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Changes in airway dynamics have been reported in the rat model of pulmonary cryptococcosis. However, it
is not known if Cryptococcus neoformans-induced changes in lung functions are related to the immunophenotype
that develops in response to cryptococcal infection in the lungs. In this study we performed a parallel analysis
of the immunophenotype and airway resistance (standard resistance of the airways [SRAW]) in BALB/c mice
infected with highly virulent C. neoformans strain H99 and moderately virulent strain 52D. H99 infection
evoked a Th2 response and was associated with increased SRAW, while the SRAW for 52D infection, which
resulted in a predominantly Th1-skewed response, did not differ from the SRAW for uninfected mice. We found
that an altered SRAW in mice did not positively or negatively correlate with the pulmonary fungal burden, the
magnitude of inflammatory response, the numbers of T cells, eosinophils or eosinophil subsets, neutrophils, or
monocytes/macrophages, or the levels of cytokines (interleukin-4 [IL-4], IL-10, gamma interferon, or IL-13)
produced by lung leukocytes. However, the level of a systemic Th2 marker, serum immunoglobulin E (IgE),
correlated significantly with SRAW, indicating that the changes in lung functions were proportional to the level
of Th2 skewing in this model. These data also imply that IgE may contribute to the altered SRAW observed in
H99-infected mice. Lung histological analysis revealed severe allergic bronchopulmonary mycosis pathology in
H99-infected mice and evidence of protective responses in 52D-infected mice with well-marginalized lesions.
Taken together, the data show that C. neoformans can significantly affect airflow physiology, particularly in the

context of a Th2 immune response with possible involvement of IgE as an important factor.

Cryptococcus neoformans is an encapsulated yeast and is one
of the leading fungal opportunistic pathogens worldwide, with
increasing potential to affect both immunocompromised and
noncompromised individuals (22, 35). The primary site of C.
neoformans infection is the respiratory tract, where the infec-
tion is either cleared (predominantly by Thl immune re-
sponses) or persists in the absence of protective responses. Thl
immune responses in C. neoformans infection models are char-
acterized by recruitment of CD4" and CD8* lymphocytes,
production of Thl cytokines (tumor necrosis factor alpha
[TNF-a], gamma interferon [IFN-y], and interleukin-12 [IL-
12]), and formation of tight granulomas containing classically
activated macrophages, followed by clearance of the infection
and resolution (4, 7, 26, 39). In contrast, Th2 immune re-
sponses are nonprotective. These responses are characterized
by production of Th2 cytokines (IL-4, IL-5, and IL-13), pul-
monary eosinophilia, alternative activation of macrophages
(YM crystal formation), elevation of serum immunoglobulin E
(IgE) levels, and chronic infection with severe lung pathology
(3, 8, 17, 33, 34, 40).
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The Th2-driven pulmonary diseases are allergic diseases and
include asthma, hypersensitivity pneumonitis, and allergic
bronchopulmonary mycosis (ABPM). These disorders can re-
sult in severe limitations of airflow that result from direct
changes in baseline lung functions (i.e., increased baseline air-
way resistance) and/or airway hyperresponsiveness character-
ized by increased sensitivity to spasmogens, such as methacho-
line (MCh) (15). Goldman et al. (13) demonstrated using a rat
model that pulmonary cryptococcosis can modify allergic re-
sponses. Increased airway responsiveness to MCh was associ-
ated with an aggravated allergic reaction to ovalbumin chal-
lenge following cryptococcal infection. This reaction was
associated with allergic inflammation and Th2 cytokine pro-
duction (13). However, the requirement of the Th2 response
and its various parameters for changes in lung functions during
C. neoformans were not clarified in this study.

Pulmonary eosinophilia is an important component of aller-
gic airway inflammation and is thought to contribute to the
changes in airway responses (9, 32, 37, 38). Th2 cytokines
induce eosinophil transmigration through the endothelial and
epithelial layers into airways and alveoli; this process results in
damage to the respiratory tract epithelium, which in turn could
contribute to bronchospasm and airway hyperresponsiveness
(12). Upregulation of CD44 and CD48 cell surface antigens on
pulmonary eosinophils has been shown to play a role in allergic
airway inflammation and changes in lung functions (21, 31).
CD44 binds to hyaluronic acid on vascular endothelium to
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promote extravasation of lymphocytes and eosinophils to in-
flamed tissues (23, 25), while CD48 is a signaling protein with
a broad immunologic role. While a number of studies have
looked into the role of eosinophils in the context of a crypto-
coccal infection (10, 11, 19), no study has directly assessed the
possible contribution of eosinophils to the changes in airway
responses during a C. neoformans infection.

Another hallmark of the Th2 response phenotype is IgE
class antibody accumulation due to the Th2 cytokine-mediated
class switch in antibody-producing B cells and plasma cells.
The increase in the IgE level not only is a systemic marker of
Th2 response but also plays an important role in induction of
allergic symptoms. IgE may contribute to the allergic airway
response by binding to Fce receptors on the mast cells and
basophiles (36). Antigen-specific cross-linking of Fce receptors
leads to mast cell-basophil deregulation and release of allergic
mediators (histamine, leukotrienes) that trigger a variety of
allergic symptoms, including bronchospasm (5, 16).

In this study we sought to determine if the immunophenotype
that develops in mice with pulmonary cryptococcosis is related to
changes in lung functions. We utilized BALB/c mice in which
Th1- and Th2-type immune responses were induced by infection
with C. neoformans strains 52D and H99, respectively. In both
infection models, airway resistance was measured prior to and
following MCh challenge, and comparative immunological and
pathological analyses were performed, followed by evaluation of
how different components of the immune response correlated
with the changes in airway responses.

MATERIALS AND METHODS

Mice. All experimental procedures were approved by the VA Institutional
Animal Care and Use and Committee. Female wild-type BALB/c mice used in
these studies were obtained from Jackson Laboratories (Bar Harbor, ME). Mice
were raised in specific-pathogen-free conditions at the Ann Arbor VA Medical
Center using sterilized cages covered with a filter top and were given sterile food
and water ad libitum. Mice were 6 to 8 weeks old at the time of infection. At the
time of data collection mice were humanely euthanized by CO, inhalation.

