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Abstract. Background: Thalidomide (TL), due to its anti-
angiogenic effects, has been postulated to be a potential
radiosensitizer of multiple myeloma and squamous tumors in
vivo. Materials and Methods: To determine whether TL was a
radiosensitizer, 32D cl 3 cells (hematopoietic progenitor) as
well as SCC-VII (squamous cell carcinoma), OPM1 or OPM2
(multiple myeloma) tumor cells were irradiated to doses
ranging from 0 to 8 Gy and then plated in 0, 50 or 150 uM TL
in each of three protocols: i) 1 hour before irradiation; ii) 1
hour before irradiation and also in medium following
irradiation, or iii) placed in TL containing medium following
irradiation. Results: Using 150 uM TL (which did not
stimulate cell growth) the 32D cl 3 cells had increased
radiation sensitivity compared to the control irradiated cells.
In contrast, the SCC-VII, OPM1 or OPM?2 cells showed no
detectable radiosensitization when incubated in TL before,
during or after irradiation compared to the control irradiated
cells. Conclusion: These results demonstrated that TL may be
a selective radiosensitizer.

The anti-angiogenic properties of thalidomide (TL)
suggested that this drug must be a valuable addition to
combined modality protocols for the treatment of
malignancies in which neovascularization is a component of
tumor drug resistance and/or recurrence (1, 2). In
particular, multiple myeloma has been demonstrated to
induce neo-angiogenesis in the bone marrow and also
production of angiogenic cytokines by bone marrow stromal
cells in the hematopoietic microenvironment of the marrow
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(1, 2). Furthermore, the anti-angiogenic properties of TL
have suggested its potential use in combined modality
protocols for the treatment of other hematological
malignancies (2-3), or squamous cell tumors including non-
small cell lung carcinoma, and tumors of the head and neck
region (3-5).

The complex interactions between tumor cells, bone
marrow stromal cells, reticular adventitial cells (endothelial
cells), and other hematopoietic cells in the micro-
environment of the bone marrow make it difficult to
determine the specific effects of a new chemotherapeutic
or biological response modifying agent on tumor cells
independent of tumor cell interaction with one or many
other cell types (6-10). To determine whether TL had a
direct effect on the radiosensitivity of tumor cells, assays
were carried out for clonogenic survival of multiple
myeloma or squamous cell carcinoma cell lines derived
from murine models of each malignancy. The results were
compared with those for the Interleukin-3 (IL-3)-
dependent hematopoietic progenitor cell line 32D ¢l 3 (11),
which forms colonies in semi-solid medium in the presence
of hematopoietic growth factors (12). The results
demonstrated TL-mediated radiosensitization of the non-
malignant hematopoietic progenitor cells compared to
either squamous cell carcinoma or multiple myeloma tumor
cell lines.

Materials and Methods

Cell lines and cell culture. The SCC-VII (13) murine squamous cell
carcinoma cell line has been described and the murine multiple
myeloma cell lines OPM1 and OPM2 (a generous gift of Dr. G.
David Roodman, MD, Department of Medicine, UPCI, USA) (14)
were grown in DMEM medium containing 10% fetal calf serum
(FCS). The 32D cl 3 cells (11) were grown in RMPI-1640 medium
supplemented with 15% WEHI-3 cell-conditioned medium as a
source of IL-3 and 15% FCS, penicillin and streptomycin, according
to published procedures. The cells were passaged weekly at high
density (15).
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Radiation survival curves. The cells were incubated in TL at
concentrations of 50 or 150 uM either 1 hour before irradiation,
after irradiation by placing the cells in methylcellulose or
DMEM medium containing 50 or 150 uM TL, or both before and
after irradiation. The cells were irradiated using a Cesium 35
Gamma irradiator to doses ranging from 0 to 8 Gy, according to
published methods (16, 17). The 32D cl 3 cells or mouse bone
marrow cells were plated in methylcellulose containing 15%
WEHI-3 cell line (IL-3)-conditioned medium and 10 % FCS and
incubated at 37°C and 5% CO, in a humified incubator for 7
days, at which time colonies of greater than 50 cells were
counted (15). Following irradiation, the SCC-VII, OPM1 or
OPM2 cells were plated in four-well tissue culture plates
according to published methods (18), incubated for 5 days at
37°C and 5% CO, in a humified incubator, at which time the
cells were stained with crystal violet and colonies of more than
50 cells counted. The data were analyzed by linear quadratic and
single-hit, multi-target models.

