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ABSTRACT
The cellular microenvironment is remarkably complex. In the small space near each cell, growth factors
are liberated from extracellular matrix, cytokines are secreted from neighboring cells, and hormones
arrive from distant organs. These spatially and temporally diverse cues are integrated by signal
transduction cascades to modulate the activity of transcription factors, the principle regulators of gene
expression. To date, experimental investigation of spatial and temporal transcription factor activation
patterns has been limited by the use of destructive measurement techniques that require averaging
responses over large cell populations. Similarly, control of complex microenvironments has been limited
by the use of static tissue culture platforms. This thesis describes development of a high-throughput
experimental platform called the microfluidic living cell array (mLCA) that combines fluidically-addressible
cell arrays with a library of GFP reporter cells to enable nondestructive spatiotemporal gene expression
profiling in living cells.

The first section describes construction of the GFP reporter library and the development of
methodologies for performing routine seeding and culture of cells in microfluidic channels. Microfluidic
circuits are then designed to achieve parallel control of soluble stimulus concentration and timing for
delivery to downstream cells. A novel "Flow-encoded Switching" (FES) design strategy is introduced to
control simultaneous delivery of temporally distinct stimulus patterns using a single input. These circuits
are demonstrated by profiling dynamic transcriptional responses to cytokine stimulation, and in each
case, cell responses are found to depend quantitatively and qualitatively on the timing of the stimulus.

The second section describes development of a two-dimensional valve-controlled mLCA for
simultaneously profiling the entire transcriptional reporter library in response to a panel of stimuli.
Integrated microvalve arrays control row-seeding and column-stimulation of 256 nanoliter-scale
bioreactors, creating a high density matrix of stimulus-response experiments. The platform is
demonstrated in the context of the hepatocyte stress response by collecting -5000 single-time-point-
measurements in each automated and unattended experiment. Results from these studies revealed a
novel relationship between TNF-alpha and heat shock response activation, and more generally, illustrated
that a single cytokine can activate multiple transcription factors with distinct dynamics.

The third section transitions from temporal to spatial profiling and describes discovery and exploration
of a spatially heterogeneous gene expression pattern in the innate immune system. Using a stable
monoclonal ISRE-GFP reporter, double-stranded DNA (dsDNA) stimulation is found to result in 'colony-
like' patterns of reporter activity in an otherwise confluent monolayer. Cell sorting and expression
profiling reveal that activated reporter colonies are functionally distinct from their non-activated neighbors,
and that colonies are responsible for the majority of cytokine and chemokine expression, including the
potent antiviral interferon-beta. Using a novel transplant co-culture experiment, colonies are shown to
form by contact-dependent intercellular communication and furthermore, this communication is found to
depend on gap junctions.

In summary, this thesis introduces promising new tools for conducting high-throughput investigations
of spatiotemporal gene expression patterns in living cells, and it provides evidence for a novel dsDNA-
induced intercellular communication mechanism that amplifies innate immune responses.

Thesis Supervisors: Mehmet Toner Ph.D.
Professor of Surgery and Health Sciences and Technology, Harvard Medical School
Martin L. Yarmush M.D., Ph.D.
Helen Andrus Benedict Professor of Surgery, Harvard Medical School
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Chapter 1

Introduction

1.1 Introduction
This thesis describes the development of technology for studying spatiotemporal patterns of

gene expression. Two powerful technologies, microfluidics and green fluorescent protein (GFP)

reporters, are brought together to create a high-throughput experimental platform that allows

real-time control of cellular microenvironments while simultaneously monitoring dynamic

transcriptional responses in living cells. Both technologies are highly scalable, such that many

different stimulus conditions can be imposed while many different cell responses are measured.

The power of this approach is demonstrated in two studies in the context of inflammation and

innate immunity. First, temporal relationships between inflammatory mediators and

transcriptional responses are investigated. Second, spatial patterns of dsDNA-induced innate

immune responses are discovered, leading to mechanistic studies of a novel intracellular

communication pathway that raises provocative questions about amplification and spread of

danger signals in the innate immune system.

This chapter begins with motivation for the thesis, followed by a description of the overall

goal - to develop a microfluidic array for profiling gene expression patterns across space and

time, and to apply it to the study of spatiotemporal patterns in inflammation and innate immunity.

The remainder of this chapter reviews relevant background literature and finally concludes with

an overview of the thesis.

1.2 Motivation
The soluble cellular microenvironment is remarkably complex. In the small space near each cell,

growth factors are liberated from extracellular matrix, cytokines are secreted by neighboring

cells, and hormones arrive from distant endocrine organs through the circulation. This collection

of cues is detected by surface or cytoplasmic receptors and integrated through complex signal

transduction cascades to modulate the activity of transcription factors, the primary regulators of

gene expression. Transcription factors serve as a point of convergence between the vast

number of extracellular signaling molecules and the equally vast number of target genes. For

perspective, initial reports from the human genome sequence estimated that more than 20,000

target genes were regulated by approximately 1500 transcription factors [1]. More recent studies



considered the functional arrangement of transcription factors, as they cooperate, compete, and

regulate each other, creating flexible yet robust networks for controlling cell behavior. These

studies have estimated the ratio of target genes to transcriptional regulators at approximately

100:1 in primitive eukaryotes and it is likely to be even greater in humans [2]. Early evidence

suggests that transcription factor networks are activated in a defined temporal sequence, as a

'transcriptional regulatory program' to coordinate physiological adaptations to changes in the

external cellular microenvironment. However, when these programs become dysregulated, they

can drive inappropriate pathological responses and contribute to the development of clinical

disease [3-5].

Investigation of transcriptional regulatory programs presents several experimental

challenges, as it requires frequent monitoring of multiple genes whose expression patterns are

continuously evolving in time. The signaling pathways linking extracellular cues to intracellular

transcription factors are highly nonlinear (exhibit thresholds, saturation, feedback, and crosstalk)

[6], and furthermore, the dynamics of transcriptional responses can depend critically on the

initial state of the cell (e.g. phase of the cell cycle, cell shape, or degree of cell-cell contact) [7-

9], as well as the timing of the input stimulus [10]. Conventional biochemical methods for

investigating the expression and function of transcription factors such as Western blots and

DNA binding assays, rely on the high molecular specificity of antibodies to identify the

magnitude and timing of transcription factor activation. Unfortunately, these methods are

destructive (requiring disruption of cells to collect their intracellular molecules for the assay),

require a large number of cells (limiting measurements to ensemble averages rather than

capturing the true distribution of responses), and are not well-suited for high-throughput

investigations. The advent of microarray technologies has dramatically improved upon the

number of gene expression events that can be monitored in parallel for a given experiment at a

single time point; however, since most transcriptional regulatory networks are comprised of a

comparatively small number of genes (-10-20), the parallel monitoring of thousands of genes

can complicate subsequent bioinformatic analysis. In addition, microarrays remain prohibitively

costly for routine investigation of transcription network dynamics and therefore limit the number

of stimulus conditions that can be realistically examined. Similarly, dynamic information is

limited by the number of time points at which expression is profiled. As a result, such
inadequate sampling can cause potentially important transient expression events to be missed.
Therefore, there is significant need for methods that enable dynamic monitoring of a small set of
transcriptional regulators, in a high-throughput system with the flexibility to mimic in vivo
complexity.



1.3 The Microfluidic Living Cell Array (mLCA) Platform

This thesis describes the development of an experimental platform called the microfluidic living

cell array (mLCA). The platform, illustrated in Figure 1.1, is comprised of four fundamental

components: 1) a library of GFP reporter cell lines, 2) microfluidic circuits that prepare and

deliver culture medium with various combinations and concentrations of soluble stimuli to

downstream preseeded cells, 3) a two-dimensional cell array that allows seeding of the reporter

library in one direction and stimulation in the orthogonal direction, and 4) an automated

microscopy and image analysis system for quantifying reporter dynamics. The GFP reporters

are measured nondestructively using fluorescence microscopy and automated image analysis,

allowing gene expression to be monitored as a function of space and time. The microfluidics

provide an optically transparent and highly integrated cell culture platform for continuously

controlling delivery of soluble stimuli and simultaneously allowing continuous measurement of

cellular responses.

1) GFP Reporter Cell Library 2) Living Cell
0

n 0 0 ,R-•rter Arra
0 e I

2?\ Mir~rnfliidrli 41 A~utomated Time-lanse I/l\ 
u.~ ,------- -- -U

Stimulus Control Microscopy !'
Figure 1.1 The Microfluidic Living Cell Array (mLCA) concept - A reporter library is prepared such

that when a transcription factor of interest is activated, the corresponding reporter cell expresses the

fluorescent GFP protein (1). The reporter cell lines are seeded in a two-dimensional array (2), while

upstream microfluidic circuits prepare and deliver soluble stimuli to the array (3). Throughout the

experiment, cellular fluorescence is repeatedly monitored by automated time-lapse fluorescence

microscopy and quantified by automated image analysis (4).



Together, the integrated and highly scalable mLCA represents a powerful experimental

platform for studying live cell spatiotemporal dynamics, with potential applications ranging from

basic cell and systems biology to high-throughput screening for drug discovery, toxicology, and

even clinical diagnostics. In addition to scalability and integration, the mLCA platform offers the

potential to reveal 'new science' by conducting experiments that cannot be performed in existing

systems. Examples include using fluid flow to modulate paracrine mediated cell-cell

communication, and delivering time-varying stimuli to investigate how cells decode their

dynamic soluble microenvironment.

1.4 GFP Reporters
Green fluorescent protein (GFP) is a naturally occurring protein, originally isolated from the

jellyfish, Aequorea victoria, that transduces blue chemiluminescence from the protein aequorin

into green fluorescent light. Since its isolation, purification, and sequencing, it has become a

widely used tool for studying dynamic cellular processes in living cells [11]. Molecular cloning

has made it possible to express fusion proteins for tracking and localizing molecules, creating

novel biosensors, and constructing transcriptional reporters for monitoring gene expression [12,
13]. Since the initial discovery of GFP, the fluorescent protein toolkit has rapidly expanded.

Numerous GFP variants have been developed to overcome limitations of the original GFP, and
to optimize the protein for specific studies. For example, enhanced fluorescence GFP (EGFP)
was developed to achieve high fluorescence while minimizing the need for damaging excitation
[14]. Spectral variants such as yellow EYFP and cyan ECFP have been developed to correlate
movements of multiple proteins in single cells [15], and several GFP variants have been shown
to be viable fluorescence resonance energy transfer (FRET) partners, enabling their use for
colocalization studies of multiple fusion proteins [16, 17]. Destabilized variants of EGFP were
generated by fusing the mouse ornithine decarboxylase (MODC) degradation domain to the C-
terminus of the protein [18, 19]. Reporters based on this technology are particularly attractive
for monitoring gene expression dynamics because they do not accumulate indefinitely like the
more stable native GFP. The development of a rapid maturation variant of EYFP known as
Venus [20] offers further improvements in response time, and increases the temporal resolution
with which dynamic events can be resolved. The large repertoire of fluorescent proteins
continues to expand [21], and while this thesis primarily utilizes d2EGFP, a destabilized EGFP
variant with a two hour half-life, the methods are in principle, applicable to the broader range of
available fluorescent protein reporters.



GFP reporters have revealed a great deal about the regulation of cellular dynamics. In

bacteria, synthetic genetic networks involving feedback and feed-forward topologies have been

constructed and used to build genetic toggle switches [22] and oscillators [23]. They have been

used to quantify noise in gene expression [24, 25] and to investigate the stochastic nature of

transcription and translation [26, 27]. GFP transcriptional reporters have also been used to

study endogenous genetic programs in bacteria that result in precise temporal ordering of gene

expression in flagella biosynthesis [28], DNA repair [29], and metabolism [30]. In mammalian

cells, live cell studies have focused primarily on the use of GFP fusion proteins, and several

studies have revealed unanticipated dynamics such as oscillations in NFiCB [31] and p53 [32],

raising the possibility that similar dynamics might occur in other systems characterized by

similar negative feedback topologies [33].

Detection and analysis of fluorescent protein reporter level, location, and timing depends on

the goals of the particular study. GFP transcriptional reporters, which are homogeneously

distributed throughout the cell, are commonly analyzed using fluorescence flow cytometry.

However, this form of analysis requires trypsinization, and therefore cannot be used to follow

single cell dynamics because measurements are not uniquely associated with specific individual

cells. Instead, dynamics must be inferred by measuring population distributions at several time

points. Fluorescence time-lapse microscopy is the most appropriate detection method for

studying dynamics of single cells and small populations because it allows longitudinal time-

course measurement of the same sample. There are several strategies for imaging fluorescent

reporters in mammalian cells. Those based on high magnification sacrifice total number of cells

in favor of high spatiotemporal resolution. This is ideal for fusion protein studies where

subcellular localization is important and time scales are typically seconds to minutes. At the

other extreme, low magnification imaging methods allow measurement of large cell populations,

but sacrifice signal level and spatial resolution. One study recently demonstrated the use of

total internal reflection fluorescence TIRF or evanescent wave microscopy [34] to significantly

improve upon signal-to-noise in low magnification time-lapse fluorescence imaging, but this

imaging modality is restricted to cell surface events because the technique is based on

evanescent-wave fluorescence excitation [35]. For the GFP transcriptional reporter studies in

this thesis, it is important to measure enough cells to fully characterize average population

responses while retaining information about population heterogeneity. Therefore, in this thesis,

intermediate magnification are used to balances the tradeoff and retain moderate subcellular

resolution while increasing the number of simultaneously measured cells [36, 37]. Unfortunately

at intermediate magnification levels, cell motion complicates image analysis in experiments with



characteristic time scales of hours, and robust methods for tracking and analyzing populations

of living adherent mammalian cells with single cell resolution have not yet been developed.

In summary, the rapid growth of GFP technologies is enabling quantitative investigations of
a growing number of dynamic processes in living cells. Early studies in bacteria have
demonstrated the promise of the approach, and as their application to mammalian cell studies

continues to grow, one can begin to consider creative and powerful strategies for visualizing the

dynamics of disease processes in real-time. Dynamic GFP reporter assays afford tremendous
advantages over static measurements by allowing longitudinal measurements in single cells or
small populations. Despite this fact, to date, reporter assays are almost exclusively performed
one experiment at a time. This thesis aims to extend live cell reporter measurements to a high-
throughput platform by developing a microfluidic cell culture system for delivering parallel

cellular stimuli while simultaneously measuring dynamic responses.

1.5 Cell-based Microfluidics
Microfluidics leverages the precision and reproducibility of photolithography and microfabrication

to create microscale channel networks for applications such as biochemical total analysis
systems [38, 39], integrated high-throughput systems [40, 41], and cell sorting [38, 42, 43]. Soft

lithography, a technology based on polymer replica molding from photolithographically-defined

microfabricated masters, has enabled these circuits to be constructed in optically transparent

biocompatible polymers, including polystyrene and the more flexible polydimethylsiloxane

(PDMS) [44, 45]. Integrated pumps and valves have been demonstrated using a monolithic

construction [46], enabling integrated systems for protein crystallization [47], DNA arraying [48],
PCR amplification [49], and bacteria culture [50]. While this valving structure is ideal for

handling biomolecules and bacteria, the requirement that channels be a maximum of -10gm

limits its applicability to mammalian cell applications. In a recent advance, the valving concept

was extended to channel geometries of -100 pm [51], making it more compatible with

mammalian cells. Variations on this and related valve designs are utilized throughout this thesis
[52].

Microfluidic devices are operated almost exclusively in the low Reynolds number regime
where viscous forces dominate inertial forces. As a result, flow is purely laminar and
hydrodynamics can be readily predicted by modeling channels as discrete electrical resistors.
Because microchannel flows are laminar, mixing of solutes is dominated by diffusion [53, 54].
While at first glance this presents a barrier to efficient concentration control, several creative
strategies based on chaotic mixing have been developed to decrease the effective diffusion



distance and dramatically reduce mixing times without dramatically increasing device complexity

[55, 56]. Since both solute diffusion and fluidic resistance are highly dependent on geometry,
fluid and mass transport in microfluidic devices can be controlled with exquisite precision due to

the micron resolution and submicron precision of photolithography-based fabrication. In this

thesis, microfluidic design and soft lithographic fabrication techniques are used to build circuits

that control the composition and timing of the cellular soluble microenvironment.

Over the past decade, there has been a dramatic increase in the application of microfluidics

to problems in biology [57]. Initially, studies focused on manipulation and sorting of DNA and

proteins. However, this was rapidly followed by their utilization in cell-based applications [58].
Since the initial studies, numerous microfluidic strategies have been developed for sorting and

manipulating cells in suspension [59-61]. Suspension cells have been trapped in visualization
arrays [62] and immobilized in planar patch clamp arrays for electrophysiological studies [63].
More recently, there has been a movement toward expanding the microfluidic toolkit to allow
study of adherent cells.

Microfluidic adherent cell culture represents an attractive potential extension of conventional
continuous-flow perfusion bioreactors [64], but also poses several significant challenges. In
addition to the benefits of continuous flow and rapid solution exchange [65], microfluidics offers
the advantage of large scale integration and precise control of the soluble microenvironment.
The past several years (during which this thesis work was performed) have witnessed rapid
growth in the application of microfluidics to the study of adherent cells and this emerging field
has been the topic of several recent reviews [66-68]. Subcellular control of soluble stimuli [69]
was used to study local EGF signaling [70], and devices were developed to investigate shear
stress effects on endothelial cells [71], myoblast differentiation [72], neutrophil chemotaxis [73],
and neuron axonal regeneration [74]. Existing challenges of microscale fluidic culture range
from transport optimization to shear stress minimization [75], and although several
demonstrations of microfluidic adherent cell culture have been described, there is still a great
deal to be learned before microfluidic cell-based assays are broadly accepted routinely utilized.

1.6 Organization and Scope of Thesis
This thesis is organized into seven chapters. Chapter 1 provides motivation and context for the
work as well as a description of the /LCA platform. Chapter 2 describes the methodologies
used throughout the thesis, including design and fabrication of the microfluidic devices, as well
as construction and characterization of the GFP reporter cell lines. Chapter 3 describes the
development of microfluidic cell culture techniques and demonstrates the first integrated



microfluidic reporter assay using a concentration control circuit. Chapter 4 exploits a major
difference between conventional and microfluidic cell culture platforms, as novel microfluidic

circuits are developed to dynamically control the soluble cellular microenvironment. Chapter 5
leverages the scalability of microtechnology as a multi-reporter living cell array is developed to

allow the entire GFP reporter library to be dynamically profiled in a single integrated experiment.

Chapter 6 shifts the focus from technology development to basic biology and describes how one

reporter cell line (ISRE-GFP) enabled discovery of spatially heterogeneous patterns of gene

expression in response to cytoplasmic dsDNA, and how it revealed a novel role for gap-junction-

dependent cell-cell communication in the amplification of antiviral responses. In summary, this

thesis introduces a promising platform for performing dynamic stimulus-response assays in

living cells, and uses the power of GFP reporter imaging to uncover a new biological

phenomenon in the innate immune system.
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Chapter 2

Methodologies for Microfluidic Reporter Assays

This chapter describes the key materials and methodologies employed to design, construct, and

characterize the microfluidic devices and the library of GFP reporters used in this thesis. It also

describes methods used to validate the technology through studies of spatiotemporal gene

expression during inflammatory and innate immune responses. The methods are divided into

four sections - 1) design, fabrication, and characterization of microfluidic devices, 2)

construction and characterization of the stable monoclonal GFP reporter cell lines, 3) adaptation

of conventional cell culture to microfluidic devices, and 4) measurement and quantification of

GFP reporter fluorescence and other cellular responses.

2.1 Design and Fabrication of Microfluidic Devices

2.1.1 Microfluidic Design - Hydrodynamics

Fluid flow in microfluidic channels is mathematically described by the Navier Stokes Equation

(NSE), a statement of momentum conservation. Rearrangement of terms in this equation yields

a dimensionless number known as the Reynolds Number (Re), which provides a measure of the

relative importance of inertial and viscous forces in a fluid flow. The Reynolds number is given

by

(2.1) Re = pUh

where g. is the fluid viscosity, p is the fluid density, U is the characteristic fluid velocity, and h is

the characteristic length scale of the channel. Microfluidic channels, because of their small

length scales (< 1 mm) are typically characterized by Re << 1. As a result, flows are typically

dominated by viscous forces and are purely laminar. Throughout this work, aqueous solutions

flow through -50pm tall channels at an average velocity of -0.1 mm/s, giving Re -0.005.

Therefore, the flows described throughout this thesis are exclusively laminar and viscosity-

dominated. As a result of the viscous forces, the fluid velocity is not constant across the

channel cross-section. Instead, it obeys a parabolic relationship as illustrated in Figure 2B with

velocity profile vx(y) assuming the channel width, W (nominally 500pm), and height H, satisfy W

>> H.



(2.2) vx (y) = 1 -2 h

2.1.2 Microfluidic Design - Surface Shear Stress

Given the velocity profile, one can calculate the shear stress at the channel surface, where cells

will be cultured. Changes in the channel height due to adherent cells can be neglected because

such cell heights (hcell < 0.5 gm) are generally small compared to channel heights (H -50gm, H

>> hcel). Assuming W>>H, the channel surface shear stress can then be calculated as

6puQ(2.3) •, = 6uQ
S h2

where Q is the volumetric flow rate (Q=UWH). Therefore, a typical cell-surface shear stress is

-0.1 dynes/cm2 . For reference, experiments in continuous-flow recirculating bioreactors have

demonstrated that cell surface shear stress > 5 dyne/cm2 are required to cause phenotypic

changes in endothelial cells and primary hepatocytes [1, 2] and that protecting hepatocytes by

shear-minimizing microgrooves, improves hepatocyte function [3]. In most devices used in this

thesis, channel widths are greater than 500gm where cells are cultured, so 0.1 dynes/cm2

represents an upper bound on cell surface shear stress.

The low Re laminar flow regime is convenient from a design perspective because nonlinear

terms in the NSE can be neglected and flow behaves linearly, that is, the volumetric flow rate

(Q) and the axial pressure gradient (AP) are directly proportional,

(2.4) AP = QR

with a constant of proportionality, R, termed the fluidic resistance. Given a rectangular channel

of constant cross-sectional area (A=wh), one can calculate the resistance using knowledge of
the fluid properties and channel geometries from the follow expression.

tanh (2n+1) 'wj
12pl 1192h • 2h

(2.5) R=
wh3 rw n=o (2n+) 5

If the aspect ratio of the channels is high (w>>h), this expression can be simplified and the
resistance can be approximated by

12pl(2.6) R = 2,
wh 3



where I is the channel length.In this thesis, complex microfluidic channel networks were

designed with predictable flow rates and pressures using linear circuit theory. Designs were

simulated by calculating the fluidic resistance using Equations 2.5-6, drawing the equivalent

electrical circuit in PSPICE, and adding constant current sources (representing constant flow

syringe pumps) or constant voltage sources (representing electropneumatic or hydrostatic

pressure sources) to drive the flow. Once the pressures and flows are determined in each

segment of the network, the concentrations of soluble species can be determined by mass

transport analysis as described below.

2.1.3 Microfluidic Design - Mass Transport

A T-junction, as illustrated Figure 2.1C, is a common design component in microfluidic circuits.

At a T-junction, two laminar flow streams converge and travel adjacent to each other. In such

cases, mixing of the solutions occurs almost exclusively by diffusion. In order to predict the

outlet concentration from a T-junction with two inlets and one outlet, one must first consider the

characteristic time scale, or the approximate time required for fluid to traverse the channel

length. This transit time ttr is given by

lwh
(2.7) ttr =

Q
The percent mixing that occurs during the transit time can be defined as

C(t) - C(oo) dx

(2.7) %mixing(t)= 1 - x100%

C(o) - C(o) dx

where C(O) is the concentration distribution at the beginning of the transit time (the inlet,

time=0), C(oo) is the concentration distribution that would result if the channel were infinitely long

or the flow rate were infinitely slow (t=oo), and C(ttr) is the concentration distribution at the end of

the transit time (the outlet, time=ttr) [4]. There are two limiting cases to be considered. For short

time scales (short channel lengths or fast flow rates), negligible mixing occurs and the solutions

flow side by side and exit just as they entered, with little diffusive mixing. However, for long

times or long channels, mixing approaches completion (%mixing=100%), and the outlet

concentration approaches a uniformly homogeneous concentration given by the flow-rate-

weighted average of the two inlet solutions,



(2.8) Co (t -- ) = CQ + C2Q2
Q, +Q2

Between these extremes, at intermediate distances along the length of the channel, the

concentration versus time and longitudinal distance is given by

1 f h+2nw-z h-2nw+z
(2.9) C(t, z) =- Co  erf +erf

2 n= 2Dt 2

where n is the summation index, Co is the initial concentration of solute-containing solution, z is

the axial distance down the channel, w is the channel width, h is the initial width of solute-

containing solution, t is time (in sec), and D is the diffusion coefficient (in cm2/s) for the solute

molecule in question [4]. The theoretical framework described here was used to determine

channel designs and operating conditions in Chapters 3 (to achieve 99% mixing) and 4 (to

achieve <1% mixing).



