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Invasion of tumor cells into the local stroma is an
important component in cancer progression. Here
we report studies of the in vivo invasion of head and
neck squamous cell carcinoma (HNSCC) cells in re-
sponse to applied gradients of a growth factor [epi-
dermal growth factor (EGF)] and a chemokine
(CXCL12), using orthotopic floor-of-mouth models.
Analysis of the invading cells indicated that >75%
of them were tumor cells, about 15% macrophages,
and <10% were unidentified. Surprisingly, al-
though macrophages invaded together with tumor
cells, macrophage contributions were not required
for HNSCC invasion. CXCL12-induced in vivo inva-
sion of HNSCC cells was also observed and found to
occur via a unidirectional transactivation of epider-
mal growth factor receptor (EGFR) through CXCR4.
Inhibition of tumor necrosis factor-�–converting
enzyme using TNF-� protease inhibitor-2 selectively
inhibited CXCL12-induced invasion but not EGF-in-
duced invasion, consistent with CXCL12 activation
of EGFR via release of EGFR ligands. (Am J Pathol

2011, 178:2857–2865; DOI: 10.1016/j.ajpath.2011.02.030)

Head and neck squamous cell carcinoma (HNSCC) is
one of the 10 most common types of cancer in the world,
with over 500,000 new cases per year and 250,000 deaths
worldwide as estimated by the World Health Organization.
This includes 48,000 new cases and 11,260 deaths in
2009 from HNSCC in the United States.1 HNSCC origi-
nates from mucosal tissues of the upper aerodigestive
tract and spans the oral cavity to the larynx. Despite

some improvements in treatment methods, the 5-year
survival rate remains just above 50%.1 Current treatments
for HNSCC include single and multimodality therapies
using surgical and nonsurgical approaches (chemother-
apy and/or radiotherapy).2

A key constraint that limits the ability of surgical treat-
ment to cure HNSCC is the location—adequate margins
to guarantee removal of all tumor cells are difficult to
achieve in many cases without severely compromising
quality of life or survival. Thus, the degree to which tumor
cells have locally spread from the primary tumor can
impact the likelihood of recurrence. Indeed, morpholog-
ical examination of HNSCC has revealed that the pattern
of tumor invasion, presence of perineural invasion, and
presence of inflammatory cells correlate with clinical out-
come.3–6 Understanding the mechanisms underlying
HNSCC invasion could provide an opportunity to reduce
local invasion and improve patient outcome. The epider-
mal growth factor receptor (EGFR) is often overex-
pressed in HNSCC7,8 and correlated with poor progno-
sis.9 In addition to driving proliferation, the EGFR has the
potential to drive invasion. EGFR ligands are chemoat-
tractants, stimulating directly cell motility and HNSCC
invasion in vitro.10–12 Studies of EGFR function in HNSCC
in vivo have focused on tumor growth,13,14 and direct
evaluation of EGFR-mediated invasion in vivo has been
poorly explored.
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In the primary tumor–host microenvironment, interac-
tions between tumor cells and surrounding host stromal
elements (including macrophages and fibroblasts) can
also contribute to tumor cell invasion. Stromal cells are
known to release chemotactic signals that drive inva-
sion of tumor cells further into host stoma. For example,
tumor-associated macrophages, fibroblasts, or platelets
can produce EGFR ligands such as EGF,15–17 whereas
tumor-associated fibroblasts can produce CXCL12.18

Macrophages express the CXCL12 receptor CXCR4,
whereas tumor cells can express both EGFR and CXCR4.
Macrophage infiltration into tumors as well as the tumor–
host interface has been shown to correlate with poor
prognosis of many malignancies,19–21 including HN-
SCC.6,22 In a study of 102 HNSCC patients, macrophage
count at the primary tumor correlated positively with
lymph node metastasis and stage, and was found to be
an independent predictor of lymph node metastasis.22

