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Natural killer (NK) cells are lymphocytes of the innate immune system that play a key role in the elimination of tumor and virus-infected cells. Unlike T cells, NK cell activation is governed by their direct interaction with target cells via the inhibitory and activating receptors present on their cytoplasmic membrane. The simplicity of this activation mechanism has allowed the development of immunotherapies based on the transduction of NK cells with CAR (chimeric antigen receptor) constructs for the treatment of cancer. Despite the advantages of CAR-NK therapy over CAR-T, including their inability to cause graft-versus-host disease in allogenic therapies, a deeper understanding of the impact of their handling is needed in order to increase their functionality and applicability. With that in mind, the present work critically examines the steps required for NK cell isolation, expansion and storage, and analyze the response of the NK cells to these manipulations. The results show that magnetic-assisted cell sorting, traditionally used for NK isolation, increases the CD16+ population of NK cultures only if the protocol includes both, antibody incubation and passage through the isolation column. Furthermore, based on the importance of surface potential on cellular responses, the influence of surfaces with different net surface charge on NK cells has been evaluated, showing that NK cells displayed higher proliferation rates on charged surfaces than on non-charged ones. The present work highlights the relevance of NK cells manipulation for improving the applicability and effectiveness of NK cell-based therapies.
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1 Introduction

The infusion of T cells engineered to express chimeric antigen receptors (CARs) was first authorized by the United States Food and Drug Administration (FDA) to treat B-cell acute lymphoblastic leukemia (ALL) in the year 2017 (1, 2). Although CAR-T technology has demonstrated success in treating several cancer types (3), it presents certain limitations such as occasionally causing cytokine release syndrome (CRS) or immune effector cell-associated neurotoxicity syndrome (ICANS) (4). The superior ability to kill malignant cells without causing the above drawbacks led to the modification of natural killer (NK) cells with CAR constructs as an alternative cell-based antitumoral therapy. NK cells are large granular cells of the immune system constituting approximately 10–15% of circulating lymphocytes in blood (5). These cells are part of the innate immune system, and consequently kill cancerous and virally infected cells with no prior priming requirement (6, 7).

The surface marker phenotype defining human NK cells within the lymphocyte population is characterized by a lack of CD3 (present in T cells) and expression of CD56, which is a 140-kDa isoform of the neural cell adhesion molecule (NCAM) (8). The inhibitory and activating receptors present in the membrane of NK cells and the integration of signals transmitted by them determines their response (9). Among these receptors, CD16 (FcγRIIIa) triggers the antibody dependent cytotoxicity (ADCC) response, which is a very powerful activating signal (10). In turn, CD57 expression is associated with more mature NK cells, and its expression increases with age and is associated with chronic infection (11). The simultaneous expression of CD57 and NKG2C, an activating receptor that forms heterodimers with CD94 that recognize HLA-E (12), has been associated with a memory-like NK cell population believed to confer resistance to certain viral infections (13).

Functional NK cells can be isolated from whole peripheral adult blood (AB) or umbilical cord blood (CB) by immunomagnetic negative selection (14, 15). However, this approach renders a limited number of cells that are difficult to expand. In order to overcome this limitation CD34+ hematopoietic progenitors from CB or derived from induced pluripotent stem cells (iPSCs) have as well been proposed as alternative sources of functional NK cells (16–20). In addition to primary NK cells, a number of studies use NK-92 cells, an established cell line that has also been approved by the FDA for its use in clinical trials (21). Expansion protocols for the production of large NK cell populations are based on the use of feeder cells and optimized culture media. The presence of naturally expressed or genetically engineered receptors on the membrane of feeder cells promotes the proliferation and activation of NK cells. The most frequently used feeder cells include irradiated PBMCs, Epstein-Barr lymphoblastoid cell line (EBV-LCL) and K562 lymphoblast cells (22, 23). Regarding soluble factors, the addition of the cytokines IL-2 and IL-15 has been repeatedly shown to increase the number of NK cells in vitro. This has inspired the genetic modification of K562 cells to express membrane-bound IL-15 (mIL-15) or IL-21 (mIL-21). The resulting combination of the activating signals naturally provided by the K562 cell line and the co-stimulation triggered by the cytokines has shown to promote NK cell proliferation and expansion of cytotoxic NK cells (22, 24–26). Nevertheless, the relevance of other factors, such as the physicochemical properties of the culture dishes used for NK cell expansion, remain largely unexplored. Electrostatic interactions, including salt-bridges and hydrogen-bonds, are forces that define the biomolecular interplay. Consequently, using materials that have a specific surface potential can significantly influence the reaction of biological materials that come into contact with them. In fact, in order to promote cell adhesion, standard polystyrene cell culture plastic is modified to become negative in aqueous solution (27). In turn, for cells that prefer positive surfaces, polystyrene is generally coated with synthetic polymers, such as poly-D-lysine. While the precise cause of such preference for electrically charged surfaces is unclear, the dielectric nature and ionic conducting properties of the cell membrane (28) would be responsible for the influence of environmental electric cues in cell types that do not typically spread and attach to surfaces, through cell-material contacts or via factor immobilization. For their use in clinical practice NK isolation and expansion protocols that follow GMP (Good Manufacturing Practice) conditions must be followed. These protocols include a number of criteria including the use of closed cell culture systems and certified culture media (29). A commercially available GMP-compliant NK purification system is the CliniMACS Plus device (Miltenyi Biotec), which carries out a two-step purification procedure consisting of CD3+ cell depletion through magnetic immunolabeling followed by CD56+ NK enrichment. A more complex equipment called CliniMACS Prodigy (Miltenyi Biotec), performs, in addition to NK isolation, their expansion. By using this equipment, several groups have optimized NK cell expansion protocols for clinical purposes (30–32).

In the present work we critically explore how the manipulation steps required for the isolation, expansion and storage of NK cells might affect their subsequent clinical use. For this purpose, we have tested the impact of magnetic-assisted cell sorting (MACS) and examined the influence of electrical charge of culture wells, culture media and cryostorage on NK cells. The results show that the MACS isolation method increases the CD16+ population of NK cultures only if the protocols includes both, antibody incubation and passage through the isolation column. When cultured in contact with surfaces with a net charge, NK cells displayed higher proliferation rates on charged surfaces than on non-charged ones, in a process associated with homotypic NK cluster formation. Taken together, our work highlights the importance of several parameters, including the optimization of the isolation, expansion and storage methods, for the improvement of NK cell-based therapies.




