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Abstract

High mobility group box 1 (HMGB1), a prototypic alarmin, mediates the systemic inflammatory 

response syndrome. Treatment with vasoactive intestinal peptide (VIP), an anti-inflammatory 

neuropeptide, down-regulates pro-inflammatory cytokines and promotes healing in a susceptible 

(cornea perforates) model of Pseudomonas (P.) aeruginosa keratitis, also significantly down-

regulates HMGB1 expression. Therefore, we examined targeting HMGB1 for treatment of P. 

aeruginosa keratitis to avoid delivery and other issues associated with VIP. For this, HMGB1 was 

silenced using siRNA, while controls were treated with a non-specific scrambled sequence siRNA. 

Less disease was seen after infection in siHMGB1 over control mice and was documented by 

clinical score and photographs with a slit lamp. Real time RT-PCR and ELISA confirmed 

HMGB1 knockdown. RT-PCR analysis also revealed reduced mRNA levels of IL-1β, MIP-2, 

TNF-α, TLR4, and receptor for advanced glycation end products (RAGE), while mRNA levels of 

anti-inflammatory TLRs SIGIRR and ST2 were significantly increased. HMGB1 knockdown also 

decreased IL-1β and MIP-2 proteins, reducing PMN number in the infected cornea. mRNA and 

protein levels of CXCL12 and CXCR4, as well as mononuclear cells, were significantly reduced 

after HMGB1 knockdown. Antibody neutralization of HMGB1, infection with a clinical isolate 

and rHMGB1 treatment of resistant mice, supported the silencing studies. These data provide 

evidence that silencing HMGB1 promotes better resolution of P. aeruginosa keratitis by 

decreasing levels of pro-inflammatory mediators, (decreasing PMN infiltration), increasing anti-

inflammatory TLRs, reducing CXCL12 (preventing HMGB1/CXCL12 heterodimer formation), 

and signaling through CXCR4, reducing monocyte/macrophage infiltration.

Introduction

Pseudomonas aeruginosa (P. aeruginosa), an opportunistic Gram-negative pathogen, is one 

of the most common causes of microbial keratitis in extended wear contact lens users and 

those who are immunocompromised (1). Both host derived and bacterial factors contribute 

to the rapidly progressing disease marked by inflammatory epithelial edema and infiltration 

of the stroma by PMN and mononuclear cells (2). Animal models of bacterial keratitis, 

including the mouse model used in this laboratory, have provided data that rapid recruitment 

of PMN (3) to the infected cornea is necessary to control bacterial load, however, failure to 
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regulate their persistence/removal, can result in stromal damage, scarring and/or ultimately, 

loss of vision (4–7). Many cytokines and chemokines influence the migration of PMN 

and/or mononuclear cells into tissues, including but not limited to, IL-1β, MIP-2 (mouse 

homologue of IL-8) and CXCR4 signaling. Susceptible (cornea perforates) C57BL/6 mice 

significantly up-regulate both of the former two cytokines after infection, compared to levels 

in the resistant (cornea heals) BALB/c mouse (8–9). In that regard, vasoactive intestinal 

peptide (VIP) is an anti-inflammatory neuropeptide that has been shown to promote 

resistance against P. aeruginosa keratitis in the susceptible C57BL/6 mouse (10). One of the 

mechanisms by which this is achieved is its ability to down-regulate expression of IL-1β and 

MIP-2 in the cornea resulting in significantly less PMN infiltration following infection (10). 

In addition, VIP treatment also was shown to reduce several TLR related molecules in the 

infected cornea of C57BL/6 mice (11) that also were reduced systemically in a model of 

sepsis (12). Despite these encouraging data, the key to the successful therapeutic use of VIP 

in human disease remains problematic, particularly because of difficulty with its delivery 

(13). Thus, it was of interest to us that in other studies, (12) the therapeutic effect of VIP was 

accompanied by a decrease in systemic levels of the alarmin, HMGB1 and the protective 

effects of VIP could be abrogated by rHMGB1 treatment (12). HMGB1 is a well-studied 

alarmin that is expressed in nearly all cell types. Injury or infection results in its release and 

subsequent binding to mediators of inflammation such as TLR2, 4, 9, or RAGE and 

activation of innate and adaptive immunity (13). Most importantly, antagonistic HMGB1 

treatment, including use of antibodies, antagonists, and pharmacological agents, has proven 

successful in many pre-clinical inflammatory disease models, reducing disease severity and 

lethality (13–15).

Thus, the current study examined the effects of silencing HMGB1 in bacterial keratitis. We 

provide evidence that knockdown of HMGB1 expression by RNA interference in the 

susceptible C57BL/6 mouse results in protection of the infected cornea from perforation. 

Silencing of HMGB1 also reduced mRNA levels of pro-inflammatory, while up-regulating 

expression of anti-inflammatory cytokines. Protein levels of IL-1β and MIP-2 also were 

significantly lower in the infected cornea after siHMGB1 compared to scrambled control 

treatment and correlated with reduced PMN in cornea. Reduction in CXCL12, preventing 

HMGB1/CXCL12 heterodimer formation and reduced signaling through CXCR4 was also 

observed following siHMGB1 treatment and contributed to reduced mononuclear cell 

infiltration. Selectively testing antibody neutralization and infection with a clinical isolate in 

C57BL/6 mice provided supportive data. In addition, increasing alarmin levels by treating 

BALB/c (resistant) mice with rHMGB1, not only enhanced the PMN infiltrate but resulted 

in worsened disease. Collectively, the data suggest that reducing HMGB1 expression and 

signaling, may provide an alternate approach to improve disease outcome in microbial 

keratitis.

