Cell Reports

Blocking Surgically Induced Lysyl Oxidase Activity
Reduces the Risk of Lung Metastases

Graphical Abstract

Peripheral Blood

//./'.— L°X*.\7\

I Hypoxia+LOX

oy

Surgical site

Lysyl Oxidase
0 LOX

Cancer cell

Fibrillar collagen

Highlights

e Surgeryinduces hypoxia and LOX expression at the wounded

area

e Elevated LOX levels in plasma following surgery promote
ECM remodeling in the lungs

e Tumor cell seeding is mediated by increased LOX activity in

response to surgery

e Blocking LOX activity in peripheral blood hinders tumor cell

seeding in the lungs

P Rachman-Tzemah et al., 2017, Cell Reports 19, 774-784
(W) crossvac April 25, 2017 © 2017 The Author(s).
http://dx.doi.org/10.1016/j.celrep.2017.04.005

Authors

Chen Rachman-Tzemah,
Shelly Zaffryar-Eilot, Moran Grossman, ...,
Irit Sagi, Peleg Hasson, Yuval Shaked

Correspondence

phasson@technion.ac.il (P.H.),
yshaked@technion.ac.il (Y.S.)

In Brief

Rachman-Tzemabh et al. find that surgery
promotes extracellular matrix (ECM)
remodeling in the lungs due to increased
lysyl oxidase activity. In turn, ECM
remodeling contributes to tumor cell
seeding and enhances metastasis. This
study highlights effects that can occur in
response to surgery and a potential
impact on metastasis.
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SUMMARY

Surgery remains the most successful curative treat-
ment for cancer. However, some patients with
early-stage disease who undergo surgery eventually
succumb to distant metastasis. Here, we show that in
response to surgery, the lungs become more vulner-
able to metastasis due to extracellular matrix remod-
eling. Mice that undergo surgery or that are precondi-
tioned with plasma from donor mice that underwent
surgery succumb to lung metastases earlier than
controls. Increased lysyl oxidase (LOX) activity and
expression, fibrillary collagen crosslinking, and focal
adhesion signaling contribute to this effect, with the
hypoxic surgical site serving as the source of LOX.
Furthermore, the lungs of recipient mice injected
with plasma from post-surgical colorectal cancer pa-
tients are more prone to metastatic seeding than
mice injected with baseline plasma. Downregulation
of LOX activity or levels reduces lung metastasis af-
ter surgery and increases survival, highlighting the
potential of LOX inhibition in reducing the risk of
metastasis following surgery.

INTRODUCTION

Surgical resection of tumors is a common therapeutic pro-
cedure, especially for early-stage localized, and potentially cura-
tive, disease. While surgery can ultimately cure many patients,
such as those with early-stage disease, distant macroscopic
metastasis can emerge in others months to years later (Demi-
cheli et al., 2008; van der Bij et al., 2009). It has been reported
that 25%-30% of colorectal cancer patients who have no
visible metastasis at the time of diagnosis will develop distant
metastases within 5 years after primary tumor resection,
which in some cases may be related to the effects of the surgery
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(van der Bij et al., 2009). Similarly, high risk of recurrence for
early-stage breast cancer patients following mastectomy has
been reported in an analysis of 1,173 patients who underwent
mastectomy with no subsequent adjuvant systemic therapy
(Demicheli et al., 1996). Mechanisms to explain distant metas-
tasis following primary tumor resection include (1) the presence
of residual tumor cells or tissue at the resected site (Ando et al.,
2003; Minsky et al., 1988), (2) the recruitment of inflammatory
cells and platelets to the resected site that promote wound heal-
ing and cell proliferation (Ceelen et al., 2014; Hofer et al., 1999;
Retsky et al., 2012), and (3) increased local and systemic effects
that can induce an angiogenic switch in remote dormant tumors
(Bono et al., 2010; Retsky et al., 2012; Takemoto et al., 2012).

The seeding of tumor cells at metastatic organ sites is a multi-
step process. Previous studies have revealed that hypoxic tumor
cells stimulate angiogenic-related factors via HIF1-a, leading to
increased tumor invasion (Paraskeva et al., 2006; Semenza,
2012). HIF1-o. expression in tumors can also upregulate lysyl ox-
idase (LOX) (Erler et al., 2006), a member of the secreted copper-
dependent amine oxidases known to covalently crosslink colla-
gens and elastin in the extracellular matrix (ECM) (Barker et al.,
2012). LOX is expressed by different cell types, including tumor
cells and stromal cells within the tumor microenvironment
(Decitre et al., 1998). It has been shown that increased LOX
expression in tumors accounts for the recruitment of CD11b*
bone-marrow-derived cells (BMDCs) at distant organs, contrib-
uting to the formation of a niche and facilitating a pre-metastatic
microenvironment for tumor cell seeding (Erler et al., 2009). Thus,
LOX plays an important role in tumor growth and metastasis.
However, the contribution of LOX to tumor cell seeding and sub-
sequently to metastasis soon after surgery is unknown.

The host response to anti-cancer therapy and its contribution
to tumor (re)growth and metastasis has been evaluated following
chemotherapy (Daenen et al., 2011; Gingis-Velitski et al., 2011),
radiotherapy (Barcellos-Hoff et al., 2005; Timaner et al., 2015),
and various molecularly targeted drugs (Beyar-Katz et al,
2016) (for a review, see Shaked, 2016). Here, we evaluated
remote (pulmonary) changes in LOX expression and activity in
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Figure 1. Increased Mortality Rate in Post-
surgery Mice
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2 7 bearing 8- to 10-week-old BALB/c mice was per-
formed. Control mice did not undergo any surgical
procedure (n = 5 mice /group). After 24 hr, the mice
were injected with 2.5 x 10* EMT/6-GFP+ cells
through the tail vein to obtain an experimental lung
metastasis model. Mouse survival was monitored
daily, and a Kaplan-Meier survival curve was
plotted (p = 0.025).
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(B) Plasma drawn from control or post-surgery
mice was intraperitoneally injected into naive 8-
10-week-old BALB/c mice (100 pL/mouse; n = 6
i mice/group). After 24 hr, 2.5 x 10* EMT/6-GFP+
cells were injected through the tail vein to obtain
experimental lung metastases, and survival was
monitored. Kaplan-Meier survival curve is shown
(p = 0.043).

(C and D) Mice (n = 3 mice/group) were injected
with plasma as in (B). After 24 hr, mice were
injected with the EMT/6-GFP+ (2.5 x 10% cells,
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and 15 min later, PUMA was performed. Subsequently, lungs were removed and sectioned. Lung slices were cultured in medium for 6 days, and GFP+ cells
were detected by fluorescence microscopy. Red arrows indicate GFP+ cells. Scale bar, 200 um (C). Subsequently, lung sections were prepared as single-
cell suspensions. The percentage of GFP+ cells was quantified by flow cytometry (D). LOX activity was assessed by paired Student’s t test for three
biological replicates. The survival experiments were repeated twice, and representative Kaplan-Meier curves are provided. *p < 0.05, as assessed by

Student’s t test.
All error bars represent SD.

response to surgery and their contribution to tumor cell seeding
and metastasis.

RESULTS

Host Response to Surgery Promotes Metastasis
Increased metastases after localized tumor resection in some
cases could be due to systemic changes that affect various
host tissues in response to surgery. Previous clinical studies indi-
cated that both systemic and local angiogenesis are induced in
response to surgery when compared to laparoscopy (Bono
et al., 2010). To test whether our surgical mouse model induces
angiogenesis, we performed a surgical procedure in non-tumor-
bearing mice involving a 1 cm incision in the peritoneum followed
by suturing. Thereafter, we evaluated the levels of circulating
bone-marrow-derived proangiogenic cells over time and the
extent of local angiogenesis following surgery. A significant in-
crease in the number of viable circulating endothelial cells
(CECs) and endothelial progenitor cells (CEPs) was observed
at several time points following surgery (Figure S1A). Likewise,
increases in microvessel density in Matrigel plugs, in vitro human
umbilical vein endothelial cell (HUVEC) microvessel tube forma-
tion, and microvessel sprouting from murine aortic rings were
observed in the presence of plasma obtained from post-surgery
mice compared to control (Figure S1B-S1D). Thus, the surgical
procedure in our mouse model mimics host angiogenic effects
reported in certain clinical circumstances.

