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SUMMARY:
Tyramide signal amplification during immunofluorescent staining enables the sensitive detection
of phosphorylated RIPK3 and MLKL during ZBP1-induced necroptosis after HSV-1 infection.

ABSTRACT:

The kinase Receptor-interacting serine/threonine protein kinase 3 (RIPK3) and its substrate
mixed lineage kinase domain-like (MLKL) are critical regulators of necroptosis, an inflammatory
form of cell death with important antiviral functions. Autophosphorylation of RIPK3 induces
phosphorylation and activation of the pore-forming executioner protein of necroptosis MLKL.
Trafficking and oligomerization of phosphorylated MLKL at the cell membrane results in cell lysis,
characteristic of necroptotic cell death. The nucleic acid sensor ZBP1 is activated by binding to
left-handed Z-form double-stranded RNA (Z-RNA) after infection with RNA and DNA viruses. ZBP1
activation restricts virus infection by inducing regulated cell death, including necroptosis of
infected host cells. Immunofluorescence microscopy permits the visualization of different
signaling steps downstream of ZBP1-mediated necroptosis on a per-cell basis. However, the
sensitivity of standard fluorescence microscopy, using current commercially available phospho-
specific antibodies against human RIPK3 and MLKL, precludes reproducible imaging of these
markers. Here, we describe an optimized staining procedure for serine (S) phosphorylated RIPK3
(S227) and MLKL (S358) in human HT-29 cells infected with herpes simplex virus 1 (HSV-1). The
inclusion of a tyramide signal amplification (TSA) step in the immunofluorescent staining protocol
allows the specific detection of S227 phosphorylated RIPK3. Moreover, TSA greatly increases the
sensitivity of the detection of S358 phosphorylated MLKL. Together, this method enables the
visualization of these two critical signaling events during the induction of ZBP1-induced
necroptosis.
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INTRODUCTION:

Receptor-interacting serine/threonine protein kinase 3 (RIPK3) and mixed lineage kinase domain-
like (MLKL) are central regulators of necroptotic cell death'?. Necroptosis is a lytic and
inflammatory form of regulated cell death involved in antiviral immunity and autoinflammation.
Necroptosis of virus-infected cells immediately shuts down virus replication. Cell lysis following
necroptosis induction also releases damage-associated molecular patterns, which stimulate
antiviral immunity3%. Necroptosis is initiated by the activation of RIPK3 following RIP homotypic
interaction motif (RHIM)-mediated interactions with one of three upstream activating molecules:
RIPK1 (upon TNF receptor 1 [TNFR1] engagement), TIR-domain-containing adapter-inducing
interferon-B (TRIF; upon Toll-like receptor 3 and 4 engagement), or the antiviral nucleic acid
sensor Z-DNA binding protein 1 (ZBP1)>2. Necroptosis sighaling proceeds through a series of
phosphorylation events beginning with the autophosphorylation of RIPK3. The
autophosphorylation of human RIPK3 at serine (S)227 inside its kinase domain is a prerequisite
for necroptosis by enabling the interaction with MLKL and is commonly used as a biochemical
marker for human RIPK3 activation and necroptotic cell death®. Once activated, RIPK3
phosphorylates the activation loop of MLKL at threonine (T)357 and S358. This causes a change
in MLKL conformation, resulting in exposure of the N-terminal four helix bundle domain. MLKL
then oligomerizes and traffics to the cell membrane where it forms a pore through the insertion
of the exposed four helix bundles in the lipid bilayer, eventually leading to cell death®®.

ZBP1 is an antiviral nucleic acid sensor that recognizes left-handed Z-form nucleic acids including
double-stranded RNA in the Z-conformation (Z-RNA). Z-RNA binding occurs via two Za-domains
positioned at the N-terminus of ZBP1. Z-RNA accumulating during RNA and DNA virus infection is
thought to directly engage ZBP172. Activated ZBP1 recruits RIPK3 through its central RHIMs and
induces regulated cell death, including necroptosis®°. Viruses have adopted numerous escape
mechanisms to counteract ZBP1-induced host cell necroptosis*!. For example, the herpes simplex
virus 1 (HSV-1) ribonucleotide reductase subunit 1, known as ICP6 and encoded by UL39, harbors
an RHIM at its N-terminus that interferes with ZBP1-mediated RIPK3 activation in human cells?~
15 ZBP1 not only restricts viral replication, but mouse studies have shown that ZBP1 activation
causes inflammatory diseases and stimulates cancer immunity!®=!, Protocols that detect
signaling events occurring during ZBP1-induced necroptosis in human cells are, therefore,
valuable to assess the role of ZBP1 in these processes.