Materials and Methods

Mice

Female 8 week old C57BL/6 and BALB/c mice were purchased from the Jackson 

Laboratory (Bar Harbor, ME) and housed in accordance with the National Institutes of 
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Health guidelines. The animals were treated humanely in accordance with the Association 

for Research in Vision and Ophthalmology 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) and clinical 

isolate KEI 1025 (Kresge Eye Institute, Detroit, MI) were grown in peptone tryptic soy 

broth at 37°C in a reciprocal shaking water bath at 150 rpm for 18h. Bacteria were pelleted 

by centrifugation at 6000 X g for 10 min, washed once with sterile saline and resuspended to 

a final concentration of 1 × 106 CFU/µl (16). Mice were anesthetized using anhydrous ethyl 

ether and placed beneath a stereoscopic microscope (x40 magnification). The left cornea 

was wounded by making three 1-mm incisions with a sterile 255/8-gauge needle. A 5 µl 

aliquot of the 106 bacterial suspension was topically applied to the wounded corneal surface.

Ocular response to bacterial infection

Corneal disease was scored using a grading scale (17): 0, clear or slight opacity, partially or 

fully covering the pupil; +1, slight opacity, fully covering the anterior segment; +2, dense 

opacity, partially or fully covering the pupil; +3, dense opacity, covering the entire anterior 

segment; and +4, corneal perforation or phthisis. A clinical score was recorded at 1, 3, 5 

and /or 7 days postinfection (p.i.) for each mouse for statistical comparison of disease 

severity. Photographs taken with a slit lamp at 5 or 7 days p.i. illustrated and confirmed the 

disease score.

VIP treatment

Treatment with VIP has been described before (10). Briefly, C57BL/6 mice received daily 

intraperitoneal (i.p.) injections of VIP (5 nmol in 100 µl PBS) (Bachem, Torrance, CA) 

starting 1 day before infection, and, including the day of infection, through 5 days p.i. 

Control mice were similarly injected with sterile PBS.

siHMGB1 treatment

Use of small interfering RNA (siRNA) in vivo has been described previously (18). In these 

studies, siRNA targeting HMGB1 or siRNA for a non-targeting scrambled sequence 

(negative control) (Santa Cruz Biotechnology, Santa Cruz, CA) was injected 

subconjunctivally (5 µl/mouse, 8 µM concentration) into the left eye of C57BL/6 mice on 

the day before infection, then applied topically onto infected corneas (5 µl/mouse, 4 µM) 

once on the day of infection and twice on 1 day p.i. The efficacy and specificity of silencing 

HMGB1 was tested by real time RT-PCR. The siRNAs used in this study were shorter than 

21 nucleotides in length to avoid nonspecific siRNA suppression effects via cell surface 

TLR3 (19).

HMGB1 antibody neutralization

C57BL/6 mice were injected subconjunctivally with 5 µg/mouse anti-HMGB1 antibody 

(IBL International, Toronto, ON) or control chicken IgY (Jackson ImmunoResearch, West 

Grove, PA) 1 day before infection, essentially as described before (8). On days 1 and 3 p.i., 
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each mouse was injected i.p. with an additional 150 µg (in 150 µl) of anti-HMGB1 antibody. 

Control mice were similarly injected with chicken IgY. Corneas were harvested 5 days p.i 

for MPO assay.

Recombinant HMGB1 treatment

Resistant BALB/c mice were treated with recombinant (r) HMGB1 (R&D Systems, 

Minneapolis, MN). Mice were injected subconjunctivally with 1 µg/5 µl rHMGB1 one day 

before infection. Control mice received a similar injection of PBS. An additional 1 µg 

rHMGB1 (in 100 µl) was administered i.p. on days 1 and 3 p.i. with control mice receiving 

PBS similarly. Corneas were harvested 7 days p.i. for MPO assay.

TLR PCR array

The corneas of VIP and PBS treated C57BL/6 mice were harvested at 3 days p.i. and mRNA 

prepared and pooled before production of cDNA using an RT2 First Strand Kit (Qiagen Inc., 

Valencia, CA). The mRNA levels of 84 TLR related genes were profiled using a Mouse 

TLR RT2 Profiler™ PCR Array (Qiagen Inc). HMGB1 levels were further tested by real 

time RT-PCR and ELISA assays.

Real time RT-PCR

Normal and infected corneas from C57BL/6 mice after VIP or PBS treatment (1, 3, 5, and 7 

days p.i.), and after siHMGB1 or control siRNA treatment (1, 3, and 5 days p.i.) were 

removed after sacrificing mice. Individual corneas were briefly stored in RNA STAT-60™ 

(Tel-Test, Friendswood, TX) at −20°C before processing. Total corneal RNA was extracted 

with chloroform (200 µl/ml RNA STAT-60™; Sigma-Aldrich, St Louis, MO), precipitated 

overnight with isopropanol (500 µl/ml RNA STAT-60™; Sigma-Aldrich) and washed in 

cold 75% ethanol. To produce a cDNA template for the PCR reaction, 1 µg of each RNA 

sample was reverse transcribed using Moloney-murine leukemia virus (M-MLV, Invitrogen, 

Carlsbad, CA). The 20 µl mixture contained 2000U M-MLV-reverse transcriptase, 10U of 

RNase inhibitor, 500 ng oligo (dT) primers 10mM dNTPs, 100mM DTT, and M-MLV 

reaction buffer (all from Invitrogen). cDNA products were diluted 1:25 with 

diethylpyrocarbonate-treated water and a 2 µl cDNA aliquot was used for real-time RT-

PCR. mRNA levels of HMGB1, IL-1β, MIP-2, TNF-α, TLR4, RAGE, single Ig IL-1-related 

receptor (SIGIRR), interleukin 1 receptor-like 1 (ST2), CXCL12, and CXCR4 were tested 

by real-time RT-PCR (CFX Connect™ Real-Time PCR Detection System; Bio-Rad, 

Richmond, CA). Real-Time SYBR® Green/Fluorescein PCR Master Mix (Bio-Rad) was 

used for the PCR reaction with primer concentrations of 10 µM. After a pre-programmed hot 

start cycle (3 min at 95°C), the parameters used for PCR amplification were: 15s at 95°C 

and 60s at 60°C with the cycles repeated 45 times. Optimal conditions for PCR 

amplification of cDNA were established by routine methods (20). The fold differences in 

gene expression were calculated after normalization to β-actin and are expressed as the 

relative mRNA concentration ± the standard error of the mean (SEM). Table 1 shows the 

primer pair sequences used for real-time RT-PCR.

