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Abstract

:

Simple Summary


Breast cancer is the most frequently diagnosed cancer among women worldwide. Although there have been significant advances in the past decade in our understanding of breast cancer biology and the choice of treatment, mortality remains high, especially among certain subgroups of patients. The advent of onco-immunology as a burgeoning speciality of precision medicine designed to heighten the antitumor response of the immune system in cancers like melanoma has not been associated with impressive results in breast cancer. Most research efforts have focused only on T lymphocytes with little regard to other potentially important players, including B lymphocytes. This review aims to summarise studies that have assessed the clinical significance of tumour-infiltrating B lymphocytes in breast cancer and explore future research directions that may shed further light on understanding the role of B lymphocytes in breast cancer.




Abstract


Although T lymphocytes have been considered the major players in the tumour microenvironment to induce tumour regression and contribute to anti-tumour immunity, much less is known about the role of tumour-infiltrating B lymphocytes (TIL-Bs) in solid malignancies, particularly in breast cancer, which has been regarded as heterogeneous and much less immunogenic compared to other common tumours like melanoma, colorectal cancer and non-small cell lung cancer. Such paucity of research could translate to limited opportunities for this most common type of cancer in the UK to join the immunotherapy efforts in this era of precision medicine. Here, we provide a systematic literature review assessing the clinical significance of TIL-Bs in breast cancer. Articles published between January 2000 and April 2022 were retrieved via an electronic search of two databases (PubMed and Embase) and screened against pre-specified eligibility criteria. The majority of studies reported favourable prognostic and predictive roles of TIL-Bs, indicating that they could have a profound impact on the clinical outcome of breast cancer. Further studies are, however, needed to better define the functional role of B cell subpopulations and to discover ways to harness this intrinsic mechanism in the fight against breast cancer.
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1. Introduction


Breast cancer is the most common type of cancer in the UK [1]. With over 2 million new cases being diagnosed across the world in 2020, it has now surpassed lung cancer as the most commonly diagnosed cancer among women [2]. Despite impressive advances in therapeutic modalities, breast cancer remains the leading cause of cancer-related deaths among women worldwide, accounting for over 15% of female cancer mortality [2]. Certain subtypes, including HER2-enriched and triple-negative breast cancer (TNBC), are notoriously aggressive, carrying significant risks of early spread and tumour recurrence [3]. Responses to conventional chemotherapy and radiotherapy are usually not long-lasting, and efficacy is very limited in metastatic and relapsed diseases [4]. Much effort has therefore been made to continuously advance our understanding of the pathophysiology of breast cancer, with the hope of identifying novel strategies to improve survival outcomes of this malignancy.



In the last two decades, cancer treatment has been revolutionised by our increased understanding of the tumour microenvironment (TME). It has now become clear that the initiation and progression of cancer is a complex and dynamic process that involves not only the intrinsic genetic aberrations of the tumour tissue but also its interactions with the local microenvironment [5] constituted by the extracellular matrix, cancer-associated fibroblasts, infiltrating inflammatory cells, vascular and lymphatic networks, as well as a variety of cytokines and biomolecules [6]. The concept of cancer immunoediting [7], introduced by Dunn and Schreiber in 2002, further describes the process of malignant neoplastic progression on the basis of tumour and immune cell interactions [8]. Such knowledge of our immune system’s capacity to recognise, target and destroy cancer cells has sparked considerable interest in harnessing this intrinsic mechanism to fight against cancer.



Standing at the very heart of this tumour-immune system interaction are the tumour-infiltrating lymphocytes (TILs), which are a mixture of T cells (TIL-Ts), B cells (TIL-Bs) and natural killer (NK) cells observed to be nested in and around the neoplastic cells [9]. Together with the relatively minor populations of macrophages and dendritic cells (DCs) [10], TILs exert influence on the behaviour of cancer cells and play a deterministic role in the course of cancer development through a myriad of adaptive immune responses, which are believed to be initiated by tumour-specific peptides known as neoantigens or tumour-associated antigens (TAAs) that have arisen as a result of expressed somatic cancer mutations [11], and are presented to effector cells of the immune system by complexing with major histocompatibility complex (MHC) proteins. Most of the immuno-oncology research to date has focused on cell-mediated immunity (CMI). Under the classic model, the immune system plays a dichotomous role in modulating tumour progression, where cytotoxic T cells, helper T cells, NK cells and DCs contribute to the anti-tumour response, and other cells like Foxp3+ regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) have a pro-tumorigenic effect that promotes cancer growth and invasion by producing cytokines sustaining angiogenesis and stimulating tumour cell proliferation [12].



Despite being one of the main constituents of the TME, the roles of TIL-Bs in cancers are not well characterised, and studies examining their prognostic significance are much more limited [13,14]. In retrospective analyses of mastectomy specimens, a progressive increase in the density of B-cell infiltrate was observed as mammary glands transition from normal tissue through usual and atypical ductal hyperplasia to ductal carcinoma in-situ (DCIS) and infiltrating ductal carcinoma [15,16,17]. It is believed that antigens expressed on breast cancer cells are the most important factor driving B cell proliferation and infiltration into the tumour tissue [18]. In addition, cancer cells that produce B cell chemoattractants like C-X-C motif chemokine ligand 13 (CXCL13) may also play an important role in attracting B cells to the microenvironment [19].



B cells are known to play a critical role in the development of humoral immune responses. They arise from the bone marrow and, upon stimulation by antigens, progress through a series of developmental stages to eventually differentiate into memory B cells and plasma cells (PCs). Throughout these stages of development, B cells express different markers on their cell surface, which allow them to be identified immunohistochemically (Table 1). Recent studies in human cancers revealed that TIL-B phenotypes include naïve B cells, naive activated B cells, germinal centre (GC) B cells, memory B cells, as well as PCs and their intermediates [20]. Recent single-cell RNA sequencing (scRNA-seq) studies of breast cancer tissue even reported up to 13 TIL-B phenotypes, spanning the entire continuum from naïve B cells to PCs [21]. It is believed that mature B cells within the TME could be activated by neoantigens or TAAs on cancer cells to differentiate into PCs, which could produce immunoglobulins (Ig) [22] and mediate tumour cell elimination through cell lysis by NK cells (antibody-dependent cell cytotoxicity, ADCC), complement activation (complement-mediated cytotoxicity) and macrophage phagocytosis. Analysis of Ig heavy chain genes in TIL-Bs revealed evidence of clonal expansion, somatic hypermutation, affinity maturation and class switching, reminiscent of GC reactions in an active humoral immune response [23]. In addition, activated TIL-Bs can theoretically act as professional antigen-presenting cells (APCs) and present epitopes to TIL-Ts to induce tumour antigen-specific T-cell responses [24]. In a recent study on non-small cell lung cancer (NSCLC), TIL-Bs directly isolated from cancer samples were shown to stimulate autologous CD4+ TIL-Ts in vitro, providing empirical evidence to support this mechanism [25].



Complicating the picture, however, are the reported immune-inhibitory properties of TIL-Bs. More specifically, there is a subset of B cells that is known to suppress T cell-mediated anti-tumour response by secreting suppressive cytokines like interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β), which can suppress macrophage and NK cell activities, promote the differentiation of naïve CD4+ T cells into regulatory T cells (Tregs) and upregulate the expression of immune checkpoint molecules like programmed death protein-1 (PD-1) and programmed death-ligand 1 (PD-L1) [26]. Signal transducer and activator of transcription 3 (STAT3) signalling also mediates vascular endothelial growth factor (VEGF) to promote angiogenesis and metastasis [27,28].



Given the phenotypic and functional diversities of B cells, their role in tumour progression is conceivably complex, and their clinical significance in breast cancer as a disease with high heterogeneity is, not surprisingly, controversial. To address this area of confusion, a systematic review was conducted, which aims to summarise and critically evaluate findings from primary studies that have specifically assessed the prognostic and/or predictive significance of TIL-Bs in breast cancer and identify gaps in knowledge that could help inform future research needs. Clarifying the clinical significance of TIL-Bs could enhance our understanding of B cells in the anti-tumour immune response and potentially open new avenues for the development of novel immunotherapies for breast cancer.




2. Materials and Methods


2.1. PRISMA Statement


The protocol of this review has consulted the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement, a guideline developed in 2009 and updated in 2020 to help homogenise how systematic reviews are conducted and improve the completeness of their reporting [29]. This review has not been registered.




2.2. Search Strategy


A systematic literature search was conducted within two electronic databases: PubMed/MEDLINE and EMBASE, for original articles which met our inclusion criteria and were published from January 2000 to April 2022. Keywords, their synonyms and Boolean operators were used in the search process, as shown in Figure 1 below. Citations in selected papers and related articles suggested by PubMed were also reviewed to identify more potentially relevant studies.




2.3. Selection Process


The search results were then reviewed for duplicates, and the remaining articles were screened against specified inclusion and exclusion criteria, as detailed below. Titles and abstracts that were deemed relevant on preliminary screening were examined further at the full-text level. The same applies to records whose suitability was equivocal at either the title or abstract level in order to avoid the omission of potentially relevant or informative studies.



Studies for inclusion were those that:




	
Specifically scored TIL-Bs in the tumour bed.



	
Evaluated the association between TIL-Bs and clinical outcomes in breast cancer, such as disease-specific survival (DFS), progression-free survival (PFS), overall survival (OS) and response to chemotherapy.








Studies for exclusion were those that:




	
Were not pertinent to breast cancer.



	
Evaluated tils as a single population and did not specifically assess TIL-Bs.



	
Had a sample size below 50.



	
Were non-empirical or secondary resources, including reviews, commentaries and academic textbooks.



	
Were not written in the English language.



	
Were not pertinent to humans.









2.4. Data Extraction


Data from eligible publications were extracted in a systematic manner. The following data items were retrieved from each article: the first author’s name, year of publication, country of the cohorts studied, sample size, breast cancer subtype, clinicopathological features of the tumour, type of treatment received, duration of follow-up and clinical outcomes or prognostic parameters reported. In addition, details related to the methods of TIL-Bs detection were extracted, including the immunohistochemical markers and antibody clones used, localisation or compartmentalisation of B cells within the tumour bed (intratumoural vs. stromal), scoring methodology and cutoff value.





3. Results


3.1. Characteristics of Studies


3.1.1. Overview


The study selection process is illustrated in Figure 2. A total of 1191 articles were identified after the initial search. After the exclusion of the duplicate records (n = 354), a total of 837 unique articles were screened at the title and abstract levels, warranting 65 studies for full-text review. At this level, 51 articles were removed for not satisfying the eligibility criteria (e.g., no data concerning TIL-Bs or clinical outcomes). Finally, a total of 14 studies [30,31,32,33,34,35,36,37,38,39,40,41,42,43] were included in the current systematic review. The main characteristics of each eligible study can be found in Supplementary Table S1.