Figure 2.1 Microfluidic design principles - (A) Microfluidic channels can be modeled as electrical
resistors because pressure and flow are linearly related. The constant of proportionality, the fluidic
resistance, is determined by the channel geometries - width (W), height (H), and Length (L).
Complicated networks of channels can be modeled and simulated by treating each channel as a
straight branch and calculating its individual resistance and combining resistances using linear circuit
theory. (B) Flow in microfluidic channels is typically laminar, velocity profiles are parabolic, and cells
that are seeded on channel surfaces experience mechanical shear stress due to the moving fluid
viscous forces. (C) In microfluidic channels, mixing of solutions with different concentrations (C1 and
C2) occurs primarily by lateral diffusion. Three operating regimes are shown. At large total flow rates
(Q1+Q2), there is little time for mixing, and the two solutions exit at nearly the same concentrations as
they entered (left). When the total flow rate is low, diffusive mixing can take place before the solutions
exit the channel, and the solutions leaving the outlet are well-mixed (middle). The well-mixed
concentration is the flow-weighted average of the two solutions such that unequal flow rates can be
used to generate different well-mixed concentrations at the channel outlet (right).
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2.1.4 Microfluidic Device Simulation and Layout

Fluidic resistance, cell surface shear stress, and mass transport simulations were performed in

MATLAB using the theoretical principles described in the previous section. Equivalent electrical

circuits were simulated using PSPICE (OrCAD, student version). Photomask designs were

drawn using computer aided design (AutoCAD), and masks were printed using a high-resolution

commercial printer (minimum feature size -10pm) (Fineline Imaging, CO) on mylar film with

emulsion down.

2.1.5 Silicon Master Mold Fabrication

Microfluidic devices were fabricated as illustrated in Figure 2.2. Polished silicon wafers were
rinsed with acetone, isopropyl alcohol, and deionized water; dried with filtered pressurized
nitrogen gas; exposed to an oxygen plasma treatment for 3 minutes at 150 mW in a Technics
parallel plate plasma asher; and dehydrated on a hotplate at 1500C. SU-8 photosensitive epoxy
(Microchem, MA), was processed according to manufacturer recommendations. Briefly, the

resist was spin-coated onto silicon wafers at 500 rpm for 5 s to promote spreading and at 2000
rpm for 30 s to control the thickness using in-house calibration curves. After spinning, SU-8-

coated wafers were soft baked at 600C for 5 minutes and 1000C for 15 minutes and cooled
slowly to avoid thermal stress. Soft baked resist was exposed through the appropriate
photomask in contact mode at 11mW/cm 2 on a Quintel Q2001CT Mask aligner using
recommended exposure times appropriate for the given resist thickness. For multilayer master
molds, preexisting microstructure patterns on the wafer were aligned to the photomask in split-
field mode. After exposing, a post-exposure bake was performed for 4 minutes at 600C and for
10 minutes at 1000C. After slowly cooling, the SU-8 resist was developed in propyl glycol
methyl ether acetate (PGMEA) to reveal the exposed pattern and the mold was dried with
nitrogen gas. After rinsing, and inspecting, 100 second flood exposure and 10 minute hard
bake at 1500C was performed to complete the polymerization. To improve release during
replica molding, surface modification was performed by treating the silicon masters with
trichlorofluorosilane (Aldrich). Briefly, silicon masters were placed in a vacuum chamber with a
small pyrex dish containing several drops of trichlorofluorosilane. For master molds requiring
rounded structures, positive photoresist (SJR 5214) was patterned according to manufacturer
recipes. Wafers were cleaned as described above, spin-coated, softbaked for 3 minutes at
1100C, exposed at 11 mW/cm 2 for 20 seconds, and developed in (AZ 400K 1:2) until patterns
were visibly resolved. Curved features were achieved by heating the patterned positive



photoresist above the glass transition temperature to 1500C for 3 minutes to reflow the resist.

All photoresist thicknesses and profiles were measured on a Veeco Dektak ST profilometer.

2.1.6 PDMS Replicas and Microfluidics

To create transparent polymer replicas of the silicon master mold [5], polydimethylsiloxane

(PDMS) (Sylgard, Dow Corning, NY), a silicone elastomer, was mixed 1:10 curing agent:

polymer resin, cast on the mold, degassed in a vacuum desiccator and cured at 650C for >4

hours. After curing, the rubbery polymer is peeled from the mold and inlets and outlets were

drilled with a blunted and beveled 18 gauge syringe needle. Particulates were removed by

applying and removing scotch tape from the PDMS surface. In cases where thin PDMS

membranes were required, PDMS was spin coated on the appropriate patterned silicon master

or unpatterned silicon wafer at 1000-1500 rpm for 20 seconds. Trichlorofluorosilane treatment

was performed prior to spinning to ensure easy membrane release after PDMS curing. PDMS

membranes were bonded to glass or other PDMS surfaces by oxygen plasma treating (20

seconds, 50W power, 150mTorr, 1% 02) and bonded to glass. After bonding, PDMS devices

were heated at >800C for -10 minutes to ensure irreversible bonding. Longer heat treatments

appear to improve bond integrity and also allow for more complete curing of PDMS. Multi-layer

devices described in Chapter 4 were constructed by repeating this procedure (drill, plasma,

align, bond, and heat) until the entire device was assembled.

2.1.7 Microfluidic Device Characterization

The flow in microfluidic circuits was characterized by quantifying the fluorescence intensity of

fluorescein salt (Sigma) in specific regions of each device across time. Each device was filled

with PBS and images are taken at each location to characterize background fluorescence and

account for heterogeneities in the spatial distribution of excitation. Serial dilutions of fluorescein

salt or RITX dextran (Sigma) in water were prepared, filtered to remove particulates, injected

one at a time, and imaged at regular intervals to create a calibration curve of intensity versus

concentration. Characterization experiments were performed at high flow rates (100 gl/min) to

increase dye molecule transit time and decrease photobleaching from inlet to outlet. All

fluorescence measurements were made during one sitting with the same microscope settings
(exposure time, gain, magnification, and position) and were converted to normalized
concentrations using the calibration curve. New standard curves were generated for each
experimental sitting.



Food coloring dyes (McCormick) were used to visualize whole-device microfluidic flow

control in Chapters 4 and 5. The dyes were used at 50-100% and images were taken using a

high-resolution desktop flatbed scanner (Epson) or a digital camera equipped with a macro lens.

Silicon
Wafer

Spin
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Exposure

Develop

Cast PDMS

Bond PDMS
and Glass 12

Figure 2.2 Fabrication of microfluidic devices - Microfabricated master molds are fabricated using

standard photolithography techniques - spin coating the SU-8 photoresist on a polished silicon wafer,

soft baking the resist, exposing the resist to UV light through a high-resolution photomask of the device

design, and developing away the unexposed resist with PGMEA. Next, the master molds, now

containing permanent SU-8 structures corresponding to the desired polymer microfluidic channel

network. Once fabricated, silicon master molds can be used in repeated rounds of PDMS polymer

replica molding. After casting, curing and peeling the PDMS silicone rubber, holes are drilled for inlets

and outlets and the three-sided channels are irreversibly bonded to a glass slide.



2.2 GFP Reporter Cell Construction and Characterization

2.2.1 Reporter Plasmid Design and Construction

Reporter plasmids pTRE-d2EGFP, pEGFP-1, and pd2EGFP-1 were obtained from Clontech for

cloning and reporter construction. Reporter plasmids were constructed by cloning multiple

response elements upstream of a CMV minimal promoter upstream of a destabilized enhanced

green fluorescent protein (d2EGFP) gene. The plasmid was constructed by digesting the CMV

minimal promoter from the pTRE-d2EGFP plasmid (Clontech) and inserting it between Kpn I

and Sma I sites of the pEGFP-1 plasmid (Clontech). The EGFP gene was then replaced with

the destabilized d2EGFP from the pd2EGFP-1 plasmid (Clontech) using BamH I and Not I sites.

Response element repeats were excised from Clontech Living ColorsTM plasmids (Clontech,

Paolo Alto, CA) and inserted upstream of the CMVmin promoter between Bgl II and Hind III in

pCMVmin-EGFP-1. The response elements used are detailed in Table 2.1. In addition to the

reporter, each plasmid encoded a resistance gene to the aminoglycoside Geneticin, to allow

drug selection after stable transfection.

2.2.2 Stable Reporter Cell Line Construction

H35 cells from a rat hepatoma cell line were previously isolated for maximum acute phase

responsiveness [6]. They have been extensively used in studies of inflammation and were

chosen as the cell vehicle for creating the reporter library. DNA transfection of H35 cells was

performed by electroporation or transient transfection using commercial transfection reagents

according to published protocols. In a typical transient transfection, 500ng of plasmid DNA is

prepared in 50•1 of OptiMEM (Gibco, Invitrogen), and mixed with 1.25i1 of Lipofectamine LTX

(Invitrogen) prepared in 501l of OptiMEM. Complexes are allowed to form for 30 minutes at

room temperature. The 100i1 of complexed DNA is added to a 60-80% confluent well of a 24

well plate already containing 400g1 of OptiMEM or serum-free DMEM. The transfection solution

is replaced with serum-containing medium after 4-6 hours. Amounts were scaled appropriately

for larger volume cultures.

2.2.3 Stable Reporter Cell Line Selection
The strategy for creating the stable reporter cell lines in illustrated in Figure 2.3. Two days after

transient transfection, cells were passaged and seeded at low confluency in multiple 10 cm

dishes. One day after attachment and spreading, medium containing the selection drug
Geneticin (1-2 mg/ml), was added to kill cells not actively synthesizing the resistance gene
encoded on the plasmid. To select stable reporters for high inducibility, cells were stimulated
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with a 'classic inducer' (Table 2.1), and fluorescence activated cell sorting (FACS) was used to

collect cells with the highest GFP fluorescence levels. Similarly, cells were selected for low

background reporter expression by culturing for several days in the absence of inducers and

FACS sorting to select the darkest cells. The resulting cells represented a mixed population of

highly responsive stable reporter cells. Finally, to achieve uniform responses (uniform copy

number and insertion sites), we performed subcloning and cultured several monoclonal reporter

cell lines by limiting dilution culture from the stable sorted mixed population. In the end, these

steps resulted in the creation of several reporter cell lines, each with high inducibility, low

background, and relatively uniform responses to classic inducers.

REH E I- RE RE

OO•:O G418 Stimulus

Transient Drug Positive Negative Monoclone
Transfection Selection Sorting Sorting Expansion

Figure 2.3 - Reporter plasmid design and stable cell line construction - Each reporter plasmid was

constructed by cloning response element repeats (RE) upstream of a CMV minimal promoter driving a

destabilized dsEGFP reporter gene. Stable reporter lines were constructed by transiently transfecting the

reporter plasmid into H35 hepatocyte-like cells, and drug selecting for stable DNA incorporation. Surviving

cells were stimulated with a classic inducer or stimulus and responding cells were sorted and collected by

FACS. Cells were expanded and the unstimulated population was sorted analyzed for low background

fluorescence. Single cells were clonally expanded to form stable monoclonal reporter cells lines.

The HeLa NFKB GFP stable reporter cell line used in Chapter 3 was constructed similarly.

Instead of using H35 cells, HeLa S3 cells (ATCC, Rockville, MD.) were electroporated with pNF-

KB/CMVmind2EGFP, selected for plasmid integration, sorted for maximum responsiveness and

minimal background, and subcloned to obtain the stable reporter cell line. The dsDNA-sensitive



H35 and HSC ISRE reporters used in Chapter 6 were constructed similarly, using 6 hr

transfection of dsDNA as the inducer for positive sorting (Lipofectamine LTX 2.5 UL/Jpg and a

total of l gg/mL dsRed plasmid DNA in each 500 g1 well).

Response element/ Response Element
Transcription factor" Consensus Sequence Sequences Inducers Functions
KB / NFOB GGGAMTNYCC [7] GGGAATTTCC TNF-a Proinflammatory,

Anti-apoptotic
AP-1 TGASTMA [7] TGAGTCA IL-1 Proinflammatory,

Mitogenic
STAT3 TT(N)4 s5 AA [8] TTCCCGAA IL-6 Proinflammatory,

Anti-inflammatory
ISRE / IRF3 SAAA(N)2-3AAASY [9] GAAACTGAAACT dsDNA, Poly(l:C) Antiviral,

Proinflammatory
GRE / GR AGAACANNNTGTTCT [7] AGAACAAAATGTTGT Dexamethasone Anti-inflammatory

Immunosuppresive
HSE / HSF1 CNNGAANNTTCNNG [10] CTAGAATGTTCTAG 420C Anti-inflammatory

Immunosuppresive
CMV-D4EGFP / D4G ---- ---- Positive Control ----

Nontransfected / NT H35 ---- ---- Negative Control ----

a Stable monoclone reporter cell lines for each transcription factor are referred to by the names in bold.

Table 2.1 - Design of GFP reporter library - Consensus sequences were cloned into the reporter
plasmid upstream of the CMV minimal promoter and the destabilized (2 hour half-life) d2EGFP reporter
protein. After stable transfection, cells were exposed to the classic inducers shown before positive
sorting.

2.3 Microfluidic Cell Culture

2.3.1 Cell Lines

The H35 rat hepatoma cell line was described previously. HeLa human cervical cancer cells,

N2A mouse neuroblastoma, 3T3-J2 fibroblasts, and HSC-T4 hepatic stellate cells were obtained

from ATCC (Manassas, VA). HeLa cells stably transfected with various connexins were

obtained as generous gifts from Dr. Willecke. These cells are referred to as HeLaCx26,

HeLaCx32, and HeLaCx43. For clarity, wildtype HeLa cells are sometimes referred to as HeLa-

WT. Several mouse embryonic fibroblasts (MEF) cell lines - MEF WT (wild type), MEF MyD88-

'/TRIF', MEF TBK1 /IKKe', were obtained as generous gifts from Drs. Akira, and Medzhitov.

2.3.2 Conventional Cell Culture

Cells were cultured in 10cm plastic dishes in phenol-red free high glucose DMEM supplemented
with 110 mg/L sodium pyruvate, L-glutamine, 1% penicillin streptomycin antibiotics, and
optionally 10% fetal bovine serum (Gibco, Invitrogen) and maintained by replacing the media
every 2-3 days. When cells reached confluency, they were passaged by rinsing with phosphate
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buffered saline (PBS) and detached by exposing to trypsin for 5 minutes. Trypsinization was

stopped by introducing serum-containing medium, spinning the detached cells in a 50 ml falcon
tube in a centrifuge at 800 rpm for 5 minutes, aspirating the supernatant, resuspending the cells

in culture media, and replating at the desired concentration.

2.3.3 Cell Stimuli and Nucleic Acid Ligands

Poly(A) and Poly(T) were obtained from Sigma. Poly(A:T) was prepared by heating to 940C and

cooling slowly. B form Poly(A-T), CpG ODN 2216, Poly(l:C), Ecoli DNA were obtained from

Invivogen (San Diego, CA). siRNA and appropriate buffers were obtained from Dharmacon

(Lafayette, CO) and used according to manufacturer instructions. Recombinant rat TNF-a, IL-1,

and IL-6 were obtained from R&D Systems stored at 50 gLg/ml and used at 10-25 ng/ml. LPS

and dexamethasone were obtained from Sigma and used at 25 mg and 4-12 mM respectively.

Recombinant IFNf3 was obtained from PBL Biomedical Laboratories (Piscataway, NJ) and used

at 100 gLg/ml.

2.3.4 Plasmids and siRNA Transfections

Reporter plasmids pTRE-d2EGFP, pEGFP-1, and pd2EGFP-1 were obtained from Clontech for
cloning and reporter construction. Expression plasmids for connexins 26, 32, and 43 (pORF-

mCx26, pORF-mCx32, and pORF-mCx43) were obtained from Invivogen. Constitutive dsRed-

Express (hereafter referred to as dsRed or dsDNA) was obtained from Clontech. All plasmids

were transformed into DH5a or Noveblue bacteria (Novagen) by 420C heat shock for 45

seconds. Bacteria were grown on Agar plates or in LB media containing 100 gg/ml ampicillin

(Sigma). Bacteria were pelleted, lysed, and plasmid DNA was purified using commercial
plasmid prep kits (Qiagen). The purity of the resulting circular plasmid DNA was measured by
UV spectrophotometry. Cells were transfected with purified plasmid DNA using commercial
transfection reagents - Lipofectamine LTX, Lipofectamine 2000, Lipofectin, Oligofectamine
(Invitrogen), PEI (Sigma), Effectene (Qiagen), and Fugene 6 (Roche). Unless otherwise
specified, transfections were performed with Lipofectamine LTX.

2.3.5 Microfluidic Cell Seeding
The following describes detailed methods developed to enable seeding and culture of cells

in microfluidic channels. After fabrication and bonding, microfluidic culture devices are
autoclave sterilized. Tygon tubing (TGY-010, Small Parts Inc., Miami Lakes, FL) is cut and



inserted into device inlets. Blunt needles (NE301PL, Small Parts) are inserted into tubing ends

where syringe connectivity is to be required. Devices are next coated with fibronectin (25 gg/ml)

by injecting from one syringe and then clamping all other inlets and outlets. Static positive

pressure is applied from the syringe against the closed outlets to drive trapped air through the

gas-permeable walls of the PDMS until there are no air bubbles remaining in the channel

network, inlets, or outlets. Fibronectin incubation and coating is then continued without flow for

at least 2 h at 370C. Similarly, dead-end microchannels, such as the valve control lines

described in Chapter 5, are also filled by slowly driving air through the walls of the device.

Degassing is performed soon after filling with liquid as devices become increasingly difficult to

degas with time, consistent with the fact that liquid can penetrate the PDMS matrix [11].

The major considerations when seeding microfluidic channels with cells are control of

seeding uniformity and avoidance of air bubbles. To seed cells in the microfluidic channels,

cells are passaged from culture flasks as described above and resuspended at a concentration

of 5-10x106 cells/ml. This high seeding concentration is necessary to compensate for the

increased surface-to-volume ratio of a typical microchannel (typically 100X less than

conventional culture dishes). It is critical that cells be triterated extensively to avoid cell

aggregation and occlusion of the microchannels with multi-cell aggregates. For fragile cells

such as primary hepatocytes, triteration is replaced with a passive filtering step using sterile

40pm filters. Cell suspensions are introduced into channels by one of three methods - 1)

injecting them with positive pressure from one inlet using a 1mL syringe, 2) drawing them from a

cell-containing reservoirs by applying negative pressure to a single cell-seeding outlet, or 3)

allowing cells to be introduced by gravity-driven flow between cell-containing reservoirs

maintained at different heights and thus different hydrostatic pressures.

In cases where ample cells are available and there is only one cell type of interest, one cell

concentration, and one channel distribution, injection from a syringe is used. However, in order

to seed multiple cell types, multiple densities of the same cell type, or cells in only part of a

channel, cells are drawn from multiple inlets into a single outlet. This allows each inlet to have a

different cell source, cell density, and also allows acellular areas to be preserved by drawing

cell-free solutions during the seeding process. Note that it would not be possible to balance

positive pressure flow from multiple cell suspensions in separate syringes. Each different cell
suspension is prepared in a separate microcentrifuge tube and the cap is closed. Before filling

the tubes, the cap is drilled with a 20 gauge needle, allowing tubing to be inserted and

immersed in the cell suspension without compromising sterility during seeding. Multiple tubings

can be placed into a single reservoir by drilling multiple holes for tubing insertion. Reservoirs
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are regularly agitated and inverted to prevent cell sedimentation and ensure uniform distribution

of cells during seeding. When tubing is immersed in the cell suspension, care is taken to prime

the tubing and join the menisci of fluid at the tubing tip with the cell-suspension solution to avoid

creating and injecting air bubbles. In addition, the immersed tubing is cut at an angle to reduce

the likelihood of creating or introducing an air bubble at the tip.

The cell seeding methods described thus far are rapid and simple, however they have the

drawback that a large volume of highly concentrated cell suspension is wasted. When the

number of available cells is limited, such as for isolated primary hepatocytes, tubing is removed

from each seeding inlet and the channels are primed by pressurizing the device using the outlet

syringe, forcing a small amount of fluid to pool at each inlet. Next, 50-100•l of cell suspension

(~1x106 total cells) is loaded into one pipette tip per seeding inlet and inserted directly into each

open inlet/outlet forming a tight-fit seal between the PDMS inlet and the pipette tip. Cells are

then drawn into the channels using one of the negative pressure methods described above

(drawing from a syringe or gravity-driven flow), afterwhich the seeding outlet is clamped to

terminate flow. The pipette tips are quickly removed from each seeding inlet and primed tubing

is reinserted by joining fluid menisci and avoiding introduction of air bubbles. This method can

be performed routinely without bubble formation and does not require particular skill.

Finally, there are several additional notes on seeding cells in microfluidics. Seeding is most
uniform when the tubing is clamped during steady-state flow. When there are only two

connections (one inlet and one outlet) a single clamp is sufficient to stop all flow and the second

clamp can be casually applied. In more complex devices with multiple inlets and outlets, the

distribution of cells is determined by selectively clamping some channels and leaving others

open during seeding. In cases where multiple inlets are used for seeding, care must be taken to

predict whether gravity-driven flow between inlets will occur as connectors are clamped one-by-

one. In such cases, it is convenient to synchronize the termination of flow by clamping multiple

tubings simultaneously with a single clamp.

In practice, these microfluidic cell seeding methods are straightforward. Typically, a slightly

different seeding strategy is devised for each device, and it is tested under continuous
microscopic observation. However, once a seeding strategy has been validated for a given

fluidic design, it can be reproducibly performed in minutes in a standard cell culture hood
without the aid of microscopy.



2.3.6 Microfluidic Device Cell Culture

After seeding, cells typically require 1 hour to attach on fibronectin coated surfaces (longer

on other coatings such as type I collagen) and > 24 hours on uncoated glass. After attachment

and spreading, microfluidic cultures are maintained for up to two weeks in an incubator using

either continuous flow -~0.1iL/min (for devices -50pm height and 10mm effective width) or by

discrete medium changes 2-3 times per day until needed for experiment. Due to a limited

number of syringe pumps, cells are typically maintained in culture using discrete medium

changes twice daily. The frequency of medium replacement depends on both the cell type and

the height of channels. Using cell morphology as a proxy for cell health (polygonal and well-

spread versus dysmorphic and retracted with multiple elongated processes), we found that most

cells require two medium changes per day for 50pm tall channels and one medium change

every 2 days for 200pm tall channels. Medium changes were performed by unclamping one

inlet and all outlets, and slowly manually injecting medium from a 1ml syringe from the inlet into

each outlet and then re-clamping. After unclamping, it is sometimes necessary to stretch the

tubing to loosen it at the clamping site and restore its patency. In integrated microvalve-

containing devices, discrete medium changes are performed by raising the appropriate valves

and advancing a medium-containing syringe. This method takes only one minute to perform

and is both easier and faster than feeding conventional multi-well culture dishes. The culture

medium in each syringe is refreshed every 5 days to maintain antibiotic activity.

Cells can also be cultured dynamically under continuous flow. However, surprisingly, we

found it was important that cells be perfused through tubing that had been seeded with cells, as

upstream cells appear to prevent a dynamic toxicity (described in Appendix 1). In general, flow
rates were determined using the theoretical principles described in section 2.1 such that shear

stress was maintained at or below 0.1 dyne/cm2 and such that diffusive mixing was complete

(Chapter 3) or minimized (Chapter 4) as desired.

2.3.7 Microfluidic Cell Stimulation

Chapter 3 Stimulation: HeLa-NF cells were grown to approximately 40% confluence in either

the mLCA or standard tissue culture dishes and continuously stimulated with 10 ng/mL of TNF-a

Phase contrast and fluorescence images were obtained every 10-60 min at preprogrammed
positions using a 20X objective (Carl Zeiss). Microfluidic dose-response experiments were

performed by delivering growth medium containing 0.1mg/mL RITC-dextran (Sigma) and 10

ng/mL TNF-a through one inlet and unmodified medium through the other. Inlet reservoirs were

maintained at elevated heights with respect to the outlet reservoir and adjusted to achieve the
39



desired concentrations. Gravity-driven flow was highly stable across time, while syringe pump-

driven flow exhibited oscillations in the differential flow rate between the two inlets. Continuous-

flow dilutions were monitored during select experiments by fluorescence imaging of comparable

molecular weight (17.2 kDa) RITC-dextran indicator. The total flow rate was approximately 0.1

gL/min. Phase contrast and fluorescence images were captured every 30-60 min at three

positions per TNF-oc concentration.

