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E
ukaryotic cell to cell communication
and signaling pathways have long
been known to influence a wide vari-

ety of biological processes, including gene

expression,1 cell death,2,3 and

differentiation.4,5 Although initially less well-

known, certain bacterial species also use

small signaling molecules in order to com-

municate and coordinate multicellular be-

havior. Termed quorum sensing (QS),6 the

transduction of biological signals has been

linked to numerous bacterial behaviors in-

cluding bioluminescence,7,8

pathogenicity,9,10 biofilm formation,11,12

and other diverse phenotypes.13,14 Since

many of these behaviors are undesirable

from a human health perspective, mol-

ecules that can inhibit or modulate bacte-

rial communication have been proposed as

a next-generation treatment for bacterial in-

fections.15 Additionally, several human dis-

eases are directly or indirectly linked to the

population of microorganisms that colo-

nizes the gastrointestinal tract. A recent re-

view summarizing the interplay between

mammalian and bacterial signal molecules

(interkingdom signaling) further under-

scores the importance of understanding

the nature of these interactions.16 Tools that

enable the interrogation and modulation

of bacterial signaling will advance our un-

derstanding of the bacteria�bacteria and

bacteria�human cell interactions. The di-

rected placement of signal molecules at

specific sites is one example.

Targeted delivery is one of the most im-

portant and challenging aspects of any mo-

lecular therapy. Most approaches focus on
pairing the effector molecule with a suitable
carrier, either through conjugation or en-
capsulation. These carriers can include
microspheres,17,18 nanoparticles,19�21 and
liposomes.22,23 Recently, we implemented
an approach originally conceptualized by
LeDuc et al.,24 in which effector molecules
are synthesized from locally available pre-
cursors directly on cell surfaces through the
use of biological nanofactories.25 The con-
ceptual nanofactory consists of several
functional units or modules, each of which
can be composed of several different mol-
ecules or subassemblies that must be ap-
propriately assembled for a functional unit.
These modules can target a specific area or
type of cells (targeting), sense and transport
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ABSTRACT In order to control the behavior of bacteria present at the surface of human epithelial cells, we

have created a biological “nanofactory” construct that “coats” the epithelial cells and “activates” the surface to

produce the bacterial quorum sensing signaling molecule, autoinducer-2 (AI-2). Specifically, we demonstrate

directed modulation of signaling among Escherichia coli cells grown over the surface of human epithelial (Caco-2)

cells through site-directed attachment of biological nanofactories. These “factories” comprise a fusion protein

expressed and purified from E. coli containing two AI-2 bacterial synthases (Pfs and LuxS), a protein G IgG binding

domain, and affinity ligands for purification. The final factory is fabricated ex vivo by incubating with an anti-

CD26 antibody that binds the fusion protein and specifically targets the CD26 dipeptidyl peptidase found on the

outer surface of Caco-2 cells. This is the first report of the intentional “in vitro” synthesis of bacterial autoinducers

at the surface of epithelial cells for the redirection of quorum sensing behaviors of bacteria. We envision tools

such as this will be useful for interrogating, interpreting, and disrupting signaling events associated with the

microbiome localized in human intestine and other environments.

KEYWORDS: quorum sensing · bacterial signaling · Escherichia coli · Caco-2 ·
nanofactories · autoinducer-2
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available substrates (sensing), synthesize effector mol-

ecules (biosynthesis), and self-destruct upon comple-

tion (self-destruct).24 The previously reported nanofac-

tories contained a novel fabrication domain that

facilitated flexible self-assembly of the functional units;

they were able to trigger a bacterial response in the ab-

sence of native bacterial signals as well as elicit a tar-

geted response in a specific species within a mixed bac-

terial culture.26

Here, we present the first interkingdom application

of biological nanofactories for the modulation of the

QS response in bacteria grown in co-culture with hu-

man epithelial cells (Figure 1). The constructs are com-

posed of three functional modules: the cell targeting

module, the fabrication module, and the synthesis

module. The cell targeting module is composed of an

antibody raised against the human CD26 protein, a

GLP1 peptidase, which facilitates targeting the surface

of Caco-2 mammalian epithelial cells (ATCC CRL-2102).

