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SUMMARY:

Measurements of drug target engagement are central to effective drug development and
chemical probe validation. Here, we detail a protocol for measuring drug-target engagement
using high content imaging in a microplate-compatible adaption of the cellular thermal shift assay
(CETSA).

ABSTRACT:

Quantitating the interaction of small molecules with their intended protein target is critical for
drug development, target validation and chemical probe validation. Methods that measure this
phenomenon without modification of the protein target or small molecule are particularly
valuable though technically challenging. The cellular thermal shift assay (CETSA) is one technique
to monitor target engagement in living cells. Here, we describe an adaptation of the original
CETSA protocol, which allows for high throughput measurements while retaining subcellular
localization at the single cell level. We believe this protocol offers important advances to the
application of CETSA for in-depth characterization of compound-target interaction, especially in
heterogeneous populations of cells.

INTRODUCTION:
When developing new drugs or chemical probes it is essential to couple the observed
pharmacological effect or functional readout to measurements of target occupancy or

L]


http://www.editorialmanager.com/jove/download.aspx?id=889177&guid=fe6c666f-4ba3-437d-9888-ce869e83c954&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=889177&guid=fe6c666f-4ba3-437d-9888-ce869e83c954&scheme=1

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

engagement in live cells'3. These data are necessary both to ensure that the small molecule in
fact reaches its desired target and to validate the biological hypothesis behind protein target
selection*®. Furthermore, during drug development, model systems of increasing complexity are
used to select and corroborate a lead compound prior to clinical trials. To confirm translation of
biology across these preclinical systems, methods for tracing drug-target engagement and
accompanying biology throughout this development process are critical.

Drug-target engagement has traditionally been challenging to monitor in live cells with
unfunctionalized small molecules and proteins, especially at the single-cell level with spatial
resolution®’. One recent method to observe the interaction between unmodified drugs and
proteins in live cells is the cellular thermal shift assay (CETSA) in which ligand-induced
stabilization of a native protein in response to a heat challenge is quantified®°. This is
accomplished by quantifying remaining soluble protein after exposure to a heat challenge. In the
initial disclosure of CETSA, western blot was used for detection. To enable screening campaigns
and hit triaging of larger compound collections, efforts to increase the throughput of CETSA
experiments have lead to the development of several homogenous, microplate-based assays'®!?l.
However, one limitation with these methods is that they are currently best suited to compound
treatment in cell suspensions and the detection requires cell lysis, leading to loss of spatial
information. CETSA can be applied experimentally either as a ligand-induced shift in thermal
aggregation temperature (Tagg) at a single concentration of the small molecule or the ligand
concentration necessary to stabilize the protein at a single temperature. The latter is termed
isothermal dose response fingerprints (ITDRF) to signify the dependence of these measurements
on the specific experimental conditions.

The goal of this protocol is to measure target engagement using CETSA in adherent cells by
immunofluorescent (IF) antibody detection with high-content microscopy!?. This procedure
extends the original CETSA platform to allow for single-cell quantification of target engagement
with conservation of subcellular localization. Notably, unlike many previous reports, in this
procedure compound treatment is performed in live adherent cells without surface detachment
or washing prior to the heat challenge, thus preserving the established binding equilibrium we
aim to measure!3. Currently, the method is validated for one target protein p38a. (MAPK14) in
several cell lines, and we hope that by sharing this procedure the technique can be applied
broadly across the melting proteome. We anticipate that this protocol can be adapted
throughout the drug development pipeline from screening, hit triaging through to monitoring of
target engagement in vivo.

PROTOCOL:
1. Seeding of Cells

Note: For a general overview of the workflow see Figure 1. A detailed list of materials and
reagents are available in the Table of Materials.

1.1. Prior to seeding of the cells, drill holes with a standard drill in the frame of black 384-well
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imaging assay plates to avoid air bubbles being trapped under the plate later during the heating
step. To avoid plastic particles entering the wells during this step and to maintain sterile
conditions, seal the plates with an adhesive aluminum foil or cover the plate prior to drilling in a
tissue culture hood. Typically, 3 holes with a diameter of 3.5 mm on each of side of the plate
(short edge) suffice.

1.2. Prepare a laminar flow bench by cleaning with 70% ethanol. Following standard aseptic
tissue culture techniques, remove media from cell flask or dish. Wash cells with 5-10 mL of
phosphate-buffered saline (PBS) and then add 2 mL trypsin to the flask. Incubate the flask at 37
°C until the A-431 cells detach. Count the cells either using a haemocytometer or cell counter.
Prepare a cell suspension of 50,000 cells/mL in culture medium.

1.3. Dispense 40 L of cell suspension (giving a final cell density of 2000 cells per well) into each
well of an assay plate using a bulk reagent dispenser or a multichannel pipet, depending on the
scale of the experiment. Briefly move the plate from side-to-side to disperse cells evenly on the
bottom of the plate.

1.4. To minimize plate-edge effects, allow the cells to settle at the bottom of the assay plate for
20 minutes at room temperature in the back of the laminar flow hood. Then, place the platein a
plastic container with damp paper towels to ensure a humid atmosphere. Prior to use, wipe the
plastic container with 70% ethanol.

1.5. Incubate the box with the assay plate for 2-3 days at 37 °C and 5% CO; in a conventional
humidified incubator. Monitor confluency of the cells until 50-75%, as assessed by visual
inspection with a light microscope.

2. Compound Treatment

2.1. On the day of the experiment, aspirate the medium from each well using a plate washer.
Place the plate on the plate washer and select the aspiration program. If a plate washer is not
available, then the liquid can be removed by inverting the plate with a rapid hand twist over a
waste tray or sink. Complete removal of liquid is essential for good performance. Any excess
liquid is then removed by dabbing with paper towels.

2.2. Add 30 pL of compounds diluted to the appropriated concentration in cell culture medium
using automated dispensing or a multichannel pipette depending on the scale of the experiment.
Ensure to add a negative (DMSO) and positive (known ligand) control to several wells on each
assay plate. Since this is a thermal shift assay, it is necessary that the compound concentration
exceeds the dissociation constant to observe protein stabilization. Thus, a rough guideline for
compound concentration is 50-100 times the 1Cso, but more detail descriptions for compound
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concentrations are found in the Discussion section.
Note: DMSO tolerability of the cell lines should be tested prior to the experiment.

2.3. Seal the compound-treated assay plate with a breathable plate seal and incubate at 37 °C
and 5% CO; in a humidified incubator for 30 minutes.

3. Heat Challenge

3.1. First, set the water bath to the desired temperature. Note that the final temperature that is
reached inside the wells of the assay plate can be different from the final temperature in the
water bath. Investigate the offset beforehand with a dummy plate and thermocouple
thermometer. It typically takes 30 minutes for the bath to stabilize at the desired temperature.

3.2. To verify that the desired temperature is reached in the wells of the assay plate during the
heating step, prepare an unsealed dummy plate containing the same volume of medium as the
assay plate.

3.3. Remove the assay plates from the incubator. Take off the breathable seal and re-seal the
assay plate containing the compound-treated cells with a tight adhesive aluminum foil to ensure
that no water will leak into the wells during the subsequent heating in the water bath. Ensure
that the drilled holes in plate frame are accessible.

3.4. Place the assay plate and the dummy plate in the water bath with the bottom of the plate
angled towards the water surface to force any remaining air out from under the plates.

3.5. Monitor the temperature inside the wells of the dummy plate using a thermocouple
thermometer.

3.6. Heat the assay plate in the water bath for 3 minutes. Immediately transfer the assay and
dummy plate to another water bath with room-tempered water to cool down for 5 minutes. The
assay plate is now ready for further processing.

