
Supplemental information 

Supplementary Fig. S1 Clonal diversity of samples 

The clone diversity was displayed via the TCR diversity, percentage of each sample’s 

clone diversity = (TCR classification count / total cell number) * 100%. Doughnuts (a) 

and column (b) showed the T-cell expanded clone and clonal diversity percentage of 

the representative sample from each group. The colored wedge represents the 

percentage of not expanded (white/grey), clonal expanded 2 to 4 times (orange), 5 to 9 

times (blue), 10 to 49 times (green), 50 to 99 (purple), or more than 100 times (red) in 

total TCRs in the pool. DC, Discharged group; EFU, Early Follow-up group; LFU, Late 

Follow-up group; HD, Healthy Donor group. 

 

Supplementary Fig. S2 V-J gene pairing 

Alpha chains V-J pairing of TCRs from representative samples of the HD group (HD#3) 

(a), the Discharged group (Discharged#2) (b) and the Follow-up group (Follow-up#3) 

(c). Beta chains V-J pairing of TCRs from representative samples of the HD group 

(HD#3) (upper panel), the Discharged group (Discharged#2) (middle panel) and the 

Follow-up group (Follow-up#3) (down panel). 

 

Supplementary Fig. S3 Batch effect correction of scRNA-seq data 



The merged scRNA-seq data of samples without batch effect (a) and with batch effect 

via “FindIntergrationAnchors” and “IntegrateData” functions of Seurat package 

(V3.6.0) (b) (n = 6 in Discharged and HD groups, n = 7 in Follow-up group). DC, 

Discharged group; FU, Follow-up group; HD, Healthy Donor group. 

 

Supplementary Fig. S4 CD3E, CD4 and CD8A expression in total TCR paired 

scRNA-seq data 

The expression of CD3E, CD4 and CD8A in total TCR paired scRNA-seq integrated 

data was displayed by violin plot (a) and feature plot (b) (n = 6 in Discharged and HD 

groups, n = 7 in Follow-up group). Teff, effector T; Tex, exhausted T, Tcm, central 

memory T; Tem, effector memory T; Tm, memory T, Tn, naïve T; Treg, regulatory T. 

 

Supplementary Fig. S5 Top 20 clones’ projection in total TCR paired scRNA-seq 

data  

UMAP showing the top 20 clones’ distribution in clusters (left panel) and clusters’ 

distribution (right panel). Teff, effector T; Tex, exhausted T, Tcm, central memory T; 

Tem, effector memory T; Tm, memory T, Tn, naïve T; Treg, regulatory T. 

 

Supplementary Fig. S6 Gene expression in each cluster of total TCR paired 

scRNA-seq data 



Bubble plot showing the expression level of marker genes in the clusters. The clusters 

were identified with expressed genes: 0: CD4+CCR7+LEF1hi naïve T 

(SELL+CCR7+LEF1hiTCF+); 1: CD4+CCR7+ naïve T (SELL+CCR7+LEF1+TCF+); 2: 

CD8A+GZMHhi cytotoxic effector T (SELL-CCR7-GZMA+GZMBhiPRF1hiGZMHhi); 3: 

CD8A+ exhausted T (SELL-CCR7-GZMA+GZMK+ GZMB-); 4: CD8A+JUN+LEF1+ 

naïve T (SELL+CCR7hiLEF1+TCF7+JUN+); 5: CD8A+GZMK+ effector memory T 

(SELL-CCR7-GZMK+); 6: CD8A+GNLYhi cytotoxic effector T (SELL-CCR7-

GZMA+GZMBhiPRF1hiGZMH+GNLYhi); 7: CD4+IL7Rhi effector T (SELL-CCR7-

IL7Rhi); 8: CD4+ANXA1+ effector T (SELL-CCR7-JUNB+EMP3+ANXA1+); 9: CD4+ 

Treg (FOXP3hiIL10RAhi); 10: CD8A+KLRB1hiCXCR4hi effector-exhausted 

intermediated T (GZMAloGZMB-GZMK+PRF1loKLRB1hiCXCR4hi); 11: 

CD4+CDC25BhiJUNB+ memory T (SELLhiCCR7loCDC25BhiJUNB+); 12: 

CD4+GZMH+ effector (SELL-CCR7-GZMH+); 13: CD4+S100A8hiS100A9hi Th22 

(AHR+S100A8hiS100A9hi); 14: CD8A+LEF1lo naïve T (SELLloCCR7loLEF1loTCF7lo); 

15: CD8A+ proliferative T subset (CSK2+LIG1+MKI67+MCM2+MCM3+STMN1hi 

PDCD1loTOXloHAVCR2loLAG3lo); 16: CD8A+CXCR5+ central memory T 

(SELLloCCR7loCXCR5+). 

