
ASIP 

Journal

CM
E Program

Immunopathology and Infectious Diseases

Robust Th1 and Th17 Immunity Supports Pulmonary
Clearance but Cannot Prevent Systemic Dissemination
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The present study dissected the role of a Th2 bias in
pathogenesis of Cryptococcus neoformans H99 infec-
tion by comparing inhalational H99 infections in
wild-type BALB/c and IL-4/IL-13 double knockout
mice. H99-infected wild-type mice showed all major
hallmarks of Th2 but not Th1/Th17 immunity in the
lungs and lung-associated lymph nodes. In contrast,
the IL-4/13�/� mice developed robust hallmarks of
Th1 and Th17 but not Th2 polarization. The IL-4/IL-13
deletion prevented pulmonary eosinophilia, goblet
cell metaplasia in the airways and resulted in elevated
serum IgE, and a switch from alternative to classical
activation of macrophages. The development of a ro-
bust Th1/Th17 response and classical activation of
macrophages resulted in significant containment of
H99 in the lungs of IL-4/13�/� mice compared with
unopposed growth of H99 in the lungs of wild-type
mice. However, IL-4/13�/� mice showed only 1-week
longer survival compared with wild-type mice. The
comparison of brain and spleen cryptococcal loads at
weeks 2, 3, and 4 postinfection revealed that the sys-
temic dissemination in IL-4/13�/� mice occurred with
an approximate 1-week delay but subsequently pro-
gressed with similar rate as in the wild-type mice. Fur-
thermore, wild-type and IL-4/13�/� mice developed
equivalently severe meningitis/encephalitis at the time
of death. These data indicate that the Th2 immune bias
is a crucial mechanism for pulmonary virulence of
H99, whereas other mechanisms are largely respon-
sible for its central nervous system tropism and sys-

temic dissemination. (Am J Pathol 2009, 175:2489–2500;

DOI: 10.2353/ajpath.2009.090530)

Cryptococcus neoformans is a leading cause of fatal my-
cosis in HIV-positive individuals in numerous countries
around the globe.1 C. neoformans is also a problem in
organ transplant recipients, patients with hematological
malignancies, and those undergoing immunosuppres-
sive therapies.2 Interestingly, over 50% of C. neoformans
infections in the United States are reported in HIV nega-
tive patients, of which many express no apparent immune
deficiencies.3 This may be attributed to the emergence of
new high-virulence strains of C. neoformans and a high
potential of the organism to adapt to extreme environ-
mental conditions and a variety of hosts.3–6 The invasion
of an immunocompetent host is possible when the mi-
crobes develop mechanisms that allow them to evade
and/or modulate the immune responses to cause “im-
mune deviation.” Reports from C. neoformans infection
models suggest that C. neoformans may exploit both of
these mechanisms to achieve its virulence.7,8

Dissemination into the central nervous system (CNS) and
the subsequent development of meningitis/encephalitis is
the major cause of mortality in uncontrolled cryptococco-
sis.5,9,10 The CNS infection is caused by secondary dissem-
ination of C. neoformans from primary sites of infection (lung)
and it occurs readily when pulmonary growth of C. neofor-
mans is not controlled by the infected host. In mouse mod-
els, highly virulent C. neoformans strains such as H99, 145A,
and NU2 pulmonary infections are associated with non-
protective immune responses and lethal dissemination/CNS
pathology.7,11–13 Therefore, it is generally accepted that the
development of a protective response in the lungs is both
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sufficient and necessary to prevent systemic/CNS dissem-
ination of C. neoformans.14,15

Successful clearance of C. neoformans is associated with
the development of a Th1 immune response and subse-
quent classical activation of macrophages (CAM) in both
human patients and mouse models.11,16,17 The CAM is
thought to be the major effector cell that destroys ingested
cryptococci. Recently, Th17 immune response was also
shown to play a protective role in C. neoformans infec-
tion.18,19 In contrast, defects in the immune responses
[T cell, tumor necrosis factor (TNF)-�, or interferon
(IFN)-� deficiencies]7,11,20 –22 and/or deviation to a Th2
immunity promote alternative activation of macro-
phages (AAM).17,23,24 The alternatively activated macro-
phages have been demonstrated to harbor C. neoformans
and their presence is associated with uncontrolled growth
of C. neoformans and severe lung pathology.8,17,19 There-
fore promotion of AAM has been postulated to be the mech-
anism by which Th2 bias promotes uncontrolled growth and
persistence of C. neoformans in the lungs.8,16,17,23,25–30

C. neoformans H99 is a human isolate that expresses
one of the highest virulence levels among C. neoformans
strains used for experimental infections. This strain grows
in the lungs in an uncontrolled fashion, readily dissemi-
nates into CNS, and causes 100% mortality in a variety of
immunocompetent mouse strains such as C57BL/6,
BALB/c, CB6129F2, and CBA/J mice.8,13,31–33 The infec-
tions with H99 were previously shown to result in up-
regulation of several hallmarks of Th2 immunity in the
lungs. This was associated with the expression of viru-
lence factors by H99 including urease and PLB1.8,32

These previous studies have suggested that promoting a
shift to a non-protective Th2 immune response could be
a mechanism of H99-induced virulence.

The goal of the present study was to test the hypothesis
that inducing a Th2 immune bias is an important mecha-
nism for H99 virulence. Using the double deletion of Th2-
driving cytokines interleukin (IL)-4 and IL-13 in mice, we
demonstrate that in the absence of IL-4 and IL-13, H99-
infected mice switch from a robust immune response with
the Th2 phenotype and AAM to that of a mixed Th1/Th17
phenotype and CAM. This response significantly improves
control of pulmonary cryptococcal growth in the lungs.
However, it does not protect against brain dissemination of
C. neoformans and the high mortality associated with an
H99 infection. This is the first report that a strong Th1/Th17
immune response and CAM is insufficient for significant
protection against CNS invasion and high lethality associ-
ated with inhalation of a highly virulent C. neoformans H99.

