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Gamma-radiated
iImmunosuppressed tumor
xenograft mice can be a new ideal
model in cancer research

Hamid Khodayari'%8, Saeed Khodayari*3®, Solmaz Khalighfard?®, Arash Tahmasebifar®,
Mahboubeh Tajaldini*, Amirhoushang Poorkhani*, Hassan Nikoueinejad®,

Gholam Ali Hamidi?, Hassan Nosrati?, Mohammad Reza Kalhori® &

Ali Mohammad Alizadeh?7**

Tumor xenograft models can create a high capacity to study human tumors and discover efficient
therapeutic approaches. Here, we aimed to develop the gamma-radiated immunosuppressed (GIS)
mice as a new kind of tumor xenograft model for biomedical studies. First, 144 mice were divided

into the control and treated groups exposed by a medical Cobalt-60 apparatus in 3, 4, and 5 Gy based
on the system outputs. Then, 144 BALB/c mice were divided into four groups; healthy, xenograft,
radiation, and radiation + xenograft groups. The animals in the xenograft and radiation + xenograft
groups have subcutaneously received 3 x 10° MCF-7 cells 24 h post-radiation. On 3, 7, 14, and 21 days
after cell injection, the animals were sacrificed. Then, the blood samples and the spleen and tumor
tissues were removed for the cellular and molecular analyses. The whole-body gamma radiation had a
high immunosuppressive effect on the BALB/c mice from 1 to 21 days post-radiation. The macroscopic
and histopathological observations have proved that the created clusters’ tumor structure resulted

in the xenograft breast tumor. There was a significant increase in tumor size after cell injection until
the end of the study. Except for Treg, the spleen level of CD4, CD8, CD19, and Ly6G was significantly
decreased in Xen + Rad compared to the Xen alone group on 3 and 7 days. Unlike IL-4 and IL-10, the
spleen level of TGF-$, INF-y, IL-12, and IL-17 was considerably decreased in the Xen + Rad than the
Xen alone group on 3 and 7 days. The spleen expressions of the VEGF, Ki67, and Bax/Bcl-2 ratio were
dramatically increased in the Xen + Rad group compared to the Xen alone on 3, 7, 14, and 21 days. Our
results could confirm a new tumor xenograft model via an efficient immune-suppressive potential of
the whole-body gamma radiation in mice.

Several kinds of cancer animal models have been developed to study in the field of cancer research. Carcinogen-
induced, syngeneic, xenograft, cell transplanted, and genetically engineered tumor are the main kinds of cancer
animal models'. Administration of various types of carcinogens was the first strategy for establishing cancer
animal models®®. Although the carcinogen agents have shown the high efficiency to create animal cancers of
human tumors, the lack of coordination between the tumor’s stage, size, and site, and the administration of their
high doses are the main limitations of these models®>.

Syngeneic cancer models are based on the inbred animal-derived cancer lines or tumor tissues into the same
inbred animals®. In this context, the lack of orthologous human cancer lines into the inbred animal tumor is the
most critical limitation to drug discovery*®. Thus, several kinds of immune-suppressed and immunodeficient
animals have been established to resolve the partial challenges'”. It has been shown that the immune-suppressive
drugs can also increase the immune system tolerance against the xenograft tissues through the inhibition of
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3 Gy Gamma-radiation group

Indexes Control group | 1day 3 day 7 day 14 day 21 day 30 day
Body Weight (g) 225+%3 222+2.1 22.6+1.8 22.8+2.7 23.2+2.6 23.7+2.8 244+34
WBC (1000/mm?) 7.1£1.5 7.2£0.5 7.4+0.5 7.9+0.7 7.5%£0.6 7.2£2.1 74+23
RBC (Millin/mm?) 9.2+1.7 9.1%+1.5 9.0+1.6 9.2+2 8.9+23 8.8+3 8.7+3
Lymphocytes (%) 72.7+5.5 72.2+10 73.5+4.2 722+3 71.9+5.5 71.1+4.6 72155
Neutrophils (%) 21+35 25.2+8.3 23.5+5.5 24.1£8.5 22+12 219 21.5+29
Monocytes (%) 6.2+1.8 52+0.7 52404 43+1.8 5714 6.4+1.7 6.5+1.7
HCT (%) 40.8+3 40.2+3.5 40.1+3.6 404+2.38 39.4+2.9 39.3+£2.7 39.0+3
PLT (1000/mm?) 1175110 1160£135 | 1165+138 | 1110+205 | 1150£220 | 1115£155 | 1125+129
ALT (U/L) 1190+135 11854125 | 1133+185 | 1156+175 | 1168+140 |1176+£152 | 1145+97
AST (U/L) 117+15 110+37 120+27 124 +40 115+27 133+29 113+36
ALP (U/L) 285+35 255+65 246+77 244+75 261+65 256+58 260+44
BUN (mg/dL) 65+12 64+15 65+15 58+18 56+15 5717 68+17
Cr (mg/dL) 0.4£0.05 0.3+0.06 0.4£0.06 0.3+£0.07 0.4+£0.07 | 0.45+0.04 0.3+0.4
T.P (mg/dL) 58+1.2 54+1.6 57+1.2 54+1.7 49+24 53+1.9 6.1+2.3
Glu (mg/dL) 200+28 228+38 230+£55 240+50 24465 217+47 240+50
B.T (mg/dL) 0.9+0.1 0.8+0.3 0.6+0.2 0.9+0.3 0.7+0.3 0.8+0.4 0.8+£0.2
B.Direct (mg/dL) 0.4+0.1 0.45+0.2 0.45+0.5 0.40+0.3 0.40+0.2 0.50+0.2 0.35+0.1
Alb (mg/dL) 29+0.4 33£1.6 29+0.5 3.2+05 2.8+0.9 3.1£0.8 3.3+£0.9

