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Antimicrobial peptides (AMPs), such as �-defensins and cathelicidins, are essential components of innate and adaptive immu-
nity owing to their extensive multifunctional activities. However, their role in fungal infection in vivo remains elusive. In this
study, we investigated the protective effect of murine �-defensin 3 (mBD3), mBD4, and the cathelicidin cathelin-related antimi-
crobial peptide (CRAMP) in a murine model of Fusarium solani keratitis. C57BL/6 mice showed significant corneal disease 1 and
3 days after infection, which was accompanied by enhanced expression of �-defensins and CRAMP. Disease severity was signifi-
cantly improved 7 days after infection, at which time AMP expression was returning to baseline. Mice deficient in mBD3 (genetic
knockout), mBD4 (short interfering RNA knockdown), or CRAMP (genetic knockout) exhibited enhanced disease severity and
progression, increased neutrophil recruitment, and delayed pathogen elimination compared to controls. Taken together, these
data suggest a vital role for AMPs in defense against F. solani keratitis, a potentially blinding corneal disease.

Fungal keratitis (keratomycosis), which is more common in
warmer, humid climates, is a potentially devastating ocular

infection. It is characterized by epithelial edema and intense stro-
mal inflammation which, if untreated, can lead to corneal scar-
ring, profound vision loss, and possibly endophthalmitis (1–3).
While a range of fungi may be the culprit, Fusarium species are the
most commonly isolated organisms, with Fusarium solani being
implicated as the causative pathogen in more than 30% of cases
(2–4). Ocular trauma and contact lens wear have long been rec-
ognized as the major predisposing factors for fungal keratitis, with
F. solani being the culprit in the 2004-2006 worldwide epidemic
associated with contact lens wear (5, 6). Little emphasis had been
placed on the study of the host-pathogen response until quite
recently. A breach in the corneal epithelium facilitates entry of
conidia, which germinate, and the hyphae penetrate the corneal
stroma, initiating an immune response mediated via toll-like re-
ceptors (TLRs) and Dectin-1 (7–10). Standard antifungal treat-
ments are most effective if given early, but overall, fungal keratitis
is notoriously difficult to treat, a problem further exacerbated by
the appearance of drug-resistant strains (11, 12).

In an effort to offer novel interventional opportunities, it is
imperative that we obtain a better understanding of the pathology,
host response, and endogenous defense mechanisms related to
Fusarium-induced keratitis. Antimicrobial peptides (AMPs), such
as defensins and cathelicidin, are small cationic molecules with
roles in pathogen killing, immunomodulation, and wound heal-
ing, among others (13, 14). Studies show that these endogenous
molecules have potent antifungal activity, primarily via their
membrane perturbation effects, but modulation of intracellular
pathways may be involved (15–19). AMP immunomodulatory
effects also raise the possibility of a protective effect without direct
fungal killing (14, 20, 21).

Defensins and cathelicidin are produced by the ocular surface
epithelia and by immune and inflammatory cells infiltrating the
eye in response to infection (22). Recent in vivo studies in a murine
model of bacterial keratitis have shown that deficiency (either by
transient silencing by short interfering RNA [siRNA] or gene
knockout [KO]) of mouse �-defensin 2 (mBD2) or mBD3 (ho-
molog of human �-defensin 2) or the cathelicidin cathelin-related

antimicrobial peptide (CRAMP) (homolog of human LL37) re-
sults in more severe infection and tissue damage (23–26). Further,
exposure to Candida albicans significantly upregulated the expres-
sion of CRAMP (27), and mice deficient in CRAMP were more
susceptible to Candida keratitis than wild-type (WT) mice (28).
These studies show an essential role for AMPs in protection
against Pseudomonal and Candida keratitis. However, despite be-
ing the most common cause of fungal keratitis, little is known
about the role of AMPs in the innate immune response to Fusar-
ium. Therefore, this study focused on establishing a role for mouse
�-defensins and CRAMP in F. solani-induced keratitis in vivo.

MATERIALS AND METHODS
Fungi. F. solani (strain 36031; American Type Culture Collection, Manas-
sas, VA), a strain capable of producing murine keratomycosis (29), was
cultured in Sabouraud dextrose (SD) agar (Difco, Detroit, MI) for 3 days
at 30°C. A colony of F. solani was inoculated into 4 ml of SD broth and
grown aerobically overnight at 30°C, 250 rpm. Five hundred �l of fungal
suspension was inoculated into 50 ml of fresh SD broth at 30°C, 250 rpm
for 48 h to expand the culture. The conidia were harvested by filtering out
the hyphae by passing the culture through sterile phosphate buffer (PB)-
soaked gauze held in front of a 30-ml syringe. The turbidity of the suspen-
sion was adjusted to an optical density (OD) of 1 at 600 nm, which corre-
sponds to 5 � 105 culturable units (CU) (30). The conidial suspension
then was concentrated by centrifuging at 300 � g for 10 min, resuspended
in media to yield 1 � 106 CU/5 �l, and used to induce experimental
keratomycosis in mice as described below.

