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Abstract

Immune response results from a complex interplay between the antigen non-specific innate immune system and the antigen specific adaptive
immune system. The immune system is a constant balance in maintaining tolerance to self-molecules and reacting rapidly to pathogens.
Dendritic cells (DCs) are powerful professional antigen presenting cells that link the innate immune system to the adaptive immune system and
balance the adaptive response between self and non-self. Depending on the maturation signals, immature dendritic cells can be selectively
stimulated to differentiate into immunogenic or tolerogenic DCs. Immunogenic dendritic cells provide proliferation signals to antigen-specific T
cells for clonal expansion; while tolerogenic dendritic cells regulate tolerance by antigen-specific T-cell deletion or clonal expansion of regulatory
T-cells. Due to this unique property, dendritic cells are highly sought after as therapeutic agents for cancer and autoimmune diseases. Dendritic
cells can be loaded with specific antigens in vitro and injected into the human body to mount a specific immune response both immunogenic and
tolerogenic. This work presents a means to generate in vitro from monocytes, immature monocyte derived dendritic cells (moDCs), tolerogenic
and mature moDCs that differ in surface marker expression, function and metabolic phenotypes.

Video Link

The video component of this article can be found at https://www.jove.com/video/54128/

Introduction

DC was first described by Paul Langerhans (Langerhans cells) in the late nineteenth century as referenced by Jolles 1 and characterized by
Ralph Steinman and Zanvil Cohn in 1973 who recognized them as professional antigen presenting cells 2. DCs are found in peripheral blood and
in most tissues of the body, especially abundant in tissues that are exposed to the external environment such as the skin (present as Langerhans
cells) and in the linings of the nose, lungs, stomach and intestines which enable them to encounter extrinsic antigens. Immature DCs have
endocytic capability but relatively low capacity to stimulate T cells 3. Immature DCs express various pattern recognition receptors (PRRs) that
capture pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) 4. Activating danger signals
drive maturation towards immunogenic DCs while self-molecules result in T cell unresponsiveness and apoptosis 5. Immunogenic DCs are
characterized by the upregulation of MHC molecules and co-stimulatory surface molecules and their ability to prime naive T cells 6,7.

Immature DCs can also be matured towards a Treg-inducing or tolerogenic state in response to Vitamin D3 metabolite 1a,25(O)2D3 and certain
immunosuppressive agents like Interleukin-10 (IL-10), dexamethasone and rapamycin 8-9. Tolerogenic DCs are characterized by their expression
of immunoreceptor tyrosine-based inhibitory motifs (ITIMs) containing surface receptors and ligands. Signal transduction of ITIMs containing
ILT family members, ILT3 and ILT4 in tolerogenic DCs inhibit alloproliferation and drive Foxp3+ Treg expansion 10,11. These unique properties
of tolerogenic DCs lead to their profound potency in vivo, namely the ability to induce durable tolerance to transplanted allogeneic grafts and
suppress the development of autoimmune diseases. Tolerogenic DCs may be viewed therefore as a subtype of mature-polarized DCs which
function in the inhibition of immune activation.

Currently, there are two general subsets of dendritic cells in human peripheral blood: plasmacytoid DCs and myeloid DCs 12. Circulating DCs
are rare constituting to less than 2% of leukocytes in human blood and this poses a difficulty to the isolation of an appropriate number of DCs to
study their immunoregulatory functions. To overcome this problem, monocyte differentiated DCs are used as an in vitro model for the study of
dendritic cell function. These in vitro DCs have similar receptors and functions compared to in vivo DCs. Detailed comparison of in vivo DCs and
in vitro generated monocyte derived DCs (moDCs) are investigated by other laboratories 13,14,15. It is also reported that moDCs and CD1c+ DCs
were equivalent at antigen presenting and inducing T cell function15.

In this paper, we describe a method of generating immature moDCs from peripheral blood monocytes and then differentiating them into
immunogenic and tolerogenic DCs. These monocyte derived dendritic cells (moDCs) are characterized by their surface markers, cytokine
profile, immunoregulatory functions and metabolic states. Immunogenic and tolerogenic dendritic cells produce different cytokines which result in
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expansion of either allogenic T cells or regulatory T cells. In this paper, cytokine profiling is performed with systems using multiplex technology.
Growth medium of cells are incubated with antibody immobilized color coded beads and read in a compact analyzer. Metabolic states of DCs
are analyzed using extracellular flux analyzers that measure oxygen consumption rate, an indicator of cellular respiration, and extracellular
acidification rate which reflects glycolytic flux in dendritic cells. Measurement of these bioenergetics rates provides a means to track the changes
in cellular metabolism which are vital in dendritic cell development and function.

Protocol

This research was approved by the Institutional Review Board (NUS-IRB 10-250).

1. Isolation of Peripheral Blood Mononuclear Cells (PBMCs) 

1. Preparation of Reagent
1. Prepare PBS/EDTA: phosphate-buffered saline solution (PBS) and supplement with 2 mM ethylenediaminetetraacetic acid (EDTA).

Sterilize this solution by filtration through a 0.2 µm filter. Note to store PBS/EDTA at 4 °C and warm to room temperature before use.
2. Prepare staining buffer: phosphate-buffered saline solution (PBS) supplement with 2% fetal bovine serum (FBS), 10 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 2 mM ethylenediaminetetraacetic acid (EDTA). Sterilize this solution by
filtration through a 0.2 µm filter.

2. Collect Blood from Blood Cone
 

Note: The blood cone contains white blood cell components collected after plateletpheresis from hospital. If blood is collected in heparin or
EDTA tubes, dilute blood with PBS in 1:1 ratio and proceed to step 1.3; if buffy coat is received, dilute buffy coat with PBS in 1:2 ratio and
proceed to step 1.3.

