
A Multi-parameter Flow Cytometry Analysis Panel to Assess 
CD163 mRNA and Protein in Monocyte and Macrophage 
Populations in Hyperinflammatory Diseases

Sherry Thornton1,2, Rachel Tan1,2, Alyssa Sproles1, Thuy Do1, Jonathan Schick1, Alexei A. 
Grom1,2, Monica DeLay1, and Grant S. Schulert1,2

1Division of Rheumatology, Cincinnati Children’s Hospital Medical Center, University of Cincinnati 
College of Medicine, Cincinnati, OH

2Department of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, OH

Abstract

CD163 facilitates regulation and resolution of inflammation and removal of free hemoglobin, and 

is highly expressed in myeloid cells from patients with inflammatory disorders such as systemic 

juvenile idiopathic arthritis (SJIA) and macrophage activation syndrome (MAS). Our recent 

studies indicate that regulation of CD163 mRNA expression is a key functional property of 

polarized monocytes and macrophages, and is mediated at the transcriptional and post-

transcriptional level including via microRNAs. The goal of the current study is to develop a multi-

parameter flow cytometry panel incorporating detection of CD163 mRNA for polarized monocyte 

and macrophage populations in disorders such as SJIA and MAS. THP-1 cells and CD14+ human 

monocytes were stained using fluorochrome conjugated antibodies to myeloid surface markers, 

along with CD163 mRNA. Staining for mRNA could reliably detect CD163 expression, while 

simultaneously detecting different macrophage populations using antibodies targeting CD14, 

CD64, CD80, CD163, and CD209. This approach was found to be highly sensitive for increased 

mRNA expression when macrophages were polarized towards M(IL-10), with a strong signal over 

a broad range of IL-10 concentrations, and showed distinct kinetics of CD163 mRNA and protein 

induction upon IL-10 stimulation. Finally, this panel demonstrated clear changes in polarization 

markers in unstimulated monocytes from patients with SJIA and MAS, including upregulated 

CD163 mRNA and increased CD64 expression. Together, this approach represents a robust and 

sensitive system for RNA flow cytometry, useful for studying CD163 expression as part of a multi-

marker panel for human monocytes and macrophages, with broad applicability to the pathogenesis 

of hyperinflammatory diseases.
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Introduction

Macrophage activation syndrome (MAS) is a life-threatening episode of systemic 

hyperinflammation associated with expansion of tissue macrophages and cytotoxic 

lymphocytes leading to a “cytokine storm”. Although MAS can complicate many rheumatic 

diseases, in children it is by far most commonly observed in those with systemic juvenile 

idiopathic arthritis (SJIA), a severe and distinctive form of juvenile arthritis with features of 

autoinflammation including significant activation of innate immune effector cells(1). The 

pathologic hallmark of MAS is detection of well-differentiated macrophages or histiocytes 

with hemophagocytic activity in peripheral tissues such as bone marrow and the 

reticuloendothelial system. Indeed, MAS bears striking similarity to the rare histiocytic 

disorder, familial hemophagocytic lymphohistiocytosis (HLH), caused by genetic defects in 

the perforin cytolytic pathway(2). In both MAS and HLH, activated macrophages are 

characterized by highly increased expression of cell markers including CD163(3). Recent 

studies have highlighted the heterogeneity of CD163+ cells and generated great interest in 

characterizing the specific cellular subtypes in disease (4).

CD163 is an innate pattern recognition and scavenger receptor, binding and engulfing 

circulating hemoglobin:haptoglobin complexes and mediating cellular anti-inflammatory 

functions (5, 6). CD163 expression is restricted to the monocyte/macrophage lineage, and 

increased on tissue resident macrophages. Thus, CD163 is considered a differentiation 

marker along the path to macrophages (6). CD163 is also upregulated on macrophages 

involved in later stages of inflammation, such as wound healing and chronic inflammation, 

supporting a role in resolution of inflammation. Indeed, monocytes and macrophages 

expressing CD163 have key roles in several inflammatory disorders, including HLH, MAS, 

and SJIA (7, 8).