Tyramide signal amplification (TSA), also referred to as catalyzed reporter deposition (CARD), has
been developed to improve the limit of detection and signal-to-noise ratio in antibody-based
immunoassays. During TSA, any primary antibody can be used to detect the antigen of interest.
Horseradish peroxidase (HRP), coupled to a secondary antibody, catalyzes the local build-up of
biotinylated tyramide radicals in the presence of hydrogen peroxide. These activated biotin-
tyramide radicals then react with proximal tyrosine residues to form covalent bonds. Potential
tyramide-biotin substrates include the antigen itself, the primary and secondary antibodies, and
neighboring proteins. Thus, while TSA significantly improves the sensitivity of the assay, some of
its spatial resolution is lost. In a final step, biotin molecules are detected using fluorescently
labeled streptavidin. The HRP reaction deposits many tyramide-biotin molecules on or near the
antigen of interest. This greatly increases the number of streptavidin-fluorochrome binding sites,



thereby greatly amplifying the sensitivity of the assay (Figure 1). Alternatively, tyramide can be
directly coupled to a fluorochrome, eliminating the need for streptavidin-coupled fluorophores.
Protein immunohistochemistry and DNA/RNA in situ hybridization were among the first methods
whereby TSA was employed to improve signal intensities?>?3, More recently, TSA has been
combined with intracellular flow cytometry?* and mass spectrometry?°.

Here, we present a protocol to detect serine 227 phosphorylated human RIPK3 (p-RIPK3 [S227])
and phosphorylated human MLKL (p-MLKL [S358]) upon the activation of ZBP1 by HSV-1 infection
using immunofluorescence microscopy. We use a necroptosis-sensitive HT-29 human colorectal
adenocarcinoma cell line that was transduced to stably express human ZBP1. These cells were
infected with an HSV-1 strain expressing a mutant ICP6 protein (HSV-1 ICP6™URHIM) in which four
core amino acids within the viral RHIM (VQCG) were replaced by alanines (AAAA), thereby
rendering the ICP6 unable to block ZBP1-mediated necroptosis’3>~1°. To overcome the problem of
the low signal-to-noise ratio of the currently commercially available antibodies directed against
p-RIPK3 and p-MLKL in immunostaining?®, we perform a tyramide signal amplification (TSA) step
(Figure 1), which results in the robust detection of human p-RIPK3 (S227) and improves the
detection sensitivity of human p-MLKL (5358) by an order of magnitude.



PROTOCOL:
1. Preparation of biotinylated tyramide

1.1.  Prepare biotinylated tyramide starting from biotin-tyramide. To make a 10 mM stock
solution, dissolve 3.6 mg of biotin-tyramide in 1 mL of DMSO. Store the dissolved product in
aliquots at =20 °C to preserve the quality.

2. Maintaining HT-29 cells in culture

NOTE: ZBP1-expressing HT-29 were generated by transduction with a lentivector?’ encoding
human ZBP1.

2.1. KeepZBP1l-expressing HT-29 cells in McCoy’s 5A medium supplemented with L-glutamine,
sodium-pyruvate, and 10% fetal bovine serum (from now on referred to as full medium) and
maintain in an incubator at 37 °C with 5% carbon dioxide. Ideally, use cells of a low passage
number (less than 10). Leave the cells to recover for at least 5 days after the thaw cycle before
the start of the experiment.

2.2. To detach the cells from the culture flask, remove the medium and wash the cells with 5
mL of PBS (preheated to 37 °C). Next, add the appropriate amount of trypsin/EDTA (0.05% trypsin
and 0.032% EDTA, respectively, preheated to 37 °C) to the cells (2 mL for a T75 flask, 3 mL for a
T175 flask).

