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Abstract

Scavenger receptors represent an important class of pattern recognition receptors shown to

mediate both beneficial and detrimental roles in host defense against microbial pathogens. The

role of the major macrophage scavenger receptor, scavenger receptor A (SRA), in the immune

response against the pathogenic fungus, Cryptococcus neoformans, is unknown. To evaluate the

role of SRA in anticryptococcal host defenses, SRA+/+ mice and SRA−/− mice were infected

intratracheally with C. neoformans. Results show that infection of SRA−/− mice resulted in a

reduction in the pulmonary fungal burden at the efferent phase (3 wk) compared with SRA+/+

mice. Improved fungal clearance in SRA−/− mice was associated with decreased accumulation of

eosinophils and greater accumulation of CD4+ T cells and CD11b+ dendritic cells. Additional

parameters were consistent with enhanced anti-cryptococcal immunity in the infected SRA−/−

mice: 1) increased expression of the costimulatory molecules CD80 and CD86 by lung APCs, 2)

decreased expression of Th2 cytokines (IL-4 and IL-13) and IL-10 in lung leukocytes and in

cryptococcal Ag-pulsed splenocytes, 3) diminished IgE production in sera, and 4) increased

hallmarks of classical pulmonary macrophage activation. These effects were preceded by

increased expression of early pro-Th1 genes in pulmonary lymph nodes at the afferent phase (1

wk). Collectively, our data show that SRA can be exploited by C. neoformans to interfere with the

early events of the afferent responses that support Th1 immune polarization. This results in

amplification of Th2 arm of the immune response and subsequently impaired adaptive control of

C. neoformans in the infected lungs.

Cryptococcus neoformans is a fungal pathogen that commonly causes infection in HIV-

positive individuals and in other immunosuppressed patients, such as those receiving cancer

chemotherapy or transplant-related immunoconditioning and patients with hematologic

malignancies (1, 2). Globally, C. neoformans causes an estimated 1 million cases of

cryptococcosis per year in AIDS patients, leading to >600,000 deaths (3). Recent reports

show that C. neoformans increasingly infects the immunocompetent individuals, including
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evidence that C. neoformans causes long-term latent infections in noncompromised

individuals (4). These data suggest that C. neoformans can evade and/ or modulate the host

defenses to promote its persistence even in immunocompetent hosts.

Studies in mouse models show that altering Th-polarization bias and macrophage activation

status are strategies by which C. neoformans promotes its persistence. Strong Th1

polarization and the development of Th1 cell–mediated immunity correlates with optimal

clearance rate, whereas shifting of the response characteristics toward Th2 and away from

Th1 response components is associated with a worsening of clearance outcomes (5–9). Less

is known about the role of Th17 cells in anticryptococcal defenses, but IL-17 appears to

contribute to immune protection against C. neoformans, at least in some stages of the

clearance process (9–12). Together, multiple studies demonstrate that the effective

elimination of C. neoformans relies on the development and sustenance of a strong Th1 or

mixed Th1/Th17 response.

The development of the protective adaptive immune response also requires an early and

robust innate immune response. The balance between Th-polarizing cytokine networks

induced by innate mechanisms directs the development of the adaptive immune response

toward either Th1, Th2, or Th17 (13, 14). This early cytokine environment is triggered by

sensing of cryptococcal molecular patterns by pathogen recognition receptors such as TLRs,

mannose receptors, and collectin receptors (15, 16). A recent study documented that

scavenger receptors like SCARF1 and CD36 play a role in the innate sensing of C.

neoformans (17). This study showed that CD36 mediated macrophage activation was linked

to the development of the protective immune response against cryptococcal infection in

mice (17). However, the role of another major macrophage scavenger receptor, scavenger

receptor A (SRA), in anticryptococcal host defense has not been studied in vivo, and the

effect of scavenger receptors on the adaptive immune response is unknown.

SRA, also designated as CD204, is a pattern recognition receptor capable of binding to a

broad range of ligands, including modified low-density lipoprotein, bacterial surface

components, and heat shock proteins (18). SRA can play a beneficial or detrimental role in

clearance of various pathogens. In infections with Listeria monocytogenes, Neisseria

meningitides, Streptococcus pneumoniae, and HSV, SRA promotes resistance to the

infection (19–22). In contrast, SRA was reported to be detrimental in Mycobacterium

tuberculosis and Pneumocystis carinii infection models (23, 24), demonstrating that some

pathogens can exploit SRA to promote their survival in the host. Early in vitro experiments

have not detected SRA-mediated direct activation of macrophages with C. neoformans

infection (17); however, these studies did not evaluate the effects of SRA on C. neoformans

clearance in vivo. C. neoformans expresses numerous heat shock proteins, many as

immunodominant proteins, which are known to bind to SRA. Thus, we sought to evaluate

the role of SRA during the cryptococcal infection in vivo.

Our results show that SRA signaling impairs cryptococcal clearance during the efferent,

rather than afferent, phase of the immune response. Specifically, SRA signaling interferes

with the development of the protective Th1 immune response and the classical activation of

effector macrophages. SRA-mediated skewing of the adaptive immune response in the lungs
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away from protective Th1 immune response and toward nonprotective and deleterious Th2

response was preceded by early change in the polarization patterns within pulmonary lymph

nodes. Our findings show that C. neoformans can exploit SRA to induce nonprotective

immune deviation, which promotes its persistence.

Materials and Methods

Mice

Female wild type 129/SVJ mice were obtained from Jackson Laboratories (Bar Harbor,

ME). SRA−/− mice on a 129/SVJ background, originally obtained as the generous gift of Dr.

Willem J. S. de Villiers (University of Kentucky Medical Center, Lexington, KY), were

bred at the University of Michigan/Ann Arbor Veterans Administration Medical Center

using microisolator cages covered with a filter top, with food/water provided ad libitum.

Mice were aged to 8–10 wk at the time of infection. At the time of data collection, mice

were humanely euthanized by CO2 inhalation. All experiments were approved by the

University Committee on the Use and Care of Animals and the Veterans Administration

Institutional Animal Care and Use Committee.

