Interstitial flow promotes macrophage
polarization toward an M2 phenotype
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ABSTRACT Tumor tissues are characterized by an elevated interstitial fluid flow from the
tumor to the surrounding stroma. Macrophages in the tumor microenvironment are key con-
tributors 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 three-dimensional biomimetic models to reveal that mac-
rophages can sense and respond to pathophysiological levels of interstitial fluid flow reported
in tumors (~3 pm/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 fast-
er and have an enhanced ability to promote cancer cell migration. Moreover, IF directs mac-
rophages 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 macro-
phages 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
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critical regulator of tumor immune environment.

INTRODUCTION

Cancer is a complex disease that depends not only on cancer cells
themselves but also on the environment in which they reside. This
environment, collectively termed the tumor microenvironment
(TME), consists of noncancerous stromal cells and biophysical
forces (Wirtz et al., 2011; Quail and Joyce, 2013). Extensive
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evidence suggests that TME can contribute to malignancy. Specifi-
cally, macrophages, one of the most abundant tumor-associated
stromal cell types, play critical roles in tumor invasion and metas-
tasis (Condeelis and Pollard, 2006). Macrophages are innate im-
mune cells that can rapidly adopt a broad spectrum of phenotypes
based on the stimuli they encounter in their surroundings. At one
extreme, these functionally plastic cells can polarize toward a pro-
inflammatory M1 phenotype, while at the other extreme, an im-
munosuppressive M2 phenotype (Mantovani et al., 2002). Macro-
phages in the TME often skew toward M2 states, and the number
of M2-like macrophages that have infiltrated near or into the tumor
tissues has been found to correlate with poor prognosis (Leek
etal., 1996). Indeed, M2-like macrophages in tumors can produce
various growth factors and cytokines that promote metastasis by
enhancing tumor cell invasion, intravasation, and immune escapes
(Mantovani et al., 2002; Lewis and Pollard, 2006). In contrast, M1-
like macrophages in tumors are thought to induce tumor suppres-
sion by activating anti-tumor immunity (Noy and Pollard, 2014).
Since the roles that macrophages (M1 vs. M2) play in tumor pro-
gression make them attractive targets for anti-tumor therapy (Noy
and Pollard, 2014), it is important to understand how the TME
regulates macrophage phenotypes.
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A myriad of chemical stimuli in the tumor microenvironment
can control macrophage behaviors. For example, IFNy (interferon
gamma) produced by NK (natural killer) cells is known to skew
macrophages toward an M1 phenotype (O’'Sullivan et al., 2012),
allowing these macrophages to secrete proinflammatory cytokines
(TNFa, IL1, and IL12) that promote a sustained, anti-tumor re-
sponse from NK cells, Th1 cells, and cytotoxic T-cells (Panni et al.,
2013). In contrast, IL4 (interleukin 4) and CSF-1 (colony-stimulating
factor 1) secreted by Th2 cells and tumor cells can co-opt macro-
phages to adopt an M2-like phenotype and produce molecules,
such as TGFp (transforming growth factor beta) and IL10, that
drive tumor progression (Noy and Pollard, 2014). Although the
roles that chemical factors play in macrophage polarization are
well studied (Mantovani et al., 2002), whether mechanical stimuli,
an equally important but often underappreciated component of
tumor microenvironment, affect macrophage phenotypes remains
an open question.

One of the most prominent tumor-associated mechanical factors
is interstitial flow (IF), and clinical data have demonstrated that ele-
vated IF in the tumor tissues correlates with poor patient outcomes
(Nathanson and Nelson, 1994). Indeed, IF has been shown to pro-
mote tumor progression by influencing the migration of cancer cells
and fibroblasts. This flow of interstitial fluid through the extracellular
matrix (ECM) is the result of fluid pressure gradients and lymphatic
drainage within the tissue (Heldin et al., 2004). In the malignant tis-
sue, the build-up of fluid in the tumor core increases fluid pressure
gradients near the tumor margin, resulting in high levels of IF ema-
nating from the tumor and draining into the surrounding stroma
(Swartz and Lund, 2012). This elevated IF, a hallmark of cancer,
ranges from 1 to 5 um/s, and is highest at the tumor/stromal bound-
ary (Heldin et al., 2004; Hompland et al., 2012). As tumor-associated
macrophages tend to reside near this boundary (Ohno et al., 2004;
Lewis and Pollard, 2006; Wyckoff et al., 2007), it is believed that they
can experience an elevated IF in vivo, underscoring the need to
consider IF in studying the tumor immune environment. Neverthe-
less, the effects of this crucial tumor-associated biophysical force on
macrophages, a key immune cell type in the TME, have not been
explored.

In the present study, we used three-dimensional microfluidic
tissue culture systems to mimic tumor-associated interstitial flow
(~3 um/s) and study the effects of interstitial flow on macrophages
cultured in a three-dimensional collagen | ECM. We demonstrate,
for the first time to our knowledge, that IF enhances the M2 polar-
ization of macrophages by up-regulating the expression of M2
markers Arg |, TGFB, CD206, CD163, and TGM2 (transglutaminase
2), all of which have been shown to be expressed by macrophages
in tumors (Sharda et al., 2011; Quatromoni and Eruslanov, 2012;
Afik et al., 2016; Krneta et al., 2017; Zhang et al., 2017). In addi-
tion, we show that IF promotes macrophage migration, as well as
the ability of macrophages to induce cancer cell invasion, charac-
teristics that are consistent with that of the tumor-associated M2
macrophages. Our mechanistic analysis reveals that this flow-in-
duced M2-like phenotype is dependent on B1 integrin/Src-medi-
ated STAT3/6 activation. Interestingly, we also found that intersti-
tial flow directs the migration of macrophages against the direction
of flow (upstream). Since IF emanates from the tumor to the sur-
rounding stromal tissues, these results suggest that IF could en-
hance tumor progression by promoting not only macrophage po-
larization toward the M2 phenotype but also the recruitment of
these M2-like macrophages from the stromal tissues toward the
tumor mass.
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RESULTS
Interstitial flow polarizes macrophages toward an M2
phenotype in three-dimensional ECM
To study the effects of IF on macrophages, we first used a three-
dimensional microfluidic model consists of a PDMS (polydimethylsi-
loxane) microfluidic system with two large media reservoirs attached
to the top of the microfluidic chamber (Figure 1A and Supplemental
Figure S1A) (Haessler et al., 2012; Polacheck et al., 2014). We cul-
tured macrophages within a three-dimensional collagen | ECM em-
bedded in the central gel region, flanked by two media channels
that were connected to reservoirs via media ports (Figure 1A). A
media-height difference of 1.5 mm was established between the
two reservoirs to generate a hydrostatic pressure gradient across the
gel region (Supplemental Figure S1A), which we estimated, based
on the measured collagen gel hydraulic permeability of 7 x 10714 m?
and Darcy'’s law, to drive interstitial fluid flow with a mean velocity of
~3 pum/s through the collagen gel containing macrophages (see
Materials and Methods). We chose the velocity of 3 pm/s to mimic
the level of IF in the tumor tissues measured in vivo (Hompland
et al., 2012). Since the microfluidic device is optically transparent,
macrophage behaviors (i.e., morphology, protein expression, and
migration) in response to the IF treatment can be readily assessed
(Figure 1B), and IF velocity can be quantified by tracking the trajec-
tory of microbeads flowing through the collagen gel region in the
device (Figure 1C). Using fluorescent microbeads, we verified that
the velocity of IF experienced by macrophages in our microfluidic
system, consistent with the numerical prediction computed from
Darcy’s law, was indeed ~3 um/s (Supplemental Figure S1B). More-
over, since the cross-sectional area of the media reservoirs is 2000
times that of the collagen gel, no appreciable changes in media-
height difference (unpublished data) or IF velocity (Supplemental
Figure S1B) were observed during the course of 24 h.