Cultures of C. negformans. C. neoformans wild-type strain H99 (= ATCC
208821) and C. neoformans strain 52D (= ATCC 24067) were recovered from
frozen (—70°C) glycerol stocks and grown to stationary phase in Sabouraud
dextrose broth (1% neopeptone, 2% dextrose; Difco, Detroit, MI) on a shaker
for 72 h at 37°C. Cultures were washed twice with saline, cells were counted with
a hemocytometer, and cultures were diluted to obtain a concentration of 3.3 X
10° yeast cells/ml in nonpyrogenic saline. Final dilutions used for infection were
serially diluted and plated on Sabouraud dextrose agar to confirm the number of
viable CFU in each inoculum.

Experimental design. Mice were divided into three groups; one group was
infected with C. neoformans H99, one group was infected with C. neoformans
52D, and the control group received saline (all by the intratracheal route).
Following infection, the fungal lung burden was assessed at weeks 1, 2, 3, and 4.
Measurement of lung function followed by detailed immunological analysis was
performed at week 3 postinfection, a time point consistent with a fully polarized
adaptive immune response to C. neoformans.

Intratracheal inoculation of C. neoformans. Mice were anesthetized by intra-
peritoneal injection of a ketamine-xylazine solution. Anesthetized mice were
fixed on surgical boards, and a small incision was made through the skin covering
the trachea. The underlying salivary glands and muscle were separated to expose
the trachea. A 1-ml syringe filled with the appropriate concentration of C.
neoformans was attached to a 30-gauge needle, which was inserted into the
trachea. Delivery of 30 wl of inoculum (10* C. neoformans cells) into the trachea
and lungs was confirmed by observing inhalation of the droplet; then the needle
was removed and the skin was closed with a cyanoacrylate adhesive.

Measurement of lung functions. At week 3 postinfection, noninvasive airway
resistance (standard resistance of the airways [SRAW]) was measured using a dual-
chamber plethysomograph and Buxco system before and after administration of
aerosolized MCh. BALB/c mice were fitted with a collar around the neck to prevent
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backflow of air out of the chamber and to ensure accurate measurement. Airway
resistance following exposure to MCh was measured at MCh concentrations of 0,
25,5, 10, 20, and 40 mg/ml or until the SRAW was 200% of the baseline value. The
measurements were based on the physiological readout of lung functions obtained
utilizing a computerized Buxco system coupled with a dual-chamber plethysmograph
that measured the changes in tidal volume and pressure in the lungs.

Collection and processing of the infected lungs. Mice were euthanized by CO,
asphyxiation. To exsanguinate the animals, the abdominal vena cava was severed to
remove circulating blood cells from the lungs prior to excision. Individual lungs were
excised, washed in phosphate-buffered saline, and minced with scissors. The minced
lung tissue was enzymatically digested for 30 min in 15 ml of digestion buffer (RPMI
medium containing 5% fetal calf serum, penicillin, streptomycin, 1 mg/ml collage-
nase, and 0.25 ml/mouse of DNase) at 37°C. The resulting cell suspension was
dispersed further using the bore of a 10-ml syringe 20 times.

Lung CFU assay. For determination of the numbers of CFU in lung tissue,
small aliquots of digested lung suspensions were collected. Series of 10-fold
dilutions of the lung samples were plated on Sabouraud dextrose agar plates
using duplicate 10-pl aliquots and incubated at room temperature for 3 days.
Following incubation, C. neoformans colonies were counted, and the number of
CFU was determined on a per-organ basis.

Isolation and enumeration of lung leukocytes. Following removal of the en-
zymatic digestion solution by centrifugation, the erythrocyte pellets were lysed by
addition of 3 ml of NH,CI buffer for 3 min, followed by addition of 10 ml of
RPMI medium to return the solution to isotonicity. Resuspended cells were
filtered through a 70-pm sterile nylon screen and centrifuged for 25 min at 3,000
rpm in the presence of 20% Percoll to separate leukocytes from cell debris and
epithelial cells. The total number of viable cells of an isolate was calculated by
microscopic counting with a hemocytometer using a trypan blue exclusion assay.
The total number of leukocytes was obtained by multiplying the total number of
cells by the frequency of CD45™ cells in each sample obtained in a subsequent
flow cytometry analysis.

Leukocyte subset analysis. Macrophages, neutrophils, eosinophils, monocytes,
and lymphocytes were visually counted using Wright-Giemsa-stained samples of
lung cell suspensions cytospun onto glass slides. Slides were stained by fixing
them for 2 min with a one-step methanol-based Wright-Giemsa stain, followed
by steps 2 and 3 of the Diff-Quik whole-blood stain kit procedure. For each
sample 300 cells from a randomly chosen field were then counted using a
high-power objective with a microscope. The percentage for a leukocyte subset
was multiplied by the total number of leukocytes to obtain the absolute number
of cells in the specific leukocyte subset in the sample.

Antibody staining and flow cytometry analysis. All staining reactions were
performed as described previously (7). Data were collected with a FACS LSR2
flow cytometer using DIVA software and were analyzed using FlowJo software
(Tree Star Inc., San Carlos, CA). A minimum of 30,000 cells per sample were
analyzed. Initial gates were set based on light scatter characteristics to exclude
debris, unlysed red blood cells, and cell clusters. In cell suspensions, leukocytes
were stained with Pacific blue-labeled anti-CD45. The lymphocyte subsets of
CD45" cells were determined by using phycoerythrin-labeled anti-CD8 (for Tc
cells), fluorescein isothiocyanate-labeled anti-CD4 antibodies (for Th cells), and
peridinin chlorophyll protein-Cy5.5-labeled anti-CD19 (for B cells). Eosinophil
populations were recognized as SSCM/FSC'®% expressing CCR3. Anti-CD44 and
anti-CD48 antibodies and associated isotype controls were purchased from eBio-
science (San Diego, CA). Anti-CCR3 antibody was purchased from R&D Sys-
tems (Minneapolis, MN). All other monoclonal antibody reagents were pur-
chased from PharMingen (San Diego, CA). The absolute number of cells in each
leukocyte subset in a sample was obtained by multiplying the percentage for the
type of subset by the total number of leukocytes.

