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Supplementary Methods: 

Cell lines and primary cells. 

HEK293T subclone 17 (hereafter referred to as 293T) and J76 cells were from the 

ATCC. 293T cells were maintained in maintained in DMEM supplemented with 4.5 g/l 

D-glucose, L-glutamine, 10% heat-inactivated fetal calf serum (HI-FCS), penicillin (50 

units/ml), and streptomycin (50 μg/ml) (P/S). J76 cells were maintained in RPMI 1640 

supplemented with L-glutamine, 10% HI-FCS and 1% P/S. 

PBMC were isolated from cone blood samples provided by the NHS Blood and 

Transplant service (London, UK) by Ficoll gradient centrifugation. T cells were 

enriched using Pan T cell isolation kits (Miltenyi). In all stimulation experiments, 

PBMC or T cells were maintained in X-VIVO 15 supplemented with 5% heat-

inactivated human AB serum, 1 mM sodium pyruvate in the presence of IL-2 (100 

U/ml) and IL-15 (10 ng/ml) for 7 days, unless specified otherwise. In experiments 

where cell proliferation was monitored, T cells were labelled with Cell Trace Violet 

(CTV, 1 µg/ml) prior to stimulation. 



All cell culture reagents were from Thermo Fisher, except FCS, human AB serum, 

Toxic shock Syndrome Toxin-1 (TSST-1) (Merck); recombinant human IL-2 (Novartis 

Pharmaceuticals, via Guy’s Hospital); and recombinant human IL-15 (Biolegend). 

Antibodies 

Commercial antibodies used in this study for cell stimulation, flow cytometry and 

CITE-Seq are listed in Supplementary Table 8. Humanized antibodies against TRBV5-

1, TRBV6-5, TRBV12-3/4 and TRBV20-1 were derived from available mouse 

monoclonal antibodies (REA1062, Miltenyi; H131, Biolegend; I6G8, Thermo Fisher; 

and MPB2D5, Beckman Coulter; respectively) and defined as Parental (PAR). 

The TRBV6-5 antibody was optimized for affinity, cross-reactivity to non-human 

primates and stability using molecular evolution strategies. Three rounds of molecular 

evolution using five different phage/yeast libraries were employed. Each round 

constituted creating a DNA library of scFv mutants, expressing the library on the 

surface of M13 filamentous phage and/or yeast (Saccharomyces cerevisiae), enriching 

the phage or yeast population for improved clones by incubating the library at different 

conditions (low antigen concentration, competition for scarce antigen in the presence 

of excess competitor, high-temperature stress) nonpermissive for the parental clone 

followed by high-throughput individual clone screening by ELISA and/or flow 

cytometry. For the thermostability branch, prior to incubation with 10 nM antigen, 

library phage was incubated at temperatures at or above the Tm. For affinity screens, 

bacterial periplasmic extracts containing soluble scFv mutants were tested by ELISA 

against coated huTRBV6-5 and cynomolgus TRBV antigen in the absence (direct 

ELISA) and presence of excess parental antibody (competitive ELISA). The final 

clones derived from the screens were cloned into an expression vector that allowed 

generation of monovalent scFv-Fc fusion. Following purification, antibodies were 



tested for binding to human and cynomolgus antigen by Surface plasmon resonance 

and thermostability by Differential scanning fluorimetry. The variant that showed the 

best human/cynomolgus cross reactivity and thermal stability (defined as affinity 

matured, AM) was chosen as lead for further studies. 

For cell stimulation, tissue culture plates were coated with antibodies (10 µg/ml unless 

specified otherwise) in PBS for 1 h at 37˚C, then washed twice with PBS. 
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Supplementary Figure 1 (continued)

E

0

50

100

0 1 2 3 4 5 6 7
0

50

100

0 1 2 3 4 5 6 7
0

50

100

0 1 2 3 4 5 6 7
T5
3E

N
or

m
al

iz
ed

 a
-T

RB
V 

M
FI

(a
s %

 o
f w

t T
CR

 c
on

tr
ol

)

