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Macrophages have a central role in the pathogenesis of cryptococcosis since they are an important line of
defense, serve as a site for fungal replication, and also can contribute to tissue damage. The objective of this
study was to investigate the interaction of macrophages with cells from smooth-colony variants (SM) and
mucoid-colony variants (MC) arising from phenotypic switching of Cryptococcus neoformans. Alveolar macro-
phages (AMs) isolated from SM- and MC-infected mice exhibited differences in gene and surface expression
of PD-L1, PD-L2, and major histocompatibility class II (MHC-II). PD-L1 and PD-L2 are the ligands for PD1
and are differentially regulated in Th1- and Th2-type cells. In addition, macrophage activation in SM- and
MC-infected mice was characterized as alternatively activated. Flow cytometric and cytokine analysis demon-
strated that MC infection was associated with the emergence of Th17 cells and higher levels of interleukin-17
(IL-17) in lung tissue, which were reduced by AM depletion. In conclusion, our results indicate that macro-
phages play a significant role in maintaining damage-promoting inflammation in the lung during MC infec-
tion, which ultimately results in death.

Cryptococcosis is an infection that occurs commonly in
AIDS patients, as well as other immunocompromised patients,
and is caused by Cryptococcus neoformans. Most affected pa-
tients present with subacute or chronic meningoencephalitis.
C. neoformans is an encapsulated yeast that can undergo phe-
notypic switching in vivo, which affects the outcome of chronic
cryptococcosis (15, 17). The model C. neoformans strain RC-2
switches from a smooth-parental-colony (SM) morphology to a
hypervirulent mucoid-colony (MC) morphology. Phenotypic
switching involves the emergence of morphological colony
variants whose cells differ in the cell wall and polysaccharide
capsule, including the biochemical composition of the major
capsular polysaccharide, glucuronoxylomannan (GXM) (14,
15). Recent work in our laboratory demonstrated that the
murine immune responses to infection with MC and SM cells
are qualitatively different. Enhanced recruitment of CD8 cells,
NK cells, and macrophages and an early polarized Th1-type
cell response were observed in the lungs of MC-infected mice
and were associated with altered cytokine production. The
finding that interleukin-10 (IL-10) affected the survival of SM-
infected mice but not MC-infected mice (20) further supported
the conclusion that phenotypic switching alters cryptococcal
virulence by changing the host-pathogen interaction in a way
that is manifested through different immune responses. Histo-
logical analysis of MC-infected lungs demonstrated that there
was enhanced macrophage recruitment and suggested that this
recruitment resulted in damage to the alveolar tissue and de-
creased survival.

The majority of individuals with chronic cryptococcosis have

defects in cellular immunity (9, 11, 35, 46). The high incidence
of cryptococcosis only in HIV-infected patients with low CD4
counts underscores the importance of T-cell-based defenses.
Furthermore, the crucial role of T cells in host defense has
been supported by findings with animal models (22, 32). Alve-
olar macrophages (AMs) also are important effector cells
against C. neoformans (45). They are the primary phagocytic
cells, and together with dendritic cells they facilitate antigen
presentation (31, 39, 47, 50). In addition, C. neoformans is a
facultative intracellular pathogen that can reside in a macro-
phage (12); hence, this type of cell is also a niche to which the
pathogen adapts.

The interaction of macrophages with a pathogen such as C.
neoformans leads to activation, which can be classified as either
classical or alternative activation (16, 18). Macrophages in-
fected with C. neoformans are alternatively activated, but the
role of macrophage activation during infection is unknown (3,
4, 37, 38). In African trypanosomiasis macrophages are acti-
vated classically early and alternatively late in infection, which
leads to progression of the disease (4, 38). Given that there is
a marked difference in virulence between the SM and MC
variants and that persistent MC infection is associated with
enhanced macrophage recruitment, the objective of this study
was to further explore macrophage activation and function by
examining infection with phenotypic switch variants.

MATERIALS AND METHODS

C. neoformans strain. RC-2 is a variant of serotype D strain 24067, which was
originally obtained from the American Tissue Type Collection (Rockville, MD).
The RC-2 strain was streaked to obtain single colonies and maintained on
Sabouraud dextrose agar (SDA) plates. The RC-2 strain can produce two types
of colonies on agar, smooth (SM) and mucoid (MC), both of which are charac-
teristic of C. neoformans (13, 15).

