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[Abstract] Myeloid-derived suppressor cells (MDSCs) possess the ability to suppress the immune
response, and to amplify the regulatory properties of other immune cells, i.e., dendritic cells. Here we
describe a protocol in which MDSCs were differentiated from murine bone marrow cells, and CD11c+
dendritic cells were purified from murine spleens. MDSCs and CD11c dendritic cells can be co-cultured
and the immunoregulatory phenotype of the MDSCs-conditioned dendritic cells could be assessed by
means of a specific functional in vivo experiment, i.e., a skin test as a measure of the delayed-type
hypersensitivity reaction toward a poorly immunogenic antigen.
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[Background] The myeloid-derived suppressor cells (MDSCs) are a group of myeloid cells comprised
of precursor of macrophages, granulocytes, dendritic cells and myeloid cells at earlier stages of
differentiation (Youn et al., 2008) accumulating in large numbers in lymphoid tissues of tumor-bearing
mice as well as in mice with infectious diseases, sepsis and trauma. The main feature of these cells is
their ability to suppress T cell responses in Ag-specific and/or nonspecific fashion. These cells are now
considered as one of the major cell type responsible for tumor-associated immune defects; main factors
implicated in MDSC-mediated immune suppression include high expression of Arg1 (Marvel and
Gabrilovich, 2015). Arginase 1 (Arg1) and indoleamine 2,3-dioxygenase 1 (IDO1) are immunoregulatory
enzymes catalyzing the degradation of L-arginine (L-Arg) and L-tryptophan (L-Trp), respectively,
resulting in local amino acid deprivation. In addition, unlike Arg1, IDO1 is also endowed with nonenzymatic signaling activity in dendritic cells (DCs) (Mondanelli et al., 2017). In addition to their inherent
immunosuppressive activity, MDSCs might amplify regulatory properties of other immune cells,
particularly in tumor microenvironments. Although some mechanisms underlying MDSC-macrophage
interaction have been established (Ugel et al., 2015), the cross-talk between MDSCs and DCs is still
unclear (Ostrand-Rosenberg et al., 2012); to fill this gap, we have developed this protocol and we
demonstrated that Arg1+ MDSCs confer to DCs an IDO1-dependent, immunosuppressive phenotype via
Arg1 metabolites (i.e., polyamines such as putrescine and spermidine) (Mondanelli et al., 2017). The
Arg and Trp immunoregulatory pathways are functionally integrated, this integration occurring both intra(i.e., DCs) and inter-cellularly (MDSCs and DCs) (Mondanelli et al., 2017).
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Materials and Reagents
1. Petri dishes (Corning, Falcon®, catalog number: 351029)
2. 15 ml Falcon tubes (Corning, Falcon®, catalog number: 352096)
3. Cell strainers (Corning, Falcon®, catalog number: 352340)
4. 5 ml sterile pipettes (Corning, Falcon®, catalog number: 357543)
5. 10 ml sterile pipettes (Corning, Falcon®, catalog number: 357551)
6. 200 µl sterile tips (Biotix, Neptune®, catalog number: 2102 NS)
7. 1,000 µl sterile tips (Biotix, Neptune®, catalog number: 2372 S)
8. 24-well plates (Corning, Falcon®, catalog number: 353047)
9. 50 ml Falcon tubes (Corning, Falcon®, catalog number: 352070)
10. 10 ml syringe (Terumo Medical, catalog number: SS+10S21381)
11. 1 ml syringe with 26 G ½ needle (Terumo Medical, catalog number: SS+01H26131)
12. 2 ml syringe plunger (Terumo Medical, catalog number: SS-02S2238)
13. 6-well plates (Corning, Falcon®, catalog number: 353046)
14. Permeable support for 24-well plate with 0.4 μm translucent high density PET membrane
(Corning, Falcon®, catalog number: 353495)
15. LS columns (Miltenyi Biotec, catalog number: 130-042-401)
16. MS columns (Miltenyi Biotec, catalog number: 130-042-201)
17. Pasteur pipette (Sigma-Aldrich, catalog number: Z627992-1000EA)
