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Pharmaceutical manufacturing relies on rigorous methods of quality control of drugs and in particular of the physico-chemical and functional characterizations of monoclonal antibodies. To that end, robust bioassays are very often limited to reporter gene assays and the use of immortalized cell lines that are supposed to mimic immune cells such as natural killer (NK) cells to the detriment of primary materials, which are appreciated for their biological validity but are also difficult to exploit due to the great diversity between individuals. Here, we characterized the phenotype of the peripheral blood circulating cytotoxic cells of 30 healthy donors, in particular the repertoire of cytotoxic markers, using flow cytometry. In parallel, we characterized the antibody-dependent cellular cytotoxicity (ADCC) effector functions of these primary cells by measuring their cytolytic activity against a cancer cell-line expressing HER2 in the presence of trastuzumab and with regards to FCGR3A genotype. We could not establish a correlation or grouping of individuals using the data generated from whole peripheral blood mononuclear cells, however the isolation of the CD56-positive population, which is composed not only of NK cells but also of natural killer T (NKT) and γδ-T cells, as well as subsets of activated cytotoxic T cells, monocytes and dendritic cells, made it possible to standardize the parameters of the ADCC and enhance the overall functional avidity without however eliminating the inter-individual diversity. Finally, the use of primary CD56+ cells in ADCC experiments comparing glycoengineered variants of trastuzumab was conclusive to test the limits of this type of ex vivo system. Although the effector functions of CD56+ cells reflected to some extent the in vitro receptor binding properties and cytolytic activity data using NK92 cells, as previously published, reaching a functional avidity plateau could limit their use in a quality control framework.
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Introduction

The development of therapeutic and preventive antibodies requires a high standard quality control of structural and functional characterization as well as defining specifications that are in line with regulatory guidance established by regulatory authorities and the International Council for Harmonization (ICH) (1, 2). Not only the proper characterization of critical quality attributes and assessment of immunogenicity is important during the development process of biopharmaceuticals (3), but characterizing the biological functions at the cellular level is essential to guide manufacturing of the antibody-based drug (4). However, in this good manufacturing practice (GMP) based context of quality control, the requirements for precision, accuracy and statistical power often necessitates neglecting the qualitative and quantitative evaluation of underlying and highly complex biological processes of the drug in parallel. Furthermore, as knowledge progresses during the often-long development timelines of biopharmaceuticals, previous assumptions made for analytical methods used in quality control have to be continuously challenged.

One of the most representative example is the development of therapeutic antibodies such as antibodies for the immunotherapy of cancer, and in particular antibodies capable of anti-tumor activities such as direct cytotoxicity and interference with cell signaling, as well as mechanisms mediated through Fc receptors (FcRs), in particular FcγRs, of competent cytotoxic and phagocytic innate immune cells such as antibody-dependent cellular cytotoxicity (ADCC) (5), antibody-dependent cellular phagocytosis (ADCP) and immune complex uptake (6). Based on the antibody format and structure, e.g., bi-specific antibodies, bi-specific T-cell engagers (BiTEs) or Triomab, additional and sometimes complementary anti-cancer strategies can be undertaken via the engagement of the adaptive arm of the immune system. Finally, fine tuning and feature engineering such as modification of N-linked glycosylation (7) affect the binding affinity of the Fc domain to its cognate receptors (8), affect the ADCC activity in vitro and in vivo (9–11), ultimately leading to enhanced clinical responses (12, 13).

While ADCC activity is better assessed by using primary cytotoxic cells, such assessments are often substituted by more robust bioassays using cell lines such as NK92 (14) or engineered Jurkat cells (15). The Jurkat cells are in fact used as a cellular system reporting the very first step of ADCC, i.e., the binding of a cognate antibody-tumor complex to an exogenous FcγRIIIa or CD16a, the induction of a signaling cascade from the immunoreceptor tyrosine-based activation motif (ITAM) (16) and the phosphorylation of NFAT2 and calcium flux (17), ultimately resulting in luminescence. In addition to the complete lack of cytolytic activity, these cells express CD16a at a very low level, as compared to primary natural killer (NK) cells and NK92 (18). The human NK92 cell line has a malignant non-Hodgkin’s lymphoma origin and its growth depends on exogenous IL-2. Therefore, it can be considered a rather artificial cell line with CD16a expression. The set of NK92 signaling pathways engaged toward the exocytosis of lytic granules necessary for the cytotoxic activity (19, 20) and ADCC properties are reasonably comparable to that of primary NK cells (21), although the biological complexity and plasticity of the expression of the numerous surface markers are not entirely representative of the biological reality.

Indeed NK cells are much more diverse and varied than what was assumed a few years (22), before the advent of new high throughput analysis technologies such as mass cytometry (CyTOF) (23) and sequencing at the single cell (24). It is now known, that NK cells do not only express CD56 and CD16 at varying levels (25, 26), but also display a wide array of activating and inhibiting receptors such as natural cytotoxicity receptors (NCRs) (27), killer-cell immunoglobulin-like receptors (KIRs) (28), and killer lectin like receptors (KLRs) (29), as well as cytokine and chemokine receptors and adhesion molecules. All these receptors regulate the cell signaling downstream of the FcR and the cytotoxic effector functions, and depicting the NK repertoire (30). It is also important to take into account the single-nucleotide polymorphism (SNP) of the Fcgr3a gene which has been widely described in the literature as so-called “high affinity” and “low affinity” FcγRIIIa haplotypes, among other polymorphisms (31, 32) and copy number variations (33), and has been shown to be important for the clinical responses during treatment with trastuzumab (34–36), although still debated (37).

NK cells can then be grouped into a broad spectrum of subsets constituting a real continuum in the development of NK cell lineage rather than distinct end-stage subgroups (38–40). Equally remarkable is the diversity between healthy individuals (41) or at different ages (42), but also between different anatomic sites in the same individual or in a dysregulated context due to a disease such as in the tumor context (43–45) or a viral infection (46). For example, an increased proportion of more immature and noncytotoxic NK cell subsets was observed in the peripheral blood of patients with breast cancer, accounting for the low cytotoxic functions measured in these patients (47). Not only NK but also natural killer T (NKT) cells (48, 49), γδ-T cells (50, 51), subsets of T lymphocytes (52), dendritic cells (DCs) (53) as well as monocytes and macrophages (54–56), can mediate ADCC. All of these effector cells are fine-tuned by a broader immune contexture composed of multiple helper and regulatory cells such as tissue-resident lymphocytes (TRM) (57).

With an increasing understanding of the potential clinical implications of these discoveries, and more commonly applied structural modifications of therapeutic antibodies (11), it seemed urgent to us to clarify whether the potency assays utilized during the last stages of pharmaceutical drug development sufficiently reflect the underlying biological reality. The aim of this study was therefore to address the cell diversity of circulating primary effector cytotoxic cells in thirty (30) healthy individuals, in the context of ADCC induced with trastuzumab using a HER2/neu-expressing breast cancer cell line (58–60), and to determine the key variables of ADCC and their relation with the structural and functional status of the cytotoxic cells. We furthermore evaluated the effects of structural modifications of trastuzumab on ADCC and assessed the reasonability of quality control assay simplifications, discussing the limits of bioassays utilizing primary cells within the framework of the development of therapeutic antibodies with ADCC activity.



Results


The Diversity in the Composition of the Immune System Cells in the Blood of Healthy Donors

The main goal of this study was to analyze the potential relationships between the phenotype of immune cells isolated from the blood of healthy donors, and ADCC activities of cytotoxic cells toward HER2-expressing target cells in the presence of trastuzumab. To this end, we have first designed and optimized three panels of antibodies for flow cytometry analysis of the various immune cell populations and subsets of cytotoxic cells. A first panel was designed for the analysis of FcR and Fc receptor-like (FcRL) receptors, a second panel for the analysis of important markers of cytotoxicity, in particular the NCR, KIR and KLR markers, and finally a third panel based on OMIP-41 (61) for the most comprehensive possible immunophenotyping of the major lymphocyte and myeloid subsets (Table S1 and Figure S1). It should be noted that the gating strategy using this latter panel excludes HLA-DR positive cells from the NK cell population, which may obscure the presence of adaptive NK cells (62). The frequency of NK cells measured using this third panel and shown in Figure 1A may then differ from that measured using the other panels which allow detection of the total NK cell population which is discussed in the rest of this study. Furthermore, NKT cells comprise a unique subset of CD1d-restricted T cells with characteristics of both NK and T cells (63) and whose rigorous identification requires CD1d-α-GalCer tetramers, which was not performed in this study. Our sampling of 30 donors is fairly balanced, with 12 women and 18 men, being between 20.0 and 74.0 years old with an average age of 43.1 ± 15.1 all sexes combined as summarized in Table 1.




Figure 1 | Diversity in the representation of the main immune populations and subgroups of cytotoxic cells in the blood of healthy donors analyzed by flow cytometry (n = 30). (A) Cumulative bar graph representing the frequency of the populations indicated in the legend among total live PBMCs for each donor. Note that HLA-DR− NK cells were measured. (B) Cumulative bar graph plotting the frequency of the three major subsets of NK cells (CD56+lineage−) as indicated in the legend among total live PBMCs for each donor. (C) Box plots overlaid with strip plots summarizing the frequency of NK cells (CD56+lineage−) expressing the indicated marker.




Table 1 | Donor summary demographics.



The distribution of CD4+ helper (TH) and CD8+ T cells, as well as regulatory T cells (Treg), B lymphocytes, dendritic cells (DCs), monocytes, granulocytes, and NK cells (HLA-DR−), was diverse and varied and specific to each donor as summarized in Figure 1A, and it was therefore impossible to classify donors in a reasonable manner according to these data. Other markers have been included in this analysis (raw data are publicly available) but are not discussed in more detail as they did not allow to improve classification (data not shown). The frequency values among the viable peripheral blood mononuclear cells (PBMCs) ranged between 3.3% and 14.3% for NK cells (HLA-DR−), 0.7% and 5.9% for granulocytes, 9.7% and 35.0% for monocytes, 2.2% and 8.6% for DCs, 3.3% and 12.3% for B cells, 9.5% and 32.6% for CD8+ T cells, 15.9% and 45.4% for TH, 0.6% and 2.0% for Treg, and 2.0% and 15.2% for other immune cells, which include NKT and γδ-T cells and some basophils (Figure S1D). When investigating more closely the NK cells and in particular the three main subsets defined by the relative expression of CD56 and FcγRIII (CD16), the diversity was no less complex among the donors analyzed as shown in Figure 1B. However, the range of frequency values for each subtype corresponded to the normal rates observed by others in the peripheral blood of healthy donors (25, 64, 65) with between 0.4% and 2.4% of CD56loCD16− cells expressing low levels of CD56 and no CD16, 2.3% and 12.9% of CD56dimCD16hi cells expressing intermediate levels of CD56 and high levels of CD16 and which remained the majority in the NK cell population, and 0.1% and 1.0% of CD56hiCD16− cells expressing high levels of CD56 and no CD16 among the viable PBMCs.

