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Abstract. Background/Aim: The mechanisms of galectin-1
in radioresistance may not only involve intracellular but also
extracellular effects because galectin-1 can be secreted into
the extracellular matrix. We, therefore, aimed to investigate
the role of the galectin-1 tumor microenvironment on
radiosensitivity in a murine tumor model. Materials and
Methods: Wild-type or stable galectin-I1-down-regulated
cancer cells (melanoma (B16F10) and lung cancer (LLC1))
were injected (subcutaneous injection) into wild-type or
knockout (galectin-1, B cells, and T cells) mice that were
subject to 0 or 8 Gy irradiation. Results: Galectin-1-down-
regulated BI6F10 cells showed increased radiosensitivity
when injected into galectin-1 knockout mice. Interestingly,
radioresistance of wild-type LCCI tumors was noted when
injected into galectin-1 and B cell knockout mice. However,
radiosensitization was observed in T cell knockout mice with
wild-type LCC1 cells. Conclusion: The role of endogenous
galectin-1 in radioresistance exists in cases without
extracellular galectin-1. Extracellular galectin-1 requires
endogenous galectin-1 to radiosensitize tumors in mice.

The role of galectin-1 in tumor progression (1, 2) and
sensitivity to radiotherapy/chemotherapy is well studied (3-5).
The correlation between galectin-1 and immune cells does not
only apply in T cells. Galectin-1 can affect dendritic cells and
lead to immune enhancement (6) or suppression (7). If
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galectin-1 affects natural killer (NK) cells, it can cause tumors
to shrink to a very small size and can lead to long-term
survival (8). Affected Treg cells also have immunosuppressive
functions (9). An increasing number of studies indicate that
hypoxia can increase tumor galectin-1 expression (10) and
attract macrophages to hypoxic tumor regions (11-13).
Therefore, it is likely that tumor galectin-1 will not only
inhibit anticancer T and NK cells around the tumor, but also
attract macrophages to the tumor. We investigated the role of
the galectin-1 tumor microenvironment on radiosensitivity.

Materials and Methods

Cell lines and culture. Cancer cells were purchased from Building
and Construction Resource Center (BCRC, Hsinchu, Taiwan, ROC).
LLC1 lung cancer cells (BCRC No. 60050) and B16F10 melanoma
cells (BCRC No. 60031) were maintained with specified medium
containing 10% fetal bovine serum (FBS) (Gibco Life Technologies),
penicillin (100 U/ml) (Gibco Life Technologies), and streptomycin
(100 mg/ml) (Gibco Life Technologies) in a humidified tissue culture
incubator at 37°C in a 5% CO, atmosphere.

Stable knockdown of galectin-1 in cell lines. All recombinant
lentiviruses were purchased from the RNAi Core Facility
(Academia Sinica, Taiwan, ROC). Lentiviral infection (MOI 0.3)
was performed according to the manufacturer’s protocol. For viral
infections, cancer cells were plated and had reached approximately
50% confluency after 24 h. The entire amount of viral stock and
polybrene (8 pg/ml) in growth medium was added directly onto
target cells and incubated at 37°C in 5% CO,. At 24 h post
infection, the medium was replaced with fresh medium
supplemented with 10% FBS. Lentivirus-transduced cells were
selected in media containing 0.2-2 pg/ml puromycin.

Irradiation of cancer cells and clonogenic assay. Subconfluent cancer
cells in 25 T flasks were irradiated using a 6-MV linear accelerator
(Varain Inc., Palo Alto, CA, USA). Cells were plated in six-well plates
immediately following 0, 2, 4, 6, or 8 Gy irradiation. At 1 to 2 weeks
following irradiation, glutaraldehyde (6.0% v/v) was used for fixation,
and crystal violet (0.5% w/v) was added to stain the colonies. Cells
were counted by a stereomicroscope. When 50 or more cells in a
colony were counted, the colony was defined as surviving. According
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Figure 1. Effects of irradiation on LLC1 tumor growth to 2 cm. Radiation delayed the growth of wild-type tumors to 2 cm in size in both wild-type
(p<0.001) (A) and galectin-1 knockout (p=0.006) (B) mice. Radiation delayed the growth of knockdown tumors to 2 cm in size in galectin-1 knockout
(p=0.026) (C), but not wild-type (p=0.424) (D) mice. Green color represents 8 Gy irradiation.

to the plating efficiency (PE), normalization to 0 Gy in each condition
was performed. The surviving fraction was calculated by the number
of colonies/(number of cells plated x PE). The survival curve was
drawn according to the survival rate (log) and dose.

