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ABSTRACT
Histamine receptor 2 (H2) antagonists are widely used clinically for the control of gastrointestinal
symptoms, but also impact immune function. They have been reported to reduce tumor growth in
established colon and lung cancer models. Histamine has also been reported to modify populations of
myeloid-derived suppressor cells (MDSCs). We have examined the impact of the widely used H2
antagonist ranitidine, on both myeloid cell populations and tumor development and spread, in three
distinct models of breast cancer that highlight different stages of cancer progression. Oral ranitidine
treatment significantly decreased the monocytic MDSC population in the spleen and bone marrow both
alone and in the context of an orthotopic breast tumor model. H2 antagonists ranitidine and famotidine,
but not H1 or H4 antagonists, significantly inhibited lung metastasis in the 4T1 model. In the E0771 model,
ranitidine decreased primary tumor growth while omeprazole treatment had no impact on tumor
development. Gemcitabine treatment prevented the tumor growth inhibition associated with ranitidine
treatment. In keeping with ranitidine-induced changes in myeloid cell populations in non-tumor-bearing
mice, ranitidine also delayed the onset of spontaneous tumor development, and decreased the number of
tumors that developed in LKB1¡/¡/NIC mice. These results indicate that ranitidine alters monocyte
populations associated with MDSC activity, and subsequently impacts breast tumor development and
outcome. Ranitidine has potential as an adjuvant therapy or preventative agent in breast cancer and
provides a novel and safe approach to the long-term reduction of tumor-associated immune suppression.

Abbreviations: H1, Histamine receptor 1; H2, Histamine receptor 2; H4, Histamine receptor 4; MDSCs, myeloid-
derived suppressor cells; TAMs, tumor-associated macrophages
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Introduction

Selective H2 antagonists such as ranitidine and famotidine are
some of the most frequently used drugs for the treatment of
upper gastrointestinal disorders. In recent years, these drugs
have frequently been replaced by proton pump inhibitors1,2

due to their improved potency and in view of anecdotal reports
of myelo-suppressive actions of H2 antagonists.3,4 However,
there remains a large population of people, with and without
cancer, that regularly take H2 antagonists. Information on how
these drugs impact cancer immunity is limited.

H2 expression has been reported on several tumor cell
types5-7 including some types of breast cancer (reviewed in ref.
8). Other cells within the tumor microenvironment can also
express H2, including immune effector cells, endothelial cells,
epithelial cells, and fibroblasts.9,10 H2 signaling has been shown
to both enhance11 and inhibit tumor cell growth in vitro.5,12 H2
antagonists have been reported to be effective in the treatment
of certain cancer types, specifically H2-expressing colorectal

cancers (13,14, reviewed in ref. 15) although the mechanism of
these responses remains unclear.

Antitumor immune responses, including tumor immune
surveillance, are complex and involve both innate and acquired
components. Effective host immune function can reduce the
incidence of tumors, limiting their growth and subsequent
metastasis. NK cells and CD8C T cells are recognized as critical
effector cells in antitumor immunity and tumor surveillance.
Monocytes and macrophage subsets are pivotal in local
immune regulation within the tumor microenvironment.
Tumor-associated macrophages and a population of cells
known as MDSCs that includes both immature neutrophilic
and monocytic subsets, have been shown to reduce effective
antitumor immune function by inhibiting T cells, NK cells,
dendritic cells, and cytotoxic macrophages,16-22 and inducing T
regulatory cell development.23 MDSCs have been found to be a
barrier in inducing cancer immunity with immunotherapy, and
combination treatments that include drugs such as gemcitabine

CONTACT Jean S. Marshall jean.marshall@dal.ca
Supplemental data for this article can be accessed on the publisher’s website.

Published with license by Taylor & Francis Group, LLC © Ava Vila-Leahey, Sharon A. Oldford, Paola A. Marignani, Jun Wang, Ian D. Haidl, and Jean S. Marshall.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted.

ONCOIMMUNOLOGY
2016, VOL. 5, NO. 7, e1151591 (13 pages)
http://dx.doi.org/10.1080/2162402X.2016.1151591

http://dx.doi.org/10.1080/2162402X.2016.1151591
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1080/2162402X.2016.1151591


are used to decrease MDSC levels.24-27 In mice, MDSCs can be
identified, in part, by the expression of surface markers CD11b,
Ly6C and Ly6G, which denote their monocyte and neutrophil
lineage.28

Histamine can modulate multiple immune effector cells via
H2. It has been implicated in enhanced mobilization of den-
dritic cells, and decreased IL-12 secretion,29-32 which can then
alter subsequent antibody generation, and NK and T cell activ-
ity. H2 receptors can also modulate the cytolytic activity of NK
cells,33,34 inhibit both Th1 and Th2 cytokine secretion35 and
enhance IL-10 secretion.36 Conversely, H2 blockade on T cells
alleviates suppression of IFNg secretion29-31,37 and inhibits IL-
10 production.36 H2 signaling on monocytes can block expres-
sion of adhesion molecules involved in T cell activation, such
as ICAM-1 and CD40. Therefore, in the context of an H2
antagonist, enhanced T cell proliferation and IFNg secretion
can ensue.31 H2 blockade can also alter the cytolytic activity of
NK and CD8C cells, in general reducing NK activity33 and
enhancing CD8C activity.38 Despite these findings, the role of
H2 antagonists as regulators of effective immune responses to
breast cancer has not been systematically examined.

