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Supplementary Figure 1 Heatmap of main markers used for manual cell type annotation 
Shown is a heat map displaying the RNA expression of each of the indicated genes in all the specified cell types. These genes were 
used as markers to annotate cell types in all samples.



Supplementary Figure 2 Additional UMAPs
a UMAP of Seurat clusters numbered from largest to smallest. Five clusters out of 30 were removed (see Methods for details). 
b-c UMAPs demonstrating good overlap between different samples (b) and subgroups (c). 
d Automated annotation results using “Single R” package. e Good overlap was also noted between cells processed with and without CITE-
seq, except for the dying monocytes cluster (#16) which was reduced in CITE samples.
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Supplementary Figure 3  Comparison of the two sample processing methodologies: CITE-seq and conventional (non-CITE)
a UMAP embedding without data integration comparing between CITE-seq (left) and scRNA-seq (right) grouped by cell types in a separate view, 
suggesting limited platform effects. 
b UMAP embedding grouped by platforms, i.e. CITE-seq and conventional scRNA-seq (nonCITE), with substantial overlap. 
c Heatmap for cell type proportions in each run. The color pattern represents the difference across samples and platforms. 
d Boxplots for cell type proportion comparisons across four groups:  stable subjects by conventional scRNA-seq, stable subjects by CITE-seq, 
progressive subjects by conventional scRNA-seq, and progressive subjects by CITE-seq. Showing cell type proportion variations between 
progressive and stable subjects and between two platforms. The results are depicted in boxplots, in which the upper and lower bounds 
represent the 75% and 25% percentiles, respectively, the bars inside the boxplots denoting the medians, the whiskers denoting values up to 1.5 
interquartile range (IQR) above the 75% percentile or below the 25% percentile. N = 12 for Stable nonCITE, 24 for Stable CITE, 6 for Progressive 
nonCITE, and 9 for Progressive CITE.
e Gene expression profile in CITE vs nonCITE for each cell type. Dots in grey are the top 2000 highly variable genes between progressive and 
stable individuals. ISGs and IL-6 pathway genes are highlighted in red. The grey dashed lines represent Y=X.



IFN-activated CD8 T cells

 IFN-activated CD8 T cluster highlighted

Supplementary Figure 4       IFN-activated CD8 T cell cluster highlighted 
UMAP with the cells belonging to the IFN-activated CD8 T cell cluster highlighted in red. We found a higher percentage of cells belonging 
to the IFN-activated CD8 T cluster (out of all CD8 T cells) in COVID-19 vs Controls (p=0.00578, as calculated by Chi-Square test).
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Supplementary Figure 5 Relative cell counts of the monocyte clusters, HLA-DR and FCGR3A expression
a Relative cell counts of monocyte clusters, showing an increase of S100Ahi/HLA-DRlo monocytes in COVID-19, and a decrease in non-classical 
(NC)/indeterminate (IM) monocytes. The results are depicted in boxplots, in which the upper and lower bounds represent the 75% and 25% 
percentiles, respectively, the bars inside the boxplots denoting the medians, the whiskers denoting values up to 1.5 interquartile range (IQR) 
above the 75% percentile or below the 25% percentile. *, p-value < 0.05; **, p-value < 0.01. Two-way ANOVA with Tukey's multiple 
comparison test was performed. N = 13 for Controls, 12 for Stable, and 6 for Progressive.
b UMAPs depicting the expression of HLA-DR surface marker, as measured by CITE-seq, and HLADRA gene expression, showing two 
populations of classical monocytes: HLA-DRlo (top) and HLA-DRhi. Refer also to figure 1e. 
c Lower FCGR3A expression in monocytes of Stable and Progressive COVID-19 patients compared to Controls.
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Supplementary Figure 6 AREG expression 
a A comparison of the expression of AREG in different cell types between control samples and all COVID-19 (progressive and 
stable) samples. 
b Shown is the average expression of AREG between the different groups of COVID-19 patients and Controls.
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Ligands and receptors increased at time-point A compared to B

