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Purrose. To determine the amoebicidal activity of functionalized poly-epsilon-lysine
hydrogels (peK") against Acanthamoeba castellanii.

MertHoDps. A. castellanii trophozoites and cysts were grown in the presence of peK solu-
tion (0-2.17 mM), peK or peK" hydrogels, or commercial hydrogel contact lens (CL) for
24 hours or 7 days in PBS or Peptone-Yeast-Glucose (PYG) media (nutrient-deplete or
nutrient-replete cultures, respectively). Toxicity was determined using propidium iodide
and imaged using fluorescence microscopy. Ex vivo porcine corneas were inoculated
with A. castellanii trophozoites + peK, peK' hydrogels or commercial hydrogel CL for
7 days. Corneal infection was assessed by periodic acid-Schiff staining and histologic
analysis. Regrowth of A. castellanii from hydrogel lenses and corneal discs at 7 days was
assessed using microscopy and enumeration.

Resurrs. The toxicity of peK' hydrogels resulted in the death of 98.52% or 83.31% of the
trophozoites at 24 hours or 7 days, respectively. The toxicity of peK'" hydrogels resulted in
the death of 70.59% or 82.32% of the cysts in PBS at 24 hours or 7 days, respectively. Cysts
exposed to peK' hydrogels in PYG medium resulted in 75.37% and 87.14% death at 24
hours and 7 days. Ex vivo corneas infected with trophozoites and incubated with peK™"
hydrogels showed the absence of A. castellanii in the stroma, with no regrowth from
corneas or peKt hydrogel, compared with infected-only corneas and those incubated in
presence of commercial hydrogel CL.

Concrusions. peK" hydrogels demonstrated pronounced amoebicidal and cysticidal activ-
ity against A. castellanii. peK* hydrogels have the potential for use as CLs that could
minimize the risk of CL-associated Acanthamoeba keratitis.
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A canthbamoeba keratitis (AK) is a rare infection but may
result in severe visual impairment or blindness.!*? Acan-
thamoeba are opportunistic protozoan, amoebic parasites
that live naturally in soil, air, and aquatic habitats in one of
two forms: trophozoites (mobile active form) or cysts (highly
resilient, double-walled, dormant cysts).> Trophozoites and
cysts are both able to infect the cornea, skin, and central
nervous system.* The conversion of trophozoites into cysts
results from adverse environmental conditions.>°

The corneal epithelium normally provides a barrier to
invading pathogens, but Acanthamoeba invade the cornea
through a breech in the corneal epithelium. Contact lens (CL)
wear is a significant risk factor for the development of AK,
and up to 80% of cases of AK are associated with the use of
CLs or lens solutions contaminated with waterborne Acan-
thamoeba. In particular, there has been an increase in AK
associated with the increased use of soft CLs.”~® In addition,

Copyright 2022 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

a lack of compounds effective against Acanthamoeba cysts
in CL solutions and tap water quality are also contributing
risk factors of AK in CL wearers.!013

To initiate infection, trophozoites adhere to the corneal
epithelium via mannose-decorated glycoproteins and invade
the cornea as enzymes such as matrix metalloproteases,
serine, and cysteine proteases degrade the corneal stroma.!?
Within the stroma, trophozoites may encyst, which may
lead to a persistent, relapsing keratitis.!> Successful treat-
ment of AK requires early diagnosis,'® but the diagnosis is
challenging and may be mistaken for a bacterial, viral, or
fungal keratitis. Treatment of established AK is difficult and
currently reliant on intensive treatment with chlorohexidine,
polyhexamethylene biguanide, brolene, or hexamide, with
variable and often poor outcomes.!”

Poly-epsilon-lysine (peK) is a cationic peptide with intrin-
sic antimicrobial properties and that reportedly disrupts the
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cell membrane and cell wall of microbes showing broad-
spectrum antimicrobial activity against Gram-positive and
Gram-negative bacteria, yeasts, and fungi.'’®*! Our previ-
ous studies have demonstrated peK hydrogels are effective
against laboratory strains of Escherichia coli, Staphylococcus
aureus, and Pseudomonas aeruginosa while having no toxi-
city toward corneal epithelial cells.??-?% Further functional-
ization of the free amine groups of the hydrogel with cova-
lently bound peK (peK") increased peK levels with a 10-
fold increase in amine functionality due to additional peK
molecules when compared with nonfunctionalized hydro-
gels.?? Further studies associated this increase in peK with
increased antimicrobial activity against P. aeruginosa, reduc-
ing the number of viable bacteria in in vitro and ex vivo
corneal infection models.

The aim of this study was to evaluate whether peK offers
amoebicidal activity against Acantbamoeba in both tropho-
zoite and cyst forms. The effects of peK solution, peK hydro-
gel, and peK* hydrogel treatment upon both trophozoite and
cyst forms of Acanthamoeba were investigated at 24 hours
and 7 days in vitro, and significant toxicity was demonstrated
with both forms. Using an ex vivo porcine cornea model of
AK, we showed that no A. castellanii were detected in the
stroma after application of peK" or peK hydrogels.

METHODS
peK Solution Preparation

peK (Bainafo; Zhengzhou Bainafo Bioengineering Co., Ltd.,
Zhengzhou 450006, Henan Province, China) (20 mM) was
prepared in sterile PBS (Oxoid, Hampshire, UK), filter ster-
ilized using a 0.2-um filter, and serially diluted in twofold
increments in PBS to desired concentrations.

peK Hydrogel Synthesis and Functionalization

peK hydrogels were synthesized and functionalized as previ-
ously described.?>** Briefly, pcK* hydrogels were synthe-
sized from peK crosslinked 60 mol % with octanedioic
acid to a polymer density of 0.071 g mL™ using carbodi-
imide chemistry. Pendant peK was covalently bound to
free amine groups using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide and N-hydroxysuccinimide coupling.