There are a few studies looking at the impact of histamine
on MDSCs. MDSCs express H1 and H2 and immature myeloid
cells express histidine decarboxylase (HDC) which is important
for MDSC development. HDC expression by myeloid cells was
shown to impact tumor growth in a colon cancer model.39 His-
tamine from mast cells can also modify MDSC activity and
symptomatic allergic patients have increased MDSC function
although the impact of H2 receptors antagonists was not
directly addressed.39-41 A study using cimetidine which has
both H2 antagonist and a number of off target effects showed
evidence of cimetidine-induced MDSC apoptosis. However, the
more selective H2 antagonist famotidine did not have similar
effects.40

In the current study, the ability of the widely used selective
H2 antagonist ranitidine to modify key myeloid populations in
the context of breast tumors was determined. Breast tumor
development and metastasis was also studied in three distinct
mouse models that highlight different stages of tumor develop-
ment and spread. Our results demonstrate that ranitidine
reduces select populations of monocytic cells consistent with
an impact on MDSC, and inhibits initial tumor development,
primary tumor growth and metastasis to the lung in breast can-
cer models.

Results

Ranitidine treatment reduces CD11bCLy6Chi cells in the
spleen and the bone marrow in both naive and tumor-
bearing mice

The H2 antagonist ranitidine was orally administered to groups
of BALB/c mice at a dose of 8 mg/kg for 8 d and the impact of
treatment on splenic and bone marrow myeloid cell popula-
tions was determined. Myeloid cells can be identified, in part,
by the expression of surface markers CD11b, Ly6C and Ly6G,
which denote their monocyte (CD11bCLy6Chi) and neutrophil
(CD11bCLy6GCLy6Clo) lineage. Ranitidine treatment was asso-
ciated with an increased percentage of Ly6GCLy6Clo cells and

decreased percentage of Ly6Chi cells within CD11bC spleno-
cytes. This was reflected by a decreased frequency of
CD11bCLy6Chi splenocytes (Fig. 1A). Total splenocyte num-
bers were unaltered by ranitidine treatment (7.2 £ 107 § 8.8 £
106, n D 15 vs. 6.4£107 § 7.5 £ 106, n D 12 cells in control
and ranitidine-treated, respectively). Bone marrow cells from
ranitidine-treated mice also showed a decreased percentage of
Ly6Chi cells within the CD11bC cells and a decreased frequency
of CD11bCLy6Chi cells (Fig. 1B). Total bone marrow cellularity
was not significantly decreased in ranitidine-treated animals
(5.5 £ 107 § 4.0 £ 106, n D 12 vs. 5.1 £ 107 § 3.6 £ 106, n D
12 cells in control and ranitidine-treated, respectively).

Certain subsets of myeloid cells, such as MDSCs, are primar-
ily upregulated in the context of cancer (for a review see ref.
28), therefore the effect of ranitidine on the splenocyte popula-
tions in mice bearing 4T1 breast tumors, associated with modu-
lation of MDSC’s,42 was examined. Mice were treated with
ranitidine or left untreated for 8 d in the context of breast
tumor development. Similar to what was observed in naive
mice, there was an increase in the proportion of
CD11bCLy6GCLy6Clo cells following ranitidine treatment
(Fig. 2) and a decrease in CD11bC Ly6Chi monocytic cells in
the spleen. There was an overall decrease in the numbers of
myeloid cells by approximately 40% in the spleen, which could
be attributed to a decrease in monocytes with ranitidine treat-
ment. There was no overall change in lymphoid cell popu-
lations.

