1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Control Release. Author manuscript; available in PMC 2019 October 28.

-, HHS Public Access
«

Published in final edited form as:
J Control Release. 2018 October 28; 288: 111-125. doi:10.1016/j.jconrel.2018.09.003.

An Intestinal Paracellular Pathway Biased Toward Positively-
Charged Macromolecules

Khaled Almansour?, Alistair Taverner?, Jerrold R. Turner?, lan M. Eggleston?, and Randall
J. Mrsny?2
aDepartment of Pharmacy and Pharmacology, University of Bath, Bath BA2 7AY, UK

bDepartment of Pathology, Brigham and Women’s Hospital and Harvard Medical School, Boston,
MA 02115

Abstract

Lacking an effective mechanism to safely and consistently enhance macromolecular uptake across
the intestinal epithelium, prospects for successful development of oral therapeutic peptide drugs
remain unlikely. We previously addressed this challenge by identifying an endogenous mechanism
that controls intestinal paracellular permeability that can be activated by a peptide, termed PIP
640, which can increase cellular levels of phosphorylated myosin light chain at position S1°
(MLC-pS19). Apical application /n vitro or luminal application /n vivowas shown to increase
macromolecular solute transport within minutes that recovered completely within a few hours after
removal. We now examine the nature of PIP 640-mediated permeability changes. Confluent
Caco-2 cell monolayers treated with PIP 640 enhanced apicalto-basolateral (AB) transport of 4-
kDa, but not 10-kDa, dextran. Expression and/or cellular distribution changes of tight junction
(TJ) proteins were restricted to increased claudin-2 over a time course that correlated with an
apparent shift in its distribution from the nucleus to the membrane fraction of the cell. PIP 640-
mediated epithelial changes were distinct from the combined actions of the pro-inflammatory
cytokines tumor necrosis factor alpha (TNF-a) and interferon gamma (IFN-y). While TNF-a./
IFN-y treatment also increased MLC-pS?? levels, these cytokines enhanced AB transport for 70-
kDa dextran and decreased occludin expression at TJs. Claudin-2-dependent changes induced by
PIP 640 resulted in an AB transport bias for positively-charged macromolecules demonstrated /in
vitro using charge variants of 4-kDa dextrans and by comparing transport of salmon calcitonin to
exenatide. Comparable outcomes of increased TJ localization of claudin-2 and enhanced transport
of these therapeutic peptides that biased toward cationic characteristics was demonstrated /n vivo
following after intraluminal injection into rat jejunum. Together, these data have shown a potential
mechanism for PIP 640 to enhance paracellular permeability of solutes in the size range of small
therapeutic peptides that is biased toward positively-charged solutes.
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Introduction

Intestinal epithelial cells are organized into distinct apical and basolateral compartments that
are maintained by the apical junctional complex (AJC) [1]. The AJC consists of tight
junction (TJ), adherens junction, and desmosomes, which work together to establish a close
approximation of adjacent cell membranes at the apical neck of neighboring epithelial cells
[2]. The TJ is a protein complex that segregates apical from basolateral plasma membrane
lipid domains in each epithelial cell and restricts the movement of water, solutes, and ions
through the space between adjacent epithelial cells; the so-called paracellular route [3]. A
plethora of strategies have been tested with the goal of decreasing intestinal TJ barrier
function to facilitate the paracellular uptake of orally administered therapeutic peptides [4].
Most of these approaches have been identified through empirical testing using /n vitro cell
models, followed by /n vivo studies in rodents; formulations are commonly composed of
dietary components or materials that are generally regarded as safe or deemed sufficiently
safe for chronic administration [5]. While some of these approaches have reached clinical
testing, their promising actions observed in rodents have failed to translate into effective
actions in man, with <1% bioavailability and great variability typically being observed [6].

Many of these previous approaches to enhance paracellular permeability have lacked a clear
mechanism of actions (MoA), even those that have been translated to clinical testing [7].
This lack of MoA limits the ability to effectively translate these approaches from pre-clinical
to clinical testing to achieve safe and efficacious outcomes. A number of studies have
recently provided MoA information for several of these enhancing approaches. For example,
sodium caprate has been shown to destabilize and solubilize cell membranes, resulting in
ATP depletion and cytoskeletal contraction through increased phosphorylation of myosin
light chain (MLC), enhancing both transcellular and paracellular transport pathways across
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intestinal epithelia [8]. It was also found that sodium caprate decreases tricellulin at
tricellular TJ structures and claudin-5 at bicellular structures, with the greater impact on
enhancing paracellular permeability occurring at tricellular locations [9]. Other strategies
have examined how certain pathogens can down-regulate bicellular TJ proteins such as
occludin and claudins to disrupt the function of the paracellular barrier, with some
attempting to recreate the actions of specific toxins secreted by certain pathogens to disrupt
intestinal barrier function [10]. A recent example of this approach involves using an angulin
binding fragment from the Clostridium perfringens iota-toxin, which causes the loss of
angulin and tricellulin proteins from tricellular TJ structures [11]. By defining a specific
MoA, one can directly probe safety and efficacy issues of promising approaches designed to
enhance paracellular permeability that might limit their clinical utility due to possible
pathophysiological outcomes through their chronic use.

As noted above, bacterial toxins and membrane disorganizing agents can result in the
removal of critical proteins from TJ structures similar to inflammatory pathway activation,
where recovery to homeostasis requires nascent protein biosynthesis and TJ integration [12,
13]. We have searched for a mechanism that might function on a faster dynamic scale and
uses an endogenous pathway to modulated the paracellular properties of the intestinal
mucosae. Specifically, we have explored the potential pharmaceutical application of a
pathway activated by supra-physiological concentrations of nutrients in the intestinal lumen
to transiently increase TJ permeability of peptides and polysaccharides [14]. This rapid and
transient alteration of TJ permeability has been proposed as a physiological strategy that
provides a secondary uptake route for nutrient uptake that complements continuous
processes performed by transporters for essential amino acids and glucose present in at the
apical membrane of enterocytes [15, 16]. Similar to that observed for studies with sodium
caprate, the mechanism by which Na*-nutrient cotransport enhances TJ permeability
involves increased MLC phosphorylation [17, 18]. We have described a peptide, termed PIP
640, that can transiently increase myosin light chain phosphorylation at serine 19 (MLC-
pS19) to stimulate a TJassociated actomyosin filament contraction to recreate the actions of
supra-physiological concentrations of nutrients that acts to dynamically diminish barrier
function [19]. Most recently, we have performed positional assessment of amino acid
requirements within the PIP 640 sequence to better define its capability to enter intestinal
epithelial cells, localize to TJ structures, and interact with MLC phosphatase elements in
order to further validate its anticipated MoA [20].

The current studies have examined TJ structure/function changes associated with PIP 640
treatment and evaluated size limitations of macromolecular solute uptake associated with
these changes viathe paracellular route assessed /n vitroand in vivo. These studies show no
significant decreases in TJ protein elements, like those observed for sodium caprate or the
Clostridium perfringens iota-toxin. Oppositely, PIP 640 increased cellular levels of only one
TJ protein: claudin-2. Increased levels of claudin-2 have been correlated with paracellular
permeability changes that result in a bias toward cations [21]. Treatment with PIP 640
resulted in a similar charge bias, but which discriminated macromolecules in the size range
of therapeutic peptides. Importantly, the time course of claudin-2 changes correlated with
increased MLC-pS?® levels /n vitroand in vivo. Changes induced by PIP 640 treatment
rapidly recovered, consistent with the idea that this approach mimics the highly dynamic
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changes associated with supra-physiological concentrations of nutrients in the intestinal
lumen [14]. In sum, these data provide a deeper understanding of the PIP 640 MoA and how
this agent might be used to transiently enhance the uptake of therapeutic peptides through a
process that involves an endogenous pathway where specific physicochemical properties of
the transporting solute can affect its movement through the paracellular route.

