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A microfluidic-based genetic screen to identify
microbial virulence factors that inhibit dendritic
cell migration†
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Microbial pathogens are able to modulate host cells and evade the immune system by multiple

mechanisms. For example, Salmonella injects effector proteins into host cells and evades the host

immune system in part by inhibiting dendritic cell (DC) migration. The identification of microbial factors

that modulate normal host functions should lead to the development of new classes of therapeutics

that target these pathways. Current screening methods to identify either host or pathogen genes

involved in modulating migration towards a chemical signal are limited because they do not employ

stable, precisely controlled chemical gradients. Here, we develop a positive selection microfluidic-based

genetic screen that allows us to identify Salmonella virulence factors that manipulate DC migration

within stable, linear chemokine gradients. Our screen identified 7 Salmonella effectors (SseF, SifA, SspH2,

SlrP, PipB2, SpiC and SseI) that inhibit DC chemotaxis toward CCL19. This method is widely applicable

for identifying novel microbial factors that influence normal host cell chemotaxis as well as revealing

new mammalian genes involved in directed cell migration.

Insight, innovation, integration
While cell migration plays fundamental roles in many different biological systems, including the immune system, the regulation of this important and
complicated cellular function is not fully understood. New innovations in microfluidic technology have enabled us to develop a new screening method to
elucidate how the human pathogen Salmonella influences the migratory behavior of certain types of immune cells and has already successfully identified
7 Salmonella genes that block the migration of these immune cells. By integrating this unique microfluidic technology with cell biology, we now have a fast and
reliable screening method to genetically dissect the complex process of cell migration.

Introduction

Salmonella enterica serovars are facultative intracellular pathogens
that can cause acute gastroenteritis or systemic typhoid fever in
humans, a disease that still burdens millions of people per year
world-wide.1 Salmonella injects effector proteins into host cells
through type-III secretion systems (T3SS), which are required for
virulence.2 For example, Salmonella enterica serovar Typhimurium
(S. typhimurium) translocates an effector protein, SseI, that plays a
role in modulating DC migration toward the chemokine CCL19.3,4

Normally DCs chemotax toward the T cell zones of secondary
lymphoid tissue primarily following the chemokine gradients
of CCL19 and CCL215 and help control infection by activating
the adaptive immune response.6 Previously we have identified
the Salmonella factor SseI as a modulator of DC chemotaxis,
however, our findings also suggested that Salmonella injects
additional factors that influence DC chemotaxis using the
Salmonella pathogenicity island 2 (SPI2) T3SS.3 Approximately
30 Salmonella effectors have been documented to be translocated
by the SPI2 T3SS2 and therefore a screen-based approach would
be the most efficient method of determining which of these
effectors interfere with DC chemotaxis. The goal of this study
was to identify these additional Salmonella factors involved in
manipulating DC directed migration using novel engineered
genetic screening tools.

Microfluidic techniques provide a vital addition to traditional
tissue culture plate-based cell assays by offering more precise
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temporal and spatial control over the extracellular microenviron-
ment by promoting fast diffusion and efficient mixing on a sub-
microliter scale. Because only nano to micro-liter sample/reagent
volumes are necessary, low cost high-throughput testing with
expensive or rare clinical samples is achievable. A variety of
physical, electrochemical, mechanical or optical detection schemes
have been integrated with microfluidic devices for genetic analysis,
phenotype screening, cell sorting or cell behavior manipulation
at sub-cellular, single-cell and whole organism levels.7–10

Microfluidic-based sorting and screens of cell populations
can be extremely versatile, using detection schemes that are
physical (e.g., microfilters, flow based or acoustic focusing),
electrochemical (e.g., impedance or potentiometry), mechanical
and optical (e.g., fluorophore conjugation of affinity markers,
chemiluminescence, bioluminescence, surface plasmon resonance/
refractive index).7,9,11–21 A variety of microfluidic devices have been
developed for gradient generation based on flow and mixing,
microjet or restricted passive diffusion through membrane, micro-
capillaries and hydrogels.22–34 Particularly, microfluidic gradient
generators have become more readily accepted in addition to
traditional chemotactic assays, which have several inherent
limitations. The most significant drawback is that the concen-
tration gradient profiles are transient, unstable, and hard to
reproduce in many traditional assays (e.g. micropipette assay,35

Boyden chamber,36–38 Zigmond chamber,39 Dunn chamber40).
Secondly, most conventional chemotaxis assays do not support
direct cell migration monitoring and detailed single cell analysis,
which are required for quantification of important metrics (such
as cell speed and directionality of movement).38,41 In contrast,
modern microfluidic chemotaxis devices provide long-term
stable and defined concentration gradients with the possibility
of real-time imaging. For shear-sensitive or semi-adherent cell
cultures (including DCs), soluble25–34,42 chemical gradients may
be generated by passive Fickian chemical diffusion through
microcapillaries.7,25–27,42–44 This device design is also advantageous
because specific populations of cells that successfully migrate
through the capillaries toward a given chemoattractant may be
captured for end-point analysis.26 The application of these devices
has significantly advanced our understanding of cell migration
from neutrophil chemotaxis25,27 to cancer progression.26

Despite the fast development of novel chemotaxis tools,
there is still a lack of high-throughput chemotaxis screening
methods. Current protocols focus on the analysis of one cell
type per assay compartment that may be arranged in a parallel
testing format to form miniature assay arrays (such as micro
dots45 or microchannels46). To maximize high-throughput
potential, simultaneous monitoring of multiple cell populations
with the ability to isolate and capture a targeted population within
one single device is needed. Previously, motility based screening
has been successfully applied to separate mobile sperm cells from
stationary ones in a microfluidic system.47 However, chemotaxis
based screening has been more challenging and very limited
reports are available. In a study by Tai and colleagues, parallel
collection channels were built to collect breast cancer cells
that migrated across different distances towards a source of
epidermal growth factor.48 However, operation of such a device

is challenging and requires a delicate balance of the fluidic
streams. There is a great need to develop novel protocols to
isolate target cells from heterogeneous tissue cultures or mixed cell
populations to support further molecular, genetic or proteomic
phenotype identification.

