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Abstract 46 

The patient’s hormonal context plays a crucial role in the outcome of cancer. 47 

However, the association between thyroid disease and breast cancer risk 48 

remains unclear. We evaluated the effect of thyroid status on breast cancer 49 

growth and dissemination in an immunocompetent mouse model. For this, 50 

hyperthyroid and hypothyroid Balb/c mice were orthotopically inoculated with 51 

triple negative breast cancer 4T1 cells. Tumors from hyperthyroid mice showed 52 

increased growth rate and an immunosuppressive tumor microenvironment, 53 

characterized by increased IL-10 levels and decreased percentage of activated 54 

cytotoxic T cells. On the other hand, a delayed tumor growth in hypothyroid 55 

animals was associated with increased tumor infiltration of activated CD8+ cells 56 

and a high IFNγ/IL-10 ratio. Paradoxically, hypothyroid mice developed a higher 57 

number of lung metastasis than hyperthyroid animals. This was related to an 58 

increased secretion of tumor CCL2 and an immunosuppressive systemic 59 

environment, with increased proportion of regulatory T cells and IL-10 levels in 60 

spleens. A lower number of lung metastasis in hyperthyroid mice was related to 61 

the reduced presence of mesenchymal stem cells in tumors and metastatic 62 

sites. These animals also exhibited decreased percentages of regulatory T 63 

lymphocytes and myeloid-derived suppressor cells in spleens, but increased 64 

activated CD8+ cells and IFNγ/IL-10 ratio. Therefore, thyroid hormones 65 

modulate the cellular and cytokine content of the breast tumor 66 

microenvironment. The better understanding of the mechanisms involved in 67 

these effects could be a starting point for the discovery of new therapeutic 68 

targets for breast cancer.  69 
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Introduction 70 

Breast cancer is the most commonly diagnosed cancer worldwide, accounting 71 

for almost 25% cancer cases among women, and is the leading cause of cancer 72 

death in over 100 countries (Bray et al. 2018). In spite of representing only 15-73 

20% of breast carcinomas, triple negative breast cancer (TNBC) is highly 74 

relevant as there are no specific therapies for this subgroup, thus having a 75 

poorer prognosis than other breast cancer types (Li et al. 2018). However, 76 

TNBC show a higher degree of stromal and intratumoral infiltrating 77 

lymphocytes, which turned them into an interesting target for immunotherapy 78 

although they have been originally considered poorly immunogenic due to their 79 

low rate of mutations (García-Teijido et al. 2016; Vikas et al. 2018). In addition 80 

to lymphocytes, tumor microenvironment (TME) is formed by many other cell 81 

populations, such as other immunocompetent cells, vascular endothelial cells, 82 

mesenchymal stem cells (MSC) and cancer-associated fibroblasts, as well as 83 

non-cellular constituents, including cell secreted proteins, co-factors and 84 

enzymes, cytokines and hormones, that are key regulators of tumor progression 85 

(Mizejewski 2019).  86 

Among these factors, thyroid hormones (THs), thyroxine (T4) and 87 

triiodothyronine (T3), have been poorly studied. Although THs are essential for 88 

normal cell function, due to their role in the regulation of cell metabolism, 89 

differentiation and proliferation, the relationship between patients’ thyroid status 90 

and the risk of breast cancer is not clear. While hyperthyroidism has been 91 

mostly related to an increased risk of breast cancer (Hellevik et al. 2009; 92 

Tosovic et al. 2010; Szychta et al. 2013; Sogaard et al. 2016; Weng et al. 93 

2018), epidemiologic studies in hypothyroid patients are controversial. Some 94 
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authors have found hypothyroidism to be a risk factor for breast cancer (Smyth 95 

et al. 1998; Kuijpens et al. 2005; Weng et al. 2018), while others indicate that it 96 

protects patients from the disease (Cristofanilli et al. 2005; Sogaard et al. 2016). 97 

These studies show some limitations, including the heterogeneity of thyroid 98 

status evaluation, thus underestimating or overestimating the real patient 99 

population, and the inclusion of patients with different thyroid pathologies, many 100 

of them with autoimmune components that could differentially affect tumor 101 

development and dissemination (Angelousi et al. 2012). 102 

Both T3 and T4 have been described to induce cell proliferation and to stimulate 103 

cell invasion on human breast cancer cell lines in vitro (Tang et al. 2004; Hall et 104 

al. 2008; Flamini et al. 2017). However, their effects on other components of the 105 

TME have not been studied, and could be critical for the progression of the 106 

disease. In this context, we have recently shown in T-cell lymphoma tumor-107 

bearing mice that hyperthyroidism reduces the intratumoral cytotoxic activity of 108 

immune cells, contributing to an increased growth rate of primary tumors (Sterle 109 

et al. 2016). Interestingly, a higher tumor dissemination was found in 110 

hypothyroid animals and this was related to regional and systemic suppression 111 

of antitumor immune responses (Sterle et al. 2016). THs have indeed been 112 

described to regulate the functionality of a great variety of immune cells, 113 

affecting their chemotaxis, phagocytosis, the generation of reactive oxygen 114 

species and the production of cytokines (Jara et al. 2017; Montesinos & Pellizas 115 

2019). Increased TH levels induce pro-inflammatory response amplification in 116 

neutrophils, macrophages and dendritic cells (van der Spek et al. 2017; 117 

Montesinos & Pellizas 2019) and affect the activity of NK cells and T and B cell 118 

mediated responses as well (DeVito et al. 2011). The role of immune cells in 119 
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tumor progression depends on many factors including cell type, their location, 120 

density and phenotype, as well as the secreted cytokines and chemokines 121 

(Pottier et al. 2015). In breast cancer, a high number of tumor infiltrating CD8+ T 122 

lymphocytes and B lymphocytes has been associated with a favorable 123 

prognosis (Mahmoud et al. 2011; Linnebacher & Maletzki 2012). On the 124 

contrary, the most aggressive breast tumor phenotypes show increased 125 

frequencies of regulatory T lymphocytes (Tregs) (Plitas et al. 2016). Also the 126 

peripheral blood levels of myeloid-derived suppressor cells (MDSC) correlate 127 

with breast cancer development and have been proposed as biomarkers for this 128 

disease (Markowitz et al. 2013).  129 

Recent research has also shown that THs can modulate the recruitment and 130 

invasion of MSC to tumors in hepatocellular murine carcinoma (Schmohl et al. 131 

2015, 2019). These multipotent stem cells are important components of TME 132 

and are mainly found in bone marrow, adipose tissue and dental pulp. They can 133 

