
INFECTION AND IMMUNITY,
0019-9567/01/$04.0010 DOI: 10.1128/IAI.69.4.2723–2727.2001

Apr. 2001, p. 2723–2727 Vol. 69, No. 4

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Intracellular Crystal Formation as a Mechanism of Cytotoxicity
in Murine Pulmonary Cryptococcus neoformans Infection
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Rod-like crystalline structures formed during eosinophilic Cryptococcus neoformans pneumonia in C57BL/6
mice. Crystals were found associated with yeast cells and free in host cell cytoplasm. The crystals apparently
formed because of the interaction of a host protein with the cryptococcal polysaccharide. Crystal formation
likely contributes to pathogenesis by causing cellular damage.

Cryptococcus neoformans causes life-threatening disease in 5
to 10% of patients with AIDS in the United States (32) and
30% of those in Africa (8). C. neoformans is unique among the
pathogenic fungi in that it is encapsulated, yet it can be a
facultative intracellular pathogen (9, 15). The cryptococcal
polysaccharide capsule is required for virulence (17, 26) and
interferes with multiple aspects of host immune responses (3).
Polysaccharide accumulation is also associated with host cell
destruction (15, 28).

Crystal formation during the inflammatory response to mi-
crobial agents is a relatively rare phenomenon. Crystalline
inflammation has been associated with eosinophils, and pul-
monary cryptococcal infection in some strains produces eosin-
ophilic pneumonia (23, 24). In C57BL/6 mice, eosinophilic
pneumonia is common 14 days after primary pulmonary infec-
tion (13). Crystalline pneumonia has been recently described
for murine cryptococcal infection, with the crystals being as-
sessed to be Charcot-Leyden crystals (22). During studies of
pulmonary C. neoformans infection in C57BL/6 mice, we noted
rod-like crystalline structures in close apposition to yeast cells.
Crystal structures with similar appearance in macrophages of
numerous species have been described (7, 25, 27, 29, 34, 35). In
the murine lung, their presence has been termed acidophilic
macrophage pneumonia, and this phenomenon occurs with
varying frequency in healthy mice and in mice with various
disease states (20, 36, 37). C57BL/6 mice are particularly prone
to crystal formation (31). Recently, crystals with similar ap-
pearance have been shown to consist of Ym1 (T-lymphocyte-
derived eosinophil chemotactic factor) (19).

Ultrastructure of crystals in murine infection. Cultures of C.
neoformans ATCC 24067, obtained from the American Type
Culture Collection (Manassas, Va.) (16), were maintained,
grown, and prepared as previously described (15). For animal
studies, the guidelines for animal experimentation of the Al-
bert Einstein College of Medicine were followed. Six- to 10-
week-old C57BL/6 mice from the National Cancer Institute
(Bethesda, Md.) and from Jackson Laboratories (Bar Harbor,

Maine) were used in most experiments. Additional experi-
ments were done with 129/SvJ (Jackson Laboratories),
129/SvEv (Taconic Farms, Germantown, N.Y.), and A/JCr
(National Cancer Institute) mice. These strains were selected
because we have used them for other studies of pulmonary
cryptococcosis (12, 15). Mice were infected by intratracheal
inoculation of 104 organisms of C. neoformans, as described
previously (12). Mice were killed by cervical dislocation, their
lungs were removed, and one lobe was fixed in 10% buffered
formalin for light microscopy. The remainder of the lung was
processed for electron microscopy, as described previously
(13). C57BL/6 mice were studied 14 days after infection (three
experiments) and 28 days after infection (two experiments).
129/SvEv, 129/SvJ, and A/JCr mice were each studied 14 and
28 days after infection in one experiment. Two mice were
studied in each experimental group.

