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Abstract

:

Seroma development after breast cancer surgery is the most common postoperative complication seen after mastectomy but neither its origin nor its cellular composition is known. To investigate the assumption of immunological significance, one of the first aims of this pilot study is to describe the cellular content of collected seroma fluids and its corresponding serum in patients with simple mastectomy after needle aspiration, as well as the serum of healthy controls. The content of red blood cells (RBC) was measured by haemato-counter analyses, and the lymphocyte identification/quantification was conducted by flow cytometry analyses in seroma fluid (SFl) and the sera of patients (PBp) as well as controls (PBc). Significantly lower numbers of RBCs were measured in SFl. Cytotoxic T cells are significantly reduced in SFl, whereas T helper (Th) cells are significantly enriched compared to PBp. Significantly higher numbers of Th2 cells were found in SFl and PBp compared to PBc. The exact same pattern is seen when analyzing the Th17 subgroup. In conclusion, in contrast to healthy controls, significantly higher Th2 and Th17 cell subgroup-mediated immune responses were measured in seroma formations and were further confirmed in the peripheral blood of breast cancer (including DCIS) patients after simple mastectomy. This could lead to the assumption of a possible immunological cause for the origin of a seroma.
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1. Introduction


Seromas are one of the most common postoperative complications seen after mastectomy and axillary surgery [1,2,3,4]. In reviews comparing different studies, in 3%, 10%, and up to 85% of all cases, seroma formation occurs mostly within the first weeks after breast surgery [5,6]. The latter finding leads to the possible statement that seroma formation is so common that it could be a side effect of surgery rather than a complication. Nevertheless, seromas in need of needle aspiration have an impact on the patient’s wellbeing and can also significantly impact treatment by delaying adjuvant therapy and increasing the risk of the development of infections after primary surgery [7]. There is evidence that surgical trauma after sentinel lymph node biopsy for breast cancer treatment and seroma development is associated with age in some studies [8]. Several publications discuss surgical procedures to reduce the risk of liquid formation [9,10,11,12]. There is a growing number of studies published in recent years investigating the origin of the fluid under skin flaps or in the axillary dead space following mastectomy and/or axillary dissection. In the 1990s, it was proposed that the fluid is of lymphatic origin, but later studies showed that the cell content of seroma liquid differs from lymph fluid. It has a higher protein content and no fibrinogen present, making coagulation impossible [13]. After further investigation, the fluid appeared to be composed more similarly to an exudate resulting from an inflammatory reaction during the first phase of wound repair [14]. In contrast to this preliminary data, a study by Monalto et al. showed by analyzing cell content and cytokine analysis that seroma fluid derives from an accumulation of afferent lymph [15].



Regarding our assumption of an immunological connection to the development of a seroma, this work investigates the special subgroups of immune cells that are part of the immunomodulatory process and will therefore be presented in more detail. Immunity is divided into innate and adaptive immune responses. The former reacts rapidly and non-specifically to pathogens, whereas the latter responds in a slower but more specific manner with the generation of long-lived immunological memory [16]. Innate immunity is mediated by innate immune cell populations such as myeloid cells, natural killer (NK) cells, and innate lymphoid cells, as well as by ancient humoral systems such as defensins, and complement them as the first line of defense against infections within minutes to hours [17,18]. Adaptive immunity is orchestrated by CD4+ T helper cells (Th) via the production of cytokines and chemokines that enhance cytotoxic CD8+ T cell responses and are indispensably required for B cell-dependent antibody production and plasma cell generation [19,20]. Th cells are divided into regulatory T cells (Treg) and effector T cells. These effector T cells can be subdivided into several types according to their cytokine secretion profile [21]. The diverse functions of CD4+ Th cells are determined by their cytokine secretion patterns and display a large degree of plasticity and the ability to differentiate into multiple sublineages in response to developmental and environmental cues [22,23]. These differentiated sublineages can orchestrate a broad range of effector activities during the initiation, expansion, and memory phase of an immune response as well as regulatory activities. Emerging evidence suggests that Th cells also actively participate in shaping antitumor immunity [23].



The controversial discussion about seroma formation and composition shows that the underlying mechanisms of seroma development remain unclear [24,25]. Based on the lack of scientific knowledge about seromas, there is a need to understand the underlying mechanisms of seroma formation for possible prevention and/or better treatment strategies.



Therefore, one of the aims of this pilot study is to describe the cellular content of collected seroma fluids in patients with simple mastectomy after needle aspiration to elucidate the type of specific immune reaction. Secondarily, we focus on analyzing the distribution of different immune cell subsets found in seroma liquids as well as of peripheral blood of the same patient after mastectomy in comparison with the peripheral blood of healthy volunteers.




2. Results


2.1. Patient Cohort


For the evaluation of the above-mentioned suggestions, a subset of all these patients fulfilling the criteria of the study and who presented with breast cancer (n = 16, two with contralateral disease), simple mastectomy, and consecutive seroma formation between 10/2020 and 09/2021 was chosen. Personal characteristics of both groups and tumor characteristics of the study population are described in Table 1 and Table S1.