Chapter 4 Stimulation: Cells were -90% confluent at the time of stimulation. Devices were

moved to an incubated microscope stage at 37°C for time-lapse experiments. Stimulation was

performed by drawing a constant negative flow rate -1 l1/min from the device outlet using a

syringe pump (Harvard Apparatus). Meanwhile, the two inlet reservoirs were held at different

heights to control the pressure difference and thereby the location of the interface between the

stimulus and culture medium. For flow control experiments, two syringe pumps were controlled

manually. During cell experiments, yellow food coloring was added to the stimulus solution and

was periodically visualized under brightfield microscopy to verify the position of the stimulus

interface and the stability of the stimulus control.

Chapter 5 Stimulation: Cells were roughly 90% confluent at the time of stimulation.

Experiments were performed under continuous microscopic examination. Cell-seeded devices

were mounted on a customized incubated microscope stage at 370C and the phenol red-free

serum-free DMEM was supplemented with 25 mM HEPES to maintain the pH in the absence a

C02-independent fashion. Soluble cell stimuli were delivered to cells from 1 ml syringes

controlled by a multi-channel syringe pump (Harvard Apparatus, Holliston, MA). During

stimulation, seeding valves were actively closed with positive pressure, stimulation valves were

actively opened with negative pressure, and both were clamped. Constant flow rate

stimulations were performed at -0.1 ml/min.

Chapter 6 Stimulation: DNA sensitive ISRE-GFP reporters were stimulated by exposing

them to ligands in serum containing DMEM or by transfecting cells with plasmid DNA or

synthetic DNA as described in Section 2.3.4. Cells were imaged at 12 h, 24 h, and 48 h, or

trypsinized for FACS or gene expression analysis. Time-lapse experiments were performed by

transfecting cells inside a microfluidic device using 10X concentrated DNA complexes and

capturing phase and fluorescence images every 30 min in multiple locations.

2.3.8 Transplant Co-culture Experiments

Chapter 6 makes use of a novel experiment termed a "transplant co-culture," designed to

determine whether cell-cell communication is occurring. In this approach, two cultures, one
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referred to as 'donors' (75-90% confluent) and the other as 'recipients' (-50% confluent) are

prepared. The donor culture is treated with a stimulus or transfected with dsDNA for 6 hours

while the recipient culture is left untreated. After completion of pretreatment, donor cells are

washed stringently (3X with PBS), and transplanted onto unstimulated reporter cells at densities

ranging from 1:10 to 1:100. The co-culture is analyzed 24 h later. If the number of GFP+

reporter cells is found to increase with increasing numbers of transplanted donor cells, the result

is considered positive and it is concluded that cell-cell communication did occur between donor

and recipient. If a positive transplant co-culture is observed with a specific stimulus but not with

untreated donors, the stimulus is taken to be responsible for stimulating the donor cells to send

the cell-cell communication signal to the reporter recipients. When genetically modified cells are

compared, a gene is considered necessary for cell-cell communication if wild type cells give

positive transplant co-cultures while knockout or knockdown cells give negative transplant co-

cultures. Similarly, a gene is considered sufficient for cell-cell communication if wild-type cells

are transplant co-culture negative and gene reconstitution (e.g. using an expression plasmid) is

capable of restoring the positive transplant co-culture result.

2.4 Quantification of Microfluidic Stimuli and GFP Reporter Responses

2.4.1 Microfluidic Characterization and Quantification

Microscale flows were visualized using a Ziess200 Axiovert microscope equipped with an

AxioCAM CCD camera and an automated programmable stage. The concentration in

microfluidic circuits was characterized by quantifying the fluorescence intensity in specific

regions throughout each device as a function of time and flow conditions. Calibration images

and experimental images were analyzed on MATLAB (Mathworks, Natick, MA) using custom

analysis routines. Regions of interest were generated to measure and average the equivalent

of 100 binned neighboring line scans. Fluorescence in each channel was normalized by the

local background fluorescence. After a calibration curve was generated, normalized

fluorescence from characterization experiments was converted to concentrations using the

calibration curve, and rescaled such that data ranged from 0 to 1.

2.4.2 Time-lapse Phase and Fluorescence Microscopy
Cell-seeded devices were monitored using automated time-lapse fluorescence microscopy and

quantified using automated image analysis. Images were captured in phase and fluorescence

at pre-programmed locations at regular intervals for the duration of each experiment. Cell

fluorescence images were captured on a Zeiss 200 Axiovert microscope using an AxioCAM MR
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digital camera and quantified using custom image analysis routines written in MATLAB

(Mathworks, Natick, MA).

2.4.3 Fluorescence Activated Cell Sorting (FACS) - Reporter Cell Quantification

Reporter responses were characterized by fluorescence activated cell sorting at discrete time

points. Briefly, cells were stimulated for the desired time, trypsinized, pelleted, and

resuspended in serum-free medium or PBS. After calibrating with standardized fluorescent

beads, reporter cytometry was performed at a data rate of <500 cells/second. Cells were

selected by Forward and Side Scatter values to remove dead cells and debris, and the resulting

distribution of cell GFP levels was plotted. For cells with gradually increasing GFP levels such

as NFCB, HSE, and GRE reporters, the histogram peak and full-width-half-max (FWHM)

parameters were recorded.

To quantify reporters exhibiting all-or-none responses, such as the ISRE reporters described

in Chapter 6, a fluorescence threshold was defined as the fluorescence level above which only
0.5% of unstimulated cells resided. Cells above the threshold were referred to as GFP+ and

those equal to or less than the threshold were considered GFP-. The percentage of GFP+ cells
was determined and reported for each experimental condition. For each cytometry session,

nonfluorescent H35 cells and new unstimulated H35 cells were analyzed to adjust for variations
in the FACS flow stream, laser, and optical system alignment.

2.4.4 Automated Reporter Fluorescence Microscopy Image Analysis
Chapter 3 Image Analysis: Fluorescent images were analyzed using Metamorph V 6.0r4
(Universal Imaging Corp., Downington, PA). The average fluorescence of each cell-region was
corrected for medium and device fluorescence as well as illumination fluctuations and
nonuniformities by subtracting the average local background fluorescence at each time point.
The result was scaled by the region area and divided by the number of cells in the region to
determine an average intensity per cell in the region. The difference between the initial and final
average intensity per cell was plotted to compare the response to the various concentrations of
TNF-a.

Chapter 4 Image Analysis: GFP reporter images were analyzed in batch mode using a
custom MATLAB image analysis routine. Briefly, the routine corrects for fluorescence excitation
fluctuations, subtracts background, integrates the total fluorescence and averages the
fluorescence intensity of pixels above the calculated background threshold (for GFP reporter
assays), or determines the total number of pixels above threshold (for Annexin V assays). Time
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lapse data was normalized to initial fluorescence to correct for variations in cell number. This

rests on the assumption that uninduced cells are the dominant source of fluorescence above

background. Apoptosis progression was evaluated by measuring the area of Annexin V

staining. Annexin V-PE assays were performed as recommended by the manufacturer and

images were captured at 18 hours. Images were thresholded and the total area of above

threshold was calculated. For GFP reporter assays, we measured fluorescence levels of 5

replicate cell colonies each hour for 25 hours exposed to 10 durations of 25ng/ml TNF in each

of 3 separate unattended experiments. To parameterize response durations, each GFP

response curve was defined as the distance between the two maxima of the second derivative

of the fitted fluorescence time course. This value represents the time between the beginning of

fluorescence increase and the peak fluorescence level.

Chapter 5 Quantification: Each image was divided by an image with uniform fluorescence to

correct for spatial variations in fluorescence excitation. The intensity histogram of each image

was then combined with a user-defined "threshold parameter" to automatically determine and

subtract a background fluorescence level. For example, the data shown in Fig. 5.6 was

processed with a threshold parameter of 0.2, which identified the fluorescence level below

which 20% of pixels resided, interpreted that level to be the background level, and subtracted it

from the entire image. This method for identifying background fluorescence is justified because

-20% of each image consisted of PDMS without cells. The subtraction is also justified by the

fact that cells have a small thickness compared to the culture medium and PDMS. Therefore,

the cells do not significantly displace other sources of background fluorescence and are

assumed to be purely additive to the background fluorescence. Because this procedure was

performed at each time point, it corrected for temporal variations in excitation source intensity.

The fluorescence of the post-processed image was integrated to generate a single

measurement for each cell-containing well. Measurements were organized by location to create

a fluorescence response time series for each element of the microfluidic array and all

measurements were assigned to the imaging time of the first array element. To highlight

temporal aspects of the responses and facilitate comparison between locations, each response

was normalized between its maximum and minimum fluorescence levels according to Wi,(t) =
[Fij(t) - FIL_minY[FiLmax - Fijmin] where Wij(t) is the normalized fluorescence of row i and column j at

time t, Fij(t) is the post-processing image fluorescence, and FiLmax and Fijmin are the maximum
and minimum post-processing fluorescence values for the ij array location respectively.
Normalizing in this manner makes responses independent of the number of cells in each array
element, however it amplifies noise related to automated imaging and analysis and results in
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rapid full-scale fluctuations for wells in which stimulus-reporter combinations do not generate

robust responses (see responses to dexamethasone in Fig. 5a). In some cases unresponsive

cells exhibit morphological changes that lead to more gradual changes in background

fluorescence (see NT cell responses) and generate what appear to be meaningful signals,
despite the lack of a GFP-related response.

2.4.5 DNA-sensitive ISRE Reporter Cell Sorting

Cells were treated with ligands or nucleotides, examined by fluorescence microscopy,

trypsinized, and sorted by FACS. Gating was set to capture only the top 0.5% of unstimulated

cells. Cells above the gate (referred to as GFP+) were separated from those below the gate

(referred to as GFP-). Unsorted mixed populations were analyzed for comparison.

2.4.6 Gene Expression Analysis

Primers were designed using Primer 3 (frodo.wi.mit.edu) and sequence information from the rat

genome. Cells were treated, trypsinized, pelleted and stored at -800C. Experimental samples

were thawed and RNA was extracted using Nucleospin RNA II Kit (Clontech). Endpoint PCR

was performed using One-step RT-PCR (Qiagen). Total RNA was quantified by UV

spectrophotometry and 10 ng of total RNA was used for each reaction. PCR products were

analyzed on 1.2% agarose gel, stained with ethidium bromide, and imaged on a commercial gel

imaging system (Biorad). Quantitative PCR (qPCR) was performed at the Harvard Biopolymer

Laboratory (Brigham and Women's Hospital). GFP+, GFP- and unsorted populations were

analyzed separately, and data was analyzed using the 2-MACT method.

2.5 Conclusion

This chapter describes the basic methods used throughout this thesis. Some methods were

previously established, however others, such as the microfluidic cell culture techniques, are

novel and were therefore described in more detail. The following chapters describe how these

methods are used to develop microfluidic reporter assays for investigating spatiotemporal gene

expression patterns during inflammation and innate immune responses.
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Chapter 3

Concentration Control in a Microfluidic Living Cell Array

3.1 Overview
The unique ability to control cell stimuli while simultaneously measuring cell responses is the

essence of the mLCA platform. Two of the most important attributes of a cell stimulus are its

magnitude and timing. Chapters 3 and 4 of this thesis describe development of microfluidic

circuits to control these attributes. This chapter describes a circuit that generates multiple

stimulus concentrations with a single temporal profile. In Chapter 4, a circuit is designed to

generate multiple temporal profiles of a single stimulus concentration. Because these circuits

are modular, they are readily cascaded and directly integrated with downstream cell culture

arrays to create compact integrated assay platform.

This chapter describes the first examples of microfluidic dynamic reporter assays. First, an

optically transparent microdevice is constructed to continuously generate eight different

concentrations of a soluble molecular stimulus using an upstream microfluidic network. These

stimuli are delivered to downstream cell culture chambers containing stably transfected GFP
reporter cells for monitoring dynamic gene expression nondestructively in living cells. The

chapter begins with design, characterization, and optimization of the microfluidic concentration

control circuit. It proceeds to experimentally validate the microfluidic cell culture techniques by
performing several dynamic measurements of reporter induction in microfluidic channels.

Finally, the chapter closes with a demonstration of the integrated approach, by measuring the

parallel activation of NFKB HeLa S3 reporter cells with various doses of the inflammatory

cytokine, TNF-a.

The experiments described in this chapter were performed jointly with Deanna Thompson

using a reporter created by Ken Weider. The results were described in two published
manuscripts [1, 2].

3.2 Background
Technologies such as Northern blots and reverse transcription polymerase chain reaction (RT-

PCR) have been extensively applied to the monitoring of gene expression for numerous
biological investigations. Recent developments in DNA microarray technology have further
expanded the scope of these investigations by enabling the simultaneous monitoring of several



genes [3-6]. However, while these techniques provide snapshots of gene expression at single

time points, they are not ideal for investigating time-dependent behavior. Often, to approximate

continuous-time measurements, different cell populations are destructively measured at

individual time points. A technique allowing continuous, non-destructive monitoring would

complement current genomics strategies and provide a more dynamic picture of gene

expression. Green fluorescent protein (GFP) technologies have recently emerged to allow non-

invasive measurements of cell function and cell responses [7-10].

The advent of green fluorescent protein (GFP) based technologies has allowed non-invasive

measurements of cell function and cell responses [8, 9, 11, 12]. GFP-based reporter plasmids

have been transiently [10, 11] and stably transfected [13-15] into several cell lines and

extensively used in fundamental studies of cell and developmental biology [8, 9, 13] infection

biology [16], protein localization [15], and bioprocesses [12, 17]. The use of GFP reporters as

"living reagents" also has the potential to address fundamental questions in cell biology [8, 9,

13]. They are also compatible with single cell measurements, a feature that is especially

attractive in gene expression profiling, as repeated single cell measurements over time will

provide the best indicator of variations in gene expression [18, 19] rather than the average

responses obtained using large (~ 104 - 106) numbers of cells, as is done in most modern

expression profiling methods (i.e., DNA arrays).

Microfluidics is an inherently scalable technology, offering a unique opportunity to

simultaneously screen cell responses to a wide range of experimental conditions with relative

ease (concentrations, combinations, and temporal profiles of molecular inducers, inhibitors, and

modulators). Poly-dimethylsiloxane (PDMS) microfluidic devices [20, 21] are ideal for cell-

based applications involving fluorescent protein expression because of their well-established

biocompatibility and optical transparency. They have been applied to diverse biological studies

including chemotaxis [22], cell and small molecule patterning [23, 24], cell sorting [25-27] and

biochemical separations [28]. Recent advances in cell-based microfluidics have enabled

adherent mammalian cells to be cultured in microchannels for days to weeks [29]; however at

the time this work was originally published [30], functional measurements such as gene

expression had not been demonstrated.

This work describes the first demonstration of a functional genomics tool that combines GFP

reporter technology and microfabrication to enable measurement of transcriptional dynamics.

This tool, termed the microfluidic living cell array (mLCA) (Figure 3.1), can be used for

simultaneously stimulating and monitoring the dynamics of gene expression in living cells. The

feasibility of studying dynamic gene expression using the mLCA is demonstrated here by



profiling the activation of a transcription factor, NFKB, in response to eight different doses of the

inflammatory cytokine, TNF-a. The resultant fluorescence of the entire population is monitored,

and can be used to directly measure population dynamics and biological heterogeneity in the

culture. The mLCA has the potential to significantly impact investigations where various gene

expression events and their interactions need to be studied in a time-dependent manner with

individual cell resolution.
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Figure 3.1 - Concentration control mLCA concept - Schematic representation of an experiment

based on the concentration controller and the mLCA platform. Medium containing a soluble stimulus

and another containing only culture medium enter the device, stimulate the cells in the culture chambers,

and exit into a waste stream. Gene expression dynamics are obtained by time-lapse imaging and

quantified using image analysis software.

3.3 Results

3.3.1 Design of the mLCA Concentration Generator

The microfluidic Living Cell Array (mLCA) platform combines microfluidic solution handling with

GFP reporter technology to continuously and non-invasively profile dynamic responses of living

cells. The specific mLCA device described here generates several concentrations of a soluble

mediator for downstream cell assays. The mLCA concentration generator is an integrated

microfluidic device with two principle components: 1) an upstream dilution module that performs

a series of mixing steps to create the stimulus dilutions, and 2) a downstream cell culture



module where adherent EGFP-reporter cell lines are cultured in microfluidic chambers and

exposed to the soluble stimuli.

The dilution module was designed to generate eight graded concentrations of a soluble

mediator such as a cytokine, hormone, or growth factor (Figure 3.2). The approach is based on

the mixing strategy previously developed to generate stable chemical gradients for

investigations of cell chemotaxis [22], The design consists of a highly interconnected channel

network that generates eight outlet concentrations spanning two inlet concentrations.

Successive stages of diffusive mixing between adjacent laminar flow streams occur in long (50 x

75 x 10000 gm3) serpentine channels (Figure 3.2B). To ensure complete mixing (taken to be

95-99%) the flow rate is maintained below 0.1 pl/min as described in section 2.1. Each outlet

dilution then feeds into a downstream array of 800 pm x 500 pm cell chambers (Figure 3.2C).

3.3.2 Concentration Control Characterization

Fluorescent RITC-dextran (17.2 kDa) was used as a detectable indicator to follow the

distribution of the comparable TNF-a (MW-17 kDa) used in this study. First, a dilution curve

relating RITC-dextran concentration to fluorescence intensity was established by preparing
standardized concentrations and measuring their fluorescence during perfusion through both

device inlets. During cell experiments, solution fluorescence was monitored at various positions

throughout the dilution module to verify complete diffusive mixing in each serpentine channel

and to quantify the resulting stimulus concentrations. The solutions entering the downstream

cell culture chambers were quantified using fluorescence microscopy images and converted to

estimated TNF-a concentrations using a standard curve and multiplying by the TNF-a -to-dye

conversion ratio. This allowed approximate real-time quantification of the stimulus during each

stimulation experiment.
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Figure 3.2 - Design of dose response mLCA - A) The microfluidic network design, and

micrographs of the B) dilution and C) cell cultivation modules are shown. The transparent PDMS

device allows visualization of the TNF-a gradient (doped with fluorescein dye) and EGFP reporter

cells. The microfluidic channels in the upstream dilution module are 50 pm width and 50 pm height,

and generate several concentrations of the stimulus by continuous-flow diffusive mixing of adjacent

laminar flow streams. The various concentrations are delivered to the downstream array of culture

chambers, each 800 pm long and 500 pm wide.

Figure 3.3 shows the estimated TNF-a concentrations at the junction between the dilution

module and the cell culture module. In a sample experiment shown, concentrations of TNF-a

ranging from 0 - 10 ng/mL were generated using the dilution module, however the dilution

module in the current mLCA prototype can be used to generate a linear distribution of

concentrations for any soluble mediator spanning any two inlet concentrations. Concentration

stability was found to remain steady throughout the experiment when gravity driven flow was

used. However, when syringe pumps were used, oscillations were detected, suggesting that

despite the fact that both syringes were being advanced by the same positive displacement

pump, their relative flow rates were varying versus time. In summary, the data presented here

demonstrate the ability of microfluidic networks to generate a range of concentrations in a

dilution module for delivery to downstream preseeded cells.
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Figure 3.3 Characterization of continuous-flow mLCA dilutions - Generation of TNF-a
concentrations in the dilution module. A range of concentrations (0, 0.4, 1.4, 2.9, 5.0, 7.2, 9.0, and 10
ng/mL) of RITC-conjugated dextran (17.2 kDa) were generated in the dilution module of the LCA as
described in Experimental Procedures. Fluorescence micrographs of the junction between the dilution
and cell culture modules are shown. The fluorescence images were quantified and the concentration of
TNF-a entering each cell culture chamber inferred.

3.3.3 Microfluidic Cell Culture

The device was fabricated using standard soft lithography as described in section 2.1. After
bonding and sterilization, fluidic networks are coated with fibronectin to promote cell attachment
to the channel floor. This extracellular matrix protein was found to maximize HeLa-NF cell
attachment when compared to laminin and collagen. For the HeLa-NF cells used in this work,
overnight incubation with 50-100 ng/ml fibronectin was sufficient to promote rapid (<60 minutes)
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attachment, spreading, and maintenance of the morphology typically observed on tissue culture

plastic. In the absence of surface modification, few cells attached, and those that did, required

> 24 h.

Cells were introduced into the device via the inlet or outlet, all connectors were clamped,

and cells were allowed to attach under static conditions. Due to the large surface area to

volume ratios in the device, a concentrated cell suspension (1 - 10 x 106 cells/mL) was

required. This concentration, which is approximately 2 orders of magnitude greater than

conventional tissue culture protocols, enabled efficient seeding by delivering a large number of

cells into the small volume channels of the microfluidic device. After cell seeding, devices were

placed in tissue culture incubators (370C) for 24 h to allow for completion of cell attachment and

spreading prior to stimulation with TNF-zo.

v0

Figure 3.4 Characterization of HeLa-NF cells in microfluidic cell culture - A) HeLa-NF cells were

seeded in the device at three different cell densities (1, 5, and 10 x 106 cells/mL) and allowed to attach in
the mLCA device for 24 h. Cells were stained with the LIVE/DEAD viability stain and observed on an
inverted microscope with a 20x objective to assess viability. Live cells are stained green and dead cells
are stained red Examples of HeLa-NF morphology in B-C) small wells (250 x 250 pm2), and D) larger 500
x 800 gLm2. E) Cell division is regularly observed during time-lapse imaging of the reporter cells in
microfluidic culture.
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The suitability of the cell chambers for seeding and maintaining cells was determined using

cell viability measurements. HeLa-NF cells were seeded in the mLCA cell chambers as
described in Chapter 2 and allowed to grow under flow conditions for 24 h prior to viability
measurements using the LIVE/DEAD stain (Molecular Probes, Eugene, OR). Our data show
greater than 90% viability over a 10-fold range of cell seeding densities (1 - 10 x106 cells/mL;
Figure 3.4). Furthermore, HeLa cells spread, appeared morphologically normal, and cell

division was routinely observed in the ,LCA cell chambers, suggesting that the microfabricated
mLCA provided an environment conducive to cell proliferation.

3.3.4 Expression Dynamics - Continuous-flow mLCA vs. Static Culture
We demonstrated the feasibility of monitoring gene expression dynamics in the LCA device by
profiling the induction of NF-cB in HeLa-NF reporter cells and comparing to standard tissue

culture formats. Cells were seeded in the mLCA as described in Chapter 2 and periodically
monitored for 24 h to obtain a stable baseline fluorescence measurement prior to induction of
NF-cB. NF-xB was then stimulated in HeLa-NF cells by perfusing with medium containing 10

ng/mL of TNF-a. The fluorescence profile was monitored over time and showed an increase in
fluorescence intensity relative to the baseline value beginning at -2 h (Figure 3.5). In
comparison, no significant fluorescence signal was observed for HeLa-NF cells in the absence

of TNF-a stimulation. The fluorescence profile was quantified using image analysis as

described in Chapter 2 and compared to that observed for HeLa-NF cells stimulated with 10
ng/mL TNF-a in a 6-well tissue culture plate (static incubation). The temporal fluorescence
profiles in the mLCA mirrored those observed in standard tissue culture, with similar increases
in fluorescence relative to unstimulated controls beginning by -2 h and peaking at -12 h (Figure
3.5).

Cells cultivated in the mLCA experience shear stress of approximately 0.05 dynes/cm2 due

to the continuous perfusion of medium (calculated using assuming a flow rate of 0.1 glL/min and

chamber dimensions of 500 gm width and 50 gm height), as compared to cells in static tissue
culture formats. This value is below the range of shear stress values commonly reported to
significantly alter cell function [31]. This is especially important when studying the
transcriptional dynamics of NF-icB, as its responsiveness to shear stress is well documented
[32]. The similarity in fluorescence profiles between the mLCA and static culture support the
assumption that shear stress induction of reporter GFP expression is minimal.
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Figure 3.5 Induction of EGFP fluorescence in the mLCA - (A) HeLa-NF cells were grown in the

LCA and stimulated with 10 ng/mL of TNF-a. Phase and fluorescence images were captured on a

Zeiss Inverted microscope every 10 min using a 20x objective. Representative fluorescence images

from a single region in the mLCA are shown at various time points during the course of the

experiment. (B) The temporal fluorescence profiles from TNF-a stimulated HeLa-NF cells in the

mLCA at a flow rate of 1.0 gL/min and in standard tissue culture dishes were determined. The time-

course of fluorescence was found to be similar in both culture platforms. Normalized data are shown

here to facilitate comparison of the dynamics.

