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Abstract  24 

Neoadjuvant chemotherapy (NAT) in breast cancer (BC) has been used to reduce tumor 25 

burden prior to surgery. However, the impact on prognosis depends on the establishment of 26 

Pathological Complete Response (pCR), which is influenced by tumor-infiltrating 27 

lymphocyte levels and the activation of the antitumor immune response. Nonetheless, NAT 28 

can affect immune infiltration and the quality of the response. Here, we showed that NAT 29 

induces dynamic changes in the tumor microenvironment (TME). After NAT, an increase of 30 

regulatory T cells and a decrease of CD8+ T cells was found in tumor, correlated with the 31 

presence of metastatic cells in lymph nodes. In addition, an increase of polymorphonuclear 32 

myeloid-derived suppressor like cells was found in luminal patients post-NAT. pCR patients 33 

showed a balance between the immune populations, while non-pCR patients presented an 34 

inverse relationship in the frequency of CD68+ versus CD3+, CD8+, and CD20+ cells. 35 

Moreover, activated T cells were found in peripheral blood, as well as an increase in T cell 36 

clonality with a lower diversity post-NAT. Overall, these results shown that NAT induces an 37 

activation of immune response, however, a balance in the TME seems to be related to a better 38 

antigenic presentation and therefore a better response to treatment.   39 
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Introduction 40 

NAT is extensively used in early-stage BC and locally advanced BC as it helps to provide 41 

greater chances for breast conserving surgery 1,2. Patients showing a pCR to NAT or only 42 

minimal residual disease, as defined by the residual cancer burden (RCB 0), may experience 43 

prolonged disease-free survival 3 and might be related to intrinsic antitumor immune response 44 

activation. The role of the immune system in cancer is gradually being elucidated. In fact, in 45 

BC, an elevated immune infiltrate with a greater diversity in the response of T cells has been 46 

associated with a better outcome 4 and with better survival in Her-2-negative patients, 47 

particularly when the infiltrate is mainly CD8+ T cells 5,6. In addition, high immune 48 

infiltration of T cells has been associated with an increase in the response to NAT 7,8 and with 49 

a decrease in tumor proliferation measured as a reduction in intratumoral Ki67 9,10. However, 50 

tumor immunity is governed in a complex network between antitumoral and protumoral 51 

immune cells. Thus, in the TME of different cancers, including BC, increased levels of Tregs 52 

11 and myeloid-derived suppressor cells (MDSCs) 12 have been described. Tregs and MDSCs 53 

represent two immunosuppressive cell populations that are important in the establishment 54 

and maintenance of cancer immune tolerance, and their abundance has been reported to be 55 

associated with a poor response to NAT and a poor clinical outcome in BC patients (BCP) 56 

13,14. 57 

The type of immune response identified by immunological clusters has recently been related 58 

to pCR. Cluster C, described as the cluster with the highest immune infiltrate, present in 59 

estrogen receptor (ER)-negative and basal-like patients, is the cluster that best responds to 60 

chemotherapy, while cluster B, composed mainly of a protumorigenic infiltrate such as M2 61 

macrophages, presents a lower response. Interestingly, there is an association between the 62 
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immune cluster and the number of stem cell/epithelial–mesenchymal transition (EMT)-63 

related gene signatures 15. In a previous study by our group, we observed an accumulation of 64 

tumor cells of the ALDH+ stem phenotype in response to NAT in all molecular subtypes 65 

except Her-2 16. This finding suggests that the intrinsic differences of tumors may also play 66 

a role in the control of the microenvironment, as previously reported 17-19. To date, several 67 

reports have linked the presence or absence of certain cell types in the TME with tumor 68 

stages, prognosis, and patient survival 20,21, however, the effects of NAT on the TME are still 69 

being studied. Some studies have evaluated the number of T cells in tumor tissues, but their 70 

clonality and changes in the T cell repertoire have not been well investigated. 71 

In this study, we evaluated the effect of NAT on the TME by analyzing the immune cell 72 

populations present in the tumor as well as the diversity of the T cell response in blood and 73 

tumor before and after NAT in BCP. Thus, we showed that NAT induces dynamic changes 74 

in the tumor immune microenvironment that vary by subtype and pathologic response. After 75 

NAT, it was detected activated T cells in peripheral blood (PB), as well as a significant 76 

infiltrate intratumoral of T cells with an increase in clonality and a decrease in diversity in 77 

luminal A and B patients. However, an immunosuppressive response was also evidenced in 78 

BCP. Thus, an increase in the frequency of Tregs was found in tumor and this result was 79 

related to the presence of metastatic cells in lymph nodes. Importantly, pCR patients showed 80 

a balance between the immune populations, while non-pCR patients presented an inverse 81 

relationship in the frequency of CD68+ versus CD3+, CD8+, and CD20+ cells. Overall, these 82 

results indicate that the balance between different immune subsets is crucial to a better 83 

antigenic presentation and therefore a better response to treatment. In this sense, current 84 
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treatment schemes could be complemented for achieve a balance in the tumor 85 

microenvironment.   86 
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Materials and methods 87 

Healthy donors and breast cancer patients 88 

The study was conducted with ethical approval from Hospital Universitario San Ignacio and 89 