We next evaluated the host-derived effects of surgery on
tumor cell seeding and growth in metastatic sites. We employed
an experimental lung metastasis assay using the murine EMT/6-
GFP+ breast cancer cell line. Control mice and mice that previ-
ously underwent surgery were intravenously injected with tumor

cells, which subsequently seeded in the lungs. Survival was then
monitored over time. Mortality rates were increased in post-sur-
gery mice compared to controls (Figure 1A). Similarly, recipient
mice injected with 100 pl plasma from donor mice that had un-
dergone surgery exhibited an increased mortality rate in compar-
ison to mice injected with control plasma (Figure 1B), indicating
that a host effect, expressed within the plasma, in response to
surgery rather than the actual surgical procedure is responsible
for the observed effects. To directly assess tumor cell seeding
in the lungs, regardless of any host responses that may affect tu-
mor cells per se while seeding and proliferating at the metastatic
sites, a pulmonary metastatic assay (PUMA) was performed us-
ing the EMT/6-GFP+ cell line. In this assay, the potential of tumor
cell seeding is solely dependent on tumor cells binding to the
lungs and not systemic effects that could affect tumor cell prolif-
eration. The number of GFP+ tumor cells present in the lungs of
mice that underwent surgery was substantially elevated in com-
parison to control mice (Figures 1C and 1D). Taken together, our
results suggest that enhanced tumor cell seeding is a result of
remote changes occurring, in part, in the pre-metastatic (lung)
tissue in response to surgery.

Increased Mortality Rate in Mice that Undergo Surgery
Is Mediated by LOX Activity in the Lungs

ECM remodeling is one of the main factors that can facilitate
tumor cell seeding; LOX mediates collagen crosslinking and
therefore is a key regulator of ECM remodeling (Barker et al.,
2012). Recent studies have shown that LOX is expressed by
tumor cells, and serves as a key enzyme promoting metastasis
by contributing to a pre-metastatic niche (Cox et al., 2015;
Erler et al., 2006, 2009). In our model, we found that LOX expres-
sion and activity were significantly upregulated at the hypoxic
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Figure 2. High Expression of LOX following
Surgery Correlates with Increased Pulmo-
nary Metastasis

(A-C) A 1 cm incision in the abdomen of non-tu-
mor-bearing 8- to 10-week-old BALB/c mice was
performed. Control mice did not undergo any sur-
gical procedure (n = 5 mice /group). After 24 hr,
mice were injected with pimonidazole, and 90 min
later, the peritoneum was excised, embedded
in OCT, and cryosectioned. (A) Sections were
immunostained for LOX (green) and hypoxia (red).
Nuclei were stained with DAPI (blue). Dashed line
marks the incision site. Scale bar, 200 um. (B)
Quantification of the percentage of LOX- and
hypoxia-positive pixels is presented (n > 15 field/
group). (C) Peritoneum lysates (n = 3 mice/group)
were evaluated for LOX activity.

(D-H) Lungs from 8- to 10-week-old BALB/c con-
trol mice or 24 hr after mice underwent surgery (n =
3 mice/group) were sectioned and immunostained
for LOX (red). Nuclei were stained with DAPI (blue).
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Scale bar, 200 um (D). Quantification of LOX
expression in lung sections by means of percent-
age of positive pixels is presented (E). Lung lysates
(n = 3 mice/group) were evaluated for LOX activity
(F) and expression (G). LOX activity was assessed
by paired Student’s t test for three biological rep-
licates. (H) Lungs from 8- to 10-week-old BALB/c
control mice or 72 hr after surgery (n = 3 mice/
group) were assessed for new collagen formation.
(I) Two-photon second harmonic generation (SHG)

imaging depicting fibrillary collagens (red) in the

lungs of control and post-surgery mice. Scale bar,

50 um. Relative collagen intensity was determined
- using densitometric analysis (ImageJ).

: () In a parallel experiment to (D)-(H), lungs were
Control removed and embedded in paraffin. Lung sections
were immunostained for LOX (brown). Counter-
staining was performed using hematoxylin. Images
were captured at 100x (large micrograph) and
400x (small micrograph) magnifications. Scale
bar, 100um.

(K and L) 8- to 10-week-old BALB/c mice (n = 3
mice/group) were injected with recombinant LOX
(rLOX, 25 pg/kg) or PBS. After 24 hr, the mice were
intravenously injected with EMT/6-GFP+ cells
(2.5 x 10* cells/mouse) and processed for PUMA.
Lung slices were cultured in medium for 6 days,
and GFP+ cells were detected by fluorescence
microscopy (Olympus SZX9 fluorescence stereo

Surgery

Surgery

Control rLox

microscope). Red arrows indicate GFP+ cells. Scale bar, 200 um (K). Subsequently, all lung slices were prepared as single-cell suspensions, and the percentage
of GFP+ cells was quantified using flow cytometry (L). *p < 0.05 and **p < 0.01 using Student’s t test.

All error bars represent SD.

surgical site in the wounded peritoneum in comparison to control
peritoneum (Figures 2A-2C). Specifically, high-magnification im-
ages of the surgical site revealed intracellular LOX expression of
peritoneal myofibers (Figure S2A). Furthermore, LOX expression
and activity, quantity of newly synthesized collagen, and fibrillar
collagen expression were all significantly higher in the lungs of
mice that underwent surgery than in the lungs of control mice
(Figures 2D-2I). Notably, high LOX extracellular staining was
located mainly in the lung stroma surrounding the bronchioles
in post-surgery lungs when compared to control lungs (Fig-
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ure 2J). However, high-magnification images detected intracel-
lular LOX expression in different cell types, with no noticeable
differences in expression pattern between control and post-sur-
gery lungs, suggesting that the major source of LOX in the lungs
of post-surgery mice is from the remote surgical site (Figure S2B).
In addition, a significant decrease in LOX expression and activity
was found in the liver of mice that underwent surgery compared
to control mice, whereas no significant changes were observed
in the spleen (Figures S2C and S2D). Importantly, 24 hr after sur-
gery, the percentage of CD11b™* cells in the pre-metastatic lungs
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of post-surgery mice was comparable to that in control mice
(Figures S2E and S2F), ruling out the possibility of the formation
of a reported pre-metastatic niche at this early time point (Erler
etal., 2009; Kaplan et al., 2005; Psaila et al., 2006). These results
indicate that the immediate effects of surgery are primarily asso-
ciated with ECM remodeling. In order to strengthen the hypoth-
esis that LOX is a major contributor to metastatic seeding in the
lungs within hours of surgery, a PUMA, which measures cell
seeding in the lungs, was carried out on mice 24 hr after they
were injected with recombinant LOX, the function of which was
evaluated by a LOX activity assay (Figure S2G). An increased
number of metastatic cells was found in the lungs of mice in-
jected with recombinant LOX compared to control mice injected
with PBS (Figures 2K and 2L).