migrate and interact with tumor cells at different stages of tumor progression, 134 

where both tumor-promoting and tumor-suppressive effects have been 135 

described (Ridge et al. 2017). In breast cancer, the presence of MSC has been 136 

principally related to increased tumor progression and metastasis (Karnoub et 137 

al. 2007; Maffey et al. 2017; Melzer et al. 2018).  138 

On this basis, the aim of this study was to evaluate the effect of thyroid status 139 

on breast cancer growth and dissemination in an immunocompetent mouse 140 

model, analyzing its impact on TME that could importantly contribute to the 141 

progression of the disease. We here show that THs not only induce breast 142 

cancer cell proliferation, but they also regulate the distribution of 143 
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immunocompetent cells and MSC within the TME, as well as the secretion of 144 

cytokines, thus influencing metastatic dissemination. 145 

 146 

Materials and methods 147 

Animal models 148 

Murine models of hyperthyroidism or hypothyroidism were developed using 149 

female Balb/c mice, 6–8 weeks old, that were bred and kept at the Institute for 150 

Biomedical Research (BIOMED, Argentina) in accordance with the ARRIVE 151 

Guidelines (Kilkenny et al. 2010). All experimental protocols were approved by 152 

the Institutional Committee for the Care and Use of Laboratory Animals, 153 

BIOMED. Hyperthyroid mice were obtained by daily administration of L-154 

thyroxine (T4; 0.0012% w/v; Sigma-Aldrich, MO, USA) in the drinking water for 155 

28 days (Sterle et al. 2016). To induce hypothyroidism, the drinking water was 156 

supplemented with the antithyroid drug propylthiouracil (PTU; 0.05% w/v; 157 

Sigma-Aldrich) for 14 days (Klecha et al. 2006; Sterle et al. 2014, 2016). At 158 

these time points mice were inoculated with breast cancer cells and hormonal 159 

treatments were maintained until the end of the experiments. 160 

Breast cancer model 161 

To generate solid tumors, euthyroid, hyperthyroid or hypothyroid mice were 162 

inoculated orthotopically in the abdominal mammary gland with 1×105 163 

syngeneic breast cancer 4T1 cells (ATCC CRL-2539) in serum-free phosphate-164 

buffered saline (PBS), as described (Pulaski & Ostrand-Rosenberg 2001; Sterle 165 

et al. 2019). Tumor length and width were measured every 2 to 4 days using 166 
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calipers, and tumor volume was calculated as V = π/ 6 × length × width2 (Sterle 167 

et al. 2016, 2019). After 21 or 35 days, mice were sacrificed, and tissues were 168 

removed and weighted. To determine the spontaneous metastatic 169 

dissemination, lungs were fixed in 3.7% v/v paraformaldehyde and the number 170 

of tumor foci was counted. For the experimental metastasis test, mice were 171 

inoculated through the tail vein with 1×105 4T1 cells and after 35 days they were 172 

sacrificed, and lung tumor foci were counted. 173 

Flow cytometry for immunophenotyping 174 

Single cell suspensions obtained from tumors, tumor draining lymph nodes and 175 

spleens were stained with antibodies against various cell surface markers using 176 

standard staining methods. The panel of commercially available and 177 

fluorochrome conjugated anti-mouse monoclonal antibodies that were used in 178 

the study are shown in Supplementary Table 1. Samples were run on a BD 179 

Accuri C6 flow cytometer (BD Biosciences, CA, USA) and data was analyzed 180 

using the FlowJO or the BD Accuri C6 software (both from BD Biosciences).  181 

Intracellular FoxP3 staining 182 

After surface staining, single cell suspensions were fixed with the Mouse Foxp3 183 

Fixation Buffer (BD Biosciences) and permeabilized at 37 ºC for 30 min with the 184 

Mouse Foxp3 Permeabilization buffer (BD Biosciences) following 185 

manufacturers’ instructions. Cells were then incubated with the FoxP3 antibody 186 

(Supplementary Table 1) for 40 min at room temperature. After washing with 187 

PBS, the percentage of CD25+ FoxP3+ events was determined by flow 188 

cytometry within the gated population of CD4+ cells. 189 
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Isolation and culture of bone marrow derived MSC 190 

Primary MSC cultures were established from mouse bone marrow (BM) cells 191 

obtained from the hind femurs and tibias of 5-week-old Balb/c mice. The bones 192 

were aseptically removed, dissected clean of attached muscles, and flushed 193 

with PBS. Cells were then washed with PBS and suspended in Dulbecco’s 194 

Modified Eagle Medium (DMEM) supplemented with 10% v/v FBS. BM cells 195 

(1×107/ml) were placed in 75-cm2 tissue culture flasks and incubated at 37°C. 196 

After 3 days, non-adherent cells were removed, and fresh culture medium was 197 

added. Four weeks later, an aliquot of cells was differentiated into osteoblasts, 198 

adipocytes and chondroblasts (Bolontrade et al. 2012) and phenotyped as MSC 199 

by flow cytometry as Sca-1+, CD105+, CD44+, CD45- CD11b- and MHC-II- using 200 

specific antibodies. 201 

In vitro MSC migration assays 202 

For the in vitro migration studies, tumor conditioned media (CM) were obtained 203 

by mincing tumors from eu-, hyper- or hypothyroid mice into 1 mm2 fragments, 204 

that were then incubated in DMEM for 24 h. Migratory response of cultured 205 

MSC to this CM as chemoattractant was assayed for 4 h at 37 °C using a 206 

modified Boyden Chamber (Neuro Probe, Inc., MD, USA). For this, a 207 

suspension of 1.2×104 MSC in 50 μl PBS was seeded on the upper wells and 208 

28 µl of each CM were added in triplicate into the lower wells. The migration 209 

through an 8 μm pore polycarbonate filter (Nucleopore membrane; Neuro 210 

Probe) was evaluated after 4 h. For this, the filter was carefully removed and 211 

cells on the upper side were scraped off. Cells attached to the lower side of the 212 

filter were fixed in 2% paraformaldehyde and stained with 4′,6-Diamidino-2-213 
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phenylindole dihydrochloride (Sigma-Aldrich). Cells were counted using 214 

fluorescent-field microscopy. Images captured in 3 representative visual fields 215 

were quantified using Image J software (NIH, National Institutes of Health), and 216 

the mean number of nuclei/field ± SEM was calculated (Bolontrade et al. 2012). 217 