Cultivation of Acanthamoeba

A. castellanii (Douglas) Page (ATCC 30234) (ATCC, Manas-
sas, VA, USA), originally isolated from a patient with corneal
keratitis, was used in the study. Trophozoite cultures were
maintained in axenic culture in ATCC Medium 712 Peptone-
Yeast-Glucose (PYG) medium with additives in T-75 CELL-
STAR tissue culture flasks (Greiner Bio-One, Stonehouse,
UK) at 25°C, according to ATCC instructions. Trophozoites in
exponential growth (72-96 hours) were centrifuged at 1000
x g for 10 minutes and resuspended in PYG media. Tropho-
zoites were counted in a disposable Millicell, Neubauer
hemocytometer (Millipore, Merck, UK) and adjusted to a
final concentration of 2 x 10% amoeba/mL in PYG media.
Cysts were prepared following centrifugation of tropho-
zoites and pellets washed in PBS by gentle pipetting and
recentrifuged to remove traces of PYG media. Trophozoites
were resuspended in PBS to a final concentration of 1 x 10°
cysts/mL, and 1 mL of trophozoite suspension was added
onto nonnutrient agar plates (3% w/v agar; Sigma-Aldrich,
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Dorset, UK) at 28°C for 7 to 10 days until 100% encystment
was observed by microscopic analysis. Cysts were harvested
using a cell scraper and resuspended in PBS containing
sodium dodecyl sulfate 0.5% (w/v) (Sigma-Aldrich) to solu-
bilize any remining trophozoites, followed by centrifugation
at 1000 x g for 10 minutes and resuspended at 2 x 10%
cysts/mL in PBS.

peK Solution Toxicity Assay Against Trophozoites
and Cysts

Trophozoites and cysts were used at 2 x 10° amoebae per
well (100 pL) in a 96-well plate. Then, 100 pL of peK solu-
tions at 2x concentration was added to each well to a final
working volume of 200 pL, with a final peK concentra-
tion range of 0 to 4.34 mM. Chlorohexidine (CHX) (Sigma-
Aldrich) at 0.02% was used as a positive control for toxicity
of trophozoites and cysts. Toxicity of peK against A. castel-
lanii was assessed using propidium iodide (PI) (Thermo
Fisher Scientific, Loughborough, UK) added to wells at a
final concentration of 1 pg/mL. Dead trophozoites/cysts
imaged using a fluorescent microscope and the number
of dead red-labeled A. castellanii were compared with the
number of nonstained trophozoites and cysts per field of
view expressed as percentage dead (%) compared with total
live and dead.

peK Cytotoxicity Against Human Corneal
Epithelial Cells

Human corneal epithelial (hCE-T) cells (donated by Kaoru
Araki-Sasaki, Kansai Medical University, Moriguchi, Japan)*
were cultured at 37°C and 5% CO,. hCE-T cells were cultured
in Dulbecco’s modified Eagle’s medium/Ham’s F12 media
(DMEM/F12) (Thermo Fisher Scientific) containing 5% (v/v)
fetal calf serum (Biosera; Labtech, Heathfield, UK) with 1%
(v/v) fungizone and penicillin/streptomycin (Sigma-Aldrich)
supplementation. hCE-T cells were seeded in 96-well plates
at 1 x 10* hCE-T cells and incubated for 3 days until 80%
confluence was achieved. Media were replaced with fresh
media containing peK (0-17.36 mM) and incubated at 37°C
and 5% CO, for 24 hours and 7 days. At each time point,
viability/toxicity assays were performed using the Live/Dead
viability/cytotoxicity kit for mammalian cells (Thermo Fisher
Scientific) following the manufacturer’s instructions. hCE-T
cells were incubated with Calcein-AM and ethidium homod-
imer 1 for 30 minutes and fluorescent live (green)/dead (red)
cells imaged using an imaged Zeiss Apotome (Germany)
live-cell microscope.

peK Hydrogel Toxicity Assay Against
Trophozoites and Cysts

Under sterile conditions, 10-mm discs of peK and peK'
hydrogels or commercial hydrophilic cast-molded CL
(Hydrogel CL; Filcon II 2, 77% water content; Ultravision,
Leighton Buzzard, UK) were added to 48-well plates using
sterile forceps. Trophozoites or cysts were used at 1 x 10%
amoebae per well in 500 pL of PBS (nutrient deplete) or PYG
media (nutrient replete) and incubated at 28°C for either 24
hours or 7 days. Toxicity of peK hydrogels was measured as
described above following the addition of 1 ng/mL propid-
ium iodide to label dead trophozoites and cysts.
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Ficure 1. Dose response of peK solutions against A. castellanii trophozoites and cysts at 24 h and 7 days. (A) Quantification of the
percentage dead trophozoites compared to total trophozoites identified by PI staining at (i) 24 h and (i) 7 days. (B) Quantification of the
percentage dead cysts identified by PI staining at (i) 24 h and (ii) 7 days.