3.3.5 Transient Stimulation in the mLCA

The strength of using the destabilized d2EGFP reporter protein is that cells not only report

increases in transcriptional activity, but also have the capacity to indicate declines and

reactivation. Such dynamics are not accessible to longer half-life reporter proteins such as the

parent EGFP (reported half-life of -24h). To characterize the ability of the microfluidic reporter

assay to detect transient activation and reactivation of the reporter, we seeded cells in channels



and exposed them to TNF-a for 2 hours under static conditions (no flow). Syringes were then

changed and TNF-free medium was injected manually. Cells were continuously rinsed by

perfusion (0.1 pl/min) for 5 minutes before terminating flow. Fresh medium was injected

manually once every 12 hours to maintain the cells in culture. After 32 hours, a second 10

ng/ml TNF-a stimulus was injected in the same manner as the first. The response is shown in

Figure 3.6. For comparison, continuous TNF-a stimulation (no flow but fresh cytokine-

containing medium injected every 12 hours) and stimulus-free control experiments were

performed in adjacent channels. Responses from the three experiments are superimposed and

illustrated in Figure 3.7A. When comparable experiments were performed in conventional static

tissue culture and analyzed by fluorescence flow cytometry, similar temporal profiles were

observed (Figure 3.7B), suggesting the microfluidic culture conditions do not significantly distort

reporter dynamics. Because of differences in measurement and analysis, magnitudes can not

be compared between static and microfluidic cultures.
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Figure 3.6 Dynamic NFicB reporter response to TNF-a pulses - HeLa NFKB Reporter cells were

seeded in microfluidic channels and maintained for 24 hours prior to stimulation. Two hour pulses of

TNF-a were delivered. After initiating the stimulus, syringes were changed and manually advanced to

prime tubing and rinse the solution from the channels at the indicated times. Reporter fluorescence

increased above baseline approximately 2 h after the initiation of each stimulus pulse. Fluorescence

responses peaked -10-12 h after stimulus pulse initiation and returned to baseline by -24 h.

'4 Background
TNF-q Stimulus Fluorescence

II n



2.5

2

1.5

e Unstimulated Control

1

4

0
0 5 10 15 20 25 30 35 40 45 0 10 20 30 40 50 60 70 80

Figure 3.7 Continuous and transient stimulation of NF-icB in the mLCA - A) Comparison of

TNF-a stimulations - continuous (green boxes), 2 h paired pulses (blue triangles), and unstimulated
control (red diamonds). Phase and fluorescence images were taken every 1 h for 44 h and the
images analyzed using Metamorph. B) Monoclonal and mixed (subclone) GFP reporter population
responses from conventional culture dishes analyzed by FACS. Note, responses in microfluidic (A)
and convention (B) cultures exhibit similar kinetics.

3.3.6 Dynamic NF-icB Reporter Profiling in the mLCA Concentration Generator

The mLCA concentration generator was used to simultaneously monitor NF-iKB activation in

response to a range of TNF-a concentrations in a single experiment. HeLa-NF cells were

seeded in the device as described earlier and simultaneously exposed to a 2 hour pulse of 8

different TNF-a concentrations (ranging from 0 - 10 ng/mL) generated in the dilution module.

HeLa-NF cells exhibited similar fluorescence kinetics in the mLCA at all TNF-a concentrations

tested. The average per-cell-fluorescence-increase observed for cells exposed to 0 - 10 ng/mL

of TNF-a is shown in Figure 4A. The magnitude of fluorescence induction appeared to be dose-

dependent, with increasing fluorescence being observed in response to increasing

concentrations of TNF-a. This dose-dependent response was further confirmed by stimulating

HeLa-NF cells with the same concentrations of TNF-a and monitoring the induced fluorescence

using flow cytometry (not shown). While fluorescence responses to extreme TNF-a

concentrations (high and low) were reproducible, quantitative responses to intermediate
concentrations exhibited more variation, most likely due to population heterogeneity. This
highlights the importance of single-cell measurements. Single cell measurements were not
undertaken in the present study because of the need for more sophisticated image processing
and analysis algorithms. However, in the future, single cell studies will be possible.
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Figure 3.8 Dynamic profiling of NFKB dose responses in the mLCA - Eight concentrations of

TNF-a were generated in the dilution module and used to stimulate HeLa-NF cells in the cell
chambers for 2 h. TNF-a was washed away by flowing regular growth medium through the entire
mLCA and the increase in fluorescence was monitored. Phase and fluorescence images were
taken every 1 h for 12 h and the images analyzed using Metamorph. Background corrected data
reflects the increase in fluorescence per cell from one position in the cell chamber for each TNF-a
concentration.

3.4 Discussion
At the time of its publication, this work represented the first dynamic gene expression
measurements in a microfluidic device using adherent mammalian cells. The power of the

mLCA lies in its ability to simultaneously screen many conditions and efficiently explore the
large parameter space relating stimulation to cell responses. The mLCA has distinct

advantages over conventional gene expression profiling, and has potential applications in
fundamental investigations of signal transduction and gene expression. A common paradigm in
cell biology is the dose-dependent interaction of molecular mediators in determining cellular

responses. Roth et al [6] have shown that the cytokines interleukin-13 and oncostatin M have

either a synergistic or attenuating effect on the extracellular acidification rate of HepG2 cells

depending on the doses of the two cytokines. While a thorough investigation of all such



interactions can be time consuming and tedious, the mLCA would easily facilitate such

combinatorial studies, including dynamic monitoring of interaction kinetics. Perhaps most

interesting would be investigation of signaling pathways for which different stimulus

concentrations lead to different temporal responses. Indeed such relationships are known to

occur in neurons. Whether this transformation strategy is used more broadly in other signaling

systems will require more investigation. Microfluidic dynamic reporter assays offer a powerful

platform for exploring relationships such as these.

The use of EGFP-fusion proteins for non-destructive monitoring of gene expression has been

well demonstrated by Nelson et al [33] who continuously monitored activation dynamics of the

transcription factors STAT6 and NF-iB in living cells. While this approach provides quantitative

information from living cells, it is generally performed in standard cell culture or multi-well plate

format [33], and it is therefore not ideal for testing complex combinatorial interactions of

mediators and their effects on multiple expression events. Furthermore, it is often difficult to

stimultaneously control stimulation and monitor changes in the cell populations using traditional

platforms.

Ziauddin and Sabatini [34] recently described a high cell density microarray to study the

function of several genes in a parallel format using transient transfection. However, the use of

transient transfection (rather than the stable cell lines used here) presents difficulties for

dynamic monitoring because it results in variable copy numbers insertion sites that ultimately

challenge assay reproducibility. Although these cell microarrays provide parallel monitoring

capabilities, they are limited to a single static stimulus. The mLCA addresses both of these

challenges by using stably transfected cells and studying them in a fluidically-addressable cell
array format.

One of the limitations of the method described here is the need for transcription, translation,
and maturation of EGFP prior to its detection. Previous reports have indicated that EGFP has a

chromophore maturation time of approximately 2 hours [35], a time consistant with our
experiments. It is important to note that GFP reporter cells cannot be used to monitor
immediate-early events in real-time. Instead, their strength is in following the more distal
aspects of gene expression, by measuring production of functional proteins. In contrast, the
mLCA device can be used to study a wide range of time scales, using other live cell fluorescent
probes, because it is simply the stimulus delivery and culture platform. Therefore, it is important
to note that this platform is not limited to GFP transcriptional reporters, but that it is also
compatible with a wide range of nondestructive live cell measurements including fusion protein



translocation tracking, FRET monitoring protein-protein interactions, rapid calcium spiking, and

metabolic modulation of mitochondrial membrane potential and oxidative status.
The gene expression profiling capabilities of the mLCA can be easily increased by adding

multiple molecular mediators to the input streams in the dilution module; thereby, generating 8
combinations of molecular mediators. By modifying the fluidics in the dilution module, a wider

concentration range of molecular mediators can also be tested. The flexibility of rapid
prototyping for device fabrication makes it possible to further modify the current mLCA prototype

design to increase the number of stimulation conditions factors tested. For one, the number of

input streams can be increased to screen complex combinations of mediators in a single

experiment. Similarly, it is also possible to modify the device such that more than one type of
reporter cell line is cultivated in the cell chambers, thereby, enabling multiple molecular events
to be monitored and compared simultaneously. Additionally, the combinations of molecular
mediators can be delivered according to a defined temporal profile, ranging from short pulses
(-1 min) to continuous stimulation. Integration of these features into the mLCA would enable

complex expression profiling measurements from a small set of experiments, which would be
difficult to obtain using standard tissue culture formats.

Dynamic profiling is not only limited to monitoring transcription factor activation, but it is also
equally applicable to the study of other aspects of gene expression such as promoter activity
and protein-protein interactions. The incorporation of non-invasive and continuous monitoring

as well as parallel processing in the mLCA have significant implications for fundamental
investigations of cell biology. These include applications involving drug discovery, toxicology,
and biosensor development where continuous monitoring of gene expression in a time

dependent manner is important and multiple conditions need to be rapidly evaluated.

3.5 Conclusion

In conclusion, this chapter described the first demonstration of a microfluidic dynamic GFP
reporter assay. It showed that cells can be seeded, cultured, stimulated, and measured in the
confines of a microfluidic channel. It also demonstrated that reporter cells can be stimulated by

a series of different stimulus doses generated in parallel by an upstream microfluidic

concentration controller circuit, and that the resulting GFP responses can be captured and
quantified. Together, these studies establish the feasibility of the mLCA platform.
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Chapter 4

Temporal Stimulus Control in a Microfluidic Living Cell Array

4.1 Overview
The previous chapter described development and validation of a dynamic microfluidic reporter

assay using a concentration control circuit that prepares multiple stimulus concentrations and

delivers them with a single temporal profile. This chapter focuses on the complementary

experiment, holding the concentration constant while varying the stimulus timing. Furthermore,
we show that the two modular fluidic circuits can be combined to construct multistage networks

that simultaneously control both concentration and timing.

The temporal pattern of a biological stimulus is an important determinant of the resulting
cellular response. In this chapter, a microfluidic parallel perfusion culture system is presented

for controlling the dynamics of soluble cell microenvironments while simultaneously performing
live-cell imaging of cellular responses. A "Flow-encoded Switching" (FES) design strategy is
developed to simultaneously deliver many different temporal profiles of stimuli, including pulse
train widths, lengths, and frequencies, to downstream adherent cells using a single input control.
The design strategy uses principles of laminar flow and diffusion-dominated mixing to encode

the state of the network (the instantaneous stimulus concentrations in each channel) into the
ratio of two flow rates, which is controlled by a single differential pressure. The utility of this

experimental system, is demonstrated by investigating the effect of dynamic stimuli on NFKB

transcriptional activation and cell fate determination. The results illustrate that transcriptional
responses and cell fate decisions depend both quantitatively and qualitatively on the timing of
the stimulus. In summary, by encoding dynamic stimuli in a single input pressure, microfluidic
flow-encoded switching offers a scalable experimental method for systematically probing the
functional significance of temporally patterned cellular environments. This chapter summarizes
results described in a recently published manuscript [2].

4.2 Background
The soluble cellular microenvironment is highly dynamic. Stress-induced cytokine waves [3],
post-prandial changes in metabolism [4], and diurnal variations in hormone levels [5] are just
some of the many time-varying stimuli found in vivo. The relationship between dynamic
extracellular signals and the resulting intracellular dynamics is a reflection of the underlying



signal transduction machinery. Understanding the normal operation of this machinery as well as

the disregulations that cause disease are central to the problem of developing effective

therapeutic interventions. Unfortunately, it is not straightforward to predict cellular responses to

time-varying stimuli because of nonlinearities, feedback, and cross-talk inherent in cell signaling

cascades [6, 7]. As a result, responses cannot be simply extrapolated from steady-state

responses to constant stimulus levels. Instead, one must experimentally traverse a large

parameter space of stimulus concentrations, temporal profiles, and molecular contexts [7].

Mathematical models can be helpful in predicting stimulus-response dynamics of complex

systems, however experimental validation of such models remains limited by the paucity of

dynamic experimental data [8]. Because of the challenging nature of dynamic experiments,

investigations have been limited to signaling pathways for which there exists a high degree of

suspicion that timing of inputs affects cellular responses. Encouragingly, results from these

limited studies have provided preliminary evidence that biological processes ranging from

kinase activation to gene expression can depend critically on the duration and frequency of

extracellular stimuli and their intracellular mediators [7, 9-11]. To broaden investigations to

other dynamic stimuli, it will be necessary to simplify and parallelize these experiments.

In vitro cell culture is often used as a model system to simulate the in vivo environment while

offering the benefit of precise experimental control. Unfortunately, conventional cell culture

techniques are not well-suited for delivering time-varying stimuli. Dynamic soluble stimuli can

be approximated in vitro using carefully timed pipetting, however this approach is both labor-

intensive and complicated by the need for multiple rinse steps to completely remove stimuli in

mid-experiment. Perfusion culture systems have been used to overcome many of these

obstacles by replenishing culture medium continuously; however most continuous-flow

chambers accommodate only one experimental condition at a time, and as a result, they also

limit throughput. To date, large scale studies of temporally varying stimuli remain prohibitively

tedious and impractical. In order to efficiently study the biological significance of dynamic

soluble microenvironments, scalable parallel perfusion culture systems are needed. Therefore,
we sought to develop a scalable perfusion culture system with a flexible stimulus control

strategy to enable efficient investigation of cells as they decode their dynamic environment.

Microfluidics, a technology that enables fabrication of micron-scale channel networks using
photolithography and polymer replica molding, offers a powerful toolkit for constructing high-

throughput perfusion cell culture systems. Precise geometries coupled with laminar flow and

purely diffusive mixing have enabled development of diverse fluid control strategies ranging

from subcellular stimulus localization [12] to flexible concentration gradient generators [13, 14].



These and other microscale tools have been used to explore diverse cellular phenomena

including bacterial growth dynamics [15], differentiation [16], chemotaxis [17], and spatially

heterogeneous cell signaling [18]. Initial advances in cell-based microdevices concentrated on

controlling spatial aspects of stimuli, however more recently, efforts are being directed at

controlling temporal aspects of stimuli. Most dynamic cell stimulation studies have been

performed in short experiments, one condition at a time, focusing primarily on non-adherent

cells. For example, in a recent report, time-varying stimulation was achieved by moving a single

cell through a steady-state heterogeneous concentration field [19]. This creative approach,

while ideal for studying individual non-adherent cells, cannot be readily applied to large numbers

of adherent cells. Recently, a valve-controlled device was used to rapidly switch a single

chemotactic gradient to study neutrophil chemotaxis [14]. However, to date, there is no method

for simultaneously controlling parallel delivery of many different dynamic stimulus regimens in

long-term adherent mammalian cell experiments.
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Figure 4.1 - Parallel dynamic cell stimulation - Microfluidic flow-encoded switching networks
enable delivery of many different temporal stimulus patterns to downstream cells using a single input

control variable. The ability to simultaneously deliver dynamic stimuli and measure dynamic cellular

responses in an integrated experimental platform enables high-throughput investigations of living cells

as the decode their local microenvironment.
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The following studies show how microfluidic network design can be used to enable different

temporal stimulus profiles S,(t) to be simultaneously controlled with a single input signal X(t) for

studying dynamic cell responses Rj(t) (Figure 4.1). The design strategy, termed "Flow Encoded

Switching" (FES), encodes the state of the network (the instantaneous concentrations of stimuli

in each experimental channel) into a single flow control parameter (the inlet pressure difference

or inlet flow ratio). By modulating the inlet flow ratio in time, the state of the network can be

controlled dynamically, and cells throughout the network can be exposed to different stimulus

regimens. To demonstrate the utility of this approach, we combined it with real-time imaging of

a stable fluorescent NFxB reporter cell line and quantified dynamic stimulus-response

relationships in living cells. In a second study, we used the FES networks to investigate cell

fate following various combination treatment regimens of heat shock and cytokine stress.

Together, these studies demonstrate flow-encoded switching as a versatile method for

controlling delivery of temporally patterned stimuli in order to systematically probe cellular

decoding of the dynamic soluble microenvironment.

4.3 Results

4.3.1 Flow-encoded Switching Device Design and Operation

Microfluidic flow-encoded switching networks (Figure 4.2A), are designed to enable delivery of

different dynamic soluble stimulus regimens Si(t) to each channel of the cell array using a single

input control pressure, where S is the stimulus concentration, i is the channel number, and t is

time. Each network consists of two inlets and one outlet connected by a series of alternating

parallel channels termed 'experimental channels' and 'gap channels', with fluidic resistances Rei

and Rgi, as shown in Figure 4.2A-B and Appendix 2. Because each channel behaves as a

purely resistive fluidic circuit element, the network can be modeled using the electrical

equivalent circuits as detailed in Appendix 2. Experimental channels function as cell-

visualization channels, whereas the interleaved gap channels are designed to enhance the
stability of stimulus control by isolating fluid with ambiguous concentrations as shown in Figure
4.2B. Soluble stimuli are delivered through one inlet (left) at a flow rate of Qstimulus while basal

culture medium is delivered through the other inlet (right) at a flow rate of Qmedium. Due to the

laminar nature of low Reynold's number microfluidic flow, there is minimal mixing between the

two solutions prior to entering the parallel channel network. Nevertheless, some diffusive

mixing will inevitably occur at the interface between the two flows, so we designed gap channels
between each experimental channel to carry the partially-mixed interface as shown in Figure

4.2B. Using this design, the normalized stimulus concentration 01 = (Si-Smin)/(Smax-Smin) in



experimental channel i is either maximal (i = 1) or minimal (e0 =0) depending on the flow ratio,

X = Qstimulus/(Qstimulus+Qmedium). At low values of X, only the left-most channels are exposed to

stimulus. However, as X increases, additional cell-containing channels are exposed to stimulus

from left to right. Eventually, as x approaches unity, all channels become exposed. In practice,

X can be experimentally controlled in two ways; 1) explicitly using two syringe pumps, or 2)

indirectly, by controlling the inlet pressure difference, AP = Pstimulus-PMedium, with fluid drawn from

the outlet at a constant flow rate Q0 as detailed in Appendix 2.

Each of the N experimental channels is characterized by a unique 'transfer function' relating

the normalized stimulus concentration ei to the inlet flow ratio X or pressure difference AP as

shown in Figure 4.2C. By designing the relative resistances of experimental and gap channels,
one can predictably control the shape of the transfer function. For example, as the experimental

channel resistances increased with respect to gap channel resistances, the transfer function
becomes increasingly switch-like. Each channel can then be characterized by a transition

threshold (Xth or APth) as illustrated in Figure 4.2C and E. The spacing between adjacent

channel thresholds, AXth = Xthi - Xth(i-1) for 1 < i5 N is therefore AXth ~ 1/N. For discrete switching,

AXth can be viewed as sensitivity. The spacing between the start and finish of a single

experimental channel transition is defined as Xsw (the abruptness of switching) is A•X ~

rg/(re+rg)(l/N ). The stability of the design, the fraction of flow parameter values causing no

switching is (AXth-AXsw)/AXth ~ re/(re+rg). Therefore, as the experimental channel resistance
inceases compared to the gap channel resistance, the system becomes very stable and easy to
control across long experiments, even in the face of fluctuations in flow sources. Taken
together, the stimulus concentrations in each experimental channel define a global 'network

state' (0,, i-1...N, where N is the number of channels), and one can experimentally transition

between network states simply by changing AP or X. This design strategy is termed "Flow-
encoded Switching" (FES) because the state of the network is encoded into the flow rate ratio.
The mapping of network states to input control parameters is illustrated in Figure 4.2D and a
device is shown operated in several states in Figure 4.2E. It should be noted that there are are
topological restrictions on the range of states that can be achieved using the current FES
design. For example, stimulation of channel j requires that all channels i of lower index (i < j) be
stimulated at the same time. This limitation can be overcome by adding a third inlet to the
device such that there is diluent on both sides of the stimulus flow as shown in Appendix 2.
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channels are used for cell visualization and gap channels serve to isolate the ambiguous concentration
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stimulus. Scale bar (lower right) is 300lpm. C) Relationship between the input flow ratio and the

normalized concentration in each channel. We define a series of flow ratio thresholds as the values at

which the dye interface is centered in a gap channel. D) Mapping of the network state (the normalized

concentration in each channel) to each flow ratio threshold. E) Fluorescence microscopy of the device

operated at the first four thresholds.
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4.3.2 Temporal Stimulus Control

Dynamic stimulation can be achieved by varying the inlet pressure difference AP or flow ratio

Xin time as illustrated in Figure 4.3A-C. Figures 4.3D-H illustrate several input signals or

'excitation sequences' X(t) that generate dynamic stimuli O9(t) commonly used in cell biology

experiments. For example, it is often useful to study the cellular response to a transient

stimulus of controlled duration, as in a "wash-out" or "pulse-chase" experiment. Figure 4.3B
illustrates how the FES network can be used to simultaneously screen a range of stimulus

durations. First the flow ratio is rapidly increased until all channel thresholds are exceeded and

all experimental channels are synchronously exposed to stimulus (9, = 1). Optionally, the last

channel can be left unexposed as a negative control. At regular intervals, the flow ratio is

progressively decreased in a step-wise fashion, to the next lowest threshold, removing the

stimulus exposure from another channel (0, = 0), and effectively delivering a different duration of

stimulus to any cells contained. Another commonly used stimulus pattern involves conditioning

cells with a 'pretreatment' and studying their response to a subsequent 'primary stimulus'. In

many cases, the cellular response to paired stimuli depends on the time interval separating the
two stimuli [20]. Figure 4.3C illustrates an FES excitation sequence that allows systematic
variation of the interval between pretreatment and primary-stimuli. First, all channels are
synchronously exposed and then unexposed to create the pretreatment stimulus. Next, the
control pressure is progressively increased at regular intervals, exposing a new experimental
channel each time and generating stimulus pairs with variable recovery periods.

One of the most intriguing and yet poorly understood temporal patterns in living systems is
the periodic stimulus. Rapid neuronal spike trains [21], intracellular calcium waves [22], and

pulsatile hormone release [23] are some of the many oscillatory signaling experienced by cells.
Nevertheless, despite the prevalence of periodic stimuli, the encoding and decoding of
information in these dynamic soluble signals remain poorly understood. Figure 4.3D illustrates
how microfluidic flow-encoded switching networks can be used to deliver many different
stimulus frequencies to cell-containing experimental channels for studying periodic biological
signals. One can use similar excitation schemes to vary pulse train length or pulse width as
shown in Figures 4.3G-H. As the excitations increase in complexity and the number of channels
scales, they enable delivery of stimulus regimens that would be impractical to control by manual
stimulus removal and discrete washing steps. For example, to deliver the conservative stimulus
regimen shown in Figure 4.3F using a 10-channel FES network would require pipetting
frequencies > 1 Hz (assuming 3 wash steps or 9 pipetting steps per well - 4 channels x 6
replicate wells per channel x 9 pipetting steps per well divided by 120 second switching period =



1.8 Hz). Together, these demonstrations illustrate the versatility of the flow-encoded switching

approach, that excitation of a single network of parallel experimental channels with a single

input can generate a wide range of useful modes of operation.

The FES networks used in these studies were designed for stimulus stability and

controllability over long experiments. However, they were not optimized for rapid switching. In

the future, switching speeds can be increased by reducing total channel volume and using

increased flow rates. The operating conditions used in these studies were chosen

conservatively to limit cell surface shear stress (< 0.1dyne/cm2) and resulted in characteristic

switching times of 10-60 sec. However, switching speed and cell surface shear stress can be

decoupled to improve future designs by recessing cells in wells to lower cell surface shear

stress at any given flow rate. Therefore, switching thresholds and other device parameters can

be flexibly designed and controlled to achieve a range of sensitivities specifically tailored to the

requirements of the experiment.
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Experimental measurement of fluorescence in 4 adjacent experimental channels at the region

indicated in Figure 4.3a. Excitation sequences and the resulting experimentally measured stimulus

profiles are shown for D) duration control, E) recovery interval control, F) pulse frequency control, G)
pulse trains of different pulse width and H) different pulse train lengths.

G H
o 40 WO to40 I I

a )~ UI n ( in mn m i n) m to s o m m

w



4.3.3 Multi-stage Flow-encoded Switching Networks

Single stage FES networks are limited to screening stimulus attributes one at a time (e.g.

duration or frequency, etc.). However, because the FES design is modular, it can be cascaded

with other modular microfluidic networks to allow simultaneous screening of multiple stimulus

attributes (e.g. duration and concentration, or pulse frequency and pulse train length). Figures

4.4 and 4.5 show examples of multi-stage flow-encoded switching networks. The first network,

shown in Figure 4.4, enables combined screening of stimulus concentration (magnitude) and

timing. In this case, the experimental channels of the first FES stage are routed to the inlets of

4 concentration generating modules, a previously described microfluidic circuit that relies on

lateral diffusion of adjacent laminar flow streams to generate 7 graded outlet concentrations for

each input as described in Chapter 3 [24]. An identical FES network in layer 2 is used to deliver

the diluent at the same flow rate as the stimulus. Figure 4.4A shows a block diagram of the

cascaded networks. Figure 4.4B illustrates the mapping of the input flow ratio to the 28 outlet

concentrations (OA1-7, OB1-7, %C1-7, 0D1-7). Figures 4.4C-D show macro- and microscopic images

of the dye-filled channels operated in the various network states, illustrating how the FES

network can control which dilution blocks are on and off. Detailed device design is shown in

Figure 4.4E. In contrast to single state FES devices, the gap channels have been reflected to

exit opposite the experimental channels, leaving room for the second stage. In addition, a high

resistance serpentine channel is placed in experimental and gap channels to ensure they are

much more resistant than the large interconnecting channel. Figure 4.4F illustrates

fluorescence measurements from each channel of the network as it is operated in duration

mode. Just as in single-stage FES networks, modulation of a single input flow ratio generates

different dynamic stimuli, however in this device, it does so across a range of different
concentrations.

