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Flow cytometry was been widely used to measure apoptosis for many decades but the researcher has no
definitive way of determining other forms of cell death using this technology. The use of Western Blot
technology has numerous drawbacks in that all the cells in the sample whether live, dead or maybe
undergoing multiple discrete forms of cell death are analysed as one population. Flow cytometry given
that it can analyse different sub-populations of cells within a sample would reveal the expression of cell
death markers within these sub-populations rather than just give a single result from the entire popula-
tion. Here we describe a flow cytometric assay fully realising that potential by the use of anti-RIP-3
(Receptor-interacting serine/threonine-protein kinase 3) and anti-active caspase-3 fluorescently tagged
antibodies and a fixable live dead fluorescent dye. This allows the determination of the degree of necrop-
tosis, apoptosis and RIP1-dependent apoptosis within live and dead populations. Necroptosis was iden-
tified by the up-regulation of RIP3, while RIP1-dependent apoptosis was described by double positive for
RIP3/active Caspase-3 events in live and dead populations. Apoptotic cells were defined by an active-
Caspase-3™¢/RIP3¢ phenotype. Pan-caspase blocker zVAD and RIP1 inhibitors GSK'481 or
necrostatin-1 revealed interesting modulations of such sub-populations of Jurkat cells. This novel flow
cytometric assay employing two antibodies and a fixable viability probe provides the researcher with
in-depth analysis of various forms of regulated forms of cell death beyond what is currently available
and is a major methodological advancement in this field.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The old format of using numbers to classify cell death, Type I
being programmed cell death or apoptosis and necroptosis, Type
Il being autophagy and Type III being necrosis or oncosis had been
used for some considerable time and thus the recent re-
classification by the NCCD is welcomed [1-4]. The new classifica-
tion highlights the ‘state of the art’ and the complexity of cell death
processes [5]. The new format uses the terminology of Pro-
grammed Cell Death (PCD) to only include developmental and
homeostatic apoptosis. While oncosis, the correct name for the
process of necrosis (dead cells could have arrived in this state from
any of the cell death processes), has been properly included as
Accidental Cell Death (ACD). All other forms of cell death include
classic caspase dependent apoptosis, RIP1 dependent apoptosis,
necroptosis, pyroptosis, ferroptosis, parthanatos and autophagy
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and have been termed Regulated Cell Death (RCD) [5]. Regulated
forms of cell death such as apoptosis and necroptosis are morpho-
logically distinct in that the cell during apoptosis forms blebs on
their surface and undergoes DNA fragmentation [1-3,6]. While
necroptosis involves the swelling of the cell and organelles with
consequent rupture of the cell without significant change to the
DNA [7].

Biochemically there are numerous pathways involved in both of
these forms of cell death, with apoptosis having an intrinsic route
initiated by numerous activating agents such as UV-irradiation,
TNFa, etoposide and staurosporine. This also involves the depolar-
ization of the mitochondrial inner membrane resulting in dysfunc-
tionality and release of cytochrome c to the cytosol where it binds
to Apaf-1 recruiting pro-caspase-9 in an ATP dependent manner to
form the apoptosome. This complex activates Caspase-9 which in
turn activates effector caspases, which result in fragmentation of
the DNA, cell shrinkage, membrane blebbing and the formation
of apoptotic bodies [8].
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The other route apoptosis can take is the extrinsic route by
which TNFa binds to TNFR1 and TNFR2 with signalling via the
TRADD death receptor or Fas ligand (Fas L) binding to the FAS
receptor. This results in the formation of DISC (Death Inducing Sig-
nalling Complex) which contains FADD and caspases 8 and 10
[6,9]. This complex activates caspase-3 which again leads to cell
death via apoptosis (complex Ila) [10]. This activation route can
also involve RIP1 (Receptor-interacting serine/threonine-protein
kinase 1), RIP3 and caspases resulting in RIP1-dependent apoptosis
via complex IIb [6,10-12]. Cell death via this cell death receptor
route can also bypass the requirement for caspase activation
resulting in RIP1 activation and up-regulation of RIP3 resulting in
the formation of the so-called ‘necrosome’ or complex Ilc with
the generation of ROS by mitochondria resulting in cell death via
necroptosis [5,6,10,11].

The occurrence and mechanisms of RCD has been in the main
confirmed by the use of Western Blot technology. This approach
has investigated a particular form of RCD with the use of various
activators and inhibitors to determine the signalling pathways
involved and the interconnection of numerous forms of RCD e.g.
apoptosis, necroptosis and autophagy [13,14].

Unfortunately only Western Blot and microscopy technology
can be used to investigate cell death in an adequate manner. In
the main flow cytometry as a technology has been left behind in
that currently only apoptosis and associated processes can be mea-
sured. These processes include plasma membrane integrity, phos-
phatidylserine (PS) flipping, mitochondrial dysfunction, Reactive
Oxygen Species (ROS) generation, DNA fragmentation and damage
[13,15-19]. However, none of these flow cytometric techniques
actually detects nor measures the numerous specific forms of cell
death. Given the knowledge of the proteins involved in signalling
pathways and some of their interconnections between the various
forms of RCD and the availability of antibodies to such proteins
(usually for Western Blotting only) these could be used to semi-
quantitate the numerous forms of RCD by flow cytometry. This
would perhaps bring flow cytometry to the fore again in studying
the interconnections of the numerous forms of RCD in that it may
show the presence of immunophenotypically functionally different
sub-populations within live and dead cell populations and would
shed new light on the mechanisms and the interactivity involved
in apoptosis and necroptosis.

