
Abstract. Background: Intraesophageal manganese superoxide
dismutase plasmid liposome (MnSOD-PL) gene therapy protects
against irradiation damage. Materials and Methods: To
determine whether esophageal side population (SP) stem cells
were protected, epitope-tagged (hemagglutinin) (HA) MnSOD-PL
was administered to C57BL/6J mice 24 hours prior to 30 Gy
esophageal irradiation. SP cells were isolated, and apoptosis and
multi-lineage vimentin/endothelin/F4/80 (macrophage) colonies
in vitro were quantitated. Results: The number and percent of
SP cells, apoptotic cells, or numbers of multi-lineage
vimentin/endothelin/F4/80-positive in vitro colonies isolated
from non-irradiated HA-MnSOD-PL-treated or 30 Gy-
irradiated esophagus did not differ between groups. Irradiation
in vitro significantly increased apoptosis in explanted non-SP
cells from control (p=0.021) compared to MnSOD-PL-treated
mice. Irradiation-induced cell division was significantly
increased in SP cells from control-irradiated mice (p=0.001),
but not MnSOD-PL-treated mice. Irradiation-induced apoptosis
detected in vivo at 5 days was decreased by MnSOD-PL.
Conclusion: MnSOD-PL gene therapy protects esophageal SP
cells from irradiation in vitro and in vivo.

A significant complication of chemoradiotherapy of non-

small cell carcinoma of the lung is irradiation esophagitis

(12, 13). Radiation esophagitis has been shown to be

dependent upon total irradiation dose, radiation fraction

size, and volume of esophagus in the target volume (12, 13,

38). Systemic small molecule radioprotector agents have had

little effect on ameliorating chemoradiotherapy-induced

esophagitis (16, 17, 39). Effective chemotherapy drugs,

including carboplatin and taxol, increase the severity of

irradiation esophagitis, both in the degree of

symptomatology (including dysphagia, dehydration and

weight loss), and in limiting attempts at radiation dose

escalation (12, 13). Furthermore, a principal hindrance to

the inclusion of a third drug (Triplet) to effective dual agent

chemotherapy has been irradiation esophagitis (14, 15).

We have previously demonstrated that intraesophageal

administration of manganese superoxide dismutase-

plasmid/liposome (MnSOD-PL) significantly reduces the

severity of irradiation esophagitis in single fraction and

fractionated irradiation protocols, and improves survival (1-

5). In histopathological sections from irradiated mice,

apoptotic cells have been identified in the basal squamous

layers of the esophageal epithelium at 11-12 days after single

fraction irradiation (1), a time coincident with the appearance

of microulceration and significant weight loss and

dehydration (1, 4, 5). In other studies, a population of

esophageal stem cells was isolated by either a 7-day serial in
vitro preplate technique or side population sorting of single

cell suspensions (6, 7). These esophageal multilineage stem

cells have been shown to have capacity for squamous,

endothelial and macrophage-like cell differentiation in vitro
based upon histochemical and morphological characteristics

(7), and transplant by intravenous injection to the irradiated

esophagus of recipient mice (6).

In the present studies, we sought to determine whether

administration of an epitope-tagged (hemagglutinin) (HA)

MnSOD-PL (11) reached the population of esophageal

stem cells following intraoral administration, and whether

protection from ionizing irradiation was in part mediated by
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preservation of the numbers, viability and differentiation

capacity of these side population (SP) cells. The results

demonstrate that radioprotective MnSOD-PL gene therapy

acts in part through protection of the SP cell population of

these esophageal stem cells.

Materials and Methods

Mice, plasmid/liposomes and irradiation. Clinical grade MnSOD-PL

was produced by Valentis, Inc. (Burlingame, CA, USA) under

GMP conditions. Female C57BL/6NHsd (Harlan Sprague Dawley,

Indianapolis, IN, USA) mice were injected intraesophageally with

100 Ìl of water by inserting a mouse feeding tube connected to a 

1-cc syringe to the top of the esophagus where it was swallowed

by the mice. This was followed with 100 Ìl of either MnSOD-PL

or a control plasmid, pNGVL3-PL, containing 200 Ìg plasmid

DNA. Groups of 5-10 female C57BL/6NHsd mice were injected

with either water only or MnSOD-PL. In some of the experiments

the mice were irradiated 24 h later to 30 Gy to the pulmonary

cavity using a Varian 6 MeV linear accelerator at 200 cGy/min.

