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Abstract

Tumor-associated macrophages (TAMs) are one of most important components
of the tumor microenvironment. Although many assays have been developed to
differentiate monocytes into macrophages (Mϕ) for studying the biology of
TAMs in vitro, little is known whether the macrophages induced by these
approaches can recapitulate the biology of TAMs present in the tumor
microenvironment. We have developed a novel assay to differentiate human
monocytes into TAMs using modified melanoma-conditioned medium, which is
derived from the concentrated tumor cell culture medium. Characterization of
these modified melanoma-conditioned medium-induced macrophages (MCMI-
Mϕ) by multiple flow cytometry, Luminex, microarray, and
immunohistochemistry analyses indicates that MCMI-Mϕ are phenotypically
and functionally highly similar to the TAMs present in the tumor
microenvironment.
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1.  Introduction
Macrophages (Mϕ) are the most abundant leukocytes in melanoma tumors, as well
as many other types of cancer tissues. Mϕ within the tumor microenvironment play
critical roles in tumor initiation, progression, and metastasis, as well as in
anticancer immunotherapies, which are modulated by macrophage-derived growth
factors, cytokines, and cell matrix proteins [1, 2, 3, 4, 5]. TAMs are emerging as
one of the promising targets for anticancer therapy as evidenced by data from
preclinical and early clinical studies [6, 7].

Due to the ethical and technical challenges to acquire sufficient TAMs from human
tumor biopsies, in vitro differentiation of human monocytes into Mϕ has been
broadly performed to study the biology of TAMs, as well as the therapeutic
potential for targeting TAMs. The most common approach for differentiation of
Mϕ is to culture primary human monocytes enriched from peripheral blood
mononuclear cells (PBMCs) in the presence of the unprocessed culture medium
from tumor cells [8, 9]. However, there are many challenges for using these
approaches to differentiate monocytes into TAMs [10]. Alternatively, we have
developed a highly efficient in vitro method to differentiate monocytes into
modified melanoma-conditioned medium-induced Mϕ (MCMI-Mϕ). This approach
can also be utilized for the differentiation of Mϕ using modified tumor-conditioned
medium derived from other types of cancer cells, such as breast cancer and ovarian
cancer cell lines [10].

Characterization of MCMI-Mϕ using flow cytometric analysis of the Mϕ surface
markers demonstrates that MCMI-Mϕ express both M1 and M2 Mϕ markers, but a
lower level of the dendritic cell marker CD1a. Similarly, Luminex analysis also
indicates that MCMI-Mϕ secrete both M1 and M2 cytokines. Functional analysis
indicates that MCMI-Mϕ differentiated from two metastatic melanoma cell lines
display a highly invasive phenotype. The gene expression profile of MCMI-Mϕ by
microarray analysis demonstrates a pattern that is highly similar to TAMs. The



gene expression profile of MCMI-Mϕ has also led to the identification of several
novel TAM markers, such as DNAF5, which is validated in the tumor tissues from
melanoma patients [10]. Finally, MCMI-Mϕ are being used to investigate the roles
of TAMs in resistance to anti-melanoma therapy [11]. In summary, we believe that
we have developed a novel and valuable tool to further understand the biology of
TAMs in melanoma progression, metastasis, and anticancer therapy.

2.  Materials
Aseptic technique should be performed through the whole process. The technique
includes a sterile environment, good practice of personal hygiene, sterile handling,
as well as sterile cell culture medium and reagents and cell culture containers (see
Notes 1–4). The materials are listed under specific procedures that are used in the
differentiation process.

2.1.  For the Preparation of Melanoma Cell Culture Medium
and Modified Melanoma-Conditioned Medium

1. Melanoma cell lines (and other cancer cell lines) as appropriate to
individual investigators (see Note 5).

2. 0.25% Trypsin–EDTA solution with phenol red.

3. 0.4% Trypan Blue solution.

4. 500× Stock (2 M) calcium chloride solution: Dissolve 3.55 g calcium
chloride in 20 mL of double-distilled water and filter through a 0.22-µm
filter. Store the buffer at 4 °C.

5. Melanoma culture medium: Mix 400 mL of MCDB153 medium, 100 mL of
Leibovitz’s L-15 medium with GlutaMAX™ Supplement, 10 mL of fetal
bovine serum (FBS), 0.5 mL of a 5 mg/mL Bovine Insulin stock, and
0.42 mL of 2 M calcium chloride solution. Sterilize by filtering through a
0.22-µm filter. Store the melanoma culture medium at 4 °C.

