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Phenotypic switching has been linked to the virulence of many pathogens, including fungi. Howev-
er, it has not been conclusively shown to occur in vivo or to influence the outcome of infection. Cryp-
tococcus neoformans undergoes phenotypic switching in vitro to colony types that differ in their viru-
lence in mice. In this study, we asked whether C. neoformans undergoes phenotypic switching in vivo
and whether this phenomenon contributes to virulence. By using a small inoculum to preclude the
introduction of variants that had already switched during in vitro propagation, we demonstrated
that in vivo switching to a mucoid phenotype occurred in two mice strains and was associated with
alethal outcome. Phenotypic switching resulted in changes of the capsular polysaccharide that inhib-
ited phagocytosis by alveolar macrophages. This promoted a more vigorous inflammatory response
and rapid demise. These data document in vivo switching in a fungus and associate this phenome-
non with enhanced virulence and a lethal outcome. The importance of this finding is underscored
by the increased likelihood of phenotypic switching in chronic cryptococcosis; thus this mechanism

may account for the inability to eradicate the organism in immunocompromised hosts.
J. Clin. Invest. 108:1639-1648 (2001). DOI:10.1172/JCI200113407.

Introduction

Cryptococcosis affects 5-30% of patients with AIDS.
It is caused by Cryptococcus neoformans, an encapsulat-
ed yeast that is acquired by inhalation and ultimately
results in a chronic meningoencephalitis with a high
tendency to relapse despite effective antifungal ther-
apy (1). Several virulence factors (2-5) including a
polysaccharide capsule (6, 7) are described for C. neo-
formans. Most virulence factors are invariably present
(8) in clinical strains. Genetic inactivation of their reg-
ulatory proteins, which are part of signaling path-
ways, renders the yeast avirulent (9, 10). It is, howev-
er, unclear whether regulation of virulence factors
occurs in vivo during chronic infection in order to
enhance the virulence of an infecting C. neoformans
strain. Therefore, it is often assumed that failure to
eradicate the fungus is a function of a diminished cell-
mediated immune response (CMI). Several observa-
tions, however, indicate that pathogen-specific factors
contribute to the pathogenesis of cryptococcosis.
First, prolonged in vitro and in vivo passage of C. neo-
formans isolates can result in phenotypic changes
associated with differences in virulence (11-14). Sec-
ond, serial isolates from chronically infected patients
can exhibit differences in virulence (15). Third, C. neo-
formans variety gattii strains cause symptomatic infec-
tions primarily in immunocompetent hosts even in
areas where AIDS is endemic (16).

Reversible phenotypic switching can result in
microevolution, defined as rapid changing of an organ-
ism to a stable, inherited phenotype (17). Microevolu-
tion and phenotypic switching can be achieved by sev-
eral mechanisms, some of which involve changes of
genes and follow a mendelian inheritance pattern
whereas others (e.g., silencing) are epigenetic and inher-
ited in a nonmendelian fashion. For certain pathogens,
the emergence of phenotype variants is associated with
invasion of mucosal barriers and immune evasion (18).
For fungi, phenotypic switching is an in vitro phe-
nomenon defined as the spontaneous emergence of
colonies with altered colony morphology at rates high-
er than the somatic mutation rates (19-21). Phenotyp-
ic switching was demonstrated for C. neoformans in
vitro in three different clinical strains and resulted in
enhanced virulence (22, 23). Despite an association
with virulence, phenotypic switching in vivo has been
demonstrated only in pathogens with complex life
cycles that require the switch for survival in the host
(24). Most infections require high doses, and because
of the expected in vitro switching rates (102 to 10-5),
these inocula are likely to be contaminated with in vitro
switch variants. Therefore, it is difficult to demonstrate
that the emergence of new phenotypes in the infected
host are the result of in vivo switching events and do
not represent in vivo selection of variants from an ini-
tially heterogeneous pathogen population (25).
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Our objective was to investigate whether phenotypic
switching of C. neoformans occurred in vivo and, if so, to
explore its consequences. Our data show that pheno-
typic switching occurs in vivo and results in changes of
a key virulence factor, the capsular polysaccharide.
These findings suggest a unique mechanism of
increased virulence, namely, an enhanced inflammato-
ry response with altered cytokine and chemokine
expression that ultimately interferes with the host abil-
ity to mount an effective immune response.

Methods

C. neoformans strain. Isolate RC-2 is a variant of serotype
D strain 24067 (13) from the American Type Culture
Collection (ATCC, Rockville, Maryland, USA).
Melanization, cell charge, capsule and cell size, sugar
assimilation profile, karyotype, and RFLP typing were
determined as previously described (13, 26, 27). The
strain was streaked to single colonies and maintained
on Sabouraud Dextrose Agar (SDA). RC-2 switches
between a smooth (SM) and mucoid (MC) colony type,
which are both common colony morphologies in clin-
ical isolates. Switching was determined by visually
scoring the colonies derived from homogenized
organs after growth on SDA. For calculation of switch-
ing frequencies, approximately 10* colonies were
scored and the percentage of MC colonies of the total
CFU was determined.