Supplementary Figure 7 Ligands and receptors increased in PBMCs at time-point A compared to B
Shown are differential connectivity maps (“connectomes”) of ligands (bottom half) and receptors (upper half) that are increased at 
time-point A compared to time-point B. For each cell type, log fold changes of ligands and receptors were calculated, comparing 
progressive to stable COVID-19 patients; we only plotted edges with >10% of cells expressing the ligand and receptor, and with an 
adjusted p value<0.05 for the comparison, calculated by Wilcoxon rank-sum test with Bonferroni correction for multiple comparisons; 
edge size is proportional to the degree of change between progressive and stable patients.
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Supplementary Figure 8 IL10 expression in progressive vs stable patients, and correlation with IFN-I score
a IL10 expression in Progressive vs Stable COVID-19 patients, according to cell type, as measured by scRNA-seq. 
b Plasma IL-10 protein levels in our patients according to disease severity and time. The results are depicted in boxplots, in which the 
upper and lower bounds represent the 75% and 25% percentiles, respectively, the bars inside the boxplots denoting the medians, the 
whiskers denoting values up to 1.5 interquartile range (IQR) above the 75% percentile or below the 25% percentile. N = 6 for Stable A, 6 for 
Stable B, 2 for Progressive A, and 4 for Progressive B.
c Scatter plot showing correlation between plasma IL-10 protein level and IFN-I score for each patient at each time-point (R=0.5). Error 
bands denote 95% confidence interval. 
d Serum IL-10 concentration in a larger cohort of COVID-19 patients was plotted over time. Regression lines are shown as blue (patients 
admitted to ICU and treated with tocilizumab; Toci ICU), red (patients not admitted to ICU and treated with tocilizumab; Toci nonICU), and 
green (patients not admitted to ICU and not treated with tocilizumab; nonT nonICU). Error bands denote 95% confidence interval.
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Supplementary Figure 9 Expression of MHC-II molecules in stable and progressive COVID-19 patients vs controls; Expression of 
LGALS9 
a A dot plot depicting the expression of different MHC-II molecules in different patient subgroups. The size of each dot indicates the 
percentage of cells that express the indicated molecule, and the dot's color indicates the average expression level of each molecule. 
b A violin plot depicting LGALS9 expression levels in various cell types in progressive and stable COVID-19 patients.



Supplementary Figure 10  UMAP of monocytes (sub-clustered) 
Shown is a UMAP of  monocytes following sub-clustering, with cluster numbers from largest (0) to smallest (7).



Supplementary Figure 11  IL1B and TNF expression in monocytes 
Violin plots depicting the expression levels of IL1B and TNF in monocytes for different patient subgroups.



Supplementary Figure 12 UMAP of CD8+ T cells (sub-clustered) and shifts in gene expression from time A to B
This Figure is supplementary to Fig. 4e. 
a Subclustering of all CD8+ T cells, with cluster numbers from largest (0) to smallest (6). 
b UMAP showing differences between time-point A and B on the UMAP space. 
c Pseudotime trajectories diverge towards the two poles of effector T cells at time-point A: one enriched with progressive samples and 
the other with stable ones. 
d Arrows represent the shift on a UMAP space from time point A to B for each subject, with a general trend of moving from the 
periphery to the center, except for subject TP7 which maintains a high IFN score and high viral loads at time-point B.