Here we describe such an approach by the use of intracellular
labelling of RCD signalling proteins, allowing the degree of apopto-
sis, RIP1-dependent apoptosis and necroptosis in viable and dead
cells to be measured flow cytometrically. The processes of apopto-
sis and necroptosis are known to take several hours to more than
24 h depending on the inducer employed and so the 24 h time
point was employed in this study [20-23]. The assay employs a fix-
able cell viability dye and anti-active caspase-3 and anti-RIP3
which allows the identification of live cells undergoing apoptosis
(Caspase-3*V¢/RIP37"¢) and necroptosis (up-regulated RIP3 on
RIP3*V¢/Caspase-3~"¢ events) as well as RIP1 dependent apoptosis
(RIP3*V¢/Caspase-3*'€). RIP3 is always present with RIP1 so it is
assumed that such double positive cells are undergoing RIP1-
dependent cell death [10]. Equally it is possible to determine the
signalling route by which necrotic cells died. So fixable viability
dye*V¢/Caspase-3*"¢ cells have died via apoptosis; only RIP3*V¢ cells
have died via necroptosis. Double positive cells for Caspase-3 and
RIP3 have died via RIP1-dependent apoptosis.

Here we show that TNFa and the necroptotic drug shikonin can
induce multiple forms of cell death in a single culture of a cell line.
The use of pan-caspase inhibitor, zZVAD and RIP1 inhibitors,
GSK’481 or necrostatin-1 followed by treatment with TNFo or
necroptotic drug shikonin appeared to show clearly functional
phenotypic distributions within sub-populations. Here we show
the pathways that are activated in a single population of cells

can be induced to undergo necroptosis but also showed high levels
of classic and RIP1-dependent apoptosis. This new flow cytometric
approach to the study of multiple forms of RCD simultaneously
employing low numbers of cells compared to that used in Western
Blots opens the possibility of screening leucocytes and other cell
types from patient tissues ex vivo.

2. Materials and methods
2.1. Induction of necroptosis, RIP1-dependent apoptosis and apoptosis

Jurkat cells (human acute T cell leukaemia cell line) were used
as a model to study necroptosis, RIP1-dependent apoptosis and
apoptosis. Cells were left untreated or treated with TNFa (100
ng/ml, PeproTech, UK), shikonin for 24 h (0.5 uM, Santa Cruz,
USA). Cells were also pre-treated with necroptosis blockers RIP1
inhibitor GSK’481 (GSK, UK, 300 nM) or necrostatin-1 (60 uM Cam-
bridge Bioscience, UK) for 2 h before TNFa or shikonin treatment.
Such cells with blocked necroptosis are thus directed to apoptosis
which should be enhanced compared to drug treatment alone,
see Table 1. Pre-treatment for 2 h with pan-caspase blocker
zVAD (20 puM, Enzo Life Sciences, USA) before TNFa or shikonin
treatment should block apoptosis and thus direct the cells to
necroptosis, see Table 1. Etoposide (1 uM, Cambridge Bioscience,
UK) was employed to induce apoptosis after 24 h, which was then
also blocked by pre-treatment with zVAD for 2 h, see Table 1.

2.2. Annexin V assay

After 24 h cells were harvested and pelleted. Viable cell counts
were determined using propidium iodide (5 pg/ml) with fluores-
cence collected on a 615/24 nm detector from the 488 nm laser
(ACEA Biosciences Novocyte 3000 flow cytometer fitted with a
NovoSampler, San Diego, USA) and an absolute cell count mea-
sured in a 100 pl volume. Cells were adjusted to 0.5 x 10%/ml
and incubated for 15 min at 37 °C with 2.5 uM DRAQ7 (Biostatus,
UK). Washed cells were place in 400 pl Annexin V buffer (BD Bio-
sciences, UK) and 2 pl annexin V-PE (BioLegend, UK) for 15 min at
RT. Cells were analysed on a ACEA Biosciences Novocyte 3000 flow
cytometer using the 585/40 nm detector for Annexin V-PE. DRAQ7
was excited by the 633 nm laser using the 780/60 nm detector,
20,000 events were collected. Single colour controls were
employed to determine the colour compensation using the pre-
set voltages on the instrument using Novo Express software (ver
1.2, ACEA Biosciences, USA). Cells were gated on FSC vs SSC remov-
ing the small debris near the origin. This was followed by gating on
a dot-plot of annexin V-PE vs DRAQ7 with a quadrant placed mark-
ing off live cells in the double negative quadrant (lower left), with
Annexin V positive or *'¢/DRAQ7 negative or ~V¢ (lower right) indi-
cating apoptotic cells and lastly with Annexin V*V¢/DRAQ7*¢ and
Annexin V~V¢/DRAQ7'V® upper quadrants indicating dead cells
(see Supplementary Fig. 1).

2.3. RIP3-Caspase-3 assay

Harvested cells were labelled with fixable live dead stain, Zom-
bie NIR (Near Infra-Red) (BioLegend, UK) at RT for 15 mins. Cells
were then washed in PBS/BSA and pellets fixed in Solution A (Cal-
Tag, UK) for 15 min at RT. Washed cells were permeabilised in
0.25% Triton X-100 (Sigma, UK) for 15 min at RT. Washed cells (0
.5 x 10°) were then labelled anti-RIP3-PE (2 ul, clone B-2, Cat.
No. sc-374639, Santa Cruz, USA), and anti- active caspase-3-
BV650 (2 pl, clone C92-605, Cat. No. 564096, BD Biosciences,
USA) for 20 min at RT. Washed cells were resuspended in 400 pl
PBS and analysed on a ACEA Bioscience Novocyte 3000 flow
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Table 1

Expected forms of cell death.
Inducer Induced Cell Death Process +GSK'481 +Necrostatin-1 +zVAD
TNFo Apoptosis-Necroptosis Apoptosis Apoptosis Necroptosis
Shikonin Necroptosis-Apoptosis Apoptosis Apoptosis Necroptosis
Etoposide Apoptosis ND ND None

The cell death inducers, TNFa and shikonin are known to induce both apoptosis and necroptosis to varying degrees in different cell types. Etoposide induces apoptosis, while
blockade of necroptosis by pre-treatment with GSK'481 or necrostatin-1causes increased levels of detectable apoptosis induced by TNFa and shikonin. Pre-treatment with
zVAD before TNFa and shikonin causes increased levels of necroptosis. While pre-treatment with zVAD before etoposide causes less cell death. ND - Not Done.