In vivo MSC migration 218 

For in vivo migration studies, firefly luciferase stably transfected 4T1 (4T1-fluc) 219 

cells were inoculated in eu-, hyper- or hypothyroid mice as described before. At 220 

day 28 post-inoculation (p.i.) MSC stained with 1,1′-dioctadecyl-3,3,3′,3′-221 

tetramethylindotricarbocyanine iodide (DiR) (Molecular Probes, Life 222 

technologies, OR, USA) were injected intravenously (i.v.) through the tail vein at 223 

5×105 cells in 0.2 ml PBS. On day 35 p.i. mice were injected intraperitoneally 224 

with D-luciferin solution (150 mg/kg, Sigma-Aldrich). DiR in vivo tracking on 225 

isolated tissues was followed with Fluorescence Imaging (FI) IVIS Lumina 226 

Bioluminometer (Xenogen, CA, USA). Captured images were analyzed by 227 

measuring the region of interest and results expressed as average photons per 228 

second per square centimeter per steradian (p/sec/cm2/sr) (Bolontrade et al. 229 

2012).  230 

Statistical analysis 231 

The means of the different experimental groups were analyzed for statistical 232 

significance using GraphPad PRISM 7.0 version for Windows (GraphPad 233 

Software, Inc., CA, USA). One-way ANOVA followed by Tukey’s post hoc 234 

analysis was used to assess statistical significance. The differences between 235 
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the means were considered significant if p<0.05. The results are expressed as 236 

mean ± SEM. 237 

Additional methods are described in Supplementary Materials and Methods. 238 

RESULTS 239 

Tumor growth and dissemination are modulated by thyroid status  240 

To evaluate the effect of the thyroid status on breast cancer development, we 241 

analyzed the tumor volume and metastatic dissemination on euthyroid (control), 242 

hyperthyroid, and hypothyroid mice bearing 4T1 TNBC tumors. Hyperthyroid 243 

mice showed an increased tumor growth rate that became significant at day 21 244 

p.i. (Figure 1A). The tumor weight of hyperthyroid mice was also higher at that 245 

time, compared to the other two groups (Figure 1B). However, no visible 246 

metastasis could be detected at this time point in any mouse (data not shown). 247 

At day 35 p.i. the tumor volume and weight of hypothyroid tumors was 248 

significantly decreased compared to euthyroid mice, thus indicating a slower 249 

growth rate of these tumors (Figure 1A-C). In spite of the later results, the 250 

number of lung metastasis was increased in hypothyroid mice at this time point 251 

(Figure 1D,E). Also, in an experimental metastasis test, where 4T1 cells were 252 

intravenously inoculated into eu-, hyper- or hypothyroid mice, an increased 253 

number of lung metastasis was detected in hypothyroid mice at day 35 p.i. 254 

(Figure 1F). Similar results were obtained with the LM3 mammary carcinoma 255 

cell line growing in vivo in mice with different thyroid status (Supplementary 256 

Figure 1).To confirm the thyroid status of the experimental animals, serum 257 
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levels of T3, T4 and TSH were measured at the end of each experiment (Figure 258 

1G).  259 

Histopathological analysis of H&E-stained tissue sections from tumors 35 days 260 

p.i. indicated that all tumors were highly undifferentiated with high nuclear 261 

polymorphism (Figure 2A). However, tumors from hypothyroid mice exhibited 262 

an increased percentage of necrotic areas compared to control and 263 

hyperthyroid ones (Figure 2A-B). These tumors also displayed a decreased 264 

percentage of PCNA-positive cells per field compared to tumors from control 265 

and hyperthyroid mice (Figure 2A-B).Tissue sections showed a very low 266 

number of apoptotic cells, which was similar in all three experimental groups 267 

(Figure 2A-B).  268 

To additionally elucidate the mechanisms involved in the effects of thyroid 269 

status on tumor growth, we analyzed the direct action of THs on 4T1 cell 270 

proliferation. For this, 4T1 cells were treated in vitro with the combination of T3 271 

and T4, as found in circulation, at physiologic (T3 1x10-9 mol/L, T4 1x10-7 mol/L) 272 

or supraphysiologic (T3 1x10-8 mol/L and T4 1x10-6 mol/L) concentrations. 273 

However, only supraphysiologic concentrations of THs increased the 274 

proliferation of breast cancer cells (Figure 2C-E). 275 

Thyroid status modulates the tumor infiltration of immune cells  276 

Despite the proliferative action of supraphysiologic levels of THs on 4T1 cells, 277 

there are many other factors that could outline the progression of tumors 278 

growing in vivo in syngeneic animals. The importance of the immune system in 279 

the TME of breast cancer is increasingly being recognized. Therefore, the effect 280 
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of thyroid status on the composition of the immune cell infiltration in 4T1 tumors 281 

was evaluated by flow cytometry. The presence of tumor infiltrating lymphocytes 282 

(TILs) was first determined by the forward and side scatter analysis of tumor cell 283 

suspensions from eu-, hyper- and hypothyroid mice. Tumors that were excised 284 

from hyperthyroid mice 21 days after 4T1 cell inoculation showed a decreased 285 

percentage of TILs, while this percentage was significantly increased in tumors 286 

from hypothyroid mice at day 35 p.i. (Figure 3A,B). A further analysis of the 287 

infiltrating immune subsets within the gated TILs population showed no 288 

differences in the percentage of NK cells, B lymphocytes or CD4+ and CD8+ T 289 

cells (Figure 3C-F). However, 21-day tumors from hyperthyroid mice showed a 290 

reduced percentage of activated CD8+ T cells that were detected with the CD44 291 

marker (Figure 3G). On the other hand, the levels of activated CD8+ T 292 

lymphocytes were increased in both 21- and 35-day tumors from hypothyroid 293 

mice (Figure 3G). These differences in the activation levels of CD8+ T 294 

lymphocytes could be related to the modulation of immunosuppressive cells 295 

within the TIL population induced by THs. However, no Tregs could be detected 296 

within the TILs gated population and the percentage of MDSC was similar 297 

between the three groups (Figure 3H). 298 

Both tumor and immunocompetent cells can secrete cytokines and chemokines 299 

that shape the TME and orchestrate tumor growth and metastatic 300 

dissemination. Although IFNγ, IL-10 and TNF-α, mainly produced by immune 301 

cells, are important regulators of tumor development, their role in breast cancer 302 

is controversial both as tumor promoters and inhibitors. For this reason, we 303 

measured the production of these cytokines in the CM obtained from 21-day 304 

tumors from eu-, hyper- or hypothyroid mice. Tumors from hypothyroid mice 305 
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showed increased secretion levels of IFNγ compared to tumors from 306 

hyperthyroid animals (Figure 4A). On the contrary, the IL-10 levels were only 307 

increased in the CM obtained from hyperthyroid mice (Figure 4B). Thus, the 308 

ratio between IFNγ and IL-10 levels was increased in hypothyroid mice when 309 

compared to euthyroid ones and this difference was even more significant when 310 

compared to hyperthyroid animals (Figure 4C). However, the tumors from all 311 

three experimental groups showed similar production levels of TNF-α (Figure 312 

4D). The chemokine CCL2, mostly produced by tumor cells and overexpressed 313 

in TNBC, is related to cancer invasiveness and metastasis (Dutta et al. 2018). 314 

