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Supplementary Fig. 1: Identification of an HLA A*0201-restricted MAGE-A1278-86 specific TCR for clinical 
translation.   
(A) Dot plot of CD8 and p/MHC multimer binding (top row), histograms (bottom left) and bar graphs (bottom right) of 
p/MHC multimer mean fluorescence intensities (MFI) of TCRMA11-5 transduced donor PBMC CD8– (representing CD4+ T 
cells) and CD8+ T cell populations.  (B) TNFα (top row) and IFNγ (bottom row) intracellular levels in CD8– (representing 
CD4+ T cells) and CD8+ T cells, histograms (bottom panel) representing TNFα and IFNγ MFI of CD8+ T cells transduced 
to express TCRMA11-5 after an 18-hour incubation with 1 µM cognate peptide. (C) Dose response of MAGE A1278-86 
peptide stimulated CD8+ T cells transduced with TCRMA11-5 TCRs, indicated by IFNγ levels (left) and mean half-
maximal effective concentrations required to induce 50% IFNγ expression (EC50) (right).(D) Recognition of wildtype 
MAGE-A1278-86 peptide or MAGE-A1278-86 K278T mutant peptide [loaded on TAP-deficient T2 B lymphoblastoid cell 
lines (T2-BLCL)] by the TCR-deficient Nur-77 reporter Jurkat cells transduced with TCRMA11-5. Histograms represent 
GFP expression downstream of Nur77-GFP triggered when the TCR is engaged.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Fig. 2: Tumor cell line HLA-A2 and MAGE-A1 expression. 
Expression of extracellular HLA-A2 (top row) and intracellular MAGE-A1 (bottom row) by the melanoma tumor cell 
lines ME275, A375, A375F(MAGEA1 and HLA-A2 overpressed) and SK-MEL-37. Histogram plots show representative 
staining (red) and isotype control (blue).   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 3: CD8+ TTCR-MA1-CD8αβ cell enhanced proliferation with presence of CD4+ TTCR-MA1-CD8αβ. 
(A) Growth kinetics for the ME275 cell line in a live tumor visualization assay for 312 hours (13 days) (Incucyte S3) in the 
absence (black line) or presence of equal total numbers of seeded CD8+ TTCR-MA1-CD8αβ (red line) or CD4++ CD8+ TTCR-MA1-

CD8αβ (purple line). The E:T ratio was 2:1, and arrows indicate the addition of tumor cells to the culture. The mean ± SD of 
triplicate wells is shown. (n=3 wells/group). (B-G) Co-culture of ME275 with CD4+ TTCR-MA1-CD8αβ (blue), CD8+ TTCR-MA1-

CD8αβ (red), or CD4+ + CD8+ TTCR-MA1-CD8αβ (purple)at E:T ratio of 5:1 for 7 days. (B-C) Histogram representing cell division 
between CD8+ TTCR-MA1-CD8αβ alone without tumor stimulation(gray), CD8+ TTCR-MA1-CD8αβ alone(red) or CD8+ TTCR-MA1-CD8αβ 

with CD4+ TTCR-MA1-CD8αβ(purple) with tumor stimulation identified by CFSE proliferation dye. (D) Percentage divided (left 
panel) and mean MFI of divided cells(right) of CD8+ TTCR-MA1-CD8αβ alone(red) compared with CD8+ TTCR-MA1-CD8αβ(purple) 
from CD4+/CD8+ TTCR-MA1-CD8αβ combination group. The mean mean ± SD of duplicated wells from two experiment is 
shown(n=4). p value determined by unpaired two-tailed t-test. (n=4 wells) (E-F) Histogram representing cell division 
between CD4+ TTCR-MA1-CD8αβ alone without tumor stimulation (gray), CD4+ TTCR-MA1-CD8αβ alone(red) or CD4+ TTCR-MA1-CD8αβ 

with CD8+ TTCR-MA1-CD8αβ(purple) with tumor stimulation identified by CFSE proliferation dye. (n=4 wells/group). (G) 
Percentage divided (left panel) and mean MFI of divided cells(right) of CD4+ TTCR-MA1-CD8αβ alone(red) compared with  CD4+ 
TTCR-MA1-CD8αβ(purple) from CD4+/CD8+ TTCR-MA1-CD8αβ combination group. The mean ± SD of duplicated wells from two 
experiment is shown. p value determined by unpaired two-tailed t-test. (n=4 wells/group).  
 



