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Abstract 20 

Background: Breast cancer treatment-failure is related to low compliance rates, high costs, 21 

and long-term toxicities. Thus, it is necessary to find less toxic and cheaper treatments. The 22 

epimereandrostene-3beta,17alpha-diol (α-AED) has been proven to inhibit breast tumor cell 23 

proliferation in vitro, being an ideal candidate to treat mammary tumors. The aim of this study 24 

was to evaluate the in situ effects of α-AED on tumor mammary growth. 4T1 tumors with 14 25 

days of growth were injected with an equivalent dose to the IC50 (100 M) and its double 26 

concentration (200 M) of α-AED. Methods: The cell viability and cell proliferation of murine 27 

and human cancer cell lines after the treatment of α-AED were evaluated with 28 

sulforhodamine assay and bromodeoxyuridine incorporation, respectively. We also 29 

evaluated the size and tumor growth of the orthotopic tumor model after the treatment with 30 

α-AED. The tumor infiltration changes and cytokine determination into the tumor 31 

microenvironment were determined by flow cytometry and ELISA methods, respectively. 32 

The humoral response denoted by the production fo IgG anti-4T1 antibodies were also 33 

determined by ELISA methd. Results: Low and high concentrations of α-AED administrated 34 

intratumorally reduce the size and average tumor. α-AED also increased the percentages of 35 

NK, plasmatic and plasmablast cells in mice tumors injected with 100 M of -AED. 36 

Meanwhile, tumors injected with 200 M of -AED contained an elevated proportion of 37 

plasmablast and B cells. Of notice, VEGF levels in all -AED-treated tumors were lower than 38 

the control and vehicle group. The tumor in situ response was reflected systemically by the 39 

increase of the anti-4T1 IgG in serum from -AED-treated mice, but no other associated 40 

systemic changes were detected. The reduction in tumor size for to the local injection of -41 

AED is produced by the anti-proliferative effect of this hormone, that maybe associated to 42 
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the VEGF reduction and metastasis. Conclusion: We observed an astonishing tumor size 43 

reduction and metastasis after the treatment with -AED. The above suggest that -AED 44 

can be used in clinical studies in order to prove its efficacy as an alternative of novel breast 45 

tumor treatment. 46 

 47 

Keywords: Breast tumor, intratumoral treatment, alpha-androstenediol, translational 48 

medicine, metastasis, tumor microenvironment. 49 

50 
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Background 51 

There is a broad range of accepted therapeutic approaches to treat breast cancer to this 52 

day. These treatments have as an objective to reduce tumor size and risk of metastasis 53 

development (1). Among these therapies, the estrogen antagonist, tamoxifen, and 54 

aromatase inhibitors are commonly used as adjuvant therapy to treat hormone receptor-55 

positive breast cancer despite that toxicity associated with these treatments is related to low 56 

compliance rates and long-term toxicities  (2). Additionally, patients with triple-negative 57 

breast cancer (TNBC) do not benefit from anti-estrogenic therapy (3). 58 

 59 

Aside from estrogenic antagonists, other steroid compounds such as 60 

dehydroepiandrosterone (DHEA) have been proven to inhibit the proliferation and migration 61 

of breast cancer cell lines in vitro, and to prevent the development of breast cancer after 62 

mutagen administration (4, 5). Another steroid that possesses a potent anti-proliferative 63 

effect, is the DHEA-analogue named 5-Androstene-3, 17-diol (-AED). This hormone is 64 

demonstrated to be more effective in the inhibition of MCF-7 and MDA-MB231 breast cancer 65 

cell lines (4, 6) . In regard to -AED, its antiproliferative effect is independent of either the  66 

estrogen or the androgen receptors (7).  67 

 68 

The androstene -AED is an epimer of 5-Androstene-3, 17-diol (-AED), which has been 69 

shown to upregulate immune activity (8). Both steroids occur naturally, being -AED found 70 

to be secreted in the spermatic vein of human testes (9). This steroid is also been found in 71 

amniotic fluid and fetal-placenta circulation of normal pregnancies and low levels were 72 

related to pathological pregnancies linked to diabetes, toxemia and placental insufficiency 73 

(10). 74 
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 75 

Despite the fact that androstenes are related to immune-regulation, the main effect of α-76 

AED is on the proliferation of tumor cells. Their effects have been widely studied on in vitro 77 

experiments in order to evaluate changes on the immune system and the development of 78 

tumor cells, which have been done independently. Thus, the resulting interaction between 79 

the immune system and cancer context remains unknown. The interaction aforementioned 80 

is relevant knowing that immune cells influence the microenvironment of the tumor and can 81 

determine if the tumor development halts or progresses (11, 12). 82 

 83 

In addition to immune cell proportions and phenotypes, other important drivers in the tumor 84 

microenvironment are the soluble factors that play an important role in the immune tumor 85 

milieu. In this sense, angiogenesis is associated with tumor nutrient supply and metastasis. 86 

Besides, the angiogenesis is importantly drive through the secretion of Vascular Endothelial 87 

Growth Factor (VEGF) by tumor and immune cells in response to hypoxia (13). Hence, 88 

elevated levels of VEGF correlate with lymph node metastasis augmentation and worse 89 

prognosis in patients with breast tumors (14).  90 

 91 

All things considered; it is possible to directly modify the tumor microenvironment by a direct 92 

administration of pharmacological agents (15). Thus, to address the local 93 

microenvironmental modifications of the tumor and immune cells by α-AED, this compound 94 

was administered directly into mice tumors induced by 4T1 mammary tumor cells.  95 

 96 

Materials and Methods 97 
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Ethic statement 98 

All the experimental procedures and animal studies were performed within the standards 99 

established by the Institutional Care and Animal Use Committee (CICUAL) (permit number 100 

