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Abstract

Background—Studies evaluating circulating dendritic cells (DCs) and natural and induced 

regulatory T cells (nTregs, iTregs) are often obtained at a single time point and difficult to 

interpret without understanding their intrinsic day-to-day biologic variability.

Methods—We investigated the day-to-day variability in quantifying DCs, nTregs 

(FoxP3+CD25+CD4+) and cytokine production by iTregs (Granzyme B –GZB, Th1/2 cytokines 

following CD3 plus CD46 in vitro activation) from peripheral blood mononuclear cells (PBMC) 

collected on three consecutive days in healthy adults. Intraclass correlation coefficients (ICC) 

were used to evaluate intra-individual variability.

Results—In 10 healthy adults, the %PBMC of plasmacytoid (pDC) and myeloid (mDC1 and 

mDC2) were 0.27±0.12, 0.22±0.10, and 0.02±0.02, with ICC 0.91, 0.90, and 0.17 respectively. 

Natural Tregs (3.27±1.27% CD4+ cells) had an ICC of 0.86. Inducible Tregs (GZB-positive, 

35.3±17.7% CD4+ cells) had an ICC of 0.77. The ICC for IL-10, TNF-α, IFN-γ, IL-4, and IL-5 

production by iTregs were 0.49, 0.63, 0.68, 0.74, and 0.82, respectively. There were no significant 

changes in ICC (<0.1) after adjusting for age, gender and atopy except for IL-4. Substantial 

variability for iTregs was determined for the control condition (PBS with IL-2).
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Conclusions—No meaningful day-to-day biologic variability was observed for the 

quantification of nTregs, pDC and mDC1 in normal adults; however, there was substantial 

variability in measuring mDC2 proportions and iTreg production of IL-10. These results suggest 

obtaining an average of several measurements over time to determine the most representative 

value of these biologic measures.
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1. Introduction

Dendritic cells (DCs) and regulatory T cells (Tregs) are subsets of cells that play important 

roles in immune regulation (Kornete and Piccirillo, 2012; Smigiel et al., 2014). Although the 

measurement of DCs and Tregs is common in studies of various disease states (Silver et al., 

2009; Wu and Xu, 2014), the interpretation of these results is complicated by possible intra-

individual biological variability (IBV) within subjects over time. Prior studies of biological 

variability of lymphocyte subsets have been performed (Backteman and Ernerudh, 2007; 

Tosato et al., 2013); however, to the best of our knowledge, this has not been performed for 

the IBV of Tregs or DCs in healthy individuals.

2. Material and methods

2.1 Blood samples and cell processing

Ten healthy adults were enrolled into the study. Exclusion criteria included the presence of 

allergic diseases, history of smoking, recent uses of immunosuppressive medications, or 

upper or lower respiratory tract symptoms. Allergy testing by skin prick tests using 

respiratory allergen extracts (GREER®, Lenoir, NC) or by blood tests for ImmunoCAP 

(Missouri-Illinois Regional Allergen Panel, Core Lab, St Louis Children’s hospital, MO) to 

common respiratory allergens were performed in all participants. Peripheral blood was 

collected into EDTA (Ethylenediaminetetraacetic acid) tubes for 3 consecutive days and 

processed by a single operator within one hour of blood collection. Except one subject, the 

time of day at which three measures on a particular subject were collected differed by at 

most 39 minutes (median difference of time of blood draw 15 minutes, range 5 – 213 

minutes). The majority of our patients had blood draws in the morning between 

0900AM-1145AM, except two subjects (blood collection at 1050AM-0230 PM in one 

subject and 0215PM-0230 PM on the other). Human subjects’ research approval was 

obtained by the Washington University Medical Center Institutional Review Board with 

participants providing written informed consent.