M2 macrophages inside the tumor tissues can promote metasta-
sis and tumor progression by enhancing tumor angiogenesis and mi-
gration (Mantovani et al., 2002). Since elevated IF has been shown to
correlate with metastasis (Swartz and Lund, 2012), we hypothesized
that IF could promote macrophage M2 polarization. To test this hy-
pothesis, we treated bone marrow—derived macrophages (BMDMs),
using the microfluidic device, with IF for 48 h in the absence of any
externally applied chemical stimulus, and we assessed the effects of
IF on the expression of macrophage polarization markers. We first
verified that IF treatment did not alter the viability of macrophages as
assessed through live/dead assay (Supplemental Figure S2). Subse-
quent immunofluorescent staining revealed that IF treatment signifi-
cantly up-regulated the expressions of M2 markers (CD163, CD206)
in macrophages seeded in the device (Figure 1D). To further verify
this result, we conducted experiments in a three-dimensional tran-
swell flow chamber to determine whether IF can induce macrophage
expression of M2 markers using Western blot analysis. Macrophages
were seeded inside a 2.5-mg/ml collagen | gel in the transwell insert
and a media—height difference of 10 mm was maintained across the
gel by a recirculating pump, producing an IF of ~3 um/s through the
collagen gel containing macrophages (Figure 1E). We found that
48-h IF treatment of macrophages in the flow chamber resulted in an
enhanced expression of macrophage M2 markers TGFp, Arginase |
(Argl), TGM2, and CD206 by 2- to 13-fold (Figure 1, F and G). More-
over, IF induced the expression of these M2 markers to levels that are
similar to that of IL4 treatment (Supplemental Figure S3). In contrast,
IF did not significantly affect the expression of the M1 markers (CD86,
iNOS, and TNFo) compared with the no-flow control (Figure 1, D, F,
and Q). Since IF treatment resulted in the up-regulation of multiple
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Interstitial flow (IF) promotes macrophage M2 polarization in three-dimensional ECM. (A) Schematics of the
microfluidic system used for IF study. Macrophages were suspended in the three-dimensional collagen | ECM flanked by
two microchannels containing media. A hydrostatic pressure gradient, which drives an IF of 3 um/s through the
macrophage-containing ECM, was established between the two media channels by maintaining a media—height
difference (see also Supplemental Figure S1). (B) Representative fluorescent confocal image showing macrophage
interacting with collagen | ECM (imaged by reflectance, magenta; scale bar = 10 pm) in the microfluidic device.

(C) Interstitial flow velocity in the microfluidic device was quantified by tracking the movement of 200-nm fluorescent
microspheres (trajectories shown in green) as they flow through the collagen gel containing macrophages (M®) labeled
with Cell Tracker Red (red, scale bar = 50 pm). (D) Immunofluorescence images (left, scale bars = 20 pm) and quantification
(right) showing that 48 h of IF (~ 3 ym/s) up-regulated the expression of M2 markers (CD 163 and 206) in BMDM cultured
in the microfluidic device. The expression of M1 marker (CD86) was not significantly affected. (E) Transwell flow system
used to study the effects of IF on macrophage protein expression. This system consists of a transwell chamber that is
connected to a recirculating pump, maintaining a media-height and hydrostatic pressure differences that drive IF through
collagen gel containing macrophages. (F, G) Western blot quantification (G) and representative images (F) showing that
48 h of IF (~3 um/s) treatment up-regulated protein expression of M2 markers (Argl, TGFB, TGM2, and CD206) in
macrophages. The protein expression of M1 markers (iNOS and TNFo) was not significantly affected. Bars represent
mean + SEM of data (fold change relative to no-flow control; n = 3, n = number of independent experiments).

M2 markers in two different experimental models (microfluidic sys-
tem and transwell flow chamber), we conclude that IF can polarize
macrophages toward an M2 phenotype.

IF induces M2 polarization via 1 integrin-/Src-mediated
activation of STAT3/6

To further probe the molecular mechanisms of flow-induced M2
polarization, we tested the effects of IF on the activation of the
transcription factors that regulate macrophage phenotypes, namely
STAT3, STAT6, and STAT1. STAT3 and STATé are transcription fac-
tors that control the production of M2-associated proteins in macro-
phages (Niemand et al., 2003; Wang et al., 2014). Using the tran-
swell flow chamber, we found that 15- to 60-min IF treatment
enhanced the phosphorylation of STAT6 at Tyr641, as well as STAT3
at both Tyr705 and Ser727 (Figure 2A). In contrast, IF treatment did
not activate STAT1, a transcription factor for M1 polarization (Suple-
mental Figure S4) (Wang et al., 2014). Collectively, these results il-
lustrate that IF induces the M2 polarization of macrophages via the
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selective activation of M2-associated STAT3/6 pathway. Indeed,
when we inhibited the phosphorylation of STAT3/6 with ruxolitinib
(Supplemental Figure S5), flow-induced mRNA and protein expres-
sion of M2 markers (Argl and TGFp) was drastically reduced (Figure 2,
B-D).

