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Abstract: mTOR inhibitors have potent antiangiogenic and anti-lymphangiogenic effects in addition to their growth
inhibitory effects in head and neck squamous cell carcinoma (HNSCC). Lymphatogenous spread is much more
predominant in HNSCC than hematogenous spread and significantly decreases survival. In this study we evaluated
the effects of rapamycin on targeting tumor-stroma crosstalk in HNSCC. HNSCC tumor cells (FaDu) and human lym-
phatic endothelial cells (HMEC-1A) were co-cultured in various combinations using transwell cell culture inserts to
study tumor-stroma crosstalk and the effects of mTOR inhibitor rapamycin. Levels of growth factors and cytokines
in cell culture media were measured using Milliplex bead immunoassay (EMD Millipore) and ELISA assay (R&D
Systems). We found that conditioned media collected from tumor cells or co-culture with tumor cells significantly
increased the invasiveness of lymphatic and blood vascular endothelial cells (P<0.05), while there was no effect of
conditioned media collected from endothelial cell cultures or co-culture with endothelial cells on tumor cell invasive-
ness. There was a significant effect of rapamycin on both baseline and tumor cell stimulated invasiveness of endo-
thelial cells (P<0.05). Importantly the level of IL-6 secreted in media increased significantly in tumor-endothelial cell
co-culture compared to monocultures. Rapamycin significantly suppressed secretion of IL-6 by tumor cells (P<0.05).
Thus, HNSCC cells produce chemotactic stimuli that promote endothelial cell invasion toward tumor cells that can
stimulate lymphangiogenesis. Rapamycin effectively reverted the stimulatory effect of IL-6 secreted by tumor cells
on endothelial cell invasiveness.
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Introduction

Head and neck squamous cell carcinoma (HN-
SCC) is the sixth most common malignancy
worldwide [1]. Over 45,000 Americans develop
HNSCC and over 11,000 die from it annually
[2]. HNSCC is characterized by high locoregion-
al recurrence rates reaching approximately
50% in advanced-stage disease. The 5-year
survival rate of HNSCC patients is 45% and has
not changed in decades. The current standard
of care for patients with locally advanced dis-
ease is platinum-based chemoradiotherapy.
However cisplatin-based chemoradiotherapy
results in significantly worse toxicity compared
to patients receiving radiotherapy alone (77%
versus 34%) [3]. Alternative treatment strate-

gies such as molecular targeted therapies are
clearly needed. The only FDA-approved molecu-
lar targeted agent for HNSCC is cetuximab
(Erbitux). Unfortunately, in several studies chem-
oradiotherapy with cetuximab demonstrated
significantly worse outcomesinlocally advanced
HNSCC compared to cisplatin-based chemora-
diotherapy [4]. Emerging data from several
studies indicate that cetuximab is not a promis-
ing alternative to cisplatin and suggests a need
for other molecular targeted agents. mTOR
inhibitors are promising alternatives. mTOR
inhibitors have been shown to be well tolerated
with mild, manageable and reversible toxicities
compared to cisplatin. They have proven to be
safe and efficacious even in long term use in
renal transplant and coronary stent patients.
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Figure 1. Generation and characterization of stable FaDu clones overexpressing rapamycin-resistant mTOR
(Ser2035—lle). A: Detection of AU1-tagged mTOR in transfected FaDu clones. B: m-TOR inhibition downregulates
S6 phosphorylation in vector-transfected FaDu clone (FaDu-VT), while there is no change in S6 phosphorylation in
rapamycin-resistant FaDu clone (FaDu-RR). C: Cell proliferation assay. Cells were seeded as highlighted in materials
and methods. The effect on cell proliferation was determined at different time points using MTS assay. Data repre-
sents mean optical density + SD for n>4 experiments. *P<0.05, Two sample independent student’s t test. Growth
of FaDu-VT cells was suppressed by rapamycin (100 ng/ml), while the FaDu clone was insensitive to Rapamycin
treatment.

