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Abstract: Background: Tamoxifen (TAM) is an estrogen-receptor antagonist, widely used in the
adjuvant treatment of early stage estrogen-sensitive breast cancer. Several studies have revealed
new biological targets of TAM that mediate the estrogen receptor independent activities of the drug.
Recently, the antiviral activity of TAM on replication of human immunodeficiency virus (HIV),
hepatitis C virus (HCV) and Herpes simplex virus (HSV-1) in vitro was described. In the current
study, we aimed to investigate the effect of TAM on infection with vesicular stomatitis virus (VSV).
Methods: Vero cells were treated with different concentrations of TAM for 24 h and then infected
with VSV. Additionally, C57BL/6 mice were pretreated with 4 mg TAM, one day and three days before
infection with VSV. Results: Treatment of Vero cells with TAM suppressed the viral replication of VSV
in vitro and in vivo. The inhibitory effect of TAM on VSV replication correlated with an enhanced
interferon-I response and stimulation of macrophages. Conclusions: TAM was identified as being
capable to protect from VSV infection in vitro and in vivo. Consequently, this antiviral function (as
an advantageous side-effect of TAM) might give rise to new clinical applications, such as treatment of
resistant virus infections, or serve as an add-on to standard antiviral therapy.
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1. Introduction

Tamoxifen (TAM) belongs to the triphenylethylene class of molecules and acts as a selective
estrogen receptor modulator (SERM) [1]. Through selective binding, it blocks the transcriptional
activity of estrogen receptors and antagonizes the estrogen-mediated effects [2]. Estrogen receptors
were discovered to be expressed on a wide range of cancers, especially breast cancer [3]. Approximately
70% of breast cancers were found to be positive for estrogen receptors alpha (ERα) and are consequently
considered hormone-sensitive [4,5]. TAM exhibits an antitumor effect by estrogen receptor blockage
and inhibition of proliferative signals driven by estrogens [6]. Therefore, TAM was approved more
than 30 years ago as a targeted drug for the treatment of breast cancer [7]. Adjuvant therapy with
TAM is a gold standard for the treatment of invasive breast cancer in early stages, as well as ductal
carcinoma in situ [4,8]. TAM therapy was shown to improve survival and follow-up outcomes by
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preventing the recurrence of breast cancer after surgery, reducing the annual breast cancer death rate
by 31% and the risk of developing a contralateral breast cancer by 50%, respectively [4,9–11]. However,
recent expression of estrogen receptors beta was demonstrated for various solid tumors, encompassing
carcinomas of the colon, pancreas, esophagus, stomach, brain, prostate, and lung [12,13]. This provides
a rationale for the use of the estrogen-receptor antagonist properties of TAM as an applicable agent to
treat tumors in other sites. In addition to the anti-estrogenic effects of TAM, recent experimental studies
have described new biological effects of TAM on tumor cells that are independent of the estrogen
receptor status [13,14]. The anti-proliferative activity of TAM on tumor cell differentiation and growth
seems to be produced by direct interaction with protein kinase C [15,16]. Moreover, TAM was shown
to inhibit other non-ER cellular targets, which are involved in signal pathways of tumor growth and
development of resistance to chemotherapy [13]. Thus, treatment with TAM in vitro and in vivo leads
to the inhibition of important processes that aid in tumor progression, such as angiogenesis, tumor
invasion, and metastasis on the one hand; and helps to overcome multidrug resistance and induce
programmed cell death on the other. The data underline the unique polyvalent nature of TAM as a
targeted drug and support the idea of TAM as an effective therapy for estrogen-receptor-independent
applications. TAM is already repurposed for the treatment of several estrogen-receptor-independent
conditions, such as glioblastoma multiforme or desmoid tumors [17,18].

Beside the non-ER mediated effects on control of tumor growth, a broad anti-infective activity
of TAM was discovered in the last few years. TAM acts against a wide range of microorganisms,
including microbes, parasites, fungus, and viruses [19]. However, the exact mechanisms behind the
inhibitory effect of TAM on infectious diseases are unknown; the non-ER mediated activities have been
discussed. TAM was identified to have a strong antiviral activity and to disrupt viral replication in
several in vitro studies for a number of viruses, such as HIV, HCV, HSV and Ebola [19]. Treatment
with TAM had a suppressive effect on replication of HIV in infected lymphocytes, which was mediated
through the mechanism of action independent of the estrogen receptor blocking the PCK and interfering
with other targets of the NF-kappa B pathway [20]. TAM also acted against replication of HCV by
preventing the activation of the RNA polymerase in an estrogen-receptor dependent manner and
counteracting viral attachment, entry, replication, and exit of HCV, which appear to be related to the
non-ER mediated effects of TAM [21–23]. Moreover, TAM elicits its antiviral activity in case infection
with HSV-1 in vitro [24]. Hence, the application of TAM has inhibited viral fusion, cell penetration,
and translocation of HSV-1 by blocking the chloride channel. The anti-infective effect of TAM was
also registered in in vitro infection with several EBOV strains [25]. The aim of the current work was to
explore the effect of TAM treatment on the course of infection with vesicular stomatitis virus (VSV).