Table 1. The hematological and biochemical parameters in the effects of 3 Gy gamma radiation on 1, 3, 7, 14,
21, and 30 days post-radiation. Values are means + SD. RBC=red blood cell, HCT =hematocrit, WBC = white
blood cells, Plt =platelets, BUN =blood urea nitrogen, Cr = creatinine, Glu = glucose, AST =aspartate
transaminase, ALT = alanine transaminase, ALP =alkaline phosphatase, Alb =albumin, T.P = total protein,
B.T =Bilirubin Total, B.Direct = Bilirubin Direct.

calcineurin phosphatase, which can prevent B and T lymphocyte maturation following enhance expression of
IL-2%7. The cyclosporine A and tacrolimus are the most useful immune-suppressive agents to establish animal
models of human tumors®. However, the long-term administration of these agents has undesirable side effects on
the animals”®. On the other hand, the high costs of care and the high mortality rate resulting in lack of effective
immune-system response against the contact contaminations are the most important limitations to developing
the application of immunodeficient animals in cancer research. In this respect, several studies have demonstrated
the immune-destruction and immune-suppression of gamma radiation®°.

Nowadays, using gamma radiation is an accepted strategy for bone marrow suppression and the destruction
of malignant hematopoietic cells in patients with hematologic malignancies®'°. The study on the gamma-radiated
bone-marrow-suppressed patients has clearly shown a decreasing immune-system activation rate dramatically
after the radiation'!. Some studies have shown that gamma radiation can disturb several biological activities of
immune cells, including the inhibition of the INF-y expression and the block of the STAT signaling pathways,
which can directly inhibit splenocyte maturation and induce immune suppression'”. It has been demonstrated
the rate and function of the CD4"/CD25" regulatory T cells (Treg) as the most critical cells in the immune-
system tolerance against the xenograft tissues after gamma radiation’. Treg cells’ primary function is to promote
the suppressive cascades of several T helpers (Th) by inhibiting the IL-17 expression and increasing the INF-y
secretion'?. Moreover, increasing the rate of Treg cells can significantly increase the response of CD4* T, CD8*
T, CD19*/CD20" B cells, and macrophages against the xenografts'®. Here, we first examined the various doses
of gamma radiation on BALB/c mice to find the low toxicity of whole-body gamma radiation with maximum
efficiency to suppress the immune system. Then, we examined the growth of the xenograft breast tumor and
the immune system’s behavior on 3, 7, 14, and 21 days after cell injection in the gamma-radiated BALB/c mice.

Results

The dosing procedure of the gamma radiation. The main toxicity signs of various gamma-radiation
doses and their potential to immune suppression on 1, 3, 7, 14, 21, and 30 days after the whole-body radiation
have been summarized in Tables 1, 2 and 3. The whole-body gamma radiation showed a remarkable safety rate
of 3 and 4 Gy doses (Table 1). None of the various doses of the whole-body gamma radiation (3, 4, and 5 Gy)
have been accompanied by death. A significant decrease in the animals’ weight was observed on the 3rd day after
radiation at 5 Gy dose compared to the control group (P <0.05) (Table 3).

Generally, a significant reducing trend in white blood cells (WBC) and lymphocyte numbers and also a
significant increasing trend in neutrophil numbers have observed on 1, 3, 7, and 14 post-radiation days at 4 and
5 Gy doses in comparison with the control group (P <0.05) (Table 2 and 3). Moreover, a significant increase
in the aspartate aminotransferase (AST) and alkaline phosphatase (ALP) levels at 5 Gy dose has been shown
on the 3rd and 7th days post-radiation compared to the control group (P <0.05) (Table 3). Besides, the alanine
transaminase (ALT) had a significant increase rate just on the 3rd day post-radiation compared to the control
group (P <0.05) (Table 3). It is noteworthy that no significant change in other biochemical parameters, including
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4 Gy gamma-radiation group
Indexes Control group | 1day 3 day 7 day 14 day 21 day 30 day
Body Weight (g) 21.5+2 20.8+25 | 20.6+1.8 | 20.8+2.1 |21.9+26 |[232+22 26+2.4
WBC (1000/mm?) 6.8+1.7 *2.7+0.6 | *1.28+0.4 | *2.93+0.5 | *3.5£0.6 8.8+2.1 7.4%22
RBC (Millin/mm?) 9.3+1.8 9.1+1.4 8.2%1.6 8.1+1.8 79+23 8.87+2.6 8.7+£2.7
Lymphocytes (%) 72.8+5.3 *32.2+10 *32.5+4.1 | *382+3.2 |56.9+5.6 71.1+4.6 84.1+5
Neutrophils (%) 21+32 *65.2+8 *67.5+5 *52.1+8 32+12 23+9 15£2.9
Monocytes (%) 6.1+1.7 2.1+0.6 2.7+0.9 63+1.8 57+1.5 6.6+1.7 6.4+1.4
HCT (%) 40.8+3 39+34 355+3.1 37.4+2.2 |384+21 453+2.6 39.8+2.9
PLT (1000/mm?) 1172+115 941+120 954+135 810+118 | 1036211 | 827£155 | 1266+122
ALT (U/L) 1288 +125 1288+115 956+ 125 756+125 | 768+112 876+102 987+95
AST (U/L) 117+15 130+33 121+25 144 +38 105+27 122+23 163 +36
ALP (U/L) 284+34 246+ 46 356+57 344+75 321+45 356+68 267+44
BUN (mg/dL) 64+10 62+12 63+15 56+8 56+12 57+11 58+17
Cr (mg/dL) 0.4£0.05 0.3+0.06 0.4£0.07 0.3£0.05| 0.4+0.06 |0.45+0.05 0.3+0.1
T.P (mg/dL) 58+1.2 56+1.3 4.7+1.1 55+14 4.7+2.1 525+1.6 6+2.2
Glu (mg/dL) 195£25 238+33 243+45 266+48 274+66 216+44 248+55
B.T (mg/dL) 0.9+0.2 0.7+£0.3 0.6+0.2 0.8+£0.3 0.9+0.3 0.9+0.4 0.9+0.3
B.Direct (mg/dL) 0.39+0.1 0.5+0.2 0.46+0.2 0.37+£0.1 |0.46+0.1 0.67+0.2 0.25+0.07
Alb (mg/dL) 2.9+0.6 33+1.1 2.8+£0.9 29+08 2.6£0.6 3.1+04 3.1+0.5