In this study we develop a positive-selection screen for
S. typhimurium virulence factors that inhibit DC chemotaxis
in a diffusion-based microfluidic device with the potential for
high-throughput capacity.7,44 We had demonstrated previously
that wild type (WT) Salmonella modulates the migration of DCs
in transwell assays and in infected mice.3 Because the chamber
and microcapillary design of this device allows multiple cell
populations to be monitored and separated on the basis of
chemotactic abilities, we developed a chemotaxis-based screen
using a library of Salmonella mutants. Our screen led to the
identification of 7 Salmonella virulence factors that are involved
in modulating DC chemotaxis towards CCL19, 5 of which were
previously not implicated in this process. To our knowledge
this study is the first reported use of a microfluidic device to
conduct a genetic screen for bacterial effectors that influence
the chemotaxis of mammalian cells.

Materials and methods
Bacterial strains and culture conditions

S. typhimurium SL1344 was transformed with the constitutive
GFP-expression plasmid pFPV25.149 and this strain was used as
the parent strain for all other S. typhimurium strains presented
in this work. All S. typhimurium strains were cultured in Luria
broth (LB) with 100 mg ml�1 carbenicillin at 37 1C with constant
agitation. All S. typhimurium gene deletion mutants (Table 1)
were generated using the Datsenko and Wanner method.50

Briefly, 70 nucleotide primers were generated (IDT, San Diego,
CA) such that the first 50 bases were complementary to the
30 or 50 end of the targeted gene and the last 20 bases were
complementary to the P1 or P2 sites of pKD4 (flanking the
kanamycin resistance gene, kan). These primers were used to
PCR amplify the kan locus of pKD4, and the amplified DNA was
purified and transformed in to S. typhimurium LT2 expressing l
Red recombinase. Recombinants were selected on 40 mg ml�1

Kan LB agar plate, and the resulting gene deletion mutations
were moved to the GFP-expressing S. typhimurium background
by P22 bacteriophage transduction. Deletion of the desired
gene was confirmed by PCR amplification (Table 2) and DNA
sequencing of the targeted gene (Mclab, South San Francisco, CA).
For complementation of the DsifA mutant, the SifA expression
vector psifA was transformed into the deletion mutant and trans-
formants were selected on LB agar supplemented with 25 mg ml�1

chloramphenicol.

Cell culture

Dendritic cells (DCs) were derived from mouse bone marrow
based on the method of Lutz et al.51 Bone marrow was harvested
from the femurs and tibia of 129X1/SvJ mice (Jax Mice, Bar
Harbor, Me) between the ages of 6 and 12 weeks. Bone marrow
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cells were resuspended in Dulbecco’s modified Eagle medium
(DMEM) containing 10% heat-inactivated fetal bovine serum
(FBS, Gibco), 50 mM b-mercaptoethanol, 1 mM HEPES, and
20 ng ml�1 granulocyte-macrophage colony-stimulating factor
(GMCSF, Peprotech, Rocky Hill, NJ). Approximately 20 million
bone marrow cells were then seeded into a petri dish and
incubated in a humidified chamber at 37 1C and 5% CO2. Two
days later, 5 ml of DC culture medium was added to each plate
and left to incubate for another 2 days. Finally, cells in
suspension and loosely adhered to the plate were harvested
and used for S. typhimurium infections 24 h later.

S. typhimurium-infection of DCs

For time-lapse video microscopy experiments, the indicated
S. typhimurium strain was grown overnight at 37 1C with agitation,
and approximately 2.5 billion bacteria were harvested, washed
once with phosphate buffered saline (PBS), and then added to
DCs at a multiplicity of infection (MOI) of 25 : 1. DCs were
incubated with the S. typhimurium bacteria at 37 1C for 30 min,
and then the medium was changed to DC medium containing
100 mg ml�1 gentamicin to kill extracellular bacteria. After 1.5 h
incubation the infected DCs were harvested by scraping in
cold PBS and resuspended at 10 million cells per ml in DC
medium containing 10 mg ml�1 gentamicin. Three ml of this cell
suspension was injected into the cell-viewing chamber of the
microfluidic device using a P20 micropipette, and the sink and

source channels of the device were immediately flushed with
20 ml of DC medium.