The fabrication module is an IgG binding domain ex-

pressed in E. coli as a fusion protein with the synthesis

module. The synthesis module, in turn, consists of the

fusion protein HGLPT developed previously26 that can

synthesize the “universal” bacterial signaling molecule

autoinducer-2 (AI-2; recognized by over 70 bacterial

species27,28). AI-2-based signaling influences a number

of bacterial behaviors, including biofilm formation in E.

coli,29,30 luminescence and type III secretion of virulence

factors in Vibrio harveyi,31,32 and the commensal biofilm

formation of the oral bacteria Actinomyces naeslundii

and Streptococcus oralis.33

Thus, given the wide ranging effects and complex

nature of signaling among bacteria and their hosts,16

the ability to target the synthesis of AI-2 to a specific lo-

cation could prove a valuable tool for studying these in-

teractions. We hypothesized that the assembly of these

structures and their targeting to a specific

locationOthe surface of Caco-2 cellsOcould create a

“bioactive” surface with the ability to synthesize AI-2 us-

ing locally available substrates, thereby signaling bacte-

rial cells near the epithelial surface and affecting their

behavior. By directing their behavior in a specific man-

ner, the bacteria could become less harmful or even

serve a beneficial purpose. This targeted synthesis

could allow for a localized high concentration of the sig-

naling molecule at the epithelial cell surface, some-

thing that would be difficult to achieve using bulk de-

livery of AI-2.

Our concept is depicted in Figure 1. When added

to a monolayer of Caco-2 cells, the nanofactories at-

tach to the cell surface (Figure 1, step 1), where they

can synthesize AI-2 from the available substrate

S-adenosyl homocysteine (SAH, Figure 1, step 2). E. coli

bacteria that have been added to the culture can then

sense and respond to the AI-2, resulting in a quorum

sensing response (Figure 1, step 3). Our results demon-

strate successful altering of the bacterial quorum sens-

ing response as a result of small molecule synthesis en-

abled by the nanofactory attached to the surface of

mammalian epithelial cells.

RESULTS AND DISCUSSION
Assembly and Targeting the Biological Nanofactory. The bio-

logical nanofactories used in this study are composed

of two main elements. The targeting element is a mon-

oclonal antibody raised against the human CD26 pro-

tein (Santa Cruz Biotech, sc-19607), which is a mem-

brane glycoprotein and serine exopeptidase.34 CD26

was selected from among several candidates due to its

reported high expression (98%) on the surface of

Caco-2 cells.35 A phycoerythrin (PE)-labeled CD26 anti-

body was used to qualitatively and quantitatively assess

its suitability for targeting the nanofactory to the cell

surface (Figure S1 in Supporting Information). Confocal

images (Figure S1A,B) show binding of the CD26 anti-

body to the surface of Caco-2 cells counterstained with

4=,6-diamidino-2-phenylindole (DAPI). The images indi-

cate that the CD26 antibody binds to the membrane

surface of the cells, which is the desired location, as it fa-

cilitates non-invasive binding of the antibody and easy

access for the substrate. Binding of the CD26 antibody

was quantitatively analyzed using flow cytometry (Fig-

Figure 1. Altering bacterial response through cell-surface targeted autoinducer 2 (AI-2) synthesis. The biological nanofac-
tory is composed of the synthesis element (fusion protein HGLPT) and the targeting element (CD26 antibody). (1) Nanofac-
tory binding to the surface of Caco-2 mammalian epithelial cells is mediated by the CD26 antibody. (2) Once bound, the sub-
strate S-adenosyl homocysteine (SAH) is added and processed to AI-2 by the synthesis element of the nanofactory. (3)
Signaling molecule AI-2 is detected by the E. coli present near the Caco-2 cells, eliciting a quorum sensing response.
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ure S1C,D). Prior to analysis, cells were harvested using
0.2% EDTA in order to preserve their surface features
and incubated with the labeled antibody for 30 min be-
fore washing and subsequent fixation with 4%
paraformaldehyde (PFA). Analysis shows that 90 � 3%
(standard deviation) of the Caco-2 cells present enough
CD26 protein on their surface to be detected using
flow cytometry. This high percentage of expression
coupled with the location of binding made CD26 a
promising choice as the targeting domain.