C. neoformans

C. neoformans strain H99 (ATCC 208821) and lac1Δ mutant (H99 with a targeted LAC1

gene deletion, as described by Dr. J. Andrew Alspaugh from Duke University, Durham, NC)

(25) was recovered from 10% glycerol frozen stocks stored at −80°C and grown to

stationary phase at 37°C in Sabouraud dextrose broth (1% Neopeptone, 2% dextrose; Difco,

Detroit, MI) on a shaker. The cultures were then washed in nonpyrogenic saline (Travenol,

Deerfield, IL), counted on a hemocytometer, and diluted to 3.3 × 105 yeast cells/ml in sterile

nonpyrogenic saline.

Intratracheal inoculation of C. neoformans

Mice were anesthetized via i.p. injection of ketamine/xylazine (100/6.8 mg/kg body weight)

and were restrained on a foam plate. A small incision was made through the skin covering

the trachea. The underlying salivary glands and muscles were separated. Infection was

performed by intratracheal injection of 30 μl (104 CFU) via 30-gauge needle actuated from a

1-ml tuberculin syringe with C. neoformans suspension (3.3 × 105/ml). After inoculation,

the skin was closed with cyanoacrylate adhesive, and the mice were monitored during

recovery from the anesthesia.

Lung CFU assay

For determination of microbial burden in the lungs, small aliquots of dispersed lungs were

collected following the digestion procedure. Series of 10-fold dilutions of the lung samples

were plated on Sabouraud dextrose agar plates in duplicates in 10-μl aliquots and incubated

at room temperature. C. neoformans colonies were counted 2 d later, and the number of

CFUs was calculated on a per-organ basis.
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Bronchoalveolar lavage

Euthanized mice were lavaged after cannulation of the trachea with poly-ethylene tubing

(PE50), which was attached to a 23-gauge needle on a tuberculin syringe. The lungs were

lavaged twice with 1 ml PBS containing 5 × 10−5 M 2-ME (Sigma, St. Louis, MO) and

protein inhibitor mixture (Roche Molecular Biochemicals, Indianapolis, IN). The recovered

fluid (1.8–1.9 ml total) was spun at 500 × g for 10 min, and the supernatant was removed

and analyzed for cytokines by ELISA using DuoSet kits (R&D Systems, Minneapolis, MN)

following the manufacturer’s specifications. All plates were read on a Versamax plate reader

(Molecular Devices, Sunnyvale, CA).

Lung leukocyte isolation

The lungs from each mouse were excised, washed in RPMI 1640, minced with scissors, and

digested enzymatically at 37°C for 30 min in 5 ml/mouse digestion buffer (RPMI 1640, 5%

FBS, penicillin and streptomycin [Invitrogen, Grand Island, NY]; 1 mg/ml collagenase A

[Roche Diagnostics, Indianapolis, IN]; and 30 μg/ml DNase [Sigma]) and processed as

previously described (26, 27). The cell suspension and tissue fragments were further

dispersed by repeated aspiration through the bore of a 10-ml syringe and were centrifuged.

Erythrocytes in the cell pellets were lysed by addition of 3 ml NH4Cl buffer (0.829%

NH4Cl, 0.1% KHCO3, and 0.0372% Na2EDTA, pH 7.4) for 3 min followed by a 10-fold

excess of RPMI 1640. Cells were resuspended and a second cycle of syringe dispersion and

filtration through a sterile 100-μm nylon screen (Nitex, Kansas City, MO) was performed.

The filtrate was centrifuged for 25 min 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 complete RPMI 1640 media and enumerated on a hemocytometer after

dilution in trypan blue (Sigma).

Lung-associated lymph node leukocyte isolation

Individual lung-associated lymph nodes (LALNs) were excised. To collect LALN

leukocytes, we dispersed nodes using a 3-ml sterile syringe plunger and flushed them

through a 70-μm cell strainer (BD Falcon, Bedford, MA) with complete media into a sterile

tube, as described previously. After being centrifuged at 5000 rpm/min for 10 min, the

supernatant was removed and the cell pellets were saved at −70°C for gene expression

analysis by quantitative real-time RT-PCR (qRT-PCR).

Pulmonary cytokine production

Isolated lung leukocytes were diluted to 5 × 106 cells/ml and were cultured in 24-well plates

with 2 ml complete RPMI 1640 medium at 37°C and 5% CO2 for 24 h. Supernatants were

separated from cells by centrifugation, collected, and frozen until tested. The cytokines were

quantified by ELISA using DuoSet kits (R&D Systems, Minneapolis, MN) following the

manufacturer’s specifications. All plates were read on a Versamax plate reader (Molecular

Devices, Sunnyvale, CA).
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Ag-specific cytokine production by splenocytes

Spleens were excised and dispersed using a 3-ml sterile syringe plunger and flushed through

a 70-μm cell strainer (BD Falcon) with complete media. Isolated spleen cells were diluted to

5 × 106 cells/ml and were cultured in media alone or with heat-killed C. neoformans (lac1Δ)

in a ratio of 1:2 in 24-well plates with 2 ml complete RPMI 1640 medium at 37°C and 5%

CO2 for 48 h. Supernatants were stored and analyzed for cytokine levels as described earlier.

The Ag-specific cytokine production was calculated as a net gain of cytokine level

compared with unstimulated controls of the same sample.

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 a mouse

IgE sandwich ELISA kit (BioLegend, San Diego, CA) following the manufacturer’s

specifications. All plates were read on a Versamax plate reader (Molecular Devices,

Sunnyvale, CA).

qRT-PCR

Total RNA was prepared using RNeasy Plus Mini Kit (Qiagen, Valencia, CA), and first-

strand cDNA was synthesized using SuperScriptIII (Invitrogen, Carlsbad, CA) according to

the manufacturer’s instructions. Cytokine or other 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 30 s and

72°C for 30 s) were performed on a cDNA template. The data were normalized to GAPDH

mRNA levels, compared with baseline expression level in corresponding samples from the

uninfected mice, and expressed as fold induction.