2 Materials and methods



2.1 Cell isolation

Peripheral adult blood (AB) and umbilical cord blood (CB) samples from adult healthy individuals were collected, through the Basque Biobank (http://www.biobancovasco.org), with approval from the Basque Committee of Ethics and Clinical Research (number PI2014138) following the criteria of the European Directive 2004/33/EC Annex III. All study subjects were provided written informed consent. Peripheral blood mononuclear cells (PBMCs) from AB (three donors, noted as donor 1 (age 18, male), donor 2 (age 61, male) and donor 3 (age 21, female) and from CB (n=3), were obtained by density gradient using Ficoll Paque Plus (GE Healthcare). Next, peripheral blood NK cells (AB-NK) and cord blood NK cells (CB-NK) were purified using the ‘NK Cell Isolation Kit’ (130-092-657, Miltenyi Biotec), following the protocol described previously in (33). Briefly, 1x107 PBMCs were sequentially incubated with the supplied cocktail of biotin-conjugated antibodies not expressed by NK cells (‘NK Cell Biotin-Antibody Cocktail’) and with the magnetic microbeads conjugated with the secondary antibodies (‘NK Cell MicroBead Cocktail’). Next, the suspension of labelled cells was added to the isolation column and the flow-through, containing the NK-enriched cell population, was collected. In the experiments conducted to determine the impact of the isolation process on NK cell activation, different quantities of the biotin-conjugated antibodies were used.




2.2 Culture conditions

Non-poled and poled β-PVDF films (PolyK Technologies), allowing to obtain average zero surface charge (non-poled; average surface potential 0V) and average positive or negative surface charge (poled; average surface potential of 6V and -4V, respectively) (34), were cut into 14 mm diameter circles and sterilized by immersion in 70% ethanol, PBS and sterile water for 5 minutes each. AB-NK and CB-NK cells were plated at a density of 5x105 and  2x106 cells per milliliter, respectively, onto 24-well ultra low attachment plates (Merck) where the different PVDF films were previously placed. As a control we used glass coverslips. Two different culture media were used: “Custom NK medium” composed of RPMI 1640 (Gibco) containing 10% human AB serum (Innovative Research), 1% penicillin/streptomycin (Gibco), 1% GlutaMAX (Gibco), 500 U/ml IL-2 and 20 ng/ml IL-15 and “NK medium” composed of NK MACS medium (Miltenyi Biotec) with 1% NK MACS supplement, 5% human AB serum (Innovative Research), and 500 U/ml IL-2 (Miltenyi Biotec). In turn, NK92 cells (ATCC, CRL-2407) were cultured at 3x105 cells per milliliter using Myelocult H5100 (STEMCELLS) containing 12,6% horse serum (Gibco) and 100 IU/ml human IL-2 (Miltenyi Biotec).

Images of the cultures were taken at days 1, 7, 14 and 21, using a Leica Microsystems DMi8 inverted microscope. These images were used to estimate the number of aggregates and their projected area using ImageJ. For cell counting cell clusters were mechanically disaggregated, and the cultures were subsequently discarded.




2.3 Flow cytometry and immunofluorescence

For flow cytometry analysis, cells were washed with PBS containing 10% FBS and incubated for 30 minutes at 4°C for labeling with anti-CD3-FITC (BD Biosciences, clone OKT3), anti-CD56-PE (Miltenyi Biotec, clone MEM-188), anti-CD57-APC (Biolegend, clone NK-1), anti-CD16-BV421 (BD Biosciences, clone 3G8), anti-NKG2C-BV510 (BD Biosciences, clone 134591) and 7AAD. For each sample, 100.000 events were recorded using a FACS Canto II cytometer (BD Bioscience). Cell populations were analyzed using FlowJo v.X.0.7 (TreeStar Inc.). Viability of thawed CB-NK cells was quantified using the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen) following the manufacturer’s instructions.




2.4 NK cells cryopreservation, thawing and functionality

CB-NK cells were cryopreserved using a freezing medium consisting of 50% Plasmalyte (Baxter International Inc.), 40% human AB serum and 10% DMSO (Thermo Scientific) at 2x106 cells per ml per vial. NK cells were thawed in a bath at 37°C, centrifuged at 362g for 5 minutes and resuspended in “NK medium”. The next day, cells’ viability was checked by flow cytometry. In order to test their functionality, thawed CB-NK cells were co-cultured with K562 target cells at a ratio of 1:1 in a 24-well plate for 4 h at 37°C. At the beginning of the assay, anti-CD107a-BV421 (BD Biosciences, clone H4A3) was added in order to detect the degranulation activity of the effector cells against the target cells. Golgi Stop (BD Biosciences) (monensin) was added following the manufacturer’s protocol. After the incubation, cells were collected, washed, and labeled with anti-CD3-PerCP/Cy5.5 (Biolegend, clone SK7), anti-CD56-APC (Miltenyi Biotec, clone REA196) and analyzed using flow cytometry. Degranulating NK cells, characterized by the expression of CD107a were determined in the CD56+/CD3− cell population.




2.5 Statistical analysis

Statistical differences were evaluated using GraphPad Prism 6 (GraphPad Software, Inc.) with paired Student’s t-test.





3 Results

Natural killer (NK) cells are powerful effector cells that can be induced to selectively target tumor cells using CAR constructs (14). These therapies have already shown great potential for the treatment of hematological cancers, and once some challenges are resolved, they will certainly be an effective approach for the treatment of solid malignancies. In the following, we critically analyze a number of factors that, although classically neglected, can potentially influence the antitumor activity of NK cells.



3.1 NK cell isolation

The most widely used method to isolate NK cells from blood is the magnetic immunolabeling of non-NK cells for their depletion using a separation column placed in a magnetic field. Although this technique results in high NK enrichment rates, as revealed by CD56+/CD3- cytometry analysis (Figure 1), it has been suggested that the isolation process increases the expression of the surface markers CD57, NKG2C, and CD16 in the NK cells (13). To clarify how this cell activation occurs and determine its persistence over time, we have performed a series of experiments in which different steps of the isolation procedure were omitted and the effect on the cells was estimated using flow cytometry. Firstly, we performed the isolation procedure with different quantities of the biotin-conjugated antibodies not expressed by NK cells (‘NK Cell Biotin-Antibody Cocktail’) and analyzed the presence of CD16+ cells in the resulting population. The results show a consistent increase in the CD16+ population in all samples isolated with antibodies, with a slight increase at higher antibody concentrations (Figure 2A). Nevertheless, the addition of an antibody different to the supplied with the isolation kit did not result in an increased number of CD16+ cells (Figure 2A). We further tested whether NK cells could be activated just by their passage through the isolation column. No change in the resulting CD16+ population was observed. The results reveal that without isolation column, the antibody-dependent activation does not occur, and the CD16+ population remains similar before and after the manipulation (Figure 2B). The activated state obtained with the full isolation protocol persists over the next few days, remaining the CD16+ population in the cultures that were subjected to the complete isolation protocol (100% antibody mix and column) larger than in the other conditions for at least 3 days (Figure 2C).