2.3.  Incubate the cells with trypsin/EDTA for up to 10 min in an incubator at 37 °C with 5%
carbon dioxide. Afterward, tap the flask and visually check if the cells detached from the flask
using a microscope with 4x—20x objective magnification.

2.4. If the cells are not fully detached, incubate for another 5 min at 37 °C. When the cells are
detached, stop the enzymatic reaction by adding 6 mL of full medium to the flask.

2.5.  Gather the cell suspension in a 15 mL tube. Count the cells using trypan blue stain to
assess viability; a 1:5 dilution is recommended. Only proceed with the experiment if the viability
of the cells exceeds 90%.

3. Starting the experiment, seeding, and stimulation of the cells

3.1. Seed 90,000 ZBP1-expressing HT-29 cells in full medium in a 1 cm? surface area well plate
that allows high end microscopy. Use an end volume of 200 pL per well.

3.2.  Incubate the cells overnight at 37 °C with 5% carbon dioxide. Take into consideration that
some extra wells need to be seeded for staining controls, which is explained in more detail in
step 5.6.



3.3.  When the cells reach 70%—-80% confluency, add a necroptosis-inducing stimulus to the
cells. Here, the cells were infected with HSV-1 ICP6™MURRHIM (multiplicity of infection [MOI] of 5,
defined as plaque forming units (pfu) divided by the number of cells; the pfu was quantified using
a plaque assay on Vero cells) for 6 h, 8 h, or 10 h.

3.4. As a positive control for necroptosis induction, stimulate the cells for 4 h with a
necroptosis-inducing cocktail containing 30 ng/mLTNF, 20 uM of the pan-caspase inhibitor zZVAD-
fmk, and 5 uM of the SMAC mimetic BV6.

3.5.  Asa negative control for p-RIPK3 (S227) staining, include GSK’840 (1 uM) to inhibit RIPK3
kinase activity and prevent the autophosphorylation of $227. Ideally, add the inhibitor in an
untreated condition and after necroptosis stimulation. The inhibitor can be added simultaneously
with viral infection.

3.6. Prepare the stimulations in full medium, preheated to 37 °C. Use an end volume of 200
uL per well for all stimulations.

4, Fixing the cells

4.1. Remove the medium and wash the cells with 200 pL of 1x PBS. Then, add 150 uL of 4%
PFA (already equilibrated at room temperature) to the cells and incubate at room temperature
for 30 min.

NOTE: If you are using cells that detach easily, the fixation of the cells can be optimized as follows.
Remove 100 plL of medium from the well, so a volume of 100 uL remains on the plate. Add 100
uL of 4% PFA to the cells. Incubate the cells for 5 min at room temperature. Afterward, remove
the medium/fixative from the wells and replace with 150 uL of 4% PFA. Incubate the cells for
another 20 min at room temperature to ensure complete fixation of the cells.

4.2.  After fixation, remove the 4% PFA and wash the cells 3x with 200 pL of 1x PBS. The
samples can be stored in an excess (>200 uL) of 1x PBS at 4 °C overnight until further processing.

5. Permeabilization and primary staining

5.1. Remove the PBS and add 100 pL of permeabilization buffer (0.5% Triton X-100 in PBS).
Incubate at room temperature for 30 min.

5.2.  Remove the permeabilization buffer and, subsequently, wash the wells with 100 pL of
wash buffer (0.1% Triton X-100 in PBS). Incubate the imaging chamber with wash buffer for 5 min
at room temperature on a tilting laboratory shaker (20—30 rocking motions per min).

5.3.  To prevent non-specific binding of primary antibodies, add 100 pL of blocking medium
and incubate at room temperature for 2 h. Alternatively, this blocking step may be replaced by
blocking with 3% BSA, 0.1% Triton-X-100 in PBS for 1 h at room temperature.



5.4. Wash the wells 3x with 100 uL of wash buffer (0.1% Triton X-100 in PBS). Incubate the
wash steps for 5 min at room temperature on a tilting laboratory shaker.

5.5.  After removing the wash buffer, add the primary antibodies to the imaging chamber and
incubate overnight at 4 °C. Use an end volume of 100 pL to cover the well. During overnight
incubation at 4°C, do not place the imaging chamber on a tilting laboratory shaker.

