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Phagocytosis by stroma
confounds coculture studies

Sophie A. Herbst,1,2,3,4,5,8 Marta Stolarczyk,1,3,8 Tina Becirovic,1 Felix Czernilofsky,1,2,3 Yi Liu,1 Carolin Kolb,1

Mareike Knoll,1 Marco Herling,6,7 Carsten Müller-Tidow,1,2,3 and Sascha Dietrich1,2,3,4,9,*

SUMMARY

Signals provided by the microenvironment can modify and circumvent pathway
activities that are therapeutically targeted by drugs. Bone marrow stromal cell
coculture models are frequently used to study the influence of the bone marrow
niche on ex vivo drug response. Here, we show that mesenchymal stromal cells
from selected donors and NKTert, a stromal cell line, which is commonly used
for coculture studies with primary leukemia cells, extensively phagocytose
apoptotic cells. This could lead to misinterpretation of results, especially if
viability readouts of the target cells (e.g. leukemic cells) in such coculture models
are based on the relative proportions of dead and alive cells. Future coculture
studies which aim to investigate the impact of bone marrow stromal cells on
drug response should take into account that stromal cells have the capacity to
phagocytose apoptotic cells.

INTRODUCTION

Signals provided by the microenvironment protect leukemia cells from spontaneous apoptosis and modify

pathway activities which are therapeutically targeted by drugs (Choi et al., 2016; Ten Hacken and Burger,

2016). In vitro coculture models of malignant cells and various bone marrow stromal cell types have been

frequently used to understand tumor – microenvironment interactions and how these interactions interfere

with the response to cancer drugs. Most commonly, cocultures of leukemia cells and the human bone

marrow stromal cell lines NKTert and HS-5, or primary mesenchymal stromal cells (MSCs) are used as

models of the human bone marrow niche. Several reports suggest that NKTert and other stromal cells pro-

tect leukemia cells from spontaneous and drug-induced apoptosis (Balakrishnan et al., 2015; Cheng et al.,

2014; Fiorcari et al., 2013; Kurtova et al., 2009; Zhang et al., 2012). Here, we demonstrate that NKTert and

primary MSCs from selected donors massively phagocytose apoptotic cells in vitro. The clearance of dead

cells increases the relative proportion of alive cells in these cocultures, which represents a major source of

bias if the viability readout is based on relative proportions of alive and dead cells. In contrast, other co-

cultures (with some MSCs or HS-5) did not show this behavior, suggesting them as suitable feeder cells

for coculture drug response studies.

RESULTS

Dead leukemia cells disappear in cocultures with NKTert

Leukemic cells from four patients with chronic lymphocytic leukemia (CLL) were cultured either alone

(monocultures) or in coculture with the NKTert stromal cell line. The monocultures and cocultures were

treated with solvent control (DMSO), venetoclax, or fludarabine. After 72 h, the cultures were stained

with the nuclear dye SiR-DNA, the viability dye calcein and the dead cell marker propidium iodide (PI).

Based on these stainings, we quantified dead and alive CLL cells by flow cytometry and high content

confocal microscopy. First, we calculated relative proportions of dead and alive cells. In accordance with

the literature (Balakrishnan et al., 2015; Cheng et al., 2014; Fiorcari et al., 2013; Kurtova et al., 2009; Zhang

et al., 2012), we could confirm higher proportions of alive CLL cells in cocultures with NKTert stromal cells

than in suspension monocultures of CLL cells only. This was true for all untreated and drug treated condi-

tions and could be interpreted as stromal-cell-mediated protection from spontaneous and drug-induced

apoptosis (Figure 1A). We further compared absolute CLL cell counts as determined by microscopy and

flow cytometry. Surprisingly, we observed much lower absolute CLL cell counts in NKTert cocultures
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Figure 1. Dead leukemia cells disappear from cocultures of CLL with NKTert bone marrow stromal cells

(A) The percentage of alive CLL cells was higher in cocultures of CLL and NKTert (N + C) than in CLL monocultures (C). This was true for cultures treated with

solvent (ctrl), fludarabine (flu) or venetoclax (ven). The readout was either performed with microscopy or flow cytometry; paired t test, * = p < 0.05; thin lines =

samples from four patients; thick, colored bars = mean.

(B) Total cell counts decreased in solvent control treated (ctrl), fludarabine treated (flu) and venetoclax treated (ven) cocultures of CLL and NKTert (N + C) in

comparison to monocultures of CLL (C). Paired t test, ** = p < 0.01, * = p < 0.05; thin lines = samples from four patients; thick, colored bars = mean, assessed

by microscopy.

(C) Dead CLL cells disappeared in cocultures with NKTert. The total number of alive cells was comparable between the culture conditions. Paired t test, ** =

p < 0.01, * = p < 0.05; thin lines = samples from four patients; thick, colored bars = mean, assessed by microscopy.

