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ORIGINAL RESEARCH ARTICLE—BASIC SCIENCE

'ﬂ % Research sponsored by the Crohn’s & Colitis Foundation.

The JAK-Inhibitor Tofacitinib Rescues Human Intestinal Epithelial
Cells and Colonoids from Cytokine-Induced Barrier Dysfunction

Anica Sayoc-Becerra,* Moorthy Krishnan, PhD,* Shujun Fan, PhD," Jossue Jimenez,* Rebecca Hernandez,*
Kyle Gibson,* Reyna Preciado,* Grant Butt, PhD," and Declan F. McCole, PhD*

Background: Alterations to epithelial tight junctions can compromise the ability of the epithelium to act as a barrier between luminal contents
and the underlying tissues, thereby increasing intestinal permeability, an early critical event in inflammatory bowel disease (IBD). Tofacitinib
(Xeljanz), an orally administered pan-Janus kinase (JAK) inhibitor, was recently approved for the treatment of moderate to severe ulcerative co-
litis. Nevertheless, the effects of tofacitinib on intestinal epithelial cell functions are largely unknown. The aim of this study was to determine if
JAK inhibition by tofacitinib can rescue cytokine-induced barrier dysfunction in intestinal epithelial cells (IECs).

Methods: T,, IECs were used to evaluate the effects of tofacitinib on JAK-signal transducer and activator of transcription (STAT) activation,
barrier permeability, and expression and localization of tight junction proteins. The impact of tofacitinib on claudin-2 promoter activity was as-
sessed in HT-29 IECs. Tofacitinib rescue of barrier function was also tested in human colonic stem cell-derived organoids.

Results: Pretreatment with tofacitinib prevented IFN-y-induced decreases in transepithelial electrical resistance (TER) and increases in
4 kDa FITC-dextran permeability (FD4), partly due to claudin-2 transcriptional regulation and restriction of ZO-1 rearrangement at
tight junctions. Although tofacitinib administered after IFN-y challenge only partially normalized TER and claudin-2 levels, FD4 perme-
ability and ZO-1 localization were fully recovered. The IFN-y-induced FD4 permeability in primary human colonoids was fully rescued by
tofacitinib.

Conclusions: These data suggest differential therapeutic efficacy of tofacitinib in the rescue of pore vs leak-tight junction barrier defects and

indicate a potential contribution of improved epithelial barrier function to the beneficial effects of tofacitinib in IBD patients.

Key Words: claudin-2, organoids, IFN-y, intestinal permeability, STAT1, ZO-1

INTRODUCTION

Inflammatory bowel disease (IBD) comprises the chronic
inflammatory conditions Crohn’s disease (CD) and ulcerative
colitis (UC), in which the immune system mounts an abnormal
response to normal constituents in the gastrointestinal tract in
events driven by both genetic and environmental risk factors.
Damage to the intestinal epithelium or disruption of the apical
tight junctions can compromise the ability of the epithelium to
serve as a barrier between luminal contents and the underlying
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tissues.'* Tight junctions (TJs) connect neighboring intestinal
epithelial cells (IECs), in concert with adherens junctions, and
act as a selective barrier to paracellular solute permeability.”*
Reconfiguration of tight junctions through removal or inser-
tion of specific proteins can increase intestinal permeability."
25 This facilitates dysregulated fluid and electrolyte transport,
which can contribute to one of the main clinical symptoms of
IBD: diarrhea.! >3 Changes in expression or localization of tight
junction proteins can also increase access of bacterial products
into the lamina propria, which can trigger inappropriate im-
mune responses and contribute to the pathogenesis of IBD.>3
Permeability is an important parameter of intestinal homeostasis
as increases in intestinal permeability have been shown to precede
colonic inflammation in humans and animal models of colitis.®

Paracellular permeability can feature both charge- and
size-selective dependent or independent events, and these func-
tional characteristics of “pore” and “leak” barrier defects, re-
spectively, are regulated in general by different assemblies of
tight junction proteins and associated signaling pathways.’
The claudin family of transmembrane proteins is a major
structural component of the tight junction that is both size-
and charge-selective for the passive paracellular movement of
fluid and solutes.>* ! One prominent member of this family
is claudin-2, which forms cation-selective pores, thus making
the epithelial barrier more permissive to paracellular flux of

407


mailto:declan.mccole@ucr.edu?subject=

Sayoc-Becerra et al

Inflamm Bowel Dis ® Volume 26, Number 3, March 2020

fluid and cations, predominantly Na*, which can decrease the
electrical resistance across the epithelium.!'? This TJ protein is
clinically relevant because claudin-2 expression is increased in
IBD and is regarded as a biomarker of increased paracellular
permeability to electrolyte flux." > Claudin-2 is upregulated
by several pro-inflammatory cytokines, including interferon-
gamma (IFN-y), and its induction is partly dependent on
STAT1 binding to the claudin-2 promoter to regulate transcrip-
tional expression.'> Apart from claudins, which predominantly
regulate ion and water flux, transmembrane proteins occludin
and tricellulin help control paracellular passage of larger, un-
charged solutes.'®'® In addition to transmembrane proteins,
peripheral membrane proteins, such as zonula occludens 1 (ZO-
1), play crucial roles in both the assembly and regulation of
tight junctions.! This is accomplished, at least in part, by their
multiple domains that allow them to act as scaffolding proteins
through interactions with other integral or regulatory proteins,
including various claudins, occludin, and actin.**?* Further
increasing the versatility of these structures is that the proteins
composing this complex conglomeration are highly dynamic.
Thus, a typical feature of barrier dysfunction is altered mem-
brane localization or increased internalization of tight junction
proteins in the presence or absence of changes in overall ex-
pression.?*? Therefore, appropriate localization of tight junc-
tion—associated proteins, such as ZO-1, is an essential factor in
the maintenance of the epithelial barrier.

