Downloaded from bjo.bmj.com on April 14, 2010 - Published by group.bmj.com

Introduction

For several years in vivo and in vitro-based evidence has demonstrated the ability of
amniotic membrane to provide a natural substrate upon which cells can grow'>.
Subsequently, human amniotic membrane (AM) is now firmly established as an
important adjunct for ocular surface reconstruction across a broad spectrum of
conditions® where it is often directly applied as a patch or a graft. For more serious
conditions, such as limbal stem cell deficiency, AM taken from the fetal sac has also
been employed as a substrate on to which donor corneal epithelial progenitor (limbal)
cells are expanded, forming tissue engineered constructs suitable for surgical
application’. However such therapeutic applications of AM often results in its post
operative positioning within the visual field and sometimes, as in limbal stem cell
transplantation, for prolonged or indefinite periods. In such cases the question of

AM’s transparency becomes crucial.
p

AM is the most structurally robust of the fetal membranes® consisting of a
single layer of epithelial cells on a thick basement membrane which in turn lies upon
layers of collagenous tissue interspersed with mesenchymal cells maintaining the
mechanical integrity of the tissue’. Interstitial collagens (types I and III) predominate
and form parallel bundles of collagen fibrils that produce a scaffold similar in
ultrastructual organisation to that seen within the stroma of the cornea®. The AM
stroma however is considerably thinner than that of the human cornea and, when used
therapeutically, the amniotic epithelia are lost and replaced by native corneal
epithelia’. However, AM stroma can persist in its native form for many months
following transplantation under specific conditions®.

Recently we have shown that there exists a significant variation in structure
between different areas of the amniotic sac'® ! but despite the increasing use of AM
in ophthalmic therapeutic applications there is presently little consideration given to
the importance such variation in membrane structure may have on subsequent
therapeutic effect, especially clinical transparency. Previously we have investigated
the fine structural organisation of collagen fibrils within wounded and normal corneas
and successfully related changes in fibril organisation to corneal transparency'*"?.
Thus, considering the previously observed similarities in structure between AM
stroma and corneal stroma we have now applied our expertise in understanding
corneal transparency to the transparency of clinically relevant AM.

Materials and methods
Collection and storage of human amniotic membrane

Following elective Caesarean section at term, unlinked anonymised samples of
amniotic membrane were taken from fetal sac membranes adjoining, but not
overlaying the placenta. Fetal membranes overlaying the placenta were not included
as they are not commonly used in stem cell transplantation, the technique most
strongly associated with the positioning of AM within the visual field for prolonged
or indefinite periods. Fetal sac membranes from six patients were collected from the
Department of Obstetrics and Gynaecology, Queens Medical Centre, Nottingham,
UK, after full local ethics committee approval and in compliance with the Declaration
of Helsinki. The fetal membranes were prepared in accordance with a previously
published procedure'". Firstly, the chorion was separated manually from the amnion
and discarded; the remaining AM washed with phosphate-buffered saline (PBS)
containing antibiotics (5 ml of 0.5% levofloxacin) to remove blood. Persistent blood
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stained AM edges were dissected away and not used. Then under sterile conditions
samples (4 cmx4 cm) of AM were taken from areas adjacent to the placental disc
(proximal amnion) and approximately 10 cm from the placental disc (distal amnion).
These samples were chosen from areas of the AM which were coherent and
translucent. The dissected AM samples were stored at —80°C in PBS. These samples
were thawed before further examination and subsequently termed freeze-thawed AM.
It has previously been confirmed that there is no difference between fresh and frozen
AM in terms of clinical efficacy?.

Four further placentas, providing samples for freeze dried AM, were received
either as a gift (Dr T. Nakamura, Kyoto Prefectural University of Medicine, Japan
having been prepared according to their published method?') or supplied
commercially (Acelagraft, Celgene Cellular Therapeutics, NJ).

Transmission measurements.

The freeze-thawed amniotic samples were incubated in Dispase (Gibco) at 37°C for 2
hours and the epithelium removed by scrapping. Both the freeze-thawed and freeze
dried samples were incubated in PBS at room temperature for 2 hours before the
transmission of light through each sample was measured. Each sample of AM in PBS
was flattened and held securely between the two glass plates of a 35mm slide mount.
The glass slide mount maintained the AM in a hydrated state with no wrinkles or air
bubbles. Each mounted sample was then placed, in turn, within a spectrophotometer
(PYE Unicom, SP8-100) and percent transmission was recorded through the visible
spectrum (400 — 700 nm). The process was repeated three times for each sample, each
time exposing a different area of tissue to the incident light beam. The transmission
values were zeroed by subtracting the glass slide mount with PBS alone.

Refractive index measurements.

Following transmission measurements, the refractive index of each AM sample was
quantified using a bench-top Abbe 60 Series Refractometer (Bellingham and Stanley
Ltd., Tunbridge Wells, England). The refractive index was measured from three
different areas of each sample independently by two observers and the average value
calculated.

Thickness measurements.

Immediately following transmission measurements a small area (10mm?) from each
sample was embedded in Tissue Tek (Fisher Scientific, UK), snap frozen in liquid
nitrogen and stored at -80°C. Cryo-sections (7pm) were then stained with
haematoxylin and eosin and thickness measurements across the AM recorded using a
calibrated microscope with digital camera (Zeiss, Axioskop 2). To compensate for the
natural heterogeneity of AM structure three serial sections were taken from three
regions of increasing depth through each embedded sample, ten measurements were
taken from each section and the results averaged.

Predicted transparency calculations.

Transparency through corneal stroma can be predicted using an established model, the
direct summation of fields for light scattering by fibrils'>*>%. In this study we
applied the same model to predict transparency through corneal stroma with a
thickness artificially reduced to that of AM. This facilitated a direct comparison in
transmission spectra between the cornea (predicted) and AM (actual) by normalising
for tissue thickness. Briefly, assuming there is no absorption, the fraction of light

— 397 —



Downloaded from bjo.bmj.com on April 14, 2010 - Published by group.bmj.com

transmitted undeviated through the cornea is related to the total scattering cross-
section per fibril per unit length, o, by the equation:

F(O) =™ (Eq 1)

where ¢ is the thickness of the stroma, p is the bulk number density of fibrils in the
stroma, and o, the scattering cross-section, is a function of the following, 1) the size
of the fibrils 2) the packing of the fibrils, 3) the refractive indices of the hydrated
fibrils and hydrated interfibrillar matrix and, 4) wavelength (A). ¢ was calculated from
our light microscopy measurements of AM, the size and packing of corneal collagen
fibrils were taken from representative published electron micrographs of human
corneal stroma”* and the refractive index of the fibrils and interfibrillar matrix was
taken from previously published data®.

Results

Light microscopy confirmed that the epithelial cells had been successfully removed
from the freeze-thawed AM and that none were present on the surface of freeze-dried
AM prior to transmission measurements (Figure 1). The freeze-dried, freeze-thawed
distal and freeze-thawed proximal AM had a mean thickness of 21.6um (sd + 5.6),
64.3 (sd £ 20.9) and 95.3pm (sd + 27.9) respectively. The freeze-dried AM was
significantly thinner than the freeze-thawed AM (p < 0.01, Student's t-Test). Within
the freeze-thawed AM samples thickness was significantly greater in areas proximal
to the placenta when compared to AM collected from areas distal to the placenta (p <
0.01, Student's t-Test) (Figure 2).

Transparency (percent transmission of visible light) differed significantly
between the three types of AM investigated (freeze-dried, freeze-thawed proximal and
freeze-thawed distal). Transparency increased in line with tissue thickness, the freeze-
dried AM (thinnest) having the highest transmission spectra and the freeze-thawed
proximal AM (thickest) having the lowest transmission spectra (Figure 3).