(D) Confocal microscopy pictures of CLL cells cultured in monocultures or in coculture with NKTert or HS-5 stromal cells. CLL cells disappeared from CLL-

NKTert cocultures treated with venetoclax. Green = CellTracker Green, blue = CellTracker Blue, yellow = propidium iodide. See also Figures S1 and S2.
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than in CLLmonocultures (Figure 1B). This decrease was due to the disappearance of dead cells (Figure 1C,

left). Absolute counts of alive cells in the cultures did not differ between monocultures and cocultures with

NKTert (Figure 1C, right).

To better understand this finding, we labeled leukemia cells from four other patients with CLL with Cell-

Tracker Green, pretreated themwith venetoclax and cocultured themwith CellTracker Blue labeledNKTert

cells (Figure 1D). Apoptotic leukemia cells disappeared after 16 h in coculture with NKTert cells, while

apoptotic cells were still present in monocultures. This finding could be confirmed in an additional exper-

iment comprising six more patients with CLL using microscopy (Figure S1) or flow cytometry and annexin/PI

staining (Figure S2). We further aimed to understand whether other stromal cells behave in the same way

and cocultured venetoclax pretreated CLL cells with the cell line HS-5. Cell counts of CLL cells were com-

parable betweenmonocultures of CLL cells and cocultures with HS-5 stromal cells. These experiments indi-

cated that apoptotic leukemia cells disappeared in NKTert, but not in HS-5 cocultures, which increased the

relative proportion of alive leukemia cells (Figure 1A) and could falsely be interpreted as protection of CLL

cells by NKTert from spontaneous or drug-induced apoptosis.

NKTert, but not HS-5, phagocytose dead CLL

Next, we aimed to identify why apoptotic cells disappeared in NKTert cell line cocultures. Especially in the

venetoclax-treated cocultures, many CLL cells seemed to be located inside of NKTert, based on bright field

microscopy (Figures 2A and S3). Confocal microscopy could confirm the localization of CellTracker-Green-

labeled CLL inside of CellTracker-Blue-labeled NKTert (Video S1). Further staining with the lysosomal dye

NIR revealed large lysosomal bodies inside NKTert cells (Figure 2B), which had the size and shape of CLL

cells. Lysosomal bodies often occurred in regions also positive for CellTracker Green and PI staining and

were surrounded by, but did not include, CellTracker Blue staining (Figure 2C and Video S1). Time lapse

confocal microscopy revealed that uptake of CellTracker Green-labeled CLL cells by NKTert cells and con-

current formation of these phagosomes inside NKTert cells occurred in less than 10 min (Figure S4). We

quantified the amount of phagosomes in three independent experiments (Figure 2D). A high number of

phagosomes were present in treated NKTert cocultures, whereas large lysosomal bodies were absent in

CLL monocultures, NKTert, or HS-5 stroma monocultures or cocultures of CLL and HS-5 cells. The forma-

tion of phagosomes could not be prevented by the addition of the caspase inhibitor zVAD to venetoclax-

treated cultures (Figure S5). We concluded that NKTert cells, but not HS-5, phagocytose dying CLL cells

and, thereby, clear those cells from the cocultures.

Phagocytosis is not cell-type specific and also some MSCs phagocytose dead cells

We wondered whether phagocytosis by NKTert was specific to CLL cells. To this end, the mantle cell lym-

phoma cell line HBL-2, the acute myeloid leukemia cell line OCI-AML 2, the carcinoma cell line HELA, and

the benign epithelial cell line HEK-293T were exposed to 10 mM doxorubicine, to induce apoptosis. Cells

were then cocultured with NKTert cells. NKTert phagocytosed apoptotic cells of all tested cell lines,

regardless of their origin (Figures 3A and S6). In conclusion, phagocytic activity by NKTert cells is not

limited to CLL cells, but is likely cell type independent.

To further evaluate whether the ability to phagocytose apoptotic cells is restricted to the cell line NKTert or

whether it also occurs in primary MSCs, which are a more physiological model of the bone marrow niche

than cell lines, we cultured venetoclax treated and CellTracker-Green-labeled primary CLL cells with Cell-

Tracker-Blue-labeled primary MSCs from four different healthy donors. Phagocytosed CLL cells were

observed in MSCs from two out of four donors (Figure S7). Phagocytosis was especially high in MSC1 cul-

ture (Figure 3B, Video S2), while MSC2 only exhibited a low amount of phagocytosis (Figure S7). This shows

that not only NKTert but also some but not all primary MSCs are able to phagocytose apoptotic cells.

