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Abstract. Aim: The purpose of this study was to examine
the effects of combined treatment with a specific type of
sulfoglycolipid, a-sulfoquinovosylmonoacylglycerol (a-
SOMG), and X-irradiation (XRT) on the remodeling of tumor
microenvironments. Materials and Methods: A human colon
cancer cell line, SW480, was used in this study. The cells
were injected subcutaneously into nude mice and the
resulting tumors were treated with a-SQMG that was
injected intravenously and/or X-irradiation (XRT). The tumor
volumes were monitored and the microenvironments of the
treated tumors were immunohistochemically analyzed for
angiogenesis, pericyte recruitment, and hypoxic fractions
using markers for CD31, collagen 1V, a-Sma, and
pimonidazole. Results: The combined treatment with a-
SOMG (five daily injections from days zero to four) and X-
irradiation (two fractions on days zero and three)
synergistically enhanced the radioresponse of tumor growth
in vivo, whereas a-SQMG treatment alone had no effect. The
tumor vessel density was significantly decreased at days 10
and 20 after initiating the combined treatment. On day 20,
areas with overlapping CD31 and collagen 1V expression
were rarely observed, suggesting that the normal structures
of most tumor vessels had collapsed. a-Sma staining was
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significantly increased and pimonidazole staining was
significantly reduced at 24 and 72 h, but not 6 h, after the first
combined treatment. Conclusion: The combined treatment
induced remodeling of the microenvironments in SW480
tumors, which might contribute to the radiosensitization to the
second irradiation.

Angiogenesis is an essential process for solid tumor growth,
which has led to heightened interest in antiangiogenic
therapies (1) and the development of agents that target
proangiogenic factors (2-5). However, monotherapy for tumor
angiogenesis is insufficient to completely eradicate solid
human tumors. Furthermore, thrombotic or hemorrhagic
complications and hypertension are induced after prolonged
use of antiangiogenic therapies (6). However, previous studies
have shown that the combined use of antiangiogenic agents
and chemotherapeutic agents or irradiation is efficacious in
pre-clinical and clinical settings (7-9).

Jain et al. reported that antiangiogenic treatment temporarily
induces the remodeling of tumor microenvironments.
Furthermore, an increase in pericytes surrounding the tumor
vessels decreases vessel permeability, which improves tumor
swelling. This remodeling of the tumor vessels decreases the
interstitial fluid pressure, and subsequently increases the
pressure inside the vessels. Finally, the diffusion efficiency of
small molecules and oxygen increases (10-12) through a
phenomenon known as ‘vascular normalization’. As long as
this temporal phenomenon occurs, the efficacy of combined
therapies that include antiangiogenic agents and chemotherapy
or radiotherapy is enhanced. However, this change does not
persist, and the vessel density is reduced over time,
consequently leading to hypoxic conditions (10, 11), and there
are many independent studies that support this notion (13, 14).
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It was previously reported that mono acyl-forms of
sulfoquinovosylacylglycerol (SQAG), a-sulfoquinovosylmo-
noacylglycerol (0-SQMG), which were originally derived from
sea urchins (15), higher plants (16), or sea algae (17), are able
to enhance the radioresponse in solid human tumors when
combined with two fractions of X-irradiation (XRT) (18).
Interestingly, drug treatment alone did not affect tumor growth.
It was further determined that the target of the combined
treatment appeared to be tumor angiogenesis rather than the
tumor cells (18), which could explain the enhanced
radioresponse. However, the precise mechanism of the
enhanced tumor radioresponse is largely unknown. It was
hypothesized that vascular normalization could lead to the
enhanced radioresponse in our combined regimen. In this study,
several lines of evidence are provided that this combination
therapy, but not each individual treatment, leads to vascular
normalization.

Materials and Methods

Cell lines and animal studies. A human colon adenocarcinoma cell
line, SW480, was obtained from the Cell Resource Center for
Biomedical Research (Sendai, Japan) and maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, 100 pg/ml streptomycin, and 1 mM sodium pyruvate at
37°C in a 5% CO, humidified atmosphere. In vivo studies were
performed in accordance with the Guidelines for Animal
Experimentation of Tokyo Medical and Dental University. Viable
tumor cells (2x10°) were implanted subcutaneously into the right
hind legs of male KSN nude mice (6-8 weeks old). After the tumor
volume reached 100 to 300 mm?3, the tumors were treated and the
tumor growth was monitored by palpation. The size of the palpable
tumors was measured using calipers every two days. The tumor
volume (V, mm?3) was estimated based on the length (mm) x width
(mm) x height (mm) x 7v/6.