Animal studies. BALB/c and BALB/c/SCID mice that were 6 to 12 weeks old
were obtained from the National Cancer Institute (Bethesda, MD), and
C57BL/6J mice that were 6 to 8 weeks old were obtained from Jackson Labo-
ratory (Bar Harbor, ME). TgE26 breeder mice were a generous gift from C.
Terhorst (Harvard Institutes of Medicine). The two switch variants were
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streaked onto SDA plates, and single colonies were selected and grown in broth
overnight, diluted 1:50, and grown again overnight. Dilutions of each infecting
suspension were plated onto SDA plates to ensure that comparable numbers of
yeast cells were injected. Anesthetized mice were infected by intratracheal (i.t.)
inoculation of 106 (high dose) or 1 � 104 to 5 � 104 (low dose) C. neoformans
cells in 50 �l sterile nonpyrogenic phosphate-buffered saline (PBS) using a
26-gauge needle as described previously (20). Mice were observed daily for signs
of disease. Mice that were moribund and unable to reach water were killed in
accordance with institutional regulations. Mice were killed, and the organ fungal
burden was determined by homogenizing lung tissue in 10 ml PBS and plating
100-�l portions of different dilutions of the homogenate on SDA (Difco Labo-
ratories, Detroit, MI). Colonies were counted after 72 to 96 h (one colony was
defined as 1 CFU). Experiments were done with 5 to 10 mice per group and
repeated at least once.

AM depletion. AMs were depleted using dichloromethylene diphosphonate
(Cl2MDP) encapsulated in liposomes (Cl2MDP-liposomes) as described previ-
ously (45). Cl2MDP-liposomes and PBS-liposomes were prepared as described
previously (49) and were a gift from Roche Diagnostics GmbH, Mannheim,
Germany. At time zero, mice were given 60 �l of Cl2MDP-liposomes or PBS-
liposomes intranasally. Two days later mice were infected i.t. with SM and MC
cells as described above. To ensure ongoing depletion of AMs, Cl2MDP-lipo-
somes or PBS-liposomes were injected intranasally weekly until the time of
death. AM depletion was confirmed by flow cytometric analysis of isolated lung
leukocytes with CD11b (clone M1/70; eBioscience, San Diego CA), as well as by
immunohistochemical analysis of lung tissue with macrophage-specific antibody
(Ab) Mac-3 (Pharmingen).

Lung leukocyte isolation and flow cytometric analysis of leukocyte subsets.
Single-cell suspensions from infected lungs were obtained by mincing excised
lungs of individual C57BL/6J mice, as previously described (21). Then the lung
tissues were enzymatically digested for 30 min in 15 ml of digestion buffer (RPMI
with 5% fetal calf serum [FCS], antibiotics, collagenase, and DNase). After a
series of washes and further dispersion of undigested lung components, eryth-
rocytes were lysed with red blood cell lysing buffer (Sigma-Aldrich Company).
The total cell suspension was collected by centrifugation, and the cells were
counted with a hemocytometer. Antibodies against PD-L1 (clone MIH5), PD-L2
(clone TY25), major histocompatibility class II (MHC-II) (clone M5/114.15.2),
F4/80 (clone BM8), CD4 (clone GK1.5), and interleukin-17A (IL-17A) (clone
eBio17B7) were all purchased from eBioscience (San Diego, CA). The percent-
age of PD-L1-, PD-L2-, and MHC-II-positive (F4/80-positive) macrophages was
determined by flow cytometry. F4/80-positive macrophages were first gated
equally between the SM and MC isolated leukocyte suspensions. Cells were
blocked with Fc blocker for 5 min, and then they were stained with a specific Ab
(1 �g/106 cells) for 45 min at 4°C. To determine the percentages of IL-17-
producing CD4� T cells, an intracellular staining protocol using CD4 and IL-
17A antibodies was followed as recommended by the manufacturer. Flow cyto-
metric analysis results were analyzed using Flojow software, version 8.5.

Gene expression of macrophage RNA of SM- and MC-infected mice. Macro-
phages were isolated from suspensions of leukocytes from infected mouse lungs
(right lungs) by using adherence on cell culture plates. Leukocytes were pelleted
and resuspended in RPMI with 10% fetal calf serum (FCS) and then incubated
in a CO2 incubator for 2 h. The purity of cell layers was verified by staining them
with Giemsa stain and with a fluorescein isothiocyanate (FITC)-conjugated
MAC3 monoclonal antibody (MAb) and 4�,6�-diamidino-2-phenylindole
(DAPI). As shown in Fig. S1 in the supplemental material, the majority of cells
were macrophages. Each plate was washed, and macrophages were scrapped
off with ice-cold PBS. Cells were mechanically disrupted in RNeasy lysis
buffer (RLT buffer; Qiagen) with 0.5-mm zirconia-silica beads (1:1, vol/vol;
BioSpec Products, Inc.) in a bead mill homogenizer. RNA was isolated using
an RNeasy mini kit (Qiagen) according to the manufacturer’s instructions.
For real-time PCR (RT-PCR) analysis macrophage RNA was prepared by
using an RNeasy miniprep kit (Qiagen). Prior to cDNA synthesis with the
SuperScript II enzyme system (Invitrogen), contaminating genomic DNA was
removed from RNA by using a message clean DNase kit (Genehunter). Gene
expression compared to actin gene expression was calculated using �Ct, as
follows: R � 2�control Cp � sample Cp� and then R � 2�Cp. Both actin and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) were used as controls. The
primers used in these experiments are listed in Table 1.

