
Abstract. Ionizing irradiation damage to the lung is associated
with an acute inflammatory reaction, followed by a latent
period and then late effects including predominantly pulmonary
fibrosis. The cells mediating fibrosis have recently been shown
to derive from the bone marrow hematopoietic
microenvironment. Initiation of late pulmonary irradiation
lung damage has been correlated with up-regulation of VCAM-
1 and ICAM-1 in pulmonary endothelial cells, followed by
infiltration of macrophages and bone marrow-derived
fibroblasts forming the fibrotic lesions of organizing
alveolitis/fibrosis. To determine whether the absence of
expression of VCAM-1, ICAM-1, or other adhesion molecules
known to be relevant to inflammatory cell attachment to lung
endothelial cells was associated with a decrease in irradiation-
induced lung fibrosis, homozygous deletion recombinant
knockout mice lacking each of several adhesion molecules were
tested compared to littermates for survival and development of
organizing alveolitis following 20 Gy irradiation to both lungs.
Bone marrow culture longevity has been shown to be a
parameter, which correlates with both hematopoietic stem cell
reserve and the integrity of fibroblast progenitors of the
supportive hematopoietic microenvironment; radiation lung
survival data were correlated to longevity of hematopoiesis in
long-term bone marrow cultures established from tibia and
femur bone marrow of the same mice. Homozygous deletion
recombinant negative mice including VCAM-1-/-, ICAM-1-/-,

E-Selectin-/-, or L-Selectin-/- were irradiated to 20 Gy to both
lungs and followed for survival and percent organizing alveolitis
at time of death compared to each normal littermate. A
significant increase in survival (median 190 days) was detected
with L-Selectin-/- compared to littermate control mice (median
140 days) or other groups. Long-term bone marrow cultures
from L-Selectin-/- mice showed no detectable difference in
marrow fibroblasts or hematopoietic cell biology compared to
normal littermates; however, E-Selectin-/- mouse long-term
bone marrow cultures showed an increase in total cumulative
cell production (1.7 x 108 cells per flask) compared to bone
marrow cultures from normal littermates (1.8 x 106 cells per
flask) or other groups. As additional controls, transgenic Sod2
mouse long-term bone marrow cultures and those from HPV16,
E6 and E7 cytokeratin 14 transgenic mice were also tested. No
detectable difference in hematopoiesis was noted in these
cultures compared to littermates. The results suggest a complex
pattern of involvement of endothelial specific adhesion
molecules and marrow fibroblasts in the cell biologic events
associated with late irradiation pulmonary fibrosis.

As improved combination chemotherapy and radiotherapy

techniques become available for the treatment of lung

cancer, a greater number of patients will survive long

enough to develop late irradiation lung damage, presenting

as clinical fibrosis (1). Effective measures by which to

decrease late ionizing irradiation damage will depend upon

understanding the pathophysiology of the lung irradiation

response (2, 3). The pathophysiology of ionizing irradiation-

induced pulmonary fibrosis (organizing alveolitis in the

mouse model) is a subject of intense investigation (2, 3). 

In the C57BL/6J mouse model, we have demonstrated

that 20 Gy irradiation to both lungs results in an acute and

transient elevation of TGF‚, IL-1 and TNF· mRNA in the

lung, which returns to baseline levels over several weeks (4,

5). Following a latent period of around 100 days, irradiated
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mice then demonstrate a second peak of TGF‚1 and

TGF‚2 elevation associated with up-regulation of VCAM-1

and ICAM-1 expression in pulmonary endothelial cells (5,

6). Bone marrow-derived macrophage accumulation in the

lungs is then detected between 100 and 120 days followed

by increase in accumulation and proliferation of bone

marrow-derived fibroblast progenitors leading to the fibrotic

lesion (6, 7). The molecular biologic events associated with

macrophage, followed by fibroblast progenitor accumulation

in the lungs, are subjects of current investigation. 

L-selectin is an adhesion molecule located on macrophages

and may play an important role in macrophage migration (8).

Delayed wound healing has been demonstrated in L-Selectin -

/- mice (8). In ICAM -/- mice, loss of ICAM-1 inhibited wound

healing, keratinocyte migration and granulation tissue

formation. Loss of L-Selectin alone did not have an effect on

wound healing. However, when combined with a loss of ICAM-

1 in L-Selectin/ICAM -/- mice, there was a greater inhibition of

keratinocyte migration and granulation of tissue formation

beyond the inhibition resulting from loss of ICAM-1 alone (8).

L-Selectin does have a distinct role in wound healing since

platelet-derived growth factor restored wound healing in

ICAM -/- mice but not in L-Selectin/ICAM -/- mice (8). 