Lung leukocyte culture. The concentration of isolated lung leukocytes was
adjusted to 5 X 10° cells/ml, and the leukocytes were cultured in 24-well plates
in 2 ml of complete RPMI medium at 37°C with 5% CO, for 24 h. Plates were
centrifuged to spin down the leukocytes, and cell-free supernatants were col-
lected for subsequent enzyme-linked immunosorbent assays (ELISA).

Cytokine protein measurement. The cytokines IFN-y, IL-4, IL-13, and IL-10
were quantified by ELISA using DuoSet kits (R&D Systems, Minneapolis, MN).
Assays were performed in 96-well ELISA plates (Costar) by following the man-
ufacturer’s instructions. The optical density was read with a microplate reader
(VersaMax; Molecular Devices), and the cytokine concentration was interpo-
lated from each sample’s optical density compared with the appropriate standard
curve. Standard four-parameter curves were generated, and all calculations were
performed using the Softmax analysis and curve-fitting program (Molecular
Devices).

Real-time PCR. Total RNA from isolated lung leukocytes was prepared using
an RNeasy Plus mini kit (Qiagen, United States), and first-strand cDNA was
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FIG. 1. Pulmonary and cerebral growth and clearance of C. neoformans in BALB/c mice. Mice were inoculated intratracheally with 10* cells
of either C. neoformans 52D or H99. (A) The pulmonary fungal burden was evaluated at weekly intervals. 52D-infected mice, n = 12 (week 1),
n = 12 (week 2), n = 19 (week 3), and n = 10 (week 4); H99-infected mice, n = 9 (week 1), n = 15 (week 2), n = 17 (week 3), and n = 7 (week
4). (B) Cerebral fungal burden was evaluated at week 3 postinfection. 52D-infected mice, n = 14; H99-infected mice, n = 12. Data, pooled from
three separate matched experiments, are shown as mean and SEM numbers of CFU per organ. *, P < 0.05, and #**, P < 0.001, between the H99
and 52D groups at the matching time points; +, P < 0.05 within the 52D-infected group compared to week 1; £, P < 0.001 within the H99-infected

group compared to the fungal burden 1 week earlier.

synthesized using SuperScript III (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Cytokine mRNA was quantified with SYBR green-
based detection using an MX 3000P system (Stratagene, La Jolla, CA) according
to the manufacturer’s protocols. Forty cycles of PCR (94°C for 15 s followed by
60°C for 30s and 72°C for 30s) were performed using a cDNA template. The
mRNA level for each sample was compared to the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA expression level and was expressed as a per-
centage of the GAPDH level (relative expression).

Total serum IgE. Serum was obtained from the blood samples collected by
severing the vena cava of the mice before lung excision. Blood samples were then
allowed to clot and were spun to separate serum. Serum samples were diluted
100-fold and assayed for total IgE levels using the standard ELISA protocol (see
above) and a mouse IgE sandwich ELISA kit (Opti IA; BD Pharmingen).

Histological analysis. Lungs were fixed by inflation with 1 ml of 10% neutral
buffered formalin. After processing and paraffin embedding, 5-um sections were
cut and stained with hematoxylin and eosin. In addition, periodic acid-Schiff
(PAS) staining was performed to identify mucus-secreting cells (goblet cells).
Sections were analyzed by light microscopy, and microphotographs were taken
using a digital microphotography system (DFX1200) with ACT-1 software (Ni-
kon Co, Tokyo, Japan).

Calculations and statistics. Statistical significance was calculated using Stu-
dent’s ¢ test for individual paired comparisons or one-way analysis of variance
whenever multiple groups were compared. For individual comparisons of mul-
tiple groups, Student-Newman-Keuls post hoc test was used to calculate P values.
Data from separate matched experiments were pooled whenever these experi-
ments showed no statistical difference. Means with P values of <0.05 were
considered significantly different. All values are expressed below as means =+
standard errors of the means (SEM). Correlations between each of the measured
host response parameters and the airway resistance were evaluated by plotting
pairs of SRAW values (obtained at baseline and with each MCh concentration)
against the specific immune parameter for individual animals. For each of these
data sets r* and P values were calculated. A positive slope was an indicator of a
positive correlation, while a negative slope was an indicator of an inverse cor-
relation. All statistical calculations were performed using Primer of Biostatistics
(McGraw-Hill, NY).

RESULTS

Moderately virulent strain 52D promotes a protective im-
mune response, whereas infection with highly virulent strain
H99 results in a nonprotective immune response. Strains 52D
and H99 are the clinical isolates of C. neoformans that are most