Centro Javeriano de Oncología, Bogotá D.C., Colombia (Act 16/2016) and performed in 90 

compliance with Helsinki declaration. All patients provided written informed consent to 91 

participate in the study before any sample collection. Samples from healthy donors (HD) 92 

were collected from patients with benign breast pathologies (fibroadenoma) or reduction 93 

mammoplasty. Samples from BCP were collected from patients who received NAT prior to 94 

surgery. Table 1 shows the clinical and pathological characteristics of all participating 95 

subjects. 96 

Peripheral blood processing 97 

Peripheral blood was collected prior to NAT and post-NAT at the time of surgery (Figure 98 

1). Peripheral blood mononuclear cells (PBMCs) were isolated by density-gradient 99 

centrifugation using Ficoll-PaqueTM PREMIUM (GE Healthcare, Chicago, Illinois, USA). A 100 

total of 1 x 107 cells were cryopreserved in liquid nitrogen in freezing media (RPMI-1640 101 

50%, FBS 40% and 10% DMSO) until use for flow cytometry characterization. A total of 1 102 

x 106 cells were used for DNA extraction with an UltraClean DNA Blood Isolation kit 103 

(MOBIO laboratories, Carlsbad, CA, USA) according to the manufacturer’s protocol for 104 

subsequent TCR sequencing (Figure 1). 105 

Tissue sample collection and processing 106 

Prior to NAT, a tissue sample was removed during a biopsy, and then, the tissue was 107 

formalin-fixed and paraffin embedded for immunohistochemistry (IHC) and/or TCR 108 

sequencing (Figure 1). After NAT, the tissue was collected during surgery and divided into 109 
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two pieces, one for flow cytometry characterization and the other for IHC and TCR 110 

sequencing (Figure 1). For flow cytometry, tissues were minced into small pieces and 111 

dissociated into single cells by a combined mechanical/enzymatic process using the 112 

gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) and the Tumor 113 

Dissociation kit, human (Miltenyi Biotec), according to the manufacturer’s instructions. 114 

Dissociated cells were collected after passage through a 100-µm nylon mesh filter and 115 

cultured at 37 °C and 5% CO2 overnight. Then, flow cytometry characterization was 116 

performed. For IHC and TCR sequencing, the tissue was formalin-fixed and paraffin 117 

embedded until processing. 118 

Flow cytometry 119 

For the analyses of different intratumoral subpopulations, we used specific multicolor panels 120 

for flow cytometry. The following markers were used to stain memory subpopulations of 121 

CD4+ and CD8+ T cells: CD45 APC-Cy7, CD3 Alexa Fluor 700, CD4 PE-CF594, CD8 122 

Pacific Blue, CD45RO APC, CCR7 FITC, CD62L PE-Cy7 and CD95 PE-Cy5. For the 123 

phenotype of myeloid dendritic cells (DCs) and plasmacytoid DCs, the following antibodies 124 

were used: CD45 APC-Cy7, CD123 PE-Cy5, CD303 PE-Cy7, CD304 PE, CD40 Alexa Fluor 125 

700, CD86 PE Dazzle-594, HLA-DR FITC, CD1c Brilliant Violet 421 and CD141 APC. For 126 

the analysis of MDSCs, the following antibodies were combined: CD45 APC-Cy7, CD33 127 

APC, CD66b PE, CD14 PE-Cy7, CD11b Brilliant Violet 421 and HLA-DR FITC. For the 128 

Treg population, CD45 APC-Cy7, CD3 Alexa Fluor 700, CD4 PE-CF594, CD25 PE, CD127 129 

Brilliant Violet 421 and FoxP3 Alexa Fluor 647 antibodies were used. Finally, to determine 130 

the follicular T cell population, the following antibodies were used: CD45 APC-Cy7, CD200 131 

PE, CD3 Alexa Fluor 700, CD4 PE-CF594, PD-1 Brilliant Violet 421 and CXCL13 APC. 132 
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Briefly, cells were stained with LIVE/DEAD Fixable Aqua for 20 min in dark conditions at 133 

room temperature. After washing with PBS containing 2% FBS, the cells were stained for 30 134 

min at 4 °C in the dark with surface antibodies according to the designed multicolor panels. 135 

For intracellular staining, the cells were fixed, permeabilized and stained with anti-FoxP3 136 

and anti-CXCL13 for the Treg and follicular T cell multicolor panels, respectively. Then, the 137 

cells were acquired by flow cytometry using a FACSAria IIU flow cytometer (BD 138 

Immunocytometry Systems, San José, CA, USA), and the results were subsequently analyzed 139 

using FlowJo 10.6.2 software (Tree star, Ashland, OR). 140 

Immunohistochemistry 141 

Formalin-fixed, paraffin-embedded tissue sections from 8 BCP and 6 HD were stained for 142 

CD3, CD4, CD8, CD20, CD23, CD45, CD68 and FoxP3 markers by IHC. Tissue sections 143 

were deparaffinized in xylene and rehydrated with decreasing concentrations of ethanol. 144 

Antigen retrieval was performed at 90 °C for 5 min using pH 9.0 EDTA buffer (CD3, CD4, 145 

CD8, CD20, CD23, CD45, CD68, FoxP3). Endogenous peroxidase activity was inhibited 146 

using EnVision FLEX Peroxidase-Blocking Reagent (DAKO, Agilent, Santa Clara, USA, 147 