The sample size of each study ranged from 80 to 1470, adding up to a total of 4105 patients. Most studies (n = 12) enrolled >100 patients, and one study even enrolled >1000 patients. All studies included were retrospective analyses conducted between 2011 and 2021 in cohorts from Europe (n = 7), Asia (n = 4), North America (n = 2) and Africa (n = 1), evaluating both invasive (n = 13) and in-situ breast cancer (n = 1). The median length of follow-up ranged from 35 months to 266 months. Histological and molecular subtypes of invasive breast cancer were specified in some studies, including TNBC (n = 7), HER2+ (n = 2), invasive ductal carcinoma (IDC) (n = 5) and invasive lobular carcinoma (ILC) (n = 1). The majority of studies (n = 13) used immunohistochemistry (IHC) to detect TIL-Bs, whereas one study used immunofluorescence (IF), and the remaining one relied on the morphological assessment of haematoxylin and eosin (H&E)-stained sections alone for evaluating TIL-Bs abundance. Among studies that utilised IHC to detect TIL-Bs, eight of them used CD20 alone to stain B cells as a general population, whilst four of them used additional stains, including CD38 (n = 2) and/or CD138 (n = 3) for further subtyping. Eight studies specified the area(s) of assessment, with three of them focusing only on stromal lymphocytes, one of them only on intratumoural or intraepithelial lymphocytes and four of them including both stromal and intratumoural components. Details of the methodology for TIL-Bs assessment in each study can be found in Supplementary Table S2. Multivariate analyses of TIL-Bs as an independent prognostic factor were conducted in all but two studies which focused only on the role of TIL-Bs in predicting response to neoadjuvant chemotherapy (NACT); most of them (n = 12) evaluated the prognostic effects of TIL-Bs on disease-free survival (DFS)/disease-free interval (DFI)/recurrence-free survival (RFS), whilst four of them studied breast cancer-specific survival (BCSS) and five of them evaluated overall survival (OS). Five studies examined the association between TIL-Bs and response to NACT.




3.1.2. Tissue Sample


Studies were equally split between the use of full-face tissue section and tissue microarray (TMA) in evaluating TIL-Bs, with a tendency for those with a larger cohort to choose TMA over full-face sections. Five out of the seven studies with less than 200 patients used routine histopathological sections, whilst five out of the seven studies with more than 200 patients resorted to TMA. Originally designed as a high-throughput approach for researchers to assess protein or gene expression on hundreds of samples simultaneously [44], TMAs are much more cost- and time-efficient compared with conventional, full-face, single-sample tissue sections when assessing large numbers of tissue samples [45]. Despite this, there has been concern about tumour heterogeneity and sampling bias in the use of TMA over full-face sections [46]. In this review, all of the seven studies that used TMA used two or three tumour cores in the construction of TMA, with a selective sampling of tumour or tumour-rich areas. In their study with 338 patients, Mohammed et al. (2013) compared the scores of CD20+ and CD138+ TIL-Bs in full-faced sections with those in TMA for 40 patients and concluded that they were in excellent agreement with correlation coefficients of 0.99 and 0.80, respectively [39]. Details of tissue selection in TMA preparation for each of these studies have been tabulated in Table 2.




3.1.3. Antibody and Counting Strategy


Among the studies that utilised antibodies to identify B cells (n = 13), all but one used the monoclonal anti-CD20 antibody from Dako (n = 9) or others (n = 3), whereas the remaining one used the polyclonal anti-CD20 antibody from Lab Vision. There were four studies that employed additional markers, anti-CD38 (n = 2) and/or anti-CD138 (n = 3), to assess the prognostic significance of PCs. One study relied on histo-morphological assessment alone in the identification of PCs.



Scoring of immuno-stained slides was then performed either manually (n = 9) or digitally using various software packages (n = 3). For those where the assessment was done manually, most of them specified at least two investigators being involved (n = 7). A variety of parameters were used to characterise TIL-Bs abundance, including the number of labelled cells within a specified area (n = 7), the percentage of labelled cells among total TILs (n = 4), as well as the percentage of intratumoural or stromal area occupied by labelled cells (n = 3). Most studies categorised the continuous variable into discrete groups for analysis (n = 11), where each tumour was classified as positive/negative or high/low for TIL-Bs, using the median or mean within the cohort (n = 5) or a threshold determined by statistical programming as the cutoff (n = 3). In three studies, the method of cutoff determination was not specified. Details of the TIL-Bs counting strategy in each study have been tabulated in Table 3.





3.2. TIL-Bs Abundance and Breast Cancer Subtype


Previous retrospective studies have shown that the abundance and clinical relevance of TIL-Ts depends in part on the intrinsic molecular subtypes of breast cancer [47,48,49,50,51]. More specifically, the density of all phenotypes of TIL-Ts is consistently lower in the luminal subtypes than in the non-luminal ones, which include the HER2-enriched and TNBC subtypes [47,48,49,50,51], implying that the latter groups are likely to be more immunogenic. In these latter subtypes, positive prognostic and predictive associations of TIL-Ts, or TILs as a general population, have been described in the contexts of NACT and adjuvant chemotherapy (ACT) for endpoints including complete pathological response (pCR) [52,53,54,55], recurrence-free survival (RFS) and overall survival (OS) [56,57,58,59,60]. Among the fourteen cohorts reviewed in this analysis, only three specifically compared the magnitude of TIL-Bs in TNBC versus non-TNBC subtypes [34,37,38]. Among them, two identified a significantly higher density of TIL-Bs in TNBC (p = 0.08 and p = 0.006, respectively) [37,38]. In studies which did not explicitly compare TNBC against non-TNBC, higher TIL-B counts were also found to be associated with higher tumour grades (n = 7), which reflect higher degrees of nuclear pleomorphism, higher mitotic counts and proliferation rates [61], and thus a greater likelihood of mutational events among tumour cells. In addition, Miligy and colleagues (2016) reported higher numbers of peritumoural and paratumoural B lymphocytes not only in invasive tumours with higher grades but also in tumours with necrosis (p = 0.05 and p = 0.03, respectively) [36]. It was speculated that the presence of necrosis could be associated with the release of damage-associated biomolecules such as adenosine triphosphate (ATP) into extracellular spaces, which could subsequently result in the recruitment of immune cells, including B lymphocytes, into the TME [62]. A similar association was seen in ductal carcinoma in-situ (DCIS) [36], which was consistent with the findings by Campbell et al. (2017), who observed higher CD20-positive TILs in high-grade DCIS with comedo necrosis than low-grade DCIS [62].



Interestingly, although Arias-Pulido and colleagues (2018) were not able to identify a statistically significant correlation between TIL-B density and TNBC, which might be related to the relatively low number of TNBC cases included in their study (41 TNBC vs. 175 non-TNBC), they reported a significant association between CD20+ TILs and programmed death protein-1 (PD-1) positive TILs and programmed death-ligand 1 (PD-L1) positive tumour cells [34], which could possibly reflect an orchestrated adaptive immune response within the TME, where activation of B lymphocytes leads to upregulated expression of checkpoint proteins among immune cells as an intrinsic mechanism of modulation and among tumour cells as a strategy to evade the immune system, a finding that supports the exploration of anti-PD-1/PD-L1 therapy in breast cancer patients.




3.3. TIL-Bs and Survival Outcome in Breast Cancer


3.3.1. Clinico-Pathological Factors


Twelve studies evaluated the prognostic effect of TIL-Bs in breast cancer, including a total of 3521 patients [30,31,32,33,34,35,36,39,40,41,42]. The prognostic effect was positive in seven [30,31,32,33,34,35,41], negative in three [36,39,40] and neutral in two [42,43]. Among the seven studies which showed positive prognostic associations, increased TIL-Bs were related to better prognosis in terms of DFI/DFS/RFS (n = 6), OS (n = 4) and BCSS (n = 1). Such association was seen in studies that recruited exclusively TNBC and/or HER2-enriched cases (n = 4) [30,31,32,35], as well as in cohorts that included invasive breast cancer of non-specified, non-TNBC subtypes (n = 3) [33,34,41]. Among the latter three, a study by Mahmoud et al. (2012) showed that increased numbers of TIL-Bs were associated with better survival in TNBC, independent of tumour size and nodal stage (p < 0.001) [41]. Similarly, higher TIL-B counts were associated with better BCSS in HER2-enriched tumours, independent of tumour nodal stage and vascular invasion (p = 0.023) [41]. However, when tumour grades were taken into consideration, higher numbers of TIL-Bs have associated with better BCSS only in grade 3 tumours (p < 0.001) but not in grade 1 or grade 2 tumours [41]. Likewise, total B cell count was associated with better prognosis in estrogen receptor (ER)-negative tumours (p = 0.008) but not in ER-positive tumours (p = 0.261) [41]. On the other hand, Xu et al. (2018) and Arias-Pulido et al. (2018) reported that high CD20+ cell count was a favourable prognostic factor (p = 0.004 and p = 0.005 respectively) independent of tumour stage, histological grade, hormone receptors status and HER2 status [33,34]. Despite the varied findings among different tumour grades and ER statuses, the overall findings were supportive of a positive correlation between TIL-Bs and improved survival in invasive breast cancer, and the favourable effect was present irrespective of disease stage, which is dependent on tumour size and nodal status [63].




3.3.2. TIL-Bs Subpopulations


Interestingly, Mohammed and colleagues reported in both of their studies in 2012 and 2013 the association between increased TIL-Bs and poorer BCSS. In both studies, increased tumour PC infiltrate, defined by morphological assessment under the microscope or CD138+ immunohistochemical positivity, was independently associated with poorer cancer-specific survival (p < 0.001) among patients with primary operable invasive ductal breast cancer [39,40]. In the latter study, which employed IHC for B-cell subtyping, increased CD8+ T-cell infiltrate/tumour CD138+ B-cell (i.e., PC) infiltrate ratio was also independently associated with improved cancer-specific survival (p < 0.001), whilst there was no significant association between CD20+ B-lymphocytic infiltrate and cancer survival [39]. The negative association was seen in both ER-positive and ER-negative subgroups and thus did not seem to be correlated with hormone receptor expression. The two other studies in Japan and the UK by Kuroda et al. (2021) and Miligy et al. (2016), who also subtyped TIL-Bs and specifically evaluated the prognostic value of CD138+ B-cells, did not find such a negative association. The latter study by Miligy and colleagues (2016) reported instead a negative correlation between TIL-Bs (defined by CD19 and/or CD20 positivities and CD138 negativity) and RFS. They found that for both pure DCIS cases and DCIS cases mixed with invasion, decreased density of TIL-Bs tended to be associated with better RFS (p = 0.008 & 0.04 and p = 0.01, respectively) [36]. The negative association between TIL-Bs and survival in DCIS is remarkable, but considering the limited number of patients in Miligy’s study (n = 80), expansion of similar work on a larger series of patients will help clarify the issue. Importantly, irrespective of breast cancer subtypes, the role of PCs is likely to be more complex than first considered, and further research is needed to shed light on their prognostic value in breast cancer.