4, Fixation

4.1. Dispense 10 pL 16% (w/v) paraformaldehyde (PFA) directly to the assay plate using a bulk
reagent dispenser or a multichannel pipet. Incubate at room temperature for 20 minutes.

Note: Some fixatives are classified as carcinogenic and institutional safety regulations should be
followed.

4.2. Aspirate the PFA solution and wash the cells with 300 pL PBS using a plate washer. Place the
plate on the plate washer and select the aspiration program.
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Note: This procedure has been optimized using an overflow protocol on the plate washer in which
liquid is simultaneously dispensed and removed. If a plate washer or similar procedure is not
available, the washing step can alternatively be done manually.

4.3. Manual washing procedure: Remove the liquid from the wells by inverting the plate with a
rapid hand twist over a waste tray or sink. Complete removal of liquid is essential for good
performance. Add 80 uL of PBS with a multichannel pipette and invert the plate again as
described above, repeat the washing procedure two times. After the last wash, blot the plate
against clean paper towels to remove any excess liquid.

5. Permeabilization

5.1. Add 20 pL of 0.1% (v/v) NP-40 to the wells with a multichannel pipet and incubate at room
temperature for 10 minutes. Wash the cells using the same procedure as described above (step
4.2).

5.2. Alternatively, when appropriate, apply an antigen retrieval protocol, e.g.:

5.2.1. Add 80 pL of 10 mM glycine at pH 7.2 and incubate for 10 minutes at room temperature.
Aspirate the glycine solution using a plate washer by placing on the plate washer and selecting

the aspiration protocol. See notes in 2.1 and 4.2 if a plate washer is not available.

5.2.2. Add 20 pL of 1% SDS to the wells with a multichannel pipet. Incubate at room temperature
for 5 minutes and wash according to the same procedure described above (step 4.2).

6. Blocking

6.1. Add 15 pL of 1% (w/v) bovine serum albumin (BSA) in PBS to the wells using a bulk reagent
dispenser or a multichannel pipet. Incubate the plate at room temperature for 1 hour or
overnight at 4 °C with an aluminum foil plate seal.

7. Primary Antibody

7.1. Aspirate the blocking solution using a plate washer by placing on the plate washer and
selecting the aspiration protocol. See notes in 2.1 and 4.2 if a plate washer is not available.

7.2. Add 10 pL of primary antibody diluted accordingly in 1% (w/v) BSA in PBS to the wells using
a multichannel pipet. Incubate the plate at room temperature for 1 hour or overnight at 4 °C with
an aluminum foil plate seal.

8. Secondary Antibody

8.1. Aspirate the primary antibody solution and wash the wells according to same procedure as
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described above (step 4.2).

8.2. Add 10 pL of Alexa 488 secondary antibody diluted accordingly in 1% (w/v) BSA in PBS.
Incubate at room temperature for 1 hour. Seal the plate with an adhesive aluminum foil seal to
protect from light.

Note: Protect the plate from light during this and subsequent steps.
9. Nuclear Staining and Cell Mask

9.1. Add 10 pL of nuclear dye diluted to 0.05 mg/mL in PBS to the wells using a multichannel
pipet. Incubate at room temperature for additional 10 minutes.

9.2. Aspirate the secondary antibody and Hoechst solution and wash the wells using the same
procedure as described above (step 4.2).

9.3. Add 10 pL of cell mask diluted to 200 ng/mL in PBS to the wells using a multichannel pipet.
Incubate at room temperature for 30 minutes.

9.4. Aspirate the cell mask solution and wash the wells using the same procedure as described
above (step 4.2).

9.5. Dispense 60 pL of PBS to all wells using the plate washer, a bulk reagent dispenser, or a
multichannel pipet, and seal the plates with an adhesive aluminum foil.

10. Image Acquisition and Analysis

10.1. Capture images on a high content imager using 3 fluorescent channels: DAPI (387/447), GFP
(472/520), and TexasRed (562/624). Acquire 4 images per well using 10X objective. Use
automated laser autofocus and apply binning 2 during acquisition. Store images as 16 bit, gray
scale tiff files along with metadata.

10.2. Analyze images using available software. Identify cell boundaries using a Cell Scoring
algorithm with DAPI (nucleus) and TexasRed (cytoplasm).

10.3. Extract average intensity for all acquired wavelengths for further data analysis.
10.4. Calculate the Z-factor to ensure the robustness of the assay.

10.5. Calculate % stabilization using the following formula: 100*(1-(well intensity — average well
intensity negative control)/(average intensity positive control-average intensity negative
control)). Here negative control is DMSO and positive control is the reference substance. Since
the maximum stabilization between compounds can vary and in fact be greater than the positive
control for ITDRF curves, the maximum and minimum stabilization intensities for each compound
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are sometimes used in place of the intensity values of the control wells.

REPRESENTATIVE RESULTS:

The protocol outlined in Figure 1 describes the basic workflow for running CETSA assays on
adherent cells with detection of remaining soluble protein by high content imaging. This
workflow can be easily adapted to all stages of assay development by modifying the plate layout
of the compounds or reagents!*. We detail expected results for several anticipated use cases
below.

Antibody identification and assay development. A prerequisite for successful results is the
identification of a primary antibody or other suitable affinity reagent that selectively recognizes
the native form of the protein in the presence of the aggregated and precipitated protein formed
during the heat challenge in step 3. To establish the CETSA imaging assay described here, we
screened a panel of 9 antibodies targeting p38a at 52°C for signal window between the positive
and negative controls. We then titrated the best antibodies and settled on the conditions shown
in Figure 2 A,B with representative immunofluorescence images for p38a stabilized by a known
ligand (positive control) and DMSO (negative control). Antibody recognition should also not be
disrupted by the conformational changes of the target protein that may be induced by ligand
binding (Figure 2C). As an example, BIRB796 has a long off rate, and quantification of target
engagement was only possible by applying an antigen retrieval step (5.2; Figure 2D). It is
important to validate the performance of the primary antibody with known ligands covering
different binding sites of the target protein if available. The antibody validation is preferably done
both with and without the antigen retrieval step.

Tagg and ITDRF curves. As mentioned above, CETSA experiments can be run in two different
modes, Tagg curves and ITDRF experiments. Both variants utilize the same basic protocol outlined
in Figure 1 and in the protocol section. In the first setup, the purpose is to challenge the cells with
a temperature gradient and compare the Tagg curves in the presence and absence of a single
concentration of ligand. To perform a Tagg curve, separate plates are heated for 3 minutes across
a range of temperatures. In performing this experiment, it is important to time the compound
treatment length for each plate with the time it takes for the water bath to stabilize to the new
temperature. In this regard, peforming the heat challenge step in the water bath is more time
consuming than heating tubes in a PCR machine. The experimental path is to next run
concentration response curves of a ligand at a fixed temperature to generate ITDRF curves. In
general, when testing multiple compounds, assay ready plates for the compound addition are
prepared using automated liquid handling to achieve the most reproducible data. Compounds
are serially diluted in DMSO and then dissolved in cell culture media to the desired
concentrations. We have typically tested 11 point concentration series starting at 50 — 100 uM
in 3 or 4 fold dilution, but this depends on the potency of the ligands used. It is advised to first
establish the Tag curve both in absence and presence of a ligand and select the temperature for
subsequent isothermal experiments where a shift between the curves can be observed. The
selected temperature should be around or just above the Tag. Both formats allow for
confirmation of target engagement but for ranking of compound affinities ITDRF experiments are
often more suitable. Figure 3A shows an illustration of anticipated quantified results for a Tagg
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curve and Figure 3B quantifies results of a typical ITDRF experiment.