Table 2. The hematological and biochemical parameters in the effects of 4 Gy gamma radiation on 1, 3, 7, 14,
21, and 30 days post-irradiation. Values are means + SD. RBC =red blood cell, HCT =hematocrit, WBC = white
blood cells, Plt =platelets, BUN =blood urea nitrogen, Cr = creatinine, Glu = glucose, AST =aspartate
transaminase, ALT = alanine transaminase, ALP =alkaline phosphatase, Alb =albumin, T.P =total protein,

B.T =Bilirubin Total, B.Direct = Bilirubin Direct.

5 Gy gamma-radiation group

Indexes Control group | 1 day 3 day 7 day 14 day 21 day 30 day
Body Weight (g) 21.5%2 19.7+28 | *18.8+2.4 19.8+£2.7 |20.6+£2.2 21.6+2.4 23+2.1
WBC (1000/mm?) 6.8+1.7 *22+04 | *0.98+0.2 *1.23+£0.5 | *2.9+0.5 6.5+2.5 8929
RBC (Millin/mm?) 9.3+1.8 9.2+2.1 8.5%£2.6 8.2+25 8.4+2.7 8.8+£2.2 9.3+2.9
Lymphocytes (%) 72.8%5.3 *22+13 *22.5+8 *28.2+£3.2 | *46+9 65+12 84+8
Neutrophils (%) 21+3.2 *75.2%15 *77.5+1.9 *62.1+2.8 52+3.7 33+2.3 11£2.9
Monocytes (%) 6.1+1.7 2.1+0.6 2.7+0.9 6.3+1.8 5715 6.6+1.7 64+1.4
HCT (%) 40.8+2.5 38+2.4 36.6+3.7 383+2.5 |385+28 43+3.6 41£3.9
PLT (1000/mm?®) 1172+115 1041+£131 934+144 890+145 | 1136260 | 954+126 | 1111+210
ALT (U/L) 1288 +125 13454123 | *1543+200 885+233 | 853+156 888+132 | 1109+ 164
AST (U/L) 117+15 125+25 *148+28 *142+23 126+33 120+£29 125+33
ALP (U/L) 284+34 255+52 *455+44 *434+32 333+64 312+65 295+52
BUN (mg/dL) 64+10 75+15 70+18 66+15 60+12 65+14 65+17
Cr (mg/dL) 0.4+0.05 0.7+0.09 0.4+0.05 0.5+£0.07 | 0.4+0.08 0.4+0.06 | 0.4+0.08
T.P (mg/dL) 58+1.2 63+1.5 52+1.5 5+1.5 49+2 5+1.5 54+2.5
Glu (mg/dL) 195+25 210+33 225+44 234+50 22055 235+48 240+ 65
B.T (mg/dL) 0.9+0.2 1.2+0.2 0.75+0.3 0.7+0.3 | 0.85%0.2 0.85+0.3 09+0.4
B.Direct (mg/dL) 0.39+0.1 0.5+0.1 0.4£0.1 0.4+0.1 0.5+0.2 0.55+0.3 0.4+0.1
Alb (mg/dL) 2.9+0.6 3.1+1 24+1 3+1 2.5+0.8 33+0.5 3.5+0.9

Table 3. The hematological and biochemical parameters in the effects of 5 Gy gamma radiation on 1, 3, 7, 14,
21, and 30 days post-irradiation. Values are means+ SD. *P <0.05 compared to the control group. Values are
means + SD. RBC =red blood cell, HCT = hematocrit, WBC = white blood cells, Plt = platelets, BUN =blood
urea nitrogen, Cr = creatinine, Glu=glucose, AST = aspartate transaminase, ALT = alanine transaminase,

ALP =alkaline phosphatase, Alb =albumin, T.P =total protein, B.T = Bilirubin Total, B.Direct = Bilirubin Direct.
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Figure 1. The macroscopic views of (A) the body weight, (B) the tumor volume, and (C) the tumor extension
on days 10 (a), 20 (b), 30 (c), and 40 (d) after the gamma radiation in mice, and (D) the microscopic views of
the xenograft breast tumor (x 20). Con: control, Xen: cell injection group, Rad: gamma radiation group, and
Xen +Rad: gamma radiation plus cell injection group. Data were reported as mean+SD. * P<0.05 compared to
the Xen group.

blood urea nitrogen (BUN), creatinine (Cr), total protein, glucose (Glu), Bilirubin Total, Bilirubin Direct, and
Albumin, was shown (Tables 2 and 3).