NOTE: Anti p-MLKL (S358; dilution: 1:200) and anti-p-RIPK3 (S227; dilution: 1:200) share rabbit
as a host species and should, therefore, not be combined in one well. To monitor the viral
infection, combine a primary antibody against a viral protein of choice with p-MLKL (5S358) or p-
RIPK3 (S227). Here, the cells were infected with HSV-1 infection followed by ICPO staining
(dilution: 1:50, host species: mouse).

5.6. Take into consideration the necessary staining controls at this point. Always include a no
primary antibody condition to visualize the potential background of the TSA amplification step to
set the masking threshold (see step 9).

NOTE: In case of a co-staining protocol (e.g., combining p-MLKL [S358] or p-RIPK3 [S227] with an
antibody against a viral protein) use single stains as well. The use of single stains is important to
correct for potential bleed-through signal in other imaging channels.

6. Tyramide signal amplification (TSA)

6.1. Remove the primary antibody mix and wash wells 3x with 100 pL of wash buffer (0.1%
Triton X-100 in PBS). Incubate the wash steps for 5 min at room temperature on a tilting
laboratory shaker.

6.2. Remove the wash buffer and add 100 uL of HRP-labeled secondary antibody recognizing
the species of primary antibody that needs to be amplified. To amplify the p-RIPK3 (S227) or p-
MLKL (S358) signal, add 100 uL of anti-rabbit-HRP and incubate for 30 min at room temperature
on a tilting laboratory shaker.

NOTE: Only p-MLKL (S358) or p-RIPK3 (S227) will be amplified. The staining of a viral protein will
be visualized using a standard indirect staining method.

6.3. Afterward, wash the wells 3x with 100 uL of wash buffer (0.1% Triton X-100 in PBS).
Incubate the wash steps for 5 min at room temperature on a tilting laboratory shaker.

6.4. Inthe next steps, add the biotinylated tyramide to the microscopic plate. Using the HRP-
group coupled to the secondary antibodies, the enzymatic reaction will trigger the formation of

tyramide radicals in close proximity to the primary target (here, p-MLKL [S358] or p-RIPK3 [S227]).

6.5. To activate the enzymatic activity of HRP, add an oxidizing substrate together with the



biotinylated tyramide. To achieve this, supplement the TSA buffer (0.1 M boric acid [pH 8.5]) with
0.03 M H,03; specifically, take 5 mL of TSA buffer and add 5 uL of 30% H,0,.

6.6. Now, dilute the biotin-tyramide in H,0,-supplemented TSA buffer ranging from 1:1,000
to 1:20,000.

NOTE: The dilution factor of the biotin-tyramide needs to be optimized per batch.

6.7. Remove the wash buffer from the wells and add diluted biotin-tyramide to the wells to
an end volume of 100 pL. Incubate at room temperature for 10 min on a tilting laboratory shaker.

6.8.  Next, wash the wells 3x with 100 pL of wash buffer (0.1% Triton X-100 in PBS). Incubate
the wash steps for 5 min at room temperature on a tilting laboratory shaker.

7. Fluorophores

NOTE: Since the signal of the primary antibody is converted to a biotin-group, p-MLKL (5358) and
p-RIPK3 (S227) are visualized using streptavidin coupled to a fluorophore (fluorophore 568,
dilution: 1:500). Additionally, the nuclei are stained with DAPI (5 pg/mL). If a viral protein is
included in the staining protocol, include a suitable fluorescently labeled secondary antibody
against the host species of your primary antibody. In the representative results, a mouse anti-
ICPO was used. As a secondary antibody goat anti-mouse coupled to fluorophore 633 (dilution:
1:1,000) was included.

7.1.  Make the staining mix in wash buffer (0.1% Triton X-100 in PBS) containing the antibodies
and stains mentioned above. Remove the wash buffer, add 100 pL of staining mix, and incubate
at room temperature for 1 h on a tilting laboratory shaker. Keep the imaging chamber shielded
from light from this step onward.

7.2.  Next, wash the wells 2x with wash buffer (0.1% Triton X-100 in PBS). Incubate the wash
steps for 5 min at room temperature on a tilting laboratory shaker.

