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Systemic inflammation promotes lung
metastasis via E-selectin upregulation
in mouse breast cancer model
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Systemic inflammation might modulate the microenvironment in the lungs and promotes metastasis. E-selectin,
an inflammation inducible endothelial cell adhesion molecule, has been reported to play an important role in homing
metastatic cancer cells. To study the effects of E-selectin expression induced by systemic inflammation on breast can-
cer metastasis, we first treated BALB/c mice with lipopolysaccharide (LPS) to induce systemic inflammation. Pulmonary
tissues were analyzed by wet/dry ratio, hematoxylin and eosin (H&E) staining, and immunohistochemistry. Then 4T1
cells were injected via tail vein. Lung surface metastasis was counted and detected by histological analysis. LPS-induced
E-selectin expression and tumor cells adhesion were assessed by western blotting and immunofluorescence. The circu-
lating levels of proinflammatory cytokines in sera were evaluated by ELISA. Our results showed that a significant increase
in breast cancer metastasis to lungs was observed in LPS-treated mice vs. the PBS-treated mice, accompanying with an
increased E-selectin expression in pulmonary tissue of LPS-treated mice. In vitro studies showed a significant elevation
of E-selectin production in MPVECs which enhanced the adhesion activity of 4T1 cells. Treatment with anti-E-selectin
antibody significantly reduced the development of metastasis in vivo, and significantly reduced the adhesion of 4T1 cells
to MPVECs in vitro. Our results suggest that systemic inflammation may increase the expression of E-selectin which medi-

ated the lung metastasis of breast cancer in mouse model.

Introduction

Breast cancer is the leading cause of cancer-related death in
women.' While advances have been made in breast cancer thera-
pies, breast cancer metastasis remains an incurable disease, thus
the prevention of metastasis must be a priority.? Breast cancer
metastasis is regulated not only by intrinsic genetic changes in
malignant cells, but also by the tumor microenvironment. Sev-
eral studies have demonstrated that systemic inflammation may
influence the adhesion of circulation tumor cells in the micro-
vasculature of distant organs.> The adhesion of tumor cells to
the vascular endothelium is a key step in the metastasis cascades,
and interactions between endothelial selectins and tumor cell-
expressed selectin ligands have been implicated in the metastatic
process.’”

The selectin family is represented by three receptors which
are classified by their site of expression into E-selectin (activated
endothelium), P-selectin (platelets and endothelial cells), and
L-selectin (lymphocytes).® E-selectin, also known as CD62E, is
an important transmembrane glycoprotein mediating the initial
cell-endothelial adhesion, which is expressed specifically on acti-
vated endothelial cells.”'® Endothelial expression of E-selectin is
induced by exposure to various inflammatory cytokines stimuli

such as VEGF, TNF- «, IL-1, and LPS. Direct attachment of
monocytes and change of hemodynamic conditions can also
induce the production of E-selectin.!** E-selectin has been found
to recognize particular oligosaccharide ligand sialylated Lewis x
(sLex) expressed on leukocytes and tumor cells. The interaction
between E-selectin and its ligands play an important role in met-
astatic tumor cell tethering and extravasation.'*'¢

A previous study has shown that the incidence of breast can-
cer associated lung metastasis is significantly higher in mice with
arthritis.” Moreover, celecoxib, an anti-inflammation drug, sig-
nificantly reduces metastasis to lungs.'*” These findings indicate
the correlation between inflammatory microenviroment and the
homing of circulating tumor cells. However, the mechanism of
systemic inflammation in the metastatic spread of breast cancer
has not been adequately studied.

In the present study, we used a murine breast cancer model of
lung metastasis to determine if systemic inflammation induced
by LPS contributes to increased breast cancer lung metastasis.
In addition, we analyzed the effect of inflammation reaction
induced by LPS to E-selectin expression both in vivo and in vitro.
The role of E-selectin in 4T1 cells lung metastasis was studied in
the mouse model. Our results show a significant increase in lung
metastasis in LPS-treated mice vs. PBS-treated mice. E-selectin is
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were found to be significantly higher in
LPS-treated mice than those in PBS-
treated mice (Fig. 1IE-H and J). The
inflammatory response in the lung is
correlated with the incidence of lung
metastasis, suggesting the critical role
of inflammatory response in promot-
ing metastasis.

