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a b s t r a c t

Dendritic cells (DCs) are a specialized family of antigen presenting cells. They play critical roles in sensing
and processing microbial information through a series of pattern recognition receptors (PPRs), including
the well-characterized toll-like receptors (TLRs). In this study, we demonstrated the utilization of a DC cell
line, DC2.4, as a cell source for the detection and differentiation of microbes towards the development of
cell-based biosensors. As a proof of principle, the Gram-negative bacteria Escherichia coli K12 strain D21
and its lipopolysaccharide (LPS) mutants were used as model targets. The stimulation of DCs by bacterial
strains was monitored by the production of nitric oxide (NO), and the colorimetric Greiss assay was used
to quantify the level of NO produced. Our results demonstrated that DCs could detect and differentiate
microbes with subtle differences in the composition of specific cell surface components, i.e. LPS, within
itric oxide (NO)

oll-like receptors minutes. Though the current colorimetric-based NO assay limited the detection sensitivity, we showed
that DCs were able to detect as low as 2–3 bacteria per cell. Furthermore, compared to macrophages, DCs
were superior in discriminating LPS mutants. Our study demonstrates that DCs possess great potential as
cell sources for the development of novel cell-based biosensors for detecting microbes with high selec-
tivity and sensitivity and rapid responsiveness. In addition, when DCs are coupled with other biosensor

ity ca
platforms, higher sensitiv

. Introduction

Cell-based biosensors offer a promising alternative to conven-
ional detection technologies. They typically employ live cells as
he sensing component and convert cellular responses to environ-

ental perturbations such as pathogens into signals conducive for
rocessing. Many types of cells, such as bacteria, yeasts, and mam-
alian cells have been used for constructing cell-based biosensors

Pancrazio et al., 1999; Belkin, 2003). Compared to conventional
hemical and biochemical biosensors, cell-based biosensors avoid
he need for the extraction of enzymes or the development of
ntibodies, and yield more detailed and physiologically relevant
nformation that can be used to categorize the specific nature of
iological or chemical agents (Pancrazio et al., 1999; Daunert et al.,
000; Stenger et al., 2001).
Immune cells are thought as “Nature’s biosensors” because they
an specifically recognize and signal the presence of an environ-
ental threat, and then establish corresponding innate and/or

daptive immune responses (Janeway, 2005). Several immune cells,
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n be expected.
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such as mast cells (Pizziconi and Page, 1997; Curtis et al., 2008), B
cells (Rider et al., 2003; Kim et al., 2004; Banerjee et al., 2008),
T cells (Kim et al., 2006) and macrophages (Davies et al., 2005;
Koh and Pishko, 2006; Veiseh et al., 2007), have been examined
as resources for cell-based sensors. Dendritic cells (DCs), the most
potent antigen presenting cells, represent a promising candidate
for cell-based biosensors. Different from other immune cells, DCs
act at the interface between the innate and adaptive-recognition
systems and play a key role in coupling both arms of the immune
systems (Banchereau and Steinman, 1998; Janeway and Medzhitov,
2002; Iwasaki and Medzhitov, 2004). Therefore, DC-based biosen-
sors can potentially generate information on how an environmental
threat would have an impact on the innate and/or adaptive immune
system.

Immature DCs are distributed throughout the body, particularly
at the portals where most pathogen encounter occurs. Through
a series of pattern recognition receptors (PPRs), particularly toll-
like receptors (TLRs), DCs can detect and signal the presence
of pathogens or their products (Janeway and Medzhitov, 2002;
Akira et al., 2006). Concomitantly, DCs undergo coordinated repro-

gramming of gene expression, leading to unique phenotypic and
functional changes depending on pathogens or chemicals encoun-
tered (Banchereau and Steinman, 1998; Iwasaki and Medzhitov,
2004). Recently, genetically engineered DCs have been tested for
their response to a variety of chemotherapeutic drugs (Mizumoto

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:hs24@u.washington.edu
dx.doi.org/10.1016/j.bios.2009.01.017


ioelect

e
f
f

a
t
M
g
a
c
e
v

s
K
a
i
2
s
e
c
t
m
fl
t
a
a
o
T
c
B
s
m
m

n
e
w
g
a
I
a
t
t
s
g
c

t
G
c
b
o
W
w
c
b
c

2

2

F

nitrate reductase (NR). The difference of measured nitrite before
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t al., 2005). It has been demonstrated that DCs exhibited distinct
unctional and phenotypic changes in response to drugs with dif-
erent chemical structures.