Supplementary Figure 13  Analysis of the effects of tocilizumab
a Scatterplots of gene expression log fold-change (logFC), comparing tocilizumab-treated (Toci) group and non-tocilizumab-treated (non-
Toci) group across the major cell types.  Six IL-6 pathway genes are highlighted in red. X- and Y-axis are on the same scale. The vertical 
distributed patterns of highlighted genes indicate the treatment effects after removing confounding effects due to progressive time. To 
evaluate the differential logFC statistically, we tested and showed the p values of the interaction effects between time points and the IL-6 
pathway genes by the linear model. 
b - c Scatterplots for cell type-cell type correlations within Toci group (b) and non-Toci group (c) with the same scale of X- and Y-axis. The 
selected plots are the logFC comparisons between two time points from major T cell type pairs. The highlighted genes are the six IL-6 
pathway genes. The cell type pairs have higher correlations if the highlighted genes as well as the global genes are distributed around the 
diagonal. To evaluate the differential logFC statistically, we tested and showed the p values of the interaction effects between the cell 
type and the IL-6 pathway genes by the linear model 
d Ridgeplots of cell type-cell type correlation distribution across different groups. The cell type pair correlations are measured either by 
ISGs or the global 2000 highly variable genes within the Toci group and non-Toci group. The larger mean of the correlation distribution 
underlies a more coherent response to disease across different cell types.
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Supplementary Figure 14. CITE-seq and flow cytometry analysis
a UMAP embedding of the ADT data from 43,349 cells across COVID-19 patients, excluding a cluster of 
non-specific staining (8,032 cells, see results section). b Heatmap showing the overlap between ADT and 
RNA based annotations. c Gating strategy for the identification of CD38⁺ HLADR⁺ CD4⁺ or CD8⁺ T cells by 
Flow cytometry. d Flow cytometry data for the fraction of HLADR+CD38+ T cells over total T cells (left), 
CD4+ T cells (middle), and CD8+ T cells (right). Stable and progressive COVID-19 patients were divided 
into early and late time points (early; days from symptom onset <10, late; days from symptom onset >10). 
e Heatmap showing the expression of curated genes across the different T cell clusters. f GSEA of a 
signature of HIV specific CD8+ T cells in progressive chronic HIV patients (GSE24081) and type-1 IFN 
response (GO:0034340). Progressive HIV CD8+ T cell signature (purple), and type 1 IFN response signature 
(green) in the ranked list of genes differentially expressed by dividing T cells from stable versus progressive 
COVID-19 patients. Significance was assessed by Kruskal-Wallis rank-sum test with Dunn’s post hoc test for 
multiple comparisons. Boxplots represent the median and bottom and upper quartiles; whiskers 
correspond to minimum and maximum values.
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Supplementary Figure 15. TCR clone clusters overlapped between multiple subjects
TCR clone clusters overlapped between multiple subjects. Barplots show the number of TCR clone clusters with clones from more than 
two samples identified by GLIPH2 in CD4+ T cells (left panel) and CD8+ T cells (right panel) based on the top 172 CD4+ and 24 CD8+ T cell 
SARS-CoV-2 specific clone clusters.
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Supplementary Figure 16. TCRα gene usage in CD8+ T cells that belong to COVID19-specific CDR3 clusters
The TRAV and TRAJ gene usage distribution based on the top 10 SARS-CoV-2 specific expanded clone clusters in CD8+ T cells. The numbers 
of clones using each V-gene (top panel) and J-gene (bottom panel) across all clone clusters are shown in bar plots. Different colors represent 
different CDR3 clusters.



†

Supplementary Figure 17. Gene usage of the 10 and 12 specificity groups in CD8+ and CD4+ T cells. 
Stacked barplots show the TRBV (bottom) and TRBJ (top) gene usage distribution based on the top 10 and top 12 SARS-CoV-2 specific clone 
clusters in CD8+ T cells (left panel) and CD4+ T cells (right panel), respectively.



Supplementary Figure 18. HLA alleles present within the 2 specificity groups in CD4+ T cells. 
For each specific group, samples with contributing clones are shown together with their corresponding TcRb and TcRa sequences, followed by 
their HLA alleles. The predicted common HLA class II alleles for each specificity group are highlighted using exclamation marks. HLA alleles with 
the same first two fields are highlighted in yellow and those with the same first field are highlighted in green. 