There are currently >203 candidate genes associated
with the risk of onset of IBD, most of which are involved in
regulating the immune system’s interaction with IECs and mi-
crobial flora.?*?® A number of these genes are involved in regu-
lating the Janus kinase-signal transduction and transcription
(Janus kinase-signal transducer and activator of transcription
[JAK-STAT]) pathway, which can be activated by several cyto-
kines involved in IBD, including IFN-y , whose expression by
CD4* T lymphocytes is increased in inflamed intestinal tissues
from CD patients compared with control subjects.?®? The ef-
fects of IFN-y are mediated through the JAK-STAT signaling
pathway, with specificity for activation of JAK1 and JAK2.%
Phosphorylated levels of their downstream targets STATI
and STAT3 are elevated in CD patients compared with con-
trols.’! In addition, IFN-y reduces epithelial barrier function by
decreasing electrical resistance across intestinal cell monolayers
and increasing permeability to macromolecules in vitro.>=%’

Inhibitors of JAK-STAT signaling have emerged as a new
therapeutic focus in IBD. Tofacitinib (Xeljanz, CP-690550), an
orally administered pan-JAK inhibitor was originally approved
for the treatment of rheumatoid arthritis.®® Tofacitinib is now
FDA-approved for the treatment of moderate to severe UC and
has been studied in phase 2 clinical trials in CD.** Tofacitinib
is a reversible, competitive small molecule inhibitor that binds to
the adenosine triphosphate (ATP) binding site in the catalytic cleft
of the kinase domain of JAKSs. Tofacitinib structurally mimics
ATP without the triphosphate group. Thus by binding to the

408

ATP site, it inhibits the phosphorylation and activation of JAK,
thereby preventing the phosphorylation and activation of down-
stream STAT proteins. Tofacitinib functions intracellularly and
possesses high in vitro passive permeability consistent with in-
tracellular entry by transcellular diffusion.’® Although studies on
JAK-STAT signaling therapeutics have focused on immune cell
targets and clinical primary endpoints, it is poorly understood how
these agents affect IEC functions, such as the increase in intestinal
permeability associated with IBD. In this study, we investigated
whether tofacitinib exerts a direct beneficial effect on IEC barrier
function and if it can rescue tight junction modifications caused by
an IBD-relevant inflammatory cytokine, IFN-y.

MATERIALS AND METHODS

Materials
Human recombinant IFN-y (Roche, Mannheim,
Germany), tofacitinib (MedChemExpress, Monmouth

Junction, NIJ; Selleckchem, Houston, TX), and dimethyl sulf-
oxide (DMSO; Sigma-Aldrich, St. Louis, MO) were obtained
from the sources indicated. IFN-y was used at a concentration
of 1000 U/mL, equivalent to 50 ng/mL, unless otherwise stated.

Cells

Human T, and HT-29 IECs were grown in Dulbecco’s
modified Eagle’s Medium/Ham’s F-12 (DMEM/F12) 50:50 Mix
(Corning, Tewksbury, MA) and McCoy’s 5SA medium (Corning,
Tewksbury, MA), respectively, and supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Gibco, Waltham,
MA), 1% L-glutamine (Invitrogen, Carlsbad, CA), and 1%
penicillin (100 U/mL)/streptomycin (100 pg/mL) (Corning,
Tewksbury, MA). Cells were cultured on standard cell culture
plates or transwell membranes (0.4- pm pore size, 1.12-cm? sur-
face area, Corning, Tewksbury, MA) in a 37°C incubator main-
tained at 5% CO /air mix. IECs were serum-deprived overnight
before treatments with tofacitinib, DMSO, and/or IFN-y. For
cells grown on transwells, tofacitinib and DMSO were admin-
istered to the apical compartment, and IFN-y was added to the
basolateral compartment. IFN-y was administered at a concen-
tration (1000 U/mL; 24 hrs) previously shown to decrease TER
without causing damage to the epithelial monolayer.'

Determination of Epithelial Monolayer

Resistance and Paracellular Permeability

Transepithelial electrical resistance (TER) of T,, mono-
layers grown on transwells was measured using the EVOM2
Epithelial Voltohmmeter (World Precision Instruments,
Sarasota, FL) and chopstick electrode set for EVOM?2 (World
Precision Instruments, Sarasota, FL). The average of 3 meas-
urements per transwell was calculated and expressed in Ohms.
cm?,
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Macromolecular paracellular permeability was measured
as the flux of 4-kilodalton fluorescein isothiocyanate-dextran
(4 kDa FITC-dextran; FD4, Sigma-Aldrich, St. Louis, MO)
across polarized T,, monolayers. After TER measurements,
cells were washed twice with and equilibrated in phosphate
buffered saline (PBS) with CaCl, and MgCl, for 30 minutes
at 37°C. Then FD4 at a final concentration of 1 mg/mL was
added to the apical compartment of the monolayers. After 2
hours of incubation at 37°C, 50 uL of the basolateral solution
was sampled in duplicate and fluorescence was detected using a
microplate reader (Promega, Madison, WI). Based on relative
fluorescence units (RFU), FD4 concentrations were calculated
against a standard curve and expressed as percent change from
untreated cells.

Preparation of Whole Cell Protein Lysates

At the end of the experimental period, cells were washed
twice with ice-cold PBS. Ice-cold radioimmunoprecipitation
assay lysis buffer (50 mM Tris-chloride pH 7.4, 150 mM so-
dium chloride, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS]) supplemented with protease
(Roche, Mannheim, Germany) and phosphatase inhibitors
(sodium orthovanadate, Phosphatase Inhibitor Cocktail 2
and 3, Sigma-Aldrich, St. Louis, MO) was added, and cells
were incubated at 4°C for 15 minutes. Cells were scraped into
microcentrifuge tubes and sonicated on ice at 30% ampli-
tude, 10-second on/off intervals for 20 seconds using the Q125
Sonicator (QSonica Sonicators, Newtown, CT). Cell lysates
were centrifuged at 16,200 X g for 10 minutes to remove in-
soluble material, and supernatants were collected into new
microcentrifuge tubes. An aliquot of each sample was used to
determine protein concentration using Pierce Bicinconinic Acid
Protein Assay Kit reagents (ThermoFisher Scientific, Waltham,
MA). Protein content was adjusted with lysis buffer to ensure
the same amount of total protein in each sample, and then
mixed with loading buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 5%
p-mercaptoethanol, 0.01% bromophenol blue, 10% glycerol).
All samples were boiled at 95°C for 10 minutes and loaded on
SDS-polyacrylamide gels for Western blotting.

