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Tumor tissues are characterized by an elevated interstitial fluid flow from the tumor to the 

surrounding stroma. Macrophages in the tumor microenvironment are key contributors to tumor 

progression. While it is well established that chemical stimuli within the tumor tissues can alter 

macrophage behaviors, the effects of mechanical stimuli, especially the flow of interstitial fluid in the 

tumor microenvironment, on macrophage phenotypes have not been explored. Here, we used 3D 

biomimetic models to reveal that macrophages can sense and respond to pathophysiological levels of 

interstitial fluid flow reported in tumors (~3 µm/s). Specifically, interstitial flow (IF) polarizes 

macrophages toward an M2-like phenotype via integrin/Src-mediated mechanotransduction pathways 

involving STAT3/6. Consistent with this flow-induced M2 polarization, macrophages treated with IF 

migrate faster and have an enhanced ability to promote cancer cell migration. Moreover, IF directs 

macrophages to migrate against the flow. Since IF emanates from the tumor to the surrounding stromal 

tissues, our results suggest that IF could not only induce M2 polarization of macrophages, but also recruit 

these M2 macrophages toward the tumor masses, contributing to cancer cell invasion and tumor 

progression. Collectively, our study reveals that IF could be a critical regulator of tumor immune 

environment. 

 

Highlight Summary 

tumor tissues are characterized by an elevated interstitial fluid flow from the tumor to the 

surrounding stroma. In this study, we found that this flow can polarize macrophages toward a tumor-

supportive M2 phenotype and direct macrophages to migrate against the flow via mechanotransduction 

pathways. 
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Cell culture and reagents 

 Bone marrow-derived macrophages (BMDM) were generated from bone marrow cells isolated 

from fresh femur of 6-8 week old C57BL/6 mice. These bone marrow cells were subsequently cultured in 

RPMI (Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 100 U/mL penicillin, 

100 U/mL streptomycin, 1% HEPES (Invitrogen), 40 ng/mL MCSF (Peprotech) and 50 μM β-

Mercaptoethanol (Sigma) for 7 days to allow for the differentiation of macrophages according to a well-

established protocol (Reedy et al., 2017; Zanoni et al., 2009). Raw 264.7 mouse macrophages (Raw), 

Du145 human prostate cancer cells (Du145), and MDA-MB-435S human melanoma cells (MDA435) 

were obtained from American Type Culture Collection (ATCC). MDA-MB-231 human breast carcinoma 

cells expressing GFP (MDA231) were kindly provided by Dr. Frank Gertler, MIT Department of 

Biology. Raw macrophages were cultured in DMEM (Invitrogen) supplemented with 10% heat-

inactivated fetal bovine serum (HI-FBS, Invitrogen), 100 U/mL penicillin, and 100 U/mL streptomycin 

(Sigma). MDA435 cells and MDA231 cells were cultured in DMEM supplemented with 10% FBS, 100 

U/mL penicillin, and 100 U/mL streptomycin. Du145 cells, on the other hand, were cultured in RPMI 

supplemented with 10% FBS, 100 U/mL penicillin, and 100 U/mL streptomycin. All cells were cultured 

in a humidified incubator operating at 5% CO2 and 37 °C. Cell lines were authenticated using short 

tandem repeat profiling (Promega), and all cell lines tested negative for mycoplasma contamination. All 

antibodies used in this study were commercially available and validated by the vendors. 
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Microfluidic assay 

Microfluidic System Design. To quantify the effects of interstitial flow (IF) on macrophage polarization 

and migration in 3D ECM, we used a poly-dimethylsiloxane (PDMS) microfluidic device consists of a 

bottom layer containing a microfluidic chamber and a top layer containing two large media reservoirs 

(Figures 1A and S1A). The microfluidic chamber is composed of a collagen gel region sandwiched 

between two micro-channels containing media. The gel region is separated from the micro-channels by an 

array of 10 PDMS micro-posts, five on each side. These micro-posts provide structure integrity to the 

collagen gel and, through surface tension, prevent the leakage of the gel into the channels during the 

polymerization process. Except for the micro-posts, the boundary of the collagen gel is in direct contact 

with the media in the micro-channels. The micro-channel and the collagen gel region both have the 

dimension of 2.31 mm in length, 500 μm in width, and 200 μm in height. The media channels in the 

bottom layer are connected to the media reservoirs in the top layer via media ports ( ).  