TLRs are essential for DCs to accomplish their roles in sensing
nd processing microbial information and directing other cell types
o respond accordingly (Medzhitov and Janeway, 1997; Iwasaki and

edzhitov, 2004). TLR family consists of 12 members in the human
enome. TLR1, 2, 4, 5, and 11 are expressed on the cell surface and
re involved in detecting extracellular pathogens or their cellular
omponents (Akira et al., 2006). In comparison, TLR3, 7, 8 and 9 are
xpressed in endosomal compartments and involved in detecting
iral pathogens or their cellular components.

In this study, to evaluate DCs as a source for cell-based biosen-
ors, lipopolysaccharide (LPS) mutants derived from Escherichia coli
12 strain were chosen as model targets. LPS, clinically termed
s endotoxin, is the outer cell wall of Gram-negative bacteria. It
nduces sepsis, which is one of the major health threats (Munford,
006). About 750,000 people in the United States develop severe
epsis annually, and more than 200,000 people die of it (Martin
t al., 2003). LPS of E. coli consists of an O-specific chain, a
ore oligosaccharide, and a lipid component (lipid A). The endo-
oxic activities of LPS, characterized by the production of diverse

ediators of inflammation, such as nitric oxide (NO) and proin-
ammatory cytokines, have been shown to be closely related to
he molecular structure of lipid A (Rietschel et al., 1994; Netea et
l., 2002). However, few studies have demonstrated whether the
ctivities of LPS are affected by the molecular structure of core
ligosaccharides (Nowotny et al., 1975; Williamson et al., 1984).
he LPS mutants used in this study contains progressively trun-
ated core oligosaccharides of LPS (Eriksson-Grennberg et al., 1971;
oman and Monner, 1975; Havekes et al., 1977). DC-based biosen-
ors would provide insightful information on the effect of the
olecular structure of oligosaccharides on the activities of LPS
utants.
TLR2 and 4 have been reported to be responsible for the recog-

ition of LPS (Kirschning et al., 1998; Poltorak et al., 1998; Hoshino
t al., 1999; Qureshi, 1999; Werts et al., 2001). When LPS is engaged
ith TLR2 and/or TLR4, a cascade of signaling pathways is trig-

ered, resulting in the production of proinflammatory cytokines
nd chemokines (Akira and Takeda, 2004; Akira et al., 2006).
nducible nitric oxide synthase (iNOS) is also up-regulated via the
ctivation of the NF-kB pathway, leading to increased NO produc-
ion (Palsson-McDermott and O’Neill, 2004). It has been shown that
he level of NO production is closely associated with the molecular
tructures of LPS (Zughaier et al., 2005). Recent studies have sug-
ested that the production of NO correlates with the secretion of
ytokines as well (Kmonickova et al., 2007).

Therefore, we quantified the level of NO production by DCs as
he readout by the well-established Griess chemical method. The
riess chemical method is not as sensitive as fluorescence and
hemiluminescence-based methods (Fiddler, 1977; Nagano, 1999),
ut its ease of operation makes it attractive to prove our concept
f characterizing DCs for the development of cell-based biosensors.
e demonstrated that DCs were able to differentiate LPS mutants
ithin minutes with a sensitivity as low as 2–3 bacteria per cell. In

omparison to macrophages, DCs were superior in discriminating
acteria with subtle differences on the major component of their
ell wall.

