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Photodynamic therapy is a rapidly developing antimicrobial technology which combines a nontoxic photo-
activatable dye or photosensitizer with harmless visible light of the correct wavelength to excite the dye to its
reactive triplet state to generate reactive oxygen species toxic to cells. In this report we present evidence that
the fungal pathogen Cryptococcus negformans is susceptible to photodynamic inactivation by use of a poly-
cationic conjugate of polyethyleneimine and the photosensitizer chlorin(e6). A C. neoformans rom2 mutant, with
a mutation involving a putative Rhol guanyl nucleotide exchange factor that is part of the protein kinase C-cell
wall integrity pathway, demonstrated a compromised cell wall and less (1,3)3-p glucan than the wild-type
strain and increased accumulation of PEI-ce6 as assessed by fluorescence uptake and confocal microscopy.
Interestingly, C. neoformans rom2 was hypersusceptible to photodynamic inactivation and coincubation of
wild-type C. neoformans strain KN99a with caspofungin-enhanced photoinactivation. These studies demon-
strated that C. neoformans is sensitive to photodynamic therapy and illustrated the significance of cell wall
integrity in microbial susceptibility to antimicrobial photodynamic inactivation.

Cryptococcus neoformans is a significant cause of morbidity
and mortality. Cryptococcal disease most commonly involves
the lungs, central nervous system, skin, skeletal system, and
prostate gland (reviewed in references 8 and 13). Drug thera-
pies to treat the fungal infection have included amphotericin B,
fluconazole, and flucytosine or combinations of these drugs
(37). Although there has been some success treating C. neo-
formans with these drugs, they can require prolonged treat-
ment, with potential toxic effects (12, 13).

Photodynamic therapy (PDT) employs a nontoxic dye
termed a photosensitizer (PS) and low-intensity visible light; in
the presence of oxygen, these produce cytotoxic reactive oxy-
gen species (5-7). PDT has the advantage of dual selectivity in
that the PS can be targeted to its destination cell or tissue, and
in addition the illumination can be spatially directed to the
lesion. PDT was originally discovered by its effect on microor-
ganisms (31) but since then has been principally developed as
a treatment for cancer (14) and age-related macular degener-
ation (3).

PDT has attracted attention as a possible treatment for
localized infections (10, 19, 45). It is known that gram-negative
bacteria are resistant to PDT mediated by many commonly
used photosensitizers that readily lead to phototoxicity for
gram-positive species (28) and that photosensitizers bearing a
cationic charge (30) or the use of agents that increase the
permeability of the outer membrane increases the efficacy of
killing of gram-negative organisms (28). The ideal PS for kill-
ing bacteria should possess an overall cationic charge and
preferably multiple cationic charges (43). It was previously

* Corresponding author. Mailing address: Infectious Diseases, Mas-
sachusetts General Hospital, 55 Fruit Street, GRJ-504, Boston, MA
(02144. Phone: (617) 726-3812. Fax: (617) 726-7416. E-mail: emylonakis
(@partners.org.

" Published ahead of print on 4 June 2007.

2929

shown that covalent conjugates between poly-L-lysine and chlo-
rin(e6) were efficient photosensitizers for pathogenic bacteria
(21), and members of a novel set of polycationic conjugates of
chlorin(e6) and polyethyleneimine (PEI) were capable of kill-
ing a panel of pathogenic bacteria and the yeast Candida albi-
cans after exposure to low levels of red light (23). Photoacti-
vated dyes produce either singlet oxygen or other reactive
oxygen species such as superoxide and hydroxyl radicals, but in
either case it is thought that these reactive oxygen species
primarily react with the microbial cell wall, leading to mem-
brane permeabilization and cell death. The fact that the skin is
a common site of cryptococcal infections implies that PDT
could be considered an alternative therapy for localized cryp-
tococcal infections because of its advantage of killing fungal
cells more rapidly by several log values. Selectivity for micro-
bial cells over host tissue cells is provided by the rapid uptake
of macromolecular photosensitizers such as PEI-ce6 by mi-
crobes and the slow uptake by mammalian cells (20, 44).