 

 

Supplementary Fig 4: Patient consort diagram 



 



Supplementary Fig. 5: MAGE-A1 IHC from patient biopsy and in vivo TILs analysis. 
(A) MAGE-A1 expression by IHC of tumor core biopsies for a semiquantitative H score of 20 obtained from the patients 
before the first infusion. Scale bars represens 50 µM. (B) Co-expression of PD-1 (x-axis) and Tim-3 (y-axis) in CD4+ (left 
3 panels) and CD8+ (right 3 panels) T cells identified in spleen (top panels) or tumor (second row panels) for the indicated 
conditions. Co-expression of CD39+ (x-axis) and Tim-3+ (y-axis) (third row panels) and expression of 2B4+ (fourth row 
panels) in CD4+ TTCR-MA1-CD8αβ (left 3 panels) and CD8+ TTCR-MA1-CD8αβ (right 3 panels). Single cell suspensions were 
obtained at sacrifice, 8 days after T cell infusion from (Fig.  2D). (C) Immunohistochemistry analysis of FOXP3 
intranuclear expression in CD4+ TTCR-MA1-CD8αβ between the CD4+ alone and the CD4+ + CD8+ combination (1:1 ratio) 
groups from (Fig. 2D).  The mean and ±SEM of 6 tumor is shown(n=6). p value determined by unpaired two-tailed t-test. 
(n=3 mice, 2 tumors/mouse).  
 



 
Supplementary Fig. 6: Melanoma and lung caner patient in silico analysis. 
(A) Surface expression of CD28 (left) in CD4+ TTCR-MA1-CD8αβ before injection into in vivo models and the bar graph 
represents expression of surface CD28 (right) CD4+ TTCR-MA1-CD8αβ with different CCRs. (n=6 wells). (B-C) UMAP plot 
showing the two-dimensional distribution of the different cell states identified in the lung cancer (B) and melanoma (C) 
scRNAseq datasets based on differential gene expression.  
(D) Expression of surface 41BB-L, CD86, CD80 of A375F and ME275 tumor cell lines used in this study. Histogram 
plots show representative staining (red) and isotype control (blue).   



 

Supplementary Fig. 7: TCR signaling dampened upon TCR intracellular modification.  

(A) Schematic of construct design. Image created in BioRender. Tang, A. (2026) https://BioRender.com/6wg9k7f ;(B) 
Chimeric TCRs are expressed on the cell surface identified by p/HLA multimer. CD8+ T cells were transduced with the 
modified TCRC4 constructs and p/HLA multimer binding was analyzed by flow cytometry. (C) TCR transduced CD8+ T 
cells were stimulated with cognate peptide at 1uM and IL-2 and IFNγ levels were analyzed by flow cytometry.  

 



 
 



Supplementary Fig. 8: CD8β chain is essential for MAGE-specific CD4+ TCR-T cells function.  

