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Tumor Metastasis in an Orthotopic Murine Model of
Head and Neck Cancer: Possible Role of TGF-Beta 1
Secreted by the Tumor Cells
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Abstract In an orthotopic murine model of head and neck cancer, combined subcutaneous and intratumoral
vaccinationwith recombinant vaccinia virus expressing interleukin-2 (rvv-IL-2) induced significant tumor regression early
on therapy. However, its efficacywas restricted by recurrent tumor growth and loco-regional metastases. In this study, we
explored themechanism of tumormetastasis.We compared the levels of expression of a number ofmolecules involved in
tumor metastasis, which included transforming growth factor-b1 (TGF-b1), E-cadherin, matrix metalloproteinases
(MMPs): MT1-MMP, MMP-2, MMP-9, their tissue inhibitors (TIMPs): TIMP-1/TIMP-2, and pro-angiogenic factors CD31,
VEGF-R2, and iNOS between primary and metastatic tumors by real-time RT-PCR and immunohistochemistry. We
detected spontaneous lymphnode and tonguemetastasis.Metastasiswas delayed in rvv-IL-2 treatedmice. Cultured tumor
cells expressed negligible amount of TGF-b1. Untreated or metastatic tumors, on the other hand, expressed high levels of
TGF-b1 and secreted TGF-b1 in the sera of tumor-bearingmice. Levels of TGF-b1 in the sera suddenly jumped at the time
when tumor metastasis started. In the metastatic tumors, levels of MT1-MMP, MMP-2, and MMP-9 were significantly
elevated (P< 0.001), while levels of TIMP-1/TIMP-2 and E-cadherin were decreased (P< 0.001) compared to control or
primary tumors. Levels ofCD31,VEGF-R2, and iNOSwere also significantly elevated in themetastatic lesions (P< 0.001).
The concurrence of high levels of TGF-b1 in the sera, expression of proteins involved in metastasis and initiation
of metastasis suggested possible role of TGF-b1 in on setting the metastatic cascade in this model. J. Cell. Biochem. 97:
1036–1051, 2006. � 2005 Wiley-Liss, Inc.
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Head and neck squamous cell carcinoma
(HNSCC) is one of the most prevalent cancer
types worldwide with more than 500,000
annual incidences [Kim et al., 2002]. It is the
fifth leading cause of cancer incidence and sixth
leading cause of cancer relateddeath [Kimet al.,
2002]. In theUnited States, it accounts for 6% of

all cancer diagnosed and results in an estimated
14,000 deaths annually [Edwards et al., 2002].
Despite significant advancement in the ther-
apeutic regimens for treating HNSCC, 5-year
survival rate remained poor over the last
20 years [Edwards et al., 2002; Kim et al.,
2002]. The major contributing factors for low
survival include loco-regional relapse, lymph
node and distant metastatic spread of the pri-
mary tumor [Werner et al., 2002; Ginos et al.,
2004]. Patients with recurrent or metastatic
HNSCC have median survival rate of approxi-
mately 6months [Kim et al., 2002]. For treating
recurrent HNSCC tumors, therapy utilizing
different growth regulatory cytokines, particu-
larly interleukin-2 showed promise [Li et al.,
1999; De Stefani et al., 2002]. However, man-
agement of distant metastatic remains a major
problem.
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Tumor metastasis is a complex process con-
sisting of loss of tumor cell adhesion, extra-
cellular matrix (ECM) proteolysis including
basement membrane and subsequent cell mig-
ration within the surrounding microenviron-
ment. In epithelial tissues, cell–cell adhesion is
mediated largely by the members of the cad-
herin family and in particular by E-cadherin
which forms the key functional component of
adherence junction between epithelial cells
[Rodrigo et al., 2002]. Cadherins are a family
of calcium dependent cell adhesion molecules,
which mediate predominantly homotypic cell–
cell interactions and play a key role during
morphogenesis as well as in the maintenance of
the differentiated phenotypes [Rodrigo et al.,
2002].
Among the proteinases contributing to the

degradation of ECM, the family of matrix meta-
lloproteinases (MMPs)playsa significant role in
tumor invasion and metastasis [Huang et al.,
2001;Werner et al., 2002] and plays amajor role
in the disease progression and death of cancer
patients. Basement membrane degradation
helps in tumor growth, angiogenesis, local
invasion, and subsequent distant metastasis
[Chambers and Matrisian, 1997; Werner et al.,
2002].MMPs belong to a rapidly growing family
of zinc-dependent endopeptidases capable of
degrading a variety of ECMs [Chambers and
Matrisian, 1997; Huang et al., 2001; Werner
et al., 2002; Hofmann et al., 2003]. In general
MMPs are secreted in latent forms (Pro-MMPs)
and required specific proteolytic activation
[Nagase, 1997]. Among different MMPs, over-
expression of MT1-MMP, MMP-2, and MMP-9
in particular has been correlatedwith increased
tumor invasion in different tumor types [Huang
et al., 2001; Hofmann et al., 2003; Trudel et al.,
2003; Lu et al., 2004a] including HNSCC
[Franchi et al., 2002; Werner et al., 2002].
Activity of these MMPs is regulated at seve-
ral levels including transcription, translation,
extracellular activation and finally by specific
tissue inhibitors of MMPs known as TIMPs
[Franchi et al., 2002;Werner et al., 2002].Of the
TIMPs, TIMP-1 and TIMP-2 are the best chara-
cterized inhibitors of all known MMPs [Kim
et al., 2000]. TIMP-2 in particular regulates the
activity of the above three MMPs in a concen-
tration dependent manner [Lu et al., 2004a].
Metastatic potential of the tumor cells has

also been shown to be correlated with the
expression levels of several angiogenic genes

including vascular endothelial growth factor
(VEGF) and one of its receptors, vascular
endothelial growth factor-receptor 2 (VEGF-
R2), which are critical for promoting angiogen-
esis in different tumor types including HNSCC
[Sauter et al., 1999; Basu et al., 2001; Huang
et al., 2001]. Studies performed on different
tumor types includingHNSCC, have also demo-
nstrated that inducible nitric oxide synthase
(iNOS) and NO levels are increased signifi-
cantly in tumor tissues compared to the normal
and this event appears to be crucial for invasion
and angiogenesis [Franchi et al., 2002].
Although the mechanisms of action of NO that
are involved in the process of local invasion
and metastasis are defined poorly, studies
conducted on joint disease as well as on a
murine mammary tumor model have indicated
that NO can induce the expression of MMP
family members [Franchi et al., 2002].