3.3.3. TIL-Bs Locations


Another important parameter in the study of TILs is the tumour region to be analysed. TILs are located within the intratumoural and stromal compartments [64]. Intratumoural TILs actively infiltrate tumour cell nests with no intervening stroma and have direct cell-to-cell contact with carcinoma cells, while stromal TILs are dispersed in the stromal tissue adjacent to the tumour cells that are still considered part of the malignant tumour, and do not come into direct contact with carcinoma cells [55]. The same holds true for all components of TILs, including TIL-Bs. All studies included in this review assessed the number of TIL-Bs by examining the H&E stained histological slides via light microscopy, with intratumoural or stromal areas specified in eight of them [30,32,33,34,36,38,41,43]. Four studies reported prognostic results for intratumoural TIL-Bs [30,32,36,41]; of these, three reported a positive prognostic effect [30,32,41], and one found no prognostic association [36]. Six studies reported prognostic results for stromal CD20+ TILs [30,32,33,34,36,41]; of these, five showed a positive prognostic effect [30,32,33,34,41], and one found a negative association [36]. In the latter, Miligy and colleagues (2016) revealed that for pure DCIS cases, low numbers of peritumoural and paratumoural B lymphocytes had a longer RFS (p = 0.008 and p = 0.04, respectively); similarly, for DCIS cases with an invasive component, less dense peritumoural B lymphocytes were associated with a longer RFS (p = 0.04) [36]. The studies by Mahmoud et al. (2012) and Miligy et al. (2016) were the only two studies in this review where stromal TIL-Bs were further compartmentalised with assessment areas clearly delineated. In the former, stromal TIL-Bs were categorised as distant stromal or adjacent stromal, depending on whether they were more than or within one tumour cell diameter away from the tumour [41]. In Miligy’s study (2016), the population was divided into peritumoural and paratumoural, with the former being defined as stromal TIL-Bs that were less than 0.5 mm from DCIS or invasive tumours and the latter as those that were between 0.5 mm to 1 mm away from the DCIS or invasive tumour36. Both subgroups of stromal TIL-Bs were implicated in these two studies. Six cohorts made no distinction between intratumoural and stromal TIL-Bs [31,35,37,39,40,42], with three of them non-specifically describing the area being assessed as “invasive front” [42] or “invasive margin” [39,40] and two of them generalising the site as “tumour area” [35,37]. Among them, two reported a positive prognostic effect [31,35], one found no association [42] and two found a negative association [39,40]. The remaining one reported a positive correlation with response to NACT [37].



In the study of TILs, the initial thinking was that intratumoural TILs, which are in direct contact with carcinoma cells, might be more important biologically and, therefore, more useful for the assessment of clinical relevance [65]. Subsequent studies have suggested that stromal TILs could be a parameter of equal significance, if not of even greater importance, as the two populations usually parallel each other, and stromal TILs almost always outnumber intratumoural TILs [66]. Findings in this review for TIL-Bs appear to be in line with this view, as no apparent differences were found in the direction of the prognostic effect regardless of whether intratumoural versus stromal TIL-Bs were assessed. Looking from another perspective, stromal TIL-Bs were implicated in all six studies where they were specifically evaluated and significant prognostic associations, positive or negative, were identified.





3.4. TIL-Bs and Response to Chemotherapy


The relationship between TILs and response to chemotherapy in solid tumours has attracted considerable attention in the past decade. Results from a number of large randomised trials have suggested that increased levels of TILs in breast cancer were associated with higher rates of complete pathological response (pCR) and greater benefits from chemotherapy, with no substantial differences between histological subgroups [53,57,59,66,67,68]. However, thus far, research efforts have been overwhelmingly focused on CD4+ and CD8+ T lymphocytes or TILs in general, with a remarkable paucity of experimental or clinical data on the significance of B lymphocytes specifically.



Five retrospective studies included in this review evaluated the predictive value of TIL-Bs in breast cancer [34,35,37,38,43], with the majority of them (n = 4) [34,35,37,38] showing a positive correlation between levels of TIL-Bs and rates of pCR. In all these five studies, the occurrence of pCR was identically defined as the absence of any residual invasive cancer in the breast and regional lymph nodes (ypT0/Tis, ypN0). Similar regimes of NACT were given, comprising a combination of taxanes and anthracyclines. Whilst Song and colleagues (2016) recruited only TNBC patients for their study, in which they found CD20+ cell density was significantly correlated with pCR (p = 0.037) [35], the rest included a mix of intrinsic breast cancer subtypes. In multivariate logistic regression analysis, Garcia-Martinez et al. (2014) confirmed an independent predictive value of a high baseline CD20+ TIL population for improved pCR (p = 0.005) [37] among a cohort of 108 patients comprising a mix of TNBC, HER2-enriched and luminal breast cancers. Similarly, Brown and colleagues (2014) found that among a mixed cohort of 95 patients with TNBC and non-TNBC, CD20+ TILs independently predicted pCR (p = 0.019), and more specifically, the rate of pCR was 5.5 times higher among high CD20 expressors [38].



Arias-Pulido et al. (2018) moved further to evaluate the associations of “CD20+ TILs plus PD-L1+ TILs” with pCR. Interestingly, while “positivity” in PD-1+ TILs alone was not associated with pCR, “co-positivities” of “CD20+ TILs plus PD-1+ TILs” and “CD20+ TILs plus PD-L1+ tumour cells” were significantly associated with high pCR rates (p = 0.04 and p = 0.005 respectively) [34]. This finding is intriguing and, at first sight, counter-intuitive, given that PD-1 and PD-L1 are inhibitory immune checkpoint molecules which serve to dampen an activated immune response. A plausible explanation is that the activation of B lymphocytes results in upregulated expression of inhibitory immune checkpoint proteins, including PD-1 on immune cells and PD-L1 on tumour cells as negative feedback [69], which is captured in one H&E section as a snapshot of the tumours at one specific point in time. In reality, the TME is immensely dynamic; the magnitude and net effects of the cellular and humoral immunity are dependent on the functional status and spatial relationships between different components, which cannot be truthfully revealed by immuno-histological assessments alone.



West et al. (2011) were the only group in this review which reported no statistically significant difference in pCR rates between CD20-high and CD20-low cases [43]. Although no data was provided on the intrinsic breast cancer subtypes recruited, since all patients within their cohort were ER-negative, it could be inferred that their breast cancer markers expression patterns could theoretically be: “ER-/PR-/HER2+”, “ER-/PR-/HER2-“, “ER-/PR+/HER2+” or “ER-/PR+/HER2-”. The first two patterns represent the HER2-enriched and the TNBC subtypes, respectively. It was reported that only three in the cohort were PR+; therefore, the majority (n = 110) were either HER2-enriched or TNBC, the biologically aggressive subgroups which were also included in the other four studies. Remarkably, West and colleagues only counted intraepithelial TIL-Bs in their assessment, defined as CD20+ lymphocytes within tumour cell nests or in direct contact with tumour cells [43], and disregarded the stromal population. Although it is not clear whether the lack of predictive value of TIL-Bs in their study could be attributed to this different scoring methodology, it highlights the challenge in comparing findings across limited studies where assessments of TIL-Bs were not standardised. The study would also have been much more informative if the stromal component had been included and separately evaluated in the analysis.





4. Discussion


4.1. Summary of Findings


Information on the clinical significance of TIL-Bs in breast cancer has thus far been limited in comparison with TIL-Ts. This is related to a multitude of factors which include the long-held dogma that breast cancer is not as immunogenic as other tumours like melanoma, colorectal cancer and NSCLC [70,71,72,73], the relative abundance of TIL-Ts in the TME of many solid tumours [51,74,75], as well as the deep-rooted notion that central memory and effector memory T lymphocytes confer anti-tumour immunity through cell-mediated cytotoxicity and cytokine-mediated mechanisms [76,77,78,79,80,81]. Primary studies included in this review showed that generally, when identified by CD20 immunohistochemical stain for TIL-Bs, the presence of B lymphocytes infiltrating mammary carcinoma was favourable for OS, DFS/RFS and BCSS [30,31,32,33,34,35,41], with a minority identifying no significant association [39,42,43] or negative associations with the malignancy [36]. The fact that these positive prognostic effects were independent of the presence or magnitude of T cell infiltration suggests that not only is the CMI important in breast cancer prognosis, but the humoral system may also contribute to a separate favourable effect. In addition, among studies that showed a positive prognostic value of TIL-Bs, no significant difference in clinical outcome was observed between patients with early-stage or late-stage disease [30,32,34,35,41], underscoring the biological relevance of humoral immunity across all stages of breast cancer. Whilst the independent prognostic value of TIL-Bs among TNBC and HER2-enriched breast cancers were more consistently reported [30,31,32,35], studies with mixed TNBC and non-TNBC subtypes showed more varied findings [33,34,41], although most studies indicated that the prognostic relevance was independent of hormone receptors status and HER2 status.



Unlike invasive breast cancer, where the presence of high TIL-Bs is linked with better prognosis, this did not appear to be the case for in-situ cancer (DCIS), and early invasive disease [36], insofar as this review has shown. Previous research has suggested that as breast cancer progresses from in-situ to invasive disease, there are genetic changes in the TME, including inflammatory cells and stromal fibroblasts, with the former displaying different interleukin signalling patterns and the latter transforming to a myofibroblastic phenotype with increased deposition of extracellular collagen matrix [82,83], suggesting that the functional status, spatial interaction and prognostic value of B cells may correspondingly change in the course of tumour development.



With regards to the location of TIL-Bs, the included studies indicated that both stromal and intraepithelial/intratumoural infiltrates could be associated with a favourable prognosis in invasive breast cancer [30,32,33,34,36,38,41], but the findings appeared to be less consistent with the intraepithelial/intratumoural component in an earlier study [43]. Indeed, although not relating to B cells specifically, there is recent evidence which suggests that intraepithelial TILs in direct contact with the tumour cells may actually have a different molecular phenotype than stromal TILs more distant from the tumour proper [84].



