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ABSTRACT Methamphetamine (METH) is a major addictive drug of abuse in the United States and worldwide, and its use is
linked to HIV acquisition. The encapsulated fungus Cryptococcus neoformans is the most common cause of fungal meningitis in
patients with AIDS. In addition to functioning as a central nervous system stimulant, METH has diverse effects on host immu-
nity. Using a systemic mouse model of infection and in vitro assays in order to critically assess the impact of METH on C. neofor-
mans pathogenesis, we demonstrate that METH stimulates fungal adhesion, glucuronoxylomannan (GXM) release, and biofilm
formation in the lungs. Interestingly, structural analysis of the capsular polysaccharide of METH-exposed cryptococci revealed

that METH alters the carbohydrate composition of this virulence factor, an event of adaptation to external stimuli that can be
advantageous to the fungus during pathogenesis. Additionally, we show that METH promotes C. neoformans dissemination
from the respiratory tract into the brain parenchyma. Our findings provide novel evidence of the impact of METH abuse on host
homeostasis and increased permissiveness to opportunistic microorganisms.

IMPORTANCE Methamphetamine (METH) is a major health threat to our society, as it adversely changes people’s behavior, as
well as increases the risk for the acquisition of diverse infectious diseases, particularly those that enter through the respiratory
tract or skin. This report investigates the effects of METH use on pulmonary infection by the AIDS-related fungus Cryptococcus
neoformans. This drug of abuse stimulates colonization and biofilm formation in the lungs, followed by dissemination of the
fungus to the central nervous system. Notably, C. neoformans modifies its capsular polysaccharide after METH exposure, high-
lighting the fungus’s ability to adapt to environmental stimuli, a possible explanation for its pathogenesis. The findings may
translate into new knowledge and development of therapeutic and public health strategies to deal with the devastating complica-

tions of METH abuse.
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ethamphetamine (METH) is an extremely addictive stimu-

lant of the central nervous system (CNS). METH abuse is a
significant public health problem in the United States. It is esti-
mated that >12.3 million Americans (4.9% of persons aged 12 or
older) have used METH at least once, 1.4 million aged 12 or older
(0.6% of the U.S. population) used METH during the past year,
and 600,000 (0.2% of the U.S. population) used it during the past
month (1). METH abuse may also facilitate the progression of
HIV infection, as HIV-infected METH users have more pro-
nounced neuronal injury and cognitive impairment than HIV-
infected individuals who do not use the drug (2, 3). The transmis-
sion of HIV (4, 5), hepatitis B and C (6), and other transmissible
diseases is a possible serious infectious consequence of METH use.
METH adversely impacts immunological responses, which might
contribute to the higher rate and more rapid progression of cer-
tain infections in drug abusers. We recently demonstrated that
METH administration modifies leukocyte proliferation and cyto-
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kine production in diverse murine tissues (7). Also, the highest
uptake of the drug occurs in lung, and levels are intermediate in
brain (8). METH use has profound implications on tissue homeo-
stasis and the capacity of the host to respond to diverse insults,
including invading pathogens (7, 8).

The encapsulated AIDS-associated pathogenic fungus Crypto-
coccus neoformans is an excellent model organism for the study of
CNS susceptibility to infection due to the availability of tools such
as specific antibodies and well-established animal systems. C. neo-
formans enters the host through the respiratory tract. Disease is
normally contained by host effector responses, but the fungus is
nevertheless responsible for ~1 million cases annually of menin-
goencephalitis (9), primarily in HIV-infected individuals. C. neo-
formans infection presents formidable problems for the host im-
mune response, including the presence of titan cells in tissue (10),
a lack of antibody responsiveness to capsular polysaccharide, and
extensive accumulation of polysaccharide in tissue (11). The pres-
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ence of glucuronoxylomannan (GXM), the major capsular poly-
saccharide of C. neoformans, in tissue is believed to be a major
contributor to C. neoformans pathogenesis since this compound is
copiously released during infection and has been associated with a
variety of immunosuppressive effects (12). Furthermore, GXM
release is essential for cryptococcal biofilm formation (13), a strat-
egy associated with chronic infections as a result of acquired resis-
tance to host immune mechanisms (14) and antimicrobial ther-
apy (15). Biofilm formation by C. neoformans follows a discrete
sequence of events, including fungal surface adhesion, micro-
colony formation, and matrix production (13).

During cryptococcosis, fungemia is detected in ~50% of HIV-
infected patients (16). The correlation between fungemia and dis-
semination, including brain invasion, has been made for experi-
mental models of cryptococcosis (17), and fungemia is identified
as an independent parameter of failure of host effector responses
(16). Brain invasion by C. neoformans requires viable yeast cells,
and there is evidence of a transcellular passage of the fungus across
the blood-brain barrier (BBB) (18, 19). In fact, we recently showed
that BBB disruption accelerates transmigration of C. neoformans
into the brain parenchyma after systemic infection (20). In the
present study, we hypothesized that METH in lung tissues exac-
erbates cryptococcal infection, promoting fungal biofilm forma-
tion and dissemination to the CNS. Using a systemic mouse model
of infection, we demonstrate that METH stimulates C. neoformans
adhesion, GXM release, and biofilm formation in the lungs and
accelerates fungal cell migration to the brain.