. Materials and methods
.1. Cell and growth conditions

The DC2.4 cell line was kindly provided by K.L. Rock (Dana
arber Cancer Institute, Boston, MA, USA). DC2.4 cells were
ronics 24 (2009) 2598–2603 2599

maintained in RPMI 1640 medium (Invitrogen, Carlsbad, CA,
USA) with 1% L-glutamine (Invitrogen), 1% 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES, Invitrogen), 50 �M 2-
mercaptoethanol (Invitrogen) and 10% fetal bovine serum (FBS,
Invitrogen) in an incubator with 5% CO2 and 95% air at 37 ◦C.
RAW264.7 murine macrophages were obtained from America Type
Culture Collection (ATCC, USA), maintained at 37 ◦C in DMEM
medium with 10% FBS, 4 mM L-glutamine, 1 mM sodium pyru-
vate (Invitrogen), 50 units/ml penicillin (Invitrogen), and 50 mg/ml
streptomycin (Invitrogen).

2.2. Bacterial strains

E. coli K-12 mutants deficient in LPS synthesis were obtained
from the E. coli Genetic Stock Center (Department of Biology, Yale
University, New Haven, CT, USA). The parental strain D21 contains
intact core LPS molecules while the isogenic mutants, includ-
ing D21e7, D21f1, and D21f2, synthesize progressively truncated
LPS, respectively (Boman and Monner, 1975; Havekes et al., 1977).
D21e19 lacks a branched galactose residue (Eriksson-Grennberg et
al., 1971). All the strains were grown in Luria broth at 37 ◦C.

2.3. Differentiation of LPS mutants by DCs or macrophage cells

DC2.4 or RAW264.7 cells were plated onto 96-well plates at
a concentration of 105 cells/well and incubated at 37 ◦C in 5%
CO2 and 95% air. E. coli suspensions were washed with Dul-
becco’s phosphate buffered saline for three times and treated with
200 �g/ml gentamicin at 37 ◦C for 2 h. The viability of gentamicin-
treated LPS mutants was confirmed by re-plating them onto LB
agar and observing no growth of colonies. This insured that
gentamicin-treated LPS mutants would not grow in the presence
or absence of DCs or macrophages. At designated time points,
100 �l of gentamicin-treated E. coli strains at a given concentra-
tion were added to cells and centrifuged at 1500 rpm for 5 min
to enhance the contact between bacteria and cells. At a given
period of time, the supernatants were collected for NO assay. In
addition, the viability of DC2.4 and Raw264.7 cells was examined
by trypan blue exclusion method and there was no apparent cell
death.

2.4. Griess assay

NO is very unstable, and under physiological conditions, it is
readily oxidized to nitrite (NO2

−) and nitrate (NO3
−). The pro-

duction of NO by DC2.4 or RAW264.7 cells was quantified with
the Griess chemical reaction, which was based on the detection
of nitrite. The Griess assay kit, which includes N-(1-naphthyl)
ethylenediamine dihydrochloride, sulfanilic acid and nitrite stan-
dard solution, was purchased from Invitrogen (Carlsbad, CA, USA).
The supernatants from DC2.4 or RAW264.7 cells exposed to bacte-
rial strains were mixed with the Griess Reagent in a 96-well plate.
The absorbance of the resulting mixtures was measured by a VER-
SAmax tunable microplate reader (Molecular Devices Corporation,
Sunnyvale, CA, USA) at 530 nm. Nitrite concentrations were derived
from a standard plot constructed with known concentrations of
sodium nitrite. Nitrate produced was determined by reducing the
nitrate to nitrite with the reduced form of nicotinamide adenine
dinucleotide phosphate (NADPH) in the presence of the enzyme
and after enzyme treatment was the quantity of nitrate in solution.
The concentration of nitrate in supernatants collected from cells in
the presence and absence of LPS mutants is the same (Supplemental
Table 1). Therefore, only nitrite concentration was measured as the
indication of the production of NO.



