Cornea

Roles Played by Toll-like Receptor-9 in Corneal
Endothelial Cells after Herpes Simplex Virus

Type 1 Infection
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Purprost. To determine the roles played by toll-like receptor 9
(TLR9) in cultured human corneal endothelial (HCEn) cells
after herpes simplex virus type 1 (HSV-1) infection and to
characterize the TLR9-mediated antiviral responses.

MersOD. Immortalized HCEn cells were examined for TLR
expression. The upregulation of inflammatory cytokines after
HSV-1 infection was determined by real-time RT-PCR or protein
array analyses. The TLR9-mediated HSV-1 replication was de-
termined by real-time PCR and plaque assay. To determine
whether there was an activation of the signal transduction
pathway, HCEn cells that were transfected with pathway-fo-
cused transcription factor reporters were examined for pro-
moter activity.

Resurts. TLR9 was abundantly expressed intracellularly in
HCEn cells. The CpG oligonucleotide, a TLR9 ligand, stimu-
lated the NF-«B activity in HCEn cells. HSV-1 infection also
stimulated NF-«B and induced NF-«kB -related inflammatory
cytokines, including RANTES, IP-10, MCP-2, MIF, MCP-4, MDC,
MIP-3¢, IL-5, TARC, MCP-1, and IL-6. The induction of these
cytokines was significantly reduced by blocking the activity of
TLR9. In addition, viral replication in HCEn cells was signifi-
cantly reduced by the inhibition of TLR9, but was preserved by
a concomitant activation of the NF-«B cascade. Of the different
HSV-1-induced inflammatory cascade-related transcription
factors, TLR9 was found to activate NF-«xB, cyclic AMP re-
sponse element (CRE), and the CCAAT-enhancer-binding pro-
teins (C/EBP) the most.

Concrusions. Corneal endothelial cells transcriptionally initiate
inflammatory programs in response to HSV-1 infection related to
NE-kB, CRE, and C/EBP and express arrays of inflammatory cyto-
kine induction by TLR9. On the other hand, HSV-1 exploits TLR9-
mediated NF-«kB activation for its own replication. (Invest Oph-
thalmol Vis Sci. 2011;52:6729 - 6736) DOI:10.1167/iovs.11-7805
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he tissues of the ocular surface help maintain the clarity of

the cornea and protect the eye from numerous environ-
mental pathogens or dead cell constituents. The endothelial
cells lining the inner surface of the cornea are also responsible
for maintaining the optical clarity of the cornea. Because en-
dothelial cells do not replicate in vivo, a decrease in their
density can lead to blinding bullous keratopathy.'~

Generally, mucosal surfaces are armed with pattern-recog-
nition receptors (PRRs) for sensing foreign materials. The PRRs
recognize various types of ligands, such as bacterial and fungal
cell wall components, bacterial lipoproteins, and nucleic acids
derived from bacteria, virus, and self.®> An invasion by viruses is
recognized by the tolllike receptor (TLR) family, and the re-
cently recognized categories of intracellular PRRs that detect
nucleic acids in the cytoplasm.# The retinoic acid-inducible
gene [ (RIG-I) and melanoma differentiation-associated gene 5
(MDAS) detect the RNA of pathogens. DNA-dependent activa-
tor of interferon-regulatory factors (DAD), absent in melanoma
2 (AIM2), RNA polymerase III, leucine-rich repeat flightless-
interacting protein 1 (LRRFIPI), and interferon y-inducible
protein 16 (IFI106) detect intracellular DNA.

The TLRs were the first discovered and major category of
PRRs. The recognition of pathogens by TLRs leads to the
induction of innate immunity, inflammation, and adaptive im-
munity. The TLRs on the mucosal body surface function not
only to keep bacteria from invading the body but also to form
mutually beneficial relationships.® TLRs recognize commensal
or pathogen-associated molecular patterns to control the func-
tion of the mucosal surface cells. For example, the TLRs regu-
late the proliferation of epithelial cells after intestinal injury. An
absence of TLRs significantly impairs the repair of the epithelial
barrier.” Signaling by the TLRs leads to increased inflammation
and promotes the development of inflammation-associated
neoplasia.® Thus, intricate interactions operate for the host and
microbes by the many functions of the TLRs.

Corneal endothelial cells have been recently found to act as
immune modulators that suppress T cell receptor-mediated
CD4™ T cell proliferation. They also stimulate the conversion
of CD8™ T cells into regulatory T cells.”® These functions may
contribute to the immune privilege of the eye. TLRs are espe-
cially recognized as important modulators of innate and ac-
quired immunity. Thus, understanding how the endothelial
cells behave after TLR stimulation may provide important clues
on how to control immune-mediated diseases.

TLRY is a well-known sensor of the nucleic acids of viruses
and microbes. HSV-1 is the most common viral pathogen per-
missive to the corneal endothelial cells, and an infection by
HSV-1 is manifested as herpetic keratitis. To recognize herpes-
virus, the host uses a distinct repertoire of TLRs. First, the
surface glycoproteins ligate to TLR2.%*° Second, the DNAs of
herpesvirus which are rich in CpG sequences, stimulate
TLR9.'1*2 And third, double-strand RNAs, generated through
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self-hybridization of viral genes, activate TLR3.*>*¢ TLR9 has
been reported to be a crucial component in corneal epithelial
cells that recognize the HSV-1 infection.'>*® However, the
roles played by TLRs in corneal endothelial cells have not been
determined.

The activation of TLR9 can also cause collateral damage or
exacerbation of immune-mediated diseases. For example,
when self nucleic acids activate TLR9 chaperoned by anti-DNA
autoantibody,3 the TLRYO activation initiates or exacerbates
autoimmune diseases.’”"*® Thus, understanding the roles
played by TLR9 may help develop effective strategies to pre-
vent unwanted inflammatory responses in the anterior cham-
ber or corneal endothelium.

The purpose of this study was to determine the response of
the TLRY in cultured human corneal endothelial (HCEn) cells
after herpes simplex virus type 1 (HSV-1) infection and to
characterize the TLR9-mediated anti-viral responses. We shall
show that HCEn cells express TLR9 intracellularly, and HSV-1
infection leads to the upregulation of arrays of inflammatory
cytokines mediated by TLR9. Especially important was that the
NF-«B cascade downstream of TLR9 can be hijacked by HSV-1
and diverted for its own replication.

MATERIALS AND METHODS

Cells

An HCEn cell line was established as described in detail.” The HCEn
cells were propagated to confluence on 6- or 96-well plates in Dulbec-
co’s modified Eagle’s medium (DMEM; Gibco, Grand Island, NY) sup-
plemented with 10% fetal bovine serum. Primary corneal endothelial
cells were obtained from the corneoscleral rims of donor eyes after the
central cornea was used for keratoplasty.

The procedures used conformed to the tenets of the Declaration of
Helsinki.

Viruses

Confluent monolayers of Vero cells were infected with the KOS strain
of HSV-1 (generous gift from Kozaburo Hayashi, National Institutes of
Health [NIH], Bethesda, MD) After 1 hour of adsorption, the medium
containing the virus was aspirated, and the monolayers of cells were
refed with fresh HSV-1-free medium. After attaining the maximum
cytopathic effect (48-72 hours after infection), the medium was dis-
carded, and cells with the small amount of remaining medium were
frozen, thawed, and sonicated. The supernatant was collected after
centrifugation at 3000 rpm for 10 minutes and overlaid onto a sucrose
density gradient (10 -60% wt/vol). The solution was centrifuged with
a swing rotor (§W28; Beckman Instruments, Fullerton, CA) for 1 hour
at 11,500 rpm. The resultant visible band at the lower part of the
gradient containing the HSV-1 was washed using centrifugation at
14,000 rpm for 90 minutes and resuspended in a small volume of
serum-free DMEM. The virus was then divided into aliquots and stored
at —80°C until use. To infect the HCEn cells with HSV-1, the HCEn cells
were adsorbed with the sucrose-density gradient purified virus stock
for 1 hour at a multiplicity of infection (MOI) of 0.01 to 1, and refed
with fresh medium.

Flow Cytometry

Flow cytometry was used to determine the degree of TLR expression
using the following monoclonal antibodies (mAbs): TLR2 (Alexis, Plym-
outh Meeting, PA), TLR4 (Monosan, Uden, Netherlands), TLR3 (abCam,
Cambridge, UK), and TLR9 (Oncogene, San Diego, CA). Mouse isotype
1gG was used as the control. FITC-conjugated anti-mouse IgG, or IgG,
(BD Pharmingen, Franklin Lakes, NJ) was used as the secondary anti-
body.

For flow cytometric analysis of the surface expression of TLRs on
the HCEn cells, a suspension of subconfluent cells was obtained by
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adding 0.5% trypsin/EDTA to the HCEn cells and incubated with
anti-TLR antibodies. This was followed by incubation with FITC-con-
jugated anti-mouse IgG (BD PharMingen). For intracellular staining
of the TLRs, HCEn cell suspensions were permeabilized (Cytofix/
Cytoperm; BD Biosciences) before staining. After they were washed
twice in PBS, the stained cells (live-gated on the basis of the forward
and side scatter profile and propidium iodide exclusion) were analyzed
by flow cytometry.