The seeding of cells in collagen and ECM is regulated in part
by integrin signaling pathways (Larsen et al., 2006). One of the
major readouts of integrin signaling is paxillin, a scaffold protein
connecting focal adhesion kinase to the actin cytoskeleton
(Turner et al., 1990; Zaidel-Bar et al., 2007). We therefore sought
to determine the level of phospho-paxillin (p-pax) in MCF-7
breast carcinoma cells, a cell line with minimal LOX expression
(Kraft-Sheleg et al., 2016), in response to plasma from control
or post-surgery mice. MCF-7 cells were seeded on collagen,
laminin, or fibronectin, all of which are ligands of integrins (Heino
and Kapyla, 2009), in the presence or absence of plasma from
control or post-surgery mice. Increased expression of p-pax
was observed with all three ligands in the presence of plasma
from post-surgery mice compared to control, with laminin pro-
ducing the weakest effect (Figures 3A and 3B). In addition,
when the same experiment was performed using plasma from
post-surgery mice depleted of LOX, the expression of p-pax
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The levels of total paxillin (pax) and p-pax in cell
lysates were evaluated by western blotting.
a-Tubulin (A) or actin (C) served as loading con-
trols. The ratios between p-pax and a-tubulin or
actin (loading controls) were calculated by densi-
tometry analysis (B and D, respectively). The
western blot represents three biological repeats.
(E and F) Lungs from 8- to 10-week-old BALB/c
control or post-surgery mice (n = 3 mice/group)
that were treated with PBS or BAPN for three
sequential days were sectioned and immuno-
stained for p-pax (red). Nuclei were stained with
DAPI (blue). Scale bar, 200 pm (E). Quantification of
p-pax expression in lung sections by means of
positive pixels is shown in (F). *p < 0.05, **p < 0.01,
and **p < 0.001 using one-way ANOVA followed
by Tukey post hoc test.

Al error bars represent SD.

BAPN

was found to be lower than the post-surgery non-depleted
plasma group (Figures 3C and 3D), suggesting that LOX expres-
sion mediates focal adhesion signaling. Furthermore, expression
of p-pax was higher in the lungs of mice that underwent surgery
than in control mice, an effect that could be inhibited by treating
the mice with B-aminoproprionitrile (BAPN), an irreversible
competitive inhibitor of all LOX family members (Bondareva
et al., 2009) (Figures 3E and 3F). It should be noted that all three
ligands are substrates of LOX as assessed by the oxidation
assay, whereas laminin was the least effective substrate, in line
with the results shown in Figures 3A-3D (Figure S3A). Taken
together, increased LOX activity in the lungs soon after the
mice undergo surgery contributes to tumor cell seeding via focal
adhesion signaling, suggesting interactions between integrins
and LOX ligands in the remodeled ECM.

LOX Inhibition following Surgery Reduces Metastasis
and Increases Survival

As LOX contributes to the seeding of tumor cells in the lungs, we
next studied the effects of LOX inhibition in mice using BAPN.
Plasma from control mice or mice that underwent surgery was in-
jected into recipient naive mice. After 24 hr, the recipient mice
were injected with EMT/6-GFP+ cells to obtain the experimental
lung colonization metastasis assay described above. BAPN
monotherapy did not affect the percentage of GFP+ cells in the
lungs of control mice. In contrast, the increase in percentage
of GFP+ cells in the lungs of mice injected with plasma obtained
from the post-surgery mice was completely abolished by the
BAPN therapy (Figures 4A and 4B), and their mortality rate
was reduced, as assessed in a parallel experiment (Figure 4C).
No significant changes in mortality rate and percentage of
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Figure 4. Blocking LOX Activity in Mice that
Undergo Surgery Decreases Tumor Cell
Seeding in the Lungs and Increases Survival
(A-C) 8- to 10-week-old BALB/c mice were
treated with PBS or BAPN (LOX inhibitor,
100 mg/kg) daily for seven consecutive days. On
day 2, the mice were injected with 100 pL
plasma from control or post-surgery mice. On
day 3, EMT/6-GFP+ cells (2.5 x 10% were in-
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20 20 jected through the tail vein to obtain an experi-
mental lung metastasis assay. A scheme of the
experimental procedure is shown in (A). On
day 13 after tumor cell injection, lungs were
removed and prepared as single-cell suspen-
sions (n = 4 mice/group). The percentage of
GFP+ cells was quantified by flow cytometry (B).
In a parallel experiment, survival of control and
BAPN-treated mice injected with plasma from
mice that underwent surgery or control mice was
monitored. A Kaplan-Meier survival curve is
shown (n = 6 mice/group, p = 0.049) (C).
(D-F) 8- to 10-week-old BALB/c mice were treated
with PBS control or 20 mg/kg anti-LOX antibodies
(n = 4 mice/group). After 6 hr, the mice were
intraperitoneally injected with plasma from control
or post-surgery mice (100 uL/mouse). On day 2,
mice were injected through the tail vein with 2.5 x
10* EMT/6-GFP+ cells to obtain an experimental
lung metastasis model. (D) A scheme of the
experimental procedure is shown. (E) On day 13
after tumor cell injection, lungs were removed and
prepared as single-cell suspensions. The humber
of GFP+ cells in the lungs was evaluated by flow
cytometry. (F) In a parallel experiment, lung sec-
tions (n = 5 mice/group) were counterstained with
DAPI and analyzed by fluorescence microscopy
for the presence of GFP+ cells. Scale bar, 200pum.
(G-I) Lungs from 8- to 10-week-old BALB/c mice
72 hr after surgery (n = 3 mice/group) that
were treated with anti-LOX antibodies (x-LOX;
20 mg/kg) or BAPN (100 mg/kg) were assessed for
new collagen formation (G). (H) Two-photon sec-
ond harmonic generation (SHG) imaging depicting

Surgery

Surgery
+BAPN

fibrillary collagens (red) in the lungs of post-surgery mice treated with anti-LOX or BAPN. Scale bar, 50 um. (I) Relative collagen intensity was determined using
densitometric analysis (ImagedJ). *p < 0.05 and **p < 0.01 using one-way ANOVA followed by Tukey post hoc test.

All error bars represent SD.

GFP+ cells in the lungs of control mice treated with BAPN or PBS
control were found (Figures 4B and 4C). Importantly, escalating
doses of BAPN in a range of 0-10 mg/mL did not contribute to
tumor cell apoptosis (Figure S3B), suggesting that the thera-
peutic effect of BAPN is related to the inhibition of LOX activity.
Furthermore, inhibiting LOX using specific anti-LOX activity-in-
hibiting antibodies similarly reduced tumor cell seeding in the
lungs of mice injected with plasma from post-surgery mice, indi-
cating that the effect is largely regulated by LOX. Of note, it is not
clear why blocking LOX in control mice increased metastatic cell
seeding (Figures 4D-4F). It is possible that other bypass path-
ways may play a role similar to MMP9 inhibition in control mice
as previously described (Gingis-Velitski et al., 2011; Shchors
et al., 2013). Moreover, fibrillar collagen and newly synthesized
collagen quantities in the lungs of mice 3 days after localized
peritoneal surgery were significantly increased when compared
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to lungs obtained from post-surgery mice treated with BAPN
or anti-LOX antibodies (Figures 4G-4l). Of note, both anti-LOX
and BAPN reduced LOX activity in the lungs, while control rabbit
immunoglobulin G (IgG) had no effect (Figures S3C and S4,
respectively). To further strengthen our results, we wished to
rule out the possibility that inflammation-induced pulmonary
vessel permeability mediates the increased tumor cell seeding
in the lungs at this early time point. Evans blue assay performed
on mice 24 hr after they underwent surgery revealed that pulmo-
nary vessel permeability was not significantly different in post-
surgery mice compared to control mice (Figure S5A), suggesting
that tumor cell seeding was not affected by inflammation. Addi-
tionally, the number and percentage of tumor cells (EMT/6-
GFP+) seeded in the lungs 20 min after tail vein injection of 2 x
10° cells (10-fold higher than the number of cells injected in the
PuMA) were significantly higher in post-surgery mice than in



Figure 5. LOX-Depleted Plasma of Post-
surgery Mice Inhibits Tumor Cell Seeding
in the Lungs and Increases Survival

(A) Plasma obtained from control non-tumor-
bearing BALB/c mice, or 24 hr after the mice un-
derwent abdominal surgery was evaluated for LOX
expression (n = 4 mice/group). *p < 0.05 as as-
sessed by Student’s t test. (B and C) LOX was
depleted from plasma drawn from control and
post-surgery mice as described in Experimental
Procedures. The plasma was injected into 8- to 10-
week-old naive BALB/c mice (n = 3 mice/group),
and 24 hr later, EMT/6-GFP+ cells (2.5 x 10%) were
intravenously injected and processed for PUMA.
Lung sections were cultured for 6 days.