McClellan et al. Page 4

J Immunol. Author manuscript; available in PMC 2016 February 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Immunohistochemistry

After VIP treatment, corneal expression of HMGB1 was evaluated using 

immunohistochemistry and confocal microscopy. Whole eyes were enucleated at 1 and/or 5 

days p.i. after VIP (or PBS) treatment, immersed in PBS, embedded in Optimal Cutting 

Temperature (OCT) medium (Sakura Finetek, Torrance, CA) and frozen in liquid nitrogen. 

Frozen sections were cut (10 µm thick), and mounted to poly-l-lysine coated glass slides. 

Slides were incubated overnight at 37°C and fixed in acetone. Sections were incubated 30 

min with a blocking reagent (0.01M phosphate buffer containing 2.5% BSA and 1:100 

donkey IgG (Jackson ImmunoResearch) at room temperature. Sections were incubated for 1 

h in primary antibody, rabbit anti-HMGB1 (1:100; Cell Signaling, Danvers, MA) diluted in 

blocking agent and then a 1 h incubation in Alexafluor 546 conjugated donkey anti-rabbit 

(diluted 1:1500 in 0.01M Tris-HCl; Molecular Probes, Eugene, OR). Sections were then 

incubated for 2 min with SYTOX Green nucleic acid stain (1:20,000-Lonza, Walkersville, 

MD) and cover slipped using Vectashield mountant (Vector Laboratories, Burlingame, CA). 

Negative controls were similarly treated with species specific IgG, replacing the primary 

antibody. Sections were observed and digital images captured with a confocal microscope 

(TCS SP2; Leica Microsystems, Exton, PA).

To determine if macrophages and/or PMN are a source of HMGB1, infected corneas from 

C57BL/6 mice were harvested 3 days p.i. embedded, sectioned, and incubated in blocking 

reagent as described above. Sections were incubated simultaneously with two primary 

antibodies, rabbit anti-HMGB1 and either rat anti-macrophage (F4/80-Santa Cruz), or rat 

anti-neutrophil (NIMP-R14, Abcam, Cambridge, MA) all at 1:100, diluted in blocking agent 

for 1 h followed by a 1 h incubation in Alexafluor 647 conjugated donkey anti-rabbit and 

Alexafluor 546 conjugated donkey anti-rat (both diluted 1:1500 in 0.01M Tris-HCl, 

Molecular Probes). Sections were then incubated with SYTOX Green nucleic acid stain and 

cover slipped using Vectashield mountant as described above. Negative controls were 

similarly treated with species specific IgG, to replace primary antibodies. Sections were 

observed and digital images captured with a confocal microscope (TCS SP8; Leica 

Microsystems).

ELISA

Individual corneas taken for ELISA were homogenized in 500 µl PBS with 0.1% Tween 20 

with a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN) and centrifuged at 

12,000 X g for 5 min. After VIP/PBS or siHMGB1/scrambled siRNA treatment, normal 

(uninfected) and infected samples were harvested and prepared as described above at 1or 3 

and 5 days p.i. A 50 µl aliquot of each supernatant was assayed in duplicate for HMGB1 

protein per the manufacturer’s instructions (Chondrex, Inc. Redmond, WA). Sensitivity of 

the assay was 1.6 ng/ml. After siHMGB1 or scrambled siRNA treatment, normal 

(uninfected) and infected samples were harvested and prepared as described above at 3 and 

5 days p.i. A 50 µl aliquot of each supernatant was assayed in duplicate for IL-1β, MIP-2, 

and CXCL12 protein (R&D Systems) and 100 µl was assayed in duplicate for CXCR4 

protein (My BioSource, San Diego, CA) per the manufacturer’s instructions. After 

siHMGB1 or scrambled siRNA treatment and infection with clinical isolate KEI 1025, 

corneas were harvested at 3 and 5 days p.i. and assayed for IL-1β and MIP-2 protein. 
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Sensitivities of the assays were 2.31 pg/ml (IL-1β), 1.5 pg/ml (MIP-2), 44 pg/ml (CXCL12), 

and 75 pg/ml (CXCR4).

Myeloperoxidase (MPO) assay

An MPO assay was used to quantitate PMN number in the cornea of siHMGB1 vs 

scrambled controls (infected with strain 19660 and/or KEI 1025 clinical isolate), anti-

HMGB1 vs IgY, and rHMGB1 vs PBS. Individual corneas were removed at 3 and/or 5 days 

p.i. and homogenized in 1.0 ml of 50mM phosphate buffer (pH 6.0) containing 0.5% 

hexadecyltrimethyl-ammonium (Sigma). Samples were freeze-thawed four times and after 

centrifugation, 100 µl of the supernatant was added to 2.9 ml of 50 mM phosphate buffer 

containing o-dianisidine dihydrochloride (16.7 mg/ml, Sigma) and hydrogen peroxide 

(0.0005%). The change in absorbency at 460 nm was monitored for 5 min at 30 sec 

intervals. The slope of the line was determined for each sample and used to calculate units of 

MPO/cornea. One unit of MPO activity is equivalent to ~2×105 PMN (21).

Staining and quantitation of monocytes and macrophages from the infected cornea

After siHMGB1 or scrambled control treatment, individual corneas were harvested at 3 and 

5 days p.i. and incubated in 1 ml (1 mg/ml) Type I collagenase (Sigma) in HBSS 

(Invitrogen) containing 5% FBS for 2–2.5 h at 37°C. The samples were pipetted several 

times every 15 min to aid in dissociation of the cornea. Cell suspensions were centrifuged at 

300 x g, 4°C for 5 min to pellet cells. Cells in suspension were fixed for 10 min in 100 µl 

0.01% formaldehyde/PBS at room temperature. Cells were permeabilized by adding 100 µl 

of permeabilizing reagent (0.5% Tween 20/PBS) and incubated for an additional 15 min. 