18. C57BL/6 female mice, 6 weeks old (C57BL/6NCrl) (Charles River Laboratories, catalog number:
027)
19. RPMI 1640 medium (Thermo Fisher Scientific, catalog number: 11875093)
20. FCS (Thermo Fisher Scientific, catalog number: A3160801)
21. L-Glutamine (Thermo Fisher Scientific, catalog number: 25030024)
22. Penicillin-streptomycin (Thermo Fisher Scientific, GibcoTM, catalog number: 15140122)
23. HEPES (Thermo Fisher Scientific, catalog number: 15630056)
24. 2-Mercaptoethanol (Thermo Fisher Scientific, GibcoTM, catalog number: 31350010)
25. Trypan blue (Thermo Fisher Scientific, GibcoTM, catalog number: 15250061)
26. Phosphate buffered saline (PBS) (Thermo Fisher Scientific, GibcoTM, catalog number:
10010023)
27. Bovine serum albumin (BSA) (Rockland Immunochemicals, catalog number: BSA-50)
28. Ethylenediaminetetraacetate acid (EDTA) (AppliChem, catalog number: 131669.1211)
29. CD11b MicroBeads, human and mouse (Miltenyi Biotec, catalog number: 130-049-601)
30. CD11c MicroBeads UltraPure, mouse (Miltenyi Biotec, catalog number: 130-108-338)
31. HBSS, no calcium, no magnesium (Thermo Fisher Scientific, catalog number: 14170088)
32. Sodium chloride (NaCl) (CARLO ERBA Reagents, catalog number: 479687)
33. Tris (Bio-Rad Laboratories, catalog number: 1610719)
34. Potassium chloride (KCl) (CARLO ERBA Reagents, catalog number: 471177)
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35. Recombinant murine GMCSF (PeproTech, catalog number: 315-03)
36. Recombinant murine IL-4 (PeproTech, catalog number: 214-14)
37. Collagenase from Clostridium histolyticum (Sigma-Aldrich, catalog number: C5138-1G)
38. Histodenz (Sigma-Aldrich, catalog number: D2158-100G)
39. Nor-NOHA (Cayman Chemicals, catalog number: 10006861)
40. MACS buffer (see Recipes)
41. RPMI medium (see Recipes)
42. TCCM (see Recipes)
43. Collagenase 100 U/ml and 400 U/ml (see Recipes)
44. Nycodenz (see Recipes)
45. Nycodenz buffer (see Recipes)
Equipment
1. Scissor (Isolab Laborgeräte, catalog number: 048.25.130)
2. Sterile biosafety cabinet
3. P20L pipette (Pipetman L) (Gilson, catalog number: FA10003M)
4. P200L pipette (Pipetman L) (Gilson, catalog number: FA10005M)
5. P1000L pipette (Pipetman L) (Gilson, catalog number: FA10006M)
6. Pipet controller (Corning, Falcon®, catalog number: 357471)
7. Centrifuge (Eppendorf, model: 5810 R)
8. Incubator (Thermo Fisher Scientific, Thermo ScientificTM, model: BB15)
9. -80 °C freeze (Thermo Fisher Scientific, Thermo ScientificTM, model: FormaTM 88000 Series)
10. Light microscope (ZEISS Primostar)
11. MiniMACS separator (Miltenyi Biotec, catalog number: 130-042-102)
12. MidiMACS separator (Miltenyi Biotec, catalog number: 130-042-302)
Procedure
A. MDSCs isolation from bone marrow
1. Take the hind limbs from two C57BL/6 mice, cutting the bone extremities.
2. Under a sterile biosafety cabinet, completely remove flesh from the bones. Put the bones in a
Petri dish and inject 10 ml of complete RPMI medium (see Recipes) inside each thigh bone
using a 10 ml syringe with a 26 G ½ needle, in order to extract the bone marrow.
3. Aspirate and discharge the medium until the bone marrow cells are completely resuspended,
using the same initial 10 ml of RPMI.
4. Transfer the bone marrow cells suspension in a 15 ml Falcon tube supplied with a 40 µm cell
strainer, then remove the cell strainer and centrifuge (582 x g, 10 min, RT).
5. Discard the supernatant and resuspend cells in 10 ml of fresh complete RPMI.
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6. Count cells, properly diluting them in trypan blue (from 4 legs, approximately 50 x 106 cells can
be obtained).
7. Centrifuge the cell suspension (582 x g, 10 min, RT).
8. Sort CD11b+ cells:
a. Resuspend cell pellet in 80 µl of ice-cold MACS buffer (see Recipes) per 107 total cells.
b. Add 20 µl of CD11b Microbeads per 107 total cells.
c.

