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CD95/Fas/APO-1 is a member of the death receptor (DR) family. Stimulation of CD95 leads to the induction of apo-
ptosis aswell as to NF-κB signaling. Crosstalk between these two pathways plays a central role in cell fate. Defects in
the regulationof apoptosis andofNF-κB are connected to a number of chronic inflammatorydiseases and cancer. For
a better understanding of the life/death decisions in the cell and their contribution to disease progression, the devel-
opment of new technologies is required.Using imagingflowcytometrywedevelopedamethod that enables a quan-
titative detection of different CD95 signaling pathways in the single cell. The important advantage of this method
compared to other approaches is that it allows quantifying a large number of single cells undergoing apoptosis
andNF-κB activation. This technology could provide new insights into the quantitative characterization of apoptosis
and NF-κB at the single cell level and could be used for the quantitative network analysis in systems biology studies.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Apoptosis is a programmed type of the cell death common to all
multicellular organisms (Krammer et al., 2007; Kaufmann et al.,
2012). Apoptosis can be triggered by a number of factors including
UV- or γ-irradiation, chemotherapeutic drugs or activation of the
death receptors (DRs) (Lavrik and Krammer, 2012). The DR family is a
subfamily of the tumor necrosis factor (TNF-R) superfamily (Lavrik
et al., 2005a). All members of the DR superfamily are characterized by
the presence of the death domain (DD) which plays the central role in
transduction of the apoptotic signal (Krammer et al., 2007). In addition
to their apoptotic functions, all members of the DR family have been re-
ported to mediate non-apoptotic signaling pathways such as NF-κB
(Neumann et al., 2010; O' Reilly et al., 2009; Strasser et al., 2009).

CD95/Fas/APO-1 is amember of theDR family (Lavrik and Krammer,
2012; Strasser et al., 2009). Stimulation of CD95with CD95L leads to the
induction of both apoptosis and NF-κB signaling via formation of the
death-inducing signaling complex (DISC) (Fig. 1A) (Neumann et al.,
2010). This complex serves as a platform for the activation of
procaspase-8 followed by activation of effector caspases 3 and 7 and
subsequent demolition of the cell (Fig. 1A) (Lavrik et al., 2005b).

The classical NF-κB activation involves degradation of the NF-κB
bound inhibitors of kappa B (IκBs), which are phosphorylated by the
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IκB kinase (IKK)-complex. Consequently, the NF-κB dimers (p65 and
p50) are free to enter the nucleus to activate the transcription of dedi-
cated target genes (Neumann et al., 2007; Neish and Naumann, 2010).
CD95-mediated NF-κB activation has recently been reported to be me-
diated via c-FLIP proteins and undergo classical NF-κB activation
which involves translocation of the transcription factor p65 to the nu-
cleus (Fig. 1A) (Neumann et al., 2010; Pforr et al., 2011).

Increasing evidence indicates that CD95-mediated apoptosis and
NF-κB occur in parallel in one cell (Neumann et al., 2010). The latter
conclusion was based on confocal analysis, and was not supported by
quantification. In contrary, there are reports that support the induction
of these two pathways in distinct cells (Cullen et al., 2013) Thus, there is
a strong urge to develop new methods that allow the investigation of
apoptosis and NF-κB signaling at the single cell level in a quantitative
manner. In this study we have developed a method that enables quan-
titative detection of the two opposing CD95 signaling pathways in sin-
gle cells using imaging flow cytometry. Importantly, we demonstrate
that CD95 stimulation leads to a congruent activation of NF-κB and ap-
optosis, and we provide a quantitative characterization of the two
pathways.

