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Chemokine CXCL12 promotes CXCR4-dependent chemotaxis of cancer cells to characteristic organs and

tissues, leading to metastatic disease. This study was designed to investigate how cells expressing CXCR7

regulate chemotaxis of a separate population of CXCR4 cells under physiologic conditions in which cells

are exposed to gradients of CXCL12. We recapitulated a cancer-stroma microenvironment by

patterning CXCR4-expressing cancer cells in microchannels at spatially defined positions relative to

CXCL12-producing cells and CXCR7-expressing cells. CXCR7 scavenges and degrades CXCL12, which

has been proposed to facilitate CXCR4-dependent chemotaxis through a source-sink model. Using the

microchannel device, we demonstrated that chemotaxis of CXCR4 cells depended critically on the presence

and location of CXCR7 cells (sink) relative to chemokine secreting cells (source). Furthermore, inhibiting

CXCR4 on migrating cells or CXCR7 on sink cells blocked CXCR4-dependent chemotaxis toward

CXCL12, showing that the device can identify new therapeutic agents that block migration by targeting

chemoattractant scavenging receptors. Our system enables efficient chemotaxis under much shallower yet

more physiological chemoattractant gradients by generating an in vitro microenvironment where

combinations of cellular products may be secreted along with formation of a chemoattractant gradient. In

addition to elucidating mechanisms of CXCL-12 mediated chemotaxis, this simple and robust method can

be broadly useful for engineering multiple microenvironments to investigate intercellular communication.

Introduction

Chemotaxis, which is the directional migration of cells

guided by gradients of signaling molecules, is essential for

processes including embryogenesis, immune cell trafficking,

atherosclerosis, and cancer metastasis.1–4 While gradients of

chemokines or other signaling molecules are required for

chemotaxis, the physiological mechanisms for generating these

gradients and the steepness of a gradient required for chemo-

taxis remain poorly defined. To effectively target chemotaxis

to prevent cancer progression as well as treat other diseases,

there is a need for new, experimentally tractable technologies

to investigate chemotactic gradients and cell migration under

more physiological microenvironments.

Microfluidic systems have been used previously to stably

define complex gradients of chemoattractants and clarify
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Insight, innovation, integration

A microfluidically engineered tumor microenvironment

demonstrates that cells expressing the CXCL12 scavenging

receptor, CXCR7, can play a critical role in the chemotaxis

of adjacent CXCR4-expressing cancer cells towards CXCL12

producing cells. Efficient chemotaxis of CXCR4 cells

required precise spatial relationships of CXCL12-secreting

cells and CXCR7 cells, and chemotaxis could be blocked

by inhibiting CXCR7 receptors. Simulations show that

CXCL12 scavenging by CXCR7 cells is critical for gradient

formation, and that chemotaxis in these devices occurs at

much shallower CXCL12 gradients than required in conven-

tional mono-culture in vitro systems likely due to integrated

signaling among co-cultured cells. The results provide new

strategies to study as well as block CXCL12-mediated

migration of tumor cells in metastatic cancer and other

diseases.

PAPER www.rsc.org/ibiology | Integrative Biology
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relationships between gradient shapes and chemotaxis.5–10

However, these systems do not recapitulate critical physiologic

interactions that surrounding stromal cells have on generating

and reshaping the gradient profile to which migrating cells

respond.11,12 These systems require relatively steep gradients

of chemoattract molecules for efficient migration13,14 at least

in part because of a lack of autocrine/paracrine factors that

play an important role in cell migration.8,10 These autocrine/

paracrine factors are washed out in systems that require flow

to establish and maintain gradients. Other systems have used

source cells to generate gradients, but those devices do not

facilitate precise arrangements of multiple cell types required

for the systematic analysis of more complex cell-gradient

interactions.15,16 Gradients in the in vivo microenvironment

are affected by multiple cell types that can produce, scavenge,

and/or respond to a specific chemokine. This complex inter-

play has a direct effect on how cells in the local area function.

Therefore, models that better recapitulate intercellular inter-

actions would serve as a more accurate chemotaxis assay and

also a predictor of effects drugs have on migrating cells. To

overcome limitations of existing systems, we developed a

new microchannel device to recapitulate cellular inter-

actions in microenvironments such as those present in primary

breast cancer. This microfluidic platform provides two

key advantages: (i) hydrodynamic positioning of multiple

cell types at precise positions with microchannels;17 and (ii)

establishing microenvironments with small effective culture

volumes (ECV)18 that enable source and sink cells to rapidly

condition culture media to establish and maintain concentra-

tion gradients. We hypothesized that recreation of a more

physiologic in vitro microenvironment, where combinations of

cellular products may be secreted along with the chemo-

attractant, would induce efficient chemotaxis with much

shallower, yet more physiologic, chemoattractant gradients.