Tables S2 and S3 include information about the therapeutic approaches of the study group as well as the seroma aspirations including time points and the volume of seroma fluid (SFl). Patients who received chemotherapy before surgery and an axilla dissection tended to develop more seromas. Patients who received chemotherapy before surgery develop seromas at equal frequencies compared to patients without chemotherapy. Moreover, the development of seromas with a volume of more than 100 mL seems to not be influenced by the type of surgery in the axilla. Patients without seroma development were excluded from this study since we could not see any significant changes in their peripheral blood composition and our sample size was too small (Figure S2).




2.2. Basic Cell Composition in Seroma Fluids


Upon analyzing red blood cell (RBC) content via the haemato-counter, we found significantly reduced numbers of RBCs within the aspirated SFl in comparison to the peripheral blood of patients (PBp) and controls (PBc) (Figure 1A). The mean abundance of RBCs was 60.9 mil cells per mL SFl, whereas the average number of RBCs in PBp is 3943 mil cells/ml and 4529 mil cells/ml for PBc. The difference between PBp and PBc is also highly significant. We analyzed the data acquired when staining the cells of SFl and PBp/c with antibodies included in panel 1 for the expression of the pan-leucocyte marker CD45 (Figure 1B).



Almost all of the SFl showed an abundance of leukocytes higher than 90% of all recorded events. One sample had a content of 76.25% leukocytes and one with only 0.2%. The latter sample was excluded from further analysis because no immune cells could be measured. The gating strategy of panel 1 is displayed in Figure 1C. Based on the location of the CD45+ leucocytes within the side scatter (SSC) vs. forward scatter (FSC) [26] plot, we determined the percentages of granulocyte, monocyte, and lymphocyte subpopulations (Figure 1D). It is important to note that granulocytes as well as monocytes in SFl did show a rather heterogeneous character, as well as not so clear cells populations as compared to PBp/c in the SSC vs. FSC plot. This prompted us to draw gates for granulocytes, as well as monocytes, slightly bigger to be able to include all cells of the particular cell type.



SFl showed significantly reduced numbers of granulocytes with a mean of 20% of all leucocytes compared to PBp with 62% and PBc with 60% granulocytes within the leucocyte compartment. The same pattern was seen within the monocyte subpopulation. In PBp/c, the average percentage was approximately 8% of all leucocytes compared to SFl with 4.6%. In contrast, the lymphocyte compartment had the highest abundance in SFl with an average of 63% of all CD45+ cells compared to approximately 27% in PBp/c.




2.3. Lymphocyte Composition in Seroma Liquid and PB Analyzed by Flow Cytometry


Since lymphocytes were the dominant population within SFl, further examination was focused on analyzing the flow cytometry data of panel 1 described in Table 2 and Figure 2A in regards to the expression of the T cell marker CD3, the B cell marker CD19, as well as CD56 and CD16 as markers for natural killer (NK) cells. We found a significantly enhanced CD3+ T cell population in SFl (87.2 ± 7.3%) compared to PBp (71.6 ± 8%) as well as PBc (75.2 ± 4.8%) (Figure 2B).



On the other hand, the CD19+ B cell population was diminished in almost all SFls (5.5 ± 5.7%) compared to PBp (13 ± 5.6) and PBc (12.7 ± 3%). The same pattern is seen for NK cells. SFl showed significantly reduced percentages of NK cells (4.3 ± 2.2%) compared to PB in general. As a result, PBp had significantly higher numbers of NK cells (15.9 ± 7.8%) compared to PBc (11.3 ± 4.2%). The numbers of peripheral blood in both study participants and control subjects were within the normal range of healthy individuals between 55 and 83% T cells, 6 and 19% B cells, and 7 and 31% NK cells within the lymphocyte population [27]. We used these reference values in particular since those are obtained similarly to our gating strategy.



In contrast to the positive results for the marker CD3 (NKT cells) in the PBc/p populations, there were significantly fewer cells in SFl, except in three seroma samples with relatively high NKT levels (Figure 2C). Almost all of the measurements were within the reference values for NKT cells of 1–18% of all lymphocytes [28]. Upon examining the activation marker HLA-DR, we found a significantly higher number in SFl (36.1 ± 12%) compared to PBp (24.3 ± 10.3%) and PBc (17.6 ± 5.2%). (Figure 2C).




2.4. T-Cell Identification


2.4.1. Cytotoxic vs. T-Helper Cell Analysis


Since T cells (CD3+) were the most frequent leucocyte population within SFl, data were analyzed in regards to their CD4 and CD8 expression. Cytotoxic T cells, positive for the specific marker CD8, were significantly reduced in SFl, whereas CD4+ Th cells were significantly higher (CD8+: 14.2 ± 6.7%; CD4+: 82.8 ± 7.6%) compared to PBp (CD8+: 25.2 ± 8.9%; CD4+: 69.5 ± 10.7%) and PBc (CD8+: 26.9 ± 9%; CD4+: 67.2 ± 11.4%) (Figure 3A,B).