2. Materials and methods

2.1. Cell culture and stimulation

HeLa cells overexpressing CD95 (HeLa-CD95)were cultivated at 37 °C
and 5% CO2 in DMEM/HamsF12media (Biochrom, Berlin, Germany)with
10% heat-inactivated FCS (Life Technologies, Darmstadt, Germany), 1%
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Fig. 1.Monitoring of CD95-mediatedNF-κB and apoptosis pathways usingWestern blot. (A) A scheme of CD95-mediated pro- and anti-apoptotic signal transduction. (B) HeLa-CD95 cells
were stimulatedwith 250 ng/ml of CD95L for indicated periods of time, and subjected toWestern blot analysiswith the indicated antibodies. One representativeWestern blot out of three
independent experiments is shown.
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Penicillin/Streptomycin (Merck Millipore, Darmstadt, Germany) and
10 ng/ml Puromycin (Sigma Aldrich, Taufkirchen, Germany). 106 cells
were stimulated with indicated concentrations of CD95L (Fricker et al.,
2010) for indicated periods of time.
Fig. 2.Monitoring CD95-induced caspase-3 activation and p65 translocation to the nucleus usi
CD95L for 60min. Then the cells were fixed, permeabilized and subjected to stainingwith anti-c
Focused single cells that are double positive for 7AAD and p65-PE were selected. Four populat
bright field images, channels 3 (p65), 5 (7AAD) and 11 (active Casp3) and an overlay of chan
7AADand p65-PE signals. Active Casp3−: active Caspase-3 negative, active Casp3+: active Casp
2.2. Sample preparation and staining

After stimulation, cells were washedwith ice-cold PBS, detachedwith
Trypsin (GE, Frankfurt a.M., Germany),fixedwith 3% formaldehyde in PBS
ng Imaging Flow Cytometry. (A)–(D). HeLa-CD95 cells were stimulated with 250 ng/ml of
leaved caspase-3-AlexaFluor647, anti-p65-PE antibodies aswell as nuclear 7AAD staining.
ions of the cells are presented with three representative cells per population. Shown are:
nels 3 and 5. Numbers at the right side indicate the similarity morphology (sim) of the
ase-3 positive, nuclear p65−: nonuclear p65, nuclear p65+:p65 translocated to nucleus.
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(Carl Roth, Karlsruhe, Germany) for 10 min at room temperature and
permeabilized in 90% ice-cold methanol (Carl Roth, Karlsruhe,
Germany) for 30 min on ice. After methanol fixation cells can be stored
at −20 °C. Before staining cells were washed twice with 1 ml incuba-
tion buffer (5 g/l albumin fraction V (AppliChem, Darmstadt,
Germany) in PBS (Biochrom, Berlin, Germany)). Cells were stained in
100 μl incubation buffer with 2 μl anti-caspase-3 antibody, conjugated
to AlexaFluor647 and recognizing caspase-3 cleaved at Asp175 and
1 μl anti-p65-phycoerythrin (PE) antibody (both antibodies were pur-
chased from Cell Signaling Technologies, Danvers, USA) for 1 h in the
dark at room temperature, washed with 1 ml incubation buffer and
suspended in 60 μl PBS. At least 5 min before measurement on
FlowSight (Amnis/MerckMillipore, Darmstadt, Germany) 3 μl of the
DNA-dye 7AAD (BioLegend, San Diego, USA) was added for nuclear
staining.
Fig. 3.Gating strategy for quantification of p65 translocation, caspase-3 activation and apoptotic
permeabilized and stained as in Fig. 2. Focused cells were selected by gradient RMS of bright fie
cells that are stained for 7AAD and p65-PE were analyzed further. (B) HeLa-CD95 cells were sti
caspase-3 activation. The similarity morphology of nuclear 7AAD and p65-PE vs. intensity of a
threshold 50% of the nuclear channel for focused, single, 7AAD-stained cells without and with
2.3. Data acquisition

The samples were excited with 488 nm and 642 nm lasers, which
had an output of 60 mW and 100 mW, respectively. Emission of PE
was detected in channel 3 (560 to 595 nm), 7AAD in channel 5 (642
to 745 nm) and AlexaFluor647 in channel 11 (642 to 745 nm). Bright
field images were acquired in channel 1 and 9. An automated compen-
sation was performed with samples stained with a single dye. For every
sample 10,000 events were recorded.