We next considered which molecules are responsible for flow-
induced STAT3/6 activation and subsequent M2 polarization. We
hypothesized that integrin could be involved in this process, since it
governs the cells’ interaction with their extracellular environment,
and cross-talk between STAT and Src, which is a downstream effec-
tor of integrin, has been observed (Silva, 2004; Millward-Sadler
et al., 2006). To test this hypothesis, we treated macrophages with
Src inhibitor PP2 and subjected these macrophages to IF. We found
that inhibiting Src significantly decreased flow-induced STAT3 and
STAT6 phosphorylation (Figure 3, A and B), as evident by the West-
ern blot quantification. Similarly to the results of Src inhibition, block-
ing of B1 integrin on these macrophages completely abrogated the
flow-induced phosphorylation of STAT3 and STATé (Figure 3, C and
1929
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FIGURE 2: IF-induced macrophage M2 polarization is mediated by STAT3/6 activation. (A) Western blot quantification
(top) and representative images (bottom) showing that 15 min of IF (3 pm/s) treatment increased the phosphorylation
of STAT6 at Tyr641 (left) and STAT3 at Tyr705 (center). In addition, 60-min IF treatment resulted in an increase in the
phosphorylation of STAT3 at Ser727 (right). (B-D) Macrophages were treated with ruxolitinib (Ruxo, 5 pM), an inhibitor
of STAT3/6 phosphorylation, and subjected to IF treatment. Ruxolitinib diminished the flow-induced Arg | and TGF
mRNA (B) and protein expression (C, D) compared with DMSO controls. Bars represent mean + SEM of data (fold

change relative to no-flow/DMSO control, n = 3).

D), indicating that B1 integrin and Src play important roles in IF-
induced STAT3/6 activation. Collectively, these results (Figures 1-3)
reveal that IF-induced macrophage M2 polarization is mediated via
B1 integrin/Src-dependent STAT3/6 activation.

IF enhances macrophages’ ability to promote cancer cell
migration

Knowing that IF polarizes macrophages toward an M2 phenotype
that is often associated with macrophages in the tumor microenvi-
ronment, we next examined whether |F-treated macrophages can
recapitulate certain functions of these tumor-associated macro-
phage (TAM). We decided to focus on macrophage’s ability to pro-
mote cancer cell invasion, as it is one of the first steps in the meta-
static cascade. We pretreated macrophages seeded inside the
three-dimensional collagen | ECM with ~3 um/s IF for 48 h and then
cocultured these macrophages with cancer cells for an additional
24 h (treatment group). We first compared the ability of flow-
conditioned macrophages to alter cancer cell morphology to that of
macrophages that were not treated with flow (control group) (Sup-
plemental Figure S6A). We found that coculture of MDA-MB-435S
(MDAA435) melanoma cells with IF-pretreated macrophages resulted
in the elongation of cancer cells (consistent with a migratory pheno-
type) compared with the control group (Figure 4A). Indeed, quanti-
fication of cancer cell morphology showed that MDA435 cells,

1930 | R.Lietal

MDA-MB-231 (MDA231) breast cancer cells, and Du145 prostate
cancer cells cocultured with macrophages that were pretreated with
IF have higher aspect ratio (Figure 4B) and lower circularity (Supple-
mental Figure S6B) than cells cocultured with macrophages that did
not receive |F pretreatment. This indicates that IF promotes macro-
phages’ ability to enhance cancer cell elongation and protrusion
formation in multiple types of cancer cells.

We then tested whether macrophages conditioned with IF have
enhanced abilities to promote cancer cell migration. We first seeded
MDAZ231 cancer cells inside a collagen | ECM, and we treated these
cancer cells with conditioned media collected from macrophages
pretreated with ~3 pm/s IF (Supplemental Figure S6A). We then
tracked the movement of these cancer cells in the three-dimen-
sional ECM and quantified their migration trajectories (Figure 4C).
Two metrics were used to quantify cell migration: total speed and
directedness (Figure 4D). Total speed is defined as the total dis-
tance that a cell traveled divided by migration time and measures
how fast the cell moves. In contrast, directedness is defined as the
ratio between the displacement of the cell and the total distance
traveled, which measures the persistence, or the efficiency, of cell
migration. We found that, compared with conditioned media col-
lected from macrophages that were not treated with flow, condi-
tioned media from macrophages primed with IF significantly
enhanced cancer cell migration total speed (from 5.9 £ 0.2 pm/h to

Molecular Biology of the Cell
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FIGURE 3: Src and B1 integrin play crucial roles in flow-induced STAT3/6 activation. (A, B) Representative Western blot
images (A) and quantification (B) showing that the treatment of macrophages with Src inhibitor PP2 (20 pM) abolished
flow-induced STAT3 Tyr705 and STAT6 Tyr641 phosphorylation compared with DMSO control. (C, D) Representative
Western blot images (C) and quantification (D) showing that anti-31 integrin neutralizing antibody (15 pg/ml) decreased
flow-induced STAT3 Tyr705 and STAT6 Tyr641 phosphorylation compared with IgG isotype (15 pg/ml) control. Bars
represent mean + SEM of data (fold change relative to no-flow/DMSO control or no-flow/IgG control; n = 3).

9.8 £ 0.2 pm/h, mean £ SEM, p < 0.001) and directedness (from
0.13 £ 0.01-0.22 £ 0.02, mean £ SEM, p < 0.001), allowing cancer
cells to migrate faster and more efficiently in the three-dimensional
ECM (Figure 4E). We then tested whether this enhancement in can-
cer cell migration is due to the flow-induced macrophage expres-
sion of TGFB, which can promote cancer cell migration (Xu et al.,
2009). Conditioned media collected from macrophage pretreated
with flow were incubated with blocking antibodies against TGFf.
We found that inhibiting TGFf in the conditioned media drastically
reduced its ability to promote cancer cell migration speed and di-
rectedness compared with immunoglobulin G (IgG) control (Figure
4E and Supplemental Figure S7). Taken together, these results show
that IF promotes the proinvasion phenotype of macrophages by
enhancing macrophage expression of TGFf.