Figure 4.5 shows a multistage network in which two FES designs are cascaded by routing

experimental channels of the first FES stage to inputs of subsequent FES stages. In this case,

the states of the two FES stages are controlled using separate input flow ratios. Therefore two

flow ratios are needed to control the two-stage device as indicated in the block diagram in

Figure 4.5A. The mapping of inputs and outputs shown in Figure 4.5B illustrates the wide range

of states that cascaded FES networks can achieve. Figures 4.5C-E show how 1, can be used
to turn on stage 2 FES units (stimulus is represented by blue dye). Figure 4.5E-F shows how

variations in X2 alter the number of channels exposed to stimulus within each FES block turned

on by X1.
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4.3.4 Living Cell FES Reporter Assays

Using the FES strategy, cells in experimental channels can be reliably exposed to a variety of
dynamic all-or-none pulse sequences controlled by a single input pressure difference. To

demonstrate the utility of FES for stimulating living cells, we examined the effect of two

temporally patterned stimuli: 1) NFicB activity in response to different durations of transient TNF-

a cytokine stimulation and 2) TNF-a-induced apoptosis following various heat shock

preconditioning regimens.

4.3.5 Effect of TNF-a Duration on NFiB Reporter Dynamics

NFiB is a pleiotropic transcription factor involved in inflammation, immune responses, and

cancer. The activity of this transcriptional regulator is known to be highly dynamic and capable

of exhibiting transient and oscillatory responses that result in qualitative differences in gene

expression. Using a combination of theoretical modeling and labor-intensive single time point

DNA binding electromobility shift assays, Hoffmann et al. predicted relationships between the

duration of TNF-a stimulation and duration of NF1B activity {Werner, 2005 #2025). Here, we

used the FES network shown in Figure 4.2A to experimentally test how different durations of

stimulation affect the magnitude and timing of NFxB-regulated protein production using

nondestructive measurements of GFP fluorescence in a stable NFKB reporter cell line. Devices

were fabricated, autoclave sterilized, precoated with fibronectin, and seeded with the reporter

cells. Figure 4.6A-B shows phase contrast and fluorescence images of the live-dead-stained

confluent device 24 hours after cell seeding, spreading, and attachment. Seeding was uniform

across the device with an initial cell number variation of approximately 20%. Figure 4.6C shows

the detailed cell morphology in a cell visualization well, imaged at the same magnification used

to quantify reporter fluorescence. Each channel of the device was exposed to a different TNF-a

pulse duration using the excitation sequence shown in Figure 4.6D. At the same time, we

followed changes in reporter cell fluorescence using automated time-lapse fluorescence

microscopy. Responses were quantified using automated image analysis (Fig. 4.6E-F) as

described in Chapter 2.
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predictions by Hoffmann et al.

Reporter fluorescence responses followed a well-conserved time course as shown in Figure

4.6E. The normalized fluorescence measured in each cell chamber increased from baseline at

-2 h at a rate that depended on the stimulus duration, and peaked at -10 h for all stimulus

conditions. Interestingly, this suggests that the duration of the stimulus determines the

magnitude of the response but not its timing. Inspection of the relationship between stimulus

duration and peak fluorescence level revealed two distinct response regimes for the TNF-a

durations analyzed. Cytokine exposures less than one hour resulted in peak magnitudes that

increased with increasing stimulus duration. In contrast, the timing of peak fluorescence was

independent of stimulus duration. However, when cells were exposed to TNF-a for longer than

one hour, the rate of fluorescence increase and the peak timing were found to be independent
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of cytokine duration (Figure 4.6F). These results are consistent with the predictions of

Hoffmann and complement conventional DNA binding results with a more distal measure of

NFKB transactivation, reporter protein expression. This experiment illustrates how FES

networks can be used to efficiently study live cell responses to different stimulus regimens in a

single microfluidic experiment by controlling a single input. Because the microfluidic FES

system allows automated dynamic measurement of living cell responses to many different

temporal regimens, one can rapidly traverse large stimulus parameter spaces and ultimately

identify the most important time points and stimulus regimens for more detailed investigation

using conventional techniques.

4.3.6 Effect of Heat Shock Recovery on TNF-mediated apoptosis

To demonstrate the utility of microfluidic FES for studying cell fate, we characterized the effect

of different recovery periods separating heat shock pretreatments and TNF-a cytokine stress on

apoptosis. It has long been known that heat shock modulates the response of cells to

subsequent stress; however whether it plays a protective or permissive role continues to be

debated [25, 26]. Using flow cytometry, we recently showed that the ability of heat shock to

protect cells from TNF-a-induced apoptosis is dependent on the interval between heat shock

pretreatment and TNF-a cytokine stress. Here, we use the FES network to systematically vary

the interval between 2 h 420C heat pretreatment and 25 ng/ml TNF-a cytokine stress in a single

integrated experiment. After seeding cells throughout the network, devices were exposed to
hyperthermia (420C) for 2 hours. The cell-containing networks were then placed on an

incubated microscope stage at 370C and TNF-a exposure was initiated at various time points as

illustrated in Figure 4.7A. After 24 hours, cells were stained with Annexin V to label externalized

phosphatidylserine, an early marker associated with commitment to apoptotic cell death.
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1hour, D) 5 hour, and E) 8 hours of recovery.
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We found that short (1-3 hours) and long (8-12 hours) heat shock recovery regimens

resulted in significant Annexin V positive staining area (Figure 4.7B-C). However, when cells

were allowed to recover for 4-7 hours, they were comparatively 'protected', exhibiting up to 5-
fold less Annexin V positive staining area. The complex cell fate response curve is not entirely

unexpected. This optimal recovery interval is in close agreement with results obtained using

conventional TUNEL assays and measured by flow cytometry (unpublished results). TNF-a is

known to simultaneously activate pro-apoptotic pathways through death receptor signaling and

pro-survival pathways through activation of NFiB [27]. Meanwhile, heat shock is also well

known to modulate the activity of NFKcB as well as directly affect cell fate [26]. These studies

demonstrate the utility of FES networks in studying a nonlinear problem such as this, however

additional studies will be necessary to provide a detailed mechanistic explanation for these

results. Nevertheless, FES networks offer an attractive tool for screening complex parameter

spaces and in the future, might provide useful strategies for dissecting the roles of heat shock

and NFKB in cell fate decisions.

4.4 Conclusion
High-throughput biological array technologies have principally focused on expanding the

number of assay outputs that can be measured in a single experiment. Here, we focus on

parallelizing inputs and controlling their temporal profiles. In vivo, cells are continuously

exposed to dynamic environmental changes; however in vitro cell culture remains largely

focused on static conditions and constant stimulation. This work introduces a novel

experimental method called flow-encoded switching that uses laminar flow microfluidic circuits

to control the temporal aspects of multiple cellular stimuli with a single input control. Compared

to manual pipetting, this provides significant advantages for continuous dynamic

microenvironment control and avoids the need for well-timed manual sample manipulation. In

this study, it is demonstrated that the approach can be used to generate a wide range of

biologically relevant dynamic stimulus patterns, that it can be integrated with existing

concentration control circuits, and that it can be extended to multiple stages to achieve

additional stimulus diversity. To demonstrate its utility in live cell experiments, FES networks

were used in combination with live cell imaging of fluorescent reporters to study the NFcxB

transcriptional response to transient TNF-a cytokine exposures and the effect of heat shock

timing on TNF-induced apoptosis. In each case, responses exhibited a non-trivial relationship
with the stimulus.



In the past, perfusion culture experiments were performed serially, which imposed significant

limitations on the length and number of studies that could be performed. The parallel nature of

microfluidic FES assays now allows many experimental conditions to be examined

simultaneously. Microfluidic FES complements the existing cell biology 'toolkit' with a powerful

experimental platform for obtaining stimulus-response time-series data from cells. It has the

potential to enable systematic investigation of the significance of timing in a wide range of

biological signaling systems including growth factors, cytokines, and immunogenic stimuli, and it

is poised to aid in the development and validation of dynamic cell signaling models. In

summary, this platform has the potential to greatly expand our understanding of the biological

decoding schemes that allow cells to detect, interpret, and respond to their dynamic soluble

microenvironments.



4.5 References
[1] A. Hoffmann, A. Levchenko, M. L. Scott, D. Baltimore, Science 2002, 298, 1241.
[2] K. R. King, S. Wang, A. Jayaraman, M. L. Yarmush, M. Toner, Lab Chip 2008, 8, 107.
[3] L. Ulloa, K. J. Tracey, Trends Mol Med 2005, 11, 56.
[4] M. Tschop, R. Wawarta, R. L. Riepl, S. Friedrich, M. Bidlingmaier, R. Landgraf, C.

Folwaczny, J Endocrinol Invest 2001, 24, RC19.
[5] B. O. Yildiz, M. A. Suchard, M. L. Wong, S. M. McCann, J. Licinio, Proc Nat/ Acad Sci U

SA 2004, 101, 10434.
[6] S. Ogawa, J. Lozach, C. Benner, G. Pascual, R. K. Tangirala, S. Westin, A. Hoffmann,

S. Subramaniam, M. David, M. G. Rosenfeld, C. K. Glass, Cell /2005, 122, 707.
[7] S. L. Werner, D. Barken, A. Hoffmann, Science 2005, 309, 1857.
[8] U. S. Bhalla, J Chem Neuroanat 2003, 26, 81.
[9] M. J. van Stipdonk, G. Hardenberg, M. S. Bijker, E. E. Lemmens, N. M. Droin, D. R.

Green, S. P. Schoenberger, Nat Immunol2003, 4, 361.
[10] L. O. Murphy, J. Blenis, Trends Biochem Sci 2006, 31, 268.
[11] R. E. Dolmetsch, K. Xu, R. S. Lewis, Nature 1998, 392, 933.
[12] S. Takayama, E. Ostuni, P. LeDuc, K. Naruse, D. E. Ingber, G. M. Whitesides, Nature

2001, 411, 1016.
[13] D. Irimia, D. A. Geba, M. Toner, Anal Chem 2006, 78, 3472.
[14] D. Irimia, S. Y. Liu, W. G. Tharp, A. Samadani, M. Toner, M. C. Poznansky, Lab Chip

2006, 6,191.
[15] F. K. Balagadde, L. You, C. L. Hansen, F. H. Arnold, S. R. Quake, Science 2005, 309,

137.
[16] E. M. Lucchetta, J. H. Lee, L. A. Fu, N. H. Patel, R. F. Ismagilov, Nature 2005, 434,

1134.
[17] N. Li Jeon, H. Baskaran, S. K. Dertinger, G. M. Whitesides, L. Van de Water, T. M, Nat

Biotechnol2002, 20, 828.
[18] A. Sawano, S. Takayama, M. Matsuda, A. Miyawaki, Dev Cell 2002, 3, 245.
[19] J. Olofsson, H. Bridle, J. Sinclair, D. Granfeldt, E. Sahlin, O. Orwar, Proc Nat/ Acad Sci

U S A 2005, 102, 8097.
[20] M. Fotin-Mleczek, F. Henkler, D. Samel, M. Reichwein, A. Hausser, I. Parmryd, P.

Scheurich, J. A. Schmid, H. Wajant, J Cell Sci 2002, 115, 2757.
[21] X. Han, E. S. Boyden, PLoS ONE 2007, 2, e299.
[22] A. C. Carvalho, J. Sharpe, T. R. Rosenstock, A. F. Teles, R. J. Youle, S. S. Smaili, Cell

Death Differ 2004, 11, 1265.
[23] X. Bonnefont, A. Lacampagne, A. Sanchez-Hormigo, E. Fino, A. Creff, M. N. Mathieu, S.

Smallwood, D. Carmignac, P. Fontanaud, P. Travo, G. Alonso, N. Courtois-Coutry, S. M.
Pincus, I. C. Robinson, P. Mollard, Proc Natl Acad Sci U S A 2005, 102, 16880.

[24] N. Li Jeon, H. Baskaran, S. K. Dertinger, G. M. Whitesides, L. Van de Water, M. Toner,
Nat Biotechnol 2002, 20, 826.

[25] M. Imao, M. Nagaki, H. Moriwaki, Lab Invest 2006, 86, 959.
[26] H. M. Beere, J Clin Invest 2005, 115, 2633.
[27] M. Karin, A. Lin, Nat Immunol2002, 3, 221.





Chapter 5

Dynamic Gene Expression Profiling in a High-Throughput Microfluidic

Living Cell Array

5.1 Overview
In this chapter, the focus is shifted from inputs to outputs. Whereas previous chapters aimed to
control delivery of soluble stimuli using microfluidic circuits, this chapter aims to expand the

number of different reporters that can be dynamically monitored in a single experiment. All
experiments described thus far have been performed using one reporter cell line at a time.

However, to simultaneously gain insight into the coordinated expression of multiple genes, it is

necessary to monitor many reporters in response to each stimulus condition.

The dynamics of gene expression are fundamental to the coordination of cellular responses.
Unfortunately, measurement of temporal gene expression patterns is currently limited to

destructive low-throughput techniques. This chapter describes a scalable real-time gene

expression array that combines microfluidic addressability with quantitative live cell imaging of

transcriptional reporters in an integrated experimental platform. Microvalve manifolds control

row-seeding and column-stimulation of 256 nanoliter bioreactors to create a high density matrix

of stimulus-response experiments. The platform is demonstrated in the context of the
hepatocyte stress response by measuring -5000 single-time-point-measurements in each
automated and unattended experiment. Each experiment requires only hours to setup, yet

performs the equivalent of months of conventional experiments. Like the microfluidic stimulus

control circuits described in previous chapters, the multi-reporter array is designed to be

modular so that it can be readily integrated with a range of stimulus control circuits. By enabling

efficient investigation of dynamic gene expression programs, this technology has the potential to
significantly impact basic science, drug development, and clinical medicine.

The worked described in this chapter was done jointly with Sihong Wang. The results were
recently published in a manuscript [1], and were used by a collaborator, Dr. Androulakis

(Rutgers), to develop analysis methods for synthesizes data obtained from dynamic gene
expression platforms such as the mLCA [2].



5.2 Background
Gene expression dynamics are central to the orchestration of cellular responses. Precisely

timed genetic programs coordinate progression through the stages of development [3],

responses to metabolic and biosynthetic shifts [4], and adaptations to infectious or

environmental stresses [5]. Some transcriptional programs are inducible [6], being called upon

transiently, only when needed. Others are in constant motion [7], continuously integrating inputs

from neighboring cells, neurovascular inputs, and circulating hormones to modulate expression

patterns. The ability to monitor transcriptional regulators in real time during physiological and

pathological responses would greatly enhance our understanding of cellular regulation and

control. Unfortunately, temporal patterns of gene expression remain largely uncharacterized due

to the laborious and expensive nature of destructive single-time-point measurement techniques.

This chapter describes a high-throughput experimental platform that allows the dynamic activity

of multiple gene regulatory sequences to be monitored in parallel, in living cells, and under

many experimental conditions.

Conventional gene expression analysis typically involves measuring single-time-point
'snapshots' with destructive techniques such as northern blots, reverse transcription polymerase

chain reaction (RT-PCR), or DNA microarrays. Using these methods, dynamics can only be

approximated by assembling average responses from separate cell populations, one for each

time point. While the methods have provided early data on expression dynamics, the laborious

and expensive nature of the approaches place significant limitations on both the number of time

points and the range of experimental conditions that can be reasonably explored. Recent

developments in the area of fluorescent reporter technologies are now permitting nondestructive

monitoring of a broad range of intracellular molecular events.

Reporter assays involve transfecting cells with plasmid DNA encoding an easily measured

protein such as green fluorescent protein (GFP) under the regulation of a specific transcription

factor. When the transcription factor of interest is active, the protein is expressed and GFP

levels increase. When the transcription factor is not active, GFP levels decrease. Libraries of

transcriptional reporters have been developed in bacteria and used to study regulatory

programs involved in biosynthesis [8] and flagella assembly [9], however adapting these

strategies to adherent mammalian cells is challenging due to low fluorescence signals, stringent
growth requirements, heterogeneous morphologies, and continuous cell motion.

To date, high-throughput array technologies have focused significant attention on increasing
the number of 'outputs' (primarily genes and proteins). However, comparatively little effort has
been directed at scaling the number of 'inputs', or cell stimuli. The ability to create complex



patterns of soluble stimuli that simulate the dynamic cellular microenvironment in a highly

parallel fashion would enable systematic characterization of cell responses and underlying gene

regulatory programs. Microfluidics offers an attractive platform for massively parallel integration

of cell culture and stimulus control. Microscale fluidic circuits have already proven valuable for

automation of biochemical assays such as RT-PCR [10], and their compatibility with transparent

and biocompatible polymers has lead to applications in adherent mammalian cell studies

ranging from developmental biology [11] and stem cell differentiation [12] to

mechanotransduction [13] and cell migration [14].

In this work, microfluidic perfusion culture and molecular stimulation are combined with live

cell transcriptional reporter monitoring to create a real-time gene expression array as shown

schematically in Figure 5.1. Rows of nanoliter-scale bioreactors are seeded with a library of

monoclonal reporter cell lines and stimulated by columns of soluble stimuli. The resulting matrix

of experiments is noninvasively monitored using time-lapse fluorescence microscopy and

quantified using automated image analysis to measure stimulus-response dynamics across a

broad range of experimental conditions.
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Figure 5.1 Schematic of the microfluidic real-time gene expression array A) Transcriptional

reporter operation-when an extracellular stimulus (yellow) binds its receptor (blue) and activates

intracellular transcription factors (red), they enter the nucleus and bind to DNA response elements that

activate transcription of the associated genes (grey). In addition to regulating endogenous genes,

transcription factors also bind to response elements of the stably transfected reporter plasmid DNA

resulting in expression of the reporter protein d2EGFP (green) which can be detected by fluorescence

microscopy. If the reporter is not continuously expressed, cellular fluorescence will fade due to the

short half-life of the fluorescent protein. B) Microfluidic multi-reporter array-reporter cell lines for

multiple genes and transcription factors are seeded in separate channels of the microfluidic array and

stimulated with soluble stimuli in the orthogonal direction (colored arrows). C) The addressable cellular

array is monitored noninvasively by automated time-lapse fluorescence microscopy, and images are

quantified by automated image analysis to create a dense 2D matrix of dynamic stimulus-response
data.
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5.3 Results

The microfluidic real-time gene expression living cell array consists of two fundamental

components (1) a microfluidic array that allows isolated seeding of multiple reporter cell lines

and orthogonal delivery of soluble stimuli, and (2) a library of fluorescent reporter cell lines that

dynamically report on the activity of transcription factors of interest.

5.3.1 Microfluidic multi-clone array fabrication and characterization
The microfluidic multi-reporter arrays are constructed using two-layer soft lithography and

microstructured membranes [15]. Detailed device designs are illustrated in Figure 5.2. A fully

assembled device is shown in Figure 5.3A. Layer 1 consists of an array of 256 circular -10 nI

'cell visualization chambers' that can be separated into 64 different experiments by 2 sets of
reversible polydimethylsiloxane (PDMS) barriers. The second layer consists of two valve control

lines that enable independent manipulation of the reversible barriers, allowing the underlying

culture array to be interchanged between isolated rows or columns. The barriers function as
'normally closed' valves and prevent cell and fluid communication between adjacent cell culture

chambers (Figure 5.3B). However, when negative pressure is applied to the appropriate layer 2

control channel by drawing a small amount of fluid into a 1 ml fluid filled syringe, the

corresponding barriers can be raised to allow communication between the chambers on either

side (Figure 5.3C). This reversible barrier design expands upon previously described highly
integrated microfluidic arrays [16] by making them compatible with mammalian cells. When the

barriers are closed, they passively prevent cell movement, yet they can be temporarily opened

wide enough (>50 pm) to allow passage of mammalian cells. In doing so, this approach offers a

robust method for controllably seeding multiple cell types.
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Figure 5.2 Design and fabrication of the valve-controlled multi-reporter mLCA - The mLCA

consists of two Layers. Layer 1 is comprised of two channel heights - Layer la (purple), -10 gm tall,
provides fluidic resistance in the stimulation direction (left-to-right), whereas Layer lb (blue), -50 gim

tall, provides channels for cell seeding (top-to-bottom) and culture. Layer 2 (green), -50 gim tall,

provides control channels for actuating integrated valves. Layer 2 is composed of 2 channel
networks, The green network in B) controls stimulation while the green network in C) controls cell
seeding. D) Close-up of Layer 1-2 overlay, showing gaps in Layer 1 channels (blue) form barriers that
can be lifted by Layer 2 control channels (green). Inidividual layers E) layer 1 and F) layer 2.
Fabrication of the mLCA can be divided into 4 major steps (shown in cross-section). G) Stepl: Master
molds are fabricated by photopatterning SU-8 for Layer 1 (blue) and Layer 2 (green) on silicon wafer

substrates (grey). H) Step 2: PDMS 1 is spin coated (50-100lpm thick) on the Layer 1 master (blue
stripe) and PDMS 2 is cast (several mm's thick) on the Layer 2 master (green stripe). I) Step 3: PDMS
2 is bonded to the silicon-supported PDMS 1, and J) Step 4: PDMS 1-2 stack is removed and bonded
to a glass substrate (white).

To seed cells, arrays are first sterilized, coated with fibronectin, and placed in 'seeding

configuration' (Figure 5.3D-E) by raising seeding valves and leaving stimulation valves closed.

Once the array is separated into rows, tubing from each seeding inlet is immersed in a separate

concentrated cell suspension (5-10x106 cells/mi) containing a different reporter cell

population. Each reporter cell suspension is manually drawn into each row of the array using a

1 ml syringe (approximately 50 pl of each cell suspension) connected to the common seeding

outlet. After seeding, the barriers are returned to their closed positions and cells are allowed to

attach and spread inside the array. After 1-2 h, unattached cells are rinsed away and the

adherent reporter cells are cultured using either discrete medium changes (2-3 per day) or

continuous medium delivery. Discrete medium changes are performed by connecting a medium-

filled syringe to the seeding outlet, opening the seeding valves, and advancing the syringe to

deliver approximately 100 pl of the medium 2-3 times per day. Alternatively, a continuous flow

of medium is delivered at 0.1 pl/min using a constant-flow syringe pump. After seeding and

attachment (24 h), the microscale cultures are characterized by high viability (>95% by calcein

AM) and active proliferation. Cell density is highly uniform in each row with some variation

between rows due to differences in cell suspension preparation. Inside the device, cells assume

normal morphologies (Figure 5.4A-B) and cultures are routinely maintained for several days

until confluency is achieved.

Spatial encoding of multiple cell types is critical for seeding the reporter library in the array.

To demonstrate isolation of rows during cell seeding and the prevention of row-to-row



communication or seeding cross-talk cells were labeled with red or green cell-tracker and

loaded them in alternating rows. These experiments revealed no row-to-row communication

(Figure 5.4C) and cells were found to retain their patterns throughout attachment and spreading,
and over several days of culture.

To generate a two-dimensional matrix of experiments, the array must be converted from

rows to columns to allow perpendicular delivery of soluble stimuli. Once cells are attached and

spread, the array is placed in stimulation configuration by applying negative pressure to

stimulation valves and positive pressure to seeding valves to ensure complete closure. Soluble

stimuli are then drawn into the array in parallel using a constant flow syringe pump, either by

drawing fluid from 8 stimulus-containing reservoirs into a single outlet syringe (0.8 pl/min total

flow) or by delivering stimuli from the inlet using a multi-channel syringe pump (0.1 pl/min for

each of 8 stimulus-containing syringes). To demonstrate isolation of soluble stimuli, green and

red calcein dye were delivered through alternating channels. Despite varying inlet pressures to

promote cross-talk, the fluorescent solutions remained isolated in columns with no measurable

column-to-column communication or stimulus cross-talk (Figure 5.4E). Taken together, these

studies demonstrate that the microfluidic array provides a reliable and scalable method for

creating dense two-dimensional arrays of dynamic stimulus-response experiments using living

cells.
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Figure 5.3 Characterization of the valve-controlled multi-reporter mLCA - A) Layer 1

(yellow) consists of a 16 x 16 array of circular cell visualization chambers (50 lm height and 420

pm diameter). Each 2 x 2 subarray in layer 1 is isolated from the others by 2 sets of reversible

PDMS barriers. These barriers are controlled by two valve control manifolds (green and purple)

in layer 2. Cell lines are drawn from separate inlets (left) through a common outlet (right) to seed

the device with rows of different reporters. Similarly, each stimulus is drawn from separate inlets

(top) through a common stimulation outlet (bottom). Layer 2 seeding valves (green) are dead-

end channels controlled by the pressure in a single inlet (top right) and stimulation valves

(purple) are controlled by a single control line (bottom right). B) Cross-sectional schematic of the

reversible barriers. At rest or when positive pressure is applied to the control line, valves are

closed. C) When negative pressure is applied to the control line, the reversible barrier is

elevated allowing fluidic communication. D) Schematic of a typical experiment. 1. Devices are

placed in seeding configuration with seeding valves open and stimulation valves closed. 2.