Microfluidic device fabrication

The microfluidic devices were fabricated using standard soft
lithography protocols as previously described.45 Briefly, a two-
layer SU8 (MicroChem Corp., Newton, MA) master consisting of
a 10 mm height capillary layer and a 100 mm height chamber
layer was fabricated on a silicon wafer (Fig. 1A), then treated
with (3-aminopropyl) trimethoxysilane (Sigma, St. Louis, MO)
as a release layer. To make polydimethylsiloxane (PDMS)
devices, a 10 : 1 w/w mixture of Sylgard 184 monomer and
hardener (Dow Corning, Corning, NY) was degassed under
vacuum over the SU8 master and baked at 65 1C for 1 h to
cure. Inlet and outlet fluidic ports were punched out manually.
Permanent bonding between PDMS chips and the cover glass
was achieved by a 40 s oxygen plasma treatment at 80 watts
(Branson IPC oxygen plasma Asher, Hayward, CA).

Preparation of the microfluidic device

On the day the microfluidic device was to be injected with DCs,
the microfluidic device was first wetted using 70% ethanol and
then washed with deionized sterile water. Next, the inside of the
device was coated with 1 mg ml�1 of mouse fibronectin for 3 h at
room temperature. Just before injection of cells, the device was
washed with DC medium containing 10 mg ml�1 gentamicin.

Table 1 70-nucleotide primers used to make SPI2 effector gene deletion mutants in S. typhimurium

SPI2 mutant Primers used for gene deletion (50–30)

DssaV Ref. 52a

DgogB ctaggttctaaatcttgcctgaatgaaaataaatgtaataatgatagcttgtgtaggctggagctgcttc
caatagggctgctctatatataaatatattaattgcatatttttttaaagcatatgaatatcctccttag

DpipB ttgactcacacctataaggagtcggctcacttccataagaaggaatcaaagtgtaggctggagctgcttc
agggggcctctgtttgaatacttcttgtttataaaatccctttatctcgacatatgaatatcctccttag

DpipB2 atatgataaattttatcatgcactgtgttgctgtctctgggagaaaatatgtgtaggctggagctgcttc
cagattgttattcttacattgcttttatttcagatttacgtcaaaaagggcatatgaatatcctccttag

DsopD2 aatgagagcaacggattggatcttgctttcgcggtaaataatcaagggaggtgtaggctggagctgcttc
aaaagcgtacaaaaaaggctccatatcagtggggcctttttaatgactttcatatgaatatcctccttag

DspvB caccgtaaaggaataacgctcatgcatattgatatgtccgcactgtaatggtgtaggctggagctgcttc
gacctgactgaccgtaacaatgacattatcctcgagtaccgtaagcaggacatatgaatatcctccttag

DspvC ggcggtcagggcgtgcgggttcttctgccgctcatccttcccgaacaggcgtgtaggctggagctgcttc
gtactccccggcgtggacggggtgtacctgggccacattgtggatgcaggcatatgaatatcctccttag

DsteA cggctcagcgagtctgatttctaacaaaactggctaaacataaacgctttcatatgaatatcctccttag
agaggagtaggacatataaagctattgagcaaaatttgaaggagtaggatgtgtaggctggagctgcttc

DsteC ctgtagcgaatgtgcccccggcgattcgcagaaaagaacggaactaaatgcatatgaatatcctccttag
ttttatatgtttgcatgtgtattataataaattttcagaggatgagacatgtgtaggctggagctgcttc

DsspH2 Ref. 52a

DsifA Ref. 52a

DsifB Ref. 52a

DspiC Ref. 52a

DsseF Ref. 52a

DsseG Ref. 52a

DsseI Ref. 3
DsseJ Ref. 52a

DsseK1 ctaataatcatcatgtaaaatatgtaatgaagtaagtatggagcatttaattgttgtgtaggctggagctgcttc
cgaaacttgatagtttatgccaatattttatgtattcaatagcatgattattgccatttccgcatatgaatatcctccttag

DsseK2 Ref. 52a

DslrP Ref. 52a

DsseL Ref. 53a

a The gene deletion mutation constructed in the referenced work was transduced into S. typhimurium SL1344 (pFPV25.1) for the experiments
presented here.
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Time-lapse video microscopy

Twenty hours after injection into the microfluidic device, the
infected DCs were subjected to a gradient of CCL19 or CXCL12
(Peptrotech, Rocky Hill, NJ) by applying 200 ng ml�1 of the
chemokine and 25 mg ml�1 of 10 kDa dextran Texas Red
(Invitrogen, Grand Island, NY) to the source channel at 3 ml h�1

for the duration of the time-lapse video microscopy using a
syringe pump (WPI, Sarasota, FL) and 100 ml Hamilton gas-tight
syringes (Hamilton, Reno, NV). Under similar conditions,
Shamloo et al. measured the chemoattractant gradient concen-
tration in the cell-viewing chamber to be linear, with maximum
and minimum concentrations equal to 62% and 37%, respec-
tively, of the source channel concentration.44 DC medium alone
was supplied to the sink channel at an identical flow rate. The
syringes were connected to the microfluidic device by PEEK
tubing (IDEX Health & Science, Oak Harbor, WA). The DCs were
imaged by DIC and fluorescence microscopy at 40� magnifica-
tion on a Nikon Eclipse TE2000-E microscope with EMCCD
camera. The device was placed on an automated stage and

phase contrast and fluorescence images were taken and stored
every 7 min for 5 h using Openlab software (PerkinElmer,
Waltham, MA). Images were compiled into short videos using
Volocity (PerkinElmer, Waltham, MA) and Quicktime (Apple,
Cupertino, CA) softwares. The phase contrast videos were
analyzed using ImageJ software (open source) with the plugins
‘‘Manual Tracking’’ and ‘‘Chemotaxis Tool’’ (Ibidi, Martinsreid,
Germany). The Chemotaxis Tool was used to generate a
chemotactic index and an average cell speed for every cell track
and to make angular histogram plots for the cell track end-
points. Red fluorescence images taken of the 10 kDa dextran
Texas Red indicated that the chemical gradient was linear and
stable throughout the 5 h duration of the time-lapse video
microscopy.

