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Abstract

Monocyte-derived macrophages represent an important cell type of the innate immune system. Mouse models studying macrophage biology
suffer from the phenotypic and functional differences between murine and human monocyte-derived macrophages. Therefore, we here describe
an in vitro model to generate and study primary human macrophages. Briefly, after density gradient centrifugation of peripheral blood drawn from
a forearm vein, monocytes are isolated from peripheral blood mononuclear cells using negative magnetic bead isolation. These monocytes are
then cultured for six days under specific conditions to induce different types of macrophage differentiation or polarization. The model is easy
to use and circumvents the problems caused by species-specific differences between mouse and man. Furthermore, it is closer to the in vivo
conditions than the use of immortalized cell lines. In conclusion, the model described here is suitable to study macrophage biology, identify
disease mechanisms and novel therapeutic targets. Even though not fully replacing experiments with animals or human tissues obtained post
mortem, the model described here allows identification and validation of disease mechanisms and therapeutic targets that may be highly relevant
to various human diseases.

Video Link

The video component of this article can be found at http://www.jove.com/video/50332/

Introduction

Monocyte-derived macrophages represent an important cellular component of the innate immune system and contribute to many acute
or chronic inflammatory processes 1. Macrophages play an important role in many inflammatory diseases like atherosclerosis or cancer 2.
Macrophages show a high degree of plasticity and are able to assume different phenotypes depending on the local micromilieu 3. Thus, studying
macrophage differentiation and heterogeneity is essential for increasing our knowledge of the pathophysiology of many diseases and to allow
identification of novel therapeutic targets and development of novel therapies.

In many cases, murine models are used to investigate the pathophysiology of specific diseases. However, studying macrophage biology using
mouse models is accompanied by several shortcomings: (1) The proportion of leukocyte subset numbers (i.e. monocytes and granulocytes) in
peripheral blood of mice or humans differs significantly suggesting different roles of monocytes in murine and human pathophysiology. (2) There
are substantial differences in gene expression between murine and human peripheral blood monocytes suggesting substantial differences in
their function during health and disease 4. (3) A number of markers that are used to identify murine monocytes and macrophages (F4/80, LyC,
etc.) does not exist in human myeloid cells, making the transfer of findings in mouse models to the human situation rather difficult.

Thus, in order to increase our understanding of macrophage differentiation and heterogeneity in human disease, we need to make use of models
working with human macrophages. Therefore, we here describe a model of human primary macrophage generation that is easy to use and
allows study of human monocyte-derived macrophages in vitro under various conditions resulting in different macrophage polarization types.
In several studies, we have used the in vitro model of monocyte-derived primary human macrophages to analyze macrophage biology and its
potential relevance to human atherosclerosis 5-7.

Even though not fully replacing experiments with animals or human tissues obtained post mortem, the model described here allows identification
and validation of disease mechanisms and therapeutic targets that may be highly relevant to various human diseases.
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Protocol

1. Protocol

1. Prepare Buffers as follows:
1. Prepare buffer for PBMC isolation: "Wash buffer" = 0.02% EDTA in PBS (use 0.5 M EDTA).
2. Prepare buffer for monocyte isolation: "MACS rinsing buffer" = 0.5% BSA (250 mg) + 2 mM EDTA (200 μl) + PBS (50 ml). Degas the

buffer.
3. Prepare buffer for FACS staining and storage of cells: "FACS buffer" = 10% FCS in PBS and "fixation buffer" = 1% PFA in PBS.

2. Draw 30 ml whole blood from a forearm vein. Use EDTA as anticoagulant.
3. Isolate PBMC (histopaque) as follows:

1. Prepare two sterile 50 ml tubes (no poly-styrene).
2. Dilute blood from step 2 with PBS 1:1.
3. Add 25 ml histopaque + 25 ml whole blood/PBS per tube. Make sure that histopaque and blood do not mix.
4. Centrifuge at 400 x g for 30 min at RT, no brake.
5. Aspirate plasma and discard.
6. Aspirate opaque interface and pipette into clean 50 ml tube.
7. Add 20 ml of 0.02% EDTA in PBS.
8. Centrifuge at 250 x g for 5 min at 4 °C.
9. Discard supernatant.
10. Add 10 ml of 0.02% EDTA in PBS.