Materials and Methods

Peptide synthesis

PIP peptides were synthesized as described previously using an automated Symphony
Quartet peptide synthesizer (Gyros Protein Technologies, USA) with Fmoc-protected D-
amino acids on Rink amide MBHA resin (0.6 mmol/g loading) (Novabiochem, UK) [20].
First amino acid loading onto the resin was performed manually with N,N’-
diisopropylcarbodiimide and 1hydroxybenzotriazole as coupling agents in the presence of
diisopropylethylamine (DIEA) (Sigma-Aldrich, UK), with assembly of the remaining amino
acids being performed automatically by the peptide synthesizer using (benzotriazol-1-
yloxy)-tripyrrolidinophosphonium hexafluorophosphate (Novabiochem, UK) as the coupling
reagent with DIEA. Crude peptides were cleaved and characterized using the same reagents
and conditions described previously (Taverner, 2015).

Cell Culture and pro-inflammatory cytokines treatments

Caco-2BBe cell line was used to perform all /n vitro cell-based studies. Cells were
maintained as described previously using DMEM medium supplemented with 10% of FBS
(Fisher Scientific, UK) and 1% of an antibiotic mixture containing penicillin (100 unit/mL)
and streptomycin (100 pg/mL) (Sigma-Aldrich, UK), being cultured on 1.2 cm? (0.4 pm
pore size) polyester membranes of 12-well Transwell® plates (Sigma-Aldrich, UK) at a cell
density of 7 x 10%/well at 37°C to reach polarization to achieve a trans-epithelial electrical
resistance (TEER) value of > ~350 Q-cm? that typically occurred in ~2 weeks [20]. A stable
claudin-2 knock-down Caco-2 cell line (Caco-2-Cldn2~/~) and control cells were maintained
and used in polarized formats as described [21]. Induction of TJ barrier loss by basolateral
treatment of Caco-2 monolayers with 10 ng/mL IFN-y overnight prior to addition of 5
ng/mL TNF-a for 4 h (Fisher Scientific, UK) was performed as described [22]. PIP peptides
were applied on the apical compartments of cell monolayers as described in [20].

Immunoblotting analysis

Total lysates of cell monolayers and rat intestinal tissues were prepared as described
previously [19, 20]. Nuclear and membrane fractions of cell monolayers were collected
using a commercial kit (Thermo Scientific, UK). Collected total/subcellular materials were
diluted with electrophoresis sample buffer in a 1:1 ratio and separated by SDS-PAGE prior
to transfer onto PDVF membrane and antibody probing [20]. Proteins of interest were
probed using primary antibodies against claudin-1, claudin-2, claudin-3, claudin-4, claudin
7, claudin-8, occludin, total MLC (Abcam, UK), actin, cludin-15, claudin-5, MARVELD3
(Santa Cruz Biotech, UK), tricellulin, ZO-1 (Invitrogen, UK), and phospho-MLC (Ser19)
(Cell Signaling Technologies, UK). Proteins were detected using LI-COR antibodies, as
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described previously [20]. Images were collected using the Odyssey CLX imager (LI-COR,
UK) and analyzed using the Image Studio Lite software, version 5.2.

Immunofluorescence staining

Cell monolayers were washed thrice with 500 puL of HBSS after PIP peptides treatments,
then washed once with the same volume of ice-cold MeOH prior to being fixed by placing in
precooled MeOH at —20°C for 1 h. Cell monolayers were then re-hydrated by incubation in
phosphate buffer saline (PBS) for 15 min at room temperature (RT) before being blocked
with 10% (v/v) FBS in PBS for 1 h at RT. Monolayers were then washed thrice with PBS
that followed by a 1 h incubation at RT with secondary antibodies-conjugated to Alexa
Fluor® 546 or Alexa Fluor® 488 (Invitrogen, UK). Cell monolayer were then washed thrice
with PBS and mounted on microscope slides, as described previously [20]. Rat intestinal
tissues, exposed to PIP 640 via intraluminal injections (ILI) into rat mid-jejunum, were
isolated as described previously [19]. Tissues were fixed with 4 % paraformaldehyde,
embedded in paraffin, and allowed to set at 4°C overnight. Paraffin-embedded tissues were
sectioned to obtain 5 pum slices that were placed onto glass slides. Tissues were then
immune-stained with fluorescent antibodies, described above. Images were collected using a
Zeiss LSM 510 confocal microscopy.

Analysis of epithelial barrier function in vitro

Epithelial barrier property changes /n vitro were evaluated by monitoring trans-epithelial
electrical resistance (TEER) and measuring transport of 4 kDa fluorescein isothiocyanate
(FITC)-dextran, 10 kDa FITC-dextran, 70 kDa tetramethylrhodamine isothiocyanate
(TRITC)dextran (Sigma-Aldrich, UK), salmon calcitonin (Novabiochem, UK) and exenatide
(Tocris Bioscience, UK) over 1 h from the apical to basal compartment of Transwell® plates
with polarized Caco-2 cell monolayers [20]. Apical to basolateral permeability of dextran
having different net charge was performed using positively-charged FITC-
diethylaminoethyl-dextran (FITC-DEAE-dextran) or negatively-charged FITC-
carboxymethyl-dextran (FITC-CM-dextran) with comparison to neutral TRITC-dextran
(Sigma-Aldrich, UK), all having an average molecular weight of 4 kDa and prepared at a
stock working concentration of 1 mg/mL. The apical concentration of salmon calcitonin and
exenatide used was 5 pg/mL and contained 20 pg/mL of soybean trypsin inhibitor (SBTI).
Samples of salmon calcitonin and exenatide collected from the basal compartment were
analysed using an EIA Kit (Phoenix Pharmaceuticals, US) or an ELISA kit (2B Scientific
Ltd, UK), respectively.

Assessment of enhanced permeability in vivo

All experiments were performed in accordance with the U.K. Animals (Scientific
Procedures) Act of 1986, the European Communities Council Directive of 1986 (86/609/
EEC), and the University of Bath’s ethical review procedures. Rats were anesthetized and
their abdominal cavity accessed via a midline surgical incision to allow ILI and blood
sample collection from the portal vein [19]. ILIs (50 pL) were performed for solutions
containing either salmon calcitonin (Novabiochem, UK) or exenatide (Tocris Bioscience,
UK) (0.5 mg) with or without 20 mM PIP 640; in all cases, 1.5 mg/mL SBTI (Sigma-
Aldrich, UK) was included help stabilize the therapeutic peptide. Blood samples (100 pL)
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were collected at set time points from the portal vein and placed into Eppendorf tubes
containing 50 mM of EDTA (Fisher Scientific, UK) and 0.6 IU/mL aprotinin (Sigma-
Aldrich, UK) to prevent blood coagulation and protein degradation, respectively. In all cases,
1.5 mg/mL soybean trypsin inhibitor (SBTI) (SigmaAldrich, UK) was included to help
stabilize the therapeutic peptide. Blood samples were then centrifuged at 1,600 x g for 15
min at 4°C and the isolated plasma was stored at —80°C until use. Salmon calcitonin content
in plasma samples was measured using an EIA Kit (Phoenix Pharmaceuticals, US), while
exenatide was measured by ELISA (2B Scientific Ltd, UK). The same plasma samples were
also examined for endotoxin levels using a semi-quantitative E-Toxate™ Limulus
amebocyte lysate (LAL) assay kit (Sigma-Aldrich, UK). Hydrodynamic radii of peptides
were calculated using the following relationship

1

3MW|3

RH = 4 npN

where RH in (cm), MW in (g/mol), p is the average density of a hydrated protein (0.99 g/
cm3), N is Avogadro’s number (6.02x1023/mol), which assumes a spherical peptide shape in
solution [23].