The freeze-dried, freeze-thawed distal and freeze-thawed proximal AM had a
mean refractive index of 1.335 (sd £ 0.001), 1.334 (sd = 0.002) and 1.357 (sd £+ 0.002)
respectively. There was no significant difference between the refractive index of
freeze-dried and freeze-thawed distal AM both having a similar refractive index to
water (1.333). The refractive index of freeze-thawed proximal AM was significantly
higher than the freeze-thawed distal AM (p < 0.001, Student's t-Test) and much nearer
to the refractive index of the corneal stroma (1.375)* (Figure 4).

The direct summation of fields method facilitated a comparison in
transparency between corneal tissue of different thicknesses (Figure 5). The values of
the thicknesses used were taken from the AM thickness measurements by light
microscopy (Figure 2). By comparing the predicted levels of transparency with the
actual AM transmission spectra, shown in figure 3, freeze-dried, freeze-thawed distal
and freeze-thawed proximal AM were calculated to be 85%, 83% and 68% as
transparent as the human cornea respectively once normalised for stromal thickness.

Discussion

The results suggest that significant variations in the optical properties of AM exist.
We have shown that preservation and sampling protocol can influence both the
transmission of visible light and refractive index of AM used for ocular surface
regeneration. The divergence in measured transparency between freeze-dried AM and
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freeze-thawed AM, despite having a similar refractive index, is most likely explained
by differences in tissue thickness since when normalised for thickness there was very
little difference between the subsequent predicted corneal transparencies. However,
the relative smoothness of the freeze-dried AM surface and complete absence of
epithelial cells would have also reduced the scatter of incident light increasing its
transparency.

Interestingly the smallest relative difference in refractive index between
human comea and AM was shown by the freeze-thawed proximal sample. This may
have some clinical relevance as the larger the difference in refractive index between
cornea and transplanted AM the greater the chance of scatter at the interface between
the two tissues would be. If this were the case and despite its lower transparency,
freeze-thawed proximal AM may be more suitable for the packing of deep corneal
wounds, such as ulcers, especially if we consider that AM can persist unaltered within
the corneal stroma for 12 months®.

Using AM for ocular surface reconstruction within the visual field, tissue
taken from an area of the amniotic sac distal to the placenta offers the most
transparency. However, freeze dried AM preservation provides an increased level of
transparency over a freeze-thaw method of preservation.
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Figure legends

Figure 1. Freeze-dried AM lacks the presence of epithelial or stromal cells and is of
uniform thickness (A). Freeze-thawed AM is uneven in its thickness, AM collected
distal to the placental (B) is thinner than AM collected proximal/adjacent to the
placenta (C). Whilst epithelial cells have been successfully removed by enzyme
treatment followed by scraping, stromal cells persist (arrows). However these cells are
likely to be devitalised following the freeze-thaw process. Scale bars = 20pum.

Figure 2. Thickness measurements of freeze-dried, freeze-thawed distal and freeze-
thawed proximal AM were taken from the light micrographs. Proximal AM was
significantly found to be the thickest whilst freeze-dried AM was found to be
significantly the thinnest. Error bars correspond to standard error.
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Figure 3. The percentage transmission of visible light was compared through freeze-
dried, freeze-thawed distal and freeze-thawed proximal AM. The freeze-thawed
proximal AM has the lowest transmission spectra whereas the freeze-dried had the
highest. Error bars correspond to standard error.

Figure 4. Refractive index was compared between freeze-dried, freeze-thawed distal
and freeze-thawed proximal AM. No significant difference was observed between
freeze-dried and freeze-thawed distal AM, both similar to water. Freeze-thawed
proximal AM had a significantly high refractive index than the other types of AM.
*The refractive index values of human cornea and water were taken from published
data®. Error bars correspond to standard error.

Figure 5. Predicted transmission of visible light through cornea at various thicknesses
using the direct summation of fields method. The graph clearly shows a decrease in
transparency with increasing tissue thickness. Thickness values correspond to the
measured thickness of freeze-dried, freeze-thawed distal and freeze-thawed proximal
AM. A comparison between these spectra and measured spectra through AM (Figure
3.) facilitates a direct evaluation of transparency between cornea and AM by
normalising for tissue thickness.
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Functional Role of Thymic Stromal Lymphopoietin in
Chronic Allergic Keratoconjunctivitis

Akira Matsuda,"* Nobuyuki Ebibara," Noribiko Yokoi,” Satoshi Kawasaki,”

Hidetoshi Tanioka,” Tsutomu Inatomi,” Rene de Waal Malefyt,> Junji Hamuro,

Shigeru Kinoshita,”> and Akira Murakami'

Purpose. Previous reports have shown that thymic stromal
lymphopoietin (TSLP) plays a role in atopic diseases. This study
was undertaken to investigate the expression of TSLP in the
giant papillae obtained from patients with vernal keratocon-
junctivitis (VKC) or atopic keratoconjunctivitis (AKC), and its
functional roles were analyzed.

MerHops. TSLP mRNA expression was examined in resected
conjunctival samples obtained from four patients with VKC/
AKC and three control subjects by reverse transcription-poly-
merase chain reaction. Anti-TSLP, anti-dendritic cell-limbic sys-
tem-associated membrane protein (anti-DC-LAMP), and anti-
tryptase immunohistochemical staining was performed with
10 resected giant papillae. Human conjunctival epithelial
(HCJE) cells were stimulated with poly I:C, with and without
endosomal inhibitor, to examine TSLP mRNA expression. Cul-
tured human mast cells were stimulated with recombinant
()TSLP to analyze the downstream effect of TSLP.

Resurrs. All four VKC/AKC samples showed TSLP mRNA ex-
pression; however, no TSLP mRNA expression was found in
the control conjunctivae. Anti-TSLP immunohistochemical
staining showed preferential expression in the epithelial cells
and some infiltrated cells of the giant papillae, but not in the
control conjunctivae. Double immunohistochemical staining
with TSLP and DC-LAMP or tryptase showed the existence of
activated dendritic cells and mast cells near TSLP-positive cells
in the giant papillac. Real-time PCR analysis showed that poly
I:C induced TSLP mRNA expression in HCJEs in an endosomal-
function- dependent manner and that rTSLP could induce IL-13
mRNA expression in the mast cells synergistically with IL-33.

Concuusions. The TSLP protein produced in conjunctival epi-
thelial cells plays a role in severe ocular allergy through the
activation of dendritic cells and mast cells in synergy with
other cytokines. (Invest Opbthalmol Vis Sci. 2010;51:151-155)
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Both vernal keratoconjunctivitis (VKC)' and atopic kerato-
conjunctivitis (AKC)* are types of severe chronic allergic
conjunctivitis in which giant papillae formation is frequently
observed. In the acute stage, there is massive local infiltration
by mast cells, T helper 2 (Th2) cells, and eosinophils, and there
is Th2 cytokine expression. Recently, the roles of thymic stro-
mal lymphopoietin (TSLP), an IL-7-like cytokine, were investi-
gated in atopic diseases (e.g., atopic dermatitis and atopic
asthma) because of its specific expression in the epithelium in
the presence of atopic diseases and its ability to activate
CD11c™ dendritic cells (DCs), resulting in Th2 cell priming by
the DCs.>* In this study, we examined the expression of TSLP
mRNA and protein using in vivo samples obtained from the
resected giant papillae for therapeutic purposes. We also ex-
amined the existence of activated DCs by immunohistochem-
ical methods.

On the other hand, it has been reported that proinflamma-
tory stimuli including synthetic double-strand RNA (poly I:C)
could induce TSLP expression in various epithelial cells, includ-
ing bronchial epithelial cells,’ keratinocytes,(’ and corneal ep-
ithelial cells.” Stimulation with poly I:C, which is considered to
be mimicking the viral infection cascade, has some clinical
relevance, because other studies have reported that children
who have had respiratory syncytial virus (RSV) infection are
more likely to develop bronchial asthma with IgE produc-
tion.®® Therefore, we evaluated the effect of poly I:C-mediated
signals of TSLP mRNA induction, using the human conjunctival
epithelial (HCJE) cell line,'® and tried to inhibit poly I:C-in-
duced TSLP expression using the endosomal inhibitor bafilo-
mycin A for the purpose of possible therapeutic intervention.
In addition, we examined the downstream effect of TSLP in
human cultured mast cells in synergy with another Th2 cyto-
kine, IL-33,'*'2 to elucidate the possible role of TSLP in the
pathophysiology of severe chronic allergic conjunctivitis.