Measurement of cytokine levels in tissue and arginase activity in AMs. Five
mice were killed on days 7 and 14, and each left lung was homogenized in 2 ml
of PBS in the presence of protease inhibitors (Complete Mini; Boehringer
Mannheim, Indianapolis, IN). The homogenate was centrifuged at 6,000 � g for
10 min to remove cell debris, and the supernatant was frozen at �80°C until it
was tested. The supernatants of the lung homogenates were assayed to determine

IL-17 IL-6, IL-10, IL-12, IL-2, IL-4, tumor necrosis factor alpha (TNF-	), mono-
cyte chemoattractant protein (MCP), and MIP-1	 concentrations using enzyme-
linked immunosorbent assay (ELISA) kits (R & D Systems Inc., Minneapolis,
MN, or BD Biosciences). AMs were isolated from SM- and-MC infected mice by
bronchoalveolar lavage (BAL) as described previously (15). AMs were then
plated in 96-well plates and incubated overnight, and each supernatant was
collected for quantification of cytokines and arginase activity. Arginase activity
was determined as described previously (10, 38).

Lymphocyte T-cell proliferation assay. AMs were isolated from SM- and
MC-infected C57BL/6J mice by BAL with Hanks’ balanced salt solution (Media-
tech, Inc.). AMs (3 � 104 cells) were adhered to 96-well round-bottom plates
with or without 3 � 105 heat-inactivated SM and MC cells for 2 h at 37°C in the
presence of 5% CO2 in RPMI with 10% FCS. The layer of cells was washed to
remove nonadherent fungal cells. Approximately 2 � 105 T cells (isolated from
noninfected mice) in RMPI with 10% FCS were added to the mixture of AMs
and cells. The cells were coincubated for 48 h, and T-cell proliferation was
measured using a ViaLight high-sensitivity cell proliferation/cytotoxicity kit ac-
cording to the manufacturer’s instructions (Lonza Rockland, Inc.). T cells were
isolated from the spleens of uninfected wild-type C57BL/6J mice using an
EasySep mouse T-cell enrichment kit (Stemcell Technologies). Each sample was
examined in quadruplicate, and as a positive control AMs were stimulated with
concanavalin A (ConA). In some experiments antigens (Ags) were switched, and
AMs isolated from SM-infected mice were coincubated with heat-inactivated
MC cells and visa versa.

Immunohistochemistry. Formalin-fixed, paraffin-embedded lung sections were
used for histological analysis. These sections were stained with standard hema-
toxylin and eosin (H&E). Macrophages were identified by staining them with a
macrophage-specific Mac-3 (PharMingen) MAb as previously described (15).
Purified mouse Ab against arginase was purchased from BD Bioscience. Immu-
nostaining of arginase and Mac-3 was performed with an M.O.M immunodetec-
tion kit (Vector Laboratories). Negative control experiments were performed
without the primary Ab. Immunostaining was developed with a DAB substrate
kit (Vector Laboratories). Staining was visualized at a magnification �100 using
a Zeiss microscope linked to a digital camera.

Statistics. Standard statistical analyses, including a t test, a Mann-Whitney
test, a Fisher exact test, a Kaplan-Meyer test, and a log rank regression analysis,
were performed using SPSS version 11 for Mac and EXCEL of Microsoft Office
for Mac 2004.

RESULTS

Virulence of SM and MC in immunocompromised mice. To
investigate the contribution of macrophages to the differences
in the immunological responses to SM and MC, we first exam-
ined the virulence of SM and MC in a pulmonary infection
model using T-cell-deficient SCID and TgE26 mice. The latter
mice lack both NK and T cells and therefore exhibit altered