(A) (left) Schema of the multi-cistronic vector designs used to express TCR-CD8αβ, TCR with CD8α only (TCR-
CD8αα), and CD8α with additional CD4 intracellular domain (TCR-CD8α-CD4), (right) schema representing the three 
construct’s LCK binding domain and palmitoylation sites. Image created in BioRender. Tang, A. (2026) 
https://BioRender.com/6wg9k7f (B) Expression of p/HLA multimer (left), CD8α (middle), and CD8β (right panel) on the 
indicated constructs. (C) Dose response curves of TNFα expression by CD4+ T cells transduced with the indicated 
constructs exposed to decreasing concentrations of MAGE A1278-86 (left), mean half-maximal effective concentrations 
required to induce 50% TNFα expression (EC50) (right). (D) Growth kinetics for the A375F cell line in a live tumor 
visualization assay in the absence (gray line) or presence of CD4+ transduced with TTCR-MA1 with CD8αβ (black line), 
CD8α (CD8αα dimer, green line) and CD8α-CD4 (blue line). An E:T ratio of 5:1 was used for all conditions. Graph 
represents mean ± SD. (n=3 wells)(E) (left) Surface expression of CD8 on Jurkat cells untransduced (top) or modified to 
express CD8α with intracellular CD28 (middle), and CD8β with intracellular CD28 (bottom) with TTCR-MA1. (right) MFI of 
p/HLA multimer (left) and CD8 (right) on Jurkat cells transduced to express TTCR-MA1 and CD8α intracellular domain-
modified (red, n=6) or CD8β intracellular domain-modified (blue, n=4) constructs. Graph represents mean ± SD. The 
indicated p value was calculated by Mann-Whitney U test. Dashed lines represent the MFI of TTCR-MA1 alone or TTCR-MA1 
with unmodified CD8αβ. (n=4-6 wells/group).(F) Growth kinetics of the ME275 (left) and A375F (right) cell lines in the 
presence of the indicated CCR constructs TTCR-MA1-CD8/CD28 without CRISPR KO of endogenous CD8β, and TTCR-MA1-

CD8/CD28 with CRISPR KO of endogenous CD8β. An E:T ratio of 5:1 was used. The mean mean ± SD of triplicate wells is 
shown. (n=3 wells/group).  

 

 

 

 

 

 

 

 

 

 

 



 



Supplementary Fig. 9: CD8/CD28 CCR enhances tumor control in vivo with no tonic signaling observed in vitro.  

(A) Tonic signaling was assessed by flow cytometry analysis of NFAT, NF-kB and AP1 expression across the TTCR-MA1 
constructs, using triple reporter Jurkat cells expressing NF-kB, AP1 and NFAT reporter constructs.(B) Ratio of CD4+ T 
cell and CD8+ T cell counts to tumor cells from A375F tumors engrafted in NSG mice infused with either no T cells, 
TTCR-Irr.-CD8/CD28, TTCR-MA1-CD8αβ or TTCR-MA1-CD8/CD28, analyzed from IHC images. Analysis was performed using HALO Link 
software. Graph represents mean ± SEM. p value was determined by unpaired two-tailed t-test. (n=3 mice/group, 2 
tumors/mouse). (C) Representative flow plot showing co-expression of PD-1 (x-axis) and Tim-3 (y-axis) (top row panels),  
co-expression of CD39 (x-axis) and Tim-3 (y-axis) (middle row panels), and co-expression of TIGIT (x-axis) and PD-1 
(y-axis) (bottom row panels) in CD4+ (left 2 panels) and CD8+ (right 2 panels) TILs identified in tumor between TTCR-MA1-

CD8αβ and TTCR-MA1-CD8/CD28. Single cell suspensions were obtained at sacrifice, 8 days after T cell infusion with same 
experimental groups from (Fig. 4A). (D) Schematic (left) of NSG mice engrafted with 1 x 105 cells A375F and 
subsequently infused with total 5 x 106 CD4+ and CD8+ TTCR-MA1-CD8αβ CCR cells  (TTCR-Irr.-CD8/CD28, TTCR-MA1-CD8αβ, TTCR-MA1-

CD8/CD28 ; 1:1 ratio of combined CD4+ and CD8+ TTCR-MA1-CD8αβ) 13 days post engraftment. Survival analysis (right) was 
carried out when tumor burden reached 500mm3, and assessed tumor progression occurring 37 days vs. 32 days vs. 25 
days post T cell transfer, respectively; Kaplan-Meier test for analysis of survival applied (left). p values were determined 
using a log-rank test. (n=4-6 mice/group). (E) Schematic (left) and tumor volume (right) of 1 x 105 A375F tumors 
engrafted into NSG mice before subsequent transfer 5 x 106 CD4+ and CD8+ TTCR-MA1-CD8αβ CCR cells equal numbers of T 
cells (TIrr.-CD8/28, TTCR-MA1-CD8αβ , TTCR-MA1-CD8/28;  1:1 ratio of combined CD4+ and CD8+ TTCR-MA1-CD8αβ) 6 days after 
engraftment. Graph represents mean ± SEM (n=6 mice/group). Panel D,E created in BioRender. Tang, A. (2026) 
https://BioRender.com/6wg9k7f.  
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Supplementary Fig. 10 CD4+ CD8/CD28 co-receptor TCR-T cells associated with self-renewal genes in vivo.  

