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a b s t r a c t

Tight junctions (TJs) are intercellular structures that control paracellular permeability and epithelial polar-
ity. It is now accepted that TJs are highly dynamic structures that are regulated in response to exogenous
and endogenous stimuli. Here, we provide details on the mechanism of action of AT-1002, the active
domain of Vibrio cholerae’s second toxin, zonula occludens toxin (ZOT). AT-1002, a hexamer peptide, caused
the redistribution of ZO-1 away from cell junctions as seen by fluorescence microscopy. AT-1002 also acti-
eywords:
T-1002
echanism of action

ight junctions
ermeability

vated src and mitogen activated protein (MAP) kinase pathways, increased ZO-1 tyrosine phosphorylation,
and rearrangement of actin filaments. Functionally, AT-1002 caused a reversible reduction in transepithe-
lial electrical resistance (TEER) and an increase in lucifer yellow permeability in Caco-2 cell monolayers.
In vivo, co-administration of salmon calcitonin with 1 mg of AT-1002 resulted in a 5.2-fold increase in
AUC over the control group. Our findings provide a mechanistic explanation for AT-1002-induced tight
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. Introduction

Tight junctions (TJs) are specialized membrane structures
ocated near the apical aspect of epithelial and endothelial cells.
Js form an intercellular diffusion barrier to regulate the passage
f ions, water, and various macromolecules through the paracel-
ular space (reviewed in Aijaz et al., 2006; Hartsock and Nelson,
008; Schneeberger and Lynch, 2004; Turner, 2006) and form a
ence that restricts the mixing of plasma membrane proteins and
ipids between the apical and basolateral compartments in cells
Matter and Balda, 1998).

Previously, it was thought that TJs provided a static and immal-
eable seal of the paracellular space and that patency occurred
nly with injury, cell death or physico-chemical disruption of the

J (Nash et al., 1988; Weber and Turner, 2007). It is now under-
tood that TJs are very dynamic structures whose state of assembly
hanges in a regulated and reversible manner, such that they
an open and close to facilitate or restrict paracellular passage of

Abbreviations: TJ, tight junction; TEER, transepithelial electrical resistance; LY,
ucifer yellow; ZOT, zonula occludens toxin from V. cholerae; pMLC, phospho-myosin
ight chain; MAGUK, membrane associated guanylate kinase; MAP kinase, mitogen
ctivated protein kinase.
∗ Corresponding author. Tel.: +1 410 319 0858; fax: +1 410 244 8616.

E-mail address: salkan@albatherapeutics.com (S.S. Alkan).
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onstrate that AT-1002 can be used for delivery of other agents in vivo.
© 2008 Elsevier B.V. All rights reserved.

olecules. This implies that TJs can be induced to “leak” and allow
ransport via paracellular diffusion. There now exists a plethora of
ata demonstrating that the barrier function of TJs can be modu-

ated by various external and internal stimuli (Shen et al., 2006),
oth physiologically and as a result of disease or injury (Balda et al.,
991; Bruewer et al., 2003).

TJs are composed of transmembrane proteins occludin, claudins,
nd junctional adhesion molecules (Furuse et al., 1993, 1998;
artin-Padura et al., 1998), which intercalate with correspond-

ng proteins from adjacent cells to form the intercellular barrier.
hese proteins associate with an intracellular plaque composed
f a variety of peripheral membrane proteins including the mem-
rane associated guanylate kinase (MAGUK) family proteins zonula
ccludens-1 (ZO-1), -2, and -3 (Haskins et al., 1998; Stevenson et al.,
986), which tether the transmembrane proteins to the underlying
ctin cytoskeleton and provide a scaffold for intracellular signaling
omplexes. ZO-1 and occludin phosphorylation are associated with
timulus-induced tight junction disassembly and paracellular per-
eability changes (Sheth et al., 2003; Staddon et al., 1995; Takeda

nd Tsukita, 1995).
Since the 1960s efforts to develop TJ-based absorption
nhancers have focused primarily on calcium chelators and sur-
actants, which have failed due to unacceptable side effects such
s exfoliation of epithelia and irreversibility of barrier disruption
Hochman and Artursson, 1994). More recent investigations have
ocused on bile salt components, mucoadhesive polymers such

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:salkan@albatherapeutics.com
dx.doi.org/10.1016/j.ijpharm.2008.08.047
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Table 1
Summary of results obtained with scrambled and unrelated peptides

Compound Sequence LY permeability
enhancement
(5 mg/ml)

ZO-1 reorganization
(5 mg/ml)

AT-1002 FCIGRL 14.7 +++
Scrambled peptide-1 GFGILR – –
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s chitosans, and peptidic antagonists/modulators of occludin and
laudin, but these efforts have also generally failed to yield candi-
ates for clinical development (Kondoh and Yagi, 2007). However,
he progress in understanding of TJ cell biology described above
nd the observed reversibility and reproducibility of TJ signal trans-
uction has led us to explore TJ regulation as a target for drug
evelopment.