MATERIAL AND METHODS

Giant Papillae and Control Conjunctivae Samples

Giant papillae were resected for therapeutic purposes from four pa-
tients, three with AKC and one with VKC, and control conjunctivae
tissue was biopsied from patients with cataract, pterygium, or mela-
noma during surgery after written informed consent was obtained for
TSLP mRNA analysis (Table 1). Additional giant papillae samples were
obtained from six patients with AKC and four with VKC for TSLP
immunostaining analysis (Table 2). All procedures were approved by
the ethics committees of Juntendo University School of Medicine and
Kyoto Prefectural University of Medicine, and the study was conducted
in accordance with the tenets of the Declaration of Helsinki. AKC was
defined as a bilateral chronic inflammation of the conjunctiva and lids
associated with atopic dermatitis, and VKC was defined as a chronic,
bilateral, conjunctival inflammatory condition found in individuals pre-
disposed by their atopic background; detailed information about pa-
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TABLE 3. Summary of TSLP Immunostaining of Control Conjunctivae

Sample
No. Sex Age Diagnosis Total IgE
1 M 21 AKC 4263
2 M 18 AKC 5218
3 M 12 VKC 92
4 M 32 AKC 1983
5 F 72 Cataract ND
6 M 52 Pterygium ND

tient selection was described elsewhere.'> Upper bulbar conjunctivae
resected from six patients with conjunctivochalasis were used as
control samples, as previously described,'® after informed consent was
obtained (Table 3).

Antibodies, Reagents, and Cell Lines

We purchased mouse anti-DC-LAMP (CD208) monoclonal antibody
from Beckman Coulter Japan (Tokyo, Japan), mouse anti-human
tryptase antibody from Dako Japan (Kyoto, Japan), and Alexa-488-
conjugated donkey anti-rat IgG and Alexa-594-conjugated donkey anti-
mouse IgG antibodies from Invitrogen Japan (Tokyo, Japan). Rat anti-
human TSLP monoclonal antibody was prepared as previously
described.® HCJE was kindly provided by Ilene K. Gipson (Schepens
Eye Research Institute, Philadelphia, PA) and maintained with defined
keratinocyte serum-free medium (KSFM; Invitrogen Japan). The human
mast cell line LAD2 was kindly provided by Arnold Kirshenbaum
(National Institutes of Health, Bethesda, MD), and maintained as pre-
viously described.'* Recombinant human (f)TSLP and recombinant
human (HIL-33 were obtained from Peprotech (London, UK), poly I.C
was obtained from InvivoGen (San Diego, CA), and bafilomycin A1 was
obtained from Sigma-Aldrich (St. Louis, MO).

Reverse-Transcription—Polymerase
Chain Reaction

Total RNA was extracted from the giant papillae tissue (NucleoSpin II
RNA isolation kit; Macherey-Nagel GmbH & Co., Duren, Germany), and
cDNAs were prepared from 1 ug of total RNA by using random primers
and reverse transcriptase (Superscript II; Invitrogen) according to the
manufacturer’s protocol. PCR primers for TSLP amplification were
5'-aacaagtgtcacaattacaag-3’ (forward) and 5'-aatgtcccttagaaaagtatg-3’
(reverse), which are designed for amplifying the common region of
TSLP transcript variants 1 and 2 (GenBank accession numbers:
NM_033035.4 and NM_138551.3, respectively; 849-bp length; http://
www.ncbi.nlm.nih.gov/Genbank; provided in the public domain by
the National Center for Biotechnology Information, Bethesda, MD).
PCR reaction was performed as follows: initial denaturation at 94°C for
5 minutes and at 94°C for 1 minute, annealing at 60°C for 1 minute, and

TaBLE 2. Summary of TSLP Immunostaining of Giant Papillae

TSLP
Sample Substantia
No. Age Sex Diagnosis Epithelium propria
1 70 F  Conjunctivochalasis - -
2 65 M Conjunctivochalasis - -
3 71 F  Conjunctivochalasis - -
4 74 M Conjunctivochalasis - -
5 53 F  Conjunctivochalasis - -
6 75 F  Conjunctivochalasis - -

—, negative immunostaining.

extension at 72°C for 1 minute (35 cycles). IL-4' and 1L-13'® amplifi-
cation was performed according to previously published methods,
with the following pairs of primers: IL-4: 5'-ctcacagagcagaagactctgtg-
caccgag-3'(forward), and 5'-cacaggacaggaattcaagcccgecaggec3’ (re-
verse); and I1-13: 5’-ccacggtcattgetctetcacttgee-3’ (forward), 5'-ccttgt-
gegggcagaatecgetea-3' (reverse).

Immunohistochemistry

Giant papillae were frozen in OCT compound, and cryostat sections
were then cut, mounted on slides, and fixed in 4% paraformaldehyde
in PBS. Nonspecific staining was blocked (30 minutes) with blocking
buffer (10% normal donkey serum, 1% bovine serum albumin [BSA] in
PBS). Anti-TSLP monoclonal antibody (10 ug/mL) was then applied and
reacted overnight at 4°C. After they were washed with PBS, the slides
were incubated for 30 minutes with Alexa 488-conjugated anti-rat 1gG.
Double immunohistochemical staining was performed with pairs of
anti-TSLP and anti-tryptase antibodies and anti-TSLP and anti-CD208
antibodies. The pair of primary antibodies was applied to the samples
simultaneously, and the secondary antibodies (Alexa 488 anti-rat IgG
and Alexa and 594 anti-mouse IgG antibodies) were then applied after
the samples were washed with PBS.

HCJE Stimulation with Poly I:C and the Effect of
Bafilomycin A for Poly I:C Stimulation

HCJE cells were grown in 12-well dishes and used in the subconfluent
state. Poly I:C (5 pg/mL) was added to HCJE cells and incubated for 1,
3, and 8 hours in a CO, incubator. Simultaneously, 10 nM bafilomycin
A was added to some wells to inhibit endosomal functions in the HCJE
cells.

Mast Cell Stimulation with rTSLP/rIL-33 and
Downstream Signal Analysis

LAD2 cells (2 X 10* cells per well in a 24-well dish) were stimulated
with rTSLP (10 ng/mL) for 1, 3, and 16 hours. rIL-33 (10 ng/mL) was

TSLP
Sample No. Age Sex Total IgE Specific IgE Diagnosis Epithelium Substantia Propria
1 16 F 509 positive VKC ++ +
2 22 M 89 positive VKC + +
3 13 M 2319 positive VKC ++ ek
4 18 M 375 positive AKC + +
5 17 M 17260 positive AKC + ++
6 21 M 1904 positive AKC + +
7 16 M 3763 positive AKC +/= +
8 19 M 124 negative VKC +/— +
9 34 M 22800 positive AKC + ++
10 45 F 28 negative AKC + +

++, prominent immunostaining; +, positive immunostaining; +/—, sporadic immunostaining.
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M1 2 3 45 6

TSLP -849bp

IL-4 -255bp

IL-13 -263bp

FiGURe 1. RT-PCR analysis of TSLP, IL-4, and IL-13 mRNA expression
in human conjunctival tissue. RT-PCR was performed with cDNA
prepared from giant papillae (lanes1-4) and control conjunctivae
(lanes 5, 6). M, DNA size markers. Single bands were observed at the
predicted length (849 bp for TSLP, 255 bp for IL-4, and 263 bp for
IL-13) of the PCR products (lanes 1-4).

added alone or simultaneously to LAD2 cells. IL-13 mRNA expression
in LAD2 cells was quantified by realtime PCR.