(A) Heatmap showing the top 20 genes with the most significant differential expression identified within each murine group. 
The dendrogram on the left displays the similarity between the groups, which were determined through unsupervised 
clustering based on gene co-expression patterns. The top dendrogram shows the relationships between the different groups 
based on their gene expression patterns.    (B) UMAP visualization of CD8⁺ T cells, with color intensity indicating expression 
of selected marker genes.(C) Violin plots displaying the expression levels (y-axis) of stem-like (TCF7, SELL, IL7R, LTB, 
LEF1, NELL2), proliferation (MKI67, TOP2A, PCNA), and cytotoxicity (KLRG1, KLRD1, NKG7, GZMB, GNLY, PRF1, 
GZMA, GZMM, CSTA, CSTW) markers across CD8+ T-cell transcriptional states (x-axis).Statistical significance was 
assessed using two-sided Wilcoxon rank sum test.  Boxplots within violins show the median, interquartile range (box; 25th–
75th percentiles), and whiskers extending to 1.5× IQR. Asterisks indicate the following thresholds of significance: *p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.  (D)Bar graph colored by the annotated T cells indicating the proportional 
(y-axis) abundance across the annotated subsets (x-axis) for the three groups. (E) Bar graph colored by the annotated T cells 
indicating the absolute (y-axis) abundance across the annotated subsets (x-axis) for the three groups.  

  
 

 

 

 

 

 

 

 

 





Supplementary Fig. 11: CD8αβ-CD28 motif mutation discovery.  

(A) Schematic showing the specific protein binding site and corresponding motif mutation. (B) Dose response curve of 
CD4+ T cells transduced with 16 mutant CD8/CD28 constructs [A0-A7 constructs (top) and E0-E7 construct (bottom)], 
represented by TNFα levels to decreasing cognate peptide overnight stimulation., with EC50 values of the individual 
conditions (right). Constructs labels A0-7 and E0-7 corresponding to Table 7. (C) Tumor cell survival of ME275 
incubated with 16 CD8/CD28mut CD4+ CCR (E:T 5:1) measured using real-time cytotoxic serial killing assay on the 
Incucyte (S3). Constructs labels A0-7 and E0-7 corresponding to Table 7. Graph represents mean ± SD. (n=3 
wells/group).(D) Final tumor intensity (top) and final T cell count (bottom) of the A375F cells incubated with 16 mutant 
constructs and grouped by their specific mutation site. Graph represents mean ± SD. The indicated p values were 
calculated by paired t-test.  (n=3 wells/group). 
(E) Final tumor integrated intensity of A375F cells incubated with T cells with either YMNM/ PRRP wild type or double 
mutation AMNM/ARRA with the CD28 constant motif of GG/PYAP (left), LL/AYAA (middle), and GG/AYAA (right). 
Graph represents mean ± SD. p values were determined by unpaired t-test. (n=3 wells/group).  

 

 

 



 



Supplementary Fig. 12: CD8/CD28 and CD8/CD28mut CCR T cells persisted in spleens and tumors in vivo. 

(A) EC50 of CD4+ TTCR-MA1-CD8αβ, TTCR- MA1-CD8/CD28, and TTCR- MA1-CD8/CD28mut constructs represented by IFNγ and TNFα 
cytokine levels.(B) Schematic (left) and T cell counts in spleens and tumors (right) of A375F tumors engrafted NSG mice 
with subsequent transfer of 5 x 106  or 2.5 x 106 equal numbers of T cells (TTCR-Irr.-CD8/28, TTCR-MA1-CD8/28 , TTCR-MA1-CD8/28mut 