Ex Vivo Porcine Cornea Keratitis Model

Porcine eyes were obtained from a local abattoir within 6
hours of slaughter, and corneas were processed with agarose
supports to establish an air-liquid interface ex vivo organ
culture model as previously described by Kennedy et al.?324
and Supplementary 1. Trophozoites were suspended in 10
pL PYG media containing 1 x 10° amoebae and pipetted
onto an air-dried region of the central cornea and allowed
to absorb for 30 minutes at room temperature (assessed
by visual analysis). Once the droplet was no longer visi-
ble, 10-mm discs of commercial CL, peK, or peK" hydrogels
were applied to corneas. Control infected and noninfected
corneas were run in parallel. DMEM (4-10% FBS) was added
up to the scleral boundary of the cornea (~3 mL) and incu-
bated for 7 days at 37°C, 5% CO,.

Following infection, peK" and peK hydrogel lenses and
commercial hydrogel CLs were removed from corneas,
resuspended in PYG media, and vortexed for 30 seconds
to remove A. castellanii from lenses, and the solution
was transferred to a 6-well plate to monitor regrowth.
Quantification of A. castellanii infection of corneas was
achieved by trephining (Blink Medical Ltd, Solihull, UK)
10-mm discs from the central cornea. To isolate tropho-
zoites, corneal discs were cut into quadrants and further

quartered, resuspended in 3 mL PBS, and briefly vortexed,
followed by homogenization using a Qiagen TissueRuptor
(Qiagen, Manchester, UK) for 15 seconds. The homogenate
was centrifuged at 1000 x g for 10 minutes, resuspended
in PYG media (+ glucose 1.5% (w/v)), transferred to a
well of a 6-well plate, and cultured for 7 days to monitor
regrowth. A. castellanii from each experimental condition
were imaged at 7 days using a Nikon (Nikon Europe
BV, Netherlands) Ti-E microscope and quantified following
resuspension of A. castellanii in PYG media using a hemo-
cytometer.

Histology

A separate set of corneas from each experimental condition
was fixed in 10% (v/v) neutral buffered formalin (Sigma-
Aldrich) for 18 hours. Corneas were processed using a Leica
ASP300 (Nussloch, Germany) tissue processor. Paraffin-
embedded tissue was sectioned at a thickness of 5 pm and
stained with periodic acid-Schiff (PAS) (Abcam, Cambridge,
UK) following the manufacturer’s protocol for positive detec-
tion of chitin in the cell wall of A. castellanii. Tissue sections
were imaged using a Nikon CI upright microscope using a
20x and 40x objective.
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Ficure 2. Dose response of peK solutions against human corneal epithelial cell line hCE-T at 24 hours and 7 days. pek solutions (0-17.36 mM)
added to hCE-T cells and dead cells were labelled with PI (red) and live cells labeled with calcein AM (green). (A) (i) Quantification of the
percentage dead hCE-T cells in the total population at 24 hours. The red data point indicates the toxic dose of peK toward trophozoites
and cysts. (i) Corresponding fluorescent images of hCE-T cells; dead cells were labeled with PI (red) and live cells labeled with calcein AM
(green). (B) (i) Quantification of the percentage dead hCE-T cells in the total population at 7 days. The red data point indicates the toxic
dose of peK toward trophozoites and cysts. (ii) Corresponding fluorescent images of hCE-T cells; dead cells were labeled with PI (red) and

live cells labeled with calcein AM (green). Scale bars: 50 pm.

Statistical Analysis

Experiments were performed in triplicate (z = 3), with three
wells per experiment and five fields of view in each well.
One-way ANOVA was performed with a post hoc Tukey’s
analysis, and P < 0.05 was considered significant. Statis-
tical analysis was performed using Prism software version
8.02.263 (GraphPad Software, La Jolla, CA, USA). Error bars
are shown as standard deviations of biological replicates.

RESULTS

Amoebicidal, Both Trophozoicidal and Cysticidal,
Activity of peK Solution Against A. castellanii

Trophozoicidal and cysticidal effects of peK solution (0-4.34
mM) on A. castellanii were assessed following incubation for
24 hours and 7 days. Toxicity was assessed by the number of
dead, red PI-stained A. castellanii compared to nonstained
live A. castellanii and expressed as percentage death at each
dose.

After 24-hour peK treatment of trophozoites, 80% (SD +
6.14%) toxicity was observed at 0.54 mM peK (P < 0.0001)
compared to untreated trophozoites, and no further increase
in toxicity above 80% was achieved at any higher concen-
trations (Fig. 1Ai). After 24 hours, trophozoites remained
attached to the tissue culture plastic surface (TCPS) surface
showing characteristic morphology, while treatment with

CHX showed 100% toxicity. An increased dose of peK
increased the number of dead A. castellanii, while live A.
castellanii detached from the surface and did not show char-
acteristic trophozoite morphology. At 7 days posttreatment,
amoebicidal effects of peK upon trophozoites were observed
at lower peK doses (Fig. 1Aii). After 7-day treatment with
lower concentrations of peK (0.016 mM), the number of dead
trophozoites increased to 99% (SD + 1.04%) (P < 0.0001).

Effects of peK solution upon cysts after 24-hour treatment
showed 76% (SD =+ 1.50%) cyst death at 0.54 mM and above
(P < 0.0001) (Fig. 1Bi). At 7 days (Fig. 1Bii), treatment with
peK solution led to increased number of dead cysts at lower
peK concentrations. Toxicity against cysts reached 77% (SD
+ 2.14%) at 0.004 mM (P < 0.0001), and cyst death did not
significantly increase (P < 0.05) further with increased peK
concentrations. At 24 hours and 7 days, only live cysts were
visible in control images, while in comparison, CHX showed
red PI-stained cysts in the field of view.