Myeloid cells adopt distinct functional states upon ligand stimulation, through a process 

known as polarization (9). While previously considered a dichotomy between pro-

inflammatory “M1” and anti-inflammatory “M2” activation, the contemporary 

understanding of polarization encompasses a diverse spectrum of phenotypes with specific 

gene expression profiles (10). Expression of CD163 is largely associated with polarization 

conditions including IL-10 stimulation (M(IL-10) also referred to as “M2c”) (9, 11–13), and 

more limited in other conditions including others considered alternative “M2” with immune 

regulatory properties (14, 15). In SJIA and MAS, circulating monocytes do not align with a 

single polarization state, but rather have features including both proinflammatory activation 

and high CD163 expression, consistent with either a mixed phenotype or multiple distinct 

populations (16–19). Therefore, to further determine the role of monocyte populations in 

SJIA and MAS, it is crucial to differentiate diverse polarized monocytes and macrophages at 

the single cell level.

The emergence of techniques to detect mRNA expression at the single cell level allows for 

analysis of specific genes in the context of various cell markers using either fixed (20–26) or 

non-fixed (SMARTFLARE) (26) methods, and that the signal is strong enough to detect by 

flow cytometry (27). The present study focuses on analysis of CD163 at the mRNA and 

protein level in monocyte and macrophage populations. Our recent findings indicated that 
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regulation of CD163 mRNA expression is mediated at both transcriptional and post-

transcriptional levels, including through a network of microRNA (15). Development of tools 

to define polarization including CD163 expression in specific cell populations remains a key 

barrier to understanding the pathogenesis of diseases such as MAS and SJIA, and may 

provide mechanisms for novel therapeutic targets. Here, we demonstrate the detection of 

CD163 mRNA in monocyte/macrophage populations, and determine a multi-parameter flow 

cytometry panel that includes analysis of CD163 mRNA at the single cell level for 

distinction of these cell types in PBMC or bone marrow populations. Our studies indicate 

distinct changes in CD163 mRNA and protein expression in response to specific stimuli in a 

time and dose dependent manner. Finally, this mRNA probe can be utilized in conjunction 

with other monocyte/macrophage polarization markers to examine distinct changes in 

CD163 mRNA and protein expression at a single cell level using flow cytometry, and aid in 

defining underlying mechanisms of disease pathogenesis in these hyperinflammatory 

syndromes.

Materials and Methods

Patient data and study approval:

This study was approved by the Cincinnati Children’s Hospital Institutional Review Board 

(#2016-2234), and written informed consent was obtained from all patients and/or their legal 

guardians. Data pertaining to clinical course, laboratory values, and treatment were collected 

from the electronic medical records. Whole blood was obtained using acid citrate dextrose as 

an anticoagulant, and peripheral blood mononuclear cells (PBMC) were separated as 

described below.

Cell isolation and culture:

All cells were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum. 

THP-1 monocytic cells were obtained from ATCC (Manassas, VA). Isolation of CD14+ 

peripheral blood monocytes was as described (28). Monocyte-derived macrophages were 

generated from peripheral blood from healthy adult donors. Briefly, PBMC were isolated by 

density gradient centrifugation through Ficoll-Paque Plus (GE Healthcare, Pittsburgh, PA), 

washed twice and then placed in culture medium supplemented with 5ng/ml monocyte 

colony stimulating factor (R&D Systems, Minneapolis, MN) at 2×106 cells/ml. After 5-7 

days of differentiation, cells were washed 3 times to remove non-adherent lymphocytes prior 

to cell stimulation.

Cell Stimulation/Polarization:

All ligands were purchased from R&D Systems except for LPS which was from Sigma 

Aldrich. Prior to stimulation, THP-1 cells were differentiated overnight after addition of 50 

ng/mL phorbol myristate acetate (PMA). The cells were left untreated or stimulated with 

IL-10 (1-50 ng/ml), IFNγ (20 ng/ml), LPS (10-100 ng/ml), or IL-4 (20 ng/ml).

Quantitative PCR:

Cellular mRNA levels were quantified using real-time RT-PCR as described previously (28). 

