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Abstract

Tumor-associated macrophages are known to amplify the malignant potential of tumors by 

secreting a variety of cytokines and proteases involved in tumor cell invasion and metastasis, but 

how these macrophages infiltrate tumors and whether the macrophage migration process facilitates 

tumor cell invasion remain poorly documented. To address these questions, we used cell spheroids 

of breast carcinoma SUM159PT cells as an in vitro model of solid tumors. We found that 

macrophages used both the mesenchymal mode requiring matrix metalloproteinases (MMPs) and 

the amoeboid migration mode to infiltrate tumor cell spheroids. Whereas individual SUM159PT 

cells invaded Matrigel using an MMP-dependent mesenchymal mode, when they were grown as 
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spheroids, tumor cells were unable to invade the Matrigel surrounding spheroids. When spheroids 

were infiltrated or in contact with macrophages, tumor cell invasiveness was restored. It was 

dependent on the capacity of macrophages to remodel the matrix and migrate in an MMP-

independent mesenchymal mode. This effect of macrophages was much reduced when spheroids 

were infiltrated by Matrigel migration-defective Hck−/− macrophages. In the presence of 

macrophages, SUM159PT migrated into Matrigel in the proximity of macrophages and switched 

from an MMP-dependent mesenchymal migration to an amoeboid mode resistant to protease 

inhibitors. Thus, in addition to the well-described paracrine loop between macrophages and tumor 

cells, macrophages can also contribute to the invasiveness of tumor cells by remodeling the 

extracellular matrix and by opening the way to exit the tumor and colonize the surrounding tissues 

in an MMP-dispensable manner.

Tumor-associated macrophages (TAMs) and the factors they release have been shown to 

amplify various aspects of cancer, including downregulation of adaptive immune responses, 

stimulation of tumor progression, and formation of metastases (1–6). Clinical evidence is 

substantial that, in the majority of cases, a correlation exists between macrophage density 

and poor patient prognosis (1); that ablation of macrophage population by genetic and 

pharmacological approaches can counter subsequent cancer development (7–9); and that 

inhibition of macrophage recruitment can enhance tumor sensitivity to radiation (10).

In the relationship between macrophages and tumor cells, cytokines, growth factors (such as 

epidermal growth factor and CSF-1), and proteolytic cascades are essential for successful 

invasion (3, 6, 11–14). Although the role of cytokines has been extensively studied, that of 

proteases is less well understood (3–6, 15). Proteases play a critical role at multiple stages in 

the metastatic cascade, including the invasion and intravasation steps, and macrophages 

have been shown to be the major cell type that supplies proteases to the tumor environment 

(3, 12, 13, 16). Proteases can facilitate tumor cell motility by cleaving components of cell-

cell junctions, such as E-cadherin, and degrading components of the extracellular matrices 

(ECMs) and basement membrane (14, 16, 17). Regarding the role of proteases in cancer, 

matrix metalloproteinases (MMPs) have received most of the attention (13), but the 

lysosomal protease cathepsins, mostly released by macrophages, have also recently been 

shown to have a critical function in tumor growth and invasiveness, as well as in activation 

of growth factors and cytokines by cleavage of prodomains (12, 16).

TAMs have been observed at strategic positions inside tumors: They localize to areas of 

tumor invasion and are often found in the perivascular areas where cancer cell intravasation 

into the blood or lymphatic circulation occurs preferentially (12, 15, 18). In these areas, a 

high frequency of tumor cell movement was observed in association with macrophages, with 

frequent contacts between the two cell types (8). We have recently elucidated the migration 

characteristic of macrophages in in vitro experiments, using reconstituted three-dimensional 

ECMs. Macrophages use either the mesenchymal or the amoeboid migration mode, 

depending on the matrix architecture encountered (19). The amoeboid migration mode is 

characterized by a rounded or slightly protrusive cell shape, involvement of the Rho/ROCK 

pathway, and the lack of strong adhesive interaction and of proteolytic degradation of the 

matrix. The mesenchymal mode is characterized by strong adhesive interaction with the 
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matrix, an elongated cell shape, long F-actin rich cell protrusions, proteolytic degradation, 

and remodeling of the matrix under the control of Hck and dispensable Rho/ROCK pathway 

(19–21). To date, however, neither the mode of migration used by macrophages in a tumor 

environment nor the consequences of macrophage migration and matrix remodeling for the 

invasive capacity of tumor cells have been studied. Because it is technically difficult to 

address these questions in vivo, we used tumor cell spheroids, a well-established three-

dimensional model of tumors (22–28). As the accumulation of TAMs in breast carcinomas 

has been unequivocally correlated with a poor prognosis (1), the human breast tumor cell 

line SUM159PT was used.

Materials and Methods

Reagents

The mixture of protease inhibitors (PIs) was composed of E64c (100 μM), aprotinin (0.04 

TIU/ml), leupeptin (6 μM), pepstatin (2 μM), and GM6001 (5 μM), as described (19). 

