














ER� cancer cell invasion anddisseminationwas independent of
E2 and neutrophils

To evaluate whether E2-induced breast cancer progression
and metastasis via LFA-1 plays a role in ER� breast cancer, ER�

MDA-MB-231 was investigated. Growth of MDA-MB-231
tumors in nude mice was independent on E2 exposure. Tumor
volume 3 weeks after cancer cell injection in mice was 18 5 �
45 mm3 versus 173 � 55 mm3, P ¼ 0.87, � E2, respectively. No

differences in neutrophil count in the invasive margin in
tumors grown were detected � E2; 552 � 101 versus 654 �
64, respectively, P ¼ 0.4.

Exposure to E2 did not affect the invasive capability of these
cells in the presence or absence of neutrophils, and no significant
difference in the invasion of neutrophils into MDA-MB-231
mammospheres was detected (Fig. 6A and B). Estradiol did
not affect TGFb1 secretion or infiltration of neutrophils in the

Figure 3.

E2 induced LFA-1 expression in human neutrophils via TGFb1. A and B, Freshly isolated human neutrophils were cultured with E2, fulvestrant (Fulv), human
recombinant TGFb1 (200 pg/mL), anti–human TGFb1, or isotype control at 5 mg/mL for 45 minutes. Cells were fixed and stained with anti–human LFA-1 (green), and
number of LFA-1 positive cells were counted (n ¼ 8–9 in each group); �� , P < 0.01, compared with control; þ, P < 0.05; þþ, P < 0.01 compared with E2. Scale bar,
50 mm. C, TGFb1 quantification with ELISA in culture medium of neutrophils cultured with or without E2 for 12 hours (n ¼ 5 in each group); � , P < 0.05 compared
with control. D, For inhibition experiments, neutrophil-infiltrated MCF-7 mammospheres were treated for 5 days with anti–human LFA-1 at 5 mg/mL, and
number of infiltrated neutrophils were counted. MCF-7 mammosphere images were deconvolved with Huygens software for better visualization (n ¼ 7 in
each group); ��� , P < 0.001 compared with control; þ, P < 0.05 compared with E2. Scale bar, 200 mm. Data are representative of at least two seperate
experiments.
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Figure 4.

Anti–LFA-1 and anti-TGFb1 antibodies inhibited E2-induced neutrophil/MCF-7 cancer cell dissemination. A, Transgenic zebrafish embryos (green blood vessels)
were injected with MCF-7 (red) � E2 � neutrophils (blue) as described in Materials and Methods. Before injection, MCF-7 cells were cultured either with or
without 10�9mol/L E2. Disseminated cells were counted (n¼ 18–22 in each group); � , P <0.05 and �� , P <0.01. Arrowheads show comigratedMCF-7/neutrophils cells
(violet color). Scale bar, 100 mm. B, Zebrafish embryos were injected with MCF-7 (red) and neutrophils (blue) in the presence of E2. Anti–human LFA-1 or isotype
control were added and disseminated cells were counted (n ¼ 24–44 in each group); � , P < 0.05 compared with MCF-7; þ, P < 0.05 compared with MCF-7 þ
neutrophils þ isotype control. Arrowheads show comigrated MCF-7/neutrophils cells (violet color). Scale bar, 100 mm. C, Zebrafish embryos were injected
with MCF-7 (red) and neutrophils (blue) þ E2. Anti–human TGFb1 or isotype control antibodies were added, and the amount of disseminated cells was counted
(n ¼ 20–44 in each group); �� , P < 0.01 compared with MCF-7; þ,P < 0.05 compared with MCF-7 þ neutrophils þ isotype control. Arrowheads show comigrated
MCF-7/neutrophils cells (violet color). Scale bar, 100 mm. D, Zebrafish embryos were injected with ZR-75-1 and neutrophils þ E2. Anti–human LFA-1, TGFb1, or
isotype control were added, and the amount of disseminated cells was counted (n ¼ 20–30 in each group); � , P < 0.05 compared with ZR-75-1; þþ, P < 0.01
compared with ZR-75-1 þ neutrophils þ isotype control. Data are representative of at least two seperate experiments.
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presence or absence of anti–human LFA-1 (Fig. 6C and D). In
addition, the dissemination of MDA-MB-231 cells was not affect-
ed by the presence of neutrophils or E2 (Fig. 6E). Higher con-
centrations of neutrophils resulted in structural damage to the
mammospheres (Supplementary Fig. S2B).