Cells were centrifuged and the cell pellet washed with 500 µl permeabilizing reagent. The 

cell suspensions were incubated separately with 100 µl rat anti-monocyte and macrophage 

antibody (MOMA-2, Abcam) diluted 1:25, or rat anti-macrophage (F4/80, Santa Cruz) 

diluted to 50 µg/ml in permeabilization reagent for 1 h on ice. After washing in 500 µl PBS 

with 5% FBS, the cell suspension was incubated in 100 µl FITC-conjugated donkey anti-rat 

IgG (H+L) (Jackson ImmunoResearch) diluted 1:50 in permeabilization buffer for 1 h on 

ice. Cells were washed with 500 µl PBS with 5% FBS and positive cells counted on a 

Cellometer Vision (Nexcelom Biosciences, Lawrence, MA) and expressed as a percentage 

of the total cell number. The cells also were analyzed using the Cellometer software package 

(FCS Express 4) and data expressed as dot plots. Cell viability following staining and 

quantitation was >85%.

Statistical analysis

The difference in clinical score between two groups at each time was tested by the Mann-

Whitney U test; horizontal bar indicates median value. An unpaired, two-tailed Student’s t-

test was used to determine the statistical significance of the real-time RT-PCR, ELISA, 

MPO and cell count data, and considered significant at p≤0.05. All these experiments were 

repeated once to ensure reproducibility and data are shown as mean ± standard error of the 

mean (SEM).
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Results

HMGB1 in cornea

PCR array revealed that VIP treatment down-regulated mRNA expression of HMGB1 in 

C57BL/6 cornea 13.72 fold over PBS treatment at 3 days p.i. (Fig. 1A). The kinetics of 

down-regulation was tested by real time RT-PCR and ELISA and the data are shown in Fig. 

1B and C. Although HMGB1 mRNA was similarly expressed in the uninfected, normal 

cornea of both groups, its expression was decreased after infection. VIP vs PBS treatment 

significantly reduced HMGB1 at 1, 3, 5, and 7 days p.i. (p<0.001 for 1 and 3 days, p<0.05 

and p<0.01, for 5 and 7 days p.i.) when compared to levels after PBS treatment (Fig. 1B). 

ELISA analysis showed that protein levels of HMGB1 were significantly down-regulated 

after VIP treatment in the uninfected, normal cornea and at 3 and 5 days p.i. (p<0.01, 

p<0.001 and p<0.001) when compared to levels in PBS treated mice (Fig. 1C).

HMGB1 staining after VIP treatment

Immunohistochemistry was used to localize the expression of HMGB1 in the infected 

cornea at 1 and 5 days p.i. after treatment with VIP or PBS. At 1 day p.i., staining for 

HMGB1 (red) was seen in both the corneal epithelium (Epi, arrows) and stroma (Stroma, 

arrows) after PBS treatment (Fig. 2A), but was observed only in the epithelium (Epi, arrows) 

after VIP treatment (Fig. 2B). At 5 days p.i., staining for HMGB1 was seen in the corneal 

stroma (Stroma, arrows) of PBS treated mice (Fig. 2C); VIP treated mice (Fig. 2D) had 

much reduced corneal staining and appeared more similar to negative controls (Fig. 2E and 

F).

RNA interference

HMGB1 knockdown was used to test effects on disease pathogenesis and data are shown 

(Fig. 3A–C). Significantly lower disease scores were seen at 3 and 5 days p.i. in the 

siHMGB1 vs scrambled, control treated mice (p=0.05 and p=0.01, respectively). However, 

no significant difference in disease response was observed between groups at 1 day p.i. 

Photographs taken with a slit lamp documented corneal disease in siHMGB1 (Fig. 3B, +2 to

+3) vs scrambled control (Fig. 3C, +4) treated mice at 5 days p.i. To confirm the specificity 

of HMGB1 knockdown, mRNA levels were tested and showed (Fig. 3D) that silencing 

HMGB1 was significant and specific up to 5 days p.i. (p<0.001). Protein levels also were 

tested (Fig. 3E) and after silencing were significantly reduced at 1 and 5 days p.i. (p=0.003 

and p=0.03). To test the cell source of HMGB1 after infection, dual immunostaining was 

used and showed (magenta) that some, but not all stromal macrophages (Fig. 3F) and/or 

PMN (Fig. 3G) stained specifically for HMGB1. Controls (Fig. 3H and I) showed no 

specific immunostaining for macrophages (H) or PMN (I).

Real time RT-PCR

IL-1β (Fig. 4A), MIP-2 (Fig. 4B), TNF-α (Fig. 4C), TLR4 (Fig. 4D), and RAGE (Fig. 4E) 

mRNA levels were tested and each was significantly reduced at 5 days p.i. in siHMGB1 vs 

scrambled control treated animals (p<0.001 for all except RAGE, p<0.01). mRNA levels of 

anti-inflammatory molecules SIGIRR (Fig. 4F) and ST2 (Fig. 4G) were slightly but 
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significantly elevated at 5 days p.i. in siHMGB1 vs scrambled control treated corneas 

(p<0.01 and 0.05). No differences were detected between groups in the uninfected, 

contralateral normal cornea for any of the genes tested (Fig. 4A–G).

ELISA and MPO after RNA interference

ELISA assays were used to confirm the reduction in selected molecules at the protein level. 

IL-1β was significantly reduced at 5 days p.i. in siHMGB1 compared to scrambled control 

treated mice (p<0.01) with no difference between groups in uninfected, normal corneas or at 

3 days p.i. (Fig. 5A). MIP-2 protein, a chemoattractant for PMN, was significantly lowered 

in siHMGB1 vs scrambled control treated mice at both 3 and 5 days p.i. (p<0.01 and 

p=0.05) with no significant difference between groups in uninfected, normal control corneas 

of either group (Fig. 5B). Since silencing HMGB1 reduced levels of both IL-1β and MIP-2, 

an MPO assay was used to quantitate the number of PMN in the infected cornea following 

siHMGB1 vs scrambled control treatment (Fig. 5C). MPO showed a significant reduction in 

PMN at 5 days p.i. in siHMGB1 vs scrambled control treated mice (p=0.02); no difference 

was detected between groups at 3 days p.i.