Reporter cell lines are introduced from the left. 3. The array is placed in neutral configuration by
closing seeding valves, and cells are allowed to attach. 4. Devices are then placed in stimulation

configuration by opening stimulation valves and closing seeding valves. 5. Stimuli are drawn

through each column of the array to stimulate each cell line with each stimulus and create a

matrix of 64 stimulus-response experiments, each with 4 cell chambers or replicates. E) Images

of the dye-filled device in each of the three configurations-seeding (top), neutral (middle),

stimulation (bottom). Open valves appear to have yellow centers when the floor and ceiling of

the layer 2 control channel meet. Since the dye is squeezed away from that area, the color is

dominated by the yellow dye in the underlying layer 1.



Figure 5.4 Cell culture in the microfluidic array - A) Phase contrast images of 8 representative wells
in the array. B) Enlarged phase contrast image of a single confluent cell-visualization chamber with cells
exhibiting morphologies similar to those observed on conventional tissue culture plastic. C)
Fluorescence overlay of red- and green-labeled cells seeded in adjacent rows. Valves are closed to
separate rows and columns during cell attachment. D) Fluorescence overlay of calcein red and green
being delivered through adjacent columns while the array is in stimulation configuration. E)
Nontransfected (NT) and constitutively expressing CMV-d4EGFP reporter cells (D4G) were seeded in
alternating rows using the valve-isolation. Cells were allowed to attach and spread. One image was
taken for each 2 x 2 sub-array and a montage of the 64 images was created. Scale bars in (C-E) are
-500pm.
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5.3.2 Reporter Library Construction and Characterization
To monitor real-time gene expression in the microfluidic arrays, a library of fluorescent protein
reporter cell lines representing key pathways involved in inflammation was constructed. The
reporter cells were constructed by transfecting H35 hepatoma cells with plasmid DNA encoding

a fluorescent protein under the transcriptional control of different transcription factors. The result

is a cell that expresses the fluorescent protein whenever the transcription factor of interest is

active. Specifically, four repeats of transcription factor response elements Table 2.1 were cloned
upstream of a CMV minimal promoter and a destabilized enhanced green fluorescent protein

(d2EGFP) reporter as previously described [17, 18]. In constructing the reporter library, the aim
was to (i) minimize copy number variation across time and enable long-term experimentation by
stable transfection, (ii) maximize assay dynamic range by positive and negative fluorescence
activated cell sorting (FACS) to select cells with high inducibility and low background in the
uninduced state, (iii) minimize population heterogeneity using limiting dilution to obtain
monoclonal cell lines, and (iv) allow transient responses to be followed by using a destabilized
d2EGFP with a 2 hour half-life as the fluorescent reporter protein. Although spectral variants of
GFP could have been used to distinguish different reporter cell lines, the goal was to build a
scalable platform that was not limited by the number of available fluorescent protein variants.
Therefore, the reporter library was designed using a single d2EGFP reporter, and spatially
encoded reporter identities by seeding each cell line in a separate row of the microfluidic array.
Each reporter plasmid was transfected into H35 rat hepatoma cells, a cell line chosen for its
well-characterized response to inflammatory cytokines. In addition, a constitutively expressing
cell line stably transfected with a 4 hour half-life protein (d4EGFP) was used to establish an
exposure time that would use the entire dynamic range of the digital camera without saturating
the detector. The nontransfected H35 cells (NT) were used as a negative control to detect
changes in cellular auto-fluorescence due to variations in morphology during each experiment.

An automated microscope was programmed to capture fluorescence images from each cell-
containing-chamber at regular intervals, and dynamic reporter responses were quantified using
automated image processing and analysis routines written in MATLAB as described in the
Methods section. To characterize the approach, dynamic responses of the Nuclear Factor KB

(NFKB) reporter were quantified after exposure to Tumor Necrosis Factor-a (TNF-a) (25 ng/ml),
as well as the Glucocorticoid Response Element (GRE) reporter after exposure to
Dexamethasone (Dex) (4 IM) using automated microscopy in microfluidic channels as well as
the more labor intensive and destructive fluorescence flow cytometry. Comparisons of
normalized fluorescence measured by cytometry and microscopy revealed that both techniques



captured similar temporal trends and were able to distinguish the distinct dynamics of the two

reporters (Figure 5.5A-C). Furthermore, because automated time-lapse microscopy allows

sampling frequency to be increased freely without requiring additional experiments, cellular

fluorescence was able to be sampled at more regular intervals and higher temporal resolution

than flow cytometry. In summary, the use of automated time-lapse fluorescence microscopy

allows reproducible, high-sensitivity, and high-frequency measurements of cellular fluorescence,

making it an ideal method for quantifying reporter dynamics in the microfluidic real-time gene

expression array.

5.3.3 Dynamics of Hepatocyte Inflammatory Responses

The living cell array was applied to study the hepatocyte inflammatory response by exposing the

reporter library (Table 2.1) to bacterial endotoxin (lipopolysaccharide or LPS), cytokines,
hormones, and their combinations. During infection and inflammation, cells of the innate

immune system transiently release large amounts of cytokines, which combine with systemic

elevations in stress hormones to elicit a variety of responses in nearby parenchymal cells.

Together, the complex soluble inflammatory environment leads to dynamic stimulation of

several intracellular signaling pathways, which converge on multiple transcription factors to

regulate gene expression changes and coordinate cellular responses. Therefore, the

microfluidic array was used to monitor the dynamics of key transcription factors in this response.

Eight cell lines were seeded in the microfluidic array, and the library was stimulated with

various pro- and anti-inflammatory mediators including endotoxin, inflammatory cytokines, a

synthetic glucocorticoid, and combinations thereof. Each stimulus was drawn from a separate

supply tube through a common outlet using a constant flow syringe pump. Stimulus outlet

channels were designed with high resistance to avoid retrograde flow from one stimulus to

another. In all experiments, flow rates were chosen to achieve cell surface shear stresses less

than 0.1 dynes/cm2. During each experiment, fluorescence dynamics were continuously

monitored using time-lapse imaging of each reporter-stimulus pair - 192 locations (3 replicates

for each of 64 stimulus-reporter pairs) sampled at 90 min intervals. For each reporter-stimulus

pair, three of the four replicates were chosen for imaging. This allowed imaging of all locations

to be comfortably completed within the 90 min sampling interval and provided us with the
flexibility to exclude array elements that were likely to generate artifacts during automated

image analysis, such as those containing cell aggregates, acellular debris, or other unintended

sources of fluorescence background.



0.8

0.6

E 0.4
o
z

0.2

0
0 5 10 15

Time (hrs)

70

60

.- 50

0 40
o

S30

= 20
z

10

0

0 200 400 600 800

Intensity of Green Fluoresence

I
2 hr

I
5 hr

I
8 hr

1000 0 200 400 600

Intensity of Green

I
11 hr

I
14 hr

Figure 5.5 Characterization of GFP reporter cell line dynamics - A) Comparison of NFKB and

GRE reporter dynamics quantification using FACS and microscopy with image analysis of cells in

microfluidic channels. FACS analysis of B) NFKB and C) GRE reporter cell populations at 0, 5, 8, and

18 h after stimulation with 25 ng/ml TNF-ca and 4 pM dexamethasone, respectively. Fluorescence time

lapse images of D) NFKB and E) GRE reporters in microfluidic cell visualization chambers 2, 5, 8, 11,

14, and 17 h after stimulation.

-control

5 hr

-8 hr

-18 hr

BNFicl

GRE

800

Fourescence

1000 1200

I
17 hr

__ _ __ _ _

]
]

I
E

'~

-

^^"^#-



To obtain a global view of dynamic reporter responses to the panel of stimuli, each

fluorescence image was quantified and normalized by the maximum and minimum fluorescence

for that location as described in the Methods section. The results of a single experiment were

then plotted as a heat map (Figure 5.6). Normalizing in this manner not only corrects for the

number of cells in each well, but it also highlights temporal aspects of the responses rather than

focusing on response magnitudes. One drawback of normalizing data in this manner is that

unresponsive stimulus-reporter pairs are rescaled using very low fluorescence levels, which

amplifies image noise and results in response dynamics characterized by rapid full-scale

fluctuations (see responses to dexamethasone). Nevertheless, as expected, transcriptional

reporters in each region of the array exhibited unique fluorescence levels. Negative control cells

(NT) consistently exhibited the lowest absolute fluorescence levels while positive control cells

(D4G) exhibited the most intense fluorescence for the duration of the experiment, indicating that

cell seeding was well controlled. In contrast to NT and D4G responses, the fluorescence levels

of the inducible clones were initially low, but increased and decreased in a stimulus-dependent

fashion.

Specific stimulus-response interactions were examined using row-by-row analysis of each

reporter and compared them to canonical signaling pathways. NFXB was strongly induced by

LPS, tumor necrosis factor-a (TNF-a), interleukin 1 (IL-1), interleukin-6 (IL-6), and by

combinations of TNF-a, IL-1, and IL-6 (referred to as cytokines or 'Cyts') (Figure 5.7A).

Interestingly, while the peak fluorescence varied between these stimuli, the dynamics of the

NFKB reporter responses were strikingly stimulus-independent. Indeed, LPS, IL-1, and TNF-a

are known to converge on a common signaling pathway involving inhibitor of KB kinase (IKK)

phosphorylation and proteosome degradation of the NFKB inhibitor, IcBae [19], Responses were

rapid, beginning at 2 h, and reaching a maximum by -10 h for each activating stimulus. In

contrast, IL-6, a well-characterized protein product of NFKB-mediated transcription, did not

cause induction of NFKB. This might be expected, as IL-6 is functionally downstream of NFKB

activation in the cytokine signaling cascade. When the synthetic glucocorticoid dexamethasone

(12 pM) was added to the cytokine mixture, significant reductions in NFKB reporter responses

were observed, consistent with its established anti-inflammatory properties and its known ability

to antagonize NFKB-mediated gene expression. At lower doses of glucocorticoid (4 pM)

however, TNF-a regained its ability to elicit a characteristic NFKB response. One surprising

result of the experiment was that dexamethasone (Dex) did not elicit a strong GRE reporter

response. It was suspected that this was an artifact related to using late passage number cells,



and after thawing new cells, found that the responsiveness to dexamethasone was restored.

Taken together, these results agree with an extensive body of literature on activation and

modulation of NFicB and serve to validate the microfluidic real-time gene expression platform.

LPS TNF-a. IL-1 IL-6 IFNy Dex Cyts Cyts/Dex

NT

NFKB

AP-1

STAT3

ISRE

GRE

HSE

D4G

0 36 hrs 0
Figure 5.6 Profiling hepatocyte inflammatory gene expression dynamics A) Heat map of a single
microfluidic living cell array experiment. Each reporter was stimulated with bacterial endotoxin (LPS 25
pg/ml), inflammatory cytokines (TNF-a 25 ng/ml, IL-1 25 ng/ml, IL-6 25 ng/ml, and IFNy 10 ng/ml), a
synthetic glucocorticoid hormone (dexamethasone, 4 pM), and combinations thereof (Cyts = TNF-a/IL-

1/IL-6) or (Cyts+Dex = TNF-a/IL-1/IL-6/Dex). Cellular fluorescence was measured from 3 cell
chambers for each of the 64 stimulus-response pairs every 90 min for 36 h to create the 192 time
series comprised of 4608 single-time-point measurements. Data was normalized to initial and
maximum levels to highlight the time course of the responses.

One can gain additional insight by analyzing the array in columns and investigating the
coordinated response of multiple transcription factors to a single stimulus. For example, TNF-a

resulted in activation of NFKB, Signal Transducer of Activated Transcription 3 (STAT3), and
Heat Shock Element (HSE), however the kinetics were distinctly different, with response times
(time to 50% of maximum induction) of approximately 5, 12, and 15 h respectively (Figure 5.7B).
Results such as these illustrate how the real-time gene expression array can paint a dynamic
picture of the relative response dynamics of multiple inflammatory transcription factors in a
single experiment.
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Figure 5.7 Detailed NFicB, STAT3, and HSE reporter response dynamics - A) Curves represent

average responses and standard deviations for TNF-a induction of multiple reporters (NFKrB, STAT3,

and HSE) in the jgLCA. B) Detailed response of HSE to different cytokine inducers, alone and in

combination. C) Heat map representation of three replicates for each of NFiCB, STAT3, and HSE GFP

reporters in response to TNF-a. D) Illustration of possible explanation for responses. TNF-a is a known

inducer for NFrB. IL-6 is a potent activator of STAT3-mediated transcription as well as an NFiB-

inducible gene, suggesting the possibility of an indirect mechanism of activation. TNF-a and IL-1 are

known to activate two critical kinases IKK and JNK. JNK has been linked to reactive oxygen species

and phosphorylation of HSF1, the transcription factor that binds to HSE. Whether JNK plays a role in
the pathway and wither it is direct or indirect remains unknown. Dotted lines represent proposed
pathways that might explanation observed experimental results.
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While the majority of these results were in agreement with conventional signaling models,

some results were unexpected. For example, when the HSE reporter was exposed to TNF-a, IL-

1, or their combinations, increases in fluorescence were observed, beginning at -8 h. Only one

report of such an effect has been described in the literature [20], and little is known about the

underlying mechanism. At first glance, activation of HSE by TNF-a and IL-1 might suggest an

NFxB-mediated mechanism; however it was also found that the addition of dexamethasone,

while able to attenuate NFiB activity, did not decrease TNF-a-induced activation of HSE.

Unexpected effects such as these will be interesting topics for future investigations using more

conventional assays. Nevertheless, they demonstrate the utility of the real-time gene expression

array for detecting new interactions and instructing the design of additional experiments.

The activation of STAT3 by TNF-a was also unexpected. A possible explanation for this

interaction might involve indirect activation through secreted IL-6. TNF-a is known to induce

expression of IL-6, and IL-6 is a well-established activator of STAT3. To probe indirect effects

that potentially depend on paracrine signaling, one might rearrange the order of the reporters

and compare the responses of clones in upstream and downstream positions of the array.

Alternatively, putative paracrine communication mechanisms can be studied by adjusting the

stimulus flow rate, as this should modulate the balance between convective transport and

secretion and thus affect the amount of paracrine signaling. These results are summarized in

Figure 5.7.

5.4 Discussion
Historically, studies of signal transduction and gene expression have focused on establishing

the molecular connections within individual pathways. In an effort to create a more dynamic and

integrated picture of the cell, a microfluidic real-time gene expression array was developed to

monitor the coordinated activity of multiple pathways. The platform uses microvalve arrays to

achieve reliable seeding and orthogonal stimulation of multiple fluorescent reporter cell lines

while enabling automated time-lapse microscopy to continuously monitor dynamic responses

from the two-dimensional matrix of experiments. The platform was used to characterize dynamic

responses to mediators of the hepatic inflammatory response and in each experiment, 192 time
courses were collected, consisting of -5000 single-time-point measurements (64 reporter -

stimulus combinations measured across 25 time points in 3 separate cell visualization chambers

or 'replicates'). Results are in close agreement with published literature and occasionally,
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measurements revealed unexpected responses that are guiding formulation and testing of new

hypotheses.

The microfluidic reporter array offers several advantages over conventional gene expression
assays. First, sampling frequency can be freely increased, allowing cell responses to be

measured at high temporal resolution and regular intervals. Second, the small channel height

reduces fluorescence background associated with culture medium compared to conventional

open-volume culture dishes, dramatically improving reporter signal detection. Third, the use of

microscopy allows adherent cells to be monitored in their native configurations, retaining links

between fluorescence measurements and other cell parameters such as morphology, location,

and history, ultimately enabling single cell measurements and facilitating correlations between

dynamic responses and endpoint measurements such as cell fate. The microfluidic arrays have

significant scaling potential in both the number of cell lines that can be examined and the

complexity of stimuli that can be delivered. A natural extension of the current design would

involve addition of upstream microfluidic circuits to generate precise and controllable

concentrations and combinations of stimuli from a limited number of inputs.

Despite the apparent complexity of the microfluidic arrays, they are remarkably

straightforward to construct and operate. Once photolithographic masters are created, arrays

can be fabricated, sterilized, and seeded with cells in a single day. Valve control of cell seeding

and stimulation requires only two 1 ml syringes regardless of the array size, and continuous flow

culture and stimulation can be performed using a single syringe pump. Together, these features

make the array broadly accessible to cell biology labs that might not be equipped with

specialized fabrication facilities or elaborate fluid control equipment.

Fluorescent protein reporters offer a non-destructive means of functionally characterizing

gene regulatory sequences in real-time. In contrast to more proximal and destructive

measurements such as DNA binding or mRNA abundance, reporter assays allow continuous

measurement of the distal protein product and can distinguish between productive (mRNA

producing) and unproductive transcription factor binding events. This is an important distinction

for transcription factors such as glucocorticoid receptor, where DNA binding does not

necessarily result in productive transcription. The microfluidic reporter array can also be used to
study dynamics of specific genes by creating reporters with natural promoters. In summary, the
use of fluorescent reporters to study transcriptional regulation provides an opportunity to
observe the coordinated dynamics of many genes across time and create an integrated picture
of gene expression programs.
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Large temporally resolved stimulus-response data sets have previously been assembled

using conventional techniques, however substantial investments in time and resources were

required. For example, a recent study noted that 18 months were required for 4 investigators to

assemble a compendium of stimulus-response dynamics (19 responses to 10 inputs at 10 time

points measured in triplicate) [21]. Nevertheless, the results of these and other dynamic

expression studies provide clear evidence that a well-orchestrated temporal order underlies

cellular responses in the first 48 h following many experimental stimuli [22].

In this work, the microfluidic dynamic gene expression platform was demonstrated using a

well-characterized inducible pathway. Once validated however, the technology can be applied

more generally to complex gene regulatory networks, such as those found in hepatocytes [23],
pancreatic cells [23], and embryonic stem cells [24], where transcription factors are themselves,

transcriptionally regulated. The microfluidic real-time gene expression array provides a powerful

means of collecting large amounts of quantitative dynamic data from living cells in an internally

consistent format, aiding development of mathematical models of gene regulatory networks and

high-throughput investigations of signaling dynamics for systems biology. Furthermore, the

unbiased nature of these experiments creates an opportunity to broadly characterize complex

signaling networks and discover 'off-target' effects of putative therapeutics. In the future,

profiling tools such as the microfluidic real-time gene expression array have the potential to play

an important role in revealing the systems dynamics of the cell, uncovering unexpected

mechanisms of drug actions, and developing clinical fingerprints of disease.
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Chapter 6

Spatially Heterogeneous Innate Immune Responses: A Role for Gap
Junctions in the Antiviral Response to dsDNA

6.1 Overview
This chapter describes how one stable monoclonal reporter cell line (ISRE-GFP) revealed

spatial patterns of gene expression during innate immune responses, and how it was used in

hypothesis-driven investigations to gain insight into the underlying mechanism and the potential

significance of pattern formation.

The ability of mammalian cells to sense intracellular double-stranded DNA (dsDNA) is

important for recognition of viral infection [1], intracellular bacteria [2], and neighboring cell

death [3]. When immune or nonimmune cells sense dsDNA in their cytoplasm, they respond by

secreting cytokines such as TNF-a and IFNI3, which diffuse to distant cells where they initiate

inflammation and induce a defensive or anti-viral state across the broader tissue

microenvironment [4]. Based on its high molecular weight and discrete nature, DNA stimulation

might be assumed to result in spatiotemporally heterogeneous responses, however this has

been difficult to test experimentally using conventional methods because they require averaging

responses over large populations of cells. In this work, a stable ISRE-GFP reporter is used to

visualize gene expression in situ, without removing cells from their native configuration, allowing

spatiotemporal patterns to be preserved and appreciated.

The studies in this chapter demonstrate that the ISRE reporter cell line is both sensitive and

specific for cytoplasmic nucleotide sensing, and they reveal a remarkable spatial heterogeneity

in the response to dsDNA sensing. They show that detection of cytoplasmic dsDNA by single

cells leads to colonies of activated ISRE reporters, and that the colonies exhibit a unique pattern

of gene expression compared to their non-activated neighbors. Furthermore, they provide

evidence that colony formation occurs by cell-cell communication, and that at a mechanistic

level, the communication requires gap junctions. Taken together, these results suggest a novel

role for gap-junction-dependent communication in the amplification and spread of dsDNA-
induced innate immune responses.

This work was performed jointly with Suraj Patel, who contributed equally to these studies.

Monica Casali helped with PCR, and Chris Chen assisted with FACS sorting.

105



6.2 Background
6.2.1 The Innate Immune System

The immune system can be divided into two arms - innate and adaptive [5]. Innate immunity

serves as the frontline of cellular defense. Initially, the innate branch of the immune system was

thought to be responsible for rudimentary and nonspecific responses to danger, but it is now

appreciated to be a highly specific system of receptors and effectors that coordinate responses

to a broad range of invading microbes and pathogens. The innate immune system is comprised

of germline-encoded pattern recognition receptors (PRR) that specifically sense pathogen-

associated molecular patterns (PAMPs) from invading microbes [6]. These PAMPs activate

diverse cellular responses ranging from cytokine release to induction of apoptosis, and warn

neighboring cells to activate local tissue defenses. In addition, they recruit cells from the more

plastic adaptive immune system, which orchestrate a larger and more sustained response to the

invading pathogen while also establishing memory for more efficient management of future

threats.

6.2.2 Nucleotide Sensing in Innate Immunity

Nucleotides, such as single-stranded RNA (ssRNA), double-stranded RNA (dsRNA), and

double-stranded DNA (dsDNA) represent important classes of PAMPs. The molecular sensors

for nucleotides can be divided into two categories - those belonging to the toll like receptor

family (TLR-dependent) [7], and those that do not require toll like receptors (TLR-independent)

[8]. Toll like receptors (TLRs) are a family of surface and endosomal receptors for PAMPs.

While each TLR is specific for different pathogen-associated molecules, each requires the

adaptor signaling proteins, MyD88 and/or TRIF, for activation of immune and inflammatory

transcription factors such as interferon responsive factors (IRFs), AP-1, and NFiCB [9]. This, in

turn, leads to changes in gene expression that mobilize a broad range of innate immune

responses including secretion of cytokines and chemokines as well as upregulation of several

intracellular antiviral proteins [10-12]. Interestingly, when embryonic fibroblasts from mice

lacking both TLR adaptor proteins (MyD88'/TRIF /' MEFs) are challenged with pathogen-

associated nucleotides, several responses remain intact [2]. Studies of such responses have

lead to the discovery that in addition to TLR-dependent nucleotide sensing pathways, there also
exist a class of TLR-independent nucleotide sensors. The first TLR-independent sensors

identified were the CARD-domain-containing helicases, RIG-1 and MDA-5. These cytoplasmic

sensors were shown to be activated by dsRNA viruses as well as the dsRNA synthetic ligand,

Poly(I:C). They signal through the TBK-1 kinase to activate IRF3, a transcription factor that
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binds to an ISRE consensus sequences on nuclear DNA, and upregulates innate immune
response programs [13-15].

6.2.3 TLR-independent DNA Sensing

The signaling pathways engaged by TLR-independent RNA sensing have been extensively
explored over the past decade, and a great deal of molecular detail is now known. In contrast,
detection of cytoplasmic double-stranded DNA (dsDNA) remains poorly characterized. Until
recently, TLR9 was the only known sensor for DNA [16]. This TLR-dependent DNA sensor was

thought to be specifically sensitive for DNA containing methylated CpG motifs, which are
commonly found in bacterial DNA but not mammalian DNA. Eventually, it was appreciated that

cytoplasmic sensing of mammalian dsDNA could stimulate IFN3 production and establish an

antiviral state, and moreover that this occurred in a TLR-independent fashion. This pathway

was subsequently shown to depend on TBK-1, and IKKE, and the transcriptional regulator IRF3,

however the molecular DNA sensor itself remained a mystery [17, 18]. Recently, a molecule
termed termed DNA-dependent activator of IFN-regulatory factors (DAI) was found to directly

bind to dsDNA, associate with TBK-1 and IRF3 and lead to production of IFNP production in a
TLR-independent fashion [19, 20]. However when its knockout mouse was created, no

deficiencies in innate or adaptive immunity were appreciated [21]. This IFNP then protects cells
from cytopathic viral challenge, an effect that is lost when dsDNA stimulation is performed in the

presence of anti-IFNP neutralizing antibodies [22]. Together these results suggest a view

wherein cytoplasmic dsDNA-sensing induces production of IFNI, which is then secreted,

diffuses to neighboring cells, and stimulates a second round of signaling and gene expression to

create the tissue-wide antiviral state [13, 15, 23, 24]. While this suggests that IFNP acts as the

primary 'warning' signal to neighboring cells, the details of intercellular signal propagation from
the infected DNA sensing cell to uninfected bystanders remain unclear.