The fungal cell wall provides structure to the cell and pro-
tects the cell from the environment. It is primarily composed of
a- and B-glucans (the principal polysaccharides of the bilayer
structured cell wall), N-acetylglucosamine, and mannopro-
teins. It has been established using the model yeast Saccharo-
myces cerevisiae that the Rhol-protein kinase C pathway con-
trols cell wall integrity. In this pathway, Rom2p receives signals
from the extracellular stress sensors Wsclp and Mid2p and is
a guanyl nucleotide exchange factor for Rhol (34, 35). Rhol
interacts with Fks1p, which encodes the (1,3)B-D glucan syn-
thase for the production of (1,3)B-p glucan, a major cell wall
component (15, 29, 36), and activates Pkclp (25, 32). Activa-
tion of the protein kinase C pathway results in cell wall syn-
thesis (22, 24, 27, 40).

ROM?2 of C. neoformans was identified through an in silico
search as an S. cerevisiae ROM2 homologue (18) and through
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FIG. 1. Wild-type C. neoformans strain KN99a is susceptible to
photoinactivation. Phototoxicity of 10 uM ce6-equivalent PEI-ce6 was
measured after incubation at 30°C (closed circles) and 37°C (open
circles) of C. neoformans. KN99a cells were incubated with the PS for
30 min. Cells were then illuminated with 100 mW cm 2 and the
survival fractions determined, as described in Materials and Methods.

a screen of insertional mutants in a Caenorhabditis elegans
model of infection (42) and has been described as a C. neofor-
mans virulence factor (42). Here we show that C. neoformans
ROM?2 also plays a role in cell wall integrity. The rom2 mutant
was hypersensitive to Congo red and sodium dodecyl sulfate
(SDS), indicating cell wall defects. Indeed, there was a defi-
ciency in (1,3)B-p glucan in the rom2 mutant compared to
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wild-type cells. In this report we show that cell wall defects
allow the rom2 mutant to be hypersusceptible to antimicrobial
photoinactivation with the PS polyethyleneimine chlorin(e6)
conjugate (PEI-ce6) and that this hypersusceptibility can be
reversed in the ROM2 reconstituted strain.

MATERIALS AND METHODS

Strains and media. C. neoformans strains used in this study included wild-type
KN99«, a KN99« rom2 mutant, and the reconstituted strain KN99a rom2 +
ROM?2 (42). The KN99«a rom?2 strain lacked all but the last 18 codons of the
ROM?2 locus (42). The reconstituted strain KN99« rom2 + ROM?2 incorporated
a wild-type copy of the ROM2 gene cloned into a plasmid conferring resistance
to neomycin and was introduced into the rom2 mutant strain through Agrobac-
terium-mediated transformation (42). All strains grew in 1% yeast extract-2%
peptone-2% dextrose (YPD) media and were stored in glycerol at —80°C.
Cultures grew at 30°C unless otherwise specified.

TEM. We grew C. neoformans cells at 37°C and collected the cells with
centrifugation. Following centrifugation, cells were suspended in 2% glutaralde-
hyde-0.1 M sodium cacodylate buffer (pH 7.4) for 60 min at room temperature.
Cells were fixed overnight at 4°C in glutaraldehyde. Fixed cells were collected
with centrifugation and washed three times with cacodylate buffer and then
suspended in 1% osmium tetroxide in cacodylate buffer for 60 min at room
temperature. Cells were washed with cacodylate buffer followed by double-
distilled water and then suspended in 2% uranyl acetate for 60 min at room
temperature and rinsed with double-distilled water. Pelleted cells suspended in
2% agarose were dehydrated through a graded ethanol series and then infiltrated
overnight in a 1:1 mixture of Epon (Ted Pella, Inc.):100% ethanol with agitation.
Further infiltration occurred by embedding cells in 100% fresh Epon overnight
at 60°C. Poststaining of thin sections with 2% uranyl acetate and lead citrate
provided contrast for viewing cells with a JEOL 1011 transmission electron
microscope (TEM) at 80 kV.