We have previously demonstrated macrophage-depen-
dent tumor invasion in breast cancer animal mod-
els15,23,24 based on an in vivo invasion assay. This assay
collects invasive cells from primary xenograft and trans-
genic tumors in response to chemotactic cues.25 It was
determined that macrophages aided breast cancer cell
invasion into surrounding tissue by forming a paracrine
communication loop between colony-stimulating factor 1
(CSF-1)-secreting cancer cells and EGF-secreting mac-
rophages.15 Blockade of either EGF or CSF-1 signaling
was able to inhibit this invasion. Invasion induced by
other chemotactic stimuli such as CXCL12 and heregulin
�1 (HRG�1) also relied on this paracrine loop.23

Given the importance of local and regional invasion in
HNSCC; the abundance of EGFR in HNSCC tumors; and
the published evidence that macrophage infiltration cor-
relates with poor prognosis in HNSCC, it is important to
evaluate in vivo the contributions of macrophages to
HNSCC invasion. In this paper, we directly evaluate the
roles of EGFR and macrophages in HNSCC invasion in
vivo using FaDu and UMSCC47 HNSCC cell lines in an
orthotopic floor-of-mouth model.26 We characterize the in
vivo invasion of HNSCC tumor cells using the chemoat-
tractants EGF and CXCL12. Remarkably, macrophages
are not required for HNSCC invasion. However, invasion
in response to CXCL12 does depend on EGFR function,
demonstrating the importance of the EGFR for HNSCC
invasion in vivo.

Materials and Methods

Cell Lines and Animal Models

The cell lines used are FaDu (derived from a hypopha-
ryngeal tumor, purchased from ATCC, Manassas, Vir-
ginia, HTB-43) and UMSCC47 (derived from an oral cav-
ity tumor, kindly provided by Dr. Tom Carey, University of
Michigan). They were cultured at 37°C and 5% CO2.
FaDu cells were cultured in Eagle’s minimum essential
medium (Cellgro/Fisher Scientific, Pittsburgh, PA) with
1 mmol/L sodium pyruvate (Cellgro/Fisher) and 1�

minimum essential medium nonessential amino acids
(Sigma-Aldrich, St. Louis, MO). The UMSCC47 cell line
was cultured in Dulbecco’s minimum essential medium
(Cellgro/Fisher) with 100 nmol/L nonessential amino ac-
ids and 2 mmol/L L-glutamine (Sigma-Aldrich). All culture
media were supplemented with 10% fetal bovine se-
rum [10082–147 (Gibco/Invitrogen, Carlsbad, CA) for
UMSCC47 and SV300-1403 (Fisher) for FaDu cultures]
and penicillin (100 U/mL)-streptomycin (0.1 mg/mL).

All procedures involving mice were conducted in
accordance with the National Institutes of Health reg-
ulations concerning the use and care of experimental
animals and approved by the Albert Einstein College of
Medicine animal use committee. The injection protocol
was adapted from Henson et al26 Cell lines were grown
to 85% to 90% confluence. On the day of injection,
cells were trypsinized (0.25% Trypsin; Gibco 25200),
resuspended to a final concentration of 2 � 107 cells in
50% (v/v) medium and 50% (v/v) Matrigel (354234;
BectonDickinson, San Jose, CA), and placed on ice.
Six-to-eight-week-old athymic nude mice (NCI-Freder-
ick, Frederick, MD) were then anesthetized using iso-
flurane.25,27 Mice were injected into the floor of the
mouth with 50 �L of cell/Matrigel suspension, resulting
in 1 � 106 cells per injection. Tumors were allowed to
grow for 3 to 4 weeks before in vivo invasion assay and
histopathology.

