
STUDYING THE ROLE OF MACROPHAGES
IN CIRCULATING PROSTATE CANCER CELLS

BY IN VIVO FLOW CYTOMETRY

JIN GUO*,†, ZHICHAO FAN*,†, ZHENGQIN GU¶,||,†† and XUNBIN WEI*,†,‡,§,**,††

*Department of Chemistry, Fudan University, Shanghai, P. R. China

†Institutes of Biomedical Sciences, Fudan University, Shanghai, P. R. China

‡Med-X Research Institute, Shanghai Jiao Tong University
1954, Huashan Road, Shanghai 200240, P. R. China

§School of Biomedical Engineering
Shanghai Jiao Tong University, Shanghai, P. R. China

¶Department of Urology, Xinhua Hospital
Shanghai Jiao Tong University

1665, Kongjiang Road, Shanghai 200092, P. R. China
||docguzq@gmail.com
**xwei01@sjtu.edu.cn

Accepted 9 August 2012
Published 16 November 2012

Metastasis is a very complicated multi-step process and accounts for the low survival rate of the
cancerous patients. To metastasize, the malignant cells must detach from the primary tumor
and migrate to secondary sites in the body through either blood or lymph circulation.
Macrophages appear to be directly involved in tumor progression and metastasis. However, the
role of macrophages in a®ecting cancer metastasis has not been fully elucidated. Here, we have
utilized an emerging technique, namely in vivo °ow cytometry (IVFC) to study the depletion
kinetics of circulating prostate cancer cells in mice and determine how depletion of macrophages
by the liposome-encapsulated clodronate a®ects the depletion kinetics. Our results show
di®erent depletion kinetics of PC-3 cells between the macrophage-de¯cient group and the
control group. The number of circulating tumor cells (CTCs) in the macrophage-de¯cient group
decreases in a slower manner compared to the control mice group. The di®erences in depletion
kinetics indicate that the absence of macrophages facilitates the stay of prostate cancer cells in
circulation. In addition, our imaging data suggest that macrophages might be able to arrest,
phagocytose and digest PC-3 cells. Therefore, phagocytosis may mainly contribute to the de-
pletion kinetic di®erences. The developed methods elaborated here would be useful to study the
relationship between macrophages and tumor metastasis in small animal cancer models.
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1. Introduction

Metastasis is a complex multi-step process, which
consists of a series of sequential events involving
sophisticated interactions between the cancer cells
and their surroundings. The exact mechanism of
metastasis has not yet been completely under-
stood. In metastasis, the malignant cells must
break o® from the primary tumor and make their
way into either blood or lymph circulation. Once
entering the circulatory system, the cancer cells
gain access to every portion of the body. The
cancer cells usually get trapped in the ¯rst set of
capillaries network when they encounter the
downstream of their origin. The ¯rst vascular bed
encountered by blood leaving most organs is in
the lung since deoxygenated venous blood leaving
many organs is returned to the lung for reox-
ygenation; only the intestines send their blood to
the liver ¯rst. Accordingly, the lungs are the most
common site of metastasis, followed by the liver.1

After the cancer cells come to a rest at a sec-
ondary endothelial site, they may re-penetrate
and pass through the endothelium layer, continue
to proliferate until eventually another clinically
detectable tumor is formed. Metastasis is a highly
ine±cient process,2,3 most cancer cells die due to
shear stress, lack of oxygen and nutrients, dis-
ruption of cell�cell contacts, immune surveil-
lance, etc, yet a very few cancer cells may have
the ability to survive and ¯nally create a new
tumor.

Prostate cancer is the second most frequently
diagnosed cancer, and the third leading cause of
cancer-related death among men in developed
countries.4 Like most other solid malignancies,
prostate cancer can metastasize to distant organs
such as the liver, lungs and brain. However, it also
has a particular high favor of metastasizing
to the bone as well as the lymph nodes. Most
prostate tumors grow slowly and remain con¯ned to
the gland for many years. Early prostate cancer
usually causes no symptoms. However, as the cancer
advances, it can metastasize throughout other areas
of the body and may cause bone pain, di±culty in
urinating, problems during sexual intercourse, etc.
The speci¯c causes of prostate cancer remain
unknown.5