Finally, the analysis of the expression of cytotoxic markers on NK cells confirmed that each donor tends to be unique as shown in Figure 1C. Although the near absence of expression of CD16b (1.0% ± 1.1), PD-1 (1.0% ± 0.4), CD64 (FcγRI; 2.4% ± 0.7) and FcRL5 (2.5% ± 0.7) on NK cells in all the donors analyzed, and the consistent low frequency of NKp44+ (6.1% ± 1.6) and CD32+ (FcγRII; 7.9% ± 2.1), these frequencies extended significantly in different donors for markers such as NKp46 (from 59.6% to 86.9% of NK cells), KIR2DL1/S1/3/5 (0.0%–27.9%), NKG2C (0.2%–32.4%), FcRL3 (7.9%–41.9%), KIR2DL2/3/S2 (10.9%–47.1%), NKG2D (55.7%–93.5%), NKp30 (17.6%–63.5%), and more dramatically FcRL6 (11.3%–61.4%), KIR3DL1 (0.0%–51.6%), CD57 (9.8%–66.0%), and NKG2A (13.7%–75.8%). Similar values have been obtained by others (63). Interestingly, KIR3DL1 was nearly absent from NK cells in 6 out of 30 donors while NKG2C was expressed in more than 8% of the NK cells in 9 donors (Figure S2).



Correlation Between the Expression of Cytotoxic Markers, the FCGR3A Haplotype and ADCC Activity in PBMCs

We then measured the cytolytic activity in an ADCC system in which BT474 target cells, expressing HER2 at a very high level (66) (data not shown), are co-cultured with PBMCs from the different healthy donors in the presence of increasing concentrations of trastuzumab. We included an additional layer of information by taking into consideration the FCGR3A-158 haplotype of each donor, which was obtained by genotyping using Droplet Digital™ PCR (Figure S3). Our donor base was thus composed of 13 donors homozygous for the FCGR3A-158 F allotype, 14 heterozygous donors FCGR3A-158 F/V and 3 donors homozygous for the FCGR3A-158 V allotype (Table S2 and Figure S3D), which corresponded to the regular distribution of this SNP as observed by others (32, 33, 35).

Firstly, we evaluated the influence of the FCGR3A-158 haplotype as well as the effector-to-target ratio (E:T) on a sample of PBMCs from 19 donors. The maximum percentage of specific lysis or ADCC (Figure 2A) as well as the EC50 values (Figure 2B) were extracted from the sigmoid curves defining a four parameter logistic (4PL) regression and fitting the titration data points for each donor and E:T tested. We noticed a certain disparity in the ADCC capacity of PBMCs between the donors, for some the specific cytolytic activity was high starting from the lowest E:T ratio, e.g., in donors 024 and 030, for others this activity remained weak even at an E:T of 30:1, e.g., in donors 018 and 021 (Figure S4A). This disparity among the PBMCs from the different donors translated to a heterogeneous distribution of the maximum percentages of specific lysis in the box plots shown in Figure 2A, these values ranging from 9.1% to 94.7% all FCGR3A-158 haplotypes combined and an E:T ratio of 15:1. Although neither the effect of the FCGR3A-158 haplotype (F(2,16) = 0.375; P > 0.05) nor of the interaction between the E:T ratio and the FCGR3A-158 haplotype (F(6,48) = 0.199; P > 0.05) was significant, that of the E:T was indeed (F(3,48) = 139.7; P < 0.0001) according to mixed-design ANOVA. Thus the average maximum percentages of specific lysis correlated with the E:T ratio, with mean values reaching 13.4% ± 8.8, 24.4% ± 15.2, 45.2% ± 20.6 and 59.0% ± 23.8 for E:T ratios of 3:1, 6:1, 15:1, and 30:1, respectively, independently of the FCGR3A-158 haplotype. Moreover the lower asymptote of the fitting sigmoid curve, i.e., the baseline natural cytolytic activity, was very low especially for E:T ratios below 15:1 with values for specific lysis not exceeding 8.5%, and moderate only in donors 025, 030, and 034 for the highest E:T ratio (Figure S4B).




Figure 2 | Impact of the FCGR3A-158 haplotype on the ADCC effector functions of PBMCs against BT474 target cells in the presence of trastuzumab, and correlation analyses between flow cytometry and ADCC data (n = 19). Letter-Value box plots overlaid with strip plots summarizing (A) the maximum percent of specific lysis, and (B) the EC50 values (log10-transformed), obtained using total primary PBMCs as effector cells from donors with the FCGR3A-158 haplotype indicated in the legend, and the E:T ratios indicated on the x-axis. (C) Heatmap summarizing the association (Kendall rank coefficients) between the different parameters analyzed. Note that the EC50 values were selected using an E:T ratios of 6:1 and 15:1, while the maximum and minimum percentages of ADCC activity were selected using an E:T ratios of 15:1 and 30:1. Linear correlations (D) between the EC50 value (log10-transformed; E:T = 6:1) and the frequency of NK cells with the CD56hiCD16− phenotype, and (E) between the maximum percent of specific lysis (E:T = 30:1) and the frequency of total CD56+ cells among PBMCs. The value of the Pearson coefficient (ρ) is indicated for each linear regression result, with P values of 0.001 in (D) and 0.0127 in (E). In (A, B), only statistically significant results from T-tests corrected for multiple-comparisons after mixed-design ANOVA are shown and are represented by red asterisks. ****P ≤ 0.0001, ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05.



The results of the analysis of EC50 values was less conclusive (Figure 2B), and although the effect of the E:T ratio was significant according to mixed-design ANOVA (F(3,48) = 12.21; P < 0.0001), the effect of the FCGR3A-158 haplotype (F(2,16) = 2.05; P > 0.05) and the interaction between the E:T ratio and the FCGR3A-158 haplotype (F(6,48) = 0.327; P > 0.05) were not. A trend emerged for the effect of the FCGR3A-158 haplotype which appeared to be significant between the groups FCGR3A-158 F/F and FCGR3A-158 V/V using post hoc unpaired T-tests (corrected P = 0.017), more precisely at the E:T ratio of 6:1 (corrected P = 0.010). Thus the EC50 values decreased with an increasing E:T ratio, with mean EC50 values of 7.91, 3.73, 3.09, and 2.56 ng/ml for E:T ratios of 3:1, 6:1, 15:1, and 30:1, respectively, and tended to decrease, i.e., the affinity increased, in homozygous FCGR3A-158 V/V compared to homozygous FCGR3A-158 F/F donors, although the number of donors in the first group was too low for consolidation. The functional avidity was much higher with the PBMCs than with NK92 cells transfected with the low (NK92-158F) and high affinity (NK92-158V) CD16 receptor (14), as used as internal controls with an E:T ratio of 5:1, with EC50 values of 255.5 and 33.2 ng/ml, respectively (data not shown), in accordance with data published by others (18).

We then analyzed the potential relationships between flow cytometry and ADCC data in the PBMCs of the same set of donors. We had initially used all the data available (raw data are publicly available) and we limited the shown data here to the most significant, in order not to confuse the message. The results of non-parametric pairwise correlation measurements using the Kendall Tau test are summarized in the heatmap shown in Figure 2C. The τ coefficients were generally close to zero, indicating that there was little or no correlation between the parameters analyzed, and most of the relationships found to be significant were between parameters independent of the ADCC such as the inverse correlations between the frequency of total T cells and those of monocytes, between the frequency of B cells and those of γδ-T cells, or between the frequency of T cells and those of NK cells. Furthermore, positive correlations were observed between the frequency of CD8+ T cells and the frequency of CD56+lineage+ cells, and between the frequency of FCGR- and FcRL-expressing cells in the lineage+ population and the frequency of monocytes in the PBMCs. Note that the trend in correlation coefficients was similar when comparing the functional avidity data at E:T ratios of 6:1 and 15:1, as well as the maximum lysis values at E:T ratios of 15:1 and 30:1 (Figure 2C).

Only two linear correlations involving the cytolytic parameters appeared stronger than others and concerned the relationship (a) between the functional avidity represented by the common logarithm of the EC50 value, in particular at the E:T ratio of 6:1, and the frequency of CD56hiCD16− NK cells (Figure 2D), and (b) between the maximum specific lysis values, e.g., at the E:T ratio of 30:1, and the overall frequency of total CD56+ cells in PBMCs (Figure 2E), with Pearson coefficients of 0.79 (P = 0.0001) and 0.56 (P = 0.0127), respectively. Attempts at dimensional reduction using principal component analysis (PCA) and different combinations of flow cytometry datasets obtained on total PBMCs did not result in any obvious cluster (Figure S5). Therefore, and based on the importance of CD56, a phenotypic marker expressed not only on NK cells but also on NKT and γδ-T cells as well as on certain subsets of T lymphocytes, dendritic and monocytic cells (26) with immunostimulatory effector functions, we concentrated our efforts on the analysis of CD56+ cells and used isolated CD56+ cells in ADCC assays, while increasing the number of individuals up to thirty.



Structure-Effector Function Relationship Study Using Isolated CD56+ Cells

We first analyzed the composition of PBMCs in true NK cells, defined as CD56+lineage−, CD56+lineage+ cells which include not only NKT cells but also subsets of γδ and activated T lymphocytes, and total (and not necessarily CD56+) γδ-T cells defined as lineage+ cells expressing γδ-TCR, which respectively represented 7.7% ± 3.2, 7.0% ± 5.6, and 4.7% ± 3.5 of total PBMCs (Figure 3A). The diversity in the composition of subpopulations of CD56+ cells appeared evident when comparing the proportions of NK, CD56+lineage+TCRγδ-1−, and γδ-T cells in each donor as shown in Figure 3B. The cumulative frequency of CD56+ cells varied between 6.6% and 36.7% with a mean at 13.5% ± 6.4 which could provide part of the explanation for the differences observed in ADCC activity using total PBMCs between certain donors. NK cells did not always represent the main subpopulation of the CD56-positive fraction, despite an average of 59.3% ± 19.5, 27.9% ± 17.1, and 12.8% ± 12.5 for NK, CD56+lineage+TCRγδ-1−, and γδ-T cells, respectively. Indeed, the proportion of the population we identified as CD56+lineage+TCRγδ-1− cells could reach up to 82.7% of CD56+ cells as in donor 032, and represented more than 40.0% in 5 donors, and γδ-T cells up to 52.5% as in donor 023, and represented more than 25.0% in 4 donors (Figure 3B). Analysis of the expression of FcγRIII in the overall CD56+ population also indicated some degree of heterogeneity with a mean frequency of cells expressing CD16 of 68.2% ± 11.5 with values falling below 50% in 4 donors (Figure 3B). The distribution of cells expressing high and intermediate levels of CD16 also varied substantially, with frequencies ranging between 12.4% and 61.7% for the first and between 9.5% and 41.1% for the latter.




Figure 3 | Diversity of cytotoxic markers on total CD56-positive cells and relationships with their ADCC effector functions against BT474 target cells in the presence of trastuzumab. (A) Box plots overlaid with strip plots summarizing the frequency of NK (CD56+lineage−), CD56+lineage+ that include NKT, γδ T cells (lineage+TCRγδ-1+), and other effector cells among total PBMCs (n = 30). (B) Cumulative bar graph showing the frequency of NK (CD56+lineage−TCRγδ-1−), CD56+lineage+TCRγδ-1−, and γδ-T (CD56+lineage+TCRγδ-1+) cells among CD56+ cells in each donor. (C) Cumulative bar graph showing the frequency of cells expressing high (CD16hi) and intermediate levels (CD16int) of CD16, or no CD16 (CD16−) among CD56+ cells in each donor. (D) Box plots overlaid with strip plots summarizing the frequency of CD56+ cells expressing the indicated marker (n = 30). (E) Letter-Value box plots overlaid with strip plots summarizing the maximum percent of specific lysis, and (F) the EC50 values (log10-transformed), obtained using isolated CD56-positive effector cells from donors with the FCGR3A-158 haplotype indicated on the x-axis, and an E:T ratio of 5:1. (G) Multidimensional bubble plot showing the result from a PCA carried out using the flow cytometry data of the expression of the NCR, KIR and KLR markers on the CD56-positive population. Each data point summarizes for each donor its FCGR3A haplotype and the value of the maximum percent of specific lysis encoded with colors and sizes as indicated in the legend. Values in parentheses show the percentage variance explained by each PCA axis. All the data used in this figure were obtained from experiments fully independent of the experiments presented in Figure 2. In (D, E), the results of pairwise Tukey-HSD T-tests corrected for multiple-comparisons performed after one-way ANOVA are indicated in red. ns: not significant.