RESULTS

METH exacerbates pulmonary cryptococcosis. Administration
of METH significantly accelerated the time to death of C.
neoformans-infected mice relative to that of control mice (P <
0.01). On day 9 postinfection, 100% of METH-treated mice were
dead, compared to 50% of the control mice. On average, METH-
treated mice died 6 days postinfection versus 9 days postinfection
for the control mice (Fig. 1A). In mice infected with 10° C. neofor-
mans cells, pulmonary fungal burdens in METH-treated animals
were significantly higher than in control mice (P < 0.05) (Fig. 1B).
In addition, GXM was more extensively released by C. neoformans
in the lungs of METH-treated mice than in those of controls
(Fig. 1C).

Histological examination revealed that mice treated with
METH prior to infection with 10° C. neoformans cells had a base-
line abnormal morphology characterized by peribronchial in-
flammation and inflammatory cells present within alveoli
(Fig. 1E). This finding suggests that METH deregulates host ho-
meostasis. Significantly, infected METH-treated mice had large
numbers of fungal cells and reduced inflammation as well as mas-
sive accumulations of fungal polysaccharide. In contrast, the lungs
of control mice showed localized inflammation and dense cellular
infiltration (Fig. 1D). In summary, our findings demonstrate that
METH administration enhances disease progression by increasing
pulmonary fungal burden and amassing of polysaccharide, lead-
ing to the inhibition of the host cellular infiltrates.

METH enhances fungal adhesion to human epithelial lung
cells. We investigated the ability of C. neoformans to adhere to
A549 epithelial lung cells after METH treatment (Fig. 2). METH
significantly increased the ability of cryptococcal cells to adhere to
A549 epithelial cells relative to that of untreated cells (P < 0.05
and P < 0.001 for 25 and 50 uM METH, respectively) (Fig. 2A).
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Fluorescence microscopy confirmed that METH enhances the in-
teraction of C. neoformans (blue) with epithelial cells (red) com-
pared to the interaction of untreated controls (Fig. 2B), revealing
that multiple yeast cells frequently engaged single METH-exposed
epithelial cells.

The surface charge of cryptococcal cells was measured
(Fig. 2C). Previous studies have shown that the polysaccharide
capsule of C. neoformans is responsible for a high negative charge
on the surfaces of the cells (21). Exposure to increasing concen-
trations of METH significantly increased the net negative surface
charge of the cryptococcal cells (—44.66 * 6.42 and —49.58 *+
5.87 for 25 and 50 uM METH, respectively) compared to that of
nonexposed cryptococcal cells (—29.65 = 5.74) (P < 0.05and P <
0.001 for 25 and 50 uM METH, respectively).

METH enhances GXM release in vitro. C. neoformans sheds
large amounts of polysaccharide into culture media and infected
tissues (22). The capsule size of C. neoformans H99 cells was mea-
sured in cells grown in the presence or absence of METH to de-
termine whether or not this drug altered capsule growth and to
assess its effect on the quantity of GXM released in culture. After
24 h, the capsule size of C. neoformans cells grown in the presence
of METH (2.57 = 0.52 wm and 2.20 * 0.66 wm with 25 and
50 uM METH, respectively) was significantly reduced compared
with the capsule size of the untreated controls (2.97 * 0.70 wm)
(P < 0.05) (Fig. 3A). Conversely, C. neoformans polysaccharide
capsule release in the presence of METH was significantly greater
than in the absence of the drug (P < 0.05 and P < 0.001 for 25 and
50 uM, respectively) (Fig. 3B). Using light microscopy, we dem-
onstrated that METH significantly reduced the quantity of capsu-
lar polysaccharide (Fig. 3C), suggesting that METH stimulates
GXM release into the medium.

METH alters C. neoformans capsular polysaccharide size
and composition. We analyzed the size distribution of polysac-
charide from C. neoformans capsule molecules cultivated with or
without METH (Fig. 4). The capsular polysaccharide molecules of
METH-treated yeast cells exhibited, on average, a smaller diame-
ter (941.0 = 11.9 nm) (Fig. 4B) than those of untreated cells
(1,203.8 = 33.2 nm) (Fig. 4A). Treatment with METH yielded two
homogeneous populations of reduced capsular polysaccharide.
The size distribution range for each population was 181.1 to 273.9
and 1,590.5 to 2,405.8 nm, with the highest values at 222.7 and
1,956.1 nm, respectively (Fig. 4B). Similarly, two different popu-
lations with respect to polysaccharide size were present in un-
treated cells (Fig. 4A). The size range for each population was 2.03
t0288.1 and 1,405.9 to 3,786.7 nm, with the highest values at 193.8
and 2,089.7 nm, respectively. Using immunofluorescence, we
demonstrated a significant reduction in capsule-specific mono-
clonal antibody (MAD) 18B7 binding to cryptococcal cells treated
with METH relative to that of control yeast cells (Fig. 4C), sug-
gesting that METH might be capable of altering capsular polysac-
charide synthesis and/or structure, resulting in a different capsular
surface with altered epitope density and/or accessibility. METH-
induced alterations of the cryptococcal cell surface might have
adverse implications on host-pathogen interactions and enhance
pathogenesis.

