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Summary

Three-dimensional live cell imaging of the interaction of T cells with antigen presenting cells
(APC) visualizes the subcellular distributions of signaling intermediates during T cell activation at
thousands of resolved positions within a cell. These information-rich maps of local protein
concentrations are a valuable resource in understanding T cell signaling. Here, we describe a
protocol for the efficient acquisition of such imaging data and their computational processing to
create four-dimensional maps of local concentrations. This protocol allows quantitative analysis of
T cell signaling as it occurs inside live cells with resolution in time and space across thousands of
cells.
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1. Introduction

T cell activation is regulated by the complex interactions of dozens of signaling
intermediates. One of the great, general challenges in current biology is to understand how
dozens of proteins function as an integrated system. As a key resource to elucidate such
complexity, signaling intermediates are not evenly distributed through an activating T cell
but enrich at particular locations at distinct times [1, 2]. Concurrent enrichment of two
proteins increases their interaction probability and thus the local efficiency of the signaling
step mediated by their interaction. Thus at the system scale uneven signaling distributions
govern the information flow through signaling networks [3-6]. Supporting the importance of
subcellular location for function in T cell activation, loss-of-function mutations of various
signaling intermediates consistently yield diminished localization [7-11]. In addition,
through the imaging of large numbers of signaling intermediates, subcellular structures
mediating signal integration have emerged [12, 13]. Thus a quantitative determination of
subcellular signaling distributions of a large number of T cell signaling intermediates is a
powerful resource to discover functional signaling connectivity. Here we describe the
methodology for such characterization across thousands of cells. Three-dimensional live cell
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imaging of the interaction of T cells with antigen presenting cells (APC) visualizes the
subcellular distributions of signaling intermediates at thousands of resolved positions within
acell, i.e. it yields detailed three-dimensional maps of local concentrations. We describe a
protocol for efficient acquisition of such data. Voxel-by-Voxel quantification of such
imaging data provides full access to the three-dimensional maps of local concentrations. We
describe a computational analysis routine to generate maps that are aligned across all T cells
to be analyzed. Such maps form a powerful foundation for the computational analysis of
signaling connectivity and the modeling of T cell signal transduction.

2. Materials

2.1. Retroviral transduction reagents

1.

Phoenix-E (pNX-E) cell line (obtained from Nolan laboratory, Stanford
University).

¢NX-E incomplete media: DMEM with 4.5% glucose, 110mg/L sodium
pyruvate and L-glutamine, 10% FBS, 100U/mL penicillin, 100pug/mL
streptomycin, MEM non-essential amino acids.

¢NX-E complete media: As 2.1.2 supplemented with 300pg/mL hygromycin and
1pg/mL diphtheria toxin.

Corning Primaria tissue culture plates 35mm or equivalent.
0.02% EDTA solution in PBS.

Chloroquine diphosphate: 4.1mg/mL chloroquine diphosphate solution in ddH,0
and sterile filtered (e.g., Sigma).

2x Hepes buffered saline: 16g/L NaCl, 0.74g/L KCI, 0.27g/L NA,HPO,42g/L D-
glucose, 10g/L HEPES. Dissolve in ultrapure water, adjust pH to 7.05, and sterile
filter.

Calcium chloride: 2M solution of calcium chloride in ddH,O. Sterile filtered.

Protamine sulfate: dissolved in PBS at 8mg/mL.

2.2. T cell culture components

1

Complete media: RPMI with L-glutamine, 10% FBS, 100U/mL penicillin,
100pg/mL streptomycin, 50uM 2-mercaptoethanol.

Interleukin-2 media: complete media supplemented with 50U/mL rhiL-2.

Agonist peptide for the TCR transgene (Moth cytochrome C for the 5C.C7
TCR): 5mM solution in ultrapure water.

2.3. Cell sorting and imaging components

1.

Imaging buffer: PBS without calcium and magnesium, 10% FBS, 1mM calcium
chloride, 500uM magnesium chloride.
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Glass bottomed 348 well imaging plate (Brooks Life Science Systems) or
equivalent.