To determine whether L-Selectin, VCAM-1 and ICAM-1

up-regulation in pulmonary endothelial cells represented an

initial and critical event in the sequence leading to irradiation

fibrosis, we irradiated the lungs of homozygous deletion

recombinant VCAM-1-/-, and ICAM-1-/- mice compared to

normal littermates. Animals were followed for survival and

analysis of percent organizing alveolitis in the lungs of

moribund or dying animals. As controls for these experiments

homozygous deletion recombinant negative E-Selectin-/- and

L-Selectin-/- mice and SMAD3+/- mice (with reduced

capacity to respond to TGF‚ signaling) (9) were also tested

along with their normal littermates. Previous studies

demonstrated no up-regulation of other leukocyte adhesion

molecules (E-Selectin or P-Selectin) under conditions in

which VCAM-1 and ICAM-1 were increased (6). 

Because fibroblasts involved in irradiation lung fibrosis are

known to derive from the bone marrow fibroblast stromal

progenitor cell population (7), we tested whether biologic

differences in marrow fibroblast biology were detectable

between mouse strains. Long-term bone marrow cultures were

established from the femurs and tibias of mice of each

homozygous deletion recombinant knockout strain and normal

littermates (10). Longevity of hematopoiesis was measured as

well as cumulative production of hematopoietic progenitor

cells forming granulocyte macrophage colonies. The results

revealed that L-Selectin-/- mice were resistant to irradiation

lung damage, while their long-term marrow cultures showed

no detectable difference from littermate long-term marrow

cultures with respect to parameters of macrophage progenitor

cell or fibroblast biology or hematopoietic cell production. In

contrast, long-term marrow cultures from E-Selectin-/- mice

demonstrated a significant increase in hematopoietic cell

production, cumulative non-adherent cell production,

compared to other knockout mouse strains or normal

littermates; however, these mice showed no radiation

resistance. The results reveal a complex pattern of potential

involvement of endothelial cell adhesion molecules in lung late

irradiation damage responses compared to bone marrow origin

fibroblast function in the same genetically defined mice.

Materials and Methods

Mice. Mice were obtained from Jackson Laboratories, Bar Harbor,

Maine, USA and included C57BL/6J, and C57BL/6J mice inbred

for recombinant deletion negative VCAM-1-/- (11), ICAM-1-/-(12),

E-Selectin-/-(13), or L-Selectin-/-(14). Additional mice included

C57BL/6J mice, heterozygous lesion recombinant negative for

SMAD3+/-, obtained from Kathy M. Flanders, Ph.D. (9) of the

National Institutes of Health, USA. FeVBN mice transgenic for the

E6 and E7 oncogenes of human papilloma virus16 linked to the

K14 cytokeratin promoter were obtained from Dr. Paul Lambert,

Madison, Wisconsin USA (15). Mice heterozygous deletion

recombinant negative for MnSOD+/- were obtained from Charles

Epstein, Ph.D., University of California, San Francisco, CA, USA,

(16). All mice were maintained at the University of Pittsburgh

Cancer Institute Animal Facilities under strict IACUC regulations.

Irradiation. Mice received 20 Gy total lung irradiation using a Varian

6 MeV linear accelerator as published (6). The head and abdomen

were shielded such that only the lungs received irradiation. The

methods for this technique have been published previously.

Long-term bone marrow cultures. The methods for establishment of

mouse long-term bone marrow cultures have been published

previously (10). Briefly, the contents of the tibia and femur of a mouse

were flushed into T-25 tissue culture Corning flasks in Fisher’s media

supplemented with 25% horse serum and 10-5M Hydrocortisone,

Sodium Hemisuccinate (10). Cultures were maintained in a 33ÆC

incubator at high humidity, 7% CO2, and a medium changed with the

removal of ó the culture medium and non-adherent cells, and

replacement of a similar volume of fresh medium. At week four,

culture medium supplemented with 25% fetal calf serum replacing

horse serum was utilized. Penicillin and Streptomycin were added in

concentrations previously published (10). The assays for production

of non-adherent cells, cumulative production of non-adherent cells

and assays for colony forming unit – GM (granulocyte macrophage)

scoring at day 7 and day 14 have been published previously (10).

As an index of the biology of the adherent layer of long-term

marrow cultures, assays for the percent of surface area covered by

adherent cells and number of cobblestone islands as an indication

of associated hematopoietic cell activity were scored according to

previous methods.(10) 

Irradiation survival following total lung irradiation and quantitation of
pulmonary pathology of organizing alveolitis/fibrosis. Irradiated mice

were examined daily for signs of morbidity associated with

pulmonary toxicity. Animals demonstrating significant weight loss,

roughness of fur, or dehydration were euthanized according to

IACUC procedures (17, 18).
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Histopathology and analysis of percent of lung containing areas

of organizing alveolitis/fibrosis was analyzed by previously

published methods using an Optimus Imaging System (5) with the

methods for assaying quantitation of percent fibrosis which have

also been published previously (5).