7.3.  Finally, rinse the wells 2x with 1x PBS. Store the samples in an excess (> 200 pL) of 1x PBS
until imaging. Alternatively, submerge the samples in mounting medium to preserve the staining.
The imaging chamber is now ready to be visualized on a confocal microscope.

8. Imaging using a confocal microscope

8.1.  Turn on the confocal microscope and lasers at least 10 min before imaging.

8.2. Use an immersion objective for sensitivity. Preferably, use 40x or 63x objective

magnification. Before imaging, clean the immersion objectives with lens cleaner using
appropriate cotton balls. Dirty objectives (e.g., due to dust) can result in lower quality images.



8.3.  Put an excess amount of oil on the bottom of the imaging chamber. Additionally, add a
drop of oil on the objective of choice.

8.4.  Put the imaging chamber on the microscope. Find the focus field using DAPI staining or
using brightfield imaging. If necessary, move around the imaging chamber to ensure proper
spread of the immersion oil.

8.5.  Set up the necessary imaging tracks on the microscope. Depending on the microscope,
the following steps may vary (Table 1).

NOTE: When setting up the imaging tracks, program the tracks so that the nuclear staining is
measured last. The 405 nm laser may contribute to photobleaching and, thus, the loss of specific
signal in all the channels.

8.6. To analyze a complete cell for the presence of p-RIPK3 (S227) or p-MLKL (S358), measure
z-stacks that span the height of the cell. Here, the z-stacks were made of 40 slices every 0.16 um,
resulting in a range of 6.22 um.

9. Data analysis and quantification

9.1. Upload the microscopic images to the software. Use the extended focus to visualize all
the information of the z-stack in a 2D image.

9.2. Next, program the analysis protocol in order to extract the following information: the
number of cells per image, the sum of voxels showing p-RIPK3 (5227)* or p-MLKL (S358)* staining.
A voxel represents a three-dimensional volume, defined as the three-dimensional equivalent of
a pixel.

9.3. To quantify the number of cells per image, segment the nucleus. To reduce noise in the
segmentation results, add a size limitation to the segmentation (>100 um3). The number of
segmented nuclei represents the number of cells in the image.

9.4. To quantify the amount of p-RIPK3 (S227)* or p-MLKL (S358)* voxels, program a threshold-
based segmentation. Set the threshold so that no signal is picked up in the no primary antibody
(NP) images.

9.5.  Further adapt the threshold using the images from the untreated mock condition. To
ensure sensitive detection of the signal increase due to necroptosis stimulation, limit the pick-up
of p-RIPK3 (5227)* or p-MLKL (S358)* voxels in mock conditions by setting a higher threshold.
Always check the programmed analysis protocol in several images from the mock condition and
necroptosis-inducing viral infection.

9.6. Run the analysis on all image sets. Export the voxel quantification and nucleus
segmentation in a .txt file for further processing in spreadsheet software.



9.7. Make a pivot table of the data showing the image name, the nucleus quantification, and
the sum of detected voxels.

9.8. Next, divide the sum of positive voxels by the count of cells in the image. This results in a
relative value of positive voxels per cell. To visualize the fold increase, divide the relative value of
p-RIPK3 (S227)* or p-MLKL (S358)* voxels per cell by the median of the untreated condition
(mock).

REPRESENTATIVE RESULTS:

The immunofluorescent detection of MLKL phosphorylation and especially RIPK3
phosphorylation in human cells is technically challenging?®. We here present an improved
staining protocol for human p-RIPK3 (S227) and p-MLKL (S358) upon the activation of ZBP1. The
protocol includes a TSA step to improve the detection limit and sensitivity of the fluorescent
signals. To validate the method, a side-by-side comparison of the TSA-mediated
immunofluorescence with standard indirect fluorescent staining of both p-RIPK3 (S227) and p-
MLKL (S358) was performed.