The mice were shielded, as published (1), so that only the

pulmonary cavity was irradiated. The abdomen, head and

extremities remained outside the field of irradiation. The mice

were sacrificed 48 h after irradiation and the SP cells were isolated

and analyzed for changes in SP or non-SP numbers and apoptosis.

In other experiments, the mice were injected with MnSOD-PL,

pNGVL3-PL (a control plasmid) or water only, and sacrificed 

24 h later with the SP and non-SP cells isolated and irradiated to

10 Gy. The cells were plated in 12-well tissue culture plates in

DMEM median containing 10% fetal calf serum, penicillin/

streptomycin and L-glutamine and the percent apoptotic cells was

determined 24 h later.

Isolation of esophageal progenitor cells. Esophageal progenitor

cells were isolated according to the published methods of sorting

the SP cells from adult mouse esophagus (6). The esophagus of

male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME,

USA) was excised after the mice were dipped in 20% Betadyne.

Single cell suspensions were obtained by teasing the tissue in a

solution containing 0.2% type XI collagenase, dispase (grade II,

240 U) and 0.1% trypsin and incubating for 1 h at 37ÆC. The cell

suspensions in DMEM were drawn through proportionately

smaller gauge needles to a 27-gauge needle and were then filtered

through 100-Ìm and 45-Ìm filters to remove cell clumps. The

cells were stained with Hoechst 33342 dye and the SP was

identified by flow cytometry, as described previously (6). Briefly,

the esophageal cells were resuspended at 106 cells/ml in

prewarmed Hank’s Balanced Salt Solution (HBSS) with 2% fetal

calf serum and 10 mM HEPES buffer, and Hoechst stain was

added to a final concentration of 5 Ìg/ml. The cells were placed in

a 37ÆC water bath for 90 min. The cells were washed and

resuspended in cold HBSS, 2% FCS and 10 mM Hepes buffer for

anti-CD45-FITC and anti-Ter 119-PC-7 staining to remove

contaminating hematopoietic cells. Then 2 Ìg/ml propidium

iodide was added for discrimination of dead cells. As a control

preparation, the SP was purified from single live CD45-negative

cells using a MoFlo high-speed cell sorter (DakoCytomation, Fort

Collins, CO, USA). To quantify the SP cells, the cells were

stained with anti-Ter119-PE-Cy7 and anti-CN45-FITC to

distinguish red blood cells. The frequency of SP cells was

calculated by excluding the dead cells (PI+), hematopoietic

(CD45+, Ter119+), debris and doublets (Figure 1). To confirm

that the correct cells were identified, the population from cell

sorting was blocked with 50 ÌM of Verapamil (6).

Demonstration of HA-SOD2 expression in the esophagus SP cells and
in situ. To visualize and quantify the degree of manganese

superoxide dismutase/MnSOD (SOD2) expression in the

esophageal SP cells, mice were injected as described above with a

hemagglutinin (HA) epitope tagged SOD2-PL or LacZ-PL (200 Ìg

plasmid DNA plus 11 Ìl lipofectant in a final volume of 100 Ìl) (6).

The mice were sacrificed 24 h later and the esophagus was excised

and the SP cells isolated as described above. The SP cells were

attached to a microscope slide by cytocentrifugation at 500 x g for

5 min and stained for HA expression as described previously (11).

Briefly, for detection of epitope-tagged HA-SOD2, the cells were

fixed in methanol for 10 min and washed three times in phosphate-

buffered saline (PBS) for 10 min. The cells were covered with a

primary antibody, rabbit mouse anti-hemagglutinin (Roche,

Indianapolis, IN, USA), for 1 h in a humidified chamber and

washed three times in PBS. The cells were covered with fluorescein

isothiocyanate (FITC) anti-rabbit antibody (Calbiochem, La Jolla,

CA, USA) for 1 h in the same chamber, washed three times for 

10 min, dried and covered with Gelmount aqueous mounting

medium anti-fading agents (Biomeda Corp., Foster City, CA, USA)

(18) and observed under a fluorescent microscope.