2017-208), in accordance with Mexican regulation (NOM-062-ZOO-1999) and with the 101 

Guide for the Care and Use of Laboratory Animals of the National Institute of Health (NIH) 102 

of the United States of America. Animal procedures were performed at the IIB, UNAM, in 103 

the Biological Models Unit (Unidad de Modelos Biológicos, UMB).  104 

Animals 105 

Female BALB/c AnN mice (MGI Cat# 5654849, RRID: MGI:5654849) of 8 to 9 weeks old, 106 

were obtained from Envigo México (Facultad de Química, UNAM, México). The animals 107 

were housed 4-5 per with 12 hours of alternating light at 22 °. Food (Envigo LabDiet 5015 -108 

Cat# 0001328 Purina, St. Louis, MO-) and water were delivered ad libitum in sterile 109 

conditions.  110 

Cell culture  111 

The 4T1 murine mammary carcinoma cell line and the HCC1937, a human breast cancer 112 

cell line (ATCC Cat# CRL-2539, RRID: CVCL_0125) were cultured in RMPI 1640 medium 113 

(Sigma, St. Louis, MO) supplemented with 10% of fetal bovine serum (FBS) for murine cells 114 

and 5% of FBS for human cell line (ByProducts, Guadalajara, Mexico), 1.0 mM sodium 115 

pyruvate, 100 units⁄mL penicillin, and 100 mg⁄ml streptomycin. 4T1 cells were maintained at 116 

37°C, 5% CO2 atmosphere, and 95% humidity.   117 

Cell viability assay 118 

For the Sulforhodamine B (SRB) assay (Sigma, St. Louis MO), 4T1 and the triple-negative 119 

breast cancer cell line; HCC1937, were seeded in 96-well culture plates (1x103- 2x103 cells 120 

per well) in media supplemented with 5 or 10% heat-inactivated and charcoal treated-FBS, 121 
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100 units/mL penicillin plus 100 μg/mL streptomycin and maintained with a 5% atmosphere 122 

of CO2 at 37°C and 95% humidity.  24 hours after seeding, cells were treated with vehicle 123 

(0.1 % v/v EtOH) or with increasing concentrations of -AED and incubated for 72 hours. 124 

Next, cell viability was obtained using SRB assay that determines cell density by measuring 125 

protein content, performed according to (16), with modifications. In brief, cells were fixed 126 

with 100 l of cold trichloroacetic acid (10%) for 1 hour, washed 3 times with water, and air-127 

dried overnight. Afterward, cells were stained with 100 l of SRB 0.057% in 1% acetic acid 128 

during 30 min, washed with 150 l of acetic acid (1%), and air-dried for 2 hours. Next, 100 129 

μl of 10 mM Tris Base solution (pH 10) were aggregated, to solubilize the protein-bound 130 

dye, and the plates were agitated during 30 min. Plates were read at 492 nm in a Stat Fax 131 

4200 microplate reader (Awareness Technology). Data were normalized to run between 0-132 

100% and 0-1 as follows: Cell viability= optical density (OD) 492 in treatment wells/OD492 133 

in control wells x 100 and x1, respectively. Experiments were performed in triplicate on 3 134 

different occasions. The values of the IC50 were calculated with Prism 6® software 135 

(GraphPad Sofware Inc.). 136 

Cell proliferation assay 137 

To quantify 4T1 cell proliferation, we determined the Bromodeoxyuridine (BrdU) 138 

incorporation during DNA synthesis. This assay was performed in cells maintained in the 139 

same culture conditions that the ones for SRB assay and treated with vehicle, 100 M, and 140 

200 M, during 72 hours. Procedures were performed according to the manufacturer's 141 

protocol (BD Apoptosis, DNA Damage and Cell Proliferation Kit, Cat 15821759, Thermo 142 

Fischer Scientific) with PerCP-Cy5.5 Mouse Anti-BrdU. Cell analysis was performed with 143 

BD FACSCaliburTM (BD Biosciences) flow cytometer and the data were analyzed with 144 
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FlowJo software (Treestar Inc.). Compensation was assessed in BD FACSCaliburTM and 145 

FlowJo software with unstained samples. 146 

Orthotopic tumor cell induction  147 

After a second subculture at 80% of confluency, 4T1 cells were harvested and suspended 148 

in sterile 0.9% NaCl solution in a concentration of 250,000 cells/ml. They were conserved in 149 

ice until the inoculation into the mice. For the mammary tumor induction, mice were 150 

anesthetized with Sevofluorane 5% (Abbot, Mexico), the abdominal area was cleaned with 151 

EtOH 70%, and in the fat pad under the second last right nipple were injected 152 

subcutaneously 4T1 cells 104. Mice recovery was supervised.  153 

Tumor model and -AED treatment  154 

To test the intratumoral effect of -AED on the tumor growth, female mice were randomized 155 

into four experimental groups: 1) 4T1 group of animals with untreated tumors (12); 2) Vh 156 

group with tumors injected with 40 l of corn oil-vehicle (14); 3) α-AED 100 M group of mice 157 

with intratumoral injection of 580 ng of -AED in 40 l of corn oil (15), and 4) α-AED 200 158 

M: intratumoral injection of 1160 ng of -AED (12), 40 l. Tumor growth was observed for 159 

28 days. Finally, the tumor weight was obtained at the moment of the euthanization at day 160 

28 post-inoculation.  161 

Flow cytometry 162 

The left and right peripheral (inguinal) lymph nodes (PLNs) and the spleen were excised 163 

and mechanically disaggregated through a 50 μm nylon mesh with PBS. Tumors were 164 

excised and minced with a scalpel. After the PBS wash, the cells of the lymph nodes  were 165 

resuspended in FACS buffer (PBS, 2% FBS, 0.02% NaN3).  Erythrocytes in splenic 166 

suspension were lysed for 10 minutes with ACK buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 167 