Crystalline structures were seen in the lungs of all C57BL/6
mice infected with C. neoformans in five of five independent
experiments but were rarely seen in A/JCr, 129/SvEv, or
129/SvJ mice. In C57BL/6 mice, crystals were commonly seen
14 days after infection by transmission electron microscopy
(Fig. 1). They were rarely present in lung tissue studied at
earlier times after infection (data not shown). Deposits with
the structural appearance of membranes were seen on the
outer surfaces of the crystals and at times appeared to form a
surrounding membrane (data not shown). The crystals were
present in increased numbers 28 days after infection, at which
time they often formed parallel stacks. The thickness of the
crystalline structures appeared to be a multiple of the initial
crystal thickness, suggesting side-to-side stacking. An internal
structure was visible in some, with ultradense bands oriented
along either the long or the short axis of the crystal. The
distance between ultradense bands was determined by measur-
ing the number of bands in 5 to 10 mm inside 10 crystals
magnified 150,000 times. The mean distance between ultra-
dense bands in either orientation was 0.42 nm (standard devi-
ation, 60.04 nm). An electron-dense ring frequently formed
around the outer aspect of the cryptococcal polysaccharide
capsule, with electron density and thickness similar to those of
the crystals. The crystals were most often located in large
multinucleated cells of macrophage origin based upon staining
with Griffonia simplicifolia agglutinin B4 isolectin (14) but were
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occasionally inside eosinophils. Crystals were seen in cells con-
taining C. neoformans and were absent from uninfected areas.
Cells containing large numbers of crystals appeared to be dy-
ing, as they had rounded nuclei, clumped chromatin, and
cytoplasmic disruption. Crystals protruded through the
membrane of some cells, suggesting that crystal formation
can lead to membrane disruption. By 28 days after infection,
crystals were found extracellularly and in association with bron-
chial epithelial disruption.

Immunoelectron microscopy. Because the appearance of the
crystals was similar to that of eosinophil-specific granule cores
(data not shown) (31), we initially hypothesized that they were
composed of eosinophilic major basic protein (MBP). Staining
of the crystals with eosin demonstrated their acidophilic na-
ture (Fig. 2). Polyclonal rabbit antiserum to murine MBP
was generously donated by James J. Lee and Nancy A. Lee
(Mayo Clinic, Scottsdale, Ariz.). Unicryl-embedded (BB In-
ternational, Cardiff, England), ultrathin lung tissue sections
were blocked and then incubated in rabbit antiserum to mu-
rine MBP diluted 1:100 or in prebled rabbit serum for 1 h at
room temperature. Grids were then incubated in goat anti-
rabbit immunoglobulin G (IgG) conjugated to 10-nm-diameter
gold particles (Goldmark Biologicals, Phillipsburg, N.J.) di-
luted 1:30 for 2 h at room temperature and fixed in 2% glu-
taraldehyde. Immunoelectron microscopy showed binding of
immune antiserum to murine MBP to the eosinophil-specific
granule core and matrix but not to the crystals. No labeling of
eosinophils was seen with normal rabbit serum. The electron
density of the crystals was similar to that of the cryptococcal
cell wall, which contains polymerized melanin in vivo. To in-
vestigate whether the crystals were melanin, we performed
immunoelectron microscopy with two melanin-binding
monoclonal antibodies (MAbs), 11B1 or 6D2 (both IgM), or
murine IgM (Southern Biotechnology Associates, Birming-
ham, Ala.) as a control, as described previously (33). The
crystals remained unlabeled, although gold particles were ob-
served in the cryptococcal cell wall, which is consistent with cell
wall melanization (33). Next, we evaluated whether the crystals
were composed of polysaccharide, which is abundant in in-
fected tissue (18). In 1-mm-thick deplasticized sections, the
crystals did not stain with periodic acid Schiff’s reagents, which
stain polysaccharide. Localization of C. neoformans capsular
polysaccharide (CNPS) by immunoelectron microscopy was
done on ultrathin sections of Epon-embedded tissue by using
MAb 2H1, an IgG1 that binds to glucuronoxylomannan, the
major component of capsular polysaccharide, as described pre-
viously (4, 5). Murine IgG (Sigma) was used as a control.
CNPS was identified in vacuoles containing the crystals and
surrounding the outer membranes of the crystals, but the crys-

tals were not labeled (Fig. 3). On the basis of these results, we
concluded that the crystals were not composed of MBP, mel-
anin, or polysaccharide.