Abs and flow cytometric analysis

For flow cytometry experiments, Abs were purchased from BioLegend (San Diego, CA),

including rat anti-murine CD16/CD32 (Fc block), rat anti-murine CD45 conjugated to

allophycocyanin, hamster anti-murine CD11c or CD8 conjugated to Pacific blue, rat anti-

murine CD11b or CD4 conjugated to allophycocyanin-Cy7, rat anti-murine Ly6G

conjugated to PE-Cy7, rat anti-murine CD3 or CD19 conjugated to PerCP-Cy5.5, rat anti-

murine CD19 or Ly6C conjugated to FITC, and rat anti-mouse MHC class II (IA), CD80, or

CD86 conjugated to PE.

Ab cell staining was performed as previously described (28). Data were collected on a

FACS LSR2 flow cytometer using FACSDiva software (Becton Dickinson

Immunocytometry Systems, Mountain View, CA). A minimum of 20,000 cells were

evaluated from a predominantly leukocytic population identified by CD45+-stained cells per

sample. The flow data are analyzed by FlowJo software (Tree Star, San Carlos, CA). An

established gating strategy was used to identify subsets of lung myeloid cells (29). In brief,

the total CD45+ lung leukocytes were identified; then a series of selective gates were used to

remove lymphocytes (CD3+/CD19+), eosinophils (SSChigh /CD11cint), and neutrophils
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(Ly6G+/CD11b+). Consecutive gates were next used to identify CD11c+ cells:

autofluorescent (AF+) macrophages were distinguished from non-AF (AF−) dendritic cells

(DCs). Thereafter, the relative expression of CD11b was used to separate CD11blow alveolar

macrophages (AMs) from CD11bhigh exudate macrophages (ExMs; within the

autofluorescent population) and to identify CD11bhigh DCs (within the nonautofluorescent

population). Last, CD11b+ Ly6C+ monocytes were identified within the CD11c−/FSClow

population. Total numbers of each cell population were calculated by multiplying the

frequency of the population by the total number of leukocytes (the percentage of CD45+

cells multiplied by the original hemocytometer count of total cells).

Histology

Histology was performed as previously described (9). In brief, lungs were fixed by inflation

with 1 ml of 10% neutral buffered formalin, excised en bloc, and immersed in neutral

buffered formalin. After paraffin embedding, 5-mm sections were cut and stained using

H&E with mucicarmine. Sections were analyzed with light microscopy and

microphotographs taken using Digital Microphotography system DFX1200 with ACT-1

software (Nikon, Tokyo, Japan).

Bone marrow–derived macrophage culture

Bone marrow was isolated as previously described (30). To obtain BMDMs, we cultured

bone marrow cells from uninfected SRA+/+ or SRA−/− mice in RPMI 1640, 10% FCS,

GlutaMAX, MEM nonessential amino acids, sodium pyruvate, and 20 ng/ml GM-CSF

(PeproTech, Rocky Hill, NJ) at 37°C and 5% CO2. The medium was replaced every 3 d.

Cells were harvested after 7 d of culture.

Calculations and statistics

Statistical significance was calculated using Student t test for individual paired comparisons.

All values are reported as mean ± SEM. Means with p values <0.05 were considered

significantly different. All statistical calculations were performed using Primer of

Biostatistics (McGraw-Hill, New York, NY).

Results

SRA-deficient mice exhibit better control of cryptococcal lung infection during the
efferent, but not afferent, phase of the immune response

To evaluate the role of SRA in pulmonary cryptococcal infection, we first determined the

effect of SRA on the pulmonary growth of C. neoformans. SRA+/+ and SRA−/− mice were

infected with C. neoformans lac1Δ, and the fungal lung burdens were evaluated at 1 and 3

wk postinfection (wpi). We chose the lac1Δ mutant strain because it can grow progressively

in the lungs without disseminating into the CNS, which would complicate interpretation by

causing early death (6, 9, 10). Equivalent growth of yeast in the lungs was noted in both

SRA+/+ and SRA−/− mice at 1 wk, indicating that SRA expression did not affect the initial

afferent response to C. neoformans (Fig. 1). However, significantly improved cryptococcal

clearance was found in infected SRA−/− mice during the efferent phase (3 wk) compared

with their wild-type counterparts (Fig. 1). The improved containment of C. neoformans
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lac1Δ in SRA−/− mice corresponded to delayed onset of mice mortality at day 67: 60% of

SRA+/+ mice died of crypto-coccal infection, whereas 100% of SRA−/− mice survived at this

time. These findings suggest that SRA expression interferes with control of C. neoformans

growth in the infected lungs during the efferent phase of the immune response.

These findings were further confirmed with the wild-type strain H99. Consistent with Δlac1

infection, no differences in fungal lung burdens were observed at 1 wpi during WT strain

H99 infection. Although differences in fungal load were less pronounced at 3 wpi (data not

shown), a significant increase in pulmonary fungal load was observed at 4 wpi (Fig. 1). This

increase corresponded to rapid onset of mortality in H99-infected SRA+/+ mice, which was

delayed in SRA−/− mice. By day 36, 60% of WT-infected SRA+/+ mice died, whereas 100%

of SRA−/− mice still survived. Collectively, SRA plays a detrimental role in the control of

cryptococcal growth in the lungs during the efferent phase of the immune response to

cryptococcal infection. Furthermore, these data reveal that the effect of SRA on

cryptococcal growth in the lungs occurred independently of laccase expression.

SRA-deficient mice develop different microenvironmental features of cryptococcal lung
infection during the efferent phase

Because SRA promotes cryptococcal growth in the lung independently of laccase expression

and lac1Δ grows in the lungs progressively without disseminating into the CNS, we chose

C. neoformans lac1Δ for further experiments as a model to dissect the role of SRA in the

pulmonary response. We next determined the role of SRA in lung histopathology during

cryptococcal infection. Microscopic examination of uninfected lungs of SRA+/+ and SRA−/−

mice showed typical murine lung morphology, indicating that SRA gene deletion did not

cause any baseline alterations in lung tissue morphologic appearance (data not shown).