Preparations of cryptococcal polysaccharide capsule material
released in culture medium from strain H99 after incubation in
the absence or presence of 25 uM METH were analyzed for car-
bohydrate composition by combined gas chromatography-mass
spectrometry (Table 1). METH-treated cultures (514.5 mg/
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FIG 1 METH exacerbates cryptococcosis. (A) Survival differences of METH- and PBS-injected (untreated, control) C57BL/6 mice after intratracheal (i.t.)
infection with 107 C. neoformans cells (n = 5 per group). Asterisks denote P value significance (P < 0.01) calculated by log rank (Mantel-Cox) analysis. This
experiment was performed twice, and similar results were obtained. (B) Lung fungal burden (numbers of CFU) in untreated and METH-treated mice infected
with 10 C. neoformans yeast cells. (C) C. neoformans GXM released in lung tissue. (B and C) Each circle represents the value for 1 mouse (1 = 8 per group). Solid
and dashed lines represent average results for METH-treated and untreated groups, respectively. Error bars denote standard deviations. Asterisks denote P value
significance (*, P < 0.05) calculated by Student’s  test at each time point. These experiments were performed twice with similar results. (D and E) Histological
analysis of lungs removed from untreated (D) and METH-injected (E) C57BL/6 mice. Representative H&E-stained sections of the lungs are shown. The large
insets are magnifications of the smaller boxes in the H&E-stained sections to better show the cryptococcal cells stained with mucin carmine (indicated with arrows

in the middle image of panel D; 3 days postinfection; untreated). Bars, 10 wm.

500 ml) displayed higher capsular mass than controls (359.6 mg/
500 ml). The glycosyl composition of capsular polysaccharide iso-
lated from METH-treated cultures showed higher quantities of
xylose (30 versus 28.1%) and glucose (11.4 versus 3.7%) and lower
quantities of glucuronic acid (10.9 versus 11.3%) and mannose
(45.8 versus 53.4%) than the glycosyl composition of untreated
cultures (Table 1).

METH enhances C. neoformans adhesion, capsular polysac-
charide release, and biofilm formation. To determine the mech-
anism by which METH promotes C. neoformans adhesion and
biofilm formation in the lungs, the spot enzyme-linked immu-
nosorbent assay (ELISA) was utilized. This assay was used to ex-
amine local release of capsular polysaccharide by attached crypto-
coccal cells and the role of this polysaccharide in C. neoformans
biofilm formation. Light microscopy was used to quantify the
number of cells that attached, as measured by spot formation
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(Fig. 5A). METH-treated C. neoformans cells produced signifi-
cantly larger numbers of spots than control cells (P < 0.05) after a
0.5-h incubation period (Fig. 5B). However, the number of spots
observed for control cryptococcal cells increased significantly rel-
ative to time, although the number remained significantly less
than that for METH-exposed cells at each time interval examined.

In addition, the surface areas of the spots were measured by
tracing the circumference of a whole spot left by the organism at
the equatorial plane (area = 7r?) (Fig. 5C). This was done to
determine the impact of METH on the area involved in the bind-
ing of GXM released by attached C. neoformans cells. Spots from
METH-treated C. neoformans cells were significantly larger than
those from untreated cells with 50 uM METH after 0.5 h and with
25 uM METH by 1 h of incubation (P < 0.001).

C. neoformans strain H99 biofilms treated with METH showed
a significant dose-dependent increase in metabolic activity when
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FIG 2 METH enhances fungal adhesion to A549 human epithelial lung cells. (A) Attachment of cryptococcal cells to untreated or METH-treated A549 cells was
determined by counting CFU. Bars indicate the averages of the results of three measurements per well (n = 2 per condition), and error bars denote standard
deviations. Asterisks denote P value significance (¥, P < 0.05; **, P < 0.001) calculated by analysis of variance and adjusted by use of the Bonferroni correction.
(B) METH promotes C. neoformans adhesion to epithelial cells. After coincubation with 25 uM METH, epithelial cells were washed and incubated with wheat
germ agglutinin (WGA) to label sialic acid on cell surfaces (red). Cryptococcal cells were incubated with MAb 18B7-Alexa Fluor-conjugated goat anti-mouse
IgGl1 stained to label the capsular polysaccharide (blue). Bar, 10 wm. (C) Zeta potential of C. neoformans grown with or without METH. Each symbol represents
the value for 1 fungal cell (n = 20 per group). Dashed lines represent averages of the results. Error bars denote standard deviations. Asterisks denote P value
significance (¥, P < 0.05; **, P < 0.001; ns, not significant) calculated by analysis of variance and adjusted by use of the Bonferroni correction. For panels A and
C, experiments were performed twice, with similar results.