The breast tumor growth of the xenograft tissues. The breast carcinoma tumors in 6 BALB/c mice
were monitored for several weeks (44 days). We evaluated the tumorigenicity of breast cancer cells by injecting
3x10° cells per mouse. A significant decrease in the animals’ weight was observed from the 33rd to 44th days
after radiation in the Xen+Rad compared to the Xen alone group (P<0.05) (Fig. 1A). Two weeks after cell
injection, the tumor size reached a volume of 100 mm?. There was a significant increase in tumor size after cell
injection during 44 days (Fig. 1B,C).

The tumor light micrographs of stained Hematoxylin and Eosin (H & E) sections have been illustrated in
Fig. 1D. Hyperchromatic nucleus cells and pleomorphism tumor cells have mainly been detected in the xenograft
tumor regions. A number of the mitotic and proliferative cells were recognized in the tumor core areas. Moreover,
the necrotic cells were mostly seen at the tumor margins. Accumulation of many tumor-inflammatory cells could
activate an inflammation response into the tumor microenvironment (Fig. 1D).

Flow cytometry (FC) results. The results of the flow cytometry have shown in Table 4 and Fig. 2. All num-
bers were calculated by counting lymphocytes between 5000 and 6000 cells. The spleen level of the CD4, CD8,
CD109, Treg, and Ly6G has been compared in the Xen alone vs. the control group and the Xen + Rad group vs. the
Xen alone. Except for Treg, the spleen level of CD4, CD8, CD19, and Ly6G was significantly increased in the Xen
group compared to the control group on the 3rd day (P <0.05) (Fig. 2). Unlike the 3rd day, the spleen level of the
CD4, CD8, CD19, Treg, and Ly6G was not meaningfully different between control and Xen groups on 7, 14, and
21 days. In contrast to Treg, the spleen level of CD4, CD8, CD19, and Ly6G was considerably decreased in the
Xen + Rad than the Xen group on 3 and 7 days (P <0.05). However, their levels were not meaningfully different
between Xen alone and Xen +Rad groups on 14 and 21 days after radiation.

The cytokine assay. We used an ELISA method to assay the spleen level of anti-inflammatory cytokines,
including IL-4 and IL-10, and the inflammatory cytokines, including TGF-B, INF-y, IL-12,and IL-17,0n 3, 7, 14,
and 21 days post-radiation (Fig. 3). The spleen level of cytokines has been compared in the Xen alone vs. the con-
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Markers | Days | Con Xen Rad Rad +Xen
3 33.6+4.4 [386+05% |14.0+1.7 |163+1.7°
D4 7 333+42 |325+0.1 16.3+1.7 |19.2+£0.5%
14 33.2+4.1 |332+21 21.9+£2.2 |28.1+3.6
21 333+4.2 |324+38 28.2+3.6 | 30.0+2.7
3 16.9+1.4 |21.3+2.7* |11.8+1.7 |132+157
P 7 16.6+1.3 |18.1+1.7 132+1.1 |14.2+0.7°
14 16.7+1.3 |16.1+2.2 18.5+0.1 | 15.5+£2.7
21 16.6+1.2 | 16.2+1.9 19.5£0.1 | 17.2+2
3 7.7+£2.0 43+1.2* | 12119 |12.0+3°
7 7.8%£1.9 7.9+2 10+£3.2 | 12.8+17
Treg
14 7.6+2.0 7.6x2 7.9+2.1 9.1+1.2
21 7.5+2.1 7.5+0.9 7.5+1.1 8.5+2
3 50.9+2.6 58+5* 45.1+55 [46.1+2.87
7 50.6+£2.4 | 54.5%5 47.0+13 | 46.2+47
CD19
14 50.5+2.5 |50.1+5 48.9+2.0 |46.2+2.7
21 50.6+£2.6 |502+2 52.3+£5.9 |48.3+25
3 6.6+1 9.7+2* 3.8+1 42+1.6°
7 63+1 7.5%t14 5.6+0.6 49+09°
Ly6G
14 6.4+0.9 6.7+1.3 59+0.3 54+1
21 6.4+0.8 6.5+0.9 5.8+0.6 52+1.2

