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Abstract 21 

Measurement of gene expression at the single-cell level has led to important advances in the study of 22 

transcriptional regulation programs in healthy and disease states. In particular, single-cell gene expression 23 

approaches have shed light on the high level of transcriptional heterogeneity of individual cells, both at 24 

baseline and in response to experimental or environmental perturbations. We have developed a method 25 

for High-Content Imaging (HCI)-based quantification of transcript abundance at the single-cell level in 26 

primary human immune cells and have validated its performance under multiple experimental conditions 27 

to demonstrate its general applicability. This method, which we abbreviate as hcHCR, combines the high 28 

sensitivity of the hybridization chain reaction (HCR) for the visualization of mRNA molecules in single 29 

cells, with the speed, scalability, and technical reproducibility of HCI. We first tested eight microscopy-30 

compatible attachment substrates for short-term culture of primary human B cells, T cells, monocytes, or 31 

neutrophils. We then miniaturized HCR in a 384-well format and documented the ability of the method to 32 

detect increased or decreased transcript abundance at the single-cell level in thousands of cells for each 33 

experimental condition by HCI. Furthermore, we demonstrated the feasibility of multiplexing gene 34 

expression measurements by simultaneously assaying the abundance of two transcripts per cell, both at 35 

baseline and in response to an experimental stimulus. Finally, we tested the robustness of the assay to 36 

technical and biological variation. We anticipate that hcHCR will be a suitable and cost-effective assay 37 

for low- to medium-throughput chemical, genetic or functional genomic screens in primary human cells, 38 

with the possibility of performing personalized screens or screens on cells obtained from patients with a 39 

specific disease.40 
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Introduction 41 

Gene expression assays are the cornerstone of functional genomics. Measurement of transcript abundance 42 

is central to our current understanding of cell biology, defining the basal state of different cell types as 43 

well as their response to environmental or experimental perturbations. In recent years, the emphasis has 44 

been on the analysis of gene expression at the single-cell level. In the case of immune cells, this has shed 45 

light on the heterogeneity of the transcriptional state of individual cells and to the identification of 46 

transcriptional subsets among what were previously thought to be homogeneous populations (Stubbington 47 

et al. 2017). It has also advanced our understanding of the sets of functionally related and co-regulated 48 

genes that govern the response to stimuli by individual cells (Pope and Medzhitov 2018). Immune cell 49 

heterogeneity and transcriptional regulation at the level of individual cells are especially relevant at a time 50 

when the development of cancer immunotherapy has accelerated (Gibellini et al. 2020), the effects of 51 

immunosuppressive drugs are being revealed to be highly cell type-dependent (Franco et al. 2019), and a 52 

rapidly growing arsenal of new drugs targeting specific components of immune signaling networks is 53 

being developed (Tiligada et al. 2015). 54 

The improved ability to study gene expression at the level of individual cells has been driven by a series 55 

of technological advances that have moved the experimental toolkit in two opposite but complementary 56 

directions: one with greater breadth and the other with greater depth. Greater breadth has been achieved 57 

by advances in single-cell transcriptomics. Single-cell RNA sequencing (scRNA-seq) allows 58 

simultaneous gene expression measurements of hundreds to thousands of genes per cell (Hwang et al. 59 

2018) and has become the method of choice for identifying transcriptional subsets of cells. The high cost 60 

per sample and limited scalability have so far limited the use of scRNA-seq to low-throughput 61 

applications. In addition, current scRNA-seq technologies rely on a superficial sampling of each cell’s 62 

transcriptome, making the sensitivity of detection of a transcript in any given cell low and biasing the 63 
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representation towards more highly expressed genes (Chen et al. 2019). Greater depth has been achieved 64 

by concomitant advances in RNA fluorescence in situ hybridization (FISH) methods, which have greatly 65 

increased the sensitivity of detection of individual RNA molecules (Pichon et al. 2018). This higher 66 

sensitivity enables the reliable detection of transcripts with low expression levels and the quantification 67 

of small changes in transcript abundance in large populations of cells under thousands of experimental 68 

conditions, but it comes at the expense of multiplexing, as the number of transcripts that can be assayed 69 

simultaneously is limited by the number of available fluorescence channels, usually up to 4 or 5 for 70 

advanced microscopy equipment. 71 

High-content imaging (HCI) employs automated liquid handling, image acquisition, and image analysis, 72 

and offers the possibility of quantitative analyses at the single-cell level with high throughput and limited 73 

inter-operator variation (Pegoraro and Misteli 2017; Esner et al. 2018). The possibility of testing hundreds 74 

to tens of thousands of experimental conditions makes HCI particularly suitable for medium- or high-75 

throughput screening experiments aimed at understanding the cellular effects of large collections of 76 

perturbing agents like chemical compounds, RNAi, or CRISPR/Cas9. Such screening experiments are a 77 

central component of drug development pipelines (Hughes et al. 2011) and are a powerful tool for 78 

dissecting signaling networks in biological systems by selective manipulation of individual components 79 