RT-PCR, ELISA and monocyte/macrophage cell count

To explore HMGB1 signaling pathway involvement, real time RT-PCR analysis tested 

mRNA expression of CXCL12 in siHMGB1 treated mouse cornea compared to scrambled 

controls. Levels were significantly reduced at 1 day p.i. (p<0.001), but no difference was 

seen between groups in uninfected normal cornea, or at 3 and 5 days p.i. (Fig. 6A). ELISA 

assay (Fig. 6B) showed that protein expression of CXCL12 was reduced significantly in the 

normal cornea (p<0.04) and after 5 days p.i. (p<0.001). Silencing HMGB1 also significantly 

reduced expression of CXCR4 mRNA in the cornea at 1, 3, and 5 days p.i. compared to the 

scrambled control (p<0.001, 0.01 and 0.01), with no difference between groups in the 

uninfected, normal control (Fig. 6C). CXCR4 protein in the cornea was significantly 

reduced after silencing HMGB1 at 5 days p.i (p<0.01) compared to scrambled control 

treatment. No difference was detected between groups in uninfected, normal cornea or at 3 

days p.i. (Fig. 6D). The number of monocytes and macrophages were quantitated separately 

after infection and corneal disaggregation to determine if siHMGB1 diminished HMGB1 

dependent mononuclear cell recruitment (Fig. 7A–E). At 3 days p.i., no difference was seen 

in either monocyte/macrophage (MOMA positive) or macrophage (F4/80 positive) cells as a 

percent of total corneal cells. However, at 5 days p.i., both populations of cells were 

significantly reduced (p=0.04 and p=0.007) when compared with scrambled control treated 

values (Fig. 7A). Dot plots are also provided and show fluorescence intensity and cell size 

for the 3 and 5 day p.i. time points. At 3 days, no difference was seen between groups for 

MOMA positive (intermediate and large cells) or F4/80 positive (large) cells (Fig. 7B and 

C). However, at 5 days p.i., siHMGB1 treatment reduced the proportion of intermediate and 

large size cell size populations when compared with scrambled control treatment (Fig.7D 

and E).

Antibody neutralization, rHMGB1 and clinical isolate testing

To confirm the siRNA data selected studies were performed. In the first, neutralizing 

antibody to HMGB1 was tested and showed that antibody treatment improved clinical score 
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at 5 days p.i. (Fig. 8A) and slit lamp confirmed the perforation response typical of the 

control treated group (Fig. 8C) compared with a +3 opacity, a typical response score in the 

antibody treated mice (Fig. 8B). MPO assay confirmed that less opacity was consistent with 

a decrease in PMN in the antibody vs IgY treated control mice at 5 days p.i. (Fig. 8D). 

Resistant BALB/c mice were treated with rHMGB1 and clinical score was assessed and 

found significantly reduced in the PBS vs rHMGB1 treated mice at both 5 and 7 days after 

infection (Fig. 9A, p=0.02 and p=0.005). The response at 7 days in the controls (Fig. 9C) 

shows an almost clear cornea, when compared with a +1 to +2 in the recombinant treated 

(Fig. 9B) mice. MPO assay also was done and rHMGB1 mice had a greater number of PMN 

in cornea vs PBS controls (Fig. 9D, p<0.05) at 7 days p.i.) A clinical isolate KEI 1025 also 

was tested after siRNA HMGB1 treatment of C57BL/6 mice and the data shown in Fig. 10 

(A–F). Clinical score (Fig. 10A) was reduced after silencing at 3 and 5 days p.i. (p<0.01 for 

both). Corneal opacity in HMGB1 knockdown mice was reduced to +1 (Fig. 10B), while 

controls (Fig. 10C) exhibited a +2 to +3 response indicative of increased disease; a ring 

infiltrate was also visible in the corneal periphery. Protein levels for IL-1β, and MIP-2 were 

tested (Fig. 10D and E) and silencing reduced each of the cytokines significantly at 5 

(p<0.001, p<0.0001) but not 3 days p.i. MPO (Fig. 10F) revealed reduced PMN in cornea at 

both 3 and 5 days p.i. (p<0.05, p<0.001).

Discussion

VIP is a short-lived small peptide hormone that is produced by the gut, pancreas and brain. 

It has enjoyed intense interest for treating inflammatory diseases clinically, but some issues 

remain (22). One of them, its delivery, is critical to the therapeutic use of VIP in human 

disease. In this regard, VIP is degraded quickly by enzymes, catalytic antibodies, and 

spontaneous hydrolysis in biological fluids (13). Furthermore, systemic administration of 

VIP has been shown to cause cardiovascular side effects (23). Nonetheless, VIP given 

experimentally reduces the incidence of perforation in the P. aeruginosa infected mouse 

cornea and VIP knockout mice are highly susceptible to infection with accelerated time to 

perforation when compared with wild type controls (24). VIP is in general, anti-

inflammatory, in that it protects against several immune disorders by regulating a wide panel 

of inflammatory mediators. VIP reduces sepsis lethality induced by cecal ligation and 

puncture and/or or by injection of live Escherichia coli (25). Of interest to us, was the fact 

that the therapeutic effect of VIP was accompanied by a decrease in systemic levels of the 

alarmin, HMGB1 (12). In addition, administration of recombinant HMGB1 was shown to 

completely reverse the protective effect of VIP in experimental sepsis (12). HMGB1, 

originally described as a nuclear protein that bends DNA (25) is therefore a molecular target 

that provides a wide window for clinical intervention in diseases such as sepsis, and 

potentially other infectious diseases such as bacterial keratitis. In vitro and ex vivo (12) 

studies show that VIP down-regulates translocation of HMGB1 from the nucleus to the 

cytoplasm and its subsequent secretion (26) by activated macrophages, suggesting that 

macrophages are major targets in the inhibitory activity of this neuropeptide. In other 

studies, (27, 28) administration of anti-HMGB1 antibodies or inhibitors rescued mice from 

lethal experimental sepsis, even when the first dose was given 24 h after onset. Taken 

together, these data establish HMGB1 as a late mediator of experimental sepsis with a wider 
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therapeutic window than early mediators such as TNF (27). In the keratitis model used 

herein, VIP treatment also reduced HMGB1 in the infected cornea over 13 fold and RT-PCR 

confirmed its reduction at the mRNA level and revealed the kinetics of the response. 