Histamine receptor 2 antagonists decrease lung metastasis
in the 4T1 breast cancer model

Given that ranitidine altered the populations of myeloid
cells in the spleen, the ability of ranitidine treatment to alter
tumor outcome was examined. Ranitidine and other selected
histamine receptor antagonists, including cetirizine (H1),
JNJ7-777120 (H4), cimetidine and pyrilamine (H1 and H2)
and famotidine, an alternate H2 antagonist, were examined.
None of the drugs showed a significant effect on 4T1 pri-
mary tumor endpoint weight (Table S1) or in the growth
kinetics of the tumor over 19–21 d (Fig. S1). However,
ranitidine had a significant impact on lung tumor metastasis
with a mean percent inhibition of 61% compared with con-
trol-treated mice (Fig. 3A). Animals given oral famotidine
also showed a significant decrease (mean percent inhibition
of 58%) in lung metastasis. Pyrilamine showed a trend
toward metastasis inhibition (mean percent inhibition of
34%) while cetirizine and JNJ7777120 showed no effect on
metastasis. The anti-metastatic effect of ranitidine was dose
dependent, with the greatest inhibition at an oral dose of
8 mg/kg. Lung tumor burden was similar to control 4T1
tumor bearing mice when a dose of 0.125 mg/kg of raniti-
dine was administered (Fig. 3B).

Evaluation of potential direct effects of histamine receptor
antagonists on tumor growth

Some breast cancer cells as well as normal breast tissue can
express H2 receptors43 (for a review see ref. 8). Neither H1
nor H2 receptor antagonists had a direct effect on 4T1 cell
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proliferation or ability to migrate in vitro (Fig. S2). E0771
cells were similarly unaffected by histamine receptor antago-
nist treatment in vitro (data not shown). In keeping with
these findings, neither 4T1 cells nor E0771 cells expressed
H1 or H2 receptors (Fig. S3). These findings confirmed that
H2 antagonists are not directly affecting the tumor cells via
H2 receptors.

CD8C T cells are not essential for ranitidine effects on
metastasis

Previous studies have shown that histamine can inhibit
CD8C T cell activation through a decrease in IL-12

production29 and an increase in IL-10,36 which would lead
to a decrease in Th1 cells and IFNg secretion. Therefore,
tumor growth and metastasis in the presence or absence of
ranitidine following antibody mediated CD8C T cell deple-
tion within recipient mice was compared. As in fully immu-
nocompetent mice, there was no alteration in final tumor
weight and tumor growth kinetics when mice were treated
with ranitidine (Fig. 4A). However, there was still a
decrease in lung tumor metastasis following ranitidine treat-
ment, even in the absence of CD8C T cells, with a mean
percent inhibition of 57% (three experiments, four mice/
group) between control and ranitidine-treated CD8-depleted
mice (compared to 61% mean percentage inhibition

Figure 1. Ranitidine treatment decreases CD11bCLy6Chi population in the spleen and bone marrow of BALB/c mice. Composition of total CD11bC cells, Ly6GCLy6Clo gran-
ulocytic cells, and Ly6Chi monocytic cells in spleen (A) and bone marrow (B) of non-tumor-bearing mice with and without 8 d of ranitidine treatment. (C) Representative
flow cytometry data showing percentages of Ly6GCLy6Clo and Ly6Chi in CD11bC splenocytes. Data points represent individual mice and line represents the mean per
group. p < 0.05, p < 0.001, unpaired t-test.
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Figure 2. Ranitidine treatment decreases CD11bCLy6Chi population in the spleen of 4T1 tumor-bearing BALB/c mice. Composition of total CD11bC cells, Ly6GCLy6Clo

granulocytic cells, and Ly6Chi monocytic cells in spleen of 4T1 tumor-bearing mice with and without 8 d ranitidine treatment, starting one day prior to tumor cell injection.
Data points represent individual mice and line represents the mean per group. p<0.05, p <0.01, unpaired t-test.

Figure 3. Histamine receptor antagonists inhibit 4T1 metastasis. (A) Average number of 4T1 colonies derived from lungs of tumor-bearing BALB/c mice treated with ranit-
idine (8 mg/kg), famotidine (& 8mg/kg and ) 2mg/kg), pyrilamine (10 mg/kg), and cetirizine (10 mg/kg). (B) Number of 4T1 colonies derived from lungs of tumor-bear-
ing mice treated with decreasing doses of ranitidine. Data points in (A) represent mean of 3–4 mice per group per experiment; data in (B) represent mean § SEM of
3–42 mice. p < 0.05, p < 0.01, paired t-test (A), ANOVA followed by a Dunnett’s test (B).
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between control and ranitidine-treated mice without CD8
depletion, Fig. 4B). Therefore, CD8C T cells are not essen-
tial for the ranitidine-induced inhibition of metastasis in
the 4T1 model.

