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Single-cell transcriptomics identifies multiple pathways 
underlying antitumor function of TCR- and  
CD8-engineered human CD4+ T cells
Jan A. Rath1*, Gagan Bajwa2*, Benoit Carreres1, Elisabeth Hoyer2, Isabelle Gruber1,  
Melisa A. Martínez-Paniagua3, Yi-Ru Yu1, Nazila Nouraee2, Fatemeh Sadeghi3, Mengfen Wu4, 
Tao Wang4, Michael Hebeisen1, Nathalie Rufer1, Navin Varadarajan3, Ping-Chih Ho1,  
Malcolm K. Brenner2,5,6,7, David Gfeller1, Caroline Arber1,2,5†

Transgenic coexpression of a class I–restricted tumor antigen–specific T cell receptor (TCR) and CD8 (TCR8) 
redirects antigen specificity of CD4+ T cells. Reinforcement of biophysical properties and early TCR signaling 
explain how redirected CD4+ T cells recognize target cells, but the transcriptional basis for their acquired antitumor 
function remains elusive. We, therefore, interrogated redirected human CD4+ and CD8+ T cells by single-cell RNA 
sequencing and characterized them experimentally in bulk and single-cell assays and a mouse xenograft model. 
TCR8 expression enhanced CD8+ T cell function and preserved less differentiated CD4+ and CD8+ T cells after 
tumor challenge. TCR8+CD4+ T cells were most potent by activating multiple transcriptional programs associated 
with enhanced antitumor function. We found sustained activation of cytotoxicity, costimulation, oxidative 
phosphorylation– and proliferation-related genes, and simultaneously reduced differentiation and exhaustion. 
Our study identifies molecular features of TCR8 expression that can guide the development of enhanced 
immunotherapies.

INTRODUCTION
Naturally occurring major histocompatibility complex (MHC) class 
I–restricted T cell receptors (TCRs) targeting tumor-associated 
antigens (TAAs) often depend on the presence of the CD8 
coreceptor to stabilize their limited functional avidity. To enable 
the recruitment of beneficial CD4+ T cells with class I TCR–based 
adoptive T cell therapies, transgenic coexpression of CD8 and TCR 
(TCR8) has been evaluated as a strategy to redirect CD4+ T cells to 
the tumor (1–6). Although reinforcement of biophysical properties 
during TCR-MHC (peptide-MHC) recognition and early TCR sig-
naling were suggested as potential mechanisms for enhanced func-
tionality, it is unknown whether forced TCR8 expression induces more 
fundamental transcriptional consequences in CD4+ or CD8+ T cells.

CD8 coreceptor function has been extensively studied over 
the past decades. It exerts multiple crucial roles during the TCR-
pMHC recognition and T cell activation processes (7, 8) that include 
stabilization of the TCR-pMHC complex by binding to MHC class I 
molecules (9–11), delivery of key signaling components to the 
cytoplasmic side of the TCR/CD3 complex (12, 13), and partitioning 
the TCR in the optimal membrane compartment for signal transduction 
(13–15). TCR dependency on the CD8 coreceptor correlates with 
TCR affinity, and thus, CD8 has the capacity to modulate the 

antigen sensitivity of low-affinity TCR T cells over several log fold 
(16–18). All these functions have the potential to substantially affect 
the outcome of adoptive T cell therapy with TCR-engineered T cells 
(1–6). In addition, the presence of functional CD4+ T cells is indis-
pensable for the orchestration of an effective immune response as 
they make multifaceted contributions to antigen-specific immunity 
to viral infections and are prerequisite for the initiation and main-
tenance of long-term tumor control (19). For example, antigen-
specific CD4+ T cells are required for long-term benefit in patients 
receiving virus-specific T cells, tumor-infiltrating lymphocytes, or 
chimeric antigen receptor (CAR) T cells (20–22).

In this study, we aimed to deeply interrogate the functional 
and transcriptional effects of forced transgenic CD8 expression 
together with a previously identified CD8-dependent TCR that 
targets survivin (TCR8) in CD4+ and CD8+ T cells (23). We hypothesized 
that (i) TCR8-redirected CD4+ and CD8+ T cells are functionally 
and transcriptionally distinct even though both are cytotoxic against 
the targeted class I epitope, (ii) single-cell transcriptomics will identify 
differential pathway usage and T cell differentiation status, and (iii) 
combining transgenic expression of CD8 with TCR modifies the 
function and transcriptome of transgenic CD8+ T cells, not only 
CD4+ T cells. For this purpose, we investigated single T cell tran-
scriptomics of engineered CD4+ and CD8+ T cells and corroborated 
our findings with functional assays in vitro and in vivo.

We found that redirected CD4+ T cells killed relevant target cells 
when transduced with TCR8 but not TCR alone, and their cytotoxicity, 
cytokine production, and biophysical properties were comparable 
to TCR+CD8+ or TCR8+CD8+ T cells. Single-cell RNA sequencing 
(scRNAseq) analysis identified transcriptional effects related to T cell 
lineage (CD4+ or CD8+), cell state (fresh, expanded, or cocultured), 
or transgene type (TCR or TCR8). Lineage- and cell state–related 
effects were most pronounced. Cocultured TCR8+CD4+ T cells were 
characterized by sustained up-regulation of multiple transcriptional 
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programs that have previously been associated with sustained anti-
tumor responses of engineered T cells, such as antigen-dependent 
cytotoxicity and replication without terminal differentiation and 
exhaustion of T cells, costimulation, and metabolic fitness. In vivo 
in the leukemia mouse xenograft model, TCR8+ transgenic T cells 
achieved better leukemia control than TCR+ transgenic T cells 
(both CD4+ and CD8+), and TCR8+CD4+ T cells outperformed 
TCR8+CD8+ T cells.

RESULTS
Transgenic expression of TAA-specific class I–restricted 
TCR8 confers class I–directed antitumor function to  
CD4+ T cells
Most TCRs targeting overexpressed tumor-associated self-antigens 
are characterized by CD8 coreceptor dependence, including our 
HLA-A*02:01–restricted survivin-specific TCR (23). To therapeu-
tically exploit CD4+ T cell functions in TCR+ adoptive T cell therapy, 
we coexpressed the survivin-TCR (23) and CD8 chains in a poly-
cistronic vector (TCR8) (Fig. 1A). We obtained high transduction 
efficiencies and cell surface expression of the relevant transgenes 
with both the TCR and TCR8 vectors (fig. S1, A to D). TCR+CD4+ 
T cells only minimally bound to the epitope-specific dextramer, but 
TCR8+CD4+ T cells showed comparable dextramer mean fluores-
cence intensities (MFIs) as TCR+CD8+ or TCR8+CD8+ T cells 
(fig. S1D). To measure the effect of transgenic CD8 on stabilization 
of the TCR in CD4+ T cells, we performed TCR-pMHC dissociation 
measurements by NTAmer technology and fluorescence-activated 
cell sorting (FACS) (24, 25). Koff rates in CD8+ T cells were similar 
whether they were transduced with TCR or TCR8 (Fig. 1, B and C). 
In CD4+ T cells, however, NTAmer binding was only detected when 
cells were transduced with TCR8, but not with TCR alone. The 
monomeric dissociation rates in TCR8+CD4+ T cells were equivalent 
to the kinetics measured in TCR+CD8+ or TCR8+CD8+ T cells 
(Fig. 1, B and C). Next, we analyzed LCK-Y394 phosphorylation 
upon stimulation of T cells with BV173 leukemia as a readout for 
early TCR signaling events. We found that activating pLCK-Y394 
levels were significantly increased in TCR8+CD8+ T cells as well as 
TCR8+CD4+ T cells when compared with TCR+CD8+ or TCR+CD4+ 
T cells, respectively (Fig. 1, D and E). A trend toward increased 
pLCK levels in TCR8+CD4+ compared with TCR8+CD8+ T cells 
was also observed, but it was not statistically significant (Fig. 1E) 
This epitope-specific redirection conferred antigen sensitivity to 
CD4+ T cells that was comparable to TCR+CD8+ or TCR8+CD8+ 
T cells [interferon- (IFN-) enzyme-linked immunospot (ELISpot); 
Fig. 1F]. In cocultures of T cells with survivin+HLA-A*02:01+ BV173 
leukemia cells, we confirmed that TCR+CD8+ and TCR8+CD8+ 
T cells readily killed their targets. In contrast, CD4+ T cells only 
killed when transduced with TCR8, but not with TCR alone. Killing 
by TCR8+CD4+ T cells was equivalent to TCR+CD8+ or TCR8+CD8+ 
T cells (TCR8+CD4+ versus TCR+CD4+, P = 0.0004; TCR8+CD4+ 
versus TCR+CD8+ or TCR8+CD8+, P = NS) (Fig. 1G). This cyto-
toxicity was HLA class I restricted, as redirected T cells only killed 
wild-type (WT) but not B2M-KO BV173 cells (Fig. 1H) that are 
surface HLA-A*02:01 negative. Thus, CD4+ T cells were efficiently 
redirected to survivin by transgenic expression of TCR8, and these 
redirected TCR8+CD4+ T cells recapitulated functional features of 
TCR+CD8+ or TCR8+CD8+ T cells such as cytotoxicity or cytokine 
production.

