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            Abstract
We present a tool to measure gene and protein expression levels in single cells with DNA-labeled antibodies and droplet microfluidics. Using the RNA expression and protein sequencing assay (REAP-seq), we quantified proteins with 82 barcoded antibodies and >20,000 genes in a single workflow. We used REAP-seq to assess the costimulatory effects of a CD27 agonist on human CD8+ lymphocytes and to identify and characterize an unknown cell type.
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                    Figure 1: Benchmarking of REAP-seq on PBMCs.[image: ]


Figure 2: REAP-seq characterization of ex vivo-activated naive CD8+ T cells with aCD27.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Schematic of REAP-seq
(a) Cells are labeled with Ab-Barcodes (AbBs, Supplementary Fig. 2) before compartmentalization into discrete droplets containing a bead with cell-barcode primers. Upon droplet formation the cell is lysed and the polyadenylated mRNA and AbBs hybridize to the poly(dT) cell barcoded primer. REAP-seq leverages the DNA polymerase activity of reverse transcriptase to simultaneously extend the hybridized AbB and synthesize complementary DNA from mRNA in the same reaction. The droplet emulsion is then broken and the cell barcoded AbB sequences (âˆ¼155 bp) are size fractionated from the cell barcoded cDNA derived from mRNA (>âˆ¼500 bp). mRNA and protein libraries are prepared and sequenced (see Methods). (b) Paired end sequencing reads for mRNA and protein libraries are generated on a high-throughput sequencer. The mRNA workflow is similar to previously published methods1,2. Protein sequencing reads are first aligned using an antibody-barcode dictionary that associates each antibody with a unique 8 bp sequence (Supplementary Table 1). Next, reads are grouped by their cell barcodes, and sequences with unique UMIs are counted for each protein and gene in each cell. The result is a digital protein and gene expression matrix where each column corresponds to a cell, and each row corresponds to a different protein or gene. Each entry in this matrix is the integer number of detected genes or proteins per cell.


Supplementary Figure 2 Schematic of DNA barcoded antibodies.
Antibodies were conjugated to oligonucleotides (65-66 bp) that consisted of 3 parts: 1) 33 bp Nextera Read 1 sequence that was used as a primer for amplification as well as sequencing, 2) a unique 8 bp antibody barcode (Ab BC) and 3) 24-25 bp poly(dA) sequence. Due to complexity of manufacturing oligonucleotides with consecutive insertions of the same base, if the Ab BC ended in an A, then poly(dA) was 24 bp to keep consecutive insertions of the same base <26 bp. All oligonucleotides were purchased from Integrated DNA Technologies with a 5â€² amine modification (/5AmMC6/).


Supplementary Figure 3 Overview of REAP-seq protein and mRNA library preparation.
REAP-seq leverages the DNA polymerase activity of reverse transcriptase to simultaneously synthesize complementary DNA from mRNA and extend the hybridized AbB resulting in dsDNA containing the Ab barcode, cell barcode, UMI, and two PCR primer sequences. The droplets are then broken and a silane bead cleanup step is used to purify the DNA from the oil emulsion. Then shorter dsDNA molecule (âˆ¼155 bp) is separated from the longer cDNA molecules (typically >500 bp) using 0.6x SPRI bead enrichment step. All downstream scRNA-seq steps remain the same (10x Genomics v1 standard protocol) and the supernatant that is typically discarded from the SPRI cleanup step is used for the protein part of the assay. Exonuclease I is used to degrade any excess unbound single-stranded oligonucleotides from the protein dsDNA (âˆ¼155 bp) product to prevent crosstalk between AbBs and cell barcodes from different cells. The dsDNA product is then amplified using Illumina adapter sequence primers (P7 and P5) and a primer containing a sample index (P5-Sample_Index-Part_Rd1, Supplementary Table 6) to create a final library product that can be sequenced in a multiplexed fashion with other samples (Supplementary Table 7).