(1,3)B-p glucan quantification. We compared the cellular amounts of (1,3)B-D
glucan by use of the dye aniline blue (Sigma) as described previously (38, 46). In
brief, cells grew overnight at 37°C and 2.5 X 10° cells were used for quantification
for each strain. Cells collected with centrifugation were washed twice with Tris-
EDTA buffer. Cells suspended in 500 pl of Tris-EDTA received NaOH to
achieve a final concentration of 1 M. Cells were incubated at 80°C for 30 min to
solubilize (1,3)B-D glucan followed by the addition of 2.1 ml of aniline blue
mixture (0.03% aniline blue, 0.18 M HCI, 0.49 M glycine/NaOH [pH 9.5]).
Aniline blue interacts with linear (1,3)B-p glucan (39). Cells were mixed through
agitation and then incubated at 50°C for 30 min followed by a 30-min incubation
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FIG. 2. The C. neoformans rom2 mutant is hypersusceptible to photoinactivation with PEI-ce6. Phototoxicity of 10 pM ce6-equivalent PEI-ce6
after incubation at 30°C (A) and 37°C (B) for strains KN99a (closed circles), KN99a rom2 (open circles), and KN99a rom2 +ROM?2 (closed
triangles). Incubation with the PS was 30 min. Cells were then illuminated at 100 mW cm™2 and the survival fractions determined, as described

in Materials and Methods. %, P < 0.05; %, P < 0.01; *x%, P < 0.001.
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FIG. 3. Cell wall defect in the C. neoformans rom2 mutant. (A) Strain KN99« and KN99a rom2 cells were compared visually for cell wall
differences by use of TEM (X25,000). Scale bars, 500 nm. The arrow indicates the KN99«a cell wall, and the arrowhead indicates the KN99a rom2
cell wall. (B) The cellular amounts of (1,3)B-D glucan was compared between KN99a and KN99a rom2 by use of the dye aniline blue. KN99« rom?2
had a lower level of (1,3)B-D glucan available in the cell compared to KN99« under 37°C growth conditions.

at room temperature. We examined each strain in triplicate. Fluorescence of
(1,3)B-p glucan was measured with a fluorescent plate reader (SpectraMax
Gemini; Molecular Probes). An excitation wavelength of 400 nmy/slit (width, 3
nm) and an emission wavelength of 460 nm (width, 3 nm) with a cutoff of 455 nm
were used to measure fluorescence.

Cell wall integrity. Evaluation of cell wall integrity compared strain KN99a
rom2 to KN99a and KN99a rom2 + ROM?2. Quantities of a 10-fold serial
dilution of 10* to 10" cells were plated in a volume of 5 wl on YPD medium
supplemented with 0.5% Congo red for cells grown under 30°C growth condi-
tions. Cell wall integrity was also evaluated with 0.03% SDS. Cells grew under
25°C, 30°C, and 37°C conditions until colonies appeared.

Photodynamic inactivation (PDI) studies and CFU determination. C. neofor-
mans cells grew overnight at 30°C or 37°C. Cells collected through centrifugation
for 5 min were then suspended in phosphate-buffered saline (PBS). The prepa-
ration and characterization of the covalent conjugate between chlorin(e6) and
branched polyethyleneimine of an average molecular weight of 10,000 (abbrevi-

ated as PEI-ce6) were described in detail by Tegos and colleagues (44). A cell
suspension consisting of 3.5 ml at 107 cells ml~! for each strain was incubated
with a 10 pM ce6 equivalent of PEI-ce6 for 10 min at room temperature in the
dark. Cells were collected with centrifugation for 5 min and suspended in PBS.
Aliquots (500 pl) were transferred to a 48-well plate and illuminated at room
temperature with a 665-nm, 1-W diode laser (BWF-665-1; B&W Tek, Newark,
DE) coupled to a 1-mm optical fiber. Red light was delivered at an irradiance of
100 mW cm ™2, with fluence ranging from 0 to 16 J cm ™2,

In drug combination experiments, we added 8 pg ml~' caspofungin (Merck)
or 0.25 wg ml~! fluconazole to the cells in combination with 10 wM PEI-ce6. All
other aspects remained the same. Cells were incubated with caspofungin or
fluconazole for 0, 8, and 24 h before PEI-ce6 exposure for 30 min. Cells were
collected and illuminated as described above.