Luciferase Reporter Assays

HCEn cells were transfected with luciferase reporter plasmids for AP-1,
C/EBP, CRE, Elk-1, ISRE, NFAT, or NF-«kB (Agilent, Santa Clara, CA). For
the , internal control, HCEn cells were co-transfected with pRL-CMV
(Promega, Madison, WI; using Geneporter 3000 transfection reagent;
Genlantis, San Diego, CA).

For inhibition of TLR-9, TLR-9 inhibitory oligonucleotide (forward
5" TCCTGGCGGGGAAGT-3") (Alexis, San Diego, CA) or TLR-9 siRNA
(Qiagen, Hilden, Germany) was used. For activation of the NF-«xB
cascade, the IkBa on the HCEn cells was inhibited by IkBa siRNA
(Invitrogen, Carlsbad, CA). For transfection of siRNA, HCEn cells were
transfected (RNAifect; Qiagen) 2 days after transfection of the reporter
plasmids, according to the manufacturer’s protocol. HCEn cells were
infected with HSV-1 48 hours after siRNA transfection. The luciferase
activity was measured using the dual-luciferase reporter assay system
(Promega).

The target sequences of the siRNA were TLR-9 siRNA: forward
5'-CGGCAACTGTTATTACAAGAA-3', and IxkBa siRNA: forward 5'-
GAGCTCCGAGACTTTCGAGGAAATA-3'.

Pharmacologic Inhibition of NF-kB Cascade

An IKK inhibitor peptide or control peptide (Merck, Darmstadt, Ger-
many) was used to block the IkB kinase activity. The IKK inhibitor
peptide contained a sequence corresponding to the active IkB phos-
phorylation recognition sequence. For inhibition of NF-kB p65, NF-«B
P65 (Ser276) inhibitor peptide or control peptide (Imgenex, San Di-
ego, CA) was used.

Real-Time RT-PCR

Total RNA was isolated from HSV-1-infected HCEn cells and reverse
transcribed (QuantiTect Reverse Transcription Kit; Qiagen). The
cDNAs were amplified and quantified on a thermal cycler (LightCycler;
Roche, Mannheim, Germany) using a PCR kit (QuantiTect SYBR Green;
Qiagen). The sequences of the real-time PCR primer pairs were VEGF:
forward 5'-GCAGCTTGAGTTAAACGAACG-3’, reverse S'-GGTTCC-
CGAAACCCTGAG-3'; IL6: forward 5'-GATGAGTACAAAAGTCCT-
GATCCA-3', reverse 5'-CTGCAGCCACTGGTTCTGT-3’; HSV-1 DNA
polymerase: forward 5'-CATCACCGACCCGGAGAGGGAC-3’', reverse
5'-GGGCCAGGCGCTTGTTGGTGTA-3'; and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH); forward 5’-AGCCACATCGCTCAGA-
CAC-3’, reverse 5'-GCCCAATACGACCAAATCC-3’.

To ensure equivalent loading and amplification, all products were
normalized to GAPDH transcript as an internal control.

Enzyme-Linked Immunosorbent Assay

To determine the levels of secreted IL-6, supernatants collected from
HSV-1-infected HCEn cells were assayed with a commercial ELISA kit
(Peprotech, Rocky Hill, NJ).

For inflammatory cytokine and chemokine profiling after HSV-1
infection, supernatants were collected from HCEn cells 12 hours post
infection (pi) and assayed with human cytokine antibody arrays (Ray-
Biotech, Norcross, GA). This analysis determined the level of expres-
sion of 80 cytokines and chemokines. The intensity of the chemilumi-
nescence signals was digitized (LAS-1000plus; Fujifilm, Tokyo, Japan,
and MultiGauge software ver.2.0; Fujifilm) and normalized by using the
positive control signals in each membrane.
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Pathways Analysis

The set of extracted genes was analyzed for transcriptional networks of
molecular events using computerized pathway analysis (Pathways
Analysis 7.0; Ingenuity Systems, Redwood, CA; based on the Ingenuity
Pathways Knowledge Base). The resulting networks were evaluated by
the significance scores, which were expressed as the negative loga-
rithm of the P value. The obtained score indicate the likelihood that
the assembly of a set of focus genes in a network could be explained
by random chance alone.

Statistical Analyses

Data are presented as the mean * SEM. Statistical analyses were
performed using ftests or ANOVA, as appropriate.

REsuLTS
TLR9 Expression in HCEn Cells

We used flow cytometry to determine whether TLRs are ex-
pressed on HCEn cells grown in culture or primary HCEn cells,
because TLRs can be expressed on the cell surface in nonhe-
matopoietic lineage cells. No significant cell surface expression
was observed (data not shown).

Next, we assessed the intracellular expression of TLRs by
staining permeabilized HCEn cells and primary corneal endo-
thelial cells. TLR9 was found to be significantly expressed
intracellularly, whereas expression of TLR2, TLR3, and TLR4
was barely detectable (Fig. 1).

TLR9-Mediated NF-kB Promoter Activation in
HCEn Cells after HSV-1 Infection

To determine whether the input from TLR9 is functional, we
examined whether TLR9 ligand activates the NF-«kB cascade,
since NF-«B is the representative signaling cascade of TLR-
mediated signaling. When TLR9 was stimulated with B class
CpG oligonucleotide, a TLR9 ligand, there was a significant
upregulation of NF-«kB promoter activity, indicating that TLR9
is functional in HCEn cells (Fig. 2).

We next evaluated whether HSV-1 infection would activate
the NF-kB cascade in HCEn cells and whether TLRO plays a role
in this activation. We found that HSV-1 infection significantly
stimulated the promoter of NF-«B as early as 6 hours pi, and the
level of expression continued to increase up to 12 hours pi
(Fig. 3) The elevated NF-«B promoter activity was significantly
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reduced by an inhibition of TLR9. Thus, the TLR9 cascade that
stimulates NF-«B is activated after HSV-1 infection.

TLR9-Mediated Inflammatory Cytokine and
Chemokine Induction in HCEn Cells after
HSV-1 Infection

Next, we examined whether TLRY is involved in the induction
of cytokines and chemokines in HCEn cells after HSV-1 infec-
tion. After HCEn cells were infected with HSV-1, the level of
IL-6 transcript was significantly increased at 12 hours pi (i.e.,
the IL-6 expression relative to GAPDH was 1.4 X 107% + 1.0 X
1077 at an HSV-1 MOI of 0.1 and 2.0 X 107° + 3.1 X 1077 for
mock infection (P < 0.01). The level was lower at 24 hours pi:
1.1 X 107% + 4.0 X 107° IL-6/GAPDH at an HSV-1 MOI of 0.1
and 2.3 X 107¢ + 3.3 X 1077 for mock infection.

To examine the contribution of TLR9 to the IL-6 induc-
tion, HCEn cells treated with TLR9 inhibitory oligonucleo-
tide were infected with HSV-1 and assessed for IL-6 induc-
tion by realtime PCR. The HSV-1 infection significantly
elevated IL-6 induction at 12 hours pi (Figs. 4A, 4B). The
level of IL-6 after HSV-1 infection was significantly reduced
by blocking TLR9 with a TLRY inhibitory oligonucleotide
(Fig. 4A). Inhibition of TLRY by siRNA transfection also had
a similar inhibitory effect on the IL-6 induction (Fig. 4B).

We then determined whether HSV-1 infection can stim-
ulate IL-6 secretion through TLR9. When supernatants of
HSV-1-infected HCEn cells were assessed for IL-6 by ELISA,
we found that HSV-1 infection significantly stimulated IL-6
secretion (Figs. 4C, 4D). This HSV-1 infection-induced IL-6
secretion was significantly suppressed by a TLR9 inhibitory
oligonucleotide in a dose-dependent manner (Figs. 4C, 4D).

Next, we assessed how HSV-1 infection modulated the
cytokine and chemokine milieu of HCEn cells through TLRO.
Supernatants from HSV-1-infected HCEn cells were assayed
for 80 cytokines and chemokines using protein array analy-
sis and were tested for their sensitivity to TLR9 inhibition.
Twenty cytokines and chemokines were significantly up-
regulated after HSV-1 infection, and of them, TLR9 inhibition
significantly reduced the upregulation of RANTES (CCL5),
IP-10 (CXCL10), MCP-2 (CCL8), MIF, MCP-4 (CCL13), MDC
(CCL22), MIP-3a (CCL20), IL-5, TARC (CCL17), and MCP-1
(CCL2) (Fig. 5).

TLR3 TLR4

TLR9

human corneal endothelial cell lines

100

Counts

10! 1¢
FL2-Height

human corneal endothelial cells

Ficure 1. Intracellular expression
of TLRs in HCEn cells. TLR 9 was Q4

3 L B0 2
370t 10

significantly expressed in HCEn cells

and primary human corneal endothe- 2

lial cells. Expression of TIR2, -3, and 5

-4 was barely detectable. Solid line:

unstained; doited line: control IgG ol S

stained, gray line: anti-TLR antibody 10% 10! 10% 10° 10¢
FL2-Height

stained.




6732 Takeda et al.

-
(o))
o

RN
ELN
o

-
N
o

100

A O @
o o O

N
o

NF-kB reporter (relative luciferase unit)

FIGURE 2. NF-«kB promoter activation in HCEn cells by TLR9. HCEn
cells transfected with NF-«B reporter plasmids were stimulated with
CpG oligonucleotide for 24 hours and measured for luciferase activity.
CpG transfection significantly elevates the NF-kB promoter activity
(n = 6;*P < 0.05).