Supplementary Figure 4 Validation of REAP-seq protein assay using Anti-mouse IgG beads labeled with AbBs.
(a) The protein part of the REAP-seq assay was conducted on a mixture of beads labeled with either AbB 1 (CD70) or AbB 2(CD13). The scatter plot shows the number of AbB counts associated with each bead. Blue dots indicate beads designated as AbB 1 specific (>70% AbB 1 counts); red dots indicate beads that are AbB 2 specific (>70% AbB 2 counts). Of the 574 beads identified (>100 counts), 4 (0.7%) had a mixed phenotype, suggesting that the Exonuclease 1 step was successful at degrading excess unbound single-stranded barcodes and preventing crosstalk between AbBs and cell barcodes from different beads. (b) t-SNE visualization of clusters identified among 1,082 beads that were labeled with one of the 10 different AbBs (CD127, TIGIT, CD27, CD8a,CD73, CD28, CD9, CD40, OX40, and Mouse IgG1 isotype control) and processed through the REAP-seq protein pipeline. Beads were assigned a color based on the AbB with the maximum number of counts. As expected, 10 clusters were identified for each of the 10 AbBs.


Supplementary Figure 5 Evaluation of blocking buffer on non-specific binding of AbB to cells.
(a) PBMCs were blocked with either DNA salmon sperm (1 mg/ml), dextran sulfate (0.2 mg/ml), or polyanionic Inhibitor (1 Î¼M). Bulk PBMCs were labeled with an AbB mix (n=28) and protein libraries were prepared for bulk cells rather than single cells (less expensive for initial optimization experiments). The table shows normalized counts (AbB counts/total AbB counts x 1Ã—104) of DNA barcodes from isotype control antibodies; Mouse IgG1, Mouse IgG2b, and Rat IgG1. Dextran sulfate showed the best reduction in non-specific binding of the AbB isotype controls. (b) PBMCs were either blocked with dextran sulfate (0.2 mg/ml) or not blocked and then labeled with an AbB mix (n=45). UMI count graphs showing the % total cells (# cells that had a specific number of UMI counts/ total # cells Ã— 100) that are expressing a specific # of UMI counts. Single cells (without DS, n=3,158, with DS, n=4,330) were processed with REAP-seq and protein measurements show that dextran sulfate blocking helped reduce non-specific binding of the isotype controls and increased the % cells with 0 UMI counts. All three isotype controls blocked with dextran sulfate had a background noise of <= 2 UMI counts in >96% of the cells.


Supplementary Figure 6 Evaluation of specificity and non-specific binding in the REAP-seq protein assay.
(a) High correlation (R2=0.95) between two different monoclonal antibodies against CD8 (Clone RPA-TA and SK1) was observed in PBMCs indicating high specificity and reproducibility of single cell protein measurements. (b) Evaluation of non-specific binding using isotype controls in aCD27 treated and untreated cells from Donor 1 (n=5,196 cells). UMI count graphs showing the % total cells (# cells that had a specific number of UMI counts/ total # cells Ã— 100) that are expressing a specific # of UMI counts. Isotype controls Mouse IgG2a, Mouse IgG2b, Rat IgG1, and Rat IgG2a have >90% cells with 0 UMI counts and >98% of cells have <2 UMI counts.


Supplementary Figure 7 Benchmarking of REAP-seq on PBMCs.
(a) CD3+ T cells (n=3,797), CD19+ B cells (n=1,533), and CD11b+ myeloid cells (n=2,883) were magnetically enriched from PBMCs and processed with REAP-seq. Gene expression matrices from the 3 magnetically enriched cell populations (CD3+,CD19+,CD11b+) were merged into one matrix and the nonlinear dimensionality reduction method, t-Distributed Stochastic Neighbor Embedding (t-SNE), was used to visualize the PCA-reduced dataset in two dimensional space. t-SNE visualization of six clusters were identified using the top 9 significant principal components across 1,789 variable genes. (b) Cells are colored by the magnetic beads used for isolation: CD3+ (pink), CD11b+ (green), CD19+ (blue) and projected on the tSNE plot from (a). There are three easily discernible purified populations of cells which can be used as a positive control to assess the sensitivity and specificity of REAP-seq mRNA and protein measurements for canonical markers of these cell types. (c) mRNA and protein signal for canonical markers expressed in myeloid cells (CD11b, CD33, CD14, CD155), B cells (CD19, CD20) and T cells (CD3, CD4, CD8) projected on the t-SNE plot from (a). For each marker, the Pearson correlation coefficient (R) between mRNA and protein expression across 8,213 single cells is displayed. Purple indicates high expression and grey indicates low expression. (d) mRNA signal for markers expressed in FCGR3A+ Monocytes (FCGR3A) and mature B cells (TNFRSF17) were projected on the tSNE plot from (a). Purple indicates high expression and grey indicates low expression.