Materials and Methods

Mice

IL-4/13�/� mice were generated and originally provided
by Dr. Andrew McKenzie, Medical Research Council,
London, UK34 and were bred at the University of Michi-
gan Animal Research Facility in specific pathogen-free
conditions. Age matched wild-type control BALB/c mice
were purchased from Charles River Laboratories, (Wil-

mington, MA). Following at least 1-week acclimatization
period at the Arbor VA Medical Center Mice Veterinary
Medical Unit, wild-type and IL-4/13�/� mice were in-
fected and subsequently housed in pressurized BSL2
cubicles in microisolator cages covered with filter tops.
Food/water was provided ad libitum and mice were mon-
itored daily for the period of infection. At the time of data
collection mice were humanely euthanized by CO2 in-
halation. All experimental procedures were approved
by the University Committee on the Use and Care of
Animals and VA Institutional Animal Care and Use and
Committee.

C. neoformans

C. neoformans strain H99 (ATCC 208821) was recovered
from 10% glycerol frozen stocks stored at �80°C and
grown to stationary phase (at least 72 hours.) at 36°C in
Sabouraud dextrose broth (1% neopeptone, 2% dex-
trose; Difco, Detroit, MI) on a shaker. The cultures were
then washed in non-pyrogenic saline (Travenol, Deer-
field, IL), counted on a hemocytometer, and diluted to
3.3 � 105 yeast cells/ml in sterile non-pyrogenic saline.8

Intratracheal Inoculation of C. neoformans

Mice were anesthetized via intraperitoneal injection of
ketamine/xylazine (ketamine/xylazine 100/6.8 mg/kg/bw)
and were restrained on a foam plate. A small incision was
made through the skin covering the trachea. The under-
lying salivary glands and muscles were separated. Infec-
tion was performed by intratracheal injection of 30 �l (104

CFU) via 30-gauge needle actuated from a 1-ml tuber-
culin syringe with C. neoformans suspension (3.3 � 105/
ml). After inoculation, the skin was closed with cyanoac-
rylate adhesive.8,26

Organ CFU assay

For determination of microbial burden in the lungs, small
aliquots of dispersed lungs were collected following the
digest procedure. For determination of brain and spleen
CFU, the brains and spleens were dissected using sterile
instruments, placed in 2 ml of sterile water, and homog-
enized. Series of 10-fold dilutions of the lung, spleen, and
brain samples were plated on Sabouraud dextrose agar
plates in duplicates in 10-�l aliquots and incubated at
room temperature. C. neoformans colonies were counted
2 days later and the number of CFU were calculated on a
per-organ basis.8,26

Lung Leukocyte Isolation

The lungs from each mouse were excised, washed in
RPMI, minced with scissors, and digested enzymatically
at 37°C for 30 minutes in 15 ml of digestion buffer per
mouse [RPMI, 5% fetal calf serum, antibiotics, 1 mg/ml
collagenaseA (Roche Diagnostics, Indianapolis, IN), and
30 �g/ml DNase (Sigma)] and processed as previously
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described.11,29 The cell suspension and tissue fragments
were further dispersed by repeated aspiration through
the bore of a 10-ml syringe and were centrifuged. Eryth-
rocytes in the cell pellets were lysed by addition of 3 ml of
NH4Cl buffer (0.829% NH4Cl, 0.1% KHCO3, and 0.0372%
Na2-EDTA, pH 7.4) for 3 minutes followed by a 10-fold
excess of RPMI. Cells were resuspended and a second
cycle of syringe dispersion and filtration through a sterile
100-�m nylon screen (Nitex, Kansas City, MO) was per-
formed. The filtrate was centrifuged for 25 minutes at
1500 � g in the presence of 20% Percoll (Sigma) to
separate leukocytes from cell debris and epithelial cells.
Leukocyte pellets were resuspended in 5 ml of complete
RPMI media and enumerated on a hemocytometer fol-
lowing dilution in Trypan Blue (Sigma).

Lung-Associated Lymph Node Leukocyte
Isolation

Individual lung-associated lymph nodes (LALNs) were
excised. To collect LALN leukocytes, nodes were dis-
persed using a 3-ml sterile syringe plunger and flushed
through a 70-�m cell strainer (BD Falcon) with complete
media into a sterile tube, as described previously.8 After
being centrifuged at 12,000 rpm/min for 10 minutes, the
supernatant was removed and the cell pellets were saved
at �70°C for gene expression analysis by real-time re-
verse transcription polymerase chain reaction (PCR).

Lung Macrophage Isolation

Isolated pulmonary leukocytes (10 � 106 cells/ml) were
seeded in six-well plates and cultured at 37°C for 1.5
hours. Plates were washed twice using phosphate-buff-
ered saline to remove non-macrophage cells. Total RNA
was collected from adherent cells and used for real-time
reverse transcription PCR analysis.

Visual Identification of Leukocyte Populations

Macrophages, neutrophils, eosinophils, monocytes, and
lymphocytes were visually counted in Wright-Giemsa-
stained samples of lung cell suspensions cytospun onto
glass slides. Samples were fixed/pre-stained for 2 min-
utes in a one-step methanol based Wright-Giemsa stain
(Harleco, EM Diagnostics, Gibbstown, NJ) and stained
using steps two and three of the Diff-Quik stain. This
modification of the Diff-Quik stain procedure improves
the resolution of eosinophils from neutrophils in the
mouse. A total of 300 cells were counted for each sample
from randomly chosen high-power microscope fields.
The percentages of leukocyte subsets were multiplied by
the total number of leukocytes to give the absolute num-
ber of specific leukocyte subsets in the sample.