Figure 1 | AB-NK cell labelling and gating strategy. Flow-cytometry gating strategy for AB-NK cells. (A) SSC-A and FSC-A were used to select the lymphocyte population; (B) FSC-H and 7AAD conjugated to PerCP-Cyanine5.5 were used to identify live cells; (C) FSC-H and FSC-A were used to select single cells; cell-surface markers CD3 (D) and CD56 (E) conjugated to the fluorescent dyes FITC and PE-Cy7 respectively, were used to sequentially identify NK cells; CD16 (cytotoxic NK), CD57 (mature NK), and NKG2C (active NK) conjugated to the fluorescent dyes Pacific Blue, Allophycocyanin (APC) and AmCyan respectively, were used to identify different NK cell populations.






Figure 2 | Impact of NK isolation on cell activation. (A) CD56+/CD16+ population resulting from the NK isolation protocol using isolation column and increasing amounts of antibody mix or an unspecific antibody. (B) CD56+/CD16+ population resulting from the incubation with antibodies without passaging the cells through the isolation column. (C) Comparison of the percentage of the CD56+/CD16+ NK population at different timepoints after the isolation. Results are expressed as mean ± SD (n=3). Statistical differences were analyzed by paired Student’s t-test. # indicates p-value<0.1.



The established NK cell line NK-92 is used as an alternative to primary NK cells in both research and cancer immunotherapy (35). Although for their use NK-92 cells are not necessarily isolated using immunolabelling, we further investigated the effects of the isolation procedure on these cells (Supplementary Figure 1). Unlike AB-NK cells, NK-92 are insensitive to all conditions tested and the CD16+ population remains very low regardless of the procedure (Supplementary Figure 2).




3.2 Cell expansion

For NK cell expansion we have tested two different culture media, one based on RPMI 1640 with 500 U/ml IL-2 and 20 ng/ml IL-15, a medium classically used to culture human lymphocytes (hereby called “Custom NK medium”), and a media commercialized by Miltenyi Biotec (NK MACS medium with 500 U/ml IL-2, hereby called “NK medium”). Independently of the media used, over 50% of the initially plated AB-NK cells were lost during the first 24 hours (Figure 3A). Nevertheless, over the next 7 days the number of NK cells increased in both media, displaying a significantly faster proliferation rate in “NK medium” (Figure 3B). Specifically, in this medium, cell number approximately increased by 10-fold after 21 days, while in “Custom NK medium” the number of NK cells just doubled in the same period (Figure 3B). The expression of surface markers in NK cells expanded using either media did not display significant differences after 21 days in culture (Figure 3C). CB-NK cells cultured with “Custom NK medium” and “NK medium” exhibited similar trends, being however their proliferation significantly faster. Specifically, cultures with “Custom NK medium” reached nearly 5x106 NK cells at day 21, while cultures with “NK medium” reached cell counts up to 60x106 cells in the worst case and 360x106 cells in the best case. In terms of fold change, this indicates an average increase of 120-fold at day 21 of culture for CB-NK cells cultured with “NK medium” (Figure 3D). In turn, compared with AB-NK cells, the number of NK-92 cells did not decrease 24 hours after plating (Figure 3E) and their growth curves displayed minimal variations between experiments (black lines in Figure 3F). Surface marker analysis reveals a residual population of CD16+ and CD57+ cells in the cultures with NK-92 after 21 days in culture (Figure 3G).




Figure 3 | NK cell expansion. (A) After 24 hours culture AB-NK cell number is strongly reduced using “Custom NK medium” (white bars) or “NK medium” (grey bars). (B) Growth curves and average growth (red curves) of AB-NK cultured using “Custom NK medium” (left panel) and “NK medium” (right panel). (C) Flow cytometry analysis reveals no differences in the expression of surface markers in AB-NK cells expanded using either media. (D) Growth curves of CB-NK cells cultured using “Custom NK medium” and “NK medium”. (E) A majority of NK-92 cells remain alive 24 hours after seeding. (F) Growth curves of 3 independent experiment of NK-92 and average growth (red curves). (G) Marker expression after NK-92 expansion analyzed by flow cytometry. All of results are expressed as mean ± SD (n=3). Statistical differences were analyzed by paired Student’s t-test. * indicates p-value<0.05.



It has been proposed that homotypic cell clustering favors NK proliferation via a mechanism called trans-presentation (36). To test whether the increased proliferation displayed by AB-NK cells in “NK medium” is related with this process, we quantified the impact of a weekly mechanical disaggregation of the clusters that form in the cultures (Figure 4A). Initially, we examined the variation in the proliferation rate between disaggregated and intact cultures. However, after conducting a paired Student’s t-test, we found no statistically significant differences (Figure 4B). Next, we analyzed the dynamics of NK cell clustering by quantifying the number of clusters and the projected area covered by them over the culture time. Using “Custom NK medium”, we observed an increase in the number and average size of the clusters during the first weeks of culture and a decrease at day 21 (Figure 4C). Similarly, in “NK medium” AB-NK cells displayed a peak in cluster size after approximately 2 weeks culture (Figure 4D). However, in this case the cluster count did not decline during the three-week period that was analyzed (Figure 4D). Regarding NK-92 cells, clusters grow larger over time, but their number decreases after 7 days of culture, perhaps due to the aggregation of smaller clusters into larger ones (Figure 4E). Regarding NK-92 cluster disaggregation did not show statistically significant changes on fold expansion or in the expression of surface markers (Figures 4F, G).




Figure 4 | Analysis of NK cluster formation. (A) Representative images of AB-NK clusters in “Custom NK medium” (left image) and “NK medium” (right image) after 14 days culture. (B) AB-NK cell count after 21 days culture with and without weekly disaggregation of clusters using “Custom NK medium” (left panel) or “NK medium” (right panel). Average AB-NK cluster number (left panels) and size (right panels) over time using “Custom NK medium” (C) or “NK medium” (D). (E) Average number and size of clusters formed in NK-92 cultures over time. (F) Impact of cluster disaggregation in NK-92 cultures. (G) Analysis of surface marker expression of NK-92 cultures with and without disaggregation. Results are expressed as mean ± SD (n=3). In (C–E) red line represents the average value. Scale bar in A represents 400 μm.






