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PURPOSE. Thrombomodulin (TM) is a multidomain, transmembrane protein with anti-
inflammatory properties. Thrombomodulin domain (D) 1 is lectin-like, interacting with
Lewis Y antigen on lipopolysaccharide, and with HMGB1, while TMD23 is associated with
angiogenic and anti-inflammatory functions. Thus, we tested if TM is protective against
Pseudomonas aeruginosa keratitis and whether it enhanced corneal vascularity.

METHODS. Eyes of C57BL/6 (B6) mice were injected with recombinant TM (rTM), rTMD1, or
PBS subconjunctivally before and intraperitoneally after infection with P. aeruginosa. Clinical
scores, photography with a slit lamp, RT-PCR, ELISA, myeloperoxidase (MPO) assay, viable
bacterial plate counts, and India ink perfusion were used to assess the disease response and
corneal vascularity (rTM only).

RESULTS. Recombinant TM versus PBS treatment reduced clinical scores and corneal opacity.
Corneal mRNA levels for HMGB1 were unchanged, but proinflammatory molecules IL-1b,
CXCL2, NF-jB, TLR4, and RAGE were decreased; anti-inflammatory molecules SIGIRR and
ST2 were increased. ELISA confirmed the mRNA data for HMGB1, IL-1b, and CXCL2 proteins.
Both neutrophil influx and viable bacterial plate counts also were decreased after rTM
treatment. Protein levels for angiogenic molecules VEGF, VEGFR-1, and VEGFR-2 were
measured at 5 days post infection and were not different or reduced significantly after rTM
treatment. Further, perfusion with India ink revealed similar vessel ingrowth between the two
groups. Similar studies were performed with rTMD1, but disease severity, mRNA, proteins,
MPO, and plate counts were not changed from controls.

CONCLUSIONS. These data provide evidence that rTM treatment is protective against bacterial
keratitis, does not reduce HMGB1, and is not angiogenic.
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Pseudomonas aeruginosa, a gram-negative bacterium, is a
common opportunistic pathogen and a causative agent of

microbial keratitis worldwide, resulting in severe ocular pain,
corneal opacity, and reduced visual acuity.1 Traumatic ocular
surface accidents in developing countries,2,3 extended wear soft
contact lenses4, and preexisting long-standing ocular disease,5 are
among the most prevalent risk factors. The disease is treated with
antibiotics, but with emerging resistance to many commonly
used antibacterials,6,7 alternative therapies are desirable.

Recently, this laboratory has shown that silencing or
antibody neutralization of high mobility group box-1 (HMGB1)
decreases P. aeruginosa–induced keratitis.8 HMGB1 is a
mediator of the inflammatory response9,10 and is the most
studied member of a family of molecules referred to as danger-
associated molecular patterns or alarmins. Extracellular HMGB1
binds to cell surface inflammatory mediators such as Toll-like
receptors (TLRs) and receptor for advanced glycation end
products (RAGE) to initiate an inflammatory cascade.11,12

HMGB1 also contributes to pathogenesis in nonocular infec-
tious10,13 and noninfectious diseases,14–17 and its reduction has
been shown to be efficacious to disease outcome. Recently, a
growing body of evidence suggests that the lectin-like domain
of TM by reduction of HMGB1 may sequester its adverse

effects,18,19 but the functional role of TM has not been tested in
bacterial keratitis.

In this regard, TM is a multidomain transmembrane
glycoprotein present in diverse vertebrate cells.20–25 It was
identified as an anticoagulant factor that activates protein C,22

but recent reports23–25 suggest that TM is involved in biological
processes in addition to hemostasis, including cell–cell
adhesion, epithelial–mesenchymal transition, and inflamma-
tion. Soluble domains of TM include the N-terminal lectin-like
domain (TMD1), the epidermal growth factor–like domain
(TMD2), and the serine/threonine rich domain (TMD3).26

TMD1 mediates its anti-inflammatory role via two binding
partners, the Lewis Y (Ley) antigen on lipopolysaccharide (LPS)
and HMGB1. Ley–TMD1 interaction blocks LPS binding to CD14
and dampens the downstream inflammatory signaling cas-
cade.27–29 Controversy exists regarding the role of TMD23
(composed of TMD2 and TMD3). One group30 has reported it
to be angiogenic, but work from another laboratory31 does not
support that conclusion. Furthermore, recently it has been
shown that TMD23 is anti-inflammatory,32 binding to CD14 and
inhibiting the CD14-mediated inflammatory response.