Characterization of SM and MC glucuronoxylomannan.
Glucuronoxylomannan (GXM), the major capsular
polysaccharide of C. neoformans, was purified from
supernatants and analyzed by nuclear magnetic reso-
nance (NMR) (11) and for elemental composition. The
relative molecular weight was measured by size exclu-
sion chromatography and zonal fraction ultracentrifu-
gation. For size exclusion chromatography, a Sephacryl
column (S-1000, 1 X 39 cm; Amersham Pharmacia
Biotech, Piscataway, New Jersey, USA) was used and
molecules (1-10 million daltons [mDa]) were eluted
with PBS. For ultracentrifugation, GXM was dissolved
in 1 ml of PBS, layered on 11 ml of a 5-20% sucrose gra-
dient, and spun at 150,000 gin an SW 28.1 rotor (Beck-
man Instruments Inc., Fullerton, California, USA) for
12 hours at 20°C. Fractions (18 x 0.75 ml) were collect-
ed from the bottom of the tube using a 14-gauge needle.
GXM content in fractions was measured by the phenol
sulfuric acid (chromatography) or capture ELISA (ultra-
centrifugation). Viscosity of the GXM dissolved in H,O
was measured using a capillary viscometer (Technical
Glass Products Inc., Dover, New Jersey, USA).

Animal studies. BALB/c and A/JCr mice (male, 6-12
weeks old) were obtained from the National Cancer Insti-
tute (Bethesda, Maryland, USA). Anesthetized mice were
infected by inoculation of 103-10¢ C. neoformans cells in
50 ul sterile PBS into the trachea using a 26-gauge needle.
When virulence of SM and MC was compared, dilutions
of the inoculum were plated onto SDA to assure that
comparable numbers of yeast cells were injected. Mice
were observed daily for signs of disease. Percentage of MC

colonies and CFU were determined by homogenizing
lung and brain tissue in PBS, and plating dilutions of the
homogenate on SDA. All protocols were done according
to guidelines provided by the Albert-Einstein College of
Medicine’s animal use and protection committee.

Phagocytosis assays. In vitro phagocytosis assays were
performed with murine macrophage (M¢) cell lines
(J774.16 and MH-S from ATCC) and primary peri-
toneal and alveolar M¢’s. Phagocytosis assays were per-
formed using formaldehyde or heat-killed (50°C) C.
neoformans cells in the presence of 10 pg/ml of purified
IgG; mAb to GXM (18B7 or 2H1). C. neoformans cells
were added at a ratio of 2:1 for J774 cells, and 1:5 for
primary M¢’s and MH-S cells. After 2 hours, monolay-
ers were washed, fixed, and stained, and the phagocy-
tosis index (PI) was determined (28). Experiments were
performed in triplicate and repeated.

Equation 1

Pl = No. of M¢'s with C. neoformans %
No. of M¢'s

No. of C. neoformans in M¢'s

No. of Md¢'s with C. neoformans

For in vivo phagocytosis assays, groups of BALB/c
mice (n = 3) were infected with 106 SM or MC cells. After
4 hours, mice were killed and underwent bronchial
lavage. Alveolar M¢’s were allowed to adhere for 1 hour
at 37°C, then fixed and stained to determine PI. In vitro
killing assays were performed to assess intracellular sur-
vival of fungal cells. SM and MC cells were added ata
1:10 ratio to MH-S cells (4 x 10* cells per well) with mAb
18B7, and incubated at 37°C for 2 hours. The initial PI
was determined after washing the layers with PBS to
remove nonadherent fungal cells. The ability of SM and
MC to replicate in MH-S cells was determined by count-
ing the CFU after coculture in the presence (intracellu-
lar replication) and absence of mAb 18B7 (control for
replication in media). Cells were lysed after 2, 6, 12, 24,
36, and 48 hours of incubation. Supernatants and
lysates were plated on SDA to determine CFU. Because
the PI of SM is bigger than that of MC, intracellular
replication was corrected for the initial PI (2 hours).

Histology and immunobistochemistry. Anesthetized mice
were perfused with 4% paraformaldehyde in PBS for 3
minutes at 200 mmHg followed by 18% sucrose in PBS for
S minutes for fixation. Tissue sections were stained with
hematoxylin and eosin (H&E) or mucicarmine. Immuno-
histochemistry staining was done with an M¢-specific
mADb (Mac 3; Pharmingen, San Diego, California, USA) as
primary antibody. Antigen detection was enhanced by
microwave radiation for 30 minutes prior to staining. A
biotinylated goat anti-rat IgG was used for detection and
developed by incubation in diaminobenzidine.