In vitro crystal formation. Peritoneal inflammatory cells
from male Sprague Dawley rats from the National Cancer
Institute and Charles River Laboratories (Raleigh, N.C.) were
obtained as described previously (13). Rats were used for this
experiment because they are a plentiful source of peritoneal
inflammatory cells that contain a high percentage of eosino-
phils. Nonadherent cells were plated in 24-well plates at a final
concentration of 1.5 3 106 cells in 1 ml of RPMI containing
10% heat-inactivated fetal calf serum with 1% penicillin or
streptomycin (incubation medium). C. neoformans strains
ATCC 24067, 3501, or Cap 67 (an acapsular strain isogenic
with strain 3501) were added at a final concentration of 1.5 3
105 yeast cells/ml. To induce phagocytosis of C. neoformans
and eosinophil degranulation, 200 mg of MAb 2H1/ml was
added, and the plates were incubated at 37°C with 8% CO2.
Every 24 h, the medium was aspirated and replaced with 1 ml
of medium with 200 mg of MAb 2H1/ml. At various times after
infection, the contents of the wells were aspirated, centrifuged
at 330 3 g for 5 min, and resuspended in Trump’s fixative. Cell
blocks were embedded in araldite-Epon and processed for
electron microscopy as described above. For each specimen, all
areas of five noncontiguous grids were examined. In a prelim-
inary experiment, crystal formation was maximal after incuba-
tion for 3 days and was less evident at 24 h. After incubation for
5 days, wells were overwhelmed with C. neoformans and most
cells had degenerated. As a result, incubation for 3 days was
used for subsequent experiments. Crystals formed in large
numbers when either of two encapsulated strains of C. neofor-
mans and MAb to the polysaccharide capsule were added to
rat peritoneal inflammatory cells (Fig. 4). In contrast, crystals
rarely formed when an acapsular strain was used.

CNPS from ATCC 3501 was isolated as described previously
(6). Rat peritoneal inflammatory cells were prepared as de-
scribed above, and 1.5 3 106 cells in incubation medium were
incubated with 1, 10, or 100 mg of CNPS/ml and 200 mg of
MAb 2H1/ml for 3 days at 37°C. The incubation medium was
changed daily. For the sample containing 1 mg of CNPS/ml,
additional CNPS was added on days 1 and 2. For the 10-mg/ml
sample, additional CNPS was added on day 2. In all wells
containing CNPS, MAb 2H1 was added to the replacement
medium on days 1 and 2 at a final concentration of 200 mg/ml.
To demonstrate a requirement for capsular polysaccharide for
crystal formation, 1.5 3 106 sheep erythrocytes (RBCs) conju-
gated to MAb 2H1 were incubated with eosinophils under the
same conditions. Sheep RBCs were conjugated to MAb 2H1 by
incubation of a 5% cell suspension in 0.25% glutaraldehyde for

FIG. 1. (A) Eosinophils recruited to the site of infection discharge electron-dense granular contents at the surface of an extracellular
Cryptococcus, organism, allowing contact of cryptococcal polysaccharide with granule proteins (day 14; magnification, 33,000). (B) The location
of the yeast cell and crystals within a large multinucleated cell at a magnification lower than that for panel A. An electron-dense rim forms around
the yeast cell, and crystals subsequently polymerize in contact with yeast and in the cytoplasm (day 14; magnification, 32,000). (C) Budding
intracellular C. neoformans in murine lung tissue 14 days after infection with electron-dense rim surrounding the polysaccharide capsule. Crystals
formed in association with the yeast cell (magnification, 34,000). (D) On day 28 after infection, large numbers of crystals were seen inside
multinucleated cells, some of which were dying (magnification, 32,000). (E) Crystals disrupted host cell membranes and became extracellular (day
28 after infection; magnification, 33,000). (F) Higher magnification of the area enclosed in the boxed area in panel E demonstrates membrane
disruption (magnification, 320,000). (G and H) On day 28 after infection, crystals disrupted the bronchial epithelium, with loss of cilia. Epithelial
cell debris and larger extracellular crystals were seen inside bronchi (magnification, 31,000).
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1 h at room temperature with continuous stirring (2, 30).
Attachment of MAb 2H1 to the RBC surface was assessed
by demonstration of agglutination following the addition of
CNPS. Crystals formed in assays containing 1 or 10 mg of
CNPS/ml and MAb 2H1. When 100 mg of CNPS/ml was used,
inflammatory cells degenerated. The addition of complexes of
CNPS and MAb induced frequent crystal formation, whereas
very rare crystals formed when antigen-antibody complexes
consisting of sheep RBCs conjugated to anticapsular MAb
were added to inflammatory cells, despite internalization of
these complexes. These results demonstrate that capsular poly-
saccharide contributes to crystal formation. Although we can-
not definitively state that these crystals are the same as those
observed in murine pulmonary infection because homology of
murine Ym1 with a rat eosinophil chemotactic factor is un-
known, similar crystals in rats have been described previously
(34).