1. Cut the two ends of the cone to allow blood to flow out into a 50 ml tube. Note that the cone usually contains 10 ml of blood.
2. Use a blunt end syringe containing 30 ml of PBS/EDTA to wash the cone and collect in a 50 ml tube.
3. Dilute blood further with PBS/EDTA to a final volume of 80 ml.

3. Isolation of PBMCs by Density Centrifugation16

1. Aliquot 15 ml Ficoll each to 4 fresh 50 ml tubes.
2. Use a 25 ml serological pipet to add 20 ml of diluted blood over the Ficoll layer. Take note to hold the 50 ml tube at a 45 angle and take

care to not disturb the interphase.
3. Centrifuge the tubes at 805 x g without brakes for 30 min, 20 °C.
4. Remove the plasma layer and collect the ring of PBMCs lying just below the plasma layer with a Pasteur pipet. Combine four tubes of

PBMCs into two 50 ml tubes. Note to avoid collecting the transparent layer below the PBMCs.
5. Add PBS/EDTA to a final volume of 50 ml per tube of PBMCs and centrifuge at 548 x g with brakes for 10 min, 20 °C.
6. Aspirate supernatant and resuspend pellet in each tube with 25 ml of staining buffer and combine into one 50 ml tube.
7. Centrifuge at 367 x g with brakes for 5 min, 4 °C.
8. Aspirate supernatant and resuspend pellet with 10 ml of staining buffer.

2. Monocyte Enrichment by Magnetic Separation17

1. Determine Cell Number
1. Take 20 µl of PBMC cell suspension and mix with 20 µl of trypan blue to count the number of live cells using cytometer.
2. Centrifuge cell suspension at 367 x g with brakes for 10 min, 4 °C.
3. Aspirate supernatant completely and resuspend cell pellet to a concentration of 107 cells per 80 µl of staining buffer.

2. Magnetic Labeling
1. Add 20 µl of CD14 microbeads per 107 cells, mix well and incubate for 15 min at 2 - 8 °C.
2. Wash cells by adding 1 ml of staining buffer per 107 cells and centrifuge at 367 x g with brakes for 10 min, 4 °C.
3. Aspirate supernatant completely and resuspend cell pellet in a concentration of 107 cells per 50 µl of staining buffer.

3. Magnetic Separation
1. Use medium size column for a maximum of 2 x 108 total cells.

 

Note: Choose an appropriate column and separator according to the number of total cells and the number of CD14+ cells
recommended in the datasheet.

2. Place column in the magnetic field of a suitable separator and prepare column by rinsing with 500 µl of staining buffer.
3. Pipette cell suspension onto column and collect unlabeled cells that pass through the column with a 15 ml tube.
4. Replace a new 15 ml tube under column and wash column 3 times with 500 µl of staining buffer. Make sure the column reservoir is

empty before adding new staining buffer between washes.
5. Remove column from the separator and place it on a fresh 15 ml tube.
6. Pipette 1 ml of staining buffer onto the column. Immediately flush out the magnetically labelled cells by firmly pushing the plunger

(provided in the kit) into the column.
7. Repeat steps 2.3.2 to 2.3.6 using the eluted fraction on a new column to increase the purity of CD14+ cells. Note that the beads will be

released from the cells automatically in culture during step 3.2.
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3. Differentiation of Dendritic Cells to Different Activation States 

1. Preparation of Reagent (Endotoxin Level has to be Less than 0.1 EU/ml in all Reagents)
1. Prepare cell culture medium: RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 1% Non-Essential Amino Acids (NEAA)

and 0.05 mM 2-mercaptoethanol (2ME). Sterilize this solution by filtration through a 0.2 µm filter.
2. Prepare cytokines: reconstitute IL-4 and GM-CSF in cell-culture grade water to a concentration of 0.25 mg/ml respectively under

aseptic conditions. Aliquot cytokines into 200 µl microcentrifuge tubes and store at -80 °C.
3. Prepare vitamin D3 stock: reconstitute vitamin D3 in cell-culture grade water to a concentration of 100 mM under aseptic conditions.

Aliquot vitamin D3 into 1.5 ml microcentrifuge tubes and store at -20 °C.
4. Prepare dexamethasone stock: reconstitute dexamethasone in cell-culture grade water to a concentration of 10 mM under aseptic

conditions. Aliquot dexamethasone into 1.5 ml microcentrifuge tubes and store at -20 °C.
5. Prepare LPS: reconstitute Lipopolysaccharides (LPS) in cell-culture grade water to a concentration of 1 mg/ml under aseptic

conditions. Aliquot LPS into 1.5 ml microcentrifuge tubes and store at -20 °C.

2. Generating Different moDCs
1. Seed 4 sets of CD14+ monocytes in concentration of 0.3 - 0.5 x 106/ml of cell culture medium supplemented with 200 ng/ml of GM-CSF

and 200 ng/ml of IL-4 in 6 well plates. Note that this is Day 0 and the volume of medium in each 6 well is 2 ml.
2. Incubate cells in tissue culture incubator at 37 °C with 5% CO2.
3. Remove 850 µl of medium from the culture at Day 4 and centrifuge at 300 x g for 5 min, 4 °C. Aspirate supernatant and resuspend

pellet in 1 ml of cell culture medium containing 2x of (200 ng/ml of GM-CSF and 200 ng/ml of IL-4). Add this cell mixture back to the
culture. Note that 2x concentration added for GM-CSF and IL-4 will become 1x when the 1 ml of medium is added back into the culture.