IF enhances macrophage migration in three-dimensional
ECM
We next tested whether IF can enhance macrophage migration in
three-dimensional ECM, as the ability of macrophages to infiltrate
into the tumor microenvironment critically depends on their ability
to navigate through the extracellular matrix. Using the microfluidic
device, we treated macrophages that were seeded in a collagen |
gel with 3 um/s IF for 18 h. We tracked the movement of these mac-
rophages with time-lapse microscopy to map the cell migration tra-
jectories and quantify the migration total speed and directedness as
defined in Figure 4D. Cell trajectory plots (Figure 5A) and migration
quantification (Figure 5B) reveals that IF treatment significantly en-
hanced both migration total speed and directedness of BMDM and
Raw 264.7 macrophages (Raw) over no-flow controls, allowing these
macrophages to migrate faster and more persistently in the three-
dimensional ECM.

We also directly compared the migration characteristics of IF-
treated macrophages with that of macrophages that were induced to
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an M2 phenotype with chemical stimuli. We first treated macrophages
with LPS (lipopolysaccharide) or IL4 to chemically induced them to an
M1 or M2 phenotype, respectively. Using the microfluidic device, we
then measured the total speed and directedness of these macro-
phages migrating within the collagen | ECM. It should be noted that
no interstitial flow treatment was imposed on these macrophages that
were treated with chemical factors (LPS or IL4). Similarly, no external
chemical stimulus was applied to macrophages that were treated with
interstitial flow. We found that, consistent with previous reports
(Zhang et al., 2013a; Hind et al., 2016), IL4-treated M2 macrophages
have higher migration total speed and directedness compared with
control (no treatment, naive, MO macrophages) and LPS-treated M1
macrophages. More importantly, both migration total speed and di-
rectedness of the IL4-treated M2 macrophages were found to be
similar to that of flow-treated macrophages (Supplemental Figure S8),
indicating the flow-enhanced macrophage migration may be a direct
consequence of interstitial flow-induced M2 polarization.

Since Akt and FAK (focal adhesion kinase) phosphorylation is fre-
quently associated with enhanced motility and M2 polarization in
macrophages (Chen et al., 2014; Yu et al., 2015; Miao et al., 2016;
Vergadi et al., 2017), we conducted experiments in the transwell
flow chamber to determine if IF could induce the activation (phos-
phorylation) of these two kinases in macrophages. We found that,
compared with no-flow control, 1-h IF treatment induced two- to
threefold increases in the phosphorylation of Akt and FAK at Ser473
and Tyr397, respectively (Figure 5C), providing further evidence that
IF promotes M2 polarization. Moreover, inhibiting B1 integrin led to
a reduction in this flow-induced phosphorylation of Akt and FAK
(Supplemental Figure S9), similarly to the responses observed for
M2-associated transcription factors STAT3/6. Taken together, these
results (Figure 5 and Supplemental Figures S5 and Sé) suggest that
IF-enhanced migration of macrophages may be the result of B1 in-
tegrin-mediated IF-induced M2 polarization.
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IF enhances the ability of macrophages to promote cancer cell migration. Murine bone marrow—derived
macrophages were pretreated with interstitial flow (3 pm/s for 48 h) and their ability to influence cancer cell migration
and morphology were assessed (see also Supplemental Figure Sé). (A) Representative fluorescent images (green = actin,
blue = DAPI) showing that MDA435 cancer cells cocultured with macrophages pretreated with flow (bottom) were more
protrusive than cancer cells cocultured with macrophages that were not pretreated with flow (top). (B) Quantification of
cancer cell morphology showing that cancer cells cocultured with macrophages pretreated with flow have higher aspect
ratio than ones cocultured with control macrophages that were not treated with flow. (C) Representative migration
trajectories of MDA231 cancer cells treated with conditioned media collected from macrophages pretreated with flow
(right) and of cancer cells treated with conditioned media from control macrophages (left). (D) Definition of cell
migration dynamics. L = total migration distance; D = net displacement; t = time. Directedness is a measure of
persistence. (E) MDA231 cancer cells treated with conditioned media from interstitial flow-primed macrophages show a
higher migration total speed (left) and directedness (right) than cells treated with conditioned media from control
macrophages. Inhibition of TGFp (anti-TGFB neutralizing antibody, 10 pg/ml) in the conditioned media reduced this
increase in migration speed and directedness. Bars represent mean + SEM of data from 45-100 cells (n = 3).

IF directs macrophage migration against flow

On closer examination of time-lapse images of macrophage migra-
tion, we noticed that IF biased macrophage migration against the
flow direction (upstream) (Figure 6A). To verify this upstream migra-
tion behavior, we treated macrophages seeded in the microfluidic
device with ~3 pm/s IF and plotted the resulting migration vectors in
a polar histogram plot (Rose plot). Rose plots reveal that more mac-
rophages migrated against the direction of flow (Figure 6B). In fact,
85% of BMDM and 70% of Raw macrophages migrated upstream
under IF treatment compared with roughly an equal number (-50%)
migrating in both directions for no-flow controls (Supplemental
Figure $10). To further quantify this upstream migration, we calcu-
lated forward migration index perpendicular (FMI}) and parallel
(FMI,)) to the flow direction. FMI, is calculated as the vector compo-
nent of macrophage displacement perpendicular to the flow direc-
tion (D1) divided by the total distance traveled (L). FMI,;, however,
is defined as the vector component of macrophage displacement
against the flow direction (D)) divided by L, and it represents how
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persistently the macrophages migrate against the flow (Supplemen-
tal Figure S11). Hence, a cell traveling upstream will have positive
FMI,;, while a cell traveling downstream will have a negative one.
We observed that when treated with IF, macrophages migrated with
positive FMI;, for both BMDM and Raw cells. By comparison, mac-
rophages that were not treated with flow have population average
FMI,, near zero, indicating no directional preference in migration. In
addition, a quantification of FMI; shows, as expected, no directional
preference in migration perpendicular to the flow direction for both
cell types (FMI, ~0, Figure 6C). Finally, using the microfluidic device
and high-resolution fluorescence confocal microscopy, we assessed
the morphology of macrophages under IF treatment (Figure 6D).
Quantification of the confocal images revealed that IF enhanced
the formation of protrusions, as well as the accumulation of actin, on
the upstream (flow-facing) side of the macrophages (Figure 6D
and Supplemental Figure S12). Collectively, these results demon-
strate that IF promotes the actin accumulation and protrusion
formation favoring the flow-facing side of the macrophages,
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macrophages and BMDMs. Bars represent mean = SEM of data from 50-100 cells (n = 3). (C) Western blot quantification
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relative to no-flow control; n= 3).

resulting in a preferential migration against the direction of flow
(positive FMI,)).

