Retinal Cell Biology

Effects of Proinflammatory Cytokines on the Claudin-19
Rich Tight Junctions of Human Retinal Pigment

Epithelium

Shaomin Peng,'™> Geliang Gan,'> Veena S. Rao,> Ron A. Adelman,® and Lawrence J. Rizzolo'?

Purprose. Chronic, subclinical inflammation contributes to the
pathogenesis of several ocular diseases, including age-related
macular degeneration. Proinflammatory cytokines affect tight
junctions in epithelia that lack claudin-19, but in the retinal
pigment epithelium claudin-19 predominates. We examined
the effects of cytokines on the tight junctions of human fetal
RPE (hfRPE).

MEerHops. hfRPE was incubated with interleukin 1-beta (IL-1p),
interferon-gamma (IFNY), or tumor necrosis factor-alpha
(TNFo), alone or in combination. Permeability and selectivity
of the tight junctions were assessed using nonionic tracers and
electrophysiology. Claudins, occludin, and ZO-1 were exam-
ined using PCR, immunoblotting, and confocal immunofluo-
rescence microscopy.

Resurts. Only TNFo consistently reduced transepithelial
electrical resistance (TER) >80%. A serum-free medium
revealed two effects of TNFa: (1) decreased TER was observed
only when TNFo was added to the apical side of the monolayer,
and (2) expression of TNFao receptors and inhibitors of
apoptosis were induced from either side of the monolayer. In
untreated cultures, tight junctions were slightly cation
selective, and this was affected minimally by TNFa. The results
were unexplained by effects on claudin-2, claudin-3, claudin-
19, occludin, and ZO-1, but changes in the morphology of the
junctions and actin cytoskeleton may have a role.

Concrusions. Claudin-19-rich tight junctions have low perme-
ability for ionic and nonionic solutes, and are slightly cation-
selective. Claudin-19 is not a direct target of TNFo. TNFo may
protect RPE from apoptosis, but makes the monolayer leaky
when it is presented to the apical side of the monolayer. Unlike
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other epithelia, IFNy failed to augment the effect of TNFa on
tight junctions. (Invest Opbthalmol Vis Sci. 2012;53:5016-
5028) DOI:10.1167/iovs.11-8311

ge-related macular degeneration and proliferative diabetic

retinopathy are among the leading causes of blindness and
visual impairment in the United States. An important element of
these diseases is a low grade, subclinical inflammatory process.!
Proinflammatory cytokines, such as interleukin-1-beta (IL-1p),
interferon-gamma (IFNYy), and tumor necrosis factor-alpha
(INFo) have been implicated in these and other ocular
diseases.!”® These diseases may alter the blood-retina barrier
through effects on tight junctions.!®-2 Tight junctions retard
transepithelial diffusion of solutes via the spaces that lie between
neighboring cells of the RPE or capillary endothelial cells.!?

RPE is a simple, transporting epithelium that lies between
the neural portion of the retina and the fenestrated chorio-
capillaris. Apical microvilli of RPE interdigitate with photore-
ceptor outer segments in the subretinal space. RPE pumps
water out of this space to maintain this close association. The
ion gradients needed to support transepithelial transport
depend on cooperative interactions between membrane
transporters and tight junctions.'> Cytokines can act on both
components of the blood-retinal barrier.

Inflammatory cells, endothelia, and activated RPE may
release a plethora of inflammatory mediators that may induce
progressive pathologic changes in the retina and RPE. IL-1B
decreased the transepithelial electrical resistance (TER) of
ARPE19 cells directly or indirectly through effects on tight
junction proteins.” In human fetal RPE (hfRPE), a cocktail of
these cytokines affected the polarized secretion of cytokines/
chemokines and decreased TER after 24 hours, but increased
rapidly net epithelial fluid absorption.!>1¢ Most of the effect on
fluid absorption was attributed to IFNYy effects on CI™ transport.

IL-1B, IFNYy, and TNFa regulate epithelial and endothelial
tight junctions in vivo and in vitro, but the effects are tissue-
specific. TNFa decreased TER and increased paracellular
permeability in several cell lines,!”~1 but not others.?° IFNy
caused a dose- and time-dependent increase in monolayer
permeability of colon cultures,??2 but it also decreased
permeability in murine endothelia, and enhanced barrier
function and wound healing in lung cell culture.?324 IFNy
can act synergistically with TNFo to increase paracellular
permeability.2>:25-2¢ There is little information on how cyto-
kines affect the selectivity of tight junctions.

The permeability and selectivity of tight junctions are
determined by the claudin family of transmembrane proteins
and may be modulated by occludin (see review of Rizzolo et
al.13). Of the 24 known claudins, hfRPE expressed predomi-
nantly claudin-19 with lesser amounts of claudin-3.?” Claudin-19
also is prominent in adult RPE.2%2° Absence of functional
claudin-19 results in a loss of TER in culture and severe visual
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Ficure 1. Time course for the effects of TNFa. Cells maintained in
growth medium were incubated with growth medium containing 0.5%
FBS for 24 hours before TNFa or vehicle was added to both media
chambers (time 0). The TER was monitored using Endohm electrodes.
Error bars: the SE estimated from three cultures. Some error bars are
smaller than the symbol.

defects in patients.?”3° In contrast, claudin-3 does not make a
measurable contribution to the properties of the tight junction.
Whereas knockdown of claudin-3 by siRNA has no discernible
effect, a knockdown of claudin-19 virtually eliminates the TER.?”
Knockdown of claudin-19 fails to alter the expression or
subcellular localization of claudin-3, which indicates the amount
of claudin-3 present in RPE is incapable of forming a functional
tight junction on its own. Although the gene for claudin-3 is in
the locus for Williams-Beuren syndrome, the ocular defects
associated with this disease are attributed to other genes in that
locus.3132 Besides claudin-3 and claudin-19, trace amounts of the
mRNAs for claudin-1, claudin-2, claudin-10, claudin-12, claudin-
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15, claudin-16, and claudin-20 also were reported. These same
proteins and mRNAs were expressed in vivo and in cultured
hfRPE. Notably, claudin-19 has not been reported in ARPE19, a
cell line that often is used to study RPE tight junctions.

