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Breast tumors are heterogeneous with a complex etiology. The immune system plays a crucial role in the
development of tumors and can facilitate tumor growth pleiotropically. Myeloid derived suppressor cells (MDSCs)
generate reactive oxygen species (ROS) and cytokines to suppress T cells, dendritic cells and natural killer (NK) cells.
Hence, the inhibition of MDSCs could be an important strategy for anticancer therapeutics. Phenethyl isothiocyanate
(PEITC), a bioactive compound present in cruciferous vegetables, is known to have anticancer properties. However, the
effects of PEITC administration on the immune system have not been previously reported. In the current study,
we evaluated the effects of administering PEITC to immunocompromised NOD-SCID IL2Rg¡/¡ (SCID/NSG) host mice
bearing MDA-MB-231 xenografts on MDSCs in the peripheral blood. Our results reveal that oral administration of
12 mmol PEITC attenuated tumor growth by 76%. This was marked tumor-inhibitory phenotype was associated with a
significant reduction in the levels of MDSCs bearing the surface markers CD33, CD34 and CD11b in PEITC treated mice,
indicating that overall tumor growth suppression by PEITC correlates with inhibition of MDSCs. To the best of our
knowledge, this is the first study showing effects of PEITC on MDSCs.

Introduction

Breast tumors are complex tissues consisting of a variety of
factors that promote tumor growth. Secretion of cytokines, che-
mokines and growth factors by surrounding tumor cells, pro-
motes tumor progression by multiple mechanisms. Some of these
factors are known to suppress the immune response, thereby
affecting tumor growth. One major mechanism by which pro-
inflammatory or tumor secreted factors suppress antitumor
immunity is the accumulation of myeloid derived suppressor cells
(MDSCs).1 This association between inflammation and immune
suppression is one of the major protumorigenic mechanisms of
promoting breast tumor.2

MDSCs are a diverse population of immature myeloid cells
derived from the bone marrow. MDSCs are known to suppress
immune function by inhibiting T-cell activity.3-6 In addition, a
few studies also indicate MDSCs suppress the immunologic
functions of natural killer (NK) and dendritic cells, while concur-
rently stimulating regulatory T cells and tumor-associated macro-
phages.7 MDSCs consist of cells at different stages in their

maturation, such as, monocytes, granulocytes, macrophages, den-
dritic cells and neutrophils.8 MDSCs can be classified as mono-
cytic or polymorphic based on distinguishing surface markers for
each class of MDSC.9 Monocytic MDSCs are known to be key
mediators of immune suppression in tumors.9 MDSCs migrate
to the tumor stroma and differentiate into tumor-associated mac-
rophages, while the polymorphonuclear (PMN) cells arise from
peripheral differentiation of MDSCs.3-6,9 The process of MDSC
regulation and expansion has been well characterized.1,10 Cancer
progression and metastasis is known to be associated with an
increase in MDSCs.7,11,12 MDSCs presence and quantitation is
also used clinically as a predictor of patient prognosis.7,13

Epidemiological evidence suggests a strong association
between consumption of cruciferous vegetables, such as water
cress and broccoli, and reduced risk of breast cancer.14,15 Phe-
nethyl isothiocyanate (PEITC) is formed by enzymatic hydrolysis
of glucosinolates present in cruciferous vegetables. A plethora of
pre-clinical studies suggest a strong anticancer activity of
PEITC.15-24 Phase I and II clinical trials are also in progress to
test PEITC against lung cancer and leukemia.25 Hence we
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evaluated the effects of PEITC on tumor-modulatory immune
cells circulating in the blood.

The effect of PEITC on human MDSCs was evaluated in
immunocompromised NOD-SCID IL2Rg¡/¡ (SCID/NSG)
mice bearing breast tumor xenografts. We used CD33, CD34
and CD11b as distinguishing monocytic markers to study the
effects of PEITC on MDSCs.1,26-30 Our results show that
PEITC treatment in mice inhibited mammary xenograft tumor
growth in association with reduced CD33C, CD34C and
CD11bC monocytes. To the best of our knowledge, this is the
first report on the immunomodulatory effects of PEITC in a
breast cancer model.