Further analyses of phagocytic potential of bone marrow stroma cells

Due to the massive phagocytic activity exhibited by NKTert, we assessed whether or not the cells are of

macrophagic origin. By performing staining against CD45 followed by flow cytometry, we could show

that NKTert are negative for this pan-hematopoietic cell marker and, based on this, are not of monocytic

lineage or conventional macrophage differentiation (Figure S8). This confirmed the findings by Kawano

et al. (2003). Therefore, the extensive phagocytosis by NKTert cells cannot be explained by a macrophagic

origin of these cells.
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To further characterize NKTert and HS-5 cells, we performed additional flow cytometry staining with a panel

of nine markers and a viability dye (Figure 4A). As expected, HS-5 and NKTert were positive for common

MSCmarkers CD44, CD73, CD90, CD271, CD26, podoplanin, CD31, and CD105 but negative for the endo-

thelial and pericyte marker CD146, thus confirming a mesenchymal origin of NKTert and HS-5 (Li et al.,

2016; Lv et al., 2014). Interestingly, NKTert cells displayed a bimodal expression pattern of some markers,

including CD90, podoplanin, and CD26, suggesting phenotypic and functional heterogeneity of NKTert.

CD90, CD26, and podoplanin have been shown to facilitate fibroblast activation, migration, and extracel-

lular matrix remodeling (Ghersi et al., 2002; Lee et al., 2020; Martı́n-Villar et al., 2010; Rege et al., 2006;

Suchanski et al., 2017).

Since only one out of the two tested human bone marrow stromal cell lines and two out of the four tested

MSCs phagocytosed apoptotic cells, we were interested in molecular differences associated with this
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Figure 2. Disappearance of dead leukemia cells is due to extensive phagocytosis by NKTert bone marrow stromal cells

(A) Brightfield image of venetoclax treated NKTert and CLL coculture showing a NKTert cell having phagocytosed many CLL cells. Three of the many

phagocytosed CLL cells are highlighted with white arrows, two nonphagocytosed CLL cells are highlighted with black arrows.

(B) Large lysosomal bodies (phagosomes) appeared in cocultures of NKTert and CLL treated with venetoclax. Some of the phagosomes are highlighted with

white arrows. Blue = CellTracker Blue, red = lysosomal dye NIR.

(C) Magnification of two phagosomes inside NKTert (CellTracker Blue) cells. CLL cells had been previously labeled with CellTracker Green.

(D) Quantification of phagosomes in microscopy pictures of HS-5 or NKTert stromal monocultures or cocultures with CLL cells. ctrl = solvent control, ven =

venetoclax; Points and lines = individual patients, colored bars = mean; samples from three CLL patients. See also Figures S3, S4 and S5.
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Figure 3. Phagocytosis is not restricted to NKTert but is also observed for MSCs and is not limited to dead cells of leukemic origin

(A) NKTert also phagocytosed apoptotic cells of nonhaematopoietic origin. CellTracker-Green-labeled HBL-2, OCI-AML 2, HELA, or HEK-293T cells (green),

treated with doxorubicine to induce apoptosis and cocultured with NKTert. Blank areas in staining of CellTracker-Blue-labeled NKTert (blue) were observed

(examples indicated by arrows). These blank areas overlapped with CellTracker-Green (green)- and propidium-iodide (yellow)-stained HBL-2, OCI-AML 2,

HELA, or HEK-293T cells. Some of these phagosomes were acidic, indicated by staining with lysosomal dye NIR (red).

(B) CellTracker-Blue-labeled mesenchymal stromal cell (MSC; blue) phagocytosing dead CellTracker-Green-labeled CLL cells (green). White arrows indicate

examples for phagosomes containing dead CLL cells. Red arrow indicates dead CLL cell in the process of being phagocytosed by NKTert. See also Video S2

for 3D view. See also Figures S6, S7, Videos S1, and S2.
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Figure 4. Further characterization of phagocytic potential of bone marrow stromal cell lines

(A) Flow cytometry of HS-5 and NKTert cells stained with antibodies against CD44, CD271, CD73, podoplanin (PDPN), CD26, CD90, CD105, CD31, and

CD146.
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phagocytic activity. We performed quantitative proteomics of HS-5 and NKTert cells (Data S1). Pathway

enrichment analysis on protein abundances revealed that proteins involved in focal adhesion and interac-

tion with the extracellular matrix were significantly upregulated in NKTert cells, which is in accordance with

the high abundance of CD90, CD26, and podoplanin in a subpopulation of NKTert. Additionally, the lyso-

somal pathway was most significantly enriched within differential proteins. Most proteins in this pathway

were upregulated in NKTert in comparison to HS-5 (Figure 4B). We observed that blocking the fusion of

lysosomes with phagosomes by treatment with chloroquine did not inhibit the uptake of apoptotic cells

but prevented acidification of phagosomes and digestion of the content (Figure S9). This could indicate

that upregulation of lysosomal proteins may contribute to the phagocytic activity of NKTert, by ensuring

the efficient digestion of ingested cells.

Finally, we aimed to assess whether phagocytosis by NKTert cells was mainly triggered by eat-me signals

on dead cells or rather prevented by don’t-eat-me signals on alive cells. For this we added glass spheres

with a particle size of 9–13 mM to CellTracker Blue stained NKTert cultures and assessed the uptake of the

spheres after 16 h of culturing. As shown in Figure 4C, NKTert cells ingested large amounts of glass

spheres. All analyzed cells had taken up spheres, which indicates that the different populations observed

within NKTert in flow cytometry do not possess different phagocytic activities. As described for macro-

phages (Gilberti et al., 2008), this suggests that the differences between phagocytosis of alive and dead

cells by NKTert arise due to the presence of don’t-eat-me signals or specific surface charges on the mem-

brane of the target cells.

