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We evaluated the clonogenic survival, membrane permeability, metabolic activity (XTT reduction), and
apoptosis (FLICA binding) of Cryptococcus neoformans cells subjected to gamma rays from an external source,
and beta and alpha particles delivered to fungal cells by capsule-specific antibody. We found that gamma, beta,
and alpha radiation affected cells through different pathways.

Fungal cells such as Cryptococcus neoformans are extremely
resistant to external gamma radiation (7), perhaps due to the
extensive machinery that repairs UV-damaged DNA (11). In con-
trast, C. neoformans is highly susceptible to beta and alpha radi-
ation delivered by monoclonal antibodies (MAbs) specific for the
polysaccharide capsule of C. neoformans (7, 8, 14), implying that
damage by particulate radiation is different from gamma radia-
tion damage. The susceptibility to antibody-delivered particulate
radiation is the basis for the radioimmunotherapy (RIT) of cryp-
tococcal infection (7, 8). RIT of C. neoformans-infected mice with
alpha-emitter 2**Bi- or beta-emitter '%*Re-labeled C. neoformans
capsule-specific MAbs produced effects on both the fungal cells
and the host immune system (6). Given that RIT of infectious
diseases is a relatively young field, the mechanisms by which RIT
is effective in murine cryptococcosis (7, 8) are uncertain. Even in
oncology, where the anti-neoplastic effects of RIT have been
investigated for more than 25 years, the mechanisms are still
debated. The major radiobiological mechanisms of cancer RIT
are considered to be “direct-hit” and “crossfire” effects, both of
which can promote apoptosis and cell cycle redistribution (12).
Here we investigated the radiofungicidal effects of both external
radiation and radiolabeled MAbs on C. neoformans cells by eval-
uating the influence of radiofungicidal doses on cell membrane
permeability, the induction of apoptosis, and cellular metabolism.

(These results were presented in part at the 106th General
Meeting of the American Society for Microbiology, Orlando,
FL, 21 to 25 May 2006, abstr. F-023.)

Gamma radiation induced membrane permeability in a per-
centage of C. neoformans cells, while radiolabeled antibodies
did not. We compared the damage to C. neoformans cells
caused by gamma radiation to that caused by treatment with
213Bj- or '®8Re-labeled 18B7, a mouse MAb (immunoglobulin
G1) recognizing the polysaccharide capsule of C. neoformans
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(5). C. neoformans cells (strain 24067, obtained from the
American Type Culture Collection, Manassas, VA) were
grown as described previously (6). Cells were irradiated with
137Cs at 14 Gy/min for up to 600 Gy, followed by plating for
CFU, to measure the cells’ clonogenic survival. During a 7-day
observation of the plates with radiation-treated C. neoformans
cells plated for clonogenic survival, the colonies appeared si-
multaneously on day 3, with no new colonies appearing during
the rest of the 7-day observation period, a finding indicating no
of reactivation of the dormant cells. Since in vitro there is no
suppression of the cells by the host’s immune system, it is
unlikely that radiation treatment left behind any cells capable
of reactivation. For RIT experiments MAb 18B7 was radiola-
beled with 2*Bi and '®*Re as described earlier (6, 8). For that
purpose, 2°Bi, which emits primarily alpha as well as some
beta particles, was eluted from a ***Ac generator from the
Institute for Transuranium Elements, Karlsruhe, Germany (1);
188Re, a beta emitter, was eluted from a '**W/'®8Re generator
(Oak Ridge National Laboratories, Oak Ridge, TN). C. neo-
formans cells were incubated with radiolabeled antibodies for
1 h at 37°C, the unbound antibodies were removed, and the
cells were washed with phosphate-buffered saline. For '**Re-
18B7 MAD the cells were incubated with shaking in phosphate-
buffered saline at 4°C for 2 days to allow '®Re with its physical
half-life of 16.9 h to deliver its radiation dose; for 2'*Bi-18B7
MAD 3 h of incubation at room temperature was sufficient,
since 2"’Bi has a short physical half-life of 46 min. All three
forms of radiation decreased the clonogenic survival, with the
doses that caused losses of 80 to 100% being 250 Gy for
gamma radiation, 1 Gy for '®*Re-18B7, and 0.5 Gy for *'*Bi-
18B7 (Fig. 1). The doses for radiolabeled MAbs were calcu-
lated by using an algorithm previously developed for RIT of
fungal cells (7). We observed no killing of C. neoformans cells
when gamma radiation was delivered to C. neoformans cells by
18B7 MAD radiolabeled with a pure gamma emitter 99m-
technetium (**™Tc; 140 keV gamma emission with 89% abun-
dance) at the dose range of 0.7 to 45 wCi/10° cells (not shown).