4. Count cells as follows:
1. Mix well by vortexing for 10 sec.
2. Take 200 μl cell suspension + 300 μl 0.02% EDTA in PBS + 500 μl of Trypan blue (200-500 cells/10 squares, otherwise change dilution

factor).

5. Perform negative isolation of monocytes as follows:
1. Centrifuge cells obtained in step 3.10 for 10 min, 120 x g. Discard supernatant.
2. Wash cell pellet 2x by adding 10 ml of PBS + 0.02% EDTA and centrifuge for 10 min, 120 x g.
3. Add 9 ml sterile water for 3 sec, add 1 ml 10X PBS.
4. Wash once more with PBS + 0.02% EDTA and centrifuge 10 min, 120 x g.
5. Count during centrifugation.
6. Dilute in EasySep buffer at 5 x 107/ml.
7. Add 50 μl/ml monocyte enrichment cocktail.
8. Incubate for 10 min at 4 °C.
9. Vortex beads for 30 sec.
10. Add 50 μl/ml beads.
11. Incubate for 5 min at 4 °C.
12. Fill up with EasySep buffer to complete volume of 2.5 ml. The solution now appears brownish.
13. Put into magnet.
14. Wait 2.5 min at RT. During this time non-monocytic cells bound to the magnetic bead will move to the tube wall and stick there.
15. Pour buffer with non-binding monocytes into fresh sterile tube. This solution looks whitish.
16. Wash once with PBS + 0.02% EDTA and centrifuge for 10 min, 120 x g.

6. Plate cells in a plastic dish or multiwall plate at a density of 0.5 x 106/cm2. Add 1 ml of culture media/1 x 106 cells.
7. Culture cells under conditions of interest for 6-14 days.
8. Change media after 3 days by replacing 50% of the media with fresh media (see Table 1 for details).
9. After six days harvest cells for mRNA isolation, flow cytometry, Western blotting, etc.

Representative Results

Using the protocol described above, we routinely obtain 25.1 x 106 ± 2.2 x 106 monocytes/100 ml blood (average ± standard error from 26
independent experiments, Figure 1A). Monocyte purity as determined by flow cytometric staining for CD14 is routinely greater than 95% (97.1
± 0.4%, average ± standard error from 3 independent experiments, Figure 1B). Cell viability of freshly isolated monocytes as determined by
trypan blue staining is routinely greater than 95% (data not shown). While initially cells are round-shaped and float, they usually start adhering
within a few hours. Adherence is associated with a shape change toward a "fried egg" or spindle-like shape (Figure 2). After six days in culture
with M-CSF (100 ng/ml) with or without addition of oxidized LDL (100 μg/ml for the last 24 hr), roughly 80% of the cells not exposed to oxLDL
are viable, whereas treatment with oxLDL resulted in about 70% viable cells (Figure 3). Flow cytometry after six days of culture with M-CSF
demonstrates that while the cells keep expressing the leukocyte marker CD45RO, they downregulate the monocyte marker CD14 (Figure 4).
Specific conditions may induce macrophage polarization - thus M1- or M2-polarized macrophages express typical markers like IL-6, TNF-alpha
(M1) or CD36 and CD206 (M2) (Figure 5). Macrophages can further be studied in functional experiments. For example, uptake of oxidized LDL
can be studied using fluorescently labels LDL (Figure 6).
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Figure 1. (A) Numbers of peripheral monocytes obtained after negative bead isolation. Cell numbers are normalized for 100 ml of
peripheral blood. Data of 26 independent experiments. (B) Purity of monocytes obtained using negative bead isolation as determined by flow
cytometry. Representative forward side scatter plot and histogram of CD14 staining, negative control shown as dotted line.