SM801). Then, tissue sections were incubated with primary monoclonal antibodies against 148 

CD3 (DAKO, IR503), CD4 (DAKO, IR649), CD8 (DAKO, IR623), CD20 (DAKO, IR604), 149 

CD23 (DAKO, IR781), CD45 (DAKO, IR751), CD68 (DAKO, IR613), and FoxP3 (Abcam 150 

Inc., ab20034). The sections were then rinsed with Envision FLEX Wash Buffer (DAKO, 151 

Agilent). Following washing, the sections were overlaid with Envision FLEX/HRP (DAKO, 152 

Agilent, SM802) and incubated for 30 min at RT. The immunohistochemical reaction was 153 

developed with a 3,3-diaminobenzidine tetrahydrochloride (DAB) solution, EnVision FLEX 154 

DAB + Chromogen (DAKO, Agilent, SM803). The sections were counterstained with 155 
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Harris's hematoxylin, dehydrated, coverslipped, and observed under an optical microscope. 156 

Positive and negative controls were performed and validated for each antibody. 157 

Pathological assessment 158 

For the evaluation of TILs, stromal and intratumoral sections were observed under low 159 

magnification (x4) to determine the type of inflammatory infiltrate and the frequency of 160 

stromal TILs (sTILs). For the other markers, two different histological areas of each tissue, 161 

including invasive and stromal parts, were examined. Five high-magnification views (40×) 162 

were randomly selected to determine the frequency of positive cells and determine the mean 163 

values of positivity. Microscopic analyses were evaluated independently by two investigators 164 

who had no prior knowledge of the clinical data. Discrepancies between the two observers 165 

were reviewed jointly with a third trained BC pathologist to reach consensus. 166 

T-cell receptor (TCR) sequencing and analysis 167 

TCRB sequencing was performed on genomic DNA purified from PB (n = 4), tumor (n = 8) 168 

and normal breast tissue (n = 3). TCR beta chain CDR3 regions were sequenced by 169 

immunoSEQ™ (Adaptive Biotechnologies, Seattle, WA) with primers annealing to V and J 170 

segments, resulting in amplification of rearranged VDJ segments from each cell. Sequencing 171 

was performed on an Illumina HiSeq system (Illumina, San Diego, CA). T cell density, 172 

Simpson clonality and diversity values were obtained through the analyzer website. 173 

T cell stimulation 174 

A total of 5 x 106 PBMCs/mL from BCP pre- and post-NAT were stimulated with anti-175 

CD3/CD28/CD2 microbeads (T Cell Activation/Expansion Kit, human, Miltenyi Biotec). 176 

Then, T cell activation was evaluated by flow cytometry through CD3 and TCR 177 

internalization, CD69 and CD25 expression, and phosphorylation of ZAP70, mTOR, and 178 
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AKT, along with markers for memory subpopulations (CCR7 and CD45RO). Cells were 179 

acquired by flow cytometry using a FACSAria II flow cytometer (BD Immunocytometry 180 

Systems, San José, CA, USA), and the results were subsequently analyzed using FlowJo 181 

10.6.2 software (Tree star, Ashland, OR). A manual analysis was performed followed by an 182 

automated analysis in the live lymphocyte gate. Single live CD3+ cells for each file were 183 

exported and concatenated for analysis by tSNE dimensionality reduction using flowSOM 184 

v2.6 in FlowJo software followed by a comparison of each sample in the concatenated file to 185 

identify the proportions of each group and the corresponding phenotype. Finally, the same 186 

region of live lymphocytes was exported to a file in FCS to be analyzed with the CITRUS 187 

algorithm implemented in R software (version 3.6.3), allowing the identification of 188 

significant differences between groups of patients from pooled populations ex vivo and after 189 

in vitro stimulation. 190 

Statistical analysis 191 

Statistical analysis of the significance between two groups was calculated using the Mann–192 

Whitney U test. Differences among subject groups were evaluated using Kruskal-Wallis and 193 

Dunn’s posttest for multiple comparisons. For all cases, the differences were considered 194 

statistically significant when p < 0.05. GraphPad Prism version 8.0 (GraphPad Prism, 195 

RRID:SCR_002798, San Diego, CA) was used for the statistical analyses. 196 

197 
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Results 198 

Study population 199 

Thirty-three BCP and 10 HD were included in the study. The experimental design used can 200 

be seen in Figure 1. The numbers of patients in stage I were (n = 2), stage II (n = 20) and 201 

stage III (n = 11). Estrogen receptor (ER), progesterone receptor (PR), Her2 expression and 202 

Ki-67 percentage were used to classify the samples as follows: luminal A (n = 11), luminal 203 

B (n = 15), triple-negative (TN) (n = 5) and Her2 (n = 2). All BCP received NAT before 204 

surgery. Received NAT regimens are shown in Table 1. The patients’ ages ranged from 29 205 

to 79 years; the mean age at diagnosis was 53.9 ± 1.6 years. Among the 33 BCPs analyzed, 206 

9 (27.3%) achieved a pathologic complete response (pCR), and 21 (63.6%) patients had 207 