Annexin V staining. Early apoptosis was determined by staining the

cells with Annexin V-PE Apoptosis Detection Kit I (BD

Biosciences, Mountain View, CA, USA). The cells were washed

twice in PBS, resuspended in 1x binding buffer at a density of 1x106

cells/ml, 100 Ìl of cells transferred to a test tube and 5 Ìl of

Annexin V-PE and 5 Ìl of 7-AAD were added. The cells were

vortexed and incubated for 15 min at room temperature in the

dark. To each tube, 400 Ìl of 1 x binding buffer was added and

analyzed by flow cytometry within 1 h. The CyAn LX cytometer

(DakoCytomation) was used for data acquisition.

Detection of irradiation-induced cell division. Control mice, as well

as mice administered MnSOD-PL 24 h earlier, were irradiated to

30 Gy to the esophagus and sacrificed 24 h later. The esophagus

was removed and stained for isolation of SP and non-SP cells. The

cells were then incubated for 30 min with a FITC-conjugated anti-

PCNA antibody. The percent of PCNA-positive SP and non-SP was

calculated.

Multi-lineage epithelial colony assays. Esophageal SP cells were

plated in methylcellulose-containing medium used in the assay of

hematopoietic progenitor cells (7). Control cells were

hematopoietic cells obtained from non-adherent cells harvested

from >4-week-old murine long-term bone marrow cultures

(LTBMCs), according to published methods (8). Cells were plated

in 1% methylcellulose in Iscove’s MDM media containing 30%

FBS, 10% BSA, 50 ng/ml SCF, 10 mg/ml GM-SCF, IL-3, IL-6 and

3 U/ml erythropoietin (Pepro Tech, Inc., Rocky Hill, NJ, USA).

Depending on the number of cells available from flow cytometric

sorting, the number of cells plated ranged from 1x104 to 4x104

cells/plate. Cultures were maintained at 37ÆC with 5% CO2 and

>95% humidity (7).
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The adherent cell colonies which had fallen to the plate surface

were fixed in 1% glutaraldehyde. The non-adherent cells were

stained with antibodies against vimentin, endothelin, or F4/80 by

fixing the cells in methanol, washing twice in PBS, incubating for

2 h at room temperature in the presence of 1:100 dilutions with

F4/80 (L11209, Caltag Laboratories, Burlingame, CA, USA), anti-

mouse endothelin (Ab-2) (PC266, Calbiochem, San Diego, CA,

USA), or anti-mouse vimentin antibody (C-20, Santa Cruz

Biotechnology, Santa Cruz, CA, USA).

The plates were scored for percent positive for the

differentiation markers (vimentin, endothelin, F4/80). Positive

controls were lung sections from irradiated mice, which were

known positive for vimentin, endothelin and F4/80 (7). Negative

controls were cells from the 32D cl 3 murine hematopoietic

progenitor cell line (7).

Statistical analysis. A Student’s t-test was used to compare changes

in body weight when comparing mice injected with liposomes only,

or the LacZ-PL complex to mice injected with the MnSOD-PL

complex after irradiation.

Animal assurance and welfare. All animal protocols used in these

studies were approved by the Institutional Animal Care and Use

Committee (IACUC) of the University of Pittsburgh, USA. All

procedures were performed under the supervision of the Division

of Laboratory Animal Research of the University of Pittsburgh.

Veterinary care was provided by the Division of Laboratory Animal

Research of the University of Pittsburgh. The mice were not

subjected to any discomfort, distress, pain, or injury other than

what has been described.

Results

HA-MnSOD reaches both SP and non-SP cells in intra-orally
treated mouse esophagus. We first administered HA-

MnSOD-PL to C57BL/6NHsd mice and 24 h later excised

esophagus specimens and sorted esophageal SP cells. The

esophagus was excised and digested into a single cell

suspension and stained with Hoechst dye, anti-CD45-FITC

and anti-Ter 119-PE-Cy7 to remove contaminating

hematopoietic cells. The cells were sorted by flow cytometery

into SP cells and non-SP cells (R5 and R6, respectively, in

Figure 1). The cells were then stained with an anti-HA

antibody. Mice receiving HA-MnSOD-PL showed both HA-

positive SP and non-SP cells (Figure 2).