Next, we looked at the expression of the different cytotoxic markers as we did on the sole NK cells in Figure 1C, this time by analyzing the entire CD56-positive population (Figure 3D). The expression patterns of the different markers were somewhat comparable, with the near absence of expression of CD16b (1.3% ± 1.4), CD64 (1.0% ± 0.4) and FcRL5 (0.6% ± 0.2), and the low frequency of NKp44+ (4.4% ± 1.4) and CD32+ (3.0% ± 1.0) cells in the CD56-positive population. The rates and the levels of variation were also comparable to the ones observed on NK cells for the markers NKG2C (0.9%–27.6%), KIR2DL1/S1/3/5 (0.2%–27.8%), KIR2DL2/3/S2 (10.0%–40.0%), KIR3DL1 (0.0%–40.8%), FcRL3 (9.0%–51.7%), NKp30 (7.8%–61.0%), CD57 (14.3%–72.2%), NKG2A (9.9%–68.1%), and FcRL6 (13.0%–77.1%). Interestingly, the proportion of CD56+ cells expressing PD-1 was much higher than in NK cells with 11.1% ± 7.4 of the cells expressing this exhaustion marker. Moreover, the frequency of cells expressing NKG2D seemed to have stabilized toward higher levels around 86.6% ± 5.4 in CD56+ cells, and the values of those expressing NKp46 became on the contrary more heterogeneous than on NK cells with values ranging between 14.8% and 79.0%. It was finally interesting to note the significant higher expression of certain markers in the CD56+lineage+ population such as CD16b, CD32, CD64, FcRL5, and PD-1, and the drastic reduction in expression of all the NCR/KIR/KLR markers apart from NKG2D (Figure S6), making us think of a myeloid signature.

In the rest of this study, we analyzed the cytolytic activity of CD56+ obtained after immunomagnetic cell separation from PBMCs and no longer whole PBMCs, in the presence of BT474 tumor target cells and trastuzumab. Interesting points emerged despite the use of a single E:T ratio of 5:1. First, the substantial heterogeneity in the ADCC response observed with PBMCs was far less here, with values for the maximum percentage of ADCC ranging from 29.5% to 90.7% and a mean value of 58.6% ± 15.8 for all FCGR3A-158 haplotypes combined (Figure 3D and Figure S7A). Second, the effect of the FCGR3A-158 haplotype was not significant (F(2,27) = 0.445; P > 0.05) according to one-way ANOVA, and no trend of significant difference could be observed between the three groups of donors using post hoc T-tests, in a way comparable to what has been observed with the total PBMCs (Figure 3A). Third, the functional avidity was somehow homogenized with the use of isolated CD56+ cells with the values of the common logarithm of EC50 in µg/ml ranging from −3.5 to −2.4 and a mean EC50 of 0.99 ng/ml all FCGR3A-158 haplotypes combined (Figure S7B). Likewise, the effect of the FCGR3A-158 haplotype was not significant (F(2,27) = 0.80; P > 0.05) according to one-way ANOVA, and no trend could be observed either between the three FCGR3A-158 haplotype groups (Figure 3E). Lastly, the difference in functional avidity between the PBMCs and the isolated CD56-positive cells was significant whether it was analyzed using paired T-tests using data from the 19 donors tested in both experimental settings (the 95% CI for the difference in the means of the common logarithm of EC50 when PBMCs were used at an E:T=15:1 was [0.23, 0.76]), or using unpaired T-tests using all the data points ([0.22, 0.72]), which was valid for all the ratios tested (Figure S7C).

We finally tried to capture any relationship between cellular markers among the level of expression of FcγR, FcRL, NCR, KLR, and KIR markers on total CD56+ cells and the ADCC parameters obtained with the isolated CD56+ cells as effector cells but without success (Figure S8). We also tried to use all our data in different combinations in dimensional reduction analyses such as PCA, but we were unable to group the donors in any clusters (Figure S9). The archetype of these analyses is shown in Figure 3G for which only the data for the expression of the NCR/KIR/KLR markers on the CD56+ cells were used. We observed an almost uniform distribution of all the data points along the principal components, and this independently of the FCGR3A-158 haplotype and independently of the maximum ADCC activity. It is possible that the relative homogeneity, compared to PBMCs, in the parameters observed here, with the low although reasonable number of donors as well as the limited number of features tested did not make this quest conclusive on the scale of cellular subpopulations.



Analysis of the Cytotoxic Marker Repertoire of CD56+ Cells at the Single-Cell Level

Another approach consisted in the reanalysis of the previous flow cytometry data no longer on the scale of individuals but of single cells. We restricted the analysis to the NCR/KIR/KLR markers as well as CD16, CD57, and PD-1 and gated on the total CD56+ cells using the data from all the 30 donors, and right after we randomly selected 3,000 events from each donor all of which were finally concatenated together before dimensional reduction was performed through the t-SNE algorithm. Several clusters were identified in the resulting t-SNE map defined by the level of expression and different combinations of the markers analyzed as summarized on the heatmaps shown in Figure 4A. There was clearly one separated group of cells on the bottom-left of the t-SNE map mainly expressing CD16, KIR3DL1, and NKp46. Cells expressing CD16 and NKp46 but not KIR3DL1 were also grouped in another bigger cluster located on the right part of the t-SNE map, the latter also being characterized by a modest expression of CD57. A small separate island of cells expressing mainly high levels of NKG2C and CD57 could be detected in the top left. It is interesting to note that part of the cells expressing more strongly PD-1 were located in a region rather defined by a lack of expression of CD16, NKp46 and of all the KIRs, and by the low/intermediate expression of CD56, CD57, NKG2A, and NKG2C. We could finally distinguish a small group of cells strongly expressing CD56 but no CD16 at the bottom right on the t-SNE map, those CD56hiCD16− cells also strongly expressed high levels of NKp46 and NKG2A.




Figure 4 | Dimensionality reduction of the flow cytometry data at the single cell level using the cytotoxic marker panel in the CD56+ cell population. (A) Marker heatmap dot plots obtained after t-SNE and showing the relative expression of the indicated marker in the different phenotypic clusters. (B) The phenotypic clusters were delimited manually onto the t-SNE dot plot based on the similarity in the phenotypic profiles of the cells that compose them and coded according to the color indicated in the legend. (C) Dendrogram representing the classification of the donors into the groups I to V using hierarchical clustering with a distance cut-off of 32, according to the frequency of their CD56+ cells in the different phenotypic clusters defined in (B). (D) Frequencies of CD56+ cells in the different phenotypic clusters defined in (B) in the 30 donors sorted from left to right according to the order obtained from top to bottom after hierarchical clustering as shown in (C). The colors of the phenotypic clusters in (D) correspond to those of the clusters from the t-SNE map in (B). (E) Underlying bubble strip plot summarizing for each donor the corresponding group as defined by hierarchical clustering as shown in (C) and indicated on the x-axis (or the singletons for donors 025 and 032), his FCGR3A haplotype as well as the maximum percentage of specific lysis extracted from previous ADCC experiments using isolated CD56+ cells as shown in Figure 3 encoded with colors and sizes as indicated in the legend.



The positive events for the markers NKp30, NKp44, and NKG2D seemed to be distributed homogeneously in all the regions of the t-SNE map, however, the diverse and complex combinations of expression of the other markers led us to define 18 distinct main clusters which grouped together the cells with a similar phenotypic profile (Figure 4B). For example, the cells grouped into the t-SNE cluster number 11, located in the islands at the bottom left of the t-SNE map, are all defined by the strong expression of CD16, NKp46, and KIR3DL1 (Figure S10), the ones grouped into the t-SNE cluster number 17 are rather defined by the lower expression of CD16, the lack of expression of all the KIRs as well as NKp46, and the strong expression of CD57. The number of events varied from 2,192 in the cluster 10 to 7,324 in the cluster 9. This preliminary step was the basis for the hierarchical classification of all the donors on the basis of the distribution of their CD56+ cells in the different t-SNE phenotypic clusters. The dendrogram resulting from the hierarchical clustering presented in Figure 4C depicts first of all a certain difficulty in grouping the donors into very distinct groups, with the heights of the shallow level nodes relatively high and a significant number of sub-clusters. After determining a reasonable cut-off at a distance of 32, five main groups and two singletons were identified. Interestingly, when we looked back at the t-SNE profile for the donors classified into group V, namely donors 015, 020, 024, 027, 029, 030, 031, 034, and 038, we noted the systematic absence or very low frequency of events in the islands at the bottom left of the t-SNE map which correspond to the phenotypic clusters number 10, 11 and 12 which had as a common factor the strong expression of KIR3DL1 marker. Furthermore we noted a higher frequency of cells in the phenotypic clusters number 17 and 18 which had as a common factor the strong expression of CD57 marker (Figure S11). In addition, when we looked more closely at the most similar donor pairs in other groups, such as 037/042 or 028/039, it appeared that their t-SNE phenotypic profiles were almost superimposable (Figure S11).

In order to make the comparison between individuals easier, we have represented the distribution of all CD56+ cells in the 18 t-SNE clusters and for each donor in a cumulative bar graph as shown in Figure 4D. We noted there the particularity of the donor 032 for which the cells are distributed very predominantly in clusters 9 and 13 which counted together for 63.6% of all the CD56-positive cells in this donor, were bordering on the map and whose particularity was a lack of expression of CD16, a weak expression of CD57 and NKp46 and a substantial expression of PD-1 (Figures 4A, B). The case of the donors 021 and 041 who belonged to group IV and accounted, respectively, for 41.3% and 36.2% of their CD56+ cells in the phenotypic t-SNE clusters number 13 and 14, which together are ultimately equivalent to what had been described for donor 032, with in addition the peculiarity of having a lower expression of NKG2A and a higher expression of PD-1 (Figures 4A, B). Apart from these isolated cases, and certain more or less obvious groupings such as between donors 019, 026, 035, and 040, or between donors 028, 033, 036, 039, 043, and 044, this approach allowed us to visualize the general diversity of CD56+ cells within and between individuals.

We finally compared the FCGR3A-158 haplotypes as well as the maximum ADCC activity measured with isolated CD56+ cells between the groups resulting from the hierarchical classification (Figure 4E). All the donors pooled in group III had a homogeneous cytolytic profile with high ADCC activity and there was no selection of a particular FCGR3A-158 haplotype. In group I, II, and V the ADCC activities were more heterogeneous but always without selection of a particular FCGR3A-158 haplotype. Finally, the ADCC activity measured for the three donors classified into group IV and the singleton 032, all these donors having been discussed above, was one of the weakest and this apparently independently of the haplotype. Nevertheless, the isolated CD56+ cells seem to be a good compromise as primary cells to study ADCC activities in the current experimental setting at least, and despite a great immune diversity whether at the individual level or at the level of the single-cell, the heterogeneity in the cytolytic responses observed was much less than when total PBMCs were used.



Effects of Fc-Glycosylation of Trastuzumab on ADCC Activity of CD56+ Cells

Current monoclonal antibody production processes make the glycosylation of the Fc fragments of monoclonal antibodies subject to batch-to-batch variability, and this can have important consequences in terms of biological activity. The influence of IgG1 Fc galactosylation and sialylation on ADCC activity and binding to FcγRs has been investigated using different glyco-variants produced from anti-EGFR (10) and anti-HER2 trastuzumab (11) monoclonal antibodies by in vitro glycoengineering. In the present study, we were interested in the effects of the same samples used in a previous study (11), namely samples generated to obtain deglycosylated (deglyc), degalactosylated (G0), galactosylated (G2), as well as galactosylated followed by α2,3- (ST3) or α2,6-sialylation (ST6) variants of trastuzumab (TRA) on the ADCC activity of isolated CD56+ cells and in the presence of BT474 target cells.