Histologic analysis of infected lungs with C. neoformans at 3 wpi revealed robust leukocyte

infiltration indicating that both strains of mice had induced a substantial inflammatory

response. However, there were differences in the distribution of inflammatory responses

between infected SRA+/+ and SRA−/− lungs. The leukocyte infiltrates in SRA−/− mice were

dense, localized to bronchovascular structures, and were clearly demarcated from the

uninfected lung portions (Fig. 2A). In contrast, leukocyte infiltrates in the lungs of SRA+/+

mice were more diffuse with less well-defined boundaries (Fig. 2A). High-power

examination revealed that the leukocyte infiltrate composition was different. Although

leukocyte infiltrates in both infected SRA+/+ and SRA−/− mice were composed of multiple

cell types, numerous eosinophils were easily identified within the loose infiltrates observed

in SRA+/+ mice, whereas the more tightly packed infiltrates seen in SRA−/− mice appeared

enriched with smaller mononuclear cells (Fig. 2B). Thus, differences in the

microenvironmental features of inflammation were observed in SRA+/+ and SRA−/− mice

with cryptococcal lung infection at the efferent phase.

SRA-deficient mice accumulate fewer eosinophils and more lymphocytes and pulmonary
DCs in response to cryptococcal lung infection at efferent phase

To further explore the differences in the microenvironmental features of the inflammatory

response in SRA+/+ and SRA−/− mice, we quantified lung leukocyte populations using flow

cytometric analysis and leukocyte subset-specific gating strategies (as described in
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Materials and Methods). Cryptococcal infection triggered a significant accumulation of

CD45+ leukocytes in both SRA+/+ and SRA−/− mice at 3 wpi (72.18 ± 8.53 × 106/lung

versus 83.68 ± 5.05 ×106/lung, respectively), compared with uninfected SRA+/+ and SRA−/−

mice (27.37 ± 2.56 ×106/lung versus 27.64 ± 2.84 ×106/lung, respectively), consistent with

the development of a robust immune response in both strains of mice. However, note that no

significant difference was observed in the total numbers of CD45+ leukocytes within the

infected lungs of SRA+/+ and SRA−/− mice at this time point during the efferent phase of the

host response. Next, individual subsets of CD45+ leukocytes were identified by selective

gating strategies using flow cytometry at 3 wpi. Accumulation of eosinophils, markers of a

Th2 response in the lungs, was significantly reduced in SRA−/− mice compared with SRA+/+

mice (Fig. 3A), whereas no difference in the accumulation of neutrophils was observed (Fig.

3B). Total numbers of lung monocytes (Fig. 3C) and macrophages (Fig. 3D) did not differ

between infected SRA+/+ and SRA−/− mice. In contrast, increased accumulation of CD11b+

pulmonary DCs and lymphocytes was observed in infected SRA−/− mice compared with

infected SRA+/+ mice (Fig. 3E, 3F). These data suggest that increased accumulation of

pulmonary DCs and lymphocytes contributed to the dense mononuclear cell infiltrates

observed in infected SRA−/− mice (refer to Fig. 2).

SRA-deficient mice enhance activation of pulmonary DCs and precursor Ly6C+ monocytes
and increase total pulmonary CD4+ T cells, but diminish Th2 cytokine production during
cryptococcal lung infection at the efferent phase

T cells, including CD4+ and CD8+ subsets, are required for the clearance of C. neoformans

lung infection (31–36). The interaction between these T cells and APCs in the infected

lungs, especially pulmonary DCs, is responsible for Ag-specific cytokine secretion and

optimal immune polarization (28, 37). We have previously shown that increased numbers of

DCs and lymphocytes, and the presence of dense bronchovascular infiltrates are associated

with activated DCs and protective Th1 immune responses in mice with cryptococcal lung

infection (28). Thus, given our observation of alterations in patterns of lung inflammation

and total numbers of pulmonary DCs and lymphocytes in infected SRA+/+ and SRA−/− mice,

we next examined the role of SRA in modulating the adaptive immune response to crypto-

coccal lung infection. First, we analyzed the expression of MHC class II and two

costimulatory molecules (CD80 and CD86) on CD11b+ DCs and their Ly6C+ precursors

using flow cytometry analysis following established protocols (38). We found that SRA

deletion slightly, yet nonsignificantly, increased the expression of CD80 and CD86 on

CD11b+ DCs (Fig. 4A) and significantly increased the expression of all three molecules on

Ly6C+ monocytes (Fig. 4B).

Next, the CD4+ and CD8+ T cells numbers were evaluated in infected SRA+/+ and SRA−/−

mice at 3 wpi by flow cytometry as previously described (39). Numbers of CD4+ T cells

were increased almost 2-fold in SRA−/− mice relative to SRA+/+ mice (Fig. 4C). In contrast,

no difference in the accumulation of CD8+ T cells in the lung was observed between

infected SRA+/+ and SRA−/− mice (Fig. 4C). Note that no difference was observed in the

uninfected lungs between SRA+/+ and SRA−/− mice in the total numbers of CD4+ and CD8+

T cells (data not shown).
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To further determine whether the improved activation of CD11b+ DCs and accumulation of

CD4+ T cells in infected SRA-deficient mice observed at 3 wpi altered the Th-immune

polarization profile at this time point, we measured lung leukocyte cytokine profiles by

ELISA as described in Materials and Methods. We observed that SRA deletion significantly

diminished expression of Th2-type cytokines (IL-13 and IL-4) and an immunoregulatory

cytokine (IL-10) compared with their counterparts in SRA+/+ mice (Fig. 4D). Interestingly,

no difference was found in the expression of Th1 (IFN-γ) and Th17 cytokines (IL-17A; Fig.

4D). However, the changes in IL-4 secretion were sufficient to significantly improve IFN-γ/

IL-4 ratio in SRA−/− mice to the level consistent with the improved clearance (data not

shown). To further verify these observed changes in ex vivo cytokine production, we also

performed qPCR for cytokine mRNA expression on freshly isolated lung leukocytes (at 3

wpi) and obtained similar results (data not shown).

Collectively, these results demonstrate that the improved fungal clearance observed in

SRA−/− mice was strongly associated with increased activation of lung APCs and decreased

hallmarks of nonprotective Th2 responses.