Overexpression of MnSOD has no effect on SP number
following irradiation. To determine whether increased

expression of MnSOD altered the number of SP cells

following irradiation, mice were injected intraesophageally

with water, pNGVL3-PL or MnSOD-PL, irradiated to 30

Gy to the esophagus and the number of SP cells analyzed

24 or 48 h later by Hoechst staining and flow cytometry.

There was no change in the percent of SP cells (A) or in the

total number (B) of SP cells per mouse following either

intraesophageal MnSOD administration or irradiation

(Figure 3).

MnSOD-PL treatment decreases irradiation-induced early
apoptosis in SP and non-SP cells. Irradiation induces

detectable (early) apoptosis 24 to 48 h after irradiation in

cells within most tissues (30, 36). To determine whether

increased expression of MnSOD protected esophageal SP

or non-SP cells from irradiation-induced apoptosis,

C57BL/6NHsd mice were injected intraesophageally with

water (control), pNGVL3-PL or MnSOD-PL and were

irradiated to 30 Gy 24 h later. The esophagus was excised

24, or 48 h after irradiation, digested into a single cell

suspension, stained with Hoechst dye and Annexin V and

analyzed by flow cytometery for the percent of SP and non-

SP cells undergoing apoptosis. Following irradiation, there

was no significant change in the percent of apoptotic SP or

non-SP cells at 24 or 48 h (Figure 4A and 4B, respectively)

in the esophagus from any of the groups.

We next irradiated isolated esophageal SP and non-SP

cells explanted in vitro 24 h after the in vivo administration

of water or MnSOD-PL. The cells were irradiated to 10 Gy,

placed in DMEM medium, incubated at 37ÆC in a CO2

incubator, stained for Annexin V 24 h after irradiation and

analyzed by flow cytometery for the percent of cells

undergoing apoptosis. The SP cells were relatively resistant

to irradiation and demonstrated no significant change in

percent apoptosis (8-10%) following irradiation in vitro
(Figure 5A). Increased expression of MnSOD resulted in no

significant change in the percent of apoptotic SP cells. In

contrast, there was a significant increase (p=0.021, Figure

5B) in the percent of apoptosis following in vitro irradiation

of esophageal non-SP cells. The increased expression of

MnSOD by PL administration in vivo protected the non-SP

cells from irradiation-induced apoptosis by the assay of in
vitro explanted cells (Figure 5B).

MnSOD-PL treatment decreases irradiation-induced division of
esophageal SP cells. Irradiation results in increased cell

division of stem cells thought to be associated with

repopulation responses to tissue cellular damage (31). One

indication that MnSOD-PL treatment protects esophageal

stem cells from irradiation would be inhibition of SP cell

division. To determine whether overexpression of MnSOD

slowed or prevented cell division following irradiation, mice

were injected intraesophageally with water only, pNGVL3-PL,

or MnSOD-PL, then irradiated 24 h later to 30 Gy to the

esophagus. The mice were sacrificed 24 h after irradiation.

The esophagus was removed, digested into a single cell

suspension, stained with Hoechst dye and antibodies to

PCNA (proliferating cell nuclear antigen), and analyzed by

flow cytometery for the percent of SP and non-SP cells

positive for PCNA as an indicator of cells undergoing cell

division. Following irradiation there was a significant increase

in the percent of PCNA-positive (+) SP cells in the control

(water) or pNGVL3-PL-treated mice (p<0.0001 or p=0.0014,
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Figure 1. Isolation of SP and non-SP cells from the murine esophagus. C57BL/6NHsd mice were sacrificed and the esophagus harvested and digested
into a single cell suspension. The cells were loaded with Hoechst33342 and stained with anti-CD45-FITC and anti-Ter119-PC-7. Propidium iodide was
added to discriminate between live and dead cells. A MoFlo high-speed cell sorter (DakoCytomation) was used to acquire the SP and non-SP populations.
To calculate the esophageal SP (R5), we excluded dead cells (PI+), hematopoietic cells (CD45+ and Ter119+) and debris (R7) and the doublets (R2).