6.2.4 DNA-induced Antiviral Responses

The IFNP receptor (IFNRa/P) is expressed on many non-immune cells. Once dsDNA is

detected and IFNP is secreted, the cytokine ligates surface receptors on neighboring cells and
leads to activation of JAK-STAT signaling and formation of a transcription factor complex
comprised of STAT1, STAT2, and IRF9, known as ISGF3. ISGF3 binds to ISRE consensus
sequences (termed ISGF3-binding-ISRE here to distinguish it from the IRF3-binding-ISRE
sequence upon which the GFP reporter is based) in the promoters of interferon stimulated
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genes (ISGs) and broad spectrum gene expression changes take place that amplify the initial

innate immune response and facilitate additional expression of cytokines, chemokines, and

antiviral genes. The critical role of IFNP in these responses can be further appreciated by

noting that numerous pathogenic viruses have evolved specific strategies to target the host
Type I IFN response [25].
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Figure 6.1 - Pathogen sensing in the innate immune system - Toll like receptors (TLRs) and

cytoplasmic sensors detect pathogen associated molecular patterns (PAMPs) and signals through

kinases such as TBK or IKKE to activate transcription factors such as IRF3 that induce expression of

secreted cytokines such as IFNP. These cytokines diffuse to neighboring cells, ligate surface receptors

such as IFNRa/• and upregulate expression of secondary genes such as interferon stimulated genes

(ISGs), many of which contribute to the establishment of a tissue-wide antiviral state. IRF3-binding-

ISRE and ISGF3-binding-ISRE are different sequences. The GFP reporter used in this chapter was

constructed using IRF3-binding-ISRE sequences.
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6.2.5 Proposed Model of dsDNA-induced Intercellular Communication

This chapter proposes an addition to the emerging picture of dsDNA-induced immune
responses. Existing evidence suggests that when a single cell senses dsDNA, it signals

through TBK-1 and IKKE to activate IRF3, which in turn upregulates expression of secreted

cytokines such as IFNP in the sensing cell. Secreted interferons are then thought to signal

neighboring cells in a paracrine fashion, and activate secondary interferon-stimulated genes

including directly antiviral proteins and additional cytokines. This chapter provides evidence that
soon after the initial dsDNA exposure, the sensing cell also signals through a contact-dependent

gap-junction-mediated mechanism, to activate IRF3-binding-ISRE in a colony of closely

connected cells. Together, this colony of cells secretes the initial wave of cytokines including

IFNP. These results suggest that without gap junctions, only individual DNA-sensing cells would

secrete cytokines, whereas with gap junctions, colonies of cells cooperate to secrete cytokines.
The contact-dependent intracellular communication represents a potentially important

amplification step in the initiation of innate immune response programs and might represent a
natural means of evading pathogen anti-interferon strategies. Figure 6.2 illustrates two models,

one based on existing literature, and the other based on the novel results described here. The
remainder of this chapter describes evidence using the ISRE-reporter that supports the

proposed model.
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Figure 6.2 Proposed model of dsDNA-induced intercellular communication - Schematic of current
(left) and proposed (right) views of cell-cell signaling after dsDNA sensing in innate immunity. Based on

existing literature, one would expect that a single cell senses DNA, activates IRF3, and secretes

cytokines such as IFNP. After secretion (shown left), IFNI diffuses throughout the local

microenvironment and ligates ubiquitously expressed receptors on the surfaces of cells throughout the

tissue. This leads to expression of interferon stimulated genes (ISGs) and development of a tissue-wide

antiviral state. This chapter describes results that suggest a slightly different mode. In the newly

proposed model (shown right), DNA is again sensed by a single cells, but this leads to rapid cell-cell
signaling to adjacent cells. In contrast to the first model, the cell-cell communication is contact-mediated

and depends on gap junctions. The communication leads to an amplified response where a colony of

gap-junction-connected cells together produce cytokine which diffuses and activates neighboring cells.

It is possible that the amount of secreted IFNP from a single cell would be inadequate to establish an

antiviral state in the local tissue microenvironment. Gap junction communication might be an essential
amplification step in this process.
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6.3 Results

6.3.1 Stable Monoclonal ISRE-GFP Reporters are Sensitive and Specific for Cytoplasmic
Nucleotide Sensing

Double-stranded DNA sensing upregulates expression of genes with IRF3-binding-ISRE

consensus sequences in their promoters [26]. Therefore, a stable monoclonal ISRE-GFP

reporter cell line was created to study the spatial and temporal patterns of gene expression in

response to cytoplasmic dsDNA sensing. First, stable ISRE reporter cells were constructed by
transfecting an EGFP reporter plasmid under the transcriptional control of four IRF3-binding-

ISRE response elements and drug selecting as described in Chapter 2. Next, cells were

stimulated with dsDNA and sorted by FACS to purify a highly responsive population with low

background fluorescence. After expansion, monoclonal ISRE reporter cell lines were created by
subcloning from single cells.

The ISRE cell line was characterized by exposing the reporter cells to a range of

nucleotides, immunogenic ligands, and cytokines, and measuring ISRE reporter fluorescence,

as shown in Figure 6.3. When ISRE reporters were transfected with plasmid DNA (dsRed) and

analyzed by flow-cytometry, the number of GFP positive cells (GFP+) increased in a DNA-dose-

dependent fashion. To rule out the possibility that endotoxin from the bacteria used to prepare

the plasmid might be responsible for ISRE reporter activation, the experiment was repeated

using synthetic double-stranded B-form DNA (-1000 bp per Amersham Biosciences) not

prepared in bacteria, and similar results were obtained. Specifically, a Poly(A-T) sequence was

chosen because it had previously been demonstrated to induce high levels of IFNP3 expression

[26]. Additional evidence supporting the claim that ISRE reporter responses were not due to

endotoxin was obtained by explicitly stimulating the reporter with various doses of endotoxin or

lipopolysaccharide (LPS) (0.1 - 100 gg/ml). At all concentrations examined, LPS failed to

activate the ISRE reporter. In addition to DNA stimuli, we examined ISRE-reporter responses to

the synthetic dsRNA analogue, Poly(l:C), and also found that reporters were activated in a
dose-dependent fashion, however the magnitude of the reporter fluorescence response was
significantly less than the response to plasmid DNA.

Although the ISRE reporters responded to dsDNA and Poly(l:C), not all nucleotides were
capable of activating the reporter cells. For example, we found that monomeric nucleotides
(dNTPs), siRNA, short synthetic 50bp single-stranded DNA (ssDNA) oligonucleotides of Poly(A)
or Poly(T), and their annealed Poly(A:T) product did not elicit a measurable ISRE reporter
responses at any of the doses examined. This is consistent with previous observations that
cytoplasmic dsDNA sensors are specific for dsDNA and do not respond to ssDNA or short
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lengths of dsDNA (<50bp) [26]. To directly assess the specificity of the ISRE reporter for the

cytoplasmic arm versus the TLR arm of DNA sensing, responses to CpG-DNA ODN, an

established TLR9 ligand, were measured. CpG-DNA did not activate ISRE-dependent GFP

expression at any concentration, again suggesting reporter responses were specific for the

TLR-independent cytoplasmic DNA sensing pathway. Finally, control experiments performed by

delivering transfection reagents alone (Lipofectin, Fugene 6, Effectene, Lipofectamine 2000,

Lipofectamine LTX, PEI, and calcium phosphate) and dsDNA without transfection reagent

complexing did not induce the ISRE reporter.
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Figure 6.3 Characterization of stable ISRE-GFP reporter - Response to nucleotides, cytokines,

and other immunogenic ligands. Reporter cells were stimulated with various stimuli and analyzed

by FACS after 24 hours. Stimuli included various doses of complexed plasmid DNA or synthetic

Poly(A-T) DNA (200, 500, 1000, 2000, and 5000 pgg/ml), Poly(l:C), CpG DNA ODNs, single-

stranded and double-stranded 50bp olignucleotides, dNTPs, IFNI3, LPS, transfection reagent

controls, dsDNA (2000gg/ml) without transfection reagents, and OptiMEM control.

Expression levels of several TLR's were assessed by endpoint PCR to assess the likelihood

that reporter stimulation was occurring in a TLR-dependent or TLR-independent fashion. We

observed negligible expression of TLR3, TLR4, and TLR9, consistent with the commonly held

view that TLR's are not efficiently expressed on most nonimmune cells. Poor expression of

TLR4, the cell surface receptor for bacterial endotoxin, is a likely explanation for the lack of

responsiveness to exogenous LPS. Similarly, low expression levels of TLR3 (the only Poly(l:C)-

sensitive TLR) and TLR9 (the only CpG-DNA-sensitive TLR) suggest that in ISRE reporters,
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dsDNA and Poly(l:C) are activating GFP expression primarily through the TLR-independent

cytoplasmic sensors. Unfortunately, expression analysis of the cytoplasmic sensors was

precluded by the fact that sequence information was not available for rat MDA5 or RIG-1 and

because the recently discovered cytoplasmic sensor DAI had not been identified at the time of

this investigation [19]. Additional evidence supporting the claim that the ISRE reporters are

sensitive and specific for cytoplasmic nucleotide sensing was provided by embryonic fibroblasts

(MEFs) from mice deficient in MyD88 and TRIF (adaptors shown to be essential for TLR

signaling), and deficient in TBK-1 and IKKE (kinases essential for cytoplasmic DNA) [18]. In

transient transfections, the reporter plasmid serves as both the dsDNA stimulus and the reporter

output in MEFs, so that isolated green cells would be observed at 24-48 h unless a gene critical

to the dsDNA-induced signaling pathway had been knocked out. Consistent with current

knowledge of the TLR-independent cytoplasmic dsDNA pathway, when MEF MyD88 /TRIF /

and MEF WT cells were transiently transfected with the ISRE reporter plasmid, they exhibited

many single green cells. However, when MEF TBK-1//IKKe were transfected with the same

plasmid, no green cells were appreciated. All MEF cell lines exhibited comparable numbers of

fluorescent cells when transfected with the control dsRedExpress plasmid, suggesting that the

differences in MEF expression of the ISRE reporter were due to difference in dsDNA activation

of ISRE rather than simply differences in transfection rates.

Taken together, these results are consistent with existing models of dsDNA-induced

signaling, in which a cytoplasmic dsDNA sensor signals in a MyD88/TRIF-independent and

TBK-1/IKKE-dependent fashion to activate ISRE-dependent gene expression. In addition,

reporter characterization results suggested that the stable ISRE cell line is a sensitive and

specific reporter for the cytoplasmic nucleotide sensing pathway.

6.3.2 Spatial Heterogeneity in ISRE Reporter Activation: dsDNA-induced Colony
Formation

Since flow cytometry requires trypsinization prior to analysis, the method ignores all spatial
information. In order to appreciate the spatial arrangement of GFP expression, we examined

the dsDNA-stimulated cultures by fluorescence microscopy. Interestingly, when confluent

monolayers of dsDNA-stimulated ISRE reporters were visualized 24 hours after transfection, we
found that the spatial distribution of GFP+ cells was non-random. Instead of being distributed

as uniformly spaced individual fluorescent cells, the reporters exhibited spatially heterogeneous
'colony-like' patterns of highly fluorescent cells in a confluent layer of non-fluorescent cells
(Figure 6.4A-B). In contrast, Poly(l:C) stimulation resulted in less intense and more
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homogeneous distributions of activity, characteristic of the reporter responses observed in

previous chapters. Notably, Poly(l:C) did not give rise to the colony patterns as induced by

dsDNA. Increases in dsDNA dose predictably lead to increased numbers of activated cells

(Figure 6.4C-F). Interestingly, the number of colonies increased with increasing dsDNA dose,

but the average size of colonies did not display a clear dose-dependence. At low transfection

levels (< 250ng per 500j1 per well in each well of a 24-well plate) ISRE reporter activity was

negligible; at mid-range (500-1000ng per well), well-demarcated colonies of 5-100 cells were

visible; and at high levels of DNA transfection (>1000ng), distinct colonies could no longer be

distinguished and the distribution of activity became more uniform, suggesting that colonies

were bridging. Eventually the number of responding cells saturated at 80-90%. Because the

number of fluorescent ISRE reporters increased with increasing amounts of DNA, the

unresponsive cells surrounding the activated colonies are not simply due to artifact related to

contamination of the population with uninducible reporter cells.

Figure 6.4 - Spatial heterogeneity of ISRE reporter dsDNA dose responses - A) Low (4X) and B)

high (10X) magnification images of confluent ISRE-GFP reporter cells 24 hours after transfection with

dsRed plasmid DNA (1pg/ml). ISRE-activated GFP+ cells were clustered in colonies of 10-100 cells.
Fluorescence images of confluent ISRE reporter monolayers after transient transfection with C) 500 D)
1000 E) 2000 and F) 5000 ng/ml of dsDNA.
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To gain additional insight into the development of the DNA-stimulated ISRE reporter

colonies, we performed dsDNA transfections in microfluidic devices and monitored reporter
responses using time-lapse fluorescence microscopy. ISRE-reporter cells were seeded in the

channels of a 1cm x 5 cm x 50jrm channel and transfected with dsRed plasmid DNA using 10-

fold more concentrated DNA complexes (50ng/gL) to partially correct for the increased surface

area to volume of the microdevice. Measurement of reporter fluorescence at 30 minute

intervals revealed modest asynchrony in the initiation of colony formation, however most
colonies began to appear within 1-2 hours of each other, consistent with the variability in the

time required for endocytic uptake of DNA into cells. Images from the time course are shown in
Figure 6.5. Each colony began with activation of 1-2 GFP+ cells, which eventually went on to

become the brightest fluorescent cells in the colony. Slowly, surrounding cells were activated,

although to variably lower intensities. Cells at the periphery of colonies were less fluorescent

than those in the center and were induced later than those at the center. However, the signal
did not continuously fade off as a function of distance from the initial activated cells as might be

expected if cells were induced by a diffusing factor. Instead, colonies were well-demarcated

with clear delineations between activated and non-activated cells. As expected, although

dsRed-encoding plasmid DNA was used as a stimulus, not all colonies were associated with a

dsRed expressing cell, presumably because many cells sensed dsDNA but only a subset

achieved productive transcription of the exogenous gene. Nevertheless, with great consistency,

each cell that expressed dsRed from plasmid DNA also exhibited active ISRE reporter

fluorescence (green). Together these results suggest that when a single cell senses dsDNA,
and it activates neighbors by intracellular communication.

Figure 6.5 - Time-lapse fluorescence imaging of ISRE-GFP colony formation - Cells were seeded in
a large microfluidic channel, transfected with dsDNA, and imaged at regular intervals to document the
spatiotemporal evolution of ISRE-activated GFP+ colony formation. White bar represents 150m. Yellow
arrows indicate the development of several GFP+ colonies from single cells.

115



No

DNA DNA

IFN-P

TNF-a

IP10

CCL5

PKR

OAS-1

Mxl

OActin

Figure 6.6 DNA-induced changes in expression of antiviral genes - Cells were transfected with

dsDNA for 6 hours, mRNA was extracted after 24 hours, and endpoint PCR was performed for

secreted cytokines (TNF-a and IFNP), chemokines (IP10 and CCL5), and directly antiviral proteins

(PKR, OAS-1, Mxl). p-actin was measured as a control.

6.3.3 Spatially Heterogeneous Gene Expression Profiles

ISRE reporters were analyzed by end-point PCR (Figure 6.6) 24 hours after transfection with

the DNA stimulus (dsRed plasmid), and exhibited expression patterns similar to that previously

described in the TLR-indepedent cytoplasmic dsDNA sensing literature, with characteristic

upregulation of secreted cytokines (TNF-a and IFNP), chemokines (CCL5 and IP10) and directly

antiviral genes such as PKR, OAS-1, and Mxl.

To determine whether genes other than GFP were differentially expressed in the GFP+

colonies compared to the surrounding GFP- cells, FACS was used to sort cells after dsDNA

stimulation. This allowed separation of fluorescent and non-fluorescent cells, measurement of

cytokines, chemokines, and antiviral proteins using quantitative PCR (qPCR), and comparisons

of the two resulting gene expression profiles. Interestingly we found that GFP+ and GFP- cells

exhibited dramatically different gene expression patterns. Surprisingly, secreted cytokines and
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chemokines were almost exclusively expressed in GFP+ cells while negligible increases in

expression were detected in GFP- cells (Figure 6.7). For reference, Figure 6.7 also includes

qPCR measurement of unsorted populations, which were found to be consistent with the

endpoint PCR gels shown in Figure 6.6. Impressively, at 10hrs, less than 10% of cells are

responsible for more than 90% of cytokine and chemokine production. Meanwhile, directly

antiviral proteins such as PKR were homogeneous in there expression across GFP+ and GFP-

cells. These results suggested that colony formation is not simply an artifact of the reporter

system, but is instead associated with a truly unique gene expression profile. Further, the

sorted cell gene expression results add to the emerging picture of dsDNA-induced cell

responses, as they clearly demonstrate the existence at least two functionally distinct

subpopulations of responding cells.

Together, these results of this section demonstrate that the ISRE reporter cells are sensitive

and specific for the recently identified but poorly characterized cytoplasmic dsDNA-sensing

pathway, and that reporter activity correlates with the expression of secreted cytokines and

chemokines, but not directly antiviral genes, raising the possibility that heterogeneously

expressed genes are primary responses to dsDNA-sensing while homogeneously expressed

genes are secondary responses to secreted cytokines.

6.3.4 Cytoplasmic dsDNA Activates ISRE in Neighboring Cells by Intercellular

Communication

The spatial distribution of dsDNA-activated ISRE colonies compared to the single fluorescent

cells observed with control dsRed transfection, combined with results from time-lapse imaging

of colony formation, lead to the hypothesis that only isolated single cells were initially

transfected with dsDNA and that colonies formed as a result of intercellular communication to

neighboring cells. To test this hypothesis, a 'transplant co-culture experiment' was devised in

which non-reporter cells (referred to as 'donors') were transiently transfected with dsDNA for 6

hrs, thoroughly washed (3X with PBS), and mixed with pre-seeded but unstimulated ISRE

reporter recipients (referred to as 'recipients') as illustrated in Figure 6.8.
When non-reporter H35 cells were used as donors, ISRE recipients were activated by DNA-

treated donors, but not by non-DNA-treated donors (Figure 6.9A-B). As might be expected for

contact-dependent signaling, average colony sizes were smaller than when ISRE reporter

monolayers were transfected with dsDNA, in part due to the subconfluent nature of the recipient

reporter population. In addition to non-reporter H35 cells, wildtype MEF donors also generated

colonies in transplant experiments (Figure 6.10A). However, not all cell types were capable of
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activating ISRE reporters in transplant experiments. Hepatic HSC-T6 stellate cells, human

HeLa epithelial cells (Figure 6.9C), and rat N2A neuroblastoma cells were each unable to

activate ISRE reporters in transplant co-culture experiment, providing evidence that cell-type

independent artifacts such as DNA-complex carryover are not the primary cause of ISRE

activation. Taken together, these results suggest that direct DNA sensing is not necessary for

ISRE reporter activation, and moreover, that ISRE reporters can be activated by an intercellular

communication signal, and that the communication is cell-type specific.
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Figure 6.7 - ISRE-activated colonies exhibit unique gene expression patterns - Reporter cells

were stimulated with dsDNA for 10 hours and FACS sorted to obtain GFP+ and GFP- populations.

Gene expression patterns (TNF-a, IFNO3, IP10, CCL5, and PKR) were analyzed by quantitative PCR

(qPCR) separately and together as an unsorted population (expressed as fold increases compared to

non-DNA-stimulated cells). GFP+ cells constituted 8% of the total population while the remaining 92%

were GFP- cells.
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Figure 6.8 Schematic of transplant co-culture experiment design - Nonreporter 'donor' cells are
seeded and stimulated with dsDNA. After transfection, the donor cells are washed 3X to remove DNA,
trypsinized, and seeded onto a partially confluence layer of ISRE-GFP reporters. The cells are co-
cultured and analyzed by fluorescence microscopy to determine if dsDNA-treated donors can activate
the GFP reporter recipients.

In order to distinguish secreted and contact cell-cell communication signals, conditioned

medium and transwell experiments were performed by 1) seeding sender-recipient co-cultures

sparsely to prevent cell-cell contact, and 2) culturing senders and recipients on the floor and

ceiling respectively, of a parallel plate bioreactor with a spacing of 50lm. In each experiment,

ISRE reporters were not activated by the dsDNA-transfected donors, providing no evidence for

a secreted cell-cell communication mechanism. However, when sender-recipient co-cultures

were seeded at high densities to promote cell-cell contact, numerous activated ISRE reporter

colonies were observed. Together, these results suggested that dsDNA-sensing leads to

intercellular communication by a contact-dependent mechanism.
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Figure 6.9 Intercellular communication in transplant co-culture experiments - Transplant co-culture

experiments performed with nontransfected H35 cells as donors and H35 ISRE-GFP reporters as

recipients. A) H35 non-reporter cells were mock treated with OptiMEM but without DNA and transplanted

onto ISRE reporters as a control experiment. B) H35 non-reporter cells and C) HeLa cells were

transfected with dsDNA for 6hrs and transplanted onto reporters. ISRE-GFP reporter recipients were

imaged 24 hours after transplantation.

To gain mechanistic insight into the cell-cell communication signal, MEFs from knockout

mice were used to determine which genes are necessary for the donors to send cell-cell

communication signals after dsDNA sensing (Figure 6.10). First, we performed transplant co-

culture experiments using MEF WT cells as donors and confirmed that they were able to

communicate to ISRE reporters (Figure 6.10A). This enabled MEFs from animals deficient in

specific genes to be studied. If knockout (KO) MEFs were unable to activate reporter cells by

transplant co-culture, then one can conclude that the gene is necessary for dsDNA-induced cell-

cell communication. We first examined MEF MyD88'/TRIF/ double knockout cells (DKO) and

found that they were transplant co-culture positive (Figure 6.10B), suggesting that TLR signaling

is not necessary for sending the cell-cell communication signal(s). Furthermore, when MEF

TBK-1I/lKKE' DKO cells were examined, they too communicated signals to recipient reporters

(Figure 6.10C). Together, these results suggest that dsDNA-induced cell-cell communication

signals are sent upstream of TBK-1 and IKKE kinases, as illustrated schematically in Figure

6.11.
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Figure 6.10 Mechanistic investigations of dsDNA-induced intercellular communication - Transplant

co-cultures were performed using genetically modified cells to determine if cell-cell communication is TLR-

dependent and to investigate the level of the dsDNA pathway at which the cell-cell communication signal

is sent. Mouse embryonic fibroblasts from A) wild type (MEF WT), B) MyD88-/-/TRIF-/- double knockout,

and C) TBK-1-/-/IKKE-/- double knockout mice were used as donors in transplant co-culture experiments

with H35 ISRE-GFP reporter recipients. Donors were transfected with dsDNA for 6 hrs and ISRE

reporters were imaged 24 hours after transplantation.

Donor Cell Recipient ISRE Reporter Cell

Figure 6.11 - Schematic of DNA sensing pathways and dsDNA-induced cell-cell communication -
Transplant co-culture experiments with MEFs from knockout mice suggest that TLR-independent dsDNA

sensing causes the donor cell to send a cell-cell communication signal to neighboring recipient cells. This

signal is independent of TBK-1 and IKKE (in the donor), and is likely sent upstream of the critical kinases.
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6.3.5 Gap Junction-dependent Cell-Cell communication

Based on the spatial distribution of dsDNA-induced ISRE activation, the apparent contact-

mediated cell-cell communication, and existing literature on the transplant co-culture negative

cells, we hypothesized that gap junctions might be involved.

Gap junctions are intercellular communication channels comprised of connexin proteins.

Connexin proteins, when expressed in a cell, combine to form hemichannels, which are inserted

in the cell membrane. When two neighboring cells with complementary hemichannels meet, the

hemichannels can assemble to form a functional gap junction, linking the cytoplasms of the two

cells [27]. Connexins 26, 32, and 43 are three of the most commonly expressed connexin

proteins. Cx26 and Cx32 are classified as beta connexins and can only form functional gap

junctions with other beta-connexin containing hemichannels. Likewise, Cx43 is an alpha-

connexin and can only form functional gap junctions with other alpha-containing hemichannels.