2.2 Identification of natural Tregs using CD4, CD25 and FoxP3 staining

Natural Tregs (nTregs, CD4+CD25+Foxp3+ cells) were identified by the Human Regulatory 

T cell Whole Blood Staining Kit (eBioscience, San Diego, CA). Briefly, 100 μl of fresh 

whole blood was incubated with FITC-conjugated anti-human CD4 (RPA-T4) and APC-

conjugated anti-human CD25 (BC96). Red blood cells were lysed in RBC lysis buffer 

followed by pelleting of cells by centrifugation at 450×g for 5 minutes. After addition of 

Kitcharoensakkul et al. Page 2

J Immunol Methods. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



wash buffer, cells were pelleted by centrifugation at 450×g for 5 min and resuspended in 

Foxp3 LWB Fixation/Permeabilization solution. Cell pellets were washed twice, as 

indicated above, and labeled with anti-human Foxp3 or IgG isotype control. Following 

incubation, cells were washed and resuspended in wash buffer. Cell analysis was performed 

using the FACSCaliber 4-color flow cytometer (BD Biosciences). 10,000 gated events were 

collected based upon forward vs side scatter with data analysis performed using FlowJo 

software, version 9.2 (Ashland, OR). Prior to the sample collection on FACSCalibur, quality 

control was performed using BD FACS calibrite beads (cat #340486) and FACSComp 

software (BD Biosciences) to calibrate the instrument.

2.3 Measurement of Granzyme B and cytokine production of CD46-induced Tregs

Induced Tregs (iTregs) were generated after peripheral blood mononuclear cells (PBMC) 

were isolated by Ficoll-Hypaque (GE Healthcare, Uppsala, Sweden) density gradient 

centrifugation. The PBMC were washed, aliquoted in freezing media (20% DMSO in Fetal 

Bovine Serum (FBS) plus 5% glucose in FBS), and stored in liquid nitrogen. T lymphocytes 

(CD4+) were isolated by magnetic bead separation (CD4-positive isolation kit, Miltenyl 

Biotec, Auburn, CA). In vitro stimulation was performed by plate-bound anti-CD3 

(10ug/mL, OKT3) and soluble anti-CD46 (10 μg/mL, TRA-2-10) or PBS. Human CD3 

antibody (OKT3) was purchased from ATCC (Manassas, VA) and human CD46 antibody 

(TRA-2-10) was obtained from Rheumatic Diseases Core Center, Washington University 

School of Medicine (Saint Louis, MO). Briefly, CD4+ T lymphocytes (5.5×104 cells/well) 

were added to antibody coated 96 well plates (Roswell Park Memorial Institute) in 

RPMI1640 medium (Sigma-Aldrich, St Louis, MO) with 10% fecal calf serum (GE 

Healthcare Life Sciences, Logan, Utah) plus 200 mM L-glutamine and 25 U/mL 

recombinant human IL-2 (Chiron, Emeryville, CA). After incubation at 37 °C in 5% CO2 

for 3 days, cell viability was assessed under the light microscope using Trypan blue 

exclusion. Viability was >98% on average and across conditions. An increase in cell size, an 

indicator of cellular proliferation, was also observed by light microscopy and an increase in 

FS/SS on the flow cytometer. Supernatants and cells were then collected for cytokine and 

granzyme B (GZB) analysis. Experiments were performed in duplicate with data presented 

as the mean +/− standard deviation.

Cytokine levels (IL-10, IL-2, IL-4, IL-5, TNF-α, and IFN-γ) were determined by cytometric 

bead array (Human Th1/Th2 kit, BD Biosciences, San Jose, CA). Data were obtained on a 

FACSCalibur flow cytometry (BD Biosciences) with analysis performed by FCAP Array 

Software v3 (BD Biosciences). Intracellular GZB was assayed via flow cytometry according 

to methods outlined for intracellular staining (eBioscience). Briefly, cells were harvested, 

fixed and permeabilized in fixation and permeabilization buffer (eBioscience). Cells were 

labeled with FITC-conjugated anti-granzyme B antibody (GB11, eBioscience) or isotype 

control antibody. After antibody labeling, cells were analyzed by FACSCalibur (BD 