HMGB1 mRNA levels were reduced as early as 1 day after infection, but reduction persisted 

throughout 7 days p.i. of observation, consistent with the observation in sepsis of its late 

persistence, allowing it as a potential target in patients. Protein levels were reduced at all 

times tested as well. Immunostaining revealed that the effects of VIP treatment decreased 

HMGB1 staining in both the epithelium and stroma (infiltrated with PMN and 

macrophages), at both 1 and 5 days p.i. when compared with PBS treatment. Using this 

technique, we also found that both (but not all) PMN and macrophages secrete HMGB1 in 

the infected cornea.

Unlike IL-1β (8), the role for HMGB1 in bacterial disease is less clear (29). Although 

HMGB1 is a mediator of late-phase endotoxic shock and neutralizing antibodies are 

protective (25), conditional deletion of HMGB1 from myeloid cells resulted in increased 

sensitivity to endotoxic shock (30). Conditional knockout of HMGB1 from myeloid cells 

made mice more susceptible to L. monocytogenes infections (30). However, neutralizing 

antibodies against HMGB1 in cystic fibrosis patients protected against P. aeruginosa 

infection by reducing lung injury, bacterial load and PMN persistence (31). This suggests a 

similarity to the negative role of excessive IL-1β in P. aeruginosa corneal infections (8). 

HMGB1 is released following necrosis of cells or during inflammasome activation after 

bacterial infection. Since HMGB1 can also bind to a wide variety of bacterial products (32), 

it is likely that HMGB1 can also potentiate the immune sensing of several bacterial 

pathogens associated molecular patterns (PAMPs).

Therefore, to further test the effect of reducing levels of HMGB1 on bacterial keratitis, 

knockdown of HMGB1 was used and confirmed the importance of the molecule in infected 

corneas. This was evidenced by observation that scrambled control treated vs siHMGB1 

mice had perforated corneas (7/10) when compared to knockdown (1/10) treatment. 

Silencing HMGB1 also reduced both mRNA and protein levels of the alarmin as well as 

several pro-inflammatory cytokines at the mRNA level, including IL-1β, MIP-2, TNF-α, 

TLR4 and RAGE. Protein levels of both IL-1β and MIP-2, as well as MPO levels also were 

decreased, similar to the affects reported by others (31) using antibody neutralization of 

HMGB1 in a mouse model of cystic fibrosis. In contrast, anti-inflammatory molecules 

SIGIRR and ST2 were increased, which could participate to favorably affect the overall 

disease response.

Accumulating evidence indicates that HMGB1 also can stimulate migration of monocytes 

(33), dendritic cells (34, 35) and neutrophils (36). These raise a possibility that extracellular 

HMGB1 may recruit cells to sites of infection or injury (37), thereby functioning as a 

potential chemokine (38). HMGB1-induced cell migration requires activation of the 

canonical and non-canonical NF-κB pathways, which in turn leads to transcription of the 

Cxcl12 gene (39). Elegant recent studies have shown that HMGB1-induced recruitment of 

inflammatory cells depends on CXCL12 which forms a heterocomplex with HMGB1 and 

acts exclusively through the α-chemokine receptor, CXCR4 and not through other HMGB1 

receptors (40). In those studies, fluorescence resonance energy transfer data showed that the 
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HMGB1- CXCL12 heterocomplex promotes different conformational rearrangements of 

CXCR4 from that of CXCL12 alone and is responsible for mononuclear cell migration.

This study (40) prompted us to test whether monocytes and macrophages were directly 

affected by silencing HMGB1 in the keratitis model. Levels of CXCL12 and CXCR4 at both 

mRNA and protein levels were examined after silencing and were reduced at various time 

points following infection. To test if silencing affected monocytic cells, markers for 

monocytes/macrophages (MOMA) and only macrophages (F4/80) were used separately to 

label the cells, followed by quantitation. Positive cells for each marker were expressed as a 

percentage of total corneal infiltrated cells; no difference was observed at 3 days p.i. but by 

5 days p.i., silencing had reduced both MOMA (monocytes and macrophages) and F4/80 

(macrophages only) positive cells significantly compared with scrambled controls. In other 

studies, mononuclear cell recruitment in vivo into air pouches and injured muscles depended 

on the heterocomplex formation and furthermore, provided evidence that CXCR4 signaling 

was inhibited by AMD3100 (40, 41).

In addition to regulation of monocytic populations of cells, in allergic lung inflammation 

(42) recent data suggest that HMGB1 directs Th17 skewing by regulating dendritic cell 

function, suggesting that HMGB1 drives the DC-polarized Th17-type response and that 

blocking HMGB1 may be beneficial in attenuating neutrophilic airway inflammation in 

asthma via this mechanism. The latter was not investigated in the current study reported 

herein, but suggests another possible indirect role for HMGB1 in recruitment of PMN 

during bacterial keratitis.

Other approaches to modulate levels of HMGB1, including antibody neutralization, 

provided corroborative data that reduction of HMGB1 improved disease outcome (no 

perforation). This was accompanied by reduced PMN (27, 28) in the cornea which is 

consistent with, but not as effective as with siRNA treatment. This could reflect that the 

amount of antibody injected, or the number of injections, were insufficient to provide a 

greater beneficial affect. However, when we injected resistant mice with rHMGB1 (12), 

disease worsened considerably and was associated with enhanced PMN in cornea. Lastly, 

using a clinical isolate KEI 1025, and silencing HMGB1, we found that the disease response 

was consistent with the siRNA studies using C57BL/6 mice and the ATCC strain 19660. 