viability was measured by the 2,3-bis(2-methoxy-4-nitro-5- respectively, relative to that of control cells. Confocal microscopic
sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium-hydrox- ~ examination was used to correlate the XTT reduction assay results
ide (XTT) reduction assay after 5 h of cultivation (Fig. 5D). For ~ with the visual effects on biofilm metabolism and structure
example, the metabolic activity of cryptococcal biofilms was in-  (Fig. 5E). Regions of red fluorescence (FUN-1) represent meta-
creased 2- and 3-fold after treatment with 25 and 50 uM METH,  bolically active cells, and the green fluorescence (MAb 18B7-
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FIG 3 Impact of METH on C. neoformans capsular polysaccharide released in vitro. (A) Capsule size measurements of C. neoformans strain H99 cells were done
for cells grown in the absence and presence of 25 and 50 uM/ml METH. The capsule size of 100 cells was measured. (B) GXM concentration in the supernatant
of C. neoformans cultures coincubated in the absence or presence of METH. (A and B) Averages and standard deviations were determined. Asterisks denote
P value significance (*, P < 0.05; **, P < 0.001) calculated by analysis of variance and adjusted by use of the Bonferroni correction. (C) Representative India ink
images displaying the effect of METH on the capsule size of C. neoformans. Untreated fungal cells exhibited larger capsules than METH-treated C. neoformans
cells. The pictures were taken using a X100-power field. Bar, 2 um. The experiments were performed twice, and similar results were obtained.
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FIG 4 METH alters the size of C. neoformans capsular polysaccharide fractions. Capsular polysaccharide obtained from untreated (A) and METH-treated (B)
strain H99. The x axis represents size distribution by particle diameter; the y axis corresponds to the values of percentage intensity-weighted sizes obtained with
the nonnegative least-squares (NNLS) algorithm. (C) METH promotes capsular polysaccharide release from cryptococcal cells. After coincubation with 25 uM
METH, the cells were washed and incubated with Uvitex and MAb 18B7-FITC-conjugated goat anti-mouse IgG1 stain to label the cell wall (blue) and capsular

polysaccharide (green), respectively. Bar, 2 um.

fluorescein isothiocyanate [FITC]-conjugated goat anti-mouse
IgG1) indicates GXM. C. neoformans cells incubated with 25 uM
METH had regions of high metabolic activity and biofilm forma-
tion that were significantly greater than those of cells grown with-
out the drug (Fig. 5E).

METH facilitates C. neoformans dissemination from the
lungs to the CNS. We investigated the impact of METH on C.
neoformans dissemination to the brain using a pulmonary model
of infection. The fungal counts (Fig. 6A) and quantities of GXM
(Fig. 6B) in the brain of METH-treated mice were significantly
higher than in control animals 3 days after infection (P < 0.01).
Immunofluorescence staining showed larger lesions and larger
amounts of GXM released in the brains of METH-treated mice
than in untreated animals (Fig. 6C). The areas of brain lesions of
METH-treated, infected mice reached, on average, 41.87 um? =
3.72 wm?, whereas lesions of control mice averaged 19.75 um? =
2.55 um? (P < 0.001) (Fig. 6D).

DISCUSSION

C. neoformans enters the host through the respiratory tract and is
nearly universally contained in the setting of intact immunity,

July/August 2013 Volume 4 Issue 4 e00400-13

TABLE 1 Glycosyl composition analysis of capsular polysaccharide
released in culture medium and isolated from untreated or METH-
treated C. neoformans strain H99

Untreated 25 uM METH
Glycosyl residue Mass (mg) Mol%® Mass (mg) Mol%
Ribose (Rib) 3.0 1.0 2.1 0.5
Arabinose (Ara) ND? ND
Rhamnose (Rha) ND ND
Fucose (Fuc) ND ND
Xylose (Xyl) 88.3 28.1 134.9 30.0
Glucuronic acid (GlcA) 45.8 11.3 63.6 10.9
Galacturonic acid (GalA) ND ND
Mannose (Man) 201.4 53.4 247.3 45.8
Galactose (Gal) 9.1 2.4 6.6 1.2
Glucose (Glc) 14.1 3.7 61.7 11.4
N-acetylgalactosamine (GalNAc) ND ND
N-acetylglucosamine (GlcNAc) 1.0 0.2 0.6 0.1
N-acetylmannosamine (ManNAc) ND ND
Sum of carbohydrates 359.6 514.5

@ Values are expressed as mole percentages of total carbohydrate. The total percentage
may not add up to exactly 100% due to rounding.