Macrophages are versatile plastic cells which con-
stitute a major component in virtually all malig-
nancies.6 Macrophages are conventionally considered

to be cytotoxic e®ector cells.7 The resident liver
macrophages (Kup®er cells) have been shown to play
a crucial role in arresting and killing disseminated
tumor cells that enter the liver via the portal blood
in vivo.8,9 However, recent studies reveal that
macrophages within the tumor microenvironment
facilitate angiogenesis and extracellular matrix
breakdown and remodeling and promote tumor cell
motility, which enhances cancer metastasis.10�12

Although some clinical studies have shown a corre-
lation between the numbers of tumor-associated
macrophages and poor prognosis of prostate can-
cer,13 the role of macrophages in a®ecting circulating
prostate cancer cells andmetastasis has notbeen fully
elucidated.

Liposome-encapsulated clodronate (lip-clo) is an
e±cient reagent for the selective depletion of
macrophages and has been successfully applied in a
number of immunological studies.14,15 Free clo-
dronate, which does not easily pass cell membrane,
is not toxic for macrophages. However, lip-clo is
readily taken by macrophages. The clodronate is
accumulated intracellularly once delivered into
macrophages using liposomes as vehicles. The
macrophages are ¯nally irreversibly damaged and
undergo apoptosis after intracellular concentra-
tion of clodronate exceeds a toxic concentration
threshold.16 Macrophages can be depleted in the
liver (Kup®er cells), lung (Alveolar macrophages),
spleen (di®erent macrophage subpopulations), per-
itoneal cavity, lymph nodes, etc, if liposomes are
adequately administered.17,18

The in vivo °ow cytometry (IVFC) has the
capability to continuously and noninvasively
quantify the number and °ow characteristics of
°uorescently labeled cells in vivo.19�24 In IVFC
measurement, when the °uorescent cells in fast
°owing blood pass through the laser slit across the
artery, the °uorescence signal could be excited and
detected. IVFC allows researchers to acquire cyto-
metric information from the circulation in live ani-
mals without extracting blood samples. Thus, IVFC
is a particular useful technique for studying tumor
on small animal models.25,26 Fan et al. have recently
used it for real-time monitoring of the rare circu-
lating hepatocellular carcinoma cells in an ortho-
topic model of mice and found that the resection
prominently restricts hematogenous metastasis and
distant metastases.27 Here, we have studied the role
of macrophages in circulating prostate cancer cells
by IVFC.

J. Guo et al.
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2. Materials and Methods

2.1. Cells, animals and chemicals

The human androgen-independent high metastatic
potential prostate cancer cell line PC-3was purchased
from The Cell Bank of Type Culture Collection of
Chinese Academy of Science, Shanghai Institute of
Cell Biology, Chinese Academy of Sciences.

Balb/c nude mice and Kunming mice were pur-
chased from Shanghai SLAC Laboratory Animal
Co. Ltd and raised under speci¯c pathogen-free
conditions. The study was approved by the Ethical
Committee of Animal Experiments of Institutes of
Biomedical Sciences, Fudan University.

Lip-clo was a kind gift from Dr Nico van Rooijen
at ClodronateLiposomes.org (Amsterdam, the
Netherlands), and contained 5mg of clodronate per
1ml suspension.

2.2. Toxic assay of lip-clo

Peritoneal macrophages were harvested from eight-
week-old male Kunming mice (40 g� 5 g) based on
the well-developed protocol.28 Peritoneal macro-
phages were seeded in 10-cm-diameter petri-dish
and cultured at 37�C and 5% CO2 in RPMI-1640
medium (Jinuo Bio-pharmaceutical Tech. Co., Ltd.,
Hangzhou, China) containing 10% fetal bovine
serum (FBS, HyClone, South Logan, UT, USA).
The cells were allowed to adhere to the dish surface
by culturing for 2 h. Nonadherent cells were
removed by gently washing three times with pre-
warmed RPMI-1640 medium.

To verify the macrophages depletion e®ect of lip-
clo, 0.2ml lip-clo suspension (containing 1mg clo-
dronate) was added into the culture medium of the
petri-dish where approximately 105 peritoneal
macrophages were seeded. The macrophages were
then cultured at 37�C and 5% CO2 incubator over-
night. The CCD camera mounted in our in vivo °ow
cytometer, which is coupled with a 40� microscopic
objective (NA ¼ 0:6), was used to monitor the via-
bility of microphages and take images before/after
lip-clo treatment.

