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CD8+ T cells are important effectors of adaptive immunity against pathogens, tumors,

and self antigens. Here, we asked how human cognate antigen-responsive CD8+ T cells

and their receptors could be identified in unselected single-cell gene expression data.

Single-cell RNA sequencing and qPCR of dye-labeled antigen-specific cells identified

large gene sets that were congruently up- or downregulated in virus-responsive CD8+ T

cells under different antigen presentation conditions. Combined expression of TNFRSF9,

XCL1, XCL2, and CRTAM was the most distinct marker of virus-responsive cells on a

single-cell level. Using transcriptomic data, we developed a machine learning-based

classifier that provides sensitive and specific detection of virus-responsive CD8+ T

cells from unselected populations. Gene response profiles of CD8+ T cells specific for

the autoantigen islet-specific glucose-6-phosphatase catalytic subunit-related protein

differed markedly from virus-specific cells. These findings provide single-cell gene

expression parameters for comprehensive identification of rare antigen-responsive cells

and T cell receptors.

Keywords: CD8+ T cells, single-cell, antigen-responsive, gene-expression analysis, CTL (cytotoxic T lymphocyte),

influenza matrix protein, CMV pp65, T cell receptor (TCR)

INTRODUCTION

CD8+ T cells are integral to the clearance of virus-infected cells and the control of cell
transformation. These attributes are exploited by therapies, such as vaccination against infection
and immune therapies targeting cancer. CD8+ T cells are also involved in the destruction of cells in
some autoimmune diseases, such as type 1 diabetes, and in graft-vs.-host disease. In active immune
responses, CD8+ T cells undergo rapid clonal expansion and this expansion of activated CD8+ T
cells can be a marker of ongoing infection in immune-mediated disease. Therefore, it is conceivable
that the detection and information provided by clonal expansions can be used to identify target
antigens or disease-causing agents, and to develop therapies that exploit CD8+ T cell specificity to
control disease.
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CD8+ T cell specificity is provided by T cell receptors
(TCR), which recognize a cognate antigen peptide presented
by major histocompatibility complex (MHC) class I molecules
on the cell surface. This mechanism of antigen recognition
has been used to develop fluorochrome-labeled, peptide-loaded
MHC class I multimers and has led to sophisticated methods
combining multiple fluorochromes and peptides to find and
isolate antigen-specific CD8+ T cells (1–3). These reagents
also allow detailed TCR and phenotypic analysis of cells using
single-cell technologies (4–6). Multimers require high levels of
TCR expression for the detection of antigen-specific cells (7).
Although high TCR expression is a feature of CD8+ T cells in
resting conditions, CD8+ T cells undergo numerous changes
in gene and protein expression upon stimulation with their
target peptide (8). In particular, downregulation of TCR is a
consistent response to the engagement of the cognate peptide,
conceivably for negative feedback control of T cell activity (9–
11). Therefore, the selection of multimer-binding CD8+ T cells
may bias our understanding of the phenotype of antigen-specific
CD8+ T cells.

We have incorporated MHC class I multimers and peptide
activation into an unbiased approach to analyze antigen-specific
CD8+ T cells from peripheral blood. Here, we demonstrate
marked downregulation of TCR upon stimulation with the
cognate peptide and describe protein and gene sets that can be
used to identify and isolate antigen-responsive CD8+ T cells.
We show how these approaches can be combined with MHC
multimers to obtain a comprehensive description of activated
and non-activated antigen-specific CD8+ T cells, and how
they can be used without MHC multimers for identification
and in-depth gene expression profiling of cells responding
to their cognate antigen. Additionally, we provide evidence
that multimer binding (specificity) and peptide responsiveness
are not identical.

RESULTS

Identification of Highly Pure Flu
MP58−66-Responsive CD8+ T Cells for
Single-Cell Analysis
The activation of influenza matrix protein 158−66 (Flu MP58−66)-
specific CD8+ T cells by presentation of their cognate
peptide compromised the ability to detect these cells using
MHC class I multimers (Figure 1A), presumably due to
downregulation of TCR (Figure S1). Therefore, we suspected
that isolation of multimer-positive CD8+ T cells may miss
recently activated cells, and we examined whether it was
possible to complement MHC class I multimers with activation
markers. To identify potential activation markers on the gene
expression level, antigen-specific CD8+ T cells were isolated from
carboxyfluorescein succinimidyl ester (CFSE)-labeled peripheral
blood mononuclear cells (PBMCs) via Flu MP58−66 human
leukocyte antigen (HLA) class I A∗0201 multimers and directly
flow sorted to unlabeled antigen-presenting cells (K562/A∗0201
cells or autologous PBMCs; schematic in Figure 1B). Cells were
stimulated overnight with the cognate peptide, mock peptide,

or solvent, and CFSE-labeled cells were flow sorted as single
cells (Figure 1C) and the gene expression of 75 selected genes
analyzed. Consistent with the impaired detection of antigen-
responsive cells via multimers when cells had been exposed to
their cognate peptide, the multimer fluorescence intensity of dye-
labeled cells incubated with their cognate antigen was lower than
that of cells incubated with solvent or mock peptide (Figure 1C,
top). Cells stimulated with the cognate peptide had distinct
gene expression profiles compared with the control stimulated
cells for each of three donors and either K562/A∗0201 or
PBMCs as the antigen-presenting cells (T-distributed stochastic
neighbor embedding [t-SNE] plots, Figure 1C). As expected, the
genes encoding known activation markers [CD137 (TNFRSF9),
CD69, and CD25] and effector molecules (IFNG, GZMB, and
FASLG) were upregulated in cells incubated with their cognate
peptide Flu MP58−66 (Figure 1C; Figure S2) compared with cells
incubated with mock peptide or solvent. Among the marker
genes that best discriminated the cognate peptide-activated
cells, upregulation of TNFRSF9, REL, EGR2, SRP14, FASLG,
GZMB, IFNG, CD69, HMGB1, and NAB2 and downregulation
of IL7R were consistently detected in each of the donors
(Table S1). Notably, the expression of some genes, including
IFNG, was extremely heterogeneous between the responsive cells.
Only minor differences were observed when K562/A∗0201 cells
were used as antigen-presenting cells compared with PBMCs
(Figure S2), and the cognate peptide stimulated Flu MP58−66-
specific CD8+ T cells clustered together in the t-SNE analysis of
the gene expression regardless of the type of antigen-presenting
cell (Figure 1C). We also found that the profiles of a small
number of cognate peptide-stimulated cells were similar to those
of themock peptide- and solvent-stimulated cells (e.g., donor #3),
potentially reflecting heterogeneity among the pool of antigen-
directed cells.