2.4.2. T Helper Cell Subpopulation Analysis


To analyze effector T helper cell subpopulations, we adapted the gating strategy as described by an isolation protocol provided by Miltenyi Biotec (panel 2, Table 2) (Miltenyi Biotec, Bergisch Gladbach, Germany) [29]. We were able to determine the Th1, 2, 9, 17, and 22 subpopulations within the CD4+ T helper cell compartment for SFl, as well as PBp/c, based on their lineage-specific chemokine receptor profiles (Figure 3C and Figure S1). The analysis of the flow cytometry data revealed significantly higher percentages of Th2 cells gated on CD4+ lymphocytes in SFl (7.2 ± 2.5%) and PBp (6.6 ± 2.3%) compared to PBc (3.6 ± 1.6%), whereas SFl and PBp did not show significant differences. The exact same pattern is seen within the Th17 subgroup. In addition, the number of Th22 cells is significantly higher in SFl (11.3 ± 7.7%) compared to PB, but in contrast to Th2 and Th17, there were also significant differences between SFI and PBp (3.5 ± 1.2%) and not between PBp and PBc (2.9 ± 0.8%). Th1 and Th9 subgroups did not show any significant difference between SFl and PBp/c.




2.4.3. Treg Subpopulation


To investigate regulatory T (Treg) cells, we gated the surface marker CD25+/CD127-/low cells within the CD4+ T helper cell population (panel 3; Figure 3D and Table 2) [30,31]. By analyzing the data, we found no significant differences in Treg numbers when comparing SFl, PBp, and PBc (Figure 3E).



We used CD45RA as a marker of cell activation. It is a fact that CD45RA+ T cells are converted to CD45RO+ T cells after activation [32]. Within this naïve CD45RA+ Treg population, significant differences were detected between naïve Tregs in SFl (with a mean of 2.2%) and PBc (4.5%). PBp values did not show significant differences compared to either SFl or PBc, with a difference of 3.9% between both study groups. Interestingly, by comparing the numbers of naïve T helper cells in general, there were significantly elevated levels of those naïve cells in PBc (56.7 ± 10%) compared to SFl (20.2 ± 20.1%) and PBp (31.2 ± 7.6%) (Figure 3F).





2.5. Differences in Cell Distribution between First and Second Aspiration


Upon comparing the abundance of all leucocyte subtypes between the first and second fine needle aspiration (n = 5), we could not see any significant differences between any given subgroup (Figure 4A and Table S3).





3. Discussion


The aim of this evaluation was the characterization of immunological cell populations in seroma fluid after a simple mastectomy procedure for breast cancer patients. Flow cytometry was used as the analysis method of SFl after needle aspiration. To confirm the nature of the fluid and evaluate possible contamination with PB during the surgical procedure, the number of RBCs within the aspirated fluid was determined and compared with those of PBp/c. There were significantly lower numbers of RBCs in SFl compared to PBp/c, leading to the assumption that the SFl formation was not due to a hemorrhage from the blood vessels after surgery. Although RBC numbers of almost all patients and healthy controls were within the range of common reference values of PB, a significant decrease in RBC numbers in patients compared to healthy controls could be seen [33]. The high percentage of CD45+ cells suggests that the cellular fraction of the SFl consists mainly of leucocytes. Nevertheless, the flow cytometry data showed a different distribution of granulocytes, monocytes, and lymphocytes within this leucocyte compartment in SFl compared to PBp and PBc. Similar data were shown in a publication by Montalto et al. in 2010. In agreement with our findings, the authors showed an increased percentage of lymphocytes, as well as lower numbers of granulocytes and monocytes. This indicates a specific adaptive immune response leading to the recruitment of specific lymphocytes to the side of the injury. Instead of monocytes, Monalto et al. found cells with more heterogeneous physical characteristics and only partially expressing CD14. Since we did not stain for any monocyte markers, we cannot prove the latter statement. Nevertheless, we also saw this more heterogeneous population in the SSC vs. FSC plot. These cells might be particularly interesting for further investigations.



Most of the lymphocytes in SFl were CD3+ T cells and only very low percentages of B cells and NK cells were present. However, PB of the same study participants and healthy controls exhibited normal distributions of those cell subpopulations in comparison to reference values, found in previous literature. Comans-Bitter et al. described reference values for human lymphocyte subpopulations. In agreement with our results, they found a frequency of CD3+ T-cells of 55–83% and CD3/CD4+ Th-cells of 28–57%. The near absence of NK further supports the hypothesis of a specific adaptive rather than innate immune response due to bacterial contamination during surgery.



Within the T cell compartment, CD4+ T helper cells rather than CD8+ cytotoxic T cells were identified in seroma fluids. Th2, Th17, and Th22 were highly abundant in SFl, whereas the number of Tregs showed no significant difference. These findings indicate a high inflammatory proceeding without changes in the protective regulatory responses through Tregs. There are significantly lower numbers of naïve cells (Th and Treg) present in patients, in the SFl as well as PBp, implicating a high activation status of these immune cells. The significantly lower fraction of naïve CD4+ Th cells in the blood of the patient cohort compared to healthy individuals could potentially be a biomarker for assessing the risk of patients for seroma development.