6. Amicon  Ultra-15 Centrifugal Filter Units (molecular weight cut-off size
10,000 Da).
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2.2.  For the Isolation of Peripheral Blood Mononuclear Cells
(PBMCs) from Fresh Leukopak

1. Leukopak is collected in clinic or obtained from commercial resources.

2. Lymphoprep™.

3. Calcium- and magnesium-free phosphate-buffered saline (PBS).

4. Freezing medium: 90% heat-inactivated FBS and 10% cell culture grade
dimethylsulfoxide (DMSO).

2.3.  For Monocyte Enrichment from PBMCs and
Differentiation into MCMI-Mϕ

1. EasySep™ Human Monocyte Isolation Kit (STEMCELL Technologies).

2. Calcium- and magnesium-free PBS.

3. Complete RPMI-1640 medium: RPMI-1640 medium with glutamine, 10%
FBS, 10 mM HEPES, 100 µM 2-mercaptoethanol, 100 IU of penicillin G,
and 100 µg/mL of streptomycin.

4. Modified melanoma-conditioned medium: Mix 1 part of concentrated
melanoma medium and 80 parts of complete RPMI-1640 medium. Filter
through a 0.2-µm filter into frozen vials. Store at −80 °C for future use.

5. Accutase Kit.

3.  Methods
3.1.  Culture Melanoma Cells and Harvest Cell Culture
Medium

3.1.1.  Thaw Frozen Cells

1. Remove frozen vials of melanoma cell lines from liquid nitrogen storage



tank and immediately place on dry ice.

2. Place the vial of melanoma cells into a 37 °C water bath until the frozen
cells begin to thaw.

3. When the cell-preservative medium is almost but not totally defrosted, add
thawed cells into a 15-mL sterile conical tube containing 10 mL of pre-
warmed melanoma cell culture medium.

4. Centrifuge melanoma cells at 300 × g for 10 min at room temperature and
carefully aspirate the supernatant without disturbing the cell pellet.

5. Add 5 mL of melanoma cell culture medium to resuspend the cell pellet by
gently pipetting up and down.

3.1.2.  Determine Cell Viability with Trypan Blue Exclusion

1. Add 100 µL of cell suspension into an Eppendorf tube.

2. Add equal amount of 0.4% Trypan Blue dye.

3. Gently pipette the cell and Trypan Blue mixture.

4. Slowly fill one side of a hemocytometer counter with the cell suspension by
placing the tip of the pipette at the notch.

5. Use a light microscope and focus onto the cells.

6. Count the clear live cells in each large square in four corners of the
hemocytometer.

7. The total number of viable cells would be: average number of 4 large
square × 2 (dilution factor) × 10  × 5 (original cell suspension volume).

3.1.3.  Culture and Subculture Melanoma Cells

1. Adjust cell concentration to 0.5 × 10  cells/mL with melanoma culture

4

6



medium.

2. Add 5 mL of melanoma cell suspension to a T-25 cell culture flask (15 mL
for T-75 flask and 50 mL for T-175 flask).

3. Incubate cells for 2–3 days at 37 °C and 5% CO  in an incubator chamber.
Check cell culture microscopically daily to ensure cells are healthy.

4. Split the cells when cell density is between 70% and 80% confluent (see
Note 6).

5. Aspirate cell culture medium carefully, add 5 mL of PBS into the flask (T-
25 flask) and aspirate the PBS completely.

6. Add 1 mL of trypsin–EDTA solution into the flask.

7. Gently swirl the flask several times.

8. After the cells are fully detached from the flask, add 2 mL of melanoma cell
culture medium.

9. Gently pipette cell suspension up and down several times.

10. Add 12 mL of melanoma medium to the flask.

11. Mix cells by pipetting and aliquot melanoma cells into three T25 flasks or
one T75 flask.

12. Repeat steps 1–11 to scale up melanoma cell culture to acquire the desired
amount of melanoma cell culture medium (see Note 7).

3.1.4.  Generation of Modified Melanoma-Conditioned Medium

1. After 3 days incubation, transfer cell culture medium to a 50-mL conical
tube.

2. Centrifuge the cell culture medium at a speed of 2000 × g for 10 min at
4 °C.
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3. Carefully pour all harvested medium into a large container.