3.1. Generation of retrovirus

1.

Stock plates of gNX-E cells are maintained in gNX-E complete media in a 37°C,
6% CO> incubator. When splitting cells, aspirate media and add 1mL 0.02%
EDTA per plate. Incubate cells at 37°C for approximately 3 minutes (see Note
1). Following incubation, tap each plate firmly with a finger to fully loosen the
cells. Use 5mL DMEM to collect cells from the plate and transfer to a Falcon
tube. Centrifuge for 3 minutes at 200x g, resuspend in 1mL of gNX-E media and
count cells using a hemocytometer. Plate 600,000 cells into a fresh Falcon
Primaria tissue culture plate in a total volume of 6mL media. gNX-E complete
media should be used for general maintenance (see Note 2), whereas incomplete
media should be used when cells will undergo transduction.

On day 3 of culture in incomplete media, pNX-E cells are ready for transduction
via calcium phosphate precipitation. Make a fresh solution of chloroquine
diphosphate and add 25pL to each plate. Swirl gently to mix and return cells to
incubator.

For each plasmid, label two 15mL Falcon tubes as tube A and tube B. In tube A
mix 0.5mL 2x HBS with 2uL 1M NaOH (see Note 3). In tube B mix 0.5mL
sterile ddH,0 with 10ug plasmid DNA. Add 62uL 2M CaCl;, drop by drop to
tube B.

Using a 1mL tissue culture pipette, bubble air vigorously through tube A whilst
adding the contents of tube B in a drop-by-drop fashion. Let sit at room
temperature for a minute.

Gently add the entirety of this solution to the ¢NX-E cells, swirling gently to aid
distribution. Return cells to the incubator overnight.

The following day check for the presence of the calcium phosphate precipitate as
black puncta much smaller than the pNX-E cells. Gently aspirate the media from
the NX-E cells and replace with 3.2mL incomplete media (see Note 4).
Incubate cells, without any media changes or splitting, for approximately another
48 hours. At this time the media will contain retrovirus carrying the DNA
construct of interest.

1The use of EDTA alone rather than the usual Trypsin/EDTA combination and limiting the time of EDTA on the ¢NX-E cells

optimizes gNX-E cell health.

We find that maintaining the parental pNX-E stock under continuous selection ensures consistently high viral titers over months.
Nevertheless, the stock is replaced from freezes about every 6 to 9 months.

For each batch of HBS the exact amount of NaOH to be added is determined in a dose response series of NaOH. The NaOH amount
giving the smallest visible calcium phosphate precipitate is chosen.

By reducing the medium volume from 6 to 3.2 ml the concentration of virus in the supernatant is effectively doubled.
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3.2. Culture of T cells from lymph nodes

1

Cull a T cell receptor transgenic mouse over 6 weeks of age using a schedule one
technique (see Note 5).

Dissect out lymph nodes (see Note 6). Collect them into a tube containing 5mL
of complete media.

Place a 40um cell strainer over a 50mL Falcon tube. Pour the lymph nodes into
the strainer and gently disrupt them using the plunger of a 1ImL syringe. Wash
the strainer with 5mL complete media, and repeat the disruption process until the
media passing through the strainer appears clear. Centrifuge the Falcon tube for 3
minutes at 200xg.

Discard supernatant and thoroughly resuspend the cell pellet in ImL complete
media. Count live cells and add complete media to the cells to bring a density to
4x10% cells/mL.

In a 24 well plate, add 0.65uL of 5mM agonist peptide to the bottom of each well
you wish to use. Add 1mL of cell suspension to each well, so that each contains
4x106 cells. Incubate at 37°C, 6% CO, overnight.

3.3. Retroviral transduction of T cells

1

After T cells have been activated overnight they are ready to be retrovirally
transduced. Collect each well into a separate 15mL Falcon tube. If more than one
well of cells will be transduced with the same construct they may be pooled.