Role of TLR9-Mediated NF-kB Activation and
HSV-1 Replication

TLRY participates in the primary defense systems against viral
infection and functions to induce inflammatory cytokines after
infection of HCEn cells by HSV-1. We examined whether TLR9
affects the entry and replication of HSV-1 into HCEn cells. To
accomplish this, HSV-1 was adsorbed on HCEn cells, and the
number of HSV-1 copies was determined by real-time PCR of
HSV-1 DNA polymerase. After TLRO was inhibited by pretreat-
ment with TLR9 inhibitory oligonucleotide, a significant reduc-
tion in the copy number was not observed (Fig. 6A).

The contribution of TLR9 to viral replication was deter-
mined by real-time RT-PCR, and the results showed a signifi-
cant reduction in the expression of the mRNA of HSV-1 DNA
polymerase in HCEn cells after exposure to TLR9 inhibitory
oligonucleotide (Fig. 6B). This reduction was also confirmed by
titration (control oligo-treated at an MOI of 0.1: 9.3 X 10% +
0.3 X 10% TLRY inhibitory oligonucleotide-treated at an MOI of
0.1: 9.8 X 107 = 0.9 X 107, P < 0.01).

We then assessed whether the TLR9-mediated viral replica-
tion in HCEn cells was related to NF-«B activation. The classic
NF-«B cascade is regulated by IkB kinase (JKK), leading to the
nuclear translocation of p65, a component of the NF-«B path-
way. When HCEn cells were treated with IKK inhibitory pep-
tide, which contained sequences corresponding to the active
IkBa phosphorylation recognition sequence, the induction of
HSV-1 DNA polymerase was significantly inhibited in HSV-1-
infected HCEn cells (Fig. 6C). Treatment with a p65 inhibitor
also significantly reduced the number HSV-1 copies (data not
shown). These findings indicate that the classic NF-«B cascade
is involved in HSV-1 replication in HCEn cells.
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We next examined whether TLR9-inhibition-mediated sup-
pression of HSV-1 replication can be restored by NF-«B activa-
tion. Because the activation of the classic NF-xB cascade is
regulated by the degradation of IkBa, the NF-«B cascade is
activated by siRNA-mediated inhibition of IkBa. Exposure to
TLR9 inhibitory oligonucleotide reduced the copy number of
HSV-1 DNA polymerase mRNA, and the transfection of IkBo
siRNA reduced the effect of TLRY inhibition (Fig. 6D). Collec-
tively, these findings indicate that HSV-1 used the TLR9-medi-
ated NF-«B activation for its own replication in HCEn cells.

Alternative Transcription Factor Activation by
TLR9 in HSV-1-Infected HCEn Cells

HSV-1 infection induces an array of inflammatory cascades.
This can be summarized by the transcriptional induction pro-
files of representative transcriptional factors. To characterize
the profiles of the signaling cascades activated by HSV-1 infec-
tion and show the possible involvement of TLR9, we deter-
mined whether HSV-1 infection can activate representative
transcriptional factors related to the TLR9 cascades by using
transfection of reporter plasmids. The activities of transcrip-
tional factors of cascades of NF-«B, MAPK/ERK, cAMP/PKA,
MAPK/JNK, C/EBP, interferon response, and PKC/calcium
were measured using reporter plasmids for NF-«B, Elk-1, cyclic
AMP response element (CRE), AP-1, C/EBP, ISRE, and NFAT,
respectively. HSV-1 infection significantly stimulated the tran-
scription factors of NF-«B, Elk-1, CRE, AP-1, C/EBP, and NFAT
at 24 hours pi (Fig. 7).

We then tested whether TLR9 contributes to the induction
of transcription factor activities of the inflammatory cascades.
When TLR9 was inhibited by siRNA transfection, the HSV-1-
induced activation of CRE and C/EBP reporters was signifi-
cantly reduced (Fig. 8). The other transcription factor activi-
ties, including Elk-1, AP-1, and NFAT were not appreciably
affected (data not shown). Thus, HCEn cells used TLR9 leading
to various types of promoter activation, including NF-«B, after
HSV-1 infection.
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FIGURe 3. Inhibition of HSV-1 infection-induced NF-kB promoter by
TLRY inhibition. HCEn cells transfected with reporter plasmids were
stimulated with HSV-1 infection for 6 (A) and 12 (B) hours, and
measured for luciferase activity. Treatment by TLRY inhibitory oligo-
nucleotide significantly inhibited NF-«kB promoter activation (n = 6;
*P < 0.05).
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FIGURE 4. Inhibition of HSV-1 infection-induced IL-6 activation. Ef-

fect of inhibiting HSV-1 infection-induced I1-6 mRNA induction by
TLR9 inhibitory oligonucleotide treatment (A) and by transfection of
siRNA of TLR9 (B) at 12 hours. TLR9 blockade by inhibitory oligonu-
cleotide or siRNA significantly reduced the HSV-1 infection-induced
11-6 mRNA activation. # = 4; *P < 0.01. (C, D) Reduction of HSV-1
infection-induced IL-6 secretion by TLR9 blockade. TLR9 inhibitory
oligonucleotide significantly reduced IL-6 secretion at 12 (C) and 24
(D) hours pi in a dose-dependent manner (n = 6; *P < 0.01).

TLR9-Mediated Inflammatory Network after
HSV-1 Infection

To summarize how HCEn cells used TLR9-mediated signals
after HSV-1 infection, the TLR9-dependent cytokines induced
after HSV-1 infection were analyzed for signaling interactions
using a systems biological approach. Using a database of
known signaling networks (Ingenuity Pathways Knowledge
Base; Ingenuity Systems), we successfully generated two major
biological networks with high significance scores (network 1,
P < 1072 network 2, P < 107 '®). The most significant
network was network 1, which was annotated as cell-to-cell
signaling and interaction, hematologic system development
and function, and immune cell trafficking, where NF-kB was
centrally positioned (data not shown).

DiscussION

Our results showed that TLR9 was abundantly expressed in
HCEn cells and was used to initiate inflammatory responses
after HSV-1 infection. HSV-1 exploited the TLR9-mediated
NF-kB activation for its own replication. To resist the assault,
HCEn cells transcriptionally initiate an array of inflammatory
programs related to the cascades of NF-«B, ERK, MAPK (P38),
JNK, cAMP/PKA, PKC, and interferon responses. Of these,
TLRY activation was especially used for the signal transduction
cascades of NF-«xB, CRE, C/EBP, and arrays of inflammatory
cytokines, including IL-6.

TLR9 and HSV-1-Infected Corneal Endothelial Cells
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In sensing microbial pathogens, conserved structural moi-
eties are recognized by germline encoded PRRs, including the
TLRs, NOD-like receptors, and C-type lectin receptors.>® Apo-
ptotic or necrotic cells or degradation products of the extra-
cellular matrix, damage-associated molecules or cytokines,
such as dsDNA, RNA, high-mobility group box 1 (HMGB1),
ATP, hyaluronan, versican, heparin sulfate, and heat shock
proteins, are abundantly present. These damage-associated mo-
lecular patterns (DAMPs) are also recognized by PRRs. Of the
different PRRs, the TLRs are the most important class of recep-
tors that are able to sense pathogen-associated molecular pat-
terns (PAMPs). Nucleic acids, especially DNAs, are a major
class of molecules that stimulate TLRs. Previously, the DNAs
derived from bacteria had been considered the exclusive li-
gand of TLR9. However, viral genomes and self DNAs derived
from necrotic or apoptotic cells have also been shown to
activate TLR9. Physiologically, ligands of TLRs, including TLRO,
are ubiquitous, and the corneal endothelium is continuously
exposed to various components of PRR ligands. Thus, the
cornea and the host are exposed to and sense the environment
using combinations of PRRs. In this setting, cascades initiated
from such PRRs generally converge to NF-«B or inflam-
masomes, where the converged signal inputs can elicit robust
immune responses in synergy.**

For entry of HSV-1 into the host, glycoproteins, gB, gD, gH,
and gL are required. For example, gB binds to paired immuno-
globulin-like type 2 receptor « (PILRw) on the host.*? gD binds
to herpesvirus entry mediator (HVEM), nectin-1, or 3-O sul-
fated heparan sulfate, after which the host recognizes the viral
invasion by the PRRs. In the TLR-mediated recognition cas-
cade, three major molecular components—TLR2, TLR9, and
TLR3—are engaged to activate innate immune responses.?®
However, the TLR-mediated interaction does not appear to
affect viral entry (Fig. 6A). The sequential recognition of TLR2
and -9 that occurs after HSV-1 infection leads to a robust NF-kB
activation which then induces a wide array of cytokines,
chemokines, and interferons, where NF-«B plays a central role
in regulating numerous cellular metabolic events. Concomi-
tantly, HSV-1 redirects the host transcriptional machinery to