Experimental animals. Inbred mixed-sex, age-matched, 6- to 8-week-
old mice of the following genotypes were used: C57BL/6 mice (The Jack-
son Laboratory, Bar Harbor, ME), CRAMP KO mice (Cnlp�/�) on the
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C57 background (31), and homozygous WT (Defb3�/�) and mBD3 KO
(Defb3�/�) mice on the C57 background that were custom generated by
XenoGen Biosciences, now Taconic, Hudson, NY. Genotypes for
Cnlp�/�, WT, and KO mBD3 mice were confirmed by standard PCR
analysis done on DNA isolated from tail clips. In vivo knockdown of
mBD4 was achieved using a method previously described by Wu et al.
using siRNA purchased from Santa Cruz Biotechnology (24). Briefly, 5 �l
of 8 �M mBD4 siRNA or scrambled control siRNA was injected subcon-
junctivally into the right eye of C57BL/6 mice 1 day prior to fungal chal-
lenge. Topical application of 5 �l of 4 �M siRNA/mouse was performed
once on the day of infection following fungal inoculation. The topical
application was then repeated every 12 h for 2 days following infection.
Silencing of mBD4 was confirmed by relative quantitative reverse tran-
scription-PCR (RT-PCR) and immunostaining as described below. All
protocols used were approved by the University of Houston Institutional
Animal Care and Use Committee and were in compliance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.

Experimental keratomycosis. Wild-type and mutant mice were anes-
thetized by intraperitoneal injection of ketamine (100 mg/kg of body
weight) and xylazine (10 mg/kg) (Vedco, Inc., St. Joseph, MO) and then
placed beneath a surgical stereomicroscope. The cornea of the right eye
was scratched with a sterile 27-gauge needle. Three parallel 1-mm
scratches were made in the central cornea so as to abrade the full thickness
of the epithelium and penetrate the superficial stroma. A 5-�l aliquot
containing 1 � 106 CU of F. solani was pipetted directly onto the scarified
cornea. The clinical progression of infection was monitored, and the ex-
tent of corneal damage was evaluated and documented by digital imaging
using a slit lamp equipped with camera module CM 01 (Haag Streit USA,
Mason, OH) at days 1, 3, and 7 postinfection (p.i.). The progression of
infection was graded using a scale previously established by Wu et al. (30),
where a grade of 0 to 4 is assigned for each of three criteria: area of opacity,
density of opacity, and surface regularity. The scores from all three cate-
gories were summed to obtain a total possible score ranging from 0 to 12.
A total score of 5 or less represented mild eye disease, 6 to 9 represented
moderate disease, and more than 9 was categorized as severe disease.

Fungal load and myeloperoxidase assay. The fungal load was mea-
sured as previously described (32). Control and infected corneas from two
to four mice were harvested at days 1, 3, and 7 p.i. and homogenized (8 to
10 strokes for 10 s, repeated 3 times until all tissue was uniformly homog-
enized) on ice in 1 ml of sterile phosphate-buffered saline (PBS), pH 7.4.
A 100-�l aliquot of the homogenate was serially diluted in sterile PBS, and
duplicate aliquots were plated onto SD agar plates, which were incubated
for 48 to 72 h at 37°C, and then the number of culturable units was
counted. The remaining homogenate was processed to quantitate the
number of infiltrating neutrophils by myeloperoxidase (MPO) activity.
MPO determination is a standard and well-established method for assess-
ing neutrophil activity in infectious keratitis (33). To determine MPO
activity, hexadecyltrimethylammonium bromide at a final concentration
of 0.5% (wt/vol) in 50 mM phosphate buffer (pH 6.0) was added to 90 �l
corneal homogenate. Samples were then freeze-thawed three times and
centrifuged at 13,000 rpm for 20 min at 4°C. Ten �l of supernatant was
pipetted in triplicate onto a microtiter plate, and the reaction was initiated
by the addition of 90 �l 0.0167% (wt/vol) o-dianisidine dihydrochloride
and 0.002% (vol/vol) H2O2 in PBS. The absorbance was measured for 90
min at 450 nm and plotted in comparison to a standard curve generated
using purified MPO (Calbiochem, San Diego, CA) on the same plate (33).
Results are expressed as relative units of MPO activity per cornea (1 MPO
unit is proportional to 2 � 105 infiltrating neutrophils) (23, 24).