Data Analysis

Results

All data are represented as means + SEM of independent experiments. A two-tailed unpaired
t-test was used for comparison between two groups. Potential differences between treatment
groups were examined using one-way ANOVA; Tukey’s multiple comparison was used to
test for experiments involving three or more treatments. All statistical analysis was
performed using GraphPad Prism® software version 7. Pharmacokinetic (PK) analysis was
performed using Microsoft Excel add-in program, PK solver version 2.0 [24].

PIP 640 selectively increases total level of claudin-2 and its distribution at TJ structures

Redistribution of TAMP protein family members (e.g. occludin, tricellulin, marvelD3) and
the scaffolding protein ZO-1 are frequently associated with TJ modifications that result in
increased large solute permeability across the intestinal epithelium [9, 25-27]. Therefore, we
first examined the effect of a 60-min apical application of 1 mM PIP 640 on TAMPs and the
associated scaffold protein ZO-1 using Caco-2 cell monolayers /n vitro (Figs. 1A and B).
Immunoblot analysis showed no significant changes in whole cell lysates levels of occludin,
tricellulin, marvelD3, and ZO-1 in association with increase in MLC-pS1? induced by PIP
640. Further, apical PIP 640 treatment of confluent Caco-2 monolayers failed to demonstrate
any striking changes to the cellular distribution of these TAMPs and ZO-1 proteins as
assessed by immunofluorescent microscopy (Fig. 1C).

Although some claudins are recognised as paracellular ion channels [28], increases in
macromolecular permeability across TJ barriers have also been associated with changes in
expression or distribution of distinct claudin family members in health and disease [29, 30].
Therefore, we tested the hypothesis that the permeability enhancement induced by PIP 640
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could be associated with changes in a specific set of claudins known to be expressed by
intestinal epithelial cells [31, 32]. Polarized Caco-2 monolayers were exposed /n vitroto a
60min apical treatment of 1 mM PIP 640. Of the claudins examined (claudin-1, -2, -3, -4,
-5, =7, -8 and —-15), only the claudin-2 displayed altered expression that coincided with
increased MLCpS?9 in response to PIP 640 (Figs. 2A and B). Importantly, claudin-2 levels
were found to increase, suggesting an active process by these cells rather than a mechanism
to destabilze or down-regulate a TJ element to faciliate enhanced paracellular permeability.

Immunoflourescence microscopy studies was performed to provide a more refined
perspective of changes occurring to TJ-associated claudin proteins in response to PIP 640
(Fig. 3). A mixture of plasma membrane-associated and varying degrees of cytoplasmic
distribution for claudin-1, -2, —4, and -7 was observed in untreated, polarized Caco-2
monolayers /n vitro. After a 60-min apical application of 1 mM PIP 640, a greater intensity
of cytoplasmic as well as plasma membrane immunostaining for claudin-2 was observed. No
striking differences were observed in the intracellular or TJ distributions of claudin-1, -4
and -7 between the treated and untreated Caco-2 cell monolayers with the same
concentration of the PIP 640 after 60 min. The observed increase in total claudin-2 cell
levels demonstrated by Western blot analysis (Fig. 2) correlated with the increased levels of
claudin-2 at the plasma membrane, presumably integrated into functional TJ structures (Fig.
3).

It has been shown that claudin-2 removed from TJ structures can be rapidly targeted to
lysosomal degradation [33, 34]. Thus, it is possible that the relatively rapid (< 60 min)
increase in total claudin-2 protein levels induced PIP 640 treatment may have been due, at
least in part, to recruitment from cellular sites and/or stabilization via retention at TJ
structures. We tested this hypothesis by examining the distribution of claudin-2 in polarized
Caco-2 cell monolayers in vitro following a 60-min apical exposure to 1 mM PIP 640; the
distribution of claudin-2 protein shifted from the nuclear fraction to the membrane fraction
while occludin, a TJ protein that can co-localize with claudin-2 [35], did not undergo this
same shift in response to PIP 640 during this time frame (Figs. 4). Together, these data are
consistent with the hypothesis that PIP 640 actions facilitate the selective increase cellular
claudin-2 levels, potentially through enhanced stability at TJs due to a shift in cellular pools
toward the plasma membrane.

PIP 640 stimulates correlated increases in claudin-2 and MLC-pS1? levels

To better examine the potential relationship between increased claudin-2 levels at the plasma
membrane and MLC-pS2? levels in response to 1 mM PIP 640, a time course study was
performed that monitored these two parameters in correlation with Caco-2 cell monolayer
trans-epithelial electrical resistance (TEER) values. Statistically-significant TEER reduction
was detectable by 10 min after apical addition of PIP 640 with the effect becoming more
pronounced over time and recovering fully following a washout after 60 min of exposure
(Fig. 5A). This recovery would not be expected if, rather than regulating intercellular
junctions, PIP 640 caused cell damage. Thus, the effects were not due to some type of
intoxication mechanism. Further, this time course of response to and recovery from PIP 640
actions on Caco-2 monolayers /n vitro was consistent with previous studies [19, 20]. Total
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cellular levels of claudin-2 and MLC-pS19 levels examined over this time course of PIP 640
actions and recovery demonstrated that both claudin-2 and MLC-pS?® levels increase in a
manner that coincided with rapid actions observed on TEER reduction (Figs. 5B and C). Of
note, the time course for a detectable increase in total cell claudin-2 levels lagged slightly
behind the more rapid increase in MLC-pS29 levels, consistent with a phosphorylation event
or events that precede an increase in total cellular claudin-2 (Fig. 5C).

A time-course assessment of cellular claudin-2 distribution in Caco-2 monolayers in vitro
after exposure to PIP 640 using immunofluorescence microscopy was performed to
determine if the increase in claudin-2 levels detected by immunoblotting correlated with
increased claudin-2 at the plasma membrane. Plasma membrane localization of claudin-2
increased over this time course in a manner consistent the findings showing a reduction in
monolayer TEER and increases in total cellular levels of MLC-pS!® and claudin-2 levels
(Fig. 6). This rapid onset of changes in the intracellular organization of claudin-2 and an
increase in plasma membrane localization suggests claudin-2 redistribution from an
intracellular pool to TJ structures in response to PIP 640 treatment rather than new protein.
Removal of PIP 640 from Caco-2 monolayers after 60 min of apical treatment followed by
overnight incubation with fresh medium led to complete recovery of claudin-2 distribution

(Fig. 6).