In Vivo Invasion Assay

The measurement of cell invasion into needles placed in
the primary tumor of anesthetized mice was performed as
described previously in detail.25 Invasive cells were col-
lected into 33-gauge Hamilton needles (14-815-423;
Fisher) filled with Matrigel (356234; Becton Dickinson)
diluted 1:10 with L15–bovine serum antigen (BSA) �
chemoattractant [EGF (Life Technologies/Invitrogen) or
CXCL12� (460-SD; R&DSystems, Minneapolis, MN)] for 4
hours. At the end of collection, the contents of the nee-
dles were extruded using approximately 30 �L of 0.5
�g/mL DAPI (in PBS) with a syringe onto a coverslip. To
inhibit activity of the EGF receptor, Iressa (gefitinib; pro-
vided generously by AstraZeneca), a tyrosine kinase in-
hibitor specific for the EGF receptor, was used at 1
�mol/L. To block activation of CXCR4, AMD3100 (Sigma,
A5602) was used at 500 nmol/L. Tumor necrosis factor-
�–converting enzyme (TACE) inhibitor TNF-� protease
inhibitor-2 (TAPI-2) (INH-3852-PI; Peptides International,
Louisville, KY) was used at a final concentration of 0.5
�mol/L in the microneedles. To impair macrophages
functionally in mice bearing tumors, PBS (control) and
clodronate-containing liposomes were administered by
tail vein into mice 48 and 24 hours before the in vivo
invasion assay as described previously28 using clodro-
nate at a concentration of 2.5 g/10 mL PBS. Clodronate
(or Cl2MDP) was a gift of Roche Diagnostics GmbH (Pen-
zberg, Germany). Phosphatidylcholine (Lipoid E PC) was
obtained from LipoidGmbH (Ludwigshafen, Germany).
Cholesterol was purchased from Sigma. Animals were
injected with 100 �L of liposome solution per 10 g of

weight.
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Determination of Cell Types Collected in the
in Vivo Invasion Assay

After a 4-hour collection, invasive cells were extruded
from needles using 10% buffered formalin (SF100-20;
Fisher Scientific) onto poly-L-lysine coated MatTek dishes
and fixed for 1 hour at room temperature. To block non-
specific binding, the samples were incubated overnight
at 4°C in Tris-buffered saline (TBS) with 1% FBS (TBS-
FBS). The cells were permeabilized with 100 �L of TBS
with 0.1% Triton �100 for 10 minutes at room tempera-
ture, and washed three times with TBS-BSA, blocked
overnight with TBS-FBS, and incubated with a primary
antibody mixture of mouse anti–pan-cytokeratin antibody
(SC15367; Santa Cruz Biotechnology, Santa Cruz, CA)
for carcinoma cells and rat anti-F4/8029 for macrophages
in TBS-BSA at a dilution of 1:50 and 1:25 respectively.
After 1-hour incubation with the primary antibodies, cells
were washed with TBS-BSA and incubated in a mixture of
goat anti-mouse Cy3 and sheep anti-rat fluorescein iso-
thiocyanate. Cells were rinsed and left in TBS-BSA with
DAPI and counted using a fluorescence microscope.

Intravital Imaging of Texas Red Dextran Uptake
by Macrophages in Primary Tumors and
Spleens

Nude mice carrying 3- to 4-week-old tumors were in-
jected via the tail vein with either control liposomes or
clodronate-containing liposomes (100 �L of liposome so-
lution per 10 g animal weight) 48 and 24 hours before the
experiments. To visualize the effect of control and clodro-
nate-containing liposomes on phagocytic activity of mac-
rophages, 48 hours after liposome injection, animals
were injected i.v. via the tail vein with 200 �L of 10 mg/mL
Texas Red dextran (70 kDa, D1830; Molecular Probes/
Invitrogen) in Dulbecco’s phosphate buffered saline
(14040; Gibco). Two hours after dextran injection, the
animal was anesthetized, the skin over the tumor re-
moved, and macrophage function was determined by
the ability of the cells to take up dextran. Texas Red–
labeled stromal cells were imaged using a Radiance
2000 MP multiphoton microscope (Bio-Rad, Hercules,
CA) at an excitation wavelength of 870 nm using a 20 �
0.95 NA water objective. Multiple Z series were taken for
tumor and spleen using 10-�m steps. Quantitation of
images was done using ImageJ to obtain the pixel inten-
sity of the dextran (red fluorescence) taken up by host
cells. For image analysis, three fields were selected per
spleen and per tumor, and at least three spleens and
three tumors were imaged per clodronate liposome treat-
ment or per control liposome treatment. Total pixel inten-
sity was measured in the Texas Red dextran channel for
each slice in a Z-stack (five slices 10-�m apart per Z-
stack). Background intensity was determined by select-
ing an area without macrophages and measuring the
average pixel intensity for that area. For each z-slice, the
average Texas Red uptake was calculated by subtract-

