Chapter 14

Gene Profiling and T Cell Receptor Sequencing
from Antigen-Specific CD4 T Cells

Marie Holt, Anne Costanzo, Louis Gioia, Brian Abe, Andrew I. Su,

and Luc Teyton

Abstract

The paucity of pathogenic T cells in circulating blood limits the information delivered by bulk analysis.
Toward diagnosis and monitoring of treatments of autoimmune diseases, we have devised single-cell analysis
approaches capable of identifying and characterizing rare circulating CD4 T cells.
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1

Introduction

One of the hallmarks of the immune system is the heterogeneity of
each of the cell populations it is composed of. The classical way of
addressing this heterogeneity has been to subset each population
with a series of cell surface markers amenable to fluorescence-acti-
vated cell sorting techniques (FACS). Counterintuitively, FACS
analysis, a technique based on single-cell isolation principles, is
usually followed by population analysis and the ignorance of het-
erogeneity within the studied population. Like many of our col-
leagues, we have been questioning what heterogeneity might mean
in physiology and diseases. When studying T cells for instance, we
have known for decades that plasticity allows interconversion of
effector functions when environmental cues change. The extent of
this variability and the specificity of each effector program in the
context of antigen-driven immune responses must be studied to
devise better strategies for vaccination and better understanding of’
autoimmunity. Attempts at studying gene expression or T cell
receptor (TCR) usage of single T cells are not new but have met
very limited success until recently [1, 2]. The development of
microfluidic technologies and better molecular biology reagents
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have revolutionized the field over the past 5 years. We have moved
from days when the efficiency of paired sequencing of a and § TCR
chains was exceptional [3], to a situation where this technique is
routine and whole exome sequencing from single cells is the new
frontier [4]. Like for FACS analysis, a small number of platforms
are now available for the genomic interrogation of single cells.
Droplet-based microfluidic is one system [5], whereas purely
microfluidic system is the other [6]. We used the latter, mainly
because it entered the field first and we committed to this approach
carly on. In any case, we have used this approach to study antigen-
specific CD4* T cells in the context of vaccines and autoimmunity.
For efficiency, and in order to collect the most information from a
single cell, we have developed a workflow that allows the profiling
of' 96 genes by quantitative PCR (qPCR), as well as the sequencing
of paired a-f TCR chains from the same original reverse transcrip-
tion of pMHC-FACS sorted T cells. The technique has proven
robustness, high reproducibility, and can be used for routine analy-
sis of antigen-specific T cells [7]. For our purpose, we have been
using a Fluidigm Biomark HD system and its two main compo-
nents, the Dynamic Array for qPCR, and the Access Array for the
making of libraries for next-generation sequencing.

2 Materials

2.1 Cell Sorting
Components

1. Allegra X-14R centrifuge (Beckman Coulter, Inc., Brea, CA,
USA).

2. PBS: Dulbecco’s Phosphate-Buffered Saline, 1x (Corning,
Corning, NY, USA).

3. Cell strainer, 70 pm (ThermoFisher Scientific, Waltham, MA,
USA).

4. FACS bufter: 2% FCS, 2 mM EDTA in PBS,; sterile filtered.

5. RBC Lysis Buffer: 0.165 M NH,ClI in deionized water, sterile
filtered.

6. Fc block: 20 pg/mL in FACS bufter.

7. Tetramers: In a molar ratio of 1:5, biotinylated MHC mole-
cules expressed with peptides of interest are mixed in sterile
PBS with PE-labeled streptavidin (Life Technologies, Carlsbad,
CA, USA) (see Note 1). The reaction is incubated overnight,
in darkness, at room temperature.

8. Antibodies: For the samples the following antibodies are mixed
together 1:200 in FACS butter: FITC anti-mouse CD3ge, APC/
Cy7 anti-mouse CD4, APC anti-mouse/human CD11b, APC
anti-mouse,/human CD45R /B220, APC anti-mouse CD49b,
and APC anti-mouse CD8a (all from BioLegend, San Diego,
CA, USA). For the compensations the following antibodies are
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2.2 Reverse
Transcription and
Pre-amplification
Components

2.3 gPCR
Gomponents

10.