Effects of TL on cell growth. 32D cl 3 cells were plated at 500 cells
per dish in methylcellulose containing 15% WEHI-3-conditioned
medium, 10% FCS serum and concentrations of TL ranging from 0
to 200 uM. Seven days later, colonies of more than 50 cells were
counted. SCC-VII cells were plated at 500 cells per well in four-
well plates and grown in DMEM medium containing 10% FCS and
concentrations ranging from 0 to 200 uM. The cells were stained
with crystal violet 5 days later and colonies of more than 50 cells
were counted.

Effects of TL on IL-3 dependency of 32D cl 3 cells. 32D cl 3 cells
were plated in methylcellulose containing 50 or 150 uM TL plus
each of several 10-fold dilutions of WEHI-3-conditioned medium
as a source of IL-3 ranging from 0 to 15%. Seven days later
colonies of more than 50 cells were counted.

Statistical evaluation. The Student’s t-test and evaluation of Dy, 1,
and alpha § components of the linear quadratic radiation survival
curves were carried out according to published methods (19).

Results

Radiosensitization of 32D cl 3 hematopoietic progenitor cells
by TL. Radiation survival curves of 32D cl 3 cells were first
carried out according to the methods section. The results
with 50 uM and 150 uM TL are shown in Figure 1 and
Figure 2, respectively. In 150 uM TL (Figure 2), but not 50
uM (Figure 1), there was radiosensitization of 32D cl 3 cells
as indicated by a decrease in the D, relative to control
irradiated cells (Table I).

The effect of TL on colony formation by unirradiated
32D cl 3 cells grown in IL-3-conditioned medium was
measured next. As shown in Figure 3, there was an increase
in colony formation induced by doses as low as 25 uM TL,
which increased the growth of 32D cl 3 cells over the dose
range of 25 uM to 200 uM (50-150 uM TL) in constant 10%
IL-3-containing medium. Doses of 250 uM TL caused clear
toxicity (data not shown).
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It was next determined whether therapeutic-range doses of
TL would induce growth of IL-3-dependent 32D cl 3 cells in
lower concentrations of IL-3. This experiment was carried out
to determine whether, in cases of depletion of IL-3, TL would
stimulate growth or whether, alternatively, a paracrine or
additive effect of TL would be seen to induce colony
formation at lower concentrations of IL-3. A dose response
curve of cells grown in TL at a constant 50 uM (Figure 4A) or
150 uM (Figure 4B) in the presence of increasing
concentrations of IL-3 (over 1% to 15%) showed modest
stimulation of colony growth at the low but not the high dose.
There was no significant stimulatory effect of TL alone (no
IL-3) over the dose range of 50-150 uM.

Lack of detectable TL-mediated radiosensitization of SCC-VII
squamous cell carcinoma cells. The murine floor of the
mouth squamous cell carcinoma cell line SCC-VII was
grown in vitro according to published methods (13). Cells
were irradiated to doses between 1 and 10 Cy and then
plated in plastic Petri dishes for scoring adherent cell
colonies of over 50 cells per colony on day 5. The results are
shown in Figure 5. The SCC-VII cells showed no significant
relative radiosensitization or radioresistance when grown in
the clinically-relevant dose of 150 uM TL. There was also
no effect with 50 uM TL (data not shown). Growth assays
of the SCC-VII cells in TL alone over the range 50 uM to
200 uM were next carried out. TL in the absence of
irradiation induced no detectably significant alteration in
cell colony formation by SCC-VII cells (Figure 6). Thus, in
clear contrast to units with 32D cl 3 cells, there was no
detectable effect of TL with respect to the radiation survival
or growth stimulation of SCC-VII cells.

Lack of detectable TL-mediated radiosensitization of murine
multiple myeloma cells. The cell lines OPM1 and OPM2
were grown in semi-solid medium and irradiation survival
curves carried out as described in Materials and Methods.
The results are shown in Figure 7. Both murine multiple
myeloma cell lines demonstrated D, with more similarity to
the 32D cl 3 cells than to the squamous cell carcinoma cell
line SCC-VII, consistent with the hematopoietic origin of
multiple myeloma tumors. In the presence of 50 uM TL
there was no effect on radiosensitivity (not shown). At the
therapeutic dose of 150 uM TL (Figure 7), there was no
detectable radiosensitization or induction of radioresistance
in the multiple myeloma cells treated with TL, either before
or after irradiation.