2.3. Macrophages depletion and
depletion of circulating prostate

cancer cells

To obtain the macrophage-de¯cient mouse model,
the lip-clo suspension was injected via the tail vein

into Balb/c nude mice with a dose of 0.1ml lip-clo
(0.5mg clodronate) suspension per 10 g mice
weight. Lip-clo was warmed slowly to room tem-
perature before intravenous injection each time.
As lip-clo precipitated in storage, the suspension
of lip-clo was shaken or stirred before injection in
order to get a homogeneous suspension. Twenty-
four hours after lip-clo injection, the macrophages
were almost depleted when the mice were ready for
experiments.29

To build tumor metastasis model, the PC-3
prostate cancer cells were cultured at 37�C and 5%
CO2 in RPMI-1640 medium (Jinuo Bio-pharma-
ceutical Tech. Co., Ltd., Hangzhou, China) con-
taining 10% fetal bovine serum (FBS, HyClone,
South Logan, UT, USA). For cell labeling, cell
suspension was incubated at 37�C with 0.1mM
lipophilic carbocyanine DiD (Invitrogen, Eugene,
OR, USA) for 30min, and then washed by phos-
phate-bu®ered saline for three times. The cells were
counted by hemocytometer and prepared to use.
About 5� 105 DiD-labeled cells were injected into
six-week-old male Balb/c nude mice (20 g� 2 g) to
establish metastatic prostate cancer model.

In the macrophage-de¯cient metastatic prostate
cancer model, major types of macrophage popu-
lations, such as Kup®er cells in the liver and red
pulp macrophages in the spleen, could remain
depleted by lip-clo for as long as one to two
weeks,30,31 which makes it possible to study con-
tinuously how macrophages a®ect circulating pros-
tate cancer cells by IVFC in the long term.

2.4. In vivo °ow cytometry

In vivo °ow cytometer (Fig. 1) is set up based on
previous experience.19 Brie°y, we use transillumi-
nation with a 535nm� 15 nm light-emitting diode
(LED) to visualize the major veins and arteries of in
the mouse ear. A typical artery of approximately
40�m in diameter is selected for data acquisition.
Light from a 633 nm He�Ne laser is focused into a
slit by a cylindrical lens and imaged across the
selected ear artery. The size of the slit at the focal
plane of the sample is approximately 5�m� 72�m.
The depth of focus (i.e., the full width at half-
maximum of the light slit onto the sample in the
axial direction) is approximately 50�m, a value
chosen to match the vessels of interest. The
sample is positioned so that the long dimension of
the slit traverses the width of the blood vessel.

Studying Macrophages in Circulating Prostate Cancer Cells by in vivo Flow Cytometry
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Fluorescently labeled cells are excited one by one as
they °ow through the chosen artery and traverse
the slit, producing a burst of °uorescence for each
cell. Fluorescence is detected with a photomultiplier
tube (PMT) placed directly behind the mechanical
slit, sampled at a rate of 5 kHz with a data acqui-
sition card, and displayed/stored on a computer.

In animal experiments, the mice are anesthetized
with sodium pentobarbital and then placed on a
heated stage. An artery in the ear is chosen for
obtaining measurements. Fluorescence signal is
excited as the labeled circulating cells pass through
the laser slit focused across the blood vessel
[Fig. 2(a)]. Detecting the excited °uorescence con-
focally enables researchers to monitor labeled cells
in the very same vessel continuously. Signal is
recorded at a rapid rate (5 kHz) to ensure the
measurement of fast-°owing cells [Fig. 2(b)]. The
blood °ow velocity in the artery is 2.3�7.0mm/s.19

The slit width is approximately 5�m. The number
of °uorescent peaks, along with the height and full
width at half maximum of each peak, is determined
by a fully automated algorithm using wavelet-based
denoising and dynamic peak picking method,24

which is more objective in the analysis than pre-
vious line-separating method.19

2.5. Confocal laser scanning

microscopy

To study the phagocytosis of prostate cancer cells
by macrophages, DiD-labeled PC-3 cells were
co-cultured with the peritoneal macrophages in a
10-cm-diameter petri-dish and cultured at 37�C and
5% CO2 in RPMI-1640 medium (Jinuo Bio-phar-
maceutical Tech. Co., Ltd., Hangzhou, China)
containing 10% fetal bovine serum (FBS, HyClone,
South Logan, UT, USA) overnight. A confocal laser
scanning microscope (CLSM, Leica TCS SPE, Leica
Microsystems) with an excitation laser wavelength
of 635 nm and an emission bandwidth PMT of
650�700 nm were used for acquiring images.