Gap junctions are thought to be particularly useful for rapid cell-cell communication, and they

are also notable for their rapid turnover and their predominantly transcriptional regulation. Gap

junctions form channels between neighboring cells, allowing exchange of cytoplasmic contents,

however gap junctions typically have a molecular weight cutoff of -1kDa and most commonly

support transfer of ions such as calcium, small nucleotides such as cAMP, and reactive oxygen

species [28]. Furthermore, gap junction permeability is highly regulated by intracellular

signaling [29]. It was recently shown that small peptides can also be exchanged via gap

junctions and that this can facilitate cross-presentation in the immune system [30, 31].
Interestingly, HSV-2, a DNA virus, was recently shown to disrupt intercellular communication

suggesting their might be a role for gap junctions in the host antiviral response [32].
To test the hypothesis that gap junctions are involved in dsDNA-induced cell-cell

communication, we first examined expression of connexins 26, 32, and 43 by endpoint PCR.

Interestingly, H35s only expressed Cx32 while HSCs only expressed Cx43. Meanwhile, it is

well-established that HeLa and N2A cells do not efficiently express the gap junction proteins

(confirmed by PCR) and we found that wild-type MEFs expressed all three of the measured

connexins. This is indicated schematically in Figure 6.12. Since the H35 ISRE-GFP reporter

primarily expressed Cx32 - a beta connexin, only those donors that also express beta

connexins (Cx26 or Cx32) would be expected to form functional gap junctions. If gap junctions
are necessary for communication, on beta-connexin-expressing cells would be expected to

successfully communicate in transplant co-culture experiments, while alpha-connexin-
expressing cells such as HSCs (expressing only Cx43) or those expressing no connexins at all
would be expected lack communication. These experiments were performed, and as expected,
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only H35s and MEFs, but not HSCs, N2As, or HeLas were able to communicate to the H35-

derived ISRE reporters (Figure 6.9 and 6.10), supporting the gap junction hypothesis.

Donors:
Recipient:

ISRE
Reporter H35 MEF HSC HeLa N2A

Connexin 26

Connexin 32

Connexin 43
------- - -- - - - -- - -- - -- -- - - -- - -- - -- - - -- - -- -:- - - - -- - -- - - --; - -- - -- - -- -

Figure 6.12 - Connexin expression profiles of different cell types - Cells were examined for their

expression of Cx26, Cx32, and Cx43. H35 cells, including the ISRE-GFP reporter, almost exclusively

expressed Cx32. HSC stellate cells, almost exclusively expressed Cx43. MEFs were found to express

all of the connexins measured (Cx25, Cx32, and Cx43), and several cell lines (HeLa and N2A) were not

found to express any of the measured connexins efficiently. Beta connexins (Cx26 and Cx32) are

shown in blue, while alpha connexins (Cx43) are shown in red. The bottom illustrates expected results

of transplant coculture experiments, if gap junction communication is necessary for cell-cell

communication. Since the reporter only expresses Cx32 (beta connexin), only other beta-connexin

expressing cells should be able to communicate and activate the reporter.
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6.3.6 Connexin-32 or Connexin-26 are Sufficient for dsDNA-induced Intercellular

Communication to H35 ISRE Reporter Cells

To further test the gap junction hypothesis, connexin expression was reconstituted in connexin-

deficient cells to determine if cell-cell communication could be restored. Connexins 26, 32, and

43, were expressed separately in gap-junction-deficient neuroblastoma cells and transplant

experiments were performed. In these experiments, the connexin expression plasmid likely

functioned as an intracellular dsDNA stimulus, however a second dsDNA transfection was

performed 24 hrs after the connexin expression vector transfection. Results were therefore

compared to cells pretransfected with an empty vector to control for the double transfection.

While control plasmid transfections and connexin 43 expression plasmids did not cause N2A
communication in transplant experiments, expression of Cx26 and more-so Cx32 restored the

ability of N2A donors to activate H35 ISRE-GFP reporter recipients in transplant co-cultures as

shown in Figure 6.13.
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Figure 6.13 - Transplant co-culture experiments using N2A knock-in donors - N2A cells are
reconstituted with different connexins and the H35 ISRE-GFP reporter receipient. Induction is only

appreciated when Cx26 and Cx32 are reconstituted, but not with reconstitution of Cx43.
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We next obtained HeLa cells that were stably transfected individually with Cx26, Cx32, or

Cx43 plasmids, verified, and extensively characterized from the lab of Dr. Willicke. When these

cells were treated with dsDNA and transplanted onto ISRE-GFP reporters, they yielded similar

results, as shown in Figure 6.14. Wild type and Cx43-expressing HeLa cells were unable to

activate reporters in transplant co-culture experiments, whereas HeLa cells expressing Cx26

and more-so those expressing Cx32 were able to communicate and activate reporters

successfully.
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Figure 6.14 - Transplant co-culture experiments using HeLa knock-in donors - HeLa donor
cells expressing individual connexins and H35 ISRE-GFP reporter recipients. Induction is only
appreciated when Cx26 and Cx32 are reconstituted, but not when Cx43 is reconstituted.

6.3.7 Connexin-43 is Sufficient dsDNA-induced Intercellular Communication to HSC-ISRE
Reporter Cells

To determine whether dsDNA-stimulated intercellular communication was restricted to beta

connexins or if it might also apply to alpha connexins such as Cx43, a stable dsDNA-sensitive

ISRE-GFP reporter was constructed in the Cx43-expressing HSC cell line. As expected, when

dsDNA-stimulated non-reporter HSCs were transplanted, they successfully activated the HSC

ISRE-GFP reporter cells. However, without dsDNA transfection, transplantation of HSC donors
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resulted in no HSC reporter activation. When the connexin-expressing HeLa cells were studied

with the HSC Cx43-expressing ISRE reporter, in contrast to the H35 Cx32-expressing ISRE

reporter, Cx43-expressing HeLa's activated 2.5 fold more reporters than did Cx32 expressing

HeLa's (Figure 6.15). We then obtained MEFs from a mouse deficient in Cx43. Unfortunately

communication from MEFs to HSC reporters was less than to H35 reporters. Nevertheless,
MEF WT activated 5 fold more HSC ISRE-GFP reporter cells than did the Cx43-/- MEFs,

indicating that Cx43 aids communication to Cx43-expressing HSC ISRE reporters.
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Figure 6.15 - Transplant co-culture using Cx43-Expressing HSC ISRE-GFP Reporters - HSC

reporters shown to efficiently express Cx43 but not Cx26 or Cx32 were used as recipients in transplant

co-culture experiments. Non-reporter HSC's were transplanted with and without DNA. MEF WT and

Cx43 KO cells were also examined.

Taken together, these results suggest that gap junctions are necessary for dsDNA-induced

intercellular communication and activation of IRF3-binding-ISRE in neighboring cells. However,

the communication is not specific for alpha or beta connexins, as Cx26 or Cx32 were capable of

activating Cx32-expressing H35 ISRE reporters, and Cx43 was capable of activating Cx43-

expressing HSC ISRE reporters in transplant co-culture experiments.
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6.4 Discussion
Recognition of pathogens is central to the initiation of effective and timely innate immune

responses. How pathogen detection is signaled from infected cells to non-infected neighbors

has been difficult to study due to a reliance on bulk measurement techniques. In this work a

stable ISRE-GFP reporter cell line was used to visualize spatiotemporal distributions of ISRE

activation in living cells. Surprisingly, dsDNA sensing was found to result in colonies of

activated reporters, and these colonies, while representing a minority of total cells, were found

to express the majority of secreted cytokines and chemokines. We also devised a transplant

co-culture experiment to investigate the role of cell-cell communication in the formation of

colonies and found that indeed, dsDNA stimulation of one cell was capable of inducing ISRE-

activation in cells that had never been exposed to dsDNA, as long as stimulated and

unstimulated cells were brought into contact. Furthermore, when genetically modified cells were

used in the transplant co-culture experiments, we found evidence that functional gap junctions

are necessary for this communication.

Gap junction communication is typically used by cells to send signals rapidly over short

length scales. As a result, gap junction research initially focused on electrically excitable cells
such as neurons and cardiac myocytes, however more recently, the roles for gap junctions have
expanded to include communication between cells of the immune system [33, 34]. So, what is
the significance of gap junction communication in the response to cytoplasmic dsDNA-sensing?
Are secreted cytokines not already a mediator of intercellular communication to warn of invading
pathogens? While the answers remain unclear, we propose the following possible explaination
for why the innate immune system might have evolved such a signaling mechanism.

When a tissue is first faced with a pathogen, the total number of infectious particles is
limited, and the number of infected cells is small. Pathogens that introduce dsDNA into the
cytoplasm of host cells (e.g. DNA viruses or intracellular bacteria) will activate dsDNA sensing

pathways and cause release of cytokines such as IFNP and TNFa. Without gap junctions, the

amount of secreted cytokine would be only that produced by the directly infected cells.
However with gap junctions, a significantly larger population of host cells can join together to
contribute to the initial secretion, amplifying the cytokine response. Based on the number of
GFP+ ISRE reporters and the level of gene expression observed in these studies, this
amplification might be as much as 100-1000-fold. Such amplification is important since
cytokines must accumulate in the extracellular space and diffuse to transmit warning signals to
distant neighbors. In addition, many pathogens have evolved rapid-acting anti-interferon

strategies. Therefore, the first directly infected cells might not be effective sources of IFNP3.
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However, one way to evade such pathogen anti-interferon strategies, is by rapidly spreading a

dsDNA-induced signal to uninfected neighbors in an IFNI-independent manner, enabling

significant IFNO3 secretion before neighboring cells become infected.

Although, the evidence points to a role for gap junctions in dsDNA-induced colony formation,
the exact signal or mediator remains unknown. In fact, whether a signal is actually transmitted

through the gap junctions is unclear. For example, gap junctions might simply be necessary to

facilitate a different mode of communication such as cadherin-mediated signaling. Alternatively,

connexins might operate in a gap junction- and hemichannel-independent manner [35]. If

however, a mediator is in fact traversing the gap junctions, likely candidates include calcium,
cyclic AMP, nitric oxide, reactive oxygen species, small nucleotides, and even small peptides,
as long as they are small enough to traverse the 1kDa molecular weight cutoff. Work is ongoing

to probe the molecular mediators involved in gap-junction-dependent intercellular

communication downstream of dsDNA sensing.

The experiments described in this chapter did not directly compare cytokine production or

antiviral responses with and without gap junctions due to experimental limitations. Mice

deficient in single connexins are unlikely to show significant defects because other connexins

tend to compensate. We considered using siRNA to knock-down connexin expression, and

although initial experiments were promising (response to dsDNA stimulation changed from

colonies to isolated ISRE-activated cells), further studies will be needed to clarify this

phenomenon, as siRNA can have several nonspecific effects on the ISRE reporter. In

experiments not shown, we found that dsDNA pretreatment protects cells from the cytopathic

effects of vesicular stomatitis virus (VSV) infection. If methods can be developed to inhibit

connexin expression, it will be interesting to assess whether they can also decrease production

of cytokines and chemokines, and moreover if they can attenuate dsDNA-induced protection

from VSV. Perhaps even more interesting would be to assess the effect of gap junction

modulation on the response to DNA-viruses such as HSV, intracellular bacteria such as listeria,

and the response to self-DNA, which might have implications for autoimmunity.

The ability to nondestructively measure ISRE activation with single cell resolution highlights

a key strength of the GFP reporter cell lines. Direct visualization not only enabled
spatiotemporal characterization, but also allowed cell sorting and characterization of the unique
ISRE-GFP+ and ISRE-GFP- populations. The studies in this chapter also demonstrate a
powerful new way to use stable GFP reporter cell lines. In studies of cell-cell communication,
reporters can be combined with genetically modified cells to answer questions with molecular
specificity. In this work, it was achieved through transplant co-culture experiments where cells
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from knockout mice and gene-reconstituted cell lines revealed that communication depended on

expression of compatible connexins. A final strength of the reporter is the ease of
measurement. This will allow the ISRE-GFP reporter to be used in screening experiments 1)
searching for chemical modulators of immunogenic responses, 2) performing comprehensive
genome-wide characterization of dsDNA-induced expression patterns, and 3) screening siRNA

libraries in search of new genes involved in dsDNA sensing and intercellular communication.

6.5 Conclusion
In summary, this chapter demonstrated the use of a stable monoclonal ISRE-GFP reporter cell
line to reveal spatially heterogeneous patterns of gene expression during innate immune
responses to dsDNA. It demonstrated that cytoplasmic dsDNA-sensing in one cell leads to
ISRE activation in colonies, and that colonies represent distinct functional populations with
unique gene expression profiles. It was found that the ISRE-activated colonies form by
intercellular communication and that the communication requires expression of compatible
connexin proteins, and likely functional gap junctions. This intercellular communication might
represent a source of amplification of dsDNA-induced innate immune responses, a means of
evading pathogen anti-host responses, and it might point to new molecular targets that can be
used control innate immune responses.
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Chapter 7
Conclusions

7.1 Overview
The two major contributions of this thesis are 1) the development of an experimental functional

genomics tool, the microfluidic living cell array (mLCA), that combines microfluidic circuits and a

library of GFP reporter cell lines to enable high-throughput investigations of spatiotemporal gene

expression in living cells, and 2) the use of one GFP reporter cell line to reveal a novel spatially

heterogeneous response to cytoplasmic dsDNA sensing, ultimately resulting in the discovery of

a novel contact-dependent gap-junction-mediated intercellular communication pathway that

might serve to amplify innate immune responses. By bringing together two powerful

technologies, microfluidics and GFP reporters, and exploring them in the context of
inflammation and innate immunity, several important contributions were made. This final

chapter summarizes the original contributions of this thesis.

7.2 Thesis Contributions
7.2.1 Microfluidic Cell Culture
At the time this work began, research on cell-based microfluidics was almost exclusively

focused on non-adherent cells and aimed at developing technology for cell sorting, lysis, and

biochemical analysis. There were comparatively few descriptions of adherent cell culture in

microfluidic devices, and those studies that were reported, typically focused on technical

matters such as characterization of cell detachment during flow or identification of conditions
that improved cell viability and maintained normal cell morphology during short term

experiments. During the course of this work, methodologies were developed for routinely
culturing adherent cells in microdevices. Chapters 2-5 describe methods that not only enable

reproducible seeding, culture, and stimulation of adherent cells in microfluidic channels, but also
demonstrate the ability to study functional aspects of the cells, specifically, by measuring
dynamic gene expression patterns. The general protocols described in Chapter 2 were used to
successfully culture a wide range of cells including immortalized cell lines, primary cells, cells
with targeted genetic deletions, and engineered reporter cell lines for up to 4 weeks.
Furthermore, they were shown to be compatible with in situ transient transfections and a variety
of commercial endpoint assays. Together, these methods serve as a foundation for performing
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a wide range of live cell microfluidic assays, including the GFP reporter measurements that

were the focus of this thesis.

7.2.2 Microfluidic Circuit Design

Chapter 3 described the first demonstration of a dynamic reporter assay in a microfluidic device.

Although the concentration control circuit leveraged design principles from a previously

described approach for generating parallel dilutions, the study addressed several challenges

related to integration with downstream cell culture arrays and real-time measurement of cellular

fluorescence. Chapter 4 described a novel microfluidic control circuit for controlling the timing of
stimuli. Using established relationships between fluid and solute transport, devices were
rationally designed to use a small number of inputs to control a large number of temporally

distinct stimulus regimens, and deliver them to downstream cells in culture. This fluid switching

strategy proved highly scalable because it did not require explicit actuation of physical valves for

each switching event. Interestingly, a relatively simple appearing circuit topology was found to

enable generation of a diverse collection of stimulus patterns. Finally, the utility of the device

was demonstrated in several example assays, and in each case, cellular responses were found

to uniquely depend on the timing of the stimulus.

7.2.3 Living Cell Arrays

Chapter 5 described development of a two-dimensional valve-controlled microfluidic living cell

array. While numerous cell arrays have been described in open volume cultures, they are

generally limited to a single stimulus. By constructing the cell array within a network of

microchannels this device enabled fluidic-addressability of living cell arrays, and enabled

reporter responses to be studied across a wide range of stimuli in a single experiment.

Importantly, the valve-controlled array described in Chapter 5 also introduced a method for

patterning an arbitrary number of different cell types. Previous cell patterning strategies have

been limited to one or two cell types. By controlling the positioning of a large number of
different cell types using physical barriers, we were able to study the entire GFP reporter cell

library in a single integrated experiment. Validation studies in this platform revealed a novel

interaction between TNF-a and HSE-dependent transcription, and additional studies are

ongoing to investigate the mechanism underlying the relationship and its significance in cell fate

decision-making.
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7.2.4 DNA-sensing in Innate Immunity

Chapter 6 described a novel contribution to the field of immunology, specifically in the area of
dsDNA-induced innate immune responses. By visualizing ISRE activation in stable GFP
reporter cells, dsDNA was shown to result in spatially heterogeneous 'colony-like' patterns of

gene expression. Even though colonies represented only a small fraction of the total

population, they were revealed to be the source of nearly all of the expressed cytokines and

chemokines, suggesting that previous studies overlooked this functional heterogeneity and that
two distinct populations exist in culture after dsDNA stimulation. Using a novel transplant co-

culture experiment, colony formation was shown to require a cell-cell communication signal.

This powerful approach was further used to study genetically modified cells to assess their

ability to activate ISRE reporters after dsDNA sensing. These studies provided mechanistic

insights and demonstrated a critical role for gap junctions in the transmission of dsDNA-induced

intercellular communication signals from sensing cell to nearby neighbors.
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Appendix I

Microfluidic Cell Culture

The following images illustrate that multiple cell types can be cultured in microfluidic channels.
A) H35 GFP Reporter Cells, B) HeLa Reporter Cells, C) Primary hepatocytes on a feeder layer
of confluent fibroblasts, and D) 3T3-L1 Pre-adipocytes.

H35 GFP Reporter Cells HeLa Reporter Cells

Primary Hepatocyte Co-culture 3T3-L1 Pre-adipocytes
(>30 days)
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Appendix 2

Microfluidic Flow-encoded Switching Derivations

A2.1 Derivation of the linear relationship between pressure (AP) and flow (X) control.

Figure A2.1 illustrates the equivalent circuit representing pressure control of a FES network.

The dotted line box represents the microfluidic device while the DC voltage source represents

the applied pressure difference between the two inlets A (left) and B (right). The current source

at the outlet represents the syringe pump drawing fluid from the outlet at a constant rate.

We tirst detine the inlet pressure ditterence to be

(A2.1) AP= PA-PB

and the constant outlet flow rate as Q0, equal to the sum of

the flow through inlets A (QA)and B (QB).

(A2.2) Qo = QA+QB

The algebraic sum of the potential drops around a closed

path must equal zero, giving

(A2.3) PA-P =QARA-QBRB

Substituting from S.1 and S.2 and normalizing to Qo gives

(A2.4) AP = QA RA (1.)R B

The inlet flow ratio is defined in the primary text as
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(A2.5) =

Substitution of S.5 in S.4 and rearrangement give a linear relationship between the inlet flow

ratio and the inlet pressure difference.

(A2.6) = A +
Qo(RA+ R,) RA + R

When the network is operated in pressure control mode here, it is important to avoid the

situation where X < 0 or X > 1, as either will result in retrograde flow from one inlet to the other.

In practical terms, this occurs when inlet pressure differences are too high for the fluid flow rate

being drawn from the outlet. Quantitatively, the pressure (AP) should be maintained within the

following range AP(X=O)<AP<AP(X=1) where

(A2.7) AP(X = 0) < AP < AP(X = 1)

where

(A2.8) AP(Z = 0) =-RBQo

and

(A2.9) AP(Z = 1) = RAQ

So the pressure should be maintained in the following range.

(A2.10)-RBQo < AP < RAQo
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Figure A2.2 - Optimized Flow-encoded Switching Design - A) Layout of an optimized
flow-encoded switching device that can be stimulated by 2 or 3 inlet flows. Each gap
channel begins with a wide inlet and a wide outlet to facilitate cell seeding while the gap
channels have narrow inlets and outlets. Despite this, the experimental channels are
considerably more resistive compared to the gap channels so that the interface moves
abruptly from gap to gap and switching occurs in an all-or-none fashion.
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II. Derivation of Relationships between Design and Transfer Function

Figure A2.2A illustrates an optimized FES network with 20 experimental channels and 21 gap

channels. Figure A2.2B illustrates a close-up of the stimulus interface as it is flows down a gap

channel. In this design, experimental channels are straight channels. Cells would be imaged in

the wide inlets of the straight experimental channels instead of circular cell visualizations shown

in the primary manuscript. The electrical equivalent of the network is shown in Figure A2.2C.

Experimental measurements of switching thresholds are shown for each channel in Figure

A2.2D. As expected, the thresholds are approximately linearly distributed. Slight nonlinearity

results from the resistance of the lateral channels separating the inlets of the parallel gap and

experimental channels. However, since the resistance of the experimental and gap channels is

much greater than the large channel connecting their inlets, we assume this connector has

negligible resistance. As a result, the flow ratio at the inlets directly translates to the network of

parallel channels. This allows us to assume that if parallel gap or experimental channels have

the same fluidic resistance, they will also carry the same volumetric flow.

In this design, device inlets are outfitted with serpentine structures to make them highly

resistive, thereby decreasing the sensitivity to small pressure changes and giving the network a

high degree of controllability. This is ideal for operation in pressure control mode as it helps

minimize the risk of retrograde flow from one inlet to the other. In flow control mode, the inlet

resistances do not impact device operation substantially. Below are relationships between

channel resistances, network flows, and attributes of the network transfer function illustrated in

Figure A2.2D.

First, we define each experimental channel resistance to be re and each gap channel resistance

to be rg. The total resistance of the (N+1) parallel gap channels Rg is therefore Rg=rg/(N+1) and

the total resistance of the (N) parallel experimental channels Re is similarly Re=reN. The

equivalent resistance for the entire network (Ro in Figure S1) is equal to the parallel combination

of Rg and Re plus the series outlet resistance Rc and can then be expressed as

(A2.11) Ro= r + RcNrg + (N + 1)re

142



The total flow in the (N+1) parallel gap channels is Qg=qg(N+1) and in the (N) parallel

experimental channels is Qe=qe(N) where qg and qe are the flows in individual gap and
experimental channels respectively. The total flow in the entire device is given by

(A2.12) Qo = QA +Q = N(q, +qg)+qg

The flow in the combined gap channels is given by

(A2.13) Qg= N

( )rg + reN+1

and the flow in each individual gap channel by

(A2.14) qg = re
SNr, +(N + 1)re

Similarly, the flow in the combined experimental channels is given by

(A2.15) Q = Qr
N+1

rg + ( N )reN

and the flow in each individual experimental channel by

(A2.16) q =
Nr, +(N +)re

The fraction of the total flow rate carried by gap channels is defined as JI. This is an important

determinant of the abruptness of switching. If the fraction is high, little flow traverses the
experimental channels and switching is abrupt. If the fraction is low, switching is not sudden

and the network state is not stable because transitions occur gradually with respect to the inlet

flow ratio X. The fraction of total flow rate Vg can be written in terms of flow rates
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Q2g qg(A2.17) V/ Qe Qg qe
eQ eg e,+qg

In the primary text of the manuscript, the transition threshold Xthi for channel i was defined as the

inlet flow ratio for which the stimulus interface is centered in the gap channel just beyond

experimental channel i as illustrated in Figure A2.2C. This can be expressed in terms of gap

and experimental channel flow rates as

i(q, +q)+ q g

(A2.18) Xthi =N 2
N(q, +qe) + ,qg

Dividing by the (qg+qe) and substituting ,g derived above, we get

2i+fg
(A2.19) ih = "

2N + 23,

Combining equations A2.17, A2.16, and A2.14 allows us to write Vg in terms of resistances

(A2.20) g = re

rg +r

Together equations A2.19 and A2.20 are design equations and can be used either to calculate

the transition thresholds for a given design, or to design channel resistances a prior to achieve a
desired set of transition thresholds.

We can also now express the abruptness of switching quantitatively. This is the flow fraction

that must be traversed to change the state of a single experimental channel (i.e. turn it on or
off), in other words, the fraction of the total flow traveling down a single experimental channel.

We define this transition with as AX, and it is given by
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(A2.21) AX = q
N(q, + qg)+ q,

Dividing by (qe+qg) and noting that qe(qe+qg)=(1 -g), the transition width can be rewritten in

terms of resistances (or yg) for purposes of design.

(A2.22) A =

Rearranging, we can express the resistance ratio in terms of the transition width as it would be

used for design.

re 1- NAg(A2.23)- NA-
r + r N-I
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