1:1 ratio of combined CD4+ and CD8+) 12 days after implantation. Spleens and tumors were collected at 8 days after T 
cell infusion and T cells were identified in flow cytometry analysis. Graph represents mean ± SEM. p values determined 
with unpaired two-tailed t-test.   (n=3 mice per group). Image created in BioRender. Tang, A. (2026) 
https://BioRender.com/6wg9k7f. (C) Immunohistochemistry analysis of Ki-67 expression in CD4+ or CD8+ T cells 
between TTCR-Irr.-CD8/28, TTCR-MA1-CD8/28  and TTCR-MA1-CD8/28mut groups from (Fig. 6D). p value determined with Brown-
Forsythe and Welch ANOVA test with Dunnett’s multiple comparison test. (n=3 mice/group, 2 tumors per mouse). 
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Supplementary Fig. 13: CD8/CD28 CCR integrated into WT1, and PRAME TCR. 
(A) Dose response curves showing IFNγ and TNFα levels in CD4+ TTCR-PRAME-CD8αα, TTCR-PRAME-CD8αβ, TTCR-PRAME-CD8/CD28, and 
TTCR-PRAME-CD8/CD28mut cells incubated with decreasing concentrations of cognate peptide overnight. (B) Mean EC50 of IFNγ 
and TNFα cytokine expression for CD4+ TTCR-PRAME-CD8αα, TTCR-PRAME-CD8αβ, TTCR-PRAME-CD8/CD28, and TTCR-PRAME-CD8/CD28mut cells 
from previous dose response curve (A). (C) Dose response curve showing IFNγ and TNFα levels in CD4+ TTCR-WT1-

CD8αα, TTCR-WT1-CD8αβ, TTCR-WT1-CD8/CD28, and TTCR-WT1-CD8/CD28mut cells incubated with decreasing concentrations of cognate 
peptide overnight. (D) Mean EC50 of IFNγ and TNFα cytokine expression for CD4+ TTCR-WT1-CD8αα, TTCR- WT1-CD8αβ, TTCR- WT1-

CD8/CD28, and TTCR- WT1-CD8/CD28mut. (E) (left) Growth kinetics of the PANC1 cell line in the presence of CD4+and CD8+ with 
the indicated CCR constructs (TTCR-PRAME-CD8αα, TTCR-PRAME-CD8αβ, TTCR-PRAME-CD8/CD28, and TTCR-PRAME-CD8/CD28mut) at a ratio of 
E:T 5:1. (right) Final tumor integrated intensity of Incucyte killing assay was analyzed. Graph represents mean ± SD. p 
values were determined with one-way ANOVA with Tukey’s multiple comparison test. (n=3 wells/group). (F) (left) Growth 
kinetics of the A375F cell line in the presence of CD4+and CD8+  with the indicated CCR constructs (TTCR-PRAME-CD8αα, TTCR-

PRAME-CD8αβ, TTCR-PRAME-CD8/CD28, and TTCR-PRAME-CD8/CD28mut) at a ratio of E:T 10:1. (right) Final tumor integrated intensity of 
Incucyte killing assay was analyzed. Graph represents mean ± SD. p values were determined by one-way ANOVA with 
Tukey’s multiple comparison test. (n=3 wells/group). (G) (left) Growth kinetics of SW480 cell line in the presence of CD4+ 

with the indicated CCR constructs (TTCR-WT1-CD8αα, TTCR- WT1-CD8αβ, TTCR- WT1-CD8/CD28, and TTCR- WT1-CD8/CD28mut) at a ratio of E:T 
10:1. Final tumor integrated intensity of Incucyte killing assay was analyzed. Graph represents mean ± SD. p values were 
determined by one-way ANOVA with Tukey’s multiple comparison test.  (n=3 wells/group). 
 

 

 

 

 



 



Supplementary Fig. 14: Bulk-seq data reveals major transcriptional differences between TTCR-MA1-CD8αβ,  TTCR-MA1-
CD8/CD28 , and TTCR-MA1-CD8/CD28mut.  