3. Results

3.1. Macrophages were depleted

by lip-clo in vitro

Before lip-clowas introduced intomice by intravenous
injection, a validation test was performed to verify the
depletion of macrophages by lip-clo in vitro. About
0.2ml lip-clo suspension, which contains 1mg clo-
dronate was added to 105 peritoneal macrophages

Fig. 1. Schematic of the in vivo °ow cytometer setup: He�Ne laser light 633 nm is focused into a slit by a cylindrical lens (CL) and
imaged across the selected blood vessel with a microscope objective lens (40x, NA ¼ 0:6). The °uorescence from excited labeled cells
in blood stream is collected by the same microscope objective, directed through the dichroic beam splitter BS1, which re°ects green
LED light to image sample onto CCD camera, re°ected by a second beam splitter BS2, and imaged onto a 200�m� 3000�m
mechanical slit, which is confocal with the excitation slit. BPF1�2: bandpass ¯lter. AL1�3: achromatic lenses. NDF: neutral
density ¯lter. A/D: analog-to-digital converter. M1: mirror.

J. Guo et al.
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(¯nal concentration: 100�g clodronate per 1ml cul-
ture medium) for overnight incubation. Images of
macrophages were taken before and after lip-clo
treatment by a CCD camera (Fig. 3). The images
showed that the majority of macrophages were suc-
cessfully depleted overnight by lip-clo in vitro.

3.2. Macrophages in°uence depletion

kinetics of circulating prostate

cancer cells signi¯cantly measured
by IVFC

To explore if there is any relationship between
macrophages and the depletion kinetics of circulating

prostate cancer cells. We took advantage of the
IVFC to monitor circulation kinetics in both
macrophage-de¯cient mice group and the control
group. The human androgen-independent prostate
cancer cell line PC-3 was used in this study to show
circulation kinetics of high metastatic prostate
cancer cells. Compared with the human androgen-
dependent low metastatic prostate cancer cell line
LNCaP, PC-3 cells demonstrate signi¯cant di®er-
ence in depletion kinetics in the ¯rst 2 h after tail-
vein injection (Fig. S1). Figure 4 shows the nor-
malized circulating tumor cell (CTC) quantitation
of macrophage-de¯cient mice group and the control
group. The ¯rst IVFC measurements were acquired

(a) (b)

Fig. 2. (a) The mouse is anesthetized and placed on a heated stage. An artery in the ear is chosen for the measurement; (b) A trace
of DiD-labeled circulating PC-3 prostate cancer cell measured by the in vivo °ow cytometer. Each peak (red star) within the trace
indicates that a °uorescently-labeled circulating PC-3 cell passes through the slit of light and thus gives a burst of °uorescence. A.U.
denotes arbitrary unit.

(a) (b)

Fig. 3. Lip-clo depletes macrophages in vitro. (a) Macrophages cultured in a petri-dish before the addition of lip-clo;
(b) Macrophages cultured in a petri-dish after the addition of lip-clo and incubated overnight. Scale bar: 100�m.

Studying Macrophages in Circulating Prostate Cancer Cells by in vivo Flow Cytometry
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within 5min after injection. Additional measure-
ments were acquired at the very same vessel lo-
cation at 15, 30, 45min; 1, 2, 4, 6, 8, 10, 12 h; as well
as after 1, 2, 3, 4 days. In the control group, more
than 70% PC-3 cells are depleted within the ¯rst
hour. After the initial depletion, there is a slight
increase in CTC number, quickly followed by a
second depletion. By 8 h, 76%� 3:6% PC-3 cells are
depleted from the circulation. Although the CTC
number slightly °uctuates, it remains consistently
low during a period of four days. In comparison, in
the macrophage-de¯cient mice group induced by
lip-clo, only 30% PC-3 cells are depleted within the
¯rst hour, followed by an apparent increase of CTC
number with the peak number appearing at 24 h.
The number of circulating PC-3 cells at 24 h is

approximately 2.5-fold of the cell count measured
right after injection. For the long-term monitoring,
the cell number keeps dropping during day 2�4.
62%� 4:0% PC-3 cells are depleted from the
circulation at 96 h. The di®erences in depletion
kinetics indicate that removing macrophages facili-
tates the stay of prostate cancer cells in the
circulation.