Previous studies examined the effects of brief exposures to
TNFa, IL-1B, or IFNY on hfRPE barrier properties, and found little
evidence of effects on the paracellular pathway.'>1¢ To investi-
gate whether longer exposures to these cytokines had an effect
on tight junctions, we used two culture models: one in which
hfRPE was maintained in a serum-containing medium, and one in
which hfRPE was adapted to a serum-free medium (SFM-1). We
were concerned about how serum might affect our results for two
reasons. Serum contains variable mixtures of factors that might
modulate the effects of cytokines, and serum on the apical side of
the RPE increases TER to hyperphysiologic levels.?” Commonly,
the first issue is addressed by preincubating the cultures in serum-
reduced or serum-free medium. Using TER as in indicator, we
found that RPE could be maintained for extended periods in
reduced-serum medium, but a specialized media formulation was
required to maintain RPE in a serum-free medium.?” In SFM-1, the
TER decreased gradually to more physiologic levels over the
course of four weeks. After this transition period, the cultures
became stable, and the process could be reversed by returning
the cultures to serum-based medium. In both media, hfRPE is
highly differentiated and exhibits many of the functions expected
for native RPE.?7:33-35 This strategy allowed us to relate our results
to previous studies with hfRPE cultures,'> !¢ and examine stable
cultures of RPE in serum-free conditions.?”

Our current study quantified the permeability and selectiv-
ity of RPE tight junctions, and how these properties are
affected by this group of cytokines. We also reported on
whether these cytokines affected mRNA and protein expres-
sion, and the cellular distribution, of claudins and occludin.
The study led us to focus on the effects of TNFa.

METHODS

Cell Culture

This research followed the tenets of the Declaration of Helsinki, the
institutional review board of the National Institutes of Health, and Yale

Tasie 1. Effect of Cytokines on the TER
GM 0.5% SFM-1
Donor 1 2 3 4 5 6 1 2 3 4 5 6
% of control TER
Cytokine
TNFo 16.5 14.7 8.1 19.5 17.1 - 259 33.3 14.2 8.5 5.4 -
1I-1B 86.5 933 101.3 103.8 96.8 - 93.4 100.4 103.8 105.2 103.9 -
IFNy 93.9 82.4 101.4 118.5 119 - 68.1 94.1 104.7 108.7 112.5 -
TNFa - - - 15.8 9.6 19 - - - 7.5 6.6 15.8
+ IL-1P
TNFo - - - 12.6 14.4 15.8 - - - 83 8.1 15.3
+ IFNy
TNFa - - - 8.4 10.2 17.3 - - - 8.4 7.5 9.3
+ IL-1P
+ IFNy
TER ( X cm?)
Control 1301 1041 1491 918 822 834 453 479 887 629 670 430

Experiments were performed after the cultures attained a stable TER as described.?” Cells were incubated for 48 hours in the indicated
cytokine. Measurements were made in culture medium using the EVOM resistance meter at ambient temperature. The actual TER is reported for the
control cells, but the TER as a percentage of the control was shown for each test condition. For each preparation, the TER is the average of three

cultures. SE was less than 5%.
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Ficure 2. Polarity of the effects of TNFa. TNFao was added to the apical, basal, or both media chambers for 48 hours. (A) In growth medium, the
TER was reduced regardless of which medium chamber contained TNFo, but in SFM-1 the TER was significantly reduced only if TNFa was added to
the apical medium chamber. (B) Expression of TNFa receptors and cIAP was monitored by qRT?PCR. For each mRNA, expression relative to that
mRNA in control cultures was calculated as described in the methods. (10 = 10X increase due to the cytokine). TNFR1 mRNA was detected readily
in control cells. For cultures maintained in growth medium, TNFR1 expression was affected only when TNFa was added to the basal medium
chamber. For cultures maintained in SFM-1, TNFa increased expression from either chamber. In control cultures, TNFR2 mRNA was evident only in
trace amounts. The effect of TNFa was nonpolarized in each culture. The effect of TNFo was also nonpolarized for cIAP1 and cIAP2.

School of Medicine guidelines. The primary cultures of hfRPE cells (15-
16 weeks’ gestation) were supplied by the laboratory of Sheldon Miller
(National Eye Institute, Bethesda, MD) and were reseeded, 1.3 X 10°
cells per well, onto Transwell or Snapwell culture inserts (1.12 cm?
growth area, 0.4 pm pores; Corning, Inc., Corning, NY), as described.?”
We refer to the medium formulated by the Miller laboratory as “growth
medium.” Once a monolayer of RPE forms, the culture insert divides
the medium into two chambers, apical and basolateral media
chambers. For serum-free medium experiments, cultures were adapted
to SFM-1, which also has been used to culture hfRPE.?7-35 MDCK II cells
were obtained from the American Type Culture Collection (Manassas,
VA) and cultured in Dulbecco’s modified Eagles medium (DMEM)
containing 5% fetal bovine serum (FBS).

Incubation with Cytokines

Once the TER was stable, we found that the serum in growth medium
could be reduced to 0.5% with no discernible effect. This reduced
serum formulation was used for all experiments in growth medium that
are reported in this study. Similar results were obtained in growth

A

FiGUure 3. Apoptosis was minimal after a 48-hour exposure to TNFo.
(A) Cultures maintained in SFM-1 were incubated with TNFa and
labeled using the TUNEL procedure to reveal apoptotic cells. Nuclei
were labeled blue by DAPI. Only the occasional microscopy field
exhibited a positive cell (arrow), which is purple due to the
colocalization of nuclei with the TUNEL reaction product (false
colored red). Similar results were obtained in growth medium. (B) As a
positive control, cells were treated with DNase I to create a substrate
for the TUNEL assay. Most nuclei were purple. Bar: 20 pm.