(Sun et al. 2016). Most HCI assays to date have relied on the detection of signals from fluorescent dyes, 80 

stably expressed fluorescent proteins, or fluorescently labeled antibodies directed against endogenous 81 

proteins of interest. However, the same principles can be applied to high-throughput quantitative 82 

measurements of gene expression (Querido et al. 2017). 83 

HCI assays have also relied primarily on immortalized and/or transformed cancer cell lines, which are 84 

easier to grow and manipulate than primary cells, but also tend to have substantial structural genomic 85 

abnormalities, which can limit the generalization of the results of transcript-level assays obtained in these 86 
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cells to more physiologically relevant systems (Mittelman and Wilson 2013; Gioia et al. 2018; Zhou et al. 87 

2019). In addition, cell lines can have different responses to chemical stimuli when compared to primary 88 

cells or cells exposed in vivo (Lavrentieva 2018).  Finally, human cell lines are generally derived from a 89 

single individual, which limits the generalizability of the results as they cannot account for biological, 90 

inter-individual variation. Screening assays based on primary human cells would overcome these issues 91 

and would also allow for personalized screens with cells obtained directly from specific patients, or from 92 

patients with a particular disease of interest (Lavrentieva 2018). However, their culture is more technically 93 

challenging due to cell-to-cell heterogeneity, variable attachment properties, and low proliferation 94 

capacity (Hauser 2015; Lavrentieva 2018). 95 

To address these limitations, we have developed a high-throughput method for quantitative analysis of 96 

gene expression at the single-cell level in primary human cells. This method, which we abbreviate as 97 

hcHCR, combines HCI with a recently developed chemistry for high-sensitivity RNA FISH, the 98 

hybridization chain reaction (HCR) (Choi et al. 2010, 2018). To demonstrate the general applicability of 99 

hcHCR, we have validated its performance on technical and biological replicate experiments with 100 

different primary human cell types and under multiple experimental conditions.   101 
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 6 

Results 102 

High-content imaging-based quantification of transcript abundance at the single-cell level 103 

The assay workflow for hcHCR is summarized in Fig. 1. Primary cells from human peripheral blood are 104 

first isolated and plated with cell culture media in 384-well imaging plates (Fig. 1A). After a rest period, 105 

intended to allow stabilization of gene expression after plating, the cells are treated, simultaneously or in 106 

tandem, with one or more chemical or biological perturbing agents whose effect on gene expression are 107 

being tested. Treated cells are then fixed and RNA is hybridized in situ with sequence-specific oligo DNA 108 

probe sets carrying HCR initiator sequences, followed by HCR amplification and automated image 109 

acquisition (Fig. 1A) (Choi et al. 2010, 2018). High-Content Image analysis is then used to first segment 110 

nuclei based on the DAPI image, followed by dilation of a mask to cover the cell body (cell segmentation), 111 

and by HCR spot detection and counting (Fig. 1B). The relative abundance of up to 3 specific mRNA 112 

transcripts can be quantified at the single-cell level in up to thousands of wells on a commercial HCI 113 

instrument. Gene expression can be quantified as spot counts per cell (digital HCR; Choi et al. 2018, and 114 

Fig. 1C left panel). Alternatively, when very high transcript abundance renders the density of individual 115 

HCR spot signals too high to be optically resolved, gene expression can be quantified as HCR mean 116 

fluorescence over the cell body region (quantitative HCR; Choi et al. 2018, and Fig. 1C center panel). In 117 

multiplexed experiments, when more than one gene is being imaged in each cell, hcHCR image data can 118 

be converted to the FCS format for visualization and analysis with standard flow cytometry software, 119 

including gating and bivariate scatterplots (Fig. 1C, right). 120 
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 122 

Figure 1. Schematic representation and workflow of the hcHCR method. (A) Primary human 

cells are purified and plated in 384-well imaging plates followed by in vitro treatment, RNA HCR, 

and high-content quantitative imaging at single-cell resolution. (B) High-Content Image analysis of 

HCR images: nuclei regions, cell body regions, and HCR spot locations are shown in pseudocolors. 

(C) Analysis of hcHCR data. Digital HCR (dHCR) involves mRNA quantification as HCR spots/cell. 