DISCUSSION

Cells in the TME are constantly exposed to dynamic mechanical
stimuli that influence cell behaviors and contribute to tumor pro-
gression (Heldin et al., 2004; Wirtz et al., 2011). Of particular impor-
tance is the role that IF, a pathophysiologically relevant mechanical
factor in tumors, plays in metastasis and tumor development. How-
ever, the effects of this tumor-associated flow on macrophages, the
most abundant immune cells in the tumor tissues and a key player
in tumor progression (Condeelis and Pollard, 2006; Lewis and Pol-
lard, 2006), have yet to be determined. Macrophages in the TME
exist in various M2-like states. These macrophages are often consid-
ered tumor supportive, suggesting that there may be therapeutic
benefits in targeting these cells to reduce tumor progression and
metastasis. Therefore, it is important to understand how IF affects
these immune cells to gain a deeper insight into the tumor microen-
vironment. In this study, using biomimetic platforms that allow for
the application of user-defined levels of IF through a three-dimen-
sional ECM, we demonstrated, for the first time, that macrophages
can sense and respond to interstitial flow.

In contrast to previous studies that focus mainly on the effects of
chemical factors on macrophage polarization, we show here that
fluid flow can induce the polarization of macrophages toward an M2
phenotype as is evident from the up-regulation of various M2 mark-
ers (Argl, CD206, and TGFf) in macrophages (Figure 1). These M2
markers are also overexpressed on tumor-associated macrophages
(Sharda et al., 2011; Quatromoni and Eruslanov, 2012; Afik et al.,
2016; Krneta et al., 2017; Zhang et al., 2017), indicating these flow-
treated macrophages have a molecular signature that is similar to
that of the macrophages in tumors. We further demonstrated that
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these flow-treated macrophages likely recapitulate certain functions
of M2-like macrophages in tumors, in that they have enhanced capa-
bility to promote cancer cell migration, and they migrate faster than
naive (MO, untreated) or M1 macrophages (Figures 4 and 5). Itis well
known that macrophage polarization can be induced by chemical
stimuli (growth factors and chemokines) or substrate topography
(Mantovani et al., 2002; McWhorter et al., 2013). For instance, exter-
nally supplied cytokines such as IL4 and IL10 are known to induce
the expression of M2 markers in macrophages. In contrast, LPS and
IFNy are used to initiate the production of macrophage M1 markers
(Italiani and Boraschi, 2014). Our results are the first to demonstrate
that interstitial fluid flow can polarize macrophages toward an M2
phenotype. Moreover, the finding that IF induces the production of
TGFB by macrophages is significant in the context of tumor progres-
sion, since TGFB can promote epithelial-to-mesenchymal transition
(EMT), cancer cell elongation, and cancer cell migration by down-
regulating the expression of adhesion molecules (E-cadherin, ZO-1,
and claudin) and up-regulating the expression of MMPs in cancer
cells (Xu et al., 2009; Lamouille et al., 2014). Indeed, our finding that
interstitial flow enhances macrophages’ ability to promote cancer
cell elongation and migration (Figure 4) can be partially attributed to
this flow-induced expression of TGFp in macrophages (Figure 1), as
inhibiting TGFB in the conditioned media collected from IF-treated
macrophages reduced cancer cell migration. Furthermore, TGF
promotes immune suppression by inhibiting the activation of cyto-
toxic T-cells, NK cells, T helper cells, and dendritic cells while en-
hancing the generation of anti-inflammatory regulatory T (Tg) cells
(Wrzesinski et al., 2007; Arango Duque and Descoteaux, 2014; Noy
and Pollard, 2014). In addition to TGFB, Argl produced by macro-
phages can metabolize arginine, preventing it from inducing the
expression of CD3 that is critical for T-cell proliferation and proper
function (Rodriguez et al., 2003). Finally, CD206 expressed on
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no-flow (top) and IF (bottom) conditions. The red arrow represents the direction of flow. Note that more macrophages
migrated upstream (against the direction of the flow). (C) IF (~3 pm/s) enhanced the forward migration index of Raw
macrophages and BMDM in the flow direction (FMI,;, defined in Supplemental Figure S11) but not perpendicular to the
flow direction (FMI ). (D) Representative confocal fluorescence microscopy images (scale bar = 10 pm) showing that
actin localized to the periphery of the macrophages when cells were cultured in three-dimensional ECM. IF (~3 pm/s)
treatment led to the accumulation of actin (green) and formation of protrusion (blue arrow) at the upstream (flow-facing)
side of the macrophages (bottom). This is in contrast to no-flow control condition (top), in which no spatial preference in
protrusion formation or actin accumulation was observed. Quantification is shown in Supplemental Figure S12. Bars

represent mean = SEM of data from 60-100 cells (n = 3).

macrophages can dampen immune responses by scavenging mol-
ecules associated with inflammation (Lee et al., 2002). Therefore, our
results suggest that interstitial flow-induced TGFp, Argl, and CD206
expression by macrophages could contribute to tumor progression
and invasion by promoting cancer cell migration and the suppres-
sion of immune responses.

We also report that flow-induced M2 polarization is mediated by
the activation of the STAT3/6 pathway (Figure 2), leading us to con-
clude that this pathway is flow-sensitive in macrophages. It is known
that externally supplied cytokines can activate STAT3/6 in macro-
phages (Jiang et al., 2000; Nakamura et al., 2015). Moreover, me-
chanical stretch has been reported to induce STAT3 phosphoryla-
tion in cardiomyocytes (Pan et al., 1999). However, this study is the
first to report that forces produced by flow can mechanically activate
STAT3/6 in macrophages. We further demonstrate that 1 integrin
and Src are indispensable in this flow-induced STAT3/6 activation
(Figure 3). This result is supported by the fact that considerable
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cross-talk between STAT and Src pathways has been reported (Silva,
2004). For example, Src has been shown to directly interact with
STAT3 in IL-3 stimulated cells, and the activation of Akt/mTOR path-
way, which is regulated by Src (Chen et al., 2001), can enhance the
phosphorylation of STAT3 at multiple sites (Reddy et al., 2000; Zhu
et al., 2015). Furthermore, Src and Akt are known to be activated by
FAK downstream of B1 integrin (Larsen et al., 2003), as integrin acti-
vation can contribute to the autophosphorylation of FAK at Tyr397,
leading to downstream activity of Src/Akt (Guo and Giancotti, 2004;
Mitra et al., 2005). This points to the possibility that FAK/Src/Akt
relays the flow-induced signals to the M2-associated transcription
factors STAT3/6. Indeed, we observed that, similarly to STAT3/6, IF
enhances the phosphorylation of Akt and FAK in macrophages via a
B1 integrin-dependent process (Figure 5 and Supplemental Figure
S9). Therefore, our results strongly suggest that mechanotransduc-
tion pathways containing B1 integrin, Src/Akt/FAK, and STAT3/6 are
responsible for the flow-induced M2 polarization of macrophages.