In addition to the favourable prognostic value of CD20+ B cell infiltration, the role of tumour-infiltrating plasma cells, defined immunohistochemically as CD38+ or CD138+ cells in most studies, has been explored [30,32,36,39,40]. Unlike the relatively consistent evidence of the beneficial value of CD20+ B cell infiltration, the analyses of plasma cells have yielded more conflicting results, with data showing a favourable prognosis [30,32], no prognostic value [36] and adverse prognosis [39,40]. Clinicopathological parameters, including intrinsic breast cancer subtypes, could not account for the differences observed in these studies. What appears to be significant, instead, is that the positive prognostic values were only reported when plasma cells were identified as CD38+ cells [30,32]; where a neutral or negative association was identified, plasma cells were detected by anti-human CD138 antibody (clone MI15) [36,39]. These findings highlight the fact that appropriate immunohistochemical markers targeting different B cell phenotypes with varying specificities could be vital for evaluating the prognostic significance among TIL-B subpopulations.



Increasing TIL-Bs have also been shown to be predictive of pCR to NACT, not only in TNBC but also in non-TNBC subtypes, including ER-positive breast cancer in the context of neoadjuvant anthracycline and taxane-based chemotherapy [34,35,37,38]. Similar to the favourable prognostic value, the positive predictive role of CD20+ TILs was independent of CD3+ and/or CD8+ TILs [34,35,38], lending support to the significance of B cell immunity on top of CMI in breast cancer. The combined study of immune checkpoint proteins (PD-1 and PD-L1) and B lymphocytes further revealed a plausible positive predictive synergy in using CD20+ TILs and PD-L1+ tumour cells in selecting patients for neoadjuvant treatment [34].




4.2. Pertinent Issues and Gaps in Knowledge


This review shows accumulating, albeit hitherto limited, evidence which supports the independent prognostic and predictive value of TIL-Bs in breast cancer. Importantly, there are a number of pertinent issues and areas of uncertainty that could be addressed in the future to further decipher and clarify the role of infiltrating B lymphocytes in breast cancer, and indeed, all other solid cancers, in the quest for novel immunotherapies. These outstanding questions pertaining to the practical issues encountered by investigators in scoring TIL-Bs, as well as areas of an incomplete understanding of the fundamentals of B cell biology in cancers.



4.2.1. Scoring Methodology


Studies included in this review showed variations in their strategies for assessing TIL-Bs, from sample preparation and area selection to the actual enumeration and determination of cutoff for analysis. Although some studies using TMAs and well-annotated clinical datasets suggested that results could be largely concordant with those using full-face tissue sections [85,86,87] and that tissue heterogeneity could be overcome by punching multiple cores from the same tumour, intratumoural heterogeneity remains an issue that should not be overlooked, particularly in light of the distribution pattern of infiltrating B lymphocytes in some solid tumours, including breast cancer. A previous study using full-face tissue sections described a clustered pattern of peritumoral B cell infiltrates in up to 52% of breast cancer [88]. Although all studies in this review resorting to TMA described using a range of two to three tumour cores in the construction of TMA, theoretically, this would have only increased the proportion of the total tumour examined minimally. While TMAs may be a good option for future studies, particularly for the rapid evaluation of large clinical cohorts, more studies would be needed to examine the agreement between TMA cores and full-face sections from different paraffin blocks of the same tumour and to reach a consensus on the optimal number of cores that should be taken.



Until recently, there has been no official guideline on the assessment of TILs in solid tumours. Thanks to the International Immuno-Oncology Biomarker Working Group, a recommendation was first formulated in 2013, which sought to standardise methodology and scoring systems for the integration of information about TILs into future research [89,90]. While the guidelines define the stromal and intra-tumoural area for assessment, no recommendation is provided as to how the continuous variable should be categorised and how a clinically relevant cutoff could be determined [89]. Most studies in this review either dichotomised or trichotomised TIL-B levels for survival or outcome analyses, but the criteria of cut-points were variable. This problem could be particularly profound in the study of TIL-Bs, which in comparison to TIL-Ts, usually show a much narrower range of abundance [20], so what was classified as B cell-rich in one study could have been categorised as B cell-poor in another, and vice versa. Therefore, to generate reliable data on TIL-Bs in large-scale clinical trials in the future, standardised methodology and scoring systems would be imperative.




4.2.2. Characterisation of TIL-Bs Subpopulations


The negative prognostic role of PCs revealed by some studies is remarkable. Nevertheless, the use of CD38 and CD138 as markers for PCs could be controversial. Although well-known to be expressed by B cells with plasmacytic differentiation [91,92], both molecules can be present in other cell types as well. CD38 is a glycoprotein found almost ubiquitously on the surface of multiple immune cells, including PCs, activated B cells, GC B cells, T cells, NK cells, macrophages and DCs [93,94,95,96,97], whereas CD138, also known as syndecan-1, is an integral membrane proteoglycan [98] expressed not only in PCs but also in epithelial and stromal cells [99], including even breast carcinoma cells [32,100]. Such antibody cross-reactivities could potentially confound the evaluation of plasma cell levels in the tumour bed. Already in use in some cancer research, the problem might be circumvented by multiplexed IHC, which makes possible the simultaneous detection of multiple markers on a single tissue section [101], thereby allowing different cell populations to be more precisely classified by providing multi-layered information on the phenotypic characteristics of each individual cell. Coupled with multispectral imaging, a more comprehensive view of the spatial distribution and architectural composition of immune cell subsets could also be provided [101,102], potentially offering further insights into the cellular landscape within the TME.



Similarly, almost all studies in this review used anti-human CD20 antibody (clone L26) to highlight B cells, but the use of this nearly universal B cell antigen would not allow the differentiation between anti-tumour B cells and regulatory B cells (Bregs), which can play an immunosuppressive role and drive tumour growth [103,104]. Unlike Tregs, which are commonly identified by their expression of surface markers like CD25 and Foxp3 [105], the phenotypic profile of Bregs is poorly defined, with some studies describing CD19+CD20+CD27−CD21− and CD19+CD20+CD5+ B cells as the pathogenic populations [25]. In the research setting, they are characterised by the secretion of immunosuppressive cytokines, including IL-10 and TGF-β [26]. It is, therefore, possible that tumours being categorised as high or positive in TIL-Bs by CD20 immunohistochemical staining were actually rich in Bregs, leading to the conclusion that CD20+ cells have no relevance or even negative prognostic value in some studies. Future research efforts should therefore seek to identify more specific markers that could allow the differentiation of Bregs from anti-tumour B cells. A more sophisticated analytical approach that combines multiple platforms, such as multiplexed IHC and in-situ proteomic analysis, whereby protein products related to specific TIL-B subtypes could be identified in situ without the need for specific antibodies [106], could be of immense value.





4.3. Future Directions


In this era of precision cancer medicine, immunotherapy never ceases to be the focus of cancer therapeutics. This is no exception in breast cancer. In 2019, atezolizumab, an anti-PD-L1 monoclonal antibody, was approved in combination with nab-paclitaxel chemotherapy as first-line treatment of patients with locally advanced or metastatic TNBC whose tumours were positive for PD-L1 expression (≥1%) in immune infiltrate, and the Ventana PD-L1 (SP142) antibody had been approved as the complementary diagnostics by the Food and Drug Administration in the United States [107]. The approval was subsequently withdrawn in 2021 [108], suggesting the insufficiency of using PD-L1 alone in selecting breast cancer patients for immunotherapy. The positive predictive synergy between CD20+ TILs and PD-1+ immune cells or PD-L1+ tumour cells revealed by Arias-Pulido et al. (2018) could serve as a springboard to stimulate more large-scale randomised controlled studies to assess the potential use of TIL-Bs as a component of a multi-biomarkers panel for the identification of patients who may benefit from immunotherapy.



Finally, to fully unravel the clinical significance of TIL-Bs in our pursuit of an immune-based armamentarium against breast cancer, or cancer in general, it is insufficient to garner information only on the density of TIL-Bs within the tumour bed. Details regarding their spatial locations, functional status and dynamic interactions with other components within the complex ecosystems [109] of the TME will all go a long way to contributing to a meticulous and systematic characterisation of their mechanisms of action. Concepts related to tertiary lymphoid structures (TLS) and Crohn’s-like reactions, which are better described in colorectal cancer and interpreted as an immune-mediated anti-tumour effect [110], can also be characterised and studied in breast cancer. To this end, novel genomic techniques, including scRNA-seq and spatial transcriptomics, are poised to be transformative in the near future.




4.4. Review Limitations


The generalisability of the findings in this review article could be limited due to shortcomings related to the literature review process.



The major limitation is that the database search, relevance assessment and studies inclusion and exclusion process were conducted single-handedly by the author of this review, owing to practicality amid the COVID-19 pandemic. The major risk of a one-person review is subjectivity, which could have been minimised through independent screening by multiple reviewers. Multiple screening reduces the chance of systematic bias and random errors, and where there is any lack of consensus among reviewers with regard to eligibility, consensus could be reached through discussion or consultation with experts.



A second limitation is the restricted search strategy. To make the yields more manageable and the review more focused, the search was restricted to articles that had been written in English. The studies identified were limited, and the systematic literature review process, as well as the write-up of the manuscript itself, is, to a certain extent, more akin to that of a critical review. Nevertheless, it is still hoped that the work being presented herein could serve to bring up pertinent issues that could be addressed in future research efforts pertaining to TIL-Bs in breast cancer.





5. Conclusions


This article has presented a systematic literature review of what is known thus far about the clinical significance of TIL-Bs in breast cancer.



From this review, it is apparent that there is accumulating evidence of an independent prognostic and predictive value of TIL-Bs in breast cancer. A higher density of TIL-Bs confers a more favourable prognosis and predicts better response to chemotherapy across different stages of breast cancer, particularly in high-grade tumours with more aggressive behaviour. In light of the major findings of this thesis, future suggestions with regard to the potential areas of development in the study of TIL-Bs were discussed. While standardised methodology and more specific immunostaining panels are indispensable in the detection and quantification of different B cell subpopulations, novel genomic technologies promise to allow further insights to be gained into their functional role and cellular dynamics. More large-scale research and multi-centre studies with larger cohorts will serve to reinforce the potential of TIL-Bs or the subpopulations therein as a therapeutic target, prognostic marker and predictive factor in different subtypes of breast cancer.



Overall, having a contemporary overview is key to identifying limitations in the current body of knowledge and developing new directions for future research. Investment in these potential objectives will pay dividends in the form of improved cancer therapeutics and, ultimately, patient outcomes.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers15041164/s1, Table S1: Prognostic and predictive significance of TIL-Bs in breast cancer; Table S2: Summary of TIL-Bs scoring methodology.