The current study examined the anti-inflammatory role of TM
in P. aeruginosa bacterial keratitis and tested whether it was
angiogenic. Our data provided evidence that treatment with
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recombinant TM (rTM) results in protection against keratitis in
B6 mice, using a cytotoxic strain of P. aeruginosa. Recombinant
TM treatment downregulated proinflammatory and upregulated
anti-inflammatory cytokines at the mRNA level. The IL-1b and
CXCL2 protein levels also were significantly lower in the rTM-
than PBS-treated infected cornea and correlated with a
decreased neutrophil influx. In addition, vascular endothelial
growth factor (VEGF) angiogenic proteins at 5 days post
infection (p.i.) were unchanged or decreased after rTM versus
PBS treatment; similar vessel ingrowth was substantiated by
India ink perfusion and quantification. Treatment with rTM also
delayed disease in B6 mice infected with a noncytotoxic clinical
isolate. Collectively, this study provided evidence that rTM is
protective, not angiogenic, and may have therapeutic value in
treating P. aeruginosa bacterial keratitis.

MATERIALS AND METHODS

Mice

Eight-week-old female C57BL/6 (B6) mice (purchased from the
Jackson Laboratory, Bar Harbor, ME, USA) were housed in
accordance with the National Institutes of Health guidelines.
Animals were treated humanely and in compliance with the
Association for Research in Vision and Ophthalmology (ARVO)
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Bacterial Culture and Infection

P. aeruginosa strain 19660 (American Type Culture Collection,
Manassas, VA, USA) and KEI 1025 clinical isolate (Kresge Eye
Institute, Detroit, MI, USA) were grown in peptone tryptic soy
broth medium in a rotary shaker water bath at 378C, 150 rpm
for 18 hours to an optical density (measured at 540 nm)
between 1.3 and 1.8. Bacterial cultures were pelleted by
centrifugation at 5500g for 10 minutes. Pellets were washed
once with sterile saline, recentrifuged, resuspended, and
diluted in sterile saline to a final concentration of 1 3 106 or
1 3 107 CFU/lL. Anesthetized (using anhydrous ethyl ether)
mice were placed beneath a stereoscopic microscope at 340
magnification. The left cornea was scarified by making three 1-
mm incisions with a sterile 255/8-gauge needle. The wounded
corneal surface was topically treated with a 5 lL aliquot
containing 1 3 106 CFU/lL (19660) or 1 3 107 CFU/lL (KEI
1025) of the P. aeruginosa suspension.

Ocular Response to Bacterial Infection

An established corneal disease grading scale33 was used to
assign a clinical score value to each infected eye at 1, 3, and 5
days p.i. Clinical scores were used to statistically compare
disease severity and were designated as follows: 0 ¼ clear or
slight opacity, partially or fully covering the pupil; þ1 ¼ slight
opacity, fully covering the anterior segment; þ2 ¼ dense
opacity, partially or fully covering the pupil; þ3 ¼ dense
opacity, covering the entire anterior segment; andþ4¼ corneal
perforation or phthisis. Photographs using a slit lamp were
taken at 5 days p.i. to confirm and illustrate disease.

Recombinant TM Treatment

The left eyes of B6 mice (n¼5/group/time) were injected with
1 lg/5 lL rTM protein (mouse myeloma cell line NSO-derived,
TM domains 1-4, Leu 17–Ser 517; R&D Systems, Minneapolis,
MN, USA) or 5 lL PBS subconjunctivally, 1 day before infection.
In separate selected experiments (using the cytotoxic strain),
similar treatment was done by using rTMD1 (Biologics

International Corp., Indianapolis, IN, USA). All mice were
injected intraperitoneally on 1 and 3 days p.i. with 1 lg/100 lL
rTM or rTMD1 protein (1 lg/100 lL) or 100 lL PBS.

Real-Time RT-PCR

Recombinant TM–, rTMD1-, and PBS-treated B6 mice were killed
at 5 days p.i. and the normal (uninfected) and infected (cytotoxic
strain) corneas were harvested. For each individual cornea, total
corneal RNA was isolated (RNA STAT-60; Tel-Test, Friendswood,
TX, USA) according to the manufacturer’s instructions. Upon
spectrophotometric quantification at 260 nm, 1 lg of each RNA
sample was reverse transcribed by using Moloney murine
leukemia virus reverse transcriptase (Invitrogen, Carlsbad, CA,
USA) to produce a cDNA template for the PCR reaction. The
cDNA products were diluted 1:25 with diethylpyrocarbonate-
treated water. A 2 lL aliquot of diluted cDNA was used for the
real-time RT-PCR reaction with Real-Time SYBR Green/Fluores-
cein PCR Master Mix (Bio-Rad, Richmond, CA, USA) and primer
concentrations of 10 lM (total 10 lL reaction volume). After a
preprogrammed hot start cycle (3 min. at 958C), the parameters
used for PCR amplification were 15 seconds at 958C and 60
seconds at 608C with the cycles repeated 45 times. Optimal
conditions for PCR amplification of cDNA were established by
using routine methods. The mRNA levels of HMGB1, NF-jB,
TLR4, IL-1b, CXCL2, RAGE, single Ig IL-1–related receptor
(SIGIRR), and interleukin 1 receptor-like 1 (ST2; IL-33 receptor)
were tested by real-time RT-PCR (CFX Connect Real-Time PCR
Detection System; Bio-Rad). The fold differences in gene
expression were calculated after normalization to b-actin and
are expressed as the relative mRNA concentration 6 the
standard error of the mean. The primer pair sequences used
for real-time RT-PCR are shown in the Table.