Cytokine Production

Isolated lung leukocytes were diluted to 5 � 106 cells/ml
and were cultured in 24-well plates with 2 ml of complete

RPMI medium at 37°C and 5% CO2 for 24 hours. Super-
natants were separated from cells by centrifugation, col-
lected, and frozen until tested. The cytokines TNF-�,
IFN-�, IL-12p35, IL-4, and IL-10 were quantified by en-
zyme-linked immunosorbent assay (ELISA) using DuoSet
kits (R&D Systems, Minneapolis, MN) and OPT-EIA kits
(BD Biosciences, San Jose, CA) following the manufac-
turer’s specifications. All plates were read on a Versamax
plate reader (Molecular Devices, Sunnyvale, CA).8,26

Real-Time PCR

Total RNA was prepared using RNeasy Plus Mini Kit
(Qiagen) and first-strand cDNA was synthesized using
SuperScriptIII (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 seconds followed by 60°C for 30 seconds and
72°C for 30 seconds) were performed on a cDNA tem-
plate. The mRNA levels were normalized to glyceralde-
hyde-3-phosphate dehydrogenase mRNA levels and ex-
pressed as fold induction compared with uninfected
mouse expression level assigned as 1.

Total Serum IgE Analysis

Serum was obtained from the blood samples collected
by severing the vena cava of the mice during lung
excision. Following centrifugation to separate cells, se-
rum was removed and total IgE concentrations were
assessed using an IgE-specific sandwich ELISA (BD
PharMingen).8,26

Histology

Lungs were fixed by inflation with 1 ml of 10% neutral
buffered formalin, excised en bloc, and immersed in neu-
tral buffered formalin. After paraffin embedding, 5-�m
sections were cut and stained with hematoxylin and eo-
sin � counterstained with mucicarmine. Sections were
analyzed with light microscopy and microphotographs
taken using Digital Microphotography system DFX1200
with ACT-1 software (Nikon Co, Tokyo, Japan).8,26,29

Calculations and Statistics

Statistical significance was calculated using Student’s t-test
for individual paired comparisons or t-test with Bonferroni
adjustment whenever multiple groups were compared.
Means with P values of �0.05 were considered significantly
different. The survival was analyzed using Kaplan-Mayer
analysis. All values are reported as means with their stan-
dard errors (SEM). Calculations were performed using
Primer of Biostatistics software (McGraw-Hill, NY).
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Results

Combined Deletion of IL-4 and IL-13 Prevented
Th2 and Promoted Th1 and Th17 Cytokine
Responses in Lung Leukocytes

We hypothesize that promoting a non-protective Th2 im-
mune response is a mechanism for H99-mediated viru-
lence in the lungs.8 IL-4 and IL-13 are known to be the
major factors directing the development of Th2 immunity.
Our first goal was to determine whether the combined
deletion of IL-4 and IL-13 would prevent the expression of
other cytokines associated with non-protective response/
lung pathology (Th2) and promote induction of cytokines
associated with protective responses (Th1 and Th17). We
analyzed profiles of mRNA expression for cytokines using
pulmonary leukocytes at weeks 2 and 3 postinfection with
H99 including: IL-4, IL-5, IL-10, and IL-13 (associated
with non-protective Th2 and/or regulatory responses);
IFN-�, TNF-�, and IL-12p35 (associated with protective
Th1 response); and IL-17 (associated with beneficial
Th17 response). The Th2 cytokine mRNA for IL-4 and
IL-13 was highly up-regulated in the wild-type mice in-
fected with H99 throughout the observed time course of
infection, whereas induction of these cytokines was ab-
sent in the IL-4/13�/� mice (Table 1). Furthermore, IL-5
and IL-10 became increasingly elevated in the wild-type
mice and were expressed at a significantly lower level by
IL-4/13�/� mice at week 3. In contrast with the predom-
inantly Th2/regulatory cytokine pattern observed in the
wild-type mice infected with H99, the protective cytokine

pattern was strongly enhanced in IL-4/13�/� mice (Table
1). IL-4/13�/� mice showed a robust induction of IFN-�
mRNA from week 2 onward, consistent with the develop-
ment of a Th1 response. Furthermore, IL-12p35 mRNA
was significantly elevated at week 3 in leukocytes from
IL-4/13�/� mice compared with wild-type mice. TNF-�
expression was somewhat up-regulated in IL-4/13�/�

mice in contrast with the strong down-regulation ob-
served in the wild-type mice infected with H99. In addi-
tion to the major shift from Th2 to Th1 cytokine profile
observed in H99-infected lungs in the absence of IL-4
and IL-13, a significant increase in IL-17 expression in
H99-infected IL-4/IL-13�/� lungs was evident, suggest-
ing that IL-4/IL-13 gene deletion also resulted in an ex-
pansion of the Th17 response.

To confirm that these changes in cytokine gene ex-
pression mirrored changes in secreted cytokine protein,
we evaluated cytokine production by leukocytes isolated
from infected lungs. The levels of IL-4, IL-10, IL-13, and
IFN-� proteins in 24 hours lung-leukocyte culture super-
natants were measured by ELISA (Figure 1). The Th2
cytokines IL-4, IL-13, and IL-10 were up-regulated in the
leukocytes from wild-type mice infected with H99, while
the major Th1 cytokine IFN-� was produced by leuko-
cytes from the infected IL-4/13�/� mice. The early
changes in cytokine expression direct subsequent immune
polarization in C. neoformans- infected mice.7,11,21,26 We
found that mRNA induction levels for pro-Th1 IL-12p35
and pro-Th17 IL-23p19 were significantly higher in IL-4/
13�/� compared with wild-type mice at week 1 (1.64 �
0.53 versus 0.37 � 0.04 and 1.36 � 0.22 versus 0.46 �
0.01, respectively). In contrast, p40 shared by IL-12 and
IL-23, but also forming inhibitory p40(2) homodimer, was

Table 1. Effect of Combined Deletion of IL-4 and IL-13 on
Cytokine mRNA Expression Pattern in Leukocytes
in C. neoformans-Infected Lungs