SRA-deficient mice improve classical activation of pulmonary macrophages during
cryptococcal lung infection at the efferent phase

The balance between Th1/Th2 cytokine influences macrophage activation status, which, in

turn, affects the microbicidal potential of these cells (40, 41). We next sought to determine

whether SRA expression affects the total numbers or activation status of specific pulmonary

macrophage populations during the cryptococcal lung infection. First, we examined the total

numbers of AMs and ExMs in the lungs of SRA+/+ and SRA−/− mice at 3 wpi and their

expression of MHC class II and the costimulatory molecules (CD80 and CD86) by flow

cytometry using an established gating strategy (29). SRA deletion has no effects on the total

accumulation of AM and ExM in the lung (Fig. 5A). However, SRA deletion was associated

with increased expression of costimulatory molecules CD80 and CD86 on AMs and ExMs

(Fig. 5B). Interestingly, no difference in the expression of MHC class II was found between

infected SRA+/+ mice and SRA−/− mice at 3 wpi (Fig. 5B).

Next, to further assess the effect of SRA on macrophage activation and polarization of

pulmonary macrophages from SRA+/+ and SRA−/− mice (at 3 wpi), we evaluated the

expression of mRNA for M1 and M2 hallmarks (inducibe NO synthase [iNOS] and arginase

1 [Arg1], respectively) by qRT-PCR (Fig. 5C). Freshly isolated macrophages from infected

SRA−/− mice showed an increased iNOS expression compared with SRA+/+ mice and a

strong trend (however, not significant) toward diminished Arg1 expression. This leads to an

“inversion” of iNOS/ Arg1 ratio (Fig. 5C) in favor of iNOS, indicating a shift from

alternative activation to classical activation of macrophages in the absence of SRA.

Moreover, a histopathologic examination of the lungs from infected SRA+/+ and SRA−/−

mice (at 3 wpi) was performed to determine how SRA gene expression influences the

morphologic features of pulmonary macrophages. Macrophages in the lungs of infected wild

type SRA+/+ mice were large, sometimes multinucleated, and often contained one or more

intracellular viable cryptococci (Fig. 5D, left panel). In sharp contrast, macrophages in the

lungs of SRA−/− mice were smaller and often contained evidence of degraded intracellular
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cryptococci (Fig. 5D, right panel). Collectively, these data indicate that SRA gene

expression promotes the alternative activation of pulmonary macrophages that likely

contributes to the impairment in fungal clearance observed in SRA+/+ mice (relative to

SRA−/− mice).

The cytokine milieu rather than SRA expression affects macrophage fungicidal function in
vitro

To evaluate whether SRA expression has a direct role in macrophage–C. neoformans

interactions, we examined the microbial growth inhibition and the NO production by

macrophages stimulated with or without cytokines. BMDMs from SRA+/+ and SRA−/− mice

were infected with opsonized C. neoformans and incubated at 37°C with or without cytokine

stimulation. After 24 h, NO production and fungal growth were evaluated. The microbial

growth inhibition by macrophages was measured relative to yeast growth in media alone.

Macrophages under resting and IL-4–stimulated conditions showed minimal (30%) fungal

inhibition (Fig. 6), whereas macrophages stimulated with IFN-γ alone and a combination of

IFN-γ and TNF-α showed >80% of fungal inhibition. In all cases, there were no differences

between SRA+/+ and SRA−/− macrophages in the levels of fungal inhibition (Fig. 6). The

level of NO production by macrophages was assessed by Griess assay in supernatants from

the cultures studied earlier. Minimal amounts of NO were detected in non-treated SRA+/+ or

SRA−/− macrophages (0.76 ± 0.19 versus 0.32 ± 11 μM) or IL-4–treated (1.02 ± 0.29 versus

0.22 ± 0.01 μM) SRA+/+ or SRA−/− macrophages. In comparison, both SRA+/+ and SRA−/−

macrophages showed robust NO production in response to either IFN-γ alone (87.49 ± 2.75

versus 67.30 ± 2.46 μM) or a combination of IFN-γ and TNF-α (93.60 ± 1.99 versus 76.55

± 1.97 μM). Collectively, these data indicate that cytokine milieu rather than SRA

expression defines macrophage fungicidal function in vitro.

SRA-deficient mice decrease Th2 cytokine production in splenocytes and IgE production
in the sera during cryptococcal lung infection at the efferent phase

Our data demonstrated that SRA expression influenced the local immune response in the

lungs, which, in turn, defined the cytokine environment and macrophage fungicidal activity.

Next, we sought to determine whether SRA also altered systemic immunity against

cryptococcal lung infection. To accomplish this, we first isolated splenocytes from SRA+/+

and SRA−/− mice at 3 wpi. Splenocytes were pulsed with cryptococcal Ags (heat-killed

Cryptococcus cells), and cytokine production was analyzed in cell culture supernatants in

comparison with cytokine levels in the unstimulated cultures. Consistent with the results

found in the lungs, SRA deletion resulted in diminished Ag-specific production of IL-13,

IL-4, and IL-10 (Fig. 7A). Expression of IFN-γ and IL-17A was unaffected by SRA gene

deletion (Fig. 7A). Next, we measured the IgE production in serum by ELISA (at 3 wpi).

Consistent with diminished expression of Th2/regulatory cytokines by splenocytes, infected

SRA−/− mice displayed a significant decrease in IgE compared with infected SRA+/+ mice

(Fig. 7B). Thus, these results indicate that SRA promotes Th2 responses to cryptococcal

infection at the local (lung) and systemic level.
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SRA-deficient mice promote induction of IFN-γ in bronchoalveolar lavage and Th1 skewing
in LALN during cryptococcal lung infection at the afferent phase

Development of the adaptive immune response against C. neoformans infection is

orchestrated by early innate responses and the interplay of cytokine signals at the site of

primary infection in the lung (16, 42). Thus, our next goal was to determine whether SRA

influenced the cytokine production profile during the early phase of the infection. Therefore,

we obtained bronchoalveolar lavage (BAL) fluid from uninfected and infected SRA+/+ and

SRA−/− mice at 1 wpi and assessed cytokine production by ELISA (Fig. 8A). Note that the

fungal burden is equivalent in both strains of mice at this time point (refer to Fig. 1). Results

show that compared with SRA+/+ mice, infection in SRA−/− mice was associated with a

marked increase in IFN-γ, whereas levels of IL-4 and IL-13 were significantly decreased.