Screening campaign. The protocol can also be adapted to screening campaigns to identify novel
binders of the target protein. In this case, isothermal heat challenges are applied for a large
number of compounds at a single concentration followed by ITDRF experiments for identified
stabilizing compounds. We prepare assay ready screening plates and transfer the compounds
diluted in culture media to the assay plates using automated liquid handling. As with all thermal
stability assays, it is necessary to exceed the dissociation constant to observe protein
stabilization, and thus we have applied small molecule libraries at 50 uM to facilitate hit
identification. Triaging of the hits using ITDRF will later allow ranking and prioritization of these
compounds. Figure 4 shows a representative result from a screening plate.

FIGURE AND TABLE LEGENDS:
Figure 1. Schematic overview of the protocol described in this article.

Figure 2. Antibody identification and assay development. A) Example data for detection of
human p38a in A-431 cells. Representative images of positive (1 uM AMG548) and negative
(DMSO) controls. Red- nuclear Hoechst staining, Green- p38a staining. Images taken with 10X
magnification; the white scale bar represents 73 um. B) Example of quantified data expressed as
average intensity/cell. Error bars represent standard error of mean of 16 replicates for 6 separate
plates. Each plate was heated to 52 °C in a water bath followed by fixation of the cells,
permeabilization and subsequent immunostaining. C) Immunofluorescence signal intensity
measured after treating A-431 cells with 1 uM BIRB796 or DMSO as described above followed
directly by fixation. In the absence of a heating step, the BIRB796 signal is lower than the DMSO
signal, suggesting that BIRB796 disrupts the detection of p38a with this antibody. D) ITDRFcetsa
curves for cells treated with BIRB796 either with (blue triangle) or without (grey triangle) antigen
retrieval protocol. This figure has been modified from Axelsson et al. 20182, Copyright 2018
American Chemical Society.

Figure 3. Thermal aggregation and ITDRF experiments. A) Thermal aggregation curve
experiments for cells treated with positive (1 uM AMG548, in orange) and negative (DMSO in
grey) controls. Error bars represent standard error of mean of 32 or 464 replicates. B) ITDRFcersa
experiment performed at 52 °C for cells treated with serial dilutions of SB203580 in blue,
Skepinone-L in green and RWJ67657 in red. Error bars represent standard error of the mean of 6
replicates. Quantified data are expressed as average intensity/cell and normalized against the
highest concentration of respective compound. This figure has been modified from Axelsson et
al. 20182, Copyright 2018 American Chemical Society.

Figure 4. Representative overview of a screening plate at 10X magnification. Positive controls
(1 M AMG548) are in columns 2 and 24 and negative controls (DMSO) are in columns 1 and 23.
All other wells contain 50 uM of the library compounds used for screening with several hits
denoted. In the inset figures, the white line in the lower right corner represents 200 um. This
figure has been modified from Axelsson et al. 20182, Copyright 2018 American Chemical Society.
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DISCUSSION:

As discussed in the results section, there are several key steps to the procedure. First, it is
important to identify a high-quality affinity reagent. We recommend screening a small library of
antibodies for each desired target. After a primary antibody has been selected, it is also important
to validate the system for a number of different binding sites of the protein target if appropriate.
Counter-screening for compounds that interfere with the assay signal as shown in Figure 2C by
omitting the heat challenge is highly encouraged after a screening campaign. When a reduced
signal in presence of a ligand is observed, an antigen retrieval protocol as described in step 5.2
can be tested. Uneven heating of the plates can cause fluctuations and plate-to-plate variations
in the observed data. Since the plates are partly submerged in a water bath during the transient
heat challenge (step 3.4) the outer wells of the plates are exposed to the hot water not only at
the bottom of the wells but also through the outer wall. This may cause higher temperature
during the same submersion time in the outer wells of the plate and subsequent plate edge
effects. Therefore, it is recommended to avoid the outer wells of the plate. Similar effects can
also be seen if air bubbles are trapped under the plate during the heating step preventing
sufficient contact between the hot water and the bottom of the wells. Given the challenges with
heating imaging plates, devices and plates specifically made for exposure to heat could help
advance this method. We have explored the use of several cell lines, and have found variability
in surface attachment after the heat challenge for adherent cell types. Preliminary experiments
in our lab suggest that the use of a coating or extracellular matrix such as Synthemax II-SC or Cell-
Tak can minimize cell detachment, but this could pose a technical challenge when using semi-
attached cell types. Since compound treatment is performed in live cells, the small molecules
must be cell permeable. If the compound is not membrane permeable, alternative high
throughput CETSA methods are recommended. Some compounds need to be metabolically
activated to bind to their target proteinsil. In such cases, longer treatment cells with the
compound prior to the heat challenge is recommended.

This protocol requires a single plate from cell seeding to imaging making it amenable to high
throughput screening campaigns. The number of cells for each experiment is much lower than
can be achieved with western blots or previous AlphaScreen assays'>. Furthermore, washing or
cell detachment steps, which may alter compound availability and binding, are removed,
preserving the established binding equilibrium through the heat challenge step. Unlike previous
procedures, a lack of signal due to cytotoxicity is simultaneously reported on by nuclear staining.
Finally, imaging preserves the spatial resolution of the individual cells, allowing for target
engagement measurements in mixed populations of cells or cell states.

To truly assess the applicability of the approach, concerted efforts to apply the technique across
the melting proteome are needed. Such experiments will clarify the ease of identifying suitable
affinity reagents, which report selectively on the native protein in the presence of the remaining
denatured and aggregated proteins. We currently do not know how protein expression levels will
affect the ability to reliably measure a signal window. We expect this to reflect affinity and
selectivity of the available antibodies, and anticipate that for low abundant proteins technologies
used to enhance signal in immunofluorescent assays will be applicable. Alternatively, tagged
proteins or functionalized compounds could be used for detection in modified versions of the
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described protocol. This protocol is limited to targets that melt and for interactions where a
guantifiable stabilization can be observed. For example, endogenous ligands can stabilize a
protein in live cell assays, which may prevent further stabilization by an exogenous ligand.
Although not explored here, we believe that it will be possible to multiplex readouts to allow for
the study of multiple targets simultaneously, or a target with downstream effectors. Further
studies are necessary to investigate these aspects of in situ CETSA.
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Table of Materials

Name of Material/ Equipment
Phosphate-buffered saline (PBS)
TrypLE Express
16% paraformaldehyde (PFA)

Goat anti-rabbit 1gG (H+L), Alexa Fluor 488 conjugated antibody
HCS CellMask Red stain

NP-40

Hoechst stain 33342

Dulbecco’s modified Eagle’s medium (DMEM) - high Glucose
Heat-inactivated fetal bovine serum (FBS)
Penicillin-Streptomycin

Corning, breathable plate seal

Rabbit anti-p38 antibody [E229]

Falcon, Black 384-well clear bottom imaging plates
Greiner, 384-well low volume polypropylene plates
Adhesive aluminum foil

Peelable aluminium seal

LY2228820

PH797804

BIRB796

SB203580

AMG 548

RWJ 67657

L-Skepinone

Bovine serum albumin (BSA)

SDS (sodium dodecyl sulfate)

Glycine

A-431 cells

Echo 550

Plate sealer

Bulk reagent dispenser

Click here to access/download;Table of Materials;JoVE_Materials table_CETSA in

situ.xlsx

Company
Medicago
ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher Scientific
ThermoFisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Abcam