TABLE 1. Primers used for RT-PCR

Primer Sequence

B7-H1 (PD-L1) Forward ............CGTGAGTGGGAAGAGAAGTG
B7-H1 (PD-L1) Reverse .............ACATCATTCGCTGTGGCGTT
B7-DC (PD-L2) Forward............GCTTTATTCACCGTGACAGC
B7-DC (PD-L2) Reverse ............TTCAGTGCATTCTCTGCGGTCA
YM1 Forward...............................GCCCTCCTAAGGACAAACAT
YM1 Reverse ...............................CCTTGGAATGTCTTTCTCCA
MHC II H2-Ab Forward ............GTTCATGGGCGAGTGCTAC
MHC II H2-Ab Reverse .............ACTCCTCCCGGTTGTAGATG
iNOS Forward ..............................GAAACGCTTCACTTCCAATG
iNOS Reverse...............................GCTCTGTTGAGGTCTAAAGG

TCCG
Actin Forward ..............................TGGAATCCTGTGGCATCCATG

AAAC
Actin Reverse ...............................CACTGTGTTGGCATAGAGGTC
GAPDH Forward ........................AGATTGTTGCCATCAACGAC
GAPDH Reverse .........................TTGACTGTGCCGTTGAATTT
Arginase Forward ........................CCTGTGTCCTTTCTCCTGAA
Arginase Reverse .........................CAGATATGCAGGGAGTCACC
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macrophage activation. These experiments demonstrated that
the virulence of MC was greater than the virulence of SM in
both mouse strains (SCID and TgE26) (Fig. 1). SCID mice
infected with SM cells died 32 days earlier than control
BALB/c mice, whereas the survival data for SCID and control
mice infected with MC cells were comparable (median length
of survival, 33 days) (Fig. 1A). Similar differences in survival
were observed for TgE26 mice. SM-infected TgE26 mice also
died 17 days earlier than control C57/BL mice (median lengths
of survival, 34 and 51 days; P 
 0.02), whereas the difference in
survival was not as great for MC-infected TgE26 mice and
C57/BL control mice; TgE26 mice died 3 days earlier than
control C57/BL mice (median lengths of survival, 22 and 19
days; P 
 0.003) (Fig. 1B). Immunohistological analysis dem-
onstrated that there was abundant recruitment of macrophages
into the lung tissue of both MC-infected mouse strains that was
associated with enhanced inflammation (Fig. 1C).

Cytokine levels in lung homogenates from SM-, MC-, and
sham-infected SCID mice were determined by ELISA at day
14. Significant differences in protein levels between SM- and
MC-infected SCID mice were detected only for IL-12, IL-10,
MCP, and MIP-1	 on day 14 after infection, whereas compa-
rable tissue levels were observed for IL-6, IL-2, IL-4, and
TNF-	 (Table 2). The MIP-1	 and MCP levels were about

3-fold higher in MC-infected mice than in SM-infected mice,
whereas for IL-10 and IL-12 the levels of expression were
found to be significantly higher in SM-infected mice than in
MC-infected SCID mice.

Taken together, these data suggested that activation and

FIG. 1. (A and B) Differences in survival of SM- and MC-infected SCID (A) and TgE26 (B) mice. Mice (5 to 10 mice per group) were infected
i.t. as described in Materials and Methods Levels of survival were compared by using a log rank test. (C) Macrophage-specific staining with MAC3
(Mac) of SM- and MC-infected SCID mice (day14; magnification, �20) and TgE26 mice (day 21; magnification, �10) demonstrated that there
was enhanced recruitment of macrophages in MC-infected SCID and TgE26 lung tissue compared to SM-infected lung tissue. HE, hematoxylin
and eosin stain.

TABLE 2. Expression of cytokines and chemokines in SM- and
MC-infected lungs of SCID mice on day 14

Concn (pg/ml) ina:

Cytokine or
chemokine

Sham-inoculated
mice

SM-infected
SCID mice

MC-infected
SCID mice P valueb

IL-6 ND 350 � 75 434 � 108 0.02
IL-10 88 � 65 522 � 218 278 � 79 �0.001
IL-12 578 � 187 979 � 529 432 � 396 0.005
IL-2 60 � 10 ND ND NS
IL-4 46 � 29 95 � 44 81 � 35 NS
TNF-	 1,037 � 37 2,672 � 1,501 2,772 � 1,652 NS
MCP ND 41 � 28 110 � 108 0.03
MIP-1	 29 � 13 40 � 31 150 � 116 0.003

a The data are medians � standard deviations for the results of three exper-
iments with five mice in each experiment. ND, not detected.

b The P value was determined by comparing the protein expression in SM-
infected SCID mice and the protein expression in MC-infected SCID mice using
a t test. NS, not significant.
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recruitment of macrophages are different in SM- and MC-
infected mice that lack T cells and that macrophages them-
selves may contribute to a harmful immune response.