ing the average background pixel intensity from the av-
erage pixel intensity for each slice, and averaging the
results for each Z-stack.

HNSCC in Vivo Model Histopathology

After needle cell collection and/or in vivo imaging, the
submaxilla of the mouse containing the tumor xenograft
and intact surrounding stromal tissues was carefully ex-
cised for histopathology. The slides were then stained
using H&E or immunohistochemistry (IHC). For IHC, the
sections were incubated for 60 minutes at room temper-
ature with either rabbit anti–mouse-IBA1 (019–1974,
1:1000; Wako, Richmond, VA) or mouse anti–human-
pan-cytokeratin (C2562, 1:1000; Sigma). This was fol-
lowed by incubation with biotinylated secondary antibod-
ies: goat anti-mouse (E0433; Dako, Carpinteria, CA) and
goat anti-rabbit (E0432; Dako); both at a 1:500 dilution for
60 minutes at room temperature. The staining was visu-
alized using a horseradishperoxidase–avidin-biotin
complex reaction for 20 minutes (PK-6100;Vector,) fol-
lowed by a diaminobenzidine reaction (SK-4100; Vec-
torLaboratories, Burlingame, CA), and a hematoxylin
counterstain. For negative control, primary antibody
was omitted.

FACS Analysis

Cell were washed and detached with Accutase (AT-104,
Innovative Cell Technologies, San Diego, CA) and resus-
pended to make a final concentration of 1 � 106 cells/mL.
One hundred microliters of the cell suspension were then
stained with 1 �L of primary antibody (500 �g/mL CXCR4
MAB172; R&D Systems) on ice for 60 minutes. The sam-
ples were then washed and stained with secondary an-
tibody (anti–mouse-PE, 115-116-146; Jackson Immu-
noresearch, West Grove, PA) for 30 minutes. The
samples were analyzed using a FACSCanto benchtop
flow cytometer (Becton Dickinson).

Results

HNSCC in Vivo Mouse Model and
Histopathology

Two HNSCC cell lines, FaDu and UMSCC47, were used
for in vivo assays. Cells in 50% v/v Matrigel were injected
into the floor of the mouth of nude mice to form an ortho-
topic tumor. H&E staining revealed invasion of the tumor
cells into the host stroma (Figure 1, A and B). This was
confirmed by IHC using a human-specific pan-cytokera-
tin antibody (Figure 1, C and D). Analysis using IHC to
detect mouse-specific ionized calcium binding adaptor
molecule-1 (IBA1) confirmed the presence of macro-
phages in our xenograft models. These macrophages
were present in the tumors as well as in the surrounding

stroma (Figure 1, E and F).
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EGF Stimulates in Vivo Invasion of Head and
Neck Orthotopic Tumors

Three to 4 weeks postinjection, microneedles containing
extracellular matrix components (10% Matrigel) with or
without chemotactic signals were inserted into the pri-
mary tumors to collect invasive cells (Figure 2A). EGF
induced in vivo invasion in FaDu tumors (Figure 2B) in a
dose-dependent fashion, with invasion saturating at con-
centrations of EGF in the needle of 25 nmol/L or higher.
We therefore selected 25 nmol/L EGF as the standard
concentration to use. This concentration of EGF also in-
duced UMSCC47 tumor cell invasion in vivo (Figure 2C).