Importantly, metastasis to regional lymph effects of rapamycin, an mTOR inhibitor, on the
nodes occurs in 30-40% of HNSCC patients tumor-stroma crosstalk in HNSCC.

and is associated with poor prognosis and
reduced survival rates [5, 6]. mTOR inhibitors
exhibit potent antitumor, antiangiogenic and

Materials and methods

. . L - I i

anti-lymphatic properties in HNSCC preclinical Cell lines

models [7, 9]. The mechanisms _inclgde_ a HMEC-1A, a human lymphatic endothelial cell
marked decrease in VEGF production, inhibi- line [11] was maintained in MCDB 131 medium
tion of vascular endothelial cells responses to (Sigma-Aldrich), supplemented with 20 mM
VEGF stimulation, suppression of VEGFR-3 ex- HEPES, 1 ug/ml hydrocortisone, 10 ng/ml EGF
pression and rapamycin-induced release of and 10% fetal bovine serum (FBS). HNSCC cell
soluble VEGFR-2 that acts as a VEGF C and D line FaDu established from a hypopharyngeal
trap [10]. In the current study we evaluated the SCC was procured from ATCC. FaDu cultures
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Figure 2. Graph depicting invasion of HMEC-1A (1A), Fadu-VT, or FaDu-RR
cells toward cell-free media (M), Fadu-VT, FaDu-RR, or HMEC-1A (1A) cells.
Data represents mean + SD for number of invading cells for n>3 experi-
ments. *P<0.05, Two sample independent student’s t test with * indicates
significance relative to invasion of HMEC-1A toward cell-free media.
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Figure 3. Effect of co-culture with FaDu cancer cells on the proliferation of en-
dothelial cells HMEC-1A (1A). VT-vector-transfected; RR-rapamycin-resistant
mTOR transfected cells. No significant effect of tumor cells on proliferation of

in the top compartment (tran-
swell inserts).

The effects of co-culturing
the two cell types and rap-
amycin (purchased from LC
Laboratories, Woburn, MA)
effects on proliferation of tu-
mor and endothelial cells
were assessed using CellTiter
96 AQueous cell proliferation
assay (Promega Corp., Ma-
dison, WI) according to the
manufacturer’s instructions.
Transwell inserts with 0.4-um
pore size were used (BD bio-
sciences, Bedford, MA).

Co-culture cell invasion as-
says were performed using
24-well plates and transwell
inserts with an 8-um pore
size (BD biosciences, Bed-

endothelial cells was observed.

were maintained in MEM media supplemented
with 10% FBS and non-essential amino acids.

Cell line transfections

Amaxa Nucleofector Kits (Amaxa Inc., Gai-
thersburg, MD) was used for transfection of
pcDNA3 plasmid encoding AU1-tagged rapamy-
cin-resistant mutant mTOR (S2035l) or empty
vector into FaDu and HMEC-1A cells according
to the manufacturer’s instructions. Stably trans-
fected clones were selected and expanded in
growth medium containing G418 (500 ug/mil).
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ford, MA). The transwells we-
re collagenized using 100 uL
of 15 pg/mL collagen solu-
tion (Sigma-Aldrich, from human fibroblasts)
and incubation performed at 37°C for 4 hours.
Endothelial cells (50,000 per well) or tumor
cells (20,000 per well) were seeded into 24-well
plates in 600 uL of MCDB 131 media (Sigma-
Aldrich, containing 0% FBS (medium with no
serum is used to limit cell proliferation and
observe the true effects due to cell invasion).
Some control wells had cell-free 0% FBS MCDB
131 medium. The cells seeded in the plates
were allowed to adhere at 37°C for 4 hours.
Collagenized transwells were washed and
seeded with the same number of endothelial or
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Table 1. Assesment of direct anti-vascular and crosstalk-mediated effects of rapamycin in various co-

culture combinations

# Inhibition of EC growth is a measure
of the following effects of the drug

Co-culture

Percent inhibition of EC growth
(to corresponding control)

1 1A-VT+FaDu-VT
2 1A-VT+FaDu-RR
3 1A-RR+FaDu-VT

Only direct

Direct and crosstalk-mediated

Only crosstalk-mediated

40.4£6.3%
37.2+7.1%
3.5+£3.2%

tumor cells as above. Seeding of these cells
were performed in the following combinations:
endothelial cells over control media, endotheli-
al cells over tumor cells, tumor cells over con-
trol media, and tumor cells over endothelial
cells. Co-cultures were then incubated at 37°C
for 22-24 hours. After invasion had occurred,
noninvasive cells were removed by swabbing.
Cells were then fixed with methanol and stained
with 0.2% Crystal Violet. The total number of
migrated cells were counted using a light
microscopy at x 200 magnification.

Western blot analysis

Soluble proteins were extracted as previously
described [12] and expression of tumor and
lymphatic biomarkers were evaluated by west-
ern blot using the following primary antibodies:
phospho-S6 ribosomal protein (serine 235/23-
6, 1:100), actin (1:3,000; all antibodies above-
Cell Signaling, Beverly, MA) and AU1 (1:2,000
dilution; Bethyl Laboratories, Montgomery, TX).
The expression levels of each marker were
quantified after normalizing to actin imm-
unoblotting.