Treatments. Synthesized a-SQMG (19, 20) was prepared one day
before experimentation, and dissolved in saline at the appropriate
concentrations. To analyze the tumor radioresponse, 2 mg/kg a-
SQMG (dissolved in 100 pl of saline) was administered intravenously
to the ‘0-SQMG’ group and ‘XRT+a-SQMG’ group (administered
five times daily from days zero to four). The same amount of saline
was injected in the control group and XRT group. Non-anesthetized
mice were irradiated (6 Gy/fraction) on days zero and three with X-
ray therapeutic machines HS-225 (225 kVp, 15 mA, 1.0 mm Cu
filtration) (Shimadzu, Kyoto, Japan) while shielding the body with
lead. Mice were sacrificed, and the tumors were dissected and rapidly
frozen on days 10 and 20. To analyze vascular normalization, the
same treatments were performed as for the tumor radioresponse
except that the mice were irradiated and administered a-SQMG once
on day zero, and 60 mg/kg pimonidazole dissolved in saline was
injected intraperitoneally 30 min before the mice were sacrificed at
the indicated times after starting treatment.

Immunofluorescence staining and image analysis. To analyze the
tumor radioresponse, consecutive 10 um-thick tumor cryosections
were fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) at room temperature, incubated in blocking buffer, and then
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probed overnight at 4°C with primary antibodies that are specific for
endothelial cells (CD31; 1:20) (BD Pharmingen, San Diego, CA,
USA) or the vascular basal membrane (collagen IV; 1:
1000)(Chemicon, Temecula, CA, USA). After extensive washing in
PBS, the sections were incubated with Alexa 488- or Alexa 594-
conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA)
for CD31 (1:200) and collagen IV (1:400), respectively, for 30 min
at room temperature. To examine vascular normalization, the
cryosections were fixed in 4% formaldehyde, incubated in blocking
buffer, and then probed with a Cy3-conjugated antibody specific for
pericytes (0-smooth muscle actin: a-Sma; 1:1000) (Sigma) overnight
at 4°C. To detect hypoxia, the sections were fixed in ice-cold acetone
for 10 min and then incubated with an anti-pimonidazole primary
antibody followed by an Alexa 488-conjugated secondary antibody
according to the manufacturer’s instructions (Hypoxyprobe-1™;
Natural Pharmacia International, Burlington, MA, USA). After
extensive washing in PBS, all of the immunostained sections were
covered with an antifade agent containing DAPI (Vector
Laboratories, Burlingame, CA, USA) and examined with a
fluorescence microscope BX51 (Olympus, Tokyo, Japan).

Tumor sections were imaged using a 4x or 10x objective
(Olympus), digitized after background correction, and then analyzed
using Photoshop CS3 software (Adobe Systems, San Jose, CA, USA).
Eight-bit grayscale image montages from adjacent microscopic fields
were acquired and digitally overlaid for multiple stains. To quantify
the stained areas, the grayscale images were converted to binary
images, and the number of pixels was counted. The normalization
index was calculated as the ratio of a-Sma to CD31. For all
quantifications, the data were normalized based on the DAPI intensity,
which was stained simultaneously with the specific markers.

Statistical analysis. Mean values were statistically compared using
Student’s #-test, and differences with p<0.05 were considered
statistically significant.

Results

Combined treatment enhances growth inhibition in SW480
xenografts and reduces the tumor microvessel density. It was
previously reported that combined treatment with a-SQMG
and two fractions of XRT synergistically enhanced the
radioresponse of tumor growth in solid tumors that were
generated by subcutaneously transplanting human tumor cell
lines into nude mice (18). In this study, it was demonstrated
that the solid tumors derived from a human colon cancer cell
line, SW480, also exhibit a similar response (Figure 1). It
should be noted that a-SQMG alone did not significantly
affect tumor growth. However, the radioresponse was
significantly enhanced when administered in combination
with a-SQMG.