Vibrio cholerae secretes zonula occludens toxin (ZOT), which
inds to a putative receptor on the apical surface of enterocytes
Baudry et al., 1992; Fasano et al., 1991; Lee et al., 2003; Schmidt et
l., 2007) and induces a transient reduction in TEER and an increase
n trans-epithelial flux along concentration gradients (Lee et al.,
003). ZOT-induced mucosal permeability has been utilized exper-

mentally to transport diverse macromolecules, such as insulin
nd paclitaxel, resulting in a significant increase in bioavailabil-
ty and a therapeutic effect across various mucosal surfaces and
he blood brain barrier (Fasano and Uzzau, 1997; Salama et al.,
004, 2005, 2006). It has also been useful in inducing persistent
nd protective mucosal immunity (De Magistris, 2006; Marinaro et
l., 1999, 2003). ZOT has been reported to increase permeability of
he small intestinal mucosa by inducing cytoskeletal contraction,
hich affects TJs (Fasano et al., 1995). Delta G, the 12 kDa active

ragment of ZOT, has been shown to transiently increase the in vitro
ransport and in vivo absorption of paracellular markers (Lee et al.,
003; Salama et al., 2004, 2005, 2006).

Cholera toxin, ZOT and other agents of prokaryotic origin may
ot be suitable adjuvants due to their complex structures, problems
ith expression and purification (Schmidt et al., 2007), antigenic-

ty and possible ganglioside binding. To avoid problems associated
ith these large prokaryotic molecules, a synthetic peptide H-

CIGRL-OH (AT-1002) that comprises the first six amino acids of
elta G and retains the permeability enhancing effects of Delta G
n TJs (Di Pierro et al., 2001; Motlekar et al., 2006) has recently
een identified and synthesized. The purpose of this study was to
valuate the effects of AT-1002 on epithelial TJ assembly, barrier
unction and in vivo drug delivery. We examine signaling events
nitiated by AT-1002 that ultimately lead to tight junction opening
nd drug delivery, and also demonstrate reversible TJ modulation
y AT-1002.

. Materials and methods

.1. Reagents

AT-1002 was synthesized using F-moc solid phase chemistry.
ndividual steps such as coupling, deprotection, and cleavage were
erformed following a reported protocol (Cammish and Kates,
000), and the identity of the compound was confirmed by LC/MS.
he final product was isolated as a TFA salt in a lyophilized form. For

n vivo studies, AT-1002 was isolated as an HCl salt using established
ethods.
A wide range of AT-1002 concentrations was tested on sev-

ral cell lines. The most consistent and reproducible results were
btained with 5 mg/ml of peptide. In addition, several scrambled
r unrelated hexamer peptides tested at 5 mg/ml had no biologi-
al activity (Table 1). After making sure that effects of the AT-1002
t this dose were specific, this concentration (5 mg/ml) was used
hroughout this study.
.2. Cell lines and treatment

Intestinal epithelial IEC6 cells were obtained from American
ype Culture Collection (ATCC; Manassas, VA) and maintained
n DMEM containing 0.1 unit/ml bovine insulin, 10% fetal bovine

a
a
e
a
n

crambled peptide-2 IGFLRG – –
nrelated peptide-1 QLYENK – –
nrelated peptide-1 KNPYIL – –

erum, penicillin (100 unit/ml) and streptomycin (100 �g/ml).
hese cells were used for immunofluorescence studies, but not
or permeability studies because they do not form functional tight
unctions.

Caco-2 cells were obtained from ATCC and maintained in DMEM
ontaining non-essential amino acids, 10% fetal bovine serum,
enicillin (100 units/ml) and streptomycin (100 �g/ml). Cells were
lated at 100,000 cells per 12-well filter and used at 20–22 days
ost-plating. This cell line was mainly used for permeability studies.

Caco-2 BBE cells were obtained from ATCC and maintained in
MEM containing 0.1 mg/ml human transferrin, 10% fetal bovine

erum, penicillin (100 units/ml) and streptomycin (100 �g/ml).
ells were plated at 100,000 cells per 12-well filter and used at
0–15 days post-plating. These cells were used for immunofluores-
ence and biochemical studies because they are more homogenous
han regular Caco-2 cells and the monolayers they form on filters
an be readily imaged.

.3. Immunofluorescence

IEC6 cells were plated on 8-chamber slides at 60,000 cells
er chamber. At 24 h post-plating, cells were washed in serum-
ree medium and incubated with AT-1002 (5 mg/ml) diluted in
erum-free medium for 60 min at 37 ◦C. Following treatment, cells
ere washed in PBS and fixed in PBS containing 4% paraformalde-
yde for 15 min at room temperature. Cells were washed in PBS,
ermeabilized in PBS containing 0.5% Triton X-100 for 5 min at
oom temperature, and blocked in PBS containing 2% goat serum
or 30 min at room temperature. Cells were then incubated with
rimary antibodies diluted in blocking buffer (pMLC (1:50) (Cell
ignaling technology, Danvers, MA)) for 1–2 h at 37 ◦C. Cells were
ashed in PBS and incubated with FITC tagged anti-rabbit anti-
ody (1:100; Jackson Immunoresearch, Bar Harbor, ME) for 45 min
t room temperature. Actin and ZO-1 were detected using Alexa
luor555-phalloidin and FITC labeled anti-ZO-1 antibodies (1:200;
nvitrogen, Carlsbad, CA), respectively. Slides were washed and

ounted in Vectashield containing DAPI and imaged on a Nikon-
E2000 fluorescence microscope.