LFA-1 ligand expression differs among ERþ and ER� breast
cancers

Immunostaining of paraffin-embedded mammospheres
showed differential expression of LFA-1 ligands. For instance, we
observed high expression of ICAM-3 and no or very low expres-
sion of ICAM-1 and ICAM-2 in the nonmetastatic ERþ MCF-7
mammospheres (Supplementary Fig. S3A), indicating that neu-
trophil infiltration could be carried out in this model through cell
interactions via LFA-1 and ICAM-3 binding. On the other hand,
the metastatic ER� MDA-MB-231 mammospheres showed high
expression of ICAM-1 and ICAM-3 and weak expression of
ICAM-2 (Supplementary Fig. S3A). In addition, ER� MDA-MB-231
mammospheres produced higher quantities of soluble ICAM-1 than
ERþ MCF-7 mammospheres (Supplementary Fig. S3B).

Extracellular TGFb1 was increased in human breast cancers
Given the key role of TGFb1 in mediating E2-induced breast

cancer progression and dissemination in vitro and in vivo, it is
important to knowwhether extracellular concentrations of TGFb1
are affected in breast cancer patients. Therefore, we performed
microdialysis for in vivo detection of TGFb1 in women with ERþ

breast cancer. We found that TGFb1 in breast cancers was signif-

icantly higher compared with adjacent normal breast tissue,
suggesting TGFb1 as a possible target for human breast cancer
treatments (Fig. 7).

Discussion
In this article, we showed that estrogen exposure increased the

secretion of TGFb1, leading to increased accumulation of neutro-
phils in the invasive margin of ERþ breast cancers. In addition to
increased neutrophil numbers, exposure to E2 increased the expres-
sion of LFA-1 in neutrophils. Neutrophils increased the ability of
nonmetastatic ERþ breast cancer cells to disseminate, and E2
exposure further enhanced this process via increased expression of
TGFb1 and LFA-1. Our observation of higher extracellular levels of
TGFb1 in human breast cancers compared with normal adjacent
breast tissue suggests that TGFb-1maybe exploited therapeutically.

Exposure to E2 plays a key role in breast cancer growth and
metastasis (34). During the first 5 first years after diagnosis, ERþ

breast cancer patients have a better prognosis than ER� breast
cancer patients. However, the prognoses of these two groups
converge over time; five to ten years after diagnosis, there is no
difference in recurrence rates, and beyond 10 years, the risk of
recurrence and death is higher in the ERþ group (35, 36). About
half of ERþ breast cancers respond to hormone therapy; however,
25% of patients who receive hormone therapy will relapse (5).
Because more than two thirds of breast cancers express the ER,
investigating mechanisms of ERþ breast cancer dissemination is
key for designing novel therapeutics for these cancers.

Figure 5.

Human neutrophils comigrated with
breast cancer cells to promote
dissemination and extravasation. A,
ZR-75-1 cells (red), cultured with E2,
were coinjected 1:2 with human
neutrophils (blue) into zebrafish
embryos. Arrows show the
comigrated cells in blood circulation
and in different stages of extravasation
in the zebrafish tail. CC, cancer cells.
Scale bar, 100 mm.B,MCF-7 cells (red),
cultured with E2, were coinjected 1:2
with human neutrophils (blue) into
zebrafish embryos. Arrows show the
comigrated neutrophils with MCF-7 at
the injection site (violet color). Scale
bar, 50 mm. Data are representative of
at least two seperate experiments.
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Figure 6.