Enzyme-Linked Immunosorbent Assay

Recombinant TM-, rTMD1-, and PBS-treated B6 mice (5 mice/
group/time) were killed at 3 and 5 days p.i. and the normal and
infected (cytotoxic strain) corneas harvested. Individual
corneas were homogenized in 500 lL PBS with 0.1% Tween
20 with a protease inhibitor cocktail (Roche Diagnostics,
Indianapolis, IN, USA) and centrifuged at 12,000g for 5
minutes. A 50 lL aliquot of each supernatant was assayed in
duplicate to quantify IL-1b and CXCL2 proteins. For rTM-
treated mice infected with the cytotoxic strain, a 100 lL
aliquot of supernatant was assayed in duplicate to quantify
HMGB1, VEGF, VEGF receptor 1 (VEGFR-1), and VEGF
receptor 2 (VEGFR-2) proteins. ELISA kits were purchased
from R&D Systems or from Chondrex, Inc. (Redmond, WA,
USA) and assays were run by following the manufacturer’s
instructions. Sensitivities of the assays were as follows: 1.6 ng/
mL (HMGB1), 2.31 pg/mL (IL-1b), 1.5 pg/mL (CXCL2), 9 pg/
mL (VEGF), 13.3 pg/mL (VEGFR-1), and 11.4 pg/mL (VEGFR-2).

Myeloperoxidase Assay

A myeloperoxidase (MPO) assay was used to quantitate
neutrophil cell number in the cornea of rTM-, rTMD1-, and
PBS-treated mice infected with the cytotoxic strain. Individual
corneas were removed at 3 and 5 days p.i. and homogenized in
1.0 mL of 50 mM phosphate buffer (pH 6.0) containing 0.5%
hexadecyltrimethyl-ammonium (Sigma-Aldrich Corp., St. Louis,
MO, USA). Samples were freeze-thawed four times and after
centrifugation, 100 lL supernatant was added to 2.9 mL of 50
mM phosphate buffer containing o-dianisidine dihydrochloride
(16.7 mg/mL; Sigma-Aldrich Corp.) and hydrogen peroxide
(0.0005%). The change in absorbency was monitored at 460 nm
for 5 minutes at 30-second intervals. The slope of the line was
determined for each sample and used to calculate units of MPO/
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cornea. One unit of MPO activity is equivalent to ~2 3 105

neutrophils.34

Quantification of Viable Bacteria

Upon killing mice on 3 and 5 days p.i., infected corneas (using
cytotoxic strain) were harvested from B6 mice (n¼5/group/time)
treated with rTM, rTMD1, or PBS. Each cornea was homogenized
in 1 mL sterile saline containing 0.25% BSA. A 100 lL aliquot of the
corneal homogenate was serially diluted 1:10 in sterile saline
containing 0.25% BSA. Selected dilutions were plated in triplicate
on Pseudomonas isolation agar plates (Becton-Dickinson, Frank-
lin Lakes, NJ, USA). Plates were incubated overnight at 378C and
the number of bacterial colonies manually counted. Results are
reported as log10 CFU/cornea 6 SEM.

India Ink Perfusion and Vessel Measurement

India ink perfusion was modified from a previous protocol35 and
as reported before.36 Briefly, on 5 days p.i. with the cytotoxic
strain, B6 mice treated with rTM or PBS were anesthetized with
Avertin (Sigma-Aldrich Corp.), the thoracic cavity was opened,
and the right atrium was incised. A 25-gauge winged infant
infusion needle (Kawasumi Laboratories America, Tampa, FL,
USA) was inserted into the left ventricle and mice were perfused
with 8 mL PBS containing 72 U heparin by using a syringe-pump
(Braintree Scientific, Braintree, MA, USA) set to deliver 90 mL/h.
After, a second syringe containing Higgins black India ink was
connected to the needle and 1 to 2 mL delivered. After killing
mice, eyes (four quadrants) were photographed by using a slit
lamp, and blood vessel ingrowth was measured in pixels with
Adobe Photoshop (Adobe Systems, Inc., San Jose, CA, USA).
Pixels were converted to micrometers by using a scale bar
photographed at the same magnification. Three vessels were
measured (from limbus to termination of vessels in the
peripheral cornea) for each quadrant from each slit lamp
photograph (n¼ 7 eyes/4 quadrants per eye/group/time).