4. Add 1 µl of vitamin D3 stock and 1µl of dexamethasone stock per ml of medium to two of the sets on Day 5 to generate tolerogenic
moDCs. Note that the final concentration of vitamin D3 is 100 nM and dexamethasone is 10 nM; addition of GM-CSF and IL-4 is not
required on Day 5.

5. Add 200 ng/ml of GM-CSF and 200 ng/ml of IL-4 to all the sets on Day 6.
6. Add 1 µg/ml of LPS to one of the sets treated with only GM-CSF and IL-4 at Day 6 to generate mature moDCs.
7. Add 1 µg/ml of LPS to one set of the tolerogenic moDCs at Day 6 to generate LPS-tolerogenic moDCs.
8. Harvest the different types of moDCs at Day 7 by flushing culture dish with PBS, EDTA for flow cytometry or other studies. Note that

only non-adherent cells are harvested. Take note that percentage yield from CD14+ monocytes for immature moDCs, mature moDCs,
tolerogenic moDCs and LPS-tolerogenic DCs are about 90%, 50%, 60% and 60% respectively and varies between blood donors and
FBS lot.

4. Flow Cytometry

1. Cell Surface Marker Characterization on moDCs
1. Detach cells from culture dish by pipetting. Wash the cells once with PBS/EDTA and resuspend cells in a concentration of 5 x 105 cells

per 50 µl of staining buffer in 1.5 ml microcentrifuge tube.
2. Incubate 0.5 x 106 cell aliquots with PerCP-conjugated HLADR (1:100), PE-conjugated CD80 (1:50), PE-conjugated CD83 (1:25), PE-

conjugated CD86 (1:50), APC-conjugated CD11c (1:50), PE-conjugated CD14 (1:50) and PE-conjugated BDCA3 (1:50) and APC-
conjugated ILT3 (1:25) in the dark for 30 min at 4 °C. Isotype-matched PerCP-conjugated MAb (1:20), PE-conjugated MAb (1:11),
APC-conjugated MAb (1:11) will serve as negative controls.

3. Detect the expression levels of the surface markers using a flow cytometer 18.

2. Analysis of Mitochondria Membrane Potential of moDCs
1. Prepare stock solution of 1 mM Red Chloromethyl-X-rosamine (CMXRos) by adding 94.1 µl of dimethyl sulfoxide (DMSO) per 50 µg of

lyophilized Red CMXRos.
2. Incubate 2 x 105 moDCs with 100 nM Red CMXRos in 1 ml of Hank's Balanced Salt Solution (HBSS) for 30 min at 37 °C in 15 ml tube.
3. Add 2 ml of PBS/EDTA to cells and centrifuge at 300 x g for 5 min, room temperature. Repeat 2 times. Aspirate supernatant and

resuspend cell pellet in 300 µl of PBS, EDTA, 2% FCS for flow cytometry analysis. Take note to use PE channel to analyze Red
CMXRos signal.

3. Marker Characterization of T-cells 
1. Incubate 50 µl of 1.2 x 106 CFSE-labeled allo CD4+ T-cells (generated from step 5.6) with PerCP-conjugated CD3 (1:200), PE/Cy7-

conjugated CD4 (1:400) and APC/Cy7-conjugated CD25 (1:100) in the dark for 30 min at 4 °C. Stain T-cells using a commercial kit with
Foxp3-Alexa Fluor 647 (1:50) in the dark for 1 hr at room temperature.

5. Alloreaction Studies

1. Prepare 5 mM stock solution of carboxyfluorescein succinimidyl ester (CFSE) by adding 18 µl of DMSO to lyophilized CFSE, according to
manufacturer's protocol.

2. Purify CD4+ T-cells from PBMCs
1. Determine cell number by taking 20 µl of PBMC cell suspension and mix with 20 µl of trypan blue to count the number of live cells

using a cytometer.
2. Centrifuge cell suspension at 367 x g with brakes for 10 min, 4 °C.
3. Aspirate supernatant completely and resuspend cell pellet in a concentration of 5 x 107 cells per 1 ml of staining buffer in a 5 ml

polystyrene tube.
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4. Add Human CD4+ T Cell Enrichment Cocktail at 50 µl/ml cells. Mix well and incubate at room temperature (15 - 25 °C) for 10 min.
5. Vortex magnetic particles for 30 sec and add magnetic particles at 100 µl/ml cells. Mix well and incubate at room temperature for 5 min.
6. Add staining buffer to the cell suspension to a total volume of 2.5 ml. Mix the cells in the tube by gently pipetting up and down 2 - 3

times. Place the tube into the magnet and incubate for 5 min.
7. Invert magnet with tube and decant the suspension (contains T cells) into a new 5 ml polystyrene tube.

3. Determine cell number and incubate 1.2 x 106 CD4+ T-cells with 5 µM CFSE in 1 ml of PBS for 20 min at 37 °C, protected from light.
4. Add five times the original staining volume of cell culture medium (prepared according to step 3.1.1) to the cells and incubate for 5 min.
5. Centrifuge at 300 x g for 5 min, 4 °C and resuspend pellet in cell culture medium at a concentration of 2 x 105 per 75 µl.
6. Add 75 µl of 2 x 105 CFSE-labeled CD4+ T-cells to each moDC culture containing 75 µl of cell culture medium with 0, 2.5 x 103, 5 x 103, 10 x

103, 20 x 103 and 40 x 103 moDCs in 96 well U-bottom plates. Culture for 6 days in tissue culture incubator at 37 °C with 5% CO2.
7. Harvest by pipetting CD4+ T-cells into 15 ml tube and centrifuge at 300 x g for 5 min, 4 °C. Collect supernatant for cytokine analysis and

resuspend cell pellet in 2 ml of PBS/EDTA and centrifuge at 300 x g for 5 min at 4 °C.