To verify that the increase in claudin-2 at the plasma membrane (presumably at TJ
structures) is a function of modulating MLC phosphatase (MLCP) activity by PIP 640, the
actions of a PIP peptide mutant was examined. PIP 644 (sequence: rrrykvevrr-NH,), where a
single amino acid change in the PIP 640 sequence (highlighted in red), induces MLC-pS®
via an association with protein phosphatase 1 (PP1) instead of the MLCP complex, which
composed of myosin phosphatase targeting subunit 1(MYPT1) and PP1, to produce a
pronounced reduction of TJ barrier function that is not specific to MLCP [20]. Both PIP 640
and PIP 644 have been shown to increase MLC-pS19 levels and enhance paracellular
permeability properties of Caco-2 monolayers in vitro [20]. Caco-2 monolayers treated with
1 mM PIP 640 or PIP 644 and examined after 10- and 60-min showed that while treatment
with either peptide increased MLC-pS1? levels, only PIP 640 increased claudin-2 levels
(Figs. 7A and B). Examination of total cellular occludin content in Caco-2 cell monolayers
treated with 1 mM PIP 640 or PIP 644 and examined after 60 min showed that both peptides
increased MLC-pS? levels, but neither affected occludin levels (Figs. 7C and D).
Immunofluorescence microscopy demonstrated that a 60-min apical application of 1 mM
PIP 640 increased the distribution of claudin-2 at the plasma membrane of Caco-2 cells
without a striking effect on occludin, while PIP 644 had no effect on claudin-2 or occludin
plasma membrane levels (Fig. 7E).

PIP 640 actions are distinct from those of pro-inflammatory cytokines

Enhanced intestinal TJ permeability is commonly associated different intestinal
inflammatory disorders, such as inflammatory bowel diseases (IBD), and such changes have
been demonstrated to involve MLC-pS1® induction by prolonged activation of MLCK via
actions of pro-inflammatory cytokines such as tumor necrosis factor-a (TNF-a)) and
interferon-y (IFNvy) [12]. This process, in turn, results in rearrangement of TJ proteins, such
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as induction of occludin endocytosis and/or claudin-2 upregulation, which results in
increased TJ paracellular solute permeability properties that have been defined as the leak
pathway [13]. The data presented above indicate that cellular changes induced by PIP 640
were associated with increased levels of claudin-2, presumably at TJ structures, that
correlated with increased levels of MLC-pS?® levels similar to mechanisms demonstrated for
TJ barrier dysfunction associated with IBD [36]. Thus, we compared the enhanced
permeability properties resulting from PIP 640 to effects induced by pro-inflammatory
cytokines (TNF-a/IFN+y) under conditions that have been demonstrated to drive the leak
pathway associated with increased levels of MLC-pS1? levels and IBD-like conditions [37].
A decrease in TEER to ~70 % of the initial values occurred 60 min after an apical
application of 1 mM PIP 640 to polarized Caco-2 monolayers /n vitro (Fig. 8A), consistent
with other studies described in this report (Fig. 5). This was compared to the actions of basal
treatment with TNF-a/IFNy for 4h to model the induction of an inflammation process [37],
which resulted in a decrease in TEER to ~55 % of the initial values (Fig. 8A). While PIP
640 is designed to function following an apical application, the mechanism by which the
proinflammatory cytokines TNF-a and IFN-y act to modulate MLC phosphorylation is
through engagement of receptors expressed at the basal surface of intestinal epithelial cells
[22]. Both PIP 640 and TNF-a/IFNYy treatments induced MLC-pS??, but occludin down-
regulation was only observed following TNF-a/IFNy treatment (Fig. 8B).

We next compared the nature of the enhanced paracellular permeability associated with
apical PIP 640 treatment to that of basolateral treatment with TNF-a/IFNy by assessing AB
transport of fluorescently-labeled dextrans with average MWs of ~ 4-, 10-, and 70-kDa,
having hydrodynamic radii ~14, 23, and 60 A, respectively (Fig. 8C). TNF-a/IFNvy
enhanced the AB transport for all three dextrans in a manner inversely proportional to their
molecular weight, while PIP 640 treatment resulted in AB transport enhancement that was
restricted to the 4-kDa dextran (Fig. 8C). Thus, both occludin expression changes and size
restrictions with regard to the size of dextrans capable of AB transport were distinct in
Caco-2 monolayers /in vitro in response to basolateral TNF-a/IFN-y compared to apical PIP
640 treatments.

PIP 640 produces a positive charge-selective bias for macromolecular transport in vitro

At TJs, claudin-2 can establish an ion channel that is selectively permeable to cations and
water [35, 38, 39]. Since PIP 640 selectively increased claudin-2 levels at TJ structures and
also effected an increase in the permeability of 4-kDa dextran, we next asked whether PIP
640mediated TJ property changes that would be biased toward the paracellular transport of
positively charged macromolecules. To study this, TEER changes of Caco-2 cell monolayers
and AB transport of fluorescent dextrans with either an overall positive or overall negative
charge was compared to that of neutral dextran /n vitro. Using separate monolayers, 4-kDa
size forms of positively-charged diethylaminoethyl (DEAE)-dextran or negatively-charged
carboxymethyl (CM)-dextran were mixed with neutral 4 kDa dextran and applied apically to
Caco-2 monolayers treated with 1 mM of PIP 640 (Fig. 9). Two forms of dextran that could
be distinguished based on their covalent labeling with different fluorophores were tested in
each case to provide an internal control. After 60 min, the extent of AB dextran transport
was determined from media collected from the basal compartment. At that time, the apical
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media containing the dextrans being tested was replaced with fresh media and Caco-2 cell
monolayer TEER values were monitored over the next 5 h to ensure TJ function recovery
(Fig. 9A). Caco-2 monolayers treated with PIP 640 were more permeable to 4-kDa
positively-charged DEAE-dextran than neutral 4kDa dextran and PIP 640-mediated
paracellular permeability changes were comparable for 4kDa negatively-charged CM-
dextran and 4-kDa neutral dextran (Fig. 9B). These results suggest that there is a positive-
charge bias for the enhanced paracellular route induced by PIP 640 that is accessed by these
dextrans.

We next asked the question of whether claudin-2 could play a role in the positive-charge bias
observed for the enhanced permeability of 4-kDa dextran induced by PIP 640. To do this, we
used a Caco-2 cell line with a stable knock-down (KD) for claudin-2 and compared it to a
control Caco-2 cell line (CKD) in the same /n vitro format of polarized monolayers [21].
Claudin2 KD cells, and CKD cells, retained their capacity to respond to 1 mM PIP 640 with
increased levels of MLC-pS29 levels but in this case, there was no increase in claudin-2
levels, a response that was retained in CKD cells (Figs. 10A and B). Additionally, both KD
and CKD cells responded to 1 mM PIP 640 with comparable decreases in TEER values after
60 min of apical exposure (Fig. 10C). The response in the bias toward the AB transport of
positively-charged 4-kDa dextran relative to neutral or negatively-charged forms, however,
was lost in the claudin-2 KD cell monolayers while being retained in the claudin-2 CKD
cells (Fig. 10D). Thus, the selective AB transport of positively charged macromolecules
induced by 1 mM PIP 640 is dependent upon the perm-selective properties of claudin-2.