Supplementary Figure 8 REAP-seq gene expression compared to standard scRNA-seq gene expression
(a) Violin plots showing the distribution of gene expression in PBMCs that were processed with REAP-seq (n=4,113) versus standard scRNA-seq (n=3,158) using the 10Ã— Genomics platform. Genes on the left were those that had less abundant cell expression and genes on the right were those that were expressed in a larger number of cells. Distribution of gene expression between both platforms is comparable suggesting that the protein assay does not affect the scRNA-seq standard assay.


Supplementary Figure 9 Evaluating the effect of different conditions on the transcriptome.
(a) The REAP-seq transcriptomic assay was run on PBMCs labeled with or without AbBs (scRNA-seq). Sequencing reads were processed with our bulk RNA-seq pipeline (Omicsoft, see Methods) and the 5,000 highest expressed genes were compared between the two conditions. High correlation (R2=0.97) suggests that labeling cells with AbBs does not effect the transcriptomic signature. (b) PBMCs were either blocked with dextran sulfate (0.2 mg/ml) or not blocked before labeling cells with AbBs and processed through the REAP-seq pipeline. Comparison between the top 5,000 expressed genes show good correlation (R2=0.96) suggesting that blocking cells with dextran sulfate does not effect the transcriptomic signature. Gene counts were normalized by total counts and scaled by a factor of 1Ã—106.


Supplementary Figure 10 REAP-seq characterization of ex vivo activation of naÃ¯ve CD8+ T cells with aCD27
(a) Schematic of aCD27 ex-vivo assay where naÃ¯ve CD8+ enriched T cells were either treated with aCD3 and aCD28 (top, aCD27 untreated) or aCD3, aCD28, and aCD27 (bottom, aCD27 treated). (b) t-SNE visualization plots based on either gene or protein expression for each of the 3 donors where cells were treated with aCD27 (Donor 1, 4,246; Donor 2, 4,044; Donor 3, 3,550 cells) or not treated with aCD27 (Donor 1, 950; Donor2, 622; Donor 3, 406 cells). For t-SNE visualization of mRNA data, 6-7 clusters were identified using the top 10, 15, and 10 significant principal components across 1,452, 1,159, and 1,706 genes for Donor 1, 2, and 3 respectively. For t-SNE visualization of protein data, 6-7 clusters were identified using the top 10 significant principal components across all Natu anBboecesofog ye aoh1(0otfl38/Cbtl39a3e colored by cluster.


Supplementary Figure 11 Unsupervised clustering of aCD27 treated and untreated cells based on gene expression
(a) t-SNE plots based on gene expression for each of the 3 donors. Blue dots indicate cells treated with aCD27 (Donor 1, 4,246; Donor 2, 4,044; Donor 3, 3,550 cells) and magenta indicates cells not treated with aCD27 (Donor 1, 950; Donor2, 622; Donor 3, 406 cells). (b) t-SNE plots based on a reduced set of genes (n=69) consisting of markers that were also measured for protein expression (excluding isotype controls and post translationally modified proteins such as CD45RO and CD45RA). For comparison, clustering based on protein expression is shown in Fig. 2a.


Supplementary Figure 12 Differentially expressed proteins and transcripts in aCD27 treated naÃ¯ve CD8+ T cells
Volcano plots showing differential gene and protein expression between aCD27 treated and untreated cells in three different donors. Cyan, genes and proteins with adjusted p-values < 0.01 (corrected for multiple testing using the Bonferroni correction) and fold changes greater than 1.3 (threshold used for differential expression). Magenta, remaining genes and proteins. Selected genes and proteins labeled were differentially expressed in all three donors.