medium containing 5.0% or 0.0% serum (data not shown). For
experiments performed in growth medium, the serum was reduced
to 0.5% 1.0 hour before the experiment. Parallel experiments were
performed in serum-free adapted cultures. Cultures were incubated for
two days in media containing the following cytokines, alone or in
combination: TNFa 10 ng/ml, IL-13 10 ng/mL (Sigma-Aldrich, St. Louis,
MO), and IFNYy 5 ng/mL (PeproTech, Rocky Hill, NJ). The cytokines
were added to both media chambers, or just to the apical or basolateral
medium chamber. These concentrations conformed to earlier studies
with hfRPE.!>1¢

Apoptosis Assay

A TUNEL assay, In Situ Cell Death Detection Kit, Fluorescein (Roche
Diagnostics Corp., Indianapolis, IN) was used to detect apoptosis based
on labeling of DNA strand breaks by terminal deoxynucleotidyl
transferase. For a positive control, fixed and permeabilized cultures
were treated with recombinant DNase I (Roche Diagnostics Corp.) for
10 minutes at room temperature to induce DNA strand breaks. Samples
were analyzed by confocal fluorescence microscopy, as described
below.

Measurement of TER and Ion Selectivity

To monitor hfRPE cultures, the TER was measured at ambient
temperature using an EVOM resistance meter with Endohm electrodes
(World Precision Instruments, Sarasota, FL) in growth medium or
serum-free medium and reported as Q X cm?. The TER is related to the
resistance of the tight junctions (the paracellular or shunt resistance),
and the resistances of the apical and basolateral membranes by the
following equation:

(1)

Ri+R
TER:RS><< 4 B)

Ry + Rp + Rs

where Rg is the shunt resistance, R, is the resistance of the apical
membrane, and Ry is the resistance of the basolateral membrane.3® The
TER approximates the resistance of the tight junctions when:

(Ra + Rg) > Ry (2)

and

( Ry + Rp )m 3)

Ry + Ry + Ry
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Tasie 2. Effect of Cytokines on Ion Selectivity
Permeation Coefficient (P X 10°cm/sec) Permeation Ratio
Culture Apparent TEP}
Medium Rgy (2 X cm?)* (mVv) Na™* K+ Cl- Na*/Cl~ K*+/Cl- K*/Na*
GM
Control 560 * 90 0.23 = 0.08 23+ 0.3 29+ 04 24 +03 093 £0.02 1.19 £0.03 1.28 = 0.03
TNFo 50 £ 5% —0.03 = 0.01% 26 *+ 3% 32 £ 3% 25 *£ 3% 1.06 = 0.02 1.29 = 0.03 1.21 = 0.01
IFNy 410 + 20 0.6 +0.2 29 £ 0.1 3.8 +0.2 3.1 £ 0.1 094 = 0.01 1.23 £0.02 1.31 = 0.02
SFM-1
Control 330 £ 20 0.31 = 0.03 3.9 +0.3 49+ 03 3.5 *03 1.11 £ 0.01 138 £0.03 1.25 = 0.02
TNFo 59 *+ 6% 0.05 * 0.04% 22 £ 2% 27 £ 3% 21 £ 3% 1.06 £ 0.01 128 = 0.01 1.21 = 0.01
IFNy 270 = 10% 0.77 = 0.08 4.9 + 0.2 68 03 4.4 *0.1 1.11 £ 0.02 1.55*0.05 1.39 = 0.02
Bare filter 5.6 = 0.1 0.01 = 0.01 188 + 4 233 + 4 245 + 4 0.77 = 0.01 095 *0.01 1.24 = 0.01

Measurements were made in triplicate using an Ussing chamber maintained at 37°C. Data are shown for a donor in which IFNy had a small
effect. The results shown for TNFo are representative of all donors. The permeation coefficient was calculated as described in Methods.
Representative experiments are shown in Figure 3. The SE is indicated and was estimated from three cultures.

* Because membrane transporters were inhibited, the resistance of the tight junctions was estimated from the TER according to equations (1)-

(3) in Methods.

1 In the presence of membrane transport inhibitors (TEP ~ 1-2 mV without inhibitors).

$ P < 0.05 compared to the control.

This condition likely does not hold for hfRPE, which means the TER
underestimates the resistance of the tight junctions.

To measure tight junction-specific properties, cultures maintained
on Snapwell filters were mounted in Ussing chambers (Physiologic
Instruments, San Diego, CA) and incubated in a modified Ringer’s
solution to inhibit membrane transport. The solution contained 150
mM NacCl, 2 mM CacCl,, 1 mM MgCl,, 3 mM BaCl,, 10 mM glucose, and
10 mM HEPES, pH 7.4 at 37°C, and continuously bubbled with
compressed air. The BaCl, was sufficient to reduce diffusion through
K" channels even in those experiments in which KCI was substituted
for NaCl.37-3 The lack of bicarbonate would reduce diffusion through
bicarbonate transporters, thereby inhibiting a major transport system
in RPE.*° The assumption that transmembrane ion transport was
inhibited substantially was verified by demonstrating that the
transepithelial electrical potential (TEP) was reduced from ~2.0 mV
to near zero, and the TER increased as predicted by equation (7).

Silver chloride electrodes with 3 M KCI agar bridges were used for
the current producing and voltage sensing electrodes, and were
controlled by a model VCC MCG6 voltage/current clamp and ACQUIRE
& ANALYZE Revision II software (Physiologic Instruments). The TEP
was referenced to the basolateral chamber. For ion selectivity and
permeability, dilution and bi-ionic electrical potentials were examined
by replacing the solution in the basolateral chamber. Several
experiments were performed by replacing the solution in the apical
chamber to confirm that the measurements were independent of the
direction of the gradient. For dilution potentials, the NaCl in the
basolateral was reduced to 75 mM NaCl and the osmolality was
balanced with mannitol. For bi-ionic potentials, the NaCl was replaced
with 150 mM KCL

The relative ionic permeabilities of the monolayers were calculated
using the Goldman-Hodgkin-Katz equation. The individual permeation
coefficients for Na®™ (Pyy), CI~ (P and K (Py) were deduced from the
method of Kimizuka and Koketsu using the following equations.!42

in(

>< Gﬂ’l
A1+ p)

i+ B
><1“(1 +/f>

where R and F are the gas and Faraday constants, respectively; 7'is the

o+ p

RT
—X
1+ocﬂ>

F

(4)

Vaitution = —

RT

Pyg = =

)

RT
F

(6)

Voi—ionic =

temperature in °K; « is the activity ratio of NaCl in 150 mM and 75 mM
solution; f§ is permeability ratio, CI/Na'; G is the conductance (1/TER)
per unit surface area; A is the NaCl activity in 150 mM solution; and 4 is
the permeability ratio, K¥/Na*. The mean activity coefficient of each
monovalent cation-halide salt was assumed to be the same as that of
NacCl, and the anion and cation in each case were assumed to have the
same activity coefficient.

