
Abstract. Hypoxic regions limit the radiocontrollability of
head and neck carcinomas. Whether or not combinations of
plasmid/liposome mediated overexpression of normal tissue
protective manganese superoxide dismutase (MnSOD),
cetuximab (C225), and the hypoxic cytotoxin tirapazamine
(TPZ) enhanced radiotherapeutic effects was tested in a
CAL-33 orthotopic mouse cheek tumor model. The tumor
volume continued to increase in the control (untreated) mice,
with a ninefold increase by 10 days when the tumors
exceeded 2 cm3. The mice receiving 14 Gy only showed
reduced tumor growth to 3.1±0.1 fold at day 10. The mice
receiving MnSOD-PL, C225, TPZ plus 14 Gy had the best
outcome with 0.7±0.1 fold increase in tumor volume by 10
days (p=0.015) compared to irradiation only. The addition
of MnSOD-PL, TPZ, and C225 to irradiation optimized the
therapeutic ratio for the local control of hypoxic region-
containing CAL-33 orthotopic tumors. 

Combined modality chemoradiotherapy of squamous cell
carcinomas of the head and neck is complicated due to normal
tissue toxicity (1-5). Despite the availability of sophisticated
intensity-modulated radiotherapy treatment planning
techniques and frameless stereotactic radiotherapy modalities,
normal tissue toxicity remains a dose-limiting problem in
therapeutic programs (3-5). Improving the therapeutic ratio
(ratio of tumor cell killing to normal tissue toxicity) remains a

major challenge in clinical radiotherapy. In attempts to
improve the quality of life and overall survival of head and
neck cancer patients, new chemotherapeutic agents and
biologic dose response modifiers have been added in
combination therapy protocols (6, 7). Furthermore, the
availability of new chemotherapeutic agents such as cis-platin
and taxol and biological response modifiers including
bortizimab, and epidermal growth factor receptor antagonist
such as C225 (cetuximab) can increase the local controllability
of tumors, but also increases normal tissue toxicity (6-12).
Nucleosome-targeted drugs such as bortezimab have shown
effect in combined modality trials and adding this agent to
C225 and chemotherapy agents supplemented with
radiotherapy is undergoing a clinical investigation (7).

Squamous cell carcinomas of the head and neck region
containing hypoxic areas have been shown to be susceptible
to the action of hypoxic cell cytotoxins such as tirapazamine
(TPZ) (13-20). The addition of TPZ to radiotherapy in
protocols for the treatment of squamous cell carcinomas of
the head and neck region and the lung, has shown improved
local control with limited increase in toxicity (15). The
addition of TPZ to combined modality chemoradiotherapy
protocols of lung or head and neck cancer has shown further
increases in local controllability (20). 

Parallel to developments in combined modality therapy for
local tumor control has been the development of agents for
amelioration of the toxicity to normal tissues surrounding
tumors of the head and neck region (21-30). Clinical trials have
tested pentoxyphilline (26), amifostine (WR2125) (21, 27, 28),
keratinocyte growth factor (KGF) (23), and other protective
cytokines (30). These radioprotective strategies have shown
some increase in therapeutic ratio and in recent studies
radioprotection of normal tissue has been cited in protocols of
combined modality therapy for enhanced tumor reduction.
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We have developed a technique of intraoral administration
of plasmid liposomes for the genes for the antioxidant
enzyme manganese superoxide dismutase (MnSOD-PL) for
the protection of normal tissues (31-37). In recent
experiments in mice bearing orthotopic squamous cell
carcinomas treated with single-dose or fractionated
radiotherapy, improved local control and survival was shown
by the addition of intraoral MnSOD-PL (36, 38, 39). The
anticipated problem of simultaneous radioprotection of the
tumor, abrogating the therapeutic efficacy, was not seen in
recent studies demonstrating paradoxical radiosensitization
of squamous cell tumors by MnSOD-PL overexpression (32,
37, 39). Redox balance (between squamous cell tumors and
normal tissues) has been shown to explain the
radioprotection by MnSOD-PL of normal oral cavity mucosa
with simultaneous tumor radiosensitization (39). 

In the present studies, the effectiveness of MnSOD-PL
radioprotective gene therapy, combined with three tumorocidal
agents (ionizing irradiation, C225, and the hypoxic cell
cytotoxin, TPZ) was tested in a protocol utilizing CAL-33
human oral cavity squamous cell carcinomas, placed
orthotopically in the cheeks of nu/nu mice. 