PIP 640 modulates claudin-2 in vivo

In order to assess the potential change of claudin-2 in response to PIP 640 /n vivo, studies
were performed where the peptide was administered to rat jejunum by intraluminal injection
(IL1). Intestinal tissues exposed to 20 mM PIP 640 for 40 min were collected and analyzed
by immunoblotting and immunofluorescence microscopy to monitor the amount and cellular
distribution of claudin-2. Previous studies have shown that, due to dynamic issues of dilution
and motility-induced distribution of the peptide, 20 mM PIP 640 /n vivo provided
pharmacological outcomes comparable to 1 mM Jn vitro studies for PIP 640 [19, 20]. In
agreement with /n vitro data, immunoblotting analysis detected an increase in claudin-2 that
was correlated with an enhancement to MLC-pS2? relative to total MLC levels in vivo (Figs.
11A and B). Expression levels and cellular distribution assessed by immunofluorescence
staining demonstrated that in un-treated (control) rat intestinal tissue, claudin-2, claudin-1,
and occludin all demonstrated a distribution that was greatest at the basal surface and basal
segment of lateral membranes domain of the plasma membrane (Fig. 11C). Rat jejunum
tissue examined 40 min after ILI of 20 mM PIP 640 showed no striking difference in the
distribution of claudin-1, and occludin, but claudin-2 protein was detected to a greater extent
in the apical domain of the lateral membrane of enterocytes (Fig. 11C). From this qualitative
assessment of claudin-2 localization, it was not possible to determine if the increased levels
of claudin-2 determined by biochemical analysis of rat jejunum in response 20 mM PIP 640
(Figs. 11A and B) reflected a greater level of claudin-2 at this apical domain of the lateral
membrane or other cellular regions.
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PIP 640 enhances in vivo uptake of therapeutic peptides with positive-charge bias

To examine the possibility that PIP 640 could produce a charge-preferential TJ permeability
change /n vivo, we planned to compare the potential for enhanced uptake of either salmon
calcitonin or Exenatide; these two therapeutic peptides have similar calculated
hydrodynamic radii of ~11 A, but differ in isoelectric point (pl) values. Since salmon
calcitonin has a pl of 9.3 while the pl of Exenatide is 4.9 [40, 41], their net charge at the
physiological pH of the rat jejunum lumen (~5.7-7.4) would be net positive and net
negative, respectively. An initial transport study with these two peptides across polarized
Caco-2 monolayers /n vitro was first performed to verify the potential for charge-selective
enhancement by PIP 640 (Figs. 12A and B). Similar to /n vitro transport studies examining
positive- and negative-charged dextrans relative to neutral dextran (Fig. 9B), salmon
calcitonin showed a greater enhancement of apical to basal permeability across Caco-2
monolayers induced by 1 mM PIP 640 compared to Exenatide.

These same peptides were then tested for their enhanced permeability resulting from ILI
injection with or without 20 mM PIP 640 as described previously [19]. In those previous
studies testing the ability of PIP 640 to enhance the paracellular permeability of insulin, 10
mM citric acid was co-administered as a way to improve the luminal stability of this peptide
therapeutic [42]. Since the presence of 10 mM citric acid could significantly alter the local
luminal pH at the site of ILI, potentially negating the goal of this study, 1.5 mg/mL soybean
trypsin inhibitor (SBTI) was used to improve the luminal stability of salmon calcitonin or
Exenatide instead of citric acid. The concentration of SBTI selected has been used to
increase the stability of therapeutic peptides without inducing significant permeability
enhancement [43]. Importantly, uptake of Exenatide or calcitonin (0.5 mg each) following
ILI was assessed in serum obtained from portal vein blood collections, and not tail vein in
order to eliminate the potential for unequal hepatic extraction.

ILI administration of PIP 640 Exenatide and salmon calcitonin in the presence of SBTI
resulted in a small fraction being absorbed and reaching the portal vein, with that fraction
being ~3-fold greater for Exenatide compared to salmon calcitonin (Table 1; Figs. 12C and
D). Similar ILI of these two therapeutic peptides with 20 mM PIP 640 resulted in a striking
enhancement of their permeability as demonstrated by portal vein time-concentrations
profiles (Table 1; Figs. 12C and D). We observed that the enhanced permeability of these
two therapeutic peptides induced by the co-administration of 20 mM PIP 640 were
comparable, with similar maximum plasma concentration (Cpax) at 40 min and calculated
area under the curve (AUC) values (Figs. 12C and D). Portal vein concentration-time
profiles suggested that salmon calcitonin concentration after 30 min of exposure were
slightly higher than that obtained for Exenatide, but the difference was not statistically
significant (Figs. 12C and D). For the purpose of testing the hypothesis posed for this
experiment, we observed that PIP 640-mediated enhanced uptake for salmon calcitonin
based upon AUC was ~10-fold relative to control, while PIP 640 enhancement of Exenatide
uptake had an increase in AUC value of ~5-fold in comparison to Exenatide alone (Table 1).
Although the complete pharmacokinetic (PK) parameters required to properly calculate
bioavailability were not available, the AUC values presented here suggest that PIP 640
enhanced the bioavailability of positively-charged salmon calcitonin more than that of
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negatively-charged Exenatide. This finding was consistent with the observed positive charge
bias for transport of these therapeutic peptides across Caco-2 cell monolayers /n vitro and
the enhanced detectable amount of claudin-2 in immunoblotting data /n vivo that induced by
PIP 640.

In order to verify that these changes to MLC-pS1® and claudin-2 did not result in extensive
paracellular permeability defects /n vivo, the extent of PIP 640-mediated increased in serum
endotoxin, i.e. lipopolysaccharide (LPS), was assessed. using a Limulus amebocyte lysate
(LAL) assay to semi-quantitatively detect endotoxin levels in blood plasma samples
collected from the portal vein (Supplementary Fig. 2). Based on this assay, endotoxin levels
following PIP 640 treatment were < 0.01 EU/mL, similar to that observed for untreated
(control) rats (Supplementary Figure 2).

Discussion

The intestinal epithelial barrier performs the critical task of protecting the body from
invasion by harmful agents or pathogens that might induce systemic disorders and/or local
inflammation to the intestine [2], while also selectively absorbing essential nutrients and
foodstuff required to support the energy requirements to sustain life. The present studies
have examined the nature of how that barrier can be transiently modified to provide a
paracellular pathway to improve the oral bioavailability of peptide therapeutics opportunity.
Previous studies have identified and characterized PIP 640, a peptide designed to inhibit
MLCP as a way to increase cellular levels of MLC-pS?? and transiently increase the
paracellular permeability of intestinal TJ structures [19, 20]. The present studies have
examined the functional characteristics of the paracellular pathway generated by PIP 640
and identified the involvement of the TJ protein claudin-2 in regulating the physicochemical
properties resulting from the actions of this peptide. Overall, the paracellular pathway
enhanced by PIP 640 was found to have a size limit for solutes with a radius of < 23 A, and
a bias toward positively-charged macromolecular solutes that involved the TJ protein
claudin-2. The data supporting these observations were obtained in both /n vitroand in vivo
models of trans-epithelial transport and, in sum, support a previously unreported format for
altered paracellular permeability properties.

TJs are naturally permeable to ions with radii < 4 A in a charge-selective manner with
claudin family members defining the regulation of these properties [28]. These changes
define the so-called pore pathway of TJ flux [36, 44]. Extensive changes to TJ protein
composition can occur in response to frank damage and the ensuing repair processes, to
result in an unrestricted pathway for solutes larger than 70-kDa dextran between adjacent
epithelial cells [32]. In between the subtle TJ structural modifications that modulate the pore
pathway and epithelial cell transitions associated with frank damage is the leak pathway
associated hallmarks of TNFa/IFN-y-mediated solute permeability changes of intestinal
epithelia, where solutes in the range of 4-70 kDa dextrans can transport across an epithelium
[45]. In the present study, the leak pathway activated by PIP 640 resulted in a charge-
selective bias similar to pore pathway events while also enhancing the permeability of
solutes such as 4 kDa dextran that require engagement of the leak pathway. Thus, apical
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application of PIP 640 induced TJ modifications resulting in properties that are in-between
leak and pore pathway outcomes.