Device Fabrication. The PDMS microfluidic devices were assembled according to previously described 

methods using soft lithography (Polacheck et al., 2014). Briefly, PDMS pre-polymer (Dow Corning) was 

mixed with curing agent (Dow Corning) at a ratio of 10:1. The mixture was pour over a silicon wafer 

containing the features of the microfluidic chambers and cured overnight at 80 °C. The cured PDMS 

containing the features was removed from the silicon wafer, and the media and collagen gel filling ports 

were fabricated using a biopsy punch. The cured PDMS was then autoclaved and dried in the 80 °C oven. 

After overnight incubation, the microfluidic chamber was assembled by treating the sterile PDMS with 

plasma (Harrick Plasma) for 90 secs before binding it to a sterile coverslip (Corning).  

Cell Seeding. 1.3x10
6
 of BMDM or Raw 264.7 macrophages were suspended in a 2.5 mg/mL collagen I 

gel (Corning). The collagen gel-cell mixture was injected into the gel region of the microfluidic chamber 

(bottom layer) using a micropipette through the gel filling port. The gel-cell mixture was allowed to 

polymerize for 30 mins at 37 °C and pH of 8 in a humidified chamber. To prevent the cells from settling 

to the bottom of the device, the PDMS device was flipped during the polymerization process. This 
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ensures that cells distribute evenly throughout the gel region along the z-axis. Growth media were 

supplied to the micro-channels after the collagen gel polymerization, and the cells were incubated at 37 

°C and 5% CO2 overnight. For experiments designed to measure the migration characteristics of 

chemically induced M1 or M2 macrophages, the naïve macrophages were pre-treated with 20 ng/mL of 

LPS (Sigma) or 20 ng/mL of mouse IL4 (Peprotech), respectively. 

Migration Assay. After overnight incubation, the PDMS chamber containing cells (bottom layer) was 

sealed against a PDMS layer containing two large (2.5 cm x 4 cm) media reservoirs (top layer) that were 

surface activated by plasma. A media height difference of 1.5 mm was established across the two 

reservoirs to establish a hydrostatic pressure difference of ~15 Pa. The media reservoirs are connected to 

the micro-channels via the media ports to allow the pressure gradient to transmit through the collagen gel 

containing the cells, resulting in the flow of media through the 3D collagen I ECM with a velocity of ~3 

μm/s (interstitial flow). Darcy’s law was used to calculate the media-height difference needed to induce 

an interstitial flow of ~3 μm/s through the 2.5 mg/mL collagen I ECM (See Material and Methods, 

Hydraulic permeability estimation and interstitial flow calculation). 

 The microfluidic device was then transferred to a light microscope (Zeiss) fitted with a 

humidified environmental chamber operating at 37 °C and 5% CO2. The macrophages were treated with 

IF for a total of 18 hrs. Time-lapse microscopy was used to record the movement of macrophages in the 

3D ECM.  Phase contrast images were taken ever 2 mins for 18 hrs with a focus at the mid-plane of the 

gel along the z-axis. Since the cross-sectional area of the reservoirs is 2000 times that of the gel region, 

the drop in the media-height difference during this 18-hr treatment was negligible. The media-height 

difference was measured after 18-hr treatment to verify that the height difference remained at ~1.5 mm.  

Verification of flow velocity. To quantify the velocity of the IF, 200 nm FITC fluorescent micro-beads 

(Invitrogen) were introduced to the upstream reservoir (reservoir with higher pressure). The movement of 

the micro-beads through the collagen I ECM was recorded using a fluorescent microscope (Nikon). Image 

J (NIH) was used to track the bead movement, and Ibidi Chemotaxis and Migration software (Ibidi) was 
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used to quantify the velocity of beads flowing through the 3D ECM. Interstitial flow velocity after 18-hr 

flow treatment was measured to verify that the IF velocity remained at ~3 μm/s throughout the course of 

the experiment. 

Quantification of macrophage migration. Image J (NIH) was used to track the movements of the cells in 

the 3D ECM to produce cell trajectory plots. To ensure that macrophages had enough time to respond to 

IF, only the last 10 hrs of the 18 hrs movie were used for analysis. From the cell trajectory plots, we 

quantified macrophage migration total speed (total distance cell travelled divided by migration time), 

migration directedness (ratio between displacement and total distance travelled), 

⟂

using Ibidi Chemotaxis and Migration software (Ibidi) (Figures 4D and S11). 

Amounts of the cells that travelled upstream (against flow direction) and downstream (with flow 

direction) were also quantified. Finally, the angle of the displacement vector of each cell was quantified to 

generate polar histograms (Rose plots). 