To establish the capabilities of this microfluidic device for

studies of chemotaxis, we focused on functions of chemokine

CXCL12,2 a molecule proposed to promote metastasis in

breast cancer and more than 20 other human malignancies.

Studies show that fibroblasts in primary human breast tumor

secrete CXCL12,19 which bind to receptor CXCR4 on breast

cancer cells to promote chemotaxis. CXCR7,20 a recently

identified second receptor for CXCL12, also is expressed

by stromal cells in the tumor microenvironment and subsets

of breast cancer cells,21 but functions of CXCR7 in CXCL12-

dependent chemotaxis remain poorly defined.22,23 A recent

study in zebrafish suggests that gradients of CXCL12 form

by a source-sink model with CXCR7 on somatic cells

sequestering this chemokine, which was required for CXCR4-

dependent migration of germ cells.24 However, the complex

environment in vivo precludes facile, systematic evaluation of

the importance of relative cell positions, combinations of

receptors, or effects of potential inhibitors of chemotaxis.

Using our microfluidic system, we show that chemotaxis

of CXCR4-expressing cells toward CXCL12-producing cells

(source) is critically-dependent on the presence and location of

CXCR7-expressing cells (sink). Furthermore, we demonstrate

that inhibition of CXCR7 reduces migration of CXCR4

cells despite an overall increase in the concentration of the

chemoattractant CXCL12.

Results and discussion

The microfluidic device consists of two PDMS layers of

microchannels separated by a semi-permeable membrane

(Fig. 1A). The top layer has a dead-end channel to facilitate

capturing of cells. The bottom layer has three channels whose

locations dictate patterning of captured cells in the top layer.

To pattern multiple cell types as shown in Fig. 1B, each cell

type is introduced sequentially into each inlet of the top

channel, and culture media is introduced into the other two

inlets to focus cells on each bottom channel using multiple

laminar flows. Cells are patterned over a specific bottom

channel by keeping its outlet open and other outlets closed.

CXCR4-expressing cells (X4) labeled with Hoechst (blue) were

patterned between CXCL12-producing cells (L12) labeled

with CellTracker red and CXCR7-expressing cells (X7) labeled

with CellTracker green with 200 mm gaps between cells. Time

lapse images show progressive migration of X4 cells toward

L12 cells (Fig. 1C).

The source-sink model suggests that X7 cells are needed to

form chemotactic gradients of CXCL12 and that relative

positions and spacing of L12, X4, and X7 cells are key

determinants for CXCL12-dependent migration of X4 cells.

Flexibility of cell seeding within the device allowed us to

systematically test effects of X7 cells by patterning X4 cells:

(i) with L12 cells but without X7 cells (Fig. 2A); (ii) with L12

cells and X7 cells but with the positions of X4 and X7 cells

switched (Fig. 2B); (iii) between L12 cells and X7 cells but with

wider gaps (400 mm) between cell types (Fig. 2C); or (iv) with

L12 cells and GFP cells that lack CXCR7 (Fig. 2D). Fig. 2E

shows quantified data for migration of X4 cells based on

movement of the collective center of X4 cells from the center

of the middle bottom channel. The X4 cells did not show

directional migration without X7 cells (i), with X7 cells

positioned between L12 and X4 cells (ii), or with GFP cells

lacking CXCR7 (iv). Chemotaxis of X4 cells was decreased by

70% with wider gaps between cell populations (iii). As seen in

Fig. 2, X4 cellular migration depends critically on the presence

and location of X7 cells.

We further evaluated effects of cellular positioning on

chemotaxis by either mixing X4 and X7 cells or patterning

them juxtaposed (Fig. 3A and B). Fig. 3F shows quantified

data for migration of X4 cells based on movement of the

collective center of X4 cells. X4 cells showed directional

migration towards L12 cells only when they were patterned

side-by-side with X7 cells. We also evaluated migration of cells

expressing both CXCR4 and CXCR7 (X4/X7) (Fig. 3C).

X4/X7 cells did not show any directional migration, suggesting

that each receptor has to be expressed on different cells for

efficient chemotaxis at least in some types of cells. Further-

more, X4 cells did not show any directional migration when

they were cultured without L12 cells or with GFP cells lacking

CXCR7 (Fig. 3D and E). These results further indicate that

the location of the sink cells is crucial for chemotaxis.