Gene Strain Week 2 Week 3

IL-4 Wild-type 80.63 � 19.04 238.69 � 87.39
IL-4/13�/� ND* ND*

IL-13 Wild-type 29.2 � 7.27 46.84 � 8.34
IL-4/13�/� ND† ND*

IL-5 Wild-type 4.47 � 1.95 7.83 � 1.93
IL-4/13�/� 2.16 � 0.80 0.21 � 0.09*

IL-10 Wild-type 5.60 � 1.30 9.23 � 0.96
IL-4/13�/� 9.36 � 1.81 5.18 � 0.09†

IFN-� Wild-type 1.11 � 0.13 0.96 � 0.32
IL-4/13�/� 45.06 � 12.26† 70.93 � 12.35*

TNF-� Wild-type 0.41 � 0.11 0.15 � 0.03
IL-4/13�/� 0.81 � 0.16‡ 2.13 � 0.44*

IL-12p35 Wild-type 1.70 � 0.50 2.11 � 0.50
IL-4/13�/� 2.78 � 1.15 15.58 � 4.97†

IL-17 Wild-type 1.43 � 0.31 1.53 � 0.37
IL-4/13�/� 105.66 � 15.06* 109.50 � 43.57†

Mice (IL-4/13�/� and wild-type) were infected with 104 CFU via the
intratracheal route with C. neoformans H99 and analyzed at weeks 2 and 3
postinfection. Total RNA was extracted from lung leukocyte isolates,
converted to cDNA, and analyzed by q-PCR for the expression of major
“polarizing” cytokines. The data were normalized to glyceraldehyde-3-
phosphate dehydrogenase mRNA levels, compared with baseline
expression level in the uninfected mice (Calibrator), and expressed as
fold induction. Data, pooled from separate matched experiments, are
shown as the means � SEM (n � 6 and above for each of the
analyzed time points). ND, not detectable.

*P � 0.001.
†P � 0.01.
‡P � 0.05.
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Figure 1. Effect of combined deletion of IL-4 and IL-13 on cytokine protein
production by leukocytes isolated from C. neoformans-infected lungs. Mice,
wild-type (WT) and IL-4/13�/�, were infected with 104 CFU of C. neofor-
mans H99 via the intratracheal route and were analyzed at weeks 2 and 3
postinfection. Lung leukocytes were isolated from infected and uninfected
mice and cultured for 24 hours at 5 � 106 cells/ml. Cytokine levels were
evaluated by ELISA in cell culture supernatants. Bars represent mean cyto-
kine concentration � SEM (pg/ml). *P � 0.01 and **P � 0.001 in comparison
with the respective wild-type result.
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up-regulated in both infected groups (3.33� versus
3.32 � 1.17 fold). Taken together, these data indicate
that the combined deletion of IL-4 and IL-13 resulted in a
major shift in the polarizing cytokine pattern in H99-in-
fected lungs from the polarized Th2/regulatory cytokine
profile to the robust Th1/Th17 cytokine profile.

Combined Deletion of IL-4 and IL-13 Promoted
Th1 and Th17 Polarization in the Pulmonary
Draining Nodes after H99 Infection

Our next objective was to evaluate if the changes that
occurred in the lung immune response were paralleled
by the changes of immune polarization in LALNs. We
completed this analysis at the mRNA level. Consistent
with the changes observed in the lungs, the cytokine
profile showed reverse polarization patterns in the pres-
ence and absence of IL-4/IL-13 following infection with
H99 (Figure 2); IL-12 (p35 and p40), IFN-�, and IL-17
were significantly up-regulated in the LALNs of H99-
infected IL-4/13�/� mice but not in those of the wild-type

mice. Furthermore, expression of the Th1 transcription
factor Tbet was increasingly up-regulated over time in
LALNs of infected IL-4/13�/� mice. In contrast, the wild-
type mice showed dramatic up-regulation of IL-4 in the
LALNs with a concurrent decrease in Tbet expression.
These finding in LALNs are consistent with the cytokine
mRNA and protein expression in infected lungs, provid-
ing strong evidence that concurrent deletion of IL-4 and
IL-13 not only prevented Th2 development but also led to
a strong Th1 and Th17 skewing in the lungs and LALNs
post-H99 infection.

Combined Deletion of IL-4 and IL-13 Prevented
Systemic IgE Accumulation

Our data have documented that H99 infection in mice
results in accumulation of serum IgE (a systemic hallmark
of a Th2 response).26,29 To determine whether the IL-4
and IL-13 double deletion would prevent systemic IgE
accumulation, we compared serum IgE levels between
wild-type and IL-4/13�/� mice infected with H99 (Figure
3). The wild-type mice showed a cumulative increase in
serum IgE levels, which is consistent with a Th2 re-
sponse. In contrast, IgE production was completely abol-
ished by the deletion of IL-4 and IL-13. These data pro-
vide further evidence that deletion of IL-4 and IL-13
results in a fundamental change in the adaptive re-
sponse to H99, including the absence of the major Th2
hallmark (IgE antibody class switching) following the
infection with H99.

Combined Deletion of IL-4 and IL-13 Increased
the Pulmonary Leukocyte Recruitment in
C. neoformans-Infected Mice