Immunofluorescent staining and confocal microscopy 

 4% para-formaldehyde (PFA, EMS) was perfused into the microfluidic devices to fix the cells in 

the collagen I ECM.  To visualize the nucleus, the cells were stained with DAPI (diamidino-2-

phenylindole, Sigma). The cells were also stained with Alexa-fluor 488 conjugated phalloidin 

(Invitrogen) to visualize actin.  When appropriate, the fixed macrophages were stained with various 

antibodies to assess their polarization states. The fixed samples were first treated with Fc receptor 

blocking reagents (Miltenyi Biotec) to reduce nonspecific antibody binding. The cells were subsequently 

stained with anti-CD163 antibody (Abcam, Clone# EPR19518), anti-CD206 antibody (Abcam), and anti-

CD86 antibody (Abcam), followed by appropriate secondary antibodies conjugated to fluorescent dyes 
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(Invitrogen). Confocal microscopy images of the cells were taken with Olympus confocal microscope 

fitted with a camera. 

 The confocal images were analyzed to quantify the distribution of the actin inside the 

macrophages as describe previously (Polacheck et al., 2014). Mid-plane of the cell was selected for image 

analysis. The image of the cell was divided at the centroid using an Image J script. The average 

fluorescent intensities of the actin at the upstream (flow-facing) <Iup> and downstream (away from flow 

direction) <Idown> sides of the cell were calculated. The actin distribution score (ADS) for each cell was 

quantified using the following formula: 

    
             

             
 

 

Additionally, the same confocal images were analyzed to quantify the distribution of the protrusion as 

describe in previous studies (Polacheck et al., 2014). The image of the cell was divided at the centroid as 

before. The perimeters of the upstream side (Pup) and the downstream side (Pdown) were quantified using 

Image J. The protrusion distribution score (PDS) of each cell was calculated as: 

    
         

         

 

 

Finally, the fluorescent intensities of CD163, CD206, and CD86 in the stained macrophages were 

measured with ImageJ.  

 To test the effects of IF on the macrophage viability, macrophages were first treated with IF (~3 

μm/s) for 48 hrs in the microfluidic device. Cell viability was subsequently assessed using live/dead 

viability kit (Invitrogen) according to the manufacturer’s protocol.   

Transwell flow assay 
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 600,000 BMDMs or Raw macrophages were seeded in a 2.5 mg/mL collagen I gel contained 

inside a transwell insert (Falcon). The collagen scaffold containing the cells was allowed to polymerize in 

a humidified incubator for 30 mins at 37 °C and pH of 8. Following the polymerization, transwell inserts 

were placed into a six-well plate and supplied with growth media. The cells were cultured for 24 hrs in a 

humidified incubator at 5% CO2 and 37 °C. 

 To treat macrophages with IF, growth media were added to the inside of the transwell insert to 

establish a media-height difference of 10 mm between the inside and outside of the insert. This media-

height difference contributes to a hydrostatic pressure difference that drives a flow of 3 μm/s through the 

collagen gel containing macrophages in this transwell flow chamber. To maintain the hydrostatic pressure 

difference, a pump was connected to the transwell system that continuously re-circulated media from the 

outside of the insert back into the inside of the insert (Figure 1E). For the no-flow control group, same 

amount of media as the flow treatment group was added into the transwell system. However, instead of 

introducing media only into the inside of the insert, the media was distributed equally between outside 

and the inside of the transwell insert so that no media-height difference was established. This procedure is 

done to ensure that although flow treatment and no-flow control groups receive same amount of growth 

media, media-height difference will only be established in the treatment group. For the experiments that 

evaluated the effects of IF on protein expression, cells were treated with flow for 48 hrs. On the other 

hand, for experiments that evaluated the effects of IF on phosphorylation, cells were treated with flow for 

15-60 min. When appropriate, macrophages in the transwell chambers were treated with 5 μM ruxolitinib 

(Invivogen), 20 μM PP2 (Abcam), 15 μg/mL anti-mouse β1 integrin antibody (Clone#HMb1-1, 

ebioscience), 15 μg/mL IgG isotype control antibody (Clone#299Arm, ebioscience), 20 ng/mL mouse IL4 

(Peprotech), 20 ng/mL of mouse IFNγ (Peprotech) or dimethyl sulfoxide (DMSO, Sigma).   