PLNs. 208 

 209 

Figure 1. Experimental design. Breast cancer patients (BCP) and healthy donors (HD) were 210 

included in the study. From the patient group, biopsies and tumors were taken before and 211 
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after NAT, respectively, and IHC and TCR sequencing were performed. Additionally, a 212 

section of the tumor sample was processed by enzymatic and mechanical digestion and used 213 

to evaluate different cell populations by flow cytometry. A blood sample was also taken from 214 

each patient before and after NAT to assess the activation status of T cells by flow cytometry 215 

and for TCR sequencing. From the HD group, breast tissue was taken during surgery for 216 

IHC, TCR sequencing and flow cytometry. This figure was created using BioRender 217 

(https://biorender.com/). 218 

Table 1. Clinicopathological characteristics of patients with breast cancer 219 

 220 

 221 

 222 
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NAT induces changes in the immune microenvironment in tumor tissue 223 

To evaluate the composition of tumor-infiltrating leukocytes in BCP, tumors from 8 BCP 224 

(before and after NAT) and 6 HD were evaluated by IHC detection in tissue sections of 225 

intratumoral TILs (iTILs) and stromal TILs (sTILs). Figure 2A and supplementary Figure 226 

1A shows sTIL and iTIL infiltration in H&E-stained sections of tumor tissues. After NAT, 227 

an increase in sTIL frequency was observed in BCP with pCR and non-pCR (Figure 2B). 228 

Figure 2C-2I shows the results of IHC staining using different markers, such as CD45 229 

(Figure 2C), CD3 (Figure 2D), CD4 (Figure 2E), CD8 (Figure 2F), CD20 (Figure 2G), 230 

FoxP3 (Figure 2H) and CD68 (Figure 2I). BCP increased the frequency of all evaluated 231 

markers compared with HD (Figure 2C-2I). Our study found that after NAT, sTILS, CD45+, 232 

CD3+, CD4+, and CD8+ cells tended to have a higher frequency in tumor tissue (stromal) and 233 

that the frequencies of CD20+ cells, FoxP3+ cells and CD68+ cells did not change in tumor 234 

tissue. 235 

 236 
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Figure 2. NAT changes the immune microenvironment in breast cancer patients. A. 237 

Leukocyte infiltration of tumors from breast cancer patients by hematoxylin and eosin (H&E) 238 

staining of tissue sections pre- and post-NAT. Yellow arrows show stromal tumor-infiltrating 239 

lymphocytes (sTILs), and celeste arrows show tumor-infiltrating lymphocytes (iTILs). 240 

Images are at 40X magnification. B. Frequency of sTILs in BCP with non-pCR or pCR pre- 241 

and post-NAT. C. Representative IHC for CD45+ sTIL (left) staining in tumor samples pre- 242 

and post-NAT from the same individual and frequency of CD45+ cells (right), D. CD3+ E. 243 

CD4+, F. CD8+, G. CD20+, H. FoxP3+, I. CD68+ cells. In all cases, each point represents 244 

independent samples: gray circles correspond to HD, blue circles to pCR and red circles to 245 

non-pCR patients. Data are represented as the mean ± SEM. The p values were calculated 246 

using a Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001. 247 

 248 

Furthermore, a positive but not statistically significant correlation between CD3+, CD45+, 249 

CD4+, CD8+, CD20+ and FOXP3+ cells was found in patients pre-NAT; conversely, a 250 

negative but not statistically significant correlation was found between the same markers and 251 

CD68+ cells pre-NAT, which changed to a positive correlation post-NAT (Supplementary 252 

Figure 1B). Likewise, we found a positive but not statistically significant correlation 253 

between the same markers in pCR patients pre-NAT but not in non-PCR patients post-NAT 254 

(Supplementary Figure 1C). 255 

 256 

The immune composition in tumor tissue is distinct from normal tissue 257 

We evaluated the TME by multicolor flow cytometry in tumor tissues from BCP post-NAT. 258 

Thus, BCP patients, including pCR and non-pCR patients, showed higher infiltration of 259 
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CD45+ cells than HD patients (Figure 3A), as well as a significant accumulation of CD3+ 260 

cells (Figure 3B). The frequency of CD3+ cells was differential according to the molecular 261 

subtype of cancer, finding a significant increase in the group of TN patients compared with 262 

HD (Figure 3C). Within the CD3+ population, the frequency of CD4+ T cells increased, 263 

while CD8+ T cells tended to decrease in comparison with normal tissue (Figure 3D). T cells 264 

are described as a highly heterogeneous cell compartment comprising different phenotypes, 265 

functional activities, and survival capacities. Accordingly, different markers have been 266 

proposed to identify T cell subpopulations 22. We included CD45RA, CD62L, CCR7 and 267 

CD95 to define naïve (TN), stem cell memory (TSCM), central memory (TCM), tissue-resident 268 

memory-like (TRM), effector memory (TEM) and terminally differentiated effector (TTE) T 269 

cells (Supplementary Figure 2A). The frequencies of CD4+ and CD8+ T cell memory 270 

subpopulations were similar in tumor and normal tissue (Figure 3E and 3F), except for CD4+ 271 

TTE cells, which were lower in BCP (Figure 3E). In terms of molecular subtype of cancer, it 272 

was found that the distribution of TN cells was higher in TN patients than in the other groups 273 