commonly used in translational research; however, the host
responses to these strains have not been compared side by side
in a uniform model system. Our first goal was to compare the
pulmonary growth and clearance of C. neoformans 52D and
H99 in a BALB/c mice inhalational infection model. Mice were
intratracheally inoculated with 10* cells of one of the strains,
and the pulmonary fungal burden was determined at weeks 1
through 4 postinfection. By week 1, strain 52D had rapidly
proliferated (1,000-fold increase compared with the original
inoculum), but its subsequent growth was inhibited (weeks 2
and 3) and significant clearance (1 log) was observed at week
4 compared to the peak level at week 1 (Fig. 1A). In contrast,
strain H99 exhibited progressive, logarithmic growth in the
lungs through all 4 weeks of infection, and the burden was
significantly greater at each subsequent time point (Fig. 1A).
At the early time points of infection (week 1 to 2), the differ-
ences in growth and clearance dynamics resulted in signifi-
cantly higher fungal loads in 52D-infected lungs than in H99-
infected lungs. However, H99 infection surpassed 52D
infection in terms of the pulmonary fungal burden by week 3
postinfection (a time point consistent with the polarized adap-
tive immune response), and the difference continued to in-
crease, reaching 3 orders of magnitude at week 4 postinfection
(Fig. 1A). In addition, extrapulmonary cryptococcal dissemi-
nation was evaluated at week 3 for both infection groups. Our
results show that H99-infected mice exhibited severe C. neo-
formans dissemination in the central nervous system. All of the
H99-infected mice showed a fungal burden in the brain (5.58 =
0.34 log CFU; n = 12). In contrast, none of the 14 52D-
infected mice examined contained detectable numbers of CFU
in the brain (Fig. 1B). The uncontrolled growth of C. neofor-
mans in the lungs and brains of H99-infected mice was also
associated with increasing mortality, which peaked between
weeks 3 and 4 (10.5% [2 of 19] mice died in week 3, and 61.0%
[11 of 18] mice died in week 4), while 100% of the 52D-
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FIG. 2. Pulmonary inflammatory response in mice infected with either C. neoformans 52D or H99. Lungs were collected from uninfected and
H99- or 52D-infected BALB/c mice at week 3 postinfection. (A) Total numbers of recruited pulmonary leukocytes were enumerated from
individual mice following enzymatic dispersion of whole lungs. Uninfected mice, n = 4; H99-infected mice, n = 12; 52D-infected mice, n = 28.
(B) Numbers of lymphocyte subsets were determined by staining samples of leukocyte suspensions from infected mice with fluorochrome-labeled
antibodies specific for CD4*, CD8", and CD19" lymphocytes and analyzed by flow cytometry. Uninfected mice, n = 4; H99-infected mice, n =
11; 52D-infected mice, n = 10. (C) Differential myeloid subset recruitment was determined by microscopic enumeration of cytospun-leukocyte
isolates. Uninfected mice, n = 4; H99-infected mice, n = 12; 52D-infected mice, n = 8. Data, pooled from three separate matched experiments
(A) and two separate matched experiments (B and C), are expressed as means and SEM. Neut, neutrophils; Eos, eosinophils; Mono/Mac,
monocytes/macrophages. NS, not significant; *, P < 0.05; **, P < 0.01; %, P < 0.001.

infected mice survived to the end of this study. Thus, 52D-
infected mice had a high level of protection against cryptococ-
cal growth, whereas in H99-infected mice there was uncontrolled
growth of C. neoformans in both lungs and brains.
Inflammatory responses in C. neoformans 52D- and H99-
infected lungs demonstrate that there are significant differ-
ences in cellular composition. To determine if the differences
in pulmonary control of C. neoformans were caused by differ-
ences in the magnitude and composition of the inflammatory
response, we analyzed leukocyte populations in H99- and 52D-
infected lungs at week 3 postinfection. Both H99- and 52D-
infected mice developed significant inflammatory responses in
their lungs, marked by great increases in the leukocyte number
compared to the leukocyte number in uninfected mice (Fig.
2A). Although the values were not significantly different, a
strong trend toward an increased inflammatory response was
observed in H99-infected lungs (82.95 X 10° = 14.1 x 10°
cells) compared to 52D-infected lungs (52.21 X 10° * 14.1 X
10° cells) (Fig. 2A), indicating that the uncontrolled pulmonary
growth of strain H99 was not due to the absence of an inflam-
matory response or a diminished inflammatory response.
Previous studies demonstrated that C. neoformans clearance
depends on CD4" and CD8™" T-cell-mediated responses (6, 20,
27, 28) and a possible contribution by B cells (1). These lym-
phocyte subsets were enumerated by flow cytometry. Both
groups of infected mice contained significantly higher numbers
of CD4™ T cells than uninfected controls contained; however,
there was no difference in the number of CD4™ T cells between
the infected groups (Fig. 2B). In addition, both infected groups
showed trends toward increased numbers of CD8" T cells
compared to uninfected controls, but only H99-infected mice
showed a significant increase compared with uninfected mice
(Fig. 2B). Furthermore, mice in both infection groups con-
tained significantly higher numbers of B cells than uninfected

mice contained; H99-infected mice also contained significantly
higher numbers of B cells than 52D-infected mice contained
(Fig. 2B).

We also analyzed if H99- and 52D-infected mice differed in
the number of myeloid subsets by using differential microscope
counts of pulmonary leukocytes. While there was no difference
in the numbers of neutrophils in the lungs, the numbers of
pulmonary eosinophils were significantly elevated in H99-in-
fected mice compared to 52D-infected mice (Fig. 2C). Fur-
thermore, the numbers of monocytes/macrophages were sig-
nificantly higher in H99-infected lungs (Fig. 2C). Thus, both
H99- and 52D-infected mice recruited adequate numbers of
leukocytes into the lungs, but the compositions of the inflam-
matory infiltrates in 52D- and H99-infected lungs suggest that
each microbe evoked a different type of the immune response.

