarding immune
cell subsets distribution, the tumour weight negatively correlates
with splenic CD4+, CD19+ and NK cell percentages only in H4R-KO
mice. Therefore, it is possible that tumour growth and dissemina-
tion may be also regulated by H4R at a systemic level. Noteworthy,
there is a decrease in the percentage of Tregs in spleens and non-
draining LN of H4R-KO mice, which could favour the systemic
immune responses, thus reducing tumour progression.
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 immune cells.
H4R not only may participate in the modulation of cancer cell
proliferation but also in the response of tumour immunity further
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supporting the complexity of cancer. Current studies are focused
on evaluating the immunomodulatory role of H4R in other cancer
models.
As far as we know, this is the first report showing the

participation of H4R in the anti-tumour immunity, highlighting
the therapeutic potential of H4R ligands as adjuvants to cancer
therapy, modulating immune response. Further studies are
needed to determine the exact role of H4R in cancer biology,
considering the triggered effects in H4R expressing cells in the
tumour and in the immune tumour microenvironment, as a whole,
in order to improve the benefit of cancer patients.

ACKNOWLEDGEMENTS
We thank the National Cancer Institute of Argentina and the National Agency for
Scientific and Technological Promotion for financial support. We thank Drs. Nicholas
Carruthers and Robin Thurmond of Janssen Research & Development for the H4R-KO
mice and JNJ28610244 compound. This work has been supported by grants from the
University of Buenos Aires 20020130200148BA (V.A.M.), National Cancer Institute,
Argentina (V.A.M.), Florencio Fiorini Foundation, National Agency for Scientific and
Technological Promotion PICT2015-0863 (V.A.M.).

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41416-018-0173-z.

Competing interests: The authors declare no competing interests.

Note: This work is published under the standard license to publish agreement. After
12 months the work will become freely available and the license terms will switch to
a Creative Commons Attribution 4.0 International (CC BY 4.0).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Ferlay, J. et al. Cancer incidence and mortality worldwide: sources, methods and

major patterns in GLOBOCAN 2012. Int J. Cancer 136, 359–386 (2015).
2. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144,

646–674 (2011).
3. Fridman, W. H. The immune microenvironment as a guide for cancer therapies.

OncoImmunology 1, 261–262 (2012).
4. Galdiero, M. R. et al. Tumor associated macrophages and neutrophils in cancer.

Immunobiology 218, 1402–1410 (2013).
5. Dunn, G. P., Bruce, A. T., Ikeda, H., Old, L. J. & Schreiber, R. D. Cancer immunoe-

diting: from immunosurveillance to tumor escape. Nat. Immunol. 3, 991–998
(2002).

6. Ravelli, A. et al. Tumor-infiltrating lymphocytes and breast cancer: beyond
the prognostic and predictive utility. Tumor Biol. 39, 1010428317695023
(2017).

7. Mahmoud, S. M. et al. Tumor-infiltrating CD8+lymphocytes predict clinical out-
come in breast cancer. J. Clin. Oncol. 29, 1949–1955 (2011).

8. Stagg, J. & Allard, B. Immunotherapeutic approaches in triple-negative breast
cancer: latest research and clinical prospects. Ther. Adv. Med Oncol. 5, 169–181
(2013).

9. Linnebacher, M. & Maletzki, C. Tumor-infiltrating B cells: the ignored players in
tumor immunology. Oncoimmunology 1, 1186–1188 (2012).

10. García-Teijido, P., Cabal, M. L., Fernández, I. P. & Pérez, Y. F. Tumor-infiltrating
lymphocytes in triple negative breast cancer: the future of immune targeting.
Clin. Med Insights Oncol. 10, 31–39 (2016).

11. Gantner, F. et al. Histamine h(4) and h(2) receptors control histamine-induced
interleukin-16 release from human CD8(+) T cells. J. Pharmacol. Exp. Ther. 303,
300–307 (2002).

12. Medina, V. A. & Rivera, E. S. Histamine receptors and cancer pharmacology.
Br. J. Pharmacol. 161, 755–767 (2010).

13. Medina, V. A. et al. Role of histamine H4 receptor in breast cancer cell
proliferation. Front. Biosci. 3, 1042–1060 (2011).

14. Martner, A. et al. Histamine promotes the development of monocyte-derived
dendritic cells and reduces tumor growth by targeting the myeloid NADPH
oxidase. J. Immunol. 194, 5014–5021 (2015).