 

Supplementary Fig. S7 CD3E, CD4 and CD8A expression in the top 20 TCRs 

paired scRNA-seq data 



The expression of CD3E, CD4 and CD8A in the top 20 TCR clonotypes paired scRNA-

seq integrated data was displayed by violin plot (a) and feature plot (b) (n = 6 in 

Discharged and HD groups, n = 7 in Follow-up group). Teff, effector T; Tex, exhausted 

T, Tcm, central memory T; Tem, effector memory T; Tm, memory T, Tn, naïve T; Treg, 

regulatory T. 

 

Supplementary Fig. S8 Samples distribution in the top 20 TCRs paired scRNA-

seq data  

(a) UMAP showing the samples’ distribution in clusters. (b) Bar plot showing the 

compositions of each cluster in three groups. Teff, effector T; Tex, exhausted T, Tcm, 

central memory T; Tem, effector memory T; Tm, memory T, Tn, naïve T; Treg, 

regulatory T; DC, Discharged group; FU, Follow-up group; HD, Healthy Donor group. 

 

Supplementary Fig. S9 Gene expression in each cluster of the top 20 TCRs paired 

scRNA-seq data 

Bubble plot showing the expression level of marker genes in the clusters. The clusters 

were annotated with the expressed genes: 0: CD8A+ cytotoxic effector T 

(GZMB+PRF1+); 1: CD8A+GZMBloPRF1lo cytotoxic effector T (SELL-CCR7-

GZMBloPRF1lo); 2: CD8A+GZMBhiPRF1hi cytotoxic effector T (GZMBhiPRF1hi); 3: 

CD8A+GZMAintGZMBhiPRF1hi cytotoxic effector T (SELL-CCR7-

GZMAintGZMBhiPRF1hi); 4: CD4+KLRB1+GZMH+ effector T (SELL-CCR7-



KLRB1+GZMH+); 5: CD8A+GZMAloGZMKlo effector T (SELL-CCR7-GZMAloGZMKlo); 

6: CD8A+GZMK+ effector memory T (SELLloCCR7loGZMK+); 7: CD8A+KLRB1hi 

CXCR4hi terminal differentiation T (ID2hiPRDM1+IL7RhiKLRB1hiCXCR4hi); 8: 

CD8A+CD7+GZMAloGZMBhiPRF1hi effector-exhaustion intermediate T 

(HAVCR2+LAG3loCD7+GZMAloGZMBhiPRF1hi); 9: degranulation T 

(JUNDhiS100A8hiS100A9hi); 10: CD8A+CXCR5+ central memory T (SELL+CCR7-

JUN+CXCR5+); 11: CD8A+GZMBintPRF1int cytotoxic effector T (SELLloCCR7-

GZMBintPRF1int); 12: CD8A+CD160hi effector T (SELL-CCR7- CD160hi); 13: CD8A+ 

high cytotoxic potential effector T (SELL-CCR7-PRF1+ITGAM+); 14: CD8A+ terminal 

proliferative T (CSK2+LIG1+MKI67+MCM2+MCM3+STMN1hi); 15: CD4+ exhausted 

T (SELL-CCR7-PDCD1+TOX+PRDM1+GZMAhiGZMKhi); 16: CD4+IFITM2hi effector 

T (SELL-CCR7-IFITM1+IFITM2hi). 

 

Supplementary Fig. S10 Gene concept network analysis of differentially expressed 

genes of CD3E+CD8A+CD4- clusters in top 20 TCRs paired scRNA-seq data from 

Discharged group vs. HD group group  

The bubble plot of selected granzyme- and interferon – related genes’ expression level 

in of CD3E+CD8A+CD4- clusters in top 20 clonotypes from Discharged group vs. HD 

group (n = 6 per group). 