These findings demonstrate that SRA signaling affected the lung cytokine balance during

the very early stage of cryptococcal infection.

Lastly, we sought to further understand how SRA influenced early cytokine signals that

translated to more profound alterations in Th immune polarization. The draining lymph

nodes are another site in which early T cell polarization profiles are influenced by Ag uptake

and presentation. Therefore, we evaluated expression of genes associated with Th

polarization in mRNA obtained from pulmonary lymph nodes of SRA+/+ and SRA−/− mice

at 1 wpi. Results demonstrate that SRA gene deletion was associated with a significant

upregulation of IFN-γ, more robust induction of IL-12p35, and increased expression of Th1

master transcription factor T-bet (Fig. 8B). In contrast, SRA deletion did not significantly

affect the expression of GATA-3, Foxp3, and IL-13 compared with infected SRA+/+ mice

(data not shown). Collectively, these results suggest that the SRA signaling pathway impairs

cryptococcal clearance by inhibiting early local and regional immunologic events, resulting

in a skewing of the adaptive immune response toward Th2 polarization, which is

nonprotective.

Discussion

This study provides novel information regarding the role of SRA signaling in pulmonary C.

neoformans infection. Our data demonstrate that SRA expression interferes with clearance

of C. neoformans by contributing to nonprotective Th2 bias evidenced by: 1) changes in

pulmonary and systemic cytokine levels; 2) accumulation of eosinophils and alternatively

activated macrophages that replace protective cellular players: activated CD4+ T cells,

CD11b+ DCs, and classically activated macrophages; 3) diffuse inflammatory pathology in

the lungs; and 4) uncontrolled expansion of C. neoformans in the infected lungs. These

detrimental effects of SRA signaling were attributed to inhibition of afferent signals, such as

innate IFN-γ, which are needed for the development of a protective Th1 immune response

and prevention of detrimental Th2 in the infected lungs. Collectively, these data provide

novel demonstration that C. neoformans can exploit the innate host-defense receptor to

promote nonprotective immunity and its persistence in the infected host.

SRA is an innate receptor of myeloid leukocytes (macrophages and DC) known to play an

important role in various infections and inflammation (18). Interestingly, the initial in vitro

study documented that SRA had no role in activation of macrophages by C. neoformans
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(17). In this study, in a mouse model of cryptococcal pneumonia, we demonstrate improved

cryptococcal clearance at the efferent phase of the immune response (3 wpi) in the lungs of

SRA-deficient mice. These data demonstrate that SRA signaling, instead of benefiting the

host, contributes to the loss of protection during the efferent phase of the immune response.

Although our observation could be considered counterintuitive, it is not completely

unexpected. Pathogens can exploit loopholes in the immune system to gain an advantage

over the immune host defenses. SRA is not an exception; although beneficial in clearance of

L. monocytogenes and S. pneumoniae, it was found to be exploited by M. tuberculosis and

P. carinii (20, 22–24). Our study reveals that the opportunistic yeast C. neoformans can

exploit SRA to increase its virulence in the infected host.

The timing of observed changes in cryptococcal clearance provided a clue that SRA

signaling affected the efferent phase of the immune response, whereas differential

characteristics of cellular response indicated that SRA signaling contributed to an immune

dysregulation. Although the overall magnitude of inflammatory response in the C.

neoformans–infected lungs was not different between SRA+/+ and SRA−/− mice (as shown

in recruitment of total lung CD45+ cells), SRA signaling contributed to the accumulation of

eosinophils, and diminished accumulation of lymphocytes and CD11b+ DCs (Fig. 3A, 3E,

3F). The suboptimal composition of cellular infiltrate in the presence of SRA and only a

moderate expression of costimulatory molecules (CD80 and CD86) by mononuclear

phagocytes were associated with more diffused appearance of cellular infiltrates in the lungs

for SRA+/+ mice compared with SRA−/− mice at 3 wpi (Fig. 4A, 4B, 5B). In contrast,

SRA−/− mice showed an improved pulmonary accumulation of CD4+ T cells and CD11b+

DCs, improved expression of costimulatory molecules, and formation of tight mononuclear

cell infiltrates, in which direct interaction between CD4+ T cells, CD11b+ DCs, and

macrophages are known to occur during protective anticryptococcal responses (28, 37).

Together, these data provide evidence that SRA interfered with execution of optimal effector

immune response in the infected lungs.

Although studies have suggested that other pulmonary pathogens such as M. tuberculosis

and P. carinii can exploit SRA signaling and subsequently interfere with the development of

T cell–mediated responses (23, 24), these studies have not identified modulation of the

immune polarization as a potential mechanism. Our data clearly point out that the

interference of SRA with microbial clearance is tightly linked with changes in the immune

polarization. SRA deletion significantly reduced production of cytokines observed in the

nonprotective Th2 response (IL-4, IL-13, and IL-10) both within the lungs and in

cryptococcal Ag-induced splenocyte cytokine response assay. These data, along with a more

robust accumulation of serum IgE in SRA+/+ mice, provide strong evidence that SRA

signaling in the context of cryptococcal infections contributed to an expansion of the Th2

arm of the immune response. To our knowledge, this is a first example of SRA being

exploited by a pathogen to mediate this immunomodulatory effect by enhancing the Th2

component of the immune response.