cytometer (30,000 events). Zombie NIR was excited by the 633 nm
laser and collected in the 780/60 nm detector. Caspase-3-BV650
was excited by the 405 nm laser and collected at 675/30 nm.
RIP3-PE was excited by the 488 nm laser and collected at 585/40
nm. Single colour controls were employed to determine the colour
compensation using the pre-set voltages on the instrument using
Novo Express software (ver 1.2, ACEA Biosciences, USA). Cells were
gated on FSC vs SSC removing the small debris near the origin. Cells
were then gated on a dot-plot of Caspase-3-BV650 vs Zombie NIR
with a quadrant placed marking off live cells in the double negative
quadrant (lower left), with Caspase-3-BV650*'¢/Zombie NIR™¢
(lower right) indicating apoptotic cells and lastly with Caspase-3-
BV650"V¢/Zombie NIR™® and Caspase-3-BV650V¢/Zombie NIR™®
upper quadrants indicating dead cells (see Fig. 1). Live and dead
cells were gated separately and analysed in RIP3 vs Caspase-3
dot-plots with RIP3"V¢/Caspase-3~"¢ indicating normal resting cells
or necroptosis when RIP3 was up-regulated, see Table 2 for a full
description of live and dead cell phenotypes. While RIP37V¢/
Caspase-3™¢ cells indicate those that have undergone apoptosis.
Double negative cells were assumed to have died via a non-
apoptotic-necroptotic route. Double positive events indicate cells
of the RIP1-dependent apoptosis phenotype in live and dead cells,
see Table 2. This is an assumed observation, as RIP3 is associated
with RIP1 in the formation of the necrosome [10] (RIP1 and RIP3
was observed to be present in PBMNC, data not shown).

2.4. Imagestream analysis of RIP3-Caspase-3 assay

Cells (2 x 10°) were labelled as above except that anti-active
caspase-3-BV605 (clone (C92-605, BD Biosciences, USA) was
employed instead of the BV650 antibody. Single colour controls
were employed to set the compensation on the Imagestream MKII
instrument (Merck Millipore, UK) using Side Scatter gain set to 2.0,
using 488 nm (150 mW), 642 nm (150 mW) and 405 nm lasers
(120 mW) using 577/25, 762/35 nm and 610/30 nm filters respec-
tively. 10,000 events were collected (using INSPIRE Software,
Merck Millipore, UK) employing the 40x objective, lowest speed
and fluorescence gating employed as in flow cytometry using
IDEAS software (ver 6.0, Merck Millipore, UK). Single cells were
gated using an Area (MO01) vs Aspect Ratio (MO1) dot-plot (Supple-
mentary Fig. 2A). Focussed cells were gated using the Gradient
RMS MO1 Channel (Supplementary Fig. 2B). Other gating was car-
ried out as in standard flow cytometry using Caspase-3-BV605 vs
Zombie NIR dot-plots (Supplementary Fig. 2C). Further gating on
live and dead cells using a Caspase-3-BV605 and RIP3-PE dot-
plot was used to gate upon RIP3*V¢/Caspase-3~V¢ (resting cells or
necroptosis), double negative (non-apoptotic-necroptotic pheno-
type), double positive (RIP1 dependent apoptosis) and RIP3~"¢/
Caspase-3"¢ (apoptotic cells) as described (Supplementary
Fig. 2D, E, Table 2).

Imagestream analysis was used to image RIP3 for median fluo-
rescence Intensity and Bright Detail Intensity (BDI, spot fluores-
cence intensity), Caspase-3, Zombie NIR and cell morphology and
RIP3 fluorescence Texture parameters, which included perimeter,
cell diameter, circularity, contrast (pixel variation within a cell),

energy (measures intensity concentration), entropy (measures ran-
domness of spots), variance (measures variation of spread of pixel
values) and homogeneity (spread of pixel intensities) respectively.
Only RIP3 fluorescence median intensity was found to be signifi-
cantly different within populations so this was the only parameter
used to analyse RIP3-PE fluorescence. Of the morphological charac-
teristics these were all lower only in the apoptotic (RIP37V¢/
Caspase-3"'¢) population as previously reported but this was found
to be the case after all treatments employed in this study [24]. Thus
morphological analysis did not offer anything unique for analysing
the other forms of cell death under investigation so these parame-
ters were not used in this study.

2.5. Statistics

Student t tests were performed in GraphPad software Inc., USA
with P =>.05 not considered significant (NS), P = <.05%, P = <.01**,

3. Results

3.1. Annexin V and caspase-3 analysis of apoptosis and necroptosis,
and RIP1-dependent apoptosis

The use of the caspase-3 mAb on fixed samples showed the lim-
itation of the annexin V assay, in that anti-active caspase-3 appears
to be more sensitive than annexin V and generally detects more
apoptotic cells (see Supplementary Fig. 1, Fig. 1). This antibody also
specifically indicates the mode of cell death either by apoptosis or
necroptosis by being * caspase-3 plus viability marker respectively
were annexin V does not specifically indicate the form of cell death
(see Supplementary Fig. 1, Fig. 1). The Caspase-3-Zombie assay
showed that TNFo+RIP1 inhibitor GSK’481 [25] induced apoptosis
to a higher level than seen in Annexin V assay (25.8 £ 5%, 18 + 2.
2%, Caspase-3*V¢[Zombie™"¢) as well as necroptosis respectively
(9.5 +1.8%, 6.5+2.96%, Caspase-3~V¢/Zombie*¢, Supplementary
Fig. 1A-C, Fig. 1A-C, Table 2). Inhibition of TNFo induced necropto-
sis by necrostatin-1 was marginally more efficient than with RIP1
inhibitor GSK’481 with a higher level of apoptosis detected by
annexin V and caspase-3 staining (11.3 + 2.6%, 19.3 + 5.1%, Supple-
mentary Fig. 1D, Fig. 1D, Table 1). Pre-treatment of Jurkat cells with
pan caspase blocker zVAD before TNFo treatment showed that
apoptosis and cell death was blocked to control levels in both
assays (Supplementary Fig. 1A, E, Fig. 1A, E, Table 1).