Y27632 was used at 10 μM. DMSO was used as a control in all experiments. Matrigel was 

purchased from BD Biosciences (San Jose, CA). Pepsin-extracted collagen I (Nutragen) was 

obtained from Nutacon (Leimuiden, The Netherlands), CellTracker Red CMPTX and Alexa 

488-phalloidin were from Invitrogen (Cergy Pontoise, France), and DAPI was from Sigma-

Aldrich (St. Louis, MO).

Tumor cells and spheroid culture

The invasive human breast tumor cell line SUM159PT was cultured in F12HAM medium 

(Life Technologies, Carlsbad, CA) supplemented with 5% FCS, 100 U/ml penicillin (Life 

Technologies), 100 mg/ml streptomycin (Life Technologies), 2 μM glutamine (Life 

Technologies), 2 mg/ml hydrocortisone (Sigma-Aldrich), and 0.1 U/ml insulin (Novo 

Nordisk, Bagsvaerd, Denmark) (29). The noninvasive human breast tumor cell line T47D 

was cultured in RMPI 1640 medium (Life Technologies) supplemented with 5% FCS, 100 

U/ml penicillin (Life Technologies), 100 μg/ml streptomycin (Life Technologies), 2 mM 

glutamine (Life Technologies), and 0.1 U/ml insulin (Novo Nordisk). Spheroids were 

generated by the hanging drop technique (30). Briefly, 24-well tissue culture plates were 

coated with 500 μl of 2% agar per well. The human breast tumor cell line SUM159PT was 

harvested and 103 cells/20 μl plated in the lid of tissue culture plates. After 7 d, each 

spheroid was transferred into wells with 500 ml culture medium. Preliminary studies have 

established that after 20– 24 d of culture for SUM159PT and after 12–14 d of culture for 

T47D, spheroids reached a diameter of ∼400 μm.

Isolation and differentiation of human monocyte-derived macrophage and mouse bone 
marrow-derived macrophages, staining, and coculture with spheroids

Human macrophages derived from blood monocytes and mouse bone marrow-derived 

macrophages (BMDMs) were differentiated as described (19, 21). Cell staining was 

performed using the cell-live permeant probe CellTracker Red CMPTX (Molecular Probes, 

Invitrogen) at 0.5 μM in PBS, as described by the manufacturer. CellTracker staining was 

stable for at least 15 d. Human macrophages and BMDMs both at day 7 of differentiation 
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were distributed (104 cells) into agar-coated wells containing a single spheroid and 

coincubated for 3 d.

Quantification of macrophage infiltration into spheroids

Formalin-fixed spheroids stained with DAPI were imaged in chambers (CoverWell PCI-1.0; 

Grace Bio-Labs, Bend, OR) using a Leica SP5 microscope (Leica Microsystems, Deerfield, 

IL) with a multiphoton source at 715 nm (coherent Chameleon) for z-stack acquisition of 

DAPI and CellTracker fluorescence (z-step, 1.2 μm). With the cell counter plugin of ImageJ 

software (National Institutes of Health, Bethesda, MD), CellTracker-stained macrophages 

associated to spheroids were counted. Macrophages were classified “out of spheroids” when 

located in the first line of nuclei and “inside” when inside the first line of nuclei. At least 

three spheroids per condition were used.

Migration assay

Macrophages and tumor cells were serum starved for at least 2 h. Cells harvested by 

Trypsin-EDTA (Life Technologies) were seeded on top of the matrix at 104 cells per 

Transwell insert. Inhibitors were placed on top of the matrix 30 min before adding the cells 

and in the lower chamber at the same concentrations to allow for an optimal repartition of 

the inhibitors within the matrix. For comigration experiments, macrophages were plated 48 

h before tumor cells. After 24 h of comigration, two fields of two wells were analyzed using 

the motorized stage of an inverted video microscope (Leica DMIRB) and the Metamorph 

software. Pictures were taken automatically with a 10× objective and at constant 15-μm 

intervals, and cells on top and within the matrix were counted using the cell counter plugin 

of the ImageJ software. Tumor cells were distinguished from CellTracker-stained 

macrophages. In experiments using GM6001, SUM159PT cells were pre-treated for 1 h with 

10 μM before their transfer to the migration chamber. Quantification was performed as 

previously described. The percentage of migration was obtained as the ratio of cells within 

the matrix to the total number of counted cells (19).

Cell morphology quantification

Cell morphologies were quantified using ImageJ and the same pictures as for migration 

measurement. The cell aspect ratio is the ratio of the length of the major cell axis to the 

minor axis, as described previously (19). For an amoeboid cell, the aspect ratio was <2.5; for 

intermediate morphology, the aspect ratio was >2.5 and <4.5; and for mesenchymal cells, 

the aspect ratio was >4.5. For each condition, ≥100 cells were scored, and a minimum of 

three independent experiments were analyzed.

Three-dimensional invasion assay of spheroids

Control and macrophage-infiltrated spheroids were washed and embedded in collagen I or 

Matrigel. Briefly, 50 μl matrix was laid down in 96-well tissue culture plates, and spheroids 

were resuspended at 4°C in 50 ml matrix, which was consecutively polymerized at 37°C. 