Mice treated with ranitidine demonstrate decreased
suppression of T cell function compared with control
animals

In view of the observed changes in myeloid cells bearing the
markers associated with MDSCs, the ability of circulating
cells from ranitidine-treated mice to modify T cell prolifera-
tion was examined. In view of our results which suggested

CD8C T cells are not responsible for the effect ranitidine
has on metastasis, the effect of potential MDSCs were ana-
lyzed on CD4C T cell proliferation. Leukocytes derived
from ranitidine-treated mice were significantly less able to
suppress the CD4C T cell proliferation in response to anti-
gen (p < 0.05) when compared with cells from control
mice, with the level of proliferation increasing from 32% to
43% (Fig. 5). L-NMMA and nor-NOHA were used, at doses
shown to be effective in similar systems, to inhibit NOS2
and Arg1.44,45 However, neither inhibitor alone was able to
significantly reduce the inhibitory activity of MDSCs. There
was a trend toward decreased suppressive activity with
simultaneous inhibition of NOS2 and Arg1 in animals that
did not receive ranitidine treatment (mean 13.4% increase

Figure 4. Ranitidine does not affect lung metastases by directly affecting CD8C activity. (A) Final tumor weight of ranitidine treated mice with and without CD8C deple-
tion. (B) Number of 4T1 cell colonies that developed from lungs of tumor bearing BALB/c mice treated with ranitidine with and without CD8C depletion. Data from (A)
represent average of individual mice and line represents mean per group. Data in (B) represents mean § SEM of 6–12 mice per group.

Figure 5. Peripheral blood leukocytes from ranitidine-treated tumor-bearing mice have decreased suppressive functions. Peripheral blood leukocytes from 4T1 tumor-
bearing mice with and without treatment were isolated and plated with Oregon Green-labeled D011.10 splenocytes with ova323-339. After 3 d incubation, proliferation
was measured. Data points in (A) represents mean § SEM of 9 mice. (B) Representative data of one mouse/treatment. Gray histogram represent unstimulated Oregon
GreenCCD4C cells. p < 0.05, p < 0.01, unpaired t-test.
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in proliferation, with 5/7 mice showing evidence of inhib-
ited MDSC function) which was not observed in the raniti-
dine treated group that had been shown to have reduced
MDSC function (mean 1.6% decrease in proliferation) fol-
lowing NOS2 and Arg1 blockade (n D 7, data not shown).
Our results suggest that although there was altered func-
tional activity of MDSCs from mice treated with ranitidine,
the main mechanism of suppression of CD4C T cell
responses in this model was not dependent on NOS2 or
Arg1.

Ranitidine decreases primary tumor growth in a second
orthotopic model

To examine whether the effect of ranitidine was specific to the
4T1 model, a similar experiment using the less metastatic
E0771 mouse model of breast cancer in C57BL/6 was per-
formed. Initially, similar tumor growth kinetics was observed
with and without ranitidine treatment. However, a decrease in
tumor growth occurred in ranitidine-treated animals starting at
approximately day 13 post tumor cell injection (Fig. 6A). A
similar regression was not observed in animals that received
control drinking water. At the time of tumor harvest, a signifi-
cantly decreased final tumor weight was observed in animals
that had received ranitidine treatment compared to the control

animals (Fig. 6B). This simpler, short-term model was
employed for additional studies of the mechanism of raniti-
dine-dependent tumor inhibition. The impact of omeprazole
treatment on tumor growth was examined to control for any
impact of reduced stomach acid on microbiome or related
immune responses. Omeprazole treatment did not alter E0771
tumor growth when compared to control mice (Fig. 7). No sig-
nificant metastasis to the lung was observed in this model
within the experimental time frame.

Ranitidine does not alter E0771 development if monocytes
are depleted by gemcitabine treatment

To determine whether the effect ranitidine has on E0771 develop-
ment was dependent on MDSCs, gemcitabine treatment was used
for depletion of MDSCs in vivo.24,25,42,46 Analysis of circulating
MDSCs a day after gemcitabine treatment revealed that monocytes
were preferentially depleted, with no significant alteration in neu-
trophils (Fig. 8A). Gemcitabine-treated mice had decreased tumor
growth compared to untreated mice, and gemcitabine combined
with ranitidine-treated mice showed similar tumor development as
those treated with gemcitabine alone (Fig. 8B-C).

Figure 6. Ranitidine treatment decreases E0771-GFP tumor growth. (A) E0771
tumors in C57BL/6 mice treated with ranitidine (8 mg/kg) were measured every
2 d starting 7 d post E0771-GFP cell injection. (B) At day 21, the primary tumor
was excised and weighed. Data in (A) represents the mean § SEM tumor volume
of 11–12 mice/point. Data points in (B) represent final tumor weight of individual
mice. p < 0.05, unpaired t-test.