2. Material and Methods

2.1. Mice and Virus

All the experiments were performed on mice housed in single ventilated cages. Animal experiments
were carried out in accordance with the German law for animal protection and by authorization of the
Veterinäramt Nordrhein Westfalen (Düsseldorf, Germany). C57BL/6 mice were purchased from Jackson
Laboratory. Male and female C57BL/6J mice at least 8 weeks old with a minimal weight of 23–24 g
were used. Ifnar−/− mice have been previously described and were maintained on a C57BL/6 genetic
background [26]. VSV, Indiana strain (VSV-IND, Mudd-Summers isolate), was originally obtained
from Prof. D. Kolakofsky (University of Geneva, Geneva, Switzerland). The virus was propagated on
baby hamster kidney 21 (BHK-21) cells at a multiplicity of infection (MOI) of 0.01, and then plaqued
onto Vero cells [27]. The mice were infected intravenously with VSV (2 × 108 PFU) for survival analysis,
plaque assay, and histological analysis or with (2 × 106 PFU) for the measurement of neutralizing
antibodies. TAM (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in corn oil, and 4 mg TAM (in
100 µL) per mouse was administrated intraperitoneally 3 days and 1 day before the VSV infection at
indicated doses.
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For evaluation of TAM’s effect on virus replication in vitro, TAM at dosages of 7.5 µM, 15 µM,
and 22.5 µM was added to the culture of Vero cells (provided by the Ontario Cancer Institute, Canada).
TAM displayed a cytotoxic effect on Vero cells at a concentration of 50 µM. TAM was dissolved in
DMSO, which served as a control for the in vitro experiments. After 24 h, the supernatant was removed
and the cells were infected with VSV at the indicated concentrations. Virus titers were measured in the
supernatant collected at different time points after the in vitro infection.

2.2. Plaque-Forming Assay

Virus titers of VSV were determined in organs and cell supernatant by plaque assay, as previously
described [28]. Briefly, for quantification of the amount of VSV virus, cell supernatants or organs
smashed in DMEM 2% FCS were titrated 1:3 over 12 steps and plaqued onto Vero cells (provided by
the Ontario Cancer Institute, Canada). After 1 h of incubation at 37 ◦C, methylcellulose overly was
added. After 24 h, the plaques were counted by crystal violet staining.

2.3. Histology

Histological analyses were conducted on snap-frozen liver and spleen tissues by using anti-VSV-G
monoclonal antibody (clone Vi10, made in-house) as the primary antibody. Marginal zone macrophages
were stained with PE conjugated anti-mSiglec1 antibody (R&D Systems, Minneapolis, MN, USA).

For H&E staining of spleen sections, slides with tissue sections were put in hematoxylin for 2
min and then in water for 10 min. The slides were then immersed in the differentiation solution 2–3
times, briefly dipped in 96% ethanol, and afterwards in eosin for 1 min. Thereafter, we immediately
put the slides in 96%, 70% and 50% ethanol for 1 min, respectively and finally washed the slides in
deionized water.

2.4. Neutralizing Antibody Assay

Neutralizing IgG antibodies were detected using a plaque reduction neutralization test. Serum
samples were first pretreated with 0.1 M β-mercaptoethanol for 1 h to remove the IgM and IgA
antibodies and then prediluted 1:40 with DMEM 2% FCS. The complement system was inactivated at
56 ◦C for 30 min. The serum was titrated 1:2 over 12 steps and incubated with 5 × 102 PFU of VSV.
After 90 min incubation at 37 ◦C, the mixture of virus and serum was plaqued onto the Vero cells. After
1 h, an overlay was added. The plaques were counted 24 h later by crystal violet staining.

2.5. ELISA

Interferon alpha levels were measured in murine serum by a commercially available ELISA assay
(Thermo Fisher Scientific, Waltham, MA, USA) accordingly to the manufacturer’s instructions.

2.6. RT-PCR Analyses

RNA isolation, purification, and reverse-transcription to cDNA were performed as instructed by
the manufacturer (Qiagen, Hilden, Germany). Quantification of RNA was done with a NanoDrop
ND-1000 spectrophotometer (Peqlab Biotechnologie GmbH, Erlangen, Germany). For quantitative
real-time PCR (qRT-PCR), Fast SYBR Green Master Mix (Applied Biosystems, Darmstadt, Germany)
was used on the 7500 Fast Real-Time PCR System (Applied Biosystems, Darmstadt, Germany). Gene
expression analysis was performed with GAPH, Ifnα2, Ifnα4, Ifnα5, Ifnβ1, Usp18, Irf7, Isg15, Mx1,
Bst2, Oas1, Irf1, and Bcl2 assays (Qiagen, Hilden, Germany). For analysis, the expression levels of
all target genes were adjusted to GAPDH expression levels (∆Ct). Gene expression values were then
calculated based on the delta-delta-Ct (∆∆Ct) method relative to the naive controls. Relative quantities
(RQs) were determined using the following equation: RQ = 2−∆∆Ct.
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2.7. Flow Cytometry

CD8 positive cells were identified using PE-Cy7 labeled anti-CD8a antibody (eBioscience, Waltham,
MA, USA).

To count CD8 + T cells producing INF-γ, spleens from infected mice were suspended into single
cells, lysed with ammonium-chlorine-potassium (ACK), and restimulated at 37 ◦C with VSV-specific
peptide p52 (PolyPeptide Laboratories, Strasbourg, France) for 4 h; brefeldin A (BFA) was added to
it. Afterwards, the cells were stained for 30 min with surface markers, such as CD8a, fixed with 2%
formaldehyde solution in PBS for 10 min, permeabilized with 1% saponin solution, and then stained
with anti-IFN-γ antibody (XMG 1.1, eBioscience, Waltham, MA, USA) for 30 min at 4 ◦C.

3. Statistical Analysis

Data are presented as means with standard errors of the mean (SEM). Statistical significance
between two groups was analyzed using unpaired two-tailed Student’s test. To compare the effects of
different TAM concentrations in our in vitro studies, one-way ANOVA was carried out. Survival of
the animals was determined by Kaplan-Meier survival analysis, and the log-rank (Mantel-Cox) test
was used to test the significance of differences between the survival curves. P-values < 0.05 were
considered statistically significant. Statistical analyses and graphical presentations were computed
with GraphPad Prism Version 6 (GraphPad Software, Inc., La Jolla, CA, USA).