Collect the media from the pNX-E cell plate into a separate 15mL Falcon tube.
Gently add 1mL PBS to the ¢NX-E cells to prevent dehydration and set aside.
Centrifuge both sets of tubes at 200x g for 3 minutes.

Discard the T cell supernatant. Take 2mL ¢NX-E cell media supernatant and use
this to resuspend the T cells. Add 2uL of 8mg/mL protamine sulphate to the
bottom of a 24 well plate well. Add the 2mL of cell suspension to this well.

Centrifuge the 24 well plate at 200xg32°C, for 2 hours (see Note 7).

In parallel on a wide field fluorescent microscope, use a 10x objective lens to
focus on the pNX-E cells left in the plate. With an appropriate laser determine
whether the pNX-E cells are expressing the fluorescent protein construct. If not,
it is likely that the calcium phosphate precipitation has failed (see Note 8).

S0ur most widely used TCR transgene is the 5C.C7 TCR. However, this protocol has worked equally well with a number of other
TCR transgenic mouse strains, including DO11.10, OTIl, AND, Tg4, P14, CL4, and HY [14-18].
We commonly use combined inguinal, axillary, submandibular, and mesenteric lymph nodes. Spleen can be used instead, yet requires

red blood cell lysis.

The centrifuge is heated by air friction. Therefore, pre-spin until 32°C are reached.
The LLMV long terminal repeat functions as a very strong promoter in the gNX-E cells and resulting viral mMRNA is efficiently
translated. The presence of imaging sensor in the gNX-E cells thus is an indirect yet convenient readout of the amount of viral mMRNA

produced.
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6. After centrifugation aspirate the media from each well of T cells, being careful
not to disrupt the cells at the bottom of the well. Resuspend T cells in 2mL IL-2
media.

7. Incubate cells for a further 3 to 4 days to allow expression of the transduced
protein and to expand cell numbers. On a daily basis check the cell density. Split
each well into two when the cells become fully confluent and maintain in I1L-2
media.

3.4. Fluorescent activated cell sorting of successfully transduced T cells

1 On the third or fourth day of culture following transduction collect the T cells
into a Falcon tube and centrifuge at 200x g for 3 minutes. Discard the supernatant
and resuspend the cell pellet in 150uL imaging buffer per well of cells.

2. Prepare a collection tube by adding 1.5mL IL-2 media to a 6mL FACS tube.

3. During FACS, use the following gating strategy to select for positively
transduced lymphocytes (Fig. 1):

i. Select live lymphocytes based on forward scatter versus side scatter.
ii. Select for singlets based on trigger pulse width versus side scatter.

iii.  Create a sorting gate to select for GFP positive cells, which range from
1 to 1.5 log shifts brighter than the negatives (Fig. 1) (see Note 9).

4 Collect positive cells in multiples of 4x104 cells (see Note 10).

5. Return sorted cells to a 24-well plate in the incubator until ready for imaging.
Image the same day as sorting to minimize loss of fluorescence (see Note 11).

3.5. Live cell imaging of T cell:APC couple formation

1 For the 5C.C7 TCR transgene CH27 cells are used as APCs and cultured in
complete media (see Note 12). To peptide load APCs collect approximately
1x108 cells into 1mL of complete media and add to a 24 well plate. Add 2uL of
5mM MCC peptide and mix. Incubate for a minimum of 4 hours.

9The 1to 1.5 log range above cellular autofluorescence background corresponds to the minimal fluorescence level detectable by
sensitive microscope systems, a GFP concentration of 2.5uM [18]. The use of minimal sensor concentrations optimizes physiological
relevance of the imaging data by minimizing interference of the imaging sensor with the signaling event to be studied. Using this
sorting strategy across a range of actin regulators, the combined concentration of endogenous protein plus its retrovirally expressed
GFP-tagged version as an imaging sensor was commonly within the 5 to 95 percentile of the endogenous protein concentration [19].