TGF-b superfamily consists of multifunc-
tional cytokines that regulate cell growth and
differentiation, tissue remodeling, immune
response, and angiogenesis [Yang et al., 2002].
Among these, TGF-b1 in particular has been
reported to be overexpressed in many types of
cancer and implicated in fibro-proliferative
disorders, immunosuppression, tumor invasion
and metastasis [Yang et al., 2002; Lu et al.,
2004b]. It has also been suggested that TGF-b1
promotes tumor invasion via its paracrine effect
on tumor stroma [Yang et al., 2002; Lu et al.,
2004b]. However, it is not clear atwhich stage of
HNSCC development TGF-b1 overexpression
begins and the role of TGF-b1 in HNSCC
carcinogenesis remains to be determined [Lu
et al., 2004b].

We have previously demonstrated efficient
tumor regression in an orthotopicmurinemodel
of HNSCC treated with recombinant vaccinia
virus expression IL-2 [Dasgupta et al., 2003].
Despite significant tumor regression, vaccine
efficacy appeared to be restricted by recurrence
and loco-regional metastasis of the primary
tumor. In this study, we explored the molecular
mechanism of metastasis in order to improve
our vaccination strategy by arresting tumor
metastasis.

MATERIALS AND METHODS

Animals and Reagents

We obtained C3H/HeJ, female mice from
Jackson Laboratories (Bar Harbor, ME). Tissue
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culture media and reagents were purchased
from Life Technologies, Inc. (Gaithersburg,
MD). We procured the following rabbit anti-
mouse polyclonal antibodies from Chemicon
International (Temecula, CA): anti-MT1-MMP
(# AB851), anti-MMP-2 (#AB809), anti-MMP-9
(#AB19047), anti-TIMP-1 (#AB800), anti-
TIMP-2 (#AB19029), anti-iNOS (#AB5382),
and rabbit IgG (#AP132B). Purified anti-
CD31, anti-VEGF-R2 (Flk-1), biotinylated
anti-rat IgG antibodies, and streptavidin-HRP
kits were purchased from BD Pharmingen (San
Diego, CA). Anti E-cadherin and TGF-b1 anti-
bodies (MAB 1835, AB-246-NA, and AF-101-
NA) and TGF-b1 ELISA kit were purchased
from R&D systems (Minneapolis, MN). All PCR
primers were procured from Integrated DNA
Technologies (Coralville, IA).

Immunotherapy With
Recombinant Vaccinia Virus

We used recombinant vaccinia virus (rvv)
expressing IL-2 (rvv-IL-2) and control rvv, rvv-
lacZ expressingEscherichia colib-galactosidase
for the preparation of the vaccines. The proce-
dures for the preparation of rvv-IL-2 and rvv-
lacZ have been described previously [Qin and
Chatterjee, 1996]. For mock vaccination, we
used 100 mL of PBS (10 mM phosphate buffer,
pH 7.2, 0.15MNaCl) and injected in the flank or
at the tumor site of the mice as appropriate.

We cultured murine SCCVII/SF tumor cells
in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal calf serum, 100 U/ml penicillin,
100 mg/ml amphotericin B, and 2 mM L-gluta-
mate. For the development of oral tumor, we
anesthetized syngeneic C3H/HeJ mice with 3%
isoflurane (Abbott Laboratories, Chicago, IL)
and then injected SCCVII/SF cells (1� 105)
slowly into the floor of mouth of the mouse with
a 23-gauge needle at the depth of mylohyoid
muscle [Dasgupta et al., 2003]. All procedures
were performed in accordance with the Uni-
versity of Cincinnati Institutional Guidelines
for the care and use of laboratory animals.

Mice received subcutaneous injection of irra-
diated, rvv-infected SCC VII/SF cells and intra-
tumoral vaccination with rvv, at the same time.
The control group received rvv-lacZ instead of
rvv-IL-2. For s.c. vaccination, we irradiated
monolayers of SCCVII/SF cells with a total of
10,000 rad of g-radiation (Cesium-167). The
cells were then infected with 1� 105 pfu/ml rvv.
After 24 h of infection, we injected 1� 104 cells

in 100 mLPBS subcutaneously into the left flank
of the mice. For intratumoral vaccination,
1� 109 pfu (plaque forming units) of either
rvv-IL-2 or rvv-lacZ were injected directly into
the tumor in 100 mL of PBS. We prepared and
injected the tumor cells as above on day 0. First
vaccination was given on day 7 when tumor
weight reached 40–50mg. Subsequent vaccina-
tions were given on days 10 and 14.

Tumor Growth and Metastasis

We daily monitored the tumor growth.
Mice showing signs of morbidity according to
the Institutional Animal Care and Use Com-
mittee protocol were immediately sacrificed.
Following sacrifice mean tumor weight was
determined from at least four mice from each
group. We isolated superficial cervical (four
nodes), deep cervical (two nodes), and mediast-
inal (two nodes) lymph nodes surrounding the
oral cavity from eachmouse on day 9, 12, 16, 20,
and 25. For detecting metastatic tumor nest,
different lymph nodes from several mice of each
vaccinated group were embedded in paraffin,
sectioned (5 mm) and stained with Harry’s
Hematoxyline and Eosin. Lymph nodes from
different treated groups were also cultured in
complete DMEM medium to verify tumor cell
infiltration. Positive lymph nodes were scored
only after microscopic examination of several
lymph nodes from a number of mice in each
group as well as from the positive lymph node
cultures. We also examined floor of mouth,
palate, buccal mucosa, oropharynx, tongue,
lung, liver, spleen, and kidney on different days
for visible metastasis and also examined serial
section from these regions for possible tumor
invasion. Invasive tumor cells were identified
based on the morphology of the SCCVII/SF
tumor cells.