3.3. Macrophages might arrest and
digest prostate cancer cells in vitro

As a type of specialized phagocytic cells, macro-
phages may help to arrest and digest cancer cells,
thus contribute to the depletion kinetics di®erences
of circulating cancer cells. An in vitro test of

(a)

(b)

Fig. 4. Depletion kinetics of circulating prostate cancer cells PC-3 in macrophage-de¯cient and control BALB/c nude mice. (a)
The normalized numbers of circulating cells per minute are shown during 8 h following injection of the DiD-°uorescently labeled
cells to illustrate short-term depletion process; (b) The normalized numbers of circulating cells per minute are shown during 96 h
following injection of the DiD-°uorescently labeled cells to illustrate long-term depletion process. The mean values and standard
deviations (SD) are shown (n � 3).

J. Guo et al.
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macrophage's phagocytic ability to prostate cancer
cells was performed. The DiD °uorescently-labeled
PC-3 cells and the peritoneal macrophages were co-
cultured overnight. Laser confocal microscopy was
used to monitor the behavior of PC-3 cells and
macrophages. We frequently observed that the PC-
3 cells were captured by macrophages. In addition,
the DiD signals were not only present in PC-3 cells,
but also detected in macrophages, which implies
that macrophages could digest the prostate cancer
cells after arresting them (Fig. 5).

4. Discussion

The relationship between macrophages and circu-
lating cancer cells is complex and is not yet fully
understood. In our study here, we have used the in
vivo °ow cytometer, combined with a macrophage-
depletion drug, lip-clo, to continuously monitor the
depletion kinetics of malignant PC-3 prostate can-
cer cells in mice and study how removal of macro-
phages by lip-clo a®ects PC-3 cell depletion.

The depletion kinetics di®erences of PC-3 cells in
BALB/c nude mice between macrophage-de¯cient
mice and the control mice could be explained by two
major reasons: (i) after tail-vein injection, most
cancer cells usually immediately get trapped in the
¯rst set of capillaries network that they encounter
downstream of their origin, such as the lung and
liver. As an integral arm of the immune system and
one of the body's main lines of defense, macrophages
involve the arrest and killing of CTCs. For example,

Bayon et al. reported that Kup®er cells, the resident
macrophages in liver, played a role in arresting
circulating colon carcinoma cells at the liver sinus-
oid and were mainly responsible for clearing neo-
plastic cells from the liver parenchyma.9 The
observation that PC-3 cells were arrested and
digested by co-cultured macrophages in vitro in our
study is consistent with those ¯ndings view. Thus, a
fraction of intravenously injected PC-3 cells could
be trapped in capillaries and physically arrested/
killed by macrophages. Depletion of macrophages
by lip-clo would let more trapped PC-3 cells leave
capillaries and cruise in the circulatory system;
(ii) besides direct physical arrest and digest, the
macrophages could also cooperate with other cells
by cytokines to a®ect the metastasis behavior of
CTCs. For example, Huh et al. reported that neu-
trophils helped melanoma cells transiently trapped
in lung capillaries to anchor to vascular endo-
thelium and facilitated further metastasis by a
cytokine called interleukin-8 (IL-8), which could be
paracrine produced and secreted by melanoma
cells.32 Meanwhile, IL-8, as an angiogenic factor,
could also be produced by monocytes/macro-
phages.33 Chen et al. also found out tumor associate
macrophages could up-regulate IL-8 expression and
have a close correlation with tumor angiogenesis
and patient survival in non�small-cell lung can-
cer.34 Thus, tumor-associated macrophages may
enhance the anchoring and metastasis abilities of
circulating cancer cells by secretion of certain
cytokines such as IL-8. Depletion of macrophages
by lip-clo could disrupt this cytokine link between
tumor associate macrophages and cancer cells,
which makes CTCs harder to tether/anchor to the
endothelium and therefore have more chances to get
access to the blood °ow again. To investigate the
particular mechanism(s), further research works are
currently underway.

In conclusion, the developed methods here would
be useful to study the relationship between macro-
phages and tumor metastasis in small animal cancer
model. Our study of macrophages on circulating
prostate cancer cells might provide new ways for
anti-cancer therapies.
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