Shikonin, a known inducer of necroptosis was shown to
increase the levels of apoptosis (Caspase-3*'¢/Zombie "¢, 33.8 + 9.9%,
Fig. 1F) with cell death by necroptosis (Caspase-3~'¢/Zombie"®)
being shown to be relatively high at 9 + 3.8% (Fig. 1F, Table 1). In
contrast such cells labelled with annexin V showed a low level of
apoptosis and consequent high level of live cells (Supplementary
Fig. 1F). Shikonin plus RIP1 inhibitor GSK’481 (unlike with TNFa
plus GSK’481) showed as expected a large increase in apoptosis
with Annexin V*V¢/DRAQ7 "¢ or Caspase-3*V¢/Zombie ¢ (28.7 + 9.
4%, 44 + 5.9%); there was also no major change in the dead cell
population labelled with Annexin V*¢/DRAQ7*¢ or Caspase-3"V¢/
Zombie™ ¢ respectively (26.3 +3.5%, 16.7 +2.1%, Supplementary
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Fig. 1. Cells from all treatments were labelled with Caspase-3-BV650 and cell viability marker, Zombie NIR as described in Materials and Methods. Cells were first gated on
FSC-A vs SSC-A to include all data points except cell debris. These cells were then gated employing Caspase-3-BV650 vs Zombie NIR dot-plots to show the percentage live cells
(Caspase-3-BV650~¥¢/Zombie NIR™"®), apoptotic cells (Caspase-3-BV650*V¢/Zombie NIR"V¢), and dead cell populations (Caspase-3-BV650~"¢/Zombie NIR*'® and Caspase-3-
BV650*¢/Zombie NIR™®). Cell sample preparations analysed were untreated (A), TNFa (100 ng/ml) (B), RIP1 inhibitor GSK’481 (300 nM) plus TNFo, (100 ng/ml) (C),
necrostatin-1 (60 M) plus TNFa (100 ng/ml) (D), zZVAD (20 uM) plus TNFo (100 ng/ml) (E), shikonin (0.5 uM) (F), RIP1 inhibitor GSK’'481 (300 nM) plus shikonin (0.5 uM) (G),
necrostatin-1 (60 uM) plus shikonin (0.5 uM) (H), zVAD (20 uM) plus shikonin (0.5 uM) I), etoposide (1 uM) (J), zVAD (20 uM) plus etoposide (1 uM) (K). Mean percentage
values were expressed as % + % SEM for n = 3.
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Table 2
Phenotype definitions.
Phenotype Live cells Dead cells
RIP3*¢ high/Caspase- Necroptosis Necroptosis
37VE

Caspase-3*V¢/RIP3 V¢
RIP3*V¢/Caspase-3*'¢

Classic Apoptosis
RIP1-dependent

Classic Apoptosis
RIP1-dependent

Apoptosis Apoptosis
RIP3~V¢/Caspase-3~¢ Non apoptotic- Non apoptotic-
necroptotic necroptotic

The phenotypes of cells indicate the form of cell death the cell population were
undergoing in live and dead cells. RIP3*® high/Caspase-3~"® indicated the presence
of necroptosis; Caspase-3*V¢/RIP37"¢ indicated the presence of classic apoptosis;
RIP3*V¢/Caspase-3"¢ indicated the presence of RIP1-dependent apoptosis. While
RIP3V¢/Caspase-3~"¢ indicated cells that have undergone a form of cell death that
was non apoptotic-necroptotic.

Fig. 1G, Fig. 1G, Table 1). Necrostatin-1 plus shikonin also showed a
similar rise in apoptosis with the Annexin V*V¢/DRAQ7 ‘¢ or
Caspase-3"V¢/Zombie ¢ (32.3 + 1.6%, 46.4 +5.5), as well as dead
cells (Annexin V*™¢/DRAQ7"¢, 38.8 +6.9%) compared to that
induced by the RIP1 inhibitor, GSK’'481 (Supplementary Fig. 1H,
Fig. 1H, Table 1).

As expected pre-treatment of shikonin cultures with zVAD
reduced the incidence of apoptotic cells by Caspase-3*V¢/Zombie "¢
(13.3 £4.7%) and in the Annexin V assay (9.3 + 2.3%. Fig. 11, Supple-
mentary Fig. 11, Table 1). A large increase in dead cells was also
observed (Annexin V*'¢/DRAQ7'¢) above that with shikonin
treatment alone (39.3 +4.6%, Supplementary Fig. 2I). The dead
cells labelled in the Caspase-3/Zombie assay showed as expected
a high degree of necroptotic cell death (Caspase-3~"¢/Zombie™"¢,
12.8 £ 1.9%, Fig. 11).

Etoposide induced apoptosis with a large increase in Annexin
V*¢/DRAQ7 V¢ or Caspase-3*V¢/Zombie V¢ (25.8 + 4.3%, 46.6 + 7%)
and cell death (43.4 £3.8%, 15.8 +2.2%, Supplementary Fig. 1],
Fig. 1], Table 1). The action of etoposide was blocked by pre-
treatment with zZVAD with the apoptotic population falling to 15.
6 + 1.9% with annexin V and 23 + 6.9% with Capsase-3 (Supplemen-
tary Fig. 1K, Fig. 1K, Table 1).