Results

PEITC treatment inhibits tumor growth
In order to determine the effect of PEITC on the growth of

MDA-MB-231 tumors in vivo, 5 £ 106 cells were implanted
subcutaneously into each mouse, a day after the intraperitoneal
injection of PBMCs. Control mice received vehicle, while the
treatment group received 12 mmol (81 mg/kg; average weight
»24 g) PEITC was administered by oral gavage every day
once the tumor volume reached 80 mm3, with tumor size cal-
culated based on measurements taken using vernier calipers.
PEITC administration significantly retarded mammary tumor
growth, such that the average tumor volume in treated group
of mice at the end of experiment was 76% less as compared to
the control group (Fig 1A). At the end of experiment mice
were euthanized, tumors were dissected out and weighed. We
observed a 66% reduction in tumor weights in PEITC treated
mice as compared to control mice (Fig 1B). These results sug-
gest strong inhibitory effects of PEITC on human breast
tumor growth.

The effect of PEITC on circulating leukocytes
We observed significant inhibition of tumor growth by

PEITC treatment in mice. To elucidate the mechanisms of anti-
tumor effects, we evaluated the effects of PEITC treatment on
blood leukocytes (Fig 2A). Peripheral blood mononuclear cells
(PBMCs) were collected from the blood of treated versus control
mice and the relative percentages of various populations of
monocytes, granulocytes and lymphocytes were determined using
flow cytometry. The events were plotted on dot plot and different
populations were gated based on their light scatter profiles.31 Our
results showed that PEITC treatment modestly reduced granulo-
cyte and monocyte populations (Fig 2B & C). Surprisingly,
PEITC treatment had no effect on the lymphocyte population
(Fig 2D). These results indicated that there was no substantial
effect of PEITC treatment on overall leukocyte counts.

PEITC treatment reduces myeloid derived tumor suppressor
cells

Since PEITC treatment did not have any effect on the number
of leukocytes, we evaluated its effects on immunosuppressive
MDSCs using specific markers. MDSCs are well known for their

tumor promoting effects. We used CD33, CD34 and CD11b
markers to determine the effects of PEITC on MDSCs. Mono-
cytic MDSCs were analyzed by gating monocytes on the basis of
on light scattering profiles of the cells. Our results showed that
PEITC significantly suppressed CD33CCD34CCD11bC mono-
cytes. We observed a 38% reduction in overall intensity for
CD34 staining in PBMCs collected from PEITC treated mice
(Fig 3A). Our results also showed a 33% reduction in the
CD34C monocytes (Fig 3B & C). In addition, we observed
about 8-9% reduction in the number of CD33C and CD11bC

monocytes (Fig 3B, D & E). However, the intensity of CD33
staining remained unchanged (Fig 3A). The PEITC treated
group showed an increase in CD11b staining, but this difference
was not observed to be statistically significant (Fig 3A). Taken
together, these observations indicate that PEITC suppresses the
monocytic population of MDSCs.

Figure 1. PEITC suppresses breast tumor growth. Human peripheral
blood mononuclear cells (100£106) cells were injected i.p. in 100 mL PBS
1 d prior to s.c. transplantation of MDA-MB-231 in SCID/NSG mice. The
treatment group received 12 mmol PEITC in PBS by oral gavage daily;
control mice received vehicle alone; n D 8/group; statistical analysis was
performed by Student’s t test; asterisk indicates statistical significance
(p < 0.05). (A) Tumor growth curves. (B) Endpoint tumor weights.
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Figure 2. Effect of PEITC on different population of leukocytes. Peripheral blood leukocytes in PEITC treated versus control treated MDA-MB-231 tumor-
bearing SCID/NSG mice (n D 3) were analyzed by immunostaining and fluorescence cytometry. (A) Representative dot plots for monocyte, lymphocyte
and granulocyte populations in peripheral blood mononuclear cell samples collected from mice (B–D) Histograms showing the effects of PEITC treat-
ment by flow cytometry on granulocytes (B), monocytes (C) and lymphocytes (D). The bar chart on the left shows the mean § SEM percentage of the
indicated leukocyte population; representative histograms for the control versus treatment groups are on the right, as indicated.
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PEITC reduces CD4C T lymphocytes
MDSCs can cause the expansion of regulatory CD4C T

cell population. Hence, it was important to evaluate the effect
of PEITC on CD4C T cells. Our results revealed that PEITC
treatment caused a small reduction in CD4C lymphocytes.