Results

Increased resistance to lung irradiation damage in L-Selectin-/-
knockout mice. Groups of 15-20 mice from each of several

homozygous deletion recombinant knockout strains and

normal littermates were irradiated to 20 Gy to both lungs

according to published methods. The animals were

followed for survival, and at the time of sacrifice were

analyzed for percent organizing alveolitis using the

Optimus Imaging System according to published

methods.(6)

As shown in Figure 1, ICAM-1 homozygous deletion

recombinant mice demonstrated irradiation survival that

was not significantly different from that of normal

littermates. All animals were dead by 180 days with the

median survival time detected at 140 days. The VCAM-1

homozygous deletion recombinant negative mice were all

dead by 180 days, and the median survival time was

indistinguishable from that of normal littermates. E-Selectin

deletion recombinant negative mice showed irradiation
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Figure 1. Survival of deletion recombinant negative mice and littermates
following total lung irradiation. Groups of mice from each deletion
recombinant negative strain and littermate normal controls were irradiated to
20 Gy to both lungs according to the Materials and Methods. Mice were
followed for irradiation survival by examination daily. Results represent at least
twelve mice per group: A) E-Selectin-/-, B) L-Selectin-/-, C) VCAM-1-/-, D)
ICAM-1-/-, E) SMAD3+/-.

Figure 2. Comparative survival of deletion recombinant negative knockout
mice following total pulmonary irradiation. Results are presented as
comparison of deletion recombinant negative knockout mouse strains
from each of the sub-groups in Figure 1 compared to C57BL/6J normal
control mice.



survival following a curve that was not significantly different

from that of normal littermates with 50% of animals dead

by 130 days and all animals were dead by 180 days. 

In contrast to other groups of mice, L-Selectin

homozygous deletion recombinant negative mice

demonstrated a significant increase in survival compared to

littermates (Figure 1). Fifty percent of normal littermates

were dead by 141 days and all animals were dead by 190

days whereas 50% of L-Selectin knockout mice were still

alive at 195 days and 25% were alive at 225 days, but all

animals died by 250 days. The survival curve for L-Selectin-/-

mice was significantly different than that for all other

in vivo 18: 1-14 (2004)
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Table I. Effect of germ line deletion of gene expression of adhesion
molecules on late ionizing irradiation-induced pulmonary injury
(organizing alveolitis/fibrosis).

Mouse strains Day of moribund % Organizing 

condition (median) alveolitis

ICAM-1-/-  (12) 120 21.1 ± 6.6

Littermate 120 21.8 ± 7.3

VCAM-1-/- (11) 110 13.7 ± 1.9

Littermate 110 21.8 ± 7.3

E-Selectin-/- (13) 140 17.4 ± 3.4

Littermate 130 21.8 ± 7.3

L-Selectin-/- (14) 186 13.3 ± 2.7

Littermate 141 21.8 ± 7.3

SMAD-3+/- (9) 185 19.5 ± 6.0

Littermate 200 27.3 ± 6.9

Littermate controls (C57BL/6J mice) plus homozygous knockout mice

(-/-) for ICAM-1, E-Selectin, or L-Selectin, as well as heterozygous

VCAM-1 (+/-) or SMAD3 (+/-) knockout mice were irradiated to 20

Gy to the pulmonary cavity. The mice were followed for the

development of organizing alveolitis/fibrosis at which time they were

sacrificed. The median day for sacrifice of the different mouse strains

due to the development of organizing alveolitis/fibrosis is shown above.

The lungs were expanded in OCT, excised, frozen in OCT and

sectioned. The sections were stained with hematoxylin and eosin and

the percent alveolitis determined. Even though there appeared to be a

decrease in organizing alveolitis/fibrosis in the knockout strains, there

was no significant difference in the percent of organizing

alveolitis/fibrosis between any of the knockout strains of mice

compared to the littermate controls. 

Table II. Irradiation induction of L-Selectin in mouse lung.

Days after 20 Gy Percent lung cells positive for L-Selectin

0 1.5±0.4

30 2.0±0.6

100 0.8±0.2

120 6.6±1.5#

Time of sacrifice 13.1±2.2*

Female C57BL/6NHsd mice were irradiated to 20 Gy to the pulmonary

cavity. Mice were sacrificed at day 0, 30, 100, or 120 after irradiation or

when displaying signs of irradiation-induced organizing

alveolitis/fibrosis. The lungs were expanded in OCT, excised, frozen in

OCT and sectioned. The sections were stained with an antibody to L-

Selectin or to the murine macrophage marker F4/80. The sections were

examined under a fluorescent microscope and the percent of lung cells

at the periphery of the lung positive for L-Selectin and F4/80 was

determined (10,000 cells in each of 5 sections, of 5 mice per point).  All

cells expressing L-Selectin were also positive for F4/80. At day 120

there was a significant increase in L-Selectin expression compared to

day 0, 30 or 100 (p=0.0003, 0.0115 or 0.0044, respectively) (#). At time

of sacrifice, there was a significant increase in the number of L-Selectin

positive cells compared to the 120 day sections (p=0.0224) (*).

Table III. Absence of L-Selectin-positive endothelial cells in lungs of
irradiated mice.

Days after 20 Gy Percent of cells in areas of 

organizing alveolitis/fibrosis positive for: 

Endothelin L-Selectin Endothelin 

and L-Selectin

80 25.1±3.2 2.5±0.5 <0.1

100 28.5±6.2 1.1±0.3 <0.1

120 20.6±0.7 5.9±2.4 <0.1

Prior to death 11.7±6.1 15.3±3.1 <0.1

C57BL/6J mice were irradiated to 20 Gy to the pulmonary cavity and

followed for the development of organizing alveolitis/fibrosis.