9 

 

mM Na2 EDTA, pH 7.3), washed with PBS and resuspended in FACS buffer. The minced 168 

tumors were incubated in digestion medium (RPMI 1640, 10 U/ml DNase, Roche, 169 

Mannheim, Germany; 0.5 mg/ml type IV Collagenase, Sigma, St. Louis, MO) for 20 minutes, 170 

and 50 μl FBS was added to stop digestion. Mechanical disruption in a 50 μm nylon mesh 171 

was performed. After the PBS wash, the cells were resuspended in FACS buffer. 172 

Approximately 1x106 cells were incubated (20 minutes at 4°C) with anti-CD16/CD32 173 

(TruStain®, Cat# 101319, Clone 93, RRID:AB_1574973, BioLegend, San Diego, CA) and 174 

washed. Then, they were stained with the following panels. For T lymphocyte: 175 

AlexaFluor®488-conjugated anti-CD3ε (Cat# 100321, Clone 145-2C11, RRID:AB_389301) 176 

1:100, PE-conjugated anti-CD4 (Cat# 100407, Clone GK1.5, RRID:AB_2075573) 1:300, 177 

PerCP-conjugated anti-CD8 (Cat# 100732, Clone 53-6.7, RRID:AB_893423) 1:100, and 178 

AlexaFluor®647-conjugated anti-Foxp3 (Cat# 320013, Clone 150D, RRID:AB_439750) 179 

1:100. For macrophage and NK: AlexaFluor® 647-conjugated anti-F4/80 (Cat# 123122, 180 

Clone BM8, RRID:AB_893492) and PE-conjugated anti-NKp46 (Cat# 137604, Clone 181 

29A1.4, RRID:AB_2235755). To B lymphocyte:  PE-conjugated anti-CD19 (Cat# 115507, 182 

Clone 6D5, RRID:AB_313642), 1:200, plasmatic cells: Brilliant Violet 421TM anti-mouse 183 

CD138 (Syndecan-1) (Cat# 142507, Clone 281-2, RRID: AB_2565621). Antibodies from 184 

BioLegend, San Diego, CA, and the Foxp3/Transcription Factor Staining Buffer kit (Cat# 185 

TNB-0607-KIT, Tonbo Biosciences, San Diego, CA) were used for intracellular Foxp3 186 

staining, according to the manufacturer’s protocol. 187 

Cell analysis was performed with a BD FACSCaliburTM (BD Biosciences) flow cytometer. 188 

The data was analyzed with FlowJo software (Treestar Inc.). Compensation was assessed 189 

in BD FACSCaliburTM and FlowJo software with unstained samples, single stain controls, 190 

and FMO for Foxp3+ (CD3+/CD4+; CD3+/CD8+).  191 
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Cytokine determination 192 

The tumors from the mice were stored in TRIzolTM reagent (Cat# 15596026, Invitrogen) at -193 

70°C until use. Protein isolation was performed according to the procedural guidelines for 194 

TRIzol® reagent use. Protein quantification was done with a NanoDrop 1000 195 

spectrophotometer (Thermo Scientific). An amount of 10 µg of protein was used to 196 

determine cytokine tissue levels. 197 

Tumor cytokines were measured with ABTS ELISA kits (PeproTech) with the following 198 

antibodies: TNF- (Cat# 500-P64bt, RRID:AB_147984), IFN- (Cat# 500-P119bt, 199 

RRID:AB_148087), IL-4 (Cat# 500-P54bt, RRID:AB_147636), IL-5 (Cat# 500-P55), and IL-200 

10 (Cat# 500-P60, RRID:AB_147978), and unconjugated antibodies were used for cytokine 201 

capture, according to the manufacturer´s instructions, with modifications. Briefly, coated 202 

plates (96-well plate, MaxiSorp Nunc Cat# NNC#442404) with 50 µl (2 µg/ml) of different 203 

antibodies were incubated overnight. After 3 washes (wash buffer, PeproTech), the plates 204 

were blocked (block buffer: PeproTech) and then washed again. 50 µl of sera (1:2 dilution) 205 

or tissue protein (10 µg) was added in duplicate (in diluent solution, PeproTech), maintained 206 

at 4°C for 2 h, and washed three times. An enzyme-substrate reaction was developed with 207 

ABTS liquid substrate (PeproTech). All solutions were from ABTS ELISA buffer kit (Cat# 208 

900-K00). The plates were read at a wavelength of 405 nm with a wavelength correction set 209 

at 650 nm at different time points in a Stat Fax 4200 microplate reader (Awareness 210 

Technology). 211 

VEGF quantification 212 

Polystyrene wells (96-well plate, MaxiSorp Nunc Cat# NNC#442404) were coated with 50 213 

µl of tumor protein (10 µg) or standard curve (0.001-1 ng) with VEGF mBA-165 (Cat# sc-214 

4571, Santa Cruz Biotechnology) in bicarbonate buffer (pH 9.6) per duplicate and incubated 215 
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at 4°C overnight. The plate was washed and blocked with 200 µl of PBS/BSA 1%/Tween 20 216 

0.05% for 1 hour at 4°C. After washing, 50 µl of anti-VEGF/C-1 antibody (Cat# sc-7269, 217 

RRID:AB_628430, Santa Cruz Biotechnology) in a 1:200 dilution was added and incubated 218 

for 1 h at 4°C. After washing, 50 µl of m-IgGκ/BP-HRP (Cat# sc-516102, RRID:AB_2687626, 219 