The effect of C. neoformans interaction with SRA had significant consequences on

macrophage activation profiles. As expected, more pronounced Th2 response in SRA+/+

mice was associated with more pronounced expression of alternative activation markers by
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pulmonary macrophages. The improved C. neoformans clearance in SRA−/− mice was

associated with improved expression of markers of classically activated macrophages and

histologic evidence of improved intracellular killing of C. neoformans by macrophages. This

finding is not only consistent with previous reports that linked Th1 response, classical

activation of macrophages to containment of C. neoformans (15, 43–45), but is also

evidence that SRA expression in the context of crypto-coccal infection could promote

alternative activation of macrophages. Interestingly, however, the direct interaction between

C. neoformans and SRA on macrophages is not responsible for the shift in macrophage

activation status. First, we do not observe any effect of SRA deletion on macrophage

polarization during the afferent phase of infection at 1 wpi (data not shown), a time point

that precedes recruitment of polarized T cell into C. neoformans–infected mice. Second,

SRA expression had no effect on macrophage responses to C. neoformans in vitro (17),

including the expression of alternative versus classical activation genes (data not shown).

This observation is in contrast with the profound differences in macrophage activation

pattern at 3 wpi, which occurs in parallel with the changes of macrophage-polarizing

cytokine profiles in the infected lungs. Lastly, our in vitro data indicate SRA deletion had no

direct effect on C. neoformans uptake by macrophages (data not shown), or on their

fungicidal capacity under the same cytokine environments, indicating that the SRA-induced

effects on fungal control are induced indirectly through the changes of Th-immune bias,

rather than by interfering with intrinsic fungicidal functions of macrophages. These

outcomes support the conclusion that the mechanism(s) by which SRA alters macrophage

polarization is/are indirect, that is, induced via modulation of T cell polarization and the

subsequent changes in cytokine profiles in the infected lungs (46, 47).

The final group of data seeks to identify the upstream mechanisms linked to the effects of

SRA on the immune polarization. The induction of proinflammatory cytokine signals,

including IFN-γ, at the afferent phase is important to the development of the protective

immune response against cryptococcal infection (35, 37, 45, 48, 49). In this article, we

demonstrate that, albeit without effect on early growth of C. neoformans in the lungs, SRA

signaling results in diminished secretion of IFN-γ in the lung at 1 wpi. This afferent effect

on afferent-phase IFN-γ production translates into a reduced induction of IFN-γ, IL-12p35,

and Th1 master regulator T-bet in the LALN at the afferent phase. These data provide

evidence that SRA signaling interferes with the afferent mechanisms that orchestrate the

subsequent immune polarization. SRA acts as an immune repressor of crucial cytokines such

as innate IFN-γ during the cryptococcal lung infection.

Modulation of the immune response is an important strategy used by C. neoformans to

evade host defenses in immunocompromised or immunocompetent individuals (16). C.

neoformans developed multiple strategies to modulate the innate and adaptive immune

response via expression of different virulence factors. As previously described by our group,

the highly virulent strain H99 promotes Th2 polarization by expression of different

virulence factors including laccase (6, 8, 10, 50). Interestingly, SRA interferes with the

pulmonary fungal growth during the efferent phase both in the presence and absence of

cryptococcal laccase expression, indicating that laccase expression is not required for C.

neoformans to interfere with SRA-induced effects. At present, it is not clear which
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cryptococcal factor(s) is/are involved in binding to SRA and which intracellular signaling

pathway(s) is/are involved in immune modulation through SRA during cryptococcal lung

infection. Thus, future studies are needed to address these points. In this article, we provide

an example of SRA exploitation by C. neoformans to promote a nonprotective Th2 immune

response. These findings provide important evidence that SRA can act as an immune

repressor to promote cryptococcal virulence and persistence.
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FIGURE 1.
Effect of SRA on fungal control in the lungs. SRA+/+ and SRA−/− mice were inoculated intratracheally with 104 C. neoformans

strain H99 or lac1Δ. Fungal lung burden was analyzed postinfection. Note the best improvement in fungal control is achieved in

the lungs of SRA−/− mice infected with lac1Δ at 3 wpi, compared with SRA+/+ mice infected with lac1Δ. Also, a similar result

was observed in H99-infected mice at 4 wpi. Data represent mean ± SEM pooled from two to three separate matched

experiments; n ≥ 6 for each of the analyzed parameters. *p <0.05 in comparison between SRA+/+ and SRA−/− mice.
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FIGURE 2.
Effect of SRA on microanatomic features of the host response against cryptococcal lung infection. Lungs from infected SRA+/+

and SRA−/− mice were perfused with buffered formalin, fixed, and processed for histology at 3 wpi. Representative

photomicrographs of H&E mucicarmine-stained slides taken at ×10 (A) and ×100 (B) objective power. Note that the observed

pattern of inflammation in SRA+/+ mice consisted of loose alveolar infiltrates enriched for eosinophils (E). In contrast, infiltrates

in the lungs of infected SRA−/− mice appeared more discrete, were localized adjacent to bronchovascular structures, and were

enriched for mononuclear cells (M).
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FIGURE 3.
Effect of SRA on the accumulation of pulmonary leukocytes. Lung leukocytes were isolated from infected SRA+/+ and SRA−/−

mice at 3 wpi, Ab stained, and analyzed using flow cytometry as per Materials and Methods. In brief, leukocytes were identified

as CD45+ cells. Next, additional gates were set up to identify lymphocytes (CD3+ and CD19+), neutrophils (Ly6G+/CD11b+),

eosinophils (SSChigh/CD11cint), Ly6C+ monocytes (CD11c−/Ly6C+/CD11b+), macrophages (autofluorescence+/CD11c+), and

CD11b+ DCs (autofluorescence−/CD11c+/CD11b+). The total number of CD45+ leukocytes was determined by multiplying the

frequency of CD45+ by the total number cells. Total numbers of eosinophils (A), neutrophils (B), monocyte (C), macrophages

(D), CD11b+ DCs (E), and lymphocytes (F) were determined by multiplying the frequency of each subset by the total number of

CD45+ leukocytes at 3 wpi. Data represent mean ± SEM pooled from one separate experiments; n ≥ 6 for each of the analyzed

parameters; *p <0.05 in comparison between SRA+/+ and SRA−/− mice. NS, No significant difference between SRA+/+ and

SRA−/− mice.
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FIGURE 4.
Effect of SRA on pulmonary immune polarization. Leukocytes were isolated from the lungs of infected SRA+/+ and SRA−/−

mice at 3 wpi. CD11b+ DCs and precursor Ly6C+ monocytes were identified by flow cytometry (as described in Materials and