(Figure 3G and 3H). Additionally, according to the pathologic response, the distribution of 274 

memory subpopulations of CD4+ T and CD8+ T cells was significantly different between HD 275 

and non-pCR patients, while the distribution of subpopulations was more similar between 276 

HD and pCR patients (Supplementary Figure 2B). Analyzing the phenotypical 277 

characteristics of CD4+ T cells infiltrating tumor and normal tissue, it was found that 278 

independent of the pathologic response, there was an increase in the frequency of Tregs 279 

(Figure 3I), characterized by expression of the IL-2 receptor a chain (CD25) and FoxP3 280 

transcription factor (Supplementary Figure 2C). High CD8+ T cell infiltration has a 281 

favorable effect on patient survival 6, whereas the accumulation of Tregs in the TME is 282 
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associated with decreased overall survival 23,24. We found a markedly decreased ratio of 283 

CD8+ T cells to Tregs in BCP compared with HD (Figure 3J and Supplementary Figure 284 

2D), suggesting that BCP had a suppressor TME rather than an effector TME. According to 285 

the nodal state of BCP, we found an increase in CD4+ T cells and a decrease in CD8+ T cells 286 

in PLN compared with HD patients (Figure 3K), an increase in Tregs in negative lymph 287 

node (NLN) patients but a more marked increase in PLN patients (Figure 3L), and a decrease 288 

in the ratio of CD8+ T cells to Tregs in NLN and PLN patients (Supplementary Figure 2D). 289 

These results suggested that the dysregulation of the immune response, with more 290 

suppressive than effector activity, favored the migration of tumor cells to the lymph nodes. 291 

T follicular helper cells (Supplementary Figure 2E) are a specialized subset of CD4+ T cells 292 

with prognostic significance in the tumor 25; however, no differences were found in the 293 

frequency of these cells between HD and BCP (Figure 4A). Dendritic cells (DCs) encompass 294 

plasmacytoid DCs (pDCs) and two subsets of myeloid DCs (mDCs): CD1c+ mDCs and 295 

CD141+ mDCs (Figure 4B). pDCs, cells that contribute to the immunosuppressive tumor 296 

microenvironment, and CD141+ mDCs, cells that play a significant role in antigen cross-297 

presentation, were found in the same proportion in tumor and normal tissue (Figure 4C and 298 

4D). Conversely, CD1c+ mDCs, cells with an inferior capacity to cross-present antigen to 299 

CD8+ T cells compared with CD141+ DCs, were increased in tumor tissue, but the differences 300 

were at the expense of non-pCR patients (Figure 4D) and PLN patients (Figure 4E). MDSC-301 

like cells (Supplementary Figure 2F) are another population that is involved in an 302 

immunosuppressor TME. We found no differences in the frequency of monocytic MDSC-303 

like cells (M-MDSC-LC) between HD and BCP, but we found an increase in the frequency 304 

of polymorphonuclear myeloid-derived suppressor like cells (PMN-MDSC-LC) in BCP 305 
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compared with HD (Figure 4F), and this difference appeared to be at the expense of LB 306 

tumor samples (Figure 4G). 307 

 308 

 309 

Figure 3. T cell composition in tumor and normal breast tissue. A. Frequency of CD45+ 310 

cells from healthy donors (HD) and breast cancer patients (BCP). B. Frequency of CD3+ cells 311 

from HD and BCP. C. Frequency of CD3+ cells according to the molecular subtype of breast 312 

cancer: luminal A (LA), luminal B (LB), Her2 and triple negative (TN). D. Percentage of 313 

CD4+ and CD8+ T cells. Distribution of memory subpopulations of CD4+ (E) and CD8+ T 314 

cells (F) evaluated using the CD45RA, CD62L, CCR7 and CD95 markers to define naïve 315 

(TN), stem cell memory (TSCM), central memory (TCM), tissue-resident memory-like (TRM), 316 
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effector memory (TEM) and terminally differentiated effector (TTE) T cells. Pie charts of the 317 

distribution of CD4+ (G) and CD8+ T cell (H) memory subpopulations according to the 318 

molecular subtype of breast cancer. I. Frequency of CD4+CD25+Foxp3+ regulatory T cells 319 

(Tregs). J. Ratio of CD8+/Treg cells. K. Frequency of CD4+ and CD8+ T cells from HD and 320 

patients with positive lymph nodes (PLNs) or negative lymph nodes (NLNs). L. Treg 321 

frequency according to the lymph node state. Data are represented as the mean ± SEM in A, 322 

B, C, D, E, F, I, and J. Data are represented as violin plots, and lines indicate quartiles in K 323 

and J. The p values were calculated using a Mann-Whitney test. *p < 0.05, **p < 0.01, ***p 324 

< 0.001. 325 

 326 

 327 

328 
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Figure 4. Immune composition in tumor and normal breast tissue. A. Frequency of 329 

follicular T cells from healthy donors (HD) and breast cancer patients (BCP). B. 330 

Representative FACS analysis of plasmacytoid dendritic cells (pDCs) and CD141+ and 331 

CD1c+ myeloid dendritic cells (mDCs). C. Frequency of pDCs from HD and BCP. D. 332 