The findings using the target qPCR expression were extended
using single-cell RNA sequencing (scRNAseq) of cells from donor
#1 that were processed and isolated in the same manner. The
TCR sequences of the Flu MP58−66 multimer-positive cells were
dominated by TRAJ42∗01 (66.5%) and TRBV19∗01 (95.7%), as
previously described for Flu MP58−66-directed TCRs (4, 12–
14) (Table S2). Again, the cognate peptide-stimulated cells were
distinct from the mock peptide- and solvent-stimulated cells,
and only a minority of cognate peptide-stimulated cells had
gene expression profiles that were not distinguishable from
the mock peptide- and solvent-stimulated cells (Figure 1D).
The TCR sequences of these non-responsive cells included
TCRs that were also detected in responsive cells, which
suggests that these were unresponsive Flu-specific CD8+ T
cells rather than an isolation artifact. In total, 2360 genes were
differentially expressed (adjusted p < 0.05) upon stimulation
with the cognate peptide relative to mock peptide or solvent
stimulation (Figure S3; Table S3), of which 1940 had a >2 log2-
fold change. Of these, 590 genes were differentially expressed
(adjusted p < 0.05) in both K562/A∗0201 cell- and PBMC-
based peptide presentation. The top 50 differentially expressed
genes are shown in Figure 1E. They include TNFRSF9, CCL5,
CCL4, EGR2, GZMB, IFNG, IL2RA, and IL7R, which were also
observed using the targeted gene panel. They also comprised
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FIGURE 1 | Single-cell gene expression analysis of sorted Flu MP58−66-responsive CD8+ T cells. (A) Representative flow cytometry dot plots of PBMCs stained with

HLA-A2 multimers loaded with Flu MP58−66 after incubating PBMCs for 20 h in the presence of mock (IGRP265−273) or cognate (Flu MP58−66) peptide. Plots show 5 ×

104 cells in the CD8 gate. (B) Schematic work-flow of the dye-based activation assay. (C) Top: representative dot plots (donor #1) of multimer and cellular dye-stained

(Continued)
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FIGURE 1 | PBMCs (left). Cells in the CD8 gate are shown. CD8 cells staining positive for the multimer and cell dye were sorted (red arrow) for use in assays using the

K562/A*0201 cell line or autologous PBMCs for antigen presentation. After incubation with control stimuli (peptide solvent and mock peptide) or the cognate peptide

for 20 h, CD8+ T cells staining positive for the cell dye were sorted for single-cell targeted gene expression analysis. Lower left: t-SNE analysis for donors #1–3. Gene

expression was analyzed in single cells following incubation with an antigen-presenting cell line (open circles) or PBMCs (filled circles) in the presence of solvent (black)

or mock peptide (blue) as control stimuli or with the cognate peptide (red). Lower right: Heatmaps of the top 20 ranked differentially expressed genes in cognate

peptide-stimulated cells relative to control-stimulated cells for donors #1–3. The numbers of analyzed cells are shown below the individual heatmaps. Genes marked

with an asterisk encode proteins expressed on the cell surface. (D) t-SNE of scRNAseq gene expression data for Flu MP58−66-directed CD8+ T cells derived from

donor #1 and incubated with K562/A*0201 (open) or autologous PBMCs (filled) in the presence of solvent (black) or mock peptide (blue) as control stimuli or with

cognate peptide (red). (E) Heatmaps for the top 50 ranked differentially expressed genes in antigen-directed CD8+ T cells incubated with cognate peptide relative to

control stimuli (purple: upregulated genes; blue: downregulated genes; CD8B and CD3E are also shown). Data are shown for donor #1 following incubation with

K562/A*0201 or autologous PBMCs. Genes were combined for the ranking. The numbers of analyzed cells are shown below the heatmaps.

A B

FIGURE 2 | Verification of marker genes in CMVpp65495−503-responsive CD8+ T cells. (A) t-SNE analysis of scRNAseq data for CMVpp65495−503-directed CD8+ T

cells from donors #4–6 following incubation with autologous PBMCs in the presence of solvent (black) or mock peptide (blue) as control stimuli or with the cognate

peptide (red). (B) Heatmaps of the top 20 ranked differentially expressed genes in CMV pp65495−503-specific CD8+ T cells incubated with cognate peptide relative to

control stimuli for donors #4–6 (purple: upregulated genes; blue: downregulated genes; CD8B and CD3E are also shown). The numbers of analyzed cells are shown

below the heatmaps. Genes marked with an asterisk encode proteins expressed on the cell surface.

genes encoding the cytokines X-C motif chemokine ligand
(XCL)1 and XCL2 or cytotoxic and regulatory T cell molecule
(CRTAM) that are involved in attraction (15) and adhesion
to cross-presenting dendritic cells (16), genes important for
metabolic function [e.g., GAPDH, FABP5 (17)], and several
other genes involved in protein synthesis supporting cell
activation and expansion.

Verification of the Identified Marker Genes
in CMVpp65495−503-Responsive CD8+ T
Cells
To validate our findings obtained using Flu MP58−66-specific
CD8+ T cells, we performed similar experiments using CD8+

T cells specific to the dominant human cytomegalovirus
(hCMV) structural protein pp65 (CMV pp65495−503). CFSE-
labeled multimer-isolated CMV-specific CD8+ T cells were

incubated with PBMCs loaded with CMV pp65495−503 peptide
or control antigen, and the CFSE-labeled cells were subsequently
sorted for scRNAseq. The TCR repertoire of the isolated
single cells resembled that expected for CMVpp65495−503-
specific CD8+ T cells, and included the previously described
enriched combinations of TRAJ49/TRAV24 (donors #4–#6),
TRAJ50/TRAV35 (donors #4 and #5), TRBV6-5/TRBJ1-2 (donors
#4 and #5), and TRBV12-4/TRBJ1-2 (donors #4 and #6) [(5);
Table S2]. Again, cells stimulated with the cognate peptide
were separated from the control-stimulated cells based on
their gene expression profiles (Figure 2A), and the genes

TNFRSF9 (CD137), XCL1, CRTAM, EGR2, and XCL2 were

ranked highly as differentially expressed genes in all three

donors (Figure 2B). The expression of 2067 genes was increased
(n = 1471) or decreased (n = 596) in cells stimulated with
the cognate peptide in all three donors (Figure S4; Table S4;
Figure 3A).
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FIGURE 3 | Combined gene and pathway analysis of Flu MP58−66- and CMVpp65495−503-responsive CD8+ T cells. (A) Venn diagram of overlapping genes

upregulated (purple) or downregulated (blue) in Flu MP58−66-directed (donor #1) or CMVpp65495−503-directed CD8+ T cells (donors #4–6) following stimulation with

the cognate peptide relative to control stimuli. The number of genes belonging to the top 100 differentially expressed genes in each individual is shown in parenthesis.