Western Blot Analysis

Whole cell proteins were resolved on 7% or 11% SDS-
polyacrylamide gels at 100 V at room temperature and then
transferred onto polyvinylidene difluoride membranes (EMD
Millipore, Darmstadt, Germany) for 2 hours at 250 mA in 4°C.
Membranes were blocked with 5% nonfat milk in Tris-buffered
saline with 0.1% Tween-20 (TBS-T) for 1 hour at room temper-
ature, followed by further incubation with claudin-2 (1:1000,
#32-5600, Invitrogen, Camarillo, CA), claudin-1 (1:1000,
#51-9000, Thermo Fisher Scientific, Rockford, IL), claudin-4
(1:1000, #32-9400, Invitrogen, Camarillo, CA), claudin-15
(1:1000, #32-9800, Invitrogen, Frederick, MD), ZO-1 (1:1000,
#61-7300, Thermo Fisher Scientific, Waltham, MA), occludin

(1:1000, #71-1500 for T, cells, Invitrogen, Carlsbad, CA;
#40-4700 for the colonoids, Rockford, IL), tricellulin/marvel
D2 (1:1000, ab203567, Abcam, Cambridge, MA), phospho-
JAKI1 (1:1000, #3331, Cell Signaling Technology, Danvers,
MA), JAK1 (1:1000, #3344, Cell Signaling Technology,
Danvers, MA), phospho-STAT1 (1:500, #9167, Cell Signaling
Technology, Danvers, MA), STATI1 (1:1000, #9175, Cell
Signaling Technology, Danvers, MA), phospho-STAT3
(1:1000, #9145, Cell Signaling Technology, Danvers, MA),
STAT3 (1:1000, #9139, Cell Signaling Technology, Danvers,
MA) and B-actin (1:8000, #A5316, Sigma-Aldrich, St. Louis,
MO) primary antibodies overnight at 4°C. The following day,
membranes were subjected to S-minute washes (x5) with TBS-T
and then incubated with peroxidase-conjugated secondary
antibodies (goat antimouse [#115-036-062] or goat antirabbit
[#111-036-045], Jackson Immunoresearch Laboratories, Inc.
West Grove, PA) diluted at 1:5000 in 1% nonfat milk in TBS-T
for 1 hour at room temperature. This was followed by 5-minute
washes (x5) with TBS-T. Membranes were then incubated with
SuperSignal West Pico PLUS Chemiluminescent Substrate so-
lution (ThermoFisher Scientific, Waltham, MA) according to
manufacturer’s directions and exposed to film (LabScientific
Inc., Highlands, NJ). Densitometric analysis of the blots
was performed using ImageJ software (National Institutes of
Health, Bethesda, MD).*

Claudin-2 Promoter Luciferase Reporter Assay

Claudin-2 promoter activity assay was performed in
HT-29 IECs as previously described.!® Briefly, a gene construct
spanning the —900 bp to +112 bp region of the human CLDN2
gene promoter (Integrated DNA Technologies, Coralville, IA)
was cloned into the pGL3-Basic Luciferase Reporter Vector
(Promega, Madison, WI) using the restriction enzymes Nhel
and Kpnl. The sequence of the product was confirmed using
sequencing analyses.

The HT-29 cells were grown in 12-well cell culture plates
until ~60% confluence was reached. The following day, cells
were cotransfected with the CLDNZ2 promoter-luciferase re-
porter construct and a reference construct containing Renilla
reniformis luciferase (pRL) and the HSV-thymidine kinase
(TK) promoter (Promega, Madison, WI) using Effectene
Transfection Reagent kit (Qiagen, Hilden, Germany) per
manufacturer’s instructions. Twenty-four hours later, cells
were pretreated with tofacitinib or DMSO for 1 hour followed
by IFN-y for 24 hours. Luciferase activities were measured
using the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI) and a Glomax Multidetection System (Promega,
Madison, WI). Firefly luciferase activity was normalized to
Renilla luciferase activity.

Z0-1 and Occludin Immunofluorescence
After experimental treatments, T,, IECs grown on glass
coverslips were washed twice with PBS, fixed with ice-cold
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methanol for 10 minutes at —20°C, and then washed 3 times with
PBS. Fixed cells were permeabilized with 0.5% Triton X-100 in
PBS for 30 minutes at room temperature and then washed again
with PBS 3 times. After blocking with 10% normal donkey
serum (NDS, Jackson Immunoresearch Laboratories, Inc. West
Grove, PA) diluted in 0.04% PBS-Tween 20 (PBS-T) for 1 hour
at room temperature, cells were stained with ZO-1 (#61-7300,
ThermoFisher Scientific, Waltham, MA) or occludin (#71-
1500, Invitrogen, Carlsbad, CA) primary antibody diluted at
1:200 in 1% NDS in PBS-T overnight at 4°C. Fixed cells were
then washed 5 times with PBS-T followed by incubation with
Alexa 488-conjugated donkey antirabbit secondary antibody
(#711-545-152, Jackson Immunoresearch Laboratories, Inc.,
West Grove, PA) diluted at 1:200 in 1% PBS-T for 1 hour at
room temperature. Stained cells were washed 5 times with
PBS-T and once with PBS and then mounted in ProLong Gold
Antifade Mountant with DAPI (Invitrogen, Carlsbad, CA) be-
fore visualization.

Images for ZO-1 immunofluorescence were captured
using a Leica DM5500 microscope attached with a DFC365
FX camera using a 63x oil immersion objective with an addi-
tional 2x digital zoom. Individual images were converted into
iff files with the LAS-AF Lite software, and Adobe Photoshop
was used to create the final figures. The number of intercellular
gaps per treatment was determined in § images per coverslip
covering 4 different fields of view.

Z-stack images of occludin immunofluorescence were
obtained using a CSU-X-1 spinning-disk confocal imager
(Yokogawa, Japan) attached to a Zeiss Axio Observer inverted
microscope (Carl Zeiss, Thornwood, NY). Original magni-
fication of 63x was used. Micro-Manager Imaging Software
(Molecular Devices, Sunnyvale, CA) was used to control
the hardware (confocal microscope and the Prim 95B digital
camera). Avi movie files were generated from z-stack images
using ImagelJ.*?