3.2. Flow cytometric and Imagestream RIP3-Caspase-3 analysis of
apoptosis, necroptosis, and RIP1-dependent apoptosis

The fixable cell viability dye and anti-caspase-3 antibody was
used together with the intracellular detection of RIP3 to identify
cells undergoing necroptosis, RIP1-dependent apoptosis as well
as apoptosis, see Fig. 2. After gating as described in Materials &
Methods 2.2 untreated Jurkat cells showed the distribution of the
phenotypes of live and dead cells, resting cells (or necroptosis phe-
notype when up-regulated RIP3 as indicated by the low level MFI
185,996 + 6245 in RIP3™¢/Caspase-37"¢, 77%*4, 9.3%+*3.3),
apoptosis (RIP37V¢/Caspase-3*"¢, 3.5%+ 1.6, 33.8+9.4%), RIP1-
dependent apoptosis (RIP37*¢/Caspase-3*"¢, 7.8% + 1.7, 36.3% + 5%)
and a double negative phenotype respectively (12.5% 6.6,
21% £ 5.2, see Fig. 2A, B, Table 2).

Treatment with TNFa lead to an increase in the RIP37V¢/
Caspase3™ ¢ phenotype compared to the control live cells
(16.8 £3.5% Fig. 2C, Tables 1, 2). Although there was no change
in the incidence of the RIP3'V¢ population the level of RIP3
expression (MFI 249,281 + 31,542) as detected by flow and image
cytometry (MFI 233,000 £ 34,200) was increased by 34 + 10% and
55% + 15% respectively indicating that these cells had undergone
necroptosis, see Figs. 2C, 3.

Imagestream analysis of live TNFo treated cells undergoing RIP1-
dependent apoptosis (RIP3*V¢/Caspase-3""¢) or apoptosis (RIP37V¢/
Caspase-3"'¢) showed the presence of RIP3, caspase-3 and a more
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Fig. 2. Untreated cells (A), (B), or TNFo (100 ng/ml) (C), (D) or shikonin (0.5 uM) (E),
(F) or etoposide (1 uM) (G), (H) were used to induce necroptosis and apoptosis and
were labelled with fixable live cell stain Zombie NIR, Caspase-3-BV650 and RIP3-PE
as described in Materials and Methods. After gating as described in Fig. 1, live and
dead cells were further gated for necroptosis, RIP1-dependent apoptosis and
apoptosis respectively using a dot-plot of RIP3-PE vs Caspase-3-BV650 parameters.
Necroptosis was described as an up-regulation of RIP3 in the RIP3-PE*V¢/Caspase-3-
BV650~¢ population (MFI + SEM, n = 3). RIP1-dependent apoptosis and apoptosis
was described as the RIP3-PE*V¢/Caspase-3-BV650*¢ or RIP3-PE V¢/Caspase-3-
BV650'¢ population respectively. Mean percentage values were expressed as % +
%, SEM for n = 3.

granular or blebbing morphology changes associated with necrop-
tosis or apoptosis respectively (Fig. 4A, C, Supplementary Fig, 4A,
C). Further image analysis of all populations of cells showed reduc-
tions in cell diameter, perimeter and circularity in the apoptotic
(RIP3~V¢/Caspase-3*'¢) population only (data not shown).
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Fig. 3. Cells were untreated, or treated with TNFa (100 ng/ml), or pre-treated with RIP1inhibitor GSK'481 (300 nM) for 2 h followed by TNFa (100 ng/ml), or necrostatin-1 for
2 h followed by TNFo (100 ng/ml), or zVAD for 2 h followed by TNFo (100 ng/ml), or treated with shikonin (0.5 uM), or pre-treated with RIP1 inhibitor GSK’481 (300 nM) for
2 h followed by shikonin (0.5 M), or necrostatin-1 (60 pM) for 2 h followed by shikonin (0.5 uM), or zZVAD (20 uM) for 2 h followed by shikonin (0.5 M) to induce or block
necroptosis and apoptosis respectively. Cells were labelled with fixable live cell stain Zombie NIR, Caspase-3-BV650/605 and RIP3-PE as described in Materials and Methods.
After gating as described in Fig. 1 live and dead cells were further gated for necroptosis, RIP1-dependent apoptosis and apoptosis respectively using a dot-plot of RIP3-PE v
Caspase-3-BV650/605 parameters. Necroptosis was described as an up-regulation of RIP3 in the RIP3-PE*V¢/Caspase-3-BV650 ¢ or BV605 "¢ population. Median MFI values
from flow cytometric and Imagestream analysis were expressed as MFI + SEM for n = 3. Imagestream analysis of live cells showed the RIP3-PE distribution within such cells as
well as the brightfield image using x40 magnification. Student ¢ tests were performed in GraphPad software with P = >.05 not significant (NS), P=<.05", P=<.01", Not Done

(ND).

The degree of these phenotypes in the dead cell population
induced by TNFa were shown to be for necroptotic phenotype
(RIP3*V¢/Caspase-3~"¢) were RIP3 was up-regulated by 26% (8 +3.1%;
TNFo RIP3 MFI 188,516 +47,477; untreated 149,817 +47,477),
apoptosis (36.4 +10.7%) and RIP1-dependent apoptosis (27 + 5.4%,
see Fig. 2D). Imagestream analysis of dead TNFo induced
necroptosis showed the up-regulation of RIP3 by 88% (untreated
MFI 147,000; TNFaMFI 277,000), RIP1-dependent apoptosis, apop-
tosis and granular morphology changes associated with necropto-
sis or apoptosis respectively (Supplementary Fig. 3A, B, 4B, D,
Fig. 4B, D). Interestingly a fourth form of cell death was revealed
as a double negative (DN) population (non-apoptotic-necroptotic
phenotype) of cells which increased after TNFa treatment with 2
8.6 + 6.7% compared to controls (21 + 5.2%, see Fig. 2B, D, Table 2).
These DN cells also had low values for cell diameter, perimeter and
circularity by Imagestream morphological analysis (data not
shown).