3.3 Surface charge

The impact of the physicochemical properties of the microenvironment on lymphocytes remains largely undescribed. However, properties such as the surface potential of the materials used in cell culture are determinant of cell response (37). It is hypothesized that surface charge may also affect non-adhering cells due to the long-range electrostatic interactions, via factor immobilization that might impact their biological activity or via short-term cell-substrate contacts. To study the effect of the surface potential of the culture containers on AB-NKs, cells were seeded on polarized and non-polarized PVDF discs with net positive (6V), negative (-4V) or neutral (0V) surface charge (34), and cultured using “Custom NK medium” or “NK medium” for 21 days. Results show an increase in AB-NK cell proliferation in those cultures using “Custom NK medium” that included a PVDF surface with a net charge, either positive or negative, compared to the corresponding control cultures (Figure 5A, top panel). Nevertheless, these changes were not as evident when cells were cultured using “NK medium” (Figure 5B, top panel) and were not observed in NK-92 cell cultures (Figure 5C, top panel).




Figure 5 | Effect of surface potential on NK proliferation and phenotype. Growth of AB-NK cells with “Custom NK medium” (A) and “NK medium” (B) in contact with PVDF of different polarities (top panels) and surface marker analysis after cell expansion (bottom panels). (C) Growth of NK-92 in contact with PVDF of different polarities (top panel) and surface marker analysis after cell expansion (bottom panel). Results are expressed as mean ± SD (n=3).



We further analyzed the expression of surface markers related with cytotoxicity (CD16), maturation (CD57) and activation (NKG2C) in CD56+ NK cells after 21 days culture in contact with PVDF surfaces with different surface potentials. AB-NK cultures using “Custom NK medium”, and NK-92 cultures in contact with electrically charged or neutral PVDF displayed no significant changes in the expression of the above-mentioned markers (Figures 5A, C, bottom panels). In turn, using “NK medium”, the NKG2C+ population was slightly larger in cultures in contact with poled PVDF. A similar trend was observed for the CD57+ and CD16+ populations (Figure 5B, bottom panel).

We further analyzed the dynamics of NK cluster formation in the presence of polarized PVDF surfaces. In case of “Custom NK medium”, the higher proliferation rate of AB-NKs on positive and negative surfaces was accompanied by an increased number of clusters (Figures 6A, D), which, as it was the case of the control conditions, displayed a peak size between 7 and 14 days of culture. In turn, these cells cultured with “NK medium” and NK-92 cultures displayed no differences between the different conditions (Figures 6B, C and Supplementary Figures 3-6).




Figure 6 | NK clustering in presence of different surface charges. Cluster number and average size of AB-NK cells cultured on surfaces with a net positive, negative or neutral charge using “Custom NK medium” (A) or “NK medium” (B). (C) Cluster formation and average size of the clusters in NK-92 cultures. Results are expressed as mean ± SD (n=3). (D) Representative images of AB-NK and NK-92 clusters after 14 days culture. Scale bar represents 400 µm.



For their use as an off-the-shelf product, after their expansion NK cells should be cryopreserved. We therefore analyzed the impact of freezing using a medium composed of Plasmalyte, human serum and DMSO (13) on CB-NK cell survival and functionality. Upon thawing, CB-NK cells exhibited a viability of 68%, compared to the 88.7% viability found in the fresh culture (Figure 7A). Next, we incubated the cells before and after the cryostorage with K562 target cells (ratio 1:1) and analyzed the expression of CD107a, a marker of degranulation. Although no statistical differences were found, the expression was slightly higher in thawed cells than in fresh ones (Figure 7B).




Figure 7 | NK cell cryopreservation. (A) Percentage of viability of CB-NK cells before and after their cryopreservation. (B) Flow cytometry analysis of the functionality of fresh and thawed CB-NK cells measured by degranulation assay against K562 target cells. Results expressed as mean ± SD (n=3).







4 Discussion

Natural killer (NK) cells represent a promising approach for allogenic CAR immunotherapy thanks to their ability to kill cancer cells and their low tendency to provoke graft-versus-host disease. Nevertheless, their low count in blood, representing around 10% of all lymphocytes, and limited expandability are significant challenges for developing off-the-shelf CAR-NK therapies. In this context, progress towards reducing batch-to-batch variability and enhancing number and functionality of isolated NK cells is essential. With this in mind, in the current work, we have conducted a thorough analysis of the effects of all necessary manipulation steps required for the clinical application of NK cells, namely isolation, expansion and storage, and examined the mechanisms underlying the observed cellular response.

In general terms, large differences are found in the results obtained using AB-NK cells from different donors, which, together with the replicability of the experiments with cells from the same source (same donor or NK-92 cells), indicates donor-to-donor variability as a likely cause. Several studies have investigated the impact of donor characteristics on NK cell function. For instance, it has been observed that the overall NK cell count grows with age. Indeed, the percentage of CD56bright NK cells, that is the subpopulation of NK cells that displays large amounts of CD56 marker and produce high levels of inflammatory cytokines, increases. In turn, the CD56dim subpopulation, which displays low amounts of CD56 and contain abundant lytic granules, decreases (38–40), ascribed to an age-related decline in IL-2 expression (41). It has been also suggested that NKs from older donors display lower cytotoxicity (42). Another potential source of variability is the sex of the donor. Although the mechanisms are not completely understood, it has been shown that in males the antiviral activity of these cells is impaired (43).

NK cells express a number of activating, co-stimulatory and inhibitory receptors that regulate their activity. One of these receptors is CD16 (also known as Fc-gamma receptor IIIa or FcγRIIIa), which binds to the Fc-region of antibodies and promotes antibody-dependent cell-mediated cytotoxicity (ADCC). ADCC has been identified in a number of cells of the innate immune system, but is of particular importance in NK cells because they do not express the inhibitory FcγRIIb isoform (44, 45). Our results show that the antibodies used during the isolation of NK cells from blood, cause the increase of the population of CD16+ cells, probably through a mechanism that requires a high density of antibodies in a specific arrangement in order to take place (46). This may explain the inability of non-specific and therefore unbound antibodies and the need for passage through the column for ADCC NK cell activation. In turn, only a small proportion of NK-92 cells express CD16 (47) and consequently these cells are not activated via antibodies. Other alternatives for NK isolation that do not require antibodies, such as microfluidic systems, which have already proven to be efficient in high-resolution separation and sorting of blood cells down to the single-cell level (48), could be used to avoid this activation for those applications that require uncommitted cells.