VWR

VWR

VWR

Agilent
Selleckchem
Selleckchem
Selleckchem
Tocris

Tocris

Tocris

CBCS compound collection
Sigma-Aldrich
BDH
Sigma-Aldrich
ATCC

Labcyte
Agilent
Thermo Scientific

Catalog Number
09-9400-100
12604013
28908

A11008
H32712
56741
B2261

6429
FO9665
P4333
CLS3345
ab170099
736-2044
784201
30127790
24210-001
51494
PH797804
51574
1202
3920
2999

A7030
44244
G8898
ATC-CRL-1555

5840300
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Automated liquid handling
Plate washer
Water bath

Thermocouple

High content imager

Agilent
Tecan
Julabo

VWR

Molecular Devices

TW12



Comments/Description

for detaching cells and subculturing
fixative

secondary antibody
Cytoplasm stain

for permeabilization
nuclear stain

cell culture media component

cell culture media component

cell culture media component

for copound incubation step
primary antibody, LOT:GR305364-16
imaging plates

for PlateLoc

p38a inhibitor

p38a inhibitor

p38a inhibitor

p38a inhibitor

p38a inhibitor

p38a inhibitor

p38a inhibitor

blocking agent

used in antigen retrieval
used in antigen retrieval

For preparation of compound plates
PlateLoc
Multidrop Combi



Bravo liquid handling platform; used for
compound plate preparation
Hydrospeed

Thermocouple traceable lab thermometer
ImageXpress Micro XLS Widefield High-
Content Analysis System
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Iltem 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/author) via: \/ Standard Access

Item 2 (check one box):

Open Access

\/ The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MylJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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20180625

Date:

Name:
Department: Department of Oncology-Pathology
Institution: Science for Life Laboratory, Karolinska Institutet
Article Title:

% il
Signature:

Please submit a signed and dated copy of this license by one of the following three methods:
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Rebuttal Letter Click here to access/download;Rebuttal
Letter;Revision_document.docx

Stockholm, Sweden
August 14, 2018

To the review editor,

Please find our revised manuscript JoVE58670, “Using high content imaging to
quantify target engagement in adherent cells”. We appreciate the constructive
comments from both the reviewers and editors and have revised our manuscript to
address these points. In the attached response file you will find the detailed
adjustments we have made to the manuscript files and figures in order to
thoroughly answer these questions. We believe that our clarifications, editing and
experiments satisfactorily address the concerns posed by the reviewers and hope
that the manuscript is now suitable for publication in JoVE.

Thank you for your time and consideration.
Best regards,
Brinton Seashore-Ludlow
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Editorial comments:

Changes to be made by the Author(s) regarding the written manuscript:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that
there are no spelling or grammar issues.

We have taken time to proofread the manuscript.

2. Please revise lines 325-327 and 331-333 to avoid previously published text.

Thank you for pointing this out. We have changed these lines.

3. Please obtain explicit copyright permission to reuse any figures from a previous
publication. Explicit permission can be expressed in the form of a letter from the editor or
a link to the editorial policy that allows re-prints. Please upload this information as a .doc
or .docx file to your Editorial Manager account. The Figure must be cited appropriately in

the Figure Legend, i.e. “This figure has been modified from [citation].”

We have uploaded a copyright page from ACS regarding figures 2-4. Figure 1 is original
to this work.

4. Please upload each Figure individually to your Editorial Manager account as a .png,
tiff, .svg, .eps, .psd, or .ai file.

All figures have been uploaded as .ai files.

5. Figures 2 and 3: Please line up the panels better. Some panels are off-set in Figure.
Please ensure that the panels are of the same dimensions if possible.

We have re-sized and aligned the panels in Figures 2 and 3 accordingly.
6. Figures 2 and 4: Please include a scale bar for all images taken with a microscope to
provide context to the magnification used. Define the scale in the appropriate figure

Legend.

We have commented on the magnification used in the figure legend and added scale
bars to these figures.

7. Affiliation 3 is not assigned to any author. Please check.

Thank you for pointing this out and the extra affiliation has been removed.

8. Please spell out each abbreviation the first time it is used.

We have spelled out each abbreviation in the revised text.

9. JoVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an
instrument or reagent. Please remove all commercial language from your manuscript
and use generic terms instead. All commercial products should be sufficiently referenced

in the Table of Materials and Reagents. For example: Multidrop, Traceable,
ImageXpress, Molecular Devices, MetaXpress, etc.



In the revised manuscript we have removed commercial product names for instruments
and reagents and have these listed in the Table of Materials and Reagents.

10. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we",
"you", "our" etc.).

We have revised our protocol text to reflect this request where applicable.

11. Lines 85-86: This note may be deleted because such information is mentioned in
step 1.1.

Lines 85-86 have been removed from the text.

12. Please revise the protocol to contain only action items that direct the reader to do
something (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the
imperative tense in complete sentences wherever possible. Avoid usage of phrases
such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that
cannot be written in the imperative tense may be added as a “Note.” Please include all
safety procedures and use of hoods, etc. Please move the discussion about the protocol
to the Discussion.

We have adjusted the language our protocol accordingly.

13. Please add more details to your protocol steps. There should be enough detail in
each step to supplement the actions seen in the video so that viewers can easily
replicate the protocol. Please ensure you answer the “how” question, i.e., how is the step
performed? Alternatively, add references to published material specifying how to perform
the protocol action.

We have added significant detail to our protocol and hope the “how” for these steps is
now clear.

14. 1.1: Please specify the type and size of assay plates. What is used to drill holes?
How large is the holes? How many holes are drilled per plate?'

We have added more detail to the instructions for this step to clarify these points.

15. 1.2: Please specify the conditions used to trypsinize the cells.

We have added instructions for cell trypinization.

16. 2.2: What concentration is considered to be appropriate?

We have added discussion and instructions on compound concentrations.

17. Lines 252-262: Please move this paragraph to the Discussion section.

This paragraph has been moved to the discussion section.



18. Discussion: Please also discuss any limitations of the technique.

We have added several limitations including those brought up by the other reviewers.
19. References: Please do not abbreviate journal titles.

The reference section has been updated accordingly.

20. Table of Equipment and Materials: Please provide lot numbers and RRIDs of
antibodies, if available.

The lot number of the antibody has been added to the Table.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The manuscript entitled "Using high content imaging to quantify target engagement in
adherent cells" by Axelsson, Almqvist and Seashore-Ludlow describes the detailed steps
of an adaptation of the previously reported CETSA format. The original paper with the
data presented again here was a well needed adaptation of the CETSA protocol,
allowing also studies of adherent cells without prior detachment. The potential to study
adherent cells without detachment prior to detection is intriguing as the actual
detachment could affect the cellular uptake and intracellular biology. Having a detailed
protocol will certainly help spreading the use of the adaptation.

The protocol is not too detailed but well enough for researchers with previous
understanding of cell staining and fixation.

Major Concerns:

Rows 120-121 and 236-238. How does one construct a Tagg curve in a waterbath? This
may be worth describing in better detail as it is not apparent from the protocol how that
could be carried out. Again, this raises the question on how to approach targets with
smaller shifts than p38a where the transfer from Tagg to ITDFRs is less forgiving?

We have added detail in the representative results section on how to create a Tagg
curve. We have also added the limitation of targets with small shifts to the discussion
section.

Minor Concerns:
A few specific comments come to mind when reading the manuscript:
1) There is an affiliation not belonging to neither of the authors in the author list (row 13)

See above

2) The statement on rows 62-63 could be clarified to underline that it is only the
detection step that has required lysis, not that the incubation and heating steps of the
original CETSA protocol requires lysed cell suspensions. In fact, the presented protocol
also requires the permeabilization of cells to allow affinity reagents to reach the antigen,



making it a somewhat lysed suspension. This is semantics.

We have tried to clarify these steps in the introduction section.