11.

[\
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mixed individually 1:200 in FACS buffer: FITC anti-mouse
CD3e, APC/Cy7 anti-mouse CD4, APC anti-mouse,/human
CD45R/B220, and PE anti-mouse CD4 (Biolegend, San
Diego, CA, USA).

. Hard-Shell 96-Well Semi-Skirted PCR plates, High-Profile

(BioRad, Hercules, CA, USA).

RT Mix Solution 1 (master mix for one plate): 144 pL 5xVILO
reaction mix (SuperScript VILO c¢DNA Synthesis Kit,
ThermokFisher Scientific), 36 pL 20 U/pL. SUPERase-In
(ThermoFisher Scientific), 30 pL. 10% NP40 (ThermoFisher
Scientific), and 390 pL. Nuclease-free water (TEKnova, Hollister,
CA, USA).

FACSAria I cell sorter (BD Biosciences, San Jose, CA, USA).

. T100 Thermal Cycler (BioRad).
. RT Mix Solution 2 (master mix for one plate): 18.0 pL 10x

SuperScript Enzyme Mix (SuperScript VILO ¢cDNA Synthesis
Kit, ThermoFisher Scientific), 14.4 pL T4 Gene 32 Protein
(New England Biolaps, Ipswich, MA, USA), and 87.6 pL
Nuclease-free water (TEKnova).

. 10x STA (Specific Target preAmplication) Primer Mix: pool all

primer pairs (100 pM) (see Notes 2 and 3) in equal volumes,
and dilute in 1x DNA Suspension Buffer (TEKnova) giving a
final concentration of 500 nM of each primer. Make several
aliquots for one time use, and store at —20°C.

. STA Reaction Mix (master mix for one plate): 780 pl. TagMan

PreAmp MasterMix (Life Technologies), 156 pl. 10x STA
Primer Mix, and 7.8 pL 0.5 M EDTA, pH 8.0 (Life
Technologies).

. Exonuclease (master mix for one plate): 72 pl. Exonuclease 1

Reaction Buffer (10x), 144 pl. Exonuclease 1 (20 U/ulL)
(New England Biolabs), and 504 pL Nuclease-free water
(TEKnova).

. IFC Controller HX (Fluidigm, San Francisco, CA, USA).

. 96.96 Dynamic Array IFC (Fluidigm).

. Control line fluid (150 pL) (Fluidigm).

. Sample Pre-Mix Solution (master mix for one plate): 480 pL.

2x Sso Fast EvaGreen Supermix With Low ROX (BioRad) and
48 pL 20x DNA Binding Dye Sample Loading Reagent
(Fluidigm).

. qPCR Primer Plate: 96 primer pairs (100 pM) (DELTAgene

Assays, Fluidigm (see Table 1)) are separated in a 96-well mas-
ter plate. Aliquot into working plates for use up to five times
and store at —20°C (see Note 4).
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2.4 Access Array
Components

2.5 Library
Construction
Gomponents
for lllumina
Sequencing

QN Ul R W N

. Assay Mix Solution (master mix for one plate): 540.0 pL 2x

Assay Loading Reagent (Fluidigm) and 486.0 pL. 1x DNA
Suspension Buffer (TEKnova).

. BioMark HD instrument (Fluidigm).

. IFC controller AX (Fluidigm) (se¢ Note 5).

. 48.48 Access Array IFC (Fluidigm).

. Control line fluid (300 pL) (Fluidigm).

. 1x Access Array Harvest solution (Fluidigm).

. 1x Access Array Hydration Reagent v2 (Fluidigm).