A representative single-cell density plot is shown on the left panel. Quantitative HCR involves 

quantification of HCR mean fluorescence intensity over the cell body region. A representative single-

cell density plot is shown on the center panel. Digital or quantitative hcHCR data can be analyzed 

and gated with standard flow cytometry software. A bivariate scatter plot of dHCR counts for two 

genes is shown on the right panel. 
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Identification of appropriate substrates for HCI of human primary immune cells 123 

Fluorescence microscopy acquisition is greatly facilitated by the attachment of cells to the bottom of 124 

imaging plates. With this goal in mind, we began by comparing the adherence of four lymphoid or myeloid 125 

primary human immune cell types, which normally grow in suspension, to different substrates in 384-well 126 

imaging plates. Purified B cells, monocytes, neutrophils, or CD4+ T cells were plated live in wells coated 127 

with one of eight substrates: MS-1, MS-2, MS-3, 3D Hydrogel, PDL, SPA, 3D Hydrogel PDL, or 3D 128 

Hydrogel SPA. After a refractory period of 2 to 4 hours to allow for adherence to the substrate and 129 

stabilization of gene expression after plating, cells were fixed. Culture plates were then subject to the same 130 

incubation conditions and washes that would normally be used in our hcHCR protocol, but without the 131 

addition of HCR probes or hairpins (see Materials and Methods). Cell nuclei were then stained with DAPI 132 

and cell attachment was quantified by HCI (Fig. 2A). 133 

Cell attachment was comparable among the 8 substrates for B cells and monocytes (Fig. 2B). While the 134 

mean number of cells retained showed no statistically significant difference among the substrates, the 135 

mean number of cells retained was lower in SPA than in other substrates (Fig. 2B). In contrast, neutrophils 136 

were retained better in 3D hydrogel with SPA than in any of the other substrates tested (Fig. 2A and Fig. 137 

2B). CD4+ T cells showed significant differences in attachment across substrates, with PDL and 3D 138 

hydrogel-based substrates having the highest attachment, and SPA again being the substrate with the 139 

lowest attachment. We chose PDL as a substrate for subsequent experiments, given its lower cost and 140 

greater availability. 141 

Because the number of available primary human cells is often limited in practice, we then tested whether 142 

the retention ratios for each of the 4 cell types, cultured in PDL substrate, would change over a range of 143 

cell concentrations. We found no statistically significant differences in retention ratios for any of the 4 144 

cell types tested, at concentrations of 25,000, 50,000, or 100,000 cells per well (Fig. 2C). 145 
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The results of these experiments indicate that different primary immune cell types can be successfully 146 

cultured short-term in 384-well imaging plates coated with a variety of substrates, with sufficient cell 147 

retention after fixation and automated liquid handling to allow for HCR followed by HCI. 148 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 10, 2020. ; https://doi.org/10.1101/2020.11.10.377283doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.10.377283
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

 149 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 10, 2020. ; https://doi.org/10.1101/2020.11.10.377283doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.10.377283
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12 

 150 

Figure 2. Identification of an appropriate substrate for HCI of human primary immune cells. 

Four primary human immune cell types (B cells, monocytes, neutrophils and CD4+ T cells) were 

independently cultured in 384-well plates in which well bottoms were coated with 1 of 8 

substrates: MS-1, MS-2, MS-3, 3D Hydrogel, PDL, SPA, 3D Hydrogel PDL, or 3D Hydrogel 

SPA. Each cell type was plated at three concentrations: 100,000, 50,000 or 25,000 cells/well, in 

technical replicates. (A) Representative images of each cell type and substrate at a concentration of 

100,000 cells/well. Cells were fixed with 4% PFA and stained with DAPI prior to imaging. (B) 

Cell attachment for 4 primary human immune cells in 8 substrates. Cells were plated at 100,000 

cells/well. The y-axis represents the number of cells counted after fixation and automated liquid 

handling in conditions similar to those of the hcHCR protocol. Each dot represents one biological 

replicate (one unrelated healthy human donor). Colored error bars display the SD for 3 technical 

replicates of each biological replicate. Black error bars display the mean ± SD of the biological 

replicates. Significance values are from a linear mixed-effects model. (C) Retention ratios for 4 

primary human immune cells at 3 cell concentrations. Cells were plated in PDL substrate and 

underwent fixation and automated liquid handling in conditions similar to those of the hcHCR 

protocol. The retention ratio for each biological replicate was calculated as the estimated number 

of cells per well [(number of cells counted)/ (number of fields of view imaged) x (total number of 

fields of view per well)] divided by the number of cells plated per well. Each dot represents one 

biological replicate (one unrelated healthy human donor). Colored error bars display the SD for 3 

technical replicates of each biological replicate. Black error bars display the mean ± SD of the 

biological replicates. Significance values are from a linear mixed-effects model. 
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Detection of up- or down-regulation of gene expression in human primary immune cells 151 

We then tested whether hcHCR could be used to quantify up-regulation or down-regulation of gene 152 

expression at the single-cell level in primary immune cells (Fig. 3). As an example of gene expression 153 

increase, we measured transcript abundance for the gene TSC22D3 (GILZ), a classic glucocorticoid-154 

inducible gene which has been studied extensively in human and animal models (D’Adamio et al. 1997; 155 