Mix well and incubate for 15 min at 4 °C.

d. Wash cells by adding 1-2 ml of ice-cold MACS buffer per 107 cells and centrifuge (582 x g,
10 min, 4 °C).
e. Resuspend up to 108 cells in 500 µl of MACS buffer. Proceed with magnetic separation.
f.

Place the column in the magnetic field and rinse with the appropriate amount of buffer: MS
column 500 µl (up to 108 cells), LS column 3 ml (from 108 cells to 109 cells).

g. Apply the cell suspension onto the column. Collect unlabeled cells which pass through and
wash column with the appropriate amount of buffer. Perform washing steps by adding icecold MACS buffer three times, each time once the column reservoir is empty (MS column:
3 x 500 µl, LS column: 3 x 3 ml). Collect the total effluent (the unlabeled cell fraction).
h. Remove column from the separator and place it on a suitable collection tube.
i.

Pipette appropriate amount of buffer onto the column. Immediately flush out fraction with
the magnetically labeled cells by firmly applying the plunger supplied with the column (MS:
1 ml, LS: 5 ml).

j.

Centrifuge the labeled cells (CD11b+ cells) (582 x g, 10 min, RT). Usually, from 50 x 106 BM
cells, the recovery of CD11b+ cells is about 15 x 106 cells.

9. Resuspend the sorted CD11b+ cells (1 x 106 cells/ml) in complete RPMI containing 30% TCCM
(see Recipes), 20 ng/ml of GMCSF and 20 ng/ml of IL-4. Both GMCSF and IL-4 are
resuspended in RPMI and aliquoted and stored at -80 °C.
10. Plate the cells 1 ml/well in a 24-well plate. Incubate cells for 4 days at 37 °C.
11. After 4 days change the medium: recover cells by pipetting them in a 50 ml Falcon tube and
centrifuge (805 x g, 10 min, RT). Discard the supernatant and add new RPMI containing 30%
TCCM, 20 ng/ml of GMCSF and 20 ng/ml of IL-4. Plate again the cells 1 ml/well in a 24-well
plate.
12. After 7 days, isolate CD11c+ DCs from spleens.
B. CD11c+ DCs isolation from spleen
1. Before starting, prepare 2 solutions of collagenase; for each spleen prepare 1 ml of each
collagenase solution (15 ml of 100 and 15 ml of 400 U/ml) (see Recipes) as described in the
Recipes section.
2. Take spleens from 15 C57BL/6 mice.
3. Put the spleens in a Petri dish and inject in each spleen 1 ml of the 100 U/ml collagenase
solution (i.e., for 15 spleens, use 15 ml of 100 U/ml collagenase solution) using a 10 ml syringe
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with a 26 G ½ needle, until the spleen change colour (spleens colour should fade from red to
white). Repeat this step twice.
4. Recover the cell suspension and filter it in a 50 ml Falcon tube supplied with a 40 µm cell strainer,
already containing 5 ml of complete RPMI. Keep this supernatant at RT.
5. Incubate the spleens with 1 ml/spleen of 400 U/ml collagenase solution for 30 min at 37 °C.
6. Recover the collagenase solution in a 10 ml syringe and homogenize the spleens using a 2 ml
syringe plunger.
7. Resuspend the spleens completely until all splenic cells are in solution using the collagenase
solution recovered before. Be sure that cells are homogeneously resuspended, then filter the
cell suspension through the cell strainer onto the same 50 ml Falcon tube already containing
the first cell suspension recovered from spleens treated with 100 U/ml collagenase.
8. Remove the cell strainer and centrifuge (582 x g, 10 min, RT).
9. Discard the supernatant and resuspend the cellular pellet in 15 ml (1 ml/spleen) of a solution
composed by 54% of Nycodenz (see Recipes) and 46% of Nycodenz buffer (see Recipes).
Divide the obtained cellular suspension in three 15 ml Falcon tubes (5 ml/tube).
10. Carefully overlay 3 ml of RPMI medium in each tube containing 5 ml of the cell suspension
(Figure 1A).
11. Centrifuge at 1,811 x g, 15 min, 4 °C without brake.
12. Recover the ring at the interface of the two phases using a Pasteur pipette and transfer the cells
into a new 50 ml Falcon tube (Figure 1B).