DISCUSSION

In conclusion, we found that NKTert and selected primary MSCs massively phagocytose apoptotic cells in-

vitro. Although it has been reported that MSCs are capable of phagocytosis (Dogusan et al., 2004), the

extent and consequences for in vitro assays have not been anticipated. Phagocytosis leads to the removal

of dead cells from the cocultures causing an increased percentage of alive cells, which might be falsely in-

terpreted as a protective effect mediated by stromal cells. This bias might affect flow cytometry assays

which rely on the measurement of the relative proportion of alive and dead cells without assessing total

cell counts in an in vitro culture model. Together this suggests that results from coculture experiments

with NKTert or selected MSCs could be misinterpreted if not corrected for this potential bias triggered

by the phagocytic activity of these cell types.

There is no doubt that selected bone marrow stromal cells and cell lines are able to protect leukemia cells

from spontaneous and drug-induced apoptosis (Lagneaux et al., 1998). For some, but not all stromal cells,

this effect might be confounded by their phagocytic activity. The cell line HS-5 for example did not phago-

cytose apoptotic cells and might therefore be a suitable coculture model system. For future studies,

phagocytosis by stromal cells needs to be tested and taken into account, especially as the heterogeneity

between cell lines or donors seems to be high. Even though first approaches into this direction have been

taken (Baccin et al., 2020; Baryawno et al., 2019), stromal cells are still not sufficiently characterized. Only

this will ensure accurate determination of the influence of the microenvironment and, thus, the develop-

ment of effective treatment strategies.

Limitations of the study

This study demonstrates how phagocytic activity of some bone marrow stromal cells can confound results

produced in cocultures with these cells. The presented data do not exclude the fact and do not provide to

which extent bone marrow stroma cells possess the ability to protect leukemic cells from apoptosis. This

needs to be thoroughly investigated in larger and more comprehensive studies. Additionally, we could

show that NKTert cells also phagocytose glass spheres and that, therefore, phagocytosis is most likely

dependent on don’t-eat-me signals or specific surface charges on the membrane of the target cells. How-

ever, the exact mechanism or the factors driving the difference in phagocytic activity between stromal cells

remains to be uncovered.

Figure 4. Continued

(B) Relative abundances of proteins in the lysosomal pathway for HS-5 and NKTert stromal cells, assessed by proteomics in four replicates.

(C) Confocal microscopy of CellTracker Blue stained NKTert cocultured with 9- to 13-mM glass spheres for 16 h and stained with lysosomal dye NIR. See also

Figures S8, S9, and Data S1.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Materials availability

This study did not generate new unique reagents.

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Sascha Dietrich (sascha.dietrich@med.uni-heidelberg.de).

Data and code availability

d Microscopy and flow cytometry data reported in this paper will be shared by the lead contact upon

request. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Con-

sortium via the PRIDE (Perez-Rivero et al., 2019) partner repository with the dataset identifier PRIDE:

PXD027945.

d All original code has been deposited at https://github.com/DietrichLab/Phagocytosis and is publicly

available as of the date of publication.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD146-BV421 (P1H12) Biolegend Cat# 361003; RRID: AB_2562966

CD31-BV650 (M89D3) BD Biosciences Cat# 744465; RRID: AB_2742254

CD105-FITC (43A3) Biolegend Cat# 323203; RRID: AB_755955

CD90-PerCP/Cy5.5 (5E10) BD Biosciences Cat# 561557; RRID: AB_10712762

CD44-PE (IM7) Biolegend Cat# 103023; RRID: AB_493686

podoplanin-PE/Dazzle (NC-08) Biolegend Cat# 337027; RRID: AB_2750287

CD271-PE/Vio770 (ME20.4-1.H4) Miltenyi Biotec Cat# 130113984; RRID: AB_2733219

CD26-APC (M-A261) BD Biosciences Cat# 563670; RRID: AB_2738363

CD73-APC/Cy7 (AD2) Biolegend Cat# 344021; RRID: AB_2566755

Chemicals, peptides, and recombinant proteins

Hoechst 33342 Invitrogen Cat# 62249

CellTracker Blue Invitrogen Cat# C2111

Calcein Invitrogen Cat# C1430

CellTracker Green Invitrogen Cat# C7025

SiR-DNA kit Spirochrome

Lysosomal Staining Reagent - NIR -

Cytopainter

Abcam Cat# ab176824

Experimental models: Cell lines

HS-5 cell line Kind gift by Martina Seiffert, DKFZ RRID: CVCL_3720

NKTert cell line RIKEN BRC RRID: CVCL_4667

Deposited data

Proteomics data of HS-5 and NKTert ProteomeXchange Consortium via the PRIDE

partner repository

PRIDE: PXD027945

Software and algorithms

Deposited code https://github.com/DietrichLab/Phagocytosis
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient samples

In total samples from 18 different CLL patients were used in this study. An overview of the patient samples

and for which experiments they have been used can be found in STAR methods table patient overview.