Toxicity of peK Solution Against hCE-T Cells

Maximum toxicity of peK treatment toward trophozoites and
cysts was observed at 0.54 mM at 24 hours and at 0.016 mM
and 0.004 mM at 7 days for trophozoites and cysts, respec-
tively. Toxicity of peK solution at different concentrations
was determined upon confluent monolayers of hCE-T cells.

After 24-hour treatment with peK solution, confluent
monolayers of live hCE-T cells (stained green with calcein-
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Ficure 3. Toxicity of peK" hydrogels against A. castellanii trophozoites at 24 hours and 7 days. (A) (i) graph to show the percentage of
dead trophozoites and (ii) fluorescent images of trophozoites when cultured on TCPS, commercial hydrogel CL, and peK and peK ' hydrogels
for 24 hours. (B) (i) Graph shows the percentage of dead trophozoites to total live and dead trophozoites and (ii) fluorescent images of
trophozoites when cultured on TCPS, commercial hydrogel CL, and peK and peK™ hydrogels for 7 days. CHX was run as a positive control

for trophozoite death. Scale bars: 50 pm.

AM dye) were observed after application up to 0.54 mM peK,
with comparable dead hCE-T cells (stained red with PI) to
untreated controls (P > 0.05) (Figs. 2Ai, Aii). At 1.09 mM
peK and above, live cells were reduced, with increased dead
cells per image compared to untreated controls (P < 0.05).
At 7 days, treatment with peK 0 to 0.067 mM was not toxic to
hCE-T cells (P > 0.05) and, at 0.135 mM and above, proved
toxic to hCE-T cells with a reduction in live hCE-T cells (P
< 0.05) (Figs. 2Bi, Bii).

Trophozoicidal Activity of peK Hydrogels Against
A. castellanii

Toxicity of peK' hydrogels toward trophozoites at 24 hours
and 7 days was assessed. At 24 hours, trophozoites grown on
TCPS, commercial hydrogel CL, and nonfunctionalized peK
hydrogels adhered to the surface, with few cysts forming and
minimal trophozoite death, identified by PI staining in <1%
of the population (Figs. 3Ai, Aii) with no significant differ-
ence compared to untreated controls. Trophozoites cultured
on peK' hydrogels, however, showed 98.52% (SD =+ 1.82%)
(P < 0.0001) death, similar to CHX (97.93% [SD £ 1.38%];
P < 0.0001) (Fig. 3Aii), compared to untreated controls,
commercial CLs, and peK hydrogels. There was no signifi-
cant difference in death between peK*' hydrogels and CHX
(P = 0.094).

At 7 days, growth on peK' hydrogels showed 83.31%
(SD £ 7.96%) toxicity against trophozoites compared to

untreated controls (P < 0.0001). The total number of live
and dead trophozoites decreased by 7 days compared to
24 hours, with dead trophozoites being degraded within
the media, accounting for the lower percentage reduc-
tion. In comparison, trophozoites cultured on nonfunction-
alized peK hydrogels, commercial hydrogel CL, and TCPS
all showed growth of trophozoites with negligible toxicity
<1% in the total population (Figs. 3Bi, Bii), with no signif-
icant difference (P < 0.05) compared to untreated controls.
Treatment with CHX showed 96.01% (SD + 4.12%) dead
trophozoites and was slightly more effective compared to
peK" hydrogels (P = 0.024).

Cysticidal Activity of peK Hydrogels Against
A. castellanii

Cysts were cultured on TCPS, peK and peK*' hydrogels, and
commercial hydrogel CLs in both nutrient-rich PYG medium
or nonnutrient PBS to mimic dormant or proliferating condi-
tions for 24 hours or 7 days. Cysts cultured in PBS remained
in cyst form on TCPS, peK or peK* hydrogels, or commercial
hydrogel CLs. At 24 hours under control untreated condi-
tions, the percentage of dead cysts in the overall popula-
tion was 13.18% (SD =+ 5.29%). There was an increase in
dead cysts when cultured on peKt hydrogels of 70.59%
(SD £ 10.93%) and CHX of 69.37% (SD £ 6.68%), both
significantly different from untreated controls, peK hydro-
gels, or commercial CL (P < 0.0001) (Fig. 4A). After 7 days,
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peK and peK' hydrogels for 24 hours. (B) (i) Graph shows the percentage of dead cysts to total live and dead cysts and (ii) fluorescent
images of cysts when cultured on TCPS, commercial hydrogel CL, and peK and peK* hydrogels for 7 days. CHX was run as a positive control

for cyst death. Scale bars: 50 nm.

dead cysts increased to 82.32% (SD =+ 2.74%) on the peK*
hydrogel, and CHX was slightly more effective with 90.83%
(SD =+ 5.45%) (Fig. 4B) (P = 0.03), with both resulting in
significantly higher cysticidal activity compared to untreated
controls, peK hydrogels, and commercial CLs (P < 0.0001).

Cysts cultured in PYG medium on TCPS, commercial
hydrogel CL, and peK hydrogels differentiated into tropho-
zoites at 24 hours (Fig. 5A). In contrast, cysts cultured in
PYG medium on peK" hydrogels did not differentiate into
trophozoites and showed 75.37% (SD =+ 2.84%) reduction in
viable cysts with no significant difference compared to CHX
(70.27% [SD =+ 4.84%]) (P = 0.68). Both peK" hydrogel and
CHX were significantly different from untreated controls,
peK" hydrogel, and commercial hydrogel CL (P < 0.0001).
By 7 days, dead cysts on peK" hydrogel had increased to
87.14% (SD =+ 5.79%), comparable to CHX with 82.36% (SD
+ 6.24%) (P = 0.69), and were both significantly differ-
ent from untreated controls, peK hydrogel, and commercial
hydrogel CL (P < 0.0001).