Biosciences) and CellQuest™Pro version 5.2.1 software (Becton-Dickinson Corporation, 

Mountainview, CA).
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2.4 Identification of DC subsets

Dendritic cells were isolated from PBMC using the Blood Dendritic Cell Enumeration kit 

(Miltenyl Biotec). Dendritic cell subsets were identified by anti-BDCA-2+ (CD11c−/

CD123+high) for pDCs, anti-BDCA-1+ (CD11c+ high/CD123+ low) for mDC1 and anti-

BDCA-3+ (CD11c+low/CD123−) for mDC2(Dzionek et al., 2000). Samples were also 

labeled with CD19-PE-Cy2 and CD14-PE-Cy5 (eBiosciences), for exclusion of B cells and 

monocytes. Cells were analyzed by FACSCalibur (BD Biosciences).

2.5 Statistical analysis

The intra-class correlation coefficients (ICC) were generated to evaluate IBV of samples 

obtained across 3 days and were adjusted for age, gender, and atopic status using SAS 

software, version 9.3 (SAS Institute, Cary, NC)

3. Results and discussion

Of 10 healthy subjects (age 42.6 ± 10.2 years), 7 were female, 6 were atopic and race/

ethnicity was as follows: 7 Caucasians, 2 African Americans and 1 Hispanic. Table 1 

demonstrates the IBV of DCs, nTreg and GZB expression in iTreg and CD4+ cells in these 

healthy subjects. There was substantial IBV in the measurement of mDC2 (ICC=0.17), 

likely due to the rare events of these cells in peripheral blood.

Table 2 demonstrates the IBV of cytokine production from iTreg in healthy subjects. There 

was substantial IBV in the measurement of iTreg production of IL-10 (ICC=0.49, Table 2). 

Little IBV exist in the quantification of mDC1 (ICC=0.90), pDC (ICC=0.91) and nTregs 

(ICC=0.86). Age and gender had minimal effects on biological variability (ICC adjusted 

Table 1 & 2). The ICC of induced Treg production of IL-4 was affected by atopic status, 

with decreases in the ICC of >0.1. Surprisingly, there is considerable variability of IL-10, 

TNF-α, and IFN-γ production in the PBS/IL2 control condition (ICC <0.5). Due to the 4–5 

ng/mL limit of detection for both IL-4 and IL-5 in the CBA, the variability of IL-4 and IL-5 

in the PBS/IL2 control condition is not meaningful (Morgan et al., 2004). To evaluate the 

role of circadian effects, we calculated the ICC after adjusting for the mean time of day at 

which data were collected and there were no significant changes in ICC after adjustment 

(mean change of ICC 0.02).

Limitations of this study include small sample size, presence of IL-2 - a survival factor in 

control conditions, lack of cell viability and apoptosis assessment within each study subject 

across all experimental conditions, and data collection at three time points. Although the 

flow cytometer gates were set using isotype controls, background noise within the gate for 

each population of cells was not determined and therefore could account for the variation of 

rare populations of cells as with mDC2 (Rovati et al., 2008). The variability in mDC2 is 

unlikely to be a sampling issue, as the observed range of % mDC2 in this study is consistent 

with a previously published report (Rovati et al., 2008).

We conclude human immunologic experiments involving rare event cell populations should 

take into consideration the temporal biological variability for each measurement reported. 
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Therefore, repeat measurements should be obtained from study participants at multiple time 

points to ensure accuracy of the reported findings.
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Abbreviations

DCs Dendritic cells

pDC plasmacytoid Dendritic cells

mDC1 myeloid Dendritic cell subpopulation 1

mDC2 myeloid Dendritic cell subpopulation 2

Tregs Regulatory T cells

nTreg natural Tregs

iTreg CD3/CD46 induced Tregs

IBV Intra-individual Biological Variability

PBMCs Peripheral Blood Mononuclear Cells

FBS Fetal Bovine Serum

GZB Granzyme B

ICCs Intraclass Correlation Coefficient

References

Backteman K, Ernerudh J. Biological and methodological variation of lymphocyte subsets in blood of 
human adults. Journal of immunological methods. 2007; 322:20–7. [PubMed: 17336998] 

Dzionek A, Fuchs A, Schmidt P, Cremer S, Zysk M, Miltenyi S, Buck DW, Schmitz J. BDCA-2, 
BDCA-3, and BDCA-4: three markers for distinct subsets of dendritic cells in human peripheral 
blood. Journal of immunology. 2000; 165:6037–46.