2 Omock
o | HSV infected/ Control oligo
OHSV infected/ TLRY inhibitory oligo

Relative intensity

FIGURE 5. TLR9-mediated inflammatory cytokine and chemokine in-
duction by HSV-1-infected HCEn cells. HCEn cells were adsorbed with
HSV-1 at an MOI of 0.1 for 1 hour and refed with the DMEM. After 12
hours of incubation, the supernatant of HSV-1-infected HCEn cells was
assayed for cytokines. TLR9-induced inflammatory cytokines and
chemokines were significantly reduced by exposure to TLR9 inhibitory
oligonucleotide (n = 4/group; *P < 0.05, *P < 0.01).
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FIGURE 6. Inhibition of HSV-1 proliferation by blockade of TLR9 and

NF-«B signaling cascade. (A) Unperturbed entry of HSV-1 into the
HCEn cells by TLR9 inhibition. HSV-1 was adsorbed on HCEn cells for
1 hour. HCEn cells were washed and assessed for HSV-1 DNA poly-
merase copy number by using real-time PCR (z = 8). TLR9 inhibitory
oligonucleotide did not appreciably affect HSV-1 absorption. (B) TLR9
inhibitory oligonucleotide impaired HSV-1 replication, shown by the
reduction in copy number of HSV-1 DNA polymerase mRNA (n = 4, 24
hours pi). (C) Reduced proliferation of HSV-1 by IKK inhibitor. HCEn
cells were infected with HSV-1 at the indicated MOI and assessed at 24
hours pi for copy number of HSV-1 DNA polymerase mRNA, with
reverse transcription real-time PCR (z = 4; P < 0.01). (D) Restoration
of TLRY inhibition-mediated reduction of HSV-1 proliferation by IxBa
inhibition. Treatment of TLR9 inhibitory oligonucleotide significantly
reduced the copy number of HSV-1 DNA polymerase mRNA at 24
hours pi. This reduction was restored by NF-«B activation using trans-
fection of siRNA of I«kBa (n = 4; *P < 0.05, *P < 0.01).

express its own genes in a tightly regulated temporal cas-
cade.?® The three classes of genes, the immediate-early (IE)
genes, including ICP-0, -4, -22, -27, and -47, followed by the
early and the late genes are sequentially expressed.

To initiate productive replication of HSV-1, ICPO plays a
crucial role as a strong activator of all classes of HSV-1 genes
and a propagator of lytic infections. ICPO possesses NF-«B-
binding elements on its promoter. The transcription of ICPO is
dependent on activation of NF-«B of the host, which is trig-
gered by the recruitment of p65/RelA.?¢ Inhibition of the
NE-kB cascade, including the inhibition of IKK or dominant
negative IkBe, significantly suppresses viral replication (Fig.
6).2#72° Very recently, the UL31 of HSV-1 was also shown to be
necessary for optimal NF-kB activation and expression of ICP4,
ICP8, and glycoprotein C.*’

The use of host NF-kB for viral replication is not limited to
HSV-1 because NF-«kB-binding sites are also located in the ge-
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nome of different members of the herpes virus family.?52°

Moreover, HSV-1 is equipped with the ability to effectively
block multiple innate signaling for its survival. For example,
virion host shutoff protein (VHS) degrades the host mRNA by
its RNase function, US11 or y34.5 inhibits PKR (RNA-activated
protein kinase), and ICP47 inhibits MHC class I loading.>°~>7
After the viral replication is completed, ICP-0 directs the inhi-
bition of inflammatory responses by ubiquitin-specific pepti-
dase 7 (USP7) translocation, which leads to the inhibition of
NF-kB and JNK.>° Thus, HSV-1 hijacks and exploits the crucial
components of the host immune system, TLR9 and NF-«B, for
its own use.

There are two major signaling pathways for TLR: NF-«B and
MAPKs. In the MAPK cascade, the JNK, p38, and ERK path-
ways are conventionally activated, leading to the activation of
AP-1, CRE, Elk-1, and C/EBP elements in the promoters. In
addition, the C/EBP family of transcription factors is involved
in many biological functions, including regulating cytokine
expression, proliferation, and tumor progression.>®~ % we
found that the reporter activity of NF-kB, CRE, and C/EBP are
activated by TLRO after HSV-1 infection. Analysis of the HSV-1
infection-induced transcriptome of HCEn cells showed strong
inductions of CREBBP and C/EBP«, which are representative
transcription factors related to CRE and C/EBP.
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FIGURE 7. Signaling cascade-focused promoter activation in HCEn
cells by HSV-1 infection. HCEn cells transfected with reporter plasmids
were stimulated with HSV-1 infection for 24 hours at an MOI of 0.1 and
measured for luciferase activity for (A) NF-«B, (B) Elk-1, (C) CRE, (D)
AP-1, (E) C/EBP, (F) ISRE, and (G) NFAT. HSV-1 infection significantly
elevated promoter activities of NF-«xB, ELK-1, CRE, AP-1, C/EBP, and
NFAT (n = 6; *P < 0.05).



I0VS, August 2011, Vol. 52, No. 9

A B

o e o
EN » © -

CRE reporter (relative luciferase activity)

C/EBP reporter (relative luciferase activity)
(=)
)

mock
mock

HSV infected/Control siRNA |
HSV infected/ si TRL9

L O
zZ 7
e
U).E
£3
R TG
g9
1::;5
i3
& r
e

>

)

I

Ficure 8. Inhibition of HSV-1 infection-induced CRE and C/EBP pro-
moter activation by TLR9 inhibition. HCEn cells transfected with re-
porter plasmids were infected with HSV-1 at an MOI of 0.1 and
measured for luciferase activity at 12 hours pi. Transfection of siRNA of
TLRY significantly inhibited the reporter activities of CRE (A) and
C/EBP (B). (n = 6; *P < 0.05).

Generally, transcriptional activation is regulated by different
levels of transcriptional factor activation and interactions. On
infection by Helicobacter pylori, the AP-1 and CRE elements in
the cyclooxygenase promoter are activated by TLR2 and -9.%*
In TLR-mediated activation of IL-6 and TNF-«, both NF-«B and
C/EBP binding elements in the promoter are critical for their
transcriptional activation.®>~** In HSV-1-infected HCEn cells,
TLRY input activated the NF-«B signal transduction cascade
(Fig. 3), and our bioinformatic analysis of the induced cyto-
kines and chemokines which are sensitive to TLR9 inhibition,
were summarized as NF-«B-dependent inflammatory cascade.
However, the NF-kB cascade may not be sufficient to fully
explain the transcriptional activation of inflammatory cyto-
kines. In HCEn cells, the activations of CRE, C/EBP, and NF-«B
were involved in the TLR9-mediated signaling cascade (Fig. 8)
and presumably in the TLR9-mediated induction of inflamma-
tory cytokines and chemokines. At least two of the recognition
sequences of these transcription factors exist in the promoters
of TLR responsive cytokines and chemokines (data not shown).
This may explain the unexpectedly wide array of inflammatory
cytokines that was inhibited by TLR9 suppression.

We used immortalized HCEn cells as models of corneal
endothelial cells in situ. The HCEn cells have similar capabili-
ties as primary corneal endothelial cells and organ cultured
corneal endothelial cell in inducing representative cytokines
including MCP-1, IL-6, IL-8, CXCL2, TGFS2, and thrombospon-
din 1.2%> However, there is still some question of whether
immortalized HCEn cells can truly reflect the in vivo properties
of corneal endothelial cells such as HSV-1 infection-induced
endotheliitis. For this, in vivo analysis may help in gaining a
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better understanding of the physiological roles of the endothe-
lial cells during a viral infection.

At present, a murine model of HSV-1-induced corneal en-
dotheliitis is not available. We used the KOS strain for this
study because our initial hypothesis was based on the findings
of our earlier studies.*>*” Very recently, the KOS strain has
been reported to have a mutation of the US84 gene and
defective US9 gene.*® US9 is especially involved in neuronal
virulence. However, a defective US9 does not appear to affect
the cell-to-cell spread in permissive epithelial cells.*® In addi-
tion, no apparent dysfunction was reported for the elongated
US8A by mutation.

To summarize, corneal endothelial cells express TLRO intra-
cellularly to recognize dsDNAs and HSV-1 infection. HSV-1
usurps this TLR-mediated NF-«B activation for its own replica-
tion.
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Amino Acid Profiles in Human Tear Fluids Analyzed by
High-Performance Liquid Chromatography and
Electrospray lonization Tandem Mass Spectrometry

MINA NAKATSUKASA, CHIE SOTOZONO, KAZUTAKA SHIMBO, NOBUKAZU ONO, HIROSHI MIYANO,
AKIRA OKANO, JUNJI HAMURO, AND SHIGERU KINOSHITA

® PURPOSE: To identify the 23 amino acid profiles in
human tear fluids, and to evaluate whether the ocular
disease conditions reflect the amino acid profiles.

® DESIGN: Laboratory investigation.

® METHODS: We evaluated the concentrations and rela-
tive composition of 23 amino acids in tear fluids obtained
from 31 healthy volunteers using reversed-phase high-
performance liquid chromatography and electrospray
ionization tandem mass spectrometry, and compared
them with those in plasma and aqueous humor. We also
evaluated the tear-fluid amino acid profiles from 33
affected subjects.