Caco-2 BBE cells were treated apically with AT-1002 (5 mg/ml)
or 3 h at 37 ◦C. Following treatment cells were fixed in

ethanol:acetone (1:1) and blocked in PBS containing 2% goat
erum. Filters were incubated with FITC labeled anti-ZO-1 antibod-
es (1:200; Invitrogen, Carlsbad, CA) for 1 h at room temperature,
ashed and mounted on slides as described above.

For ZO-1, a z-series of x–y images through the entire cell vol-
me of the monolayer was collected and combined into a single
rojection image to avoid missing fluorescent signal from out-
f-focus planes. Junctional fluorescence intensity of ZO-1 was
uantified using Adobe Photoshop as follows. Background level was

djusted using the threshold function. Then the brightness was
djusted to bring all background pixels to the threshold value. Pix-
ls at cell–cell junctions were highlighted using the Magic wand
nd select/inverse functions. The mean pixel intensity value, total
umber of pixels and number of threshold pixels were obtained
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rom the histogram. Total junctional fluorescence intensity = (total
ixels × mean pixel value) − (threshold pixels × threshold) was cal-
ulated for each sample.

.4. Flow cytometry

Caco-2 BBE cells were treated apically with AT-1002 (5 mg/ml)
or 3 h at 37 ◦C. Following treatment cells were detached from fil-
ers using trypsin. Detached cells were washed in PBS, fixed in PBS
ontaining 4% paraformaldehyde for 15 min at room temperature,
ermeabilized in PBS containing 0.5% Triton X-100 for 5 min at
oom temperature, and blocked in PBS containing 2% goat serum
or 30 min at room temperature. Cells were incubated with Alexa
luor555-phalloidin for 1 h at room temperature, washed in PBS
nd analyzed by flow cytometry using FACSCAN (Becton Dickinson,
an Diego, CA).

.5. Immunoprecipitation

Caco-2 BBE cell cultures were rinsed with ice-cold phosphate-
uffered saline. Cells were extracted with RIPA buffer (150 mM
aCl, 1% IGEPAL, 0.5% deoxycholate, 0.1% SDS, phosphatase and
rotease inhibitors) for 15 min on ice. Extracts were cleared by cen-
rifugation in a microfuge at 13,000 rpm for 15 min at 4 ◦C. Primary
ntibody (ZO-1 polyclonal antibody, Invitrogen, CA) was added to
upernatants, and tubes were rotated at 4 ◦C for 16 h. Immune com-
lexes were collected with protein A-Sepharose beads (Amersham,
iscataway, NJ) and washed three times with RIPA buffer. Beads
ere resuspended in SDS sample buffer for analysis, and separated

n 4–12% or 10% Bis–Tris gels (Invitrogen, CA). Immunoblotting was
erformed as described in the following section.

.6. Immunoblotting

Caco-2 BBE cells were treated with permeability inducer for
0 min or left untreated in control dishes. Cultures were then
xtracted in RIPA buffer. Samples were cleared by centrifugation.
rotein concentration of supernatants was determined using a
icinchoninic acid (BCA) protein assay kit (Pierce Chemical, Rock-
ord, IL). Twenty micrograms of protein were separated on 4–12%
r 10% Bis–Tris gels (Invitrogen). Gels were transferred to nitro-
ellulose filters (Bio-Rad, Hercules, CA) and blocked in membrane
locking buffer (Invitrogen, CA) for ZO-1 or Tris-buffered saline
ontaining Tween 20 and 1% BSA (TBST: 10 mM Tris–HCl, pH 7.5,
00 mM NaCl, and 0.1% Tween 20) for phosphotyrosine, or TBST
ontaining 5% milk for other proteins at 4 ◦C overnight. Filters
ere incubated in primary antibody (ZO-1, (Invitrogen, CA), src

nd Tyr416-src (Cell Signaling Technology, MA) (1:1000 each)) for
h at room temperature, and blots were then washed in TBST for
h with several changes. Membranes were then incubated for 1 h
t room temperature with species-matched HRP-conjugated sec-
ndary antibody (Amersham, Arlington Heights, IL) diluted 1:5000
n blocking solution or HRP-conjugated phosphotyrosine (1:1000)
n blocking solution. Membranes were again washed, and signal
as detected by enhanced chemiluminescence (ECL kit; Amer-

ham, Arlington Heights, IL) and exposed to film (Kodak Bio-Max
L; Eastman Kodak, Rochester, NY). Relative phosphorylation lev-

ls were quantified using ImageQuant TL software (Amersham).

.7. In vitro cytotoxicity assays
Cell viability was determined by measuring the amount of ATP
n cells using a luminescence ATP assay (CellTiter-Glo Promega,

adison, WI). The concentration of ATP is determined by the
mount of light emitted when beetle luciferin is mono-oxygenated
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y luciferase in a reaction that is Mg2+ and ATP-dependent. A
ange of concentrations of AT-1002 from 0 to 5 mg/ml in 100 �l
f Hank’s Balanced Salt Solution (HBSS) was added to 30,000 Caco-
cells grown on 96-well tissue culture plates after removal of the

rowth media. An equal volume of Cell titer-Glo reagent was added
o the wells after 3 h and the chemiluminescence was measured
fter 15 min incubation in a Tecan Spectrafluor plus plate reader.
standard curve was generated for ATP and used to calculate the

oncentration of ATP after treatment with AT-1002.