Figure 7. Omeprazole treatment does not alter E0771-GFP tumor development.
(A) E0771 tumors in C57BL/6 mice treated with omeprazole (1.275 mg/d in mash)
were measured every 2 d starting 7 d post E0771-GFP cell injection. (B) At day 20,
the primary tumor was excised and weighed. Data in (A) represents the mean §
SEM tumor volume of 10 mice/point. Data points in (B) represent final tumor
weight of individual mice.
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Long-term ranitidine treatment is associated with
increased latency in breast tumor onset and a decrease in
number of tumors in LKB1¡/¡/NIC mice

A spontaneous breast tumor model provides a more similar
scenario to clinical cancer, and allows assessment of the impact
of potential treatments on early tumor development. Therefore,
experiments were performed in LKB1¡/¡/NIC mice, which
normally develop mammary tumors within 20–25 weeks of
birth.47 LKB1¡/¡/NIC mice were given ranitidine in the drink-
ing water, initiated at the time of weaning (21 d after birth).
50% of untreated LKB1¡/¡/NIC mice develop primary mam-
mary tumors by 147 d after birth.47 However, in ranitidine-
treated mice there was a significant increase in latency of
tumorigenesis by an additional 24 d; t50 of 171 d (Fig. 9B).

Furthermore, control mice typically have to be euthanized at
week 22 due to large tumors and high tumor burden (average
of eight tumors/mice) to comply with ethical endpoints. How-
ever, mice treated with ranitidine had a reduced tumor burden
allowing them to survive until the planned end of the experi-
ment, at week 26. On average, tumor burden at this time point
was four tumors/mice, significantly below that observed in the
control animals (Fig. 9C).

Discussion

New approaches to enhancing effective immune responses to
breast cancer are urgently required both as an approach to can-
cer prevention and to improve the effectiveness of other treat-

Figure 8. Gemcitabine treatment prevents ranitidine-induced tumor growth inhibition. (A) Blood samples were taken from each mouse one day after gemcitabine (or
vehicle) injection and stained for myeloid cells. (B) E0771 tumors in C57BL/6 mice treated with ranitidine (8 mg/kg) with/without gemcitabine treatment were measured
every 2 d starting 7 d post E0771-GFP cell injection. (C–D) At day 20, the primary tumor was measured (C), excised and weighed (D). Data in (A) represents the mean §
SEM of 4–8 mice/group. Data in (B) represents the mean § SEM tumor volume of 12–24 mice/point. Data points in (C–D) represent the mean § SEM of 12–24 mice/
group.
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ments. Modulation of tumor-associated immune suppression,
specifically MDSC populations provides a potential approach
to enhancing acquired antitumor immunity which could be
effective at multiple stages of tumor development and spread.
In the current study, ranitidine treatment in vivo caused a
decrease in select monocyte populations in both the spleen and
the bone marrow of both na€ıve and breast tumor-bearing mice.
Blood from ranitidine-treated, tumor-bearing mice also showed
a reduced ability to suppress T cell proliferation, and depleting
MDSCs through gemcitabine treatment ablated the effect of
ranitidine on tumor growth. H2 antagonists, when adminis-
tered in drinking water at doses within the clinical therapeutic
range, inhibited lung metastasis in the 4T1 breast tumor model
and led to inhibition of initial tumor growth in the E0771
breast cancer model. H2 antagonist treatment also increased
the time before tumor development and reduced the number of
tumors developing in the LKB1¡/¡/NIC mouse model of spon-
taneous breast tumor development. Overall, H2 blockade was
beneficial in these breast tumor models. These results are sur-
prising considering that previous studies report that ranitidine

decreases the cytotoxic activity of NK cells33 and that histamine
signaling through H2 inhibits reactive oxygen species synthesis
by monocytes, thereby enhancing NK cell activity.48-50 These
findings demonstrate that ranitidine treatment can function at
a variety of stages during tumor development and in multiple
breast tumor settings, consistent with an impact on tumor-
associated immune suppression.

One previous study has analyzed whether treatment with H2
antagonists can alter breast tumor outcome,51 but in these
patients, treatment was provided only at very late stages of dis-
ease. In keeping with our findings, another study has suggested
a decreased risk of developing lung cancer with long-term H2
antagonist treatment.52 Our results suggest that H2 antagonists
could have a potentially beneficial effect if administered either
before tumor development or at an early point in tumor devel-
opment, particularly in those tumor settings where limiting
MDSC function would be beneficial. The beneficial effects of
ranitidine treatment are not dependent upon H2 expression by
the tumor cells and neither of the injectable tumor models we
used expressed this receptor.

As H2 antagonists block acid secretion in the stomach, this
can cause alterations in the intestinal microbiome53 which
could then alter the immune response.54,55 A recent study
revealed that altering the gut microbiome in mice with a predis-
position to developing breast tumors increased the number of
tumors the mice had, a change that was related to neutrophil
activity.56 Omeprazole is a proton pump inhibitor that is capa-
ble of inhibiting acid secretion without binding H2 receptors.
Other studies have shown that omeprazole can inhibit breast
cancer cell proliferation in vitro and experimental metastasis in
vivo,57,58 but our results show that, unlike ranitidine, omepra-
zole treatment does not inhibit E0771 tumor growth.