Cannarile et al. 2001). As expected, primary human B cells treated for 2 hours with the glucocorticoid 156 

methylprednisolone (MP) showed a four-fold up-regulation of TSC22D3 (GILZ) compared to vehicle-157 

treated cells, measured as the number of TSC22D3 HCR spots per cell (Fig. 3A and 3B). As an example 158 

of gene expression decrease, we measured transcript abundance for the gene TNF, which encodes the 159 

inflammatory cytokine tumor necrosis factor alpha (TNF), in primary human monocytes treated with MP 160 

for 2 hours after 30 minutes of lipopolysaccharide (LPS) stimulation. In response to LPS, monocytes are 161 

known to produce large quantities of TNF by induction of gene expression (Chen et al. 1985; Kornbluth 162 

and Edgington 1986), whereas glucocorticoids like MP are known to suppress this induction (Hodge et al. 163 

1999; Waage and Bakke 1988). Upon sequential LPS stimulation and MP treatment, and as compared to 164 

LPS stimulation alone, we were able to detect a four-fold decrease in TNF transcript abundance, measured 165 

as the number of TNF HCR spots per cell (Fig. 3C and 3D). 166 

These results indicate that hcHCR can reliably measure up-regulation or down-regulation of gene 167 

expression upon treatment of human primary immune cells with different chemicals.   168 
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 169 

170 

Figure 3. Detection of up- or down-regulated genes. (A) TSC22D3 (GILZ) transcript abundance as 

HCR spots/cell (blue) after in vitro treatment of human primary B cells with vehicle (0.1% ethanol) or 

methylprednisolone (MP) (200 µg/dL) for 2 hours. (B) Density plots showing the distributions of 

TSC22D3 transcript abundance after MP or vehicle treatment. (C) TNF transcript abundance as HCR 

spots/cell (green), after in vitro stimulation of human primary monocytes with LPS (1 ng/mL) for 30 

minutes, followed by treatment with vehicle (0.1% ethanol) or MP (200 µg/dL) for 2 hours. (D) Density 

plots showing TNF mRNA quantification after LPS stimulation followed by vehicle or MP treatment. 
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Simultaneous quantification of transcript abundance for multiple genes at the single-cell level  171 

One of the most appealing properties of HCR is that this technique can simultaneously measure the 172 

expression of several RNA transcript species in the same cell (Choi, 2018). We sought to test multiplexed, 173 

high-throughput HCR by simultaneously incubating primary human monocytes with DNA oligo probe 174 

sets against TNF with one barcode, and against the gene encoding another inflammatory cytokine, 175 

interleukin 1 beta (IL1B) with a different barcode. Samples were then stained with barcode-specific HCR 176 

amplification hairpins labeled with different fluorophores. We performed a TNF and IL1B mRNA up-177 

regulation time course by stimulating monocytes with LPS for increasing amounts of time, fixing them, 178 

then performing HCR staining as described above (Fig. 4A). As expected, an increasing number of HCR 179 

foci in both fluorescence channels appeared with longer exposure of monocytes to LPS (Fig. 4A), 180 

indicating up-regulation of TNF and IL1B mRNA expression in these cells. Single-cell analysis of TNF 181 

and IL1B mRNA expression by hcHCR 30 minutes after vehicle or LPS stimulation revealed a strong 182 

positive correlation between expression of TNF and IL1B (Fig. 4B). Visual inspection of the images 183 

generated in the presence of LPS at 15 minutes and subsequent timepoints revealed the appearance of one 184 

or two large bright nuclear TNF or IL1B HCR foci, which likely represent sites of active transcription at 185 

each of the two alleles of each gene (Fig. 4A and 4C). Expanding on these initial observations, we then 186 

used hcHCR to test a matrix of experimental conditions in which the LPS concentration and/or the length 187 

of LPS exposure were changed (Fig. 4D). Using this approach, we could document a robust increase of 188 

both TNF and IL1B expression in the population of monocytes after 60 minutes in the presence of LPS 189 

0.01 ng/mL when compared to baseline (Fig 4D). Furthermore, at LPS concentrations of 0.1 ng/mL or 190 

higher, the induction of TNF and IL1B expression was already evident at 30 minutes (Fig 4D). Finally, at 191 

these concentrations, longer times of exposure to LPS (60 or 120 minutes) did not result in further 192 

measurable increases in TNF or IL1B expression as measured by hcHCR, possibly indicating a saturation 193 
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of the of the dHCR signal or the induction of negative regulatory mechanisms (Fig 4D). The results of 194 

these experiments demonstrate that hcHCR can detect the expression of multiple mRNA transcripts and 195 

quantify co-expression at the single-cell level. They also indicate that hcHCR can rapidly and 196 

quantitatively test a range of different experimental conditions employing a limited number of human 197 

primary immune cells. Given that hcHCR detected robust upregulation of TNF and IL1B at 1 ng/mL LPS 198 

for 30 minutes, we decided to use these experimental conditions to conduct further experiments to test the 199 

performance of the assay across biological replicates. 200 
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 202 

Figure 4. Simultaneous quantification of transcript abundance for multiple genes. Single-cell 

level quantification of gene expression for two genes, TNF (green) and IL1B (magenta), assayed in 

the same reaction in primary human monocytes stained with DAPI (grey). (A) Time-series response 

to stimulation with LPS (1 ng/mL), showing TNF and IL1B mRNA spots with vehicle or LPS 

stimulation at 15, 30 and 60-minute time points. (B) Scatter plots of TNF and IL1B gene expression, 

quantified as the number of HCR spots per cell. Cells were stimulated with vehicle or LPS for 30 

minutes before hcHCR. Least-squares regression lines are in red. r = Pearson correlation coefficient. 