Single-cell transcriptomics identifies distinct  
T cell subpopulations
Because the CD8 coreceptor modulates TCR activation, we 
investigated the transcriptional consequences of TCR8 in CD4+ and 
CD8+ T cells upon leukemia challenge (coculture) and explored the 
population heterogeneity in an unbiased approach. We performed 
scRNAseq on sorted human CD4+ and CD8+ T cells that were (i) freshly 
isolated, frozen, and thawed (“fresh,” F); (ii) activated, transduced, 
selected, and expanded (“expanded,” E); or (iii) expanded, cocultured, 
and cytotoxic to BV173 leukemia cells (“cocultured,” C) (Fig. 2A).

t-Distributed scholastic neighbor embedding (t-SNE) analysis of 
the 25,474 single cells retained for analysis (table S1) partitioned 
cells into separate clusters broadly recapitulating the different cell 
types (CD4+ or CD8+ lineage) or cell states (fresh, expanded, or 
cocultured), although some additional substructures were visible 
(Fig. 2B). We observed extensive spatial overlap of expanded 
populations (green shading in Fig. 2B) within each lineage (e.g., 
TCR+CD8+ with TCR8+CD8+ T cells), suggesting little transcriptional 
impact of the inserted transgene during expansion. However, major 
transgene-dependent differences emerged upon coculture, leading to the 
clear separation of TCR+CD8+ from TCR8+CD8+ and TCR8+CD4+ T cells. 
To explore the cellular heterogeneity within each sample, we used k-nearest 
neighbor clustering and identified a total of 19 subpopulations (Fig. 2C 
and fig. S2) with distinct sets of differentially expressed (DE) genes (fig. S3).

To further investigate the transcriptional heterogeneity of cocultured 
T cells, we analyzed the top 20 DE genes of each cluster and revealed 
distinct transcriptional specificities (Fig. 2D and fig. S4). For instance, 
various cytotoxic genes differentially dominated CD4+ and CD8+ T cell 
clusters [e.g., GZMB in CD4+ T cells (cluster 4) and GNLY, CST7, NKG7, 
and GZMK in CD8+ T cells (clusters 9 and 12)]. BHLHE40, a key T helper 
cell 1 (TH1)–associated transcription factor that controls cytokine 
production in activated CD4+ T cells (26, 27), was highly up-regulated 
in cocultured TCR8+CD4+ T cells (fig. S5A, left). A similar pattern 
was observed for the long noncoding RNA MIR4435-2HG that is 
important for cell cycle progression (fig. S5A, middle) (28). RUNX3, 
a crucial transcription factor for cytotoxic CD8+ T cells and required 
for the acquisition of a cytotoxic phenotype in human virus–specific 
CD4+ T cells (29), was stably expressed in TCR8+CD4+ and highly 
up-regulated in cocultured TCR8+CD8+ T cells (fig. S5A, right). 
Replicative populations of CD4+ (cluster 14) and CD8+ (cluster 18a 
and 18b) could be identified through the high expression of cell cycle 
genes (e.g., CKS1b and CKS2). TCR+CD8+ cells (clusters 6 and 12) 
were characterized by high levels of type I IFN–associated genes 
(e.g., IFI6) and chemokines (e.g., XCL1), indicating a strong effector 
cell differentiation. Naïve (TN)– and central memory (TCM)–associated 
genes were enriched in cluster 4 (e.g., MAL and CXCR4) and cluster 7 
(e.g., TCF7 and IL7R) in a TCR8 transgene–dependent manner (Fig. 2D).

Next, we determined which genes were up-regulated from the 
expanded to cocultured states and summarized common or exclusive 
genes in a Venn diagram (Fig. 2E). We observed CD4+ or CD8+ 
T cell lineage–related as well as TCR8 transgene–related transcrip-
tional changes that point toward potential mechanisms that underlie 
enhanced function of TCR8+CD4+ or TCR8+CD8+ T cells. The 
Venn analysis indicated that cocultured TCR8+CD4+ T cells had 
overall more up-regulated genes (n = 212) with a broader diversity 
compared with TCR+CD8+ (n = 42) or TCR8+CD8+ (n = 41) T cells. 
Among these up-regulated pathways were cytotoxicity, costimulation, 
oxidative phosphorylation (OXPHOS), nuclear factor B (NF-κB) 
regulation, cell growth, and a variety of transcription factors. More 
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up-regulated genes were shared between TCR8+CD4+ and TCR8+CD8+ 
(n = 60) than between TCR8+CD4+ and TCR+CD8+ T cells (n = 24) 
or between TCR8+CD8+ and TCR+CD8+ T cells (n = 10). Among 
the shared genes in TCR8+CD4+ and TCR8+CD8+ T cells, several 
genes were associated to the TN and TCM phenotype (e.g., IL7R, CXCR4, 
and FOXP1) as well as costimulation (CD2 and CD82). Only 27 genes 
were shared by all three cocultured T cell types (Fig. 2 E and table S2).

These results demonstrate that single-cell transcriptomics identified 
distinct cellular subpopulations in each sample type analyzed and gave 
insight into the population dynamics during T cell manufacturing 
and tumor exposure. Major lineage- and transgene-dependent 
changes were detected upon coculture, and cocultured TCR8+CD4+ 
T cells were most unique.

Cocultured CD4+ T cells better sustain their replicative 
capacity, and TCR8 expression promotes a less 
differentiated phenotype
Next, we used published gene sets (table S3) to deeply characterize 
the T cell proliferation and differentiation states in each condition 