The levels of this chemokine were increased in tumor CM from hypothyroid 315 

mice in comparison with the euthyroid group and this difference was even 316 

greater when compared with tumors from hyperthyroid animals (Figure 4E).  317 

Thyroid status modulates systemic immune responses 318 

As an indication of the modulation of the systemic immunity by the thyroid 319 

status, the distribution of splenic immune subsets was also analyzed. Flow 320 

cytometry analysis of immune suspensions obtained from spleens from 21-day 321 

tumor bearing mice show increased percentages of NK cells in hyperthyroid 322 

mice (Figure 5A). The percentage of B lymphocytes was similar in all three 323 

groups at this time point (Figure 5B). However, a decreased percentage of total 324 

CD8+ cells, but not in the frequencies of CD8+CD44+ lymphocytes could be 325 

detected (Figure 5C,D). These variations in spleen immune cell distributions 326 

were accompanied by a decrease in the percentages of immunosuppressive 327 

MDSC (Figure 5E). In spleens from 35-day tumor bearing mice, however, there 328 

were no differences in the percentages of NK cells (Figure 5A), but the 329 
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percentage of B lymphocytes was increased in hypothyroid mice. Spleens from 330 

hyperthyroid mice showed an increased proportion of activated CD8+ cells 331 

(Figure 5D), but decreased frequencies of Tregs when compared to 332 

hypothyroid mice (Figure 5F). Additionally, the splenocytes from hyperthyroid 333 

mice that were re-stimulated in vitro with irradiated 4T1 cells produced 334 

increased levels of IFNγ (Figure 5G). On the other hand, the production of IL-335 

10 was increased in spleens from hypothyroid mice (Figure 5H) and therefore 336 

the ratio between IFNγ and IL-10 splenic levels was increased in hyperthyroid 337 

mice and decreased in hypothyroid ones (Figure 5I).  338 

Additionally, the distribution of immune subsets in the regional tumor-draining 339 

lymph nodes (TDLN) from hypothyroid mice show a more immunosuppressive 340 

phenotype when compared to hyperthyroid ones, with an increased proportion 341 

of CD4+ and CD8+ T lymphocytes, but also increased percentages of Tregs, 342 

leading to a decreased percentage of activated CD8+ T cells (Supplementary 343 

Figure 2). 344 

Hyperthyroidism inhibits the migration of MSC to 4T1 tumors and 345 

metastasis 346 

The production of CCL2 is related to metastasis formation and has also been 347 

related to MSC homing to tumors (Dwyer et al. 2007). Once they are 348 

incorporated into the tumor, MSC can differentiate into fibroblasts, pericytes or 349 

tumor-associated fibroblasts and through the secretion of cytokines can affect 350 

the tumor and the immune cells (Bergfeld & DeClerck 2010). Therefore, we 351 

evaluated the presence of MSC in the 4T1 tumors from control, hyper- and 352 

hypothyroid mice. Because of the lack of MSC specific markers that would 353 
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unequivocally distinguish MSC from other mesenchymal–lineage cells within the 354 

TME in this syngeneic model, pre-stained MSC were administered into tumor-355 

bearing mice in order to visualize and track the in vivo migratory and tumor 356 

homing behavior of MSC. For this, eu-, hyper- and hypothyroid mice were first 357 

orthotopically inoculated with 4T1-fluc cells and after 28 days they received an 358 

intravenous inoculation of DiR-stained MSC. One week later, animals were 359 

treated with luciferin and organs were excised to be analyzed by ex vivo 360 

imaging. This allowed us to detect the fluorescent signal associated to those 361 

MSC that were able to home into the primary tumor site and into the metastasis 362 

that showed luciferase activity. It is worth noting that given the doubling time of 363 

MSC (approximately 3-5 days) the fluorescent signal of the pre-stained cells 364 

was not lost until the experimental end-point. Tumors from hyperthyroid mice 365 

showed a decreased fluorescence intensity of DiR when compared to the other 366 

experimental groups, thus indicating a reduced migration of MSC to these 367 

tumors (Figure 6A,B). Likewise the fluorescence intensity of DiR in lungs of 368 

hyperthyroid mice was also decreased (Figure 6C,D), suggesting a decreased 369 

migration of MSC also to metastatic nodules. To further investigate how thyroid 370 

status regulates the migration and invasiveness of MSC into tumors, CM from 371 

tumors grown in eu-, hyper- and hypothyroid mice were used to evaluate the 372 

migration of MSC in vitro, using a Boyden chamber assay. The migration of 373 

MSC towards the CM from 35-day tumors from hyperthyroid mice was 374 

decreased (Figure 6E). Likewise, the CM of lungs from 35-day tumor-bearing 375 

hyperthyroid mice showed decreased MSC migration (Figure 6F). As an 376 

approach to evaluate the differentiation capacity of MSC once they are recruited 377 

into the TME, MSC were cultured in vitro during 7 days with 10% CM from 378 
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tumors grown in eu-, hyper- and hypothyroid mice. The area of individual cells 379 

was evaluated as an indicative of cells that are undergoing a differentiation 380 

process (Álvarez et al. 2020). MSC cultured with the supplementation of CM 381 

from tumors from both eu- and hypothyroid animals, but not from hyperthyroid 382 

ones, showed increased cell areas compared to MSC cultured without the 383 

addition of CM (basal) (Figures 6 G,H), thus indicating that the TME from eu- 384 

and hypothyroid mice have a higher differentiating potential on MSC than 385 

hyperthyroid ones.  386 

Discussion 387 

As components of TME, THs affect tumor biology. In fact, our results show a 388 

dual effect of thyroid status on breast cancer growth and dissemination. The 389 

growth rate of 4T1 primary tumors is increased in hyperthyroid mice and slightly 390 

decreased in hypothyroid ones, but the formation of metastasis is enhanced in 391 

hypothyroid conditions. We here tried to unravel some of the possible cellular 392 

and molecular mechanisms involved in these opposite effects, that would 393 

explain some contradictory results on the impact of thyroid status in breast 394 

cancer incidence and progression (Tosovic et al. 2010; Sogaard et al. 2016; 395 

Weng et al. 2018). 396 

THs seem to have a direct effect on 4T1 cell growth as the treatment of these 397 

cells with supraphysiologic levels of THs in vitro induce their proliferation. 398 