The biosynthesis component in this study is the 57
kDa fusion protein HGLPT (HGLPT: His6-protein G-LuxS-
Pfs-Tyr5).26 HGLPT facilitates antibody binding through
protein G36,37 and can synthesize the bacterial quorum
sensing molecule AI-2 from the substrate SAH in a two-
step process using the enzymes Pfs and LuxS.38�41 Thus,
HGLPT contains both a synthesis domain and a fabrica-
tion domain, which allows for facile self-assembly.
Nanofactories composed of CD26 antibody (5 �g/mL)
and HGLPT (5 �g/mL, 0.09 �M) were assembled by mix-
ing the two components in PBS buffer �1% BSA (PBS-
BSA) before adding them to the Caco-2 cells. In order to
visualize binding to the cell surface, HGLPT was la-
beled using Alexa Fluor 488. As shown in Figure 2, cells
treated with both anti-CD26 and HGLPT (nanofacto-
ries) and subsequently stained with DAPI (Figure 2B)
show a greater level of green fluorescence than cells
treated with only HGLPT (Figure 2A). This indicates that
the binding to the cell surface is mediated by the CD26
antibody and that the HGLPT binds to the CD26 anti-
body, resulting in effective targeting to the Caco-2 cell
surface. Flow cytometry was again used to quantify the
HGLPT and nanofactory binding, using Alexa Fluor 647
labeled HGLPT. While a small percentage of cells (14 �

1.4%) shows fluorescence as a result of the nonspecific
binding of HGLPT, the vast majority (83 � 3.6%) of cells
treated with both anti-CD26 and HGLPT show strong
fluorescence (for histograms, see Supporting Informa-
tion Figure S2). Since �90% of the cells express CD26
(Figure S1D), this demonstrates that just over 90% of
those cells can be targeted using these constructs.

Cell-Surface Autoinducer-2 Synthesis. After successfully
targeting the surface of Caco-2 cells, studies were con-
ducted to measure the AI-2 synthesis capabilities of the
nanofactories. To do this, a confluent layer of Caco-2
cells in a 24-well plate was incubated with either HGLPT
(25 ug/mL) or anti-CD26 and HGLPT (10 �g/mL CD26,
25 �g/mL HGLPT) for 30 min at 37 °C, washed three
times with PBS-BSA to remove nonspecifically bound
HGLPT, and incubated with a solution of 1 mM SAH in
DMEM containing no glucose. At various time points,
the medium was removed from the cells and stored at
�20 C until further analysis. AI-2 activity of the medium
was quantified using the V. harveyi BB170 reporter
strain, which luminesces in response to AI-2 present in
the culture medium.42 On the basis of time course data
(Figure S3A), it was determined that a 2 h synthesis pe-

riod is sufficient to elicit a strong quorum sensing re-

sponse from BB170, while little to no response was de-

tected in cell-free medium from Caco-2 monolayers

incubated with only HGLPT. Additional controls of un-

treated cells, SAH only, and HGLPT only (no SAH) were

tested, none of which elicited an AI-2-based response

from BB170 (data not shown). As shown in Figure 3, ad-

ditional experiments were conducted using varying

amounts of HGLPT (from 2�25 �g/mL, 500 �M SAH)

or incubated in different concentrations of SAH (from

Figure 2. Targeting the biological nanofactory to the surface of
Caco-2 cells. Confocal images taken of Caco-2 cells stained with
DAPI � Alexa Fluor 488 HGLPT (A) or DAPI � biological nanofac-
tories (AF 488 HGLPT � unlabeled CD26 antibody) (B). Cells were
fixed with 4% paraformaldehyde and mounted with Prolong Gold.
Magnification is 400�. The percentage on each graph indicates
the average percentage of cells with a detectable level of fluores-
cence (and thus targeted by the nanofactory), as measured by
flow cytometry.
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100 to 1000 �M, 10 �g/mL SAH). In both cases, the AI-

2-based response decreases with decreasing amounts

of SAH or HGLPT, while the amount of response from

cells incubated with only HGLPT is far lower. It was also

possible to carry out several independent 2 h synthesis

periods using the same activated monolayer of Caco-2

cells (Figure S3B). The first two synthesis periods show

nearly the same amount of QS response, while the third

and fourth periods show a decreased response (75 and

40%, respectively). By comparison, this response is still

over 25 times greater than the nonspecific response as

a result of the HGLPT only control.

To further investigate the AI-2 production capabili-

ties of these constructs, an AI-2 responsive strain of E.

coli, MDAI2 (pCT6�pEGFPuv), was used. Developed

previously,43 this autoinducible system uses two plas-

mids. The first contains elements from the E. coli quo-

rum sensing system and drives T7 RNA polymerase ex-

pression in response to AI-2. The second is a

commercially available vector containing T7 RNA

polymerase-driven GFP. Thus, these cells produce GFP

in response to AI-2. Further, since they do not produce

their own AI-2,44 they can serve as a reporter strain to

assess the QS response in E. coli.