At intervals during the illumination after delivery of requisite fluence levels,
aliquots (100 wl) were taken from each well to determine CFU. Tenfold aliquots
serially diluted in PBS generated dilutions of 10™! to 107¢ times the original
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FIG. 4. Cell wall integrity of the strain KN99« rom2 mutant compared to the wild-type strain, KN99a, and the reconstituted strain KN99«
rom2 + ROM2. Tenfold serial dilutions of cells were plated from overnight cultures. The plated cultures were maintained at 25°C, 30°C, and 37°C
until colonies were visible. Panels show YPD medium (A) compared to YPD supplemented with 0.03% SDS (B) or with 0.5% Congo red (C) to

detect lysis from cells with weakened cell wall integrity.

concentrations, and 10 pl aliquots of each of the dilutions were streaked hori-
zontally on square YPD plates by the method of Jett and colleagues (23). We
streaked the plates in triplicate and incubated for 48 h at 30°C or 37°C in the dark
to allow colony formation. Control groups included cells that were not treated
with a PS or light, cells incubated with a PS but kept in 48-well plates covered
with aluminum foil at room temperature for the duration of the illumination, and
cells treated with light but not with a PS. Survival fractions (SF) were routinely
expressed as ratios of CFU of microbial cells treated with light and a PS to CFU
of microbes treated with neither. The survival fraction at 0 J/cm? gives a measure
of the toxicity of the conjugate in the dark.

Uptake of PEI-ce6 by microbial cells. Suspensions of C. neoformans cells
received 10 uM PEI-ce6 in the dark at room temperature. A 3-ml aliquot was
centrifuged, and the pellet was suspended in 6 ml of 0.1 M NaOH and 1% SDS
for 24 h to dissolve the cells. The fluorescence was measured (FluoroMax3;
SPEX Industries, Edison, NJ) at an excitation wavelength of 400 nm and an
emission wavelength of 580 nm to 700 nm. Uptake values were calculated by
dividing the number of nanomoles of photosensitizer in the dissolved pellet by
the number of CFU obtained by a serial dilution, and the number of PS mole-
cules per cell was calculated using Avagadro’s number.

We also examined cells for fluorescence accumulation with fluorescent-acti-
vated cell sorting (FACS) of strains grown overnight at 37°C. Cells (3.5 X 107)
collected with centrifugation and washed with 100 pl of PBS were incubated with
1 wM PEI-ce6 for 10 min in the dark at room temperature. Cells collected with
centrifugation for 5 min and washed twice with 100 pl of PBS were then sus-
pended in 500 pl of PBS and fixed with paraformaldehyde according to the
method of Kopecka and colleagues (26). In brief, cells received 100 pl of fixative
(5% paraformaldehyde in wash buffer) and were incubated at room temperature
for 90 min and then washed three times with wash buffer (0.1 M KH,PO,, 1.25
mM EGTA, 1.25 mM MgCl,, pH 6.9) for 5 min. Cells were washed and sus-
pended in 500 ul PBS. A BD (Becton Dickinson) FACS apparatus was used to
measure fluorescence differences of 10,000 cells.

Statistical analysis. Statistical values represent the means of three separate
experiments, and bars presented in the graphs represent standard errors of the

means. Differences between means values were tested for significance by an
unpaired two-tailed Student ¢ test, assuming equal or unequal variations as
appropriate. A P value of less than 0.05 indicated significance.

RESULTS AND DISCUSSION

We sought to determine the susceptibility of the fungal
pathogen C. neoformans to PDT. The wild-type strain KN99«
was grown at 30°C and 37°C and incubated with PEI-ce6 and
subsequently irradiated, with fluence ranging from 0 to 16
J/cm?. Antimicrobial inactivation with PEI-ce6 resulted in kill-
ing of C. neoformans cells at both growth temperatures at a
log,, of 2 (Fig. 1). We evaluated C. neoformans for PEI-ce6
resistance but did not see resistance after five repetitive cycles
of PEI-ce6 exposure, indicating that under these brief testing
conditions there was no evidence for resistance (data not
shown). This is the first report of antimicrobial photoinactiva-
tion of C. neoformans. Antimicrobial PDT has been extensively
used for C. albicans with a panel of photosensitizers including
PEI-ce6, methylene blue, toluidine blue, rose Bengal, and Pho-
tofrin (2, 11, 44, 47). Interestingly, treatment of C. albicans
required 10 times more PEI-ce6 than treatment of bacterial
cells; this result may have had to do with the larger size of the
fungal cells (44). C. albicans susceptibility to PDT was affected
by growth conditions and cell morphology (2). Our results also
showed a slight difference in killing levels based on growth
conditions. There was a slight increase in killing at 37°C com-
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FIG. 5. Uptake of PEI-ce6 by strains KN99a and KN99a rom2. (A and B) KN99a and KN99a rom?2 cells were exposed to 1 uM PEI-ce6. Cells
were incubated with the photosensitizer for 30 min, washed, and fixed with paraformaldehyde as described in Materials and Methods. (A) FACS
results indicated increased side scatter height for 10,000 cells of KN99a rom2 compared to KN99«. (B) Histogram plot of 10,000 cells from FACS.
(C) Fluorometer-measured uptake of PEI-ce6 in terms of molecules per cell for KN99a, KN99a rom2, and KN99«a rom2 + ROM?2. Values
represent the means of three separate determinations; bars represent standard errors of the means. *, P < 0.05.