Immunohistochemistry

To study the expression of MT1-MMP, MMP-
2,MMP-9, TIMP-1, TIMP-2, E-cadherin, CD31,
VEGF-R2, iNOS, and TGF-b1, we used both
fresh frozen and paraffin embedded primary
andmetastatic tumor tissues collected onday16
and 25. Several tumor sections from different
regions of the tumors were stained and exam-
ined for the determination of protein expres-
sion. Staining was performed as described
earlier [Dasgupta et al., 2004]. For counting
of the positively stained cells or intensity
measurement we used Metamorph software
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(Universal Imaging, Downington, PA) as
described earlier [Dasgupta et al., 2004]. At
least 10 fields were chosen at random for
counting and data are expressed as mean�SE.
For intensity measurement, lowest value (�50)
was represented by a singleþ sign and each
fold increase was represented by additionalþ -
sign [Dasgupta et al., 2004]. For comparison
all sections were processed in parallel. At least
five tumors from five mice of each group were
analyzed to confirm the results.

Quantitative Real Time RT-PCR Analysis

Total RNA was prepared from tumor tissues
of mice as described earlier [Qin et al., 2001].
For quantitative analysis, total RNA extracted
was subjected to real-time RT-PCR using Cep-
heid Smart Cycler system (Sunnyvale, CA) in
triplicate. The sequence of all the primers
were as follows: MMP-2: forward 50-TAGT-
GATGGTTCCCCTCCTC-30, reverse 50-TACT-
TGTTTGCCATTTCCCA-30, MMP-9: forward 50-
CTCTCTACTGGGCGTTAGGG-30, reverse 50-
TGAGTGAGTTGGACTCTCGG-30, TIMP-1: for-
ward 50-CGAATCAACGAGACCACCTTATACC-
30, reverse 50-CTGGAGAGTGACACTCACTGTT-
TG-30, TIMP-2: forward 50-CACAGACTTCAG-
CGAATGGA-30, reverse 50-CTTGGGAAGCTT-
GAGAGTGG-30 and E-cadherin: forward 50-
GACTGGGTCATCCCTCCCATCAGCTGCCCC-
GA-30, reverse 50-AGGAGCGTTGTCATTAA-
TATCCTTGAC-30. Real-time RT-PCR analysis
was performed as described earlier [Dasgupta
et al., 2004]. Before analysis of the target genes,
expression level of the internal controlb-actin in
all samples was normalized with respect to the
threshold cycle number (Ct). Relative fold
number of the target gene was then expressed
with respect to the normalized internal control
b-actin in each case. PCR reaction was carried
out in 20 mL reaction volume using SYBRGreen
QuantiTect RT-PCR kit (Qiagen, Valencia, CA)
as described earlier [Dasgupta et al., 2004].
Briefly, reverse transcription was carried out at
508C for 20–30 min. Inactivation of reverse
transcriptase, HotStarTaq DNA polymerase
activation and template cDNA denaturation
were carried out at 958C for 15 min. The final
cDNA amplification step comprised of 40 cycles
at 948C for 30 s, 528C for 30 s, and 728C for 1min.
Data analysis was done using 2�deltadelta Ct

method as described earlier [Dasgupta et al.,
2004]. Relative fold number of the target gene
expression was determined by subtracting the

Ct value of the reference gene from the Ct value
of target gene in all cases.

ELISA for TGF-b1

Amounts of TGF-b1 in the sera of PBS or rvv-
IL-2 vaccinated mice were measured on days 3,
6, 9, 12, 15, 18, 21, and 24 by ELISA kits (R&D
Systems). Naı̈ve mice were used as control.
Before ELISA, serum was mixed with 2.5 N
acetic acid, 10 M urea, and incubated at room
temperature for 10 min according to the man-
ufacturer’s instruction to obtain active form
of TGF-b1. Neutralization was performed with
2.7NNaOH, 1MHEPES. All experimentswere
performed in triplicate. The lower limit for the
cytokine detection was 5 pg/ml.

Statistical Analysis

We used Student’s t-test for normally dis-
tributed variables. When the data did not fulfill
the criteria of being normally distributed, we
used nonparametric statistics (Mann–Whitney
rank sum test). We performed all statistical
evaluation using SigmaStat software (Jandel,
San Rafael, CA) and considered P< 0.05 to
indicate statistical significance

RESULTS

Effect of rvv-IL-2 Vaccination on Established Oral
Tumor and Subsequent Metastasis of the Primary

Tumor Into the Lymph Nodes and Tongue

In an established orthotopic oral tumormodel
we tested the efficacy of rvv-IL-2 vaccination.
Therapy was started when tumor became 40–
50 mg. Combined subcutaneous and intratu-
moral rvv-IL-2 vaccinations were administered
on days 7, 10, and 14. By this vaccination
strategy, we achieved significant tumor growth
inhibition by day 12 in the rvv-IL-2 vaccinated
mice compared to the controls (Fig. 1A). By day
12, tumor sizes were 53� 4 mg in the rvv-IL-2
vaccinated group compared to 123� 14 mg in
rvv-lacZ treatedmice (P< 0.0001).We could not
compare further the tumor growth between
different groups since all mice from control rvv-
lacZ group died by this time although further
tumor regression was observed in rvv-IL-2
group by day 16 when tumor weight became
26� 4 mg, nearly half the size of the initial
tumor weight at the start of therapy (Fig. 1A).
However, we did not detect any further regres-
sion; instead tumor size increased to 46� 5 mg
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on day 25 and all mice became moribund
(Fig. 1A) and further rvv-IL-2 vaccination did
not improve the situation.Onepossibility is that
the recurrent tumor growth and failure of the
vaccine to eradicate the tumor are due to tumor
metastasis into the regional lymph nodes and
local organs. To test this possibility, we isolated
8 accessible lymphnodes from individualmouse
of the different vaccinated groups surrounding
the oral tumor and checked for possible infiltra-
tion by tumor cells. Results shown in Figure 1B
indicated that in the PBS group by day 9, all the
mice were positive for tumor infiltration in 5–
8 lymph nodes, while in the rvv-lacZ vaccinated
group on that day, all the mice were positive for
tumor infiltration involving 4–7 lymph nodes.
However, all the rvv-IL-2 vaccinated mice were
free from any lymph node metastasis on day 9.
All mice in the PBS group died by day 9. On
day 12, in the rvv-lacZ vaccinated group all the
4 mice were positive for tumor infiltration into
almost all the 8 lymph nodes (Fig. 1B). At this
point, 4/7 mice in the rvv-IL-2 vaccinated group
were positive for tumor infiltration into 1–
2 lymph nodes. All rvv-lacZ vaccinated mice
died before day 16.Whereas, despite significant
tumor regression by day 16 in rvv-IL-2 vacci-
nated mice, 6/7 of the mice were positive for
tumor infiltration involving 2–4 lymph nodes.
We did not observe any further tumor regres-
sion, and by day 25, lymph nodemetastasis was
evident in all 5 rvv-IL-2 treated mice involving
6-8 lymph nodes. Histopathologic evidence of
the presence of infiltrated tumor nests in differ-
ent lymph nodes of the rvv-IL-2 vaccinated
groups on day 25 was shown in Figure 1C.