In order to test the response of MDAI2

(pCT6�pEGFPuv), anti-CD26 and HGLPT were added

to a monolayer of Caco-2 cells (“Nanofactories”), which

was then washed three times with PBS-BSA and incu-

bated with a 1 mM solution of SAH in PBS for 2 h, at

which point the medium was removed and stored at

�20 °C or used directly for analysis. PBS buffer was used

in this and subsequent experiments in order to avoid

any repression of the AI-2 response as a result of catab-

olite repression by glucose and other sugars through

the cyclic AMP-CRP complex.45 Additional controls in-

cluded untreated Caco-2 cells (“Untreated Cells”) as well

as cells to which only HGLPT was added (“HGLPT”). For

analysis, 200 �L of the cell-free fluid samples from all

three groups was aliquoted into a black-walled clear-

bottom 96-well plate. A sufficient volume of MDAI2

(pCT6�pEGFPuv) E. coli growing in the exponential

phase (OD 0.4�0.5) was then added to the wells in or-

der to give a final starting OD of 0.025. Another strain of

E. coli, W3110 (pCT6�pEGFPuv), which can produce its

own AI-2, was also analyzed as a positive control. Anti-

CD26 and HGLPT were not added to this control. Thus,

any AI-2-based response would be a result of native AI-2

synthesis. The cells were then grown at 37 °C in the

plates for a 12 h period, throughout which their GFP ex-

pression was monitored (Figure 4). Cells incubated

with media from the “Untreated Cells” group show

very little increase in fluorescence over the incubation

period, while cells incubated with samples from “HGLPT

Only” show just 30% more fluorescence than untreated

cells. However, cells incubated with medium from the

“Nanofactories” group show a strong increase in fluo-

Figure 3. Cell-surface targeted AI-2 synthesis: V. harveyi re-
sponse. V. harveyi BB170 quorum sensing response after in-
cubation with medium from Caco-2 cells plus either HGLPT
only (concentrations as indicated) or nanofactories (CD26
antibody 10 �g/mL). (A) BB170 response with varying con-
centrations of HGLPT (500 mM SAH) and (B) BB170 response
with varying concentrations of SAH (HGLPT 10 �g/mL). Er-
ror bars represent standard error of the mean.

Figure 4. Cell-surface targeted AI-2 synthesis: E. coli re-
sponse. E. coli MDAI2 (pCT6�pEGFPuv) quorum sensing re-
sponse after incubation with medium from Caco-2 cells plus
PBS buffer (Untreated Cells), HGLPT only (25 �g/mL), or
nanofactories (CD26 10 �g/mL, HGLPT 25 �g/mL). E. coli
W3110 (pCT6�pEGFPuv) cells were treated with only PBS
buffer. E. coli response is presented as the change in fluores-
cence over the 12 h incubation period, normalized to the
fluorescence change of untreated cells (�fluorescence for
untreated cells � 1). Error bars represent standard error of
the mean.
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rescence, which is over 7 times that of medium from un-

treated cells and 5.5 times that of medium from HGLPT

only cells. The fluorescence from this group of cells is

also slightly higher than the wild-type response from

W3110 cells that were not exposed to any exogenously

produced AI-2, though this difference is not statisti-

cally significant (p � 0.05, t test). This large increase in

fluorescence shows that MDAI2 (pCT6�pEGFP) E. coli

cells can sense and respond to the AI-2 produced by the

nanofactories at the Caco-2 cell surface and that the

level of response is similar to that seen in wild-type cells.

Also, the minimal response as a result of nonspecifi-

cally bound HGLPT shows that the AI-2 synthesis has

been effectively targeted to the Caco-2 cell surface us-

ing the CD26 antibody.