Brightfield pictures were registered using a Nikon eclipse TS100. Using ImageJ software, 

cells outside spheroids were counted, and the maximal distances covered by invasive cells 

were measured. The areas occupied by spheroids were measured as the difference between 
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day 0 and day 7. In some experiments, drugs were added into Matrigel before its 

polymerization and renewed in the medium every 2 d.

Video microscopy

Life-act-Cherry–expressing macrophages (20) infiltrating spheroids were visualized using a 

Zeiss 710 NLO with a DPPS-laser 561 nm. With use of a Lab-Tek in a CO2 and heat-

regulated chamber, cells were imaged every 15 min for 16 h.

Spheroids infiltrated with CellTracker-stained macrophages were embedded into Matrigel in 

a Lab-Tek chamber. Image acquisition was performed with a Zeiss 710 NLO, using a 

multiphoton Coherent Chameleon Vision II at 715 nm. Using a CO2 and heat-regulated 

chamber, cells were imaged every 5 min for 16 h.

Histological analyses

For histomorphological analysis and immunohistochemistry assay, formalin-fixed spheroids 

were embedded in agarose and processed for routine histopathologic examination. Sections 

were stained with H&E for histomorphological analyses. Immunostaining of spheroids was 

preceded by the Ag retrieval technique by heating paraffin sections of spheroids in 10 mM 

citrate buffer, pH 6, for 10 min, except for CD68 staining, which was preceded by a 

pretreatment using trypsin digestion.

Immunohistochemical staining of paraffin sections of spheroids was performed with Abs 

directed against laminin (L9393; Sigma-Aldrich), fibronectin (F3648; Sigma-Aldrich), 

collagen IV (Clone CIV22; Dako, Trappes, France), collagen I (COL-1; Abcam), and 

macrophage CD68 (PG-M1; Dako). Spheroid sections were incubated with biotin-

conjugated Abs followed by the streptavidin–biotin–peroxidase complex (ABC) method 

(Vector Laboratories, Burlingame, CA) and then were counterstained with hematoxylin. 

Negative controls were incubated in buffered solution without primary Ab.

Transmission electron microscopy

Spheroids were fixed overnight at 4°C with 2.5% glutaraldehyde and 2.5% formaldehyde 

(EMS; Delta-Microscopies, Ayguesvives, France) in 0.1 M cacodylate buffer, pH 7.2, and 

postfixed at room temperature with 1% OsO4. The samples were then dehydrated in a 

graded ethanol series and embedded in Epon. The resin was polymerized for 48 h at 60°C. 

Sections were cut on a Leica Ultracut microtome, and ultrathin sections were mounted on 

200 mesh onto Formvar-carbon–coated copper grids. Thin sections were stained with 1% 

uranyl acetate and lead citrate and examined at 80 kV on a JEOL 1200-EX electron 

microscope at the Institut Fédératif de Recherche 109 electron microscopy facility 

(Toulouse, France).

Scanning electron microscopy

The collagen I matrix was fixed using 0.1 M sodium cacodylate buffer supplemented with 

2.5% (v/v) glutaraldehyde and prepared as previously described (19) for observation with a 

JEOL (Tokyo, Japan) JSM-6700F scanning electron microscope.
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Statistical analyses

Each condition was performed in duplicate or triplicate; n = number of independent 

experiments. Data are reported as mean ±SD. Statistical comparisons were performed with a 

Student unpaired t test or with ANOVA (one-way ANOVA and Tukey posttest, for more 

than two conditions). The p values <0.05 are represented by one asterisk, 0.01 by two 

asterisks, and 0.001 by three asterisks.

Results

Macrophages infiltrate tumor cell spheroids by combining amoeboid and MMP-dependent 
mesenchymal migration modes

Because the presence of TAMs in breast carcinomas is associated with a poor prognosis (1), 

spheroids were generated using the invasive breast carcinoma cell line SUM159PT. 

Spheroids used in our experiments had a mean diameter of 450 ± 16 μm. They were 

organized according to the typical spheroid architecture (28), defined by an outer shell of 

proliferating cells not tightly adhering to each other and a region of packed cells, 

presumably corresponding to quiescent cells, that surrounds the necrotic area, observed with 

H&E staining (Fig. 1A) and transmission electron microscopy (TEM) images (Fig. 1B). 

After 3 d of spheroid/macrophage coculture, macrophages were found to infiltrate spheroids 

up to the necrotic core, as observed by immunohistological analysis (CD68 Abs; Fig. 1A) 

and by TEM (Fig. 1B). The presence of ECM proteins was also investigated in spheroids 

(Fig. 1A). Fibronectin was abundant, laminin and collagen IV were also present, and 

collagen I was absent. These ECM proteins had a heterogeneous arrangement, either filling 

or not filling intercellular spaces. Thus, the structure of SUM159PT spheroids mimics in 

vivo breast tumors, in which the presence of these proteins has been documented (31).