At first glance on the raw titration data, we noted an almost superimposition of the 4PL sigmoid curves obtained for all glyco-variants with the exception of deglyc for which the upper asymptote could never be reached and the value of EC50 was shifted toward lower affinity, and this was observed for all donors tested (Figure S12). The very low frequency of CD56+ cells, around 10% for a few donors, combined with variable yields of extraction of PBMCs from the buffy coats and of magnetic isolation of effector cells, allowed us to test the primary cells in number sufficient for the titration of several antibodies in 22 donors. Moreover in donors 031, 035, 037, and 044 overnight resting failed to maintain a sufficient number of cells to test the complete set of trastuzumab glyco-variants. However, the dataset was sufficient to demonstrate a statistically significant effect of the glycosylation of the Fc fragments of trastuzumab on the maximum ADCC activity (Figure 5A) as well as on the common logarithm of EC50 (Figure 5B) with F(5,60 = 97.2; P < 0.0001) and F(5,60 = 278.6; P < 0.0001), respectively, according to repeated measures ANOVA. As expected, deglycosylation had a statistically significant effect on maximum ADCC activity (corrected P < 0.0001) compared to the original trastuzumab antibody, dropping from a mean value of 54.4% ± 9.9 with TRA to 22.3% ± 12.0 with deglyc variant, according to post hoc pairwise T-tests with Bonferroni adjustments. Similarly, deglycosylation had to a dramatic effect on the functional avidity with the common logarithm of EC50 in µg/ml increasing from a mean value of −3.3 ± 0.4 with TRA up to −0.99 ± 0.12 with deglyc variant (corrected P < 0.0001). We also detected a significant effect of α2,6- (ST6; corrected P = 0.0076) but not α2,3-sialylation (ST3; corrected P = 0.299) on the maximum ADCC activity, with mean values of 50.8% ± 10.5 and 53.2% ± 11.0, respectively. Interestingly, the opposite was observed for the effect on the EC50, with mean values for the common logarithm of EC50 in µg/ml of −3.3 ± 0.4 (corrected P = 0.802) and −2.9 ± 0.4 (corrected P < 0.0001) for ST6 and ST3, respectively. And while the maximal activity capacity ADCC did not change significantly after degalactosylation (G0; corrected P = 0.379) and galactosylation (G2; corrected P = 0.953), with mean values of the maximum percentage of specific lysis of 55.4% ± 10.4 and 54.9% ± 10.1, respectively, we found that degalactosylation but not galactosylation had a significant effect on functional avidity with mean values of the common logarithm of EC50 in µg/ml of −3.1 ± 0.4 (corrected P = 0.00011) and −3.2 ± 0.4 (corrected P = 0.050), respectively. When we look back on the raw data, we can appreciate all these subtle but significant differences, with globally a upper asymptote a little lower for the variant ST6 (pink) than for the variants G0, G2, ST3, and the original antibody TRA, as well as a slight shift to the right of the fitting curves for the variants ST3 (purple) and in some donors G0 (brown), as seen on Figure S12.




Figure 5 | ADCC effector function of isolated CD56+ cells against BT474 target cells in the presence of glycoengineered low afucosylated variants of trastuzumab. Letter-Value box plots (with median in white) overlaid with strip plots summarizing (A) the maximum percent of specific lysis and (B) the EC50 values obtained with the indicated glycoengineered variant of trastuzumab (n = 22). Box plots overlaid with strip plots summarizing for each donor (C) the ratio of the maximum percent of specific lysis to the value obtained with unmodified trastuzumab, and (D) the difference between the common logarithm of the EC50 values obtained with the indicated glycoengineered variant and the value obtained with unmodified trastuzumab. Low afucosylated G0, G2, ST3, ST6, and deglycosylated (deglyc) antibody variants of the so-called unmodified starting material trastuzumab (TRA) have been described elsewhere (11). All the data used in this figure were obtained from experiments fully independent of the experiments presented in the previous figures. In (A, B), the results of paired T-tests between the different groups and group TRA corrected for multiple-comparisons (Holm) after repeated-measures ANOVA are indicated in red. ****P ≤ 0.0001, ***P ≤ 0.001, **P ≤ 0.01, ns: not significant.



The mean pairwise differences in the common logarithm of EC50 compared to that of TRA, that is to say the ratio of the EC50 values, were respectively of 0.196, 0.353, and 2.352 for G0, ST3, and deglyc variants as shown in Figure 5D. This goes in the same direction as the data of the binding to FcγRIIIA-158 F published previously with G0 and ST3 variants yielding relative binding levels of 86% and 60%, respectively (11). Here, G0 and ST3 variants demonstrated 80 and 58% of relative ADCC activity compared to untreated trastuzumab. Another interesting outcome was the complete absence of binding to the FcγRIIIA-158 F/V receptors (but not on FcγRIA) and a complete absence of ADCC activity using NK92 cells when deglyc was tested (11). In the current study with primary cytotoxic cells, the fitting curves were certainly shifted to the right (Figure S12) signifying a significant drop in functional avidity, but residual activity was still observed in all donors at higher concentrations of antibody, as reflected in a ratio of the maximum ADCC activity relative to that of TRA of 0.39, compared to ratios of 1.02 and 0.97 for G0 and ST3, respectively (Figure 5C). Finally, the increase in binding of G2 and ST6 variants (relative binding of 120% and 146%, respectively) and in cytolytic experiments using NK92 cells (relative ADCC activity of 106% and 130%, respectively) observed previously (11) was not reproduced in the current experimental setting. Indeed, the mean pairwise differences in the common logarithm of EC50 compared to that of TRA were 0.062 and −0.008 for G2 and ST6 variants, respectively (Figure 5D). Furthermore, a subtle but significantly lower percentage of maximum lysis mean was obtained for the ST6 variant with a ratio of the maximum ADCC activity relative to that of TRA of 0.93 compared to 1.00 for the G2 variant (Figure 5C).




Discussion

The initial objective of this study was to identify biomarkers in the population of circulating cytotoxic cells in healthy donors that may be linked to their cytotoxic activity, namely ADCC, in an experimental system where a target tumor cell-line express strongly HER2 and in the presence of anti-HER2 antibody trastuzumab. Rapidly we were confronted with the great diversity in the composition of the immune cells in the blood of the 30 healthy donors tested as summarized in Figure 1. Each donor had an almost unique phenotypic imprint, whether in the distribution of the main populations of immune cells such as T and B cells, monocytes, dendritic, and NK cells, or in the distribution of the main NK cell subsets. It should also be noted in this case that the exact role of each of these subsets of NK cells, as well as their origin and the maturation pathways they can follow, are still under debate (39) and is beyond the scope of this study. Nevertheless, the CD56hi NK cells, also named CD56bright elsewhere, are generally considered to be the precursors of the CD56dim NK cells, and have usually been described as cytokine producing and regulatory cells, compared to CD56dimCD16+ cells which demonstrate more cytolytic activity (67). This inter-individual diversity was even more remarkable when we compared the expression of certain cytotoxic markers such as CD57, NKG2A, and KIR3DL1. Due to this high degree in diversity the use of primary cells, in particular extracted from the blood of healthy donors, in robust bioassays appears problematic to implement in a quality control context mostly due to the fact that this variability will likely not allow us to detect minor changes in product quality. Therefore, although primary cells might reflect the in vivo situation better than cell lines used in potency assays used in quality control, they can be expected not to be suitable in most cases due to the inherent variability resulting in low robustness of the system. However, it appeared to us as a valid approach to understand the parameters that are critical for the identified biological function and investigate the responses to quality attributes of manufacturing such as Fc glycosylation of IgG-type antibodies in a more robust assay system. We therefore characterized the primary cells further with regard to biomarkers previously reported to be involved in ADCC and their possible correlation to the cytotoxic activity.

The influence of the FCGR3A-158 haplotype was not conclusive when analyzing the maximum ADCC activity of whole PBMCs against the target cell line BT474 strongly expressing HER2 in the presence of trastuzumab due to the limited number of donors homozygous for the FCGR3A-158 V allotype as shown in Figure 2. However, we did observe a trend for better functional avidity in donors with one or two copies of the FCGR3A-158 V gene variant which makes us hypothesizing that all the cytotoxic cells potentially involved in ADCC in the current HER2 system have the necessary intrinsic capacities, i.e., the cytotoxic granules and the mechanisms to release them, independently of the FCGR3A-158 haplotype, whereas the latter likely being important for the affinity of FcγRIIIa for trastuzumab at the molecular level. It should be noted that we focused on the genotype of FCGR3A-158 but other SNPs and copy number variations of functional importance had been discovered for FcγRIIIa and other genes of the FcγR family, such as for the KIR family (68, 69), therefore, a more global analysis could certainly provide more information as to the influence of the FCGR polymorphisms on ADCC activity.

We then tried to establish correlations between the flow cytometry data and those of the ADCC experiments, as well as classification of the donors on the basis of all these data, with little success certainly due to the combination of a low number of individuals involved in this study and of the immense phenotypic diversity of their cytotoxic cells. However, we established two fairly significant correlations, on the one hand between the functional avidity and the frequency of CD56hiCD16− NK cells, and on the other hand between the maximum specific lysis values and the overall frequency of total CD56+ cells in PBMCs. The first relationship suggested that the functional avidity increased with the fraction of CD56intCD16hi combined with CD56loCD16− in NK cells, which is the complementary of CD56hiCD16− cells. In other words the more CD56lo NK cells together with NK cells expressing FcγRIII present in the PBMCs the more potent the ADCC. The second relationship was not completely new and has already been raised by another group that have shown a significant correlation between the frequency of CD56+CD16+ effector lymphocytes among PBMCs and ADCC induced by in vitro addition of trastuzumab in patients with operable breast cancer overexpressing HER2, before and after therapy with trastuzumab (70). Therefore, we later focused on the analysis of the cytolytic activity of isolated CD56+ cells which include not only NK cells but also NKT, γδ-T cells and particular subsets of T lymphocytes, dendritic and monocytic cells (26).

The meaningful phenotypic heterogeneity was also observed at the level of the CD56-positive population both from the point of view of the composition in NK, CD56+lineage+TCRγδ-1− and γδ-T cells as well as the expression of FcγRIII and of various cytotoxic markers, in particular NKp46, NKG2A, and CD57, as shown in Figure 3, which could explain in part the differences in ADCC activity observed between donors with the use of whole PBMCs. We also noticed a marked standardization in the frequency of CD56+ cells expressing NKG2D, as well as globally a higher ratio of cells expressing the PD-1 exhaustion marker than in total PBMCs. These observations should be given special attention in a follow-up study. Nevertheless, we observed a sort of homogenization of the ADCC activity of CD56+ cells measured both at the level of the maximum specific lysis activity and of the EC50 value independently of the FCGR3A-158 haplotype, with a significant increase in functional avidity compared to PBMCs. It thus appeared that the concentration of ADCC-competent CD56+ cytotoxic cells, and perhaps the elimination of some regulatory cells found in total PBMCs, has made it possible to increase the functional avidity in ADCC reaction, at least in the current experimental setting, and this clearly independently of the FCGR3A-158 haplotype and despite the immune diversity between the individuals. However, this did not facilitate the classification of donors, on the contrary, in view of the reduction in phenotypic and functional differences.