G6
2P

R6
7L

S7
0F

R7
3S

T8
0A 5-4 N5

2R I55
L

D5
7R

E6
2K

K6
8A

K7
8E 12

-3
K5
5E K6

4I
L6
8P

A7
2P

L7
6F

S8
3N 29

-1

F

R73S

R73S

S70FT53E

G62P

R67L
T80A

S70FT53E

G62P

R67L
T80A

a-TRBV5-1PAR

a-TRBV5-1REA1062

K55E

K64I

L68P
S83N

A72P

L76F

K55E

K64I

L68P
S83N

A72P

L76F

a-TRBV20-1PAR

a-TRBV20-1MPB2D5

gMFI (of wt):
≥95%
5-95%
≤10%

I55L

E62K

N52R

K68A

K78E

a-TRBV12-3/4PAR

a-TRBV12-3/4I6G8

I55L

D57R

E62K

N52R

K68A

K78E

PAR REA1062a-TRBV5-1: PAR I6G8a-TRBV12-3/4: PAR MPB2D5a-TRBV20-1:

D

PE-Cy7 a-CD3e AF647 a-hIgG + a-TRBV6-5PAR AF647 a-hIgG + a-TRBV6-5AM AF647 a-mIgG + a-TRBV6-5H131
0 103 104 105102 0 103 104 105102 0 103 104 105102 0 103 104 105102

Mock

6-5

6-5T15I

6-5Q57K

6-5N65Y

6-5R77E

6-5L79E

6-5S80L

6-6

D57R



Supplementary Figure 1. Analysis of the binding of a-TRBV antibodies. 

A. Flow cytometry analysis of the interference between a-TRBV and a-CD3e 

antibodies. Dot plots (top row) show the gating strategy. Overlayed histograms (bottom 

row) show the consistently lower a-CD3e staining of cells co-stained by each a-TRBV 

antibodies (blue) compared to other subsets (black). Numbers indicate a-CD3e MFI. 

Representative of 15 donors. B. Full TCR complex structure showing that the accessible 

region of the Vb domain (grey) is located on the same side as and on top of the CD3e 

subunits (dark blue), suggesting that the binding of a-TRBV antibodies interferes with 

a-CD3e staining. Derived from PDB 6JXR (69). CDR1, CDR2, CDR3 and HV4 

regions are highlighted in green, yellow, cyan and magenta, respectively. C. J76 cells 

expressing the indicated TCR were stained for CD3 expression without (Control) or 

with prior incubation with increasing doses of the indicated antibodies. Primary flow 

cytometry histograms for the maximum dose (100 µg/ml) and summary data are shown 

on the top and bottom rows, respectively. Representative of two independent 

experiments. D. Representative histograms showing the staining of the indicated 

TRBV6-5 variants and TRBV6-6 negative control by the indicated antibodies. Related 

to Fig 1C. E. Summary flow cytometry analysis of the staining of the indicated TRBV5-

1, TRBV12-3 and TRBV20-1 mutants and their respective negative controls (TRBV5-

4, TRBV12-5 and TRBV29-1). MFI were normalized to that of a-CD3e and expressed 

as % of the wild-type (wt) control stainings. Representative of 3 independent 

transductions. F. Mapping of the aminoacids mutated in D. The Vb domain structures 

were derived from PDB 5BRZ (TRBV5-1) (70), 6UK4 (TRBV12-3) (71), and 4PJ8 

(TRBV20-1) (72). The CDR1, CDR2, CDR3 and HV4 regions are highlighted in green, 

yellow, cyan and magenta, respectively. 
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Supplementary Figure 2. Functional assessment of a-TRBV antibodies.	