Next, we stained macrophages with CellTracker to quantify this infiltration in spheroids, 

using multiphoton microscopy (Fig. 1C–E). As shown in Fig. 1E, macrophages efficiently 

infiltrated spheroids. To characterize the mesenchymal and amoeboid modes, PI mix 

(containing the pan-MMP inhibitor GM6001 and inhibitors mostly dedicated to lysosomal 

proteases [LyPIs]) and the Rho-kinase (ROCK) inhibitor Y27632 were respectively used as 

previously described (19). In the presence of PI mix or Y27632, the percentage of 

macrophages (Fig. 1E) infiltrating spheroids was significantly decreased. When GM6001 

was used alone, it affected the infiltration of macrophages with the same efficiency as PI 

mix, whereas no inhibitory effect was obtained with LyPI (Fig. 1E), indicating that 

macrophage infiltration into spheroids was mostly dependent on MMPs. Finally, when PIs 

and Y27632 were combined, their effects were additive, indicating that infiltration of 

macrophages into spheroids relied on the two migration modes identified so far. By time-

lapse video microscopy, we recorded macrophages with representative morphologies 

migrating to different depths of spheroids—that is, a macrophage with a typically elongated 

mesenchymal morphology (Supplemental Fig. 1, arrowhead) and a more rounded 

macrophage (arrow), both cells having F-actin–rich cell protrusions at the front, similar to 

three-dimensional podosomes (Supplemental Fig. 1; Ref. 20). Contrary to the ECM we used 

previously, which promoted one or the other migration mode (19), we have been able to 

obtain the two migration modes when macrophages migrated into a matrix of intermediate 
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properties of architecture and viscoelasticity, that is, collagen I at 3.6 mg/ml polymerized as 

a “gel” (Supplemental Fig. 2A, 2B). In this environment, when PIs and Y27632 were 

combined, their effects were additive (Supplemental Fig. 2C), and the percentage of cells 

with an intermediate morphology between mesenchymal and amoeboid was increased 

(Supplemental Fig. 2D). Thus a combination of the migration modes could exist in three-

dimensional environments, such as spheroids characterized by heterogeneous architecture 

and/or intermediate rheological properties.

From these results, we conclude that macrophages infiltrate spheroids via both the 

mesenchymal and the amoeboid modes. The use of the two modes could be reproduced in an 

ECM with heterogeneous architecture and intermediate viscoelastic properties. In marked 

contrast to our previous data showing that the mesenchymal mode used by macrophages in 

ECM is MMP independent (19), in this work we show that the use of the mesenchymal 

mode to infiltrate SUM159PT cell spheroids is MMP dependent.

Macrophages infiltrating multicellular tumor spheroids trigger the invasion of tumor cells 
into the surrounding matrix

To explore tumor cell invasiveness, spheroids were embedded into Matrigel, an ECM 

extracted from a mouse sarcoma, mostly containing laminin and collagen IV. As shown in 

Fig. 2A, in the absence of macrophages, SUM159PT cells did not escape from spheroids 

into the surrounding matrix, with only some small outgrowths appearing at the surface of 

spheroids (Fig. 2A), suggesting that Matrigel might form a barrier around spheroids, as 

previously described (32). This finding was not due to a migration defect of our cell line 

because, as described earlier (29), individualized SUM159PT cells were competent to 

infiltrate Matrigel (see below). When spheroids were embedded into fibrillar collagen I, 

SUM159PT rapidly invaded the matrix (Supplemental Fig. 3A), as previously observed 

(33). Interestingly, we found that the presence of infiltrated macrophages in spheroids 

conferred an invasive phenotype to the tumor cells in Matrigel (Fig. 2A), indicating that 

macrophages can trigger the egress of tumor cells from spheroids. In fact, both SUM159PT 

and CellTracker-stained macrophages were found to invade the Matrigel (Fig. 2B). 

Similarly, macrophages stimulated the egress of cells when spheroids were made with the 

breast epithelial tumor cell line T47D (data not shown). In contrast, in fibrillar collagen I, 

the presence of macrophages in spheroids did not enhance matrix invasion (Supplemental 

Fig. 3B). The impact of macrophages on Matrigel invasion by tumor cells was quantified by 

measuring (1) the surface occupied by the spheroids, (2) the number of cells out of 

spheroids, and (3) the maximal invasion distance reached by cells (Fig. 2C). All three 

parameters were found to be dramatically increased when macrophage-infiltrated spheroids 

were compared with spheroids without macrophages (Fig. 2D).

Thus, as reported in vivo, we have established an in vitro system in which macrophages can 

stimulate tumor cell invasiveness.