E-selectin in LPS-
treated mice and metastatic foci

expression

In the study of pulmonary E-selec-
tin expression, we evaluated the pres-
ence of E-selectin in lung tissues.
Strong expression of E-selectin was
observed in lungs of LPS-treated
mice, while in the lungs of PBS-
treated mice E-selectin expression
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was scarcely detected (Fig. 2A and
B). In addition, serum samples were
assessed for E-selectin concentration
by ELISA. The results showed that
the concentration of serum E-selectin
(sE-selectin) increased in LPS-treated
mice in comparison with PBS-treated
group (Fig. 2E) (P < 0.01). Slight
E-selectin expression was detected on
metastatic foci in lungs of PBS-treated
mouse. However, in lungs of LPS-
treated mouse, a stronger expression of
E-selectin was observed accompanied

with obvious metastastic foci (Fig. 2C,

Figure 1. LPS induced pulmonary inflammation and promoted metastasis. (A and B) PBS-treated
mouse was disposed as a control. (C and D) Mouse was injected with LPS for 3 d to confirm an inflam-
mation model. (E-H) Mouse received 4T1 cell inoculation and lung metastasis number was counted
after 3 wk. (Iand J) Wet/dry weight ratio of lungs and number of metastatic foci per mice. Bar is 200 pm.

D, and F).
Anti-E-selectin treatment reduced
lung metastasis

In order to study the association

upregulated in LPS-treated mice. Blocking the E-selectin signifi-
cantly reduced lung metastasis in LPS-treated mice. This study
demonstrates systemic inflammation promotes 4T1 cell lung
metastasis, and this effect is mediated by E-selectin upregulation.

Results

LPS induced pulmonary inflammation and promoted
metastasis

To demonstrate the inflammatory response in the lungs of
LPS-treated mice, we examined the lung morphology in various
mice. There was a significant increase in edema and lung wet/
dry ratio in LPS-treated mice compared with PBS-treated mice
(Fig. 1A, C, and I). From H&E staining, all lungs in LPS-treated
mice were packed with inflammatory cellular infiltrates char-
acterized by prominent neutrophilic and granulocytic cells. In
comparison, PBS-treated lungs rarely showed inflammation reac-
tion (Fig. 1B and D). The number and size of the lung metastasis
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between E-selectin  expression and
metastasis, an anti-E-selectin antibody
(AntiE) was used to block the E-selectin. As shown in Figure 3A
and B, no difference of inflammatory response was observed
between the two groups. E-selectin expression in the two groups
exhibited appreciable difference under the anti-E-selectin treat-
ment (Fig. 3C, D, and I), and the number of metastasis showed
a significant decrease when treated with anti-E-selectin antibody
(Fig. 3E-H and ]).
LPS directly induced E-selectin expression in MPVECs
Soluble E-selectin derived from culture MPVECs was ana-
lyzed by ELISA. In the supernatant of PBS-treated MPVECs,
no E-selectin expression was detected. On the contrary, both the
lower dose (10 wg/mL) and the higher dose of LPS (100 pg/mL)
caused a rapid induction of E-selectin (Fig. 4A). In the lower dose
group, E-selectin level began to rise within 2 h and peaked at 4 h.
In comparison, the higher dose group exhibited a rapid increase
in E-selectin expression within 2 h and reached maximal level at
8 h after LPS stimulation. Consistent with the strong stimula-
tion activity detected in the conditioned media from LPS-treated
MPVECs, E-selectin expression level also significantly increased
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in LPS-treated MPVECs, as evaluated by immunofluo- | A
rescence and western blot.

4T1 cells homing to pulmonary microenvironment
depended on E-selectin

BCECF-AM-labeled 4T1 cells were incubated and
intravenously injected via tail vein. Tumor cells homing
to lungs after LPS stimulation were significantly reduced
by treatment with anti-E-selectin antibody (Fig. 5A and
C). Next, we evaluated the role of E-selectin induction by
LPS in 4T 1cells—endothelial cell adhesion in an in vitro
cancer cell adhesion assay. BCECF-AM-labeled 4T1 cells
were incubated with monolayer cultured MPVECs for C
30 min and then washed. LPS stimulation increased the
number of BCECF-AM-labeled cancer cells attaching
to lung endothelial cells. Addition of neutralizing anti-
mouse E-selectin antibodies abolished the tumor cell
adhesion to the endothelial cells. (Fig. 5B and D)

LPS treatment had no effect on 4T1 proliferation

4T1 cells cultured in 96-well-plate were treated with
different concentration of LPS, and no significantly
increased proliferation was observed in LPS-treated

groups compared with control group (Fig. 6).