Cells positive for the activation marker HLA-DR showed a significantly higher abundance in SFl, which supports our hypothesis of an active inflammatory response preceding at the side of the immune response. This was different from blood, where there is a high proportion of non-activated cells present. HLA-DR+ T helper cells were shown to be increased in patients with active tuberculosis. Furthermore, Tippalagama et al. demonstrated that proliferating CD4+ effector T cells express high levels of HLA-DR. These findings suggest that HLA-DR might be a useful marker for monitoring immune responses [34].



One limitation of this study could be the fact that some of our findings, especially differences between PBp and PBc, might be explained by the difference in the average age between the study cohort and control group. It has been shown that NK cell frequency increases with age, whereas naïve T cell numbers decline [35,36,37]. On the other hand, Th17 cells also decline with age, but in our case, Th17 cells are significantly higher in the blood of the older study participant group compared to the younger control group [38]. However, SFl and PBp were taken from the study participants at the same time point. which was the basis of this study.



There is evidence that these WBCs are actively recruited to the side of infection/operation regarding wound healing [39]. Besler et al. [39] described that seroma formation is due to inflammatory mediators’ migration to the side of the tissue trauma. In addition, seroma formation may also be due to a prolonged inflammatory phase due to the disruption of certain stages of wound healing [39]. Th22 cells are believed to play important roles both in promoting wound healing and the repair of damaged epithelial barriers as well as in enhancing immune responses against some pathogens [21,40,41]. The correlation between Th22 cell action and wound healing could in part explain the high numbers of Th22 cells in SFl in most of our patients.



Supporting our hypothesis, recent studies have shown that there is a high number of dendritic cells found in SFl, which are known to efficiently stimulate the T cell response by recruiting T helper cells [42]. Concerning breast cancer, we are just getting started in our understanding of the role of Th17/Th22 cells, whereas for other tumor types, both cell populations seem to be involved in inflammatory processes leading to cancer formation, as well as in new immune-related cancer treatment approaches [43]. The absence of Th1 cells suggests that there is no evidence of bacterial infections [44]. Th1 cells secrete a number of specific cytokines, which allow these cells to effectively fight infections by viruses and bacteria [45].



To dissect patients at high risk for seroma development, this pilot study serves as a base for the investigation of a high number of PB samples before and after seroma development. In addition, we have to rule out the possibility of bacterial contamination in those cases of severe seromas by analyzing the SFl in regards to bacterial contamination.



This study shows the successful immune cell subpopulation analysis associated with seroma formation after simple mastectomy. Further studies are ongoing to clarify the role of specific T-helper cell immune responses in the formation of seroma after breast cancer surgery also including the differentiation of breast cancer in general and healthy breasts without the formation of a seroma.




4. Materials and Methods


4.1. Patient Cohort


Between October 2020 and September 2021, in a monocentric subgroup analysis of the pilot phase of the SerMa Study (EUBREAST5), we analyzed a patient population who developed a seroma fluid formation (SFl) of patients with breast cancer or DCIS and underwent mastectomy surgery without any reconstruction procedure. Of those patients, 34 seroma samples were collected using needle aspiration in up to 5 predefined visits (Table S3). In five patients, more than one aspiration was performed. All the patients gave informed consent, and an ethical committee permitted the study. SFl as well as the peripheral blood of patients and 15 healthy controls were transported to the laboratory and processed within 24 h (Tables S1 and S3).




4.2. Sample Processing


After centrifugation of the SFl, the supernatant was removed and cells were counted using a haemato-counter (Sysmex XP300; SYSMEX, Norderstedt, Germany). After RBC lysis (VersaLyse; Beckman Coulter, Krefeld, Germany) for 15 min at room temperature and one washing step with PBS, 4 × 106 white blood cells (WBC) were used for flow cytometry analysis. The remaining cells were viably frozen and stored in liquid nitrogen.



PBp/c anticoagulated with EDTA was analyzed using a haemato-counter. For immune fluorescent staining, 100 µL PBp/c per staining arm was incubated with 1 mL of VersaLyse for 15 min at room temperature and subsequently washed with PBS. The remaining WBCs were stained with antibodies labeled with immune fluorescent dyes. Aliquots of PBp/c were frozen and stored in liquid nitrogen.




4.3. Flow Cytometry Analysis


WBCs of SFl and PBp/c were stained in three different panels with fluorescence-labeled anti-human antibodies for 10 min at room temperature (Table 2). Single color staining and isotype controls were included for the compensation and confirmation of antibody specificity. Stained cells were subsequently fixed with IO Test3 (Beckman Coulter) for 10 min and washed with PBS before recording using the flow cytometer CytoFlex LX (Beckman Coulter). We made sure to record an appropriate number of cells (50,000 lymphocytes per staining). Results were analyzed using Kaluza software (Beckman Coulter) and gated accordingly (Figure 1C, Figure 2A, Figure 3A,D, Figure S1).