Cytokine analysis

The effects of rapamycin treatment on secre-
tion of cytokines into culture medium were
determined using ELISA assays (R&D Systems,
Minneapolis, MN) or MILLIPLEX MAP Human
Cytokine/Chemokine Magnetic Bead multiplex
assay (EMD Millipore, Billerica, MA) according
to manufacturer’s instructions.

Statistical analysis

Two-tailed, unpaired Student’s t test was used
to analyze the differences between experimen-
tal groups. Statistical analysis was performed
using GraphPad InStat version 3.06 for Wind-
ows (GraphPad Software); P values of less than
0.05 were considered statistically significant.
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Results
Characterization of rapamycin-resistant clones

We generated stable FaDu clones overexpress-
ing exogenous RR-mTOR tagged with AUl
(Figure 1A). The clone with the highest expres-
sion of AUl-tagged mTOR was evaluated for its
response to rapamycin treatment using pS6
WB analysis. We compared the effect of mTOR
inhibition on pS6 expression in vector-trans-
fected control clones and rapamycin-resistant
(RR) clones. Effect of the drug on S6 phosphor-
ylation was significantly attenuated in RR cells
(Figure 1B). Cell proliferation assay showed
that the growth of VT-FaDu cell line was sup-
pressed by rapamycin (100 ng/ml), while the
RR-FaDu clone was insensitive (Figure 1C).

Invasion and proliferation of FaDu and HMEC-
1A cells in co-culture: Tumor cells stimulate
lymphatic endothelial cell invasiveness

To evaluate the interaction between normal
human microvascular lymphatic endothelial
cells HMEC-1A and HNSCC FaDu cells we
employed co-culture systems. When studying
cell invasiveness we found that HNSCC cells
significantly increased the invasiveness of lym-
phatic endothelial cells (P<0.05) (Figure 2),
while there was no effect of lymphatic endothe-
lial cells on tumor cell invasiveness. Co-culture
of the lymphatic endothelial cells with tumor
cells increased their invasiveness by more than
two-fold. Next, we assessed the effects of co-
culture of FaDu tumor cells and HMEC-1A endo-
thelial cells on their proliferation by using cell
culture inserts with 0.4 um pore size. This
allows for exchange of growth factors/cyto-
Kines between the cells in the two compart-
ments, but prevents cell invasion. There was no
significant effect of tumor cells on proliferation
of endothelial cells in this model (Figure 3).
Similarly there was only a minor effect of endo-
thelial cells on proliferation of tumor cells (data
not shown).
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Figure 4. Cell proliferation of HMEC-1A (1A) shown on the left and FaDu can-
cer cells shown on the right that were co-cultured and treated with mTOR
inhibitor rapamycin (O and 10 ng/ml). VT-vector-transfected; RR-rapamycin-
resistant mTOR transfected cells. Data is expressed as percent of control.
Data represents mean £ SD for n>3 expeirments. Data was analyzed using
Two sample independent student’s t test. *indicates P<0.05 relative to cor-
responding control, n.s.-not statistically significant.
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Figure 5. A: Graph depicting invasion of vector-transfected endothelial cells
HMEC-1A (1A-VT), rapamycin-resistant endothelial cells (1A-RR), vector-
transfected tumor cells (FaDu-VT) or rapamycin-resistant tumor cells (Fa-
Du-RR) cells toward conditioned media of the same cell type (M, bottom
row) or conditioned meda from the indicated cell types (bottom row under
horizonthal axis). B: Effect of treatment with rapamycin (10 ng/ml) on the
invasiveness of endothelial cells. Under horizonthal axis: first row-invading
cells; second row-conditioned media of the same cell type (M) or indicated
type of conditioned media. Data represents mean + SD for n>3 expeirments.
Data was analyzed using Two sample independent student’s t test. * indi-
cates P<0.05 relative to invasion toward conditioned media of the same cell
type (baseline). #indicates P<0.05 relative to corresonding vehicle-treated
(DMSO) control.
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Effects of rapamycin on inva-
siveness and proliferation of
endothelial and tumor cells