Although both PIP 640 and TNFa/IFNy treatment both resulted in increased levels of
MLCpS19, PIP 640 selectively increased claudin-2 levels without affecting a larger number
of other TJ-related protein, including occludin. Oppositely, TNFa/IFN-y treatment reduces
occludin levels [46] but has no effect on claudin-2 levels or cellular localization [45]. The
actions of PIP 640 reiterates the independence of claudin-2 to act at TJ structures that is
distinct from other claudin proteins; for example, claudin-4 and claudin-8 or claudin-16 and
claudin-19 required cis-interactions between them for effecting TJ targeting [47, 48].
Additionally, claudin-2 seems to function in homotypic trans-interactions unlike claudins-1
and -3 at TJ structures [49]. At this time, however, is it unclear if claudin-2 engages with
some protein(s) not examined in these studies that could be important for its rapid apparent
increase in its level observed in the immunnoblotting data and enhanced TJ localization that
was inconsistent with the action of IL22 on the increased role of claudin-2 in barrier
function properties [50]. Indeed, the actions of PIP 640 occurred on a time-scale of minutes
while the TNFa/IFN+y actions required several hours to be observed. The rapid nature of PIP
640 actions and recovery upon withdrawal suggests a mechanism that does not require
protein synthesis but rather some rapid process(es). Such events could involve suppression
of claudin-2 removal from TJ structures through its reduced degradation and/or some form
of post-translational modification that affects TJ targeting of this protein.

The rapid time course of claudin-2 modification induced by PIP 640 treatment was preceded
by increased levels of MLC-pS9 relative to total cellular MLC, consistent with an
endogenous mechanism suggested to provide a secondary route for nutrient uptake from the
intestinal lumen through the paracellular route [14, 15, 51]. This correlation with MLC-pS™9
provides support for the anticipated mechanism of PIP 640, as this peptide was rationally
designed to mimic the inhibitory function of CPI-17 that inhibits MLCP through interactions
with the MYPT1:PP1 components of the MLCP complex [19]. Importantly, a positive-
charged bias for solute permeability enhanced by PIP 640 was demonstrated for different
charged forms of 4-kDa dextran /n vitro and the enhanced uptake of a positively-charged
salmon calcitonin relative to a negatively-charged exenatide from the rat intestinal lumen /n
vivo. While models have been developed to explain the actions claudin-2 to provide a
positive ion-selective bias for TJ structures involving the pore pathway [39], there is
currently no model to account for a positive bias for macromolecular solutes through the
paracellular route that requires claudin-2. Also, increased claudin-2 levels by PIP 640 was
not controlled solely by increased MLC-pS1? levels since PIP 644, an analogue of PIP 640
increases MLC-pS? levels but with reduced specificity for MLCP and greater function as a
general phosphatase inhibitor, had no significant effect on claudin-2, similar to that observed
with TNFa/IFN+y actions [46]. Interestingly, treatment with either raid-acting PIP 644 or
slower-acting TNFa/IFN+y both resulted in enhanced paracellular transport of 70-kDa
dextran. Together, these results are consistent with the idea that PIP 640, and the Na*-
nutrient cotransport-stimulated pathway of enhanced paracellular permeability it was
designed to target, activates a cellular mechanism that is distinct from the actions of pro-
inflammatory cytokines or general events associated with increased MLC-pS2? levels. These
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differences may be related to TJ propinquity of increased MLCpS29-; PIP 640, but not PIP
644, localizes at intracellular sites in close proximity to TJs [20].

PIP 640 was rationally designed to activate a pathway described in small intestinal
epithelium that can result in the absorption of inert polymers such as inulin (5.5 kDa) or
polyethylene glycol (4 kDa) via paracellular solvent drag that is stimulated by Na+-coupled
transport of glucose or amino acids [14, 15]. Subsequent studies showed that oligopeptides
in the size range of 750-900 Da could be extensively (~50%) absorbed when co-
administrated with supra-physiological levels of glucose, although single amino acid charge
differences in the peptides tested did not result in striking changes in paracellular transport
induced by glucose [52]. Differences observed in the current studies for claudin-2-dependent
enhancement of positively charged 4 kDa dextran over neutral or positively-charged forms
of 4 kDa dextran /n vitro as well as the difference between salmon calcitonin and exenatide
uptake /n vivo may have been related to a greater charge density and/or large molecular
weights of these solutes that provide a more intense sieving challenge than the smaller
oligopeptides examined previously.

It is interesting to consider why a positive charge-selective leak pathway would potentially
be part of a mechanism of enhance macromolecular solute transport induced as part of a
strategy for the intestine to optimize its capture of luminal nutrients. First, one must consider
the possibility that PIP 640 does not actually activate this nutrient-driven solute uptake
pathway originally identified by Pappenheimer [14, 15]. Since several lines of evidence
support PIP 640 acting through this proposed pathway, claudin-2 may provide some unique
selective advantages that cannot be achieved if other TJ elements were modulated during this
rapid and dynamic change in paracellular permeability. One can consider the high level of
lipopolysaccharides (LPS) present in the intestinal lumen that are restricted from reaching
the systemic circulation via the paracellular route by TJ structures, with appreciable blood
LPS levels being associated with both local and/or systemic inflammations [3]. Intact
bacterial LPS has a molecular mass of 10-20 kDa and must retain their negative charge for
induction of inflammatory events [53]. Importantly, we failed to observe endotoxin uptake
from the rat intestine in association with the actions of PIP 640. Thus, the positive-charge
selectivity resulting from increased claudin-2 in response to PIP 640 may provide some
unique properties to the paracellular permeability corridor that serves a protective function
to limit LPS entry into the body while this type of leak pathway mediated by PIP 640 is
active.

Our studies have identified what appears to be a type of leak pathway, where transport is
enhanced for moderately-sized macromolecular solutes (4-kDa dextran, but not 10-kDa
dextran), but with a bias toward solutes with a net positive charge. The pathway activated by
PIP 640 appears to differ from the permeation enhancing actions of 10 mM of sodium
caprate where tricellulin and claudin-5 redistribution from tri-cellular and bi-cellular TJs
after ~30 min correlated with enhanced permeability to molecules as large as 10-kDa
dextran [9]. It should be emphasized that PIP 640 resulted in the highly selective
augmentation of claudin-2; as there were no detectable changes in the other TJ protein in
occludin or tricellulin or claudin-15, the last which is known to promote the passage of
positively charged ions similar to claudin-2 [21, 32]. Consistent with the observation that
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PIP 640 selectively enhanced positively-charged solutes over neutral or negatively-charged
ones, we did not detect any alterations to claudin-4, 7 and -8, all of which have been
associated with contributing to increased TJ permeability of negatively charged ions [21,
32]. We also failed to observe changes in claudins-1, =3 and =5, which have been defined to
act as sealing proteins to reduce paracellular permeability [21, 32]. We assume that apical
PIP 640 treatment results in activation of the leak pathway through a mechanism of
increased MLC-pS?® levels proximate to TJ structures and established a positivecharge bias
for this altered paracellular pathway through a coordinated increase of cluadin-2 at the TJ
structures. These dual actions of PIP 640 to increase both MLC-pS® and claudin-2 levels
appear to provide its unique actions as a permeation enhancer for peptide therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
AB