Methods and Fig. 3). The activation phenotype of CD11b+ DCs (A) and Ly6C+ monocytes (B) was evaluated by the surface

expression of MHC class II and costimulatory molecules (CD80 and CD86). Stained samples are shown as solid lines and

isotype controls as shaded histograms. The bar graph presents mean frequencies of positive cells derived from these histograms;

the populations of CD4+ and CD8+ T lymphocytes were identified and enumerated using flow cytometry (C); the cytokine

production by leukocytes isolated from infected lung at 3 wpi was evaluated by ELISA as described in Materials and Methods

(D). Data were pooled from two to three separate matched experiments; n ≥ 6 for each of the analyzed parameters. *p <0.05 in

comparison between SRA+/+ and SRA−/− mice. NS, No significant difference between SRA+/+ and SRA−/− mice.

Qiu et al. Page 21

J Immunol. Author manuscript; available in PMC 2014 May 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



FIGURE 5.
Effect of SRA on the activation of pulmonary macrophages. Pulmonary macrophages including AMs and ExMs were isolated

from infected SRA+/+ and SRA−/− mice at 3 wpi using flow cytometry as per Materials and Methods. In brief, total

macrophages (autofluorescence+/CD11c+) were gated as described in Fig. 3. Next, AMs (CD11c+/CD11blow) and ExMs

(CD11c+/CD11bhigh) were identified based on the expression of CD11c versus CD11b. Total numbers of AMs and ExMs were

determined by multiplying the frequency of each subset by the total number of CD45+ leukocytes (A). Thereafter, the activation

phenotype of AM and ExM was evaluated by the surface expression of MHC class II and costimulatory molecules (CD80 and

CD86). Stained samples are shown as solid lines and isotype controls as shaded histograms. The bar graph presents mean

frequencies of positive cells derived from these histograms (B). Gene expression of alternative macrophage activation (Arg1)

and classical macrophage activation (iNOS) by total adherent pulmonary macrophages was evaluated by qPCR (as described in
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Materials and Methods) (C). Data were pooled from two to three separate matched experiments; n ≥ 6 for each of the analyzed

parameters. *p <0.05 in comparison between SRA+/+ mice and SRA−/− mice. NS, No significant difference between SRA+/+

mice and SRA−/− mice. The morphologic appearance of pulmonary macrophages was evaluated (at 3 wpi by histology as

described in Fig. 2). (D) Representative photomicrographs of H&E and mucicarmine-stained slides taken at 100× objective

power. Note that the macrophages identified within infected lungs of SRA+/+ mice (red arrowheads) were large, sometimes

multinu-cleated, and frequently contained intact intracellular cryptococci (yellow arrows). In contrast, macrophages (blue

arrows) in the lungs of SRA−/− mice appeared smaller and often harbored degraded cryptococci (green arrows).
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FIGURE 6.
Effect of SRA on fungicidal activity of macrophages. BMDMs were generated from uninfected SRA+/+ or SRA−/− mice as per

Materials and Methods. After harvest, BMDMs were seeded on 24-well plate with 1 × 106 cells/well, then infected with 1 × 105

Abopsonized C. neoformans lac1Δ, and incubated for 24 h at 37°C and 5% CO2 in media alone or with recombinant mouse

cytokines: IL-4 (20 ng/ml), IFN-γ (100 ng/ml), or a combination of IFN-γ (20 ng/ml) and TNF-α (20 ng/ml). After the

incubation, the yeast were collected by lysing the macrophages and enumerated by plating 10-fold serial dilutions for each

sample onto Sabouraud dextrose agar plates. Colonies were counted after 48 h. CFU values in individual treatment groups were

compared with culture wells without macrophages and expressed as percent of C. neoformans–growth inhibition. Data represent

mean ± SEM pooled from several separate experiments; n ≥ 3 for each of the analyzed parameters. NS, No significant difference

between SRA+/+ and SRA−/− mice.
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FIGURE 7.
Effect of SRA on systemic immune polarization. (A) Effect of SRA on cytokine production by splenocytes from C.

neoformans–infected mice. Splenocytes were isolated from infected SRA+/+ and SRA−/− mice at 3 wpi and cultured for 48 h at 5

× 106 cells/ml with or without heat-killed C. neoformans (hkCn) in a ratio of 1:2 in 24-well plates. Secreted cytokines levels

were evaluated by ELISA in cell culture supernatants. Note a significant increase in production of Th2 cytokines and IL-10 after

Ag stimuli in splenocytes from infected SRA+/+ mice, but no difference in the expression of IFN-γ and IL-17A. (B) Effect of

SRA on production of serum IgE from C. neoformans–infected mice, SRA+/+ mice, and SRA−/− mice at 3 wpi (measured by

ELISA). Data were pooled from two to three separate matched experiments; n ≥ 6 for each of the analyzed parameters. *p <0.05

in comparison between SRA+/+ and SRA−/− mice. NS, No significant difference between SRA+/+ and SRA−/− mice.

Qiu et al. Page 25

J Immunol. Author manuscript; available in PMC 2014 May 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



FIGURE 8.
Effect of SRA on the immune response in the lung and LALNs at 1 wpi. The BAL fluid and LALNs were collected from

uninfected and infected SRA+/+ and SRA−/− mice. The BAL fluid was analyzed by ELISA to assess cytokines expression (A).

Total RNA extracted from the cells of LALN was converted to cDNA and analyzed by real-time RT-PCR for the production of

cytokine and transcript regulators of CD4+ T cells (B). Note a robust increase of IFN-γ and a significant deficiency in the

expression of IL-4 and IL-13, in the BAL of infected SRA−/− mice, compared with infected SRA+/+ mice. And also note a

significant induction of IFN-γ, IL-12a, and Th1 transcript regulator T-bet in the LALNs of infected SRA−/− mice. Data were

pooled from two to three separate matched experiments; n ≥ 6 for each of the analyzed parameters. *p <0.05 in comparison

between SRA+/+ and SRA−/− mice.
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