pared to the results seen with cells grown at 30°C, but the
amount of killing at 30°C was not significantly different from
the amount of killing at 37°C.

Because wild-type C. neoformans was more resistant to PDI
(under similar conditions we noted killing of C. neoformans at
2 log,, [Fig. 1] compared to killing of C. albicans at 4 to 6 log,,
[44]), we examined C. neoformans mutant strains to identify

mutants that were more susceptible to PDI with PEI-ce6. The
C. neoformans mutants sod! (superoxide dismutase 1) (9), cnal
(calcineurin) (33), and rom?2 (putative Rhol guanyl nucleotide
exchange factor) (42) were among the mutants evaluated for
increased PEI-ce6 efficacy; all were found to exhibit increased
killing compared to wild-type C. neoformans results (unpub-
lished data). The most significant amount of photoinactivation
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with PEI-ce6 was found with C. neoformans rom2 mutant cells;
we therefore focused our study on the rom2 mutant. We re-
cently identified ROM2 as a virulence factor for C. neoformans
and demonstrated that the rom2 mutant was hypersensitive to
caffeine and sodium chloride, potentially indicating defects in
cell wall integrity (42). We sought to determine how cell wall
defects would affect the efficiency of photodynamic inactiva-
tion. We evaluated the susceptibility of the C. neoformans rom2
mutant to photoinactivation and found that this mutant is
hypersusceptible to PEI-ce6 photoinactivation compared to
the wild-type and the reconstituted strains (Fig. 2A and B).
Since differences in fungal susceptibility to photosensitizers
have been associated with various growth conditions (2), cells
were grown at 30°C (Fig. 2A) and at 37°C (Fig. 2B). Increased
cell death for strain KN99a rom2 compared to the wild-type
and reconstituted strains was demonstrated under both sets of
growth conditions but was more significant at 37°C. Notably,
reconstitution of the Rom?2 phenotype (by integrating the wild-
type ROM?2 gene into the rom2 mutant strain as described in
reference 34) restored resistance to PDI completely (at 30°C;
Fig. 2A) or almost completely (at 37°C; Fig. 2B).

Since the role of ROM?2 in cell wall integrity has not been
completely elucidated (42), we further evaluated the integrity
of the cell wall in the rom2 mutant. We evaluated whether the
increased susceptibility was related to cell wall defects in the C.
neoformans rom2 mutant. Initial visualization of the cell wall
for C. neoformans rom2 mutant with TEM showed that the cell
wall was intact; however, there were visible differences in the
cell wall of KN99a rom2 compared to that of KN99«. More
specifically, the rom2 mutant cell wall was consistently less
electron dense than the wild-type KN99« strain cell wall (Fig.
3A). A potential cause for the visible difference was a change
in the composition of the cell wall, which is primarily com-
prised of a- and B-glucans. Strain KN99a rom?2 was evaluated
for changes in the cell wall component (1,3)B-p glucan, be-
cause ROM2p in §. cerevisiae is a guanyl nucleotide exchange
factor for Rholp, which activates the glucan synthase Fks1p for
(1,3)B-p glucan (15, 29, 36). The amount of (1,3)B-D glucan in
strain KN99a rom2 was compared to that in strain KN99a by
use of aniline blue (Sigma) (46). Interestingly, we found there
was 35% (P < 0.05) less (1,3)B-D glucan available in KN99«
rom2 cells compared to wild-type cell results (Fig. 3B). The
reconstituted strain KN99a rom2 + ROM?2 was also evaluated
for (1,3)B-p glucan levels by use of the dye aniline blue. A
slightly lower amount of (1,3)B-D glucan was found for KN99«
rom2 + ROM?2 cells at 85% of wild-type (1,3)B-D glucan levels,
but the amount was not significantly (P = 0.17) different from
that seen with wild-type C. neoformans cells (data not shown).