HT-29 cells expressing human ZBP1 were infected for 9 h with an ICP6 RHIM mutant HSV-1 strain
(HSV-1 ICP6™URHIM) t6 induce ZBP1-mediated necroptosis and RIPK3 phosphorylation. The HSV-1
ICP6™URHIM strain carries a VQCG to AAAA mutation within the ICP6 RHIM and is unable to block
necroptosis signaling downstream of ZBP1%%. As previously reported?®, standard indirect
immunofluorescence was not sensitive enough to visualize RIPK3 S227 phosphorylation with the
current commercially available antibody, even when the laser power of the confocal microscope
was increased to 30% (Figure 2A). In contrast, the inclusion of a TSA step enabled the robust
detection of p-RIPK3 (S227) in the cytosol of cells infected with HSV-1 ICP6™URHIM The p-RIPK3
(5227) signal reached saturation when the laser power was set at 2% (Figure 2A). Quantification
of the three-dimensional z-stack images (see step 9) showed an approximate 20-fold increase in
the number of voxels that were positive for p-RIPK3 (S227) in HSV-1 ICP6™“RHIM_infected over
mock-treated cells (Figure 2B). Omitting the primary anti-p-RIPK3 (S227) antibody from the TSA-
mediated staining protocol as a no primary (NP) control did not yield a detectable signal. To
visualize HSV-1 ICP6™URHIM_jnfected cells, the samples were co-stained with a primary antibody
directed against the immediate early viral protein ICPO (Figure 2A). A low but detectable p-RIPK3
(5227) signal was present in the mock-treated cells, which may represent the constitutive
autophosphorylation of human RIPK3 at this site® (see the discussion). In line with a previous
report?®, the RHIM of ICP6 is unable to fully block RIPK3 S227 phosphorylation, as we detected
increased p-RIPK3 (S227) staining of cells infected with wild-type HSV-1 (HSV-1WT; Figure 2A,B).
To further validate the specificity of the p-RIPK3 (5227) signal, the cells were treated with the
RIPK3 kinase inhibitor GSK’840 prior to infection. GSK’840 binds to the kinase domain of RIPK3,
preventing its activity and thereby inhibiting its autophosphorylation?®. GSK’840 prevented RIPK3
phosphorylation at S227 upon ZBP1 activation (Figure 2A,B), confirming the specificity of the TSA-
mediated p-RIPK3 (5227) detection method.

To follow MLKL phosphorylation, an end-stage marker for necroptosis, ZBP1-expressing HT-29



cells were infected with HSV-1 ICP6MUtRHIM for 8 h and 10 h. The cells were stained with an
antibody against S358 phosphorylated MLKL (p-MLKL [S358]) using TSA. The mock-treated cells
showed low and somewhat punctate cytosolic staining of p-MLKL (S358), while strong p-MLKL
staining was detected in the cytosol, nucleus. and at the plasma membrane in the cells that were
infected with HSV-1 ICP6MURHM (Figure 3A). Moreover, the p-MLKL (S358) signal was observed in
clusters. This is in line with the pore-forming functions of activated phosphorylated MLKL
oligomers at the cell membrane and its recently reported nuclear translocation upon influenza A
infectiont263%, As a positive p-MLKL (5358) staining control, we stimulated ZBP1-expressing HT-
29 cells with a combination of TNF, the SMAC mimetic BV6, and pan-caspase inhibitor zZVAD-fmk
to induce TNFR1-mediated necroptosis (Figure 3A). Omitting the primary anti-p-MLKL (S358)
antibody from the TSA-mediated staining protocol as a no primary control did not yield a
detectable signal.

Next, we performed a side-by-side comparison of p-MLKL (S358) immunofluorescent staining
with and without TSA. ZBP1-expressing HT-29 cells were infected for 9 h with HSV-1 ICPEMUtRHIM,
While a laser power of 40% was needed to detect a specific p-MLKL (S358) signal in the infected
cells using standard indirect immunofluorescence, the TSA-treated samples already reached
saturating signals at a laser power of 6% without increasing the background staining in the mock-
treated samples (Figure 3B). Moreover, quantification of the three-dimensional z-stack images
showed an over 10-fold increase in the number of voxels that were positive for p-MLKL (S358)
when using TSA compared to standard indirect immunofluorescence. This shows that TSA
improves both the detection threshold and sensitivity for p-MLKL (S358; Figure 3C).