 



Supplementary Fig. S11 Biological process and GSEA analysis for total 

CD3E+CD8A+CD4- clusters from Discharged group vs. HD group 

 (a) Using GSEA to analyze expressed genes from CD3E+CD8A+CD4- clusters, 2 gene 

sets of interferon response up-regulated in Discharged group comparing with HD group 

(n = 6 per group). NES, normalized ES; FDR, false discovery rate; NOM p, normalized 

p value. (b) Top 20 BP enrichment analysis of DEGs from CD3E+CD8A+CD4- clusters, 

which up-regulated in Discharged group from Discharged vs. HD integrated data (n = 

6 per group). 

 

Supplementary Fig. S12 GSEA analysis for total CD3E+CD8A+CD4- clusters from 

Follow-up group vs. HD group 

Using GSEA to analyze expressed genes from CD3E+CD8A+CD4- clusters, 3 gene sets 

about metabolism up-regulated in total Follow-up group from total Follow-up vs. HD 

(n = 6 in HD group, n = 7 in Follow-up group). NES, normalized ES; FDR, false 

discovery rate; NOM p, normalized p value.  

 

Supplementary Fig. S13 GSEA analysis for top 20 TCRs CD3E+CD8A+CD4- 

clusters from Early Follow-up group vs. HD group 



 Top 20 BP enrichment analysis of DEGs from CD3E+CD8A+CD4- clusters, which up 

regulated in Early Follow-up group from Early Follow-up vs. HD integrated data (n = 

3 in Early Follow-up groups, n = 6 in HD group).  

 

Supplementary Fig. S14 Transcription factor analysis of CD8A+GZKM+ effector 

memory T cells from Late Follow-up group via IRIS3 from IRIS3 website 

 

Supplementary Table S1. Clinical and Pathological Characteristics of the COVID-

19 Patients and Healthy Donors 

 

Supplementary Table S2. The scRNA-seq / scTCR-seq protocol and data 

characteristics in the current study via Cell Ranger analysis 

 

Supplementary Table S3. The scRNA-seq / scTCR-seq protocol and data 

characteristics in the current study via Seurat package 

 

Supplementary Table S4. Performed scRNA-seq and paired TCR cell count in 

each group   

 



Supplementary Table S5. The unique-clone and multi-clone percentage in each 

group 
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CD4 CCR7+ LEF1hi Tn
CD4 CCR7+ Tn
CD8 GZMHhi cytotoxic Teff
CD8 Tex
CD8 JUN+LEF1+ Tn
CD8 GZMK+ Tem
CD8 GNLYhi cytotoxic Teff
CD4 IL7Rhi Teff
CD4 ANXA1+ Teff
CD4 Treg
CD8 KLRB1hiCXCR4hi Teff-Tex intermediated
CD4 CDC25BhiJUNB+ Tm
CD4 GZMH+ Teff
CD4 S100A8hiS100A9hi Th22
CD8 LEF1lo Tn
CD8 proliferative T
CD8 CXCR5+ Tcm

0: CD4 CCR7+ LEF1hi Tn
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Supplementary Fig. S13



Regulon Specificity Score Scatter Plot for 
CD8A+GZMK+ Tem of Late Follow-up

significant insignificant p = 0.05

Supplementary Fig. S14
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HD Discharged Follow-up

Raw Cells 59573 52150 77381

Filtered Cells by 
Quality Control 39023 46212 64496

Total cells 17374 24040 24938

Filtered αβTCR-
scRNA Paired CD3E+CD4+CD8A- cluster cells 8718 13232 11021

CD3E+CD4-CD8A+ cluster cell 8354 10664 13227

Total cells 2902 2055 4854

Filtered Top20 
αβTCR-scRNA Paired CD3E+CD4+CD8A- cluster cells 471 224 451

CD3E+CD4-CD8A+ cluster cell 2382 1809 4194

% of Filtered Top20 
αβTCR Paired cells in 
Filtered Total αβTCR 

Paired Cells
16.7% 8.54% 19.46%

Supplementary Table S4 Performed scRNA-seq and paired TCR cell count in each group  



Pt# Unique-clone (1 cell) Multi-clone (≥ 2 cells)

HD 67.13% 32.87%

Discharged 82.95% 17.05%

Follow-up 64.02% 35.98%

Unique-clone = (cell count of all unique TCR classification / total cell count) * 100%; Multi-clone = 100% - unique-clone.

Supplementary Table S5 The unique-clone and multi-clone percentage in each group