(Fig. 3) (30). As described above, replicating cells were identified in 
expanded as well as in cocultured CD4+ and CD8+ T cells (Figs. 2C 
and 3, A to C, and fig. S3). Cocultured TCR8+CD4+ T cells sustained 
high expression of replicating genes and maintained the replicating 
population size, in contrast to TCR+ or TCR8+CD8+ T cells that 
showed a sharp decrease in replication (Fig. 3, B and C). We then 
investigated expression of TN, TCM, effector memory (TEM), and 
effector (TEFF) gene signatures (30). Hierarchical clustering was used 
to divide each T cell condition into four clusters that were assigned 
the differentiation status of TN, TCM, TEM, and TEFF cells, and color 
coded in the t-SNE plot (Fig. 3D and fig. S6). We found that 
TCR8+CD4+ T cells retained a less differentiated gene expression 
profile than the TCR+CD8+ or TCR8+CD8+ T cells (Fig. 3, D and E, 
bars). Independent two-marker–based FACS validation (CD62L 
and CD45RO) confirmed the distribution of the subpopulations in 
bulk T cells (Fig. 3E, lines with dots). Fresh cells contained mostly 
TN and TCM cells and small populations of TEM and TEFF cells. 
Expanded TCR+ and TCR8+CD4+ T cells were significantly enriched 
in TCM cells when compared with expanded TCR+ and TCR8+CD8+ 
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Fig. 1. Coexpression of CD8 with TCR redirects CD4+ T cells to the targeted class I epitope. (A) Scheme of retroviral vectors containing the survivin-specific TCR 
(top, TCR) or the combination of TCR and CD8 and the selectable marker gene CD271 (bottom, TCR8). (B and C) Determination of monomeric dissociation kinetics 
with survivin-specific reversible NTAmers. (B) Representative analysis of temperature-controlled (4°C) pMHC-TCR or pMHC-TCR8 monomeric dissociation rates. No NTAmer 
staining in TCR+CD4+ T cells; ND, not detected. (C) Summary of monomeric dissociation constants [koff (s−1)], n = 3 donors, three independent experiments with technical 
replicates. Mean ± SD, P = NS, one-way analysis of variance (ANOVA) test. (D and E) Analysis of early TCR signaling events. (D) Representative FACS histograms of 
pLCK-Y394 phosphorylation NT (gray), TCR+ (blue), and TCR8+ (green) CD4+ or CD8+ T cells. (E) Summary of pLCK MFI normalized to MFI in NT control cells. n = 4 donors, 
mean ± SD, CD4: TCR+ versus TCR8+: 104 ± 11% versus 173 ± 35%, CD8: TCR+ versus TCR8+: 106 ± 7% versus 126 ± 13%, TCR8+ CD8 versus CD4: 126 ± 13% versus 173 ± 35%. 
NS, not significant, *P < 0.05. (F) Antigen sensitivity measured by IFN- ELISpot against peptide-pulsed T2 cells. SFC, spot-forming cells, n = 3 donors, three technical repli-
cates each, mean ± SD, nonlinear regression (curve fit). (G) Coculture of NT, TCR+, or TCR8+ CD4+ (red bars) or CD8+ (black bars) T cells with BV173 leukemia cells 
(HLA-A2*02:01+survivin+); E:T ratio 1:5, residual BV173 cells quantified on day 3, n = 7. (H) Coculture of NT, TCR+, or TCR8+CD4+ (left) or CD8+ (right) T cells with wild-type 
(WT) BV173 (solid bars) or 2-microglobulin knockout (B2M-KO) BV173 cells (open bars); E:T ratio 1:5, residual BV173 cells quantified on day 3, n = 3. Mean ± SD, ***P < 0.001 
and ****P < 0.0001. t test on log-transformed data.
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T cells (P = 0.0005 and P = 0.0003, respectively; Fig. 3E). Expanded 
CD8+ T cells were characterized by higher proportions of TEM 
(TCR+, P = 0.003; TCR8+, P = 0.01) and TEFF (TCR+, P < 0.0001; 
TCR8+, P = 0.0002) when compared with expanded CD4+ T cells. 
Cocultured TCR8+CD4+ T cells better preserved a less differentiated 
phenotype (TN and TCM) transcriptionally compared with cocultured 
TCR+CD8+ or TCR8+CD8+ T cells, which was confirmed by FACS 
for TCM (P < 0.0001 and P = 0.006, respectively; Fig. 3E). In addition, 
we observed significantly less TEFF cells in cocultured TCR8+CD4+ 
compared with TCR+CD8+ and TCR8+CD8+ T cells (P = 0.0003 and 
P = 0.006, respectively; Fig. 3E). We also detected a TCR8 transgene–
mediated effect in CD8+ T cells with significantly increased TCM 
and decreased TEFF populations upon coculture (P = 0.04 and P = 0.03, 
respectively; Fig. 3E). While this effect was not confirmed in the 
hierarchical clustering analysis, we detected a TCR8-dependent 
increase in gene expression of important TN/TCM-associated genes such 
as TCF7, IL7R, CCR7, and CXCR4 (Fig. 3F). Overall, TCR8+CD4+ 
T cells were characterized by a bigger proliferating population and 
simultaneous preservation of a less differentiated phenotype 
compared with CD8+ T cells, suggesting that TCR8+CD4+ T cells 
have a higher potential for long-term persistence and antitumor 
function in vivo.

TCR8 promotes cytotoxicity and costimulation 
in the absence of exhaustion in CD4+ T cells
On the basis of the analysis of gene DE (Fig. 2, D and E), we found 
up-regulation of cytotoxic pathways in cocultured TCR8+CD4+ 

T cells, some of them even to higher levels compared with TCR+CD8+ 
or TCR8+CD8+ T cells (e.g., GZMA and GZMB). A manually curated 
gene signature was used to visualize cytotoxic cells (Fig. 4A and 
table S3). In cocultured T cells, they colocalized with clusters 4, 
9, and 12 identified in Fig. 2C, as well as TEM and TEFF cell clusters 
shown in Fig. 3D. Among the top up-regulated genes were GZMA 
and GZMB (Fig. 2D), both of which were visualized by t-SNE 
(Fig. 4B, top) and validated by FACS (Fig. 4B, bottom). Following 
an increase in GZMB mRNA levels, GZMB protein levels increased 
significantly from expanded to cocultured state in TCR8+CD4+ 
T cells (P = 0.002;; Fig. 4B, left). In contrast, GZMB gene expression 
was reduced in TCR+CD8+ and TCR8+CD8+ T cells upon coculture, 
and a significant reduction in GZMB protein expression was observed 
in TCR+CD8+ T cells (P = 0.002; Fig. 4B, left). Similar results were 
obtained for GZMA mRNA expression, but intracellular protein 
levels of GZMA remained high in all cocultured T cells (Fig. 4B, 
right). While a significant decrease in GZMA was observed in 
TCR8+CD4+ T cells during coculture (P = 0.004; Fig. 4B, right), 
their overall GZMA levels were similar to cocultured TCR+ and 
TCR8+CD8+ T cells. To corroborate our findings, we performed a 
single-cell killing stress test using high-throughput time-lapse 
imaging microscopy in nanowell grids (TIMING) (31, 32). The time 
needed to establish a stable conjugation with the target (tSeek), the 
total duration of conjugation (tContact), and the time between first 
contact and tumor cell apoptosis (tDeath) were measured over 9 hours 
(Fig. 4C). CD8+ T cells were efficient at finding their target and 
establishing a stable conjugation. TCR+CD8+ T cells were more 

Fig. 2. Single-cell transcriptomics reveals distinct T cell subpopulations. (A) Schematic overview of experimental setup and corresponding groups. (B) t-SNE plot of 
all 25,474 cells analyzed, color code indicates sample origin, and each dot represents one cell. (C) t-SNE plot of all cells separated into 19 distinct clusters by k-nearest neighbor 
clustering analysis; each cluster is color coded. (D) Heat map showing the top 20 DE genes of each cluster for all cocultured samples with selected genes identified on the 
right. Cluster 18 contains cocultured TCR+CD8+ and cocultured TCR8+CD8+ cells, depicted as clusters 18a and 18b on the heat map. (E) Venn diagram of DE genes 
(0.25 log fold change) up-regulated from expanded to cocultured state. Distinct or shared representative genes from each cocultured sample are indicated and color 
coded by biological function.
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Fig. 3. Sustained proliferative capacity and preservation of a less differentiated phenotype in cocultured TCR8+CD4+ T cells. (A) t-SNE plot of cell cycle–associated 
genes (GO_0007049) revealing location of proliferating cells in each sample. (B) Mean expression pseudo time course of cell cycle–related genes for each sample. Pseudo 
time points represent fresh (F), expanded (E), and cocultured (C) conditions. (C) Bar plot representing proportion of replicating T cells per sample. The replicating cells are 
defined by their association to clusters 10, 13, 14, and 18. (D) t-SNE plot of TN, TCM, TEM, and TEFF cells identified by hierarchical clustering. Each dot represents one cell 
color coded by differentiation status. (E) Combined plot overlaying % cells for each subset by t-SNE (bars) and two-marker–based FACS validation (line with dots, CD62L 
and CD45RO, n = 9 independent donors, mean ± SD and individual values, Mann-Whitney U test). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (F) t-SNE plot (top) 
and corresponding bar plot (bottom) showing mean gene expression of representative TN/TCM markers TCF7, IL7R, CCR7, and CXCR4.
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Fig. 4. TCR8 promotes cytotoxicity and costimulation in TCR8+CD4+ T cells in the absence of exceeding activation/exhaustion. (A) t-SNE plot of cytotoxicity-
related genes (list of genes provided in table S3). (B) t-SNE plot of GZMB and GZMA (top) and intracellular FACS validation of T cells stimulated with BV173 cells (bottom, 
n = 6 independent donors, mean ± SD and individual values, Mann-Whitney U test). **P < 0.01. (C) Single-cell quantification of interaction kinetics between T cells and 
target cells by TIMING assay. tSeek, time to first encounter of effector and target cell; tContact, time of conjugation between effector and target cell; tDeath, time from first 
contact to target cell apoptosis. (D) Cumulative incidence of a single T cell in finding (tSeek) one (left, E:T 1:1) or two (right, E:T 1:2) target cells (top row), in forming a 
stable synapse with the target (tContact, middle row), or in killing the target (tDeath). TCR+CD4+ T cells (red dotted lines), TCR8+CD4+ T cells (red solid lines), TCR+CD8+ 
T cells (black dotted lines), and TCR8+CD8+ T cells (black solid lines). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, log-rank test. (E) t-SNE plot of costimulation-related 
genes (list of genes provided in table S3). (F) t-SNE plot of CD28 and SLAMF1 (top) and FACS validation (bottom, n = 6 to 9 independent donors, mean ± SD and individual 
values, Mann-Whitney U test). *P < 0.05, ***P < 0.001, and ****P < 0.0001. (G) t-SNE plot of activation/exhaustion related-genes (list of genes provided in table S3). (H) t-SNE 
plot of PD-1 and CTLA-4 (top) and FACS validation (bottom, n = 5 independent donors, mean ± SD and individual values, Mann-Whitney U test).
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efficient than TCR8+CD8+ T cells at finding targets at the E:T 1:1 
(Fig. 4D top, tSeek TCR+CD8+ versus TCR8+CD8+, P = 0.01) but 
established equally stable contacts (Fig. 4D, middle, tContact, P = NS). 
Their killing capacity was equivalent at E:T 1:1 single T cell and 
single target cell per well (Fig. 4D, bottom left, P = NS); however, 
sequential killing capacity was significantly enhanced in TCR8+CD8+ 
T cells at E:T 1:2 (single T cell and two target cells per well; Fig. 4D, 
bottom right, P = 0.0002). As expected, TCR+CD4+ T cells were not 
able to form stable conjugates and kill the target cells, despite the 
fact that they were actively seeking targets and found contacts (Fig. 4D, 
tSeek and tContact, TCR+CD4+ versus TCR8+CD4+, P < 0.0001). However, 
TCR8+CD4+ T cells efficiently killed their targets. At E:T 1:1, TCR8+CD4+ 
T cells found, conjugated to, and killed their target as efficiently 
as TCR+CD8+ or TCR8+CD8+ T cells (Fig. 4D, P = NS). At E:T 1:2, 
TCR8+CD4+ T cells killed as efficiently as TCR8+CD8+ T cells 
(Fig. 4D, bottom right, P = NS), and killed better than TCR+CD8+ 
T cells (Fig. 4D, bottom right, P < 0.0001).