Materials and Methods

Adult athymic nude nu animals and animal care. Athymic nude
nu/nu mice (5 to 6 weeks of age) were obtained from Harlan
Sprague Dawley, Indianapolis, USA and housed five per cage and
fed standard laboratory chow. All animal protocols were approved
by the University of Pittsburgh Institutional Animal Use and Care
Committee (IACUC). Veterinary care was provided by the Division
of Laboratory Animal Research of the University of Pittsburgh. All
the protocols were supervised by the Division of Laboratory Animal
Research of the University of Pittsburgh.

Cell lines. The CAL33 human squamous cell carcinoma was
developed by Gioanni J. Fischel from a human oral squamous cell
carcinoma of the floor of the mouth as been published previously
(10). The cells were obtained from Dr. Jennifer Grandis at the
Department of Otolaryngology, University of Pittsburgh School of
Medicine. Cells were passaged in Dulbecco’s modified Eagle’s
medium in 10% fetal calf serum, supplemented with penicillin, and
streptomycin and maintained in a high humidity incubator at 37˚C. 

MnSOD-plasmid liposomes. The pNGVL3 MnSOD-plasmid
liposome complex has been described previously (36). The animals
were injected intraorally with100 μl of water followed by 100 μl of
MnSOD-PL containing 100 μg of plasmid DNA. In some
experiments, a blank pNGVL3 plasmid minus the MnSOD
transgene was used as a control plasmid.

Drugs and administration. C225 (Cetuximab) was administered
intraperitoneally at 10 mg/kg in 100 μl. TPZ was provided as a white
powder from William Wilson and dissolved in 50% ethanol/acetone,
and then brought to 10 micromolar concentration in phosphate-
buffered saline (13). TPZ was administered intraperitoneally by
injection according to several protocols (13, 14, 20). 

Animal irradiation and radiation survival curves. The mice received
14 or 18 Gy irradiation to the head and neck region using a Varian
linear accelerator using 6 MeV photons with a dose rate of 300
monitor units/min (Varian Medical Systems, Inc., Palo Alto, CA,
USA). The body was shielded by a 101/2 value layer bock so only
the head and neck region was irradiated. The mice received single
fraction irradiation according to published methods (39). 

CAL-33 cell radiation survival curves were carried out in vitro
by irradiating the CAL-33 cells in conical centrifuge tubes at 1×105

cells/ml of media using a J. L. Shepherd Cesium Irradiator (J. L.
Shepherd and Associates, San Fernando, CA, USA) at doses ranging
from 0 to 8 Gy and plating them at varying densities from 5×102 –
5×104 cells per plate. Colonies of greater than 50 cells were scored
at day 7. Single-hit, multi-target and linear quadratic analysis of data
was calculated according to published methods (35). Parallel
experiments were carried out with TPZ in normoxic and low oxygen
tension (using a 3% low oxygen incubator) simulating hypoxic
conditions in vivo. In addition, cultures of CAL-33 cells transfected
with MnSOD-PL were treated with C225 (10 μM), maintained
overnight under hypoxic conditions and irradiated. 

Measurement of nitric oxide production following irradiation. CAL-
33 cells were trypsinized, washed in media, resuspended at 1×106

cells per ml in Ringer’s solution containing (in mmol/l) 140 NaCl,
5.2 KCl, 1.2 MgSO4 1 CaCl2, 10 NaH2PO4/NaHPO4 and 10 glucose
at pH 7.4 and irradiated at either 0 or 5 Gy. Immediately after
irradiation, the tip of a porphyrinic microsensor which specifically
measures NO production was placed into the cell suspension (40). 