Real-Time PCR Analysis of TSLP and IL-33
mRNA Expression

Total RNA was extracted from HCJE and LAD2 cells and cDNAs were
prepared from 1 ug of total RNA by using random primers as just
described. We used real-time PCR probes (TagMan; Applied Biosys-
tems [ABI], Foster City, CA) and primers specific for human TSLP
(Hs01572934_g1), human IL-13 (Hs00174379_m1), and 18SrRNA (As-
say-on-Demand gene expression products; ABI). Real-time PCR analysis
was performed on a sequence-detection system (Prism 7300; ABI). The
expression of TSLP in the HCJE cells was quantified by the standard
curve method, by using 18SrRNA expression in the same cDNA as a
control. We calculated a standard curve with full-length human TSLP
cDNA obtained by PCR reaction and subcloned into pCRII dual pro-
moter plasmid (nvitrogen). For IL-13 mRNA expression, the compar-
ative Ct method was used, which utilizes 18SrRNA expression in the
same cDNA as a control.

FIGURE 2. TSLP/DC-LAMP double-
immunohistochemical staining of gi-
ant papillae. Cytoplasmic TSLP im-
munostaining (green) was observed
in the epithelial cells of giant papil-
lae. There is a clear boundary be-
tween the TSLP-positive- and -nega-
tive epithelium within the same
section. The boundary between the
epithelium and substantia propria is
indicated by arrowbeads (A, higher
magnification in B). Some TSLP-posi-
tive cells were also observed at the
substantia propria (arrow). DC-
LAMP-immunopositive dendritic cells
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FiGure 3. TSLP/tryptase double-immunohistochemical staining of gi-
ant papillae. Positive TSLP staining (green) was observed in the supra-
basal-apical layers of conjunctival epithelium (A). Tryptase-positive
mast cells (red) were observed underneath the epithelium, a few mast
cells are also positive for TSLP (k). (B) Tryptase-positive mast cells
were observed around the basal cell layer of the epithelium (arrow)
and beneath the epithelium. Arrowbeads: the boundary between the
epithelium and substantia propria. Original magnification: (A) X200;
B) X400.

RESULTS

RT-PCR Analysis of Giant Papillae Obtained from
Patients with VKC/AKC

Total RNA was extracted from the giant papillae and control
conjunctivae tissue, then RT-PCR was performed. TSLP mRNA
expression was detected for all the giant papillae samples (Fig.
1, lanes 1-4); however, no TSLP mRNA expression was de-
tected for control samples (Fig. 1, lanes 5-7).

Immunohistochemical Localization of TSLP

Anti-TSLP immunohistochemical staining was performed using
giant papillae obtained from AKC/VKC patients as well as
control conjunctivae. The epithelium of giant papillae showed
cytoplasmic-positive immunostaining for TSLP protein (Fig.
2A). There was a clear boundary between the TSLP-positive
and -negative epithelium (Fig. 2A). Additional positive TSLP
staining was observed in some infiltrating cells in the giant
papillae samples (Fig. 2A and 2B, asterisks). DC-LAMP-positive,
activated dendritic cells were observed beneath the TSLP-
positive epithelial cells and near the TSLP-positive cells in the
substantia propria (Fig. 2A, arrowheads). No TSLP immuno-
staining was observed in the control conjunctiva sample (Fig.
2C). Double-immunostaining with anti-TSLP and anti-tryptase
antibodies revealed that tryptase-positive mast cells were lo-
cated beneath the TSLP-positive epithelium (Fig. 3), and some
of the mast cells were found within and under the epithelium

(red) were observed underneath the TSLP-positive conjunctival epithelium and near the TSLP-positive cells in the substantia propria (). No
TSLP-positive staining was observed in the control conjunctiva (C). Original magnification: (A, C) X200, (B) X400.
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FIGURE 4. Realtime PCR analysis of TSLP mRNA expression using
HCJE cells. The cells were stimulated with poly I:C (5 ug/mL) for 1, 3,
and 8 hours, with or without the endosomal inhibitor bafilomycin A.
cDNA was prepared from each sample, and TSLP mRNA expression
was quantified by real-time PCR, with the standard curve method. Data
are representative of results in three independent experiments per-
formed in triplicate.

(Fig. 3B). A few mast cells were also positive for TSLP immu-
nostaining (Fig. 3A, asterisks). The immunostaining results are
summarized in Tables 2 and 3.

Poly I:C-Induced TSLP Expression in HCJE Cells

cDNAs were synthesized from total RNA isolated from poly
I:C-stimulated HCJE cells. TSLP mRNA induction was observed
in HCJE cells stimulated with poly I:C (5 ug/mL) at 3 hours
after stimulation (Fig. 4). Simultaneous addition of 10 nM
bafilomycin A showed inhibition of poly I:C-induced TSLP
mRNA expression (Fig. 4).

TSLP-Induced IL-33 mRNA Expression in Synergy
with IL-33

The human mast cell line LAD2 was stimulated with rTSLP (10
ng/mL), r1l-33 (10 ng/mL), and rTSLP+¢IL-33 for 1, 3, and 16
hours. Relative IL-13 mRNA expression was quantified with
real-time PCR. rTSLP alone did not induce IL-13 mRNA expres-
sion, and rIl-33 induced modest IL-13 expression (30-fold,
compared with the unstimulated LAD2 cells). Co-stimulation of
LAD2 cells with rTSLP and rIL-33 synergistically induced IL-
13mRNA expression (150-fold) and peaked at 1 hour after
co-stimulation (Fig. 5).

DiscussioN

In this study, we detected in vivo expression of TSLP mRNA/
protein in the giant papillae tissues obtained from patients with
VKC/AKC, and no TSLP expression was observed in the con-
trol samples (Figs. 1, 2A, 2C). To the best of our knowledge,
this is the first report of TSLP expression in an ocular surface
disorder. As has been reported about other allergic diseases
such as atopic dermatitis* and bronchial asthma,'” preferential
TSLP expression was observed in the epithelial cells of chronic
allergic conjunctivitis. Restricted TSLP protein expression was
clearly observed at the surface epithelial cells (Fig. 2A). This
finding was also consistent with those in a previous report on
atopic dermatitis.*

We also observed some TSLP-positive cells in the substantia
propria of the giant papillae (Fig. 2, arrow). Corrigan et al.*®

I0VS, January 2010, Vol. 51, No. 1

recently reported that TSLP-positive neutrophils, mast cells,
and macrophages were observed in the antigen-challenged
dermis obtained from atopic patients. Therefore, we theorize
that the TSLP-positive cells in the giant papillae may be these
inflammatory cells. We found that at least some mast cells
express TSLP protein (Fig. 3A, asterisks), which is consistent
with previous studies that showed that the mast cells activated
through the IgE receptor express TSLP mRNA.**? Our double-
immunohistochemistry results also showed that tryptase-posi-
tive mast cells localize in the vicinity of TSLP-positive epithelial
cells in the giant papillae (Fig. 3B, arrow), and our result adds
support to the proposal of Miyata et al.>° that mast cells are
essential for TSLP expression in the epithelium of the mouse
allergic rhinitis model.

It is known that one of the major functions of TSLP is
activating dendritic cells, which prime naive T cells to produce
the proallergic cytokines, such as IL4, -5, and -1 3.4 We there-
fore determined the existence of activated dendritic cells by
using the dendritic cell activation marker DC-LAMP and found
the existence of activated dendritic cells in the vicinity of the
TSLP-positive cells (Fig. 2, asterisks). The DC-LAMP-positive
dendritic cells were observed not only underneath the TSLP-
positive epithelial cells but also near the TSLP-positive cells in
the substantia propria (Fig. 2A, arrow). This result adds sup-
port to the recent results of Corrigan at al.,'® who proposed a
possible role of TSLP-positive inflammatory cells in the activa-
tion of dendritic cells in the dermis of atopic skin challenged
with allergen.