Toxicity of peK Hydrogels Against A. castellanii
in Ex Vivo Porcine Corneas

Porcine corneas were infected with trophozoites for 7 days in
the presence and absence of commercial hydrogel CL, peK
hydrogel, or peK" hydrogel (Fig. 6). Histologic analysis of
fixed corneas using PAS to label A. castellanii showed there
were no A. castellanii within the corneal stroma in unin-

fected corneas. Infected corneas and infected in the pres-
ence of commercial hydrogel CL both showed cysts below
the corneal surface. Infected corneas incubated with peK or
peK" hydrogels showed an absence of A. castellanii within
tissue sections.

Numeration of A. castellanii present on lenses after incu-
bation with corneas showed trophozoite regrowth at 7 days
from commercial hydrogel CL (2.68 x 10° amoebae) and peK
hydrogel (1.51 x 10° amoebae) (P = 0.0004) (Figs. 7Ai, Aii).
No detectable viable A. castellanii retrieved were from the
peK*t hydrogel, which was significantly different from other
hydrogel lenses (P < 0.0001).

After 7 days, regrowth of A. castellanii from homoge-
nized corneal buttons from infected corneas and corneas
from under commercial hydrogel CL showed 4.89 x 10> and
3.12 x 10° amoebae per cornea, respectively (P = 0.0018)
(Figs. 7Bi, Bii). A. castellanii regrowth from corneas under
peK hydrogel was 5.88 x 10 amoebae per cornea, compared
to infected and commercial hydrogel CL (P < 0.0001). No
detectable A. castellanii were retrieved from corneas incu-
bated with peK' hydrogel, which was significantly differ-
ent compared to infected and commercial hydrogel CL (P
< 0.0001) corneas but not from peK hydrogel corneas
(P =047).

DISCUSSION

This study demonstrated the antimicrobial peptide peK is
effective at reducing viable A. castellanii trophozoites and



Investigative Ophthalmology & Visual Science

Amoebicidal Poly-Epsilon-Lysine™ Hydrogels

Ai .
i<
[ — < g
< Te
N 82
g
e
i Commercial
Control TCPS  hydrogelcL  PEK hydrogel
< .-
N peK+ hydrogel

IOVS | January 2022 | Vol.63 | No. 1 | Article 11 | 7

B i :';? 1004
> 33
g L
~
S ]
(‘O
ii Commercial
Control TCPS  hydrogelcL  PeK hydrogel
> .-
a
N peK+ hydrogel

Ficure 5. Toxicity of peK™ hydrogels against A. castellanii cysts cultured in PYG buffer (nutrient replete) at 24 hours and 7 days.
(A) () Graph shows the percentage of dead cysts to total live and dead cysts and (ii) fluorescent images of cysts when cultured on
TCPS, commercial hydrogel CL, and peK and peK" hydrogels for 24 hours. CHX was run as a positive control for cyst death. (B) (i) Graph
shows the percentage of dead cysts and (ii) fluorescent images of cysts when cultured on TCPS, commercial hydrogel CL, and peK and peK*
hydrogels for 7 days. CHX was run as a positive control for cyst death. Scale bars: 50 pm.

cysts, both as a solution and when covalently bound to peK
hydrogels using in vitro assays. peK was nontoxic to hCE-T
cells at doses up to 0.54 mM at 24 hours and up to 0.067
mM at 7 days, incorporating doses that were toxic to A.
castellanii. peK' hydrogels demonstrated toxicity toward
both cysts and trophozoites compared to nonfunctional-
ized peK hydrogels and commercial hydrogel CLs. In our ex
vivo porcine corneal infection model, peK and peK" hydro-
gels prevented infection of A. castellanii within the cornea
stroma, and reduced numbers of A. castellanii adhered to
hydrogels.

Current preventative treatments against AK are targeted
at maintaining good hygiene regimes'> and use of disin-
fectants within CL solutions. Therapeutic treatments for
established AK involve the use of active reagents such
as polyhexamethylene biguanide (0.02%) (or CHX 0.02%)
and propamidine (0.1%) and hexamidine (0.1%), often in
combination.!>2?7 Increased resistance to many of these
reagents has been reported in different strains of Acan-
thamoeba .*®* We have investigated only one particular
strain of Acanthamoeba, but we have examined the effec-
tiveness of peK' hydrogels at killing both trophozoites
and cysts, the latter of which are particularly difficult to
kill. MeniCare Pure CL solution (Menicon Ltd., Nagoya,
Japan) contains peK as an active ingredient, which is
effective against Acanthamoeba. It is used as a disinfec-
tant instead of polyhexamethylene biguanide, but this CL

solution is only suitable for use with rigid gas-permeable
CLs.

The effects of peK solution against trophozoites and cysts
were investigated in both nutrient-rich and nutrient-deplete
environments. Toxic effects of peK against A. castellanii
occurred in a dose- and time-dependent manner against
both cysts and trophozoites in nutrient-replete and nutrient-
deplete environments. The effects of psK were more effec-
tive against the trophozoites, which are easier to treat
compared to the cysts. 3032

Current treatments for prevention or treatment of an AK
are typically harsh and damaging to the ocular surface, in
particular the corneal epithelium.>® We demonstrated that
effective doses of peK were toxic against trophozoites or
cysts, respectively, but not to hCE-T cells. peK is generally
regarded as safe, is used in many applications,'® and offers
potential use as a treatment for AK.