To understand positional effects of source and sink cells on

gradients of CXCL12 in the device, we developed a finite

element model to simulate the produced gradient (Fig. 4A). It

has been shown that cells migrate based on the magnitude of

the concentration gradient across the cell. The specific gradient
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Fig. 1 Microfluidic system for patterning source, sink, and migrating cells in defined positions. (A) Schematic illustration of the device. Two

layers of PDMS channels are separated by a semi-permeable membrane. The top layer is a straight channel with a dead end where cells are

patterned. (B) The cellular seeding process; three types of cells are sequentially introduced into each inlet of the top channel. Cells are patterned

over select bottom channels by keeping the outlet for that respective channel open and the other two bottom channel outlets closed. (C) Time lapse

images of X4 cell migration. X4 cells (blue) were patterned between L12 cells (red) and X7 cells (green) with 200 mm gaps and co-cultured in a

device. Fluorescent images were taken 1 h, 10 h, and 20 h after seeding the cells. Scale bar: 200 mm.

Fig. 2 Migration of CXCR4 expressing cells is modulated by CXCR7 expressing cells. X4 cells were co-cultured with L12 cells but without X7

cells (A), with both L12 cells and X7 cells but with the positions of the X4 and X7 cells inverted (B), with wider gaps (400 mm) between the X4 cells

and both the L12 cells and X7 cells (C), or with X7 cells replaced with GFP cells that do not express CXCR7 (D). Fluorescent images were taken

20 h after seeding cells. (E) Quantification of X4 cell migration under each condition (n= 9–16 independent experiments for each condition). (1C)

shows the result of Fig. 1C at 20 h. The X-axis shows distance from the center of the middle bottom channel where X4 cells are initially positioned.

Scale bars: 200 mm. * p o 0.001, ** p o 0.0001.
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is the change in concentration over a cell distance divided by

the average concentration over that distance. The specific

gradient (Fig. 4B) show that a significant gradient is estab-

lished only when X4 cells are patterned between the L12 and

X7 cells. In addition, the gradient is slightly changed (B1.21�)
by changing spacing between source and sink cells from

200 mm to 400 mm, which significantly altered chemotactic

response. This level of relatively small change in concentration

gradient has been shown to induce significantly different

chemotactic responses in the same cell type previously,8

although more complex effects may be at play in our system

that includes multiple cell types. The model does suggests that

X4 cells can migrate towards L12 cells at significantly smaller

specific gradients (8.5 � 10�4/mm) of L12 compared to

previous reports (1.5 � 10�2/mm; B18� difference).8 This is

likely due to presence of synergistic cell-produced factors

preserved in the fluidically static microfabricated chemotaxis

chamber that recreates a chemically complex but more

physiological cancer microenvironment.8,10 It should be noted

that our estimated specific gradient value is similar to

predicted in vivo specific gradient value (B7.5 � 10�4/mm) of

IL-8 for neutrophil migration as determined by a mathema-

tical model.13 Therefore, physiological steepness of chemo-

tactic gradients is much shallower than that required for

efficient migration in most in vitro systems.13,14,25,26 An

additional interesting observation from our study is that

co-expression of CXCR7may interfere with CXCR4-dependent

chemotaxis under some conditions since X4/X7 cells did not

show any directional migration even though the slope of the

gradient is predicted to be the steepest. Co-expression of

CXCR4 and CXCR7 in the same cell has been reported to

diminish ligand-dependent activation of G protein signaling

pathways by CXCR4, which could account for reduced

chemotaxis.27

Fig. 3 Effect of closely positioning CXCR4 and CXCR7 expressing cells together. (A, B) X4 cells (blue) and X7 cells (green) were co-patterned

over the middle channel of the lower layer by either randomly mixing together (A) or by patterning side-by-side (B). In (C) MDA-MB-231 cells

stably expressing both CXCR4 and CXCR7 (green) were patterned over the middle channel of the lower layer. For comparison, X4 cells (blue)

were patterned side-by-side to X7 cells (green) without L12 cells (red) in (D) and X4 cells (blue) and GFP cells that do not express CXCR7 (green)

were co-patterned over the middle channel of the lower layer in a side-by-side manner in (E). Fluorescent images were taken 1 h and 20 h after

seeding the cells. (F) Quantification of X4 cell migration under each condition (n= 5–10 independent experiments for each condition). The X-axis

shows distance from the center of the initial position of X4 cells. Scale bars: 200 mm.
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To determine to what extent CXCL12-dependent chemo-