Microfluidic-based screen

A library of SPI2 effector gene deletion mutants was generated
in the GFP-expressing S. typhimurium SL1344 (pFPV25.1) back-
ground using the method of Datsenko and Wanner described
above.50 Each mutant was grown overnight at 37 1C with
agitation, and equal amounts of bacteria from each culture
was combined into one tube and used to infect DC at a total
MOI of 10 : 1. These DCs were resuspended at 100 million cells
per ml and then injected into the device, the sink and source
channels were flushed (in that order) to clear of cells, and the
DCs were allowed to recover for 20 h in the incubator (as above).
Next, the DCs were subjected to a gradient of CCL19 (as above)
for 24 h. The source channel then was flushed with 200 ml of 1%
Triton X-100 in plain DMEM to retrieve DCs that had migrated
through the capillaries and that remained associated with any
part of the source channel. Five min incubation of these DCs in
1% Triton X-100 DMEM with agitation resulted in DC lysis, and
the freed intracellular bacteria were spread onto LB agar plates
containing 200 mg ml�1 streptomycin, 40 mg ml�1 kanamycin,
and 100 mg ml�1 carbenicillin. Colonies that grew overnight
were cultured and used for genomic DNA isolation (Qiagen,
Valencia, CA). The identities of the clones were determined by
PCR and confirmed by DNA sequencing (as above). This screen
was carried out 4 times and mutants that were isolated at least
3 out of the 4 screens were identified as positive mutants.

Statistics

The threshold for positive selection in the screen presented
here was isolation of the mutant in 3 out of 4 screens. For both
cell speed and chemotactic index data, infected cells were
compared to their uninfected neighbors within the same
microfluidic device using the non-parametric rank-based
Mann–Whitney test. The distribution of chemotactic indices
and cell speed were tested for normality using the D’Agostino–
Pearson test. The sample size (N) for the number of cells
tracked for each treatment group was based on our initial
experiments measuring chemotactic indices of uninfected
DCs toward CCL19 (Fig. 1C). This sample group passed the
test for normality and has a mean chemotactic index of 0.1742
(standard deviation = 0.3942) that is significantly different from
0 in both the non-parametric rank-based Wilcoxon signed-rank

Table 2 Primers used to PCR-amplify and detect the kan gene insert in
the S. typhimurium SPI2 effector gene deletion mutants

SPI2 mutant Primers used for detection by PCR (50–30)

DssaV tagcaggattagctgaacgg
aagccatcaataactcgccc

DgogB cgtcagcatacgatctgctg
gaagcagctccagcctacac

DpipB tgaagcgtaagctatgctgg
gaagcagctccagcctacac

DpipB2 aaggcggcaagcgagcgaat
gaagcagctccagcctacac

DsopD2 gaatggttggcgccgttttg
gaagcagctccagcctacac

DspvB caggctttacgtgaggaacc
gaagcagctccagcctacac

DspvC cggtcagtcaggtcgtagcg
gaagcagctccagcctacac

DsteA tcagggttaatccctgcagg
gaagcagctccagcctacac

DsteC cgatgcgctttccaccagac
gaagcagctccagcctacac

DsspH2 tccgggaatatctttgtcgc
atgtctgccggacagatact

DsifA gaacgtgacgtctgagaaa
ccgcagttgagataaaaaggg

DsifB cgatgggcaacatgggataa
gttttggtattgccagggga

DspiC ggatgtggttgtgagcgaat
ctggcataaagggtgaagtc

DsseF agattcgccagaatgcgcaa
tgagcatttgggctaacagg

DsseG ggctgaaaatattgcggcct
tgatttccagcagcaaccgt

DsseI gcgttgataccggatgatct
tgttgttgtcgatctccacc

DsseJ ggcattaacctcacgttgttg
gagctgtgttttgctcaagg

DsseK1 gctcactggtagggtatttatg
agcactgcgattttaaagtggc

DsseK2 ctcaggacttagcattgtgac
gaagggtgagtaaaacaaggc

DslrP ctctctcctcggctatgaaa
agtcattgacgcagtagtgg

DsseL acggtggcatgacagataac
gtggttgaatcattgacggc
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test ( p o 0.0001) and a one-sample two-tailed Student’s t test
( p o 0.0001). Initially we presumed that 0.1742 represented the
true mean chemotactic index of this cell population (and 0.3942
was the true variance) and calculated the minimum N necessary
for a given power (1 � b) and a type I error rate (a) of 0.05. For a
power level of at least 0.8, N should be at least 43, and therefore
more than 43 cells were tracked in every treatment group.