Indeed, several authors have previously described a direct proliferative effect of 399 

THs on breast cancer cell lines. Both T3 and T4 can induce the activation of the 400 

estrogen receptor (ER) in MCF-7 and T47-D cells, leading to enhanced 401 

proliferation (Tang et al. 2004; Hall et al. 2008). THs can also stimulate the 402 
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proliferation of the TNBC MDA-MB-231 cells through non-genomic mechanisms 403 

that regulate the expression of survival-related genes (Glinskii et al. 2009). In 404 

contrast, a retarded primary tumor growth has been described in hypothyroid 405 

nude mice bearing MDA-MB-468 TNBC xenografts but, in accordance to our 406 

results, these animals exhibited enhanced tumor cell invasion and metastasis 407 

formation (Martínez-Iglesias et al. 2009). Similarly to our results that show a 408 

decreased percentage of PCNA-positive cells and increased necrosis in tumors 409 

from hypothyroid mice, tumors from nude hypothyroid mice bearing MDA-MB-410 

468 TNBC xenografts also exhibited a decreased percentage of Ki67-positive 411 

cells and increased necrotic areas. These effects were described to be 412 

independent from the expression of thyroid receptors in the tumor cells and 413 

were associated to the modulation by THs of the function of tumor stromal cells 414 

(Martínez-Iglesias et al. 2009). Therefore, thyroid status modulation of breast 415 

cancer progression could be related to both a direct action of THs on tumor 416 

cells and an indirect effect, modulating different components of the TME.  417 

Our results indeed indicate that the composition of 4T1 TME is modulated by 418 

the thyroid status. First, tumors from animals with different circulating levels of 419 

THs show different infiltration of immunocompetent cells. In 21-day tumors from 420 

hyperthyroid animals there is a decreased percentage of total TILs. Moreover, 421 

these tumors exhibit a decreased percentage of activated CD8+ T lymphocytes 422 

and increased secretion levels of IL-10, thus suggesting that hyperthyroidism 423 

promotes a local immunosuppressive milieu, which could contribute to the 424 

growth of the primary tumor. Similarly, we have previously described in 425 

hyperthyroid T-cell lymphoma tumor-bearing mice an increased tumor growth 426 

rate, associated to reduced TILs and a decreased percentage of infiltrating 427 
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CD8+ lymphocytes (Sterle et al. 2016). On the contrary, 35-day tumors from 428 

hypothyroid animals showed an increased percentage of TILs accompanied by 429 

a higher proportion of activated cytotoxic CD8+ cells and increased secretion of 430 

IFNγ. Therefore, the deficiency of THs leads to an enhanced cytotoxic 431 

microenvironment that could contribute to the decreased primary tumor size in 432 

hypothyroid mice. The intratumoral levels of IFNγ may not only shape immune 433 

responses but might also directly affect tumor cell behavior and survival in a 434 

large part of the tumor mass (Hoekstra et al. 2020). Indeed, even very low 435 

amounts of IFNγ in the TME have been described to affect the phenotype, 436 

growth and metastasis of 4T1 tumors (DuPre’ et al. 2008). 437 

The tumors from hypothyroid mice also showed increased CCL2 levels, which 438 

could contribute to the enhanced metastatic potential of these tumors. In 439 

patients with breast carcinoma, high circulating levels of this chemokine as well 440 

as increased production of CCL2 within the TME have been associated with 441 

poor prognosis (Li et al. 2013). Moreover, the treatment of different human 442 

breast cancer cell lines with CCL2 induces cell invasion, without affecting cell 443 

proliferation (Dutta et al. 2018). This chemokine can be secreted by both tumor 444 

and stromal cells. In an in vivo model of 4T1 breast cancer, the CCL2 produced 445 

by the stromal cells of primary tumors has been described to promote lung 446 

metastasis, while tumor cell-derived CCL2 contributes to the invasiveness once 447 

tumor cells enter the circulation (Yoshimura et al. 2013). The mechanism of 448 

action of CCL2 in breast cancer is still not fully understood. It has been shown 449 

to induce the expression of epithelial to mesenchymal transition (EMT) markers 450 

(Dutta et al. 2018) and has been involved in the development and mobilization 451 
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of endothelial precursor cells, which can contribute to tumor neovascularization 452 

(Chen et al. 2016). 453 

CCL2 has also been described to induce the migration of human and murine 454 

BM-MSC, both in vitro and in vivo (Dwyer et al. 2007; Boomsma & Geenen 455 

2012). Moreover, the migration of BM-MSC to breast tumors has been widely 456 

described and has also been associated to metastasis formation (Hill et al. 457 

2020). The mechanisms involved in the promotion of metastasis by MSC 458 

remain unclear. Even though BM-MSC have been described to migrate and 459 

form clusters in pre-metastatic sites before the arrival of tumor cells (Kaplan et 460 

al. 2005), many authors have described that the cell to cell contact with tumor 461 

cells induces their migration. In breast cancer, MSC can stimulate tumor cell 462 

migration through a paracrine signaling mediated by the hypoxia inducible factor 463 

(Chaturvedi et al. 2013) and facilitating the EMT (Martin et al. 2010). MSC have 464 

also been shown to fuse with breast cancer cells, contributing to tumor 465 

heterogeneity and thus increasing their metastatic potential (Melzer et al. 2018). 466 