Human Colonoid Cultures

Epithelial-derived colonic organoids (colonoids) were
grown from crypts isolated from biopsy samples obtained from
transverse colon of patients undergoing elective colonoscopy,
primarily for colon cancer screening. Written informed consent
was obtained before specimen collection, and studies were ap-
proved by the Health and Disabilities Ethics Committee (New
Zealand, Ethics No. 13/STH/155). The following protocols for
colonoid isolation and culture were adapted from methods es-
tablished in Sato, et al:*® The biopsy samples were collected
in ice-cold DMEM/F12 medium containing antibiotics (1%
penicillin/streptomycin, normacin, 0.1 mg/mL, fungizone,
2.5 pg/mL and gentamycin 50 U/mL) and 5% FBS. They
were then rinsed with PBS (x2), followed by PBS plus 10 mM
dithiothreitol, before being transferred to ice-cold chelation
media (PBS plus 8 mM ethylenediaminetetraacetic acid, pH
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7.5). Following 60 minutes of incubation on ice in the chelation
media, the samples were transferred to fresh PBS containing
5% FBS (Gibco®, Thermo Fisher Scientific, NZ) and shaken
vigorously to dislodge the crypts. The tissues were allowed to
settle and the supernatant containing the crypts collected. This
was repeated until shaking failed to release further crypts. The
crypts were then pelleted (40 g, 2 min, 4°C), rinsed in basic
culture media (DMEM/F12 containing penicillin [100 U/mL}/
streptomycin [100 p g/mL] and 5% FBS). They were then sus-
pended in Matrigel, transferred to 24-well plates (Thermo
Fisher Scientific, Waltham, MA), and incubated at 37°C for
10 minutes to polymerize the Matrigel. The crypts were then
overlaid with the stem cell culture media (Table 1) and main-
tained at 37°C in a 5% CO,/air mix. The initial structures that
develop have a poorly differentiated squamous epithelium and
are referred to as colonospheres.* By days 4 to 6, these struc-
tures differentiate into columnar epithelial colonoids and cul-
tures consist primarily of differentiated colonoids by days 12
to 14. The culture media was replaced every 48 hours and the
colonoids amplified by passaging every 7 days. When ampli-
fying organoids, 10 pM ROCK inhibitor (Merck, Kenilworth,
NJ, USA) was included in the growth media. During experi-
ments, this was omitted. All experiments used colonoids (> day
12) from passage 2 to 8 only.

Measurement of FITC Flux in Human Intestinal

Colonoids

Colonoids from patients were amplified from the initial
biopsy so that 4 wells were available from each patient at the
same passage. After 12 days of culture, 2 wells of colonoids
served as controls while IFN-y (50 ng/mL) was added to the
2 remaining wells. Six hours after the addition of IFN-y,
tofacitinib (16.7 uM) was added to 1 of the control wells and
to 1 of the wells to which IFN-y had been added. A further
addition of tofacitinib (16.7 uM) was made at 24 hours and
48 hours.

The relative permeability of the colonoids was meas-
ured by adding 0.1 mg/mL of FD4 to the growth media and
measuring the FD4 flux into colonoids with well-developed co-
lumnar epithelium 24 hours later. The fluorescence intensity in
the midpoint of the organoid lumen was determined by car-
rying out a series of optical slices through each organoid using
a Zeiss 710 LSM confocal microscope (GmbH, Jena, Germany)
as previously described.** The fluorescence intensity was then
converted to concentration using standard curves created from
log serial dilutions of FD4 in growth media. Surface area and
volume of the colonoids were calculated from the measured ra-
dius to allow calculation of the FD4 flux (ng/cm?.h).

Statistical Analysis
Data are presented as means + SEM or fold change from
untreated controls for a series of n biological replicates or, in
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TABLE 1. Human Colonoid Culture Media Components

Reagent Stock Conc. Final Conc. ul per 50 ml Supplier Catalog No.
N2 100X 1X 250 Invitrogen #17502048
B27 50X 1X 500 Invitrogen #17504044
Nicotinamide 250 mM 10 mM 1000 Sigma #N0636
N-acetyl-L-cysteine 500 mM I mM 50 Sigma #A9165

LY 2157299 I mM 500 nM 25 AxonMedChem #1491

SB 202190 1 mM 10 uM 250 Sigma #S7067
PGE, 10 uM 0.01 pM 25 Sigma #P0409

hu EGF 100 pg/mL 50 ng/mL 12.5 Invitrogen #PHGO311
Noggin 100 pg/mL 100 ng/mL 25 PeproTech #120-10C
Gastrin 1 mg/mL 1 pg/mL 25 Pharmaco 3006/1
Wnt3A conditioned media 50% 25,000

Rspo conditioned media 10% 5000

Advanced DMEM/F12 17,037.5 Invitrogen #12634-010
Glutamax 100X (200 mM) 1X 250 Invitrogen 25030-081
Hepes IM 10 mM 250 Sigma #HO0887
Pen/Strep 1% 250 Invitrogen 15140-122
,gentamycin 10 mg/mL 50 pg/mL N/A Invitrogen 15710064
Jfungizone 250 pg/mL 0.25-2.5 pg/mL N/A Invitrogen 109434.01
Normocin 50 mg/mL 0.1 mg/mL 50 Integrated Science ant-nr-1
,ROCK inhibitor 1 mM 10 uM N/A Merck #688000-1mg

Reagents were added in the media only during sample collection. , Reagents were added only when passaging colonoids.

the case of colonoids, patients. Statistical analysis was per-
formed by one-way analysis of variance (ANOVA) and either
the Tukey or Newman-Keuls post-test using GraphPad Prism
6 software (GraphPad Software, La Jolla, CA). P values < 0.05
were considered statistically significant.

RESULTS

Acute Treatment of Tofacitinib Restricts IFN-
y Activation of JAK1-STAT1/3 Signaling in
Intestinal Epithelial Cells

To confirm that tofacitinib was capable of interrupting
phosphorylation of JAK1 and its downstream target (STAT1)
by IFN-y in IECs, T, cells grown in regular 6-well plates were
treated with vehicle DMSO or tofacitinib for 1 hour before ex-
posure to IFN-y for 30 minutes (for JAK1 activation) or 1 hour
(for STAT activation) (schematic shown in Fig. 1A). Whole-
cell protein lysates were collected, subjected to Western blotting
and probed for the proteins indicated. Although the decrease in
JAK1 phosphorylation in resting cells treated with tofacitinib
did not reach statistical significance, tofacitinib (50 pM) pre-
treatment significantly reduced IFN-y-induced JAK 1 phospho-
rylation in T, cells (P < 0.05, n = 3; Fig. 1B). As a downstream
target of JAK1, STAT1 phosphorylation levels were signifi-
cantly reduced by acute treatment of tofacitinib compared with

untreated cells and completely blocked IFN-y-induced STAT1
phosphorylation (P < 0.001, n = 3; Fig. 1C). Similar results
were observed with the phosphorylation levels of STAT3, an-
other mediator of JAK signaling (P < 0.05, P < 0.001, n = 4;
Fig. 1D). These data indicate that, in vitro, tofacitinib can pre-
vent cytokine-induced JAK-STAT activation in IECs.