Kornete M, Piccirillo CA. Functional crosstalk between dendritic cells and Foxp3(+) regulatory T cells 
in the maintenance of immune tolerance. Frontiers in immunology. 2012; 3:165. [PubMed: 
22737152] 

Morgan E, Varro R, Sepulveda H, Ember JA, Apgar J, Wilson J, Lowe L, Chen R, Shivraj L, Agadir 
A, Campos R, Ernst D, Gaur A. Cytometric bead array: a multiplexed assay platform with 
applications in various areas of biology. Clinical immunology. 2004; 110:252–66. [PubMed: 
15047203] 

Silver E, Yin-DeClue H, Schechtman KB, Grayson MH, Bacharier LB, Castro M. Lower levels of 
plasmacytoid dendritic cells in peripheral blood are associated with a diagnosis of asthma 6 yr after 
severe respiratory syncytial virus bronchiolitis. Pediatric allergy and immunology: Official 
publication of the European Society of Pediatric Allergy and Immunology. 2009; 20:471–6. 
[PubMed: 19140903] 

Smigiel KS, Srivastava S, Stolley JM, Campbell DJ. Regulatory T-cell homeostasis: steady-state 
maintenance and modulation during inflammation. Immunological reviews. 2014; 259:40–59. 
[PubMed: 24712458] 

Kitcharoensakkul et al. Page 5

J Immunol Methods. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tosato F, Bernardi D, Sanzari MC, Pantano G, Plebani M. Biological variability of lymphocyte 
subsets of human adults’ blood. Clinica chimica acta; international journal of clinical chemistry. 
2013; 424:159–63.

Wu XJ, Xu F. Dendritic cells during Staphylococcus aureus infection: subsets and roles. Journal of 
translational medicine. 2014; 12:358. [PubMed: 25519813] 

Kitcharoensakkul et al. Page 6

J Immunol Methods. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• There is substantial day-to-day variability in measuring mDC2 in vivo and iTreg 

production of IL-10 in vitro in healthy adults.

• There is a low intra-individual variability in measuring nTregs, pDCs and 

mDC1 in healthy adults.

• Repeat measurements over time of human biologic samples should be 

performed to determine the most representative values.
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Table 1

The intra-individual variability of DC, nTreg cells, intracellular granzyme B expression of iTregs, and CD4+ 

cells in healthy adults

DC subsets %leukocytes Unadjusted ICCs ICCs adjusted by age, gender and atopy*

mDC1 0.22 ± 0.10 0.90 0.82

mDC2 0.02 ± 0.02 0.17 0

pDC 0.27 ± 0.12 0.91 0.92

Tregs %CD4+ cells Unadjusted ICCs ICCs adjusted by age, gender and atopy*

Natural Tregs 3.27 ± 1.27 0.86 0.88

GZB expression of CD46-induced Tregs 35.3 ± 17.7 0.77 0.78

GZB expression of CD4+cells in PBS/IL2 0.83 ± 0.62 0.42 0.53

Data is shown as mean ± standard deviation

Abbreviations: DC- dendritic cells (BDCA-1+ for mDC1, BDCA-3+ for mDC2 and BDCA-2+ for pDC), nTreg- natural regulator T cells, iTreg- 
CD46-induced regulatory T cells, PBMC- peripheral blood mononuclear cells, ICCs- Intra-class correlation coefficients, GZB- granzyme B
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