Previous studies with breast cancer models have
shown that macrophages comigrate with cancer cells
in response to EGF stimulation in this in vivo invasion
assay.15,23,24 To assess macrophage comigration in
HNSCC tumor models, the invasive cells collected from
tumors were fixed and stained with a pan-cytokeratin anti-
body to detect tumor cells and an F4/80 antibody to detect
macrophages (Figure 3A). The relatively weak F4/80 stain-
ing is consistent with our previous studies in which the
permeabilization required for detection of cytokeratin may
reduce the amount of F4/80 detected. Tumor cells repre-

A B

C D

FE

FaDu UMSCC47

Figure 1. Patterns of invasion and tumoral macrophages of 3- to 4-week-
old floor-of-mouth tumors. A and B: Host–tumor interface. Both FaDu and
UMSCC47 grow as moderate- to well-differentiated large acini. They
invade by budding out small groups of cells (arrows) from the acini. C and
D: Invasive patterns. Tumor cells (brown) form acini that individually bud
out into the surrounding host tissue. E and F: Macrophages (brown) within
tumor acini are polygonal, whereas those within stroma between acini are
elongated. A and B: H&E; scale bars, 50 �m; C and D, pancytokeratin
immunoperoxidase, scale bars 100 �m; (E and F) IBA1 immunoperoxidase;
scale bars � 100 �m.
sented approximately 76% of the invasive population and
16% of macrophages, with 8% of the cells with DAPI-
labeled nuclei not being stained by either cytokeratin or
F4/80 antibodies (Figure 3B). The cytokeratin-staining
cells are unlikely to be normal epithelial cells since the
needles collected the cells from the tumors, which
formed at the site of injection in the floor of the mouth well
below the normal oral mucosa (Figure 1). Thus, gradients
of EGF in vivo can stimulate invasion of HNSCC tumor
cells in concert with macrophages.

Macrophages Are Not Required for
EGF-Induced in Vivo Invasion

Though it has been suggested that macrophages induce
angiogenesis in head and neck tumors,30 the role of

Figure 2. EGF stimulates in vivo invasion of head and neck cancer cells.
A: The in vivo invasion assay is performed on floor-of-mouth tumors that are
at least 0.5 cm in diameter (left). Typical assays involve two sets of three
needles in specially designed holders25 inserted into either side of the tumor
(right). B: Needles containing varying concentrations of EGF were inserted
into FaDu floor-of-mouth tumors, and the number of cells invading the
needles was determined. Data are means and standard errors of the mean of
at least three measurements from at least two different tumors for all data
points. The curve is a fit of the data to the equation I � I0 � I1*C/(C�C50),
where C is the concentration of EGF in the needle, and I0 � 70, I1 � 230, and
C50 � 7 nmol/L. C: Needles containing buffer alone or 25 nmol/L EGF were
inserted into UMSCC47 orthotopic tumors, and the number of cells invading

the needles was determined. Data are mean and SD of measurements from
at least three different tumors. *P � 0.05
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macrophages in HNSCC invasion is not well understood.
To investigate the role of macrophages in head and neck
tumor invasion, we examined the ability of the cells to
invade when macrophages are functionally inactivated.
We injected tumor-bearing mice i.v. with either clodro-
nate-containing liposomes or PBS-containing liposomes
(as control) 48 and 24 hours before measuring in vivo
invasion. Clodronate has been found to suppress mac-
rophage migration in vitro as well.31 As we had found
previously,23 clodronate was effective in inhibiting mac-
rophage function; uptake of Texas Red dextran was dra-
matically inhibited in both the primary tumor and the
spleen (Figure 4, A–C). However, unlike the breast can-
cer models,23 functionally disabling macrophages by
clodronate pretreatment did not affect in vivo invasion
toward EGF in either FaDu- or UMSCC47-derived tumors
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Figure 3. EGF stimulates co-invasion of head and neck cancer cells and host
macrophages. A: Cell-typing imaging of UMSCC47 tumor cells migrating into
needles containing 25 nmol/L EGF. A pan-cytokeratin antibody was used to
stain tumor cells (green, left), whereas an F4/80 antibody was used to stain
macrophages (red, right). Cell nuclei were stained with DAPI. Scale bar � 25
�m. B: Cell typing analysis by immunofluorescence of FADU tumor cells
migrating into needles containing 25 nmol/L EGF. As in A, a pan-cytokeratin
antibody was used to stain tumor cells, whereas an F4/80 antibody was used
to stain macrophages. Cells that were positive for DAPI but did not stain with
pan-cytokeratin or F4/80 antibodies were labeled as “other.” Similar results
were seen for UMSCC47 tumors. Data are mean and SD of measurements
from five tumors.
(Figure 4D). This indicates that head and neck tumors do
not depend on macrophages for EGF-stimulated invasion
in vivo.