4. Results

4.1. TAM Inhibits Replication of vesicular stomatitis virus (VSV) In Vitro

We investigated the effect of treatment with TAM on viral replication in vitro. For this purpose,
Vero cells were first pretreated with TAM, which was administrated in three different increasing
concentrations. After 24 h, the TAM treated cells were infected with VSV. In case of VSV infection
with MOI of 0.01, a significant reduction of virus load was observed only after 6 h after infection
(compared to the untreated cells), while a significant decrease of VSV titers was seen after 4 h after VSV
infection on using a higher MOI of 0.1 or 1 (Figure 1). The suppressive effect of TAM pretreatment on
VSV replication occurred in a dose-dependent manner, which was clearly visible 24 h after infection.
Consequently, TAM is able to inhibit viral replication of VSV in vitro.

4.2. TAM Pretreatment Protects from VSV Infection

Next, we questioned whether TAM may exhibit a similar inhibitory effect on viral replication
in vivo. Therefore, C57BL/6 mice were treated twice with TAM 4 mg/100 µL 3 days and 1 day before
the VSV infection, which was done with 2 × 108 PFU on day 0. Immuno-histological staining of spleen
sections harvested from the animals 8 h after VSV infection showed lower virus replication in mice
pretreated with TAM than in the control mice (Figure 2A). Consistently, virus titers determined in
spleen and liver tissues 8 h post infection were significantly reduced in TAM-treated mice, compared to
the untreated controls (Figure 2B). Control mice pretreated with corn oil succumbed to the high-dose
VSV infection, while mice which underwent TAM pretreatment showed less susceptibility to VSV and
overcame the infection (Figure 2C). Next, we wondered whether TAM was also antiviral after the mice
have been infected. For this therapeutic application, we first infected mice with VSV and then on days
2 and 3, treated them with TAM. This therapy improved the survival of treated mice, compared to the
controls receiving only corn oil (Figure 2D).
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dimethyl sulfoxide (DMSO) used as a control for 24 hours, and then infected with 0.01, 0.1, and 1 MOI 
of VSV for 1 h; the cells were washed with phosphate buffered saline (PBS) and fresh medium was 
added. VSV titers in cell supernatant were measured at 4 h, 6 h and 24 h after infection by plaque 
assay (n = 5). Data are expressed as means ± SEM. n.s.: not significant, ** p = 0.01; *** p = 0.001; **** p < 
0.001. 

4.2. TAM Pretreatment Protects from VSV Infection 

Next, we questioned whether TAM may exhibit a similar inhibitory effect on viral replication in 
vivo. Therefore, C57BL/6 mice were treated twice with TAM 4mg/100μL 3 days and 1 day before the 
VSV infection, which was done with 2 × 108 PFU on day 0. Immuno-histological staining of spleen 
sections harvested from the animals 8 h after VSV infection showed lower virus replication in mice 
pretreated with TAM than in the control mice (Figure 2A). Consistently, virus titers determined in 
spleen and liver tissues 8 h post infection were significantly reduced in TAM-treated mice, compared 
to the untreated controls (Figure 2B). Control mice pretreated with corn oil succumbed to the high-
dose VSV infection, while mice which underwent TAM pretreatment showed less susceptibility to 
VSV and overcame the infection (Figure 2 C). Next, we wondered whether TAM was also antiviral 
after the mice have been infected. For this therapeutic application, we first infected mice with VSV 
and then on days 2 and 3, treated them with TAM. This therapy improved the survival of treated 
mice, compared to the controls receiving only corn oil (Figure 2D). 

Figure 1. Tamosifen (TAM) pretreatment resulted in the inhibition of replication of vesicular stomatitis
virus (VSV) in vitro. Vero cells were treated with 7.5 µM, 15 µM, 22.5 µM TAM, or 1 µL dimethyl
sulfoxide (DMSO) used as a control for 24 h, and then infected with 0.01, 0.1, and 1 MOI of VSV for 1 h;
the cells were washed with phosphate buffered saline (PBS) and fresh medium was added. VSV titers
in cell supernatant were measured at 4 h, 6 h and 24 h after infection by plaque assay (n = 5). Data are
expressed as means ± SEM. n.s.: not significant, ** p = 0.01; *** p = 0.001; **** p < 0.001.

4.3. TAM Pretreatment Reduces Antiviral Immune Response

Next, we aim to study antiviral immune responses in the presence of TAM. Surprisingly,
TAM-treated mice had lower serum levels of total neutralizing and IgG neutralizing antibodies
than the control mice (Figure 3A). Pretreatment with TAM resulted in a reduced total number of CD8+

T cells at day 10 after VSV infection relative to control mice (Figure 3B). Re-stimulation of the cells
obtained from the spleen of TAM-pretreated mice with VSV-p52, a peptide derived from VSV, resulted
in less activated interferon-γ producing CD8+ T cells in comparison to the control animals (Figure 3C).
Collectively, pretreatment with TAM of C57BL/6 mice inhibits viral replication at an early time point
in the case of VSV infection, but this effect seems to not be related to the presence of virus-specific
cytokine-producing CD8+ T cells or increased production of virus-neutralizing antibodies.
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TAM pretreated and control mice (n = 6). (C) C57BL/6 mice were pretreated intraperitoneally with 4 
mg TAM at day -3 and day -1. Corn oil served as control. Survival was monitored in mice 
intravenously infected with 2 × 108 PFU VSV at day 0 over the indicated period (n = 6). (D) Survival 
was monitored in C57BL/6 mice initially intravenously infected with 2 × 108 PFU VSV at day 0 over 
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Figure 2. Pretreatment with TAM inhibits early VSV replication in vivo, improving survival after VSV
infection. (A) Immunofluorescence and H&E staining of snap-frozen spleen tissues obtained from
TAM pretreated and control mice 8 h after VSV infection. Spleen sections were stained for CD169 (red)
and VSV glycoprotein (green). Scale bar = 100 µm; one representative out of 6 is shown. Fluorescent
and light microscopy images were captured at 10x magnification using Keyence BZ-9000E microscope.
(B) Virus titers were determined in liver and spleen tissues at 8 h post infection in TAM pretreated
and control mice (n = 6). (C) C57BL/6 mice were pretreated intraperitoneally with 4 mg TAM at day -3
and day -1. Corn oil served as control. Survival was monitored in mice intravenously infected with
2 × 108 PFU VSV at day 0 over the indicated period (n = 6). (D) Survival was monitored in C57BL/6
mice initially intravenously infected with 2 × 108 PFU VSV at day 0 over the indicated period. TAM
treatment (100 µL/4mg per mouse i.p.) was administrated twice on day 2 and 3 post VSV infection
(n = 6 or 8). The error bars show SEM. ** p = 0.01; **** p < 0.001.