3) Row 73, something missing

We have re-written this sentence.

4) Rows 75-77. The study behind this protocol has already been published but maybe

there could be room also in this detailed protocol for a discussion on how to approach
targets with smaller shifts than p38a. Will there be challenges?

This has been addressed in the discussion section. [Formatted: Font: Italic

5) Row 86 and 90. The drilling of holes in plates does not resonate well with HTS
screening. Are there no plates available that minimize the amount of air trapped?

On that same note, regarding the edge effects (rows 254-255) - there are plates called
"edge plates" with a reservoir surrounding the outer wells. Would such plates, without
filling up the edge reservior minimize the amount of trapped air and at the same time
reduce the heating surface of the edge wells?

Interesting idea with reservoir plates and though applicable to cell culture, we are not
aware of reservoir plates for imaging purposes. We feel that though these may address
the edge wells, they will not influence air trapped under the plate.

6) Row 111, please add an alternative for less equipped labs, similar to the step of
dispensing PFA with a multidrop or multichannel pipet.

We have added an alternative procedure. [Formatted: Font: Italic

7) Row 260, variable?
We have fixed this sentence.

8) 291 and Figure 5. | do not see the need for this figure. Those reading this protocol
should know how edge effects display.

We have removed this figure.

9) In the discussion part the authors discuss the need for good antibodies, this is of
course imperative. Could this be a limiting factor for new targets where antibody
availability is scarce (and where early screens are carried out). Could the use of a
tagged protein be helpful?

We have updated the discussion text to address this point.

Reviewer #2:

Manuscript Summary:

The article entitled "Using high content imaging to quantify target engagement in
adherent cells" proposes a new adaptation of the CETSA assay, in order to characterize



deeply the interaction between a compound and its putative target. It is based on the
high throughput measurements of drug-target interaction by using a specific antibody
against the putative target followed by the incubation of a fluorescent secondary
antibody. Then the interaction between the compound and its target is analysed by using
a microplate-reader that permit a high throughput analysis. The new CETSA method is
very interesting and offers important advances for a rapid screening of a library of new
compounds especially if it is a big library.

Major Concerns:

Figure 1D .Could be interesting for the readers to see a comparison between a normal
CETSA result (western blot analysis) and this new CETSA method, also for a single
compound, to visualize the results between of both methods and evaluate if the
sensitivity of the two methods is equal or different.

We have data in the lab examining CETSA results for A-431 cells in suspension using
both western blot and AlphaScreen technologies. These compare well. We have also
published similar comparison data for K562 and HL-60 in reference 10 and compared
AlphaScreen to the imaging assay in reference 12. Notably, comparisons between assay
formats are challenging when the heating format is not the same, as the exact heating
time of the sample for example in a water bath and in a PCR tube differs. In such
comparisons right shifting of the potency for the sample that was heated to the
temperature farthest from the Tagq is observed. Thus, for the true comparison we would
want to compare adherent A-431 in imaging plates as detected by imaging and western
blot. This poses a technical challenge as the amount of protein necessary for the
western blot is difficult to obtain in the 384-plate format. Thus, we refer the reviewer to
the already published comparisons.

Minor Concerns:

Authors should discuss some issues listed below:

Step 2.3: This step proposes to incubate cells with the different compounds for 30
minutes at 37°C, but if the main goal of the method is to screen library of new
compounds, how the Authors may exclude that the lack of interaction is not due to a
reduced entry of the compound into the cells? In other terms they have never shown that
a negative compound remain negative also after longer incubation.

The length of compound treatment varies and certain molecules that need metabolic
activation will need a longer incubation time. We have addressed this in the revised text.

Steps 4.2/8.1/9.2/9.4: How many times did you wash the wells with PBS? Please provide
the number of wash in this step since for our knowledge the 384 wells can maximum
contain 100pL of a liquid. Therefore they mean 3 washes of 100uL or each wash with
300 pL, and if this is the case, how many washes are sufficient to further proceed in the
method? Please add more details.

We have provided more details for these steps to clarify these points in the protocol.

Step 5.2: In this step Authors have written: "Alternatively, when appropriate, apply an
antigen retrieval protocol...". According to your original protocol published in ACS
Chemical Biology, the antigen retrieval step is useful for minimizing the number of false
negative because it facilitates the detection of the target engagement. How new users



can define when the antigen retrieval protocol is necessary? May the Authors give more
hints about this important decision-step?

We believe this should be used as a counter-screening method and if target
engagement is not observed for known binders. We have clarified this in the text.

Reviewer #3:

Manuscript Summary:

The authors present a short, but well described protocol to perform an exciting new
technique. The manuscript is well written and should serve as a great resource for the
research field. The description of antibody limitations is quite helpful.

Major Concerns:

Perhaps the authors could expand upon the calculation of % stabilization from the raw
data. It is difficult to follow how that relates to fluorescence intensity and thus why the
drug treated curve in Figure 3A starts at 75% and ends at 50% while the control spans
100 - 0 %.

We have added this to the protocol steps.

Minor Concerns:
In Figure 5, the lookup table labels need to be fixed.

This figure has been removed.
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28
29 SUMMARY:
30 Measurements of drug target engagement are central to effective drug development and
31 chemical probe validation. Here, we detail a protocol for measuring drug-target engagement
32  using high content imaging in a microplate-compatible adaption of the cellular thermal shift
33 assay (CETSA).
34
35  ABSTRACT:
36 Quantitating the interaction of small molecules with their intended protein target is critical for
37  drug development, target validation and chemical probe validation. Methods that measure this
38 phenomenon without modification of the protein target or small molecule are particularly
39  valuable though technically challenging. The cellular thermal shift assay (CETSA) is one
40 technique to monitor target engagement in living cells. Here, we describe an adaptation of the
41  original CETSA protocol, which allows for high throughput measurements while retaining
42  subcellular localization at the single cell level. We believe this protocol offers important
43  advances to the application of CETSA for in-—depth characterization of compound-target
44  interaction, especially in heterogeneous populations of cells.
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INTRODUCTION:

When developing new drugs or chemical probes it is essential to couple the observed
pharmacological effect or functional readout to measurements of target occupancy or
engagement in live cells'3. These data are necessary both to ensure that the small molecule in
fact reaches its desired target and to validate the biological hypothesis behind protein target
selection*®. Furthermore, during drug development model systems of increasing complexity are
used to select and corroborate a lead compound prior to clinical trials. To confirm translation of
biology across these preclinical systems methods for tracing drug-target engagement and
accompanying biology throughout this development process are critical.

Drug-target engagement has traditionally been challenging to monitor in live cells with
unfunctionalized eempeunds-small molecules and rative-proteins, especially at the single-cell
level with spatial resolution®’. One recent method to observe the interaction between
unmodified drugs and proteins in live cells is the cellular thermal shift assay (CETSA) in which
ligand-induced stabilization of a native protein in response to a heat challenge is quantified®0.
This is accomplished by deteeting-quantifying the-remaining soluble protein after-the exposure
to a heat challenge. ané-In in-the initial pretecel-disclosure of CETSA wwas—initialy—+reported
using-western-blotWestern blot was used for detection. To enable screening campaigns and hit
triaging of larger compound collections eEfforts to increase the throughput_of CETSA
experiments have lead to the development of several homogenous, microplate-based
assays'%'l, However, one limitation with these methods is that they are currently limited-best
suited to compound treatment in cell suspensions and thete measurements-detection requires
cell lysis leading to loss of spatial informationintysed-cel-suspensions. CETSA can be applied
experimentally either as a ligand-induced shift in thermal aggregation temperature (Tag) at a
single concentration of the small molecule or the ligand concentration necessary to stabilize the
protein at a single temperature. The latter is termed isothermal dose response fingerprints
(ITDRF) to signify the dependence of these measurements on the specific experimental
conditions.