CXCL12-Induced in Vivo Invasion Is Dependent
on EGFR Signaling

Given the importance of the chemokine CXCL12 and its
receptor, CXCR4, in the progression of different malignan-
cies,32 we evaluated the role of CXCL12 in HNSCC invasion
in vivo. CXCR4 is expressed on FaDu and UMSCC47
(see Supplemental Figure S1 at http://ajp.amjpathol.org).
CXCL12 induced in vivo invasion of both FaDu and
UMSCC47 tumors, which were significantly reduced by
Iressa, an EGFR inhibitor33 (Figure 5, A and B). We then
asked whether invasion toward EGF was also dependent on
CXCR4 signaling. Addition of AMD3100, a CXCR4 inhibi-
tor,34 did not block the invasion of FaDu or UMSCC47 tumor
cells toward EGF (Figure 5, C and D), although AMD3100
did block CXCL12-mediated invasion. These results
show that although CXCL12-induced invasion depends
on EGFR signaling, EGF-induced invasion does not de-
pend on CXCR4. Thus, EGFR-mediated invasion of HNSCC
can be activated either directly by EGF and/or by trans-
activation through CXCL12/CXCR4. The concentration
and duration of Iressa and AMD3100 treatment did not
affect cell viability (data not shown).

CXCL12-Induced in Vivo Invasion Is Dependent
on ADAM17

Since CXCL12-induced invasion depends on EGFR sig-
naling, we hypothesized that CXCR4 signaling could be
activating the release of EGFR ligands that activate
EGFR, thereby stimulating invasion. The metalloprotease
ADAM17 (a disintegrin and metalloprotease domain 17),
also known as TACE, has been known to release multiple
ligands including transforming growth factor-� (TGF-�),
amphiregulin (AREG), and heparin binding EGF (HB-
EGF), and has been reported to play a role in the prolif-
eration and invasion of multiple types of cancer.35 In
HNSCC, it has been shown that G protein coupled re-
ceptors (GPCRs) are able to transactivate the EGFR by
ADAM17-dependent release of EGFR ligands in vitro to
enhance tumor growth and invasion.36–38 We found that
TAPI-2, an inhibitor of ADAM17, significantly reduced the
number of cells invading in response to CXCL12,
whereas the number of cells invading in response to EGF
was not affected (Figure 6, A and B). This result provides
in vivo evidence that CXCL12 stimulates invasion via met-
alloprotease-mediated release of EGFR ligands, whereas
EGF-induced invasion is not dependent on metallopro-
tease activation.

Discussion

Herein, we report the first in vivo analysis of invasion of
HNSCC cells in response to applied gradients of a
growth factor (EGF) and a chemokine (CXCL12). The
studies used an in vivo invasion assay previously devel-

oped and established in orthotopic models of breast can-

http://ajp.amjpathol.org
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cer.15,23,24 FaDu and UMSCC47 cells were injected into
the floor of the mouth of nude mice as orthotopic models
of HNSCC. We found that EGF stimulated in vivo invasion
of both tumors. Surprisingly, macrophage function overall
was not necessary for EGF-induced in vivo invasion, since
inhibition of macrophage function using clodronate lipo-
somes had no effect. CXCL12 was also found to stimulate
in vivo invasion through EGFR function. Inhibition of the
metalloprotease ADAM17 using TAPI-2 selectively inhib-
ited CXCL12-induced invasion but not EGF-induced in-
vasion, consistent with CXCL12 activation of EGFR via
release of EGFR ligands.