Whole-cell protein extract and Western blotting. Cells were lysed in
RIPA buffer with 1 mM PMSF, 8.5 ug/ml aprotinin, 2 pg/ml
leupeptin, 1x Roche complete miniprotease inhibitor cocktail, and
1x Pierce phosphatase inhibitor cocktail following a standard
protocol. Protein extracts (50 pg) of cells were heated at 94°C for
3 min, resolved by 10% SDS-PAGE, and electrotransferred to
PVDF membranes using semidry transfer. The membranes were
blocked and then incubated with primary galectin-1 (H-45) antibody
(Santa Cruz, CA, USA) followed by a horseradish peroxidase-
conjugated secondary antibody (Santa Cruz, CA, USA). The blots
were developed with a chemiluminescent HRP substrate
(Immobilon™ Western, Millipore) for 1 min and then transferred to
film (Amersham Hyperfilm™ MP).
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Knockout mice preparation. Galectin-1 (B6.Cg-Lgals1tmIRob/J No.
006337), B cell (B6.129S2-Ighm!mICen/J, No. 002288), and T cell
(B6.CgFoxn1nv/J, No. 000819) knockout mice (Jackson Laboratory)
and the same strain of wild-type mice were purchased. Mice were
imported by BioLASCO Taiwan Co., Ltd and then transferred to the
National Animal Center for breeding, which was successful.

Animal studies. Experimental protocols for laboratory animals were
approved by the IACUC of Kaohsiung Chang Gung Memorial
Hospital (No. 2015031702). The LLCI1 and B16F10 cancer cell
lines were used in the above experiment, and 2x106 cancer cells
were injected into the back of the hind legs of mice. The tumor was
irradiated (0 or 8 Gy) when the tumor reached 0.8 cm. Then, the
time required for the tumor to reach two centimeters was calculated.
The tumor sizes were measured twice weekly, and the tumor volume
was calculated using the following formula: width? x length x 0.52
(mm3). Mice were humanely euthanized when the tumor was 2 cm
in size. The tumor was assessed using IHC analysis. The Kaplan-
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Figure 2. Effects of irradiation on B16-F10 tumor growth to 2 cm. Radiation delayed the growth of wild-type tumors to 2 cm in size in wild-type
(p=0.031) (A) but not galectin-1 knockout (p=0.071) (B) mice. Radiation delayed the growth of knockdown tumors to 2 cm in size in both galectin-
1 knockout (p=0.001) (C) and wild-type (p=0.001) (D) mice. Green color represents 8 Gy irradiation.

Meier method was used to calculate the actuarial rate of the tumor
to two centimeters after irradiation.

Immunohistochemistry (IHC). Tissues were fixed in 10% buffered
formalin and embedded in paraffin, and sections (3 mm thick) were
used for hematoxylin and eosin staining and immunohistochemistry
(IHC). To block endogenous peroxidase activity, the sections were
incubated with 3% hydrogen peroxide for 10 min. Slides were
pressure cooked in antigen retrieval buffer (Leica, Epitope Retrieval
Solution) for 20 min. Subsequently, slides were washed and
incubated with block buffer (Thermo Fisher Scientific) to suppress
non-specific binding and then incubated with primary antibody
directed against F4/80 (MCA497G, BioRad) at dilutions of 1:100
in antibody diluent reagent solution (Invitrogen) overnight at 4°C.
After washing, the sections were incubated with a horseradish
peroxidase (HRP)-conjugated anti-rat universal immune-peroxidase
polymer (N-Histofine, Nichirei Biosciences Inc., Japan) for 30 min
and visualized with 3,3’-diaminobenzidine (DAB). As a negative

control, another set of sections stained without primary antibodies
was subjected to incubation with secondary antibodies, DAB
treatment, and hematoxylin staining.

Results

Irradiation effects. First, we confirmed that 8 Gy radiation
delays the time required for tumor growth to 2 cm. Wild-type
LLC1 cells were transplanted into wild-type and galectin-1
knockout mice. Radiation delayed the growth of tumors to 2
cm in size in both wild-type (p<0.001) (Figure 1A) and
galectin-1 knockout (p=0.006) (Figure 1B) mice. The growth
delay time is less evident in galectin-1 knockout mice. In
LLC1 cells with galectin-1 knockdown, a difference was noted
in galectin-1 knockout (p=0.026) (Figure 1C) but not wild-
type (p=0.424) (Figure 1D) mice. Wild-type B16-F10 cells
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Figure 3. Effects of endogenous galectin-1 on LLC1 tumor growth to 2 cm. No role of endogenous galectin-1 in wild-type (p=0.105) (A) and galectin-
1 knockout (p=0.614) (B) mice without irradiation. No role was found for endogenous galectin-1 in wild-type (p=0.246) (C) and galectin-1 knockout
(p=0.560) (D) mice after irradiation. Green color represents galectin-1 knockdown cells.

were transplanted into wild-type and galectin-1 knockout
mice. Radiation delayed the growth of tumors to 2 cm in size
in both wild-type (p=0.031) (Figure 2A) and galectin-1
knockout (p=0.071) (Figure 2B) mice. The growth delay time
is also less evident in galectin-1 knockout mice. In B16-F10
cells with galectin-1 knockdown, a difference in tumor growth
was noted in both galectin-1 knockout (»p=0.001) (Figure 2C)
and wild-type (p=0.001) (Figure 2D) mice.