Tofacitinib Prevents IFN-y-Induced Barrier
Dysfunction in Intestinal Epithelial Cells In
vitro

IFN-v is known to disrupt IEC tight junction compo-
sition and increase paracellular permeability to electrolytes
and macromolecules.?* “ To test whether tofacitinib pro-
tected against IFN-y-stimulated increases in permeability,
T,, IECs were grown on transwells and apically treated
with tofacitinib or vehicle (DMSO) with or without sub-
sequent basolateral treatment with IFN-vy, (schematic
shown in Fig. 2A). After 24 hours, there was no significant
difference in TER between untreated, DMSO-treated and
cells treated with tofacitinib alone at increasing concentra-
tions of 2 uM, 10 uM and 50 uM (Fig. 2B). While IFN-
v decreased TER, this was unaltered by DMSO. However,
tofacitinib prevented the IFN-y-induced decrease in TER
in a dose-dependent manner (P < 0.001, P < 0.0001, n = 3;
Fig. 2B). In addition, tofacitinib pretreatment prevented
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FIGURE 1. Tofacitinib pretreatment prevented IFN-y-induced JAK1, STAT1, and STAT3 phosphorylation in IECs in vitro. A, Schematic of the acute
prevention protocol for tofacitinib to determine JAK-STAT activation in IECs. T,, IECs were treated with vehicle (DMSO) or tofacitinib (Tofa, 50 pM) for
1 hour followed by IFN-y (1000 U/mL) treatment for either 30 minutes (for JAK activation) or 1 hour (for STAT activation). Cells were lysed and protein
extracts were subjected to Western blotting for the proteins indicated. Densitometric analysis was performed and normalized to (B) pJAK1/JAK1, (C)
PSTAT1/STAT1, and (D) pSTAT3/STAT3 levels of each replicate’s respective untreated (Unt.) controls (* P < 0.05, ### P < 0.001, n = 3-4).
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FIGURE 2. Tofacitinib prevents and rescues IECs against IFN-y-induced barrier dysfunction. A, Schematic of the prevention protocol (pretreat-
ment): T, IECs grown on transwells were treated with varying concentrations of tofacitinib apically for 1 hour followed by basolateral administra-
tion of IFN-y (1000 U/mL) for 24 hours. DMSO was used as a vehicle control. (B) TER and (C) FD4 permeability were measured 24 hours post-IFN-y.
(*¥*** P < 0.0001, ### P < 0.001, #### P < 0.0001, n = 3). D, Schematic of the rescue protocol (post-treatment): therapeutic effects of tofacitinib were
studied by treating T,, IECs post-IFN-y treatment (1000 U/mL) with tofacitinib (16.7 uM) apically at 2 time points (6 h and 18 h) to mimic twice daily
clinical administration. Again, DMSO was used as a vehicle control. E, TER and (F) FD4 permeability were measured 24 hours after IFN-y treatment.
(¥*** P < 0.0001, ** P < 0.01, #### P < 0.0001, ## P < 0.01, n = 3).

the IFN-y-induced increase in FD4 permeability compared =~ FD4 permeability. These results indicate that tofacitinib
with DMSO pretreated cells (P < 0.0001; n = 3; Fig. 2C). exerts a protective effect against cytokine-induced para-
Moreover, DMSO or tofacitinib alone had no effect on cellular permeability to electrolytes and macromolecules.
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FIGURE 3. Tofacitinib rescues the permeability increase induced by IFN-y in human colonic organoids. A, Representative series of optical slices
through a human colonoid bathed in growth media containing 0.1 mg/mL FD4. Scale bar = 100 um. B, Following a rescue protocol, human
colonoids cultured for 12 days were treated with IFN-y (50 ng/mL, administered in the bathing media). Tofacitinib (16.7 uM, administered in the
bathing media) was added 6 hours, 24 hours, and 48 hours post-IFN-y treatment. FD4 flux across colonoid epithelium normalized to surface area of
colonoids was measured 72 hours after IFN-y administration. (*** P < 0.001, ## P < 0.01, n = 4). C, Colonoids were harvested, lysed, and subjected to
Western blotting for ZO-1 and occludin. Representative blots and densitometric analysis for ZO-1 and occludin are shown.
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Early Intervention with Tofacitinib Partially
Rescues the Drop in TER but Fully Restores the
Increase in FD4 Permeability Induced by IFN-y
in IECs In Vitro

To test the therapeutic effects of tofacitinib on barrier
function, polarized Ty, IECs grown on transwells were first
treated with basolateral IFN-y (1000 U/mL) followed by 2
apical doses of tofacitinib (16.7 p M each) or vehicle DMSO
at 2 time points (6 hours and 18 hours post-IFN-y treatment)
to mimic twice daily clinical administration (schematic shown
in Fig. 2D). Twenty-four hours after IFN-y treatment, TER
and FD4 permeability were measured. Again, there were no
differences in TER between untreated cells and cells treated
with either DMSO or tofacitinib alone. However, the drop in
TER induced by IFN-y, which was unaffected by DMSO, was
partially restored by tofacitinib (P < 0.0001, n = 3; Fig. 2E).
Moreover, the increase in FD4 permeability induced by IFN-
v was fully rescued by treatment with tofacitinib (P < 0.01,
n = 3; Fig. 2F). These data suggest that early intervention of
tofacitinib is able to differentially rescue modes of IFN-vy-
induced barrier dysfunction.