Results
Migration of infected DCs in a microfluidic device

Previous studies aimed at elucidating mechanisms of how
pathogens influence immune cell migration have utilized
transwells.3,54,55 For example, we previously demonstrated that
S. typhimurium inhibits DC migration in transwells towards the
chemokine CCL19,3 and we identified a SPI2 effector, SseI that

hinders DC migration.3 We validated the use of the microfluidic
device that maintains a stable gradient of CCL19 (Fig. 1A)44 by
comparing chemotaxis of uninfected DCs with Salmonella-
infected DCs. Primary murine bone marrow-derived DCs were
infected with WT S. typhimurium expressing green fluorescent
protein (GFP) at a multiplicity of infection (MOI) of 25 : 1,
conditions that lead to approximately 50% of the DCs being
infected with Salmonella. The DCs were added to the fibronectin-
coated cell culture chamber of the microfluidic device and
allowed to recover for 20 h. After this time, the DCs were exposed
to a stable CCL19 gradient by flowing DC medium with 200 ng
ml�1 CCL19 through the source channel and DC medium alone
through the sink channel at 3 ml h�1 using a syringe pump.44 DIC
and fluorescent images were taken every seven minutes for a
total of five hours. DIC images were used to detect all DCs, and
the fluorescent images were used to detect GFP-Salmonella
and Dextran Texas Red, which was used as a tracer molecule

Fig. 1 S. typhimurium inhibits DC migration along a gradient of CCL19 established inside a microfluidic device. (A) The microfluidic chemotaxis device
includes a cell culture chamber connected by microcapillaries to chemokine source and sink channels, which enable formation of a linear, stable
chemokine gradient. Primary DCs were cultured, infected with GFP-expressing S. typhimurium and then injected into the microfluidic chemotaxis device.
(B) The angular histogram of uninfected mature DC tracks under a uniform distribution of CCL19 is shown. Angular histograms indicate the proportion of
cells traveling in each direction when comparing a cell’s final position to its initial position and subdivided into 101 bins. (C and D) DCs infected with GFP-
expressing WT S. typhimurium were cultured in CCL19 gradients and imaged by fluorescence and DIC microscopy every 7 min over the course of 5 h.
The cell migratory tracks of infected DCs and their uninfected neighbors were used to calculate their chemotactic indices (C) and angular histograms (D).
N is the number of individual cells tracked. Line and error bars represent the mean and SEM, respectively, and all P-values were determined using rank-
based Mann–Whitney test.
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to monitor the CCL19 gradient. We tracked DCs over a 5 h period
and recorded each cell’s speed, location, and overall angular
direction of movement with respect to the CCL19 gradient. In the
absence of a CCL19 gradient, uninfected mature DCs did not
preferentially move in any one angular direction (Fig. 1B). The
chemotactic index of each cell’s track was calculated as the ratio
of the distance traveled in the direction of increasing CCL19
divided by the overall length of the cell’s track. We compared the
chemotactic indices (Fig. 1C) and angular directions (Fig. 1D) of
infected DCs to uninfected cells from the same device, thereby
providing an internal control for each individual assay. While
uninfected DCs had a clear chemotactic response to the CCL19
gradient, DCs infected with WT S. typhimurium did not chemotax
toward CCL19 (Fig. 1C and D). Importantly, the degree of
chemotaxis inhibition did not correlate with the number of
intracellular bacteria per DC (data not shown). These results
are in agreement with our previous work demonstrating that WT
S. typhimurium modulates DC migration.3 Taken together, our
results validate the use of this microfluidic device to measure the
chemotactic behavior of Salmonella-infected DCs. A representative
video of DCs infected with WT S. typhimurium are available as ESI†
online (Video, ESI†). To test the robustness of the microfluidic
device in these migration experiments, we also elucidated if
S. typhimurium manipulates DC migration toward another
chemokine, CXCL12. Salmonella also prevents the chemotaxis
of infected DC toward CXCL12, confirming that this system
can be used to study a range of host–pathogen interactions
(Fig. S1, ESI†).

Since CCL19 is very important for migration to secondary
lymphoid tissue for mature DCs,6,56,57 we focused on under-
standing what other Salmonella effectors modulate DC chemotaxis
toward this chemokine. Our previous work identified the

Salmonella effector SseI, which is translocated into host cells
by the SPI2 T3SS, as partially preventing DC migration. Therefore we
reasoned that additional SPI2 translocated effectors may contribute
to manipulating DC directed migration toward CCL19. To test this
hypothesis, we infected DCs with an S. typhimurium strain that does
not translocate any SPI2 effectors because it lacks a critical T3SS
structural component (DssaV).58 In contrast to DCs infected with WT
Salmonella, the DCs infected with this SPI2 T3SS-deficient mutant
did chemotax toward CCL19 and were indistinguishable from
uninfected DCs (Fig. 2A and B). The chemotactic indices of DCs
infected with this SPI2 T3SS-deficient mutant were significantly
higher than DCs infected with WT Salmonella ( p o 4.4 � 10�3 in
a Mann–Whitney test). These results demonstrate that the
translocation of SPI2 effectors are responsible for the inhibition
of DC chemotaxis toward CCL19. We next set out to identify
these additional Salmonella effectors that are translocated into
host cells by the SPI2 T3SS and influence DC chemotaxis
towards CCL19.