Apart from regional lymph nodes, metastasis
of oral tumor into the local organs such as floor
of mouth, tongue, palate, oropharynx, larynx is
a frequent event in the human HNSCC [Kim
et al., 2002; Werner et al., 2002]. Since this
model closely resembleshumanHNSCC,migra-
tion of tumor cells into these sites is possible. To
test this possibility we examined these regions

for metastatic invasion. As shown in Figure 2,
we detected tongue metastasis as early as by
day 16 in the rvv-IL-2 vaccinatedmice. Invasion
of tumor into the tongue epithelium (Fig. 2C),
subsequent detachment (Fig. 2D), muscular
infiltration (Fig. 2E) or invasion (Fig. 2F) were
noted on day 16, 19, 22, 25 respectively. The dif-
ferent steps were also shown in higher magni-
fication (insets) in the lowest panel. Sections
from normal tongue (Fig. 2A,B) indicated
proper distribution of epithelium and muscular
tissues. We detected tongue metastasis on day
12 in the rvv-lacZ vaccinated mice (data not
shown), whereas we did not find tongue metas-
tasis in the PBS treated mice by day 9 when all
of them were dead.

Expression of TGF-b1 in the Primary and
Metastatic Tumor Lesions

Overexpression of TGF-b1 has been proposed
to be associated with increased metastasis
and poor prognosis. We therefore compared
the expression of TGF-b1 in the primary and
metastatic tumors by immunohistochemistry.
As shown in Figure 3A, cultured SCCVII/SF
cells did not express TGF-b1 at all whereas
untreated primary oral tumor secreted abun-
dant TGF-b1 by day 7 (Fig. 3B). In comparison,
expression of TGF-b1 was significantly lower
in the rvv-IL-2 treated mice on day 16 (Fig. 3C)
(þ vs. þþþ, P< 0.001). The number of TGF-b1
positive cells was also low in the rvv-IL-2
vaccinated mice compared to the untreated
tumor. We have also examined lymph node
and tongue metastatic lesions for TGF-b1
expression. In themetastatic lymph nodes, only
infiltrated tumor cells secreted significant
amount of TGF-b1 (Fig. 3E,F), but not the
lymphocytes surrounding the tumor. Normal
lymphnodewasnegative forTGF-b1 expression
(Fig. 3D). Insets showed negative or positive
tumor cells (arrows) in higher magnification.
Similarly, in the metastatic tongue lesions,
secretion of TGF-b1 was abundant in the tumor

Fig. 1. Tumor growth and lymph node metastasis in SCCVII/SF
tumor bearing C3H/HeJ mice. A: Significant tumor regression in
the rvv-IL-2 group by day 16 whereas the control groups died by
day 12 with large tumors. Tumor growth increased by day 25 in
the rvv-IL-2 vaccinated mice. B: Lymph node metastasis in the
control PBS and rvv-lacZ group by day 9 and 12 respectively
involving 4–8 lymph nodes, whereas, lymph node metastasis
was detected after day 12 in the rvv-IL-2 vaccinated group
involving 1–2 lymph nodes. By day 25, metastasis was detected
in all the rvv-IL-2 vaccinated mice involving 5–8 lymph nodes.

: PBS; : rvv-lacZ; and : rvv-IL-2. C: Representative
photomicrographs showing super cervical, deep cervical and
medistinal lymph node metastasis in the rvv-IL-2 vaccinated
mice collected on day 25 (magnification �200). Paraffin
embedded 5 mm serial section were stained with Harry’s
Hematoxyline and Eosine and analyzed for tumor infiltration.
Arrows indicate membrane degradation and tumor invasion into
the lymph nodes. Insets show typical tumor nests in higher
magnification (�400) in the adjacent panel.
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microenvironment as well as in the invasive
front (Fig. 3J–L). Notably, TGF-b1 expression
was evident only in the infiltrating or invasive
tumor cells and not in the tumor surrounding
normal stroma (Fig. 3J–L). Insets showed
positive tumor cell or nest (arrows) in higher
magnification. Normal tongue tissues from
three different mice used as control were
negative for TGF-b1 expression (Fig. 3G,H).

Expression of Active TGF-b1 in Growing
Tumor and Secretion of TGF-b1 in the

Sera of Tumor-Bearing Mice

In order to determine whether the TGF-b1
present in the tumors was in latent or active
form, we performed immunohistochemistry on
paraffin embedded sections of primary and ton-

gue metastatic tumors with specific antibodies.
All tumorswere obtained onday 25.As shown in
Figure 4A, both primary andmetastatic tumors
were negative for staining with latent TGF-b1
antibody (Lap-TGF-b1) whereas high expres-
sion was evident for active-TGF-b1 antibody.