Written consent was obtained from patients according to the declaration of Helsinki. The local ethics com-

mittee approved the study. Leukemia cells were isolated from blood using Ficoll density gradient centrifu-

gation. Cells were viably frozen and kept on liquid nitrogen until use.

Cell culture

HS-5 cells were a kind gift by Martina Seiffert. NKTert cells were obtained from RIKEN BRC. Cell lines were

maintained in RPMI supplemented with 10% FBS, 1% Penicillin/Streptomycin and 1% Glutamine at 37�C
and 5% CO2 in a humidified atmosphere. Primary MSCs were maintained in MSCGM Mesenchymal Stem

Cell Growth Medium Bulletkit medium (Lonza). Cell lines were tested for mycoplasma before all experi-

ments using a PCR based testing procedure. Authentication of HS-5 and NKTert cells was performed (Mul-

tiplexion). HS-5 cells could be successfully authenticated. For NKTert no reference sequence was available

in the database, however, the NKTert DNA was identified as unique sequence, did not match to any other

cell line and, therefore, cross contamination could be excluded.

METHOD DETAILS

Microscopy dyes used in this study

In the study the following dyes for microscopy were used at the indicated concentration. The indicated

wave lengths were used for fluorophore excitation: Hoechst 33342 (4 mg/ml, Invitrogen, 405 nm), Cell-

Tracker Blue (10 mM, Invitrogen, 405 nm), Calcein (1 mM, Invitrogen, 488 nm), CellTracker Green (10 mM, In-

vitrogen, 488 nm), propidium iodide (PI; 5 mg/ml, Sigma-Aldrich, 561 nm), SiR-DNA (1 mM, Spirochrome,

640 nm), lysosomal dye NIR (1 ml/ml, Abcam, 640 nm). These dyes were used in the following combinations:

Hoechst, Calcein, PI and lysosomal dye NIR, or Calcein, PI and SiR-DNA or CellTracker Blue, CellTracker

Table patient overview: Overview of patient samples used in this study

Patient Figure Gender IGHV Trisomy12 TP53/del17p

Patient 1 1 f U-CLL Yes TP53

Patient 2 1 f U-CLL No wt

Patient 3 1 f U-CLL No wt

Patient 4 1 m M-CLL No del17p

Patient 5 2 m U-CLL No wt

Patient 6 2 f NA NA NA

Patient 7 2 m NA NA NA

Patient 8 3a NA M-CLL No del17p

Patient 9 3b & S6 f NA NA NA

Patient 10 3b & S6 m M-CLL No NA

Patient 11 3b & S6 NA NA NA NA

Patient 12 3b & S6 m M-CLL No wt

Patient 13 S1, S2, S4, S5, S8 f U-CLL No wt

Patient 14 S1, S2, S5, S8 f U-CLL No wt

Patient 15 S1, S2, S5, S8 f U-CLL No TP53

Patient 16 S1, S2, S5, S8 NA M-CLL No wt

Patient 17 S1, S2, S5, S8 m M-CLL No wt

Patient 18 S1, S2, S5, S8 NA M-CLL No TP53&del17p
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Green, PI and lysosomal dye NIR. With the used setup no crosstalk between the channels was seen, with the

exception of a slight spillover between calcein and PI and a slight spillover of the signal from the lysosomal

dye into the channel for PI.

Comparing number and percentages of alive and dead cells in mono- and cocultures using

microscopy and flow cytometry

This section describes the experiment shown in Figures 1A–1C. We cultured cancer cells from four different

patients with CLL (2 3 105/well) either alone or in coculture with NKTert (1 3 104/well) in 96-well glass bot-

tommicroscopy plates (zell-kontakt GmbH). Stromal cells were seeded 24 hours before the addition of leu-

kemia cells. The samples were treated with solvent control (DMSO), 63 nM venetoclax or 10 mMfludarabine.

After 72 hours the cultures were stained with the nuclear dye SiR-DNA, the viability dye Calcein and the

dead cell marker PI. Images were taken with the confocal LSM710microscope (Zeiss) equipped with climate

control (37�C, 5% CO2) using a 203 objective lens. Z-stack images were acquired in triplicate wells, and

within one well 4 adjacent fields were imaged.

Directly after acquisition of the confocal microscopy pictures, lymphocytes previously labeled with SiR-

DNA, Calcein and PI were pipetted from each cultural condition to a 96-well round bottom plate (Greiner)

for further analysis with an IQue Screener (Intellicyt). Calcein and PI signals were recorded. The following

gating strategy was pursued: Exclusion of potentially remaining stromal cells, by setting of a lymphocyte

gate and exclusion of doublets. The percentage of alive cells was determined by gating on Calcein positive

and PI negative cells.