Molecular Biology of the Cell
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FIGURE 7: Proposed models for the effects of IF on macrophages. (A) IF enhances
macrophage M2 polarization via B1 integrin/Src-mediated STAT3/6 activation. (B) IF can
promote invasion by inducing macrophage M2 polarization and upstream migration. Tumor
tissue has higher interstitial fluid pressure than the surrounding stromal tissue, which drives an
interstitial fluid flow from the tumor tissue to the stroma. This flow can induce the polarization
of macrophages that reside in the stroma to a tumor-supportive, proinvasion M2-like
phenotype. Moreover, since IF induces upstream migration of macrophages, IF could promote
these M2 macrophages to infiltrate into tumor tissue to drive tumor cell invasion, immune
escape, and intravasation that could ultimately contribute to metastasis.

We reveal that IF enhances the migration of macrophages in
three-dimensional ECM. In fact, flow-treated macrophages have
similar migration speed (total speed) and persistence (directed-
ness) as that of macrophages chemically polarized to M2 pheno-
type via IL4 treatment, providing further evidence that flow-treated
macrophages are phenotypically M2-like (Supplemental Figure S8).
Consistent with this observation, we found that IF increases the
phosphorylation of FAK and Akt, kinases that are activated in M2
macrophages (Chen et al., 2014; Vergadi et al., 2017), and are
known to promote macrophage motility (Zhang et al., 2013b; Yu
et al., 2015; Miao et al., 2016). Furthermore, our results strongly
suggest that IF could contribute to tumor progression by promot-
ing macrophage migration, as enhanced motility of macrophages
has been known to contribute to the development of tumors in
several ways. Besides allowing macrophages to infiltrate into the
tumor tissues and thus influence cancer cells that reside there, sev-
eral studies have shown that macrophage movement can generate
microtracks in the ECM, facilitating cancer cell invasion through
these tracks (Guiet et al., 2011). In addition, evidence gained from
intravital imaging has shown that macrophages and breast cancer
cells migrate in a codependent manner and that inhibiting the mi-
gration of macrophages results in a reduction in the movement of
cancer cells (Roussos et al., 2011). Last, macrophages have been
shown to migrate into the perivascular space to assist in cancer cell
intravasation by directly interacting with the vasculature (McKeever
and Balentine, 1978; Dovas et al., 2013; Hughes et al., 2015).

Finally, we demonstrate that IF can direct the migration of macro-
phages in the upstream direction. Migration against the flow was pre-
viously reported for cancer cells and endothelial cells (Song and
Munn, 2011; Vickerman and Kamm, 2012; Polacheck et al., 2014). In
this study, we extend this observation, for the first time, to immune
cells such as macrophages. Polacheck et al. have shown that IF pro-
motes the migration of cancer cells against flow through flow-induced
activation of B1 integrin and FAK located on the upstream side of
cells (Polacheck et al., 2011, 2014). Moreover, previous reports have
shown that T-cells that have adhered to the endothelium can crawl
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against flow. More importantly, macrophage
migration against the direction of IF could
have implications for tumor progression. In
vivo, numerous macrophages reside in the
stromal tissues surrounding the tumor (Leek
etal., 1996; Ohno et al., 2004; Wyckoff et al.,
2007). Since interstitial fluid flows from the
tumor tissue toward tumor-associated stroma
(Heldin et al., 2004; Swartz and Lund, 2012),
the observation that macrophages migrate
against the flow suggests that IF, in addition
to chemoattractants secreted by cancer
cells (Condeelis and Pollard, 2006; Quail
and Joyce, 2013), could act as a stimulus to
guide macrophage infiltration into the tumor
masses.

In summary, we propose a new framework whereby interstitial
flow contributes to tumor progression by promoting macrophage
M2 polarization and recruitment toward tumor tissues. Interstitial
flow, through B1 integrin/Src-mediated activation of STAT3/6, pro-
motes macrophage transition to an M2 phenotype evident by
flow-induced Arg |, TGFB, CD206, TGM2, and CD163 expression.
This flow-induced M2 polarization enhances macrophage migra-
tion, as well as the ability of macrophages to promote cancer cell
motility (Figure 7A). Moreover, IF also induces the preferential mi-
gration of macrophages against the direction of flow. Since inter-
stitial fluid flows from the tumor mass to the draining lymph nodes
in tissues surrounding the tumor, macrophages in the surrounding
stromal tissues could be directed by this flow to migrate upstream
and infiltrate toward the tumor site. As interstitial flow induces
macrophage M2 polarization, these macrophages could then pro-
duce chemical factors, such as TGFB and Arg |, to promote EMT,
immunosuppression, and cancer cell invasion (Figure 7B). Taken
together, our findings provide novel insights into the mechanobi-
ology of macrophages and suggest that IF could play a key role in
shaping the immune environment.

2

MATERIALS AND METHODS

Cell culture and reagents

BMDM were generated from bone marrow cells isolated from fresh
femur of 6- to 8-wk-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
(macrophage colony-stimulating factor) (Peprotech) and 50 pM -
mercaptoethanol (Sigma) for 7 d to allow for the differentiation of
macrophages according to a well-established protocol (Zanoni
et al., 2009; Reedy et al., 2017). Raw 264.7 mouse macrophages
(Raw), Du145 human prostate cancer cells (Du145), and MDA-
MB-435S human melanoma cells (MDA435) were obtained from
the American Type Culture Collection. MDA-MB-231 human
breast carcinoma cells expressing GFP (green fluorescent protein)
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(MDA231) were kindly provided by 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, however, were cultured in RPMI supple-
mented with 10% FBS, 100 U/ml penicillin, and 100 U/ml streptomy-
cin. All cells were cultured in a humidified incubator operating at 5%
CO, and 37°C. Cell lines were authenticated using short tandem
repeat profiling (Promega), and all cell lines tested negative for my-
coplasma contamination. All antibodies used in this study were
commercially available and validated by the vendors.