AJC
CM
DEAE
DIEA
FITC
IBD
ILI
IFNy
LAL
LPS
MLC
MLC-pS19
MLCP

MoA

Apical-to-basolateral

Apical junctional complex
Carboxymethy
Diethylaminoethyl
Diisopropylethylamine
Fluorescein isothiocyanate
Inflammatory bowel diseases
Intraluminal injection
Interferon gamma

Limulus amebocyte lysate
Lipopolysaccharide

Myosin light chain

myosin light chain phosphorylation at serine 19
Myosin light chain phosphatase

Mechanism of action
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MYPT1 Myosin phosphatase target subunit
PBS Phosphate buffer saline

PK Pharmacokinetics

PP1 Protein phosphatase 1

RT Room temperature

SBTI Soybean trypsin inhibitor

TEER Trans-epithelial electrical resistance
TJ Tight junction

TNFa Tumor necrosis factor alpha

TRITC Tetramethylrhodamine isothiocyanate
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Highlights

. PIP 640 peptide induced a type of leak pathway that enhaces intestinal
epithelial TJ permeability for moderately-sized solutes /n vitro and in vivo.

. The epithelial TJ permeability induced by PIP 640 peptide is activated by a
mechanism involves enhancing MLC-pS? levels that results in an increase of
claudin-2 at TJ structures.

. Claudin-2 increase at TJ structures associated with PIP 640 actions
establishes a preferential TJ permeability to positively-charged solutes over
neutral or negativelycharged ones /n vitroand /n vivo.
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Figure 1.

PIP 640 fails to affect cellular levels or distribution of TAMPs (occludin, tricellulin, and
marvelD3) as well as the scaffolding protein ZO-1 in Caco-2 cell monolayers in vitro. A)
Representative immunoblots of TAMPS and ZO-1 total protein levels showed no striking
changes following a 60-min apical exposure of 1 mM PIP 640; conditions that increased
MLC-pS9 relative to total MLC levels. B) Quantitative analysis of immunoblots as shown
in A); data are means + SEM of 3 independent experiments, n=6 for control and treated
monolayers. C) Immunofluorescence microscopy images demonstrated no dramatic
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differences in localization of TAMPS and ZO-1 had not changed following a 60min apical
exposure of 1 mM PIP 640 compared to untreated Caco-2 monolayers in vitro. Images are
representative of 3 independent experiments, n=3. Scale bar, 10 pm.

J Control Release. Author manuscript; available in PMC 2019 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Almansour et al. Page 23

A) B)
PIP 640 - +
Total MLC ... 20 kDa
MLC-pS19 w20 kDa Il Control
PIP 640
Claudin-1 23 kDa
—~ 2.0+ *
Claudin-2 s 22 kDa g —
— g 1.5 L
Claudin-3 ww.. 23kDa 3 o
. 2
Claudin-4 22 kDa EE 1.044 + | [ 11 T
: 2® T I
Claudin-5 . . 23 kDa oE
-8
Claudin-7 22 kDa g 05
3
Claudin-8 ___ 25 kDa Z 00
Claudin-15 ____ 22kDa AP SN R
o N N N N N N O
. SR RN SN N RN O
Actin 42 kDa oo O O O O O ®
Figure 2.

Apical treatment of Caco-2 monolayers with 1 mM of PIP 640 for 60 min selectively
increases cellular levels of claudin-2 protein. A) Immunoblotting analysis showing the effect
of MLC-pS? relative to total MLC induced by PIP 640 on cellular levels of claudin-1, -2,
-3, -4, -5, -7, -8 and 15 that are commonly expressed by cells of the human intestinal
epithelium. B) Quantitative analysis of the immunoblots obtained in A). Data are means
SEM of 3 independent experiments, n=6 for the control and treated monolayers, (*p value<
0.05).
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Magnified images
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Figure 3.
Immunofluorescent images of Caco-2 monolayers showing cellular localization of claudin-1,

-2, =4 and -7 before (top row) and after (middle row) exposure to the PIP 640. Areas
highlighted as white boxes in the top and middle rows are shown in the bottom row at
increase magnification with intracellular locations of claudin-2 in untreated Caco-2 cell
monolayers highlighted by red arrows. Images are representative of 3 independent
experiments, n=3. Scale bar, 10 pm.
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Figure 4.
PIP 640-mediated shift in distribution of claudin-2 from nuclear to membrane fractions.

Confluent Caco-2 cell monolayers were gently disrupted 60 min after an apical application
of 1 mM PIP 640 /n vitro. A) Representative immunoblots for claudin-2 and occludin
content in isolated nuclear and membrane fractions. B) Quantification of immunoblot band
intensity for the relative levels of claudin-2 and occludin following this PIP 640 treatment.
Data are means + SEM of 3 independent experiments, n=3 for the control and treated
monolayers, (*p value< 0.05).
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Figure 5.
Time-course assessment claudin-2 and MLC-pS19 levels with relation to changes in

transepithelial electrical resistance (TEER) resistance in Caco-2 cell monolayers following
apical treatment with 1 mM PIP 640 in vitro. A) TEER changes induced by 1 mM of PIP
640 over 60-min exposure following by recovery initiated by the removal of apical PIP 640
(arrow) and replacement with fresh media. B) Representative immunoblots showing MLC-
pS19 levels relative to total MLC and claudin-2 levels over time following apical application
of 1 mM PIP 640. C) Quantitative analysis of immunoblots obtained for MLC-pS19 and
claudin-2 induced by 1 mM PIP 640. Data points represent means + SEM of 3 independent
experiments with n=6 for TEER data, n= 3 for both MLC-pS*° and claudin-2
immunoblotting data at all time points, immunoblot data obtained for MLC-pS2° for 40 min
exposure n=1 (*pvalue< 0.05, **pvalue< 0.01 and ***p value<0.001).
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overnight recovery

Figure 6.
Changes in the cellular claudin-2 distribution in Caco-2 monolayers over time as assessed by

immunofluorescence microscopy following apical exposure to 1 mM PIP 640. Images are
representative of 3 independent experiments, n=3. Scale bar, 10 pm.

J Control Release. Author manuscript; available in PMC 2019 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Almansour et al.