Subgroups of mice were sacrificed on days 80, 100 or 120 days after

irradiation or prior to death due to the development of organizing

alveolitis/fibrosis. The lungs were expanded in OCT, frozen in OCT,

sectioned, and co-stained with antibodies to endothelin or L-Selectin.

The sections were examined under a fluorescent microscope and the

percent of cells positive for endothelin, L-Selectin or both endothelin

and L-Selectin were determined. Less than 0.1% of the cells were

positive for both endothelin and L-Selectin.

Table IV. Percent of cells positive for the murine macrophage marker
F4/80 in areas of organizing alveolitis in irradiated mouse lung.

C57BL/6J mice L-Selectin knockout mice

15.0±5.1 13.13±2.2

C57BL/6J or L-Selectin knockout mice were irradiated to a dose of 20

Gy to the pulmonary cavity and followed for the development of

organizing alveolitis/fibrosis at which time the mice were sacrificed.

The lungs were expanded in OCT, sectioned, and stained with an

antibody against the mouse macrophage marker F4/80. The percent of

cells in areas of organizing alveolitis/fibrosis positive for expression of

the F4/80 protein was calculated. There was no significant difference

in the percent of cells positive for F4/80 in areas of organizing

alveolitis/fibrosis in the two mouse strains.



knockout mice strains tested or littermates (p<0.0016)

(Figures 1-2). The grouping of data for all littermate and

homozygous deletion recombinant negative groups revealed

a significant improvement in survival for L-Selectin deletion

recombinant negative mice (p=0.0006) (Figure 2).

The development of late pulmonary irradiation damage

has been associated with elevated levels of TGF‚ (5).

Increases in TGF‚ have been detected in the serum of

animals at the time of late irradiation fibrosis/organizing

alveolitis. To determine whether mice heterozygous deletion

recombinant negative for SMAD3 were more radioresistant,

we tested these mice and their normal littermates for lung

irradiation response. The SMAD3 signal protein is critical

for signal transduction of the TGF‚ signal after binding to

the TGF‚ receptor (9). SMAD+/- mice were irradiated to

20 Gy and compared to normal littermates. As shown in

Figure 1, there was no significant difference in the radiation

survival of SMAD+/- heterozygous mice compared to

normal littermates. 

The extent of pulmonary organizing alveolitis/fibrosis in
irradiated mice follows patterns similar to survival. We

attempted to determine whether the absence of one of the

adhesion molecules would result in decreased organizing
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Figure 3. Cumulative non-adherent cell production in long-term bone marrow cultures established from homozygous deletion recombinant negative
knockout mice and littermates. Long-term bone marrow cultures were established from knockout mice and normal littermates as described in the methods.
Results are presented as the mean of non-adherent cells per flask produced from each of at least four knockout mouse long-term bone marrow cultures and
four littermate marrow culture flasks and are a product of cumulative cell production as described in the methods. A) E-Selectin-/-, B) L-Selectin-/-, C)
VCAM-1-/-, D) ICAM-1-/-, E) SMAD3+/-, F) E6E7C14 Transgenic, G) SOD2 +/- mice.



alveolitis/fibrosis. Since the absence of one of the adhesion

molecules may prevent migration of macrophages or

fibroblasts into the lung and inhibit fibrosis, we calculated

the percent of lung displaying organizing alveolitis/fibrosis

at the time of sacrifice. As shown in Table I, there was no

significant change in percent of the lung displaying

organizing alveolitis/fibrosis in any of the mouse knockout

strains compared to their littermates. This is similar to what

we have demonstrated in previous experiments in which the

percent of lung showing organizing alveolitis/fibrosis at the

time of death does not necessarily correlate with improved

longevity since animals dying frequently have the same

percentage of organizing alveolitis/fibrosis (4, 5). The data

indicate that the absence of one adhesion molecule will not

prevent the development of irradiation-induced organizing

alveolitis (fibrosis).

We investigated whether L-Selectin-positive cells

significantly contributed to irradiation-induced organizing

alveolitis/fibrosis by analysis of lung sections from C57BL/6J

mice at serial time points. Table II demonstrates an increase

in vivo 18: 1-14 (2004)
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Figure 4. Average weekly non-adherent cells produced per flask from long-term bone marrow cultures established from homozygous deletion recombinant
negative mice and littermates. Non-adherent cells removed weekly from long-term bone marrow cultures as described in the legend of figure 3 were counted
for each flask (at least four flasks per group). Results are presented as the mean plus or minus standard error of the mean for each of the groups described
in Figure 3. A) E-Selectin-/-, B) L-Selectin-/-, C) VCAM-1-/-, D) ICAM-1-/-, E) SMAD3+/-, F) E6E7C14 Transgenic, G) SOD2 +/- mice.



in L-Selectin-positive cells in the lungs of C57BL/6J mice at

a significantly increased number on around day 100 and

even further increased at the time of death. All detectable

L-Selectin-positive cells were also F4/80 macrophage

marker positive. To be certain that L-Selectin was

predominantly in F4/80+ macrophages, we stained one

section with an antibody for endothelin, endothelial cell-

specific marker for F4/80 and used confocal microscopy to

determine the percentage of cells that were positive for both

markers.  Table III demonstrates the majority of L-Selectin-

positive cells were F4/80+ and that very few were endothelin

positive. These data established that L-Selectin does not

appear to be detectably up-regulated in endothelial cells of

C57BL/6J mice at around the time after irradiation when

VCAM-1 and ICAM-1 have been shown to be up-regulated.