.8. TEER and lucifer yellow permeability assays

Details of this method and modifications have been described
reviously (Artursson, 1990; Ginski and Polli, 1999). For transep-

thelial electrical resistance (TEER) and lucifer yellow (LY)
ermeability assays, Caco-2 cells were seeded onto 12-well
ranswellsTM (Corning Inc., NY, polyester, pore size 0.4 �m) at
density of 100,000 cells/cm2 and grown for 21–28 days until

ully differentiated. The apical and basolateral compartments of
he Caco-2 cell monolayers were pre-incubated in HBSS at 37 ◦C
or 30 min. Treatment solutions containing a range of concen-
rations of AT-1002 from 0.4 to 5 mg/ml AT-1002 or 5 mg/ml
crambled peptide in HBSS were added to the apical compart-
ent of each monolayer and then incubated at 37 ◦C, 50 rpm for

80 min. TEER was measured using a MilliCell-ERS at 0, 30, 60, 120
nd 180 min. At 180 min, AT-1002 was replaced in the apical com-
artment by 7.5 mM lucifer yellow. After 1 h incubation at 37 ◦C,
amples were removed from the basolateral compartment and
nalyzed for LY in a Tecan Spectrofluor fluorescence plate reader
t excitation wavelength of 485 nm and emission wavelength of
35 nm. The decrease in TEER and increase in LY permeability was
alculated for each treatment and expressed relative to lucifer yel-
ow untreated control. The permeability is calculated as follows:
app = [(dC/dt) × Vr]/(Co × A), where dC/dt is the permeability rate,
r is the volume of the receiver, A is the surface area of the mem-
rane filter, and Co is the initial concentration in the donor chamber,
nd the enhancement ratio is defined as Papp AT-1002/Papp HBSS.

.9. Reversibility of AT-1002 effects on Caco-2 cells

Caco-2 cells were seeded on transwell membranes as described
bove and grown in DMEM for a period of 21 days at 37 ◦C, 5% CO2
nd 95% humidity with medium change every other day. At the end
f the growth period the medium from the upper (apical) and lower
basolateral) compartments was removed. The cells were incubated
n pre-warmed (37 ◦C) HBSS (Mediatech, Inc., Herndon, VA, USA)
with Ca and Mg) with 10 mM HEPES pH 7.4. The transwells were
reated apically with or without AT-1002 at a concentration of
mg/ml in HBSS for various times. The AT-1002 was either replaced
y HBSS after 15, 30, 45 and 60 min or not removed at all. TEER
eadings were monitored using an Ohm meter (World Precision
nstruments Inc., Saratosa, FL, USA) at different time points.

.10. Intratracheal delivery of salmon calcitonin

We conducted in vivo pulmonary drug delivery study in rats with
ACUC approval and IACUC Protocol 05-01A. Male Sprague–Dawley
ats were used for this study and were approximately 12 weeks of
ge at the initiation of the study. All rats were instilled intratra-
heally with 10 �g of sCT in 200 �l of saline containing 0, 300 or

000 �g of AT-1002 (n = 6 per dose group). Blood samples (200 �l)
ere collected and placed into EDTA coated tubes prior to dos-

ng and at 2.5, 5, 10, 15, 30, 60, 120 and 240 min following dosing.
lasma was harvested and stored at ≤−70 ◦C until assayed for
CT. The DSL 10–3600 ACTIVE® Salmon Calcitonin Enzyme-Linked
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ig. 1. Effect of AT-1002 on the actin cytoskeleton in IEC6 and Caco-2 BBE cells. IE
rocessed by immunofluorescence to detect F-actin and pMLC (A). Following AT-100

mmunofluorescence to detect F-actin by microscopy or FACS (B, right panel), respec

mmunosorbent (ELISA) kit was used with slight modifications to
etermine concentrations of sCT in rat plasma. This assay is an
nzymatically amplified “two-step” sandwich-type immunoassay
nvolving the biotin-streptavidin bridging detection system. For
hese studies standards were prepared in a rat serum matrix and
he curve ranged from 15.6 to 1000 pg/ml. The LLOQ was 31.3 pg/ml.
he sample volume used was 50 �l. When necessary, samples (con-
entrations expected or measured above 1000 pg/ml) were diluted
ith the rat serum matrix. Standard curves were calculated using
four parameter fit model using the KC4 software available on
BioTek Plate reader. Assay performance did not appear to be

nfluenced by the difference between the sample (rat plasma) and
tandard (rat serum) matrix. Microsoft Excel® was used for calcula-
ion of AUC using the linear trapezoidal rule and data were plotted
sing GraphPad Prism version 4.01. Cmax and Tmax for each con-
ition were also determined. Statistical analyses were conducted
sing SAS® for Windows Version 9.1.