A-C. J76 cells co-expressing a TRAV24+ TCRa chain and a (A) TRBV5-1+ (J76.6-5) 

or TRBV5-4+ (J76.5-4), (B) TRBV12-3+ (J76.12-3) or TRBV12-5+ (J76.12-5), (C) 

TRBV20-1+ (J76.20-1) or TRBV29-1+ (J76.29-1) TCRb chain we incubated for 4 h at 

37˚C with increasing concentrations of the indicated plate-bound antibodies, then 

stained for analysis of CD69 upregulation by flow cytometry. Representative of 2 

independent experiments. D. Purified T cells were cultured as in Fig 2C,D without 

(Unstim) or with the indicated a-TRBV antibodies then stained for the indicated 

activation markers for analysis by flow cytometry. Percentages of positive cells and 

MFI were determined after gating on total T cells (Unstim) or the subsets corresponding 

to the a-TRBV antibodies. Data are shown as mean +/- SD. ns, not significant; *, 

p<0.05; **, p<0.01; ***, p<0.001 (paired ANOVA with Dunnett’s method, comparing 

a-TRBV6-5AM to every other condition individually). E. Purified T cells were stained 

for CD25 and PD-1 after culture as in Fig 2C,D without (Unstim, top row) or with plate-

bound a-TRBV6-5AM (middle and bottom rows) at the indicated time points for 

analysis by flow cytometry. The bottom row shows CD25 and PD-1 expression in a-

TRBV6-5AM-stimulated cells at the indicated time points, after gating on TRBV6-5+ 

cells. Representative of n=4 donors. F. Summary data of PD-1 expression (% positive 

cells, top; MFI, bottom) by CD25+ total T cells for all 4 donors, shown as mean +/- SD. 

ns, not significant; *, p<0.05; p<0.01; ***, p<0.001 (paired ANOVA with Dunnett’s 

method). 
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Supplementary Figure 3. Specific expansion of Vb subsets. 

A. Purified T cells from 3 donors were analysed for TRBV usage by TCR sequencing 

before (Unstim Baseline) or after expansion with the indicated antibodies for 7 days 

and supplemented with IL-2 for another 4 days (11 days total) to evaluate the specific 

TRBV subset enrichment driven by a-TRBV6-5PAR and a-TRBV6-5AM antibodies. B. 

Sequencing data from A was further analysed for J usage in TRBV6-5+ sequences only, 

to verify that a-TRBV6-5 antibodies do not drive a clonal expansion compared to a-

CD3e antibodies. C. Representative cell cycle analysis contour plots from one donor, 

related to Fig 3C. D. Representative contour plots for one donor (C023) showing 

proliferation (CTV dilution) in CD25+ (activated) CD4 (left) and CD8 (right) cells 

following a 5-day culture without (Unstim) or with the indicated plate-bound 

antibodies. Related to Fig 3D. 
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Supplementary Figure 4. Evaluation of effector responses.	

A. Summary data of intracellular IFN-g staining in CD4+ (left) and CD8+ (right) cells 

at 72, 120, and 168 h post-stimulation. Related to Fig 4B. B,C. Purified T cells from 

n=5 donors were cultured as in Fig 2C,D without (Unstim) or with the indicated plate-

bound antibodies and supernatants were collected at the indicated time points to 

evaluate the cumulative secretion of IL-4 (B) and IL-17 (C) over the indicated time 

points by flow cytometry using the TH response and anti-viral response Legendplex 

assays, related to Fig 4C. The complete Legendplex dataset is provided in 

Supplementary Table 2. D. Representative contour plots for one donor showing GM-

CSF and TNFa expression (right columns) after gating on IFNg+ CD4 and CD8 cells 

(left columns). Related to Fig 4D. E,F. Purified T cells were cultured as in Fig 2C,D 

without (Unstim) or with the indicated plate-bound antibodies for 7 days then stained 

intracellularly for T-BET or a matching isotype control for analysis by flow cytometry 

in CD4 (left) and CD8 (center) cells, and for FOXP3 or a matching isotype control for 

analysis by flow cytometry in CD4 (right) cells. Representative plots of n=8 donors are 

shown in E. Summary data in F are shown as mean +/- SD. ns, not significant; *, 

p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 (paired ANOVA with Dunnett’s 

method, a-TRBV6-5AM to every other condition individually). 
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Supplementary Figure 5. “CM-like” phenotype as a function of proliferation.	

A. Purified T cells were labelled with CTV then cultured for 5 days with plate-bound 

a-CD3ehSP34 as in Fig 2C,D, then stained for CD45RA, CCR7, and CD25 to determine 

the proportion of naïve and memory phenotypes as a function of the level of activation 

and proliferation by flow cytometry. Representative contour plots for CD45RA vs. 