Briefly, total RNA was isolated as described using Trizol (Thermo Fisher, Santa Clara, CA) 
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and real-time RT-PCR was performed using Viia7 Realtime PCR Instrument with gene-

specific primers and SYBR Green Supermix (Life Technologies). Message copy numbers 

were normalized against the copy number of the housekeeping gene GAPDH. Primers 

specific for GAPDH and CD163 were described previously (28).

Antibodies and probes:

All antibodies were from BD Biosciences except for anti-human CD163 protein, which was 

from Trilium (Brewer, ME), and anti-CD80 and anti-CD163 mRNA probe, which were from 

ThermoFisher. Antibodies used for these studies were Pacific Blue conjugated anti-human 

CD14 (clone M5E2), Alexa Fluor 700- or PE-conjugated anti-human CD64 (clone 10.1), 

BV786- or FITC-conjugated anti-human CD80 (clone L307.4), PE-conjugated anti-human 

CD163 (clone Mac2.158), FITC-conjugated anti-human CD209 (clone DCN46), and Alexa 

Fluor 647-conjugated anti-CD163 or anti-CD80 mRNA probes (ThemoFisher Scientific).

Flow Cytometry:

CD163 mRNA transcripts were detected in single cells using the PrimeFlow™ kit according 

to manufacturer’s directions (Thermo Fisher Scientific). Briefly, approximately 1 million 

monocytes or macrophages were stained for surface markers for 30 minutes at 4°C. The 

cells were then washed with FACS buffer (PBS supplemented with 1% fetal calf serum) 

prior to incubation in fixation buffer 1 at 4ºC for 30 minutes. Samples were then washed 3 

times with 1X PrimeFlow RNA Permeabilization Buffer with RNase Inhibitors. 1X 

PrimeFlow RNA Fixation Buffer 2 was added to each sample at room temperature and left 

for 1 hour before target probe hybridization. Cells were washed with PrimeFlow RNA Wash 

Buffer, and CD163 or CD80 Target Probes diluted 1/20 in PrimeFlow RNA Target Probe 

Diluent were added directly to the samples to incubate for 2 hours at 40ºC. Samples were 

washed with a preparation of PrimeFlow RNA Wash Buffer with RNase Inhibitor 1 and 

stored overnight. The next day, PrimeFlow RNA PreAmp Mix was added directly to the cell 

suspension and incubated for 1.5 hours at 40ºC. Samples were washed 3 times with 

PrimeFlow RNA Wash Buffer before PrimeFlow RNA Amp mix was added directly for 1.5 

hours at 40ºC. Samples were washed again with PrimeFlow RNA Wash Buffer prior to 

adding diluted Label Probes in PrimeFlow RNA Label Probe Diluent for 1 hour at 40ºC to 

complete signal amplification. After washing twice with PrimeFlow RNA Wash Buffer, cells 

were stored overnight at 4ºC in FACS buffer.

Samples were filtered and transferred to 12 × 75 mm polystyrene tubes, and cells were 

acquired using a BD LSR Fortessa Special Order Research Product analytical cytometer 

(Becton Dickinson, San Jose, CA) using the following lasers and detectors: 355nm 20 mW; 

405 nm 50 mW, PacBlue, 450/50 bandpass filter (BP); BV786, 750 longpass (LP), 780/60 

BP; 488nm 50 mW, FITC, 505 LP, 530/30 BP; 640nm 40 mW, Alexa Fluor 647, 670/30 BP; 

561nm 50 mW, PE 596/15 BP, or ImageStreamX (Millipore Sigma) 2 camera system using 

the following camera and laser settings: 40X magnification, 405 nm at 125 mW, 488 nm at 

200 mW; 658 nm at 120 mW; 785 nm for SSC at 0.5 mW. Data were analysed using FCS 

Express (De Novo Software), FACSDiva (Becton Dickinson) or IDEAS (Millipore Sigma).
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RESULTS

Single cell detection of CD163 mRNA in monocytes and macrophages using flow 
cytometry.