4. Add 15 mL of cell culture medium to a Millipore Amicon Ultra-15 device.

5. Centrifuge the device at 4000 × g for 30 min at room temperature when
using a swinging bucket rotor (see Note 8).

6. Harvest the concentrated medium by inserting a pipettor into the bottom of
the filter device and withdraw the concentrated medium. The melanoma cell
culture medium in general can be enriched by up to 40-fold.

7. Pool all concentrated medium into a large container.

8. Mix the concentrated medium and aliquot into freezing tubes.

9. Store the concentrated medium in −86 °C freezer.

3.2.  Isolation of Monocytes

3.2.1.  Isolation of PBMCs from Leukopak Buffy Coats

1. Spray down Leukopak bag with 70% alcohol solution before placing in
Biological Safety Cabinet.

2. Before cutting the tubing, gently invert the Leukopak bag eight times.

3. Transfer blood into a large sterile flask.

4. Dilute blood with same amount of sterile calcium- and magnesium-free
PBS.

5. Gently rotate the blood and PBS mixture several times.

6. Add 15 mL of Lymphoprep™ into a sterile 50-mL conical tube and then
gently overlay with 35 mL of diluted blood mixture.

7. Centrifuge tubes at 400 × g for 30 min at room temperature with no brake.



8. After centrifugation, collect the white-colored PBMC layer on top of the
density-gradient layer and transfer into sterile 50-mL conical tubes.

9. Remove as much plasma layer as possible.

10. Add three volumes of PBS and mix gently by inverting.

11. Centrifuge harvested PBMCs at 450 × g for 10 min at room temperature
with brake.

12. Carefully aspirate supernatant.

13. Add 1 mL of PBS and gently flick the bottom of the tube 3–5 times.

14. Add 9 mL of PBS and centrifuge for 10 min at 450 × g at room
temperature.

15. Carefully aspirate supernatant.

16. Repeat steps 13–15.

17. Pool all harvested PBMC into one 15-mL conical tube.

18. Determine cell concentration and viability as described above in step 2 of
Subheading 3.1.

3.2.2.  Isolate Human Monocytes from PBMCs

If using the EasySep™ Human Monocyte Isolation Kit, this process should take
approximately 15 min (see Notes 9–11).

1. Adjust the concentration of PBMCs to 5 × 10  cells/mL with PBS
containing 2% FBS, with a maximal volume of 8 mL (see Note 12).

2. Add 50 µL/mL of Isolation Cocktail to the cell suspension.

3. Add 50 µL/mL of Platelet Removal Cocktail to the sample.

4. Gently mix and incubate the cell suspension on ice for 5 min.
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5. Vigorously vortex magnetic particles for 30 s.

6. Add 50 µL/mL of magnetic particles to sample.

7. Gently mix and incubate the cell suspension at room temperature for 5 min.

8. Add recommended medium to bring the sample to the indicated volume.
Mix by gently pipetting up and down five times.

9. Place the tube or plate (without lid) into the magnet and incubate.

10. Carefully pipette and harvest the enriched cell suspension, all at once, into
a new tube or plate.

11. Remove the tube from the magnet and place the new tube (without lid)
into the magnet and incubate for a second round of separation.

12. Carefully pipette and harvest the enriched cell suspension, all at once, into
a new tube.

13. Determine cell concentration and viability as described above in step 2 of
Subheading 3.1.

14. As a quality control, flow cytometric analysis of CD14 expression can be
performed to determine the purity of monocytes (see Note 13).

15. Monocytes can be frozen and stored in liquid nitrogen (see Note 14).

3.3.  Differentiating Monocytes into MCMI-Mϕ

1. Thaw a vial or desired vials of concentrated melanoma medium in a 37 °C
water bath.

2. Add concentrated melanoma medium into complete RPMI medium at a
ratio of 1:80 to make modified melanoma-conditioned medium for MCMI-
Mϕ differentiation.

3. Thaw a vial of frozen monocytes as described in step 1 of Subheading 3.1,



with the exception that melanoma culture medium is replaced with RPMI-
1640 medium.

4. Determine cell number and viability using Trypan Blue solution as
described in step 2 of Subheading 3.1.

5. Add additional 5 mL of RPMI medium and centrifuge cell suspension at
300 × g for 10 min at 4 °C.

6. Carefully pour off the supernatant.

7. Add modified melanoma-conditioned medium to reach cell density of
1 × 10  cells/mL, and mix cells gently by pipetting up and down.