The deletion of IL-4 and IL-13 combined with the H99
infection resulted in a shift from the undesirable Th2
response to the Th1 and Th17 responses that play an
important role in anti-cryptococcal protection. Our next
goal was to evaluate whether these protective responses
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Figure 2. Effect of combined deletion of IL-4 and IL-13 on pulmonary lymph
node polarization. Pulmonary lymph nodes were collected from uninfected
and H99-infected WT and IL-4/13�/� mice and leukocytes were isolated.
Total RNA was extracted, converted to cDNA, and analyzed by real-time
RT-PCR for the expression of selected “polarizing” cytokines and the Tbet
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were robust enough to afford protective effects. To ad-
dress this question, we performed a kinetic analysis of
pulmonary leukocyte numbers at weeks 2, 3, and 4
postinfection from mice infected with C. neoformans strain
H99. Leukocyte subsets were evaluated in enzymatically
digested lungs at weeks 2, 3, and 4 postinfection. Both
wild-type and IL4/13�/� mice developed significant in-
flammatory responses in the lungs following H99 infec-
tion. However, significantly greater numbers of leuko-
cytes were recruited into the lungs of IL-4/13�/� mice
compared with wild-type mice (Figure 4), indicating that
the inflammatory response in the absence of IL-4 and
IL-13 was more robust. Subsequently, the leukocyte sub-
sets were evaluated by morphological analysis of cell
subsets by microscopy (Figure 4). Significant differences
in the composition of the inflammatory cells in the lungs
were detected between wild-type and IL4/13�/� mice.
The wild-type mice infected with H99 demonstrated sig-
nificant pulmonary eosinophilia, a marker of Th2 re-
sponse/pathology.29,35 The IL-4/IL-13 deletion abrogated
pulmonary eosinophilia, which was “replaced” by signif-
icant recruitment of neutrophils (one of the hallmarks of
Th17 adaptive response), and increased numbers of
mononuclear myeloid cells, which serve as effector cells
in cryptococcal clearance during Th1 response.36 The
IL-4/IL-13 deletion also resulted in enhanced recruitment
of lymphocytes, suggesting that the response that devel-
oped in the absence of these cytokines was robust.
These cellular data are not only consistent with the re-
placement of Th2 response in wild-type mice with a mix-

ture of Th1/Th17 response in IL-4/IL-13�/� mice but also
demonstrate that these responses were vigorous.

Combined Deletion of IL-4 and IL-13 Prevented
AAM and Promoted CAM in the Lungs

The non-protective Th2 response to H99-infected lungs
has been associated with evidence of AAM, while pro-
tective responses to C. neoformans are thought to be
performed by CAM. Our next goal was to compare mac-
rophage phenotypes between wild-type and IL-4/IL-
13�/� mice infected with H99. We performed analysis of
AAM and CAM hallmark gene expression in adherence
purified macrophages isolated from H99 infected lungs
at weeks 2, 3, and 4 postinfection. The arginase (Arg1),
chitinase family protein YM2, found in inflammatory zone
1 protein (FIZZ1), and inducible nitric oxide synthase
(iNOS) were compared. Macrophages from wild-type
mice infected with H99 showed the following: 1) up to
900-fold up-regulation of macrophage Arg1; 2) 450-fold
up-regulation of YM2; 3) 85-fold up-regulation of FIZZ1;
and 4) minimal or no induction of iNOS (Figure 5), con-
sistent with a polarized AAM phenotype throughout the
analyzed time course of infection in wild-type mice. In
contrast, the dramatic up-regulation of iNOS gene ex-
pression (up to 140-fold) with AAM gene expression
showing near-baseline levels was found in the infected
IL-4/IL-13�/� mice (Figure 5) consistent with a CAM phe-
notype developing in the IL-4/13�/� mice. Thus, the com-
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bined deletion of IL-4 and IL-13 promoted classical rather
than alternative activation of macrophages following in-
fection with H99.

Histology Shows Evidence of Improved Host
Responses in the Lungs of IL-4/IL-13�/� Mice

Characterization of the immune phenotype strongly sug-
gested that the deletion of IL-4/IL-13 may result in im-
proved host responses and protection from Th2-driven
pathology. To determine the effect of combined deletion
of IL-4 and IL-13 on lung pathology, we performed his-
topathological examination of H99-infected lungs at week
3 postinfection (Figure 6).

Wild-type mice showed widespread C. neoformans
presence throughout a significant portion of their lungs
(Figure 6 A, C, E). In many instances yeast cells were not
accompanied by leukocytes, which suggest that H99
effectively evaded the immune response. Furthermore, in
the inflamed areas of the lungs, H99 formed clusters,
which are indicators of rapid cryptococcal growth in the
presence of host leukocytes (predominantly eosinophils

and macrophages). Large extended macrophages con-
taining multiple cryptococci with large capsular “halos”
provide evidence of decreased intracellular killing and
increased intracellular growth of C. neoformans within
macrophages (Figure 6, A and C), which is consistent
with their AAM phenotype (Figure 5). In contrast, the
lungs of IL-4/13�/� mice showed a robust inflammatory
response with much fewer C. neoformans visible within
the lung field (Figure 6 B, D, F). Furthermore, visible yeast
cells are contained by leukocyte infiltrates and do not
form cystoid clusters in the lungs of IL-4/13�/� mice.
Most of the yeast cells were found as individual cells,
suggesting that the growth of H99 was efficiently con-
trolled in these mice (Figure 6D). Furthermore, many C.
neoformans appeared to be within activated macro-
phages with morphology, suggesting intracellular killing
of digested organism by macrophages. Lack of evidence
of intracellular parasitism within macrophages and mac-
rophage morphology in the IL-4/13�/�lungs (Figure 6, B
and D) is consistent with their CAM molecular profiles
(Figure 5). In addition to differences in the magnitude,
composition, and appearance of inflammatory infiltrates,

IL-4/13++/++

Mucicar (10x)

IL-4/13 -/-WT

A B

C D

E F

Figure 6. Effect of combined deletion of IL-4
and IL-13 on morphological pattern of pulmo-
nary inflammation and pathological lesions in C.
neoformans infected lungs. Lungs from H99-in-
fected WT (A, C, E) and IL-4/13�/� (B, D, F)
mice were perfused with buffered formalin,
fixed, and processed for histology at week 3
postinfection. Representative photomicrographs
of H&E � mucicarmine-stained slides taken at
10� (A, B) and 40� (C, D) objective power.
Slides stained with H&E with PAS (E, F) were
photographed with 20� objective. Note that nu-
merous C. neoformans organisms (black ar-
rows) are widespread in the lungs of wild-type
mice (A, C, E) in both inflamed and inflamma-
tion-free portions of the lung. Evidence of cryp-
tococcal growth clusters can be found within the
extended macrophages (C); numerous PAS-pos-
itive goblet cells protrude into the lumen of the
airways (E and F, blue arrow). In contrast,
IL-4/13�/� lungs (B, D, F) show a few singular
C. neoformans organisms contained in dense
inflammatory infiltrates (D), foamy macrophages
contain partially destroyed ingested yeasts (D),
and the goblet cells are absent from the airways
(F).
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we observed differences in airway pathology between
wild-type and IL-4/13�/� mice. The wild-type lungs
showed enhanced mucus production with strong PAS-
positive staining, and swelling of the airway epithelium
providing evidence of increased goblet cell metaplasia, a
marker of Th2 pathology (Figure 6E). In contrast, the
bronchial epithelium appeared less distended and was
free of mucus producing goblet cells in the infected
IL-4/13�/� mice (Figure 6F). Collectively, these data in-
dicate that the deletion of IL-4 and IL-13 facilitated pro-
tective responses that defended the lungs from rapidly
spreading infection and prevented the development of
Th2-driven pathology.