To determine whether L-Selectin-/- mice had improved

survival after irradiation, which could be attributable to a

decrease in migration into the lungs, F4/80+ macrophages,

which might be decreased due to an absence of L-Selectin in

these lungs, we stained the lungs of dying L-Selectin-/- and

control C57BL/6J mice for F4/80+ cells. It was also shown

in Table IV that L-Selectin-/- mice had significant

infiltration of lungs with F4/80+ macrophages. Thus, the

improved survival in L-Selectin-/- could not be attributed

solely to an absence of macrophages migrating into the

lungs due to the absence of L-Selectin.

Long-term bone marrow cultures from homozygous deletion
recombinant E-Selectin knockout mice demonstrate prolonged
duration of hematopoiesis. Fibroblasts forming pulmonary

irradiation fibrosis have been shown to derive from bone

marrow stromal cells (7). To determine whether the speed of

development of lung irradiation damage correlated to a

measurable parameter of bone marrow stromal cell growth,

long-term bone marrow cultures were established from groups

of mice from each homozygous deletion recombinant strain

(two bone marrow cultures per mouse, four mice, total eight

per group) compared to four mice (eight marrow cultures)

from littermates of each strain. Non-adherent cells were

removed each week and assayed for colony formation by cells

in growth factor supplemented medium in the presence of

GM-CSF, M-CSF, and IL-3 (10). Colonies were scored on day
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Table V. Effect of germ line deletion of gene expression of adhesion molecules on marrow fibroblast biology and longevity of hematopoiesis in long-
term bone marrow cultures.

Mouse strain Reference Per flask cumulative Peak/cumulative Peak/cumulative Adherent cell layer

production of production of production of (Confluency %)/(Cobblestone

nonadherent cells CFU-GM day 14 (week) CFU-GM day 7 (week) island number)

ICAM-1-/- 12 2 x 10(7) wk. 4 wk. 4 60/300

Littermate 1.9 x 106 wk. 4 wk. 4 57/300

VCAM-1-/- 11 2 x 107 70/30

Littermate 2.2 x 107 75/55

E-Selectin-/- 13 1.7 x 108 ** wk. 4 wk. 4 85/1400 **

Littermate 1.8 x 106 wk. 2 wk. 2 80/200

L-Selectin-/- 14 3.5 x 107 wk. 4 wk. 4 80/600

Littermate 2.0 x 107 wk. 2 wk. 2 87/230

SMAD3+/- 9 1.8 x 107 wk. 3 wk. 3 75/800

Littermate 1.0 x 107 wk. 7 wk. 7 75/500

K14E6/K14E7 15 3.5 x 107 wk.7 wk. 7 85/800

Littermate 3.4 x 107 wk. 4 wk. 4 85/800

SOD2 +/- 18 2 x 106 wk. 3 wk. 2 80/70

Littermate 1.1 x 107 wk. 3 wk. 2 80/200

Long-term bone marrow cultures were established from ICAM-1 (-/-), VCAM-1 (+/-), E-Selectin (-/-), L-Selectin (-/-), SMAD3 (+/-),

K14E6/K14E7 or SOD+/- knockout mice as well as littermate controls by flushing bone marrow into T-25 flasks.  The marrow was grown in

McCoy’s 5A medium containing 25% horse serum, 15% fetal calf serum and 10-5M hydrocortisone, sodium hemisuccinate.  On a weekly basis, the

number of nonadherent cells and the number of cobblestone islands were counted.  Some of the nonadherent cells were plated in methylcellulose

agar and the number of CFU/GM colonies produced at day 7 and 14 were determined. The percent confluency of the adherent cell layer was also

determined on a weekly basis.  There was a significant increase in the cumulative production of nonadherent cells and the number of cobblestone

islands for E-Selectin LTBMCs compared to littermate controls (p<0.0001).



7 and 14. Day 14 colonies were correlated with the longevity

of hematopoiesis and have been shown to represent more

primitive hematopoietic progenitor cells (10). In addition, the

integrity of the adherent microenvironment in long-term

cultures was assayed by weekly measurement of the percent

of flask surface area covered by adherent cells and the number

of cobblestone island-forming cells in the adherent layer.

Cobblestone islands have been demonstrated to correlate to

the presence of the most primitive hematopoietic stem cells

according to published methods (10).

As shown in Figure 3, long-term bone marrow cultures

from ICAM-1 knockout mice compared to normal

littermate C57BL/6J mouse controls demonstrated

production of hematopoietic progenitor cells for nine weeks.