Presence of active TGF-b1may be involved in
metastasis of the tumor cells. Therefore, we
determined the level of TGF-b1 protein in the
sera of tumor-bearing mice on different days
after tumor implantation. As shown in
Figure 4B, amount of TGF-b1 was significantly
higher in the PBS vaccinated mice on day 6 and
9 compared to the rvv-IL-2 vaccinated mice
(P< 0.001). All PBS mice died by day 9. How-
ever, in the rvv-IL2 vaccinated group, TGF-b1
protein level increased steadily from day 12

Fig. 2. Tongue metastasis in the rvv-IL-2 vaccinated mice.
Tongue tissues from normal and rvv-IL-2 vaccinated mice were
collected on day 16, 19, 22, and 25. Tissues were paraffin
embedded, sectioned (5 mm) and stained with Harry’s Hema-
toxyline and Eosin. A, B: Normal tongue epithelium (magnifica-
tion �200). C–F: Invasion of the SCCVII/SF tumor cells through

the basement membrane (C), subsequent detachment (D),
muscular infiltration (E), or invasion (F) was evident on the
above-indicated days respectively (magnification�100). Higher
magnification (�200) of the above stages (insets) are shown in
the lowest panel. Arrow indicate invaded and detached tumor
nest (D).

Fig. 3. Expressionof TGF-b1 in the primary tumor, lymphnode,
and tongue metastasis. Cultured SCCVII/SF tumor cells or
paraffin embedded 5 mm serial sections of the primary tumor
and tongue metastases were stained with anti-TGF-b1 antibody.
The cultured SCCVII/SF cells did not express TGF-b1 (A) whereas
untreated primary tumor expressed high amounts by day 7 (B).
Such expression was significantly lower (P< 0.0001) in the rvv-
IL-2 treated tumor on day 16 (C). Normal lymph node was
negative for TGF-b1 expression (D) whereas such expressionwas
abundant but restricted to the infiltrated tumors in the metastatic
super cervical (E) or deep cervical (F) lymph nodes. Normal TGF-

b1 negative lymph node cells or infiltrating tumor cell expressing
TGF-b1 (insets) are shown in higher magnification (arrows,
�800). General magnification for A–F was �200. Normal
tongues from three individual mice were negative for TGF-b1
expression (G–I, magnification�100), whereas such expression
was abundant in the invasive front as well in the tumor
microenvironment of day 16 (J–K, magnification �200) and
day-25 (L, magnification�200) metastatic lesions. Insets shown
in highermagnification (�400) indicate expression of TGF-b1 by
the infiltrating or invasive tumor cells (Arrows).
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onwards (arrow) when metastases into the
regional lymph nodes and subsequently to
the tongue became evident. In the control naı̈ve
mice, amount of TGF-b1 protein was signifi-
cantly lower (P< 0.0001) compared to the PBS
or rvv-IL-2 vaccinated mice.

Expression of MT1-MMP, MMP-2, MMP-9,
TIMP-1, and TIMP-2 in the Primary Oral

Tumor and Tongue Metastasis

Immunostaining was performed on paraffin
embedded tumor sections obtained from pri-
mary oral tumor and tongue metastases of rvv-
IL-2 vaccinatedmice on days 16 and 25. Normal
tonguewas used as control for all the antibodies
used. As shown in Figure 5 (panels 1–3), im-
munoreactivity for MT1-MMP/MMP-2/MMP-9
was significantly higher in the microenviron-
ment as well in the invasive front in both the
metastatic tongue lesions compared to the nor-
mal control and primary tumor (þ vs. þþþ,
P< 0.001). In the day 16 metastatic lesion,
invading tumor cells were also positive forMT1-
MMP/MMP-2/MMP-9 expression (boxes 1–3 in
Fig. 5). The positive cells were also shown in
highermagnification (arrows, panel 6 in Fig. 5).
Number of MT1-MMP/MMP-2/MMP-9 positive
cells and expression was even higher in the day
25 metastatic lesion including the tumor sur-
rounding stroma. On the other hand, immunor-
eactivity of TIMP-1 and TIMP-2 (panel 4, 5 in
Fig. 5) was significantly lower in the tumor
microenvironment as well as in the invasive
front of the metastatic lesions as well as in
the primary tumor compared to the normal
control (þþvs.þþþ,P< 0.02).Notably, forboth
TIMP-1/TIMP-2, reactivity of individual tumor
cell in the day 16 (box 4, 5 in panel 6 in Fig. 5) or
day 25 lesion (panel 5 in Fig. 5) was lower
compared to the normal control. In the day 25
lesion, the tumor surrounding stroma was also
negative for TIMP-1/TIMP-2 expression.

Expression of CD31/VEGF-R2/iNOS/E-Cadherin
in the rvv Vaccinated Mice

To determine the distribution of blood vessels
and status of VEGF-R2, iNOS, and E-cadherin
expression, we performed immunohistoche-
mistry on fresh frozen primary and metastatic
tumors fromrvv-IL-2vaccinatedmicewithanti-
CD31, anti-VEGF-R2, and anti-iNOS antibo-
dies. Several sections from different regions of
the tumor of multiple specimens were exam-
ined. As shown in Figure 6A (panel 1), mean

vessel density, determined by the number of
CD31 positive endothelial cells, was signifi-
cantly higher in both day 16 and 25 metastatic
tongue lesions compared to the primary oral
tumor (þþþ vs. þþ, P< 0.002). The mean
number of CD31 positive cells was 26� 9,
54� 8, and 87� 11 in the day 16 primary tumor,
day 16 and day 25 metastatic lesions respec-
tively. Immunoreactivity of VEGF-R2 (panel 2
in Fig. 6A) and iNOS (panel 3 in Fig. 6A) was
significantly higher in both the metastatic
lesions compared to the primary oral tumor
(þþþ vs. þ, P< 0.001). The number of positive
cells for both VEGF-R2 and iNOS was also
higher in themetastatic lesions compared to the
primary tumor. Expression of E-cadherin was
negative in both the tongue metastatic lesions
compared to the primary tumor and normal
control (panels 1, 2 in Fig. 6B). Expression of
E-cadherin was heterogeneous in the primary
tumor but did not differ significantly compared
to normal control. In the day 25 metastatic
lesion (panel 2 in Fig. 6B), expression of E-
cadherin by the invaded tumor cells was barely
detectable (blue arrow), whereas such expres-
sion in the surrounding normal tongue epithe-
lium (white arrow) was comparable to the
control.