Microfluidic-based genetic screen

Individually testing each SPI2 effector mutant in a microfluidic
migration assay would be laborious and time-consuming. Thus,
we developed a positive-selection genetic screen, with the
potential for high-throughput capacity, for Salmonella mutants
that cannot block DC chemotaxis. We adapted the microfluidic
device for this screen by enabling collection of cells that
migrated through the microcapillaries into the source channel.
We took advantage of the precise environment of the micro-
fluidic device to screen a mutant library that consisted of a
mixture of 20 different SPI2 effector gene deletion strains
simultaneously (Fig. 3A). One of these strains contained a
deletion of spiC, a gene that encodes a SPI2-encoded protein

Fig. 2 Salmonella pathogenicity island 2 (SPI2) is required to inhibit DC chemotaxis toward CCL19. DCs infected with GFP-expressing WT or DssaV
(SPI2 mutant) S. typhimurium were cultured in a gradient of CCL19 and imaged every 7 min over 5 h. The chemotactic indices (A) and angular histograms (B)
are presented. Line and error bars represent the mean and SEM, respectively, and n.s. (not significant) indicates P-value 4 0.05 in a Mann–Whitney test.
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that is critical for the translocation of SPI2 effectors in vivo.59

Similar to DssaV, SPI2 effector translocation into DCs is eliminated,
enabling DspiC to function as a positive control for the screen. To
conduct the screen, DCs were infected with the SPI2 effector
mutant library at a MOI of 10 : 1 such that it would be highly
unlikely for a single DC to be infected with two different mutants.

The infected DCs were injected into the microfluidic device and
allowed to recover for 20 h before exposure to a CCL19 gradient
for 24 h. DCs that migrate towards CCL19 should either be
uninfected or be infected with a S. typhimurium mutant lacking
a SPI2 effector involved in inhibiting DC chemotaxis. To test
this idea, DCs that migrated toward CCL19 through the

Fig. 3 Positive selection microfluidic-based genetic screen for SPI2 effector mutants unable to inhibit DC migration toward CCL19. (A) A diagram of the
microfluidic-based screen is presented. DCs were infected with a library of SPI2 effector mutants and allowed to migrate in a CCL19 gradient for
24 hours. DCs that migrated into the source channel were collected and lysed, and the S. typhimurium mutants were isolated as colonies. Mutants were
identified by PCR and sequencing. (B) DCs infected with either GFP-expressing WT or DssaV S. typhimurium were cultured in CCL19 gradients and
imaged by fluorescence and DIC microscopy every 7 min over the course of 5 h. The cell migratory tracks of both infected DC and their uninfected
neighbors were recorded and used to calculate their migration speed. The line represents the median, and all P-values were determined using the Mann–
Whitney test. (C) Predicted average distances traveled in the direction of the source channel by each DC infected with either DssaV mutant or WT
Salmonella were calculated by taking the product of each DC’s chemotactic index and speed and the given amount of time (5 h or 24 h). Line and error
bars represent the mean and SEM, respectively. Dashed black line drawn at y = 250 mm (length of capillaries). (D) The screen was repeated a total of
4 times and the number of times a given mutant was positively selected is indicated as ‘‘number of screens’’ and the total number of times a given mutant
was isolated from the source channel over all the screens is indicated as ‘‘total number of clones isolated’’. The threshold chosen for positive selection
was identification in 3 out of the 4 screen repetitions. Positively selected genes are shown in grey. The number of mutants collected ranged between
6 and 24 per screen.
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capillaries and into the source channel after 24 h were harvested
and lysed to free any intracellular bacteria. The lysate was plated
on selective agar plates, and each Salmonella clone was subjected
to conventional PCR techniques followed by sequencing for
identification of individual SPI2 effector mutants (Fig. 3A).

To be considered a positive hit in this screen, a DC must
migrate with sufficient speed and sufficient directionality to
reach the sink channel within 24 h. Therefore, if DCs infected
with WT or DssaV mutant Salmonella migrated at different
speeds in a CCL19 gradient, our screen could be biased towards
detecting DCs infected with Salmonella that migrate faster,
unrelated to their chemotactic abilities. We determined that
while DCs infected with either WT or DssaV migrated at a
slower speed than uninfected DCs, their migration speeds were
not significantly different from each other (Fig. 3B). While it is
biologically intriguing that Salmonella inhibits DC chemotaxis by
a different mechanism than it decreases DC migratory speed, it
is also beneficial because it allowed us to specifically screen for
Salmonella mutants unable to inhibit DC chemotaxis.

To be sure that these target DCs had enough time to migrate
into the source channel, we calculated the average distance a
population of DCs infected with WT or DssaV mutant Salmonella
could travel in the direction of the CCL19 source channel after 5 h
and 24 h (Fig. 3C). Salmonella-infected DCs must migrate at least
the length of the capillaries (250 mm) connecting the cell-viewing
chamber to the source channel in order for the Salmonella
bacteria to be captured inside of the source channel. While the
average distance traveled in 5 h by DCs infected with DssaV
mutant Salmonella was only 57.5 mm, in 24 h the DCs are
predicted to travel an average distance of 275.9 mm, which is
sufficient to traverse the capillaries. Therefore, we selected 24 h as
the time period for our chemotaxis screen. The average distance
travelled by WT Salmonella-infected DCs was not significantly
different from zero, but the distribution of these distances
varied widely (Fig. 3C) such that a small fraction (0.08) of this

DC population would still be able to reach the CCL19 source
channel by 24 h. Based on these data, we reasoned that a DC
would have an 8% chance of migrating into the source channel
when infected with a Salmonella mutant still capable of inhibiting
DC chemotaxis (similar to WT Salmonella). The probability that a
DC infected with this same Salmonella mutant would migrate
repeatedly into the source channel in at least 3 out of 4 repetitions
of the screen may be calculated as (0.08)4 + 4(1 � 0.08)(0.08)3 =
0.00193, yielding an acceptably low false-positive error rate. There-
fore, SPI2 effectors involved in inhibiting DC chemotaxis were only
considered ‘‘positively selected’’ if they were detected in at least 3
out of the 4 screens (Fig. 3D, shaded).