2 ioelectronics 24 (2009) 2598–2603

2

c
a
f
e
A
C
T
S
2
s
5
1
t
P
c
r
A
(
i
r
a
a
u
f
u
i
f
s
E
r
a
i
h
m

2

C
m
c
B
w

2

I
a

3

3

D
d
w
2
t
d
t
a

Fig. 1. (A) Relative mRNA level of TLR2 and 4. (B) Relative mRNA level of TNF� and
600 S. Liu et al. / Biosensors and B

.5. Real-time quantitative PCR

DC2.4 or RAW264.7 cells were plated onto 6-well plates at a
oncentration of 106 cells/well and incubated at 37 ◦C in 5% CO2
nd 95% air in the presence or absence of 10 nM of LPS derived
rom E. coli K12 D21. After 24 h, the total RNA of the DCs was
xtracted with RNeasy Mini Kit (Qiagen Corporation, Valencia, CA).
ll of the PCR primers were synthesized by Invitrogen (Carlsbad,
A, USA). Primers used in real-time PCR are shown in Supplemental
able 2. The mRNA was reverse-transcripted into cDNA using Super-
cript III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) in
0 �l of reverse-transcription (RT) reaction solution. The reaction
olution contained 1 �g of total RNA, 2 pmol of antisense primer,
mM dithiothreitol, 0.5 �M of the deoxynucleotide triphosphates,
× first strand buffer and 1 �l of the reverse transcriptase. Real-
ime quantitative PCR was performed in the Chromo4 Real-Time
CR Detector (Bio-rad Corporation, Hercules, CA, USA). The reaction
onsisted of 12.5 �l Platinum SYBR Green qPCR SuperMix (Invit-
ogen, Carlsbad, CA, USA), 125 pM of primers and 10 ng of cDNA.
mplification was carried out by using the following program:

i) UDG incubation at 50 ◦C for 2 min to improve specificity; (ii)
nitial denaturation at 95 ◦C for 2 min; (iii) 50 cycles of denatu-
ation at 95 ◦C for 30 s, annealing at 50 ◦C for 30 s and extension
t 72 ◦C for 1 min and (iv) final extension at 72 ◦C for 7 min. After
mplification, a melting curve was acquired by heating the prod-
ct from 30 to 95 ◦C at 1 ◦C/min and holding at each temperature
or 1 s. Based on the melting curve, the specificity of PCR prod-
cts was determined. The number of template molecules present

n the initial reaction mixture (X0) was calculated basing on the
ormula X0 = X(1 + E)−Ct , where X was the number of molecules
ynthesized at the threshold cycle (Ct) (Meijerink et al., 2001),

was the reaction efficiency. X was proportional to the fluo-
escence recorded. To take into account the differences in the
mount of cDNA loaded between samples, the X0 of the gene of
nterest was normalized against that of GAPDH, an endogenous
ousekeeping gene. The results were expressed as the relative
RNA level.

.6. Microscopy analysis of the morphology of cells

A Nikon TEU 2000 microscope equipped with a Cool Snap
CD camera was used to examine the morphology of DCs or
acrophages after being exposed to bacteria. Cells were co-

ultured with bacteria for 24 h on flat-bottom 6-well plates (BD
iosciences, San Jose, CA, USA), and then phase-contrast images
ere acquired.

.7. Statistical analysis

Three independent experiments were performed for each study.
n each experiment, triplicates were used. Values were expressed
s mean ± standard error of the mean.