Next, we analyzed costimulatory and activation/exhaustion-
related genes (table S3) (33) and found enhanced expression of 
costimulatory genes in cocultured TCR8+CD4+ T cells (Fig. 4E). 
For example, high CD28 and signaling lymphocytic activation 
molecule family 1 (SLAMF1) gene expression correlated with high 
protein expression in CD4+ T cells, and both remained stably expressed 
after coculture (Fig. 4F). CD28 protein expression was significantly 
higher in cocultured TCR8+CD4+ compared with TCR+CD8+ and 
TCR8+CD8+ T cells (Fig. 4F, left, P < 0.0001 and P < 0.0001, respectively). 
SLAMF1 expression was also significantly higher in cocultured 
TCR8+CD4+ T cells compared with cocultured TCR+ and TCR8+CD8+ 
T cells (Fig. 4F, right, P < 0.0001 and P = 0.0008, respectively). A 
sharp decrease in SLAMF1 expression from expansion to coculture 
was observed in TCR+CD8+ T cells (P = 0.003) but not in TCR8+CD8+ 
T cells, suggesting a TCR8 transgene–mediated effect on SLAMF1 
expression. Other costimulatory markers were also validated by 
FACS (CD40L, CD70, and HVEM) and highlight our finding of 
enhanced costimulatory marker expression in cocultured TCR8+CD4+ 
T cells (fig. S5B). Transcription of genes associated with T cell 
exhaustion or recent activation was increased in expanded and 
cocultured CD8+ compared with CD4+ T cells (Fig. 4G) and colocalized 
with cytotoxicity-associated genes (Fig. 4A) as well as TEM and TEFF 
cells (Fig. 3D). Experimental validation for PD-1 and CTLA-4 
expression by FACS showed an overall low expression in all populations 
analyzed (Fig. 4H, bottom).

These combined transcriptional and functional single-cell data 
established that expression of TCR8 enabled the conversion of CD4+ 
T cells into efficient sequential killers and that sustained expression 
of GZMB plays an important role in the antitumor activity of 
TCR8+CD4+ T cells. The combination of high costimulatory and 
low T cell exhaustion/activation–related genes in TCR8+CD4+ 
T cells favors an increased capacity for long-term persistence and 
antitumor function compared with engineered CD8+ T cells.

Cocultured TCR8+CD4+ T cells heavily rely on OXPHOS 
and have higher mitochondrial activity compared 
with cocultured CD8+ T cells
OXPHOS was the major metabolic pathway highly up-regulated in 
cocultured TCR8+CD4+ T cells (Fig. 2E). As expected, all expanded 
activated T cells augmented global metabolism, and thus engaged 
heavily in OXPHOS (Fig. 5, A and B), glycolysis (Fig. 5, D and E), 
and fatty acid oxidation (FAO; Fig. 5, F and G). High expression of 

OXPHOS, glycolysis, and FAO genes was retained exclusively in 
TCR8+ CD4+ T cells upon coculture and declined sharply in both 
cocultured CD8+ samples (Fig. 5, B, E, and G). To confirm that 
increased metabolic gene expression in CD4+ T cells correlated with 
higher mitochondrial activity, a key feature leading to superior 
proliferative capacity and antitumor responses of engineered T cells 
(34), we investigated mitochondrial mass by FACS (35). A significant 
reduction in mitochondrial mass was observed in CD8+ T cells after 
expansion to coculture (P = 0.0002; Fig. 5C), in contrast to CD4+ 
T cells. TCR8+CD8+ T cells preserved a significantly higher mito-
chondrial mass compared with TCR+CD8+ T cells (P = 0.03; Fig. 5C), 
suggesting a TCR8 transgene–mediated impact on mitochondrial 
content. Mitochondrial mass in cocultured CD4+ T cells was significantly 
higher than in cocultured TCR+CD8+ and TCR8+CD8+ T cells 
(P = 0.0002 and P = 0.015, respectively; Fig. 5C). Our results suggest 
that TCR8+CD4+ T cells sustain a higher metabolic activity accom-
panied by an increased mitochondrial content and a strong preference 
for OXPHOS.

TCR8+CD4+ T cells efficiently kill and expand under stress 
conditions in vitro and in vivo
To perform an in vitro stress test with high tumor burden, we 
challenged CD4+ and CD8+ T cells transduced with TCR, TCR8, 
or non-transduced (NT) controls up to four times with fresh BV173 
leukemia cells (Fig. 6, A and B). We found a significantly increased 
sequential tumor killing capacity for TCR8+CD8+ compared with 
TCR+CD8+ T cells (P = 0.04; Fig. 6B, top right). Again, CD4+ T cells 
only killed when transduced with TCR8 but not with TCR alone 
(P < 0.0001; Fig. 6B, top left). TCR8+CD4+ T cells were better se-
quential killers than TCR+CD8+ T cells (P = 0.01) but as efficient 
as TCR8+CD8+ T cells (P = NS). TCR8+CD4+ T cells expanded sig-
nificantly better than TCR+CD8+ T cells (P = 0.002) and TCR8+CD8+ 
T cells (P = 0.015) upon tumor challenge (Fig. 6B, bottom, dotted 
lines). To further characterize the cytotoxic phenotype, we exam-
ined cytokine production 1 day after initial plating (D1) and after 
the third tumor challenge (D10). The cytokine production profile 
was not significantly altered in TCR+ versus TCR8+CD8+ T cells. 
However, CD4+ T cells produced a TH1-predominant cytotoxic 
cytokine pattern only when transduced with TCR8. TCR8+CD4+ 
T cells secreted multiple cytokines or lytic granules including IFN-, 
tumor necrosis factor–, perforin, or granzyme B, with levels com-
parable to TCR+ or TCR8+CD8+ T cells (Fig. 6C). These findings 
were corroborated by intracellular cytokine staining after tumor 
challenge (fig. S7A). Intracellular cytokines and cytotoxic protein 
levels correlated with CD45RO expression in accordance with the 
transcriptional overlap of TEM and cytotoxic populations based on 
scRNAseq data (fig. S7B and Figs. 3D and 4A). Despite down-regulation 
of CD62L resulting from the intracellular staining procedure, we 
detected an inverse correlation of CD62L+ cells with cytokine and 
cytotoxic protein production. Next, we tested the in vivo antitumor 
function of transgenic T cells in our leukemia xenograft model 
using NSG mice engrafted with BV173.ffLuc leukemia (Fig. 6D) 
(23). We observed significant leukemia control in mice treated with 
TCR+CD8+ T cells compared with NT controls and further en-
hancement in mice treated with TCR8+CD8+ T cells (NT versus 
TCR, P = 0.0002; NT versus TCR8, P < 0.0001; TCR versus TCR8, 
P = 0.01; Fig. 6E). TCR8+CD4+ T cells also significantly delayed 
leukemia progression compared with TCR+CD4+ T cells (P = 0.001; 
Fig. 6F), and TCR8+CD4+ T cells significantly better controlled tumor 
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growth compared with TCR8+CD8+ T cells (P = 0.01). Thus, TCR8 
expression enhances antitumor function of CD8+ T cells, confers 
cytotoxicity to CD4+ T cells, and TCR8+CD4+ T cells have the 
overall best antitumor activity in the mouse model in vivo.