Construction of rTMD1 Plasmid, Expression and
Purification

Murine TMD1 cDNA was PCR amplified with SacI and SalI
restriction sites from a murine lung cDNA template, and

primers 5 0-GCCGGATCCGCCAAGCTGCAGCC-3 0 and 5 0-
CGCGAAGCTTTCAGAGGCCTGCAGG-30 were used for the
PCR amplification. The TMD1 PCR product and the pQE80L-
Kan vector (Qiagen, Inc., Valencia, CA, USA) were digested
with restriction enzymes SacI and SalI. Corresponding
fragments were extracted by agarose gel electrophoresis and
the TMD1 cDNA fragment was ligated to the pQE80L-Kan
fragment by T4 DNA ligase. Then, the region between the His
tag and the 50 end of the TMD1-produced plasmid was deleted
by Q5 site-directed mutagenesis with the following primers: 50-
GCCAAGCTGCAGCCCACA-3 0 and 5 0-GTGATGGTGATGGT
GATGCGATC-30 (New England Bio Labs, Ipswich, MA, USA).
The final expression vector with the 50 end of TMD1 fused to
the His tag was confirmed by sequencing the construct
(pTMD1). Expression of pTMD1 in Escherichia coli and His
tag affinity purification of rTMD1 protein (>95% pure and <1
EU (endotoxin unit)/lg) was done by Biologics International
Corp. (Indianapolis, IN, USA) and purchased for use in this
study.

Statistical Analysis

The difference in clinical score between two groups at each
time was tested by the Mann-Whitney U test. An unpaired, two-
tailed Student’s t-test was used to determine the statistical
significance of the real-time RT-PCR, ELISA, MPO, and viable
bacterial plate count data and was considered significant at P <
0.05. All experiments were repeated once to ensure reproduc-
ibility and unless stated otherwise, data from a representative
experiment are shown as mean 6 SEM.

RESULTS

Recombinant TM Treatment Reduces Corneal
Disease After P. aeruginosa Infection With Strain
19660

To test the effect of TM (shown diagrammatically in Fig. 1A) on
host resistance to infection with a cytotoxic strain (19660) of P.

aeruginosa, B6 mice were subconjunctivally and intraperito-
neally injected with soluble rTM protein or PBS (control).
Clinical scores (Fig. 1B) showed that rTM-treated mice
exhibited reduced disease scores, significant at 3 and 5 days

TABLE. Nucleotide Sequence of the Specific Primers Used for PCR Amplification

Gene Nucleotide Sequence Primer GenBank

b-Actin 50-GAT TAC TGC TCT GGC TCC TAG C-30 F NM_007393.3

50-GAC TCA TCG TAC TCC TGC TTG C-30 R

HMGB1 50-TGG CAA AGG CTG ACA AGG CTC-30 F NM_010439.3

50-GGA TGC TCG CCT TTG ATT TTG G-30 R

NF-jB 50-GCT TTG CAA ACC TGG GAA TA-30 F NM_008689.2

50-TCC GCC TTC TGC TTG TAG AT-30 R

TLR4 50-CCT GAC ACC AGG AAG CTT GAA-30 F NM_021297.2

50-TCT GAT CCA TGC ATT GGT AGG T-30 R

RAGE 50-GCT GTA GCT GGT GGT CAG AAC A-30 F NM_007425.2

50-CCC CTT ACA GCT TAG CAC AAG TG-30 R

SIGIRR 50-GTG GCT GAA AGA TGG TCT GGC ATT G-30 F NM_023059.3

50-CAG GTG AAG GTT CCA TAG TCC TCT GC-30 R

ST2 50-TGA CGC CCA CCA GAT CAT TCA CAG-30 F NM_010743.2

50-GCC AAA GCA AGC TGA ACA GGC AAT AC-30 R

IL-1b 50-CGC AGC AGC ACA TCA ACA AGA GC-30 F NM_008361.3

50-TGT CCT CAT CCT GGA AGG TCC ACG-30 R

CXCL2 50-TGT CAA TGC CTG AAG ACC CTG CC-30 F NM_009140.2

50-AAC TTT TTG ACC GCC CTT GAG AGT GG-30 R

F, forward; R, reverse.
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p.i. (P < 0.01 and P < 0.001), but not at 1 day p.i. Photographs
taken with a slit lamp of P. aeruginosa–infected corneas of B6
mice treated with PBS (Fig. 1C) or rTM protein (Fig. 1D)
showed that rTM-treated mice exhibited less severe disease/
corneal opacity than that of the PBS control.

Effect of TM on Expression of Pro- and Anti-
Inflammatory Genes

The HMGB1 mRNA (Fig. 2A) levels were slightly but not
significantly elevated after rTM treatment; no difference was
seen in the normal cornea between groups. Figure 2B shows
ELISA analysis of HMGB1 protein levels, which were not
reduced by rTM treatment and did not differ between groups at
either period tested.