Discussion

Our results showed a significant increase in breast
cancer lung metastasis was observed in the LPS-treated
vs. PBS-treated mice. Compared with the control mice,
the lungs of the LPS-treated mice expressed moderate lev-
els of inflammatory response before breast cancer cells
challenge. These findings suggest that an inflammatory
milieu may be responsible for homing of the breast cancer
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metastatic cells to the lungs.

Several studies suggest that inflammation play a

regulatory role in cancer progression and metastasis.?**

Systemic inflammation facilitates cancer metastasis by

Figure 2. E-selectin expression in LPS-treated mice and metastatic foci. (A, B,
and E) E-selectin expression in lungs of PBS- and LPS-treated mouse. (C, D, and F)
E-selectin expression in lungs of tumor inoculated mouse.

promoting neovascularization and providing growth fac-
tors to the metastatic cells growth.?% Host inflamma-
tory cells can participate in regulating tumor cells dissemination
through the release of proinflammatory cytokines and chemo-
kines, proangiogenic factors, and extracellular matrix-degrading
proteinases.”**® Consistent with these reports, our results showed
that the inflammatory response in the lung is correlated with the
incidence metastasis, suggesting the critical role of inflammatory
response in promoting metastasis.

In our study, strong expression of E-selectin was observed
in lungs of LPS-treated mice, while in the lungs of PBS-treated
mice, E-selectin expression was scarcely detected. Treatment
with anti-E-selectin antibody significantly reduced the develop-
ment of metastasis. E-selectin is normally expressed at low levels
on the sinusoidal endothelium, but can be upregulated by fac-
tors such as proinflammatory cytokines and bacterial products
such as LPS.?3" E-selectin has been shown to contribute to the
metastatic spread of multiple cancers, including lung and colon
carcinoma and melanoma.?% Functional inhibition of E-selectin

www.landesbioscience.com

has been shown to prevent the development of metastases in
vivo. In human malignant disease, soluble E-selectin is signifi-
cantly higher in the gastrointestinal, ovarian, and breast can-
cers.>*® Further clinical research reported that sE-selectin were
significantly elevated in patients with stage 4 breast carcinoma
compared with controls.*> Furthermore, the serum level of sE-
selectin was significantly higher in women with estrogen recep-
tor-negative tumors.”® These clinical researches indicate that
E-selectin is associated with the progress of human breast cancer.

In further examination of the mechanism, we found that tumor
cells homing to lungs was significantly reduced by treatment with
anti-E-selectin antibody in mice, suggesting that E-selectin could
mediate tumor endothelial cell adhesion. These results were in
agreement with results of our in vitro adhesion assays that anti-
E-selectin antibodies markedly reduced numbers of 4T1 cells
adhesion. E-selectin was upregulated in the metastatic microen-
vironment several hours after the microvascular arrest of tumor
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Figure 3. Anti-E-selectin treatment reduced lung metastasis. (A and B) Mice were treated with
LPS alone or with LPS and anti-E-selectin antigen together (LPS-Anti-E), there lung structures were
showed by H&E staining. (C, D, and I) E-selectin expression was detected and contrasted in LPS
and LPS-Anti-E group. (E-H) H&E staining showed the metastasis foci in lungs of LPS and LPS-
Anti-E group. (J) The metastasis number was also analyzed.

antisense oligonucleotides or by function-
blocking anti-E-selectin antibody attenu-
ated experimental liver metastasis of tumor
cells injected in the spleen of a mouse.*
Tumor cell extravasation is considered to
be an important step during lung colo-
nization. In the absence of E-selectin, we
observed no reduction of metastasis, indi-
cating that E-selectin expression is unlikely
to facilitate tumor cell extravasation dur-
ing lung colonization. Our results indicate
that E-selectin expression directly facilitate
tumor cell homing in lungs and thereby
metastasis.