2.4. Data analysis

Data were analyzed with IDEAS software version 6.0 (Amnis/
MerckMillipore, Darmstadt, Germany). First, focused cell pictures were
selected by the gradient RMS (gradient root mean square) of the bright
morphology. (A)HeLa-CD95 cellswere stimulatedwith 250ng/ml CD95L for 60min,fixed,
ld channel. Single cells were selected by area and aspect ratio of the bright field mask. Only
mulated for 60 minwith 250 ng/ml CD95L to analyze p65 translocation to the nucleus and
ctive Caspase-3 AlexaFluor647 is shown. (C) Contrast of the bright field channel and area
stimulation for 180 min with 250 ng/ml CD95L are shown.
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field channel and single cells were selected by the area and aspect ratio
of the bright fieldmask as described (Maguire et al., 2011). For the anal-
ysis of NF-κB activation only those cells were selected thatwere positive
for both 7AAD and p65. Following data acquisition, the spatial relation-
ship between the p65 and nuclear images was defined using the “simi-
larity” feature in the IDEAS software (Amnis/ MerckMillipore,
Darmstadt, Germany) as previously described (Maguire et al., 2011).
This feature allows estimating the degree of correlation between the
pixel values of the nuclear 7AAD and the p65-PE signal within a mask
surrounding the nuclear 7AAD signal. This parameter was calculated
using a log-transformed Pearson's correlation coefficient (source:
Amnis Imaging Flow Cytometer). Accordingly, a low similarity corre-
sponds to a low correlation between two signals and hence indicates a
mainly cytoplasmic distribution of p65, while a high similarity exhibits
a strong correlation between both signals and hence indicates a nuclear
p65 signal. The threshold for the nuclear p65+ population was given
based on the analysis of the p65 and 7AAD images as described in
(Maguire et al., 2011) (Suppl. Fig. 1).

Active caspase-3 was quantified using the fluorescence intensity of
the signal from the stainingwith anti-cleaved-caspase-3 (Asp175) anti-
bodies conjugated to AlexaFluor647. The morphological changes of ap-
optotic dying cells were quantified by applying the “contrast” and the
Fig. 4. Quantitative analysis of CD95 signaling. (A) HeLa-CD95 cells were stimulated with 250
centage (%) of 7AAD and PE stained cells. (B) Cells from A were analyzed for active caspase-3
(C) HeLa-CD95 cells were stimulated for 40 min with indicated concentrations of CD95L. Activ
p65 −: no nuclear p65, nuclear p65 +: p65 translocated to nucleus. Mean and standard devi
per sample are shown.
“area threshold” features to the analysis of the bright field images of
the cell and nucleus. The “contrast” feature describes the sharpness of
a picture by detecting changes of pixel values in a 3 × 3 block around
every pixel (source: Amnis Imaging Flow Cytometer). The changes in
themorphology of the nucleus in the course of apoptosis were analyzed
by implementation of the “area threshold” feature to the analysis of the
7AAD images. This can be analyzed bymeasuring the area of the nuclear
signal after applying the area of the “threshold 50%” mask. This mask
cuts off the intensity values below the given threshold, i.e. threshold
50% indicates that all the signals below 50% of the maximal intensity
value will be excluded. Apoptotic cells show nuclear fragmentation in
combinationwith chromatin condensation and hence show a decreased
area of the nucleus with bright signal intensities in comparison to
healthy cells. Hence, apoptotic cells have high bright field contrast and
low area threshold of the nucleus, while healthy cells can be found
with low contrast and high area threshold (Maguire et al., 2011).