One marker of cell death is an increased membrane perme-
ability to the dye propidium iodide (PI), which is excluded
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FIG. 1. Comparison of the percentage of nonviable C. neoformans cells by CFU, PI permeability, and apoptosis levels by FLICA for
radiation-treated cells. Panels A to D show CFU and PI permeability. (A) External gamma radiation; (B) '**Re-18B7; (C) **Bi-18B7; (D) H,O,
controls. Panels E to H show CFU and apoptosis levels by FLICA. (E) External gamma radiation; (F) '**Re-18B7; (G) *"*Bi-18B7; (H) H,O,
controls. (I) CFU and [**S]methionine incorporation by ?'*Bi-18B7-treated C. neoformans cells.

from cells with intact membranes. Internalized PI binds to
nucleic acids and undergoes a large increase in fluorescence
(9). PI staining correlates well with the loss of CFU in a variety
of organisms, including C. neoformans treated with antifungal
agents (2). More than 95% of heat-killed C. neoformans cells
were PI positive and served as positive control, while untreated
C. neoformans cells were negative controls (not shown). Fluo-
rescence was measured on the FL-2 channel of a FACScan
(Becton Dickinson), and the data were analyzed by using
CellQuest software. Cells stained with PI immediately or 1 h
after gamma irradiation showed no uptake of PI (not shown).
The permeability increased with time between 1 and 3 h after
gamma irradiation, indicating that it was probably secondary to
cell death and not a cause of death. It seems likely that the cells
in this 20% of the population are metabolically “dead” and
unable to maintain membrane integrity. Cells stained 3 h after
irradiation showed dose-dependent PI staining up to ~300 Gy
(25% PI positive), with a decrease to 10% PI positive at the
highest dose (Fig. 1A). This observation indicates again that
membrane damage is not the primary lethal event, since 80%
of the cells had lost clonogenic ability at these doses. The
decrease in PI-positive cells at the highest dose may be due to
protective effects from the shed capsule (4). Damage to the
membrane as measured by PI permeability did not increase by
21 h. Treatment of C. neoformans with '®*Re-18B7 did not
make the cells PI permeable (Fig. 1B). Treatment with ?'*Bi-
18B7 MAD led to ca. 7% of the cells becoming PI permeable,
at a dose that caused 80% loss of CFU (Fig. 1C). Higher doses
of ?'*Bi-18B7 MADb actually decreased the permeability. For
comparison, the C. neoformans cells were treated with H,O,

for 3 h, which induced high CFU losses but did not make the
cells permeable to PI (Fig. 1D).

All radiation types initiated the process of apoptosis in C.
neoformans cells. Fungal cells undergo apoptosis or pro-
grammed cell death (13). We investigated whether radiation
increased levels of fungal caspase, as measured by FLICA (for
fluorochrome-labeled inhibitor of caspase) binding, a mem-
brane-permeable substrate that binds to caspases induced dur-
ing early apoptosis. Earlier, we validated this technique for use
with C. neoformans by comparing the FLICA results to those
obtained using an APO-BrdU TUNEL apoptosis detection kit
(6). Cell fluorescence was measured on the FL-1 channel of the
FACScan. Gamma-irradiated cells were about 10% FLICA
positive at 3 h (Fig. 1E), whereas 20 and 5% of C. neoformans
cells exposed to *¥*Re-18B7 or 2*Bi-18B7 MAbs, respectively,
became FLICA positive (Fig. 1F and G). The number of
FLICA-positive *"’Bi-18B7 MAb-treated cells staining was
higher at 17 h than at 3 h, indicating an ongoing process of
apoptosis induction. Apoptosis is a dynamic process, and cells
pass through several stages, not staying at any one stage for a
long time. The decrease seen at 21 h for the gamma-radiation-
treated cells may indicate that at 21 h the cells have finished
the stage of apoptosis during which the caspases are available
to bind the fluorescent inhibitors. This is in contrast to the
increase with time observed for 2'*Bi-18B7 MAb-treated cells
and may reflect a difference in pathways of cell death induced
by the different forms of radioactivity. The levels of induction
were similar to those after treatment with 1 to 3 mM H,0,, a
standard positive control for apoptosis induction (Fig. 1H).
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FIG. 2. Comparison of the percentage of nonviable C. neoformans cells by CFU and metabolic activity by XTT assay for treatment with
radiolabeled MADbs and its “crossfire” component. (A) XTT results for '**Re-18B7; (B) CFU for '**Re-18B7; (C) XTT results for 2'*Bi-18B7;

(D) CFU for 21Bi-18B7.