We therefore evaluated the effect of thyroid status on MSC migration into 4T1 467 

tumors. Because of the lack of unique MSC specific markers, we were not able 468 

to directly detect MSC in 4T1 tissues. The most commonly used markers for 469 

MSC could also stain other mesenchymal-derived cells or even subsets of 4T1 470 

cells (Matilainen et al. 2012). We have instead inoculated pre-stained BM-MSC 471 

into mice with already established tumors in order to track their migration into 472 

primary tumors and metastasis, as an indicator of what is endogenously 473 

occurring. Hyperthyroid mice showed a decreased recruitment of pre-stained 474 

MSC to both tumors and metastasis in comparison to control and hypothyroid 475 

mice. Accordingly, the in vitro migration assay showed a decreased migration of 476 
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MSC towards the hyperthyroid tumor CM, thus suggesting that the thyroid 477 

status modulates endocrine and paracrine signals produced by tumor cells and 478 

other TME components that are involved in MSC recruitment to tumors, which 479 

may include CCL2. Moreover, MSC incubated with hyperthyroid- derived tumor 480 

CM showed less differentiation capacity than the ones cultured in the presence 481 

of tumor CM from eu- or hypothyroid mice, as it was evaluated through the 482 

analysis of MSC morphology. Within the tumor, MSC can differentiate into 483 

fibroblasts, pericytes or tumor-associated fibroblasts, which are also involved in 484 

the promotion of metastasic spread of breast cancer (Hill et al. 2020). Contrary 485 

to our observations, the treatment of human MSC with T3 or T4 in the presence 486 

of hepatocellular carcinoma cell-CM induced their migration (Schmohl et al. 487 

2015). Also, in an in vivo xenograft model, the induction of hyperthyroidism after 488 

the inoculation of the human hepatocellular carcinoma cell line HuH7 showed 489 

increased recruitment of MSC to tumors compared to euthyroid and hypothyroid 490 

mice, which was associated to a direct action of THs on MSC, mediated by their 491 

membrane receptor, the integrin αvβ3 (Schmohl et al. 2015, 2019). These 492 

different effects of THs on BM-MSC migration could be associated either to the 493 

tumor type or the time point (21 days after tumor injection) when 494 

hyperthyroidism is established. In breast cancer, the regulation of CCL2 495 

production by THs could be involved in this phenomenon, but further 496 

investigations should be performed to unravel all the mechanisms by which the 497 

thyroid status regulates MSC recruitment to breast tumors and how this affects 498 

the formation of metastasis. 499 

In previous studies performed in a murine T-cell lymphoma model we have 500 

shown that THs can affect the formation of metastasis through the modulation 501 
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of systemic antitumor immune responses (Sterle et al. 2016). Immune 502 

responses involve coordination across different cell types and tissues, thus the 503 

regulation of the distribution of immune subsets in secondary lymphoid organs 504 

is crucial for effective antitumor immunity (Spitzer et al. 2017). Our results show 505 

a more immunosuppressive phenotype of spleens from hypothyroid mice 506 

compared to control and hyperthyroid ones. Already at 21 days p.i. hypothyroid 507 

spleens exhibit decreased NK percentages compared to hyperthyroid animals. 508 

Moreover, 35 days p.i. spleens from hypothyroid mice show an increased 509 

percentage of Tregs that probably leads to the decreased proportion of 510 

activated CD8+ T cells and decreased IFNγ/IL-10 ratio that is observed. 511 

Therefore, hypothyroidism induces a tolerogenic phenotype in spleens and 512 

TDLN, which is likely to contribute to the increased formation of metastasis in 513 

these animals. Despite the fact that the TDLN is the first place where tumor 514 

antigens are presented to the naïve immune system and is critical for the 515 

activation of antitumor immunity (Munn & Mellor 2006), the microenvironment of 516 

the TDLN is frequently immunosuppressed in cancer patients and it often 517 

mediates tumor cell migration and metastasis formation (Chandrasekaran & 518 

King 2014). Indeed in our model, TDLNs from hypothyroid mice exhibit a more 519 

immunosuppressive milieu compared to the other experimental groups, with an 520 

increased proportion of Tregs and decreased percentage of activated CD8+ 521 

cells, which could facilitate the dissemination of tumor cells. These results could 522 

be related to a direct effect of THs on immune cells as we have previously 523 

demonstrated that the thyroid status modulates the T cell reactivity after antigen 524 

or polyclonal-activation that is up-regulated in hyperthyroid animals and down-525 

regulated in hypothyroid ones (Klecha et al. 2000, 2006).  526 
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Based on these results, we conclude that there is a complex regulation of 527 

breast cancer progression by thyroid status that would account for the 528 

controversial results shown in the literature. THs directly regulate tumor cell 529 

proliferation, but they also affect the cellular and cytokine content of the TME 530 

and the systemic immunity. This work strengthens the importance of screening 531 

thyroid status in breast cancer patients to ensure euthyroid conditions that 532 

would impair both exacerbated tumor growth and metastatic dissemination. 533 

Interestingly, a recent uncontrolled clinical study has shown that euthyroid 534 

hypothyroxinemia, a therapeutic setting in which T3 replaces host circulating 535 

T4, achieves the arrest of breast cancer and other solid tumors growth 536 

(Hercbergs et al. 2015). Therefore, further unraveling the mechanisms involved 537 

in the paradoxical effects of THs in breast cancer and the role of the different 538 

TH receptors in each cell type of the TME, could lead to a better understanding 539 

of the association between breast cancer and thyroid diseases and could be a 540 

starting point for the discovery of new therapeutic targets. 541 
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Figure Legends 796 

Figure 1: Modulation of breast tumor growth and dissemination by thyroid 797 

status. Euthyroid (control), hyperthyroid (hyper) and hypothyroid (hypo) Balb/c 798 

mice were orthotopically inoculated with 1x105 4T1 cells. (A) Time-course 799 

increase in tumor volume among the three experimental groups (n=6 mice per 800 

group). (B) Tumor weight at days 21 and 35 post inoculation (p.i.) of tumor cells 801 

(n=6-9 mice per group). (C) Representative images of tumors at day 35 p.i. (D) 802 

Number of metastatic foci in lungs at day 35 p.i. (n=7-9 mice per group). (E) 803 

Representative images of lungs at day 35 p.i., black arrows indicate metastatic 804 

foci. (F) Number of metastatic foci in lungs after 35 days of i.v. injection of 1x105 805 

4T1 cells (n=5 mice per group). (G) Plasmatic levels of thyroid hormones in 806 

euthyroid, hyperthyroid, and hypothyroid mice at 21 and 35 days p.i., 807 

determined using RIA and of TSH determined by ELISA (n=6-9 mice per 808 

group). Results are the mean ± SEM. Means differ with *p<0.05, **p<0.05, 809 

***p<0.05. 810 

Figure 2: Histopathological analysis and evaluation of cell proliferation 811 

and apoptosis in 4T1 tumors. (A) Representative images of H&E staining and 812 

PCNA and TUNEL immunostaining of tissue sections of paraffin-embedded 813 

tumors from control, hyper- and hypothyroid mice (×400 original magnification, 814 