There are currently no commercial CLs available that
offer antimicrobial activity, and CLs themselves provide a
potential route of infection into the cornea. Having estab-
lished peK solution was toxic to A. castellanii, we demon-
strated peK" hydrogels showed toxicity at 24 hours and
7 days toward A. castellanii, compared to the commer-
cial CLs tested. peK" hydrogels offer inherent antiamoebi-
cidal (both trophozoicidal and cysticidal) activity without
the potential need for topical application. CLs themselves
provide a potential surface for Acantbamoeba to prolifer-
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FiGUre 6. Ex vivo corneal infection of A. castellanii trophozoites in the presence of peK™ hydrogels. Histologic sections of PAS staining of
porcine corneas infected with A. castellanii trophozoites for 7 days. Top row left shows no infection in cornea, middle top shows infected
cornea (insert highlighting A. castellanii cyst), and top right shows A. castellanii grown in the presence of a commercial hydrogel CL. Bottom
row shows corneas infected with A. castellanii in the presence of peK hydrogel and peK™ hydrogels. Scale bars: 50 pm.
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Figure 7. Growth of A. castellanii from peK' hydrogels and corneas from ex vivo infection model. (A) Lenses were removed from corneas
and cultured in PYG media for 7 days. (i) phase contrast images of A. castellanii regrowth from lenses and (ii) quantification at 7 days.
(B) Regrowth of A. castellanii from cornea (i) phase contrast images and (ii) quantification at 7 days. Scale bars: 50 pm.
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ate, and trophozoites and cysts are reported to adhere to
all types of lenses.?*-3% Studies have shown Acanthamoeba
possess an affinity for attachment to CLs (in particular soft
CL) contributing toward development of AK.”4 Lee et
al”® demonstrated that rigid gas-permeable CLs with a
smoother, waxier, and more homogeneous surface showed
decreased adhesion of Acanthamoeba. The water content
and mobility of CLs are important factors in the adhesion of
Acathamoeba.*"** Our study showed that A. castellanii can
adhere and proliferate on the surface of the commercial CLs,
whereas the peK™ hydrogel reduced the number of viable A.
castellanii.

In addition, the ex vivo infection model demonstrated
peK*t hydrogels prevented infection by A. castellanii into
the corneal stroma with no cyst formation, as was seen
with commercial CLs. There was also a reduced recovery
of A. castellanii from the peK'™ hydrogels compared to
commercial CLs or infected corneas. Teuchner et al.,”® using
a porcine corneal ex vivo model, reported at 7 days there was
deeper penetration of Acanthamoeba into stroma compared
to 4 days with higher infection using PYG media compared
to PBS. We used DMEM to ensure nutrients were supplied to
the cornea during the experiment; it is not clear, therefore, if
we would have observed higher rates of infection with PYG,
supplying a nutrient-rich media for Acanthamoeba growth.

Antimicrobial effects of peK are well documented, and
our studies have reported antimicrobial effects of peK'
hydrogels toward Gram-positive and Gram-negative bacte-
ria as well as fungi.?*?44% Acanthamoeba predate upon
bacteria and fungi, which may be transported within Acan-
thamoeba, leading to a coinfection.’*=%® peK hydrogels offer
the ability to provide effective treatment against multi-
ple microbes, due to functionalization of the free amine
group on peK providing innate antimicrobial properties. The
current proposed mechanism of action for peK involves the
positively charged peK peptide interacting with negatively
charged cell membranes, leading to cell lysis.'®

AK is a rare but serious condition leading to visual
loss, with an increase in number of cases associated with
increased use of CLs.!>#* Infection in non-CL wearers can
also occur when the integrity of the ocular surface is
compromised through surgery or trauma or if patients
are immunocompromised.®->! CLs are important medical
devices for visual and therapeutic purposes but pose a
significant risk factor in the development and progression
of AK.”'!?> Diagnosis and treatment of AK are difficult, and
treatments that offer toxicity toward Acanthamoeba are
limited, with many only effective against trophozoites and
not cysts.!” There is therefore a need for development of
new therapies and approaches to prevent and treat AK and
combat resistance to current Acanthamoeba treatments.>* In
summary, our data show peK' hydrogels offer amoebici-
dal and cysticidal activity against A. castellanii, which could
potentially lessen the risk of CL-associated AK.

Acknowledgments

Supported by the Medical Research Council (MR/R006334/1)

and  Engineering and  Physical Research  Council
(EP/M002209/1).
Disclosure: S.M. Kennedy, None; P. Deshpande, None;

A.G. Gallagher, SpheriTech Ltd (E); M.J. Horsburgh, None;
H.E. Allison, None; S.B. Kaye, None; D.A. Wellings, SpheriTech
Ltd (I, P); R.L. Williams, None

IOVS | January 2022 | Vol.63 | No. 1 | Article 11 | 9

References

1. Thebpatiphat N, Hammersmith KM, Rocha FN, et al.
Acanthamoeba Keratitis: a parasite on the rise. Cornea.
2007;26:701-706.

2. Hargrave SL, McCulley JP, Husseini Z. Results of a trial of
combined propamidine isethionate and neomycin therapy
for Acanthamoeba Kkeratitis. Brolene Study Group. Ophtbal-
mology. 1999;106:952-957.