Relative corneal mRNA levels of additional pro- and anti-
inflammatory molecules after rTM versus PBS treatment were
tested (Figs. 2C–G). Among the proinflammatory genes tested,
relative mRNA levels were significantly downregulated in the
cornea of rTM-treated mice at 5 days p.i. The genes with
decreased mRNA levels include NF-jB (Fig. 2C, P < 0.01),
TLR4 (Fig. 2D, P < 0.05), and RAGE (Fig. 2E, P < 0.05).
Relative mRNA levels for anti-inflammatory genes SIGIRR (Fig.
2F) and ST2 (Fig. 2G) were upregulated in infected corneas of

rTM- versus PBS-treated mice at 5 days p.i. (P < 0.05 for each).
There were no differences between mRNA levels (or protein)
of the molecules tested for any of the normal uninfected mouse
corneas between PBS and rTM groups (Figs. 2A–G).

Recombinant TM Treatment Led to a Reduced
Inflammatory Environment

Messenger RNA levels of IL-1b (Fig. 3A, P < 0.001) and CXCL2
(Fig. 3B, P < 0.001) were decreased after infection following
rTM treatment. In the uninfected normal cornea, these
proteins were below detectability for both groups (Figs. 3A,
3B). Recombinant TM treatment significantly decreased

FIGURE 1. (A–D) Thrombomodulin domains. Thrombomodulin (A) is
shown diagrammatically to illustrate its multidomain (5) composition.
The rTM used in this study consisted of amino acids 17 to 517,
corresponding to the extracellular portion (all domains except
cytoplasmic) of the type I membrane protein. Significantly different
clinical scores (B) were seen at 3 and 5 days p.i. in rTM- as compared
with PBS-treated mice. Photographs taken with a slit lamp at 5 days p.i.
showed less opacity/disease after rTM (C) compared with PBS
treatment (D). Magnification (C, D)¼33.5.

FIGURE 2. (A–G) Recombinant TM treatment of B6 mice. After rTM
treatment, relative mRNA (A) or protein (B) levels of HMGB1 did not
differ between groups at 3 and/or 5 days p.i. Messenger RNA
expression of NF-jB (C), TLR4 (D), and RAGE (E) were significantly
decreased in rTM compared with PBS controls at 5 days p.i. In contrast,
levels of SIGIRR (F) and ST2 (G) were significantly elevated. No
difference between groups was seen for normal (N) cornea.
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expression of IL-1b protein in the P. aeruginosa–infected
corneas at both 3 and 5 days p.i. (Fig. 3C, P < 0.001 and P <
0.01). Expression of CXCL2 protein also was decreased at 3 (P
< 0.01) and 5 (P < 0.05) days p.i. (Fig. 3D). Since rTM
treatment decreased protein levels of these two cytokines
known to regulate neutrophil influx, an MPO assay was used to
quantitate the cell infiltrate in the corneas of rTM- and PBS-
treated B6 mice at 3 and 5 days p.i. The MPO activity was
significantly reduced both at 3 (P < 0.01) and 5 (P < 0.0001)
days p.i. in rTM- versus PBS-treated mice (Fig. 3E). Bacterial
plate counts (Fig. 3F) were used to detect viable bacteria in the
infected cornea of mice treated with rTM versus PBS at 3 and 5
days p.i. Recombinant TM treatment led to decreased bacterial
load at 3 (P < 0.05) and 5 (P < 0.0001) days p.i., compared to
controls.

Recombinant TM Treatment Is Not Angiogenic

To test if TMD23, two domains within rTM, had angiogenic
properties, expression patterns for common angiogenic
molecules were assessed after rTM versus PBS treatment at
3 and 5 days p.i. (Figs. 4A–C). At 3 days p.i., rTM versus
PBS treatment led to a slight but not significant decrease in
VEGF (Fig. 4A), a modest, but significant increase in
VEGFR-1 (Fig. 4B, P < 0.001), and no difference in
VEGFR-2 protein expression (Fig. 4C). The VEGFR-1 and

VEGFR-2 protein expression was significantly downregulat-

ed (Figs. 4B, 4C) in the rTM- versus PBS-treated group at 5

days p.i. (P < 0.01). The VEGF protein expression also was

downregulated compared to control levels at 5 days p.i.,

but was not significant (Fig. 4A). No differences in protein

levels were detected for the uninfected corneas of rTM-

versus PBS-treated mice, for all three angiogenic molecules

tested. To further test angiogenesis, an India ink perfusion

experiment (Fig. 5) was used to determine if the protein

expression profile of angiogenic molecules at 5 days p.i.

correlated with vessel ingrowth in rTM- versus PBS-treated,

infected mice. Photographs with a slit lamp (Fig. 5A)

allowed visualization of blood vessel ingrowth in the eyes

of both treatment groups in the ventral, nasal, dorsal, and

temporal planes. Statistical analysis of averaged values of

vessel ingrowth (Fig. 5B) revealed no differences between

groups and confirmed the visual observations after India

ink perfusion.