Lung leukocyte isolation and FACS analysis of leukocyte sub-
sets. Single cell suspensions were obtained by mincing,
and enzymatically digesting excised lungs of infected
mice as described (29). Erythrocytes were lysed and cells
were counted in a hemocytometer. Subsets of isolated
leukocytes were determined by Wright-Giemsa staining
of samples cytospun onto slides, and by FACS analysis.
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Figure 1

Characterization of SM and MC. (a) Mucoid colony surface of MC colony compared with the SM colony after growth on SDA for 72 hours.
(b) Size exclusion chromatography shows earlier elution of MC GXM compared with SM GXM. (c) Zonal fractionation confirms larger size
of MC GXM, which is detected in the earlier fractions after ultracentrifugation over a 5-20% sucrose gradient. mDa, million dalton.

For FACS analysis, cells were incubated for 30 minutes on
ice with 0.20 ug/ml of R-phycoerythrin-labeled anti-
CD45 (clone 30-F11), 0.20 pg/ml Cy-Chrome-labeled
anti-CD8 (clone 53-6.7), and 0.25 ng/ml of FITIC-labeled
anti-CD4 (clone RM 4-5) (all mAb’s from Pharmingen;
and R&D Systems Inc., Minneapolis, Minnesota, USA).
Washed cells were gated for CD45* cells and size and ana-
lyzed by FACS for staining by the specific marker.

Delayed-type hypersensitivity response assay. Delayed-type
hypersensitivity (DTH) response in mice was assessed
by injecting purified cryptococcal antigen (CneAg) in
the footpad (30). CneAg (20 ug protein/ml) was pre-
pared by concentrating and dialyzing the supernatant
of asparagine broth cultures of C. neoformans. Mice were
first infected with SM or MC, and then at day 12 or day
23 hind footpads were injected with 30 pl CneAg or
with uninfected asparagine broth (control). Footpad
swelling was determined after 48 hours with a microm-
eter (Manostat Corp., New York, New York, USA) by
subtracting the measurement of the control from the
CneAg-injected footpad. Age-matched uninfected mice
were also challenged as a negative control.

Cytokine and chemokine studies. Groups of five BALB/c
mice were infected intratracheally with 10 cells of
SM, MC, or PBS only (sham). Mice were killed at days
1,3, and 14 and the right lung was homogenized in 2
ml of PBS in the presence of protease inhibitors
(Complete Mini; Boehringer Mannheim Biochemicals
Inc., Indianapolis, Indiana, USA). The homogenate
was centrifuged and the supernatant was frozen at -
80°C until tested. The supernatants were assayed for
concentrations of IL-2, IL-4, IL-6, IL-10, IL-12 p70,
TNF-o, IFN-y, KC, monocyte chemoattractant pro-
tein-1 (MCP-1), and macrophage inflammatory pro-
tein-1o (MIP-10) using ELISA kits (Pharmingen and
R&D Systems Inc.). The detection limits of these
assays: were 3.1 pg/ml for IL-2, 7.8 pg/ml for IL-4,
31.25 pg/ml for IL-10 and IFN-y, 15.6 pg/ml for IL-6
and TNF-q, 62.5 pg/ml for IL-12 p40, 1.5 pg/ml for
MIP-1a, 15.6 pg/ml for MCP-1, and 2.0 pg/ml for KC.

Statistical analysis and Poisson probability. The Poisson
formula describes the probability of the occurrence of

switching probability in the sample is 1. We calculated
the probability that recovery of MC colonies from mice
infected with SM (SMmice) was a result of inadvertent
inoculation with a mixed inoculum.

The Poisson probability to find one MC cell in an
inoculum of 10° SM cells if the expected switching fre-
quency is 5% becomes Py s (1) = e %05 x 0.05!/1! = 0.0475
and Py s (0) =e995x 0.05%/0! = 0.951 to find no MC cell.
The probability that all nine of ten mice received an
inoculum with one MC cell (because of SM-to-MC
switching in vitro prior to infection event) is calculated
as the product of the corresponding Poisson probabili-
ties P = Py s (1)° X Py s (0)!. The formula assumes that
(a) the switching event is Poisson-distributed; (b) indi-
vidual switching events are independent from each
other; and (c) the percentage of recovered MC colonies
was not taken into account, because the actual in vivo
growth rate of MC versus SM is not known.

Results

Characterization of the C. neoformans strain RC-2 as a
switching system. Strain RC-2 grows as a SM colony on
SDA with mucoid MC colonies arising spontaneous-
ly at a frequency of 0.5 in 10-* (Figure la). Both are
common colony phenotypes in clinical isolates. The
reversion of MC to SM occurs in vitro at a compara-

Table 1
Characteristics of SM and MC phenotypes

RC-2 SM RC-2 MC
colony type colony type
Doubling time at 30°C 2.5h 2.8h
Doubling time at 37°C 2.6h 2.7h
Cell size at 37°C 59+0.3 71+0.79
Capsule size at 37°C 1.7£0.6 2.9+0.54
Capsule size in 5% CO, 6.2+0.09 6.9 £0.05
Melanization Yes Yes

GXM triad structure M1 M1
as determined by NMR

Elementary composition
(C, Oz, H, and N)

No difference

NS . - Viscosity of GXM MC >> SM
rare events (k): P (k) = e’ i*/k!. P is the probability to charge 27 68 4 2.44 3028 +3.6
observe k switching events, if the mean value for the
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ble frequency. Karyotype analysis and RFLP patterns
with an a-P32-labeled probe to repetitive sequences in
the C. neoformans genome (CNRE) (27) did not detect
DNA rearrangements and confirmed that SM and
MC are one strain (data not shown). Comparison of
several virulence traits including doubling time and
the ability to melanize revealed no major differences
between SM and MC (Table 1). Small differences in
cell and capsule size were observed, but cell charge
and sugar assimilation profile were not affected by
phenotypic switching (data not shown).