Finally, to validate the TSA-mediated immunofluorescence protocol for other ZBP1-dependent
necroptosis viral stimuli, we infected ZBP1-expressing HT-29 cells with influenza A virus (IAV) PR8
strain for 9 h. IAV induces both ZBP1-mediated apoptosis and necroptosis in human cells3°.
Indeed, TSA allowed the robust detection of p-RIPK3 (S227) and p-MLKL (S358), indicative of
these cells undergoing necroptosis (Figure 4A-D).
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Figure 1: Schematic representation of the TSA protocol. Cells are seeded and stimulated in a
well plate, compatible with high-end microscopy. Afterward, the samples are fixed in 4% PFA. In
order to visualize phosphorylated RIPK3 (p-RIPK3 [S227]) and MLKL (p-MLKL [S358]), specific
antibodies recognizing these key phosphorylation sites are incubated overnight on the imaging
chamber. Next, a secondary antibody, coupled to a horse radish peroxidase (HRP), is added. This
HRP group enables the activation of biotinylated tyramide in the presence of H,0,. Subsequently,
the active biotin-tyramide covalently couples to tyrosine residues in close proximity to the HRP-
labeled secondary antibody. These include tyrosines on the proteins of interest—in this case p-
RIPK3 or p-MLKL, as indicated in the figure—and those of neighboring proteins and on the
primary and secondary antibodies themselves (not shown). This tyramide signal amplification
step greatly increases the sensitivity of the staining protocol. In a final step, streptavidin coupled
to a fluorescent group is added to visualize the biotinylated molecules.
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Figure 2: HSV-1 ICP6™“*RHIM induces ZBP1-dependent phosphorylation of human RIPK3 at $227.
(A) Representative confocal images of human ZBP1-expressing HT-29 cells, comparing TSA
staining with a standard indirect (no TSA) immunofluorescence staining protocol for p-RIPK3
(S227). The mock- and virus-infected samples (HSV-1WT or HSV-1 ICP6™URHIM [MOI = 5]) were
incubated for 9 h. As a negative control, the RIPK3 kinase inhibitor GSK’840 (1 uM) was included.



A no primary (NP) staining control of cells infected with HSV-1 ICP6MURHIM (MOQOI = 5) for 9 h in
which both the primary anti-p-RIPK3 (S227) and ICPO antibodies were omitted is included. The
laser power necessary to detect the specific p-RIPK3 (5227) signal is indicated on the images. ICPO
was used to stain the virus-infected cells, and DAPI was used to stain the nucleus. The scale bars
are 10 um. (B) Relative quantification of p-RIPK3 (S227)* voxels using the TSA staining protocol.
Every dot represents an image, and the red bar represents the median. Voxel count values are
presented relative to the median of the voxel count of images in the mock condition. Statistics
were done using a one-way ANOVA with multiple comparisons using Tukey correction. p > 0.05
(n.s.), p<0.05(*), p<0.01 (**).
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Figure 3: HSV-1 ICP6™“*RHIM induces ZBP1-dependent phosphorylation of human MLKL at S358.
(A) Representative confocal images of human ZBP1-expressing HT-29 cells. The cells were either
mock treated or infected with HSV-1 ICP6™YRHM (MQI = 5) for 8 h and 10 h. TSA was used to
detect p-MLKL (S358). ICPO was used to stain the virus-infected cells, and DAPI was used to stain
the nucleus. A no primary (NP) staining control of cells that were infected for 10 h with HSV-1
ICP6MURHIM (MO = 5) in which the primary anti-p-MLKL (S358) was omitted is shown. As a positive
control, the cells were stimulated for 4 h with 30 ng/mL TNF, 5 uM BV6, and 20 uM ZVAD-fmk,
which induces necroptosis via TNFR1. The scale bars are 10 um. (B) Representative confocal
images of human ZBP1-expressing HT-29 cells, comparing TSA staining with a standard indirect
(no TSA) immunofluorescence staining protocol for p-MLKL (S358). The cells were either mock
treated or infected with HSV-1 ICP6MURHIM (MOI = 5) for 9 h. An NP staining control of cells
infected with HSV-1 ICP6™URHIM (MOQI = 5) for 9 h in which the primary anti-p-MLKL (S358) and
ICPO antibodies were omitted is included. The laser power necessary to detect the specific p-
MLKL (S358) signal is indicated on the images. (C) Relative quantification of p-MLKL (S358)* voxels
using the standard (no TSA) and TSA staining protocol. Every dot represents an image, and the
red bar represents the median. The voxel count values are presented relative to the median of
the voxel count of images in the mock condition. Statistics were done using a one-way ANOVA
with multiple comparisons using Tukey correction. p > 0.05 (n.s.), p < 0.0001 (****),
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Figure 4: Influenza A virus induces ZBP1-dependent phosphorylation of human RIPK3 and
MLKL. (A,C) Representative confocal images of human ZBP1-expressing HT-29 cells. The cells
were either mock treated or infected with influenza A virus (IAV), PR8 strain (MOl =4) for 9 h and
stained for p-RIPK3 (S227; A) or p-MLKL (S358; C) using the TSA protocol. The scale bars are 10
um. (B,D) Relative quantification of p-RIPK3 (5227)* (B) or p-MLKL (S358; D) voxels. Every dot in