Stimulating a Quorum Sensing Response in Co-cultures. Once

it was apparent that biologically active AI-2 could be

synthesized, the next step was the investigation of E.

coli and Caco-2 cell co-cultures. Such co-cultures have

been used in the past to simulate the environment of

the gut.46,47 Thus, the ability to manipulate bacteria in a

co-culture could provide additional insight into the in-

teraction between bacteria and their hosts studied in

these simulations. As in previous experiments, Caco-2

cells were grown for 72 h on coverslips prior to treat-

ment with either anti-CD26 � HGLPT or HGLPT. After a

2 h synthesis period, exponential phase MDAI2

(pCT6�pEGFPuv) cells were added to a final OD of

0.01 in a solution of 1 mM SAH in PBS. Following an

overnight incubation period (approximately 15 h), cells

were fixed and mounted on glass slides for visualization

using confocal microscopy. Results are presented in Fig-

ure 5. Differential interference contrast images (Figure

5A,B) show E. coli on the surface of Caco-2 cells treated

with both HGLPT and nanofactories. However, when

looking at GFP fluorescence (Figure 5C,D), only Caco-2

cells to which both anti-CD26 and HGLPT were added

are able to elicit an AI-2-based response (GFP produc-

tion) in E. coli. This demonstrates cell-surface targeted

production of a quantity of AI-2 sufficient to elicit a quo-

rum sensing response in E. coli present at the cell

surface.

Modulating Native Bacterial Signaling Using Targeted Small

Molecule Synthesis. Since many species of bacteria (includ-

ing E. coli) that participate in quorum sensing both pro-

duce and respond to autoinducers, one potential appli-

cation of these biological nanofactories would be the

modulation of native bacterial communication. This

would enable the cell-surface targeted production of

AI-2 to potentially affect a phenotypic change in the

neighboring species of bacteria. In order to demon-

strate this concept, co-culture experiments were con-

ducted with nanofactories attached to Caco-2 cells and

W3110 (pCT6�pEGFPuv) E. coli, a strain that produces

GFP in response to AI-2 and retains the native ability to

synthesize its own AI-2. After a 2 h synthesis period, al-

iquots of exponentially growing E. coli were added to

Caco-2 cell monolayers treated with either anti-CD26 �

HGLPT (nanofactories), HGLPT, or PBS-BSA only (un-

treated cells) to a final OD of 0.01 in PBS � 1 mM SAH.

At various time points (Figure 6), E. coli cells were re-

moved from the cultures and analyzed using flow cy-

Figure 5. Modulating quorum sensing response in Caco-2/E. coli co-cultures. Confocal DIC and fluorescent images of co-
cultures of Caco-2 cells with MDAI-2 (pCT�pEGPuv) E. coli and either HGLPT (A,C) or biological nanofactories (B,D). (A,B)
DIC channel showing E. coli on the surface of Caco-2 cells. (C,D) Fluorescent channel showing GFP expression in E. coli. Cells
were fixed with PFA and mounted with Prolong Gold prior to imaging. Magnification is 630�.
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tometry. After 2 h, almost no fluorescence can be seen
in any of the groups. However, at 4 and 6 h, there is a

considerable amount of fluorescence in all three
groups, demonstrating that the cells are responding to
AI-2. At both time points, the highest percentage of
fluorescent cells is present in the nanofactories group
(51% at 4 h, 65% at 6 h), followed by HGLPT (38 and
55%) and untreated cells (26 and 46%). Moreover, the
average fluorescence was also highest in the nanofacto-
ries group, especially at the 6 h time points (�3000 ver-
sus �2000 and �1400 for HGLPT and untreated cells,
respectively). Thus, the cell-surface targeted production
of AI-2 was able elicit a significantly (p � 0.01, n � 5)
higher percentage of fluorescent cells and average fluo-
rescence than the native signaling alone. That is, the
cells tested in this experiment made their own functional
AI-2 (hence positive response in control experiments), but
the addition of the nanofactories at the surface of the
Caco-2 cells provided an additional source of AI-2 which
was transported to the nearby cells, resulting in modu-
lated behavior. This demonstrates that the production of
AI-2 from the nanofactories can enhance the native quo-
rum sensing response of wild-type bacteria.