Analysis of the SM and MC GXM repeat structure by
NMR revealed that both GXMs were composed of the
M1 structural reporter group, as expected for serotype

Table 2
Survival difference of A/JCr and BALB/c mice infected with SM and MCA

Figure 2

Association of phenotypic switching with virulence. (a) Kaplan Meyer
survival curve shows decreased survival of mice infected intratracheally
with 10* MC compared with SM. (b) Mice that are infected for a pro-
longed time have a higher percentage of MC colonies (Pvalue, Spear-
man coefficient). (c) Mice that died of cryptococcosis have a higher
percentage of MC colonies than do long-term survivors (P = 0.0001,
t test) and mice prior to onset of disease (P < 0.0001, t test). Com-
parison of all groups by ANOVA analysis is P < 0.001.

D (13). However, MC GXM was more viscous than SM
GXM, suggesting a difference in molecular weight
(Table 1). Analysis of the molecular weight of SM and
MC GXM by two independent methods, size exclusion
chromatography (Figure 1b) and zonal fractionation
by ultracentrifugation (Figure 1c), determined that MC
GXM was larger than SM GXM.

Increased virulence of the MC phenotype in mice. MC was
more virulent than SM in BALB/c and A/JCr mice (Fig-
ure 2a and Table 2). Mice infected with MC (MCmice)
died 24 to more than 52 days earlier than SMmice. MC
colonies derived from lung and CNS after in vivo
switching or from in vitro switching events exhibited
similar virulence. Mixed infection experiments using a
1:1 mixture of SM and MC revealed survival compara-
ble to that of mice infected with MC alone, suggesting
that cross-protection could not be achieved. These
results demonstrate that phenotypic switching from
SM to MC results in a more virulent phenotype.

Pilot experiments showing that both SM and MC
colonies could be recovered from SMmice suggested
either that phenotypic switching from SM to MC

Dose and Phenotype Median 95% P value
mouse strain survival time Confidence (log rank)
103 A/JCr SM 838 49,128.9 .0018
MC 44 37.4,50.4 0.61°
SM +MC 45 37.1,52.8
BALB/c SM 1038.C 55.5,150.5 <0.00001
MC 51 41.4,60.6
10 A/JCr SM 53 7.9,98 <0.00001
MC 24 18.6,29.4
BALB/c SM 708¢ 67.8,72.1 <0.00001
MC 29 26.1,31.8
105 A/JCr SM 53 48.8,59.2 0.0001
MC 29 22.8,35.2
BALB/c SM 75 70.7,79.2 0.0027
MC 30 23.6,36.4
10 A/JCr SM 46 45.1,46.8 0.0023
MC 19 12.5,25.4
MC-CNSE 19 NA
MC-lungt 19 NA
BALB/c SM 59 50.4,67.6 0.003
MC 31 20.3,41.7 0.86°
SM +MC 33 28.7,37.3

AP values were calculated by log rank regression analysis. BMice killed for CFU (censored). Long-term survivors (more than 140 days). PMice received 1:1 mix-
ture of SM and MC (P value compares survival with that of mice injected with MC only). EMC colonies derived from lung and CNS after in vivo switching.
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Figure 3

Effects of SM and MC GXM on phagocytosis in vitro and in vivo. (a)
Inhibition of phagocytosis of Cap67mutant cells by SM and MC
GXM. Phagocytosis was significantly more inhibited (63% vs. 23%,
P=0.003, ttest) by 500 ug MC GXM than SM GXM. Control is Pl of
Cap67 cells without GXM. (b) Formation of vacuoles in M¢’s of
SMmice are the result of digested C. neoformans. (c) In contrast, intra-
cellular persistence of C. neoformans is observed in M¢’s of MCmice.

occurred in vivo, or that rare switching events had
occurred in vitro prior to infection and were selected
during the infection process. To discriminate between
these possibilities, the inoculum was reduced to 103
to decrease the probability of injecting a cocktail con-
taining at least one MC cell to 5%. Groups of 10 A/JCr
and 11 BALB/c mice were injected with 103 SM cells,
and their organs were assayed for MC colonies at day
45, day 73 (after infection), and the time of death. MC
colonies were recovered from 9 of 10 A/JCrand 7 of 11
BALB/c mice (range 0.1-30% MC colonies per mouse)
after infection. At day 45 no MC colonies were recov-
ered from four BALB/c mice and one A/JCr mouse.
Application of the Poisson formula revealed that the
probability of recovering MC colonies because of
inadvertent inoculation of a MC cell was exceedingly
low (P =1.1 X 10-!2 for A/JCr and P = 4.4 x 108 for
BALB/c). Hence, the data imply that the occurrence of
MC colonies in SMmice is the result of in vivo pheno-
typic switching.