DISCUSSION
With the goal of rigorously investigating the functional and tran-
scriptomic effects in different types of TCR-engineered therapeutic 
human T cells, we explored population and single-cell functional 
and transcriptomic properties of purified CD4+ and CD8+ T cells. 
The T cells were redirected to a class I–restricted TAA epitope with 
a survivin-specific TCR alone (TCR) (23) or in combination with 
the CD8 coreceptor (TCR8). The three main questions we 

addressed were (i) whether TCR8-redirected CD4+ and CD8+ 
T cells were functionally comparable (bulk and single-cell assays), 
(ii) whether single-cell transcriptomics could identify unique features 
in TCR8-redirected CD4+ and CD8+ T cells after expansion and 
coculture with tumor targets, and (iii) whether redirection with TCR 
or TCR8 modified the single-cell cytotoxic activity or transcriptome 
of cocultured CD8+ T cells.

We validated our experimental system by showing that CD4+ 
T cells are successfully redirected to the targeted survivin epitope by 
TCR8 transduction and that these redirected TCR8+CD4+ T cells 
killed HLA-A*0201+survivin+ BV173 leukemia target cells in a class 
I–restricted manner, corroborating previous studies that used other 
TCRs (1–6). At the bulk level, the redirected TCR8+CD4+ T cells 
were functionally comparable to TCR+ or TCR8+CD8+ T cells in vitro. 

Fig. 5. TCR8+CD4+ T cells are characterized by metabolic programs that support enhanced T cell performance. (A) t-SNE plot of OXPHOS-related genes [HUGO 
Gene Nomenclature Committee (HGNC) database group 639, four to five representative genes per complex]. (B) Mean expression pseudo time course of representative 
OXPHOS genes. (C) Absolute MFI values for mitochondrial membrane potential (left) and mass (right) determined by FACS (n = 7 to 8 independent donors, mean ± SD 
and individual values, Mann-Whitney U test). *P < 0.05 and ***P < 0.001. (D) t-SNE plot of glycolysis-related genes (KEGG database). (E) Mean expression pseudo time course 
of indicated genes. (F) t-SNE plot of FAO-related genes (KEGG database). (G) Mean expression pseudo time course of indicated genes.
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However, the single-cell killing assay in vitro as well as the mouse 
xenograft model in vivo revealed a significant benefit of the TCR8 
transgene compared with TCR alone in CD8+ T cells, mediating 
enhanced sequential killing capacity in vitro and better leukemia 
control in vivo. Most likely, the imbalance between available endog-
enous CD8 and transgenic TCR molecules in TCR+CD8+ T cells 
represents the limiting factor for efficient immunological synapse 

formation and antitumor function, as retroviral transduction results 
in expression of supraphysiologic copy numbers of the inserted 
gene(s) (36, 37). A similar effect has been previously reported upon 
transgenic expression of the four CD3 chains in TCR transgenic 
T cells (38). These findings indicate that forced expression of TCR8 
not only is a strategy to redirect CD4+ T cells against class I epitopes 
but also significantly enhances transgenic CD8+ T cell function.

A

D

E

F

B C

GZMB

Fig. 6. TCR8+CD4+ T cells efficiently kill and expand under stress conditions in vitro and in vivo. (A) Experimental setup of bulk sequential coculture stress test. 
(B) Sequential cocultures of CD4+ (left) or CD8+ (right) T cells. Quantification of tumor (top) and T cells (bottom) over time, with tumor cell rechallenge (+), n = 7. Number 
of tumor cell killings by condition: CD4+ T cells: NT 0 ± 0, TCR+ 0 ± 0, TCR8+ 3.2 ± 0.5; CD8+ T cells: NT 0 ± 0, TCR+ 1.3 ± 1.1, TCR8+ 2 ± 1.4. TCR+CD8+ versus TCR8+CD8+ T cells: 
P = 0.04; TCR8+CD4+ versus TCR+CD8+ T cells: P = 0.01; TCR8+CD4+ versus TCR8+CD8+ T cells: P = NS, t test. T cell expansion: TCR+CD8+ versus TCR8+CD8+: P = NS; TCR8+CD4+ 
versus TCR+CD8+: P = 0.002; TCR8+CD4+ versus TCR8+CD8+, P = 0.015, t test on log AUC. (C) Cytokine quantification in coculture supernatants 24 hours after first tumor 
challenge (D1) and 24 hours after third tumor challenge (D10), n = 6. Mean ± SD, *P < 0.05 and **P < 0.01. (D) Experimental setup mouse xenograft experiment. XRT, 
radiation; BLI, bioluminescence imaging; iv, intravenously. (E and F) BLI results from mice treated with (E) CD8+ T cells or (F) CD4+ T cells. BLI pictures show three representative 
mice per group, color scale 5 × 103 to 5 ×104 p/sec/cm2/sr (left) and summary of total flux (right). Nontransduced (NT) control T cells (n = 5, gray), TCR+ T cells (n = 5, blue), 
TCR8+ T cells (n = 5, green). Mean ± SD. **P < 0.01, ***P < 0.001, and ****P < 0.0001. t test on log AUC, day 28 for CD8+, day 35 for CD4+ T cells.
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Using scRNAseq, we identified various distinct transcriptionally 
defined T cell subpopulations. T cell lineage origin (CD4+ or CD8+) 
and cell state (fresh, expanded, or cocultured) had the strongest ef-
fects on spatial distribution of the cells in the t-SNE analysis. We 
focused our investigations on the changes occurring between the 
expanded and cocultured states, since we aimed to identify the DE 
genes and pathways in engineered T cells that are associated with 
enhanced T cell performance (sequential tumor killing, sustained 
T cell expansion, and enhanced in vivo cytotoxicity). We found that 
the most marked transcriptional changes occurred in TCR8+CD4+ 
T cells upon coculture. Sustained up-regulation of several pathways 
known to be crucial for long-term function of tumor-redirected 
engineered T cells were uncovered, such as cytotoxicity, co-
stimulation, OXPHOS, cell cycle, and proliferation, as well as a 
greater diversity of expressed transcription factors. Specifically, 
these pathways were initially up-regulated in both expanded CD4+ 
and CD8+ T cells, but only in cocultured TCR8+CD4+ T cells was 
their expression sustained. In addition, exhaustion-associated genes 
were lower in CD4+ compared with CD8+ T cell conditions. The sum-
mary of these findings points toward a complex interplay between 
pathways that overall lead to enhanced T cell performance.