HRT imaging. Infected and control mouse corneas were imaged to
obtain inflammatory cell counts using noninvasive corneal confocal mi-
croscopy. Mice were anesthetized as described above and then placed in
an insulated 50-ml centrifuge tube with the bottom cut out to allow the
mouse head to protrude for imaging. Eyes were applanated and scanned
using a Heidelberg retinal tomographer III with a Rostock cornea module
(HRT-RCM) (400- by 400-�m resolution). The mouse holding tube was

attached to a gooseneck clamp and positioned such that the surface of the
objective cap was perpendicular to the surface normal of the corneal apex.
The cornea was applanated with enough force to maintain a stable image.
Full-thickness volume scans were obtained from multiple locations
within the central cornea. The bright, small, light-reflective cells indicate
inflammatory cell (most likely neutrophil) infiltration of the infected cor-
nea, as demonstrated by other investigators (34). Inflammatory cells were
counted using Image J software (NIH).

Quantitative real-time PCR. Whole corneas from infected and con-
trol eyes (n � 8 mice/group/time point) were harvested and pooled in
RNA lysis buffer at days 1, 3, and 7 p.i. In preliminary experiments, at-
tempts were made to isolate epithelium only. However, due to a very
robust infection leading to compromise of the cornea and sometimes
perforation, we had to abandon this approach and harvest whole corneas
for the experiments. Total RNA was extracted using a Totally RNA total
cellular RNA kit from Applied Biosystems (Carlsbad, CA) and quantified
using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wil-
mington, DE). To degrade any contaminating DNA, all samples were
treated with DNase (Qiagen, Valencia, CA). Two �g of total RNA was
reverse transcribed to cDNA using Moloney murine leukemia virus re-
verse transcriptase. The 20-�l reaction mixture contained 100 U reverse
transcriptase, 10 U RNasin, 1 �g of oligo(dT) primers, 10 mM deoxy-
nucleoside triphosphates (dNTPs), and reaction buffer (Biochain Insti-
tute Inc., Newark, CA). Relative quantitative real-time PCR amplification
was performed using SYBR green quantitative PCR Mastermix kits (Strat-
agene, Santa Clara, CA) with specific primers at a concentration of 10 �M
(sequences are presented in Table 1) at optimized concentrations to eval-
uate the expression of mouse defensins (mBD1, mBD2, mBD3, mBD4,
mBD5, mBD6, and mBD14) and CRAMP. The PCR included an initial
10-min denaturation at 95°C. Amplification of the cDNA was performed
for 40 cycles: denaturation, 95°C for 30 s; annealing, 56°C for 1 min; and
extension, 72°C for 30 s. No-RT and no-template controls were included.
Data analysis was performed using the Stratagene Mx3005 software, and
disassociation melt curves were analyzed to ensure reaction specificity.
Amplified gene products were normalized to RNA polymerase II (RPII),
the internal control, and calibrated to uninfected day 0 samples.

TABLE 1 Primer sequences

Primer Direction Sequence (5= to 3=)
mBD1 Forward CTGGGAGTTTCACATCCTCTC

Reverse CTCCATGTTGAAGGCATTTGT

mBD2 Forward CTACCAGCCATGAGGACTCTC
Reverse GTACTTGCAACAGGGGTTCTT

mBD3 Forward GGATCCATTACCTTCTGTTTGC
Reverse ATTTGAGGAAAGGAACTCCAC

mBD4 Forward GCTTCAGTCATGAGGATCCAT
Reverse CTTGCTGGTTCTTCGTCTTTT

mBD5 Forward CCTTCTCTTTGCATTTCTCCT
Reverse TTTCTCTTGCAGCAGTTGAGA

mBD6 Forward TACCTGCTCTTTGCCTTTATCC
Reverse TTCTGGCACTTATTCACATTGC

mBD14 Forward TCTTGTTCTTGGTGCCTGCT
Reverse CGACCGCTATTAGAACATCGAC

CRAMP Forward GCCGCTGATTCTTTTGACAT
Reverse GCCAAGGCAGGCCTACTACT

RPII Forward CTACACCACCTACAGCCTCCAG
Reverse TTCAGATGAGGTCCATGAGGAT
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Immunostaining. Uninfected control and infected eyes were enucle-
ated on days 1, 3, and 7 p.i. (n � 3/group/time). The globe was rinsed in
sterile Dulbecco’s PBS, embedded in Tissue-Tek optimal cutting temper-
ature compound (Miles Inc., Naperville, IL), and immediately frozen in
liquid nitrogen. Ten-micrometer-thick sagittal sections were cut and fixed
in ice-cold acetone for 3 min. The slides were rinsed in cold PBS and
blocked with 5% bovine serum albumin, 1% fish gelatin, 10% normal goat
serum, and 0.1% Triton X-100 in PBS at room temperature for 2 h. Sec-
tions were then incubated with primary antibodies against CRAMP,
mBD3, or mBD4 (Santa Cruz Biotechnology, Santa Cruz, CA) diluted
1/50 in blocking buffer overnight at 4°C. The sections were then rinsed 3
times in PBS and blocked at room temperature for 30 min. The tissue was
then incubated with goat anti-rabbit IgG coupled to Alexa Fluor 546 (In-
vitrogen, Carlsbad, CA), diluted 1/400 in blocking buffer, for 60 min at
room temperature. Control sections were similarly treated, but the pri-
mary antibodies were replaced with rabbit IgG (R&D systems, Minneap-
olis, MN). Vectashield prolong gold mounting medium (Vector Labora-
tories, Burlingame, CA) was used to mount the coverslips, staining was
visualized using a DeltaVision Core inverted microscope (Applied Preci-
sion, Issaquah, WA) system, and images were processed using SoftWorx
software.