To ascertain whether an association existed between
phenotypic switching, duration of infection, and/or
fungal organ burden (CFU), BALB/c and A/JCr mice
(n=101) were infected with SM (103 to 10°) and ana-
lyzed for the percentage of MC colonies and CFU at dif-
ferent times after infection. Pearson correlation analy-
sis revealed a time-dependent increase in the
percentage of MC colonies recovered from mouse
organs (P < 0.001) (Figure 2b), but no correlation with
CFU (data not shown). The percentage of MC colonies
ranged from 0.1% to 100% in mice infected with the
same dose, and analyzed at the same time. In some

cases MC colonies were recovered only from lung or
brain, indicating that phenotypic switching occurred
after dissemination from lung to brain.

We then investigated the impact of phenotypic
switching on the outcome of infection. BALB/c mice
(n = 108) were infected with 10* SM cells, an inoculum
that is generally cleared within 3 months by BALB/c
mice. Mice autopsied before the onset of disease (before
day 36) and long-term survivors had significantly
(P < 0.001, ANOVA) fewer MC colonies (1.0% + 2.2%
and 3.6% + 10.2%) than those (41% + 35%) autopsied at
the time of death between day 42 and day 140 (Figure
2¢). These data demonstrate that the occurrence of
phenotypic switching in vivo increases the likelihood
of death following C. neoformans infection.

Mechanisms of enbanced virulence of the MC phenotype: MC
cells resist phagocytosis. Given the difference in GXM
molecular weight and virulence, we examined the abil-
ity of different M¢ types to phagocytose and support
intracellular replication of SM and MC. Phagocytosis
of MC was significantly reduced compared with SM
cells both in vitro and in vivo (Table 3). Next, we inves-
tigated whether the MC and SM GXMs differed in their
ability to inhibit phagocytosis. Both SM and MC GXM
significantly inhibited phagocytosis of acapsular C. neo-
formans cells (Cap67) mutant cells (P=0.001, ANOVA).
However, the addition of 500ug/ml MC GXM 1 hour
before phagocytosis (Figure 3a) reduced the phagocy-
tosis of Cap67 cells significantly more than SM GXM
(63% vs. 24% for MC and SM GXM, P = 0.003, ¢ test).
The same effect was seen when MC GXM was added to
Cap67 mutant cells at the time of phagocytosis (40% vs.
7% for MC and SM GXM, P=0.04, t-test). Hence, MC
GXM was a more effective inhibitor of phagocytosis.

Histological examination of SM-infected lungs revealed
vacuolated alveolar M¢’s containing digested yeast cells
(Figure 3b); in contrast, predominantly undigested
encapsulated yeast cells were noted in alveolar M¢’s of
MCmice (Figure 3c). This may reflect a difference in intra-
cellular survival in vivo; however, we could not document
this with our killing assays in vitro (data not shown).

MC cells elicit a greater inflammatory response than SM
cells. Consistent with survival differences, the inflam-

Table 3
Comparison of phagocytosis of SM and MC cells in different M¢’s

Cell line Phagocytosis Phagocytosis Pvalue
of SM cells of MC cells (t test)

In vitro

1774 192 £17 74 +£9.4 P=10.02

MH-SA 17.5+0.7 121+0.7 P=0.016

Peritoneal M¢’s 741 0.7 379+7 P=0.008

Alveolar M¢’s 39.16+8.6 89+2.0 P <0.001

In vivo

Alveolar M¢’sB 19.9+4.2 3.51+1.0 P=0.0002

AM¢/C. neoformans ratio was 10:1. BObtained from mice by bronchial alveolar
lavage 4 hours after intratracheal infection.
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Inflammatory immune response in SM- and MCmice. (a—d) Histological analysis of SM-infected lungs. (a and b) At day 14, moderate inflam-
mation (H&E, X20; a) with few M¢’s (Mac 3, x20; b). (c) At day 28, minimal destruction of lung tissue (H&E, x50). (d) At day 60, granu-
loma formation and containment of C. neoformans (arrow; Mucicarmine [MUC] stain, X50). (e—h) In contrast, in MCmice at day 14, severe
inflammation (H&E, X20; e) composed of many M¢’s (Mac 3, x20; f). At day 28, (g) extensive destruction of alveolar membranes (arrow;

H&E, x50), and (h) persistence of C. neoformans (arrow; MUC stain, xX50).