Figure 1. Isolation of dendritic cells from splenocytes by density gradient. A. Density
gradient of splenic cells resuspended in Nycodenz (lower phase) and medium RPMI (upper
phase) before the centrifugation. B. Density gradient of splenic cells after the centrifugation: the
ring at the interface contains CD11c+ dendritic cells.
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13. Add 10 ml of RPMI medium and centrifuge at 582 x g, 10 min, RT. Discard the supernatant and
resuspend the cellular pellet in 10 ml of complete RPMI.
14. Count cells and centrifuge again at 582 x g, 10 min, RT. Usually, the recovery is about 100 x 106
cells from one spleen.
15. Resuspend cell pellet in 8.5 µl of ice-cold MACS buffer per 107 total cells.
16. Add 1.5 µl of CD11c Microbeads per 107 total cells.
17. Mix well and incubate for 15 min at 4 °C.
18. Wash cells by adding 1-2 ml of ice-cold MACS buffer per 107 cells and centrifuge at 582 x g, 10
min, RT.
19. Resuspend up to 108 cells in 500 µl of ice-cold MACS buffer. Proceed with magnetic separation.
20. Place column in the magnetic field and rinse with the appropriate amount of buffer: MS column
500 µl (up to 108 cells), LS column 3 ml (from 108 cells to 109 cells).
21. Apply cell suspension onto the column. Discard unlabeled cells which pass through and wash
column with the appropriate amount of buffer. Perform washing steps by adding ice-cold MACS
buffer three times, each time once the column reservoir is empty (MS column: 3 x 500 µl, LS
column: 3 x 3 ml). Collect the total effluent (the unlabeled cell fraction).
22. Remove column from the separator and place it on a suitable collection tube.
23. Pipette appropriate amount of buffer onto the column. Immediately flush out fraction with the
magnetically labeled cells by firmly applying the plunger supplied with the column (MS: 1 ml, LS:
5 ml).
24. Centrifuge the labeled cells (CD11c+ cells) (582 x g, 10 min, RT), discard the supernatant,
resuspend cells in 10 ml of complete RPMI and count them. Usually, the recovery of CD11c+
cells is about 1 x 106 cells from one spleen.
25. Resuspend cells (1.5 x 106 cells/ml) in complete RPMI and plate 4 ml/well in a 6-well plate.
Incubate CD11c+ cells overnight at 37 °C, 5% CO2.
C. Co-culture of MDSCs and CD11c+ DCs
For a co-culture of MDSCs and CD11c+ DCs at a 1:2 ratio:
1. Recover and count CD11c+ cells. Resuspend 1 x 106 cells in 700 µl of complete RPMI. Plate
cells in a 24-well plate. Consider 1 x 106 CD11c+ cells for each sample of the co-culture (i.e.,
CD11c+ alone, CD11c+ co-cultured with untreated MDSCs and CD11c+ co-cultured with MDSCs
treated with Nor-NOHA to inhibit Arg1 enzymatic activity).
2. Put onto each well containing CD11c+ cells a transwell filled with 100 µl of complete RPMI
(without MDSCs) and incubate for 1 h at 37 °C.
3. In the meanwhile, incubate MDSCs 1 x 106 cells/ml with the appropriate stimulus (i.e., with and
without 150 µM Nor-NOHA to inhibit Arg1 enzymatic activity) for 1 h at 37 °C, then recover and
centrifuge MDSCs (582 x g, 10 min, RT).
4. Resuspend MDSCs 0.5 x 106 cells in 100 µl of complete RPMI.
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5. Add 100 µl of MDSCs suspension into the appropriated transwell and incubate overnight at