Sixteen genes were shared between all individuals, as shown in the central yellow circle. (B) Top 20 KEGG pathways identified based on the differentially expressed

genes in individual donors following stimulation with cognate peptide relative to control stimuli. The pathways showing significant enrichment for these genes in at

least one donor were included in the analysis and were ranked based on the median pathway coverage (large blue dots) for all donors. (C) Scatter/violin plots showing

normalized counts of the five genes that best separated the cognate peptide-stimulated and control-stimulated cells in antigen-directed CD8+ T cells incubated with

cognate peptide (red violins) relative to solvent (black) or mock peptide (blue) in the presence of autologous PBMCs (black symbols) or K562/A*0201 (orange

symbols). The y-axis represents the normalized read counts for individual Flu MP58−66-specific cells from donor #1 (triangles) or CMVpp65495−503-specific cells from

donors #4 (circles), #5 (squares), and #6 (diamonds). The median values for individual donors and conditions are shown as yellow lines. Similar cell numbers were

analyzed per condition for each donor, and data comprise counts for 148 cells incubated with DMSO, 152 cells incubated with mock peptide, and 143 cells

stimulated with the cognate peptide.

Identification of Candidate Marker Genes
Common to Flu MP58−66-Responsive and
CMVpp65495−503-Responsive CD8+ T Cells
A total of 1639 genes were up- or downregulated in both
the Flu MP58−66 -responsive (donor #1) and CMVpp65495−503-

responsive (donors #4, #5, and #6) CD8+ T cells (Figure 3A).

We examined the top 100 differentially expressed genes in

each of the donors and identified 16 that were shared

between the CMV- and Flu-responsive cells. These included

TNFRSF9, CRTAM, XCL1, XCL2, the transcription factors

EGR2 and ZBED2, the transcriptional regulator NR4A2, genes
involved in metabolism (GAPDH, LDHA, and FABP5), the host

gene for microRNA155 (MIR155HG), RPLP0, HSPA8, GNG4,
CCL5, and IFNG.

Pathway analysis of the differentially expressed genes in
antigen-responsive cells across donors and antigen specificities
repeatedly demonstrated the enrichment of genes associated with
cell metabolism, infection, amino acid biosynthesis, apoptosis,
TCR, and cytokine signaling, protein processing, and antigen
presentation (Figure 3B).

We reasoned that markers that may be suitable for
identifying activated antigen-responsive CD8+ T cells would
be exclusively or most differentially expressed in either the
cognate peptide-stimulated cells or the control mock peptide-
and solvent-stimulated cells. Therefore, we ranked the genes
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according to their ability to separate these two groups (Table S5).
The top 10 ranked genes were TNFRSF9, FABP5, CRTAM, EGR2,
NR4A2, XCL1, XCL2, ATP1B3, RBPJ, and MIR155HG. Among
the top 50 separating genes,XCL1,XCL2, TNFRSF9,CRTAM, and
ATP1B3 showed the greatest differences in median expression
levels between the cognate peptide- and control-stimulated cells
(Figure 3C). The ability to separate the two groups and the
large differences in expression support the use of these genes as
potential transcriptional markers for antigen-responsive CD8+

T cells.
We next assessed whether the top-ranking genes for

separating the groups are also suitable for a wide range of
peptide concentrations used for stimulation (Figure S5). Even
with a 1,000-fold reduction in the peptide concentration, the
expression of these genes differed markedly between mock-
stimulated cells and cognate peptide-stimulated cells, suggesting
that they mark antigen-responsive cells over a broad range of
peptide concentrations.

CD137, CD82, and CD355 Surface Proteins
Identify Antigen-Responsive Cells
Several of the top-ranked differentially expressed genes encode
cell-surface proteins. One of these, CD137 (encoded by
TNFRSF9), is a known cell-surface marker of activated CD8+

T cells (18, 19). In accordance with our observations using
Flu MP58−66-specific cells, the detection of CMV pp65495−503-
directed cells via MHC class I multimers was impaired when
the cells had been incubated with their cognate antigen.
However, there was an increase in the frequency of CD137-
stained CD8+ T cells (Figure 4A; Figure S6). We compared
the TCR repertoires between CMV multimer-sorted CD8+ T
cells from PBMCs stimulated with the control peptide (denoted
antigen-specific CD8+ T cells) and CD137-positive CD8+ T
cells from PBMCs stimulated with CMV pp65495−503 (denoted
antigen-responsive cells). There was extensive overlap between
the two repertoires (Figure 4B; Table S2) indicating that both
groups of cells display the same TCR specificity. As expected,
there were marked differences in the gene expression profiles
between antigen-specific and antigen-responsive cells, which
included the expression of the key marker genes described
above (e.g., TNFRSF9, XCL1, XCL2, and CRTAM; Figure 4C).
The differentially expressed genes broadly overlapped with those
identified in cells stimulated with cognate antigen in the dye-
based assay (Figure 4D; Table S6), suggesting that multimer
binding did not exert a major influence on the gene expression
profiles in our dye-based CD8+ T cell activation assays.
Additionally, the gene expression profiles of multimer-sorted
antigen-specific cells resembled those of multimer-sorted CFSE-
labeled CD8+ T cells incubated with control stimuli in previous
assays (Figure 4D).

Other genes encoding cell-surface proteins were also found
among the genes that were differentially expressed in cells
responding to their cognate antigen as compared with control-
stimulated cells. We used antibodies directed against nine
of these potential surface markers (CD72, CD82, CD134,
CD160, CD200, CD319, CD357, CD355/CRTAM, and SEMA4A)
and compared their surface protein expression levels in
multimer-positive antigen-specific (mock peptide-exposed) and

CD137+ antigen-responsive CD8+ T cells (cognate peptide-
stimulated). In addition to CD137 and CD25, the expression
levels of both CD82 and CD355 were consistently increased in
antigen-responsive cells (Figure 4E) for all six donors and both
antigen specificities tested.