(A) Intracellular expression of (p)-ERK(top) and (p)-AKT(bottom) across CD4+ T cells constructs (TTCR-MA1-CD8αβ, TTCR-

MA1-CD8/CD28, and TTCR-MA1-CD8/CD28mut) stimulated with 1uM of cognate peptide[loaded on TAP-deficient T2 B 
lymphoblastoid cell lines (T2-BLCL)] at three different time point. Time course (left) and fold change (right) compared to 
CD8αβ . The mean and standard deviation (SD) of triplicate wells from 2 independent experiment is shown. p value 
determined by one-way ANOVA with Tukey’s multiple comparison test. n= 6 wells/group, from 2 separate 
experiments).(B)Heatmap showing the expression levels of differentially expressed genes across constructs (TTCR-MA1-

CD8αβ, TTCR-MA1-CD8/CD28, TTCR-MA1-CD8/CD28mut) and stimulations (unstimulated vs. stimulated) in the rlog-transformed data. 
Rows represent genes, and columns represent individual samples (3 biological replicates per condition). Expression values 
are color-coded from low (blue) to high (red) based on z-scores. The dendrograms on the axes indicate hierarchical 
clustering of genes and samples.   
 
 

 

 

 



 



Supplementary Fig 15: FACS gating and sorting strategy (A) Gating strategy used to identify CD4 and CD8 TTCR-MA1-

CD8αβ cells with exhaustion associated markers for in vitro  figures presented on Fig 7H and common gating strategy for 
identifying CD4 and CD8 TTCR-MA1-CD8αβ with or without CCR presented on Fig. 1D, 2A, 3B, 3E. (B) Gating strategy used 
to identify CD4 and CD8 TTCR-MA1-CD8αβ cells with cytokine markers for in vitro figures presented on Fig. 1B, 2G, 3C, 3D, 
4H, 6B, 7I) . (C) Gating strategy used to sort out transduced CD4 and CD8 TTCR-MA1-CD8αβ cells with or without CCR 
followed by rapid expansion protocol for in vitro and in vivo downstream assays presented on Fig 3B. (D) Gating strategy 
used to identify CD4 and CD8 TTCR-MA1-CD8αβ cells with or without CCR from tumor single cell suspension obtained from 
in vivo tumor models presented on Fig. 2F, 2G, 4G, 4H.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 1. Human cancer cell lines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell Line  HLA status  MAGE A1 status  Cancer Type  
ME275  HLA-A2+ MAGE-A1+ Melanoma 
A375 HLA-A2+ MAGE-A1+ Melanoma 
A375F HLA-A2+ 

overexpressed  
MAGE-A1+ 

overexpressed 
Melanoma 

SK-MEL37 HLA-A2+ MAGE-A1+ Melanoma 
PANC-1  HLA-A2+ PRAME+ Pancreatic cancer 
SW-480  HLA-A2+  

overexpressed 
WT1+ colon 

adenocarcinoma 



Supplementary Table 2. Adverse events experienced following CD4+ CD8+ TTCR-MA1-CD8αβ infusion product in a 
participant with non-small cell lung cancer.   

 

 

 

  

BODY SYSTEM 
(CTC/CTCAE 
CATEGORY) 

EVENT # Participants 
Affected 

Maximal 
Grade 

Maximal 
Attribution 

Cardiac disorders Sinus tachycardia 1 1 Possible  

Gastrointestinal 
Disorders Bloating  1 1 Not related  

General disorders 
and administration 

site conditions 
Fatigue 1 2 Possible  

Metabolism and 
nutrition disorders 

Hyperglycemia 1 1 Not related 

Hyperphosphatemia 1 1 Unlikely  

Musculoskeletal and 
connective tissue 

disorders 

Generalized muscle 
weakness 1 2 Not related 

Nervous system 
disorders 

Dizziness 1 1 Unlikely 

Psychiatric disorders Insomnia 1 1 Unlikely 

Respiratory, thoracic 
and mediastinal 

disorders 
Hoarseness  1 1 Not related 

skin and 
subcutaneous tissue 

disorders 
Dry skin 1 1 Not related 



Supplementary Table 3. Curated genes for costimulatory ligands on patient scRNA seq dataset. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Costim Inhibitory 
CD80 CD276 
CD86 CD274 
CD40 PDCD1LG2 
TNFRSF4 LGALS9 
ICOSLG TGFB1 
TNFSF9 VTCN1 
  



Supplementary Table 4. CD8α chain modification vs CD8β chain modification. 