2.5. Western blot

Cells were harvested includingmedium, washedwith PBS and lysed
for 30 min on ice in lysis buffer (20 mM Tris HCl, pH 7.4, 137 mMNaCl,
2 mM EDTA, 10% glycerine, 1% Triton X-100, Protease Inhibitor mix
ng/ml CD95L for the indicated periods of time. Percentage (%) of gated cells refers to per-
and features of apoptotic morphology. Cell gating was done like in Fig. 3C, respectively.
e Casp3 −: active Caspase-3 negative, active Casp3 +: active Caspase-3 positive, nuclear
ation from two to three (A), (B) and three (C) experiments with 10,000 analyzed events
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(Roche, Mannheim, Germany)) and subjected to Western blot. SDS-
Page was done with precast 12% stain-free gels. SDS gels were blotted
with the TransBlot Turbo system to nitrocellulose membranes (all
Biorad, Hercules, USA). Blots were blocked in 5% non-fat dried milk in
PBS with 0,05% Tween 20 for one hour, washed three times with PBS-
Tween, incubated over night with primary antibodies, washed four
times with PBS-Tween and incubated 1 h with HRP-coupled isotype
specific secondary antibodies (SantaCruz, Dallas, USA). After washing
three timeswith PBS-Tween, a chemiluminescence signalwasproduced
with LuminataForte (MerckMillipore, Darmstadt, Germany) and detect-
ed with a ChemiDoc imaging system (Biorad, Hercules, USA). Anti-
Phospho-IκB-α and anti-IκB-α antibodies were purchased from Cell
Signaling Technologies (Danvers, USA), and anti-Actin from Sigma-
Aldrich (Taufkirchen, Germany). The anti-caspase-8 monoclonal anti-
body C15 (mouse IgG2b), recognizing the p18 subunit of caspase-8,
was a kind gift of P. Krammer, DKFZ, Heidelberg. All chemicals were of
analytical grade and purchased from CarlRoth (Karlsruhe, Germany),
SigmaAldrich (Taufkirchen, Germany) and AppliChem (Darmstadt,
Germany).
3. Results and discussion

Stimulation of CD95 with CD95L has been reported to induce both
apoptotic and NF-κB pathways (Neumann et al., 2010). Indeed, using
Western blot analysis we observed that stimulation of HeLa-CD95
cells with 250 ng/ml of CD95L resulted in the phosphorylation of
IκBα, its subsequent degradation and procaspase-8 activation
(Fig. 1B). The latter was accompanied by the generation of the
procaspase-8 cleavage products p43/p41, p30 and p18. Phosphorylation
of IκBα peaked at 40 min after stimulation. Thus, in accordance with
previous reports, we detected CD95-mediated activation of caspases
and degradation of IκBα in HeLa-CD95 cells, indicating apoptosis and
NF-κB induction, respectively. However, Western blot analysis does
not provide the possibility to follow these events at the single cell
level and distinguish whether caspase activation or NF-κB induction oc-
curs in the same cell or in distinct cells. To address this question we
aimed to make use of imaging flow cytometry.

To analyze apoptosis and NF-κB signaling at the single cell level, we
treated HeLa-CD95 cells with 250 ng/ml of CD95L for 60 min. Then the
cells were fixed, permeabilized, stained and subjected to imaging flow
cytometry analysis. We used three dyes: staining for active caspase-3
(casp3) was performed with anti-caspase-3 antibodies conjugated to
AlexaFluor647 and recognizing caspase-3 cleaved at Asp175. This al-
lows monitoring caspase-3 activation in a particular cell. To analyze
CD95-mediated NF-κB activation we followed p65 translocation to the
nucleus. The latter approach is based on a combination of anti-p65-PE
antibodies and nuclear staining as described (Maguire et al., 2011).
We used 7AAD for nuclear staining and visualized p65 translocation to
the nucleus (nuclear p65) using the overlay of 7AAD and p65 signals
(Fig. 2). Four populations of HeLa-CD95 cells were detected after stimu-
lation with CD95L (Fig. 2). In the first population neither caspase-3 nor
p65 translocation to the nucleuswas detected (double negative casp3−/
nuclear p65−) (Fig. 2A). The secondpopulation,whichwas rather small,
included only cells with p65-translocation to the nucleus (single posi-
tive casp3−/nuclear p65+) (Fig. 2B). The third population comprised
cells characterized by caspase-3 staining only (single positive casp3+/
nuclear p65−) (Fig. 2C). Finally, the fourth population consisted of
cells that were characterized by both active caspase-3 generation and
nuclear p65 (double positive casp3+/nuclear p65+) (Fig. 2D). Addition-
ally, we were able to follow the changes towards apoptotic morphology
using the bright field channel (Fig. 2). Indeed, some of the cells were
shrunken and formation of the typical apoptotic blebs was observed.
Importantly, in all cells with apoptotic morphology, activation of
caspase-3 was detected (Fig. 2). Thus, this analysis demonstrates that
CD95 stimulation leads to p65 nuclear translocation and apoptosis in
parallel, giving rise to four populations of cells: casp3−/nuclear p65−,
casp3−/nuclear p65+, casp3+/nuclear p65−, and casp3+/nuclear p65+.