(C) Distinct clusters of mRNA molecules for each gene after stimulation with LPS (10 ng/mL) for 30 

minutes. (D) Matrix of IL1B and TNF expression distributions after LPS stimulation at six 

concentrations (0, 0.01, 0.1, 1, 10, or 100 ng/mL) and five time points (0, 15, 30, 60, or 120 minutes). 
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Quantitative assessment of technical and biological variation 203 

We next tested the reproducibility of hcHCR by performing dHCR for TNF and qHCR for IL1B in human 204 

primary monocytes obtained from 3 unrelated healthy donors. For each biological replicate, the assays 205 

were performed in 8 technical replicates. To incorporate measurements of up- or down-regulation of gene 206 

expression in this assessment, we performed in vitro stimulation with LPS for 30 minutes, followed by 207 

treatment with methylprednisolone or vehicle. We observed a 14.6-fold induction of TNF expression when 208 

comparing untreated with LPS-stimulated monocytes (Fig 5A). As expected, in vitro treatment of LPS-209 

treated cells with MP reduced TNF expression by half when compared with the LPS-stimulated samples 210 

that were not treated with MP (Fig. 5A). Similarly, we observed a 26.4-fold induction of IL1B in the 211 

presence of LPS, and a reduction of IL1B expression by half when compared to the LPS-stimulated 212 

samples when monocytes were subsequently treated with MP (Fig. 5B). These results were consistent in 213 

the 3 biological replicates (Fig. 5A and 5B).  214 

We then assessed the level of technical variation in the assay. For dHCR with TNF as the target mRNA, 215 

the coefficient of variation (CV) for the 8 technical replicates (averaged across the 3 biological replicates) 216 

had a mean of 29.29% at baseline, 10.77% after LPS stimulation, and 11.34% in cells stimulated with LPS 217 

then treated with MP (Fig. 5A). For qHCR with IL1B as the target mRNA, the CV had a mean of 14.01% 218 

at baseline, 19.4% after LPS stimulation, and 16.08% in cells stimulated with LPS then treated with MP 219 

(Fig. 5B). 220 

Finally, we evaluated the level of variation across biological replicates for either gene across conditions. 221 

We found evidence of substantial biological variation in the expression of both genes at baseline and in 222 

response to stimulation and treatment (Fig. 5A and 5B). At baseline, the mean TNF spots/cell was 1.74 223 

with SD = 0.86 and CV = 49.45%. After LPS stimulation, the mean was 25.38 with SD = 5.18 and CV = 224 

20.41%. In cells stimulated with LPS then treated with MP, the mean was 12.12 with SD = 5.01 and CV 225 
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= 41.38%. For IL1B expression, the mean cell intensity at baseline was 54.68 with SD = 11.92 and CV = 226 

21.81%. After LPS stimulation, the mean was 1445.15 with SD = 749.04 and CV = 51.83%. In cells 227 

stimulated with LPS then treated with MP, the mean was 775.07 with SD = 370.09 and CV = 47.75%.  228 

These results highlight the importance of considering both technical and biological sources of variation 229 

when working with primary human cells, and also highlight the ability of the hcHCR to account for both, 230 

given the relatively small numbers of cells per well that are required. 231 
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 232 

233 

Figure 5. Assessment of technical and biological variation in hcHCR data. Primary human 

monocytes were obtained from 3 unrelated healthy donors and dHCR was performed with TNF as the 

target mRNA (A) and qHCR was performed with IL1B as the target mRNA (B). Measurements were 

performed at baseline (no LPS), after stimulation with 1 ng/mL LPS for 30 minutes followed by vehicle 

treatment (0.1% EtOH) for 2 hours (LPS + Vehicle), or after stimulation with 1 ng/mL LPS for 30 

minutes followed by methylprednisolone treatment (200 µg/dL) for 2-hours (LPS + MP). Each dot 

represents one biological replicate. Colored error bars display the mean ± SD of 8 technical replicates 

measured in each biological replicate. Black error bars display the mean ± SD of the biological replicates. 
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Materials and Methods 234 

Cell purification  235 

Human peripheral blood hematopoietic cells were obtained from the Department of Transfusion Medicine 236 

at the National Institutes of Health (NIH) Clinical Center, under NIH study 99-CC-0168, Collection and 237 