6. Cytokine Analysis19

1. Collect supernatants from alloreaction studies as described in step 5.5.
2. Preparation of Reagent for Human Cytokine/Chemokine Magnetic Panel Analysis

1. For preparation of mixing bottle of antibody-immobilized beads for individual vials of beads (included in the kit), vortex for 1 min. Add 60
µl from each antibody bead vial to the mixing bottle (included in the kit) and bring to a final volume of 3 ml with Bead Diluent (provided).

2. For preparation of quality controls, reconstitute Quality Control 1 and Quality Control 2 (included in the kit) with 250 µl deionized water.
3. For preparation of Wash buffer, dilute 30 ml of 10x Wash buffer (included in the kit) with 270 ml of deionized water.
4. For preparation of human cytokine Standard, reconstitute the human cytokine standard (included in the kit) with 250 µl deionized water

to give a 10,000 pg/ml concentration.
1. Add 50 µl of 10,000 pg/ml human cytokine standard to 200 µl of Assay buffer (provided in the kit) in a 1.5 ml microcentrifuge

tube to make 2,000 pg/ml working standard. Transfer 50 µl of 2,000 pg/ml human cytokine standard to 200 µl of Assay buffer
(provided in the kit) in a 1.5 ml microcentrifuge tube to make 400 pg/ml working standard.

2. Transfer 50 µl of 400 pg/ml human cytokine standard to 200 µl of Assay buffer (provided in the kit) in a 1.5 ml microcentrifuge
tube to make 80 pg/ml working standard. Transfer 50 µl of 80 pg/ml human cytokine standard to 200 µl of Assay buffer (provided
in the kit) in a 1.5 ml microcentrifuge tube to make 16 pg/ml working standard.

3. Transfer 50 µl of 16 pg/ml human cytokine standard to 200 µl of Assay buffer (provided in the kit) in a 1.5 ml microcentrifuge tube
to make 3.2 pg/ml working standard. 0 pg/ml working standard has only 200 µl of Assay buffer in a 1.5 ml microcentrifuge tube.

3. Pre wet filter plate (included in the kit) by pipetting 200 µl of Assay buffer (provided) into each well of the filter plate. Seal and place the filter
plate on a plate shaker for 10 min at room temperature.

4. Aspirate Assay buffer and add 25 µl of each Standard or Quality control into the appropriate wells.
5. Add 25 µl of cell culture medium (prepared according to step 3.1.1) to the background, standards and control wells.
6. Add 25 µl of Assay buffer to the sample wells and add 25 µl of sample into the appropriate sample wells.
7. Vortex the mixing bottle containing antibody-immobilized beads and add 25 µl of the mixed beads to each well. Seal plate and incubate with

agitation on a plate shaker overnight at 4 °C.
8. Aspirate fluid and wash plate 2 times by adding 200 µl/well of Wash buffer and aspirating the fluid.
9. Add 25 µl of detection antibodies (provided) into each well. Seal and incubate with agitation on a plate shaker for 1 hr at room temperature.
10. Add 25 µl of Streptavidin- Phycoerythrin (provided) to each well containing the 25 µl of detection antibodies. Seal and incubate with agitation

on a plate shaker for 30 min at room temperature.
11. Aspirate fluid and wash plate as described in step 6.8.
12. Add 150 µl/ well of Sheath Fluid to all wells and resuspend beads on a plate shaker for 5 min.
13. Detect fluorescence intensity of beads using a 3D system 20. Analyze the median fluorescent intensity data using a five parameter log-logistic

curve-fitting method for calculating cytokine/chemokines concentrations in samples21.

7. Real-time Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR)
Measurements

1. Preparation of Reagent/Materials
1. Prepare OCR medium: Assay medium supplemented with 25 mM glucose and 1 mM sodium pyruvate (pH 7.35). Sterilize this solution

by filtration through a 0.2 µm filter. Take note that this medium is prepared without FBS because components in FBS are complex and
vary from one lot to anther lot.

2. Prepare ECAR medium: Base medium supplemented with 2 mM L-glutamine (pH 7.35). Sterilize this solution by filtration through a 0.2
µm filter. Take note that this medium is prepared without bicarbonate, glucose, pyruvate and FBS. Note that FBS has buffering capacity
and will interfere with the ECAR reading.

3. Prepare compounds for OCR measurements: Resuspend oligomycin with 630 µl of OCR medium to make 100 µM stock solution
and dilute with OCR medium to 16 µM working concentration. Resuspend carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP) with 720 µl of OCR medium to make 100 µM stock solution and dilute with OCR medium to 4.5 µM working concentration.
Resuspend rotenone/antimycin A with 540 µl of OCR medium to make 50 µM stock solution and dilute with OCR medium to 10 µM
working concentration.

4. Prepare compounds for ECAR measurements: Resuspend Glucose with 3 ml of ECAR medium to make 100 mM stock solution and
dilute to 80 mM working concentration. Resuspend oligomycin with 720 µl of ECAR medium to make 100 µM stock solution and dilute
to 18 mM working concentration. Resuspend 2-deoxy-D-glucose with 1.5 ml of ECAR medium to make 1,000 mM stock solution.
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5. Pipet 200 µl of calibrant into each well of the cartridge and store at 37 °C with no CO2 one day before measurements.