? ND, not detected. Samples for two independent experiments were analyzed, with
similar results.
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FIG 5 METH stimulates C. neoformans GXM release, adhesion, and biofilm formation. (A) Light-microscopic images of spots formed by C. neoformans strain
H99 cultivated with or without 25 uM METH for 2 h during the spot ELISA. The pictures were taken by using a X20-power field. Bars, 10 um. The results are
representative of two experiments. (B) Spot number in microtiter wells as a function of time after treatment with 25 and 50 uM METH. Bars are the average
numbers of spots in five X20-power fields, and error bars denote standard deviations. *, P < 0.05 in a comparison of the untreated and METH-treated groups.
Cn, C. neoformans. (C) The release of C. neoformans GXM was visualized by the spot ELISA with or without exposure of the yeast cells for 0.5, 1, 2, and 3 h to two
concentrations (25 and 50 wM) of METH. Bars are the averages of the areas of 40 spots per X20-power field, with the area being calculated with the equation 2.
Five power fields were observed for each time interval. Error bars denote standard deviations. *, P < 0.001 in a comparison of untreated and METH-treated
groups. (D) Metabolic activities of untreated and METH-treated C. neoformans biofilms measured by the XTT reduction assay. Yeast cells were incubated with
or without 25 and 50 uM METH for 48 h. Bars are the averages of five XTT measurements, and error bars denote standard deviations. *, P < 0.05; **, P < 0.001.
This experiment was performed twice, and similar results were obtained. (E) Confocal microscopy of C. neoformans biofilms not treated or treated with METH.
Orthogonal images of mature C. neoformans biofilms showed metabolically active (red; FUN-1-stained) cells embedded in the polysaccharide extracellular
material (green; stained with MAb 18B7-FITC-conjugated goat anti-mouse IgG1). Images were obtained after 48 h of exposure of the fungal cells to 25 uM
METH, and the images were compared with those of biofilms incubated in the presence of PBS (untreated). The pictures were taken at a magnification of X63.

Bars, 20 wm. The results are representative of two distinct experiments.

whereas the fungus can cause a pulmonary disease that may prog-
ress and disseminate to the CNS in immunocompromised hosts,
especially in the setting of AIDS. A recent report has revealed a
greater risk for tuberculosis (TB) among METH users than non-
users (23). Similarly, a study of HIV-infected patients in Thailand
reported that 40% of those also infected with TB had a history of
METH use (24). In addition, we have demonstrated that METH
enhances disease caused by the pathogenic intracellular fungus
Histoplasma capsulatum (25). In the present study, we further in-
vestigated whether METH enhances host susceptibility to a pul-
monary infection such as cryptococcosis. Our results showed that
METH significantly enhances the mortality of C. neoformans-
infected mice, fungal burden, and the amount of C. neoformans
capsular polysaccharide released in vivo. These findings lead us to
hypothesize that METH stimulates fungal biofilm formation in
the lungs of treated animals, which may serve as a reservoir for C.

6 mBio mbio.asm.org

neoformans evasion of immunity, enhancing fungal survival and
facilitating subsequent dissemination to the CNS.

Recently, Volkow et al. demonstrated that the lungs have the
highest METH uptake and most rapid clearance compared to
other organs after intravenous injection (8). METH is associated
with elevated free radical formation and significant lung injury
(26). Although we observed a reduction in alveolar space in the
lungs of METH-treated mice prior to infection, we recently
showed that METH administration does not alter the numbers of
neutrophils or macrophages in lung tissues (7), which may reflect
a combination of the sporadic presence of the drug and the re-
sponsive migration of these cells in this tissue. Additionally, we
have previously shown that METH alters innate immune cell ef-
fector functions such as phagocytosis and antigen processing (27,
28). Our results show that accumulation of METH in the lungs
may also contribute by rendering pulmonary tissue more vulner-
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FIG 6 METH significantly induces C. neoformans capsular polysaccharide release in the CNS 3 days after pulmonary infection. (A) The brain fungal burdens
in METH-treated mice infected intratracheally with 10¢ C. neoformans cells were significantly greater than those in untreated mice (n = 5 per group). (B)
Capsular polysaccharide concentrations in the supernatants of C. neoformans-infected brain homogenates of untreated or METH-treated mice (n = 5 per group).
(A and B) Dashed lines represent the mean values for the METH-treated and untreated groups; error bars denote standard deviations. Each circle represents the
value for 1 mouse. P values (*, P < 0.05) were calculated by Student’s ¢ test. (C) Immunofluorescence staining of brain lesions (cryptococcomas) caused by C.
neoformans in untreated or METH-treated animals. Capsular-polysaccharide-specific MAb 18B7 (yellow) was used to label fungal cells. MAP-2 (red) and DAPI
(blue) staining were used to label the cell bodies and nuclei of neurons, respectively. Bar, 5 um. (D) Area analyses of brain lesions caused by C. neoformans strain
H99 cells were performed in tissue sections of untreated or METH-treated mice (n = 3 per group). The areas of 10 brain lesions per condition were measured
using Image] software. Each circle represents a single lesion. Dashed lines and error bars denote averages of 10 measurements and standard deviations,
respectively. Asterisks denote P value significance (*, P < 0.001) calculated by the t test. (A to D) The experiments were performed twice, with similar results.

able to infections due to defects in macrophages and neutrophils.
In this regard, our histological analysis of the lungs showed that, in
contrast to controls, METH-treated mice displayed low numbers
of inflammatory cells in the pulmonary tissue early during infec-
tion and large numbers of cryptococci surrounded by vast
amounts of polysaccharide in a biofilm-like arrangement 7 days
postinfection. Notably, we documented that METH-treated ani-
mals had more-accelerated breathing than controls, suggesting
respiratory distress due to the infection.