Combined Deletion of IL-4 and IL-13 Decreased
the Pulmonary Microbial Load

Our data showed that IL-4/13�/� mice were not only
protected from the development of detrimental Th2 re-
sponse and AAM development, but also that they devel-
oped a robust response that appeared protective. Our
next goal was to determine whether all these changes in
the immunophenotype were sufficient to promote clear-
ance of H99 infection from the lungs. The pulmonary
microbial loads of infected wild-type and IL-4/13�/� ani-
mals were compared at weeks 1, 2, 3 and 4 postinfection.
The wild-type mice succumbed to logarithmic growth of
H99 in the lungs (Figure 7), demonstrating that both early
innate and the adaptive Th2 immune responses in the
wild-type mice could not control H99 growth. The IL-4/
13�/� mice demonstrated similar increases in the micro-
bial burden during the initial 2 weeks postinfection (the
innate phase of the immune response); however, signifi-
cant containment of H99 growth in the lungs was ob-
served at weeks 3 to 4 postinfection (Figure 7). This time
frame from week 2 to week 4 is consistent with the effer-
ent phase of the immune response during which IL-4/
13�/� mice eliminated on average 75% of the microbes
from their lungs compared with the peak burden at week
2 postinfection. The comparison of microbial burdens

between wild-type and IL-4/13�/� mice at weeks 3 and 4
postinfection show 1.5 log and 3.5 log differences, re-
spectively, indicating that the IL-4/IL-13 deletion resulted
in significant improvements in the antimicrobial re-
sponses. Thus, the double deletion of IL-4/13 and the
subsequent changes of the adaptive immune response
to H99 infection resulted in marked improvement in the
control of pulmonary growth of H99 by the host.

Combined Deletion of IL-4 and IL-13 Did Not
Provide a Long-Term Protection

Having determined that the double deletion of IL-4/IL-13
resulted in marked improvement in cryptococcal contain-
ment and protection of the lungs from Th2-driven pathol-
ogy, we sought to determine whether IL-4 and IL-13
double deletion would provide a long-term survival ben-
efit to the infected mice. We compared the survival time
of wild-type and IL-4/13�/� mice in our experimental H99
infection. The wild-type mice demonstrated 100% mortal-
ity with sudden onset between weeks 3 and 4 postinfec-
tion (Figure 8). By the end of the fourth week postinfec-
tion, all wild-type mice showed severe neurological and
respiratory symptoms, which resulted either in spontane-
ous death or the need for euthanasia. At this time virtually
all IL-4/13�/� mice did not present severe symptoms and
only 10% mortality was observed. However, during week
5, IL-4/13�/� mice demonstrated rapid worsening and
increasing mortality. Thus, the combined deletion of IL-4
and IL-13 did not prevent the eventual mortality in H99-
infected mice and extended maximum survival time for
only 1 week despite significant protection from pulmo-
nary microbial growth.

Combined Deletion of IL-4 and IL-13 Could Not
Prevent CNS Dissemination of C. neoformans
after Pulmonary Infection with H99

The finding that combined deletion of IL-4 and IL-13 did
not provide long-term survival benefit could not be pre-
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dicted based on the pulmonary microbial load at adap-
tive immune stage. Since CNS dissemination is the major
cause of mortality in both experimental and clinical infec-
tions with C. neoformans, we compared C. neoformans
burdens within the brains of infected mice at weeks 2, 3,
and 4 post-intratracheal infections (Figure 9A). Addition-
ally, spleen CFUs were evaluated as a surrogate of
systemic dissemination of C. neoformans (Figure 9B).
The wild-type mice demonstrated significant brain and

spleen dissemination with a significant fraction of ani-
mals showing positive brain and spleen cultures at
week 3 (at the onset of massive mortality). At week 4,
100% of infected wild-type animals demonstrated posi-
tive brain cultures with the load exceeding 106 CFU and
spleen cultures with the load exceeding 105 CFU, which
was consistent with lethal brain infection/morbidity (Fig-
ure 9, A and B). In contrast with the strong effect on the
H99 growth rate in the lungs, IL-4/IL-13 deletion did not
change uncontrolled nature of CNS and systemic
(spleen) growth in our infection model (Figure 9, A and
B). Although the dissemination was delayed by 1 week in
IL-4/13�/� mice, the unopposed increase in microbial
growth dynamics was similar to that observed in wild-
type mice (illustrated by the parallel trend lines in Figure 9).
Thus IL-4/13�/� mice exhibited a significantly lower micro-
bial burden and infection rate compared with wild-type
mice at any given time point, but the IL-4/13�/� mice still
succumbed to the infection approximately 1 week later.