Macrophage activation in SM- and MC-infected mice. Next,
we examined if macrophage activation differed in SM- and
MC-infected C57/BL6 mice. In both types of infection macro-
phage activation was achieved via an alternative pathway, as
expected, but differences in the level and quality were noted.
At 7 days postinfection, the arginase mRNA levels determined
by RT-PCR were significantly higher (P 
 0.01) in AMs iso-
lated from MC-infected mice than in AMs isolated from SM-
infected mice (Fig. 2A). Immunohistochemical analysis of lung
tissue from SM- and MC-infected mice with an arginase-spe-
cific Ab confirmed that there were differences in arginase pro-
duction and alternative macrophage activation (Fig. 2B). In
addition, data for in vitro cytokine production by AMs derived
from SM- and MC-infected lung tissue at days 7 and 14 dem-
onstrated that there were qualitative differences in SM- and
MC-infected macrophages. A trend toward increased levels of
IL-6 and MCP was found in AMs from MC-infected mice
(Table 3). A significantly higher level of arginase was detected
in the supernatant of AMs derived from MC-infected macro-
phages at day 14 (for MC-infected macrophages, 6.25 � 1.89
�g/ml; for SM-infected macrophages, 3.64 � 0.49 �g/ml) (Fig.
2C), whereas the inducible nitric oxide synthase (iNOS) levels
were very low. The higher levels of IL-6 and MCP produced by
MC-infected macrophages were consistent with previously re-
ported elevated levels of these cytokines in lung tissue (20) and
also with the results for SCID mice, as shown in Table 2. In
summary, these findings indicate that activation of SM- and
MC-infected AMs, although achieved via the alternative path-
way, results in qualitative differences in arginase and cytokine
production.

Surface expression and gene expression of PD-L1, PD-L2,
and MHC-II markers in SM- and MC-infected AMs. Next,
expression of the macrophage activation-associated surface
markers PD-L1, PD-L2, and MHC-II was measured by RT-
PCR and flow cytometry using AMs isolated from SM- and
MC-infected mice (Fig. 3). At both 7 and 14 days postinfection
PD-L2 gene expression and MHC-II gene expression were
significantly higher (P � 0.03) in AMs isolated from MC-
infected mice than in AMs isolated from SM-infected mice
(Fig. 3B and C). At 14 days postinfection PD-L1 gene expres-
sion was downregulated in MC and thus significantly (P 

0.01) higher in AMs from SM-infected mice (Fig. 3A). Flow
cytometry confirmed some of these differences, as a higher
level of PD-L2 surface expression was observed for AMs from
MC-infected mice than for AMs from SM-infected mice at 7
days postinfection. MHC-II surface expression exhibited the
same trend (Fig. 3D).

Characterization of macrophage function in the setting of
SM and MC infection. We then investigated parameters asso-
ciated with macrophage function, specifically Ag presentation
in SM- and MC-infected macrophages. The ATP levels of AMs
isolated at 7 and 14 days postinfection revealed that both
macrophage populations were metabolically active and alive
(Fig. 4A). ConA-stimulated uninfected donor T cells prolifer-
ated significantly better (P � 0.01) in the presence of AMs
isolated from SM-infected lungs than in the presence of AMs
isolated from MC-infected lungs (Fig. 4B). A difference was

FIG. 2. Activation of AMs isolated from SM- and MC-infected
C57BL/6J mice (five mice per group) confirmed that there was alter-
native activation. (A) RT-PCR demonstrated that at day 7 (d-7) there
were significantly higher levels of arginase (ARG) mRNA (A) in AMs
derived from MC-infected mice than in AMs isolated from SM-in-
fected mice. The data were obtained by comparison with the abun-
dance of actin. (B and C) Immunohistochemical analysis with arginase-
specific Abs of lungs (day 14) (B) and in vitro production of arginase
from the supernatant of isolated AMs from SM- and MC-infected mice
(C) both confirmed that there was increased arginase production in
MC-infected AMs. There was a significant difference between samples
obtained from SM-infected mice and samples obtained from MC-
infected mice (P � 0.05) as determined by a t test. The error bars
indicate standard deviations.
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not observed if proliferation was induced by a specific Ag,
namely heat-inactivated SM and MC cells. In this case the
T-cell proliferation induced by SM cells in the presence of
AMs derived from SM-infected mice at both times was signif-
icantly less than the MC-induced T-cell proliferation with the
corresponding AMs (Fig. 4C). The difference was eliminated
when the SM and MC Ags were switched (Fig. 4D). We con-
cluded from these data that AMs from both SM- and MC-
infected lung tissue can support T-cell proliferation. The in-
creased T-cell proliferation induced by MC-infected AMs in
the presence of MC Ag is not a result of differences in mac-
rophage activation but likely is a result of differences in epitope
distribution between the SM and MC switch variants.