Importantly, the effect of rapa-
mycin on cell proliferation var-
ied significantly depending on
the combination of endotheli-
al and tumor cells used
(Figure 4). Specifically, co-cul-
ture of rapamycin-resistant
FaDu tumor cells with endo-
thelial cells sensitive to rapa-
mycin had no effect on the
growth-inhibitory effect of ra-
pamycin against endothelial
cells. Rapamycin caused app-
roximately 30% reduction in
proliferation of endothelial
cells grown in co-culture with
vector-transfected or rapamy-
cin-resistant mTOR-transfect-
ed FaDu tumor cells. In other
words we did not observe any
“protective” effect of rapamy-
cin-resistant tumor cells ag-
ainst growth-inhibitory effect
of rapamycin in endothelial
cells (Figure 4). However, sur-
prisingly there was an obvious
difference in the effect of
rapamycin on the growth of
vector-transfected FaDu tu-
mor cells co-cultured with
either vector-transfected end-
othelial cells or with rapamy-
cin-resistant mTOR-transfect-
ed endothelial cells. Rapa-
mycin-resistantendothelialce-
lIs reduced the growth-inhi-
bitory effect of rapamycin in
vector-transfected FaDu tu-
mor cells. We further studied
the interaction between nor-
mal endothelial cells and HN-
SCC cells and evaluated the
effects of rapamycin on this
interaction using transwell in-
serts and conditioned media
(media harvested from cul-
tured cells that is typically
enriched in cytokines and
growth factors secreted by
the cells).

Am J Transl Res 2016;8(11):4822-4830
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T gure 5B). Endothelial cells
transfected with rapamycin-
resistant mTOR show only
modest sensitivity to rapamy-
cin treatment as expected
(Figure 5B).

In order to differentially as-
sess direct anti-vascular and
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Figure 6. A: The results of MILLIPLEX MAP assay. Levels of IL-6 in cell culture
media after treatment with vehicle (DMSO) or rapamycin (10 ng/ml) for 4
days. B: Levels of secreted IL-6 in cell culture media after treatment with
vehicle (DMSO) or rapamycin (10 ng/ml) for 4 days by ELISA assay. VT-vector-
transfected; RR-rapamycin-resistant mTOR transfected cells; 1A-HMEC-1A
cells. Data represents mean + SD for n>3 experiments. Data was analyzed
using Two sample independent student’s t test. *indicates P<0.05 relative (VT)

to corresponding DMSO-treated control.

When studying cell invasiveness we found that
conditioned media collected from FaDu tumor
cells also significantly increased the invasive-
ness of HMEC-1A cells (P<0.5) (Figure 5A),
while there was no effect of conditioned media
collected from endothelial cell cultures on
tumor cell invasiveness. Conditioned media
collected from tumor cell cultures increased
the invasiveness of endothelial cells by almost
two-fold.

We then evaluated the effects of rapamycin on
the invasiveness of endothelial cells, including
endothelial cell invasion stimulated by condi-
tioned media collected from FaDu tumor cell
cultures (Figure 5B). Conditioned media was
added into the lower compartment (a well in a
24-well plate). Cells were seeded in the top
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1A-VT 1A-RR

crosstalk-mediated effects of
rapamycin (Table 1) we mea-
sured a reduction in prolifera-
tion of endothelial cells co-
cultured with tumor cells (VT
or RR). Various combinations
of endothelial cells co-cul-
tured with vector-transfected
or rapamycin-resistant

mTOR transfected (RR) TC

were treated with 10 ng/ml of
rapamycin for differential assessment of direct
antivascular and crosstalk-mediated effects of
rapamycin (Table 1). We can conclude that anti-
vascular growth inhibitory pro-perties of
rapamycin are primarily a result of drug’s direct
effects on endothelial cells, and not cross-talk
mediated, effects (Table 1).

Cytokine secretion: co-culture stimulates IL-6
secretion, while rapamycin significantly sup-
presses secretion of IL-6 in sensitive cells

Next, using Multiplex bead immunoassay we
evaluated levels of various growth factors and
cytokines that endothelial and tumor cells
release into cell culture media. While rapamy-
cin had a moderate effect on the levels of sev-
eral growth factors and cytokines (SVEGFR-1,

Am J Transl Res 2016;8(11):4822-4830
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HGF, FGF-2, TNF-alpha), in the evaluated co-
culture models there was a distinct differential
effect of the drug on the levels of secreted IL-6.
When vector-transfected endothelial cells were
co-cultured with any of the FaDu tumor cells
(VT, RR), rapamycin caused a significant
decrease in the level of IL-6 (Figure 6A). On the
contrary, rapamycin treatment lead to an upreg-
ulation in the level of IL-6 when rapamycin-
resistant endothelial cells were co-cultured
with VT or RR FaDu cells. Since IL-6 is known to
have mitogenic properties this may explain how
co-culture of rapamycin-resistant endothelial
cells with rapamycin-sensitive tumors cells can
reduce growth-inhibitory effects of rapamycin
against head and neck tumor cells.