As a next step, we examined the expression of TSLP mRNA
in HCJE cells'® with added poly I:C. As reported previously in
bronchial epithelial cells® and corneal epithelial cells,” poly I:C
stimulation induces TSLP mRNA expression in the conjunctival
epithelial cells. We analyzed the time course of TSLP mRNA
expression and found that it peaked at 3 hours after poly I:C
stimulation (Fig. 4). Our results are consistent with those of Ma
et al.,” who showed peak TSLP mRNA expression at 3 hours
after stimulation of human corneal epithelial cells. We then
tried to inhibit poly I:C-induced TSLP mRNA expression by the
endosomal inhibitor bafilomycin. Previous reports showed that
poly I:Cinduced IL-6 expression in a peripheral blood mono-
nuclear cell (PBMC) requires an acidic pH (pH5.7-6.5), and
bafilomycin A could inhibit poly I:C-induced IL-6 expression by
inhibiting the endosomal proton pump.?! Our results showed
that a 10 nM bafilomycin treatment blocked TSLP mRNA ex-

180

|mme |
|

10 3hrs

|

1O 16hrs

Relative 1L-13 mRNA expression

control IL-33 TSLP

[L-33+TSLP,

FiGURE 5. TSLP and IL-33 synergistically induced IL-13 expression in
human mast cells (LAD2). The cells were stimulated with rTSLP (10
ng/mL), rIl-33 (10 ng/mL), and rTSLP+rIl-33 for 1, 3, and 16 hours.
Relative IL-13 mRNA was shown to be comparable to that of unstimu-
lated LAD?2 cells obtained 1 hour after stimulation. Data are represen-
tative of results in three independent experiments performed in trip-
licate.
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pression induced by 3-hour poly I:C stimulation (Fig. 4). We
theorize that drugs that raise endosomal pH may be useful for
inhibiting poly I:C-mediated TSLP expression. It is known that
bafilomycin A is too toxic for clinical use; therefore, omepra-
zole, a proton pump inhibitor, or chloroquine, a competing
basic compound that raises endosomal pH, which are widely
used in the treatment of gastric ulcer and malaria, respectively,
may be useful for this purpose.**

Finally, we examined the possible effector cells for TSLP in
the chronic allergic conjunctivitis. Mast cells have been re-
ported as one of the effector cells in TSLP signaling.*®> A
previous report showed that the coculture of skin fragments
from patients with atopic dermatitis (AD) with human mast
cells induces TSLP protein expression and that anti-TSLP anti-
body treatment suppresses TSLP expression.”> However, the
authors did not perform direct stimulation of human mast cells
with recombinant (¥)TSLP. Therefore, we stimulated human
mast cells with rTSLP and found that rTSLP treatment alone
induced a minimum of IL-13 mRNA induction. A surprising
finding showed that co-stimulation with another epithelial
cell-derived Th2 cytokine, IL-33, had a synergistic effect for
IL-13 mRNA expression in LAD2 cells (Fig. 5). In their study,
Allakhverdi et al.*®> showed partial suppression of IL-13 expres-
sion using anti-TSLP antibody in a mast cell-lesional, AD-skin
coculture model, so it is reasonable to consider that other
skin-derived factor(s) also contribute to IL-13 mRNA expres-
sion. Very recently, we reported IL-33 protein expression in
the epithelial cells of giant papillae as well as TSLP,'* and so we
considered that TSLP-IL-33 co-stimulation may play a role in the
pathogenesis of chronic allergic diseases through the activa-
tion of mast cells.

In summary, we found in vivo expression of TSLP in the
epithelial cells of giant papillae, and we theorize that TSLP
protein may play a role in the pathogenesis of severe chronic
allergic conjunctivitis through the activation of dendritic cells
or mast cells in synergy with other proinflimmatory cytokines
such as IL-33. The double-stranded RNA molecule, associated
with viral infection, may induce expression of TSLP, and the
endosomal inhibitor bafilomycin may be useful for inhibiting
this activation.
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Association between prostaglandin E receptor 3
polymorphisms and Stevens-Johnson syndrome identified
by means of a genome-wide association study
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Background: Stevens-Johnson syndrome (SJS) and its severe
variant, toxic epidermal necrolysis (TEN), are acute
inflammatory vesiculobullous reactions of the skin and mucosa.
They often affect the ocular surface and can result in permanent
visual dysfunction.

Objectives: We sought to discover genetic markers for SJS/TEN
susceptibility.

Methods: We performed a genome-wide association study with
60 patients and 300 control subjects. We applied stringent filter
and visual assessments for selecting single nucleotide
polymorphisms (SNPs) and a high false discovery rate
threshold. We fine-mapped the region where a candidate SNP
was found and confirmed the results by means of sequencing.
We evaluated the function of agonist-activated prostaglandin E
receptor 3 (EP3), the gene for which contained several SNPs, in
regulating cytokine production in human conjunctival epithelial
(CE) cells. The expression levels of EP3 in the CE cells from
patients and control subjects were also compared.

Results: We identified 3 SNPs that passed the false discovery
rate threshold. One (rs17131450) was close to the EP3 gene.
Therefore we analyzed the EP3 region in detail and identified 5
other SNPs. We confirmed the association between SJS/TEN
and all 6 SNPs. Activated EP3 was expressed in control CE cells,
and it suppressed polyl:C-stimulated cytokine production,
suggesting that EP3 might help prevent ocular surface
inflammation. Concordantly, the EP3 levels were much lower in
the CE cells of the patients than in those of the control subjects.
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Conclusion: We demonstrated, using both genetic and
functional analyses, that EP3 could be a key player in the
pathogenesis of SJS/TEN accompanied by ocular complications.
(J Allergy Clin Immunol 2010 ;e mmm-mnm, )

Key words: Prostaglandin E receptor 3, Stevens-Johnson syndrome,
toxic epidermal necrolysis, genome-wide association study, single
nucleotide polymorphism

Stevens-Johnson syndrome (SJS) and its severe variant, toxic
epidermal necrolysis (TEN), are acute-onset mucocutaneous
diseases (Fig 1, A) induced by infectious agents or an adverse
reaction to a drug.'® Although the annual incidences of SJS
and TEN are very low, 0.4 to 1 and 1 to 6 cases per million per-
sons, respectively,® they have a significant public health effect
because the mortality rate is high (ie, 3% and 27%, respec-
tively). Healthy children and adults can suddenly get these
diseases, and any drug approved worldwide is a candidate insti-
gator.>®'? Associations between HLA type and drug-induced
severe cutaneous adverse reactions, including SJS and TEN,
have been reported.'**!

Patients with ocular involvement (50% to 68%)>'' exhibit
severe conjunctivitis, and corneal epithelial defects often persist
because of ocular surface inflammation.*** Even after the skin
lesions have healed, ocular surface complications, such as
conjunctival invasion of the cornea, severe dryness of the eye,
and, in some instances, keratinization of the ocular surface, can
persist (Fig 1, B2 Representative causative drugs of SIS/TEN
with ocular involvement are cold remedies, antibiotics, and non-
steroidal anti-inflammatory drugs (NSAIDs).*>7** In this study
we focused exclusively on patients with SJS/TEN with ocular
involvement. Hereafter, “SIS/TEN” denotes SIS/TEN accompa-
nied by ocular complications.

Although the pathobiological mechanisms underlying the
onset of SIS/TEN have not been fully established, the extreme
rarity of the cutaneous, mucosal, and ocular surface reactions to
drug therapies led us to suspect individual susceptibility. Previ-
ously, we performed a single nucleotide polymorphism (SNP)
association analysis of candidate genes to investigate whether a
genetic predisposition for SIS/TEN exists and to identify culpable
polymorphisms. We found SJS/TEN-associated polymorphisms
in the genes encoding Toll-like receptor 3 (TLR3),>” IL-4 recep-
tor,”**> and Fas ligand®® in ethnic Japanese patients. We also
showed that in Japanese patients HLA-A*0206 is strongly associ-
ated with the disease.””*® Therefore it is quite obvious that not

1

— 409 —



2 UETAET AL

Abbreviations used
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CE: Conjunctival epithelium
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only environmental but also genetic factors contribute to the cause
of SIS/TEN.