Author Contributions


Conceptualization, B.M.L. and C.V.; methodology, B.M.L. and C.V.; software, B.M.L.; validation, B.M.L. and C.V.; formal analysis, B.M.L.; investigation, B.M.L.; resources, C.V.; data curation, B.M.L.; writing—original draft preparation, B.M.L.; writing—review and editing, B.M.L.; visualization, B.M.L.; supervision, C.V.; project administration, C.V.; funding acquisition, C.V. All authors have read and agreed to the published version of the manuscript.




Funding


Clare Verrill is funded by the NIHR Oxford Biomedical Research Centre (BRC) and The Chinese Academy of Medical Sciences (CAMS) Innovation Fund for Medical Science (CIFMS), China (Grant Number: 2018-I2M-2-002). The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the Department of Health.




Institutional Review Board Statement


This study did not require ethical approval.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


We would like to thank Tracy Bye of the Department of Oncology at the University of Oxford for advice and support on the systematic review process.




Conflicts of Interest


(1) Clare Verrill is the Principal Investigator of Articulate Pro, a study evaluating Paige Prostate. This study is funded by the UK Department of Health and Social Care direct to Oxford University. (2) Oxford University and Oxford University Hospital NHS Foundation Trust are part of the PathLAKE AI Centre of Excellence which has received in-kind industry investment from Philips.




References


	



CRUK. Breast Cancer Statistics; CRUK: London, UK, 2018. [Google Scholar]

	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef]

	



Karn, T.; Jiang, T.; Hatzis, C.; Sänger, N.; El-Balat, A.; Rody, A.; Holtrich, U.; Becker, S.; Bianchini, G.; Pusztai, L. Association between genomic metrics and immune infiltration in triple-negative breast cancer. JAMA Oncol. 2017, 3, 1707–1711. [Google Scholar] [CrossRef] [PubMed]

	



Guestini, F.; McNamara, K.M.; Ishida, T.; Sasano, H. Triple negative breast cancer chemosensitivity and chemoresistance: Current advances in biomarkers identification. Expert Opin. Ther. Targets 2016, 20, 705–720. [Google Scholar] [CrossRef]

	



Galon, J.; Bruni, D. Tumor immunology and tumor evolution: Intertwined histories. Immunity 2020, 52, 55–81. [Google Scholar] [CrossRef] [PubMed]

	



Whiteside, T.L. The tumor microenvironment and its role in promoting tumor growth. Oncogene 2008, 27, 5904–5912. [Google Scholar] [CrossRef] [PubMed]

	



Dunn, G.P.; Bruce, A.T.; Ikeda, H.; Old, L.J.; Schreiber, R.D. Cancer immunoediting: From immunosurveillance to tumor escape. Nat. Immunol. 2002, 3, 991–998. [Google Scholar] [CrossRef]

	



Mittal, D.; Gubin, M.M.; Schreiber, R.D.; Smyth, M.J. New insights into cancer immunoediting and its three component phases—Elimination, equilibrium and escape. Curr. Opin. Immunol. 2014, 27, 16–25. [Google Scholar] [CrossRef] [PubMed]

	



Luen, S.J.; Savas, P.; Fox, S.B.; Salgado, R.; Loi, S. Tumour-infiltrating lymphocytes and the emerging role of immunotherapy in breast cancer. Pathology 2017, 49, 141–155. [Google Scholar] [CrossRef]

	



Ruffell, B.; Au, A.; Rugo, H.S.; Esserman, L.J.; Hwang, E.S.; Coussens, L.M. Leukocyte composition of human breast cancer. Proc. Natl. Acad. Sci. USA 2012, 109, 2796–2801. [Google Scholar] [CrossRef]

	



Schumacher, T.N.; Schreiber, R.D. Neoantigens in cancer immunotherapy. Science 2015, 348, 69–74. [Google Scholar] [CrossRef]

	



DeNardo, D.G.; Andreu, P.; Coussens, L.M. Interactions between lymphocytes and myeloid cells regulate pro- versus anti-tumor immunity. Cancer Metastasis Rev. 2010, 29, 309–316. [Google Scholar] [CrossRef] [PubMed]

	



Wouters, M.C.A.; Nelson, B.H. Prognostic significance of tumor-infiltrating B cells and plasma cells in human cancer. Clin. Cancer Res. 2018, 24, 6125–6135. [Google Scholar] [CrossRef]

	



Tsou, P.; Katayama, H.; Ostrin, E.J.; Hanash, S.M. The emerging role of B cells in tumor immunity. Cancer Res. 2016, 76, 5597–5601. [Google Scholar] [CrossRef]

	



Hussein, M.R.; Hassan, H.I. Analysis of the mononuclear inflammatory cell infiltrate in normal breast, benign proliferative breast disease, in situ and infiltrating ductal breast carcinomas: Preliminary observations. J. Clin. Pathol. 2006, 59, 972–977. [Google Scholar] [CrossRef] [PubMed]

	



Helal, T.E.; Ibrahim, E.A.; Alloub, A.I. Immunohistochemical analysis of tumor-infiltrating lymphocytes in breast carcinoma: Relation to prognostic variables. Indian J. Pathol. Microbiol. 2013, 56, 89–93. [Google Scholar] [PubMed]

	



Thompson, E.; Taube, J.M.; Elwood, H.; Sharma, R.; Meeker, A.; Warzecha, H.N.; Argani, P.; Cimino-Mathews, A.; Emens, L.A. The immune microenvironment of breast ductal carcinoma in situ. Mod. Pathol. 2016, 29, 249–258. [Google Scholar] [CrossRef]

	



Coronella, J.A.; Spier, C.; Welch, M.; Trevor, K.T.; Stopeck, A.T.; Villar, H.; Hersh, E.M. Antigen-driven oligoclonal expansion of tumor-infiltrating B cells in infiltrating ductal carcinoma of the breast. J. Immunol. 2002, 169, 1829–1836. [Google Scholar] [CrossRef]

	



Guy, T.V.; Terry, A.M.; Bolton, H.A.; Hancock, D.G.; Shklovskaya, E.; Groth, B.F.D.S. Pro- and anti-tumour effects of B cells and antibodies in cancer: A comparison of clinical studies and preclinical models. Cancer Immunol. Immunother. 2016, 65, 885–896. [Google Scholar] [CrossRef]

	



Fridman, W.H.; Petitprez, F.; Meylan, M.; Chen, T.W.W.; Sun, C.M.; Roumenina, L.T.; Sautès-Fridman, C. B cells and cancer: To B or not to B? J. Exp. Med. 2021, 218, e20200851. [Google Scholar] [CrossRef]

	



Hu, Q.; Hong, Y.; Qi, P.; Lu, G.; Mai, X.; Xu, S.; He, X.; Guo, Y.; Gao, L.; Jing, Z.; et al. Atlas of breast cancer infiltrated B-lymphocytes revealed paired single-cell RNA sequencing and antigen receptor profiling. Nat. Commun. 2021, 12, 2186. [Google Scholar] [CrossRef]

	



Largeot, A.; Pagano, G.; Gonder, S.; Moussay, E.; Paggetti, J. The B-side of cancer immunity: The underrated tune. Cells 2019, 8, 449. [Google Scholar] [CrossRef] [PubMed]

	



Nzula, S.; Going, J.J.; Stott, D.I. Antigen-driven clonal proliferation, somatic hypermutation, and selection of B lymphocytes infiltrating human ductal breast carcinomas. Cancer Res. 2003, 63, 3275–3280. [Google Scholar]

	



Hua, Z.; Hou, B. The role of B cell antigen presentation in the initiation of CD4+ T cell response. Immunol. Rev. 2020, 296, 24–35. [Google Scholar] [CrossRef]

	



Bruno, T.C.; Ebner, P.J.; Moore, B.L.; Squalls, O.G.; Waugh, K.A.; Eruslanov, E.B.; Singhal, S.; Mitchell, J.D.; Franklin, W.A.; Merrick, D.T.; et al. Antigen-presenting intratumoral B cells affect CD4+ TIL phenotypes in non-small cell lung cancer patients. Cancer Immunol. Res. 2017, 5, 898–907. [Google Scholar] [CrossRef]

	



Zhang, Y.; Morgan, R.; Chen, C.; Cai, Y.; Clark, E.; Khan, W.N.; Shin, S.-U.; Cho, H.-M.; Al Bayati, A.; Pimentel, A.; et al. Mammary-tumor-educated B cells acquire LAP/TGF-beta and PD-L1 expression and suppress anti-tumor immune responses. Int. Immunol. 2016, 28, 423–433. [Google Scholar] [CrossRef]

	



Yang, C.; Lee, H.; Pal, S.; Jove, V.; Deng, J.; Zhang, W.; Hoon, D.; Wakabayashi, M.; Forman, S.; Yu, H. B cells promote tumor progression via STAT3 regulated-angiogenesis. PLoS ONE 2013, 8, e64159. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Yan, J.; Liu, B. Targeting VECG/VEGFR to modulate antitumor immunity. Front. Immunol. 2018, 9, 978. [Google Scholar] [CrossRef]

	



Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71. [Google Scholar] [CrossRef]

	



Kuroda, H.; Jamiyan, T.; Yamaguchi, R.; Kakumoto, A.; Abe, A.; Harada, O.; Enkhbat, B.; Masunaga, A. Prognostic value of tumor-infiltrating B lymphocytes and plasma cells in triple-negative breast cancer. Breast Cancer 2021, 28, 904–914. [Google Scholar] [CrossRef] [PubMed]

	



Garaud, S.; Buisseret, L.; Solinas, C.; Gu-Trantien, C.; De Wind, A.; Eynden, G.V.D.; Naveaux, C.; Lodewyckx, J.-N.; Boisson, A.; Duvillier, H.; et al. Tumor-infiltrating B cells signal functional humoral response immune responses in breast cancer. JCI Insight 2019, 4, e129641. [Google Scholar] [CrossRef]

	



Yeong, J.; Lim, J.C.T.; Lee, B.; Li, H.; Chia, N.; Ong, C.C.H.; Lye, W.K.; Putti, T.C.; Dent, R.; Lim, E.; et al. High densities of tumor-associated plasma cells predict improved prognosis in triple negative breast cancer. Front. Immunol. 2018, 9, 1209. [Google Scholar] [CrossRef]

	



Xu, Y.; Lan, S.; Zheng, Q. Prognostic significance of infiltrating immune cell subtypes in invasive ductal carcinoma of the breast. Tumori J. 2018, 104, 196–201. [Google Scholar] [CrossRef] [PubMed]