Tofacitinib Reverses the FD4 Permeability
Increase Induced by IFN-y in Human Colonic

Organoids

Human colonic enteroids (colonoids) have a mature co-
lumnar epithelium which contains both a stem cell niche and
other differentiated cell types surrounding a single luminal com-
partment. To more accurately reflect the complex three-dimen-
sional structure of the intestinal epithelium, human colonoids
were used to determine the effect of tofacitinib on permeability.
Figure 3A shows a representative panel of optical slices through
1 colonoid, the midpoint of which is where FD4 signal intensity
was measured. Supplementary Figure 1 illustrates how the op-
tical slices of the organoids were obtained and depicted. After
72 hours, IFN-y treatment resulted in a 3- to 4-fold increase
in FD4 influx into the colonoids from the bathing media, as
shown in Figure 3B. The addition of tofacitinib rescued the
IFN-vy-induced increase in FD4 flux while yielding no effect
on the basal flux (P < 0.01, n = 4; Fig. 3B). Changes in ex-
pression of tight junction proteins regulating the leak pathway
can alter paracellular FD4 permeability across a monolayer of
intestinal cells.”® To better understand if changes in FD4 per-
meability seen in Figure 3B were due to altered tight junction
protein expression, colonoids were harvested and processed for
Western blotting. Figure 3C shows that the protein expression
of ZO-1 and occludin were unaltered in organoids subjected to
these treatments.

Similar to observations seen in human organoids, none
of the treatment conditions had a significant impact on the
protein expression of ZO-1, occludin, or another transmem-
brane MARVEL family protein, tricellulin, in Ty, monolayers

subjected to the treatments in Figure 2A and D (n = 4; Fig. 4).
These results imply that the effects of IFN-y and tofacitinib
on FD4 permeability across the epithelium are likely not due
to alterations in the expression of these tight junction proteins.

Tofacitinib Protects the Epithelial Barrier by
Restricting IFN-y-Induced ZO-1 Relocalization

After we ruled out changes in tight junction protein ex-
pression by tofacitinib, to determine the mechanism(s) behind
the protective effects of tofacitinib against the IFN-y-induced
increase in FD4 permeability seen in Fig. 2C, T, cells seeded
on glass coverslips were treated with tofacitinib or DMSO for
1 hour, followed by IFN-vy treatment for 24 hours. Assessment
of ZO-1 staining in fixed cells revealed that IFN-y treatment
caused increased formation of intercellular gaps that disrupted
the regular chickenwire pattern seen in untreated and DMSO-
treated cells (Fig. SA). The intercellular gaps were observed less
frequently in cells pretreated with tofacitinib, as quantified in
Figure 5B. Similar observations were seen in cells treated with
tofacitinib 6 hours and 18 hours post-IFN-y challenge (Fig.
5C) as quantified in Figure 5D. In staining for occludin in IFN-
v-treated cells, z-stack imaging revealed that these intercellular
gaps were restricted to the apical portion of the cell monolayer
and did not span the height of the IECs. A representative movie
of a gap, assessed by membrane occludin staining though
z-stack imaging, is shown in the supplementary material online,
which confirms apical localization of the gap. These data sug-
gest that the beneficial effects of tofacitinib in reducing FD4
permeability in this model system are likely due to normalizing
localization of TJ proteins, including ZO-1, rather than by af-
fecting their overall expression.

Tofacitinib Restricts IFN-y-Induced Claudin-2

Promoter Activity and Protein Expression

To identify the mechanism(s) by which tofacitinib reduced
the drop in TER caused by IFN-y treatment, protein lysates
were collected from polarized T,, IECs treated with tofacitinib
or DMSO with or without IFN-y exposure using the “preven-
tion” and “rescue” protocols described in Figures 2A and D, re-
spectively. Lysates were then subjected to Western blotting and
probed for the expression of the cation selective pore-forming
tight junction protein, claudin-2. After 24 hours, IFN-y in-
creased claudin-2 levels more than 2-fold from untreated and
DMSO-treated controls (P < 0.001, n = 3; Fig. 6A). Conversely,
tofacitinib pretreatment prevented the IFN-y-induced increase
in claudin-2 protein levels in vitro (P < 0.05, n = 3; Fig. 6A).
When administered after [IFN-y exposure, tofacitinib could only
partially normalize claudin-2 protein levels (P < 0.05, n = 3;
Fig. 6B). To identify the mechanism of claudin-2 upregulation
affected by tofacitinib, we examined its effects on claudin-2
gene transcription given that the claudin-2 promoter contains
a STAT-binding motif. We previously demonstrated in HT-29
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FIGURE 4. Tofacitinib does not alter protein expression of tight junction proteins involved in macromolecule permeability. Pretreatment: T, cells
grown in transwells were pretreated with DMSO or tofacitinib (50 uM) for 1 hour before IFN-y (1000 U/mL) treatment for 24 hours. Post-treatment:
T, cells grown in transwells were first treated with IFN-y (1000 U/mL) followed by 2 doses of DMSO or tofacitinib (16.7 uM) at 6 hours and 18 hours
post-IFN-y administration. Twenty-four hours after IFN-y exposure, cells were lysed, processed for Western blotting, and probed for the proteins indi-
cated. A, Representative blots probed for ZO-1, occludin, tricellulin, and Bactin. B, Quantification of densitometric analysis normalized to untreated
controls from 4 independent experiments (n = 4).
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FIGURE 5. Tofacitinib reduces the number of apical intercellular gaps via ZO-1 rearrangement/localization caused by IFN-y. A, Pretreatment: T, cells
grown on coverslips pretreated with tofacitinib or DMSO for 1 hour followed by IFN-y (1000 U/mL, 24 h) treatment were stained for ZO-1 and visu-
alized via immunofluorescence microscopy. B, Average number of intercellular gaps in 5 fields of view per condition from 3 independent pretreat-
ment experiments (**** P < 0.0001, ### P < 0.001, ## P < 0.01, n = 3). C, Post-treatment: ZO-1 staining in cells treated with tofacitinib or DMSO at 6
hours and 18 hours post-IFN-y (1000 U/mL, 24 h) treatment. D, Number of intercellular gaps taken in 10 fields of view per condition from 3 inde-
pendent post-treatment experiments (**** P < 0.0001, ### P < 0.001, n = 3). White arrows indicate intercellular gaps.