4.4. Statistical Analysis


The SFl of all needle aspirations was analyzed, and the first measurement of each patient was included in the initial statistical analysis. Cells present in SFl were analyzed for the pan-leucocyte marker CD45. Only measurements with a percentage of CD45+ cells higher than 75% of total events were included. Statistical analysis was performed using GraphPad Prism. Results were analyzed by either a one-way ANOVA or Kruskal–Wallis-test. A value of p < 0.05 was considered statistically significant.





5. Conclusions


Breast cancer patients with seroma formation after simple mastectomy showed a CD4+ T helper cell increase in the seroma fluid samples. To our knowledge, this is the first time that subgroups of T helper cells could be identified and characterized in the seroma of breast cancer/DCIS patients surgically treated with a simple mastectomy. Furthermore, a Th2 and/or a Th17 immune response showed corresponding results of sera and seroma in the same patient. These results lead to the assumption that this is the first step in detecting an immune response in both sera and seroma in contrast to healthy persons. Future planned studies of sera from breast cancer patients at the time of primary surgery as well as from those patients who do not develop a seroma after surgery will provide information about whether serum T-helper determination could be used as a prognostic factor for the development of a seroma.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms23094848/s1.





Author Contributions


Conceptualization, U.J. and N.D.; methodology, A.N. and C.T.-H.; software, C.T.-H.; validation, M.S., N.A. and A.S.; formal analysis, J.S., A.N. and C.D.; investigation, J.S., M.R. and N.P.; resources, M.R., N.D.; data curation, M.R., A.N. and T.K.; writing—original draft preparation, N.P.; writing—review and editing, N.D.; visualization, J.S., T.K.; supervision, U.J.; project administration, N.D.; funding acquisition, N.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a research grant of the Medical Faculty of the University Augsburg (“Projektförderung—Intramurale Forschungsförderung Medizinische Fakultät”) for N.D.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are available upon request from the corresponding author due to ethical reasons.




Acknowledgments


The authors thank C. Kuhn for technical support.




Conflicts of Interest


N.D. reports funding from MSD, Novartis, Pfizer, Roche, AstraZeneca, TEVA, Mentor, and MCI Healthcare. C.D. is funded by Roche, AstraZeneca, TEVA, Mentor, and MCI Healthcare. J.S. is funded by Novartis, Roche, Pfizer, BMS, and AstraZeneca. All other authors report no conflict of interests. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Al-Gaithy, Z.K.; Ayuob, N.N. Vascular and cellular events in post-mastectomy seroma: An immunohistochemical study. Cell Immunol. 2012, 272, 130–136. [Google Scholar] [CrossRef] [PubMed]

	



Andeweg, C.S.; Schriek, M.J.; Heisterkamp, J.; Roukema, J.A. Seroma formation in two cohorts after axillary lymph node dissection in breast cancer surgery: Does timing of drain removal matter? Breast J. 2011, 17, 359–364. [Google Scholar] [CrossRef] [PubMed]

	



Carless, P.A.; Henry, D.A. Systematic review and meta-analysis of the use of fibrin sealant to prevent seroma formation after breast cancer surgery. Br. J. Surg. 2006, 93, 810–819. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.; Olsen, M.A.; Margenthaler, J.A. Indications for readmission following mastectomy for breast cancer: An assessment of patient and operative factors. Breast J. 2020, 26, 1966–1972. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, V.; Basu, S.; Shukla, V.K. Seroma formation after breast cancer surgery: What we have learned in the last two decades. J Breast Cancer 2012, 15, 373–380. [Google Scholar] [CrossRef]

	



Kuroi, K.; Shimozuma, K.; Taguchi, T.; Imai, H.; Yamashiro, H.; Ohsumi, S.; Saito, S. Pathophysiology of seroma in breast cancer. Breast Cancer 2005, 12, 288–293. [Google Scholar] [CrossRef]

	



Kumar, S.; Lal, B.; Misra, M.C. Post-mastectomy seroma: A new look into the aetiology of an old problem. J. R. Coll. Surg. Edinb. 1995, 40, 292–294. [Google Scholar]

	



Persa, O.D.; Knuever, J.; Rose, A.; Mauch, C.; Schlaak, M. Predicting risk for seroma development after axillary or inguinal sentinel lymph node biopsy in melanoma patients. Int. J. Dermatol. 2019, 58, 185–189. [Google Scholar] [CrossRef]

	



Hansson, E.; Edvinsson, A.C.; Elander, A.; Kolby, L.; Hallberg, H. First-year complications after immediate breast reconstruction with a biological and a synthetic mesh in the same patient: A randomized controlled study. J. Surg. Oncol. 2021, 123, 80–88. [Google Scholar] [CrossRef]

	



Heidemann, L.N.; Gunnarsson, G.L.; Salzberg, C.A.; Sorensen, J.A.; Thomsen, J.B. Complications following Nipple-Sparing Mastectomy and Immediate Acellular Dermal Matrix Implant-based Breast Reconstruction-A Systematic Review and Meta-analysis. Plast. Reconstr. Surg. Glob. Open 2018, 6, e1625. [Google Scholar] [CrossRef]

	