	



Arias-Pulido, H.; Cimino-Mathews, A.; Chaher, N.; Qualls, C.; Joste, N.; Colpaert, C.; Marotti, J.D.; Foisey, M.; Prossnitz, E.R.; Emens, L.A.; et al. The combined presence of CD20+ B cells and PD-L1+ tumor-infiltrating lymphocytes in inflammatory breast cancer is prognostic of improved patient outcome. Breast Cancer Res. Treat. 2018, 171, 273–282. [Google Scholar] [CrossRef] [PubMed]

	



Song, I.H.; Heo, S.-H.; Bang, W.S.; Park, H.S.; Park, I.A.; Kim, Y.-A.; Park, S.Y.; Roh, J.; Gong, G.; Lee, H.J. Predictive value of tertiary lymphoid structures assessed by high endothelial venule counts in the neoadjuvant setting of triple-negative breast cancer. Cancer Res. Treat. 2017, 49, 399–407. [Google Scholar] [CrossRef] [PubMed]

	



Miligy, I.; Mohan, P.; Gaber, A.; Aleskandarany, M.A.; Nolan, C.C.; Diez-Rodriguez, M.; Mukherjee, A.; Chapman, C.; Ellis, I.; Green, A.; et al. Prognostic significance of tumour infiltrating B lymphocytes in breast ductal carcinoma in situ. Histopathology 2017, 71, 258–268. [Google Scholar] [CrossRef]

	



Garcia-Martinez, E.; Gil, G.L.; Benito, A.C.; González-Billalabeitia, E.; Conesa, M.A.V.; García, T.G.; García-Garre, E.; Vicente, V.; Ayala De La Peña, F. Tumor-infiltrating immune cell profiles and their change after neoadjuvant chemotherapy predict response and prognosis of breast cancer. Breast Cancer Res. 2014, 16, 488. [Google Scholar] [CrossRef]

	



Brown, J.R.; Wimberly, H.; Lannin, D.R.; Nixon, C.; Rimm, D.L.; Bossuyt, V. Multiplexed quantitative analysis of CD3, CD8 and CD20 predicts response to neoadjuvant chemotherapy in breast cancer. Clin. Cancer Res. 2014, 20, 5995–6005. [Google Scholar] [CrossRef]

	



Mohammed, Z.M.A.; Going, J.J.; Edwards, J.; Elsberger, B.; McMillan, D.C. The relationship between lymphocyte subsets and clinic-pathological determinants of survival in patients with primary operable invasive ductal breast cancer. Br. J. Cancer 2013, 109, 1676–1684. [Google Scholar] [CrossRef]

	



Mohammed, Z.M.A.; Going, J.J.; Edwards, J.; Elsberger, B.; Doughty, J.C.; McMillan, D.C. The relationship between components of tumour inflammatory cell infiltrate and clinicopathological factors and survival in patients with primary operable invasive ductal breast cancer. Br. J. Cancer 2012, 107, 864–873. [Google Scholar] [CrossRef]

	



Mahmoud, S.M.A.; Lee, A.H.S.; Paish, E.C.; Macmillan, R.D.; Ellis, I.; Green, A.R. The prognostic significance of B lymphocytes in invasive carcinoma of the breast. Breast Cancer Res. Treat. 2012, 132, 545–553. [Google Scholar] [CrossRef]

	



Eiro, N.; Pidal, I.; Fernandez-Garcia, B.; Junquera, S.; Lamelas, M.L.; del Casar, J.M.; González, L.O.; López-Muñiz, A.; Vizoso, F.J. Impact of CD68/(CD3+CD20) ratio at the invasive front of primary tumors on distant metastasis development in breast cancer. PLoS ONE 2012, 7, e52796. [Google Scholar] [CrossRef]

	



West, N.R.; Milne, K.; Truong, P.T.; Macpherson, N.; Nelson, B.H.; Watson, P.H. Tumor-infiltrating lymphocytes predict response to anthracycline-based chemotherapy in estrogen receptor-negative breast cancer. Breast Cancer Res. 2011, 13, R126. [Google Scholar] [CrossRef]

	



Kononen, J.; Bubendorf, L.; Kallionimeni, A.; Bärlund, M.; Schraml, P.; Leighton, S.; Torhorst, J.; Mihatsch, M.J.; Sauter, G.; Kallionimeni, O.P. Tissue microarrays for high throughput molecular profiling of tumour specimens. Nat. Med. 1998, 4, 844–847. [Google Scholar] [CrossRef]

	



Kumar, B.; De Silva, M.; Venter, D.J.; Armes, J.E. Tissue microarrays: A practical guide. Pathology 2004, 36, 295–300. [Google Scholar] [CrossRef]

	



Horvath, L.; Henshall, S. The application tissue microarrays to cancer research. Pathology 2001, 33, 125–129. [Google Scholar] [CrossRef]

	



Solinas, C.; Carbognin, L.; De Silva, P.; Criscitiello, C.; Lambertini, M. Tumor-infiltrating lymphocytes in breast cancer according to tumor subtype: Current state of the art. Breast 2017, 35, 142–150. [Google Scholar] [CrossRef]

	



De Melo Gagliato, D.; Cortes, J.; Curigliano, G.; Loi, S.; Denkert, C.; Perez-Garcia, J.; Holgado, E. Tumor-infiltrating lymphocytes in breast cancer and implications for clinical practice. Rev. Cancer 2017, 1868, 527–537. [Google Scholar] [CrossRef] [PubMed]

	



Miyan, M.; Schmidt-Mende, J.; Kiessling, R.; Poschke, I.; de Boniface, J. Differential tumor infiltration by T-cells characterizes intrinsic molecular subtypes in breast cancer. J. Transl. Med. 2016, 14, 227. [Google Scholar] [CrossRef]

	



Althobiti, M.; Aleskandarany, M.; Joseph, C.; Toss, M.; Mongan, N.; Diez-Rodriguez, M.; Nolan, C.C.; Ashankyty, I.; Ellis, I.; Green, A.; et al. Heterogeneity of tumour-infiltrating lymphocytes in breast cancer and its prognostic significance. Histopathology 2018, 73, 887–896. [Google Scholar] [CrossRef] [PubMed]

	



Stanton, S.E.; Adams, S.; Disis, M.L. Variation in the incidence and magnitude of tumor-infiltrating lymphocytes in breast cancer subtypes: A systematic review. JAMA Oncol. 2016, 2, 1354–1360. [Google Scholar] [CrossRef] [PubMed]

	



Denkert, C.; Von Minckwitz, G.; Brase, J.C.; Sinn, B.V.; Gade, S.; Kronenwett, R.; Pfitzner, B.M.; Salat, C.; Loi, S.; Schmitt, W.; et al. Tumor-infiltrating lymphocytes and response to neoadjuvant chemotherapy with or without carboplatin in human epidermal growth factor receptor 2-positive and triple-negative primary breast cancers. J. Clin. Oncol. 2015, 33, 983–991. [Google Scholar] [CrossRef] [PubMed]

	



Salgado, R.; Denkert, C.; Campbell, C.; Savas, P.; Nuciforo, P.; Aura, C.; de Azambuja, E.; Eidtmann, H.; Ellis, C.E.; Baselga, J.; et al. Tumor-infiltrating lymphocytes and associations with pathological complete response and event-free survival in HER2-positive early-stage breast cancer treated with lapatinib and trastuzumab: A secondary analysis of the NeoALTTO trial. JAMA Oncol. 2015, 1, 448–454. [Google Scholar] [CrossRef]

	



Perez, E.A.; Ballman, K.V.; Tenner, K.S.; Thompson, E.A.; Badve, S.; Bailey, H.D.; Baehner, F.L. Association of stromal tumor-infiltrating lymphocytes with recurrence-free survival in the N9831 adjuvant trial in patients with early-stage HER2-positive breast cancer. JAMA Oncol. 2016, 2, 56–64. [Google Scholar] [CrossRef] [PubMed]

	



Ingold Heppner, B.; Untch, M.; Denkert, C.; Pfitzner, B.M.; Lederer, B.; Schmitt, W.; Eidtmann, H.; Fasching, P.A.; Tesch, H.; Solbach, C.; et al. Tumor-infiltrating lymphocytes: A predictive and prognostic biomarker in neoadjuvant treated HER2-positive breast cancer. Clin. Cancer Res. 2016, 22, 5747–5754. [Google Scholar] [CrossRef]

	



Loi, S.; Sirtaine, N.; Piette, F.; Salgado, R.; Viale, G.; Van Eenoo, F.; Rouas, G.; Francis, P.; Crown, J.P.; Hitre, E.; et al. Prognostic and predictive value of tumor-infiltrating lymphocytes in a phase III randomized adjuvant breast cancer trial in node-positive breast cancer comparing the addition of docetaxel to doxorubicin with doxorubicin-based chemotherapy: BIG 02-98. J. Clin. Oncol. 2013, 31, 860–867. [Google Scholar] [CrossRef]

	



Loi, S.; Michiels, S.; Salgado, R.; Sirtaine, N.; Jose, V.; Fumagalli, D.; Kellokumpu-Lehtinen, P.-L.; Bono, P.; Kataja, V.; Desmedt, C.; et al. Tumor infiltrating lymphocytes are prognostic in triple negative breast cancer and predictive for trastuzumab benefit in early breast cancer: Results from the FinHER trial. Ann. Oncol. 2014, 25, 1544–1550. [Google Scholar] [CrossRef]

	



Pruneri, G.; Gray, K.P.; Vingiani, A.; Viale, G.; Curigliano, G.; Criscitiello, C.; Láng, I.; Ruhstaller, T.; Gianni, L.; Goldhirsch, A.; et al. Tumor-infiltrating lymphocytes (TILs) are a powerful prognostic marker in patients with triple-negative breast cancer enrolled in the IBCSG phase III randomized clinical trial 22-00. Breast Cancer Res. Treat. 2016, 158, 323–331. [Google Scholar] [CrossRef] [PubMed]

	



Adams, S.; Gray, R.J.; Demaria, S.; Goldstein, L.; Perez, E.A.; Shulman, L.N.; Martino, S.; Wang, M.; Jones, V.E.; Saphner, T.J.; et al. Prognostic value of tumor-infiltrating lymphocytes in triple-negative breast cancers from two phase III randomized adjuvant breast cancer trials: ECOG 2197 and ECOG 1199. J. Clin. Oncol. 2014, 32, 2959–2966. [Google Scholar] [CrossRef]

	