Paracellular Flux of Methylpolyethylene Glycol
(mMPEG)

The paracellular flux of mPEG (average molecular weight, 550; Stokes
radius = 5.1 A; MP Biomedicals, LLC, Solon, OH) was estimated as
described.?” Briefly, mPEG, was added to the basal medium chamber to
a final concentration of 50 pg/ml. The cultures were incubated for 1.5
hours at 37°C in a humidified chamber with 5% CO,, and the medium
from the apical medium chamber collected for analysis.

Quantitative, Reverse Transcriptase, Real Time-
PCR (qRT?-PCR)

For analysis by agarose gel electrophoresis, RI-PCR was performed as
described,?* using 35 cycles of PCR. qRT2PCR was performed as
described.?” Relative expression of mRNA was calculated using the
27AAC method.*3 Using this method, data were normalized to
glyceraldehyde-3-phosphate dehydrogenase and compared to the re-
spective claudin’s mRNA expression in a control, as noted in each figure.

Protein Electrophoresis and Immunoblotting

Electrophoresis and immunoblotting were performed as described.?”
The following primary antibodies were used: rabbit polyclonal anti-
claudin-1, rabbit polyclonal anti-claudin-2, rabbit polyclonal anti-
claudin-3, mouse monoclonal anti-claudin-10, mouse monoclonal anti-
occludin, mouse monoclonal anti-o-tubulin, mouse anti-ZO-1 (Invitro-
gen, Carlsbad, CA), and rabbit polyclonal anti-claudin-19 (a kind gift
from Mikio Furuse, Kobe University, Kobe, Japan).

Immunofluorescence and Confocal Microscopy

The subcellular distribution of claudins, ZO-1, and occludin was
determined by indirect immunofluorescence, as described.?’” The
primary antibodies listed above were used followed by incubation with
ML-grade secondary antibodies conjugated with Cy3 or Cy5 dyes
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Figure 4. Dilution and bi-ionic electrical potentials for hfRPE
maintained in cytokines. Cells were cultured in SFM-1 or growth
medium (GM) in the indicated cytokine for two days and transferred to
an Ussing chamber in a buffered saline solution containing NaCl, as
described in Methods. The presence of BaCl, and absence of
bicarbonate reduced the TEP to near zero. Solutions were changed
on the basal side of the culture and measurements were referenced to
the basolateral chamber. Bars: indicate the duration of the exposure of
the culture to reduced NaCl or KCI. Reintroduction of the normal NaCl
solution restored the TEP to baseline. When the NaCl concentration
was reduced, a negative potential would indicate selectivity for Na™.
When the NaCl was replaced by KCl a positive potential would indicate
selectivity for K. Data were acquired at 10-second intervals; 1.0-
minute intervals are indicated by the data points on the graph. Each
trace is representative of three experiments. The data were used to
calculate the permeation coefficients listed in Table 2.

(Jackson ImmunoResearch Laboratories, West Grove, PA). Alexa Fluor
488 phalloidin was used to label F-actin and DAPI was used to label the
nucleus. Fluorescence images were acquired with an LSM 410 spinning-
disc confocal microscope and processed using AxioVision software to
produce a maximum intensity projection (MIP) or a three-dimensional
rendering (Carl Zeiss, Inc., Thornwood, NY). To create an MIP
rendering, each image of the confocal stack of images is superimposed
and the fluorescent signal from each image is summed together. This
procedure compensates for the waviness of the filter and allows
junctions from all the cells to be observed simultaneously in a large
microscopic field. Fluorescent channels were captured in gray scale and
false-colored using the software, as described in the figure legends.
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Ficure 5. Effect of cytokines on the permeation of PEGss,. Cultures
were incubated with the indicated cytokines for 48 hours. Similar
results were obtained in GM and SFM-1. Only TNFa increased the
apparent permeation coefficient (P,,,). There was no statistical
difference among any of the conditions that included TNFo. When 5
mM EDTA was used to disrupt tight junctions, P,,, =6.7 = 0.8 X 107¢
cm/s. Bars: represent the average of 4 to 9 cultures. Error bars:
represent the SE. *P < 0.05 compared to the control for the
corresponding culture medium.

Small Interfering RNA (siRNA)

To knockdown the expression of claudin mRNA, we used a pool of 4
siRNAs specific for either claudin-2 or claudin-4 (siGENOME SMART-
pool; Dharmacon, Lafayette, CO) according to the manufacturer’s
protocol.?” Transfection with siRNAs specific for claudin-4 served as a
negative control because claudin-4 is not expressed by hfRPE. To
monitor the effect on mRNA and protein, cells transfected with siRNA
were harvested 5, 7, 9, and 11 days post-transfection. Based on these
experiments, the effect of TNFa on cells with claudin-2 knocked down
was measured by first transfecting the cells and subsequently treating
them with TNFa 8 days post-transfection. Cells then were harvested 2
days later for analysis.

Overexpression of Claudin

hfRPE cultured on Transwell or Snapwell filters in SFM-1 were infected
by 5 X 10® PFU/well human adenovirus-CLDN2, (SignaGen Labratories,
Gaithersburg, MD) in 400 pL. Adenoviral vector that expressed green
fluorescence protein (GFP) was used as a control. Cultures were
maintained for 48 hours before analysis.

Statistical Analysis

Statistical differences were determined using Student’s #test or one-
way ANOVA using a Student-Newman-Keuls post-test.