Statistical analysis. Multiple comparisons were made using analysis
of variance (ANOVA) in conjunction with a Tukey’s honestly signifi-
cant difference (HSD) test to report mean differences. All experiments
were repeated at least three times, except where stated, to ensure re-
producibility.

RESULTS
F. solani keratitis in C57BL/6 mice. Clinical progression of infec-
tion, neutrophil recruitment, and fungal load were examined in

WT C57BL/6 mice infected with F. solani. Fig. 1A shows the mean
clinical scores from mice (n � 6) examined by a slit lamp. At day
1 p.i., the corneas appeared cloudy with mild surface irregularity
and an area of opacity ranging from 25 to 50%, with a mean
clinical score of 2.83 � 0.30. Fig. 1B shows an uninfected eye and
the typical appearance of F. solani corneal infection seen at day 3
p.i. At this time point, the cornea was cloudy with significant
edema, and there were dense infiltrates and a nonuniform opacity
covering about 50 to 75% of the cornea. At day 3 p.i., the mean
clinical score of 4.33 � 0.21 was significantly higher than that at
day 1 p.i. (P � 0.002). Seven days following fungal challenge with
F. solani, the signs of inflammation receded and there was im-
provement in the corneal condition, with the mean clinical score
of 1.16 � 0.3 tending toward the baseline. The mean clinical scores
of the infected eyes at day 7 p.i. were significantly lower than at
days 1 and 3 p.i. (P � 0.003).

The number of neutrophils recruited to the site of infection
was determined by measuring the relative MPO activity in isolated
corneas (Fig. 1C). MPO activity was readily apparent by day 1 p.i.
and peaked at day 3 p.i. In keeping with the improved clinical
score (Fig. 1A) at day 7 p.i., MPO activity was virtually undetect-
able above the background (which was normalized to 1). In addi-
tion to MPO assays, corneal confocal microscopy, a novel nonin-
vasive technique, was used to provide in vivo imaging of the
infiltrating cells in the cornea. Images (Fig. 1D) were collected at a
depth half the thickness of the cornea. The infiltrating cells were
visible as small, highly reflective, roughly circular cells, character-
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FIG 1 F. solani keratitis in C57BL/6 mice. (A) Clinical scores indicate marked corneal disease at days 1 and 3 p.i. with an improvement at day 7 p.i. Data are scores
from individual mice in one experiment, which was repeated 5 times with comparable results. The short horizontal dashed lines represent the mean clinical score.
(B) Representative photographs taken with a slit lamp at day 3 p.i. depict a significant inflammatory response in the infected cornea compared to the uninfected
control. Neutrophil recruitment, as indicated by MPO activity (n � 5) and representative HRT images (at day 3 p.i.), are shown in panels C and D, respectively.
(E) Viable fungal load (n � 5) quantifying F. solani culturable units (CU). Data for panels C and E are from a representative experiment, which was repeated 3
times with comparable results (an asterisk indicates significant difference; P � 0.05).
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istic of neutrophils (34), and were present in large numbers at days
1 (not shown) and 3 p.i. but were undetectable by day 7 p.i. (not
shown) and in uninfected controls. At day 3 p.i., corneas from F.
solani-infected right eyes demonstrated a count of 263 � 32 in-
flammatory cells per 400- by 400-�m field at a midsection plane,
while the uninfected control eye showed no infiltration. Viable
fungal load was determined by quantifying F. solani colonies at
days 1, 3, and 7 p.i. As shown in Fig. 1E, levels of recoverable viable
fungi were high at days 1 and 3 p.i. However, 7 days following
fusarium challenge, the pathogen load decreased significantly.
These data were consistent with the aforementioned clinical grad-
ing and MPO data demonstrating worsening of infection over 3
days followed by recovery. Preliminary experiments comparing
clinical score, MPO assay, and viable fungal counts showed no
significant difference among a scratched but not infected group of
animals and nonscratched and noninfected controls (data not
shown).