We conducted the microfluidic chemotaxis screen four
times and identified 58 individual SPI2 effector mutant clones
(Fig. 3D). As expected, the DsseI mutant bacterial strain was
isolated in 3 of the 4 screens, thus, validating the technique
(Fig. 3D). In addition to DsseI, the S. typhimurium mutants
DsseF, DsifA, DsspH2, DslrP, DpipB2 and DspiC also were positively
selected in the screen (Fig. 3D). While SpiC may be translocated
into the DC cytoplasm,60 SpiC is also required for the formation of
the translocon apparatus itself61 and DspiC mutants do not
translocate SPI2 effectors in vivo.59 Thus, the DspiC mutant is
phenotypically similar to DssaV and its positive selection validates
the screen. To further confirm the results of our high-throughput
screening method, we infected DC separately with different SPI2
effector deletion mutants that were identified in the screen. In a
series of separate microfluidic chemotaxis assays using only a
single mutant strain per experiment, we confirmed that
the mutants DsseF, DsifA, DsspH2 and DpipB2 did not inhibit
DC chemotaxis toward CCL19 (Fig. 4). Importantly, the sifA-
deletion strain containing a wild type copy of sifA on a plasmid
(DsifA(psifA)) interfered with DC chemotaxis similar to wild type
bacteria, verifying that the positive selection of the DsifA mutant
in our screen was due to the specific lack of SifA (Fig. 4).
Similar to our previously published results,3 DC infected with

Fig. 4 SPI2 mutants positively selected by the microfluidic screen do not inhibit DC chemotaxis toward CCL19. DC infected with the indicated
S. typhimurium strain were cultured in a gradient of CCL19 and imaged every 7 min over 5 h, and the chemotactic indices are shown here. DsseK1 was not
positively selected by the screen and serves as a control. DsifA + (psifA) refers to the complemented DsifA mutant. N is the number of individual cells
tracked. Line and error bars represent the mean and SEM, respectively, and P-values were determined using the Mann–Whitney test and are indicated
above the graph.
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the sseI-deletion strain containing a wild type sseI gene on a
plasmid did not chemotax towards CCL19 (data not shown).
Consistent with our previous results, DC infected with the SPI2
effector mutants had reduced cell speed (Fig. S2, ESI†). In
addition, as a negative control, we confirmed that DCs infected
with a SPI2 effector mutant, DsseK1, which was not selected in
the screen, had a chemotactic index similar to DCs infected
with WT Salmonella (Fig. 4). Interestingly, DCs infected with the
DsseF mutant bacterial strain chemotax towards CCL19 slightly
better than their uninfected neighbors (Fig. 4), indicating our
screen is sensitive enough to identify DCs with a range of
chemotaxis phenotypes. It is intriguing that most of the effectors
that were identified in the screen have been shown to interact,
either directly or indirectly, with elements of the host cytoskeleton,
which is essential for mammalian cell migration.3,62–67

Discussion

Microfluidic devices are now widely used in cell migration assays,
because they provide precise, long-term control over the cellular
microenvironment while still allowing direct observation.41,68

However, despite the advantages these devices provide, they
have not been adopted as screening platforms to identify genes
from either the host or the pathogen that influence host cell
migration. Here we present a method for performing a positive
selection genetic screen for Salmonella translocated effectors
that inhibit DC chemotaxis.

While microfluidic devices are commonly used in mammalian
cell migration studies,44,69,70 to our knowledge they have not been
used to study how pathogens influence immune cell migration.
Using microfluidic devices allowed us to more precisely determine
how S. typhimurium inhibits DC migration. Utilizing transwells,
we previously demonstrated that Salmonella can hinder DC
migration,3 however, transwell data can be difficult to interpret
because the effects on migratory speed and chemotaxis
(directional migration) cannot be differentiated. Because chemokine
gradients across a transwell membrane are only present for a
short amount of time, any cellular perturbation that decreases
migration speed potentially could be misinterpreted as a
decrease in chemotaxis. This may be a particularly important
consideration for studies of host–pathogen interactions, as all
Salmonella infected DCs were found to have significantly
decreased migration rates (Fig. 4 and Fig. S1, ESI†).

Through microfluidic migration assays, we confirmed that
Salmonella attenuates DC chemotaxis toward CCL19 (Fig. 1)
and CXCL12 (Fig. S1, ESI†). Recently, CCL19 was shown to have
a much greater chemotactic potency than CXCL12 toward
DCs,71 and we have shown that SPI2 translocated effectors are
completely responsible for Salmonella-dependent inhibition of
chemotaxis toward CCL19 (Fig. 2).

To determine which SPI2 effectors target DC chemotaxis, we
developed a high-throughput positive-selection genetic screen
in our microfluidic device. We exploited the geometric design
of the microfluidic device to screen for those DCs that were
capable of efficient chemotaxis (Fig. 3). The chemotaxing cells

can migrate through the microcapillaries to the source channel
where they can be collected for genetic analysis. Our screen
successfully identified two previously known and five new SPI2
effectors that are necessary for inhibiting DC chemotaxis
toward CCL19 (Fig. 4).