CD163 is a key marker of monocyte and macrophage activation and has important roles in 

immunoregulation. To determine the levels of CD163 mRNA in monocytes and 

macrophages at the single cell level, we employed an RNA flow cytometry technique, 

PrimeFlow. THP-1 monocytic cells and primary blood monocytes were analysed using an 

AF-647-labeled PrimeFlow probe for CD163 mRNA after stimulation with IL-10, known to 

strongly induce CD163 (15, 29). Analysis showed CD163 mRNA present and strongly 

increased upon stimulation with human IL-10 in both monocytes from PBMC and THP-1 

cells (Figure 1A). The expression of CD163 mRNA increased approximately 3-fold 

following IL-10 stimulation, as assessed by flow cytometry, which is comparable to that of 

CD163 protein previously reported for conventional flow cytometry (30).

As a complementary method to quantify cellular CD163 mRNA expression at a single cell 

level and to visually confirm CD163 mRNA signal within the cell, imaging cytometry was 

performed on THP-1 cells. In Figure 1B, representative images indicate the presence of 

CD14 on the outside of the cell and a punctate signal of CD163 mRNA within the cell. 

Within the CD14+ population, CD163 mRNA signal, as indicated by median intensity, 

increased approximately 10-fold upon IL-10 stimulation.

Analysis of THP-1 with various drivers of macrophage differentiation indicates that IL-10 
specifically induces expression of CD163 protein and mRNA at the single cell level.

Monocytes and macrophages are implicated as important components of the pathogenesis of 

both HLH and SJIA-associated MAS (1). CD163 is increasingly recognized as a marker of 

macrophage activation in disease states, and is induced by several largely immunoregulatory 

signals (6). To quantify changes in CD163 mRNA and protein expression at the single cell 

level in response to various drivers of macrophage polarization, THP-1 cells were cultured 

for 24h under M(LPS+IFNγ) or classical “M1”, M(IL-4) or “M2a”, and M(IL-10) or “M2c” 

conditions. This 24h time point was chosen as our previous data found it to be optimal for 

expression of numerous macrophage polarization markers (15, 28). In Figure 2A, flow 

cytometry analysis confirms (1) no increase in expression of either CD163 mRNA or protein 

in response to M(LPS+IFNγ) conditions; (2) a slight increase in CD163 surface protein 

expression in response to M(IL-4) conditions and (3) an increase in both CD163 mRNA and 

protein in response to M(IL-10) conditions. To compare expression of CD163 mRNA 

detected by PrimeFlow in response to IL-10 treatment, qRT-PCR was performed on THP-1 

cells, primary CD14+ blood monocytes and MDM stimulated with a variety of polarizing 

conditions. As shown in Figure 2B, we confirm that treatment of these cell types with IL-10 

resulted in a significant increase in CD163 mRNA levels above untreated in all cell types; 

whereas, other treatments did not significantly increase CD163 mRNA levels above that of 

untreated cells. To analyse the specificity of Primeflow mRNA probes for cytokine-induced 

gene expression changes in macrophages, an AF-647-labeled probe for CD80 mRNA, which 

is not significantly upregulated by IL-10 treatment (12, 13) was utilized. As shown in Figure 

2C, CD80 mRNA signal was not increased in response to treatment of THP-1 cells with 
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IL-10 . In contrast, classical activation triggered by LPS and IFNγ showed an increase in 

CD80 mRNA expression in THP-1 cells as expected. Together, this demonstrates the 

specificity of this system for differential gene expression under distinct inflammatory 

conditions.

CD163 mRNA and protein increase in response to IL-10 in both a time-dependent and 
dose-dependent manner.

CD163-positive macrophages have been widely reported in inflammatory disease including 

SJIA, MAS, and HLH. Regulation of CD163 expression is poorly described, but likely 

occurs at multiple levels, including via microRNA and other post-transcriptional steps (15). 

To determine the utility of PrimeFlow RNA flow cytometry for studying CD163 regulation, 

the time course and dose dependence of IL-10-induced CD163 mRNA and protein 

expression were examined. As shown in Figure 3A-B, using PrimeFlow we found early 

increased expression of CD163 mRNA following treatment with IL-10, with continued 

increases up to 15 hours post-stimulation. In contrast, CD163 protein showed no significant 

changes in expression at early time points (1 and 3 hours post-IL-10), with robust increase 

only visualized at 15 hours. The percent of cells positive for CD163 mRNA and protein is 

shown in Figure 3B, demonstrating a trend towards increased mRNA expression at 1 hours 

and significant increase at 3 hours post-treatment, with a lag in protein expression. This data 

suggests that PrimeFlow RNA flow cytometry is highly sensitive to changes in mRNA 

expression, and can detect increased CD163 mRNA levels before significant changes in 

surface protein expression.