Eight days of ranitidine treatment were associated with a sig-
nificant decrease in monocytes in the spleen and bone marrow.
This is consistent with the known myelo-suppressive effect of
ranitidine.3,4 In humans, it is thought that such myelo-deple-
tion is primarily associated with neutropenia.4 In mice, the
ranitidine-induced depletion we observed was monocyte spe-
cific. Previous results have shown that the less selective H2
antagonist cimetidine can cause apoptosis of MDSCs,40 but
these results were not replicated by the alternate H2 antagonist
famotidine, and were not reversed by histamine, suggesting an
“off target”mechanism of cimetidine action.

In general, monocytes and macrophages have several pro-
tumorigenic effects. Tumor-associated macrophages are impor-
tant for angiogenesis and microenvironment modulation (for a
review, see ref.59). Decreasing the monocyte populations could
thereby inhibit tumor growth and development.60,61 The mono-
cyte population of MDSCs is also considered more immuno-
suppressive than the neutrophil population.62 Ranitidine has
previously been demonstrated to have a number of effects on
monocytes including modulation of adhesion molecule expres-
sion, in keeping with the known functions of H2.31 However, it
remains possible that the impact of ranitidine on monocyte
populations may be indirect.

MDSCs are a key cell type involved in immune suppres-
sion in cancer and can also directly impact tumor cells to
induce growth and metastasis.63,64 Increases in circulating
MDSCs correlate with disease progression in breast cancer

Figure 9. Ranitidine increased breast tumor onset latency and decreases final
tumor numbers in LKB1¡/¡/NIC mice. (A) Representative timeline of experiment.
(B) Mice were examined weekly for palpable breast tumors. (C) Endpoint number
of tumors was counted. (B) Representative tumor-free survival of control (nD15)
and ranitidine-treated (nD10) mice. Data points in (C) represent number of tumors
in individual mice. p < 0.001, Log rank test (B); p < 0.01, unpaired t-test (C).
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patients65 and circulating MDSCs in cancer patients are
shown to inhibit T cell proliferation.64,65 In our experiments,
blood leukocytes from ranitidine-treated 4T1 tumor-bearing
mice had less suppressive activity on antigen-driven T cell
proliferation than those from control tumor bearing mice.
These findings confirm that ranitidine treatment causes an
alteration in the functional MDSCs in the blood. Both neu-
trophilic and monocytic MDSCs could contribute to this
response. In keeping with these findings, histamine and his-
tamine-producing cells have previously been demonstrated
to have a key role in MDSC regulation in mice, although the
most profound effects were observed on granulocytic
MDSC’s.41,66 This study by Martin et al41 stated that granu-
locytic MDSCs can be impacted by both H1 and H2 antago-
nists, but our studies showed no effect by H1 antagonists.
This may be in part due to the impact H1 has on other
immune cells, which could offset the positive effects H1
blockade has on MDSC inhibition.

NOS2 and Arg1 are often thought of as the predominant
mediators in MDSC-mediated suppression but inhibition of
these pathways did not significantly modify the suppression
of CD4C T cell responses by peripheral blood cells from
4T1 tumor-bearing mice. However, some populations of
MDSCs have been shown to cause suppression via NOS2-
and Arg1-independent mechanisms. MDSCs also synthesize
reactive oxygen species (ROS), and in some cases have
been shown to be the primary mediator in T cell suppres-
sion.67-69 In a study by Nagaraj et al., ROS synthesis was
the primary mediator of suppression by MDSC, and when
gp91 was knocked out, therefore leading to an inability to
produce ROS, MDSC function was lost, while MDSCs defi-
cient in NOS2 still had suppressive activity.70 Another study
showed that production of TGFb by MDSCs was very
important for hindering tumor immunosurveillance,18,71,72

and that TGFb in humans is important for immune sup-
pression with no contribution by NOS2 and Arg1 activity.73

Overall, our data may signify that the impact ranitidine had
on alterations in immune suppression was dependent on an
alteration in the number of MDSCs present in circulation,
not due to ranitidine altering expression of NOS2 and Arg1
and also suggests that TGF-b, ROS or a combination of
such pathways mediate MDSC function in the blood, in this
model.

Gemcitabine is widely used as an inhibitor of MDSC’s24 and
was utilized to investigate the role of such MDSCs in the E0771
model of ranitidine-inhibited primary tumor growth. Gemcita-
bine can selectively cause depletion of MDSCs, while not alter-
ing other immune cell numbers.25,46 This depletion was specific
to monocytic MDSCs in the E0771 model. Following gemcita-
bine treatment, ranitidine did not have an effect on tumor
development. Notably, other cells from the monocytic lineage,
including mature macrophages and tumor-associated macro-
phages (TAMs) are not impacted by short-term gemcitabine
treatment.74 However, it remains possible that long-term raniti-
dine treatment could alter TAM populations by altering mono-
cytes that would otherwise be recruited and differentiated into
TAMs.