Several associations between some of these pathways are well 
described in T cells. For example, costimulation through CD28 has 
been shown to be a key driver for enhancing glucose metabolism 
and mitochondrial activity in T cells, leading to formation of a 
functional memory T cell pool (39, 40). We found high CD28 mRNA 
and CD28 protein expression levels in CD4+ T cells, with a concomitant 
high expression of glycolysis-related genes and mitochondrial mass 
that was retained during coculture. The mitochondrial surplus 
present in human CD4+ T cells has previously been associated with 
resistance to cellular senescence compared with CD8+ T cells and 
may, therefore, contribute to better leukemia killing and proliferation 
of TCR8+CD4+ T cells (41). In addition, OXPHOS, a major metabolic 
pathway in long-term persisting memory T cells (42), was highly 
activated in TCR8+CD4+ T cells, which also preserved more cells 
with TCM phenotype by gene expression and protein levels compared 
with CD8+ T cells. A previous report has shown that CAR T cells 
signaling through the 41BB costimulatory endodomain predominantly 
use OXPHOS over glycolysis and are characterized by enhanced 
T cell proliferation and persistence (34). In addition, TCR8+CD4+ 
T cells retained a larger replicating cell population than CD8+ T cells 
and sustained expression of cell cycle genes, in line with the obser-
vation that TCR8+CD4+ T cells expanded better during sequential 
tumor challenges. Because all these beneficial properties can be 
categorized as CD4 lineage–related effects, a direct impact of CD4 
coreceptor signaling must also be considered. Both the CD4 and 
CD8 coreceptors are associated with LCK and mediate the activation 
of early TCR signaling. The amount of LCK associated with the 
CD4 coreceptor is between 10 and 20 times higher than LCK bound 
to the CD8 coreceptor (43). Thus, TCR8+CD4+ T cells may benefit 
from this higher availability of LCK during early TCR signaling 
events more than engineered CD8+ T cells. We also observed that 
TCR8+CD4+ cells produced low levels of interleukin-4 (IL-4) and 
IL-10 upon coculture, indicating a TH1/TH2 hybrid phenotype. 
These findings are in line with a recent paper evaluating the single-
cell transcriptome and cytokine production profile of CD4+ and 
CD8+ human T cells engineered with a third-generation CD19 CAR 
(44). In our TCR system, the TH1 phenotype and function predom-
inated, with a minor TH2 population that did not reduce antitumor 

function in vitro or in vivo. High expression of costimulatory 
molecules (CD28, SLAMF1, and CD70) combined with enhanced 
pLCK signaling upon target recognition may override the potentially 
inhibitory effects of IL-10. Together, these findings suggest that 
TCR8+CD4+ T cells are characterized by several lineage-specific 
advantages including high expression of costimulatory molecules, 
higher mitochondrial content, and an overall enhanced metabolic 
competitiveness during coculture, which enables better proliferation 
and functionality in the tumor microenvironment.

Transgene type (TCR or TCR8) only segregated CD8+ T cell 
populations upon coculture. The most marked common feature in 
cocultured TCR8+CD4+ and TCR8+CD8+ compared with TCR+CD8+ 
T cells was the preservation of a less differentiated phenotype by 
expression of TN-and TCM-associated genes that we confirmed by 
FACS. A significantly higher proportion of TCM cells were detected 
in cocultured TCR8+CD4+ and TCR8+CD8+ compared with TCR+CD8+ 
T cells. It has previously been shown that TN- or TCM-derived CD8+ 
T cells outperform more differentiated effector T cells upon adop-
tive transfer (45–47), and this phenotype is desired for adoptive 
T cell therapy (48). A larger population of less differentiated T cells 
in the TCR8+CD4+ or TCR8+CD8+ conditions may contribute to 
the observed enhanced antitumor function in vitro and in vivo. 
Sustained expression of CXCR4 on engineered T cells could be 
of particular interest when targeting hematologic malignancies, 
because CXCR4 mediates T cell homing to the bone marrow micro-
environment (49). TCR8 expression in CD8+ T cells also leads to an 
increased SLAMF1 expression and a higher mitochondrial mass 
compared with TCR+CD8+ T cells. Thus, additional CD8 coreceptor 
signaling may support the retention of some costimulatory molecules 
and mitochondrial homeostasis during coculture.

CD4+ T cells exert a great variety of functions in orchestrating 
efficient immune responses against infections and cancer, and their 
interplay with CD8+ T cells is of crucial importance (19, 50), as 
recently demonstrated by the adoptive transfer of CD4+ TH1 tumor-
infiltrating lymphocytes targeting tumor neoantigens, or by the 
infusion of CD19-CAR T cells with a defined ratio of CD4:CD8 
T cells (22, 51, 52). In a preclinical study evaluating the antitumor 
function of IL-13R2 CAR T cells against glioblastoma, CD4+ CAR 
T cells alone were more potent than CD8+ CAR T cells alone or 
mixed populations at defined CD4:CD8 ratios (53). Thus, functional 
CD4+ T cells should likely be incorporated into TCR transgenic 
T cell products for adoptive transfer, as CD4+ T cells can greatly 
contribute to tumor control and CD8+ T cell persistence after adop-
tive transfer. It needs to be evaluated whether purified CD4+ T cells 
or a more rigidly formulated product with a specific CD4:CD8 ratio 
is preferable for TCR T cell therapy. The data from the CAR T cell 
field indicate that tumor histology probably also plays a role in 
determining the best formulation of the infusion product. Healthy 
donor or patient origin of the starting material may also influence 
the overall functional outcome of the final product.

Overall, transgenic coexpression of the CD8 coreceptor had 
beneficial effects on the function of TCR8+CD8+ and TCR8+CD4+ 
T cells in vitro and in vivo. TCR8+CD4+ T cells are polyfunctional 
hybrid T cells with simultaneous cytotoxic effector functions and 
preserve native CD4+ T cell functions at the single-cell level. We 
uncovered previously unknown profound transcriptional changes 
that occur in TCR8+CD4+ T cells upon tumor challenge. The iden-
tified pathways are known to play crucial roles in the long-term 
persistence and antitumor function of engineered T cells in the tumor 
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microenvironment but have previously not been associated with 
CD8 coreceptor function. To summarize our findings, we propose a 
working model to explain how TCR8+-engineered CD4+ and CD8+ 
T cells exert their enhanced antitumor function (Fig. 7). TCR8+CD4+ 
T cells overall perform the best in our in vitro and in vivo screening 
assays. By scRNAseq and experimental validation, we propose that 
this enhanced performance is due to transcriptional changes in 
several pathways known to be critical for long-term antitumor activity 
of adoptively transferred T cells, including cytotoxicity, costimulation, 
metabolic programs, cell differentiation, exhaustion, and proliferation. 
Our study sheds light on the molecular consequences of CD8 
coreceptor overexpression in combination with a transgenic tumor-
targeted TCR and has the potential to guide the future development 
of enhanced engineered T cell therapies for clinical translation.

MATERIALS AND METHODS
Cell lines
BV173 cells were purchased from the German Cell Culture Collection 
(DSMZ), and K562, CEM-T2 (TAP transporter deficient), and 293T 
were obtained from the American Type Culture Collection (ATCC). 
Cells were maintained in complete RPMI 1640 or IMDM (Iscove’s 
modified Dulbecco’s medium) (Hyclone, Thermo Scientific, and 
Gibco) supplemented with 10 or 20% fetal bovine serum (FBS; 
Hyclone, Biowest, Merck, or Gibco), 1% penicillin-streptomycin 
(Gibco), and 1% glutaMAX (Gibco). 2-Microglobulin knockout 
(B2M-KO) BV173 cells were generated using the CRISPR-Cas9 
technology as previously described (54). In brief, a B2M single-
guide RNA (5′–GGCCACGGAGCGAGACAUCU–3′, Synthego) 
and recombinant Cas9 protein (CP01 and PNA Bio), 1 g each, were 
mixed at room temperature and used to electroporate 0.15 × 106 
BV173 cells (three pulses of 1600 V for 10 ms, Neon Transfection 

System, Invitrogen). Electroporated cells were expanded in antibiotic-
free medium and FACS sorted to greater than 98% purity for 
HLA-A2–negative cells. For in vivo xenograft experiments, BV173 
cells modified to express the firefly luciferase (BV173.ffLuc) cells 
were used as previously described (23).

Blood samples from healthy donors
Buffy coats were obtained from deidentified healthy human 
volunteers at the Gulf Coast Regional Blood Center (Houston, TX, 
USA) or at the Center of Interregional Blood Transfusion SRK Bern 
(Bern, Switzerland).

Generation of retroviral vectors and supernatant
The retroviral vector expressing the survivin-specific (s24) TCR has 
been previously described (23). Genes encoding for the human CD8 
(Uniprot P01732) and CD8 isoform 1 (M1, Uniprot P10966-1) 
chains, separated by a 2A sequence, were synthesized by GeneArt 
(Invitrogen). They were either cloned as such into the SFG retroviral 
vector backbone or in combination with the TCR, resulting in a 
polycystronic vector expressing all four genes, separated by different 
2A sequences (Fig. 1A) (In-Fusion HD Cloning Kit, Clontech). 
Transient retroviral supernatant was prepared by transfection of 
293T as described (36).