Triple-negative MDA-MB-231 breast cancer cell invasion and metastasis were independent of human neutrophils. A, MDA-MB-231 mammospheres were applied
to 3D culture for invasion assay � neutrophils � E2. Images were taken at days 0 and 5, and invaded area was calculated (n ¼ 4 in each group). Scale bar,
200 mm. B, Freshly isolated human neutrophils at 1� 104 were added to MDA-MB-231 mammospheres and treated for 5 days� E2, and infiltrated neutrophils were
counted (n ¼ 6). Scale bar, 200 mm. C, TGFb1 quantification with ELISA in culture medium from MDAMB231 mammospheres � E2 for 5 days (n ¼ 6 in each
group). D, MDA-MB-231 mammospheres infiltrated with human neutrophils at 1 � 104 and treated for 5 days � E2 and � anti–human LFA-1 at 5 mg/mL, infiltrated
neutrophils were counted (n ¼ 6 in each group). E, Zebrafish embryos were injected with MDA-MB-231 (red) and neutrophils (blue) � E2, and the amount of
disseminated cells was counted (n ¼ 18–21). Scale bar, 100 mm. Data are representative of at least two seperate experiments.
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Although the mechanisms of estrogen-mediated primary
cancer growth are well studied, mechanisms behind estro-
gen-dependent breast cancer dissemination need to be eluci-
dated. One major obstacle for this research is that murine
mouse models of breast cancer that spontaneously metastasize
lose ER expression during the dissemination process; the metas-
tases are then ER�. There has been a general belief that this is
also a natural cause of breast cancer progression in humans.
Evidence shows that this is not the case; the majority of ERþ

primary breast cancers maintain ER expression in metastases,
and nearly a third gain ER expression in metastatic lesions (37).
This underscores the importance of understanding estrogen-
dependent mechanisms of breast cancer progression as a pre-
requisite for finding novel therapeutic targets.

The zebrafish metastasis model allows for such investigation
(10, 31). By using this model, we showed here that neutrophils
increased ERþ breast cancer cell dissemination, which is in agree-
ment with recent published data (7). We also showed that non-
metastatic ERþ breast cancer cells became highly metastatic in the
presence of neutrophils and that estrogen treatment may further
enhance this dissemination capability. Aside from the effects of
cell–cell interactions between neutrophils and breast cancer cells,
neutrophils may also pave the way for distant metastases by
infiltrating and creating premetastatic niches before cancer cells
arrive (7). Neutrophils did not increase the dissemination ability
of ER� metastatic breast cancer cells in the presence or absence of
E2, suggesting that thismechanismmay primarily be important in
low-grade cancers, such as ERþ breast cancers.

Neutrophils possess dual roles in cancer progressiondepending
on their phenotype or number in the tumor microenvironment
(38, 39). Massive infiltration of neutrophils may elicit a direct
cytotoxic effect by releasing hydrogen peroxide, leading to tumor
regression, whereas a low-grade neutrophil gradient is tumor
progressive (38, 39). This is in line with our present data showing
that addition of a high number of neutrophils caused a disinte-
gration of mammospheres in vitro.

According to previous reports, high expression of ICAM mole-
cules in cancer tissues is related to poor prognosis and increased

cancer malignancy (40, 41). These data support our results for
highly metastatic and invasive ER� MDA-MB-231 mammo-
spheres, which exhibited high expression of ICAM-1 and -3, weak
expression of ICAM-2, and secretion of ICAM-1 molecules. The
nonmetastatic ERþ MCF-7 mammospheres showed high expres-
sion of ICAM-3 only. ICAM-1 molecules interact with the actin-
containing cytoskeleton anda-actinin, inducing cytoskeletal rear-
rangement (42, 43). This activity could explain the neutrophil-
independent invasion and dissemination ofMDA-MB-231 cancer
cells because their high expression of ICAM molecules promotes
their increased motility and invasion.