15. Hegyesi, H. et al. Impact of systemic histamine deficiency on the crosstalk
between mammary adenocarcinoma and T cells. J. Pharmacol. Sci. 105, 66–73
(2007).

16. Zampeli, E. & Tiligada, E. The role of histamine H4 receptor in immune and
inflammatory disorders. Br. J. Pharmacol. 157, 24–33 (2009).

17. Deiteren, A., De Man, J. G., Pelckmans, P. A. & De Winter, B. Y. Histamine H4

receptors in the gastrointestinal tract. Br. J. Pharmacol. 172, 1165–1178 (2015).
18. Thurmond, R. L. The histamine H4 receptor: from orphan to the clinic. Front.

Pharmacol. 6, 65 (2015).
19. Massari, N. A. et al. Histamine therapeutic efficacy in metastatic melanoma: role of

histamine H4 receptor agonists and opportunity for combination with radiation.
Oncotarget 8, 26471–26491 (2017).

20. Hofstra, C. L., Desai, P. J., Thurmond, R. L. & Fung-Leung, W.-P. Histamine H4
receptor mediates chemotaxis and calcium mobilization of mast cells. J. Phar-
macol. Exp. Ther. 305, 1212–1221 (2003).

21. Pulaski, B. & Ostrand-Rosenberg, S. Mouse 4T1 breast tumor model. Curr. Protoc.
Immunol. 39, 20.2 (2001). In1–20.2.16.

22. Martinel Lamas DJ, Nicoud MB, Sterle H, Cricco GP, Martin GA, Cremaschi GA,
et al. Methodological Approaches to Investigate the Effects of Histamine
Receptor Targeting Compounds in Preclinical Models of Breast Cancer. In: Tili-
gada E and Ennis M (eds.). Histamine Receptors as Drug Targets. Springer Proto-
cols, Humana Press: New York, NY, USA, 2017, pp 353–387.

23. Sterle, H. A. et al. The thyroid status reprograms T cell lymphoma growth and
modulates immune cell frequencies. J. Mol. Med 94, 417–429 (2016).

24. Medina, V. et al. Histamine-mediated signaling processes in human malignant
mammary cells. Cancer Biol. Ther. 5, 1462–1471 (2006).

25. Medina, V. et al. 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 (2008).

26. Baaten, B. J. G., Li, C. R. & Bradley, L. M. Multifaceted regulation of T cells by CD44.
Commun. Integr. Biol. 3, 508–512 (2010).

27. Bronte, V. & Pittet, M. J. The spleen in local and systemic regulation of immunity.
Immunity 39, 806–818 (2013).

28. duPré, S. A. & Hunter, K. W. Murine mammary carcinoma 4T1 induces a leuke-
moid reaction with splenomegaly: Association with tumor-derived growth fac-
tors. Exp. Mol. Pathol. 82, 12–24 (2007).

29. Oda, T., Morikawa, N., Saito, Y., Masuho, Y. & Matsumoto, S. Molecular cloning and
characterization of a novel type of histamine receptor preferentially expressed in
leukocytes. J. Biol. Chem. 275, 36781–36786 (2000).

30. Lundberg, K., Broos, S., Greiff, L., Borrebaeck, C. A. K. & Lindstedt, M. Histamine H4
receptor antagonism inhibits allergen-specific T-cell responses mediated by
human dendritic cells. Eur. J. Pharmacol. 651, 197–204 (2011).

31. Coruzzi, G., Adami, M., Guaita, E., de Esch, I. J. P. & Leurs, R. Antiinflammatory and
antinociceptive effects of the selective histamine H4-receptor antagonists
JNJ7777120 and VUF6002 in a rat model of carrageenan-induced acute inflam-
mation. Eur. J. Pharmacol. 563, 240–244 (2007).

32. Thurmond, R. L. et al. A potent and selective histamine H4 receptor antagonist
with anti-inflammatory properties. J. Pharmacol. Exp. Ther. 309, 404–413 (2004).

33. Varga, C. et al. Inhibitory effects of histamine H4 receptor antagonists on
experimental colitis in the rat. Eur. J. Pharmacol. 522, 130–138 (2005).

34. Zhang, M., Thurmond, R. L. & Dunford, P. J. The histamine H4 receptor: a novel
modulator of inflammatory and immune disorders. Pharmacol. Ther. 113,
594–606 (2007).