CONCLUSION
A number of potential applications exist for these or

similarly designed constructs as aids in research or as
practical treatments. Eliciting a quorum sensing response
at a lower than typical cell density might prove to be a
useful research tool for the study of quorum sensing or
as a biosensor for detection of potentially harmful bacte-
ria. Such a sensor could detect harmful bacteria before
they become virulent or organize into a biofilm, allowing
for easier treatment. It is also possible that cell-surface tar-
geted production of a signaling molecule could interfere
with the quorum sensing response in such a way as to re-
duce virulence. Such an application has already been
demonstrated in Vibrio cholerae cells by overproducing
cholera autoinducer 1 (CA-1) with E. coli.46,48 Other bacte-
rial and mammalian signaling molecules, such as epi-
nephrine, norepinephrine, and indole, have been shown
to affect the expression of certain virulence-related genes
in E. coli O157:H7 (EHEC).30,49 The presence of indole, in
particular, has been shown to attenuate the motility, bio-
film formation, and attachment of EHEC cells.30 Since the
gastrointestinal tract contains an estimated 1014 bacteria
comprising hundreds of species50 engaged in a complex
signaling network among themselves and human
epithelia,51�53 any number of applications could be envi-
sioned for engineered biological nanofactories with the
ability to produce specific effector molecules either to ini-
tiate or to respond to specific events or signals within
the GI tract.

MATERIALS AND METHODS
Epithelial Cell Culture. Caco-2 clone C2BBe1 epithelial cells

(ATCC# CRL-2102) were maintained in Dulbecco’s modified Eagle
media (Invitrogen, 10566-016) plus 10% FBS (Sigma, F0926) and

0.01 mg/mL human transferrin (Sigma, T8158) at 37 °C in a hu-
midified incubator supplemented with 5% CO2. Cells were pas-
saged every 3�4 days at 80�90% confluence. Unless otherwise
noted, all experiments were conducted in 24-well plates seeded

Figure 6. Increasing the native quorum sensing response in E.
coli. Flow cytometry histograms representing the GFP fluores-
cence of E. coli W3110 (pCT6�pEGFPuv) cells that had been co-
cultured with Caco-2 cells for 2, 4, and 6 h. The Caco-2 cells
had been previously treated with PBS (Untreated Cells), HGLPT
only (HGLPT, 25 �g/mL), or biological nanofactories (CD26 10
�g/mL, HGLPT 25 �g/mL) and incubated with PBS � 1 mM
SAH for 2 h prior to the addition of the E. coli.
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at a density of 250 000 cells/mL (125 000 cells/well) and experi-
ments were started 72 h post-seeding.

Bacterial Strains and Growth Conditions. All E. coli strains were cul-
tured in Luria�Bertani (LB) medium at either 30 or 37 °C with vig-
orous shaking (250 rpm) unless otherwise noted. The LB me-
dium used for bacterial growth contained 5 g/L of yeast extract
(Sigma Aldrich, St. Louis, MO), 10 g/L of Bacto tryptone (Difco)
and 10 g/L NaCl (J.T. Baker). Media were supplemented as neces-
sary by antibiotics (either ampicillin or kanymycin) at a concen-
tration of 50 �g/mL, unless otherwise noted.

Expression and Purification of HGLPT. The fusion protein HGLPT
was expressed and purified as described previously.26 Briefly, E.
coli BL21 luxS-pHGLPT26 was cultured at 37 °C and 250 rpm in LB
medium supplemented with 50 �g/mL ampicillin. When the op-
tical density (OD 600 nm) of the cell culture was between 0.4
and 0.6, 1 mM IPTG was added to induce overexpression of
HGLPT. After a 6 h induction period at the same culture condi-
tions, cells were harvested by centrifugation at 12 000g for 15
min at 4 °C. The cell pellet was either stored at �20 °C or resus-
pended directly into PBS buffer (pH 7.2) � 10 mM imidazole. The
resuspended cells were then lysed by sonication using a sonic
dismembrator 550 (Fisher Scientific). The soluble cell extract was
collected by centrifugation at 14 000g for 15 min at 4 °C, fil-
tered through a 0.22 �m polyether sulfone, low protein binding
filter (Millipore), and then loaded on a pre-equilibrated immobi-
lized metal-ion affinity chromatography (IMAC) column (HiTrap
Chelating HP, GE Healthcare Life Sciences). After two wash steps
(wash 1:20 mM PO4

3�, 250 mM NaCl, and 10 mM imidazole;
wash 2:20 mM PO4

3�, 250 mM NaCl, and 50 mM imidazole),
HGLPT was eluted with 20 mM PO4

3�, 250 mM NaCl, and 350
mM imidazole. The protein was then desalted using an Amicon
Ultra-15 centrifugal unit (NMWL 10000; Millipore), resuspended
in PBS buffer, and stored at �80 °C until use.