2. Real-time OCR Measurements
1. Harvest moDCs and resuspend each type of moDCs in OCR medium at a concentration of 60 x 103 per 150 µl of OCR medium.
2. Seed 60 x 103 cells/well in a poly-D-lysine-coated 96-well flat bottom plate and incubate in a non-CO2 incubator for 1 hr at 37 °C. Take

note to use 50 µl of 50 ng/ml of poly-D-lysine to coat the plate for 1 hr and wash with sterile water. Keep plate dry for 2 hr at room
temperature before use.

3. Pipette 25 µl OCR medium into injection port A for all wells; 25 µl OCR medium containing 16 µM of oligomycin in injection port B for
all wells; 25 µl OCR medium containing 4.5 µM of (FCCP) in injection port C for all wells and 25 µl OCR medium containing 10 mM
rotenone/antimycin A in injection port D for all wells. Note that the final well concentration for oligomycin is 2 µM, FCCP is 0.5 µM and
rotenone/antimycin A is 1 µM.

4. Place plate into extracellular flux analyzer and run a complete OCR study with all moDCs simultaneously in four consecutive stages:
basal respiration (after medium injection from port A), mitochondrial complex V inhibition (after drug injection from port B), maximal
respiration induction (after drug injection from port C) and electron transport chain inhibition (after drug from port D) 22. Take note that
there are 3 cycles in between injections and 6 min interval between measurements.

3. Real-time ECAR Measurements
1. Harvest moDCs and resuspend each type of moDCs in ECAR medium at a concentration of 60 x 103 per 150 µl of ECAR medium.
2. Seed 6 x 104 cells/well in a poly-D-lysine-coated 96-well flat bottom plate and incubate in a non-CO2 incubator for 1 hr at 37 °C.
3. Pipette 25 µl ECAR medium into injection port A for all wells; 25 µl ECAR medium containing 10 mM of glucose in injection port B for all

wells; 25 µl ECAR medium containing 18 µM of oligomycin in injection port C for all wells and 25 µL OCR medium containing 1,000 mM
2-deoxy-D-glucose in injection port D for all wells. Note that the final well concentration for glucose is 10 µM, oligomycin is 2 µM and 2-
deoxy-D-glucose is 100 mM.

4. Place plate into extracellular flux analyzer and run a complete ECAR study with all moDCs simultaneously in four consecutive stages:
basal respiration (after medium injection from port A), glycolysis induction (after drug injection from port B), maximal glycolysis
induction (after drug injection from port C) and glycolysis inhibition (after drug from port D) 22.

5. Analyze statistical differences using one-way ANOVA with a Tukey multiple comparison post-test.

Representative Results

Monocyte Purification and Dendritic Cell Differentiation

Monocytes were purified from PBMCs by density centrifugation of peripheral blood (Figure 1A), followed by CD14+ positive selection magnetic
separation (Figure 1B) and cultured in complete medium in the presence of GM-CSF and IL-4 to obtain immature dendritic cells (Figure 2A).
Addition of vitamin D3 and dexamethasone post GM-CSF and IL-4 resulted in the differentiation of immature moDCs into tolerogenic moDCs
(Figure 2B). LPS was added to induce maturation of immature moDCs to mature moDCs (Figure 2C) and tolerogenic moDCs were stimulated
with LPS to verify resistance to maturation (Figure 2D). The blood samples used in this work were obtained from healthy donors with previous
informed consent.

moDC Characterization

Surface Marker Characterization by Flow Cytometry

Analysis of DC surface markers showed that mature moDCs expressed the highest levels of maturation markers HLA-DR, CD83 and CD86
compared to LPS-treated tolerogenic moDCs, tolerogenic moDCs and immature moDCs (Figure 3). These results demonstrated that tolerogenic
moDCs were resistant to maturation as compared to immature moDCs following LPS stimulation. In addition, LPS-treated tolerogenic moDCs
and tolerogenic moDCs displayed increased expression of CD14, BDCA3 (CD141) and Immunoglobulin-like transcript (ILT)3 compared to
immature and mature moDCs. The tolerogenic moDCs that we generated here is consistent with previous reports 23.

Functional characterization of moDCs

moDCs induced for maturation become immunogenic and release cytokines that promote the proliferation of CD4+ T-cells. We assessed
the immunogenicity of the different moDC subtypes by measuring the proliferation of co-cultured T cells. Tolerogenic moDCs were poorly
immunogenic compared with mature moDCs, as shown by low alloproliferation of CD4+ T-cells (Figure 4A). Tolerogenic moDCs are
characterized by their low IFN-Γ, low IL-12p40, and high IL-10 cytokine production in alloreaction co-cultures with CD4+ T-cells (Figure 4B).
Furthermore, increasing the number of tolerogenic moDCs in co-cultures of mature moDCs induced allospecific CD4+ T-cells increased the
frequency of CD25high Foxp3+ regulatory T-cells (Figure 4C).