Table 4. Flow cytometry assay on 3, 7, 14, and 21 days after gamma radiation. Con: control, Xen: cell injection
group, Rad: gamma radiation group, and Xen + Rad: gamma radiation plus cell injection group. * P <0.05
compared to the control group. * P <0.05 compared to the Xen group.
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Figure 2. Representative plots of the CD4+, CD8 +, Treg, CD19, and Ly6G in the spleen tissue on the 3rd day
after gamma radiation in mice. The plots were only shown in one sample.
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Figure 3. The spleen levels of IL-4 (A), IL-10 (B), TGF-B (C), INF-y (D), IL-12 (E), and IL-17 (F) on 3, 7, 14,
and 21 days after gamma radiation in mice. Con: control, Xen: cell injection group, Rad: gamma radiation
group, and Xen + Rad: gamma radiation plus cell injection group. Data were reported as mean+SD. *P <0.05
compared to the control group, *P <0.05 compared to the Xen group.
trol group and the Xen + Rad group vs. the Xen alone. The cytokine levels of the spleen, including IL-4 (Fig. 3A)
and IL-10 (Fig. 3B), were significantly increased in the Xen alone group compared to the control group on the
3rd day (P <0.05). However, their levels were not meaningfully different between the control and Xen groups on
7, 14, and 21 days. The spleen level of IL-4 and IL-10 was considerably increased in the Xen + Rad than the Xen
alone group on 3 and 7 days (P <0.05). However, their levels were not meaningfully different between the Xen
alone and Xen + Rad groups on 14 and 21 days.
The cytokine levels of the spleen, including TGF-p (Fig. 3C), INF-y (Fig. 3D), IL-12 (Fig. 3E), and IL-17
(Fig. 3F), were significantly increased in the Xen alone group compared to the control group on the 3rd day
(P<0.05). However, their levels were not meaningfully different between the Xen alone and control groups on
7, 14, and 21 days. The spleen’s cytokine levels, including TGF-f, INF-v, IL-12, and IL-17, were dramatically
decreased in the Xen + Rad group compared to the Xen alone group on 3 and 7 days (P <0.05). However, their lev-
els were not meaningfully different between the Xen + Rad and Xen alone groups at 14 and 21 days after radiation.
The results of the gene expression. The expression level of genes, including GATA-3, T-Bet, ROR-vt,
VEGE, Foxp3, Ki67, Bax, and Bcl-2, was determined by the quantitative real-time PCR on 3, 7, 14, and 21 days
post-radiation or cell injection (Fig. 4A-G). The mRNAT spleen expression has been compared in the Xen alone
vs. the control group and the Xen +Rad group vs. the Xen alone. The spleen expression of the Foxp3 (Fig. 4A)
was significantly decreased in the Xen group compared to the control group on the 3rd day after cell injection
Scientific Reports | (2021) 11:256 | https://doi.org/10.1038/s41598-020-80428-5 nature research
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Figure 4. The spleen expression of Foxp3 (A), GATA-3 (B), T-Bet (C), and ROR-yt (D), VEGF (E), Ki67 (F),
and Bax/Bcl-2 ratio (G) on days 1, 3, 7, and 14 after gamma radiation in BALB/c mice. Con: control, Xen: cell
injection group, Rad: gamma radiation group, and Xen + Rad: gamma radiation plus cell injection group. Data
were reported as mean + SD. *P <0.05 compared to the control group, P <0.05 compared to the Xen group.
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(P<0.05). Unlike the 3rd day, its expression level was not meaningfully different between the control and Xen
alone groups on 7, 14, and 21 days. The spleen expression of Foxp3 was considerably increased in the Xen + Rad
group compared to the Xen alone group on 3 and 7 days (P <0.05). However, its expression level was not notice-
able between the Xen + Rad and Xen alone groups at 14 and 21 days (Fig. 4A).

The spleen expression of the GATA-3 (Fig. 4B), T-Bet (Fig. 4C), and ROR-yt (Fig. 4D) was significantly
increased in the Xen alone group compared to the control group on the 3rd and 7th days after cell injection
(P<0.05). However, their expression level was not pointedly different between the control and Xen alone groups
on 14 and 21 days. Moreover, these genes’ expression levels were considerably decreased in the Xen + Rad group
compared to the Xen alone on the 3rd and 7th days (P <0.05). However, their expression level was not signifi-
cantly different between the Xen + Rad and Xen alone groups on the 14th and 21st days (Fig. 4B-4D).

The spleen expression level of the VEGF (Fig. 4E), Ki67 (Fig. 4F), and Bax/Bcl-2 ratio (Fig. 4G) was not
significantly different between the control and Xen groups on 3, 7, 14, and 21 days. However, their expression
levels were considerably increased in the Xen + Rad group compared to the Xen alone group on 3, 7, 14, and
21 days (P<0.05).

Discussion

The present study has been aimed to establish GIS mice as a new kind of human xenograft tumors for in vivo
biomedical studies. So, the tumorigenicity potential of GIS mice and their immunological responses against the
xenograft tissues were evaluated within three separate phases. The results of the first phase have proved that the
whole-body gamma radiation in all 3, 4, and 5 Gy doses had a high immunosuppressive effect on mice from 1 to
14 days post-radiation. In contrast to 5 Gry, the animals in 3 or 4 Gy doses gamma radiation did not show any
significant toxicity. Hence, the 4 Gy dose has been chosen as the maximum effective and safe dose of gamma
radiation. The subcutaneous injection of 3 x 10° MCF-7 cells in the second phase of the present study has shown
significant tumor formation and growth efficiency. The macroscopic and histopathological observations have
proved the breast tumor structure. Identification of the pro-and anti-inflammatory cytokines has confirmed a
substantial suppression of the rejection-involved xenograft immune cells and an increase of the T-reg cells in
the xenotransplanted GIS mice. The VEGF, Ki67, and Bax/Bcl-2 ratio have shown an increased expression rate
in the splenocyte tissues of GIS mice. These data can confirm a new xenograft model via an efficient immune-
suppressive potential of the whole-body gamma radiation in mice.