FIGURE 3. (A–F) Recombinant TM treatment of B6 mice. The IL-1b
mRNA (A) and protein (C) and CXCL2 mRNA (B) and protein (D) levels
were significantly reduced at 3 and/or 5 days p.i. after rTM. No
difference in mRNA or protein between groups was detected in the N
cornea. The MPO levels (E) also were reduced significantly at 3 and 5
days p.i. Viable bacterial plate counts were reduced at both 3 and 5
days p.i. after rTM (F).

FIGURE 4. (A–C) Angiogenic molecules. Protein levels for VEGF (A)
did not differ between groups after rTM treatment (both times tested).
For VEGFR-1 (B), levels were increased at 3 but decreased at 5 days p.i
after rTM treatment. For VEGFR-2 (C), no difference between groups
was seen at 3 days p.i., but levels were decreased with rTM treatment
at 5 days p.i. No difference between groups was seen for the N cornea.
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Recombinant TMD1 Treatment: Clinical Score, Slit
Lamp Photography, and mRNA Levels of Pro- and
Anti-Inflammatory Cytokines

To test whether the lectin-like domain of TM was responsible
for the protective effects that were seen with rTM treatment
using strain 19660, similar experiments were performed by
using rTMD1 protein. Clinical scores (Fig. 6A) showed that
rTMD1-treated mice exhibited no significant differences
between groups at any period tested. Figures 6B and 6C are
photographs taken with a slit lamp of infected corneas of B6
mice treated with PBS (Fig. 6B) or rTMD1 protein (Fig. 6C),
respectively, at 5 days p.i. Corneas of rTMD- treated mice
exhibited no difference in disease severity as compared to
PBS controls. Figure 6D and Figures 6F through 6I confirmed
this, as no significant changes in mRNA levels between
treatment groups for HMGB1 (Fig. 6D), TLR4 (Fig. 6F), RAGE
(Fig. 6G), SIGIRR (Fig. 6H), or ST2 (Fig. 6I) were seen. The NF-
jB (Fig. 6E) levels were slightly but significantly (P < 0.05)
increased at 5 days p.i. No differences were observed in
normal corneas between groups, except for ST2, which was
slightly but significantly (P ¼ 0.02) higher after rTMD1
treatment.

Recombinant TMD1 Treatment: Protein, MPO, and
Plate Counts

To confirm the mRNA data, protein levels were selectively
tested. The rTMD1 treatment did not result in differences
between groups for IL-1b (Fig. 7A), or for CXCL2 protein (Fig.
7B) at 5 days p.i. No differences between groups were seen for
the normal cornea. An MPO assay confirmed that there was no

difference in the neutrophil infiltrate between groups (Fig. 7C)
at either time tested. Bacterial plate counts (Fig. 7D) also did
not differ between groups at similar times.

Recombinant TM Treatment Following Infection

With Strain KEI 1025, a Clinical Isolate

We also tested the efficacy of rTM by using a noncytotoxic
clinical isolate. Clinical scores (Fig. 8A) showed a significant
difference (P < 0.05) between groups only at 3 days p.i.

FIGURE 5. (A, B) India ink perfusion of infected eyes at 5 days p.i. (A)
Recombinant TM– and PBS-treated eyes were observed and photo-
graphed in four planes (ventral, nasal, dorsal, and temporal) and the
average vessel ingrowth measured. No significant difference was
detected between groups (B). Magnification (A) ¼ 35 for all
photographs.

FIGURE 6. (A–I) Recombinant TMD1 treatment of B6 mice. No
significant different clinical scores (A) were seen at any time point
tested between rTMD1- compared with PBS-treated mice. Photographs
taken with a slit lamp at 5 days p.i. showed similar opacity in rTMD1-
treated (C) and PBS-treated (B) eyes. After rTMD1 treatment, relative
mRNA for HMGB1 (D), TLR4 (F), and RAGE (G) did not differ in rTM
compared with PBS controls at 5 days p.i.; NF-kB (E) levels were
elevated (P < 0.05). Neither did levels of SIGIRR (H) or ST2 (I) differ
between groups. No differences between groups was seen for N
cornea except for ST2 (P¼ 0.02). Magnification (B, C)¼35.
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However, at 5 days p.i., no corneas in the rTM-treated
compared to the PBS control group had perforated. Photo-
graphs with a slit lamp confirmed the clinical score data and
showed perforation in the PBS-treated group (Fig. 8B); no
perforation was observed in the rTM treatment group (Fig. 8C).