Santa Cruz Biotechnology) (1:400) was added and maintained for 2 hours at room 220 

temperature. An enzyme-substrate reaction was developed with 50 µl of substrate solution 221 

and stopped after 15 minutes with 50 µl 2N sulfuric acid. The plates were read at a 222 

wavelength of 492 nm in a Stat Fax 4200 microplate reader (Awareness Technology). 223 

Cytokine and VEGF concentrations were calculated by interpolation from a standard curve. 224 

IgG detection 225 

Coated polystyrene wells (96-well plate, MaxiSorp Nunc Cat# NNC#442404) with 50 µl of 226 

mice sera/bicarbonate buffer (pH 9.6) suspension (1:1000) or with 1 g/1ml of 4T1 crude 227 

extract, overnight at 4°C. The plate was washed three times with (PBS/Tween 20 0.05%) 228 

and blocked with 200 µl of 3% bovine serum albumin (BSA) and washing solution, for 30 229 

minutes at room temperature. The plate was washed as mentioned. For the anti-4T1 IgG 230 

determination plates were incubated with mice sera (1:200)  for 2 hours at room temperature 231 

and washed. In both cases were added 50 µl of peroxidase goat anti-mouse IgG (Jackson, 232 

RRID:AB_2338511) at 1:10,000 dilution was added during 90 min at room temperature. An 233 

enzyme-substrate reaction was developed by the addition of 50 µl of freshly prepared 234 

substrate solution (0.05% o-phenylenediamine/0.01% H2O2/0.1 M sodium citrate/0.1 M citric 235 

acid) and stopped after 10 min with 50 µl 2N sulfuric acid. The plate was read at a 236 

wavelength of 492 nm in a Stat Fax 4200 microplate reader (Awareness 237 

Technology).Cytokine, VEGF and antibody determination were performed after proper 238 

ELISA standardization. 239 
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Statistical analysis 240 

Data were charted as mean ± SD. To compare the differences between a non-parametrical 241 

Kruskall-Wallis test and Dunn test for multiple comparisons were used. The differences were 242 

considered significant when p ≤ 0.05. All the analyses were calculated with Prism 6® 243 

software (GraphPad Sofware Inc.). 244 

 245 

Results 246 

-AED treatment reduce the viability of murine mammary tumor 4T1 cells and human 247 

breast cancer cells in vitro 248 

To obtain the IC50 value of -AED, we measured the viability of the 4T1 cell line after the in 249 

vitro exposition to increasing concentrations of -AED (1x10-12 to 1x10-3.3 Molar) during 72 250 

hours (Fig. 1A). SRB assay was used to quantify the cell density through the determination 251 

of cellular protein content. The IC50 value was determinate at 1x10-4.035 with an interval of 252 

1x10-4.253 to 1x10-3.817 Molar. Of notice, low concentrations of -AED (1x10-12 to 1x10-8 253 

Molar) slightly increased 4T1 cell density, meanwhile, high doses (1x10-6 to 1x10-3.3 Molar) 254 

reduced the quantity of 4T1 cells (Fig. 1A, B). This reduction was 3.2 (p ≤ 0.01), 2.4 (p ≤ 255 

0.05), and 2.8 (p ≤ 0.01) times lower than the vehicle, with 1x10-4 Molar (100 M), 1x10-3.7 256 

Molar (200 M) and 1x10-3.3 Molar (500 M) concentrations, respectively (Figure 1B). 257 

We also assessed the effect of -AED on the viability of the triple-negative HCC1937 breast 258 

cancer cell line in order to compare the results found in the murine cell line with the effects 259 

of -AED in a human breast cancer cell counterpart. The data showed that after 72 hours, 260 

the treatment of -AE significantly increase the cell density of the HCC1937 cells from 261 

concentrations between 1x10-12 – 1x10-8 Molar. However, the cell number was drastically 262 
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decreased only at 1x10-7 Molar, being less than 50% with respect to the control and with 263 

respect to the other concentrations tested (Figure 1C).  264 

In order to assess the -AED anti-proliferative effect, we measure BrdU incorporation in 4T1 265 

proliferating cells treated with vehicle (EtOH 0.2%), -AED 1x10-4 Molar (100 M) and twice 266 

this concentration (1x10-3.7 Molar or 200 M). Average BrdU positive-cells was 9-fold lower 267 

when treated with -AED 1x10-4 Molar (100 M) and 4-fold inferior with 1x10-3.3 Molar (200 268 

M) (p ≤ 0.01 and p ≤ 0.05, respectively), compared with vehicle-treated cells, (Figure 1D 269 

and 1E). 270 

 271 

Intratumoral injection with –AED reduced tumor size and weight  272 

After 28 days from 4T1 cell inoculation and 14 days after intratumoral injection, the mean 273 

weight of tumors treated with -AED was smaller than the untreated (4T1) and the vehicle 274 

(Vh) injected tumors (Fig. 2A). As observed in vitro (Fig. 1), the average weight of tumors 275 

treated with -AED 100 M (1x10-4 Molar) was smaller than the treated with twice this dose 276 

(200 M=1x10-3.3 Molar) (Fig. 2A). Tumor mass weight was 65% and 50% smaller than -277 

AED treated-groups (-AED 100= p 0.0001, -AED 200=p ≤ 0.05), when compared with the 278 

Vh group.  279 

 280 

–AED in situ treatment decreased metastatic-like macroscopic lung lesions 281 

Aside to assess the effect of –AED on tumor growth, we detected metastatic-like lesions 282 

on the lung surface. These macroscopic lesions were much more evident in the non-treated 283 

tumors (4T1), as well as, in vehicle-treated (Vh), while in the –AED there was a clear 284 

decrease in the lesions (Figure 3). 285 
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Diminished tumor growth is associated with minor changes in the tumor 286 

microenvironment 287 

Androstene steroids have been linked to immune response regulation (17), therefore, we 288 

determined some cell populations of innate (macrophages and NK cells) and adaptive (T 289 

and B lymphocytes) immune response within the tumor.  Mean percentages of F4/80+ 290 

macrophages and T cells (CD3+, CD4+, CD8+, CD4+Foxp3+) intratumoral cells, remains 291 

without statistical difference (Fig. 4). Meanwhile, the percentage of NK cells was higher (p≤ 292 