The average weekly cell production for each mouse strain

group is shown in Figure 4. Cumulative cell production by

ten weeks was not significantly different between knockout

and normal littermate strains except with E-Selectin-/- mice

which showed a significant increase (Figure 3). The non-

adherent cell production was highest over the first five

in vivo 18: 1-14 (2004)
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Figure 5. Production of granulocyte macrophage colony forming progenitor cells (CFU-GM) forming colonies at Day 7 in semi-solid medium. Non-
adherent cells removed from long-term bone marrow culture flasks as described in the legend of Figure 3 were plated in 0.8% methylcellulose containing
medium at 5 x 104 or 1 x 105 cells per plate, at least two plates per pooled non-adherent cells from each group, at each of two dilutions. Colonies of greater
than or equal to 50 cells per colony were scored on day 7 according to the Materials and Methods. Results are presented at the mean + or – standard
error of the mean for each of the groups and control littermates. A) E-Selectin-/-, B) L-Selectin-/-, C) ICAM-1-/-, D) SMAD3+/-, E) E6E7C14
Transgenic, F) SOD2 +/- mice.



weeks and their data confirm that of previous long-term

bone marrow culture studies.(10) Day 14 colonies and day 7

colonies produced by cells from marrow cultures correlated

between strains with total non-adherent cell production

(Figures 5, 6).

The confluency of the adherent layer in marrow culture

flasks was the same between all knockout animals and

littermates (Figure 7). Cumulative cobblestone island

production in the adherent layer (Figure 8) was higher for

both E-Selectin and L-Selectin groups compared to

littermates. Table V summarizes the bone marrow culture

data for all groups of mice and their littermates.

Thus, the long-term bone marrow cultures established

from VCAM-1 and ICAM-1 knockout mice demonstrated a

similar pattern to those of normal littermates with regard to

cell production parameters of integrity of the adherent layer

in long-term cultures, and CFU-GM both on day 7 and day

14 over four weeks. 

While lung radiation pathology was different with the L-

Selectin-/- strain, long-term bone marrow cultures from L-

Epperly et al: Irradiation Lung Damage Correlation with Hematopoietic Longevity and Long-term Bone Marrow Culture
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Figure 6. Production of non-adherent cells from long-term bone marrow cultures forming granulocyte-macrophage progenitor cell colonies (CFU-GM)
scored at day 14 in semi-solid medium. The CFU-GM plates scored at day 7 as described in the legend to Figure 5, were cared for an additional 7 days
and scored at day 14. Day 14 CFU-GM has been demonstrated to result from proliferation of a more primitive hematopoietic progenitor cell. Results are
the mean + or – standard error of at least two plates per group scored at 5 x 104 and 1 x 105 cells per plate on day 14 as described in the methods.A)
E-Selectin-/-, B) L-Selectin-/-, C) ICAM-1-/-, D) SMAD3+/-, E) E6E7C14 Transgenic, F) SOD2 +/- mice.



Selectin knockout mice demonstrated cumulative cell

production for eight weeks that was similar and not

significantly different to that of normal C57BL/6J mouse

littermates. Total non-adherent cells produced per week

and the integrity of the hematopoietic microenvironment as

measured by percent confluency of the surface area and

cumulative cobblestone island production were not

detectably different between L-Selectin, homozygous

deletion recombinant mice, compared to their littermates.

Colony formation by non-adherent cells removed weekly

over six weeks from L-Selectin-/- mouse marrow cultures

demonstrated continuous low-level colony production by

knockout mouse marrow cultures.

In marked contrast to the data from the other adhesion

molecule deletion recombinant-negative mouse strains, long-

term bone marrow cultures from E-Selectin homozygous

deletion recombinant mice demonstrated a significant increase

in non-adherent cell production over eight weeks in culture

in vivo 18: 1-14 (2004)
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Figure 7. Confluency of the adherent layer in long-term bone marrow culture flasks established from homozygous deletion recombinant negative mice and
littermates. Long-term bone marrow cultures were established as described in Materials and Methods. The percent of the surface area of the flask covered
by adherent cells, representing bone marrow stromal cells (fibroblast progenitors) was scored weekly as described in the Materials and Methods section.
The results are presented as a mean percent surface area covered by at least four flasks per group scored at each time point. A) E-Selectin-/-, B) L-
Selectin-/-, C) VCAM-1-/-, D) ICAM-1-/-, E) SMAD3+/-, F) E6E7C14 Transgenic, G) SOD2 +/- mice.



(Figure 3). Weekly cell production was significantly increased

in marrow cultures from E-Selectin-/- knockout animals

(Figure 4), average non-adherent cells produced per flask was

increased, and cumulative cobblestone island production as

evidence of improved hematopoietic colony formation in the

adherent layer was increased in E-Selectin-/- marrow with

knockout animals (Figure 8). The average confluency of the

adherent layer in marrow culture flasks did not differ between

E-Selectin knockout and control animals (Figure 7).