Micro-PET scanning. Animals with orthotopic tumors of 0.5 cm in
diameter in the right cheek, or in some instances both cheeks, were
scanned first for fluoro-meisonidaziole (FMISO) followed 48 hours
later with a second scan for fluorodeoxyglucose (FDG). FMISO
imaging of hypoxic centers in the tumors and FDG scanning for the
detection of metabolically active areas in the tumors were carried
out according to published methods (41), the latter 24 hours after
FMISO scanning. Fusion scans were photographed according to
published methods and injection of metabolic indicator carried out
using a standard protocol (41). Each mouse was injected with 130-
200 mCi of either tracer compound via the lateral tail vein and
placed in the scanner in pairs. The animals were initially
anesthetized by induction with isofluorane (5%) and maintained on
0.5-1.5% isofluorane in a 60%/40% mixture of medical air/oxygen
administered by nose cone. Body temperature was maintained
throughout the experiment with a thermoelectric heating cell.
Following injection, a 90-minute dynamic microPET acquisition
was performed. The PET emission data were reconstructed using 2-
D filtered back projection with a ramp filter. Volumes of interest
(VOI) were defined over 3-4 contiguous planes for each tumor.
Standardized uptake valve (SUV) was determined using the
formula: SUV=(VOI activity × body mass)/injected dose. In some
experiments, mice bearing CAL-33 orthotopic tumors were
administered MnSOD-PL, C225, or TPZ as described above and
irradiated with either 14 or 18 Gy to the orthotopic tumor 24 hours
later. Twenty-four hours later the mice were injected with FMISO
and scanned. The mice were injected 24 h later with FDG and
scanned as described above.

Histopathology. Orthotopic CAL-33 tumors were removed 10 days
after injection of 1×106 CAL-33 cells into the cheek of a mouse,
freezing the tumor at optimum cutting temperature (OCT),
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sectioning it and staining the sections with hematoxylin and eosin
(H&E) as previously described (31). 

Combination treatment of MnSOD-PL, C225, and TPZ with
irradiation. Mice of 6 weeks of age were injected with 1×106 CAL-
33 cells into the right cheek. When the tumors became palpable (10
days after injection), the tumor size was measured using calipers
and tumor volume determined using the equation volume = (length
x width2) x ½. The mice were divided into the following groups of
10: i) control, ii) 14 or 18 Gy only, iii) MnSOD-PL followed by 14
or 18 Gy 24 hours later, iv) TPZ + 14 or 18 Gy, v) C225 i.p. + 14
or 18 Gy, vi) MnSOD-PL + TPZ + 14 or 18 Gy, vii) MnSOD-PL +
C225 + 14 or 18 Gy, viii) TPZ + C225 + 14 or 18 Gy, or ix)
MnSOD-PL + TPZ + C225 + 14 or 18 Gy. The mice were injected
with MnSOD-PL 24 hours before irradiation and with C225 and
TPZ 10 min before irradiation. The mice were anesthetized using
nembutal before irradiation to the orthotopic tumor. The tumor size
was measured every 48 hours after irradiation. Once the tumors
reached a size of 3 mm3, the mice were euthanized. 

Results

Radiosensitization of CAL-33 cells by MnSOD-PL transgene
expression. The effect of MnSOD-PL overexpression in the
CAL-33 cells was first tested with respect to
radiosensitization. As shown in Figure 1, the radiation
survival curve of the CAL-33 cells gave a D0 of 1.75±0.02
Gy and ñ of 2.70±0.2. Following transfection with MnSOD-
PL, significant radiosensitization was demonstrated with D0
of 1.17±0.08 Gy (p=0.0018) and ñ of 3.50±0.5. The CAL-
33 cells showed a significant increase in irradiation-induced
oxidative stress as measured by nitric oxide production
(Figure 2). 

Effect of TPZ on tumor radiosensitization. We next
evaluated the effect of TPZ on the radiosensitivity of CAL-
33 cells under normoxic as well as hypoxic conditions
(Figure 3). Under normal oxygen conditions, CAL-33-
MnSOD cells were more sensitive to irradiation with D0
of 1.17±0.07 Gy compared to D0 of 1.50±0.04 Gy for
hypoxia (p=0.05). TPZ resulted in no detectable killing of
CAL-33-MnSOD or CAL-33 cells under normal oxygen
conditions. 

Cells irradiated and maintained under hypoxic conditions
showed a modest increase in irradiation resistance, as would
be expected from the low oxygen tension and confirming the
oxygen effect (Figure 3). However, at 3% oxygen, TPZ
reduced survival of both CAL-33 cells and CAL-33-MnSOD
cells. Thus, expression of MnSOD did not reduce TPZ
killing of CAL-33 cells during hypoxia. There was no
radiosensitizing effect by adding C225 (D0=1.58±0.09 Gy
for CAL-33-MnSOD + C225 compared to 1.61±0.09 Gy for
CAL-33 + C225, respectively) in vitro on radiation
sensitivity under hypoxia (p=0.307).