Analysis of Mitochondrial Activity
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Red CMXRos is used to reflect the mitochondrial activity to analyze the mitochondrial membrane potential levels in moDCs. Tolerogenic moDCs
were observed to have higher mitochondrial activity compared with the other moDC differentiated subtypes (Figure 5A). Next, the rate of
mitochondrial oxygen consumption (OCR) is assessed for the different moDC subtypes using a bioanalyzer. OCR measurements allow high
resolution insights to the metabolic profile, providing information including but not limited to basal respiration, spare respiratory capacity, proton
leak and non-mitochondrial respiration. The measurement of OCR provides a means to assess the ability of cells to respond to stress. The cells
are metabolically perturbed by the addition of three different compounds in succession. The first injection is Oligomycin (ATP Coupler) which
inhibits complex V of the electron transport chain (ETC), inhibiting ATP synthesis. This step distinguishes the percentage of oxygen consumed
for ATP synthesis and the percentage of oxygen consumed to overcome proton leak across the inner mitochondrial membrane. The second
injection is FCCP (ETC accelerator) that disrupts ATP synthesis by transporting hydrogen ions across the mitochondrial membrane instead of
through the proton channel of Complex V. The collapse of the mitochondrial membrane potential leads to a rapid consumption of energy and
oxygen, without the generation of ATP. FCCP treatment can be used to calculate the spare respiratory capacity of cells. Maintenance of spare
respiratory capacity under stress conditions is critical to cell survival. This capacity is determined by several factors, including the availability of
substrate and functional capacity of the enzymes involved in the ETC. The third injection is a combination of Rotenone, a Complex I inhibitor,
and Antimycin A, a Complex III inhibitor. This combination shuts down mitochondrial respiration and OCR is observed to decrease as a result
of impaired mitochondrial function (Figure 5C). Tolerogenic moDCs displayed higher basal OCR levels than mature moDCs (Figure 5D). In
addition, tolerogenic, LPS-tolerogenic, and immature moDCs showed increased spare respiratory capacity compared with mature moDCs
(Figure 5E).

Metabolic Characterization of moDCs

Because lactic acid and protons are released from cells during glycolysis, we analyzed the glycolytic activity of moDCs by performing a real-
time analysis of the rate of extracellular acidification (ECAR) (Figure 6B). In the presence of glucose, the glycolytic rate of all moDCs increased
compared with the basal stage, with mature moDCs exhibiting higher glycolytic rate than immature moDCs (Figure 6D). Tolerogenic and
immature moDCs exhibited higher maximal glycolysis (induced by oligomycin in presence of glucose) compared with LPS-treated moDCs
(Figure 6B). The glycolytic capacity of tolerogenic and immature moDCs was higher than mature moDCs (Figure 6E). In contrast to their high
glycolytic rate, glycolytic reserve was the lowest in mature moDCs (Figure 6F).

 

Figure 1: Monocyte Purification from Peripheral Blood. (A) 25 ml of blood is carefully layered onto 15 ml of Ficoll per 50 ml tube before
centrifugation. PBMCs are concentrated in a layer below plasma after density centrifugation. (B) PBMCs are incubated with microbeads that are
conjugated to monoclonal human CD14 antibodies (isotype: mouse IgG2a) and then loaded onto a column which is placed in the magnetic field
of a Separator to isolate CD14+ monocytes. Please click here to view a larger version of this figure.

https://www.jove.com
https://www.jove.com
https://www.jove.com
https://www.jove.com/files/ftp_upload/54128/54128fig1large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2016  Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

June 2016 |  112  | e54128 | Page 7 of 12

 

Figure 2: Morphological Characterization of moDCs. (A) 200 ng/ml of GM-CSF and IL-4 is added to purified CD14+ monocytes on Day 0,
4 and 6 to generate immature moDCs; and (B) an additional step of stimulation with 100 nM Vitamin D3 and 10 nM dexamethasone on Day
5 generates tolerogenic moDCs. Immature moDCs and tolerogenic moDCs are stimulated with 1 µg/ml LPS on Day 6 to generate (C) mature
moDCs and (D) LPS-tolerogenic moDCs. Please click here to view a larger version of this figure.

 