The goal of this protocol is to measure target engagement using CETSA-in-ive; in adherent cells
by immunofluorescent (IF) antibody detection with high-content microscopy*2. This procedure
extends the original CETSA platform to allow for single-cell quantification of target engagement
with conservation of subcellular localization-in. Notably, unlike many previous reports, in this
procedure compound treatment is performed in live adherent cells without surfaceremeves-the
nAeed-te detachment or washing agherentcels-prior to the heat challenge, thus preserving the
established binding equilibriummsm_we aim to measure—threugh—theheat challenge step’3,
Currently, the method is validated for one target protein p38a (MAPK14) in several cell lines
and we hope that by sharing this preteeetprocedure the technique can be applied broadly
across the melting proteome. We anticipate that this protocol can—easiy be adapted
throughout the drug development pipeline from screening, hit triaging through to monitoring
of target engagement jn vivo.
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For a general overview of the workflow see Figure 1. A detailed list of materials and reagents
are available in the Table of Materials.
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1. Seeding of cells

[ Formatted: Font: Bold

11-Prior to seeding of the cells, drill 3-5-mm-holes with a drillingmachinestandard drill in the
frame of black 384--well the-imaging assay plates to avoid air bubbles being trapped under the
plate later during the heating step. To avoid plastic particles entering the wells during this step
and to maintain sterile conditions, seal the plates with an adhesive aluminum foil or cover the
plate prior to drilling_in a tissue culture hood. —Typically 3 -heles—withholes with a diameter of
3.5 mm on each of side of the plate (short edge) suffice.

1.1. ~

1.2. Prepare _a laminar flow bench by cleaning with 70% ethanol. Following standard
aspetieaseptic tissue culture techniques H-a-tissue—culturehood-remove media from cell flask
or _dish. Wash cells with 5-10 mL phosphate-buffered saline (PBS) and then add 2 mL

[ Formatted: Font: Not Bold
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Formatted: Outline numbered + Level: 2 + Numbering
Style: 1, 2, 3, ... + Start at: 1 + Alignment: Left +
Aligned at: 0" + Indent at: 0"

[Formatted: Normal, Indent: Left: 0"

£Frypsinizetrypsin to the flask. Incubate the flask at 37 °C until the A-431 cells detach. and

eeuntCount the A431A-431 cells_either using a haemocytometer or cell counter. Prepare a cell
suspension of 50 000 cells/ml in culture medium.

1.3. Dispense 40 pL of cell suspension (giving a final cell density of 2000 cells per well) into each

well of an 384-wel-imaging—microtiterassay plate—\We—recommend using a Multidrep—bulk
reagent dispenser or a multichannel pipet_depending on the scale of the experiments. Briefly

move the plate from side-to-side to disperse cells evenly on the bottom of the plate.-

1.4. To minimize plate--edge effects, allow the cells to settle at the bottom of the assay plates
for 20 minutes at room temperature_in the back of the laminar flow hood. Then place the plates
in a plastic container with damp eleths-paper towels to ensure a humid atmosphere._Prior to
use wipe the plastic container sheuld-be-wiped-dewn-with 70% ethanol.

1.5. Incubate the box with the assay plates for 2-3 days at 37 °C and 5% CO2 in a_conventional<—

humidified incubator. Monitor €confluency of the cells should—be—menitored—and-until 50-
7875%-confluency as assessed by visual inspection with a light microscope.

15— Hsrecommended-depending-on-celtypes -

2. Compound treatment

2.1. On the day of the experiment aspirate the medisvm-medium tefrom each well using a plate

washer. Place the plate on the plate washer and select the aspiration program. If a plate washer

is not available then the liquid can be removed by inverting the plate with a rapid hand twist
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over a waste tray or sink. Complete removal of liquid is essential for good performance-by

turnring-the-plate-upside-down-and-guickly-flickingthe plate. Any excess liquid is then removed
by dabbing with paper towels.

2.2. Add 30 pL of compounds diluted to the appropriated concentration in cell culture medium
using automated dispensing or a multichannel pipetpipette depending on the scale of the
experiment. Ensure to add a negative (vehieleDMSO) and positive (known stabilizing
ecompoundligand) control to several wells on each assay plate. Since this is a thermal shift assay
it is necessary that the compound concentration—te— exceeds the dissociation constant to
observe protein stabilization. Thus a rough guideline for compound concentration is 50-100
times the ICso, but more detail descriptions Guidelines-for compound concentrations are found

[Formatted: Font: +Body (Calibri), Not Highlight
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in the Discussion section. Note: Do not exceed concentrations of [0.1% br—mgher—ei DMSO when

performing compound treatments on live cells unless assess prior to the experiment.-

2.3. Seal the compound-treated assay plates with a breathable plate seal and incubate at 37 °C
and 5% CO: in a humidified incubator for 30 minutes.

3. Heating-ofcellsHeat challenge

3.1. First set the-termperature-ofa water bath to the desired temperature. Note: that the final
temperature that is reached inside the wells of the assay plate can be different from the final
temperature in the water bath._Investigate the offset beforehand with a dummy plate and
thermocouple thermometer. It typically takes 30 minutes for the bath to stabilize at the desired

temperature.

3.2. To verify that the desired temperature is reached in the wells of the assay plates during the
heating step, prepare an unsealed eentrel-dummy plate containing the same volume of
medium as the assay plate.

3.3. Remove the assay plates from the incubator. Take off the breathable seal and rRe-seal the
assay plates containing the compound-treated cells with a tight adhesive aluminum foil to
ensure that no water will leak into the wells during the subsequent heating in the water bath.
Ensure that the drilled holes in plate frame are accessible.

3.4. Place the assay plate and the esntreldummy plates in the water bath with the bottom of
the plate angled towards the water surface to force any remaining air out from under the
plates.

3.5. Monitor the temperature inside the wells of the eentrel—dummy plate using a
tFhermocouple Fraceablelab thermometer.

3.6. Heat the assay plates-plate whilefleating-in the water bath for 3 minutes.

3.7. Immediately transfer the assay plate—and dummyeentreldummy plate to another water
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bath with reem-temperedroom-tempered water to cool down for 5 minutes. The assay plate is
now ready for further processing.

4. Fixation

4.1. Dispense 10 pL 16% (w/v) paraformaldehyde (PFA) PFA-directly to the assay plates using a
Multidrep-bulk reagent dispenser or a multichannel pipet. Incubate at room temperature for 20
minutes. Note: some fixatives are classified as carcinogenic and institutional safety regulations

[Formatted: Not Highlight J

should be followed.

4.2 Aspirate the PFA solution and wash the cells with 300 gL PBS {everflow-protoceh-using a
plate washer. Place the plate on the plate washer and select the aspiration program. Note: This

Formatted: Font: Calibri, Not Bold

procedure has been optimized using an overflow protocol on the plate washer in which liquid is

simultaneously dispensed and removed. If a plate washer or similar procedure is not available

Formatted: Not Highlight

the washing step can alternatively be done manually.-

Manual washing procedure: Remove the liquid from the wells by inverting the plate with a

rapid hand twist over a waste tray or sink. Complete removal of liquid is essential for good

performance. Add 80 ul PBS with a multi-channel pipette and invert the plate again as

described following—the-sameprocedure—as-above, repeat the washing procedure two times.
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After the last wash blot the plate against clean paper towels to remove any excess liquid.