37 °C.
6. Recover MDSCs and CD11c+ cells and supernatants and perform the desired analysis (i.e., a
delayed-type hypersensitivity assay using a skin test (Mondanelli et al., 2017) to assess the
functional phenotype of CD11c DCs after the co-culture with MDSCs).
Data analysis
Usually, co-culture of MDSCs with DCs must be repeated at least three times to obtain statistically
relevant data. Unpaired Student’s t-test was used for in vitro analyses, using at least three values
from 2-3 experiments per group (Mondanelli et al., 2017).
Notes
1. All steps should be performed under sterile conditions. Even for the isolation of legs and spleens
from euthanized mice, use of autoclaved dissection tools and spray ethanol is highly
recommended.
2. All media should be warmed at 37 °C before use.
3. Usually, purity of MDSC is about 60% and purity of CD11c+ cells is about 95%. More in detail,
more than 60% of the MDSCs after the TCCM and cytokines stimulation were CD11b and Gr1
positive cells. CD11c+ cells were 90-95% CD11c+, > 95% MHC I-A+, > 95% B7-2+, < 0.1% CD3+,
and appeared to consist of 90-95% CD8-, 5-10% CD8+, and 1-5% B220+ PDCA+ (i.e.,
plasmacytoid DCs or pDCs) cells.
4. As reported in literature, there are several methods of MDSCs differentiation, including the use
of GCSF, GMCSF and IL-13, or GMCSF and IL-6, or by means of PGE2. We used TCCM,
GMCSF and IL-4 because in these specific MDSCs we assessed the highest expression and
functional activity of Arg1.
5. BMDCs can also be used in this protocol; in order to use the same DCs we used to determine
Arg1 expression and function (Mondanelli et al., 2017) we used splenic DCs for the co-culture
with MDSCs.
Recipes
Note: All buffers and media should be sterile.
1. RPMI medium
Add to RPMI 1640 medium 10% FCS (Thermo Fisher Scientific)
2 mM L-glutamine (stock solution 200 mM)
100 U/ml penicillin-streptomycin (stock solution10,000 U/ml)
10 mM HEPES (stock solution 1 M)
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50 μM 2-mercaptoethanol (stock solution 50 mM)
2. MACS buffer (stored at 4 °C)
Phosphate buffered saline (PBS) pH 7.2
0.5% bovine serum albumin (BSA)
2 mM EDTA
3. TCCM
a. To generate tumor cell conditioned medium (TCMM), subconfluent B16 melanoma cells
were kept in RPMI 1640 medium with a reduced (3%) serum concentration for 48 h
b. After that time, supernatants were collected, aliquoted and kept at -80 °C until further use
(Youn et al., 2008)
4. Collagenase 100 U/ml and 400 U/ml
a. Prepare a stock solution of collagenase 8,000 U/ml in HBSS w/o Ca and Mg and keep this
solution aliquoted (1 ml/tube) at -20 °C
b. Starting from the stock solution, dilute collagenase to 100 U/ml in HBSS or 400 U/ml in
HBSS and keep these solutions at 4 °C
5. Nycodenz (stored at 4 °C)
30.55 g histodenz into 100 ml Milli-Q water (final volume)
Filter through a 0.22 µm filter and protect from light
6. Nycodenz buffer (aliquoted and stored at -20 °C)
9 g NaCl
0.6055 g Tris
0.22368 g KCl
0.11167 g EDTA
Dissolve in 900 ml Milli-Q water
Adjust pH to 7.5
Bring volume to 1 L
Filter through a 0.22 µm filter, aliquot and store
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