To get a quantitative insight into the ratio between these four popu-
lations over timewe selected the following gating strategy. Focused sin-
gle cells were selected (Maguire et al., 2011) and only cells that showed
double staining for 7AAD and p65-PE were taken for further analysis
(Fig. 3A). The overlay of p65-PE and nuclear 7AAD signals was used to
quantify nuclear translocation of p65 (Section 2.4, Fig. 3B). Furthermore,
a threshold value (see Section 2) has been used to quantify the signal for
p65 translocation, thereby the cells with low changes in the level of p65
translocation to the nucleus were not taken into consideration as nucle-
ar p65+ population (Suppl. Fig. 1). Caspase-3 activation was quantified
based on the fluorescence intensity of the caspase-3-AlexaFluor647 sig-
nal (Fig. 3B). Using this gating strategy we observed that upon stimula-
tion with CD95L for 60 min the cells could be assigned to two major
populations: single positive casp3+/nuclear p65− and double positive
casp3+/nuclear p65+ cells (Fig. 3B). Interestingly, we did not observe
any increase in the population of single positive nuclear p65 cells
(casp3−/nuclear p65+). To assess the apoptotic morphology we imple-
mented "area thresholdmask" and "contrast bright field" features of the
IDEAS software, which could be used for the analysis of the apoptotic
morphology of the dying cells (Section 2.4). Apoptotic cells are charac-
terized by nuclear fragmentation and chromatin condensation and
hence show a decreased nuclear area with bright signal intensities in
comparison to healthy cells. This can be analyzed by measuring the
area of the nuclear signal after applying the “area threshold 50%” mask
(Section 2.4). Morphological changes of the membrane (blebbing) in
apoptotic dying cells result in a high contrast of the bright field images.
Hence, apoptotic cells have high bright field contrast and low area
threshold of the nucleus and can be clearly distinguished from normal
healthy cells (Fig. 3C).

To get a quantitative insight into the ratio between the four popula-
tions over time we stimulated HeLa-CD95 cells for 0, 20, 40, 60, 90 and
180 min with 250 ng/ml of CD95L (Fig. 4A). Without stimulation the
majority of the cells belonged to the double negative casp3−/nuclear
p65− population as they neither showedp65 translocation to the nucle-
us nor active caspase-3 staining, indicating the absence of apoptosis and
p65 activation (Fig. 4A). Upon CD95 stimulation for 20min, a number of
single positive casp3+/nuclear p65− cells were already detected indi-
cating active caspase-3 generation within minutes after CD95 engage-
ment. This population increases over time peaking at 90 min. No
further increase was observed after 90 min, indicating that most of the
cells had undergone cell death afterwards. After 40 min, in addition to
a high number of single positive casp3+/nuclear p65− cells, the popula-
tion of double positive casp3+/nuclear p65+ cells had increased, indi-
cating both active caspase-3 generation and p65 translocation to the
nucleus in these cells. This population peaked at 40 min and decreased
afterwards, indicating that these cells likely started to undergo cell
death. The latter, in turn, leads to changes in nuclear morphology with
no detection of nuclear p65. Interestingly, similar to the data presented
in Fig. 3B, in this time coursewedid not observe any increase in thepop-
ulation of single positive nuclear p65 cells (casp3−/nuclear p65+). This
strongly suggests that in response to CD95 stimulation, p65 activation
does not take place without caspase activation. Taken together, quanti-
fication of the CD95 response in HeLa-CD95 cells over time demon-
strates that there are two major populations of cells observed upon
CD95 stimulation: single positive casp3+/nuclear p65− and double pos-
itive casp3+/nuclear p65+ cells.