RESULTS

A time course showed that TNFo decreased TER after 4 hours
and exerted its maximal effect after 24 hours (Fig. 1). After 48
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Ficure 6. Effect of cytokines on gene expression. Cultures were maintained in GM or SFM-1 and incubated with the indicated cytokine for two
days. The expression of mRNA was estimated by real-time RT-PCR. For each mRNA, expression relative to that mRNA in control cultures was
calculated as described in Methods. (10 = 10X increase due to the cytokine; 0.1 = 10X decrease). Note that absolute expression levels for claudin-19
and occludin were >10X to 3000X higher than the other claudins, with claudin-16 having the lowest expression. Further, mRNA expression was
unaffected by culture medium alone.?” Cytokines had minimal effects on the expression of mRNAs for occludin and claudin-19. For the minor
claudins, cytokines tended to lower the expression or had no effect. *Error bars for claudin-1 represent the range of two independent preparations
of hfRPE. Remaining error bars represent the SE for three independent preparations of hfRPE. For each preparation, three cultures were measured.
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Ficure 7. Expression of tight junctional proteins were affected
minimally by TNFa in some donors. After a 48-hour exposure to TNFo,
steady-state levels of claudin-3, claudin-19, and occludin decreased as
much as 50% for many isolates of hfRPE. This donor provides an
example of hfRPE whereby TNFo reduced TER by 80% with minimal
effect on steady-state levels of these proteins or ZO-1. Note the two ZO-
1 isoforms form the doublet indicated by the marker. The faster
migrating band also was observed in nonimmune control samples (not
shown).

hours, IL-1B had minimal effect. An effect of IFNy on TER was
observed occasionally and depended upon the donor (Table 1).
By contrast, TNFa consistently caused a 70% to 95% decrease
in TER regardless of donor. There was no evidence of a
synergistic effect among the cytokines tested.

The effect of TNFo on TER was nonpolarized in cultures
maintained in growth medium. However in SFM-1, the effect
was minimal when TNFo was restricted to the basal medium
chamber (Fig. 2A). The subcellular localization of the TNFa
receptors, TNFR1 and TNFR2, could not be determined,
because the immunofluorescent signal was too weak. In
control cells the mRNA for TNFR1 was detected readily by
qRT?-PCR, but TNFR2 was evident only in trace amounts. In
the presence of TNFo, mRNA for TNFR1 increased several fold,
whereas mRNA for TNFR2 increased ~2 orders of magnitude.
For TNFR1 in growth medium, TNFa had no effect unless the
cytokine was included in the basal medium chamber, whereas
in SFM-1 TNFo was effective in both medium chambers. The
effect on TNFR2 was observed regardless of culture condition
(Fig. 2B).

TNFo might induce apoptosis, which could reduce TER.
However, we confirmed earlier reports44 that this effect was
not observed in hfRPE (Fig. 3). Because TNFR2 is associated
with the inhibition of apoptosis, we also examined the cellular
inhibitor of the apoptosis proteins, cIAP1 and cIAP2. The
mRNA for both was induced by TNFo in either medium
chamber (Fig. 2B).

To explore how cytokines might reduce TER via effects on
tight junctions, we added cytokines to both medium chambers
for 48 hours. Selectivity of the junctions for ions was studied by
mounting the cultures in an Ussing chamber with media that
inhibited transcellular transport. BaCl, was used to inhibit Kt
channels and the absence of bicarbonate was used to inhibit a
second major class of ion transporters in RPE.37-% The
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Effect of cytokines on the expression of claudin-1 and actin. Cells cultured in growth medium were incubated with the indicated
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cytokine for 2 days, labeled as described in Methods and imaged by confocal microscopy. The fluorescence channels were merged, and an MIP
rendering was generated. Actin (labeled green) was expressed in apical junctional complexes and microvilli. Claudin-1 ((abeled red) was expressed
in a subset of cells (short arrows). An orange signal appeared where the two proteins co-localized. Claudin-1 and actin also co-localized with
occludin (not shown). Although claudin-1 co-localized with actin in TNFa cells, the junctions often were tortuous. Stress fibers (long arrows) in the
plane of the tight junction often were evident (cell indicated by long arrow is enlarged in the inset). There was no apparent effect of IL-18 and IFNy
when cells were cultured in growth medium. Similar results were obtained in SFM-1. Bar: 20 pm.

effectiveness of the protocol was demonstrated by the
reduction of the TEP from ~2 mV to <0.6 mV. Permeation
coefficients were calculated from the dilution and bi-ionic
potentials for NaCl and KCI (Table 2). These potentials were
determined from three cultures for each condition; represen-
tative data are shown in Figure 4. The effects of changing
solutions were reversible, and the results were unaffected by
the order in which the experiments were done.

In control cells, the tight junctions appeared to be slightly
cation selective (Table 2). For Nat, K, and CI, the relative
permeability coefficients for permeation across bare filters
conformed to the expectation based on the diffusion of these
ions in free solution: Na® < CI” = K*.4> In control cells, this
relationship changed to Na* = CI~ < K*, as the ratio Pny /c1
increased relative to the bare filter. The ratio Py /Py, Was the
same for hfRPE and the bare filter. Consistent with the lower
TER, the permeation coefficient for each of the ions tested was
greater for the cells maintained in serum-free media, but their
permeability relative to each other did not change.

The permeation of PEGss, was used to monitor the
permeation of nonionic solutes that were slightly larger than
the pore size of tight junctional strands.?”%® A change in the
permeation coefficient would indicate discontinuities in the
network of tight junctional strands, or an increase in the rate of
strands breaking and resealing. Despite the large difference in
TER, there was no difference between the apparent perme-
ation coefficient of PEGssq between control cells maintained in
growth versus serum-free medium (Fig. 5). Neither IL-1B nor
IFNY had a substantial effect on permeation, although they had
a slight, but statistically significant, decrease in permeation in
the serum-free cultures. TNFo increased permeation of PEGss,
substantially. There was no evidence of a synergistic effect
among the cytokines tested.