Protein Labeling. Purified HGLPT was labeled with either Alexa
Fluor 488 (Invitrogen, A10235) or Alexa Fluor 647 (A20173) per
the manufacturer’s recommendation. Briefly, 2 mg of protein
was reacted with the labeling solution for 1 h at room tempera-
ture and then purified using the column included in the labeling
kit. Once the labeled protein was separated from the unconju-
gated dye, its concentration was measured and the degree of la-
beling was determined.

Nanofactory Assembly and Attachment to Caco-2 Cells. The biological
nanofactories were composed of two elements: the fusion pro-
tein HGLPT (either labeled or unlabeled) and a mouse mono-
clonal antibody raised against the human CD26 protein (Santa
Cruz Biotech, sc-19607). Nanofactories were assembled by mix-
ing the CD26 antibody (10 �g/mL unless otherwise noted) with
HGLPT (various concentrations) in PBS � 1% BSA (PBS-BSA). Two
hundred microliters of the nanofactory (or control) solution was
then added to a confluent layer of Caco-2 cells (72 h post-
seeding) that had been previously washed once with 500 �L of
PBS. Control solutions included PBS-BSA only, as well as PBS-BSA
� HLPGT (no antibody). After addition, solutions were incu-
bated with the Caco-2 cells at 37 °C for 30 min, followed by three
washes with PBS-BSA. Then a solution of 1 mM SAH in either
PBS buffer or DMEM no glucose (Invitrogen 11966-025) was
added to the cells and incubated for the indicated length of
time. Upon completion of the AI-2 synthesis, the medium was re-
moved from the wells and stored at �20 °C until analysis.

Immunofluorescence and Confocal Imaging. All images were taken
on a Leica SP5 X confocal microscope. In order to prepare
samples for imaging, Caco-2 cells were seeded on 12 mm glass
coverslips (Fisher, NC9708845) that had been sterilized and
placed within 24-well plates. Once the cells had reached conflu-
ence (approximately 72 h post-seeding), the medium was re-
moved from the well and the cells were washed once with PBS.
Then, 500 �L of ice cold 4% paraformaldehyde in PBS was added
to the wells for 15 min at room temperature. Following fixation,
the cells were washed three times with 500 �L of PBS-BSA. Then,
200 �L of either the phycoerythrin (PE)-labeled antibody solu-
tion (5 �g/mL), nanofactories constructed with Alexa 488 labeled
HGLPT (5 �g/mL unlabeled antibody, 7 �g/mL HGLPT), or vari-
ous control solutions were added to the wells and incubated on
ice for 30 min. After another three washes with PBS-BSA, a 3
�M solution of DAPI (Invitrogen, D1306) in PBS was added to

the cells for 5 min, followed by a final three washes with PBS. Fi-
nally, the PBS was aspirated from the well, and the coverslip
was removed, dried, and mounted onto a glass slide using Pro-
long Gold Antifade Reagent (Invitrogen, P36930). Control and ex-
perimental images were taken under identical conditions using
the Leica Application Suite Advanced Fluorescence software
package and exported as TIF files for presentation without fur-
ther modification. DAPI was imaged using a 405 nm UV diode la-
bel and an emission of 414�478 nm, PE was imaged using a
488 nm argon laser and an emission of 550�625 nm, and Alexa
Fluor 488 was imaged using the argon laser with emission spec-
tra of 500�601 nm.

Flow Cytometric Analysis of Nanofactories Targeting Caco-2 Cells. Prior
to cytometric analysis, Caco-2 cells were grown to confluence
in T-75 flasks. Following a gentle wash with 3 mL of PBS (with-
out MgCl2 or Cacl2), cells were harvested by adding 5 mL of 0.2%
EDTA in PBS to the flask and incubating at 37 °C for 15 min.
Cells were then resuspended with 5 mL of DMEM � 10% FBS (to-
tal volume 10 mL) and spun down at 500g for 5 min. Post-
centrifugation, cells were resuspended in PBS to a density of ap-
proximately 2 million cells/mL. One hundred microliter aliquots
were then added to 1.5 mL centrifuge tubes and incubated with
20 �L of labeling solution. Labeling solutions included either PE-
labeled CD26 antibody (final concentration 5 �g/mL), Alexa
Fluor 647 labeled HGLPT (2 �g/mL), or nanofactories composed
of unlabeled CD26 antibody and Alexa Fluor 647 labeled HGLPT.
Following 30 min incubation on ice, 1 mL of PBS was added to
each tube to dilute unlabeled particles and the tubes were spun
for 5 min at 700g. The cells were then resuspended in 500 �L of
4% PFA in PBS before analysis. A minimum of 10 000 cells (gated
based on forward and side scatter) were counted using a FACS
Canto II (BD Biosciences). PE was quantified using a 488 nm solid
state laser (585/42 detector), and Alexa Fluor 647 was quanti-
fied using a 633 nm HeNe laser (660/20 detector).