(B) The percentage of GFP+ cells was quantified by
flow cytometry after lung tissues were prepared as
single-cell suspensions.

(C) Fluorescent images of lung slices were
captured by fluorescence microscopy system.
Scale bar, 200pm. *p < 0.05; **p < 0.01 using one-
way ANOVA followed by Tukey post hoc test.

(D and E) C57BL/6-LOX™~ mice and their wild-
type counterparts were injected with BAPN

. Control+LOX inhibition
v Surgery+LOX inhibition

A C Control Surgery
? 40 ‘ * o
}b 30 A‘
£ 20 -

|
§ 10
o .
Control Surgery

B * Kk c
o * * .‘g
£ o8 1 e 3
5, 06 1 &

T Loa -]
32 | x
g 02 o)
) | =t
R 0 -~ )
Control  Surgery Control+ Surgery+
depletion depletion
D +/-Surgery E
IPlasma obtained 100— ~
Ls i =~ Control
Cd
1 2 4ays3 4 __ 804 -~ Surgery
| €--—--- > IS
BAPN in LOX-/+ or PBS in wt = 60
[ ©
. z
u
v £ w
3
Plasma LLC IV L
injection injection -
T 7 >  survival 0 — ' . HI .
days 01020 40 60 80 100

Days after tumor implantation

(100 mg/kg) and PBS, respectively, for four
consecutive days. On day 3, half of the mice from
each group underwent abdominal surgery. After
24 hr, plasma from each group of mice was drawn

and pooled. The plasma was then injected to naive 8- to 10-week-old C57BL/6 mice, and 24 hr later, LLC-GFP+ cells (2.5 x 10 were intravenously injected
through the tail vein to generate lung metastases (n = 6 mice/group). (D) A scheme of the experimental procedure is shown. (E) A Kaplan-Meier survival curve is
shown. Statistical significance was achieved only when comparing surgery and surgery + LOX inhibition groups (p = 0.043).

All error bars represent SD.

control mice. This effect was dramatically reduced when the
mice were also treated with BAPN as assessed by microscopic
imaging of lung specimens and flow cytometry of single-cell sus-
pensions from dissociated lungs (Figures S5B and S5C). Taken
together, LOX-induced ECM remodeling accounts for tumor
cell seeding in the lungs of post-surgery mice.

The fact that plasma derived from post-surgery mice had the
same effect ontumor cell seeding as surgery itself suggested it en-
tails the factor mediating this activity. Therefore, LOX levels were
evaluated in the plasma of control and post-surgery mice. The
plasma of post-surgery mice exhibited significantly elevated
LOX levels compared to plasma from control mice, suggesting
that LOX upregulation in the plasma may affect tumor cell seeding
in the lungs (Figure 5A). To test this possibility, we depleted LOX
from plasma of control mice and mice that underwent surgery
and assessed tumor cell seeding using PUMA in recipient mice in-
jected with the different plasma samples. Whereas LOX depletion
did not affect tumor cell seeding in the control group, it signifi-
cantly decreased tumor cell seeding in the surgery group (Figures
5B and 5C). In a parallel experiment, plasma was obtained from
untreated wild-type mice or BAPN-treated LOX heterozygous
mice (Maki et al., 2002) that either underwent surgery or not.
The plasma was then injected into mice, and survival was as-
sessed in an experimental lung metastasis assay. LOX inhibition
did not affect survival of the control group. However, in the surgery
group, survival times were increased when LOX was inhibited (Fig-
ures 5D and 5E; statistical significance [p = 0.043] was reached
when comparing surgery with surgery + LOX depletion groups).

Collectively, our results suggest that LOX in the plasma from
post-surgery mice promotes tumor cell seeding, and its depletion
inhibits collagen synthesis and ECM remodeling.

LOX Contributes to Metastasis following Surgery in
Clinically Relevant Models

To bolster the possibility that our results may be clinically rele-
vant, we employed two different experimental approaches. In
the first, we used a more clinically relevant tumor mouse model
of metastasis, in which spontaneous metastases appear in the
lungs after resection of a primary orthotopic 4T1 murine breast
cancer. To inhibit LOX, BAPN was administered for 7 consecu-
tive days after tumors were resected. BAPN-treated mice ex-
hibited significantly extended survival and reduced lung metas-
tasis in comparison to mice that did not receive treatment after
surgery (Figures 6A-6D). In the second approach, plasma was
drawn from colorectal cancer patients at baseline and 24 hr after
they underwent abdominal surgery (n = 6). The plasma was in-
jected into mice, and metastases were evaluated using EMT/6-
GFP+ cells in an experimental lung metastasis assay. In five
out of six cases, the post-surgery plasma induced higher
numbers of lung metastases in comparison to baseline plasma
(Figures 6E and 6F). Such post-surgical plasma also induced
ECM remodeling and increased fibrillar collagen expression as
well as LOX activity in the lungs in a manner similar to that found
in mice that underwent abdominal surgery (Figures 6G, S6A, and
S6B). Importantly, pooled plasma obtained from patients that
underwent surgery that was depleted of LOX did not increase
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Figure 6. LOX Inhibition in Clinically Rele-

vant Tumor Models Increases Survival and

Reduces Tumor Cell Seeding in the Lungs
* (A-D) 8- to 10-week-old BALB/c mice were used as
recipients for orthotopic transplantation of 4T1-
mCherry+ cells into the mammary fat pad. When
primary tumors reached 150-200 mm? (day 12),
they were resected, and treatment with BAPN
(100 mg/kg) or PBS was initiated. The treatment
was administered for seven consecutive days. A
scheme of the experimental procedure is shown
(A). Mouse survival was monitored, and a Kaplan-
Meier survival curve was plotted (n = 7 mice/group)
(B). In a parallel experiment, 26 days after primary
tumor resection, lungs were removed and either
prepared as single-cell suspensions or sectioned.
The percentage of mCherry+ cells in the lung
suspensions was quantified by flow cytometry
(n = 5 mice/group) (C). Lung sections were coun-
terstained with DAPI and analyzed by fluorescence
microscopy (n = 5 mice/group). Representative
images are shown (mCherry+ cells, red; nuclei,
blue). Scale bar, 200 um (D). *p < 0.05, as assessed
by Student’s t test.
(E and F) Plasma samples obtained from colorectal
cancer patients at baseline or 24 hr after abdominal
surgery (n = 6 patients) were intraperitoneally
injected into 8- to 10-week-old CB.17 SCID mice
(n = 3 mice/plasma specimen). After 24 hr, mice
were intravenously injected with 2.5 x 10* EMT/6-
GFP+ cells. After 12 days, lungs were removed and
either prepared as single-cell suspensions or
sectioned. The percentage of GFP+ cells in the
lung suspensions was quantified by flow cytometry
(E). Lung sections were stained with DAPI and
analyzed by fluorescence microscopy. Represen-

BAPN

BAPN

Post-surgery

with the indicated patient plasma are shown (GFP+
cells, green; nuclei, blue). Scale bar, 200 um (F). (G)
Two-photon second harmonic generation mode
(SHG) imaging depicting fibrillary collagens (red) in
the lungs of mice injected with control plasma and
plasma from patients 24 hr after surgery. Scale bar,
50 um. Relative collagen intensity was determined
using densitometric analysis (ImagedJ) as pre-
sented in Figure S6A. (H) Plasma (pooled) from
colorectal cancer patients (n = 6) at baseline or
24 hr after surgery was depleted of LOX as

depletion depletion

described in Experimental Procedures. Subsequently, the plasma was injected peritoneally into naive SCID CB.17 mice (n = 3 mice/group), and 24 hr later, EMT/
6-GFP+ cells (2.5 x 10 were intravenously injected for PUMA. Lungs were cultured for 6 days and then visualized by fluorescence microscopy as shown in
Figure S6C. Subsequently, lung sections were prepared as single-cell suspensions, and the percentage of GFP+ cells in the lungs was quantified by flow

ok,

cytometry.
All error bars represent SD.

metastatic seeding in the lungs as assessed by PUuMA (Figures
6H and S6C).