. Results and discussion

.1. TLR2 and 4 expression in DC2.4 cells

Due to the difficulty of obtaining a large amount of primary
Cs and maintaining in vitro cultures, a cell line, DC2.4, had been
eveloped previously (Shen et al., 1997). This cell line has been
idely used for testing the efficacy of vaccines (Cheadle et al.,
005; Vangasseri et al., 2006). However, the detailed characteriza-
ion of the expression of TLRs has not been carried out. The major
ifference among the E. coli strains used in this study is in the syn-
hesis of LPS molecules (Eriksson-Grennberg et al., 1971; Boman
nd Monner, 1975; Havekes et al., 1977). Both TLR2 and 4 have
IL-6 in the presence or absence of LPS and MALP-2. DC2.4 cells were plated onto
6-well plates at a concentration of 106 cells/well and incubated at 37 ◦C in 5% CO2

and 95% air in the presence or absence of 10 nM of LPS and MALP-2.

been shown to be responsible for the recognition of LPS (Kirschning
et al., 1998; Poltorak et al., 1998; Hoshino et al., 1999; Qureshi,
1999; Werts et al., 2001). Therefore, we first analyzed the mRNA
expression of TLR2 and 4 in DC2.4 cells by real-time quantitative
PCR. As demonstrated in Fig. 1A, both TLR2 and 4 are constitutively
expressed in DC2.4 and up-regulated upon the stimulation by LPS
extracted from E. coli K12 D21. In addition, the levels of proinflam-
matory cytokines, IL-6 and TNF�, were up-regulated in response
to the stimulation of LPS (Fig. 1B). These results demonstrate that
TLR2 and 4 on DC2.4 cells are functionally active. Thus, DC2.4 cells
can be used as a biosensor platform for detecting E. coli K-12 LPS
mutants.

3.2. Stability of DC2.4 cell lines

Mammalian cell-based biosensors have a distinct advantage in
providing insight into physiological effects of analytes; yet, the sig-
nals obtained from them often vary due to the heterogeneity of cell
populations and the variance between generations. We therefore
tested whether DC2.4 cells from different generations would gen-
erate a reproducible level of NO in response to the same level of
stimuli. Instead of bacteria, LPS extracted from E. coli K12 D21 was
used as the stimuli so that the variation from the heterogeneity of
bacterial populations can be excluded. DC2.4 cells, which had been
in culture for 9, 12, 15 and 18 days, were stimulated with 10 nM
of LPS extracted from E. coli K12 D21. As illustrated in Fig. 2, DC2.4
cells from different generations produced a relatively stable level
of NO with a fluctuation within 3.5%. In addition, in the absence of

LPS stimulation, DC2.4 cells produced insignificant levels of NO dur-
ing the course of culture (data not shown). Therefore, DC2.4 cells
are relatively stable in culture and are ideal as a cell resource for
cell-based biosensors.
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Fig. 3. (A) The LPS oligosaccharide structures of E. coli K12 strain D21 and its isogenic
mutants D21f2, D21f1, D21e7 and D21e19. (B) Time-resolved NO production by DCs
in response to E. coli strains. DCs were plated onto 96-well plates and treated with
different strains of E. coli at 100 bacteria/DC for up to 24 h. At the given time points,
ig. 2. NO production of the DC2.4 cells from different generations. DCs in culture
or 9, 12, 15 and 18 days were stimulated with 10 nM of LPS extracted from E. coli
12 D21. 24 h later, the concentration of NO in the supernatants was analyzed by the
riess assay.

.3. Time-resolved responses of DC2.4 cells

A set of isogenic E. coli K-12 strains, which carried mutations
n the genes involved in LPS synthesis, was chosen to evaluate the
bility of DC2.4 cells in differentiating bacteria with subtle differ-
nces. These mutants consisted of LPS molecules with progressively
runcated core polysaccharide structures (Fig. 3A). Initially, the
ime-dependence of NO production by DC2.4 cells in response to
. coli K12 LPS mutants was measured. DC2.4 cells were exposed
o bacteria for up to 24 h at the concentration of 100 bacteria/DC.
s shown in Fig. 3B, for all the bacterial strains, a burst of NO pro-
uction was observed within 3 h followed by a slow increase up
o 24 h. However, distinct kinetics of NO production was observed
or each bacterial strain. For the bacterial strain with shorter core
ligosaccharides, such as D21f1, D21f2 and D21e7, a significant level
f NO production was observed within 30 min after the exposure
o DC cells. In contrast, for the bacteria with longer core oligosac-
harides, such as D21e19 and D21, a 1-h lag phase was observed
ollowed by a noticeable amount of NO production 1.5 h after the
xposure. Within the first half an hour, the rate of NO production
as inversely correlated to the length of the core oligosaccha-