Generation of transgenic T cells
Peripheral blood mononuclear cells (PBMCs) were isolated from 
healthy donor buffy coats using density gradient centrifugation by 
Lymphoprep (Accurate Chemical and Scientific Corporation). 
Polyclonal CD4+ and CD8+ T cells were positively selected from 
PBMCs with microbeads (Miltenyi Biotech or STEMCELL Technologies 
Inc.) and activated in non–tissue culture–treated 24-well plates 
(Corning) coated with OKT3 (purified from hybridoma CRL-8001, 

A

B

Fig. 7. TCR8+CD4+ T cell performance is characterized by sustained expression of diverse transcriptional programs. (A) Summary of the main findings identified 
by scRNAseq in cocultured cytotoxic engineered CD4+ and CD8+ T cells. (B) Summary of main findings from in vitro and in vivo functional assays and overall engineered 
T cell performance. Low to high intensity of red indicates low to high T cell function.
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ATCC, or BioLegend) and anti-CD28 antibody (BD Biosciences or 
BioLegend), and IL-7 and IL-15 (10 ng/ml each; R&D Systems or 
Miltenyi) for 3 days and transduced as described (36). Cells were 
expanded for 7 to 10 days after retroviral transduction in IL-7 and 
IL-15 before use in experiments. T cells were cultured in a 1:1 mix-
ture of RPMI 1640 and Click’s media (Hyclone) or RPMI, complete 
with 10% FBS (Hyclone, Biowest, Merck, or Gibco), 1% penicillin-
streptomycin, and 1% GlutaMAX.

Immunophenotyping
Extracellular surface staining was performed with antibodies or 
dextramer listed in table S4 for 30 min at 4°C. 7-AAD (7-amino-
actinomycin D) (BD Biosciences), DAPI (4′,6-diamidino-2-
phenylindole), or Zombie UV (BioLegend) was used to exclude 
dead cells. To evaluate LCK phosphorylation, T cells were stimu-
lated with BV173 cells (1:1 ratio) or Staphylococcus aureus entero-
toxin B (0.1 g/ml; Millipore Sigma, as a positive control) for 30 min 
at 37°C. Indirect intracellular staining was performed using anti-
human phospho-LCK (Y394) (clone: 755103, R&D Systems) and 
anti-mouse IgG-NL557 Abs (R&D Systems) according to the 
manufacturer’s recommendations. Intracellular staining for all other 
markers was performed by first blocking cytokine secretion with 
GolgiStop and GolgiPlug (BD Biosciences) followed by dividing 
cells into three groups: (1) nonstimulated, (2) stimulated with PMA 
(10 ng/ml) and ionomycin (500 ng/ml), and (3) stimulated with 
BV173 cells at a 1:1 ratio. Cells from each condition were incubated 
for 4 hours at 37°C and subsequently stained for extracellular markers 
(table S4). After fixation and permeabilization with Cytofix/Cytoperm 
(BD Biosciences), cells were washed with FACS buffer containing 
0.1% saponin and stained for intracellular markers (table S4). Groups 
1 and 2 served as negative and positive control for the staining re-
spectively, while data from group 3 were used for the report of in-
tracellular proteins. To analyze the mitochondrial mass, T cells 
were treated with or without 10 M oligomycin A for 2.5 hours 
and then stained with 100 nM MitoTracker Green (Thermo Fisher 
Scientific) for 15 min at 37°C for mitochondrial mass. Anti-hCD4 
(clone: RPA-T4, BioLegend), anti-hCD8 (clone: SK1, BioLegend), 
and LIVE/DEAD Violet Stain (Thermo Fisher Scientific) were used 
to set analysis gates. Samples were acquired on a FACSCanto or 
SORP-LSRII (BD Biosciences) with BD FACSDiva software and an-
alyzed with FlowJo software (Tree Star Inc.).

Peptides and IFN- ELISpot
The survivin variant peptide LMLGEFLKL(96–104) was obtained 
from Genemed Synthesis. T cells (105 TCR transgenic T cells) were 
plated in triplicates and stimulated 1:1 with peptide pulsed CEM-T2 
cells (10−4 to 10−10 M). Plates were incubated at 37°C/5% CO2 
overnight and developed as previously described (23); spot-forming 
cells (SFCs) were enumerated by ZellNet.

Sequential coculture assay
T cells and BV173 cells were cocultured in four replicate wells at E:T 
ratio of 1:5 with no exogenous cytokines. Coculture supernatants were 
harvested 24 hours after initial plating and stored at −80°C for cytokine 
analysis. Every 3 to 4 days of coculture, remaining T cells and BV173 cells 
were enumerated by FACS and CountBright beads (Life Technologies). 
To assess the sequential killing ability of the remaining T cells, fresh 
BV173 cells (1 × 106) were added back to untouched replicate wells 
if less than 1 × 105 residual tumor cells remained per well.

Cytokine multiplex assay
Cytokine concentrations in coculture supernatants were quantified 
in duplicates using the MILLIPLEX Human CD8+ T Cell Magnetic 
Bead Panel (EMD Millipore) and analyzed with the Luminex 200 
instrument (Luminex).

NTAmer staining and kinetic TCR-ligand dissociation assay
Two-color reversible NTAmers were synthesized and used for off-rates 
measurements as described (24). T cells were incubated for 40 min at 
4°C with HLA-A*02:01/survivinLML

96–104–specific (LMLGEFLKL) 
NTAmers, composed of Cy5-labeled pMHC monomers and streptavidin–
phycoerythrin (PE) scaffolds. After washing, 2 × 105 T cells were suspended 
in 200 l of ice-cold FACS buffer. Baseline geometric mean fluorescence 
(Cy5) was first measured for 30 s under constant temperature control 
using a thermostat device (4°C) on a SORP-LSR II flow cytometer 
(BD Biosciences), following gating on fluorescein isothiocyanate–
conjugated live transgenic TCR+ T cells. Upon addition of imidazole 
(200 mM), the streptavidin-PE NTA4 scaffold molecules rapidly decay 
(2 to 3 s), enabling direct measurements of the Cy5-pMHC monomeric 
dissociation from the TCR complex, which were recorded during 2 min 
at 4°C. Data were processed using the kinetic module of FlowJo software 
(v.9.6, Tree Star Inc.) as described previously (24). Normalized (Cy5) 
gMFI values for each cell type were plotted against time (s) after 
substraction of nonspecific background staining from the respective 
nontransduced CD4 and CD8 T cells (GraphPad Prism v6). Monomeric 
dissociation rates best fitted a one-phase exponential decay equation, 
from which koff and half-lives (t1/2) were determined.

Time-lapse imaging microscopy in nanowell grids
The fabrication of nanowell arrays and the single-cell cytotoxicity 
assay were performed as described previously (32, 55). Briefly, the 
nanowell array was fixed on a 50-mm glass-bottom petri dish (Ted 
Pella). T cells (effector) and BV173 cells (target) were labeled with 
PKH67 Green and PKH26 Red dyes (2 M; Sigma-Aldrich), respectively. 
Effectors and targets were then loaded sequentially onto nanowell 
arrays (106 cells/ml), and the array was incubated at 37°C/5% CO2, 
in phenol red–free media containing annexin V Alexa Fluor 647 
(Invitrogen). The cells were monitored using an Axio Observer 
(Carl Zeiss) fitted with a Hamamatsu digital scientific CMOS 
camera using a 20× 0.8 numerical aperture objective for 9 hours at 
5-min intervals. The images were processed using a combination of 
manual tracking and the implementation of an in-house algorithm 
for cell tracking and segmentation (31).

Mouse xenograft model
Female NOD-SCID-c−/− (NSG) mice (6 to 8 weeks old) were purchased 
from the Jackson laboratory and housed at the Baylor College of Medicine 
Animal Facility. Sublethally irradiated (120 cGy) mice were infused 
intravenously (tail vein) with 3 × 106 BV173.ffluc cells per mouse 4 to 
6 hours later. Leukemia burden was monitored by bioluminescence 
imaging (BLI) (photons/second/cm2/sr) using the Xenogen in vivo 
imaging system (IVIS) (Caliper Life Sciences). Three T cell infusions 
(5 × 106 transgenic cells or controls per mouse, every 2 to 3 days) were 
administered intravenously (tail vein or retro-orbital) beginning 24 hours 
after tumor injection. Leukemia growth was monitored weekly by BLI.