Marker-Based Identification of
Antigen-Responsive CD8+ T Cells Within
Unselected Cells
To validate the identified gene expression markers of antigen-
responsive cells further, we bulk-sorted CD95+CD8+ memory
T cells from donor #4 after stimulating the cells with
control (Flu MP58−66) or CMV pp65495−503 peptide, and
we performed single-cell gene expression analysis and paired
TCRα/β sequencing for over 4,000 cells in each condition.
Using the TCR information retrieved from CMV-specific cells in
previous scRNAseq experiments of donor #4 (Table S2), we were
able to trace the CMV-directed cells within the bulk population.
Among control peptide-stimulated cells, the CMV-directed cells
were not easily distinguishable from other CD8+ T cells based
on their gene expression profiles (Figure 5A). However, when
stimulated with their cognate peptide, the CMV TCR-bearing
cells in the CMV stimulation conditions almost exclusively
clustered together and were clearly separated from the thousands
of other CD8+ T cells based on their gene expression profiles.
This cluster of cells was characterized by upregulation of the
previously identified genes, including XCL1, XCL2, TNFRSF9,
and CRTAM (Figure 5B).

Next, we used a machine learning algorithm (support-vector
machine, SVM) to distinguish antigen-responsive from other
cells using the top 10 marker genes identified in the cluster
of antigen-responsive cells. The algorithm was trained using
data obtained with the CMV peptide-stimulated CD95+CD8+

memory T cells to identify a hyperplane between antigen-
responsive and non-responsive cells. We applied the algorithm to
the scRNAseq datasets for donors #1–4. The algorithm correctly
distinguished the cognate peptide-stimulated cells from the
control-stimulated cells with high sensitivity (mean sensitivity
89.5%; range 86.7–96.6%) and specificity (mean 98.3%; range
94.9–100%) (Figure 5D). We also tested the algorithm on the Flu
MP58−66 peptide-stimulated CD95+CD8+ memory T cells from
donor #4. Using a total of 4,419 cells, the algorithm classified
eight as antigen-responsive (Figure 5C). All eight cells were in
close proximity within the t-SNE analysis and where the cluster
of responsive cells was expected. Paired TCR information was
available for five of the eight cells in this dataset and included
the previously described public Flu MP58−66-restricted TCR
sequences (Table S7), suggesting that the algorithm can be used
to identify the relevant antigen-specific and antigen-responsive
CD8+ T cells.

Using this independent approach, we confirmed that the
identified genes are potent marker genes. Additionally, we
showed that it was possible to identify antigen-responsive cells
within a bulk of memory CD8+ T cells, independently of MHC
class I multimers.
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A

C D E

B

FIGURE 4 | CD137 expression marks antigen-responsive CD8+ T cells in the absence of multimer staining. (A) Representative flow cytometry dot plots of PBMCs

from donor #4 stained with HLA-A2 multimers loaded with CMVpp65495−503 peptide after incubating PBMCs for 20 h with mock (Flu MP58−66) or cognate

(CMVpp65495−503) peptides (top) and corresponding plots showing CD25 and CD137 expression (bottom). All plots show 5 × 104 cells in the CD8 gate. (B) TCR

repertoire analysis of CD8+ T cells subjected to single-cell sorting based on positive staining with CMVpp65495−503 peptide-loaded HLA-A2 multimers from PBMCs

stimulated with mock peptide (blue gate in A; antigen-specific) or based on CD137 expression after incubation with cognate peptide (representing cells in the red gate

in A; antigen-responsive). The frequencies of genes used for the production of TCR α and β chains in each of the two populations of cells are shown. (C) Heatmaps of

the top 25 ranked differentially expressed genes in CMV pp65495−503-specific relative to CMV pp65495−503-responsive CD8+ T cells from donor #4. The numbers of

analyzed single cells are shown beneath the heatmaps. (D) t-SNE plot of gene expression data for single-cell-sorted antigen-specific (black outline filled blue) and

antigen-responsive CD8+ T cells (black outline filled red). Data for CMV-directed cells incubated with mock (blue) or cognate (red) peptide in the dye-based activation

assay are included as a reference. (E) Scatter plots of flow cytometric analyses comparing the median fluorescence intensities for the indicated surface markers

between antigen-specific and antigen-responsive CD8+ T cells for donors #1–3 (donors with Flu-directed cells) and #4–6 (donors with CMV-directed cells).

Autoantigen-Specific CD8+ T Cells May
Differ in Their Responsiveness
In addition to CD8+ T cells specific to viral antigens, we
extended our study to autoreactive CD8+ T cells directed
against the type 1 diabetes autoantigen islet-specific glucose-6-
phosphatase catalytic subunit-related protein (IGRP). CD8+ T
cells specific for the HLA-A∗0201-restricted IGRP265−273 peptide
were previously discussed as potential effectors of the islet
destructive process in patients with type 1 diabetes and in HLA
transgenic mice (20–22). Furthermore, IGRP265−273-directed
CD8+ T cell clones were shown to kill peptide-loaded target cells
in an antigen-specific manner (22, 23). We applied our dye-based
CD8+ T cell activation assay to IGRP265−273-directed CD8+ T
cells from a previously described patient with high frequencies of
both Flu MP58−66- and IGRP265−273-directed cells (Figure 6A)
(23). In contrast to our findings with Flu- and CMV-directed

cells, we did not observe a reduction in multimer fluorescence

intensity or upregulation of CD137 protein after stimulation with

cognate IGRP265−273 peptide in the dye-positive or dye-negative

cells (Figure 6B). As expected, CD137 was observed on the dye-

negative CD8+ T cells stimulated with Flu MP58−66 peptide
(mock), suggesting that the response to the viral peptide was
not impaired in this patient. The dye-positive cells displayed a
restricted TCR repertoire and the dominant IGRPTCR clonotype
previously described for this donor (Table S2) (23). IGRP cells
stimulated with cognate peptide did not cluster separately from
control-stimulated cells (Figure 6C), and only 321 genes were
differentially expressed between cognate peptide- and control-
stimulated cells, of which only six were shared between both
types of antigen presentation. None of the top 50 differentially
expressed genes were found with K562/A∗0201- and PBMC-
based antigen stimulation (Table S8; Figure S7). None of the top
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FIGURE 5 | Multimer-independent identification of antigen-responsive cells from bulk memory CD8+ T cells. (A) t-SNE plots of gene expression data from

CD95+CD8+ memory cells sorted from the PBMCs of donor #4 incubated for 20 h with the indicated peptides. Cells expressing CMVpp65495−503-directed TCRs,

known from previous CMV multimer-based experiments, are shown in black. (B) t-SNE plots for CMV peptide-stimulated cells in (A) showing the expression levels of

the top 10 genes marking the cluster of antigen-responsive cells and of the reference genes CD3E and CD8B. The 10 genes were used to train a machine learning

algorithm (SVM), which was subsequently tested for its sensitivity and specificity to distinguish antigen-responsive cells from control stimulated-cells in the scRNAseq

data sets of donors #4–6 (CMV-directed) and # 1 (Flu-directed) (D) and to predict Flu MP58−66-responsive cells from bulk memory CD95+CD8+ T cells (C).