Figure 3: Surface Marker Characterization by Flow Cytometry. Expression levels of surface markers HLA-DR, CD80, CD83, CD86, CD11,
CD14, BDCA3 and LT3 in tolerogenic (green), LPS-tolerogenic (black), immature (red), mature (blue) moDCs. Isotype controls are shown in
grey. Individual histogram for each cell type is plotted with Y-axis cell count against X-axis log of fluorophore intensity and overlaid. All histograms
are representative of four independent experiments. This figure has been modified from J Immunol 194 (11), 5174-5186, doi: 10.4049/
jimmunol.1303316 (June 1, 2015). Reproduced and republished with copyright permission. Copyright 2015. The American Association of
Immunologists, Inc. Please click here to view a larger version of this figure.
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Figure 4: Functional Characterization of moDCs. (A) Quantification of alloproliferation frequency of CD4+ T-cells induced by co-culture with
increasing numbers of tolerogenic (TOL; green), LPS-tolerogenic (L-TOL; black), immature (IMM; red) and mature (MAT; blue) moDCs. The
data was pooled from four independent experiments; mean + S.E.M. Statistical differences between all moDCs versus mature moDCs were
analyzed by two-way ANOVA with Dunnett multiple comparison post-test. (B) Cytokine analysis of IFN-Γ (left panel), IL-12p40 (middle panel)
and Il-10 (right panel) in supernatants from alloreactions between CD4+ T-cells co-cultured with increasing numbers of either tolerogenic (green),
immature (red) or mature (blue) moDCs. Data were pooled from six independent experiments; mean ± S.E.M. (C) CD4+ T-cell alloproliferation
and regulatory T-cells expansion induced by co-culture with mature moDCs in the presence of increasing numbers of tolerogenic moDCs. Left
Y-axis, frequency of CD4+ T-cell proliferation. Right Y-axis, frequency of CD25high Foxp3+ cells gated on proliferative CD4+ T-cells. The data
were pooled from three independent experiments; mean ± S.E.M. Statistical differences between presence versus absence of tolerogenic
moDCs were analyzed by one-way ANOVA with Dunnett multiple comparison post-test. (D) CD4+ T-cell alloproliferation (Left) and frequency
of CD25highFoxP3+ cells (Right) induced by co-culture with tolerogenic moDCs in the presence of increasing numbers of mature moDCs. The
data were pooled from two to three independent experiments; mean ± S.E.M. Statistical differences between the presence versus absence of
mature moDCs were analyzed by two-way ANOVA with Dunnett multiple comparison post-test. This figure has been modified from J Immunol
194 (11), 5174-5186, doi: 10.4049/jimmunol.1303316 (June 1, 2015). Reproduced and republished with copyright permission. Copyright 2015.
The American Association of Immunologists, Inc. Please click here to view a larger version of this figure.
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Figure 5: Analysis of Mitochondrial Activity of moDCs. (A) Levels of mitochondrial membrane potential (Red CMXRos) in moDCs were
obtained by flow cytometric analysis. The data of four independent experiments were pooled. Mean ± S.E.M. (B) Schematic representation of a
real-time mitochondrial respiration. OCR analysis starting from basal respiration and after the addition of oligomycin (complex V inhibition), FCCP
(maximal respiration induction), and rotenone/antimycin A mixture (electron transport chain [ETC] inhibition). The mitochondrial SRC (maximal
basal subtracted from maximal respiration) is derived from the OCR curve. (C) Representative kinetic study of mitochondria OCR (pmol/min) in
tolerogenic (TOL, green), LPS-tolerogenic (L-TOL, black), immature (IMM, red) and mature (MAT, blue) moDCs by using sequential addition of
oligomycin (Olig), FCCP, and rotenone/antimycin A (Rot-AA). (D) OCR quantification of basal respiration of moDCs and (E) spare respiratory
capacity of moDCs. The data were pooled from five independent experiments. Mean ± S.E.M. This figure has been modified from J Immunol 194
(11), 5174-5186, doi: 10.4049/jimmunol.1303316 (June 1, 2015). Reproduced and republished with copyright permission. Copyright 2015. The
American Association of Immunologists, Inc. Please click here to view a larger version of this figure.
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Figure 6: Metabolic Characterization of moDCs. (A) Schematic representation of real-time glycolysis. ECAR analysis starts from basal ECAR,
in which the cells were incubated in glucose-free media followed by the addition of glucose (glycolysis induction), oligomycin (which induces
maximal cell glycolysis and complex V inhibition), and finally 2-deoxy-D-glucose (glycolysis inhibition). Glycolytic rate (glycolysis induction
subtracted for basal ECAR), glycolytic capacity (maximal glycolysis subtracted for basal ECAR), and glycolytic reserve (maximal glycolysis
subtracted for glycolysis induction) are derived from the ECAR curve. (B) Representative kinetic study of glycolysis-dependent ECAR (mpH/
min) in tolerogenic (TOL, green), LPS-tolerogenic (L-TOL, black), immature (IMM, red), and mature (MAT, blue) moDCs by using sequential
addition of glucose (Gluc), oligomycin (Olig), and 2-DG. (C) Bars show basal ECAR levels (D) glycolytic rate (E) glycolytic capacity, and (F)
glycolytic reserve of moDCs. The data were pooled from three independent experiments; mean 6 SEM. Statistical differences were analyzed by
one-way ANOVA with a Tukey multiple comparison post-test. This figure has been modified from J Immunol 194 (11), 5174-5186, doi: 10.4049/
jimmunol.1303316 (June 1, 2015). Reproduced and republished with copyright permission. Copyright 2015. The American Association of
Immunologists, Inc. Please click here to view a larger version of this figure.

Discussion

This paper describes a method to generate from monocytes immature moDCs, tolerogenic moDCs and mature moDCs. The important steps
in this protocol are discussed in detail in the following paragraphs. It is important to note that human peripheral blood is used as a starting
material in this protocol and universal precautions for handling human blood should be practiced. Although it is technically feasible to derive
DCs from bone marrow in humans 24, the in vitro DC differentiation from cells found in peripheral blood is preferred due to the availability of
peripheral blood compared to bone marrow. Among the cells found in peripheral blood, hematopoietic CD34+ stem cells and monocytes are
commonly used for the in vitro generation of DCs. Hematopoietic CD34+ stem cells are cultured with GM-CSF and TNF-α to derive CD1a+ and
CD14+ subsets which are then further differentiated into Langerhans like cells and dendritic cells. Conversely, monocytes are cultured in GM-
CSF and IL-4 to generate immature moDCs. Several protocols are used for the enrichment of monocytes from peripheral blood; for example,
by adherence to plastic dishes, elutriation and isolation kits 25, 26. The advantages of the adherence protocol are minimum damage to cells and
relatively cost effective however cell purity might be compromised; and an extra step is required to detach the cells for further experiments.
Elutriation is a technique that separates cells based on their size and density. The advantages of elutriation are cell viability and monocytes
can be readily used for further experiments; however this technique is limited by the availability of an elutriator and the inability to separate
different populations of cells (T cells and monocytes) with similar sedimentation parameters. Commercially available isolation kits utilize magnetic
microbeads to either positively select or negatively select the monocytic population. Some protocols are biased towards monocyte isolation using
the negative selection as the isolated monocytes remain "untouched" (not bound by markers or microbeads). In this protocol, CD14 beads were
used to positive select human monocytes from PBMCs. CD14 lacks a cytoplasmic domain and binding of antibody to CD14 does not trigger
signal transduction. Moreover, the microbeads will detach from monocytes after culture and hence does not hinder the differentiation process.
In addition, CD14 is strongly expressed on most monocytes and weakly on neutrophils and some myeloid dendritic cells, hence this method of
isolation results in higher cell purity than the other methods17.