Corneal disease was reduced considerably, and silencing appeared even more efficacious 

with the clinical isolate than with the ATCC strain, perhaps reflecting differences in 

virulence between the two. Consistent with reduced disease, IL-1β, and MIP-2 protein, as 

well as MPO were all reduced significantly after silencing.

Alternatively, HMGB1 has been identified as essential in cardiac repair during murine acute 

myocardial infarction, resulting in cardiac regeneration via resident c-kit+ (progenitor) cell 

activation (43). Thus, pharmacological or other types of modulation coupled with antibiotic 

treatment, rather than abrogation of systemic HMGB1 accumulation, as with knockdown, 

may provide an alternate approach to explore further for treatment of bacterial keratitis.
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Figure 1. Effect of VIP treatment
PCR array of VIP and PBS treated mouse corneas at 3 days p.i. (n=5/group) showed a 13.72 

fold down-regulation of HMGB1 after VIP treatment (A). Real time RT-PCR showed 

significant down-regulation of HMGB1 in VIP treated corneas at 1, 3, 5, and 7 days p.i. 

(p<0.001, p<0.001, p<0.05 and p<0.01), but no difference between normal, uninfected 

corneas (n=5/group/time) (B). ELISA analysis showed significantly less HMGB1 protein in 

the normal, uninfected corneas of VIP compared to PBS treated mice (p<0.01) and at 3 and 
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5 days p.i. (p<0.001 for both) (C). (n=5/group/time) Data shown in (B) and (C) analyzed 

using a two-tailed Student’s t-test and shown as the mean ± SEM.
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Figure 2. HMGB1 corneal staining after VIP treatment
More positive staining for HMGB1 (red) was seen after PBS (A) when compared to VIP 

treatment (B) at 1 day p.i. Staining at 5 days p.i. also showed more corneal HMGB1 (red) in 

the PBS (C) vs VIP treated animals (D). Negative controls in which species specific IgG 

replaced the primary Ab are negative for HMGB1 staining (red) after PBS (E) and VIP (F) 

treatments. (Epithelium=Epi and stroma=Stroma). Mag=115X (n=5/group/time/assay)
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Figure 3. Interference of HMGB1 expression with siRNA
Clinical score (A) shows that treatment with siRNA HMGB1 resulted in significantly less 

disease at 3 and 5 days p.i. (p=0.05 and p=0.01, respectively) with no difference at 1 day p.i. 

(n=10/group/time). Photographs taken with a slit lamp of representative corneas at 5 days 

p.i. show less opacity with no corneal perforation in knockdown treated mice (+2 to +3) (B) 

and corneal perforation in the control cornea (+4) (C). RT-PCR showed significant down-

regulation of HMGB1 mRNA at 5 days p.i after silencing HMGB1 (p<0.001) (D), and 

ELISA assay showed a similar reduction in HMGB1 protein at both 3 and 5 days p.i. after 
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siHMGB1 treatment (p=0.003 and p=0.03) (E). Dual immunohistochemistry (magenta) for 

HMGB1 (blue) and macrophages (red) (F) or PMN (red) (G) revealed that both cell types 

are a source of HMGB1 in the infected cornea. Negative controls in which species specific 

IgG replaced the primary antibodies are negative (H and I). Clinical score data (A) analyzed 

using a non-parametric Mann-Whitney test, with medians indicated for each group. Data 

shown in (D) and (E) analyzed using a two-tailed Student’s t-test and shown as the mean ± 

SEM. B and C Mag=8X (n=10/group/time), F and I Mag=500X.
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Figure 4. Real time RT-PCR
RT-PCR revealed significantly reduced expression of mRNA for (A) IL-1β (p<0.001), (B) 

MIP-2 (p<0.001), (C) TNF-α (p<0.001), (D) TLR4 (p<0.001), and (E) RAGE (p<0.01) after 

silencing HMGB1. mRNA expression for (F) SIGIRR and (G) ST2 were significantly 

elevated after HMGB1 silencing (p<0.01 and 0.05, respectively) (n=5/group/time). Data 

shown in (A–G) analyzed using a two-tailed Student’s t-test and shown as the mean ± SEM.
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Figure 5. ELISA and MPO assay
Protein levels for IL-1β (A) were significantly reduced at 5 days p.i. after silencing HMGB1 

compared to scrambled control treatment (p<0.01) with no difference seen between groups 

at 3 days p.i. or in normal, uninfected corneas. Silencing HMGB1 significantly reduced 

MIP-2 protein levels (B) at 3 and 5 days p.i. compared to scrambled controls (p<0.01 and 

p=0.05). No difference was detected between groups in normal, uninfected cornea. MPO 

assay (C) detected fewer PMN in the cornea of siHMGB1 vs scrambled control treated mice 
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(p=0.02). (n=5/group/time for each assay) Data shown in (A-C) analyzed using a two-tailed 

Student’s t-test and shown as the mean ± SEM.
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Figure 6. RT-PCR and ELISA for inflammatory cell recruitment complex molecules
(A–E). Significantly less CXCL12 mRNA was detected in the cornea after silencing 

HMGB1 at 1 day p.i. (p<0.001) compared to scrambled siRNA treatment No significant 

difference was detected between groups in normal, uninfected cornea or at 3 and 5 days p.i. 

(A). CXCL12 protein was reduced in the normal (p<0.04) and at 5 days p.i. (p<0.001) 

cornea after siHMGB1 treatment (B). Expression of CXCR4 was significantly reduced in 

the cornea of siHMGB1 compared to scrambled control treated mice at 1, 3, and 5 days p.i. 

(p<0.001, 0.01, and 0.01). No difference was detected between groups in normal, uninfected 

corneas (C). CXCR4 protein was significantly reduced in the corneas of siHMGB1 vs 

control treated mice at 5 days p.i. (p<0.01). No difference was detected between groups in 

normal, uninfected corneas or at 3 days p.i. (D).
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Figure 7. Cell analysis
MOMA and F4/80 positive cells, assayed separately, were no different between groups at 3 

days p.i.; at 5 days p.i., fewer MOMA positive (p=0.04) cells and fewer F4/80 positive cells 

(p=0.007) were seen after siHMGB1 when compared to scrambled control treatment (A). 