Tumor cell invasion requires macrophage proximity and protease activity

To characterize the effect of macrophages on the invasive phenotype of tumor cells, 

spheroids infiltrated by CellTracker-stained macrophages were examined by time-lapse 
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fluorescence microscopy after embedding into Matrigel. As illustrated in Videos 1–4, we 

observed that macrophages were the first to leave the spheroids (Supplemental Video 1); 

they infiltrated Matrigel with back-and-forth movements, making iterative contacts with 

other macrophages or with SUM159PT cells (Fig. 3A; Supplemental Video 2) localized at 

the periphery of the spheroid. Those tumor cells that invaded the matrix were often in 

proximity to macrophages (Fig. 3B; Supplemental Video 3) and frequently migrated as 

groups of a few cells (Supplemental Video 4). These observations led us to examine whether 

a direct contact between macrophages and spheroids was required to trigger tumor cell 

invasion. As shown in Fig. 3C, with the use of Transwell cultures, spheroids were embedded 

in Matrigel either without (a) or with (b) infiltrated macrophages. Alternatively, with the use 

of noninfiltrated spheroids, macrophages were layered either in the lower chamber (c) or in 

the upper chamber, atop the matrix (d). Under this last condition, once macrophages had 

reached spheroids (data not shown), tumor cells started to invade the matrix, resulting in an 

intermediate result between the spheroids containing macrophages and those without (Fig. 

3D). When macrophages were trapped in the lower chamber (c), spheroids behaved like 

spheroids without macrophages and tumor cells did not invade the matrix (Fig. 3D). From 

these results, we conclude that a direct contact of macrophages with the spheroids is 

required to promote tumor cell invasiveness.

Next, using spheroids infiltrated by macrophages embedded into Matrigel, we examined the 

role of proteases in the process of matrix invasion. In the presence of GM6001, cellular 

invasion of the matrix was decreased (Fig. 3E), suggesting that the exit of macrophages 

from spheroids might be inhibited by GM6001, and, as a consequence, cell invasion was 

reduced. In fact, when GM6001 was added during the macrophage infiltration process of 

spheroids, a large proportion of macrophages remained at the spheroid periphery (see Fig. 

1E), and this did not result in an inhibition of the invasion of Matrigel when the drug was no 

longer present at the second stage (Fig. 3E). Moreover, when GM6001 was present during 

both macrophage infiltration and cell invasion, a marginal inhibitory effect was obtained, 

suggesting that macrophages located at the periphery of spheroids are the main actor of 

invasion. When LyPI, which inhibits macrophage migration in Matrigel, was added during 

the invasion process, both the number of cells out of spheroids and the distance covered by 

invasive cells were decreased (Fig. 3E). The following observations were made: (1) Tumor 

cells are unable to invade Matrigel around spheroids in the absence of macrophages; (2) 

GM6001 inhibits macrophage migration inside spheroids and inhibits spheroid invasiveness 

(Fig. 3E); and (3) Ly-PI inhibits macrophage migration in Matrigel (Ref. 19; Supplemental 

Fig. 4) and inhibits spheroid invasiveness. Taken together, these observations suggest that 

both sets of proteases are involved in macrophage-triggered tumor cell invasiveness. 

Actually, the combination of GM6001 and LyPI resulted in a strong inhibition of the 

invasion process (Fig. 3E).

In conclusion, the capacity of macrophages to promote the invasion of a Matrigel matrix by 

SUM159PT cells grown as spheroids requires proximity of the two cell types and relies on a 

protease-dependent process.
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In the presence of macrophages, tumor cells switch to the amoeboid mode to invade 
Matrigel

Next, we explored the role of proteases in tumor cell invasiveness triggered by 

macrophages. First, we studied the effect of the various PIs on the mobility of SUM159PT 

cells seeded on the top of a thick layer of Matrigel polymerized in Transwells (19). As 

shown in Fig. 4A, SUM159PT cells infiltrated the matrix in an MMP-dependent manner 

because GM6001 strongly decreased the percentage of invasive cells, whereas neither LyPI 

nor Y27632 affected SUM159PT cell migration. We thus concluded that these tumor cells 

used the mesenchymal mode and MMPs, rather than the amoeboid migration mode, to 

infiltrate Matrigel. Moreover, because the addition of Y27632 to GM6001 did not potentiate 

the inhibitory effect of GM6001, SUM159PT cells apparently cannot operate the 

mesenchymal to amoeboid shift that has been described for some tumor cells migrating into 

collagen I (34–36). As previously reported, the migration of human macrophages was 

affected only by LyPI, confirming that they use only the mesenchymal migration mode in 

Matrigel and not MMPs (Supplemental Fig. 4A; Ref. 19). Thus, both macrophages and 

SUM159PT migrated into Matrigel using the mesenchymal mode, but distinct sets of 

proteases.

Second, macrophages and tumor cells were seeded together on the top of Matrigel, and their 

respective migration capacities were analyzed. Of interest, the distance of migration covered 

by tumor cells was increased to a level comparable to that of macrophages (Fig. 4B, 4C). 