Histopathology and micro-PET scanning of CAL-33
orthotopic tumors. The histopathology of explanted CAL-33
orthotopic tumors showed blood vessel invasion (Figure 4).
As shown in Figure 5, FDG and FMISO were both
incorporated into the murine tumors, albeit in different
regions and the 0.5 cm tumors demonstrated a central
hypoxic area by FMISO staining (right side). Staining the
next day with FDG showed overall metabolic hyperactivity
with a less detectable area of hypoxia. PET imaging
demonstrated differential uptake of [18F]-FDG as compared
to [18F]-FMISO within CAL-33 tumors. Increased [18F]-
FDG uptake was noted in the anterior portion of the tumor,
while [18F]-FMISO uptake was increased in the posterior
portion of the tumor in this mouse. 
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Figure 2. Nitric oxide (NO) production measured spectrophotometrically
in human CAL-33 cell pellets following irradiation.

Figure 1. Effect of MnSOD-PL transfection on radiosensitivity of CAL-33
cells. MnSOD-overexpression by MnSOD-PL transfection increases
radiosensitivity by CAL-33 cells in vitro. D0 for CAL-33 1.75±0.02 Gy, D0
for CAL-33-MnSOD=1.17±0.08 Gy; difference is significant at p=0.0018.



Tumor response to combined modality therapy. MnSOD-PL
improved the tumor response to irradiation as shown by micro-
PET scan (Figure 6). Panel A demonstrates a decrease in tumor
size in MnSOD-PL and radiation-treated mice compared to
those treated with radiation alone. Mice receiving irradiation
and combinations of two agents or three agents are also shown
in Figure 7. The effectiveness of TPZ in reducing tumor cell
size alone (mouse 2) or in combination with irradiation (mouse
3) is demonstrated. The mice with orthotopic tumors receiving
irradiation and all three agents (MnSOD-PL, TPZ, C225)
demonstrated the overall greatest reduction in tumor cell size.
These results established the effectiveness of using micro-PET
scanning to assess potential additive or synergistic interactions
between biological response modifiers with radiation of
orthotopic tumors of the oral cavity.

Mice bearing CAL-33 in the right cheek were treated with
combinations of MnSOD-PL, C225, TPZ and either 14 or 18
Gy. Tumors were measured every two days and once they
reached a size of 3 mm3 the mice were sacrificed at that time
point according to IACUC protocols. A statistically significant
decrease in the growth of tumor after irradiation was shown on
day 10 for 14 Gy (Figure 8A) and day 8 for 18 Gy (Figure 8B)
irradiation compared to nonirradiated mice (p=0.0009 or 0.004,
respectively) and a significant additional reduction in tumor
growth by TPZ, C225, and MC-MnSOD-PL administration
compared to irradiation only at day 10 for 14 Gy (p=0.015),

and day 8 for 18 Gy (p=0.0385). Other groups of animals
receiving TPZ, C225, or MC-MnSOD-PL each alone, but no
irradiation showed no statistically significant decrease in tumor
growth compared to unirradiated controls (data not shown).
The effect of 14 or 18 Gy irradiation plus one or two agents
was not as effective as three agents (data not shown). 
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Figure 3. Effect of TPZ on radiation killing of CAL-33 cells in vitro under normoxic (A) and hypoxic conditions (B). CAL-33 cells or MnSOD-PL
transfected CAL-33 cells were either (A) incubated in TPZ 10 μM for 1 hour and irradiation survival curves performed under normal oxygen
conditions, or B) held for 18 hours at 3% oxygen prior to TPZ treatment and irradiation. 

Figure 4. Orthotopic human CAL-33 tumor in the cheek of a nu/nu
mouse. Microscopic histopathology of tumor at day 10 after injection
of 1×106 cells into the cheek (hematoxylin and eosin). Open arrow
shows tumor. Closed arrow identified blood vessel, infiltration with
tumor cells. A=×100, B=enlargement of A ×300. 
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Figure 7. Micro-PET scans showing the effect of TPZ and MnSOD-PL, plus C225, on CAL-33 orthotopic tumors in cheek of 14 Gy-irradiated nude
mice. Mice were injected with FMISO before scanning. Mouse 1 is a nonirradiated control, mouse 2 was treated with TPZ (60 mg/kg) 10 min before
14 Gy, and mouse 3 with MnSOD-PL intraorally, C225, and TPZ before irradiation. 