Real Time RT-PCR of MMPs/TIMPs in the rvv
Vaccinated Mice

We performed real-time RT-PCR analysis for
the determination of MMP-2, MMP-9, TIMP-1,
TIMP-2, and E-cadherin expression with total
RNA isolated from the primary and tongue
metastasis on days 16 and 25 of rvv-IL-2
vaccinated mice. Before real-time analysis of
the target gene, expression of the internal
control b-actin gene was normalized in all
samples. As shown in Figure 6C, expression of
MMP-2 and MMP-9 mRNA was significantly
higher in both the metastatic lesions (6.5–
8.2 fold) compared to the primary oral tumor
(2.6–3.6 fold) and normal control (1.4–1.6 fold)
(P< 0.001). The difference of expression of
MMP-2/MMP-9 between the metastatic lesions
was similar (P> 0.05). The expression level also
did not differ between primary tumor and the
normal control (P> 0.05) except for MMP-9 (1.6
vs. 3.6 fold, P< 0.02). Expression of TIMP-1/
TIMP-2was significantly lower in the primary as
well as both the metastatic lesions (2.2–3.7 fold)
compared to the normal control (6.9–7.2 fold)
(P< 0.001). There was no significant difference
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Fig. 4. Expression of TGF b1 in oral tumors and in sera of
vaccinated mice. A: Paraffin embedded primary and tongue
metastatic tumor sections (5 mm) obtained from rvv-IL-2
vaccinated mice on day 25 were stained with latent TGF-
b1(Lap-TGF-b1) and active TGF-b1 specific antibodies. Both
the primary and tongue metastatic tumors were positive for
only active TGF-b1 expression. Magnification �200. B: Sera
were obtained from PBS and rvv-IL-2 vaccinated mice on

the indicated days after tumor implantation and levels of
TGF-b1 were determined by ELISA. Levels of TGF-b1 were
significantly higher (P<0.001) in the PBS treated mice on
day6and9compared to those in the rvv-IL-2group.LevelofTGF-
b1 increased considerably in the rvv-IL-2 vaccinated mice from
day 12 onwards (arrow) when metastases were detected in the
lymph nodes and subsequently in the tongue. Sera from naı̈ve
mice were used as control (dotted line).
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Fig. 5. Expression of MMPs/TIMPs in primary and tongue
metastatic tumors in the rvv-IL-2 vaccinated mice. Tumors from
the oral cavity, normal or metastatic tongue tissues were
collected on the indicated days from the vaccinated mice and
paraffin embedded. Fivemicrometer serial sections were stained
with anti-MT1-MMP, MMP-2, MMP-9, TIMP-1, and TIMP-2
antibodies. Normal tongue tissues served as experimental
control for each antibody used. Expression of MT1-MMP/MMP-
2/MMP-9 was significantly higher in the microenvironment as
well in the invasive front in both themetastatic lesions compared
to the normal control andprimary tumor (P<0.001,panels 1–3).
Number of MT1-MMP/MMP2/MMP-9 positive cells in the

invasive front and surrounding stroma was higher in day 25
metastatic lesion compared to day 16 lesion. Immunoreactivity
of TIMP-1 and TIMP-2 was significantly lower in the invasive
front and the surrounding stroma of themetastatic lesions as well
as in the primary tumor compared to the normal control
(P<0.02, panels 4 and 5). For both TIMP-1/TIMP-2, reactivity
of individual tumoror stromal cell in day25metastatic lesionwas
lower compared to the normal control. General magnification
�200. Boxes 1–3 in panel 6 show MT1-MMP, MMP-2 (�400),
MMP-9 (�600) positive tumor cells (arrow) from day 16
metastatic lesion. Boxes 4 and 5 show TIMP-1/TIMP-2 negative
tumor cells from day 16 metastatic lesion (�600).
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in expression of the TIMP-1/TIMP-2 genes
between primary (3.1–3.2 fold) and the meta-
static lesions (2.2–3.7 fold, P> 0.05). On the
other hand, expression of E-cadherin was sig-
nificantly lower in the primary (12.5-fold) as well
as metastatic tongue lesions (7.2–8.4 fold) com-
pared to the normal control (32-fold) (P<
0.0001). There was no difference of E-cadherin
mRNAexpressionbetweenthemetastatic lesions
(P> 0.05), however, such expression was signifi-
cantly lower in the metastatic lesions compared
to the primary tumor (P< 0.02).

DISCUSSION

The orthotopic SCCVII/SF murine model
resembles human HNSCC in a number of
biological properties. Mice bearing SCCVII/SF
tumorsare immunosuppressed [Qin et al., 2001]
and the tumor cells spontaneously metastasize
with a pattern similar to human HNSCC
[O’Malley et al., 1997]. In this model we tested
the efficacy of recombinant vaccinia virus
expressing IL-2 as an anti-tumor therapeutic
vaccine. The vaccine induced significant tumor
regression early on therapy, but its efficacy
appeared to be diminished due to recurrent
tumor growth and loco-regional metastases.
Metastasis into the regional lymph nodeswas

the early event in this model (Fig. 1B,C). Eight
accessible lymph nodes from several individual
mouse of each group was examined carefully
to avoid possible over-scoring as they are very
small and may be contaminated with tumor
cells from the surrounding environment. More-
over, lymph nodes were also cultured to further
validate the presence of infiltrating tumor cells.
Results presented in Figure 1C clearly demon-
stratedmetastasis of theSCCVII/SF tumor cells
into the lymph nodes. Although lymph node
infiltration was delayed in the rvv-IL-2 vacci-
nated mice compared to the control groups,
recurrent growth and tumors infiltration into
almost all accessible lymph nodes were detect-
able by day 25. Lymph node infiltration is
often associated with loco-regional and distant
metastasis in HNSCC [Werner et al., 2002]. In
this model, we also detected metastasis of the
oral tumor at the tongue as early as day 16 in
the rvv-IL-2 vaccinated group. Direct extension
of the growing tumor into the tongue instead of
metastasis canbe ruled out by the results shown
in Figure 2. These results clearly demonstrate
early invasion of tumor clones into the tongue

epithelium followed by subsequent detachment
and infiltration or invasion into the muscles.
Moreover, we could not detect metastasis in the
palate, buccal mucosa or oropharynx regions.
These organs would also have been positive
if direct extension of the primary tumor took
place. Distant organs such as lung, heart,
kidney, and other regions also remained free
of tumor metastasis during the 25–30 days of
tumor development. Thus, early migration of
the tumor clones into the regional lymph nodes
and subsequently to the tongue appeared to
have restricted rvv-IL-2 vaccine efficacy.