Dieci, M.V.; Criscitiello, C.; Goubar, A.; Viale, G.; Conte, P.; Guarneri, V.; Ficarra, G.; Mathieu, M.; Delaloge, S.; Curigliano, G.; et al. Prognostic value of tumor-infiltrating lymphocytes on residual disease after primary chemotherapy for triple-negative breast cancer: A retrospective multicenter study. Ann. Oncol. 2014, 25, 611–618. [Google Scholar] [CrossRef]

	



WHO Classification of Tumours Editorial Board. WHO Classification of Tumours of the Breast, 5th ed.; International Agency for Research on Cancer: Lyon, France, 2019. [Google Scholar]

	



Campbell, M.J.; Baehner, F.; O’Meara, T.; Ojukwu, E.; Han, B.; Mukhtar, R.; Tandon, V.; Endicott, M.; Zhu, Z.; Wong, J.; et al. Characterizing the immune microenvironment in high-risk ductal carcinoma in situ of the breast. Breast Cancer Res. Treat. 2017, 161, 17–28. [Google Scholar] [CrossRef]

	



Amin, M.B.; Edge, S.B.; Greene, F.L. AJCC Cancer Staging Manual, 8th ed.; Springer: New York, NY, USA, 2017. [Google Scholar]

	



Salgado, R.; Denkert, C.; Demaria, S.; Sirtaine, N.; Klauschen, F.; Pruneri, G.; Wienert, S.; Van den Eynden, G.; Baehner, F.L.; Penault-Llorca, F.; et al. The evaluation of tumor-infiltrating lymphocytes (TILs) in breast cancer: Recommendations by an international TILs Working Group 2014. Ann. Oncol. 2014, 26, 259–271. [Google Scholar] [CrossRef]

	



An, T.; Sood, U.; Pietruk, T.; Cummings, G.; Hashimoto, K.; Crissman, J.D. In situ quantitation of inflammatory mononuclear cells in ductal infiltrating breast carcinoma. Relation to prognostic parameters. Am. J. Pathol. 1987, 128, 52–60. [Google Scholar] [PubMed]

	



Denkert, C.; Loibl, S.; Noske, A.; Roller, M.; Müller, B.M.; Komor, M.; Budczies, J.; Darb-Esfahani, S.; Kronenwett, R.; Hanusch, C.; et al. Tumor-associated lymphocytes as an independent predictor of response to neoadjuvant chemotherapy in breast cancer. J. Clin. Oncol. 2010, 28, 105–113. [Google Scholar] [CrossRef] [PubMed]

	



Ali, H.R.; Provenzano, E.; Dawson, S.-J.; Blows, F.M.; Liu, B.; Shah, M.; Earl, H.M.; Poole, C.J.; Hiller, L.; Dunn, J.A.; et al. Association between CD8+ T-cell infiltration and breast cancer survival in 12,439 patients. Ann. Oncol. 2014, 25, 1536–1543. [Google Scholar] [CrossRef]

	



Issa-Nummer, Y.; Darb-Esfahani, S.; Loibl, S.; Kunz, G.; Nekljudova, V.; Schrader, I.; Sinn, B.V.; Ulmer, H.-U.; Kronenwett, R.; Just, M.; et al. Prospective validation of immunological infiltrate for prediction of response to neodjuvant chemotherapy in HER2-negative breast cancer—A substudy of the neoadjuvant GeparQuinto trial. PLoS ONE 2013, 8, e79775. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, B.H. CD20+ B cells: The Other Tumor-Infiltrating Lymphocytes. J. Immunol. 2010, 185, 4977–4982. [Google Scholar] [CrossRef]

	



Sillo, T.O.; Beggs, A.D.; Morton, D.G.; Middleton, G. Mechanisms of immunogenicity in colorectal cancer. BJS 2019, 106, 1283–1297. [Google Scholar] [CrossRef]

	



Vogelstein, B.; Papadopoulos, N.; Velculescu, V.E.; Zhou, S.; Diaz, L.A., Jr.; Kinzler, K.W. Cancer genome landscapes. Science 2013, 339, 1546–1558. [Google Scholar] [CrossRef]

	



Passarelli, A.; Mannavola, F.; Stucci, L.S.; Tucci, M.; Silvestris, F. Immune system and melanoma biology: A balance between immunosurveillance and immune escape. Oncotarget 2017, 8, 106132–106142. [Google Scholar] [CrossRef] [PubMed]

	



Saab, S.; Zalzale, H.; Rahal, Z.; Khalifeh, Y.; Sinjab, A.; Kadara, H. Insights into lung cancer immune-based biology, prevention, and treatment. Front. Immunol. 2020, 11, 159. [Google Scholar] [CrossRef]

	



Fridman, W.H.; Pagès, F.; Sautès-Fridman, C.; Galon, J. The immune contexture in human tumours: Impact on clinical outcome. Nat. Rev. Cancer 2012, 12, 298–306. [Google Scholar] [CrossRef]

	



Banat, G.A.; Tretyn, A.; Pullamsetti, S.S.; Wilhelm, J.; Weigert, A.; Olesch, C.; Ebel, K.; Stiewe, T.; Grimminger, F.; Seeger, W.; et al. Immune and inflammatory cell composition of human lung cancer stroma. PLoS ONE 2015, 10, e0139073. [Google Scholar] [CrossRef]

	



Pages, F.; Berger, A.; Camus, M.; Sanchez-Cabo, F.; Costes, A.; Molidor, R.; Mlecnik, B.; Kirilovsky, A.; Nilsson, M.; Damotte, D.; et al. Effector memory T cells, early metastasis, and survival in colorectal cancer. N. Engl. J. Med. 2005, 353, 2654–2666. [Google Scholar] [CrossRef]

	



Zhang, L.; Conejo-Garcia, J.R.; Katsaros, D.; Gimotty, P.A.; Massobrio, M.; Regnani, G.; Makrigiannakis, A.; Gray, H.; Schlienger, K.; Liebman, M.N.; et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N. Engl. J. Med. 2003, 348, 203–213. [Google Scholar] [CrossRef]

	



Zitvogel, L.; Galluzzi, L.; Kepp, O.; Smyth, M.J.; Kroemer, G. Type I interferons in anticancer immunity. Nat. Rev. Immunol. 2015, 15, 405–414. [Google Scholar] [CrossRef]

	



Gattinoni, L.; Speiser, D.E.; Lichterfeld, M.; Bonini, C. T memory stem cells in health and disease. Nat. Med. 2017, 23, 18–27. [Google Scholar] [CrossRef]

	



Klebanoff, C.A.; Gattinoni, L.; Torabi-Parizi, P.; Kerstann, K.; Cardones, A.R.; Finkelstein, S.E.; Palmer, D.C.; Antony, P.A.; Hwang, S.T.; Rosenberg, S.A.; et al. Central memory self/tumor-reactive CD8+ T cells confer superior antitumor immunity compared with effector memory T cells. Proc. Natl. Acad. Sci. USA 2005, 102, 9571–9576. [Google Scholar] [CrossRef] [PubMed]

	



Solomon, B.; Young, R.; Bressel, M.; Cernelc, J.; Savas, P.; Liu, H.; Urban, D.; Thai, A.; Cooper, C.; Fua, T.; et al. Identification of an excellent prognosis subset of human papillomavirus-associated oropharyngeal cancer patients by quantification of intratumoral CD103+ immune cell abundance. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2019, 30, 1638–1646. [Google Scholar] [CrossRef]

	



Risom, T.; Glass, D.R.; Averbukh, I.; Liu, C.C.; Baranski, A.; Kagel, A.; McCaffrey, E.F.; Greenwald, N.F.; Rivero-Gutiérrez, B.; Strand, S.H.; et al. Transition to invasive breast cancer is associated with progressive changes in the structure and composition of tumor stroma. Cell 2022, 185, 299–310. [Google Scholar] [CrossRef] [PubMed]

	



Walker, R.A. The complexities of breast cancer desmoplasia. Breast Cancer Res. 2001, 3, 143–145. [Google Scholar] [CrossRef] [PubMed]

	



Karen, L.; Bosse, M.; Marquez, D.; Angoshtari, R.; Jain, S.; Varma, S.; Yang, S.-R.; Kurian, A.; Van Valen, D.; West, R.; et al. A structured tumour-immune microenvironment in triple negative breast cancer revealed by multiplexed ion beam imaging. Cell 2018, 174, 1373–1387. [Google Scholar] [CrossRef]

	



Kyndi, M.; Sørensen, F.B.; Knudsen, H.; Overgaard, M.; Nielsen, H.M.; Andersen, J. Tissue microarrays compared with whole sections and biochemical analyses. A subgroup analysis of DBCG 82 b&c. Acta Oncol. 2008, 47, 591–599. [Google Scholar]

	



Torhorst, J.; Bucher, C.; Kononen, J.; Haas, P.; Zuber, M.; Köchli, O.R.; Mross, F.; Dieterich, H.; Moch, H.; Mihatsch, M.; et al. Tissue microarrays for rapid linking of molecular changes to clinical endpoints. Am. J. Pathol. 2001, 159, 2249–2256. [Google Scholar] [CrossRef]

	



Camp, R.L.; A Charette, L.; Rimm, D.L. Validation of tissue microarray technology in breast carcinoma. Lab Investig. 2000, 80, 1943–1949. [Google Scholar] [CrossRef] [PubMed]

	



Lee, A.H.S. Inflammation and Vascularity in Carcinoma of the Breast. Master’s Thesis, University of Cambridge, Cambridge, UK, 2008. [Google Scholar]

	



Hendry, S.; Salgado, R.; Gevaert, T.; Russell, P.A.; John, T.; Thapa, B.; Christie, M.; van de Vijver, K.; Estrada, M.; Gonzalez-Ericsson, P.I.; et al. Assessing Tumor-infiltrating Lymphocytes in Solid Tumors: A Practical Review for Pathologists and Proposal for a Standardized Method From the International Immunooncology Biomarkers Working Group: Part 1: Assessing the Host Immune Response, TILs in Invasive Breast Carcinoma and Ductal Carcinoma In Situ, Metastatic Tumor Deposits and Areas for Further Research. Adv. Anat. Pathol. 2017, 24, 235–251. [Google Scholar] [PubMed]

	



Bairi, K.E.; Haynes, H.R.; Blackley, E.; Fineberg, S.; Shear, J.; Turner, S.; de Freitas, J.R.; Sur, D.; Amendola, L.C.; Gharib, M.; et al. The tale of TILs in breast cancer: A report from the International Immuno-Oncology Biomarker Working Group. Npj Breast Cancer 2021, 7, 150. [Google Scholar] [CrossRef] [PubMed]