Antimicrobial peptide expression following F. solani infec-
tion. Relative quantitative RT-PCR and immunostaining were
used to determine mRNA and protein expression of selected mu-
rine AMPs following fungal challenge. As shown in Fig. 2, there
was an upregulation of all AMPs tested at day 1 and/or 3 p.i.
compared to the uninfected controls. mBD3, mBD5, mBD6, and

mBD14 mRNA levels peaked at day 1, and those of mBD1 and
mBD2 were similar at days 1 and 3 p.i. The expression levels of
mBD4 and CRAMP peaked at day 3, and all of the genes tended to
the baseline at day 7. The expression levels of CRAMP and mBD14
were significantly notable; at their peak, they were 4.17 � 0.21 and
4.26 � 0.17 log2 fold higher than those of the controls (P � 0.04
and P � 0.006, respectively). Despite the significant increase in
mBD14, further exploration into its effect was not feasible due to
the lack of gene specific reagents. However, having shown signif-
icant upregulation of mBD3 (peak 2.62 � 0.07 log2 fold increase
compared to the control on day 1 p.i.; P � 0.0003), mBD4 (peak
3.89 � 0.29 log2 fold increase compared to the control on day 3
p.i.; P � 0.002), and CRAMP mRNA based on reagent availability
and mutant mouse resources, we further investigated these spe-
cific AMPs.

Protein expression of mBD3, mBD4, and CRAMP was exam-
ined in corneal sections using immunofluorescent staining. As
shown in Fig. 3, there was minimal to no staining in uninfected
corneas for mBD3 and mBD4. However, data demonstrated that
there was basal expression seen for CRAMP. At days 1 and 3 p.i.,
mBD3, mBD4, and CRAMP showed a more intense staining in the
infected corneal epithelium (Fig. 3). At day 7 p.i., there was no
difference seen in the intensity of staining of infected versus con-
trol corneas (Fig. 3). These data paralleled the mRNA expression
pattern seen in Fig. 2.

Involvement of mBD3 in F. solani keratitis. mBD3 KO and
age-matched littermate WT mice were used to investigate the role
of mBD3 in the ocular defense mechanism against F. solani infec-
tion. As shown in Fig. 4, mBD3 KO mice exhibited enhanced
severity of disease compared to their WT controls. At day 1 p.i.,
infected WT mice demonstrated a cloudy cornea with an intact
pupillary margin, mild edema, and about 30 to 40% corneal opac-
ity. In comparison, the infected corneas of KO mice displayed a
significantly uniform cloudiness and edema with a uniform opac-
ity covering more than 60% of the central cornea. The mean clin-
ical score was 3.0 � 0.31 and 4.5 � 0.64 at day 1 p.i. for WT and
mBD3 KO mice, respectively, although this difference did not
reach statistical significance (P � 0.06). The progression of infec-
tion was significantly greater in the mBD3 KO than the WT ani-
mals, with the KO mice demonstrating a much more severe cor-
neal response at day 3 p.i. At this time point, the mean clinical
score of the WT mice, which was 4.40 � 0.24, was significantly
lower than that of the mBD3 KO mice, with a score of 6.75 � 0.48
(P � 0.005). At day 7 p.i., the disease showed significant improve-
ment in the WT animals (clinical score of 1.2 � 0.37), but corneas
of the KO mice worsened (clinical score, 8.75 � 0.94; P � 0.0005
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compared to the WT), demonstrating significant corneal edema
and descemetocele formation, leading to perforation in some cor-
neas. The KO animals had a higher mean clinical score at day 7
than at day 1 p.i. (P � 0.01). The scores for the KO mice were not
significantly different between days 3 and 7 p.i. (P � 0.10). This
was in contrast to the mBD3 WT animals, which showed recovery
from the infection at day 7 p.i. compared to day 1 p.i. (P � 0.01)
and day 3 p.i. (P � 0.0005). Fig. 4B shows representative photo-
graphs of mBD3 WT- and KO-infected corneas at day 3 p.i. MPO
activity and plate counts were used to determine neutrophil re-
cruitment and viable fungal cells in the WT- and mBD3 KO-in-
fected corneas. Data in Fig. 4C and D demonstrate that compared
to the WT, mBD3 KO animals had increased MPO activity and an
enhanced fungal load at days 1, 3, and 7 p.i.

Silencing of mBD4 and its effect on disease progression. As
there is no mBD4 knockout mouse line available, to examine the
role of this AMP in the progression of F. solani keratitis in vivo,
knockdown using siRNA was performed in C57BL/6 mice as
described by Wu et al. (24). Relative quantitative RT-PCR and
immunostaining were performed at 3 days p.i. to confirm
knockdown. As shown in Fig. 5A, at this time there was a sig-
nificant decrease, of approximately 60%, in mBD4 mRNA ex-
pression compared to that of untreated controls and a nonspe-
cific scrambled siRNA control. There was no significant
difference between the untreated and scrambled siRNA-treated
animals. Immunofluorescence staining 3 days p.i. also indi-

cated a marked decrease in mBD4 protein in specific siRNA-
treated eyes compared to scrambled siRNA and untreated con-
trols (Fig. 5B).