To elucidate the pathophysiology of SJIS/TEN in more detail, in
the current study we performed a genome-wide association study
(GWAS) and analyzed more than 300,000 SNPs. This method
permits the identification of genetic loci and genes associated
with complex human traits without bias or a priori knowledge of
the function or involvement of any gene in the disease pathway.
For example, by using this strategy, our group identified SNPs
in 3 different genomic loci that have modest associations with pri-
mary open-angle glaucoma.” In the GWAS we found 3 SNPs that
were significantly associated with SJIS/TEN.

Using a fine-mapping approach, we found several SNPs in the
prostaglandin E receptor 3 (EP3) gene that were significantly as-
sociated with SJS/TEN. Supporting the genetic association of
these polymorphisms with the disease, we also found that EP3
suppressed the production of cytokines induced by polyI:C stim-
ulation and that EP3 expression was greatly reduced compared
with that seen in control subjects in the conjunctival epithelium
(CE) of patients with SJS/TEN, suggesting EP3 contributes
functionally to the pathogenesis of SJS/TEN.

METHODS

Patients

This study was approved by the Institutional Review Board of Kyoto
Prefectural University of Medicine. All experimental procedures were
conducted in accordance with the principles set forth in the Declaration of
Helsinki. The purpose of the research and experimental protocols was
explained to all the participants, and their prior written informed consent
was obtained.

The diagnoses of SIS and TEN were based on a confirmed history of acute
onset of high fever, serious mucocutaneous illness with skin eruptions, and
involvement of at least 2 mucosal sites, including the ocular surface. In the
patients with SJS/TEN receiving a diagnosis in the acute stage at our hospital,
a histological diagnosis using skin biopsy was also performed (Fig 1, A).30-32
The detailed information of the patients with SJIS/TEN and the control subjects
who were analyzed is shown in the Methods section and Table E1 of this
article’s Online Repository at www.jacionline.org.
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GWAS and subsequent fine-mapping of SNPs to

the EP3 region

To identify SNPs associated with SJS/TEN by means of a GWAS, we used
an Affymetrix GeneChip Mapping 500K Array Set (Affymetrix, Santa Clara,
Calif), according to the manufacturer’s instructions (see the Methods section
in this article’s Online Repository).?®

Fine-mapping analysis of the EP3 region was performed with the iSelect
Custom Infinium Genotyping system (iSelect; Illumina, Inc, San Diego,
Calif), according to the manufacturer’s instructions (see the Methods section
in this article’s Online Repository).29

SNP confirmation by means of direct sequencing

The 6 SIS/TEN-associated SNPs that showed significant associations (P <
.01) in the fine-mapping analysis were confirmed by means of sequencing, as
described previously (see the Methods section in this article’s Online Repos-
itory).”**26 The primers for both PCR and sequencing are shown in Table E2
in this article’s Online Repository at www.jacionline.org. Each allele was as-
sessed as an independent variable, and separate P values were calculated for
each SNP. P values of less than .05 were regarded as statistically significant.
In addition, the P values were corrected according to the number of samples
tested (Bonferroni correction).

Human conjunctival tissues and primary human

cultivated CE cells

For RT-PCR of the human CE, we used human CE cells obtained from
healthy volunteers by means of impression cytology. The primary human
cultivated conjunctival epithelial (PHCJE) cells were obtained from conjunc-
tival tissue acquired during surgical intervention to treat conjunctivochalasis.

For immunohistochemistry, human conjunctival tissues were prepared
from samples obtained during surgeries to reconstruct the ocular surface as
treatment for various ocular surface diseases, including SJS and pterygium. As
the control, we used the nearly normal conjunctival tissues obtained during
surgery for conjunctivochalasis, a disease in which the conjunctiva relaxes
because of aging, resulting in a foreign body sensation on the ocular surface.

For ELISAs, PHCJE cells were cultured as previously described (see the
Methods section in this article’s Online Repository at www.jacionline.org).*

RT-PCR

RT-PCR was performed, as previously described.>*** Amplification was
performed with DNA polymerase (Takara, Shiga, Japan) for 40 cycles at
94°C for 1 minute, 58°C for 1 minute, and 72°C for 1 minute for human
EP3 (GeneAmp; Applied Biosystems, Foster City, Calif). The primers for hu-
man EP3 and human glyceradlehyde-3-phosphate dehydrogenase (GAPDH)
were, respectively: forward 5'- CGT GTA CCT GTC CAA GCA GCG TTG
GGA GCA -3’ and reverse 5'- CCG TGT GTG TCT TGC AGT GCT CAA
CTG ATG -3'; forward 5'- CCA TCA CCA TCT TCC AGG AG-3' and
(reverse) 5'- CCT GCT TCA CCA CCT TCT TG-3".

Immunohistochemistry

The human conjunctival tissues were embedded in OCT compound (Sakura
Finetek, Torrance, Calif) and flash-frozen in liquid nitrogen. Sections 6 pwm
thick were cut and fixed in 100% acetone at 4 C for 10 minutes. Immuno-
histochemistry was performed as previously described (see the Methods
section in this article’s Online Repository).>

ELISA

The amounts of CXCL11, CCL20, IL-6, and IL-8 released into the culture
supernatant were determined by means of ELISA with the Human CXCL11,
CCL20 DuoSet (R&D Systems, Inc, Minneapolis, Minn) or the OptEIATM
IL-6 and IL-8 set (BD PharMingen, San Diego, Calif), respectively, according
to the manufacturer’s instructions.
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FIG 1. A, Skin eruptions accompanying the mucocutaneous illness of patients with SJS/TEN at the acute
stage. a, Face with vesiculobullous lesions, conjunctivitis, and swollen crusted lips. b, Vesiculobullous le-
sions of the skin. ¢, Skin biopsy specimens of the erythematous macules showing necrotic keratinocytes
and liquefaction degeneration. B, Ocular surface complications of patients with SJS/TEN. Conjunctival in-

vasion results in severe vision loss.

Quantitative RT-PCR

Quantitative RT-PCR analyses for CXCL11, CCL20, and IL6 mRNAs were
performed on an ABI-prism 7700 (Applied Biosystems), as previously
reported.“'35 The primers and probes for human CXCL!1, CCL20, IL6, and
GAPDH were from Applied Biosystems.

Data analysis

To manage the genotype data and perform statistical analysis, we used a
laboratory information management system, LaboServer (World Fusion,
Tokyo, Japan). For the genotype frequency comparisons of SNPs between
cases and control subjects, we used Hardy-Weinberg equilibrium analysis and
the xz test.

For the ELISA and quantitative RT-PCR analysis, data were expressed as
mean + SEM and were evaluated by using the Student ¢ test.

RESULTS
GWAS

After genotyping 500,568 SNPs from 60 patients with SJS/
TEN (cases) and 300 control subjects, we selected 313,924 SNPs
using the stringent criteria chosen for our quality control (QC)
filter (see the Methods section in this article’s Online Repository).
To identify SNPs associated with SIS/TEN, we compared the gen-
otype frequency of each SNP between cases and control subjects.
Twenty-five SNPs passed the threshold for the false discovery rate
(FDR; 0.05; see Fig E1 in this article’s Online Repository at www.
jacionline.org). We then visually checked the 2-dimensional clus-
ter plots of these SNPs (see the Methods section in this article’s
Online Repository at www.jacionline.org), and 3 of them passed
our QC test (Table I). In subsequent experiments we focused on an
SNP (1517131450) that mapped close to the EP3 gene, which is
located in the 1p31 region of the human genome (Fig 2, A, and
Table I) because the other 2 SNPs were from the “gene desert”
region (see Figs E2-ES in this article’s Online Repository at
www.jacionline.org).