EGFR is often overexpressed in HNSCC,7,8 and high
levels of EGFR are present in the FaDu and UMSCC47
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cantly affected by AMD3100 (P � 0.35). Data are means and standard deviations
of multiple measurements from at least three different tumors.
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mors.20,39,40 In 2004, we described a synergistic interac-
tion between macrophages and breast tumor cells during
tumor cell invasion in vivo.24 This interaction relies on a
paracrine communication loop between tumor cells and
macrophages. In those studies, we found that breast
tumor cells secrete CSF-1, which stimulates macro-
phages to secrete EGF, thereby enhancing invasion of
breast tumor cells. Furthermore, blockade of either CSF-1
receptor or EGF receptor was able to prevent macro-
phage and tumor cell migration and invasion.15 Recently,
we reported that other ligand/receptor systems such as
CXCL12/CXCR4 were able to induce this EGF/CSF-1
paracrine loop–dependent invasion in vivo.23 Functionally
disabling macrophages by injection of clodronate-con-
taining liposomes did not affect EGF-dependent invasion
in HNSCC. We conclude that unlike in breast cancer,
macrophages are not directly involved in HNSCC inva-
sion. This could explain why the invasion responses that
we see with HNSCC cells appear to be roughly half as
large as the invasion responses we find in breast can-
cer—the contribution of macrophages may increase the
size of the response. Conversely, the optimal functioning
of the paracrine loop involving macrophages may be
more sensitive to specific stimulation parameters result-

Figure 6. CXCL12-induced in vivo invasion is ADAM17 dependent. A: Nee-
dles containing 25 nmol/L EGF with 0.5 �mol/L TAPI-2 or 15.6 nmol/L
CXCL12 with 0.5 �mol/L TAPI-2 were inserted into FaDu floor-of-mouth
tumors, and the number of cells invading the needle was determined. TAPI-2
reduced invasion toward CXCL12 (**P � 0.02), whereas EGF-stimulated
invasion remained unaffected. B: Needles containing 25 nmol/L EGF with 0.5
�mol/L TAPI-2 or 62.5 nmol/L CXCL12 with 0.5 �mol/L TAPI-2 were inserted
into UMSCC47 floor-of-mouth tumors, and the number of cells invading the
needle was determined. TAPI-2 reduced UMSCC47 invasion toward CXCL12
Figure 5. CXCL12-induced invasion is dependent on EGFR. A: Needles con-
taining 15.6 nmol/L CXCL12 with DMSO or 5 �mol/L Iressa were inserted into
FaDu floor-of-mouth tumors, and the number of cells invading the needle was
determined. The invasion of FaDu tumor cells in response to CXCL12 was
inhibited by Iressa 2 � 10�8. B: Needles containing 62.5 nmol/L CXCL12 with
DMSO or 5 �mol/L Iressa were inserted into UMSCC47 floor-of-mouth tumors,
and the number of cells invading the needle was determined. The invasion of
UMSCC47 tumor cells induced by CXCL12 was inhibited by Iressa
2 � 10�5. C: Needles containing 25 nmol/L EGF with DMSO, 25 nmol/L EGF
with 0.5 �mol/L AMD3100, or 15.6 nmol/L CXCL12 with 0.5 �mol/L AMD3100
were inserted into FaDu floor-of-mouth tumors, and the number of cells invad-
ing the needle was determined. FaDu tumor invasiveness to EGF is not signifi-
cantly affected by AMD3100 (P � 0.1). D: Needles containing 25 nmol/L EGF
with DMSO or 25 nmol/L EGF with 0.5 �mol/L AMD3100 were inserted into
UMSCC47 floor-of-mouth tumors, and the number of cells invading the needle
was determined. UMSCC47 tumor invasion in response to EGF was not signifi-
(*P � 0.0008), whereas EGF-stimulated invasion remained unaffected. Data
are mean and standard deviations.
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ing in the more narrow optimal response range seen in
breast cancer, unlike the broad range of concentrations
we found in this study that stimulate in vivo invasion in
HNSCC. Macrophages may be more important in other
aspects of tumor progression in HNSCC, such as angio-
genesis.30 However, it is important to note that this study
was focused on determining the role of macrophages in
HNSCC invasion, and we have not ruled out contributions
by other stromal cell types to the in vivo invasion of HN-
SCC tumors.