DISCUSSION

The notion that tumor cells remaining at the site of a surgical
resection can re-grow and sometimes even spread may
contribute to inferior outcomes in both clinical and preclinical
scenarios (Coffey et al., 2003; Delisser et al., 2009; James
et al., 2011). Here, we describe an additional explanation for
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p < 0.01 using one way ANOVA followed by Tukey post hoc test.

possible spread of metastasis following surgery. We find that
the host, in response to surgery, conditions potential metastatic
sites to facilitate tumor cell seeding. We demonstrate that mice
that undergo abdominal surgery and are subsequently injected
with tumor cells via the tail vein succumb to extensive metastatic
lesions earlier than controls. These mice exhibit structural
changes in the ECM at the site of metastasis due to an increase
in newly synthesized collagen. We show that these effects are
mediated by LOX. LOX activity and expression are substantially
enhanced in the lungs of mice following surgery, as well as in



mice pre-conditioned with plasma from donor mice that under-
went surgery. Accordingly, we find that the surgery is associated
with release of LOX to the circulation from the hypoxic wounded
site, which in turn induces the formation of the pre-metastatic
sites. Such pro-metastatic effects are abolished following LOX
inhibition (e.g., using BAPN, neutralizing antibodies for LOX, or
LOX depletion from plasma). Notably, antibodies only neutralize
extracellular LOX and therefore act primarily on the ECM rather
than on LOX intracellular targets.

LOX has been implicated as a key enzyme contributing to the
pre-metastatic niche promoting the recruitment of CD11b*
cells to future metastatic sites measured within weeks after pri-
mary tumor cell implantation (Erler et al., 2009). Furthermore,
increased activity of LOX and collagen crosslinking have been
shown to promote fibrosis and subsequent metastasis (Cox
et al., 2013). In our study, we focused on the immediate contri-
bution of LOX to metastasis by means of ECM remodeling,
which promotes the seeding of tumor cells in the lungs within
hours following surgery. At this time point, no changes in
CD11b* cells colonizing the pre-metastatic sites were
observed, and there was no significant difference in pulmonary
permeability, suggesting that inflammation at this early time
point did not contribute to tumor cell seeding. However, it
should be noted that clinically, the use of ketorolac (an anal-
gesic drug with non-steroidal anti-inflammatory properties) in
surgery resulted in superior disease-free survival of breast
cancer patients who underwent mastectomy compared to pa-
tients who underwent mastectomy but were not treated with
ketorolac (Retsky et al., 2012).

Erler et al. have demonstrated that LOX is a key regulator of
metastasis that is induced by hypoxia. LOX expression in
hypoxic tumors correlates with increased incidence of metas-
tasis in patients with breast and head and neck cancers. Accord-
ingly, the blockade of LOX in mice bearing orthotopic breast can-
cers results in decreased tumor cell invasiveness and metastasis
(Erler et al., 2006). In addition, bone metastasis of triple negative
breast cancer cells is associated with hypoxia and LOX activity
(Cox et al., 2015). LOX family members promote endothelial
cell activity and angiogenesis in tumors and support ECM re-
modeling (Baker et al., 2013; Zaffryar-Eilot et al., 2013). There-
fore, antiangiogenic therapy, which induces hypoxia in tumors
(Blagosklonny, 2001), may lead to increased LOX expression.
As a result, alterations in ECM may take place in distant sites
(e.g., lungs or liver) that can decrease the therapeutic response
to therapy. These effects may also explain why, at least pre-clin-
ically, antiangiogenic drugs sometimes promote metastasis
(Ebos et al., 2009; Paez-Ribes et al., 2009; Rahbari et al.,
2016). Testing ECM structure in different organs in response to
antiangiogenic therapy is therefore worthy.

The question remains why LOX has a significant effect on ECM
remodeling in the lungs while its expression and activity in other
organs are reduced or do not change in post-surgery mice when
compared to control mice. It is possible that the high oxygen
concentration in lung tissue contributes to LOX enzymatic
activity. Abundant microvessel networks in the lungs contribute
to increased oxygen availability, which in turn promotes LOX
enzymatic activity (Barker et al., 2012). This may explain the
increased LOX enzymatic activity in the lungs compared to other

organs. Thus, the level of ECM remodeling could be higher in
lung stroma than in other tissues.

Our results may also have clinical implications. Mice bearing
tumors that spontaneously metastasize exhibit a reduced mor-
tality rate when LOX is inhibited following surgery. Additionally,
mice preconditioned with plasma from post-surgery colorectal
cancer patients exhibit an increased number of metastatic cells
in the lungs compared to mice injected with the same plasma
that was depleted of LOX or plasma at baseline (before surgery).
Taken together, in addition to the known metastatic effects of
LOX (Barker et al., 2012), our study reveals that LOX induction
contributes to the rapid formation of a permissive niche for met-
astatic cell seeding in response to surgery.

EXPERIMENTAL PROCEDURES

Cell Lines

Murine Lewis lung carcinoma (LLC), EMT/6 and 4T1 mammary adenocarci-
noma, and human MCF7 breast carcinoma cell lines were purchased from
the American Type Culture Collection (ATCC). All cells were grown in DMEM,
supplemented with 10% fetal calf serum, 1% L-glutamine, 1% sodium pyru-
vate, and 1% streptomycin, penicillin, and neomycin in solution (10 mg/mL,
Biological Industries). Some of the cell lines (as indicated below) were stably
transfected with GFP or mCherry vectors (Clontech Laboratories, 632379
and 631985, respectively). The cells were passaged in culture for no more
than 4 months after being thawed from authentic stocks and were regularly
tested and found to be mycoplasma-free.

Animal Tumor Models

The use of animals and experimental protocols were approved by the Animal
Care and Use Committee of the Technion. BALB/c female mice (Harlan),
8-10 weeks of age, were orthotopically injected with 0.5 x 10° mCherry-ex-
pressing 4T1 (4T1-mCherry+) to the mammary fat pad. Tumor size was as-
sessed regularly with Vernier calipers using the formula, width? x length x
0.5. An experimental pulmonary metastatic model was obtained using female
BALB/c or C57BL/6 mice, 8-10 weeks of age, intravenously injected through
the tail vein with 2.5 x 10* GFP-expressing EMT/6 (EMT/6-GFP+) or GFP-ex-
pressing LLC (LLC-GFP+) cells, respectively. Mouse survival was assessed
daily. Mice were not randomized after surgery except in the case of the clini-
cally relevant tumor model (4T1 mouse model). Mice were randomized in the
case of plasma injection. The experiments were not blinded to the investigator;
however, they were blinded to the mouse health care attendant who carried
out daily health checks and reported on mice at endpoint. 10-week-old female
LOX~"* C57BL/6 heterozygous mice described previously (Méki et al., 2002)
were used in some experiments. All in vivo and ex vivo experiments were
repeated at least twice.

Surgical Procedures

Mice were anesthetized using an induction of 4% isoflurane, followed by main-
tenance anesthesia with 1.5% isoflurane. A sagittal cut through the abdominal
cavity was performed using scalpel and scissors. A 1-1.5 cm incision in the
peritoneum was then performed, followed by suturing with silk. For resection
of primary 4T1 tumors, when tumors reached 150-200 mm?®, mice were anes-
thetized, and the mammary fat pad was exposed. Tumors were removed and
the surgical area was subsequently sutured. Of note, all mice (control and sur-
gery groups) received anesthesia and analgesic buprenorphine at a concen-
tration of 0.04 mg/kg for three sequential days according to the institutional
ethical protocols.