Fine-mapping analysis of the EP3 region

Based on the GWAS result, we performed a fine-mapping
analysis of the EP3 region using 75 cases and 448 control subjects
(see Fig E6 in this article’s Online Repository). We generated a
custom DNA array (see the Methods section in this article’s On-
line Repository) to analyze the SNPs in and near £P3 through the
2 major linkage disequilibrium (LD) blocks of the HapMap
Japanese (HapMap-JPT) plus HapMap Han Chinese (HapMap-
CHB) populations residing within the region (Fig 2, A, green

TABLE I. SUS/TEN-associated SNPs obtained from the initial
GWAS

SNP HWE in Call P value
SNP ID Chromosome type MAF control* ratet (-—log P}t
rs1325975 6 Intergenic 0.11 0.12 0.99 5.83
rs17131450 1 Intergenic 0.09  0.11 1.00 5.77
rs11238074 11 Intergenic  0.12 0.04 0.99 5.62

*P value for the deviation from Hardy-Weinberg equilibrium.
FCall rate per SNP in cases plus control subjects.
1P value for genotype frequency comparison between cases and control subjects.

bar). We compared the genotype frequencies of 86 SNPs selected
by our stringent QC filter between the cases and control subjects
(see the Methods section in this article’s Online Repository). The
SNP (rs17131450) that showed a significant association with SJS/
TEN in the GWAS also showed a significant association (P <.01)
in the fine-mapping analysis. We also identified 5 other signifi-
cantly associated (P < .01) SNPs in EP3 (rs5702, rs1325949,
rs7543182, rs7555874, and rs4147114; Fig 2, A and C). All of
the SNPs, except rs4147114, were in Hardy-Weinberg equilib-
rium (P >.05) in the control samples. We rechecked the 2-dimen-
sional cluster plot for rs4147114 precisely and confirmed that the
distribution of the cluster was normal. One of the SNPs in EP3
was in an exon as a silent SNP, and the other 4 were in introns
(Fig 2, C).

Sequencing analysis of the SJS/TEN-associated
SNPs

Finally, we assessed the association of the 6 SNPs obtained
from the fine-mapping analysis by sequencing samples from 100
cases and 160 control subjects. A summary of the case-control
analysis based on the sequence data is shown in Table II. The as-
sociation of all 6 SNPs was statistically significant, even with the
Bonferroni correction (P <.0083). in the dominant model (Table
II and Fig 2, B). All were in Hardy-Weinberg equilibrium (P >
.001) in both the case and control samples. Four of the 5 SNPs
in EP3 (rs5702, rs1325949, rs7543182, and rs7555874) showed
a strong LD with each other (average D' > 0.9, r* > 0.7; Fig 2,
B). We identified 2 major haplotypes (types 1 and 2) of these 4
SNPs (Table IIT), and we also observed a significant association
with SJIS/TEN in various combinations of haplotypes. Conse-
quently, from the results of the initial GWAS to those of direct se-
quencing, we successfully identified 6 SNPs associated with SJS/
TEN, 5 of which were located within the EP3 gene.
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FIG 2. Association of SNPs in the EP3 gene with SJS/TEN. A, Distribution of P values from the GWAS
and fine-mapping analysis (horizontal green bar) of the EP3 region. We obtained 6 significant SNPs with
P values of less than .01 {genotype frequency comparison; red dots). The P values were plotted against
the physical position of the 1p31 region and are shown for the GWAS (gray dots) and fine-mapping analysis
{black dots). Horizontal lines, FDR threshold for the GWAS, which was exceeded by rs17131450 (FDR; P= 4.0
X 1078, black dotted line), and the threshold for the fine-mapping analysis (P = .01, blue dotted line). Hor-
izontal arrow, Orientation of EP3 gene transcription. The LD block of the HapMap-JPT plus HapMap-CHB
populations was obtained from the USCS Genome Browser (http:/genome.ucsc.edu/; National Center for
Biotechnology Information build 35). B, Sequencing analysis of the SNPs associated with SIS/TEN. The
P value of a dominant model for each SNP was calculated (see also Table Il). Dotted line, Significance
threshold for the Bonferroni correction. Pairwise r* plots among the SNPs were generated with Haploview
software (http://www.broadinstitute.org/haploview/haploview). C, Schematic representation of the EP3
gene structure and the location of the SNPs associated with SJS/TEN. Note that the direction of transcrip-
tion is the reverse of that shown in Fig 2, A.
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TABLE Il. Genotype frequencies and association results for SUS/TEN-associated SNPs

Frequency of genotypes (%)

Association results

Allele 1 vs allele 2 Genotype 11 vs 12+22 Genotype 11+12 vs 22

Position Control subjects Patients with P value,* OR P value,* OR P value,* OR
SNP (chromosome 1) Genotypes (n = 160) SJS/TEN (n = 100) (95% Cl) (95% CI) (95% ClI)
rs17131450 71,296,002 11 CC 141 (88.1) 75 (75.0) 00056, 0.36 (0.2-0.7) .00600, 0.40 (0.2-0.8) .0092, 0.10 (0.01-0.7)
12CT 18 (11.3) 19 (19.0)
22 TT 1(0.6) 6 (6.0)
rs5702 71,331,430 11 CC 80 (50.0) 67 (67.0) .0300, 1.6 (1.0-2.4) .00710, 2.0 (1.2-3.4) .97, ND (ND)
12 CT 67 (41.9) 25 (25.0)
22 TT 13 (8.1) 8 (8.0)
rs1325949 71,337,193 11 AA 76 (47.5) 71 (71.0) .0014, 2.0 (1.3-3.1)  .00020, 2.7 (1.6-4.6) .61, ND (ND)
12 AG 70 (43.8) 22 (22.0)
22 GG 14 (8.8) 7 (7.0)
1s7543182 71,339,973 11 GG 80 (50.0) 73 (73.0) .0023, 2.0 (1.3-3.1)  .00025, 2.7 (1.6-4.6) .88, ND (ND)
12 GT 68 (42.5) 20 (20.0)
22 TT 12 (7.5) 7 (7.0)
1s7555874 71,343,960 11 GG 80 (50.0) 72 (72.0) .0037, 1.9 (1.2-2.9) .00046, 2.6 (1.5-4.4) .88, ND (ND)
12 GA 68 (42.5) 21 (21.0)
22 AA 12 (7.5) 7 (7.0)
rs4147114 71,356,665 11 CC 42 (26.3) 44 (44.0) .0033, 1.7 (1.2-2.5) .0031, 2.2 (1.3-3.7) .09, ND (ND)
12 CG 82 (51.3) 42 (42.0)
22 GG 36 (22.5) 14 (14.0)

ND, Not determined; OR, odds ratio.

#P value for allele or genotype frequency comparison between cases and control subjects by using the x> test.

TABLE lIl. Haplotypes of the SNPs in EP3 associated with SUS/TEN

SNPs Frequency (%)
Types rs5702 rs1325949 rs7543182 rs7555874 Control subjects (n = 160)* Patients with SJS/TEN (n = 100)*
1 C/C A/A G/IG G/IG 46.3 67.0
2 C/T A/IG G/T G/A 40.0 19.0
3 T/T G/IG T/T A/A 7.5 7.0
4 Other combinations 6.3 8.0

*Number of subjects analyzed.

EP3 mRNA and protein expression in human ocular
surface epithelium

We previously reported that EP3 is constitutively expressed in
murine CE.>* Given the association between SNPs in EP3 and
SJS/TEN and the murine expression pattern, we examined the ex-
pression of EP3 in human CE. First, we used RT-PCR to examine
the expression of EP3 mRNA and obtained PCR products of the
expected length (622 bp) from the human CE samples (Fig 3, A,
a). PCR products were isolated and sequenced to confirm their
identity. The sequences were identical to that of the human EP3
cDNA (data not shown).

Immunohistochemistry of control human conjunctival tissue
(using conjunctival tissues from a patient with conjunctivochal-
asis as a normal conjunctival sample) showed obvious EP3
protein expression in the CE (Fig 3, A, b).