3. Khan NA. Acanthamoeba: biology and increasing impor-
tance in human health. FEMS Microbiol Rev. 2006;30:564—
595.

4. Jones DB. Acanthamoeba—the ultimate opportunist? Am J
Opbthalmol. 1986;102:527-530.

5. Hay J, Kirkness CM, Seal DV, Wright P. Drug resistance
and Acanthamoeba XKeratitis: the quest for alternative
antiprotozoal chemotherapy. Eye (Lond). 1994;8(pt 5):555-
563.

6. Roberts CW, Henriquez FL. Drug target identification,
validation, characterisation and exploitation for treat-
ment of Acanthamoeba (species) infections. Exp Parasitol.
2010;126:91-96.

7. Lee GH, Lee JE, Park MK, Yu HS. Adhesion of Acan-
thamoeba on silicone hydrogel contact lenses. Cornea.
2016;35:663-668.

8. Lee GH, Yu HS, Lee JE. Effects of multipurpose solutions
on the adhesion of Acantbamoeba to rigid gas perme-
able contact lenses. Ophbthalmic Physiol Opt. 2016;36:93—
99.

9. Willcox MD. Microbial adhesion to silicone hydrogel lenses:
a review. Eye Contact Lens. 2013;39:61-606.

10. Carnt N, Hoffman JM, Verma S, et al. Acanthamoeba kerati-
tis: confirmation of the UK outbreak and a prospective
case-control study identifying contributing risk factors. Br
J Opbthalmol. 2018;102:1621-1628.

11. Joslin CE, Tu EY, Shoff ME, et al. The association of
contact lens solution use and Acanthamoeba keratitis. Am
J Opbthalmol. 2007;144:169-180.

12. Verani JR, Lorick SA, Yoder JS, et al. National outbreak of
Acanthamoeba keratitis associated with use of a contact
lens solution, United States. Emerg Infect Dis. 2009;15:1236—
1242.

13. Ficker L, Hunter P, Seal D, Wright P. Acanthamoeba keratitis
occurring with disposable contact lens wear. Am J Opbthal-
mol. 1989;108:453.

14. Mateo A, Abadia B, Calvo P, Minguez E, Pablo L, Del Castillo
JM. Treatment of Acanthamoeba neurotrophic corneal ulcer
with topical matrix therapy. J Ophthalmic Inflamm Infect.
2015;5:18.

15. Dart JK, Saw VP, Kilvington S. Acanthamoeba keratitis:
diagnosis and treatment update 2009. Am J Opbthalmol.
2009;148:487-499.e482.

16. Bacon AS, Dart JK, Ficker LA, Matheson MM, Wright P. Acan-
thamoeba keratitis: the value of early diagnosis. Ophthal-
mology. 1993;100:1238-1243.

17. Walochnik J, Obwaller A, Gruber F, et al. Anti-
Acanthamoeba efficacy and toxicity of miltefosine in
an organotypic skin equivalent. J Antimicrob Chemother.
2009;64:539-545.

18. Hyldgaard M, Mygind T, Vad BS, Stenvang M, Otzen
DE, Meyer RL. The antimicrobial mechanism of
action of epsilon-poly-l-lysine. Appl Environ Microbiol.
2014;80:7758-7770.

19. Tan Z, Shi Y, Xing B, Hou Y, Cui J, Jia S. The antimicrobial
effects and mechanism of e-poly-lysine against Staphylococ-
cus aureus. Bioresources Bioprocessing. 2019;6:11.

20. Shima S, Matsuoka H, Iwamoto T, Sakai H. Antimicro-
bial action of epsilon-poly-L-lysine. J Antibiot (Tokyo).
1984;37:1449-1455.



Investigative Ophthalmology & Visual Science

Amoebicidal Poly-Epsilon-Lysine™ Hydrogels

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Yoshida T, Nagasawa T. Epsilon-poly-L-lysine: microbial
production, biodegradation and application potential. Appl
Microbiol Biotechnol. 2003;62:21-26.

Gallagher AG, Alorabi JA, Wellings DA, Lace R, Horsburgh
MJ, Williams RL. A novel peptide hydrogel for an antimicro-
bial bandage contact lens. Adv Healthc Mater. 2016;5:2013—
2018.

Kennedy S, Lace R, Carserides C, et al. Poly-epsilon-lysine
based hydrogels as synthetic substrates for the expansion
of corneal endothelial cells for transplantation. J Mater Sci
Mater Med. 2019;30:102.

Kennedy SM, Deshpande P, Gallagher AG, et al. Antimi-
crobial Activity of poly-epsilon-lysine peptide hydrogels
against Pseudomonas aeruginosa. Invest Opbthalmol Vis
Sci. 2020;61:18.

Araki-Sasaki K, Ohashi Y, Sasabe T, et al. An SV40-
immortalized human corneal epithelial cell line and its char-
acterization. Invest Ophthalmol Vis Sci. 1995;36:614-621.
Lorenzo-Morales J, Khan NA, Walochnik J. An update on
Acantbamoeba keratitis: diagnosis, pathogenesis and treat-
ment. Parasite. 2015;22:10.

Oldenburg CE, Acharya NR, Tu EY, et al. Practice patterns
and opinions in the treatment of Acanthamoeba Kkeratitis.
Cornea. 2011;30:1363-1368.