To determine the mechanism by which METH stimulates C.
neoformans adhesion to pulmonary tissue, we incubated A549
cells with the drug and evaluated fungal adhesion. We observed
that METH enhanced yeast adhesion to these epithelial cells, sug-
gesting that the drug causes cellular alterations in A549 cells. A
decrease in the negative surface charge has been shown to increase
significantly the adhesion of several microbes to host tissues (29).
This fact may play an important role in the lungs of METH-
treated mice, where the increased adherence of C. neoformans in
human airways might stimulate biofilm formation, leading to
chronic lung infection. In patients with cystic fibrosis, adhesion of
bacterial pathogens increases due to a reduction in the negativity
of the epithelial cell surface charge (30). METH might modify the
negative charge by membrane phospholipids, surface carbohy-
drates, and ionized groups of membrane proteins. Although this is
beyond the scope of this report, it might be a logical and interest-
ing extension of this work to evaluate in our future investigations.

METH stimulates C. neoformans biofilm formation in vivo.
The polysaccharide capsule of C. neoformans is responsible for the
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high negative charge of the cells (21). Our zeta potential analysis
demonstrates that METH imparts a high negative charge to the
cryptococcal surface, which may translate into enhanced interac-
tion with pulmonary tissue colonization or adhesion and yeast
cell-cell interactions during biofilm formation (31). For instance,
a mutant of the thermophile Anoxybacillus flavithermus showing a
reduced negative charge and hydrophobic cell membrane dis-
played an impaired ability to adhere to a solid surface (32). Simi-
larly, we have previously shown that cationic chitosan reduces
biofilm formation in C. neoformans (31) and Candida albicans
(33).

The release of the cryptococcal polysaccharide capsule is im-
portant for adhesion of the yeast and biofilm development in C.
neoformans (13). An spot ELISA provided an alternate method to
confirm the results obtained in vivo and in vitro in establishing the
mechanism by which METH promotes C. neoformans coloniza-
tion and biofilm formation. The numbers and areas of spots on
microtiter plates were determined as a function of time using light
microscopy. Biofilm formation by C. neoformans did correlate
with the number of yeast cells bound to the plastic support surface
and GXM released. For instance, C. neoformans biofilms grown in
the presence of METH attached in larger quantities to the plastic
surface of the microtiter plate and produced larger spots than
control biofilms. This result implies that METH stimulates fungal
local release of capsular polysaccharide by attached cells and bio-
film formation in the respiratory tract. In fact, the combination of
extensive C. neoformans capsular polysaccharide release impairs
innate immune cell migration (11), and the immunosuppressive

mBio mbio.asm.org 7


mbio.asm.org

Patel et al.

effect of the drug may have detrimental effects on METH users
with AIDS.

We assessed the effect of METH on C. neoformans capsular
polysaccharide, which is essential for pathogenesis (34). Interest-
ingly, fungal cells treated with 25 uM METH showed a punctate or
limited GXM-binding pattern with MAb 18B7, as opposed to the
annular pattern exhibited by untreated cells. Studies by
Feldmesser et al. (35) showed that differences in levels of GXM
binding by MAbs are related to the efficacies of those antibodies in
protecting C. neoformans-infected animals. For instance, an annu-
lar GXM binding pattern is indicative of protection, whereas
punctate binding is indicative of the opposite. Similarly, there
were differences in the fluorescence intensities displayed. Un-
treated cells showed a larger and very well delineated capsule com-
pared to METH-treated cells. In this regard, structural studies
using light scattering revealed that capsular polysaccharide mole-
cules on METH-treated fungal cells were shorter than those on
their untreated counterparts. Moreover, we observed more-
homogeneous fibers of polysaccharide in fungal cells exposed to
METH than in control cells. This observation was further sup-
ported by a capture ELISA that demonstrated that METH-treated
cells released the capsular polysaccharide in significantly higher
quantities than untreated cells. Furthermore, we performed struc-
tural studies on the exopolysaccharides of untreated and METH-
treated C. neoformans cells. Sugar composition analysis of METH-
treated yeast cells was remarkable for the predominance of xylose
and glucose, whereas untreated capsular polysaccharide consisted
of high levels of glucuronic acid, mannose, and galactose. Our
results suggest that a drug of abuse may cause alterations in the
production of a virulence factor by a pathogen and the adaptive
capacity of microorganisms to external stimuli, which can be ad-
vantageous to the microbe during pathogenesis.