IECs expressing a claudin-2 promoter-luciferase construct that
following IFN-y treatment, STAT1 binds to the claudin-2 pro-
moter to induce its transcription.'> In this study, HT-29 cells
pretreated with tofacitinib 1 hour before IFN-y exposure for
24 hours displayed reduced claudin-2 promoter activity com-
pared with cells challenged with IFN-y alone or pretreated

with DMSO (P < 0.001, n = 4; Fig. 6C). The tofacitinib-induced
changes in claudin-2 protein levels suggest that tofacitinib re-
duces the changes in TER induced by IFN-y —at least in part—
through claudin-2 regulation. In addition to claudin-2, other
members of the claudin family also contribute to changes in
TER across an epithelium. Claudin-1 and claudin-4 are known
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FIGURE 6. Tofacitinib restricts IFN-y-induced claudin-2 protein expression and promoter activity. A, Pretreatment: claudin-2 protein expression was
determined in T,, IECs pretreated with tofacitinib or DMSO 1 hour before IFN-y treatment for 24 hours and quantified using densitometric analysis
and normalized to untreated controls. (*** P < 0.001, # P < 0.05, n = 4). B, Post-treatment: claudin-2 protein expression was determined in T, cells
treated with tofacitinib or DMSO 6 hours and 18 hours post-IFN-y exposure and quantified using densitometric analysis and normalized to un-
treated controls. (**** P < 0.0001, # P < 0.05, n = 3). C, Pretreatment: claudin-2 promoter activity was measured using a luciferase reporter assay on
HT-29 IECs subjected to the treatment schedule outlined in Figure TA. (*** P < 0.001, ### P < 0.001, n = 4).

to tighten the barrier and increase TER, whereas overexpressing
claudin-15 decreases TER and increases paracellular flux of
cations, similar to claudin-2.* However, protein expression of
these claudins did not significantly change with tofacitinib or
IFN-y treatments (Supplementary Fig. 2), thus suggesting that
the effects seen in TER are most likely mediated by the changes
in claudin-2 expression.

DISCUSSION

Tofacitinib is a selective inhibitor of members of the
JAK family kinases and demonstrates strong selectivity for
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JAK1 and JAK3 >>> JAK?2 > tyrosine kinase 2 (TYK2).*® By
inhibiting JAK phosphorylation, tofacitinib inhibits recruit-
ment of downstream STAT family members by activated JAK1
and thus interrupts these signaling cascades, thereby reducing
STAT-dependent activation of inflammatory genes (Fig. 7).3
3 Tofacitinib has proven to be an effective therapeutic agent
in treating several chronic inflammatory diseases and has been
FDA-approved for the treatment of rheumatoid arthritis, pso-
riasis, and more recently, ulcerative colitis.* In phase 2 clinical
trials, remission at 52 weeks occurred in up to 40.6% of UC pa-
tients who received 10 mg of tofacitinib twice daily, compared
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FIGURE 7. The protective effect of tofacitinib on IFN-y-induced barrier dysfunction. During inflammation in which cytokines such as IFN-y are
released and bind to their receptors on epithelial cells, JAK1 proteins are brought in close proximity to each other and are activated. These in turn
phosphorylate cytokine receptors that serve as docking sites for STAT proteins, which are then activated by JAK1 proteins. Phosphorylated STATs
dimerize, translocate to the nucleus, and serve as transcription factors for specific genes, such as claudin-2. Upon IFN-y treatment, claudin-2 ex-
pression is upregulated and ZO-1 mislocalizes to form intercellular gaps. As a small molecule inhibitor, when tofacitinib binds to the ATP-binding
site of JAK proteins, the first step of the signaling cascade is stopped, therefore preventing and/or reducing the detrimental effects of IFN-y on the
intestinal epithelial barrier (summarized in right-hand panel; broken arrow reflects reduced paracellular permeability vs. inflammation alone shown

in left-hand panel).

with 11.1% in the placebo group.’® At the same time, mucosal
healing at 52 weeks occurred in 45.7% of patients on tofacitinib
compared with 13.1% in those receiving placebo.* *” Although
one of the primary endpoints of this study was mucosal healing,
the direct effects of tofacitinib on the critical mucosal cell type
comprising the intestinal barrier is unknown.

In this study, we show that tofacitinib exerts a direct effect
on IECs in vitro by inhibiting cytokine-induced JAK1-STAT1/3
activation. The timing of IFN-y exposure was optimized
for either maximal JAK1 or STAT1/3 phosphorylation and

tofacitinib reduced IFN-y stimulated pJAK1, pSTATI1 and
PSTAT3 to levels comparable to controls. Moreover, tofacitinib
not only was capable of preventing permeability increases
caused by IFN-y but also rescued epithelial monolayers from
IFN-y-induced increases in barrier permeability. Treating [ECs
with tofacitinib before the IFN-y challenge prevented the dra-
matic decrease in TER and FD4 permeability enhancement.
This suggests that tofacitinib inhibition of JAKs before expo-
sure to a pro-inflammatory mediator is sufficient to maintain
the barrier’s integrity. This may have relevance to the clinical
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efficacy of tofacitinib in potentially limiting the epithelial
barrier-disrupting effects of newly secreted inflammatory cyto-
kines at the start of a flare in disease activity. The capacity of
tofacitinib to rescue the permeability defect caused by IFN-y
in primary human colonoids further supports the evidence of
a direct beneficial effect of tofacitinib on the intestinal epithe-
lium. Human colonoids better recapitulate the microenviron-
ment of IECs as they are grown in 3-dimensional orientation,
thus retaining both the structure and variety of epithelial cell
subtypes of the colonic crypt.#>! Of note, though the same
concentration of tofacitinib used for cell culture studies was
able to rescue the increase in FD4 permeability caused by IFN-
v in colonoids, this was studied over a longer time period of
exposure in colonoids than cell lines. Collectively, these data
indicate that tofacitinib rescued barrier function using both ep-
ithelial model systems, thus further validating the efficacy of
this agent in normalizing barrier function.