CCR7 (right) expression by TRBV6-5+ cells after gating (red block arrow) on the 

CTVHICD25NEG (non-activated), CTVHICD25+ (low proliferation), CTVMEDCD25+ 

(moderate proliferation), and CTVLOCD25+ (robust proliferation) subsets (left) for CD4 

(top row) and CD8 cells (bottom row) are shown for one donor. B. Summary data of 

the relative percentages of CM and EM cells in the indicated CTV/CD25 gates 

(CTVHICD25NEG cells were omitted due to the very low number of CM and/or EM 

events in some cases) for n=3 donors, identified by colour-coding. 
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Supplementary Figure 6. Transcriptomics- and flow cytometry-based analysis of 

a-TRBV-stimulated cells.	

A. Expression of the indicated genes visualised in the UMAP (top row) and as violin 

plots (imputed expression, bottom row). Log2FC, Log2 fold-change; ****, p<0.0001 

(Wilcoxon rank sum test with Bonferroni correction, from the DEG analysis). Related 

to Fig 6D. B. Representative flow cytometry histograms showing the expression of 

CD127 at the indicated time points and in the indicated cell subsets from one donor. 

Numbers in italic indicate MFI. Related to Fig 6E. C. Representative flow cytometry 

contour plots showing the intracellular expression of TCF1 and cell-surface expression 

of KLRG1 and for one donor. Related to Fig 6G (TCF1) and Fig 6I (KLRG1). D. 

Expression of KLF2 visualised in UMAP plots (top row) and violin plots (imputed 

expression, bottom row). Log2FC, Log2 fold-change; ****, p<0.0001 (Wilcoxon rank 

sum test with Bonferroni correction, from the DEG analysis). E,F. Expression of 

PRDM1 (BLIMP1) and BCL6 visualised in UMAP plots (E) and their co-expression in 

scatterplots (imputed expression, F). 
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Supplementary Figure 7 (continued)
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Supplementary Figure 7. Identification of a-TRBV-regulated transcription 

factors.	

A. Waterfall plot showing the Log2FC of transcription factors differentially expressed 

in a-TRBV6-5AM-targeted versus -non-targeted cells in CD4 (top) and CD8 (bottom) 

cells. Related to Fig 7A. B. Waterfall plot showing the Log2FC of transcription factors 

differentially expressed in a-TRBV6-5AM-stimulated cells, comparing CD25+ versus 

CD25NEG CD8 cells. Related to Fig 7A. C. Violin plots showing the expression of IRF4 

(imputed expression). Log2FC, Log2 fold-change; ****, p<0.0001 (Wilcoxon rank 

sum test with Bonferroni correction, from the DEG analysis). D,E. Purified T cells were 

cultured for 7 days without (Unstim) or with the indicated plate-bound antibodies then 

intracellularly stained for analysis of IRF4 expression by flow cytometry, after gating 

on CD4 or CD8 cells (right and left columns respectively). Plots representative of n=6 

donors are shown in D. Summary data in E are the mean of the percentage of IRF4+ 

(top row) cells, and their MFI (bottom row). ns, not significant; *, p<0.05; **, p<0.01; 

***, p<0.001 (paired ANOVA with Dunnett’s method, comparing a-TRBV6-5AM to 

every other condition individually). 

 

 

 

 

 

 

 

 

 



Supplementary Figure 8
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Supplementary Figure 8. Comparison of a-TRBV20-1 versus TSST-1. 

A. J76 cells co-expressing a TRAV24+ TCRa chain and a TRBV6-5+ (J76.6-5) or 

TRBV20-1+ (J76.20-1) TCRb chain were preincubated for 30 mins at 4˚C with the 

indicated doses of TSST-1, then stained with the corresponding a-TRBV antibody 

(flow histograms; a-TRBV6-5PAR, left; a-TRBV20-1PAR, right). Scatter plot shows the 

median fluorescence intensity (MFI) of TCR staining as the mean of triplicate stainings. 