Hashemi, E.; Kaviani, A.; Najafi, M.; Ebrahimi, M.; Hooshmand, H.; Montazeri, A. Seroma formation after surgery for breast cancer. World J. Surg. Oncol. 2004, 2, 44. [Google Scholar] [CrossRef] [PubMed]

	



Mancaux, A.; Naepels, P.; Mychaluk, J.; Abboud, P.; Merviel, P.; Fauvet, R. Prevention of seroma post-mastectomy by surgical padding technique. Gynecol. Obstet. Fertil. 2015, 43, 13–17. [Google Scholar] [CrossRef] [PubMed]

	



Andrades, P.; Prado, A. Composition of postabdominoplasty seroma. Aesthetic Plast. Surg. 2007, 31, 514–518. [Google Scholar] [CrossRef] [PubMed]

	



Watt-Boolsen, S.; Nielsen, V.B.; Jensen, J.; Bak, S. Postmastectomy seroma. A study of the nature and origin of seroma after mastectomy. Dan. Med. Bull. 1989, 36, 487–489. [Google Scholar]

	



Montalto, E.; Mangraviti, S.; Costa, G.; Carrega, P.; Morandi, B.; Pezzino, G.; Bonaccorsi, I.; Cancellieri, A.; Mingari, M.C.; Mesiti, M.; et al. Seroma fluid subsequent to axillary lymph node dissection for breast cancer derives from an accumulation of afferent lymph. Immunol. Lett. 2010, 131, 67–72. [Google Scholar] [CrossRef]

	



Farber, D.; Netea, M.G.; Radbruch, A.; Rajewsky, K.; Zinkernagel, R.M. Immunological memory: Lessons from the past and a look to the future. Nat. Rev. Immunol. 2016, 16, 124–128. [Google Scholar] [CrossRef]

	



Danilova, N. The evolution of adaptive immunity. Adv. Exp. Med. Biol. 2012, 738, 218–235. [Google Scholar]

	



Netea, M.G.; Balkwill, F.; Chonchol, M.; Cominelli, F.; Donath, M.Y.; Giamarellos-Bourboulis, E.J.; Golenbock, D.; Gresnigt, M.S.; Heneka, M.T.; Hoffman, H.M.; et al. A guiding map for inflammation. Nat. Immunol. 2017, 18, 826–831. [Google Scholar] [CrossRef]

	



Swain, S.L.; McKinstry, K.K.; Strutt, T.M. Expanding roles for CD4+ T cells in immunity to viruses. Nat. Rev. Immunol. 2012, 12, 136–148. [Google Scholar] [CrossRef]

	



Mitchison, N.A. The discovery of T cell-B cell cooperation. Front. Immunol. 2014, 5, 377. [Google Scholar] [CrossRef]

	



Ye, J.; Wang, Y.; Wang, Z.; Ji, Q.; Huang, Y.; Zeng, T.; Hu, H.; Ye, D.; Wan, J.; Lin, Y. Circulating Th1, Th2, Th9, Th17, Th22, and Treg Levels in Aortic Dissection Patients. Mediat. Inflamm. 2018, 2018, 5697149. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.; Paul, W.E. Heterogeneity and plasticity of T helper cells. Cell Res. 2010, 20, 4–12. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.-J.; Cantor, H. CD4 T-cell Subsets and Tumor Immunity: The Helpful and the Not-so-Helpful. Cancer Immunol. Res. 2014, 2, 91–98. [Google Scholar] [CrossRef] [PubMed]

	



Pan, X.-F.; Huan, J.; Qin, X.-J. Potential risk factors for the development of seroma following mastectomy with axillary dissection. Mol. Clin. Oncol. 2015, 3, 222–226. [Google Scholar] [CrossRef] [PubMed]

	



Watkins, J.M.; Harper, J.L.; Dragun, A.E.; Ashenafi, M.S.; Sinha, D.; Li, J.; Cole, D.J.; Jenrette, J.M. Incidence and prognostic factors for seroma development after MammoSite breast brachytherapy. Brachytherapy 2008, 7, 305–309. [Google Scholar] [CrossRef] [PubMed]

	



Storek, J.; Ferrara, S.; Isacescu, V. Blood B cell subpopulations. The effect of narrow versus wide forward scatter x side scatter gating. J. Immunol. Methods 1992, 156, 129–133. [Google Scholar] [CrossRef]

	



Comans-Bitter, W.; de Groot, R.; Beemd, R.V.D.; Neijens, H.J.; Hop, W.C.; Groeneveld, K.; Hooijkaas, H.; Van Dongen, J. Immunophenotyping of blood lymphocytes in childhoodReference values for lymphocyte subpopulations. J. Pediatr. 1997, 130, 388–393. [Google Scholar] [CrossRef]

	



Schatorjé, E.J.H.; Gemen, E.F.A.; Driessen, G.J.A.; Leuvenink, J.; Van Hout, R.W.N.M.; De Vries, E. Paediatric Reference Values for the Peripheral T cell Compartment. Scand. J. Immunol. 2012, 75, 436–444. [Google Scholar] [CrossRef]

	