Figure 2. Expression of HA-MnSOD in both SP and non-SP cells following intraesophageally-administered HA-MnSOD-PL. C57BL/6NHsd mice
received intraesophageally either water or HA-MnSOD-PL in a constant volume and were sacrificed 24 h later. The esophagus was removed and digested
into a single cell suspension, stained with Hoescht dye, and sorted into SP and non-SP cells. The cells were cytospun onto microscope slides and stained
with an anti-HA antibody. HA-positive cells were detected in both the SP (2A) and non-SP populations (2B).
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Figure 3. Lack of alteration of the percent of esophageal SP cells by 30
Gy irradiation. Mice were administered intraesophageally water, pNGVL3-
PL or MnSOD-PL and irradiated 24 h later to the esophagus. The
esophagus was removed 48 h later and digested into a single cell
suspension and SP and non-SP cells sorted as described above. Following
30 Gy, there was no change in the percent of SP cells per esophagus (3A)
or the total number of SP cells per mouse (3B). Administration of
MnSOD resulted in no significant alteration in the number of SP cells.

Figure 4. Apoptosis of in vivo irradiated esophageal cells detected in vitro
following explant. C57BL/6NHsd female mice were administered water or
MnSOD-PL and irradiated 24 h later to 30 Gy to the esophagus. The
esophagus was collected 24 or 48 h later, digested into a single cell
suspension and stained with Hoescht dye and Annexin V. The cells were
then analyzed by flow cytometery for the percent apoptotic cells. There was
no significant increase in the percent apoptotic cells following irradiation.

Figure 5. Administration of MnSOD-PL protects non-SP cells from
irradiation-induced apoptosis. Mice were injected intraesophageally with water
or MnSOD-PL and sacrificed 24 h later. The esophagus was removed, SP
and non-SP cells isolated, irradiated at 0 or 10 Gy and plated in tissue culture
media overnight. The cells were then stained for apoptosis using Annexin V
and loaded with propidium iodide. The cells were sorted by flow cytometry
and the percent of apoptotic cells determined. There was no significant change
in the percent of SP apoptotic cells following irradiation in mice treated either
with water alone or MnSOD-PL (Figure 5A). There was an increase in the
percent of non-SP cells following irradiation (p=0.021) which was reduced
by administration of MnSOD-PL 24 h before irradiation (Figure 5B).

Figure 6. MnSOD inhibits irradiation-induced SP cell division. To
determine if overexpression of MnSOD prevents irradiation-induced SP
cell division, mice were injected with MnSOD-PL, pNGVL3-PL or water
and irradiated to 30 Gy to the esophagus 24 h later. At 24 h after
irradiation, the mice were sacrificed and the esophagus was excised,
digested into single cell suspension, stained with Hoescht dye and antibody
to PCNA. The cells were sorted into SP and non-SP populations, and the
percent of dividing cells (PCNA+) was calculated. Following irradiation,
there was an increase in the percent of dividing SP cells (PCNA+),
control-irradiated and pNGVL3-PL-treated cells which were inhibited by
overexpression of MnSOD (Figure 6A). Non-SP cells demonstrated no
significant changes in cells undergoing cell division (Figure 6B).



Figure 6A). In contrast, mice treated with MnSOD-PL

demonstrated no increased cell division in the SP cell

population (Figure 6A). There was no significant increase in

cell division independent of MnSOD-PL treatment in the

irradiated non-SP cell population (Figure 6B). Thus, most

cell division following irradiation occurred in the SP (stem

cell) subset. The data are in support of the hypothesis that

primitive SP cells divide and differentiate into the non-SP

population, including those squamous cells of the esophagus,

to facilitate repair of irradiation-induced damage.

MnSOD-PL treatment results in decreased late apoptosis in the
esophagus in vivo. In the esophagus of control mice,

irradiation-induced apoptosis was detected 3 to 5 days after

irradiation and peaked at about 7 days (Figure 7). In mice

treated with MnSOD-PL prior to irradiation, there was

reduced apoptosis at all time points-tested compared to the

control-irradiated mice (Figure 7).

HA-MnSOD-PL administration protects the in vitro multi-lineage
differentiation capacity of cells found in the SP population. We

next determined whether the esophageal SP cells with

differentiation capacity scored in vitro according to published

methods (7) were significantly altered by HA-MnSOD-PL

intraesophageal gene therapy. Mice in each group, control,

irradiated, HA-MnSOD-treated, and HA-MnSOD-treated,

then irradiated mice were sacrificed and esophageal SP cells

isolated. Esophageal SP cells were plated 100 cells per well in

six-well plates according to published methods (7). Flattened

colonies on the plate’s surface were enumerated at day 7, then

stained by histochemical techniques for vimentin (squamous),

endothelin (endothelial cell specific) and F480 (macrophage

cell specific). The results are shown in Table I.