Microfluidic assay

Microfluidic system design. To quantify the effects of IF on
macrophage polarization and migration in three-dimensional 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 (Figure 1A and Supplemental
Figure S1A). The microfluidic chamber is composed of a collagen
gel region sandwiched between two microchannels containing
media. The gel region is separated from the microchannels by an
array of 10 PDMS microposts, five on each side. These microposts
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 microposts, the boundary of
the collagen gel is in direct contact with the media in the
microchannels. The microchannel and the collagen gel region both
have the dimension of 2.31 mm in length, 500 um in width, and 200
pm in height. The media channels in the bottom layer are connected
to the media reservoirs in the top layer via media ports (Supplemental
Figure S1).

Device fabrication. The PDMS microfluidic devices were
assembled according to previously described methods using soft
lithography (Polacheck et al., 2014). Briefly, PDMS prepolymer
(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 s before binding it to a
sterile coverslip (Corning).

Cell seeding. BMDM (1.3 x 10%) or Raw 264.7 macrophages
were suspended in a 2.5 mg/ml collagen | gel (Corning). The
collagen gel-cell mixture was injected into the gel region of the
microfluidic chamber (bottom layer) using a micropipette through
the gelfilling port. The gel-cell mixture was allowed to polymerize
for 30 min 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 ensures that cells distribute evenly throughout the gel region
along the zaxis. Growth media were supplied to the
microchannels after the collagen gel polymerization, and the
cells were incubated at 37°C and 5% CO, overnight. For
experiments designed to measure the migration characteristics
of chemically induced M1 or M2 macrophages, the naive
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macrophages were pretreated with 20 ng/ml LPS (Sigma) or
20 ng/ml 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 microchannels 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 three-dimensional
collagen | ECM with a velocity of ~3 pm/s (interstitial flow). Darcy’s law
was used to calculate the media-height difference needed to induce
an interstitial flow of ~3 um/s through the 2.5-mg/ml collagen | ECM
(see Hydraulic permeability estimation and interstitial flow calculation).
The microfluidic device was then transferred to a light micro-
scope (Zeiss) fitted with a humidified environmental chamber oper-
ating at 37°C and 5% CO,. The macrophages were treated with IF
for a total of 18 h. Time-lapse microscopy was used to record the
movement of macrophages in the three-dimensional ECM. Phase
contrast images were taken every 2 min for 18 h with a focus at
the midplane 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-h treatment was neg-
ligible. The media-height difference was measured after 18-h treat-
ment 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 (fluorescein) fluorescent microbeads (Invitrogen) were
introduced to the upstream reservoir (reservoir with higher pressure).
The movement of the microbeads through the collagen | ECM was
recorded using a fluorescence microscope (Nikon). ImageJ (NIH) was
used to track the bead movement, and Ibidi Chemotaxis and Migra-
tion software (Ibidi) was used to quantify the velocity of beads flow-
ing through the three-dimensional ECM. Interstitial flow velocity after
18-h flow treatment was measured to verify that the IF velocity re-
mained at ~3 um/s throughout the course of the experiment.

Quantification of macrophage migration. ImageJ (NIH) was used
to track the movements of the cells in the three-dimensional ECM to
produce cell trajectory plots. To ensure that macrophages had
enough time to respond to IF, only the last 10 h of the 18-h movie
were used for analysis. From the cell trajectory plots, we quantified
macrophage migration total speed (total distance cell traveled
divided by migration time), migration directedness (ratio between
displacement and total distance traveled), forward migration index
parallel (FMl,) to the flow direction (vector component of
macrophage displacement against the flow direction divided by
total distance traveled), and forward migration index perpendicular
(FMI}) to the flow (the vector component of macrophage
displacement perpendicular to the flow direction divided by the
total distance traveled) using Ibidi Chemotaxis and Migration
software (Ibidi) (Figure 4D and Supplemental Figure S11). Amounts
of the cells that traveled 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).

Immunofluorescence staining and confocal microscopy

Para-formaldehyde (4% PFA; EMS) was perfused into the microfluidic
devices to fix the cells in the collagen | ECM. To visualize the nucleus,
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the cells were stained with diamidino-2-phenylindole (DAPI; Sigma).
The cells were also stained with Alexa-fluor 488 conjugated phalloi-
din (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 re-
ceptor blocking reagents (Miltenyi Biotec) to reduce nonspecific an-
tibody 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 second-
ary antibodies conjugated to fluorescent dyes (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 distribu-
tion of the actin inside the macrophages as describe previously
(Polacheck et al., 2014). Midplane of the cell was selected for image
analysis. The image of the cell was divided at the centroid using an
ImageJ script. The average fluorescence intensities of the actin at
the upstream (flow-facing) <lyp> and downstream (away from flow
direction) <lgown> sides of the cell were calculated. The actin distri-
bution score (ADS) for each cell was quantified using the following
formula:

{lup )~ (laiomn)
<Iup> +(lgoun)

2

ADS =

Additionally, the same confocal images were analyzed to quan-
tify 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 (P,p,) and
the downstream side (Pyown) Were quantified using ImageJ. The pro-
trusion distribution score (PDS) of each cell was calculated as

PDS = Pup _Pdown
Pup+Pdown

2

Finally, the fluorescence intensities of CD163, CD206, and CD86
in the stained macrophages were measured with ImageJ.

To test the effects of IF on the macrophage viability, macro-
phages were first treated with IF (~3 pm/s) for 48 h in the microfluidic
device. Cell viability was subsequently assessed using live/dead vi-
ability kit (Invitrogen) according to the manufacturer’s protocol.