4.4. Inhibitory Effect of TAM on Early VSV Replication Requires Interferon

To examine whether the inhibitory impact of TAM on early VSV amplification depends on innate
type I interferon production, we measured the induction of interferon alpha and beta in the spleen 8
h after VSV infection. Induction of type I interferon was comparable between TAM pretreated and
control mice (Figure 4A). In line with these data, we did not see any significant differences of interferon
alpha serum levels between mice pretreated with TAM and the controls (Figure 4B). Interestingly,
type I interferon-induced genes were differential regulated between TAM-pretreated and control mice
(Figure 4C). While Isg15 and Mx1 were upregulated, Usp18, Oas1, and Bst2 seem to be insensitive to
TAM (Figure 4C). To see whether these differences of interferon regulated genes could be the reason
for different antiviral activity, we pretreated Ifnar−/− mice with TAM and then infected them with VSV.
In the absence of Ifnar, there was no antiviral activity of TAM (Figure 4D). Thus, Isg15 and Mx1, as
well as other type I interferon stimulated genes were not affected by TAM in Ifnar−/− mice (Figure 4E).
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applied at day -3 and -1) and control mice (treated with corm oil) at the indicated time points after
infection with 2 × 104 PFU VSV (n = 6). The left graph shows the total amount of VSV neutralising
antibodies measured without pretreatment with β-mercaptoethanol. The right graph shows the titer of
VSV neutralising IgG antibodies in serum that was pretreated with β-mercaptoethanol to remove IgM
and IgA antibodies. (B) Total amount of CD8+ T cells was analyzed in blood of TAM-pretreated and
control mice 10 days after VSV infection by flow cytometry (n = 6). (C) Percentage of CD8 + T cells
from spleen capable to produce INF-γ after restimulation with virus-specific peptide p52 was measured
in TAM pretreated and control mice 10 days after VSV infection by flow cytometry (n = 6). Data are
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Figure 4. Inhibitory effect of TAM on early VSV replication requires interferon. (A) The mRNA
expression of type I interferon from spleen tissue was determined by quantitative real-time PCR
(qRT-PCR) 8 h after infection with 2 × 108 PFU VSV in TAM pretreated and control mice (n = 5). (B)
Interferon α concentrations were examined in sera of TAM-pretreated and control mice at 24 and 48 h
after infection with 2 × 108 PFU VSV (n = 6). (C) The mRNA expression of indicated interferon-induced
genes from spleen tissue was determined by quantitative real-time PCR (qRT-PCR) 8 h after infection
with 2 × 108 PFU VSV in TAM-pretreated and control mice (n = 5). (D) Ifnar−/− mice were pretreated
intraperitoneally with 4 mg TAM or corn oil used as control at day -3 and -1, followed by VSV infection
with 2 × 106 PFU. Virus titers were determined in the liver, spleen, kidney, and lung of Ifnar deficient
mice tissues 8 h post infection (n = 6). (E) The mRNA expression of indicated interferon-induced genes
from spleen tissue was determined by quantitative real-time PCR (qRT-PCR) in Ifnar−/− mice after
treatment with 4 mg TAM at day -3 and -1 or corn oil used as control (n = 4). Spleen tissues were
harvested 8 h post infection with 2 × 108 PFU of VSV. Data are expressed as means ± SEM. n.s.: not
significant, * p = 0.05; ** p = 0.01; *** p = 0.001; **** p < 0.001.

5. Discussion

In this study, we identified a protective role of TAM during VSV infection. Pretreatment with
TAM leads to a strong inhibition of replication of VSV virus in vitro. The inhibitory effect of TAM is
also persistent during VSV infection in vivo. Mice that were pretreated with TAM showed reduced
quantities of VSV titers and survived longer after VSV infection.