Untreated cells had a 1 to 2% FLICA-positive population (not
shown).

XTT assay detected the loss in metabolic activity only for
cells “directly” hit with alpha-radiation. The cells ability to
reduce the dye 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT) de-
pends on the availability of NADPH at the cell surface. XTT
reduction is considered to be a measure of metabolic activity
(3) and has been used to measure the antifungal activity of the
drugs (10). Previously, we showed that gamma radiation did
not affect XTT activity of C. neoformans cells even at doses as
high as 830 Gy, whereas '®*Re-18B7 treatment caused a de-
tectable decrease in XTT activity only at doses 10 times higher
than those required for a 50% loss of CFU (14). In contrast,
the XTT activity of C. neoformans cells treated with ?'*Bi-18B7
MAD decreased to the same extent as their CFU (14). These
results indicated that the damage required for the loss of XTT
activity is distinct from the damage required for loss of the
ability to replicate.

As another measure of metabolic activity, we used a
[**S]methionine uptake assay to evaluate the metabolic activity
of the cells treated with ?**Bi-18B7. The results showed that
[**S]methionine incorporation decreased in parallel with CFU,
starting from 18 h of incubation with the ?**Bi-18B7-treated
cells (Fig. 1I).

In the present study we investigated the mechanism of this
phenomenon by comparing the ability of RIT to the ability of
its “crossfire” component to interfere with metabolism of C.
neoformans as measured by an XTT assay. As assumed in the
field of RIT, the cells could be killed by antibody-delivered
radiation via a “direct-hit” (killing of a cell by radiation ema-
nating from a radiolabeled molecule bound to this cell) or

“crossfire” (killing of a cell by radiation emanating from a
radiolabeled molecule bound to an adjacent or distant cell)
effects or a combination of both. A “crossfire” effect is essential
for the success of cancer RIT (12). Cells that would serve as
sources of “crossfire” radiation were prepared by incubating
heat-killed C. neoformans cells with radiolabeled MAbs for 1 h
at 37°C. The unbound antibodies were removed by centrifuga-
tion, and the dead cells with bound radiolabeled MADb were
mixed with live C. neoformans cells to deliver the “crossfire”
radiation to live cells. The mixture was incubated for 1 h at
37°C and assayed as described above for CFU and for XTT
activity as described previously (14). Both RIT with '%5Re-
18B7 MAD and its “crossfire” component, while equally de-
creasing CFU (Fig. 2B), did not change the levels of metabo-
lism as compared to untreated cells (Fig. 2A). *'*Bi-18B7 RIT,
on the other hand, produced a large decrease in XTT activity
(Fig. 2C) that was proportional to the decrease in CFU (Fig.
2D). Interestingly, “crossfire” from ***Bi-18B7 was unable to
cause a decrease in XTT activity (Fig. 2C), indicating that
there is a fundamental difference in the fungicidal mechanisms
of “direct” RIT and its “crossfire” component for this radio-
nuclide. The “crossfire” effect on CFU may be caused by the
beta radiation component of *'*Bi decay, which has a longer
range in tissue and is much less damaging than its alpha decay
component.

In conclusion, we evaluated the clonogenic survival, mem-
brane permeability, metabolic activity (XTT reduction), and
apoptosis (FLICA binding) of C. neoformans cells subjected to
gamma rays from an external source and beta and alpha par-
ticles delivered to fungal cells by capsule-specific antibody. We
found that gamma, beta, and alpha radiation affected cells via
different pathways. Gamma radiation had more effect on the
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cell membrane than *'*Bi-18B7 or '®8Re-18B7. All forms of
radiation stimulated apoptosis, with gamma radiation and
!88Re-18B7 MAD having a more pronounced effect than ***Bi-
18B7 MADb. 2*Bi-18B7 MAbD delivered “directly” decreased
the metabolic activity of fungal cells, while the other forms of
radiation did not. Clonogenic survival proved to be the most
practical measure for assessing RIT efficacy by virtue of re-
flecting a combination of multiple mechanisms leading to fun-
gal cell death. Cells that are alive after RIT treatment, but not
replicating, may or may not contribute to the disease. Knowl-
edge of the radiobiological mechanisms of RIT will allow cre-
ation of more effective protocols for RIT of opportunistic
fungal infections.
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