The next set of experiments was designed to determine if
knockdown of mBD4 had a significant impact on disease severity.
The results (Fig. 6) indicated that siRNA-treated mice had more
severe signs of corneal disease than the scrambled siRNA-treated
and untreated infected controls at days 1 and 3 p.i. As shown in
Fig. 6A, the clinical score at day 1 p.i. for mBD4 knockdown ani-
mals (6.67 � 0.21) was significantly greater than that for scram-
bled siRNA (3.33 � 0.49; P � 0.0001) or untreated infected con-
trols (3.83 � 0.60; P � 0.0003). The clinical scores at day 3 p.i.
reflect severe disease progression in the mBD4 siRNA-treated an-
imals (10.87 � 0.48) compared to their scrambled (5.83 � 0.70;
P � 0.0002) and untreated infected controls (4.67 � 0.80; P �
0.0005). Fig. 6B shows representative photographs of control,
scrambled siRNA- and mBD4 siRNA-treated mice at day 3 p.i.
Corneas in the mBD4 knockdown mice exhibited a uniform opac-
ity covering the entire cornea with significant edema, descemeto-
cele formation, and corneal perforation in some animals, indicat-
ing very severe corneal disease. There was no significant difference
in clinical score among scrambled and untreated control animals
at day 1 (P � 0.83) or 3 p.i. (P � 0.30). As shown in Fig. 6C, there
was significantly higher neutrophil recruitment in the mBD4
siRNA-treated corneas than in the scrambled siRNA and un-
treated infected control corneas (P � 0.02). MPO values in in-
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load was significantly greater in the infected KO mice than in the controls (n � 4). Data are from a representative experiment, which was repeated twice with
comparable results (an asterisk indicates significant difference; P � 0.05).
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fected corneas of scrambled siRNA- and no-siRNA-treated mice
showed no significant difference (P � 0.15). Similarly, the data in
Fig. 6D show that the fungal load in mBD4 siRNA-treated mice
was significantly higher than that in the scrambled siRNA-treated

and untreated infected control animals (P � 0.03). We did not
investigate time points longer than 3 days, as the knockdown was
effective and, as detailed above, there was a marked difference
among control and treated animals.

No siRNA Scrambled siRNA mBD4 siRNA

L
o

g
2 

fo
ld

 v
er

su
s 

co
n

tr
o

l

0

2

4

6

8

A. B. No siRNA

Scrambled siRNA

mBD4 siRNA

m
B

D
4

m
B

D
4

m
B

D
4

40μm

40μm

40μm

*

FIG 5 Evidence of mBD4 knockdown. (A) RT-PCR to confirm in vivo silencing of the mBD4 gene at day 3 p.i. Data are expressed as log fold change versus the
control � SEM from a representative experiment (n � 5), repeated 3 times with reproducible results (an asterisk indicates significant difference; P � 0.05). (B)
Immunostaining indicated a significant decrease in protein expression of mBD4 in siRNA-treated animals compared to the infected scrambled siRNA-treated or
untreated infected controls. AMP-specific staining is shown in red, and DAPI was used to stain the nuclei. Images are representative of sections from an
experiment with 5 mice per group. The experiment was repeated 2 times with comparable results. All images were taken at �200 magnification. Scale bars
represent 40 �m.

A.

C. D.

B.