To validate whether the cells undergo apoptosis we implemented
image analysis of the bright field and nuclear channels. As mentioned
above, the apoptotic cells undergo changes in themorphology of the nu-
cleus and the membrane, which can be detected and quantified using
the nuclear area threshold mask and the contrast bright field feature
(Fig. 3C). Quantification of this process over time demonstrates that
caspase-3 activation precedes the apoptotic morphological changes
(Fig. 4B). The caspase-3-positive cells in this quantification (Fig. 4B)
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comprised both single positive casp3+/nuclear p65− and double posi-
tive casp3+/nuclear p65+ cells and, therefore, the number of caspase-
3-positive cells was larger as compared to single populations in
Fig. 4A. Upon stimulation with 250 ng/ml within one hour we already
observed that most of the cells were caspase-3 positive. At this time
point only 10% of the cells started to undergo cell death. Interestingly,
within the next 30 min, the population of dying cells drastically in-
creased reaching about 40% of the total cellular population. Finally, at
180 min after stimulation there were almost no healthy cells left. This
analysis shows that the morphological changes of the cells, e.g. mem-
brane blebbing and fragmentation of the nucleus, are quickly initiated
leading to cell death after the cells become caspase-3 positive.

To characterize CD95-mediated signaling in a dose-dependent way
we have stimulated HeLa-CD95 cells for 40 min with different concen-
trations of CD95L (Fig. 4C). The cells underwent dose-dependent
caspase-3 activation and p65 translocation to the nucleus (Fig. 4C).
Caspase-3 activation increased with the higher stimulation strength.
The population corresponding to the double positive caspase-3+/nucle-
ar p65+ cells was going down upon 1000 ng/ml stimulation indicating
that most of the cells had most likely undergone apoptosis at this con-
centration of CD95L. Furthermore, as mentioned above, we considered
only the cells with the higher level of p65 translocation, e.g. above the
arbitrary given threshold (Suppl. Fig. 1). Thus, we do not consider the
cells with the low signal of p65 translocation to the nucleus, thus, the
overall number of cell with a change in nuclear p65 translocation
might be higher. Finally, p65 translocation to the nucleus is a very dy-
namic process (Nelson et al., 2004) therefore the used time point
might cover only a section of p65 regulation. These data show, that
upon CD95 stimulation the majority of cells undergo apoptosis, which
might be accompanied by p65 translocation to the nucleus. Further-
more, importantly, the NF-κB pathway in CD95 signaling is directly
linked to apoptosis and caspase activity, indicating the possibility of
similar regulatory molecules mediating these two pathways. The latter
is in accordance with previous reports (Neumann et al., 2010). As men-
tioned above there have been a number of contradictory reports on
whether cells that induce NF-κB can also undergo apoptosis or these
pathways do not occur in parallel. Our method unraveled that these
pathways take place simultaneously in the same cell. The application
of this approach to other cellular settings andmonitoring the activation
of cell death vs. NF-κB activation at the single cell level will certainly
provide new insights into the molecular mechanisms of DR signaling
and pave the road towards the development of new treatments in per-
sonalized medicine.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jim.2015.04.026.
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