Plasma, Drugs, and Drug Concentrations

8- to 10-week-old BALB/c or C57BI LOX~/* mice underwent the surgical pro-
cedure (as above) or left as control. After 24 hr, blood was drawn by cardiac
puncture using citrate tubes, and plasma was separated. Plasma was injected
intraperitoneally into recipient mice at a volume of 100 uL/mouse. In some
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experiments, LOX was depleted from plasma as described in detail online.
BAPN (Sigma-Aldrich) was injected intraperitoneally at a dose of 100 mg/kg
daily for seven consecutive days, or as indicated in the text, as previously
described (Bondareva et al., 2009). Rabbit anti-LOX antibodies were gener-
ated by GenScript against the EDTSCDYGYHRRFA peptide. The antibodies
were intraperitoneally injected at a dose of 20 mg/kg as previously described
(Erler et al., 2006). Control rabbit IgG antibodies (Jackson ImmunoResearch
Laboratories) were injected intraperitoneally at a dose of 20 mg/kg. Recombi-
nant LOX (OriGene) was injected intraperitoneally at a dose of 25 ng/kg, as pre-
viously described (Cox et al., 2015).

Human Plasma Samples

The human study was approved by the ethic committee at the European Insti-
tute of Oncology (EIO), Milan, ltaly, and all patients signed an informed con-
sent. Plasma from colorectal cancer patients, who underwent open abdominal
surgery, was provided by the Department of Pathology at the EIO. Blood from
the patients (n = 6) was collected at baseline (before surgery) and 24 hr after
surgery. Plasma was separated and stored at —20°C until further use.

Flow Cytometry

Blood was drawn from anaesthetized mice by cardiac puncture and collected
in EDTA tubes, and red blood cells were lysed. Lung samples or Matrigel plugs
were prepared as single cell suspensions as previously described (Adini et al.,
2009; Gingis-Velitski et al., 2011). CECs, CEPs, EMT/6-GFP, and 4T1-
mCherry+ were analyzed by flow cytometry as previously described (Shaked
et al., 2005). Details are provided in Supplemental Experimental Procedures.

Immunostaining

Frozen lung sections or Matrigel plugs were immunostained as previously
described (Gingis-Velitski et al., 2011). Details are provided in Supplemental
Experimental Procedures.

Focal Adhesion Assay

Plates coated with collagen (20 pg/mL), fibronectin (20 png/mL), or laminin
(20 pg/mL) were incubated with plasma from control, post-surgery mice or
plasma from post-surgery mice depleted of LOX. After 4 hr, the plasma was
washed and MCF7 cells (7 x 10%/well) were seeded and cultured for 24 hr.
MCF7 cells were then removed, and lysates were prepared to evaluate paxillin
and p-pax expression by western blotting.

Ex Vivo PuMA
The assay was performed as previously described (Mendoza et al., 2010).
Details are provided in Supplemental Experimental Procedures.

Collagen Assay

Collagen production in lung lysates was quantified using the SIRCOL Collagen
Assay Kit (Biocolor) in accordance with the manufacturer’s instructions. De-
tails are provided in Supplemental Experimental Procedures.

Two-Photon Microscopy and Second Harmonics Generation and
Quantification

To visualize ECM and collagen, a two-photon microscopy and a second har-
monics generation system was used. Lungs from the different groups as indi-
cated in the text were frozen in optimal cutting temperature (OCT) and sliced at
a thickness of 150 um in PBS. The slices were imaged using a two-photon mi-
croscope 2PM:Zeiss LSM 510 META NLO, equipped with a broadband Mai
Tai-HP-femtosecond single box tunable Ti-sapphire oscillator, with auto-
mated broadband wavelength tuning 700-1,020 nm from Spectraphysics,
for two-photon excitation. For second harmonic imaging (SHG) to detect
collagen, a wavelength of 800 nm was used (detection at 400 nm). Images
were acquired using the x20 objective. Data were collected (n = 3 mice/
group). For quantification measurements, images were analyzed using ImageJ
1.41k. To avoid edge effects (attenuation of the SHG signal at the top and bot-
tom of the section), only the central image of each z stack was included in the
quantification. Mean gray value limited to threshold of each image was calcu-
lated for each image and averaged over a set of at least five fields of view.
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LOX Activity and Expression
LOX activity was evaluated as previously described (Siegel, 1974; Siegel et al.,
1970). Briefly, a reaction solution containing 50 mM sodium borate (pH = 8.2)
and 4 U/mL horseradish peroxidase was mixed with lung extracts to obtain a
protein concentration of 250 ng/mL. The lysate extracts were obtained from
mice treated with BAPN, anti-LOX, recombinant LOX, or rabbit polyclonal anti-
body using the same concentrations as above. Furthermore, lysate extracts of
lungs or peritoneum obtained from control mice or mice that underwent sur-
gery were treated with BAPN, anti-LOX antibodies, recombinant LOX, or rabbit
polyclonal antibody and used as controls for the LOX activity assay. The enzy-
matic reaction was started by adding substrate mixture containing 50 mM so-
dium borate (pH = 8.2), 100 mM N-acetyl-3,7-dihydroxyphenoxazine (Amplex
red; Molecular Probes, Invitrogen), and 20 mM 1,5-diaminopentane. In some
experiments, 500 uM BAPN was added to the mixture as a negative inhibitory
control. The production of H,O, by LOX results in fluorescent resorfurin pro-
duction, which can be measured (excitation at 540 nm and emission at
580 nm wavelengths). The fluorescent reaction was measured every 5 min
for 1.5 hr at 37°C using a Fluorimeter (Fluo Star Galaxy). A representative
plot out of three biological replicates was provided.

LOX expression in plasma and organ lysates (50 nug protein) was evaluated
by ELISA (Cloud-Clone-Corp. SEC580Mu) in accordance with the manufac-
turer’s instructions.

Oxidation Assay

To analyze the activity of LOX on different substrates, the oxidation assay was
performed as previously described (Kraft-Sheleg et al., 2016; Zaffryar-Eilot
et al., 2013). Briefly, the LOX activity assay was performed as above using
lung lysates from control mice at a concentration of 200 pg/mL. The only modi-
fication is that the substrate (1,5-diaminopentane) used in the LOX activity
assay was replaced with collagen (1 mg/mL), fibronectin (1 mg/mL), or laminin
(1 mg/mL). The fluorescent reaction was measured every 5 min for 1.5 hr at
37°C using a Fluorimeter (Fluo Star Galaxy). A representative plot out of three
biological replicates was provided.

Statistical Analysis

Data are expressed as mean + SD. Statistical significance of the in vitro exper-
iments was determined by either two-tailed Student’s t test for a comparison
between two groups or one-way ANOVA for multiple groups followed by Tukey
ad hoc statistical test using GraphPad Prism 5.0. For the LOX activity assay
and human experiment results, a comparison between control/baseline and
the related group was calculated based on paired Student’s t test. The number
of replicates for each experiment is provided in Supplemental Information
and/or figure legends. In the in vitro experiments, estimate of variance was
performed and parameters for the statistical test were adjusted accordingly.
In the in vivo/ex vivo studies, n = 3-7 mice/group (as specified in the figures)
was used to reach statistical significance. The sample size for each experiment
was designed to have 80% power at a two-sided « of 0.05. For the calculation
of mouse survival, a Kaplan-Meier survival curve statistical analysis was per-
formed in which the uncertainty of the fractional survival of 95% confidence in-
tervals was calculated. Differences between all groups were compared and
were considered significant at values below 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2017.04.005.
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Supplemental Experimental Procedures

Flow cytometry

Blood was drawn from anaesthetized mice by cardiac puncture, collected in EDTA tubes and red blood
cells were lysed. Lung samples or Matrigel plugs were prepared as single cell suspensions as previously
described (Adini et al., 2009; Gingis-Velitski et al., 2011). Viable circulating endothelial cells (CEC),
endothelial progenitor cells (CEPs), and endothelial cells were quantified by flow cytometry using the
following surface markers: for CECs, CD45-/VEGFR2+; for CEPs, CD13+/VEGFR2+/CD117+/CD45-;
and for endothelial cells, CD45-/VEGFR2+/CD31+. All antibodies were purchased from BioLegend or
BD biosciences, using the following clones: CD45 (30-F11); CD13 (R3-242); VEGFR2 (89B3A5);
CD117 (ACK2); and CD31 (390). In some experiments GFP+ EMT/6 or mCherry+ 4T1 cells colonizing
the lungs were quantified. Analyses were performed using CyAn Flow cytometer. At least 100,000 cells
per sample were acquired. Analyses were considered informative when an adequate number of events (ie
>25, typically 50 -150) were collected in the appropriate enumeration gates of samples from untreated
control mice. Percentages of stained cells were determined and compared to appropriate negative
controls. Positive staining was defined as being greater than non-specific background staining, and 7-
aminoactinomycin D (7AAD) was used to distinguish apoptotic and dead cells from viable cells (Philpott
etal., 1996).