We also evaluated the ability of CXCL12 to induce in
vivo invasion of HNSCC cells since expression of the
CXCL12 receptor, CXCR4, is correlated with poor prog-
nosis, including increased lymph node metastasis.41–43

Our studies demonstrate that CXCL12 is an effective
inducer of invasion in vivo in orthotopic HNSCC models.
Furthermore, CXCL12-induced invasion was dependent
on EGFR function, as shown using the EGFR-specific
inhibitor Iressa. However, EGF-induced in vivo invasion
was not dependent on CXCR4, since the CXCR4 inhibitor
AMD3100 did not have a significant effect. CXCR7 is un-
likely to be mediating the invasion response to CXCL12,
since AMD3100 does not inhibit CXCR7 signaling as
measured by �-arrestin recruitment.44 The mechanism
by which CXCR4 transactivates EGFR for invasion in
vivo is likely to be due to EGFR ligand release, since
the ADAM17 inhibitor TAPI-2 blocked CXCL12-induced
invasion. However, EGF-induced invasion was not in-
hibited by TAPI-2 at 0.5 �mol/L, indicating that EGF-
induced invasion does not involve relay of EGFR ligand
signaling. These results are consistent with previous in
vitro analyses of GPCR-induced responses. In vitro
studies of HNSCC cell lines have demonstrated that
CXCL12 can stimulate proliferation and invasion.45 Fur-
ther analysis of the mechanism of induction of prolifer-
ation indicates that CXCL12 induces ERK activation
through transactivation of the EGFR and can occur
through release of EGFR ligands.41,46,47 ADAM17/TACE
has been associated with tumor progression in oral squa-
mous cell carcinoma48 and other cancers,49,50 and can
cleave multiple EGFR ligands, including TGF-�, HB-EGF,
and AREG.51 It has been shown that GPCR activation by
ligands such as LPA can lead to transactivation of EGFR
in HNSCC cells37,52,53 and in normal prostate cells,
CXCL12 induced EGFR transactivation as the result of
shedding an EGFR ligand AREG in vitro.54 Our studies
complement the in vitro data on ADAM17 by confirming
an in vivo role for ADAM17 in CXCL12-induced invasion.

In conclusion, we have found that EGF and CXCL12
can induce invasion in vivo of HNSCC from an orthotopic
site. These studies have used established tumor cell lines
with a fully malignant phenotype. Thus we are evaluating
the invasion events that occur after development of tu-
mors to the invasive stage. Our results support a model of
HNSCC invasion in which local sources of EGF or
CXCL12 can enhance tumor cell invasion into the local
stroma. For example, CXCL12 produced by tumor-asso-
ciated fibroblasts18 outside of the tumor could result in
gradients of CXCL12 directing tumor cell invasion out
from the primary tumor in an EGFR-dependent fashion.

There are multiple sources of EGF in the local microen-
vironment, such as macrophages,15 fibroblasts,17 or ac-
tivated platelets,16,55 and we find that EGF gradients will
also direct in vivo invasion. Thus, our results support treat-
ment of HNSCC with EGFR inhibitors to inhibit local inva-
sion independent of effects on tumor growth rate. Com-
bination therapy using cytotoxic treatment together with
EGFR inhibitors may be useful for reducing both tumor
growth and tumor spread, and extending patient survival.
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