. Results
.1. Actin dynamics in IEC6 and Caco-2 cells

Both ZOT and its active fragment Delta G cause cytoskeletal rear-
angement as an integral component of the signaling leading to TJ
odulation (Fasano et al., 1995; Salama et al., 2004; Schmidt et

j
t
4
c
c

) or Caco-2 BBE cells (B) were treated with AT-1002 for 1 h. Cells were fixed and
tment, cells were fixed on filters or dissociated from membranes and processed by
. Values are mean ± S.D. Data are representative of three independent experiments.

l., 2007). To determine whether AT-1002 exerts a similar effect on
he actin cytoskeleton, IEC6 cells were treated for 1 h with AT-1002
iluted in serum-free medium or serum-free medium alone and the
ctin cytoskeleton was visualized by immunofluorescence using
uorescent phalloidin and anti-pMLC antibody. AT-1002 caused
ytoskeletal redistribution, with dissolution of central stress fibers
nd stress-fiber associated pMLC (Fig. 1A). Effect of AT-1002 on
he actin cytoskeleton was also examined in Caco-2 BBE cells by

icroscopy and flow cytometry. Similar to that in IEC6 cells, AT-
002 caused disassembly of stress fibers in Caco-2 cells and a
ecrease in F-actin content to 40% of control levels (Fig. 1B).

.2. ZO-1 distribution in Caco-2 cells

The effect of AT-1002 on TJ integrity was studied in Caco-2 BBE
ells by immunofluorescence. A z-series of x–y images through the
ntire cell volume of the monolayer was collected and combined
nto a single projection image and junctional fluorescence intensity
f ZO-1 was quantified. In untreated cells ZO-1 is seen as the typical
chicken wire” staining characterized by smooth lines at cell–cell

unctions. AT-1002 caused loss of ZO-1 from sites of cell–cell con-
act (Fig. 2A). Junctional fluorescence intensity of ZO-1 decreased to
0% that of control levels following AT-1002 treatment (Fig. 2A). No
hange in ZO-1 distribution was seen with the scrambled peptide
ontrols (Fig. 2B).
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Fig. 2. Effect of AT-1002 on ZO-1 distribution in Caco-2 BBE cells. Caco-2 BBE cells grown on permeable filter supports were treated apically with AT-1002 for 3 h. Cells were
then fixed and processed by indirect immunofluorescence using antibodies against ZO-1 (A). Scrambled versions of AT-1002 (S-1 and S-2) were tested for ZO-1 redistribution in
Caco-2 BBE cells at 5 mg/ml (B). Fluorescent images were quantified using Adobe Photoshop. Values are mean ± S.D. Data are representative of three independent experiments.
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ig. 3. Effect of AT-1002 on tyrosine phosphorylation of ZO-1 in Caco-2 BBE cells. C
reated and untreated cells, separated by gel electrophoresis, transferred to nitroc
epresentative of three independent experiments.

.3. TJ signaling events

ZO-1 is a phosphoprotein and changes in phosphorylation of
J proteins have been shown to accompany increases in per-

eability (Staddon et al., 1995; Takeda and Tsukita, 1995). To

xamine the effects of AT-1002 on ZO-1 tyrosine phosphorylation,
O-1 was immunoprecipitated from either untreated or AT-1002-
reated Caco-2 cell extracts, and the phosphotyrosine content

1
f
e
a

ig. 4. Effect of AT-1002 on src and MAP kinase activation in Caco-2 BBE cells. Caco-2 BBE c
ith RIPA buffer. Equal amounts of protein from treated and untreated samples were sep

rc, phospho-src, or (B) total JNK or phospho-JNK. Data are representative of three indepe
BBE cells were treated with AT-1002 for 3 h. ZO-1 was immunoprecipitated from
e and immunoblotted with antibodies against phosphotyrosine or ZO-1. Data are

as examined by immunoblotting the immunoprecipitates with
phosphotyrosine antibody. AT-1002 treatment resulted in 3-fold

ncrease in phosphotyrosine content of ZO-1 (Fig. 3).
Src family kinases associate with TJs (Anderson and Van Itallie,
995). Increased tyrosine phosphorylation of ZO-1 may there-
ore be a consequence of src kinase activation. We examined the
ffects of AT-1002 on src activation by western blotting using

phospho-specific anti-src antibody in Caco-2 cells. AT-1002

ells were treated with AT-1002 for 1 h (for src) or 3 h (for MAP kinase) and extracted
arated by gel electrophoresis and immunoblotted with antibodies against (A) total
ndent experiments.
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in phosphotyrosine content of ZO-1. Here, Caco-2 cells were treated
with 5 mg/ml AT-1002 for 30 min. After removal of AT-1002 cells
were incubated in regular growth medium for 2 h. ZO-1 was
immunoprecipitated from untreated and AT-1002 treated cells with
ig. 5. Effect of AT-1002 on TEER and LY permeability. Caco-2 cells grown on perme
nd (A) TEER was monitored at 3 h. (B) Treated and untreated cells were incubated
re representative of three independent experiments.

ncreased phosphorylation of src on tyr416 in Caco-2 cells (Fig. 4A).
T-1002 also caused src activation in IEC6 cells (data not shown).

Activation of mitogen activated protein kinase (MAP kinase)
ignaling pathways is associated with TJ opening in response to
arious stimuli (Chen et al., 2000; Patrick et al., 2006). We there-
ore examined activation of the MAP kinase pathway in Caco-2
ells following AT-1002 treatment by immunoblotting cell extracts
ith phospho-specific anti-MAP kinase antibodies. AT-1002 caused

ctivation of c-jun N-terminal (JNK) kinase (Fig. 4B), as well as
xtracellular signal regulated 1/2 (ERK1/2) and p38 MAP kinases
data not shown).