4 ha n o nheay had with 0 PBS man by Aina tha n eupside-do

5. Permeabilization

5.1. Add 20 pL 0.1% (v/v) NP-40 to the wells with a multichannel pipet and incubate at room
temperature for 10 minutes. Wash the cells using the same procedure as described above (step
42).

glycine at pH 7.2 and incubate for 10 minutes at room temperature. Aspirate the glycine
solution using a plate washer by placing on the plate washer and selecting the aspiration
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protocol. See notes in 2.1 and 4.2 if a plate washer is not available. gAdd 20 pL 1% SDS to the

wells with a multichannel pipet. Incubate at room temperature for 5 minutes and wash
according to the same procedure described above (step 4.2).l

6. Blocking
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6.1. Add 15 pL 1% (w/v) BSA-bovine serum albumin (BSA) in PBS to the wells using a Multidrop
bulk reagent dispenser or a multichannel pipet. Incubate_the plate at room temperature for 1
hour or overnight at 4 °C with an aluminum foil plate seal.-

7. Primary antibody

7.1. Aspirate the blocking solution using a plate washer_by placing on the plate washer and
selecting the aspiration protocol. See notes in 2-2—and2.1 and 4.2 if a plate washer is not
available.-

7.2. Add 10 pL primary antibody diluted accordingly in 1% (w/v) BSA in PBS to the wells using a
multichannel pipet. freubate-Incubate the plate at room temperature for 1 hour or overnight at
4 °C with an aluminum foil plate seal.

8. Secondary antibody

8.1. Aspirate the primary antibody solution and wash the wells according to same procedure as
described above (step 4.2).

8.2. Add 10 pL Alexa 488 secondary antibody diluted accordingly in 1% (w/v) BSA in PBS.
Incubate at room temperature for 1 hour. Seal the plate with an adhesive aluminum foil seal to
protect from light. Note: Protect the plate from light during this and subseguent steps.

9. Nuclear staining and Cell-cell maskmask

9.1. Add 10 pL Heechst—nuclear dye diluted to 0.05 mg/mL in PBS to al-the wells_using a
multichannel pipet. Incubate at room temperature for additional 10 minutes.

9.2. Aspirate the secondary antibody and Hoechst solution and wash the wells using the same
procedure as described above (step 4.2).

9.3. Add 10 pL HES—celmaskcell mask diluted to 200 ng/mL in PBS to the wells_using a
multichannel pipet. Incubate at room temperature for 30 minutes.

9.4. Aspirate the cell mask solution and wash the wells using the same procedure as described
above (step 4.2).

9.5. Dispense 60 uL PBS to all wells using the plate washer a bulk reagent dispenser or a
multichannel pipet and re-seal the plates with an adhesive aluminum foil.

10. Image acquisition and analysis

10.1. Capture images on lnageXpress—Micro—XLS—\Widefield—High-Content—Analysis—System
{MeleeularBeviees)a high content imager using 3 fluorescent channels: DAPI (387/447), GFP
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(472/520) and TexasRed (562/624).
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10.2. Acquire 4 images per well using 10X Pan—Fluer03-NA-objective. Use automated laser

autofocus and apply binning 2 during acquisition.

10.3. Store images as 16 bit, gray scale tiff files along with metadata.

10.4. V\nalyze images using available softwareusing-MetaXpress—Custom—Medule. |dentify cell

boundaries using Cell Scoring algorithm with DAPI (nucleus) and TexasRed (cytoplasm).

10.5. Extract average intensity for all acquired wavelengths for further data analysis.

10.6. Calculate Z-factor to ensure the robustness of the assay.

-

10.5. [10.7. Calculate % stabilization using the following formula: 100*(1-(well intensity —
average well intensity negative control)/(average intensity positive control-average intensity
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negative control)). [Since the maximum stabilization between compounds can vary and in fact
be greater than the positive control for ITDRF curves the maximum and minimum stabilization
intensities for each compound are sometimes used in place of the ecentrel—intensity
valuesintensity values of the control wells.Fer{FBDRFcurves

REPRESENTATIVE RESULTS:

The protocol outlined in Figure 1 describes the basic workflow for running CETSA assays on
adherent cells with detection of remaining soluble protein by high content imaging. This
workflow can be easily adapted to all stages of assay development by modifying the plate
layout of the compounds or reagents'®. We detail expected results for several anticipated use
cases below.

Antibody identification fer-and assay development. A prerequisite for successful results is the
identification of a primary antibody or other suitable affinity reagent that selectively recognizes
the native form of the protein in the presence of the aggregated and precipitated protein
formed during the heat challenge in step 3. To establish the CETSA imaging assay described
here we screened a panel of 9 antibodies targeting p38a. at 52°C for signal window between
the positive and negative controls. We then titrated the best antibodies and settled on the
conditions shown in Figure 2 A, B withshews representative immunofluorescence images for
p38a stabilized by a known ligand (positive control) and wehicle-DMSO (negative control).
Antibody recognition should also not be disrupted by the conformational changes of the target
protein that may be induced by ligand binding (Figure 2C). As an example BIRB796 has a long
off rate and quantification of target engagement was only possible by applying an antigen
retrieval step 5.2 (Figure 2D). It is important to validate the performance of the primary
antibody with known ligands covering different binding sites of the target protein_if available.
The antibody validation is preferably done both with and without the antigen-the retrieval step
u_l\ Ao, M’CI RIPDR70C | I.,.g ££ oot .-...lq.. ntification ‘téﬁg* srmmmennai
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BOS Tagg and ITDRF curves. As mentioned above CETSA experiments can be run in two different [Formatted: Subscript

306 modes, Tagg curves and ITDRF experiments. Both variants utilize the same basic protocol
307 outlined in Figure 1 and in the protocol section. In the first setup the purpose is to challenge
308 the cells with a temperature gradient and compare the Tagg curves in the presence and absence

BO9  of a single concentration of ligand. To perform a Taee curve separate plates are heated for 3 [Formatted: Subscript

B10 minutes—at-across a range of temperatures. In performing this experiment it is important to
B11 time the compound treatment length for each plate with the time it takes for the water bath to
B12  stabilize to the new temperature. In this regard the peforming the heat challenge step heating
B13  inthe water bath is more ehallengingtime consuming than heating tubes inwith a PCR machine.
B14  The experimental path secend—alernative—is to next run concentration response curves of a
B15 ligand at a fixed temperature and-to generate ITDRF curves. In general when testing multiple
B16  compounds-weprepare assay ready plates for the compound addition are prepared efpre-
B17  diluted—ecompeundsusing automated liquid handling to achieve the most reproducible data.
B18 Compounds are serially diluted in DMSO and then dissolved in cell culture media to the desired
B19  steck concentrations. We have typically tested 11 point concentration series starting at 50 —
B20 100 uM in 3 or 4 fold dilution, but this depends on the potency of the ligands used. It is advised

B21 to first establish the h'agg curve both in absence_and presence of a ligand and select the Commented [A9]: Jag fick inte till det sa bra, men jag

B22  temperature for subsequent isothermal experiments where a shift between the curves can be tycker att det &r vérdefullt att hora tag +/- substans och leta
N efter ett stort assay fonster vid typ sa lag temp som majligt,

B23  observed. The selected temperature should be around or just above the Tag. Both formats eller hur?

324 aIIow‘for confirmation of targ'et engag.ement but for ran'kmg of compour)q affinities ITI?RF Commented [A10R9]: Jag tycker att det blev bra! Kanske

325  experiments are often more suitable. Figure 3A shows an illustration of anticipated quantified att man kanske kan lagga till en strecakd linje i bilden pa

326  results for a Tagg curve and Figure 3B quantified results of a typical ITDRF experiment. Tagg for att fortydliga valet av temp for ITDRF?