Percentage of CD141+ and CD1c+ myeloid DCs. E. Frequency of CD141+ and CD1c+ 333 

myeloid DCs from HD patients and patients with positive lymph nodes (PLNs) or negative 334 

lymph nodes (NLNs). F. Frequency of monocytic MDSCs (M-MDSCs) and 335 

polymorphonuclear MDSCs (PMN-MDSCs). G. Frequency of M-MDSCs and PMN-336 

MDSCs according to the molecular subtype of breast cancer: luminal A (LA), luminal B 337 

(LB), Her2 and triple negative (TN). In all cases, each point represents independent samples: 338 

gray circles correspond to HD, blue circles to pathologic complete response (pCR) and red 339 

circles to non-pCR patients. Data are represented as the mean ± SEM. The p values were 340 

calculated using a Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001. 341 

 342 

T cell activation in peripheral blood after NAT 343 

Additionally, we evaluated T cell activation in a cohort of BCP pre- and post-NAC in PB. 344 

Initially, the flow cytometry data were analyzed with the FlowSOM algorithm on a tSNE 345 

dimension reduction map, where 8 main subpopulations were established (Figure 5A). Using 346 

a heat map, the expression level of each marker and their hierarchical relationship were 347 

determined, as well as under the spanning tree distribution (Figure 5B and 5C). When 348 

comparing the distribution of the populations between the groups of patients (stimulated or 349 

not in vitro), significant differences were found in populations 3, 4 and 5 (characterized by a 350 

high level of CD69 expression), and a significant increase was found in population 4 post-351 

NAT and after stimulation (Figure 5D). Additionally, when the data were analyzed by 352 
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CITTRUS, there were two models capable of differentiating the four population groups 353 

analyzed (clusters 108142 and 108143) that had an activation phenotype (Figure 5E and 354 

5F), similar to that determined in FlowSOM with high expression of CD69 in a cluster with 355 

increased CD25 expression. Finally, when comparing the relative abundance of the clusters 356 

in the four groups, it was observed that cluster 108143 was increased in after-NAT samples 357 

(both stimulated and unstimulated) compared with the pre-NAT samples (Figure 5G). The 358 

above data showed that in response to in vitro stimulation, T cells from PBMCs from post-359 

NAT patients had an increased proportion of activated cells compared with the same patients 360 

prior to treatment. 361 

 362 

Figure 5. Response of PBMCs to in vitro stimulation of patients before and after NAT. 363 

A. t-SNE plot for PBMCs with FlowSOM-based clusters. B. Heat map indicating the 364 

expression level of different markers used in flow cytometry for each of the populations 365 

determined by FlowSOM grouped by their hierarchical proximity. C. Spanning tree of the 366 

subpopulations determined by FlowSOM with the expression level of each marker within the 367 
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circle (the size of the circle is proportional to the number of events). D. Frequency of each 368 

FlowSOM subpopulation in the four groups of patient samples. E. CITRUS-based expression 369 

tree for each of the markers in each subpopulation. F. Histograms of expression of the clusters 370 

that differed statistically between the groups of samples. G. Relative abundance (Log10) of 371 

the clusters that significantly differentiate the groups of patient samples. *p < 0.05, **p < 372 

0.01. 373 

 374 

More T cell clonality and low diversity after NAT treatment  375 

In this study, we used TCRB sequencing to determine the T cell repertoire in samples of PB, 376 

tumor, and normal breast tissue from 10 BCP and 3 HD patients. The size of the TCRB 377 

repertoire was different for each tissue. The number of T cells in each sample, represented 378 

by productive templates, was higher in PB, followed by tumor and normal breast tissue, for 379 

both pre- and post-NAT samples (Supplementary Figure 3A). Likewise, tumors tended to 380 

have a higher density of infiltrating T cells than normal breast tissue, with both containing a 381 

lower density of T cells than that observed in PB (Figure 6A). The clonality in PB and tumors 382 

post-NAT was higher than that in pre-NAT samples (Figure 6B and Supplementary Figure 383 

3B), except for one patient who was classified as TN (Figure 6C and Supplementary 384 

Figure 3C), suggesting a possible expansion of specific clones of T cells, unlike in the TN 385 

patient (Supplementary Figure 4A and 4B). This phenomenon was verified by 386 

measurement of the normalized Shannon´s entropy, which showed a lower diversity in LA 387 

and LB patients after NAT (Figure 6D and Supplementary Figure 4C y 4D). The patients 388 

showed a higher frequency of clones than HD patients (Supplementary Figure 3D). In terms 389 

of pathologic response, in non-pCR (Figure 6E) and pCR (Figure 6F) patients, the 390 

expansion of some specific clones was observed after NAT; however, in pCR patients, 391 
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expansion was more marked (Figure 6F), suggesting that these clones might play an 392 

important role in the control of the disease.  393 

 394 

 395 
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Figure 6. T cell repertoire in blood, tumor, and normal breast tissue before and after 396 

NAT. A. The T cell density in each sample calculated by normalizing TCR template counts 397 

to the total amount of DNA usable for TCR sequencing; each point represents independent 398 

samples. B. Simpson clonality as a measurement of the immune repertoire in blood and tumor 399 

samples pre- and post-NAT. C. Simpson clonality in tumor samples pre- and post-NAT 400 

according to molecular subtypes of breast cancer. D. Normalized Shannon’s entropy as an 401 

index of diversity in each tumor according to molecular subtypes of breast cancer. E. Heat 402 

map showing the distribution of clones in nonpathologic complete response (pCR) patients 403 

before and after treatment. F. Heat map showing the distribution of clones in pCR patients 404 

before and after treatment. The p values were calculated using a Mann-Whitney U test. *p < 405 