Next, the treated solid tumors were examined
immunohistochemically focused on tumor vessels because it
has been determined that the combined treatment strongly
inhibits angiogenesis (18). Dual staining for CD31 and
collagen IV, which are markers for endothelial cells and the
vascular basal membrane, respectively, revealed that tumor
microvessel density was significantly decreased at days 10
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and 20 after starting treatment (Figure 2A, 2B). On the other
hand, XRT alone tended to decrease both markers, but these
reductions were not significant (Figure 2B). Interestingly,
both markers co-localized in most tumor vessels at day 10.
However, on day 20, these areas of co-localization were
rarely detected and the markers predominantly localized to
separate areas (Figure 2A). These results appear to reflect the
transient pathologic process in which tumor vessels collapse
at later time points as a result of the combined treatment. The
properties were not observed in tumors that were treated with
only one of these components.

Combined treatment enhances the expression of a-Sma
around the tumor microvessels in SW480 xenografts. Jain et
al. reported that antiangiogenic treatment temporarily
induces vascular normalization, leading to oxygenation of
tumor tissues approximately three days after the treatment
(10). In this study, it was noticed that the second irradiation
in our treatment regimen was incidentally performed on day
three after starting the combined treatment (Figure 1), which
prompted an examination of whether vascular normalization
occurred after the first combined treatment. To test this
possibility, first the recruitment of pericytes around the tumor
vessels at early time points after treatment was examined.
Pericytes recruitment is highly characteristic of vascular
normalization (10). For this purpose, the normalization index
was determined as the ratio of the stained areas for a-Sma, a
marker for pericytes, to those for CD31. a-Sma staining was
minimally detected in both untreated samples and in treated
samples at 6 h after the combined treatment. However, at 24
and 72 h after treatment, there was a remarkable increase in
a-Sma staining (Figure 3A, 3B).

Combined treatment reduces the hypoxic fractions in SW480
xenografts. If vascular normalization occurs during this
combination therapy, it is important to determine whether
tumor oxygenation occurs at the second irradiation. For this
purpose, a hypoxic marker, pimonidazole, was used.
Pimonidazole was injected 30 min before sacrifice and
detected with an anti-pimonidazole antibody (Figure 4A,
4B). Protein adducts of pimonidazole are formed when the
tissue pO2 is below 10 mmHg, and the antibody specifically
recognizes these adducts. Previous reports have shown that
irradiation alone can induce oxygenation in many tumors
(21). However, under the current experimental conditions, it
was not possible to clearly detect oxygenation in these
tumors at the indicated times. On the other hand, at 24 and
72 h but not 6 h after the combined treatment, there was a
significant decrease in the hypoxic fractions, which was
consistent with the kinetic increase in pericytes as described
in Figure 3B. Furthermore, a micronucleus assay was
performed using cytochalasin B-induced binucleated cells
that were derived from treated tumors (22). The preliminary
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Figure 1. Relative tumor volume as a function of the days after initiating
treatment. Five injections of a-SQMG (2 mg/kg, i.v.) plus two fractions
of X-irradiation (6 Gyl/fraction) were administered. Vehicle, a-SOMG
(2 mglkglinjection), XRT (6 Gylfraction), and a-SQMG and XRT. Arrows
indicate injections. Each point represents the mean+SD of three or four
tumors. *p<0.05: XRT vs. XRT+a-SOMG.
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data showed that the micronuclei yield was significantly
increased (approximately two-fold) in tumors that received
12 Gy at 72 h compared to 6 h after the combined treatment.
This finding supports the importance of the second
irradiation for radiosensitization in our combined regimen.