.4. Barrier function

We examined the effects of AT-1002 on TEER and permeabil-
ty in Caco-2 cell monolayers, a widely used model for barrier
unction studies. Cells grown on permeable supports were treated
pically for 3 h with AT-1002 or left untreated for the control. TEER
cross cell monolayers was measured following exposure to AT-
002. TEER values remained unchanged in the presence of the
ehicle control and scrambled peptide, whereas TEER decreased
n a dose dependent fashion in the presence of AT-1002 (Fig. 5A).
hanges in paracellular permeability across Caco-2 cell monolayers

n response to AT-1002 were measured using lucifer yellow. LY per-
eability remained unchanged in the presence of vehicle control,
hereas it increased substantially in response to AT-1002 (Fig. 5B).

n contrast, a scrambled version of AT-1002 did not reduce TEER
Fig. 5A) or increase permeability of the Caco-2 monolayer (Fig. 5B)
hen tested at a dose of 5 mg/ml.

.5. In vitro cell viability assays

To rule out the possibility that AT-1002-induced cytoskeletal
hanges and increases in permeability are the result of cytotoxi-
ity, we examined the effect of AT-1002 on Caco-2 cell viability.
ndifferentiated Caco-2 cells were treated with AT-1002 and via-
ility was assessed by measuring cellular ATP content. Treatment
ith AT-1002 for up to 3 h did not affect cell viability at any concen-

ration. In particular, the viability of Caco-2 cells was not affected
y 5 mg/ml AT-1002 (Fig. 6), the concentration used in the other

ell-based assays described here. AT-1002 did reduce cell viability
fter 24 h at concentrations of 2.5 mg/ml and higher. However, the
ells remained viable after 24 h if the cells were washed after expo-
ure to AT-1002 for 3 h indicating that AT-1002 did not irreversibly
amage cells.

F
c
1
t
t

lter supports were treated apically with AT-1002 or a scrambled version of AT-1002
LY for another 1 h and permeability was measured as described in Section 2. Data

.6. Reversibility assays

Next we tested the reversibility of AT-1002 induced decrease in
EER of a Caco-2 monolayer. In this experiment, Caco-2 monolayers
ere left untreated or treated with 5 mg/ml AT-1002 for 15, 45, and
0 min or for 24 h. All the monolayers except the 24 h time point
ere allowed to recover in the absence of AT-1002. By 60 min TEER
ropped to 25% of control values in all groups (Fig. 7A). TEER val-
es started to recover within 2 h in the monolayers that had been
xposed to AT-1002 for 15, 45 and 60 min and recovery was com-
lete between 6 and 23 h after removal of AT-1002. The kinetics of
EER recovery depended on the duration of exposure to AT-1002.
pecifically, cells that were exposed to AT-1002 for 15 min recov-
red earlier and the recovered TEER values were higher than those
or monolayers that were exposed to AT-1002 for 30, 45 or 60 min.
he monolayers that were exposed to AT-1002 for 24 h had recov-
red TEER only slightly by the end of the incubation. This could
e due to decrease in cell viability after a 24 h incubation with AT-
002 (Fig. 6). However, it is known that in vivo AT-1002 does not
ersist in its original/intact form for longer than 60 min (Li et al.,
008). In addition, in an intravenous push study in rats no signs of
oxicity were observed at up to 50 mg/kg of AT-1002 (unpublished
bservations).

We also examined the reversibility of AT-1002 induced increase
ig. 6. Effect of AT-1002 on Caco-2 cell viability. Caco-2 cells grown in 96-well tissue
ulture plates were treated with a range of concentrations from 0 to 5 mg/ml of AT-
002 for 3 or 24 h or washed after exposure to AT-1002 for 3 h. After the indicated
imes cell viability was determined by measuring the levels of ATP in the cells using
he Cell titer-Glo assay kit. Values are mean ± S.D.
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Fig. 7. Reversible nature of the activity of AT-1002. (A) Caco-2 cells grown on filter supports were treated apically with or without AT-1002 at a concentration of 5 mg/ml in
HBSS. The AT-1002 was either replaced by HBSS after 15, 30, 45 and 60 min or not removed at all. The TEER readings were monitored using an Ohm meter at the indicated time
points. The arrows indicate the 15, 45 and 60 min agonist removal times. Data are representative of two independent experiments. (B) Caco-2 cells grown on filter supports
w AT-1002. ZO-1 was immunoprecipitated from treated and untreated cells, separated by gel
e ainst phosphotyrosine or ZO-1. Data are representative of two independent experiments.
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Fig. 8. Effect of doses of AT-1002 (�g) on pulmonary absorption of sCT following
liquid instillation of both AT-1002 and salmon calcitonin (sCT). Rats were instilled
with saline or saline with 0, 300, or 1000 �g AT-1002 (n = 6) together with 10 �g
sCT. Blood samples (200 �l) were collected and placed into EDTA coated tubes prior
t
w
A

o
(

T
S
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1

C

ere treated with AT-1002 for 30 min and allowed to recover for 2 h in the absence of
lectrophoresis, transferred to nitrocellulose and immunoblotted with antibodies ag

r without recovery, and immunoprecipitates were analyzed for
hosphotyrosine by immunoblotting. AT-1002 caused an increase

n ZO-1 tyrosine phosphorylation within 30 min (Fig. 7B). When
ells were allowed to recover for 2 h in the absence of AT-1002,
yrosine phosphorylation levels of ZO-1 returned to control levels,
ndicating that the AT-1002 induced increase in ZO-1 phosphory-
ation was reversible.