Immunostaining

Frozen lung sections or Matrigel plugs were immunostained as previously described (Gingis-Velitski et
al., 2011). Briefly, endothelial cells in Matrigel plugs were stained with anti-CD31 antibody (1:100, BD
Biosciences). LOX expression in lung sections was evaluated using rabbit anti-LOX antibody as
previously described (Erler et al., 2006). Cy3-conjugated and DyLight-488-conjugated secondary
antibodies were used (1:200, Jackson ImmunoResearch). In some experiments, lungs were embedded in
paraffin. Lung sections were immunostained with LOX (as above) followed by histidine peroxidase anti-
mouse and anti-rabbit secondary antibodies (Nichirei, Japan). Staining was developed using AEC simple
stain solution (Nichirei). Hematoxylin (Sigma) was used as a counterstain. Polyclonal rabbit anti-
Phospho-Paxillin (1:100, Cell signaling, 2541), and a secondary mouse-anti rabbit Cy3-conjugated
antibody (1:200, Jackson ImmunoResearch) were used. Nuclei were stained with 6-diamidino-2-
phenylindole (DAPI). Immunostaining for hypoxia was performed using Hypoxyprobe-1 (Chemicon
International, Temecula, CA) according to the manufacturer’s instructions, and as previously described in

(Shaked et al., 2006). Briefly, mice received an IP injection of pimonidazole hydrochloride (60mg/kg) 90



min before euthanasia. Peritoneum cryosection immunostaining was performed using anti-pimonidazole
antibody (1:200) and its secondary Cy3-conjugated rat anti-mouse antibody (1:200, Jackson
ImmunoResearch Laboratories Inc.). Images were captured using the Leica CTR 6000 system unless

otherwise indicated.

Depletion of LOX from plasma

Neutralizing antibodies for LOX (10 pg/ml) were generated by GenScript against the
EDTSCDYGYHRRFA peptide. Anti-LOX antibodies (1 pg) were added to 500 pl plasma obtained from
BALB/c control mice, mice that underwent surgery, or pooled plasma samples from patients (n=6) at
baseline or 24 hours post-surgery. The mix was incubated for 1 hour with rotation at 4°C. Antibodies
were then depleted from the plasma using a mix of protein A/G sepharose beads (Abcam, ab193262).
LOX depletion was verified by ELISA (Cloud-Clon-Corp., SEC580Mu), in accordance with the
manufacturer’s instructions. Subsequently, plasma was injected into naive BALB/c mice as described in

the text.

Ex vivo pulmonary metastatic assay (PuMA)

The assay was performed as previously described (Mendoza et al., 2010). Briefly, EMT/6-GFP+ cells
(2.5%10%) were injected to mice via the tail vein. Fifteen minutes later, mice were anesthetized, and the
trachea was cannulated with a 21G intravenous catheter and attached to a gravity perfusion apparatus. The
lungs were filled in the vertical position with heated agarose medium solution containing M-199 media,
sodium bicarbonate, hydrocortisone, bovine insulin, penicillin/streptomycin and agarose. The ratio of
agarose to medium was 1:1 (w/v). The lungs were then removed and placed in cold PBS. Transverse
serial sections (1-2mm in thickness) were gently sliced from each lobe with a scalpel and incubated on
Matrigel covered plates for 6 days at 37°C. The lung slices were then analyzed for GFP+ cells using

Olympus SZX9 fluorescence stereo microscope or Leica CTR 6000 microscope system.

Collagen assay

Collagen production in lung lysates was quantified using the SIRCOL Collagen Assay Kit (Biocolor,
Belfast, UK) in accordance with the manufacturer’s instructions. Briefly, SIRCOL dye reagent was added
to lung extracts followed by agitation in a mechanical shaker for 30 minutes. The collagen-dye complexes
were pelleted by centrifugation at 12,000g for 10 minutes. The pellet was washed with acid-salt wash-
reagent and centrifuged again at 12,000g for 10 minutes. Alkali reagent was then added to the samples,

standards and blanks. Absorption at 555 nm was measured using a spectrophotometer, and collagen



concentration was calculated according to the standard curve. Results were normalized according to the

protein concentration in lung extracts. The experiment was performed in triplicate.

Aortic ring assay

The aortic ring assay was performed by dissecting Imm long aortic rings from non-tumor bearing
BALB/c mice, as previously described (Gingis-Velitski et al., 2011). The aortic ring was embedded in
Matrigel (BD Bioscience), and then cultured for 10 days in DMEM supplemented with 10% plasma from
control mice or 24 hours after mice underwent surgery. Plasma-containing medium was replaced every 3
days. Sprouting microvessels in the Matrigel-embedded aortic ring were visualized by light-microscopy

using the Leica CTR 6000 system.

Tube forming assay

Tube forming assay was carried out in 48 well plates pre-coated with 150ul of Matrigel. HUVEC cells
(2x10°, purchased from LONZA, Switzerland) were seeded in each well and incubated for 12hr with M-
199 medium containing 10% plasma from control mice or mice that underwent surgery. Microtubes
formed by the HUVECs were analyzed using Time Lapse Microscopy by Zeiss Axio observer system.
The number of bifurcations was counted per field, and then plotted. The experiment was performed in

triplicate.

Matrigel plug assay

The evaluation of host cells colonizing Matrigel plugs was performed as previously described (Gingis-
Velitski et al., 2011). Briefly, 50 pl plasma from control mice or from mice 24 hours after they underwent
surgery were added to 0.5ml Matrigel (ratio of 1:10). Subsequently, Matrigel was implanted into both
flanks of 8-10 week-old BALB/c mice to create plugs. After 10 days, plugs were removed and either
sectioned or prepared as single cell suspensions. Frozen sections were immunostained for endothelial

cells (as described below). Images were captured using Leica CTR 6000 system.

Evans Blue permeabilization assay

Lung vascular permeability was performed using Evans blue assay as previously described (Hiratsuka et
al., 2011). Briefly, control or post-surgery (24 hours) mice were intravenously injected with Evans blue
solution (100ul/mouse, 4mg/ml PBS). After 2 hours, mice were perfused with PBS and subsequently
lungs were removed and imaged. Lungs were homogenized in PBS (100mg tissue/ml) and incubated in

formamide (2mg/100mg tissue) at 60°C overnight. Evans blue absorption in tissue was evaluated using



ELISA reader (TECAN infinite M200Pro) with absorbance at 620nm and 740nm wavelengths, as
previously described (Hiratsuka et al., 2011).

Western blot

MCEF7 cell lysates were subjected to SDS-PAGE. Proteins were electro-transferred to nitrocellulose
membranes, which were then probed with polyclonal rabbit anti-paxillin (1:1000; Cell Signaling, 2542)
and anti-phospho-paxillin (1:1000; Cell Signaling, 2541), or anti-o tubulin (1:1000, Abcam, Ab4074). For
the detection of p-pax, cells were lysed in Hepes 50 mM PH-7.5, EDTA 4 mM, Triton 1%, 0.5 mg/ml
Na3VO04, 4.5 mg/ml Na2P207.