Characterization of Th17 cells in SM- and MC-infected
mice. Previous studies have demonstrated that persistence of
an Aspergillus or Candida infection is associated with the emer-
gence of IL-17-producing Th17 cells (44, 51). Our previous
studies demonstrated that the levels of IL-21, transforming
growth factor  (TGF-), and IL-6 in lung tissue are higher in
MC-infected mice (20). These cytokines are critical for the
emergence of Th17 cells. Further characterization of lung-
associated lymphocytes by flow cytometry, as well as measure-
ment of cytokine levels by ELISA, demonstrated that MC-
infected lung tissue contained significantly higher percentages
of Th17 cells after 7 and 14 days (Fig. 5A). Consistent with this
difference in T-cell recruitment, quantification of IL-17 in lung
tissue by ELISA revealed higher IL-17 levels in MC-infected
lungs (Fig. 5B). In summary, these data demonstrate that the
persistence of MC infection in mice was associated with the
presence of Th17 cells.

Effect of macrophage depletion on the outcome for SM- and
MC-infected mice. To examine the hypothesis that macro-
phage activation was linked to greater damage as a result of an
overstimulated immune response, we depleted AMs in SM-
and MC-infected mice using liposomal clodronate. Depletion
of AMs was performed once a week throughout the course of
infection. Histological analysis of mouse lung tissue at the time
of death demonstrated that there was granuloma formation in
the lung tissue of SM-infected control and AM-depleted mice.
It was noteworthy that granuloma formation was more pro-
nounced in the sham-treated mice. In MC-infected mice, how-

TABLE 3. Cytokine analysis of SM- and MC-infected
AM supernatantsa

Concn (pg/ml) inb:

No. of days
after i.t.
infection

Cytokine SM-infected AM
supernatant

MC-infected AM
supernatant

7 IL-6 1,677 � 1,086 5,722 � 4,273
MCP-1 1,979 � 1,411 3,284 � 3,591

14 IL-6 1,864 � 601 2,632 � 2,965
MCP-1 1,780 � 1,219 2,498 � 4,007

a In vivo-infected AMs were recovered by BAL.
b The data are medians � standard deviations.

FIG. 3. (A to C) mRNA levels in AMs isolated from SM- and MC-infected C57BL/6J mice (five mice per group) as measured by RT-PCR
showed that there were significant differences in PD-L1 (A), PD-L2 (B), and MHC-II (C) levels at 7 days (d-7) and 14 days postinfection. The data
were obtained by comparison with the abundance of actin. (D) Flow cytometric analysis of AMs isolated from sham-, SM-, and MC-infected mice.
The preparations were stained with PD-L1, PD-L2, and MHC-II Abs as described in Material and Methods. SM7 and MC7, SM- and MC-infected
mice at 7 days postinfection, respectively; SM14 and MC14, SM- and MC-infected mice at 14 days postinfection, respectively. *, significant
difference between SM and MC samples (P � 0.05) as determined by a t test (n 
 5). The error bars indicate standard deviations.
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ever, there was less disruption of alveolar microarchitecture in
the lungs of AM-depleted mice than in the lungs of control
infected mice (Fig. 6B) despite the presence of abundant yeast
cells.

Next we measured the production of the IL-17 cytokine in
the lung tissue of SM- and MC-infected control and AM-
depleted mice. There was a low level of IL-17 production and
no difference in the lungs of SM-infected control mice and
AM-depleted mice at 14 days postinfection. In contrast, at day
14 postinfection the level of IL-17 production was significantly
lower in MC-infected AM-depleted mice than in control MC-
infected mice (P 
 0.01) (Fig. 6A). Also, the emergence of
Th17-type cells was less pronounced in the lungs of AM-de-
pleted MC-infected mice than in the lungs of MC-infected
control mice (Fig. 6C). In summary, these results also support
our conclusion that MC-infected macrophages contribute to
the persistence of the inflammatory response by signaling or
maintaining Th17 cells and/or by producing IL-17 cytokine
themselves.

DISCUSSION

This study demonstrated the effect of phenotypic switching
on the macrophage-pathogen interaction and its contribution
to the damage-promoting host response that is elicited by the
MC switch variant. The role of macrophages in chronic cryp-
tococcosis is complex because these cells are involved in many
different aspects of the immune response. As primary effector

FIG. 5. Differences in CD4� and CD4� IL-17A� T-cell recruit-
ment between SM- and MC-infected C57BL/6J mice. (A) Flow cyto-
metric analysis of lung leukocytes with Abs specific for CD4� cells and
intracellular staining for CD4� IL-17A� cells (five mice per group) at
7 days (d-7) and 14 days postinfection. (B) Cytokine IL-17 production
as measured by ELISA was higher in MC-infected lungs (five mice per
group). *, significant difference between SM and MC samples (P �
0.05) as determined by a t test. The error bars indicate standard
deviations.