0.01) in tumors, when treated with 100 M (Fig. 4F).   293 

Humoral response B cells in the tumor 294 

Aside from NK cell proportion rise, some changes were also noticed in regard to the mean 295 

proportion of humoral-related cells inside the tumor (Fig. 5). The first of these changes was 296 

the elevated percentage (p ≤ 0.05) of plasmatic cells (CD138+) in -AED 100 M treated 297 

group (Fig. 5A), the second was the increase of B lymphocytes (CD19+) proportion (p ≤ 0.05) 298 

in -AED 200 M (Fig. 5C), and the third was associated to plasmablast cells 299 

(CD19+/CD138+) that had different proportions when treated with -AED, but this population 300 

is very scarce inside 4T1 tumors (Fig. 5B). 301 

Microenvironmental VEGF is reduced in tumors treated with -AED.  302 

Because of the importance of tumor cell milieu communication, additionally to immune cell 303 

proportions, we search for another way by which -AED could be mediating the reduction 304 

of tumor size, thus we determine tumor VEGF concentration. Notably, VEGF levels in -305 

AED-treated tumors were lower (100 M=p ≤ 0.01, 200 M=p ≤ 0.0001) than the Vh group 306 

(Figure 6).   307 

Tumor cytokine levels  308 
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Since local treatment with -AED 200 M did not have the same effect on the reduction of 309 

tumor size compared with 100 M intratumoral administration, we chose to measure some 310 

representative interleukins in the tumor of Vh and -AED 100 M only (Fig. 7). We 311 

determined Type 1 (TNF-, IFN-), Type 2 (IL-4 and IL-5), and regulatory (IL-10) cytokines. 312 

No changes were observed in these interleukins within the tumor (Fig. 7  313 

Specific humoral response against 4T1 cells is enhanced in mice treated with -AED 314 

As part of the systemic humoral response analysis in tumor-bearing mice, we determined 315 

the percentage of B (CD19+), plasmatic (CD138+) and plasmacytoid cells (CD19+/CD138+) 316 

from the spleen. None of these three humoral-related cell proportions were different 317 

(Supplementary Figure 1 G,H and I).  318 

Additionally to this analysis, we obtained IgG and anti-4T1 IgG serum levels, of which, 319 

unspecific levels of IgG (Fig. 8A), in response to -AED treatment remain with no statistical 320 

change. Nevertheless, anti-4T1-IgG from -AED-treated mice were higher is serum from 321 

mice injected with 100 M (p 0.001) and 200 M of  -AED (p ≤ 0.05), (Fig. 8B). 322 

Systemic innate and adaptive immune response is preserved in tumor-bearing mice 323 

treated with -AED 324 

Because the injection of -AED was performed inside the tumor, and we want to find out if 325 

this local treatment could reach a systemic level, we analyzed the effect of this local 326 

treatment in the systemic immune response in secondary lymphoid organs. In order to 327 

assess whether these modifications in splenic cell proportions were different in treated and 328 

untreated mice (Supplementary Figure 1). Innate and adaptive cells obtained from the 329 

spleen from mice treated with -AED, conserved their proportions when compared with Vh 330 

group, with exception of CD4+/Foxp3+ T cells. The proportion of this regulatory population 331 
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was augmented in the spleen of tumor-bearing mice treated with -AED 100 M (p 0.001) 332 

(Supplementary Figure 1d). 333 

It is interesting to note that, the same pattern found in the spleen, was found in the closer 334 

lymphoid organ to the tumors, the inguinal limphatyc nodes. Innate and adaptive cells 335 

obtained from the spleen from mice treated with -AED, conserved their proportions when 336 

compared with Vh group, with exception of CD4+/Foxp3+ T cells. The proportion of this 337 

regulatory population was augmented in the spleen of tumor-bearing mice treated with -338 

AED 100 M (p ≤ 0.001) (Supplementary Figure 2d). 339 

 340 

Discussion 341 

The neurosteroid -AED has been widely proved as a proliferation inhibitor in different 342 

cancer cell lines and its IC50 values vary according to the type of the cell line. For instance, 343 

the IC50 value for glioma cells of human origin ranges from 8.51.30 M to 22.35 M; for rat 344 

glioma cells F98 and RT-2 are 13.651.55 M and 18.050.25 M, respectively. Lastly, the 345 

IC50 value of the murine glioma cell line GL261 is 17.251.05 (18). In regard to the murine 346 

4T1 cell line, the IC50 value determined in our study was 100.875 M (1x10-4.035 Molar). This 347 

concentration was higher than the one reported for glioma cell lines, but as mention before 348 

the IC50 of -AED varies among cell lines. In addition to the inhibitory effect of -AED on 349 

glioma cell growth, this epimer also inhibited the proliferation of breast cancer cell lines in 350 

vitro. Examples of it include breast adenocarcinoma (MCF-7, MDA-MB231), and mammary 351 

ductal carcinoma (T47D and TTU-1) (6). Despite, the IC50 value was not assessed in these 352 

cell lines, but lethal dose (LD)50 was established between 8 - 15μM (6). In line with the results 353 

of Graf et al, we also observed that the triple-negative breast cancer cell line, HCC1937, 354 
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displayed low sensitivity to the inhibitory cell viability effect to the -AED, showing its best 355 

effect at 10 μM. The above may be partly due to the fact that this cell line lacks one of the 356 