Within days after cell injection, the cellular xenograft rejection (CXR) is recognized as a primary barrier for
the xenograft cell injection approaches'®. The immune cells, including macrophages, lymphocytes, NK cells, and
T-helpers, are introduced as the central-involved cells in the CXR'>!*-17. In the way of CXR, the T-lymphocytes
and the macrophages are the first responders against the xenograft cell injection. Here, there is a crosslink
between the macrophages and T-lymphocytes, specifically CD4 +and CD8 + '>!¢!%1° Xenoreactive macrophages
by the secretion of some pro-inflammatory cytokines, including TNF-a and IL-1, can promote the injected cell
death?®22. On the other hand, the numerous immunological alarms for the activation and recruitment of the
different immune effector cells are produced by secreting some specific cytokines such as IFN-y, IL-4, IL-12, and
IL-17, and macrophage-activated CD4 +and CD8 +lymphocytes'>?*-2°. Under the stimulation with INF-y and
IL-17, T-helpers can also induce xenograft cell rejection through the production and secretion of the cytokines?,
such as I[FN-y, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, and IL-13'62,

Through some observations, it has been proved that splenocytes, particularly T-helpers, are affected by the
gamma radiation®®?’. Similar to our results, Kajioka et al. (1999) have evaluated the responses of CD19 + B cells,
CD4 +, and CD8 + lymphocytes against the whole-body radiation on the 3 Gry gamma-radiated mice. Their
observations showed significantly less change in the rate of CD19 + B cells and CD4 + and CD8 +lymphocytes
in the gamma-radiated mice*®. Likewise, a more radiosensitive from CD19 + B cells was observed compared to
CD4 +and CD8 +lymphocytes®. Moreover, Han et al. (2006) have shown that the cytokine network of spleno-
cytes is affected by 5 Gy gamma radiation®. Similar to our observations, they detected a significantly decreased
rate of the IFN-y mRNA after radiation®. Consonant with GATA-3 gene expression, we showed a substantial
reduction in the rate of the pro-inflammatory IL-4 and INF-y cytokines in the radiated mice. However, our
results have shown a reverse fact about GATA-3 gene expression and the spleen levels of IL-4, IL-10, and IL-12.
Inconsistency in the consequences might be due to differences in the administrated radiation method.

It has been recognized that the T-reg cells have a determinative role in xenograft cell-injected tolerance®. The
T-reg cells, via the expression of IL-10 and TGF-, can actively protect xenotransplanted cells within immune
system responses®**!. Consonant with the Foxp3 up-regulation, we have here shown a significant increase in the
rate of IL-17. It seems that the Foxp3, as a ‘master switch’ gene for the Treg cells, has a vital role in the immu-
nosuppressive activity’!. In a TGF-B-dependent manner, the T-reg cells can actively inhibit the NK cells and
decline their cytotoxicity and anti-graft activity*>. Our results have clearly shown that the T-reg cells are one of
the primary targets of gamma radiation. Undertaken a 4 Gy the whole-body gamma radiation, our data illustrated
a significant increase in the T-reg cells’ numbers. Moreover, a substantial increase in the expression of the Foxp3
and TGF- related to gamma exposure was detected. In this respect, T-reg cells have shown a high resistance
from the gamma radiation compared to the other T lymphocytes in the study of QU et al. (2010)°. They proved
that the rate of two CD4 + CD25 high Foxp3 +and CD4 + CD25 high types of the T-reg cells could significantly
raise in the lymph nodes, spleens, thymuses, and the blood samples after gamma radiation’. Likewise, our study
highlighted that by enhancing T-reg cells’ rate and activity after radiation, the Ly6G, INF-vy, and in turn, NK
cells had significantly reduced. These results strangely support our hypothesis that the GIS mice can be a new
well-tolerated animal for xenotransplantation studies by suppressing immune responses and improving anti-
inflammatory and inflammatory networks in the xenotransplanted cells.

Additionally, death and infection have not been seen during our study for some reason:
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A: Using the safe dosages of the gamma radiation.
B: The activity of the GIS mouse’s innate immune system during the study.
C: Complete improvement of the immune system three weeks after cell injection.

Surprisingly, all the gamma-radiated animals have completely survived into the ordinary and unclean animal
room. Thus, the features mentioned above can be crucial in developing GIS mice for a wide range of biomedical
cancer studies. With the different types of immune-deficient animals, selecting a suitable and sufficient xenograft
animal model to advance the experimental studies can be introduced as the primary step for designing in in vivo
cancer studies. The remarkable xenograft growth in the GIS mice refers to a high potential for applying this model
to generate the different types of xenograft mice models. Based on our observation, the MCF7 xenograft tumor
volume was at a suitable level (> 90 mm?®) to manage and start in vivo cancer studies. Therefore, the breast-tumor
growth evaluation until 44 days post-injection has shown that the xenograft tumor proliferation was developed
with a higher speed in the GIS mice. On the contrary, the development of the MCEF?7 cells in the nude mice was
established by implanting the 5 x 10° cells for 35 days at the best possible®*. With a brief look at the high cost
and complexity of creating the conventional xenograft models and applying them to cancer immunotherapy
studies, it can be suggested our model may remove all the economic and technical berries in the field of cancer
immunotherapy studies.

Conclusions

We demonstrated that an increase in the immune system’s tolerance against the xenograft tumor could raise the
chance of the survival and growth of the MCF?7 cells into the GIS mice. Increasing the immune cells’ level and
function and the related cytokines’ activity may activate the mechanisms of the anti-inflammatory and anti-
xenograft rejections. We can claim that the new tumor xenograft model can manage the xenograft tumor growth
by increasing immune system tolerance and suppressing its mechanisms.