Hydraulic permeability estimation and interstitial flow calculation 

The hydraulic permeability of the collagen gel scaffold determines the hydrostatic pressure 

gradient needed to achieve a desirable flow velocity. We used Darcy’s law to estimate the hydraulic 



 22 

permeability of 2.5 mg/mL collagen I gel scaffold in the microfluidic flow chamber according to 

protocols described in a previous study (Sudo et al., 2009). Briefly, plastic media reservoirs with small 

cross-sectional area were connected to the microfluidic device, and a media-height difference (Δh) of 1.5 

cm was established to introduce a pressure drop across the 2.5 mg/mL collagen I gel scaffold. As the 

media flowed through the collagen gel, the drop in the media level in the high-pressure reservoir was 

monitored over time. 

 The relationship between pressure drop (ΔP) and volumetric flow rate (Q) across a collagen gel 

scaffold is described by Darcy’s law: 

 

 
 

     

 

 

 
           

, where hydraulic permeability is K, viscosity is μ, surface area of the gel is A, and length of the gel 

scaffold in the direction of the flow is W (Sudo et al., 2009). Darcy’s law can be transformed to model the 

change in volume of media in the reservoir (ΔV) over time. Using the plot of ΔV vs. time, we calculated 

hydraulic permeability (K) from the slope obtained from the linear regression analysis of the plot. Based 

on the measured change in media-height level and the geometry of the microfluidic device, the hydraulic 

permeability of the 2.5 mg/mL of collagen I gel scaffold was estimated to be ~7x10
-14

 m
2
.  

 Darcy’s law can also be transformed to describe the media-height difference (Δh0) required to 

establish the pressure gradient to drive a desirable interstitial flow velocity (v) in the microfluidic device:  

    
   

   
              

,where ρ is density of the media, and Δh0 is the initial media-height difference of the reservoirs (Sudo et 

al., 2009). According to the geometry of the gel scaffold in the microfluidic device, as well as the 

hydraulic permeability of the scaffold estimated previously, the media-height difference needed to induce 

a ~3 μm/s interstitial flow in the microfluidic device was estimated to be 1.5 mm.  
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 For transwell flow assay, a modified version of Eq. 2 was used to calculate the media-height 

difference (Δh0) necessary to achieve a desirable interstitial flow velocity (v) in the transwell flow 

chamber:  

    
   

   
              

,where W is the thickness of the 2.5 mg/mL collagen I gel scaffold in the transwell. Based on this equation 

and the geometry of the transwell, the media height difference needed to establish a 3 μm/s interstitial 

flow in the transwell flow chamber is ~10 mm.  

Protein isolation and western blot analysis 

 Protein was extracted from the cells in the transwell flow chamber. Collagen I gel containing cells 

was washed two times with ice-cold 1X PBS and transferred into an Eppendorf tube. RIPA buffer (Cell 

Signaling) containing protease inhibitor (Sigma) and PMSF (Cell Signaling) was used to extract the cell 

lysates. A syringe was used to homogenize the gel to facilitate lysate extraction. We quantified the total 

protein concentration using BCA protein assay kit (Pierce) according to manufacturer’s protocol.  Equal 

amount of the total protein (30 μg-60 μg) was resolved on 4-12% NuPAGE electrophoresis gels 

(Invitrogen) and subsequently transferred onto nitrocellulose membranes (BioRad).  The membranes were 

probed with rabbit anti-arginase I antibody (Thermo) at 1:1000, rabbit anti-TGFβ antibody (Cell 

Signaling) at 1:1000, mouse anti-iNOS antibody (Cell Signaling) at 1:500, rabbit anti-CD206 antibody 

(Abcam) at 1:1000, rabbit anti-TGM2 antibody (Cell Signaling, Clone#D11A6) at 1:1000, rabbit anti-

TNF antibody (Cell Signaling) at 1:1000, rabbit anti-phospho STAT3 (Serine 727) antibody (Cell 

Signaling) at 1:1000, rabbit anti-phospho STAT3 (Tyrosine 705) antibody (Cell Signaling, Clone#D3A7) 

at 1:1000, rabbit anti-phospho Akt (Serine 473) antibody (Cell Signaling) at 1:1000, rabbit anti-phospho 

FAK (Tyrosine 397) antibody (Cell Signaling) at 1:1000, rabbit anti-phospho STAT6 (Tyrosine 641) 

antibody (Abcam) at 1:1000, rabbit anti-phospho STAT1 (Tyrosine 701) antibody (Cell Signaling, 

Clone#D4A7) at 1:500, mouse anti-STAT3 antibody (Cell Signaling, Clone#124H6) at 1:1000, rabbit 
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anti-STAT6 antibody (Cell Signaling, Clone#D3H4) at 1:1000, mouse anti-Akt antibody (Cell Signaling, 