There was no significant change in the differentiation

capacity of the SP or non-SP cells in pNGVL3-PL- or

MnSOD-PL-treated populations, or in those that were from

irradiated mice compared to non-irradiated mice. Non-

adherent colonies were not detected and only adherent-

colonies were detectably formed in each cell group tested. The

colonies from each group showed similar differentiation

patterns, except for SP cells from the control-irradiated and

pN6VL3-PL irradiated mice, which showed a decrease in cells

with positive expression of F4/80 (p=0.0472 and 0.0464,

respectively). These results confirm and extend our previous

publication, demonstrating that SP cell sorting of esophageal

stem cell subsets results in isolation of a population of cells that

differentiate in vitro into colonies containing multi-lineages (7).

Discussion

Organ-specific radioprotective gene therapy utilizing

MnSOD-PL administration has been shown to be effective

in protecting the murine lung (18-21), oral cavity/oropharynx

(11), bladder (22), intestine (27) and esophagus (1-3). In

studies of single fraction and fractionated irradiation, single

administration or multiple administration of MnSOD-PL by

intra-oral injection and induced swallowing in non-

anesthetized mice has been shown to have a significant

radioprotective effect on the esophagus and oral cavity (1-3,

11). In the present studies, we sought to determine whether

the mechanism of radiation protection was in part

attributable to improved survival of esophageal stem cells

with capacity for squamous, endothelial and macrophage

differentiation (7).

Mice received an epitope-tagged MnSOD-PL complex

24 h prior to irradiation. The results showed that HA-

MnSOD reached esophageal stem cells that were sorted

in the SP fraction of single cell suspensions of esophagus

removed from mice. The administration of MnSOD-PL

resulted in a significant fraction of SP cells being tagged

with detectable HA-MnSOD transgene product. These

results confirm our previous studies, using

immunofluorescence detection of HA-MnSOD in tissue

sections, that epitope-tagged transgene reaches basal

layers within the esophagus (5, 11).

Following irradiation there was no change in the number

of esophageal SP cells per mouse, or the percent of SP cells

within the total population of esophageal cells between

control and MnSOD-PL-treated mice. In most tissues,

apoptosis occurs within 1 to 2 days following irradiation (2),

but in the esophagus no apoptosis was detectable in the first

3 days in the control or MnSOD-PL-treated mice (Figure 4).

The in vitro irradiation of explanted isolated SP or non-SP

cells from the esophagus of control or MnSOD-PL-treated

mice did reveal increased apoptosis in the control- irradiated

non-SP cells, but not in the non-SP cells from MnSOD-PL-

treated mice (Figure 5). There was no irradiation-induced

increase in apoptosis in SP cells from either control or

MnSOD-PL-treated mice. The data are in agreement with

prior publications, demonstrating that bone marrow stem

cells found in the SP subset are more resistant to irradiation-

induced apoptosis (24, 29).

While there was no detectable increase in the number of

esophageal SP cells following irradiation, there was a

detectable increase in the number of SP cells dividing in

control-irradiated or control plasmid/liposome pNGVL3-

treated mice (Figure 6). MnSOD-PL pre-treatment blocked

irradiation-induced cell division in these esophageal SP cells.

The data indicate that irradiation-induced damage to the

esophagus promotes cell division and results in

differentiation of esophageal SP cells. If cell division is a

damage response of esophageal SP cells perhaps attributable

to changes in the esophageal microenvironment, then

prevention of cell division by MnSOD-PL may have acted at

the level of the esophageal stromal cells. Further studies are

being carried out to test this hypothesis.
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Apoptosis in vivo following irradiation of the esophagus