Transduction efficiencies vary as a function of (1) the TCR transgene and (l1) the protein to be expressed. (I) The more vigorous the
initial T cell proliferation in tissue culture is, the higher the transduction efficiency becomes. Therefore MHCI-restricted CD8 TCR
transgenes generally yield higher efficiencies that can easily exceed 50 %. (I1) The expression of a sensor is tightly linked to the
endogenous concentration of the protein it is derived from. Thus Actin-GFP expresses substantially better than e.g. Itk-GFP. Sensors
based on synthetic constructs or isolated protein domains, such as the F-tractin peptide of the PLC8-PH domain, generally express
well. Transduction efficiencies as low as 0.01 % can be used for subsequent imaging.
11\we find that homogeneously high sensor expression at the time of sorting becomes variable already on the time scale of days.

We have used a wide variety of APCs, from transfected CHO cells, various B and T cell lymphoma lines, dendritic cells to tumor
target cells. In general non-adherent cells allow for easier detection of cell coupling as the T cell:APC interface forms perpendicular to
the cover slip and thus is readily detectable in the DIC bright field images.
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Meanwhile, ensure a spinning disk microscope fitted with an environmental
chamber and a 40x% oil objective lens seated on a piezo motor is fully pre-heated
to 37°C (see Note 13). Also pre-heat a glass bottomed 348 well imaging plate.

Collect the sorted T cells into a microcentrifuge tube. Collect 300pl of the
peptide loaded APCs into a separate microcentrifuge tube. Centrifuge both at
300xg for 5 minutes in a tabletop centrifuge.

Carefully remove the supernatant from the T cell pellet. Resuspend the pellet in
5uL of pre-heated 37°C imaging buffer per 4x10* cells.

Repeat with the APCs, resuspending in 50uL of pre-heated imaging buffer.

Add 50uL imaging buffer to an empty well on the imaging plate. Add 5uL of T
cells to this well and fit onto the microscope. Allow the plate temperature to
equilibrate for 5 minutes.

Meanwhile set up the microscope so that a z-stack consisting of 21 images 1pm
apart is taken at three time points per minute in the fluorescent channel. A single
differential interference contrast (DIC) reference image should be taken mid-
stack at each time point. Images should be taken for 15 minutes (see Note 14).
We use 2x2 binning to improve the signal-to-noise ratio of the imaging data (see
Note 15).

Once the plate has equilibrated, ensure the T cells are in focus. Firmly flick the
microcentrifuge tube containing the APCs to generate a single cell suspension.
Gently add 5uL. APCs to the well so that the layer of T cells is not disturbed.
Immediately begin monitoring the well through the eyepiece and wait for the
APCs to begin settling amongst the T cells. Select a field of view with a good
distribution of T cells and APCs and begin imaging (see Note 16).

Once imaging is completed separate the images into two different channels: DIC
and fluorophore. Split the fluorescent channel into separate folders for each time
point, with each folder containing the 21 z-stack images. Export all files as
TIFFs (see Note 17).

13\e have used magnifications from 20x to 100x. Higher magnifications trade better resolution for dimmer images and lower number
of cells and thus cell couples in the field. Therefore, the majority of our experiments are done with 40x magnification. For cell
coupling efficiencies below 10 % even lower magnification is desirable to capture an adequate number of cell couples.

Biochemically detectable T cell signaling activity in T cell: APC couples peaks in the first five minutes of cell coupling [20, 21].
NFAT and NFxB translocate into the nucleus within about 3 and 7 min respectively [13, 18]. Therefore, 15 minutes imaging times
captures the peak of T cell signaling activity. Nevertheless, we have imaged as long as 16 h. Any imaging beyond 30 min will require
measures to minimize buffer evaporation.

Binning of camera pixels trades resolution in x and y against signal-to noise ratio. With the chosen 2x2 binning on the 40x objective
resolution is roughly equivalent in all three dimensions.