We investigated whether the difference in strain KN99«a
rom2 cell wall composition affected cell wall integrity. Cell wall
integrity was assessed with SDS, which disrupts the plasma
membrane, and with Congo red, which interacts with 3-p glu-
can (48) (Fig. 4A to C). Cells with a defective cell wall were
sensitive to the presence of either chemical. We found KN99«
rom2 was sensitive to 0.03% SDS at 25°C, 30°C, and 37°C (Fig.
4B). Wild-type C. neoformans and the ROM?2 reconstituted
strain were not sensitive to 0.03% SDS under these conditions.
Gerik and colleagues previously tested KN99a rom2 sensitivity
to 0.5% Congo red and showed that KN99a rom2 was slightly
sensitive to Congo red at 30°C (18). We found that KN99«

ANTIMICROB. AGENTS CHEMOTHER.

FIG. 6. Visualization of cell permeability. Cells were grown at
37°C, exposed to PEI-ce6 for 10 min, and then washed with PBS. Cells
were observed for PEI-ce6 localization with a confocal laser spectro-
photometer (TCS; NT Leica). Arrows indicate PEI-ce6 localization to
the cell wall. Arrowheads indicate localization of PEI-ce6 to the cell
interior. PEI-ce6 appears red.

rom?2 was significantly hypersensitive to 0.5% Congo red under
high-temperature growth conditions (Fig. 4C).

In order to investigate the hypothesis that the cell wall in-
tegrity defect of the rom2 mutant is directly associated with the
hypersusceptible phenotype with respect to photodynamic in-
activation, we studied whether weakened cell wall integrity is
associated with increased accumulation of PEI-ce6 by KN99«
rom2 compared to KN99a. The association with increased
accumulation of PEI-ce6 was indicated by FACS results that
showed increased fluorescence of KN99a rom2 cells in the
presence of PEI-ce6 compared to KN99« cells in the presence
of PEI-ce6 (Fig. SA and B). KN99« rom2 cells were shown to
exhibit an increased amount of fluorescence in a greater num-
ber of cells compared to KN99a cells treated with PEI-ce6 by
use of a scatter plot; this result was also shown in a shift in the
histogram plot (Fig. 5A and B). The increased accumulation of
PEI-ce6 was also assessed with fluorometry, showing that more
PEI-ce6 was associated with KN99a rom2 compared to KN99a
or KN99a rom2 + ROM?2 results (Fig. 5C). Both FACS and
fluorometry results indicated a greater association of PEI-ce6
with the rom2 mutant compared to wild-type C. neoformans.

The results from the FACS and fluorometry analyses indi-
cated an increase in fluorescence that could have been due
either to increased amounts of PEI-ce6 attached to the strain
KN99a rom?2 cell wall or to the KN99a rom2 cell being per-
meable to PEI-ce6 because of the defects on the cell wall. In
order to investigate the location of increased association of
PEI-ce6 to the rom2 mutant, we visually evaluated cells ex-
posed to PEI-ce6 with confocal microscopy. Indeed, the
KN99a rom?2 strain was more permeable to PEI-ce6 than was
KN99a. Microscopy of the C. neoformans cells after a 10 min
incubation with PEI-ce6 showed that the dye was predomi-
nately located on the exterior of KN99a cells. For KN99«a
rom?2 cells, PEI-ce6 was located both on the cell exterior and
on the cell interior (Fig. 6). This demonstrates that the rom2
mutant cells are leaky with respect to PEI-ce6 and correlates with
the increase in cell death and the increased association with PEI-
ce6 observed with FACS and fluorescent quantification.