Huang FC, Shih MH, Chang KF, Huang JM, Shin JW, Lin
WC. Characterizing clinical isolates of Acanthamoeba castel-
lanii with high resistance to polyhexamethylene biguanide
in Taiwan. J Microbiol Immumnol Infect. 2017;50:570-577.
Turner NA, Russell AD, Furr JR, Lloyd D. Emergence of resis-
tance to biocides during differentiation of Acanthamoeba
castellanii. | Antimicrob Chemothber. 2000;46:27-34.

Anwar A, Khan NA, Siddiqui R. Combating Acanthamoeba
spp- cysts: what are the options? Parasit Vectors. 2018;11:26.
Aksozek A, McClellan K, Howard K, Niederkorn JY, Alizadeh
H. Resistance of Acanthamoeba castellanii cysts to phys-
ical, chemical, and radiological conditions. J Parasitol.
2002;88:621-623.

Siddiqui R, Aqgeel Y, Khan NA. The development of
drugs against Acanthamoeba infections. Antimicrob Agents
Chemother. 2016;60:6441-6450.

Lee JE, Oum BS, Choi HY, Yu HS, Lee JS. Cysticidal effect
on Acanthamoeba and toxicity on human keratocytes by
polyhexamethylene biguanide and chlorhexidine. Cornea.
2007;26:736-741.

Beattie TK, Tomlinson A, McFadyen AK, Seal DV, Grimason
AM. Enhanced attachment of Acanthamoeba to extended-
wear silicone hydrogel contact lenses: a new risk factor for
infection? Ophthalmology. 2003;110:765-771.

Beattie TK, Tomlinson A, Seal DV. Surface treatment or
material characteristic: the reason for the high level of
Acanthamoeba attachment to silicone hydrogel contact
lenses. Eye Contact Lens. 2003;29:540-S43; discussion S57—
49, $192-194.

Kelly LD, Xu L. The effect of Acanthamoeba concentration
on adherence to four types of unworn soft contact lenses.
CLAO J. 1995;21:27-30.

37.

38.

39.

40.

41.

42.

43.

44.

45.

406.

47.

48.

49.

50.

51.

52.

IOVS | January 2022 | Vol.63 | No. 1 | Article 11 | 10

Kilvington S, Larkin DF. Acanthamoeba adherence to
contact lenses and removal by cleaning agents. Eye (Lond).
1990;4(pt 4):589-593.

Sharma S, Ramachandran L, Rao GN. Adherence of cysts and
trophozoites of Acanthamoeba to unworn rigid gas perme-
able and soft contact lenses. CLAO J. 1995;21:247-251.
Lema I, Rodriguez-Ares MT, Gomez-Torreiro M, Penalver
MD. Adherence of Acanthamoeba to unworn conventional
and disposable soft contact lenses. Cornea. 2001;20:635—
638.

Ahearn DG, Gabriel MM. Contact lenses, disinfectants, and
Acanthamoeba keratitis. Adv Appl Microbiol. 1997;43:35-56.
Carnt N, Stapleton F. Strategies for the prevention of contact
lens-related Acanthamoeba keratitis: a review. Opbthalmic
Physiol Opt. 2016;36:77-92.

Reverey JF, Fromme R, Leippe M, Selhuber-Unkel C. In vitro
adhesion of Acanthamoeba castellanii to soft contact lenses
depends on water content and disinfection procedure. Cont
Lens Anterior Eye. 2014;37:262-266.

Teuchner B, Wibmer ID, Schaumann P, Seifarth C,
Walochnik J, Nagl M. N-chlorotaurine inactivates Acan-
thamoeba and Candida albicans in the porcine ex vivo
corneal infection model. Cornea. 2019;38:1011-1016.
Aveyard J, Deller RC, Lace R, et al. Antimicrobial nitric oxide
releasing contact lens gels for the treatment of microbial
keratitis. ACS Appl Mater Interfaces. 2019;11:37491-37501.
Gallagher AG, McLean K, Stewart RMK, Wellings DA, Alli-
son HE, Williams RL. Development of a poly-epsilon-lysine
contact lens as a drug delivery device for the treatment of
fungal keratitis. Invest Ophbthalmol Vis Sci. 2017;58:4499—
4505.

Froumis NA, Mondino BJ, Glasgow BJ. Acanthamoeba
keratitis associated with fungal keratitis. Am J Ophthalmol.
2001;131:508-509.

Joseph J, Chaurasia S, Case Sharma S. report: corneal coin-
fection with fungus and amoeba: report of two patients
and literature review. Am J Trop Med Hyg. 2018;99:805-
808.

Rayamajhee B, Subedi D, Peguda HK, Willcox MD,
Henriquez FL, Carnt N. A systematic review of intracellu-
lar microorganisms within Acanthamoeba to understand
potential impact for infection. Pathogens. 2021;10:225.
Wanachiwanawin D, Booranapong W, Kosrirukvongs P.
Clinical features of Acanthamoeba keratitis in contact lens
wearers and non-wearers. Southeast Asian J Trop Med
Public Health. 2012;43:549-556.

Hansen B, Kronborg G. Acanthamoeba keratitis in a non-
contact lens wearer with human immunodeficiency virus.
Scand J Infect Dis. 2003;35:207-209.

Koltas IS, Eroglu F, Erdem E, Yagmur M, Tanir F. The role
of domestic tap water on Acanthamoeba keratitis in non-
contact lens wearers and validation of laboratory methods.
Parasitol Res. 2015;114:3283-3289.

Johnston SP, Sriram R, Qvarnstrom Y, et al. Resistance of
Acanthamoeba cysts to disinfection in multiple contact lens
solutions. J Clin Microbiol. 2009;47:2040-2045.