Visualization of disappearance of leukemia cells and presence of phagosomes by CellTracker

and lysosomal staining

This section describes the experiment shown in Figures 1D, 1E, S1, S5, and S9. We labeled leukemia cells

from four or six other patients with CellTracker Green and cocultured them (2 3 105 cells/well) with Cell-

Tracker Blue labeled NKTert (1 3 104 cells/well) or HS-5 (2 3 104 cells/well) stromal cells. CLL cells were

pretreated with solvent control or 63 nM venetoclax or 63 nM venetoclax and 10 mM Z-VAD-FMK

(Sigma-Aldrich) for 24 hours. For chloroquine treatment, NKTert cells were pretreated with 20 mM hydroxy-

chloroquine for 24 hours. Co-culturing was performed for 16 hours. Cultures were additionally stained with

lysosomal dye NIR and PI before imaging. The samples were imaged on an Opera Phenix microscope (Per-

kin Elmer) in confocal mode. For clearer visualization, the signal from the lysosomal dye is not shown in Fig-

ure 1D, while CellTracker Green signal and PI staining are not shown Figure 1E. The images shown are

representative of all experiments.

Validation of disappearance of leukemia cells using Annexin/PI staining and flow cytometry

This section describes the experiment shown in Figure S2. We labeled leukemia cells from six patients with

CellTracker Green and cocultured them (2 3 105 cells/well) with CellTracker Blue labeled NKTert (1 3 104

cells/well) stromal cells. CLL cells were treated with solvent control or 63 nM venetoclax. After co-culturing

for three days samples were harvested by vigorous pipetting. APC Annexin V (RUO; BD Biosciences)/PI

staining was performed according to the manufacturer’s recommendations. CountBright� Absolute

Counting Beads (ThermoFisher Scientific) were added before measurement. Acquisition was done on a

FACSSymphony (BD Biosciences). Compensation, gating on CLL cells, singlets, CellTracker Green positive

and CellTracker Blue negative cells was performed before plotting of Annexin against PI intensity. Cell

counts were normalized to numbers of counting beads.

Quantification of the amount of phagosomes

This section describes the experiment shown in Figure 1F. The amount of phagosomes was quantified in

three independent experiments comprising in total three different CLL patient samples. NKTert cells

were seeded at a density of 2.5 3 103 cells/well, HS-5 at a density of 5 3 103 cells/well into wells of a

384 m-Clear microscopy plate (Greiner) in technical triplicates. After 4 hours CLL cells were added at a den-

sity of 5 3 104 cells/well to coculture wells, while additional medium was added to stroma monoculture

wells. The cultures were treated with 10 nM Venetoclax or left untreated. After 48 hours the cultures

were stained with Hoechst 33342, Calcein, PI and lysosomal dye NIR. Three positions per well were imaged

on a CellObserver microscope (Zeiss).

ll
OPEN ACCESS

12 iScience 24, 103062, September 24, 2021

iScience
Article



Cocultures of NKTert and apoptotic cells of different origins

This section describes the experiment shown in Figure 2A. To investigate whether phagocytosis by NKTert

was specific for dead CLL cells, the mantle cell lymphoma cell line HBL-2, the acute myeloid leukemia cell

line OCI-AML 2, the carcinoma cell line HELA or the benign epithelial cell line HEK-293T were detached if

adherent and labeled with CellTracker Green. The cells were treated with solvent control or 10 mM doxor-

ubicine to induce apoptosis. This was carried out in 15 mL Falcon tubes to avoid reattachment of the

adherent cells. NKTert cells were seeded into wells of a 384 m-Clear microscopy plate (Greiner) at a density

of 2.53 103 cells/well and labeled with CellTracker Blue according to the manufacturer’s instructions. After

incubation for 24 hours, target cells were added to NKTert cells at a density of 2.5 3 104 cells/well. Cocul-

tures of NKTert and CLL cells were used as positive control for the occurrence of phagocytosis. The cultures

were stained with PI and lysosomal dye NIR after co-culturing for 16 hours. The samples were imaged on an

Opera Phenix microscope (Perkin Elmer) in confocal mode. Representative images are shown.

Flow cytometry of CD45

This section describes the experiment shown in Figure 2B. HEK-293T, HS-5, and NKTert cells were har-

vested with Accutase (Innovative Cell Technologies) to avoid cleavage of surface epitopes. MCL-2 cells

were resuspended. Cells were stained with CD45 (BD Pharmingen� FITCMouse Anti-Human CD45, Clone:

HI30; BD Biosciences) and analyzed on a LSRII flow cytometer (BD Biosciences).