® RESULTS: The amino acid profiles of the basal tear and
reflex tear were found to be similar, and 4 distinct groups
of healthy volunteers (male, female, young, and elderly)
showed similar profiles. Absolute concentrations of tau-
rine (Tau) and L-glutamine were significantly dominant
in these tear fluids. The relative compositions of Tau,
L-glutamic acid, L-arginine (Arg), and citrulline in the
tear fluid were significantly higher than those in the
plasma and aqueous humor. Analysis of the hierarchical
clustering of the amino acid profiles clearly distinguished
severe ocular surface diseases from non—ocular surface
diseases. The relative compositions of Tau, L-methio-
nine, and Arg decreased in severe ocular surface disease
subjects compared with non—ocular surface disease sub-
jects.

® CONCLUSIONS: Tear-fluid amino acid profiles differ
from those in plasma and aqueous humor. Steady-state
tear-fluid amino acid profiles might reflect ocular-
surface homeostasis and the observed changes of amino
acids might have a close relation with the disease
conditions on the ocular surface. (Am ] Ophthalmol
2011;151:799-808. © 2011 by Elsevier Inc. All
rights reserved.)
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ETABOLISM CAN BE VIEWED AS A NETWORK

that can adapt to various nutritional conditions

and that may become disturbed during disease
and physiologic insults. Specific variations in amino acid
profiles in blood have been reported in the context of liver
failure,' renal failure,® cancer,’ diabetes,* and so on.
Conventionally, amino acid has long been considered a
source of protein synthesis in the nutritional term, and the
existence of a free amino acid supply to the tissues plays a
pivotal role in maintaining organ and body protein ho-
meostasis.” However, besides their role as substrates for
protein synthesis, amino acids have multiple and critical
functions, not only in maintaining baseline steady-state
homeostasis, but also in the pathophysiology of diverse
human disorders. It is now widely accepted that changes in
amino acid availability have profound effects on many
aspects of cellular functions, including the regulation of
cell signaling, gene expression, and the transport of amino
acids themselves.®~® For example, the pathophysiologic
relevance of L-glutamine (Gln, GluNH2), L-arginine
(Arg), and L-leucine (Leu) have been implicated in
severely traumatized patients,” in the inflammatory re-

and in activating the mammalian target of
11,12

sponse,'°
rapamycin (mTOR).

Tear fluids provide oxygen and other nutrients, as well
as chemical mediators including antimicrobial and immu-
nologic mediators. Considering the relevance of amino
acids and glucose in the homeostatic metabolism of tissues,
the profound understanding of the function of amino acid
in tear fluids is as crucial as that of chemical mediators.
Previously, a few reports have presented contradicting
results on the amount of a limited number of amino acids
in human tears.">'* The existence of a significantly higher
concentration of L-valine (Val), L-isoleucine (Ile), and
L-histidine (His) has been reported, and with the excep-
tion of L-aspartate (Asp), L-glutamic acid (Glu), and
taurine (Tau), the quantities found in tears were at a
comparable level with those found in plasma.'*!*

Today, amino acid profiles for biological specimens are
commonly analyzed by ion-exchange chromatography, a
method in which amino acids and related compounds can
be measured.'*!® Recently, a new method for rapidly
analyzing amino acids was developed that involves deriva-
tization with a novel reagent, followed by reversed-phase

© 2011 BY ELSEVIER INC. ALL RIGHTS RESERVED. 799



high-performance liquid chromatography and electrospray
ionization tandem mass spectrometry (HPLC/ESI-MS/
MS).1¢ Now, more than 100 different analytes with amino
groups can be measured within 10 minutes by the combi-
nation of the precolumn derivatization and HPLC/ESI-
MS/MS techniques. This method represents an alternative
to traditional amino acid analysis techniques. The aim of
this study was to reveal and describe the amino acid
profiles in human tear fluids since this new method now
makes it possible to analyze samples in trace amounts
(below 0.5 wL) and with a superior reproducibility.'® In
addition, the possible physiological and pharmacologic
function of amino acids will be discussed.

METHODS

® NORMAL VOLUNTEER SUBJECTS: Enrolled in this
study were normal volunteer subjects with no corneal-,
conjunctival-, or lacrimal-system abnormalities as assessed
by slit-lamp examination. Free amino acids were evaluated
in blood samples obtained from 11 healthy young male
(mean age: 22.9 * 1.4 years), 6 healthy young female
(mean age: 21.0 = 0.7 years), 6 healthy elderly male (mean
age: 69.5 *= 3.8 years), and 11 healthy elderly female
(mean age: 71.5 * 4.0 years) volunteer subjects. Basal tear
samples were collected from the young and elderly subjects
(n = 31; young male: 10; young female: 6; elderly male: 6;
elderly female: 9) and reflex tear samples were also col-
lected from the young subjects (n = 16; male: 10; female:
6). Basal and reflex tear fluid samples (0.5—1.0 pL) were
collected from the inferior tear meniscus of each subject
using a microcapillary tube. Reflex-tear stimulation was
initiated by inserting an applicator into the nose of each
subject. Aqueous humor samples were obtained from the
elderly subjects (n = 16; male: 6; female: 10) through the
use of a I-mL syringe with a 30-gauge needle prior to
cataract surgery, and all of the obtained samples were free
of contamination by blood fluids.

® PREPARATION OF TEAR FLUID AND AQUEQOUS HU-
MOR SAMPLES: Each tear sample was transferred into a
0.5-mL sterile microfuge tube and then centrifuged. Super-
natants were stored at —70°C until assaying for the amino
acid levels. After thawing, 0.5 pL of each tear sample was
diluted with 4.5 pL of sterile purified water, and then
extracted by the addition of 20 L of acetonitrile and
mixing with a vortex mixer. The samples were centrifuged
at 10 000 rpm for 1 minute, and the supernatants were
then analyzed. A quantity of 1.0 pL of aqueous humor was
used for each sample, with the same dilution as that of the
tear fluid.

® PATIENTS WITH OCULAR SURFACE DISEASE AND
CORNEAL OR SCLERAL DISEASE: Tear samples were col-
lected from 33 affected subjects composed of 18 subjects
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with severe ocular surface diseases and 15 subjects with
corneal or scleral diseases. Severe ocular surface diseases
included Stevens-Johnson syndrome (SJS) (n = 10),
chemical injury (n = 4), thermal burn (n = 2), and stem
cell deficiency from an unknown cause (n = 2). The
corneal or scleral diseases of the other 15 subjects included
granular dystrophy (n = 2), band-shaped keratopathy (n =
2), keratoconus (n = 2), bullous keratopathy (n = 2),
lattice dystrophy (n = 1), corneal erosion {(n = 1),
postcorneal infection (n = 2), necrotizing keratitis (n =
1), and scleritis (n = 2). Those 15 subjects were all
classified as non—ocular surface disease.

¢ BIOCHEMICAL ASSAYS OF TEAR FLUID AMINO ACID
AND AQUEOUS HUMOR AMINO ACID: For measurement
of the amino acid concentration in the tear fluid and
aqueous humor samples, we adopted precolumn derivati-
zation with AccQ Tag (Waters Corporation, Milford, Mas-
sachusetts, USA) to increase the ionization efficiency of
the adducts before being analyzed by the multiple-reaction
monitoring mode of reversed-phase HPLC HP1100 series
(Agilent Technologies, Inc, Palo Alto, California, USA)
and triple quadrupole tandem mass spectrometry (AP14000
LC/MS/MS system; Applied Biosystems, Inc, Foster City,
California, USA).!°!8 For derivatization with 20 wL of
AccQ-Tag reagent, 20 pL of a deproteinized tear sample
was added to 60 L of 0.2-M borate buffer (pH 8.8) and
then heated at 55°C for 10 minutes. The reaction mixture
was diluted with 100 L of 0.2% acetic acid and 5 pL of
the mixture was then injected onto the HPLC column
(L-Column, 50 mm X 2.0 mm, 3-pm particles; Chemicals
Evaluation and Research Institute, Tokyo, Japan) prior to
MS detection at a flow rate of 0.25 mL/min.

® BIOCHEMICAL ASSAYS OF PLASMA AMINO ACID: The
plasma was separated and deproteinized in a final concen-
tration of 3% sulfosalicylic acid. All samples were stored at
~70°C until measurement using HPLC (SRL Inc, Tokyo,
Japan). The basic amino acid and related molecules (23
compounds) were measured and used in the analysis.
Those compounds are as follows: L-tyrosine (Tyr), Val,
Leu, L-methionine (Met), lle, Gln, L-serine (Ser), L-lysine
(Lys), L-asparagine (Asn, AspNH2), L-threonine (Thr),
L-alanine (Ala), Glu, His, L-ornithine (Orn), L-cystine
(Cys2), L-proline (Pro), L-tryptophan (Trp), Arg, Tau,
glycine (Gly), citrulline (Cit), Asp, and L-phenylalanine
(Phe).