The percentage of lymphocytes positive for CD4 was 34%
less in PEITC treated PBMC samples as compared to control
PBMC samples (Fig 4A & B). These observations suggested
that PEITC treatment reduced the levels of the CD4C T cell
subset.

Figure 3. Effect of PEITC on MDSCs. Peripheral blood mononuclear cells (PBMCs) were collected from the blood obtained from control and PEITC treated
MDA-MB-231 tumor-bearing SCID/NSG mice (n D 3). Modulation of CD33, CD34 and Cd11b was analyzed by immunostaining and fluorescence cytome-
try to determine the effects of PEITC on myeloid derived suppressor cells (MDSCs); statistical analysis was performed by Student’s t test. (A) Bar charts
showing mean channel intensities for CD33, CD34 or CD11b staining on monocytes. (B) Histograms for monocytes positive for CD33, CD34 or CD11b.
(C–E) Flow cytometry showing monocytes positive for CD34 (C), CD33 (D) or CD11b (E) respectively in control and PEITC treated samples.
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Discussion

The etiology of breast
cancer is highly variable and
involves numerous factors.
Recent advancements have
shown that the immune sys-
tem can foster cancer pro-
gression in multiple ways.2

MDSCs are known to be an
important cancer-promoting
component of the immune
system hijacked by the
malignant microenviron-
ment.10,32 MDSCs are
immature cells with myeloid
origin that are known to sup-
press antitumor immunity
by inhibiting the activity of
NK cells, dendritic cells, and
cytotoxic T lymphocytes.7

In addition, MDSCs cause
expansion of CD4C regula-
tory T cells, which further
promote tumor growth. Pre-
vious studies from our lab
and others have shown
strong anticancer activity of
PEITC against mammary
carcinoma.17,18,20 Our pres-
ent study demonstrates that
the antitumor effect of
PEITC is associated with the
inhibition of MDSCs in
breast cancer.

Halasi et al. previously
evaluated the antitumor
effects of PEITC on MDA-
MB-231 xenografts.33

About 2£106 MDA-MB-
231 cells were implanted
subcutaneously and 25 mg/
kg PEITC was administered
by intraperitoneal route, 4-
5 times a week for 4
weeks.33 However, no effect of PEITC on tumor growth was
observed when administered alone. However, when PEITC was
administered along with bortezomib, a proteasome inhibitor, a
75% reduction in tumor volume was observed.33We administered
12 mmol (81 mg/kg) PEITC by oral route every day to the mice
implanted with 5£ 106 MDA-MB-231 cells. We observed a 76%
suppression of tumor growth after 5 weeks of PEITC treatment.
The difference in the efficacy of PEITC could be attributed to the
relatively higher dose of PEITC used in our study.

PEITC acts as a strong antitumor agent by inhibiting survival
pathways, such as, nuclear factor kB (NFkB), signal transducer

and activator of transcription 3 (STAT3) and hypoxia inducible
factor 1a (HIF1a).16 Previous studies have shown that inhibi-
tion of these pathways suppresses MDSC activity and inhibits
cancer progression.34-36 Tsou et al. used 80 mg/kg PEITC for 4
weeks to study its effects on macrophages, T cells, NK cells and
B cells in a mouse model of leukemia.37 This study showed that
PEITC treatment induced activity of NK cells, as determined by
the count of target cells.37 In contrast, we did not see any effect
of PEITC on NK cells as evaluated by surface marker CD56
(data not shown). Differences in the mode of evaluation could
be responsible for this discrepancy. Nonetheless, the effect of

Figure 4. Effect of PEITC on T cells levels. Peripheral blood mononuclear cells (PBMCs) were collected from blood
obtained from control and PEITC treated MDA-MB-231 tumor-bearing SCID/NSG mice (n D 3). Modulation of CD4
was monitored by immunostaining and fluorescence cytometry to determine the effects of PEITC specifically on
CD4C T cells; statistical analysis was performed by Student’s t test. (A) Representative histograms showing reduced
CD4C lymphocytes (B) Bar charts showing mean percentage of lymphocytes positive for CD4 in control and PEITC
treated samples.
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PEITC on NK cells needs to be evaluated in other tumor
models.