Although the presence of tumor cells did not detectably influence the distance covered by 

migrating macro-phages(Fig. 4B, 4C), the percentage of migrating cells slightly increased 

(Supplemental Fig. 4A, 4B). The presence of tumor cells did not change the susceptibility of 

macrophages to the drugs (Supplemental Fig. 4B), and as previously reported, macrophages 

formed tunnels into Matrigel (Supplemental Fig. 4C; Ref. 20). In contrast, the susceptibility 

of tumor cells was markedly modified: SUM159PT cells became insensitive to GM6001 and 

sensitive to Y27632 treatment (Fig. 4D). Tumor cells were found to migrate in proximity to 

macrophages (Fig. 4E, 4F), potentially in the tunnels formed by macrophages (Fig. 4G), 

where tumor cells might use the amoeboid migration mode. LyPI had no effect on the 

percentage of migrating SUM159PT cells (Fig. 4D) but inhibited macrophage migration in 

Matrigel (Supplemental Fig. 4A, 4B), and this coincided with a shortening of the migration 

distance covered by tumor cells (data not shown).

In sum, these results show that SUM159PT cells can adapt their migration capacity to the 

environment because a portion of the tumor cells took advantage of the presence of 

macrophages by switching to the amoeboid migration mode. Consequently, the maximal 

distance covered by tumor cells was markedly increased, matching that of macrophages.

Hck−/− macrophages with defective Matrigel migration are less effective in triggering tumor 
cell invasiveness

Finally, we evaluated the role played by the process of macrophage migration in promoting 

the migration of tumor cells away from spheroids into the surrounding Matrigel matrix. To 

avoid the use of drugs, we took advantage of Hck−/− BMDMs, which have a reduced 

migration capacity (∼50%) in Matrigel (21). Hck, a tyro-sine kinase specifically expressed 
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in phagocytes, is involved in lysosome exocytosis (37–39) and in mesenchymal migration of 

macrophages, which depends on lysosomal proteases (21). Hck−/− macrophages were found 

to infiltrate spheroids as well as those with a wt genotype (Fig. 5A), which could be 

expected because Hck−/− macrophages show normal expression and activity of MMPs (21). 

When macrophage-infiltrated spheroids were embedded into Matrigel, we observed that, in 

the presence of Hck−/− macrophages, invasion of the matrix and the distance covered by 

invading cells were reduced, compared with spheroids infiltrated by wt macrophages (Fig. 

5B, 5C). These results further support the idea that the process of macrophage migration is 

in itself required to facilitate the invasive capacity of tumor cells in Matrigel.

Discussion

Our understanding of the role of TAMs is progressing, but some aspects are not yet 

elucidated. This challenge must be met, given the critical importance of these cells at 

multiple stages of cancer progression and the therapeutic potential of pharmacologically 

controlling macrophage infiltration in tumors.

The first set of data concerns the observation that macrophages use a combination of 

amoeboid and mesenchymal modes to infiltrate three-dimensional tumor cell spheroids. We 

have previously shown that the architecture of extracellular matrices dictates the migration 

mode used by human macrophages (19); in porous matrices they use the amoeboid mode, 

and in nonporous gel-like matrices, the mesenchymal mode. In a tumor cell environment, 

macrophages are likely adapting their migration mode to the heterogeneous surroundings 

they encounter in spheroids, which comprise large and tight intercellular spaces more or less 

filled with ECM proteins. In Supplemental Fig. 1, a macrophage infiltrating a cell spheroid 

(arrow) adopts an intermediate phenotype, with F-actin accumulating at the tip of a cell 

protrusion and a more rounded cell shape than the macrophage deeply infiltrated in the 

spheroid (arrowhead). The use of the two migration modes could also be obtained in a gelled 

collagen I matrix that combined porous and dense areas. In this matrix, a significant 

proportion of macrophages exhibited intermediate cell shape, between rounded and 

elongated. Thus, macrophages could alternatively use the two migration modes, switching 

from one to the other with a transition phenotype in the middle. Otherwise, they could use a 

migration mode at a transition stage between amoeboid and mesenchymal movements, 

combining proteolytic degradation of the matrix at the tip of three-dimensional podosomes 

(19, 20) with ROCKmediated actomyosin contraction and rounded cell shape. Further work 

will be necessary to distinguish between these two hypotheses. We also found that, to 

infiltrate spheroids, macrophages require MMPs, whereas these proteases are dispensable 

for macrophage mesenchymal migration inside ECMs (Ref. 19; Supplemental Fig 4). 

Among the numerous substrates of MMPs (40), proteolysis of adhesion receptors might be 

critical in opening cell–cell junctions to allow the migration of macrophages into spheroids. 