To examine the sensitivity of this system for CD163 mRNA detection further, we also 

examined the response to increasing concentrations of IL-10. As shown in Figure 3C, RNA 

flow cytometry showed a small but dose-dependent increase in CD163 mRNA in response to 

overnight treatment with increasing concentrations of IL-10. In contrast, CD163 protein 

expression more clearly showed increased surface levels with low concentrations of IL-10 

(<10 ng/ml), with continued dose response up to 50 ng/ml. We also compared the sensitivity 

of CD163 mRNA detection using flow cytometry with real time qPCR. Interestingly, RNA 

flow cytometry showed significantly increased percentage of CD163 mRNA positive cells at 

IL-10 doses as low as 6.3ng/ml. In contrast, qPCR analysis did not show significant changes 

in CD163 expression until doses of 12.5ng/ml (Figure 3D). Collectively, our findings 

support the use of specific CD163 mRNA PrimeFlow probe as a highly sensitive method to 

detect changes in gene expression in a variety of cellular conditions, including changes not 

detected by qPCR, and demonstrate its potential to define distinct kinetics of response 

compared to surface protein expression.

Development of a multi-marker panel for detection of CD163 mRNA in conjunction with cell 
surface markers.

Analysis of CD163 mRNA expression in PBMC or bone marrow cells could serve as an 

important tool for defining specific monocyte/macrophage populations in translational 

studies with patient samples. While our above studies demonstrate that IL-10 induces 

CD163 mRNA and protein expression, disparate stimuli including M(LPS+IFNγ) (also 

referred to as “M1”) and M(IL-4) (also referred to as “M2a”) induce other well 
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characterized markers of macrophage polarization such as CD64, CD80, and CD209. In 

order to model a mixed population of polarized macrophages expressing a range of distinct 

polarization markers, THP-1 were stimulated separately with M(LPS+IFNγ), M(IL-4), or 

M(IL-10) and then pooled. This mixed population was then utilized to assess the ability of 

antibodies labelled with specific fluorophores combined with PrimeFlow detection of 

CD163 mRNA to characterize mixed monocyte/macrophage populations. As shown in Table 

1, specific polarization conditions led to variable expression of macrophage markers, in 

particular with CD80 significantly induced by M(LPS+IFNγ) treatment and CD209 by 

M(IL-4) treatment. Analyses of all 5 markers is shown in Figure 4, including CD14-Pacific 

Blue, CD64-AF700, CD80-BV786, and CD209-FITC, as well as the CD163 mRNA AF647 

labeled-probe in cells either stained for the marker alone (single), stained with all 5 markers 

(5-color), or stained with all 5 markers minus a single fluor (fluorescence minus one, FMO) 

under PrimeFlow conditions. The data were analysed using an FSC vs SSC gate for live 

cells followed by singlet gates. Shown in Figure 4A are histograms of the singlet gate 

populations and the percentage of the singlets that were positive for the indicated marker. 

Unstained tubes are shown for reference of background autofluorescence with the 

PrimeFlow methodology. Analysis of CD14, CD64, CD80, CD209 and CD163 mRNA 

showed similar percentages of positive cells that correlated well between the single stain and 

the 5-color stain. Two dimensional gating shown in Figure 4B indicate similar percentages 

of positive cells, with a similar distribution of these subpopulations in the presence or 

absence of CD163 mRNA probe as well. This also clearly distinguishes distinct populations 

of CD80+CD209− macrophages polarized towards M(LPS+IFNγ) and CD80−CD209+ 

macrophages polarized towards M(IL-4). Taken together, these findings show that 

PrimeFlow RNA flow cytometry can be used as part of a multi-marker panel to examine 

CD163 mRNA and protein expression in mixed functional populations of human myeloid 

cells.

Primeflow detection of increased CD163 mRNA expression in monocytes from children 
with SJIA and MAS.