Our observations on antiviral activity of TAM during VSV infection are in line with previous
studies exploring the anti-infective ability of TAM on other viruses [19]. Pretreatment or treatment with
TAM resulted in suppression of replication of HIV, HCV, and HSV-1 [19–24]. Consistent with our results,
application of TAM prior to infection was more effective than TAM treatment after infection [19–22].
However, these data were derived from in vitro studies performed on cell culture systems infected
with virus. In contrast, we showed an antiviral activity of TAM exposed not only in vitro, but also
in vivo. We found that TAM-pretreated mice were more able to control VSV infection at an early
time point—after 8 h—compared to the untreated controls. The suppressive effect of TAM on early
VSV replication was most likely responsible for the improved survival of the pretreated animals after
VSV infection. Mechanistically, we assume that the activation of macrophages and increased type I
interferon response as important components of an innate immune system may contribute to a better
control of VSV infection after TAM pretreatment. We saw the upregulated expression of Mx1 and
Isg15 as interferon-induced genes occurring 8 h after VSV infection in TAM-pretreated mice. On the
other hand, TAM lost its antiviral effect under the conditions of interferon-receptor deficiency, and the
expression of interferon-induced genes was not influenced by TAM in mice lacking interferon receptors,
providing evidence for our assumption. Additionally, recent studies demonstrated an induction of
expression of interferon as well as interferon-regulated genes by TAM in breast cancer cells, supporting
the proposed link between TAM treatment and enhanced interferon response [29,30]. Low titers of
VSV-neutralizing antibodies, as well as a decreased number of CD8+ T cells in TAM-pretreated mice
determined at the late phase (10 days) after VSV infection, suggest that the activation of adaptive
immunity is unlikely linked to the antiviral function of TAM. TAM treatment seems to result in
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reduced production of antibodies by B cells and induce a decline of CD8+ T cells. These findings
are in accordance with previous studies demonstrating an anti-proliferative effect of TAM on T and
B cells [14,31]. Absolute numbers of lymphocytes were also reported to be reduced in breast cancer
patients treated with TAM [32]. Alternatively, the early suppressive effect of TAM pretreatment on
virus replication, which is responsible for reduced number of viral antigens, might lead to a weaker
adaptive virus-specific response in mice pretreated with TAM, compared to the controls.

However, other potential mechanisms may be involved in the antiviral activity of TAM toward
VSV infection. Previous reports have indicated that TAM targets multiple steps of the HCV viral
life cycle [23]. TAM inhibited HCV replication by blocking ERα, which interferes with HCV-RNA
polymerase NS5B and is needed for formation of HCV replication complex and promotion of HCV
amplification (23). Furthermore, TAM appears to inhibit post-replication steps, such as assembly
and release of HCV, and prevents the attachment of HCV on cell surface and virus entry [23]. The
exact mechanisms of entry inhibition by TAM are not fully clear. Taking into account that TAM is
a multitarget molecule, interacting with a number of targets such as protein kinase C, calmodulin
or P-glycoprotein, it is conceivable that the antiviral effect of TAM might also be mediated through
different other mechanisms independent of ER function [33]. Zheng et al. established an essential
role of inhibition of chloride channel by TAM during infection with HSV-1 [24]. Blockages of chloride
channel by TAM disrupted the fusion process of HSV-1 and limited HSV-1 replication [24]. Therefore,
considering our results, we hypothesize that TAM might affect VSV through potential ER-independent
mechanisms mentioned above. Especially in case of inhibition of VSV replication in Vero cells by TAM,
we rely on effects independent of ER activity, because estrogen receptors are lacking on Vero cells [34].
Nevertheless, further studies are required to explore the detailed pathophysiological mechanisms
underlying our observations of control of VSV infection after TAM pretreatment in vitro and in vivo.

In summary, we showed a significant inhibitory effect of TAM pretreatment on early VSV
replication in vitro and in vivo, extending the existing knowledge of the antiviral properties of TAM.
Usage of the off-target antiviral effects of TAM represents an attractive strategy to treat virus strains
that are resistant to standard approved drugs. In addition, a combination of TAM with other antiviral
agents might have a synergistic effect on viral replication and provide a promising tool to elevate
the effectivity of anti-viral treatments. However, researches who are working with TAM in order to
induce knock-outs of diverse genes, should be aware of the concomitant antiviral effect of TAM. This
fact is highly relevant for the examination of the role of knock-out of different key mediators in viral
replication and antiviral immune response because TAM pretreatment may mask stimulating effects
on virus replication and change the corresponding phenotype.

Nevertheless, VSV predominantly affects animals. In humans, an occasional VSV infection can
cause mild transient diseases; in particular, infections in animal-handlers or laboratory researchers
were reported. Due to its favorable properties, VSV is suitable as a vaccine vector, as well as an
attractive vector platform for viral-based immunotherapies. Over the last few years, the recombinant
VSV-based vaccine against the Ebola virus, VSV-EBOV, was created, resulting in replication-competent
VSV particles expressing the Ebola virus glycoprotein after replacement of VSV G from the virus
genome [35]. The VSV G contributes to the neurotropic nature of VSV and the lack of the protein in the
VSV-EBOV was shown to reduce the neurovirulence of the vaccine. Preclinical tests revealed the safety
and efficacy of the VSV-EBOV with rapid protection potential against Ebola infection, enabling use in
humans in ongoing clinical trials. In addition, the VSV vaccine platform is considered a promising
candidate for adaptation for other pathogenic viruses with outbreak potential. Recombinant VSVs
are also potent agents for application in oncolytic virotherapy. In a wide range of preclinical studies,
VSV demonstrated oncolytic activity, enhancing the apoptosis of infected tumor cells and the ability
to induce antitumor immune responses [36,37]. However, for high replication kinetics of the VSV
occurrence of uncontrolled replication in patients, especially with compromised immune systems,
receiving the VSV-based vaccines or oncolytic therapy might be conceivable, and in this context, TAM
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might serve as a treatment option to limit the progression of uncontrolled VSV replication and possible
subsequent transmission.

6. Declarations

Ethic approval: The animal experiments were approved by the local ethics committee (proposal
number A242).

Author Contributions: Conceptualization, L.B.C., J.L., K.S.L. and J.F.K.; methodology, L.B.C., J.L., K.S.L. and
J.F.K.; validation, L.B.C., J.L., K.S.L. and J.F.K.; formal analysis, L.B.C. and J.L.; investigation, L.B.C., S.K.F., T.A.,
H.B., M.S., M.B., T.H., F.L., Y.M.M., M.A. V.D., J.L., K.S.L. and J.F.K.; resources, K.S.L.; writing—original draft
preparation, J.F.K., L.B.C. and K.S.L.; writing—review and editing, J.F.K., L.B.C. and K.S.L.; visualization, J.F.K.;
supervision, K.S.L.; project administration, L.B.C., J.L., K.S.L. and J.F.K.; funding acquisition, K.S.L.