 
Figure 2. Cells after 3 and 6 days culture with M-CSF. Scale bar = 50 μm.
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Figure 3. Viability of macrophages after 6 days in culture with M-CSF or after 6 days in culture with M-CSF and oxLDL (100 μg/ml)
added for the last 24 hr as determined by propidium iodide (PI) staining. Representative forward side scatter plots and histograms for PI
staining.

 
Figure 4. Flow cytometry for the monocyte marker CD14 on freshly isolated monocytes or monocyte-derived macrophages after six
days in culture with M-CSF (100 ng/ml).
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Figure 5. Gene expression of IL-6, TNF-alpha, CD36 and CD206 (mannose receptor) in primary human macrophages differentiated with
M-CSF (100 ng/ml, 6 days) and the polarized toward an M1 phenotype (LPS, 100 ng/ml, and IFN-gamma, 20 ng/ml, for the last 18 hr) or
M2 (IL-4, 20 ng/ml for the last 18 hr). Gene expression was measured by quantitative PCR. *P<0.05, **P<0.01.

 
Figure 6. (A) Immunofluorescence image of M-CSF-induced macrophages human macrophages. Cells were exposed to 10 μg/ml DiI-
labeled oxLDL for 4 hr. Nuclei were stained with DAPI. Scale bar = 50 μm. (B) Representative histogram of flow cytometric measurement of DiI-
oxLDL uptake by M-CSF-induced human macrophages. Grey = untreated control, black line = oxLDL-treated macrophages.
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Type Conditions Refs

M0 • 6 days M-CSF (100 ng/ml) 7-8

• 6 days M-CSF (100 ng/ml) plus LPS (100 ng/ml) plus
Interferon-γ (20 ng/ml)

or

8

• 6 days GM-CSF (50 or 100 ng/ml)

or

9-10

• 6 days GM-CSF (50 ng/ml) plus LPS (100 ng/ml)

or

9

• 3 days M-CSF (100 ng/ml) plus 3 days LPS (10 ng/ml) and
IFN-gamma (50 ng/ml)

or

10

M1

• 3 days GM-CSF (100 ng/ml) plus 3 days LPS (10 ng/ml) and
IFN-gamma (50 ng/ml)

10

• 6 days M-CSF (50 or 100 ng/ml)

or

9-10

• 6 days M-CSF (100 ng/ml) plus IL-4 (20 ng/ml) during the
last 18 hr of culture

or

8

• 6 days XVivo10 (Cambrex) plus IL-4 (10 ng/ml)

or

10

M2a

• 6 days M-CSF (100 ng/ml) plus IL-13 (5 ng/ml) 8

M2b • 6 days M-CSF (100 ng/ml) plus immune complexes and TLR
ligands

8

M2c • 6 days XVivo10 (Cambrex) plus IL-4 (10 ng/ml) 10

M4 • 6 days CXCL4 (1 μM) 7

M-Hb • 7 days with autologuous serum and Hb-Hp-complexes (100
nM)

11

M-ox • 6 days M-CSF (100 ng/ml) followed by 2 days with oxLDL
(100 μg/ml)

12

Other
macrophage
types

• 14 days GM-CSF plus TNF-alpha (0.5 ng/ml each) followed
by IFN-gamma (2.5 ng/ml) for 2 days

13

Table 1. Example for conditions and typical markers of established M1 or M2 macrophage polarization types (please see references for
specific isolation procedures or cell culture conditions).

Discussion

Monocyte-derived macrophages represent the key cell type of the innate immune system. They play an important role in many inflammatory
diseases including atherosclerosis or cancer 2. Thus, studying macrophage biology is essential for increasing our knowledge on the
pathophysiology of many diseases and to allow development of novel therapies.