We have also shown that LPS does not
directly promote 4T1 cells proliferation.
The specific mechanism of LPS induced
E-selectin is still under exploration. It has
been demonstrated that LPS is recognized
by TLR4 together with myeloid differen-
tiation factor 2 on the cell surface.® The
complex then activates downstream sig-
naling involving NFkB pathway. NF«kB
inhibitors can inhibit the expressions of
E-selectin on LPS activated endothelial
cells.® However, the exact mechanism is
still under hypothesis and needs further
research.

Our results provide direct evidence
that systemic inflammation can upregu-
late E-selectin in lung microenvironment,
promote breast cancer cells adhesion and
ultimately increase lung metastasis.

Materials and Methods

Tumor cell culture

Murine breast cancer 4T1 cells were
purchased from the China Cell Cul-
ture Center. Tumor cells were cultured
in DMEM supplemented with 10% FBS
(GIBCO) and antibiotics (100 U/mL peni-
cillin and 100 pg/mL streptomycin). Cells
were routinely cultured in humidified air
with 5% CO, at 37 °C.

Animals

Female BALB/c mice (6—8 wk old)
were purchased from Laboratory Animal

cells.®” The detected E-selectin expression was concomitant to the ~ Center of Shandong University and maintained under laminar-

upregulation of VCAM-1, indicating an inflammatory activation  airflow condition. Laboratory chow and water were freely avail-

of the metastatic microenvironment.“*#' This notion was further able. All experiments were approved by the Shandong University

supported by the observed recruitment of inflammatory cells to  Experimental Animal Committee.

metastatic tumor cells.* A similar inflammatory activation was Lung metastasis colonization assay

also observed in the sinusoidal endothelial to the upregulation of In this experiment, mice were separated into two groups, each
E-selectin.®® Furthermore, inhibition of E-selectin expression by ~ with 12 mice. One group was pretreated with LPS (5 mg/kg)
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for 3 d before tumor cell inocula-
tion, and another group was treated
with isometric phosphate-buffered
saline (PBS). Then a total of 1 x 10°
of 4T1 cells (>90% viability) were
suspended in 0.1 mL of serum-free
DMEM and injected into coupled
abdominal mammary glands of each
BALB/c mice. Isometric PBS was
injected in the same way as a control.
After 3 wk, mice were sacrificed and

metastasis tumor nodules in lungs

were counted under a dissecting control LPS-10pg LPS-100pg
microscope.

H&E staining and immunohis- Bs 35 C
tochemistry of lung tissues = 30

Lungs from different groups of - G = E-selectin . s omm - ’
mice were dissected, fixed in 4% g g 35 — -
paraformaldehyde for 48 h, embed- & % e B-aCtin e — —
ded in paraffin, cut into slices with & > —o—LPS-10
a thickness of 3—4 pwm and stained v - = —5—1PS-100 \S& QQO’ Qo)
with H&E. For immunohistochem- w o @Q 7 ,90
istry, tissue sections were blocked ' | : ' 3 “

: . ' oh 2h 4h  8h 24h N

with 3% bovine serum albumin for
1 h and then incubated with poly- D 3 E i
clonal antibodies against mouse c U - o |
E-selectin (Abcam) at a dilution of g - ‘8 ol
1:100 overnight at 4 °C. After being ] 5 = T B
washed with PBS, the sections were W 5 i -g 30:1
incubated with secondary antibody S o 15 S 5
and streptavindin—peroxindase com- S g . S 5 6 1
plex each for 1 h and visualized with 8 E A =)
3,3-diaminobenzidine (DAB). The 95)_ Eos g 32 2 |
slices were observed under a light ) | a5 il
microscope. > ) O AN

Isolation and culture of mouse 0(‘\4'\ (’),'\9\} ,\’00\} 0{\\,}0 'SQO’ QOQO)
pulmonary vascular endothelial - S Q(’)' C QO;' 7
cells (MPVECs) b N 3