. Internal TCR 5’ Primer Plate (20x): In half of a 96-well plate

add to each well 5 pL. 20x Access Array Loading Reagent
(Fluidigm) and 87 pL Nuclease-free water (TEKnova). Add
8 pL of each TCR specific internal 5" primer (50 pM) (IDT,
Coralville, IA, USA) (see Table 3) to the individual wells, giving
a final concentration of each primer of 4 pM (see Notes 3
and 6). Aliquot into working plates for use to up to five times
and store at —20°C.

. Sample Pre-Mix Solution (master mix for one sample plate):

60 pL 10x FastStart High Fidelity Reaction Buffer Without
MgCl, (Roche, Basel, Switzerland), 108 pL. 25 mM MgCl,
(Roche), 30 pL DMSO (Roche), 12 pL. 10 mM PCR Grade
Nucleotide Mix (Roche), 6 pLL 5 U /pL FastStart High Fidelity
Enzyme Blend (Roche), 30 pL. 20x Access Array Loading
Reagent (Fluidigm), 186 pL Nuclease-free water (TEKnova).

. Barcoded Internal TCR 3’ Primer Plate: In half of a 96-well

plate make 48 pairs of 3’ primers with matching barcodes
(IDT) binding the constant regions of TCRa and TCRf
(TRAC and TRBC) respectively (see Table 4 and Note 3).
Combine equal volumes of each primer (100 pM) giving a final
concentration of 50 pM. Aliquot into working plates for use to
up to five times and store at —20 °C.

. AMPure XP magnetic beads (Beckman Coulter, Carlsbad, CA,

USA).

2. Magnetic Separator.

. 2100 Bioanalyzer instrument and High-Sensitivity DNA chip

(Agilent, Santa Clara, CA, USA).

. 80% ethanol.

. Nuclease-Free water.

6. Qubit —Fluorometer and ds DNA high sensitivity assay

(ThermokFisher Scientific, Waltham, MA, USA) (similar fluores-
cent DNA quantitative detection methods can be substituted).

. NEBNext Ultra DNA Library Prep Kit for Illumina.
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8. 2x KAPPA HiFi HotStart ReadyMix PCR kit (KAPA
Biosystems, Wilmington, MA, USA) (similar High Fidelity
PCR ready mixes can be substituted).

9. E-Gel® 2%EX Gel (ThermoFisher Scientific, Waltham, MA,
USA).

10. DNA Clean & Concentrator™.-5 kit (Zymo Research, Irvine,
CA, USA).
11. MiSeq Sequencing System (Illumina, San Diego, CA, USA).

3 Methods

3.1 Sample
Preparation

3.1.1

Single-Cell Sorting

General measures are taken to avoid RNA/DNA contamination
and degradation of samples. This includes using only sterile,
RNAase- and DNAase-free tips, tubes, and plates, frequent chang-
ing of gloves, and keeping a clean work environment. Unless
otherwise noted samples are kept at 4 °C in between reactions.

1. Harvest organs of interest from a mouse and produce single-
cell suspensions using a 70 pm cell strainer and the piston of a
3 mL sterile syringe. Harvest and wash in sterile PBS. Spin cells
down (1200 rpm (350 x4), 5 min, 20 °C) (see Note 7).

2. Wash samples once in FACS buffer and lyse red blood cells
(RBC) by incubating for 5 min in 5 mL. RBC lysis buffer, fol-
lowed by another wash in FACS bufter (se¢ Note 8).

3. Incubate cells in Fc-block for 15 min at room temperature.
Meanwhile, distribute the cells into a conical bottom 96-well
plate. Extra wells are included for compensation of each color
and a blank, in addition to a negative control (sec Note 9).

4. Wash once in FACS buffer and stain samples with PE-labeled
tetramers for 1 h at room temperature in darkness. The com-
pensations and blank samples are incubated in FACS buffer
only.