35. Damaj, B. B., Becerra, C. B., Esber, H. J., Wen, Y. & Maghazachi, A. A. Functional
expression of H4 histamine receptor in human natural killer cells, monocytes, and
dendritic cells. J. Immunol. 179, 7907–7915 (2007).

36. Ling, P. et al. Histamine H4 receptor mediates eosinophil chemotaxis with cell
shape change and adhesion molecule upregulation. Br. J. Pharmacol. 142,
161–171 (2004).

37. Gutzmer, R. et al. Histamine H4 receptor stimulation suppresses IL-12p70 pro-
duction and mediates chemotaxis in human monocyte-derived dendritic cells.
J. Immunol. 174, 5224–5232 (2005).

38. Liu, C. et al. Cloning and pharmacological characterization of a fourth
histamine receptor (H(4)) expressed in bone marrow. Mol. Pharmacol. 59,
420–426 (2001).

39. Capelo, R. et al. Cellular analysis of the histamine H4 receptor in human myeloid
cells. Biochem. Pharmacol. 103, 74–84 (2016).

40. Gutzmer, R. et al. The histamine H4 receptor is functionally expressed on TH2
cells. J. Allergy Clin. Immunol. 123, 619–625 (2009).

41. Huang, J.-F. & Thurmond, R. L. The new biology of histamine receptors.
Curr. Allergy Asthma Rep. 8, 21–27 (2008).

42. Massari, N. A. et al. Antitumor activity of histamine and clozapine in a mouse
experimental model of human melanoma. J. Dermatol. Sci. 72, 252–262 (2013).

43. Martinel Lamas, D. J., Rivera, E. S. & Medina, V. A. Histamine H4 receptor: insights
into a potential therapeutic target in breast cancer. Front. Biosci. 7, 1–9 (2015).

Immunomodulatory role of histamine H4 receptor in breast cancer
H. A. Sterle et al.

137

https://doi.org/10.1038/s41416-018-0173-z
https://doi.org/10.1038/s41416-018-0173-z


44. Martinel Lamas, D. J. et al. Therapeutic potential of histamine H4 receptor ago-
nists in triple-negative human breast cancer experimental model. Br. J. Phar-
macol. 170, 188–199 (2013).

45. Cai, W.-K. et al. Activation of histamine H4 receptors decreases epithelial-to-
mesenchymal transition progress by inhibiting transforming growth factor-β1
signalling pathway in non-small cell lung cancer. Eur. J. Cancer 50, 1195–1206
(2014).

46. Tao, K., Fang, M., Alroy, J. & Sahagian, G. G. Imagable 4T1 model for the study of
late stage breast cancer. BMC Cancer 8, 228 (2008).

47. Werbeck, J. L. et al. Tumor microenvironment regulates metastasis and metastasis
genes of mouse MMTV-PymT mammary cancer cells in vivo. Vet. Pathol. 51,
868–881 (2014).

48. Janssen, L. M. E., Ramsay, E. E., Logsdon, C. D. & Overwijk, W. W. The immune system
in cancer metastasis: friend or foe? J. Immunother. Cancer 5, 79 (2017).

49. DeNardo, D. G. & Coussens, L. M. Inflammation and breast cancer. Balancing
immune response: crosstalk between adaptive and innate immune cells during
breast cancer progression. Breast Cancer Res 9, 212 (2007).

50. Denkert, C. et al. Tumour-infiltrating lymphocytes and prognosis in different
subtypes of breast cancer: a pooled analysis of 3771 patients treated with
neoadjuvant therapy. Lancet Oncol. 19, 40–50 (2018).

51. Fransen, M. F., Arens, R. & Melief, C. J. M. Local targets for immune therapy to
cancer: tumor draining lymph nodes and tumor microenvironment. Int J. Cancer
132, 1971–1976 (2013).

52. Hamidullah, Changkija B, Konwar R. Role of interleukin-10 in breast cancer. Breast
Cancer Res. Treat. 2012; 133:11–21.

53. Castro, F., Cardoso, A. P., Gonçalves, R. M., Serre, K. & Oliveira, M. J. Interferon-
gamma at the crossroads of tumor immune surveillance or evasion. Front.
Immunol. 9, 847 (2018).