These observations were confirmed using
ELISA assay (Figure 6B). Endothelial cells
secrete much lower levels of IL-6 compared to
tumor cells. Importantly co-culture of endothe-
lial and tumor cells results in a significant
upregulation of IL-6 secretion. It can be noted
that rapamycin treatment inhibits IL-6 secre-
tion in rapamycin-sensitive tumor cells. In the
case of co-culture of endothelial and tumors
cells the effect of rapamycin depends on the
status of both cell types. Rapamycin sup-
pressed IL-6 secretion in co-culture combina-
tions with rapamycin-sensitive endothelial ce-
Ils.

Discussion

In the present study, we sought to investigate
crosstalk mechanisms between HNSCC tumor
cells and lymphatic endothelial cells and deter-
mine whether mTOR inhibition has a significant
effect on this crosstalk. Our results suggest
that the ‘anti-tumor’ activity of mTOR inhibitors
in HNSCC confers a significant anti-vascular.
We found that although HNSCC cells have mini-
mal effect on endothelial cell proliferation,
there was a significant upregulation in the inva-
siveness of lymphatic endothelial cells when
they were co-cultured with head and neck carci-
noma cells. This suggests that tumor cells pro-
duce chemotactic stimuli that promote endo-
thelial cell invasion towards tumor cells. This
process can play an important role in head and
neck cancer lymph node metastasis. Lympha-
togenous spread is a significant problem and
much more predominant in HNSCC than hema-
togenous spread. Rapamycin treatment signifi-
cantly suppressed baseline invasiveness of
both endothelial and tumor cells and also sup-
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pressed stimulatory effect of tumor cells on
invasion of endothelial cells. Interestingly, al-
though tumor cells promote endothelial cell
invasion, there appears to be a direct effect of
rapamycin on the invasion potential of endothe-
lial cells since co-culture of rapamycin-sensitive
endothelial cells with rapamycin-resistant
tumor cells does not result in attenuation of
drug’s effects on sensitive endothelial cells.

Interleukin-6 (IL-6) is a pleiotropic cytokine that
acts as a multifunctional regulator of immune
response and hematopoiesis [13]. Furthermore
several studies identified IL-6 as an important
trigger in the progression of lymphangiogenesis
and endothelial tube formation within the tumor
[14, 17]. One of the unexpected findings in this
study is the attenuation of growth-inhibitory
effects of mTOR inhibitor rapamycin on head
and neck tumor cells when those were co-cul-
tured with rapamycin-resistant endothelial cells
emphasizing the role of tumor stroma in the
drug’s efficacy. It is not clear whether tumor
stroma in different patients can vary signifi-
cantly in its sensitivity to mTOR inhibition.
However our results suggest the ‘anti-tumor’
activity of mTOR inhibitors in HNSCC can have a
significant anti-vascular component. Among
several cytokines tested only IL-6 showed a sig-
nificant response to rapamycin treatment and
was associated with biological effects of the
drug. Since slL-6 is known to have mitogenic
properties [18, 20] this could explain how co-
culture of rapamycin-resistant endothelial cells
with rapamycin-sensitive tumors cells can
reduce growth-inhibitory effects of rapamycin
against head and neck tumor cells. IL-6 is one
of the cytokines that is significantly increased
in subjects with laryngeal dysplasia and larynx
squamous cell carcinoma patients compared
to controls [21]. Upregulated levels of IL-6 are
associated with unfavorable prognosis, recur-
rences and poor response to chemoradiothera-
py in HNSCC [22, 24]. Upregulation of IL-6
expression was found to be one of the causes
of resistance to EGFR tyrosine kinase inhibitor
erlotinib in HNSCC [25].

Our findings suggest that sIL-6 can be a poten-
tial biomarker of response to mTOR inhibitor
therapy. We hypothesize that efficacy of mTOR-
targeted therapy can correlate with changes in
the level of released slL-6 after treatment. In
our preclinical studies of rapalogues to date we
identified potential biomarkers of antiangiogen-
ic and anti-lymphangeogenic effects of mTOR

Am J Transl Res 2016;8(11):4822-4830
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inhibitors, such as VEGF-A, VEGF-C, FGF-2, sol-
uble VEGFR-2, VEGFR-3 [8-10] and now IL-6.
These biomarkers are currently being evaluat-
ed in Phase Il clinical trial of the mTOR inhibitor
everolimus.
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