Christian Neumann, A.S.; Nicole, P.; Anna, F.-M.; Michaela, N.; Julia, M.; Anne, R.; Tobias, S. T Helper Cells: A Complete Workflow for Cell Preparation, Isolation, Stimulation, Polarization, and Analysis; Miltenyi Biotec GmbH: Gütersloh, Germany, 2015. [Google Scholar]

	



Yu, N.; Li, X.; Song, W.; Li, D.; Yu, D.; Zeng, X.; Li, M.; Leng, X.; Li, X. CD4(+)CD25 (+)CD127 (low/-) T cells: A More Specific Treg Population in Human Peripheral Blood. Inflammation 2012, 35, 1773–1780. [Google Scholar] [CrossRef]

	



Moradi, B.; Schnatzer, P.; Hagmann, S.; Rosshirt, N.; Gotterbarm, T.; Kretzer, J.P.; Thomsen, M.; Lorenz, H.M.; Zeifang, F.; Tretter, T. CD4(+)CD25(+)/highCD127low/(-) regulatory T cells are enriched in rheumatoid arthritis and osteoarthritis joints—analysis of frequency and phenotype in synovial membrane, synovial fluid and peripheral blood. Arthritis Res. Ther. 2014, 16, R97. [Google Scholar] [CrossRef]

	



Booth, N.J.; McQuaid, A.J.; Sobande, T.; Kissane, S.; Agius, E.; Jackson, S.E.; Salmon, M.; Falciani, F.; Yong, K.; Rustin, M.H.; et al. Different Proliferative Potential and Migratory Characteristics of Human CD4+ Regulatory T Cells That Express either CD45RA or CD45RO. J. Immunol. 2010, 184, 4317–4326. [Google Scholar] [CrossRef] [PubMed]

	



Daae, L.N.; Halvorsen, S.; Mathisen, P.M.; Mironska, K. A comparison between haematological parameters in ’capillary’ and venous blood from healthy adults. Scand. J. Clin. Lab. Investig. 1988, 48, 723–726. [Google Scholar]

	



Tippalagama, R.; Singhania, A.; Dubelko, P.; Arlehamn, C.S.L.; Crinklaw, A.; Pomaznoy, M.; Seumois, G.; Desilva, A.D.; Premawansa, S.; Vidanagama, D.; et al. HLA-DR Marks Recently Divided Antigen-Specific Effector CD4 T Cells in Active Tuberculosis Patients. J. Immunol. 2021, 207, 523–533. [Google Scholar] [CrossRef] [PubMed]

	



Camous, X.; Pera, A.; Solana, R.; Larbi, A. NK Cells in Healthy Aging and Age-Associated Diseases. J. Biomed. Biotechnol. 2012, 2012, 195956. [Google Scholar] [CrossRef]

	



Solana, R.; Mariani, E. NK and NK/T cells in human senescence. Vaccine 2000, 18, 1613–1620. [Google Scholar] [CrossRef]

	



Provinciali, M.; Moresi, R.; Donnini, A.; Lisa, R.M. Reference values for CD4+ and CD8+ T lymphocytes with naive or memory phenotype and their association with mortality in the elderly. Gerontology 2009, 55, 314–321. [Google Scholar] [CrossRef]

	



Lee, J.S.; Lee, W.-W.; Kim, S.H.; Kang, Y.; Lee, N.; Shin, M.S.; Kang, S.W.; Kang, I. Age-associated alteration in naive and memory Th17 cell response in humans. Clin. Immunol. 2011, 140, 84–91. [Google Scholar] [CrossRef]

	



Besler, E.; Harmancioglu, O. Examination of the Effects of Celecoxib on Postmastectomy Seroma and Wound Healing. Med. Bull. Sisli Etfal Hosp. 2018, 52, 212–219. [Google Scholar] [CrossRef]

	



Doulabi, H.; Masoumi, E.; Rastin, M.; Foolady Azarnaminy, A.; Esmaeili, S.A.; Mahmoudi, M. The role of Th22 cells, from tissue repair to cancer progression. Cytokine 2022, 149, 155749. [Google Scholar] [CrossRef]

	



Gregor, C.E.; Foeng, J.; Comerford, I.; McColl, S.R. Chemokine-Driven CD4(+) T Cell Homing: New Concepts and Recent Advances. Adv. Immunol. 2017, 135, 119–181. [Google Scholar]

	



Morandi, B.; Bonaccorsi, I.; Mesiti, M.; Conte, R.; Carrega, P.; Costa, G.; Iemmo, R.; Martini, S.; Ferrone, S.; Cantoni, C.; et al. Characterization of Human Afferent Lymph Dendritic Cells from Seroma Fluids. J. Immunol. 2013, 191, 4858–4866. [Google Scholar] [CrossRef] [PubMed]

	



Marinelli, D.; Mazzotta, M.; Pizzuti, L.; Krasniqi, E.; Gamucci, T.; Natoli, C.; Grassadonia, A.; Tinari, N.; Tomao, S.; Sperduti, I.; et al. Neoadjuvant Immune-Checkpoint Blockade in Triple-Negative Breast Cancer: Current Evidence and Literature-Based Meta-Analysis of Randomized Trials. Cancers 2020, 12, 2497. [Google Scholar] [CrossRef]