H99-infected lungs show a strong Th2 cytokine bias,
whereas 52D-infected lungs have a predominantly Thl cyto-
kine profile. Having determined that the inflammatory cell
infiltrates had significantly different compositions in H99- and
52D- infected lungs, we analyzed cytokine production to eval-
uate if the immune responses were differentially polarized. The
secreted cytokine levels for IFN-vy, IL-4, IL-10, and IL-13 were
evaluated using supernatants from 24-h lung leukocyte cultures
isolated at week 3 postinfection. H99-infected mice produced
predominantly Th2 cytokines (IL-4, IL-10, and IL-13) and neg-
ligible amounts of the Th1 cytokine IFN-y. In contrast, 52D-
infected mice produced predominantly IFN-y and negligible
amounts of IL-4 and showed a small, albeit statistically detect-
able, increase in the amount of IL-10, which was significantly
less than the amount in H99-infected mice (Fig. 3A). Interest-
ingly, comparable and significant increases in the IL-13 level
were observed in both groups of infected mice (Fig. 3A). In
addition to the protein evaluation, the expression of mRNA
for selected cytokines important for cryptococcal clearance was
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FIG. 3. Cytokine production from C. neoformans-infected BALB/c
mice. Lung leukocytes were isolated from infected and uninfected
mice at week 3 postinfection. (A) Isolated leukocytes (5 X 10° cells/ml)
were cultured for 24 h, and supernatant was collected from the cell
culture and analyzed by ELISA for the cytokines IL-4, IL-10, IFN-v,
and IL-13. Uninfected mice, n = 7; H99-infected mice, n = 30; 52D-
infected mice, n = 27. (B) Total RNA from 5 X 10° isolated lung
leukocytes was prepared, and first-strand cDNA was synthesized. The
mRNA levels for cytokine IL-12p35 and TNF-« in each sample were
compared to the GAPDH mRNA expression level and are expressed
as percentages of the GAPDH level (relative expression). Uninfected
mice, n = 6; H99-infected mice, n = 22; 52D-infected mice, n = 22.
Data, pooled from four separate matched experiments, are expressed
as means and SEM. NS, not significant; **, P < 0.01; #x%, P < 0.001.

analyzed. The levels of mRNA expression for IL-12p35 and
TNF-a were quantified using real-time PCR. Consistent with
the nonprotective Th2 phenotype, H99-infected mice showed
baseline levels of IL-12p35 and downregulation of TNF-a com-
pared to uninfected control mice (Fig. 3B). Consistent with the
protective Thl phenotype, 52D-infected mice showed signifi-
cant upregulation of IL-12p35 and TNF-a compared to both
uninfected and H99-infected mice (Fig. 3B). Thus, H99 infec-
tion induced a Th2 cytokine profile, while 52D-infected mice
favored Th1 cytokines, with the exception of IL-13, which was
induced at the same level in both infection models at week 3
postinfection.

Elevated serum IgE production in H99-infected mice. To
determine if H99- and 52D-infected mice differed in terms of
systemic immune polarization, we evaluated the levels of se-
rum IgE, a hallmark of systemic Th2 polarization. The serum
IgE level in 52D-infected mice was slightly but significantly
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FIG. 4. Production of serum IgE from C. neoformans-infected
BALB/c mice. Blood was collected from uninfected and infected
BALB/c mice at week 3 postinfection. Sera were evaluated to deter-
mine the concentration of total IgE using the ELISA. Uninfected mice,
n = 7; H99-infected mice, n = 17; 52D-infected mice, n = 30. Data,
pooled from three separate matched experiments, are expressed as
means and SEM. »xx, P < 0.001.

elevated compared to the level in uninfected mice at week 3
postinfection (Fig. 4). However, H99-infected mice showed a
dramatic increase in the serum IgE level compared to both
uninfected and 52D-infected mice (Fig. 4), indicating that
H99-infected mice show a strong systemic Th2 bias. Thus,
H99-infected mice but not 52D-infected mice exhibit strong
systemic accumulation of serum IgE.

Histological analysis of alveolar lung sections of mice in-
fected with strains H99 and 52D. The development of a Th2
but not Thl response in the H99-infected mice leads to the
development of pathological lesions characteristic of ABPM
(3, 8, 15-17). Our next goal was to determine if H99-infected
BALB/c mice developed ABPM pathology and if 52D-infected
mice were protected from this pathological outcome. At week
3 postinfection, we analyzed histological lung sections to com-
pare the lung pathologies of the two infection groups. We
observed significant recruitment of inflammatory cells, with the
formation of infiltrates, in both 52D- and H99-infected lungs
compared to uninfected lungs (compare Fig. 5A to Fig. 5B to
F). However, high numbers of cryptococcal organisms were
observed in H99-infected lungs (Fig. 5B and D), consistent
with the uncontrolled growth of this microbe in the lungs. In
contrast, the growth and spread of C. neoformans were effec-
tively contained in 52D-infected lungs, and there was a clear
demarcation between infected and noninfected portions of
lung tissue (Fig. 5C and F). Examination using high-power
magnification revealed additional features of ABPM in H99-
infected mice, such as eosinophil infiltrates (Fig. 5D), the pres-
ence of crystals composed of YM1 and YM2 proteins (3), and
proliferating yeasts within macrophages (Fig. SE), which are
indicative of alternative activation of macrophages. In contrast,
macrophages in 52D-infected lungs displayed morphology
more consistent with their classical activation. Lungs infected
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FIG. 5. Morphological patterns of pulmonary inflammation and pathological lesions in C. neoformans-infected lungs: photomicrographs of lung
histology for BALB/c mice infected with either C. neoformans 52D or H99. Lungs were collected from infected mice at week 3 postinfection, fixed,
processed for histology, and either stained with PAS stain and photographed with a X20 objective (A to C) or stained with hematoxylin and eosin
and photographed with a x40 objective (D and F) or a X100 objective (E). (A) Lung of uninfected control mouse. (B) Lung of a C. neoformans
H99-infected mouse. Note the uncontrolled and widespread dissemination of cryptococcal cells in the absence of inflammation. (C) Lung of a C.
neoformans 52D-infected mouse. Note the tight leukocyte infiltrate forming a granuloma around the yeast cells and clear segregation between
uninfected and infected tissue. Note the presence of PAS stain-positive goblet cells and mucus accumulation in both groups of mice. (D and E)
Lungs of a C. neoformans H99-infected mouse, showing pulmonary eosinophilia (Eos) (D) and evidence of alternative activation macrophages (E).
YM crystals in the alveolar macrophages are indicated by arrows. (F) Lung of a C. neoformans 52D-infected mouse showing containment of

infection within a tight mononuclear infiltrate (Th1 granuloma).

with strain 52D were characterized by mononuclear infiltrates
surrounding cryptococci, and these infiltrates largely accumu-
lated within or in proximity to bronchovascular bundles (Fig.
5F). We further analyzed changes in airway morphology, which
is another feature of ABPM. Interestingly, H99- and 52D-
infected mice displayed equal but significant goblet cell meta-

plasia visualized by PAS staining and apparent thickening of
the airway walls (Fig. 5SA, B, and C). Thus, histological analysis
confirmed that there was fully developed ABPM pathology in
the lungs of BALB/c mice infected with strain H99 and that
there was significant protection from these lesions in 52D-
infected mice.