crucial cell targets for the effect of this compound, as is the estrogen receptor. Therefore, 357 

we extended the insights evoked previously by dehydroepiandrosterone in other breast 358 

cancer cells that are similar to -AED, where a reduction in cell proliferation has achieved 359 

in high doses of the adrenal hormone dehydroepiandrosterone (4, 6, 19). Besides, we 360 

hypothesize that these findings also open the study for the searching of different cell targets 361 

with alternative techniques. In fact, our research group has recently reported that although 362 

there was not reported a direct proliferative effect of different estrogenic compounds in 363 

human triple-negative breast cancer cells, several crucial molecular factors involved in 364 

epithelial transition or hypoxia processes, among others were modulated after their 365 

exposure (20). 366 

On the other hand, the proliferation and viability have been increased in cells treated with 367 

lower concentration of -AED than 10 nM. This effect has also been observed in murine 368 

macrophage-like cell line RAW 264.7 (concentration lower than 6.25 nM) cultured for 48h, 369 

and in human breast ductal carcinoma cells ZR75-1, as well as, MDA-MB231 breast tumor 370 

cells (lower than 12.5 nM) cultured during 6 days (8).  371 

In line with the reduction of 4T1 cell density treated with -AED 100 M (1x10-4 Molar) and 372 

200 M (1x10-3.7 Molar) concentrations (p ≤ 0.01 and p ≤ 0.05), (Fig. 1A, B), we assessed if 373 

this effect was associated with the inhibition of the proliferation through the BrdU 374 

incorporation in proliferating cells. After 72 hours of treatment with 100 M and 200 M we 375 

observed a dramatic reduction in the percentage of proliferating cells BrdU+ (p ≤ 0.01 and p 376 

≤ 0.05, respectively), (Fig. 1C, D). These results suggest that the reduction in cell density 377 
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detected through SRB assay was associated with a decrease in the proliferation of 4T1cells 378 

treated with -AED (7) . 379 

 After we assessed the size reduction of tumors treated with 100 M and 200 M of -AED, 380 

we determined the effect of intratumoral treatment on immune cell infiltration in the 4T1 381 

tumor model. Accordingly to Loria 2002, immune regulation has associated with  -AED 382 

exposure, which is chemically identical to -AED, and the anti-tumoral effect has  linked to 383 

-AED regimen (8, 21). But, because of the structural similarities between of androstenediol 384 

 and , and the lack of information associated with the immune tumor cell 385 

microenvironment, we search for some immune components of this milieu in order to 386 

determine if -AED intratumoral treatment exert local immune changes. 387 

Cancer is a complex disease that involves tumor development and cell metastasis from this 388 

tumor to other distant tissues. Primary tumor growth itself rarely causes the death of its 389 

carrier and is the metastatic disease the cause of the vast majority (about 90%) of the 390 

cancer-related deaths (22). In this sense, we observed that lungs from 4T1 group mice 391 

exhibited metastatic-like lesions on the lung surface. These macroscopic metastases 392 

disappear when tumors were treated with -AED (100 M and 200 M), (Fig. 3).  393 

For instance, NK cell proportion was augmented within the tumors treated with -AED 100 394 

M (Fig. 4F). NK cells are known as  cytotoxic cells of the innate response, and in tumors 395 

are principal effectors of the cancer immunoediting by recognizing and destroying tumor 396 

cells directly through the exocytosis of granules with perforin and granzyme, apoptosis 397 

mediated by different death receptors (FasL, TRAIL and TNF-α) and IFN- secretion (12, 398 

23, 24). Another way by which NK cells exert their cytotoxic effect in solid tumors is by the 399 
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antibody-dependent cell-mediated cytotoxicity activated by antibodies linked to target cells 400 

(25). 401 

In order with these findings in the present study, we also search for humoral-response 402 

components in the tumor milieu as we described as follows. In treated tumors, the 403 

percentages of plasmatic CD138+ and plasmablast cells CD19+/CD138+ were higher in 404 

tumors injected with 100 M of -AED (p ≤ 0.05 and p 0. ≤ 001, respectively), (Fig. 5A, B). 405 

Meanwhile, the tumors injected with 200 M of -AED contained an elevated proportion of 406 

plasmablast and B cells CD19+ (p ≤ 0.05) (Fig. 5B, C). To our knowledge, there is no report 407 

about the effect of -AED on the humoral-related response. Thus, these findings are the 408 

beginning of a further investigation, nevertheless, the presence of naïve or mature B cells 409 

within different types of breast tumors, is related to a positive prognostic effect in 54 cohorts 410 

studies (26). Also, the presence of B lymphocytes CD19+ is associated with  a favorable 411 

prognostic in the overall survival of patients with tongue squamous cell carcinoma (27). In a 412 

similar case, elevated plasma cell density is linked to a longer time to relapse in triple-413 

negative breast cancer tumors (TNBC) (28). 414 

 Consequently to this knowledge, and the increased proportions of B and plasmatic cells in 415 

the milieau of -AED treated-tumors, we determined the systemic humoral response of 416 

these tumor-bearing mice. Neither of the population’s changes observed in the tumor were 417 

detected in the spleen or PLN (Fig. 6) 418 

Additionally to immune cells proportions, we search for complementary ways by which -AED 419 

mediates the reduction of the tumor size, thus we determine tumor soluble factors, that included 420 

angiogenic (VEGF), Type 1 response (TNF-, IFN-), Type 2 response (IL-4, IL-5) and regulatory 421 

(IL-10) soluble factors. Notably, VEGF levels in -AED-treated tumors were lower (100 M=p ≤ 0.01) 422 

than the Vh group (Fig. 7F). As previously mentioned, VEGF is related to vessel growth, nutrient 423 
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supply and tumor cell dispersion to other tissues, thus its decrease within the tumor may lead to the 424 

reduction of tumor growth and metastasis (13). The diminished concentration of VEGF level in -425 