We then employed the necroptotic drug shikonin which has
also been previously reported to induce apoptosis [20,26]. The live
cell population showed up-regulation of RIP3 to a lower level by flow
(215,524 + 8683 MFI or by 17 + 4%) and image (180,000 + 17,600
MFI or by 20x10%) cytometry than that induced by TNFa
(flow 34 +10%; Image 55% +15%), see Fig. 3. Similar levels of
apoptosis (RIP37V¢/Caspase-3*V¢) were induced by shikonin as by
TNFa (18.2 £6.1%, Fig. 2E). A large increase in RIP1-dependent
apoptosis and double negative cells was induced by shikonin
compared to TNFo, 25.8+8.8 and 24.418.6% respectively,
(Fig. 2E, Table 2). The dead cells after shikonin treatment showed
high levels of RIP3 expression in the small necroptotic population
(MFI 232,000 + 23,878, 55% up-regulation) RIP1-dependent
apoptosis and apoptosis similar to TNFa treatment (Fig. 2F).

Induction of apoptosis by etoposide showed a high level of
RIP3~V¢/Caspase-3""¢ cells (37.4 + 7.2%, Fig. 2G, Table 2). It was
interesting to note that when the cells are expressing caspase-3
there are very few cells expressing only RIP3 (13.2 £4.6), see
Fig. 2G). Only when the cells undergo RIP1-dependent apoptosis

does the RIP3 expression return (26 * 6.8%, Fig. 2G). The dead cells
induced by etoposide treatment also showed these levels of cell
apoptosis (33.6 £6.1%), RIP1-dependent apoptosis (30.4 +6.7%)
and double negative cells, 33.4 + 8.3% (RIP3~V¢/Caspase-3~"¢), see
Fig. 2H. Image analysis of etoposide treated live and dead RIP3 "¢/
Caspase-3*'¢ cells showed the morphology of apoptotic cells (Sup-
plementary Fig. 4K, L).

3.3. Flow cytometric and Imagestream analysis of the inhibition of
RIP1 and apoptosis with TNFo. and shikonin treatments

The RIP1 inhibitor GSK’481 ablated the up-regulation of RIP3 in
live cells by TNFoa without any change in the level of RIP1-
dependent apoptosis and apoptosis as determined by flow and
image cytometry (Figs. 3, 5A, Table 1). Imagestream analysis also
showed the down-regulation of RIP3 and cell morphology which
was surprisingly like that observed with necroptosis (Fig. 3). While
live RIP1-dependent apoptotic and apoptotic cells displayed
caspase-3 and an apoptotic cell morphology respectively (Fig. 4E,
Supplementary Fig. 4E). Again the distribution of necroptosis
(RIP3 down-regulated, MFI 127,295 +24,808), RIP1-dependent
apoptosis and apoptosis did not change in dead cells (Figs. 2D,
5B). Imagestream analysis of dead necroptotic showed down-
regulation of RIP3 (MFI 122,000), RIP1-dependent apoptotic and
apoptotic cells showed RIP3, caspase-3, Zombie NIR and necrop-
totic or apoptotic cell morphology respectively (Supplementary
Fig. 3C, 4F, Fig. 4F).

Likewise RIP1 inhibitor GSK’481 stopped RIP3 up-regulation in
live cells induced by shikonin (by flow and image cytometry) with
no change in the incidence of RIP1-dependent apoptosis (21.3 + 5.2%,
Figs. 3, 6A, Table 1). Unlike the RIP1 inhibitor GSK’481 blockade of
TNFa, shikonin produced as expected a large increase in apoptosis
(RIP37V¢/Caspase-3*¢, 33.7 +3.1%, Fig. 6A). Dead cells not only
showed a high level of apoptosis (RIP3~V¢/Caspase-3"¢, 43.3 + 5.4%)
but also a large rise in the double negative cells (28.3 + 6.8%%,
Fig. 6B).
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Fig. 4. Cells were untreated, live and dead (A), (B), or treated with TNFo (100 ng/ml) (C), (D), or pre-treated with RIP1inhibitor GSK'481 (300 nM) for 2 h followed by TNFo
(100 ng/ml) (E), (F), or necrostatin-1 (60 uM) for 2 h followed by TNFa (100 ng/ml) (G), (H) or zZVAD (20 uM) for 2 h followed by TNFo (100 ng/ml) (I), (J) to induce or block
necroptosis and apoptosis respectively. Cells were labelled with fixable live cell stain Zombie NIR, Caspase-3-BV605 and RIP3-PE as described in Materials and Methods. After
gating as described in Supplementary Fig. 2 live and dead cells were further gated for necroptosis, RIP1-dependent apoptosis and apoptosis respectively using a dot-plot of
RIP3-PE vs Caspase-3-BV605 parameters. RIP1-dependent apoptosis RIP3-PE™¢/Caspase-3-BV605*'¢ population of live and dead cells were imaged by Imagestream analysis
which showed the RIP3-PE/Caspase-3-BV605/Zombie NIR distribution within such cells as well as the brightfield image (BF) using x40 magnification.

In contrast to GSK’481, RIP1 inhibition of TNFa by necrostatin-1 expected necroptosis was inhibited as indicated by the down-
did not alter the distribution of cell populations compared to that regulation of RIP3 (P <.01) in live and dead RIP3*V¢ events (Figs.
observed with TNFa alone, see Figs.2C, D, 5C, D, Table 1. As 3, 5C, D). Imagestream analysis of live and dead RIP3*¢ cells also
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Fig. 5. Cells were pre-treated with RIP1inhibitor GSK'481 (300 nM) for 2 h followed by TNFa (100 ng/ml) (A) live cells, (B) dead cells, or necrostatin-1 (60 pM) for 2 h
followed by TNFo (100 ng/ml) (C), (D) or zVAD (20 uM) for 2 h followed by TNFa (100 ng/ml) (E), (F) to block necroptosis and apoptosis respectively. Cells were labelled with
fixable live cell stain Zombie NIR, Caspase-3-BV650 and RIP3-PE as described in Materials and Methods. After gating as described in Fig. 1 live and dead cells were further
gated for necroptosis, RIP1-dependent apoptosis and apoptosis respectively using a dot-plot of RIP3-PE vs Caspase-3-BV650 parameters. Necroptosis was described as an up-
regulation of RIP3 in the RIP3-PE*¢/Caspase-3-BV650 V¢ population. RIP1-dependent apoptosis and was described as the RIP3-PE"¢/Caspase-3-BV650™'¢ or RIP3-PE "¢/
Caspase-3-BV650*"¢ population. Mean percentage values were expressed as % + %, MFI were median values + SEM for RIP3"V¢/Caspase-3~"¢, SEM for n = 3.

showed the down-regulation of RIP3 and necroptotic like cell mor-
phology (Fig. 3, Supplementary Fig. 3D). Image analysis of live and
dead apoptotic and RIP1-dependent apoptotic cells showed the
presence of RIP3, Caspase-3 + Zombie NIR and apoptotic cell mor-
phology (Supplementary Fig. 4G, H, Fig. 4G, H).