16 genes previously identified for virus-responsive CD8+ T cells
were differentially expressed between the IGRP cognate peptide-
and control-stimulated cells (Figure 6D).

Thus, despite their strong binding to IGRP peptide-
loaded multimers and distinct TCR repertoire, the antigen
responsiveness of these antigen-specific cells is not analogous to
that of virus-directed cells when tested in the same stimulatory
setting. These findings suggest that certain autoantigen-specific
CD8+ T cells show differing responses to their cognate peptide,
are anergic, or may need divergent stimulatory conditions to
mount a response similar to that of virus-specific CD8+ T cells.

DISCUSSION

The use of multimers to identify and subsequently characterize
antigen-specific CD8+ T cells has advanced our knowledge of
human TCRs and their phenotype. Here, we demonstrated that
multimer-based identification of antigen-specific CD8+ T cells
is adversely affected by recent activation, and we identified
large gene sets that were congruently up- or downregulated

in virus antigen-responsive CD8+ T cells across multiple
viruses and donors and under different conditions of antigen
presentation. We developed algorithms that accurately identify
virus-responsive CD8+ T cells and can be applied broadly to
single-cell RNA profiling data from antigen-stimulated cells.

Our approach to defining antigen-responsive profiles included

proven models of well-established viral peptides presented by

HLA-A∗0201. We used two antigen presentation schemes and

dominant peptides from two viruses. The antigen-specific cells

that were used to establish the profiles were highly specific, as

judged by their strong multimer binding and verified by TCR
sequencing. Finally, we demonstrated a broad methodological
applicability using three RNA profiling methods, and chose genes
that identified virtually all of the multimer-selected antigen-
responsive cells.

The limitations of this approach include a restricted set

of antigenic peptides, which prevents us from generalizing
our findings. In particular, the responsive profiles may be
inappropriate for non-viral peptides, as we demonstrated for
the islet β cell autoantigen IGRP. It is possible that the
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C D

FIGURE 6 | Autoantigen-directed CD8+ T cells may differ in their responsiveness to the cognate peptide. (A) Representative flow cytometry dot plots of PBMCs from

a donor with type 1 diabetes stained with HLA-A2 multimers loaded with Flu MP58−66 or IGRP265−273 peptide. (B) Representative dot plots of bulk (cell dye-negative)

and IGRP265−273 directed (cell dye-positive) CD8+ T cells incubated for 20 h with the indicated stimuli using K562/A*0201 cells for antigen presentation in the

dye-based CD8+ T cell activation assay. Cells in the CD8 gate are shown. (C) t-SNE plots of single-cell gene expression data from IGRP265−273-directed CD8+ T cells

after incubation for 20 h with the indicated antigen-presenting cells in the presence of solvent (black), mock peptide (blue), or cognate peptide (red). (D) Heatmaps of

single-cell gene expression data for the previously identified 16 genes of antigen-responsive virus-directed CD8+ T cells derived from IGRP265−273-directed CD8+ T

cells stimulated with the control or cognate peptide (see Figure 3A). The reference genes CD3E and CD8B are also shown.

multimer-selected cells did not cover all phenotypes of antigen-
specific CD8+ T cells, including cells with anergic or exhausted
profiles. About 1% of the multimer-sorted virus-specific cells
were not activated after cognate peptide presentation, and these
cells could represent anergic or other T cell types. Finally, because
our findings were based on in vitro stimulation, the profiles
observed here may not represent those of CD8+ T cells activated
in vivo.

Peptide stimulation of CD8+ T cells resulted in up- or
downregulation of over 1,000 genes. Of particular relevance
was the downregulation of TCR on the cell surface, which was
also associated with a marked reduction in multimer binding.
This is consistent with previous findings (9, 11), suggesting
that the frequency of antigen-specific CD8+ T cells may be
underestimated in conditions of chronic or recent in vivo
activation when using multimers for quantification. Notably,
we observed a marked reduction in multimer staining, even
after stimulation with the cognate peptide at a concentration
of 1 ng/mL, which is 10,000 times lower than the concentration
typically used for in vitro stimulation. A bias against selection of
recent or chronically activated CD8+ T cells by multimers may
grossly underestimate the degree of CD8+ T cell activation in
disease, and could confound recent findings in diseases such as
type 1 diabetes (24).

Our objective was to identify a panel of genes and a classifier
that would enable us to identify in vitro-stimulated, antigen-
responsive CD8+ T cells from unselected populations. This

requires high specificity because the antigen-responsive cells
comprise a minority of cells. High specificity would be provided
by genes that are consistently differentially expressed with high
quantification in responsive cells. A set of 10 genes, identified by
different methods, was used to develop a classifier using machine
learning methods. The approach was used to identify antigen-
responsive CD8+ T cells from single-cell data, and provides a tool
for the future refinement of algorithms suitable for other virus
antigen-responsive and other antigen-responsive cells.

At the protein level, we observed increased expression of
identified markers CD82 and CRTAM (CD355), similar to
the commonly used activation markers CD137 and CD25, in
antigen-responsive cells. Our study found many other genes
that are known to be transcriptionally increased or that encode
proteins that are increased in antigen-responsive CD8+ T cells.
These include XCL1 and XCL2 (8, 15, 25, 26), EGR2 (27, 28),
NR4A2 (8), and MIR155HG (29, 30), among other proteins (31–
33). Some of the identified genes encode proteins that are often
used to isolate antigen-specific cells. IFNγ, which is used for
cytokine capture of responsive CD8+ T cells (34), was strongly
upregulated in the majority of the activated cells. However, it was
noticeably absent in a proportion of the antigen-responsive cells,
indicating that such isolationmethods maymiss some responsive
cells. We also identified several genes that were differentially
expressed in the antigen-responsive CD8+ T cells and, to our
knowledge, have not been previously described in this context.
These include genes encoding the transcription factor ZBED2,
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which regulates transcription by RNA polymerase II, and was
exclusively upregulated in many of the antigen-responsive cells;
the guanine nucleotide binding plasma membrane associated
protein GNG4; HSPA8; and the ribosomal protein RPLP0.
These findings may help to understand the processes involved
in the T cell-mediated antiviral response and provide new
therapeutic targets.