0.05.  406 
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Discussion 407 

To date, various NAT regimens have been tested and implemented, providing a favorable 408 

outcome in primary tumors and reducing the risk of progression. However, there is a large 409 

amount of evidence of the ability of chemotherapy to increase the risk of cancer progression 410 

by different mechanisms, involving the induction of stress and the transformation and 411 

maintenance of an intratumoral inflammatory microenvironment. These changes favor the 412 

emergence of chemotherapy-resistant tumor cells promoting tumor invasiveness 26. 413 

In the present study, we performed a fine characterization of the immune response generated 414 

after NAT in luminal A, luminal B, basal and Her-2+ BCP and evaluated the relationship 415 

with the pathological response and clinical parameters related to tumor control. 416 

Understanding the type of immune response induced after NAT and its relationship with the 417 

progression of the disease can shed light on suitable therapeutic targets not only to treat the 418 

primary tumor but also to induce effective control of metastases. The starting hypothesis was 419 

that adaptive immune response activation with a preferential expansion of T cells could be 420 

related to a better response to NAT and even to pCR. To answer these questions, we evaluated 421 

the immune infiltrate distribution by IHC and flow cytometry and the TCR rearrangements 422 

present before and after NAT by TCR sequencing. T cell activation in PB was also studied 423 

in some patients, and all the parameters related to the clinical and pathological responses 424 

were analyzed. 425 

We observed a baseline tumor immune infiltrate in most of the patients, which increased after 426 

NAT, both for CD4+ and CD8+ T cells and for B cells. CD8+ stromal localization was 427 

associated with pCR as previously reported 27. Clonal expansion and early activation of 428 
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peripheral T cells evidenced after NAT and related to pCR responses highlight the role of the 429 

adaptive immune response in tumor control. 430 

In fact, the relationship between the adaptive immune response and a better evolution of the 431 

tumor was reported 28, but it was only until recently that the dynamics of the immune response 432 

and its relationship with chemotherapy and the molecular subgroups of BC began to be 433 

understood. In fact, the grade and type of stromal versus intratumoral infiltrate is a prognostic 434 

marker of the response to adjuvant and NAT, as well as control of metastases, mainly in TN 435 

and HER2+ breast cancers. However, the lymphoid infiltrate is not always effective due to 436 

the occurrence of suppressive TME 29. 437 

While the role of CD8+ cells in the tumor stroma has been related to direct tumor destruction, 438 

the role of other immune cells is more ambiguous. We found a negative correlation between 439 

intratumoral CD68+ macrophages and Tregs, with the lack of pCR; however, a larger number 440 

of patients must be studied to confirm this finding. Tumor-associated macrophages (TAMs) 441 

are tissue-resident differentiated monocytes with phagocytic activity and are conventionally 442 

classified into M1 and M2 subtypes depending on their differentiation status and functional 443 

role. M1 macrophages are characterized by their proinflammatory properties, thereby 444 

promoting antitumor Th1-type responses; M2 macrophages are instead anti-inflammatory in 445 

nature and secrete IL-10, transforming growth factor-β (TGF-β), and other mediators 446 

favoring the establishment of a tolerogenic microenvironment, as well as proangiogenic 447 

factors. CD68 is used as a prototype macrophage marker, but it does not discriminate between 448 

M1 and M2 macrophages; however, it continues to be used in conventional pathology, 449 

explaining the ambiguous results observed when relating CD68 to the cancer response and 450 
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pCR 30. It is possible that Tregs favor the differentiation of highly plastic CD68 cells in M2 451 

macrophages because of the generation of immunosuppressed microenvironments, as 452 

recently suggested 27. 453 

A significant body of research relates a high infiltration of CD68 TAMs in the BC 454 

microenvironment with an unfavorable outcome 31. High TAMS has been linked to reduced 455 

survival, high tumor grade, larger tumor size, and TN phenotype 32. TAMS has been shown 456 

to enhance tumor progression through the promotion of tumor cell proliferation, 457 

angiogenesis, motility, and extravasation of tumor cells and to suppress T cell function 33. 458 

However, in contrast with their protumor effects, CD68+ TAMs can also exhibit tumoricidal 459 

properties. It has been demonstrated that some chemotherapeutic agents exert their anticancer 460 

effects through the tumor killing actions of TAMS. TAMS mediate antibody-dependent 461 

cellular cytotoxicity, which is the mechanism underlying the anticancer action of monoclonal 462 

therapies such as anti HER2/neu therapy 34. CD68 is part of the 21-gene oncotype profile, 463 

where its presence predicts a greater benefit from chemotherapy 35 and pathologic response 464 

36. Thus, a significant body of research supports the role of CD68+ cells in enhancing the 465 

effects of chemotherapy. Conversely, TAMs have also been associated with promoting 466 

chemoresistance through a variety of mechanisms, including a misdirected tissue repair 467 

response. Further studies, including subsets of TAMs, are needed, for example, a CD163high, 468 