The resting potential, which refers to the electrical potential difference across the plasma membrane, is recognized as one of the physico-chemical properties of cancer cells that can affect the function of NK cells (49). Our experiments did not discover significant changes in the surface marker fingerprint of NK cells cultured on surfaces with distinct net electric charges/potential, however, we observed an increased proliferation rate in NK cells cultured with “Custom NK medium” and in contact with PVDF surfaces with a net electric charge. Multicellular cluster formation is known to potentiate IL-2-driven activation of NK cells, and consequently promote their survival and proliferation (47). Our experiments confirm the correlation between increased cluster formation and higher cell expansion, and further establish a link of the process with the surface potential of the physical microenvironment where the cells reside (49). In fact, in vivo, NK clustering occurs in the lymph nodes (50), an environment characterized by the accumulation of negatively charged glycosaminoglycans (51). The observed dependency of the in vitro clustering process on the culture medium used, suggests that further molecular mechanisms might be involved. Additionally, disaggregation experiments show that careful cell handling and the promotion of homotypic cell clustering by engineering the culture microenvironment, represents an appropriate strategy to support NK cell expansion. However, it should be noted that having more proliferative cells, and thus a greater number of cells, is beneficial, as long as their functionality is not compromised by the expansion. However, it is known that not all NK cell subtypes are equally effective against cancer cells. For example, studies have indicated that the NK cell subsets most successful in fighting acute lymphoblastic leukaemia (ALL) expressed NKG2A, while NK cells expressing CD57 and/or KIR demonstrated greater efficacy against acute myeloid leukaemia (AML) (52).

For their use as an off-the-shelf product, after their expansion NK cells should be stored until their infusion. Here, we tested the impact of cryopreservation of NK cell functionality. Interestingly, the degranulation of previously cryopreserved NK cells was higher than that of fresh NK cells. Previous investigations have shown a good recovery of NK cells activity after freezing (53), being however their ability to kill tumor cells of solid malignancies impaired by their reduced migration capacity (54). Although the reason for the improved degranulation of thawed CB-NKs is not clear, it is possible that the process of freeze-thawing has selected the most active NK cells.




5 Conclusions and outlook

In recent years the development of new off-the-shelf NK-based approaches for cancer treatment has gained momentum. Nevertheless, the production of such cell treatments still encounters a number of limitations that need to be addressed before their widespread use in clinical practice. In the present work, we have critically examined a number of elements of the initial steps of NK handling that are required for their application. While the statistical analysis of some of these factors is impaired by the large inter-donor variability, our results point to an effect of the isolation method, culture media, cell clustering and surface charge on NK cell activity. Specifically, we observed that immunomagnetic NK separation leads to activation of NK cells and, although the complete elimination of antibodies from the isolation procedure might not be possible, it is important to note that such activation occurs and could affect downstream NK functions. With respect to surface charge, further experiments should decipher the mechanism by which surface potential enhances expansion of NK cells in “Custom NK medium” to exploit this and further enhance the already superior expansion obtained with “NK medium”. This may also help to understand the molecular mechanism by which NK cell clustering occurs, and thereby promote it and increase the rate of NK expansion.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

Blood samples were collected through the Basque Biobank (http://www.biobancovasco.org) in accordance with a protocol approved by the Basque Committee of Ethics and Clinical Research (number PI2014138).





Author contributions

SM-I and LH carried out the experiments. SS, and MV and CE participated in the planning of the experiments and in the analysis of the results. SL-M and US conceived the experiments, analyzed the results and supervised the work. All authors contributed to the final version of the manuscript.





Funding

This work was supported by the Basque Government Health Department (Grants 2019111068, 2020111058, 2020333032 and 2021333012) and Economic Development and Infrastructures Department (KK-2020/00068), EITB Maratoia (BIO21/COV/030), Instituto de Salud Carlos III and co-funded by European Union (ERDF) “A way to make Europe” (projects PI18/01299 and PI21/01187), Instituto de Salud Carlos III and co-funded by European Union (NextGenerationEU, ICI21/00095), RICORS: (RD21/00017/0024) Red Española de Terapias Avanzadas TERAV - Instituto de Salud Carlos III, AECC: IDEAS222909EGUI, Red de Inmunoterapia del Cancer “REINCA” (RED2022-134831-T) funded by the Spanish Ministry of Science and Innovation (PID2019-106099RB-C43/AEI/10.13039/501100011033) and from the Basque Government Education Department under the IKUR strategy. S.M.I. was supported by the Jesus Gangoiti Barrera Foundation and by a scholarship of the Basque Government. L.H. was supported by the Jesus Gangoiti Barrera Foundation, “Asociación Española contra el Cáncer” (AECC) and Fundación Mutua Madrileña (AP176182020).




Acknowledgments

We thank Gonzalo Álvarez-Pérez for his assistance with the statistical analysis.





Conflict of interest

The 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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1225549/full#supplementary-material




References

1. Schuster, SJ, Svoboda, J, Chong, EA, Nasta, SD, Mato, AR, Anak, Ö, et al. Chimeric antigen receptor T cells in refractory B-cell lymphomas. N Engl J Med (2017) 377:2545–54. doi: 10.1056/NEJMOA1708566

2. Fowler, NH, Dickinson, M, Dreyling, M, Martinez-Lopez, J, Kolstad, A, Butler, J, et al. Tisagenlecleucel in adult relapsed or refractory follicular lymphoma: the phase 2 ELARA trial. Nat Med (2022) 28:325–32. doi: 10.1038/S41591-021-01622-0

3. Geyer, MB, and Brentjens, RJ. Review: Current clinical applications of chimeric antigen receptor (CAR) modified T cells. Cytotherapy (2016) 18:1393–409. doi: 10.1016/J.JCYT.2016.07.003

4. Zahid, A, Siegler, EL, and Kenderian, SS. CART cell toxicities: new insight into mechanisms and management. Clin Hematol Int (2020) 2:149. doi: 10.2991/CHI.K.201108.001

5. Yokoyama, WM, Kim, S, and French, AR. The dynamic life of natural killer cells. Annu Rev Immunol (2004) 22:405–29. doi: 10.1146/ANNUREV.IMMUNOL.22.012703.104711

6. Lanier, LL, Phillips, JH, Hackett, J, Tutt, M, and Kumar, V. Natural killer cells: definition of a cell type rather than a function. J Immunol (1986) 137:2735–39. doi: 10.4049/jimmunol.137.9.2735