Days Post-infection

C
lin

ic
al

 S
co

re *

0

2

4

6

8

10

12
Scrambled siRN
No siRN
mBD4 siRNA 

1 3

Untreated Control Scrambled siRNA mBD4 siRNA

No siRNA Scramble siRNA mBD4 siRNA

N
or

m
al

iz
ed

 M
PO

 u
ni

ts

0

1

2

3

4

No siRNA Scramble siRNA mBD4 siRNA

C
U

/c
or

ne
a

1e+2

1e+3

1e+4

1e+5

1e+6

1e+7

*

*
*

FIG 6 Knockdown of mBD4 increases disease severity. (A) In vivo silencing of mBD4 resulted in an increase in the mean clinical score in F. solani-infected
corneas compared to corneas treated with a scrambled siRNA and untreated controls. The short horizontal dashed lines represent the mean clinical scores. (B)
Representative photographs taken at day 3 p.i. of mBD4 siRNA-treated, scrambled siRNA-treated, and untreated infected control animals. (C) Neutrophil
recruitment at day 3 p.i. as determined by MPO assay (n � 5). (D) Viable fungal load at day 3 p.i. (n � 5). Data are from a representative experiment, which was
repeated 3 times with comparable results (an asterisk indicates significant difference; P � 0.05).
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Involvement of CRAMP in F. solani keratitis. To investigate if
the induction of CRAMP expression seen in response to fungal
challenge was of significance in limiting the severity of the infec-
tion, keratitis was compared among CRAMP KO and C57BL/6
control mice. At day 1 p.i., the C57BL/6 mice demonstrated a
central corneal opacity occupying about 30% of the cornea, with
mild swelling and surface irregularity not seen in to the KO mice.
The mean clinical score of the KO mice (5.83 � 0.28) was signif-
icantly greater (P � 0.005) than that of C57BL/6 mice (4.17 �
0.24). At 3 days p.i., the severity of disease was progressive in both
C57BL/6 control and KO mice. However, the disease progressed
much more rapidly in the KO mice, which exhibited a clinical
score of 11.33 � 0.30 compared to a much milder increase to a
clinical score of 5.67 � 0.20 in the control mice (P � 0.001). At 7
days p.i., clinical scores for the CRAMP-KO mice remained sig-
nificantly elevated, while the infected corneas of the control mice
showed marked signs of improvement and disease resolution. At
this time, the mean clinical scores were statistically significantly
different, with values of 1.83 � 0.64 and 10.17 � 0.68 for control
and KO mice, respectively (P � 0.0001). Representative photo-
graphs of infected corneas of C57BL/6 control and CRAMP KO
mice at day 3 p.i. are shown in Fig. 7B. The number of neutrophils
recruited and fungal load were determined on days 1, 3, and 7 p.i.
As shown in Fig. 7C, CRAMP KO mice had greater neutrophil
recruitment than their infected controls at all three time points,
with the MPO activity on days 1, 3, and 7 p.i. being significantly

higher in the KO mice (P � 0.04). Fig. 7D shows that the KO mice
exhibited a statistically significant higher fungal load at days 1, 3,
and 7 p.i. (P � 0.05, P � 0.02, and P � 0.01, respectively).

DISCUSSION

In this investigation, we used a mouse model to study AMPs in
fungal keratitis, and in doing we so revealed an indispensable role
for mBD3, mBD4, and CRAMP in defense against F. solani-in-
duced keratitis. Our study showed that in C57BL/6 mice, F. solani
induced mild to moderate keratitis accompanied by neutrophil
recruitment, as demonstrated by increased MPO activity and
HRT imaging. Evidence from earlier studies by Wu et al. demon-
strated histopathological evidence in the mouse model that cor-
neal invasion by fungal hyphae was associated with enhanced neu-
trophil recruitment (35). Additionally, Karthikeyan et al. studied
cell morphology in fusarium keratitis in human corneas and
showed that the majority (95%) of infiltrating cells were neutro-
phils (9). Therefore, although MPO activity is not neutrophil spe-
cific, these earlier studies indicate that in fungal keratitis the major
infiltrating inflammatory cells are neutrophils; thus, in our study,
the observed MPO activity could be attributed primarily to neu-
trophils. Further support comes from our HRT imaging. While
HRT cannot conclusively distinguish inflammatory cell subtypes,
the size, morphology, and reflectance of the infiltrating cells were
also suggestive of a predominantly neutrophilic infiltration. The
C57BL/6 mice were able to resolve the infection, clear the cornea
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FIG 7 Involvement of CRAMP in F. solani keratitis. (A) Clinical scores indicated that infected CRAMP KO mice had more severe disease and no recovery
compared to controls. The short horizontal dashed lines represent the mean clinical scores. (B) Representative photographs of the infected eye for CRAMP KO
and control at day 3 p.i. (C) Neutrophil recruitment as determined by MPO assay (n � 5). (D) Viable fungal load (n � 5). Data are from a representative
experiment, which was repeated 3 times with comparable results (an asterisk indicates significant difference; P � 0.05).
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of inflammatory cells, and restore corneal integrity within 7 days
after fungal inoculation. This pattern of disease progression and
recovery within 7 to 14 days following fungal inoculation is com-
parable to that seen in other studies using various fungi as the
infecting agent in immunocompetent mice (27, 36).