® STATISTICAL ANALYSIS: Statistical analysis was per-
formed using SPSS statistical analysis software (SPSS
Inc, Chicago, Illinois, USA). Hierarchical clustering
analysis was performed using JMP7.0 software (SAS
Institute, Inc, Cary, North Carolina, USA). The corre-
lations among 23 amino acid concentrations as well as
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Basal Tear (n = 31)

Reflex Tear (n = 16)

Aqueous Humor (n = 16)

Plasma (n = 34)

Gly 10.7 £ 2.8 144 =71
Ala 23.8*+48 195 + 8.5
Val 35=*0.9 38=*14
Leu 101219 6.4 1.9
lle 1.1+03 1.1 +05
Ser 144 £42 26.4 = 13.0
Thr 54=*+1.2 8.4 = 3.6
Met 2.4 x£0.1 2.2*0.1
AspNH2 (Asn) 14 =03 1507
GIuNH2 (GIn) 42.1 £ 6.8 254 +6.3
Pro 84+14 6.7 =15
Phe 10.7 1.9 57+15
Tyr 1.3+05 1.1£05
Trp 71207 6.6 = 1.0
Asp 132 +45 18.2 = 11.6
Glu 30.2 +4.8 20948
Lys 57=*1.2 35=%1.2
Arg 18.7 £ 1.6 14.4 £ 25
His 1.9+0.7 32x19
Cit 10.1 £0.8 82=15
Om 3.3+ 1.1 7.1 £3.0
Cys2 1.0+0.2 0.6 =02
Tau 195.1 £ 26.9 100.1 = 18.7

0.4 £01 231.3 = 11.1
144 =27 385.5 = 14.5
6.7 =11 2447 = 8.5
3.3 0.6 125.4 £ 6.1
1.56+03 68.7 + 3.6
3.9*+08 113.6 = 3.3
3507 127.6 = 3.8
0902 28.1+1.3
1.0+0.2 49615
287 +5.2 589.5 = 11.0
0.5 +01 180.2 = 8.5
28+05 63.7 = 2.0
28+0.6 735+ 3.8
0.9+0.1 529+ 1.8
0.0+0.0 1.8x0.2
0.1+0.0 423 +28
3.1+06 1967 =72
25x05 82.7 £ 3.0
1.5+03 83.7 2.0
1.2x02 351 £1.7
0.4 £0.1 79.3 =49
0.3 = 0.1 49.0£24
1.2+03 57.7 20

among plasma and/or ophthalmic fluid (basal tear, reflex
tear, and aqueous humor) samples were clustered using
the Ward method. For the red>gray>blue color system,
the depth in the red color or blue color reflected the
different degree of values above or below the mean (gray
color), respectively. Graphic presentations of box plots
were generated using R (R Foundation for Statistical
Computing, Vienna, Austria). In each box plot, the top
and bottom of the boxes were the first and third
quartiles, respectively, and the length of the box repre-
sented the inter-quartile range within 50% of the values
that were included. The horizontal line within each box
represented the median, the vertical lines showed the
largest/smallest observation that fell within a distance of
1.5 times the box size from the nearest quartile in the
box, and the additional points were considered “ex-
treme” values and are shown separately.

These presentations and analyses were performed based
on each of the absolute amino acid concentrations (uM)
or relative amino acid composition (percentage), calcu-
lated by each amino acid concentration/total 23 amino
acid concentrations.
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RESULTS

® COMPARISON OF AMINO ACID PROFILES AMONG
TEAR FLUID, AQUEOUS HUMOR, AND PLASMA SAMPLES
OF NORMAL SUBJECTS: Amino acid concentrations in a
trace amount of tear fluids of 0.5 to 1.0 wL were able to
be measured reproducibly by HPLC/ESI-MS/MS. The
reproducibility of the measurements was confirmed in
separate experiments using normal tear fluids. The Table
shows the concentrations of each amino acid in the
basal tear, the reflex tear, the aqueous humor, and the
plasma of normal subjects. A significant difference of
amino acid profiles between the tear fluid, the aqueous
humor, and the plasma samples was confirmed. The
concentration of total amino acids in the tear fluid
samples (means = SEM: 382.1 = 42.6 pM) was lower
than that in the plasma samples (2961.6 = 63.1 uM)
but higher than that in the aqueous humor samples
(81.6 = 15.2 uM). Ala, Val, and Gln were dominant
components in the plasma samples (more than 240
uM). Gly, Pro, and Lys were also major components in
the plasma samples.
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FIGURE 1. The differences of amino acid profiles of normal subjects between basal tear, reflex tear, and aqueous humor samples,
compared with that of plasma samples. (Top) Mean values of 23 amino acid concentrations (M) of basal tear (n = 31) (blue), reflex
tear (n = 16) (purple), aqueous humor (n = 16) (red), and plasma (n = 34) (green) samples from normal subjects are shown in
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In the tear fluids, Tau, Glu, and Gln were dominant
components (more than 25 pM). Arg and Cit were of a
higher concentration than other amino acid concentra-
tions, whereas Val, Ile, Met, Asn, Tyr, His, and Orn were
of a lower concentration (below 5 wM) (Table, and Figure
1, Top). Notably, the concentrations of Tau and Glu
were significantly higher than (3.4 times higher) or com-
parable with (0.7 times higher) those in plasma samples.
Asp also was of a higher value than that in plasma samples.
The amino acid concentrations and profiles of the basal
tear fluid and reflex tear fluid were found to be similar.

Since it has been shown that the metabolomic profiling
of amino acid can be helpful in revealing specific physio-
logical conditions or states, and that the ratios between
some specific amino acids can be useful in diagnosing
them," we performed some analyses based on not only
amino acid concentrations but also relative amino acid
composition (Figure 1, Bottom). The composition of
amino acid in aqueous humors was rather analogous to that
in plasmas, although the levels of Gly, Pro, and Orn were
low. In the tear fluid samples, Tau and Glu were of a higher
relative amino acid composition {25.0 times higher and 4.9
times higher, respectively; P < .001) (Tukey test) than
those in the plasma samples, yet the aqueous humor
samples were not (Tau: 0.73 times higher, Glu: 0.09 times
higher). The relative compositions of Arg and Cit in the
tear fluid samples were smaller but statistically significantly
higher than those in the plasma and aqueous humor
samples. There was no significant difference between the
basal tear fluid and reflex tear fluid in 23 relative amino
acid compositions (Tukey test).

In an aim to build up a simple visual presentation, the
correlations among 23 amino acid concentrations and the
relative amino acid composition of 31 basal tear fluid, 16
reflex tear fluid, 16 aqueous humor, and 34 plasma samples
were clustered (Figure 2). Plasma samples were clearly
clustered at the highest position, followed by tear fluid
samples and then aqueous humor samples.

® COMPARISON OF TEAR-FLUID AMINO ACID PROFILES
AMONG YOUNG AND ELDERLY VOLUNTEERS: The change
of amino acid concentration attributable to aging is
known to exist in other body fluids.?® In this study, a
preliminary analysis was carried out on the basal tear
fluid and plasma samples of adults that differed by both
age and sex. The mean values of 23 amino acids in
relation to concentration and composition that were
obtained from young male (n = 10), young female (n =
6), elderly male (n = 6), and elderly female (n = 9)
normal subjects were examined. The Tukey test showed

that the differences were not statistically significant.
Hierarchical clustering charts of both the concentration
and composition did not exhibit any distinct clustering
trends among these 4 groups (data not shown).

® DISTINCTIVE CHANGE OF AMINO ACID PROFILES IN
TEAR FLUIDS FROM DISEASED EYES: The difference of
amino acid concentrations and profiles among tear fluids from
individuals of severe ocular surface disease and non—ocular
surface disease was investigated. Means of the 23 amino acid
concentrations (M) from severe ocular surface disease
(n = 18) and non—ocular surface disease (n = 15) were
shown in a radar chart (Figure 3, Top). The concentrations of
amino acid were highly elevated in tear fluids from severe
ocular surface disease subjects compared with those from
non—ocular surface disease subjects. Four amino acids (Val,
lle, Tyr, and Glu) showed a significant P value of less than
.01, and 15 amino acids showed a P value of less than .05
(Student t test). Of important note is the fact that the
changes were not restricted to the concentration, but also
extended to the amino acid profile, namely composition.

Next, the distribution pattern of the amino acid com-
position in tear fluids from the severe ocular surface disease
subjects was compared with those from the non-ocular
surface disease subjects. Amino acid composition (%) of
tear fluids from 15 non—ocular surface disease subjects
(column 1, left) and 18 severe ocular surface disease
subjects (column 2, right) are shown in the box plots
(Figure 3, Bottom). The significant changes were the
decrease in Arg, Met, and Tau and the increase in Orn,
Lys, and Thr in the severe ocular surface disease subjects.

Analysis of the hierarchical clustering of the amino acid
profiles of tear fluids from severe ocular surface disease
subjects and non—ocular surface disease subjects indicared
clear clustering of 12 of the 18 specimens from individuals
with severe ocular surface disease when classified on the basis
of amino acid composition (Figure 4). Interestingly, the
composition-based clustering exhibited 5 distinctive clusters
of amino acid, namely Tau/Met/Arg, Asn/Tyr/Val/lle/Lys,
Glu/Gln, Cit/Leu/Phe/Trp/Pro, and Asp/His/Thr/Orm/Ser/
Gly/Ala. Decreased amino acid, Tau, Met, and Arg were
included in 1 cluster, which suggests a correlation of the
metabolism and/or transport of these amino acids in inflam-
martory eyes.