It is striking that we identified several effectors involved in
modulating host cell chemotaxis, and that all the single
mutants have strong phenotypes. Our results indicate that the
manipulation of DC directed migration by Salmonella is quite
complex. It will be important to determine if the effectors that
block DC chemotaxis work individually or together in a
complex. It is likely that these factors, either separately or
together, disrupt the ability of DCs to either sense or respond
to the chemokine gradient. DCs sense CCL19 using the
chemokine receptor CCR7.72 Since Salmonella-infection does
not compromise CCR7 expression by DCs,72 it is likely that
these SPI2 effectors target host factors downstream of CCR7
that help the cell respond to the CCL19 gradient. Stimulation of
CCR7 by CCL19 leads to chemotaxis toward CCL19 and an
increase in migratory speed.73 Chemotaxis toward a CCR7
ligand is controlled through a signaling module made up of
heterotrimeric G proteins of the Gi subfamily and the MAPK
protein family, whereas speed is governed by the Rho/Pyk2/
cofilin module.73 Chemotaxis requires both actin filaments and
microtubules, as well as a wide array of cytoskeletal regulatory
proteins, to extend the plasma membrane forward and ultimately
migrate in the direction of a chemical gradient.74,75 Because SPI2
effectors mainly target DC chemotaxis and not migration speed, it
is likely that they interfere with either the Gi/MAPK signaling
module and/or the host cytoskeleton.

SseF, SifA, SspH2, PipB2, and SseI can interact directly or
indirectly with the cytoskeleton.3,62–67,76 Both SseI and SspH2
interact with filamin, a F-actin cross-linking protein.66 SseI also
binds to the cytoskeletal regulator and scaffolding protein,
IQGAP1.3,77 SseF and PipB2 both interact with the microtubule-
associated molecular motors, dynein and kinesin-1, respec-
tively.62,64,65 SifA also interacts with kinesin-1 indirectly by binding
SKIP and is required for maintenance of the Salmonella containing
vacuole (SCV) in DCs.63,78 Except for SseI, all of these factors are
required for Salmonella-dependent inhibition of antigen presen-
tation in DC,79 an activity that also requires a functional cyto-
skeleton.80 Understanding the molecular mechanism for how
these Salmonella effectors (either separately or together) inhibit
chemotaxis and whether it involves interactions with components
of the host cytoskeleton is the subject of further study.

The current understanding of the main role of SPI2 effectors
is to maintain the integrity and correct positioning of the SCV
inside of the host cell during infection, partially through acting
on the host cell cytoskeleton.62–65,67 Here, we expand the role of
SPI2 beyond the SCV to include the regulation of DC chemotaxis,
potentially having important consequences for the host’s
immune response. In order to clear a Salmonella infection, the
host must mount an adaptive immune response against this
bacterial pathogen,81 and immune cell migration along CCL19
gradients is essential to establishing an adaptive immune
response.82 However, a fraction of hosts fail to completely clear
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systemic Salmonella infections and become persistently infected.83

The results of our screen revealed that Salmonella targets the ability
of DCs to chemotax toward CCL19 using a specific set of SPI2
effectors, and these results provide a potential mechanism for how
these bacteria avoid clearance.

In addition to Salmonella, many other bacterial pathogens
are able to evade the host’s immune response, often through
translocating bacterial effectors directly into host cells.84 The
microfluidic positive-selection screening method presented
here is a novel, useful technique to identify bacterial effectors
from many different pathogens that impact directed host cell
migration toward a given chemokine. Additionally, this method
could be adapted for increased capacity of high-throughput
screening techniques. For example, by using DNA sequencing
methods instead of conventional PCR techniques to identify
mutants, much larger mutant libraries could be screened quickly
and efficiently. These methods will allow researchers to determine
which bacterial effectors are responsible for modulating host cell
migration, which likely helps the bacteria regulate the host
immune response. These effectors of immune cell migration may
serve as excellent targets for future pharmaceutical development.

Beyond use in investigating host–pathogen interactions
affecting host cell migration, this microfluidic-based screen can
be adapted for general studies of mammalian cell chemotaxis. For
example, mammalian cells could be screened for genes influencing
chemotaxis using a retroviral insertion library and subjecting them
to a gradient in the microfluidic device. Using negative selection,
mutants that are unable to migrate towards the gradient could be
identified by sequencing of the insertion site. This would provide a
high-throughput mammalian cell chemotaxis screen that takes
advantage of the precise control over gradient shape and stability
provided by microfluidic devices. This genetic screening method
will allow researchers to genetically probe increasingly complex
questions concerning host cell chemotaxis and how pathogens
manipulate that chemotaxis.

Conclusions

We have developed and validated a microfluidic-based positive
selection genetic screening method and we have used this
new method to investigate how a pathogen such as Salmonella
alters host cell migration. Our screen successfully identified
Salmonella effectors that are necessary for inhibiting DC chemotaxis
toward CCL19 (Fig. 4), thereby expanding our understanding of how
this pathogen manipulates the host cell and potentially the immune
response. However, we believe this new tool is not limited to the
study of host–pathogen interactions, but instead is broadly
applicable to the study of cell migration in potentially any
biological system.
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