Thus, macrophages are able to sense the extracellular environment, adapt their migration 

mode (19), and, possibly, differentially deliver proteases. Whether different sets of proteases 

are either differentially secreted or indiscriminately released by macrophages remains to be 

determined. Whether MMPs are released by macrophages, by tumor cells, or by both also 

has to be elucidated.
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The second set of data concerns the effect of macrophages on the invasive capacity of tumor 

cells. Because the density and composition of the ECM are modified in most tumors (41, 

42), we thought that Matrigel, which is extracted from a mouse sarcoma, was well adapted 

in our study to mimic the tumor environment. In contrast to fibrillar collagen I, the invasive 

tumor cells SUM159PT did not efficiently abandon the spheroid environment to penetrate 

the Matrigel, suggesting that it might form a sort of barrier around spheroids. SUM159PT 

cells have actually accomplished the epitheliomesenchymal transition (29), a switch 

considered instrumental for the invasion phenotype. We show that individual SUM159PT 

cells are able to infiltrate Matrigel, but when these cells form a spheroid they lose this 

property. The presence of macrophages inside spheroids was not an absolute requisite 

because tumor cell invasiveness was also initiated when macrophages reached spheroids 

from outside or were maintained at the periphery of spheroids by MMP inhibitors. In 

addition to the well-described contribution of various cytokines released by macrophages 

and tumor cells to facilitate the invasive phenotype (3–6), we report that the macrophage 

migration capacity is also involved in that process by itself. In our spheroid model, we 

observed that macrophages, migrating into Matrigel in an MMP-independent mesenchymal 

mode, were frequently in direct contact with those tumor cells that were at the edge of 

spheroids, presumably in the process of exit. Furthermore, tumor cells that were in the 

process of invading the matrix individually or collectively were often found to move 

forward close to macrophages. Macrophages are professional migrating cells capable of 

moving in every type of body tissue and across anatomic boundaries. The proximity of 

macrophages thus probably constitutes an opportunity for tumor cells, which might be less 

well equipped for transtissular migration. In the presence of Hck−/− macrophages, which 

have a reduced capacity to migrate inside Matrigel, tumor cell invasiveness was found to be 

reduced, further supporting the notion that the macrophage migration process in itself 

facilitates tumor cell invasion, although we cannot exclude that Hck−/− macrophages have 

another undiscovered deficiency that could also affect tumor cell migration. When 

SUM159PT cells were layered on Matrigel in the absence of macrophages, they infiltrated 

the matrix using the mesenchymal migration mode, in an MMP-dependent manner. In the 

presence of macrophages, however, they used the amoeboid mode, and their migration 

distance increased to match that covered by macrophages. We propose that the matrix 

remodeling activity of macrophages, which combines proteolytic degradation with ingestion 

and compaction of the matrix to form tunnels, as described earlier (20), probably helps 

tumor cells to tube travel (43–45) and migrate independently of their own proteolytic 

activity. The advantages of using the amoeboid migration mode compared with the 

mesenchymal mode might be related to a rapid movement of the cells (46). Moreover, one 

can hypothesize that slipping into tunnels is less energy consuming than digging holes. The 

failure of MMP inhibitors to prevent cancer progression in clinical trials (47), and in 

particular the proposal that MMP-independent amoeboid migration of tumor cells might be 

relevant in vivo (44), lead us to propose that tumor cells could actually follow macrophages 

using the amoeboid mode. In vitro, fibro-blasts have been noted to form tracks in the ECM, 

enabling noninvasive cancer cells to migrate collectively, whereas invasive cancer cells with 

mesenchymal characteristics invaded the matrix equally well in the presence or in the 

absence of fibroblasts (48). Thus, it is likely that both fibroblasts and macrophages, two 
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components of the tumoral microenvironment, facilitate tumor progression, although their 

respective importance remains to be established.

In conclusion, we report that macrophages infiltrate tumor spheroids using both the 

mesenchymal and the amoeboid migration modes and that mesenchymal migration in 

cellular and noncellular three-dimensional environments requires distinct sets of proteases. 

In addition to the well-described paracrine loop between tumor cells and macrophages, 

which enhances tumor cell migration, the macrophage matrix remodeling activity is also 

involved in the process of tumor cell invasion. This work describes a new role for 

macrophages in tumor progression and points out that effectors of macrophage 

mesenchymal migration such as Hck, a phagocyte-specific protein, are potential antitumoral 

targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this article

BMDM bone marrow-derived macrophage

ECM extracellular matrix

LyPI lysosomal protease inhibitor

MMP matrix metalloproteinase

PI protease inhibitor

TAM tumor-associated macrophage

TEM transmission electron microscopy
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Figure 1. 
Human macrophages infiltrate tumor cell spheroids, using the mesenchymal and amoeboid 

migration modes. SUM159PT cell spheroids were coincubated for 3 d with CellTracker-

stained macrophages, with or without drugs. A, Cross sections of paraffin-embedded 

spheroids stained with H&E (§ indicates the apoptotic/necrotic core; scale bars, 100 μm) or 

immunohistochemically stained with Abs directed against CD68, laminin, fibronectin, 

collagen IV, or collagen I (scale bars, 50 μm). B, TEM image of an ultrathin section of a 

macrophage-infiltrated spheroid; insets are magnified as b′ and b″; § indicates the apoptotic/

necrotic core delineated by a dotted line (scale bars, 10 μm). Arrows in A (CD-68 staining) 

and B show infiltrated macrophages. Arrows in A show significant staining of fibronectin, 

laminin, and collagen IV. C and D, Multiphoton acquisition (original magnification ×90) of 