The method of MPVEC:s isola-
tion has been described previously.”’
Briefly, a three-week old BALB/c
mouse was anesthetized by i.p.
administration of 0.5% pentobarbi-
tal (10 mg/kg) and accepted a lapa-
rotomy to expose the lungs. The blood remaining in the pulmo-
nary vascular was washed out by sufficient perfusion with Hank’s
solution. Lungs were isolated and the lateral 1/3 part of each lob
was cut into small pieces at size of 1 mm?, which were carefully
transferred to a cell flask coated by 0.1% gelatin and cultured in
DMEM supplemented with 20% FBS. The tissue pieces were
removed after 72 h and cells were expanded with 0.25% trypsin
for further incubation in 6- or 24-well plates. The primary cul-
tured MPVEs were characterized by expression of CD31. These
assays ensured that over 90% of cells in the primary cultures were
endothelial cells.

www.landesbioscience.com

Figure 4. LPS induced E-selectin expression in MPVECs. (A and D) E-selectin expression in LPS-treated
MPVECs detected by immunofluorescence. (B) Soluble E-selectin produced by MPVECs at different time
point. (C and E) E-selectin expression in LPS-treated MPVECs detected by western blot.

Immunofluorescence of lung tissue and MPVECs

MPVECs were cultured in a 24-well plate with various con-
centrations of LPS for 6 h and then fixed by 4% paraformalde-
hyde. After being washed with PBS, cells were incubated with
3% bovine serum albumin at room temperature for 30 min,
followed by incubation of E-selectin antibodies at a dilution of
1:100 overnight at 4 °C. For the immunofluorescence of lung
tissue, the procedures on the first day had been described above.
Similarly, a FITC-conjugated fluorescent secondary antibody
was added next day, and cells (or tissue sections) were detected
under an inverted fluorescent microscope.
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Figure 5. 4T1 cells homing to pulmonary microenvironment depends
on E-selectin. (A) Tumor cells-MPVECs adhesion assays under three
conditions: PBS, LPS (10 wg/mL), and LPS with anti-E-selectin anti-
body. (B) Tumor cell homing to lungs after LPS stimulation was signifi-
cantly reduced by treatment with anti-E-selectin antibody in mice. Bar
is 100 wm, and the pictures below were under 10 times magnification.
(C) The number of adhering tumor cells was counted. (D) The number of
tumor cells homing in lungs was counted.

Tumor cell-MPVECs adhesion assay

MPVECs were cultured in 24-well plates with various con-
centrations of LPS for 6 h. For blocking of 4T1 cell adhesion to
MPVEGC:s, the antibody to E-selectin was used. 4T'1 cells were
suspended at a concentration of 1 x 10° cells/mL in DMEM and
labeled using 2°,7’-bis-5-carboxyfluorescetin-acetoxymethyl ester
(BCECF-AM) at 37 °C for 15 min before being added to 24-well
plates. The plate was incubated at 37 °C for 30 min, and then
washed 3 times with PBS to remove unattached cells. The num-
ber of adhered BCECF-AM-labeled 4T1 cells was counted using
an inverted fluorescent microscope.

Detection of E-selectin by ELISA

MPVECs were cultured in 6-well plates at 10° cells/well
concentration for 1 d, then treated with different doses of LPS.
Supernatants were collected for cytokine ELISA. Previous studies
have shown that maximum expression of E-selectin was at 6 h, so
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Figure 6. 4T1 proliferation rate under different LPS-treated conditions.

we detected the expression of E-selectin at these time points. The
procedures were operated following the instructions from the
manufacturer.

Western blot analysis

Cell samples were collected in lysis buffer at ice for 30 min
and cell lysates were cleared by centrifugation at 1.5 x 10* g for
5 min at 4 °C. Total proteins (40 pg) from cell lysates were sepa-
rated on 10% sodium dodecyl sulfate-PAGE (SDS-PAGE) and
transferred onto PVDF membranes (Millipore) using a Mini-
Genie blotting system (Bio-Rad). The membrane was blocked
with TBST containing 5% BSA for 1 h and then incubated
with a polyclonal antibody against murine E-selectin (1:1000)
at 4 °C overnight. Then membranes were washed with TBST
3 times and incubated with goat-anti-rabbit secondary antibod-
ies (1:5000) for 1 h at room temperature. The protein bands on
the membranes were visualized with an enhanced chemilumines-
cence system (ECL).

Statistical analysis

Differences between the results of two treatments were evalu-
ated using the Student 7 test. Statistical significance was defined
as P <0.05.
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