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The article describes a readily easy adaptive in vitro model to investigate macrophage polarization. In the presence of GM-CSF/M-CSF,
hematopoietic stem/progenitor cells from the bone marrow are directed into monocytic differentiation, followed by M1 or M2 stimulation. The
activation status can be tracked by changes in cell surface antigens, gene expression and cell signaling pathways.

Video Link

The video component of this article can be found at http://www.jove.com/video/50323/

Introduction

Distinct from classical inflammatory responses, macrophages that infiltrate tissues often display polarized activation status that plays a crucial
role in regulating host tissue physiological functions' ™. Upon stimulation, macrophage activation can be sorted into classic (M1) and alternative

(M2) activation®*° . M1 macrophage activation depends on Toll-like receptors (TLRs) and activation of nuclear factor kappa B (NFkB)/c-
Jun N-terminal kinase 1(JNK1), leading to production of inflammatory cytokines, such as TNF-a and IL-1f and activation of iINOS that results
in increased production of reactive oxygen species such as nitride oxide (NO) 101 In contrast, M2 macrophage activation recruits PPARYy,
PPARGY, or IL-4-STAT6 pathways, leading to alternative, anti-inflammatory (M2) activation that is associated with upregulation of mannose

receptor CD206, and arginase 1(Arg1) 61214

Bone marrow derived macrophages (BMDM) present an ideal in vitro model to understand the mechanisms controlling polarization of activated
macrophages15. Specifically, activation of M1 macrophages can be induced by lipopolysaccharides (LPS) stimulation, while polarization of M2
macrophages can be induced by IL-4 and/or IL-13. Mature bone marrow derived macrophages and activated macrophages can be identified

through flow cytometry analysis for expression of surface antigens, including CD11b, F4/80, CD11¢, CD206, CD69, CD80 and cD86” %" In
addition, changes in cytokine production and cell signaling pathways associated with macrophage polarization can be measured by quantitative
RT-PCR and western blotting, respectively. In summary, mouse bone marrow derived macrophages can serve as a relevant model to study
macrophage polarization in vitro.

Protocol

1. Isolation of Bone Marrow Cells

Isolate femur and tibia bones from 6-8 week old mice, rinse off hair and then cut open the bone.

Use a 21G needle and 10 ml syringe to flush out marrow into cold PBS+2% heat inactivated Fetal Bovine Serum (FBS) (3-5 ml/mouse).
Pass marrow through a 21G needle 4-6 times to dissociate the cells.

Pass cells through a 70 pm cell strainer to remove cell clumps, bone, hair and other cells/tissues.

Add 3 volume of NH,CI solution (0.8% NH,4CI solution, Stemcell Technology), and incubate on ice for 10 min to remove red blood cells.
Spin down cells at 500 x g for 5 min at 4 °C.

Resuspend the cell pellet in cold PBS+2%FBS (20-50 ml, depending on the quantity of cells).
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2. Induction BMDM Formation

1. Resuspend the isolated bone marrow cells in BMDM growth medium (2x106 cells/ml).

BMDM growth medium:

Iscove's Modified Dulbecco's Medium (IMDM) + 10% FBS + 15% filtered (0.2 pm) L-929 cell (ATCC, CCL-1) culture supernatant (containing
monocyte-colony stimulating factor, M-CSF) or 10 ng/ml M-CSF.

Note: L-929 cell supernatant contains M-CSF'®. To ensure the effective activity of conditioned medium, 5 X 10° L-929 cells are seeded in

T75 cm? flasks for 6-7 days, conditioned medium is collected and passed through a 0.45 pM filter before use. Medium aliquots can be used
immediately or stored in -80 °C for 1-2 months.

2. Seed cells in 6 or 12 well tissue culture plates (depending on the experimental design) (Corning Costar).

3. Change fresh BMDM growth medium on day 3.

4. On day 7, formation of mature BMDM is evaluated using flow cytometry analysis and fluorophore conjugated antibodies to detect cells
expressing CD11b and F4/80.

3. BMDM Polarized Activation

1. Onday 7, change to fresh stimulation medium: for M1 activation, use IMDM containing 10% FBS and 100 ng/ml LPS or 100 ng/ml LPS with
50 ng/ml IFNy; for M2 activation, use IMDM containing 10% FBS with 10 ng/ml IL-4 and/or 10 ng/ml IL-13.

2. Collect stimulated BMDMs by detaching them from the dish using warm 0.05% trypsin, followed by washing the cells twice with PBS
containing 10% FBS.

Note: To detach and resuspend mature macrophages after differentiation, 0.05% Trypsin solution (containing 0.48 mM EDTA, Invitrogen) or 2-5
mM EDTA in Ca- and Mg-free PBS or Hank's balanced buffer (HBSS) can be used. When using digestive medium containing trypsin, cells are
treated at 37 °C for less than 10 min to avoid loss of surface proteins due to over-digestion.

3. Use antibodies to detect expression of cell surface antigens, including CD11b, F4/80, CD11c, CD206, CD69, CD80 or CD86 at various time
points using standard flow cytometry staining procedures.