Clone#40D4) at 1:1000, rabbit anti-FAK antibody (Cell Signaling) at 1:1000, rabbit anti-STAT1 antibody 

(Cell Signaling) at 1:1000, mouse anti-β actin antibody (Thermo, clone#BA3R) at 1:20,000, or mouse 

anti-GAPDH antibody (Thermo, clone#GA1R) at 1:20,000. After the primary antibody incubation, the 

membranes were incubated with appropriate secondary antibodies conjugated to horseradish peroxidase 

(Cell Signaling). ECL Chemiluminescent substrate (Invitrogen) was used to detect the immunoreactive 

band.  Densitometry analysis, performed using Alpha Innotech (Alpha Innotech) software, was used to 

quantify western blot images.  β-actin or GAPDH was used as loading control. When appropriate, 

stripping buffer (Thermo) was used to allow for the re-probing of nitrocellulose membranes.  

Total RNA isolation and Real-time PCR 

 Total RNA was extracted from macrophages cultured in the collagen I gel using a tissue 

homogenizer (QIAshredder, QIAGEN) in combination with RNeasy Mini Kit (QIAGEN). mRNA 

expression was measured by real-time RT-PCR using SYBR Green Master Mixture and High-Capacity 

Reverse Transcription kit (Applied Biosystems). Comparative Ct method was used to analyze the data, 

with data normalized to β-actin expression in each sample. The sequences of primers used were: TGFB1-

F: ATGCTAAAGAGGTCACCCGC; TGFB1-R: TGCTTCCCGAATGTCTGACG; ARG1-F: 

ATGGGCAACCTGTGTCCTTT, ARG1-R: TCTACGTCTCGCAAGCCAAT; ACTB-F: 

GGCTGTATTCCCCTCCATCG; and ACTB-R: CCAGTTGGTAACAATGCCATGT 

Cancer cell morphology and migration experiment 

 600,000 macrophages were first seeded in a 2.5 mg/mL collagen I gel and then pretreated with IF 

for 48 hrs using transwell flow chamber. After the flow treatment, the transwell insert containing the 

macrophages was transferred into a well containing 200,000-300,000 MDA231, MDA435, or Du145 

cancer cells so that the macrophages can be co-cultured with cancer cells. After 24-hr co-culture, cancer 

cells were fixed using 4% PFA and stained with DAPI and Alexa-fluor 488 conjugated phalloidin 
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(Invitrogen). Phase-contrast and fluorescent images of cancer cells were taken using a fluorescent 

microscope (Nikon) fitted with a camera. The aspect ratio and circularity of cancer cells were quantified 

using ImageJ (NIH) to assess the morphology of the cells.  

 600,000 macrophages were pretreated with IF for 48 hrs using the Transwell flow chamber. After 

the flow treatment, conditioned media were collected from the transwell. Meanwhile, 20,000 MDA231 

GFP cells were seeded inside a 2.7 mg/mL collagen I ECM within a microfluidic device. These MDA231 

cells were treated with the conditioned media from macrophages, and their migration was monitored 

using a fluorescent microscope (Zeiss) fitted with an environmental chamber operating at 5% CO2 and 37 

°C. Image J (NIH) was used to track cancer cell migration to produce cell trajectory plots. Ibidi 

Chemotaxis and Migration software (Ibidi) was used to calculate cell migration metrics such as total 

speed (total distance travelled divided by migration time) and directedness (ratio between the 

displacement of the cells and the distance that cell travelled). When appropriate, the conditioned media 

collected from macrophages pre-treated with interstitial flow were incubated with either 10 μg/mL of 

blocking antibody against TGF-β (Bio X Cell) or 10 μg/mL of IgG Control (Thermo).   

Statistical analysis 

We used GraphPad Prism 6.0 (GraphPad Software) to perform statistical analyses, with a P-value 

of <0.05 considered statistically significant. In all figures, ns represents not significant, * represents P < 

0.05, ** represents P < 0.01, and *** represents P < 0.001.  We used two-tailed student t-test. All data 

meet the assumptions and criteria for the student t-test. D’Agostino-Pearson omnibus normality test and 

F-test (GraphPad) were performed to ensure all data meet the normality and equal variance criteria. At 

least three independent experiment (biological replicates; n≥3) were performed for each experimental 

group. Sample sizes were chosen to meet current standard for in vitro biological experiments. No sample 

was excluded for analysis. Each microfluidic device or transwell flow chamber was randomly assigned to 

an experimental group for treatment. 
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