Figure 5. PET Imaging of CAL-33 tumors in nu/nu mice ([18F]-FDG vs. [18F]-FMISO). Representative summed microPET images taken 40-90 min
post-injection of radiotracer, with arrows indicating the location of the tumor. Representative time-activity curves of tumor uptake in mice bearing
tumors following injection of [18F]-FDG and [18F]-FMISO. Data are expressed in terms of standardized uptake values (SUV). 

Figure 6. Micro-PET scan showing the effect of MnSOD plus 18 Gy on CAL-33 orthotopic tumors in the cheek of athymic nude mice. Ten days after
injection of 1×106 CAL-33 cells into each cheek, the mice were injected with MnSOD-PL 100 μg/100 μl (mouse on left) or with blank-PL (mouse
on right) then irradiated with 18 Gy to the head and neck. The next day mice received i.v. FMISO (200 uCi) (A) and were scanned. Twnty-four
hours later the mice were reimaged after FDG injection (B). Mouse on right in A displays a big hypoxic tumor as identified by the uptake of FMISO
(yellow area – arrow); in the corresponding FDG image (B) the tumor shows reduced FDG uptake in the same region suggesting an area of necrosis
or hypoxia. Mouse (left) that received MnSOD-PL shows reduced hypoxic area. 



Discussion

Overexpression of MnSOD in cancer cells has been
demonstrated to sensitize them to radiation, while
overexpression in normal tissues protects the cells from
irradiation (32, 39, 42). Similar results were found with the
CAL-33 cells overexpressing MnSOD which were more
sensitive to irradiation as seen by a decrease in D0. These
results confirmed and extended previous studies with other
human and mouse squamous cell carcinoma lines derived
from the oral cavity SCCVII, OC19 and Lewis lung
carcinoma (42). Prior studies demonstrated increased killing
of human OC19 carcinoma cells by C225 (42). 

The simultaneous use of combined modality tumor
treatment programs with radioprotective agents for preserving
normal tissue function has gained increased importance in
recent years. We have developed a technique of organ-specific
administration of the antioxidant enzyme transgene (MnSOD-
PL) and have shown effectiveness in models of radiation
toxicity to the oral cavity (1-2) and salivary glands (3). We
demonstrated that orthotopic CAL-33 human squamous cell
carcinomas in the cheek pouch of nu/nu mice have hypoxic
centers, that these can be imaged by Micro-PET scanning,
and that following administration of combinations of
biological response modifiers with irradiation, tumor volume
decreases, hypoxic areas are removed, and metabolically
active FDG uptake-enhancing areas are also decreased. Local
control as seen by a decrease in tumor growth was observed
following addition of MnSOD-PL to a protocol utilizing
C225, TPZ, and ionizing irradiation. 

[18F]-FDG PET imaging is clinically valuable in detecting
areas of elevated cellular metabolism indicative of metastatic
or recurrent squamous cell head and neck tumors (SCCHN)
(42). To explore the role of [18F]-FMISO-PET in SCCHN, we
compared [18F]-FDG and [18F]-FMISO microPET imaging in
CAL-33 tumors in nu/nu mice. CAL-33 cells were injected

into the cheek of nu/nu mice (25-30 g) aged 5-6 weeks
(Harlan Laboratories, Indianapolis, IN, USA) (42). Ten days
later, FMISO scans demonstrated increased 18F uptake in the
orthotopic tumors which correlated with areas of decreased
metabolic activity following FDG imaging. Combining these
two imaging modalities allowed us to demonstrate hypoxic
areas in the CAL-33 orthotopic tumors. 

The present study uses single fractionated irradiation and
single administration of the biological response modifiers. In
previous studies, fractionated irradiation protocols have
shown the effectiveness of multiple administrations of
MnSOD-PL for radioprotection (34), and similar studies are
planned for tests of the combined modality program using a
new non-inflammatory mini circle plasmid MnSOD-PL (43).

The present results establish the potential effectiveness of
using a normal tissue radioprotector in the setting of combined
modality therapy enhancement of radiotherapeutic local
control of orthotopic tumors in the head and neck region.
Further studies are required to optimize methods of
administration and effectiveness of these agents in a combined
modality treatment of tumors of the head and neck region.
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