VoL. 77, 2009

A [] 1sotype c. [l Hoo [ 52D

IMMUNE BIAS AFFECTS LUNG FUNCTIONS 5395

o

100 100 5. *hx kxk
75.2 88.5 2 I
3
e | 11.6 0 - 191 £ a
-
(7}
60 60 = 3
Q.
o
40 | 40 - % 21
(o]
w
20 | 20 o 11
<
Q
0 - ol O o
% CD48+ Eosinophils
*kk kkk
100 100 > 5- y
c
97.2 5
80 80 ] = |
14.8 S 4
n
60 60 | z 3
Q.
o
40 40 | % 24
(o]
L
20 20 & 11
<
Qo
o o A (&) 0

% CD44+ Eosinophils

FIG. 6. Eosinophil phenotypes of C. neoformans-infected BALB/c mice. Eosinophils from lung digest samples isolated from C. neoformans-
infected BALB/c mice were analyzed by flow cytometry at week 3 postinfection. (A) Eosinophil populations were identified by CCR3 expression
and the side and forward scatter characteristics (CCR3* SSCM FSC'®%). The overlaid histograms show the frequency of CD48" CD44 " eosinophils
in either H99-infected mice (black histograms) or 52D-infected mice (gray histograms) compared with the results for the isotype control (white
histograms). The percentages of CD48" and CD44 " are indicated above the gate, and the percentages of autofluorescent cells are indicated below
the gate. Note that there was no significant difference in the expression frequency of either surface marker in either strain when the value for the
isotype control was subtracted. (B) Total numbers of activated CD44" and CD48" eosinophils. Uninfected mice, n = 1; H99-infected mice, n =
5; 52D-infected mice, n = 5. Data are shown as means and SEM. #xx, P < 0.001.

CD44 and CD48 expression on pulmonary eosinophils is
similar in H99- and 52D-infected mice. The function of eosin-
ophils in allergic airway responses is controversial; however,
CD44 and CD48 expression on pulmonary eosinophils has
been shown to be critical in allergic eosinophilic airway inflam-
mation (21, 31, 38). We analyzed eosinophil populations and
their expression of CD44 and CD48 to determine if eosinophil
phenotypes were different in our Th1l and Th2 infection mod-
els. Eosinophil populations were identified by CCR3 expres-
sion and the side and forward scatter characteristics (SSC™ and
FSC'™). Subsequently, we analyzed eosinophil CD44 and
CD48 surface expression to determine if strain H99 and 52D
infections resulted in differential activation of these cells (Fig.
6). The numbers of eosinophils in H99-infected mice were
significantly higher than the numbers in 52D-infected mice,
consistent with data obtained by cytological evaluation (Fig.
2C). However, the frequencies of CD44" and CD48" cells in

an eosinophil gate were similarly high in both H99- and 52D-
infected lungs (Fig. 6A). The total number of CD44% and
CD48™" eosinophils was higher in H99-infected lungs than in
52D-infected lungs (Fig. 6B), but the difference was attributed
to a higher number of eosinophils rather than to increased
frequency of these activation markers. Furthermore, the GR1
staining intensity, which is also considered a hallmark of eo-
sinophil activation, was similar in the two groups (data not
shown). Thus, significant pulmonary eosinophilia was preva-
lent only in H99-infected lungs; however, the frequencies of
activation marker expression by eosinophils recruited into
H99- and 52D-infected lungs were not significantly different.
Effect of C. neoformans 52D and H99 infection on lung func-
tions. Cryptococcal infection has been demonstrated to affect
lung physiology in animal models; however, the underlying
immunological bases of the changes were not defined (13, 29).
Our goal was to determine if changes in lung functions and



5396 JAIN ET AL.

[] uninfected || H99 [ 52D

* *

SRAW (cmH20/ml/sec)
N

B

SRAW (cmH20/ml/sec)

INFECT. IMMUN.

[ uninfected
g | H Hoo
A 52D

T

Baseline 10 100

Concentration MCh (mg/ml)

FIG. 7. Effect of C. neoformans 52D and H99 infection on lung functions. At 3 weeks postinfection, measurements of lung functions in mice
were made using a dual-chamber plethysomograph and Buxco system at baseline and after administration of increasing doses of aerosolized MCh
(0,25, 5, 10, 20, 40, and 80 mg/ml) as described in Materials and Methods. (A) Baseline airway resistance. Uninfected mice, n = 8; H99-infected
mice, n = 15; 52D-infected mice, n = 18. (B) Airway responsiveness of mice to MCh. Uninfected mice, n = 12; H99-infected mice, n = 12;
52D-infected mice, n = 20. Data, pooled from three separate matched experiments, are expressed as means and SEM. *, P < 0.05 in comparison

with the uninfected control.

airway responses during C. neoformans infections were linked
to specific types of immune responses and pathologies in our
mouse models. We first compared the SRAW of uninfected
mice with the SRAW of 52D- and H99-infected mice at week
3 postinfection. While 52D-infected mice (1.27 = 0.08 cm
H,O/ml/s) had an SRAW similar to that of uninfected controls
(1.18 = 0.09 cm H,O/ml/s), H99-infected mice exhibited a
significant increase in the SRAW (2.60 = 0.61 cm H,O/ml/s)
(Fig. 7A), suggesting that changes in lung functions may be
associated with the increased microbial burden and/or the Th2
immune bias in these mice.