Distribution of Blood Components from Healthy Donors for In Vitro Research Use, which was approved 238 

by the Clinical Center’s Institutional Review Board. Peripheral blood was collected in vacutainer EDTA 239 

tubes (Becton Dickinson; cat. no. 366643) for all the participants. Mononuclear cell subsets were obtained 240 

by isolation of PBMCs by gradient centrifugation in SepMate tubes (STEMCELL Technologies; cat. no. 241 

85460), with Ficoll-Paque PLUS (GE Healthcare Life Sciences; cat. no. 17-1440-03). Immediately after 242 

isolation, and before treatment, mononuclear cells were incubated overnight in RPMI 1640 (ThermoFisher 243 

Scientific, cat. no. 11875093) and 10% FBS at 4°C, followed by immunomagnetic enrichment for the 244 

specific cell subset with EasySep Human cell enrichment kits (STEMCELL Technologies). B 245 

lymphocytes and CD4+ T lymphocytes were isolated from PBMCs by negative selection (STEMCELL 246 

Technologies; cat. nos. 19054 and 19052, respectively). Monocytes were isolated from PBMCs by 247 

positive selection (STEMCELL Technologies; cat. no. 17858), to ensure inclusion of the 248 

CD14+/CD16+ fraction, which would be excluded with the use of a negative-selection kit. Neutrophils 249 

were freshly isolated directly from whole blood by negative selection immunomagnetic purification with 250 

the EasySep Direct Human Neutrophil Isolation Kit (STEMCELL Technologies; cat. no. 19666). 251 

Cell adherence to multiple substrates  252 

Custom EvaluPlate Attachment Surfaces plates (BioMedTech Laboratories, Inc.) were generated by 253 

coating wells of CellCarrier-384 Ultra imaging microplates (PerkinElmer, cat. no. 6057300) with 8 254 

different cell culture matrices: MS-1, MS-2, MS-3, 3D-Hydrogel, Poly-D-Lysine (PDL), Synthetic Poly-255 

Amine (SPA), 3D-Hydrogel PDL, 3D-Hydrogel SPA. 384-well imaging coated plates were stored at -256 
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20°C. They were equilibrated to room temperature for an hour after removal from storage. Each of the 257 

four cell types, B cells, monocytes, neutrophils and CD4+ T cells from three unrelated healthy participants 258 

were plated at three different concentrations of 100000, 50000 and 25000 cells/well in 3 technical 259 

replicates. All the cells were plated in 40 µL RPMI 1640 and 10% FBS. After incubation for 2 to 4 hours 260 

at 37°C, 5% CO2, cells were fixed by adding the fixative directly to the medium to a final concentration 261 

of 4% paraformaldehyde (PFA) (Electron Microscopy Sciences; cat. no. 15714) using the automated 262 

liquid handler BlueWasher (BLUE CAT BIO). The plates were incubated for 15-min at room temperature 263 

followed by three washes with 1X PBS and by permeabilization with 70% ethanol at -20°C for 20 to 70 264 

hours. Before imaging, cells were washed multiple times with 1x PBS to mimic the HCR protocol washes, 265 

stained with DAPI (2.5 ng/µL) per well for 20-min at room temperature. After discarding DAPI, 50 µL of 266 

1x PBS was added to each well and imaged as described further below.  267 

LPS titration for TNF and IL1B mRNA expression 268 

Monocytes from three unrelated healthy participants were plated in 30 µL of RPMI 1640 and 10% FBS 269 

on CellCarrier-384 well Ultra Microplates coated with PDL (PerkinElmer; cat. no. 6057500) at a 270 

concentration of 100,000 cells/well. After 2 hours of rest at 37°C, 5% CO2, cells were stimulated in 271 

technical replicates with six different LPS concentrations (0, 0.01, 0.1, 1, 10 and 100 ng/mL) at five time 272 

points (0, 15, 30, 60 and 120-min). Negative (LPS 0 ng/mL) and positive (LPS 100 ng/mL) 120-min 273 

stimulation hairpin controls were also included (two hairpins + TNF probe, two hairpins + IL1B probe, 274 

two hairpins without primary probe). All the wells were fixed, washed and permeabilized overnight as 275 

described in the Cell adherence to multiple substrate section. Followed by RNA-HCR.  276 

RNA Hybridization Chain Reaction (HCR) 277 

For pre-hybridization, the 70% ethanol permeabilization buffer was discarded by inverting the plate and 278 

pat drying, followed by aspiration of the remaining buffer with a sterile 200 µL tip attached to a sterile 2 279 
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mL aspirating pipette. Plates were air dried for 10-min at room temperature to remove any residual ethanol. 280 

Wells were rehydrated by three 5-min washes in 80 µL of 5X Saline-Sodium Citrate, 0.1% Tween20 (5X 281 

SSC-T) buffer (Ambion, cat. no. AM9763) at room temperature. HCR probe sets, amplifiers, probe 282 

hybridization buffer, amplifier buffer (Molecular Instruments, v3.0) were used for HCR. For equilibration, 283 