Representative of two independent experiments.  B. Summary data analysis of the 

CM:EM phenotype ratio after culture with a-TRBV antibodies (closed symbols) and 

superantigens (open symbols), relative to the Unstim baseline indicated by the red 

dashed line; data points above or below this line are indicative of a bias towards a CM 

or EM phenotype, respectively. Symbol shapes each correspond to one donor. Related 

to Fig 7A,B. C. Comparison of the epitopes mapped for a-TRBV20-1PAR and binding 

site of TSST-1 onto TRBV20-1 (derived from (72) and (73)). 

 

Supplementary Tables Legends: 

Supplementary Table 1. Crystal structure data collection summary. 

Data collection and refinement statistics for crystal structure determination of anti-

TRBV6-5AM antibody bound to TRBV6-5~TRAV12-3. Statistics for the highest 

resolution shell are shown in parentheses.	

 

Supplementary Table 2. Quantification of cytokine production. 

Complete cytokine secretion analysis data using the LegendPlex Human TH and Anti-

Virus Response panels, related to Fig 4C and Supplementary Fig 4B,C. Data are the 

mean of technical duplicates and expressed as ng per 105 T cells. 

 



Supplementary Table 3. Differentially Expressed Genes analysis comparing 

Clusters 5 versus 0 and 7 versus 4. 

Differentially Expressed Genes (DEG) analysis comparing CD4+ T cells in Clusters 5 

vs. 0 (enriched in a-TRBV6-5AM vs. a-CD3ehSP34 stimulations, respectively) and CD8+ 

T cells in Clusters 7 vs. 4 (enriched in a-TRBV6-5AM vs. a-CD3ehSP34 stimulations, 

respectively). Adjusted p-values were determined by a Wilcoxon rank sum test with 

Bonferroni correction. 

 

Supplementary Table 4.  Differentially Expressed Genes analysis of a-TRBV-

stimulated cells comparing targeted versus non-targeted cells. 

Differentially Expressed Genes (DEG) analysis comparing CD4 or CD8 cells 

determined to express a TRBV segment targeted (TARG.; TRBV6-5, 6-1, 6-2, 10-3) 

vs. non-targeted (NON-TARG.; all other TRBV) by the a-TRBV6-5AM antibody, 

derived only from the a-TRBV6-5AM condition. Adjusted p-values were determined by 

a Wilcoxon rank sum test with Bonferroni correction. 

 

Supplementary Table 5. Differentially Expressed Genes analysis of a-TRBV-

stimulated cells comparing CD25+ versus CD25NEG cells.  

Differentially Expressed Genes (DEG) analysis comparing CD4 or CD8 cells 

determined to be CD25+ vs. CD25NEG, derived only from the a-TRBV6-5AM condition. 

Adjusted p-values were determined by a Wilcoxon rank sum test with Bonferroni 

correction. 

 

Supplementary Table 6. Gene expression analysis using NanoString.  



Purified T cells from 3 donors (D1, D2, D3) were cultured for 7 days with the indicated 

plate-bound antibodies in complete media supplemented with IL-2 and IL-15. Cells 

were then stained for sorting of 4 subsets per sample, on the basis of CD4 or CD8 

expression and staining by the a-TRBV6-5AM antibody (6-5+) or a combination of a-

TRBV5-1, 12-3/4, 19, and 20-1 for the control (Ctrl, non-targeted by a-TRBV6-5AM) 

subset. RNA was extracted immediately after sorting and gene expression (normalized 

counts) was determined by NanoString analysis using the Human CAR-T 

Characterization panel supplemented with (Panel Plus) probes for CD101, FCER1G, 

HOPX, ID3, ITGAE (CD103), KLF2, LGALS1 (Galectin-1), ZBED2, ZBTB7A 

(LRF), and ZNF683 (Hobit). 

 

Supplementary Table 7. List of genes used to define the TRM signature. 

Genes used as the basis for determining the TRM signature, from (49). Related to Supp 

Fig 6E. 

 

Supplementary Table 8. List of antibodies and fluorescent reagents. 

Name, supplier and catalogue number of the antibodies and fluorescent reagents used 

in this study.	
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