We have attempted to discriminate between the 2 prin-
cipal forms of permeability that are regulated by specific tight
junction alterations, namely the size- and charge-selectivity of
electrolyte flux as measured by TER (pore pathway) and the size
but noncharge-selective permeability characterized by FD4 per-
meability (leak pathway).”> Although increased involvement of
the leak pathway can also lead to a reduction in TER, this func-
tional parameter of permeability often correlates with changes
in the expression of claudin family proteins, with increased
expression of claudin-2 contributing directly to reduced TER
due to increased flux of Na* and water.> ! 14 5355 We previously
demonstrated that STAT1 binding is partly responsible for the
IFN-y-induced increase in claudin-2 promoter activity, and mu-
tation of the STAT-binding domain eliminates IFN-y-induced
CLDN?2 promoter activity.” Our current data indicate that the
inhibitory effect of tofacitinib on claudin-2 upregulation is at
least partly attributed to inhibition of the CLDN2 promoter
(Fig. 7). In agreement with our previous findings, this inhibitory
effect is likely due to reduced STAT1-mediated transcription of
claudin-2 since STAT1 is a substrate of activated JAK1. Even
though we previously demonstrated that STAT1 binds to the
CLDN? promoter to increase CLDN2 expression via a STAT-
binding motif, involvement of other STATs—specifically STAT6
in the regulation of claudin-2 expression by the inflammatory
cytokine IL-13—has also been demonstrated.'* 5558 However,
our data do contrast with prior studies indicating that pharma-
cological inhibitors of STAT1 were unable to alleviate the IFN-
v-induced reduction in TER.?” ¥ Data from the same group
suggested that following IFN-y treatment, STAT1 promoted
STATSb activation, which formed a complex with Fyn Src ki-
nase and PI 3-kinase to serve as a mediator of IFN-y-induced
barrier dysfunction, specifically macromolecule horseradish
peroxidase translocation in T,, monolayers.”® These studies
highlight how STAT proteins have versatile and complex roles
in barrier function regulation, which can be context-dependent.
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IFN-v is a recognized modulator of the tight junction
localization and expression of occludin and ZO-1.!% 3236 62
In the present study, we did not observe a significant differ-
ence in the expression levels of ZO-1, occluding, or another
member of the MARVEL family of transmembrane pro-
teins involved in restricting macromolecular permeability,
tricellulin, after IFN-y treatment for 24 hours.'*!® This sug-
gests that the IFN-y-induced increase in FD4 permeability—
and thus the normalizing effect of tofacitinib on FD4—are
likely not mediated by changes in overall protein expression
of ZO-1, occludin, or tricellulin. Instead, the inhibitory effect
of tofacitinib on FD4 permeability is likely due to changes in
tight junction protein localization. This was supported by ZO-1
relocalization data and the decreased frequency of intercellular
gaps observed with ZO-1 immunofluorescence-staining in cell
monolayers treated with tofacitinib. Indeed, IFN-y-induced
alterations in barrier permeability and tight junction protein
relocalization may partially be due to remodeling or internal-
ization of these tight junction proteins from the plasma mem-
brane into a subapical cytosolic compartment, as previously
described.¢

Our study also showed that early intervention with
tofacitinib during exposure to IFN-y can fully rescue the in-
crease in FD4 permeability, yet only partially mitigate the de-
crease in TER. This partial restoration correlates with our
finding that claudin-2 protein expression levels did not re-
turn to those of untreated and DMSO-treated controls in the
rescue protocol studies. A potential explanation could be that
tofacitinib is unable to fully reverse the sequence of signaling
events leading to increased claudin-2 and TER loss as op-
posed to its apparent capacity to arrest signaling modalities
targeting junction proteins involved in the leak barrier defect
and thus reverse the increase in FD4 permeability caused by
IFN-y.

The concentration of tofacitinib used here to study bar-
rier and JAK/STAT signaling effects on IECs are relatively
higher compared with those used in other studies. For instance,
tofacitinib at 30 nM and 100 nM reduced cytokine-induced
STAT1 phosphorylation in CD4* T cells and fibroblast-like
synoviocytes, respectively.®* % However, this discrepancy could
be attributed to the different cell types studied, as in our expe-
rience intestinal epithelial cell lines are not as sensitive to in-
flammatory cytokines or pharmacological inhibitors as other
cell types. Moreover as shown in Figure 2B, the lowest dose
of 2 uM of tofacitinib did not produce a barrier-protecting ef-
fect against IFN-y in IEC monolayers, suggesting that in this
experimental system, higher concentrations of tofacitinib are
required to modulate downstream effector responses in read-
outs such as barrier function. Of note however, in our studies
tofacitinib was administered at 2.6 mg (16.7 uM) or 7.8 mg
(50 uM), which is within the dosage range of 5 or 10 mg given
to ulcerative colitis patients.*- 6
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CONCLUSIONS

In summary, we have demonstrated that the JAK in-
hibitor tofacitinib is capable of both protecting against and
rescuing from the deleterious effects of IFN-y on intestinal ep-
ithelial permeability using both cell line and human organoid
model systems. Patients with ulcerative colitis who received
tofacitinib for 8 weeks had significantly higher clinical re-
sponse rates and lower Mayo endoscopic subscores compared
with those receiving placebo.’* 4% Additionally, those who re-
ceived tofacitinib had higher remission rates at 52 weeks com-
pared with those receiving placebo.® Our results suggest that
part of the clinical benefits of tofacitinib in treating ulcerative
colitis patients may accrue from reducing the activity of JAK-
activated signaling pathways that disrupt tight junction protein
composition in TECs. Although tofacitinib has been demon-
strated to promote mucosal healing, we propose that part of its
efficacy may also lie in its ability to restore normal mucosal bar-
rier function as reflected by the normalization of permeability
to macromolecules and reduced electrolyte flux.

SUPPLEMENTARY DATA

Supplementary data is available at Inflammatory Bowel
Diseases online.

Supplementary Figure 1: Images of colonoids are taken
from optical slices of each colonoid. This illustration depicts how
the representative panel of optical sections were taken in different
planes of one 3D organoid, starting from just above the organoid
and finishing below the organoid, thus resulting in differences in
diameter of the image.

Supplementary Figure 2: No significant changes in protein
expression of claudins 1, 4, and 15 were found with any of the
treatments in vitro.

T84 monolayers were subjected to vehicle (DMSO),
tofacitinib and IFN-vy treatments following the “prevention” and
“rescue” protocols. Cells were lysed, whole-cell protein lysates
were processed, subjected to Western blotting, and probed for
claudin-1, claudin-4, and claudin-15. (n = 3-4).

Supplementary Movie 1: Occludin localization reveals that
intercellular gaps induced by IFN-vy are restricted to the apical
poles of T,, cell monolayers.

T,, cells grown on glass coverslips treated with IFN-y (1000
U/mL, 24 h) were fixed and stained for occludin. In IFN-vy-treated
cells, z-stack images compiled into this movie show that the inter-
cellular gaps do not span along the lateral side of IECs but rather
are restricted to the apical portion of the cell monolayer. The arrow
indicates a gap that appears then quickly disappears as the imaging
plane moves from the apical to the basolateral portion of the cells.
This is a representative movie from 3 independent experiments.
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