Flow cytometry of other markers

This section describes the experiment shown in Figure 4A. HS-5 and NKTert cells were harvested with PBS

supplemented with 0.02% EDTA to avoid cleavage of surface antigens. Cells were stained with the

following antibody conjugates: CD146-BV421 (clone P1H12; Biolegend), CD31-BV650 (M89D3; BD Biosci-

ences), CD105-FITC (43A3; Biolegend), CD90-PerCP/Cy5.5 (5E10; BD Biosciences), CD44-PE (IM7; Bio-

legend), podoplanin-PE/Dazzle (NC-08; Biolegend), CD271-PE/Cy7 (ME20.4-1.H4; Miltenyi Biotec),

CD26-APC (M-A261; BD Biosciences), CD73-APC/Cy7 (AD2; Biolegend) as well as Fixable Viability Dye

eFlour 506 (ThermoFisher Scientific). Cells were analyzed on a LSR Fortessa flow cytometer (BD Biosci-

ences). Results are shown as fluorescence intensity histograms gated on live singlets.

Cocultures of leukemia cells and primary MSCs using cell tracker

This sectiondescribes theexperiment shown inFigure2C.PrimaryCLLcellswere labeledwithCellTrackerGreen.

Apoptosis was induced by treatment with 63 nM venetoclax. After 24 hours the cells (2 3 105 cells/well) were

added to primary MSCs of four different healthy donors (13 103 cells/well), labeled with CellTracker Blue into

96-well glass bottom microscopy plates (zell-kontakt GmbH). After incubation for 16 hours the cultures were

stainedwith lysosomal dyeNIR and PI. The sampleswere imagedonanOpera Phenixmicroscope (Perkin Elmer)

in confocal mode. Representative images are shown.

Proteomics of HS-5 and NKTert

This section describes the experiment shown in Figure 2D. HS-5 or NKTert cells were trypsinized, washed

twice with PBS and snap frozen in liquid nitrogen. HS-5 or NKTert cells were trypsinized, washed twice with

PBS and snap frozen in liquid nitrogen. Cell pellets were thawed and resuspended in 50 ml PBS. 50 ml of lysis

buffer were added (100 mM Hepes/NaOH pH 8.5, 1% SDS and EDTA-free protease inhibitor). Samples

were heated to 95�C for 5min. DNA and RNAwere degraded by the addition of benzonase at 4�C following

incubation for 1 h at 37�C. Protein concentrations of lysates were determined by BCA protein

determination.

10 mg of each lysate were subjected to an in-solution tryptic digest using a modified version of the Single-Pot

Solid-Phase-enhanced Sample Preparation (SP3) protocol (Hughes et al., 2014;Moggridge et al., 2018). To this

end, lysateswere added to Sera-MagBeads (ThermoScientific, #4515-2105-050250, 6515-2105-050250) in 10 ml

15% formic acid and 30 ml of ethanol. Binding of proteins was achieved by shaking for 15 min at room temper-

ature. SDSwas removed by 4 subsequent washes with 200 ml of 70% ethanol. Proteins were digested overnight

at room temperature with 0.4 mg of sequencing grade modified trypsin (Promega, #V5111) in 40 ml Hepes/

NaOH, pH 8.4 in the presence of 1.25 mM TCEP and 5 mM chloroacetamide (Sigma-Aldrich, #C0267). Beads

were separated, washed with 10 ml of an aqueous solution of 2% DMSO and the combined eluates were dried

down.
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Peptides were reconstituted in 10 ml of H2O and reacted for 1 h at room temperature with 80 mg of

TMT10plex (Thermo Scientific, #90111) (Werner et al., 2014) label reagent dissolved in 4 ml of acetonitrile.

Excess TMT reagent was quenched by the addition of 4 ml of an aqueous 5% hydroxylamine solution

(Sigma, 438227). Peptides were reconstituted in 0.1% formic acid, mixed to achieve a 1:1 ratio across all

TMT-channels and purified by a reverse phase clean-up step (OASIS HLB 96-well mElution Plate, Waters

#186001828BA).

Peptides were subjected to an offline fractionation under high pH conditions (Hughes et al., 2014). The re-

sulting 12 fractions were then analyzed by LC-MS/MS on an Orbitrap Fusion Lumos mass spectrometer

(Thermo Scientific) as previously described (Sridharan et al., 2019). To this end, peptides were separated

using an Ultimate 3000 nano RSLC system (Dionex) equipped with a trapping cartridge (Precolumn C18

PepMap100, 5 mm, 300 mm i.d., 5 mm, 100 Å) and an analytical column (Acclaim PepMap 100. 75 3

50 cm C18, 3 mm, 100 Å) connected to a nanospray-Flex ion source. The peptides were loaded onto the

trap column at 30 ml per min using solvent A (0.1% formic acid) and eluted using a gradient from 2 to

40% Solvent B (0.1% formic acid in acetonitrile) over 2 h at 0.3 ml per min (all solvents were of LC-MS grade).