Discussion

Previous results indicated that antiangiogenic effects
contribute to the enhanced radioresponse in xenograft tumors
after they are treated with a combination of a novel
sulfoglycolipid, a-SQMG, and two fractions of XRT (8).
There is accumulating evidence that vascular normalization
occurs at the early stages in the antiangiogenic process and
reduces hypoxic fractions (10), which prompted the testing
of the possibility that there is radiosensitization at the time of
the second irradiation in the combined regimen. This study
demonstrated that the tumors treated with the combined
regimen have characteristic properties of vascular
normalization, such as pericyte recruitment and reduced
hypoxic fractions, after approximately three days, which was
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Figure 2. Effects of a-SOMG and/or X-irradiation (XRT) on tumor vessels in SW480 xenografts. A: Representative images of CD31 and collagen IV
staining in treated tumors on days 10 and 20 after initiating treatment. The control sample was prepared 10 days after the treatment was initiated
in the treatment groups. Upper panel, CD31; middle panel, collagen 1V; lower panel, merged images. Bar, 200 um. B: Quantitative comparisons of
collagen 1V and CD31 on day 10 or 20 after initiating treatment. Each bar represents the mean+SD of three different tumors. The mean of
approximately 10 fields near the center of each tumor was assigned a representative value for each tumor. The relative density was normalized to
the DAPI intensity. *p<0.05 vs. control.
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Figure 3. Effects of a-SOMG and/or X-irradiation (XRT) on CD31 and a-Sma in SW480 xenografts. A: Representative images of pericytes (red: a-
Sma), microvessels (CD31: green), and microvessels covered by pericytes (yellow) at 6, 24 or 72 h after treatment. Merged images are presented.
Bar, 200 um. B: Quantitative comparisons of the normalization index (a-Sma:CD31 ratio) at the indicated times after treatment. Each bar represents
the mean+SD of three different tumors. The mean of approximately 10 fields taken from the center of each tumor was assigned a representative
value for each tumor. The ratio was normalized to the DAPI intensity. *p<0.05 vs. control.
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Figure 4. Effects of a-SOQMG and/or X-irradiation (XRT) on the hypoxic fractions in SW480 xenografts. A: Representative images of hypoxic fractions
(green) at 6, 24 or 72 h after treatment. The blue backgrounds represent the DAPI-positive areas. Bar, 1 mm. B: Quantitative comparisons of hypoxic
fractions at 6, 24, and 72 h after treatment. Each bar represents the mean=SD of three different tumors. The mean of approximately four fields taken
near the center of each tumor was assigned a representative value for each tumor. The ratio was normalized to the DAPI intensity. *p<0.05 vs. control.
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when the second irradiation was administered. These
findings strongly suggest that remodeling of the tumor
microenvironment also contributes to the enhanced
radioresponse.

These findings illustrate that a two step-mechanism
underlies the enhanced radioresponse in this treatment
regimen. The first step is the radiosensitization of oxygenated
tumor tissues to the second irradiation due to vascular
normalization, and this process occurs in the early stages after
treatment. The second step is the inhibition of angiogenesis,
which increases the hypoxic fractions and helps reduce tumor
growth. This regimen would be ideal if only two fractions of
irradiation are administered. However, conventional
radiotherapy consists of ~30 fractions, and thus the
radioresponse that occurs after hypoxia is induced is rather
inefficient. Similar situations may also occur in combination
therapies containing chemotherapy. Current clinical reports
have indicated that a combination of antiangiogenic agents
and chemotherapeutic agents are unlikely to be highly
effective (8, 9, 23), which may be attributed to insufficient
optimization and timing of the combined therapy. As Jain et
al. has implicated, vascular normalization likely has a limited
time window (10). Thus, it will be highly important to screen
and identify biomarkers that can be used to monitor vascular
normalization. As the mechanism of vascular normalization
is still largely unknown, it is also possible that elucidating this
mechanism will help determine the optimal window, which
would potentially improve the timing for combined therapies.
Furthermore, it is highly important that the molecular
mechanism underlying the enhanced radioresponse of o-
SQMG is elucidated.

Another characteristic of a-SQMG is that the agent alone
has no substantial effects on tumor growth at low
concentrations, but induces radiosensitizing effects. By
definition, agents with this property are called radiosensitizers
(24). These types of agents could remarkably reduce adverse
effects because they are typically injected systemically. Recent
technology in the field of radiation oncology that concentrates
the radiation on tumor tissues will further enhance the
usefulness of this agent.

In conclusion, although a-SQMG has great potential for
radiosensitization, including its ability to remodel the tumor
microenvironment, such as vascular normalization, and
reduce adverse effects, there are still problems that need to
be resolved before this therapy is clinically implemented.
Multidisciplinary resolutions are required to determine the
optimal combinations and the most efficient outcomes.
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