.7. In vivo activities

It was of great interest to determine if the in vitro effects of
T-1002 described above could be translated into in vivo effects.
reviously it has been shown that AT-1002 was able to increase
he delivery of payloads administered into the gastrointestinal sys-
em in vivo (Motlekar et al., 2006; Song et al., 2008a, 2008b).
ere we wanted to determine if AT-1002 could enhance deliv-
ry of payloads applied to the airway epithelia. Thus, we tested
hether AT-1002 could increase the systemic exposure of salmon

alcitonin (sCT), which by itself has very low bioavailability. Intra-
racheal instillation of 10 �g of sCT with increasing amounts of
T-1002 into rats resulted in increased pulmonary absorption and
igher systemic concentrations of sCT in the treatment groups with
he highest amount of AT-1002 (Fig. 8). When sCT was adminis-

ered 2 h after the AT-1002 administration, no enhanced absorption
as observed indicating that the effect of AT-1002 was transient

data not shown). No differences were observed among pharma-
okinetic parameters below a delivered dose of 300 �g of AT-1002
data not shown). The sCT AUC0–240 min was significantly increased

1
i
s
w
c

able 2
ummary of pharmacokinetic parameters of co-administration of AT-1002 with salmon c

ose delivered AT-1002 (�g/ml) n Cmax (pg/ml) (±S.D.) Tm

0 4 1977 ± 952 9
300 5 2107 ± 729 6
000 6 4538 ± 1390 13

max, Tmax, AUC0–240 min, and relative % of AUC to control for sCT are shown.
o dosing and at 2.5, 5, 10, 15, 30, 60, 120 and 240 min following dosing. Plasma
as harvested and stored at ≤−70 ◦C until assayed for sCT by ELISA. Cmax, Tmax,
UC0–240 min, and relative % of AUC to control are reported. Values are mean ± S.D.

ver the control group (0 �g dose) at 300 and 1000 �g of AT-1002
Table 2). Co-administration of sCT with 300 and 1000 �g of AT-

002 resulted in a 1.6-fold (161.8%) and 5.2-fold (522.5%) increase
n AUC over the control group, respectively. Cmax, which is a mea-
ure of the highest concentration achieved, was also 2.3-fold higher
hen 1000 �g of AT-1002 was co-administered with sCT relative to

ontrol.

alcitonin (sCT)

ax (min) (±S.D.) AUC0–240 min (±S.D.) Relative % AUC of control

± 5 55937 ± 27652 100
± 3 90507 ± 22874 161.8
± 10 292271 ± 67313 522.5
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Fig. 9. A model for AT-1002-induced actin rearrangement and TJ disassembly.
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. Discussion

Barrier function is a new target for drug development, drug
elivery, and adjuvant development. Although the efforts to
evelop TJ modulators have not resulted in marketed agents to date,
e are continuing to develop TJ opening molecules because of the
rogress in the understanding of TJ biology and the demonstra-
ion that TJs can be opened in a reversible and non-toxic manner.
he discovery of ZOT protein from V. cholerae has allowed us to
xplore TJs as a drug development target. Early work showed that
OT opened tight junctions transiently and reversibly (Karyekar
t al., 2003). To avoid the technical hurdles of developing a com-
lex protein as a drug to open TJs we are working with AT-1002,
peptide representing the first 6 amino acids of the active frag-
ent of ZOT. This peptide retains the TJ opening properties of

he parent molecule. In this paper we examined the effects of
T-1002 on epithelial cells to gain insight into the mechanism of
T-1002-induced TJ disassembly. We confirmed results from previ-
us studies that AT-1002 caused a decrease in TEER and an increase
n LY permeability across Caco-2 cell monolayers (Motlekar et al.,
006).

In this study we show that AT-1002-induced tight junction
pening was accompanied by a reduced junctional distribution of
O-1 in Caco-2 cells. This effect of AT-1002 is specific as demon-
trated by the inactivity of scrambled hexapeptides tested at the
ame concentration. Changes in phosphorylation of TJ proteins have
een implicated in the regulation of TJ function (Staddon et al.,
995; Takeda and Tsukita, 1995). Indeed, AT-1002-induced ZO-1
edistribution was accompanied by increased tyrosine phosphory-
ation of ZO-1. It is noteworthy that the AT-1002 induced increase in
O-1 tyrosine phosphorylation was also reversible. Rao et al. (2002)
ave previously reported an increase in tyrosine phosphorylation of
O-1 and occludin in TJ disassembly due to oxidative stress, which
as shown to be mediated by src kinase (Basuroy et al., 2003). In

his study we found that AT-1002 activated src kinase in Caco-2
ells. Our results also show that AT-1002 activated the MAP kinase
ignaling pathway. MAP kinase activation is involved in opening of
Js in response to a variety of stimuli including alcohol, oxidative
tress and cytokines (reviewed in Gonzalez-Mariscal et al., 2008). In
ddition to tyrosine phophorylation, AT-1002 may also affect ser-
ne/threonine phosphorylation of ZO-1 because the effect of ZOT
n TJs has been shown to be mediated by protein kinase C (Fasano
t al., 1995).