Molecular Basis for the Effects of Cytokines

To examine the basis of these effects, we examined the
expression of claudin and occludin mRNA by quantitative RT-
PCR. Expression in the presence of cytokine for each mRNA
was normalized to its expression in control conditions (Fig. 6).
Accordingly, 1.0 represents no effect of cytokine on the
expression of mRNA. As in earlier studies, we found that
claudin-19 mRNA was expressed in control cells 10X to 3000X
more than other claudin mRNAs.?” Unlike the mRNAs for
claudin-19 and occludin, the other claudin mRNAs were
expressed near the limits of detection, which led to relatively
large errors. The effect of cytokine often was less than 2X,
which likely is not biologically significant. TNFa increased the
expression of claudin-2, and decreased the expression of
claudin-10 and claudin-19. IFNy decreased the expression of
claudin-2, claudin-3, and claudin-10. Like the effects of IFNy on
TER, the changes in claudin expression were variable.
Consistent differences between culture media were not
evident.

The effects of TNFa on claudin expression were variable.
On immunoblots, TNFa could be shown to reduce claudin-3 or
claudin-19 as much as 50% (not shown), but TNFa decreased
the TER even when claudin or occludin expression was
unaffected (Fig. 7). There was no apparent effect on the
migration of occludin on polyacrylamide gels, which suggests
that post-translational modifications were unaffected. The
other cytokines had minimal effect (data not shown). There
also was no effect on the steady-state levels of ZO-1 (Fig. 7).

Immunofluorescence revealed that TNFo did affect claudin-
2 expression in subsets of RPE cells, but the other cytokines
had minimal effects. As reported earlier, claudin-1 and claudin-
2 were expressed in only subsets of cells (Figs. 8, 9). Cytokines
had no overt effect on claudin-1 expression. In contrast,
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Ficure 9. Effects of cytokines on the expression of claudin-2, occludin, and actin. Cells cultured in serum-free medium were incubated with the
indicated cytokine for 2 days, labeled as described in Methods, and imaged by confocal microscopy. The fluorescence channels were merged, and an
MIP rendering was generated. In both media, the immunofluorescent signal for claudin-2 (red) was below the threshold for detection in most cells.
Growth Medium: cells cultured in GM were counter-labeled to reveal occludin (green). Claudin-2 could be detected in some cells (short arrows) in
cultures exposed to TNFa. Serum-free medium: cells cultured in SFM-1 were counter-labeled to reveal actin (green) in apical stress fibers (long
arrows) and along the apical junctional complex, which includes tight junctions. Claudin-2 (short arrows) occasionally was detected in all cultures,

but with greater frequency in cultures that contained TNFo. Bar: 20 pm.

claudin-2-positive cells were rare in control cultures, and
cultures treated with IL-1B and/or IFNYy; they were easier to
find in cultures treated with TNFo. The claudin-2 induced by
TNFo was incorporated into tight junctions (Fig. 10). Like
claudin-1, cytokines had minimal effects on the expression of
the major RPE claudins, claudin-3, and claudin-19 (Fig. 11).

An increase in claudin-2 expression could account for the
decrease in TER. We tested this two ways. A siRNA specific for
claudin-2 reduced expression of the mRNA 5- to 7-fold.
Subsequent addition of TNFo could increase the residual
claudin-2, but only to the levels observed in cells before the
experiment (Fig. 12). Note that the slower migrating back-
ground protein observed in the presence of TNFo was
unaffected by the siRNA. Nonetheless, TNFa continued to
decrease the TER, as in cells untreated with this siRNA.

If the increased expression of claudin-2 was great enough to
lower TER, it should increase the selectivity for cations,*” but
this was not observed (Table 2). To confirm this finding, an
adenoviral vector was used to over express claudin-2. A vector
that expressed green fluorescence protein had no effect on the
permeability or selectivity of cultures maintained in SFM-1.
Over expression of claudin-2 increased steady-state levels
dramatically without affecting the expression of other claudins

(Fig. 13A). Claudin-2 was found in the tight junctions of most
cells. It reduced TER 30%, but in contrast to TNFa, increased
the selectivity for cations ~3-fold (Fig. 13B, Table 3).

Notably, most of the cells in the TNFa cultures exhibited
tortuous tight junctions with apical stress fibers (Figs. 8-10). A
three-dimensional reconstruction of a cell in TNFa demon-
strated that the apical junctional complexes were intact and
that the actin stress fibers connected the apical junctional
complex from one junction segment of the polygon to a
segment on the opposite side of the cell (Fig. 10). (Note that
actin also localizes to the adherens junction, which could not
be resolved from the tight junction at this magnification.
Together, these junctions form the apical junctional complex.)

DIScUsSION

Properties of Human RPE Tight Junctions

Proinflammatory cytokines modulate transcellular fluxes
across the hfRPE monolayer without disassembling tight
junctions.!’> To understand how they might modulate the
properties of tight junctions, we first consider the two claudins
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Ficure 10. Localization of claudin-2 in tight junctions. Cells were cultured in GM with TNFo to generate claudin-2-positive cells, labeled as
described in Methods. A three-dimensional rendering was generated from the confocal images. White box: indicates the thickness of the monolayer.
The images were false colored to reveal the localization of the nucleus (blue), actin (green), claudin-2 (red in A), or occludin (red in B). (A) The
image was tilted to view the apical surface and lateral cuts of the monolayer. The apical network of tight junctions was labeled with actin and
claudin-2 (the occludin channel was turned off). Only two of the cells in this field expressed claudin-2, as revealed by the yellow-orange signal
where actin and claudin-2 co-localize. (B) The same image as (A) was processed to reveal the co-localization of actin and occludin (the claudin-2
channel was turned off). Viewed from the apical surface, all the junctions were yellow due to the ubiquitous co-localization of occludin and actin.
Actin also was observed in apical microvilli and stress fibers (arrow) that cross the cell to join a focal point on the apical junctional complex to a
focal point of the complex on the opposite side of the cell. Viewed from the basal side, nuclei indicated the depth of the cell and the apical position
of the junctional complex. Claudin-2, occludin, and actin co-localized in the apical junctional complex. Note the nonlinear path followed by the
tight junction from one vertex of the polygon to the next. Similar results were obtained when ZO-1 was used to mark the tight junctions (not

shown).

that are detectable in all cells of the human RPE monolayer:
claudin-3 and claudin-19.