Materials and methods

Materials. MCF-7 cells were purchased from the Pasture Institute of Iran (Tehran, Iran). Dulbecco’s modi-
fied Eagle’s medium (DMEM), Fetal Bovine Serum (FBS), penicillin, and streptomycin were purchased from
Life Technologies Co. (Gibco Life Technologies, Carlsbad, CA). Ketamine and xylazine were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA). The Cobalt-60 facility was provided by the Cancer Institute of Imam
Khomeini hospital Complex of Iran (Tehran University of Medical Sciences, Tehran, Iran). Mouse monoclonal
antibodies of anti-CD19, anti-CD4, and anti-CD8 were purchased from Abcam CO. INF-y Mouse ELISA Kit
(Abcam; ab46081), IL-4 Mouse ELISA Kit (Abcam; ab100710), and IL-17 Mouse ELISA Kit (Abcam; ab100702)
were used for IFN-y, IL-4, and IL-17 serum level assessment. Total RNA was isolated with a Total RNA extrac-
tion kit (GRM1002, VIOGENE, Sunnyvale, CA, USA). Template cDNAs were synthesized using SuperScript ITI
(18080-051, Invitrogen, Carlsbad, CA). Quantitative RT-PCR was performed with a quantitative PCR mix (QPK-
201T, Toyobo, Osaka, Honshu, Japan) using a real-time PCR detection system (CFX96; Bio-Rad Laboratories).

Animals. Animals were housed in pens exceeding the stipulated size requirements. All inbred female BALB/c
mice (6-8 weeks) were maintained in large group houses under 12-h dark and light cycles and were given access
to food and water ad libitum.

The study design. The present study was designed in three separate phases. First, 144 BALB/c mice were
used to find an optimum dose of gamma radiation with maximum efficiency to suppress the immune system.
Second, 144 female BALB/c mice were used to study the growth of the xenograft breast tumor, and at last, the
immune system’s behavior on 3, 7, 14, and 21 days after cell injection in the gamma-radiated BALB/c mice*.

The dosing procedure of the gamma radiation. One hundred forty-four BALB/c mice have equally
divided into four groups, including (I) the health animals without any intervention (N=36), (II) the gamma
radiation with 3 Gy (N=36), (IIT) the gamma radiation with 4 Gy (N =36), and (IV) the gamma radiation with
5 Gy (N=36). Animals in groups 2 to 4 have received the whole-body gamma radiation by Cobalt-60 at 3, 4,
and 5 Gy doses, respectively. All animals were weighed before and after radiation at days 0, 3, 7, 14, 21, and 30.
Immediately following each weighing, six mice were sacrificed, and the blood samples were taken for the hema-
tological and blood biochemical analyses® (Fig. 5).

The whole-body gamma radiation. The cobalt-60 facility at the doses of 3, 4, and 5 Gy was used for radia-
tion (Cancer Institute of Imam Khomeini Hospital Complex, Tehran University of Medical Sciences, Tehran, Iran).
Animals were intraperitoneally anesthetized by a mixture of Xylazine and Ketamine (110 mg/kg). The animals were
exposed to 3, 4, and 5 Gy of whole-body gamma radiation using a Cobalt 60 machine, producing two gamma rays
with energies of 1.17 and 1.33 meV (Theratron 780; Phoenix Company, Ottawa, Canada). The animals were placed
in the center of the 30 x 30 cm? field size and 80 cm from the irradiator so that the beam was homogenized*.

Hematology and blood biochemistry assays. Blood samples were taken at 0, 3, 7, 14, 21, and 30 days
after radiation under general anesthesia. The hematological and biochemical parameters were measured by using
an animal blood counter (Celltac; Nihon Kohden, Tokyo, Japan), a CCX System (CCX WB; Nova Biomedical,
USA), and an Autoanalyser System (Autoanalyser Model Biotecnica, BT 3500, Rome, Italy)*.
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Figure 5. Schematic design of the dosing procedure of the gamma radiation.
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Figure 6. Schematic design to develop gamma-irradiated immunosuppressed mice.

The development of the xenograft breast tumor. We examined the human xenograft’s breast tumor
growth potential and studied the immune system’s behavior against the xenograft tissues in the GIS mice. One
hundred forty-four female mice have equally been divided into four groups. (I) The control, the healthy mice
without any intervention. (II) The cell implantation (Xen), the animals have subcutaneously received 3 x 10
MCE-7 breast cancer cells. (IIT) The gamma radiation (Rad), the animals were radiated by Cobalt-60 (4 Gy).
(IV) The gamma radiation plus the cell injection (Xen +Rad), the animals were radiated by Cobalt-60 (4 Gy)
and subcutaneously received 3 x 10° MCF-7 cells 24 h post-radiation. The animals in II and III groups were re-
radiated (2 Gy) 9 days after cell injection. All animals were weighed once every three days after radiation, and
six mice were sacrificed at 3, 7, 14, and 21 post-radiation, and the blood and spleen samples were taken for more
assessments (Fig. 6)*.