16 µL of probe hybridization buffer was added to each well and incubated for 10 min at 37°C. Primary 284 

probe-hybridization mix was prepared by multiplexing pairs (odd and even) of each probe set to a final 285 

concentration of 2 nM in probe hybridization buffer. After aspirating the equilibration buffer from each 286 

well, 11 µL of pre-warmed (37°C) probe-hybridization mix was added to each well. All the plates were 287 

immediately sealed with an aluminum seal (Fisher Scientific, cat. no. 07-000-379) and incubated in a 288 

humidified 37°C incubator for 12-18 hours. After overnight incubation, the probe-hybridization mix was 289 

aspirated followed by four 15 min washes in a 37°C water bath with pre-warmed solutions (37°C) to 290 

remove the excess probes. The first wash was performed with 75% of probe wash buffer/ 25% 5X SSC-291 

T, followed by a wash with 50% of probe wash buffer/ 50% 5X SSC-T, then by a wash with 25% of probe 292 

wash buffer/ 75% 5X SSC-T,  and finally by a wash with 100% 5X SSC-T.  After the fourth wash, one 293 

more wash was performed with 5X SSC-T for 5 min at RT. To equilibrate the plates before HCR 294 

amplification, the wash buffer from each well was aspirated and 16 µL of amplification buffer was added 295 

and incubated at room temperature for 30 min. Amplification hairpins were prepared by thawing a pair of 296 

hairpins (H1 and H2, either labelled with Alexa488 or Alexa647) on ice for each probe used, followed by 297 

snap heating at 95°C for 1 min 30 sec and equilibrating to room temperature for 30 min. Each hairpin was 298 

multiplexed to a final concentration of 60 nM in amplification buffer (2X SSC, 0.1% Triton-X 100, 10% 299 

dextran sulfate). Before adding the multiplexed hairpins to the wells, the amplification buffer was 300 

aspirated and 11 µL of multiplexed hairpin mix was added. Plates were incubated at RT for 45-min, 301 

followed by two 30 min and one 5 min wash with 5X SSC-T at RT. Cells were stained for DAPI (2.5 302 
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ng/µL) per well for 20 min at room temperature and either imaged right away, or stored at 4°C in 50 µL 303 

of 1X PBS. 304 

High-throughput image acquisition 305 

Plates stained with HCR probe sets and amplification hairpins were imaged on a CV7000S high-306 

throughput spinning disk confocal microscope (Yokogawa, Japan). Samples were first excited using a 405 307 

nm solid state laser, a 405/488/561/640 nm excitation dichroic mirror, a 60X water objective (NA 1.2), a 308 

568-emission dichroic mirror, and a 445/45 nm bandpass emission filter to detect the DAPI signal. The 309 

second exposure used simultaneous excitation with 488 and 640 nm excitation lasers, the same excitation 310 

dichroic mirror, objective, and emission dichroic mirror as the first exposure, and 525/50 nm and 676/29 311 

nm bandpass emission filters to detect the Alexa488 and Alexa647, respectively. For both exposures, we 312 

used 2 sCMOS cameras (2560 X 2160 pixels) with bin setting of 2X2 to acquire 3D z-stacks of 5 images 313 

at 1 µm intervals, which were maximally projected, background and shading corrected, and registered on 314 

the fly during image acquisition by Yokogawa proprietary algorithms, and saved as .tif files. For each 315 

well, we acquired 4 fields of view (FOV). 316 

High-content image analysis 317 

Images were imported and analyzed in Columbus 2.7 or 2.8 (PerkinElmer, Waltham, MA). Briefly, nuclei 318 

were segmented using the DAPI channel, and dilated by a fix percentage to generate an approximate cell 319 

body region of interest. For digital HCR (dHCR, Choi, 2018) HCR foci were first detected over the cell 320 

body region using Columbus spot finding algorithm C, and then filtered using a user-trained Fisher Linear 321 

Discriminant classifier based on fluorescence intensity and contrast. The output of dHCR was number of 322 

HCR spots per cell. For quantitative HCR (qHCR, Choi et al. 2018) the mean fluorescence intensity in the 323 

HCR channel was measured over the cell body region and used as the output measurement. Single cell 324 

results were exported from Columbus as text files. 325 
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Data display 326 

Single-cell results generated in Columbus were used to generate .pdf plots in R (3.6.3, R Core Team) and 327 

RStudio Desktop (RStudio). Original .tif files were processed in FIJI/ImageJ (NIH) by changing only 328 

brightness and contrast settings over the entire FOV and by maintaining them constant among different 329 

experimental conditions in the same figure panel. Grayscale 16-bit images from different channels were 330 

merged, and then converted to 8-bit RGB format. 331 

For visualization of image data with standard flow cytometry software, single-cell results were exported 332 

from Columbus in comma-separated-value (CSV) format. The files were then converted to Flow 333 