Increased cell permeability of the strain KN99a rom2 mu-
tant compared to the wild-type KN99a strain indicates that the
PEI-ce6 PS is more effective when it penetrates the C. neofor-
mans cell. Accordingly, we examined the effect of coincubating
cells with the echinocandin caspofungin and PEI-ce6. Caspo-
fungin is an antifungal drug that targets the (1,3)B-p glucan
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FIG. 7. Coincubation of wild-type C. neoformans strain KN99« with caspofungin- or fluconazole-enhanced photoinactivation. Phototoxicity of
10 wM ce6-equivalent PEI-ce6 was measured after incubation at 30°C with a subinhibitory concentration of caspofungin (8 wg/ml) (A) or
fluconazole (0.25 pg/ml) (B). C. neoformans KN99a cells were exposed to the PS for 30 min after incubation with the corresponding antifungal
agent for 0 (closed circles), 8 (open circles), and 24 (closed squares) h. Cells were then illuminated with 100 mW c¢cm ™2 and the survival fractions

determined, as described in the Materials and Methods.

synthase Fkslp. While it has been shown to be effective at
treating fungal pathogens such as Candida spp., caspofungin is
ineffective at killing C. neoformans both in vitro and in vivo (1,
16). Although caspofungin treatment of C. neoformans does
not kill the cells, it does affect the cell wall by reducing the
amount of (1,3)B-p glucan found in the cell (17). We were
interested to determine whether PDI was effective against
wild-type C. neoformans treated with caspofungin in combina-
tion with PEI-ce6. Indeed, wild-type KN99«a treated with a
subinhibitory amount of caspofungin at 8 pg ml~' and PEI-ce6
for either 8 or 24 h showed increased photoinactivation com-
pared to the results seen with PEI-ce6 treatment alone (Fig.
7A). Strain KN99a treated with caspofungin showed signifi-
cantly more killing with PEI-ce6 after 8 h of caspofungin treat-
ment (P < 0.01) compared to the results seen in the absence of
treatment with caspofungin. Further, 24 h of treatment with
caspofungin increased killing to 4 log,, (P < 0.001) compared
to the results seen with KN99a cells that were not treated with
caspofungin and that demonstrated killing at a log,, of 2. This
suggests that caspofungin is capable of damaging the cell wall
and increasing the efficacy of PEI-ce6, likely by allowing more
PEI-ce6 to penetrate the cell.

We further examined a drug combination effect by use of the
azole fluconazole with PEI-ce6. Fluconazole targets P450 to
reduce the amount of the cell wall sterol ergosterol. A subin-
hibitory concentration of 0.25 pg ml~' did not exhibit a sig-
nificant synergistic effect with PEI-ce6 (Fig. 7B).

This evidence suggests potential clinical use of PDT with
cutaneous C. neoformans infections in the future, but more
studies are necessary. Thus far, the use of PDI is feasible with
members of the Ascomycetes such as C. albicans and with
Basidiomycetes, as indicated by this work with C. neoformans,
and its potential use extends to dermatophytes (see references
2 and 44 and reviews in reference 4). Growth inhibition was
achieved with thiophenes 2.2":5,2"-terthienyl and 5-(4-OH-1-
butinyl)2,2’-bithienyl for dermatophytes such as Trichophyton

mentagrophytes, T. rubrum, T. tonsurans, Microsporum cookei, M.
canis, M. gypseum, Epidermophyton floccosum, and Nannizia ca-
jetani (4). Exposure of T. rubrum suspension cultures to Sylsen B
[5,10,15-tris(4-methylpyridinium)-20-phenyl-[21H,23H]-porphine
trichloride] or DP mme (deuteroporphyrin monomethylester) re-
sulted in complete killing (41). Our findings show that PEI-ce6
can be used for photoinactivation of C. neoformans. Importantly,
the efficacy of cell killing is affected by the amount of PEI-ce6 that
penetrates the cell. By introducing cell wall defects with caspo-
fungin, photodynamic inactivation increased.

In conclusion, this is the first report showing that C. neofor-
mans is sensitive to PDI and we provide further evidence on
the role of ROM2 in C. neoformans cell wall integrity. The
susceptibility of C. neoformans to the photosensitizer PEI-ce6
is associated with the cell wall. The cell wall defects found in
the rom2 mutant were associated with increased accumulation
and cell permeation by the photosensitizer dye, leading to
increased photoinactivation after light exposure. An increase
in photoinactivation was also achieved by exposing wild-type C.
neoformans cells to caspofungin as a means to weaken the cell
wall and promote increased penetration of PEI-ce6. PDT de-
serves further study as a potential treatment for C. neoformans
fungal infections, especially when it is coupled with disruption
of the cell wall integrity.
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