 

With 
CD8b 
chain 
modified  

A CD8aCD8b6*28 CD8a CD8a CD8a CD8b CD8
b 

6 AA 
CD8b 

+CD28 
No Yes 

E CD8aCD8b*28mt CD8a CD8a CD8a CD8b CD8
b 

6 AA 
CD8b 

+ 
CD28 
full 

mutant 

No Yes 

G CD8a_ CD8-CD28 CD8a CD8a CD8a CD8b CD8
b 

6 AA 
CD8b 

+CD28
wt 

No Yes 

H CD8a_CD8_41bb CD8a CD8a CD8a CD8b CD8
b 

6 AA 
CD8b 

+41BB 
No Yes 

 

 

 

 

 

 

 

 

 

Name CCR molecule Trans-
gene ECD 

Trans-
gene 1 

TM 

Trans-
gene 1 
ICD 

Trans-
gene 2 
ECD 

Tran
s-

gene 
2 

TM 

Trans-
gene 2 

ICD 

CD8a 
modified 

CD8b 
modifie

d 

With 
CD8a 
chain 

modified 

C CD8a*28CD8b*28 CD8a CD8a CD28 CD8b CD8
b CD28 Yes Yes 

F CD8a*28mtCD8b*2
8mt CD8a CD8a 

CD28 
partial 
mutant 

CD8b CD8
b 

CD28 
partial 
mutant 

Yes Yes 

N CD8a_bSTALK_28t
m_28IC 

CD8a-
CD8bstalk CD28 CD28 x x x Yes N/A 

O CD8a_bSTALK_28T
m_28IC_aIC 

CD8a-
CD8bstalk CD28 

CD28 
+ 

CD8a 
x x x Yes N/A 

P CD8a_bSTALK_aT
m_aIC 

CD8a-
CD8bstalk CD8a CD8a x x x Yes N/A 

T CD8-28  full mutant CD8a CD8a 
CD28 
full 

mutant 
CD8b CD8

b 

CD28 
full 

mutant 
Yes Yes 



Supplementary Table 5. CD8ab chimeric co-receptor constructs.  

Identifier Name 
Transgene 1 design Transgene 2 design 

CD8a 
modified 

CD8b 
modified extrace

llular  tm intracell
ular  

extracellu
lar  tm intracellula

r 

CD8/CD28m
ut 

CD8a_ CD8b 
ECD-CD28mut 
ICD 

CD8a CD8a CD8a CD8b CD8b 
6AA CD8b 
+ CD28 full  
mutant 

No Yes 

CD8/CD28 CD8a_ CD8b 
ECD-CD28 ICD CD8a CD8a CD8a CD8b CD8b 6 AA CD8b 

+CD28wt No Yes 

CD8/41BB CD8a_ CD8b ECD 
_41bb ICD CD8a CD8a CD8a CD8b CD8b 6 AA CD8b 

+41BB No Yes 

CD8/ICOS CD8a_ CD8b ECD 
_ICOS CD8a CD8a CD8a CD8b CD8b 6 AA CD8b 

+ICOS No Yes 

CD8/OX40 CD8a_ CD8b ECD 
_OX40 ICD CD8a CD8a CD8a CD8b CD8b 6 AA CD8b 

+OX40 No Yes 

CD8/GITR CD8a_ CD8b ECD 
_GITR ICD CD8a CD8a CD8a CD8b CD8b 6 AA CD8b 

+GITR No Yes 

CD8ab  TCRM0_CD8ab CD8a CD8a CD8a CD8b CD8b CD8b No No 

TCR-MA1 TCR alone        N/A N/A 

Irr.CD8ab Irrelevant TCR + 
CD8ab CD8a CD8a CD8a CD8b CD8b CD8b No No 

Irr-
CD8/CD28 

Irrelevant TCR + 
CD8a_ CD8b-
CD28 

CD8a CD8a CD8a CD8b CD8b 6 AA CD8b 
+CD28wt No Yes 

Irr.-
CD8/CD28m
ut 

Irrelevant TCR + 
CD8a_ CD8b 
ECD-CD28mut 
ICD 

CD8a CD8a CD8a CD8b CD8b 
6AA CD8b 
+ CD28 full  
mutant 

No Yes 

 