matory tissue response elicited by SM and MC cells dif-
fered. At day 14, lungs of SMmice exhibited moderate
inflammatory changes with cellular infiltrates com-
posed primarily of lymphocytes and only a few M¢’s
(Figure 4, a and b). By day 28, the cellular infiltrates had
increased within the alveolar spaces with little con-
comitant lung damage (Figure 4c). By day 60, granulo-
ma formation had begun and yeast cells were sur-
rounded by organized tissue (Figure 4d), indicating
successful containment of the infection. In contrast, at
day 14, MC-infected lungs exhibited extensive cellular
infiltrates beyond the peribronchial regions, which
were predominantly composed of M¢’s and neu-
trophils polymorphonuclear neutrophils (PMNs) with
only a few lymphocytes (Figure 4, e and f). Near the
time of death (day 28), the inflammatory response
increased and resulted in extensive destruction of alve-
olar membranes (Figure 4g). The alveolar spaces were
filled with yeast cells surrounded by large deposits of
polysaccharide and M¢’s (Figure 4h). Lung weights,
which reflect the magnitude of the inflammatory
response, GXM deposition, and organ edema, were also
higher in MCmice compared with SMmice (Table 4).
Over time, the fungal organ burden increased in
MCmice but decreased in SMmice (Table 4). In sum-
mary, these data show that MC induced a greater and
more destructive inflammatory response than SM.

Table 4

Analysis of CMI. MCmice recruited four times more
cells to the lung than SMmice (Figure 5a). Analysis of
infiltrating cells by morphology, FACS, and immuno-
histochemistry showed that SMmice recruited a higher
percentage of lymphocytes and a lower percentage of
PMNs and M¢’s compared with MCmice (Figure 5b).
Accordingly, in lung cell suspensions we found alveolar
Mos’s attached to lymphocytes in SMmice (Figure 5¢)
and to PMNs in MCmice (Figure 5d). Because success-
tul clearance of C. neoformans infection in BALB/c mice
is dependent on a functional T cell response, we com-
pared lymphocyte subpopulations in infected lungs and
footpad DTH response to CneAg in SM- and MCmice.
The FACS analysis of digested lung cells on day 14 and
day 28 documented no difference in percentage of CD4*
and CD8* lymphocytes for SM- and MCmice and pre-
dominance of CD4" lymphocytes (data not shown). The
DTH response was greater (P < 0.001, ANOVA) in
MCmice than in SMmice (Figure Se), confirming that
both SM and MC can elicit an effective immune
response in the footpad.

Lung cytokine and chemokine expression differs in SM- and
MC- infected mice. Cytokine and chemokine levels were
measured by ELISA in lung homogenates from SM-,
MC-, and sham-infected mice at days 1, 3, and 14. In two
separate experiments, the tissue concentration of all of
the cytokines and chemokines studied was significant-

Comparison of CFU, lung weights, and GXM tissue content of infected lungs

RC-2 SM RC-2 MC
Colony type Colony type
log CFU in A/JCr lungs, day 7 5.0+0.22 5.6+0.16
log CFU in A/JCr lungs, day 14 4.7+0.61 5.9+ 0.66A
log CFU in BALB/c lungs, day 14 5.8+0.13 5.8+0.13
log CFU in BALB/c lungs, day 21 4.6+1.5 7.0 +0.08~
Lung weight in BALB/c, day 21 (g) 0.29 £.009 1.0 £.36%
GXM content in left lung, day 8 (mg) 653 (range 321-824) 879 (range 197-1,420)
GXM content in left lung, day 14 (mg) 554 (range 103-1,356) 1079 (range 51-742)

AStatistically significant P < 0.05 by t test.
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Figure 5

Analysis of inflammatory immune response. (a) Cell recruitment (RC)
to lungs was four times higher in MCmice at day 25 than in SMmice
(P <0.001, ttest). (b) Morphological analysis demonstrated a high-
er percentage of PMNs (P =0.016 at day 14, P=0.001 at day 25) and
M¢’s (P = 0.02 at day 25) but a lower percentage of lymphocytes
(P=10.003 at day 14 and P=0.0018 at day 25, t test) in MCmice than
in SMmice. (c and d) Stained cytospins (X20) of SMmice (c) showing
M¢’s surrounded predominantly by lymphocytes (arrow), and of
MCmice (d) surrounded predominantly by PMNs (arrow). (e) DTH
testing reveals increased footpad swelling (FPS) in MCmice compared
with SMmice at day 14 and day 25 (P < 0.001, ANOVA).

ly upregulated in SM- and MC-infected compared with
sham-infected mice (P < 0.02, ANOVA). Significantly
higher protein levels were detected in SM- compared
with MCmice for IL-2,IL-4,IL-10, and TNF-o at day 14
after infection, whereas comparable tissue levels were
determined for IL-6, IL-12, and IFN-y (Table 5). The
same trend was also noted at earlier times after infection
but did not reach statistical significance (data not
shown). Expression of MIP-10t and MCP levels was three
to four times higher in MC- than in SMmice, and no dif-
ference was found for KC.