Effects of galectin-1 knockdown on tumor growth after
irradiation. The effect of galectin-1 knockdown on tumor
growth in LLCI cells with or without irradiation was
assessed, and no effect was found in wild-type mice
(p=0.105) (Figure 3A) or galectin-1 knockout mice
(p=0.614) (Figure 3B). Moreover, no effect was noted after
irradiation (Figure 3C and D). The effect of galectin-1
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knockdown in B16-F10 cells on tumor growth without
irradiation was assessed, and no effect was found in wild-
type mice (p=0.770) (Figure 4A) or galectin-1 knockout
mice (p=0.678) (Figure 4B). However, in the case of
radiation, although there was no difference in wild-type mice
(p=0.740) (Figure 4C), there was an almost significant
difference in galectin-1 knockout mice (p=0.052) (Figure
4D). The clonogenic assay showed no difference in the
survival rate between wild-type and galectin-1 knockdown
LCC1 (Figure 5A) or B16-F10 (Figure 5B) cells.

Effects of knockout mice on tumor growth after irradiation.
The effect of knockout mice on the growth of wild-type
LLC1 tumors without irradiation was assessed. T-cell
knockout mice grew slowly (p=0.005). However, B-cell
knockout mice grew faster (p<0.001). Galectin-1 knockout
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Figure 4. Effects of endogenous galectin-1 on B16-FI10 tumor growth to 2 cm. No role of endogenous galectin-1 in wild-type (p=0.770) (A) and
galectin-1 knockout (p=0.678) (B) mice without irradiation was observed. No role of endogenous galectin-1 in wild-type mice (C) (p=0.740) after
irradiation was noted. However, endogenous galectin-1 knockdown delayed tumor growth after irradiation in galectin-1 knockout (D) (p=0.052)

mice. Green color represents galectin-1 knockdown cells.

mice had no effect on tumor growth (p=0.748) (Figure 6A).
The effect of knockout mice on the growth of wild-type
LLC1 tumors after irradiation was assessed, and it was found
that T-cell knockout mice initially grew slowly but later grew
quickly (p=0.831). B-cell knockout mice grew faster
(»p=0.013), and galectin-1 knockout mice also grew faster
(p=0.026) (Figure 6B). The effect of non-irradiated galectin-
1 knockdown LLC1 tumor growth was slightly affected
(p=0.070) (Figure 6C), and galectin-1 knockout mice grew
faster. Tumor growth of galectin-1 knockdown LLC1 tumors
had no effect on irradiation (p=0.252) (Figure 6D). Galectin-
1 knockout did not affect tumor growth in B16-F10 cells
with wild-type (p=0.742) (Figure 7A) or galectin-1
knockdown (p=0.974) (Figure 7B) under no irradiation.
Similarly, galectin-1 knockout in mice affected tumor growth

with neither wild-type (p=0.616) nor galectin-1 knockdown
(p=0.193) (Figure 7C and D).

Effects of galectin-1 knockout mice on F4/80 expression. In
LLC-1 cells implanted in wild-type mice, the expression of
macrophage-specific antigen F4/80 was strong in both
galectin-1 wild-type (Figure 8A) and galectin-1 knockdown
(Figure 8B) cells. In LLC-1 cells implanted in galectin-1
knockout mice, F4/80 expression was weak in both
galectin-1 wild-type (Figure 8C) and galectin-1 knockdown
(Figure 8D) cells. In B16-F10 cells implanted in wild-type
mice, the expression of F4/80 was strong in both galectin-
1 wild-type (Figure 9A) and galectin-1 knockdown (Figure
9B) cells. In B16-F10 cells implanted in galectin-1
knockout mice, F4/80 expression was weak in both
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Figure 5. Effects of endogenous galectin-1 on clonogenic survival in LLC1 (A) and B16-F10 (B) cells. Green color represents galectin-1 knockdown cells.

galectin-1 wild-type (Figure 9C) and galectin-1 knockdown
(Figure 9D) cells.