Discussion
Combined modality protocols, utilizing chemotherapy and

radiation, have gained increasing acceptance in the
management of patients with hematological malignancies as
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Figure 1. Incubation of 32D cl 3 cells in 50 uM TL does not alter
radiosensitivity. 32D cl 3 cells were incubated in the presence of 50 uM
TL 1 hour before irradiation, following irradiation, or both before and
after irradiation. The data were analyzed by linear quadratic and single-hit,
multi-target models. There was no significant difference in the
radiosensitivity measured by D or i1 (Table I).
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Figure 2. Radiosensitivity increased in 32D cl 3 cells by 150 uM TL added
after irradiation, or present both before and after irradiation. Cells were
incubated in 150 uM TL and irradiated as described in the legend to
Figure 1. Cells incubated in TL either after, or both before and after,
irradiation had increased radiosensitivity (decreased D and shoulder on
the irradiation survival curve ii compared to unirradiated cells or cells
incubated in TL only before irradiation) (Table I).

Table I. Lack of detectable TL effect on radiosensitivity of squamous cell carcinoma or multiple myeloma tumor cell lines. Cells from 32D cl 3, SCC-VII,
OPM1 or OPM2 were incubated in 50 or 150 uM TL 1 hour before irradiation, following irradiation, or both before and after irradiation. Control cells were
not exposed to TL. TL had no significant effect on the baseline radiosensitivity of the tumor cell lines.

Cell line Dy (Gy) n

TL (uM)  Control Before After Before+After ~ Control Before After Before + After
32D cl 3 50 1.19%0.06 2.25+0.54 1.36%0.27 1.30%0.11 3.620.6 1.8+0.6 1.1+0.1 2.5+0.8
32D cl 3 150 1.23+0.06 1.4920.48 0.93+ 0.06* 0.89+0.08"** 7.3%£6.2 16.4+13.8 6.9+4.2 1.8+0.12
SCC-VII 150 1.72+0.24 1.90+0.33 1.63+0.28 1.80+0.40 12.5+6.2 14.6+5.7 14.3+6.2 25.2+16.1
OPM1 150 1.10%0.07 1.11%0.19 0.86%0.04 1.13%0.16 5.3%3.4 11.0£10.0 46.9%35.6 4124
OPM2 150 1.25+0.21 1.26%0.29 1.19£0.15 1.25+0.27 3.4%19 43.7+41.3 7.7x1.2 7.8%5.7

(*) Significant increase in sensitivity compared to control p=0.0177, (**) p=0.0098. These repeat experiments are not the same as those in the figures.

Thalidomide dose response curve
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Figure 3. Increased colony formation by 32D cl 3 cells incubated with low
concentrations of TL. Cells from 32D cl 3 were incubated in 10% IL-3
methylcellulose-containing medium (26) in concentrations of TL ranging
from 0 to 200 uM. Colonies of more than 50 cells were counted on day 7.
At TL concentrations ranging from 10 to 100 uM, there was increased
colony formation of 32D cl 3 cells in two separate experiments, compared
to results with 32D cl 3 cells plated in IL-3-containing methylcellulose in
the absence of TL. At concentrations of greater than 150 uM, there was
decreased colony formation indicating that concentrations of more than
100 uM were toxic to the cells.
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Figure 4. TL effect on IL-3 dependency of 32D cl 3 colony growth. Cells
from 32D cl 3 were incubated in methylcellulose-containing medium with
50 uM (A) or 150 uM (B) TL added and each of several concentrations
of WEHI-3-conditioned medium as a source of 1L-3. Colonies of more
than 50 cells were counted on day 7. Low concentrations of WEHI-3-
conditioned medium resulted in decreased colony formation. The presence
of TL had no significant effect on stimulation of colony formation in the
absence of or in low concentrations of IL-3.