Discussion

This study demonstrates phenotypic switching for a
fungus during experimental infection. The result of
this switch is a MC phenotype that produces a larger
GXM that reduces phagocytic efficacy by alveolar
M¢’s. Our data provide strong evidence that in vivo
switching enhances the virulence of C. neoformans by
eliciting a more vigorous and qualitatively different
inflammatory response that cannot effectively clear

the infection but rather promotes lung tissue destruc-
tion and rapid demise.

Proof that phenotypic switching occurs in vivo has
heretofore been difficult to obtain, because it is not
feasible to induce an infection with a single cell. We
infected mice with a small inoculum (103), which was
capable of causing chronic infection but unlikely to
contain one MC cell (in vitro switching rate [0.5 x 10-4])
(25). Application of the Poisson formula indicated
that the likelihood of MC colony recovery from
SMmice as a result of mixed infection was exceedingly
low (P =1.1x10!2). Two other observations were con-
sistent with in vivo switching: (a) mouse-to-mouse
variation (ranging from 0.1% to 100%) that would not
be expected if the source of variant phenotypes were
the inoculum; and (b) recovery of MC colonies exclu-
sively from the brain in two mice, which indicates phe-
notypic switching in vivo after dissemination.

Our data show that a greater likelihood of death
occurred in mice with evidence of in vivo switching to
the MC phenotype (Figure 2c). Hence, an infection
dose (10* CFU) that would not be expected to be lethal
for the majority of mice became more virulent by phe-
notypic switching (31, 32). Because both SM and MC
are intrinsically virulent isolates, death also occurred in

Table 5
Cytokine and chemokine expression profiles at day 14 in infected
lungs*

Cytokine or Protein concentration in P value

chemokine infected lung tissue (pg/ml)

IL-2 Sham 15.5+14 0.012
SM 169 £ 125
MC 51+25

IL-4 Sham 121178 0.03
SM 491 + 340
MC 219+ 118

IL-6 Sham 371+ 257 No difference
SM 981+ 197
MC 1,039 + 361

IL-10 Sham 479 + 140 <0.001
SM 2,188 + 1,063
MC 861 + 389

IL-12 Sham 357 +157  No difference
SM 660 + 77
MC 533+ 282

IFN-y Sham 249 £ 135  No difference
SM 1,091 £ 218
MC 2,981 + 3,420

TNF-o Sham 665 + 265 0.01
SM 2,434 + 458
MC 1,333 £ 561

MIP-1a Sham Undetectable <0.001
SM 238 +183
MC 1,035 + 443

MCP Sham 161 + 87 <0.001
SM 744 + 724
MC 2,545 + 981

KC Sham 63 +37 No difference
SM 548 + 300
MC 510 + 263

AP values are derived from ¢ test comparing levels in SM- and MCmice. Com-
parison of expression in all three groups (sham, SM-, and MC-infected) by
ANOVA yielded P < 0.02.
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the absence of switching. A failure of host defense that
leads to an increased fungal burden is often invoked to
explain enhanced cryptococcal virulence. Thus, the
finding that phenotypic switching to MC augments
the virulence of a C. neoformans strain is important,
because it indicates that the pathogen can generate
intrinsically more virulent variants in vivo.

The enhanced virulence of MC may be explained by the
change in molecular weight for GXM, the predominant
capsular polysaccharide and a key virulence factor. GXM is
an immunomodulator (33) and can alter cytokine and
chemokine production by monocytes and PMNs in vitro
(34-39). GXM can be immunosuppressive in vivo (40),
directly inhibit phagocytosis (6, 41), and delay the process-
ing of phagocytosed C. neoformans (42). We found that
phagocytosis of MC was impaired compared with SM cells
(Table 3). This inhibition was more pronounced with MC
than with SM GXM when phagocytosis of acapsular yeast
cells was examined (Figure 3a) at GXM concentrations that
were comparable to lung tissue concentrations during
chronic infection (Table 4). Interestingly, previous studies
using polysaccharides with variable molecular weights
demonstrated that their ability to inhibit phagocytosis was
a function of size, with the larger polysaccharide being
more effective at inhibiting phagocytosis (43, 44). Where-
as those studies used polysaccharides derived from differ-
ent C. neoformans isolates, our data show that through phe-
notypic switching one individual C. neoformans isolate can
alter the size of its polysaccharide and gain a biological
advantage during infection. Unlike a hypervirulent C. neo-
formans mutant with an inactivated regulatory protein
(PKR 1) of the capsule, there were no differences in capsule
size under inducing conditions between the SM parent and
the more virulent MC variant (Table 1) (9). Our findings
are similar to those described for Pseudomonas aeruginosa,
which also switches to a MC colony phenotype with an
altered polysaccharide (45). Notably, the MC and more vis-
cous polysaccharide of C. neoformans may create a more
effective biofilm that protects it from host effector cells.