A practical aspect of our study is that we accurately traced
the virus-responsive cells identified in the transcriptomic profile
back to their TCRs. This allowed us to perform broader
antigen screening in combination with large-scale scRNAseq,
where the responsive transcriptomic profile is used to map
the antigen-specific TCR. An advantage of this approach is
that the TCRs are representative of cells that can be robustly
activated and permits selection of cells expressing desired effector
molecules. This may be useful for improving the epitope selection
process in peptide-based vaccination strategies or identifying
virus-directed cells for adoptive therapy. Although we have
not shown that similar profiles can identify tumor antigen-
responsive CD8+ T cells, it is likely that the identification of
TCRs using a similar approach may facilitate the development
of chimeric antigen receptor T cell-based therapies that are
patient-specific. As an example, the profiles could be used in
in vitro screens to identify TCRs of CD8+ T cells that respond
to neo-antigen peptides and could be useful for therapy. Of
potential interest, we found no signature that could identify
cells responsive to a known epitope of a β cell autoantigen,
despite the high frequency of strong multimer-positive memory
CD8+ T cells in the donor. We previously reported that IGRP-
directed clones generated from the same donor (and expressing
the identical TCR) can kill peptide-loaded target cells in vitro,
albeit with delayed kinetics (23). This suggests the possibility
of an antigen-directed response of IGRP-directed cells to the
target, at least in certain in vitro conditions. It is unclear whether
autoantigen-specific CD8+ T cells are generally less responsive
than virus-specific cells or if our finding is limited to this antigen
or this patient. A previous study showed that autoantigen-
specific CD8+ T cells obtained from peripheral blood were
less responsive than those obtained from the pancreas (24).
Autoantigen-directed cells may be benign in inactive stages of
the disease or require additional factors for their activation,
which could explain the differences observed between viral
and autoantigen-directed responses using our assay setup. An
intriguing possibility is that responses to neoantigens or hybrid
peptides not normally expressed by self may be more similar
to the ones observed for viral peptides and such features
be used to distinguish pathogenic CD8+ T cells and their
target peptides. Additionally, low frequencies of β-cell directed
CD8+ T cells as observed using MHC class I multimers (35)
make it difficult to obtain a broader picture of their genetic
profiles and their antigen-specific response. The identification
and characterization of autoantigen-specific CD8+ T cells may,
therefore, require a combination of multimer binding, peptide
stimulation as we describe here, and functional confirmation
of antigen specificity of the TCR in transduced reporter cell
lines (36). Further studies are needed in patients with active
autoimmune disease.

In conclusion, we provide findings that will allow the
identification of antigen-responsive CD8+ T cells and their TCRs
in an unbiased manner. The findings can be applied to antigens
where multimer reagents are unavailable, as an alternative to
multimer-based cell selection or in combination with multimer
selection. This should facilitate the development of CD8+ T cell
activation-based therapies.

MATERIALS AND METHODS

Subjects
Samples were obtained from six healthy adult blood donors or
from an adult patient with type 1 diabetes; all had the HLA-
A∗0201 allele. All methods were performed in accordance with
relevant guidelines and regulations. Samples were collected after
obtaining informed consent and ethical committee approval (EK
240062016, TU Dresden and 5049/11, TU München).

Peptides
The Flu MP58−66 (GILGFVFTL), hCMV pp65495−503

(NLVPMVATV) and IGRP265−273 (VLFGLGFAI) peptides
were purchased from Mimotopes or Panatecs at >95% purity,
as confirmed by high-performance liquid chromatography and
mass spectrometry. For the T cell assays, the peptides were
dissolved in dimethyl sulfoxide (DMSO) to a concentration of
10 mg/mL and subsequently diluted in assay medium to final
peptide concentrations of≤10µg/mL. The DMSO concentration
in each assay was ≤0.1%.

Cell Staining and Flow Cytometry
Cells were stained using the following surface marker-directed
monoclonal antibody–fluorochrome combinations: CD3-APC
(clone HIT3a), CD3-AF488 (clone UCHT1), CD4 (clone SK3),
CD8-APC-Cy7 (clone SK1), CD14-APC (clone M5E2), CD19-
APC (clone HIB19), CD56-APC (clone B159), CD25-PE-Cy7
(clone M-A251), CD82-AF647 (clone 423524), and CD95-CF594
(clone DX-2) from BD Pharmingen; CD137-PerCP-eFluor710
(clone 4B4-1) and CD355-APC (clone Cr24.1) from Thermo
Fisher Scientific; and CD16-APC (clone 3G8) from BioLegend.
7-Aminoactinomycin D (7AAD, BD Pharmingen) or Sytox Blue
(Thermo Fisher Scientific) was used to exclude dead cells.
Phycoerythrin-labeled HLA-A∗0201 multimers loaded with Flu
MP58−66 (GILGFVFTL), hCMV pp65495−503 (NLVPMVATV),
or IGRP265−273 (VLFGLGFAI) were purchased from Immudex.
Cells were acquired on a flow sorter (BD FACSAria Fusion,
BD Biosciences) with FACSDiva 8 software (BD Biosciences)
and analyzed using FlowJo 10 software (FlowJo LLC). Unless
otherwise stated, cells were stained in phosphate-buffered
saline (PBS) supplemented with 1% pooled human AB serum
(PBS/1%AB) for 30min on ice followed by at least two washing
steps using the same buffer, and were then stained with a marker
for dead cells before analysis. For CFSE labeling, PBMCs (4 ×

107/mL) were resuspended in PBS at room temperature, mixed
1:1 with CFSE staining solution (1µM CFSE in PBS), and the
cell suspension was immediately vortexed for 10 s to achieve a
homogenous CFSE distribution. Cells were incubated at 37◦C
for 10min in the dark and washed with X-VIVO15 media
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to remove excess CFSE. Multimer staining was carried out in
PBS supplemented with 5% pooled AB serum for 10min at
room temperature followed by 25min incubation on ice in the
presence of the respective antibodies. Cells were subsequently
washed with PBS/1%AB and incubated with 7AAD or Sytox
Blue for 10min immediately before flow cytometry. The gating
strategies used for the analysis and sorting of multimer- or
CFSE-stained cells, and for the isolation of antigen-responsive
cells and CD95+ CD8+ memory T cells are illustrated in
Figure S8.