well as epithelial (1-5). In particular, the
management of multiple myeloma has been shown to be

cancers

significantly improved with respect to decreased toxicity and
improved quality of life when patients receive chemotherapy
supplemented with biological response modifiers (1).
Biological response modifiers are those agents demonstrated
to have no specific cytotoxic effect against tumor cells, but
to have significant antitumor activity based on indirect
effects through either modulation of tumor induction of its
blood supply, inhibition of tumor cell interaction/adhesion
with cells in the hematopoietic microenvironment, or specific
stimulation of T-cells, natural killer cells, or macrophages
which provide improved tumor control. One recently
evaluated biological response modifier has been TL.
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Figure 5. TL did not sensitize SCC-VII tumor cells to irradiation. SCC-
VII cells were incubated in 150 uM TL before, after, or both before and
after irradiation. The cells were plated in four-well tissue culture plates,
stained 5 days later with crystal violet and colonies of more than 50 cells
were counted. The data were analyzed using linear quadratic and single-
hit, multi-target models. There was no significant change in the
radiosensitivity of SCC-VII cells when incubated in 150 uM TL (Table I).
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Figure 6. TL had no detectable significant effect on SCC-VII tumor cell
colony formation in vitro. SCC-VII cells were plated in four-well plates
and TL at concentrations ranging from 0 to 200 uM, as described in
Materials and Methods. The cells were stained 5 days later with crystal
violet and colonies of more than 50 cells were counted. There was no
significant change in colony formation induced by any of the TL

concentrations.

0 50

TL was originally wused in the 1950s as an
antidepressant/sedative drug (2) but, due to its teratogenic
properties in developing human embryos, was taken off the
market and not utilized for decades (2). Recognition of the
anti-angiogenic properties of TL, possibly explaining its
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Figure 7. Radiosensitivity of OPM cells was not altered by TL. Mouse multiple myeloma cells from OPM1 (A) or OPM?2 (B) were incubated in 150 uM
TL before, after, or both before and after irradiation doses ranging from 0 to 8 Gy, plated in four-well tissue culture plates, stained 5 days later with
crystal violet and colonies of more than 50 cells counted. The data were analyzed by single-hit, multi-target and linear quadratic models. There was no
significant change in the radiosensitivity of cells incubated in TL, compared to cells grown in the absence of TL (Table I).

teratogenic effects, suggested that the drug might be of benefit
in the management of patients with malignancies. Initial
clinical trials of TL in combination with chemotherapeutic
drugs showed success in improving tumor response in patients
with multiple myeloma (1, 2). Multiple myeloma was chosen
as a tumor in which to test TL because of recent evidence
indicating that multiple myeloma cells induce a significant
angiogenic response in the bone marrow (6). Such
angiogenesis has also been found with human acute
myelogenous leukemia, as well as solid tumors (2). Another
significant tool in the management of drug-resistant multiple
myeloma has been total body irradiation followed by bone
marrow transplantation (2). Since total body irradiation is
utilized not only to clear spaces in the bone marrow for
engrafting hematopoietic cells, but also to provide for
cytoreduction of residual multiple myeloma cells, we sought to
determine whether TL, commonly used as a tumor agent prior
to total body irradiation, could be acting as a radiosensitizer or
radioprotector for surviving multiple myeloma cells.

We first tested the effects of TL on the radiation survival
curve of the murine hematopoietic progenitor cell line 32D
cl 3. There was significant radiosensitization of the 32D cl
3 cells in the presence of clinically-relevant concentrations
of 50-150 uM TL. In contrast, there was no detectable
radiosensitization of SCC-VII or each of the two murine
multiple myeloma cell lines.

The results indicate that there may be no significant
therapeutic effect of TL specific for tumor, independent of

its known anti-angiogenic- and hematopoietic micro-
environment-modifying capacities. Due to the possible
radiosensitizing effects of this drug for normal hematopoietic
cells perhaps being related to its growth modifying effects,
the presented results support added caution in the use of
irradiation in conjunction with TL. Other potential
therapeutic drugs are being evaluated for use in the
treatment of multiple myeloma patients (1, 10, 20-29, 30-32)
and patients with other tumors (33, 34). A significant
problem in bone marrow transplantation is recovery of
hematopoietic cell proliferation differentiation to
neutrophils, erythrocytes and lymphocytes, as well as
megakaryocytic and platelets in the recovering marrow
transplant recipient. TL usage in conjunction with total body
irradiation may provide an unwanted radiosensitizing effect
with greater kill of normal hematopoietic progenitors.
Therefore, design of protocols for utilization of TL in
combination with other particularly radiomimetic
chemotherapeutic agents should take into account the
potential radiosensitization properties of this valuable
antitumor agent.
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