A) PIP 640
Peptide _— + _—

PIP 644

+ - + -+

Actin  —— —— —m 42 kDa

MLC-PS19 #8520 kD

Claudin-2 === sp == o= ,_—c*zz kDa

10min  60min 10 min 60 min
B)
s e PIP640 PIP 644
T 3 = Control = Control
e 8
>
Q O Lid
et
gs 2+ = —
=79
88
NS - = - I
cg M = o
© ° —
(3‘ c —t—
o8
5 0
‘>° T T T T
=~ & & & &
& & & &
) S ) S
Time (min) Time (min)
E)
Control

Claudin-2

Occludin

Figure 7.
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=
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Actions of PIP 644 are distinct from PIP 640 on Caco-2 cell monolayers /n vitro. A)
Representative immunoblots showing cellular levels of MLC-pS® and claudin-2 at 10 and
60 min following apical application of 1 mM of PIP 640 or PIP 644. B) Quantitative analysis
of immunoblots obtained for MLC-pS1? and claudin-2 induced by PIP 640 or PIP 644
represented in A). C) Representative immunoblots showing cellular levels of MLC-pS!® and
occludin at 60 min following apical application of 1 mM of PIP 640 or PIP 644. D)
Quantitative analysis of immunoblots obtained for MLC-pS1® and occludin induced by PIP
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640 or PIP 644 represented in C). Data represent means + SEM of 3 independent
experiments with n=3 for both MLC-pS?® and claudin-2 immunoblotting data at all time
points (**p value< 0.01). E) Immunofluorescent staining of claudin-2 and occludin in
Caco-2 cell monolayers treated with PIP 640 or PIP 644 for 60 min. Images are
representative of 3 independent experiments, n=3. Scale bar, 10 pm
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Figure 8.
Actions of PIP 640 on Caco-2 cell monolayers are distinct from those of the pro-

inflammatory cytokines TNF-a/INFy. or trans-epithelial electrical resistance (TEER) and
occludin protein levels. A) Caco-2 monolayer TEER value changes after 60 min of apical
exposure to 1 mM of PIP 640 or after 4h of basal exposure to TNF-a. (5 ng/mL)/ INF-y (10
ng/mL). Data represent means + SEM of 3 independent experiments, with n=9 (**p value<
0.01 and ***pvalue< 0.001). B) Representative immunoblots demonstrating MLC-pS!® and
occludin level changes induced by PIP 640 or TNF-a/INF-y treatments described in A).
Data are representative of 4 independent experiments, n=4. (**p value< 0.01 and * ***p
value<0.0001). C) Paracellular permeability changes of polarized Caco-2 monolayers /n
vitro after 4 h of basal treatment with TNF-a. (5 ng/mL)/ INF-y (10 ng/mL) or 1 h of apical
treatment of 1 mM PIP 640. The extent of fluorescent dextran (4-kDa, 10-kDa and 70-kDa)
apical to basal transport was determined after 60 min. Data are means = SEM of 3
independent experiments, with n=9 (**p value< 0.01 and ****p value<0.0001).
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Figure 9.
PIP 640 selectively enhances apical to basal paracellular permeability of positively-charged

dextran in vitro. A) Demonstration of reversibility of TEER values following washout 60
min after apical exposure to 1 mM PIP 640 in Caco-2 cells monolayer used to assess dextran
permeability. B) Cumulative apical to basal transport after 60 min of positively-charged
DEAE-dextran (+ve) or negatively-charged CM-dextran (-ve) compared to neutral dextran
(all 4-kDa in size). Data are means + SEM (*£< 0.05, **P< 0.01 and ***P<0.001).

J Control Release. Author manuscript; available in PMC 2019 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Almansour et al. Page 32

A)

*Y)
S—

CKD KD Il Control Il Control
I PIP 640 PIP 640

PIP 640 - + - +

N
o
J

ACtn e c— — o, 42 kDa

-
wn
L

LEd

Total MLC -.“ W e 20kDa

MLC-pS19 — - — 20 kDa

Claudin-2 RS 22 kDa

e
)
1

(values normalized to control)
5
1
Claudin-2 cellular level
(values normalized to control)
e e 2 =2 d N
T ® T 9

Intensity (MLC-pS19/otal MLC)

60 min 60 min

o
o
1

Y
® § ® ©

Il DEAE dextran (+ve)
C) Il Control D) Bl Dextran (neutral)
Il PIP 640 I CM dextran (-ve)

*kkk

12090 ., 400 — *x

Jek

TEER Q.cm?
(% normalized to initial TEER)

Flux (pmol/cm?/h)

> B8 8

‘E T 5 7
e

F

i

— | 2
 — |
= ‘
F

Y Y \So\ ~$°\ 6@ &L \<°\ 6@
¢~ € & & & & F R F e
60 min CKD KD
Figure 10.

The positive charge bias of paracellular permeability enhanced by PIP 640 is dependent
upon claudin-2 expression. A) Representative immunoblots demonstrating changes in MLC-
pS19 and claudin-2 levels 60 min after apical application of 1 mM of PIP 640 to claudin-2
knock-down Caco-2 (KD) or control Caco-2 knock-down (CKD) cell monolayers /n vitro.
B) Quantitative analysis of changes in MLC-pS19 and claudin-2 induced by PIP 640 shown
in A). C) Changes in TEER relative to initial values 60 min after apical application of 1 mM
PIP 640 to CKD or KD Caco-2 cell monolayers. D) Cumulative apical to basal transport
across Caco-2 monolayers of fluorescent DEAE-dextran (+ve) or CM-dextran (-ve)
compared to neutral dextran (all 4-kDa in size) 60 min after apical application of 1 mM PIP
640. Data are means + SEM of 3 independent experiments, with n=6 (*~< 0.05 and **P<
0.01, ***P < 0.001, ****P< 0.0001).
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Figure 11.
PIP 640 modulates claudin-2 expression and enterocyte distribution in rat jejunum /n vivo.

A) Representative immunoblots showing total MLC, MLC-pS2® and claudin-2 levels 40 min
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after intra-luminal injection of 20 mM PIP 640. B) Quantitative analysis of immunoblots
demonstrated statistically significant increases in MLC-pS2? relative to total MLC and
claudin-2 described in A). Data are means + SEM of 3 independent experiments; n= 3. (*p
value< 0.05). C) Claudin-2 observed in rat jejunum enterocytes using immunofluorescence
microscopy shifted from a basal to more apical domain of the lateral plasma membrane in

response to PIP 640, while the lateral plasma membrane distribution of claudin-1 and
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occludin did not undergo this shift in response to the peptide. Images are representative of 3
independent experiments, n=3. Scale bar, 20 um.
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Figure 12.
PIP 640 enhances the transport of a positively-charged therapeutic peptides /n vitroand in

vivo. A) Changes in TEER relative to initial values 60 min after apical application of 1 mM
PIP 640 to Caco?2 cell monolayers. B) Cumulative apical to basal transport across polarized
Caco-2 cell monolayers /n vitro of exenatide and salmon calcitonin after 60 min. Data are
means £ SEM of 3 independent experiments, with n=6 (***P < 0.001, ****P,< 0.0001).
Portal vein concentration-time profiles of C) Exenatide and D) salmon calcitonin following
in vivo IL1 with or without 20 mM PIP 640. Data are means + SEM of 3 independent
experiments; n= 3. One-way ANOVA indicated a significant difference between the data sets
(**pvalue< 0.01).

J Control Release. Author manuscript; available in PMC 2019 October 28.

70



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Almansour et al. Page 36

Table 1.

Physicochemical properties and portal vein PK parameters following intraluminal injection of salmon
calcitonin or Exenatide with PIP 640 or without (control) into rat jejunum.

Peptide drug | MW (kDa) | Hydrodynamic size (A)(calculated) AUC t o-50) (Ng/mI*min) Cinax (ng/ml)

Control PIP 640 Control PIP 640

Calcitonin 3.4 11 155+2.7 1680+540 | 3.3+0.36 | 55.6+6.7

Exenatide 4.2 11 237.6+38 | 15774723 | 6.5+0.75 | 53+5.8

MW = molecular weight. The hydrodynamic radius was calculated using the relationship established between the MW and the hydrodynamic
radius of a protein. PK parameters for area under the curve between 0-60 min (AUC t 0—60) and maximum concentration achieved (Cmax) were

calculated with the trapezoid rule using Microsoft Excel add-in program, PK-Solver [24].
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