	



Watts, T.H. Stepping up Th1 immunity to control phagosomal bacteria. Trends Immunol. 2021, 42, 461–463. [Google Scholar] [CrossRef] [PubMed]

	



Kaiko, G.E.; Horvat, J.C.; Beagley, K.W.; Hansbro, P.M. Immunological decision-making: How does the immune system decide to mount a helper T-cell response? Immunology 2008, 123, 326–338. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 04848 g001 550] 





Figure 1. Cell composition of seroma fluid (SFl) and peripheral blood of patients (PBp) and controls (PBc) by flow cytometry analysis or automated cell counting. (A) Total cell count of RBCs in SFl and PBp/c determined by automated cell counting (Sysmex). (B) Percentage of CD45+ leucocytes in relation to all cells recorded. (C) Gating strategy of granulocytes (Granulo), monocytes (Mono), and lymphocytes (Lymph) in SFl and PBp after staining with panel 1; debris was excluded by size discrimination. (D) Percentages of granulocytes, monocytes, and lymphocytes within the CD45+ cell population; ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 2. Lymphocyte composition of SFl and PBp/c by flow cytometry analysis. (A) Gating strategy of lymphocyte subpopulations in SFl and PBp after staining with panel 1; CD3+ T cells are depicted in blue, CD19+ B cells are shown in red, and NK cells in green. (B) Percentage of lymphocytes for CD3+ T cells, CD19+ B cells, and CD56/16+ CD3- NK cells. (C) Percentage of lymphocytes for CD56/16+ CD3+ NKT cells and activated lymphocytes (HLA-DR+); * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 3. Cell composition of CD3+ T cells in SFl and PBp/c by flow cytometry analysis. (A) Gating strategy for the T cell subpopulations CD8+ cytotoxic T cells and CD4+ T helper cells in SFl and PBp after staining with panel 1. (B) Distribution of cytotoxic T cells and T helper cells within the T cell compartment. (C) Percentage of effector T helper cells within the CD4+ T helper cell compartment. (D) Gating strategy of regulatory T helper cell subpopulations (Treg) in SFl and PBp after staining with panel 3. (E) Percentage of Treg as well as the proportion of CD45RA+ (naïve) Treg within the T helper cell compartment. (F) Percentage of CD45RA+ (naïve) T helper cells; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 4. Comparison of all leucocyte subpopulations between first and second fine-needle aspiration. 
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Table 1. Description of tumor characteristics of 16 patients and 18 tumors (2 contralateral).
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	Tumor Characteristics
	Subgroups
	n (Number)





	Histopathological type
	
	



	
	NST

Invasive lobular

mucinous

apocrine

only DCIS

solid papillary
	11

3

1

1

1

1



	Focality

(2 bilateral carcinomas)
	
	



	
	unifocal

multifocal

multicentric
	12

2

4



	Hormone receptor status

(without DCIS, 2 bilateral carcinomas)
	
	



	
	HR +

ER-/PR-
	14

3



	Her-2/neu

(without DCIS; 2 bilateral carcinomas)
	
	



	
	positive

negative
	2

15



	Ki67

(without DCIS; 2 bilateral carcinomas)
	
	



	
	<20%

≥20%
	8

9



	Tumor size

(2 bilateral carcinomas)
	
	



	
	ypT0

pTis

(y)pT1a

(y)pT1b

(y)pT1c

(y)pT2

(y)pT3

(y)pT4
	3

1

1

2

2

5

4

0



	Axillary nodal status

(2 bilateral carcinomas)
	
	



	
	(y)pN0

(y)pN1

(y)pN2
	12

3

2



	Grading

(without DCIS; 2 bilateral carcinomas)
	
	



	
	G1

G2

G3
	2

11

4
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Table 2. Description of antibody panels used for flow cytometry analysis.
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Panel 1 (all Beckman Coulter)

	
Fluorescent Label






	
anti-human CD45 antibody

	
Chromium Orange




	
anti-human CD3 antibody

	
APC-AF750




	
anti-human CD19 antibody

	
ECD




	
anti-human CD4 antibody

	
APC




	
anti-human CD8 antibody

	
Pacific Blue




	
anti-human CD16 antibody

	
PE




	
anti-human CD56 antibody

	
PE




	
anti-human HLA-DR antibody

	
PC7




	
Panel 2 (all Miltenyi Biotec)




	
anti-human CD4 antibody

	
VioBlue




	
anti-human CD183 (CXCR3) antibody

	
VioBright FITC




	
anti-human CD194 (CXCR4) antibody

	
PE-Vio 770




	
anti-human CD196 (CCR6) antibody

	
PE




	
anti-human CCR10 antibody

	
APC




	
Panel 1 (all Beckman Coulter)




	
anti-human CD45 antibody

	
Chromium Orange




	
anti-human CD3 antibody

	
APC-AF750




	
anti-human CD4 antibody

	
APC




	
anti-human CD127 antibody

	
FITC




	
anti-human CD25 antibody

	
PE




	
anti-human CD45RA antibody

	
ECD
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