Study approval
All animal studies were reviewed and approved by the Institutional 
Animal Care and Use Committee (IACUC) of Baylor College of Medicine.
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Statistics
Data were summarized using descriptive statistics. Areas under the 
curves (AUCs) were calculated using trapezoidal rule for T cell 
frequencies and bioluminescence intensity over time. Comparisons 
were made between groups using t test for continuous variables. 
Normality assumption was examined, and log transformation 
was performed if necessary to achieve normality. Alternatively, 
Mann-Whitney U test (nonparametric t test) was applied on data 
with no normal distribution. Survival analysis was carried out using 
the Kaplan-Meier method. The log-rank test was used to analyze 
TIMING assay results. GraphPad Prism 5 or higher (GraphPad Software 
Inc., La Jolla, CA), SAS 9.4, and R 3.3.2 were used for statistical analy-
sis. P values <0.05 were considered statistically significant.

Sample preparation for scRNAseq
PBMCs from one healthy donor buffy coat were isolated by density 
gradient centrifugation with Lymphoprep. Polyclonal CD4+ and 
CD8+ cells were positively selected with microbeads (STEMCELL 
Technologies) (day 0). For the analysis of “fresh” cells, CD4+ and 
CD8+ selected cells were cryopreserved on day 0 and thawed for 
scRNAseq on day 21. They were processed for scRNAseq at the 
same time as the T cells isolated from the “cocultured” condition. 
For the analysis of “expanded” cells, CD4+ and CD8+ selected cells 
were activated on non–tissue culture–treated plates coated with 
OKT3 and anti-CD28 antibody in the presence of IL-7 and IL-15 
(10 ng/ml) for 3 days. Cells were then transduced with retroviral 
supernatants and expanded in media with IL-7/15. On day 9, 
transgenic cells were enriched by positive selection after staining 
with anti-mouse TCR PE antibody (BioLegend) and anti-PE mi-
crobeads (Miltenyi), further expanded until day 14, and processed 
for scRNAseq. For the analysis of cocultured cells, transgenic T cells 
were cocultured with BV173 cells at an effector-to-target ratio of 1:1 
for 4 days (from day 17 to 21). FACS analysis was performed to 
assess tumor cell killing. In conditions with complete tumor cell 
killing (TCR8+CD4+ and TCR8+CD8+ T cells), dead cells and debris 
were removed with a dead cell removal kit (Miltenyi). In the case of 
residual tumor cells (TCR+CD8+ T cell condition), residual CD19+ 
BV173 cells were removed with CD19 magnetic beads (Miltenyi). 
TCR+CD4+ T cells did not kill leukemia cells and could not be 
analyzed by scRNAseq due to tumor cell overgrowth. Figure 2A 
summarizes the experimental setup.

Sample processing, library preparation, and sequencing
Cells for scRNAseq were processed at two time points, day 14 
(expanded cells, four samples) and day 21 (fresh and cocultured 
cells, five samples). After cell purification, T cells were resuspended 
in RPMI supplemented with 10% FBS, strained to remove aggregates, 
and loaded into a Chromium Single Cell Controller (10× Genomics, 
Pleasanton, CA) in a chip together with beads, master mix reagents 
(containing RT enzyme and poly-dt RT primers), and oil to generate 
single-cell–containing droplets. Single-cell gene expression libraries 
were then prepared using Chromium Single Cell 3′ Library & Gel 
Bead Kit v2 (PN-120267) following the manufacturer’s instruction 
(protocol CG00052 Rev. E). Quality control was performed with a 
TapeStation 4200 (Agilent) and QuBit double-stranded DNA 
high-sensitivity assay (Thermo Fisher Scientific) following the 
manufacturer’s instructions. Encapsulation and library preparation 
were performed at the genomics facility of the Ecole Polytechnique 
Federale de Lausanne. Next-generation sequencing was performed 

at the iGE3 Genomics Platform at the University of Geneva on a 
HiSeq 4000 (Illumina), using a PE100-100 sequencing configuration.

scRNAseq data analysis
Data processing on cellRanger software
Mapping, counting, and aggregation of sequencing reads were 
performed in cellRanger software v2.2.0 (10X Genomics). The human 
genome “GRCh38” was modified to include the sequences for the TCR 
and CD8 transgenes using the function “mkref” with modified 
fasta and gtf files. The function “count” was used for read alignment 
and count estimation, the parameter “--expect-cells” was used with 
the respective number of processed cells for each sample, and cells 
were selected with the default UMI (unique molecular identifier)  
filter method. The samples were aggregated using the function 
“aggr” with default parameters. The data were converted into a 
SingleCellExperiment object from the SingleCellExperiment R package.
Quality control and data normalization
Cells with more than 5 mitochondrial genes or less than 10 ribo-
somal genes were filtered out, as well as 273 cells from two small 
populations that were annotated as B cells or dendritic cells, leading 
to a total of 25,474 T cells for analysis. Genes expressed in less than 
10 cells were removed leaving 16,858 genes in the dataset for analy-
sis. Gene expression was normalized with the R package “scran.” 
The parameters “min.mean=0.1” and “min.size=100” were used 
for the “quickCluster.” Sum factors were computed with “min.
mean=0.1” and used for normalization. Because of important dif-
ferences in total number of reads between samples, we further used 
housekeeping (HK) genes for normalization. Median expressions of 
five HK genes (“C1orf43,” “PSMB4,” “RAB7A,” “SNRPD3,” and 
“VPS29”) in each sample were calculated, and the average was used 
as normalizing factors specific for each sample (56).
Dimension reductions
Dimension reductions were performed using the R package “scater” 
(57). Principal components analysis (PCA) was performed using 
the function “runPCA” with the following parameters: “ncompo-
nents=50,” “ntop=1000,” “method=irlba,” and “scale_features=​
FALSE.” Next, t-SNE was performed using the function “runTSNE” 
with the following parameters: “perplexity=90,″ “use_dimred = 
‘PCA’,” “normalize=FALSE,” and “scale_features=FALSE.” On 
the basis of the t-SNE coordinates, the cells were clustered using 
the function “buildSNNGraph” from the R package “scran,” with the 
parameter “k=100.″
Differential gene expression
All differential expression analyses were performed in “Seurat” (58). 
The function “FindMarkers” was used for pairwise comparison 
between groups of cells (samples or clusters). A log fold change (fc) 
threshold of 0.25 (~1.28 fc) was applied in later steps to select genes 
as DE.
Analysis of T cell differentiation subsets
To identify the T cell differentiation subsets (TN, TCM, TEM, and 
TEFF), we only considered genes with known progressive expression 
change across subsets (30). From the 457 genes listed in the paper by 
Gattinoni et al. (30), we selected the genes expressed in at least 10% 
of all single cells of our samples (table S3). In addition, the genes 
annotated to the gene ontology term “cell cycle” (GO_0007049) were 
filtered out. This led to a final list of 178 genes, which were used for 
subsequent clustering. Pearson correlation was calculated between 
all cells within groups defined by their cell type and state: CD4 or 
CD8 fresh, CD4 or CD8 expanded, and CD4 or CD8 cocultured. 
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For each group, the cells were clustered using hierarchical cluster-
ing with “ward.D2” method and selecting k=4 clusters. To associ-
ate each cluster to a subcellular type, the mean expression of a list of 
genes known to vary between TN, TCM, TEM, and TEFF (table S3) was 
used, and these genes were ranked from #1 to #4 across the four 
clusters in each sample. In each sample, the clusters were assigned 
to cell states based on the optimal correspondence with the ranking 
of the genes in our list (fig. S6).
Data visualization
Figures were generated in R with the “ggplot2” package. t-SNE plots 
for gene markers were complemented with contour lines (function 
“geom_density_2d”) to highlight the regions with the highest gene 
expression. Violin plots were generated in “scater” using the func-
tion “plotExpression.” Results of enrichment analyses were plotted 
using the function “dotplot” (59). Gene sets were built for a large set 
of signatures, ranging from cell state and type, to molecular func-
tion and biological process (pathways). The sets for metabolic path-
ways were obtained from the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) (https://www.genome.jp/kegg/) or reactome 
(https://reactome.org) databases. Gene sets used for characteri-
zation of T cell phenotypes are summarized in table S3.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/27/eaaz7809/DC1
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