We investigated the impact of METH on C. neoformans dis-
semination from the lungs to the CNS using an intratracheal
model of METH abuse and infection. C. neoformans is a neu-
rotropic fungus; therefore, our findings demonstrated high num-
bers of CFU, levels of GXM, and brain lesions in METH-treated
mice. METH is present in the brain within 9 min after exposure,
and the drug is maintained for protracted periods thereafter (36).
Recently, we showed that METH modifies tight junction and ad-
hesion molecules, increasing the permeability of the BBB and fa-
cilitating CNS invasion by C. neoformans using an intravenous
model of infection (20). It is also well documented that METH-
induced oxidative stress and hyperthermia are primary factors
underlying the damage of neural cells (37, 38) and associated leak-
age of the BBB. In fact, METH contributes to host neurotoxicity
by causing morphological abnormalities to the components of the
BBB, therefore, facilitating microbial CNS invasion (37). Simi-
larly, from the side of the pathogen, we have previously hypothe-
sized that GXM release may also be influenced by Ca?* sequestra-
tion from endothelial cells on the BBB, leading to GXM-mediated
BBB disruption and enhanced fungal invasion (20). Molecular
and cellular abnormalities of the cells that compose the BBB (39)
may also arise from the interaction and accumulation of fungal
cells. In this regard, we have documented increased fungemia in
the bloodstream of METH-infected mice. Likewise, C. neoformans
can use a “Trojan horse” mechanism (19) to cross the brain vas-
culature by transmigrating within macrophages, which is also
consistent with our model.

In conclusion, METH promotes C. neoformans colonization of
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the lungs upon infection and subsequent biofilm formation. Our
findings suggest that C. neoformans biofilms may act as a fungal
reservoir, shielding single cells from phagocytic cells, which can
later disseminate, especially to the CNS. Moreover, the drug
causes profound defects in the integrity of the BBB in vivo, increas-
ing permeability and facilitating the transmigration of C. neofor-
mans to the CNS. METH-induced alterations to the molecules
responsible for maintaining the integrity of the BBB provide an
explanation for the susceptibility of a METH abuser to brain in-
fection by HIV and other pathogens. Broadly, METH has diverse
and pronounced detrimental effects on host immunity that can
also enhance pathogen persistence and proliferation.

MATERIALS AND METHODS

C. neoformans. C. neoformans strain H99 (serotype A) was inoculated in
Sabouraud dextrose broth (Difco, MI) and incubated at 30°C for24 hina
rotary shaker set at 150 rpm (Cole-Parmer, IL).

Methamphetamine administration. High-dose-METH users initially
take small amounts of the drug intermittently before progressively in-
creasing the dose (40). To simulate this pattern, increasing doses (2.5, 5,
and 10 mg/kg of body weight/day at weeks 1, 2, and 3, respectively) of
METH (Sigma, MO) were intraperitoneally (i.p.) administered daily to
female C57BL/6 mice (age, 6 to 8 weeks; NCI) over 21 days. Phosphate-
buffered saline (PBS)-treated animals were used as controls. Animal care
for this study was approved by the Animal Welfare and Research Ethics
Committee at the Albert Einstein College of Medicine (protocol number
20110402).

In vivo pulmonary model and C. neoformans infection. At day 21,
METH- and PBS-treated C57BL/6 mice were anesthetized with 100 mg/kg
ketamine (Ketaset; Fort Dodge, IA) and 10 mg/kg xylazine (AnaSed;
Shenandoah, IA). Thereafter, a 100-ul suspension containing either 10°
or 107 C. neoformans H99 cells in PBS was inoculated intratracheally (i.t.).
For infection with 10° cryptococci, animals were euthanized at days 3 and
7 and lung tissues were excised for processing for histology, determination
of CFU numbers, and quantification of GXM.

CFU determinations. At day 3 and 7 postchallenge with 10¢ fungal
cells, lung tissues were excised from euthanized mice and one lobe of lung
was homogenized in sterile PBS. Suspensions were plated on Sabouraud
dextrose agar (Difco) and incubated at 30°C for 48 h. Quantification of
viable yeast cells was determined by CFU counting.

Histological examinations. At day 3 and 7 postinfection, lung tissues
were excised from euthanized mice; the tissues were fixed in 10% formalin
for 24 h, processed, and embedded in paraffin. Four-micrometer vertical
sections were cut and then fixed to glass slides and subjected either to
hematoxylin and eosin (H&E) stain or to mucin carmine (MC) stain, in
order to examine tissue and fungal morphology, respectively. Micro-
scopic examinations of tissues were performed by light microscopy.

Human epithelial cells The human type Il alveolar-epithelial-cell-like
cell line A549 (ATCC, VA) was used in this study. These cells are derived
from lung carcinomatous tissue and are widely used in cell models to
study infection by respiratory pathogens (41). The cell cultures were
maintained as previously described (27). A549 cells were then incubated
in the absence or the presence of 25 uM METH for 2 h at 37°Cin 5% CO,.
C. neoformans adhesion was assessed by CFU determination as previously
described (27).

C. neoformans capsular polysaccharide determinations. C. neofor-
mans capsular GXM released in pulmonary tissue and culture was mea-
sured by capture ELISA as described previously (22).

Capsule measurement. An aliquot of 10 ul of untreated or METH-
treated yeast cells was mixed with India ink and visualized with light
microscopy. The capsule size of 100 cells was measured in these images
using Image] 1.39u software (NIH). Capsule size was defined as the dif-
ference between the diameter of the total cell (capsule included) and the
cell body diameter, defined by the cell wall.
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Isolation of exopolysaccharide from culture supernatants by filtra-
tion. Polysaccharide was isolated by filtration and ultrafiltration as de-
scribed previously (42).