Scale bar = 20 μm). (B) Percentage of necrotic areas and PCNA-positive cells 815 

per field and number of TUNEL-positive cells per field at ×400 magnification in 816 

10 random fields (n=3-4 mice per group). 4T1 cells were starved for 24 h and 817 

then treated with or without the combination of thyroid hormones (THs) at 818 

physiologic (T3 1x10-9 mol/L, T4 1x10-7 mol/L) or supraphysiologic (T3 1x10-8 819 
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mol/L, T4 1x10-6 mol/L) levels for 24h. (C) Cell viability relative to physiologic 820 

levels of T3 and T4 (control) was evaluated by Cell Titer Blue assay. (D) Cell 821 

proliferation was evaluated by BrdU incorporation assay and analyzed by flow 822 

cytometry; median fluorescence intensity (MFI); (E) representative histograms. 823 

Results are the mean ± SEM of three independent experiments. Means differ 824 

with *p<0.05, **p<0.01 or ***p<0.001. 825 

Figure 3: Distribution of tumor-infiltrating immune cell subsets. Flow 826 

cytometry analysis was performed on cell suspensions obtained from tumors 827 

from euthyroid (control), hyperthyroid (hyper) and hypothyroid (hypo) mice at 21 828 

and 35 days post inoculation (p.i.). Percentage (A) and representative dot plots 829 

(B) of tumor infiltrating lymphocytes (TILs) obtained by forward vs. side scatter 830 

analysis. Percentage of (C) NK cells; (D) CD19+ B lymphocytes; (E) CD4+ T 831 

helper cells; (F) CD8+ T cytotoxic lymphocytes or (G) activated CD8+ T cytotoxic 832 

lymphocytes within the TIL-gated population. (H) Percentage of MDSC 833 

infiltrating cells. Results are the mean ± SEM of n=7-9 mice per group. Means 834 

differ with *p<0.05 or **p<0.01. 835 

Figure 4: Cytokine production by 4T1 tumors. Tumors from euthyroid 836 

(control), hyperthyroid (hyper) and hypothyroid (hypo) mice were excised 35 837 

days post inoculation (p.i.), cut into small pieces and incubated during 24h in 838 

DMEM at 37°C to obtain tumor conditioned media (CM). The concentration of 839 

(A) IFNγ, (B) IL-10, (C) the ratio between IFNγ and IL-10, (D) TNFα and (E) 840 

CCL2, was quantified in the CM using the CBA method. Results are the mean ± 841 

SEM of n=6 mice per group. Means differ with *p<0.05. 842 

Figure 5: Distribution of spleen immune cell subsets. Euthyroid (control), 843 
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hyperthyroid (hyper) and hypothyroid (hypo) mice were orthotopically inoculated 844 

with 4T1 cells. Splenocytes were obtained at the indicated time points post-845 

inoculation (p.i.) and stained with specific antibodies for (A) NK cells; (B) B 846 

lymphocytes; (C) cytotoxic T lymphocytes; (D) activated cytotoxic T 847 

lymphocytes, (E) myeloid-derived suppressor cells or (F) regulatory T cells and 848 

analyzed by flow cytometry. Splenocytes from 35-day tumor bearing mice were 849 

co-cultured during 24h with irradiated 4T1 cells in DMEM at 37°C to obtain 850 

conditioned media (CM). The concentration of (G) IFNγ and (H) IL-10 was 851 

quantified by ELISA and (I) the ratio between IFNγ and IL-10 levels was 852 

calculated. Results are the mean ± SEM of n=6-9 mice per group. Means differ 853 

with *p<0.05, **p<0.01 or ***p<0.001. 854 

 855 

Figure 6: Migration of BM-derived MSCs to tumors and lungs. Euthyroid 856 

(control), hyperthyroid (hyper) and hypothyroid (hypo) Balb/c mice were 857 

orthotopically inoculated with 4T1-fluc cells. After 28 days DiR stained BM-MSC 858 

were intravenous (i.v.) inoculated. After 7 days tumors, lungs, spleens and livers 859 

were obtained and analyzed by ex vivo imaging. (A) Representative images of 860 

the radiant efficiency of DiR prelabeled MSC in tumors. (B) Ratio between DiR 861 

fluorescence and luciferase luminescence in tumors. (C) Representative images 862 

of the radiant efficiency of DiR prelabeled MSC in lungs (highlighted with a 863 

white circle) and spleens and livers as control. (D) Ratio between DiR 864 

fluorescence and luciferase luminescence in lungs. Results are the mean ± 865 

SEM of n=4 mice per group. The migration of BM-MSC towards conditioned 866 

media (CM) obtained from (E) tumors 35 days post inoculation (p.i.) or (F) lungs 867 
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35 days p.i. was analyzed using the Boyden chamber assay; the number of 868 

cells attached to the bottom of the membrane is shown. Basal cell migration 869 

was evaluated using DMEM 5% FBS instead of CM. Results are the mean ± 870 

SEM of n=8 mice per group. BM-MSC were cultured in complete medium 871 

supplemented or not (Basal) with 10% CM obtained from tumors 35 days p.i. 872 

Representative images of the cells stained with crystal violet (G) and the 873 

calculated cell areas (H) are shown. Scale bar= 100µm. Results are the mean ± 874 

SEM of n=3 mice per group. Means differ with *p<0.05 or **p<0.01. 875 
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Supplementary Materials and Methods 

Cell culture 

The tumor cell line 4T1 (ATCC CRL-2539) was cultured and maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% v/v FBS, 

0.03% w/v  glutamine, 0.01% w/v streptomycin, and 100 U/ml penicillin (all from 

Gibco, Grand Island, NY, USA). Cells were maintained at 37 °C in a humidified 

atmosphere containing 5% CO2 (Sterle et al. 2019). 