Inhibition of MDSCs can suppress tumor growth and
metastasis, as well as increase efficacy of antitumor vaccines
in murine models.32 However, tumor suppressive effects or
accumulation rate of MDSC vary significantly with the model
used.38 Hence we decided to demonstrate antitumor effects of
PEITC on breast tumor xenografts using transplanted human
PBMCs. To mimic human conditions, we injected human
PBMCs before implantation of tumors to allow better inter-
action of PBMCs with the tumor cells. In addition, this also
allowed maturation of PBMC cells into MDSCs with a
human phenotype. Human MDSCs can be characterized by
the presence of surface markers CD11b, CD34 and
CD33.7,32 Although Tsou et al. did not determine the effects
of PEITC on MDSCS, CD11b was assessed for effects of
PEITC on macrophages. The study showed that PEITC
treatment increased CD11b level in white blood cells in con-
trol BALB/c mice, while in WEHI-3 leukemia mice, PEITC
has no effect. Our study showed reduced expression of
CD11bC monocytes in response to PEITC treatment. We
used monocytes to evaluate CD11b expression as compared
to the method evaluating total white blood cells used by
Tsou et al. In addition, we examined the effects of PEITC
treatment on MDSCs using cell surface markers CD11b,
CD33 and CD34. Our results showed that CD33C and
CD34C cells were significantly reduced by PEITC treatment.
Hence, our results suggest PEITC treatment-induced inhibi-
tion of MDSCs.

MDSCs induce regulatory CD4C T-cell activity to suppress
immune activity against breast tumor cells.7 Tsou et al. have
reported increased T-cell (CD3C) population by PEITC, while
PEITC treatment inhibited the differentiation of T-cell precur-
sor cells.37 However, in contrast, our results showed a reduced
population of CD4C T cells in PEITC treated samples. None-
theless, mode of action of PEITC on T cells, as well the specific
T-cell population affected by PEITC, remains to be further
studied in detail.

Taken together, our study reports a novel antitumor
mechanism of PEITC. Our results indicate that PEITC
inhibits the CD4C T-cell population, which is regulated by
MDSCs. These immunologic effects of PEITC were observed
in conjunction with reduced tumor growth in mice. None-
theless, previous studies from our lab and others have shown
multivariate effects of PEITC on cancer, suggesting possible
broader effects of PEITC on the immune system.16 Hence, it
is possible that PEITC works to suppress CD4C T cells as
well as tumor growth partly via mechanisms distinct from
MDSC inhibition. This is of interest because MDSCs func-
tion along with other cells of the immune system to form an
integral aspect of the complex tumor microenvironment. Our
study lays the foundation for further explorations into the
immunotherapeutic effects of PEITC on the tumor microen-
vironment and the myriad of immune components regulating
tumor growth.

Materials and Methods

Ethics Statement. Experiments in mice were conducted in
accordance with the ethical standards and approved protocol by
our Institutional Animal Care and Use Committee (IACUC).

Cell culture. Human breast carcinoma cell lines MDA-MB-
231 were purchased from ATCC (# HTB-26). ATCC uses DNA
fingerprinting (microsatellite analysis) for cell line authentication.
The cells used in this study were within twenty passages after
receipt or resuscitation.

Human PBMCs isolation from buffy coat. The healthy
human buffy coat was obtained from an anonymous donor by
the Coffee Memorial Blood Bank, Amarillo, TX. To isolate
PBMCs, the buffy coat was diluted 2 fold with sterile PBS and
25 mL of this was gently layered over 10 mL of Ficoll-Paque
reagent (# 17-1440-02, GE Lifesciences). The separation was
performed per manufacturer’s protocol. Briefly, the prepared
sample was centrifuged at 400g at 20�C for 40 min (with no
brakes applied) and the PBMC layer was collected from the inter-
face of Ficoll-Paque and plasma. The collected PBMCs were
washed with PBS and incubated at 37�C with red blood cell
(RBC) lysis buffer. The cells were then centrifuged, washed with
PBS and collected.