ide of LPS, in the order of D21f2 > D21f1> D21e7 > D21e19, D21
Fig. 3C). These results demonstrate that the response-time of DCs
s closely related to the molecular structure of LPS of bacteria, which
an be used as a means of differentiating bacterial strains with
istinct LPS structures and possibly various types of LPS (endo-
oxin).

.4. Dose-responses of DC2.4 cells

DCs were exposed to the LPS mutants with varying concen-
rations ranging from 2.5 to 50 bacteria/DC for 24 h (Fig. 4). For
ifferent bacterial strains, DCs exhibited different dose-responses.
or D21e19 and D21, NO production by DC2.4 cells increased with
oncentration up to 12.5 bacteria/DC and remained almost con-
tant thereafter. For D21f1, D21f2 and D21e7, the level of NO
roduction continuously increased within the range of concentra-
ion investigated. The difference between strains in terms of the
evel of NO production by DCs was insignificant when the con-
entration of bacteria was below 12.5 bacteria/DC. The difference,
owever, became evident when the concentration of bacteria was
bove 25 bacteria/DC. Interestingly, the level of NO production by

C2.4 cells was again inversely correlated with the length of core
ligosaccharides of LPS on these strains, with the shorter core
ligosaccharide eliciting higher level of NO production. To rule out
hat the amount of LPS on each LPS mutant may contribute to the
ifferences of dose-response, we quantified the amount of LPS by
the concentration of NO in supernatants of each well was assayed. �, �, �, *, and –
denote D21f2, D21f1, D21e7, D21e19, D21, respectively. (C) The rate of NO production
at the first half an hour upon exposure to bacteria.

either determining the 3-deoxy-D-manno-octulosonic acid (Kdo)
content or using the Limulus Amoebocyte Lysate (LAL) method
(Supplemental Table 3). There existed a slight difference, but this
difference cannot completely explain the difference of NO produc-
tion by DCs stimulated by LPS mutants. So far, our results have
demonstrated that DC2.4 cells could distinguish these bacterial
strains with subtle differences on one of the cell wall components,
i.e. length and composition of LPS molecules. The ability of DCs
to detect different LPS mutants was concentration-dependent, as

no discrimination between different strains was observed below
12.5 bacteria/DC.

By correlating the time- and dose-response with their endo-
toxic activities, DCs can not only potentially distinguish pathogenic
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ig. 4. Dose-response of DC2.4 cells to E. coli K12 D21 and its mutant strains: D21f2
�), D21f1 (�), D21e7 (�), D21e19 (*), D21 (–). DCs were stimulated with E. coli from
to 50 bacteria/DC for 24 h.

acteria from non-pathogenic bacteria but also provide insight into
he potential functional consequences of pathogenic bacteria.

.5. Comparison of DCs and macrophages

We have demonstrated that DCs could be used as a cell source for
ell-based biosensors for differentiating LPS mutants. Macrophage
ells have previously been utilized as cell-based biosensors for bac-
erial detection (Davies et al., 2005; Koh and Pishko, 2006; Veiseh
t al., 2007). Macrophage cells are well recognized as phagocytes
hat destroy invading pathogens, but are inefficient in processing
ntigens and stimulating T cells for the establishment of adaptive
mmune responses (Steinman, 2007). On the contrary, DCs are sit-
ated at the interface between the innate and adaptive immune
ystem, and able to transmit the microbial information to estab-
ish potent adaptive immune responses against a specific pathogen
Banchereau and Steinman, 1998; Janeway and Medzhitov, 2002;
wasaki and Medzhitov, 2004). We reason that DCs might be supe-
ior to macrophages as sources for cell-based biosensors in terms
f discriminating bacteria strains. To test this hypothesis, we com-
ared DC2.4 cells with the macrophage cell line RAW264.7 for
iscriminating LPS mutants. Initially, the expression of TLR2 and
on RAW264.7 was confirmed by RT-PCR, and the levels of TLR2

nd 4 mRNA in RAW264.7 (Supplemental Fig. 1) were similar to
hose in DC2.4 cells (Fig. 1A). In the presence of LPS derived from
21, the levels of TNF-� and IL-6 were up-regulated as observed in