Vibrio harveyi AI-2 Bioluminescence Assay. Cell-free culture fluids
were tested for the presence of AI-2, capable of inducing lumi-
nescence in V. harveyi reporter strain BB170. The assays were per-
formed as outlined by Surette and Bassler.42 Briefly, BB170 was
grown for 16 h with shaking at 30 °C in AB medium, diluted
1:5000 in fresh AB medium, and aliquoted (180 �L) to sterile 12
	 75 mm tubes (Fisher Scientific Co., Inc., Pittsburgh, PA) already
containing the cell-free culture fluids (20 �L). Negative control
tubes contained 20 �L of sterile DMEM no glucose to which 180
�L of diluted BB170 was added. Tubes were shaken at 175 rpm
and 30 °C in an air shaker (New Brunswick Scientific), and hourly
measurements of luminescence were taken from 3 to 5 h. Lumi-
nescence was measured by quantifying light production with a
luminometer (EG&G Berthold, Gaithersburg, MD). The AI-2 activi-
ties reported were obtained by dividing the RLU produced by
the reporter after addition of culture fluid by the RLU of the re-
porter when growth medium alone was added.42,54 The obtained
values are in a good linear range.

E. coli AI-2 Fluorescence Assay. Cell-free culture fluids were tested
for their ability to induce the lsr operon, indicating the pres-
ence of AI-2 and a quorum sensing response using the strain
MDAI2 (pCT6�pET-GFPuv).43 Addition of AI-2 to cultures of
MDAI2 (pCT6�pET-GFPuv) results in the production of T7 RNA
polymerase, which then drives production of GFP. GFP produc-
tion was quantified using a SpectraMax M2e plate reader (Molec-
ular Devices). Two hundred microliters of each sample was
added to a black-walled clear-bottom 96-well culture plate, and
exponentially growing (OD 0.4�0.5) MDAI2 (pCT6�pET-GFPuv)
cells were added to a final OD of 0.025. These cells were grown at
37 °C in the plate reader for a period of 12 h, over which the
cells produce GFP in response to the AI-2 present in the sample.
Fluorescence readings were taken every 30 min over this pe-
riod, and the fluorescence value reported is the difference be-
tween the final and beginning fluorescence.

Caco-2 and E. coli Co-cultures: Imaging and Flow Cytometry. Cultures
of E. coli W3110 (pCT6�pET-GFPuv) or MDAI2 (pCT6�pET-
GFPuv)43 were grown overnight at 30 °C and reinoculated the fol-
lowing morning at a 1% inoculum. The cells were then grown
at 37 °C to an OD of 0.5 before addition to Caco-2 cell cultures
at a final OD of 0.01, unless otherwise noted. Co-cultures were
grown at 37 °C in 5% CO2 for the indicated period of time. Imag-
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ing of co-cultures was again conducted with the Leica SP5X us-
ing Caco-2 cells grown on glass coverslips within 24-well plates.
Following a 15 h co-culture period in PBS, 250 �L was removed
from each well (leaving approximately 250 �L) and replaced with
4% PFA in PBS, giving a final concentration of 2% PFA. The co-
cultures were then fixed for 15 min at room temperature before
the coverslips were removed from the wells and mounted to
glass slides using Prolong Gold. Both differential interference
contrast (DIC) and GFP images were taken. GFP was imaged us-
ing the argon laser at an excitation of 488 nm and emission spec-
tra of 500�550 nm. To prepare E. coli samples for flow cytome-
try, 200 �L of medium was removed from each well and diluted
with 300 �L of PBS (without MgCl2 and CaCl2) before addition of
500 �L of 4% PFA (final concentration 2% PFA). The samples
were then stored away from light at 4 °C until analysis. A mini-
mum of 20 000 cells were counted using the FACS Canto II. GFP
was quantified using the 488 nm solid state laser (530/30 detec-
tor).
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