Necrostatin-1 also inhibited necroptosis induced by shikonin as
indicated by the down-regulation of RIP3 expression (Figs. 3, 6C,
P<.01, Table 1). Necrostatin-1 also induced changes in the
distribution of cell death modes with an increase in apoptosis
(Caspase-3*V¢/RIP37V¢ 29.8% + 4.1) in live cells (Fig. 6C) with no
change in the distribution of dead cells (Fig. 6D).

Live cells showed abrogation of RIP3 up-regulation by TNFa in
the presence of zVAD by flow and image cytometry but all the cells

+ve

remained mainly RIP3™¢ and had a necroptotic like cell morphol-
ogy see Figs.3, 5E, P<.01, Table 1. Imagestream analysis of
remaining apoptotic and RIP1-dependent apoptotic cell popula-
tions not only showed the presence of RIP3, and caspase-3 but
apoptotic cell morphology (Fig. 41, Supplementary Fig. 41).
Similarly dead cells generated from TNFa-zVAD treatment
showed a high degree of necroptosis (10.8 +4.4%, RIP3*V¢/
Caspase-3~"¢), but surprisingly RIP1-dependent apoptosis (double
positive, 18.2+4%) and even apoptosis (28.4 +7.9%, Caspase-
3*€), as well as double negative cells (42.8 +7.1%, see Fig. 5F).
Image analysis of dead necroptotic cells showed the presence of
RIP3, Zombie NIR and a necroptotic like cell morphology (Supple-
mentary Fig. 3E). While dead apoptotic and RIP1-dependent
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Fig. 6. Cells were pre-treated with RIP1inhibitor GSK'481 (300 nM) for 2 h followed by shikonin (0.5 M) (A) live cells, (B) dead cells, or necrostatin-1 for 2 h followed by
shikonin (0.5 pM) (C), (D) or zVAD (20 uM) for 2 h followed by shikonin (0.5 uM) (E), (F) to block necroptosis and apoptosis respectively. Cells were labelled with fixable live
cell stain Zombie NIR, Caspase-3-BV650 and RIP3-PE as described in Materials and Methods. After gating as described in Fig. 1 live and dead cells were further gated for
necroptosis, RIP1 dependent apoptosis and apoptosis respectively using a dot-plot of RIP3-PE v Caspase-3-BV650 parameters. Necroptosis was described as an up-regulation
of RIP3 in the RIP3-PE*'¢/Caspase-3-BV650 "¢ population. RIP1-dependent apoptosis was described as the RIP3-PE*¢/Caspase-3-BV650*'¢ population. Apoptosis was
described as the RIP3-PE~V¢/Caspase-3-BV650*"¢ population. Mean percentage values were expressed as % + %, MFI were median values + SEM for RIP3-PE, SEM for n = 3.

apoptotic cells showed the presence of caspase-3 and an apoptotic
or much shrunken cell morphology respectively (Supplementary
Fig. 4], Fig. 4]).

The zVAD pre-treatment with shikonin also inhibited RIP3
upregulation in live cells. However, not all cells were RIP3™¢/
Caspase-3~"¢ as there was a high incidence of the double negative
phenotype (49.8%%5.6) (Figs. 3, 6E, P <.01, Table 1). Treatment with

zVAD-shikonin resulted in little apoptosis in the dead cell popula-
tion but led to a degree of RIP1-dependent apoptosis (23 + 1.8%)
and again a high incidence of double negative cells (56.3 + 2.2%),
see Fig. 6F.

Interestingly zVAD blockade of etoposide maintained the RIP1-
dependent apoptotic phenotype (22 + 7.8%) displayed with etopo-
side alone, and also induced a live double negative population of
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cells (32.2 £ 4.5%, Fig. 6G, Table 1). This double negative population
was enhanced and RIP1-dependent apoptosis was maintained in
such treated dead cells respectively (44.8+8%, 31.2+7.9%,
Fig. 6H).

4. Discussion

The use of DNA dyes to detect apoptosis and cell death in the
80’s by the use of cell permeant Hoechst 33342 together with PI
required the need for an expensive UV laser line. This was then
replaced by the now ubiquitous annexin V flow cytometric assay
and has been in use since the mid-90’s [19]. This assay has been
extremely useful in the study of apoptosis particularly when com-
bined with cell permeant probes for mitochondrial function, cas-
pase active probes such as FLICA (Fluorescent Inhibitor Caspases)
and ROS detection probes. However, its application to the study
of other forms of cell death such as necroptosis and RIP1-
dependent apoptosis has shown the limitations of the annexin V
binding assay given it’s non-specific nature [13,16,27,28].

The mainstay techniques for investigating cell death pathways
has been Western Blot and fluorescence microscopy technology
which has elucidated the proteins involved in apoptosis and other
forms of cell death such as necroptosis and RIP1 dependent apop-
tosis amongst the other now recognized forms of cell death [20-
22]. Reviews of the technologies available for the study of cell
death mechanisms have shown there is no one perfect approach
[13]. Western blotting shows only the predominant proteins
involved in any one form of cell death, with the nuances of other
active signalling routes not shown due to the low incidence of
any one particular form of cell death. While microscopy although
it can distinguish live and dead cells and presence of apoptotic
and necroptotic cells in such populations it lacks the in-depth anal-
ysis of all populations that image and flow cytometry offers.