CD86low, IL-10high population for identification of M2 macrophages related to a poor outcome 469 

in BC 37 and reduced survival 38. In a previous work, it was found that the joint analysis of 470 

CD68, with the presence of TILs and the expression of PD-L1, is more appropriate than the 471 

determination of TILs alone, particularly when it is analyzed with the expression of ER and 472 

HER+, and it is significantly associated with an excellent response to NAT 39. If we consider 473 
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our results, the inclusion of Tregs in this multivariable analysis could add more prognostic 474 

value. 475 

Otherwise, we observed a significant increase in intratumoral CD45+ cells, preferentially 476 

CD4+ T cells, concomitant with an increase in Tregs and a decrease in the CD8+/Tregs ratio. 477 

Although no significance was found for BC subtypes, a significant difference was observed 478 

between PLN and NLN patients. The protective role of CD8+ cytotoxic T cells and CD4+ Th1 479 

cells and effective antitumor immunity are unquestionable 6,40. The deleterious role of the 480 

intratumoral suppressive response in the control of metastases exerted by Tregs 29 has been 481 

previously shown. 482 

In a recent study, high infiltration of FOXP3 and PD-L1 was associated with HER2 positivity 483 

and p53 overexpression and related to invasive carcinoma compared with pure ductal 484 

carcinoma in situ 41. The FOXP3+/CD8+ T cell ratio was found to be an independent adverse 485 

prognostic factor in the hormone receptor-positive subgroup, especially in the luminal A 486 

subtype 42,43. Altogether, these data associate the role of FOXP3 in promoting tumor 487 

migration. Furthermore, its presence before chemotherapy is associated with a lower 488 

response to NAT, and its increased detection in residual tumors corroborates its role in the 489 

generation of metastases in PLN patients. 490 

We also found a significant infiltration of PMN-MDSC-LC in BCP and an increase, although 491 

not significant, in M-MDSC-LC. MDSCs are a heterogeneous population of 492 

immunosuppressive protumoral leukocytes that result from abnormal myelopoiesis as a 493 

consequence, for example, of a pathological condition such as cancer that is accompanied by 494 

an increase in ROS, as well as IL-6, among other cytokines. They inhibit antitumor immunity 495 
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by producing immunosuppressive factors such as arginase, reactive nitrogen and oxygen 496 

species and inducing the activation of Tregs 44,45. There are two major subpopulations of 497 

MDSCs, with PMN-MDSCs being the most abundant. The suppressive activity of this 498 

population is critically dependent on lipid accumulation 46. They themselves produce large 499 

amounts of ROS that favor the oxidation of the lipids they accumulate, which are involved 500 

in reducing the ability of DCs to perform cross priming 47. 501 

Chemotherapy induces multiple changes in the tumor microenvironment. One of them is the 502 

induction of MDSC recruitment, as observed before systemic treatment of BCP with 503 

doxorubicin-cyclophosphamide every 14 days. There was also a significant correlation 504 

between circulating MDSCs and the clinical cancer stage. In addition, patients with extensive 505 

metastatic tumors had the highest percentage and absolute number of MDSCs 48. In head and 506 

neck cancer, the outcome of preoperative cetuximab treatment can be predicted by PMN-507 

MDSC numbers, which decreased in the responder group and remained unchanged in 508 

nonresponders 49. PMN-MDSC frequencies have been related to the presence of tumor 509 

metastasis, possibly by priming an organ-specific premetastatic niche 50. 510 

 511 

The presence of PMN-MDSCs could be related to the increase in CD1c mDCs that we 512 

observed in PLN patients in our study. In fact, the CD1c (DC-2) population characterized as 513 

previously described 51 is effective in inducing Th2 responses; it does not induce proliferation 514 

of allogeneic T cells and is directly related to the suppression of the immune response in 515 

cancer 52. The interesting and worrisome finding is that this population is detected in the 516 

tumors of patients undergoing NAT, which suggests that oxidative stress generated by 517 

chemotherapy may be a triggering event for increased PMN-MDSC migration. These results 518 
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may be related to what was found when analyzing the T cell response. In fact, we observed 519 

that NAT increases the level of intracellular activation of T cells, which suggests an increase 520 

in antigenic presentation. However, when performing the clonality analysis, we found that 521 

this activation seemed to generate a preferential clonal expansion in pCR patients. Clonal 522 

expansion was observed for some of the clones evidenced before NAT. However, the 523 

emergence of new clones in the top 10 frequencies was observed (data not shown), suggesting 524 

the presentation of new tumor antigens promoted by NAT, possibly associated with the 525 

appearance of intratumoral tertiary lymphoid nodes. This dynamic is evident in all molecular 526 

subgroups. It would be very interesting to determine whether these new clones are part of the 527 

naïve T cell population and if both CD4+ and CD8+ cells are observed in patients. We are 528 

now evaluating in detail the interindividual differences of these expansions in a larger group 529 

of patients undergoing NAT to determine if specific patterns are related to the control of 530 

metastases. 531 

In overall, these results suggest that current treatment schemes could be complemented to 532 

achieve a balance in immune subsets improving the activation of the antitumor immune 533 

response and, therefore, a better response to treatment.534 
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