DISCUSSION

IN THIS STUDY, WE PERFORMED THE SYSTEMATIC QUANTIFICA-
tion of free amino acids in human tear fluids by HPLC/ESI-MS/

the radar chart. (Bottom) Amino acid composition data (percentages) from plasma (n = 34) (green), basal tear (n = 31) (blue),
reflex tear (n = 16) (purple), and aqueous humor (n = 16) (red) samples are shown in the box plots. The box represents the first
and third quartiles, and the horizontal line within each box represents the median. The vertical lines show the largest/smallest

observation, and the additional points are “extreme” values.
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FIGURE 2. Hierarchical clustering of the amino acid profiles of basal tear, reflex tear, aqueous humor, and plasma samples of normal subjects.
The correlations among 23 amino acid concentrations (Left) and relative amino acid compositions (Right) of basal tear (n = 31) (blue), reflex
tear (n = 16) (green), aqueous humor (n = 16) (purple), and plasma (n = 34) (red) samples were clustered using the Ward method.

MS. The amino acid profiles showed the following
characteristics: 1) the amino acid profiles in tear fluids differ from
those in aqueous humors and plasmas, 2) the absolute concen-
trations of Tau, Glu, and Asp in tear fluids are significantly
higher than, or comparable with, those in plasma samples, 3) the
amino acid profile in the aqueous humor samples was rather
analogous to that in the plasma samples, 4) the amino acid
profiles of the tear fluid of distinct groups (male vs female, young
vs elderly) are similar, and 5) amino acid profiles of tear fluids
from severe ocular surface disease subjects differed from those of
non—ocular surface disease subjects.

804 AMERICAN JOURNAL OF OPHTHALMOLOGY

The combination of the precolumn derivatization and HPLC/
ESIMS/MS techniques enabled the analysis of 120 body fluid
samples in a single day and may possibly provide an alternative
to traditional techniques used for amino acid analysis. From this
viewpoint, we theorize that our high-speed, reliable procedure for
amino acid analysis will prove to be a useful technique for the
diagnosis and management of inherited disorders of amino acid
metabolism in the clinical setting. In this study, we discovered
that almost all amino acids exist in tear fluid. The plasma
concentration of amino acid is the sum of its rates of appearance
in and disappearance from plasma, and amino acid appearance
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FIGURE 3. The differences of amino acid concentrations between tear fluids from severe ocular surface disease subjects and
non—ocular surface disease subjects. (Top) Means values of 23 amino acid concentrations (M) of tears from severe ocular
surface disease subjects (n = 18) (blue) and non—ocular surface disease subjects (n = 15) (red) are shown in the radar chart.
(Bottom) Amino acid composition data (percentages) of tears from non-ocular surface disease (n = 15) (red; left) and severe
ocular surface disease {n = 18) (blue; right) subjects are shown in the box plots.
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FIGURE 4. Hierarchical clustering of the amino acid profiles of tear fluids from severe ocular surface disease subjects and non—ocular surface
disease subjects. The correlations among 23 amino acid concentrations (Left) and relative amino acid compositions (Right) of tear samples from
severe ocular surface disease subjects (n = 18) (red) and non—ocular surface disease subjects (n = 15) (green) were clustered using the Ward
method. The concentrations and relative composition of 23 amino acids in tear fluids differ from those in plasma and aqueous humor. Analysis
of the hierarchical clustering of the amino acid profiles distinguished severe ocular surface diseases from non-ocular surface diseases. Steady-state
tear-fluid amino acid profiles might reflect ocular-surface homeostasis and the observed changes of amino acids might have a close relation with

the disease conditions on the ocular surface.

and disappearance are tightly regulated. In some circumstances,
tissue uptake of amino acid and further metabolism depend on
plasma amino acid concentrations. Mere determinations of
plasma amino acid concentrations at the basal state (ie, postab-
sorptive) provide a rather limited amount of information.”!
Previously, a few reports have presented contradicting
results on the amount of limited kinds of free amino acids

806 AMERICAN JOURNAL OF OPHTHALMOLOGY

in human tears.'>!* In those studies, the quantities found
in tear fluids were at a comparable level with those
found in plasma, except for the levels of Asp, Glu, and
Tau. The high level for Tau in tear fluids was reported
previously,'* and Tau has been identified as a major player
in numerous biological functions’*?* and is involved in
the regulation of the proinflammatory responses.”? Very
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recently, it has been demonstrated that Tau plays a key
role in regulating epithelial barrier function.”* In this
study, the concentration of Tau was confirmed to be very
high in the tear fluid samples compared with that in the
plasma samples, consistent with the previous reports.
These findings signal the necessity to discriminate the
subtle function of Tau under physiological and pathologic
environments. Plasma Tau levels are usually high, al-
though decreases are observed in response to surgical injury
and numerous pathologic conditions, including cancer and
sepsis.25 The observed higher concentration of Glu (and
probably that of Asp as well) may reflect the energy
demand at the luminal side of corneal/conjunctival epi-
thelial cells. Mucosal tissue exhibits a high rate of aerobic
glycolysis, and in intestinal metabolism, luminal Gln, Glu,
and Asp, but not glucose, has been found to contribute
critically to the respiratory CO, produced in this tissue.?®
Although considered nonessential, Gln becomes condi-
tionally essential during severe catabolic stress in which
intracellular and plasma Gln levels decrease rapidly.?”~**
It is very difficult to discuss with clarity the underlying
mechanism for the regulation of amino acid profiles in tear fluids,
because to date, almost no information has been presented on
the dynamic roles of ocular surface epithelial cells in regard to
amino acid transportation. The presence of the Na -dependent
neutral amino acid transporter has been reported in a rabbit
primary corneal epithelial cell culture and rabbit corneas.™
Whether all or part of the amino acid component of tear fluids
is attributable to secretion, filtration, local synthesis, or local
degradation of proteins is unknown. However, it is speculated
that the amino acids are transported from tear fluids into the
corneal tissues by this transport system. It is important to discuss
the characteristic variance of amino acid profiles in tear fluid
between the individuals with and without ocular surface disease.
Diseases that develop because of the loss of corneal epithelial
stem cells are known as limbal stem cell deficiency. Among
limbal stem cell deficiency, SJS, ocular cicatricial pemphigoid,
and severe chemical or thermal burns are known as severe ocular
surface disease, because these diseases are intractable, even with
corneal epithelial transplantation, and visual prognosis is poor. In
cases of severe ocular surface disease, cormeal neovascularization,
ingrowth of fibrous tissue, and stromal scarring occur and often
progress with chronic inflammation. However, the mechanisms
of chronic inflammation and pathophysiology are still unclear. In
this study, both the concentrations and relative composition of

the amino acids differed between the severe ocular surface
disease subjects and the non—ocular surface disease subjects.
Hierarchical clustering on the amino acid profiles of tears clearly
distinguished severe ocular surface disease subjects from non—
ocular surface disease subjects. Surprisingly, hierarchical cluster-
ing also distinguished the eyes with SJS at the chronic stage as
severe ocular surface disease, in which at least clinically, no
inflammation and no scarring were detected. Amino acid profiles
might be a sensitive marker of ocular surface inflammation, or
they may be a new method to reflect ocular surface pathologic
dynamics.

It is well known that supplemental Arg promotes wound
healing following trauma shock. The major catabolic prod-
ucts of Arg are Om and Cit. Because of the competition
between nitric oxidase synthase and arginase for the same
substrate Arg, their activities are regulated reciprocally. As for
conditionally essential amino acids, Arg exhibited a signifi-
cant decrease with a moderate decrease in Cit in the eyes
with severe ocular surface disease, while Orn exhibited a
prominent increase, indicating the possible polarization
of tissue inflammation to the axis of arginase (oxidative
tissue regenelration);}1“34 In this context, the reason
why the increased composition of Orn over Cit, reflect-
ing the high arginase activity, exists only in the tear
fluids of individuals with chronic ocular surface inflam-
mation is a subject that requires further investigation.

We can now harness information buried in amino acid
profiles for the generation of diagnostic and surrogate mark-
ers. The methods described in this study might be applicable
to the clinical setting and prove useful in diagnosing various
physiologic and disease states at the ocular surface. Our results
using cluster analysis of amino acid profiles in tear fluids
suggest that the analysis can help us understand the complex
interrelations that make up the metabolism of the ocular
surface. In the future, a far more stringent study with con-
trolled background factors will need to be performed to
solidify the present observations. Amino acid represents a
convenient set of metabolites that can be easily measured.
Once the association of abnormalities in individual amino
acid concentrations andfor composition with specific ocular
surface diseases or physiologic conditions has been addressed,
amino acid profiles for the generation of diagnostic and
surrogate markers may prove to help advance biomedical and
nutritional science in the field of ocular physiology.
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Prevalence of and Risk Factors for Cornea Guttata
in a Population-Based Study
in a Southwestern Island of Japan

The Kumejima Study

Akiko Higa, MD; Hiroshi Sakai, MD; Shoichi Sawaguchi, MD; Aiko Iwase, MD;

Atsuo Tomidokero, MD; Shiro Amano, MD; Makoto Araie, MD

Objective: To examine the prevalence of and risk fac-
tors for cornea guttata in a rural southwestern island of

Japan.

Design: Cross-sectional, population-based study. All resi-
dents of Kumejima Island, Japan, located in southwest-
ern Japan (eastern longitude, 126° 48’; northern latitude,
26°20"), 40 years or older were asked to undergo a com-
prehensive questionnaire and ocular examination, includ-
ing noncontact specular microscopy of corneal endothe-
lial cells. Of the 4632 residents, 3762 (81.2%) underwent
the examination. The presence of guttata was deter-
mined when round or oval dark areas were observed in
the specular microscopy images. Cornea guttata was graded
from O to 4 depending on the total area of dark spots ob-
served on the specular microscopy images. Diagnosis of
primary cornea guttata was the main outcome measure.