7. Kiessling, R, Klein, E, Pross, H, and Wigzell, H. “Natural” killer cells in the mouse. II. Cytotoxic cells with specificity for mouse Moloney leukemia cells. Characteristics of the killer cell. Eur J Immunol (1975) 5:117–21. doi: 10.1002/EJI.1830050209

8. Lanier, LL, Testi, R, Bindl, J, and Phillips, JH. Identity of Leu-19 (CD56) leukocyte differentiation antigen and neural cell adhesion molecule. J Exp Med (1989) 169:2233–38. doi: 10.1084/JEM.169.6.2233

9. Lanier, LL. NK cell recognition. Annu Rev Immunol (2005) 23:225–74. doi: 10.1146/ANNUREV.IMMUNOL.23.021704.115526

10. Long, EO, Sik, KH, Liu, D, Peterson, ME, and Rajagopalan, S. Controlling natural killer cell responses: integration of signals for activation and inhibition. Annu Rev Immunol (2013) 31:227–58. doi: 10.1146/ANNUREV-IMMUNOL-020711-075005

11. Nielsen, CM, White, MJ, Goodier, MR, and Riley, EM. Functional significance of CD57 expression on human NK cells and relevance to disease. Front Immunol (2013) 4:422. doi: 10.3389/FIMMU.2013.00422

12. Lauterbach, N, Wieten, L, Popeijus, HE, Voorter, CEM, and Tilanus, MGJ. HLA-E regulates NKG2C+ natural killer cell function through presentation of a restricted peptide repertoire. Hum Immunol (2015) 76:578–86. doi: 10.1016/J.HUMIMM.2015.09.003

13. Herrera, L, Martin-Inaraja, M, Santos, S, Inglés-Ferrándiz, M, Azkarate, A, Perez-Vaquero, MA, et al. Identifying SARS-CoV-2 “memory” NK cells from COVID-19 convalescent donors for adoptive cell therapy. Immunology (2022) 165:234–49. doi: 10.1111/IMM.13432

14. Herrera, L, Juan, M, and Eguizabal, C. Purification, culture, and CD19-CAR lentiviral transduction of adult and umbilical cord blood NK cells. Curr Protoc Immunol (2020) 131(1):e108. doi: 10.1002/CPIM.108

15. Herrera, L, Santos, S, Vesga, MA, Anguita, J, Martin-Ruiz, I, Carrascosa, T, et al. Adult peripheral blood and umbilical cord blood NK cells are good sources for effective CAR therapy against CD19 positive leukemic cells. Sci Rep (2019) 9(1):18729. doi: 10.1038/s41598-019-55239-y

16. Eguizabal, C, Zenarruzabeitia, O, Monge, J, Santos, S, Vesga, MA, Maruri, N, et al. Natural killer cells for cancer immunotherapy: pluripotent stem cells-derived NK cells as an immunotherapeutic perspective. Front Immunol (2014) 5:439. doi: 10.3389/fimmu.2014.00439

17. Hanna, J, Wernig, M, Markoulaki, S, Sun, CW, Meissner, A, Cassady, JP, et al. Treatment of sickle cell anemia mouse model with iPS cells generated from autologous skin. Science (2007) 318(5858):1920–23. doi: 10.1126/science.1152092

18. Raya, A, Rodríguez-Pizà, I, Guenechea, G, Vassena, R, Navarro, S, Barrero, MJ, et al. Disease-corrected haematopoietic progenitors from Fanconi anaemia induced pluripotent stem cells. Nature (2009) 460(7251):53–9. doi: 10.1038/nature08129

19. Amabile, G, Welner, RS, Nombela-Arrieta, C, D'Alise, AM, Di Ruscio, A, Ebralidze, AK, et al. In vivo generation of transplantable human hematopoietic cells from induced pluripotent stem cells. Blood (2013) 121(8):1255–64. doi: 10.1182/blood-2012-06-434407

20. Euchner, J, Sprissler, J, Cathomen, T, Fürst, D, Schrezenmeier, H, Debatin, K-M, et al. Natural killer cells generated from human induced pluripotent stem cells mature to CD56brightCD16+NKp80+/-in-vitro and express KIR2DL2/DL3 and KIR3DL1. Front Immunol (2021) 12:640672. doi: 10.3389/fimmu.2021.640672

21. Iingemann, H, Boissel, L, and Toneguzzo, F. Natural killer cells for immunotherapy – advantages of the NK-92 cell line over blood NK cells. Front Immunol (2016) 7:91. doi: 10.3389/fimmu.2016.00091

22. Ojo, EO, Sharma, AA, Liu, R, Moreton, S, Checkley-Luttge, MA, Gupta, K, et al. Membrane bound IL-21 based NK cell feeder cells drive robust expansion and metabolic activation of NK cells. Sci Rep (2019) 9:1–12. doi: 10.1038/s41598-019-51287-6

23. Sánchez-Martínez, D, Azaceta, G, Muntasell, A, Aguiló, N, Núñez, D, Gálvez, EM, et al. Human NK cells activated by EBV+ lymphoblastoid cells overcome anti-apoptotic mechanisms of drug resistance in haematological cancer cells. Oncoimmunology (2015) 4:e991613. doi: 10.4161/2162402X.2014.991613

24. Fernández, A, Navarro-Zapata, A, Escudero, A, Matamala, N, Ruz-Caracuel, B, Mirones, I, et al. Optimizing the procedure to manufacture clinical-grade NK cells for adoptive immunotherapy. Cancers (2021) 13(3):577. doi: 10.3390/cancers13030577

25. Fujisaki, H, Kakuda, H, Shimasaki, N, Imai, C, Ma, J, Lockey, T, et al. Expansion of highly cytotoxic human natural killer cells for cancer cell therapy. Cancer Res (2009) 69(9):4010–7. doi: 10.1158/0008-5472.CAN-08-3712

26. Wang, X, Lee, DA, Wang, Y, Wang, L, Yao, Y, Lin, Z, et al. Membrane-bound interleukin-21 and CD137 ligand induce functional human natural killer cells from peripheral blood mononuclear cells through STAT-3 activation. Clin Exp Immunol (2013) 172(1):104–12. doi: 10.1111/cei.12034

27. Amstein, CF, and Hartman, PA. Adaptation of plastic surfaces for tissue culture by glow discharge. J Clin Microbiol (1975) 2:46–54. doi: 10.1128/JCM.2.1.46-54.1975

28. Park, I, Lim, JW, Kim, SH, Choi, S, Ko, KH, Son, MG, et al. Variable membrane dielectric polarization characteristic in individual live cells. J Phys Chem Lett (2020) 11:7197–203. doi: 10.1021/acs.jpclett.0c01427