Long-term bone marrow cultures from SMAD+/- mice

demonstrated increased cell production compared to that

from control littermates (Figure 3). Weekly cell production

Epperly et al: Irradiation Lung Damage Correlation with Hematopoietic Longevity and Long-term Bone Marrow Culture
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Figure 8. Cumulative cobblestone island formation in the adherent layer of long-term bone marrow cultures established from homozygous deletion
recombinant negative mice and littermates. Long-term bone marrow culture flasks established and described in the Materials and Methods and in the
legend to Figure 7 and were scored for percent of surface area covered by adherent cells. They were then rescored for total number of cobblestone islands
per flask according to the Materials and Methods section. Cobblestone islands consisting of flattened hematopoietic progenitor cell island comprising
more than or equal to 50 cells per island and containing non-refractable hematopoietic cells were scored for at least four flasks per group. The results were
plotted as a cumulative number of cobblestone islands detected per flask. A) E-Selectin-/-, B) L-Selectin-/-, C) VCAM-1-/-, D) ICAM-1-/-, E) SMAD3+/-
, F) E6E7C14 Transgenic, G) SOD2 +/- mice.



was increased compared to controls (Figure 4). The percent

confluency of the surface area of the flasks was

indistinguishable between SMAD+/- and littermate groups

(Figure 7).

Cobblestone island numbers were increased in the

SMAD+/- mice (Figure 8), however, production of day 7 or

day 14 colony forming cells (Figures 5-6) were not

significantly different between the two groups.

Control littermate groups in the above experiments

utilized C57BL/6J mouse littermates. As further controls for

the significant difference seen with E-Selectin knockout

long-term bone marrow cultures, two other mouse strains

were tested. A transgenic mouse strain containing the E6

and E7 oncogenes of human papilloma virus type 16 linked

to the cytokeratin 14 (K14) promoter was compared to a

group of long-term bone marrow cultures with normal

FeVBN littermates. In these long-term bone marrow

cultures, the K14-driven HPV16 oncogene may not be

turned on preventing expression of the E6 and E7

oncogenes. These cells are controls for determining the

effects on insertion of transgenes in the genomic DNA.

FeVBN mice were used in the present study because of the

background strain for the K14E6/K14E7 transgenic strain.

As shown in Figure 3 cumulative cell production in long-

term bone marrow cultures was indistinguishable and not

significantly different between the K14E6/K14E7 animals

and littermates. Weekly cell production followed similar

patterns with both strains. Percent confluency of adherent

layers in the flasks was not significantly different between

K14E6/K14E7 mice and littermates (Figure 7). Cobblestone

island detection decreased at ten weeks in both the

K14E6/K14E7 animals and control littermates (Figure 8).

Day 7 and day 14 colony forming progenitors were produced

in a non-adherent cell layer of both K14E6/K14E7 mice and

normal littermate long-term marrow cultures and decreased

at a similar frequency (Figures 5-6).

A final control for the experiments with E-Selectin

knockout mouse long-term marrow cultures was provided

by the availability of MnSOD (Sod2) +/- mice. Long-term

bone marrow cultures were established from these animals

and C57BL/6J mice were the control littermates. As shown

in Figure 3, cumulative cell production in the marrow

cultures from SOD2 +/- animals lagged behind normal

littermates as well as total non-adherent cells produced each

week. Average non-adherent cells per flask were decreased

in the SOD2 +/- animals (Figure 4). Confluency of the

adherent layer in flasks was decreased in the SOD2 +/-

mice. Cumulative cobblestone island production was

decreased in marrow cultures of the SOD2 +/- animals

(Figure 8). Day 7 colony forming unit cell production as

well as day 14 production decreased over three weeks in

both groups of cultures (Figures 5, 6). Thus, with long-term

bone marrow cultures from six different transgenic or

knockout mouse strains and their littermates, a distinct

pattern of increased cell production by E-Selectin knockout

bone marrow cultures was revealed.

Discussion

The important role of adhesion molecules in both the

inflammatory response to tissue injury and in normal

hematopoietic cell interactions with the microenvironment

has been well documented (19-23). Several review articles

have demonstrated the importance of adhesion molecules

often called adhesion receptors and their counter receptors

(ligands) in normal tissue responses to injury (24).

In the present study we sought to determine whether the

absence of the ability to express a critical adhesion molecule

that is naturally up-regulated in irradiated lung endothelium

would modulate ionizing irradiation-induced late pulmonary

organizing alveolitis/fibrosis. In studies with homozygous

deletion recombinant mice deficient for expression of

ICAM-1, VCAM-1, E-Selectin, or SMAD+/- we detected

no difference in survival or organizing alveolitis at the time

of death. In marked contrast L-Selectin knockout animals

demonstrated a significant increase in survival but no

significant decrease in organizing alveolitis. L-Selectin up-

regulation was not detected in irradiated pulmonary

endothelial cells whereas VCAM-1 and ICAM-1 elevation

was detected at the time of increased macrophage

infiltration and subsequent fibroblast infiltration causing

lung fibrosis (6) and organ damage (25). The mechanism by

which L-Selectin deletion provides protection from ionizing

radiation damage is not yet known.