This report supports our earlier study that concluded
claudin-19 is the dominant claudin in hfRPE.?” That study
showed that too little claudin-3 is present to form functional
tight junctions on its own, as evidenced by siRNA knockdowns
of either claudin-3 or claudin-19. The current study demon-
strates that the selectivity of hfRPE differs from the prediction
for a claudin-3 dominant junction. The relative permeation of
ions in claudin-3 dominant junctions conform to Eisenman
sequence IX (Na™>K'>Li">Rb*>Cs") and Py, /Pc =
1.7.48:49 Eisenman sequences vary according to a pore’s ability
to reduce an ion’s effective radius by removing water from its
hydration sphere. The 11 Eisenman sequences represent pores
of different “field strength.” For sequence I each of these ions
is hydrated fully as it passes through the pores (field strength is
low), whereas for sequence XI all the ions are dehyrated fully.
For hfRPE, K+ was slightly more permeable than Na't, which
corresponds to Eisenman sequences I, IT or VI, and P, /Pc- =
1.0. Sequence 1 also characterizes ion diffusion coefficients in
free solution, which would be the case if the monolayer were
damaged. The data are inconsistent with a damaged monolayer,
because the TER was high, the permeation coefficients of the
ions and PEG were low and the monolayer formed an apical
positive TEP in the absence of transport inhibitors. Further,
Prnay/Pco- = 0.69 in free solution. Small deflections of the
dilution potential might reflect the liquid junction potential for
the electrodes. However, this artifact also would affect
measurements with the bare filter, with which the results
(Pnai/Pci- = 0.77) were close to the value predicted from free

diffusion in solution. Therefore, hfRPE tight junctions exhibit a
relatively hydrated, slightly cation-selective tight junction with
a low permeability for ions and nonionic solutes regardless of
whether it is maintained in growth medium or SFM-1.

Our results refine earlier characterizations of claudin-19 in
which claudin-19 was expressed exogenously in cells whose
own claudins already made a substantial contribution to the
TER.>° In MDCK 1I cells, cation-selective claudins masked the
effect of claudin-19, whereas in anion-selective LLC-PK1 cells,
claudin-19 selectively reduced the permeability of ClI-. The
current study indicates that claudin-19 decreases the perme-
ation coefficient for anions and cations, but may be slightly
selective for cations.

A second aspect of selectivity concerns large nonionic
solutes. The ability to regulate the permeation of ionic and
nonionic solutes semi-independently is explained by the
following model.'>%® Jons and small ionic solutes (Stokes
radius <4 A) pass through pores in the tight junctional strands,
but larger solutes rely on the breaking and resealing of tight
junctional strands.'34¢ Because PEGss, (average Stokes radius
= 5.1 A) is larger than the estimated pore size of junctional
strands,“® our data suggested that the rate of strand breaking
and resealing was the same in growth medium and SFM-1.

Even though selectivity was unaffected by culture medium,
the TER and permeation coefficient of ions was affected. Our
previous study showed that the increase in TER was caused by
the presence of serum in the apical medium chamber, and
correlated with an increase in the expression of occludin.?’
Rather than strand-breaking and resealing, our current study
suggests that occludin might regulate permeability by influ-
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Effect of cytokines on the expression of claudin-3 and claudin-19. Cells cultured in GM were incubated in the indicated cytokine for 2

days, labeled as described in Methods and imaged by confocal microscopy. The fluorescence channels were merged, and an MIP rendering was
generated. In control cultures and cultures incubated in IFNy, most of the junctions appear orange-yellow due to the co-localization of claudin-3, or
claudin-19 (labeled red) and actin (labeled green). Similar results were obtained in SFM-1. Bar: 20 pm.

encing the density of pores in the tight junctional strands or
the rate of pore opening and closing. This is consistent with
the observation that occludin regulates permeability rather
than selectivity.>!

TNFo. - + - + - 4+
SiRNA-Cldn2 - -  + + - -
siRNA-Cldn4

e

- TUDUIN  —— — — ——
TER (%) 100 23.3 100.3 245 101.7 22.7

Ficure 12. Effect of TNFa with reduced levels of claudin-2. Cells were
transfected with siRNA against claudin-2 (Cldn2) or against a claudin
not expressed by hfRPE, claudin-4 (Cldn4). After claudin-2 levels were
reduced (day 9), the indicated cultures were incubated with TNFa for
48 hours. With claudin-2 siRNA, the mRNA levels for claudin-2 were
reduced 5 to 7X during the exposure to TNFo. siRNA had no effect on
TER. The TER, expressed as a percentage of the control, is the average
of three cultures. The TER of the control cells was 1338 Q X cm?. The
SE was less than 5%. Note that a slower migrating, cross-reacting
background protein was induced by TNFa. This background protein
was not affected by either siRNA.

Effects of TNFo

TNFo increased substantially the paracellular permeation
coefficients for ions and larger nonionic tracers alike with
minimal effect on selectivity. Unlike the rapid effect of IFNy on
ClI- and fluid transport,'>'¢ the effect of TNFo developed
slowly over 24 hours. In SFM-1, TER decreased only when
TNFo was presented to the apical membrane.