AED 100 M treated tumors may be associated with a direct production inhibition of the tumor milieu 426 

cells, or linked to other microenvironmental factors. The VEGF expression is modified by hypoxia, 427 

free radicals, pH imbalance and nutrient deficiency, that increase at the same time that the tumor 428 

grows, therefore, the inhibition of the proliferation of the 4T1 cells mediated by -AED could reduce 429 

these pro-angiogenic factors within the treated tumors and in consequence the VEGF production 430 

(29). Further studies to unveil these mechanisms are needed.  431 

Since local treatment with -AED 200 M did not have the same effect on the reduction of 432 

tumor size compared with the intratumoral administration of -AED 100 M, we chose to 433 

exclude this group from this determination (Fig. 8). None of  Type 1, Type 2 and regulatory 434 

response interleukins were different in -AED-injected tumors (Fig 6 8-E). 435 

Intratumoral drug delivery is not a common practice in breast cancer patients, being 436 

intravenous systemic chemotherapy the most common administration route. But only a small 437 

fraction of the anticancer drug reaches the tumor, therefore high doses of the medicament 438 

have to be administrated, which in turn increase the undesirable side effects of 439 

chemotherapeutic compounds that affect healthy tissues (30). A leading objective in cancer 440 

research is to avoid or reduce the toxicity of the conventional cytotoxic treatment, and a 441 

promising method is the local delivery of the anticancer drug (31), which may be used as a 442 

neoadjuvant therapy before tumor removal. For that reasons, different studies in diverse 443 

types of cancer has focused in different intratumorally alternatives that indeed has been 444 

proposed and applied in some cases in the clinical and palliative cancer therapy (32, 33), 445 

highlighting the translational impact of this work. Thus, in this study, we injected in the tumor 446 
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the anti-proliferative neurosteroid -AED and besides local changes, we look for its immune 447 

systemic effect in secondary lymphoid organs such as the spleen and PLN.  448 

Following the previous findings, the reduction in tumor size accompanied by changes in 449 

humoral-related response within the neoplasias treated with -AED, suggest a role of these 450 

cells in tumor growth control. This could be explained because in tumor the 451 

microenvironment, the B lymphocytes promote T-cell responses through the production of 452 

cytokines and chemokines, they also differentiate into producing-antibodies plasmatic cells 453 

(26). Specific antibodies may be able to recognize tumor-associated antigens and act 454 

directly on target proteins or through their Fc receptor trigger the ADCC, and in turn improve 455 

antigen presentation and activation of T cells (26). Thus, to improve our understanding in 456 

humoral-related mechanisms in the 4T1 tumor mice model treated with -AED, we 457 

determined the levels of unspecific IgG and anti-4T1 IgG in mice serum. As well as B, 458 

plasmatic and plasmablasts cells, we found no-changes in unspecific antibodies (IgG). In 459 

contrast, the 4T1-specific IgG levels were elevated in mice treated with 100 M and 200 M 460 

of -AED (Fig. 6). 461 

 462 

Conclusion 463 

In summary, we have established a direct intratumorally delivery of a α-AED that affect not 464 

only the proliferation rate of human and murine cancer cells but also the immune modulation 465 

in a mouse breast cancer model. Using this strategy, we demonstrate that intratumorally 466 

delivery of α-AED might significantly enhance different immunotherapies, modulating per se 467 

different immune populations and inhibiting the cancer metastasis through the 468 

downregulation of VEGF secretion. Our results highlight the great potential of α-AED for 469 

mediating antitumor activity will surely needs to be prove in human studies. Therefore, our 470 
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results offer a significant bridge between basic and pre-clinical medicine towards 471 

translational studies as an urgent demand for therapeutic options. 472 

 473 
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 612 

   613 

Figure Legends 614 

 615 

Figure 1. Effect of -AED in 4T1 and HCC1937 cells. The 4T1 cell line was exposed to 616 

vehicle (EtOH 0.2%) and -AED 1x10-12 to 1x10-3.3 Molar for 72 hours. Cell density was 617 

measured through SRB assay. A. Cell viability adjusted as a percentage to obtain half-618 

maximal inhibitory concentration (IC50). B. Cell density adjusted to the vehicle (Vh). Graphs 619 

represent the mean ± SD of the data from three experiments in triplicate. C. Cell density of 620 

HCC1937 triple-negative breast cancer cells was evaluated after 72 hours of exposure of 621 

vehicle (EtOH) or 1x10-12 to 1x10-7 Molar of -AED. Each bar represents the mean ± 622 

standard deviation of three different experiments realized by triplicate (*, p ≤ 0.05). D. BrdU 623 

incorporation was determined in proliferative cells: offset histogram (left) and separated 624 

histograms of untreated 4T1 cells (M, Medium), treated with vehicle (Vh), -AED 100 M 625 

and 200 M (1x10-4-and 1x10-3.3 Molar). D. Percentage of proliferating cells. Graph 626 

represent the mean ± SD of the data from four experiments (Medium, n = 6; Vh, n 6; AED 627 

100 M, n = 4; AED 100 M, n = 4). Statistical significance was calculated using Kruskal-628 

Wallis test (*, p ≤ 0.05; **, p ≤ 0.01). 629 

 630 

Figure 2. Effect of -AED in 4T1 tumor growth in BALB/c mice. After 14 days of growth 631 

tumors were injected with vehicle -corn oil 40 l- (Vh), -AED 100 M (1x10-4 Molar) or 200 632 
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M (1x10-3.3 Molar), and excised after 28 days of tumor development. A. Tumor weight from 633 

intact tumors (4T1), Vh, -AED 100 M and -AED 200 M groups. (B) Representative 634 

images of tumors from all groups. Millimetric grid as a background; black bar = 0.5 cm. 635 