Both active SJIA and MAS are associated with marked innate immune activation and 

proinflammatory cytokine production, as well as increased expression of CD163 on 

monocytes and macrophages (3). To determine whether this multi-marker panel including 

Primeflow can detect changes in monocyte activation markers such as CD163 from clinical 

samples, we examined fresh, unstimulated PBMC obtained from two children with active 

SJIA and a healthy donor. Patient 1 had treatment-refractory SJIA, with persistently elevated 

inflammatory markers, recurrent episodes of MAS and chronic lung disease despite anti-

IL-1 therapy. Patient 2 had newly diagnosed SJIA with early/subclinical MAS, and satisfied 

the 2016 MAS classification criteria(31). Compared to PBMC obtained from healthy donors, 

monocytes from both patient samples demonstrated markedly elevated CD163 mRNA 

expression as determined by Primeflow, 58.2% and 54.2% in patients compared to 30.2% in 

the control (Figure 5). In addition, monocytes from both patients demonstrated enhanced 

surface CD64 expression, as determined by MFI (4185 and 4296 vs 2084 in controls). 

Monocyte CD64 expression is known to be enhanced by IFNγ(32), which we have recently 

shown is linked to emergence of MAS(33, 34), and both patients had elevated serum CXCL9 

reflecting IFNγ activity (1900 and 711 pg/ml, normal <121 pg/ml). Surface expression of 
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other monocyte markers including CD14, CD80, and CD209 were not appreciably altered in 

patients compared with control cells. Interestingly, while CD80 is also typically induced by 

IFNγ, previous work has shown similarly modest changes in monocyte surface expression in 

active SJIA (16). Taken together, this demonstrates that a Primeflow multi-marker panel for 

monocyte and macrophage polarization can be used to examine key functional properties in 

patient samples from hyperinflammatory states such as SJIA and MAS.

DISCUSSION

Expression of CD163 by monocytes and macrophages serves as both a lineage specific cell 

marker and a functional pattern recognition receptor with key roles in immunoregulation (6). 

CD163 directly mediates the binding and uptake of hemoglobin complexed with 

haptoglobin, limiting oxidative tissue damage. CD163 can also clear some damage-

associated molecular patterns such as endogenous high mobility group box 1 (HMGB1), and 

directly trigger anti-inflammatory functions of tissue macrophages (35). Indeed, mice 

lacking CD163 displayed enhanced mortality in a mouse model of sepsis (35). Expression of 

CD163 is also strongly linked to both HLH and MAS associated with SJIA, with high 

expression on macrophages in tissue and markedly elevated serum sCD163 levels (4, 7, 8, 

16, 36). Tools to study polarization properties with complex regulation like CD163 remain a 

barrier to defining the pathogenesis of these series conditions. Here, we show that RNA flow 

cytometry is a highly sensitive technique for detecting and quantifying CD163 expression at 

the single cell level in human monocytes and macrophages. This RNA flow cytometry probe 

could be combined with fluorescently-conjugated antibodies to allow for simultaneous 

detection of CD163 surface protein and mRNA expression, along with several other 

canonical macrophage markers, in myeloid populations with mixed polarization phenotypes. 

We also demonstrate the utility of this panel to quantify changes in expression of activation 

markers including CD163 in unstimulated monocytes from children with SJIA and MAS. 

This multi-parameter panel will support mechanistic characterization of complex monocyte 

and macrophage populations during systemic inflammatory disorders such as SJIA and 

MAS.

Historically, analysis of RNA from a biological sample was subject to bulk RNA preparation 

that reflected heterogeneity of multiple cell types. Until recently detection of mRNA 

transcripts at a single cell level was limited to in situ hybridization, unless transcripts were in 

high abundance. Currently, single cell RNA-Seq provides transcriptional profiles at the 

single cell level, but are not readily correlated with protein expression, although these 

technologies are rapidly being developed. The advent of branching technology to amplify 

probe signal has allowed for the detection of transcripts that are not in high abundance (20, 

23). Recently, several studies have utilized this technology to examine viral RNA or DNA 