Cytometry Standard (FCS) format with the CsvToFcs module of GenePattern (Spidlen et al. 2013). Data 334 

in FCS format were displayed as bivariate dot plots with FlowJo, v10. 335 

Plots and images were assembled into figures with Adobe Illustrator (Adobe). 336 

Statistical analysis 337 

To assess the difference in cell attachment across substrates, a linear mixed-effects model was fitted to 338 

account for the repeated measurements on cells obtained from the same participants and cultured on wells 339 

coated with different substrates. To assess the difference of retention ratios across cell concentrations, a 340 

linear mixed-effects model was fitted to account for the repeated measurements on cells obtained from the 341 

same participants and cultured at different cell concentrations. In both cases, the resulting p-values reflect 342 

the significance of the within-participant differences under different conditions. 343 

LPS stimulation and methylprednisolone treatment 344 

Monocytes from three unrelated healthy participants were plated as described in the LPS titration for 345 

TNF and IL1B mRNA expression section. After 2-hours of rest at 37°C, 5% CO2, cells either received 346 

no LPS or were exposed to two conditions, LPS (1 ng/mL) stimulation for 30-min followed by vehicle 347 

(0.1% EtOH) or methylprednisolone (200 µg/dL) (Millipore Sigma, cat. no. M0639) treatment for 2 348 
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hours. Cells were fixed, washed and permeabilized overnight as described in the Cell adherence to 349 

multiple substrate section. This was followed by RNA-HCR. 350 

 351 

Discussion 352 

We have developed a method for HCI quantification of transcript abundance at the single-cell level in 353 

primary human immune cells. The method combines the high sensitivity of HCR for the quantification of 354 

gene expression with the speed, scalability, and technical reproducibility of high-content imaging, and we 355 

abbreviate it as hcHCR. While hcHCR is not intended to replace other methods for medium- or high-356 

throughput quantification of gene expression, it has advantages that make it especially suitable for a range 357 

of applications. 358 

Compared to scRNA-seq, hcHCR is considerably simpler and less expensive, making it more scalable. 359 

Because cells are imaged directly on the plate and not captured, it also has the potential to reduce biases 360 

in cell representation introduced by the capture step. In addition, genes with very low transcript abundance 361 

are likely to be excluded in scRNA-seq, yet they are easily visualized and quantified by hcHCR. Genes 362 

with high transcript abundance in very few cells can also be excluded at the capture step, or lead to 363 

misclassification of the cell in scRNA-seq pipelines; by simply imaging more fields of view, hcHCR can 364 

be scaled up to quantify 10,000 – 20,000 cells per well, thus increasing the likelihood of accurate 365 

quantification of such genes. On the other hand, scRNA-seq has the advantage of simultaneously assaying 366 

up to a few thousand transcripts on any given cell which, although a shallow representation of the 367 

transcriptome, is much broader than what can be achieved by hcHCR. Bulk RNA-seq can offer a deeper 368 

analysis of the entire transcriptome, at the expense of single-cell resolution. We see these methods as 369 

complementary, with RNA-seq offering the possibility of identifying a subset of genes that could be 370 
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appropriate markers for the response to a specific perturbation, and hcHCR providing a scalable way to 371 

assay the expression of these marker genes in a wide range of conditions, doses, and cell types. 372 

Real-time quantitative PCR (qPCR) is another technique for quantification of transcript abundance. The 373 

most scalable and most widely used form of qPCR involves bulk measurements of RNA obtained from 374 

all the cells in a well. The obvious advantage of hcHCR is the single-cell resolution, which allows the 375 

quantitative evaluation of subsets of cells within a well that may be more or less transcriptionally active 376 

or responsive to perturbation. With the ability to multiplex, hcHCR also offers the advantage of assessing 377 

correlation in the magnitude of the response at the level of different genes in individual cells. For example, 378 

in our validation studies it was evident that the human monocytes that responded to LPS with the strongest 379 

induction of TNF expression were the same cells that responded with the strongest induction of IL1B 380 

expression. Methods for single-cell qPCR have been developed. Like scRNA-seq, these rely on a capture 381 

step, which reduces their scalability, increases cost, and introduces the possibility of capture biases 382 

compared to imaging of the cells directly on the plate. 383 

HCR has been successfully applied to flow cytometry (Choi et al. 2018), and that method offers many of 384 

the advantages of hcHCR, including high sensitivity and single-cell resolution. Cost and scalability are 385 

advantages of hcHCR over HCR-flow cytometry. Conversely, there are specific situations in which HCR-386 

flow cytometry may be preferable, for example in cases where cell viability must be preserved after 387 

measurement for downstream applications. 388 

Considering its relative advantages and limitations, we believe that hcHCR will be most suitable and cost-389 

effective for medium-throughput screens for the biological effects of perturbing agents such as chemical 390 

compounds, RNAi, or targeted genome editing. The applicability of the method to primary cells is 391 

important, as it allows for screens with multiple biological replicates and opens the possibility of studying 392 

cells directly obtained from patients with the particular disease state being studied. 393 
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