(n=5/group/time/assay). Dot plots (B–E), show no differences between groups at 3 days, but 

at 5 days, siHMGB1 treatment reduced intermediate and large size cell populations when 

compared with scrambled control treatment. Data shown in (A) analyzed using a two-tailed 

Student’s t-test and shown as the mean ± SEM.
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Figure 8. HMGB1 neutralization
Clinical score (A) shows that antibody neutralization of HMGB1 resulted in significantly 

less disease at 5 days p.i. (p<0.05) with no difference in disease scores seen at 1 and 3 days 

p.i. (n=10/group/time). Photographs taken with a slit lamp of representative corneas at 5 

days p.i. show opacity with no perforation in the cornea of anti-HMGB1 treated mice (+3) 

(B) and corneal perforation in the IgY treated control cornea (+4) (C). MPO assay (D) 

detected fewer PMN in the cornea of anti-HMGB1 vs IgY control treated mice at 5 days p.i. 

(p<0.05) (n=10/group/time for each assay) Clinical score data (A) analyzed using a non-
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parametric Mann-Whitney test, with medians indicated for each group. Data shown in (D) 
analyzed using a two-tailed Student’s t-test and shown as the mean ± SEM. B and C Mag= 

5X.
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Figure 9. rHMGB1 treatment
Clinical score (A) shows that rHMGB1 resulted in significantly more severe disease at 5 and 

7 days p.i. (p=0.02 and p=0.005, respectively) with no difference in disease scores at 1 and 3 

days p.i. (n=10/group/time). Photographs taken with a slit lamp of representative corneas at 

7 days p.i. show more opacity in the cornea of rHMGB1 treated mice (+2 to +3) (B) and 

slight opacity in PBS treated control cornea (0 to +1) (C). MPO assay (D) detected more 

PMN in the cornea of rHMGB1 vs PBS control treated mice at 7 days p.i. (p<0.05) (n=10/

group/time) Clinical score data (A) analyzed using a non-parametric Mann-Whitney test, 

with medians indicated for each group. Data shown in (D) analyzed using a two-tailed 

Student’s t-test and shown as the mean ± SEM. B and C Mag=5X.
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Figure 10. siHMGB1 treatment and infection with clinical isolate KEI 1025
Clinical score (A) shows that treatment with siRNA for HMGB1 resulted in significantly 

less disease at 3 and 5 days p.i. (p<0.01 for both) with no difference in disease scores seen at 

1 day p.i. (n=5/group/time). Photographs taken with a slit lamp of representative corneas at 5 

days p.i. show only slight central opacity in the cornea of knockdown treated mice (+1) (B) 

and a more dense corneal opacity in the control cornea (+2 to +3) (C). Protein levels for 

IL-1β (D) were significantly reduced at 5 days p.i. after silencing HMGB1 compared to 

scrambled control treatment (p<0.001) with no difference seen between groups at 3 days p.i. 

or in normal, uninfected corneas. Silencing HMGB1 significantly reduced MIP-2 protein 

levels (E) 5 days p.i. compared to scrambled controls (p<0.0001). No difference was 

detected between groups at 3 days p.i. or in normal, uninfected cornea. MPO assay (F) 

detected fewer PMN in the cornea of siHMGB1 vs scrambled control treated mice at both 3 

and 5 days p.i. (p<0.05 and p<0.001, respectively). (n=5/group/time for each assay) Clinical 

score data (A) analyzed using a non-parametric Mann-Whitney test, with medians indicated 

for each group. Data shown in (D–F) analyzed using a two-tailed Student’s t-test and shown 

as the mean ± SEM. B and C Mag=6X.
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Table I

Nucleotide sequence of the specific primers used for PCR amplification

Gene Nucleotide Sequence Primer GenBank

β-actin 5'- GAT TAC TGC TCT GGC TOC TAG C -3' F NM_007393.3

5'- GAC TCA TOG TAC TOC TGC TTG C -3' R

HMGB1 5'- TGG CAA AGG CTG ACA AGG CTC -3' F NM_010439.3

5'- GGA TGC TOG OCT TTG ATT TTG G -3' R

IL-1β 5'- OGC AGC AGC ACA TCA ACA AGA GC -3' F NM_008361.3

5'- TGT OCT CAT OCT GGA AGG TOC AOG -3' R

MIP-2 5'- TGT CAA TGC CTG AAG AOC CTG OC -3' F NM_009140.2

5'- AAC TTT TTG AOC GOC CTT GAG AGT GG -3' R

TNF-α 5'- AOC CTC ACA CTC AGA TCA TCT T -3' F NM_013693.2

5'- GGT TGT CTT TGA GAT OCA TGC -3' R

TLR4 5'- OCT GAC AOC AGG AAG CTT GAA -3' F NM_021297.2

5'- TCT GAT OCA TGC ATT GGT AGG T -3' R

RAGE 5'- GCT GTA GCT GGT GGT CAG AACA -3' F NM_007425.2

5'- OOC CTT ACA GCT TAG CAC AAG TG -3' R

SIGIRR 5'-GTG GCT GAA AGA TGG TCT GGC ATT G -3' F NM_023059.3

5'- CAG GTG AAG GTT OCA TAG TOC TCT GC -3' R

ST2 5'- TGA OGC OCA OCA GAT CAT TCA CAG -3' F NM_010743.2

5'- GOC AAA GCA AGC TGA ACA GGC AAT AC -3' R

CXCL12 5'- TGC ATC AGT GAC GGT AAA OCA -3' F NM_021704.3

5'- CAC AGT TTG GAG TGT TGA GGA T -3' R

CXCR4 5'- CTT CTG GGC AGT TGA TGC CAT -3' F NM_009911.3

5'- CTG TTG GTG GOG TGG ACA AT -3' R

F, forward; R, reverse.
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