Funding: This study was funded by the Deutsche Forschungsgemeinschaft (DFG) grant through the Research
Training Group (RTG) 1949 University Duisburg-Essen, Germany. It was further supported by the “Programm zur
internen Forschungsförderung Essen” (IFORES) research fellowship program at the University Duisburg-Essen
Medical School.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Grainger, D.J.; Metcalfe, J.C. Tamoxifen: Teaching an old drug new tricks? Nat. Med. 1996, 4, 381–385.
[CrossRef] [PubMed]

2. Jordan, V.C. The science of selective estrogen receptor modulators: Concept to clinical practice. Clin. Cancer
Res. 2006, 12, 5010–5013. [CrossRef] [PubMed]

3. Shagufta; Ahmad, I. Tamoxifen a pioneering drug: An update on the therapeutic potential of tamoxifen
derivatives. Eur. J. Med. Chem. 2018, 143, 515–531. [CrossRef] [PubMed]

4. Heery, M.; Corbett, P.; Zelkowitz, R. Precautions for patients taking tamoxifen. J. Adv. Pract. Oncol. 2018, 9,
78–83. [PubMed]

5. Allred, D.C.; Anderson, S.J.; Paik, S.; Wickerham, D.L.; Nagtegaal, I.D.; Swain, S.M.; Mamounas, E.P.;
Julian, T.B.; Geyer, C.E., Jr.; Costantino, J.P.; et al. Adjuvant tamoxifen reduces subsequent breast cancer in
women with estrogen receptor-positive ductal carcinoma in situ: a study based on NSABP protocol B-24. J.
Clin. Oncol. 2012, 30, 1268–1273. [CrossRef] [PubMed]

6. Ali, S.; Rasool, M.; Chaoudhry, H.; Pushparaj, P.N.; Jha, P.; Hafiz, A.; Mahfooz, M.; Sami, G.A.; Kamal, M.A.;
Bashir, S.; et al. Molecular mechanisms and mode of tamoxifen resistance in breast cancer. Bioinformation
2016, 12, 135–139. [CrossRef] [PubMed]

7. Hughes-Davies, L.; Caldas, C.; Wishart, G.C. Tamoxifen: The drug that came in from the cold. Br. J. Cancer
2009, 101, 875–878. [CrossRef] [PubMed]

8. Fisher, B.; Costantino, J.; Redmond, C.; Poisson, R.; Bowman, D.; Couture, J.; Domitrov, N.V.; Walmark, N.;
Wickerham, D.L.; Fisher, E.R.; et al. A randomized clinical trial evaluating tamoxifen in the treatment of
patients with node-negative breast cancer who have estrogen-receptor-positive tumors. N. Engl. J. Med. 1989,
320, 479–484. [CrossRef] [PubMed]

9. Obiorah, I.; Jordan, V.C. Progress in endocrine approaches to the treatment and prevention of breast cancer.
Maturitas 2011, 70, 315–321. [CrossRef] [PubMed]

10. Azvolinsky, A. ASCO: Long-Term Tamoxifen Benefit for Breast Cancer Confirmed. 2013. Available
online: https://www.cancernetwork.com/breast-cancer/asco-long-term-tamoxifen-benefit-breast-cancer-
confirmed (accessed on 19 September 2019).

11. Early Breast Cancer Trialists’ Collaborative Group. Tamoxifen for early breast cancer: An overview of the
randomized trials. Lancet 1998, 351, 1451–1467. [CrossRef]

12. Bogush, T.A.; Dudko, E.A.; Beme, A.A.; Bogush, E.A.; Polotskiı̆, B.E.; Tiuliandin, S.A.; Davydov, M.I. Estrogen
receptor expression in tumors different from breast cancer. Antibiot. Khimioter. 2009, 54, 41–49. [PubMed]

13. Bogush, T.A.; Dudko, E.A.; Bogush, E.A.; Polotsky, B.E.; Tjulandin, S.A.; Ryabov, A.B. Tamoxifen non-estrogen
receptor mediated molecular targets. Oncol. Rev. 2012, 6, e15. [CrossRef] [PubMed]

14. Behjati, S.; Frank, M.H. The effects of tamoxifen on immunity. Curr. Med. Chem. 2009, 16, 3076–3080.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nm0496-381
http://www.ncbi.nlm.nih.gov/pubmed/8597938
http://dx.doi.org/10.1158/1078-0432.CCR-06-1136
http://www.ncbi.nlm.nih.gov/pubmed/16951214
http://dx.doi.org/10.1016/j.ejmech.2017.11.056
http://www.ncbi.nlm.nih.gov/pubmed/29207335
http://www.ncbi.nlm.nih.gov/pubmed/30564470
http://dx.doi.org/10.1200/JCO.2010.34.0141
http://www.ncbi.nlm.nih.gov/pubmed/22393101
http://dx.doi.org/10.6026/97320630012135
http://www.ncbi.nlm.nih.gov/pubmed/28149048
http://dx.doi.org/10.1038/sj.bjc.6605231
http://www.ncbi.nlm.nih.gov/pubmed/19672259
http://dx.doi.org/10.1056/NEJM198902233200802
http://www.ncbi.nlm.nih.gov/pubmed/2644532
http://dx.doi.org/10.1016/j.maturitas.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21982237
https://www.cancernetwork.com/breast-cancer/asco-long-term-tamoxifen-benefit-breast-cancer-confirmed
https://www.cancernetwork.com/breast-cancer/asco-long-term-tamoxifen-benefit-breast-cancer-confirmed
http://dx.doi.org/10.1016/S0140-6736(97)11423-4
http://www.ncbi.nlm.nih.gov/pubmed/20201403
http://dx.doi.org/10.4081/oncol.2012.e15
http://www.ncbi.nlm.nih.gov/pubmed/25992213
http://dx.doi.org/10.2174/092986709788803042
http://www.ncbi.nlm.nih.gov/pubmed/19689284