FIG. 4. T-cell proliferation in the presence of AMs derived from SM- and MC-infected C57Bl/6J mice at 7 days (d-7) and 14 days postinfection.
Proliferation was measured in quadruplicate by using a ViaLight high-sensitivity cell proliferation kit as described in Materials and Methods. The
following preparations were used in this experiment: negative controls consisting of macrophages and T cells (isolated from noninfected mice)
alone (donor T-cells alone and AM alone); ConA-stimulated T-cells in the presence of SM and MC macrophages (AM � ConA stimulated
T-cells); cultures with Ag-specific T-cell proliferation induced by heat-inactivated SM and MC cells in the presence of the corresponding AMs from
SM- and MC-infected mice (AM � Ag stimulated T-cells); and cultures with T-cell proliferation with the Ags (heat-inactivated SM and MC cells)
reversed (AM � Reverse Ag stimulated T-cells). *, significant difference between SM and MC samples (P � 0.05) as determined by a t test. The
error bars indicate standard deviations. AM, alveolar macrophage.
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cells of the innate immune response they kill C. neoformans,
and as Ag-presenting cells they directly contribute to the cell-
mediated immune response (31). However, macrophages can
become a safe harbor for intracellular C. neoformans and as

such can promote evasion of the immune response and intra-
cellular dissemination (1, 8, 12, 48). Macrophages are a poten-
tial niche where C. neoformans can multiply undisturbed and
then either lyse or exit from the host macrophages (2). Because
of these opposing functions in host defense and pathogenesis,
it is evident that the balance of these diverse functions greatly
affects the outcome of infection. Our data show that pheno-
typic switching disturbs this balance, which in turn affects the
outcome and virulence. When the MC switch variant emerges
during chronic infection, the macrophage-pathogen interac-
tion is altered and macrophages in pulmonary infiltrates con-
tribute to damage and pathogenesis, particularly if large num-
bers are recruited and they are overstimulated. Even though
MC-infected macrophages continue to promote T-cell prolif-
eration, additional cytokines, like IL-6, are produced by over-
activated macrophages, which contributes to shifting the CD4�

effector T-cell population to an IL-17-producing Th17-cell re-
sponse that promotes persistence of a fungal infection rather
than clearing the infection.

Our data also support the concept of the “damage response”
framework of microbial pathogenesis (6, 7). They highlight the
close link between the innate immune response and the cell-
mediated immune response and demonstrate how phenotypic
switching can alter pathogenesis and the outcome of a disease
by affecting the innate immune response.

Both the fact that the MC variant exhibited enhanced viru-
lence in the absence of T cells and even NK cells and the fact
that decreased survival was associated with increased recruit-
ment of macrophages to lung tissue and damage to the alveolar
microarchitecture indicated that these cells are differentially
stimulated by SM and MC infection. Although the recom-
mended C57/BL6 strain is not an ideal control strain for TgE26
mice, the survival data clearly indicate that the survival of
SM-infected TgE26 mice and the survival of control mice dif-
fer, whereas the survival times for MC-infected mice are more
comparable. In addition, the cytokine profiles for lung tissue of
MC-infected SCID mice clearly differ from the cytokine pro-
files for lung tissue of SM-infected SCID mice, which have
higher IL-12 and IL-10 levels but lower IL-6 and MCP levels.

Taken together, these findings further support the notion
that MC-infected AMs and SM-infected AMs differ in their
activation levels. The level of arginase expression, a hallmark
of alternative activation, was higher in MC-infected AMs.
Also, the level of expression of PD-L2 (B7-DC), another
marker for alternative activated macrophages (33) and a ligand
for PD-1 that inhibits T-cell activation (30), was also higher for
MC-infected AMs. As expected, the PD-L1 RNA levels were
higher than the PD-L2 RNA levels (33). Furthermore, the
level of MHC-II expression, which is a nonspecific marker of
macrophage activation in C. neoformans (26), was higher in
MC-infected AMs as determined by both flow cytometry and
gene expression analysis.

Alternative activation of macrophages in protozoan infec-
tions has been well studied and leads to persistence of parasitic
infection. The studies demonstrated that L-ornithine, the prod-
uct of the arginase pathway, allows generation of polyamines,
which are needed for parasite replication (4, 5, 23, 24, 28, 29,
41). This could not be demonstrated with C. neoformans (data
not shown).