DISCUSSION

Thrombomodulin is a transmembrane glycoprotein identified
originally in the vascular endothelium.21 The molecule is
composed of five domains: a highly charged N-terminal lectin-
like domain (TMD1), a domain with six epidermal growth
factor (EGF)–like structures (TMD2), a serine and threonine–
rich domain (TMD3), a transmembrane domain (TMD4), and a
cytoplasmic domain (TMD5).24,28 It is a multifunctional protein
and has distinct functions dependent on cell type. For
example, in keratinocytes, TM expression is regulated during
differentiation37 and in cutaneous wound healing, release of
soluble TM from these cells appears to promote wound
closure.38 In this regard, recombinant TM EGF-like domain plus
a serine/threonine-rich domain, rTMD23, promote cutaneous
healing in a mouse wound healing model39 and in corneal
epithelial wound repair.31 In addition, the role of TM has been
studied in inflammatory diseases in the eye, including
endotoxin-induced uveitis.29 Results show that in these
diseases, TM expression is observed in the corneal epithelium
and in stromal cells. In addition, the distribution of TM is
similar in the eye of humans20 and mice,31 suggesting a
potential for similarity of TM function between the two groups.

In this study we provided evidence that treatment of
experimental bacterial keratitis with rTM, composed of
domains TMD1-TMD4 (Leu 17–Ser 517), is protective against
perforation in a mouse model of bacterial keratitis. Protection
appeared to correlate with mechanisms of virulence, in that
better protection was achieved for a cytotoxic (19660) versus a
noncytotoxic clinical isolate. For the cytotoxic strain, which
was tested in detail, treatment with rTM resulted in reduction
of proinflammatory molecules, including IL-1b and CXCL2, as
well as a reduction in MPO activity consistent with reducing
the two cytokines that have been shown to be associated with
the cellular infiltrate in keratitis, which is mainly neutrophil-

ic.40 Also consistent with fewer neutrophils in the stroma,
which would reduce bystander damage and decrease nutrition
for bacterial growth, the viable plate count also was reduced. It
is also worth considering that other factors not tested herein
could play a role in this outcome. In this regard, it has been
shown that human TM regulates complement activation in
response to xenogeneic stimuli41; that elevated plasma
concentrations of nitric oxide correlates with elevated soluble
TM levels in lupus patients42; that in a mutation of TM,
activation of protein C is impaired, leading to increased
neutrophils and inflammation in melioidosis, although it has no
impact on bacterial growth or dissemination43; and that its
lectin-like domain binding to Lewis Y antigen could neutralize
LPS-induced inflammation.27 In contrast, we had expected to
see reduction of HMGB1, which would in turn reduce rather
than amplify inflammation, as shown in other systems8,13–17;
however, the molecule was not reduced at either the mRNA or
protein level. Based on this, we hypothesized that reduction in
keratitis could be due to the possibility that the rTM that we
used, which included domain 23, may have had an angiogenic
effect, as has been shown by others,30 and that this might play
a role in the healing response we observed. Alternatively,
because the rTM that we used did not reduce HMGB1, we
hypothesized that this could be because it lacked the full
TMD1 lectin-like domain, which binds HMGB1,18 interferes
with its binding to RAGE, impairing HMGB1-RAGE signaling18

or enhancing thrombin-mediated proteolytic degradation of
HMGB1.19

First we focused on the function of the TMD23 portion of
rTM used for treatment. Previously, domain 23 has been
considered an angiogenic factor,30 promoting mouse cutane-
ous wound healing through modulating angiogenesis at the
wound site.38,39 Thus, to determine whether the anti-
inflammatory effects we observed were because of a possible
angiogenic effect of rTM containing domains 23, classic
angiogenic molecule VEGF, and its R1 and R2 receptor
proteins, were measured in the infected cornea in rTM-
treated and control mice. The VEGF protein did not differ at
either 3 or 5 days p.i., while the level of R1 was slightly
elevated at 3 and reduced at 5 days; R2 levels were unchanged
at 3 and reduced at 5 days p.i. after rTM treatment. Because
numerous molecules are angiogenic and it would be
impossible to test all of them, India ink35,36 was used to
globally assess the angiogenic potential of the 23 domain
contained in rTM. Visual, followed by statistical analysis of

FIGURE 7. (A–D) Recombinant TMD1 treatment of B6 mice. The IL-1b
(A) and CXCL2 (B) protein levels did not differ at 3 and/or 5 days p.i. or
in the N cornea between groups. Neither MPO levels (C) nor viable
bacterial plate counts (D) were reduced after rTMD1.