In response to strong stimulus, e.g. a high concentration of agonist peptide in the presence of costimulation, cell coupling can be
virtually instantaneous. As cell couples that form before the onset of data acquisition cannot be accurately timed relative to the time of
cell couple formation and thus have to be excluded from analysis, a rapid decision on the imaging field is essential.

Data can be saved in any format. However, archiving images as .tiff files ensure great compatibility with various analysis packages
and ready exchange with colleagues.
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3.6. Annotation of cell couples and synapse positions

1

For each movie, prepare an annotation file identifying the positions of the
synapse between each T cell: APC couple as described below. First create a z-
stack maximum projection for each time point, and then stack all the maximum
projections so they can be scrolled through as a function of time. This can be
accomplished with any of a number of basic image processing programs, such as
ImageJ.

Remove any autoscaling from the images (see Note 18). Apply a pseudocolor
lookup table to the fluorescence data to make differences in sensor intensity
more readily apparent.

Use the DIC reference images to identify cell couples. Scroll through the time
series until a T cell is observed forming an immune synapse with an APC,
defined as a broad membrane interface between the T cells and APCs.
Fluorescence images should only be used to confirm the identity of cells as either
T cells or APCs (see Note 19). Start at the frame where initial contact between
the T cell and APC is made and count forward a further two frames. Within these
three frames, select the one where the membrane interface first reaches its widest
point. Classify this frame as time point O or the earliest point at which the
immune synapse is fully formed. For as many frames as desired record the
coordinates for the two ends of the immune synapse and the frame number so
that the cell couple can be found again for the automated analysis below (Fig. 2).

These coordinates should be saved into a spreadsheet either directly from the
image-processing package or manually. The spreadsheet should have sets of rows
with one set per cell couple and one row within the set for each time point
(frame) for that couple. The sets should be separate by a blank row. In the row
for each frame, put

a. in column 1, the name of the image file (depending on how the images
are acquired, there may be one file per time point or multiple time
points in a single file)

b. in column 2, the number of the channel within that file that contains the
GFP fluorescence for that time point (if each time point is in a separate
file this would typically be channel 1; if multiple time points are in the
same file this would typically be the frame number)

C. in columns 3 to 7, the X coordinate of the left end point, the Y
coordinate of the left end point, the X coordinate of right end point, and
the Y coordinate of right end point for the synapse in that time point.

18Autoscaling, the process where the dimmest pixel in an image is set to black and the brightest one is set to white, is helpful in image
acquisition to get an immediate first impression of the data. However in image analysis, in particular in the comparison of images
across a time series, we display all images on the same scale, as thus apparent differences in brightness reflect actual differences in
fluorescence intensity rather than potential differences in scaling.

We don’t use fluorescence data in the determination of cell coupling. This would set up a circular argument where fluorescence data
would be used to determine time of cell coupling to then be analyzed relative to this time.
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d. In column 8, the time difference for that frame relative to time point 0
(Fig. 3).

Save the spreadsheet as a CSV (Comma-separate value) file with a name that is
specific (matched) to the movie file name.

3.7. Building models of four-dimensional protein distributions with CellOrganizer (see Note

20)

Install MATLAB if it is not already installed. Check http://cellorganizer.org to
find out which versions of MATLAB are currently supported by CellOrganizer.
Note that CellOrganizer is only supported for Mac OS and Linux systems.

Download the latest version of CellOrganizer from http://cellorganizer.org/
Downloads, and extract it to some desired directory (i.e., a CellOrganizer
directory (folder) in your home directory).

Launch MATLAB, and use the “cd” command to change your current working
directory to the directory in which you put CellOrganizer. Type “setup” to
initialize the environment for CellOrganizer.

If you want to test that the installation has occurred correctly, type
“demo3Dtcell” which will process a small set of movies downloaded from the
CellOrganizer website.

Type “copydemo(“demo3Dtcell”) and when prompted enter a name for the script
it will create to analyze your movie or movies (e.g., “cofilin_analysis_May1”).