The cell culture. Human breast MCF-7 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS and 1% penicillin/streptomycin mixture. The cells were maintained in a humidified
atmosphere of 5% CO, at 37 °C (Sanyo CO2 Incubator; Sanyo, Kitanagoya, Aichi)?’.
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Gene Forward Reverse

GATA3 GGGGCCTCTGTCCGTTTAC TCCAGCTTCATGCTATCTGGC

T-bet AGCAAGGACGGCGAATGTT GTGGACATATAAGCGGTTCCC

Foxp3 CACCTATGCCACCCTTATCCG CATGCGAGTAAACCAATGGTAGA
RORyt CGCGGAGCAGACACACTTA CCCTGGACCTCTGTTTTGGC

Ki67 CGCAGGAAGACTCGCAGTTT CTGAATCTGCTAATGTCGCCAA

Bax GATGATTGCTGACGTGGAC ACGGAGGAAGTCCAGTGTC

Bcl2 CTGCACCTGACGCCCTTCACC CACATGACCCCACCGAACTCAAAGA
GAPDH | AGGCCGGTGCTGAGTATGTCGTG | TCACAAACATGGGGGCATCGG

Table 5. The list of the primers’ sequences.

Cell injection and tumorigenicity. The cultured cells were trypsinized and resuspended in a tenfold
excess culture medium. The cells were then resuspended in PBS, and 3x 10° cells were injected (0.1 ml, s.c)
using a 21-gauge needle in the right flank of mice 24 h after radiation under ketamine (100 mg/kg) and xylazine
(10 mg/kg) anesthesia®.

Tumor volume measuring. Animals were weighted weakly by using a digital scale, and the tumor volume
was measured every four days by a Digital Vernier Caliper (Mitutoyo, Japan) through the following formula®*3¢.
V=1/6 (n L W D), where V =volume, L=Length, W=Width, and D = Depth.

The histopathological observations. The tumors were fixed and preserved in 10% buffered formal-

dehyde for at least 24 h, then passaged and embedded in the paraffin, then sectioned by 3-5 um thickness for

hematoxylin and eosin (H & E) staining. The slides were studied at the microscopic level (OLYMPUS-BX51
38,39

microscope) and then graded by the Scharff-Bloom- Richardson Scale’

Flow cytometry assay. The flow cytometry was used on 3, 7, 14, and 21 days post-radiation in each group.
Spleens were crushed in a 40-pm nylon strainer. Single-cell suspensions were treated with Ammonium-Chlo-
ride-Potassium (ACK) lysis buffer (Lonza, Walkersville, MD) to lyse red blood cells and washed in PBS that con-
tained 10% FBS. Splenocytes were then treated with FcR blocking reagent (Miltenyi Biotec, Bergisch Gladbach,
Germany) and GolgiStop (Protein Transport Inhibitor, Becton Dickinson, Franklin, NJ) to inhibit protein secre-
tion. Cell surface markers were immunolabeled with F4/80 (Anti-F4/80 PE, Miltenyi Biotec), CD11c (CD11c-
PE, Miltenyi Biotec), or CD115 (CD115-PE, Miltenyi Biotec), washed, and fixed with 3% paraformaldehyde. The
cells were resuspended and stained for 15 min on ice with anti-mice CD19 (B cells), CD4 (T helper cells), CD8
(Cytotoxic T cells), Ly6G (neutrophil cells), and CD4/CD8 conjugated monoclonal antibodies. FACSCalibur
flow cytometer (Becton-Dickinson, CA) system used for percentage of the CD19+, CD4+, CD8+, and CD4 +/
CD8 +cell detection®.

ELISA assay. The IFN-y, IL-4, and IL-17 levels of the spleen at 3, 7, 14, and 21 days after cell injection were
measured using ELISA kits under the manufacturer’s instructions. The diluent buffer was used as a negative con-
trol. After incubation, 100 pl of biotin antibody was added to each well and incubated for one h at 37 °C. Then,
horseradish peroxidase-avidin (100 pl) was added to each well for one h at 37 °C. At last, 90 pl of the supplied
chromogen was added and incubated for 30 min in the dark at 37 °C. The reaction was stopped with 50 pl of the
Supplied Stop Solution, and absorbance was measured at 450 nm with a spectrophotometer®'.

Quantitative real-time PCR. The mRNA expression of the GATA-3, T-Bet, ROR-yt, VEGF, Foxp3, Ki67,
Bax, and Bcl2 genes on 3, 7, 14, and 21 days post-radiation was assayed by Real-Time quantitative PCR. First,
total RNA was extracted from the spleens using TRIzols reagent (Life Technologies), followed by the DNase I
digestion (Thermo Fisher Scientific, Waltham, MA, USA). Complementary DNA was synthesized by the Pri-
meScript RT reagent kit (Fermentas, Germany). The list of primers, including GATA-3, T-Bet, ROR-yt, VEGE,
Foxp3, Ki67, Bax, Bcl2, and GAPDH, have been indicated in Table 5. Real-time PCR was performed using the
SYBRs Premix Ex Taq II (Takara). Relative gene expression was calculated as 224€t4!,

Data analysis. Data analysis was done using SPSS statistical software version 18. Fisher’s exact test was used
to analyze differences in % of animals with breast tumors. Tukey’s post hoc and analysis of variance (ANOVA)
assessments were used for comparison among groups. Data were represented as mean + S.D. P-value <0.05 con-
sidered being statistically significant.

Ethical approval. All procedures performed in studies involving animals were conducted within the inter-
national guidelines of the Weatherall report and also the national guidelines of the Institutional Animal Care and
Use Committee (IACUC) of Tehran University of Medical Sciences. The Ethics Committee of Tehran University
of Medical Sciences has approved the project under the tenses of the Helsinki Declaration and the national ethi-
cal guideline for medical research (IR. TUMS.REC.1394.1391).
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