H2 blockade has been shown to alleviate inhibition of IFNg
function35 and modify DC function and migration.29,32

Notably, CD8C T cell depletion did not alter ranitidine’s effect
on 4T1 metastasis. Although CD8C T cells are important in
tumor clearance, they are not the only cell involved.75 MDSCs
have been reported to have inhibitory effects on several
immune effector cell types including NK cells18,19 and CD4C T
cells76,77 directly,21 or via inhibition of DC function20 or induc-
tion of regulatory T cell development.78 In addition, antibody-
mediated processes such as complement mediated lysis and
antibody-dependent cell-mediated cytotoxicity can also be
affected by MDSCs.

In this study, ranitidine had an impact on three distinct
models of breast cancer. We have confirmed that this is not
due to a direct effect on the tumor cells in the two orthotopic
models used. The different degrees and levels of tumor inhibi-
tion may be attributed to the differences in mouse genetic back-
grounds79,80 and/or the differences in the biology of the tumors
themselves as they interact with the immune system. 4T1 cells
are not highly immunogenic.81 Modification of monocyte pop-
ulations, such as MDSCs, has previously been shown to pro-
foundly affect the ability of the 4T1 tumor model to
metastasize.42,63,82 The E0771 cell line appeared to be more vul-
nerable to immune changes mediated by ranitidine at the pri-
mary tumor site. In the LKB1¡/¡/NIC model of spontaneous
breast cancer, ranitidine is given over a longer period of time,
which allows the ranitidine to modify immune effector cell
populations prior to tumor development. The impact of raniti-
dine-induced MDSC changes on tumor growth and spread will
likely vary extensively between tumors and also be related to
other effects of ranitidine on immune function of importance
in regulating tumor growth or metastasis. Overall, these studies
highlight the profound impact that widely used H2 antagonists
can have on antitumor immune function and suggest the use of
these agents may provide opportunities to reduce tumor-associ-
ated immune suppression in breast cancer or reduce breast can-
cer development in those at high risk.

In conclusion, we have shown that the commonly used H2
antagonist ranitidine can affect monocyte populations in both
normal and tumor-bearing animals. Consistent with an inhibi-
tion of MDSC populations, ranitidine treatment can also
inhibit breast tumor development and spread in three separate
breast tumor models including a model of spontaneous breast
tumor development. These results suggest that it may be benefi-
cial to consider including a H2 antagonists, as opposed to other
regulators of gastric acid secretion, in the context of breast can-
cer therapy or prevention. Clinical studies are urgently required
to address these issues.

Methods

Cell lines

Mouse epithelial breast carcinoma cell line 4T1 and mouse
breast adenocarcinoma cell line E0771 (ATCC) transduced
with GFP were maintained in a monolayer in Dulbecco’s
Modified Eagle’s Medium (Hyclone) containing 10% fetal
bovine serum, and 1% L-glutamine, HEPES, and penicillin/
streptomycin. Selection for GFP-positive E0771 was main-
tained with 4 mg/mL of puromycin in the media.
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Mice

All mouse experiments were pre-approved by the Dalhousie
University Committee on Laboratory Animals. Five week old
female BALB/c mice and C57BL/6 mice were purchased from
Charles River Laboratories and housed in specific pathogen-
free conditions at the Carleton Animal Care Facility at
Dalhousie University. LKB1¡/¡/NIC female mice were bred at
Dalhousie University.

In vivo orthotopic breast cancer model

Histamine antagonists were added to drinking water one day
prior to tumor cell injection and were refreshed every other
day. These histamine antagonists remain stable in the drinking
water during this time.83,84 The water bottles at this time were
weighed before and after the water was changed, to be able to
calculate the amount of water drank by each mouse and calcu-
late the amount of drug taken in per mouse. Using this
approach, the consumption of drug per mouse per day ranged
6–8 mg/kg. Omeprazole (O104, Sigma Aldrich) was mixed into
mash (5 g/mouse/d) at an amount that would give each mouse
70 mg/kg, and given to mice every day, starting one day prior
to tumor cell injection.