taxis could be interrupted by targeting either migrating or sink

cells, we tested specific inhibitors of CXCR4 or CXCR7. As

expected, X4 cell migration was reduced significantly by a

CXCR4 inhibitor (1 mM AMD3100) (Fig. 5A). Importantly,

directed cell migration of the X4 cells was also inhibited by a

CXCR7 inhibitor (100 nM CCX733), a receptor present only

on the sink cells (Fig. 5B) (p o 0.001). These results indicate

that the CXCR4 mediated directed migration of X4

cells towards L12 cells requires CXCL12 scavenging by

CXCR7-expressing cells under physiological ECVs. The

results also demonstrate that the microfluidic system can be

used to test and identify compounds that block cell migration

either through direct effects on migrating cells or indirectly by

targeting sink cells.

Conclusion

Although a large number of chemotaxis devices have been

reported,5,6 there are currently no methods to investigate

interdependent effects of source and sink cells to establish

effective chemotactic microenvironments. Recently, in vivo

studies have proposed the essential role of sink cells for cell

migration,24,28 yet there have been no appropriate in vitro

models to rigorously test the source-sink model of chemotaxis.

Studies of the source-sink model and other proposed mecha-

nisms for gradient formation require microchannel devices

rather than standard cell culture because chemokines from

source cells can diffuse quickly, whereas cellular uptake and

removal of chemokines are only felt locally.18 The role of

sink cells to enhance chemotaxis is underappreciated and

previously undocumented for cancer cell migration. Our

microfluidic device shows that: (i) CXCR7 cells are necessary

for migration of CXCR4-expressing cells toward CXCL12 and

(ii) spatial positions of cells are also critical factors. Moreover,

we determined that CXCL12-CXCR4 chemotaxis can be

inhibited by targeting receptors not only on the migrating

cells (CXCR4) but also on the sink cells (CXCR7), suggesting

that receptors on sink cells may be novel therapeutic targets to

prevent or treat cancer. Reduction in directed migration

through inhibition of sink cells is somewhat counter intuitive

since the chemoattractant concentration increases, but this is

consistent with previous publications showing that chemotaxis

is directed by the fractional concentration difference across the

cell8,9 and not simply towards a higher concentration of a

Fig. 4 CXCL12 gradients generated by microfluidically patterned source and sink cells. (A) Simulated gradient profiles of CXCL12 in channels

after 20 h in culture for the various cellular patterns generated. The X axis shows distance from the center of the middle bottom channel where X4

cells are typically seeded. (B) Estimated specific gradients over X4 cells for the different cellular patterns. The magnitude of the specific gradient

matches well the observed trends in degree of migration except for condition 3C.

Fig. 5 Evaluation of inhibitors on CXCL-12-dependent chemotaxis.

CXCR4 inhibitor (1 mMAMD3100) (A) or CXCR7 inhibitor (100 nM

CCX733) (B) was added in the device right after seeding the cells.

Fluorescent images were taken 20 h after seeding cells. (C) Quantifica-

tion of X4 cell migration (n = 9–16 independent experiments for each

condition). (1C) shows the result of Fig. 1C at 20 h. X-axis

shows distance from the center of the middle bottom channel. Scale

bars: 200 mm. * p o 0.001, ** p o 0.0001.
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chemoattractant. Compared to other in vitro chemotaxis

devices, cancer cells in our system exhibit efficient chemotaxis

under much shallower yet more physiological chemoattractant

gradients, most likely due to presence of cell secreted sensitiza-

tion factors other than CXCL128,10 that are retained within

the microdevice. In addition to cancer biology, the effects of

sink cells on cell migration may be essential for a wide range of

normal processes in development and immune cell trafficking.

The methods and tools described should enable a broad range

of biological studies.

Experimental

Cell culture

Breast cancer cells (MDA-MB-231 cell line; ATCC) and human

embryonic kidney cells (HEK293 cell line; ATCC) were cultured

in Dulbecco’s Modified Eagle’s Medium (DMEM; 11965;

Invitrogen) containing 10% v/v fetal bovine serum

(FBS; 10082; Gibco), 100 U/mL penicillin, and 100 U/mL

streptomycin. MDA-MB-231 cells were stably transduced

either with EGFP (GFP), CXCR4 (X4), CXCR7 (X7),

CXCR4 and CXCR7 (X4/X7).29 HEK293T cells were stably

transduced with CXCL12-cherry (L12).30 L12 cells, X7 cells,

and X4 cells were stained with CellTracker red CMTPX

(1.5 mM), CellTracker green CMFDA (10 mM), and Hoechst

33342 (1.6 mM) for 1 h before seeding the cells, respectively.