IL-4/13�/� Mice Developed Severe
Meningo-Encephalitis after H99 Infection

Our data showed that IL-4/IL-13 double deletion did not
protect the mice from brain invasion with H99 while pre-
vious studies with less virulent strains of C. neoformans
demonstrated that disruption of IL-4 and IL-13 signaling
prevented cryptococcal CNS dissemination and C.
neoformans-inflicted brain pathology.30 To determine
whether IL-4/IL-13 deletion had an effect on the develop-
ment of brain pathology, the wild-type and IL-4/13�/�

mice were examined histologically postmortem. Histolog-
ical analysis demonstrated that wild-type and IL-4/13�/�

mice that died from the H99 infection developed equiva-
lent lesions in the brains (Figure 10). We observed mul-
tiple cryptococcal cysts within the brains and diffuse C.
neoformans infiltration on the meningeal surface indicat-
ing that wild-type and IL-4/13�/� mice had succumbed to
severe meningo-encephalitis. Thus, IL-4/IL-13 deletion
was neither sufficient to prevent CNS dissemination nor
protective against severe brain pathology.
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Figure 9. Effect of combined deletion of IL-4 and IL-13 on fungal dissemi-
nation and growth in the brains and spleens following pulmonary infection
with C. neoformans H99. Mice, WT and IL-4/13�/�, were infected intratra-
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Figure 10. Effect of combined deletion of IL-4 and IL-13 on the development of brain pathology. Brains of uninfected WT and H99-infected wild-type and
IL-4/13�/� mice were collected, formalin fixed, and stained with H&E. Left, uninfected brain sections; center, brain sections of moribund wild-type mice; right,
brain sections of moribund IL-4/13�/� mice. Note cerebral foci of cryptococcal growth (black arrows) and evidence of meningitis in both wild-type and
IL-4/13�/� mice infected with H99. Representative photographs were taken at 20� objective power.
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Discussion

Our previous study has demonstrated that C. neoformans
H99 can promote non-protective Th2 response in the
lungs of infected mice, and suggested that this is a likely
mechanism by which this strain achieves its high viru-
lence.8 In the present study, we analyzed an H99 infec-
tion in IL-4/IL-13 double knockout mice to determine
whether eliminating both of these Th2-driving cytokines
would counterbalance H99 virulence and promote micro-
bial clearance. The absence of both IL-4 and IL-13 during
H99 infection resulted in: 1) elimination of all major ele-
ments of Th2 response in the H99-infected lungs and
lung-associated lymph nodes; 2) development of robust
responses consistent with Th1 and Th17; 3) a reversal
from non-protective AAM phenotype to a protective CAM
phenotype expression by pulmonary macrophages; and
4) prevention of uncontrolled pulmonary growth of C.
neoformans between weeks 2 and 4 after infection and
protection from pathology associated with the rapid
growth of C. neoformans and the Th2 response. However,
IL-4/IL-13 double deletion failed to provide a long-term
survival benefit to the H99-infected mice due to the in-
ability to prevent CNS dissemination and the severe me-
ningo-encephalitis. To our knowledge this is the first re-
port that the robust Th1/Th17 immune responses and
CAM are insufficient to provide protection against lethal
dissemination of C. neoformans into the CNS.

To test if skewing of the immune response to Th2 is an
important mechanism for H99 virulence, we compared
the outcomes of C. neoformans H99 infection in the wild-
type and IL-4/13�/� mice. The infection of wild-type
(BALB/c) mice with H99 resulted in a strong Th2 re-
sponse similar to that previously seen in C57BL6 mice.8

All hallmarks of a robust Th2 response with all molecular
and pathological consequences such as: 1) strong in-
duction of IL-4 and IL-13 in the lungs (Table 1 and Figure
1) and in the pulmonary nodes (Figure 2); 2) absence or
minimal induction of IFN-�, TNF-�, and IL-12p35 (Table 1;
Figures 1 and 2); 3) accumulation of serum IgE (Figure 3);
4) pulmonary eosinophilia (Figure 4); and 5) alternative
activation of macrophages in the lungs (Figure 5) were
observed. These attributes of the Th2 response have been
accompanied by uncontrolled/logarithmic expansion of C.
neoformans in the lungs (Figures 6 and 7); rapid dissemi-
nation of H99 to the CNS (Figure 9); severe lung and brain
pathology (Figures 6 and 10); and 100% mortality by the
end of week 4 postinfection (Figure 8). Together these data
indicate that the expression of high virulence by H99 is
associated with the development of the polarized Th2 re-
sponse, which is detrimental.16,17,23,25–30

Apart from the expected absence of IL-4 and IL-13 in
leukocytes from IL-4/13�/� mice, we find reduced induc-
tion of IL-5 and IL-10 and the absence of all analyzed Th2
hallmarks such as pulmonary eosinophilia, goblet cell
hyperplasia in the airways, and systemic elevation of IgE
class antibodies. The effect of IL-4/13 double deletion
preventing Th2 immune response in C. neoformans H99-
infected animals bears many similarities to the effects
reported in studies of single IL-4 or IL-13 deletion with
other C. neoformans strains.19,37 We also show very ro-

bust up-regulation of IFN-� in lung leukocytes and in the
LALNs beginning from week 2 post-H99 infection in IL-4/
13�/� (45- and 70-fold increase compared with unin-
fected mice). The previously reported effects of single
deletion of IL-4 or IL-13 on IFN-� expression were less
uniform across different studies.19,23,37 The differential
outcomes of Th2 cytokine deletion on IFN-� production in
C. neoformans infected lungs are not surprising. In these
models different strains of mice and different C. neofor-
mans strains are used and a deletion of just one of the
Th2-driving cytokines might not have completely blocked
the Th2 pathway. This study demonstrates the effect of
double deletion of IL-4 and IL-13 preventing them from
possible replacement/compensation. The double dele-
tion of IL-4/13 has a profound stimulatory effect on the
induction of IFN-�, along with the absence of other Th2
hallmarks, increase of other type-1 cytokines and Tbet
up-regulation in LALNs. Collectively, this indicates that
the switch to Th1 immune response in this model is
complete and robust (Table 1; Figures 1 and 2).