AMP mRNA expression paralleled the clinical course of infec-
tion, with all of the �-defensins tested and CRAMP being elevated
at 1 and 3 days p.i. and tending toward baseline by day 7 p.i.
Reliable protein detection reagents are not available for all of the
AMPs we tested, but we were able to confirm the same pattern of
expression for mBD3, mBD4, and CRAMP proteins, giving the
first indication that �-defensins and CRAMP are important for
defense against F. solani infection. In contrast to our findings with
F. solani, in a recent study by Yuan et al., who used C. albicans as
the infecting agent, the authors studied expression of multiple
AMPs but observed an increase only in CRAMP, suggesting dif-
ferences in the ability of these two pathogens to modulate AMP
expression (27). It is also possible that the difference can be attrib-
uted to the mouse strains used, as disparate regulation of defensin
expression has been reported among BALB/c and C57BL/6 mice
in a bacterial keratitis model (24). Owing to the infection-induced
damage, we were unable to separate epithelium from the rest of
the cornea to a degree suitable for sensitive RT-PCR analysis, lim-
iting our ability to determine the cellular sources of AMP mRNA
expression (lack of reliable reagents for protein detection of sev-
eral murine AMPs also precluded detection by immunostaining).
Mouse neutrophils express high levels of CRAMP (31), and we
found marked expression of mBD1 but not other defensins by
murine neutrophils and macrophages (S. S. Kolar, H. Baidouri,
W. Zhang, and A. M. McDermott, presented at the 6th Interna-
tional Conference on the Tear Film and Ocular Surface, Florence,
Italy, 23 to 25 September 2010). This suggests that infiltrating
inflammatory cells contribute to the upregulation of mBD1 (not
pursued due to the current lack of evidence of its antifungal activ-
ity against F. solani) and CRAMP that we observed, but not to that
of mBD2 to mBD6 and mBD14. However, we cannot exclude the
possibility that the environment within the fungus-infected cor-
nea upregulated inflammatory cell expression of other AMPs. The
advent of improved reagents for AMP protein detection will help
shed light on this.

In order to provide firm evidence of involvement of AMPs in
defense against fungal keratitis, we took advantage of the availabil-
ity of two AMP knockout strains and a previously published and
proven method to knock down �-defensin expression by siRNA
(24, 25). We obtained approximately 60% mBD4 gene knock-
down, which is comparable to that observed by Wu et al. (24), and
more significantly, we were not able to detect any mBD4 peptide
by immunostaining. In stark contrast to the control mice, the
mBD3 and CRAMP KO mice and mBD4 knockdown mice all
demonstrated much more severe disease with no recovery. The
KO and knockdown mice also showed greater neutrophil recruit-
ment than control mice. This may be expected to benefit fungal
clearance; however, this was not the case, as KO and knockdown
animals demonstrated suboptimal fungal clearance resulting in an
increased fungal load compared to the controls. Thus, despite the
presence of additional neutrophils in the animals, the absence of
specific AMPs compromises the ability of the immune response to
kill fusarium. Also, both enhanced neutrophil recruitment and
compromised fungal clearance likely contribute to the increased
disease severity in the KO and knockdown animals. Taken to-

gether, our data suggest that mBD3, mBD4, and CRAMP play a
critical role in defense against F. solani. Furthermore, our findings
are in agreement with those of Gao et al. (28), who showed that
CRAMP KO mice were susceptible and had severe disease in re-
sponse to corneal infection with another fungal pathogen, C. al-
bicans.

As noted earlier, AMPs are known for both direct killing abil-
ities and immunoregulatory actions (13, 14). However, it is un-
clear if our finding of AMPs having a protective role against fungal
keratitis is the result of direct fungal killing or the result of immu-
nomodulatory activities, or if it is a net result of both of these
factors. A few studies have confirmed direct antifungal activity for
some of the AMPs we investigated, including mBD3 and CRAMP
(18, 37, 38). Thus, direct killing is likely to be an important mech-
anism contributing to AMP protective effects in fungal keratitis.
AMPs such as CRAMP have been reported to be chemotactic for
some immune and inflammatory cells, including neutrophils
(39). However, in our model, this effect appears to have little
impact, as CRAMP KO mice had significantly greater neutrophil
recruitment than controls, suggesting that other chemoattrac-
tants, such as keratinocyte chemoattractant (KC), have much
greater influence. That the relative importance of chemoattrac-
tants may be altered in the KO animals should also be acknowl-
edged. Other immunomodulatory actions that may be of signifi-
cance are currently being investigated in our laboratory.

A particularly interesting finding from our study is that lack of
any of the AMPs we tested was sufficient to result in very severe
infection. Thus, for example, despite having normal CRAMP and
mBD3, mBD4 knockdown animals were unable to resolve the
infection. This is suggestive of a combinatorial effect between
these AMPs. In conclusion, while the actual mechanisms have yet
to be elucidated, this investigation provides direct in vivo evidence
that the endogenously expressed �-defensins mBD3 and mBD4
and the cathelicidin CRAMP play a significant role in the host
defense response to F. solani-induced keratitis. Furthermore,
these data provide insight into disease pathogenesis in addition to
opening up new opportunities for development of AMP-based
therapeutics for the treatment of ocular diseases such as F. solani
keratitis.
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