TGF-b1, which primarily acts as a tumor
suppressor at early stages of carcinogenesis,
has also been suggested to promote tumor
progression at later stages [Weeks et al.,
2001]. In an inducible TGF-b1 expressing skin
carcinogenesis model, Weeks et al. [2001] have
demonstrated that overexpression of TGF-b1
could induce metastasis by initiating events
necessary for invasion, including loss of cell
adhesion, early basement membrane degrada-
tion, andangiogenesis. It has also beenobserved
in various cancer cells that deregulation of one
of the TGF-b signaling components either the
receptors or Smads, is sufficient to abolish TGF-
b induced growth inhibition. Transfection with
the wild type receptors or signaling component
in these tumor cells restored TGF-b induced
growth arrest [Weeks et al., 2001]. Thus, over-
expression ofTGF-b1alongwithderegulation of
the downstream signaling component(s) could
potentially induce metastasis at the early
stages of tumor progression. In this study,
cultured SCCVII/SF tumor cells did not express
TGF-b1 at all, but when these cells proliferate
into the oral cavity, the tumor cells secreted
large amount of TGF-b1 as early as day 7
(Fig. 3). Although in the rvv-IL-2 vaccinated
mice, TGF-b1 production was reduced consider-
ably by day 16, the tumor clones metastasize
into the lymph nodes and tongue, produced
significant amount of TGF-b1 in the tumor
microenvironment as well in the invasive
front. In this context, it is crucial to determine
whether the TGF-b1 in the tumor was in
the active or latent form as latency prevents
TGF-b1 from binding to ubiquitous cell surface
receptors and permits the maintenance of a
large extracellular reservoir that can be rapidly
accessed by activation [Ehrhart et al., 1997].
Thus, changes in active forms are likely to
influence cell phenotype and cell–cell interac-
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tion. Staining with specific antibodies, which
can detect both latent and active TGF-b1
protein, indicated that the TGF-b1 was in the
active form inboth theprimary tumorandmeta-
static lesions (Fig. 4A). Significant amounts of
TGF-b1 were also secreted in the sera of rvv-IL-
2 vaccinated mice (Fig. 4B). The levels of TGF-
b1 in the sera jumped around days 12–16 in the
rvv-IL-2 group,when the expression of proteins,
such as MMPs, involved in metastasis also
started rising. Initiation of metastasis also
started at this point. Tumor progression due
to immune suppression by TGF-b1 by acting
on the T cells is unlikely, since tumor specific
helper and cytotoxic T cell activities were
almost intact at this time (data not shown).
The concurrent rise in the level of TGF-b1 in the
sera and initiation of metastasis suggested that
secreted TGF-b1 might initiate the cascade
leading to tumor metastasis. Moreover, the pri-
mary or metastatic SCCVII/SF tumor cells
were negative for TGF-bRI/TGF-bRII receptors
expression (unpublished data). Thus, it seems
likely that other than the Smads, loss of these
signaling components might also contribute
to TGF-b1 induced tumor metastasis. Factors,
which triggered the production of active, TGF-
b1 in the growing tumor and the specific time
point, and howTGF-b1, concerted the tumors to
metastasize remain to be studied.
Detachment of tumor clones from theprimary

site is a key initiation factor for metastasis
into local or distant organs. Decrease or loss
in tumor cell adhesion would therefore be the
first step for tumor invasion. In this cascade,
E-cadherin plays a pivotal role, which in asso-

ciation with catenin maintains normal inter-
cellular adhesion. Several groups have proposed
that in carcinomas, E-cadherin functions as an
invasive suppressor molecule and thus reduced
or loss of E-cadherin may promote detachment
and subsequent invasion [Rodrigo et al., 2002].
Increasing evidence also suggest that the dis-
ruption of E-cadherin/catenin complex as the
cause rather than the consequence of tumor
invasion. As depicted in Figure 6C, E-cadherin
mRNA expression was significantly reduced in
theprimary tumor,whereas at the protein level,
considerable E-cadherin expression was main-
tained in different regions of the primary tumor
but some clones expressed the protein at very
low level (Fig. 6B, white square). This proba-
bly indicated the selective growth advantage
acquired by the tumor cells to be able to detach
and migrate to local or distant organs. Possibly
as a result, the metastatic tumor cells in the
tongue barely expressed E-cadherin protein.
Thus, loss of E-cadherin seemed to be a key
initiating event of metastasis in this model.

Once cell motility is changed by the loss of
adhesion molecules, the next necessary step for
tumor invasion is the degradation of the base-
ment membrane. MMP-2 and MMP-9 degrade
type VI collagen, a major component of the
basement membrane [Weeks et al., 2001],
whereas TIMP-1/TIMP-2 inhibit their function
by forming non-covalent complex with them
[Werner et al., 2002]. In order to understand the
role of MMPs/TIMPs expression, we performed
real-time RT-PCR as well as immunohisto-
chemical analysis at different stages of tumor
growth in the rvv-IL-2 vaccinated mice. At the