5. Wash the cells three times. Samples are stained with the follow-
ing mix of antibodies: FITC anti-mouse CD3e, APC/Cy7
anti-mouse CD4, APC anti-mouse,/human CD11b, APC anti-
mouse,/human CD45R /B220, APC anti-mouse CD49b, and
APC anti-mouse CD8a. The compensations are stained with
FITC anti-mouse CD3e, APC/Cy7 anti-mouse CD4, APC
anti-mouse,/human, CD45R /B220, and PE anti-mouse CD4,
respectively. The blank is resuspended in FACS butffer only.
Incubate the cells for 30 min at 4 °C, in darkness.

6. Wash the cells twice in FACS buffer, and transfer each well to
500 pLL FACS buffer in 5 mL polystyrene tubes.
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3.1.2 Reverse
Transcription
and Pre-amplification

3.2 qPCR

7. Sort single cells directly into a 96-well PCR plate containing

5 pL per well of RT Mix Solution 1 (se¢ Notes 10 and 11).
Cells are sorted by gating an APC-negative and FITC-, APC/
Cy7-, and PE-positive population. Seal the plates immediately
after sorting with adhesive plate seals, and briefly spin on a

prechilled centrifuge. Plates can be frozen on dry ice and stored
at =80°C.

The following protocols are based on Fluidigm’s user guide “Real-
Time PCR Analysis”. All the reactions are performed in a Thermal
Cycler and the sample plate briefly spun before and after each reac-
tion. Due to the small volumes and repetitive pipetting, only elec-
tronic pipettes are used.

1.

Thaw the sample plate on ice and denature the RNA by incu-
bating for 90 s at 65 °C, followed by immediate chilling on ice
for 5 min.

. Add 1 pL of RT Mix Solution 2 to each well and do reverse

transcription under the following conditions: 25 °C, 5 min;
50 °C, 30 min; 55 °C, 25 min; 60 °C, 5 min; 70 °C, 10 min;
final hold at 4 °C.

. Pre-amplify the target cDNA by adding 9 pL STA Reaction

Mix to each well and run the following reaction: 95 °C, 10 min;
96 °C, 5 s and 60 °C, 4 min (20 cycles); final hold at 4 °C (see
Note 12).

. Remove unincorporated primers by adding 6 pL exonuclease

to each well and vortex the plate for 20 s before spinning and
placing it in the Thermal Cycler: 37 °C, 30 min; 80 °C, 15 min;
final hold on 4 °C.

. Dilute the final products by adding 54 pL. 1x DNA suspension

bufter (fivefold dilution of the STA reaction), and store the
STA pre-amplified sample plate at =20 °C.

All Fluidigm products must be warmed to room temperature
before usage.

1.

Prime a 96.96 Dynamic Array IFC by injecting 150 pL control
line fluid into each of the two accumulators and place the chip
in an IFC Controller HX. Run the script “Prime (136x)” (see
Note 13).

. Prepare a sample plate by distributing 4.4 pL freshly made

Sample Pre-Mix Solution into each well of a 96-well plate.
Using a multi-channel pipette transfer 3.6 pL from each well of
the STA pre-amplified sample plate into the Sample Pre-Mix
(see Note 14).

. Similarly, prepare an assay plate by distributing 9.5 pL freshly

made Assay Mix Solution into each well of a 96-well plate.
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3.3 TCR Sequencing
3.3.1 Access Array

Using a multi-channel pipette transfer 0.5 pL from each well of
the qPCR Primer Plate into the Assay Mix Solutions.

. Place adhesive seals and vortex each plate for 20 s and centri-

tuge for 30 s.

. Carefully load 5 pL of each sample- and assay well into the

respective inlets in the primed IFC. Place in the IFC Controller
HX and run the script “Load Mix (136x)” (see Note 15).

. Place the loaded IFC in the BioMark HD. Using the BioMark

Data Collection software, select the protocol “GE 96x96 Fast
PCR + Melt v2.pcl” to run a thermal mix and qPCR under the
following conditions: 70 °C, 40 min; 60 °C, 30 s; 95 °C,
1 min; 96 °C, 5 s and 60 °C, 20 s (30 cycles); 60 °C, 3 s;
60-95 °C, 1°C/3 s (see Note 16).