Supplementary Figure 19. HLA alleles present within the 4 specificity groups in CD8+ T cells. 
For each specific group, samples with contributing clones are shown together with their corresponding TcRb and TcRa sequences, followed 
by their HLA alleles. The predicted common HLA class II alleles for each specificity group are highlighted using exclamation marks. HLA alleles 
with the same first two fields are highlighted in yellow and those with the same first field are highlighted in green. 



Supplementary Figure 20. Gene usage dynamics. 
Gene usage across three cell-types, at each time for different patient (point) groups: stable patients under tocilizumab treatment (top 
panel); progressive patients under tocilizumab treatment (middle panel); and stable patients under no treatment (bottom panel). 
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Supplementary Figure 21. Mutation frequency dynamics. 
Mutation across three cell-types, at each time point (A and B), for different patient (point) groups: stable patients under tocilizumab 
treatment (top panel); progressive patients under tocilizumab treatment (middle panel); and stable patients under no treatment 
(bottom panel). 
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Supplementary Figure 22. Unmutated B cell clone analysis. 
B cell clones were separated by cell type and isotype. These isotype-specific clonal clusters were considered “unmutated” if 
the median SHM frequency of their constituent sequences was < 1%. The results are depicted in boxplots, in which the 
value for each patient is represented by a dot, the upper and lower bounds represent the 75% and 25% percentiles, 
respectively. The center bars indicate the medians, and the whiskers denote values up to 1.5 interquartile ranges above the 
75% or below the 25% percentiles. 

3847 2921 891 67

747 39 374 343

500 428 58 15

616 20 336 265
IGHG IGHA

IGHM IGHD

All Naïve Memory Plasma All Naïve Memory Plasma

0

30

60

90

0

30

60

90

Cell cluster

%
 u

nm
ut

at
ed

 c
lo

ne
s

Treatment/Status
no−toci−stable

toci−progressive

toci−stable

Clones
200

400

600

800

Total clones shown 
above each column



Supplementary Tables

Controls All Progressive* Stable** Difference***
Number of subjects 13 10 4 6
Age (y) 71 71 73.8 69.2 NS; NS
Male Sex 77% 70% 75% 67% NS; NS
White race 100% 60% 50% 67% p=0.012; NS
Chronic lung disease 0% 10% 25% 0% NS; NS
Chronic heart disease n/a 60% 50% 75% NS
Chronic hypertension n/a 90% 100% 83% NS
BMI n/a 32.2 34.1 31.0 NS
Hemoglobin A1C n/a 7.3% 7.1% 7.6% NS
Symptoms before hospitalization (d) - 5.5 5.8 5.3 NS
Time from hospitalization to blood 
sample before tocilizumab (d) - 2.9 3* 2.8 NS
Time from hospitalization to blood 
sample after tocilizumab (d) - 10.1 9.3 11** NS
Time between samples (d) - 6.3 5.5* 6.5 NS
Time from hospitalization to 
tocilizumab treatment (d) - 4.3 3.3 5.3 NS
Tocilizumab dose (mg/kg) - 7.8 7.8 7.8 NS
Modified SOFA score (time A) - 3.3 8.5 1.5 p=0.001
Modified SOFA score (time B) - 5.8 12.3 1.5 p=0.006
Outcome: discharged - 60% 0% 100%
Outcome: expired - 40% 100% 0%

Supplementary Table 1
Baseline characteristics, timing parameters and outcome for COVID-19 and control subjects. 
Values represent means, except for proportions which are presented as %.
P-values calculated with Chi-Square test for proportions and two-tailed T-test for other values. 
* Blood before Tocilizumab available only for two progressive patients.
**   Two stable patients didn't receive Tocilizumab.
*** P-values are given for (i) Control vs all COVID-19, and (ii) Progressive vs Stable, respectively. 
Abbreviations: NS- non significant, n/a- not available.

p=0.002

COVID19 patients
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