Graphs represent the meanSD of the data from three experiments. Statistical significance 636 

was calculated using Kruskal-Wallis test (*, p ≤ 0.05; ****, p ≤ 0.0001). 637 

 638 

Figure 3. Effect of -AED in 4T1 tumor growth in BALB/c mice. After 14 days of growth 639 

tumors were injected with the vehicle -corn oil 40 l- (Vh), -AED 100 M (1x10-4 Molar) and 640 

200 M (1x10-3.3 Molar), and excised after 28 days of tumor development. A. Tumor weight 641 

from intact tumors (4T1), Vh, -AED 100 M and -AED 200 M groups. (B) Representative 642 

images of tumors from all groups. Millimetric grid as a background; black bar = 0.5 cm. 643 

Graphs represent the meanSD of the data from three experiments. Statistical significance 644 

was calculated using Kruskal-Wallis test (*, p ≤ 0.05; ****, p ≤ 0.0001). 645 

 646 

Figure 4. Effect of intratumoral -AED treatment on immune cell infiltration in the 4T1 647 

tumor model. Innate and adaptive immune cells in the tumor microenvironment. 648 

Determination of innate and adaptive immune subpopulations by flow cytometry within the 649 

tumor. A. T CD3+ lymphocytes B. CD8+ T cytotoxic. C helper CD4+ T lymphocytes. D. 650 

CD4+/Foxp3+ lymphocytes. E. F4/80+ macrophages. F. NKp46+ cells. Graphs represent the 651 

meanSD of the data from three independent experiments. Representative dot plots of the 652 

cytometric analysis of the corresponding population tumor cells (below). Gate from 10,000 653 
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cells was collected. Statistical significance was calculated using a Kruskal-Wallis test (**p ≤ 654 

0.01). 655 

 656 

Figure 5. Effect of -AED local injection on the humoral-related cell infiltration in the 657 

4T1 tumor model. Humoral-related cell subpopulations by flow cytometry of the tumor. A. 658 

Plasmatic cells (CD138+). B. Plasmablasts (CD138+/CD19+). C. B cells (CD19+). D. 659 

Representative dot plots of the cytometric analysis of the corresponding population tumor 660 

cells. Graphs represent the meanSD of the data from three independent experiments. Gate 661 

from 10,000 cells was collected. Statistical significance was calculated using a Kruskal-662 

Wallis test (*, p ≤ 0.05; ***, p ≤ 0.001). 663 

 664 

Figure 6. Analysis of the VEGF expression in the tumor microenvironment. Graph 665 

show data from tumor proteins obtained from two independent experiments. Bars represent 666 

the meanSD of cytokine levels (pg/10 μg of tumor protein). Statistical significance was 667 

calculated using a Kruskal-Wallis test (**p ≤ 0.01; ****p ≤ 0.0001). 668 

 669 

Figure 7. Expression of soluble factors in the tumor microenvironment. Analysis of 670 

type 1 (IFN- and TNF-), type 2 (IL-4, IL-5), and regulatory (IL-10) cytokines. Graphs 671 

indicate data of tumor proteins obtained from two independent experiments. Bars represent 672 

the meanSD of cytokine levels (pg/10 μg of tumor protein). 673 

 674 

Figure 8. Systemic humoral response to intratumoral -AED treatment in BALB/c 675 

mice. A. Serum IgG levels B. IgG anti-4T1 levels, in sera from intact (Int), tumor-bearing 676 

mice with no treatment (4T1), and sera from mice injected into the tumor with vehicle (corn 677 
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oil 40 l), -AED 100 M or -200 M. Graphs represent the mean ± SD of data from two 678 

experiments. Statistical significance was calculated using Kruskal-Wallis test (*, p ≤ 0.05; 679 

**P ≤ .01; ***P ≤ .001; ****P ≤ .0001). 680 

Supplementary Figure 1. Effect of intratumoral -AED treatment in the immune cell 681 

infiltration of secondary lymphoid organ, in the 4T1 tumor model. Determination of 682 

innate and adaptive immune subpopulations by flow cytometry in the spleen. a. T 683 

lymphocytes CD3+.. b. CD8+ T cytotoxic lymphocytes. c. CD4+ T helper lymphocytes . d. 684 

CD4+/Foxp3+ T lymphocytes. e. NKp46+ cells. f. F4/80+ macrophages. g. CD19+ B 685 

lymphocytes. h. Plasmatic cells (CD138+). i. Plasmablasts (CD138+/CD19+). Graphs 686 

represent the meanSD of the data from three independent experiments. Gate from 10,000 687 

cells was collected. Statistical significance was calculated using a Kruskal-Wallis test (*, p ≤ 688 

0.05; ***, p ≤ 0.001). 689 

 690 

Supplementary Figure 2. Effect of intratumoral -AED treatment in the immune cell 691 

infiltration of secondary lymphoid organs, in the 4T1 tumor model. Determination of 692 

innate and adaptive immune subpopulations by flow cytometry in lymph nodes. T 693 

lymphocytes CD3+.. b. CD8+ T cytotoxic lymphocytes. c. CD4+ T helper lymphocytes. d. 694 

CD4+/Foxp3+ T lymphocytes. e. NKp46+ cells. f. F4/80+ macrophages. g. CD19+ B 695 

lymphocytes. h. Plasmatic cells (CD138+). i. Plasmablasts (CD138+/CD19+). Graphs 696 

represent the meanSD of the data from three independent experiments. Gate from 10,000 697 

cells was collected. Statistical significance was calculated using a Kruskal-Wallis test (*, p ≤ 698 

0.05). 699 
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