TGFb1 exerts a potent chemotactic effect in neutrophils
(44, 45). Many cell types, including immune cells, produce
TGFb1, which is secreted in a latent form bound to various
proteins (45). Events in the microenvironment, such as protease
activities, release active TGFb1 into the extracellular fluid where it
becomes available for cell–cell interactions (19). A correlation
between TGFb1 and increased metastasis has previously been
shown only by immunostaining human breast cancers. However,
previous studies did not determinewhether TGFb1 in its bioactive
form is elevated in human breast cancer. Here, we provide
evidence that, indeed, extracellular concentrations of TGFb1 are
increased in human breast cancers, suggesting that TGFb1 is a
viable target for treatment.

In addition to its chemotactic effects, TGFb1 may decrease
neutrophil cytotoxicity and mediate a polarization from antitu-
mor N1 neutrophils to protumor N2 neutrophils (11). In our
study, LFA-1 integrin, which is associated with N2 polarization
and prolonged survival of neutrophils (46), increased upon E2
exposure via elevated TGFb1. This LFA-1 overexpression in neu-
trophils also increased cell–cell interactions, which led to
increased ERþ breast cancer cell dissemination. We confirmed
the roles of LFA-1 and TGFb1 in mediating E2 effects by showing
that inhibition of these proteins by antibodies successfully
blocked cancer cell dissemination in the presence of E2.

Wehavepreviously shown that E2 does not affect the number of
neutrophils in central tumor tissues and that the numbers of
neutrophils in the centers of tumors are very low (10).Our present
data suggest that neutrophils are preferentially localized in the
invasive margin and that E2 significantly affects the number of
these neutrophils both in immune-competent and immune-defi-
cient mousemodels of breast cancer. Also, the presence of LFA-1–
expressing neutrophils in the invasive edges of tumors signifi-
cantly increased with E2 treatment. This suggests that combined
therapies that target cell–cell interactions in tumormicroenviron-
ments could be feasible in ERþ breast cancer.

Our data were in part generated using mammosphere cultures,
and we described here a protocol for paraffin embedding of these
spheres. 3D models such as tumor spheres or microtissue more
closely mimic the tumor microenvironment than do monolayers
of cancer cells. Previous groups have attempted diverse paraffin-
embedding techniques with several disadvantages, including
difficulties in obtaining accurate sections of spheres due to aga-
rose/clot embedding (47–49). When agarose/clot embedding of
mammospheres is performed, mammospheres do not stay in a
single plane but sink to different deep layers. In order to analyze
all mammospheres, multiple slices must be collected. Our pro-
tocol provides a new and improved method for paraffin embed-
ding. With the method described herein, it is possible to analyze
all paraffin-embeddedmammospheres simultaneously in a single
slice, reducing slide number and staining procedures.

Figure 7.

Extracellular in vivo TGFb1 levels in human breast cancers. Twelve
postmenopausal breast cancer patients underwent microdialysis before
surgery. One catheter was inserted into the breast cancer and another into
adjacent normal breast tissue, and extracellular TGFb1 in the microdialysates
was analyzed. �� , P < 0.01.
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In summary, neutrophils may respond tomicroenvironmental
cues and acquire a protumorigenic phenotype. Our data provide
insight into these mechanisms in breast cancer, showing that E2
promotes breast cancer metastasis by enhancing cell–cell inter-
actions between neutrophils and ERþ breast cancer cells. E2
increased the expression of LFA-1 via TGFb1, leading to cancer
cellmigration from the tumor primary site to distant sites, creating
new metastatic niches. These interactions caused nonmetastatic
cells to become highly metastatic. Our data are clinically relevant
because we detected increased TGFb1 in breast cancers of women.
Our work contributes to the understanding of the immune-
modulatory effects of E2 in ERþ breast cancer that drive breast
cancer metastasis and provides insights into potential therapeutic
targets for disseminated hormone-dependent breast cancer.
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