54. DeNardo, D. G. et al. Leukocyte complexity predicts breast cancer survival and
functionally regulates response to chemotherapy. Cancer Discov. 1, 54–67 (2011).

55. Zhu, Y. et al. Cloning, expression, and pharmacological characterization of a novel
human histamine receptor. Mol. Pharmacol. 59, 434–441 (2001).

56. Kovacs, E. The serum levels of IL-12 and IL-16 in cancer patients. Relation to the
tumour stage and previous therapy. Biomed. Pharmacother. 55, 111–116 (2001).

57. Milke, L. et al. Depletion of tristetraprolin in breast cancer cells increases
interleukin-16 expression and promotes tumor infiltration with monocytes/
macrophages. Carcinogenesis 34, 850–857 (2013).

58. Richmond, J., Tuzova, M., Cruikshank, W. & Center, D. Regulation of cellular
processes by interleukin-16 in homeostasis and cancer. J. Cell Physiol. 229, 139–147
(2014).

59. Dunford, P. J. et al. The histamine H4 receptor mediates allergic airway inflam-
mation by regulating the activation of CD4+T cells. J. Immunol. 176, 7062–7070
(2006).

60. Rossbach, K. et al. Histamine H4 receptor knockout mice display reduced
inflammation in a chronic model of atopic dermatitis. Allergy 71, 189–197 (2016).

61. Ahmad, S. F. et al. Stimulation of the histamine 4 receptor with 4-
methylhistamine modulates the effects of chronic stress on the Th1/Th2 cyto-
kine balance. Immunobiology 220, 341–349 (2015).

62. Morgan, R. K. et al. Histamine 4 receptor activation induces recruitment of FoxP3
+T cells and inhibits allergic asthma in a murine model. J. Immunol. 178,
8081–8089 (2007).

63. del Rio, R. et al. Histamine H4 receptor optimizes T regulatory cell frequency
and facilitates anti-inflammatory responses within the central nervous system.
J. Immunol. 188, 541–547 (2012).

64. Cao, X. et al. Granzyme B and perforin are important for regulatory T cell-
mediated suppression of tumor clearance. Immunity 27, 635–646 (2007).

65. Malhotra, A. & Shanker, A. NK cells: immune cross-talk and therapeutic implica-
tions. Immunotherapy 3, 1143–1166 (2011).

66. Mommert, S., Dittrich-Breiholz, O., Stark, H., Gutzmer, R. & Werfel, T. The histamine
H4 receptor regulates chemokine production in human natural killer cells. Int
Arch. Allergy Immunol. 166, 225–230 (2015).

67. Ehling, S., Roßbach, K., Dunston, S. M., Stark, H. & Bäumer, W. Allergic inflam-
mation is augmented via histamine H4 receptor activation: the role of natural
killer cells in vitro and in vivo. J. Dermatol. Sci. 83, 106–115 (2016).

68. Verma, C. et al. Natural killer (NK) cell profiles in blood and tumour in women
with large and locally advanced breast cancer (LLABC) and their contribution to
a pathological complete response (PCR) in the tumour following neoadjuvant
chemotherapy (NAC): differential rest. J. Transl. Med 13, 180 (2015).

69. Yang, Q. et al. Morphological appearance, content of extracellular matrix and
vascular density of lung metastases predicts permissiveness to infiltration by
adoptively transferred natural killer and T cells. Cancer Immunol. Immunother. 55,
699–707 (2006).

70. Sungur, C. M. & Murphy, W. J. Positive and negative regulation by NK cells in
cancer. Crit. Rev. Oncog. 19, 57–66 (2014).

Immunomodulatory role of histamine H4 receptor in breast cancer
H. A. Sterle et al.

138


	Immunomodulatory role of histamine H4 receptor in breast�cancer
	Introduction
	Materials and methods
	Cell culture
	H4R expression
	Animal models
	Breast cancer model
	Preparation of single-cell suspensions from lymph nodes, spleens and tumours
	Flow cytometry for immunophenotyping
	Intracellular staining
	Cytokine determination
	Histochemistry and immunostaining
	Statistical analysis

	Results
	H4R-KO mice exhibit reduced tumour growth and metastasis
	H4R is involved in the regional and systemic antitumour immunity
	H4R stimulation enhances immunosuppression in 4T1 breast tumours

	Discussion
	Acknowledgements
	Competing interests
	ACKNOWLEDGMENTS