In addition to effects on TJs, AT-1002 also caused rearrange-
ent of actin stress fibers in Caco-2 and IEC6 cells. Interestingly,

ctivation of src and MAP kinases has also been shown to cause
ctin rearrangement (Barros and Marshall, 2005; Brandt et al.,
002; Pichon et al., 2004; Rennefahrt et al., 2002). TJ structure
nd function are regulated by the perijunctional actomyosin ring
reviewed in Turner, 2000). TJs interface not only with the per-
junctional actin ring, but also with stress fibers that emanate
rom this actin ring. Stress fibers have been shown to be involved
n regulation of TJ assembly and function (Rajasekaran et al.,
001). AT-1002-induced stress fiber disassembly was accompa-
ied by actin bundling at the cell periphery in IEC6 cells, but
ot in Caco-2 cells. However, increased TJ permeability in the
bsence of any change in the perijunctional actin ring is not
nprecedented. In retinal pigment epithelial cells inhibition of
a-K-ATPase increased TJ permeability without altering the cir-
umferential actin ring (Rajasekaran et al., 2003). Interestingly, in

hese cells increased permeability was associated with reduced
ctin stress fibers. Disassembly of actin stress fibers and an increase
n TJ permeability in response to AT-1002 suggest the possibility
hat AT-1002 may inhibit Na-K-ATPase and Rho-GTPase in Caco-2
ells.

c
i
H
l
d

T-1002 induces actin rearrangement and TJ permeability by causing F-actin disas-
embly, pMLC redistribution, tyrosine phosphorylation and redistribution of ZO-1.
hese effects may be mediated by AT-1002-induced src and MAP kinase pathways
indicated by broken arrows).

The biological effects of AT-1002 described above are depicted
n the form of a model in Fig. 9. Experiments are in progress to
nderstand how AT-1002 activates src and MAPK to affect the
ytoskeleton and the levels of ZO-1 phosphorylation and redistribu-
ion. Other experiments are underway to bridge the gaps between
rc, MAPK and the changes to the cytoskeleton and ZO-1. Fur-
hermore, we have identified candidate receptors for AT-1002 and
xperiments are underway to more fully characterize the signaling
athways that participate in AT-1002-induced disassembly of TJs
Somerville et al., in preparation).

The requirement for a high concentration of AT-1002 in this
tudy is in contrast to a previous report (Motlekar et al., 2006).
his group has reported a 2.1-fold enhanced permeability of 3H-
rdeparin in Caco-2 cells using a lower concentration (0.25 mg/ml)
f AT-1002. This discrepancy can be explained by the difference in
he method employed for permeability measurement (radioactive
s fluorimetric). In addition, the Caco-2 cell clone used, its state
f differentiation and relative TEER at the time of measurements
iffer significantly. We selected a concentration of 5 mg/ml for our
ssays because it gave us the most robust, reliable and reproducible
ermeability enhancement, as well as the best effect on functional
ssays without being cytotoxic. Additionally, two scrambled ver-
ions of AT-1002 and two other unrelated 6-mer peptides did not
nhance the permeability of Caco-2 cells, confirming that the per-
eability enhancement caused by 5 mg/ml of AT-1002 was not due

o non-specific effects.
Drug absorption is thought to occur predominantly via passive

ranscellular and paracellular transport mechanisms (Behrens et al.,
001). Lipophilic drugs are transported primarily by the transcel-

ular route and by means of transporters such as channels, pumps
nd carriers on the plasma membrane. However, the paracellular
oute is usually the main route of absorption for hydrophilic drugs
proteins, peptides, etc.). Here we confirm that AT-1002, a small
eptide derived from ZOT, causes opening of the TJs of a Caco-2 cell
onolayer (Motlekar et al., 2006; Song et al., 2008a) and show that

his effect is reversible. Additional experiments showed that co-
dministration of AT-1002 with salmon calcitonin intratracheally
ncreased the systemic exposure of salmon calcitonin by up to 5.2-
old suggesting that we can use AT-1002 to deliver antigens and
ther payloads systemically. In fact, previous studies have shown
hat AT-1002 enhances the delivery of small molecules (Motlekar
t al., 2006; Song et al., 2008a, 2008b). Another study showed that
eptides from the extracellular loops of the TJ protein occludin

ould be used for TJ modulation (Tavelin et al., 2003) by increas-
ng the permeability of the TJs without causing short-term toxicity.
owever, these peptides had an effect only when added to the baso-

ateral side of the monolayer. Agents that enhance drug or antigen
elivery have to be applied to the apical side of epithelial surfaces
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o be useful. Here we show that AT-1002 is such an agent and thus
epresents a prototype of a new class of TJ modulators.

Two main applications of TJ-opening molecules such as AT-1002
an be envisioned: classical drug delivery and antigen delivery for
accination. Recently, a peptide from the capsid of rotaviruses was
hown to facilitate insulin uptake in rats (Nava et al., 2004). Other
J-modulating (TJM) peptides and peptide YY (PYY) improved drug
ransfer across epithelial tissues (Chen et al., 2006; Gonzalez-

ariscal and Nava, 2005). Therefore, compounds that enable
fficient, non-toxic and non-invasive drug delivery would revolu-
ionize the treatment of multiple diseases. Thus, a TJ-modulating
eptide such as AT-1002 represents a promising advancement in
ucosal drug delivery.
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