Type “edit” followed by a space and the name of the file you just created.
Change the specification of the annotation file to match the movies that you want
to analyze. For example, if your annotation file is called abc.csv, change
“synapse_location="annotation/*.csv’” to “synapse_location="abc.csv’”. If you
have more than one annotation file, they are in directory “mymovies”, and you
want to process all of them, change “synapse_location="annovation/*.csv’” to
“synapse_location="mymovies/*.csv’”

Change the path for where the results should be saved to the desired location by
changing the value of “results_location”.

By default, the output models will have the same name as the base name of the
annotation file with the number of the time point appended to it. For example, if
the annotation file is “abc.csv”, the model for the first time point will be
“abc_reltime_1.mat”. Also by default a model will be created for each time point
in the annotation file. If a different name for the model is desired, set
“options.model_prefix” to that name. If creation of models for only a subset of
the time points is desired, edit “options.timepoints_to_include” to specify which

20When imaging data are acquired with a 40x objective and 2x2 binning each T cell is represented by >5,000 voxels. This paragraph
describes how to generate voxel-by-voxel-resolved models of these distributions. Importantly, the MATLAB script creates these
models in a cell shape-normalized fashion such that each position in one T cell model can directly be compared to an equivalent
position in any other model [19].
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time points to include (as a Matlab vector). For example, to analyze time points 1
to 7, set it to “[1:7]” or to analyze just time points 6 and 10, set it to “[6, 10]".

9. Save the script and run it (i.e., click the Run button) and wait for the script to
finish the analysis.

3.8. Analysis models and creating figures (see Note 21)

1 To generate a figure showing slices through the 3D map for each time point, use
the function “ShowTcellModelMap”. To do so, include the full or relative path of
the model file as the argument of the function, e.g., “ShowTcellModelMap(‘/
path/to/model/your_model_reltime_1.mat’)” (a full path) or
“ShowTcellModelMap(‘mymodels/your_model_reltime_1.mat’)” (a path relative
to the current working directory).

2. To generate a movie showing protein intensity change through time points, use
the function “GenerateTcellMovie”. The function can show up to three proteins
in different colors, and it can therefore take up to three arguments. As before,
each argument is a path to one of the models, e.g.,
“GenerateTcellMovie(‘models/proteinl/*.mat’,’models/protein2/*.mat)” would
create a two-color movie.

3. To compare the intensities of each voxel for different models, use the function
“CompareTcellModels”. The function needs two paths, one for each model, e.g.,
CompareTcellModels(‘/path/to/models/modell.mat’, ‘/path/to/models/
model2.mat”)”.

4, To show how much of the protein is enriched in the synapse region at various
time points, use the function “ShowTcellEnrichment”. The input argument of the
function are the filenames of the models to be compared, i.e.
“ShowTcellEnrichment(*/path/to/model/*.mat’)”.
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Fig. 1. Gating strategy to sort GFP positive live lymphocytes
CL4 T cells were retrovirally transduced to express Chronophin-GFP. i) The side scatter

(SSC) versus forward scatter (FCS) gate to select live cells is given in red. ii) The trigger
pulse width versus forward scatter (FCS) gate to select singlets is given in green. iii) A GFP
positive sorting gate (green gate) is created around the GFP positive population which lies
between 1 and 1.5 log shifts above the top of the GFP negative population (purple gate).
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Fig. 2. Cdll coupling and interface annotation
The coupling of an Ezrin-GFP-transduced 5C.C7 T cell with a CH27 APC in the presence of
10uM MCC agonist peptide is shown as a green transparent overlay of a maximum
projection of the three-dimensional Ezrin-GFP fluorescence data onto DIC bight field
images. Time is given in minutes relative to tight cell coupling. Black lines indicate the T
cell:APC interface and the coordinates of the two ends of these lines are recorded for use in
the computational analysis.
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Fig. 3. Format of T cell: APC couple annotationsfor entry into the computational image analysis

pipeline
A representative spreadsheet is given.
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