In some epithelia, TNFa decreased TER via apoptosis and/or
redistribution of tight junction proteins.!7-2%52 Qur study
confirmed earlier reports** that TNFa had little or no effect on
apoptosis in RPE. Additionally, we showed that TNFo induced
the expression of the mRNAs for TNFR2, a promoter of cell
survival and proliferation,>3>% and cIAP1 and cIAP2, inhibitors
of apoptosis.>>

TNFa reduced the TER without affecting the expression of
claudins, occludin, or ZO-1. Although decreases in the
expression of these proteins were observed in RPE derived
from several donors, the decrease was not obligatory for the
effect of TNFo on TER. Even in cultures where decreased
expression occurred, the junctions remained intact, as
demonstrated by the presence of a TER, TEP, and the co-
localization of actin, ZO-1, occludin, claudin-3, and claudin-19
in an apical junctional complex. This contradicts a study where
TNFa caused junctions to disassemble and leave gaps in
monolayers of ARPE19 cells, a human RPE cell line.>° In that
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Ficure 13. Overexpression of claudin-2 changes the selectivity of RPE
tight junctions. (A) hfRPE was uninfected (con) or infected with an
adenoviral vector that expressed either green fluorescent protein
(GFP) or claudin-2 (CI-2). After one day protein was extracted and
immunoblotted for claudin-2, claudin-3, or claudin-19. Expression of
claudin-2 increased, but expression of the other claudins was
unaffected. (B) Dilution and (C) bi-ionic potentials were compared
for Adeno-GFP infected (Con <) and Adeno-Claudin-2 infected (Cldn2
O) hfRPE. Claudin-2 rich Madin-Darby Canine Kidney 2 cells (MDCK IT
A) are included as a reference. Bar: indicates when NaCl solution in
the basal chamber was replaced with KCl or 50% NaCl solution. Data
were collected every 10 seconds; 1.0-minute intervals are indicated on
the graph. Each trace is representative of three experiments. The data
were used to calculate the permeation coefficients listed in Table 3.
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report, ARPE19 was cultured in a high serum-containing media
in which ARPE19 tight junctions can be rudimentary and
claudin-19 is not evident.'32%57 Therefore, it is not possible to
compare our two studies.

The increase in TER might be explained by the increase of
claudin-2, but several lines of evidence argue against this.
Claudin-2 increases TER by increasing cation selectivity.®”
When we overexpressed claudin-2, TER did decrease and the
permeation coefficients for cations increased more than
anions. However, TNFo had no effect on selectivity. Further,
reducing claudin-2 expression by siRNA failed to inhibit the
effects of TNFo. Nonetheless, the ability of TNFa to increase
claudin-2 expression in a subset of cells suggests that TNFo
could affect selectivity regionally, if these cells were segregated
in a particular region of the RPE monolayer.

A more likely explanation for the decrease in TER is the
monolayer wide effect of TNFa on the structure of tight
junctions. The tortuosity of the tight junctions in the plane of
the monolayer increased, which would lower TER by
increasing the linear length of the junctions relative to area
of the monolayer.>® The TER also could be decreased by the
tension placed upon the tight junctions by apical stress fibers
that were induced by TNFo. An analogous mechanism
decreased the TER in intestinal cells.>® The mechanism of
action requires further study.

Mechanistic studies should include the signaling pathway of
TNFa. Our earlier study of hfRPE showed how serum in the
apical medium chamber raises TER to hyperphysiologic
levels.?” In our current study, SFM-1 polarized one of the
effects of TNFa.. TNFa increased the expression of its receptors
and the cIAPs from both sides of the monolayer, whereas the
effect on TER was triggered only by apical TNFo. These
findings imply that the distribution of the TNFa receptors is
nonpolarized, but that the signaling pathways coupled to them
are polarized.

We did not observe the synergistic effects on tight junctions
that have been described for IFNy and TNFo in other
epithelia.2*2%2¢ We confirmed an earlier report'> that a 24-
hour exposure to IFNy would reduce TER slightly, but only in a
subset of donors. Therefore, TNFa and IFNy affect the barrier
functions of RPE by distinct mechanisms that include tight
junctions and membrane transport. The mechanisms that
coordinate tight junctions and membrane transport deserve
greater attention if we are to understand the role of the outer
blood-retinal barrier in health and disease.

IL-1B had no effect when given alone or in combination
with the other cytokines tested. In contrast, IL-13 was reported
to disrupt tight junctions in the ARPE19 cell line concomitant
with a decrease in occludin expression, but an increase in
claudin-1."# For reasons noted earlier, the tight junctions in
those culture conditions were quite different from hfRPE. In
low-serum media that optimized the differentiation of ARPE19,
ARPE19 more resembled diseased or aged RPE, whereas hfRPE
more resembled normal RPE.®° Therefore, our findings might
be most relevant to early stages of innate inflammation when
tight junctions are functionally intact.

We believe SFM-1 offers several advantages for studying
hfRPE. The absence of serum on the apical side of the
monolayer reduces TER to physiologic levels.?” Under these
conditions, a polarized response to the presence of TNFa was
revealed. This finding raises the hypothesis that the immune
response of RPE might vary according to the challenges
presented by different pathologies. When presented from the
choroid, TNFo would protect against apoptosis and maintain a
tight monolayer that allows IFNYy to increase fluid absorption.
In contrast, TNFo in the subretinal space would preserve a
leaky monolayer that enables free diffusion between the
choriocapillaris and subretinal space.
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Tasik 3. Effect of Claudin-2 Over-Expression on Ion Selectivity

Permeation Coefficient (P X 10°cm/s) Permeation Ratio
Apparent TEP
Ry (Q X cm?) (mV) Nat K+ Cl- Nat/Cl~ K*/Cl- K*/Na*
GFP 360 + 30 0.1 =0.2 39 0.1 5.6 = 0.1 3.0 £0.1 1.32 = 0.05 1.88 = 0.01 1.43 = 0.09
Claudin-2 240 *+ 2* 0.16 = 0.05 84 *+ 0.9 94 *+ 0.9 1.9 £0.1 44+ 06 5.0 *0.7 1.13 £ 0.01
MDCK I 47 * 4t 0.03 + 0.06 48 + 3t 56 * 41 4+ 2 15 = 5% 17 + 6t 1.15 = 0.02

Cells were infected for 24 hours with adenoviral vectors that expressed either GFP or Claudin-2. For reference, experiments include MDCK II
cells, which are rich in claudin-2 but lack claudin-3 and claudin-19.5° Measurements were made in the presence of transport inhibitors, as described
in the legend to Table 2.

* P < 0.05 compared to the control (GFP).

T P < 0.05 compared to the control (Claudin-2).
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