An adaptation of the protocol of Pulaski and Ostrand-
Rosenberg85 was employed for orthotopic models. 6–8 week
old BALB/c female mice were anesthetized and 100,000 4T1
cells in 50 mL PBS were injected subcutaneously into the mam-
mary fat pad near the fourth nipple. The volume of the tumor
was determined by caliper measurements every second day
using the equation volume D length £ width2/2. At day 7 or
day 19–21 post injection, the mice were sacrificed and the pri-
mary tumor, spleen, femurs, and lungs were collected. The
lungs were digested for one hour at 37�C in the following
enzyme cocktail in HBSS: 300 U/mL collagenase VII (C2139,
Sigma Aldrich), 6 U/mL elastase (LE425, Elastin Products
Company, Inc.), 100 mg/mL DNAse I (11-284-932-001, Roche),
2.5 mM calcium chloride (Fisher), and 2.5 mM magnesium
chloride (M2670, Sigma Aldrich), then pushed through a
100 mm nylon filter. Serial dilutions were plated in media con-
taining 60 mM 6-thioguanine (cat. #154-42-7, Alfa Aesar).
After 9–12 d of incubation, the 4T1 colonies were fixed and
stained with 0.03% methylene blue (M9140, Sigma Aldrich)
solution. The plates were scanned using an HP Scanjet G4050
scanner and the colonies were counted using ImageJ software.

For the E0771 model, 6–8 week old female C57BL/6 mice
were anesthetized and 200,000 cells in 100 mL of Matrigel�

(Corning) were injected subcutaneously into the mammary fat
pad near the fourth nipple. Tumor size was tracked as described
above with tumors harvested and weighed at day 21.

Spontaneous tumor development model

At the time of weaning (approximately 4 weeks), female
LKB1¡/¡/NIC mice47 were given either control or ranitidine
containing water. Drug-treated water was refreshed three times
per week. Mice were examined once a week starting at week 19
for tumors and tumor volume was quantified using calipers in
a similar method as mentioned above. A mouse was considered

tumor bearing when a tumor was palpable and measurable by
calipers. At week 23–26, mice were sacrificed and the primary
tumors were counted and weighed.

In vivo CD8C cell depletion

Purified anti-CD8C antibody (Clone 53–6.7) was generously
provided by Dr Thomas Issekutz (Dalhousie University).
LEAFTM Purified Rat IgG2a k isotype control was purchased
from Biolegend (Cat. #400533).

Two days prior to 4T1 tumor cell injection, 200 mg of either
anti-CD8C antibody or the isotype control was injected intra-
peritoneally in BALB/c mice. Eight days post tumor cell injec-
tion, 100 mg of antibody was injected intraperitoneally. The
efficacy of CD8C depletion was confirmed by flow cytometry of
peripheral blood samples.

In vivo MDSC depletion

The E0771 model was utilized as stated above with ranitidine
treatment beginning one day prior to tumor cell injection. Five
and 13 d post tumor cell injection, mice were injected intraperi-
toneally with gemcitabine hydrochloride (60 mg/kg, G6423,
Sigma Aldrich) or vehicle. On day 6 and day 14, the efficacy of
gemcitabine to deplete monocytes was confirmed by flow
cytometry of peripheral blood samples.

Flow cytometry

Antibodies: Rat anti-mouse CD11b-fluorescein isothiocyanate
(cat. #11–0112, eBioscience), rat anti-mouse Ly6G-biotin (cat.
#12760, Biolegend), rat anti-mouse Ly6C-allophycocyanin
(APC) (cat. #17–5932, eBioscience). Appropriate isotype
matched control antibodies were used in all experiments.

Splenocytes and bone marrow cells were blocked in FACS
buffer containing rat serum. Samples were then mixed with pri-
mary antibodies for 15 min on ice, washed, and mixed with
streptavidin PerCP for 20 min at 4�C. Following washing, cells
were fixed with 1% paraformaldehyde and acquired for analysis
using a Becton Dickinson FACSAria II. Results were analyzed
using FCS Express software (De Novo Software).

T cell suppression assay

Mice were treated with ranitidine and injected with 4T1 cells as
described above. At day 14 post 4T1 injection, peripheral blood
was isolated via cardiac puncture. Red blood cells were lysed
and leukocytes were resuspended in complete RPMI (Hyclone)
media (10% fetal bovine serum, and 1% L-glutamine, HEPES,
and penicillin/streptomycin) to a volume equal to the amount
originally isolated from each mouse. Samples were serially
diluted in 96-well plates in triplicate, before adding D011.10
splenocytes.

Spleens obtained from D011.10 mice were isolated, red
blood cells were lysed, and leukocytes were counted. Spleno-
cytes were labeled using 1 mM Oregon Green� 488 dye (O-
6149, Thermo Fisher Scientific) in RPMI at 37�C for 15 min.
Cells were washed and 200,000 splenocytes were added per
well. To each well, 10 mM OVA323–339 peptide was added and
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the cells were cultured. To determine whether the suppressive
effect was dependent on NOS2 and Arg1 activity, L-NMMA
and/or nor-NOHA (500 mM) was added.44,45 At day 3, each
well was washed and stained with anti-mouse CD4C-PE (cat.
#12–004, eBioscience), fixed in 1% paraformaldehyde and
acquired using a Becton Dickinson FACS Calibur. Results were
analyzed using FCS Express software.
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