Discussion

This study used galectin-1, B cell, and T cell knockout mice
to investigate the impact of the microenvironment. The main
finding was that endogenous galectin-1 in B16F10 cells had
a radioresistant effect in galectin-1 knockout mice. This
phenomenon is not observed in LCC1 cells. Exogenous
galectin-1 instead radiosensitized wild-type LLC1 cells.
However, it is interesting to note that the clonogenic assay
does not show that galectin-1 causes radioresistance, so
whether the factor that mediates the effect is secreted outside
of the cell remains to be explored. The observations in these
two cells are not exactly the same. The differences are
related to the differences in the immune microenvironment.

Based on the faster growth of B cell knockout mice, we
can make the following inferences. Surprisingly, galectin-1
knockout mice grew tumors faster, and the only explanation
was that extracellular galectin-1 inhibited tumor growth. The
importance of B cells is observed in this setting. In fact, B
cells also show galectin-1 expression (14, 15). Galectin-1 can
induce B cell differentiation (16-18) and even promote the
production of antibodies in plasma cells (19). CD20* B cells
are also more important in anticancer immunity (20). Tumor-
infiltrating B cells regulate the ability of T cells to kill
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tumors (21). A lower ratio of tumor-infiltrating CD10*
neutrophils/CD20* lymphocytes is associated with a better
prognosis (22). We found that B cell knockout mouse tumors
grew faster, indicating that B cells can inhibit tumor growth
and that extracellular galectin-1 can stimulate B cell
differentiation. These results explain why galectin-1 or B cell
knockout mouse tumor growth is faster.

We noted that F4/80 was expressed in all types of cancer cells
in wild-type mice, but it was weaker in galectin-1 knockout
mice. Almost no expression of F4/80 was noted in LLC1 cells
but not B16-F10 cells. This finding may explain the different
radiosensitivities of these two cell lines. Changes in the tumor
microenvironment may affect the performance of macrophages.
Van Woensel et al. found that the M2/M1 ratio of galectin-1
knockout mice was lower (23), and in our study CEA promoted
M2 differentiation (24). Therefore, the regulation of galectin-1
indirectly affects cell anticancer immunity.

Galectin-1 not only achieves immunosuppressive effects
through T cells but also attracts myeloid cells to tumors to
produce immunosuppression. Galectin-1 causes radioresistance
(10). Hypoxia will induce galectin-1 expression in tumors (10)
and attract macrophages to hypoxic tumors (12, 13). Baker et
al. also found that galectin-1 knockdown brain tumor cells
have more NK cell aggregation than wild-type cancer cells (8).
Therefore, it is very likely that tumor galectin-1 will not only
inhibit anticancer T and NK cells around the tumor but also
attract macrophages to the tumor.
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Figure 6. Effects of galectin-1 (green), B cell (yellow), and T cell (purple) knockout mice on LLCI tumor growth to 2 cm in comparison to wild-
type mice. Under non-irradiation conditions with wild-type cells (A), T-cell knockout mice grew slowly (p=0.005). B-cell knockout mice grew faster
(p<0.001). Galectin-1 knockout mice experienced no effect (p=0.748). After irradiation of wild-type cells (B), both B-cell (p=0.013) and galectin-
1 (p=0.026) but not T-cell (p=0.831) knockout mice grew faster. Under non-irradiation conditions with galectin-1 knockdown cells (C), no difference
between wild-type and galectin-1 knockout mice was noted (p=0.070). After irradiation of galectin-1 knockdown cells (D), no difference was noted

between wild-type and galectin-1 knockout mice (p=0.252).

Therefore, if we can inhibit the conversion of MO to M2
or MO/M2 to M1, tumor progression may be suppressed,
and TAMs may secrete epidermal growth factor (EGF) and
stimulate tumor progression (25). EGF activates EGFR and
Ras and causes radiation resistance (26, 27). Macrophages
are an indicator of poor prognosis in many tumors,
including cancers we intend to study, such as renal cell
carcinoma (28-30), melanoma (31, 32), lung cancer (13,
33, 34), and prostate cancer (11, 35-37). Other galectins
have similar effects on cancer progression and immune
modulation. For example, galectin-8 promotes
angiogenesis (38) and cancer progression (39, 40). It
collaborates with galectin-1 in promoting plasma cell

formation (41). Galectin-1 and galectin-8 bound better to
mature B cells than plasma cells (41). In future studies it
is worth investigating the interaction between galectins and
immune cells.

In conclusion, endogenous galectin-1-mediated radio-
resistance exists in cases without extracellular galectin-1.
Extracellular galectin-1 needs endogenous galectin-1 to
radiosensitize tumors in mice. The role of B cells in enhancing
radiosensitization is worthy of further investigation.
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Figure 7. Effects of galectin-1 knockout mice on wild-type or galectin-1 knockdown B16-F10 tumor growth to 2 cm. Under non-irradiation conditions
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