Fig. 6. Expression of CD31/VEGF-R2/iNOS/E-cadherin protein
andmRNA of MMP-2, MMP-9, TIMP-1, TIMP-2, and E-cadherin
in the primary and metastatic tumors of the rvv-IL-2 vaccinated
mice. Fresh frozen serial tumor sections (5 mm) from the oral
cavity and metastatic tongue tissues were collected on the
indicated days and stainedwith anti-CD31, VEGF-R2, and iNOS
antibodies. A: Number of CD31 positive endothelial cells was
significantly higher (P<0.002) in both day 16 and 25 tongue
metastatic lesions compared to the primary oral tumor.
Immunoreactivity of VEGF-R and iNOS was also significantly
higher (P<0.001) in both themetastatic lesions compared to the
primary oral tumor. B: Expression of E-cadherinwas significantly
lower (P< 0.001) in both the tonguemetastatic lesions compared
to the primary tumor and normal control. Expression was
heterogeneous in the primary tumor but did not differ signifi-
cantly compared to normal control (panel 2). White square
indicate low E-cadherin expression by the tumor cells. In day 25
metastatic lesion, expression of the tumor surrounding normal
tongue epithelium was strong like the normal control (white

arrow) whereas invaded tumor was negligible for E-cadherin
expression (Blue arrow). Magnification �200. C: Expression of
MMP-2 and MMP-9 mRNA was significantly higher in both the
metastatic lesions compared to the primary oral tumor and
control (P<0.0001). There was no difference of MMP-2/MMP-9
expression between the metastatic lesions (P>0.05). The
expression level also did not differ significantly between primary
tumor and the control except for MMP-9. Expression of TIMP-1/
TIMP2 was significantly lower in the primary as well as both the
metastatic lesions compared to the control (P< 0.001). There
was no difference in expression of the TIMP-1/TIMP-2 mRNA
between primary tumor and the metastatic lesions (P> 0.05).
Expressionof E-cadherinwas significantly lower in theprimary as
well as metastatic tongue lesions compared to control
(P< 0.001). There was no difference of E-cadherin mRNA
expression between the metastatic lesions (P>0.05), however,
E-cadherin expression was significantly lower in the metastatic
lesions compared to the primary tumor (P<0.04). *P<0.05
versus the normal tongue; þ P<0.05 versus the primary tumor.
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mRNA level, significant expression MMP-2/
MMP-9 in the tongue metastatic lesions sug-
gested their possible role in the degradation of
the basement membrane and tumor invasion
(Fig. 6C). On the other hand, lower mRNA
expression of TIMP-1/TIMP-2 in the metastatic
lesions suggested a favorable microenviron-
ment for MMP-2 and MMP-9 mediated tumor
progression. Particularly, loss of TIMP-2 could
greatly facilitate tumor invasive phenotype as
they can directly inhibit MMPs action [Werner
et al., 2002]. To compare the expression at
protein level, we performed immunohistochem-
istry. Immunohistochemistry has several
advantages. It allows direct correlation with
morphology and it can be performed on fresh
frozen or paraffin embedded specimen [Franchi
et al., 2002]. Thus, it is practical for routine
assessment of MMPs in diagnostic practice
[Franchi et al., 2002]. However, it has been
suggested that immunohistochemistry cannot
distinguish between latent MMPs and active
forms [Curran and Murray, 1999]. Conversely,
other techniques like zymography or quenched
fluorescent substrate hydrolysis separate the
activeand latent forms ofMMPs, but theydonot
allow correlation with morphology [Franchi
et al., 2002]. In our study, the expression of
MMPswas found largely in the invasive front as
well as in the tumor microenvironment of the
metastatic tongue lesions, possibly to facilitate
tumor invasion into the muscle (panels 1–3 in
Fig. 5). But it was not clear which cell type in
particular secreted the MMPs in the early
metastatic lesion except for some infiltrating
tumor cells (panel 6 in Fig. 5), whereas at the
later stages, tumor cells were found to produce
large amount of MMPs. Adjacent stromal cells
in the late stage metastatic lesion also secreted
MMPs, suggesting a contribution of host-
derived proteinases to tumor progression
[McCawley and Matrisian, 2001]. Significant
expression of MT1-MMP was notable in the
metastatic lesions, since these can activate
other MMPs, especially MMP-2 [Werner et al.,
2002], co-expression of MMP-2 and MT1-MMP
might have contributed significantly in the
initiation of tumor invasion. Similarly, higher
expression of MMP-9 by the tumor cells in the
later stages of metastatic formation indicated
its possible role in angiogenesis, since MMP-9
has been reported to be an important molecule
involved in angiogenesis [Werner et al., 2002;
Lu et al., 2004a]. Lower expression of TIMP-1

and TIMP-2 in the metastatic lesions might
have contributed to the loss of protective
function of these MMP inhibitors, which lead
to tumor progression (Figs. 5 and 6). Lower
TIMP-1 levels in metastatic oral squamous cell
carcinoma have been reported [Werner et al.,
2002; Lu et al., 2004a], however, the specific role
of TIMP-2 inHNSCC progression further needs
to be addressed. As shown in Figure 5, probably
a high ratio of MMPs/TIMP-2 expression in the
tumor microenvironment as well as in the in-
vasive front of the tumor favored tumor inva-
sion. The immunohistochemical data presented
here correlated well with our real-time RT-PCR
analysis.

Loss of cell adhesion and degradation of the
basement membrane are required to initiate
local invasion, whereas increased angiogenesis
is essential for autonomous tumor growth and
distant metastasis [Weeks et al., 2001]. In the
process of angiogenesis, MMPs play a pivotal
role, because these enzymes degrade the ECM
and provide a permissive microenvironment for
the growth of new blood vessels [Franchi et al.,
2002]. In this context,MMP-9 has been found to
be an important regulator of angiogenesis in
HNSCC that cooperates with other factors such
as iNOSandVEGF-R2expression in supporting
the process of neovascularization [Basu et al.,
2001; Franchi et al., 2002; Werner et al., 2002].
In the present study, increased vessel forma-
tion, significant expression of VEGF-R2 and
iNOS correlated well with the MMP-9 over-
expression in the metastatic lesions.

The current study suggested that active TGF-
b1 production might be involved in the process
of metastasis in association withMMPs and the
pro-angiogenic molecules at different stages
of tumor progression. It appears that down
regulation of the expression of TGF-b1 using
suitable antagonists could be useful for
preventing metastasis in this model. Since
TGF-b1 is involved in multiple biological pro-
cesses, systemic down regulation of TGF-b1 is
not desirable. Local expression of TGF-b1
at the tumor site can be controlled by TGF-b1
antagonists such as soluble receptors of
TGF-b1. This can be done by using recombinant
vaccinia virus. Experiments are underway to
explore this possibility.
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