Suppression of cytokine production by an EP3
agonist

We previously reported that prostaglandin E, (PGE,) is a lig-
and for EP3 in murine CE and that it downregulates the progres-
sion of murine experimental allergic conjunctivitis.*> We also
reported that TLR3 polymorphisms are associated with SJS/
TEN in ethnic Japanese subjects,’ that the human ocular surface

epithelium expresses TLR3, and that cytokine production is upre-
gulated by polyl:C, a TLR3 ligand.®** On the basis of these find-
ings, we examined the function of EP3 in polyl:C-stimulated
PHCJE cells using an EP3 agonist, ONO-AE248. PHCJE cells
that were untreated or pretreated with 10 pg/mL ONO-AE248
were incubated for 24 hours with 10 pg/mL polyl:C. As early
as 24 hours after adding polyl:C, we found high levels of
CXCL11, CCL20, IL-6, and IL-8 in the supernatants from the
polyl:C-treated, but ONO-AE248-untreated, PHCJE -cultures
(Fig 3, B, a). Cultures pretreated with ONO-AE248 produced sig-
nificantly lower levels of CXCL11, CCL20, and IL-6, but the
level of IL-8 was not affected (Fig 3, B, a). The mRNA levels
for CXCL11, CCL20, and IL6 were also significantly less in the
PHCJE cultures pretreated with ONO-AE248 compared with
those seen in the untreated cultures (Fig 3, B, b).

Taken together, these results show that cytokine production by
the CE in response to polyl:C stimulation can be suppressed
through the activation of EP3.

Reduced EP3 expression in the CE of patients with
SJS/TEN

Next we examined the expression of EP3 in the CE of patients
with SJIS/TEN by means of immunohistochemistry. Unlike in the
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FIG 3. Expression and functional analyses of EP3in human CE cells. A, EP3mRNA and EP3 protein expression
in the human CE. a, RT-PCR analysis of EP3 mRNA in normal human CE. b, Immunohistological analysis of
EP3 in normal human conjunctival tissues. Bars = 50 um. B, Suppression of cytokine production by an EP3
agonist. Pretreatment with ONO-AE248 significantly suppressed the protein (a) and mRNA (b) levels of
CXCL11, CCL20, and IL-6 but not IL-8. Data are representative of 6 separate experiments for proteins and 2 sep-
arate experiments for mMRNA. Data show the mean = SEM from an experiment carried out in 6 wells for protein
and 4 wells for mRNA per group. *P< .05, **P < .01. C, Reduced EP3 protein expression in the CE of patients
with SJS/TEN. CCh, Conjunctivochalasis; PTG, pterygium; SJS, SIS/TEN. Each bar represents 50 um.

control CE samples from patients with conjunctivochalasis or
pterygium, we could not detect EP3 protein in the CE samples
from patients with SIS/TEN (Fig 3, C). These results suggest that
EP3, which is a receptor for PGE,, was downregulated in the CE
of patients with SJS/TEN.

DISCUSSION

In this study we performed a GWAS to identify genetic markers
associated with SIS/TEN. Because of the extremely low preva-
lence of the disease, our GWAS was quite challenging to perform
because of the sample size, which directly affects the statistical

power to detect significant SNPs. As expected from the pheno-
type of SIS/TEN (which has been considered to be multifacto-
rial), the low power of the study design, or both, we could not
obtain genome-wide significant SNPs associated with the disease
(see Fig E3 in this article’s Online Repository at www.jacionline.
org). However, we were able to demonstrate that as long as func-
tional evidence could be obtained, it was worthy to perform a
GWAS to list-up the candidate gene or genes or region or regions
to choose and carry out follow-up functional studies. Therefore
the concept of this study should shed light on future studies aimed
at identifying genetic markers associated with diseases with low
prevalence.
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We successfully identified 3 significant SNPs in the GWAS that
passed the FDR threshold, and one of them was from the EP3 re-
gion (Fig 2, A). We focused on that region and discovered 5 more
SNPs located in EP3, suggesting that EP3 might code for a func-
tional determinant of SJS/TEN pathogenesis (Fig 2, A and C).
Further functional studies revealed that EP3 suppressed the
polyl:C-induced cytokine production (Fig 3, B), suggesting that
EP3 might function in downregulating inflammation in the CE.
Indeed, EP3 protein expression in the CE was greatly reduced
in patients with SJS/TEN, but it was clearly detectable in control
subjects with noninflammatory ocular surface diseases (chalasis
and pterygium; Fig 3, C). However, although significant reduction
in EP3 protein expression was observed in the tissue derived from
patients with SIS/TEN, the patients did not always possess the
risk allele of the identified SNPs (data not shown), suggesting
that EP3 levels in CE cells of the patients might be affected by
not only EP3 SNPs but also other factors, such as ocular surface
inflammation. Because the SNPs in EP3 were intronic or silent
(Fig 2, C), they could be involved in regulating the transcription
of EP3. Therefore we assumed that the significant reduction in
EP3 expression in the CE of the patients with SJS/TEN might
be due to EP3 downregulation at the transcriptional level. Such
a reduction in EP3 expression in the CE of patients with SJS/
TEN could contribute to ocular surface inflammation, which is
a major characteristic of the disease, and therefore the polymor-
phisms in EP3 might contribute to the pathophysiology of SJS/
TEN.

We also found that 4 of the 6 SNPs (rs5702, rs1325949,
rs7543182, and rs7555874) were in strong LD (see the Results
section). According to the International HapMap project, the 6
SNPs (rs17131450, rs5702, rs1325949, rs7543182, rs7555874,
and rs4147114) identified in the current study are found in both
ethnic Japanese and white populations, indicating that it is
important to examine these EP3 SNPs in non-Japanese
populations.

Prostanoids (ie, the prostaglandins and the thromboxanes) are a
group of lipid mediators that form in response to various stimuli.
They include prostaglandins D,, E,, Fa,, and I, and thromboxane
A,. They are released extracellularly immediately after their
synthesis, and they act by binding to a G protein—coupled
rhodopsin-type receptor on the surface of target cells. Eight types
of prostanoid receptors are conserved in mammals from mice to
human subjects: the prostaglandin D receptor (DP), 4 subtypes
of the prostaglandin E receptor (EP1, EP2, EP3, and EP4), the
prostaglandin F receptor (FP), the prostaglandin I receptor (IP),
and the thromboxane A receptor (TP).***” PGE,~EP3 signaling
is reported to inhibit keratinocyte activation and exert anti-
inflammatory actions in murine contact hypersensitivity.** We
also previously reported that PGE, acts as a ligand for EP3 in
the CE and downregulates the progression of murine experimen-
tal allergic conjunctivitis.*® Here we demonstrated that an EP3 ag-
onist suppressed the production of CXCL11, CCL20, and IL-6 by
human CE cells in response to polyl:C stimulation (Fig 3, B).
Thus EP3 in the CE might downregulate ocular surface inflamma-
tion, an idea that is supported by our finding that EP3 was strongly
downregulated in the CE of patients with SJS/TEN with ocular
involvement (Fig 3, O).

Drugs are probably the most widely accepted causative factor
for SJS/TEN.*?1%12 Many patients with SJS/TEN with ocular in-
volvement have had the disease after taking remedies for the com-
mon cold or NSAIDs. Given the association between the onset of
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SJS/TEN and various infections, we have considered the possibil-
ity that susceptibility to SJS/TEN is related to a disordered innate
immune response.””’** In this study we showed that EP3 sup-
pressed the cytokine production elicited by stimulation with
polyI:C (which mimics viral double-stranded RNA) in the human
CE (Fig 3, B), which might suggest that EP3 is involved in innate
immunity.

Of our 100 patients, 76 had SJS after being treated for the
common cold with medications that included NSAIDs. NSAIDs
inhibit the production of the EP3 ligand PGE,.>® When we ana-
lyzed the association between the 6 SNPs identified here and their
frequency in the 76 cold remedy-related SJS/TEN cases, the as-
sociations remained strongly significant (data not shown). These
data support the idea that EP3 is involved in the development of
SJS/TEN.

In summary, we have demonstrated, using both genetic and
functional analyses, that EP3 could be a key player in the
pathogenesis of SIS/TEN accompanied by ocular complications.
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also thank Dr Natsue Omi, Ms Sayaka Ohashi, Ms Naoko Saito, and Ms Yuko
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Ryuichi Sato and Ms Fumiko Sato (World Fusion, Tokyo, Japan) for
management of the genotype data.
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