The analytical approach of dimensional reduction through t-SNE at the scale of the single cell which we then used on CD56+ cells and by restricting ourselves essentially to the markers of the NCR/KIR/KLR repertoire as well as CD56, CD16, CD57, and PD-1 allowed to better classify the donors according to the frequency of their cytotoxic cells expressing particular combinations and various intensities of markers grouped into 18 major clusters as summarized in Figure 4. We could for example distinguish particular subsets of cells such as those that express CD16, KIR3DL1, and NKp46, others with a strong expression of PD-1 but no expression of CD16, NKp46 and KIRs and low expression of CD56, CD57, NKG2A, and NKG2C, others expressing NKG2C and CD57, and finally CD56hiCD16− cells expressing high levels of NKp46 and NKG2A. The functional study of these subsets would require cell sorting by flow cytometry and a substantial number of PBMCs in order to be able to carry it out. Nevertheless, 3 donors (021, 022, and 041) could be grouped together after hierarchical clustering on the basis of the frequency of their cytotoxic cells in the different phenotypic clusters, and these all demonstrated minimal ADCC activity. On the verge of coincidence, the implication of the absence of CD16, together with the very weak expression of CD57 and NKp46 and/or the substantial expression of PD-1 in the large proportion if not the majority of the cells which compose the CD56+ population in these donors will remain to be confirmed with a larger number of donors with a similar phenotypic profile. But it is more difficult to explain the low ADCC activity measured for CD56+ cells from donors 016, 019, 020, 031, 040, and 042 on the basis of the t-SNE profiles, for which fine and complex combinations of several markers could come into play.

The accumulation of evidences throughout these experiments has comforted us in the choice of using purified CD56+ cells and not whole PBMCs or even pure NK cells as an ideal primary cell material for the final comparative experiments of this study, namely of ADCC activity of in vitro glycoengineered variants of trastuzumab. We did not expect to see large changes in biological activities between these glyco-variants, with the exception of the deglycosylated variant, as summarized in Figure 5, but precisely to test the limit of this experimental system by knowing the various parameters of variability in primary cytotoxic cells due to the immune diversity of healthy donors as described earlier. Nevertheless, the data presented in this study agreed to some extent with the biochemical characterization data and cytolytic activity using the NK92 cell lines published previously (11). Indeed, we observed a significant decrease in functional avidity with the G0 and ST3 variants compared to TRA, of the same order of magnitude as their relative binding to FcγRIIIA-158. But some questions remain and, although a total loss of binding of the deglycosylated variant to the receptor as well as of the cytotoxic activity of the cell line NK92 in the presence of deglyc had been noted previously, here a residual activity was indeed measured in all the donors when used at the highest concentrations. This might be explained by the fact that biochemical binding assays to characterize the interaction of FcγRs and deglycosylated Fc-portions of IgG-type antibodies commonly do not account for avidity effects using monomeric receptors in solution [see, e.g., (71, 72)], which are inherent in cellular systems and might be manifested here at very high concentrations of trastuzumab.

Finally, the enhanced binding of G2 and ST6 variants and increased cytolytic activity of NK92 cells observed previously in the presence of these two variants was not reproduced in the current study using CD56+, and even more, we observed a subtle but significant decrease in the maximum lytic activity of CD56+ cells in the presence of the ST6 variant. Interestingly, this last finding is in line with the previous notion that alpha 2,6-linked sialylation of IgG1 Fc-glycans can negatively impact ADCC activity (73). One hypothesis could be that an avidity plateau has been reached with those primary cells, whose EC50 for trastuzumab was significantly lower than with NK92 cells (18), and which does not allow us to have an optimal amplitude margin in the measurement of improved functional avidities unlike with NK92 cells. We should take into consideration that NK92 is an immortalized cell-line engineered to express FcγRIIIA, introducing different functional biases which are still not fully understood. But although we have demonstrated the usefulness and the feasibility of an ex vivo system with the use of a particular population of primary cells isolated from the blood of healthy donors, i.e., CD56+, in particular for a comparative study of the effect of various glyco-modifications in the structure of the Fc region of trastuzumab, this system shows limits which are not necessarily due to the diversity between individuals. It remains to be evaluated whether this approach is valid for other antibodies, e.g., cetuximab, as well as for other functional assays such as ADCP, but this study could already make it possible to take a new step in the discussion of the biological effects of certain modifications in the structure of therapeutic antibodies in a clinical context. While glycoengineering may improve the binding affinity of antibodies to FcRs as demonstrated in vitro at the molecular level, and although this may be directly related to improved functional avidity as shown in an ADCC bioassay using NK cell lines such as NK92, they might not be able to show improvement in an ex vivo system utilizing primary cells. This might be due to the fact that an ex vivo system could be oversized for a more precision-aimed quality control study and would add a layer of complex biological parameters that are difficult to account for and for which the non-modified antibody might already demonstrate maximum potency.



Materials and Methods


Peripheral Blood Mononuclear Cells

Buffy coats from healthy blood donors (Table S2) provided by the Blood Donation Center from the University Hospital of Basel (Switzerland) after obtaining informed consent and data anonymization in accordance with the Swiss Federal regulations. PBMCs were isolated by density centrifugation of leukocytes using Ficoll-Paque® PLUS (GE Healthcare) and LeucoSep tubes (Greiner Bio-one) according to the instructions of the manufacturers. The mononuclear cell layer was carefully removed from the interface and washed twice with PBS (Gibco). PBMC suspensions were prepared at a concentration of 20 × 106 cells/ml in 90% fetal bovine serum (Gibco), and 10% DMSO Grade culture (Sigma-Aldrich), aliquoted into 1-ml cryovials and frozen using CollCell® at −80°C. After 24 h, the PBMCs were transferred to a liquid nitrogen freezer and stored in the vapor phase, i.e., ≤ −150°C (74, 75). For resting and short-term culture, PBMCs were maintained in PBMC medium consisting of RPMI-1640 (ATCC© modification) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco) at 37°C under 5% CO2 in a humidified incubator (76).



Genotyping of Fcgr3a Single-Nucleotide Polymorphism

Genomic DNA was extracted from PBMCs using the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer’s instructions. Genotyping of FcγRIIIA at amino acid position 158 (FCGR3A.Phe158Val or rs396991 A>C as represented on plus chromosomal strand, complemented because gene is on minus strand) variants was performed on genomic DNA by Droplet Digital™ PCR (ddPCR) as described elsewhere (77). Briefly, ddPCR was performed using a QX100 droplet generator with QX200/QX100 Droplet Generation Oil for Probes, DG8 Cartridges and DG8 Gaskets, T-100 thermal cycler, QX100 droplet reader with ddPCR Droplet Reader Oil and QuantaSoft software (v1.7.4.0917), all from Bio-Rad. Primers and VIC/FAM probes targeting Fcgr3a nucleotide 559 were generated by ABI/Thermo-Fisher Scientific as the TaqMan™ SNP Genotyping Assay 40X (human, ID C:25815666_10). Final reaction mix consisted of 900 nM of each primer, 250 nM of each probe, 1X ddPCR Supermix for Probes (no dUTP; Bio-Rad) and 5 ng of genomic DNA diluted in UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen). Each DNA sample was tested in triplicate. Thermal cycling conditions utilized were 5 min at 95°C, 40 cycles of 30 s at 95°C and 1 min at 58°C, followed by 5 min at 4°C, 5 min at 98°C, and a final hold at 12°C, with a ramp rate of 2.5°C/sec and a lid heated at 105°C. FCGR3A-158 haplotype was determined by calculating the ratio of FCGR3A-158 F [rs396991(A)] to FCGR3A-158 V [rs396991(C)] allele counts in each sample. Expected ratios for homozygous wild-type FCGR3A-158 F/F was 2:2, resulting from identification of both the FCGR3A and closely related FCGR3B. Expected ratios for heterozygous FCGR3A-158 F/V and homozygous FCGR3A-158 V/V were 1:3 and 0:4, respectively. Ratios were calculated by comparing the total copy number counts for rs396991(A) and rs396991(C) alleles, as determined by the total number of positive droplets in the FAM and VIC channel, respectively.



Flow Cytometry

Cryopreserved PBMCs were thawed rapidly in a water bath at 37°C, and washed in PBMC medium. Cells were then resuspended in PBMC medium, filtered through a 40-μm cell strainer (Falcon), and incubated at 37°C under 5% CO2 in a humidified incubator for 18 hours (74). After resting, the number of viable cells was determined using Trypan blue (Sigma-Aldrich). Cells were washed and suspended in cold FACS buffer consisting of PBS without Ca2+/Mg2+ (Gibco) supplemented with 2% fetal bovine serum (Gibco), 2 mM EDTA (Sigma) and 0.05% NaN3 (iNtRON), and incubated for 15 min with Human TruStain FcX™ FcR Blocking Solution (BioLegend) and then stained for 30 min at 4°C with the antibody panels defined in Table S1 (78, 79). Panel 1 was used for the characterization of FcγRs and FcRLs on cytotoxic cells, Panel 2 for the determination of the NCR/KIR/KLR repertoire, and Panel 3 for the immunophenotyping of the main immune populations in the PBMCs. Preliminary titration experiments were carried out to determine the specificity and the optimal concentration of each antibody (data not shown). The antibody panel cocktails were prepared in final volume of 50 μl per samples in FACS buffer containing 10 μl of Brilliant Stain Buffer PLUS (BD Biosciences) and 1 μl of Fixable Viability Dye (FVD) eFluor 780 (eBioscience). After staining, samples were washed twice in FACS buffer and fixed at room temperature for 20 min in Fixation Buffer 1X (BioLegend). Finally, cells were washed twice and resuspended in 200 μl of FACS buffer. UltraComp eBeads Compensation Beads (Invitrogen) were used according to manufacturer’s instructions to prepare compensation controls with fluorescently conjugated antibodies used in the experiments. Flow cytometry analysis was carried out on a BD LSRFortessa™ cell analyzer (BD Biosciences) equipped with UV (355 nm), violet (405 nm), blue (488 nm), yellow-green (561 nm), and red (640 nm) lasers. Instrument cleaning and Cytometer Setup and Tracking (CST) were run on a regular basis to ensure optimal cytometer performance. Up to 300,000 events were acquired using BD FACSDiva Software (v8.0.1). The computation of the compensation matrices as well as the analysis of FCS3.1 files were performed in FlowJo™ (v10.6.1; BD Biosciences). Dead cells, debris, and cell aggregates were excluded, and the populations of interest defined using the gating strategies detailed in Figure S1.



Isolation of CD56+ Cells

CD56+ effector cells were isolated from PBMCs using EasySep™ Human CD56 Positive Selection Kit II (StemCell Technologies) according to the manufacturer’s instructions. Briefly, PBMCs were thawed rapidly in a water bath at 37°C, washed in PBMC medium, and treated with 100 U/ml of DNaseI grade I (Roche) for 15 min before filtering through a 40-μm cell strainer (Falcon). CD56-expressing cells were targeted with antibody complexes recognizing CD56 and dextran-coated magnetic particles. The cocktail also contains an antibody to the human Fc receptor to minimize nonspecific binding. Labeled cells were separated using an EasySep™ Magnet (StemCell Technologies). MACS buffer consisting of PBS without Ca2+/Mg2+ (Gibco) supplemented with 2% fetal bovine serum (Gibco) and 1 mM EDTA (Sigma) was used throughout the procedure. Desired cells remained in the tube while unwanted cells were poured off. Cell purity in the CD56-positive fraction was >90% as determined by flow cytometry (data not shown). Cells were then resuspended in PBMC medium and incubated at 37°C under 5% CO2 in a humidified incubator for 18-h resting (74).