. Analyze the data using Real-Time PCR Analysis 4.0.1 software,

and visualize results using SINGuLLAR Analysis Toolset 3.0.

. Prime a 48.48 Access Array IFC by injecting 300 pL control

line fluid into each of the two accumulators, and add 500 pL
1x Access Array Harvest solution to wells H1-H3, and 500 pL
1x Access Array Hydration Reagent v2 to well H4. Place the
chip in an IFC Controller AX (pre-PCR) and run the script
“Prime (151x)” (see Note 13).

. Make a sample plate in halt of a 96-well plate by distributing

7.2 pL freshly made Sample Pre-Mix Solution per well. With a
multi-channeled pipette, transfer 2 pL sample from each well
of one half of the STA pre-amplified sample plate, and 0.8 pL
from the Barcoded Internal TCR 3’ Primer Plate (see Notes 14
and 17).

. Place adhesive seals and vortex the sample plate and the

Internal TCR 5" Primer Plate (20x) for 20 s and centrifuge for
30 s.

. Carefully load 4 pL from each well of the sample plate and the

5’ Primer Plate (20x) into the respective inlets of the primed
IFC. Place the chip in the same IFC Controller AX as used for
priming and run the script “Load Mix (151x)” (see Note 15).

. Transfer the IFC to the BioMark HD, and using the BioMark

Data Collection software, start the protocol “AA No I 48x48
Standard v1” to run a thermal mix and PCR under the follow-
ing conditions: 50 °C, 2 min; 70 °C, 20 min; 95 °C, 10 min;
95 °C, 15 s, 60 °C, 30 s, and 72 °C, 60 s (10 cycles); 95 °C,
15 s, 80 °C, 30 s, 60 °C, 30 s, and 72 °C, 60 s (2 cycles);
95 °C, 15 s, 60 °C, 30 s, and 72 °C, 60 s (8 cycles); 95 °C,
15 s, 80 °C, 30 s, 60 °C, 30 s, and 72 °C, 60 s (2 cycles);
95 °C, 15 s, 60 °C, 30 s, and 72 °C, 60 s (8 cycles); 95 °C,
15 s, 80 °C, 30 s, 60 °C, 30 s, and 72 °C, 60 s (5 cycles);
72 °C, 3 min; final hold at 10 °C.
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6.

3.3.2 Library 1.

Construction and lllumina
Sequencing

After the PCR is finished, remove the remaining fluid from
wells H1-H4 and replace with 600 pL 1x Access Array Harvest
Solution. Add 2 pL. 1x Access Array Harvest Solution into
each of the sample inlets.

. Place the IFC in a different IFC Controller AX (post-PCR)

and harvest the amplification products back into the sample
inlets by using the script “Harvest v5 (151x%).”

. Transfer the products from each sample inlet and combine into

an Eppendorf tube and store at —20 °C.

Clean up the pooled DNA amplicons by using AMPure XP
magnetic bead isolation kit. Add 1.8x volume of the magnetic
bead solution (based on volume of sample pool), allow nucleic
acid amplicons to bind to the magnetic beads for 10 min, then
place tube in a magnetic separator and wash the beads with
80% ethanol. Remove ethanol from the tube and repeat wash
step, for a total of two washes. Allow magnetic beads to dry
with the lid of the tube open at room temperature for 10 min.
Remove the tube from the magnetic separator and add 30 pL
of nuclease-free water, wait 2 min for the amplicon products to
clute off the beads, and then place the tube in the magnetic
separator and remove the 30 pL nuclease-free water containing
the DNA libraries and transfer it to a fresh microfuge tube.

. Analyze cleaned up DNA amplicon products for length distri-

bution using an Agilent 2100 Bioanalyzer instrument and
High Sensitivity dsDNA chip.

. Quantitate cleaned up DNA amplicon products with a Qubit

fluorometer and dsDNA high sensitivity assay.