	



O’Connell, F.P.; Pinkus, J.L.; Pinkus, G.S. CD138 (syndecan-1), a plasma cell marker immunohistochemical profile in hematopoietic and nonhematopoietic neoplasms. Am. J. Clin. Pathol. 2004, 121, 254–263. [Google Scholar] [CrossRef] [PubMed]

	



Morandi, F.; Horenstein, A.L.; Costa, F.; Giuliani, N.; Pistoia, V.; Malavasi, F. CD38: A target for immunotherapeutic approaches in multiple myeloma. Front. Immunol. 2018, 9, 2722. [Google Scholar] [CrossRef]

	



Orciani, M.; Trubiani, O.; Guarnieri, S.; Ferrero, E.; Di Primio, R. CD38 is constitutively expressed in the nucleus of human hematopoietic cells. J. Cell Biochem. 2008, 105, 905–912. [Google Scholar] [CrossRef]

	



Malavasi, F.; Funaro, A.; Roggero, S.; Horenstein, A.; Calosso, L.; Mehta, K. Human CD38: A glycoprotein in search of a function. Immunol. Today 1994, 15, 95–97. [Google Scholar] [CrossRef]

	



Quarona, V.; Zaccarello, G.; Chillemi, A.; Brunetti, E.; Singh, V.K.; Ferrero, E.; Funaro, A.; Horenstein, A.L.; Malavasi, F. CD38 and CD157: A long journey from activation markers to multifunctional molecules. Cytometry B Clin. Cytom. 2013, 84, 207–217. [Google Scholar] [CrossRef] [PubMed]

	



Cockayne, D.A.; Muchamuel, T.; Grimaldi, J.C.; Muller-Steffner, H.; Randall, T.D.; Lund, F.E.; Murray, R.; Schuber, F.; Howard, M.C. Mice deficient for the ecto-nicotinamide adenine dinucleotide glycohydrolase CD38 exhibit altered humoral immune responses. Blood 1998, 92, 1324–1333. [Google Scholar] [CrossRef] [PubMed]

	



Van de Donk, N.; Richardson, P.G.; Malavasi, F. CD38 antibodies in multiple myeloma: Back to the future. Blood 2018, 131, 13–29. [Google Scholar] [CrossRef] [PubMed]

	



Teng, Y.H.F.; Aquino, R.S.; Park, P.W. Molecular functions of syndecan-1 in disease. Matrix Biol. 2012, 31, 3–16. [Google Scholar] [CrossRef]

	



Couchman, J.R. Syndecan-1 (CD138), carcinomas and EMT. Int. J. Mol. Sci. 2021, 22, 4227. [Google Scholar] [CrossRef] [PubMed]

	



Kind, S.; Jaretzke, A.; Büscheck, F.; Möller, K.; Dum, D.; Höflmayer, D.; Hinsch, A.; Weidemann, S.; Fraune, C.; Möller-Koop, C.; et al. A shift from membranous and stromal syndecan-1 (CD138) expression to cytoplasmic CD138 expression is associated with poor prognosis in breast cancer. Mol. Carcinog. 2019, 58, 2306–2315. [Google Scholar] [CrossRef]

	



Tan, W.C.C.; Nerurkar, S.N.; Cai, H.Y.; Ng, H.H.M.; Wu, D.; Wee, Y.T.F.; Lim, J.C.T.; Yeong, J.; Lim, T.K.H. Overview of multiplex immunohistochemistry/ immunofluorescence techniques in the era of cancer immunotherapy. Cancer Commun. 2020, 40, 135–153. [Google Scholar] [CrossRef] [PubMed]

	



Parra, E.R.; Francisco-Cruz, A.; Wistuba, I.I. State-of-the-art of profiling immune contexture in the era of multiplexed staining and digital analysis to study paraffin tumor tissues. Cancers 2019, 11, 247. [Google Scholar] [CrossRef]

	



Sarvaria, A.; Madrigal, J.A.; Saudemont, A. B cell regulation in cancer and anti-tumor immunity. Cell. Mol. Immunol. 2017, 14, 662–674. [Google Scholar] [CrossRef] [PubMed]

	



Michaud, D.; Steward, C.R.; Mirlekar, B.; Pylayeva-Gupta, Y. Regulatory B cells in cancer. Immunol. Rev. 2021, 299, 74–92. [Google Scholar] [CrossRef]

	



Vignali, D.A.A.; Collison, L.W.; Workman, C.J. How regulatory T cells work. Nat. Rev. Immunol. 2008, 8, 523–532. [Google Scholar] [CrossRef] [PubMed]

	



Longuespee, R.; Fléron, M.; Pottier, C.; Quesada-Calvo, F.; Meuwis, M.-A.; Baiwir, D.; Smargiasso, N.; Mazzucchelli, G.; De Pauw-Gillet, M.-C.; Delvenne, P.; et al. Tissue proteomics for the next decade? Towards a molecular dimension in histology. OMICS 2014, 18, 539–552. [Google Scholar] [CrossRef] [PubMed]

	



Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.-A.; Shaw Wright, G.; et al. Atezolizumab and Nab-paclitaxel in advanced triple-negative breast cancer. N. Engl. J. Med. 2018, 379, 2108–2121. [Google Scholar] [CrossRef]

	



Miles, D.; Gligorov, J.; André, F.; Cameron, D.; Schneeweiss, A.; Barrios, C.; Xu, B.; Wardley, A.; Kaen, D.; Andrade, L.; et al. Primary results from IMpassion131, a double-blind, placebo-controlled, randomised phase III trial of first-line paclitaxel with or without atezolizumab for unresectable locally advanced/metastatic triple-negative breast cancer. Ann. Oncol. 2001, 32, 994–1004. [Google Scholar] [CrossRef] [PubMed]

	



Laumont, C.M.; Banville, A.C.; Gilardi, M.; Hollern, D.P.; Nelson, B.H. Tumour-infiltrating B cells: Immunological mechanisms, clinical impact and therapeutic opportunities. Nat. Rev. Cancer 2022, 22, 414–430. [Google Scholar] [CrossRef]

	



Maoz, A.; Dennis, M.; Greenson, J.K. The Crohn’s-Like Lymphoid Reaction to Colorectal Cancer-Tertiary Lymphoid Structures With Immunologic and Potentially Therapeutic Relevance in Colorectal Cancer. Front. Immunol. 2019, 10, 1884. [Google Scholar] [CrossRef]








[image: Cancers 15 01164 g001 550] 





Figure 1. Boolean search with keywords and their synonyms. 
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Figure 2. Flowchart describing the literature inclusion process. 
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Table 1. B cell markers.
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	B-Cell Subtype
	Immunohistochemical Markers





	Naïve B cell
	CD19+, CD20+, IgM+IgD−, CD38−/−



	Naïve activated B cell
	CD19+, CD20+, IgM+, IgD+, CD38+



	Germinal centre B cell
	CD19+, CD20+, IgM+/−, IgD+, CD38++



	Plasmablast
	CD19+, CD20−, CD38++, CD27++, IgD-, IgM/G/A/E+



	Plasma cell
	CD19+/−, CD20−, CD38++, CD138+, CD27+ IgD−, IgM/G/A/E+



	Memory B cell
	CD19+ CD20+ CD38−, CD27+, IgD−, IgM/G/A/E+
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Table 2. Tissue selection in studies that used TMA for assessing TIL-Bs.
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	Year
	Authors
	Selection of Tissue for TMA Construction





	2018
	Yeong et al. [32]
	Two to three representative tumour cores (with >50% tumour area) of 1 mm diameter



	2018
	Arias-Pulido et al. [34]
	Two 1.5 mm cores



	2014
	Garcia-Martinez et al. [37]
	Two 2 mm cores with predominantly tumour areas selected by a pathologist



	2013
	Mohammed et al. [39]
	Three 0.6 mm cores taken from the tumour-rich area



	2012
	Mahmoud et al. [41]
	Three 0.6 mm cores obtained from the periphery of the tumours



	2012
	Eiro et al. [42]
	Two 1.5 mm cores of invasive front and two 1.5 mm cores of tumour centre



	2011
	West et al. [43]
	Two 0.6 mm cores from central cellular areas of tumour
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Table 3. TIL-Bs assessment strategy in each study.
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	Year
	Authors
	Manual vs.

Digital Scoring
	Parameter
	Determination of Cutoff for

Categorization





	2021
	Kuroda et al. [30]
	Manual
	Number of stained cells in intratumoural or stromal area at 400× magnification
	Median value of cohort



	2019
	Garaud et al. [31]
	Manual, 2 trained pathologists
	Percentage of stained cells in total TILs
	%FINDCUT SAS macro



	2018
	Yeong et al. [32]
	Manual,

2 pathologists
	Percentage of intratumoural or stromal area occupied by stained cells at 400× magnification
	Median value of cohort



	2018
	Xu et al. [33]
	Manual,

2 investigators
	Mean number of stained cells in 3

selected stromal areas (hotspot)
	Mean value of

cohort



	2018
	Arias-Pulido et al. [34]
	Manual, board-

certified pathologists
	Percentage of stained cells in total TILs
	Not specified



	2016
	Song et al. [35]
	Digital, NuclearQuant

module (3DHISTECH Ltd., Budapest, Hungary)
	Number of stained cells in tumour area
	Continuous

variable



	2016
	Miligy et al. [36]
	Digital, module not

specified (3DHISTECH Ltd.)
	Percentage of intratumoural or stromal area (hotspot)

occupied by stained cells at 400×

magnification
	X-tile software



	2014
	Garcia-

Martinez et al. [37]
	Digital, Image J

software (NIH, USA)
	Number of stained cells per mm2
	Continuous

variable



	2014
	Brown et al. [38]
	Digital, AQUA

software
	Percentage of tumour stroma that contained stained cells
	Joinpoint software



	2013
	Mohammed et al. [39]
	Manual, 2 observers
	Mean percentage of stained cells in 4–12 fields at 400×

magnification
	Not specified



	2012
	Mohammed et al. [40]
	Manual, 2 observers

(including 1 pathologist)
	Mean percentage of plasma cells in 4–12 fields at 400×

magnification
	Not specified



	2012
	Mahmoud et al. [41]
	Manual, 3

investigators
	Number of stained cells
	X-tile software



	2012
	Eiro et al. [42]
	Digital, analysis (Soft

Imaging System,

Germany)
	Median number of CD20+ cells in 5 fields of an area of 1 mm2
	Median value of cohort



	2011
	West et al. [43]
	Manual
	Number of intraepithelial CD20+ cells within an area of 0.56 mm2
	Median value of cohort
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