Transwell flow assay

BMDMs or Raw macrophages (600,000) were seeded in a 2.5 mg/ml
collagen | gel contained inside a transwell insert (Falcon). The col-
lagen 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 h in
a humidified incubator at 5% CO, 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 me-
dia-height difference contributes to a hydrostatic pressure differ-
ence that drives a flow of 3 pm/s through the collagen gel contain-
ing macrophages in this transwell flow chamber. To maintain the
hydrostatic pressure difference, a pump was connected to the
transwell system that continuously recirculated 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,
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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 estab-
lished. 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 ef-
fects of IF on protein expression, cells were treated with flow for 48
h. However, 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 uM ruxolitinib (Invivogen), 20 pM PP2 (Abcam), 15 pug/ml
anti-mouse B1 integrin antibody (Clone#HMb1-1, ebioscience),
15 pg/ml 1gG isotype control antibody (Clone#299Arm, ebiosci-
ence), 20 ng/ml mouse IL4 (Peprotech), 20 ng/ml mouse IFNy
(Peprotech), or DMSO (dimethyl sulfoxide; 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 perme-
ability of 2.5-mg/ml collagen | 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 (4h) of 1.5 cm was established to introduce
a pressure drop across the 2.5-mg/ml collagen | 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 (4P) and volumetric
flow rate (Q) across a collagen gel scaffold is described by Darcy's
law:

Q_aP(t) K
AW u W

where hydraulic permeability is K, viscosity is p, 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 (AV) over time. Using the
plot of AV 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
collagen | gel scaffold was estimated to be ~7 x 10714 m?2.

Darcy’s law can also be transformed to describe the media-height
difference (4hp) required to establish the pressure gradient to drive a
desirable interstitial flow velocity (v) in the microfluidic device,

vuWw
8ho =g @
where p is density of the media and 4hg is the initial media-height
difference of the reservoirs (Sudo et al., 2009). According to the ge-
ometry 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 pm/s interstitial
flow in the microfluidic device was estimated to be 1.5 mm.
For transwell flow assay, a modified version of Eq. 2 was used to
calculate the media-height difference (4hg) necessary to achieve a
desirable interstitial flow velocity (v) in the transwell flow chamber:
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where W is the thickness of the 2.5-mg/ml collagen | gel scaffold
in the transwell. Based on this equation and the geometry of the
transwell, the media-height difference needed to establish a 3-um/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 | gel containing cells was washed two times with ice-cold 1X
phosphate-buffered saline 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 the manufacturer’s protocol. An equal amount
of the total protein (30-60 pg) was resolved on 4-12% NuPAGE elec-
trophoresis gels (Invitrogen) and subsequently transferred onto nitro-
cellulose membranes (BioRad). The membranes were probed with
rabbit anti-arginase | antibody (Thermo) at 1:1000, rabbit anti-TGFf
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-TNFa. antibody (Cell Signaling) at 1:1000, rabbit anti-
phospho STAT3 (Serine 727) antibody (Cell Signaling) at 1:1000, rab-
bit anti-phospho STAT3 (Tyrosine 705) antibody (Cell Signaling,
Clone#D3A7) at 1:1000, rabbit anti-phospho Akt (Serine 473) anti-
body (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#124Hé6) at 1:1000,
rabbit 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-B actin anti-
body (Thermo, clone#BA3R) at 1:20,000, or mouse anti-GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) antibody (Thermo,
clone#GAT1R) at 1:20,000. After the primary antibody incubation, the
membranes were incubated with appropriate secondary antibodies
conjugated to horseradish peroxidase (Cell Signaling). ECL chemilu-
minescent substrate (Invitrogen) was used to detect the immunoreac-
tive band. Densitometry analysis, performed using Alpha Innotech
(Alpha Innotech) software, was used to quantify Western blot images.
B-Actin or GAPDH was used as the loading control. When appropri-
ate, stripping buffer (Thermo) was used to allow for the reprobing of
nitrocellulose membranes.

Total RNA isolation and real-time PCR

Total RNA was extracted from macrophages cultured in the collagen
| gel using a tissue homogenizer (QlAshredder, QIAGEN) in combi-
nation with the RNeasy Mini Kit (QIAGEN). mRNA expression was
measured by real-time RT (reverse transcription)-PCR using SYBR
Green Master Mixture and High-Capacity Reverse Transcription kit
(Applied Biosystems). The comparative Ct method was used to ana-
lyze the data, with data normalized to B-actin expression in each
sample. The sequences of primers used were as follows: TGFB1-F:
ATGCTAAAGAGGTCACCCGC; TGFB1-R: TGCTTCCCGAATGTCT-
GACG; ARG1-F: ATGGGCA ACCTGTGTCCTTT, ARG1-R: TCTAC-
GTCTCGCAAGCCAAT; ACTB-F: GGCTGTATTCCCCTCCATCG;
and ACTB-R: CCAGTTGGTAA CAATGCCATGT.
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Cancer cell morphology and migration experiment
Macrophages (600,000) were first seeded in a 2.5-mg/ml collagen |
gel and then pretreated with IF for 48 h using a transwell flow
chamber. After the flow treatment, the transwell insert containing
the macrophages was transferred into a well containing 200,000
300,000 MDA231, MDAA435, or Du145 cancer cells so the macro-
phages could be cocultured with cancer cells. After 24-h coculture,
cancer cells were fixed using 4% PFA and stained with DAPI and
Alexa-fluor 488 conjugated phalloidin (Invitrogen). Phase-contrast
and fluorescent images of cancer cells were taken using a fluores-
cence microscope (Nikon) fitted with a camera. The aspect ratio and
circularity of cancer cells were quantified using ImageJ to assess the
morphology of the cells.

Macrophages (600,000) were pretreated with IF for 48 h 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 | ECM
within a microfluidic device. These MDA231 cells were treated with
the conditioned media from macrophages, and their migration was
monitored using a fluorescence microscope (Zeiss) fitted with an
environmental chamber operating at 5% CO, and 37°C. ImageJ
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
traveled divided by migration time) and directedness (ratio between
the displacement of the cells and the distance that cell traveled).
When appropriate, the conditioned media collected from macro-
phages pretreated with interstitial flow were incubated with either
10 pg/ml blocking antibody against TGFp (Bio X Cell) or 10 pg/ml
IgG Control (Thermo).

Statistical analysis

We used GraphPad Prism 6.0 (GraphPad Software) to perform sta-
tistical analyses, with a p value of <0.05 considered statistically sig-
nificant. In all figures, ns represents not significant, * represents
p < 0.05, ** represents p < 0.01, and *** represents p < 0.001. We
used a two-tailed Student’s t test. All data meet the assumptions
and criteria for the Student's t test. The D’Agostino-Pearson omni-
bus 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 tran-
swell flow chamber was randomly assigned to an experimental
group for treatment. Investigators were blinded when assessing the
data. A random number was assigned to a sample before assessing
the outcome of the experiment, so the identity of the experimental
group in which the sample belongs was not known to the investiga-
tor performing the analysis.
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