Pharmaceuticals 2019, 12, 142 11 of 12

15. Chen, T.C.; Su, S.; Fry, D.; Liebes, L. Combination therapy with irinotecan and protein kinase C inhibitors in
malignant glioma. Cancer 2003, 97, 2363–2373. [CrossRef] [PubMed]

16. Lavie, Y.; Zhang, Z.C.; Cao, H.T.; Han, T.Y.; Jones, R.C.; Liu, Y.Y.; Jarman, M.; Hardcastle, I.R.; Giuliano, A.E.;
Cabot, M.C. Tamoxifen induces selective membrane association of protein kinase C epsilon in MCF-7 human
breast cancer cells. Int. J. Cancer 1998, 77, 28–932. [CrossRef]

17. Robins, H.I.; Won, M.; Seiferheld, W.F.; Schultz, C.J.; Choucair, A.K.; Brachman, D.G.; Demas, W.F.; Mehta, M.P.
Phase 2 trial of radiation plus high-dose tamoxifen for glioblastoma multiforme: RTOG protocol BR-0021.
Neuro. Oncol. 2006, 8, 47–52. [CrossRef] [PubMed]

18. Skapek, S.X.; Anderson, J.R.; Hill, D.A.; Henry, D.; Spunt, S.L.; Meyer, W.; Kao, S.; Hoffer, F.A.; Grier, H.E.;
Hawkins, D.S.; et al. Safety and efficacy of high-dose tamoxifen and sulindac for desmoid tumor in children:
Results of a Children’s Oncology Group (COG) phase II study. Pediatr. Blood Cancer. 2013, 60, 1108–1112.
[CrossRef] [PubMed]

19. Montoya, M.C.; Krysan, D.J. Repurposing Estrogen Receptor Antagonists for the Treatment of Infectious
Disease. MBio 2018, 9, e02272-18. [CrossRef] [PubMed]

20. Laurence, J.; Cooke, H.; Sikder, S.K. Effect of tamoxifen on regulation of viral replication and human
immunodeficiency virus (HIV) long terminal repeat-directed transcription in cells chronically infected with
HIV-1. Blood 1990, 75, 696–703.

21. Watashi, K.; Inoue, D.; Hijikata, M.; Goto, K.; Aly, H.H.; Shimotohno, K. Anti-hepatitis C virus activity of
tamoxifen reveals the functional association of estrogen receptor with viral RNA polymerase NS5B. J. Biol.
Chem. 2007, 282, 32765–32772. [CrossRef]

22. Fukazawa, H.; Suzuki, T.; Wakita, T.; Murakami, Y.A. Cell-based, microplate colorimetric screen identifies
7,8-benzoflavone and green tea gallate catechins as inhibitors of the hepatitis C virus. Biol. Pharm. Bull. 2012,
35, 1320–1327. [CrossRef] [PubMed]

23. Murakami, Y.; Fukasawa, M.; Kaneko, Y.; Suzuki, T.; Wakita, T.; Fukazawa, H. Selective estrogen receptor
modulators inhibit hepatitis C virus infection at multiple steps of the virus life cycle. Microbes Infect. 2013, 15,
45–55. [CrossRef] [PubMed]

24. Zheng, K.; Chen, M.; Xiang, Y.; Ma, K.; Jin, F.; Wang, X.; Wang, X.; Wang, S.; Wang, Y. Inhibition of herpes
simplex virus type 1 entry by chloride channel inhibitors tamoxifen and NPPB. Biochem. Biophys. Res.
Commun. 2014, 446, 990–996. [CrossRef] [PubMed]

25. Madrid, P.B.; Panchal, R.G.; Warren, T.K.; Shurtleff, A.C.; Endsley, A.N.; Green, C.E.; Kolokoltsov, A.;
Davey, R.; Manger, I.D.; Gilfillan, L.; et al. Evaluation of Ebola virus inhibitors for drug repurposing. ACS
Infect. Dis. 2015, 1, 317–326. [CrossRef] [PubMed]

26. Muller, U.; Steinhoff, U.; Reis, L.F.; Hemmi, S.; Pavlovic, J.; Zinkernagel, R.M.; Aguet, M. Functional role of
type I and type II interferons in antiviral defense. Science 1994, 264, 1918–1921. [CrossRef]

27. Fink, K.; Lang, K.S.; Manjarrez-Orduno, N.; Junt, T.; Senn, B.M.; Holdener, M.; Akira, S.; Zinkernagel, R.M.;
Hengartner, H. Early type I interferon-mediated signals on B cells specifically enhance antiviral humoral
responses. Eur. J. Immunol. 2006, 36, 2094–2105. [CrossRef]

28. Honke, N.; Shaabani, N.; Merches, K.; Gassa, A.; Kraft, A.; Ehrhardt, K.; Häussinger, D.; Löhning, M.;
Dittmer, U.; Hengel, H.; et al. Immunoactivation induced by chronic viral infection inhibits viral replication
and drives immunosuppression through sustained IFN-I responses. Eur. J. Immunol. 2016, 46, 372–380.
[CrossRef] [PubMed]

29. Lindner, D.J.; Kolla, V.; Kalvakolanu, D.V.; Borden, E.C. Tamoxifen enhanced interferon-regulated gene
expression in breast cancer cells. Mol. Cell Biochem. 1997, 167, 169–177. [CrossRef]