Successful phagocytosis is required for effective CMI,
and proliferation of lymphocytes in response to C. neo-
formans correlates with the magnitude of phagocytosis
(46, 47). Therefore, we hypothesized that impaired
phagocytosis affects the host-pathogen interaction and
alters the CMI. Our investigations found qualitative
changes in effector cells with increased numbers of
M¢’s and PMNs in MC- compared with SM-infected
lungs (Figure 5b). Although other groups have report-
ed the association of minimal inflammatory responses
with a failure to clear cryptococcal infection, we have
found that an enhanced inflammatory response was
associated with rapid demise in MCmice (32, 48).

Alveolar M¢’s constitute the primary phagocytic cell in
pulmonary cryptococcosis, and human autopsy studies
indicate that PMNs are recruited primarily in response
to tissue damage resulting from infection (49). Our find-
ings suggest that impaired phagocytosis leads to upreg-
ulation of chemokines MCP and MIP-1a, which in turn
leads to an increased influx of M¢’s. We propose that,

analogous to other chronic inflammatory lung diseases,
such as pneumoconiosis (50), overactivation of alveolar
M¢’s results in the release of inflammatory mediators
that promote destruction of lung tissue. In support of
this concept, SMmice exhibited higher levels of IL-10, a
potent downregulator of proinflammatory cytokines in
vitro (51, 52) and in vivo (53). Although a significant
increase in the examined proinflammatory cytokines
was not documented in this study, there was a trend
toward higher IFN-ylevels in MCmice. Taken together,
the differences in cell recruitment and cytokine expres-
sion may have changed the immune response from a
protective, effective immune response elicited by SM to
a damage-driven inflammatory response elicited by MC.

SMmice manifested effective CMI that led to gran-
uloma formation, whereas MCmice did not. In
BALB/c mice, successful clearance of C. neoformans
infection is ultimately dependent on a Th1 response,
which has been associated with the ability to mount a
DTH response against CneAg (31, 32). Despite a fail-
ure to clear pulmonary infection, MCmice were still
able to elicit a strong DTH response to CneAg in the
footpad (Figure Se). A dichotomy between relative
degrees of DTH and pulmonary resistance has been
reported previously (32). In this study, it most likely
reflects a failure of MCmice to locally activate lym-
phocytes in the inflamed lungs despite an increased
number of recruited cells including CD4* and CD8*
lymphocytes. In support of this concept, we observed
differences in cytokine profiles in MC-infected lungs.
Despite increased cell recruitment in MC-infected
lungs, we found significantly lower levels of cytokines
that are critical for the development of protective T
cell immunity (54, 55), namely, IL-2, IL-4, and TNF-o
(Table 5). Because most of these cytokines are pro-
duced by more than one cell type, we cannot deter-
mine which cells contributed to the observed levels.
Nonetheless, as antigen-presenting cells, alveolar M¢’s
play a pivotal role in orchestrating CMI, and, as such,
they directly or indirectly control the production of
cytokines such as TNF-o, IL-12, and IFN-y (49,
56-58). In this regard, C. neoformans-laden monocytes
can interact with T cells and promote the secretion of
proinflammatory cytokines (38), and capsular poly-
saccharide can inhibit T cell proliferation by down-
regulating IL-2 production (59). Based on our results,
we propose a model whereby altered GXM size in MC
cells renders them more resistant to phagocytosis and
impairs antigen presentation and lymphocyte activa-
tion. This in turn causes an upregulation of
chemokines, which then increases recruitment of cells
and promotes a damage-driven noneffective immune
response that leads to rapid demise.

Phenotypic switching has been thoroughly studied
in Candida albicans (19, 20) and, most recently, in Can-
dida glabrata (21). In Candida the newly generated
colony types are also associated with changes in viru-
lence when reinoculated into animals. The switching
C. albicans strain 3153A and C. neoformans strain
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24067a exhibit an association, but no clear correlation,
between karyotype changes and switching (23, 60).
The variant RC-2 described here has a stable chromo-
some length change of one chromosome that differs
from the original 24067 pattern (13) but does not
manifest karyotype changes with switching. Similarly,
no changes were detected in RFLP patterns of genom-
ic DNA hybridized with CNRE when SM and MC vari-
ants were compared. Although the mechanism(s)
responsible for switching in C. neoformans is not
known, this process may occur without DNA
rearrangement. In Candida, epigenetic mechanisms
such as SIR2-mediated silencing and HDAI-mediated
acetylation of histones play a role in regulating switch-
ing frequencies (60, 61).

In summary, C. neoformans provides an excellent
model system to study the contribution of phenotypic
switching to virulence, because chronic infections can
be established by innoculation with a relatively low
number of C. neoformans cells. This allowed us to
demonstrate that phenotypic switching occurs in vivo,
and that it affects the outcome of infection. Enhanced
virulence in our model was the result of a dysfunction-
al immune response to an altered polysaccharide cap-
sule as a consequence of phenotypic switching. The
importance of the occurrence of phenotypic switching
in vivo is that it regulates key virulence factors and
leaves the host at risk for progression without the
change of host immunity.
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