Cell Line and Cell Culture

The human breast cancer BT474 cell line (ATCC© HTB-20™) was obtained from American Type Culture Collection. The cells were maintained in DMEM/F-12 medium with GlutaMAX (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 5 μg/ml insulin solution from bovine pancreas (Sigma), 10 mM HEPES (Gibco), 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco). Cells were grown at 37°C under 5% CO2 in a humidified incubator. Prior to experimentation, cells (passages 8–18) were cultured in a 75 cm² flask to approximately 70 to 80% confluence. Cells were detached with 1X Trypsin-EDTA 0.25% (Gibco), and the expression of HER2 was monitored using an anti-CD340 (clone 24D2) and the corresponding isotype control (both from Miltenyi Biotec) using flow cytometry (data not shown).



In vitro ADCC Assay

Thawed PBMCs or primary CD56+ cells were used as effector cells after a 18-h resting period. The cytolytic activity was analyzed in a EuTDA cytotoxicity assay (PerkinElmer) according to the manufacturer’s recommendations. Briefly, BT474 cells were harvested and loaded with the fluorescence enhancing ligand DELFIA® BATDA (PerkinElmer) for 20 min at 37°C. The number of viable cells was determined using Trypan blue (Sigma-Aldrich). After three wash cycles, 5 × 103 target cells per well were seeded in 96-V-bottom culture plates in the presence of trastuzumab (subcutaneous formulation of Herceptin® SC, F. Hoffmann-La Roche Ltd, Basel, Switzerland) or glycoengineered variants of the low afucosylated format of trastuzumab as described elsewhere (11) at concentrations ranging from 1 × 10−7 to 1 × 100 μg/ml, in PBMC medium. The precise antibody concentrations actually tested were 1 × 100, 1 × 10−1, 1 × 10−2, 1 × 10−3, 1 × 10−4, 1 × 10−5, 1 × 10−6, and 1 × 10−7 μg/ml, including PBMC medium without antibody control (data not shown). After 15 min of pre-incubation, effector cells were added at the indicated effector to target (E:T) ratio, defined as ratio of whole PBMC (Figure 2) or isolated CD56+ cell (Figures 3 and 5) number to BT474 cell number, in a final volume of 200 μl. Duplicate wells were set up for each E:T ratio and antibody concentration condition. After 3.0 h (glyco-engineered variant experiments) or 2.5 h (all other ADCC experiments) co-culture at 37°C under 5% CO2 in a humidified incubator, plates were centrifuged at 500 × g for 5 min, and 20 μl of supernatant was mixed with 200 μl DELFIA® Europium Solution (PerkinElmer) in a 96-well clear bottom plates, followed by 15-min incubation at room temperature on a plate shaker. Time-resolved fluorescence was measured in RFU (Relative Fluorescence Units) using excitation at 345 nm, emission at 615 nm and cutoff at 590 nm, and a 1.0-ms integration time. Measurements were performed on a Spectramax M5 plate reader and SoftMax Pro Software (v6.5.1; Molecular Devices). The percentage of specific lysis was calculated according to equation (1), in which spontaneous release refers to the TDA release of target cells incubated without effector cells, and the maximum release is the TDA release of target cells in the presence of 25 μl of Lysis Buffer (PerkinElmer).



LMFIT (v1.0.0) (80) was used to analyze dose-response data using a 4-parameter logistic (4PL) regression sigmoidal dose-response fitting curve according to equation (2), with x the log10-transformed antibody concentration values, y the percent specific lysis values obtained in equation (1), bottom and top the values of the lower and upper asymptote, respectively, also called minimum and maximum percent of specific lysis, respectively in the text, EC50 the value of the 50% effective concentration, and H the value of the Hill slope.





Statistical Analysis and Data Visualization

All raw data in CSV format were analyzed with pandas (v1.0.1) (81). Pandas was also used for pairwise correlation analyses (Kendall). All plots were built using matplotlib (v3.1.3) (82) and seaborn (v0.10.1). SciPy (v1.4.1) (82) was used for linear regression, paired and unpaired T-tests (two-tailed), hierarchical clustering (Ward method) and dendrogram representation. scikit-learn (v0.22.1) (83) was used for PCA. pingouin (v0.3.3) (85) was used for one-way ANOVA followed by pairwise Tukey-HSD post hoc tests, mixed-design ANOVA (with Greenhouse-Geisser correction) followed by pairwise T-tests with Benjamini/Hochberg FDR correction, and repeated measures ANOVA (with listwise deletion of missing values) followed by pairwise T-tests with step-down method using Bonferroni adjustments and a pairwise deletion of missing values. In all the figures, the level of statistical significance expressed as P values are reported as followed: **** : P ≤ 0.0001, *** : P ≤ 0.001, ** : P ≤ 0.01, * : P ≤ 0.05, and not significant (ns) : P > 0.05). Mean values ± standard deviation with Delta Degrees of Freedom of 1 are used throughout the text. Python (v3.7.6) was used to execute all the scripts. Dimensionality reduction of the flow cytometry data was performed with the t-Distributed Stochastic Neighbor Embedding (t-SNE) algorithm integrated natively into FlowJo™ (v10.6.1; BD Biosciences). Briefly, raw data were cleaned up and a downsample gate created on CD56-positive cells (3,000 events for each donor). Compensated parameters of interest were selected and scaled using an ArcSinh transformation. The data thus prepared for the 30 electronically barcoded donors were then all concatenated in a single file and submitted to the t-SNE algorithm with 1,000 iterations, perplexity of 30 and learning rate of 6,166. The data were further explored by manual gating on clusters that were phenotypically similar. Finally Inkscape (v0.92) was utilized to combine individual SVG layouts from FlowJo and matplotlib in a single figure.




Data Availability Statement

All data files and scripts used for analyzes are accessible via the following GitHub repository: https://github.com/sbwiecko/ADCC_primary_CD56_manuscript/. The flow cytometry data generated for this study are available in FlowRepository (https://flowrepository.org) as experiment IDs FR-FCM-Z2HV, FR-FCM-Z2WZ, FR-FCM-Z2WY, FR-FCM-Z2W3, FR-FCM-Z2W4 and FR-FCM-Z2W6.



Ethics Statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

SW and FC designed the study and wrote the manuscript. SW designed and performed the experiments, acquired data, performed data analysis, and prepared the figures and supplementary materials. CA, AO, and DG contributed to the study design and the discussion. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Roche. The funder had the following involvement in the study: participation in study design, participated in collection, analysis, interpretation of data, the writing of this article and the decision to submit it for publication.



Acknowledgments

We would like to thank our colleagues at pRED, in particular Antonio Iglesias and Laetitia Petersen Boué for their support with the flow cytometry platform, and Michel Tessier for his help with the genotyping experiments.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.552596/full#supplementary-material



References

1. European Medicines Agency (EMA). Guideline on Development, Production, Characterisation and Specification for Monoclonal Antibodies and Related Products. European Medicines Agency (2016). Tech. Rep. EMA/CHMP/BWP/532517/2008. Available online at: https://www.ema.europa.eu/documents/scientific-guideline/guideline-development-production-characterisation-specification-monoclonal-antibodies-related_en.pdf.


2. Food and Drug Administration (FDA). Points to consider in the manufacture and testing of monoclonal antibody products for human use (1997). U.S. Food and Drug Administration Center for Biologics Evaluation and Research. J Immunother (1997) 20:214–43. doi: 10.1097/00002371-199705000-00007

3. Alt, N, Zhang, TY, Motchnik, P, Taticek, R, Quarmby, V, Schlothauer, T, et al. Determination of critical quality attributes for monoclonal antibodies using quality by design principles. Biologicals (2016) 44:291–305. doi: 10.1016/j.biologicals.2016.06.005

4. Wang, X, An, Z, Luo, W, Xia, N, and Zhao, Q. Molecular and functional analysis of monoclonal antibodies in support of biologics development. Protein Cell (2018) 9:74–85. doi: 10.1007/s13238-017-0447-x

5. Wang, W. NK cell-mediated antibody-dependent cellular cytotoxicity in cancer immunotherapy. Front Immunol (2015) 6:368. doi: 10.3389/fimmu.2015.00368

6. Nelson, MH, and Paulos, CM. Novel immunotherapies for hematologic malignancies. Immunol. Rev (2015) 263:90–105. doi: 10.1111/imr.12245

7. Cymer, F, Beck, H, Rohde, A, and Reusch, D. Therapeutic monoclonal antibody N-glycosylation– Structure, function and therapeutic potential. Biologicals (2018) 52:1–11. doi: 10.1016/j.biologicals.2017.11.001

8. Hayes, JM, Frostell, A, Karlsson, R, Müller, S, Martín, SM, Pauers, M, et al. Identification of Fc Gamma Receptor Glycoforms That Produce Differential Binding Kinetics for Rituximab. Mol Cell Proteomics (2017) 16:1770–88. doi: 10.1074/mcp.M117.066944

9. Li, T, DiLillo, DJ, Bournazos, S, Giddens, JP, Ravetch, JV, and Wang, L-X. Modulating IgG effector function by Fc glycan engineering. Proc Natl Acad Sci (2017) 114:3485–90. doi: 10.1073/pnas.1702173114

10. Thomann, M, Schlothauer, T, Dashivets, T, Malik, S, Avenal, C, Bulau, P, et al. In Vitro Glycoengineering of IgG1 and Its Effect on Fc Receptor Binding and ADCC Activity. PloS One (2015) 10:e0134949. doi: 10.1371/journal.pone.0134949

11. Thomann, M, Malik, S, Kuhne, F, Avenal, C, Plath, F, Bonnington, L, et al. Effects of sialic acid linkage on antibody-fragment crystallizable receptor binding and antibody dependent cytotoxicity depend on levels of fucosylation/bisecting. Bioanalysis (2019) 11:1437–49. doi: 10.4155/bio-2019-0124

12. Nakajima, T, Okayama, H, Ashizawa, M, Noda, M, Aoto, K, Saito, M, et al. Augmentation of antibody-dependent cellular cytotoxicity with defucosylated monoclonal antibodies in patients with GI-tract cancer. Oncol Lett (2018) 15:2604–10. doi: 10.3892/ol.2017.7556

13. Lee, H-H, Wang, Y-N, Xia, W, Chen, C-H, Rau, K-M, Ye, L, et al. Removal of N-Linked Glycosylation Enhances PD-L1 Detection and Predicts Anti-PD-1/PD-L1 Therapeutic Efficacy. Cancer Cell (2019) 36:168–78.e4. doi: 10.1016/j.ccell.2019.06.008

14. Schnueriger, A, Grau, R, Sondermann, P, Schreitmueller, T, Marti, S, and Zocher, M. Development of a quantitative, cell-line based assay to measure ADCC activity mediated by therapeutic antibodies. Mol Immunol (2011) 48:1512–7. doi: 10.1016/j.molimm.2011.04.010

15. Cheng, ZJ, Garvin, D, Paguio, A, Moravec, R, Engel, L, Fan, F, et al. Development of a robust reporter-based ADCC assay with frozen, thaw-and-use cells to measure Fc effector function of therapeutic antibodies. J Immunol. Methods (2014) 414:69–81. doi: 10.1016/j.jim.2014.07.010

16. Bruhns, P. Properties of mouse and human IgG receptors and their contribution to disease models. Blood (2012) 119:5640–9. doi: 10.1182/blood-2012-01-380121

17. Ganesan, S, and Höglund, P. Inhibitory Receptor Crosslinking Quantitatively Dampens Calcium Flux Induced by Activating Receptor Triggering in NK Cells. Front Immunol (2019) 9:3173. doi: 10.3389/fimmu.2018.03173