Crystals with an appearance similar to those in the present
study have been associated with eosinophilic infiltrates (1, 11,
21, 31, 37). Consequently, many investigators have hypothe-
sized that they represent a crystallized eosinophil protein, such
as lysophospholipase (Charcot-Leyden crystals) (22, 37). How-
ever, Charcot-Leyden crystals from nonprimate species have
never been definitively described (10, 11). Rather, the recent
report identifying very similar crystals as composed of an eo-
sinophil chemotactic factor, Ym1, provides the likely explana-
tion for the coincidence of crystals and eosinophil infiltrates, as
eosinophils are recruited in response to this protein (19). That
Ym1 has chitinase activity and is present in large amounts in
association with C. neoformans, which, like other fungi, con-
tains cell wall chitin, supports the view of Guo et al. (19) that
Ym1 may be part of the host response to microorganisms that
contain chitin. Further, these investigators suggest that Ym1
may be involved in binding to extracellular polysaccharide.
Here, we found that crystals formed at the edge of the poly-
saccharide capsule and were closely associated with cytoplas-
mic CNPS deposits. CNPS is a polysaccharide with a high
molecular weight, which may promote protein polymerization
through excluded volume effects in the phagosome.

Crystal formation appears to be a cytotoxic phenomenon.
The formation of larger collections of these structures was
associated with disruption and death of macrophages and

bronchial epithelial cell destruction. Since macrophages are
the principal effector cells against C. neoformans, crystal for-
mation may interfere with host defense mechanisms and pro-
mote persistence of infection. Furthermore, polymerization of
a host cell protein by exposure to CNPS during cryptococcal
infection may eliminate a potentially microbicidal protein from
solution. The reason for the strikingly frequent appearance of
these polymers in murine cryptococcal pneumonia may be re-
lated to two unusual qualities of this fungal infection: chronic-
ity and abundant polysaccharide production in tissue. The con-
version of a host cell protein from an effector molecule into a
polymer that damages host cells may represent a novel mech-
anism of virulence for CNPS and may contribute to the chro-
nicity and persistence associated with cryptococcal infection.
While the overall impact of crystal formation in cryptococcal
infection is unknown, the association of crystals with disrupted

FIG. 2. Light microscopic staining of intracellular crystals (arrows). (A) Crystals from a 1-mm-thick section of mouse lung 14 days after infection
stained with eosin. (B) Staining of a 5-mm-thick section of mouse lung 28 days after infection with hematoxylin and eosin showing a macrophage
containing a large number of intracellular crystals. Magnification, 31,000 (panels A and B).

FIG. 3. Immunoelctron microscopy shows the presence of gold la-
bel for cryptococcal polysaccharide surrounding the outer membrane
of the crystals but not over the crystals. The asterisk is located on a
cryptococcal capsule. The arrow points to artifactual contraction of the
capsule from the edge of a phagosome. magnification, 315,000).
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cells suggests that the net effect of crystal formation is harmful
to the host.
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FIG. 4. Crystals formed after incubation of C. neoformans strain
24067 with rat peritoneal inflammatory cells in vitro for 3 days. Bar, 1 mm.
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