To establish that X7 cells accumulate CXCL12-cherry, we

collected CXCL12-cherry from supernatants of L12 cells.29

Supernatants were diluted in phenol red free DMEM

(Invitrogen) at a 1 : 5 ratio and incubated with X7 cells for

30 min. Fluorescence images were obtained with a 40X objective

(Olympus) (Supplementary Fig. 1). We also quantified

CXCR7-dependent uptake of CXCL12 using a bioluminescent

chemokine comprised of CXCR7-dependent uptake of

CXCL12 using a bioluminescent chemokine comprised of

CXCR7 fused to Gaussia luciferase as described previously29

(Supplementary Fig. 1).

Fabrication of microfluidic devices and cell seeding

The devices consist of two layers of microchannels separated

by a semi-permeable membrane (Fig. 1A). The fabrication

method of the devices was reported previously.31 The upper

layer comprised of a straight channel having three inlet

channels with a height of 200 mm is designed with a dead-end

to facilitate cell capture. The lower layer consists of three

channels with a width of 200 mm and a height of 100 mm. The

semi-porous membrane is made of polycarbonate (TMP04700;

Fisher), with 5 mm diameter pores and 10 mm thick. The

microchannels were fabricated from poly(dimethylsiloxane)

(PDMS) formed from prepolymer (Sylgard 184, Dow Corning)

at a ratio of 1 : 10 base to curing agent using a soft lithographic

method. The membrane was bound to the PDMS channels

using a thin layer of liquid PDMS prepolymer as mortar. To

allow introduction of solutions into the channels, the outlets of

the bottom layer were connected with tubing. Prior to the

experiment, 30 mg/mL of Collagen type IV (Sigma) was

introduced into the channels after plasma oxidization and

incubated for 2 h to promote cellular adhesion.

Cells were introduced into the upper channel using gravity-

driven flow. As shown in Fig. 1B, different types of cell

suspensions (typically, 104 cells) were sequentially introduced

into each inlet of the upper channel while keeping the outlet at

a lower height. After the membrane on the bottom channel

was covered with cells, the outlet was closed and incubated for

2 h to let the cells attach on the membrane.

Quantification of cell migration

Fluorescent images were processed using a semi-automated

program created in ImageJ (NIH). The program was designed

to process each grayscale image automatically by subtracting

the background to obtain an image of only X4 cells. Cellular

migration was quantified by evaluating the location of center

of mass of X4 cells.

Statictics

Mean values for cell migration were compared byMann-Whitney

test with Dunn’s post-test analysis for multiple comparisons

(GraphPad Prism). Significant differences were p o 0.05.

Cell-induced CXCL12 gradient model

The gradient model was constructed in Comsol Multiphysics 3.4

using the 3D diffusion mode. The physical geometry was designed

to match the top channel of the cell patterning device which was

simplified to a 2 mm W � 20 mm L � 0.2 mm H block. Within

this block are 7 subdomain sections each set to have a diffusion

coefficient of 1.5 e�10 m2/s for the diffusing species, which is similar

to that of CXCL12. The geometry of each subdomain matches the

spacing of the cell patterning regions of each experimental

condition. For the boundary conditions, all surfaces were set to

insulation except for the two regions which contain the CXCL12-

producing cells and the CXCR7 cells. The CXCL12-producing

surface was set to have a constant flux of 9.45 e�14 mole/s/m2

which is an average value based upon experimentally obtained

results in culture dish. The CXCR7 surface was set to a flux that is

dependent on the concentration within that region to follow

Michaelis–Menten Kinetics: V = Vmax*C/(Km+C). Parameters

for the Michaelis–Menten equation were estimated by setting Km

value equal to the dissociation constant (Kd = 0.32 nM32)

of CXCL12 with CXCR7 and Vmax (6.49 e�19 mole/s) was

calculated by solving the above Michaelis–Menten equation using

V (6.38 e�20 mole/s) and C (2.18 e�18 mole/m3) values obtained

from uptake experiments done in culture dish.

The concentration gradient profiles were taken across the width

of the block at a height of 0.01 mm above the bottom surface with

a line resolution of 200. The simulated data was taken at the 20 h

time-step to approximate the gradient profile (Fig. 4A). The

specific gradient ahead of the CXCR4 cells was determined by

dividing the concentration difference across 0.05mm by the

average concentration over that distance (Fig. 4B).

Specific gradient

SðxÞ ¼ cðxþ dÞ � cðxÞ
cðxþ dÞ þ cðxÞ

2
� d

where c(x) is the concentration at position x and d is the

distance of a cell.
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