AMs derived from both SM- and MC-infected lungs pre-

FIG. 6. (A) H&E staining of lung tissue from mice at the time of
death, showing differences in the inflammatory response between SM-
and MC-infected C57BL/6J mice. There was less inflammatory re-
sponse in AM-depleted MC-infected mice than in MC-infected wild-
type mice. In contrast to the findings for SM-infected mice, there was
no difference in the inflammatory response between AM-depleted
mice and wild-type control mice. (B) Cytokine IL-17 production as
measured by ELISA was lower in lungs of MC-infected AM-depleted
mice at 14 days postinfection (d-14) (five mice per group). (C) Flow
cytometric analysis of lung leukocytes showing lower levels of CD4�

IL-17A� cells in AM-depleted MC-infected mice than in MC-infected
control mice. *, significant difference between SM and MC samples
(P � 0.05) as determined by a t test. The error bars indicate standard
deviations.
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sented an Ag appropriately and induced T-cell proliferation.
Swapping SM Ag for MC Ag alleviated the observed differ-
ences in T-cell proliferation. However, further characterization
of T-cell populations in infected lungs by flow cytometry dem-
onstrated that higher numbers of Th17 cells emerged in MC-
infected lungs, whereas much lower numbers of these cells
were present in SM-infected lungs. This finding was supported
by the higher levels of IL-17 in MC-infected lung tissue than in
SM-infected lung tissue.

The emergence of Th17 cells has not been directly associ-
ated with persistent cryptococcosis. However, studies per-
formed with IL-23p19�/� mice indicated that the production
of the IL-17 cytokine was associated with the production of
IL-23 during C. neoformans infection (27). In other fungi, such
as Candida and Aspergillus, a chronic inflammatory response
has been linked to activation of the Th17 pathway (44, 51).
Interestingly, in a cryptococcal infection with H99 the devel-
opment of a robust Th1-Th17 response was shown to result in
containment of H99 in the lungs of IL-4/13�/� mice, compared
to the unopposed growth of H99 in the lungs of wild-type mice
(52). This effect, however, was observed only in IL-4/13�/�

mice, which also exhibited classical activation of macrophages.
In our infection model the macrophages are alternatively ac-
tivated with some evidence, but not exclusive evidence, of Th1
polarization (20).

Accordingly, previous studies that investigated the cell-
mediated immune response in SM- and MC-infected
C57BL/6J and IL-10�/� mice (20) determined the levels of
both proinflammatory cytokines and anti-inflammatory
cytokines (namely, IL-6, TGF-, and IL-21) in lung tissue of
MC-infected mice. This is important because IL-6, IL-21, and
TGF- in combination prime and sustain Th17 cells, whereas
IL-10, which was consistently downregulated in MC-infected
mice, negatively regulates the expression of Th17 cytokines
(19). In this study, enhanced production of IL-6 was observed
in macrophages derived from MC-infected mice, which sup-
ports the notion that differential macrophage activation in SM
and MC infections is linked to the emergence of Th17 cells and
the outcome.

To further explore the differences in macrophage activation,
we depleted AMs in SM- and MC-infected mice using
Cl2MDP-liposomes. Lung tissue of AM-depleted MC-infected
mice exhibited less damage (loss of alveolar microarchitecture)
than lung tissue of control mice. In addition, macrophage de-
pletion also resulted in lower levels of IL-17 in tissue and Th17
cells, which is consistent with our interpretation that overacti-
vation is linked to IL-17.

Which specific phenotypic change in the MC variant alters
macrophage activation remains unclear. Several studies have
demonstrated that the biophysical and biochemical properties
of the SM and MC polysaccharide capsules differ (34), as do
their abilities to suppress T-cell proliferation (40). Other work-
ers demonstrated that internalization of GXM by monocyte-
derived macrophages was associated with modulation of the
expression of MHC-II, induction of IL-10, increased expres-
sion of CD40 and CD86 by blocking of Toll-like receptor 4,
and upregulation of the Fas ligand on macrophages (36, 42,
43). Given that recent data obtained in our laboratory identi-
fied genes that are differentially regulated in the SM and MC
switch variants, the goal of future studies is to genetically

modify the parent SM strain and investigate the contribution of
individual gene functions to macrophage activation (25).

We concluded from our data that phenotypic switching re-
sults in enhanced virulence because the MC switch variant
alters macrophage activation, which shifts the T-cell response
to a Th17-type T-cell response, which ultimately contributes to
persistence and death. As this shift appears to be a relatively
common theme in chronic mycosis, efforts to develop immune
modulatory therapies that neutralize this damage-promoting
aspect of the host inflammatory response should be supported.
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