Many studies apply of mouse models overexpressing or lacking certain genes of interest. In the case of monocyte-derived macrophages,
this seems not the best way to study processes relevant to human disease as there are substantial differences between murine and human
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monocytes and monocyte-derived cells 4. Thus, valid models making use of primary human cells seem a good alternative to study disease-
relevant mechanisms of macrophage differentiation.

A clear advantage of the in vitro model presented here is that it does not rely on immortalized cell lines like THP-1 or others 14-15. While cell lines
can be easily obtained and circumvent the need for regular blood draws, cell lines are phenotypically and functionally not identical to primary
cells. Thus, Cho et al. have compared the gene signatures of primary human macrophages and compared them with previously published data
obtained from THP-1 12,14. They found a significant, but moderate correlation between both cell types suggesting that THP-1 cells may not be
the ideal model to study macrophage differentiation and heterogeneity in many cases. Also, there are various models how to differentiate non-
adherent monocyte-like THP-1 cells towards macrophages. Even when using the probably most applicable protocol in which THP-1 cells are
treated with PMA followed by five days resting in culture without PMA (PMAr), cells do not entirely behave like primary cells 16. Taken together,
these findings suggest that for study of human disease mechanisms on a cellular level, primary macrophages seem more suitable than cell lines.

One has to be aware of other methods that allow isolation of primary human monocytes: adherence to plastic, positive bead isolation, or counter
flow centrifugation elutriation 17. The monocyte enrichment cocktail used here contains antibodies against CD2, CD3, CD16, CD19, CD20, CD56,
CD66b, CD123, glycophorin A and dextran-coated magnetic particles. These antibodies bind to epitopes on leukocytes other than monocytes
that can subsequently bind the magnetic particles and are held in the tube by the magnetic field while all unbound monocyte can be transferred
into a second tube. Furthermore, the enrichment cocktail contains antibody to human Fc receptors (which are highly expressed by monocytes)
that prevent non-specific binding to monocytes. Accordingly, the method presented here yields "untouched" non-activated monocytes with a high
degree of purity.

While adherence to plastic is easy and cost efficient, it results in cell activations. Thus, adherence to plastic induces gene and protein expression
through binding and activation of integrins. Positive bead isolation is similar to the method described in this paper. However, as the antibodies
used bind directly to the cell type of interest it may also result in cell activation. This may affect behavior of the cells; furthermore, bound
antibodies may interfere with subsequent experiments. Finally, cells can be isolated by counter flow centrifugation elutriation. While this method
does not require antibodies or chemicals resulting in high recovery of untouched cells, it does not allow specific isolation of monocyte subsets
which have similar sedimentation properties.

There are some points that need to be kept in mind when applying this model. Ficoll/Histopaque centrifugation should be performed at room
temperature. EDTA in the wash buffer is necessary to inhibit integrin-dependent binding of platelets to monocytes. It is important to seed the
monocytes at the right density in order to achieve optimal differentiation. Both seeding monocytes too loosely or too densely results in suboptimal
growth and differentiation. Options for changes include seeding the cells on specific substrates or using different growth factors (e.g. GM-CSF 18)
or addition of specific cell activators (e.g. cytokines or LPS 8, Table 1).

Using cells obtained from different individuals may result in a greater degree of variation regarding specific cellular functions. Thus, Martín-
Fuentes et al. have demonstrated that monocyte-derived macrophages from different individuals display different capacities of LDL uptake 19.
Interestingly, these differences remain stable over time suggesting that variation between cells from different donors are not due to different
experimental conditions, but rather reflect individual genetic or epigenetic differences. On the one hand, this larger variation requires larger
numbers to obtain significant results in specific experiments like oxLDL uptake. By contrast, these differences also enable researchers to study
differences between healthy and diseased individuals on a cellular level thereby revealing novel disease mechanisms.

Overall, the protocol described here is easy to use, reproducible, and useful to obtain extremely pure monocyte populations that may then be
differentiated towards macrophages. Depending on the culture conditions, various types of monocyte-derived macrophages can be studied
allowing identification of specific physiological or pathophysiological processes relevant to human disease.
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