Supplementary Figure 13 Heatmap showing normalized expression of genes (n=61) that were either upregulated or downregulated in the aCD27 treated and untreated cells for all three donors.
Red indicates high expression and blue indicates low expression. Expression levels are log normalized, first scaling each cell to a total of 1Ã—104 molecules.


Supplementary Figure 14 REAP-seq differential protein expression in aCD27 stimulated cells
(a) In addition to differential expression, single cell measurements can help distinguish if changes are due to gene or protein regulation versus those that arise due to compositional changes of different cellular states15. (b) Histograms showing protein expression for markers that increased upon stimulation with aCD27. (blue, aCD27; orange, no aCD27). Protein markers that had statistically significant differential expression (**) had an adjusted p-value < 0.01 (corrected for multiple testing using the Bonferroni correction) and a fold change > 1.3. For each marker, the fold change in the percentage of positive cells (right of red line) between the aCD27 treated and untreated samples is shown in the table below the histogram.


Supplementary Figure 15 Differential protein expression in aCD27 stimulated cells
(a) Histograms showing REAP-seq protein expression for markers that decreased upon stimulation with aCD27. (blue, aCD27; orange, no aCD27). Protein markers that had statistically significant differential expression (**) had an adjusted p-value < 0.01 (corrected for multiple testing using the Bonferroni correction) and a fold change > 1.3. For each marker the fold change in the percentage of positive cells (right of red line) between the aCD27 untreated and treated samples is shown in the table below the histogram. (b) Flow cytometry histograms showed an increase in CD69 expression upon aCD27 treatment of the CD8+ naÃ¯ve T cells in all three donors. (c) Schematic of CD69 Ab characterization using the Biacore assay. First, rabbit anti-mouse FC polyclonal antibodies are immobilized to the flow cell. Then antibodies (anti-CD69, anti-CD69+DNA Barcode, and Mouse IgG1 isotype control) are captured to the flow cell. Binding stability to either recombinant CD69 (dimer) or recombinant CD47 (negative control) is measured. (d) Anti-CD69, Anti-CD69+DNA barcode, and Mouse IgG1 Isotype control antibodies were captured to 130, 160, and 150 RU, respectively, on the flowcell. (e) Anti-CD69 and anti-CD69+DNA barcode both demonstrated binding to recombinant human CD69 protein and did not bind to recombinant human CD47 (negative control). The Mouse IgG1 isotype control did not exhibit any binding to either human CD69 or CD47 recombinant proteins.


Supplementary Figure 16 Scatter plots looking at the relationship between the change in protein expression and the change in mRNA expression between aCD27 treated and untreated CD8+ naÃ¯ve T cells for each of the three donors.

Supplementary Figure 17 Comparative analysis of differentially expressed proteins and genes using Gene Set Enrichment Analysis (GSEA, Broad).
(a,b) Differential gene expression between aCD27 treated and untreated cells was used to generate a rank order list where red indicates genes with increased expression in aCD27 untreated cells (control) and blue indicates genes with increased expression in aCD27 treated cells. GSEA was then used to compare this rank order gene list to a rank order protein list (abs(log fold change) >0.2, adjusted p-value <0.05). Enrichment plots are shown for (a) proteins that had higher expression in the control aCD27 untreated cells and for (b) proteins that had higher expression in the aCD27 treated cells. The top 5 correlated proteins are shown for each donor. The horizontal scale bar from red (left) to blue (right) represents the DE genes ranked from highest expression in the aCD27 untreated cells (left) to the high expression in the aCD27 treated cells (right). The vertical black lines represent the projection of DE protein markers onto the ranked DE gene list. The curve in green corresponds to the calculation of the enrichment score (ES) where the green ES curve shifted to the upper left of the graph (a) indicates an enrichment in genes that show increased expression in aCD27 untreated cells. Conversely, the green ES curve shifted to the lower right (b) indicates an enrichment of genes with increased expression in aCD27 treated cells. Normalized enrichment scores (NES) and false discovery rate (FDR) q-values are indicated on the upper right corner of each plot.