327

328  Screening campaign. The protocol can also be adapted to screening campaigns to identify novel
B29  binders of the target protein. In this case itsothermal heat challenges eanalse-beare applied in
B30 secreening—mode-wherefor a large number of compounds is—tested-at a single concentration
B31 followed by ITDRF experiments for identified stabilizing compounds. We prepare assay ready
B32  screening plates and transfer the compounds steeksdiluted in culture media to the assay plates
B33  using automated liquid handling. As with all thermal stability assays it is necessary to exceed
334  the dissociation constant to observe protein stabilization and thus we have applied small
335 molecule libraries at 50 uM to facilitate hit identification. Triaging of the hits using ITDRF will
336 later allow ranking and prioritization of these compounds. Figure 4 shows a representative
B37  results from a screening plate.
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FIGURE AND TABLE LEGENDS:
Figure 1. Schematic overview of the protocol described in this article.

Figure 2. A) Example data for detection of human p38a in A-431 cells. Representative images of
positive (1 uM AMG548-1M) and negative (DMSO) controls. Red- nuclear Hoechst staining,
Green- p38a staining. Images taken with 10X magnification and the white scale bar represents
73 um.- B) Example of quantified data expressed as average intensity/cell. Error bars represent
standard error of mean of 16 replicates for 5-6 separate plates. Each plate was heated to 52°C
in a water bath followed by fixation of the cells, permeabilization and subsequent
immunostaining. C) tmunfluereseencelmmunofluorescence signal intensity measured after
treating A431A-431 cells with 1 uM BIRB796 or DMSO ase described above followed directly by
fixation. In the absence of a heating step the BIRB796 signal is lower than the DMSO signal,
suggesting that BIRB796 disrupts the detection of p38a with this antibody. D) ITDRFcersa curves
for cells treated with BIRB796 either with (a) or without () antigen retrieval protocol in step
5.2. This figure has been modified from 4. Copyright 2018 American Chemical Society.
Figure-adapted-from-*—Copyright 2018 American-Chemicalsociety-

Figure 3 A) Example data for detection of human p38a in A-431 cells. A) Thermal aggregation
curve experiments for cells treated with positive; (1 uM AMG548-1M, in orange); and negative
(DMSO;—_in_grey); controls. Error bars represent standard error of mean of 32 te—or 464
replicates. B) ITDRFcersa experiment performed at 52°C for cells treated with serial dilutions of
SB203580 in blue, Skepinone-L in green and RWJ67657 in red. Error bars represent standard
error of mean of 6 replicates. Quantified data are expressed as average intensity/cell and
normalized against the highest concentration_of respective compound. This figure has been
modified from Figure-adapted-frem-14. Copyright 2018 American Chemical secietySociety.

Figure 4. RespresentativeRepresentative overview of a_screening plate_at 10X magnification.
Positive controls (1 uM AMG548) are in columns 2 and 24 and negative controls (DMSO) are in

columns 1 and 23. All other wells contain 50 pM of the library compounds used for screening
with several hits denoted. In the inset figures the white line in the lower right corner represents

200 pm. This figure has been modified from *. Copyright 2018 American Chemical Society.
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DISCUSSION:

As discussed in the results section there are several key steps to the procedure. First it is

1
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important to identify a high quality affinity reagent. We recommend screening a small library of
antibodies for each desired target. After a primary antibody has been selected it is also
important to validate the system for a number of different binding sites of the protein target_if
appropriate, Counter--screening for compounds that interfere with the assay signal as shown in

Figure 2C by omitting the heat challenge is highly encouraged after a screening campaign.
When a reduced signal in presence of a ligand is observed an —this—eceurs—antigen retrieval

protocols as described in step 5.2 can be tested. Uneven heating of the plates can cause
fluctuations and plate-to-plate variations in the observed data. Since the plates are partly
submerged in a water bath during the transient heat challenge (step 3.4) the outer wells of the
plates are exposed to the hot water not only at the bottom of the wells but also through the
outer wall. This may cause higher temperature during the same submersion time in the outer
wells of the plate and subsequent plate edge effects—{iHustrated—inFigure-5). Therefore, it is
recommended to avoid the outer wells of the plate. Similar effects can also be seen if air
bubbles are trapped under the plate during the heating step preventing sufficient contact
between the hot water and the bottom of the wells. Given the challenges with heating imaging
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plates, H-is—importantto-heat-theplate—evenly—and-ddevices and plates specifically made te
heat—imaging—platesfor_exposure to heat could help advance this method. We have—alse
explored the use of several cell lines, and have found variability in surface attachment after the
heat challenge for adherent cell types. Preliminary experiments in our labs suggest that the use
of a coating or extracellular matrix such as Synthemax I-SC or Cell-Tak can minimize cell
detachment, but this could pose a preblemtechnical challenge when usin-fegr semi-attached
cell types. Since compound treatment is performed in live cells, the small molecules must be
cell permeable. If the compound is not membrane permeable, alternative high throughput
CETSA methods are recommended. Some compounds need to be metabolically activated to
bind to their target proteins?!. In such cases longer treatment cells with the compound prior to

the heat challenge is \recommended

This protocol requires a single plate from cell seeding to imaging making it amenable to high

Commented [A11]: Har kanske det &r viktigt att igen
namna att man bor testa DMSO tolerabiliteten? Vid langre
inkubationstider kanske man inte kan ha lika hg DMSO
konc.
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throughput screening campaigns. The numbers of cells for each experiment is much lower than
can be achieved with western blots or previous AlphaScreen assays!®, Furthermore washing or

cell detachment steps, which may alter compound availability and bindirgbinding, are
removed, preserving the established binding equilibrium through the heat challenge step.
Unlike previous procedures, a lack of signal due to cytotoxicity is simultaneously reported on by
nuclear staining. Finally, imaging preserves spatial resolution of the individual cells allowing for
target engagement measurements in mixed populations of cells or cell states.
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To truly assess the applicability of the approach concerted efforts to apply the technique across [Formatted: Font color: Auto
the melting proteome are needed. Such experiments will clarify theFhe ease of identifying
suitable affinity reagents, which report selectively on the native protein against-a-background
efin_the presence of the remaining denatured and aggregated proteins—is—unknown. We
currently do not know how protein expression levelsthe-abundance-of-the-target-ofinterest will
affect the ability to reliably measure a signal_window.; altheugh-Wwe expect this to_reflect [Formatted: Font color: Auto
correlate—strongly—te_—antibedy-affinity and selectivity_of the available antibodies, rer—hew [Formatted: Font color: Auto
variation--abundance-across—cel-lineswill affectassay-optimizationsand anticipate that- for [Formaned; Eont color: Auto
low abundant proteins—that technologies used to enhance that—enrhanee—signal in [Formatted: Font color: Auto
immunofluorescent assays te—bewill be_ applicable. Alternatively, tagged proteins or [Formaﬂed: Font color: Auto
functionalized compounds could be used for detection in modified versions of the described \ - -
- . - - . [Formatted. Font color: Auto
protocol. This protocol is limited to targets that melt and for interactions where a quantifiable
- K K [Formatted: Font color: Auto
stabilization _can _be observed. For example, endogenous ligands can alter—pretein
meltingstabilize a protein in live cell assays, WhICh may prevent further stabilization by an
exogenous ligand. Si matm [Formatted: Font color: Auto
[Formatted: Font color: Auto

Feeemmended—Although not explored m—t—he—eleser—%e-d—p;eteeelhere we believe that it WI|| be
possible to multiplex readouts to allow for the study of multiple targets simultaneously, or a
target with downstream effectors. Further studies are necessary to investigate these aspects of
in situ CETSA.
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