18. Hsieh, Y-T, Aggarwal, P, Cirelli, D, Gu, L, Surowy, T, and Mozier, NM. Characterization of FcγRIIIA effector cells used in in vitro ADCC bioassay: Comparison of primary NK cells with engineered NK-92 and Jurkat T cells. J Immunol. Methods (2017) 441:56–66. doi: 10.1016/j.jim.2016.12.002

19. Pores-Fernando, AT, Gaur, S, Doyon, MY, and Zweifach, A. Calcineurin-dependent lytic granule exocytosis in NK-92 natural killer cells. Cell Immunol (2009) 254:105–9. doi: 10.1016/j.cellimm.2008.07.004

20. Krzewski, K, and Coligan, JE. Human NK cell lytic granules and regulation of their exocytosis. Front Immunol (2012) 3:335. doi: 10.3389/fimmu.2012.00335

21. Vivier, E. Natural Killer Cell Signaling Pathways. Science (2004) 306:1517–9. doi: 10.1126/science.1103478

22. Robertson, MJ, and Ritz, J. Biology and clinical relevance of human natural killer cells. Blood (1990) 76:2421–38. doi: 10.1182/blood.V76.12.2421.bloodjournal76122421

23. Filipovic, I, Sönnerborg, I, Strunz, B, Friberg, D, Cornillet, M, Hertwig, L, et al. 29-Color Flow Cytometry: Unraveling Human Liver NK Cell Repertoire Diversity. Front Immunol (2019) 10:2692. doi: 10.3389/fimmu.2019.02692

24. Zhou, Y, Xu, X, Tian, Z, and Wei, H. “Multi-Omics” Analyses of the Development and Function of Natural Killer Cells. Front Immunol (2017) 8:1095. doi: 10.3389/fimmu.2017.01095

25. Poli, A, Michel, T, Thérésine, M, Andrès, E, Hentges, F, and Zimmer, J. CD56bright natural killer (NK) cells: An important NK cell subset. Immunology (2009) 126:458–65. doi: 10.1111/j.1365-2567.2008.03027.x

26. Van Acker, HH, Capsomidis, A, Smits, EL, and Van Tendeloo, VF. CD56 in the Immune System: More Than a Marker for Cytotoxicity? Front Immunol (2017) 8:892:892. doi: 10.3389/fimmu.2017.00892

27. Barrow, AD, Martin, CJ, and Colonna, M. The Natural Cytotoxicity Receptors in Health and Disease. Front Immunol (2019) 10:909:909. doi: 10.3389/fimmu.2019.00909

28. Closa, L, Vidal, F, Herrero, MJ, and Caro, JL. Design and validation of a multiplex KIR and HLA class I genotyping method using next generation sequencing. Front Immunol (2018) 9:2991. doi: 10.3389/fimmu.2018.02991

29. Pfefferle, A, Jacobs, B, Netskar, H, Ask, EH, Lorenz, S, Clancy, T, et al. Intra-lineage Plasticity and Functional Reprogramming Maintain Natural Killer Cell Repertoire Diversity. Cell Rep (2019) 29:2284–94.e4. doi: 10.1016/j.celrep.2019.10.058

30. Shimasaki, N, Jain, A, and Campana, D. NK cells for cancer immunotherapy. Nat Rev Drug Discovery (2020) 19:200–18. doi: 10.1038/s41573-019-0052-1

31. Mellor, JD, Brown, MP, Irving, HR, Zalcberg, JR, and Dobrovic, A. A critical review of the role of Fc gamma receptor polymorphisms in the response to monoclonal antibodies in cancer. J Hematol Oncol (2013) 6:1. doi: 10.1186/1756-8722-6-1

32. Hussain, K, Hargreaves, CE, Rowley, TF, Sopp, JM, Latham, KV, Bhatta, P, et al. Impact of Human FcγR Gene Polymorphisms on IgG-Triggered Cytokine Release: Critical Importance of Cell Assay Format. Front Immunol (2019) 10:390. doi: 10.3389/fimmu.2019.00390

33. Moriya, H, Saito, K, Helsby, N, Hayashi, N, Sugino, S, Yamakage, M, et al. Single-nucleotide polymorphisms and copy number variations of the FCGR2A and FCGR3A genes in healthy Japanese subjects. Biomed Rep (2014) 2:265–9. doi: 10.3892/br.2013.210

34. Musolino, A, Naldi, N, Bortesi, B, Pezzuolo, D, Capelletti, M, Missale, G, et al. Immunoglobulin G Fragment C Receptor Polymorphisms and Clinical Efficacy of Trastuzumab-Based Therapy in Patients With HER-2/ neu –Positive Metastatic Breast Cancer. J Clin Oncol (2008) 26:1789–96. doi: 10.1200/JCO.2007.14.8957

35. Tamura, K, Shimizu, C, Hojo, T, Akashi-Tanaka, S, Kinoshita, T, Yonemori, K, et al. Fc R2A and 3A polymorphisms predict clinical outcome of trastuzumab in both neoadjuvant and metastatic settings in patients with HER2-positive breast cancer. Ann Oncol (2011) 22:1302–7. doi: 10.1093/annonc/mdq585

36. Boero, S, Morabito, A, Banelli, B, Cardinali, B, Dozin, B, Lunardi, G, et al. Analysis of in vitro ADCC and clinical response to trastuzumab: Possible relevance of FcγRIIIA/FcγRIIA gene polymorphisms and HER-2 expression levels on breast cancer cell lines. J Trans Med (2015) 13:324. doi: 10.1186/s12967-015-0680-0

37. Botticelli, A, Mazzuca, F, Borro, M, Mazzotti, E, La Torre, M, Bonifacino, A, et al. FCGRs Polymorphisms and Response to Trastuzumab in Patients With HER2-Positive Breast Cancer: Far From Predictive Value? World J Oncol (2015) 6:437–40. doi: 10.14740/wjon934w

38. E Vivier, J Di Santo, A Moretta, and MD Cooper eds. Natural Killer Cells. No. volume 395. In: . Current Topics in Microbiology and Immunology. Switzerland: Springer.


39. Michel, T, Poli, A, Cuapio, A, Briquemont, B, Iserentant, G, Ollert, M, et al. Human CD56bright NK Cells: An Update. J Immunol (2016) 196:2923–31. doi: 10.4049/jimmunol.1502570

40. Collins, PL, Cella, M, Porter, S II, Li, S, Gurewitz, GL, Hong, HS, et al. Gene Regulatory Programs Conferring Phenotypic Identities to Human NK Cells. Cell (2019) 176:348–360.e12. doi: 10.1016/j.cell.2018.11.045 PENDING


41. Angelo, LS, Banerjee, PP, Monaco-Shawver, L, Rosen, JB, Makedonas, G, Forbes, LR, et al. Practical NK cell phenotyping and variability in healthy adults. Immunol. Res (2015) 62:341–56. doi: 10.1007/s12026-015-8664-y

42. Mahapatra, S, Mace, EM, Minard, CG, Forbes, LR, Vargas-Hernandez, A, Duryea, TK, et al. High-resolution phenotyping identifies NK cell subsets that distinguish healthy children from adults. PloS One (2017) 12:e0181134. doi: 10.1371/journal.pone.0181134

43. Larsen, SK, Gao, Y, and Basse, PH. NK Cells in the Tumor Microenvironment. Crit Rev Oncogenesis (2014) 19:91–105. doi: 10.1615/CritRevOncog.2014011142

44. Messaoudene, M, Fregni, G, Fourmentraux-Neves, E, Chanal, J, Maubec, E, Mazouz-Dorval, S, et al. Mature Cytotoxic CD56bright/CD16+ Natural Killer Cells Can Infiltrate Lymph Nodes Adjacent to Metastatic Melanoma. Cancer Res (2014) 74:81–92. doi: 10.1158/0008-5472.CAN-13-1303

45. Paul, S, Kulkarni, N, Shilpi,, and Lal, G. Intratumoral natural killer cells show reduced effector and cytolytic properties and control the differentiation of effector Th1 cells. OncoImmunology (2016) 5:e1235106. doi: 10.1080/2162402X.2016.1235106

46. Björkström, NK, Ljunggren, H-G, and Sandberg, JK. CD56 negative NK cells: Origin, function, and role in chronic viral disease. Trends Immunol (2010) 31:401–6. doi: 10.1016/j.it.2010.08.003

47. Mamessier, E, Sylvain, A, Thibult, M-L, Houvenaeghel, G, Jacquemier, J, Castellano, R, et al. Human breast cancer cells enhance self tolerance by promoting evasion from NK cell antitumor immunity. J Clin Invest (2011) 121:3609–22. doi: 10.1172/JCI45816

48. Vivier, E, Ugolini, S, Blaise, D, Chabannon, C, and Brossay, L. Targeting natural killer cells and natural killer T cells in cancer. Nat Rev Immunol (2012) 12:239–52. doi: 10.1038/nri3174

49. Xie, Z, Zheng, J, Wang, Y, Li, D, Maermaer, T, Li, Y, et al. Deficient IL-2 Produced by Activated CD56+ T Cells Contributes to Impaired NK Cell-Mediated ADCC Function in Chronic HIV-1 Infection. Front Immunol (2019) 10:1647. doi: 10.3389/fimmu.2019.01647

50. Capietto, A-H, Martinet, L, and Fournie, J-J. Stimulated T Cells Increase the In Vivo Efficacy of Trastuzumab in HER-2+ Breast Cancer. J Immunol (2011) 187:1031–8. doi: 10.4049/jimmunol.1100681

51. Seidel, UJE, Vogt, F, Grosse-Hovest, L, Jung, G, Handgretinger, R, and Lang, P. Γδ T cell-mediated antibody-dependent cellular cytotoxicity with CD19 antibodies assessed by an impedance based label-free real-time cytotoxicity assay. Front Immunol (2014) 5:618. doi: 10.3389/fimmu.2014.00618

52. Clémenceau, B, Vivien, R, Berthomé, M, Robillard, N, Garand, R, Gallot, G, et al. Effector Memory Aβ T Lymphocytes Can Express FcγRIIIa and Mediate Antibody-Dependent Cellular Cytotoxicity. J Immunol (2008) 180:5327–34. doi: 10.4049/jimmunol.180.8.5327

53. Schmitz, M, Zhao, S, Schäkel, K, Bornhäuser, M, Ockert, D, and Rieber, EP. Native human blood dendritic cells as potent effectors in antibody-dependent cellular cytotoxicity. Blood (2002) 100:1502–4. doi: 10.1182/blood.V100.4.1502.h81602001502_1502_1504

54. Shi, Y, Fan, X, Deng, H, Brezski, RJ, Rycyzyn, M, Jordan, RE, et al. Trastuzumab Triggers Phagocytic Killing of High HER2 Cancer Cells In Vitro and In Vivo by Interaction with Fcγ Receptors on Macrophages. J Immunol (2015) 194:4379–86. doi: 10.4049/jimmunol.1402891

55. Yeap, WH, Wong, KL, Shimasaki, N, Teo, ECY, Quek, JKS, Yong, HX, et al. CD16 is indispensable for antibody-dependent cellular cytotoxicity by human monocytes. Sci Rep (2016) 6:34310. doi: 10.1038/srep34310

56. Benonisson, H, Sow, HS, Breukel, C, Claassens, J, Brouwers, C, Linssen, MM, et al. High FcR Expression on Intratumoral Macrophages Enhances Tumor-Targeting Antibody Therapy. J Immunol (2018) 201:3741–9. doi: 10.4049/jimmunol.1800700