The Orbitrap Fusion Lumos was operated in positive ion mode with a spray voltage of 2.4 kV and capillary

temperature of 275�C. Full scan MS spectra with a mass range of 375–1500 m/z were acquired in profile

mode using a resolution of 120,000 (maximum fill time of 50 ms or a maximum of 4e5 ions (AGC) and a

RF lens setting of 30%. Fragmentation was triggered for 3 s cycle time for peptide like features with charge

states of 2–7 on the MS scan (data-dependent acquisition). Precursors were isolated using the quadrupole

with a window of 0.7 m/z and fragmented with a normalized collision energy of 38. Fragment mass spectra

were acquired in profilemode and a resolution of 30,000 in profilemode.Maximum fill time was set to 64ms

or an AGC target of 1e5 ions). The dynamic exclusion was set to 45 s.

Acquired data were analyzed using IsobarQuant (Franken et al., 2015) and Mascot V2.4 (Matrix Science) us-

ing a reverse UniProt FASTA Homo sapiens database (UP000005640 from May 2016) including common

contaminants. The following modifications were taken into account: Carbamidomethyl (C, fixed),

TMT10plex (K, fixed), Acetyl (N-term, variable), Oxidation (M, variable) and TMT10plex (N-term, variable).

The mass error tolerance for full scan MS spectra was set to 10 ppm and for MS/MS spectra to 0.02 Da. A

maximum of 2 missed cleavages were allowed. A minimum of 2 unique peptides with a peptide length of at

least seven amino acids and a false discovery rate below 0.01 were required on the peptide and protein

level (Savitski et al., 2015). Data were processed in the R programming language. The raw output files of

IsobarQuant (protein.txt – files) were loaded. For the analysis only proteins quantified with at least two

unique peptides were considered, leading to 6657 proteins passing the quality control filters. First, raw

signal-sums (signal_sum columns) were cleaned for batch effects using limma (Ritchie et al., 2015). Further

normalizations was performed with variance stabilization normalization vsn (Huber et al., 2002). Differen-

tially abundant proteins were analyzed using limma (Ritchie et al., 2015). Information about replicates

was added as a factor in the design matrix. Gene set enrichment analysis for the KEGG pathways (Kanehisa

and Goto, 2000) was performed using GSEA (Subramanian et al., 2005). A heatmap of the protein abun-

dance of proteins in the lysosomal pathway was visualized using R. Differentially abundant proteins were

analyzed using limma (Ritchie et al., 2015). Information about replicates was added as a factor in the design

matrix. Gene set enrichment analysis for the KEGG pathways (Kanehisa and Goto, 2000) was performed us-

ing GSEA (Subramanian et al., 2005). A heatmap of the protein abundance of proteins in the lysosomal

pathway was visualized using R. The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset

identifier PXD027945.

Phagocytosis of glass beads

We tested whether the presence of eat-me signals in general is a requirement for phagocytosis by NKTert.

For this, we cultured CellTracker Blue labeled NKTert cells for 24 hours in wells of a 384 Greiner mClear

plate, before addition of uncoated glass beads (Sigma Aldrich glass spheres 9- to 13-mm particle size;

KatNr.: 440345-100g) washed twice with PBS. After 16 h, the cultures were washed twice with RPMI + 10

% FBS to remove non-phagocytosed beads. After staining with lysosomal dye NIR, the cells were imaged

on an Opera Phenix microscope in confocal mode.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification

Comparing number and percentages of alive and dead cells in mono- and cocultures using
microscopy and flow cytometry. Image analyses were performed on all acquired images using KNIME

software. Viability of the lymphocytes was calculated based on the Calcein and PI signals in the z-stack im-

ages that correspond to live and dead cells, respectively. After background subtraction using a ‘rolling ball’

method (radius: 10) and a global threshold was applied (Huang method). Objects were separated using

Watershed. Total cell counts were obtained based on SiR-DNA signal (labeling filter: 25-250 pixels).

Live/dead cell populations were classified based on the intensity histogram of Calcein and PI signal with

a selection of the threshold separately for each cell culture condition: CLL cell culture, and coculture of

CLL cells with NKtert cells or HS-5 cells.

Quantification of the amount of phagosomes. The number of phagosomes was quantified in all ac-

quired images using a custom script written in R, with the help of the EBImage package. In brief, a global

threshold was applied on the signal from the lysosomal channel, followed by a filling of holes with the fill-

Hull function. To separate objects in close proximity a watershed operation was performed on the distance

map of foreground and background pixels. Only objects ranging between 100 and 1500 pixels in size and a

circularity of more than 0.8 were classified as phagosomes.

Statistical analysis

Figures 1: Four biological replicates. Paired t-test, ** = p < 0.01, * = p < 0.05; thin lines = samples from four

patients; thick, colored bars = mean.

Figure 2D: Three biological replicates. Points and lines = individual patients, colored bars = mean.

Figure 4B: Differentially abundant proteins were analyzed using limma (Ritchie et al., 2015). Gene set enrich-

ment analysis for the KEGG pathways (Kanehisa and Goto, 2000) was performed using GSEA (Subramanian

et al., 2005).

Figures S1 and S2: Six biological replicates. Paired t test, **** = p 0.0001, *** = p 0.001 ** = p < 0.01; thin

lines = samples from six patients; thick, colored bars = mean.
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