Another effect of IL-4/13 deletion was significant up-
regulation of IL-17 expression in both lungs and LALNs of
IL4/13�/� mice (Table 1 and Figure 2). IL-17 is a potent
cytokine directing chronic inflammatory responses and
stimulating neutrophilia.38,39 Although we have not iden-
tified the cellular sources of IL-17, our current and previ-
ously published data strongly suggest that T cells are the
source of the polarizing cytokines in this response.8,28,40

Additional support for this hypothesis comes from signif-
icantly increased levels of IL-23p19 at week 1 post-H99
infection when compared with wild-type controls. How-
ever, we cannot rule out the possibility that neutrophils
may be an additional source of IL-17 in the lungs of
IL-4/13�/� mice41 and future studies will be needed to
clarify this point. Regardless of the cellular sources, a
protective role for the IL-23/IL-17 axis has been defined in
acute Klebsiella pneumoniae infection.18 Our studies show
increased induction of IL-17 is associated with improved
control of C. neoformans growth in the lungs. Further-
more, we are the first to demonstrate strong counter-
regulatory relationship between Th2 cytokines and IL-17
in the lungs and LALNs during C. neoformans infection.
This observation is consistent with previous reports of ex
vivo re-stimulated splenocytes from C. neoformans 1841D-
infected IL-13�/� and IL-4R��/� mice.28 Our studies by us
and the Muller’s et al28 suggest that induction of IL-17 is
inhibited by Th2 cytokines and that IL-17 has a potential
protective role in pulmonary clearance of C. neoformans.

The phenotype of the inflammatory responses in the
lungs further confirms that IL-4 and IL-13 deletion re-
sulted in change of the immune response from Th2 to a
robust Th1 and Th17. Pulmonary eosinophilia observed in
the wild-type mice (Figure 3) is replaced by enhanced
recruitment of macrophages and neutrophils. This con-
clusion is further strengthened by the shift in the activa-
tion status of pulmonary macrophages. The CAM is a
crucial element for anti-cryptococcal protection,11,19

while AAM observed in the context of a Th2 response
promote intracellular grow and persistence of C. neofor-
mans. We show strong up-regulation of Arg1, FIZZ1, and
YM2 but not iNOS genes in pulmonary macrophages

2498 Zhang et al
AJP December 2009, Vol. 175, No. 6



from H99-infected wild-type mice, which evidences their
alternative activation.8,17,19 In contrast, macrophages
from H99-infected IL-4/13�/� mice show up-regulation of
iNOS but not the AAM genes, consistent with classical
activation that occurs in context of Th1 response.42–44

These results demonstrate AAM induction driven by Th2
immunity is an important element of the strain H99 virulence
and that its reversal can be achieved by deletion of IL-4 and
IL-13.

The shift of the Th1/Th17 immunophenotype resulted in
changes on cryptococcal lung burden. The wild-type
mice demonstrated rapid unopposed growth of H99 at all
time points in contrast with gradual decrease in C. neo-
formans load in IL-4/13�/� mice from weeks 2 to 4 postin-
fection, timing consistent with the efferent adaptive im-
mune response.26,29,40,45,46 This improved containment
of H99 resulted in a 1500-fold difference in pulmonary
load of H99 between the wild-type and IL-4/13�/� mice at
week 4. Interestingly, the marked improvement of pulmo-
nary control of H99 in IL-4/13�/� did not provide long-
term survival benefit. The deletion of IL-4 and IL-13 ex-
tended the life span of the infected mice only by about 1
week, and this difference was not statistically significant.
Furthermore, comparison of brain and spleen cryptococ-
cal loads at weeks 2, 3, and 4 postinfection revealed that
the systemic dissemination in IL-4/13�/� mice occurred
with approximately 1-week delay, but subsequently pro-
gressed with the same rate as in the wild-type mice
(Figure 9). Thus, IL-4/13�/� mice exhibited a significantly
lower microbial burden in brains and spleens at any
given time point postinfection but reached approximately
the same level 1 week later (Figure 9). The 1-week delay
in systemic spread mirrors the 1-week delay in the IL-4/
13�/� mice mortality compared with wild-type mice. Fur-
thermore, pathological examination demonstrated wide-
spread lesions including presence of C. neoformans on
the meningeal surface and forming intracerebral cysts;
these pathological changes were equivalently severe in
wild-type and IL-4/13�/� mice at the time of death (Figure
10). Taken together, these data indicate that although
IL-4/IL-13 deletion resulted in development of protective
Th1/Th17 response in the lungs, it did not protect the mice
from CNS dissemination and severe brain pathology.

In terms of the role of Th2 skewing in H99-induced
virulence, our data show a divergence between these
effects in the lungs and in the systemic phase of the
infection. We demonstrate that Th2 skewing is an impor-
tant mechanism for H99 virulence in the pulmonary phase
of H99 infection. However, IL-4 and IL-13 expression in
our model has limited effect on the systemic dissemina-
tion and CNS invasion by H99, suggesting that H99 ex-
ploits different virulence mechanisms to invade the brain.
Our observation that Th2 cytokine signaling has no major
effect on H99 dissemination differs from a previous study
with the less virulent strain of C. neoformans 1841D. In
that study IL-4R� signaling (IL-4 and IL-13 receptor sub-
unit) was required for successful CNS invasion by
1841D.30 This group also demonstrated that deletion of
IL-4, IL-13, or IL-4R� provided significant protection dur-
ing the pulmonary phase of C. neoformans infection.19,28

The differential effects of IL-4 and IL-13 between our models

can be explained by different mechanisms of CNS invasion
caused by H99 and some less virulent strains that dissem-
inate into CNS less rapidly and may require macrophages
to cross the blood-brain barrier.11,13,30,47 Our previous
study demonstrated that monocytes/macrophages were
not required for H99 entry to the brain, and therefore, the
change in macrophage activation profile may not be crucial
for H99 dissemination.13

In summary, our studies demonstrate that highly viru-
lent strain H99 is capable of both inducing a Th2 immune
response in the lungs and evading host defenses in the
brain regardless of a Th1/Th17 polarized immune envi-
ronment. We conclude that promoting Th2 bias is a
mechanism for pulmonary virulence of H99; however,
other mechanisms of virulence are responsible for its
strong CNS tropism.
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