Release of capsular components by DMSO. Capsular polysaccharide
was isolated from yeast cells with dimethyl sulfoxide (DMSO) as previ-
ously described (43). The final polysaccharide solution was lyophilized
and the dry polysaccharide mass determined.

Polysaccharide particle sizes. The effective diameter and the polydis-
persity of polysaccharide preparations were measured by quasi-elastic
light scattering in a 90Plus/BI-MAS multiangle, particle-sizing analyzer
(Brookhaven Instruments Corp., NY) as previously described (31).

Zeta potential measurement. The zeta potential ({), particle mobility,
and shift frequency of polysaccharide samples were calculated in a Zeta
potential analyzer (ZetaPlus; Brookhaven Instruments) as previously de-
scribed (31).

Glycosyl composition analysis of matrix material. Glycosyl compo-
sition analysis was performed by combined gas chromatography-mass
spectrometry of the per-O-trimethylsilyl derivatives of the monosaccha-
ride methyl glycosides produced from the sample by acidic methanolysis
as previously described (44).

Spot ELISA. C. neoformans H99 cells were allowed to adhere to the
bottoms of the wells over a series of time intervals (0.5, 1, 2,and 3 h) in the
absence and the presence of 25 or 50 uM METH. Following the adhesion
stage, the wells containing C. neoformans biofilms were washed and pro-
cessed as described previously (13, 15, 31).

Biofilm formation. C. neoformans cells were incubated in the absence
or presence of 25 uM METH at 37°C. Biofilm formation occurred by 48 h
and was quantified using the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-
5-[(phenylamino)carbonyl]-2H-tetrazolium-hydroxide (XTT; Sigma)
reduction assay as previously described (13-15, 31, 33, 44).

Imaging. (i) Light microscopy. Microscopic examinations of individ-
ual fungal cells and tissues were performed by light microscopy with an
Axiovert 40-CFL inverted microscope (Carl Zeiss, NY) and photographed
with an AxioCam MrC digital camera using Zen 2011 digital imaging
software (Carl Zeiss).

(ii) Fluorescence microscopy. For immunofluorescence studies,
slides were coated with poly-L-lysine (0.1 mg/ml; Sigma), and 10° yeast
cells were allowed to air dry on slides so that organisms adhered. Chitin in
the cell wall was visualized using Uvitex 2B. The IgG1 GXM-specific
monoclonal antibody (MAb) 18B7 was added at 2 pg/ml in buffer (PBS
with 1% bovine serum albumin [BSA]). Fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse (GAM)-IgG1 (Southern Biotechnology,
AL) was added at 2 pg/ml after application of unconjugated MAb. All
incubations were done at 37°C for 30 min, and slides were washed three
times with PBS between applications of reagents. Slides were washed again
with PBS, 30 ul of mounting medium (0.1 M n-propyl gallate—50% glyc-
erol in PBS) was added, and coverslips were placed. The slides were then
viewed, and fluorescent images were recorded.

(iii) Epifluorescence microscopy. C. neoformans biofilms were incu-
bated for 45 min in 75 ul of PBS containing the fluorescent stain FUN-1
(10 uM). Then, wells were blocked with PBS (1% BSA). MADb 18B7 (44,
45) (2 pg/ml) was added, and the plate was incubated. FITC-conjugated
GAM IgG1 (Fisher Scientific) at a 1-ug/ml concentration in PBS (1%
BSA) was applied. Between steps, the wells were washed with 0.05%
Tween 20 in TBS. All incubations were done at 37°C for 1 h. FUN-1
(excitation wavelength, 470 nm; emission, 590 nm) is converted to
orange-red cylindrical intravacuolar structures by metabolically active
cells, while MAb 18B7, when bound by FITC-conjugated GAM IgG1 (ex-
citation wavelength, 488 nm; emission, 530 nm), labels GXM and fluo-
resces green. Microscopic examinations of biofilms formed in microtiter
plates were performed with epifluorescence microscopy using an Axiovert
200 M inverted microscope (Carl Zeiss) as previously described (13-15,
31, 33, 44).

(iv) Confocal microscopy. C. neoformans cells and capsular polysac-
charide released in tissue were stained using MAb 18B7. Slides were
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blocked, and 18B7 (2 ug/ml) was added for 1 h at 37°C. After the slides
were washed, FITC-conjugated GAM antibody (1:250; 1% BSA) was ap-
plied for 1 h at room temperature. Neurons in tissue sections were stained
with DAPI (4',6-diamidino-2-phenylindole) and MAP-2 as described
previously (20). Microscopic examinations of brain sections were per-
formed with a fully motorized Axio Observer Z1 confocal microscope
(Carl Zeiss). Confocal images of blue, green, and red fluorescence were
conceived simultaneously using a multichannel mode. Z-stack images
and measurements were corrected utilizing Zen software in deconvolu-
tion mode.

Statistical analysis. Data were analyzed using Prism (GraphPad, CA).
P values of <0.05 were considered significant.
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