>

60 - —_ % C
— %%k *
2'050 | * © T
3 Q4o m viable CEC % A
6 D30 - viable CEP £ %
o = * s (]
z 20 - 2
10 - T I * S 5
b B W : &
)
baseline 24 a8 196 hours 63
zZ 9
B Control Surgery
Control Surgery
> D
(a)]
b o] §
Q §120 .
£100 -
c
5 80 7
o & g oo -
£ E 340 -
- B 5
) 20 |
0

Control Surgery

Aortic
microvessels

Figure S1 (related to Figure 1): Increased systemic and local angiogenesis in mice that undergo
surgery. (A) Abdominal surgery was performed on 8-10 week old non-tumor bearing BALB/c mice
(n=5). Blood was drawn from the retro-orbital sinus at several time points following surgery as indicated,
and subsequently assessed for levels of viable CECs and viable CEPs. *p<0.05; **p<0.01; ***p<0.001
using one way ANOVA followed by Tukey post-hoc test. (B) Upper panel: Plasma obtained from control
or post-surgery mice was added to Matrigel in a 1:10 ratio. The Matrigel was implanted into the flanks of
mice (n=5 mice/group), and plugs were removed after 10 days and sectioned. Sections were stained for
endothelial cells using anti-CD31 antibodies (red). Nuclei were stained with DAPI (blue). Middle panel:
HUVEC:s cultured on Matrigel-coated plates for 12 hours in the presence of 10% plasma drawn from
control and post-surgery mice. Microvessel tube formation (n=3/group) was assessed. Lower panel:
Matrigel-embedded aortic rings (n=4/group) were incubated with medium containing 10 % plasma from
control and post-surgery mice. Microvessel sprouting was analyzed using Leica CTR 6000 system.
Images were captured with the Leica CTR 6000 system. Representative images are shown. Scale bar=
200um. (C) The number of endothelial cells in Matrigel (B) was quantified by preparing single cell
suspensions that were immunostained with CD31 (endothelial cell marker) and assessed by flow
cytometry. (D) The number of bifurcations of HUVEC tube forming assay (B) were quantified. *p<0.05,
as assessed by two-tailed Student’s t-test.
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Figure S2 (related to Figure 2): LOX activity and expression in organs as well as CD11b
colonization of lungs from mice that undergo surgery. (A-B) A 1 cm incision in the abdomen of non-
tumor bearing 8-10 week old BALB/c mice was performed. Control mice have not undergone any
surgical procedure (n=3-5 mice /group). After 24 hours, mice were sacrificed, and peritoneum and lungs
were removed. (A) High magnification images of immunostained peritoneum from control or post-
surgery mice. LOX and pimonidazole marking hypoxia are designated in green and red, respectively.
Nuclei were stained with DAPI (blue). Scale bar=20pm. (B) Lung paraffin sections were immunostained
for LOX (brown). Counterstaining was performed using hematoxylin. Images were taken in x1000
magnification. Extracellular and intracellular LOX immunostainings are indicated in red and black
arrows, respectively. Scale bar=20um. (C-D) Eight-to-ten week old BALB/c control or 24 hours post-
surgery mice (n=3 mice/group) were sacrificed and organs such as liver and spleen were harvested.
Lysates of liver and spleen were assessed for LOX activity (C) or LOX expression (D). LOX activity was
assessed by paired Student’s t-test. A representative graph from three biological replicates is provided.
(E-F) Eight-to-ten week old BALB/c mice underwent surgery or were left as controls (n=4 mice/group).
Three days later, the mice were sacrificed and the lungs were removed. Lungs sections were
immunostained for CD11b (green). DAPI was used for counterstaining (blue). (E) Representative images
of lung sections stained with CD11b are provided. Scale bar=200um. (F) The number of positive pixels
for CD11b from each field was quantified using Photoshop 6 (n=20 fields/group). (G) Lysates of control

lungs were assessed for LOX activity after the mice were treated with recombinant LOX or PBS
(Control). *p<0.05, or non-significant (ns) as assessed by two-tailed Student’s t-test.
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Figure S3 (related to Figures 3-4): LOX activity in different conditions. (A) Lysates of control lungs
were used in an oxidation assay in which the substrate was replaced by collagen, fibronectin or laminin.
1,5-diaminopentane was used as a positive control (Control), while no substrate was used as a negative
control. (B) EMT/6 cells were cultured in the presence of escalating doses of BAPN as indicated. After 24
hours in culture, cells were analyzed by flow cytometry for the percentage of 7AAD+ cells. Three
biological replicates were carried out and results were plotted. Results did not reach statistical
significance (ns) at a dose range of 0-10mg/ml, as assessed by one way ANOVA followed by Tukey post-
hoc test. (C) Lysates of lungs from post-surgery mice treated with BAPN (100mg/kg) or anti-LOX
antibodies (20mg/kg) were assessed for LOX activity. LOX activity in all experiments was assessed by
two-tailed Student’s t-test. A representative graph from three biological replicates is provided. *p<0.05;
**p<0.01; using Student’s t-test.
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Figure S4 (related to Figure 4): LOX expression and activity in the lungs of mice treated with
rabbit IgG. Eight-to-ten week old BALB/c mice (n=3 mice/group) were left untreated (control) or
injected with 20mg/kg rabbit IgG. After 3 days, lungs were removed. (A) Lung sections were
immunostained for LOX (red). Representative images are provided. Scale bar=200um. (B) LOX positive
pixels (from A) were calculated per field (n=15 fields/group). (C-E) Lung lysates were assessed for newly
synthesized collagen (C) LOX expression (D) and LOX activity (E). Representative graph for LOX
activity is provided from 3 biological replicates. Non-significant (ns) changes were found as assessed by
two-tailed Student’s t-test.
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Figure S5 (related to Figure 4): Lung permeability and tumor cell seeding in control and post-
surgery mice. (A) Eight-to-ten week old BALB/c mice (n=3/group) were left untreated or underwent
abdominal surgery. After 24 hours, mice were injected with Evans blue to evaluate lung permeability, as
described in Experimental procedures. Lung images were captured, and Evans blue absorption was
quantified in lung lysates. ns — not significant. (B-C) Eight-to-ten week old BALB/c mice were treated
with BAPN or PBS for 3 sequential days. After 24 hours, mice either underwent surgery or were left as
controls (n=4 mice/group). After an additional 24 hours EMT/6-GFP+ cells (2x10°/mouse) were injected
through the tail vein. Twenty minutes later, mice were perfused with PBS and lungs were removed. (B)
Lung cryosections were imaged under fluorescent microscope to evaluate the number of GFP+ cells
(green) in the lungs. White arrows indicate GFP+ cells. Scale bar=200um. (C) In a parallel experiment,
lungs were removed and prepared as single cell suspensions. The percentage of GFP+ cells in the lungs
was quantified by flow cytometry. **p<0.01; *** p<0.001 as assessed by one way ANOVA followed by
Tukey post-hoc test.
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Figure S6 (related to Figure 6): Increased fibrillary collagen, LOX activity, and tumor cell seeding
in the lungs of mice injected with post-surgery plasma from patients. (A) Relative collagen intensity
in the lungs of mice was measured by two-photon second harmonic generation (SHG) analysis from
images presented in Fig. 6G. The fluorescent signal was determined using densitometric analysis
(ImagelJ). **p<0.01 as assessed by two-tailed Student’s t-test. (B) Lungs from 8-10 week old CB.17 SCID
mice injected with plasma from colorectal cancer patients at baseline or 24 hours after they underwent
surgery (n=3 patients; plasma specimen for each mouse) were lysed. The lysates were assessed for LOX
activity. LOX activity was assessed by paired Student’s t-test. A representative graph from three
biological replicates is provided. *p<0.05 as assessed by two-tailed Student t-test. (C) Plasma (pooled)
from colorectal cancer patients (n=6) at baseline or 24 hours post-surgery was depleted for LOX as
described in Experimental Procedures. Subsequently, the plasma was injected into naive SCID CB.17
mice (n=3 mice/group) and 24 hours later EMT/6-GFP+ cells (2.5x10%) were intravenously injected for
PuMA. Lungs were sliced and subsequently cultured in medium for 6 days. Images of lung sections were
obtained on day 6 in culture using Leica CTR 6000 system. Red arrows indicate GFP+ cells. Scale
bar=200um.
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