4. Determine expression of genes characteristic of activated M1 and M2 macrophages including IL-13, TNF-a and IL-6 (M1 activation) or IL-10,
IL-13, arginase1 and PPARYy (M2 activation) using gRT-PCR. Determine activation of cell signaling pathways involved in activation of M1 or
M2 macrophages by western blotting analysis.

Representative Results

A schematic description of the BMDM generation procedure is presented (Figure 1). High purity of mature macrophages can be observed on
day 7 when they represent 95 to 99% of CD11b+F4/80+ cells (Figure 2). Polarized macrophages can be examined using antibodies against
CD11b, F4/80, CD11¢c and CD206 followed by flow cytometry analysis. As shown in Figure 3, M1 macrophages are detected as CD11b
+F4/80+CD11c+CD206- cells (Q2), whereas M2 macrophages are CD11b+F4/80+CD11c-CD206+ cells (Q4). The BMDM activation status can
be confirmed by increased cellular size (Figure 4A, right shift in FSC-A) and increased abundance of surface antigens CD69, CD80, or CD86 on
macrophages (Gate: CD11b+F4/80+) as shown in Figure 4B. Cytokine production, gene expression and cell signaling pathway activation in M1
or M2 macrophages can be evaluated using quantitative RT-PCR or western blotting. As shown in Figure 5, arginase 1(Arg1) and PPARYy levels
were increased in M2 macrophages upon 10 ng/ml IL-4 stimulation; whereas IL-13 and TNFa production were increased in macrophages (M1)
stimulated with 100 ng/ml LPS, which is accompanied by p65 activation (Figure 6).
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Figure 1. Scheme for the isolation, formation and stimulation of mouse BMDMs. Step by step procedures are described in the text. In brief,
femur and tibia bones are collected from 6-8 weeks mice and bone marrow cells flushed out using PBS supplemented with 2% heat inactivated
FBS. After red blood cells are lysed with NH4CI solution, cells are cultured in BMDM growth medium for 7 days followed by maturation and
analysis for purity of the cell population. For analysis of macrophage polarization, cells were stimulated with LPS or LPS+IFNy for M1, or

IL-4 and/or IL-13 for M2 activation. Polarized macrophages can be evaluated on the basis of changes in cell morphology, surface marker
presentation, cytokine production and cell signaling pathway activated.
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Figure 2. Flow cytometry analysis of BMDM formation. (A) BMDMs were first gated on FSC and SSC to remove debris and conjugates. (B)
Mature BMDMs were defined as CD11b+F4/80+ subpopulations (upper right) with the purity displayed as percentage of parent population gated
on FSC/SSC.
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Figure 3. Macrophage polarization analysis. Tissue infiltrated macrophages are defined as CD11b+F4/80+ cells; M1 macrophages are CD11b
+F4/80+CD11c+CD206- cells, whereas M2 macrophages are CD11b+F4/80+CD11c-CD206+ cells.
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Figure 4. Macrophage activation analysis by flow cytometry. (A) Upon activation, the size of macrophages increase as evidenced by the
shift of FSC-A of M1 or M2 macrophages at 24 hr after stimulation compared to MO (untreated) macrophages. (B) The activation-related surface
markers were analyzed by flow cytometry after IL4 or LPS stimulation. The early responding marker CD69 was evaluated at 5 or 24 hr post-
stimulation; CD80 and CD86 markers were analyzed at 48 hr after stimulation. Click here to view larger figure.
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Figure 5. Alternative activation of macrophages. Macrophages stimulated with 10 ng/ml IL-4 for 24 hr were collected and total RNA extracted.
Elevated arginase 1 (Arg1) and PPARy expression was detected in M2 macrophages as compared to untreated macrophages using quantitative

RT-PCR analysis.
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Figure 6. Classical activation of macrophages. (A) Total RNA was extracted from macrophages stimulated with 100 ng/ml LPS for 24 hr
and used in quantitative RT-PCR analyses. Expression of proinflammatory cytokines including IL-18 and TNFa increased in M1 macrophages.
(B) Activation of the NFkB pathway was induced by LPS as determined using antibodies to p65 and phosphorylated p65 in western blotting
analyses.

We report here a simple and readily adaptable in vitro procedure to induce activation of macrophages derived from bone marrow progenitor cells.
This procedure can be used for investigation of mechanisms responsible for polarization of macrophages. The purity of mature macrophages
obtained using this protocol averages 95 to 99%, and no additional purification procedures are required. To investigate the function of specific
genes of interests in the context of macrophage polarization, ectopic expression or gene specific knockdown can be conducted following
transfection of the cells on day 7. This protocol will also provide a 7-day culture window to investigate the impacts of certain factors or genes that
affect the formation, maturation and phenotype of macrophages.

Activated macrophages display complicated cellular and molecular profiles with great plasticity in response to various stimuli®® ®  For example,
LPS elicits potent pro-inflammatory M1 responses which can be further enhanced in the presence of IFNy or tumor-necrosis factor (TNF) and

IL-4 and IL-13 both stimulate M2 activation; however, the activation profiles do not completely overlap 349151920 The results presented in this
protocol only represent typical outcomes of experiments with bone marrow derived macrophages analyzed by flow cytometry, quantitative RT-
PCR and western blotting. Surface antigen presentation and cell signaling pathways associated with activation of macrophages vary as noted in

the extensive literature on macrophage polarization1'8.
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