29. Siegler, U, Meyer-Monard, S, Jörger, S, Stern, M, Tichelli, A, Gratwohl, A, et al. Good manufacturing practice-compliant cell sorting and large-scale expansion of single KIR-positive alloreactive human natural killer cells for multiple infusions to leukemia patients. Cytotherapy. (2010) 12(6):750–63. doi: 10.3109/14653241003786155

30. Oberschmidt, O, Morgan, M, Huppert, V, Kessler, J, Gardlowski, T, Matthies, N, et al. Development of automated separation, expansion and quality control protocols for clinical-scale manufacturing of primary human NK cells and alpharetroviral chimeric antigen receptor engineering. Hum Gene Ther Methods (2019) 30(3):102–20. doi: 10.1089/hgtb.2019.039

31. Klöß, S, Oberschmidt, O, Morgan, M, Dahlke, J, Arseniev, L, Huppert, V, et al. Optimization of human NK cell manufacturing: fully automated separation, improved ex vivo expansion using IL-21 with autologous feeder cells, and generation of anti-CD123-CAR-expressing effector cells. Hum Gene Ther (2017) 28(10):897–913. doi: 10.1089/hum.2017.157

32. Granzin, M, Soltenborn, S, Müller, S, Kollet, J, Berg, M, Cerwenka, A, et al. Fully automated expansion and activation of clinical-grade natural killer cells for adoptive immunotherapy. Cytotherapy (2015) 17(5):621–32. doi: 10.1016/j.jcyt.2015.03.611

33. Herrera, L, Santos, S, Vesga, MA, Carrascosa, T, Garcia-ruiz, JC, Pérez-martínez, A, et al. The race of CAR therapies: CAR-NK cells for fighting B-cell hematological cancers. Cancers (Basel) (2021) 13(21):5418. doi: 10.3390/CANCERS13215418

34. Carvalho, EO, Fernandes, MM, Padrao, J, Nicolau, A, Marqués-Marchán, J, Asenjo, A, et al. Tailoring bacteria response by piezoelectric stimulation. ACS Appl Mater Interfaces. (2019) 11(30):27297–305. doi: 10.1021/acsami.9b05013

35. Kotzur, R, Duev-Cohen, A, Kol, I, Reches, A, Mandelboim, O, and Stein, N. NK-92 cells retain vitality and functionality when grown in standard cell culture conditions. PloS One (2022) 17:e0264897. doi: 10.1371/journal.pone.0264897

36. Kim, M, Kim, TJ, Kim, HM, Doh, J, and Lee, KM. Multi-cellular natural killer (NK) cell clusters enhance NK cell activation through localizing IL-2 within the cluster. Sci Rep (2017) 7:40623. doi: 10.1038/SREP40623

37. Ribeiro, S, Ribeiro, C, Martins, VM, Honoré, B, Neves-Petersen, MT, Gomes, AC, et al. Understanding myoblast differentiation pathways when cultured on electroactive scaffolds through proteomic analysis. ACS Appl Mater Interfaces (2022) 14(22):26180–93. doi: 10.1021/acsami.2c03444

38. Sansoni, P, Cossarizza, A, Brianti, V, Fagnoni, F, Snelli, G, Monti, D, et al. Lymphocyte subsets and natural killer cell activity in healthy old people and centenarians. Blood (1993) 82(9):2767–73. doi: 10.1182/blood.V82.9.2767.2767

39. Mariani, E, Monaco, MCG, Cattini, L, Sinoppi, M, and Facchini, A. Distribution and lytic activity of NK cell subsets in the elderly. Mech Ageing Dev (1994) 76:177–87. doi: 10.1016/0047-6374(94)91592-X

40. Gounder, SS, Abdullah, BJJ, Radzuanb, NEIBM, Zain, FDBM, Sait, NBM, Chua, C, et al. Effect of aging on NK cell population and their proliferation at ex vivo culture condition. Anal Cell Pathol (Amst) (2018) 2018:7871814. doi: 10.1155/2018/7871814

41. Pahlavani, MA, and Richardson, A. The effect of age on the expression of interleukin-2. Mech Ageing Dev (1996) 89:125–54. doi: 10.1016/0047-6374(96)01725-3

42. Brauning, A, Rae, M, Zhu, G, Fulton, E, Admasu, TD, Stolzing, A, et al. Aging of the immune system: focus on natural killer cells phenotype and functions. Cells (2022) 11(6):1017. doi: 10.3390/CELLS11061017

43. Cheng, MI, Riggan, L, Li, JH, Tafti, RY, Chin, S, Ma, F, et al. Sex differences in NK cells mediated by the X-linked epigenetic regulator UTX. bioRxiv (2022) 489076. doi: 10.1101/2022.04.21.489076

44. Sondel, PM, and Alderson, KL. Clinical cancer therapy by NK cells via antibody-dependent cell-mediated cytotoxicity. J BioMed Biotechnol (2011) 2011:379123. doi: 10.1155/2011/379123

45. Monnet, C, Jorieux, S, Souyris, N, Zaki, O, Jacquet, A, Fournier, N, et al. Combined glyco- and protein-Fc engineering simultaneously enhance cytotoxicity and half-life of a therapeutic antibody. MAbs (2014) 6(2):422–36. doi: 10.4161/MABS.27854

46. Murin, CD. Considerations of antibody geometric constraints on NK cell antibody dependent cellular cytotoxicity. Front Immunol (2020) 11:1635/BIBTEX. doi: 10.3389/FIMMU.2020.01635/BIBTEX

47. Maki, G, Klingemann, HG, Martinson, JA, and Tam, YK. Factors regulating the cytotoxic activity of the human natural killer cell line, NK-92. J Hematother Stem Cell Res (2001) 10(3):369–83. doi: 10.1089/152581601750288975

48. Laxmi, V, Joshi, SS, and Agrawal, A. Extracting white blood cells from blood on microfluidics platform: a review of isolation techniques and working mechanisms. J Micromechanics Microengineering (2022) 32:053001. doi: 10.1088/1361-6439/AC586E

49. Stevenson, D, Binggeli, R, Weinstein, RC, Keck, JG, Lai, MC, and Tong, MJ. Relationship between cell membrane potential and natural killer cell cytolysis in human hepatocellular carcinoma cells. Cancer Res (1989) 49(17):4842–5.