57. Sun, H, Sun, C, Xiao, W, and Sun, R. Tissue-resident lymphocytes: From adaptive to innate immunity. Cell Mol Immunol (2019) 16:205–15. doi: 10.1038/s41423-018-0192-y

58. Holliday, DL, and Speirs, V. Choosing the right cell line for breast cancer research. Breast Cancer Res (2011) 13:215. doi: 10.1186/bcr2889

59. Muntasell, A, Cabo, M, Servitja, S, Tusquets, I, Martínez-García, M, Rovira, A, et al. Interplay between Natural Killer Cells and Anti-HER2 Antibodies: Perspectives for Breast Cancer Immunotherapy. Front Immunol (2017) 8:1544. doi: 10.3389/fimmu.2017.01544

60. Oh, D-Y, and Bang, Y-J. HER2-targeted therapies—a role beyond breast cancer. Nat Rev Clin Oncol (2020) 17:33–48. doi: 10.1038/s41571-019-0268-3

61. Staser, KW, Eades, W, Choi, J, Karpova, D, and DiPersio, JF. OMIP-042: 21-color flow cytometry to comprehensively immunophenotype major lymphocyte and myeloid subsets in human peripheral blood: OMIP-042. Cytometry Part A (2018) 93:186–9. doi: 10.1002/cyto.a.23303

62. Erokhina, SA, Streltsova, MA, Kanevskiy, LM, Telford, WG, Sapozhnikov, AM, and Kovalenko, E II. HLA-DR+ NK cells are mostly characterized by less mature phenotype and high functional activity. Immunol Cell Biol (2018) 96:212–28. doi: 10.1111/imcb.1032

63. Krijgsman, D, Hokland, M, and Kuppen, PJK. The Role of Natural Killer T Cells in Cancer—A Phenotypical and Functional Approach. Front Immunol (2018) 9:367. doi: 10.3389/fimmu.2018.00367

64. Fregni, G, Messaoudene, M, Fourmentraux-Neves, E, Mazouz-Dorval, S, Chanal, J, Maubec, E, et al. Phenotypic and Functional Characteristics of Blood Natural Killer Cells from Melanoma Patients at Different Clinical Stages. PloS One (2013) 8:e76928. doi: 10.1371/journal.pone.0076928

65. Carrega, P, Bonaccorsi, I, Di Carlo, E, Morandi, B, Paul, P, Rizzello, V, et al. CD56brightPerforinlow Noncytotoxic Human NK Cells Are Abundant in Both Healthy and Neoplastic Solid Tissues and Recirculate to Secondary Lymphoid Organs via Afferent Lymph. J Immunol (2014) 192:3805–15. doi: 10.4049/jimmunol.1301889

66. Yamashita, M, Kitano, S, Aikawa, H, Kuchiba, A, Hayashi, M, Yamamoto, N, et al. A novel method for evaluating antibody-dependent cell-mediated cytotoxicity by flowcytometry using cryopreserved human peripheral blood mononuclear cells. Sci Rep (2016) 6:19772. doi: 10.1038/srep19772

67. Melsen, JE, Lugthart, G, Lankester, AC, and Schilham, MW. Human Circulating and Tissue-Resident CD56bright Natural Killer Cell Populations. Front Immunol (2016) 7:262. doi: 10.3389/fimmu.2016.00262

68. Hargreaves, CE, Iriyama, C, Rose-Zerilli, MJJ, Nagelkerke, SQ, Hussain, K, Ganderton, R, et al. Evaluation of High-Throughput Genomic Assays for the Fc Gamma Receptor Locus. PloS One (2015) 10:e0142379. doi: 10.1371/journal.pone.0142379

69. Geraghty, DE, Thorball, CW, Fellay, J, and Thomas, R. Effect of Fc Receptor Genetic Diversity on HIV-1 Disease Pathogenesis. Front Immunol (2019) 10:970:970. doi: 10.3389/fimmu.2019.00970

70. Varchetta, S, Gibelli, N, Oliviero, B, Nardini, E, Gennari, R, Gatti, G, et al. Elements Related to Heterogeneity of Antibody-Dependent Cell Cytotoxicity in Patients Under Trastuzumab Therapy for Primary Operable Breast Cancer Overexpressing Her2. Cancer Res (2007) 67:11991–9. doi: 10.1158/0008-5472.CAN-07-2068

71. Mimura, Y, Sondermann, P, Ghirlando, R, Lund, J, Young, SP, Goodall, M, et al. Role of Oligosaccharide Residues of IgG1-Fc in FcγRIIb Binding. J Biol Chem (2001) 276:45539–47. doi: 10.1074/jbc.M107478200

72. Geuijen, KPM, Oppers-Tiemissen, C, Egging, DF, Simons, PJ, Boon, L, Schasfoort, RBM, et al. Rapid screening of IgG quality attributes – effects on Fc receptor binding. FEBS Open Bio (2017) 7:1557–74. doi: 10.1002/2211-5463.12283

73. Scallon, BJ, Tam, SH, McCarthy, SG, Cai, AN, and Raju, TS. Higher levels of sialylated Fc glycans in immunoglobulin G molecules can adversely impact functionality. Mol Immunol (2007) 44:1524–34. doi: 10.1016/j.molimm.2006.09.005

74. Brown, LM, Clark, JW, Neuland, CY, Mann, DL, Pankiw-Trost, LK, Blattner, WA, et al. Cryopreservation and long-term liquid nitrogen storage of peripheral blood mononuclear cells for flow cytometry analysis effects on cell subset proportions and fluorescence intensity. J Clin Lab Anal (1991) 5:255–61. doi: 10.1002/jcla.1860050406

75. Kleeberger, CA, Lyles, RH, Margolick, JB, Rinaldo, CR, Phair, JP, and Giorgi, JV. Viability and recovery of peripheral blood mononuclear cells cryopreserved for up to 12 years in a multicenter study. Clin Diagn Lab Immunol (1999) 6:14–9. doi: 10.1128/CDLI.6.1.14-19.1999

76. Mata, MM, Mahmood, F, Sowell, RT, and Baum, LL. Effects of cryopreservation on effector cells for antibody dependent cell-mediated cytotoxicity (ADCC) and natural killer (NK) cell activity in 51Cr-release and CD107a assays. J Immunol. Methods (2014) 406:1–9. doi: 10.1016/j.jim.2014.01.017

77. Griffith, P, Sun, D, Tritsch, SR, Jochems, C, Gulley, JL, Schlom, J, et al. Droplet-Digital PCR Provides a Rapid, Accurate and Cost-Effective Method for Identification of Biomarker FcγRIIIa-F158V Genotypes. Gene Technol (2017) 06:143. doi: 10.4172/2329-6682.1000143

78. Veluchamy, JP, Delso-Vallejo, M, Kok, N, Bohme, F, Seggewiss-Bernhardt, R, van der Vliet, HJ, et al. Standardized and flexible eight colour flow cytometry panels harmonized between different laboratories to study human NK cell phenotype and function. Sci Rep (2017) 7:43873. doi: 10.1038/srep43873

79. Verschoor, CP, and Kohli, V. Cryopreserved whole blood for the quantification of monocyte, T-cell and NK-cell subsets, and monocyte receptor expression by multi-color flow cytometry: A methodological study based on participants from the canadian longitudinal study on aging: Cryopreserved Blood for Leukocyte Subset Determination. Cytometry Part A (2018) 93:548–55. doi: 10.1002/cyto.a.23372

80. Newville, M, Stensitzki, T, Allen, DB, and Ingargiola, A. LMFIT: Non-Linear Least-Square Minimization and Curve-Fitting for Python. Zenodo (2014). Dataset. doi: 10.5281/ZENODO.11813

81. McKinney, W. Data structures for statistical computing in python. In: Proceedings of the 9th python in science conference. (2010). pp. 51–6.


82. Hunter, JD. Matplotlib: A 2D Graphics Environment. Comp. Sci Eng (2007) 9:90–5. doi: 10.1109/MCSE.2007.55

83. Virtanen, P, Gommers, R, Oliphant, TE, Haberland, M, Reddy, T, et al. SciPy 1.0: Fundamental algorithms for scientific computing in Python. Nat Methods (2020) 17:261–72. doi: 10.1038/s41592-019-0686-2

84. Pedregosa, F, Varoquaux, G, Gramfort, A, Michel, V, Thirion, B, Grisel, O, et al. Scikit-learn: Machine learning in Python. J Mach Learn Res (2011) 12:2825–30.


85. Vallat, R. Pingouin: Statistics in Python. J Open Source Software (2018) 3:1026. doi: 10.21105/joss.01026



Conflict of Interest: SW and DG received a scientific grant from Roche. CA and FC were employed by Roche. AO was employed by Genentech.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Wieckowski, Avenal, Orjalo, Gygax and Cymer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/M2.jpg
Aop — bottom

= bottom + ———————
y = bottom + — e

@





OEBPS/Images/fimmu-11-552596-g003.jpg





OEBPS/Images/fimmu-11-552596-g005.jpg
c
2

a****f 5
i {

;f#+¢$ il






OEBPS/Images/fimmu.2020.552596_cover.jpg
’ frontiers
in Immunology

Toward a Better Understanding of
Bioassays for the Development of
Biopharmaceuticals by Exploring the
Structure-Antibody-Dependent
Cellular Cytotoxicity Relationship in
Human Primary Cells





OEBPS/Images/fimmu-11-552596-g002.jpg
>
'

maximum % ADCC

Kendsh ok comeltoncosficin ()






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Toward a Better Understanding of Bioassays for the Development of Biopharmaceuticals by Exploring the Structure-Antibody-Dependent Cellular Cytotoxicity Relationship in Human Primary Cells

      

        		

          Introduction

        



        		

          Results

        

          		

            The Diversity in the Composition of the Immune System Cells in the Blood of Healthy Donors

          



          		

            Correlation Between the Expression of Cytotoxic Markers, the FCGR3A Haplotype and ADCC Activity in PBMCs

          



          		

            Structure-Effector Function Relationship Study Using Isolated CD56+ Cells

          



          		

            Analysis of the Cytotoxic Marker Repertoire of CD56+ Cells at the Single-Cell Level

          



          		

            Effects of Fc-Glycosylation of Trastuzumab on ADCC Activity of CD56+ Cells

          



        



        



        		

          Discussion

        



        		

          Materials and Methods

        

          		

            Peripheral Blood Mononuclear Cells

          



          		

            Genotyping of Fcgr3a Single-Nucleotide Polymorphism

          



          		

            Flow Cytometry

          



          		

            Isolation of CD56+ Cells

          



          		

            Cell Line and Cell Culture

          



          		

            In vitro ADCC Assay

          



          		

            Statistical Analysis and Data Visualization

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-552596-g004.jpg
60
%{M%r»ﬁv{%r

© g
=.-

G 9%
%






OEBPS/Images/M1.jpg
percent spacKic tysls

. (experimental release — spontancous rleasc)

=100
o e o r—. s,

[0





OEBPS/Images/fimmu-11-552596-g001.jpg
H

ocs
coa T el
CoaTcells
CoaTreg

- HADR)
= granuiocytes
- cels

‘0 +vaa
& s>
b
a2 +taacun
a
o sesierazin
0 sizia
% sz
%
S5 +azom
“
@ “azom
&
%0 vzom
& %
% 8 Saven
& §
& 3 e
<
5 socen
5 ows
P “ sowos
b2y & s
583 % en
$e8 %o
Bak % +r0a>
888 ¥ “ca>
1 % -
&2
s S1193 3N 30
SWad 12303 30 9% SoWad 18303 30 % N O %






OEBPS/Images/table1.jpg
Age (mean = SD) N (%)

wax11T 1240
822152 1860