30. Post, A.E.M.; Smid, M.; Nagelkerke, A.; Martens, J.W.M.; Bussink, J.; Sweep, F.C.G.J.; Span, P.N.
Interferon-stimulated genes are involved in cross-resistance to radiotherapy in tamoxifen-resistant breast
cancer. Clin. Cancer Res. 2018, 24, 3397–3408. [CrossRef]

31. Baral, E.; Nagy, E.; Kwok, S.; McNicol, A.; Gerrard, J.; Berczi, I. Suppression of lymphocyte mitogenesis by
tamoxifen: Studies on protein kinase C, calmodulin and calcium. Neuroimmunomodulation 2000, 7, 68–76.
[CrossRef]

32. Robinson, E.; Rubin, D.; Mekori, T.; Segal, R.; Pollack, S. In vivo modulation of natural killer cell activity by
tamoxifen in patients with bilateral primary breast cancer. Cancer Immunol. Immunother. 1993, 37, 209–212.
[CrossRef]

http://dx.doi.org/10.1002/cncr.11307
http://www.ncbi.nlm.nih.gov/pubmed/12712458
http://dx.doi.org/10.1002/(SICI)1097-0215(19980911)77:6&lt;928::AID-IJC22&gt;3.0.CO;2-W
http://dx.doi.org/10.1215/S1522851705000311
http://www.ncbi.nlm.nih.gov/pubmed/16443947
http://dx.doi.org/10.1002/pbc.24457
http://www.ncbi.nlm.nih.gov/pubmed/23281268
http://dx.doi.org/10.1128/mBio.02272-18
http://www.ncbi.nlm.nih.gov/pubmed/30563895
http://dx.doi.org/10.1074/jbc.M704418200
http://dx.doi.org/10.1248/bpb.b12-00251
http://www.ncbi.nlm.nih.gov/pubmed/22863932
http://dx.doi.org/10.1016/j.micinf.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23103222
http://dx.doi.org/10.1016/j.bbrc.2014.03.050
http://www.ncbi.nlm.nih.gov/pubmed/24657267
http://dx.doi.org/10.1021/acsinfecdis.5b00030
http://www.ncbi.nlm.nih.gov/pubmed/27622822
http://dx.doi.org/10.1126/science.8009221
http://dx.doi.org/10.1002/eji.200635993
http://dx.doi.org/10.1002/eji.201545765
http://www.ncbi.nlm.nih.gov/pubmed/26507703
http://dx.doi.org/10.1023/A:1006854110122
http://dx.doi.org/10.1158/1078-0432.CCR-17-2551
http://dx.doi.org/10.1159/000026422
http://dx.doi.org/10.1007/BF01525437


Pharmaceuticals 2019, 12, 142 12 of 12

33. De Médina, P.; Favre, G.M.; Poirot, M. Multiple targeting by the antitumor drug tamoxifen: A structure-activity
study. Curr. Med. Chem. Anticancer Agents 2004, 4, 491–508.

34. Johansen, L.M.; Brannan, J.M.; Delos, S.E.; Shoemaker, C.J.; Stossel, A.; Lear, C.; Hoffstrom, B.G.; Dewald, L.E.;
Schornberg, K.L.; Scully, C.; et al. FDA-approved selective estrogen receptor modulators inhibits ebola virus
infection. Sci. Transl. Med. 2013, 5, 190ra79. [CrossRef]

35. Suder, E.; Furuyama, W.; Feldmann, H.; Marzi, A.; De Wit, E. The vesicular stomatitis virus-based Ebola virus
vaccine: From concept to clinical trials. Hum. Vaccin. Immunother. 2018, 14, 2107–2113. [CrossRef] [PubMed]

36. Melzer, M.K.; Lopez-Martinez, A.; Altomonte, J. Oncolytic Vesicular Stomatitis Virus as a
Viro-Immunotherapy: Defeating Cancer with a “Hammer” and “Anvil”. Biomedicines 2017, 5, 8. [CrossRef]
[PubMed]

37. Bishnoi, S.; Tiwari, R.; Gupta, S.; Byrareddy, S.N.; Nayak, D. Oncotargeting by Vesicular Stomatitis Virus
(VSV): Advances in Cancer Therapy. Viruses 2018, 10, 90. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/scitranslmed.3005471
http://dx.doi.org/10.1080/21645515.2018.1473698
http://www.ncbi.nlm.nih.gov/pubmed/29757706
http://dx.doi.org/10.3390/biomedicines5010008
http://www.ncbi.nlm.nih.gov/pubmed/28536351
http://dx.doi.org/10.3390/v10020090
http://www.ncbi.nlm.nih.gov/pubmed/29473868
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


This text is made available via DuEPublico, the institutional repository of the University of
Duisburg-Essen. This version may eventually differ from another version distributed by a
commercial publisher.

DOI:
URN:

10.3390/ph12040142
urn:nbn:de:hbz:464-20191031-110823-2

This work may be used under a Creative Commons Attribution 4.0
License (CC BY 4.0) .

https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.3390/ph12040142
https://nbn-resolving.org/urn:nbn:de:hbz:464-20191031-110823-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction 
	Material and Methods 
	Mice and Virus 
	Plaque-Forming Assay 
	Histology 
	Neutralizing Antibody Assay 
	ELISA 
	RT-PCR Analyses 
	Flow Cytometry 

	Statistical Analysis 
	Results 
	TAM Inhibits Replication of vesicular stomatitis virus (VSV) In Vitro 
	TAM Pretreatment Protects from VSV Infection 
	TAM Pretreatment Reduces Antiviral Immune Response 
	Inhibitory Effect of TAM on Early VSV Replication Requires Interferon 

	Discussion 
	Declarations 
	References
	Infobox DuEPublico