Injection of PBMCs in mice. Female SCID/NSG mice (4-6
weeks old) were obtained from the animal facility (Texas Tech
University Health Sciences Center, Lubbock) and maintained
under specific pathogen-free conditions. Mice were kept on anti-
oxidant-free AIN-76A special diet (# CA170481, Harlan Labora-
tories) 1 week before starting the experiment. The PBMCs were
counted and 100 £ 106 cells in 100 mL PBS were intraperitoneal
(IP) injected in each mouse.

Tumor therapy model. The day following PBMCs injection,
MDA-MB-231 breast cancer xenografts were implanted into
each mouse. MDA-MB-231 cells were harvested during expo-
nential phase of growth using trypsin and washed with PBS. The
cells were resuspended in 1:1 PBS/matrigel at a density of 50 £
106 cells per mL. A 100 mL cell suspension volume comprising
5 £ 106 cells was injected subcutaneously into the left flank of
recipient mice. Vernier calipers were used to measure tumor vol-
umes 3 times a week, as described previously.39,40 Once the
tumor volume reached 80 mm3, mice were randomly segregated
into 2 groups with 8 mice in each group. The treatment group of
mice received 12 mmol PEITC (# 253731, Sigma-Aldrich) in
PBS by oral gavage every day till day 35. The control mice
received vehicle alone. The experiment was terminated at day 35
and mice were sacrificed by CO2 overdose in accordance with
IACUC guidelines. The tumors were dissected out and weighed.

PBMC collection from mouse blood and fluorescence cyto-
metric analysis. To analyze the effects of PEITC treatment,
PBMCs were collected from the blood of experimental and con-
trol mice. The blood from each mouse was diluted 10-fold with
the RBC lysis buffer. The diluted blood was incubated as
described above. The cells were washed with PBS followed by a
second wash in FACS buffer [2% heat inactivated fetal bovine
serum and 2 mM ethylenediaminetetraacetic acid (EDTA)] in
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PBS. The cells collected from each mouse were equally divided
into 3 sets. Each set of cells was re-suspended in equal volume of
FACS buffer. Fluorophore-conjugated human specific antibodies
CD13-R-Phycoerythrin (R-PE) (# MHCD1304), CD33-fluo-
rescein isothiocyanate (FITC) (#MHCD3301), CD34-R-PE
(#CD34-581-04), CD11b-FITC (#CD11b01) and CD4-Allo-
phycocyanin (APC) (#MHCD0405) were purchased from Invi-
trogen (Life Technologies). The samples to be analyzed were first
incubated with human FcR blocking reagent at 4�C in dark for
15 min (#130-059-90, Miltenyi Biotech). The cells were then
washed and appropriate antibodies were added to each set of cells
and the samples were incubated on ice for 30 min in dark. The
samples were then washed and re-suspended in 300 mL of FACS
buffer. The cell phenotype was determined using cytofluorimet-
ric analysis on an Accuri C6 flow cytometer (BD Biosciences).
To identify monocytic and lymphocytic cell subsets, cells were
gated based on their light scatter profiles on dot plots.31 The
monocytic cell population was used to evaluate effects on
MDSCs and the lymphocytic population was used to determine
T-cell modulations. Accuri C6 flow cytometer software was used
to compare CD11b, CD33, CD34 or CD4 expressing cell popu-
lations as well as surface densities for these receptors in control
and PEITC treated groups. The parameter used to obtain posi-
tive cell populations was overall peak shifts for each staining anti-
body, while for surface receptor densities, mean channel

intensities were used for the comparison. For each staining anti-
body, mean channel intensities were used for comparison.

Statistical Analysis: Statistical analysis was performed using
Prism 6.0 (GraphPad software Inc.). Results were represented as
means § SEM with minimum value of n D 3. Data was analyzed
by Student’s t-test. Differences were considered statistically sig-
nificant at p < 0.05.
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