(37–39) and to determine expression of specific transcripts on a single cell level in various 

immune contexts(40–42). SmartFlare technology has also recently emerged to detect 

transcripts and microRNA at the single cell level (26, 43, 44). Experimental design primarily 

dictates the approach necessary, as SmartFlare technology requires cellular uptake of probe 

prior to analysis. We utilized Primeflow technology, as our goal is to examine expression of 

transcripts in fresh PBMC without incubation of cells prior to analysis. This technology is 

designed to detect signal from as little as 20 RNA copies per cell with high correlation to 
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other mRNA detection systems including PCR (45). Soh and colleagues provide a history of 

the development of RNA hybridization technique and amplification, as well as limitations, 

such as fluorophore and antibody combinations that may not work well with the technology 

(20).

Techniques for RNA cytometry can have crucial roles in defining immune responses, 

including the regulation of functional phenotypes displayed by macrophages. CD163 is not 

induced by canonical proinflammatory or “M1” polarization, but rather by several more 

immunoregulatory or anti-inflammatory polarization conditions broadly termed “M2”, and 

regulated at both the transcriptional and post-transcriptional levels (9, 15). A more 

systematic exploration of macrophage polarization strikingly shows that these cells have the 

capacity for much more phenotypic diversity, and only certain signals induce expression of 

markers such as CD163 (10). The anti-inflammatory cytokine IL-10 has previously been 

shown to strongly induce CD163 mRNA expression (12, 29). Our findings using both qRT-

PCR on the population level and Primeflow RNA flow cytometry on the single cell level 

confirm this, showing robust CD163 expression only upon IL-10 treatment compared to 

other well characterized polarizing conditions.

The precise signaling leading from cytokine stimulation to CD163 gene expression in 

macrophages are not fully known. Our previous work has demonstrated that microRNA 

networks including miR-125a-5p and miR-181 family members serve to restrict CD163 

expression under some polarization conditions while allowing it in M(IL-10) (15). However, 

the highly sensitive RNA flow cytometry approach described here provides a useful tool to 

further study IL-10-induced CD163 expression. Detection of CD163 mRNA with 

PrimeFlow could visualize changes in gene expression at earlier time points than CD163 

protein detection, and at lower concentrations of IL-10 than seen with Real time qPCR. The 

simultaneous detection of both mRNA and protein at the single cell level is a powerful tool 

for further studies of CD163 regulation in activated monocytes and macrophages.

While previously considered a dichotomy between classical “M1” and alternative “M2” 

activation, the understanding of macrophage plasticity and polarization has evolved 

considerably, with in vitro characterization of numerous functional populations with distinct 

gene expression profiles (10). However, it remains unclear how these in vitro populations 

reflect what is observed in vivo during systemic inflammation, including in rheumatic 

diseases. Macrophages expressing CD163 are increasingly recognized as key effector cells 

in autoimmune diseases, including discoid lupus skin lesions (46) and lupus nephritis (47). 

Monocytes and macrophages are also central innate immune effectors in SJIA (16, 48, 49), 

where they manifest increased CD163 expression which is further enhanced during MAS (8, 

36). However, both transcriptional profiling and immunophenotyping of monocytes in SJIA 

have revealed features reflecting multiple “M1” and “M2” polarization states, which could 

indicate either a mixed polarization phenotype or multiple distinct cellular populations (16–

19). The flow cytometry panel described herein, able to define both CD163 mRNA and 

multiple surface protein levels at single-cell resolution, represents an ideal tool to detect 

distinct monocyte and macrophage populations during states of systemic inflammation. 

Indeed, our analysis of unstimulated PBMC from patients with SJIA and MAS confirm that 

these monocytes simultaneously show both markedly enhanced IFNγ-induced CD64 
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expression along with CD163, reflecting the diverse inflammatory signals driving this 

disease. Further work with these innovative single cell tools will be essential to defining the 

role of myeloid effectors in SJIA and MAS.
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Figure 1. CD163 mRNA is expressed in human blood monocytes and THP-1 monocytic cells and 
increases in response to IL-10 treatment.
Purified CD14+ human monocytes or THP-1 cells were left unstimulated or stimulated with 

50 ng/ml IL-10 for 24 hours. Cells were stained for CD14 expression and then processed for 