significantly increased around day 7 after 30 Gy. Irradiation-

induced apoptosis in vitro is a result of DNA strand breaks

leading to translocation of BAX and SAP kinases to the

mitochondria, decreased mitochondrial potential, release of

cytochrome C into the cytoplasm and initiation of apoptosis

(2). These subcellular events occur in the first 24 to 48 h

after irradiation, while the "late" apoptosis in vivo began at

days 5 to 7. These observations may indicate that the

apoptotic stimulus at days 5-7 is indirect through irradiated

stromal cell responses (perhaps cytokine release). We have

previously demonstrated that there are increased levels of

IFN-Á at days 4 and 7 following irradiation and increases in

TNF-· at day 7 (5). Administration of MnSOD-PL before

irradiation prevented increases in these cytokines (5). Since

TNF-· and Inf-Á have been shown to induce apoptosis (5-

7), these cytokines may be responsible for the apoptosis

detected around days 5-7.

HA-MnSOD administration itself did not induce a shift

of cells from the esophageal non-SP to the SP fraction of

cell sorting, nor did it improve the survival of explanted

cells. The technique for excision of the esophagus and

preparation of single cell suspensions prior to SP cell

sorting was developed specifically to optimize survival of

explanted cells (6). Other studies have demonstrated that

the serial 7-day preplate technique, in which non-adherent

cells from each whole esophagus culture are transplanted

into new culture dishes daily for 7 days, results in isolation

of a population of non-adherent cells at day 7 that have

some in vivo transplant properties similar to the freshly

sorted SP cell population (6). In contrast to freshly sorted

esophageal SP cells, day 7 preplate cells showed a

propensity for multilineage differentiation capacity to

vimentin/endothelin/ F480-positive cells (7). The data

support the observation that 7-day in vitro culture induced

differentiation of the remaining non-adherent cells

compared to those in freshly sorted SP populations (7).

Therefore, esophageal origin SP cells may change

phenotype, as do other stem cell sorted subsets (41).

In the present studies, we sought to determine whether

the administration of MnSOD-PL altered the fraction of SP

cells with dual or trilineage differentiation capacity. The

results of in vitro culture showed that the HA-MnSOD gene

therapy did not push differentiation of SP cells to multiple

lineages following explant to in vitro culture.

Self-renewing stem cell populations isolated from several

epithelial organs have been shown to be critical for the

repair of ionizing irradiation damage (23-25) and other

forms of tissue injury (26-30, 44). The intestinal crypt assay

of Withers et al. (25) first demonstrated the recolonization

of irradiated intestine by stem cells located in the crypt

areas. Several studies have documented the capacity of bone

marrow-derived progenitors for epithelial cells to

reconstitute irradiated epithelial cell-containing tissues (27-

29) including the esophagus (6). Thus, multiple lines of

evidence suggest that stem cell populations are critical for

both the tissue repopulation response to irradiation (24, 28,

29) and the maintenance of organ integrity during the post-

radiation recovery period (30).

The use of stem cell transplants to repair damaged organs

has been proposed. Previous attempts with esophageal stem

cells or bone marrow stem cells to repair irradiation-

induced damage to the esophagus have been performed 2 h

after irradiation (6, 7). The present results demonstrate that

detectable apoptosis does not occur until 5 to 7 days after

irradiation in vivo and suggests that transplantation of

esophageal stem cells may be more successful if performed

at this later time-point. Apoptotic cell death may provide a

niche in which engrafted or circulating stem cells from non-

irradiated sites can home to a microenvironment which is

more conducive for cell division repair of the irradiation-

induced damage. The reason for this late esophageal

apoptosis is unknown, but may be related to a bystander

effect of irradiation on the underlying mucosa, or cytokine

response from the irradiated esophageal squamous cells.

In other studies, the preservation by MnSOD-PL treatment

of stem cells by reducing their irradiation-induced cycling has

been shown (31). Several potential protective mechanisms of

antioxidant MnSOD-PL therapy during in vivo radioprotection

have been recently reviewed (32-37). The tissue damage effects

of ionizing irradiation include cytokine-mediated bystander cell

killing (40, 42, 43) and free radical-mediated bystander cell

killing (30) effects, which are both ameliorated by MnSOD-PL

gene therapy (36). The success of MnSOD-PL gene therapy in

protecting self-renewing normal stem cells within the murine

esophagus from irradiation esophagitis argues favorably for

translation of this technique into clinical protocols for

protection of the esophagus from chemoradiotherapy damage

in non-small cell lung carcinoma patients.
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