CD8+ T Cell Activation Assay
The activation assays were conducted using 200–500 CFSE-
labeled antigen-specific CD8+ T cells together with either 5 ×

105 unlabeled PBMCs (PBMC-based assays) or a combination
of 2.5 × 105 HLA-A∗0201-expressing K562 cells [K562/A∗0201
(37); kindly provided by Prof. Thomas Wölfel; Johannes
Gutenberg Universität, Mainz, Germany] and 5 × 104 flow-
sorted bulk CD8+ T cells (cell line-based assays). To obtain
CFSE-labeled multimer-specific CD8+ T cells, the PBMCs
were labeled with CFSE and subsequently incubated with the
respective peptide-loaded HLA-A∗0201 multimers to identify
and sort highly pure antigen-specific CD8+ T cells into
the assay tubes. Unless stated otherwise, the cells were
incubated with the cognate peptide (10µg/mL), mock peptide
(10µg/mL), or solvent (DMSO) for 18–24 h. Subsequently, viable
CFSE+ CD8+ T cells were single-cell-sorted for downstream
gene expression analysis and TCR sequencing. For some
experiments, antigen-responsive cells were sorted based on their
expression of the activation marker CD137. In these cases,
the assays were performed without prior CFSE labeling or
multimer staining.

For droplet encapsulation sequencing experiments conducted
on the 10x Genomics platform, PBMCs were incubated with
Flu MP58−66 or hCMVpp65495−503 peptide for 20 h and 6500
viable CD95+CD8+ memory CD8+ T cells were sorted from
each of these conditions and processed for gene expression and
TCR analysis.

Targeted Single-Cell Gene Expression
Analysis
Targeted gene expression analysis was done by single-cell qPCR
as previously described (23) with some modifications. cDNA was
synthesized using Quanta qScript TM cDNA Supermix directly
on cells. Total cDNA was pre-amplified for 20 cycles (1 × 95◦C
for 8min, 95◦C for 45 s, 49◦C with 0.3◦C increment/cycle for
1min, and 72◦C for 1.5min) and 1× 72◦C for 7min with TATAA
GrandMaster Mix (TATAA Biocenter) in a final volume of 35 µL
in the presence of the 75 primer pairs listed in Table S9. The final
concentration of each primer was 25 nM. Pre-amplified cDNA
(10 µL) was then treated with 1.2U exonuclease I and expression
was quantified by real-time PCR on a BioMarkTM HD System
(Fluidigm Corporation) using the 96.96 Dynamic Array IFC,
GE 96 × 96 Fast PCR+ Melt protocol, and SsoFast EvaGreen
Supermix with Low ROX (Bio-Rad). The primer concentration
was 5µM in each assay.

Single-Cell RNA Sequencing
The scRNAseq workflow was based on the previously described
Smart-seq2 protocol (38) with the followingmodifications. Single
cells were flow-sorted into 96-well plates containing 2 µL of
nuclease-free water with 0.2% Triton X-100 and 4U murine
RNase inhibitor (NEB), centrifuged, and frozen at −80◦C. After
thawing, 2 µL of the primer mix [5mM dNTP (Invitrogen),
0.5µM oligo-dT primer, 4U murine RNase inhibitor] was added
to each well. The reverse transcription reaction was performed as
described (38), but with final concentrations of RNase inhibitor
and Superscript II of 9U and 90U, respectively, at 42◦C for
90min, followed by an inactivation step at 70◦C for 15min. The
number of pre-amplification PCR cycles was increased to 22 to
ensure there was sufficient cDNA for downstream analysis. The
amplified cDNA was purified using 1 × Sera-Mag SpeedBeads
(GE Healthcare), and DNA was eluted in 12 µL nuclease-free
water. The concentration of samples was measured using a plate
reader (Infinite 200 PRO, Tecan) in 384 well black, flat-bottom,
low-volume plates (Corning) using an AccuBlue Broad Range
kit (Biotium). Then, 0.7 ng of pre-amplified cDNA was used
for library preparation (Nextera DNA library preparation kit,
Illumina) in a 5-µL reaction volume. Illumina indices were added
during the PCR reaction [72◦C for 3min, 98◦C for 30 s, 12 cycles
of (98◦C for 10 s, 63◦C for 20 s, and 72◦C for 1min), and 72◦C
5min] with 1× KAPA Hifi HotStart Ready Mix and 0.7µM of
dual indexing primers. After PCR, the libraries were quantified
with AccuBlue Broad Range kit, pooled in equimolar amounts,
and purified twice with 1× Sera-Mag SpeedBeads. The libraries
were sequenced on the NextSeq 500 Illumina platform to obtain
75 bp single-end reads aiming at an average sequencing depth of
0.5 million reads per cell.

Droplet Encapsulation Sequencing
The scRNAseq was performed on the 10× Genomics platform
using Chromium Single Cell Immune profiling 5’ v2 Reagent Kits
according to the manufacturer’s instructions. Gene expression
libraries were sequenced on the NextSeq 500 Illumina platform
using a high-output flow cell to obtain paired-end reads at the
following read lengths to generate ∼160–180 million fragments:
read 1, 26 cycles, i7 index, 8 cycles; read 2, 57 cycles. Similarly,
TCR-enriched libraries were sequenced on the MiSeq Illumina
platform to obtain 150-bp paired-end reads at a depth of 15
million total read pairs.

Data Processing and Analysis
Targeted Single-Cell Gene Expression Analysis
Raw data were analyzed using Fluidigm Real-Time PCR analysis
software. Preprocessing and data analysis were conducted using
KNIME 2.11.2 and RStudio Version 0.99.486. Preprocessing
with a linear model to correct for confounding factors was
conducted as previously described (39). To model the bimodal
gene expression of single cells from T cell clones, the Hurdle
model, a semi-continuous modeling framework, was applied
to the preprocessed data (40). This allowed us to assess the
differential expression profiles with respect to the frequency of
expression and the positive expressionmean via a likelihood ratio
test. Genes were ranked by a score derived from the number
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of comparisons with statistically significant differences in gene
expression and the number of donors with statistically significant
comparisons (0.5 points per significant comparison multiplied
by the number of donors showing significant differences in
expression of each gene). Genes with the same score were ranked
based on the delta of their median expression differences between
the cognate and control stimuli.