DAPI-stained spheroids infiltrated by CellTracker-stained macrophages. C, A spheroid cross 

section set in the three-dimensional spheroid reconstitution in D is shown. The arrowhead 
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and arrow indicate a CellTracker-stained macrophage located inside and outside the 

spheroid, respectively. E, Quantification of macrophage infiltration into spheroids, with or 

without inhibitors. Results are expressed as the percentage of macrophages inside spheroids 

(100% corresponds to macrophages inside plus macrophages at the periphery). Results are 

expressed as mean ± SD (n = 3). ***p < 0.001.
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Figure 2. 
Human macrophages infiltrated into spheroids trigger tumor cell invasion into Matrigel. A, 

Brightfield images of spheroids (left panels, –MΦ) and human macrophage-infiltrated 

spheroids (right panels, +MΦ) embedded into Matrigel. In the presence of macrophages, 

tumor cells invade the matrix. Scale bar, 100 μm. B, Spheroids coincubated with Cell-

Tracker-stained human macrophages, then embedded into Matrigel. After 48 h, a 

fluorescence image shows that macrophages (red) and tumor cells invade the matrix. The 

left panel is a higher magnification, denoted by the dashed box in the right panel. Scale bar, 

10 μm. C, Schematic presentation of invasion quantification: The spheroid size is measured 

at day 0 (gray dots) and day 7 (black dots); the maximal invasion distance (dotted green 

line) is quantified as shown by the green arrow, and the number of cells outside spheroids 

(represented by green triangles) is counted. D, Invasion parameters show that macrophages 

significantly enhanced invasion. Results are expressed as mean ± SD (n = 3). ***p < 0.001.
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Figure 3. 
Tumor cell invasion requires macrophage vicinity and proteases. A and B, Spheroids 

infiltrated by CellTracker-stained macrophages were embedded into Matrigel, and time-

lapse microscopy allowed visualization of cell movements. Scale bar, 10 μm. C, A 

schematic presentation of the protocol used is shown. Spheroids (a) and macro-phage-

infiltrated spheroids (b) were embedded into a thick layer of Matrigel. Macrophages were 

also layered in the lower chamber of the-Transwell (c) or seeded on the top of Matrigel in 

the upper chamber (d). In this latter case, macrophages infiltrated Matrigel and reached 

spheroids after 3–4 d. D, Quantification of invasion under the experimental conditions 

depicted in A. E, PIs were added or not, as indicated: during the macrophage infiltration 

process of spheroids (infiltration) and/or during the invasion assay when spheroids were 

embedded into Matrigel (invasion). Results are expressed as mean ± SD (n = 3). *p < 0.05, 

**p < 0.01, ***p < 0.001.
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Figure 4. 
In the presence of macrophages, Matrigel invasion by tumor cells is no longer sensitive to 

MMP inhibition. SUM159PT cells were seeded on thick layers of Matrigel polymerized in 

Transwells in the presence of inhibitors, with or without macrophages. A, Tumor cells were 

inhibited only by GM6001. B, The maximal migration distance covered by SUM159PT cells 

increased in the presence of human macrophages. ***p < 0.001. C, Three-dimensional 

positions of macrophages and/or tumor cells migrating in Matrigel is represented using 

Topcat software (black symbols: noninfiltrated cells at the top of the matrix). D, Tumor cells 

comigrating with macrophages are not inhibited by GM6001 but are affected by Y27632. E, 

The percentage of tumor cells close to macrophages in Matrigel increased with GM6001 and 

decreased with LyPi. ***p < 0.001, **p < 0.01. F, CellTracker-stained macrophages and 

SUM159PT cells were fixed, stained with Alexa 488-phalloïdine, and visualized into 

Matrigel using a Zeiss 710 NLO (137 z-sections of 1 μm). Left panel, Three-dimensional 

reconstitution. Upper right panel and lower right panels, Tumor cells in contact with 

CellTracker-stained macrophages, with a characteristic mesenchymal morphology at 

different depths into the matrix (arrows). Scale bars, 10 μm. G, Overlay of fluorescence and 

brightfield images shows comigration of tumor cells and CellTracker-stained macrophages 
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in a tunnel (dotted line on the left image). Scale bar, 10 μm. Results are expressed as mean ± 

SD (n = 3).
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Figure 5. 
Hck−/− macrophages, deficient for Matrigel migration, are less effective at promoting tumor 

cell invasiveness. A, Spheroids were coincubated with CellTracker-stained wt or Hck−/− 

macrophages for 3 d, and the number of macrophages associated with spheroids was 

counted on 30 z-sections of 1.2 μm. B, Spheroids infiltrated by wt or Hck−/− BMDMs for 3 

d were embedded into Matrigel. After 7 d, brightfield images of cells invading Matrigel are 

shown. Scale bars, 100 μm. C, Invasion parameters show that cell invasion is decreased with 

Hck−/− macrophages compared with wt. Results are expressed as mean ± SD (n = 3). *p < 

0.05, **p < 0.01, ***p < 0.001.
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