Supplementary Figure 18 REAP-seq comparison of mRNA versus protein expression upon aCD27 stimulation in Donor 2
(a) t-SNE visualization plot (on left) based on protein expression for Donor 2 where blue dots indicate cells treated with aCD27 (n=4,044) and magenta indicates cells not treated with aCD27 (n=622) mRNA and protein expression of IL7R, NT5E, CD70, PD1, and CD4 projected on the t-SNE visualization plot (on right). Genes and proteins in the aCD27 treated cells that had adjusted p-values <0.01 and fold changes greater than 1.3 were considered significant (** with red circles). Purple indicates high expression and grey indicates low expression. (b) REAP-seq protein measurements showing increased CD4 expression in Donor 2 aCD27 treated naÃ¯ve CD8+ T cells was validated with flow cytometry.


Supplementary Figure 19 Flow cytometry experiment showing aCD27 drug partially blocks anti-CD27 (clone M-T271) from binding CD27
(a) A representative T cell gating strategy for flow cytometry where Rhesus blood was stained with a phenotypic panel of Abs (Supplementary Table 5). (b) Flow cytometry data showing that the T cells from Rhesus blood that are treated with aCD27 drug (10 ug/ml and 0.25 ug/ml) partially block the CD27-APC monoclonal antibody clone (M-T271, BioLegend) used in the AbB panel compared to no aCD27 drug (0 ug/ml). (c) T cell staining of a Mouse IgG1 Isotype control conjugated to APC showed minimal background fluorescence signal.


Supplementary Figure 20 Validation of REAP-seq findings using flow cytometry analysis.
(a) Flow cytometry histograms showed an increase in CD25 and CD4 expression upon aCD27 treatment of the CD8+ naÃ¯ve T cells in all three donors which is consistent with REAP-seq findings (Supplementary Fig. 14b). (b) Flow cytometry bivariate scatter plots show a 14, 22, and 5 fold increase in the percentage of double positive cells (CD8+/CD4+) in aCD27 treated vs untreated naÃ¯ve CD8+ T cells in Donor 1, 2, and 3, respectively.


Supplementary Figure 21 mRNA and protein correlations in aCD27 treated and untreated naÃ¯ve CD8+ T cells
(a) Statistics of the percentage of cells with zero UMI counts and >0 UMI counts for mRNA and protein expression in naÃ¯ve CD8+ T cells in each donor. (b) Scatter plots looking at the relationship between protein and mRNA expression in aCD27 treated (turquoise) and untreated (red) CD8+ naÃ¯ve T cells for each donor. Pearson R correlation scores including (black) or not including (red) cells with zero UMI protein or gene counts. Scatter plots shown include cells with zero protein or gene UMI counts.


Supplementary Figure 22 Differential expression at both the protein and transcript level in the outlier cluster.
Violin plots showing the expression distribution of the three markers (HLA-DRA, CD27, CD2) that had both differential gene and protein expression in the outlier cluster (purple) compared to the rest of the cells (grey) in all three donors. Expression levels are log transformed, first scaling each cell to a total of 1Ã—104 molecules.


Supplementary Figure 23 MetaCore pathway analysis of the outlier cluster in CD8+ naÃ¯ve T cells (Fig. 2a).
The development transcriptional regulation of megakaryopoiesis pathway was the most significant enriched pathway (FDR 1.2e-5, Clarivate Analytics) for genes and proteins upregulated in the outlier cluster compared to the rest of the cells (fold change >1.5, adjusted p value <0.01). Red circles indicate genes that were upregulated in the outlier cluster in at least one of the donors and the red square indicates the two proteins (CD34 and CD38) that were upregulated in the outlier cluster in all three donors.


Supplementary Figure 24 Representative live cell gating strategy for flow cytometry data
(a) PBMCs were initially gated on live cells. (b) aCD27 untreated CD8+ naÃ¯ve T cells were initially gated on live cells. Representative live cell gating strategy for aCD27 untreated and treated CD8+ naÃ¯ve T cells for all three donors.
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