Single-Cell RNA-Sequencing
The scRNAseq adapter trimmed reads were mapped against
the human hg38 reference genome using STAR (v2.5.4, default
parameters) and Ensembl genes (v 91) as the gene model
references for alignment to produce one BAM file per cell.
The count per gene matrix was obtained using featureCounts
(v1.6.2, -Q 30, -p). Differentially expressed genes were identified
by performing pairwise comparison using two independent
methods: SCDE (v2.8.0) (41) and DESeq2 (v1.20.0, using a
zero-inflated negative binomial distribution) (42). Low-quality
cells expressing only a few genes were filtered out from
the counts matrix using the clean.counts function in SCDE
(min.lib.size = 1,000, min.reads = 1, min.detected = 1). Only
genes that were identified as differentially expressed by both
tools were considered to be expressed differentially. Data from
each experiment were visualized using the t-SNE algorithm
implemented in the Rtsne R package. In all comparisons, the
cells stimulated with cognate peptide were labeled as the test
group, while cells incubated with solvent ormock peptide showed
similar profiles, and thus were combined as a control group.
Because the SCDE method does not output a p-value for each
differentially expressed gene, a two-sided p-value for each gene
was calculated from the Benjamini–Hochberg multiple testing
corrected Z score (cZ) using the normal distribution as the null
hypothesis. Genes were ranked by the product of their log2-
fold change and the reciprocal of the adjusted p-value (values
obtained from SCDE). For experiments using several donors, the
genes were ranked individually for each donor and a composite
list was generated by obtaining a mean rank for each gene
across the multiple donors and then ranking the genes based
on their mean rank. To identify genes that could distinguish
cognate peptide-stimulated cells and control-stimulated cells in
individual experiments, we calculated the separation index (SI)
for each gene (g) using the following equations.

P
(

g, tg
)

= N(g)/N(tg), (1)

where tg is the test group, andN is the number of cells. To further
clarify, N(g) is the number of cells with a non-zero count for the
particular gene, and N(tg) is a total number of cells in the test
group. The same applies to the other groups analyzed.

P(g, sg) = N(g)/N(sg), (2)

where sg is the solvent group.

P
(

g,mg
)

= N(g)/N(mg), (3)

wheremg is the mock group.

P
(

g, cg
)

= (P
(

g, sg
)

+ P
(

g,mg
)

)/2, (4)

where cg is the control group.

SI
(

g
)

=
∣

∣P
(

g, tg
)

− P(g, cg)
∣

∣ . (5)

The genes were ranked according to their SI in each experiment
in descending order, and then ordered by the mean rank of
all PBMC-based assays. For the top 50 genes, we determined
the median expression difference between cognate peptide- and
control-stimulated cells to identify genes that were potentially
usable as marker genes.

The Enrichr package was used to determine whether the
differentially expressed genes were preferentially enriched in a
particular Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway. To identify potential pathways, we performed pathway
enrichment analysis using the following workflow. First, all
pathways that showed enrichment (adjusted p < 0.05) in at
least one of the four donors (three CMV and one Flu) were
listed together to generate a unique list of these pathways. Then,
for each of these pathways, the coverage index was calculated
for each donor as the number of differentially expressed genes
belonging to a pathway divided by the total number of genes in
this pathway. Finally, the pathways were ranked by the median
coverage index for each pathway across the four donors.

Droplet Encapsulation Sequencing
The raw gene sequencing data were processed using the count
command in Cell Ranger software (v2.1.0, –expect-cells=3,000)
(10x Genomics). Gene annotation was filtered using the
mkgtf command to include only protein-coding, lincRNA,
and antisense gene features (–attribute=gene_biotype:protein_
coding, –attribute=gene_biotype:lincRNA, –attribute=gene_
biotype:antisense). The Seurat package (43) was used to analyze
the gene expression data obtained in droplet encapsulation
sequencing experiments. Briefly, all genes that were expressed
in at least three cells and all cells that expressed ≥200 such
genes were retained. The cells were then clustered based on
the first 14 principal components (resolution parameter set
to 0.6) and visualized using the resulting t-SNE (yielding 8
clusters) and combined with the TCR information retrieved
from TCR-enriched libraries of the same experiment performed
in parallel. CMVpp65495−503-directed cells were identified
within the CD95+CD8+ memory T cell single-cell data via
their TCRα and β chain sequences (using TCR information
of CMVpp65495−503-directed cells retrieved in the preceding
multimer-based scRNAseq experiments of the donor). To
identify marker genes that separated the main cluster containing
CMV-directed cells after stimulation with the cognate peptide
from the remaining clusters, we used the FindMarkers function
(test parameter set to roc). The top 10 marker genes for this main
cluster were used to build a support-vector machine (SVM)-
based classifier (https://github.com/bonifaciolab/classifier_
AntigenResponsiveCD8TCells) to discriminate between
responsive cells and non-responsive cells. For this purpose,
we used the SVM implementation available with the package
libSVM (v1.04). The log-normalized counts for the 10 marker
genes were exported to a file, and responsive cells were labeled
as true positives, whereas all other cells were labeled as true
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negatives. This dataset was used to build the model, and the
data obtained from the experiment with Flu MP58−66-stimulated
bulk-sorted CD95+CD8+ memory T cells was used as the
test set. The model was also used to identify responsive cells
obtained from other scRNAseq-based experiments. For this,
the experiment read counts were normalized using the DESeq2
counts function (with normalized = TRUE parameter), and then
used as test sets.

TCR Identification
TCR sequences were reconstructed from the transcriptome of
each cell using the TraCeR algorithm (v0.6.0, default parameters)
(44). Reads originating from the mRNA of the TCRs were
extracted from the sequence data for each cell and were
assembled into contigs to generate full-length TCRs. Only
productive TCR chains, both α and β, were retained for each
cell. To resolve instances where one cell had more than one
productive α or β chain, the chain with greater expression
(obtained by parsing the transcripts per million count) was
retained as the productive chain for the respective cell. Sequences
of productive chains were then uploaded to IMGT/HighV-
QUEST (45) to identify the V, D, and J genes as well as the
CDR3 region associated with each chain. The TCR sequences of
the droplet encapsulation experiments were extracted using Cell
Ranger software.

Additional Statistical Analyses
Wilcoxon’s matched-pairs signed-rank test was used to compare
median fluorescence intensities for the analyzed surface markers
among antigen-specific and antigen-responsive CD8+ T cells.

Software: FACS Diva 8, FlowJo 10, Graph Pad Prism 7, Tracer
(v0.6.0), STAR (v2.5.4) libSVM (v1.04), featureCounts (v1.6.2),
and R (v3.5.1).

R-packages: DESeq2 (v1.20.0), SCDE (v2.8.0), EnrichR
(v1.0), Seurat (v2.3.4), Rtsne (v0.13), pheatmap (v1.0.10), and
ggplot2 (v3.1.0).
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