50. Bajénoff, M, Breart, B, Huang, AY, Qi, H, Cazareth, J, Braud, VM, et al. Natural killer cell behavior in lymph nodes revealed by static and real-time imaging. J Exp Med (2006) 203(3):619–31. doi: 10.1084/jem.20051474

51. McLennan, DN, Porter, CJ, and Charman, SA. Subcutaneous drug delivery and the role of the lymphatics. Drug Discovery Today Technol (2005) 2(1):89–96. doi: 10.1016/j.ddtec.2005.05.006

52. Makanga, DR, Da Rin de Lorenzo, F, David, G, Willem, C, Dubreuil, L, Legrand, N, et al. Genetic and molecular basis of heterogeneous NK cell responses against acute leukemia. Cancers (Basel) (2020) 12(7):1927. doi: 10.3390/cancers12071927

53. 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 cell (NK) activity in 51Cr-release and CD107a assays. J Immunol Methods (2014) 406:1. doi: 10.1016/J.JIM.2014.01.017

54. Mark, C, Czerwinski, T, Roessner, S, Mainka, A, Hörsch, F, Heublein, L, et al. Cryopreservation impairs 3-D migration and cytotoxicity of natural killer cells. Nat Commun (2020) 11(1):5224. doi: 10.1038/s41467-020-19094-0




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Martin-Iglesias, Herrera, Santos, Vesga, Eguizabal, Lanceros-Mendez and Silvan. 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/fimmu.2023.1225549_cover.jpg
& frontiers | Frontiers in Immunology

Analysis of the impact of handling and
culture on the expansion and functionality of
NK cells





OEBPS/Images/fimmu-14-1225549-g003.jpg
Normalized cell number

Fold change

[ Custom NK medium
O NK medium
150
* *
100
50
0
&
S
\(\0 O
N o
4 Custom NK medium
@ NKmedium
250
200
150
100

50

& d d
< ¢
D 0 2
A C

é"i
N

& &
b"* b’ﬁ
o K

Fold change

m

Normalized cell number

150

100

50

@ Donor 1
& Donor 2
- Donor 3
20
815
c
2
S 10
3
&
5
0
F @ Experiment 1
4 Experiment 2
15 - Experiment 3
o
210
&
=
o
3
2 s

G

C [ Custom NK mediurr
O NK medium

80
9

=60
2
3

o 40
2
‘D

S 20
o

0

o © A
9 & &
N

5

S
&

33
2

22
0
o

a4

0

N S
& &






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Analysis of the impact of handling and culture on the expansion and functionality of NK cells

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell isolation

          



          		

            2.2 Culture conditions

          



          		

            2.3 Flow cytometry and immunofluorescence

          



          		

            2.4 NK cells cryopreservation, thawing and functionality

          



          		

            2.5 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 NK cell isolation

          



          		

            3.2 Cell expansion

          



          		

            3.3 Surface charge

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions and outlook

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1225549-g005.jpg
@ PVDF (non poled)
& PVDF (+

-+ PVDF

¥ Control

)

Q)

15

25

o ©

abueyo pjo4

o v o
8 - -

abueyo pjo4

- o~

abueyo pjo4

0

o

E3 PVDF (non-poled)
[ PVDF (+)

=)
=]

I PVDF ()
[ Control

40
20

o 9
® ©

(o) s|192 aAnisod






OEBPS/Images/fimmu-14-1225549-g007.jpg
$®
%
x,&
v
o o o o o
(o] o < N
(%) sneo +e20LAD
m
L
0\&0
%
x,@
v
o o o o
"..Iu o n

& (%) Anpgelp





OEBPS/Images/fimmu-14-1225549-g001.jpg
SSC-A

Lymphocytes

050k " 150K 250k
FSC-A

Live cells

10° 10*10°
7AAD

Single cells
250K+

050K 150K 250k

FSC-A

FSC-H

0 103 104105

Anti-human
cD3

CD56+

Anti-human

250K+

200K~
150K+
100K~
50K
0, R
108 10° 10°10°
Anti-human
CD56

Anti-human

2.61

041

-1(3 103 104105

Anti-human
NKG2C

% 102 10° 10°10°
Anti-human
CD16





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1225549-g002.jpg
CD16+ cells (%)

< 0% antibody with column
@ 0% antibody w/o column
4 100% antibody with column

B (o] -+ 100% antibody w/o column
150 # 150 100
I # 1
- —_
' g g w
100 ©» 100 °
3 < 60
o o
& & 0
-
50 a %o a
o O g
0 1] 0
O R SN K OIS P RO\ S
v RN &° b “ N <§°° &
2
£ &
< &
R R





OEBPS/Images/fimmu-14-1225549-g004.jpg
B @ Donor 1

& Donor 2
2 40 - Donor 3
i o
S = 30
£ T
5 S
R s
K I
10,
o 0
& & & 3
& & & &
S & > >
> 2 e >
& &° B4 o
® *®
C @ Donor 1 D # Donor 1
: gonorg & Donor 2
< onol <
s E 10000 i E 80000 = Donor 3
= 2
- o € b3
€ 4 5 8000 5 8
§ : § -3 60000
5 3 g 6000 5 5
2, H z E
a g 4000 51 :
]
“ < 200 g
g s
o < 3
¥
3
A »°
E - Experimenﬁ F L 4 Expen:menH G [ No disaggregation
- Experfmemz 4% Experiment 2 [ Disaggregation
. -4 Experiment 3 - Experiment 3
25 "‘g 50000 15 15
RS g 40000 8 g
3 ] ‘ < 2
S 15 \ & 30000 22 g g "
; TN : T : :
ERD N 3 20000 K 2
a =t s A L5 B 5
5 S 10000 &
$
< 0 0
& & © < ¥ < & N g &
o 2 &' @& & @ o
& K & A K & & @q’\ &P ,\*‘0 &
<
6\‘5






OEBPS/Images/fimmu-14-1225549-g006.jpg
AB-NK
“NK medium”

D
AB-NK

@ PVDF (non poled)

& PVDF (+)

E

=]

2

Q!

E

X

z

£

g

0

=1

5]

= (pajod-uou) (+) |os3uod
4aAd 4and u_n>n_

Zs %,

&z 7

z38

o

&£ F EFF S TgEfgcc
888 8 8
g 8 8 H
Junos Jssnio (url) ozis sa3snjo 9BesoAY
P %
% %
o %
s, s,
%, %,
% %
L %
% %
- "
s,
%
%,
o
e & W 8 g 8 8 8 °
g g g 8
g g g 8
g 8 =’ ¢
Junoo JaisNiD (;l) o215 seysnio eBeseny
s,
o
%
L3
s
%
%
%
s,
o
%
“

10:
5
0000
8000
6000
4000
2000

Juno2 Jaisn|y (,wrl) 2215 J193sN[o 9BEIBAY