C2.4 cells (Supplemental Fig. 1). These results demonstrate that
LR2 and 4 on RAW264.7 cells are also functionally active.

RAW264.7 and DC2.4 cells were treated with an equivalent
mount of LPS mutants. As demonstrated in Fig. 5A, within 1 h,
oth DC2.4 and RAW264.7 cells could produce a detectable level

ig. 6. (A and B) Phase-contrast images of DC2.4 and RAW264.7 cells, respectively. D
00 bacteria/cell for 24 h before the acquisition of microscopy images. A 20× objective wa
Fig. 5. (A and B) NO production by DC2.4 and RAW264.7 cells in response to E.
coli strains at 1 and 24 h, respectively. Macrophage cells and DCs were treated with
different strains of E. coli at a concentration of 100 bacteria/cell for up to 24 h. The
NO concentration in supernatants was analyzed at 1 and 24 h.

of NO. However, in response to different LPS mutants, varying lev-
els of NO were observed in DC2.4 cells while the difference was not
apparent in RAW264.7 cells. The different selectivity exhibited by
DC2.4 and RAW264.7 cells over LPS mutants was even more evi-

dent when both cells types were exposed to LPS mutants for 24 h
(Fig. 5B). Since both DC2.4 and RAW264.7 cells expressed similar
level of TLR2 and 4, the selectivity over different LPS mutants indi-
cate that these two cell types may possess distinct mechanisms of
processing microbial information.

C2.4 and RAW 264. 7 cells were exposed to E. coli D21f2 at a concentration of
s used.
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The difference between DC2.4 and RAW264.7 cells in response
o bacteria was also examined by monitoring their morphologi-
al changes. As illustrated in Fig. 6, RAW264.7 cells displayed an
nlarged cell volume while DC2.4 cells retained a relatively con-
tant cell volume. In addition, more vacuoles were observed in
AW264.7 than in DC2.4 cells. These results further support the
bservations that these two cell types may have distinct roles in
rocessing microbial information. The difference may be due to the

ntracellular signaling transduction but not the initial recognition
hrough the TLRs since the expression levels of TLR2 and 4 on both
ell types are similar (Fig. 1A and Supplemental Fig. 1).

Taken together, though both DCs and macrophages can detect
acteria through TLR2 and 4, DCs are able to discriminate bacte-
ial strains with variations only on the core oligosaccharide of LPS
olecules while macrophages cannot. Therefore, as a source for

ell-based biosensor, DCs are superior to macrophages in terms of
heir ability of discriminating bacterial strains.

. Conclusion

DCs were evaluated as the cell source for cell-based biosensors to
etect microbes. The Gram-negative bacteria E. coli K12 strain D21
nd its LPS mutants D21f1, D21f2, D21e7 and D21e19 were used as
odel organisms. Our results demonstrated that DCs could differ-

ntiate an E. coli K12 strain with mutations on LPS. The time- and
ose-responses of DCs were dependent on the molecular structure
f LPS, which could be used as a means of differentiating bacterial
utants. In comparison to macrophages, DCs demonstrated supe-

ior selectivity. Given the pivotal role of DCs in the establishment of
oth innate and adaptive immunity, DC-based biosensors can not
nly be used to detect pathogens in a variety of fields including clin-
cal diagnostics, food analysis and environmental monitoring, but
lso provide critical information on the functional consequences of
hese pathogens.
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