CD163 mRNA detection as described. (A) Density plots indicate percentages of CD163 

mRNA signal from gated live singlet CD14+ monocytes (top) or THP-1 cells (bottom) 

acquired using a LSR Fortessa. MFI values are 332, 665, and 859 for THP-1 unstained, 

unstimulated, and IL-10 stimulated populations, respectively. Images are representative of 

three independent experiments. (B) Images are representative of singlet THP-1 cells 

acquired using an ImageStreamX with median intensity of CD163 gated signal indicated 

below. Images are representative of two independent experiments.
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Figure 2. IL-10 specifically increases expression of CD163 mRNA and protein.
(A) Flow cytometry of CD163 mRNA (Alexa647) and protein (PE) expression in THP-1 

cells cultured under macrophage polarizing conditions as indicated. Images are 

representative of two independent experiments. (B) Real time PCR for CD163 mRNA in 

CD14+ monocytes (left), MDMs (center), or THP-1 cells (right) treated under specific 

macrophage polarizing conditions for 24 hours as indicated. Bars represent relative fold 

change to untreated monocytes. Error bars indicate SEM. * = P < 0.05, one-way ANOVA 

with follow-up Tukey multiple comparisons test for M(IL-10) vs untreated. Data are 

representative of three independent experiments performed in triplicate. (C) Flow cytometry 

of CD80 mRNA (Alexa647) levels in THP-1 cells cultured for 24h under the indicated 

conditions. Data are representative of two independent experiments.
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Figure 3. Time and Dose Response of CD163 mRNA and protein to IL-10 stimulations in THP-1 
cells.
(A) Representative flow cytometry analysis of CD163 mRNA (AF647) and protein (PE) was 

performed following IL-10 stimulation of THP-1 cells for the indicated hours. (B) Figures 

indicate the percent of positive cells for CD163 mRNA (left) or protein (right) after the 

indicated time of treatment with IL-10. Data are pooled from five experiments. (C) 

Representative plots of CD163 mRNA (top) and protein (bottom) analysis by flow 

cytometry following overnight stimulation with IL-10 at the indicated dosages. (D) CD163 

mRNA detection by flow cytometry (top) and real time PCR (bottom) from three 

Thornton et al. Page 16

J Immunol. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experiments. Error bars represent SEM. *p<0.05; **p<0.01; ***P<0.001, one-way ANOVA 

with follow-up Dunnett’s multiple comparisons test vs untreated.
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Figure 4. Several fluorophores are compatible with the use of CD163 mRNA Probe.
THP-1 cells were treated separately with M(LPS+IFNγ), M(IL-4), and M(IL-10) for 24 

hours, then pooled together and processed as either unstained, stained with a single fluor, 

stained for all 5 indicated fluors or stained with all 5 fluors minus the indicated fluor (FMO, 

fluorescence minus one). (A) Percent of FSC vs SSC live, singlet population for each fluor 

is depicted in histogram form as SSC vs. Fluor. (B) Gating for subpopulations with all fluors 

included in staining or all fluors excluding AF647 CD163 mRNA probe (FMO mRNA). 

Results are representative of three separate experiments.
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Figure 5. 
Expression of CD163 mRNA and CD64 surface protein in unstimulated control and SJIA 

patient monocytes. PBMC from controls and patients were stained with the 5-color panel as 

described. Dot plots indicate the percentages of CD64+CD163−, CD64+ CD163+ and 

CD64−CD163+ populations in control cells, patient 1, and patient 2.
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Table 1:

Expression of macrophage surface markers

CD14 CD64 CD80 CD163 CD209

MFI ±SD MFI ±SD MFI ±SD MFI ±SD MFI ±SD

Untreated 1360 19 3249 153 657 37 570 225 129 4

M(LPS+IFNγ) 860*** 72 4132*** 72 2213*** 211 626 249 111** 3

M(IL-4) 1102** 17 3585* 57 566 12 387 29 352*** 4

M(IL-10) 2263*** 78 6555*** 166 1325 540 1851*** 64 139 3

*
p<0.05.

**
p<0.01.

***
p<0.0001 from three replicates and representative of two independent experiments
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