(B,D) represents an image, and the red bar represents the median. The voxel count values are
presented relative to the median of the voxel count of images in the mock condition. Statistics
were done using a Mann-Whitney test. p < 0.05 (*), p < 0.01 (**).

Table 1: Imaging tracks for cell visualization.



DISCUSSION:

This immunofluorescent staining protocol describes the use of tyramide signal amplification
(TSA) to increase the sensitivity for signaling events of the human necroptotic signaling pathway
that are difficult to detect, including the phosphorylation of RIPK3 and MLKL?®. The inclusion of a
TSA step significantly improves the detection threshold of p-RIPK3 (5227) and p-MLKL (S358) and
increases the sensitivity of p-MLKL (5S358) straining. TSA revealed a p-RIPK3 (S227) signal already
present in the mock-treated samples. In human cells, the autophosphorylation of RIPK3 at S227
is a prerequisite for necroptosis activation by enabling a stable interaction with MLKL. This
process already occurs at basal levels and results in the formation of a stable inactive p-RIPK3
(S227)/MLKL dimer prior to necroptosis induction®>3L, Similarly, the anti-p-RIPK3 antibody used
in this study also detects p-RIPK3 (S227) in untreated cells by western blotting?®.

The phosphorylation of MLKL by RIPK3 within the activation loop, at T357 and S358, results in
dissociation of the inactive p-RIPK3 (5227)/MLKL complex and induces a conformational change
whereby MLKL exposes its N-terminal four helix bundle domain. The activated p-MLKL then
oligomerizes and traffics to the cell membrane where it inserts its four helix bundles into the lipid
bilayer, resulting in cell lysis¥*®. Using this TSA immunofluorescence protocol, we detected a
strong increase in S358 MLKL phosphorylation during ZBP1-induced necroptosis. p-MLKL (S358)
clustered within the cytosol at the plasma membrane but was also found within the nucleus upon
ZBP1 activation. Indeed, ZBP1 has been reported to stimulate MLKL-mediated perturbation of
the nuclear membrane in the context of IAV infection®30. It should be noted, however, that TSA
not only deposits biotin-tyramide on the antigen of interest and the primary/secondary
antibodies but also on neighboring proteins. TSA is, therefore, not ideally suited to deduce
information on the precise subcellular localization of the detected proteins, and we do not
recommend TSA for co-localization studies.

Repeated freeze-thaw cycles impact the stability of the biotinylated tyramide. To prevent a
decrease in signal sensitivity, we recommend to aliquot the tyramide and use a fresh aliquot for
each experiment. Caution should be taken with batch-to-batch differences in the biotin-tyramide
stocks. If the final concentration of biotin-tyramide is too high, non-specific background of the
TSA amplification will mask the specific signal. To control for this, we recommend titrating every
new biotin-tyramide batch and to include a no primary staining control in which the primary
antibody is omitted.

In the presented protocol, the TSA amplification is limited to one target. The detection of
phosphorylated RIPK3 and MLKL was not combined in the same staining, as both primary
antibodies were raised in the same species. The protocol could be adapted to detect multiple
TSA-amplified signals (e.g., p-RIPK3 [S227] and p-MLKL [S358]) within the same sample using
multiplex  immunofluorescent  TSA3%33,  Finally, TSA-mediated amplification for
immunofluorescence microscopy can be used for the recognition of biomarkers of other signaling
pathways with reported poor signal-to-noise ratios.
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