We next evaluated the effect of C. neoformans on airway
responsiveness by assessing changes in SRAW in response to
different doses of aerosolized MCh (0, 2.5, 5, 10, 20, and 40
mg/ml MCh or until the SRAW increased to 200% of the
baseline value). At each MCh dose, the SRAW in H99-in-
fected mice was significantly higher than that in control mice
(Fig. 7B). Furthermore, at each MCh dose, the SRAW in
52D-infected mice was not significantly different from the
SRAW in uninfected mice (Fig. 7B); however, the SRAW in
H99-infected mice was not significantly higher than that in
52D-infected mice at MCh doses of =20 mg. This could sug-
gest that 52D-infected mice showed some increase in airway
responsiveness to MCh; however, linear regression analysis of
SRAW data showed that the linear slopes of dose-response
curves were not different for H99-infected, 52D-infected, and
uninfected mice (Fig. 7B). Thus, the baseline lung airway re-
sistance was highly elevated in H99-infected mice; however,
the dynamics of airway responses to MCh were not dramati-
cally altered in either H99- or 52D-infected animals.

Correlations of evaluated Th2 parameters with airway re-
sistance. Our data demonstrate that there were an increased

microbial load and skewing to a Th2 response in H99-infected
animals that were accompanied by increased baseline airway
resistance. Our next goal was to examine whether the increased
airway resistance was related to the microbial burden or if it
was linked with specific elements of the Th2 response. The
readouts for airway resistance at the baseline for each individ-
ual mouse were plotted against the values for specific immune
parameters from the same animal to determine which of the
immune parameters correlated with SRAW. Interestingly, no
significant correlation was detected between the SRAW and
the number of either lung and brain CFU or the total number
of pulmonary leukocytes, indicating that the magnitude of the
microbial load or inflammation was not related to increased
airway resistance.

To determine if eosinophilic inflammation contributed to
increased airway resistance, we evaluated if the number of
pulmonary eosinophils or the numbers of CD44" and CD48*
eosinophils correlated with SRAW. The total numbers of eo-
sinophils or their CD44™ and CD48™" subsets did not correlate
at all with SRAW, suggesting that eosinophilia and changes in
lung functions are not related in C. neoformans infection. Fur-
thermore, no positive or inverse correlation was found between
SRAW and IL-4, IL-10, IL-13, or IFN-y production by cells
from mice infected with either strain (data not shown). How-
ever, a significant correlation was observed between serum IgE
levels and SRAW measured at the baseline and at all MCh
doses tested in H99-infected mice, and the strongest correla-
tion (* = 0.43; P = 0.014) was at an MCh concentration of 5
mg/ml (Fig. 8A); in contrast, no significant correlation was
observed at any dose of MCh for mice infected with strain 52D
(Fig. 8B). Thus, alterations in airway dynamics were related to
a systemic Th2 marker, the level of IgE in serum of the H99-
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FIG. 8. Correlations between the serum IgE level and airway resistance in infected mice at week 3 postinfection. (A) Correlation for
H99-infected mice at an MCh concentration of 5 mg/ml. (B) Correlation for 52D-infected mice at an MCh concentration of 5 mg/ml. H99-infected

mice, n =

infected mice, but did not correlate with the microbial burden,
the total number of inflammatory cells, or acute cytokine pro-
duction.

DISCUSSION

The goal of our study was to determine if the immunophe-
notype of the host response to C. neoformans affects lung
functions in an infected host. Using the BALB/c pulmonary C.
neoformans infection model, we observed that (i) H99-infected
mice develop a nonprotective, Th2-skewed immune response,
while 52D-infected mice develop a protective, Th1l-skewed im-
mune response; (ii) H99-infected mice had altered lung func-
tions characterized by significantly increased baseline airway
resistance, while 52D-infected mice were similar to uninfected
controls; and (iii) changes in SRAW did not correlate with the
microbial burden, the magnitude of the inflammatory re-
sponse, cytokine production, pulmonary eosinophilia, or the
numbers of CD44"- or CD48"-expressing eosinophils but
showed a high-level correlation with the level of serum IgE.

Our model allowed simultaneous assessment of immunopa-
thology and changes in lung functions caused by highly virulent
C. neoformans strain H99 and moderately virulent strain 52D
in the same mouse strain. H99-infected mice exhibited a Th2
immune response that included Th2 cytokine production (IL-4,
IL-13, and IL-10) and the absence of IFN-vy, systemic IgE
production, mucus production or thickening of the airways,
uncontrolled expansion of fungus in the lungs, morphological
evidence of alternative activation of macrophages, and pulmo-
nary eosinophilia. These features fully reproduced cryptococ-
cal ABPM described previously (3, 17-19). In contrast, infec-
tion of BALB/c mice with strain 52D resulted in a protective
Thl-type immune response that included IFN-y induction, low
levels of IL-4, IL-10, and systemic IgE, containment or clear-
ance of C. neoformans by inflammatory cells, and morpholog-
ical evidence of classical activation of macrophages.

Subsequent analysis of lung functions revealed that only
H99-infected mice had altered airway resistance at the base-

13; 52D-infected mice, n = 15. Data were pooled from three parallel experiments.

line. At week 3 postinfection, a time point when there was a
significantly polarized immune response, the H99-infected
mice had significantly higher baseline airway resistance than
the 52D-infected mice and the uninfected mice. In contrast,
the protective Thl response in 52D-infected mice did not re-
sult in a change in the baseline lung function readout. These
data demonstrate that cryptococcal infection per se does not
result in major changes in lung functions unless it is accompa-
nied by the Th2 response.

We next investigated possible causes of changes in lung
function seen in H99-infected mice. H99-infected mice had an
elevated fungal burden and severe lung pathology at gross
anatomical and histological levels (widespread cryptococcal
presence throughout the lungs and in some airways) (Fig. 5).
Significant accumulation of the pathogen could contribute to
narrowing of the airway lumen and therefore increased
SRAW. However, we did not observe any correlation between
the cryptococcal load and SRAW at the baseline or at any
concentration of MCh. Similarly, a significant inflammatory
response could result in altered lung functions; however, no
correlation was found between the number of total leukocytes
and SRAW, indicating that the observed changes in SRAW
were specifically associated with a Th2 response rather than
with the magnitude of inflammation in the respiratory tract.