The involvement of critical inflammatory cells including

macrophages, dendritic cells, T-cells, B-cells and

polymorphonuclear leukocytes in the proximal events

surrounding radiation fibrosis may be modulated by the

absence of L-Selectin. Experiments with bone marrow

chimeric mice with defective ability to respond to L-Selectin

should be valuable in confirming whether irradiation of such

animals will also result in decreased organizing

alveolitis/fibrosis. These studies are in progress.

Long-term bone marrow cultures have been a valuable

resource by which to determine the involvement of critical

receptors and counter receptors in hematopoietic stem cell

interaction with cells of the hematopoietic microenvironment.

VCAM-1 has been shown to be critically important for

hematopoietic stem cell homing (26). To determine whether

absence of VCAM-1 would alter the interaction between

hematopoietic progenitor cells and bone marrow stromal

cells, long-term bone marrow cultures were established from

these animals and normal littermates and the results

compared to those with ICAM-1 homozygous deletion

recombinant mice, or those homozygous deletion

recombinant for L-Selectin, E-Selectin, or heterozygous for

in vivo 18: 1-14 (2004)
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SMAD3+/-. The results were also compared to those with

MnSOD+/- transgenic mice. MnSOD has been demonstrated

to provide significant antioxidant protection from ionizing

irradiation damage and has been hypothesized to decrease

metabolic toxicity in long-term cultures. The background

strain for all other transgenic and knockout animals in the

present study was C57BL/6J. Finally, as additional controls,

K14E6/K14E7 transgenic mice were compared using the

control FeVBN background strain.  

In the present long-term marrow culture experiments

only animals that were homozygous deletion recombinant

negative for E-Selectin demonstrated increased longevity of

hematopoiesis and associated parameters including

increased production of colony forming day 7 and day 14

granulocyte macrophage progenitor cells.

The discordance between L-Selectin deletion protecting

mice from lung damage and E-Selectin deletion improving

longevity of hematopoiesis in bone marrow culture is

intriguing. It may be that L-Selectin is required for the organ

specific pulmonary endothelial cell migration of specific

inflammatory cells required to initiate the late alveolitis

response and the delay of this process delays fatal pulmonary

irradiation damage. The fact that L-Selectin knockout mice

did eventually die of pulmonary damage and had the same

percent of organizing alveolitis that was detected at the time

of death suggests that the pathologic system is redundant

and that inflammatory cell involvement in lung damage and

subsequent late events will eventually continue despite the

absence of one adhesion molecule. Studies of multiple

adhesion molecule deletion recombinant knockout mice will

be required to determine whether the absence of multiple

factors can further reduce pulmonary irradiation damage. 

SMAD-3 has been shown to be critical for TGF‚

signaling. Whether SMAD-/- homozygous deletion

recombinant mice will resist irradiation damage whereas the

SMAD+/- mice in the present studies did not has yet to be

determined. These experiments will be difficult since the

SMAD-/- animals lived for a shorter time and these mice

have significant additional esophageal abnormalities (K.

Flanders, personal communication). Experiments with

SMAD-/- mice are in progress. 

The results with long-term bone marrow cultures

derived from the deletion recombinant negative and

transgenic mice studied were consistent with previous

publications showing variation in mouse strain genotype

with respect to hematopoietic longevity (10). The

increased longevity of long-term bone marrow cultures

from E-Selectin deletion recombinant mice was a

significant new observation. The involvement of E-Selectin

in hematopoietic cell attachment to endothelial cells in the

reticular adventitial system of long-term bone marrow

cultures is well known. It is possible that the absence of E-

Selectin may have facilitated selective attachment of more

primitive hematopoietic stem cells. Although numbers of

cobblestone islands in the adherent layer appeared

identical between knockout and normal bone marrow

cultures, subtle differences in cell phenotypes may have

persisted in the microenvironment of the E-Selectin-/-

marrow cultures. Further studies with this mouse strain

long-term bone marrow cultures will be required to

determine the mechanism for improved longevity.

The results with MnSOD +/- mouse long-term bone

marrow cultures revealed decreased hematopoietic cell

production. It is possible that the decreased antioxidant

availability in the adherent layer of the marrow cultures may

have decreased or modified signal transduction or

attachment events in the long-term cultures that are

associated with stable hematopoiesis. Studies with long-term

marrow cultures from a TET on MnSOD-inducible

transgenic mouse strain system should provide insight into

the effect of induction of MnSOD after establishing the

long-term cultures. If such late induced cultures were

associated with increased hematopoiesis the result might

suggest a role of antioxidant in hematopoietic organ

intercellular communication. The addition of MnSOD

protein to culture media is being tested as a method by

which to determine whether antioxidant availability directly

decreases hematopoiesis or whether specific cell phenotype

production of MnSOD in the adherent layer is required to

bring out this phenotypic difference.

The present studies demonstrate a complex pattern of

interaction of adhesion molecules and their receptors in

modulating ionizing radiation damage to the lung and

longevity of hematopoiesis in vitro. Further studies will be

required to elucidate the mechanism of the differences

observed in these experiments.
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