Resulis: Of the 3060 eligible residents, 124 (4.1%; 95%
confidence interval, 3.4%-4.8%) had cornea guttata in at
least 1 eye. Logistic regression analysis with adjustment
for age and/or sex indicated that older age, female sex,
and thinner central corneal thickness were associated with
an increased risk of cornea guttata.

Conclusions: The prevalence of cornea guttata is 4.1%
among residents 40 years or older in Kumejima by specu-
lar microscopic criteria only, which is lower than the
prevalence reported in the Reykjavik, Iceland, study. A
higher prevalence may have been determined if slitlamp
biomicroscopy findings had been included. Older age,
female sex, and a thinner cornea were independently as-
sociated with a higher risk of cornea guttata.
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RIMARY CENTRAL CORNEA GUT-
tata is characterized by abnor-
mal excrescences of collag-
enous basement membrane
material produced by dis-
tressed endothelial cells in the central cor-
nea. Excrescences are similar in appear-
ance to the Hassall-Henle bodies that are
observed in the peripheral cornea in older
populations. Secondary guttata is a class of
guttata that is associated with degenera-
tive corneal disease, trauma, and inflam-
mation and that usually disappears on re-
moval of the cause.' Primary central cornea
guttata, on the other hand, occasionally
progresses to Fuchs corneal endothelial dys-
trophy with corneal endothelial decom-
pensation.'? Thus, primary central cornea
guttata is a significant clinical sign of a pre-
disposition for sight-threatening Fuchs cor-
neal endothelial dystrophy.
Several studies have reported the preva-
lence of cornea guttata. A population-
based study in Reykjavik, Iceland, re-

ported that the prevalence of cornea guttata
in 774 participants was 11% for female and
7% for male participants and that lower
weight, lower body mass index, and a smok-
ing history of longer than 20 pack-years
were factors associated with a higher risk
of cornea guttata.”> Another study con-
ducted in Japan and Singapore reported that
the prevalence of cornea guttata in a non—
population-based setting that included 299
Japanese and 465 Singaporeans 50 years or
older was 3.7% in the Japanese and 6.7%
in the Singaporeans.* A retrospective study
in Japan found 4 patients with cornea gut-
tata among 107 individuals ranging in age
from 20 to 89 years.? Lorenzetti et al® re-
ported a high prevalence of cornea guttata
(31%-70%) in a hospital-based study in
which participants ranging in age from 10
t0 99 years underwent slitlamp examina-
tion. The present study was conducted to
examine the prevalence of cornea guttata
and associated factors of cornea guttata in
a southwestern island of Japan.
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STUDY POPULATION

The prevalence of cornea guttata and its associated factors were
examined as part of a population-based epidemiologic survey
on ocular diseases in residents of Kumejima Island 40 years or
older.” Kumejima is an island 63.2 km? located in the south-
western part of Japan (eastern longitude, 126° 48'; northern
latitude, 26° 20"), west of the main island of Okinawa. It has a
population of approximately 9000, with most residents origi-
nating from the Okinawa prefecture. The weather is warm and
humid, with average daily temperatures of 22.7°C and an an-
nual total rainfall of 2138 mm. This study was conducted from
May 1, 2005, through August 31, 2006, and conformed to the
tenets of the Declaration of Helsinki and the regional regula-
tions approved by the regional council of Kumejima. Accord-
ing to the official household registration database, Kumejima
had 5249 residents 40 years or older in 2005. After excluding
residents who died, moved, or could not be located in Kume-
jima during the study period (n=617), 4632 residents were eli-
gible for the study. All these residents were asked by letter and
telephone to undergo the examinations held at the public hos-
pital of Kumejima. Home visits and examinations were per-
formed for inpatient, paralyzed, and disabled residents.

EXAMINATIONS

All participants provided written informed consent before the
examinations. Body weight, height, and brachial blood pres-
sure measurements were obtained, and a structured question-
naire was administered that included questions about self-
reported main lifetime occupation (farming, fishing, office
worker, service industry, housewife, and other), health his-
tory, surgery and trauma history, smoking (daily number of ciga-
rettes and pack-years of smoking), history of outdoor work
(farming, fishing and others and years of working), and use of
hats and sunglasses.

A detailed ophthalmic examination was petformed by ex-
perienced examiners and ophthalmologists and included un-
corrected and best-corrected visual acuities, refraction, oph-
thalmoscopy, ocular fundus photography, visual field
examination, and measurement of intraocular pressure (10P),
central corneal thickness (CCT), anterior chamber depth, and
axial length of the eye. Slitlamp examination was not used to
detect the presence of cornea guttata. Refraction was mea-
sured using an autorefractometer (ARK-730; Topcon Corpo-
ration, Tokyo, Japan). Intraocular pressure was measured 3 times
using a Goldmann applanation tonometer under topical anes-
thesia, and the median value was adopted. Corneal endothe-
lial cell morphology and CCT were examined with specular mi-
croscopy (SP-2000; Topcon Corporation). Measurement of CCT
with this specular microscopy was confirmed to be highly cor-
related with measurement with ultrasonographic pachymetry
in a previous study.® Anterior chamber depth and axial length
of the eye were measured with a biometry system (I0OL Mas-
ter; Carl Zeiss Meditec, Dublin, California). Digital color fun-
dus photographs (30° and 45°) were taken using a nonmydri-
atic ocular fundus camera system (Image Net TRC-NW7; Topcon
Corporation). The examinations that did not require direct eye
contact, including tests of refraction, visual acuity, specular mi-
croscopy, biometry, and fundus photography, were per-
formed first. Measurement of IOP and gonioscopy were per-
formed last.

When the participants could not visit the hospital, ophthal-
mologists visited their homes and performed the examina-
tions, including IOP measurements with a portable tonometer

(Perkins tonometer; Clement Clarke International Ltd, Har-
low, England) or a handheld tonometer (Tonopen XL; Bio-
Rad Laboratories, Hercules, California) and indirect and di-
rect ophthalmoscopy (BS-11 and BXa-13; Neitz, Tokyo). Because
specular microscopy could not be performed on these partici-
pants, they were excluded from this analysis.

Only a specular microscope was used to detect cornea gut-
tata because we thought that guttata at an early stage could be
detected only with specular microscopy. The specular micro-
scopic observation was performed in the area of approxi-
mately 0.4 X 0.2 mm at the central cornea, and the presence of
guttata was determined by a masked examiner when round or
oval dark areas were evident in the specular microscopy im-
ages. Owing to the large sample size, the specular microscopic
observation was performed only at the central cornea. We used
the modified grading method reported in the Reykjavik Eye
Study® to grade cornea guttata from O to 4 on the basis of the
ratio of the area of dark spots seen on the specular microscopy
image to the entire area of the image, with 0 indicating no dark
area; 1, less than 10%; 2, 10% to 25%; 3, 26% to 50%; and 4,
more than 50%.

DATA ANALYSIS

All data were stored at the University of Ryukyus and Univer-
sity of Tokyo. Data analyses were performed using SPSS 15.0]
for Windows statistical software (SPSS Japan Inc, Tokyo). Risk
factors evaluated included sex, age, height, weight, diastolic and
systolic blood pressure, diagnosis of diabetes or hypertension,
smoking history, outdoor work history, self-reported main life-
time occupations, refractive error, CCT, IOP, and use of sun-
glasses, hat, prescription glasses, or contact lenses. Because age
and sex were significantly associated with the presence of gut-
tata in a preliminary analysis (data not shown), logistic analy-
ses in which the explaining variables were each one of the listed
risk factors and only sex (for the analysis of age), only age (for
sex), and both age and sex (for the other risk factors) were in-
cluded to adjust for age and/or sex. Data are expressed as mean
(SD) unless otherwise specified.

- R

Of the 4632 eligible residents, 3762 (81.2%) underwent
the examination. The 3762 participants were younger than
the 870 nonparticipants (mean age, 59.1 [14.9] vs 61.8
[14.0] years; P<<.001, unpaired t test), and more women
were among the participants (male to female ratio, 1833:
1929 vs 555:315; P<<.001, x? test).

Of the 7524 eyes (3762 participants), 872 right eyes
and 895 left eyes were excluded for various reasons, in-
cluding history of intraocular surgery and difficulties in
obtaining clear images of corneal endothelial cells with
specular microscopy (Table 1). Diseases that can affect
the corneal endothelium, such as iridocorneal endothe-
lial syndrome, were not observed in any of the partici-
pants. Thus, 2890 right eyes and 2867 left eyes were in-
cluded in the current analysis. At least 1 eye was eligible
in 3060 residents, and both eyes were eligible in 2714.
Among the 3060 included residents, more were men
(50.7% vs 49.3%; P<<.001, x* test) and younger {mean
age, 59.2 [12.9] vs 73.3 [12.7] years; P<<.001, unpaired
t test) than among the 702 excluded individuals. Of the
3060 eligible residents, 124 (4.1%; 95% confidence in-
terval, 3.4%-4.8%) had cornea guttata in at least 1 eye,
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