The number and activation status of pulmonary eosinophils
were elements of the Th2 response that could potentially affect
SRAW in the mice (38). Our studies evaluated the correlation
between the total numbers of pulmonary eosinophils and the
changes that we detected in lung functions. We found that the
number of eosinophils did not correlate with SRAW, indicat-
ing that the magnitude of eosinophil recruitment was not
linked with changes in lung functions in our pulmonary cryp-
tococcal disease model. CD44 expression and CD48 expression
(hallmarks of eosinophil activation) on pulmonary eosinophils
have been shown to be critical in allergic airway inflammation
and changes in lung functions (21, 31). We further explored if
the eosinophil activation status rather than the number of
eosinophils affected lung functions and airway pathology. We
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evaluated expression of CD44™ and CD48" markers in both
52D- and H99-infected lungs. Interestingly, there was no dif-
ference in the expression of either surface molecule when the
two groups of infected mice were compared. Although H99-
infected mice had higher total numbers of both CD44™ and
CD48™ cells (Fig. 6) in their lungs, these subsets also did not
correlate with airway resistance at the baseline or at any con-
centration of MCh. Collectively, these data suggest that eosin-
ophil recruitment or the eosinophil activation status was not
associated with changes in lung functions.

The induction of Th2 cytokines (in particular IL-4 and IL-13)
and antibody class switching with resultant accumulation of serum
IgE are implicated in pathogenesis of allergic airway disease (5,
16). Consistent with this, Goldman et al. observed that rats
treated with ovalbumin and infected with C. neoformans showed
synergistic increases in the IL-10, IL-13, and TNF-a levels and the
total serum-IgE levels compared with groups treated with either
ovalbumin or C. neoformans alone (13). Although no significant
correlation between airway resistance and pulmonary cytokine
level was observed, it is possible that the systemic cytokine level
could affect airway responses. Further studies are needed to as-
sess the extrapulmonary cytokines and their role in the develop-
ment of changes in airway dynamics.

In contrast to the cytokine analysis that revealed that neither
Th1 nor Th2 cytokines correlated with changes in lung functions,
we found a highly significant positive correlation between the
level of serum IgE and SRAW. The strong correlation between
the level of serum IgE and SRAW is not surprising, as IgE has
been shown to directly contribute to changes in airway responses
in allergic asthma and experimental models of this disease. How-
ever, the present study provided the first demonstration that IgE
induced in response to cryptococcal infection may be an impor-
tant contributor to changes in lung functions. Furthermore, apart
from a possible direct role in changes in airway tone, IgE is a
more stable factor than dynamic levels of cytokines for assessment
of the Th2 bias. Therefore, the lack of correlation between Th2
cytokine production and lung function, although intriguing, can
be explained by the relatively short life of cytokines and the
fluctuation of their levels in infected animals. Conversely, the IgE
level represents good cumulative readout of systemic Th2 bias.
Thus, our findings point to a major role of the Th2 response in
driving the changes in airway dynamics.

In addition to our studies that dissected the possible roles of
different aspects of the immune response to C. neoformans infec-
tion in changes in lung function, we performed a comparative
analysis of lung histopathology in the 52D and H99 infection
models. Lung areas infected by strain 52D were surrounded by a
tight inflammatory infiltrate that showed the clear demarcation
between healthy and infected parts of the lungs. This suggests that
recruited leukocytes effectively prevented the spread of the fun-
gus to the airways and adjacent alveoli. These observations, along
with the classical activation of macrophage morphology of mac-
rophages found in the infected areas, are consistent with Th1-type
immune responses. In contrast, strain H99 infection resulted in
severe Th2 lung pathology characterized by uncontrolled fungal
dissemination and wide spread of the pathogen within the lungs.
In many instances the pathogen was not accompanied by inflam-
matory cells, showing that there was unopposed spread to unaf-
fected areas of lungs. This is consistent with the inefficient im-
mune response and mismatch in localization of the inflammatory
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response in the areas of expanding microbial growth. Further-
more, cryptococcal growth was visible within the macrophages,
showing characteristics of alternative activation of macrophage
morphology and YM crystal formation consistent with the alter-
native activation of macrophage polarization previously reported
in a Th2-type immune response.

Interestingly, not all of the immunopathological features of
H99 infection were distinct from those found in 52D-infected
lungs. First, H99-infected mice recruited adequate numbers of
lymphocytes (CD4" CD8" T cells and B cells) and macro-
phages, which are critical for clearance of C. neoformans. Sec-
ond, regardless of the predominant Th1 bias, some aspects of
Th2 responses were found in the lungs of 52D-infected ani-
mals. These aspects included goblet cell metaplasia and thick-
ening of the airway walls, which were seen in 52D-infected
lungs and were similar to goblet cell metaplasia and thickening
of the airway walls in H99-infected lungs. Finally, the induction
of IL-13 was similar at week 3 postinfection in the two infected
groups. It is likely that the findings for airway morphology and
the induction of IL-13 were linked, since IL-13 is a known
inducer of goblet cell metaplasia in allergic airway inflamma-
tion (14, 24, 30). However, IL-13 is also induced in chronic
inflammation as a repair cytokine, and the overlapping func-
tions of this molecule could explain its presence in both 52D
and H99 infections (2).

Our studies focused on the time point when the immune re-
sponse is fully polarized, and our data provided evidence that Th2
polarization was largely responsible for changes in lung functions
at this time. It is possible that changes in lung functions in H99
infection could also correlate with an additional mechanism(s) at
earlier time points. Additional studies are needed to carefully
address this question.

In summary, cryptococcal infection can alter lung functions
when there is a Th2 immune bias; however, lung functions
remain largely unaffected by the Thl immune response. Th2
immune parameters, such as cytokine levels and pulmonary
eosinophilia, do not seem to play a direct role in altering lung
functions, and the serum IgE level shows a strong positive
correlation with airway resistance. These results provide a link
between the Th2 response, C. neoformans-induced ABPM, and
changes in airway dynamics.
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