. Using quantitation values from the Qubit, take 10 ng of the

DNA amplicons (from step 1), into the NEBNext Ultra DNA
Library Prep Kit for [llumina; follow the manufacturer’s guide-
lines for library preparation (during the protocol, no magnetic
bead size-selection is performed and PCR amplification is done
with 15 cycles).

. After PCR amplification, the DNA libraries are cleaned up

with AmpureXP magnetic beads (see step 1 above) and the
cleaned up products are purified using a 2% E-Gel EX agarose
gel. DNA products in the range of 270-490 bp (see Note 18)
are excised and isolated from the gel using Zymo Agarose
Dissolving Buffer (ADB) and DNA Clean & Concentrator™-5
kit (see Note 19). Elute the DNA library products in 20 pL
nuclease-free water.

. The DNA libraries are diluted to the appropriate concentra-

tions, and loaded onto the MiSeq system following the manu-
facturer’s guidelines (se¢ Note 20).
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3.4 Data Analysis

1.

TCR sequencing analysis is always started by the identification
of bar codes.

. TCR chain identity is determined using the IMGT database

(http://www.imgt.org).

4 Notes

10.

11.

12.

13.

. Biotinylated MHC molecules can be produced in house (our

case) or obtained from the NIH tetramer core facility.

. Include primer pairs for all targets of both qPCR and TCR «

and B sequencing. We combine the same 96 target-specific
primer pairs as used during the qPCR (see Table 1), with the 42
external primer pairs for TCR sequencing (see Table 2), the
latter being part of a nested PCR.

. The sequences of primers for TCR sequencing were published

by Thomas et al. [8].

. The gene expression profiling can be carried out for any gene

of interest. Our particular panel includes seven categories: cell
surface receptors, chemokine receptors, cytokines, transcrip-
tion factors, interferon response, metabolism, and signaling
molecules. Primers pairs were selected from the Fluidigm cata-
log of validated reagents (DELTAgene Assays) (see Table 1).

. Two separate IFCs are needed, one for pre- and one for

post-PCR.

. If less than 48 5’ primers: use 1x DNA Suspension Buffer

(TEKnova) in the remaining wells. If more than 48 5’ primers:
combine multiple primers per well.

. The timing of tissue harvesting = cell staining = cell sorting

=> reverse transcription should be as tight as possible to avoid
cell death and poor quality cDNA synthesis.

. Lysis of RBCs is done for splenocytes only.

. For compensations and the negative control we use spleno-

cytes, as these are the most abundant of our samples. Before
distribution, 10 pL is removed from each sample to calculate
total cell numbers for records.

qPCR experiments should include a minimum of four blank
wells and, if possible, wells with 5, 10, and 50 cells.

We sort into a hard-shelled, deep welled PCR plate to avoid
cross contamination in the downstream processing.

If the sample plate is to be used only for access array and not
qPCR, it can be an advantage to increase to 25 cycles.

The primed chip must be loaded within an hour of finishing
priming.
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14.

15.

16.

17.

A minimum overage of 3 pL/well is helpful to avoid loading
air bubbles.

The loaded chip must immediately be transferred to the
Biomark upon finishing.

Turn on the Biomark at least 20 min prior to use to allow the
camera to cool to 4 °C. Use scotch tape to gently remove
potential dust from the chip surface.

Pairing of TCR o and p chains is made possible by using inter-
nal barcoded 3’ primers binding TRAC and TRBC (see
Table 4). As access array allows for up to 48 samples, we
designed 48 6 bp barcodes that were added to the TRAC and
TRBC 3’ primers. By loading the barcode-based 3’ primer
pairs together with the samples (instead of with the 5’ primers
as suggested in Fluidigm’s protocol for Access Array), the TCR
a and P sequences from the same cell will share the same

barcode.

18. Sizes based on primers from Tables 3 and 4.

19. 4x volume of ADB should be used to dissolve the gel and the
mixture should be incubated at 37 °C for 5-10 min, until the

gel is dissolved.

20. A 2x 300 sequencing run is performed based on estimated
5 M reads per sample.
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