Blood monocytes can be differentiated into DCs or macrophages and the fate of monocytes greatly depends on the cytokine environment. In
this paper, moDCs are generated by adding granulocyte-macrophage colony-stimulating factor (GM-CSF) and Interleukin 4 (IL-4) to human
peripheral blood monocytes. GM-CSF is required for monocyte survival and IL-4 exerts an inhibitory activity on macrophage differentiation; and
the combinatorial addition of GM-SCSF and IL-4 to monocytes yield a higher percentage of immature moDCs compared to individual cytokine27.
There are other protocols that generate moDCs by adding tumor necrosis factor alpha (TNF-α), interferon alpha (IFN-α) and Interleukin 13
(IL-13) to peripheral blood monocytes 28,29,30. The combination of GM-CSF and IL-4 was optimized in the 1990s and now an accepted protocol
that generates plastic immature DCs differentiated into immunogenic or tolerogenic moDCs and polarized into Th1, Th2 or Th17 promoting
moDCs.

Immature moDCs are differentiated into tolerogenic moDCs by the addition of vitamin D3 and dexamethasone. There are several protocols to
generate tolerogenic DCs for example, via nuclear factor-kappa B (NF-kB) inhibition, β-catenin activation, Vitamin D3, Dexamethasone and
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Rapamycin 31,32,33,34,35,9,36,37. Although both vitamin D3 and dexamethasone alone have been reported to induce a tolerogenic effect on DCs,
the combination of vitamin D3 and dexamethasone result in a greater suppression of alloproliferation than when individual drugs are used.
Therefore, the existing protocol for generation of tolerogenic DCs was modified to a combination of vitamin D3 and dexamethasone. This method
is currently being accepted as a model for human tolerogenic DCs with a therapeutic utility. It is also important to note that the reconstituted
Vitamin D3 and dexamethasone have a short shelf life.

In this protocol, Lipopolysaccharides (LPS) was added as a DC maturation inducer. Immature moDCs can also be induced to maturation using
pro-inflammatory cocktail: (TNF-α), Interleukin 1 beta (IL-1β), Interleukin 6 (IL-6) and prostaglandin E2) or pro-inflammatory cytokines (TNF-
α and interferon gamma (IFN-Γ)). Pro-inflammatory cocktail generates mature moDCs with high co-stimulatory and migratory functions but
they produce relatively low levels of IL-1238. TNF-α or IFN-Γ alone is not able to induce a stable dendritic phenotype 39. LPS stimulates Toll-like
receptor 4 (TLR4), mediates the activation of NF-kB and mitogen activated protein kinases (MAPKs) to induce DC maturation. DC maturation
induced by LPS shows an up-regulation of DC maturation markers (CD83, CD86, HLA-DR) and also led to the production of IL-12p70. In
addition, this step can be further modified to pair LPS with TLR3 agonists to produce mature DCs for clinical cancer vaccines. In this paper,
tolerogenic DCs are shown to be resistant to maturation upon LPS treatment. These semi-mature like DCs are not immunogenic and do not
release pro-inflammatory cytokines 40.

The limitations of this protocol lie in the differentiation process. The process takes 8 days from Day 0 to Day 7 which poses a difficulty to be
adapted into high throughput analyses. A modification in the protocol is required to shorten the differentiation process yet yield high numbers of
viable DCs in the different states. Secondly, the DCs are generated by addition of cytokines in this protocol and these cytokines do not sustain
DC population for long period of time. Moreover, cytokines are used in concentrations much higher than in vivo and could result in biased
development of pathways that are not physiologically identical to in vivo DCs. For example in vitro cultures of DC precursors have been shown
to respond to GM-CSF, which is not an essential cytokine for normal DC differentiation in vivo41. Nevertheless, cytokine stimulation can be a
useful method to generate high numbers of DC in vitro for experimentation. The ability to subject these cells generated from this protocol to
other analyses such as immunofluorescence staining, flow cytometry, allo reaction studies and metabolic studies increases the usefulness of this
method. These in vitro DCs serve as a good model to improve the knowledge of DC development, maturation and antigen presentation which is
previously difficult to do with the rare numbers of in vivo DCs.

DCs' ability to regulate immunological immunity versus tolerance makes them attractive candidates in therapeutics against cancer and
autoimmune diseases 42,43,44,45. Immunogenic DCs generated in this protocol can be used to improve vaccination efficacy against infectious
diseases and tumors; while tolerogenic DCs can be used to control unwanted T cell responses and prevent rejections following transplantation.
The intricate balance between immunity and tolerance depends immensely on DC differentiation status. DC differentiation is a coordinated
cellular program that is governed by multiple signaling pathways and metabolic fate. Different differentiation states of DC differ in bioenergetic
and biosynthesis needs; for example, activated DCs require more energetic metabolic adaptations important for survival and migration
as compared to DCs at resting state. It is important to note that vitamin D3, dexamethasone and rapamycin are known for their ability to
induce tolerogenic DCs, have been described to influence DC metabolism. In this paper, the energetic metabolism of moDCs from different
differentiation states were characterized using extracellular flux analyzers and tolerogenic moDCs exhibited the highest metabolic plasticity
and LPS-induced maturation decreased this plasticity. Anabolic metabolism supports DCs maturation while catabolic metabolism influences
tolerogenic DC functions46. The DCs generated from this protocol can be used to assess whether altering the metabolic state of DCs hold the
key to modifying immunity and tolerance in therapeutics. In conclusion, we presented a protocol for the generation of immature, tolerogenic and
mature moDCs crucial for studying DCs' immunoregulatory functions.
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