Proliferation assays 

To analyze the effects of THs in vitro, cells were serum-deprived for 24h and 

then treated with the combination of physiologic concentrations of both 

triiodothyronine (T3, 1x10-9 mol/L; Sigma-Aldrich, MO, USA) and L-thyroxine 

(T4, 1x10-7 mol/L; Sigma-Aldrich), supraphysiologic concentrations of T3 and T4 

(1x10-8 mol/L and 1x10-6 mol/L, respectively) or none THs for additional 24h, to 

mimic euthyroid, hyperthyroid and hypothyroid conditions, respectively. Cells 

were incubated for the last 2h with 3x10-5 mol/L 5-bromo-2'-deoxyuridine (BrdU; 

Sigma-Aldrich) and fixed with 70% v/v cold ethanol for 30min. To perform DNA 

denaturation, cells were incubated with HCl 2N for 30min and then washed with 

Na2B4O7 0.1 mol/L. Finally, cells were incubated with an antibody against BrdU 

(Sigma-Aldrich) and an Alexa 488-conjugated secondary antibody (Sigma-

Aldrich). Samples were run on a BD Accuri C6 flow cytometer (BD Biosciences, 

CA, USA) and data was analyzed using the BD Accuri C6 software (BD 

Biosciences). Alternatively, the fluorometric resazurin reduction method 

(CellTiter-Blue; Promega, WI, USA) was used (Cayrol et al. 2015). For this, 

cells were incubated for the last 30min with the reactive and the fluorescence 

was determined in a BMG Labtech NOVOstar MicroPlate Reader. Fluorescence 



was determined for 6 replicates per treatment condition, and cell proliferation in 

THs-treated cells was normalized to their respective control. 

Hormone determinations 

Blood was collected from the tail vein and serum was obtained by 

centrifugation. T3 and T4 serum levels were determined using commercial RIA 

kits (Immunotech, Prague, Czech Republic) according to the manufacturer’s 

instructions. The serum levels of TSH were assayed using an ELISA kit (Uscn 

Life Science, Inc., Wuhan, Hubei, Republic of China) (Sterle et al. 2016). 

Histochemistry and immunostaining 

Tumors were excised, fixed in 4% (v/v) formaldehyde in PBS, paraffin-

embedded and sliced into 4-μm thick sections.  The histological characteristics 

were evaluated on haematoxylin–eosin (H&E)-stained specimens (Biopur 

diagnostic, Buenos Aires, Argentina).  

Immunohistochemistry was performed using the primary mouse anti-

proliferating cell nuclear antigen (PCNA) antibody (1:100, clone PC10, Dako 

Cytomation, Denmark). The fragmented DNA was detected by using ApoptagTM 

plus peroxidase in situ apoptosis Detection Kit (Millipore, MA, USA) according 

to the manufacturer’s instructions. Analysis of samples was performed with an 

optical microscope Leica ICC50 HD (Wetzlar Germany), and photographs were 

taken at × 400 magnification with Leica camera (Germany) and visualized with 

the Leica LAS EZ software (version 3.1.0, Leica Microsystem, Switzerland). 

Preparation of single cell suspensions from lymph nodes, spleens and 

tumors  



Lymphoid organs and solid tumors were removed and disrupted through a 1-

mm metal mesh. The red blood cells were lysed using a buffer containing 0.15 

mol/L NH4Cl, 0.01 mol/L K2CO3 and 1x10-4 mol/L EDTA. The resulting cell 

suspensions were filtered through a 40-µm cell strainer (BD Biosciences) and 

resuspended in PBS. 

Cytokine determination 

Tumors and spleens were obtained from mice 35 days post-tumor inoculation 

(p.i.). Tumors were cut in small pieces and equal quantities of tissue were 

incubated in complete DMEM medium. Spleens were disrupted through a 1-mm 

metal mesh and seeded at a final concentration of 1×107 cells/ml in complete 

DMEM medium and co-incubated with 4T1 irradiated cells (30 Gy) at a ratio 

10:1. The conditioned medium was obtained after 24 h. Mice interferon (IFN)-γ, 

tumor necrosis factor (TNF), interleukin (IL)-10 and chemokine (C-C motif) 

ligand (CCL)-2 CBA Flex Sets (BD Biosciences) were used to quantify specific 

cytokines in a BD Accuri C6 flow cytometer, following the manufacturers’ 

instructions. Results were analyzed with FCAP Array Software v3.0 (BD 

Biosciences). Alternatively, IFN-γ and IL-10 levels were quantified using ELISA 

(Invitrogen, CA, USA) following the manufacturers’ instructions. The 

absorbance analysis was performed at 450 nm with the Multiskan GO 

Microplate Spectrophotometer (Thermo Scientific, MA, USA). 

MSC morphology analysis 

Tumor conditioned media (CM) were obtained as described. MSC were cultured 

with complete medium and 10% CM from control, hyper or hypo mice. 

Complete medium alone was used as a negative control. After 7 days, cells 

were washed twice with PBS and fixed with ice-cold methanol, and then stained 

with crystal violet 0.01% w/v. Cells were mounted (mounting medium and 



coverglass) and visualized under Nikon Eclipse E400 microscope (USA). Three 

photographs were taken per condition at x100 magnification. At least 20 

individual cells were selected and cell surface area was measured with Image J 

software (NIH, National Institutes of Health).  
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Supplementary Figure 1 

 

Modulation of LM3 breast tumor growth and dissemination by thyroid 

status. Euthyroid (control), hyperthyroid (hyper) and hypothyroid (hypo) Balb/c 

mice were orthotopically inoculated with 1x105 LM3 cells (from a Balb/c 

mammary adenocarcinoma) (Colombo et al. 2005), as described in the 

“materials and methods” section. (A) Time-course increase in tumor volume 

among the three experimental groups (n=9-11 mice per group). (B) Number of 

metastatic foci in lungs at day 40 post inoculation (p.i.) (n=9-11 mice per group). 

(C) Number of metastatic foci in lungs after 40 days of intravenous (i.v.) 

injection of 1x105 LM3 cells (n=7-8 mice per group).  
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Supplementary Figure 2 

Distribution of immune subsets in tumor-draining lymph nodes (TDLN). 

Euthyroid (control), hyperthyroid (hyper) and hypothyroid (hypo) mice were 

orthotopically inoculated with 4T1 cells. Cell suspensions were obtained from 

TDLN at the indicated time points post-inoculation (p.i.) and stained with 

specific antibodies for (A) NK cells; (B) B lymphocytes; (C) T lymphocytes; (D) 

T helper lymphocytes; (E) cytotoxic T lymphocytes; (F) regulatory T 

lymphocytes or (G) activated cytotoxic T lymphocytes. Results are the mean ± 

SEM of n=5-6 mice per group. Means differ with *p<0.05 
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