FIGURE 8. (A–C) Recombinant TM and infection with clinical isolate.
Significantly different clinical scores (A) were seen at 3 but not 1 or 5
days p.i. in rTM- compared with PBS-treated mice infected with KEI
1025. Photographs taken with a slit lamp at 5 days p.i. showed similar
opacity/disease after rTM (C) compared with PBS (B) treatment.
Magnification (B, C)¼36.5.
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these data showed no difference between treatment groups
and did not support an angiogenic effect for rTM treatment.
These results are consistent with those of Huang et al.,31 who
do not report an angiogenic effect for the 23 domain of TM in
corneal wound healing in vivo and in vitro. Huang et al.31

have further suggested that rTMD23 promotes corneal
epithelial wound healing by accelerating epithelial cell
migration and proliferation in the absence of corneal
neovascularization. This is consistent with other work
showing that both cell migration and proliferation play
important roles during corneal epithelial wound healing,44,45

that rTMD23 has mitogenic activity for Swiss 3T3 cells46 and
enhances proliferation and migration in endothelial cells.44

These data support our study showing no detectable
angiogenic effect for rTM (containing the 23 domain of
TM), although we did not directly test for epithelial cell
migration and proliferation, as we were mainly concerned
about the potential of an angiogenic effect. In fact, others32

have shown that rTMD23 has an anti-inflammatory effect by
markedly suppressing the activation of intracellular signaling
pathways and the production of inflammatory cytokines
induced by LPS. They also have found that rTMD23 interacts
with the soluble and membrane forms of CD14 and inhibits
the CD14-mediated inflammatory response.32 These data are
consistent with our own showing reduction of TLR4, albeit at
the mRNA level, but most importantly with reduction in IL-1b
and CXCL2 proteins, which are downstream effectors of LPS
signaling.

Another anti-inflammatory target of TM is HMGB1, a
ubiquitously expressed nuclear protein that is released from
necrotic cells. Upon being released, HMGB1 binds to RAGE.47

HMGB1-RAGE signaling has been implicated in the pathogen-
esis and/or progression of various clinical disorders, such as
infections, sepsis, arthritis, and cancer.47 Specifically, the
lectin-like domain of TM interferes with HMGB1 binding to
RAGE, thereby impairing HMGB1-RAGE signaling.18 In this
regard, we have previously shown that reduction of HMGB1
levels via silencing or antibody treatment protects mice
infected with P. aeruginosa and reduces disease.8 In the
current study, rTM treatment lowered clinical scores, and slit
lamp documented less disease/opacity in treated mice at 5
days after infection. However, examination of HMGB1, one of
the targets of TM (domain 1), showed no differences in mRNA
or protein levels between groups. In addition, rTM treatment
lowered mRNA levels for several proinflammatory molecules
including NF-jb, TLR4, and RAGE while also providing a
modest, yet significant shift in anti-inflammatory cytokines
such as SIGIRR40 and ST2,48 which we have previously shown
contribute to better disease outcome. TMD1 also mediates its
anti-inflammatory role via binding the Ley antigen on LPS.27

Ley–TMD1 interaction blocks LPS binding to CD14 and TLRs
and dampens the downstream inflammatory signaling cas-
cade.28,29

Because the rTM that we purchased did not consist of a
complete TMD1, we used rTMD1 protein and tested it after
infection with the cytotoxic strain. The full TMD1 recombinant
protein failed to modulate disease with similar outcome as
controls for all pro- and anti-inflammatory molecules tested,
which were the same as tested for rTM treatment. Neither
were MPO or plate counts changed, suggesting that in keratitis,
TMD1 alone is not capable of reducing disease.

Our data are also consistent with other studies using
Recomodulin, a recombinant form of human soluble (rhs) TM,
comprising the extracellular domain of TM that includes the N-
terminal C-type lectin domain, EGF-like domain, and O-
glycosylation domain.49 Administration of rhs-TM has been
shown to protect rats from endotoxin-induced disseminated
intravascular coagulation (DIC) or lung injury.50 In addition,

rhs-TM not only reduces compression trauma-induced spinal
cord injury by inhibiting leukocyte accumulation and expres-
sion of TNF-a51 but also provides protection against ischemia
reperfusion injury in the canine liver52 and in the rat
kidney.53,54 After obtaining promising results in animal
experiments, rhs-TM (ART-123, Recomodulin) has proceeded
to clinical trials.55 This clinical trial for DIC resulting from
infection has shown that rhs-TM treatment improves the
mortality rates at day 28 to a greater degree than does heparin
treatment (rhs-TM 28.0%; heparin 34.6%).

In summary, treatment with rTM reduced inflammation and
was protective in bacterial keratitis, using a cytotoxic strain of
bacteria, and slowed disease progression, using a noncytotoxic
clinical isolate. Reduction in inflammatory mediators such as
IL-1b and CXCL2 led to decreased neutrophilic infiltrate and
less stromal destruction, as well as decreased viable plate
count. Recombinant TMD1 alone did not appear to have an
anti-inflammatory effect in the keratitis model and was
consistent with no observable reduction in HMGB1 levels
following rTM treatment.
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