8. Add 3 mL of monocyte cell suspension per well into a six-well tissue
culture-treated plate.

9. After 3 days of incubation at 37 °C with 5% CO , carefully aspirate 1.5 mL
of medium and add 1.5 mL of fresh modified melanoma-conditioned
medium.

10. After additional 4 days of incubation, harvest cell culture medium for
characterization of MCMI-Mϕ by testing the production of cytokine,
chemokines, and matrix proteins, among others.

11. Add 3 mL of PBS into each well and completely aspirate the supernatant.

12. Add 1 mL of Accutase solution and incubate six-well cell culture plate at
37 °C for 5 min to detach MCMI-Mϕ (see Note 15).

13. After MCMI-Mϕ are detached from the plate, add 1 mL complete RPMI-
1640 medium and transfer cells to a 15-mL conical tube.

14. Determine the cell concentration and cell viability.

15. Centrifuge cell suspension at 300 × g for 10 min at 4 °C.

16. Aspirate the supernatant and add buffer or medium according to next steps
of experiments. These MCMI-Mϕ are ready to be used for
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characterization, as well as functional study (see Note 16).

4.  Notes

1. The entire experiment should be conducted under sterile conditions in a
biosafety level 2 (BSL2) facility. Always wear personal protective
equipment and use universal precaution when working with human-derived
biological materials and liquid nitrogen.

2. Bacterial, fungal, and yeast contamination can easily be monitored due to
visibility of contamination. If contamination is confirmed, discard the
contaminated cell culture. The entire cell culture system including culture
incubator, water bath, and the biosafety cabinet should be thoroughly
denominated following the standard procedures.

3. One of the biggest challenges in cell culture is avoiding mycoplasma
contamination due to the difficulty in detecting and eliminating this
contamination. Tests for mycoplasma contamination should be performed
as a routine quality control of cell culture [12, 13]. References for general
and best practice for cell culture can be found in several comprehensive
reviews [14, 15, 16].

4. Cell cross-contamination in cancer cell cultures is a serious problem for
studying the biology of cancer and should be avoided. The principles of
avoiding cell culture cross-contamination are well addressed in several
comprehensive reviews [17, 18, 19].

5. Cancer cell line selection is dependent on the experimental objectives. For
example, we have used non-metastatic and metastatic melanoma cell lines
to study the invasive phenotypes of TAMs [10].

6. The growth rate varies among different melanoma cell lines. Therefore, the
timing for sub-culturing melanoma cell lines should be adjusted
accordingly.

7. Try to generate sufficient modified melanoma-conditioned medium to keep
the experiment consistent.



8. The duration for centrifugation may slightly vary when different batches of
melanoma cell culture medium are used. The centrifuge time can be
adjusted to make the desired enrichment concentration (40-fold
enrichment).

9. For the isolation of large amounts of monocytes, a continuous flow
centrifugation leukapheresis method can be used. This method does not
require a Ficoll density-gradient centrifugation step [20]. Alternatively, a
short protocol can also be used [21]. Generally, 100 million monocytes can
be acquired from one unit of blood.

10. There are other commercial resources providing monocyte isolation kit
such as Miltenyi Biotec and ThermoFisher.

11. Depending on the experimental objectives, if only small amounts of
monocytes are required, a more convenient, but relatively costly,
monocyte isolation kit such as the EasySep™ (Purple) Magnet platform
can be considered. This kit can yield a good quality and purity of
monocytes.

12. If frozen PBMCs were used for enrichment of monocytes, incubate the
cells with 100 µg/mL of DNase I Solution at room temperature for 20 min,
and filter the aggregated suspensions through a 50-µm cell strainer for
optimal results.

13. A positive selection monocyte isolation kit such as The EasySep™ Human
Monocyte Enrichment Kit (STEMCELL Technologies) can also be used
for monocyte isolation. However, if a flow cytometric assay is used to
determine the purity of enriched monocytes, an anti-human CD14
monoclonal antibody (mAb) that does not recognize the same epitope as
the anti-CD14 mAb provided in the kit should be used.

14. The freshly isolated monocytes should be used immediately for
differentiation. The half-life for monocytes is generally between 1 and
3 days.

15. The duration for detachment of MCMI-Mϕ can be monitored



microscopically. Generally, this process takes around 3–8 min.

16. If flow cytometric assays are used to characterize cell surface markers, it
is recommended that MCMI-Mϕ are kept in melanoma culture medium for
10 min at room temperature. This step is to make sure that detachment of
cells does not affect the epitope of cell surface proteins.
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