 

 

 

 

 

 

  



Supplementary Table 6. CD8-based costimulatory molecule library. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Identifier Transgene 1 
Transgene 2 

Extra-
cellular  Tm intracellular Intracellular domain sequence 

CD8/CD28
mut CD8a CD8b CD8b 6 AA CD8b +CD28GG 

mut 
HLCCRRRSKRSRGGHSDAMNMTA

RRAGPTRKHYQAYAAPRDFAAYRS 

CD8/CD28 CD8a CD8b CD8b 6 AA CD8b +CD28wt HLCCRRRSKRSRLLHSDYMNMTPR
RPGPTRKHYQPYAPPRDFAAYRS 

CD8/41BB CD8a CD8b CD8b 6AA CD8b +4-1BB HLCCRRKRGRKKLLYIFKQPFMRPV
QTTQEEDGCSCRFPEEEEGGCEL 

CD8/ICOS CD8a CD8b CD8b 6AA CD8b +ICOS HLCCRRKYSSSVHDPNGEYMFMRA
VNTAKKSRLTDVT 

CD8/OX40 CD8a CD8b CD8b 6AA CD8b +OX40 HLCCRRALYLLRRDQRLPPDAHKPP
GGGSFRTPIQEEQADAHSTLAKI 

CD8/GITR CD8a CD8b CD8b 6AA CD8b +GITR 
HLCCRRQLGLHIWQLRSQCMWPRE
TQLLLEVPPSTEDARSCQFPEEERGE

RSAEEKGRLGDLWV 

CD8ab  CD8a CD8b CD8b CD8b HLCCRRRRARLRFMKQFYK 



Supplementary Table 7. CD28 motif mutation variation. 
 

 

  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

no. CD28 Chimeric co-receptor 
Di-leucine 

motif 

PI3K and 
GRB2/GADS 
binding site  

ITK and 
GADS 
binding site  

LCK binding 
site 

A0 
CD8αβ-CD28 wt 

(TCRMA1-CD8/CD28) 
LL YMNM PRRP PYAP 

A1 CD8αβ-CD28 m1-1 GG YMNM PRRP PYAP 

A2 CD8αβ-CD28 m1-2 LL AMNM PRRP PYAP 

A3 CD8αβ-CD28 m1-3 LL YMNM ARRA PYAP 

A4 CD8αβ-CD28 m1-4 LL YMNM PRRP AYAA 

A5 CD8αβ-CD28 m2-1 GG AMNM PRRP PYAP 

A6 CD8αβ-CD28 m2-2 GG YMNM ARRA PYAP 

A7 CD8αβ-CD28 m2-3 GG YMNM PRRP AYAA 

E0 CD8αβ-CD28 m2-4 LL AMNM ARRA PYAP 

E1 CD8αβ-CD28 m2-5 LL AMNM PRRP AYAA 

E2 CD8αβ-CD28 m2-6 LL YMNM ARRA AYAA 

E3 CD8αβ-CD28 m3-1 GG AMNM ARRA PYAP 

E4 CD8αβ-CD28 m3-2 GG AMNM PRRP AYAA 

E5 CD8αβ-CD28 m3-3 GG YMNM ARRA AYAA 

E6 CD8αβ-CD28 m3-4 LL AMNM ARRA AYAA 

E7 
CD8αβ-CD28 mut  

(TCRMA1-CD8/CD28mut) 
GG AMNM ARRA AYAA 



Supplementary Table 8. Proliferation and Exhaustion gene list for bulk RNA seq dataset. 
 
 

Proliferation Exhaustion 
 
 

MKI67 PDCD1  

PCNA* LAG3  

MCM2* HAVCR2  

MCM3 CTLA4*  

MCM4 TIGIT*  

MCM5* CD160  

MCM6* BTLA  

MCM7 ENTPD1  

CCND1 TOX  

CCND2 PDCD2  

CCND3    

CDK1    

CDK2    

CDK4    

CDK6    

CDC6    

CDC45    

TOP2A    

AURKA    

AURKB    

TUBB    

     

* significantly differentially expressed  
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