This new flow cytometric assay employing the simple use of
directly conjugated mAbs (that bind to antigen in fixed as opposed
to lysed cell samples) reveals the known complexity of cell death
processes induced by particular cell death inducing agents (e.g.
TNFa, shikonin and etoposide). The backbone of the new assay
not only showed cell populations undergoing apoptosis by being
only caspase-3"¢ but showed that non-viable cells have either
reached this point via apoptosis (Caspase-3"V¢/Zombie dye™¢) or
by a mechanism via RIP3. The addition of a second antibody
against RIP3, a protein that is up-regulated in necroptosis added
the extra dimension to the assay to definitively demonstrate cell
death phenotypes of the cells involved in necroptosis, apoptosis
and RIP1-dependent apoptosis while the cells were still viable,
but also for the first time in the dead cell population. TNFa and shi-
konin treatments of Jurkat cells showed the presence of apoptosis
(Caspase-3*Y¢/RIP3 "), but also necroptosis by the up-regulation of
RIP3 in the RIP3"V¢/Caspase-3~"¢ populations of live and dead cells
[10]. As expected, etoposide induced an increase in live cells with a
RIP37V¢/Caspase-3"'¢ phenotype indicating apoptosis, but also
showed the presence of a RIP1-dependent apoptotic phenotype
(Caspase-3*Y¢/RIP3™V¢) [10]. However all dead cells including con-
trols showed the same relative distribution of all forms of cell
death studied. This immunophenotypic analysis of RIP3-PE,
Caspase-3-BV650/605 and Zombie NIR to identify necroptosis,
RIP1-dependent apoptosis and apoptosis was further confirmed
by Imagestream analysis and by the use of specific inhibitors to
block necroptosis and apoptosis. Image analysis of the distribution
of RIP3 in the necroptotic populations showed no defining patterns
or characteristics other than a general increase in MFI. These Ima-
gestream RIP3 MFIs compared well with the corresponding flow
cytometry MFIs (see Fig. 3.) Morphological analysis of cells
(untreated or with any treatment) by image cytometry showed

only a similar shrinkage in cells in the RIP3 negative populations
of cells which included apoptotic and double negative cells by
diameter, perimeter and circularity and thus unfortunately was
of no specific use.

The inhibition of necroptotic and apoptotic cell death signalling
routes by employing a RIP1 inhibitors, GSK'481 [25] and
necrostatin-1 [29-31] as well as pan caspase blocker zVAD, gave
illuminating insight to the changes in the RIP3/Caspase-3 popula-
tions. Cell cultures treated with TNFo and shikonin were shown
to promote apoptosis and necroptosis [32-34]. GSK’'481 abrogated
the RIP3 up-regulation induced by both TNFo and shikonin in live
and dead cells, indicating that necroptosis was in fact induced by
both agents. The overall levels of cell death were unchanged, how-
ever increased Caspase-3*'¢ levels were observed in conjunction
with shikonin but not TNFa [25,29]. Necroptosis induced by TNFa
and shikonin was also shown to be blocked by necrostatin-1
[30,31]. These differences observed with the different RIP1 inhibi-
tors appeared to possibly reflect the differences in the signalling
routes activated by TNFa and shikonin. In contrast dead cells from
both such treatments indicated cell death from apoptosis and RIP1-
dependent apoptosis and surprisingly the double negative cell
death (RIP3~V¢/Caspase-3~"¢) in the case of shikonin treated cells.

Further elucidation of the interconnections between cell death
pathways was investigated by the use of pan caspase blocker zZVAD
together with TNFo or shikonin which has been reported to
increase necroptosis [31,33,34]. There was reduced caspase-3
levels in tandem with the viability levels of the cells compared to
single drug treatments. The outcome of such treatments was sur-
prisingly different with TNFa-zVAD live cells displaying a small
degree of down regulation of resting levels of RIP3. However zVAD
treatment with shikonin showed a massive down regulation of
RIP3 with the preponderance of a double negative phenotype.
Why should a down regulation of RIP3 be observed in such live
cells treated to undergo necroptosis when all other responses to
the modulation of RIP3 and population dynamics meet the
expected changes? The treatment with Etoposide + zVAD however
provides an insight into this issue as it was initially shown to
down-regulate the RIP3 machinery, while the remaining RIP3*¢/
Caspase-3~"¢ population showed a down-regulation of RIP3. This
new assay therefore does appear to shed new light on the observed
expressions of proteins involved in cell death processes which are
not highlighted by Western Blot data. The dead cell phenotype of
such treated cells showed the maintenance of a double negative
population, thus these cells appear to have undergone a non-
apoptotic-necroptotic form of cell death. Interestingly cell death
after etoposide-zVAD treatment also showed cells undergoing cell
death with this double negative phenotype and RIP1-dependent
apoptosis.

This new flow cytometric approach uses antibodies to pheno-
typically analyse cell death into eight parts thus revealing up till
now undetectable minor (but significant) as well as major cell pop-
ulations undergoing varying degrees of necroptosis, apoptosis and
RIP1-dependent apoptosis when the cells are alive and dead.
Interestingly shikonin was shown to induce a higher degree of
apoptosis than TNFo as well as necroptosis. The use of RIP1 and pan-
caspase inhibitors clearly revealed the signalling routes activated
by TNFashikonin and etoposide with image analysis of such cells
being used to clarify the mode of cell death occurring. Given that
the assay requires only 125,000 cells per test it has been possible
to detect and investigate the cell death phenotypes in leucocytes
isolated from resected human colon tissue (unpublished observa-
tions). The addition of other known markers for other forms of cell
death are currently in the process of being added to the current
assay, these include pyroptosis, autophagy, parthanatos, DNA dam-
age and ER stress. This may lead flow cytometry technology to the
fore once more in research into cell death signalling mechanisms.
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